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Preface

v

Developing the second edition of Neural Development and Stem Cells was necessi-
tated by the rapid increase in our knowledge of the development of the nervous system.
It has become increasingly clear that stem cells are a heterogeneous population that
changes extensively during development. Perhaps the most important advance in our
understanding of stem cell behavior has been the realization that regionalization of
stem cells occurs early in development and this bias toward differentiation in pheno-
types of neurons or cells characteristic of a particular part of the brain appears to persist
even after prolonged culture. We have therefore included additional chapters on olfac-
tory epithelial stem cells and retinal stem cells, both of which differ in their properties
from ventricular zone and subventricular zone–derived neural stem cells. It is also now
clear from an analysis of mutants and transgenics where the death or self-renewal path-
way is altered that cell death regulates stem cell number. As a consequence, this second
edition includes a separate chapter on cell death that summarizes the important changes
in the death pathway that occur as stem cells mature. The existing chapters in the book
have also been extensively revised and updated by experts who have generously con-
tributed their time and expertise.

The chapters have been organized along the lines of our understanding of how the
nervous system develops (Fig.1, on p. vi). Stem cells are present early in development,
well before the onset of neurogenesis and gliogenesis. Stem cells proliferate and respond
to extrinsic cues to mature as adult stem cells, undergo cell death, enter a state of quies-
cence, or differentiate. Stem cells appear to become regionally specified and their differ-
entiation potential depends on the region that they have been isolated from.

I thank the authors for their efforts in ensuring that their manuscripts are as up
to date as possible, and we all hope that this second edition of Neural Development and
Stem Cells will serve as a handy guide for a course on stem cell biology in the nervous
system for the novice and expert alike.

Mahendra S. Rao, MBBS, PhD



Fig. 1. Multipotent stem cells (NSC) can undergo self-renewal, enter a quiescent state,
mature into adult stem cells, die, or respond to signals to differentiate. Differentiation
appears to occur via a progressive set of fate choices that include the generation of divid-
ing precursors with a restricted set of fate choices. These precursor  cells present during
development and, in the adult, mature to generate fully differentiated neurons, astrocytes,
and oligodendrocytes. A limited set of data suggest that mature cells or intermediate
precursors can dedifferentiate to reenter the cell cycle and acquire the characteristics of
NSC.

vi Preface
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1
Defining Neural Stem Cells and Their Role

in Normal Development of the Nervous System

Sally Temple

INTRODUCTION

Stem cells are key players in the development and maintenance of specific mamma-
lian tissues, and their presence has been long established in blood, skin, and intestine.
The discovery of stem cells in the central and peripheral nervous systems (CNS and
PNS) is a relatively recent event. First, continued neurogenesis (neuron generation) in
the adult pointed to a long-lived progenitor cell (1). Isolation of stem-like cells from
the embryonic CNS, including basal forebrain (2,3), cerebral cortex (4), hippocampus
(5), spinal cord (6), and the PNS (7) as well as evidence for multipotent, stem-like
progenitors in vivo (8–10) indicated that they are important components of the devel-
oping nervous system (Fig. 1). Much excitement surrounded the isolation of adult stem
cells from known neurogenic (neuron-generating) zones (the subventricular zone and
hippocampal dentate gyrus) in rat, primate, and human (reviewed in ref. 11). More
recent evidence for continued presence of stem cells in areas not previously considered
to be neurogenic, such as the spinal cord (12,13) and neocortex (14,15), suggests that
stem cells may be a more widespread feature of the adult nervous system than previ-
ously imagined (Fig. 1).

Current research is focused on identifying the characteristics and functions of neural
stem cells, in both developing and adult systems, to reveal their place in CNS biology
and to facilitate the harnessing of these remarkable cells for repairing damaged ner-
vous systems. To help us understand more about neural stem cells, we can explore a
wealth of knowledge concerning stem cells in other systems and organisms, looking
for common themes that might explain the essential stem cell state, as well as differ-
ences that might reveal the uniqueness of neural stem cells.

The term stem cell has a number of different meanings—depending on the system
being analyzed and the perspective of the researcher using the term. A general defini-
tion is “a cell that is capable of both self-renewal and differentiation.” Most researchers
in the stem cell field would agree with this baseline definition. In this chapter, progeni-
tor is used as a blanket term to describe any dividing cell that can generate differenti-
ated progeny, whether or not it can self-renew, and the term precursor is used to
describe a cell that is committed to a specific fate.
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Besides the two fundamental features, self-renewal and differentiation, other spe-
cific characteristics have been attributed to stem cells, some of which apply only to
stem cells in particular systems, rather than being a general feature of all stem cells, as
illustrated in a review (16). This chapter discusses some of the general terminology
used to describe and define stem cells, focusing on the terms that apply to neural stem
cells, especially during normal neural development.

Fig. 1. Multipotent stem cells generating neurons and glia have been isolated at all stages
from the early embryo through to adult.
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DOES THE NERVOUS SYSTEM ARISE FROM A SINGLE STEM CELL TYPE?

The potency of a progenitor cell represents the range of cell types it can generate.
In a general model, stem cells are the basic cell type from which all others emanate
through restriction of potency. The most primitive cells are considered totipotent—
able to generate an entire organism or an entire tissue; for example, cells of the
eight-cell-stage mammalian embryo are totipotent. Subsequent restriction of potency
can occur within a stem lineage, so that stem cells may be pluripotent or multipotent
(making many different cell types, but not all), oligopotent (having a few choices), or
unipotent (making one type of progeny). The epidermal stem cell in the adult skin is
thought of as unipotent, as it appears to generate solely keratinocytes. Stem cells may
also release multipotent or oligopotent or unipotent restricted progenitor cells, which
serve as transit populations to expand the stem cell progeny prior to terminal differen-
tiation. Formation of blood is believed to follow this general model, in which a primi-
tive hemopoietic stem cell proceeds via restriction of potency within its stem and
progenitor progeny toward final hemopoietic cell fates (17).

It is not clear at this point whether there is a stem cell type that is totipotent and can
give rise to the entire nervous system with its wealth of neuronal and glial cell types.
Embryonic stem cells (ES), which are considered pluripotent, can generate neural stem-
like cells (18). In tissue culture, or on transplantation into the embryo, the neural
derivatives of ES cells can generate a wide variety of cell types (19–22) and these early
neural stem cells may emerge as the most plastic. A stem cell that can generate both
PNS and CNS derivatives exists in the early embryo, suggesting it has a broad range of
potency (23), but its full range has not yet been studied. Multipotent stem cells have
been isolated from various regions of the developing and adult CNS (reviewed in
ref. 24 and 25–30) and from the neural crest, which gives rise to the PNS (31–33).
Dissociated embryonic neural progenitor populations that include some stem cells can
be transplanted from one region of the developing CNS into other regions and show
remarkable properties of integration (34), producing cells that resemble those endog-
enous to the transplant site.

The use of mixed populations of stem and progenitor cells in these transplant studies
precludes an accurate description of the contribution of donor stem cells vs donor pro-
genitor cells to the differentiated cells in the host site, and more definitive descriptions
of stem cell potency will depend on the ability to isolate pure populations of neural
stem cells, as described later. Despite this limitation, these data suggest that neural
stem cells may be somewhat plastic, being able to integrate heterotypically, respond to
the new regional environmental information and differentiate accordingly; however,
the results of some studies indicate that stem cell potency may be limited. After trans-
plantation, differentiating cells may acquire the morphology typical of their new loca-
tion but do not always express its characteristic molecular markers, suggesting a lack
of complete integration. For example, telencephalic cells grafted into the embryonic
diencephalon or mesencephalon continue to express telencephalic markers, even into
adulthood (35). Similarly, hippocampus-derived stem cells, on transplantation into the
adult retina, expressed appropriate neuronal and glial morphologies but not end-stage
markers of retinal differentiation (36). Furthermore, cells from one CNS region may
incorporate more successfully into some regions than others. In one study, mouse pro-
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genitor cells from the lateral ganglionic eminence (LGE) or from the ventral mesen-
cephalon (VM) were dissociated and injected into the lateral ventricles of embryonic
rats at a similar stage of development. The LGE cells preferentially incorporated into
the striatum, whereas the VM cells preferentially incorporated into the hypothalamus
and midbrain. None of these cells, derived from basal CNS regions, incorporated effi-
ciently into dorsal structures such as the cerebral cortex and hippocampus (37).

Similarly, there is evidence for temporal restriction in potency. Progenitor cells from
embryonic ferret cerebral cortex transplanted into an older cortex can produce age-
appropriate cells, but cells from an older cortex, on transplantation into a younger cor-
tex, are unable to make younger cell types (38). Similarly, mid-hindbrain progenitors
show a wider degree of regional incorporation at embryonic day (E)10.5 than at E13.5
(39). Temporal limitations to potency have particular significance when we consider
the potential of adult neural stem cells. They can generate neurons, astrocytes, and
oligodendrocytes, but the types of neurons and glia generated may be limited. In vivo,
adult neural stem cells are primed to generate interneurons, and this appears to be their
behavior after transplantation to adult neurogenic zones (40,41). Furthermore, adult
neural stem cells cultured for long periods may become increasingly biased toward
production of glial cells, in some cases eventually losing neurogenic potential (42).
However, when placed in developing nervous system areas, adult stem cells can gener-
ate more cell types than they can after transplantation into the adult, as in studies of the
retina (36). It is important to establish whether adult stem cells are capable of generat-
ing the major projection neurons in the CNS, most of which arise early in embryonic
development.

Besides generating a wide variety of neural cells, stem cells derived from the ner-
vous system may also be capable of producing cells of other tissues. In one remarkable
study, it was shown that a stem cell derived from the adult CNS could generate blood
cells after transplantation into the bone marrow of an irradiated host (43). In another
study, incorporation of neural stem cells into early embryo blastulas resulted in a chi-
meras and apparent differentiation into a variety of somatic cells (44), but interestingly
no neural cells. Although we marvel at the plasticity of the stem cell involved, these
experiments do not speak to its potency in generating neural cell types. Also, it was not
clear what the characteristics of the starting cell were. Was it a neural stem cell that
acquired the features of other somatic cells through transdifferentiation or dedifferen-
tiation? Or could there be a small population of totipotent stem cells in the brain, per-
haps even derivatives of migratory germ cells that did not reach the germinal ridges
(45), that was responsible for blood cell production in this experiment? If the cell was
indeed a neural stem cell, is its remarkable plasticity a reflection of its normal biology,
or could it be the result of growing for long periods in tissue culture prior to transplan-
tation? Undoubtedly answers to these questions will be found soon and will help us
understand the types of stem cells present in the adult brain, their normal potency, and
how long-term cell culture might alter them. Finally, transplantation studies in general
have to be viewed cautiously, considering the surprising discovery that implanted stem
cells can fuse with extant neural cells, and thus appear to generate new neuronal or
glial progeny, when in fact they have created a chimera (46).

The idea that normal development might proceed through gradual restriction of
potency, as occurs in the blood system, is supported by studies of developing nervous
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system stem cells. In the CNS and PNS, multipotent progenitors generate restricted
progenitors for neurons and glial cells (29). Forebrain stem cells change during devel-
opment becoming less neurogenic and more gliogenic (47–50). The heterochronic cor-
tical transplantation studies mentioned previously also support this model. How might
restriction of potency occur within the stem cell? It has been suggested for stem cells in
a number of systems that the more primitive stem cells express a wide variety of tran-
scripts at a low level, perhaps maintaining genes in an “open” chromatin configuration
that is poised for transcription. Restriction of potency would proceed by turning off
some genes and enhancing expression of others (51,52). For the nervous system, this
might explain why fetal glutamatergic and γ-aminobutyric acid (GABA)ergic cortical
neurons both express glutamic acid decarboxylase (GAD) transcripts (53), or why neu-
ral progenitor cells in the spinal cord express genes characteristic of both interneurons
and motorneurons before selecting one or the other phenotype (54,55). Restriction of
potency might involve a hierarchy of transcription factors that drive the cell toward a
particular fate. In Drosophila, proneural genes, for example, achaete/scute, and atonal,
confer competence for neural differentiation, via a chain of transcription factor
activation (56).

Homologs of these genes may operate similarly in vertebrates. For example, Mash1,
a mouse homolog of Drosophila achaete/scute, stimulates expression of the transcrip-
tion factor Phox2a, which in turn stimulates expression of panneuronal properties and
of the receptor c-RET, specifying subtypes of autonomic lineage cells (32,57,58).
Mash1 initiates a cascade with different components in the olfactory system (59).
It also appears important for generating neurons in the ventral embryonic forebrain,
perhaps via influence on Notch signaling (60,61). Given the prevalence of achaete/
scute and atonal homologs as well as other members of the basic helix–loop–helix
(bHLH) transcription factor family, in the developing vertebrate nervous system, there
is undoubtedly much to be learned about how these factors might interact within stem
cell lineages to generate diverse neural cell fates.

Environmental factors play an important role in influencing potency via these tran-
scription factors. The normal switch from neuronal to glial generation that occurs in
CNS stem cells is stimulated by fibroblast growth factor-2 (FGF-2) and inhibited by
bone morphogenic protein (BMP) at early stages of development (47,62). Gliogenesis
is also stimulated by leukemia inhibitory factor (LIF) and ciliary neurotrophic factor
(CNTF), primarily via the Jak/Stat signaling pathway (63,64). Surprisingly, given its
early neurogenic role, BMP stimulates late stage progenitors to acquire an astrocyte
fate (65) via Smad activation (66). In late stage cells, the BMP and LIF/CNTF pathways
converge to promote gliogenesis by interacting with the transcriptional coactivators
CBP (signal transducer and activator of transcription/CRE binding protein) and p300.
The STAT/CBPp300/Smad complex acts at the STAT binding element in the GFAP
promoter to stimulate astrogenesis (67). Moreover, the fate choice-point is regulated
by the bHLH factor Neurogenin1, which can draw the CBP/Smad complex away from
the astrocyte pathway, promoting the transcription of the bHLH gene NeuroD and thus
stimulating neuron formation and inhibiting glial formation (68). Therefore, at early
stages, Neurogenin and BMP activation promote neuron generation. Factors that
diminish Neurogenin activity at later stages of development will stimulate the transi-
tion from neuronal to glial cell production, and turn BMP into a gliogenic factor.
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FGF-2 augments the action of CNTF in astrocyte generation by facilitating access of
the STAT/CBPp300 complex STAT binding site of the glial fibrillary acidic protein
(GFAP) promoter by chromatin remodeling: inducing Lys4 methylation and suppress-
ing Lys9 methylation of histone H3 (69).

We may conclude, then, that there are different populations of stem cells in the
developing nervous system that vary in their developmental potential. It is important to
understand the role these various stem cell types have in regional and temporally aspects
of CNS development.

STEM CELL POTENCY AND REGIONAL IDENTITY
WITHIN THE EMERGING NERVOUS SYSTEM

It is important to note that potency is empirically determined—a cell is challenged
with specific environmental signals, and we examine what types of cells it can gener-
ate. Hence, a cell present in the cerebellum may be found to be capable of making
motor neurons if transplanted into the spinal cord. Importantly, it cannot be concluded
from such a result that early neural stem cells are undifferentiated and do not possess
regional information, only that the information that they might have can be changed.
In fact, it is likely that stem cells normally acquire regional information very early.
If progenitor cells are removed from different regions of the early embryonic nervous
system and placed in tissue culture, they develop into cell types characteristic of the
region from which they were derived. Thus embryonic retina progenitors give retinal
cells, embryonic cerebellar progenitors produce cerebellar cells, and embryonic neural
crest progenitors generate typical PNS derivatives.

We know that in normal neural development positional information that presages
regionalization of the nervous system is imparted very early, probably concomitantly
with the neural induction process in the gastrula (70). Given their behavior after isola-
tion in tissue culture, one can hypothesize that positional information is embodied in
neural stem cells. Thus, an important role of stem cells in normal development might
be to interpret positional information and to read it out by generating cells appropriate
to their location. The plasticity that we see exhibited in transplantation experiments
may be important in normal development, for example, in the initial interpretation of
positional signals, in designating the fate of progenitor cells at the borders between
neural regions, or in regulative events that coordinate development throughout the
embryo. It may also help the embryo compensate for disease or damage that in the
natural environment are normal developmental events. In fact, the evolution of devel-
opmental mechanisms may be closely linked with the evolution of repair processes,
as suggested by the similarity of some signaling pathways operating in disease and
development in Drosophila (71).

We can ask further whether, within each region of the developing nervous system,
there is one fundamental type of progenitor cell (e.g., a regional stem cell) that is speci-
fied at the beginning of development—one type of cerebellar progenitor cell, one type
of cortical progenitor, and so forth—or a number of types with different specificities.
In the early cerebral cortex, for example, the cells cycle with apparently uniform
dynamics, and there are no overt features that suggest diversity within the population.
However, even at early stages, clonal analysis reveals that only about 10% of the cells
behave like stem cells in culture (72,73); the remaining behave like restricted progeni-
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tor cells. Perhaps this is a shortcoming of the clonal culture system, which might not
allow the stem cell phenotype to be fully expressed. Alternatively, this could indicate
that stem cells are in fact a subpopulation, even in the primitive neuroepithelium. Simi-
lar to the early cerebral cortex, the neural crest contains a mixture of different types of
progenitor cells (33). Are these crest progenitors related by a more primitive common
precursor, or did they arise from the dorsal neuroepithelium as distinct entities? If the
latter, the vertebrate neuroepithelium might be more like that of Drosophila. In the fly,
each neuroblast has a discrete identity—based on which segment it is in, and where in
the segment it arises—and generates appropriate types and numbers of progeny
accordingly (74). One can speculate that the vertebrate neuroepithelium also contains
from the earliest stage (perhaps designated by positional information), distinct types of
neural stem cells. There may also be, from the earliest stage, restricted progenitor cell
types that produce certain classes of neural cells that eventually interweave with stem
cell products. Rather than being a sheet of equivalent, uncommitted cells, perhaps the
early neuroepithelium is a mosaic of progenitor types with defined roles influenced by
positional information and with limited developmental plasticity that is necessary to
generate a complete functioning organism.

SELF-RENEWAL AND TEMPORAL CHANGES
IN STEM CELLS DURING NEURAL DEVELOPMENT

The central defining feature ascribed to stem cells is the ability to self-renew, some-
times called self-maintenance (16,75,76). This is the essence of the stem cell state—
maintaining the ability to generate more stem cells for future generations of progeny.
Self-renewal may be a feature of each individual stem cell. Alternatively, it might be
an emergent property of a population of stem cells in which, for example, there is a
certain probability of dividing or differentiating, so that the maintenance of the stem
cell state may be stochastically determined by the dynamics of the population. Dem-
onstration of self-renewal is the litmus test—the functional definition—of stem cells.
In the nervous system, self-renewal has been demonstrated in vitro by allowing a stem
cell to develop, and then subcloning its progeny to show that it made at least some
progeny that behave as stem cells. This has been done in adhesion-based culture sys-
tems, by showing that the subcloned cells make secondary clones, and in non–adhe-
sion-based culture systems by showing that the subcloned cells make secondary
neurospheres—the large floating spheres of cells that are believed to represent stem
cell products (77).

Two ideas are implied by the term self-renewal: first, that the stem cell maintains its
developmental potency (i.e., the range of types of progeny it is capable of generating)
and second, that it maintains its proliferative capacity. These features, which are inter-
related, perhaps describe an ideal stem cell, but they are not represented by normal
stem cells. Regarding potency, as discussed earlier, production of diverse blood cell
types appears to involve successive restriction of stem cell potency from a totipotent
cell; this also appears true of the developing neural stem cell.

Formation of the nervous system is an exquisitely orchestrated process in which
precise timing of production of different cell types is key. For any individual of a given
species, it is possible to predict, within a few hours, the birthdate of a particular neu-
ronal cell type. How the progenitor populations in the developing CNS achieve this
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remarkable scheduling is an important topic of research. As described earlier, it is clear
from transplantation studies that stem cells in the developing nervous system vary over
time. Stem cells isolated from early ages have a greater neuronal potency and those
isolated from later ages have a greater glial potency. It seems highly likely that tempo-
ral changes in stem cells are critical for normal CNS development to ensure that the
right types of progeny arise at the right times, and in fact that these changes drive the
developmental process—providing a temporal blueprint, just as stem cells are also
involved in providing the regional blueprint.

Thus, rather than the exact maintenance of potency, changes in this property may
actually be central to stem cell function during tissue formation. In the adult, the situation
may be different because the main role of adult cells is to maintain homeostasis rather
than to generate different types of progeny in a set sequence, which is a function of stem
cells in development. Consequently, adult stem cells may have to maintain their potency
more rigidly to ensure that the same range of cell phenotypes is available throughout life.

The proliferative capacity of stem cells is also not perfectly maintained during the
lifetime of stem cells. Blood stem cells can be transplanted into, and repopulate, a new
host, but this repopulation can be accomplished only a certain number of times, indi-
cating that the stem cell’s impressive proliferative capacity is finite (16). In fact, differ-
ent types of blood stem cells defined by surface markers have specific characteristic
proliferative capacities, implying that it is both a finite and an intrinsically determined
characteristic (16). Blood stem cells present in the embryo have a larger division
potential than those of the adult (78). Both embryonic and adult neural stem cells can
be maintained for long periods in tissue culture, but the limits of this maintenance, and
comparison of the two stages, have not been fully explored. A recent study indicates
that most fetal spinal cord-derived stem cells divide for just three to six passages, and
the few cells that divide for longer periods become biased toward generating
nonneuronal progeny (42). Changes in potency and/or proliferative capacity in stem
cell systems appear to be the norm in many tissues. Besides the examples given, there
are age-related changes in stem cells, observed, for example, in the adult intestinal
crypt (79) and in neurogenic cells in the adult hippocampus (80), that further dispute
the concept of perfect self-renewal.

Employment of a strict definition of self-renewal has challenged the inclusion of
certain types of cells in the stem cell class. It has been suggested by some researchers
that Drosophila neuroblasts are not really stem cells because they change over time
and because they undergo a limited number of asymmetric divisions (81). Others call
them stem cells because they are multipotent, undergo asymmetric division, and are the
primary source of CNS tissue. Instead of using the austere definition, one might think
of self-renewal as the finite capacity of a stem cell to maintain the stem cell state, rather
than the stem cell per se. This allows for changes in potency that might be critical for
normal development and repair, as well as age-related changes that might be inevi-
table. We can think of self-renewal as a modifiable property of stem cells that is tai-
lored to the job that the stem cell has to accomplish—to make appropriate progeny
according to the demands of the developing or the adult system.

The extent of self-renewal might be linked to telomerase activity. In most dividing
somatic cells successive divisions involve progressive shortening of the telomeres at
the ends of chromosomes, and telomere erosion correlates with cessation of cell divi-
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sion. In contrast, telomere shortening progresses much more slowly in certain types of
stem cells, such as those in the germline, owing to the activity of a specific telomerase
enzyme. The telomerase holoenzyme consists of an RNA template and protein compo-
nents, including a cellular reverse transcriptase (82). Its activity is high in certain pro-
liferative cells and in the vast majority of neoplasms, including neural tumors, again
providing a correlation with extended proliferative capacity (83–85). Transfection of
telomerase has in some cases conferred immortalization and allowed the establishment
of cell lines, for example, from skin (86) and more recently from the nervous system
(87). Expression of telomerase has been reported in the developing nervous system,
although expression significantly downregulates after birth, and activity may be unde-
tectable in the adult (85,88). However, it is possible that rare stem cells in the adult
nervous system may retain a low level of expression, as do blood stem cells (89). There
are indications that telomerase activity is required for maintenance of normal nervous
system development. Mice that lack telomerase RNA show progressively worse symp-
toms with generations, largely associated with defects in highly proliferative tissues
(90). After around six generations, the embryos die very early and show defects in
neural tube closure (41).

THE SIGNIFICANCE OF QUIESCENCE AND PROLIFERATION RATE
TO THE STEM CELL STATE

It has been suggested that embryonic neural stem cells are not truly stem cells
because they divide too rapidly, whereas stem cells are slowly dividing or quiescent,
but this concept is erroneous. In fact, proliferation rates among stem cells vary widely.
Intestinal crypt stem cells divide about once a day; other stem cells, such as hemopoi-
etic and epidermal cells, divide much more slowly; others, such as the muscle satellite
cell, may be genuinely quiescent (16,91). Furthermore, the idea that when actively
dividing stem cells are lost they are replaced by a quiescent population of dormant
reserve stem cells might be an overgeneralization. Although in blood, plant meristem,
and muscle this may be the case (92–94), reserve stem cells in the intestinal crypt are
actually rapidly dividing progeny of stem cells that can dedifferentiate and revert to the
stem cell state. In the adult subventricular zone (SVZ), type B astrocyte-like stem cells
generate rapidly dividing type C transit amplifying neuroblasts that in turn give rise to
typeA neuroblasts (95–97). After infusion of epidermal growth factor (EGF) in vivo,
type C cells can revert to a type B state, indicating that a similar transition from rapidly
dividing progenitor back to stem cell can occur in the nervous system (98).

Given the large proliferative capacity of stem cells, it is clear that the rate of stem
cell division must normally be highly regulated. In the intestinal crypt, there are a small
number of stem cells, perhaps between five and seven. This is tightly controlled: one cell
too many or one cell too few is detected and fixed by apoptosis or cell division (99).
Exactly how the changes in stem cell number are detected is unclear, but environmen-
tal factors must be key. This is true in the blood system, where quiescent blood stem
cells can be rapidly stimulated to divide by cytokines (100).

During normal development of the nervous system, the rates of proliferation of cells
in germinal zones change with region and with time. Division rates within the neural
germinal zones may be as rapid as every 7–10 hours (101) but may be as infrequent as
18 hours by late gestation (102). Adult stem cells may have a cycle time that is on the
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order of many days (96,103,104). It seems likely then that the proliferation rate of
neural stem cells changes during normal neural development, in different regions of
the embryo and into adulthood. How these regulative events are accomplished is not
clear. They most likely involve regional and age-related changes in environmental fac-
tors, such as stem cell mitogens. FGF2 and EGF or the related factor transforming
growth factor-α (TGF-α) are present in the CNS throughout life and profoundly stimu-
late neural stem cell proliferation in vitro and in vivo (105). There are likely to be a
large number of as yet undiscovered regulatory molecules that stimulate or inhibit neu-
ral stem cell division and hold the promise for expanding stem cells in vivo or in vitro;
perhaps they also inhibit division of neural tumors.

THE ROLE OF ASYMMETRIC AND SYMMETRIC CELL DIVISIONS
DURING NORMAL NEURAL DEVELOPMENT

Mitotic cell divisions produce two daughter cells that acquire identical genetic material
but not necessarily identical epigenetic components. These components may include
cytoplasmic determinants—molecules that can direct cell fate. Hence, by altering the
way these molecules are distributed during the cell division process, it is possible to
generate diverse cell fates. When a progenitor cell divides to generate two daughters with
essentially the same fate, the process is called symmetric cell division; when it divides to
generate two daughters with different fates, it is called asymmetric cell division. Some-
times a cell division generating two equivalent daughters that subsequently differentiate
differently because of environmental influences has been called asymmetric. However,
this may be an overextension of the definition, the crux of which is to show that the
division process itself is actively involved in producing two distinct daughter cells.

The ability to divide asymmetrically is often described as a fundamental feature of a
stem cell. If stem cells are to undergo both self-renewal and the generation of differen-
tiated progeny, one way to do this is to divide asymmetrically. However, there are
other ways to achieve this end. For example, self-renewal may be a stochastically
determined, intrinsic property of a population of stem cells in which each cell has a
given probability to make more stem cells or generate differentiated daughters. In this
case, the two functions result from a population, rather than a single stem cell lineage,
so it is not necessary to invoke asymmetric divisions to achieve them. Another way is
for the stem cell to generate equivalent daughters that move into different environ-
ments, some promoting self-renewal and others promoting differentiation.

Nevertheless, asymmetric cell division may be utilized by stem cells, and there is
direct evidence for asymmetric cell division within a few stem cell populations. In some
species the lineages of progenitor cells have been reconstructed, providing direct evi-
dence for asymmetric cell divisions. For example, in the Drosophila CNS, asymmetric cell
divisions of the stem-like neuroblast result in the production of a smaller daughter
called the ganglion mother cell (GMC) that goes on to generate two neurons or glial
cells and another neuroblast. Repeated divisions of the neuroblast result in a chain of
GMCs, each forming a pair of differentiated daughter cells (74).

Well-characterized asymmetric cell lineages in Drosophila and Caenorhabditis
elegans nervous systems render them ideal models for understanding how asymmetric
divisions are achieved. Studies of mutations in both systems have revealed genes that
are involved in this process (Fig. 2). In Drosophila neural development, Prospero and
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Fig. 2. (A) Asymmetric division of neuroblasts (NBs) in Drosophila: the subcellular localiza-
tion of several polarity molecules in the neuroepithelium and a single dividing NB is indicated in
different colors (see legend). The early neuroepithelium has apical-basal polarity, and Bazooka,
PAR/aPKC complex are concentrated in the apical region. After delaminating, the NB enters into
mitosis. PAR/aPKC complex recruits Inscuteable and its partner, Pins. Miranda, Prospero, Staufen
and Prospero mRNA transiently localize to the apical pole, then quickly move to the basal pole,
forming a basal polarity complex with Numb and PON at metaphase. Later in anaphase and
telophase, these polarity molecules are segregated into the NB and the GMC respectively.
(B) The apical-basal polarity of the mammalian neuroepithelium (NE): each protein or complex
is indicated with different colors (see legend). The NE membrane is subdivided into apical and
basolateral regions. Prominin-1 is localized in the apical region. Components of the adhesion
junction and ASIP/PAR/aPKC complex are concentrated at the apical side of the lateral membrane.
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Numb proteins are cell fate determinants that directly influence neural fate decisions at
asymmetric cell divisions. Prospero is a transcription factor with a homeodomain, and
Numb is an adapter protein with a phosphotyrosine binding (PTB) domain. Both pro-
teins become asymmetrically localized in the basal cortex of the stem cell neuroblast at
metaphase and then preferentially segregate into the GMC (106,107). In addition,
prospero mRNA is localized in a basal crescent at mitosis and segregated into the
GMC. Once in the GMC, Prospero is released from the cortex and translocates into the
nucleus, where it controls transcription of certain neuroblast- and GMC-specific genes
(108). Prospero also prevents cell division and stimulates differentiation so that the
GMC only divides once, generating two neurons or glia (109). Numb’s function in the
GMC is not clear; however, at the following division, Numb segregates asymmetri-
cally into the two daughter cells, where it can create two different neuronal fates by
inhibiting Notch function in one cell, but not in the other (110–113).

Complexes of cytoplasmic components bring about the asymmetric localization of
Prospero and Numb. Bazooka and Inscuteable are required for correct mitotic spindle
orientation in the neuroblast and maintain apical-basal polarity from epithelial cells to
neuroblasts (114–116). They are themselves localized asymmetrically at the apical side
of the neuroblast before mitosis, forming a complex with DmPAR6, atypical protein
kinase C (aPKC), partner of Inscuteable (Pins) and G protein subunit Gαi (114,115,
117–119), and thus providing the positional information necessary for other compo-
nents (Miranda, Staufen, Prospero, Partner of Numb [PON], and Numb) to be localized
basally at mitosis and to be further preferentially segregated into the GMC (Fig. 2) (120).

The asymmetric distribution of the Prospero complex is cell cycle dependent. At inter-
phase, Inscuteable forms a prominent crescent along the apical cell cortex. Miranda,
a membrane-associated, multidomain adapter protein, interacts with Inscuteable and
Prospero and tethers Staufen, which in turn binds prospero mRNA (121). When the
neuroblast enters metaphase, Miranda, Staufen, Prospero, and prospero mRNA move
as a group to the basal side of the dividing neuroblast. After mitosis, this complex of
protein and mRNA is segregated into the GMC (122–124). It is not clear how the move-
ment of this complex occurs. Similarly, apical localization of Inscuteable provides a
positional guide for the Numb complex, which concentrates at the basal side of the
neuroblast during mitosis. Although Miranda can interact with Numb protein in vitro,
it is not necessary for asymmetric numb localization. PON colocalizes with Numb at
the basal cortex of the mitotic neuroblast and loss of pon function causes defects in
asymmetric Numb localization (125).

Although a number of the apical components that are retained in the neuroblast rather
than moving into the GMC have been isolated, none of them have been shown to be
cytoplasmic determinants of the neuroblast fate. It would be very interesting to find
such molecules, if they exist, because they might tell us which gene functions are
essential to maintain the stem cell state. It is hoped that these molecules will be uncov-
ered in the near future, as we build on knowledge of the basal neuroblast complexes.

As in Drosophila, mammalian neuroepithelial (NE) cells (including radial glial cells)
also show an apical–basal polarity (reviewed in ref. 126). In contrast to Drosophila
NBs, mammalian NE cells do not delaminate when CNS neurons are being generated.
The apical plasma membrane selectively contains transmembrane proteins, such as
prominin-1 (127) and the localization of centrosomes beneath the apical cell mem-
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brane (128). Junctional complexes are found at the apical end of the lateral plasma
membrane, and these recruit cytoplasmic proteins such as ZO-1, afadin/AF-6, ASIP/
PAR-3/Bazooka, PAR-6, and aPKC (129–131). Even within the lateral plasma
membrane, gradients of transmembrane proteins in the apical-basal direction can be
detected, such as those of N-cadherin (129) or ephrin B1 (132). Interestingly, prior to
the onset of neurogenesis (E10), NE cells lose tight junctions (129) but with an
up-regulation of ZO-1. So, indeed the adhesion junction plays a major role in main-
taining neuroepithelium (NE) cell polarity, as evidenced by the mislocation of prominin-1
to the basolateral membrane in afadin/AF-6 knock out mice (130) and the binding of
PAR-3 to Nectin-1,3 (133). However, Numb exhibits species difference, apical in
mouse (134) and basal in avian (135) neuroepithelium. Whether these polarity mol-
ecules have functions similar to those in Drosophila need to be further explored.

Studies of the dynamics of cell proliferation within vertebrate CNS proliferative
zones suggest that early cell divisions are largely symmetric, perhaps allowing expan-
sion of the stem cell population; as neurogenesis gets under way, cell divisions appear
to become largely asymmetric. An interesting correlation has been noted between this
purported change in the type of cell division and the direction of the plane of division
of mitotic cells at the ventricular surface (136,137). Early divisions usually have the
division plane oriented perpendicular to the ventricular surface, whereas later divisions
have the plane oriented preferentially in the horizontal direction. Perhaps the perpen-
dicular divisions are symmetric and the horizontal divisions asymmetric? In slices of
ferret cortex it has been shown that at least at early stages the products of perpendicular
divisions appear to behave similarly, migrating at similar rates within the ventricular
zone, whereas the products of horizontal divisions do not (136). It will be important to
follow these cells for longer periods to establish whether the change in division plane
correlates with final symmetric or asymmetric cell fates. There are situations in which it
does not; for example, in plant meristem the division plane alters when progenitor cells
generate different types of products, yet the cell divisions involved are asymmetric (93).

In the vertebrate, especially in mammalian systems that develop in utero, it is cur-
rently impossible to follow the lineage trees of progenitor cells in vivo. We can identify
the components of a clone that developed in vivo, for example, by labeling individual
cells within the ventricular zone of the CNS using retroviral markers, waiting for a
period, and then revealing the clonal contents by a histochemical technique. In labeling
experiments conducted in the developing cerebral cortex, clone distribution is some-
times spread between cortical layers, suggesting a stem-like lineage tree with repeated
asymmetric divisions, and sometimes confined to a single layer, suggesting a symmet-
ric, proliferative type of lineage tree (138–141). Recently, long-term time-lapse imag-
ing of clonal cells in murine cortical slices has shed some light on the division pattern
of radial glial progenitor cells, now understood to be principle neuronal and glial pro-
genitor cells in the developing CNS. Such recordings indicate that radial glia undergo
repeated asymmetric cell divisions (142–144). However, we cannot yet determine with
these methods exactly how symmetric and asymmetric divisions contribute to clonal
development, or how these clone members are generated over time in the animal.

In tissue culture, it has been possible to follow the development of individual iso-
lated embryonic mouse ventricular zone cells for long periods. Continuous recording
of the divisions of these cells, combined with immunostaining of the progeny, provides
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lineage trees for mammalian cells developing in vitro. These data show directly that
mouse cortical progenitor cells undergo largely asymmetric cell divisions when gener-
ating neurons (145). The major neuroblast divides to give a minor neuroblast that pro-
duces a small “packet” of about 10 neurons and another stem-like progenitor that
divides asymmetrically again, producing another “packet” of neurons, and so on (Fig. 3).
Occasionally the minor neuroblast clones appear to have a symmetric lineage, generat-
ing their progeny at the same time. (Perhaps these are equivalent to the retrovirally
labeled clones that reside within a cortical layer.) Symmetric lineages are associated
with the expansion of glioblast clones. However, in the vast majority of cases the neu-
roblast clones are generated by asymmetric cell divisions. Interestingly, the lineage
trees of these cortical neuroblasts are similar to those described for neural progenitors
in C. elegans and Drosophila, suggesting an evolutionary conservation of the mecha-
nisms underlying neural cell generation (73).

It will be important to find out whether the division patterns actually play a role in
defining neural cell types in mammals, as they do in invertebrates. It will also be
important to establish the mechanisms for generating asymmetric cell divisions in ver-
tebrates. Homologs of Numb have been described and appear to segregate unevenly
within dividing cells in the cortical ventricular zone (134,146,147) and in sibling daugh-
ter cells from isolated cortical progenitor cells (146). Moreover, as in Drosophila,
asymmetric segregation of mouse Numb has been correlated with binary cell fate choice
during cortical neurogenesis (146–148). Interestingly, the fact that the asymmetric
mouse cortical lineage trees are seen in a culture setting devoid of normal environmen-
tal cues suggests that the presence of other cells may not be necessary for the asymme-
try in CNS progenitor cell divisions to occur. The same has been shown for Drosophila:

Fig. 3. (A,B) Mouse embryonic cortical progenitor cells undergo asymmetric division pat-
terns, resulting in lineage trees that resemble those of invertebrate neural lineages.
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cultured neuroblasts retain an asymmetric lineage pattern in vitro (149,150). However,
this is not to say that incorporation into the normal epithelium could not modulate the
division process: in Drosophila disruption of adherens junctions can convert symmet-
ric epithelial divisions into asymmetric divisions (151).

It is surprising that in a highly regulative embryo such as the mouse, in which cell–
cell signaling allows for plasticity in the molding of the final organism, invertebrate-
type lineage trees, which are thought of as invariant and characteristic of mosaic
development, are employed in making the CNS. One has to remember, however, that
although cell division-based mechanisms might operate to generate neural cell types,
these processes may still be environmentally responsive and capable of change.

STEM CELL NICHE

From extensive studies of blood stem cells and other stem cell types, it has become
clear that the immediate environment of a stem cell—its niche—is critical for deter-
mining its behavior. It is in this primary environment that the stem cell acquires infor-
mation about whether or not to divide and what types of progeny to generate. Blood
stem cells need to be kept in a bone marrow stromal niche to maintain their self-renewal.
The bone marrow niche is a complex environment of extracellular matrix components,
for example, tenascin, and growth factors including stem cell factor, granulocyte/mac-
rophage colony stimulating factor, and FGFs. Specific cytokines release blood stem
cells from their adhesion in the niche, mobilizing them for circulation and proliferation
(100). In other systems, stem cells also reside in complex niches that regulate their
behavior (152).

During normal development of the nervous system, neural stem cells reside in the
germinal zones—notably the ventricular zone and the subventricular zone. In the adult,
neurogenesis is limited primarily to a few specific areas of the CNS, around the lateral
ventricles and in the dentate gyrus (Fig. 1) (153). As reviewed elsewhere (27,154–
157), many extracellular matrix molecules (including tenascin) and growth factors
(such as EGF and FGFs) have been described in these areas. Clearly, there are also
region-specific niche molecules—as shown by the ability of cells in a particular region
to dictate new differentiation programs in transplanted cells. Removal of surface com-
ponents from embryonic progenitor cells prior to transplantation can alter their ability
to recognize regional signals (158).

In the adult nervous system, although there are defined areas of neurogenesis, stem
cells can be isolated from nonneurogenic areas, such as the spinal cord, and grown in
culture to generate both neurons and glial progeny. However, when put back into the
spinal cord, these stem cells make only glia. When placed in a neurogenic area such as
the SVZ, these spinal cord stem cells can make neurons as well as glia (159). This
implies that key environmental molecules within different adult CNS niches regulate
the ability of stem cells to generate neuronal or glial products. The search for factors
that define the niche (and allow the specification of stem cells, their self-renewal and
regulation) is a key area for study: the niche may ultimately define the stem cell. BMP
may be a critical niche component in adults that affects the neuron-glial choice, as it
does in embryonic progenitor cells. Noggin, expressed by ependymal cells, binds BMP
in the adult SVZ, thus inhibiting gliogenesis and promoting neurogenesis (160,161).
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In the murine SVZ and hippocampus, and the songbird higher vocal center, neural
stem cells have been seen to lie close to blood vessels, raising the possibility that vas-
cular cells provide an important niche (162–164). Indeed, endothelial cell coculture
with embryonic and adult SVZ stem cells promotes their self-renewal, maintains their
developmental potential, and increases their ability to make neurons (165). Future stud-
ies will reveal the niche factors responsible for this effect.

IS THERE A MOLECULAR DEFINITION OF THE NEURAL STEM CELL?

Molecular characterization of stem cells allows the identification of cell compo-
nents that are critical for stem cell regulation and that help us understand stem cell
biology. In addition, employment of these markers for cell selection allows
researchers to study a purer population of stem cells and to provide a uniform population
for therapeutic use. Hence, considerable efforts have been made to find markers for stem
cells, especially surface markers that allow live cell isolation. Hemopoietic stem
cells are probably the best characterized at this point, and they can be isolated
(based on the expression of particular surface antigens) for study and transplantation
(17). Epidermal stem cells have high levels of β1-integrin, which also allows their
selection (166).

Characterization of stem cells from a number of systems reveals some common fea-
tures that help define the general class. For example, the Notch signaling system, ini-
tially identified in Drosophila, appears to play a role in regulating a variety of stem
cells. Notch is expressed on blood stem cells, and Jagged is expressed in the bone
marrow; activation of the receptor might keep the blood stem cell in a quiescent state
(166–170). Notch is expressed in muscle cell precursors and also regulates their differ-
entiation (171). In the nervous system of Drosophila, Notch is involved in switching
epidermal progenitor cells between two alternative fates, nonneural vs the neuroblast
fate, or between two types of neuron (172,173). By feedback regulation (called lateral
inhibition) between Notch and its ligand Delta, the number and placement of
neuroblasts in the neuroepithelial sheet are determined. In the vertebrate nervous sys-
tem, Notch1 and its ligands Delta and Jagged are widely expressed in germinal zones
during development. Constitutive expression in the embryonic mouse forebrain ven-
tricular zone results in maintenance of the radial glial state, now known as a principle
CNS progenitor that can have stem cell features and give rise to type B astrocyte stem
cells in the SVZ (174). In the adult CNS, Notch is present in neurogenic zones
(175,176). Notch is also expressed on long-lived adult oligodendrocyte O-2A progeni-
tors that have stem cell-like properties, and Jagged is expressed by mature oligoden-
drocytes and neurons. Activation of Notch on the adult O-2A may maintain them in an
immature state (177).

There are other examples of common features shared by stem cells from a variety of
sources. For example, FGF-1 and -2, closely related members of the FGF family, EGF,
or its relative TGF-α appear mitogenic for a wide variety of stem cells, including epi-
dermal, bone, blood, gut, and neural stem cells as well as primordial germ cells. Simi-
larly, members of the BMP family influence cell division in these stem cell systems,
often negatively (178–186). Components of these signaling pathways may thus help
identify a number of classes of stem cells.
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Other markers appear to define particular classes of stem cells, even across the plant
and animal kingdoms. For example, the gene piwi is specifically expressed in Droso-
phila germinal stem cells. In a remarkable show of evolutionary conservation, piwi is
structurally similar to a plant gene called zwille, which is seen in stem cells in the plant
meristem, the equivalent of germinal tissue that generates flowers (187,188). Hence,
this family of related transcription factors, whose function remains to be elucidated,
might help define the germ stem cell class and reveal evolutionarily conserved mecha-
nisms of germ cell maintenance.

Neural stem cells, besides expressing Notch and various components of the EGF/
FGF/BMP signaling pathways, have a number of cell-intrinsic markers. They possess
the RNA binding protein Musashi, the mouse homolog of Drosophila Musashi. In the
fly, Musashi is involved in neuron development (189), and its presence in mouse neu-
ral stem cells indicates that it may also play an important role in these cells (190,191).
There is persuasive evidence that adult stem cells in the subventricular zone express
the intermediate filament proteins Nestin (96,192) and GFAP (96). Embryonic CNS
progenitors also express green fluorescent protein (GFP) from the human promoter
(193). As yet, none of these markers appear to be exclusive to neural stem cells.
For example, in the adult, Notch is also expressed on subpopulations of postmitotic
neurons (175), and Musashi and GFAP are expressed by astrocytes. Nevertheless,
it is possible that particular combinations of these markers may define neural stem
cells at the molecular level. TLX is expressed in embryonic and adult neural stem
cells, and a GFP reporter allowed fluorescence-activated cell sorting (FACS) selec-
tion of stem cells (194).

More information is needed regarding surface markers on neural stem cells, as these
markers will greatly aid their live isolation and purification. Neural crest stem cells
carry the low-affinity p75 neurotrophin receptor, which has allowed their retrieval, for
example, from the sciatic nerve, suggesting that they may be available for longer peri-
ods than previously thought, for both for potential repair and potential tumor formation
(195). The surface marker CD133 enriches for human embryonic CNS stem cells
(45). For murine species, selection methods based on exclusion of cells expressing
surface determinants characteristic of differentiated cells results in a remarkably pure
population of adult SVZ stem cells, although only a subpopulation of the total stem
cells present (196). Adult murine stem cells express the carbohydrate moiety LewisX
(LeX) or SSEA-1, which is also present on mouse embryonic stem cells where it might
regulate FGF-2 mitogenicity (197) and adult bone marrow-derived stem cells (198).
LeX staining allows for enrichment of adult mouse SVZ cells from 1% up to 25% (162).

Comparison of gene expression profiles are generating an abundance of data on
genes expressed in stem cell populations. Cross-stem cell type comparisons have been
used to indicate genes that might confer essential, common elements—so-called
“stemness” markers. Different studies have yielded different sets of common stem cell
genes, with unfortunately little overlap between them (199–206), furthering our appre-
ciation of diversity among stem cells. Gene array data for neural progenitor popula-
tions continue to emerge (207–212). Methods of global gene analysis are highly likely
to yield new markers that improve cell enrichment methods and to provide important
novel insights into the biology of neural stem cells.
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CONCLUSION

Stem cells are critically involved in the normal development and maintenance of a
great variety of tissues, from plants to animals. It is interesting to consider why stem
cells are used so prevalently to make tissues. Perhaps they provide a compact solution
to disease prevention or to wear and tear: the information to generate a wide variety of
cell types can be held in a succinct package, waiting for activating signals. Perhaps the
embodiment of a variety of developmental possibilities within a single cell type allows
effective integration of developmental and homeostatic signals to occur. Consistent
with this idea, there is evidence that multipotent progenitors appear to integrate the
input of combinations of factors that can act on them singly (213,214). Thus informa-
tion from different sources can play on a single cell, which reads the input and responds
appropriately.

At this point, the best definition of neural stem cells is still probably the sparsest—
cells that are able to self-renew and generate differentiated progeny. However, as research
continues apace, we may soon be able to refine this definition, to subdivide it as dis-
tinct types of neural stem cells are revealed, and to add molecular signatures that will
eventually allow a more complete understanding of this unique class of versatile cells.
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Neural Stem Cells in the Adult Brain

Implications of Their Glial Characteristics

Daniel A. Lim and Arturo Alvarez-Buylla

INTRODUCTION

It is now widely accepted that new neurons are added continuously to some regions
of the adult mammalian brain. More than 30 yr of reports describing neurogenesis in
the adult brains of fish, frogs, reptiles, birds, and rodents (1–6) have recently culmi-
nated in studies demonstrating the birth of new central nervous system neurons in both
primates (7) and humans (8,9). Hence, the century-old, dogmatic proposition of a fixed,
ended, immutable adult brain has been refuted, spurring new investigations into the
regenerative capacity of the central nervous system.

The dentate gyrus of the hippocampus (10) and the lateral ventricle subventricular
zone (SVZ) (11) are two brain regions in which neurons are born in the adult. The SVZ
is the larger of these two germinal zones, and consists of a layer of cells adjacent to the
ependyma along the entire length of the lateral ventricular wall. In postnatal (12) and
adult rodents (13), cells born in the SVZ migrate from the ventricular wall into the
olfactory bulb (OB) where they differentiate into interneurons. In the monkey brain,
the SVZ also generates neurons for the OB (14,15); interestingly, it has been suggested
that adult monkey SVZ cells also generate new neurons for the prefrontal, inferior tem-
poral, and posterior parietal cortex (16). These latter observations are a matter of debate
(17,18). The adult human SVZ also contains proliferating cells (8,19), and, recently,
astrocyte-like cells close to the walls of the human lateral ventricle have been shown to
behave as stem cells in vitro (9).

The proliferation of SVZ cells continues throughout life (20,21). It has been esti-
mated that at least 30,000 new OB neurons are born in the mouse every day to replace
those that are dying (13). This profound level of continuous neurogenesis argues for
the presence of a self-renewing primary progenitor, or stem cell, within the SVZ. Self-
renewing cells from the SVZ have been propagated in vitro in both adherent and
nonadherent cultures, and these cells can differentiate into neurons, astrocytes, and
oligodendrocytes (22–24). Self-renewal and multilineage differentiation are two
generic attributes of stem cells. A population of cells in the SVZ satisfies these two
criteria and can thus be described as a neural stem cell. However, the precise definition
of stem cells is a matter of debate (25–27). The SVZ stem cell is perhaps most analogous
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to stem cells found in the skin, intestine, and blood. Stem cells of the SVZ and these
other regions generate new cells for their respective organ systems throughout the life
of the animal. The constant production of new cells complements normal cell turnover,
maintaining the tissue cell population. It is not clear how similar adult brain stem cells
are to those of the embryo. We define the adult mouse SVZ stem cell as the self-renewing
cell type responsible for maintaining the constant production of OB neurons in vivo.

Perhaps the most misleading notion about stem cells is that they should be undiffer-
entiated or primitive, lacking expression of markers attributed to more mature cells.
This perception has led many researchers to ignore the “mature-looking” cell as poten-
tial stem cells. However, it is becoming increasingly clear that stem cells can bear what
were thought to be the biochemical and structural hallmarks of differentiated cells.
For instance, skin stem cells express intermediate filament keratins found in mature
keratinocytes (28,29). Intestinal crypt stem cells, which continuously replace the epi-
thelial lining of the digestive tract, have been described as being more epithelial than
primitive (30). Hematopoietic stem cells (HSCs), perhaps the best studied of all stem
cells, express what have been considered to be lineage-restricted factors (31).

In this chapter, we incorporate our understanding of the cellular composition of the
SVZ with recent experimental results that identify the neural stem cell. Surprisingly,
the stem cell candidate possesses attributes of mature glial cells. Given the prevailing
view that glial cells represent an end point in neural development, a glial-like stem cell
seems extraordinary. We therefore review the data concerning the SVZ stem cell iden-
tity. We then discuss the possibility that glial-like cells might be stem cells at other
developmental times. Considering the accumulating evidence of glial-like stem cells,
we propose a revision to our current understanding of developmental neural cell lineages.

CELLULAR COMPOSITION AND ORGANIZATION
OF THE ADULT MOUSE SVZ

In the adult mouse, neuroblasts born along the entire length of the SVZ migrate
anteriorly to the OB. The migratory neuroblasts (type A cells) move along each other
forming elongated clusters of young neurons called chains (32,33). The SVZ is orga-
nized as a network of interconnecting paths for chain migration widely distributed
throughout the lateral ventricle wall (34). These paths converge at the anterior SVZ,
where the confluence of chains of type A cells continues along the rostral migratory
stream (RMS), a restricted path that leads into the core of OB. In the OB, new neurons
differentiate into local interneurons that become incorporated into local circuits (35,36).
It has been suggested that in neonatal rat brain, SVZ neuroblasts originate exclusively
in the anterior SVZ, the so-called SVZa (37). This is not observed in the adult (34).
The high concentration of neuroblasts that converge at the anterior SVZ may give the
impression that this is the site of origin of these cells. Further work is required to
describe potential differences between neonatal and adult SVZ and to determine the
nature of cells in the neonatal caudal SVZ.

Chains of migrating type A cells in the adult mouse brain are ensheathed by the
processes of slowly dividing SVZ astrocytes (type B cells) (32,38). Scattered along the
type A cell chains are clusters of rapidly dividing immature cells (type C cells). Type C
cell clusters are often interposed between type B and A cells (38). See Fig. 1 for a sche-
matic cross section of the SVZ.
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SVZ cell types were identified based on morphological, immunocytochemical, and
ultrastructural characteristics (38). Type A cells are immunopositive for a neuron-spe-
cific β-tubulin revealed by monoclonal antibody Tuj1 and express a polysialylated form
of neural cell adhesion molecule (PSA-NCAM). Type B cells contain intermediate
filament bundles containing glial fibrillary acidic protein (GFAP), a marker assigned
to mature astrocytes. Type C cells are ultrastructurally immature and do not stain for
markers of mature brain cells. Both type A and C cells express the transcription factor
Dlx2 (39), which in development is involved in the production of cortical interneurons
which migrate from the medial ganglionic eminences (40,41). Adjacent to the SVZ is
the layer of multiciliated ependymal cells. Interestingly, all SVZ cell types and the
ependyma express nestin (38), an intermediate filament protein found in neuroepithe-
lial stem cells (42).

Ependymal cells line the luminal surface of the brain ventricle and appear highly
differentiated, bearing multiple beating cilia that move cerebrospinal fluid through the
ventricular system. Ependymal cells express high levels of the cell surface marker
CD24 (type A cells express lower levels of this antigen) (43–45). The lateral ventricle
ependyma is generally described as a layer of multiciliated epithelial cells that separate
the SVZ from the ventricular lumen. However, on closer examination using electron
microscopy (EM), the ependymal layer does not appear entirely contiguous. In normal
mice, a small number of type B cells make direct contact with the ventricle (39,46).
Some of these type B cells contact the ventricle by extending a thin cellular process

Fig. 1. Schematic cross section of the adult SVZ. Ependymal cells (white) are multiciliated
and are closely apposed to the underlying SVZ cells. The ventricular lumen is to the left.
Type B cells (gray) are slowly dividing astrocyte-like cells that ensheath chains of migrating
type A cells (black). In this cross section, type A cells would be migrating out of the plane
of the paper. Type C cells (stippled) are highly mitotic and found as clusters along the chains of
type A cells. See “Cellular Composition and Organization of the Adult Mouse SVZ” for details.
Some type B cells (marked with “x”) extend a cellular process between ependymal cells and
contact the ventricle. Many of these ventricle-contacting type B cells have a short, single cilium
lacking the central pair of microtubules (9+0 arrangement). Ventricle-contacting type B cells
may be an actively dividing SVZ stem cell. See “The Ventricle-Contacting Type B Cell:
Interkinetic Nuclear Movement?” for details.
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between ependymal cells while a few have a larger luminal surface (see “x”-marked
cell in Fig. 1). Thus, the boundary between the ependymal layer and the SVZ is some-
what blurred by the small number of type B cells that are interdigitated with the ependy-
mal cells. In addition to their unusual cellular location, some of the ventricle-contacting
type B cells possess a single, thin cilium lacking the central pair of microtubules. Simi-
lar single cilia with this 9+0 microtubule arrangement have been described in embry-
onic neuroepithelial cells (47,48) and adult avian brain neuronal precursors (49).
As we discuss later, this cilium may be an indicator of stem cell progression through
the cell cycle.

WHICH ARE THE SVZ STEM CELLS?

As mentioned in the introduction, stem cells can express markers of differentiated
cells. Perhaps, then, it should not be surprising that candidates for the adult SVZ stem
cell have been found to possess attributes of mature glia. Here, we review the recent
accumulation of data indicating that the SVZ stem cell is an astrocyte-like, GFAP-
positive cell.

The Label-Retaining Cell of the SVZ

A traditional view of adult stem cells is that they divide very slowly. For instance, to
maintain hematopoiesis, HSCs enter the cell cycle every 1–3 mo (50,51), and the slow-
est cycling cell in the skin has stem cell behavior (52). Accordingly, data from two
studies suggest that SVZ stem cells are the most slowly dividing cell of this region
(46,53). Owing to their slow cell cycle, stem cells are labeled infrequently by a single
pulse of a nucleotide analog such as [3H]thymidine or bromodeoxyuridine (BrdU).
Efficient labeling of stem cells requires continuous or repeated administration of
[3H]thymidine or BrdU for a prolonged duration. Once having incorporated the label,
the stem cells retain the mitotic marker for an extended period of time and can thus be
identified as label-retaining cells (LRCs). Rapidly dividing progenitor cells dilute out
the label and/or migrate from the region.

The label-retaining experiment has been performed in the SVZ (44,54). BrdU was
administered to animals for 2 wk in the drinking water, and 1 wk after the end of the
BrdU administration, brain sections were processed with BrdU immunohistochemis-
try. Although the BrdU-positive nuclei are very clearly labeled, the resolution of the
light microscope is not sufficient to distinguish ependymal cells from the closely
apposed SVZ cells. Type B cells sometimes have their nuclei separated from the ven-
tricular lumen by only a thin process of an adjacent ependymal cell, and such a nuclei
could be easily mistaken as belonging to the ependymal layer (38,39,46). In addition,
some type B cells are interposed between ependymal cells and actually contact the
ventricle. Double-immunohistochemistry for BrdU and the ependymal markers CD24
or S100 as well as EM analysis of [3H]thymidine-treated brains did not reveal evidence
of ependymal cell division.

Do ependymal cells ever divide in vivo? Previous reports are also conflicting. A sur-
vey of the literature reveals reports concluding that the lateral ventricle ependyma do
not divide and others that claim to have evidence of ependymal proliferation in the
same area (55). It is difficult to come to any conclusion from the earlier reports as EM
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was not used to confirm ependymal cell identity in the lateral ventricle wall. There are
also reports of ependymal cell proliferation in the fourth ventricle and central canal of
the spinal cord (56,57). However, more detailed EM analysis is required to confirm
that the proliferating cells in these caudal regions correspond to multiciliated ependy-
mal cells. Johannson et al. show by EM a ventricle-contacting cell in mitosis in the
central canal; however, this cell appears unciliated. Perhaps the ependymal cells along
the neuraxis are not all equivalent. In children, ependymal tumors occur most frequently
in the fourth ventricle, and this may reflect such intrinsic differences (58).

Epithelial layers with a stem cell component often display a remarkable regenera-
tive capacity in pathological conditions. If the lateral ventricle ependyma contains a
stem cell, then one might expect this epithelium to regenerate after injury. However,
there is at present no convincing evidence that the lateral ventricle ependyma regen-
erates after injury. Interestingly, injury to the ependymal cells stimulates the sub-
ependymal astrocytes to proliferate and form a gliotic scar, which appears to
substitute for the missing ependyma (55,59). Again, ependyma of more caudal regions
may behave differently and have some capacity to proliferate, and comparisons of
the molecular characteristics of the ependyma throughout the neuraxis would be
revealing.

Hence, the majority of SVZ LRCs are type B cells. LRCs, of course, are not neces-
sarily stem cells. Labeled type B cells might simply represent endogenous local glial
cell turnover. Furthermore, the SVZ stem cells may enter the cell cycle so rarely that a
2-wk period of labeling would not identify them.

Regeneration of SVZ From Slowly Dividing Type B Cells

Because they are believed to divide more slowly than other cell types, adult stem
cells should be more resistant to antimitotic agents. Thus, treatment with certain types
of antimitotic drugs should be able to eliminate rapidly dividing progenitor cells while
sparing a population of stem cells capable of regenerating the killed cells. Infusion of
the antimitotic cytosine-β-D-arabinofuranoside (Ara-C) into the SVZ for 6 d eliminates
all type A and C cells (46). The only cell types remaining are type B and ependyma.
At the end of Ara-C treatment, no BrdU or [3H]thymidine incorporation is observed in
the SVZ. However, 12 h after Ara-C removal, type B cells begin incorporating BrdU.
No ependymal cells incorporate the mitotic marker. Two days later, the first type C
cells appear, and by 14 d, the entire cellular and architectural composition of the SVZ
is regenerated. The appearance of type C cells followed by type A cells suggests a
developmental lineage of B to C to A. See Fig. 2 for a lineage schematic.

Type B cells incorporate BrdU almost immediately after Ara-C removal. This rapid
appearance of mitotic cells suggests that stem cells are recruited into cell division by
the absence of progenitor cells (negative feedback loop). If this notion of stem cell
induction were true, then one would predict the stem cells themselves to be slowly
killed off with continued Ara-C administration. This appears to be the case. Increasing
the duration of Ara-C treatment decreases the number of type B cells remaining in the
SVZ (Doetsch and Alvarez-Buylla, unpublished observations). With continued Ara-C
treatment or local irradiation (60), it may be possible to deplete completely the SVZ of
stem cells.
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Lineage Analysis of SVZ Stem Cells

To follow specifically the fate of type B cells, Doetsch et al. (44) injected an avian
leukosis retroviral vector (RCAS) encoding alkaline phosphatase (AP) into the SVZ of
transgenic mice. The transgene in the recipient mice directs expression of the avian
retrovirus receptor to GFAP-positive cells (61). Hence, the RCAS vector labels only
mitotic type B cells. One day after injection, only type B cells express the RCAS marker
AP gene, confirming the specificity of the initial infection. Three and one half days
later, AP-positive cells are found en route to the OB, and by 14 d, many AP-positive
neurons integrate into the OB. Although this experiment clearly demonstrates that type
B cells can produce OB neurons, it does not exclude ependymal cells from this lineage.
One could argue that ependymal cells produce OB neurons directly or through a type B
cell intermediate. Nor do the data demonstrate that type B cells self-renew in vivo.
However, the presence of AP-positive type B cells in the SVZ 14 d after infection
suggests that stem cells were originally infected.

Tracing the Fate of Ependymal Cells In Vivo?

To determine if ependymal cells can give rise to OB neurons, Johannsen et al. per-
formed experiments that were designed to follow the fate of ependymal cells in vivo.
To label ependymal cells, they injected either the fluorescent lipophilic label DiI or
adenovirus carrying the β-galactosidase marker into the lateral ventricular lumen.
One day after injection, labeled cells appeared restricted to the ependymal layer.
Ten days after injection, a large number of labeled cells were found either en route to
the OB or in the OB. The interpretation of these data is difficult. Intraventricular injec-
tions of tracer substances label all cells that contact the ventricle. Because some type B
cells contact the ventricle, it is possible that the DiI injection labeled B cells as well as
the ciliated ependyma. Transfer of DiI from the ependyma to other cell types is also
difficult to rule out. Johannsen et al. employed the adenoviral vector in an attempt to
exclude these possibilities. They found that only ependymal cells express the adenovi-
rus receptor CXADR and thus assumed that this would restrict adenoviral infection to

Fig. 2. Proposed SVZ cell lineage. In this model, a type B cell (left, marked with “x”) divides
asymmetrically to produce another type B cell and a type C cell (middle, marked with “x”).
Type C cells are transit-amplifying cells that divide before generating type A cells (right, black
cells marked with “x”). The remaining type B cell can later reenter the cell cycle to produce
more neurons. Type B cells may also divide symmetrically.
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the ependyma. This assumption is, however, not correct as adenoviral vectors have
been reported to infect multiple brain cell types (62) including type B astrocytes and
other SVZ cells (63). Furthermore, the fact that type B cells contact the ventricle com-
plicates the adenovirus result in the same way it renders the DiI experiment difficult to
interpret. The present data support a more general conclusion that cells closely associ-
ated with the ependymal layer can generate OB neurons.

Neural Stem Cells In Vitro

Neural stem cells isolated from the adult brain SVZ can be propagated as nonadher-
ent clusters of cells called neurospheres (53,64,65). Cell proliferation is maintained by
high concentrations of epidermal growth factor (EGF). On removal of EGF, these cul-
tured cells are capable of differentiating into neurons, astrocytes, and oligodendrocytes.

Neurospheres can be grown from type B and C cells, making them both candidates
for neural stem cells (39). Given this finding, it seems that “stemness”—at least
in vitro—may be more related to competence of a group of precursors early within a
lineage rather than to a specific cell type. This notion is also supported by the finding
that oligodendrocyte progenitors also show a similar potential to form neural stem cells
in vitro when exposed to growth factors (66,67). However, the aforementioned lineage
tracing experiments as well as the AraC regeneration data indicate that type B cells are
the primary precursors of the SVZ in vivo.

Two other groups have found that GFAP-positive astrocytes can behave as neural
stem cells. Laywell et al. (68) found that postnatal GFAP-expressing cells from the
multiple brain regions of the mouse can behave as neural stem cells in vitro. However,
after 14 d, these astrocytes from the cortex, cerebellum, and spinal cord no longer
display stem cell characteristics. SVZ GFAP-positive type B cells maintain stem cell
behavior into adulthood (44), and this finding was supported by data from Imura et al.
(69). In that study, the authors employed a mouse expressing the thymidine kinase
gene under the control of the GFAP promoter. Gancyclovir selectively kills dividing
cells expressing the thymidine kinase gene, and so by delivering gancyclovir to this
GFAP-TK transgenic mouse, Imura et al. were able to eliminate GFAP-positive cells at
various stages of development including adulthood. Very few neurospheres could be
made from adult GFAP-TK animals treated with GCV, which can be explained by the
selective loss of GFAP-positive type B cells as well as their type C cell descendants.
Interestingly, neurospheres can be isolated from GCV-treated GFAP-TK embryos,
indicating that neural stem cells earlier in development do not express GFAP.

It has been suggested that ependymal cells lining the lateral wall of the lateral ven-
tricles can also give rise to neurospheres in cultures. However, recent data do not sup-
port this contention. Johanssen et al. grew neurospheres from putative ependymal cells
based on their multiciliated morphologies or by injecting DiI into the lateral ventricles
and selecting labeled cells. Rietze et al. (70) similarly labeled cells lining the lateral
ventricle with DiI and used fluorescence-activated cell sorting (FACS) to identify the
cell population capable of giving rise to neurospheres; the authors found that the neural
stem cell-enriched population did not include ependymal cells but did include DiI-
labeled cells. What is the explanation for these differences in experimental results?
Some astrocytes make contact with the ventricle lumen, and, as mentioned earlier,
DiI ventricular injections may label ependymal cells as well as this subpopulation of
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astrocytes; these astrocytes may be the cell type that gives rise to neurospheres. Other
data from Chiasson et al. (71) and Laywell et al. (68) demonstrate that ependymal
cells isolated from early postnatal or adult mouse brain are able to form neurosphere-
like cell clusters; however, these cells are neither self-renewing nor multipotent.
More recently, Capela and Temple (45) used the Lewis X cell surface marker, a carbo-
hydrate in embryonic pluripotent stem cells as well as the adult SVZ, to separate SVZ
cells by FACS for in vitro neurosphere assay analysis. The LeX-positive fraction was
enriched for neurosphere-generating cells as compared to the LeX-negative fraction,
which includes ependymal cells. Capela and Temple also isolated ependymal cells with
the marker CD24 and negligible numbers of these cells produce neurospheres, leading
to their conclusion that ependymal cells are not stem cells.

Although it is tempting to relate EGF-responsive cells in vitro to the in vivo stem
cell behavior in vivo, a more conservative viewpoint is that the neurosphere assay
reveals cell types that can self-renew and become multipotent in response to EGF sig-
naling. The caveats of in vitro stem cell study are perhaps obvious but should be reiter-
ated. Stem cells in vivo reside in niches that provide these primary progenitors with a
microenvironment critical for their behavior. Cultured stem cells are removed from
their normal cellular context. Furthermore, stem cells in culture are exposed to
nonphysiological concentrations of mitogenic factors, which may alter their “normal”
developmental potential. For example, hippocampal precursors grown in the presence
of fibroblast growth factor-2 (FGF-2) can differentiate into neurons phenotypically
distinct from those of the hippocampus (72). In vitro cultures might remove transcrip-
tional silencing and in such a way “deprogram” a cell, making the transcriptional pro-
file more “generic,” allowing a wider diversity of final cell fates.

Thus, any demonstration of stem cell behavior in vitro must be interpreted cau-
tiously. In vitro manipulations may be necessary for stem cell behavior to be unveiled
in a particular cell. While ciliated ependymal cells may divide in vitro in response to
EGF, the evidence for ependymal cell division in vivo is not conclusive. Likewise, it is
not clear that EGF is the primary mitogen for type B cells in vivo (73), and so the
multipotentiality of neurospheres may be a consequence of high levels of EGF signal-
ing. Discovering the molecular signals present in the SVZ is critical for future in vitro
studies.

Clues about the molecular signals critical for stem cell biology may come from the
intercellular interactions observed in vivo. For instance, hematopoietic stem cells are
best maintained in vitro on cultures of bone marrow stromal cells monolayers (74).
Skin stem cells are similarly clonogenic when cultured in contact with fibroblasts,
their in vivo cellular neighbors (75). In the SVZ, all cell types are in contact with
astrocytes. Reconstituting the interaction between astrocytes and SVZ stem cells in
vitro recapitulates the extensive production of young neurons observed in vivo
(76,77). Neurogenesis in these cultures is not dependent on exogenously added
growth factors or serum. Understanding the molecular nature of the astrocyte–stem
cell interaction may allow for the design of culture assays that fully reproduce
in vivo stem cell behavior. Furthermore, the coculture in vitro assay may prove to
more faithfully recapitulate the biology of SVZ stem cells than high concentrations
of EGF or FGF-2.
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The SVZ Stem Cell: A Particular Subtype of Astrocyte?

Type B cells produce OB neurons and can form multipotent neurospheres in vitro.
Type B cells are also sufficient to regenerate the SVZ after the elimination of rapidly
dividing cells. This body of evidence demonstrating stem cell behavior of type B cells
should alter our perception of cells with glial characteristics in the brain. The expres-
sion of GFAP can no longer be ascribed only to cells committed to a glial lineage.
Cells with morphological, ultrastructural, and antigenic features of astrocytes may very
well have the ability to serve as stem cells. It remains to be determined if all brain
astrocytes retain the ability to become stem cells. In the SVZ, only a small fraction of
the GFAP-positive type B cells can form multipotent neurospheres. Given these data,
it is likely that at any one time, only a subset of type B cells can serve as stem cells.
If only a subset of type B cells are stem cells, markers specific to those cells would be
useful for identification and isolation. Alternatively, a wider population of astrocytes
in the adult brain may have stem cell potential, but at any one time only a small sub-
population may be competent to express this potential.

NEURAL STEM CELLS: FROM THE EMBRYO TO THE ADULT

The Ventricle-Contacting Type B Cell: Interkinetic Nuclear Movement?

As described and reviewed earlier, some type B cells contact the ventricle. In some
of these ventricle-contacting type B cells the centriole projects a single 9+0 cilium
similar to those on neuroepithelial cells and neuronal precursors of the avian brain
(49). In cultured cells, the appearance of a 9+0 cilium has been correlated with cell
cycle progression (78). About 6 h before S-phase, one of the interphase centrioles of
fibroblasts become ciliated, differentiating them from quiescent cells. Perhaps, then,
the 9+0 cilium on type B cells indicates their progression through the cell cycle. If this
is correct, the ventricle-contacting type B cells could be activated SVZ stem cells just
hours away from DNA replication.

Could it be that all dividing type B cells transiently contact the ventricle at some
point during the cell cycle? Such a mechanism would be reminiscent of the interkinetic
nuclear movement observed in the ventricular zone of embryos (79,80) and the adult
avian brain (49). In the ventricular zone, the nucleus of an actively dividing cell
migrates to and from the ventricular lumen at different points in the cell cycle with
mitosis occurring at the ventricular wall. Similarly, a dividing type B cell may actually
push aside neighboring ependymal cells and contact the ventricle as it progresses
through the cell cycle.

Nomenclature: Is There an Adult Ventricular Zone?

It is perhaps appropriate at this point to raise the problem of nomenclature and its
inherent conceptual influences. First, the SVZ, sometimes called the subependymal
layer (SEL) or zone (SEZ), suggests that this germinal center functions underneath the
ependymal covering without contacting ventricular fluid. In fact, it is widely accepted
that the so-called ventricular zone (VZ) (81) disappears during development and is no
longer present in the adult. Notice that these influential statements are purely based on
gross anatomical observations and have not been based on testing whether a VZ-like
cell is present in the adult. Clearly, the recent finding that some type B cells may tran-
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siently come into contact with the cerebrospinal fluid both challenges this view and
contradicts the prefix of “sub-” in SVZ, SEL, or SEZ. Second, using the terms SEL or
SEZ may not only be inaccurate in terms of the localization of the germinal cells, but
would also suggest that the adult cell genesis in this region is fundamentally different
than that of the embryo. When is the SVZ is no longer a SVZ and become a SEZ?
Based on the anatomical localization of the embryonic SVZ, and recent transplanta-
tion experiments (82), it is evident that the SVZ of the lateral ganglionic eminence
(LGE) has cells of similar properties to those present in the adult SVZ. Until an
updated terminology becomes available, it is perhaps best to keep one term, SVZ, to
describe both the developing and adult germinal zone that underlies the VZ and
ependyma, respectively.

Do the Lineages of Neurons and Glia Separate Early in Development?

The recent identification of glial-like neural stem cells raises an important long-
standing controversy concerning the developmental origin of neurons and glia in gen-
eral. Do neurons and glia arise from a multipotential cell type, or are there specific
types of cells devoted to one lineage or the other?

The controversy of multipotent stem cells vs lineage-restricted precursors can be
traced back to the earliest studies of the neural tube (83). The central nervous system
arises from a sheet of cells called the neural epithelium. Early in development,
the neural epithelium invaginates from the rest of the embryo, forming the neural tube.
In 1887, Wilhelm His founded the concept of subclasses of neuroepithelial cells that
are consigned to becoming either neurons or glia. His described two neural tube cell
types based on their appearance. Germinal cells were the rounded cells near the lumen,
and he proposed these to be precursors of neurons. He also described a columnar matrix
of cells, known at that time as spongioblasts (today referred as radial glia), and pro-
posed these to be committed to giving rise to glial cells. His was probably misled by
artifacts of histology as he improperly described spongioblasts as a syncitium rather
than as separate cells. The theories of His were countered by Schaper in 1894 and
1897. Schaper concluded that the germinal cells and spongioblasts are essentially the
same cell type at different stages of cell cycle. However, it was not until 1935 that
F. C. Sauer produced new evidence in favor of Schaper’s theory. Later, more cell
cycle studies confirmed that all neuroepithelial cells are the same, and that the differ-
ences in their location and appearance simply represent a different stage of the cell
cycle. Nevertheless, the concept of a different origin for glial and neuronal cell types in
the brain remained heavily ingrained in the neurosciences. The preceding description
of a cell with glial characteristics challenges this view. Other recent work also suggests
that the developmental predecessor of astrocytes, the radial glia, are also not commit-
ted glial progenitors, but the stem cells of the developing nervous system.

Radial Glial Cells as Neural Stem Cells

Radial glial cells arise during VZ development and are unique in that they extend
processes from the ventricular lumen to the pial surface. Radial glial processes are
commonly thought to serve as guides that neuroblasts migrate upon to reach their final
destination (84). After neuronal production ceases, radial glial are believed to retract
from the ventricular and pial surfaces and differentiate into brain astrocytes (85–88).
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It has previously been suggested that radial glia do not divide during the period of
neurogenesis (89).

It is interesting to compare the morphology of the neuroepithelial stem cell with that
of radial glial cells. In the primitive neural tube, the neuroepithelial stem cells contact
both the ventricular and pial surfaces (Fig. 3, left). As development progresses, the wall
of the neural tube thickens as layers of cells are added. If multipotent neuroepithelial
cells are to maintain their ventricular and pial contacts, then they must elongate to
accommodate the thickening of the neural tube wall. Radial glial cells are elongated
cells, many extending processes to both the ventricular and pial surfaces (Fig. 3,
middle). Is it possible, then, that what we call radial glial cells are really just neuroepi-
thelial stem cells with an elongated morphology?

There has been a gradual accumulation of data leading to a recent spurt of studies
supporting the idea that radial glia are neural stem cells. Mammalian radial glial cells
express nestin (42,90), an intermediate filament that is found in neuroepithelial cells (91)
as well as in cultured neural stem cells (24). Radial glial cells are also found to be
mitotic in vivo (92,93), suggesting that radial glial cells have neuroepithelial character-
istics (94). In the avian brain, radial glia persist into adult life (95). These cells continue

Fig. 3. Hypothetical relationship of neural stem cells from the early embryo to the adult
SVZ. (Left) Neural stem cells (gray) in the early neuroepithelium extend from the ventricular
lumen (bottom) to the pial (top) surfaces. (Middle) Like neuroepithelial stem cells, many radial
glial cells (gray) also contact both the ventricular and pial surfaces. Radial glia behave as neu-
ral stem cells, perhaps an elongated form of the stem cell of the early neuroepithelium. Radial
glia are known to divide and may self-renew (solid arrow) and produce neurons (black), possi-
bly through intermediate cell types (dotted arrow). (Right) Radial glial give rise to astrocytes
later in development. Cells derived from radial glial may come to reside in the adult SVZ where
they are identified as type B cells (gray). Like radial glia and neuroepithelial cells, some SVZ
type B cells contact the ventricle. These astrocyte-like cells behave as stem cells in that they
self-renew (solid arrow) and produce neurons (black), possibly through intermediate cell types
(dotted arrow).
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to divide in the adult avian brain and their division correlates spatially and temporally
with the appearance of new neurons, leading to the proposition that these radial cells
are neuronal precursors (96). Furthermore, the primary precursors in the adult avian
brain undergo interkinetic nuclear migration (49), a phenomenon typified by neuroepi-
thelial cells. Earlier retroviral lineage analysis and in vitro studies demonstrate that at
least some VZ cells are capable of producing both neurons and glia (97–101). These
earlier studies have been further bolstered by more recent studies (102–106). Noctor et al.
(103) showed in vivo with a green fluorescent protein (GFP)-retrovirus that the prog-
eny of radial glia include neurons. Malatesta et al. (106) used a Cre-based fate map
analysis to demonstrate that the majority of cortical projection neurons are derived
from radial glia. Taken together, the data challenge the historical notions that neuroglia
develop from a lineage separate from that of neurons and that radial glia are committed
progenitors to astrocytes.

What Is the Origin and Nature of SVZ Type B Cells?

There is good evidence that radial glia become astrocytes late in development. Tran-
sitional forms between radial glia and astrocytes have been observed in vivo (85–88)
and in vitro (107). Furthermore, radial glial vitally labeled by injections of tracers onto
the surface of the brain can differentiate into astrocytes in vitro (108). It is interesting
to consider that SVZ type B cells might be derived from radial glial cells and retain
some neuroepithelial stem cell characteristics into adulthood (Fig. 3, right). There are,
in fact, data supporting this consideration: Gaiano et al. (109) found that activated
Notch signaling in embryonic neural progenitors instructed a radial glial fate, and later,
these cells became astrocytes, many of which ended up in the SVZ. The microenviron-
ment of the SVZ might provide signals that program type B cells for continuous OB
neuron production. Astrocytes throughout the brain are also thought to be derived from
radial glia, raising the intriguing possibility that some of these cells may also behave as
neural stem cells under appropriate conditions. Compelling evidence in support of this
idea comes from the demonstrations that in vitro stem cells can be propagated from
regions other than the SVZ. Neurosphere-generating cells are found all along the entire
ventricular neuraxis (110). In addition, multipotent stem cells can also be isolated
in vitro from the cortex, septum, hippocampus, and SVZ (111,112). It will be interest-
ing to determine if precursors similar to type B cells exist in these diverse brain regions.
In the dentate gyrus of the hippocampus, astrocytes with characteristics similar to the
SVZ type B cells have been found to function as primary progenitors in the generation
of new neurons (113–115). The origin of adult neural stem cells with glial characteris-
tics in the SVZ and dentate gyrus is not known. The preceding arguments suggest that
these adult stem cells may be derived from radial glia, but this hypothesis remains to be
demonstrated.

Are Glial Tumors Neural Stem Cell Tumors?

Most brain tumors are glial. Based on the series of findings discussed earlier sug-
gesting that adult neural stem cells have glial characteristics, we should consider the
possibility that tumors may arise from stem cells. In fact, EGF receptor overexpression
in nestin-positive postnatal brain cells lacking the INK4a-ARF locus leads to a high
incidence of gliomas (116), suggesting that a genetic alterations in a stem-like cell can
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generate a tumor that would be histologically classified as a glioma. Interestingly, the
SVZ in some mammals is the most common site of gliomas induced by chemical car-
cinogens (117). Although it is not a frequent site of tumors in humans, the SVZ is perhaps
a site where stem cells acquire the initial genetic alterations in tumor cell progression.
Certain mutations may enhance the migration of stem cells, leading to the subsequent
formation of tumors at a distance from the SVZ. In fact, the overexpression of FGF2
in glial cells stimulates their migration (61). Also, infusion of FGF2 or EGF into the
lateral ventricle causes SVZ cells to migrate deeper into the striatum (39,118,119).

THE PROBLEM WITH CALLING A CELL A GLIAL CELL

Some of the unavoidable, historical misconceptions about glial cells appear to have
persisted to the present, and it is now important to reexamine the cells that we call glial
in a new light. The concept of neuroglia, meaning “nerve glue,” was originally based
on an assumption by Rudolf Virchow in the mid-1800s that there must be a mesoderm-
derived connective tissue-like component to the nervous system (83). Virchow’s theory
has since been refuted; however, his ideas about the derivation and nature of glial cells
seemingly instilled the field with the concept that glial cells should be distantly related
to neurons. Perhaps the shadow of Virchow’s conjectures extends to the present day,
making it difficult to consider the possibility that glial-like cells are neural stem cells.
As proposed in an earlier study, perhaps the radial glial cell should be called simply a
radial cell to remove the influential connotation of the word “glial” (96). Alternatively,
some of the historical weight of the word “glial” needs to be lightened. In the brain, the
term “glia” may be taken to encompass both fully differentiated supportive cells and
others that are capable of behaving as neural stem cells. Neural stem cells may have
roles often assigned to glia. The cellular anatomy of both the adult SVZ and developing
VZ suggest that stem cells play important structural roles as the scaffold upon which
neurogenesis and neuronal migration occur. Hence, it appears that in some cases, glial
cells and stem cells are one in the same.
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Cellular and Molecular Properties of Multipotent

Neural Stem Cells Throughout Ontogeny

Larysa Halyna Pevny

INTRODUCTION

Single cells isolated from the both the developing and the adult central nervous sys-
tem (CNS) can give rise to neurons, astrocytes and oligodendrocytes and retain the
ability to self-renew, in vitro. This observation has led to the conclusion that the CNS
develops from multipotent, self-renewing stem cells (CNS stem cells) (1–9). However,
since the isolation of CNS stem cells from embryonic and adult CNS (1,3,4,6,10,11),
identification of their origin in vivo remains unclear (12,13). Moreover, the cellular
and molecular relationship between neural stem cell populations at different stages of
ontogeny and different anatomical regions is unresolved. To understand exactly what
characteristics define neural stem cell identity in vivo and in vitro it is first necessary to
elucidate the lineage relationship between the various types of stem cells and how they
contribute to the development, differentiation, maintenance, and function of the CNS
(14). To achieve this certain methodologies need to be developed for the direct isola-
tion and characterization of neural stem cells from the embryonic and adult CNS.

In this chapter we summarize some of the shared and/or unique cellular and molecu-
lar characteristics of neural stem cells at different stages and regions of the developing
and adult CNS and propose that these properties provide a means by which to distin-
guish between neural stem cell populations and thus to prospectively identify neural
stem cells in vivo. We further discuss recently developed methods that provide a means
to directly isolate cells with stem cell potential from mixed cultures of cells.

IN VITRO STEM CELL POTENTIAL
OF EMBRYONIC AND ADULT CNS CELLS

Embryonic Neural Stem Cells

During early mammalian neurogenesis, cells with stem cell characteristics in vitro,
including self-renewal ability, inhibition of overt differentiation, and maintenance of
multipotency, initially comprise about 90% of the newly induced cells of the neural
plate (15). These cells, termed neuroepithelial (NEP) stem cells, are dependent on
basic fibroblast growth factor (bFGF) (10,16) for their survival and proliferation.
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Dissociated neuroepithelial cells undergo self-renewal, and single NEP cells can dif-
ferentiate into neurons, astrocytes, and oligodendrocytes (15,17,18). After neural
induction the neural plate undergoes a series of morphogenetic movements to form a
tube consisting of prominent vesicles anteriorly, which represent the anlage of the fore-
brain, midbrain, and hindbrain and a thin portion posteriorly that develops into the
spinal cord. The initially homogeneous population of dividing cells in the neural tube
is patterned over several days in a characteristic spatial and temporal profile with pro-
liferating cells restricted to the inner ventricular and differentiated neurons, oligoden-
drocytes, and astrocytes migrating to outer mantle zone regions (19–24). Clonal culture
experiments in vitro have demonstrated that stem cells at this stage of development are
located within the proliferative ventricular zone, and like the cells of the neural plate,
require bFGF for their survival and proliferation in vitro as well as in vivo (25–27).

By the second half of embryogenesis an additional stem cell population can be iso-
lated (11). The appearance of this population coincides with the formation of the
subventricular zone (SVZ) in the forebrain (see Chapter 1). The SVZ is later called the
subependymal zone as the ventricular zone diminishes in size to a single layer of
ependymal cells. The proliferation of this second stem cell population is dependent on
epidermal growth factor (EGF). These EGF-dependent stem cells grow in suspension
culture as “neurospheres”; can be clonally propagated (undergo self-renewal); and dif-
ferentiate into neurons, astrocytes, and oligodendrocytes in vitro (5,28–30).

Several lines of evidence have recently proposed that radial glial cells in the embry-
onic CNS have stem cells characteristics. Radial glial cells appear to function as
both neural progenitors (31–37) and as scaffolding on which neurons migrate (38,39).
As progenitors radial glia give rise to many, if not all, of the neurons generated within
the cerebral cortex (34,36) and may also function as self-renewing multipotent popula-
tion (36,40–43). Furthermore, as discussed later, it has recently been proposed that
adult SVZ cells are directly derived from embryonic radial glial cells that retain neu-
roepithelial stem cell characteristics into adulthood (44,45) (see Chapter 2).

Thus, during early neurogenesis a single population of stem cells is present that is
localized to the VZ. At somewhat later developmental stages at least two additional
populations of stem cells can be isolated one from the SVZ and a smaller population of
cells (radial glia) localized to the diminishing ventricular zone. These populations
appear display unique cellular characteristics such as their growth factor responsive-
ness, proliferation rates, and the subtypes of neurons they generate. In addition to these
unique growth characteristics, stem/progenitor cells in the CNS are regionalized by
patterning molecules. Patterning in the proliferating neuroepithelium is initiated at the
time of neural induction and occurs along the rostrocaudal and dorsoventral axis (46–
49). The regional restriction of cell fate in vivo appears to be reflected and to a certain
degree maintained in vitro. For example, it has been shown that positional markers that
define rostrocaudal and dorsoventral identity of stem cells persist over multiple gen-
erations in vitro (50–52). Specifically, neural stem cell colonies derived from the cor-
tex and spinal cord of embryonic day (E14.5) differentially express regional marker
genes along the anteroposterior axis (52) and this expression persists for at least
40 generations. What remains unclear is whether progenitor cells expressing particular
regional transcription factors are committed in their fate (see later). For example, such
cells may remain plastic until they have withdrawn from the cell cycle (53–55). Support
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for plasticity of neural progenitor cells comes from recent data that illustrated that
embryonic progenitors maintain expression of regional identity in vitro but can be
respecified when grafted to heterologous sites in vivo (50). Moreover, exposure of
regionally specified progenitor cells to growth factors can alter their regional fate
in vitro (56) (see later).

Adult Neural Stem Cells

It is now commonly accepted that the adult mammalian brain is not simply a static
postmitotic organ (9,57–61). In certain locations cells with in vitro stem cell potential
persist into adulthood; these include the SVZ of the lateral ventricle (LV), the
subgranular zone (SGZ) of the hippocampus, and the central canals of the spinal cord
(61). Throughout life, cells born around the SVZ of the lateral ventricle cross a long
distance anteriorly through the rostral migratory stream to the olfactory bulb (OB),
where they differentiate into interneurons. New neuronal cells in the OB are generated
from neural progenitors of the SVZ of the LV (62,63). SVZ cell types can be distin-
guished by their morphological and immunohistochemical characteristics (12). The
exact origin of adult neural stem cells is still in question (62). One hypothesis suggests
that adult neural stem cells are located in the ependymal layer of the lateral ventricle of
the adult forebrain (13,59). These studies propose that this population of cells under-
goes asymmetric cell division to generate a transient amplifying population of rapidly
dividing subventricular zone cells (type C cells) that in turn generate migratory
neuroblasts (type A cells). These cells then migrate along the rostral migratory stream
to the OB. The location of neural stem cells along the ventricular system of the adult
indicates that these cells might be related to their embryonic counterparts, which reside
in the ventricular zone that lines the lumen of the neural tube. Ependymal cells are
relatively quiescent in vivo but retain the ability to enter the cells cycle, and may
respond to injury by proliferations. For example, infusion of either FGF or EGF
will result in ependymal cell proliferation, and limited retroviral lineage analysis has
suggested that individual ependymal cells can generate astrocytes and neurons in the
brain (13,64). Moreover, ependymal tumors express both glial and neuronal markers,
thus indicating that ependymal cells are multipotent. However, neurospheres derived
from ependymal cells do not undergo significant self-renewal (65). The slowly divid-
ing astrocytes (type B cells) found in the subventricular zone appear to serve as inde-
pendent stem cells (see Chapter 2) (66,67). Recent compelling experiments, however,
demonstrate that the majority of EGF-responsive cells in the adult SVZ that generate
neurospheres are derived from the rapidly dividing transit-amplifying C cells (68)
(see later). In addition to the germinal zone of the SVZ, continued neurogenesis is
known to occur in the adult hippocampus: cell proliferation leading to neurogenesis has
been described in the granular layer of the dentate gyrus (69,70). Progenitor cells are
found along a thin strip of cells, referred to as the SGZ, located between the hilar
region and the granule cell layer (71). Multipotent cells can also be isolated from other
regions of the mammalian CNS such as the spinal cord and parenchyma of the adult
brain throughout the rostrocaudal axis (11,13,59,72,73). For example, ependymal cells
lining the central canal of the postnatal spinal cord can form multipotent neurospheres
in vitro and thus have properties of neural stem cells (59).
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Although it has been well established that neurogenesis continues in the adult CNS
the fate and the role of the stem cell populations remains unclear. It has been demon-
strated that stem cells such as those found in the SVZ of the LV or the SGZ of the
hippocampus generate progenitor cells that replenish the pool of olfactory interneurons
and neuronal and glial cells in the granular layer of the dentate gyrus (DG) (74),
respectively. Retrograde tracing studies have shown that the newly generated neuronal
cells extend axons (75,76) receive synaptic input (77) and participate in functional
synaptic circuitry (78). In addition, it has been hypothesized that these cells have
diverse functions such as memory (79–81), learning (82–84), and cell replacement (85).
For example there is now growing evidence that injury or disease lead to elevated
levels of neurogenesis and cell survival. Ischemic insults have been shown to trigger
neurogenesis from neural stem or progenitor cells in the SVZ of the LV, the DG of the
hippocampus, and even in the spinal cord (reviewed in ref. 85). Although the transcrip-
tional and cellular events that maintain neural stem cell identity in the adult remain
unclear, evidence suggests that the underlying mechanisms probably share a common,
early embryonic lineage gene expression program (see later).

IDENTITY OF NEURAL STEM CELLS IN VIVO

As discussed previously, many candidates have been proposed as the cell in the
embryo and the adult in vivo that possesses the ability to generate neurosphere forming
cells in vitro, including NEP cells, radial glial cells, SVZ cells, and ependymal cells.
To date, the existence of cells that clonogenically generate neurons, astrocytes, and
oligodendrocytes in vivo remains unclear. Despite a large body of lineage tracing
experiments performed on the CNS, there are yet no reported examples of a single
progenitor cell that generates neurons, astrocytes, and oligodendrocytes in vivo (86,87).
It is therefore important to consider whether the cells that form neurospheres in vitro
actually represent transformed cells that do not possess stem cell characteristics in vivo.
Recent results have suggested that the ability to form a sphere and grow in nonadherent
cell culture conditions is not a property that is unique to stem cells. Ependymal cells,
astrocytes, oligodendrocyte precursors, and neuronal progenitor cells can form
neurosphere like aggregates that can be passaged for a limited time period. Moreover,
a number of experiments with both embryonic and adult neural progenitor cells provide
evidence that support the observation that manipulation of differentiated neural cells in
culture can reprogram progenitor cell characteristics (56,68,76,88,89). For example,
Brewer and colleagues (89) described how postmitotic neurons could be induced to
dedifferentiate into dividing progenitors; further, Kondo and Raff (88) showed that
glial progenitors can be dedifferentiated and then induced to differentiate into neurons.
Doetsch et al. (68) have provided compelling evidence that progenitor cells retain stem
cell properties. Specifically, they showed that after exposure to high concentrations of
EGF, type C amplifying progenitors of the adult SVZ function as stem cells in vitro.

More recently, a molecular mechanism by which progenitor cell reprogramming can
occur has been put forward. Gabay et al. propose that tripotent progenitors (give rise to
neurons, astrocytes, and oligodendrocytes) can be generated in vitro by deregulation of
normal dorsoventral positional cues (56). Such deregulation can be achieved by the
exposure of cells to mitogenic growth factors such as EGF or FGF, both of which are
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components of the neurosphere assay. Specifically, the authors used a mutant mouse in
which Olig2, a bHLH transcription factor, is disrupted by gene targeting and replace by
the jellyfish green fluorescent protein (GFP). The authors isolated Olig2-positive ven-
tral spinal cord cells, and a separate population of Olig2 negative dorsal spinal cord
cells by cell sorting for GFP. Neurospheres were then generated from these two dis-
tinct spinal cord populations. Because Olig2 is required for oligodendrocyte develop-
ment and is not expressed in the dorsal spinal cord, it was anticipated that dorsal
neurospheres would not give rise to oligodendrocytes. However, both dorsal and ven-
tral neurospheres were tripotent. In a parallel set of experiments, the authors went on to
demonstrate that exposure of monolayer cultures of neuroepithelial cells isolated from
the dorsal rat embryonic spinal cord to FGF induced a Sonic Hedgehog–dependent
ventralization and onset of Olig2 expression.

Taken together, these studies illustrate the importance of identifying the origin of
the neurosphere-forming cell, to distinguish one population of neurosphere forming
cell from another and to identify those neurosphere forming stem cells that are truly
stem cell in character.

SHARED MOLECULAR CHARACTERISTICS
OF EMBRYONIC AND ADULT NEURAL STEM CELLS

The relationship between “stem cell” populations at different stages of ontogeny
and various rostrocaudal and dorsoventral locations remains unclear. Neural stem cells
isolated from embryonic and adult CNS are defined by common cellular characteris-
tics. First, cells isolated from the embryonic ventricular zone VZ and SVZ surrounding
the adult LV and SGZ of the DG in the hippocampus and cells from the central canal of the
adult spinal cord all share the ability to form neurospheres, to self-renew, and to differ-
entiate into neurons astrocytes and oligodendrocytes in vitro (3,4,90). Second, both
embryonic and adult neural stem cells of the CNS can differentiate appropriately after
transplantation into a new host (91–94). For example, adult hippocampal stem cells
can give rise to specific and region appropriate cell types not only in the hippocampus
but also in the OB, cerebellum, and retina (95,96).

These common cellular characteristics correlate with the expression of common/
generic molecular markers. Universal markers of cells with stem cell potential in the
CNS include members of a number of transcription factors, such as members of the
SOX, PAX, HES, and BFAP gene families, members of the Notch and Wnt signaling
pathway, the RNA binding proteins Musashi1 and Musashi2, the intermediate filament
protein Nestin, and others (Table 1). The expression of the majority of these markers is
activated during the initial phases of neural induction (13,59,97–102) and is then main-
tained in stem/progenitor cell populations throughout development. Moreover, prolif-
erating cell population in the adult CNS share the expression of a number of these
universal markers, including Nestin, Notch1, Sox1-3 (Fig. 1), Musashi, and so forth,
with embryonic ventricular zone stem cells, raising the possibility that molecules
involved in the consolidation of neural fate during primary neural induction also play a
role in adult neurogenesis. The maintenance of embryonic in adult neural progenitors
is further supported by the conservation of expression of molecules responsible for
embryonic neural induction in regions of adult neurogenesis. For example, the neural
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inducing signaling molecule Noggin is expressed in adult LV ependymal cells, sug-
gesting that it may function to promote neurogenesis. In support of this hypothesis
overexpression of BMP, a Noggin antagonist, in the ependyma leads to a reduction in
SVZ cell proliferation and abolishes neuroblast regeneration in the SVZ (103).

The expression profiles of universal stem cells markers support the likelihood of
common/generic molecular mechanisms shared by neural stem cells throughout their
ontogeny. These molecular mechanisms are key regulatory components that define the
“stem cell state,” including self-renewal, symmetric vs asymmetric cell division, mainte-
nance of progenitor/stem cell morphological identity, and multilineage differentiation.
Many of the markers universally expressed in neural stem cell populations throughout
ontogeny e.g. members of the SOXB1 gene family (104,105), the Wnt and Notch sig-
naling pathway, the orphan receptor TLX (106), and the RNA binding protein Musashi
(107), among others are also required to maintain neural stem/progenitor cells in an
undifferentiated, proliferative state. Specifically, TLX mutant mice show a loss of cell
proliferation and reduced labeling of Nestin in neurogenic areas of the adult brain (106)
inhibition of SOXB1 signaling in chick neural progenitors results in their premature
exit and differentiation cells (104,105); and targeted ablation of Musashi1/Musashi2
results in a reduced proliferative activity of CNS progenitor cells (107). The Notch
pathway appears to play an essential role in the maintenance of a stem/progenitor cell
pool as well as play a role in regulating asymmetric vs symmetric division. Both during
embryogenesis (108–112) and in adulthood, expression of Notch1 or one of its down-
stream regulators such as HES-1 inhibits neuronal differentiation and results in the
maintenance of a progenitor state. However, the exact mechanism by which Notch

Table 1
Molecular Markers (Including Antigens) that Mark Neural Stem/Progenitor Cells

Stem cell marker Comments

Nestin All dividing neural stem cells and progenitor cells,
immature astrocytes

Msi1 (homolog of Drosophila Dividing neural stem cells and progenitor cells,
musachi/Nrp-1) some astrocytes

Nucleostemnin Specific to dividing populations
Sox1 Dividing neural stem cells and progenitor cells
Sox2 All dividing neural stem cells and progenitor cells
Notch1 Dividing neural stem cells and progenitor cells,

immature astrocytes
Telomerase activity/TERT Neural stem cells and subset of progenitors
ABCG2 (BCRP1) Subset of neural stem cells
Lex1(SSEA1) Embryonic and adult neural stem cells.
CD133/CD34 Neural stem cells
TLX Dividing neural stem cells and progenitor cells
Low Hoescht/ Marks quiescent stem cell populations but not rapidly

Rhodamine staining dividing stem cell populations
Aldeflour labeling General method to identify stem cell populations

Adapted from Pevny, L. H. and Rao, M. S. (2003), Trends Neurosci. 26, 351–359.
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Fig. 1. (A) EGFP expression in the lateral ventricle. (B) EGFP expression in the subgranular
zone of the hippocampus. (C) EGFP expression in the central canal of the spinal cord. (D) SOX2–
EGFP universally marks multipotential neurosphere-forming cells.
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signaling regulates cell fate is not completely understood. Recently, for example,
numerous studies in vertebrates have suggested that rather than simply inhibiting neu-
ronal differentiation and maintaining a neural progenitor state, Notch may in some
contexts promote the acquisition of glial identity (109,113–117). This is consistent
with the possibility that, as discussed earlier, certain glial cell types (radial glia, astro-
cytes) maybe multipotent progenitors. The role of some of these universal markers is
restricted to only certain characteristics of neural stem cells. For example, Bmi-1, a
polycomb family transcriptional repressor, is required for the self-renewal of CNS stem
cells but not for their survival or differentiation (118,119). Thus Bmi-1 dependence
distinguishes stem cell self-renewal from restricted progenitor proliferation in the CNS.
Taken together, these data are beginning to reveal that the molecules encoding for
universal stem cells markers may not only serve to identify stem cells but also function
to maintain the stem cell state (14).

The function of a number of these universal neural stem cell markers, however, is
not restricted to CNS stem cells. For example, Bmi-1 transcriptional repressor plays an
analogous role in the maintenance of self-renewal of hematopoietic stem cells, as dem-
onstrated for neural stem cells (120–122). These studies, thus raise the possibility that
stem cells from different tissues may be more closely related than previously assumed
and may share common molecular regulators. Several investigators have therefore pro-
posed a concept of “stemness” or a molecular signature that may be universal to stem
cell populations irrespective of the tissue source from which they are identified. By ana-
lyzing gene expression in different stem cells populations these experiments set out to
identify true markers of stem cells in general, specifically addressing whether stem
cells share a similar transcriptional profile. To begin to address this question several
groups have used DNA microarrays (123,124) and subtractive hybridization (125,126)
comparing stem cells containing populations of different origin such as hematopoietic,
neural, and embryonic stem cells with differentiated tissues. These studies concluded
that embryonic, hematopoietic and neural stem cells share many similarities at the tran-
scriptional level. These results indicate that it may be possible to identify markers that
are shared by multiple types of stem cells present in the nervous system as well as
shared among stem cells isolated from distinct tissue types. In contrast, D’Amour and
Gage took a more targeted approach to directly compare genetic and functional differ-
ences between multipotent neural stem cells and pluripotent embryonic stem cells.
Specifically, D’Amour and Gage, directly compared neural progenitor cells isolated
from the embryonic CNS with embryonic stem cells, using the Sox2 promoter for iso-
lation of purified populations by fluorescence-activated cell sorting (FACS) (127).
Their studies revealed substantial differences in expression profile and cellular potency
between these two stem cell populations. Such direct comparisons have begun to reveal
the molecular basis for the functional differences in pluripotent embryonic stem cells
vs multipotent neural stem/progenitor cells.

These results raise the possibility that it may be feasible to identify markers that
are shared by multiple types of stem cells present in the nervous system as well as
unique that distinguish diverse stem cell populations or stem cells from proliferating
progenitor cells.
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IDENTIFICATION OF NEURAL STEM CELLS
USING A COMBINATION OF UNIVERSAL MARKERS
AND STEM CELL SUBTYPE MARKERS

Universal Markers Tools to Isolate Prospectively Pure Populations
of Neural Stem/Progenitor Cell Populations

The cellular properties used to define a neural stem cell, specifically, the ability to
form neurospheres, the ability to self-renew, and the ability to undergo multipotent
differentiation correlates with the expression of a number of general or “universal”
molecular markers (see Table 1). Taking advantage of the shared expression among
different neural stem cells, several laboratories have developed approaches to isolate,
characterize, and manipulate neural stem cells by both prospective positive and nega-
tive selection strategies. Several groups have proposed a “negative” selection criterion
that is based on the observation that stem cells do not express markers characteristic of
differentiated cells. For example, Rao and colleagues have used the absence of expres-
sion of neuronal, astrocytic, and oligodendroglial markers to enrich samples from stem
cells from late fetal stages (15,128). Using a similar negative selection strategy, Maric
et al. used surface ganglioside epitopes emerging on differentiated CNS cells to isolate
neural progenitors from E13 rat telencephalon by FACS (129). Similarly, Bartlett and
colleagues have suggested two potential markers that can be used to enrich for neural
stem cells in adults. The authors showed that low levels of staining for peanut aggluti-
nin (PNA) and heat stable antigen (HAS) can, when combined with size selection, be
used to select for stem cell populations from neurospheres cultures (130).

Parallel approaches have identified positive selection markers that may be used to
distinguish neural stem cells. Recently, it has been demonstrated that the LeX/SSEA-1
antigen is expressed by a subset of cells in the adult SVZ, providing one of the first
examples of a cell surface molecule expressed on CNS stem cells. Using this cell-
surface antigen for FACS sorting, Capella and colleagues were able to isolated cells
that formed multipotent neurospheres from the adult brain (131). However, the pro-
spective isolation of CNS stem cells has, unlike the isolation of hematopoietic stem
cells, been seriously impeded owing to the lack of CNS specific surface stem cells
markers. Nonetheless, parallel approaches have identified a small subset of positive
selection markers that can be used to identify neural stem cells directly or by the gen-
eration of mouse lines in which the expression of a drug-selection marker of GFP is
driven by regulatory elements of a universal stem cells marker. Quesenberry and col-
leagues have shown that within a neurosphere derived from adult tissue, populations of
cells that display low levels of staining with Hoechst and Rhodamine 123 are enriched
for self-renewing stem cells (132,133). The efflux is likely to be mediated by ABCG2,
a member of the multidrug resistance family of transporters that is present on neural
stem cells during development and is down-regulated in differentiated cells (15,134).
To provide a means by which to isolate prospectively neural stem/progenitor cells, a
number of mouse line have been generated in which the expression of the live marker
GFP is driven by the regulatory domain of a universal stem cell marker. For example,
transgenic lines have been generated that carry EGFP under the control of the neural
specific enhancer for the Nestin gene (135–138) and by the introduction via homolo-
gous recombination of EGFP in the genomic loci of the neuron-specific SOX1 and



58 Pevny

SOX2 genes (127,139,140). These mouse lines have provide a means by which to
isolate neural stem/progenitor cells directly from the developing and adult CNS.
For example, prospective clonal analysis of SOX2-EGFP–positive cells demonstrated
that multipotent stem cells isolated from both the embryonic CNS and the adult CNS
all express SOX2–EGFP (Fig. 1; 139). Moreover, Li et al., using the Sox2 promoter
driving the drug resistance gene neomycin, have been able to isolate 90% pure popula-
tions of neural progenitor cells from differentiating embryonic stem cells (141).
An additional use of such mouse lines is for the discovery of identification and analy-
sis of genetic and functional differences between stem cell populations. For example,
as discussed earlier, D’Amour et al. have used neural stem cells isolated by FACS
based on SOX2 expression to compare expression profiles of neural and embryonic
stem cells (127). Along the same lines, Aubert et al. have taken advantage of the neural
specific SOX1–EGFP reporter to purify neuroepithelial cells by FACS sorting from
E10.5 for differential screening of microarrays (140). These studies have led to the
identification of a number of novel neural progenitor specific factors. Thus, positive
and negative selection criteria can be used to define populations of stem cells at various
stages of development. These markers, either singly or in concert, will help localize
stem cells in vivo and their expression in neurospheres may help determine whether a
particular neurosphere contains multipotent neural stem cells.
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INTRODUCTION

Neural stem cells are multipotent stem cells that have an unlimited capacity to pro-
liferate and self-renew but whose progeny are restricted to the neural lineages. Neural
stem cells can generate large numbers of mature neuronal and glial progeny, often
through transient amplification of intermediate progenitor pools, similar to the pattern
observed in other organ systems (1). Although self-renewal can occur through sym-
metric cell divisions that generate two identical daughter cells, asymmetric cell divi-
sions that generate a renewable stem cell and a more lineage-restricted daughter cell
are a hallmark of stem cells. Cells that do not self-renew indefinitely but that neverthe-
less proliferate and have the capacity to generate multiple phenotypes are often referred
to as multipotential progenitor cells, but they will be included in a broad definition of
stem cells for the purposes of this review. Other stem cell–derived precursor popula-
tions that are able to proliferate but that have more restricted lineage potential
(e.g., glial restricted or neuronal restricted cells) are discussed elsewhere in this
volume.

At present there are no generally accepted markers that allow the unambiguous iden-
tification of stem cells in the embryonic nervous system in vivo. The intermediate fila-
ment protein Nestin is the most commonly used marker of neural stem cells (2). Other
proteins that are expressed in brain primarily by neural stem and more restricted pro-
genitor cells include Musashi1, Sox1, Sox2, and Vimentin (3–5, see also ref. 6 for an
extensive study of various progenitor and mature neural markers). In addition to the
aforementioned intracellular antigens, neural stem cells express (or lack) a number of
surface proteins that allow the use of fluorescence-activated cell sorting (FACS) for
enrichment of these cells among more differentiated cells in culture (7–10).

Embryonic neural stem cells arise from neuroepithelial cells in the neural plate
region of the embryonic ectoderm, which, by the end of neurulation, develops into the
neural tube, crest, and placodes. For the purposes of this chapter, we may suppose that
all of the neurons, astroglial, oligodendroglial, and ependymal cells of the central ner-
vous system (CNS) develop from the undifferentiated neuroepithelial cells that line the
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inside of the entire neural tube (11). These “primitive neuroepithelial cells” are elon-
gated cells extending from the ventricular (apical) to the pial (basal) surface of the
early neural tube. As these proliferating cells progress through their asynchronous cell
cycles, their nuclei move between the ventricular and pial aspects (interkinetic nuclear
migration) yielding the pseudostratified appearance of the neuroepithelial cells. As the
neural tube wall thickens, neuroepithelial cells retain their position subjacent to the
ventricular surface (ventricular zone) and many extend radial processes to the pial sur-
face (12). While many of these radially elongated neuroepithelial cells maintain their
multipotential progenitor capacity, they are often referred to as radial glia, in part due
to their expression of some traditional glial markers such as glial fibrillary acidic pro-
tein (GFAP) and astrocyte-specific glutamate transporter (GLAST) as well as emer-
gence of certain cytoskeletal, cytoplasmic, and junctional features of glia (13,14; see
also refs. 15 and 16 for review). It has been suggested that radial glia constitute the
majority of the progenitor population in the ventricular zone (12,17), and little direct
evidence for ventricular zone precursors with short or no radial process exists (18).
During late embryonic life, the ventricular zone (VZ) gives rise to deeper regional
subventricular zones (SVZs) that persist in an attenuated form into the adult state. Neu-
rons and radial glia are generated predominantly within the early embryonic VZ,
whereas oligodendrocytes and astrocytes are largely generated during perinatal and
early postnatal periods within regional and cortical SVZs. This topic is discussed fur-
ther later in this chapter.

Patterns of labeling and growth of putative stem cells within the early neural tube
suggest that the earliest cell divisions are symmetric, with the elaboration of equivalent
daughter cells (19,20). In slice cultures of developing ferret brain, early cell divisions
are oriented primarily in a plane vertical to the ventricular surface and generate two
apparently similar daughter cells. This process presumably allows exponential expan-
sion of the resident progenitor population. By contrast, later cell divisions occur pre-
dominantly in a horizontal or oblique plane and generate two different daughter cells
by asymmetric cell division (21; see also refs. 22 and 23 for review). A similar pattern
of asymmetric division is also observed in rat telencephalic slice cultures where a radial
glial progenitor often gives rise to another radial glial cell and an intermediate neuronal
progenitor cell which will subsequently divide symmetrically in the SVZ and migrate,
in distinct phases, to its cortical destination (24). These asymmetric divisions during
later embryonic life result in elaboration of the neuronal and glial cell populations as
well as renewal of neural progenitors. In their final division, radial glia often give rise
to neuronal and/or glial committed daughter cells, both of which migrate away from
the ventricular surface and mature as they reach their cortical destination (24).

CULTURE OF EMBRYONIC NEURAL STEM CELLS

Neural stem cells can be obtained for in vitro studies from embryonic CNS by dis-
secting and dissociating the VZ/SVZ tissue followed by culture in a defined, serum-
free medium with a supplemental mitogen such as basic fibroblast growth factor-2
(bFGF-2 also known as FGF2) or epidermal growth factor (EGF) (25–28). In the pres-
ence of an adhesive substrate such as polylysine or fibronectin, neural stem cells grow
as a monolayer which, at a moderate plating density, allows relatively simple clonal analy-
sis of the resulting population of stem and/or differentiated cells (29–31). Isolated neural
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stem cells proliferate faster on a nonadhesive substrate, where the cells grow as float-
ing, clonal aggregates (neurospheres) composed of a heterogeneous mixture of stem
and more differentiated cells (32). To analyze the composition of neurospheres, which
contain from a few to thousands of cells, the aggregates are dissociated and plated on
an adhesive substrate in the absence or presence of mitogen at clonal density to pro-
mote the differentiation of these cells into neuronal, astroglial, or oligodendroglial lin-
eages (26,33,34). Studies using these neurosphere assays have allowed examination of
the developmental potential of single mitotic stem cells and the effects of defined epi-
genetic signals in altering cell fate (3,35,36). However, the presence of exogenous
mitogens and the absence of many tissue signaling and structural cues are inherent
limitations to these studies in vitro, necessitating in vivo verification of culture results.

STUDY OF EMBRYONIC NEURAL STEM CELLS IN VIVO

Depending on the animal and the accessibility of its embryos, in vivo studies of
embryonic neural stem cells can be moderately simple to very difficult. Tracking the
progeny of individual neural stem cells is typically accomplished through labeling of
these proliferating cells using viral or electroporation delivery of reporter constructs,
requiring access to the lumen of neural tube. This can be accomplished by microinjec-
tion of reporter constructs into the embryo using naked eye or visual guidance such as
with an ultrasound biomicroscope for early mouse embryos (37). The great advantage
of these approaches is that they allow study of stem cells within their normal environ-
mental context, but the interpretation of such studies done in vivo is also limited by the
lack of unambiguous markers for the stem cells and their various progeny.

An elegant in vivo approach for lineage analysis uses a library of heterogeneous
retroviral vectors with numerous genetic tags. Any daughter cells containing precisely
the same mixture of tags are presumed to arise from the same progenitor, even if the
progeny are scattered widely. Injection of this retroviral library into E15–17 rat
embryos generated some spread clones with different cell types and an equivalent num-
ber of smaller clones of a single cell type (38,39). This is the pattern that would be
expected if the retrovirus infected asymmetrically dividing cells since one daughter
cell would display the multipotent stem cell phenotype, and the other would display the
phenotype of a committed cell. In turn, this suggests that most cells generated by
the VZ during this time period arise from multipotent progenitor cells undergoing
active asymmetric division, a conclusion consistent with studies of stem cells in cul-
ture (40,41). However, the precise proportions of stem cells, multipotent progenitors,
and committed progenitors at differing developmental stages and in different regions
of the generative zones are unknown.

DEVELOPMENTAL CHANGES IN NEURAL STEM CELLS

Although neural stem cells retain the ability to generate neurons, oligodendroglia,
and astrocytes throughout the embryonic and postnatal periods (and even in the adult;
see Chapter 2), there are clearly developmental changes both in their bias toward dif-
ferentiation into specific cell types and in their responses to epigenetic signals. Early
VZ stem cells in culture are predisposed to become neurons and to a lesser extent
oligodendroglia, whereas SVZ stem cells are biased toward astrocytic differentiation.
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This sequence is similarly recapitulated in vivo, where the majority of neurons are born
soon after neurulation followed by glia (astrocytes and oligodendrocytes, respectively)
in perinatal and early postnatal periods. The onset of neuro- and gliogenesis is earlier
in the caudal neural tube (future spinal cord) while certain parts of the CNS such as
cerebellum have later onset neurogenesis that continues postnatally (see ref. 23 for
review). Epidermal growth factor receptors (EGFRs) are not expressed by VZ stem
cells but are expressed by later progenitors in the SVZ. Neural stem cells thus become
progressively more biased toward a glial fate during development coincident with an
increase in expression of EGFRs. Retroviral introduction of extra EGFRs into VZ pro-
genitor cells results in premature expression of traits characteristic of later SVZ pro-
genitors including the bias toward astrocytic differentiation (42).

The role of EGF signaling in the change in stem cell glial propensity is at least partly
mediated by making the neural stem cells more susceptible to the astrocyte-inducing
effects of leukemia inhibitory factor (LIF) via an increase is STAT3 signaling (43).
Therefore, developmental increases in levels of EGFRs expressed by progenitor cells
mediate some changes in cellular responses to environmental signals and the tendency
to differentiate into astrocytes. However, similar experiments involving introduction
of extra copies of the EGFR into early embryonic retinal progenitor cells did not bias
the cells toward a glial fate (44). Also, pharmacologic blockade of EGFR signaling
does not alter the developmentally increased bias of cultured progenitor cells to undergo
astrocytic differentiation (45), suggesting that the competence to generate glia is also
temporally regulated by other mechanisms. There are also striking differences between
VZ and SVZ stem cell responses to differentiating signals such as the BMPs (46) or
LIF (43,47), so that the same signals may induce different phenotypes at different
developmental stages. Thus analysis of the factors regulating stem cell differentiation
requires knowledge of the history of the cell and the intrinsic milieu of the cell at that
particular developmental stage. Further discussion of the extrinsic and intrinsic signal-
ing pathways involved in neural stem cell proliferation and differentiation is provided
in later sections of this chapter.

REGIONAL DIFFERENCES IN EMBRYONIC NEURAL STEM CELLS

Throughout development, different regions of the neural tube come under the influ-
ence of various signaling molecules secreted by a number of embryonic tissues and
organizing centers. In the caudal neural tube, for instance, neural stem cells are under
the influence of sonic hedgehog (Shh) from notochord and floor plate and bone mor-
phogenic proteins (BMPs) from dorsal ectoderm and roof plate, as well as retinoic acid
(RA), fibroblast growth factors (FGFs), and orthologs of Drosophila wingless (Wnts).
In the mammalian cortex, FGF8 is produced by the anterior neural ridge (ANR), while
some Wnts and BMPs are secreted by the cortical hem (dorsomedial telencephalon).
There are also sources of Shh and RA around the rostral neural tube (see refs. 48–50 for
review). As a result of these regional differences in the signaling environment of neural
progenitors, different parts of the neural tube develop distinct neuronal and glial biases,
and their neural progeny undergo different migration and differentiation patterns.
For example, practically all neocortical projection neurons are derived from dorsal
cortical VZ and migrate along radial glial processes to their proper layer position in the
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cortex. However, some neocortical interneurons are born in the ventral VZ (in the gan-
glionic eminences) and migrate tangentially in a ventricle-directed manner to reach
their neocortical targets while some others are derived from dorsal VZ and take a
branching cell migration pattern to reach their final neocortical position (51). In the
spinal cord, the dorsoventral gradient of signaling molecules results in precise regions
where neural stem cells give rise to distinct populations of interneurons, motor neu-
rons, and oligodendrocytes (see refs. 52 and 53 for review), which migrate radially
and/or tangentially to reach their destinations in the adult spinal cord. Alteration of
signaling gradients in the spinal cord and other regions of the CNS results in
misspecification of neural stem cells under the influence of those signaling centers.

REGULATION OF NEURAL STEMS CELL BY EXTRINSIC CUES

Neural stem cells receive spatial patterning cues along the dorsalventral (DV) (54)
and anterior–posterior (AP) axes of the neural tube (55) and from other signaling cen-
ters as mentioned previously. These patterning cues regulate the internal transcrip-
tional environment of stem cells which, in turn, regulate their responses to extrinsic
cues, resulting in a wide variety of neural stem cells with different regional biases that
can vary throughout the embryonic life (temporal differences). Neurosphere assays
and in vitro clonal analyses of embryonic neural stem cells demonstrate that all the
various stem cell populations conserve the capacity to proliferate and maintain their
self-renewal ability and multipotentiality. The degree to which expansion of neural
progenitor cells ex vivo causes developmental reprogramming remains to be deter-
mined. Nevertheless, individual or combinations of extrinsic signals influence the pro-
liferation rate, fate bias, and cell cycle characteristics of embryonic neural stem cells in
a variety of ways which are discussed in the following sections.

Regulation of Embryonic Neural Stem Cell Proliferation by Extrinsic Factors

Proliferation of stem cells is regulated by a variety of factors. The best characterized
mitogens include the FGF and EGF families (25–28). Stem cells can be expanded in
culture by growth factors either as neurosphere clonal aggregates or as a monolayer of
cells plated onto an adherent substratum. As mentioned previously, stem cells exhibit
differing requirements for EGF and FGF2 during neural development. The preponder-
ance of evidence suggests that proliferation of early embryonic progenitor species is
regulated by FGF2 (25,28,56), while later embryonic progenitors proliferate in either
EGF or FGF (46). Substantial evidence exists that FGF and EGF receptor activation
regulates stem cell proliferation and survival in vivo. Mice lacking functional FGF2
have reduced tissue mass and reduced numbers of both neurons and glia in the cerebral
cortex (57,58), and injection of neonates with neutralizing antibodies to FGF2 reduces
DNA synthesis in several areas of brain (58). Conversely, injection of FGF2 into the
cerebral ventricles of rat embryos increases the volume of cerebral cortex and the num-
ber of neurons generated (59), and subcutaneous administration of FGF2 to neonatal
rats increases neuroblast proliferation in regions still undergoing neurogenesis (60).
Finally, ligands of the FGF family including FGF2 are expressed contiguous to gen-
erative zones in the developing brain in vivo from early embryogenesis into adulthood
(61,62). Similarly, targeted deletion of the EGF receptor leads to defects in cortical
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neurogenesis (63), and deletion of functional transforming growth factor-α (TGF-α)
(which activates EGF receptors) leads to diminished proliferation of precursors in the
SVZ of mature animals. Additional evidence involving injection of EGF receptor
ligands into brains of mature rats supports a role for these ligands in stem cell prolifera-
tion in adults. Finally, TGF-α is expressed in close proximity to EGFR in several parts
of the developing brain in vivo from E13 into adulthood (64).

A number of other secreted factors have been demonstrated to promote stem cell
proliferation. Shh is a member of the hedgehog (hh) multigene family that encodes
signaling proteins involved in induction and patterning processes in vertebrate and
invertebrate embryos (see refs. 62 and 65 for review). However, in addition to its effects
on axial patterning and cellular differentiation, Shh directly regulates proliferation of
neural stem cells. Ectopic overexpression of Shh in the mouse dorsal neural tube
increases the rate of proliferation of embryonic spinal cord progenitor cells (66), and
Shh treatment increases proliferation of spinal cord stem cells in vitro (67). Further, the
N-terminal signaling domain of Shh increases proliferation of cultured SVZ stem cells
(68). In addition, this factor is a potent mitogen for cerebellar granule cell precursors
(69), neuronal restricted precursors in the spinal cord (70), cultured retinal progenitor
cells, and skeletal muscle cells, and overexpression of Shh leads to basal cell carci-
noma (see refs. 65 and 66 for review). Wingless-int (Wnt) proteins have also been
implicated in proliferation of neural stem cells. Dorsal midline Wnts, Wnt1 and Wnt3a,
have mitogenic activity when overexpressed in the neural tube, while ventral Wnts
Wnt3, Wnt4, Wnt7a, and Wnt7b do not effect proliferation in that system (71,72).
Wnts 3, 7a, and 7b stimulate the proliferation of cortex explant progenitors and
increase the number of cells that can generate primary neurospheres in vitro (73). Fur-
ther, disruption of both Wnt1 and Wnt3a leads to deficits in expansion of dorsal
neural progenitor cells (74). The mitogenic effects of Wnt remain when Shh or FGF2
signaling is inhibited, although it has not been demonstrated whether Wnt signaling
per se can act as a mitogen. However, overexpression of β-catenin, a transducer of Wnt
signaling, maintains neural stem cells in cell cycle leading to excessive rounds of cell
division (75).

Other factors that positively regulate cell cycle include vasoactive intestinal pep-
tide (VIP) and insulin-like growth factor 1 (IGF-1). Injection of pregnant mice from
E9 to E11 with a VIP antagonist reduces bromodeoxyuridine (BrdU) labeling in
germinal zones in the developing embryonic brains and reduces the subsequent
size of the ventricular and intermediate zones (76). Further, IGF1 is necessary for
either EGF or FGF2-mediated proliferation of cultured neural stem cells, and
neurosphere generation is dependent on IGF1 in a dose-dependent manner (77).
Similarly, IGF1 is a mitogen for purified granule cell precursors (78) and retinal
precursors (79). Other types of regulatory signals decrease stem cell proliferation,
often by promoting exit from cell cycle and differentiation. Examples include
cytokines such as the BMP family and stem cell factor (SCF), peptides such as
pituitary adenylate cyclase-activating peptide (PACAP) and opioids, neurotrophins
such as brain-derived neurotrophic factor (BDNF) and neurotrophin-3 (NT-3), and
neurotransmitters including glutamate, γ-aminobutyric acid (GABA), and dopamine.
These factors are discussed in more depth when the issue of lineage commitment is
addressed later in this chapter.
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Neural Stem Cell Survival and Programmed Cell Death

Many of the same factors that promote proliferation of stem cells also enhance their
survival. Embryonic and postnatal stem cells do not survive well in culture in the
absence of added growth factors, but they survive when cultured in the presence of
mitogens such as FGF2 or EGF along with IGF and/or insulin (80). FGF2 is an essen-
tial survival and proliferation factor for cortical progenitors both in vivo (59,81) and
in vitro (82,83). Other FGF family members such as FGF4 and FGF8b can also pro-
mote survival, but not proliferation, of cortical precursor cells as demonstrated by clonal
analysis using retroviral tagging (84). EGF/TNF-α can also promote the survival of
late (SVZ) embryonic stem cells by activating either EGFR or ErbB3 (85). EGFR is
necessary for progenitor survival along the dorsal midline (86), where ErbB3 expres-
sion is limited. However some neural stem cells express ErbB3 in vitro, and both EGF
and the Neuregulins increase cell survival by signaling through Erb pathways (87).
Neurotrophins also modulate survival of some neural stem cell and progenitor popula-
tions. Cultured cortical progenitors express BDNF, NT-3, and their receptors TrkB and
TrkC. Inhibition of endogenous neurotrophins decreases the survival of cortical pro-
genitors by decreasing phosphatidyl inositol-3-kinase (PI3-kinase) signaling, and also
decreases both proliferation and neurogenesis by inhibiting activation of the MEK/ERK
pathway (88). Erythropoietin also promotes survival and proliferation of neural pro-
genitor cells, and loss of the erythropoietin receptor in mice affects brain development
as early as E10.5, resulting in a reduction in the number of progenitor cells and
increased apoptosis (89).

Stem cell numbers are primarily regulated by the balance between proliferation and
reentry into cell cycle and the rate of exit from cell cycle into a differentiated or quies-
cent state (20,90). However, stem cell numbers may also be influenced by apoptotic
cell death within periventricular generative zones. Targeted disruption of either
apoptotic intermediaries Caspase-9 or Caspase-3 leads to decreased programmed cell
death (PCD) of cortical precursors, causing expansion and exencephaly of the fore-
brain as well as supernumerary neurons in the cerebral cortex (91). Further, Caspase-3
activation leads to PCD indicating that neural progenitors possess a Caspase-depen-
dent apoptotic pathway (92). By contrast, disruption of either Bcl-X or Bax does not
alter the size of the VZ (93,94), demonstrating that not all apoptotic pathways are
involved in PCD of neural stem cells. Similarly, the Fas “death receptor” is unlikely to
play a role in PCD of early neural stem cells since Fas expression during nervous sys-
tem development occurs relatively late and not in the VZ (95). By contrast, disruption
of the c-Jun N-terminal kinase signaling pathway leads to precocious degeneration of
cerebral precursors (91). Removal of cell survival and/or proliferation cues also
leads to PCD. In the developing chick neural tube, removal of the ventral source of
Shh causes massive cell death, which is rescued by expression of a dominant-nega-
tive form of Ptc1 that interferes with a C-terminal apoptotic domain exposed by
cleavage of Ptc1 by Caspase-3. Transfection of cultured stem cells with the C-terminal
region of Ptc1 is sufficient to induce cell death. Further, overexpression of Ptc1 in
cultured stem cells induces apoptosis, which is blocked by addition of Shh (96).
These observations suggest that Ptc1 expression is proapoptotic and induces PCD
in the absence of Shh.
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Maintenance of the Neural Stem Cell Fate

In early embryos, the neural stem cell phenotype is maintained by both daughter
cells during the period of symmetric cell divisions and rapid expansion of the stem cell
pool, and during later asymmetric cell divisions it is maintained by one daughter cell of
each pair. A number of extrinsic cues have been identified as factors that promote self-
renewal, but in some stem cells they simultaneously seem to bias commitment. The
most extensively studied example of such inhibitory signaling involves the Notch path-
way. Notch and its ligands Delta and Serrate are integral membrane proteins that gen-
erally transmit signals only between cells in direct contact. Overexpression of Delta1
(i.e., activation of Notch on neighboring cells) suppresses neurogenesis, whereas
overexpression of a dominant negative inhibitor of Delta1 leads to premature commit-
ment of stem cells to the neuronal fate (97). Activation of Notch also regulates tran-
scription of its downstream targets, including inhibition of production of Notch ligands
by that cell. Through a process termed lateral inhibition, cells that produce ligand force
neighboring cells to produce less ligand, thereby enabling the ligand-producing cells to
increase production even further. The effect of such a feedback loop is to amplify small
differences between neighboring cells and to drive them into different developmental
pathways. Delta1 is expressed by a scattered subset of cells (nascent neurons [98]) in
the outer part of the VZ, whereas Notch1 is expressed throughout the VZ (99). Delta
production by daughter cells undergoing neuronal differentiation activates Notch in
their dividing partners, thereby inhibiting their neuronal differentiation and maintain-
ing a cohort of stem cells so that neurogenesis can continue. Some of these effects are
mediated through activation of genes of the Hes family such as Hes1 and Hes5, as
discussed later in this chapter (see also ref. 100 for review). Notch1 signaling also
inhibits differentiation into alternative fates such as oligodendroglial differentiation
(101). Further studies suggest that notch signaling promotes the generation of radial
glia (102) and can even bias cells toward a glial fate rather than promoting self-renewal
(103). However, because both embryonic radial glia (104,105) and later adult SVZ
“astrocytes” (106) possess stem cell properties, the reported bias toward a glial fate
(in part defined by expression of GFAP) may be equivalent to maintaining the stem
cell fate.

More recent studies demonstrate that extrinsic factors signaling through the leuke-
mia inhibitory factor receptor (LIFR)/glycoprotein130 (gp130) complex including cili-
ary neurotrophic factor (CNTF) and LIF promote self-renewal (107). In LIFR null mice,
adult neural stem cell numbers are reduced. Further, intraventricular infusion of CNTF
into the adult mouse forebrain, in the absence or presence of EGF, enhances neural
stem cell self-renewal in vivo. CNTF inhibits lineage restriction of EGF-responsive
neural stem cells to glial progenitors in vitro, which in turn results in enhanced expan-
sion of stem cell number without disturbing cell proliferation. Further, a link between
gp130 regulation and Notch activity has been identified. CNTF increases Notch1
activity in forebrain EGF-responsive neural stem cells. Infusion of EGF plus CNTF
into adult forebrain lateral ventricles also increases periventricular Notch1 activity com-
pared with EGF alone. Interestingly, the gp130-enhanced Notch1 signaling that regu-
lates neural stem cell maintenance appears to be Hes1/5 independent (108). Wnts may
also play a role in neural stem cell maintenance in addition to their proliferative role.
Wnt7a and 7b increase the number of cells that can generate primary neurospheres
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in vitro (73). Further, overexpression of the Wnt signaling mediator β-catenin in devel-
oping brain increases stem cell reentry into cell cycle within the VZ (75). However, the
effects of β-catenin on reentry of cultured stem cells into the cell cycle depend on the
presence of concurrent FGF signaling (109).

Exit From Cell Cycle and Lineage Commitment

Many extrinsic signals promote exit from the cell cycle by neural stem cells, often
by activating cyclin-dependent kinase inhibitors (CKIs) (110–112). Bone morphoge-
netic proteins (BMPs) promote rapid exit of stem cells from the cell cycle via CKI
p19INK4d (113) even in the presence of mitogens such as FGF2, EGF, or Shh (68,114).
PACAP is an antimitogenic signal in the developing cerebral cortex (115) and in corti-
cal precursor cells cultured in the presence of mitogens such as EGF, FGF2, and IGF1
(116). The effects of PACAP are mediated by p57Kip2 protein, but not other CKIs
such as p21Cip1 or p27Kip1 (117). Intriguingly, PACAP conversely stimulates prolif-
eration during oligodendrocyte (OL) development and delays maturation and/or myeli-
nogenesis (118). Furthermore, proliferation of cortical stem cells cultured in the
presence of FGF2 is diminished by cotreatment with the prodifferentiation factor
Neurotrophin 3 (NT-3) (82,83).

Neurotransmitters also regulate cell cycle in neural stem cells (see ref. 119 for
review). Depending upon the developmental stage of the stem cell, GABA may either
increase (120,121) or decrease (122) proliferation and partially blocks the mitogenic
actions of FGF2 on cortical progenitors (123). Similar to GABA, glutamate may also
increase or decrease cell proliferation in the cortex by changing the cell cycle time, and
both glutamate and GABA increase the size of cortical VZ clones but decrease SVZ
clone size (121). In contrast, dopamine D1-like receptor activation reduces G1- to
S-phase entry in VZ stem cells, whereas D2-like receptor activation promotes reentry
in SVZ stem cells (124). In striatal progenitor cells, N-methyl-D-aspartate (NMDA)
receptor activation promotes and is required for proliferation (125), while receptor
blockade inhibits it (126). In sum, these studies suggest that the effects of amino acid
neurotransmitters on the proliferative behavior of neural stem cells are dependent on
and contribute to the regional and temporal differences among different populations of
stem cells (127,128).

Substantial overlap exists among the extrinsic factors involved in proliferation and
survival and those that regulate lineage commitment and cellular differentiation (see
ref. 129 for review). For example, withdrawal of FGF2 from cultured stem cells pro-
motes generation of neurons and glia, suggesting that the factor represses intrinsic pro-
grams of stem cell differentiation. However, exposure of stem cells to FGF2 also alters
their subsequent developmental bias. Treatment of cultured stem cells with FGF2 pro-
motes expression of the EGF receptor (56,130) and enhances expression of differenti-
ated traits such as the catecholamine biosynthetic enzyme tyrosine hydroxylase (131).
Moreover, the concentrations of FGF2 to which neural stem cells are exposed in vitro
influence cell fate; low concentrations of FGF2 favor neuronal differentiation,
whereas higher concentrations favor oligodendroglial differentiation (28). This may
reflect preferential activation of different subtypes of FGF receptors by different con-
centrations of the factor, a conclusion supported by observations of the differential
neurogenic effects of other FGF family members. For example, treatment of cultured
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stem cells with FGF1 in the presence of heparan sulfate proteoglycan preferentially
promotes neuronal differentiation, whereas FGF2 treatment of sister cultures preferentially
promotes proliferation (132). FGF8 collaborates with Shh to induce dopaminergic neu-
rons in the mid/hindbrain, whereas FGF4 in association with Shh induces a serotoner-
gic cell fate (133).

Shh is another important factor in the regulation of lineage commitment by neural
stem cells (see ref. 65 for review). Treatment of cultured neural stem cells with Shh
promotes the elaboration of both neuronal and oligodendroglial lineage species (68),
suggesting direct differentiating actions of Shh on neural stem cells. Furthermore, neu-
ral stem cells express Smoothened (68), the signaling component of the Shh receptor,
and constitutively active forms of Smoothened reproduce inductive effects of Shh
(134), suggesting that Shh exerts its inductive effects directly on stem cells. As noted
above, interactions between the effects of Shh and other growth factors including Wnt,
FGF4, and FGF8, are critical for specifying alternate cellular phenotypes in the brain
(133). Interactions between Shh and members of the BMP family are important for the
specification of dorsal and intermediate dorsoventral cell types in the neural tube (see
refs. 135 and 136 for review), and Shh inhibits BMP signaling, in part by inducing the
endogenous BMP inhibitor noggin (137). Shh and BMP signaling exert directly oppos-
ing effects on both proliferation and differentiation of cultured neural stem cells (68).

Other extrinsic neuronal differentiation factors include BMP family members
(36,66,68), Wnt family members (138), retinoid-activated pathways (139,140), plate-
let-derived growth factor (PDGF) (27,141,142), cell adhesion molecule L1 (143),
paracrine nitric oxide (144), and other signaling molecules (see refs. 127 and 145 for
review). The existence of so many pathways for neuronal lineage commitment and
differentiation presumably reflects the diversity of neuronal phenotypes that must be
generated. Clearly, there is diversity among stem/progenitor cell populations even at
early developmental stages (see refs. 25 and 146 for review), and there are develop-
mental changes in stem cells that lead to markedly different cell fate decisions in
response to the same factors at different developmental stages (46). Commitment and
differentiation of stem cells to specific neuronal lineages, thus, reflect complex pat-
terns of developmental events and numerous pathways for neurogenesis.

Just as multiple extrinsic cues induce neuronal differentiation, several different path-
ways lead neural stem cells toward astrocytic lineage commitment. Gliogenesis peaks
during late embryonic and early perinatal cerebral cortical development, and SVZ stem
cells are biased toward astrocytic differentiation compared with VZ stem cells.
BMP treatment promotes the elaboration of mature astrocytes from both late embry-
onic SVZ-derived stem cells and early postnatal cerebral cortical multipotent progeni-
tors and bipotent oligodendroglial-type 2 astroglial (O-2A) progenitor cells in culture
(114,147), and transgenic overexpression of BMP4 increases the number of astrocytes
in the brain (148). Ciliary neurotrophic factor (CNTF) and LIF also potentiate the gen-
eration of astrocytes from embryonic neural stem cells. Genetic and developmental
analyses confirm that a CNTF/LIF subgroup of factors that interacts with gp130/LIF-β
receptors participates in astrogliogenesis (149,150). However, BMP-2 treatment of
progenitor cells cultured from animals that are deficient in the LIF-β receptor induces
astrocytic lineage commitment, indicating that astrocytic differentiation does not
require signaling through gp130/LIFRs (150). CNTF and LIF signal through the
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JAK/STAT signaling pathway, whereas the BMPs signal through Smad-mediated path-
ways. Formation of a complex between STAT3 and Smad1, bridged by the transcrip-
tional coactivator p300, may mediate cooperative effects of these two classes of factors
on stem cell commitment to the astrocytic lineage (151). However, the astrocyte induc-
ing effects of CNTF/LIF are dependent on the EGFR. Premature elevation of EGFRs
confers premature competence to interpret LIF as an astrocyte-inducing signal whereas
EGFR-null progenitors from late embryonic cortex do not interpret LIF as an astro-
cyte-inducing signal. LIF responsiveness in EGFR-null cells is rescued by the addition
of EGFRs but not FGFRs. Further, EGFRs regulate an increase both in STAT3 levels
and STAT3 phosphorylation in response to LIF. Increasing STAT3 also increases the
phosphorylation of STAT3 by LIF, but, in contrast to overexpressing EGFRs, increas-
ing STAT3 does not augment the astrocyte-inducing effect of LIF. These observations
suggest that EGFRs also regulate LIF responsiveness downstream of STAT3 (43).
Other astrocyte inducing extrinsic cues have been recently described. Studies in both
the cortex and retina have provided evidence that Notch, or its downstream transcrip-
tional effectors such as Hes genes, can promote CNS astrocytic differentiation
in vivo (102,152; see also ref. 103 for review), as well as in vitro (153). PACAP
promotes SVZ progenitor exit from cell cycle and an astrocyte fate similar to BMP
induction but through cAMP and CREB signaling instead of Smad (154). Neuregulin1
(Nrg1), also known as glial growth factor (GGF), promotes astrocyte differentiation at
the expense of oligodendrocyte differentiation (87,155). Taken together, various path-
ways exist for astrocyte differentiation, which may produce different astrocyte popula-
tions similar to the diversity of neurogenic pathways.

In view of the foregoing observations regarding multiple pathways of neuronal and
astrocytic lineage commitment, it is not surprising that oligodendroglia (OLs) also
appear to be generated from multiple lineages in response to a number of different
epigenetic signals (see refs. 156 and 157 for review). During embryonic spinal cord
development the expression of Jagged, a Notch ligand, coincides with the elaboration
of foci of OL precursors from paramedian generative zones. Shh, a notochord-derived
signal, was originally described to support the generation of mature OL lineage species
from caudal regions of the neuraxis (spinal cord), but has more recently been con-
firmed to function similarly in anterior regions (telencephalon) (158,159). Oligoden-
droglia are first generated in the embryonic spinal cord in response to signals derived
from the floor plate and notochord including but not limited to Shh (160,161). Treat-
ment of spinal cord explants with Shh induces both OLs and neurons (161), and anti-
bodies that neutralize Shh prevent OL lineage commitment (160). Shh treatment of
embryonic neural stem cells cultured as neurospheres also induces both oligodendro-
glial and neuronal differentiation (68), suggesting that OL lineage commitment reflects
direct effects of Shh on stem cells. Other factors are also capable of promoting OL
lineage commitment by cultured neural stem cells. For example, increased concentra-
tions of FGF2 or brief exposure to thyroid hormone foster OL differentiation
(27,28,162). Conversely OL commitment by neural stem cells is inhibited by the BMPs
both in culture (68,163) and in vivo (148), and by Notch1 (101) and neuregulins (87) in
culture. The regulation of later stages of OL differentiation from glial restricted precur-
sors is described elsewhere in this volume.
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INTRINSIC FACTORS REGULATING NEURAL STEM CELL FATE

While extrinsic cues play a role in determining the rate of neural stem cell prolifera-
tion as well as the timing of differentiation and the fate of the cell and its progeny, they
are not sufficient to explain all of the complex decisions made by neural stem cells.
When a clonal population of neural stem cells is exposed to an extrinsic factor in vitro,
there is variability in the response of the cells to the factor and the ultimate effects on
differentiation. One reason for this variability is that proteins and other molecules
expressed within each cell, or intrinsic factors, vary within populations of neural stem
cells and alter cellular responses to extrinsic cues. Intrinsic regulators include the cel-
lular machinery necessary for asymmetric cell divisions, transcription factors and chro-
mosomal modifications controlling gene expression. It is not clearly understood how
differences in levels of intrinsic factors arise across a clonal population of cells.
The two predominant theories are that extrinsic factors modulate levels of intrinsic
molecules over time such that slight differences in the level and combination of signal-
ing molecules encountered accumulate to give each cell a unique identity and/or there
is an inherent mechanism that may be linked to the number of times the cell has divided.
Intrinsic factors in turn alter the amount of signaling molecules secreted; thus there
exists a dynamic relationship between intrinsic and extrinsic cues.

Positive and Negative bHLH Factors

One of the most studied groups of intrinsic factors influencing cell cycle exit and
fate determination by embryonic neural stem cells are the basic helix–loop–helix
(bHLH) transcription factors. bHLH proteins are critical for all phases of neural devel-
opment: proliferation, neurogenesis, astrogliogenesis and oligodendrogenesis. In gen-
eral, negative bHLH factors promote cell cycle continuation and prevent differentiation
while positive bHLH factors promote differentiation into specific cell types. Astrocyte
formation seems to be an exception and is discussed later in this chapter. Levels of
bHLH factors vary across a population of neural stem cells and contribute to the com-
plexity of responses to extrinsic cues observed both in culture and in a developing
embryo.

The major negative bHLH transcription factors expressed by neural stem cells are
the Hes and Herp (Hes related protein, also known as Hey) families. Hes family pro-
teins were originally isolated as mammalian orthologs of hairy and enhancer of split,
which negatively regulate neurogenesis in Drosophila (164,165). Until recently, Hes
proteins were largely viewed as mediators of Notch signaling. While it is clear that
Notch receptor activation directly leads to increased levels of Hes proteins, new evi-
dence indicates that other signaling pathways also promote their expression. For example,
TGF-β signaling positively regulates Hes1 (166). Furthermore, there are Hes-indepen-
dent effects of Notch activation. For instance, the Notch intracellular domain associ-
ates with the transcription factor LEF1 to control a range of target genes (167).
Therefore, activation of Notch signaling and increasing levels of Hes proteins are not
exactly functionally equivalent, although the effects of expressing a constitutively
active form of the Notch receptor and over expressing Hes proteins are similar.

Of the seven murine Hes family members, Hes1, Hes3, and Hes5 have been most
extensively studied in the central nervous system. Hes1 and Hes5 expression in the
CNS is largely confined to cells in the periventricular proliferative zones, although
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Hes1 continues to be expressed by mature astrocytes (165,168). Hes3 is expressed
exclusively by cerebellar purkinje cells (165). Overexpression of Hes1 prevents both
migration of neural stem cells out of the VZ and expression of neuronal markers (169),
whereas null mutation of Hes1 or Hes5 leads to premature expression of neuronal traits
(170,171). Hes1 negatively regulates transcriptional activation mediated by proneural
bHLH genes and thus normally functions to repress the commitment of stem cells to
the neuronal lineage, thereby maintaining their self-renewing state (172). Interestingly,
one member of the Hes family, Hes6, represses the actions of other Hes proteins through
multiple mechanisms and promotes neuronal differentiation when overexpressed in
neural stem cell cultures (173). Finally, the related Herp family in mouse consists of
three members that are expressed in only partially overlapping domains, and it is
hypothesized that the Herp proteins functionally replace the Hes proteins in cells lack-
ing Hes expression.

Stem cell fate may also be maintained by the four members of the ID (inhibitor of
differentiation) family of proteins that resemble bHLH factors but that lack a basic
region necessary for DNA binding. The ID proteins act as dominant negative inhibitors
by preferentially dimerizing with a subset of bHLH factors to form inactive complexes,
thereby decreasing bHLH-mediated transcriptional activity (174). In one well-
described example, IDs sequester E proteins, inhibiting the function of bHLH proteins
that require E proteins for their activity. For example, the proneural bHLH protein
Neurogenin2 must bind to E12 in order to bind to DNA and activate target gene tran-
scription in stem cells. In the presence of IDs, E12 is effectively sequestered and
Neurogenin2 target genes (including the neuronal differentiation gene NeuroD) are
indirectly repressed, inhibiting neuronal differentiation (175). IDs also actively pro-
mote proliferation of neural stem cells by binding to Retinoblastoma family members
and inhibiting their ability to interfere with cell cycle progression (176). Members of
the ID family are expressed throughout the nervous system during neurogenesis with
localization of ID transcripts within putative neural stem cells (177,178). Targeted dis-
ruption of both ID1 and ID3 in the same animals results in premature withdrawal of
neuroblasts from cell cycle and expression of neuron-specific differentiation markers
(179). These observations suggest that expression of ID proteins is necessary to main-
tain stem cells in the undifferentiated, proliferative state.

In addition to HLH transcription factors, recent work has demonstrated that β-catenin
regulates neural stem cell proliferation and ultimately cortical size. β-catenin serves
both a mechanical function as a component of adherens junctions and a signal trans-
duction function upon translocation to the nucleus. In adherens junctions, β-catenin is
among the complex of molecules that link cadherins to the actin cytoskeleton (180,181).
The cytoplasmic pool of β-catenin is regulated by phosphorylation by GSK-3β leading
to ubiquitination and degradation in proteasomes (182). Under certain conditions, par-
ticularly in response to Wnt/Wingless signaling, GSK-3β activity is inhibited and free
β-catenin is able to translocate to the nucleus and mediate transcription, for instance by
binding to LEF/TCF to activate Wnt target-genes (182). β-Catenin is highly expressed
in neural stem cells and is enriched at adherens junctions surrounding the ventricles
(75). Transgenic mice expressing stabilized β-catenin in neural precursor cells have
dramatically increased brain size with the proliferative zone expanded laterally to such
an extent that the brain appears to be convoluted. Immunohistochemical analysis



80 Jalali et al.

revealed that the neural stem cell population is greatly increased owing to enhanced
reentry of cells into cell cycle (183). However, the effects of β-catenin on stem cell fate
in vitro are dependent upon the presence or absence of concurrent FGF signaling.
In the presence of FGF signaling, β-catenin maintains cells in cell cycle whereas in the
absence of FGF signaling it biases stem cells toward neuronal differentiation (109).

The observation that maintenance of the stem cell phenotype requires inhibition of
positive bHLH factors by ID proteins and/or Hes family members suggests that posi-
tive bHLH factors are involved in directing stem cell differentiation. There is, in fact, a
large body of evidence that regulatory cascades of bHLH and other transcription fac-
tors play essential roles in mammalian neurogenesis and oligodendrogenesis. Positive
bHLH factors include neuron-promoting factors (proneural genes) and oligodendro-
cyte-promoting factors. Proneural bHLH proteins are a family of transcriptional
transactivators that have been shown to be crucial for neuron formation. They are
expressed in progenitor cells in the ventricular zone and at low levels in the intermedi-
ate zone, but they are not found in the differentiating neurons in the cortical plate (184–
186). Proneural proteins are expressed in progenitors that give rise to both neurons and
astrocytes (187). Recently, some mammalian orthologs of Drosophila atonal (NeuroD,
Nex/NeuroD2) have been referred to as neuron-differentiation genes because they act
downstream of proneural Neurogenins, are expressed later in the course of differentia-
tion, and seem to direct a cell toward a more terminal neuron fate (188). These proteins
are expressed only in cells destined to become neurons and in immature neurons in the
cortical plate and are maintained as neuronal differentiation proceeds (189). Proneural
and neuron-differentiation proteins are sufficient to induce exit from cell cycle and
neuronal differentiation when they are expressed in cultured neural stem cells (190).
These proteins act as transcriptional activators and form heterodimers with E proteins
to bind DNA at hexameric E-box sites (CANNTG) to activate the transcription of tar-
get genes (190).

In the telencephalon, proneural genes Neurogenin1 (Ngn1) and Ngn2 are expressed
dorsally in developing neocortex while Mash1 (mouse achaete-scute homolog) is
expressed ventrally in the ganglionic eminences (184–186). Loss of Mash1 results in a
significant loss of GABAergic interneurons of the cortex, which mostly originate in the
ganglionic eminences (191). Double knockout of Mash1 and Ngn2 drastically reduces
the number of cortical neurons formed. When stem cells are cultured from these double
mutant mice they produce far more astrocytes and fewer neurons than control cultures
(192). These observations are consistent with the ability of proneural proteins to up-regu-
late panneuronal proteins such as β-tubulin III and neurofilament M. Interestingly, there
is evidence that proneural proteins specify the regional identity of neurons as
well. In mice lacking Ngn2, Mash1 is expressed ectopically in dorsal cortical progeni-
tors. The number of neurons formed in these mice is unchanged, but their identity is
changed from a glutamatergic pyramidal neuron phenotype to a GABAergic interneu-
ron phenotype (192). This phenotype is also seen when the Ngn2 coding sequence is
replaced by the Mash1 coding sequence (193). However, when the reverse experiment
is performed (Ngn2 is knocked into the Mash1 locus), the ventral telencephalon forms
normally (194). Thus, the proneural genes clearly promote neuronal differentiation of
stem cells and their additional role in subtype identity depends on other factors within
the cells.
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As mentioned before, a dynamic relationship exists between the intrinsic and extrin-
sic cues, an elegant example of which seen in the mechanism by which proneural genes
actively inhibit astrocytic differentiation of stem cells in addition to promoting neu-
ronal differentiation. The active inhibition of the astrocyte fate was demonstrated in a
series of in vitro studies. Ngn1 overexpression in neural stem cells extracted from E14
mouse cortex led to increased neuronal differentiation and suppressed astrocyte forma-
tion. BrdU labeling showed no change in the rate of proliferation of neural progenitors
indicating that the effect was not due to selective proliferation of neuronal committed
precursors. As mentioned previously, gp130 signaling by LIF/CNTF has been shown
to promote astrocyte formation (as determined by immunoreactivity to anti-GFAP
antibody). In cultures of neural stem cells overexpressing Ngn1, the number of astro-
cytes formed on addition of LIF/CNTF is greatly reduced. Finally, expression of Ngn1
in astrocyte cultures results in severe disruption of cell morphology and cell adhesion
(195). A molecular mechanism for this active suppression of gliogenesis has been pro-
posed. As mentioned earlier, LIF and CNTF signaling converge with BMP signaling
by the formation of a highly gliogenic STAT–p300–SMAD complex in cells with little
or no Ngn expression (151). When Ngn is expressed in neural stem cells, it binds to and
effectively sequesters p300, preventing the formation of the STAT–p300–SMAD com-
plex. This mechanism is further supported by the observation that a mutant of Ngn1
that cannot bind DNA is still capable of suppressing gliogenesis (195).

Thus far, only one family of positive bHLH factors has been shown to be pro-oligo-
dendroglial, the Olig gene family. Olig1 and Olig2 are expressed in ventral regions of
the developing brain and spinal cord in a pattern that covers, but is not limited to, the
area from which oligodendrocytes arise (196–198). Olig1 and Olig2 double mutant
mice lack all oligodendrocytes and oligodendrocyte precursor cells in the entire central
nervous system (199). Misexpression of Olig1 in the embryonic rat brain results in an
increased number of oligodendrocytes (196). These results demonstrate that Olig genes
function to specify oligodendrocytes. However, Olig genes are expressed in stem cells
destined to become neurons as well. In the spinal cord, they are expressed in progenitor
cells that will give rise to motor neurons, although Olig expression is lost as these cells
mature (197,200,201). Ngn2 is also expressed in motor neuron precursor cells and is
necessary for the formation of neurons from these Olig expressing cells (200,201).
In the brain, Olig2 is expressed rather broadly throughout the ventral telencephalon
and therefore may be involved in GABAergic neuron specification in addition to its
role in oligodendrogenesis.

The transcription factors responsible for astrogliogenesis are still unknown. It appears
that the astrocyte fate is determined in part by a lack of proneural and pro-oligodendro-
glial transcription factors, although recent evidence suggests that Notch activation or
over expression of Hes proteins actively promotes astrocyte differentiation under cer-
tain conditions. When Hes1, Hes5, Herp1, or Herp2 is expressed early in brain devel-
opment, the population of neural stem cells increases at the expense of early-born
neurons (although if the expression is transient there is an increase in late-born neu-
rons) but when expressed later in development there is an increase in the number of
astrocytes (152,164,165,169–172,202–205). Hes proteins have also been shown to pro-
mote astrocytic fate in glial restricted progenitor cells (GRPs) isolated from rat spinal
cords (168). (For more information on GRPs, see Chapter 7 in this volume). As men-
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tioned previously, neural stem cells proceed through rather distinct phases of symmet-
ric division, neurogenesis, and astrogliogenesis. This pattern is observed both in vivo
and in culture. The timing of these phases is correlated with the levels of Hes and
proneural bHLH proteins in the stem cell population as a whole. During the prolifera-
tive phase, Hes levels are high and proneural levels are low. During the neuron differ-
entiation phase, proneural levels increase significantly and Hes levels decrease. During
the astrocyte differentiation phase, Hes predominates and proneural proteins decrease
to very low levels (188).

Homeodomain Genes in Fate Commitment

Homeodomain genes have long been regarded as patterning genes that are expressed
in distinct domains to define cellular positions along the dorsal–ventral, anterior–pos-
terior, and medial–lateral axes of the developing nervous system. All neural stem cells
express a region-specific combination of homeodomain genes. When grown in culture,
some studies have shown continuous expression of region-specific genes while others
show that they are dysregulated when the cells are removed from signaling centers and
grown in the presence of mitogens. In the developing embryo, homeodomain gene
expression is necessary for the maintenance of patterning. For example, Pax6 expres-
sion is necessary to maintain dorsal–ventral patterning in the central nervous system.
Pax6 is expressed in the developing eye, olfactory epithelium, telencephalon, dien-
cephalon, hindbrain, and spinal cord (although expression in each of these tissues var-
ies with the age of the embryo) (206). In the telencephalon, Pax6 is expressed only in
the dorsal (pallial) region. Loss of Pax6 leads to ectopic dorsal expression of genes
ordinarily confined to the ventral ganglionic eminences such as the Dlx genes
(207,208). However, a new role for homeodomain genes in the direct control of lineage
commitment is emerging, and a model is gaining support in which the specification of
a generic neuron occurs concomitantly with the specification of a specific subtype of
neuron with appropriate regional identity. This is illustrated by studies of the function
of Pax6 in the developing brain in which Pax6 is expressed exclusively by radial glial
cells (207). In the Sey (small eye) mouse, which carries a mutation in the Pax6 gene,
the morphology, gene expression and neurogenic potential of radial glia are altered
(207,209). In vitro, radial glia derived from Sey mice give rise to significantly fewer
neuronal clones and more glial clones (209). Furthermore, expression of Pax6 in mature
astrocyte cultures leads to positive immunoreactivity to antibodies against neuron-spe-
cific proteins (209). This is consistent with previous studies demonstrating that loss of
Pax6 from the dorsal forebrain results in loss of expression of Ngn2 (210). Moreover,
in the ventral spinal cord, the enhancer elements that drive Ngn2 expression are depen-
dent on Pax6 function (210). However, the difference in phenotype between the Ngn2
mutant mouse and the Sey mouse indicate that the effects of Pax6 mutation on neuro-
genic potential are mediated through mechanisms beyond the control of Ngn2.

In addition to regulating the patterning of the nervous system and the neurogenic
potential of neural stem cells, homeodomain genes are also well described as regula-
tors of neuron subtype identity. For example, Dlx, the vertebrate ortholog of Droso-
phila Distal-less, is a family of homeodomain genes expressed in the ventral
telencephalic ganglionic eminence stem cells. Dlx1 and Dlx2 are expressed in cells that
give rise to virtually all GABAergic neurons in the forebrain (211–214). Dlx1/2 double



Stem Cells in the Embryonic Nervous System 83

mutants show a dramatic reduction in late-born projection neurons (GABAergic) of the
basal ganglia and of several types of interneurons (GABAergic, dopaminergic and cho-
linergic) in the cerebral cortex (212). These data indicate that Dlx genes are important
for development of late-born neurons from the ganglionic eminence generative zone.
Dlx proteins may actively promote a GABAergic phenotype by positively regulating
the GABA synthesis enzyme glutamic acid decarboxylase (see ref. 215 for review).

Homeodomain proteins and positive bHLH factors act together in fate determina-
tion. A striking example is the Lim homeodomain gene family during motor neuron
development. In the spinal cord, combinatorial actions of proneural bHLH and Lim
homeodomain proteins in developing motor neurons brings the two classes of
transcription factors together literally on the same enhancer sequence for a motor neu-
ron-specific gene. Lim homeodomain proteins Isl1 and Lhx3 act with proneural/neu-
ron-differentiation bHLH proteins NeuroM and Ngn2 in specification of spinal cord
motor neurons. Isl1, Lhx3, NeuroM, or Ngn1 can each weakly activate the Hb9 pro-
moter, a motor neuron specific promoter, when acting alone. When all four proteins are
expressed together they act synergistically to strongly activate the Hb9 promoter. This
synergy arises from a conformational change that occurs when the two Lim homeo-
domain proteins bind the promoter. This conformational change in the DNA facilitates
concurrent binding of the bHLH factors to the promoter, resulting in strong activation of
the Hb9 gene (216,217). Such cooperation is not limited to neuron formation: Olig2 asso-
ciates directly with homeodomain protein Nkx2.2 to mediate oligodendrogenesis (218).

In summary, lineage commitment and progressive differentiation involve the
coordinated interplay of positive and negative regulatory signals, including cascades
of transcription factors that regulate lineage-specific gene expression. Furthermore,
multiple signaling cascades are involved in the generation of different populations
of neurons, oligodendrocytes, and astrocytes, and activation of these cascades
reflects the effects of both cell intrinsic as well as extrinsic factors that promote cell
differentiation.

Cell Cycle Exit and Cell Differentiation

The discovery that there is overlap between factors regulating cell cycle progression
and those regulating cell fate decisions sheds light on the mechanism by which cell
cycle exit is coordinated with fate determination. Patterning genes BF1, Emx2, and
Pax6 regulate the rate of proliferation of cortical progenitor cells (219–222). In the
developing retina, patterning genes Rx1, Six3, and XOptx2 promote proliferation of
progenitor cells, although this effect is seen only in the regions in which they are usu-
ally expressed (223–226). Cell cycle control protein p21 has been implicated in the
oligodendrocyte lineage since its buildup in the cell is necessary for oligodendro-
genesis, where it serves a function independent of its ability to promote exit from cell
cycle (227).

There is also evidence that the level of proneural genes may be coordinated with the
stage of the cell cycle in vivo. As discussed previously, neural stem cells undergo
interkinetic nuclear migration as they progress through the cell cycle such that S phase
occurs when the nucleus is located furthest from the ventricle, and G2, M, and G1 phases
occur when the nucleus is close to the ventricular surface. In situ analysis and BrDU
labeling revealed that the expression of Ngn1, Ngn2, Notch1, and Delta1 is much higher
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when the cell body is near the ventricular surface during G2, M and G1, and that expres-
sion is greatly reduced during S phase when the cell body is further from the ventricle
(228). In a population of neural stem cells, either in vivo or in culture, cell cycle stages
are asynchronous; therefore the neurogenic potential also fluctuates asynchronously.
This may contribute to the variation in response to extrinsic factors observed in clonal
cultures of neural stem cells and may partially explain how the cellular complexity of
the nervous system is achieved.
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Regulation of Neural Stem Cell Death

Rizwan S. Akhtar and Kevin A. Roth

INTRODUCTION
Nervous system development is a complex process that begins with a small number

of cells and ends with a highly organized and specialized organ. Neural stem cells play
a critical role in this process. These cells have the capacity to self-renew, proliferate,
and give rise to lineage-restricted neuronal and/or glial progenitor cells and postmitotic
specialized daughter cells. The number of neural stem cells contributing to neural
development depends on the balance between proliferation, self-renewal, differentia-
tion, and cell death. Studies of apoptosis-associated molecules have indicated signifi-
cant cell death in neural precursor cells, defined as neural stem cells and lineage
restricted progenitors, and immature neurons prior to the generation of synaptic con-
tacts. These studies complement the extensive body of work dedicated to cell death
regulation in mature neurons, where competition for limited amounts of target-derived
neurotrophic factors plays a direct role in activating cell death pathways during neu-
ronal histogenesis and cell injury. The striking neurodevelopmental abnormalities
observed in mice with targeted disruptions in genes regulating cell death emphasizes
the importance of programmed cell death during development. Studies of these ani-
mals further reveal that cell death regulation is remarkably specific to cell type and
stage of neural differentiation.

Recently, neural stem cells have been identified in and isolated from the adult brain,
where they contribute to active neurogenesis in select brain regions. Dysregulated pro-
liferation and/or cell death of adult neural stem cells has been postulated to contribute
to psychiatric and neurological diseases. The transplantation of neural stem cells into
injured areas of the adult brain, such as those damaged by hypoxic–ischemic insult or
neurodegenerative diseases, is being studied in animal models and may soon become
feasible in humans. For these reasons, a comprehensive understanding of the molecular
signals that control neural stem cell death is of great interest.

In this chapter, we review the forms of cell death seen in the developing and adult
nervous systems and consider the molecular requirements for cell death in neural pre-
cursor cells and immature neurons. Estimates of the magnitude of cell death occurring
during mammalian nervous development have varied widely, and we discuss this inter-
esting controversy. Finally, we review recent evidence for neural stem cell death in the
adult nervous system.
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OVERVIEW OF FORMS OF CELL DEATH IN THE NERVOUS SYSTEM

Several morphologically distinct forms of cell death can be seen in the nervous sys-
tem in response to physiological or pathological stimuli. The term “programmed cell
death” refers to cell death occurring normally during development, which is distinct
from pathological cell death following toxic stimuli (1). By definition, programmed
cell death is both spatially and temporally reproducible. For example, in the nematode
Caenorhabditis elegans, programmed cell death selectively removes 131 of the
1090 somatic cells generated during development (2). In mammals, programmed cell
death is seen during the regression of vestigial organs, the folding, fusion, and matura-
tion of the neural tube and neural plate, and the elimination of newly generated neurons
during neural histogenesis (3,4). A great deal of attention has been focused on deter-
mining the molecules and key regulatory steps that initiate and execute programmed
cell death. It is useful to classify types of programmed cell death based on morphologi-
cal criteria, although in some cases, multiple morphological forms of death can be
visualized in the same cell or following the same death stimulus.

Apoptosis

The most common morphological type of programmed cell death in the nervous
system is apoptosis (5). First formally described by Kerr, Wyllie, and Currie in 1972,
apoptosis is evidenced by condensation of nuclear chromatin followed by nuclear frag-
mentation (6). Similarly, the cytoplasm of the apoptotic cell condenses and forms cyto-
plasmic membrane protrusions, or “blebs.” These fragments form apoptotic bodies, or
membrane-bound vesicles that contain a heterogeneous mix of intracellular materials.
Apoptotic bodies are rapidly removed by neighboring cells or phagocytes, making
apoptosis a remarkably efficient method of disposing dysfunctional or redundant cells
without producing significant inflammation. Other hallmark signs of apoptosis include
cell rounding following cytoskeletal collapse and exposure of phosphatidylserine on
the outer cell membrane surface. A combination of light microscopy and ultrastruc-
tural examination provides the best evidence for apoptotic processes (7,8).

Like many aspects of our understanding of cell death regulation, early discoveries
of the molecular requirements for apoptosis were made in simpler nematode systems.
In C. elegans, the ced-3 gene is required for the execution of programmed cell death
(9,10). Successful cloning of ced-3 revealed its similarity to human interleukin-1 β
converting enzyme, which was later renamed caspase-1 (10–12). Since that time,
approx 15 mammalian homologs have been identified that are collectively termed
caspases. Caspases are cysteine proteases that are synthesized as inactive zymogens
and are cleaved at specific sequences containing aspartate to form the active enzyme.
In turn, a wide variety of intracellular proteins are substrates for caspases, including
structural proteins, protein kinases, DNA metabolism and repair enzymes, a number of
signaling molecules, and other caspases (13,14).

As we will discuss, caspases are critical for most, but not all, forms of programmed
cell death. Specific initiator caspases are activated based on the nature of the apoptotic
stimulus and the particular intracellular pathway activated. On receipt of a pro-death
stimulus, upstream initiator caspases catalyze the cleavage and activation of downstream
effector caspases. Initiator caspases include caspase-2, -8, -9, and -10, and effector
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caspases include caspase-3, -6, and -7. The cleavage events triggered by effector
caspase activation are commonly considered indicators of apoptosis, although caspase-
mediated cleavage events are not necessarily required for cell death. Furthermore,
under some circumstances, caspase-cleaved products are found unassociated with
cell death.

Given the wide number of caspase substrates, the enzymatic activity of caspases is
under tight regulation. A major portion of this regulation is accomplished by members
of the Bcl-2 family of proteins. While caspases are more involved in the execution
phase of cell death, the Bcl-2 family is positioned to regulate entry into these death
pathways. In 1984, the oncogene bcl-2 was found linked to the immunoglobulin heavy
chain in the 14;18 chromosome translocation known to be responsible for follicular
lymphoma (15,16). Since that time, a large number of Bcl-2–related molecules have
been identified (17,18), and recent studies indicate that several Bcl-2 family members
contribute to regulation of programmed cell death in neuronal cell populations.

Bcl-2 family members can be divided into three subfamilies based on the number of
conserved Bcl-2 homology (BH) domains present on each molecule and by whether
the activated molecule inhibits or promotes cell death. The first subfamily is composed
of anti-death molecules that express four conserved BH domains, such as Bcl-2 and
Bcl-xL. The second subfamily consists of pro-death molecules that express multiple
BH domains, typically BH1, 2, and 3, and includes Bax and Bak. The remaining pro-
death Bcl-2 family members comprise the BH3-domain only subfamily, which contain
a BH3 domain, but not BH1 or BH2 domains. This structurally diverse subfamily
includes Bid, Bad, Noxa, Puma, and Hrk/Dp5. As a family, these molecules exhibit
developmentally regulated, tissue-specific expression patterns. Bcl-2 family members
are also regulated by phosphorylation, subcellular localization, proteolysis, and other
posttranslational modifications.

An elegant “suicide rheostat” model was proposed to explain the roles of Bcl-2 fam-
ily members in the regulation of cell death (19). The BH domains expressed by these
molecules allow homo- and heterodimerization between pro- and anti-death members.
According to this model, in the “living state,” pro-death Bcl-2 family members are
prevented from inducing death pathways by being bound to anti-death molecules.
The presence of an apoptotic stimulus tips the balance toward the pro-death molecules,
either by decreasing the activation of anti-death molecules or by increasing the effec-
tiveness of pro-death molecules. Several roles for Bcl-2 family members have been
described, many of which involve upstream signal transduction processes that con-
verge on mitochondrial function and the activation of effector caspases.

Intrinsic Pathway of Apoptosis

A number of key cell death regulators reside and/or act at the mitochondria and are
critical components of the intrinsic apoptotic pathway (Fig. 1). Ultimately, the intrinsic
apoptotic pathway results in mitochondrial dysfunction and activation of caspase-3.
Caspase-3 is the predominant effector caspase in the nervous system, and its activation
is responsible for producing cytological features of apoptosis. Caspase-3 resides in an
inactive zymogen form and becomes activated by cleavage by initiator caspases.
This cleavage event generates an 18-kDa large subunit and a 12-kDa small subunit
from a 32-kDa precursor (20). Several cytosolic factors capable of inducing caspase-3
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cleavage were isolated in cell free experiments and called apoptotic protease activating
factor-1 (Apaf-1) and Apaf-2 (21,22). Two additional factors, dATP and Apaf-3 (later
identified as caspase-9), were also necessary (23). Apaf-1 was characterized as a
130-kDa cytosolic protein (21,23). The identification of Apaf-2 as cytochrome c indi-
cated a critical role for mitochondrial function in apoptosis initiation. Caspase-9 is a
45-kDa cytosolic protein that is synthesized as an inactive proenzyme (23–25). Using
active site mutations of caspase-9 to prevent caspase-3 activation, a linear relationship
between caspase-9 and caspase-3 activation was identified (23). Therefore, Apaf-1,
caspase-9, cytochrome c, and dATP critically regulate caspase-3 activation.

In the unstimulated state, Apaf-1 is a compact molecule with its N-terminal caspase
recruitment domain (CARD) internally sequestered (23). Upon binding of cytosolic
cytochrome c and dATP, Apaf-1 is linearized and the CARD becomes exposed, which

Fig. 1. Apoptosis is regulated by the intrinsic and extrinsic pathways. Intrinsic death stimuli
signal through pro-death BH3-domain only molecules. These molecules influence anti-death
Bcl-2 family members (Bcl-2, Bcl-xL) and pro-death multidomain members (Bax, Bak).
Once activated, pro-death members Bax and Bak stimulate mitochondrial release of cyto-
chrome c and the formation of the apoptosome. This complex activates caspase-9 and -3, which
ultimately leads to apoptosis. The extrinsic death pathway is activated by binding of extracellu-
lar death ligands and the formation of the death inducing signaling complex (DISC). The DISC
directly activates caspase-8, which can activate caspase-3. In addition, the DISC catalyzes the
activation of Bid, which modulates mitochondrial cytochrome c release. See text for details.
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recruits pro-caspase-9 (22). The “apoptosome,” a 1.4 MDa ATP-dependent complex
formed by cytochrome c, Apaf-1, and pro-caspase-9, has been reported to consist of
seven activated Apaf-1 molecules arranged as a seven spoked wheel (26). Each Apaf-1
molecule is bound to one cytochrome c molecule and a dimer of caspase-9. Once
formed, the apoptosome transduces intrinsic apoptotic signaling by catalyzing the fur-
ther activation of caspase-9. Ultimately, activated caspase-9 cleaves and activates
caspase-3. In this manner, mitochondrial release of cytochrome c directly influences
caspase activation. The formation of the apoptosome is a highly regulated event in the
intrinsic apoptotic pathway. Another small molecule, apoptosis-inducing factor (AIF),
is also released by mitochondria during apoptosis signaling. AIF is capable of inducing
nuclear condensation and DNA fragmentation independently of effector caspases, and
can induce other downstream markers of apoptosis.

The release of mitochondrial cytochrome c during apoptosis is due to alterations of
mitochondrial membrane permeability, and at the molecular level, one of the primary
functions of Bcl-2 family members is the regulation of mitochondrial membrane integ-
rity (27,28). Two pro-apoptotic members of the Bcl-2 family, Bax and Bak, are clearly
involved in the release of cytochrome c from the mitochondrial membrane. A great
number of apoptotic stimuli, both during development and in the context of pathologi-
cal insults, affect Bax and/or Bak function. It has been proposed that Bax and Bak form
homo- and hetero-oligomeric pores through which cytochrome c, AIF, and other small
intermembrane proteins are released. Alternatively, Bax and Bak may induce the for-
mation of the membrane permeability transition pore and a loss of membrane potential.

In the unactivated state, Bax is predominantly cytoplasmic, where it may be
complexed with anti-apoptotic members of the Bcl-2 family. An apoptotic stimulus
may induce conformational changes in BH3-domain only proteins, the anti-apoptotic
molecules Bcl-2 or Bcl-xL, or Bax itself (29–32). These changes liberate Bax, allowing
it to translocate to the outer mitochondrial membrane. In contrast to Bax, Bak resides at
the mitochondrial surface at baseline, where it may undergo conformational changes in
apoptotic conditions.

Bcl-x plays a critical role in modulating Bax and Bak-dependent apoptosis and can
be alternatively spliced to form a pro-apoptotic molecule, Bcl-xS, or an anti-apoptotic
form, Bcl-xL. Bcl-xS is expressed only weakly or not at all in the nervous system
(33,34). Bcl-xL is highly expressed in the embryonic nervous system and persists in the
adult brain at high levels (34,35). Consistent with the hypothesis that pro- and anti-
death Bcl-2 family members interact to control apoptosis, Bcl-xL is able to hetero-
dimerize with Bax and Bak and prevent their channel forming activity at the
mitochondrial surface (19,34,36–39). Similarly, Bax is able to bind Bcl-xL and attenu-
ate the latter molecule’s ability to suppress apoptosis (38). The contributions of these
and other molecules to neural stem cell death are discussed in the following paragraphs.

Extrinsic Pathway of Apoptosis

The extrinsic pathway of apoptosis initiation couples extracellular death signals with
intracellular death effectors (Fig. 1). Whereas the intrinsic apoptotic pathway is thought
to begin with activation of BH3-domain only proteins, the extrinsic pathway is initi-
ated by extracellular death cytokines, such as Fas ligand (CD95L) and tumor necrosis
factor (TNF). This pathway allows signals from neighboring cells or the extracellular
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milieu to induce apoptosis by interacting with cell surface “death receptors” (40,41).
By recruiting intracellular molecules, ligand-bound death receptors can directly acti-
vate initiator caspases and apoptosis. Upon cytokine binding, the intracellular domains
of death receptors oligomerize and recruit intracellular proteins that express death
domains. The complex formed is referred to as the death inducing signaling complex
(DISC). The DISC actively recruits the inactive zymogen form of caspase-8 and cata-
lyzes its cleavage (42,43). Caspase-8 is an initiator caspase that activates effector
caspases such as caspase-3 and -7.

Caspase-8 activation, in some cell types, also triggers the intrinsic death path-
way through Bcl-2 family intermediaries, which may serve to amplify the death recep-
tor signal (43,44). Activated caspase-8 has been shown to cleave Bid, a BH3-domain
only member of the Bcl-2 protein family. Truncated Bid (tBid) translocates to the
mitochondrial surface and engages the intrinsic apoptotic pathway by inducing the
release of mitochondrial cytochrome c (44). Several cytokines signal via the extrinsic
apoptotic death pathway, and evidence for extrinsic death signaling during neural stem
cell death is reviewed in the following paragraphs.

Autophagy

The second major morphological type of programmed cell death is autophagic cell
death (5). Autophagy has been investigated in yeast as a catabolic survival mechanism
following nutrient starvation. Autophagic cell death is characterized by the presence of
large numbers of autophagosomes in a cell displaying additional cytological evidence
of degeneration. Although the precise molecular mechanism of autophagy is currently
being pursued, autophagy plays a significant role in programmed cell death in some
lower animals and possibly in mammals (13,45). Autophagy is mediated in part by
lysosomal enzymes and autophagic cell death may involve lysosomal dysfunction.
The specific and nonspecific catabolic enzymes harbored within lysosomes are rou-
tinely used in recycling of damaged or redundant organelles and other cytoplasmic
components. On activation of autophagic cell death, numerous vacuoles containing
intracellular material begin to form, which ultimately fuse with the lysosomal compart-
ment and are degraded (45). These characteristic double membrane-bound vesicles can
be positively identified by ultrastructural examination. In addition, some instances of
autophagic cell death show nuclear pyknosis and other cytological features of apoptosis.
The role of autophagy in neural programmed cell death, although far from clear, is
currently under investigation. A large number of cells are able to efficiently die and
dispose of their cellular content via autophagy, making this death mechanism a good
candidate for bulk degradation of supernumerary cells. In this respect, disposal of
apoptotic bodies from a large number of dying cells would require a large number of
phagocytes or a great phagocytic capacity of neighboring cells, two features that may
not be present in the developing nervous system.

Necrosis

While the majority of programmed cell death in the nervous system has been
described as apoptotic, autophagic, or a combination of both, a minority displays
necrotic features (5). Necrosis is often described as a chaotic, passive death process
that arises when cells are exposed to extreme stress, such as the lack of oxygen and
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essential nutrients or the exposure to toxic compounds, elevated or decreased tempera-
ture, or excessive mechanical strain. However, recent evidence suggests that necrosis
may follow predictable patterns and be regulated in some fashion (46). Our under-
standing of the regulation of necrosis remains incomplete. Some preliminary evidence
suggests that loss of mitochondrial membrane potential or the accumulation of reactive
oxygen species following “apoptotic stimuli” may lead to necrosis. Furthermore,
mutations in several genes named degenerins in C. elegans can induce necrosis (47).
Necrosis has extensively been studied in models of neuronal excitotoxic death, but
the role of necrosis in neural stem cell death is unclear.

MOLECULAR REGULATION
OF NEURAL STEM CELL DEATH DURING DEVELOPMENT

The molecules and regulatory steps controlling programmed cell death during
development have received considerable scientific interest over the last few decades.
In the nervous system, the molecular requirements for death vary based on the specific
cell type in question, the differentiation state of the cell, and the functional synaptic
connections made by the cell. During development, specific molecules are required
for cell death as neural precursor cells become mature neurons, and will be reviewed here.

Caspase Regulation of Developmental Cell Death

Caspase-3 is expressed in the brain throughout embryonic development, including
in the cortical plate and ventricular zone where neural precursors are known to reside
(48,49). Caspase-3 plays an important role in affecting programmed cell death of neu-
ral precursor cell populations. These founder cells initially reside in the ventricular
zone, and give rise to immature neurons during development. Programmed cell death,
in addition to differentiation, removes individual cells from this neural precursor cell
population. Apaf-1 and caspase-9 are also expressed in the brain and spinal cord during
prenatal development and in adult tissues, indicating that the necessary regulators of
apoptotic cell death are present and capable of triggering neural stem cell death (50–53).

If caspases are critical for programmed cell death of neural stem cells, early neural
progenitors, and newly born immature neurons, the deficiency of these molecules
would be predicted to cause significant abnormalities in brain development. This
hypothesis was proven correct by the generation of caspase-3-, caspase-9-, and Apaf-1-
deficient mice.

Caspase-3 knockout mice show extensive perinatal lethality and are smaller than
their wild-type littermates (50). These mice have significant ventricular zone hyperpla-
sia, resulting from a defect in programmed cell death in neural precursor cells, and
show prominent exencephaly and cranial defects (Fig. 2). Surviving animals show
multiple indentations and ectopic neuronal masses in the cortex and persistent germi-
nal layers in the developing cerebellum. Importantly, there is a striking decrease in the
number of cells undergoing apoptosis during development in caspase-3-deficient
embryos as compared to wild-type embryos (50). Caspase-3 deficiency does not sig-
nificantly alter proliferation in the ventricular zone, consistent with the thought that
decreased programmed cell death, and not increased proliferation, of caspase-3-defi-
cient neural precursor cells leads to the neurodevelopmental phenotype (49).
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Interestingly, we have found that mouse-strain specific genetic modifiers alter the
neurodevelopmental phenotype and perinatal lethality caused by caspase-3 deficiency.
Caspase-3-deficient 129X1/SvJ mice showed exencephaly, neural precursor cell
expansion, and perinatal lethality; in contrast, caspase-3-deficient C57BL/6J mice were
normal (54). Intercrosses of C57BL/6J and 129X1/SvJ mice have indicated the pres-
ence of one or more incompletely penetrant autosomal dominant modifiers in the

Fig. 2. Deficiency of caspase-3 induces neurodevelopmental abnormalities. (A,B) Sagittal
sections from mouse embryonic forebrain stained with hematoxylin and eosin. (A) Caspase-3
+/+ mouse embryo shows normal brain development, including well-demarcated ventricular
zone (VZ), cortical lamination, patent lateral ventricle (LV), and developing hippocampus (HC).
(B) Caspase-3 -/- mouse shows expansion of neural precursor cells in the ventricular zone,
intraventricular hemorrhage (marked with an asterisk), and neural precursor cells growing into
and filling the ventricular lumen. Scale bar = 500 μm.
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129X1/SvJ genome that affect the severity of the caspase-3-deficient neuronal pheno-
type (54). Future studies of the variable caspase-3 developmental phenotype will shed
light on these modifiers, and these observations serve as an important reminder of the
importance of genetic background when considering data and conclusions derived from
gene-disrupted mice.

As mentioned earlier, both caspase-8 and caspase-9 are able to activate caspase-3,
resulting from activation of the extrinsic and intrinsic apoptotic pathways, respectively.
Caspase-9-dependent activation of caspase-3 has been directly demonstrated in the
developing nervous system. No caspase-3 activation is detected in the caspase-9-defi-
cient brain, suggesting that caspase-9 and -3 participate in a linear signaling pathway
(51,55–57). Furthermore, gene disruption of caspase-9 in mice produces a neuro-
developmental phenotype similar to that seen in caspase-3-deficient mice. Caspase-8
expression can be detected in the mid- and hind-brains of E9.5–10.5 mice embryos,
and caspase-8-deficient embryos show aberrant neural tube formation, hepatic erythro-
cytosis, and developmental heart abnormalities (58–62). Given the embryonic lethality
before E12.5, it is unclear whether caspase-8 deficiency has any effects on nervous
system development occurring at later times. However, alterations in other compo-
nents of the extrinsic death pathways, such as CD95 and CD95L, fail to affect nervous
system development and mice deficient in these molecules show no abnormalities in
neural precursor cell death (63–65). Additional studies of genes associated with the
extrinsic death pathway are required before conclusions can be drawn about this
pathway’s regulation of neural stem cell death.

Gene disruption of either caspase-9 or apaf-1 in mice produces severe brain
abnormalities resulting from dysregulation in programmed cell death of neural pre-
cursor cells (51–53,55). Both caspase-9 and Apaf-1-deficient mice are perinatal lethal
and demonstrate exencephaly, cerebral ventricular stenosis, neural precursor cell
hyperplasia, and ectopic neural masses (Fig. 3). These changes result from a marked
hyperplasia of proliferative zones in the forebrain and midbrain. These mice also have
defects in neural tube closure and frequently exhibit intracerebral hemorrhage. There
are no gross malformations in the spinal cord or other nonneural organs in caspase-9-
deficient mice (51,55). Importantly, the Apaf-1-deficient phenotype can have sev-
eral additional abnormalities not seen in caspase-9- or caspase-3-deficient animals.
Apaf-1-deficient mice display a midline facial cleft, absence of cranial bones, imper-
fect palatal fusion, persistent interdigital webs, retinal hyperplasia, and alterations of
the lens and ocular vasculature (52,53). These results suggest that Apaf-1 may have
caspase-9-independent roles in regulating apoptosis in the primordial palate, and pro-
vide additional evidence for the remarkable cell-type specificity of regulatory death
molecules.

The neuropathological findings in caspase-9- and Apaf-1-deficient mice are due to a
striking reduction in apoptosis of neural precursor cell populations. There is a signifi-
cant reduction in Tdt-mediated dUTP nick-end labeling (TUNEL) staining, activated
caspase-3 immunoreactivity, and morphological features of apoptosis in both caspase-9-
and Apaf-1-deficient mice (51–53,55). Concomitantly, there is an increase in the
number of neural precursor cells in the ventricular zone, as would be expected from
reduced apoptosis of these cells (51).
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Bcl-2 Family Regulation of Developmental Cell Death

Upstream regulators of caspase function, notably members of the Bcl-2 family,
influence cell death during neural development in a cell-type-specific manner. Of the
anti-apoptotic Bcl-2 family, bcl-x has been shown to critically regulate programmed
cell death of newly born immature neurons. A great deal of interest has been focused
on individual pro-death Bcl-2 molecules in a variety of neuronal cell death paradigms;
however, programmed cell death in neural precursor cells appears to depend on the
expression of both Bax and Bak. In neural precursor cells, a balance exists between
Bcl-xL, Bax, and Bak, and may be the primary global mechanism by which cell death is
regulated in these populations during development.

Bcl-2 Family Molecules in Neural Precursor Cells

Expression of bcl-x is significant during brain development, and bcl-x disruption
induces pronounced cell death in the rostral spinal cord, brain stem, dorsal root gan-
glia, lamina terminalis, and intermediate zone of the brain (66–68). However, there is
no effect of bcl-x disruption in the embryonic mouse ventricular zone, and neural pre-
cursor cells do not show increased apoptosis in bcl-x disrupted mice. This finding is not
surprising since the expression of Bcl-xL is very low in the ventricular zone (48). Also,
bcl-x disruption does not prevent the caspase-9- or caspase-3-deficient neuro-
developmental phenotype (48,68,69). Based on these observations, the endogenous
stimuli that control neural precursor cell death and survival appear not to depend on
Bcl-xL expression alone. The upstream factors that control programmed cell death in
these cells remain under investigation.

Bax is expressed at high levels in both the embryonic and adult brain and a number
of reports have described the role of Bax in controlling neuron death in response to
diminished target-derived survival signals, making it a candidate for regulation of cell
death in neural precursor cells (19,38,70). Bak, a second multidomain pro-apoptotic
Bcl-2 family member, is also expressed during mouse brain development and may also
regulate neural stem cell death (71–74). Alone, gene disruptions in bax or bak have
little effect on programmed cell death in neural precursor cells. There is no exencephaly,

Fig. 3. Abnormal brain development is associated with Apaf-1 deficiency. (A) An Apaf-1 +/+
mouse is developmentally normal at embryonic day 13. (B) In comparison, Apaf-1 deficiency
causes exencephaly and abnormal craniofacial development.
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hyperplasia of the ventricular zone, ectopic neuronal structures, or telencephalic
expansion in Bax or Bak-deficient embryos, as seen with disruptions of caspase-3,
caspase-9, or Apaf-1 (57,75). These findings suggest that either neural precursor cell
death during embryonic development is independent of Bax and Bak, or that
multidomain pro-apoptotic Bcl-2 family members act in concert to regulate neural pre-
cursor cell death. The generation of Bax/Bak double-deficient mice provided strong
support for the latter hypothesis.

Bax/Bak double-deficient embryos demonstrate altered neural precursor cell death
(75,76). Double deficiency in both Bax and Bak is perinatal lethal; a small percentage
of affected animals survived to adulthood and have persistent interdigital webs, imper-
forate vaginal introitus, and abnormal responses to auditory stimulation (75). How-
ever, Bax/Bak double-deficient embryos do not have as severe a neurodevelopmental
phenotype as caspase-9-, Apaf-1-, or caspase-3-deficient mice. Instead, a generalized
increase in the number of periventricular neural precursor cells is evident primarily in
the postnatal nervous system (76). These results suggest that Bax and Bak play a role in
controlling the number of neural precursor cells, but that other still to be defined mol-
ecules must contribute to the regulation of neural stem cell death during development.

Bcl-2 Family Molecules in Immature Neurons
Although bcl-x expression alone is not critically involved in neural precursor cell

death, the same cannot be said for immature neuron death. Bcl-xL deficiency results in
extensive cell death of newly generated neurons (Fig. 4). As these cells differentiate
and migrate into the intermediate and marginal zones, Bcl-xL expression is up-regu-
lated and necessary to prevent programmed cell death. In vitro preparation of telen-
cephalic cultures from bcl-x disrupted E12.5 embryos confirms that newly generated
immature neurons require bcl-x for survival (68,77).

Fig. 4. Bcl-xL deficiency results in extensive death of newly generated neurons. Many apoptotic
nuclei with condensed nuclei can be appreciated in the intermediate zone of a gestational day 12
bcl-x -/- mouse (1 μm thick plastic section stained with toluidine blue). Phagocytic cells filled
with debris can be seen in lower right. Scale bar = 20 μm.
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Bcl-xL-deficient embryos show activation of caspase-3 throughout the developing
brain, anterior spinal cord, and dorsal root ganglia (48,78). This activation was espe-
cially intense in the marginal zone where post-mitotic immature neurons were present,
suggesting that Bcl-xL acts by inhibiting a caspase-3-dependent death program in neu-
rons (48). Accordingly, bcl-x/caspase-3 double-deficient mice do not show ectopic
pyknotic clusters in the cerebrum or an increase in apoptotic cells in the spinal cord or
dorsal root ganglia (48). Bcl-x/caspase-9 double-deficient mice, as well as bcl-x/Apaf-1
double-deficient mice, also show attenuated immature neuron apoptosis (69,79,80).

The primary method by which Bcl-xL prevents caspase-3 activation and apoptosis in
immature neurons may be by binding to Bax and preventing Bax insertion into the
mitochondrial membrane. This fact was demonstrated in bcl-x/bax double disrupted
mice, as Bax deficiency completely prevented bcl-x disruption-induced apoptosis in
the marginal zone, brain stem, and spinal cord (81). This finding indicates that Bcl-xL
and Bax critically interact to regulate survival of newly generated neurons.

Summary

These studies implicate the Bcl-2 family, caspases, and other components of the
intrinsic apoptotic death pathway as the primary molecules responsible for cell death
regulation in neural precursor cells and immature neurons. It is clear that disruption of
apoptosome formation, either by inoperation of Apaf-1 or caspase-9, or by modulation
of Bax, Bak, or Bcl-xL, significantly alters programmed cell death during brain devel-
opment. In addition, the primary downstream target of the apoptosome, caspase-3, plays
an important role in neurodevelopment. The analysis of gene-disrupted mice has
afforded much insight into the role of neural precursor cell death in nervous system
development.

NEURAL STEM CELL DEATH
IN RESPONSE TO PATHOLOGICAL CONDITIONS

Injury to the developing brain has serious consequences for brain structure and func-
tion, and it is possible that injury of adult neural stem cells may lead to neurological
and psychiatric disorders. Neural precursor cells in the developing and mature brain
may be exposed to pathological stimuli including infectious agents, hypoxic–ischemic
injury, and DNA damage. Neural precursor cells are exquisitely sensitive to DNA dam-
age, suggesting that dysregulation of DNA repair mechanisms may affect survival and
death of neural precursor cells or immature neurons. Specifically, p53, retinoblastoma
(Rb), XRCC4, and DNA ligase IV have been implicated in regulating cell death in both
neural precursor cells and immature neurons. For these reasons, we have investigated
the regulation of apoptosis in neural precursor cells in vitro in response to a number of
death stimuli.

Pathological Insults to Neural Precursor Cells

Neural precursor cells can be readily isolated from the embryonic telencephalon,
and such cells are useful for defining the molecular requirements for neural stem cell
death following exposure to various stimuli. In neural precursor cells, caspase-3 acti-
vation and cell death is readily seen following in vitro or in vivo exposure to cytosine
arabinoside (AraC), γ-irradiation, and staurosporine (82–84) (Fig. 5). By isolating neu-
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ral precursor cells from caspase-3-deficient mice, we have found that caspase-3 is
required for the generation of apoptotic features in neural precursor cells exposed to
DNA-damaging agents (83). However, caspase-3-deficient neural precursor cells are
not protected from the death promoting effects of these stimuli (83). This result,
although surprising, may be explained in several ways.

First, caspase-3 may have functional overlap with other effector caspases in the
developing nervous system. Caspase-6 and -7 are structurally homologous to caspase-3
and share similar substrate specificities. In certain cell types, caspase-6 and -7 make
significant contributions to effector caspase activity in the absence of caspase-3 (85),

Fig. 5. DNA damage induces cell death in neural precursor cells. (A,B) Plastic sections of
ventricular zone stained with toluidine blue. (A) Untreated embryos display rare apoptotic cells
in the ventricular zone (arrow, center). (B) In utero exposure to cytosine arabinoside (AraC)
induces widespread apoptosis, as evidenced by condensed pyknotic nuclei, in neural precursor
cells of the ventricular zone. Scale bars = 20 μm.
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and it is possible that caspase-6 or -7 may subserve the function of caspase-3 in caspase-3-
deficient neural precursor cells. However, caspase-6-deficient neural precursor cells
and caspase-3/caspase-6 double-deficient cells are similarly sensitive to DNA damage
in in vitro systems (84). Similarly, minimal caspase-3 like activity is detected in
caspase-3-deficient neural precursor cells, as evidenced by in vitro biochemical assays
for DEVD cleavage. This result suggests that caspase-7, which shares substrate speci-
ficity with caspase-3, may not compensate for caspase-3 deficiency in neural precursor
cells exposed to DNA-damaging agents (84).

Second, activation of initiator caspases, upstream of caspase-3, may represent the
commitment point to death. This commitment point is independent of the presence of
caspase-3, which is required only for producing the morphological features of apoptosis
and not death per se. Data strongly suggest that activation of caspase-9 may be this
commitment point in neural precursor cells. Several apoptotic stimuli induce caspase-9
activation in neural precursor cells (84). Activation of caspase-9 by γ-irradiation in
freshly isolated neural precursor cells occurs independently of caspase-3, concordant
with an upstream location of caspase-9 in the intrinsic apoptotic pathway (84). Broad-
spectrum caspase inhibition in freshly isolated neural precursor cells prevents caspase-3
activation and loss in cell viability following AraC treatment (82). In vivo, AraC-
induced DNA damage causes increased caspase-3 activation, pyknotic nuclei, and
increased karyorrhectic debris in telencephalic structures of embryonic day 13 (E13)
mice. These pathological findings are prevented in caspase-9-deficient embryos, indi-
cating that caspase-9 is critical for caspase-3 activation, apoptotic morphological fea-
tures, and cell death in neural precursor cells (83).

Much like the in vivo results of Apaf-1 deficiency, the in vitro responses of Apaf-1-
deficient cell cultures are similar to caspase-9-deficient cultures. A number of
Apaf-1-deficient nonneural cell types are resistant to apoptotic stimuli, including
DNA-damaging agents and staurosporine (52,53,86). Transplacental exposure to AraC
causes caspase-3 activation and apoptotic morphological features in the telencephalic
ventricular zone of wild-type, but not Apaf-1-deficient, mouse embryos. In addition,
freshly isolated Apaf-1-deficient neural precursor cells are resistant to AraC treatment
as compared to wild-type cultures (84).

Bax- or Bak-deficient neural precursor cells derived from the embryonic telencepha-
lon show little protection from apoptosis following pathological insult. For example,
DNA damage in neural precursor cells causes marked pyknosis, TUNEL positivity,
and activation of caspase-3. Bax deficiency does not alter this response (83). Although
Bax-deficient neural precursor cells are not resistant to DNA damage-induced death,
Bax/Bak double-deficient cells are markedly protected and show attenuated caspase-3
activation and death (83,84). Double-deficient neural precursor cells derived from the
cerebellum are also resistant to thapsigargin, a disruptor of Ca2+ trafficking at the
endoplasmic reticulum (76). Therefore, the functional overlap of Bax and Bak seen
during development is conserved in the response to pathological insults.

The tumor suppressor protein p53 has a wide range of functions in cell cycle arrest
and cell death (87–89). A large number of genes, including members of the Bcl-2 fam-
ily, are transcriptional targets for p53. p53-dependent up-regulation of Bax and the
BH3-domain only molecules Noxa and Puma may be critical for death in neural pre-
cursor cells following specific apoptotic stimuli. p53 is highly expressed in the
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ventricular zone during development, and a small subset of p53-deficient mice show
neural tube defects and hindbrain exencephaly without ventricular expansion (90–93).
This phenotype is not as severe as that seen in Apaf-1 or caspase-9 deficiency, and
does not seem to arise from decreased death of neural precursor cells. p53-deficient
neural precursors, both in vivo and in vitro, show decreased pyknosis, TUNEL posi-
tivity, and activated caspase-3 in response to DNA damage (83).

In short, the molecular requirements for neural precursor cell apoptosis following
DNA damage are not identical to the requirements for programmed cell death during
brain development, although components of the intrinsic apoptotic pathway are uti-
lized in both situations.

Pathological Insults to Immature Neurons

Several in vitro studies have confirmed the caspase dependence of bcl-x disruption
induced death in immature telencephalic neurons. Bcl-x disrupted primary telencepha-
lic neurons are markedly sensitive to trophic factor withdrawal induced death (94,95).
This death is prevented by concomitant caspase-9 or caspase-3 deficiency (48,77,94,95).
p53 disruption, however, fails to affect the extent of bcl-x disruption induced-death
in vivo or in vitro (96).

The tumor suppressor retinoblastoma (Rb) has been implicated in terminal mitosis
of newly born neurons, and interestingly, Rb-deficient mice show extensive immature
neuron death similar to that observed in Bcl-xL-deficient embryos (97–99). It appears
that Rb expression is required during the transition between a neural progenitor cell
and an immature neuron, when cells become postmitotic and adopt a neuronal fate
(100). Rb-deficient mice are embryonic lethal at E14.5 as a result of hematopoietic
and neurological deficits. Cell death in Rb-deficient neurons is positive for TUNEL
and activated caspase-3 (101,102). This latter finding suggests a role for caspase-3 in
mediating Rb deficiency-induced cell death. Concomitant p53 deficiency prevents the
appearance of TUNEL positivity in the CNS of Rb mutants (101). However, increased
apoptosis in the Rb mutant CNS is not prevented by caspase-3 deficiency, suggesting
that caspase-3 activation per se is not required for cell death in this paradigm (102).

DNA repair enzymes XRCC4 and DNA ligase IV may regulate survival and cell
death of immature neurons. These enzymes are activated by double stranded DNA
breaks, a stimulus that also activates p53. An unexpected consequence of gene disrup-
tion in XRCC4 or DNA ligase IV, two molecules required following DNA recombina-
tion or DNA damage, was that migrating and differentiating cortical neurons in
deficient mice undergo massive apoptosis during development (103–105).
XRCC4-deficient immature neurons undergo apoptosis immediately after they enter
the cortical plate. This death was prevented by concomitant p53 deficiency (106,107).
The precise role of double-stranded DNA breaks during brain development is still
largely unknown, and has contributed to the debate on the relative magnitude of cell
death during nervous system development.

Summary

Although not identical to stimuli that induce programmed cell death, pathological
insults to neural precursor cell populations may have significant effects on normal brain
function. During embryogenesis, the developing brain may be particularly susceptible
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to DNA damage that may have long-term functional consequences. Furthermore, the
appreciation of neural stem cells in the adult has steadily grown, and it is likely that
alterations in neural stem cell physiology underlie the effect of pathological insults
seen in neurogenic regions of the adult brain. Pathological injury induced death in
neural precursor cells and immature neurons depends on many of the same molecules
and critical regulatory steps that control entry to programmed cell death during brain
development. The further study of both programmed and pathological cell death in
these cell populations in tandem will undoubtedly help to fill in the gaps of our under-
standing of death regulation in these important cell types.

MAGNITUDE OF CELL DEATH
IN THE DEVELOPING NERVOUS SYSTEM

It is clear that perturbation of programmed cell death pathways alters normal brain
development. However, the relative magnitude of death during nervous system devel-
opment is not agreed upon, despite considerable study. In fact, estimates of pro-
grammed cell death in the brain vary widely. Much of this controversy stems from
disparate results obtained using different apoptosis detection methods.

Overview of Cell Death Indicators

Apoptotic cells have classically been identified by cytological examination. The
appearance of condensed, pyknotic nuclei, nuclear membrane blebbing, and the pro-
duction of apoptotic bodies can be appreciated by light and/or electron microscopy.
The extensive DNA laddering seen in apoptotic cells produces DNA fragments with
free 3'-OH ends. These nick ends can be labeled by terminal deoxynucleotidyl trans-
ferase (TdT) with dUTP-conjugates. This technique, named TdT-mediated dUTP nick-
end labeling (TUNEL) has been widely used for the presumptive determination of
apoptosis in situ (8). However, TUNEL does not indicate which regulated death
pathway is activated in the labeled cells, nor is it always specific for apoptotic cell
death. A related technique, in situ end labeling plus (ISEL+), has generated relatively
high estimates of programmed cell death during development, whereas TUNEL-based
estimates have been significantly lower.

During the generation of apoptotic bodies, there is a detectable loss in plasma mem-
brane polarity leading to the exposure of phosphatidylserine on the apoptotic cell sur-
face. Phosphatidylserine receptor (PSR), located on the surface of phagocytic cells,
mediates clearance of apoptotic bodies without the inflammatory response associated
with necrosis (108,109). Exposed phosphatidylserine is bound by the protein annexin
V and can be detected using annexin V conjugates in flow cytometry and immuno-
cytochemical applications. Interestingly, a fraction of PSR-deficient mice demonstrate
exencephaly, expanded proliferative zones, and other findings reminiscent of the Apaf-1
or caspase-9-deficient phenotype (110). Although it is clear that apoptotic clearance
has a role in proper neural development, it remains to be determined how PSR-depen-
dent removal of apoptotic bodies influences death in neural precursor cells.

In contrast to the previously described methods, activated caspase detection can help
determine which specific regulated cell death pathway is engaged by apoptotic stimuli.
Many specific antibodies are commercially available and detect epitopes generated on
the cleavage and activation of a number of caspases. For example, antibodies have
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been generated that recognize specific epitopes on the p18 large subunit of cleaved
caspase-3 (78). These antibodies have greatly aided the visualization of apoptosis both
in vitro and in vivo. Since the caspase family is homologous, it is possible that certain
antibodies that claim specificity to single caspases are in fact immunoreactive to sev-
eral closely related enzymes. Although there are caveats to their use, the detection of
activated caspases is perhaps the most sensitive and specific in situ apoptosis detection
method available.

Experimental Evidence for the Magnitude of Cell Death During Development

Many reports have suggested that the magnitude of cell death in neural precursor
cells is relatively low. Biotin-conjugated annexin V staining of embryonic telencepha-
lon shows only a limited number of dispersed cells undergoing apoptosis, and activated
caspase-3 immunoreactivity is rare in the ventricular zone of mouse embryos (48,111).
A small number of pyknotic cells are seen in the mouse E12.5 ventricular zone, and
TUNEL staining of paraffin sections of embryonic E14–19 rat brain show less than
0.3–0.9% of total cells are positive in the ventricular zone (48,112). These numbers are
equivalent to results obtained by counting pyknotic nuclei in these sections, although
the lack of pyknotic nuclei does not conclusively indicate a low magnitude of cell
death (113). The sensitivity and specificity of nick end-labeling techniques varies
widely and has resulted in quite disparate estimates of neural precursor cell death.
Using the ISEL+ technique, Chun and colleagues have suggested that a large percent-
age of proliferating cells in the developing brain undergo apoptosis (114). With a care-
ful validation of the ISEL+ technique, this and subsequent studies reported that 45–75%
of cells in the ventricular zone undergo apoptosis. Cells detected by this technique
were not simply undergoing DNA synthesis, since apoptotic cells were more wide-
spread than the cells undergoing proliferation, as determined by pulse BrdU incorpora-
tion (114,115). Such a high fraction of programmed cell death challenges previous
conclusions about the magnitude of death during development.

Several alternate explanations for the results obtained with ISEL+ have been postu-
lated. ISEL+ may label transient DNA breaks in cells that have not entered apoptotic
pathways, as would be seen during DNA rearrangement. It has been hypothesized that
DNA recombination events may be required for some, currently unknown, process
during neurogenesis, akin to that seen during development of the immune system (116–
118). However, this theory is unproven, since a candidate molecule generated by
recombination, similar to T-cell receptors or immunoglobulins, has not been identified
in the nervous system. Furthermore, a locus of recombination is not obvious in the
developing brain, and gene products that generate neural recombination events have
not been isolated. It is possible that the ISEL+ technique may be greatly sensitive to
early apoptotic DNA breaks, thereby identifying a larger temporal window of cell death.
Alternatively, ISEL+ may label DNA rearrangement and/or double-stranded DNA
repair in neural precursor cells that are shortly becoming immature neurons. Without
functional end-joining proteins, such as XRCC4 or DNA ligase IV, the double-stranded
DNA breaks in these cells would not be repaired, and these cells would undergo
apoptosis shortly after maturation (103–105,118).

In total, the evidence suggests that the magnitude of cell death of neural precursor
cells is significantly less than that estimated by ISEL+ staining alone but that the death
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that does occur is extremely important for normal nervous system development.
In addition, as rapidly proliferating cell populations may be susceptible to genotoxic
injury, it is possible that programmed cell death of neural stem cells may prevent the
survival of neural precursor cells with oncogenic potential.

NEURAL STEM CELL DEATH IN THE ADULT

With the recent identification of neural stem cells in the adult brain, consideration of
regulated cell death pathways in these cells is warranted. The molecules that regulate
neural stem cell death in the embryo may not have similar functions in adult stem cell
populations for several reasons, making the studies of adult neural stem cell death path-
ways particularly exciting. First, the expression patterns of many regulatory death
molecules change during neurogenesis in the embryo. The expression levels of
apoptosis-associated molecules in adult neural stem cells are unknown but will surely
influence cell death responsiveness. Second, the microenvironment of the adult brain is
markedly different from that of the embryo, and extrinsic regulators of neural stem cell
death that are present in the embryo may be absent or altered in the adult. Furthermore,
adult neural stem cells, given their multipotency and proliferative potential, may
become oncogenic if cell death pathways are dysregulated. Finally, recent attempts at
transplantation of neural stem cells into injured or degenerating adult brain have been
hampered by a significant amount of cell death of neural stem cell grafts.

There is clear evidence for adult neurogenesis in the dentate gyrus of the hippocam-
pus and in the olfactory bulb (119–121). These neurons arise from neural stem cells in
the subgranular zone of the hippocampus and the subventricular zone of the lateral
ventricle. Recently, claims for neurogenesis in the adult neocortex have challenged the
long accepted hypothesis that cortical neurogenesis in the adult mammalian brain is
minor (122,123).

Cell Death of Newly Generated Neurons in the Dentate Gyrus

New neurons in the dentate gyrus originate in the subgranular zone, located between
the dentate gyrus and the hippocampal hilus (120). These neurons attain both morpho-
logical and functional characteristics of dentate granule neurons, and may have roles in
hippocampal memory formation or mood homeostasis. Many of these cells seem to die
soon after birth (122,124,125). In the rodent, strain-dependent factors may influence
survival of newly generated neurons in the dentate gyrus (126). The number of newly
generated neurons may be increased by cognitive tasks, but it is not entirely clear
whether this effect is due to prevention of programmed cell death or to a generalized
increase in hippocampal neurogenesis (122,127). A percentage of newly generated
neurons in the adult dentate gyrus do appear pyknotic and exposure to alcohol or nico-
tine increases pyknosis, TUNEL positivity, and activated caspase-3 immunoreactivity
in the dentate gyrus (128,129).

A significant number of reports indicate that newly generated neurons in the dentate
gyrus decrease in number over time. Many authors have suggested that this decline
may be due to death of neural stem cells. However, an analysis of the particular pro-
gram of cell death engaged by these dying cells has not, to our knowledge, been com-
pleted. It will be interesting to determine the molecular requirements for adult
hippocampal neural precursor death in both the rodent and primate.
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Cell Death of Newly Generated Neurons in the Olfactory Bulb

In the rodent, newly generated granule and periglomerular neurons in the olfactory
bulb originate in the rostral region of the lateral ventricle and migrate to the olfactory
bulb (119). This rostral migratory stream provides newly generated neurons to the
olfactory bulb, where they play roles in odor discrimination and odor memory.
The ultimate fate of these neurons is thought to be cell death, although the precise
mechanism of death is unclear (130,131). In untreated adolescent rats, apoptotic fig-
ures and TUNEL positivity have been demonstrated along the rostral migratory stream
and in laminar regions of the olfactory bulb (132,133). Significant numbers of TUNEL
positive cells are also seen in the adult subventricular zone, rostral migratory stream,
and olfactory bulb (134,135).

Neurons in the rodent olfactory bulb are dependent on sensory input for survival.
Deafferation of the olfactory receptor neurons induces a reduction of epithelial thick-
ness and cell death in the olfactory epithelium (136). This apoptotic stimulus results in
increased pyknosis in the olfactory bulb and increased TUNEL positivity in lateral
ventricle, rostral migratory stream, and the olfactory bulb, suggesting that sensory with-
drawal-induced death in these populations is apoptotic (133,137–139). Similar results
have been shown using anosmic mice, which express mutated cyclic nucleotide-gated
channels in olfactory receptor neurons (140,141). In these mice, an increase in TUNEL
positivity can be seen in the granule cell layer of the olfactory bulb (142). It is not clear
whether cell death in the olfactory bulb occurs solely in postmitotic olfactory receptor
neurons or whether neural precursor cells are also subjected to cell death in the adult.

CONCLUSIONS
The regulation of cell death in the nervous system has a great impact on many aspects

of both normal homeostasis and pathophysiology. The underutilization of cell death
may lead to developmental abnormalities or to cancer, while exacerbated cell death
may result in neurodegeneration or the loss of function following traumatic injury.
The Bcl-2 and caspase families are important for the regulation of cell death, and the
striking effect of gene disruptions in members of these families illustrate the signifi-
cant role apoptosis plays during nervous system development. A number of questions
about neural stem cell death remain, including its magnitude. It is possible that certain
neural stem cells are selected for death while others are not, but the basis of such a
selective process is unknown. Finally, the molecular regulation of neural stem cell
death is still incompletely defined and it will be critical to identify both the stimuli
inducing neural stem cell death and the intrinsic molecules involved in its execution.
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Neuronal Progenitor Cells of the Mammalian

Neonatal Anterior Subventricular Zone

Douglas L. Falls and Marla B. Luskin

INTRODUCTION

The identification of progenitor cell populations capable of producing neurons and
defining the intrinsic and extrinsic factors that regulate neuronal progenitor cell prolif-
eration have been subjects of increasing interest over the last decade. Two major rea-
sons for this emphasis are the gradual acceptance that at least some regions of the brain
generate neurons throughout life and the growing appreciation that neuronal progeni-
tor cells could be used to therapeutically treat disorders and injuries of the central ner-
vous system (CNS) (1). Despite early studies by Altman and Das (2) demonstrating
ongoing neurogenesis in the adult rodent hippocampus and olfactory bulb, it was widely
believed until recently that in primates the generation of neurons ceases in the late
embryonic or early postnatal period (e.g., ref. 3). Although it is certainly true that a
large majority of neurons are generated prenatally or in the early postnatal period,
strong evidence that new olfactory bulb neurons are produced throughout life in pri-
mates, as well as lower mammals, is discussed below, and there is also evidence of
ongoing neurogenesis in the primate hippocampus (4,5). In addition, olfactory receptor
neurons, the first-order neurons in the olfactory system, have been found to regenerate
throughout life in all vertebrates examined (6,7). Thus, the capacity, and indeed, the
fact of neurogenesis continuing throughout life in the CNS of higher, as well as lower,
mammals is now well established.

Experimentally, neurogenesis is commonly assessed by injecting a proliferation
marker—such as [3H]thymidine or the thymidine analog bromodeoxyuridine (BrdU)—
which is incorporated into genomic DNA during the S phase of mitosis, and then after
some period of time (hours to years) determining by autoradiography (for [3H]thymi-
dine) or immunohistochemistry (for BrdU) the number of cells in which the prolifera-
tion marker is co-localized with a neuron-specific marker protein such as type III
β-tubulin (often referred to as“TuJ1”). The demonstration by this method of ongoing
neurogenesis producing new neurons for the olfactory bulb, hippocampus, and olfactory
epithelium raises the question of what the characteristics are of the progenitor cell
populations that give rise to these new neurons. Populations of neural progenitor cells
that postnatally generate olfactory bulb, hippocampal, and olfactory epithelial neurons
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have now been identified (8–14). Furthermore, though under normal circumstances
neurogenesis in the adult mammalian brain appears to be limited to the generation of
hippocampal and olfactory bulb neurons, brain injury (primarily in the form of seizures
or stroke) or the administration of neurotrophic factors has also been shown to induce
production of new neurons (e.g., refs. 15–19), raising the possibility that latent, as yet
unidentified, progenitor populations capable of generating neurons exist in the mature
brain. Thus, most neurons are born prenatally, but several progenitor cell populations
are active postnatally, and in addition there may be latent progenitors called into action
by injury or other stressors.

Differences among progenitor cell populations in the CNS are revealed by the range
of cell-types each population produces. In addition to neurons, there are two classes of
macroglia in the CNS: astrocytes and oligodendrocytes. While the neuroepithelial cells
that form the walls of the neural tube and their derivatives that reside in the ventricular
zone are believed to be multipotent stem cells—that is, cells capable of self-renewal
and of generating both neurons and the two classes of macroglia—their progeny can be
progenitors with a more restricted potential. Here we refer to progenitors capable of
producing only neurons as “neuronal restricted progenitors” and to progenitors capable
of producing only glia as “glial restricted progenitors.” Others have used the similar
terms “neuronal restricted precursors” (NRPs) and “glial restricted precursors” (GRPs)
(20). To be classified as a neuronal restricted progenitor, a cell must satisfy the follow-
ing criteria: (1) it is capable of proliferating; (2) it has an absolute commitment to the
neuronal lineage—that is, even in conditions favorable for glial differentiation, after
heterotypic transplantation to a nonnative environment, or when grown in culture, it
gives rise only to neurons; and (3) it expresses a subset of neuron-specific markers
(e.g., type III β-tubulin and microtubule-associated protein-2 [MAP-2]). The neuronal
progenitors identified to date also typically express the embryonic isoform of the neu-
ral cell adhesion molecule E-NCAM, which is also known as polysialated or PSA-
NCAM. It is important to emphasize that not all neurons arise from neuronal restricted
progenitors. For example, the embryonic precursors of glutamatergic cortical neurons
are believed to express neuron-specific markers only after they have become
postmitotic (21–24), whereas, by definition “neuronal restricted progenitors” must be
capable of proliferating and at the same time express neuron-specific markers. It is of
great interest, but as yet entirely unknown, why some neurons develop via a pathway
that appears to obligatorily involve neuronal restricted progenitors whereas others
develop via a pathway that does not involve neuronal restricted progenitors.

The two best characterized populations of neuronal restricted progenitors are the
cells that give rise to olfactory bulb interneurons in the neonate and the spinal cord
neuronal restricted precursors (SC-NRPs) (20,25,26). This chapter focuses on the cells
of the neonatal forebrain anterior subventricular zone (SVZa), which give rise to the
olfactory bulb interneurons and which we argue constitute a pure population of neu-
ronal restricted progenitors. These cells are of interest both because they serve as a
model for understanding the mechanisms controlling generation of neurons that will be
integrated into already established, functional circuits postnatally and because they
themselves might be a useful source of neuronal progenitor cell transplants for use in
the treatment of neurological diseases and injury.
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In this chapter, we first provide a general description of the features of the neuronal
progenitor cells of the SVZa, which are intermediate progenitors in the lineage from
neural stem cells to differentiated neurons. We continue with a more detailed examina-
tion of the neuronal characteristics of these cells and the maintenance of these proper-
ties when the cells are transplanted. We next discuss the developmental origins and
evolution throughout life of this localized collection of neuronal restricted progenitors.
While most of the research we present utilizes a rodent model system, we then discuss data
demonstrating similar neurogenesis in primates. For the remainder of the chapter we
consider a central issue in the study of neurogenesis: the extrinsic and intrinsic factors
that regulate the cell cycle of neuronal progenitor cells. We conclude with thoughts
about future research directions for understanding how the proliferation of SVZa neu-
ronal progenitor cells is regulated.

THE NEONATAL SVZa CONSTITUTES
A DISCRETE NEUROGENIC REGION

While early studies concluded that the postnatal subventricular zone (SVZ) is pri-
marily gliogenic, a lineage analysis using retroviruses capable of expressing bacterial
β-galactosidase revealed that a specialized region of the neonatal SVZ surrounding the
anterior dorsolateral tip of the lateral ventricle—the SVZa—is composed exclusively
of neuronal progenitor cells (10). Without exception, the cells emanating from the neo-
natal SVZa were found to generate olfactory bulb neurons (10). These SVZa-derived
neuronal progenitor cells migrate along a pathway, known as the rostral migratory
stream (RMS). The SVZa is the most posterior portion of the RMS. Conversely, the
cell dense RMS may be considered an extension of the SVZ. The RMS is a continuous
band of cells which, for the purposes of discussion, can be subdivided into five parts
(listed posterior to anterior): (a) the SVZa, which overlies the anterior horn of the lat-
eral ventricle and is the most expansive portion of the RMS; (b) the vertical limb
(RMSvl), a short, curved segment partially underlying the genu of the corpus callosum;
(c) the elbow (RMSe), where the RMS changes direction from vertical to horizontal;
(d) the horizontal limb (RMShl), a thinner, linear portion; and (e) the subependymal
zone (sez), the elongated globe-shaped termination of the RMS within the core of the olfac-
tory bulb. From the sez, the SVZa-derived cells migrate radially into more superficial
regions of the olfactory bulb to become granule and periglomerular interneurons (27).

The granule and periglomerular interneurons of the olfactory bulb principally
develop postnatally. Large numbers of these neurons are generated during the first
2 wk of life (28–30). It stands to reason, therefore, that progenitors for these interneu-
rons—the SVZa cells and their progeny along the RMS—are also present in large num-
bers during this period and that there are fewer of these progenitors at earlier and later
times. The data support this inference. In the early neonatal period, large numbers of
SVZa cells and their progeny migrate toward the olfactory bulb (10,31). After the
neonatal period the SVZa and other parts of the migratory pathway are substantially
smaller (10).

In contrast to the neurogenic SVZa, retroviral lineage analysis revealed that virtu-
ally all the progenitor cells within the neonatal SVZ posterior to the SVZa give rise to
glia (mainly astrocytes) of the cerebral cortex and other forebrain structures (32; see also
refs. 33–37). We refer to this region of the subventricular zone as the SVZp. Therefore,
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the neonatal SVZ can be divided into the posterior SVZ (SVZp) containing primarily
glial progenitors of the cerebral cortex and the SVZa, which contains exclusively neu-
ronal progenitors. While there are no known neuroanatomic planes or barriers between
the neonatal SVZa and SVZp, in the neonate the diameter of the neurogenic SVZa is
several times larger than the diameter of the gliogenic SVZp (38), and this difference in
diameter can be used to guide dissection of SVZa tissue free of SVZp tissue (e.g., ref. 38).
SVZa cells isolated by such dissections have been analyzed by reverse transcriptase-
polymerase chain reaction (RT-PCR) and immunocytochemistry for the expression of
glial markers (e.g., glial fibrillary acidic protein [GFAP]). These analyses, as well as
examination of brain sections for glial markers by in situ hybridization and immuno-
histochemistry, have further substantiated the conclusion derived from lineage studies
that glial cells are virtually absent in the neonatal SVZa (38,39).

After ≈P7 in the rat, the SVZa and other parts of the RMS begin to include cells that
express glial markers (39). As the animal ages, GFAP immunoreactivity increases along
the entire rostrocaudal extent of the RMS, including the SVZa, and reaches nearly
stable expression by P21. The source of the GFAP-positive cells present after P7 is
unknown. Despite the presence of glial cells, neuronal progenitors continue to pre-
dominate in all parts of the RMS and continue to migrate to the olfactory bulb through-
out adulthood (e.g., 40,41).

The interpretation that there is a sharp division between an anterior neurogenic
region of the SVZ and a posterior gliogenic region in the neonate has been challenged
by a study of the neonatal SVZ that combined injection of high dosages of retroviral
lineage markers with videomicroscopy (42,43). The image sequences were interpreted
as showing a population of tangentially migrating cells throughout the SVZ, both ante-
rior and posterior. Although some of these tangentially migrating cells moved in a
posterior direction for a time, the ultimate fate of all was to become olfactory bulb
interneurons.

There is also not a consensus regarding the composition of the adult SVZa. Some
investigators contend that a discrete neurogenic SVZa and gliogenic SVZp do not exist
in the adult (44–46). Immunohistochemical and electron microscopic study of the adult
rodent forebrain has suggested that there is an anteriorhigh-posteriorlow gradient of
neurogenesis in the adult SVZ and that there is some neurogenesis in even quite poste-
rior regions. Furthermore, as discussed above, GFAP(+) cells can be detected in the
SVZa within 1–2 wk after birth. In the adult these astrocyte-like cells appear to serve
two roles: they form “glial tubes” through which SVZa-derived neuronal progenitors
migrate (45,47) and, they may be stem cells from which derive the neuronally restricted
progenitors that generate the olfactory bulb interneurons born past the neonatal period.
The potential role of these glial cells as stem cells is considered further below.

In summary, olfactory bulb interneurons are produced throughout life, making the
olfactory bulb a highly plastic region in the CNS. The progenitors of these neurons
continuously migrate into the bulb along a pathway referred to as the rostral migratory
stream (RMS). In the neonate, the “headwaters” of the RMS is a distinct region of the
SVZ opposed to the anterior-lateral wall of the telencephalic lateral ventricles referred
to as the SVZa. Glial markers are absent from the neonatal RMS, but after the neonatal
period glial cells, of unknown origin, appear within the RMS and may contribute to
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later olfactory bulb neurogenesis. The available evidence supports the idea that the
cells of the neonatal RMS are a pure population of neuronal progenitors. Data dis-
cussed below demonstrate that they fulfill all of the criteria for classification as
“neuronally restricted progenitors.”

CHARACTERISTICS OF THE SVZa-DERIVED
NEURONAL PROGENITOR CELLS IN VIVO AND IN VITRO

Two of the three criteria for “neuronal restricted progenitor” cells described in the
introduction are that candidate cells proliferate and that they express neuron-specific
markers while proliferating. The immature neurons arising in the telencephalic ventricu-
lar zone destined for the cerebral cortex do not fulfill the second of these criteria—they
are postmitotic before expressing neuronal cell type-specific markers—and thus they
are not neuronal restricted progenitor cells. However, the neuronal progenitor cells of
the SVZa and their progeny migrating along the RMS do express neuron-specific mark-
ers despite being mitotically active. One such marker protein is type III β-tubulin. Vir-
tually all the cells in the neonatal RMS express type III β-tubulin; and following
administration of BrdU to label proliferating cells, virtually all BrdU(+) cells in the
pathway are also type III β-tubulin(+) (48,49). Other markers characteristic of neurons
that are expressed by the SVZa progenitors include, for example, MAP-2 (50), PSA-
NCAM (51), p75 (the low-affinity nerve growth factor receptor; S. Wiegand, T. Zigova,
and M.B. Luskin, unpublished data), and a novel cell surface marker mAb-2F7, which
labels neurons and neuronal progenitor cells exclusively (52). Therefore, although
type III β-tubulin is routinely used to assess neuronal differentiation of SVZa-derived
neuronal progenitors, it is only one of several neuron-specific markers that these cells
express, and expression of this protein by SVZa-derived cells that incorporate BrdU
supports their classification as “neuronal restricted progenitor” cells.

The migration of SVZa-derived neuronal progenitor cells is the subject of active
research (53) but beyond the scope of this chapter. However, brief mention is war-
ranted. After leaving the SVZa, the SVZa-derived neuronal progenitor cells almost
never deviate from the RMS until, after reaching the sez, they migrate radially into the
neuronal layers of the olfactory bulb. Most of the migrating SVZa-derived cells exhibit
an elongated morphology with a relative long leading process and a short tail (10,54)
strikingly similar to the processes of postmitotic immature neurons migrating to the
developing cerebral cortex along radial glia (55). However, unlike these immature cor-
tical neurons, the SVZa progenitors do not migrate along radial glia (31,39). The neo-
natal SVZa-derived cells seem to provide their own substrate for migration and appear
to successively leapfrog over one another  in a process called chain migration (40,56)
by which one progenitor cell serves as a stepping stone for the adjacent cells. The rate
of migration of SVZa-derived cells in the neonatal as well as the adult RMS is signifi-
cantly faster than that of neurons migrating along radial glia (10,40; for review see 57).

The signals that confine the SVZa-derived progenitors to the RMS and direct their
migration toward the olfactory bulb may include both chemoattractant and chemo-
repellant molecules and both diffusible and membrane- and ECM-bound molecules.
Some of the candidate signals under investigation are proteoglycans (58–60), PSA-
NCAM (61–63), and slit (64,65). Like SVZa-derived neuronal progenitor cells, γ-amino-
butyric acid-ergic (GABAergic) cortical neurons migrate unguided by radial glia
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(for review, see refs. 53, 66, and 67). It is intriguing that SVZa neuronal progenitor
cells are also GABAergic and that they may share with cortical GABAergic neurons a
subpallial origin (discussed later), unlike the radial glia-guided glutamatergic neurons
of the cerebral cortex which derive from the pallial ventricular zone. These similarities
suggest the possibility that the underlying mechanisms guiding SVZa-derived neuronal
progenitor cell migration and cortical GABAergic neurons may also be similar. How-
ever, with respect to the current review, which focuses on cell cycle regulation of neu-
ronal progenitors, the most pertinent aspect of migration behavior is the fact that the
SVZa-derived progenitors exhibit a leading and trailing process, much like immature
postmitotic cortical neurons. Cortical glutamatergic neuron precursors do not exhibit
these morphological features until they are postmitotic. This raises the question of how
SVZa-derived progenitors coordinate the formation of processes with cell cycle
progression.

The development of methods for preparing pure cultures of SVZa-derived neuronal
progenitors has facilitated conducting additional analyses of these cells in vitro. Luskin
and her associates have taken advantage of the clearly identifiable neonatal SVZa to
microdissect and culture the SVZa progenitor cells for up to 1 wk (38). Characteriza-
tion of the cultures demonstrated that essentially all cells have neuronal characteristics
(e.g., type III β-tubulin+, MAP-2+, and PSA-NCAM+) at early (1 d) times in culture
and a large majority expressed these characteristics at late times in culture (8 d), though
at late times GFAP+ cells were also detected. The cultured SVZa cells incorporated
BrdU, and cells labeled for both BrdU and type III β-tubulin were detected at both
early and late times (38). Furthermore, although they continued to undergo division,
the cells in culture formed neuronal-like processes, which after approximately the ini-
tial day in culture were often more elaborate than the processes exhibited in vivo.

It is not simply sufficient to determine which neuron-specific markers SVZa cells
express. Deciphering the functional properties of these immature neurons is also nec-
essary. To date it has been shown that they express voltage-gated potassium and sodium
channels and GABA-activated chloride channels (68–70), further supporting the idea
that although they are mitotically active they have distinct neuronal characteristics.
In part these functional properties are shared with immature but postmitotic granule
neurons migrating from the external to the internal granule cell layer of the cerebellum.

All of the in vitro experiments just described were done using a culture medium
containing fetal bovine or horse serum. Experiments are being conducted in our labora-
tory now to find the optimum conditions for propagating cultured SVZa cells in serum-
free media for extended periods. The ability to grow these neuronal progenitors in
defined medium will facilitate study of the signaling proteins (“growth factors”) that
regulate their cell cycle and differentiation.

CHARACTERISTICS OF TRANSPLANTED SVZa-DERIVED
NEURONAL PROGENITOR CELLS

Data presented above demonstrates that SVZa-derived neuronal progenitors satisfy
two of the criteria for neuronal restricted progenitor cells—that is, that the cells are
proliferative and they express neuronal characteristics. The third criterion is that the
candidate cells are committed to a neuronal phenotype. Homotypic and heterotypic
transplantation experiments (27,71) using microdissected and dissociated SVZa pro-
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genitors confirm that the SVZa cells are indeed committed to a neuronal phenotype.
After homotypic transplantation into the SVZa, the phenotype and proliferative char-
acteristics of the transplanted cells (labeled with PKH26, a lipophilic dye, or with BrdU)
were identical to those of endogenous SVZa progenitors. The transplanted cells did not
express GFAP but they did proliferate, expressed neuronal cell type-specific markers
in the migratory pathway, and generated granule and periglomerular cells. To investi-
gate whether the cells maintain a neuronal phenotype in a foreign environment, SVZa
cells were transplanted into the neonatal and adult striatum (71,72). The cells
migrated away from the transplant site, dispersed widely in the striatum, and uniformly
continued to express a neuronal phenotype even several weeks after transplantation.
Preliminary analysis of their phenotype showed that the transplanted cells morphologi-
cally resembled the granule cells of the olfactory bulb and some of the cells expressed
GABA (T. Zigova and M.B. Luskin, unpublished data), the neurotransmitter primarily
expressed by the SVZa-derived cells and their progeny in the olfactory bulb. It remains
to be determined whether a subset of the transplanted SVZa cells in the striatum syn-
thesize dopamine in addition to GABA, as is the normal fate of some SVZa-derived
neurons in the olfactory bulb (73). These transplantation data complete the argument
for classifying SVZa cells as “neuronal restricted progenitors”: they proliferate while
expressing neuronal markers and are uniformly committed to a neuronal fate regard-
less of the environment. Furthermore, these transplantation experiments show that
SVZa cells are capable of migrating and differentiating in a foreign environment, char-
acteristics that may suit them for use as therapeutic transplants for treatment of neuro-
logical disease.

THE PRENATAL EMERGENCE
OF THE ROSTRAL MIGRATORY STREAM

As described later, there is evidence that the progenitors of the RMS arise from stem
cells originally located in the lateral ganglionic eminence (LGE). To determine when
and where cells comprising the RMS initially exhibit their characteristic neuronal phe-
notype and mitotic capacity, Pencea and Luskin (74) analyzed the cells of the rat fore-
brain between E14 and P2. At E14, cells with a neuronal phenotype [type III
β-tubulin(+)] were detected within the ventricular zone in close proximity to the mantle
layer (outer cellular layer) of the future olfactory bulb. By E15, cells in this location
expressing neuronal markers were also PSA-NCAM–immunoreactive (56,75) and had
become aligned in chains of similarly oriented cells, a hallmark of the postnatal RMS
(44,51). The cells that form chains organize into a patch that enlarges in the anterior–
posterior and medial–lateral dimensions from E16 to E22 (birth). By comparing the
forebrain cytoarchitecture to the pattern of cell-type specific staining, it was deter-
mined that the patch constitutes only the central part of the proximal RMS. The part of
the RMS surrounding the patch expresses PSA-NCAM and neuron-specific markers at
a level lower than the patch but still distinctly above background.

The proliferative activity of cells comprising the patch versus non-patch regions of
the RMS was analyzed using BrdU (74). From E15 to E22 the region of the patch
incorporates less BrdU than nonpatch portions of the developing RMS, indicating that
the cells of the patch have a relatively lower mitotic activity. However, around the time
of birth (P0–P1) there is some inductive activity that dramatically increases the prolif-
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erative activity of the cells within the patch such that the patch and nonpatch regions
can no longer be distinguished. Thus, the embryonic RMS consists of two parts, a
“patch” region and a surrounding “nonpatch” region, which is distinguishable from the
patch by its higher proliferative activity and somewhat lower expression of neural
marker proteins. However, by around the time of birth the patch/nonpatch organization
is replaced by homogeneous high-level expression of neuronal marker proteins through-
out the RMS and a posteriorhigh-anteriorlow gradient of BrdU incorporation. The quite
unanticipated implication of this study is that the RMS, including the SVZa, develops
independent of the cortical SVZ, which begins to form several days later than the SVZa.

THE STEM CELLS THAT GIVES RISE
TO THE NEURONAL PROGENITOR CELLS OF THE RMS

The progenitor cells of the RMS constitute a distinct population of cells in the neo-
natal brain separable from the SVZp (see earlier) and the overlying corpus callosum.
There is evidence that in the adult subventricular zone the stem cell that gives rise to
RMS progenitor cells is a GFAP-expressing cell referred to as a “B-type” cell (46).
However, the neonatal SVZa and the adult SVZ have significant differences with
respect to the expression and distribution of GFAP. In brief, a cell comparable to the
B-type cell has not been identified in the neonatal SVZa and in fact GFAP(+) cells
have not been detected in the neonatal RMS (discussed earlier). Thus, while in the
adult there may be multipotent [GFAP(+)] stem cells resident in the SVZ, such cells do
not appear to be present in the neonatal SVZa.

Several studies now suggest that the stem cells from which the RMS progenitor cells
initially arise reside in the LGE (for review, see 53 and 67). Using ultrasound guided
injection of retroviral lineage markers, Wichterle et al. (76) showed that at mid-embry-
onic stages (E12.5–14.5), LGE-derived cells migrate profusely to the olfactory bulb.
The stem cells in the LGE are likely to be radial glia or radial glia-derived since in vitro
ablation of GFAP+ cells eliminates stem cells in SVZ cultures (77) and since a cre/lox-
based lineage tracing technique for marking radial glia and their descendants indicated
that all forebrain neurons derive from radial glia (78; note, however, that a specific
assessment of olfactory bulb neurogenesis was not reported in this article). It has been
proposed that “while radial glia serve as progenitors for all neuronal classes, genera-
tion of interneuron populations throughout the brain may require the establishment of
secondary proliferative zones as a necessary step in their development” (78). Thus, the
possibility that radial glia of the LGE are the ultimate source of the RMS progenitors
cannot be excluded.

THE PRIMATE RMS IS ANALOGOUS TO THE RODENT RMS

Most studies of the postnatal production of olfactory bulb interneurons have exam-
ined this process in rodents. Investigators have designed studies to determine whether
the SVZ of the postnatal primate forebrain, like the rodent, also harbors a specialized
population of neuronal progenitor cells surrounding the lateral ventricles with the
capacity to divide while they migrate. Olfactory bulb neurogenesis has now been
examined in rhesus monkeys ranging in age from 2 d to 8 yr (50), adult Rhesus mon-
keys (79), and adult squirrel monkeys (80). As is typically done in rodent studies, the
living primates were injected with BrdU to label newly born cells and the tissue was
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later harvested and double- or triple-labeled using antibodies to BrdU and to neuron- or
glial-specific proteins—for example, anti-neuron-specific type III β-tubulin (TuJ1) or
anti-MAP-2 to identify neurons and anti-GFAP to identify glia. From birth onward the
distribution of BrdU(+) cells with a neuronal phenotype in primates is largely overlap-
ping and highly analogous with that of the rodent (50). Similar to the rodent RMS, the
neuronal progenitors are most numerous in neonates. The cytoarchitectonic arrange-
ment and appearance of the neuronal progenitor cells is quite varied in the primate
compared to the rodent; but, like the rodent, in some locations the cells are aligned in
parallel arrays resembling the neuronal chains of the adult rodent RMS (45,51,81).
Much as in the rodent brain, the chains are progressively more pervasive in older pri-
mates. Furthermore, akin to the RMS of the adult rodent (45,47), in the primate RMS,
including the region that is analogous to the rodent SVZa, astrocytes form long tubes
enveloping the chains of neuronal progenitors and there are clusters of proliferating
neurons at all ages (50). Thus, throughout life, a distinct part of the primate SVZ, con-
tiguous with the RMS, contains a prolific source of neuronal progenitor cells. This
suggests that the primate olfactory bulb also acquires newly generated neurons through-
out life and that the mechanisms that regulate neurogenesis in the rodent may also
apply to the primate.

Based on the evidence demonstrating similar organization and postnatal production
of olfactory bulb neurons in rodents and nonhuman primates, it might be expected that
the structural and functional features of olfactory bulb neuron production would also
be similar in humans. Indeed, our preliminary data indicates that this is the case in
neonatal humans (V. Pencea and M. B. Luskin, unpublished data). However, although
there is evidence of ongoing neurogenesis in the SVZ in adult humans, a defined RMS
has not been observed in adult human brain (82). Taken together the primate studies
described here demonstrate close parallels in the ongoing generation of rodent olfac-
tory bulb neurons and primate olfactory bulb neurons (though there may be some struc-
tural differences in adult humans), just as there are parallels between neurogenesis
in the rodent hippocampus (83 and references therein) and human hippocampus (4).
Furthermore, the identification of an RMS in primates, including humans, advances
the prospects for harvesting RMS cells and transplanting these harvested cells to treat
human neurological disease.

INTRINSIC CONTROL OF SVZa-DERIVED
NEURONAL PROGENITOR CELL PROLIFERATION
BY THE CELL CYCLE INHIBITOR P19INK4D

The discovery of neuronal progenitor populations in the postnatal brain and the
potential that such progenitors might be harnessed to replace neurons lost in neurologi-
cal diseases has spurred interest in understanding the factors that regulate the prolifera-
tion, survival, and differentiation of these progenitors. For the remainder of this chapter
we now consider what is known regarding the control of SVZa-derived neuronal pro-
genitor cell proliferation. Whether a neuronal progenitor cell proceeds through the
mitotic cycle and undergoes division or whether it becomes permanently postmitotic
depends on its history and on pro- and antiproliferative signals it receives from its
environment. We divide the control mechanisms involved into two categories: (1) intra-
cellular regulators directly involved in cell cycle progression, which we refer to as
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“intrinsic controls” and (2) extracellular signals (including diffusible, membrane bound
and ECM bound), which we refer to as “extrinsic signals.” In the current section we
discuss one family of intrinsic signals which are believed to regulate the cell cycle of
SVZa-derived neuronal progenitors. In the two subsequent sections, we discuss cell-
cell signaling proteins that regulate proliferation of SVZa-derived neuronal progenitors.

SVZa-derived neuronal progenitor cells express neuron-specific proteins and extend
processes without becoming postmitotic (38,48), unlike the progenitor cells of the
embryonic telencephalic ventricular zone, which give rise to the neurons of the cere-
bral cortex (22–24). This property of SVZa cells prompted us to examine whether they
regulate their cell cycle in a fashion different from that of other CNS progenitor cells.
Our strategy was to look at the expression pattern of proteins, the cyclin-dependent
kinase inhibitors (CDKIs), whose expression usually commences when a cell is
becoming postmitotic.

The CDKIs are regulators of the central cellular machinery controlling progression
through the cell division cycle. In essentially all dividing cells the cell cycle is com-
prised of four phases: G1, S, G2, and M (where G = gap, S = synthesis, and M = mito-
sis). During S phase the cell duplicates its genomic DNA. On entering S phase, the cell
is generally irreversibly committed to undergoing division. For all proliferating cells,
extracellular and intracellular signals integrate at the G1–S transition (“checkpoint”) of
the cell cycle to control whether a cell divides or becomes postmitotic (84). The cyclin-
dependent kinases CDK4 and CDK6 are instrumental in the progression from G1 to
S phase (85). Conversely, CDK inhibitors (CDKIs) negatively regulate CDKs to block
the cell cycle at the G1 phase.

As a first step to investigating whether the expression pattern of CDKIs, and in
particular one of the seven known CDKIs, p19Ink4d, along the RMS can account for the
unusual proliferative behavior of SVZa neuronal progenitor cells—that is, dividing
after expressing the differentiation characteristics of immature neurons—Coskun and
Luskin (49) analyzed the spatial–temporal expression pattern of p19Ink4d by the cells of
the rat neonatal RMS and compared it to the expression pattern by cells of the develop-
ing cerebral cortex (for review see refs. 86 and 87). Their data confirmed and extended
the study of Zindy et al. (88) demonstrating that as a cell in the developing telencepha-
lon exits the cell cycle en route to the cortical plate, it expresses the CDKI p19Ink4d.
This suggests that CDKIs, and specifically p19Ink4d, are involved in the control of neu-
ronal proliferation and maintaining cortical cells in the postmitotic state.

Analysis of p19Ink4d immunoreactivity in the RMS revealed that it is unlike the
developing cerebral cortex. SVZa-derived cells exhibit a posteriorlow-anteriorhigh gra-
dient of p19Ink4d expression along the RMS: p19Ink4d expression is nearly absent in the
SVZa and highest in the subependymal zone (sez), the most anterior portion of
the RMS and the portion from which SVZa-derived cells migrate radially to become
postmitotic, mature neurons of the olfactory bulb. Conversely, cell proliferation, mea-
sured by BrdU incorporation, is highest in the SVZa (most posterior portion of the
RMS) and lowest in the sez. This pattern of p19Ink4d and BrdU expression leads to
the predictions that (1) few cells withdraw from the cell cycle in the SVZa, (2) steadily
more withdraw as their migration brings them closer to the olfactory bulb, and (3) p19Ink4d

plays a role in cell cycle withdrawal.
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To further investigate the role of the CDKI p19Ink4d, Coskun and Luskin (49) deter-
mined the timing of p19Ink4d expression by the SVZa-derived cells in the RMS relative
to the S phase of the mitotic cycle. For these experiments, the proliferation marker
BrdU was administered to neonatal rat pups at 3 and 9 h before perfusion and subse-
quently expression of p19Ink4d by the BrdU(+) cells along the RMS was examined. The
rationale for harvesting the rats 3 or 9 h after BrdU injection was based on the fact that
the cell cycle time in the neonatal RMS is 14–17 h (89). Thus, for rats perfused 3 h after
BrdU administration, cells in S phase at the time of BrdU injection would likely be in
G2 phase; whereas, for animals perfused 9 h after BrdU administration, cells in S phase
at the time of BrdU injection would likely have passed through mitosis and the daugh-
ters of that division would be in G1.

A strikingly different result was exhibited by the cells along the posterior–anterior
(caudal–rostral) axis of the RMS as a function of time post–BrdU administration. At 3 h
following BrdU administration, very few SVZa-derived cells along the RMS co-local-
ize BrdU and p19Ink4d. However, 9 h post-BrdU administration a significant fraction of
the BrdU(+) cells along the RMS, and most notably in the sez, are immunoreactive for
both BrdU and p19Ink4d. Based on these findings, Coskun and Luskin (49) hypoth-
esized that SVZa-derived cells in the RMS successively down-regulate their p19Ink4d

expression prior to undergoing each division. They further conjectured that this cyclic
up then down regulation of p19Ink4d may enable these cells to repeatedly exit and
re-enter the cell cycle. Once the SVZa-derived cells depart from the sez, destined for
the granule cell and glomerular layers of the bulb, they no longer incorporate BrdU and
they express p19Ink4d, indicating that when SVZa-derived cells migrate to their final
positions, they are terminally postmitotic. In summary, Coskun and Luskin (49) and
others (88,90) have demonstrated that once the immature neurons of the prenatal telen-
cephalic ventricular zone destined for the cerebral cortex begin to express p19Ink4d,
they differentiate and become permanently postmitotic. In contrast, Coskun and Luskin
(49) propose that SVZa-derived cells in the RMS undergo repeated rounds of p19Ink4d

up-regulation and differentiation and then p19Ink4d down-regulation and dedifferentia-
tion followed by division.

p19Ink4d is unlikely to be the only CDKI involved in regulating cell cycle progres-
sion and withdrawal of SVZa-derived neuronal progenitor cells. There are two families
of CDKIs: the Ink4 proteins and the Cip/Kip proteins. Doetsch et al. (91) examined
olfactory bulb neurogenesis in adult mice with a targeted mutation that prevented them
from producing active p27Kip1, a CDKI of the Cip/Kip family. In these mice there was
both increased proliferation of olfactory bulb interneuron progenitors and increased
apoptosis. Coskun and Luskin (unpublished data) have found that p27Kip1 is expressed
along the posterior–anterior axis of the neonatal RMS, especially in the sez (anterior)
portion of the RMS, suggesting that p27Kip1 may regulate olfactory bulb neurogenesis
in the neonate as well. It should be noted, however, that Doetsch et al. (91) interpret
their data as showing an effect on “C-type” cells of the adult, which are concentrated
around the ventricles and are not found in the sez (45), so the distribution of p27Kip1

observed by Coskun and Luskin in the neonate may reflect a different p27Kip1 function
than that detected by Doetsch et al. (91). Specifically, given its concentration in the
sez, p27Kip1 may be involved in converting the cycling progenitors of the RMS to per-
manently postmitotic neurons of the olfactory bulb.
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Taken together the data on CDKI expression patterns and the effects of targeted
mutations indicate that both p19Ink4d and p27Kip1 regulate cell cycle progression of
SVZa-derived neuronal progenitor cells. The opposing gradients of p19Ink4d and BrdU
expression along the RMS may reflect a role of p19Ink4d in controlling repeated differ-
entiation/dedifferentiation of SVZa-derived neuronal progenitors as they divide while
migrating along the RMS; whereas the concentration of p27Kip1 in the sez, the region of
the RMS from which permanently postmitotic daughters of SVZa-derived neuronal
progenitors migrate radially into the layers of the olfactory bulb, may reflect a role of
p27Kip1 permanent in cell cycle exit.

EXTRINSIC CONTROL OF SVZa-DERIVED
NEURONAL PROGENITOR CELL PROLIFERATION
BY BMP SIGNALING PROTEINS

Coskun et al. (92) investigated whether the bone morphogenetic proteins (BMPs)
expressed by the neonatal RMS control when and where SVZa-derived cells undergo
cell cycle arrest. BMPs, a group of cytokines of the transforming growth factor-β
superfamily, were selected for study because in some neural systems they play regula-
tory roles, in a cell type-specific manner, in the control of proliferation as well as in cell
fate decisions (25,93,94). For example, in cultures of neocortical ventricular zone cells,
BMP4 increases the number of cells expressing the neuron-specific markers MAP-2
and neuron-specific type III β-tubulin (recognized by the antibody TuJ1) and expres-
sion of a dominant negative BMP receptor blocks migration and process formation of
ventricular zone cells (95). However, in cultured progenitor cells from the postnatal
striatal SVZ, BMP2 or 7 treatment leads to the cessation of cell proliferation and induc-
tion of astrocyte differentiation (96–98). In another study Yamato et al. (99) showed
that in mouse hybridoma cells, BMPs act directly on the CDKI p21Cip1 to induce
apoptosis or cell cycle exit. Therefore, BMPs can promote cell cycle exit, and in
some contexts BMPs promote neuronal differentiation while in other contexts they
promote glial differentiation.

To investigate whether BMPs regulate the proliferation and/or differentiation of
SVZa-derived neuronal progenitor cells, Coskun et al. (92) altered the expression of
the BMP receptor subtype Ia (BMPR-Ia) using retroviral-mediated gene expression.
To augment BMP signaling, a replication-deficient retrovirus encoding the wild-type
BMPR-Ia was injected into the neonatal SVZa. The virus was also engineered to
express human alkaline phosphatase (AP), which allowed specific identification of
the progeny of infected cells. The striking result was that the cells overexpressing the
BMPR-Ia continued to exhibit a neuronal phenotype but essentially all became
p19Ink4d(+) even though p19Ink4d is normally not detected in the SVZa. To block BMP
signaling, a similar replication-deficient retroviral vector was constructed, but this vec-
tor caused expression of a dominant negative form of the BMPR-Ia. Eight days follow-
ing infection with this virus, the progeny of infected cells had migrated to the sez, the
terminal region of the RMS and an area where a large proportion of the cells normally
express p19Ink4d. However, expression of p19Ink4d by infected (dominant negative
BMPR-Ia expressing) cells within the sez was not observed. These findings suggest
that BMP signaling is sufficient and necessary to induce p19Ink4d expression in SVZa-
derived neuronal progenitor cells in vivo.
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In addition to regulating cell cycle progression, BMP signaling appears to have a
second role in olfactory bulb neurogenesis: influencing the differentiation along the
gliogenic vs neurogenic pathway in the adult. Lim et al. (100) found that BMPs acted
on SVZ stem cells (“B-type” cells) to promote gliogenesis, whereas noggin, an inhibi-
tor of BMPs, promoted neurogenesis by SVZ stem cells. If BMPs have a similar func-
tion in the neonate, they must act at an earlier stage in the lineage of olfactory bulb
interneurons than the neuronal progenitors of the SVZa since, as described above,
increasing BMP signaling did not alter the neuronal commitment of these cells.
In summary, the consequence of altered BMP signaling may depend on the stage in the
lineage of olfactory bulb neurons receiving the signal: when acting on stem cells (early
stage in the lineage) the effect of BMPs may be to promote gliogenesis, but when
acting on SVZa-derived neuronal progenitors (late stage in the lineage) the effect may
be to inhibit cell cycle progression or promote cell cycle exit via action on p19Ink4d.
In future studies we will directly test this second role by examining the effects of BMP
signaling pathway activation and inhibition on the proliferation of neonatal SVZa-
derived neuronal progenitor cells in vivo and in vitro.

EXTRINSIC CONTROL OF SVZa-DERIVED
NEURONAL PROGENITOR CELL PROLIFERATION
BY THE NEUROTROPHIN BDNF

Spurred by culture results demonstrating that the growth and differentiation factors
bFGF and EGF have neurogenic properties, several investigators have attempted to
induce neuronal proliferation in the postnatal brain by the intraventricular administra-
tion of these proteins. Infusion of bFGF or EGF into the lateral ventricles (12,15,101–
104) or even peripherally (15,102) in rodents leads to proliferation in the striatal SVZ;
however, astroglia seem to be preferentially generated by treatment with these trophic
factors (15,102). The finding that BDNF increased the number of neurons within
neurospheres (105), and evidence that p75, a low affinity receptor for neurotrophins,
including BDNF, was highly expressed by cells of the RMS (S. Wiegand, T. Zigova
and M. B. Luskin, unpublished data), and previous studies showing that in vitro BDNF
promoted the neuronal differentiation or survival of SVZ progenitor cells (37,105,106)
prompted Zigova et al. (17) to assess the effects of BDNF in vivo. As our focus in prior
sections has been on studies of neurogenesis in the neonate, it is worthwhile emphasiz-
ing that these studies were conducted on adult rats. BDNF was infused into the right
lateral ventricle of adult rat brains for twelve days in conjunction with either the intra-
ventricular infusion or intraperitoneal injection of the cell proliferation marker BrdU,
and BrdU immunohistochemistry was used to monitor the production of new cells.
Significantly more BrdU-labeled cells in the RMS and olfactory bulb were observed on
the BDNF-infused side than in the RMS and olfactory bulb of PBS-infused control
animals. Using double-labeling with cell type-specific markers for neurons or glia, in
conjunction with anti-BrdU, Zigova et al. (17) determined that the preponderance
(>90%) of the newly generated cells in the RMS and postmitotic layers of the olfactory
bulb on the BDNF-infused side of the treated rats were neurons and fewer than 5%
were glia. Benraiss recently demonstrated that adenoviral delivery of BDNF also
induces new neurons in the RMS (107), a finding consistent with the results of the
Zigova et al. (17) study. Moreover, Zigova et al. (17) demonstrated that trkB, the high-
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affinity tyrosine kinase receptor for BDNF, was heavily expressed by the RMS, includ-
ing the SVZa. These results demonstrate that the generation and/or survival of new
neurons in the adult brain can be increased substantially by the infusion of BDNF.
Furthermore, the results support the idea that the SVZ, and in particular the SVZa, may
constitute a reserve pool of progenitor cells available for neuronal replacement in the
diseased or damaged brain.

SUMMARY AND FUTURE DIRECTIONS

Evidence has been presented supporting the ideas that SVZa-derived neuronal pro-
genitor cells are true “neuronal restricted progenitors,” that these cells have a different
origin from the progenitors in the part of the SVZ posterior to the SVZa, that there are
similar populations of SVZa-derived neuronal progenitors in rodents and primates, that
SVZa-derived neuronal progenitors continue to proliferate and to produce neurons
throughout life, and that the production of SVZa-derived neuronal progenitors can be
enhanced by experimental manipulations. Three mechanisms implicated in controlling
the proliferation of these cells have been discussed: intrinsic control via the cyclin-
dependent kinase inhibitors (CDKIs), and extrinsic control by the cell–cell signaling
proteins bone morphogenetic proteins (BMPs) and brain-derived neurotrophic factor
(BDNF). The evidence described suggests that BMP inhibits proliferation by increas-
ing the amount of the CDKI p19Ink4d.

Future studies will directly test the hypothesis that BMPs acting through p19Ink4d

inhibit the proliferation of SVZa-derived neuronal progenitors and will further exam-
ine the in vivo roles of BMPs and BDNF in regulating proliferation of these progeni-
tors. Strong, but indirect, evidence suggests that SVZa-derived neuronal progenitors
repeatedly divide after having differentiated, as evidenced by production of neuron-
specific proteins and by the in vitro extension of neuronal processes (38). Ongoing
studies are directly testing the hypothesis that these cells dedifferentiate prior to each
division and then redifferentiate following each division. If this hypothesis is supported,
defining the mechanisms regulating this cyclic dedifferentiation will provide novel
insights into the control of the neuronal cell cycle and of neuronal differentiation. Such
understandings will contribute to development of strategies for neural repair.
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Glial Restricted Precursors

Mark Noble and Margot Mayer-Pröschel

The most numerous of the cells of the central nervous system (CNS) are the glia.
These cells, which include the myelin-forming oligodendrocytes of the white matter
and the ubiquitous astrocytes, play many roles in normal development and in disease.
A subject of study since the time of del Rio de Hortega, a great deal of knowledge has
been obtained regarding the development and function of these cells. Nonetheless, it
must be recognized that we are still far from having a comprehensive understanding of
the origins and biology of the glia. The extent to which our knowledge is still in its
early stages is reflected in the often inadequate nomenclature with which to discuss the
complexity already believed to exist.

In the context of developmental pathways, far the better understood of the glia is the
oligodendrocyte, which is generally thought of as having the sole function of
myelinating CNS axons. Such a view of this cell is certainly an oversimplification, for
oligodendrocytes have multiple effects on neurons (discussed further in ref. 1).
For example, it has long been known that association of axons with oligodendrocytes
has profound physical effects on the axon, and is associated with substantial increases
in axons diameters. Animals in which oligodendrocytes are destroyed (e.g., by radia-
tion) or defective (as in animals lacking proteolipid protein) show substantial axonal
abnormalities (2,3). In addition, axonal damage, leading eventually to axonal loss, may
also occur in multiple sclerosis (4).

One of the dramatic effects of oligodendrocytes on axons is to modulate axonal
channel properties. During early development, both Na+ and K+ channels are distrib-
uted uniformly along axons, but become clustered into different axonal domains coin-
cident with the process of myelination (5,6). Na+ channels specifically become
clustered into the nodes of Ranvier, the regions of exposed axonal membrane that
lie between consecutive myelin sheaths. K+ channels, in contrast, become clustered in
the juxtaparanodal region. It has become clear from multiple studies that Schwann
cells in the peripheral nervous system, and oligodendrocytes in the CNS, play instruc-
tive roles in the clustering of axonal ion channels (5–8).

While the study of trophic support derived from oligodendrocytes is still in its
infancy, an increasing number of interesting proteins have been observed to be pro-
duced by these cells. For example, insulin-like growth factor I, nerve growth factor,
brain-derived neurotrophic factor, and neurotrophin-3 and neurotrophin-4/mRNAs
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and/or protein have been observed by in situ hybridization and via immunocytochemi-
cal studies in oliogdendrocytes (9–11). Consistent with the idea that there might be
trophism-related differences in oligodendrocytes from different CNS regions, it does
appear that there is regional heterogeneity in the expression of these important proteins
(12). Still other proteins that have been suggested to be produced by oligodendro-
cytes include neuregulin-1 (13–16), glia-derived neurotrophic factor (17), fibroblast
growth factor-9 (FGF-9) (18), and members of the transforming growth factor-β (TGF-
β) family (19,20). Many of the factors that oligodendrocytes appear to produce have
been found to influence the development not only of neurons, but also of oligodendro-
cytes themselves. Thus, it may prove that one of the functions of oligodendrocytes is to
produce factors that modulate their own functions.

Oligodendrocytes and the precursor cells from which they are derived are also of
great interest due to their vulnerability to a wide range of insults, leading to neurologi-
cal problems associated with failure of normal impulse conduction. Dysmyelination
(a failure of normal myelin production) occurs in such syndromes as hypothyroidism,
iron deficiency, and generalized nutritional deficiency. Demyelination (a destruction
of existing myelin) is seen in association with such traumatic injuries to the CNS as
hypoxic birth insults, in multiple leukodystrophies, in all instances of traumatic injury
to the CNS, and many chronic degenerative diseases. As enwrapment of projection
axons with myelin sheaths is essential for their normal impulse conduction, dysmyelina-
tion and demyelination are both associated with profound neurological consequences.
In addition, multiple physiological stressors appear to be associated with both
dysmyelination and demyelination.

Astrocytes are at least as important as oligodendrocytes, and play a wide range of
roles in the CNS, including providing trophic factor support, neurotransmitter uptake
and inactivation, induction of the blood–brain barrier, substrates for axonal outgrowth,
production of mitogens and inducers of differentiation, and even perhaps participating
in antigen presentation to cells of the immune system. In contrast with oligodendro-
cytes, however, very few studies have been carried out on precursor cells restricted to
the generation of astrocytes. Thus, this class of precursor cell is considered at the end
of this chapter, but the primary focus is on the much more extensively studied ancestry
of oligodendrocytes.

OLIGODENDROCYTE TYPE-2 ASTROCYTE PROGENITOR CELLS

The steps involved in the generation of oligodendrocytes have been analyzed in a
detailed manner that far exceeds that for neurons and astrocytes. Indeed, studies on
oligodendrocyte development are sophisticated enough to have allowed the asking of a
variety of questions in developmental biology that have not been possible with any
other cell type.

The key turning point in cellular biological analysis of the origin of oligodendro-
cytes came with the identification of a bipotential progenitor cell in cultures of optic
nerve (21) that can differentiate in vitro into an oligodendrocyte or into a particular
kind of astrocyte (called the type 2 astrocyte [22]). Numerous studies have confirmed
the ability of these precursor cells to generate oligodendrocytes following transplanta-
tion (e.g., refs. 23–25), although it remains unknown whether there are circumstances
in which the potential of these cells to generate astrocytes is utilized in vivo (26,27).
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This uncertainty led to the use of two names for these cells, one being the oligodendrocyte
type 2 astrocyte (O-2A) progenitor cell (to reflect the cells’ developmental potential) and
the other name being the oligodendrocyte precursor cell (OPC, to reflect the clear
importance of this cell in oligodendrocyte generation). As both names are reflective of
important properties of this cell, we use the combined abbreviation of O-2A/OPC. O-2A/
OPCs have been isolated from many different regions of the CNS and from multiple species.

It is difficult to understate the extent to which the ability to study a defined precursor
cell population revolutionized studies on oligodendrocyte development, as well as
providing insights into problems of much broader relevance. In vitro studies on
O-2A/OPCs have been essential in identifying signaling molecules that promote divi-
sion, survival, migration and differentiation in this lineage (e.g., refs. 28–34). They
have led to the identification of vulnerabilities of these cells that may be of critical
importance in understanding multiple pathological conditions, including such diverse
situations as multiple sclerosis, spinal injury, leukomalacia in premature babies, lacu-
nar infarcts, and multiple nutritional and hormonal deficiency disorder (as discussed
later in this chapter). Studies on cells of the oligodendrocyte lineage have also pro-
vided insights into such general problems as the role of redox function in modulating
precursor cell function (35), the relationship between histone deacetylation and both
biochemical and morphological differentiation (36) and the effects of toxicant expo-
sure on precursor cell function (37,38).

In vitro studies on O-2A/OPCs also provided some of the antigenic markers crucial
to studying the early development of oligodendrocytes and their ancestors in vivo, thus
enabling the discovery that ancestors of oligodendrocytes appear to arise at specific
times in distinct regions of the ventral spinal cord or brain. Genes (or proteins) that
have been studied as specific markers of progression along an oligodendrocyte path-
way in the spinal cord include the platelet-derived growth factor receptor-α (PDGFR-α)
(39,40), the receptor for the major O-2A/OPC mitogen PDGF-AA (28,34); the enzyme
2',3'-cyclic nucleotide 3'-phosphodiesterase; and DM20, an isoform of the major myelin
proteolipid protein (PLP) gene (41,42). In the avian spinal cord, antigens recognized
by the monoclonal antibody O4 (43) also define a discrete ventral ventricular location
of oligodendrocyte precursors (44–46). The most extensively studied of these markers,
PDGFRa, is first seen in the developing rat spinal cord at E14 -E14.5 (40).

The discovery that putative ancestors of oligodendrocytes arise in discrete regions
of the CNS has proven to be a central foundation stone of many further studies on the
earliest stages of oligodendrocyte development in vivo. These observations—gener-
ally analyzed in conjunction with in vitro studies—have led to the identification of
roles of particular signaling molecules, such as sonic hedgehog (Shh), in induction of
oligodendrocyte generation. As discussed later, this localized generation of cells
thought to give rise to oligodendrocytes has also been of critical importance in analysis
of transcriptional regulation of differentiation along this pathway.

REGULATION OF OLIGODENDROCYTE GENERATION
FROM DIVIDING O-2A/OPCS INVOLVES
AT LEAST THREE DISTINCT PROCESSES

The process by which O-2A/OPCs generate oligodendrocytes has been the subject
of extensive analysis. Of particular importance in such research has been the fact that
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O-2A/OPCs can be readily grown in vitro as a purified cell population and in indi-
vidual clones (32,47,48). Studies on this lineage also benefit from the fact that the
bipolar morphology of O-2A/OPCs and the multipolar morphology of oligodendro-
cytes is sufficiently distinct that it is possible to identify each of these cell types by
visual inspection, thus allowing detailed clonal analysis of differentiation to be readily
carried out.

Initial studies on the generation of oligodendrocytes from dividing O-2A/OPCs sug-
gested that this differentiation process was controlled by a cell-intrinsic program that
causes all clonally related cells to undergo differentiation in a synchronous and sym-
metric manner (49). It now seems likely, however, that this symmetric clonal differen-
tiation was the outcome of conducting experiments in the presence of both type 1
astrocytes and thyroid hormone (TH) (47,48,50), and did not reflect the O-2A/OPCs
most fundamental differentiation characteristics. We now know that these conditions
are highly potent inducers of oligodendrocyte generation and cause what is basically
an asymmetric system to read out as though the differentiation pattern were symmetric.

It currently appears that three distinct stages of oligodendrocyte generation can be
recognized. The initial generation of oligodendrocytes seems to be controlled by a cell-
intrinsic clock that, in a still unknown manner, causes dividing progenitor cells to begin
to generate oligodendrocytes with a highly stereotyped timing. For example, in cul-
tures derived from brain or optic nerve of embryonic rats of a variety of ages, the first
oligodendrocytes appear at a time equivalent to the date of birth of the rat, the same
time at which oligodendrocytes first appear in vivo in these tissues (51,52). This appro-
priately timed initial generation of oligodendrocytes is a robust phenomenon that has
been observed in a variety of conditions, including in high-density cultures from brain
or optic nerve grown in medium supplemented with fetal calf serum (FCS) (51), and in
high- or low-density cultures supplemented with medium conditioned by type 1 astro-
cytes or with PDGF (47,53,54).

One of the most remarkable features of the initial generation of oligodendrocytes is
that it is a highly asymmetric process (47). Clones of O-2A/OPCs derived from the
brains of E15 rats induced to divide by exposure to PDGF will generate their first
oligodendrocytes after 6 d of in vitro expansion. The percentage of oligodendrocytes
generated per clone varies over a broad range, but in the great majority of clones repre-
sents <30% of the total cells and in many clones represents <10% of the total cells.
There is little correlation between the size of the clone and the extent of oligodendro-
cyte generation that occurs, with some clones at this time containing fewer than 15 cells
and others more than 300 cells. We interpret such an outcome to mean two things.
First, the timer that controls initial oligodendrocyte generation does not count cell divi-
sions but instead actually measures time in some manner. This interpretation is based
on the fact that clones of 15 cells or less would have undergone four divisions and
those with 300 cells or more would have undergone nine or more divisions, yet both
types of clone, and all other sizes of clone, exhibit a high probability of generating their
first oligodendrocytes with a highly stereotyped timing. For example, in our own
experiments (47), 60% of clones generated their first oligodendrocytes at a time equiva-
lent to the date of birth of the rat, with virtually no clones generating any oligodendro-
cytes even 1 d earlier. The idea that the clock in these cells measure some aspect of
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elapsed time rather than the number of cell divisions is also supported by subsequent
studies (55). The second conclusion we draw is that the mechanism that causes oligo-
dendrocyte generation is hard-wired to the extent that it can be “activated” nine divi-
sions in advance (e.g., in those clones containing 300 or more cells) but is encoded in
such a manner that the actual penetrance (i.e., the extent of differentiation) is asymmet-
ric over a broad range. At present, no known molecular mechanism would account for
a process that is temporally regulated with such precision yet allows for such a range of
asymmetry and variability at the level of individual clones.

Detailed analysis of oligodendrocyte generation in individual clones of O-2A/OPCs
isolated from embryonic rat brain or postnatal optic nerve indicates that once oligoden-
drocyte generation is initiated within a clone, a second process is initiated in which the
balance between self-renewal and differentiation is modulated by environmental sig-
nals (47). During this second period, O-2A/OPCs (isolated from optic nerves of post-
natal rats and induced to divide by PDGF) exposed to certain signaling molecules
(e.g., neurotrophin-3 [NT-3] or bFGF) tend to undergo self-renewing divisions in which
progenitor cell expansion is dominant over differentiation. In contrast, exposure to other
signaling molecules (e.g., TH or CNTF) promotes the generation of oligodendrocytes
and reduces self-renewal (47,48,50). The extent of plasticity that it is possible to achieve
is impressive and can range from induction of differentiation of most cells within a
clonal family within only a small number of divisions (47–49) to the almost complete
suppression of differentiation and continuous promotion of self-renewal for many
weeks (56).

In the third stage of oligodendrocyte generation, cell-intrinsic mechanisms appear to
cause dividing progenitor O-2A/OPCs to differentiate either into oligodendrocytes or
into a second generation of O-2A/OPCs progenitor cells with properties more appro-
priate for the physiologic requirements of the adult CNS (57), as discussed later in this
chapter. The cell-intrinsic timing of differentiation in this third stage is not absolute,
however, and can be environmentally overridden, for example, by continuous expo-
sure to PDGF + bFGF (56).

Studies on differentiation in the O-2A/OPC lineage provide a very different view of
cellular aging than is derived from studies on cellular senescence. As the O-2A/OPC
derived from optic nerves of perinatal rats goes through its continuing cell cycles,
it does not appear to reach a stage where division is no longer possible. Instead, rapidly
dividing cells from late embryos intrinsically mature into the less rapidly dividing cells
of the postnatal animal (58), which themselves give rise to the slowly dividing adult
progenitor cells that will be discussed in detail later (57,59). Thus, the transition that
occurs with continued division of O-2A/OPCs in vitro is very different from that which
occurs in, for example, dividing fibroblasts, which reach a point (termed senescence) at
which they no longer divide at all. Aging in the O-2A/OPC lineage is associated instead
with the emergence of a new population of precursor cells with fundamentally differ-
ent properties, including a much slower cell cycle length. Such results give strong sup-
port to the view that maturational processes associated with aging of precursor cells
include biologic alterations that may prove far more subtle than, for example, telomere
shortening.
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IDENTIFICATION OF THE TRIPOTENTIAL GRP CELL
AS AN EARLY GLIAL PRECURSOR CELL THAT ALSO GIVES RISE
TO OLIGODENDROCYTES

Cellular biological studies on the earliest events in spinal cord development have led
to the identification of a second glial precursor cell that also appears to be a crucial
ancestor of the oligodendrocyte. These studies originated with observations that neu-
roepithelial stem cells generate two antigenically distinct populations of lineage-
restricted precursor cells in vitro, each restricted to the generation of either neurons or
glia. Glial-restricted precursor (GRP) cells (60) were labeled with the A2B5 mono-
clonal antibody, and were shown to give rise to oligodendrocytes and two antigenically
distinct populations of astrocytes (corresponding to previous descriptions of type 1 and
type 2 astrocytes). Neuron-restricted precursor (NRP) cells, in contrast, expressed the
polysialylated form of the neural cell adhesion molecule (PSA-NCAM) and were shown
to give rise to multiple different kinds of neurons and not to glia (61).

Both GRP cells and NRP cells can be directly isolated from the developing rat spinal
cord and grown as purified populations (61,62). Freshly isolated cells exhibit the same
lineage restrictions as those cells derived from neuroepithelial stem cells in vitro. Clonal
studies have demonstrated that GRP cells retain their tripotential nature even after
weeks of in vitro expansion and several serial reclonings (62) and also exhibit these
same restrictions following transplantation in vivo. GRP cells generate both oligoden-
drocytes and astrocytes following transplantation into brain or spinal cord, and do not
generate neurons even when they migrate into such neurogenic zones as the rostral
migratory stream and olfactory bulb (63). NRP cells, in contrast, generate only neurons
(including motor neurons), even upon transplantation into such CNS regions as the
adult spinal cord (64–66).

GRP cells differ from O-2A/OPCs in multiple ways (62). Freshly isolated GRP cells
from the E13.5 rat spinal cord are dependent on exposure to FGF-2 for both their sur-
vival and their division, while division and survival of O-2A/OPCs can be promoted by
PDGF and other chemokines. Consistent with this difference in chemokine-response
patterns, GRP cells freshly isolated from the E13.5 spinal cord do not express receptors
for PDGF (although they do express such receptors with continued growth in vitro or in
vivo, as discussed later). These populations also differ in their response to inducers of
differentiation. For example, exposure of GRP cells to the combination of FGF-2 and
ciliary neurotrophic factor (CNTF) induces these cells to differentiate into astrocytes
(primarily expressing the antigenic phenotype of type 2 astrocytes [62]). In contrast,
exposure of O-2A/OPCs to FGF-2 + CNTF promotes the generation of oligodendro-
cytes (32,67,68). Moreover, the behavior of these two precursor cell populations fol-
lowing transplantation is strikingly different. The ability of GRP cells to readily
generate astrocytes following transplantation into the adult CNS (63) stands in striking
contrast to the behavior of primary O-2A/OPCs, which thus far only generate oligoden-
drocytes in such transplantations (26) (although it has been reported that O-2A/OPC cell
lines will generate astrocytes if transplanted in similar circumstances [69]).

Antigenic and in situ analysis of development in vivo has confirmed that cells with the
A2B5+ antigenic phenotype of GRP cells arise in spinal development several days prior
to the appearance of GFAP-expressing astrocytes, and also prior to the appearance of
cells expressing markers of radial glia (70). Thus, these cells can be isolated directly
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from the developing spinal cord, and cells with the appropriate antigenic phenotype have
been found to exist in vivo at appropriate ages to play important roles in gliogenesis.

Thus far, analysis of A2B5+ cells isolated from the early embryonic spinal cord
reveals a great degree of homogeneity in their ability to generate oligodendrocytes,
type 1 and type 2 astrocytes in vitro (62,71). In addition, GRP cells have been isolated
from multiple species and by multiple means. For example, such cells have been iso-
lated from the rat spinal cord, the mouse spinal cord, and from murine embryonic stem
cells (72). In addition, A2B5+ precursor cells restricted to the generation of astrocytes
and oligodendrocytes have been derived from cultures of human embryonic brain cells
(73). Both mouse and human cells share the ability of rat GRP cells to generate oligo-
dendrocytes and more than one antigenically defined population of astrocytes.

THE GRP CELL AS AN ANCESTOR OF THE O-2A/OPC

A number of questions arise from the fact that it is possible to isolate two distinct
precursor cell populations (i.e., GRP cells and O2A/OPCs) from the developing ani-
mal, each of which can generate oligodendrocytes. Is the relationship between these
two populations one of lineage restriction or lineage convergence? If GRP cells and
O-2A/OPCs are related, what signals promote the generation of one from the other and
how can the existence of both populations be integrated with existing studies on the
generation of oligodendrocytes during spinal cord development?

In vitro studies have demonstrated that GRP cells can give rise to O-2A/OPCs if
exposed to particular signaling molecules. In these experiments, cultures of GRP cells
derived from E13.5 rats were grown in conditions known to induce the generation of
oligodendrocytes (71). At the initiation of these experiments no cells in the GRP cell
cultures were labeled with the O4 antibody, which can be used to recognize O-2A/OPCs
at a stage of development at which the generation of both oligodendrocytes and type 2
astrocytes in vitro is possible (74–76). When GRP cells that originally had been grown
in the presence of FGF-2 for several days were exposed to a combination of PDGF and
thyroid hormone (TH), however, O4+ cells were generated in the cultures. Purification
of cells that were O4+ but did not express galactocerebroside (GalC, a marker of oligo-
dendrocytes), and subsequent examination of the differentiation potential of these cells
at the clonal level, confirmed that they behaved like O-2A/OPCs rather than like GRP
cells (71). Moreover, we could find no GalC+O4- oligodendrocytes in any conditions,
which would have at least raised the possibility that oligodendrocytes might be gener-
ated directly from GRP cells. Such results are consistent with previous observations
that passage through an O4+/GalC- stage of development is required for oligodendro-
cyte generation from bipotential O2A/OPCs (77–79).

Unlike PDGFR+ cells, it does not appear that GRP cells are entirely restricted to the
ventral spinal cord during early development. Even at E 13.5 (up to a full day before
the appearance of PDGFR+ cells in the rat ventral cord; [40]), both dorsal and ventral
regions of spinal cord contain A2B5+ cells that, when analyzed at the clonal level, were
found to be tripotential GRP cells (71). All clones contained both type 1 and type 2
astrocytes when exposed to fetal calf serum or BMP, and all clones were capable of
generating both O4+GalC- cells and GalC+ oligodendrocytes. Antigenic analysis in vivo
also confirms that the domain of A2B5+ cells in the spinal cord at E14.5 includes the
domain of PDGFR+ cells but extends further laterally, dorsally and ventrally (70).
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Despite the presence of GRP cells in both dorsal and ventral spinal cord of E13.5
rats, there appear nonetheless to be potentially interesting differences in these two popu-
lations. The frequency of A2B5+ cells was greater ventrally than dorsally at E13.5
(52 ± 7% vs 19 ± 8% of all cells, respectively), in agreement with immunohistochemi-
cal analysis of spinal cord development (70). While both dorsal and ventral GRP cells
responded similarly to exposure to PDGF+ TH in their ability to generate O4+GalC-

cells, only ventral-derived cells generated a significant number of oligodendrocytes
over a 5-d time period (71). Ventral-derived cells may be generally more inclined to
differentiate at this stage, as they also showed a greater tendency to generate astrocytes
in response to low concentrations (1 ng/mL) of BMP-4. Strikingly, in the ventral-
derived cultures, exposure to BMP-4 was also associated with differentiation of over
half of the cells into O4+GalC- cells (although not further into GalC+ oligodendro-
cytes), whereas only 12% of the cells in the dorsal-derived cultures were O4+GalC- in
these conditions. Thus, it appears in general that although both dorsal and ventral-
derived GRP cells can generate oligodendrocytes, the ventral-derived populations
exhibit a greater tendency to readily progress along this pathway.

That the overall population of GRP cells may contain subsets of cells with different
properties is also indicated by analysis of patterns of antigen and mRNA expression in
the developing spinal cord (70). For example, it appears that the domain of Nkx2.2-
expressing cells in the E11.5–E.13.5 spinal cord forms a subdomain within the popula-
tion of A2B5+ cells. Whether such heterogeneity in patterns of transcription factor
expression is associated with heterogeneity of biological properties may be revealed only
by applying techniques of quantitative analysis of what might be subtle differences in
clonal properties, as have been developed for analysis of O-2A/OPCs (e.g., refs. 80–83).

It is intriguing to speculate whether the knowledge obtained thus far allows a
description of the entire pathway of lineage restriction from the embryonic stem cell to
the oligodendrocyte. Studies by Okabe et al. (84) and Fraichard et al. (85) have demon-
strated that ES cells can give rise to totipotent neurospheres, which share the ability of
the neural stem cells of the embryonic spinal cord to give rise to all the differentiated
cell types of the CNS (86). Although the oligodendrocyte precursor cells generated
from neurospheres (e.g., as in ref. 87) have not yet been characterized sufficiently to
determine whether these cells are GRP cells, O-2A/OPCs, or still another population of
glial precursor cells, it thus far appears that embryonic NSCs give rise directly to GRP
cells (60). As O-2A/OPCs give rise directly to oligodendrocytes (21,54,60,88–90), the
generation of O-2A/OPCs from GRP cells raises the possibility that the developmental
lineage from embryonic stem cell to neuroepithelial stem cell to GRP cell to O-2A/OPC
to oligodendrocyte might represent a complete description of one path to the creation
of a differentiated oligodendrocyte. As more markers become available to allow the
detailed study of other stages of gliogenesis, it will be possible to test this possibility
more stringently.

THE ADULT-SPECIFIC O-2A/OPC

Complex as the picture of oligodendrocyte generation might seem thus far, it is
already clear that this picture needs to be expanded to include consideration of multiple
O-2A/OPC populations. At the time of this writing, we know of four distinct groups of
O-2A/OPCs with different biologic properties.
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The idea that a single precursor cell population, as defined by its lineage restriction,
may actually contain multiple precursor cells with differing phenotypes was first indi-
cated by findings that O-2A/OPCs isolated from the optic nerves of developing and
adult rats expressed strikingly different properties (91). We interpret the data discussed
in the following in the context of observations that the physiologic demands made on
precursor cell populations during different developmental epochs can be remarkably
divergent, particularly in tissues that do not undergo constant turnover in the adult
animal. In such tissues, with the CNS being a prime example, the rapid increase in
numbers of precursor cells and their differentiated progeny becomes turned off over a
relatively short period. Once this period of rapid cell generation ends, precursor cell
populations may be maintained in the adult tissue, to participate in homeostatic cell
replacement during normal function and to repair damaged tissue following injury.
The regulation of the precursor cells resident in adult tissue must, however, be different
in some manner from that which characterizes the explosive growth of early development.

STUDIES IN VITRO REVEAL NOVEL PROPERTIES OF ADULT O-2A/OPCS

There are a variety of substantial biological differences between O-2A/OPCs of the
adult and perinatal CNS (originally termed O-2Aperinatal and O-2Aadult progenitor cells,
respectively (57,91–94). For example, in contrast with the rapid cell-cycle times
(18 ± 4 h) and migration (21.4 ± 1.6 mm/h) of O-2A/OPCsperinatal, O-2A/OPCsadult

exposed to identical concentrations of PDGF divide in vitro with cell cycle times of
65 ± 18 h and migrate at rates of 4.3 ± 0.7 mm/h. These cells are also morphologically
and antigenically distinct. O-2A/OPCsadult grown in vitro are unipolar cells, while
O-2A/OPCsperinatal express predominantly a bipolar morphology. Both progenitor cell
populations are labeled by the A2B5 antibody, but adult O-2A/OPCs share the peculiar
property of oligodendrocytes of expressing no intermediate filament proteins. In addi-
tion, it appears thus far that adult O-2A/OPCs are always labeled by the O4 antibody,
while perinatal O-2A/OPCs may be either O4-negative or O4-positive (although the
O4-positive cells perinatal cells do express different properties than their O4-negative
ancestors [23,77]).

One of the particularly interesting features of adult O-2A/OPCs is that when these
cells are grown in conditions that promote the differentiation into oligodendrocytes of
all members of clonal families of O-2A/OPCsperinatal, O-2A/OPCsadult exhibit exten-
sive asymmetric behavior, continuously generating both oligodendrocytes and more
progenitor cells (57). Thus, even though under basal division conditions both perinatal
and adult O-2A/OPCs undergo asymmetric division and differentiation, this tendency
is expressed much more strongly in the adult cells. Indeed, it is not yet known if there
is a condition in which adult progenitor cells can be made to undergo the complete
clonal differentiation that occurs in perinatal O-2A/OPC clones in certain conditions (47).

Another feature of interest in regard to adult O-2A/OPCs is that these cells do have
the ability to enter into limited periods of rapid division, which appear to be self-limit-
ing in their extent. This behavior is manifested when cells are exposed to a combina-
tion of PDGF + FGF-2, in which conditions the adult O-2A/OPCs express a bipolar
morphology and begin migrating rapidly (with an average speed of approx 15 mm/h.
In addition, their cell cycle time shortens to an average of approx 30 h in these condi-
tions (94). These behaviors continue to be expressed for several days after which, even
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when maintained in the presence of PDGF + FGF-2, the cells reexpress the typical
unipolar morphology, slow migration rate and long cell cycle times of freshly isolated
adult O-2A/OPCs. Other growth conditions, such as exposure to glial growth factor
(GGF) can elicit a similar response (95).

As can be seen from the above, adult O-2A/OPCs in fact express many of the char-
acteristics that normally are associated with stem cells in adult animals. They are rela-
tively quiescent, yet have the ability to rapidly divide as transient amplifying
populations of the sort generated by many stem cells in response to injury. They also
appear to be present throughout the life of the animal, and can even be isolated from
elderly rats (which, in the rat, equals about 2 yr of age). In this respect, the definition of
a stem cell can be seen to be a complex one, for the adult O-2A/OPC would have to be
classified as a narrowly lineage-restricted stem cell (in contrast with the pluripotent
neuroepithelial stem cell).

The differing phenotypes of adult and perinatal O-2A/OPCs are strikingly
reflective of the physiological requirements of the tissues from which they are iso-
lated. O-2A/OPCperinatal progenitor cells express properties that might reasonably be
expected to be required during early CNS development (e.g., rapid division and migra-
tion, and the ability to rapidly generate large numbers of oligodendrocytes). In con-
trast, O-2A/OPCadult progenitor cells express stem cell-like properties that appear to be
more consistent with the requirements for maintenance of a largely stable oligodendro-
cyte population, and the ability to enter rapid division as might be required for repair of
demyelinated lesions (57,91,94).

It is of particular interest to consider the developmental relationship between
perinatal and adult O-2A/OPCs in light of their fundamentally different properties.
One might imagine, for example, that these two distinct populations are derived from
different neuroepithelial stem cell populations, which produce lineage-restricted pre-
cursor cells with appropriate phenotypes as warranted by the developmental age of the
animal. As it has emerged, the actual relationship between these two populations is
even more surprising in its nature.

There are multiple indications that the ancestor of the O-2A/OPCadult is in fact the
perinatal O-2A/OPC itself (57). This has been shown both by repetitive passaging of
perinatal O-2A/OPCs, which yields over the course of a few weeks cultures of cells
with the characteristics of adult O-2A/OPCs. Moreover, time-lapse microscopic obser-
vation of clones of perinatal O-2A/OPCs provides a direct demonstration of the gen-
eration of unipolar, slowly dividing and slowly migrating adult cells from bipolar,
rapidly dividing and rapidly migrating perinatal ones. The processes that modulate this
transition remain unknown, but appear to involve a cell-autonomous transition that can
be induced to happen more rapidly if perinatal cells are exposed to appropriate induc-
ing factors. Intriguingly, one of the inducing factors for this transition appears to be
thyroid hormone, which is also a potent inducer of oligodendrocyte generation (59).
How the choice of a perinatal O-2A/OPC to become an oligodendrocyte or an adult
O-2A/OPC is regulated is wholly unknown.

The generation of adultO-2A/OPCs from perinatal O-2A/OPCs places the behavior
of the adult cells exposed to PDGF + FGF-2 in an interesting context. It appears that
the underlying genetic and metabolic changes that lead to expression of the perinatal
phenotype are not irreversibly lost on generation of the adult phenotype. Instead, they
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are placed under a different control so that very specific combinations of signals are
required to elicit them (94).

Once the processes of development ends there is still a need for a pool of precursor
cells for the purposes of tissue homeostasis and repair of injury. It is thus perhaps not
surprising to find that the adult CNS also contains O-2A/OPCs. What is rather more
remarkable is that current estimates are that these cells (or, at least cells with their
antigenic characteristics) may be so abundant in both gray matter and white matter as
to comprise 5–8% of all the cells in the adult CNS (96). If such a frequency of these
cells turns out to be accurate, then a strong argument can be made that they should be
considered the fourth major component of the adult CNS, after astrocytes, neurons and
oligodendrocytes themselves. Moreover, as discussed later, it appears that these cells
may represent the major dividing cell population in the adult CNS.

STUDIES IN VIVO ON ADULT PROGENITORS

Based upon the expression of such antigens as NG2 and PDGFR-α, a great deal has
been learned regarding the biology of cells in situ that are currently thought to be adult
O-2A/OPCs. Using these antibodies, and the O4 antibody, to label cells, it has been
seen that the behavior of putative adult O-2A/OPCs in vivo is highly consistent with
observations made in vitro. Adult OPCs do divide in situ but, as in vitro, they are not
rapidly dividing cells in most instances. For example, the labeling index for cells of the
adult cerebellar cortex is only 0.2–0.3%. Nonetheless, as there are few other dividing
cells in the brain outside of those found in highly specialized germinal zones (such as
the subventricular zone and the dentate gyrus of the hippocampus), the adult OPC
appears to represent the major dividing cell population in the parenchyma of the adult
brain (97,98). Indeed, of the dividing cells of the uninjured adult brain and spinal cord,
it appears that 70% or more of these cells express NG2 (and thus, by current evalua-
tions, would be considered to be adult OPCs) (98). That these cells are engaged in
active division is also confirmed by studies in which retroviruses are injected into the
brain parenchyma. As the retroviral genome requires cell division in order to be incor-
porated into a host cell genome, only dividing cells express the marker gene encoded in
the retroviral genome. In these experiments, 35% of all the CNS cells that label with
retrovirus are NG-2-positive (99). However, it must be stressed for all of these experi-
ments that it is by no means clear that all of the NG2-expressing (or O4-expressing or
PDGFR-α expressing) cells in the adult CNS are adult O-2A/OPCs.

One of the most likely functions of adult O-2A/OPCs is to provide a reservoir of
cells that can respond to injury. As oligodendrocytes themselves do not appear to divide
following demyelinating injury (100–102), the O-2A/OPCadult is of particular interest
as a potential source of new oligodendrocytes following demyelinating damage.

Observations made in vivo are also consistent with in vitro demonstrations that adult
O-2A/OPCs can be triggered to enter transiently into a period of rapid division. When
lesions are created in the adult CNS by injection of anti-oligodendrocyte antibodies
(101,103–105) division of NG-2+ cells is observed in the area adjacent to lesion sites.
Rapid increases in numbers of adult O-2A/OPCs are also seen following creation of
demyelinated lesions by injection of ethidium bromide, viral infection or production of
experimental allergic encephalomyelitis (101,104,106–108). Most of the putative
O-2A/OPCsadult in the region of a lesion have the bipolar appearance of immature peri-
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natal glial progenitors rather than the unipolar morphology that appears to be more
typical of the adult O-2A/OPC, just as in seen in vitro when O-2A/OPCsadult are induced
to express a rapidly dividing phenotype by exposure to PDGF + FGF-2 (94). It is also
clear that cells that enter into division following injury are responsible for the later
generation of oligodendrocytes (108).

A variety of observations indicate that the adult O-2A/OPCs react differently
depending on the nature of the CNS injury to which they are exposed. Adult OPCs
seems to respond to almost any CNS injury (101,103–109). Response is rapid, and
reactive cells (as determined by morphology) can be seen within 24 h. Kainate lesions
of the hippocampus produce the same kinds of changes in NG2+ cells. It appears, how-
ever, that the occurrence of demyelination is required to induce adult O-2A/OPCs to
undergo rapid division in situ, even though these cells do show evidence of reaction to
other kinds of lesions. For example, adult O-2A/OPCs respond to inflammation by
undergoing hypertrophy and upregulation of NG2 but, intriguingly, increases in cell
division are only seen when inflammation is accompanied by demyelination or more
substantial tissue damage (101,104,109,110). It also appears that there is a greater
increase in response to anti-GalC–mediated damage if there is concomitant inflamma-
tion (103,104), indicating that the effects of demyelination on these cells are accentu-
ated by the occurrence of concomitant injury. In this respect, the ability of GRO-α to
enhance the response of spinal cord derived perinatal O-2A/OPCs to PDGF may be of
particular interest (111), although it is not yet known if adult O-2A/OPCs show any
similar responses to Gro-α. Also in agreement with in vitro characterizations of adult
O-2A/OPCs are observations that the progression of remyelination in the adult CNS,
however, is considerably slower than is seen in the perinatal CNS (112).

The wide distribution of O-2A/OPCs in situ also is consistent with the idea that
these cells are stem cells with a primary role of participating in oligodendrocyte
replacement in the normal CNS and in response to injury. It is not clear, however,
whether these cells might also express other functions. For example, it is not clear
whether adult O-2A/OPCs contribute to the astrocytosis that occurs in CNS injury.
Glial scars made from astrocytes envelop axons after most types of demyelination
(113,114). It is known that O-2A/OPCs produce neurocan, phosphacan, NF2 and
versican, all of which are present in sites of injury (115–117) and can inhibit axonal
growth (118–120). It is possible that much of the inhibitory chondroitin sulphate
proteoglycans found at sites of brain injury is derived from adult O-2A/OPCS, or from
adults made by adult O-2A/OPCs. Whether still other possible functions also need to
be considered is a matter of some interest. For example, glutaminergic synapses have
been described in the hippocampus on cells thought to be adult O-2A/OPCs (121).
What the cellular function of such synapses might be is not known.

If there are so many O-2A/OPCs in the adult CNS then why is remyelination not
more generally successful? It seems clear that remyelination of initial lesions is well
accomplished (at least if they are small enough), but that repeated episodes of myelin
destruction eventually result in formation of chronically demyelinated axons. It seems
that after the lesions are resolved, the O-2A/OPCsadult return to prelesion levels, con-
sistent with their ability to undergo asymmetric division (57,104,107). It also seems
clear that there are adult O-2A/OPCs within chronically demyelinated lesions (96,122–
124). Thus, the stock of these does not appear to be completely exhausted. However,
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the O-2A/OPCs that are found in such sites as the lesions of individuals with multiple
sclerosis are remarkably quiescent, showing no labeling with antibodies indicative of
cells engaged in DNA synthesis (124). The reasons for such quiescent behavior are
unknown. There are claims that electrical activity in the axon is involved in regulating
survival and differentiation of perinatal O-2A/OPCs in development (125), and it is
not known if similar principles apply in demyelinated lesions in which neuronal activ-
ity is perhaps compromised. It is also possible that lesion sites produce cytokines, such
as TGF-β, that would actively inhibit O-2A/OPC division. At present, however, the
reasons why the endogenous precursor pool is not more successful in remyelinating
extensive, or repetitive, demyelinating lesions is not known.

It is also important to note that not all NG2+ cells in the adult CNS are necessarily
O-2A/OPCs. Recent studies have demonstrated that many of the NG2+ progenitor cells
isolated from the adult hippocampus are able to generate GABAergic neurons, astro-
cytes and oligodendrocytes in vitro (126).

THE DEVELOPING CNS CONTAINS
MULTIPLE O-2A/OPC POPULATIONS WITH DIFFERENT PROPERTIES

The initial proposal that the differences between perinatal and adult O-2A/OPCs
indicates that the specific physiologic requirements of a particular tissue are reflected
in the intrinsic properties of the precursor cells resident in that tissue has recently been
extended to consider different CNS regions of animals of the same age. In these stud-
ies, striking differences between the properties of O-2A/OPCs isolated from different
regions of the CNS of 7-d-old rat pups have been found, differences that once again
appear to be highly relevant to the understanding of development.

One of the striking aspects of CNS development is that different regions of this
tissue develop according to different schedules, with great variations seen in the timing
of both neurogenesis and gliogenesis. For example, neuron production in the rat spinal
cord is largely complete by the time of birth, is still ongoing in the rat cerebellum for at
least several days after birth, and continues in the olfactory system and in some regions
of the hippocampus of multiple species throughout life. Similarly, myelination has long
been known to progress in a rostral-caudal direction, beginning in the spinal cord sig-
nificantly earlier than in the brain (e.g., refs. 127–129). Even within a single CNS
region, myelination is not synchronous. In the rat optic nerve, for example, myelino-
genesis occurs with a retinal-to-chiasmal gradient, with regions of the nerve nearest the
retina becoming myelinated first (127,130). The cortex itself shows the widest range of
timing for myelination, both initiating later than many other CNS regions (e.g., refs.
127–129) and exhibiting an ongoing myelinogenesis that can extend over long periods
of time. This latter characteristic is seen perhaps most dramatically in the human brain,
for which it has been suggested that myelination may not be complete until after sev-
eral decades of life (131,132).

Variant time courses of development in different CNS regions could be due to two
fundamentally different reasons. One possibility is precursor cells are sufficiently plas-
tic in their developmental programs that local differences in exposure to modulators of
division and differentiation may account for these variances. Alternatively, it may be
that the precursor cells resident in particular tissues express differing biological prop-
erties related to the timing of development in the tissue to which they contribute.
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As has been discussed earlier, there is ample evidence for extensive plasticity in the
behavior of O-2A/OPCs, which appear to be the direct ancestor of oligodendrocytes.
O-2A/OPCs obtained from the optic nerves of 7-d-old (P7) rat pups and grown in the
presence of saturating levels of PDGF exhibit an approximately equal probability of
undergoing a self-renewing division or exiting the cell cycle and differentiating into an
oligodendrocyte (81). The tendency of dividing O-2A/OPCs to generate oligodendro-
cytes is enhanced if cells are coexposed to such signaling molecules as thyroid hor-
mone, ciliary neurotrophic factor or retinoic acid (e.g., refs. 32, 47, and 48). In contrast,
coexposure to NT-3 or basic fibroblast growth factor inhibits differentiation and is
associated with increased precursor cell division and self-renewal (30,47,56). The bal-
ance between self-renewal and differentiation in dividing O-2A/OPCs can also be modi-
fied by the concentrations of the signaling molecules to which they are exposed, as
well as by intracellular redox state (35). Thus, the effects of the microenvironment
could theoretically have considerable effects on the timing and extent of oligodendro-
cyte generation.

Recent experiments have raised the possibility that the differing timing of oligo-
endrocyte generation and myelination in different CNS regions is associated with the
existence of regionally specialized O-2A/OPCs (133). Characterization of O-2A/OPCs
isolated from different regions indicates these developmental patterns are consistent
with properties of the specific O-2A/OPCs resident in each region. In particular, cells
isolated from optic nerve, optic chiasm and cortex of identically aged rats show marked
differences in their tendency to undergo self-renewing division and in their sensitivity
to known inducers of oligodendrocyte generation. Precursor cells isolated from the
cortex, a CNS region where myelination is a more protracted process than in the optic
nerve, appear to be intrinsically more likely to begin generating oligodendrocytes at a
later stage and over a longer time period than cells isolated from the optic nerve.
For example, in conditions where optic nerve-derived O-2A/OPCs generated oligo-
dendrocytes within 2 d, oligodendrocytes arose from chiasm-derived cells after 5 d and
from cortical O-2A/OPCs only after 7–10 d. These differences, which appear to be
cell-intrinsic, were manifested both in reduced percentages of clones producing oli-
godendrocytes and in a lesser representation of oligodendrocytes in individual clones.
In addition, responsiveness of optic nerve-, chiasm- and cortex-derived O-2A/OPCs to
TH and CNTF, well-characterized inducers of oligodendrocyte generation, was
inversely related to the extent of self-renewal observed in basal division conditions.

The preceding results indicate that the O-2A/OPC population may be more complex
than initially envisaged, with the properties of the precursor cells resident in any par-
ticular region being reflective of differing physiological requirements of the tissues to
which these cell contribute. For example, as discussed earlier, a variety of experiments
have indicated that the O-2A/OPC population of the optic nerve arises from a germinal
zone located in or near the optic chiasm and enters the nerve by migration (44,134).
Thus, it would not be surprising if the progenitor cells of the optic chiasm expressed
properties expected of cells at a potentially earlier developmental stage than those cells
that are isolated from optic nerve of the same physiological age. Such properties would
be expected to include the capacity to undergo a greater extent of self-renewal, much as
has been seen when the properties of O-2A/OPCs from optic nerves of embryonic rats
and postnatal rats have been compared (58). In respect to the properties of cortical
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progenitor cells, physiological considerations also appear to be consistent with our
observations. The cortex is one of the last regions of the CNS in which myelination is
initiated, and the process of myelination also can continue for extended periods in this
region (127–129). If the biology of a precursor cell population is reflective of the
developmental characteristics of the tissue in which it resides, then one might expect
that O-2A/OPCs isolated from this tissue would not initiate oligodendrocyte genera-
tion until a later time than occurs with O-2A/OPCs isolated from structures in which
myelination occurs earlier. In addition, cortical O-2A/OPCs might be physiologically
required to make oligodendrocytes for a longer time owing to the long period of con-
tinued development in this tissue, at least as this has been defined in the human CNS
(e.g., refs. 131, 132).

The observation that O-2A/OPCs from different CNS regions express different lev-
els of responsiveness to inducers of differentiation adds a new level of complexity to
attempts to understand how different signaling molecules contribute to the generation
of oligodendrocytes. This observation also raises questions about whether cells from
different regions also express differing responses to cytotoxic agents, and whether such
differences can be biologically dissected so as to yield a better understanding of this
currently mysterious form of biological variability.

If there are multiple biologically distinct populations of O-2A/OPCs, it is important
to consider whether similar heterogeneity exists among oligodendrocytes themselves.
Evidence for morphological heterogeneity among oligodendrocytes is well established.
Early silver impregnation studies identified four distinct morphologies of myelinating
oligodendrocytes and this was largely confirmed by ultrastructural analyses in a vari-
ety of species (135–137). Oligodendrocyte morphology is closely correlated with
diameter of the axons with which the cell associates (138,139). Type I and II oligodendro-
cytes arise late in development, myelinate many internodes on predominantly small
diameter axons while type III and IV oligodendrocyte arise later and myelinate mainly
large diameter axons. Such morphological and functional differences between oligo-
dendrocytes are associated with different biochemical characteristics. Oligodendro-
cytes that myelinate small diameter fibers (type 1 and 11) express higher levels of
carbonic anhydrase II (CAII) (138,140), while those myelinating larger axons (type III
and IV) express a specific small isoform of the myelin-associated glycoprotein (MAG)
(138). Whether such differences represent the response of homogenous cells to differ-
ent environments or distinct cell lineages is unclear. Transplant studies demonstrated
that presumptive type I and II cells have the capacity to myelinate both small and large
diameter axons suggesting that the morphological differences are environmentally
induced (141). By contrast, some developmental studies have been interpreted to sug-
gest that the different classes of oligodendrocytes may be derived from biochemically
distinct precursors (142) that differ in expression of PDGFR-α and PLP/Dm20,
although more recent studies are not necessarily supportive of this hypothesis (143).

OLIGODENDROCYTE DEVELOPMENT IN THE EMBRYONIC CORTEX:
SIMILARITIES AND DIFFERENCES FROM THE SPINAL CORD

Just as there is heterogeneity among O-2A/OPCs, it also seems likely that heteroge-
neity exists among earlier glial precursor cell populations. Separate analysis of GRP
cell populations derived from ventral and dorsal spinal cord demonstrates that ventral-
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derived GRPs may differ from dorsal cells in such a manner as to increase the probabil-
ity that they will generate O2A/OPCs and/or oligodendrocytes, even in the presence of
BMP (71). Ventral-derived GRP cells yield several-fold larger numbers of oligoden-
drocytes over the course of several days of in vitro growth. When low doses of BMP-4
were applied to dorsal and ventral cultures, the dorsal cultures contained only a few
cells with the antigenic characteristics of O-2A/OPCs. In contrast, over half of the cells
in ventral-derived GRP cell cultures exposed to low doses of BMP differentiated into
cells with the antigenic characteristics of O-2A/OPCs . Whether the O-2A/OPCs or
oligodendrocytes derived from dorsal vs ventral GRP cells express different properties
is not yet known.

Studies on oligodendrocyte development in the cortex are currently indicating that
important similarities and differences are seen from the spinal cord even during the
earliest stages of brain formation. As mentioned earlier, in both the brain and spinal
cord, it currently appears that the ancestors of oligodendrocytes are generated in dis-
crete locations. Analysis of expression of PDGR-α and plp/DM20 suggests the exist-
ence of a few localized ventral sites of origin (142). In the early mouse forebrain,
PDGFR-α expression is seen in the MGE and dorsal thalamus, and plp/DM20 is found
in the basal (ventral) plate of the diencephalon, zona limitans intrathalamica, caudal
hypothalamus, enteropeduncular area, amygdala, and olfactory bulb (39,144,145), as
is expression of the Olig1 and Olig2 genes (145–147).

Two recent studies from the Temple (148) and Mehler (149) laboratories have
analyzed several aspects of the cellular biology of early ancestors of oligodendrocytes.
At least some of the stem cells that give rise to oligodendrocytes in the cortex appear to
arise in the basal (ventral) forebrain and migrate into the overlying dorsal forebrain,
including the ventricular zone, subventricular zone and intermediate zones (150–153).
These basal progeny, which express the members of the dlx family of homeodomain
transcription factors, migrate dorsally and intermix with other cells to form the dorso-
lateral SVZ (153).

Prior to the tangential migration of stem/progenitor cells from ventral to dorsal fore-
brain regions it appears as if the early stages of specification are regionally biased. For
example, when grown in medium supplemented with FGF-2 (148), or FGF-2 + Shh
(149), MGE and LGE progenitors of the E13.0 ventral forebrain are biased toward the
generation of GABAergic neurons compared to stem cells and progenitors derived from
dorsal cortex. In addition, prior to E12.5 few of the progenitor cells from dorsal or
basal regions produce glia-only clones: most glia arise from stem cells at this stage,
suggesting that divergence of glial lineages with the appearance of glial restricted pro-
genitors occurs predominantly at later stages. Indeed, it may be that the stem cells that
are present in the dorsal forebrain prior to the period of tangential migration are not
competent to make oligodendrocytes unless they are exposed to Shh (149), although
this was not found by others (148,154).

The above results raise multiple questions. Are the stem cells or progenitor cells that
make oligodendrocytes and/or GABAergic neurons truly migrating from the ventral to
the dorsal cortex, or is instead the delayed appearance of such cells dorsally a reflec-
tion of a temporally regulated differentiation event that has a different timing in differ-
ent regions of the CNS? To what extent is this specialization reflective of cell-intrinsic
controlling mechanisms and to what extent do cell-extrinsic signaling molecules con-
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tribute to this specification? The association of oligodendrocytes with a particular class
of neuron (the GABAergic neuron of the cortex, the motor neuron of the spinal cord) is
also of particular interest, particularly in light of the ongoing discussions (to be consid-
ered in a following section) about whether or not oligodendrocytes and motor neurons
are derived from a single lineage-restricted progenitor cell (145,147,155–165). But does
this generation of oligodendrocytes within a single clone of cells reflect a lineage restric-
tion of a stem/progenitor cell to the generation of only a limited subset of cell types?

Current evidence suggests strongly that the appearance of cells in the dorsal cortex
that are able to generate clones containing both GABAergic neurons and oligodendro-
cytes is truly reflective of a migration of cells from ventral to dorsal regions. Consis-
tent with these observations, the analysis of dlx2/tauLacZ knock-in mouse (166) also
indicates that cells derived from subpallial dlx2-expressing progenitors migrate dor-
sally and intermix with other cells to form the dorsolateral SVZ (153). Moreover, in
dlx1/2-/-mice, in which there is a generalized defect in tangential migration and a
reduction in cortical GABAergic neurons (152), there is a failure of such cells to popu-
late the dorsal cortex (148,149).

The consistent association of cell fate with position within a tissue raises the possi-
bility that localized ventral and dorsal signals act on stem cells to make them generate
particular, region appropriate, cell types. Hence, basal forebrain stem cells are biased
early in development to generate GABAergic neurons that predominate in basal fore-
brain CNS areas (148,149). It has been suggested that initial ventral forebrain specifi-
cation and tangential cortical migration would expose these bipotent progenitors to
sequential ventral and dorsal gradient morphogens that normally mediate opposing
developmental programs (149,167).

Two of the factors thought to play important roles in inducing ventral cortical stem
cells to be biased toward the generation of GABAergic neurons and oligodendrocytes
are Shh and BMPs. It appears to be a common principle along the neuraxis that Shh and
BMPs are ventral and dorsal gradient morphogens, respectively (168–170), and the
role of these signaling molecules in development of the spinal cord has been discussed
previously. The concentration of these molecules to which cells are exposed causes
elaboration of specific sets of homeodomain and basic helix–loop–helix (bHLH) tran-
scription factors that control the details of cell specification through their combinato-
rial interactions (163,164,171). In dorsal domains of the spinal cord, BMP signaling is
thought to promote the generation of astrocytes, while Shh promotes the localized gen-
eration of motor neurons and oligodendrocytes (146,147,155–160,172–175).

Despite the apparent role of Shh and BMP in directing differentiation of cortical
stem/progenitor cells, as well as spinal cord stem/progenitor cells, there are important
differences between these two tissues. This difference is seen already at the level of
genes induced in cortical stem cells by exposure to Shh. For example, it currently
appears that while both cortical and spinal cord stem cells are induced to express olig2
by exposure to Shh, the cortical cells are induced to express mash1 while spinal cord
stem cells are induced to express neurogenin2 (149,171,176–178).

Data reported thus far indicates that the role of BMP may be more complex in the
cortex than has thus far been revealed in the spinal cord. Shh promotes generation of
GABAergic neurons and oligodendrocytes, but the sequential elaboration of these cells
requires spatial and temporal modulation of cortical BMP signaling by BMP signaling
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and the BMP antagonist, noggin (149). For example, coincident with the establishment
of the cortical SVZ, BMPs from the BMP2/4 factor subgroup now enhance the specifi-
cation of late-born cortical (GABAergic) neurons. It seems that Shh promotes lineage
restriction of ventral forebrain stem cells, in part, by upregulation of Olig2 and Mash1.
BMP2 subsequently promotes GABAergic neuronal lineage elaboration by differential
modulation of Olig2 and Mash1. Thus, when applied together with Shh, BMP2 poten-
tiates the elaboration of GABAergic neurons from cortical stem/progenitor cells and
suppresses oligodendrocyte generation (175,179), while the BMP antagonist noggin
promotes the generation of oligodendrocytes (175,180).

How can the above results indicating BMP-promoted generation of neurons be inte-
grated with experiments in the spinal cord (and also on cells derived from the develop-
ing brain) indicating that BMPs promote the generation of astrocytes and suppress the
generation of oligodendrocytes (71,156,174,175,181–184)? It is possible that BMP, a
potent antimitotic agent, is generally able to stimulate differentiation of progenitor cells
but that the pathway of differentiation that is promoted is dependent on as yet poorly
understood changes in the target precursor cells themselves. One potentially interest-
ing aspect of the studies of Yung et al. (149), however, that may be relevant to BMP-
mediated induction of neuron generation is that these studies address questions about
what happens when cells are exposed to more than a single signaling molecule
(i.e., Shh + BMP-2), a situation that seems likely to more closely resemble the realities
of biology than exposure to a single agent. In this context, an attractive potential solu-
tion to this conundrum that needs to be explored is whether the combined exposure of
cortical stem cells to BMP and Shh (the conditions applied in the studies of [149])
reveals an aspect of BMP signaling different from that which occurs when cells are
exposed to BMP alone. Consistent with this possibility, continued Shh exposure also
appears to suppress the generation of astrocytes in cortical stem/progenitor cells, which
were only seen in cultures of these progenitor cells when expression of Olig2 and
Mash1 was ablated by exposure to antisense oligonucleotide constructs (149).

It will be of great interest to determine whether the correct paradigm for understand-
ing the interactions between BMP-induced pathways and Shh-induced pathways might
be that BMP always suppresses oligodendrocyte generation, but the directionality
imposed by BMP is dependent upon the other signals to which the recipient cell is
exposed, as well as on the differentiation potential of the target cell itself.

E13.5 RAT CORTEX CONTAINS A2B5+ CELLS
THAT CAN GENERATE OLIGODENDROCYTES,
TWO DIFFERENT ASTROCYTE POPULATIONS, AND NEURONS

As studies conducted by He et al. (148) and Yung et al. (149) indicate the existence
of precursor cells that make neurons and glia, and other cells that are restricted to the
generation of glia, it is of interest to know the identity of these precursor cells.

Analysis of the precursor cell populations in the cortex, although in its early stages,
is suggesting a level of complexity not seen in the spinal cord at this age (185).
The E13.5 cortex contains abundant A2B5+ cells that do not express antigens associ-
ated with astrocytes or oligodendrocytes. In vitro characterization of the differentiation
potential of these cells demonstrated that, in contrast with results in the spinal cord
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(62), at least some of the cortex-derived A2B5+ cells appear to be able to generate
neurons when grown in the presence of NT-3 and retinoic acid (185).

A more detailed analysis of the A2B5+ cell population isolated from E13.5 cortex
indicates the presence of antigenically distinct subpopulations, only one of which thus
far has been found to generate neurons in vitro. The subpopulation of cells that is com-
petent to generate neurons also expresses PSA-NCAM, an antigen that has been found
in several instances to be expressed by precursor cells able to generate neurons
(61,186,187). Removal of the PSA-NCAM+ cells from the A2B5+ population was
associated with the loss of generation of neurons from this population (185).

Although the A2B5+/PSA-NCAM- cells derived from E13.5 cortex appear to be
restricted to the generation of glia in their differentiation potential, this population is
more heterogeneous than antigenically identical cells isolated from the spinal cord.
Unlike the spinal cord, only 44% of clones derived from A2B5+ cells contained both
type 1 and type 2 astrocytes when exposed to BMP-4. Many of the cortex-derived
clones contained only one astrocyte population, with 16% of clones containing only
type 2 astrocytes, and 17% containing type 1 astrocytes only, with no progenitor-like
cells found in any of these clones. Virtually all cells appeared to be competent to gen-
erate oligodendrocytes, however, as 86% of clones contained at least one oligodendro-
cyte after being exposed to PDGF + T3 for 5 d.

Thus, it appears that the E13.5 rat cortex contains cells with the same antigenic
phenotype and differentiation potential of tripotential GRP cells isolated from the
embryonic spinal cord. Further investigations are required to determine the degree of
identity of these cells with GRP cells of the spinal cord, particularly due to the com-
plexity of the A2B5+ populations isolated from the cortex. In addition, the embryonic
cortex contains a further population of A2B5+ cells that coexpress PSA-NCAM, an
antigen not expressed by GRP cells of the spinal cord. These cells, but not the PSA-
NCAM-/A2B5+ cells, are able to generate neurons in vitro. Moreover, the observations
that approx 16% of the clones derived from A2B5+/PSA-NCAM- cells generated only
type 2 astrocytes when exposed to BMP, and approx 17% generated clones containing
only type 1 astrocytes in these conditions, demonstrates further differences between
the A2B5+ population of the E13.5 cortex and the E13.5 spinal cord. In the cord, in
contrast with the cortex, this population shows a striking homogeneity in respect to the
cell types generated in different conditions (62,71).

The full differentiation potential of the A2B5/PSA-NCAM double-positive cells that
we have identified is still under study. Nonetheless, experiments thus far suggest that
the embryonic rat cortex contains an A2B5+ precursor cell that is able to generate neu-
rons and glia, in distinction from findings in other regions of the CNS, in which precur-
sor cells labeled with this antibody generally appear to be glial-restricted in their lineage
specification.

The heterogeneity of the A2B5+ populations derived from the E13.5 cortex under-
scores the need for clonal analysis and detailed cell purification protocols in order to
analyze successfully the developmental potential of a putative precursor cell popula-
tion. Any studies on cortical development that do not separate these populations of
cells from each other will be impossible to interpret unambiguously. As almost none
of the previous studies conducted have combined antigenic characterization of precur-
sor cells with clonal analysis, it is not possible to interpret data contained therein in
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regard to the lineage potential of particular precursor cell populations. For example,
the analysis of purified A2B5+ cells from the E13.5 cortex would lead to the conclusion
that cells with this antigenic phenotype can generate neurons. If one were to accept the
conclusions of previous studies carried out in the developing rat CNS that A2B5+ cells
are glial-restricted progenitor cells (whether O-2A/OPCs, GRP cells, or astrocyte pro-
genitor cells (e.g., refs. 21,62,133,188–190), one might then draw the conclusion that
growth in vitro is associated with generation of neurons from glial progenitor cells
(as in, e.g., ref. 191). It has been suggested, at least in the case of the studies of Kondo
and Raff, that a potential complicating issue in such studies is the presence of a low
frequency of true multipotent neuroepithelial stem cells in many regions of the perina-
tal CNS (D. Van der Kooy, unpublished observations). Another possibility is that the
failure to distinguish between the PSA-NCAM-positive and negative subsets of A2B5+

cells would lead to a misinterpretation of the behavior of what appears from our analy-
sis thus far to represent two distinct populations of cells.

One of the other potentially intriguing differences between cortical and optic nerve-
derived O-2A/OPCs that has been described is that only the cortical progenitor cells
express members of the dlx family of transcriptional regulators (148). While dlx1/2 is
not required for oligodendrocyte generation (148), it is not known if such expression
confers different properties on those precursor populations that are expression-posi-
tive. It is important to note, however, that just as generation of oligodendrocytes is an
ongoing process in the cortex, so also is the generation of progenitor cells. For example,
migration of cells from the LGE/MGE may continue after the earliest wave of tangen-
tial migration, as retroviral labeling of LGE/MGE cells in slice cultures harvested from
E16 mice and grown in vitro for up to 72 h demonstrates migration of cells into the
perintal SVZ of each slice (153). Nothing is known at this time as to whether
O-2A/OPCs express different properties if they are generated from ancestral popula-
tions that differ in the spatial or their temporal origin, or whether the differences
between O-2A/OPCs isolated from cortex and optic nerve discussed in the following
section of this chapter are the results of exposure to tissue-specific instructive signals
after this stage of lineage restriction has been achieved.

OTHER OLIGODENDROCYTE PRECURSOR CELLS

One of the important aspects of oligodendrocyte development that has not yet been
integrated into the information provided thus far is that there may be still other oligo-
dendrocyte precursor cells whose biologic properties are currently less well under-
stood. In particular, the precise relationship that the tripotential GRP cell or the
O-2A/OPC has to other glial restricted progenitors, such as the polysialated neural cell
adhesion molecule (PSA-NCAM)-expressing pre-progenitor cell (192–196), or the
cells generated by exposure of totipotent neuroepithelial stem cells to B104 condi-
tioned medium (197), is unclear at present. Moreover, it is clear that the totipotent
NSCs isolated from a variety of regions of the CNS, and even from the adult CNS, are
also able to generate oligodendrocytes in vitro and following transplantation (198–
204). It is not known whether the generation of oligodendrocytes from all these sources
follows the same developmental sequence. It is certainly possible, for example, that the
GRP cell is a specialized cell of the embryonic animal and that the NSCs of the adult
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animal generate glia without first progressing through a GRP cell stage. Unraveling
these relationships remains an important challenge.

THE MOTOR NEURON/OLIGODENDROCYTE PRECURSOR (MNOP)
CELL HYPOTHESIS

At the same time that studies have been ongoing on GRP cells and O-2A/OPCs,
a wholly separate line of investigation has raised questions about whether oligoden-
drocytes are developmentally more closely related to motor neurons than they are to
astrocytes. The MNOP hypothesis was based initially on observations that both motor
neurons and oligodendrocytes arise in a similar (and possibly identical) discrete zone
of the ventral spinal cord (reviewed in refs. 158 and 159) Moreover, it was found that
similar concentrations of Shh are required for the induction of both cell types (157) and
in vitro the induction of oligodendrocytes (e.g., by ectopic Shh presentation) is fre-
quently accompanied by the induction of motor neurons (157,160).

The hypothesis that motor neurons and oligodendrocytes are developmentally related
to each other has some intuitive attractiveness arising from the critical importance of
this particular cell combination in evolution. The ensheathing of axons with myelin is
associated with a large increase in conduction speed. In annelids and crustacea,
pseudomyelin is preferentially associated with axons required for rapid escape
responses (205,206). It has been suggested that hagfish, which have no myelin, seem
unable to accelerate to avoid capture (158). One way to ensure that motor neurons and
the cells that ensheath them arise at the same place would be to derive both cells from
the same precursor (as suggested in refs. 158 and 159).

The idea that motor neurons and oligodendrocytes might be developmentally related
was given a further boost by the findings, from three separate laboratories, that com-
promising the function of members of the Olig gene family can prevent the generation
of both motor neurons and oligodendrocytes (161–163). (These studies have been dis-
cussed in detail in a number of detailed recent reviews [158,164,165].)

Olig1 and Olig2 genes are expressed in the developing mouse spinal cord within the
specific region that appears to give rise to both oligodendrocytes and motor neurons
(147,207,208). Forced expression of Olig1 or Olig2 in neuroepithelial stem cells
induces expression of early markers of the oligodendrocyte lineage (147,171).
Moreover, expression of Olig2 in conjunction with neurogenin2 appears to be critical
for the generation of motor neurons (176,177).

Perhaps most pertinent to discussions on the ancestors of oligodendrocytes are
experiments showing that targeted disruption of Olig2 prevents oligodendrocyte and
motor neuron specification in the spinal cord (161–163). (Disruption of Olig1, in con-
trast, disrupted normal maturation of oligodendrocytes [161].) In these experiments,
conducted independently by three different laboratories, mice strains were generated in
which Olig2 gene function was prevented by homologous recombination into the Olig2
locus (161,162) (or, in one case, Olig1 -/- Olig2 -/- double mutant mice [163]). In all
cases, generation of both oligodendrocytes and neurons was severely disrupted. Com-
parable results have also been obtained in studies in zebrafish, indicating the general
applicability of these findings across species boundaries (209). Thus, the evidence is
quite clear that expression of Olig2 is required for the generation of both oligodendro-
cytes and motor neurons.
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The results of experiments on Olig gene disruption are consistent with several pos-
sible explanations. The strongest form, as taken from (161), states that “our genetic
analysis of Olig gene functions and our fate mapping of Olig-expressing progeny cells
are incompatible with the view that oligodendrocytes arise from a glial-restricted pre-
cursor cell in the developing CNS.” As represented in Fig. 8 of Lu et al. (161), one
possible hypothesis is that neuroepithelial stem cells give rise to an Olig+ lineage-
restricted precursor cell that is restricted to the generation of motor neurons and oligo-
dendrocytes. The authors also state that “distinct unipotential Olig+ progenitors for
motor neurons or oligodendrocytes could be envisaged.” Some authors (165) have
interpreted the results of experiments on Olig-/- mice as “challenging the view that
oligodendrocytes arise exclusively from a glial-restricted progenitor” and suggesting
that the analysis of “fate mapping of Olig-expressing progeny cells are incompatible
with the view that oligodendrocytes arise from a glial-restricted precursor cell in the
developing CNS.” Other authors have suggested that these data are consistent with a
range of possible explanations, including the possibility of two separate precursor
pools, such as NRP cells and GRP cells, in each of which Olig gene expression plays
distinct roles in the promotion of particular cell fates (158,162–164).

THE AMBIGUOUS CASE FOR A RESTRICTED OLIGODENDROCYTE:
NEURON PRECURSOR CELL

Given the information discussed thus far, it is critical whether there exists any
grounds—as some authors have suggested—for arguing that the GRP cell hypothesis
should be abandoned in favor of an MNOP or MNP/OP hypothesis. Certainly, there is
an intuitive attractiveness to the suggestion that if both oligodendrocytes and motor
neurons are induced by Shh, both express Olig genes, require Olig2 and both arise in
the same location, they may be derived from an identical precursor cell. Nonetheless,
whether the data is sufficient to support overthrowing the GRP cell hypothesis is far
from clear. This topic has been reviewed in detail in (210).

Data derived from studies on the expression and function of Olig1 and Olig2 genes
contain substantial ambiguities. As these studies provide no evidence that has been
presented of the derivation of both motor neurons and oligodendrocytes from a single
lineage-restricted founder cell, the only conclusion that can be drawn from these
experiments is that Olig1 and Olig2 genes are expressed in a population of ancestral
cells of unknown heterogeneity. As has been pointed out in a notably careful recent
review (164), this population may well consist of separate Olig1+/Olig2+ precursors for
neurons and for oligodendrocytes.

Critically, it is not yet possible to draw firm conclusions from existing studies on
whether or not astrocytes are ever generated in vivo from cells that are at some point
induced to express Olig genes. Suggestions that Olig2+ cells do not generate astro-
cytes, and that disruption of Olig gene function does not alter astrocyte development
(161), are not without problems, as these suggestions may be difficult to test. It is the
case, however, that in Olig2 -/- mice in which the Olig2 gene was disrupted by targeted
replacement with tamoxifen-inducible Cre recombinase reveal at least some of the Cre
expressing cells expressed the astrocyte marker S100β (162). Similarly, in Olig1-/-
Olig2-/- mice in which GFP was expressed in the Olig2 locus, half of the GFP-express-
ing cells differentiated into astrocytes in vivo (163). As these experiments are con-
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ducted in animals in which no functional Olig genes were expressed, no conclusions
regarding Olig gene expression and lineage restriction can be drawn, but the conclu-
sion can be drawn that the signals that induce Olig gene expression are not sufficient to
cause restriction of the resultant precursor cells away from astrocytic pathways. If one
believes, however, that disruption of the function of Olig1 and Olig2 genes in vivo is
revealing of developmental plasticity (as contrasted with experimental plasticity), then
the interpretation of the experiments of (162) and (163) would be that cells exposed to
signals that induce expression of Olig1/2 can readily generate astrocytes if Olig gene
expression is disrupted. Recent experiments by Liu and Rao also have suggested that
cells that express Olig1 may even become astrocytes in vivo. Examination of sections
of developing spinal cords of heterozygous Olig1-Cre/Rosa-LacZ mice (161) demon-
strate the expression of β-galactosidase activity in cells that coexpressed astrocytic and
radial glial markers (211). The possibility that cells induced to express Olig gene prod-
ucts can still become astrocytes is consistent with observations that A2B5+NG2+

PDGFR+ cells (which would be expected to express Olig2) derived from the ventral
spinal cord of E16 rats readily generate oligodendrocytes and two populations of
astrocytes in vitro when exposed to appropriate conditions, and thus appear to be GRP
cells (71).

It is also very important to ask whether the outcomes of developmental studies in
vivo are at least consistent with an MNOP or MN/OPC hypothesis. This appears not to
be the case. The view that Olig1/2 expression represents restriction to the motor neu-
ron/oligodendrocyte pathways makes a very specific prediction that labeling of a
founder cell and its clonal derivatives at stages of spinal cord development after Olig1/2
expression occurs will reveal that motor neuron-containing clones contain oligoden-
drocytes but not astrocytes. Highly relevant experiments appear to have been carried
out over a decade ago, using the technique of injecting retroviral particles expressing
bacterial β-galactosidase into the developing chick spinal cord, over a range of ages
including up to one or two cell cycles before all motor neurons are born (212). In these
experiments, 82% of clones that contained motor neurons also had nonmotor neuron
relatives. No evidence was found, however, for the occurrence of cell types in specific
combinations. Forty-two percent of the multicellular clones that contained motor neu-
rons also contained cells that were clearly glial in both gray and white matter, with
many of these glial cells being clearly identifiable as astrocytes. Critically, in respect to
the possible longevity of NSCs in the developing spinal cord, injection of retrovirus as
late as one or two cell cycles before motor neurons are born revealed clones that con-
tained motor neurons, interneurons and glia as relatives, with astrocytes prominently
represented among the glia. Although the focus of this study was on motor neuron
development, the authors also noted the existence of other clones that appeared to con-
tain both oligodendrocytes and astrocytes (as would be predicted from the GRP cell
hypothesis). The results of these studies are subject to multiple interpretations, but the
reported frequency of motor neuron/astrocyte clones seems quite divergent from what
one would expect were a restricted MNOP, or restricted MNP/OPCs, a critical con-
tributor to spinal cord development.

At present, it appears that the most likely explanation of available data is that
although Olig expression may indicate the likely fate(s) of an unperturbed cell in vivo,
it does not define the developmental potential of the precursor cell population in which
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such expression was induced by local environmental signals. Such a hypothesis is con-
sistent with the expression of Olig2 at stages of spinal cord development (178) when
current studies suggest that the whole cord appears to be composed of NSCs. Indeed,
both Olig1 and Olig2 genes are expressed prior to the appearance of motor neurons or
oligodendrocytes. Expression of Olig1 and Olig2 genes is seen in the ventral third of
the spinal cord neuroepithelium of the embryonic mouse as early as E 8.5 (147,208),
long before the appearance of PDGFR-α-expressing cells in a more restricted region of
the ventral cord of the embryonic mouse at E12.5 (157,213). The suggestion that cells
induced to express Olig genes are not committed is also consistent with the ability of
cells that would have expressed Olig genes (or, in the heterozygotes discussed above,
which do express Olig genes) to differentiate into astrocytes (162,163). In addition,
that precursor cells induced to express Olig genes in vivo might not generate astrocytes
(if that is in fact the case) reveals nothing of the identity of the cellular populations in
which expression of these genes is induced. It seems very clear that Olig gene expres-
sion is regulated by the microenvironment in which a precursor cell functions. Identi-
cal precursor cells (neural stem cells, for example) exposed to Shh or BMP clearly
express Olig genes, or are repressed from expressing Olig genes, respectively
(145,147,155,156). In addition, A2B5+PDGFR+ cells (which would be expected to be
Olig2+ [147,208]) isolated from ventral spinal cord of E15 or E16 rats can readily
generate type 1 astrocytes when exposed to BMP (71). Thus, at these late post-motor-
neuron stages of development it also appears likely that Olig gene expression is only
indicative of how a precursor cell is likely to develop if it is not exposed to signals that
induce other developmental pathways.

We suggest that current evidence most strongly favors the developmental model that
neuroepithelial stem cell give rise to GRP cells, which then give rise to O-2A/OPCs
and oligodendrocytes, if one makes the assumption that only one developmental path-
way is involved in the generation of oligodendrocytes. This model is based on the
integration of multiple avenues of analysis with what is known about those precursor
cell populations that have been successfully isolated from the developing spinal cord.
Within the developing spinal cord a restricted cohort of NSCs is induced to express
Olig1 and Olig2 as a result of exposure to Shh. These cells are not committed to any
particular fate, but if they are not exposed to conflicting signals will develop into motor
neurons or oligodendrocytes. After the time that motor neurons are born, there exists
both ventrally and dorsally a population of A2B5+ GRP cells that all share the ability to
generate oligodendrocytes and two populations of astrocytes in vitro. Many of the ven-
tral GRP cells are PDGFR+NG-2+Olig1/2+ and, under normal developmental circum-
stances, will go on to generate PDGFR+NG-2+Olig1/2+ O-2A/OPCs. What happens
during the period just before and during motor neuron generation is less fully defined.
The strictest formulation of the GRP/NRP hypothesis makes the testable predictions,
however, that intermediate between the Olig1/2+ neural stem cell and the motor neuron
is a PSA-N-CAM+ NRP cell. Separate from this would be the A2B5+ GRP cell.
We stress, however, that there is no a priori reason to believe that there is only one
developmental pathway that is utilized to generate any of the cell types of the CNS.
Moreover, the failure to find a particular precursor cell population may represent the
lack of appropriate isolation and growth conditions rather than the nonexistence of the
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population. Thus, it is important to remain open to the possibility that still new precur-
sor cells will be identified as study of the developing spinal cord continues.

DEVELOPMENTAL TRANSITIONS AND DEVELOPMENTAL MALADIES

There are multiple reasons for attempting to understand the complexities of glial cell
development. Deciphering the mysteries of differentiation is certainly a worthy chal-
lenge. Moreover, the use of precursor cells for CNS repair may allow treatment of
medical disorders that at present have no treatment, and understanding the biology of
these cells is important in such regard. Indeed, the possibility of using precursor cell
transplantation to repair demyelinating damage has long been demonstrated and is the
subject of active research in multiple locations. Still another reason for being vitally
interested in precursor biology, however, and one that has perhaps not yet received the
attention that it deserves is the opportunity to understand the cellular basis for defec-
tive development of the CNS.

Aberrant neurologic development is associated with a wide range of physiologic
insults. The diverse causes of such problems include various nutritional deficiency
disorders, hypothyroidism, fetal alcohol syndrome, treatment of CNS cancers of child-
hood by radiation, and treatment of even some non-CNS cancers of childhood by che-
motherapy. Common to most—and perhaps even to all—of the physiologic challenges
associated with neurologic impairment are problems related to formation or mainte-
nance of myelin.

A number of the physiologic insults that result in neurologic impairment and defec-
tive myelination, such as deficiencies in TH or iron levels, as well as generalized nutri-
tional deficiencies, are well known to have their most severe outcomes if they occur
during critical developmental periods. In 1921 the suggestion was first made that per-
turbations to development have their maximal effect (214) if they occur during critical
developmental periods, but it was not until 45 yr later that it was specifically hypoth-
esized that the period of myelination represents a particularly important critical period
in brain development (215). This hypothesis is well-supported by a variety of observa-
tions (as discussed later). Still, relatively little is known about the actual biological
processes involved in defining these critical periods, at either a biochemical or devel-
opmental level.

Several different kinds of developmental processes could be relevant to the exist-
ence of critical periods. These include cell survival, cell division, and expression of
differentiated functions. Moreover, these processes could be altered in differentiated
cells or in the precursor cells that give rise to the differentiated cells. For example,
reductions in the number of a particular differentiated cell type could occur as a result
of a failure of that cell to survive after it is generated. Reductions in cell number could
equally result, however, from death or reduced division of ancestral precursor cells,
from a failure of the precursor cells to undergo normal patterns of differentiation, or
from other perturbations discussed in later portions of this application. Indeed, one of
the critical realizations to emerge from developmental biology has been the recogni-
tion that reductions in the number of differentiated cells may occur for other reasons than
cell death. Induction of premature differentiation of precursor cells (thus removing
them from the mitotic cycle), or the absence of a substance required for their differen-
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tiation, both may lead to a relative paucity of differentiated cells. Such processes appear
to be of profound importance in multiple developmental maladies.

Hypothyroidism

Fetal and early postnatal hypothyroidism, usually associated with iodine deficiency,
is a major cause of mental retardation, myelination failure and other developmental
disorders (e.g., refs. 216 and 217). Children born to mothers with reduced TH levels
during early stages of pregnancy perform poorly on later tests of neurological and cog-
nitive function (218–220). In addition, the thyroid status of neonates and children has a
significant long-term impact on their behavior, locomotor ability, speech, hearing and
cognition (221). Hypothyroidism-associated deficiencies of myelination have been
observed in the cerebral cortex, visual and auditory cortex, hippocampus and cerebel-
lum (222–224). In addition, TH can modulate such processes as dendritic and axonal
growth, synaptogenesis and neuronal migration (225–227). Hypothyroidism in devel-
oping rats causes a retarded elaboration of the neuropil in the cerebral cortex and
adversely affects cerebellar Purkinje cells. Neuronal bodies are smaller and more
densely packed, with diminished dendritic branching and elongation and altered distri-
bution of dendritic spines (228). Axonal density is decreased to such an extent as to
reduce by as much as 80% the probability of appropriate axodendritic interaction (229),
a reduction that would greatly reduce the complexity of developing neural networks.

In both experimental animals and in human populations, hypothyroidism-associated
neurological defects can be at least partially ameliorated if TH replacement therapy is
initiated early enough in postnatal life (e.g., refs. 221,229–235). Studies performed in
iodine-deficient parts of the world have shown that iodine supplementation before
pregnancy and in the first and second trimesters reduces the incidence of cretinism,
but supplementation beginning later in pregnancy does not improve the neuro-
developmental status of the offspring (236,237). In the case of diagnosed neonatal TH
deficiency, initiation of treatment within weeks after birth restores normal develop-
ment, while treatment after this period is ineffective (238,239).

Hypothyroidism provides an example of a syndrome in which the ability of precur-
sor cells to differentiate normally is compromised. O-2A/OPCs cultured in the absence
of TH generate only a fraction of the oligodendrocytes found when TH is present
(35,47,48,240). In vivo, the number of oligodendrocytes found in optic nerves of young
postnatal hypothyroid rats is reduced by about 80%, the same level of reduction
observed in vitro when cells are grown in the absence of TH (47,241). Earlier points in
the developmental sequence leading to oligodendrocytes may also be compromised, as
TH also promotes the generation of O-2A/OPCs from GRP cells, at least in vitro (71).
Reductions in oligodendrocyte number associated with a failure of oligodendrocyte
generation in hypothyroid animals may be further compounded by effects of TH on
oligodendrocytes themselves, as TH promotes oligodendrocyte-specific gene expres-
sion (233,242–244) and possibly also survival (245).

Studies on the effects of TH on neuronal precursor cells are less detailed than studies
on glial precursors, but studies in the cerebellum indicate that TH deficiency is associ-
ated with abnormalities in migration and differentiation of granule neuron precursor
cells (246). In hypothyroid animals the external granular layer (the habitat of migrating
and dividing granule neuron precursor cells) persists significantly longer than it does in
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normal animals, consistent with a failure to induce differentiation in an appropriately
timely manner.

Iron Deficiency

Another example of a metabolic problem that impacts on CNS development is a lack
of sufficient dietary iron, which has been estimated to afflict more than 2 billion people
around the world (247,248). Perinatal iron deficiency is associated with long-term cog-
nitive abnormalities and neurological problems (249–253). In children and in experi-
mental animals, iron deficiency is associated with hypomyelination, changes in fatty
acid composition, alterations in the blood-brain barrier and behavioral effects (254–
259). Internationally, an estimated 35–58% of healthy women show some degree of
iron deficiency, with >90% of pregnant women estimated to be iron deficient in some
populations (260,261). In the United States, 9–11% of adolescent females and women
of child-bearing age are iron deficient, with similar values reported for children 1–2 yr
of age (262). Other studies have suggested that the prevalence of iron deficiency for
children under 2 yr of age may be 25% or more, as indicated by measurements of the
latency of auditory brain responses (ABRs) to determine conduction speed. Changes in
ABR latency have been related to the increased nerve conduction velocity that accom-
panies axonal myelination (263–266), with differences in ABR latency between nor-
mal and iron-deficient children thought to be reflective of a myelination disorder.
In addition, perturbation of normal hippocampal development may contribute to the
cognitive abnormalities associated with perinatal iron deficiency. Electrophysiologic
studies in infants at risk for perinatal iron deficiency suggest functional perturbations
of the developing hippocampus, an area central to recognition memory (249,250). His-
tochemical (267), behavioral (268), and biochemical studies (269) in rats also have
demonstrated selective involvement of the developing hippocampus in perinatal iron
deficiency. Preweaning or lactational exposure to low iron results in irreversible brain
iron deficiency despite adequate therapy, in contrast with postweaning exposure, which
is reversible (270).

There is a relative lack of myelin lipids and proteins in iron-deficient animals, sug-
gesting less myelin is produced (257,259,271). Recent studies indicate that differentia-
tion of both O-2A/OPCs and GRP cells, but not their survival, may be disrupted in iron
deficiency (272,273). O-2A/OPCs isolated from the optic nerves of P7 rats and exposed
in vitro to the iron chelator desferrioxamine show a significant reduction in oligoden-
drocyte generation. Complementary to these data are observations that iron supple-
mentation in vitro enhances the generation of oligodendrocytes in cultures of GRP
cells. Although less studied, neuronal development may also be compromised by iron
deficiency, through the regulation of enzymes controlling neurotransmitter synthesis
(274), cell division, and energy (267,275). As mentioned above, there are some sug-
gestions that the hippocampus may be particularly compromised by iron deficiency
(249,250,267–269).

Recent studies on iron-deficient rats have demonstrated the dramatic effects of
maternal iron deprivation on fetal CNS iron stores and development. For a long time it
was unclear whether maternal iron deprivation compromises fetal development.
Studies indicating the fetus can accumulate sufficient iron in the face of mild or mod-
erate maternal iron deficiency (276–278) contrasted with others indicating that mater-
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nal iron deficiency anemia during pregnancy compromises fetal iron reserves (279–
282). In our own studies, we found that raising pregnant rats on an iron-deficient diet
was associated with 30–50% reduction in cortical and spinal cord iron levels by E17
(273). Animals resulting from such pregnancies showed a 40% reduction in the num-
bers of oligodendrocytes in the postnatal (P7) spinal cord. It also bears note that in the
corpus callosum, oligodendrocyte number was actually increased at this time point,
although what happens at later time points (when myelination in the corpus callosum
would be at its peak) is not yet known. As iron deficiency is particularly prevalent
during pregnancy, findings that maternal iron deficiency is associated with reductions
in brain iron levels and alterations in differentiation may have important implications
for understanding developmental defects resulting from this widespread problem.

Nutritional Deficiency

Critical periods for the generation of defects in myelination also have been clearly
established in the case of nutritional deficiency, with highly focused studies being car-
ried out in rodent models. Lasting and significant myelin deficits are associated with
undernourishment that is established at birth (or earlier, through maternal deprivation)
and maintained through weaning (283–285). Strikingly, the deficit in myelin can be
quite specific, in that this parameter is affected even in cases of undernourishment in
which brain weight remains normal. Moreover, nutritional rehabilitation post weaning
may be associated with a restoration of brain weight to normal or near-normal levels,
even in the absence of a restoration of myelin content to normal levels. That critical
developmental periods are important in repair of this damage is indicated by observa-
tions that restoration of normal levels of myelin requires that normal nutrition be itself
restored well before weaning. In addition, severe starvation imposed from 14 to 30 d
after birth (i.e., after the critical period ends) produces no lasting deficit in myelin
accumulation (285), thus stressing the importance of critical periods in the establish-
ment of this deficit.

We are not yet aware of any studies that have examined nutritional deficiency in a
manner directly analogous to our studies on TH deficiency. Nonetheless, both in vitro
and in vivo data raise the possibility that oligodendrocyte generation is impaired in at
least some models of undernourishment. It has been reported that there is a relative
reduction in the numbers of oligodendrocytes that are generated in glucose-deprived
cultures (286). In addition, severe malnutrition regimes are associated with a clear
reduction in glial cell numbers in vivo (287), although cell type-specific markers were
not utilized to determine whether this reduction preferentially affected oligodendrocytes
rather than astrocytes.

Regulation of myelin-specific genes by nutritional status has also been reported both
in vivo and in vitro. In vivo, it is well established that the myelin deficits associated
with undernutrition are even observed in animals in which oligodendrocyte number
appears to be normal (288). In such animals, however, it has been reported (289) that
the mRNAs for three important myelin proteins (myelin-associated glycoprotein
[MAG], proteolipid protein [PLP], and myelin basic protein [MBP]) do not undergo
the normal increases seen in brains of well-nourished animals. Increases are delayed
for several days beyond the normal time (i.e., d 7–9) at which they are observed, and
the increases are lower in extent.
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In vitro studies using glucose deprivation as a model for caloric undernutrition (290)
have raised the surprising possibility that transient caloric restriction at critical periods
may lead to long-term effects on differentiated function. In these experiments, mixed
cultures were generated from newborn rat brain and exposed to different glucose con-
centrations, ranging from 0.55 to 10 mg/mL; the lower doses are within the range that
occurs in clinical hypoglycemia. Low glucose concentrations were associated with
markedly lower levels of increases in MAG, PLP, and MBP mRNA levels and with a
subsequent and abnormal down-regulation in these mRNA levels. These effects were
specific, in that total mRNA levels in the cultures were normal. Most importantly,
these effects appeared to be irreversible if the glucose deprivation was applied over a
time period that mirrored the critical period for nutritional deprivation in vivo. Depri-
vation coincident with the normal time of myelin gene activation and the period of
rapid upregulation (6–14 d in vitro [DIV]) was irreversible. Deprivation at a later stage
was instead associated with only transient depressing effects. These results are very
important in raising the possibility that critical developmental periods may in part
reflect the timing of nuclear events related to temporal and tissue-specific patterns of
gene expression. It is also intriguing that recent studies have suggested that these effects
are not seen if glucose deprivation is applied to cultures of purified oligodendrocytes,
an observation the authors have suggested may indicate the involvement of an interme-
diary cell type to achieve suppression of myelin gene expression (291). It is important
to note, however, that the presence of other cells would promote division of O-2A/
OPCs and generation of immature oligodendrocytes (90), thus raising the possibility
that the lack of any affect also may reflect effects at particular developmental stages.

ASTROCYTES AND THEIR PRECURSORS

We have focused the greatest attention in this review on precursor cells that meet the
criteria of being able to be isolated directly from the animal and analyzed in clonal
conditions to demonstrate their individual ability to generate diverse cell types. More-
over, both O-2A/OPCs and GRP cells have been transplanted in vivo, and shown to
exhibit the same lineage restrictions in vitro and in vivo. It is of significant interest,
however, to develop as comprehensive an understanding of the ancestry of astrocytes
as we are beginning to have of oligodendrocytes.

The range of functions that have been attributed to astrocytes is broader than for any
other cell type of which we know. Astrocytes provide substrates for axonal growth,
secrete mitogens and survival factors for neurons and for O-2A/OPCs (28,34,90,292–
295), induce endothelial cells to differentiate to form the blood–brain barrier (296,297),
can function as antigen-presenting cells (298–300), have been found to produce
complement and inflammatory cytokines (301,302), inactivate neurotransmitters and
neuropeptides through both uptake and enzymatic inactivation (303,304), modulate
ion fluxes in the brain, may modulate neuronal activity through their own calcium
fluxes (305,306), can produce and secrete compounds with neurotransmitter activity
(307,308), play a central role in the generation of glial scar tissue (309–311), and express
a host of still other functions (312–314).

The correlation between diversity of function in astrocytes and development of these
cells, at this stage, represents wholly unknown territory. A number of astrocyte precur-
sor cells have been described, including the A2B5+ astrocyte precursor cell present in
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E17 spinal cord and originally described by Miller and colleagues (188,189), the puta-
tive astrocyte precursor cells from the embryonic mouse cerebellum described by
Seidman et al. (315), and the astrocyte precursor cell described by Mi and Barres (190).
Still another astrocyte precursor cell has been observed in cultures on human neural
precursors (316,317). In addition, Miller and colleagues (318) have described five dis-
tinct astrocyte populations in the spinal cord based on heritable morphologic differ-
ences. At this stage, little or nothing is known about how these various populations of
astrocytes are developmentally related to each other, or what induces the appearance of
specialized astrocyte functions. Moreover, little is known about the extent to which
physiologic insults disrupt normal astrocytic development and function. Considering
the multiple roles played by these cells, it would be very surprising if disruption of
their function did not have profound neurologic consequences.

Still another potential astrocyte precursor is the GRP cell itself, which can give rise
to two distinct antigenic classes of astrocytes. It has been suggested, however, that
intermediate between GRP cells and astrocytes lies an astrocyte-restricted progenitor
cell (70), a suggestion analogous to our own suggestion that the O-2A/OPC is an inter-
mediate stage between GRP cells and oligodendrocytes (71).

One of the greatest problems hindering the study of astrocyte diversity is the lack of
markers. The extensive characterization of O-2A/OPCs and the existence of markers
(the O4 and anti-GalC antibodies) that enable purification of a specific subset of prog-
eny cells derived from GRP cells allowed the demonstration of derivation of a
bipotential O-2A/OPC-like cell from a tripotential GRP cell. We do not yet have suffi-
cient markers and/or knowledge of growth conditions to determine whether GRP cells
also can give rise to such other glial precursor cell populations as the astrocyte precursor
cells that have been described by others (188–190,315) or perhaps even to the pre-
O-2A/OPC described by Grinspan and colleagues (193), although it has been suggested
that it may be possible to study this problem with anti-CD44 antibodies (70,316,317).

The extent of the need for new markers in the study of astrocytes is particularly well
illustrated by the recent studies of Alvarez-Buylla and colleagues, who have described in
the subventricular zone of the adult mammalian brain a precursor cell that expresses glial
fibrillary acidic protein (GFAP), the supposedly “definitive” marker of an astrocyte (319);
yet is able to give rise to neuroblasts that migrate into the olfactory stream and differen-
tiate into neurons when they reach the olfactory bulb (320). That we currently have no
suitable markers for differentiating even these GFAP+ cells from astrocytes committed to
the range of CNS functions mentioned in the beginning of this closing section is a stark
indication of how far we must progress to analyze the development of what is the major
cell type in the CNS. Considering the complexity of astrocytes, it seems most likely that
their developmental history will be at least as filled with novel discoveries, as has been
the case for their companion in the glial kingdom, the oligodendrocyte.
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INTRODUCTION

The peripheral nervous system (PNS) is comprised of groups of neurons and support
cells whose cell bodies lie outside the spinal cord and brain. These peripheral ganglia
relay sensory input back to the central nervous system (CNS), where the information is
processed and physical responses are generated. The PNS is derived primarily from a
population of precursor cells called neural crest cells that arise within the developing
CNS but subsequently migrate to the periphery and are highly versatile with respect to
the types of derivatives that they form.

The neural crest is one of the defining features of vertebrates. Neural crest cells
originate in the ectoderm of the early embryo and develop as a ridge of cells flanking
the rostrocaudal length of the open neural tube (Fig. 1), resembling a “crest.” Initially,
these cells appear to be multipotent and subsequently give rise to both neuronal and
nonneuronal derivatives, including neurons and support cells of the PNS, pigment cells,
smooth muscle cells, and cartilage and bone of the face and skull (1,2). Different
populations of neural crest cells arise at different rostrocaudal levels of the neural
axis. For example, at cranial levels, neural crest cells contribute to cranial sensory
ganglia as well as skeletal elements of the face. In contrast, trunk neural crest cells
never contribute to the bone or cartilage, but are the exclusive source of the peripheral
ganglia and also contribute to the adrenal medulla (Fig. 2). Thus, neural crest cells at
all axial levels appear to have multiple developmental potentials, but they differ from
each other according to their level of origin. Recently, it has been shown that some
neural crest cells are stem cells that self-renew in vivo and can contribute to at least
some of the derivatives generated by the neural crest (3).

Interest in the mechanisms of induction, migration, and differentiation of neural
crest cells has occupied developmental biologists for more than 130 yr (4–8), reprinted
in ref. 9. Much is known about the later steps of neural crest development such as
migration pathways and cell fate decisions (1,10–13). However, molecular aspects of
these processes have only begun to be uncovered within the last two decades. This
chapter summarizes recent findings regarding neural crest induction and the isolation
and characterization of neural crest stem cells and discusses the involvement of neural
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Fig. 1. Neural crest-forming regions and migration pathways in avians: cross-sectional view.
(A) E1.5–2. Thickened epithelium at the midline begins to fold into a tube. The border of the
neural and nonneural ectoderm is the site of neural crest formation. (B) E2–2.5. Neural crest
cells delaminate from the dorsal neural tube and begin to migrate. (C) E3. Two migration path-
ways are shown in the trunk: the dorsolateral pathway passes between the dermomyotome and
epidermis, and the ventral pathway passes through the sclerotome of the somites. (D) E4. Neu-
ral crest cells in the trunk populate the dorsal root ganglia and sympathetic ganglia and form
melanocytes in the skin. da, Dorsal aorta; dm, dermomyotome; drg, dorsal root ganglion;
epi, epidermis; m, melanocyte; meso, nonaxial mesoderm; nc, neural crest; nt, neural tube;
s, somite; sg, sympathetic ganglion.
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and neural crest stem cells in the development of tumors of the central and peripheral
nervous systems.

ORIGIN AND INDUCTION OF THE NEURAL CREST

Neural Crest Origin

The ectoderm is the source of the tissues that eventually form the epidermis, CNS,
and PNS of all vertebrates. It is initially patterned into neural and nonneural ectoderm
by signals emanating from a mesodermal organizing center during gastrulation, that is,
the dorsal lip of the blastopore (Spemann’s organizer) in amphibians, Hensen’s node in
avians, the node in the mouse, and the embryonic shield in zebrafish. This process is
called neural induction (14–17). Later, the underlying mesoderm also plays a role in
supplying rostrocaudal positional information to the neural ectoderm. At the start of
neural induction, a broad domain of ectoderm adjacent to the midline thickens to form
a columnar epithelium called the neural plate. The ectoderm outside of the neural plate
will give rise to the epidermis and, in the head region, placodes. Placodes are regional
thickenings of the ectoderm that will contribute to the cranial sensory ganglia and the
sense organs of the head such as the eyes, ears, and nose (18,19). They form the
remainder of the PNS that is not generated by the neural crest.

Induction of the neural crest occurs at the border region between the future epider-
mis and the neural plate (reviewed in refs. 20 and 21). As development proceeds, the
neural plate begins to roll into a tube, causing its lateral edges to form folds that even-
tually approximate at the dorsal midline of the embryo. The neural folds typically
contain the premigratory neural crest cells, although there are some exceptions.
For example, in the frog, Xenopus, the cranial neural crest is not incorporated into the
neural tube, but remains as a separate condensed mass of cells in the border region.

Fig. 2. Diagram illustrating the derivatives arising from trunk and cranial neural crest cells.
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Thus, neural crest cells delaminate from the neuroepithelium and begin to migrate
before neural tube closure in some species (e.g., mouse, Xenopus) (9,22–26), whereas
in other species (e.g., chicken), they migrate only after apposition of the neural folds
(27). Thus, the CNS is formed from the rolled-up neural plate, and the PNS is formed
from the ectodermal placodes and the neural crest cells residing in and around the
dorsal neural tube, which delaminate from the neural epithelium and migrate through-
out the embryo (Fig. 1).

It was originally thought that the neural crest was a segregated population of cells,
largely based on the fact that these cells appear morphologically distinct from neural
tube cells in some species (e.g., axolotl and zebrafish). In other species, however, pre-
sumptive neural crest cells are not readily distinguishable from dorsal neural tube cells.
Moreover, single-cell lineage analyses of the dorsal neural tube have shown that indi-
vidual precursors in the neural tube can form both neural crest and neural tube deriva-
tives in chick (28,29), frog (30), and mouse (31,32). Even more strikingly, prior to
neural tube closure, the neural folds can give rise to all three ectodermal derivatives:
epidermis, neural tube, and neural crest (13). Recently, genetic screens in zebrafish
have identified a mutation called narrowminded, which supports a shared lineage
between CNS and PNS cells. This mutant lacks both early neural crest cells (PNS) and
sensory neurons in the neural tube (CNS) (33). Further evidence for a common neural
progenitor comes from isolation of stem cells from the spinal cord neuroepithelium
(NEP) cells that can form both CNS and PNS derivatives (34).

Not only has it been shown the neural tube/neural crest lineage is shared, but it has
also been demonstrated that these cells are not irreversibly committed to either fate
until relatively late in development. The ability of the neural tube to produce neural
crest cells may persist for long periods. Sharma et al. (35) identified a late-emigrating
population of neural tube cells that form neural crest-like derivatives. When trans-
planted into neural crest migratory pathways of younger embryos, these cells can
migrate and differentiate into neural crest derivatives (36). Conversely, it has been
shown that early-migrating neural crest cells can reincorporate into the ventral neural
tube and express markers characteristic of floor plate cells when challenged by trans-
plantation (37). In addition to neural crest cells that arise from the dorsal portion of the
neural tube, there is evidence that multipotent precursors can arise from the ventral
neural tube. These “VENT” cells appear to have the ability to form neural crest-like
derivatives as well as other cell types (38).

Neural Crest Induction
Cell–Cell Interaction at the Neural Plate Border

Several theories of neural crest induction exist (reviewed in ref. 19). Both the meso-
derm and the epidermal ectoderm have been shown to have the ability to induce neural
crest. (This section discusses the evidence for ectodermal interactions; see later for a
discussion of mesoderm.) The best supported model for neural crest induction is one in
which cell–cell interaction at the border between neural and nonneural ectoderm is
responsible for inducing the neural crest. In vivo grafting experiments suggest that
interactions between presumptive epidermis and neural plate can form neural crest cells.
In amphibians, epidermis grafted into the neural plate generates neural crest cells
(39,40). In avians and frogs, neural plate tissue grafted into the epidermal ectoderm
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results in the production of migratory cells expressing neural crest cell markers
(13,41,42). In vitro coculture experiments have similarly provided evidence for the
sufficiency of the neural plate–epidermal ectoderm interaction to generate neural crest
cells (13,41,42). Interestingly, both the epidermis and the neural plate cells contributed
to the neural crest cell population (13,40).

The potential for more ventral neural tube cells to generate neural crest was exam-
ined in ablation experiments in which the dorsal region of the neural folds contain-
ing the presumptive neural crest cells was removed, thus bringing more ventral
regions of the tube into contact with epidermal ectoderm. In this situation, neural
crest cells were regenerated at the zone of contact (43–47), for a limited period.
These data show that a very important mechanism of neural crest induction is
mediated through cell–cell interactions at the border between the epidermal ectoderm
and the neural plate.

The Role of BMPs in Neural Crest Induction: Setting Up the Neural Plate Border Region

There is growing evidence, particularly from the Xenopus system, that members of
the transforming growth factor-β (TGF-β) superfamily of signaling molecules play an
integral role in setting up the border between neural and nonneural ectoderm. Given
that neural crest cells arise at this border, it is likely that these cells are an important
target of this signaling process.

Several lines of evidence support the idea that bone morphogenic protein (BMP)
molecules play a role in neural induction (for review, see refs. 15 and 16). Xenopus
BMP-4 is expressed throughout the ectoderm prior to neural induction and then is lost
from regions fated to become the neural plate (48–50). The secreted BMP antagonists
noggin (51,52), chordin (53,54), and follistatin (55,56) all are expressed in Spemann’s
organizer, the tissue responsible for patterning the ectoderm. Thus, the neural plate
forms adjacent to the organizer, the source of BMP inhibition, whereas the nonneural
ectoderm lies distal to the organizer (Fig. 3).

One possibility is that inhibition of BMP signaling is sufficient to generate both the
neural plate and the neural crest, with high levels of inhibition yielding neural tissue
and intermediate levels yielding neural crest. The idea that a diffusible morphogen
could act to instruct the ectoderm to assume the various available fates was first pro-
posed by Raven and Kloos (57), who hypothesized that an “evocator” present in a
graded fashion could generate neural crest at low levels and neural plate and neural
crest at high levels (reviewed in ref. 19). In Xenopus ectodermal explants (animal caps),
varying the level of BMP activity leads to varying fates of ectoderm (16,58).
Overexpression of a dominant-negative BMP receptor (59) or the BMP antagonist
chordin in Xenopus ectodermal explants causes neural crest marker expression and in
whole embryos enhances the neural crest domain in a dose-dependent fashion (60).
In contrast, the reciprocal experiment of overexpressing BMP-4 itself in intact
embryos does not influence the size of the neural crest domain. Instead, the size of the
neural plate decreases in a dose-dependent fashion, thus moving the location, but not
the extent, of the presumptive neural crest (60). Furthermore, chordin by itself cannot
induce robust expression of neural crest markers in Xenopus animal caps (60). Taken
together, these results indicate that inhibition of BMP signaling alone is not sufficient
to induce neural crest formation.
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Genetic Evidence for the Involvement of TGF-β Family Members in Neural Crest Induction
Genetic evidence in the zebrafish supports a role for TGF-β family molecules influ-

encing the fate of the ectoderm. Nguyen et al. (61) have investigated swirl (62,63), a
mutation in the zebrafish BMP-2 gene. swirl mutants display a loss of neural crest
progenitors, whereas mutations in genes downstream of BMP-2b such as somitabun
(mutation in Smad5, a BMP signal transducer) expand the neural crest domain (61).
The zebrafish mutant radar, which affects a dpp-Vg1-related molecule distinct from
the BMP-2/4 and BMP-5/8 subgroups (64; and see ref. 65 for a review of TGF-β rela-
tionships), results in the loss of the neural crest marker msxC and selected neural crest
derivatives. Conversely, overexpression of the radar gene causes up-regulation of
msxC expression, but only in areas contiguous with the endogenous msxC domain
(64). In these mutants, however, the mesoderm underlying the neural crest is also
affected, allowing for the possibility that the strength of the phenotype is not due solely
to changes in BMP signaling in the ectoderm. This suggests that the activity of TGF-β
family members contributes to the patterning of the ectoderm. However, only certain
regions are competent to respond to these molecules, suggesting that other gene activi-
ties may be required for the establishment of the neural crest.

Transgenic mice bearing null mutations in BMP-4 (66), follistatin (67), or noggin
(68) do not display the neural defects that would be expected by extrapolation from the
experiments in Xenopus described earlier. It has been suggested that redundancy
between different BMP family members, the antagonizing molecules, or other devel-
opmental defects may obscure the phenotype (reviewed in ref. 69). Alternatively, there
may be interesting species differences in the process of neural induction and neural
crest formation. Indeed, many studies in the chick embryo have added to the
interspecies discrepancies that are found on investigation of the role of TGF-β signal-
ing as a mechanism for neural induction and neural crest formation.

Fig. 3. Schematic diagram of the Xenopus model of neural induction. The BMP antagonists
noggin, chordin, and follistatin are secreted from Spemann’s organizer (black box) to modulate
BMP activity in the ectoderm. The activity of BMP molecules establishes three fates of ecto-
derm: lowest activity = neural plate; intermediate activity = neural crest; highest activity =
epidermis. This simplistic model does not include the evidence for the involvement of other
molecules in neural and neural crest induction, but is intended as a simplified model of neural
induction. (Modified from ref. 60.)
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BMPs Can Induce Neural Crest in Culture

In the chick embryo, BMP-4 and BMP-7 are expressed in the epidermal ectoderm
that contacts the neural tube (70,71). As development proceeds, however, expression is
lost in the epidermal ectoderm but BMP-4 is expressed in the neural folds and dorsal
neural tube (72), along with another TGF-β family member, dorsalin-1, which is
up-regulated after neural tube closure (70,73). When added to isolated intermediate
neural plates in tissue culture, both BMP-4 and -7 have been shown to induce neural
crest markers and migratory cells (70). This seemingly contrasts with the results in
Xenopus, where inhibition of BMP signaling yields neural fates. However, the para-
digm for neural induction by BMP repression in the neural plate does not appear to
function in the chick embryo at the time of neural crest/neural plate border formation.
Chordin, which inhibits BMP activity, is expressed in the avian organizer (Hensen’s node)
but alone cannot neuralize ectoderm (73). In addition, neither BMP-4 nor -7 is suffi-
cient to repress neural induction in the neural plate when ectopically expressed (73).

Furthermore, by implanting noggin-producing cells into the neural tube or under the
neural fold regions, it has been shown that BMP signaling is required in the chick
neural tube for expression of neural crest markers, but not at the stage at which BMP is
expressed in the ectoderm (74). Pera et al. (75) found that ectopic expression of BMP-2
or -4 under the neural/nonneural border region distorts the neural plate and causes
epidermal ectoderm marker expression in areas that would normally give rise to neural
plate. Taken together, these results seem to indicate that BMP signaling plays several
important roles in neural crest development, beginning with the positioning of the neu-
ral plate border and continuing with the maintenance of neural crest induction. Impor-
tantly, it is likely that other molecules are involved in the initiation of neural crest
induction. Later, BMPs in the dorsal neural tube induce roof plate cells and sensory
neurons (76). Still later, BMPs are involved in the differentiation of sympathoadrenal
precursors from neural crest cells (77–79).

There is no direct evidence that either BMP-4 or -7 is the molecule that diffuses
from the epidermal ectoderm to induce crest cells (70). Indeed, it was shown that
BMP-4 induces epidermis at the expense of neural tissue (80). The ability of BMP-4
and -7 to induce neural crest from neural plate cultures (70,76) may be a reflection of
the molecule having first induced epidermis, which in turn interacted with the neural
plate to induce neural crest. Another possibility is that exogenous BMP bypasses an
epidermal signaling event and mimics a later action of endogenous BMP signaling in
the dorsal neural tube that is sufficient to generate neural crest cells. This possibility is
supported by the later neural tube requirement for BMP signaling to produce neural
crest cells, as demonstrated by Selleck et al. (74). Thus, the action of BMPs may be
required within the responding tissues to maintain crest production, rather than being a
property of the initial induction (reviewed in ref. 21).

It is important to bear in mind that although many experimental differences between
species are reported in the literature, these are most likely to be a result of the rather
striking differences among the organisms that are used for study. Differences in mor-
phology and timing of development must require differences in gene expression to
achieve the overall goal of properly forming the animal. For example, the frog embryo
begins as a hollow ball of cells, whereas the chick embryo begins as a flat sheet of cells.
In the frog embryo, development relies for a period on maternal stores of messenger



196 Hemmati, Moreno, and Bronner-Fraser

RNAs, which contrasts with the chick embryo. Moreover, the distances between sig-
naling centers and their responding tissues may require different mechanisms in order
to effect induction of neural tissue and other developmental events. Although there are
many apparent species differences, these may reflect variations in the finer details that
accommodate spatial and temporal variations among organisms; the general mecha-
nisms are likely to be common for all vertebrates (21).

Other Sources of Neural Crest-Inducing Signals
The Mesoderm

It would be overly simplistic to assume that a single signaling event within the ecto-
derm is sufficient to account for induction of the neural crest. Many lines of evidence
suggest that the nonaxial mesoderm is also involved in inducing the neural crest.
Although conjugating epidermis and neural plate in vitro is sufficient to induce neural
crest markers in the absence of mesoderm (13,40–42), mesoderm could represent an
important modifier. Mesoderm–neural plate conjugates do not induce early neural crest
markers (13,81). However, it was demonstrated that paraxial mesoderm conjugated
with neural plate could induce the formation of melanocytes, a neural crest derivative
(13). Similarly, nonaxial mesoderm from both chick and frog can induce neural crest
markers in neural plate coculture experiments (59,82,83), and removal of the nonaxial
mesoderm before neural induction is complete results in a failure of the ectoderm to
express neural crest markers (59,83). The evidence that mesoderm can influence neural
crest formation suggests that there may be other molecules involved in the early steps
of neural crest induction.

Wnt Family Members

As discussed earlier, it seems likely that inhibition of BMP alone cannot account for
neural crest induction, making it probable that other signaling systems are involved.
Possible candidates for involvement in this process are secreted molecules expressed
in both mesoderm and ectoderm, that have been implicated in patterning the neural
tube. These include members of the wingless/int family known in vertebrates as Wnts
(84) and the fibroblast growth factor (FGF) family (85,86). In Xenopus ectodermal
explants (animal caps), Wnt1 and Wnt3a (87), Wnt7b (17), and Wnt8 (60), in conjunc-
tion with inhibition of BMP signaling (i.e., neural induction), can induce the expres-
sion of neural crest markers. Furthermore, overexpression of β-catenin (a downstream
component of the Wnt signaling pathway) expands the neural crest domain; expression
of a dominant-negative Wnt ligand eliminates the neural crest domain in Xenopus
embryos (60).

One of the earliest neural crest markers in Xenopus is the zinc finger transcription
factor, Slug (88) (Fig. 4). When animal caps overexpressing Slug are juxtaposed to
Wnt8-expressing explants, neural crest markers are induced, thus bypassing the
requirement for inhibition of BMP signaling (60). In contrast, Slug alone cannot induce
neural crest (60). Slug, in turn, can expand its own expression domain when
overexpressed in the whole embryo (60). These results suggest that a two-signal model
may account for the events underlying neural crest formation, such that Wnt signaling
together with inhibition of BMP signaling induces the neural crest marker, Slug, with
Slug expression abrogating further need for BMP inhibition (60). A recent study has
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shown that in Xenopus, Wnt signals induce the expression of the proto-oncogene c-Myc
in neural crest cells prior to the expression of Slug (89). Knock-downs of c-Myc activ-
ity result in a loss of neural crest cells and their derivatives in vivo (89).

Many Wnt molecules are expressed in spatiotemporal patterns appropriate for
involvement in various aspects of neural crest development. Xenopus Wnt8 is expressed
in the ventrolateral mesoderm (90), a tissue that has been shown to be a neural crest
inducer when conjugated with neural plate in vitro (59,82,83), and avian Wnt-8C is
similarly expressed in the nonaxial mesoderm (91). In Xenopus, an early Wnt8 signal
induces expression of Pax3 and Msx-1 in the lateral neural plate (92). This establishes
a posteriolateral domain from which neural crest cells will eventually arise (92). Xeno-
pus Wnt7b is expressed throughout the ectoderm at gastrulation (17), and other Wnts
may well be expressed in the ectoderm.

In chick (41,93), frog (94,95), and mouse embryos (96,97), Wnt1 and Wnt3a are
expressed in the dorsal neural tube well after the initial expression of neural crest mark-
ers, although Xenopus Wnt3a is also expressed before neural tube closure at the edges
of the neural plate (95). Furthermore, avian neural crest can be induced in conjugates
of epidermis and neural plate without the concomitant expression of either Wnt1 or
Wnt3a (41). This suggests that Wnt1 and -3a are not involved in the initial induction of
neural crest. However, Wnt1/3a double knockout mice have a reduction in neurogenic
and gliogenic neural crest derivatives, suggesting that fewer neural crest cells emerge
in embryos lacking both genes (98). Not all neural crest derivatives are affected, with

Fig. 4. Slug expression pattern in Xenopus and chick. The zinc-finger transcription factor
Slug is an early marker for the neural crest in Xenopus and chick. (A) A late-neurula Xenopus
embryo with Slug mRNA expression in the cranial neural crest on both sides of the closing
neural tube. The groove down the central portion of the embryo is the forming neural tube.
(B) An E1.5 (10-somite stage) chick embryo with Slug mRNA marking the early-migrating
neural crest in the head (arrowheads) and premigratory neural crest at more posterior levels of the
neural tube. a, Anterior; p, posterior; fb, forebrain; mb, midbrain; hb, hindbrain; nt, neural tube.
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ventralmost derivatives such as sympathetic ganglia demonstrating normal morphol-
ogy, whereas dorsal root ganglia are markedly reduced. This is consistent with the
possibility that these Wnts play a later maintenance role in neural crest production by
the neural tube. Wnts may be involved in the expansion of neural crest progenitors,
most likely by regulating the proliferation of the cells after induction has occurred but
prior to commencement of emigration (98). Garcia-Castro et al. (99) have recently
shown that a Wnt family member, Wnt6, is likely the early epidermal neural crest
inducer in the chick. Wnt6 is expressed in the ectoderm adjacent to the neural folds, but
not in the neural folds and neural plate, at a time when neural crest cells are being
induced. Drosophila Wingless protein, which activates Wnt signaling in vertebrates,
can induce neural crest from naïve neural plate in vitro in the absence of additives,
whereas Wnt inhibition blocks neural crest formation in vivo. Taken together, these
results demonstrating that Wnt signaling is both necessary and sufficient to induce
neural crest in avian embryos (99).

Wnt family members may also be able to control some aspects of neural crest cell
fate. In zebrafish experiments, single neural crest cells overexpressing molecules of
the Wnt signaling pathway form pigment cells at the expense of neurons or glia. Con-
versely, overexpressing inhibitors of the pathway biases the neural crest cells to form
neurons at the expense of pigment cells (100).

Recent work by Baker et al. (101) has put forward a novel model for Wnt function.
These authors demonstrate that expression of Xenopus Wnt8, mouse Wnt8, and down-
stream Wnt targets in frog ectodermal explants can induce expression of the early
panneural marker neural cell adhesion molecule (NCAM), without neural induction by
BMP antagonists. In addition, they demonstrate that Wnt signaling components
suppress BMP-4 expression in ectoderm explants as assayed by in situ hybridization.
In fact, Wnt8, and not the BMP antagonist noggin, seems to be capable of blocking
BMP-4 expression in the neural plate throughout gastrula stages, suggesting that an
early Wnt signal and not a direct BMP antagonist is responsible for the early inhibition
of BMP-4 expression in the neural plate. Finally, the authors suggest that there may be
parallel pathways for the effects of Wnt signaling in neural induction because inhibi-
tion of Wnt8-mediated activation of the neural inducers Xnr3 and siamois did not abro-
gate Wnt8’s ability to itself promote neural induction. These results suggest that Wnt
signaling may be involved in multiple inductive events in early development. The rami-
fications of these data for the role of Wnt signaling in neural crest induction are unclear,
as these investigators did not explore the effects of the perturbations on neural crest
markers. Previous results showing that Wnts could not induce neural crest without a
coexpressed neural inducer (17,60,87), taken together with the results of Baker et al.
(101), may indicate that the precise levels of Wnt signaling are critical. Further inves-
tigation will be required to determine exactly what role Wnt plays during neural crest
development.

Fibroblast Growth Factors
Other molecules expressed in the mesoderm have been shown to have neural crest

inducing activities. FGF signaling can induce neural crest markers in frog ectodermal
explants when in the presence of BMP antagonists (60,102,103). Overexpression of a
dominant-negative FGF receptor can inhibit expression of the early neural crest marker
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XSlug in whole embryos (102). Other investigators have demonstrated that FGF sig-
naling has a posteriorizing effect on neural tissue (52,103–106). Indeed, members of
the FGF family are spatiotemporally expressed in a way that is consistent with their
playing roles in the process of neural and/or neural crest induction (107–113). Recent
work by Streit et al. has shown that in the chick, an FGF signal from Hensen’s node
initiates neural induction prior to the onset of gastrulation, inducing the expression of
early neural genes such as ERNI, Sox2, and Sox3 (113). The results indicate that FGFs
may be able to generate both posterior and lateral (i.e., neural crest) fates in the CNS
and PNS. The role of FGFs becomes complicated in light of evidence from transgenic
frog experiments, however, in which frog embryos expressing a dominant-negative
FGF receptor have normally developing posterior neural tissue and border regions
including the neural crest, although the investigators did not test a full range of neural
crest markers (114). Moreover, FGF-treated neural plate explants do not form neural
crest tissue (102). Another recent study suggests that FGF-8 may mediate the inductive
effects of paraxial mesoderm on frog animal caps and may be sufficient to induce
expression of several neural crest markers (115). However, other assays suggest that
neural crest induction by FGF may be a secondary result of its ability to induce a mem-
ber of the Wnt family (60).

Notch and Noelin

Recent work has implicated both Notch signaling and Noelin-1 in the generation of
neural crest cells. Activation of the Notch receptor results in cleavage of its intracellu-
lar domain, which translocates to the nucleus and activates transcription (116). Notch1
is expressed throughout the neural plate, with higher levels in the neural crest, whereas
its ligand Delta1 is expressed in the epidermal ectoderm (117–120). Notch signaling
has been shown to be required for neural crest formation in avian, zebrafish, and Xeno-
pus embryos (118,121,122), perhaps by repressing Neurogenin-1 function (121). In the
chick and Xenopus, Notch promotes neural crest formation by modulating levels of
BMP-4 expression: in the chick, Notch maintains BMP-4 expression (118), whereas in
Xenopus Notch represses BMP-4 transcription (122). In zebrafish, Notch promotes for-
mation of neural crest by repressing Neurogenin-1 function (121).

Barembaum et al. have recently demonstrated that the secreted glycoprotein Noelin-1
plays a role in the competence of neural tissue to form neural crest formation (123).
Noelin-1 mRNA is restricted to the dorsal neural folds and migrating neural crest cells
in avian embryos. Retroviral-mediated overexpression of Noelin-1 in the neural tube
increases both the number of neural crest cells generated and the length of time neural
crest cells continue to emigrate from the neural tube. These findings suggest that
Noelin-1 may play a role in rendering the neural tube cells competent to form neural
crest (123).

Neural Crest Stem Cells

In the past decade, work by several investigators has led to the prospective identifi-
cation and purification of neural crest stem cells—cells with the potential to self-renew
and also to give rise to the diverse population of derivatives that are generated by the
neural crest. The first neural crest stem cells were isolated in vitro by clonal analysis of
cells that were fractionated from rat neural crest cultures by cell sorting based on
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expression of a cell surface epitope (124). These cells can be replated to form new stem
cells and also can give rise to “blast” cells that are partially restricted to form neurons
or glia. These include the sympathoadrenal sublineage, which includes precursors to
sympathetic neurons and adrenomedullary cells (125,126), that, in the embryo, appear
specified by the time that neural crest-derived cells reach their sites of localization
around the dorsal aorta.

Specific molecules can instruct neural crest stem cells to adopt specific fates;
for example, glial growth factor (neuregulin) causes the development of glia (Schwann
cells) BMP-2 biases clones to develop into neurons (and a small number of smooth
muscle cells), and TGF-β1 promotes development of smooth muscle cells (127–129).
It has recently been shown that transient Notch activation promotes glial production by
neural crest stem cells at the expense of neurogenesis, even in the presence of BMP-2
(130). Thus, it is interesting to note that members of the TGF-β superfamily are not
only involved in induction of the neural crest but are also implicated in subsequent cell
fate decisions.

Although the neural crest stem cells are very useful in testing the ability of factors to
promote certain cell fate decisions, there are possible caveats; for example, the stem
cell qualities of the purified cells may have been acquired in vitro and may not reflect
an actual state that is present in the embryo. The findings of Frank and colleagues
(35,36) that neural tubes can give rise to neural crest-like cells that emigrate long after
the normal period of neural crest formation suggest that neural crest stem cells may
persist within the spinal cord and other sites for long periods. Consistent with this
possibility, Morrison et al. (3) have recently isolated neural crest stem cells from
embryonic rat peripheral nerve at E14.5. The cells were isolated by fluorescence-acti-
vated cell sorting using cell surface epitopes p75 and P0. Under proper culture condi-
tions, these cells self-renew and can differentiate into neurons, glia, and smooth muscle
cells within single colonies. The cells are also instructively promoted to form neurons
or glia by exposure to either BMP-2 or glial growth factor, respectively, in clonal cul-
tures. An important test of the qualities of these neural crest stem cells is to determine
whether newly isolated cells are multipotent when transplanted into an embryo. Indeed,
freshly isolated cells that were p75+/P0- have stem cell properties and can be back-
transplanted into chick embryos, giving rise to both neurons and glia as assayed by
differential marker expression (3). However, neural crest stem cells sorted from
embryonic day 14.5 (E14.5) rat spinal cords have been shown to have cell-intrinsic
differences in developmental potential in vivo from their counterparts, cultured E10.5
neural tube explants (131). The older, sorted neural crest cells produce fewer neurons
and appear unable to give rise to noradrenergic neurons, owing to reduced sensitivity
to the neurogenic signal BMP-2 (131). This phenomenon suggests that neural crest
stem cells can change as a function of time and perhaps in response to local environ-
mental factors in the periphery. By labeling actively dividing cells in embryos with the
thymidine analog bromodeoxyuridine, it was shown that endogenous neural crest stem
cells persist in the embryo by self-renewing (3).

Self-renewing neural crest stem cells have also recently been isolated by flow
cytometry from both embryonic (132) and adult (133) gut. Gut neural crest stem cells
can be sorted based on expression of both p75 and α4 integrin (132). The prospective
isolation of gut neural crest stem cells has proven particularly important toward the
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understanding of Hirschsprung disease, a common gut motility defect caused by the
absence of enteric nervous system ganglia in the hindgut (134). Gut neural crest stem
cells from normal mice were found to express high levels of the glial cell line-derived
neurotrophic factor (GDNF) receptor Ret, and GDNF promoted migration of neural
crest stem cells (134). Ret -/-null mice were found to have far fewer neural crest stem
cells in the gut as compared to wild-type mice (134). Yet there were no differences in
proliferation, differentiation, or survival between neural crest stem cells from normal
and mutant mice, suggesting that the absence of enteric ganglia in Ret null mice
is caused by a failure of Ret null neural crest stem cells to migrate into the distal
gut (134).

LINEAGE AND CELL FATE DECISIONS IN THE NEURAL CREST

The existence of neural crest stem cells in the embryo supports the idea that the fate
of neural crest cells in vivo is determined primarily by their environment (135). Neural
crest cell fate decisions and their relationships to cell lineage have been debated for
many years. Although it has been accepted that at least some, if not most, neural crest
cells are multipotent, some evidence indicates that other neural crest cells have
restricted fates in vivo (28,29,136). However, in these experiments, the potential of the
cells has not actually been tested by challenging the cells with all possible factors that
might influence cell fate choice. It is obviously difficult to quantify and compare
the environment of one cell with another, beginning from their origins in the neural
tube and following their migration trajectories through the periphery. In these lineage
experiments, single dye-labeled or retrovirally tagged cells often gave rise to clones of
progeny with multiple derivatives but sometimes gave rise to clones of only one cell
type, suggesting an earlier specification for that progenitor cell. Thus, alternate meth-
ods of marking and challenging neural crest cells will be necessary to define the state
of multipotency at the single cell level. This is an area in which the neural crest stem
cells and their blast cells promise to provide new and important information.

Recent work has shown that the HMG-group transcriptional regulator Sox10 main-
tains the multipotency of neural crest stem cells (137). In rodents, Sox10 is expressed
in neural crest cells at the time of their emigration from the dorsal neural tube. Loss-
of-function mutations in Sox10 result in defects in multiple neural crest derivatives
(138). Interestingly, overexpression of Sox10 in neural crest stem cells maintains their
neurogenic and gliogenic potentials, despite challenges by opposing differentiation fac-
tors such as BMP2 or TGF-β (137).

Mechanisms of Neural Crest Diversification

If neural crest cells are truly multipotent and receive instructions for differentiation
only when migrating to or reaching their final destinations, then it is interesting to
consider how cells are instructed to take on different fates. For example, neural crest
cells in the dorsal root ganglia differentiate into both sensory neurons and glia.
An asymmetric cell division could produce a blast cell of each type, which could in
turn replicate. Alternatively, the progenitor may replicate itself and produce a more
restricted daughter cell, which then goes on to form the final derivatives. The latter
seems more likely given the ability of neural crest stem cells to self-renew.
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Environmental Cues vs Timing of Emigration

Both the environment and the timing of emigration from the neural tube have been
proposed to affect the cell fate decisions of the neural crest. A restriction in available
cell fate accompanies the time of emigration from the neural tube: the latest migrating
cells only populate the dorsal root ganglia as neurons and form melanocytes in the skin
and feathers (35,139). However, when transplanted into earlier embryos, neural crest-
like cells derived from much older spinal cords were able to migrate more ventrally
and make sympathetic and peripheral neurons (36,140). Similarly, in the head, late-
migrating cells formed dorsal derivatives only because of the presence, ventrally, of
earlier migrating cells; however, they are not restricted in potential (141). Furthermore,
the latest migrating cells of the main wave of crest emigration make melanocytes in the
skin, but skin culture experiments show that they have the potential to form neurons
(142). This suggests that the restriction in available fates in these cases is made by the
environment that the cells occupy rather than the time that they emerge from the neural
tube (Fig. 1).

Additional evidence for the influence of environment on neural crest cell fate comes
from neural crest stem cells, in which single progenitor cells can generate smooth
muscle cells when exposed to TGF-β molecules. However, a community effect takes
place when denser cultures are exposed to TGF-β molecules, such that either neurons
form or cell death occurs, rather than differentiation of smooth muscle cells (143).
These data suggest that cell fate in the embryo could also be determined by community
effects in which cells respond differently to the same factors depending on the density
of neighboring cells (143). Other interesting studies on neural crest stem cells reveal
that they can integrate multiple instructive cues and are biased to certain levels of
responsiveness based on the growth factors to which they are exposed. If cultures of
neural crest stem cells are exposed to saturating levels of both BMP-2 and glial growth
factor (neuregulin), BMP-2 appears dominant and neurons differentiate. However,
BMP-2 and TGF-β1 seem to be codominant (129).

There is evidence, however, that some neural crest cell populations may undergo
early fate restrictions. By culturing “early-migrating” and “late-migrating” trunk neu-
ral crest cells, Artinger and Bronner-Fraser (144) found that the latter are more
restricted in their developmental potential than the former; although they can form
pigment cells and sensory-like neurons, they fail to form sympathetic neurons. In addi-
tion, late-migrating cells transplanted into an earlier environment can colonize the sym-
pathetic ganglia but failed to form adrenergic cells (144). Thus, the time that a precursor
leaves the neural tube may contribute to its potency. Perez et al. (145) have provided
evidence for early specification of sensory neurons by the basic helix–loop–helix tran-
scription factors Neurogenin-1 and -2. These molecules are expressed early in a subset
of neural crest cells, and ectopic expression of the molecules biases migrating neural
crest cells to localize in the sensory ganglia and express sensory neuron markers.

The mechanism for formation of sensory neurons from neural crest cells has
remained a mystery until recently. In an elegant set of experiments, Lee et al. have
demonstrated that activation of the canonical Wnt signaling pathway instructs neural
crest cells to adopt a sensory neuronal fate (146). Transgenic mice in which a constitu-
tively active form of β-catenin, a key mediator in the canonical Wnt signaling pathway,
was selectively expressed in neural crest cells produced only sensory neurons at the
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expense of other neural crest derivatives (146). Moreover, exogenous Wnt added to
clonal cultures of neural crest cells in vitro similarly biased the cells toward a sensory
neuronal phenotype without altering their proliferation (146).

Recent work implicates FGF and Wnt signaling in influencing the fate decisions of
neural crest cells (146,147). Hoxa2 expression in hindbrain neural crest appears to
confer second branchial arch identity at, causing them to form second arch skeletal
elements in the head (148,149). Trainor et al. have shown that FGF-8 signals alone or
from the isthmic organizer can inhibit Hoxa2, allowing second-arch cells to adopt a
first-arch fate and duplicate first-arch skeletal structures (147).

The study of neural crest stem cells has yielded new insight into the effects of envi-
ronment and timing on the function of neural crest cells (3,132,133). Bixby et al. have
compared the properties of neural crest stem cells purified from the sciatic nerve and
gut of rat embryos at E14, a time at when neurogenesis is predominant in the gut while
gliogenesis is most prevalent in nerves (132). In both cell culture and transplantation
experiments, gut neural crest stem cells produced primarily neurons, a function of their
increased sensitivity to BMP-4, whereas sciatic nerve neural crest stem cells formed
mostly glia, owing to their enhanced sensitivity to neuregulin and the Notch ligand
Delta (132). These stem cells maintain their difference even after many days of culture
and subcloning, suggesting that the differences are intrinsic to the cells (132). In con-
trast, neural crest stem cells purified from postnatal rat gut formed primarily glia after
they were transplanted into the peripheral nerves of chick embryos, demonstrating that
gut neural crest stem cells undergo temporal changes that help determine their cell
fates in vivo (133). Some important questions arise from this work: What signals cause
the spatial and temporal differences observed in different neural crest stem cells?
What are the normal functions of neural crest stem cells that persist into adulthood?

Another way to account for the process of promoting two different cell fates from
one precursor population within a single tissue is the proposal that temporal changes in
the target environment bias the cell fate decision (136). This is supported by the
fact that first neurons and then glia are born in the dorsal root ganglia (e.g., ref. 150).
The target environment could be influenced to change by early differentiating neural
crest cells themselves; for example, some neurons produce glial-promoting factors
(130,151–155). The strongest evidence of this phenomenon comes from the effects of
Notch activation on cell fate of neural crest stem cells (130). Notch activation by ligands
such as Delta, which are expressed on differentiating neuroblasts, induces glial differ-
entiation at the expense of neurogenesis, even in the presence of BMP-2 (130). These
findings suggest that differentiating neuroblasts might activate Notch in neighboring
neural crest cells as a feedback signal to promote gliogenesis. Also, the loss of certain
inhibitory glycoconjugates from the extracellular matrix in the dorsolateral migration
pathway has been linked to the migration of late-emigrating neural crest cells along
this pathway (156), where they are exposed to melanogenic factors and hence adopt a
melanocyte fate (157). Thus, there is evidence for the influence of both the timing of
emigration and environmental cues in determining neural crest fates.

Progressive Lineage Restriction

It has been proposed that neural crest cells adopt specific fates by progressive lin-
eage restrictions (12,77,158). One way to explain the intermingling of clonally related
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neurons and glia is that the choice is made stochastically, such that each cell has the
capacity to adopt either fate, and environmental factors act by influencing the probabil-
ity of a fate choice rather than imposing strict commitments (136). Trentin et al. have
recently taken individual avian neural crest cells through multiple rounds of serial
recloning to demonstrate that both cranial and trunk neural crest cells give rise to prog-
eny cells in a hierarchical manner, with progressively restricted developmental poten-
tials, akin to the lineage hierarchy formed by hematopoietic stem cells (159). Strikingly,
they found that only two types of intermediate bipotent precursors, glial-melanocytic
and glial-myofibroblast precursors had the ability to self-renew (159). Support for the
idea of progressive fate restriction comes also from the NEP, which can give rise to
both CNS- and PNS-type stem cells. PNS stem cells (indistinguishable from neural
crest stem cells, as described in ref. 11) are formed on addition of BMP-2/-4 to the NEP
cell cultures (34). BMP-2, a molecule that is known to instruct neural crest stem cells
toward an adrenergic neuronal fate, is expressed in the dorsal aorta, near where sympa-
thetic ganglia form (129,160,161). Thus, there is evidence that environmental cues
may be able to promote progressive restriction of neural crest cell fates. Many factors
act selectively by affecting the proliferation or survival of neural crest derivatives;
others act instructively on multipotent progenitors to promote one fate over another.
Further work will be required to answer the complex question of how individual cells
within the same environment can adopt different fates. The evidence in support of both
multipotentiality and lineage restriction may imply that neural crest cells take cues
from both the timing of emigration from the neural tube and the environments to which
they are exposed in cell lineage decisions. For more discussion on the topic of neural
crest diversification, the reader is referred to several recent reviews (162–164).

CANCER STEM CELLS IN THE CENTRAL
AND PERIPHERAL NERVOUS SYSTEM

A great deal of recent interest has focused on the striking similarities between stem
cells and cancer cells in the nervous and hematopoietic systems as well as in various
epithelial cell types (165,166). In particular, stem cells and some cancer cells share the
fundamental properties of self-renewal and the ability to differentiate into multiple
distinct cell types (167–169). The mechanisms underlying self-renewal of normal stem
cells are known to be tightly regulated (170–173). In contrast, self-renewal of cancer
cells is, by definition, aberrant.

The multipotency and self-renewal of some cancer cells raises the possibility that
cancer might arise from the transformation of normal somatic stem or progenitor cells.
In many cancers, it is known that only a small subset of cancer cells (called tumor or
cancer stem cells) is able to drive the growth of the tumor and give rise to secondary
tumors in vivo. However, the origins and phenotypes of those cells were unknown
(174). One interesting possibility is that these cancer stem cells may be lineally related
to transformed stem or progenitor cells.

Recent work has identified and characterized cancer stem or stem-like cells in leu-
kemia, breast cancer, and brain tumors, and shown that these cells can self-renew, are
multipotent, and can recapitulate characteristics of the original tumor in vitro and/or
in vivo (169,175–179). The existence of cancer stem cells was first proven in acute
myeloid leukemia (169). Bonnet and Dick showed that a rare subset of cells from this
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cancer was able to proliferate extensively; in contrast, to the majority of leukemic cells
have limited proliferative ability (169). Moreover, these leukemia stem cells, but not
nonstem cells from the same patients’ population of leukemic cells, could transfer the
disease after transplantation into immunodeficient mice (169). This hyperproliferative
subset of cells from these tumors was found to be phenotypically similar to normal
hematopoietic stem cells based on expression of cell-surface antigens, suggesting that
they might be related to the normal stem cells (169). However, the possibility exists the
leukemic stem cells arise from the transformed committed progenitor cells that have
reacquired stem cell characteristics (180). To address this question, Cozzio et al.
recently transduced both hematopoietic stem cells and myeloid progenitor cells with a
leukemogenic fusion protein, and found that transformation of both cell types produces
an identical type of tumor in vivo (181). Therefore, it is possible that cancer stem cells
arise from cells other than multipotent stem cells (181).

Similar experiments in breast cancer have demonstrated the existence of breast can-
cer stem cells (175). Al-Hajj et al. used cell surface markers on uncultured breast can-
cer cells to fractionate them into different subsets, and transplanted the cells into
immunodeficient mice (175). Only cells that phenotypically resembled normally mam-
mary epithelial progenitor cells were able to give rise to tumors in the mice (175).
Moreover, the tumors that formed in mice histologically resembled the tumors from
which their stem cells were derived and themselves contained progenitor cells that
formed tumors in other mice, suggesting that breast cancer stem cells can self-renew
in vivo (175).

The search for cancer stem-like cells in central nervous system malignancies has
recently borne fruit (176–179). It has been proposed for some time that brain tumors
arise from the transformation of self-renewing neural stem or progenitor cells (182–
184). Aside from the fact that some brain tumors contain both neurons and glia, many
brain tumors (particularly those occurring in children) arise from the ventricular zone,
where neural stem cells reside postnatally (185–188). Like neural stem cells, some
brain tumors express the intermediate filament nestin, as well as other genes that regu-
late the proliferation of normal neural progenitor cells, such as epidermal growth factor
receptor (EGFR) (168,189–193). Moreover, expression of oncogenes in neural stem or
progenitor cells in mice results in the formation of tumors that resemble primary human
brain tumors (184).

Ignatova et al. first showed that primary human cortical anaplastic astrocytoma and
glioblastoma multiforme contain cells that, in clonal cultures, produce cells expressing
neuronal and/or glial markers (176). Two groups recently demonstrated that some cells
from pediatric brain tumors (primarily medulloblastomas and astrocytomas), like nor-
mal neural stem cells, could be directly cultured in serum-free medium as floating
aggregates known as neurospheres, which were multipotent and could self-renew for
long periods of time to give rise to secondary neurospheres (Fig. 5) (177,178).
The neurosphere-forming subset was shown to reside in the fraction of cells express-
ing the cell-surface antigen CD133, a marker of human neural stem cells (178,194).
Hemmati et al. showed that tumor-derived progenitors from each patient had a stereo-
typic pattern of differentiation in vitro, yet those patterns were highly variable from
one patient to another (177). Strikingly, however, the proportions of neurons, glia, and
nestin-expressing cells produced from differentiated brain tumor-derived progenitor
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cells in vitro strongly correlated with their proportions in the primary tumor of origin
(177). Unlike neural stem cells, the tumor-derived progenitors proliferated aberrantly
and differentiated into unusual cells that coexpressed both neuronal and glial markers
(Fig. 5G) (177). These results are consistent with the possibility that brain tumor-
derived progenitors might be cancer stem cells (177). Short-term studies have demon-
strated that brain tumor-derived progenitors can migrate, proliferate, and differentiate
after transplantation into rat brains, but tests of their ability to form tumors in immuno-
deficient mice are ongoing (177).

In light of these data, might neural crest stem cells or their committed progenitor
cells be the origins of peripheral nervous system tumors? This seems like a tractable
possibility, as neural crest stem cells persist into adulthood and are therefore suscep-
tible to acquiring transforming throughout life (133). It has been posited that neuro-
blastomas, the most common solid extracranial tumor in children, arise from the
transformation of neural crest stem cells or neural crest-derived sympathetic precursor
cells (195,196). The recent finding by Trentin et al. that multipotent neural crest cells
form a hierarchy that contains lineage-restricted precursor cells that retain self-renewal
ability suggests that those progenitor cells might be targets for transformation in the
development of certain neural crest-derived malignancies (159). Specifically, transfor-
mation of glial–melanocyte progenitor cells, which are able to self-renew in vivo, might
lead to human tumors characterized by the overproduction of glia and melanocytes,
such as neurofibromas and melanotic Schwannomas (197,198). Likewise, glial–
myofibroblast progenitor cells might give rise to tumors that involve both neural and
mesectodermal cells, such as Ewing’s sarcomas (199,200). To address these possibili-
ties, it will be necessary to prospectively isolate cancer stem cells from the aforemen-
tioned tumors using methods similar to those used for CNS tumors.

What molecular mechanisms might drive normal stem or progenitor cells to become
malignant? One possibility is that failure of stem cells to regulate their endogenous
self-renewal pathways causes their neoplastic transformation. One candidate molecule
that has received much attention in this regard is bmi-1, a polycomb family transcrip-
tional repressor that promotes proliferation partly by repressing the expression of two
cyclin-dependent kinase inhibitors p16-ink4a and p19-Arf (201,202). Bmi-1 was
recently shown to be required for the self-renewal of both normal and leukemic
hematopoietic stem cells (171,172). In the nervous system, bmi-1 is required for the
self-renewal of both neurosphere-forming CNS stem cells and neural crest stem cells
(173). Expression of bmi-1 has recently been shown to be elevated in cerebellar pre-
cursor cells, whole human medulloblastomas, and in tumor-derived progenitor cells
from medulloblastomas and other pediatric brain tumors, even after differentiation
(177,203). Therefore it is possible that bmi-1 and other regulators of proliferation play
a role in the pathogenesis of tumors of the CNS and PNS.

CONCLUSIONS

The demonstration that multiple molecules from different gene families have the
capacity to induce neural crest implies that the mechanism of neural crest induction
involves complex and perhaps parallel pathways. It is further interesting to note that
the same molecules can have multiple inductive capabilities at different times in devel-
opment. Although great strides have been made toward understanding the induction
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and cell fate decisions of the neural crest, many mysteries remain. The field of neural
crest research is rich in unanswered questions whose solutions will not only offer deeper
understanding of the mechanisms of neural crest development but will also give more
general insight into phenomena such as cell migration and differentiation, as well as
the development of cancers of the peripheral nervous system.
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Stem Cells of the Adult Olfactory Epithelium

James E. Schwob and Woochan Jang

INTRODUCTION

The peripheral olfactory system consists of the olfactory (neuro)epithelium lining
the posterodorsal nasal cavity, and the olfactory nerve connecting the sensory neurons
in the periphery with their central nervous system (CNS) target, the olfactory bulb
(1,2). The epithelium is composed of a handful of easily distinguishable cell types,
including basal cells, olfactory sensory neurons (OSNs), nonneuronal supporting or
sustentacular (Sus) cells, and Bowman duct/gland assemblies (3). The peripheral
olfactory system is readily accessible and can be safely biopsied with minimal discom-
fort or risk, thereby offering a unique glimpse of a part of the nervous system (4–6).
In addition, the capacity of the peripheral olfactory system to accomplish anatomical
reconstitution and functional restoration from injury has suggested that the epithelium
retains a population of neurocompetent stem cells (i.e., capable of producing neurons)
which, given their accessibility, may be a valuable addition to our therapeutic and ana-
lytical armamentarium. Moreover, the ensheathing cells of the olfactory nerve have
been effective in promoting behavioral and neuroanatomical recovery after spinal cord
injury in experimental animals (7).

During embryological development, all components of the peripheral olfactory sys-
tem as well as the other, nonolfactory parts of the nasal lining, derive from the olfac-
tory placode (8,9). The placode emerges at the rostrolateral aspect of the head shortly
after closure of the neural tube and may ultimately derive from the anterior neural ridge
(10). Subsequently, the placode invaginates to form an olfactory pit—the anlage of the
nasal lining—out of which some cells also migrate toward and into the forebrain (11).
Some of the epithelial emigrants differentiate into the ensheathing glia of the olfactory
nerve and come to surround the olfactory bulb, while others become the gonadotropin-
releasing hormone (GnRH)-secreting cells of the nervus terminalis and of the hypo-
thalamus after invading the CNS along axons of the olfactory nerve (12,13).

The purpose of this chapter is to demonstrate that the adult olfactory epithelium
retains a cell that is as broadly potent (or nearly so) as the placodal cells of the early
embryo and to describe what is known of the regulation of the progenitor populations
of the olfactory epithelium. In addition, this review is intended to inform the controlled
manipulation of these cells in vitro and in vivo.
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AN HISTORICAL PERSPECTIVE

The peripheral olfactory system’s capacity to regenerate a population of neurons
after injury has been known since the 1930s and 40s from both observations in humans
(the recovery of olfactory function in children irrigated intranasally with zinc sulfate
as prophylaxis against poliomyelitis) and experimental studies in animals (14,15).
Research into the nature of “the” purported olfactory neural stem cell was invigorated
by demonstrations that actively proliferating cells were present at relatively high den-
sity in the basal region of the olfactory epithelium (16,17). Pulse-chase experiments
using [3H]thymidine demonstrated the promotion of the labeled progenitors into the
neural zone in the middle of the epithelium (18–21). Moreover, a component of the
neuronal population in the normal adult epithelium was shown to be immature, that is,
expressing the protein GAP-43 and lacking cilia, in contrast with the larger set of mature
neurons, that is, expressing olfactory marker protein (OMP) and having elaborated
cilia (21–24). As a consequence, the notion arose that the neural population of the
epithelium undergoes constitutive turnover (18–20). Originally, it was thought that the
generation of new OSNs was required for the replacement of preexisting mature neu-
rons that died after a fixed lifespan on the order of 30 or perhaps as many as 90 d (25).
There is surprisingly little direct evidence that mature, synaptically connected, func-
tionally active sensory neurons have a finite lifespan in the manner of skin or intestinal
epithelial cells. Rather, it has become evident that OSNs require contact with, and
trophic support from, the olfactory bulb to survive beyond the immature-to-mature
transition (24). Thus, a more conservative hypothesis for the production of new neu-
rons throughout life posits that neurogenesis persists in order to form a population of
“ready reserve” neurons, which differentiate and survive when preexisting OSNs die
as a consequence of environmental toxin or injury.

Whatever their purpose in the protected laboratory environment, it quickly became
clear that the neurocompetent progenitors of the olfactory epithelium were needed for
and capable of reconstituting the neuronal population rapidly following experimental
lesions that kill neurons either directly (irrigation with zinc sulfate or detergents or
exposure by inhalation or injection of olfactotoxins) or indirectly (damage to the olfac-
tory axons by transecting the olfactory nerve or ablating the olfactory bulb) (26–32).
In these settings, the reconstitution of the neuronal population proceeds rapidly and
completely when the olfactory bulb and nerve have not been damaged by the lesion.

THE IDENTIFICATION OF NEUROCOMPETENT PROGENITORS
IN THE ADULT OE

Two phenotypically distinct categories of basal cells and a third, intermediate type
are evident in the basal region. The first, termed horizontal or dark basal cells (HBCs),
resembles basal cells of the epithelium lining other parts of the respiratory tree; they
form desmosomal attachments to the basal lamina and express markers in common
with them, including cytokeratins 5 and 14, intercellular adhesion molecule-1 (ICAM-1),
epidermal growth factor receptor (EGF-R), and the sugar moiety recognized by the
lectin from Bandaierea (Griffonia) simplicifolia (21,33). The second, termed globose
or light basal cells (GBCs) are remarkable in their morphological simplicity, being
round with scant cytoplasm, and are situated between the HBCs and the population of
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immature OSNs (21). The vast majority of proliferating cells in the olfactory epithe-
lium are classified as GBCs, which operationally fall into a category defined by being
“not”—cells near the base of the epithelium that are not HBCs, not OSNS, and not
ducts by phenotypic criteria (34,35). Less well appreciated is the existence of a third
morphological type that is neither GBC-like, as it is polygonal and touches the basal
lamina, nor HBC-like as it lacks the morphological specializations of the HBC, that is,
keratin filaments and desmosomes (21,33). This third type has been described as a
“transitional” form, implying intermediacy between HBCs and GBCs; however, no data
are available to suggest any such relationship.

A wealth of evidence indicates that the population of GBCs includes the progenitor
cells that are fated to make neurons in normal epithelium or in epithelium undergoing
accelerated turnover limited to the neuronal population (i.e., following bulb ablation)
(Fig. 1). Among these findings are the pulse-chase data indicated earlier, selective
enhancement of GBC proliferation—and not HBC proliferation—when neuronal turn-
over is enhanced, and lineage tracing experiments using fluorescent markers or infec-
tion of dividing GBCs with replication-incompetent, retrovirally derived vectors (RVV)
(18–21,34,36–38). In the latter instance, the expression of the RVV-encoded enzyme is
limited to GBCs and OSNs, indicating that the actively proliferating (hence RVV-
infectable) GBCs are fated to make neurons in the olfactory epithelium. Finally, the
gene encoding Mash1, a member of the family of basic helix–loop–helix (bHLH) tran-
scription factors, is selectively expressed in GBCs, and elimination of functional Mash1
protein aborts neuron production in the OE (39–41). One important caveat attaches to

Fig. 1. Cellular consitutuents and progenitor–progeny relationships in the “neuropoietic”
olfactory epithelium (where only the neuronal population is undergoing substantial turnover).
Each cell type occupies its own lineage in this context. Expression of bHLH factors can distin-
guish transit amplifying and immediate precursor classes of neuronally fated GBCs. However,
the multipotent variant is mitotically active in the normal or bulbectomized epithelium. In addi-
tion, a set of quiescent, that is, BrdU label-retaining, GBCs is evident in the normal epithelium.
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the usual conclusion drawn from the foregoing observations. On the basis of these data,
one can conclude that GBCs are fated to make neurons and nothing else in epithelium
in which only the neuronal population is being replaced in large numbers, that is,
undergoing substantial turnover. The data do NOT elucidate the full differentiative
capacity of GBCs in other settings.

Nonetheless, the capacity to generate neurons over the long term indicates that the
OE retains cells that are competent to serve as neural stem cells throughout life. Indeed,
a rare population in the OE is capable of producing large colonies of neurons in vitro,
and may be a stem cell in the same sense as used to characterize the CNS cells that give
rise to neurospheres in culture (42,43). In keeping with the terminology used to describe
other self-renewing tissues (e.g., skin and gut), GBCs in the OE that have some capac-
ity for proliferative expansion and are committed to a particular lineage have been
termed transit amplifying cells; Mash1+ GBCs have been identified as transit amplify-
ing cells committed to the neuronal lineage on correlative and genetic grounds
(40,41,44). Those GBCs that are downstream of the Mash1+ transit amplifying cells
are considered to be immediate neuronal precursors (INPs) and are presumed to have a
very limited capacity for division before terminal differentiation into OSNs (44,45).

MULTIPOTENCY AND THE SINGLE GBC

Much has been learned by exploration of the neuropoietic OE. However, an in-depth
understanding of cellular renewal requires a broader perspective. By analogy to the
formation of blood, the differentiative capacity of hematopoetic stem cells is much
broader than their apparent fate when only one population, say platelets, has been
depleted and requires selective replenishment. Accordingly, for the past 10-plus years,
we have been exploiting a model for direct epithelial injury that is initiated by passive
inhalation of the gas methyl bromide (MeBr) (32). Quite remarkably, rats and several
strains of mice (including C57 and DBA2, although not CD-1) when exposed for a
single period of 6–10 h develop a profound lesion limited to the OE. In the affected
area (> 95% of the epithelium’s tangential extent) all Sus cells and all OSNs are
destroyed and the populations of basal, duct, and gland cells are partially depleted (32).
Despite the severity of the original lesion, the vast majority of the affected OE recovers
to a condition that is indistinguishable from normal by 6–8 wk after lesion, including
the restoration of the spatial patterns of expression of individual members of the odor-
ant receptor gene family. It is worth noting that direct epithelial injury is more typical
of the life of animals in the wild than any form of lesion that causes selective destruc-
tion of olfactory neurons (32,46).

As a consequence of the cell loss in the OE occasioned by MeBr exposure, the residual
progenitors are challenged with the need to replace a myriad of cell types: both kinds of
basal cells, duct cells, sustentacular cells (including the microvillar subset), and, of
course, neurons. Under these conditions, to a first approximation, epithelial stem cells
should be activated.

Stem cells of the OE are expected to express the characteristics of other tissue stem
cells. These include quiescence except in time of need, totipotency, and a capacity for
infinite (or nearly infinite) self-renewal (47–52). Although we do no yet have an epi-
thelial stem cell in hand, we have glimpsed them almost within reach. At this point, the
data indicate that a multipotent progenitor (MPP) cell is present in the adult OE, which
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approaches the potency of the cells of the olfactory placode. Furthermore, the MPP
appears to be a kind of GBC.

The data indicating multipotency include marker studies, in which cells are caught
in phenotypic transition between GBCs and Sus cells on the one hand and GBCs and
HBCs on the other (53). In addition, RVV-lineage tracing studies reveal the shift in
progenitor cell capacity in response to the lesioned state of the OE (38,54). In contrast
to the results in normal epithelium, clones derived from a single infected progenitor in
the MeBr-lesioned rat epithelium were composed of neurons, Sus cells (including
microvillar cells), HBCs and GBCs, or some combination of the foregoing types.
In addition, clones composed of Sus cells only or duct/gland and Sus cells were also
observed. Given the disappearance of HBCs from the ventral OE in rats, the data sug-
gest that GBCs are the most likely cell type for the MPP, and that duct cells are an
alternate source for regenerating Sus cells (32,54).

Other indirect evidence suggesting that some GBCs are multipotent comes from the
analysis of expression of the truncated Mash1 mRNA in mice in with the Mash1 gene
has been disrupted by homologous recombination (55). Although the OE is aneuronal,
truncated Mash1 mRNA remains expressed in Sus cells as well as basal cells of the
mutant mice. The most parsimonious explanation for the expanded expression of Mash1
message is the derivation of Sus cells and neurons from a common progenitor.

The foregoing data are certainly suggestive, although indirect, evidence in favor of
the existence of a multipotent GBC. However, direct demonstration of GBC capacity
required the development of antibodies suitable for fluorescence-activated cell sorting
(FACS) of the various epithelial cell types and of the technologies for promoting pro-
genitor engraftment and for monitoring descendants of transplant-derived progenitors
following transplantation.

Unlike most parts of the nervous system, progenitors transplant into the OE easily
and engraft productively under conditions where the donor cells are differentiating in
parallel with host cells, that is, recovery after a lesion analogous to ones that occur in
nature. Thus, dissociated sorted or unsorted cells can be injected into the nasal cavity
of either rats or mice lesioned by exposure to MeBr 1 d prior to infusion. The trans-
planted cells engraft as single cells, and differentiate to produce a panoply of clonally
related descendants. Thus, our transplantation paradigm is the equivalent of the colony
forming unit-spleen assay that revolutionized the understanding of hematopoiesis.

In mice, GBCs that were FACS-isolated based on surface labeling with the
monoclonal antibody GBC-2, and marked by constitutive expression of a marker
(e.g., the enhanced form of the green fluorescent protein [eGFP] or β-galactosidase) or
by ex vivo labeling with RVV, were infused into the nasal cavity of a wild-type host
previously lesioned by exposure to MeBr (56). The engrafted GBCs give rise, in aggre-
gate, to GBCs, neurons, sustentacular cells, duct/gland cells, and even columnar respi-
ratory epithelial cells (Fig. 2). Individual clones were composed of OSNs or Sus cells
or OSNs, GBCs and Sus cells, or OSNs and duct/gland cells or OSNs and respiratory
epithelial cells. The neurons that derive from the transplanted GBCs mature to the
point of OMP and odorant receptor expression, and extend axons to the OB. Interest-
ingly, the axons grow to that portion of the bulb to which the surrounding, host-derived
neurons project their axons normally and after regeneration. However, the question
remains open as to whether the donor-derived descendant neurons retain a memory of
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the original location of their clones’ founding progenitor, or whether the precursors
and/or differentiating neurons acquire cues from the region in which they engraft that
drive such spatially regulated phenotypes as odorant receptor expression.

In rats, the evidence is less direct, but suggests that transplanted GBCs can give rise
to HBCs as well as GBCs, OSNs, and Sus cells (57).

In contrast, sorted duct/gland/Sus cells give rise only to themselves. HBCs fail to
engraft in mice. In this species the HBC population does not disappear from the OE
after MeBr lesion, but instead remains as a continuous layer. In rats, bead-labeled HBCs
engraft and remain evident as HBCs several days later. However, a more complete
examination of the differentiation capacity of HBCs in the latter setting awaits the use
of rats that express markers constitutively (56).

Thus, GBCs and no other cell types in the adult OE give evidence of a multipotency
that approaches the capacity of the original placodal cells of the embryo. In addition,
it is notable that the generation of duct/gland cells from GBCs in the lesioned OE
closes the lineage loop between GBCs and Sus cells; that is, Sus cells can arise directly
from GBCs (as shown by transplantation and lineage studies) as well as via duct cell
intermediate (as shown by the RVV lineage studies).

The multipotency of GBCs and the HBCs’ lack thereof stand in some contrast to
previous formulations of cellular renewal in the OE. In the past, HBCs have been

Fig. 2. Cellular consitutuents and progenitor–progeny relationships in MeBr-lesioned olfac-
tory epithelium where wholesale replacement of several different cell types, both neurons and
nonneuronal cells, must take place to restore the epithelium to its normal state. In this context,
multipotent GBCs give rise to all of the cell types that have been depleted in full or in part.
A set of GBCs express Hes1 acutely after lesion and differentiate subsequently into Sus cells.
The expression of Hes1 precedes and may prevent the expression of proneural bHLH transcrip-
tion factors (first Mash1 and then Ngn1 and NeuroD).
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assigned stem cell status on grounds of relative quiescence, the existence of the osten-
sibly transitional forms (although evidence for conversion in either direction is lack-
ing), and culture results in which putative HBCs and HBC-derived cell lines can express
proteins characteristic of neurons (21,58,59). It is worth noting that the extent of neu-
ronal differentiation in these settings is limited. Against these are the lack of
multipotency following engraftment and the absence of lineage relationships with neu-
rons in vivo (37,38,54). Moreover, HBCs are a relatively late-appearing cell type dur-
ing the differentiation of the embryonic OE, as they appear just prior to birth and may
actually invade olfactory epithelium from the neighboring respiratory epithelium (33).
In addition, they are very similar in most respects to respiratory epithelial basal cells,
all of which makes them less attractive as a stem cell candidate (33).

The lineage and transplantation data assaying the differentiative capacity of GBCs
come close to satisfying the totipotency requirement for “stemness.” Of the other crite-
ria, mitotic quiescence (or conservation of proliferative potential) has been cited as a
characteristic of stem cells in other tissues. A small subset of GBCs is also quiescent,
that is, they retain BrdU for an extended period (on the order of weeks), are activated
by MeBr lesion, and then are restored within a few days after recovery from the lesion
begins (60).

In sum, GBCs show evidence of near-totipotency (by reference to their olfactory
placodal ancestors), self-renewal (at least to the limited extent shown by the persis-
tence of donor-derived GBCs after transplantation), and mitotic quiescence. Thus, the
best candidate at present for an epithelial stem cell in the adult OE is a kind of GBC.

MOLECULAR AND FUNCTIONAL CLASSES OF GBCS

The progression of GBC progenitors from less to more terminally differentiated has
been tied to the expression of members of the bHLH family of transcription factors,
which are known to drive cellular differentiation in other settings. A combination of
embryological analyses, the identification of epistatic relationships following gene
mutation by homologous recombination, and studies of gene expression following
lesion have associated particular transcription factors with defined differentiative
capacity.

As mentioned earlier, the expression of Mash1 is required for maintained (although
not initial) production of neurons (39). The timing of its expression in the developing
epithelium, after bulbectomy, and during recovery from MeBr lesion strongly supports
the assignment of Mash1 expression to transit amplifying cells that are committed to
the neuronal lineage (40,41,44,61). The epistatic relationships between bHLH family
members and the relative timing of their expression suggest that Ngn1 and NeuroD are
downstream of Mash1 and characteristic of INPs (41,44). On timing grounds, NeuroD
quickly follows on Ngn1 expression (41).

What of the multipotent GBCs? Other markers of the bHLH family are known to act
as transcriptional repressors, are expressed by multipotent progenitors, and act, in part,
by suppressing the proneuronal bHLH factors (62). For example, Hes1, the mamma-
lian homolog of the neurogenic gene hairy in Drosophila, is often expressed in coun-
terpoint to Mash1 (63,64). Hes1 mRNA is expressed by mature Sus cells in the normal
adult OE or after bulbectomy (61). In contrast, Hes1 is expressed by a subset of GBCs
at 1 d post-MeBr lesion, which is perhaps not surprising given the rapid generation of
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Sus cells by GBCs acutely after MeBr lesion. Over the next few days during recovery,
the Hes1+ basal cells lose their close association with the basal lamina, are displaced
apicalward as the neuronal population is reconstituted, and differentiate into Sus cells.
Thus, Hes1 expression seems to mark commitment to the execution of a sustentacular
cell differentiation program and not the multipotent GBCs per se. Interestingly, the
resumption of Mash1 expression by GBCs lags that of Hes1 by a day during the recov-
ery from MeBr lesion (reappearing in large numbers on d 2 postlesion), and Ngn1 and
NeuroD are delayed yet another day beyond Mash1 (d 3 postlesion). Finally, neurons
reappear a day after Ngn1 and NeuroD (d 4 postlesion). Given the prevalence of active
multipotent cells at 1 d after MeBr lesion, none of the proneural factors are candidates
for expression by the multipotent cells. Thus, it appears that the generation of Sus cells
is the first task undertaken by the reconstituting epithelium.

The expression of Hes1 vs Mash1 is apparently reciprocal. In the absence of func-
tional Mash1 gene product, Hes1 expression is eliminated while expression of the trun-
cated Mash1 mRNA is maintained even into Sus cells (41,64). Conversely, elimination
of Hes1 is known to expand the Mash1 expression domain and the production of neu-
rons in the developing placode (64). In contrast, Hes6, also a transcriptional repressor,
seems to act as a promoter of neuronal differentiation in OE, perhaps by suppressing
Hes1 (65).

Two conclusions derive from the foregoing. First, Hes1 expression is tied to, and
probably required for, the suppression of Mash1 in OE progenitors. Second, Hes1 is
not required, per se, for the differentiation of Sus cells, because they form in the Mash1-
knockout animals despite their failure to express Hes1. However, it is striking that
Hes1 expression continues as the cells differentiate and is maintained as they mature,
raising the issue of whether a neuronal differentiation program might reactivate if Hes1
expression is suppressed in the Sus cells.

Furthermore, the central role of Hes1 during the early recovery of the epithelium
after MeBr lesion hints at the identity of the regulatory pathway that sits upstream of
the gene. In several other settings in vertebrates, signaling via the Notch cascade is
known to activate Hes1 and thereby suppress its downstream targets including Mash1
(62,66). Here, too, in the OE, Notch1 is expressed by a subset of GBCs and may be
marking those that have the capacity to serve as MPPs (61).

REGULATION OF PROGENITOR CELL CAPACITY

Implicit in the foregoing discussion is the idea that progenitor cell behavior is regu-
lated by the status of the epithelial environment. The lineage data indicate that GBCs
are fated to make neurons in one setting (where only OSNs need replacing) but shift
actively to making nonneuronal cells if nonneuronal populations are depleted. That
statement holds true even for GBCs that are in the mitotic cycle at the time of trans-
plantation from neuropoietic (normal OE or after bulbectomy) to MeBr-lesioned epi-
thelium. Thus, it appears that some MPPs are actively proliferating in the normal OE
and primed to respond to external cues by shifting to a multipotent fate (56,57).
In addition, the rate at which neurons are made is responsive to conditions of increased
need for replacement neurons. For example, the rate of GBC proliferation and of neu-
ronal production is accelerated following injury to the ON or bulb, which elicit the
retrograde degeneration of OSNs, or as a consequence of the accelerated turnover
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occasioned by the failure of OSNs born in the absence of the bulb to achieve trophic
support (24,27,34,67). Conversely, the mitotic rate falls following naris occlusion, pos-
sibly owing to a protective effect of reducing environmental exposure to the OE on the
occluded side (68,69).

Given evidence of regulation, what kinds of cues are acting on the progenitors and
how are the shifts in proliferation and differentiation accomplished within the cell?
Both aspects of the regulatory process are relatively poorly understood, but several key
mediators and regulatory process have been identified (Fig. 3).

Work from Calof’s and Mackay-Sim’s laboratories has focused on signals that have
clearly played a role in other differentiating settings. Thus, fibroblast growth factors

Fig. 3. Growth factor regulate the processes of cellular renewal in the olfactory epithelium
by means of negative feedback on cellular production (BMPs and GDF-11), positive feedback
on cellular production (TGF-α and platelet-derived growth factor [PDGF]), and effects on the
differentiation state of the target cells (TGF-β and FGF-2). Lines ending in circles indicate a
stimulatory effect; lines ending in a perpendicular line indicate inhibition.
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(FGFs) are present in the OE and cause modest stimulation of GBC proliferation
in vitro, which also express FGF receptors (70–74). In addition, activation of the FGF
signaling cascade apparently suppressed differentiation of GBC-derived cell lines
toward neurons and thus is a candidate factor for playing a role in the regulation of
multipotency (75). Ligands that activate members of the ErbB family of tyrosine kinase
receptors also seem to play a role (76). EGF and transforming growth factor-α (TGF-α)
stimulate the proliferation of HBCs both in vivo and in vitro (77–79). Likewise, neu
differentiation factor is found in the OE and activates its receptor in the OE after infu-
sion in vivo (80).

The enhancement of proliferation that follows retrograde degeneration of OSNs
looks to be due at least in part to the release of an inhibitory feedback loop of the OSN-
derived factors onto the GBCs. Calof’s laboratory has identified two such loops. In the
first, members of the bone morphogenetic protein (BMP) family can reduce olfactory
neurogenesis in vitro (81). In keeping with their role as feedback factors, OSNs express
the genes for BMP-4 and possibly 7 (if in neurons, only in immature ones) (82). BMPs
suppress neurogenesis in vitro by causing the proteosome-mediated proteolysis of the
proneural transcription factor Mash1 and the death of the transit amplifying GBCs that
make it (81).

In the second, a strong case can be made for the participation of GDF-11 (glial
differentiation factor 11, a member of the TGF-β-activin wing of the TGF-β superfam-
ily) as a negative feedback regulator (45). GDF-11 is expressed by a least a subset of
OSNs, possibly concentrated in the deeper and probably more immature neurons. Elimi-
nation of GDF-11 by gene “knockout” causes an increase in the size of the neuronal
population in the embryonic OE. Conversely, application of GDF-11 in vitro or elimi-
nation of follistatin, a GDF inhibitor by gene knockout, in vivo decreases neurogenesis.
In contrast to the effect of BMPs, manipulation of the GDF-11 pathway apparently acts
downstream of the transit amplifying cells by reducing either the production or expan-
sion of the immediate neuronal precursor (INP) population judging by the reduction in
the number of cells that express a Ngn1 transgene. In contrast to the effects of BMPs,
no increase in apoptosis is observed, and removal of GDF-11 releases the inhibition
partially.

Other members of the TGF-β superfamily seem to promote neuronal differentiation.
Thus, TGF-β1 or 2 can push the differentiation of primary cultures or cell lines toward
more pronounced differentiation (76).

Other factors, no doubt, exist that promote or repress neurogenesis, and accelerate
or retard neuronal differentiation following terminal mitosis, but remain obscure.

SUMMARY, CONCLUSIONS, AND UNANSWERED QUESTIONS

Analysis of the OE has shown that GBCs exhibit an unexpected breadth and power
as progenitors. Beyond their commonly accepted role as neuronal precursors, it has
become apparent that GBCs in the adult OE retain a differentiative capacity that is as
broad—or nearly so—as that of the original placodal cells that give rise to the periph-
eral olfactory system during embryonic development. In functional terms, the GBCs
more closely resemble their embryonic forerunners than do the progenitors of the adult
CNS, which are apparently fairly limited in their differentiative capacity normally.
In addition, GBCs may not resemble the progenitors of the adult CNS very closely
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with respect to biochemical phenotype. GBCs do not express many of the markers that
are typical of the CNS neural stem cells, such as nestin.

Unfortunately, we cannot say precisely what genetic profile DOES characterize the
stem cells of the olfactory epithelium, nor can we isolate the stem cells specifically.
The GBC population is clearly heterogeneous with respect to differentiative capacity,
and the identity of the bHLH family member whose expression apparently correlates
with those differences. It may be feasible to take advantage of selective expression of
bHLH family members, for example, by using BAC transgenic mice that express eGFP
from a bHLH transgene, to isolate and then define the functional capacity of defined
GBC subsets in more detail using our transplantation assay, and to assess whether their
patterns of gene expression are equivalent to neural and other kinds of stem cells.

Progress in understanding the regulation of epitheliopoiesis in the olfactory system
requires a better characterization of these cells and the development of more facile and
potent assays for their functional characterization. The time is ripe to take advantage of
the facility for manipulating the system in vivo using, for example, retro- or lentiviral
vectors to boost or block gene expression without having to resort to the time-consum-
ing and expensive generation of transgenic or gene-knockout lines, which will lack
targeted expression in most cases. In addition, the field desperately needs a cell culture
system that supports full cellular differentiation in order to investigate the regulation of
cellular renewal by soluble factors.

The potential payoff for pursuing these lines of investigation is substantial. For better
or worse, studies are already underway attempting to exploit essentially uncharacterized
olfactory tissue, isolated by autologous harvest, to generate cell lines for therapeutic
interventions in spinal cord injury and demyelinating diseases. True progress in the
understanding of the biology of olfactory stem cells, and their responsible use as a form
of cellular therapy will necessarily go hand-in-hand.
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INTRODUCTION

The vertebrate retina is a well-characterized central nervous system (CNS) struc-
ture, consisting of seven major cell types, which in adult are arranged in a stereotypical
laminar organization. These cell types are born in an evolutionarily conserved tempo-
ral sequence: the majority of retinal ganglion cells (RGCs), horizontal cells, amacrine
cells, and cone photoreceptors are born during early histogenesis, whereas the majority
of rod photoreceptors, bipolar cells, and the Müller glia are generated during late histo-
genesis (1). Thus, as elsewhere in the CNS (2), neurogenesis in the retina precedes
gliogenesis. Underlying cellular diversity in the retina is population of neural progeni-
tors that generate stage-specific neurons and glia (3). Evidence from a variety of
experimental approaches including cell ablation studies and in vivo lineage analyses
demonstrated that neural progenitors in the developing retina were multipotential, pos-
sessing capacity to generate all seven retinal cell types, including the Müller glia (4–8).
Although retinal progenitors have not been demonstrated to possess the potential of
self-renewal (9,10), a hallmark of stem cells, they are included within the broad
description of stem cells, with the assumption that they possess the potential of self-
renewal. Potentially this is not demonstrable in vitro because of a lack of a conducive
environment (3). In mammals and other warm-blooded vertebrates, neural stem cells
are found only in the embryonic retina (11–13). Recently a quiescent population of
neural stem cells with retinal potential has been identified in the ciliary epithelium of
warm-blooded vertebrates (13–15). These cells are regarded as analogous to those
found in the ciliary marginal zone (CMZ) of adult fish and frog retina (11,16,17).
In adult fish, neural stem cells are not confined to CMZ but are also located in the inner
retina and are regarded to generate rod photoreceptors during regeneration and in
response to injury (16).

ISOLATION AND ENRICHMENT OF RETINAL STEM CELLS

Neural stem cells from the embryonic retina and adult ciliary epithelium can be
isolated and enriched as neurospheres in response to exposure to mitogens (10,14,15,18).
Cells in the neurospheres express universal molecular characteristics of neural stem
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cells (3,19). For example, they express cell surface carbohydrate Lex/SSEA1/CD15
(20); transcription factor Sox2 (21–23); telomerase reverse transcriptase (TERT)
(22,24); RNA binding protein, Musashi (25,26); nestin, an intermediate filament marker
(25,27,28); and neuralstemnin, a nucleolar protein (29). In addition, they express mul-
tiple genes encoding transcription factors that play important roles during patterning
and development of optic neuroepithelium. These include Pax6 (30,31), Chx10 (32,33),
Lhx2 (34,35), and Six6 (36,37). The expression of a combination of transcription fac-
tors and universal neural stem cell markers may help identify neural stem cells in the
developing retina and adult ciliary epithelium. For example, the relatively low expres-
sion of Musashi, Lhx2, Sox2, and Chx10 (Musashilow, Lhx2low, Sox2low, Chx10low)
distinguishes ciliary epithelial stem cells from their retinal counterparts.

Like neural stem cells in the CNS, retinal and ciliary epithelial stem cells have been
isolated retrospectively, based on their responsiveness to mitogens (10,14,15). In the
past few years, several strategies have been adopted for the direct identification of
neural stem cells from fresh tissues (prospective identification). For example, a posi-
tive selection strategy using cell surface markers and fluorescence-activated cell sort-
ing (FACS) has been used successfully to isolate stem cells from the peripheral nervous
system (PNS) (38) and CNS (20,39). More recently, a negative selection strategy to
exclude cells expressing differentiation epitopes has been used for the direct isolation
of embryonic neural stem cells (40). Another approach to identify stem cells is based
on the ability of stem cells/progenitors to selectively exclude Hoechst Dye 33342.
These cells can be enriched as a minor population, called side population (SP) cells
(41). The Hoechst dye exclusion assay has been used for the direct identification of
retinal and ciliary epithelial stem cells (3,42). The emergence of retinal and ciliary
epithelial stem cells, using the Hoechst dye exclusion assay, is sensitive to verapamil
and correlates with the expression of ATP-binding cassette transporter, ABCG2 (43).
A comparison of retinal SP cells, isolated from fresh embryonic retina and mitogen-
exposed neurospheres, has shown that these two populations of cells are similar in
characteristics and potential (42).

PROLIFERATIVE POTENTIAL OF RETINAL STEM CELLS

The generation of distinct cell types in two stages of retinal histogenesis is under-
pinned by two temporally segregated subpopulations of retinal stem cells: early and
late. Their competence for stage-dependent cell fate specification is accompanied by
differential responsiveness to growth factors and potential to generate neurons and glia.
Like their counterparts in other regions of the CNS during neurogenesis (2,44), the
early and late retinal stem cells show preference for fibroblast growth factor-2 (FGF-2)
and epidermal growth factor (EGF), respectively, for proliferation (Fig. 1). The respon-
siveness of early retinal stem cells to FGF-2 is likely due to relatively high expression
of FGFR-1, the receptor that is thought primarily to mediate the effects of FGF-2 (45)
(Fig. 1). The role of FGFR-1 in sustaining the proliferation of stem cells/progenitors in
early stages of neurogenesis is supported by observations that FGFR-1 is expressed
during early neurogenesis (46,47) (James and Ahmad, unpublished observation) and
that the loss of functional FGFR-1 compromises the proliferation of early neural pro-
genitors (44). There is a significant decrease in levels of both FGFR-1 transcripts in
late retinal stem cells that may explain their lack of responsiveness to FGF-2 for prolif-



Retinal Stem Cells 237

eration. Their proliferative responsiveness to EGF is correlated with high levels of
EGFR expression in neurospheres. Such responsiveness to EGF, which has been
observed to be a characteristic of the late neural progenitors, is severely affected when
activity of EGFR is blocked (44,48). The mechanism underlying the temporal changes
in the proliferative behavior of early and late retinal stem cells is not well understood.
Because early and late retinal stem cells represent two temporally segregated subpopu-
lations of retinal stem cells, it is tempting to speculate that the former may influence
the proliferative properties of the latter. This notion is supported by several lines of
evidence, emerging from studies carried out in the CNS progenitors (44,49). First, lin-
eage analysis carried out in the developing cortex, using retrovirus coexpressing EGFR
and a lineage marker, has shown that the late neural progenitors expressing high levels
of EGFR are descendants of early neural progenitors (50). Second, analysis of early
neural progenitors in explant culture demonstrated that their responsiveness to EGF is

Fig. 1. Early and late retinal stem cells display distinct proliferative and differentiation
potential. Retinal stem cells representing early and late stages of histogenesis display differen-
tial ability to generate neurospheres in the presence of FGF-2 and EGF (A). Reverse tran-
scriptase-polymerase chain reaction (RT-PCR) analysis reveals that transcripts corresponding
to FGFR-1 and EGFR are expressed differentially in early and late retinal stem cells (B).
Neurospheres generated by early and late retinal stem cells were cultured in differentiating
condition and potential of cells in neurospheres to express β-tubulin and GFAP was examined
by immunocytochemical analysis. E14 neurospheres contained more β-tubulin-positive cells,
whereas E18 neurospheres contained more GFAP-positive cells (C–J).
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accelerated by exposure to FGF-2 (49). Also, loss of functional FGFR-1 has been shown
to compromise the emergence of EGF-responsive late neural progenitors (44).

The ciliary epithelial stem cells appear similar to early retinal stem cells in terms of
their proliferative responsiveness (3), in the sense that they are more responsive to
FGF2 than EGF. However, they are distinct from retinal stem cells in one respect:
unlike retinal stem cells they can self-renew in vitro (3). Limiting dilution analysis of
neurosphere generation suggests that the ability of retinal stem cells to generate a clone
is a noncell autonomous process, that is, requires cell–cell interactions, whereas ciliary
epithelial stem cells can generate neurospheres at clonal density (3,14,15). Such dis-
tinctions may represent tissue-specific differences in competence, which is reflected in
different transcriptional profiles of retinal and ciliary epithelial stem cells. Analysis
has shown that these two stem cell populations share 80% of 2968 expressed genes (3).
The transcriptional profile also sheds valuable light on the possible relationships
between retinal and ciliary epithelial stem cells; the ciliary epithelial stem cells have
more expressed genes in common with early (6.68%) than with late (0.61%) retinal
stem cells, therefore, lineally closer to the former than to the latter. Based on the fact
that they share more expressed genes with early retinal stem cells and have express
self-renewal properties, the ciliary epithelial stem cells can be regarded as the anteced-
ent of retinal stem cells.

The importance of the maintenance of a pool of retinal stem cells/progenitors for
sustaining both early and late histogenesis suggests that multiple signaling mechanisms,
besides those mediated by FGF-2 and EGF, may regulate their proliferation and the
state of commitment. In addition to EGF/FGF-2–mediated receptor tyrosine kinase
(RTK) signaling, intracellular signaling mediated by Notch and Wnt may play impor-
tant role in the maintenance of retinal and ciliary epithelial stem cells. The Notch sig-
naling pathway defines an evolutionarily conserved cell–cell interaction mechanism
that has been shown to regulate stem cells in a broad spectrum of tissues of both inver-
tebrates and vertebrates (51). Recent studies have demonstrated an essential role of
Notch signaling in the maintenance of neural stem cells. For example, a dramatic
reduction in the generation of neurospheres was observed by cells lacking functional
Notch1 genes or those that encode intracellular components of the canonical Notch
pathway, such as Hes1, Hes5, presenilin, or CSL as compared to wild-type controls
(52,53). Similarly, perturbations of Notch signaling significantly affect the generation
of neurospheres by retinal and ciliary epithelial stem cells. Therefore, Notch signaling,
whose role in retinal development is well established (54–58), is likely to play an
important role in the maintenance of retinal stem cells. Signaling mediated by Wnt
through Frizzled receptors is known to modulate multiple developmental events, such
as patterning, proliferation, and cell-fate determination (59,60). Wnt signaling is impli-
cated in the regulation of self-renewal of hematopoietic stem cells (61). Emerging evi-
dence suggests that Wnt signaling may similarly regulate neural stem cells in vertebrate
eyes. For example, various components of the canonical Wnt signaling pathway are
expressed both in chick and rat retina and ciliary epithelium. Perturbations of this path-
way influence the proliferation and differentiation of retinal and CE stem cells (3,62–
64). Transcription profiling of early and late retinal stem cells under proliferating
conditions identified two additional signaling pathways for the regulation of stem cell
proliferation (3) (Das and Ahmad, unpublished observations). Signaling mediated by
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insulin-like growth factors (IGFs) is known to promote cell proliferation (65,66).
The relatively high expression levels of IGF-II and IGF binding proteins and positive
influence of IGF-II on the generation of neurospheres by early and late retinal stem
cells/progenitors, suggests that IGF-II–mediated signaling may play an important role
in proliferation and may represent an evolutionarily conserved mechanism for the main-
tenance of retinal stem cells/progenitors (Das and Ahmad, unpublished observation).
This notion is further supported by evidence of insulin and IGFs-mediated signaling in
the developing fish and chick retina and the recent observation that IGFs-mediated
signaling sustains the proliferative phase of persistent retinal neurogenesis in the adult
fish (67–69). Signaling mediated by stem cell factor (SCF) through the c-Kit receptor
is known to regulate proliferation of stem cells during hematopoiesis, gametogenesis,
and melanogenesis (70). The expression of SCF and its receptor c-Kit in retinal and
ciliary epithelial stem cells and the observation that SCF promotes their proliferation
and keeps them undifferentiated, suggests that SCF signaling also represents a part of
signaling hierarchy employed to maintain retinal and ciliary epithelial stem cells (71).

DIFFERENTIATION POTENTIAL OF RETINAL STEM CELLS

The early and late retinal stem cells not only differ in their capacity to give rise to
neurons and glia, that is, the former preferentially generating neurons as compared to
the latter that show proclivity toward glial differentiation, but they also have distinct
potentials to generate specific retinal cell types. Evidence from the developing cerebral
cortex and retina suggest that the competence of neural progenitors is progressively
altered, such that they become fated to give rise to specific neurons of a particular
developmental stage (72–74). An alternative hypothesis is that the change in compe-
tence is not irreversible, but rather, progenitors are constrained by overwhelming epi-
genetic influences from giving rise to any other neuronal types than those born during
that particular stage. This notion was tested by examining the ability of enriched late
retinal stem cells to give rise to early born neurons, specifically RGCs (58). It was
observed that mitogen-enriched late retinal stem cells, when shifted to differentiating
conditions, expressed RGC-specific markers, suggesting a potential to give rise to early
born neurons. Exposure of early stem cells to conditioned medium, obtained from cul-
ture of retinal cells from chick embryonic stage 3 that is known to promote RGC differ-
entiation, doubled the number of cells expressing RGC-specific markers as compared
to controls. In addition, the differentiating late retinal stem cells established contacts
with cells in superior colliculus explants, an RGC target, and displayed electrophysi-
ological properties suggestive of RGCs. For example, the majority of cells displayed
voltage-dependent currents characteristics of RGCs the have been observed across spe-
cies in that they displayed a fast inward current, attributed to INa (n = 10/12), followed
by a rapidly inactivating outward current, attributed to Ia (n = 9/12) and a sustained
outward current (Fig. 2). These observations suggested that late retinal stem cells are
competent to respond to cues that promote RGC differentiation. In addition, it was
demonstrated that the acquisition of the RGC phenotype by late retinal stem cells,
involved the recruitment of normal mechanism of RGC differentiation, that is, Notch
signaling and was preceded by, or accompanied with, the expression of regulators of
RGC differentiation, for example, Ath5 (75) and Brn3b (76). These observations
revealed plasticity within the subpopulation of retinal stem cells and suggested that
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retinal stem cells may not be irreversibly fated but, appeared as such, under the con-
straints dictated by specific epigenetic cues.

The specification of retinal stem cells requires the acquisition of competence to
respond to temporally and spatially arrayed epigenetic cues. Emerging evidence sug-
gests that the competence of neural stem cells is generally regulated by the basic helix–
loop–helix (bHLH) class of transcription factors such as Neurogenin, Achaete-scute,
Atonal, and NeuroD (77). The regulation of bHLH transcription factors in response to
Notch signaling offers a link between the maintenance of stem cells and their acquisi-
tion of competence to differentiate. Several studies have suggested that one of the
mechanisms by which Notch signaling maintains these cells in an uncommitted state is

Fig. 2. Late retinal stem cell–derived RGCs display target selectivity and electrophysiologi-
cal properties characteristic of RGCs. Late retinal stem cells were labeled with DiI and cultured
in the presence of E3 chick retinal conditioned medium for 5–7 d. DiI-positive cells can be
observed expressing RPF-1 (A–D). DiI-labeled late retinal stem cells were cultured in the pres-
ence of explants from superior (SC) and inferior colliculi (IC). DiI-positive cells were observed
sending processes to their natural target, the SC (E, arrows) and not to IC explants (F). DiI-
positive cells, similarly cultured, were chosen for patch-clamp recording. Patched cell was
stimulated with a series of 20-mV voltage steps (150 ms) from –110 mV to +50mV. The first
50 ms of current is displayed in (G). Current-voltage relationship (H) shows that the depolar-
ization above –50 mV evoked transient inward current attributed to voltage-dependent Na+

currents. The outward currents consisted of both transient and sustained components. The tran-
sient outward current, which appears rather slow because of the rapid time scale, is attributed to
the A-type K+ current (Ia).
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by suppressing the expression of bHLH transcription factors. For example, the absence
of Notch pathway genes such as Notch1, CSL, or Hes1 leads to up-regulation of bHLH
transcription factors and premature neuronal differentiation (78,79). The up-regulated
bHLH transcription factors move the cells farther away from the stem cell state by
unleashing a cascading expression of downstream bHLH factors that facilitate cell-
cycle exit (80–82) and sub specification of progenitors/precursors into RGCs (75,83);
amacrine cells (84,85), bipolar cells (86), and rod photoreceptors (87,88). Such pro-
cesses are also facilitated by transcription factors belonging to homeo-domain gene
families including Brn3b (RGCs) (76), Chx10 (bipolar cells) (86), Pax6 and Six3 (ama-
crine cells) (85), Prox1 (bipolar cells) (89), and Otx2 (photoreceptors) (90). In addition
to facilitation of neuronal differentiation, the bHLH factors are likely to prevent pre-
mature gliogenesis (86,91), most likely by sequestering the transcriptional coactivator
CBP/p300 needed for STAT-mediated activation of glial-specific genes (92). Notch
signaling, which plays a primary role in the maintenance of retinal stem cells/progeni-
tors, may be recruited during late retinal histogenesis to promote differentiation of
Müller glia (93). The role of Notch signaling in specifying Müller glia is consistent
with Notch-mediated instructive gliogenesis in the central and peripheral nervous sys-
tems (94). However, the mechanisms underlying the stage-dependent switch in Notch
functions are not well known. It is likely that Notch signaling may directly activate
glial-specific genes as demonstrated for neural progenitors where Notch signaling acti-
vated a GFAP promoter in a CBP/p300-STAT independent manner (95). The question
remains as to why the Notch signaling is not gliogenic during early stages of
neurogenesis. One likely explanation could be the inaccessibility of transcription fac-
tors to promoters of glial-specific genes during early stages of neurogenesis. The sequen-
tial acquisition of competence may be accompanied by chromatin remodeling that may
provide accessibility of DNA to transcription factors that was not previously available.
Recently, involvement of epigenetic factor dependent chromatin remodeling has been
shown to regulate the expression of glial fibrillary acidic protein (GFAP) and astrocyte
differentiation (96).

MÜLLER GLIA AS RETINAL STEM CELLS

A series of studies have suggested that glia or cells expressing glial features possess
neural potentials (97). Radial glia have long been suspected of being neural precursors,
capable of generating neurons, based on observations from developing neuroepithe-
lium of rats where radial glia were found expressing the neural stem cell marker, nestin
(98), on the basis of lineage analysis in chick optic tectum (99) and thymidine labeling
of adult avian brain (100). Later, Doetsch et al. (101) and Sanai et al. (108), using a
variety of experimental approaches, demonstrated that astrocytes in the subventricular
zone of rodents and human, respectively, possess the potential of neural stem cells.
Using a Cre-Lox approach, it was shown that the majority of neurons in the CNS are
generated by progenitors that expressed GFAP, thus confirming the glial nature of neu-
ral progenitors (102). Can Müller glia in the retina serve as neural precursors? This
possibility was first raised in a regeneration study involving laser lesion that selec-
tively ablated photoreceptors in the goldfish retina (103). It was observed that the
Müller glia proliferated in response to this injury and migrated into space vacated by
degenerated photoreceptors, raising the possibility that a dedifferentiated Müller cells
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might have participated in the replacement the lost photoreceptors. More recently, stud-
ies involving neurotoxin damage to postnatal chick (13) and mouse (104) retina have
suggested that Müller glia proliferate in response to injury, and in the case of the former
might serve as a source of regenerative neurogenesis. For example, following the injury,
Müller glia proliferate, transiently express neural bHLH transcription factors, and a
small proportion of these cells expressed neuronal markers (13). In addition, it has
been suggested that the injury-activated Müller cells possess the capacity to replace
specific cell types, selectively activated by neurotoxins (105). We have begun investi-
gating factors that regulate the neurogenic potential of Müller glia (106). We have
observed that purified adult Müller cells when exposed to mitogens proliferate and
generate neurospheres apparently indistinguishable from those derived from neural
progenitors (Fig. 3). Cells in neurospheres are proliferating and express nestin and glial
markers, such as vimentin. Preliminary study from our laboratory shows that they pos-
sess self-renewal capability and are multipotent, generating both neurons and glia.
These and previous observations suggest that Müller glia, under certain conditions, can
acquire the properties and potential of neural stem cells and therefore, may serve as a
target for therapeutic regeneration in retinal diseases.
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Transdifferentiation in the Nervous System

Ying Liu and Mahendra S. Rao

NORMAL CENTRAL NERVOUS SYSTEM (CNS) DEVELOPMENT

In the nervous system, neural stem cells follow a sequential process of development.
More differentiated cells have a more limited repertoire of fate choices while fully
differentiated cells do not have any alternative fates and may not be able to reenter the
cell cycle at all (reviewed in refs. 1 and 2). This progressive restriction of developmen-
tal potential is a normal aspect of development, and phenotypic plasticity appears
uncommon. To a large part, analysis with gene specific promoters, culture of isolated
populations of cells, clonal analysis, and challenge perturbation experiments (3) have
confirmed this lack of plasticity and suggested that cells acquire an identity prior to
terminal mitosis and this positional and phenotypic identity is difficult to alter (4,5).
Overall the idea that there is a cell intrinsic change that restricts the potential of ini-
tially pluripotent cells is appealing, as it helps explain how the same regulatory mol-
ecules can be reiteratively used at multiple stages and in different tissues to direct
differentiation and different fates in multiple distinct lineages (2,6).

However, even during development there are several examples of divergence from
this process of progressive lineage restriction. For example, radial glia do not in gen-
eral form non-neural tissue or mature to form astrocytes in rodents and human in nor-
mal development (7). However, in the axlotl tail, where this has been examined in
detail, radial glia, in response to amputation of the tail, regenerate all tail structures
including mesodermal and endodermal derivatives (8). Rodent and avian tail bud for-
mation has not been examined in much detail, but even in these species, it has been
suggested that a similar transdifferentiation occurs (9). In zebrafish, as well, contribu-
tions from the notochord to the floor plate and vice versa have been recognized (10,11).

Similar ectoderm to mesoderm cross-lineage differentiation is normally seen in cra-
nial neural crest. Neural crest cells derived from the craniofacial ectoderm, or gener-
ated from neural epithelial stem cells (12), can generate muscle, bone, cartilage,
melanocytes, fibroblasts, and smooth muscle as well as neural components of the
peripheral nervous system (PNS) and other mesenchymal derivatives (13, reviewed in
ref. 1). This is an example of a cross-lineage development ability that appears to be
restricted to cranial crest. It is possible, however, to induce caudal crest to generate
muscle, cartilage, and bone either in culture (M.S. Rao, unpublished result) or after
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transplantation. Thus, ectoderm to mesoderm transdifferentiation is a normal aspect of
development for cranial crest and may be an ability shared by caudal crest.

Likewise, placode derived stem cells (which also undergo an epithelial to mesen-
chymal transition) have been shown to give rise to both neural and nonneural tissue.
In the otic placode, for example, single cells have been shown to be multipotential and
generate fibroblasts, cartilage cells, hair cells, as well as neurons (14). A late epithelial
to mesenchymal differentiation has been described for the neural tube as well (15–17),
with the generation of a novel cell type. This cell type was first described by Sohal and
colleagues and termed ventrally emigrating neural tube (VENT) cells (15–17). These
cells migrate from the CNS to the periphery and appear to be capable of participating in
the tissue organization of multiple distinct nonneural organs (16,17).

Similar epithelial to mesenchymal transitions have been described in other tissues
and organ as well (18–21). These include ureteric development in the kidney, lung
alveolar development, and placodal delamination to generate cranial ganglia (reviewed
in ref. 22). Other examples of transdifferentiation or dedifferentiation include primor-
dial germ cells that under appropriate conditions become totipotent, as evidenced by
differentiating into all types of somatic cells after transplantation (23,24). These and
other uncited examples all suggest that while progressive restriction in cell fate may be
the form for most normal development, there clearly appears some flexibility in fate
determination and indeed this flexibility has been exploited during normal development.

Thus, fetal maturation provides numerous examples of exceptions to the normal
sequential process of progressive restriction in developmental fate and suggests that
cells may retain a broader differentiation potential than that reflected in vivo, and
that this broad potential could be harnessed if the mechanisms that regulate this pro-
cess were better understood. We do not believe that these examples discussed should
be defined as transdifferentiation. Rather, these examples suggest that linear pro-
gressive restriction in cell fate, although common, is not the only way an organism
develops. Cells are plastic, daughter cells may have a wider differentiation potential
and in many cases cells may be more plastic than previously realized. This plasticity
has been exploited during aspects of development and may be important in repair and
regeneration.

PLASTICITY AND TRANSDIFFERENTIATION—
REVEALED COMPETENCE AND DEDIFFERENTIATION

Recent evidence from multiple investigators has provided additional proof that the
nervous system may be more plastic than previously thought and that tissue-specific
stem cells, intermediate precursors, and even fully differentiated postmitotic cells can
be induced to alter their phenotypic profile in dramatic ways that are not predicted by
their normal development and differentiation (25). This process has been termed
transdifferentiation in the case of stem and precursor cells, or dedifferentiation, in the
case of fully differentiated cells changing their phenotype. Both dedifferentiation and
transdifferentiation should be distinguished from competence and the normal fate of
cells (reviewed in refs. 22 and 26). Cells may be competent to differentiate into a
particular phenotype but this competence may not have been recognized, or not be
expressed during normal development (absence of cues), or be actively repressed. Such
competence, although not observed in normal development fate, may be readily
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revealed by altering the environment or providing the appropriate cue. Such demon-
stration of competence is not evidence for transdifferentiation or dedifferentiation;
rather, it illustrates plasticity of cells. Neural crest differentiating into cartilage or bone
is an example of revealed competence but not of transdifferentiation. Acquisition of
neural markers by mesenchymal cells on exposure to dimethyl sulfoxide (DMSO, ref. 27)
may be a transdifferentiation event while the presence of neural and connective tissue
elements in Ewing’s sarcoma (28) may be an example of dedifferentiation. Oligoden-
drocyte precursors giving rise to neurons is a transdifferentiation event (29), while
radial glia or mature astrocytes or postmitotic neurons generating neurons or precursor
cells of other lineages can be classified as a dedifferentiation phenomenon (30–33).

It is important to note that classifying a process as dedifferentiation or trans-
differentiation depends on information available about the system and in many cases it
will be impossible to distinguish between the two and in some instances may be aca-
demic. The differentiation of skin cells into neurons (e.g., ref. 34) may be a dedifferen-
tiation event if the skin cells used have been demonstrated to have mature markers and
to have the functions of terminally differentiated cells. If solely hair cell precursors
were present then this may be an example of transdifferentiation. On the other hand, if
harvested skin cells include placodal or crest precursors then this may be an example of
revealed competence.

It is also important to distinguish transdifferentiation/dedifferentiation from atypi-
cal differentiation seen as a result of the presence of contaminating populations of
cells. This is particularly true when considering neuronal transdifferentiation, given
our knowledge of the ability of neural precursors to differentiate normally into meso-
dermal and other nonneural derivatives. Neural crest and VENT cells are widely dis-
tributed during development, and recent reports suggest that neural crest cells may
persist in peripheral organs (15–17,35,36). Nerve endings with associated Schwann
cells are present in virtually all tissue, and many of the conditions in which cells are
cultured allow for survival of these populations. It is therefore possible that some results
reported as transdifferentiation may be due to such contamination. Indeed, skin differ-
entiation into neurons has been explained in some part to the presence of neural crest
(34). Likewise in lens epithelial differentiation into neuronal cells, it appears as if sepa-
rate populations of ectodermal and neural progenitors are present (37).

The converse is also true when neural stem cells are harvested. In most cases
neurospheres are used for transplantation and the selection methodology uses selective
growth in fibroblast growth factor (FGF) and epidermal growth factor (EGF, refs. 38
and 39). It is useful to remember that connective tissue and blood vessels are an inte-
gral component of all tissue and may be present in neurospheres. To our knowledge
markers to demonstrate their absence are not used routinely. Hematopoietic stem cells
(HSCs) transit through blood vessels and can be harvested with tissues. Such examples
of contaminating stem cell populations have been provided by Magrassi et al. (40).
In particular, HSCs have been shown to contaminate neural cells and muscle cells
(41,42). The existence of multipotent adult progenitor cells (MAPCs, refs. 43 and 44)
and other embryonic stem (ES)-like cells, including pluripotent epiblastic-like stem
cells (PPELSCs), ectodermal germ-layer lineage stem cells (EctoGLLSCs), mesoder-
mal germ-layer lineage stem cells (MGLLSCs), endodermal germ-layer lineage stem
cells (EndoGLLSCs) and pancreatic progenitor cells (PanPCs), in the adult, also raises
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the possibility of contamination of tissue specific populations with a more global
undifferentiated population (45).

In general, the presence of rare populations of cells can often be safely ignored in
assessing the differentiation potential of harvested tissue. However, in cases in which
the frequency of dedifferentiation or transdifferentiation observed is low, it becomes
imperative that this be ruled out. For example, the number of neuronal cells seen after
mesenchymal cell injections was disturbingly small and could be accounted for by less
than 0.1% contamination. Indeed, several reports have shown that some of the previ-
ously recognized transdifferentiation phenomena are due to contamination of stem cells
of different lineages (42,46–50). Based on these results, it has been suggested that
either purified populations of cells be used, the transdifferentiation process be robust
and/or clonal analysis be performed before labeling an observation as evidence of
transdifferentiation (2,51). Thus, before determining an event is a transdifferentiation
phenomenon, one must rule out alternate explanations, such as contaminating popula-
tions of cells, revealed competence, and the normal developmental potential of cells.
Even when apparently authentic dedifferentiation or transdifferentiation is observed,
one needs to be careful about assessing cell fusion. It has been shown that cells, rather
than altering their fate, can fuse with other cells such that the resultant cells have a
mixture of these properties. Such cells are usually polyploid. Cell fusion may be more
common in some tissues or cell types than others (47,48,52–54). Smith and colleagues,
for example, cocultured neurospheres derived from green fluorescent protein (GFP)-
labeled, puromycin resistant transgenic mice (with expression of GFP and puromycin
controlled under Oct4 promoter), together with HT2 ES cells which had both
hygromycin resistance and ganciclovir sensitivity. After selection by puromycin, the
resulting cultured cells had characteristics of ES cells, expressed GFP, were resistant to
hygromycin and sensitive to ganciclovir, and could differentiation into nonneural cells.
The initial assumption was that neural stem cells (in this case the neurospheres) have
transdifferentiated into pluripotent ES cells. More detailed analysis showed that the
cells displayed multiple nucleoli and their karyotype was mostly tetraploid, indicating
that fusion with ES cells rather than transdifferentiation gave rise to nonneural deriva-
tives in this experiment (53). In other cases where diploid cells were seen, opponents
of the concept of transdifferentiation have suggested fusion followed by resolution to
maintain a diploid phenotype (54). Detailed analysis has suggested that many of the
reports of transdifferentiation were actually attributable to unrecognized cell fusion
(47,48,52–54).

We believe however that the possibility that transdifferentiation can occur under
suitable environmental stimuli has been compellingly addressed by somatic nuclear
transplantation experiments (55–57). Nuclei from postmitotic committed cells that
are fated to make only particular types of cells can be reprogrammed under appropriate
environment to reorder their fate choices. Thus a nucleus of a skin cell can generate
authentic CNS and kidney cells, and importantly does it in sufficient numbers and
fidelity to generate a functional animal with functional organs. Nuclear transfer experi-
ments have also suggested that it is not just reprogramming in the oocyte or blastocyst
is required, but that some degree of reprogramming can occur when nuclei are trans-
ferred from one cell type to another (25,51). For example, more mature erythroblasts
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can be reprogrammed to express fetal hemoglobin by transferring the nucleus to an
earlier state.

Transdifferentiation is also a common phenomenon in many cancers (reviewed in
refs. 58 and 59). For example, prostate cancer cells have been reported to trans-
differentiate into neuroendocrine-like cells (60), and Ewing’s sarcoma often shows the
presence of neural or nonneural elements (28). Teratocarcinomas derived from germ
cells show differentiation foci of ectoderm, endoderm, and mesoderm (61). Over-
expression of master regulatory proteins can also alter/transdifferentiate cells (discussed
later). Misexpression of neurogenic genes can induce skin cells transdifferentiate into
neural cells (62,63) or overexpression of myogenic genes can cause ectodermal tissue
to generate skeletal muscle (64). Such misexpression clearly shows that cells are more
plastic than previously supposed and can respond to signals to alter their fate.

These examples of transdifferentiation cannot be explained by involving cell fusion,
presence of contamination population, or unexpected or revealed competence. Overall
we believe that transdifferentiation is a rare event. It requires a critical review of the
evidence, test for contaminating populations of cells, experiments of clonality and fluo-
rescence in situ hybridization (FISH) analysis and careful assessment of the robustness
of the phenomenon. We believe that many of the reports documenting transdif-
ferentiation can be explained by overenthusiasm in interpretation, presence of con-
taminating crest/vent or circulating HSCs, or by cell fusion. However, these alternate
mechanisms cannot explain the transdifferentiation seen during development (22),
the transdifferentiation seen in somatic nuclear transfer experiments (56), and the
transdifferentiation and metaplasia seen in carcinogenesis (25,64,65). We would sug-
gest that although any report on transdifferentiation must be examined carefully to rule
out alternate explanations, evidence supports the idea that transdifferentiation occurs
as a normal aspect of development and mechanisms to direct the process likely exist.

TRANSDIFFERENTIATION AND DEDIFFERENTIATION
IN THE NERVOUS SYSTEM

In the CNS, oligodendrocyte precursors, astrocytes, and radial glia have all been
shown to be capable of dedifferentiating/transdifferentiating into mature neurons (Fig. 1
and Table 1; refs. 29–31). Even postmitotic neurons can be induced to reenter the cell
cycle and generate dividing progenitor cells (32,33).

The well-characterized A2B5+ glial progenitors have been shown to differentiate
into astrocytes, and subsequently transdifferentiate/dedifferentiate into stem cell that
can generate neurons, astrocytes and oligodendrocytes (29). The authors applied a
sequential exposure of A2B5+ glial precursors to fetal calf serum (FCS) or bone mor-
phogenetic proteins (BMPs), and then after the addition of basic FGF (bFGF), the cells
were induced to revert to a state that resembles that of multipotential CNS stem cells.
These experiments included clonal culture as well, making it difficult to be explained
by any mechanism other than transdifferentiation. Anderson and colleagues further
showed glial precursors dedifferentiated into multipotent stem cells when they were
cultured in FGF-2 (66). The dorsoventral patterning of these glial cells was modulated
and the positional identity altered.

Radial glia and astrocytes have been shown to be capable of differentiating into
neurons under the appropriate conditions (30,67–70). Given the careful analysis and
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temporal profile and the labeling experiments performed with radial glia, it appears
unlikely that these results could all be attributed to artifact, overinterpretation of data,
or cell fusion. Not all astrocytes appear to share this property, and this property appears
to decay with time (71). The multipotential nature of some astrocytes has been shown
in quite convincing fashion by several laboratories demonstrating some reliability and
reproducibility. However, given the observation that some stem cell populations
express glial fibrillary acidic protein (GFAP), it is difficult to rule out a contaminating
population of GFAP+ stem cells. Such cells have been described (reviewed in ref. 72)
and remain a possible explanation.

Macklis and colleagues (73), in an elegant neuronal loss experiment, showed that
these neurons were replaced by cells present in the vicinity rather than by stem cells
migrating to the appropriate location form the ventricular zone (VZ) or the sub-

Fig. 1. Transdifferentiation and dedifferentiation. Multipotent stem cells give rise to lineage
restricted precursors that then differentiate into mature terminal cells. Under certain condi-
tions, more differentiated cells can acquire properties of stem cells (dedifferentiation) or gener-
ate new cell types (transdifferentiation).

Table 1
Transdifferentiation and Dedifferentiation in the Nervous System

Original cell type Transdifferentiation Reference

Oligodendrocyte precursor Neural stem cell (29)
Astrocyte Neural stem cell (30,70)
Radial glia Neuron and glia (31)
Neuron Neural stem cell (32,33)
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ventricular zone (SVZ). The identity of the replacing cells remains unclear and these
could represent transdifferentiating glia or a quiescent population of stem cells. Neu-
rons isolated from adult rat brain have also been shown to be able to proliferate and
dedifferentiate into neural stem cells under certain culture conditions such as B27/
Neurobasal and FGF-2 (32,33). Alexanian and Nornes retrogradely labeled adult rat
corticospinal tract neurons by dextran dyes in vivo and showed that these adult neurons
on dissociation and culture were able to incorporate BrdU and appeared to divide and
regenerate daughter cells (32). It is difficult to explain these results by cell fusion,
contamination with precursors, or any other alternate possibility.

Overall the data provide intriguing evidence that plasticity is more common than
previously supposed and that under appropriate conditions cells can be induced to alter
their phenotype. This process is not limited to stem cells or early fetal cells but can
occur in postmitotic neurons, adult astrocytes, as well as in more restricted precursor
cell populations. Indeed, one may well argue that calling a cell a restricted precursor
(our terminology and one used in this book) is a misnomer given abundant evidence of
plasticity; the term biased precursor cell rather than restricted precursor cell should be used.

Intriguingly some cells do not readily transdifferentiate even when they appear
closely related, present in the same environment or share lineal (albeit distant) relation-
ship. Schwann cells, for example, will dedifferentiate into melanocytes but do not
appear to transdifferentiate into astrocytes even though they will invade a damaged
spinal cord and functionally are related. Likewise even when myelinating central axons
Schwann cells will lay down myelin that has the characteristics of peripheral myelin
rather than central myelin. Neural crest cells when transplanted in vivo even early in
development do not populate the CNS or differentiate into CNS derivatives. In con-
trast, ablation of the neural tube (74,75) or overexpression of Fox-D3 (76) appears to
be sufficient to direct the fate of CNS cells to neural crest and PNS early in develop-
ment. Trunk crest does not appear to acquire the properties of cranial crest even when
back-transplanted early in development. The ability of skin to convert to placodal
derivatives appears to be restricted to a narrow temporal window (77) and is lost early
in development.

Thus, although transdifferentiation may exist, it is not completely random and there
appear to be biases in transdifferentiated fate. These biases are environment and cell
dependent and may not be easily generalized to all cell types, that is, the same environ-
mental cocktail may not transdifferentiate all cells along the same lineage and different
environments may not necessarily expand the repertoire of a particular cell type. These
results, however, raise the possibility that understanding the mechanisms that regulate
the process of transdifferentiation may allow one to manipulate it with some fidelity
and predictive ability.

TRANSDIFFERENTIATION AND DEDIFFERENTIATION
OF NONNEURAL CELLS INTO NEURONS

The relative abundance of dedifferentiation or transdifferentiation within the ner-
vous system raises the possibility that not only will this be possible within a tissue but
all across other tissues as well. Indeed several lines of evidence suggest that this can
occur. This review does not cover these examples in detail, but it is sufficient to say
that mesodermal and endodermal differentiation in neural tissue has been reported by
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multiple investigators, and in particular stem cells from bone marrow and mesenchyme
have been shown to generate neurons, astrocytes, and oligodendrocytes in vitro and
in vivo. A brief list of some reports is summarized in Table 2.

Although no doubt many of these examples can be explained by alternative mecha-
nisms including cell fusion, presence of contaminating cells, and perhaps some
overinterpretation, it is important to emphasize that these criticisms do not suggest that
transdifferentiation itself does not occur. Rather, they raise questions on the frequency
and utility of the process and the mechanism employed to induce transdifferentiation.

IF TRANSDIFFERENTIATION EXISTS,
CAN WE UNDERSTAND AND REGULATE THE PROCESS?

As discussed in previous sections, although much of development involved progres-
sive restriction in developmental fate, although examples of plasticity and trans-
differentiation exist that cannot be explained by fusion, contamination, revealed
competence, or fusion followed by resolution. Examples where clonal analysis was
performed, or where nuclei were transferred in certain cancers, suggest that trans-
differentiation can occur as well. Reconciling those apparently diametrically opposing
ideas is not difficult. One can examine the cases of transdifferentiation as examples in
which cells have bypassed the normal process of fate restriction or reversed such a
restriction. We expect that useful insights will be obtained by examining the process
of cell fate restriction and assessing the importance of these factors in trans-
differentiating cells.

Cell specification broadly requires expression of cell type specific genes that are
present in regions of open chromatin, while genes that will not be expressed are in
regions of condensed chromatin with associated changes in the epigenome to maintain
a heritable euchromatin and heterochromatin structure typical of a particular cell type.
Many results suggest that lineage-specific genes are operative in a totipotent/pluripo-
tent stem cell, such as an ES cell prior to lineage commitment, and suggest that stem
cells express a multilineage transcriptosome. Most genes (including tissue specific
genes) appear to be maintained in an open state with low but detectable levels of tran-
scription with higher levels of specific transcription seen in appropriate cell types.
Maintenance of an open transcriptosome in multipotent cells likely requires both the
presence of positive factors as well as the absence of negative regulators. Factors that
maintain an open transcriptosome include demethylases, reprogramming molecules
present in blastocyst cytoplasm, regulators of heterochromatin modeling, and perhaps

Table 2
Transdifferentiation into Neural Cells

Original cell type Transdifferentiation Reference

Skin cell Neuron (34)
Bone marrow derived stem cell Neuron (98,99)
Marrow derived stromal cells Neuron (100)
Mesenchymal tissue Neuron (27)
Hematopoietic stem cells Astrocyte (101)
Melanoma cell line Myelin expressing oligodendrocyte (102)
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additional unidentified pathways. These positive factors are segregated as early pro-
genitor cells undergo asymmetric cell division. The cell that receives these factors
remains undifferentiated while the other daughter either degrades these factors, or does
not receive them to activate cell type specific programs (78). Global activators, global
repressors, and master regulatory genes play important regulatory roles in switching on
or off cassettes of genes while methylation (79); reviewed in (80), heterochromatin
remodeling (81), and perhaps small interfering RNA (siRNA, ref. 82) maintain a stable
phenotype by specifically regulating the overall transcriptional status of a cell. This
epigenetic modulation also includes regulation of cell cycle. Most adult cells are
postmitotic and are held in either transient or permanent (irreversible G0) stage (83).
Reentry into mitosis is actively regulated and activation of cell cycle genes leads to
apoptosis in cells held in irreversible G0 stage (83). Overall, the establishment and
maintenance of the differentiated cell type appears to be tightly regulated by multiple
mechanisms that operate at different stages during development. It is important to
emphasize that not every mechanism is equally active in all cells and complex inter-
actions occur between the various regulatory molecules.

It is thus reasonable to assume that if these epigenetic regulators of cell type specific
gene expression could be altered or if cell type specific patterns of gene regulation
could be activated (perhaps by activation of master regulators), then the pattern of gene
expression would be changed to reflect acquisition of a different phenotype, much as
what happens in development. As long as the epigenetic change could be modulated by
external stimuli, cells should be capable of transdifferentiation and such trans-
differentiation by extrinsic signal is exemplified by somatic nuclear transfer. Further,
if this change occurred sufficiently precisely, the altered cell would be trans-
differentiated into an unexpected phenotype that is indistinguishable from a normally
developing cell. Multiple studies have indeed suggested that this can occur in specific
instances, perhaps best exemplified by somatic nuclear transfer. In somatic nuclear
transfer experiments, a somatic cell nucleus is inserted into an enucleated egg. This results
in a major reprogramming of gene expression and switch in cell fate, and blastocysts
derived from such experiments can generate normal fertile animals (e.g., ref. 84 and 85)
or apparently normal ES cell lines (86). These results suggest that extrinsic stimuli
exist that can alter the state/differentiation potential of a fully differentiated cells.

Forced expression of a global regulator can activate a cassette of cell type specific
genes. Loss of single regulatory genes can alter the fate of the cells or cause them to
acquire a new unexpected fate. Examples from Drosophila and C. elegans abound and
suggest that if gene expression is altered at appropriate times, cells are sufficiently
plastic that they can acquire a new fate (87,88). In Xenopus, for example, misexpression
of neurogenic genes in early development can induce neurogenic differentiation in skin
cells (62,63). In mice expression of muscle specific HLH genes can induce differentia-
tion of myoblasts from ectodermal derivatives (64).

Altering methylation patterns can induce reexpression of important regulatory mol-
ecules. For example it has been shown that expression of Oct3/4 is regulated by methy-
lation and that alteration of methylation can reinduce expression of Oct3/4 and activate
downstream target genes. Loss of a global repressor such as repressor element-1
silencing transcription factor/neuron restrictive silencer factor (REST/NRSF) can acti-
vate the expression of neuronal genes in mesenchymal cells (89).
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Schwann cells will transdifferentiate into melanocytes when the neurofibromatosis
gene is mutated (90), and tumors often show evidence of metaplasia or trans-
differentiation (91). Forced expression of global regulators or treatment with 5-aza-
cytidine or drugs that modulate heterochromatin remodeling will result in altered
dedifferentiation (92). Trichostatin A (TSA) has been shown to alter the differentiation
of HSCs and to dedifferentiate progenitor cells (93). TSA also has been shown to inhibit
ES cell differentiation (94).

Perhaps the most intriguing examples have come from data on heterochromatin
remodeling and histone deacetylases (HDACs) and cancer (95). Although these data
are too voluminous to review here, it is intriguing in our opinion that many of the
reagents that are known to affect chromatin remodeling have been used to alter
transdifferentiation in culture (Table 3).

What becomes clear from these examples is that the maintenance of the appropriate
epigenetic state requires active processes that are in dynamic flux with methylation of
CpG islands, activation of master regulatory genes, inhibition by global repressors, and
histone methylation/phosphorylation/acetylation acting in concert to define the state of
a cell. For transdifferentiation to occur, some or all of these pathways that regulate the
differentiation process must be susceptible to extrinsic manipulation. Available evi-
dence from a variety of sources suggests that it is indeed possible. Thus, most of the
mechanisms that regulate phenotypic specification are reversible and altering these
regulatory mechanisms will permit expression of genes normally never expressed by
particular cell types or alter their phenotypic differentiation. However, clearly our
understanding of these pathways is limited and we lack precise control of the process.
For example, generating DNMT1 (a methylase) null mice has effects only on subsets
of neurons in the nervous system rather than a global effect, as one would predict based
on its postulated function and expression pattern. Further, the resultant outcome is not

Table 3
Reagents that May Affect Transdifferentiation

Reagent Example Result Reference

Demethylating 5-Aza 2'deoxycytidine Altered dedifferentiation (92,93)
reagent (5azaD)

HDAC inhibitor Trichostatin-A (TSA) Increased dedifferentiation (93,97,103)
and altered differentiation

Dimethyl sulfoxide (DMSO) Transdifferentiate (27)
from mesenchymal tissue
to neurons

Butyrates Transdifferentiate (104)
exocrine acini
to pancreatic islet
and duct-like complexes

Suberolyanilide hydroxamic Altered differentiation (105)
acid (SAHA) of erythroleukemia cell line

Phorbol esters Altered transdifferentiation (106)
of striatal neurons
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transdifferentiation of the cells but cell death, although there is clear up-regulation of
genes that are regulated by methylation (96). More importantly, however, these studies
identify a variety of small molecules, some of which are already used in the clinics
(see, e.g., suberolyanilide hydroxamic acid [SAHA]), that can be used to assess the
ability of a cell to transdifferentiate and provide a mechanism for the process of
transdifferentiation (95).

We would urge readers, however, to assess the cautionary moral of these results as
well. These results clearly indicate that although modulating certain markers is well
within our means, ectopic expression of these markers does not imply a change in
phenotype. For example, β-III tubulin expression in fibroblasts in NRSF/REST knock-
outs does not make these cells neurons. TSA treatment also has been shown to inhibit
HSC transdifferentiation (97). These results strongly suggest that multiple markers and
functional integration will be required to demonstrate adequate and effective trans-
differentiation.

These results suggest that a robust, reliable system of transdifferentiation is needed,
in which each of these pathways can be systematically manipulated to assess the relative
importance of each of these regulatory process. Understanding how critical each com-
ponent is will allow one to realistically assess the fidelity of the process and its persis-
tence and heritability. Unfortunately such robust systems appear unavailable and the
few mammalian systems described have been controversial or difficult to reproduce.

Overall we would suggest that pathways to dedifferentiating or transdifferentiating
cells exist and virtually every mechanism that regulates a stable differentiated pheno-
type can be subverted or modulated in one system or the other. This modulation is
sufficient to produce relatively dramatic changes in phenotype, although we lack a
detailed understanding or a precise control of the process. Framing transdifferentiation
as an alteration of the normal regulators of progressive differentiation may allow us to
plan more defined experiments and make predictions as to the outcome.

IS TRANSDIFFERENTIATION OF CLINICAL RELEVANCE?

In the previous section we have argued that transdifferentiation is possible, and that
we know something about the process, and even have some indications of small mol-
ecules that could regulate this process. However, this does not to us suggest that
transdifferentiated cells are of clinical relevance as yet. Unless we have precise control
of transdifferentiation, we cannot translate this research to clinical treatment.

For clinical utility, the process has to be reliable, reproducible, heritable, and robust.
In none of the systems examined so far are these criteria fulfilled. Indeed, because this
process may involve a cell conversion not typically found in normal development,
for the most part it is unclear how reliable and reproducible it will be in vivo. Although
transdifferentiation itself may not be of clinical utility, we believe that studying
transdifferentiation is important, as one needs to carefully address its potential.
The current evidence on cell fusion, contamination, and lack of reproducibility
(47,48,52–54) raises important legitimate questions about the efficiency of the pro-
cess, its practical utility, and the rationale for using an attempt to transdifferentiate and
the assumptions associated with a successful experiment validating the process of
transdifferentiation.
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Examining the process of transdifferentiation as aberrant fate restriction suggests
some therapeutic strategies to achieve controlled transdifferentiation. Identifying the
cytoplasmic factors that regulate nuclear reprogramming may identify important glo-
bal regulators of fate restriction. Molecules regulating methylation and heterochroma-
tin remodeling are likely to be useful candidates to regulate transdifferentiation. Equally
useful we predict will be siRNAs to enable us to coopt a natural regulatory process to
selectively derepress or activate specific subsets of genes. Finally, we would suggest
that if forced senescence is a commonly used mechanism to prevent reentry into the
cell cycle and to inhibit dedifferentiation or transdifferentiation, then apoptosis inhibi-
tors may be useful both for understanding and for manipulating the process of
transdifferentiation.

We would further suggest that resolving the controversies in the literature is worth-
while, because if transdifferentiation can be manipulated, one fell swoop can solve two
major problems that bedevil cell therapy advocates. It provides a potential for obtain-
ing sufficient numbers of cells that are otherwise in short supply. For example, we know
that transplanting dopaminergic neurons of the appropriate type or β islet cells can
treat Parkinson’s disease or diabetes. However, we do not have enough cells to treat all
possible patients who would benefit from this therapy. Transdifferentiation also offers
the potential of using autologous cells for therapy thus solving the problem of immune
rejection, side effects of suppressive therapy, and the mortality associated with these
regimens.

It is useful to remember that many attempts have been made to solve these twin
issues of number and immunologically matched cell type that range from using
transgenic pigs to somatic nuclear transfer. In each of these attempts, initially the
assumption by the proponents was that this problem has been solved and by its oppo-
nents was that these particular technologies were unlikely to succeed. In the case of
transdifferentiation, we would suggest that the only way to find out is to perform the
experiments as rigorously as possible with a clear hypothesis based on our understand-
ing of the process of development in a robust and reliable system. Such experiments
are in progress and it will be interesting to evaluate their outcome.
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Neural Progenitor Cells of the Adult Human Brain

Steven A. Goldman

Over the past two decades, studies of cell genesis in the adult vertebrate brain have
revealed the persistence of neural progenitor cells in both the neuroepithelial lining of
the cerebral ventricles and the developmentally contiguous hippocampal dentate gyrus.
Competent neural progenitor cells have been identified in adult fish, reptiles, birds,
rodents, monkeys, and humans (1,2). Across phylogeny, both multipotential and phe-
notypically restricted progenitors populate the ventricular lining (3–7), within which
they appear to be largely subependymal in origin (8,9). These subependymal neural
progenitor cells extend throughout the adult ventricular system (10–12), persist
throughout adult life (13,14), and may include or derive from multipotential founders
(15–17). Although ependymal cells have also been reported to include multipotential
progenitors (18), this observation remains controversial and as yet unverified. Rather,
most studies have pointed to the existence in adults of a subependymal progenitor cell
population, which remains neurogenic in selected regions, such as the avian neostria-
tum and rodent olfactory bulb, but that more typically is quiescent unless activated
(17,19), then yielding either glia or short-lived neuronal progeny (18,20).

Humans, like their lower species counterparts, retain competent neural progenitor
cells in adulthood (6,21–23). We review here the identification, initial isolation, rela-
tive distributions, and lineage competence of the three major progenitor cell pheno-
types that have been isolated from the adult human forebrain: the ventricular zone
neural progenitor cell, the hippocampal neuronal progenitor, and the white matter glial
progenitor (23–28). Each of these cell types has been prospectively identified and
selected from adult human brain tissue, and isolated to near purity (reviewed in ref. 29).
The isolation of adult progenitor cells has advanced our understanding not only of their
lineage potential and growth factor dependence, but also of their potential utility as
both transplantable cellular vectors (30–32), and as targets for endogenous induction
(33–40). In this chapter, we limit our discussion to the identification, isolation, lineage
competence, and interrelationships among the major progenitor cell types thus far char-
acterized in the adult human brain.
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NEURONAL PRECURSOR CELLS RESIDE
IN THE ADULT HUMAN FOREBRAIN VENTRICULAR ZONE

In adult primates, the forebrain ventricular zone (VZ), composed of the apposing
ependymal and subependymal cell layers, continues to harbor dividing cells, predomi-
nantly if not exclusively within the subependymal cell population (41,42). In adult
rodents, subependymal cell division is followed by the migration of neuronal daughter
cells rostrally to the olfactory bulb (5,43), and at least developmentally, to the
subgranular zone of the hippocampus. On this basis, we postulated that the adult human
brain might retain a reservoir of such subependymal progenitor cells, which cease gen-
erating neurons in vivo yet retain the capacity for neurogenesis in vitro. To test this
possibility, we sought evidence of neurogenesis in cultures of adult human temporal
lobe (6). In our initial studies, both explants and dissociates were prepared from tempo-
ral lobe tissue obtained during surgical resection; these samples were dissected into
cortical, subcortical, and periventricular zone (VZ), and cultured under conditions per-
missive for neuronal differentiation. The VZ cultures, and only these, gave rise to neu-
rons, as identified both antigenically and physiologically. In addition, antigenically
verified neurons that incorporated [3H]thymidine were found in VZ cultures, indicat-
ing that these cells arose from precursor division in vitro (Fig. 1).

The new VZ-derived neurons were functionally competent: When depolarized during
confocal imaging, they showed rapid, 4- to 10-fold elevations in Ca2+

i in response to
60 mM K+, responses typical of neuronal voltage-gated calcium channels. These were
the first indications that progenitor cells derived from the adult human VZ might con-
tinue to exhibit mitotic neurogenesis, and that daughter cells generated from adult
human VZ progenitor cells could indeed develop mature neuronal function (6,22,44,45).

PROGENITOR CELLS MAY BE IDENTIFIED HISTOLOGICALLY
IN THE ADULT HUMAN SUBEPENDYMA

The study of the neural and committed neuronal progenitor cell populations of the
adult central nervous system (CNS) had been hampered for decades by the lack of any
available antigenic markers by which these cells might be specifically identified. The
identification of nestin protein as an intermediate filament expressed at high levels by
neuroepithelial cells aided and accelerated the study of these cells (46), despite nestin’s
lack of absolute phenotypic specificity (47). In addition, recent discoveries of RNA-
binding proteins specific for neural phenotype have led to the identification and devel-
opment of several new probes for neurons and their progenitors. Musashi protein is one
such RNA-binding protein, which is expressed only by mitotic, uncommitted progeni-
tors in development, and by VZ cells and parenchymal astrocytes in adulthood (48).
Musashi was first identified in Drosophila and Xenopus (49,50), in which it is expressed
by CNS stem cells and their mitotic daughters. Musashi binds numb protein, and as
such acts as a positive regulator of notch signaling, as such promoting progenitor cell
self-maintenance. In mammalian development, musashi expression is limited to cycling
cells in the ventricular and subventricular zones, and diminishes rapidly with cell
migration. It is not expressed by neurons or oligodendrocytes, but is sustained at a
relatively low level by parenchymal astrocytes (51). In adults, musashi expression is
limited largely to the ventricular and olfactory subependyma, a distribution pattern
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similar to that of nestin (46); its sequence is highly conserved, allowing antibodies
against mouse musashi to identify precursor cells in the adult human VZ (22).

The Hu proteins constitute another such family of neuronal RNA-binding proteins
(52); three of its four known members appear to be expressed only by neurons, perhaps
at different phases of neuronal ontogeny. As a result, the anti-Hu MAb 16A11, which
recognizes a conserved epitope on the Hu proteins HuC, HuD, and Hel-N1, recognizes
only neurons and their committed progenitors (53–55). As in musashi, the sequences
of the Hu proteins are highly conserved, allowing antibodies against avian Hu to recog-
nize neuronally committed progenitor cells in the adult human VZ (22,55).

Fig. 1. The adult human temporal lobe provides an accessible source of progenitor cells.
Samples were taken during temporal lobectomy, typically either for decompressive resection
or refractory epilepsy. (A) Schematic of a typical temporal lobe resection; each sample was
dissected into cortical, subcortical, and periventricular portions, the latter including the
ependyma and adjacent subventricular tissue. When the hippocampus was included in the
resection, it was dissected from the temporal lobe, and the dentate gyrus then dissected clean of
its overlying ventricular wall. (B) The outgrowth from an adult SZ explant, in which a pre-
sumptive neuron is seen on a layer of flat substrate cells at 19 DIV. (C) A MAP-2+ neuron,
found in a subcortical culture at 18 DIV. (D) An NCAM+ neuron in an SZ dissociate at 12 DIV.
(E) A MAP-5+ cell that incorporated [3H]thymidine in vitro, suggesting its origin from precur-
sor cell mitosis. Scale = 50 μm. (Adapted from ref. 6.)
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On the basis of these studies, the distribution of neural and neuronal progenitor cells
has been estimated in the adult human temporal VZ, respectively using musashi and
Hu proteins as immunomarkers (22) (Fig. 2). Overall, 7.8 ± 2.2% of subependymal
cells expressed Hu, and 6.2 ± 2.6% were musashi+; together, >10% of temporal VZ
cells expressed one or the other of these markers. However, this estimate of the fre-
quency of progenitor cells and their derivatives in the adult subependyma must be
viewed in the context of the patchy distribution and evanescent thinness of the adult
VZ, which is but a noncontiguous cellular monolayer along the adult human temporal
horn. As a result, the incidence of potentially neurogenic progenitor cells in the adult
temporal VZ would appear to be quite low. However, a more recent study of the human
VZ, which used labeling for glial fibrillary acidic protein (GFAP) to identify
subependymal astrocytes, demonstrated not only the neurogenic competence of at least
some of these astrocytes (23), but also that the reservoir of potentially neurogenic VZ
progenitor cells might be higher than previously recognized. This point remains
unsettled, and will require further investigation of the homogeneity, or lack thereof, of
subependymal progenitor cell populations and their derived lineages.

Fig. 2. Musashi and Hu proteins recognize uncommitted progenitor cells and their neuronal
daughters in the adult temporal VZ. These sections were taken from the ependyma/sub-
ependyma lining of the lateral ventricle, deep to the inferior temporal gyrus, in a 27-yr-old man
with mesial temporal sclerosis. (A,B) Scattered islands of ventricular cells, generally
subependymal, immunoperoxidase stained for musashi protein, an RNA-binding protein of
neural progenitors. Musashi expression was limited to the VZ of these adult human temporal
resections. (C,D) Loose aggregates of adult SZ cells also expressed Hu, a triad of early, neu-
ron-specific RNA-binding proteins recognized by MAb 16A11. Scale = 50 μm. (From ref. 22.)
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ADULT VZ CELLS RESPOND TO FIBROBLAST GROWTH FACTOR-2 (FGF-2)/
BRAIN-DERIVED NEUROTROPHIC FACTOR (BDNF)
WITH EXPANSION AND NEURONAL DIFFERENTIATION

In rodents, the proliferation of adult VZ precursor cells is promoted by FGF-2
(16,56,57), whereas the differentiation, maturation, and survival of their neuronal
daughters is supported by BDNF (10,58). On this basis, we sequentially treated explants
of the adult human temporal VZ with FGF-2 followed by BDNF, and found that
neurogenesis could indeed be induced and supported with this combination of agents
(22). Neuronal number and survival in explants raised for 1 wk in 20 ng/mL of FGF-2,
followed by 8 wk in 40 ng/mL of BDNF, were both substantially greater than in
unsupplemented plates or those given either FGF-2 or BDNF. After 9 wk in vitro,
many explants raised in FGF-2/BDNF exhibited elaborate networks of scores of healthy
neurons (Fig. 3). These cells expressed MAP-2, and displayed sharp calcium incre-
ments to K+-depolarization, suggesting their functional maturation. Many had incorpo-
rated [3H]thymidine during their first week in vitro, indicating their genesis during that
week in FGF-2, 8 wk earlier. No surviving neurons were noted beyond 2 wk in plates
not treated with FGF-2 and BDNF. These data indicated that serial application of FGF-2
and BDNF allowed the generation of complex networks of new neurons from
subependymal progenitors of the adult human brain (22,59).

THE INACCESSIBILITY OF HUMAN NEURAL PRECURSORS
HAS ENCOURAGED EXPANSION STRATEGIES

The harvest of primary neuronal precursor cells from the adult human forebrain has
been limited by the low yields attending its enzymatic dissociation, and the difficulty
in recognizing and purifying surviving precursor cells as such. To improve the yield of
adult-derived neural progenitors, several groups have taken the approach of raising
neural cell lines derived from single precursors, exposed continuously to mitogens in
serum-deficient culture. Although first established for use in the adult rodent brain
(15,17,60), the propagation of clonally derived neurospheres was extended to the propa-
gation of fetal human neural progenitor cells as well (61–63). Steindler and colleagues
then propagated adult human VZ progenitor cells in suspension cultures, and reported
the multilineage potential of the nominally clonal neurospheres thereby generated (64).
The generation of both neurons and glia by these adult VZ-derived neurospheres sug-
gested that the neuronal progenitor cells identified in adult human VZ explant cultures
(6,22), might be derivatives of periventricular neural stem cells.

It is important to note that despite the abundance of cells obtained through the sus-
tained propagation of VZ cells in vitro, this strategy for preparing engraftable neural
progenitors has a number of limitations: First, the directed differentiation of tissue-
derived neural stem cells into desired phenotypes remains a largely unrealized goal,
despite some progress in modifying or biasing the phenotypic choice and fate of these
cells by defined neurotrophic and gliotrophic agents (10,58,65–69). Second, the lin-
eage potential, transformation state, and karyotype of propagated neural stem cells
remain uncertain; after prolonged passage at high split ratios, the antigenic expression
patterns of repetitively passaged precursors often manifest mixed lineages (56). Indeed,
under the stress of prolonged mitogenic stimulation in serum-free culture, neither the
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clonality nor karyotypic integrity of these cells can be assumed. Although the reversion
to a mixed-antigenic phenotype may represent the emergence or reversion to a stem-
cell phenotype (70), it might also manifest the degradation of committed lineages into
lines that are at best unrepresentative of their founders, and at worst, into transformed
neuroectodermal blasts. Third, it remains unclear whether neurons generated from

Fig. 3. Adult human VZ progenitor cells can be stimulated to expand in vitro, and generate
functional neurons. Cultures from this patient were grown in added FGF-2 for 1 wk and BDNF
thereafter. (A) A field of neurons that have arisen from a neocortical explant after 9 wk in vitro;
highly neuritic neurons lie on ependymal cells and glia. (B) Higher magnification (asterisk).
(C) MAP-2 staining confirms the neuronal identity of these cells. (D) Laser-scanning confocal
microscopy at 488-nm images the basal calcium signal of the neuronal outgrowth, after loading
with fluo-3. (E) A sharp increase in fluo-3 fluorescence, typical of neuronal calcium responses,
to K+ depolarization. (F,G) Of 11 MAP-2+ cells in B, 4 incorporated [3H]thymidine+ during
their first week in vitro. (From ref. 22.)
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repetitively passaged precursors retain the normal characteristics of neuronal electro-
physiological function, although recent observations of action potential generation from
extensively expanded human fetal progenitor cell lines have been reassuring in this
regard (71,72).

HUMAN NEURAL PROGENITOR CELLS
MAY ACT AS SUCH UPON XENOGRAFT

A number of recent studies have reported that fetal human neural progenitors,
derived from abortuses and expanded in vitro as neurospheres, may terminally differ-
entiate and histologically integrate when xenografted to both the prenatal and adult
rodent brain (63,73,74). Similarly, v-myc-immortalized human neural stem cells have
been shown to differentiate into all three major neural lineages on perinatal engraft-
ment into the rodent brain (75). Together, these studies have indicated that neural stem
cells may act as such in vivo as well as in vitro, generating multiple lineages in context-
dependent fashions. As such, they have tremendously advanced our conception of the
potential therapeutic roles of neural stem cells in both structural repair and enzymatic
repletion. Nonetheless, because of the possibility of phenotypic degradation attending
either immortalization or expansion, it has been unclear whether prolonged mitogen-
assisted expansion from single isolated precursors will prove a clinically viable strat-
egy for propagating therapeutically sound neural progenitor cells.

On the basis of these studies, we postulated that native progenitor cells might be
more likely than their expanded counterparts to generate functionally sound neurons
on eventual transplantation. Indeed, we had already found that neurons generated
directly from freshly cultured VZ explants exhibited characteristic neuronal responses
to both depolarization and excitatory transmitters (76,77). However, the theoretical
advantages of using directly harvested progenitor cells had been limited in practice, by
our lack of means for specifically identifying and harvesting these cells from donor
brain tissues. As a result, relatively large amounts of scarce human fetal tissues have
been required to generate enough fetal progenitor cells for engraftment, while no adult
tissues have yet yielded progenitor cells in sufficient numbers or purity to allow their
direct implantation. To redress this problem of enriching scarce progenitor cells from
much larger populations of brain cells, we therefore established a means of identifying
and selecting neural progenitor cells on the basis of their expression of fluorescent
transgenes driven by cell-specific promoter sequences.

PROMOTER-BASED IDENTIFICATION
ALLOWS PROGENITORS TO BE RECOGNIZED AS SUCH

To recognize live neuronal precursors as such, we chose to use neural promoters to
drive the expression of the gene encoding green fluorescent protein (GFP) (78). GFP is
a coelenterate protein that fluoresces on blue excitation, with little toxicity; it has
evolved into an effective transcriptional reporter in live cells (79). To identify neuronal
progenitor cells while still alive, as opposed to in fixed histological sections, we devel-
oped constructs of a mutant GFP optimized for human codon usage (hGFP) (80), placed
under the control of the early neuronal P/Ta1 tubulin promoter (81,82). In accord with
the neuronal specificity of Ta1 tubulin promoter expression (82), P/Ta1 tubulin-driven
hGFP was strongly expressed by precursors and young neurons, but not by glia (83,84).
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In both fetal and adult-derived cultures, P/Ta1-driven GFP fluorescence was specific
to neurons and their committed precursors (dividing as well as postmitotic), and
remained bright up to 14 d after transfection (84). This observation established that
GFP, when expressed under the control of cell-specific regulatory elements, might be
used as a reporter of phenotype in live cells.

PROMOTER-DEFINED RESTRICTION OF GFP
PERMITS FLUORESCENCE-ACTIVATED CELL SORTING (FACS)
OF NEURAL PROGENITOR CELLS

To separate and harvest native neural progenitor cells directly from brain tissue, we
capitalized on the ability of promoters, such as that for Ta1 tubulin, to direct fluores-
cent gene expression to desired phenotypes. To this end, we first transfected cultured
monolayer dissociates of fetal chick and rat VZ cells with P/Ta1:GFP, and then used
FACS to extract the P/Ta1:GFP-defined fluorescent neuronal progenitors. This tech-
nique allowed both a high degree of enrichment of neuronal progenitor cells, and a
virtual abolition of glial contaminants (84) (Fig. 4). With the advent of improved meth-
ods for dissociating adult forebrain tissue, we then extended this approach by isolating
neuronal progenitors from the adult rat brain (85). These P/Ta1:hGFP-sorted progeni-
tors were mitotically competent on initial harvest, yet virtually all matured as antigeni-
cally defined neurons when raised in serum-containing media. Together, these results
indicated that the use of an early neuron-selective promoter to drive phenotype-spe-
cific GFP expression permitted the targeted extraction of neuronal progenitor cells from
the adult as well as from the fetal rat brain.

MITOTIC NEURONAL PROGENITOR CELLS
CAN BE SELECTED FROM ADULT HUMAN VZ

Based on the successful selection of neuronal progenitor cells from the adult rat
ventricular zone using P/Ta1:hGFP-based FACS, we next sought to separate progeni-
tors from the adult human VZ. To this end, the ventricular wall was dissected and
dissociated from tissues resected from four adult patients undergoing temporal lobec-
tomy. The cultured cells were transduced with P/Ta1:hGFP plasmid DNA, and the
neuronal progenitor cells thereby identified were isolated via GFP-based FACS (Figs. 4
and 5). Within a week after isolation, most P/Ta1:hGFP-isolated cells matured as neu-
rons, which coexpressed bIII-tubulin and MAP-2. Many of these neurons had incorpo-
rated bromodeoxyuridine in the days before FACS, indicating their mitogenesis in vitro
(26) (Fig. 5).

THE NESTIN ENHANCER DIRECTS GFP
TO NEURAL PROGENITOR CELLS IN THE ADULT HUMAN VZ

The Ta1 tubulin promoter gave us a means by which to identify and isolate neuronal
progenitor cells on the basis of their transcriptional activation. We next sought to iden-
tify reagents by which uncommitted neural progenitor and stem cells might be simi-
larly identified and isolated. To this end, we used the neuroepithelial-selective enhancer
for the early neural filament protein nestin (86). In brief, the evolutionarily conserved
region of the second intron of rat nestin gene, which is sufficient to direct gene expres-
sion to neuroepithelial progenitors (86,87), was placed 5' to the basal heat shock
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Fig. 4. Separation of neural progenitor cells from the adult human brain via promoter-defined
GFP-based FACS. This schematic outlines alternative strategies by which FACS has been used to
separate neural progenitor cells from the adult human temporal lobe. Both P/Ta1:hGFP and
E/nestin:EGFP selection plasmids have been used to separate neuronal and less-committed neu-
ral progenitor cells, respectively, from the adult VZ and hippocampus. Both regions of the brain
are outlined, and each selection plasmid is schematized. In addition, white matter derived from
these samples has been transfected with DNA encoding hGFP placed under the control of the
early oligodendrocytic CNP-2 promoter (see text); using essentially the same logic and experi-
mental protocols as employed for isolating the E/nestin and P/Ta1 tubulin-defined progenitor
pools, this has allowed the isolation and sorting of P/CNP-2-defined oligodendrocytic progenitor
cells from the adult white matter as well. (Adapted from refs. 24 and 25.)
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promoter (hsp68). P/hsp68 was used because it is expressed only when downstream of
a strong enhancer (88). The resultant E/nestin:P/hsp68 unit was then placed 5' to EGFP,
yielding a nestin enhancer-defined GFP selection construct. After confirming the neu-
roepithelial specificity of E/nestin:P/hsp68:EGFP in transgenic mice (89,90), we trans-
fected this selection cassette into both fetal and adult human VZ and hippocampal cell
cultures, so as to identify live neural progenitors in these larger pools. In each setting,

Fig. 5. The Ta1 tubulin promoter identifies neurons arising from mitotic progenitor cells in
the adult human VZ. Cultured cells derived from the adult VZ were transfected with
pP/Ta1:hGFP after 2 DIV. This plasmid identifies neuronal precursor cells and their young
daughters; in vitro, its expression persists during early neuronal maturation. (A–C) A young
bipolar neuron (A, phase contrast), that is expressing P/Ta1:hGFP (B, green) after 5 DIV.
The cell coexpressed neuronal bIII-tubulin (C, red), and incorporated BrdU (B, blue), indicat-
ing its genesis in the days before. (D–F) A cluster of neurons (D, phase) in a matched culture of
adult VZ cells, stained for bIII-tubulin (F, red) at 14 DIV. (E) These cells expressed
P/Ta1:hGFP (green), and each incorporated BrdU (blue) to which they were exposed during
the first week in culture, indicating their in vitro mitogenesis. (G) These more mature neurons
were photographed after 14 DIV, 10 d after transfection with P/Ta1:hGFP. Scale = 25 μm.
(From ref. 25.)
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the E/nestin:P/hsp68 regulatory sequence directed GFP expression in a select fraction
of the cell population (25). These E/nestin:EGFP+ cells either expressed nestin pro-
tein alone, without concurrent neuronal or glial antigenic expression, or concurrently
with immature neuronal antigens such as bIII-tubulin. Furthermore, E/nestin:EGFP
did not yield GFP fluorescence in cultures of human astrocytes, fibroblasts, or endot-
helial cells. Thus, the E/nestin:EGFP cassette restricted GFP expression to neural
progenitors, and permitted the selective identification and enrichment of neural pro-
genitor cells from the adult human brain. These cells could be propagated as multi-
potential neurospheres, as has similarly been shown in suspension cultures of both
unfractionated (91), and GFAP-sorted human VZ (23). Together, these observations
have established the persistence of multipotential neural progenitor cells in the adult
human VZ.

DISTRIBUTION AND INCIDENCE OF HUMAN VZ PROGENITORS

These studies established the feasibility of prospectively identifying and isolating
viable populations of persistent neural progenitor cells from the adult VZ. Nonethe-
less, the incidence of these cells in humans remains unclear: Pincus et al. estimated an
incidence of 6% of the adult SZ cells of the adult temporal horn expressed musashi
(22). Although these likely include the neural progenitor pool in its entirety, these
musashi-defined cells may also include subependymal astrocytes of unclear lineage
competence, as well as some ependymal cells. Alternatively, E/nestin:GFP-based
FACS revealed that roughly 0.2% of human adult VZ cells could be identified by trans-
fection with E/nestin:GFP (26); after correction for transduction efficiency, we can
estimate that about 1.5% of the VZ cell dissociate exhibit transcriptional activation of
the nestin neuroepithelial enhancer. Yet limiting dilution analysis of human ventricular
zone has revealed that even of this small percentage, only a smaller minority still is
able to generate neurospheres and exhibit clonal neurogenesis and gliogenesis.
Keyoung et al. noted that even in fetal human VZ infected with adenoviruses express-
ing GFP under musashi and nestin control, less than 10% of the sorted cells generated
neurospheres (92). Using a very different sorting strategy, Uchida et al. reported that
less than 6% of AC133-isolated human neuroepithelial cells generated multipotential
neurospheres (93). In each of these models, the proportionate incidence of VZ neu-
ral stem cells active and identifiable as such, whether in the fetal or adult forebrain,
was low.

Yet as noted, the incidence of potential neural stem cells in the VZ remains unclear.
Sanai et al., have reported that the subependymal astrocytes of the lateral ventricles
comprise the residual neural stem cell pool, and that VZ cells sorted on the basis of
GFAP-driven GFP cells are potentially neurogenic (23). These authors suggest that the
incidence of competent stem cells may be higher in the adult human VZ, reflecting the
incidence of subependymal astrocytes; If so, then the incidence of potentially neuro-
genic stem cells may be higher than the incidence of E/nestin:GFP-, musashi- and
Hu-defined subependymal cells would suggest. Nonetheless, in the absence of limiting
dilution analysis, it is unclear what the incidence is of clonogenic multipotential
progenitors within the P/GFAP:GFP-sorted pool, and how that might compare to
E/nestin:GFP or P/musashi:GFP-sorted VZ cells.



278 Goldman

NEURONAL PROGENITOR CELLS
CAN BE SELECTED FROM THE ADULT HUMAN HIPPOCAMPUS

Past studies have suggested the persistence of neuronal progenitor cells in the den-
tate gyrus of the adult mammalian hippocampus. Histological evidence of dividing
hippocampal progenitor cells has been found in adult animals ranging from chickadees
to humans (94–100). In rodents, hippocampal neurogenesis can be modulated by stress
(101), enrichment (102), exercise (103), and learning (104). Furthermore, among pri-
mates, both adult macaques (99,105) and humans (100) exhibit histological evidence
of neurogenesis in the dentate gyrus. Indeed, the dentate gyrus remains the only site of
persistent neurogenesis thus far noted in the adult human brain.

Although postnatal neuronal addition to the frontal neocortex has been noted in both
young children (106,107) and rhesus monkeys (42), neuronal addition to the normal
adult cortex appears rare at best. In culture, neurogenic hippocampal progenitor cells
have been found in suspension cultures derived from both adult rats (108) and humans
(64); these can expand in response to FGF-2, include multipotential founders (108),
and are capable of heterotopic integration into other regions of granular neurogenesis,
such as the olfactory subependyma (109).

Yet despite the widespread incidence of hippocampal neurogenesis in adult animals,
human hippocampal progenitor cells are relatively inaccessible. As a result, no assess-
ment of their abundance, factor-responsiveness, or regenerative capacity has yet
been possible. Thus, to identify and extract neuronal progenitors from the adult human
hippocampus, we transfected VZ-free dissociates of surgically resected adult human
hippocampus with plasmid DNA encoding hGFP, placed under the control of either the
early neuronal Ta1 tubulin promoter (81,82,84), or the neuroepithelial nestin enhancer
(46,86). These constructs each recognized a population of cells in adult hippocampal
dissociates, which divided in vitro, and gave rise to antigenically and functionally
appropriate neurons (Fig. 6) (25). In the presence of FGF-2, both the Ta1:hGFP and
E/nestin:EGFP-defined cells incorporated BrdU from the culture media, and both
matured to express typical neuronal antigens, including bIII-tubulin, MAP-2, Hu, and
NeuN. Thus, adult hippocampal cultures harbored a pool of dividing cells, whose prog-
eny became neurons, and which could be identified while alive by the transcriptional
activation of the nestin and Ta1 tubulin regulatory sequences.

Using FACS, we then isolated both E/nestin:EGFP+ and P/Ta1:hGFP+ hippocampal
cells, enriching each to near-purity. The progenitor cell pools thereby obtained were
still able to generate neurons, which matured as such not only morphologically and
antigenically, but also physiologically (Fig. 7): Neurons arising in FACS-purified cul-
tures of P/Ta1:hGFP hippocampal cells developed depolarization-induced calcium
elevations of >300%, typical of neuronal voltage-gated calcium channels. In addition,
patch-clamp analysis reveals that they have fast sodium channels, and respond as neu-
rons with rapid sodium currents to voltage-stepping. Together, these observations indi-
cated that the adult human hippocampus harbors mitotically competent progenitor cells,
which can be expanded in vitro to give rise to antigenically appropriate, functionally
competent neurons. By using FACS based on GFP expression driven by the Ta1 tubu-
lin promoter and nestin enhancer, these progenitor cells may be specifically targeted
and extracted from hippocampal tissue, yielding viable, highly enriched populations of
hippocampal progenitor cells (25).
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Fig. 6. Adult human hippocampus harbors mitotic neuronal progenitor cells. (A,B), A mono-
layer dissociate of adult human dentate gyrus, removed from a 33-yr-old man after temporal
lobectomy. (A) (phase) and (B) (fluorescence) images at 7 DIV of a cluster of adult dentate
neurons, labeled with the antineuronal antibody MAP-2 (B, red). (C) A hippocampal culture
derived from a 35-yr-old, immunostained for bIII-tubulin. This culture was exposed to BrdU in
vitro, then fixed and stained for BrdU as well as bIII-tubulin. (D–F) TuJ1+ (red)/ BrdU+ (green)
neurons, generated by mitotic neurogenesis from hippocampal progenitors. Scale: 30 μm.
(Adapted from ref. 25.)

A DISTINCT POOL OF OLIGODENDROCYTE PROGENITORS
RESIDES IN ADULT HUMAN WHITE MATTER

Besides the neurogenic progenitor cell populations of the VZ and hippocampal SGZ,
a distinct pool of glial progenitors also resides within both the ventricular zone and
tissue parenchyma. These adult parenchymal glial progenitors were first isolated as
such from adult rodents (110), and were found to give rise to both oligodendrocytes
and astrocytes in vitro, just as their postnatal counterparts. Retroviral lineage analysis
in vivo confirmed that these cells persist in vivo in the adult white matter, and can
divide to generate both major glial phenotypes upon demyelinating insult (111,112).
The role of these parenchymal glial progenitor cells in remyelination, as well as their
utility as cellular vectors for induced remyelination, has been extensively reviewed in
the past, and is not considered here. Rather, their normal distribution and homeostasis
in the adult human brain, and their lineage relationships with both uncommitted and
neuronally restricted progenitors of the adult VZ, are of greater import in understand-
ing the contribution of these cells to the cellular composition of the adult brain.

In adult humans, we first identified adult oligodendrocyte progenitor cells in disso-
ciates of adult human white matter, using the early promoter for the oligodendrocyte
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protein cyclic nucleotide phosphodiesterase (P/CNP-2) to direct GFP expression. When
we transfected P/CNP2:hGFP into dissociates of adult human capsular white matter,
we observed that GFP was expressed initially by only a single, morphologically and
antigenically discrete class of bipolar cells (24). These cells were mitotically active,
and upon initial extraction typically expressed the early oligodendrocytic marker A2B5,
but not the more differentiated markers O4, O1, or galactocerebroside. When FACS
was used to purify P/CNP-2:hGFP+ cells from adult white matter, most (>90%) were
found to mature as oligodendrocytes (see Fig. 10), progressing through a stereotypic
sequence of A2B5, O4, O1 and galactocerebroside expression (24), just as in develop-
ment (113). Remarkably, cytometry first based on P/CNP-2-driven GFP, and later on
A2B5 expression, revealed that these oligodendrocyte progenitor cells are not rare,
comprising as many as 3% of all cells successfully dissociated from the adult white
matter (Fig. 8).

PROGENITOR CELLS OF THE ADULT WHITE MATTER
INCLUDE MULTIPOTENTIAL CELLS

Over the past few years, it has become clear that the parenchymal progenitor cells
pool of the adult white matter includes a fraction of multipotential parenchymal pro-
genitors, which though nominally glial may generate neurons as well as astrocytes and
oligodendrocytes (24,114–116). Specifically, we noted that when adult OPCs were
raised in low density and high purity culture after P/CNP2:hGFP-based FACS, some
nonoligodendrocytic phenotypes appeared in the sorted cultures: Under these condi-
tions, we noted that within 4 d of FACS, 7.7 ± 4.4% of P/CNP2:hGFP-sorted cells
matured into Hu or TuJ1+ neurons in the week after FACS separation, even though no
neurons whatsoever—as defined by Hu and bIII-tubulin—had been observed either
prior to FACS, or in unsorted control cultures (24). These findings suggested that
CNP2-defined white matter progenitors, despite their apparent commitment to become
oligodendrocytes in native cultures of adult white matter, were able to generate neu-
rons and astrocytes as well, once sorted to low-density culture apart from other cell
types. As such, these cells appeared to retain multilineage potential, and as such
resembled precursors isolated from FGF-2-treated rat cortical parenchyma (56,114,117).

Fig. 7. (previous page) P/Ta1:GFP-sorted hippocampal cells develop into physiologically
mature neurons. P/Ta1:hGFP-sorted progenitors developed neuronal Ca2+ responses to depo-
larization (A–D) Images of P/Ta1:hGFP-sorted cells loaded with the calcium indicator dye
fluo-3, 10 d after FACS; these have matured uniformly into fiber-bearing cells of neuronal
morphology. (B) The same field after exposure to glutamate. (C) On return to baseline after
media wash. (D) After exposure to a depolarizing stimulus of 60 mM KCl. The neurons dis-
played rapid, reversible, >300% elevations in cytosolic calcium in response to K+, consistent
with the activity of neuronal voltage-gated calcium channels. Whole cell patch-clamp revealed
voltage-gated sodium currents in P/Ta1:hGFP+ dentate neurons. (E) A representative cell 14 d
after P/Ta1:hGFP-based FACS. Identified visually as a progenitor-derived neuron on the basis
of its residual GFP expression, the cell was patch clamped in a voltage-clamped configuration,
and its responses to current injection recorded. (F) The fast negative deflections noted after
depolarized voltage steps are typical of the voltage-gated sodium currents of mature neurons.
Scale = 50 μm. (From ref. 26.)
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Fig. 8. A distinct pool of oligodendrocyte progenitor cells can be isolated from adult human
white matter. (A,B) A representative sort of a human white matter sample, derived from the frontal
lobe of a 42-yr-old woman during repair of an intracranial aneurysm. This plot shows 50,000 cells
(sorting events) with their GFP fluorescence intensity plotted against forward scatter (a measure of
cell size). The sort obtained from a nonfluorescent P/hCNP2:lacZ-transfected control is shown in
(A) while B indicates the corresponding result from a matched culture transfected with P/hCNP2:
hGFP. (C,D) A bipolar A2B5+/BrdU+ cell, 48 h after FACS. (E,F) By 3 wk post-FACS, P/CNP2:
hGFP-sorted cells developed multipolar morphologies, and expressed oligodendrocytic O4 (red).
These cells often incorporated BrdU, indicating their in vitro origin from replicating A2B5+ cells.
(G–I) Matched phase (G,I) and immunofluorescent (H,J) images of maturing oligodendrocytes,
4 wk after P/CNP2:hGFP-based FACS. These cells expressed both CNP protein (H) and
galactocerebroside (J), indicating their maturation as oligodendrocytes. Scale bar = 20 μm.
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These results argued that the local environment of the adult human brain might serve to
restrict the phenotypic potential of its resident progenitors, and that the removal of
these cells from their local environment might permit them to pursue alternative
avenues of differentiation.

On this basis, we asked whether the white matter progenitor cells of the adult human
brain might actually constitute a type of multipotential neural progenitor, or even a
parenchymal neural stem cell. We found that white matter progenitor cells (WMPCs),
purified by FACS from adult human brain, could indeed generate neurons as well as
both astrocytes and oligodendrocytes when raised under conditions of high purity and
low density, in which the cells are effectively removed from both paracrine and
autocrine influences. Under these conditions, the sorted progenitor cells indeed divided
and expanded as multipotential clones, that generated neurons as readily as oligoden-
drocytes (115) (Fig. 9). The sorted WMPCs continued to divide and expand for several
months in culture. Moreover, on xenograft to the developing fetal rat forebrain, adult
human WMPCs matured into neurons as well as oligodendrocytes and astrocytes in
vivo, in a region- and context-dependent manner (Fig. 10). Thus, the nominally glial
progenitor cell of the adult human white matter thus appears to constitute a multipoten-
tial neural progenitor. These cells appear to be typically restricted by their local brain
environment to produce only oligodendrocytes and some astrocytes, in response to
local environmental signals whose identities remain to be established. But when
removed from the environment of the brain and from other brain cells, these cells pro-
ceed to make all brain cell types, including neurons and glia, and remain able to do so
for long periods of time in culture.

EPIGENETIC DETERMINATION OF PROGENITOR FATE
BY THE ADULT PARENCHYMAL ENVIRONMENT

The latent multipotentiality of nominally glial human progenitor cells has consider-
able precedent in lower species. Progenitor cells capable of giving rise to multiple
lineages, including oligodendrocytes and neurons, have been consistently derived from
the cortical and subcortical parenchyma as well as from the VZ of embryos (118–121).
Similarly, postnatal rat optic nerve derived O-2A progenitor cells could be “repro-
grammed” to multipotential stem cells capable of generating neurons (116). This was
achieved by sequential exposure of O-2A progenitors to serum to induce astrocytic
differentiation, followed by their expansion in the presence of basic FGF (bFGF) in
serum free condition. In addition, other studies have noted that constant mitogenic
stimulation of adult rat forebrain parenchymal cells with FGF-2 results in the genera-
tion of neurons as well as glia (16,56). Together, these observations of the multilineage
potential of CNS glial progenitors suggest that these cells may retain far more lineage
plasticity than traditionally appreciated.

Adult subcortical progenitor cells, although individually competent to generate mul-
tiple cell types, may thus be restricted to the oligodendrocytic lineage by virtue of an
epigenetic bias imparted by their environment before their isolation. A corollary of the
environmental restriction of WMPC phenotype is that other, non-white matter-derived
neural progenitors might similarly restrict to oligodendrocytic lineage when presented
to the environment of the adult white matter. Indeed, several groups have reported that
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epidermal growth factor (EGF)-expanded murine neural stem cells differentiate as oli-
godendrocytes upon xenograft (122), even though these cells generate few oligoden-
drocytes in vitro. Similarly, v-myc transformed neural stem cells transplanted to
perinatal mice differentiate as oligodendrocytes once recruited to the white matter
(123), yet fail to do so in other brain regions, or in vitro.

WHITE MATTER PROGENITOR CELLS ARE ABUNDANT
AND WIDESPREAD, BUT OF UNCLEAR HOMOGENEITY

The persistence and sheer abundance of WMPCs in the adult human brain is strik-
ing: More than 3% of the white matter cell population may be sorted on the basis of
CNP-2:GFP-based FACS, and over half of these cells are mitotically active upon isola-
tion (24). White matter progenitor cells have also been quantified on the basis of their
expression of PDGFaR and the A2B5 epitope (124,125), yielding estimates of their
incidence that are similar to those achieved with both P/CNP2:GFP- and A2B5-based
FACS. In vivo, these cells appear as small, highly ramified cells with thin processes
that lack endothelial end-feet or even contact (Fig. 11). Most express nestin and the
NG2 chondroitin sulfate proteoglycan, markers of immature neural progenitors, and
S100b, a glial marker expressed by immature cells of both the astrocytic and
oligodendrocytic lineages; most express neither GFAP nor aquaporin, nor do they tran-
scriptionally activate the GFAP promoter, and hence cannot be readily characterized as
astroglial (29).

Despite the seeming uniformity of these descriptive features, the extent to which
adult parenchymal progenitor cells comprise a homogeneous pool remains unclear.
One must be skeptical about the potential uniformity of this cell population, if for no
other reason than because by limiting dilution analysis, only 0.1–0.2% of its cells are
multipotential (28). Yet antigenic analyses have failed to discern differences between
multipotential founders and neighboring WMPCs cells, and genomic analyses of these
phenotypes are now underway in an attempt to define transcriptional identifiers that
may distinguish multipotential progenitors. Yet regardless of the relative incidence of

Fig. 9. (previous page) Adult human WMPCs generate neurons as well as oligodendrocytes
and astrocytes. (A) First passage spheres generated from A2B5-sorted cells, 2 wk post-sort.
(B) First passage spheres raised from P/CNP2:hGFP sorted cells, 2 wk. (C) Second passage
sphere derived from an A2B5-sorted sample, 3 wk. (D) Plated onto substrate, primary spheres
differentiated as bIII-tubulin+ neurons (red), GFAP+ astrocytes (blue), and O4+ oligodendro-
cytes (green). (E) Neurons (red), astrocytes (blue), and oligodendrocytes (green) arose from
spheres derived from P/CNP-2:GFP-sorted WMPCs. (F–H) WMPC-derived neurons had neu-
ronal Ca2+ responses to depolarization. (F) WMPC-derived cells loaded with the calcium indi-
cator dye fluo-3, 10 d after plating first passage spheres derived from A2B5-sorted white matter
(35 DIV). (G) After exposure to 100 μM glutamate. (H) After exposure to a depolarizing stimu-
lus of 60 mM KCl. The neurons displayed rapid, reversible, elevations in calcium in response to
K+. (I,J) Whole cell patch-clamp revealed voltage-gated Na+ currents and action potentials in
WMPC-derived neurons. (I) At 14 d after plating a WMPC-derived sphere, neurons were iden-
tified, patch-clamped, and their responses to current injection noted. (H) The fast negative
deflections noted after current injection are typical of voltage-gated Na+ currents of mature
neurons. Action potentials were noted only at INa >800 pA. Scale: (A–E) = 100 μm; (F–H) =
80 μm. (Adapted from ref. 28.)
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multipotential cells within the white matter progenitor cell pool, the very existence of
multipotent cells scattered throughout the white matter parenchyma forces us to recon-
sider our understanding of both the nature and incidence of neural stem cells in the
adult brain. At the very least, these observations challenge our conception of the sup-
posed rarity of adult neural progenitor and stem cells. In doing so, they point to an
abundant and widespread source of cells, that may be used both as a target for pharma-
cological induction, and as a cell type appropriate for therapeutic engraftment to the
diseased adult brain.

ADULT PROGENITORS MAY BE CATEGORIZED
AS DISTINCT POOLS OF TRANSIT-AMPLIFYING CELLS

The neuronal and glial progenitor cells of the adult human brain may considered
akin to “transit amplifying cells,” which have now been described as such in a variety
of solid tissues. As initially defined in the skin and GI mucosae, transit amplifying cells
comprise the phenotypically biased, still-mitotic progeny of uncommitted stem cells
(126–129). As stem cell progeny depart these localized regions of stem cell expansion,
their daughters may commit to more restricted lineages, phenotypically delimited but
still mitotic, which comprise the transit-amplifying pools. Although these cells prolif-
erate so as to expand discrete lineages, they do not exhibit unlimited multilineage
expansion, as distinct from their parental stem cells.

By this definition, the neuronal and glial progenitor cells of the adult brain may be
considered distinct transit-amplifying derivatives of a common ventricular zone stem
cell (29,130) (Fig. 11). The neuronal progenitor cell of the forebrain subependyma was
first proposed as a transit amplifying cell type (130), on the basis of its neuronal bias
during concurrent migration and mitotic expansion (131,132). Furthermore, like many
transit amplifying pools, it appears capable of replenishing its parental stem cell pool
under appropriate mitotic stimulation (130). The subgranular zone progenitors of the
dentate gyrus, which may be glial in phenotype (133), similarly continue to divide to
generate neurons almost exclusively. These neuronal daughters may still be mitotically
competent while migratory within the dentate (108), and as such may also be best
considered as transit amplifying intermediates. Most strikingly, even the glial progeni-
tor cell of the adult white matter may now be considered a type of transit-amplifying

Fig. 10. (previous page) WMPCs engrafted into fetal rats generated neurons and glia in a
site-specific manner. Sections from a rat brain implanted at E17 with A2B5-sorted WMPCs,
and killed a month after birth. These cells were maintained in culture for 10 d prior to implant.
(A,B) Nestin+ (red) progenitors and doublecortin+ (red) migrants, respectively, each coexpress-
ing human nuclear antigen (hNA, green) in the hippocampal alvius. (C) CNP+ oligodendro-
cytes (red), which were found exclusively in the corpus callosum. (D) A low-power image of
GFAP+ (green, stained with anti-human GFAP) astrocytes along the ventricular wall. (E) βIII-
Tubulin+ (green)/hNA+ (red) neurons migrating in a chain in the hippocampal alvius. (F) βIII-
Tubulin+ and MAP-2+ (inset in F) neurons in the striatum, adjacent to the RMS (antigens in
green; hNA in red; yellow double-stained human nuclei). (G) An Hu+/hNA+ neuron in the
septum. (H) An hNA+ (green)/GAD-67+ (red) striatal neuron. Insets in each figure show
orthogonal projections of a high-power confocal image of the identified cell (arrow). Scale:
(A–E) = 40 μm; (F–H) = 20 μm.
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cell; it is able to divide and yield variably restricted daughters, while remaining mitotic
but possessed of neither unbiased multipotentiality nor unlimited self-renewal
capacity (115).

The nominally glial progenitor cell of the brain parenchyma now appears to com-
prise by far the most abundant progenitor cell phenotype of the adult brain. In adult
humans, in whom the subependymal zone is but a discontiguous monolayer, VZ neural
stem cells appear to comprise a relatively scarce pool (77). Similarly, the neuronal
progenitor pool of the olfactory subependyma appears to be similarly vestigial in
humans (23), although the neuronal progenitors of the adult human hippocampus may
be more abundant (25,100). As a result, in adult humans the major transit-amplifying
pool would appear to reside within the parenchyma itself, in which large numbers of

Fig. 11. Progenitors of the adult human brain. This schematic illustrates the identified cat-
egories of progenitors in the adult human brain, and their known interrelationships. All derive
from VZ neural stem cells, that generate at least three populations of potentially neurogenic
transit amplifying progenitors (yellow) of both neuronal and glial lineages These include neu-
ronal progenitor cells of the ventricular subependyma, those of the subgranular zone of the
dentate gyrus, and the white matter progenitor cells (WMPCs) of the subcortical parenchyma,
which although nominally glial remain potentially neurogenic. Parenchymal progenitors may
reside in the gray matter as well, although the relationships of parenchymal gray and white
matter progenitors have yet to be established. Each transit amplifying pool may give rise to
progeny appropriate to their location, including neurons, oligodendrocytes, and parenchymal
astrocytes (Adapted from ref. 29.)
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widely dispersed glial progenitors provide an abundant reservoir of cycling, multipo-
tential progenitors (134), that although restricted to glial phenotype in vivo, are multi-
potential and neurogenic. These cells may comprise as many as 3% of all cells in the
adult white matter, yielding remarkably high estimates for their absolute incidence
(24,115,125). Although the incidence of analogous parenchymal progenitor cells in
the adult human gray matter has not yet been rigorously evaluated, these cells have
already been described as abundant in the gray matter of adult rodents (114), and there
is no reason to think that they are any less abundant in humans.

GLIAL PROGENITORS OF THE SUBCORTICAL WHITE MATTER
ARE TRANSIT-AMPLIFYING CELLS

Importantly, although the parenchymal progenitor cell seems to be fundamentally
multipotential, it is subject to replicative senescence, and does not express measurable
telomerase (115). As a result, it typically ceases expansion after 3–4 mo in vitro, span-
ning no more than 18 population doublings. In light of its lack of telomerase, its self-
limited expansion capacity, and its glial bias despite multilineage competence, the
parenchymal progenitor cell cannot be considered a stem cell. Rather, this phenotype
may best be considered a transit-amplifying progenitor of both astrocytes and oligo-
dendrocytes. Interestingly then, just as the transit amplifying neuronal precursor of the
adult rat ventricular zone may revert to a multipotential state in the presence of EGF
(130), the dividing glial progenitor of the human white matter is similarly able to revert
to a multilineal neurogenic precursor (115). Although this is especially manifest when
the cells are expanded in vitro, adult glial progenitor cells may generate neurons as
soon as they are removed from the local tissue environment, whether extracted on the
basis of CNP promoter activation, A2B5 immunoselection (115), or NG2 expression
(135). As noted, when sorted parenchymal progenitors were introduced via transuterine
xenograft into the fetal rat brain, all neural phenotypes were found to arise in a context-
dependent manner (115) (Fig. 10). These observations again argue that glial progenitor
cells may need to be removed from the adult tissue environment to manifest their
intrinsic yet latent multilineage potential.

NEUROGENIC AND GLIOGENIC NICHES,
AND THE INDUCTION OF ENDOGENOUS PROGENITOR CELLS

The parenchymal progenitor pool of the adult brain thus appears to include both
multipotential stem cells and their transit-amplifying progeny, at least some of which
retain multilineage potential, as well as both neuronal and glial-restricted daughters
whose phenotypic restriction may be a function of the local environment (Fig. 11).
The relative proportions of neurons, astrocytes and oligodendrocytes generated from
resident progenitor cells appears to be both locally and dynamically regulated by the
tissue microenvironment, in discrete niches for neurogenesis and gliogenesis (136–
140). These observations suggest a hitherto unappreciated degree of cellular plasticity
in the adult brain. A salient implication of this work is that with a greater understanding
of the necessary and sufficient conditions for establishing gliogenic and neurogenic
niches, we might expect to modulate the adult parenchymal environment to encourage
the heterotopic production of desired phenotypes from resident progenitors. Indeed,
several recent reports have shown that the experimental recapitulation of neurogenic
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conditions in the adult forebrain ventricular wall restores VZ neurogenesis and neu-
ronal recruitment to the adult striatum (33,34,38,139,141). One might reasonably
speculate that new oligodendrocytes may similarly be induced from otherwise astro-
cyte-biased parenchymal progenitors, and even that neurogenesis might be produc-
tively directed from parenchymal glial progenitors. Achieving and then guiding these
capabilities to therapeutic endpoints should prove a worthy effort.

CONCLUSION

Neural precursor cells persist within subependymal and dentate granule cell regions
of the adult human forebrain, and include distinct populations of neuronal and uncom-
mitted precursors. These may be identified, separated, and enriched from the adult
brain, based on their expression of fluorescent transgenes driven by cell-specific pro-
moters. At first glance, these appear to represent distinct cell populations. However,
the broadened lineage potential of parenchymal progenitor cells once removed from
autocrine and paracrine influences, and the reversion potential of many transit amplify-
ing phenotypes, suggests that each of these progenitor cell types may be relatively
plastic in its autonomous lineage potential, and that the fate of these cells and their
daughters may rather be dictated by local environmental signals to which they are
exposed.

These local signals may be stable in the adult brain, but they are certainly altered by
disease and injury, both of which may alter the local environment to expand the range
and repertoire of locally permitted cell types. Recent observations of compensatory
neurogenesis, in both animal models of subcortical stroke (142–144), and in autopsy
tissues derived from Huntington’s disease patients (145), suggest that in some subcor-
tical regions, the induction of neurogenesis may be a normal response to injury or
degeneration. Although likely insufficient to yield significant structural or functional
recovery in most acquired insults, the very existence of compensatory neurogenesis
identifies resident neural progenitor cells as feasible targets for therapeutic induction.
To be sure, targeted induction of individual progenitors in discrete regions of the brain
will require a considerably greater understanding of both the humoral and contact-
mediated signals to which resident progenitors respond, as well as the manner of these
responses. Yet our ability to now isolate each of the major progenitor cell types of the
adult human brain has opened new possibilities for their functional and genomic analy-
sis. By defining the gene expression patterns of different adult progenitor phenotypes,
and understanding the ligand–receptor relationships experienced by each, we can now
hope to design rational strategies by which endogenous progenitor cells may be induced
to regenerate those cells lost to both injury and disease.
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Embryonic Stem Cells and Neurogenesis

Robin L. Wesselschmidt and John W. McDonald

INTRODUCTION

The convergence of genomic technologies, high-throughput screening techniques,
and the availability of pluripotent embryonic stem (ES) cell lines provides an unprec-
edented opportunity to identify the molecular mechanisms guiding mammalian
development, the pathogenesis of disease, and spontaneous regeneration and repair.
The isolation and characterization of human ES cells for use in drug discovery pro-
grams and as therapeutic agents in degenerative diseases has revitalized interest in the
development of methods for stable, perhaps indefinite, culture of ES cells, and meth-
ods for predictably driving ES cells to differentiate into specific precursor populations
and definitive cell types (Table 1).

The first mouse ES cell lines were reported in 1981 (1,2). Soon afterwards, Robertson
and Bradley showed that ES cells could be genetically manipulated in vitro and that,
when reintroduced into a mouse blastocyst, they could integrate into the inner cell
mass and contribute to all the tissues of the developing chimeric animal, including
germ cells (3,4). Since then, ES cell mutagenesis has become the standard method for
generating knockout mice containing targeted mutations. Such mice are widely used
for exploring gene function in a physiologically relevant manner. In a 2003 review, for
example, Zambrowicz and Sands reported the correlation between the phenotypes of
knockout mice and the ability of the 100 best-selling drugs to modulate the pathway
targeted in each knockout model (5).

The first report of the derivation human ES cell lines in 1998 (6) was quickly fol-
lowed by others (7–9). The most intriguing report to date is that of Hwang, who iso-
lated a human ES cell line from blastocysts generated through nuclear transfer (10).

When the first mouse ES lines were isolated, the genomic tools needed to efficiently
dissect the molecular pathways that sustain self-renewal or drive differentiation were
not available. Combining genomic methods with genetic and pharmacological manipu-
lation of the in vitro ES cell culture system, researchers can now identify therapeuti-
cally relevant pathways and apply this new knowledge to the treatment of disease by
using drugs to direct endogenous stem cell differentiation or by transplanting specific
ES cell-derived populations.
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This chapter describes work on ES cells and neurogenesis focusing on studies
published since our last review of ES cells and neurogenesis in 1999–2000 (11).
We describe (1) the in vitro neural differentiation of ES cells, (2) recent studies of
transplantation of ES cell-derived neural precursors, and (3) the unique problems that
have to be overcome to enable the use of the ES cell system as a tool for scientific
discovery towards therapeutics.

THE IN VITRO EMBRYONIC STEM CELL SYSTEM

ES cells are a small population of pluripotent cells, transiently present in the preim-
plantation embryo from the late morula stage to mid-blastocyst stage. They are charac-
terized by the expression of several transcription factors, including Oct4 and nanog
(12–14). After they are isolated from the inner cell mass of the blastocyst, they can be
maintained in vitro under conditions that either sustain pluripotency or allow for differ-
entiation (15).

The earliest reports of in vitro differentiation of mouse ES cells were made by Wobus
in 1984 and Doetschman in 1985 (16,17). These investigators showed that mouse ES
cells spontaneously differentiate into cell types derived from all three germ layers when
leukemia inhibitory factor (LIF) is withdrawn from the culture medium. When grow-
ing in suspension under these conditions, ES cells aggregate into spherical structures
called embryoid bodies (Fig. 1).

Fig. 1. Scanning EM shows a 4-/4+ stage embryoid body, characterized as floating clusters
of undifferentiated cells. The majority of embryoid body cells are NEPs, nestin+, and do not
express markers of differentiated neural cells. Scale bar = 50 μm.
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The differentiation protocols described by Wobus and Doetschman are dependent
on unknown factors found in fetal calf serum (16,17). Thus, the percentage and type of
cells produced by this method varies dependent on batch of serum (18). The dominant
cell types are mesenteric in origin. They include skeletal myocytes (19), vascular
endothelia (20,21), cells of the hematopoietic cell lineage (16,20,22,23), and cardio-
myocytes (24). Importantly, when human ES cell lines are induced to differentiate via
the same method—suspension culture in the presence of fetal calf serum—they also
give rise to recognizable cardiomyocytes and blood islands (6,9).

The embryoid body differentiates in a predictable fashion that recapitulates embryo-
genesis. Initially, extraembryonic endoderm and primitive ectoderm are established;
these layers then differentiate into all three germ layers of the early embryo (15). It is
important to note, however, that the embryoid body lacks the axes of development
found in vivo. This may impact the ability to efficiently induce the differentiation of
some cell types in vitro (25). However, advances in bioengineering and three-dimen-
sional systems may allow this to be overcome as well as more knowledge about the
molecular cues that drive the development of specialized cell types.

ES CELLS CAN GIVE RISE
TO ALL THREE PRINCIPAL NEURAL LINEAGES

ES cells can be induced to differentiate into the three principal neural cell types:
astrocytes, oligodendrocytes, and neurons (17,26–35) (Table 2; Figs. 2–4). Methods
for increasing the number of neuronal cells include induction by retinoic acid, applica-
tion of growth factors, and treatment with neurotrophins. Identifying lineage-restricted
transcription factors and using them to induce the differentiation of progenitors and
subtype neural populations will increase our ability to regulate the in vitro ES cell
system. In general, the transcription factors identified in previous embryonic studies
demonstrate similar lineage restriction in the in vitro ES cell system.

Enrichment of specific lineages can be achieved with commonly used selection
methods such as fluorescence-activated cell sorting (FACS), immunopanning (which
relies on cell surface antigens), and selective survival (which uses selectable markers
driven by cell-specific promoters and treatment with pharmacological agents to elimi-
nate populations that do not express the protective protein) (36–38).

In 1995, Bain described an in vitro method that adds retinoic acid to the culture
medium after 4 d (27). The 4-/4+ culture method significantly increases the number of
neural precursors obtained from embryoid bodies. Under these culture conditions, it is
possible to derive neuroepithelial precursors, glial-restricted precursors, neurons,
astrocytes, and oligodendrocytes. ES cells can also produce neurons of multiple pheno-
types, including γ-aminobutyric acid-ergic (GABAergic), glutamatergic, glycinergic,
noradrenergic, and cholinergic neurons (Table 2).

Subtypes of cholinergic motoneurons have also been identified in ES-derived cul-
tures (32), but most of those experiments relied on immunohistologic methods for
identity. Recent physiologic studies indicate that ES-derived neurons develop func-
tional synapses, exhibit spontaneous activity, and possess electrophysiological
properties remarkably similar to those of neurons in primary culture systems
(26,28,29,34,39–41) (Table 2).
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ES cell-derived neurons express proteins or gene products characteristic of primary
neurons: general neuronal functions (β-tubulin III, neurofilament subunits), neuronal
surface markers (neural cell adhesion molecule [NCAM]), transmitter synthesizing
enzymes (glutamic acid decarboxylase [GAD], tyrosine [TH], choline acetyltransferase
[ChAT]), transmitter receptor subunits (GluR, GABA-R), and neurotransmitters
(glutamate, GABA). Furthermore, ES cell-derived neurons possess electrophysiologi-
cal response (e.g., to glutamate and GABA) and intracellular calcium flux properties
similar to cells from primary cells (Table 2).

METHODS FOR ISOLATING NEURONAL PRECURSORS FROM ES CELLS

Inductive culture methods which treat embryoid body intermediaries with neural
stimulatory factors result in neural precursors. These methods have proven successful
in generating cell populations that are predominantly of neural origin. Molecular and
mechanical enrichment methods result in very pure populations of progenitors and ter-
minally differentiated cell types (37,38,42,43).

Multiple classes of neural precursor populations have been isolated from mouse ES
cells and methods for purifying these populations have been developed. As the
molecular events that drive cell specialization and lineage restriction in vivo are iden-
tified, the ability to reliably drive ES cell differentiation down specific pathways in
vitro will be refined. ES cells are capable of generating all later stage progenitors if the
culture system contains the necessary factors and microenvironment. Several key
modulators of progenitor cell specialization have been identified, including retinoic
acid, sonic hedgehog (Shh), and bone morphogenic protein (BMP) (27,44–46). The
derivation of expandable, stable, genetically normal, and lineage-restricted cell popu-
lations are necessary for drug discovery and for a transplantable source of cells to treat
CNS disease.

Retinoic Acid Induction Protocols

As we noted earlier, one of the first strategies for deriving neural precursors from ES
cells involved treatment with retinoic acid (26–29,34,40,47,48); and see (48), Figs. 5
and 6 for a review of molecular mechanisms of retinoic acid induction. When embry-
oid bodies are exposed to retinoic acid, the overall temporal development of gene and
marker expression strongly resembles that of the developing embryo (27,28,48).

Embryoid bodies contain a variety of cell types, but have only a small number of
neural cells when the induction protocol lacks retinoic acid (2,27,47). The retinoic acid
induction protocol has been shown to produce electrophysiologically active neuronal
circuits with functional excitatory and inhibitory synapses (26,28,34). Mouse ES cell
studies demonstrate that the 4-/4+ protocol generates embryoid bodies composed pri-
marily of a nestin + precursor pool. These cells are described as tripotential precursors
because they can generate all three primary neural lineages: neurons, oligodendrocytes,
and astrocytes (26,30,40).

Many researchers have used the Bain 4-/4+ protocol (26,30) to induce neurogenesis
in mouse ES cells (Fig. 5). Under this protocol, mouse ES cells are removed from the
substratum and cultured in suspension as embryoid bodies in the absence of LIF for 4 d.
On d 5, retinoic acid is added to the culture medium and embryoid bodies are allowed
to grow in suspension for 4 additional days (Fig. 1). At the end of d 8, the embryoid
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bodies are pooled and dissociated with trypsin, plated as monolayers onto adhesive
substratum. Neural subtypes are generated by adding neurotrophic factors to the me-
dium which selectively support the survival of primary neural cultures. Growth in neu-
ral basal medium supplemented with serum generates mixed cultures containing mostly
neurons (about 40%) and astrocytes with a few oligodendrocytes (26,27).

In the original studies, cellular division was inhibited on d 2–4 in vitro by cytosine
arabinoside (Ara-C). Ara-C exposure selects against the development of oligodendro-
cytes, which are highly sensitive to Ara-C-induced death (McDonald et al., unpub-
lished observations), whereas omitting Ara-C generates cultures containing large
numbers of oligodendrocytes (30). We have also observed that embryoid bodies
induced with the 4-/4+ retinoic acid protocol can produce substantial amounts of extra-
cellular matrix when plated. This extracellular matrix markedly reduces the effective-
ness of immunocytochemical labeling of cell-surface proteins (McDonald, et al.,
unpublished observations). Because most oligodendrocyte lineage-specific antibodies
label cell-surface epitopes, ES cell-derived cultures have to be partially permeabilized
before cell labeling can be measured accurately (30). Application of the same type of
medium used to enrich for oligodendrocytes in primary central nervous system (CNS)
cultures has allowed for enrichment of oligodendrocytes in mouse ES cell-derived cul-
tures, providing useful in vitro models of myelination (30).

Alternative retinoic acid induction protocols have been developed. For example,
Strubing et al. (34) and Fraichard et al. (29) induced differentiation via the embryoid
body but exposed cultures to retinoic acid only during the first 2 d of culture. When the
resulting cells were plated onto substratum, neurons were observed on d 4–5.

Fig. 2. Mixed neural cell culture derived from mouse ES cells.
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Fig. 3. ES cells that have been induced to become neural precursors spontaneously form
thousands of synaptic contacts with each other, creating functional neural networks. ES cells
induced with retinoic acid were cultured in defined medium for 9 d and then immunolabeled for
receptive dendrites (green = MAP-2) and presynaptic markers (red = synaptophysin). Panel
(A) depicts ES cell-derived neurons (green) covered with multiple synapses (red). Synapses
formed not only at cell bodies but also at axons. Panel (B) shows a high-power image of a
dendrite with presynaptic markers. Panels (C,D) demonstrate TEM images of ES cell-derived
synapses. (Reproduced with permission from ref. 99.)

Renoncourt et al. used a 2-/5+ retinoic acid induction protocol to produce neurons with
characteristics of the ventral CNS: somatic (Islet+) and cranial (Phox2b+) motoneurons
and interneurons (Istet-) (32).

Basic Fibroblast Growth Factor (bFGF) Induction Methods

Retinoic acid-free methods for producing neuronal cells from mouse ES cell cul-
tures have also been developed. These systems take advantage of the development of
an embryoid body intermediary in chemically defined medium. The surviving cells are
then cultured in medium containing bFGF, which enhances the survival and prolifera-
tion of neural progenitors.

To generate nestin+ progenitors and subsequent mixed neural/glial cultures, Okabe
et al. (31) and Brustle et al. (49) made use of bFGF’s ability to propagate neural stem
cells (50,51). Mouse ES cells were cultured as embryoid bodies for 4 d and then plated
on substratum in the presence of bFGF in a defined medium lacking serum (31). Under
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Fig. 4. Scanning EM shows solitary oligodendrocyte in a mixed culture of ES cell-derived
neural cells. Scale bar = 5 μm.

Fig. 5. Schematic comparison of ES cell differentiation and early embryo development.
The ES cells we begin with are similar to the cells of the 4-d-old mouse embryo. Day 4 of ES
cell differentiation in culture is similar to the time in the embryo when the cells are making fate
choices into the three major classes of cells. When ES cells are induced to differentiate into
the three principle types of nerve cells in culture, the early rudiments of organs are forming
in the human embryo. The recapitulation of development is commonly held as an important
feature of successful regeneration such as that we are attempting after spinal cord injury.

322
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those conditions, most of the cells died but the bFGF-sensitive precursor population
survived and continued to replicate in the presence of this mitogen. This method
selected for nestin+/keratin18- neural progenitor cells (31). Withdrawal of bFGF
induced the cells to differentiate into neurons and glia. However, some contaminating
SSEA1+ pluripotent cells and keratin18+ ectodermal cells were detected after differen-
tiation under these conditions.

Similar methods of bFGF selection and propagation have been used to isolate uni-
form populations of mouse ES cell-derived nestin+ neural precursors (52), which can
be cryopreserved, recovered with good viability, and expanded in culture in the pres-
ence of bFGF (53). These cells can later be differentiated into functional neurons.

Induction of Neurogenesis by Sonic Hedgehog
During normal development, motor neurons are among the first neurons to appear.

In vertebrates, their induction from the notochord and floorplate is mediated by sonic
hedgehog (Shh), a secreted glycoprotein (54). Shh represses Pax7 expression, giving
rise to CNS progenitors. A gradient in Shh activity also regulates Pax6 expression in
progenitor cells and influences the identity of developing neurons, determining whether
they become interneurons or motoneurons (55,56). Retinoic acid may also ventralize
neuronal development by promoting the generation of neurons characteristic of the
ventral spinal cord. This hypothesis comes from the observation that retinoic acid may
select for hindbrain neural phenotypes (57).

Fig. 6. Schematic description of ES cell differentiation. The method of differentiation used
in our studies is outlined as originally developed by Bain et al. ES cells are grown in clusters
called embryoid bodies. After 4 d (4-), cells are exposed to retinoic acid for 4 d. This process,
termed 4-/4+, protocol instructs the ES cells to become neural lineage cells. At the 4-/4+ stage
cells are plated in culture or transplanted.
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The application of temporally expressed growth factors to mouse ES-derived pro-
genitor populations has produced specific neuronal subtypes. Much of the focus has
been on the BMP and Shh, as these proteins are key dorsal–ventral organizers of the
vertebrate notochord and neural tube (58).

Wichterle et al. were able to generate interneurons and motor neurons by exposing
retinoic acid-treated mouse embryoid bodies to Shh. The effect depended on the concen-
tration of Shh in the culture medium (59). Maye et al. demonstrated that mouse ES cell
lines lacking hedgehog signaling cascade produce embryoid bodies that do not have neu-
roectoderm. These mutant embryoid bodies do not produce nestin+ cells in response to
retinoic acid treatment. The authors concluded that the developmental progression
from ectoderm to neuroectoderm is blocked in absence of hedgehog signaling (45).

The identification of proteins that regulate transcription cascades that direct differ-
entiation down specific pathways will impact our ability to use ES cells as tools of
discovery and therapeutics.

Oligodendrocyte Cultures

Oligodendrocytes, the myelinating cells of the CNS, arise from oligodendrocyte pre-
cursors (OLP), which develop in a restricted pattern in the neural tube of the embryo.
The patterning of the neural tube is established by Shh and BMPs, which are expressed
at opposite axes of the tube. Shh is expressed in the ventral floorplate, and BMPs are
expressed in the roofplate. The concentration of these proteins and the transcription
factors they regulate establish distinct regions within the neural tube that specify the
lineages of neural progenitor populations (58).

bFGF has been used to enrich glial precursors from murine ES cells (30,49). Brustle
et al. (49) produced cultures enriched to about 30% in neural cells, mostly oligodendro-
cytes, by using a temporal exposure to bFGF and platelet-derived growth factor
(PDGF). These methods are extensions of previous studies of oligodendrocyte precur-
sors, neurospheres, and oligospheres (60,61). McKay and colleagues induced differen-
tiation by growing embryoid bodies in suspension for 4 d and then plating them for 5 d
in a chemically defined medium adapted from SATO medium, ITSFn (49,62). Trans-
planting neurosphere-derived cells into embryonic or postnatal rat CNS resulted in
differentiation into oligodendrocytes and myelination of host axons.

A simple procedure was developed to highly enrich oligodendrocytes in culture (30).
Plating dissociated 4-/4+ retinoic acid-induced murine embryoid bodies into SATO-
defined medium produced mixed cultures that included oligodendrocytes capable of
myelinating ES-derived neurons. A key point for success was the absence of Ara-C,
which limits oligodendrocyte survival.

Further enrichment in oligodendrocytes can be achieved by plating dissociated 4-/4+

retinoic acid-induced embryoid bodies on nonadhesive plates in a chemically defined
medium that lacks serum and is supplemented with bFGF. Under these conditions, the
cells reaggregate. We term these aggregates oligospheres because, when plated, they
produce cultures highly enriched in oligodendrocytes (30). Oligospheres are dissoci-
ated after 2 d and replated under similar conditions for another 4 d. Trypsin-dissociated
oligospheres can then be plated on adhesive substratum in oligodendrocyte-supporting
defined medium to obtain highly enriched cultures of oligodendrocytes. Further
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enrichment to about 90% can be achieved by plating dissociated oligosphere in condi-
tioned medium (30).

Induction in Monolayer Culture
The most widely used method for inducing ES cell differentiation involves an

embryoid body intermediary. Suspended ES cells that have been allowed to aggregate
are exposed to mitogens, then dissociated and reattached to a substratum in the pres-
ence or absence of mitogens or trophic factors that stimulate proliferation or sustain
specific populations.

This method is an effective way to stimulate ES cell differentiation, but it does not
permit the development of high-throughput quantitative assays or the systematic evalu-
ation and identification of mechanisms that drive differentiation. Because the multilay-
ered, three-dimensional structure of the embryoid body complicates the interpretation
of the effects of mitogens or pharmacological agents on differentiation. It is likely that
diffusion gradients are established across the embryoid body, which may contribute to
the heterogeneity observed in these systems.

The development of monolayer culture may simplify the experimental process and
interpretation of results. One method reported by Ying et al. (63) takes advantage of
molecular markers to identify neural precursor populations and eliminate nonneural
populations. Mouse ES cells were genetically modified at the Sox1, the earliest known
marker of neuroectoderm in the mouse (64). Sox1 is not expressed in undifferentiated
ES cells, but is up-regulated in neuroectoderm and down-regulated during neuronal
and glial differentiation, which makes it a good marker of early neuronal induction.
GPF/Puro was knocked into the open reading frame of the Sox1 locus. The knock-in
behaved as expected in vivo and in vitro. In the mouse, GFP was expressed in neuronal
tissue at embryonic day 8.5. When this ES cell line was plated on gelatin in the absence
of LIF in defined medium (N2B27), more than 60% of the cells expressed GFP by 4 d
of monolayer culture (63).

As in all protocols reported to date, neural induction is asynchronous and incom-
plete. In this case, 10–15% of the cells expressed Oct4 and remained undifferentiated,
and differentiated cells that did not express Sox1 contaminated the culture. Both popu-
lations could be eliminated by FACS or selection with puromycin (63).

Coculture Methods for Enriching ES Cell-Derived Neural Precursors
The development of culture methods that use cells or conditioned medium from the

stromal cell line PA6, the hepatoma cell line Hep-G2, and astrocytes have been devel-
oped to take advantage of unknown factors and environmental cues that drive ES cells
to neurogenesis.

During neurogenesis in the developing embryo, neural progenitor populations, which
arise in the neural tube, are specified in response to signaling molecules from adjacent
tissues. The dorsal–ventral axis is established through a concentration gradient of Shh
from the floor plate and notochord, a structure of mesenteric origin, and of BMP-4
from the roof plate and the overlying surface ectoderm (25).

PA6 Stromal Cells
Kawasaki et al. described stromal cell neural inducing activity (SDIA) derived from

bone marrow. SDIA induced neurogenesis of mouse ES cells which were grown on
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PA6 cells or in suspension in the presence of PA6-conditioned medium. In this
coculture system, 90% of the ES cell became neural cell adhesion molecule positive
(NCAM+) and only 2% expressed mesenteric markers. This method efficiently pro-
duced TH-expressing neurons. However, it is not a synchronous induction method, and
ES cell colonies cultured on the PA6 stromal layer contained both precursor and differ-
entiated neuronal cells. This method may be useful for producing dopaminergic neu-
rons (65,66).

Hep-G2 Cells

Rathjen et al. used conditioned medium (MEDII) from the hepatoma cell line Hep-
G2 to produce a nearly homogeneous population of neural precursors that was equiva-
lent to the embryonic neuroectoderm according to tests for known stage-specific
expression makers. Embryoid bodies formed a distinctive morphology, resembling
neural plate/neural tube. After 9 d in culture, 95% of the cells expressed the NEP mark-
ers Sox1, Sox2, nestin, and NCAM. Neurons, glial lineages, and neural crest were
formed (67).

Astrocytes

Nakayama et al. used astrocytes and astrocyte-conditioned medium (ACM) to induce
neuronal differentiation of mouse and primate ES cells. Entire ES cell colonies were
mechanically removed from the fibroblast feeder layer and induced to differentiate by
culturing them in suspension in ACM. The cellular spheres formed nestin+ cells on the
periphery, but the cells in the center of the sphere expressed Oct4 and remained undif-
ferentiated. When the spheres were plated onto substratum, only neurons were identi-
fied; this procedure did not generate glial cells (68).

METHODS FOR SELECTIVELY ENRICHING PRECURSOR POPULATIONS

Cell surface markers and genetic approaches have been used to enrich specific cell
lineages. Thus, pure populations of lineage-restricted progenitors and terminally dif-
ferentiated cells can be isolated. Two successful techniques are immunopanning, which
makes use of cell-surface antigens to isolate specific populations, and FACS, which
uses fluorescent tags. Enrichment methods requiring genetic manipulation of ES cells
and expression of certain proteins with selectable markers such as neomycin- and puro-
mycin-resistance genes can generate highly purified populations.

Immunopanning and FACS

Immunopanning has been used to isolate neural progenitors (69,70) and glial restricted
precursors (69–71) from embryonic rodent spinal cord and murine and human ES cells
(42). Mouse neural precursors can be positively selected using E-NCAM, and glial
restricted precursors can be selected by first removing the E-NCAM+ precursor cells
and then selecting for A2B5+ cells. In the case of human ES-derived neuronal cells,
PS-NCAM and A2B5 have been used to enrich for neural precursors (42). In both
mouse and human cells, NCAM+ positive progenitor populations are restricted to the
neural lineages. However, human ES-derived precursors expressing A2B5 generate
cells with neuronal morphology and flat cells, some of which also express GFAP.
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On separation, the PS-NCAM population differentiates into neurons, and the A2B5
population differentiates into neurons and astrocytes (42).

Wernig et al. used FACS to isolate a tau-expressing population after inducing dif-
ferentiation with the method of Okabe (31,38). Tau is a microtubule-binding protein
known to be strongly expressed in neurons (72). In brief, eGFP was knocked into the
tau locus of a mouse ES cell line by gene targeting. The resulting cells, which
expressed eGFP under the control of the tau locus, were differentiated through an
embryoid body intermediary in defined medium for 4 d. The embryoid bodies were
then dissociated and plated in medium containing bFGF. Terminal differentiation
was induced by withdrawal of bFGF from the culture medium. The resulting popula-
tion was 95% neuronal.

Genetic Lineage Selection

In theory, the most efficient and effective method of cell lineage selection is genetic
selection. Combinatorial positive and negative selection paradigms can be used simul-
taneously to enrich and eliminate the cells expressing a given gene. Cell purification
methods can then be applied to obtain even greater enrichment.

Nuclear receptor 1 (Nurr-1) is required for the specification of ventral neural pro-
genitors to dopaminergic neurons (43,73). The number of TH+ expressing neurons was
increased fivefold when Nurr-1 was overexpressed in neural precursors (43).

ES-derived neural progenitor populations express the NEP markers Sox1, Sox2, and
nestin and have the potential to differentiate into both neurons and glia. Sox2 is
expressed in the uncommitted dividing stem cell populations in the ICM, epiblast, and
germ cells as well as in the precursor cells of the developing CNS (36). Li et al. used
gene targeting to knock β-geo into the Sox2 locus, conferring G-418 resistance to ES
cells expressing Sox2 (37). The resulting cells were differentiated, using the 4-/4+

method of Bain (27). After they were plated on substratum, 90% were nestin+. How-
ever, only 50% of the nestin+ population expressed Sox2. Through selection with
G-418, the nestin+/Sox2-negative population was eliminated from the culture.
The remaining G-418-resistant population represented a population of neural precur-
sors expressing both nestin and Sox2 (37).

Ying et al. knocked GFP/Puro into the Sox1 locus so that neural progenitors
expressing Sox1 could be sorted by FACS (because they expressed GFP) or selected
with puromycin. Thus, the Sox1-positive population was selected, and nonneural cells
were efficiently eliminated from the culture (63).

NEUROGENESIS AND HUMAN EMBRYONIC STEM CELLS

The isolation of human ES cells and the discovery that these cells, like mouse ES
cells, have the potential to differentiate into cell types derived from all three germ
layers has renewed interest in finding methods for predictably driving differentiation
of ES cells down specific lineages.

The differentiation protocols developed for the mouse ES cell system have provided
a starting point for developing robust and reliable methods for human ES cell differen-
tiation. Human ES cells can be induced to differentiate spontaneously by removing
them from substrata. Growth in suspension culture in the presence of fetal calf serum
(6,9). Under these conditions, human ES cells form embryoid bodies composed of an
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endodermal outer layer and ectodermal inner layer. After 4 d of growth in suspension,
Oct4 is down-regulated and cell types from all three germ layers can be identified (9).
Schuldiner et al. showed that human ES cell could be induced to produce specific pre-
cursor and mature cell types in culture, when growth factors were added to the medium
(74). Human ES cells were cultured as embryoid bodies for 5 d, then dissociated and
plated in a monolayer that was exposed to growth factors. The resulting cultures were
more homogeneous than untreated controls, with up to half of the culture containing
just one or two cell types (9,74).

Human ES cells have been shown to produce neuronal cells in response to retinoic
acid (42,75). Carpenter et al. enriched for neural precursors in culture by following a
modified embryoid body/retinoic acid induction protocol. The cells were then replated
into differentiation medium containing neurotrophic factors to enrich for neuronal cell
types. Under these conditions, human ES cell differentiated into neural derivatives
expressing the lineage-specific cell-surface markers PS-NCAM and A2B5. These
markers were used in magnetic bead and immunopanning to further enrich for specific
precursor populations. The PS-NCAM-positive cells were restricted into multiple neu-
ronal phenotypes, including a small population of TH-positive, dopamine-responsive
neurons. They did not appear to generate astrocytes or oligodendrocytes. The A2B5-
expressing cells appeared to differentiate into a mixed population of neurons and
astrocytes (42).

In a multistep induction method reported by Zhang et al., embryoid bodies plated in
the presence of bFGF attached to the substratum and differentiated to form neural
rosettes, which were removed from the dish using selective enzymatic digestion.
The rosettes were grown in suspension culture in the presence of bFGF to form
neurospheres, which gave rise to neurons, astrocytes, and a few oligodendrocytes when
plated (76).

Reubinoff et al. did not use an embryoid body intermediary. By allowing human ES
cells to overgrow in culture while attached to the feeder or substratum they obtained
spontaneous neural differentiation at the edges of the human ES cell colony. The dif-
ferentiated cells were removed mechanically from the undifferentiated colonies, then
grown in suspension as neurospheres in the presence of bFGF and epidermal growth
factor (EGF). Under these conditions, the neural precursor population proliferated and
produced neurons, astrocytes, and some oligodendrocytes when plated on appropriate
substratum (9,77).

Although some oligodendrocytes have been produced under these culture condi-
tions, their numbers have been very limited. Therefore, experimental protocols for
obtaining enriched cultures of myelin-producing cells are required in order to under-
stand the molecular mechanisms that drive oligodendrocyte development.

Zwaka and Thomson showed that human ES cells are capable of homologous
recombination at the HPRT1 and Oct4 loci. Human ES cells were electroporated in
clumps, not as single cells, and were plated at high density. Using this protocol,
homologously targeted clones were isolated. This advance should greatly enhance the
utility of human ES cells for drug discovery. For human ES cells to fulfill their poten-
tial, however, it will be necessary to develop mechanisms for selecting and modifying
progenitor populations as well as eliminating unwanted differentiated and undifferen-
tiated populations (78).
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ES CELLS AND TRANSPLANTATION

Since we wrote the chapter on ES cells and neurogenesis in 1999–2000 (11), the
rules governing neurogenesis in the ES cell system have become better understood.
However, ES cells are just beginning to be exploited for neurotransplantation.

Important early efforts demonstrated that nervous system cells derived from ES cells
are largely normal in terms of differentiation, integration, and function. Most of these
studies were performed in vitro, but similar functions are now being assessed in vivo
(30,79). ES cell transplantation has revealed that neural cells derived from ES cells and
transplanted into the injured adult CNS can differentiate into all three principal neural
cell types as well as contribute to a large range of neuronal phenotypes (30,79). To date,
integration of transplanted cells has been limited largely to anatomy, neuronal circuits,
and oligodendrocyte myelination. Functional integration has not been demonstrated.
Although some studies have demonstrated electrophysiologic integration in terms of
activity, that is far removed from determining the functional importance of such
integration (80,81).

An important question is whether neurons or nervous system cells derived from ES
cells behave similarly or differently from embryonic, fetal, and adult stem cells.
Although this question remains largely unanswered, a growing body of work is begin-
ning to suggest functional differences (82). For example, nervous system cells derived
from ES cells appear to differentiate much more quickly than neural stem cells derived
from the adult nervous system (30). They also are uniquely able to create extracellular
matrix, make metalloproteinases, and remodel the extracellular environment.

Our naive view replacing neuronal elements of the major role of transplantation is
giving way to the idea that transplanted stem cells have additional functions.
For example, transplanted ES cells can modulate the host environment to make it
more hospitable to regeneration. Recent evidence from our laboratories and those of
Dr. Jerry Silver demonstrates that ES cell-derived neural stem cells make metallo-
proteinases that can destroy inhibitory barriers such as those formed by chondroitin
sulfates (unpublished observation). ES cell transplantation also directly modulates the
immune response: we observed a 50% reduction in the number of macrophages
responding to ES cell transplantation compared with sham-transplanted animals.
This effect does not appear to result simply from altered proliferation or reduced sur-
vival but involves mechanisms that attract macrophages to the nervous system. In addi-
tion, ES cells can make a number of proregenerative growth factors, including
brain-derived neurotrophic factor and NT3.

To date, ES cells have been shown to differentiate into neurons, astrocytes, and
oligodendrocytes when transplanted as neural precursors into the adult injured nervous
system (30,79–81). Their transplantation can also produce stable populations or resi-
dent pools of progenitor cells.

These initial observations extend data from previous studies that used other sources
of cells for transplantation (83). To date, the potential of ES cells as a discovery tool is
largely untapped. An exception is the use of ES cells that express GFP, which can
therefore be traced after transplantation (30,84). Markers such as GFP also permit neu-
ral components such as myelin and axons to be located. Thus, ES cells expressing GFP
on neural promoters have proven to be very effective for neuroanatomical tracing of
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transplanted cells. Using GFP-labeled cells, it has been possible to demonstrate that ES
cell-derived oligodendrocytes myelinate appropriately in the nervous system by ser-
vicing more than one passing axon. Furthermore, it has been possible to trace the axons
and dendrites from growing neurons. Advances in imaging and optics now pave the
way for using ES cells to monitor cellular function in real time (real-time imaging).

ES cells with protein production deleted or added have also proved useful. For example,
work with ES cells overexpressing Bcl-2 or Bcl-XL has demonstrated that cell survival
is enhanced when programmed cell death is inhibited (85). Although interpretation of
these studies is complicated, ES cells can serve as tools for many types of transplanta-
tion experiments.

The earliest wave of genetic modification focused on nonspecific markers such as
GFP. The focus is now shifting to more specific markers, such as GFP fusion proteins
with myelin or with synapse-associated proteins such as fusion proteins of GFP with
myelin or synapsin in order to track or quantify myelin or synapses (86). Such markers
should permit rapid in vivo analysis and greatly improve anatomical delineation.

Transplantation studies promise more than anatomical and molecular markers, how-
ever. For example, genetically modified ES cells will allow functional integration to be
reversibly tested. By selectively and temporally overexpressing factors that inhibit neu-
ronal function, we will be able to test the hypothesis that transplanted neurons can
contribute to novel circuits and to behavioral improvements associated with transplan-
tation. It may be possible to express the antisense RNA to myelin basic protein; pro-
ducing a dysfunctional oligodendrocyte and thereby testing the importance of replacing
oligodendrocytes (87).

ES CELLS OFFER A UNIQUE PATH TO HUMAN TRANSPLANTATION

Numerous political and religious issues surrounding human ES cells have overshad-
owed the discussion of the scientific challenges that face scientists. To be successful in
humans, transplantable cells must meet two important criteria. First, they must contain
the same DNA as the recipient. Second, they must be able to differentiate into the cell
types normally present in the area of the nervous system being transplanted. Although
the nervous system has considerable immunological privilege, histocompatibility will
be essential for most nervous system transplant approaches to be successful as many
diseases repeatedly break down the blood–brain barrier, making rerejection more likely
if transplanted cells differ genetically from the host nervous system cells.

ES cells will allow us to meet both of these important criteria. First, they can differ-
entiate into nervous system cells of multiple lineages. Second, and more importantly,
they can obtain the genetic identity of host via nuclear transfer. Specifically, a nucleus
from a somatic cell from the transplant recipient can be transferred into an enucleated
fertilized egg whose cytoplasm contains the necessary information for replication and
generation of an ES cell with host DNA. Recent work demonstrating ES cell derivation
from a cloned human embryo suggests that this avenue may be more possible than
previously thought (10). Hwang et al. provided an important proof of the principle by
creating human ES cells using a somatic cell as a genetic (nuclear) source (10), although
only 3.3% of the blastocysts used produced ES cells.

Moreover, the donor somatic cell and oocytes were taken from the same individual,
which would mean, in the absence of technical advances that only patients with a sup-
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ply of healthy oocytes could benefit from therapeutic cloning. Other substantial chal-
lenges are reprogramming an egg without inducing abnormalities; inducing and target-
ing differentiation, controlling stem cell proliferation, and solving the remaining subtle
dilemmas or rerejection due to small incompatibilities in major histocompatibility com-
plex (MHC) I and II molecules secondary to reprogramming errors. Nevertheless, the
work of Hwang’s group in Korea has generated much enthusiasm for research on
regenerative medicine, creating a much more favorable climate than in many other
countries, including those in North America.

The technique of generating ES cells from somatic cells by nuclear transfer (ntES
cells) is relatively new. Studies from mice demonstrate that ntES cells can be estab-
lished using nuclei from fibroblasts with an efficiency of 10–20%. Cells from donors
of either gender and from lines that have never been successfully produced a live cloned
animal can be used (88,89). If these results translate to humans, improvements in thera-
peutic cloning techniques may enable any patient to act as his or own ntES cells donor.
It is clear from the mouse studies that success rates for deriving ntES cell lines can be
as much as an order of magnitude higher than those for reproductive cloning, reflecting
the easier task of creating individual cells in the case of ES cells vs an entire organism
in the case of reproductive cloning.

That said, a series of scientific barriers must be overcome before ntES cells can be
generated for therapeutic purposes. First, it is clear that we need to better understand
the epigenetic and reprogramming that occurs when a nucleus is transferred in order to
avoid the developmental abnormalities that are evident in cloned animals (90). Such
abnormalities range from placental anomalies to premature aging and mortality of
unknown cause, and it is probable that even apparently normal cloned animals have
epigenetic defects. Other deficiencies, such as abnormal gene expression patterns and
retention of somatic cell-like features have also been reported in cloned animal blasto-
cysts (91,92). These abnormalities have been largely attributed to insufficient repro-
gramming of donor nuclei, but little is known about reprogramming, even in the normal
situation. However, because cloned animals do not appear to pass their abnormalities
to their offspring, derivation of germline cells for restorative medicine might not be
impossible (93).

At this instance, it is unclear whether cloned blastocysts are inherently different
from their natural counterparts or whether such potential differences are artifacts.
In contrast, only 10–20% of the few (1–2%) cloned mouse blastocysts that develop to
term (the others die soon after implantation) give rise to ntES cells. At a more practical
level, the scarcity of human oocytes is a formidable obstacle to using parthenogenesis
or oocytes to generate ntES cells. This problem, however, might be addressed by
interspecies nuclear transfer or by generating gametes from ES cells. For example,
nonhuman oocytes, such as rabbit oocytes, have the potential to reprogram human
somatic cell nuclei to establish human ntES cell lines (94). Furthermore, oocytes can
be created by in vitro differentiation from ES cells (95). Future studies are required to
demonstrate whether oocytes derived from ES cells have the same developmental
potential as natural ones and whether the human immune system will tolerate the prog-
eny of ntES cells derived from cross-species oocytes and containing cross-species
mitochondrial DNA.
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Hopefully, such techniques will some day provide an ample supply of these precious
biological resources without the need to obtain oocytes from women. One study has
already demonstrated that ntES cells derived from mouse fibroblasts can rescue an
immune-deficient phenotype by transplanting progeny cells differentiated into hemato-
poietic stem cells in vitro (96). Another study involving fibroblast-derived ntES cells
showed that neural differentiation could be achieved with higher efficiency than with
oocyte-derived ES cells (88). However, successful therapeutic application of ES cells
will involve many technically demanding processes. These include nuclear transfer,
ntES cells derivation, induction and guidance of differentiation in vitro, and effective
delivery of cells to target sites in a patient’s body. Parallel advances in these other areas
are bringing the global challenge into a more doable range. For example, major efforts
are developing percutaneous transplantation methods that can be completed in an outpa-
tient setting, thereby avoiding the large and risky hurdle of intraoperative transplantation.

Although therapeutics often dominate discussions of ES cell potential, it is clear that
such cells will make a much greater contribution as tools of scientific discovery, as has
been demonstrated by their role in generating transgenic mice, one of the major scien-
tific advances of the past two decades. The revolution in neuroscience caused by the
availability of such transgenic mice is advancing to include ES cells in vitro. Whereas
transgenic murine fetuses lacking both alleles of an important gene rarely survive, cells
can often tolerate such deletions. Moreover, transgenic mice are often produced as a
reproducible source of cultured cells, which can now be obtained more efficiently in
vitro from ES cells.

RELATIONSHIP BETWEEN NEURAL STEM CELLS DERIVED
FROM ES CELLS AND THOSE DERIVED FROM THE CNS

This relationship, which is not well understood, is perhaps one of the most important
issues to be addressed before we can consider using ES-derived neural progenitors in
drug discovery programs and cell replacement therapies. The major limitations now
reflect the limited tools available to identify neural progenitors. These identity systems
have initially focused on the absence and presence of immunological cellular epitopes
that unfortunately are only partially stage-specific. Advances in genomics and
proteomics are offering the prospects for genetic and protein fingerprints of different
progenitor cells. Expression of genes and proteins, however, is only one criterion for
identification. Additional functional and ultrastructural specifications will prove more
pragmatic.

The characteristics used to select and classify stem cells include: (1) stage-spe-
cific markers, (2) mitogen/growth factor dependence, and (3) the phenotypes of the
cells they produce (neurons, astrocytes, or oligodendrocytes). By comparing native
stem cells with stem cells derived from ES cells, we should be able to develop meth-
ods for isolating distinct progenitor populations that make use of expression patterns
of surface markers and transcription factors. Such methods may lead to protocols for
stimulating endogenous neural stem cells to regenerate and repair damaged neural
tissue. Moreover, hematopoietic stem cell research may serve as a model because
neurogenesis follows the same type of developmentally restrictive pattern: neural
stem cells renew themselves and differentiate through asymmetric cell division into
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cells that are restricted to neural and glial progenitor phenotypes; these partially
restricted cells differentiate further into fully restricted cell types of either the neu-
ronal or glial lineage.

Self-renewing neural stem cell populations were discovered only recently in the adult
CNS, and it will take much work to understand their roles in homeostasis and disease.
By comparing neural stem cells derived from ES cells with those derived from the
CNS, we may be able to more quickly identify key factors that regulate the stem cell
pool and drive differentiation. The ultimate goal of transplantation is to understand
how to harness the potential of similar endogenous stem cells.

THE ES CELL SYSTEM:
ADVANTAGES, LIMITATIONS, AND POTENTIAL

The in vitro ES cell system has great scientific and therapeutic potential, although
we are just beginning to tap into the potential and the use of ES cells for transplantation
has yet to advance to what has been accomplished with other sources of transplantable
cells.

The ES cell system is the only model system that offers sufficient access to the first
stages of development for investigating the earliest molecular events of development
and repair. It is this in vitro ES cell system that will provide the greatest advances in
scientific discovery, mirroring the exponential progress of the transgenic mouse era.
The in vitro ES cell system is currently being used in drug discovery and functional
genomics to identify the earliest molecular cues that trigger development and disease (97).

Hurdles must be overcome before this potential can be realized. For example, proto-
cols that predictably drive differentiation down desired pathways, while eliminating
unwanted cell types, have not yet been developed. Identifying a cohort of cell surface
markers and transcription factors expressed in various progenitor populations provide
a starting point. Moreover, as more is learned about gene expression patterns in the
developing embryo, the temporal application of specific factors will lead to the produc-
tion and isolation of specific cell types.

The human ES cell system has special advantages in providing a reproducible source
of differentiated human cells that are normal. This is in contrast to today’s use of
immortalized human cell lines. Most of the current protocols for differentiating human
ES cells have been adapted from mouse methods. Mouse and human ES cells show
similar gene expression patterns and growth characteristics, however they are not iden-
tical (98). Thus, we need to identify the developmental pathways and programs that
differ between human and mouse ES cell systems. Unique problems also exist in the
human ES cell system. Currently there is no gold standard for unambiguous identifica-
tion of undifferentiated totipotent human ES cells. For ethical reasons, the parallel to
the mouse ES cell identification of germline transmission is not possible with the human
ES cell system. Accordingly, the molecular fingerprints of undifferentiated ES cells
are beginning to be identified using proteomic and genomic strategies.

Unique problems also exist in studying transplantation of human ES cells since early
allogenic transplantation is not possible and we must study the transplantation of human
ES cells into rodents or nonhuman primates.
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We also need to develop culture methods that maintain ES cells in a karyotypically
normal state for prolonged periods. This will become a critical issue in the field in the
forthcoming years. Protocols for synchronizing ES cell differentiation and eliminating
unwanted, undifferentiated cells will be paramount.

Although animal models can be used to approximate the human condition, they are
only models and most are not entirely accurate. There are many disorders, unique to
humans, where animal models do not even exist. For example, although hepatitis kills
millions of afflicted people annually, there are no suitable animal models of this disease
because the viruses that cause human hepatitis only infect human cells. The advantages
of establishing in vitro model systems, using human ES cells to evaluate such human
cell specific diseases, are innumerable.

Also, human ES cell studies will have profound implications for the treatment of
human disease. All diseases ultimately involve the death or dysfunction of cells. When
disease results from abnormalities in specific cell types, as in Parkinson’s disease
(dopaminergic neurons), Alzheimer’s disease (cholinergic neurons), and juvenile-onset
diabetes mellitus (pancreatic β-islet cells), replacement of these specific cell types can
be envisioned as a treatment that is potentially lifelong. The therapeutic potential of
transplantation has recently expanded beyond element replacement strategies and
includes mobilization of endogenous progenitor cells and reprogramming of the host
environment to optimize regeneration.

The greatest impedance to moving forward in the ES cell field is not related to sci-
ence but depends on political and federal decisiveness to invest in this technology.
Although limited support exists for use of federal funds to study human ES cells cre-
ated prior to 9 p.m. on August 9, 2001, this indecisive stand is dramatically impairing
progress in the United States (http://stemcells.nih.gov). Not surprisingly, the major
steps forward in advancing human ES cell technologies are occurring outside the United
States. The true effects of these political decisions will not be apparent for decades,
reflecting the reduced entry of young scientists into the field of human ES cells work.
The solution to the political and ethical problems involved will likely take time and
political courage to work out. Advances in nuclear transfer now may circumvent the
need for fertilized eggs toward the generation of human ES cells. The proof of prin-
ciple experiment accomplished in Korea indicates that somatic nuclear transfer can be
used to generate human ES cells. Therefore major hurdles of overcoming the
requirement for immunosuppression are beginning to fall. Much work is required, but
great progress has been made.

Despite limited information, the in vitro ES cell system combined with genomic
approaches provides scientists with the means to identify the molecular mechanisms
that guide mammalian development, the pathogenesis of disease, and spontaneous
regeneration and repair. ES cells have proven to be powerful allies in our quest for
scientific discovery and their full potential is only now being realized.
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Mobilization of Neural Precursors

in the Adult Central Nervous System

Theo D. Palmer and Fred H. Gage

In spite of our increased knowledge of adult neurogenesis, Cajal’s dogma of no new
neurons is still fundamentally correct when viewed in the context of the brain’s intrin-
sic repair mechanisms. In the embryo, neurogenesis operates with extraordinary
dynamics to generate all of the basic brain structures and circuitry that will be used for
the remainder of an individual’s life. At birth, all areas of the brain down-regulate
neurogenesis and, in the adult, most areas have stopped producing neurons altogether
(at least within the current limits of detection). The last 50 yr, however, have provided
evidence for persistent neurogenesis within several anatomically distinct loci in the
adult brain. In rodents, the unambiguous exceptions to Cajal’s rule are the hippocam-
pus and olfactory bulb. Ongoing studies indicate that this process may extend to other
areas of the primate forebrain (1–7) and injury may trigger an abortive neurogenesis in
many brain regions (8–13). In spite of this increasingly liberal view of neurogenesis in
the adult, the paucity of neuron replacement following disease or injury leaves the
dogma relatively intact. Looking forward, it seems clear that the successful therapeutic
mobilization of neural progenitor cells will depend on the precise modulation of local
signaling that spans from the recruitment of endogenous stem cells to the fine func-
tional tuning of mature neurons and glia that are inserted into the preexisting circuitry
of the adult brain.

CHALLENGING THE DOGMA OF “NO-NEW-NEURONS”

Monitoring Mitosis In Vivo

Neurogenesis is the process of adding new neurons by the proliferative expansion of
a neuronal precursor cell. In the late 1950s, the earliest evidence for neurogenesis in
the adult was observed following the systemic injection of radiolabeled thymidine
([3H]Tdr). Endogenous nucleoside pools become substituted with the labeled
nucleoside and newly synthesized DNA incorporates analog in proportion to its rela-
tive systemic concentration. The α-particle emissions can be visualized by autoradiog-
raphy (14–17). Because the number of silver grains developed in the photographic
emulsion is dependent on the amount of [3H]Tdr incorporated, grain counts associated
with each nucleus can provide reliable quantitative information on whether a cell has
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completed an entire S phase or how many times a cell transits S phase during a labeling
period (18).

More recently, antibodies that recognize nonradioactive thymidine analogs such as
bromodeoxyuridine (BrdU) have been used in lieu of autoradiography (2,3). In con-
trast to [3H]Tdr, nonradioactive analogs can be immunologically detected in any thick-
ness of tissue that can be penetrated by the detecting antibody and, by combining
antibodies to BrdU with those that recognize lineage-specific epitopes, it is possible to
identify unambiguously the phenotype of newborn cells (Fig. 1).

Technical Caveats

Unfortunately, the remarkable sensitivity of immunodetection comes at a price.
In the context of neurogenesis in the adult, it is known that the small amounts of
nucleoside analog incorporated into neuronal nuclei during DNA repair may intro-
duce false positives, although it is thought that careful accounting for this process
can avoid confusion (19). Other caveats should also be considered. High substitution
rates with thymidine analogs can significantly influence cell behavior. At moderate
substitution levels, BrdU can be mutagenic (20,21) and is known to alter gene
expression patterns (22–25). Subsequent changes in physiology may directly impact
proliferative activity. For example, BrdU is known to elevate adrenal glucocorticoid
levels in rats (26,27) and adrenal steroids are known to suppress the proliferative
activity of neural progenitors in the adult hippocampus (28). At higher concentra-
tions, both [3H]Tdr and BrdU become directly cytotoxic, an effect that can poten-
tially lead to the ablation of the population being evaluated (29) (Fig. 2). Even now,
it is possible to argue that labeling a cell may change its fate or make a nonneuronal
cell inappropriately express phenotypic attributes of neurons but current evidence
for the addition of functional neurons in the adult is not entirely based on nucleoside
incorporation and the data collected to date provide extensive evidence that
neurogenesis plays an important role in the adult.

The concept of DNA repair in preexisting mature neurons can be countered with the
fact that BrdU labeling does not initially mark mature neurons but instead marks an
immature progenitor cell that does not express neuronal markers. With time, these cells
begin to express neuronal markers and ultimately take on the phenotypes of postmitotic
neurons (19,30,31). In addition, in areas suspected of neurogenesis, the number of new
neurons actually increases over the life of the organism (32). Ultrastructural analysis
adds confidence that these new projecting cells display the intracellular architecture of
neurons (33,34). Furthermore, viral vectors that infect only dividing cells have unam-
biguously shown that progenitors in the ventricular zone migrate to the olfactory bulb
where they differentiate into new periglomerular and granule cell interneurons (35,36).
Within the hippocampus, retrograde tracing of marked neurons shows that most new-
born neurons project appropriately to the CA3 region of the hippocampus (2,37–39)
and recordings from newborn hippocampal granule layer neurons demonstrate that the
newly generated neurons undergo a development-like progression of electrophysiologi-
cal characteristics and ultimately become fully integrated as active and mature granule
cell neurons (40).
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Fig. 1. After 1 wk of treatment with BrdU, dividing neural progenitors are readily observed
within the adult rat anterior subventricular zone (SVZ, A) and subgranular zone (SGZ, B) of
the hippocampal dentate gyrus (DG). Cells that proliferate in the SVZ adjacent to the lateral
ventricle (LV) migrate along the surface of the striatum (Str) and converge in a rostral migra-
tory stream (RMS) leading to the olfactory bulb (OB) (C). Within the SGZ, cells proliferate in
clusters and then migrate short distances to become disseminated throughout the GCL. Type
IIIβ-tubulin is an early intermediate filament marker for the neuronal lineage that is expressed
by migrating cells within the RMS and the SGZ. Immunoreactivity for type IIIβ-tubulin and
BrdU have been combined in B' to show an individual neuroblast within a small cluster of
BrdU-labeled progenitors.

345



346 Palmer and Gage

The Evidence for Stem Cells

In development, stem cells are defined as an undifferentiated progenitor that can
divide to give rise to an identical progenitor (self-renewal) as well as progeny that go
on to differentiate into one or more terminal phenotypes (as reviewed in refs. 41–43).
In the adult CNS, the strongest evidence for the presence of stem-like cells in the adult
brain has been generated in primary cultures isolated from the ventricular zone or hip-
pocampus. Progenitors from the adult germinal zones can be stimulated to proliferate
in vitro using epidermal growth factor (EGF) and/or basic fibroblast growth factor
(FGF-2). The cultures contain a mixture of cell phenotypes similar to that seen in vivo,
with only a minor population of cells displaying definitive markers for mature neurons
or glia (41,44–48). By isolating or marking single cells in vitro, it has been shown that
the entire array of cell phenotypes can originate from a small population of multipotent
stem-like cells within the relatively heterogeneous population of dividing progenitors
(29,48–51).

Dividing cells in the adult brain generate both neurons and glia but there is little
direct in vivo evidence for a naturally occurring self-renewing stem cell that actively
gives rise to both neurons and glia. Chemotoxic ablation of the proliferative cells of the

Fig. 2. Mobilization of neural progenitor for neuronal replacement or augmentation may
require the manipulation of progenitors at numerous points along a complex regulatory path-
way. First, stem cells must be recruited into the cycle and then influenced to adopt a neuronal
fate in regions that may normally produce only glia. The neuroblasts must then be amplified
and instructed to migrate along routes that may not naturally exist within the adult brain. The
newborn neurons may then require additional instructions that direct the appropriate connectiv-
ity and transmitter phenotype. The hippocampal subgranular zone provides insights into the
cellular participants that may make up the SGZ’s unique neurogenic niche. Dividing progenitor
cells are focally recruited within the perivascular space. Interactions between endothelium,
astrocytes, and neurons are all known to influence progenitor cell behavior. It remains to be
determined whether there are single or multiple influences provided by each instructive cell
types and where, along the phenotypic and temporal progression of differentiation, each of
these influences has the most impact for mobilizing progenitors for repair.
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ventricular zone and hippocampus shows that the entire proliferative zones can be
repopulated from the progeny of a small number of relatively quiescent cells (29,52).
If these progenitor cells are marked with an inheritable genetic marker (i.e., a retroviral
vector), it can be shown that both neurons and glia are generated from this responding
population (52). But again, a clonal analysis of the type used to demonstrate
multilineage potential in developmental models has not been performed in vivo in adult
animals (53,54). Indeed, there is well founded skepticism that the “stem cell” pheno-
type of concurrent tri-lineage production (i.e., production of neurons, astrocytes and
oligodendrocytes) is an artifact of in vitro culture and that authentic programs of cell
genesis in vivo do not invoke this potential (55). Developmental progenitor cell pro-
grams are temporally and spatially separated, and attempts to mobilize stem cells for
repair/replacement should maintain a clear awareness that both temporal and spatial
sequencing may be important when manipulating progenitor cells toward a defined
outcome.

THE ANATOMY OF NEUROGENESIS:
A NEUROGENIC MICRONICHE UNVEILED
IN THE HIPPOCAMPAL SUBGRANULAR ZONE

Neural Progenitor Cells in Nonneurogenic Brain Regions

Given the excitement about neurogenesis in the adult, it is easy to be distracted from
the fact that an abundant population of dividing neural progenitors leave the ventricu-
lar zone and become distributed throughout the adult brain. These cells remain compe-
tent to divide and play the important role of generating oligodendrocytes and astrocytes
in prodigious numbers (thousands of oligodendrocytes per cubic millimeter of white
matter each month) (56). Although these cells are more sparsely scattered than those of
the ventricular zone, they do proliferate in situ and when taken as a whole they numeri-
cally eclipse the neurogenic zones, representing as much as 70% of all dividing cells in
the adult central nervous system (CNS) (57,58). Several lines of evidence suggest that
these progenitor cells may not be intrinsically restricted to a glial fate and as such may
represent an important premobilized target population for therapy.

In situ, the most immature glial progenitor cells express A2B5 antigen, platelet-
derived growth factor receptor-α (PDGFR-α) and NKx2.2 (59). As they transit into the
oligodendrocyte differentiation program they up-regulate markers such as NG2, pro-
teolipid protein (PLP), and O4 (57,60). Those cells that exit the cell cycle down-regu-
late NG2 and begin to express mature oligodendrocyte proteins (61); however, most
NG2-expressing cells that are marked with BrdU remain as preoligodendrocytes
(reviewed in refs. 62 and 63). In vivo, the natural fate of these cells is fixed and there
is no evidence to date that a glial restricted precursors produce neurons in vivo. How-
ever, there is abundant evidence that progenitor cells from brain regions that generate
only glia will readily switch to a multilineage program and immediately begin produc-
ing neurons in primary culture.

Isolation of progenitor cells from the adult brain by bouyancy fractionation or by
sorting for markers such as A2B5, NG2, or O4 allows one to acutely isolate glial pre-
cursor cells in primary culture. After a brief exposure to bFGF-2, the cultures begin to
produce neurons (64–66). Furthermore, when FGF-2 stimulated progenitor cells (iso-
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lated from either neurogenic zones or nonneurogenic parenchyma) are transplanted
into the normal hippocampus or ventricular zone, they readily respond to the local
neurogenic signals and begin producing neurons of the exact phenotype specified by
each location, regardless of their origin (i.e., granule layer neurons in the hippocampus
and periglomerular and granule layer interneurons in the olfactory bulb) (41,67).
It may be possible that cells displaying a number of similar, yet distinct phenotypes are
all able to display stem-like properties under appropriate conditions. Regardless of the
exact identity(s) of the stem cell, the presence of an immature stem-like cell in the adult
provides the underpinnings for most working hypotheses regarding adult neurogenesis.

Progenitor Cells in the Hippocampus

The competence of progenitors to generate neurons in culture but their failure to do
so in many brain regions suggests that neurogenesis is restricted by local signaling in
the adult. The local anatomy of neurogenic regions provides the first clues as to how
the adult may regulate the production of new neurons. As elegantly described by Lim
and Alvarez-Buylla in Chapter 2, the dividing cells of the adult that give rise to neurons
are not themselves neurons but immature progenitors similar to those seen in the devel-
oping brain. As in development (68,69), progenitor cells in the adult may retain radial
glia-like attributes, such as the expression of glial fibrillary acidic protein (GFAP) and
nestin (70,71). Within the hippocampus, these cells are found within a laminar zone of
proliferation that is located at the margin between the hilus and granule cell layer
proper, or subgranular zone (SGZ) (2,3). Within this lamina, progenitors cycle rela-
tively rapidly, completing one cell cycle every 20–24 h (18). However, the majority of
cells produced eventually differentiate into neurons (1,19,30,31,34,36,47).

Chemical ablation of mitotic cells within the SGZ results in the transient depletion
of the actively dividing progenitors and a relatively quiescent subpopulation of pro-
genitors subsequently repopulate the SGZ. Viral marking indicates that the earliest
repopulating cells are nestin-positive and also expresses GFAP (72). These cells then
give rise to immature neuronal precursors that express type IIIβ-tubulin, polysialylated
(PSA) neural cell adhesion molecule (NCAM), and doublecortin. Using BrdU to mark
cells in S phase, it becomes clear that at any given point in time, a small portion of the
cells transiting S phase belong to the nestin-GFAP immunoreactive class and a much
larger fraction (up to 60%) divide as doublecortin-positive transient amplifying
neuroblasts (71). These dividing cells initially accumulate in small clusters reminis-
cent of a local clonal expansion and within days of their last division, postmitotic prog-
eny have migrated away from the tightly packed cluster to become distributed as
maturing neurons within the adjacent granule cell layer (19,31).

The Vascular Niche

A closer look at clusters of dividing cells shows that they are very closely juxtaposed
to small capillaries within the SGZ. Endothelial cells also divide in the neighboring
vessel, suggesting that progenitor recruitment may be accompanied by a simultaneous
and colocalized angiogenic stimulus (19). This focal clustering of proliferative pro-
genitors within the perivascular niche is such a striking hallmark of the SGZ that it is
attractive to speculate that the vascular niche is somehow instructive or permissive for
neurogenesis.
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Although the evidence for angiogenic influences in mammalian neurogenesis
remains hypothetical, there are elegant data demonstrating a role for angiogenesis in
the production of higher vocal center neurons in canaries (73) and the peripheral infu-
sion of angiogenic factors such as vascular endothelial growth factor (VEGF), FGF-2,
and insulin-like growth factor-1 (IGF-1) up-regulates neurogenesis in rodents (74–77).
Not only might angiogenic factors stimulate a change in signaling within the vascular
microenvironment, but neural progenitors themselves share strikingly similar mitogen
responsiveness to endothelial cells, suggesting that the local mitogenic stimulus
may involve a common molecule(s) that acts on both endothelium and neural progeni-
tor cells.

The two most widely used mitogens for neural progenitor culture are EGF (46,78–
80) and FGF-2 (41,44,81,82). In vivo, the known endothelial cell mitogens sonic hedge-
hog, EGF, FGF-2, VEGF, and IGF-1 all induce proliferation within the SGZ. Viral
delivery of sonic hedgehog to the hippocampus stimulates a robust increase in
neurogenesis (83), When injected into the lateral ventricle, recombinant EGF stimu-
lates a dramatic proliferation of the ventricular zone progenitors with smaller, yet mea-
surable effects in the SGZ (84,85). Recombinant FGF-2 administered in the ventricle
shows similar effects on SGZ progenitors but is not able to diffuse into the parenchyma
and has little effect on hippocampal neurogenesis (85,86). However, peripheral injec-
tion of FGF-2 in neonatal animals does have striking effects on hippocampal
neurogenesis (75,76), but only during the first few postnatal weeks, suggesting that
FGF-2 can access progenitors in the SGZ only until the blood–brain barrier becomes
complete. In contrast, peripheral injections of IGF-1 induce a twofold increase in the
number of dividing cell within the adult SGZ (77), and VEGF peripheral administra-
tion also potently stimulates neurogenesis (74). Presumably, this activity is due to
delivery via the vascular system, indicating that some circulating factors may have
considerable influences on progenitors resident within the parenchyma. This may be
via a direct action or by altering the cells that make up the progenitor cells local
microenvironment.

CELLS OF THE NEUROGENIC NICHE

Within the neuroangiogenic context, there are numerous cell types that could influ-
ence progenitor cell fate including vascular endothelium or smooth muscle, astrocytes
that form the blood–brain barrier and, of course, neurons of the adjacent granule cell
layer and hilus. Surprisingly, a potential role in neurogenesis has been identified for all
but smooth muscle cells, perhaps only because smooth muscle remains unstudied in
this context.

Endothelial Cells

The endothelial cell becomes an increasingly interesting instructive cell in a number
of developmental paradigms (87,88), and recent work has demonstrated that endothe-
lium can have potent influences on neural progenitor cells in both the adult and devel-
oping animal. As in the avian model of adult neurogenesis (73), endothelium from the
rodent brain can provide potent trophic support for newborn neurons via the VEGF-
stimulated elaboration of brain derived neurotrophic factor (BDNF) (89). In develop-
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ment, endothelial cells may also influence neurogenesis by stimulating additional self-
renewing divisions of cortical progenitor cells (90).

Astroctyes

At present, there is no evidence that the blood–brain barrier is compromised in the
hippocampal SGZ and this implies that astrocytic end feet must be present within the
space that separates the dividing neural progenitor cells from the neighboring endothe-
lium. In an interesting comparison of astrocytes from different regions of the CNS, it
has been shown that hippocampal astrocytes are unique in their ability to promote
neurogenesis when placed in coculture with neural progenitor cells (91). The molecules
that mediate this effect are not yet known, but surprisingly the astroctyes do not need to
be alive to provide this influence, as ethanol fixed cell substrates are equally effective.
This implicates a contact-mediated phenomenon rather than the elaboration of an
actively secreted soluble factor, perhaps further strengthening the concept that close
cellular communication within the neurogenic niche is an essential element of
neurogenesis.

Neurons

Neural precursors within the SGZ reside at the hilar margin of the granule cell layer
(GCL), a location exceptionally rich in granule layer axonal projections. Recent work
has examined progenitor cells from the hippocampus for their ability to sense “activ-
ity” within these neighboring neurons by coculturing progenitors with primary neuron
cultures from neonatal hippocampal formations. Precursor cells were found to be
responsive to depolarizing stimuli in coculture and dramatically increased their pro-
duction of neurons (92). However, in a startling observation, killing the neuron culture
with an ethanol fixation did not eliminate the response to N-methyl-D-aspartate
(NMDA) or potassium. Interestingly, the neural precursor cells them selves were found
to express NMDA receptors and L-type calcium channels and were able to respond
directly to “activity” stimuli of the types that should be present within the SGZ. Neu-
rons may also produce soluble factors, and one candidate in the context of hippocam-
pal neurogenesis is the axonal delivery of sonic hedgehog by medial septal neurons
that innervate the hippocampus (83). In this sense, neural progenitor cells can integrate
information presented by neuron-intrinsic circuitry and respond dynamically to demand
placed on the circuit itself.

Unique Attributes of the Neuroangiogenic Niche

Obviously, the SGZ is not the only place in the brain where capillaries, astrocytes,
and neurons coexist. Just as patterning in the developing brain regulates regional cell
fate choice, the adult brain must also establish subtle distinctions in gene expression
patterns within an otherwise ubiquitously distributed instructive cell population.
The one attribute that appears to be unique is the evidence for angiogenic stimulation
of the local vasculature that accompanies the focal mitogenic recruitment of progeni-
tor cells.

Local neuronal activity heightens the metabolic demand placed on vasculature and
astrocytes. This may stimulate a unique activated status for cells in the local micro-
environment and one mechanism for inducing a change in vascular function might be
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via the activity-dependent action of hypoxia-inducible factor 1 α (93). Parallel activ-
ity-dependent activation of nitric oxide (NO) synthase in neurons as well as local glia
and endothelium also leads to increased circulation. Part of the vascular response to
NO is up-regulation of BDNF and erythropoietin (73,94,95). When neuronal activity is
artificially increased (seizures or electroshock therapy [96–98]) or if NO is directly
manipulated (99), the result is a significant increase in neurogenesis. The unique acti-
vation of astrocytes and vascular cells is integral to this activity-dependent signaling
network and this unique “activated status” may provide the context-specific cues that
define where neurogenesis is to occur.

INJURY-INDUCED NEUROGENESIS AND GROWTH FACTOR
MANIPULATION OF NEURAL PROGENITOR BEHAVIOR

Injury-Induced Neurogenic Niche

Brain injury of virtually any sort is accompanied by a local increases in excititory
stimuli, activation of astrocytes, an angiogenic response, and the local mitogenic
recruitment of progenitor cells. In light of the activated vascular niche hypothesis, it is
not surprising that recent reports are indeed suggesting that injury evokes a neurogenic
response in areas where neurogenesis is not normally detected. For example, discrete
photoablation of corticothalamic projecting neurons within the cortex is followed over
the next several weeks by the proliferative replacement of neurons within the damaged
cortical lamina (11). Similarly, focal ischemia is also accompanied by a fleeting neuro-
genic response (13). In both instances very few neurons are produced, and only a tiny
fraction (if any) of these survive to become mature neurons.

This intriguingly supports the “activated cell status” hypothesis but even this injury-
induced response appears to be extremely fleeting and context specific. Focal ischemia
triggers angiogenic and astrocytic responses in the affected striatum and overlying cor-
tex yet abortive neurogenesis is observed only within the striatum (13). Similarly, mild
global hypoxic/ischemic insults result in the selective loss of hippocampal CA1 neu-
rons but while the hippocampal CA1 region activates astrocytes and vasculature,
it does not natively replace neurons (although the neighboring granule cell layer does
respond with increased neurogenesis) (10). Amazingly, the neurogenic failure in CA1
can be overcome if recombinant FGF and EGF are infused into the ventricle following
ischemia (12). Similar robust recruitment of neurogenic progenitor cells into the stri-
atal parenchyma is observed following infusion of BDNF or transforming growth fac-
tor-α (TGF-α) (100,101).

Inflammation

One obvious distinction between the native neurogenic niche of the hippocampus
and the niche created by injury is the inflammatory response to injury. Although there
is clear potential for inflammatory cells and cytokines to influence neural progenitor
cell fate, only recently has the full extent of this influence been realized in the context
of adult neurogenesis. Cranial irradiation of the sort used to treat brain tumors results
in a complete and permanent loss of hippocampal neurogenesis, even though the doses
given do not appear to ablate all progenitor cells (102). The radiation-induced inflam-
matory response is unusually persistent, and recent work indicates that the presence of
activated microglia and proinflammatory cytokines inhibits the production of neurons
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and impairs newborn neuron survival (102). The same mechanisms appear to be true in
seizure-induced hippocampal injury (103), and in both instances, modulation of the
inflammatory response with nonsteroidal antiinflammatory drugs is surprisingly effec-
tive in restoring neurogenesis. This indicates that neuroinflammation may be the single
most important impediment to mobilizing endogenous progenitor cells for repair (104)
in the context of injury or disease, as virtually all known injury and disease processes
are accompanied by a surprisingly persistent microglial response. Specific intervention
in one or more components of neuroinflammatory signaling may significantly enhance
the native neurogenic response to injury, for example, growth factor infusions as used
in stimulating CA1 neurogenesis (12) or the use of nonsteroidal drugs that modulate
the inflammatory response (103–105). Importantly, the traditional use of steroidal
antiinflammatory drugs may be the wrong choice in the specific context of neurogenesis
given the potent antineurogenic effects of corticosteroids on adult neurogenesis (106,107).

Continuing Controversy

It is important to be aware that the field has not reached a consensus on whether all
reports of neurogenesis are well substantiated. A particularly troublesome problem is
encountered when fleetingly rare newborn neurons are scored within a region suffused
with both glial and immune cell proliferation. When one of the abundant nonneuronal
nuclei lies directly over a neuron, the juxtaposition of markers misleads the observer
into believing that a nucleus belongs to the underlying neuron. High resolution confo-
cal microscopy can reduce these errors but this is surprisingly inadequate unless a
detailed three-dimensional reconstruction of the rare candidate cell is performed.
A large component of the dividing cells consists of oligodendrocyte precursors that are
so tightly coupled to neurons that they reside within shallow indentations of the neuron
cell body. These “satellite” cells can easily be mistaken for neurons and many observa-
tions of neurogenesis are still disputed (e.g., see refs. 108 and 109). Another source of
ambiguity is the accumulating evidence from bone marrow transplant studies that
immune cells, which invade an area of injury, can fuse with neurons (110,111).
This suggests that a neuron can in fact become “labeled” but not due to neurogenesis.
In addition, there are the continuing issues of DNA repair following injury (as men-
tioned earlier). These technical illusions are very difficult to control and until a more
effective means of evaluating neurogenesis is developed, it will be difficult to reach a
consensus on where and under what circumstances the adult brain can or cannot sup-
port neurogenesis. To an extreme, it might be argued that the only undisputed regions
of adult neurogenesis in rodents are the hippocampal SGZ and olfactory SVZ.

LESSONS FROM THE PHYSIOLOGICAL MODULATION
OF NEUROGENESIS IN THE HIPPOCAMPUS

The stem/progenitor cell niche of the hippocampal SGZ is a “cellular integrator” of
complex physiological stimuli, and future studies can draw on the known architecture
of this zone to understand more fully the cellular and molecular interactions that regu-
late neural progenitor activity and fate. Neurogenesis in the adult dentate gyrus is a
dynamic process that responds to numerous intrinsic and extrinsic influences (Table 1).
Each of these would be integrated via the unique cellular neuroangiogenic microenvi-
ronment of the SGZ.
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The concept that new granule cell neurons are important for processing novel infor-
mation has gained support by the results of several studies showing that progenitor cell
activity and the net number of new neurons generated correlates well with performance
in learning and memory-related tasks (4,112–115). This correlation extends well
beyond any potential variation between species or even differences between individu-
als, as neurogenesis in any given group of individuals can be dramatically influenced
by environmental, physical, psychological, and cognitive processes. This intrinsic
modulation and its apparent correlation with learning and memory make hippocampal
neurogenesis an excellent platform for unraveling the molecular basis of neurogenesis
and, eventually, understanding how stimulating ectopic neurogenesis might positively
or negatively effect cognition following attempts to repair the CNS (Table 2).

Genetic Factors

We all may have wondered, when faced with the dizzying array of intellect in a
typical kindergarten class or recent faculty meeting, how the relative contributions of
genetics vs environment dictate cognitive ability. In the context of hippocampal
neurogenesis, it seems clear that both genetics and experience have a significant impact
on the number of new neurons that are generated. For example, different strains of the
common laboratory mouse show striking differences in baseline neurogenesis when
housed under identical conditions (116). Differences can be seen in both the size of the
proliferative progenitor pool as well as on the fraction of newborn cells that survive
and differentiate into neurons. The allelic variations that control this modulation can
be divided into loci that influence proliferative activity vs. those that influence sur-
vival of newborn cells. Using a strategy to map attributes to chromosomal loci in dif-
ferent strains, it has been possible to show that major determinants of natural
proliferative activity and subsequent retention of new neurons may map to separate but
surprisingly few loci (116,117).

Environmental Enrichment

For each genetic makeup, neurogenesis is modulated further by numerous influ-
ences. For example, animals housed under standard laboratory conditions (several ani-
mals in a single cage with nothing interesting to do) can be compared to those placed in
large population cages containing toys, edible treats, and numerous social cohorts
(4,118). The differences this nondeprived (“enriched”) environment makes in hippoc-
ampal neurogenesis are striking. Those in the enriched environment (also see refs. 119–
121) generate roughly two times more neurons than their underprivileged compatriots.
This increase is generated in the absence of any increases in proliferation, suggesting
that enrichment induces more of the newborn cells to differentiate and survive as
neurons. Although this enrichment yields robust experience-related changes in
neurogenesis within the hippocampus, there is little effect on the neurogenesis in the
SVZ and olfactory bulb (122). This dissociation of influences suggests that physiologi-
cal approaches to augmenting native repair may require a region-specific approach.

Physical Exercise

One element of the enriched environment was access to running wheels and subse-
quent studies have shown that physical exercise alone can increase both the size of the
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proliferative progenitor pool and the number of new neurons that survive and become
integrated into the GCL (114,115). When given the opportunity to run, individual ani-
mals will clock more than 10,000 revolutions per night on a running wheel (3–5 miles).
One would anticipate numerous physiological changes in both the CNS and periphery.
These would include increased blood flow and changes in oxygen and glucose metabo-
lism and, within the CNS alone, the propagation of numerous motor and cognitive
patterns, some of which may feed back into the neurogenic regulatory cascade via
specific neuronal activity patterns. Indeed, several studies do indicate that there are
distinct peripheral and central influences that contribute to neurogenic regulation in the
hippocampus. Running induces IGF-1 and VEGF production in the periphery and
blockade of the circulating factors by infusion or in vivo production of antagonizing
molecules can completely abrogate the influence of running indicating that both
molecules are necessary for a somatically derived signal that potently regulates
neurogenesis (77,123). Interestingly, blockade of peripheral VEGF has no impact on
baseline neurogenesis in a nonrunning animal, suggesting that its influence can be
entirely separated from a CNS-intrinsic “central” regulator of neurogenesis.

Learning

Even the act of learning a spatial task appears to trigger an increase in the number of
the newborn progenitors that survive and differentiate into neurons (113). When ani-
mals housed under standard laboratory conditions are placed in a water maze, those
animals that have the opportunity to learn the position of a submerged platform retain
more newborn neurons than those that are simply asked to swim for the same amount
of time. The extent to which purely cerebral activities influence neurogenesis may be
subtly embedded within other regulatory influences. For example, similar learning para-
digms do not seem to have a measurable effect and the absence of increased
neurogenesis following swimming (a form of physical exercise) seems to contradict
the running data (114,115). However, the very brief swimming periods may not be
equivalent to the extended periods of exercise provided by a wheel. In addition, swim-
ming is not an activity a rat would normally choose and the psychological stress of
swimming may actually counteract any neurogenic stimuli.

Stress, Glucocorticoids, Neurotransmitters, and Antidepressants

Stress induced in a number of paradigms can rapidly influence neural progenitor
proliferation in the hippocampus. Within 24 h of being placed in an environment of
psychosocial stress, for example, the odor of a predator, rodents show a significant
decrease in the number of dividing cells in the subgranular zone (106,124). Artificial
modulation of stress-related hormones by adrenalectomy or exogenous administration
of adrenal steroids shows that at least some of this neurogenic suppression is moder-
ated via circulating corticosteroids (28,106,125). However, steroids may in part impact
neurogenesis via changes in neurotransmitter signaling, as blockade of NMDA recep-
tor activation with MK-801 can counteract the effects of stress on proliferation while
amplification of glutamate signaling via NMDA receptor agonists mimics the suppres-
sion seen in the stress (28,126). The recent observations that progenitors them selves
can sense circuit activity also draws attention to the progenitor-intrinsic action of
NMDA or L-type calcium channel modulators in vivo (92).
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In addition to NMDA receptors, perturbations in several other transmitter systems
also influence proliferation in the SGZ. Reduction in serotonin is accompanied by
decreased neurogenesis while augmentation increases the number of new neurons
(127,128). Similar changes are seen following manipulation of norepinephrine and
dopamine systems, each of which are also modulated following physical exercise.
The extensive correlations seem to indicate a additional role for monoamine signaling
in modulating neurogenesis (129–132). A particularly interesting linkage between
depression and attenuated hippocampal neurogenesis has also uncovered the potential
utility of traditional antidepressants in promoting neurogenesis within the neurogenic
niche of the SGZ (133). When taken together, these somatic and CNS-intrinsic modu-
latory mechanisms indicate that neurogenesis in the hippocampus responds dynami-
cally to a complex set of overlapping cues. Leveraging these physiological cues within
nonneurogenic regions might provide the means for a more successful mobilization of
stem cells for repair.

KEY QUESTIONS FOR THE FUTURE

In retrospect, the last 10 yr of research has brought neurosciences from the well-
deserved perception of the brain as an immutable collection of cells to our present
healthy skepticism that the neuronal and glial precursors and/or stem-like progenitors
of the adult brain may retain the dynamic capacity to overturn Cajal’s dogma, but only
through aggressive intervention. There are several key issues that may represent
restriction points in any attempt to direct repair.

Fate Choice

Although it is not directly proven that a neuron-glia fate choice event is intrinsic to
neurogenesis, the fact that glial precursor cells may represent a potentially useful sub-
strate for local neuron replacement demands that this concept be explored. In this con-
text, the lineage of progeny generated in vivo is likely regulated by both instructive and
selective cues. For example, mitogens may themselves influence the fate potential of
neural stem cells. In the embryo, FGF-2 can trigger a multilineage differentiation pro-
gram (both neurons and glia) at a time when progenitors normally generate only neu-
rons (134). In the adult, precursors that generate only glia can also be switched to a
multilineage fate under the influence of FGF-2 (65,135). Other growth factors appear
to be more selective in their action. Intraventricular injection of BDNF increases the
number of neurons produced by SVZ progenitors (89,100). Progenitors that select a
glial fate can be amplified by platelet-derived growth factor (PDGF) (136–138) and
serum appears to favor the accumulation of astrocytes in cultures initially established
from multipotent progenitors (48).

The cues that modulate the fate-choice outcome of mitogenic amplification are not
known in the adult but it seems likely that elements of developmentally relevant signal-
ing pathways may be retained. Early in development, factors such as the bone
morphogen proteins (BMPs) are instrumental in determining peripheral vs central fates
(42,139,140) and within the CNS further choices to adopt neuronal or glial fates may
be regulated via a balance of instructive, selective and inhibitory cues, the later being
typified by the Notch–Delta complex (141–144) in addition to antagonists of BMP
signaling such as Noggin, which when introduced along with progenitor cells in an
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ectopic graft can actually promote neurogenesis (145). Because progenitors from
nonneurogenic areas do generate neurons after they are removed from their local envi-
ronment, it is possible that progenitors may simply be prevented from differentiating
into neurons in areas where neurogenesis does not occur. Antibodies to several mem-
bers of the Notch family do recognize related epitopes in the postnatal brain but the
role of notch and BMP signaling in the adult remains to be determined (146–148).

Migration

In the adult SVZ and SGZ, newborn neurons migrate from their site of proliferation
to a final destination, acquire region-specific transmitter phenotypes, and then send
projections into the surrounding parenchyma to establish functional synaptic interac-
tions within the local circuitry. As in development, getting to the right place, becoming
the correct cell type and connecting to the appropriate targets must involve a complex
cascade of patterning as well as attractive and/or repulsive signals. To a large extent,
these signals are unknown in the adult but some insights are being gained within the
SVZ. Progenitors within the SVZ migrate in unique self-assembling chains along tracts
rich in PSA NCAM (34,149). It is unlikely that chemoattractants are produced by the
olfactory bulb, as removal of the olfactory bulb itself has little effect on migration
(150). Instead, repulsive proteins related to the Slit family members may drive rostral
migration. The evidence for Slit involvement is still correlative but two reports show
that septum and choroid plexus produce repulsive factors that act on progenitors in the
anterior SVZ (151) and both tissues express Slit. In vitro, Slit can repel SVZ progeni-
tors and migration within the rostral migratory stream can be inhibited by a soluble
form of Robo, the receptor for Slit proteins (152). Once in the olfactory bulb, progeni-
tors must uncouple from the chain-migration and enter radially into the parenchyma.
Recent work suggests that this is mediated, in part, by tenascin-R within the olfactory
bulb and that ectopic expression of tenascin-R can re-route neuroblast migration (153).

Slit family members are also expressed in the developing and postnatal hippocam-
pus and expression patterns are consistent with a role in guiding migration by repul-
sion. However, most studies in the hippocampus have focused on Slit effects on axonal
extension rather than cell migration (154). Deficits in the migration of granule cells in
development may provide some insight into the molecules active in the adult. For example,
Reelin, a large extracellular matrix protein highly expressed by Cajal-Retzius cells
(155–159), may provide cues defining where specific neuronal lamina should form by
inducing migrating cells to stop (159–161). The combination of repulsion, attraction,
and stop signals provided by the Slits and Reelins likely act in concert with other extra-
cellular matrix proteins expressed in the dentate gyrus (such as F-spondin [162],
Mindin [162], and PSA-NCAM [163–165]) to establish the precisely defined migra-
tion patterns of progenitors in the adult brain. Although the guidance signals that nor-
mally target cells to a particular location are likely to be somewhat complex, it may not
be necessary to perturb each individual element in turn if more global effectors could
be identified. For example, ventricular infusion of brain-derived neurotrophic factor
amplifies neurogenesis in the SVZ and induces some newborn neuron to migrate tan-
gentially into the overlying striatum (100). These relatively non-specific stimuli might
eventually be refined as the relevance of individual guidance proteins become more
apparent in the adult.
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Axonal Pathfinding
Newborn neurons appear to elaborate axons and dendrites quite rapidly after their

last division. In the adult hippocampus, newborn granule cells project to CA3 within a
few days of incorporating BrdU (39) and receive afferent connections sometime in the
following weeks (38). In development, neurites are directed to their final targets by a
variety of cues found in the environment through which they are navigating. Within the
postnatal hippocampus, Slit proteins may provide some of the repulsive cues that ini-
tiate projection away from the granule cell layer. Slit-2 is expressed by cells within the
developing and postnatal dentate and may be one of the signals that tell the growth
cone to migrate away from the GCL. The fact that exogenously applied Slit-2 is able to
repel the axons emanating from dentate explants (154) seems to support this possibil-
ity; however, Slit-1 and Slit-2 are also expressed in the CA3 target field. If the Slit-
responsive axons emanating from dentate explants are in fact those that normally
project to CA3 in vivo, then Slits or Slit-like repellants may both initiate extension and
help refine the topography of synapse formation by acting at short distances within the
target field.

Although we have used the Slit interactions as examples in the preceding, connec-
tivity is ultimately modulated by multiple arrays of repulsive, attractive and stop sig-
nals. In addition to Slit, Semaphorin–Neuropilin interactions provide repellent cues
within the developing hippocampus and genetic removal of the Neuropilin-2 receptor
results in aberrant mossy fiber targeting (166–171). Additional modulation thorough
Eph receptor signaling (172–176) provides yet further patterning that may be relevant
to establishing connections for the newborn dentate granule cells in the adult. Reeler
mice also display subtle defects in axon targeting and synaptogenesis within the den-
tate gyrus, which may suggest a role for Reelin, which is independent of its participa-
tion in guidance of cell body migrations. Even the cues that stimulate axonal
fasciculation may influence patterns of connectivity since disruption of NCAM (164)
or LAMP-mediated signaling (177) results in improper pathfinding the mossy fiber
axons within the pyramidal layers.

Neuronal Subtype Specification
In addition to directing cell fate, final location and connectivity, local cues also

instruct progenitors to consolidate location-specific transmitter phenotypes. The numer-
ous transmitter phenotypes generated by adult-derived stem cells in vitro suggest that it
may be possible to trigger specific transcriptional programs to produce a wider range
of neuronal types than naturally generated in vivo. For example, the simple act of
removing mitogen and stimulating cultured stem cells with retinoic acid dramatically
up-regulates Trk A, B, and C receptor expression. Subsequent application of neu-
rotrophic factors can promote cells to acquire attributes of dopaminergic, cholinergic,
or γ-aminobutyric acid-ergic (GABAergic) neurons (178). If relatively generic “differ-
entiate” signals such as this are combined with the specific manipulation of key
transcription factors, it may be possible to precisely direct a specific neuronal fate.
An example of how this might be done can be seen in the experimental manipulation of
stem cells to generate dopaminergic neurons, the cells at risk in Parkinson’s disease.

Dopaminergic neurons are developmentally generated under the influence of a par-
tially defined signaling cascade. Sonic hedgehog protein (Shh) and FGF-8 expression
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are known to intersect in regions of the developing CNS that become induction sites
for dopaminergic neurons in the midbrain and forebrain (179–181). Downstream and
independent of Shh signaling, are additional factors, such as Nurr1, that act in concert
to implement the gene expression patterns of a midbrain dopaminergic neuron (182–
186). In culture, the combination of genetic manipulation (ectopic expression of Nurr1)
and exposure to Shh or glial feeder layers can induce cells to acquire many of the
dopaminergic cells’ phenotypes, the most important of which is the ability to generate
dopamine (187,188). Because the adult brain does generate new tyrosine-hydroxy-
lase positive neurons within the olfactory bulb, the ability to recapitulate dopamine
production in vitro might not be unexpected but it remains to be determined how
broadly the range of neuronal phenotypes can be expanded as similar cascades are
identified for other neuronal populations.

CONCLUSIONS

Native neurogenesis appears to involve the local control of neural progenitors that
are widely distributed throughout the adult brain. Within each anatomical context, local
microenvironments dictate the fate of these progenitors. Additional local cues control
migration, connectivity, neuronal phenotype, and ultimately long-term survival and
function. Although a number of candidate molecules have been identified for some of
these steps, there are still a considerable number of unknowns. It is not known how the
decision to generate neurons vs glia is made in the adult. With few exceptions, the cues
that direct migration or the projection of neurites in the adult are entirely unknown and,
for the vast majority of neuronal types, the transcriptional regulators that control trans-
mitter phenotype remain anonymous.

Perhaps the single largest uncertainty relates to the longstanding fact that evolution-
ary pressures have unambiguously selected for the absence of global reconstruction in
the mammalian brain. It seems likely that the evolutionary “advantages” provided by
the absence of large-scale regeneration may ultimately provide one of the more diffi-
cult obstacles in repair if the cognitive repercussions of generating new neurons out-
weigh the anticipated ability to replace lost neurons and glia. Perhaps the first emphasis
in exploring the therapeutic potential of mobilizing stem cells should be a careful evalu-
ation of how ectopic neurogenesis in the intact CNS affects behavior and cognition.
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INTRODUCTION

Approximately two decades ago, it became evident that the developing and adult
mammalian central nervous system (CNS) contained a population of neural stem cells
(NSCs). These immature, undifferentiated, multipotent cells could be isolated,
expanded, and used as cellular vectors for the treatment of neurodegenerative and
demyelinating diseases. Their potential as therapeutic agents in a wide range of CNS
and peripheral nervous system (PNS) disorders is beginning to be understood. NSCs
may give rise to more committed progenitors, such as oligodendrocyte progenitor cells
(OPCs), that may also be used as reparative cells. As the “repair” mechanisms by which
NSCs act begin to be better elucidated, new therapies may emerge.

One of the crucial questions in neurodegenerative medicine is the source of the cells
for repair, whether they be endogenous or exogenous NSCs. In the CNS, several stud-
ies that have examined the spontaneous behavior of endogenous progenitors in the
intact and injured adult mammalian brain have found neuron replacement to be small
(1), if present at all, very restricted, and short-lived. Several strategies have been pro-
posed to expand the pool of neuron-yielding endogenous progenitors (2–8). Their
success in practice remains to be determined. However, even if endogenous stem cells
could be recruited, induced to reenter the cell cycle, and coaxed to yield relevant neu-
rons, several challenges remain, such as generating adequate numbers of the proper
phenotypes in their correct distributions, and properly integrated. The most effective
therapies will likely entail mobilized endogenous cells supplemented by exogenous
cells in particular differentiation states. Therefore, transplantation is always likely to
have a role in regenerative medicine.

In this chapter, we review the intrinsic properties of NSCs and neural progenitor
cells that may be critical for clinical use. We then review current evidence for the
response of exogenous NSCs and other progenitors to a neurodegenerative environ-
ment and the experimental use of exogenous NSCs in a variety of neurodegenerative
models, followed by a discussion of the current challenges and limitations to moving
forward to the bedside. Finally we review evidence for the reciprocal interactions
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between exogenous NSCs and the host and the therapeutical relevance of such “cross-
talk.” We believe study of the intrinsic properties of NSCs and the biological basis of
host–NSC interactions is of critical importance when thinking about future clinical
applications of NSCs.

INTRINSIC PROPERTIES OF NSCs CRITICAL FOR CLINICAL USE

Definition and Characterization

Although several potential markers have been suggested, the most rigorous defini-
tion of an NSC still relies on “operational” criteria rather than on a set of molecular
markers alone. NSCs are cells from the CNS and PNS that are multipotent and self-
renewing (9) (Fig. 1A). Multipotency is the ability of a single cell clone to give rise to
the three major types of cells in the CNS—neurons, oligodendrocytes, and astrocytes—
throughout the nervous system at all stages of life, as well as to repopulate those regions
when depleted of cells. The term “self-renewal” is used to define the capacity of a
clone to generate new stem cells with identical properties from generation to genera-
tion. It is this characteristic of NSCs that makes them valuable transplantation material.
NSCs proliferate in response to certain cytokines such as epidermal growth factor
(EGF) and basic fibroblast growth factor (bFGF), although the number of such factors
seems to be growing (9).

“Progenitor cells” are a step further along than NSCs in the differentiation process;
they have committed to a particular lineage (neuronal or glial) and have begun to
express lineage-specific markers. How irreversible or invariant such commitment is
remains an area of speculation and investigation. Progenitor cells such as OPCs may,
under certain circumstances in vitro, exhibit “stemness” in that they can be “coaxed” to
be multipotent (10–12). Adult ependymal cells when cultured in vitro or when moni-
tored in vivo have been reported to give rise to both neurons and glia (4), although
controversy exists about their real multipotency. Other investigators suggest that
subventricular zone (SVZ) astrocytes, rather than ependymal cells, are the true stem
cells in that periventricular region. Rietze et al. (13) found nestin-positive pluripotent
stem cells in both the subventricular and the ependymal area. Interestingly, these cells

Fig. 1. (opposite page) One method for isolating neural stem cells (NSCs). (A) Adult NSCs
may be isolated by dissection of the subventricular zone. A single cell suspension contains
some proliferative multipotent cells in FGF and EGF; these cells give rise to a “primary
neurosphere” that contains NSCs and more differentiated cells. When plated one cell per well,
the true NSCs give rise to cells with identical multipotentiality (in this case, defined as a “sec-
ondary neurosphere”) in order to be deemed as “self-renewing.” NSCs exhibit multipotency
when cultured in medium containing serum: they give rise to neuronal and glial progenitors and
subsequently more mature and terminally differentiated cells. (B) Confocal laser microscopy
of BrdU incorporation by cells in the SVZ of adult mice demonstrating proliferation of SVZ
precursor cells. Bar = 100 μm. (C) Representation of the types of cellular architecture in the
SVZ. The ependymal cell layer (EP) lines the ventricles; Although controversial, some have
regarded these cells as NSCs. The SVZ is composed of a heterogeneous population of cells:
neuronal precursors; astrocytes or type B cells that may also be stem-like; type C multipotent
precursor cells that exhibit NSC properties in vivo and in vitro; and adult OPCs (in red). Repro-
duced from ref. 196 and 197 with permission.
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were glial fibrillary (GFAP)-negative, suggesting heterogeneity of NSCs (13–16).
Other investigators have found stem-like cells within a supposedly committed “glial”
population extracted from the postnatal and adult cortex, adult substantia nigra, as well
as the adult optic nerve; such immature “glia” give rise to neurons as well as mature
oligodendrocytes and astrocytes (15,17,18). It remains unclear what this heterogeneity
of progenitor populations implies—a true biological phenomenon or a limitation in our
ability to provide cell-specific unambiguous defining markers.

There are specific germinative zones in the embryonic and adult mammalian CNS
(19) that can be considered as sources of NSCs. These zones include the ventricular
zone (VZ), the SVZ, the external germinal layer of the cerebellum, the subgranular
zone of the dendate gyrus, and possibly the ependymal layer or other cells in the central
canal of the spinal cord (20). During the earliest stages of cerebrogenesis, neurons and
glia are born in the VZ from NSCs that become progenitors and migrate out using the
radial glia as a scaffold to reach the cortex. In addition, radial glia themselves may be
multipotent neural precursors with stem cell properties (21–24). These same NSCs
give rise to secondary germinal zones, including the SVZ, that contain a reservoir of
undifferentiated, uncommitted NSCs that persist into adulthood (25). In the adult mam-
malian CNS, NSCs can be isolated from the SVZ, striatum, cortex, and the rostral
extension of the olfactory bulb (26). Adult neurogenesis from hippocampus has been
observed in humans and rodents during normal and abnormal conditions (27,28) but
the exact cells giving rise to new neurons are still under investigation. Previous studies
have suggested that neurogenesis in the adult hippocampus arises from NSCs (28,29),
and that astrocytes from hippocampus are capable of regulating neurogenesis by
instructing the stem cells to adopt a neuronal fate (30). Furthemore, these adult hippoc-
ampal NSCs are able to generate functional neurons (31). However, these findings
have recently been challenged; Seaberg et al. showed that the dentate gyrus contains
multipotent neural stem cells during development and until birth, but these cells become
restricted neuronal progenitors during adulthood (32). These results would suggest that
what were thought to be adult NSCs from hippocampus were actually contaminating
cells from the periventricular region that persist near the adult dentate gyrus, and that
neuronal restricted progenitors and not NSCs are the source of newly generated dentate
gyrus neurons throughout adulthood.

The adult SVZ (33) is a heterogeneous complex of several layers of cells adjacent to
the ependyma, surrounding the lateral ventricles. So far, four different types of cells
have been identified in the SVZ (Fig. 1B,C): type A migrating neuronal precursors that
migrate to the olfactory bulb; type B nestin-positive, GFAP-positive astrocytes that
exhibit NSC properties; type C nestin-positive multipotent progenitors cells (34); and
ependymal cells that line the ventricles and the spinal cord and that may have stem-like
qualities as well (4,35,36). Current evidence suggests that in the adult SVZ, NSCs
express GFAP (37). The developmental origin of these cells is unclear. It has been
suggested that these cells may evolve directly from radial glia, which are multipotent
precursor cells that participate in neurogenesis as an anchor for tangential chain migra-
tion of neuroblasts as well as radial migration (14–16,35). Another possibility is that
adult neural stem cells are indeed radial glia that adopt an adult developmental expres-
sion of GFAP (37). In the adult CNS, NSCs of the SVZ divide symmetrically, yielding
two NSCs, one of which dies by apoptosis, leaving the other to maintain the NSC pool
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during the life span of the individual (38). During development or when external trig-
gering occurs (such as injury), NSCs proliferate either by symmetric division, where
each cell divides into two new NSCs, or by asymmetric division, where the NSC gives
rise to one new NSC and a progenitor cell. When asymmetric division predominates, a
great number of rapidly proliferating progenitors are generated that migrate out to their
final destination. In the songbird (39), NSCs in the adult participate in the neurogenesis
responsible for seasonal changes of the song. Although neurogenesis has been found to
exist in adult mammalian brain, including humans, it is unclear what role NSCs play
there, although they do seem to become integrated into neuronal circuitry of the hip-
pocampus, possibly participating in neural plasticity (28,40,41) and learning; targeting
the proliferation of endogenous dentate precursors affects behavioral learning
(42,43). Whether there is ongoing neurogenesis in the human other than in hippocam-
pus remains unresolved and controversial. This widespread heterogeneity of location
and “stemness” makes the selection of a particular NSC for all neurodegenerative dis-
orders difficult; it is more likely that several sources of NSCs will be required in human
disorders.

Several biological markers have been investigated and tested for sensitivity and
specificity. Nestin, an intermediate filament protein, has been useful in the study of
NSCs (44,45). Nestin, however, although sensitive, is not specific; it is expressed by a
variety of cells that include reactive astrocytes, endothelial cells, SVZ neuronal pro-
genitor cells, and ependymal cells (46,47) as well as NSCs. It can also be expressed by
nonneural stem cells, such as embryonic stem cells (48,49) and pancreatic progenitors
(50). Some investigators have used the low expression of peanut agglutinin (PNA)-
binding and heat-stable antigen (HSA) to identify a nestin-positive pluripotent neural
stem cell from the adult SVZ in mice with the phenotype nestin+ PNAlo HSAlo (13).
Multipotent neural progenitor cells from the SVZ may also express the intermediate
filament vimentin, the polysialic form of neural cell adhesion molecule (PS-NCAM),
and the transcription factor mushashi (51,52). Another proposed marker is the
carbohydrated Lewis X expressed on embryonic pluripotent stem cells, and found in
4% of the adult SVZ, but not in the ependymal region. These Lex positive populations
possess stem cell characteristics, allowing consideration of many areas of the brain as
potential sources of neural stem and progenitor cells (53).

Some studies have identified and isolated populations of NSC based on flow
cytometric characteristics in response to uptake of the DNA dye Hoechst—both red
and blue wavelengths, similar to studies done in other stem cells (54,55). The isolation
is based on the differential efflux of the dye by a multidrug transporter. The population
isolated in this way is called “the side population” or “SP” fraction because the cells
segregate to a tiny bin that looks like a small “hook” of cells branching off from the
main accumulation of cells after fluorescence-activated cell sorting (FACS). Floating
clusters of cells in serum-free medium from dissociated neural cultures (known as
“neurospheres”) may segregate to this SP population (56).

The hematopoietic stem cell marker CD133 has been used to define a population of
human neural precursors cells that exhibit a CD133+CD34-CD45- phenotype (57). Neu-
ral crest stem cells (NCSCs), have been prospectively isolated from fetal mouse sciatic
nerve using cell surface antigens such as p75, the low-affinity neurotrophin receptor,
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and P0, a peripheral myelin protein: these cells exhibit a p75+P0
- phenotype and are

capable of self-renewal and the generation of neurons and glia (58).
It is most likely that a battery of markers will be needed to define a genuine stem

cell. Future work will involve defining the molecular profile or fingerprint of a NSC,
much as has been derived for the hematopoietic stem cell.

Self-Renewal and Multipotency of NSCs

NSCs will proliferate in response to EGF and/or bFGF. This proliferative response
can be used as a first level screen to isolate and expand stem-like cells from the CNS.
Any proliferative cell grown in serum-free medium without a substrate will form a
floating cluster of cells. When such clusters are obtained from primary dissociated
neural cultures (e.g., from the SVZ or embryonic forebrain), they may contain and help
select for cells with stem-like features. Some investigators who employ this technique
have termed this a “neurosphere” assay. When plated on an adherent substrate with
serum-containing medium, neurons, astrocytes, oligodendrocytes, as well as undiffer-
entiated cells may appear. It should be emphasized that a single cluster does not equal
a clone unless it has been proven to derive from a single isolated cell in an isolated well
(4,14,38,45,59–62). (Furthermore, the ability to form a neurosphere is, in and of itself,
not sufficient to define a stem cell.) Self-renewal can be implied if a single cell can give
rise to differentiated cells as well as to other undifferentiated cells that can be similarly
placed into an isolated well and give rise to all differentiated and undifferentiated prog-
eny. The above-mentioned maneuvers constitute that part of an “operational” defini-
tion of a stem cell that deals with self-renewal and multipotence. This biological
property is of great value for clinical use because it allows for expansion of clonal
derived cells. Recently two genes involved in transcriptional regulation—bmi and
N-cor—have been implicated in controlling the self-renewal capacity of NSCs (63,64).

Another critical property of clinical value is the differentiation ability of NSCs.
“Multipotence,” the ability to give rise to all cells of a given organ system—in this
case, the nervous system—is an obligate part of the NSC definition. The term
“pluripotency” refers to the capacity of stem cells to give rise to the full range of cells
and tissues in an organism including non-neural cells. This most extensive potential is
thought to be a property of embryonic stem (ES) cells alone. Several controversial
observations, however, have suggested that other stem cells, including NSCs, may have
such potential under extraordinary nonphysiological circumstances. NSCs have been
reported to give rise to mature nonneural cells (65). Adult murine NSCs have been
claimed to become hematopoietic cells after injection into an irradiated host, and to
express such T-cell markers as CD3 (66). Others have shown that, when injected into
early-stage mice and chick embryos, adult NSCs may differentiate into cells of the
gastrointestinal tract, heart, and kidney, expressing markers typically found in these
tissues in a nontumorogenic manner (61). NSCs have been claimed to produce skel-
etal myotubes both in vitro and in vivo (67). The opposite type of transdifferentiation,
non-neural stem cells into neural cells, has also been reported. For example, bone mar-
row derived stem cells after intravenous injection in mice may travel to the CNS,
express neural markers, and yield an astroglial phenotype (5,68). These trans-
differentiation experiments remain very controversial. The purity of the NSC popula-
tions used in these experiments as well as the specificity of the markers used to define
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specific neural and nonneural cell types remain issues of ongoing investigation and
inquiry in such experiments. Other groups have failed to reproduce these findings;
recently Morshead et al. transplanted 128 host animals with NSCs and they could not
confirm a contribution to hematopoiesis (69). An alternative explanation to the
Bjornson experiment is that fusion rather than true transdifferentiation may explain
some of the extraordinary claims of pluripotency of NSCs (70,71). In support of this
explanation is the recent observation of bone marrow derived cells fused to Purkinje
neurons and other post-mitotic neural cells after bone marrow transplantation (72–76).

Regardless of how confirmatory experiments for the above-cited studies turn out,
the differentiation potential of stem cells, including NSCs, remains quite extraordinary
even if restricted to their orthotypic organ. Their ability to differentiate in response to
specific environmental clues suggests a critical role for cytokines and cell-to-cell con-
tact signals. The transcription factor Oct-4 is associated with pluripotency and self-
renewal of ES cells (73). It is down-regulated when ES cells change to nestin-positive
neural stem cells (49). Terminal differentiation likely depends on the spatiotemporal
expression and interactions of multiple cytokines with their receptors on the NSC sur-
face that activate specific transcriptional programs (7,74).

Alternative sources of NSCs and protocols for differentiation are being explored
other than from ES cells or the fetus. In humans cells residing in the periventricular
areas may behave as NSCs and can be isolated from individuals by biopsies (77). Oth-
ers have shown that neural progenitors can be safely isolated from adult cadavers (2,78).
It is currently unknown whether these cells may be a viable source for transplantation
in humans.

Oligodendrocyte Progenitor Cells (OPCs)

Progenitor cells represent one stage further advanced beyond the stem cell in terms
of restriction of potential and lineage commitment. Although they are regarded as
having had their fate narrowed to a subset of cell types, they nevertheless have poten-
tial therapeutic utility. OPCs have emerged as a viable source of cells for transplants
(10,79). Oligodendrocytes are terminally differentiated cells. New oligodendrocytes
seem to originate from OPCs and NSCs (80) as there is production of new oligo-
dedrocytes even in the adult forebrain (81) and spinal cord (82). OPCs can be identified
by several markers: the ganglioside GD3, the cell surface marker A2B5, the O4 anti-
gen, 14F7 monoclonal antibody (83), the glycoprotein AN2 (84), the spliced form of 2',
3'-cyclic nucleotide 3'-phosphohydrolase (CNPase) (85), the transcription factors Olig1
Olig2, NKx2., Dlx2 (86,87), and the integral membrane proteoglycan NG2 (88,89).
Although NG2 may be expressed by macrophages and endothelial cells, the pattern of
staining and the complex morphology of OPCs help to make the distinction (90,91)
(Fig. 2A,B). Using these markers, OPCs have been detected in the adult CNS (92).

OPCs undergo several maturational stages determined by specific antigenic expres-
sion and developmental potential. In the initial stages of development, OPCs exhibit
the NG2+, PDGFR-α+ O4 – phenotype. These cells give rise to more advanced progeni-
tors expressing O4 which, in turn, generate premyelinating oligodendrocytes that lose
the expression of NG2 and gain the expression of proteolipid protein (PLP), and, finally, to
mature oligodendrocytes expressing myelin basic protein (MBP) and CNPase (93).
Expression of O4 is a first step into terminal oligodendrocyte differentiation (94) and
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indicates a more committed stage with less proliferative potential (95). Gal-C expres-
sion is associated with terminal differentiation and is followed by MBP, PLP, and
myelin/oligodendroglial glycoprotein (MOG) expression (96).

Some of the above-described precursors persist as adult OPCs. These OPCs differ
from their perinatal counterparts in several respects: They divide, migrate, and differ-
entiate three or four times more slowly than perinatal OPCs. These differences are
likely to be cell intrinsic, but the exact mechanism of the progressive change of poten-
tial from perinatal OPCs to adult OPCs is unknown. The cell cycle inhibitor P27kip1
accumulates as these cells divide, and has been proposed as one of the mechanisms
leading to the change in proliferation potential (97). In addition, the levels of cdk2 and
cyclin are diminished in adult OPCs compared to perinatal cells; this may account for
the proliferative state of adult OPCs (98). However, cell intrinsic mechanisms are not
sufficient to explain the dormancy of adult OPCs in vivo; Horner et al., found that
fewer than 1% of OPCs divide and exhibit a prolonged cell cycle (82) (Fig. 2C). It is
possible that environmental cues absent in the adult brain but present in the myelinating
brain, or molecules enriched in the adult brain may influence this behavior: molecules
such as Notch and Jagged have been shown to inhibit OPC differentiation (99). More-
over, OPCs are regionally heterogeneous in their ability to differentiate; for example,
cortical OPCs isolated from P7 rats exhibit a slow differentiation behavior when com-
pared with optic nerve derived cells (100). Despite the biological difference, adult OPCs
also share many of the characteristics of the perinatal OPCs such as response to growth
factors, the triiodothyronine (T3)-dependent timing for differentiation, and maintenance
of their self-renewing capacity. Adult OPCs, which can yield mature oligodendrocytes
in the adult brain, express NG2, the platelet-derived growth factor-α (PDGF-α) recep-
tor, O4, and the FGF receptor (101). They also express c-kit, a marker for hematopoi-
etic stem cells that is lost when they differentiate into postmitotic oligodendrocyte (102).

Adult OPCs are maintained in a quiescent state by a mechanism that involves the
α-amino-3-hydroxy-5-methyl-4-isoxatzole propionic acid (AMPA) receptor (103), the
cell cycle inhibitor p27Kip1 (104), and Notch. Activation of the Notch receptor on
OPCs blocks their oligodendrocyte differentiation in the developing optic nerve (99).
Owing to their abundance in the CNS and the fact that their processes contact the nodes
of Ranvier (105), it has been suggested that OPCs subserve synaptic remodeling and
plasticity in the adult CNS (106,107). Recent data, however, point to a broader differ-
entiation potential and replication capacity of OPC; depending on the cytokine milieu,
they may exhibit actual neural stem-like characteristics (10,17,108) that make them an
attractive source of reparative cells.

OPCs have been isolated from brains of healthy humans and of diseased patients,
and express the p75 NTR (neurotrophin receptor) that is implicated in oligodendrocyte
survival and apoptosis (109). In vitro oligodendroglial development can be recapitu-
lated from NSCs: Zhang et al. demonstrated that human oligodendrocytes appear from
neurospheres and express the PDGF-α receptor. The proliferation of these human OPCs
was augmented by coculture with neurons and astrocytes (110). Furthermore, human
neurospheres increase their yield of oligodendrocyte production when cultured with T3

(111). Finally, control of the timing of OPC differentiation requires extracellular sig-
nals such as PDGF-α and T3 (112). Recent work has shown that human OPCs can be
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Fig. 2. Oligodendrocytes developmental lineage and morphology. NG2-positive (red) adult
OPCs from the corpus callosum can exhibit multipolar (A) and bipolar morphology (B). Sym-
metrical cell division is shown in (C) two young OPCs (red) with incorporated BRDU (green)
indicative of cell division and showing typical morphology with radially oriented processes in
the adult mice spinal cord. The arrows in (A) and (B) point to OPC processes and in (C) to
BRDU positive nucleus. Scale bar = 10 μm. (D) Developmental stages of oligodendrocytes
from an NSC are shown. CNPase, 2,3-Cyclic nucleotide 3-phosphohydrolase; Gal-C, galacto-
cerebrosidase; MBP, myelin basic protein; MOG, myelin oligodendrocyte glycoprotein;
PDGF, platelet-derived growth factor; PLP, proteolipid protein. Modified from ref. 197 with
permission of the American Physiological Society.

379



380 Imitola et al.

isolated, expanded, and used in experimental settings, suggesting that is possible to
obtain cells able to replace oligodendrocytes in vivo (79,113–115).

CURRENT EXPERIMENTAL EVIDENCE
OF THE ABILITY OF TRANSPLANTED NSCs
TO AMELIORATE NEUROLOGICAL DISORDERS

We review some of the work in models of diseases of the nervous system for which
transplanted stem cells have been demonstrated to have positive effects. The disorders
include genetic or inheritable metabolic and deficiency diseases, infectious or inflam-
matory diseases, and age-related degeneration. These diseases have in common wide-
spread neural cell loss and/or dysfunction. The widespread nature of these diseases
makes them difficult to treat by conventional transplantation approaches, in which a
limited number of cells can be delivered to a restricted area. Because NSCs will migrate
to distant, multiple, and extensive regions of the nervous system, they can be useful in
multifocal degeneration, in which all or most of the nervous system is affected.
Examples of such disorders include myelin deficiencies and leukodystrophies. NSCs
are also valuable therapeutic agents in the face of more limited damage to the CNS or
PNS. In diseases such as Parkinson’s, Huntington’s, or specific degeneration of
cerebellar neurons, transplantation may be restricted to a region of the CNS. Stroke and
CNS or spinal injury also represent situations of a restricted area of damage. However,
in these types of disorders, multiple neural cells types must be replaced. The multipotency
of NSCs provides the mechanism by which multiple cells can be regenerated; but the
molecular mediators that trigger migration, site-specific differentiation, and survival
of NSCs remains to be discovered.

Besides the self-renewing capacity and multipotency of NCSs, perhaps the most
critical biological property of NSCs is their extraordinary mobilization toward injury
(59,116–119), although the mechanisms of such migratory capacity are not well known.
The migratory nature of NSCs makes them potent vehicles for gene therapy. NSCs can
carry copies of normal genes into tissue with missing or dysfunctional genes. NSCs
will migrate, integrate, and produce normal gene products in normal amounts. Because
they will differentiate into both neurons and glia, they can carry either neuronal or glial
genes into host tissue. In addition, NSCs can be engineered to express a variety of other
genes from all organisms including humans. Another property that is critical in a clini-
cal setting is the ability to endogenously produce growth factors that may help to modu-
late the environment and promote beneficial effects in the host (120,121). These aspects
are reviewed in the next sections.

Acute Degeneration

Stroke, CNS injury, and spinal injury represent additional disorders that may be
successfully treated by NSC transplantation. Here, damage is restricted to a circum-
scribed region (both in space and in time), but multiple neural cell types must be
replaced. The multipotency of NSCs provides the mechanism to reconstruct damaged
neural tissue. In early work (122), an experimental model of neurodegeneration was
produced, and the potency of a clonal line of NSCs to repopulate the brain was exam-
ined. Apoptosis was induced in adult mouse brain, resulting in degeneration of cortical
neurons in a circumscribed region. NSCs implanted into the brains engrafted and dif-
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ferentiated into neurons only within that “niche,” although differentiation of engrafted
cells in normal adult brain (including outside the “niche” in these lesioned brains) is
limited to glia. This experiment actually constituted the first demonstration of a neuro-
genic niche for stem cells, at least as created by a pathological condition. Further work
extended investigation to include an examination of the fate of NSCs transplanted into
brains that were subjected to ischemic and hypoxic injury. In a study by Park et al.
(123), the right common carotid artery of a 1-wk-old mouse was ligated, and the animal
was exposed to 8% ambient oxygen. The combination of ischemia and hypoxia resulted
in extensive injury to the ipsilateral hemisphere. Following transplantation into the
ventricles or directly into the infarct cavity, NSCs migrated to and throughout the infarct
cavity and engrafted and differentiated into all major neural cell types (123). Recently,
these observations were extended to an injury model with extensive parenchymal loss
by providing a three-dimensional template for neural stem cells. NSCs seeded onto a
biodegradable polymer scaffold implanted into infarction cavities established recipro-
cal interactions with the damaged brain with a reduction of parenchyma loss, an increase
in directed neurite outgrowth, and a reduction in glial scarring (124).

Another study examining functional and structural repair of adult ischemic brain
with stem cells is that by Fukunaga et al. (125). Adult male spontaneous hypertensive
rats were given middle cerebral artery occlusion (MCAO) followed by reperfusion.
Embryonic tissue was implanted into the ischemic striatum. Several weeks later the
grafted animals were found to have improved performance in the Morris water maze
task, and neurons were seen within the graft. In animal models of lower motor neuron
degeneration, a percentage of NSCs differentiated into cells morphologically consis-
tent with lower motor neurons (123) as if responding somewhat to an “altered niche” in
the spinal cord, as well. Therefore, it appears that NSCs are capable of repopulating
and reconstituting areas of injury in the CNS. In addition, it appears that degenerating
brain tissue may elicit elaborate signals that draw stem cells to the area and alter the
fate of the donor cell.

Ischemia models present another example of the potential of NSCs to be agents of
gene delivery, as seen in the work of Andsberg et al. (126). Rat NSCs engineered to
overexpress nerve growth factor (NGF) were transplanted into the brains of rats that
had been subjected to MCAO. MCAO results in ischemia-induced cell death in the rat
striatum. Forty-eight hours after the insult, NGF-secreting NSCs had migrated through
the area of infarct, and the loss of striatial neurons was less in animals that had received
transplants. Others have reported additional benefits from NSCs implantation in stroke
such as improvement of impaired spatial learning in a water maze test (127).

Several groups have extended the observation that NSCs can be beneficial in models
of acute injury in the forebrain and the spinal cord. Riess et al. used controlled cortical
impact brain injury in mice to study the effects of NSCs. Injured animals that received
NSC transplants showed significantly improved motor and neuronal and glial differen-
tiation. NSCs survive for as long as 13 wk after transplantation and were detected in
the hippocampus and cortical areas adjacent to the injury cavity (128).

Integration and reconstruction of circuitry is an important goal for NSCs transplants
during injury. Several groups have shown that in vitro-expanded CNS precursors, fol-
lowing transplantation into the brains of rats, form electrically active and functionally
connected neurons (129,130) and integrate into host cortical circuitry (131). Results
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from our group show that during a model of ischemic injury, NSCs shows proper inte-
gration and connectivity (124).

The spinal cord presents an enormous challenge because it ostensibly has fewer
neurogenic niches than the forebrain (132). Neural progenitor cells from the spinal
cord may harbor neuronal capabilities, but activation of the notch pathway during spi-
nal cord injury may limit their neuronal regenerative potential (132). Others have found
that during spinal cord injury, neural progenitor cells integrate along axons surround-
ing the lesion site. These cells differentiate only into astro- and oligodendroglial lin-
eages, supporting the notion that the adult spinal cord provides molecular cues for
glial, but not for neuronal, differentiation (133). Nevertheless transplantation of NSCs
after spinal cord injury has shown several benefits; for example, a combination of stem
cell transplantation and gene therapy may be the most successful approach to the treat-
ment of acute injury, especially when using the cells to promote a regenerative envi-
ronment. For instance, after genetically modified NSCs were transplanted into spinal
cord engineered to express neurotrophin-3 (NT-3), the cells migrated long distances,
differentiated into neurons and glia, and continued to express NT-3 (121). In addition,
others have combined growth factor support and transplantation of NSCs. The
coadministration of sonic hedgehog (Shh) and transplantation of oligodendrocyte pre-
cursors results in improved function and white matter sparing in the spinal cords of
adult rats after contusion (134). Using a similar approach, Schumn et al. showed that
transplanting cells able to produce growth factors (such as chromaffin cells) along with
NSCs may protect and extend the survival of the transplanted neural progenitors cells
without changing their differentiation potential (135,136). NSCs may be working as
cell replacements, but there is good evidence that an additional benefit may be related
to a chaperone effect that improves the survival of host cells after experimental contu-
sion in rats and other models of injury (137,138). This chaperone effect is due to the
secretion of bioactive substances by transplanted NSCs. NSCs have been found to
constitutively secrete significant quantities of several neurotrophic factors, including
nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), and glial cell
line derived neurotrophic factor (GDNF). When grafted to cystic dorsal column lesions
in the cervical spinal cord of adult rats, NSCs supported extensive growth of host axons
of known sensitivity to these growth factors. When NSCs were genetically modified to
produce NT-3, this significantly expanded the effects of NSC on host axons though the
proportions of axon type shifted (139). This ability to secrete growth factor and neu-
rotransmitters may have additional clinical applications. Secretion of serotonin by
serotonergic precursor cells has been proven to be beneficial for modulating central
pain caused by hyperexcitability of dorsal neurons after spinal cord injury (140).
Furthermore, using the same tissue engineering paradigm in a model of spinal cord
injury, Teng et al. showed that implantation of a scaffold NSC unit into an adult rat
hemisection model of spinal cord injury promoted long-term improvement in function.
Histology and immunocytochemical analysis suggested that this recovery might be
attributable partly to a reduction in tissue loss from secondary injury processes as well
as diminished glial scarring. Tract tracing demonstrated host corticospinal tract fibers
passing through the injury epicenter and enhanced local GAP-43 expression sugges-
tive of regeneration (141).
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Chronic and Age-Related Degeneration

Progressive neurodegenerative diseases such as Parkinson’s, Huntington’s, and
Alzheimer’s, as well as normal aging, are associated with progressive cell loss in the
CNS. These diseases, as well as aging, represent perhaps the greatest challenge to stem
cell therapy. They require the replacement of all neural cell types in large brain regions
(in the case of Alzheimer’s disease), in the face of ongoing degeneration and possibly
the presence of toxic molecules. Thus, the multipotency of stem cells, their ability to
migrate over long distances, and their ability to express foreign genes may all be called
into play. In a disorder such as Alzheimer’s disease (AD) NSCs may have a coadjutant
rather that a primary role. Future therapy of AD must focus on the underlying neurobi-
ology of the disease, namely buildup of Aβ and the neuronal dysfunction that occurs.
Aβ transgenic animals have an impairment of neurogenesis due to deleterious effects
of Aβ on neural progenitors (142). NSCs may deliver genes that impede Aβ build-up,
decrease inflammation, or protect host neurons. At the same time, the NSCs must avoid
being affected themselves. Neuronal replacement at this time is difficult to envision.

Parkinson’s disease (PD) represents the CNS disorder in which transplantation
therapy has a long history. Fetal tissue grafts have been used in rodent and primate
models of PD (143) as well as in clinical trials (144,145). However, short graft survival
and limited integration of the grafts appeared to reduce the usefulness of fetal tissue.
Cells derived from the fetal midbrain can modify the course of the disease, but they are
an inadequate source of dopamine-synthesizing neurons because their ability to gener-
ate these neurons is unstable.

More recently, animal models of PD were given grafts of stem cells, and the behav-
ioral and neurochemical outcomes were assessed. An immortalized rodent neuro-
progenitor cell line was transplanted into primate and rodent PD models, with resultant
increases in tyrosine hydroxylase (TH) in the brains of transplanted animals (146).
Lundberg et al. (147) transduced astrocytes to produce TH and thus to secrete L-3,4-
dihydroxyphenylalanine (L-DOPA). Transplantation of these cells into the striatum of
rats with unilateral 6-hydroxydopamine (6-OHDA) lesions resulted in a reduction in
behavioral symptoms and the presence of TH-positive cells in the lesioned area. Zigova
et al. (148) transplanted neuronal progenitor cells derived from neonatal rat SVZ into
the striatum of adult rats 1 mo after unilateral 6-OHDA lesions. Animals were exam-
ined 1 wk, 2–3 wk, and 5 mo postimplant. The donor cells survived and migrated, and
many differentiated into neurons. Cells were still present 5 mo after transplantation.
The stem cells, therefore, appear to be far superior to fetal tissue grafts.

Embryonic (11–13) mesencephalic progenitors have been successfully used in
models of PD. It was shown that location and number of implants enhanced the benefi-
cial effect. After transplants were implanted into the striatum only (single graft) or the
substantia nigra (SN) and the striatum (double grafts), it was found that double grafts
of mesencephalic progenitors had more potent effects on rotational behavior than single
grafts (149). The adult or 6-OHDA-lesioned brain contains intrinsic cues sufficient to
direct the specific expression of dopaminergic traits in immature multipotential NSCs.
In addition, NSCs transplanted into the intact or 6-OHDA-lesioned striatum, withdrawn
from the cell cycle, migrate extensively in the host striatum and express markers asso-
ciated with neuronal but not glial differentiation. After 5 wk postgrafting, in the major-
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ity of these transplants, nearly all engrafted cells express the dopamine-synthesizing
enzymes TH and aromatic L-amino acid decarboxylase, sometimes resulting in changes
in motor behavior. In contrast, no NSCs stain for dopamine-β-hydroxylase, choline
acetyltransferase, glutamic acid decarboxylase, or serotonin (150). Other investigators
have shown that using a three-dimensional cell differentiation system, E12 rat ventral
mesencephalon precursors survive intrastriatal transplantation, differentiate into
dopaminergic neurons, and induce functional recovery in hemiparkinsonian rats (151).
In addition, the use of growth factors such as Sonic Hedgehog facilitates differentia-
tion into dopaminergic neurons in cocultures of E11 rat mesencephalon (152). Prelimi-
nary studies by Redmond, Sladek, Teng, Bjugstad, and Snyder suggest that human
NSCs may restore homeostasis to the nigrostriatal system of Parkinsonian monkey by
not only differentiating into dopaminergic neurons (a minor effect) but by preserving
host cells and circuitry (152a).

One source of stem cells that has shown great promise are ES cells, which prolifer-
ate extensively and can generate dopamine neurons. In vitro, an enriched population of
midbrain NSCs can be derived from mouse ES cells; the dopamine neurons generated
by these stem cells show electrophysiological and behavioral properties expected of
neurons from the midbrain (154). In addition, the discovery of a stromal cell-derived
inducing activity (SDIA) that promotes neural differentiation of mouse ES cells pro-
vides a powerful tool to improve the number of dopaminergic neurons from ES cells.
SDIA induces efficient neuronal differentiation of cocultured ES cells in serum-free
conditions without the use of either retinoic acid or embryoid bodies. A high propor-
tion of TH-positive neurons producing dopamine are obtained from SDIA-treated ES
cells. When transplanted, SDIA-induced dopaminergic neurons integrate into the
mouse striatum and remain positive for TH expression (155,156); others have shown
that human neural progenitor differentiate into a small number of neurons that
expressed TH and were sufficient to partially ameliorate lesion-induced behavioral defi-
cits in some animals (157).

NSCs were also shown to be of value following transplantation into a rodent model
of Huntington’s disease (158). Rats given intrastriatal injections of quinolinic acid show
large areas of degeneration in the striatum. Transplantation of stem cells derived from
transgenic animals overexpressing hNGF reduced the lesion size, with sparing of host
striatal neurons. Delivery of hNGF by transplanted stem cells appeared to prevent
degeneration of host striatal neurons. These data demonstrate an important aspect of
stem cell transplantation therapy, that donor cells may not only replace host cells but
may also help to prevent loss of host tissue, by secretion of either endogenous factors
or transgene products.

Aged rats demonstrate cognitive deficits, which are associated with atrophy of fore-
brain cholinergic neurons. In a study by Martinez-Serrano and Bjorklund (159) middle-
aged rats with no cognitive deficits were given grafts of neural progenitor cells
engineered to express NGF. The animals were examined during the next 9 mo for cog-
nitive decline. At the end of the 9-mo period, age-matched control rats showed signifi-
cant behavioral impairment when compared with grafted animals. The transplanted
animals maintained cognitive performance at a level similar to that of younger adult
animals. In addition, age-related atrophy of cholinergic neurons was not present in
transplanted animals. Transplanted cells were integrated into the host tissue and con-
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tinued to produce the transgenic product up to 9 mo postgrafting. These results support
the use of genetically engineered stem cells in transplantation therapy of age-related
neurodegeneration.

Demyelination Disorders

Myelination disorders are mainly of two classes: disorders in which endogenous
myelinating cells are genetically impaired and fail to myelinate during development
and disorders that result from loss/failure of remyelination in the adult (e.g., multiple
sclerosis [MS], allergic encephalomyelitis, and injury). MS is the most commonly
diagnosed neurological disease in young adults (160). Demyelination, axonal degen-
eration, and neuronal dysfunction (161,162) are key features in MS pathology; current
evidence suggests that remyelination to some extent also occurs spontaneously
(163,164). This chronic debilitating disease represents a high cost to society in terms of
both productivity and chronic health care resources (165). The current treatment of MS
relies on immunological interventions. However, it is becoming clear that repair should
be considered as a goal for treatment.

The prospect of using transplants of NSCs and progenitors during demyelination
requires an understanding of the behavior of these cells in experimental models. This
would provide information about the interaction between the damaged host and the
NSCs (25,122). Several groups have used this approach to show that NSCs and OPCs
can differentiate into mature oligodendrocytes. For instance, injection of murine NSC
in the neonatal SVZ of dysmyelinated shiverer (shi) mice results in widespread oligo-
dendrocyte differentiation with myelination of 40% of the host neuronal process in
regions of engraftment with evident clinical improvement (166). EGF responsive NSCs
also have shown efficacy and oligodendrocyte differentiation when transplanted into
the thoracolumbar region of md rats (167) and the shaking (Sh) pup canine myelin
mutant (167,168). Nestin-positive human neural precursor cells removed from surgical
specimens have been used to induce repair in rat spinal cord with extensive remyelination
(169). Even ES cells differentiate into oligodendrocytes and myelinate in culture and
after spinal cord transplantation in shi mice (48) and md rat (170).

Transplanted OPCs were able to repair focal demyelinated areas in the neonatal and
adult canine mutant (171). In the md mutant rat carrying a mutation in myelin PLP,
injected OPCs result in myelin formation in a wide distribution in the host parenchyma
(172); these cells can be isolated from the rat SVZ as well and produce robust myelin
after transplantation (173). Some progenitors isolated from the SVZ require in vitro
preinduction to an oligodendroglial lineage to achieve myelination in vivo (174). Other
cells such as olfactory ensheating cells (OECs) and Schwann cells have been proposed
as useful cells for myelin repair. Purified populations of human OECs have extremely
high viability in tissue culture, and are capable of remyelinating persistently demyeli-
nated CNS axons and of induction of axonal regeneration (175) following transplanta-
tion into experimentally induced demyelinating lesions in the rat spinal cord (176,177).
In addition, Schwann cells have been used for transplantation into demyelinated areas,
Schwann cells derived from human sural nerve were transplanted into the X-irradia-
tion/ethidium bromide-lesioned dorsal columns of rats showing extensive remyelination,
engraftment, and improved conduction velocity by electrophysiology analysis several
weeks postransplant (178). These results indicate that several types of progenitors and
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even Schwann cells may be used for therapy and that they receive environmental cues
that drive their migration and differentiation toward oligodendrocyte lineage (179).
However, the selection of a particular cell type will require extensive experimentation
and careful consideration of other factors such as source of isolation, in vitro manipu-
lation, and ethical issues. Finally the use of immature multipotent progenitors may be
more beneficial considering that NSCs cannot only replace neurons and oligodendro-
cytes but also serve as modulators of the microenvironment by their ability to release
growth factors even without transgenic manipulation (120). In humans, neural pro-
genitor cells have been isolated from adult white matter; these multipotent cells form
neurospheres that might generate functional neurons and oligodendrocytes (79). Using
a similar selection protocol, Windrem et al. isolated human OPCS that myelinated
shiverer mouse brain. Adult OPCs myelinated more rapidly than their fetal counter-
parts, generated oligodendrocytes more efficiently than fetal OPCs, and ensheathed
more host axons per donor cell than fetal cells (113). These results suggest that OPCs
can be isolated from humans and the demyelinating microenvironment may be able to
engage exogenous progenitor cells to become effectively myelinating cells. However,
more information on the behavior of the exogenous NSCs and OPCs in a deleterious
environment such as experimental autoimmune encephalomyelitis (EAE) is needed.

Cerebellar Degeneration

NSCs may assume a specialized neuronal phenotype when transplanted into brains
with a specific loss of neurons. Rosario et al. (180) transplanted NSCs into newborn
meander tail mice (mea), which are characterized by the lack of development of gran-
ule cells in the anterior cerebellar lobe. Transplanted cells preferentially differentiated
into granule neurons, suggesting that once transplanted into host animals, NSCs will
compensate for the specific cell loss characteristic of a disorder. Similar shifts in fate
were observed in mouse models of glial dysfunction (166).

Metabolic Diseases

A number of metabolic diseases affect the CNS. These diseases represent a second
class of disorders for which stem cells offer a powerful approach to therapy. Stem cells
can provide therapeutic molecules whose entry into the brain may normally be restricted
by the blood–brain barrier. Stem cells can provide these molecules either because they
normally produce them or because they have been genetically engineered to do so.
Our laboratory demonstrated the successful use of NSCs in a metabolic disorder a
number of years ago by cross-correcting a mouse model of the lysosomal storage dis-
ease, mucopolysaccharidosis VII (Sly disease). MPS VII mice have a deficiency of the
enzyme β-glucuronidase (GUSB), which results in a lysosomal accumulation of gly-
cosaminoglycans in the brain and other tissues. The result is a progressive degenerative
disorder, with mental retardation and eventually death. Transplantation of NSCs engi-
neered to express the human GUSB enzyme into the ventricles of neonatal MPS VII
mice resulted in expression of GUSB throughout the brain and widespread correction
of lysosomal storage in neurons and glia. Grafted animals had significant enzymatic
activity up to at least 8 mo posttransplantation (181).

A second example of the use of NSCs in a model of a lysosomal storage disease is
the work of Lacorazza et al. (182). In this study, NSCs were engineered to express the
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human form of the β-hexosaminidase α-subunit. This enzyme is defective in Tay–
Sachs disease, a severe neurodegenerative disorder that results from the accumulation
of Gm2 ganglioside in the CNS. The engineered cells were transplanted into fetal and
neonatal normal mouse brain. Engrafted brains produced high levels of the human pro-
tein. This work demonstrated that engrafted cells can migrate throughout the brain and,
once integrated into host tissue, continue to produce transgenes. This approach has
been extended by Lee and Snyder to the use of human neural and embryonic stem cells
in another gangliosidosis, Sandhoff Disease. Torchiana et al. (183) presented addi-
tional evidence for the use of stem cells in the treatment of a lysosomal storage disease,
Krabbe disease, by demonstrating that retroviral packing cell lines can be used to trans-
duce immortalized neural progenitor cells to produce the lysosomal enzyme galacto-
cerebrosidase (Galc). These studies provide evidence of the feasibility of stem cell
transplantation to aid in the treatment of lysosomal storage diseases, an example of
disorders characterized by dysfunction or absence of specific gene products. Stem cells
can be both a producer and a delivery vehicle of missing and/or abnormal gene prod-
ucts. Human neural stem cells also have shown this capacity as well; transplanted
human NSCs were found to integrate and migrate in the host brain and to produce large
amounts of β-glucuronidase. Brain contents of the substrates of β-glucuronidase were
reduced to nearly normal levels, and widespread clearing of lysosomal storage was
observed in the MPS VII mouse brain (184).

Other Neurological Disorders

Transplantation of NSCs has been attempted in mouse cochleae injured by cisplatin.
Fetal mouse NSCs expressing green fluorescence protein (GFP) were injected into the
modiolus of cisplatin-treated cochleae of mice. The majority of grafted NSCs differen-
tiated into glial cells and few into neurons (185). In addition, NSCs have been used in
a model of induced apoptotic retinal ganglion cell death in neonatal and adult mice.
Donor cells stably integrated; however, most grafted cells did not express retinal-spe-
cific markers, although occasional donor cells were immunopositive for β-III tubulin;
thus targeted rapid RGC depletion increased cell incorporation of NSCs into the dam-
aged retina, but grafted NSCs did not appear to differentiate into a retinal ganglion cell
phenotype (186). We have demonstrated that NSCs exhibit extensive homing to brain
tumors (59), and several groups have exploited this extraordinary homing capacity to
attempt to modulate glioma growth by injecting modified NSCs. Ehtesham et al. used
NSCs secreting tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) and
demonstrated glioma apoptosis and growth reduction. Furthermore, using interleukin-
12 (IL-12)-secreting NSC therapy they have shown enhanced T-cell infiltration and
long-term antitumor immunity (187,188). Other NSCs secreting cytokines have shown
efficacy. When followed by magnetic resonance imaging, IL-4 secreting NSCs have
been shown to improve the survival of glioma-bearing mice and reduce tumor size (189).
K. I. Park in our group has shown similar efficacy using human neural stem cells.

CHALLENGES AND LIMITATIONS OF EXOGENOUS NSC THERAPY

In thinking about the practical application of NSC biology to clinical situations, it is
instructive to remember that study of the NSC emerged as the unanticipated byproduct
of investigations by developmental neurobiologists into fundamental aspects of neural
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determination, commitment, and plasticity and this relationship is quite central to the
understanding and application of NSC translational biology. NSC behavior is ultimately
an expression of developmental principles, a fascinating vestige from the more plastic
and generative stages of organogenesis. In attempting to apply NSC biology therapeu-
tically, it is instructive always to bear in mind what role the stem cell plays in develop-
ment and to what cues it was “designed” to respond in trying to understand the “logic”
behind its behavior (both what investigators or clinicians want to see and what they do
not want to see). Furthermore, in transplantation paradigms, the interaction between
engrafted NSCs and recipient hosts is a dynamic, complex, ongoing reciprocal inter-
action in which both entities are constantly in flux.

Clinical Rationale for a Prospective Neural Therapy: Type of Disease

NSCs have been successfully isolated (190,191), genetically manipulated, and trans-
planted in order to replace cells and introduce genes in models of neurodegenerative
disease in mice (2,180–182,192). Several authors have shown that NSCs survive and
differentiate in diverse disease models. NSCs are able to differentiate into the three
major cell types in the mammalian CNS; thus they offer promising strategies for trans-
plant as well as gene therapy protocols (182). However, it remains to be determined
whether a particular CNS disease will benefit from NSC transplantation (193).
The chances for success seem best in those diseases in which clinical efficacy is deter-
mined ostensibly by a single biological mechanism, for example, a single gene defect
in lysosomal storage diseases. Parkinson’s and Huntington’s diseases might fit into
that category—that is, requiring the replacement of a single neuronal cell type in a
circumscribed region. MS and AD have always represented major therapeutic chal-
lenges because their pathologies are so widespread, affecting multiple sites in the CNS,
impairing neuronal as well as glial function. While targeting localized lesions that cause
great disability can be envisioned, addressing multiple lesions that extend throughout
the CNS remains a daunting prospect, even with extensively migratory NSCs. Careful
strategic planning and extensive animal testing will be required before clinical studies
can be considered. Clinical judgment of reparative therapy with NSCs must be seen in
concert with other traditional therapies that aim to ameliorate degeneration and pro-
mote neuroprotection, although we need to learn the extent to which an inflammatory
and neurodegenerative microenvironment may be a trigger for NSC to function as well
as whether long-term inflammation may be inimical to the survival of NSCs (142,194–
197). Today, it remains unclear whether the best strategy for repair will entail promot-
ing cell replacement by endogenous progenitors or transplanting in new exogenous
progenitors. Much depends on a better understanding not only of the fundamental bio-
logical properties of stem/progenitor cells but also of the fundamental pathophysiologi-
cal processes underlying neurodegenerative diseases and the cross-talk between NSCs
and a neurodegenerative environment.

Autografts of immunologically compatible and less ethically problematic adult stem
cells are often proclaimed as being useful for such neurodegenerative diseases. How-
ever, if the etiology for disease progression resides in the host genome (e.g., abnormal
lifespan, excessive vulnerability to stress, diminished self-renewal capacity) or a
genetic defect such as in Huntington and amyotrophic lateral sclerosis (ALS), or in
AD, then endogenous progenitors will also be flawed and will not represent a good
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source for repair and may not be optimal for genetically based diseases, because differ-
entiated progeny will have the same genetic defect with the same susceptibility to
degeneration (9,198–200). If the process is non-cell-autonomous, then implanting
exogenous cells may be problematic unless they have been engineered to be resistant to
the environment that caused the injury. In many neurodegenerative disorders, it is likely
that both scenarios are implicated and a combined strategy may be needed. Either way,
exploiting the biological properties of precursors and promoting their differentiation in
desired directions (e.g., to neurons and remyelinating oligodendrocytes) requires a bet-
ter understanding of the molecular pathways governing the response of NSC and pro-
genitors pools during disease. Thus we need to understand the biology and nature of
NSC–host interactions.

On the other hand it is not clear whether NSCs cellular therapies may need to be
augmented or optimized by adjunctive molecular therapies. For example, it has been
demonstrated that the intraventricular injection of transforming growth factor-α (TGF-α)
in an animal model of PD induces a massive proliferation of forebrain cells and their
migration to the striatum; this may be accompanied by clinical improvement (201).
Cannella et al. showed that the neuregulin GGF2 induced clinical improvement and
remyelination in EAE, a model for multiple sclerosis. One of the potential mechanisms
of recovery could be mediated by the effects of GGF2 on OPC (202,203). The continu-
ous local infusion of exogenous cytokines may have positive effects on recruiting
endogenous progenitors. In vivo infusion of EGF and FGF results in proliferation and
differentiation of progenitor cells (204). In a model of hippocampal injury the infusion
of EGF restored the architecture and neurogenesis by recruitment of endogenous pro-
genitors (27). It is not clear, however, how long such manipulations are required in the
clinical setting to induce an effect; on the other hand, a continuous infusion may induce
SVZ hyperplasia, raising questions about the tumorigenic potential of such manipula-
tions (205). It is important to remember that trophic factors have pleiotrophic effects
on the brain—while some may be desirable, others may be undesirable and may,
in fact, work at cross-purposes to each other. Indeed, administering the trophic factors
via cellular vehicles (such as via neural stem/progenitor cells that have genetically
engineered ex vivo) may actually be an optimal delivery system because the factors are
provided in a site-specific and regulated manner. In addition, because many factors are
intrinsically made by such neural-derived cells, potential down-regulation of a foreign
transgene may be compensated for.

Source of Human NSCs

Since, in the CNS, the progenitor or stem cell population to be isolated for transplant
is small, questions remain about the best sources of stem cells and the most effica-
cious methods to generate them. Self-renewing pluripotent ES cells may provide an
unlimited supply of rapidly dividing cells that can differentiate into any cells; however,
with ES cells, we must be certain to direct them down a given lineage and to create
safeguards against the appearance of inappropriate nonneural cells, such as conversion
to teratocarcinomas or the emergence of autonomous organs. In addition, isolating neu-
ral progenitors has its limitations. Human somatic stem cells are often slow to expand
and, unless genetically augmented, may senesce. Furthermore, autograft paradigms par-
ticularly could be technically problematic owing to the need to isolate, expand, and
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characterize the NSCs for each individual cases. This procedure may not be a good
strategy for acute injury when the success for transplantation may be more optimal in
the acute or subacute period of injury. Nevertheless, autologous neural progenitor cells
still may prove useful for trauma-based or acquired deficits. Here too, however, cir-
cumspection is warranted. Grafting a patient’s own cells might circumvent ethical and
immunological concerns, but the practical hurdles could be daunting. With each new
patient, the healthcare team would be confronted with prospective isolation, expan-
sion, decontamination, characterization, and directed differentiation that will cost time,
resources, and personnel, and with potential variability between preparations, patients,
and institutions. If one is to contemplate using nonneural adult stem cells for neural
purposes, a low-efficiency transdifferentiation event (if it exists at all) must be scaled
up to a clinically relevant level, which presupposes a knowledge of the signals involved
and an ability to provide them in a controlled way—a goal far from realized.

An alternative to autografts is the use of established, somatic stem or progenitor cell
lines. These have the appeal of being homogeneous, well characterized and maintained
under good manufacturing practices, readily available in limitless quantities for the
acute phases of an injury or disease, and documented to be safe. Their downside, of
course, is the possibility of immune incompatibility (which might be addressed through
additional engineering or immunosuppressive agents) and the fact that the best source
for such universal lines may be the embryo or the fetus, in which various immunogenic
markers are less prevalent, rather than the adult. Another concern that must be addressed
whenever any expanded or passaged cell—whether propagated by chronic exposure to
mitogens or by genetic enhancement—is placed in the body is the risk of producing
neoplasms.

In this regard our group has shown that all paradigms of neural stem cell therapy
can be achieved safely with NSCs in which a stemness gene (e.g., myc) has been
over-expressed but is constitutively self-regulated by the cell itself. Over the years
these cells have been used by a great number of investigators and have contributed
to our understanding of NSC behavior and therapy during neurodegeneration (25,59,
122,137,139,147,150,166,181,182,196,206,207). Recently Roy et al. extended this
observations to human cells, showing that the retroviral overexpression of human
telomerase reverse transcriptase (hTERT) can propagate neural progenitors from the
human fetal spinal cord (6,208). They showed these cells can yield, among a number of
cell lines, some that appear to be restricted to a neuronal lineage both in vitro and
in vivo. In vitro, these cells seem to express some molecules consistent with a ventral
spinal neuronal phenotype. The cells could be passaged without evidence of senes-
cence, karyotypic abnormality, or loss of normal growth control. After transplantation
into developing rat fetal telencephalon or spinal cord, no neoplasms formed, and neu-
ronal markers persisted in vivo with an absence of glial markers (6,208). These data
help to debunk the notion that gene-based methods for generation of NSCs clones are
inherently dangerous and must be avoided a priori. But the expression of certain
transgenes—for example, the gene encoding myc or TERT, which is not a foreign
gene—may be modulated by the cell’s intrinsic regulatory mechanisms or may blunt
senescence and stabilize the phenotype. Of course, more extensive research is required
to satisfy that they are not prone to form tumors or aberrant connections, and that they
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will differentiate appropriately in neurodegenerative disorders, standards that have been
achieved with mouse NSCs (25,59,122,137,139,147,150,166,181,182,196,206,207).

Human NSCs are been more frequently isolated by different techniques, making
possible the preclinical and clinical testing of clones of NSCs. Several laboratories
have now isolated multipotent NSCs from fetal and adult sources (2,77–79,113).
Preclinical testing has shown the ability of human NSCs to differentiate and migrate.
NSCs have been isolated from fetal brain tissue using the cell surface markers,
e.g., CD133+CD34-CD45-. Neurosphere cells transplanted into neonatal immuno-
deficient mice proliferated, migrated, and differentiated in a site-specific manner (8).
To enrich for a specific neuronal population, in vitro priming procedures have been
used to generate purer populations of neurons in adult rat CNS, for example, a cholin-
ergic phenotype in a region-specific manner (209). Others have shown that in vitro
propagated human NSCs transplanted into neurogenic regions in the adult rat brain
(the subventricular zone and hippocampus) migrated specifically along routes normally
taken by the endogenous neuronal precursors: along the rostral migratory stream to the
olfactory bulb and within the subgranular zone in the dentate gyrus, and exhibited site-
specific neuronal differentiation in the granular and periglomerular layers of the bulb
and in the dentate granular cell layer. The cells exhibited substantial migration also
within a nonneurogenic region, the striatum, and showed differentiation into both neu-
ronal and glial phenotypes (2,25,210,211). Secretory products from human NSCs have
corrected a prototypical genetic metabolic defect in neurons and glia (2). Recently it
has been found that, similar to the rodent CNS, SVZ astrocytes of the adult human
brain proliferate in vivo and behave as multipotent progenitor cells in vitro, providing
a prospective source of human cells for repair (77). Interestingly, they do not seem to
track along the rostral migratory stream in the same way as in rodents.

Practical Considerations for Preclinical Application of NSC Therapy

Several practical aspects deserve consideration. For instance, the development of
methods for noninvasive monitoring of neural stem transplant is required. Magnetic
resonance imaging (MRI) tracking of neural progenitors has been developed and tested
in several models; some rely on the use of the transferrin receptor as an efficient intra-
cellular delivery device for magnetic nanoparticles. Transplanted tagged oligodendro-
cyte progenitor cells injected into the spinal cord of myelin-deficient rats showed
a close correlation between the areas of contrast enhancement and the achieved extent
of myelination (212,213) and an EAE model showed good anatomical correlation
between histological lesion and imaging (214). MRI has been also applied to following
NSCs during stroke, using gadolinium–rhodamine dextran, which allows imaging and
fluorescent microcopy analysis (215). Other have used NSCs stably transfected with
firefly luciferase and implanted and followed during cerebral infarcts, using biolumi-
nescence imaging. These studies show that NSC recruitment to an infarct can be
assessed noninvasively by serial in vivo imaging with good correlation between histol-
ogy and imaging. This study showed NSC migrate mainly along the corpus callosum
within 7 d of transplantation with extensive repopulation of the peri-lesion area by 14 d
following implantation (216). MRI can be used to track NSCs migrating to gliomas.
NSCs migrate toward the tumor bed through the corpus callosum, first detected at 1 wk,
with maximal density at the tumor site 2–3 wk after implantation (207).
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The survival of transplanted NSCs in a potentially toxic environment remains
another critical consideration. There are some encouraging data on migration and pro-
liferation of transplanted OPCs (116) and multipotent neural progenitors in the EAE
model (217). Recently, injection of adult neurosphere-forming cells (presumably neu-
ral stem/progenitors cells), either intravenously or intracerebroventricularly, resulted
in significant numbers of donor cells entering into demyelinating areas of the CNS and
differentiating into mature brain cells. Within these areas, oligodendrocyte progenitors
markedly increased, with many of them being of donor origin and actively remyelinating
axons (120). Replication of these results and more research in relevant models of
immune demyelinating disease are needed, especially in order to investigate the rela-
tionship of exogenous repair with the clinico-pathological features of MS such as
relapses and remissions, axonal damage, sustained oxidative injury, and immune cell
infiltrates. For instance, suppression of microglia activation was shown to be benefi-
cial for the survival of transplanted progenitors (218). Furthermore, the implantation
procedure itself induces a local injury and opening of the blood–brain barrier for sev-
eral weeks (219). It is unknown whether the amount of injury inflicted may trigger a
worsening of the local inflammation in an already diseased brain, which could lead to
infiltration of immune cells in the region of injection and decreased survival of exog-
enous progenitors cells (218). These results and the recent observations that microglia
induces a decrease in neurogenesis (195) point to an important challenge to NSCs biol-
ogy: the potential deleterious effects of the inflammatory environment by innate or
adaptive immunity to the long-term survival of NSCs (194).

It is likely that the inflammatory microenvironment may have both positive and
negative influences on transplanted NSCs (197). We have shown that NSCs may pos-
sess an intrinsic program for responding to an inflammatory environment by the
expression of functional molecules with immunological capacity (196).

Other cells that may modulate the integration of NSCs are astrocyte. NSCs trans-
planted into animals that lack GFAP integrated robustly into the host retina with dis-
tinct neuronal identity and appropriate neuronal projections (220). Others have found
that astrocytes from the hippocampus enhanced neurogenic differentiation from NSCs (30).

NSCs may be a better source of transplants than other progenitor cells including
OPCs (200). They seem to possess a greater ability than the more differentiated OPCs
for widespread migration toward sites of pathology (59,166). NSCs may also be easier
to use because they can be obtained in great numbers theoretically without the need to
predifferentiate them in vitro, allowing environmental cues present at the transplanta-
tion site to drive their differentiation (122). Indeed, Yandava et al. found that an envi-
ronment deficient in functioning oligodendrocytes forced multipotent NSCs to shift
their differentiation fate and yield an even greater proportion of that cell type (166).
Whether priming NSCs toward an oligodendrocyte lineage ex vivo would optimize
their efficacy remains an important area of investigation. Finally, NSCs may inher-
ently, or after ex vivo manipulation, provide additional neurotrophic factors to repair
axonal and neuronal abnormalities present in neurodegenerative disorders (221).
For many diseases, reconstruction of the damaged milieu may require replacement of
multiple cell types and multiple proteins—the cells that have died are not only neurons,
but also support cells that detoxify the environment, myelinate the axons and dendrites,
supply ongoing trophic and matrix support, and provide reservoirs for ongoing cell
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replenishment. The neural progenitor cell inherently expresses genes that are capable
of signaling, instructing, remodeling, and protecting the host CNS, suggesting another
mechanism by which therapeutic outcomes might be achieved: an inherent capacity of
neural progenitor cells (without genetic engineering) to create host environments suffi-
ciently rich in trophic and/or neuroprotective support to rescue endogenous cells.

THE RECIPROCAL INTERACTION
OF TRANSPLANTED NSCs AND THE HOST:
EVIDENCE OF PROGRAMS AND CLINICAL VALUE

In the final section, we examine the evidence that interaction between the NSC and
the injured brain is a dynamic, complex, ongoing reciprocal set of interactions in which
both entities are constantly in flux and the notion of the biological interactions is of
critical importance for therapy. We suggest that this interaction can be viewed in a
“systems biology” approach and may have broader implications to the future use of
NSCs in clinical settings. Our data and those from other laboratories allow us to view
this stem cell behavior as part of an innate regenerative program. The reciprocal inter-
actions and behavior of NSCs may be seen as part of this program.

We have somewhat arbitrarily delineated three categories of programs. We call the
first classification “Macro Programs.” In such programs, NSCs that emanate from pri-
mary germinal zones participate in organogenesis. However, in our view, organogen-
esis entails not only “putting the nervous system together,” that is, creating the
structures, regions, and cytoarchitectonics of the brain, but also establishing “reser-
voirs” for maintaining homeostasis throughout life. These reservoirs are typically sec-
ondary germinal zones that persist throughout life. Evidence for such programs was
evident when NSCs implanted during primate development self-distributed into two
subpopulations: one contributed to corticogenesis by migrating along radial glia toward
the cortical plate, terminating at temporally appropriate layers, and differentiating into
lamina-appropriate neurons or glia; the other subpopulation remained undifferentiated
and contributed to a secondary germinal zone (the SVZ) with occasional members
interspersed throughout brain parenchyma (25). These findings suggested the exist-
ence of a unitary embryonic neurogenetic program allocating the progeny of NSCs
either for immediate use in organogenesis or to quiescent pools for later use in the
“postdevelopmental” (including adult) brain for maintaining homeostasis and/or
subserving self-repair. If true, then the prediction would be that, in the face of a pertur-
bation, without specific instruction, induction, or nonphysiological manipulations, this
developmental pattern (and the secondary stem/progenitor cell pool that constitutes it)
should shift constitutively in the face of a dysequilibrating force toward an attempted
reestablishment of equipoise.

The second category of programs we call “System Programs,” that is, programs that
constitutively unfold and allow the structure (or indeed the entire organism) to respond
to perturbations. Such perturbations may be those that occur during the remainder of
the complex yet precise process of development, or the “minor” perturbations that occur
“day-to-day” throughout the lifespan of an organism in the “wild,” or the “extreme”
perturbations that often are encountered (e.g., ischemia, trauma, toxins). Compensa-
tion for the latter perturbations is often insufficient to reattain baseline, leaving the
organism with a persistent handicap. Also, failure of these programs to respond to
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the more routine perturbations of daily life may be the essence of some slowly progres-
sive degenerative neuropathological processes. The “system” invoked by some pro-
grams may entail the mobilization of stem cells from secondary germinal zones and the
redistribution (in time and/or space) of the expression of molecular cues. Evidence for
such programs is emerging from our studies and others in which endogenous stem cells
seem to be activated by injury as well as exogenous NSCs (59,120,198,217,222).

We term the third class of programs “Micro Programs.” These are programs that
direct the process by which cell type and functional diversity spontaneously emerge
within a given region of CNS. Some of these programs appear to allow the multiple
progeny of a single stem cell to self-assemble in an autonomous manner, spontane-
ously allocating various neural cell type identities to these progeny such that they inter-
weave with each other to form the “fabric” of a given region of nervous system.

We suggest that a better understanding of these fundamental developmental “pro-
grams” will ultimately yield not only a better understanding of development but also
how best to exploit NSC biology for therapy. For example, it might lend insight into
the heretofore unclear teleology of “secondary” germinal zones and “vestigial” stem
cells in the “postdevelopmental” or adult CNS. It may also pinpoint and elucidate those
developmentally programmed compensatory mechanisms that need to be reinvoked
and/or exploited for purposes of repair.

Interestingly, the exploration of some of these fundamental processes may actually
be abetted by the use of exogenous NSCs—not as simply therapeutic vehicles—
although their utility in that regard will become obvious—but as biological “tools.”
In other words, we introduce the notion of the NSC as a “reporter cell”—by way of
analogy, at the cellular level, to a reporter gene as used in molecular biology—
to reflect (or signal) when a particular process has occurred. Such exogenous stem
cells can “interrogate” the environment and track (i.e., “report on”) the behavior of
endogenous CNS progenitor/stem cells that are otherwise “invisible” to such monitor-
ing, too few to track reliably, and whose clonal relationships and degree of homogene-
ity may be less certain.

The Injured CNS Interacts Reciprocally with NSCs to Reconstitute Lost Tissue

As a part of such programs we have accumulated evidence of the cross-talk between
host and neural stem cells. Using exogenous NSCs to “interrogate” the environment
and using HI brain injury as a prototype for insults to the CNS characterized by exten-
sive tissue loss, we were able to confirm that a reciprocal dynamic indeed occurs
between NSCs and degenerating neural tissue. Seeding NSCs onto a biosynthetic scaf-
fold that is subsequently implanted into the large infarction cavities of mouse brains
injured by HI not only provided a template for bridging extensive cystic lesions and
guiding restructuring, but also served to “fix” NSCs in space as well as to “fix” and
prolong the effects of (1) molecules emanating from the injured brain and (2) mol-
ecules emanating from the NSCs (Fig. 3). In so doing, we were permitted to observe—
in a manner heretofore unavailable—the multiple robust reciprocal interactions that
spontaneously ensue between NSCs and the extensively damaged brain. NSCs grew
exuberantly into a lattice of neurons and glia, parenchymal loss was dramatically
reduced, an intricate meshwork of many highly arborized neurites of both host- and
donor-derived neurons emerged, and some anatomical connections were reconstituted.
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The exogenous NSCs, nestled within the necrotic host parenchyma, altered the trajec-
tory and complexity of host cortical neurites, promoting their entrance into the matrix.
In a reciprocal manner, tract tracing demonstrated donor-derived neurons extending
processes into host parenchyma as far as the opposite hemisphere. Of interest was the
degree to which these neurons were capable of seemingly directed, target-appropriate
neurite outgrowth without specific external instructive guidance cues, induction, or
genetic manipulation of host brain or donor cells. These NSC/scaffold complexes, these
“biobridges,” appeared to unveil and/or augment a constitutive reparative response by
facilitating a series of reciprocal interactions between NSC and host CNS tissue (both
injured and intact), including promoting neuronal differentiation, enhancing the
ingrowth/outgrowth of neural processes, fostering the reformation of cortical tissue,
and promoting connectivity following brain injury. Inflammation and scarring were
also reduced, facilitating reconstitution (124).

That certain reciprocal interactions spontaneously unfold between transplanted
NSCs and an injured host—as if “preprogrammed”—suggests that NSCs might
influence the fate of host cells as profoundly as the fate of the NSC itself is changed.
The power and implications of this underrecognized axis of influence are discussed in
the following section.

NSCs Display an Inherent Mechanism
for Rescuing Dysfunctional Neurons and Axons

The notion that stem cells—as exemplified by NSCs—may actually possess an
intrinsic capacity to “rescue” dysfunctional host neurons and their connections was
first confirmed in two very different situations: the brains of aged mice (137) (Fig. 4)
and the injured spinal cords of adult rats (141) (Fig. 5).

The first of these studies focused on a neuronal cell type with stereotypical projec-
tions that is commonly compromised in the aged brain—the dopaminergic (DA) neuron
(137) (Fig. 4). The DA-selective neurotoxin (and complex I inhibitor) 1-methyl-4-phe-
nyl-1,2,3,6-tetrahydropyridine (MPTP) was administered systemically to intensify and
accelerate permanent impairment of these neurons bilaterally (an experimental lesion
that emulates Parkinson’s disease). Unilateral implantation of murine NSCs into the
midbrains of these aged Parkinsonian mice promoted reconstitution of the mesostriatal
system, an impressive outcome supported by both histological and functional assays.
The recovery of DA activity mirrored the spatiotemporal distribution of donor-derived
cells. Although the spontaneous conversion of some donor NSCs into replacement DA
neurons contributed to nigral reconstitution in DA-depleted areas, the majority of DA
neurons in the mesostriatal system were actually “rescued” host cells. Pools of undif-
ferentiated donor NSCs in and adjacent to the mesostriatal nuclei appeared to have
mediated this “rescue.” That these pools spontaneously expressed such neuroprotective
substances as GDNF provided (in part) a plausible molecular basis for this phenom-
enon. This unexpected and novel observation suggested that host structures may ben-
efit not only from NSC-derived replacement of lost neurons but also from the
“chaperone” effect of other NSC-derived progeny. This process—dominant in this
Parkinson’s disease model—likely represents a mechanism of NSC action for a range
of neurodegenerative disorders and provides insight into the broader use of stem cells
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from and for other organ systems. Human NSCs in monkey Parkinsonian models may
have a similar effect (152a).

A similar mechanism played a pivotal and equally unanticipated role in a model of
acquired neural impairment, spinal cord injury (Fig. 5). Murine NSCs were implanted
into the extensive injury site that results when the spinal cords of adult rats are sub-
jected to a hemiresection between thoracic level 9 and 10 (T9–10) (141). (As described
for the extensive cerebral ischemic lesions detailed earlier (124), these NSCs, too, were
supported by a biodegradable synthetic scaffold in order to fix them in space.) Hindlimb
deficits were evaluated weekly for up to a year. By 2–3 mo postimplant, engrafted rats
exhibited coordinated weight-bearing stepping while the lesion-control group failed to
ambulate even months following injury (see Movie 1, www.pnas.org). Improvement
persisted for at least a year (when the study was terminated). Histology, immuno-
cytochemistry (including for expression of GAP-43, a marker of regeneration) and
tract-tracing all suggested that the long-term reduction in functional deficits resulted
not from replacement of neural fibers by the NSCs but rather from their role in provid-
ing trophic support, reducing scar formation, increasing the amount of preserved host
tissue (including neuronal) by mitigating secondary cell death, promoting host fiber
regrowth through the lesion epicenter, and catalyzing regeneration of damaged host
tissue. Indeed, the NSCs themselves remained largely immature nestin-expressing
cells—not differentiating into neurons but also not becoming astrocytes that might con-
tribute to the glial scar (which, in fact, was significantly diminished). As noted earlier
for neurodegenerative diseases, it appeared that NSCs in their nonneuronal state, within
the traumatized CNS, also produced growth factors, antiinflammatory factors, angio-
genic factors, and differentiation factors—to a degree not witnessed if they had become
neuronally committed. Indeed, NSCs in this state may be superior tools for promoting
repair in some acquired conditions (e.g., trauma, ischemia, toxins)—via their promo-
tion of host axonal regeneration and/or preservation.

Suspecting that NSCs may constitutively express these factors as part of their funda-
mental biology, we began to explore the possibility that their natural production of
neurotrophic agents (particularly those known to promote sensory and motor axon
growth) might be used intentionally to promote regeneration. To examine in vivo the
effects of NSCs on host axonal regeneration (in collaboration with Mark Tuszynski),
adult rats underwent lesions of the cervical (C3) spinal cord with a microwire knife
(139). This cervical lesion transects the dorsal columns bilaterally, thereby disrupting
both descending motor corticospinal projections and ascending dorsal column proprio-
ceptive pathways. Murine NSCs were injected into the lesion cavity immediately
postlesioning. NSCs survived well in vivo after grafting, filling the lesion site, becom-
ing well vascularized. Their extension stopped at the borders of the injury; there was no
deformation of the spinal cord or tumor formation. In this model, the NSCs remained
undifferentiated, labeling for nestin but not for neuronal, astroglial, or oligodendroglial
markers. Despite the absence of NSC differentiation, or possibly because of it, axons
were observed penetrating the grafts directly from the host SC (to a significantly greater
extent than control fibroblasts grafts). Furthermore, specific classes of host axons grew
extensively within the grafts: motor axons labeled with choline acetyltransferase
(ChAT), and sensory axons labeled with CGRP or p75. These findings further sug-
gested that NSCs can inherently provide permissive substrates and factors to promote
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growth of host axons in vivo. Indeed, attempting to intervene in the natural expression
of the various neurotrophic factors in their various proportions through genetic
manipulation actually appeared to throw the system into somewhat of an imbalance
(139). For example, in the above-described experiments, enhancing expression of NT-3
in a given clone of NSCs actually extinguished its expression of GDNF, obliterating its
promotion of motor axonal ingrowth which instead became supplanted by the enhanced
ingrowth of sensory axons. In other words, manipulating one aspect of a delicately
balanced natural system may yield desirable affects if the consequences are under-
stood, but may also yield unanticipated and undesirable effects if the system and its
“logic” from the “viewpoint” of the NSC are not. The molecular mechanism underly-
ing all of these above-described observations, we believe, constitutes the normal con-
stitutive expression of yet another developmental program—one we term a “Micro
Program”—and is discussed in the next section.

Reciprocal Signaling: Expression of a Broader Developmental Scheme—
A “Micro” Program

It was determined via enzyme-linked immunosorbent assay (ELISA), Western blots,
and immunocytochemistry that murine and human NSCs constitutively produce a broad
range of peptide neurotrophic and neurite outgrowth-promoting factors that function
appropriately in appropriate bioassays (e.g., the promotion of motor neuron outgrowth
from organotypic spinal explants). Conditioned medium from NSCs contained signifi-
cant quantities of NGF (7.5 ± 2.5 pg/106 cells/d), BDNF (7.1 ± 0.1 pg/106 cells/d),
GDNF (70 ± 1 pg/106 cells/d) (139), and others. Fibroblasts expressed no detectable
levels. Of the various factors, GDNF was of particular interest because of its known
neuroprotective and outgrowth-promoting effect on such ventralized neural cell types
as nigral DA neurons and spinal anterior horn motor neurons—cell types we had estab-
lished to be impacted in vivo by NSCs (137,139,141). We elected, in preliminary stud-
ies, to use GDNF as an index neurotrophic agent and explore the NSC’s regulation of
its intrinsic GDNF expression to help reveal what we believed was a little recognized
but pervasive NSC developmental mechanism with powerful therapeutic possibilities.
In pilot studies, using motor neuron axon outgrowth from spinal explants as a quantifi-
able bioassay, it was determined that NSCs could mimic the effect of exogenously
administered GDNF peptide; GDNF antisense or a soluble “scavenger” GDNF recep-
tor was sufficient to blunt NSC-induced neurite outgrowth while SC explants obtained
from the ret (GDNF-receptor)-null mouse, when used in this bioassay, elaborated dra-
matically fewer axons toward the NSCs. Of interest was the observation that, when the
progeny of a given NSC clone existed in a non-neuronal (undifferentiated or glial)
state, intrinsic GDNF expression was robust. Curiously, however, the cell in that state
could not respond to the GDNF it had just produced because it did not bear a GDNF (ret)
receptor. On the other hand, when the same clonal progeny were induced to differenti-
ate into neurons, GDNF production diminished virtually to nil, but gave way to expres-
sion of a functional ret-receptor, one that could be appropriately phosphorylated by
GDNF. This dynamic suggested a developmental program—a “micro” program, if you
will—by which a single “mother” NSC gives rise to progeny that, in a symbiotic fash-
ion, provide reciprocal support for each other—serving as “chaperones,” so to speak.
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Using subclones of NSCs that contained various neural cell type-specific promoters
driving green fluorescent protein (GFP) expression to signal when various fate deci-
sions were made by various equipotent members of a given clone, we began to amass
preliminary evidence that pointed to an “autonomous CNS self-assembly program”
pursued constitutively by NSCs. Key to that model was the observation that NSCs that
have become neuronally committed (seemingly their default differentiation pathway)
appear to actively promote the nonneuronal differentiation of their equipotent sister
cells via a membrane-associated mechanism. In brief, within a clone of equipotent
sister NSCs, when the first cell exits the cell cycle and commits to a neuronal pheno-
type (either stochastically, by default, or by instruction) it then actively inhibits the
neuronal differentiation of its equipotent sister cells that subsequently exit the cell cycle
(even under conditions that would ordinarily propel them toward a neuronal lineage).
It effects this inhibition, we believe, based on pilot studies, via membrane-associated
factors that exert their influence by direct cell–cell contact. Interestingly, these factors
appear to be independent of Notch–Delta or BMP signaling. Membranes from sister
cells that differ only in that they have not made such a neuronal commitment do not
have this effect.

Such an autonomous self-assembly developmental scheme establishes a network
independent of external instruction wherein a neuron is always flanked by nonneurons
(often astroglia). One can envision the entire fabric of the brain being spontaneously
woven based on this scheme starting with a few multipotent NSCs. A possible biologi-
cal “rationale” for the existence of such a developmental “program” is provided by
taking into account our recent observations (described earlier) of GDNF peptide and
receptor expression by various differentiation states of the same NSC. The nonneurons
are forced to be “chaperones” for—and by—their sibling neuron, providing the trophic
support needed by the neuron. Such a developmental scheme for NSC-mediated CNS
self-assembly, cell-type determination, and “division of labor,” based on intercellular
communication between members of a single NSC clone insures that each neuron is
surrounded by cells that can vouchsafe its survival. Although GDNF may be “intended”
by non-neuronal “chaperones” for support of their juxtaposed neuronal clonal mem-
bers, this factor likely has a broader sphere of influence, including support and/or
neuroprotection of “bystander” host neurons. In other words, when one transplants
NSCs into a diseased recipient, host cells—as “bystanders” of this developmental pro-
gram—become the indirect beneficiaries of this trophic factor production.

It is further significant to realize that the GDNF is not produced by the NSCs toni-
cally but seems to be released in a sporadic, pulsatile manner. In attempting to dissect
the signal transduction pathway mediating GDNF expression and the type of produc-
tion observed, inhibitors of either the MEK pathway were employed vs inhibitors of
the PI3 kinase pathway—the former pathway broadly subserving more permanent
changes in neural progenitors (e.g., differentiation, apoptosis, etc.), the latter pathway
subserving responses that are more transient adjustments to environmental influences
(e.g., proliferation, stress, etc.). Such preliminary experiments suggested that it was the
PI3 kinase pathway that mediated the GDNF response. Nitric oxide donor molecules—
simulating environmental stress—increased GDNF expression.

Such evidence that GDNF (presumably representative of other neurotrophic agents)
is expressed in a regulated, stimulus-appropriate, region- and cell type-specific manner
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supports a view that NSCs may serve as gene delivery vehicles better than nonneural
cells or noncellular vectors because the production of neural-relevant gene products by
NSCs is part of their fundamental biology. This point was reinforced in a recent experi-
ment (223) in which the ability of NT-3 to rescue neurons in Clarke’s nucleus follow-
ing axotomy was explored. Rescue was found to be greater when NT-3 was delivered
from engrafted NT-3-expressing NSCs than by administering the peptide alone. The
suggestion was that the NSCs may provide additional factors, or provide more physi-
ological, regulated concentrations of the factors, or act as a target or bridge that sup-
ports regenerating axons. This observation gets to the heart of some of the advantages
of NSCs—whether unmanipulated or genetically engineered—in CNS dysfunction.
We believe that trophic support is best supplied by cellular vehicles of neural origin—
specifically NSCs—because, as suggested earlier, these molecules can be released in a
regulated fashion, targeted in a site-specific manner from members of the parenchyma,
with less concern for transgene down-regulation (given their intrinsic basal expression
by the NSC) while simultaneously providing the possibility of cellular replacement.

Whether one chooses to use transplanted NSCs or attempts to manipulate endog-
enous NSCs, an understanding of the reciprocal interactions between genes and NSC
biology, between differentiation state and gene expression, and between injured host
and NSC will be critical. Their use must be dictated by a greater knowledge of NSC
biology and of how various neurotrophic agents interact within the NSC and with the
degenerating host environment. Isolated, well-characterized, homogenous clones of
NSCs may make such study more easily observed and controlled.

Modulation of NSCs to Enhancing Neuronal Differentiation

In preliminary studies, when exogenous NSCs are transplanted into brains of young
mice subjected (as described earlier) to unilateral HI injury (optimally within 3–7 d),
donor-derived cells migrate preferentially to and integrate extensively within the large
ischemic areas that typically span the injured ipsilateral hemisphere. Even donor cells
implanted in more distant locations (including the contralateral hemisphere) migrate
toward the regions of HI injury (emulating what endogenous progenitors appear to do).
(Waiting 5 wk post-HI yields virtually no engraftment, suggesting a “window” for this
phenomenon.) A subpopulation of donor NSCs, particularly in the penumbra, “shift”
their differentiation fate towards neurons (5%) and oligodendrocytes, the neural cell
types typically damaged following asphyxia/stroke although no neurons and few oli-
godendrocytes are derived from NSCs in intact postnatal neocortex. Clearly, as in the
targeted apoptosis model described earlier (122), novel signals appear to be transiently
elaborated to which NSCs respond.

Because engrafted NSCs continue to express their lacZ reporter transgene, it appeared
feasible that desired differentiation of both host and donor-derived cells might be
enhanced if donor NSCs were genetically manipulated ex vivo to (over)express certain
bioactive transgenes, for example, the neuron-inducing factor, NT-3, a neurotrophic
factor it expresses at baseline low amounts. In pilot studies, a subclone of the
NSCs was transduced with a retroviral vector encoding NT-3. The engineered NSCs
produced large amounts of NT-3 in vitro (121,223). We determined that both the par-
ent clone and its NT-3-producing subclone expressed trkC receptors, that these recep-
tors were appropriately tyrosine-phosphorylated in response to exogenous NT-3, that
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this phosphorylation could be blocked by K252a, and that the signal was appropriately
transduced via MAP kinase. Therefore, it appeared that this engineered NSC subclone
could not only secrete excess NT-3, but could also respond to NT-3 in an autocrine/
paracrine fashion. In culture, NT-3-overexpressing NSCs, like the parent clone, still
differentiate into neurons, astrocytes, and oligodendrocytes. However, unlike the par-
ent clone whose percent of neurons falls as new cells are born, the percentage of this
NT-3-overexpressing subclone that remained neuronal in vitro was approx 95%. There-
fore, pilot studies were performed in which NT-3-overexpressing NSCs were implanted
into the infarct. NT-3 expression remained robust in vivo. The percentage of
donor-derived neurons was increased from 5% (in the above-described experiments)
to 20% in the infarct and to >80% in the penumbra. Many of the neurons became
cholinergic, glutamatergic, or GABAergic. NT-3 was also likely acting on host—as
well as donor—cells in an a paracrine fashion to enhance their neuronal differentiation.
Now, it is quite plausible that the original yield of 5% new neurons was actually the
correct ratio and that 80% neurons is actually a “prescription for dysfunction”; we have
come to adopt the aphorism that even the “dumbest stem cell is smarter than the smart-
est neurobiologist.” However, the NT-3 experiment served as a proof-of-concept: the
observations suggest that, when a molecular mechanism underlying a naturally occur-
ring NSC-based process in a degenerative environment is known, it can be augmented
via genetic engineering. It also enunciated the potential use of migratory NSCs for
simultaneous gene therapy and cell replacement during the same procedure in the same
recipient using the same cells, an intriguing NSC ability. This work constitutes a para-
digm for using NSCs to express other trophic factors in other instances, such as spinal
cord injury. Indeed, we have evidence that the same parent NSC clone can be variously
engineered to express a range of gene products serving a variety of therapeutic ends,
including NT-4/5, GDNF, BDNF, NGF, L1, sonic hedgehog, wnt-1, wnt-3a, as well as a
variety of biosynthetic and metabolic enzymes. Hence, implantation of genetically engi-
neered NSCs expressing bioactive transgenes—when used in a thoughtful manner—
might enhance neuronal differentiation, neurite outgrowth, and proper connectivity.

CONCLUSIONS AND FUTURE DIRECTIONS

We have attempted to provide a conceptual framework for the clinical application of
exogenous neural stem cells to neurodegenerative diseases. Our knowledge of neural
stem cell biology is based on observing the behavior of such cells in vivo during devel-
opment or injury. We need to comprehend the molecular basis of these phenomena and
the molecular programs that underlie intrinsic NSC properties: NSC, self-renewal, dif-
ferentiation, migration, and secretion of neurotrophic substance. We have attempted to
frame our observations in the context of biological programs. This framework we
believe, will be of value when thinking about clinical applications. We need to learn
more about the neurodegenerative environment and the intrinsic properties of NSCs
before we can formulate potential therapies. To realize fully the therapeutic potential
of NSCs, clinicians and neuroscientists face many challenges: how to direct such NSCs
to different CNS regions to yield cells of the right type(s) without making aberrant
connections, and how to shield NSCs from potential deleterious effects of the environ-
ment. This has to be accompanied by clinical judgment, choosing which disease may
realistically benefit from NSC transplants. NSCs will likely be used in combination
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with other therapeutic strategies, again based on a judicious assessment of the biolo-
gies of both the cells and the disease. This judgment might vary from disease to disease
and likely has to be determined empirically over the next decade.
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Appendix A
Neural Stem Cell Companies

Advanced Cell Technology, Inc.
One Innovation Drive
Biotech Three
Worcester, MA  01605 USA
Phone: +1 508-756-1212
URL: http://www.advancedcell.com/

Advanced Tissue Sciences, Inc.
10933 North Torrey Pines Road
La Jolla, CA  92037 USA
Phone: +1 858-713-7300
URL: http://www.advancedtissue.com/

BioTransplant Incorporated
Building 75, Third Avenue
Charlestown Navy Yard
Charlestown, MA 02129 USA
Phone: +1 617-241-5200
URL: http://www.biotransplant.com/

Clonetics Corporation
PO Box 127
8830 Biggs Ford Road
Walkersville, MD 21793-0127 USA
Phone: +1 800-344-6618
URL: http://www.clonetics.com/

Clonexpress, Inc.
504 E.Diamond Avenue, Suite G
Gaithersburg, MD 20877 USA
Phone: +1 301-869-0840
URL: http://www.clonexpress.com/
Diacrin
Building 96, 13th Street,
Charlestown, MA, 02129 USA
Phone: +1 617-242-9100
URL: http://www.diacrin.com/
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Geron
230 Constitution Drive
Menlo Park, CA 94025 USA
Phone: +1 650-473-7700
URL: http://www.geron.com/

Layton BioScience, Inc.
709 East Evelyn Avenue
Sunnyvale, CA 95086 USA
Phone: +1 408-732-5050
URL: http://www.laytonbio.com/

NeuralSTEM Biopharmaceuticals, Ltd.
College Park, MD USA
Phone: +1 301-405-6089
URL: http://www.neuralstem.com/

NeuroSearch A/S
93 Pederstrupvej
DK-2750 Ballerup
Denmark
Phone: +45 44-60-80-00
URL: http://www.neurosearch.com/uk/

NeuroNova AB
Floragatan 5
S-114 31 Stockholm
Sweden
Phone: +46 8-728-00-71
URL: http://www.neuronova.com/

Neuronyx, Inc.
1 Great Valley Parkway, Suite 20
Malvern, PA 19355 USA
Tel: +1 610-240-4150
URL: http://www.neuronyx.com/

Organogenesis Inc.
150 Dan Road
Canton, MA 02021 USA
Phone: +1 781-575-0775
URL: http://www.organogenesis.com/

Osiris Therapeutics, Inc.
2001 Aliceanna Street
Baltimore, MD 21231 USA
Phone: +1 410-522-5005 
URL: http://www.osiristx.com/
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Proneuron Biotechnology, Ltd.
P.O. Box 277
Ness-Ziona, 74101
Israel
Phone: +972 8-9409550
URL: http://www.proneuron.com/

ReNeuron
Europoint Centre
5-11 Lavington Street
London, SE1 ONZ
United Kingdom
Phone: +44 207-928-1720
URL: http://www.reneuron.com/

Signal Pharmaceuticals, Inc.
5555 Oberlin Drive
San Diego, CA 92121 USA
Phone: +1 858-558-7500
URL: http://www.signalpharm.com/

StemCells, Inc.
525 Del Rey Avenue, Suite C
Sunnyvale, CA 94086 USA
Phone: +1 408-731-8670
URL: http://www.cyto.com/

Titan Pharmaceuticals, Inc.
Post Office Plaza
50 Division Street, Suite 503
Somerville, NJ 08876 USA
URL: http://www.titanpharm.com/

WiCell Research Institute, Inc.
P.O. Box 7365
Madison, WI 53707-7365
Fax: (608) 263-1064
email: info@WiCell.org
https://www.wicell.org/index2.html
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Appendix B
Stem Cells and Transplants

Transplants and the Food and Drug Administration

Food and Drug Administration
URL: http://www.fda.gov/
Summary: The Food and Drug Administration (FDA) regulates the use of stem cells

for clinical therapy under the provisions of the US Public Health Service Act. Stem
Cells fall under the purview of the Center for Biologics Evaluation and Research
(CBER), which is the center within the FDA responsible for ensuring the safety and
efficacy of blood and blood products, vaccines, allergenics, and biological therapeu-
tics. Newer products, such as  biotechnology products, somatic cell therapy and gene
therapy, and banked human tissues are also regulated by the same section. However,
because most biological products also meet the definition of “drugs” under the Federal
Food, Drug, and Cosmetic Act (FD&C Act), they are also subject to regulation under
the FD&C Act provisions.

The FDA maintains a comprehensive web-site that can be accessed for detailed
information on application procedures, submission requirements and current protocols
and policies.

Neural Transplantation Resources

NINDS
URL: http://www.ninds.nih.org/
Summary: The National Institute of Neurological Disorders and Stroke (NINDS),

an agency of the US Federal Government and a component of the National Institutes of
Health (NIH) and the US Public Health Service, is a lead agency for the Congression-
ally designated “Decade of the Brain,” and the leading supporter of biomedical research
on disorders of the brain and nervous system.

Clinical Trials Database
URL: http://clinicaltrials.gov/ct/gui
Summary: The National Library of Medicine at the National Institutes of Health

(NIH) has developed a Clinical Trials Database to provide patients, family members,
and members of the public with current information about clinical research studies.

Rare Diseases Clinical Research Database
URL: http://rarediseases.info.nih.gov/ord/wwwprot/index.shtml
Summary: This is a searchable database that lists government-funded trials on a

variety of CNS and non-CNS disorders.
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CenterWatch Clinical Trials Listing Service
URL: http://www.centerwatch.com/
Summary: This is an international listing of clinical research trials containing infor-

mation about physicians and medical centers performing clinical research and drug
therapies newly approved by the FDA.

American Society for Neurotransplantation and Repair
URL: http://www.asntr.org/
Summary: The American Society for Neurotransplantation and Repair (ASNTR) is

a society composed of basic and clinical neuroscientists who utilize transplantation
and related technologies to better understand the way the nervous system functions and
establish new procedures for its repair in response to trauma or neurodegenerative
disease.

Cell Transplant Society
URL: http://www.celltx.org/
Summary: The mission of the Cell Transplant Society is to promote research and

collaboration in cellular transplantation. The Society publishes a cell transplantation
journal that shares information on diverse research topics of interest to transplant
researchers.

The Halifax Fetal Transplantation Program
URL: http://www.mcms.dal.ca/dnts/neurotr.html
Summary: As the only program of its kind in Canada, the Halifax Fetal Transplanta-

tion Program has been in the forefront of neural transplantation research in this coun-
try. Clones of human brain cells are being used in laboratory experiments aimed at
repairing, even re-creating, brain areas damaged by injury, disease, and birth defects.

Network of European CNS Transplantation and Restoration
URL: http://www.nectar.org/
Summary: The Network of European CNS Transplantation and Restoration (NECTAR)

is aimed at a concerted European effort to develop efficient, reliable, safe and ethically
acceptable transplantation therapies for neurodegenerative diseases, in particular Parkinson’s
and Huntington’s diseases.

MRC Cambridge Centre for Brain Repair
URL: http://www.mrc.ac.uk/
Summary: The Brain Repair Centre is an institution of the University of Cambridge.

The ultimate aim of work in the Centre is to understand, and eventually, to alleviate
and repair damage to the brain and spinal cord, resulting from injury or neurodegenerative
disease.

 Other Transplant Centers and Sites

Stroke Treatment at the University of Pittsburgh
Summary: The first experimental study of human neuron implantation for patients

with paralysis after stroke was conducted here.
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Neural Transplantation and Neurotrophin Mechanisms in Experimental Epilepsy
URL: http://www.lu.se/intsek/eaeu/eaeu261.html

The University of Nebraska Medical Center and the Nebraska Health System Trans-
plant Programs

URL: http://www.nebraskatransplant.org/
Summary: The University of Nebraska Medical Center has an active transplant pro-

gram that includes use of mesenchymal and other stem cells.

Proneuron Biotechnology, Ltd.
URL: http://www.proneuron.com/
Summary: Proneuron has initiated a study that will be conducted in Israel with the

approval of the Israel Ministry of Health under a US Food and Drug Administration
Investigational New Drug Application. This study is designed to study autologous
activated macrophage therapy in approximately eight complete spinal cord injury
patients. The investigators will follow their post-treatment course for one year or longer.

Diacrin
URL: http://www.diacrin.com/
Summary: Diacrin has initiated phase I and phase II clinical trials using porcine

cells to treat Parkinson’s and Huntington’s Disease patients.

Layton BioScience, Inc.
URL: http://www.laytonbio.com/
Summary: Layton has recruited twelve stroke patients to undergo human cell transplants

(HNT).  Transplants will be performed by University of Pittsburgh neurosurgeon Douglas
Kondziolka. In 2000 Dr. Kondziolka reported that the patients who received 6 million cells
showed much more improvement than those who received 2 million. The first four received
2 million, and the remaining eight received, at random, either 2 million or 6 million cells.
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Appendix C
Patents and Stem Cells

The patent situation on stem cells, progenitor cells and differentiated cells for therapy
is complex and confusing and more than twenty different patents have issued in the
past two years. We have listed some useful searchable sites. The reader is advised to
use multiple keywords to obtain a comprehensive listing of patent filings. Given the
different requirements for public release in different countries, it is often advisable to
search several different databases. Some sites are listed and most other sites can be
readily identified using standard search engines.

United States Patent and Trademark Office
URL: http://www.uspto.gov/
Summary: This is the only official web-site of the United States Patent and Trade-

mark Office, a performance-based organization of the government of the United States
of America.

US Patents
URL: http://patents.cos.com/
Summary: This is a fully searchable bibliographic database, accessed through the

Community of Science, Inc. (COS) web-site, containing all of the approximately 1.7 mil-
lion U.S. patents issued since 1975.

European Patent Office
URL: http://www.european-patent-office.org/
Summary: This is the official web-site of the European Patent Office, the executive

body of the European Patent Organization.

Espacenet
URL: http://www.european-patent-office.org/espacenet/info/access.htm
Summary: Established by the European Patent Office in conjunction with the mem-

ber states of the European Patent Organization and the European Commission to pro-
vide the general public with free patent information.

United Kingdom Patent Office
URL: http://www.patent.gov.uk/
Summary: The role of the UK Patent Office is to help to stimulate innovation and

the international competitiveness of industry through intellectual property rights.
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Canadian Patent Database
URL: http://patents1.ic.gc.ca/intro-e.html
Summary: The Canadian Patent Database lets you access over 75 years of patent

descriptions and images. You can search, retrieve, and study more than 1.4 million
patent documents.

Japanese Patent Office
URL: http://www.jpo-miti.go.jp/



Appendices 431

431

From: Neural Development and Stem Cells, Second Edition
Edited by: M. S. Rao © Humana Press Inc., Totowa, NJ

Appendix D
Stem Cells and US Federal Guidelines

Currently, US federal law regulates the use of fetal cells and fetal tissue for research
or clinical use. Use of neural stem cells, restricted precursors, and more differentiated
cells derived from fetal tissue is governed by guidelines established for fetal tissue
research. Detailed information on the guidelines that govern fetal tissue research is
available from the National Institutes of Health (NIH) web-site.

Adult stem cells and their derivatives are not regulated by the same guidelines
that govern fetal research. Individual universities have established Institutional
Review Boards (IRBs) that evaluate all applications that involve patient or donor
contact. Guidelines for informed consent, donor confidentiality, and donor legal
rights have been established. Most universities follow similar guidelines, although
minor differences may exist. Researchers can contact their IRB to obtain specific
guidelines.

The rules that govern use and isolation of human pluripotent stem cells (hPSCs) or
embryonic stem cells (ES cells) have been finalized. Currently, federal law prohibits
the Department of Health and Human Services (DHHS) from funding research in which
human embryos are created for research purposes or are destroyed, discarded or sub-
jected to greater than minimal risk.  In light of this restriction the DHHS Office of the
General Counsel sought a legal opinion on whether NIH funds may be used for research
utilizing human pluripotent stem cells.  DHHS concluded that the Congressional prohi-
bition does not prohibit the funding of research utilizing hPSCs because such cells are
not embryos. Thus, NIH funding for research using pluripotent stem cells derived from
human embryos is not legislatively prohibited. The legal opinion also clarified that
hPSCs derived from fetal tissue would fall within the legal definition of human fetal
tissue and are, therefore, subject to federal restrictions on the use of such tissue. NIH
funding for research to derive or utilize hPSCs from fetal tissue is permissible, subject
to applicable law and regulation.

Final guidelines have been published in the Federal register. A copy of the
guidelines obtained from http://www.nih.gov/news/stemcell/stemcellguidelines.
htm is appended below. More information on stem cells is available at http://www.
nih.gov/news/stemcell/index.htm.  Readers are advised to check for updates prior
to initiating their experiments. Investigators should also note that different guide-
lines will apply to deriving new cell lines, use of existing cell lines and use of
primordial germ cells.



432 Rao

NATIONAL INSTITUTES OF HEALTH GUIDELINES
FOR RESEARCH USING HUMAN PLURIPOTENT STEM CELLS

Summary

The National Institutes of Health (NIH) is hereby publishing final National Institutes
of Health Guidelines for Research Using Human Pluripotent Stem Cells. The Guidelines
establish procedures to help ensure that NIH-funded research in this area is conducted in
an ethical and legal manner.

Effective Date

These Guidelines are effective on August 25, 2000. The moratorium on research
using human pluripotent stem cells derived from human embryos and fetal tissue put in
place by the Director, NIH, in January 1999, will be lifted on August 25, 2000.

Summary of Public Comments on Draft Guidelines

On December 2, 1999, the NIH published Draft Guidelines for research involving
human pluripotent stem cells (hPSCs) in the Federal Register for public comment.
The comment period ended on February 22, 2000.

The NIH received approximately 50,000 comments from members of Congress,
patient advocacy groups, scientific societies, religious organizations, and private citi-
zens. This Notice presents the final Guidelines together with NIH’s response to the
substantive public comments that addressed provisions of the Guidelines.

Scope of Guidelines and General Issues

Respondents asked for clarification of terminology used in the “Guidelines” and
some commented that the language was not appropriate or was too technical, particu-
larly the informed consent sections. The NIH agrees that these Guidelines should be
clear and understandable. Changes, including some reorganization of the sections, were
made to this end. The Guidelines are written primarily for the purpose of informing
investigators of the conditions that must be met in order to receive NIH funding for
research using hPSCs and, therefore, some technical language is required. The Guide-
lines do not define the precise language that should appear in informed consent docu-
ments because these should be developed by the investigator/clinician specifically for
a particular study protocol or procedure for which the consent is being sought. Existing
regulatory provisions require (45 CFR 46.116) that the language in informed consent
documents be understandable to prospective participants in the study.

Respondents suggested that NIH funding for research using hPSCs would be in vio-
lation of the DHHS appropriations law and that derivation of hPSCs cannot be distin-
guished from their use. For this reason, a number of respondents asked that the NIH
withdraw the “draft Guidelines.” The NIH sought the opinion of the Department of
Health and Human Services (DHHS) General Counsel, who determined that “federally
funded research that utilizes hPSCs would not be prohibited by the HHS appropria-
tions law prohibiting human embryo research, because such cells are not human
embryos.” Comments questioning this conclusion did not present information or argu-
ments that justify reconsideration of the conclusion.
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Respondents commented that the “Guidelines” are too restrictive or that there is no
need for Federal Guidelines for this arena of research. Comments asserted that feder-
ally funded research using hPSCs should go forward without formal requirements, in
the same manner as in the private sector. In order to help ensure that the NIH-funded
research using hPSCs is conducted in an ethical and legal manner, the NIH felt it was
advisable to develop and implement guidelines. To this end, the NIH Director con-
vened a Working Group of the Advisory Committee to the Director, NIH (ACD), to
advise the ACD on the development of guidelines and an oversight process for research
involving hPSCs. The NIH Director charged the Working Group with developing appro-
priate guidelines to govern research involving the derivation and use of hPSCs from fetal
tissue and research involving the use of hPSCs derived from human embryos that are in
excess of clinical need.

Respondents commented regarding the sources of stem cells. Some respondents
stated that research on hPSCs was unnecessary because stem cells from adults, umbili-
cal cords, and placentas could be used instead. Other respondents asked the NIH to
restrict Federal funding for hPSC research to those cells derived from fetal and adult
tissue but not embryos. Other respondents asked that the Guidelines encompass
research using stem cells from adult tissues. As stated under Section I. Scope of Guide-
lines, the Guidelines apply to the use of NIH funds for research using hPSCs derived
from human embryos or human fetal tissue. The Guidelines do not impose require-
ments on Federal funding of research involving stem cells from human adults, umbili-
cal cords, or placentas.

Given the enormous potential of stem cells to the development of new therapies for
the most devastating diseases, it is important to simultaneously pursue all lines of prom-
ising research. It is possible that no single source of stem cells is best or even suitable/
usable for all therapies. Different types or sources of stem cells may be optimal for
treatment of specific conditions. In order to determine the very best source of many of
the specialized cells and tissues of the body for new treatments and even cures, it is
vitally important to study the potential of adult stem cells for comparison to that of
hPSCs derived from embryos and fetuses. Unless all stem cell types are studied, the
differences between adult stem cells and embryo and fetal-derived hPSCs will not be
known.

Moreover, there is evidence that adult stem cells may have more limited potential
than hPSCs. First, stem cells for all cell and tissue types have not yet been found in the
adult human. Significantly, cardiac stem cells or pancreatic islet stem cells have not
been identified in adult humans. Second, stem cells in adults are often present in only
minute quantities, are difficult to isolate and purify, and their numbers may decrease
with age. For example, brain cells from adults that may be neural stem cells have been
obtained only by removing a portion of the brain of an adult with epilepsy, a complex
and invasive procedure that carries the added risk of further neurological damage. Any
attempt to use stem cells from a patient’s own body for treatment would require that
stem cells would first have to be isolated from the patient and then grown in culture in
sufficient numbers to obtain adequate quantities for treatment. This would mean that
for some rapidly progressing disorders, there may not be sufficient time to grow enough
cells to use for treatment. Third, in disorders that are caused by a genetic defect, the
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genetic error likely would be present in the patient’s stem cells, making cells from such
a patient inappropriate for transplantation. In addition, adult stem cells may contain
more DNA abnormalities caused by exposure to daily living, including sunlight, tox-
ins, and errors made during DNA replication than will be found in fetal or embryonic
hPSCs. Fourth, there is evidence that stem cells from adults may not have the same
capacity to multiply as do younger cells. These potential weaknesses may limit the
usefulness of adult stem cells.

Respondents were concerned that these are guidelines and not requirements or regu-
lations. Although these are guidelines and not regulations, they prescribe the documen-
tation and assurances that must accompany requests for NIH funding for research
utilizing hPSCs. If the funding requests do not contain the prescribed information, fund-
ing for hPSC research will not be provided. Compliance with the Guidelines will be
imposed as a condition of grant award.

Respondents commented that there had not been enough widespread public disclo-
sure/discussion of this research or the “Guidelines”. Prior to the development of draft
Guidelines, there were two Congressional hearings on hPSCs. In a further effort to
ensure substantial discussion and comment, the NIH convened a Working Group of the
Advisory Committee to the Director, NIH (ACD), to advise the ACD on the develop-
ment of these Guidelines. The Working Group was composed of scientists, patients
and patient advocates, ethicists, clinicians, and lawyers. The Working Group met in
public session on April 8, 1999, and heard from members of the public, as well as
professional associations and Congress. In developing the draft Guidelines, the NIH
also considered advice from the National Bioethics Advisory Commission (NBAC).
Draft Guidelines were published for public comment in the Federal Register on
December 2, 1999, for 60 days, and, in response to public interest, the comment period
was extended an additional 28 days. Approximately 50,000 comments were received.
NIH issued a national press release announcing the Federal Register notice and many
of the Nation’s newspapers carried articles on this area of research and on the Guide-
lines. Patient groups, scientific societies, and religious organizations convened meet-
ings and discussion groups and disseminated materials about this area of research and
about the Guidelines.

Comment was received about whether the “Guidelines” apply to hPSC lines devel-
oped outside of the United States. The Guidelines make no distinction based upon the
country in which an hPSC line is developed. All lines to be used in hPSC cell research
funded by NIH must meet the same requirements.

Derivation and Use of hPSCs From Fetal Tissue

Respondents made the point that the NIH has specified certain requirements for the
use of human fetal tissue to derive hPSCs in addition to those imposed on other areas
of human fetal tissue research. These respondents suggested that the section of the
“Guidelines” pertaining to fetal tissue sources be omitted. In order to ensure unifor-
mity in NIH’s oversight of research using hPSCs, the Guidelines were extended to
govern hPSCs derived from both human embryos and fetal tissue.
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Use of hPSCs Derived From Human Embryos

Respondents suggested that the “Guidelines” refer to “fertility treatment” rather
than to “infertility treatment” in order to clarify that they allow the use of human
embryos from treatments that employ assisted reproductive technologies to facilitate
reproduction in fertile, as well as in infertile, individuals. The Guidelines have been
changed accordingly.

Respondents suggested dropping the word “early” throughout the document or more
clearly defining “early.” The word “early” in reference to human embryos has been
deleted; the Guidelines make it clear that NIH funding of research using hPSCs derived
in the private sector from human embryos can involve only embryos that have not
reached the stage at which the mesoderm is formed.

Some respondents were concerned that embryos might be created for research pur-
poses. Other respondents stated there should be no distinction between embryos cre-
ated for research purposes and those created for fertility treatment. Investigators
seeking NIH funds for research using hPSCs are required to provide documentation,
prior to the award of any NIH funds, that embryos were created for the purposes of
fertility treatment. President Clinton, many members of Congress, the NIH Human
Embryo Research Panel, and the NBAC have all embraced the distinction between
embryos created for research purposes and those created for reproductive purposes.

Respondents were concerned about the creation of a “black market” for human
embryos, and expressed concerns that individuals will be coerced into donating
embryos. The Guidelines state that there can be no incentives for donation and that a
decision to donate must be made free of coercion. In addition, the Guidelines set forth
conditions that will help ensure all donations are voluntary. For example, with regard
to hPSCs derived from embryos, research using Federal funds may only be conducted
if the cells were derived from frozen embryos that were created for the purpose of
fertility treatment and that were in excess of clinical need.

Respondents commented on the requirement that human embryos be frozen in order
to qualify for derivation of hPSCs to be used in NIH-funded research. Respondents
suggested that the freezing requirement would preclude the use of hPSCs derived from
embryos that are genetically and chromosomally abnormal, since such embryos are
usually not frozen for reproductive purposes. While the NIH acknowledges that
research on hPSCs derived from such embryos could yield important scientific infor-
mation, limiting research to hPSCs derived from frozen human embryos will help
ensure that the decision to donate the embryo for hPSC research is distinct and separate
from the fertility treatment.

Financial Issues

Respondents expressed concern regarding the sale of fetal tissue for profit and
whether hPSC research would encourage such activity. Respondents also were con-
cerned about whether clinics or doctors would profit from the derivation of hPSCs
and/or their sale. Section 498B of the Public Health Service Act prohibits any indi-
vidual from knowingly acquiring or selling human fetal tissue for “valuable consider-
ation.” In addition, the Guidelines prohibit any inducement for the donation of human
embryos for research purposes. The Guidelines also call for an assurance that the hPSCs
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to be used in NIH-funded research were obtained through a donation or through a pay-
ment that does not exceed the reasonable costs associated with the transportation, pro-
cessing, preservation, quality control and storage of the hPSCs. All grantees must sign
an assurance that they are in compliance with all applicable Federal, State, and local
laws. Each funded research institution is responsible for monitoring compliance by
individual investigators with any such applicable laws.

Respondents questioned the prohibition against embryo donors benefitting finan-
cially from their donation. This clause was retained in the final Guidelines to help
ensure that the donating individuals are offered no inducements to donate and that all
donations are voluntary.

Respondents suggested that the “Guidelines” be strengthened to include a waiver of
intellectual property rights. This proposed change would be inconsistent with 45 CFR
46.116 of the regulation for the protection of human subjects of research, which pro-
vides that no informed consent may include language through which the subject waives
or appears to waive any of the subject’s legal rights.

Respondents questioned the reference in the requirements for informed consent
related to the commercial potential of donated material. The paragraphs providing for
disclosure in the informed consent of the possibility that the donated material could
have commercial potential were modified. The reference in these paragraphs to
“donated material” did not accurately reflect the intent of the provision. The Guide-
lines now make clear that the “results of research on the human pluripotent stem cells
may have commercial potential.”

Ineligible Research
Respondents objected to the areas of research that the NIH has deemed ineligible,

particularly research that is not restricted by statute or regulation, such as research
utilizing hPSCs that were derived using somatic cell nuclear transfer, i.e., the transfer
of a human somatic cell nucleus into a human egg. The NIH determined that, at this
time, research using hPSCs derived from such sources has not received adequate dis-
cussion and consideration by the public and is, therefore, ineligible for NIH funding.

Separation of Fertility Treatment and Abortion From Research
Respondents were concerned that hPSC research would encourage abortion. The

law and the Guidelines guard against encouraging abortion by requiring that the deci-
sion to have an abortion be made apart from and prior to the decision to donate tissue.

Respondents objected to the condition in the “Guidelines” that the fertility physi-
cian could not be the same person as the researcher deriving stem cells. Some respon-
dents stated that the Institutional Review Board (IRB) or an independent physician
would be able to guard against this conflict of interest. The restriction was designed so
that the person treating the individuals seeking fertility treatment, who is involved in
decisions such as how many embryos to produce, is not the person seeking to derive
hPSCs. This separation will help ensure that embryos will not be created in numbers
greater than necessary for fertility treatment.

Respondents suggested that the clauses regarding donation of fetal tissue or human
embryos for derivation of stem cells for eventual use in transplantation be changed
explicitly to prevent directed donation. This change has been made.
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Identifiers

Respondents were concerned about removing identifiers. There was concern that
the investigator would not be able to document compliance with the “Guidelines”
requirements without identifiers, or that the removal of identifiers would make it
impossible to conduct certain genetic studies or develop therapeutic materials.
The Guidelines have been modified to clarify that the term “identifier” refers to any
information from which the donor(s) can be identified, directly or through identifiers
linked to the donors. However, since information identifying the donor(s) may be nec-
essary if the tissue or cells are to be used in transplantation, the Guidelines have also
been modified to state that the informed consent should notify donor(s) whether or not
identifiers will be retained.

Respondents commented that DNA is an identifier and that all donors of human
embryos or fetal tissue should be told that identifiers such as DNA will be retained with
the samples. Although DNA can be used to determine the individual from whom a tissue
sample was taken, this can be done only when one has a sample from both the tissue in
question and the putative donor; it cannot be used to identify an individual out of a
population. Moreover, it is difficult to identify a donor using tissue derived from a
fetus or embryo, since the tissue is not genetically identical to the donor.

Informed Consent and IRB Review

Respondents asked why investigators were expected to provide documentation of
IRB review of derivation from human embryos, but not for derivation from fetal tissue.
Respondents suggested that the requirements be changed so that protocols for both
sources of hPSCs must be approved by an IRB. The Guidelines have been changed to
make clear that the IRB review requirements regarding the derivation of cells from
fetal tissue and human embryos are the same.

Comment was received expressing concern that the informed consent explicitly state
that the donor will have no dispositional authority over derived pluripotent stem cells.
The Guidelines state that donation of human embryos should have been made without
any restriction regarding the individual(s) who may be the recipient of the cells derived
from the hPSCs for transplantation. Such a statement is consistent with the statutory
provision applicable to the donor informed consent for the use of fetal tissue for trans-
plantation. The Guidelines now provide for the inclusion of a statement to this effect in
the informed consent.

Respondents urged that the “Guidelines” be revised to remove the prohibition on
potential donors receiving information regarding subsequent testing of donated tissue in
the situation when physicians deem disclosure to be in the donors’ best interest. This change
has been made.

Respondents requested clarification regarding the persons from whom consent for
donation of embryos for research must be obtained. The Guidelines call for informed
consent from individual(s) who have sought fertility treatment. Only the individual(s)
who were part of the decision to create the embryo for reproductive purposes should
have been part of the decision to donate for the derivation of hPSCs.

Respondents urged that fertility clinics should be able to discuss with patients the option
of donating embryos for research at the beginning of the IVF process. The Guidelines
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do not delineate the timeframe during which the general option of donating embryos
for research can be discussed. However, according to the Guidelines, obtaining con-
sent for donation of embryos for the purpose of deriving hPSCs should not occur until
after the embryos are determined to be in “excess of clinical need.”

Oversight

Respondents stated that the NIH’s oversight in this area of research was very impor-
tant to the legal and ethical conduct of this research, and asked for more information
regarding the oversight process. Information about the operations of the Human Pluri-
potent Stem Cell Review Group (HPSCRG) can be found in the final Guidelines and
on the NIH Web page.

Respondents were concerned about whether and how NIH would monitor research
after a researcher receives NIH funds. Compliance with the Guidelines will be largely
determined prior to the award of funds. Follow-up to ensure continued compliance
with the Guidelines will be conducted in the same manner as for all other conditions
of all other NIH grant awards. It is the responsibility of the investigator to file
progress reports, and it is the responsibility of the funded institution to ensure
compliance with the NIH Guidelines. NIH staff will also monitor the progress of
these investigators as part of their regular duties.

Respondents asked about penalties for not following the “Guidelines.” The follow-
ing actions may be taken by the NIH when there is a failure to comply with the terms
and conditions of any award: 1) Under 45 CFR 74.14, the NIH can impose special
conditions on an award, including increased oversight/monitoring/reporting require-
ments for an institution, project or investigator; 2) Under 45 CFR 74.62, if a grantee
materially fails to comply with the terms and conditions of the award, the NIH may
withhold funds pending correction of the problem or, pending more severe enforce-
ment action, disallow all or part of the costs of the activity that was not in compliance,
withhold further awards for the project, or suspend or terminate all or part of the fund-
ing for the project. Individuals and institutions may be debarred from eligibility for all
Federal financial assistance and contracts under 45 CFR Part 76 and 48 CFR Subpart
9.4, respectively. Because these sanctions pertain to all conditions of grant award, the
NIH did not reiterate them in the Guidelines.

Respondents suggested that the HPSCRG hold periodic Stem Cell Policy Confer-
ences (similar to the Gene Therapy Policy Conferences conducted by the Recombinant
DNA Advisory Committee (“RAC”)) in order to solicit and consider public comment
from interested parties on the scientific, medical, legal, and ethical issues arising from
stem cell research. Members of the HPSCRG will serve as a resource for recommend-
ing to the NIH any need for Human Pluripotent Stem Cell Policy Conferences.

Other Changes

Because compliance materials may be made public prior to funding decisions, we
have added a sentence requiring the principal investigator’s written consent to the dis-
closure of such material necessary to carry out public review and other oversight
procedures.

The draft Guidelines required HPSCRG review of proposals from investigators plan-
ning to derive hPSCs from fetal tissue. Because the Guidelines address proposals for
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NIH funding for the use of hPSCs, this requirement has been removed from the
Guidelines.

The text of the final Guidelines follows.

NATIONAL INSTITUTES OF HEALTH GUIDELINES FOR RESEARCH USING HUMAN PLURIPOTENT

STEM CELLS

I. Scope of Guidelines
These Guidelines apply to the expenditure of National Institutes of Health (NIH)

funds for research using human pluripotent stem cells derived from human embryos
(technically known as human embryonic stem cells) or human fetal tissue (technically
known as human embryonic germ cells). For purposes of these Guidelines, “human
pluripotent stem cells” are cells that are self-replicating, are derived from human
embryos or human fetal tissue, and are known to develop into cells and tissues of the
three primary germ layers. Although human pluripotent stem cells may be derived from
embryos or fetal tissue, such stem cells are not themselves embryos. NIH research
funded under these Guidelines will involve human pluripotent stem cells derived 1)
from human fetal tissue; or 2) from human embryos that are the result of in vitro fertili-
zation, are in excess of clinical need, and have not reached the stage at which the meso-
derm is formed.

In accordance with 42 Code of Federal Regulations (CFR) § 52.4, these Guidelines
prescribe the documentation and assurances that must accompany requests for NIH
funding for research using human pluripotent stem cells from: (1) awardees who want
to use existing funds; (2) awardees requesting an administrative or competing supple-
ment; and 3) applicants or intramural researchers submitting applications or proposals.
NIH funds may be used to derive human pluripotent stem cells from fetal tissue. NIH
funds may not be used to derive human pluripotent stem cells from human embryos.
These Guidelines also designate certain areas of human pluripotent stem cell research
as ineligible for NIH funding.

II. Guidelines for Research Using Human Pluripotent Stem Cells
that is Eligible for NIH Funding

A. Utilization of Human Pluripotent Stem Cells Derived
from Human Embryos

1. Submission to NIH
Intramural or extramural investigators who are intending to use existing funds, are

requesting an administrative supplement, or are applying for new NIH funding for
research using human pluripotent stem cells derived from human embryos must submit
to NIH the following:

a. An assurance signed by the responsible institutional official that the pluripotent
stem cells were derived from human embryos in accordance with the conditions set
forth in Section II.A.2 of these Guidelines and that the institution will maintain docu-
mentation in support of the assurance;

b. A sample informed consent document (with patient identifier information removed)
and a description of the informed consent process that meet the criteria for informed
consent set forth in Section II.A.2.e of these Guidelines;

c. An abstract of the scientific protocol used to derive human pluripotent stem cells
from an embryo;
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d. Documentation of Institutional Review Board (IRB) approval of the derivation
protocol;

e. An assurance that the stem cells to be used in the research were or will be obtained
through a donation or through a payment that does not exceed the reasonable costs
associated with the transportation, processing, preservation, quality control and stor-
age of the stem cells;

f. The title of the research proposal or specific subproject that proposes the use of
human pluripotent stem cells;

g. An assurance that the proposed research using human pluripotent stem cells is not
a class of research that is ineligible for NIH funding as set forth in Section III of these
Guidelines; and

h. The Principal Investigator’s written consent to the disclosure of all material sub-
mitted under Paragraph A.1 of this Section, as necessary to carry out the public review
and other oversight procedures set forth in Section IV of these Guidelines.

2. Conditions for the Utilization of Human Pluripotent Stem Cells Derived From
Human Embryos

Studies utilizing pluripotent stem cells derived from human embryos may be con-
ducted using NIH funds only if the cells were derived (without Federal funds) from
human embryos that were created for the purposes of fertility treatment and were in
excess of the clinical need of the individuals seeking such treatment.

a. To ensure that the donation of human embryos in excess of the clinical need is volun-
tary, no inducements, monetary or otherwise, should have been offered for the donation of
human embryos for research purposes. Fertility clinics and/or their affiliated laboratories
should have implemented specific written policies and practices to ensure that no such
inducements are made available.

b. There should have been a clear separation between the decision to create embryos
for fertility treatment and the decision to donate human embryos in excess of clinical
need for research purposes to derive pluripotent stem cells. Decisions related to the cre-
ation of embryos for fertility treatment should have been made free from the influence of
researchers or investigators proposing to derive or utilize human pluripotent stem cells in
research. To this end, the attending physician responsible for the fertility treatment and
the researcher or investigator deriving and/or proposing to utilize human pluripotent stem
cells should not have been one and the same person.

c. To ensure that human embryos donated for research were in excess of the clinical
need of the individuals seeking fertility treatment and to allow potential donors time
between the creation of the embryos for fertility treatment and the decision to donate for
research purposes, only frozen human embryos should have been used to derive human
pluripotent stem cells. In addition, individuals undergoing fertility treatment should
have been approached about consent for donation of human embryos to derive pluripo-
tent stem cells only at the time of deciding the disposition of embryos in excess of the
clinical need.

d. Donation of human embryos should have been made without any restriction or
direction regarding the individual(s) who may be the recipients of transplantation of the
cells derived from the human pluripotent stem cells.
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e. Informed Consent
Informed consent should have been obtained from individuals who have sought fer-

tility treatment and who elect to donate human embryos in excess of clinical need for
human pluripotent stem cell research purposes. The informed consent process should
have included discussion of the following information with potential donors, pertinent
to making the decision whether or not to donate their embryos for research purposes.

Informed consent should have included:
(i) A statement that the embryos will be used to derive human pluripotent stem cells

for research that may include human transplantation research;
(ii) A statement that the donation is made without any restriction or direction regard-

ing the individual(s) who may be the recipient(s) of transplantation of the cells derived
from the embryo;

(iii) A statement as to whether or not information that could identify the donors of
the embryos, directly or through identifiers linked to the donors, will be removed prior
to the derivation or the use of human pluripotent stem cells;

(iv) A statement that derived cells and/or cell lines may be kept for many years;
(v) Disclosure of the possibility that the results of research on the human pluripotent

stem cells may have commercial potential, and a statement that the donor will not
receive financial or any other benefits from any such future commercial development;

(vi) A statement that the research is not intended to provide direct medical benefit to
the donor; and

(vii) A statement that embryos donated will not be transferred to a woman’s uterus
and will not survive the human pluripotent stem cell derivation process.

f. Derivation protocols should have been approved by an IRB established in accord
with 45 CFR §46.107 and §46.108 or FDA regulations at 21 CFR §56.107 and §56.108.

B. Utilization of Human Pluripotent Stem Cells Derived From Human Fetal Tissue
1. Submission to NIH
Intramural or extramural investigators who are intending to use existing funds, are

requesting an administrative supplement, or are applying for new NIH funding for
research using human pluripotent stem cells derived from fetal tissue must submit to
NIH the following:

a. An assurance signed by the responsible institutional official that the pluripotent
stem cells were derived from human fetal tissue in accordance with the conditions set
forth in Section II.A.2 of these Guidelines and that the institution will maintain docu-
mentation in support of the assurance;

b. A sample informed consent document (with patient identifier information removed)
and a description of the informed consent process that meet the criteria for informed
consent set forth in Section II.B.2.b of these Guidelines;

c. An abstract of the scientific protocol used to derive human pluripotent stem cells
from fetal tissue;

d. Documentation of IRB approval of the derivation protocol;
e. An assurance that the stem cells to be used in the research were or will be obtained

through a donation or through a payment that does not exceed the reasonable costs
associated with the transportation, processing, preservation, quality control and stor-
age of the stem cells;
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f. The title of the research proposal or specific subproject that proposes the use of
human pluripotent stem cells;

g. An assurance that the proposed research using human pluripotent stem cells is not
a class of research that is ineligible for NIH funding as set forth in Section III of these
Guidelines; and

h. The Principal Investigator’s written consent to the disclosure of all material sub-
mitted under Paragraph B.1 of this Section, as necessary to carry out the public review
and other oversight procedures set forth in Section IV of these Guidelines.

2. Conditions for the Utilization of Human Pluripotent Stem Cells Derived From
Fetal Tissue.

a. Unlike pluripotent stem cells derived from human embryos, DHHS funds may be
used to support research to derive pluripotent stem cells from fetal tissue, as well as for
research utilizing such cells. Such research is governed by Federal statutory restric-
tions regarding fetal tissue research at 42 U.S.C. 289g-2(a) and the Federal regulations
at 45 CFR § 46.210. In addition, because cells derived from fetal tissue at the early
stages of investigation may, at a later date, be used in human fetal tissue transplantation
research, it is the policy of NIH to require that all NIH-funded research involving the
derivation or utilization of pluripotent stem cells from human fetal tissue also comply
with the fetal tissue transplantation research statute at 42 U.S.C. 289g-1.

b. Informed Consent
As a policy matter, NIH-funded research deriving or utilizing human pluripotent

stem cells from fetal tissue should comply with the informed consent law applicable to
fetal tissue transplantation research (42 U.S.C. 289g-1) and the following conditions.
The informed consent process should have included discussion of the following infor-
mation with potential donors, pertinent to making the decision whether to donate fetal
tissue for research purposes.

Informed consent should have included:
(i) A statement that fetal tissue will be used to derive human pluripotent stem cells

for research that may include human transplantation research;
(ii) A statement that the donation is made without any restriction or direction regard-

ing the individual(s) who may be the recipient(s) of transplantation of the cells derived
from the fetal tissue;

(iii) A statement as to whether or not information that could identify the donors of the fetal
tissue, directly or through identifiers linked to the donors, will be removed prior to the deriva-
tion or the use of human pluripotent stem cells;

(iv) A statement that derived cells and/or cell lines may be kept for many years;
(v) Disclosure of the possibility that the results of research on the human pluripotent

stem cells may have commercial potential, and a statement that the donor will not
receive financial or any other benefits from any such future commercial develop-
ment; and

(vi) A statement that the research is not intended to provide direct medical benefit to
the donor.

c. Derivation protocols should have been approved by an IRB established in accord
with 45 CFR §46.107 and §46.108 or FDA regulations at 21 CFR §56.107 and §56.108.
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III. Areas of Research Involving Human Pluripotent Stem Cells that are Ineli-
gible for NIH Funding

Areas of research ineligible for NIH funding include:
A. The derivation of pluripotent stem cells from human embryos;
B. Research in which human pluripotent stem cells are utilized to create or contrib-

ute to a human embryo;
C. Research utilizing pluripotent stem cells that were derived from human embryos

created for research purposes, rather than for fertility treatment;
D. Research in which human pluripotent stem cells are derived using somatic cell

nuclear transfer, i.e., the transfer of a human somatic cell nucleus into a human or
animal egg;

E. Research utilizing human pluripotent stem cells that were derived using somatic
cell nuclear transfer, i.e., the transfer of a human somatic cell nucleus into a human or
animal egg;

F. Research in which human pluripotent stem cells are combined with an animal
embryo; and

G. Research in which human pluripotent stem cells are used in combination with
somatic cell nuclear transfer for the purposes of reproductive cloning of a human.

IV. Oversight
A. The NIH Human Pluripotent Stem Cell Review Group (HPSCRG) will review

documentation of compliance with the Guidelines for funding requests that propose the
use of human pluripotent stem cells. This working group will hold public meetings
when a funding request proposes the use of a line of human pluripotent stem cells that
has not been previously reviewed and approved by the HPSCRG.

B. In the case of new or competing continuation (renewal) or competing supplement
applications, all applications shall be reviewed by HPSCRG and for scientific merit by
a Scientific Review Group. In the case of requests to use existing funds or applications
for an administrative supplement or in the case of intramural proposals, Institute or
Center staff should forward material to the HPSCRG for review and determination of
compliance with the Guidelines prior to allowing the research to proceed.

C. The NIH will compile a yearly report that will include the number of applications
and proposals reviewed and the titles of all awarded applications, supplements or
administrative approvals for the use of existing funds, and intramural projects.

D. Members of the HPSCRG will also serve as a resource for recommendations to
the NIH with regard to any revisions to the NIH Guidelines for Research Using Human
Pluripotent Stem Cells and any need for human pluripotent stem cell policy conferences.
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D
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central nervous system, 253–255
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overview, 250, 251
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prospects for study, 290
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287–289
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injury-induced neurogenesis,

controversies, 352
inflammation, 351, 352
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retinal stem cell response, 236–238
therapeutic application, 389
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F

FACS, see Fluorescence-activated cell
sorting
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programmed cell death, 73
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Fluorescence-activated cell sorting
(FACS),

differentiated embryonic stem cells,
304, 326, 327

hippocampal adult human neuronal
progenitor cells, 278

ventricular zone adult human neuronal
precursor cells, 274

white matter glial progenitors, 281
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Huntington’s disease, neural stem cell
transplantation studies, 384
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fate regulation, 79, 80
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regulation, 72
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regulation, 83
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K

Krabbe disease, neural stem cell
transplantation studies, 387

L

Learning, neurogenesis effects in
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Leukemia inhibitory factor (LIF),
embryonic neural stem cell fate
regulation, 74, 76, 77

LIF, see Leukemia inhibitory factor

M

Malnutrition, glial development pathology,
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regulation, 80
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225, 226
neuron differentiation role, 5

MNOP hypothesis, see Motor neuron/
oligodendrocyte precursor hypothesis
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MS, see Multiple sclerosis
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transplantation studies, 385, 386
Multipotency, definition, 3
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Notch signaling, 199
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fate regulation,
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203, 204
Sox10 maintenance, 201
transforming growth factor-β

family members, 200
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death, see Apoptosis; Programmed

cell death
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transplantation, see Transplantation
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mitosis detection in vivo,
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technical caveats, 344
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regulation, 80–82
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neurons derived from embryonic stem
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oligodendrocyte progenitor cells, 378
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406, 407
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signaling, 378, 380
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NSC, see Neural stem cell
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apoptosis, 115
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development, 219
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potency, 222–225
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220–222
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Olig genes,
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regulation, 81
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cell hypothesis, 163–166
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cytosine arabinoside sensitivity, 320
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iron deficiency, 169, 170
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iron deficiency, 169, 170
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maturation, 147
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Parkinson’s disease (PD), neural stem cell
transplantation studies, 383, 384
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regulation, 82

PCD, see Programmed cell death
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PDGF, see Platelet-derived growth factor
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Pluripotency, definition, 3
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autophagy, 102
Bcl-2 regulation, 106–108
caspase regulation, 103–105
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embryonic neural stem cell regulation, 73
functions, 98
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system,
experimental evidence, 113, 114
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necrosis, 102, 103
Prospero, asymmetric distribution, 12
Ptc1, embryonic neural stem cell

programmed cell death regulation, 73
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Rb, see Retinoblastoma protein
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primate comparison with rodents, 130, 131
progenitor origins, 129, 130

S

SCF, see Stem cell factor
Self-renewal, stem cells during neural

development, 7–9, 376
Shh, see Sonic hedgehog
Sonic hedgehog (Shh),

embryonic neural stem cell regulation,
lineage, 76
proliferation, 72

embryonic stem cell neural differentiation
induction, 323, 324

neural stem cell transplantation
studies, 382

oligodendrocyte development in embry-
onic cortex vs spinal cord, 159, 160

Sox1, neural stem cell marker, 57, 58, 67
Sox2, neural stem cell marker, 57, 58, 67
Sox10, neural crest stem cell fate regulation,

201
SOXB1, neural stem cell signaling, 54
Spinal cord injury, neural stem cell

transplantation studies, 382, 399,
403, 404

Stem cell factor (SCF), retinal stem cell
response, 239

Stress, neurogenesis effects in hippocampus,
356

Stroke, neural stem cell transplantation
studies, 381, 382

Subgranular zone, see Dentate gyrus
Subventricular zone (SVZ), see also

Ventricular zone,
adult mouse stem cells,

astrocyte similarity, 37
cell types, 30–32
culture characteristics, 35, 36
fate tracing, 34, 35, 53
glial tumor origins, 40, 41
identification in vivo, 52, 53
label-retaining cells, 32, 33
lineage analysis of type B cells, 34
organization, 30–32
regeneration from slowly dividing

type B cells, 33
adult stem cell features, 29, 30
anatomy and cell types, 374, 29, 125,

126, 374
cell migration, 29, 68
development studies,

embryonic neural stem cell
developmental changes in
ventricular zone, 69, 70

epidermal growth factor dependence,
50, 51

neural/glial lineage separation, 38
nomenclature, 37, 38, 50
radial glial cells as neural stem

cells, 38–40
type B cells,

interkinetic nuclear movement, 37
origin and nature, 40

neonatal anterior subventricular zone
neurogenic precursors,

characteristics, 127, 128
localization, 125–127
proliferation regulation, 131–136
prospects for study, 136
transplantation studies, 128, 129

SVZ, see Subventricular zone
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T

Tay–Sachs disease, neural stem cell
transplantation studies, 387

TGF-α, see Transforming growth factor-α
TGF-β, see Transforming growth factor-β
Totipotency, definition, 3
Transdifferentiation,

cancer, 253
caveats in study, 251, 252
clinical relevance, 259, 260
definition, 250, 251
examples,

central nervous system, 253–255
non-neural cells into neurons, 255, 256

normal central nervous system
development, 249, 250

nuclear transfer experiments, 252, 253
regulation, 256–259
verification, 251–253

Transforming growth factor-α (TGF-α),
therapeutic application, 389

Transforming growth factor-β (TGF-β),
globose basal cell regulation, 228
neural crest induction by family

members, 194
Transplantation,

embryonic stem cells,
advantages and limitations, 333, 334
challenges, 330, 331
clinical prospects, 330–334
criteria for clinical use, 330
differentiation potential, 329
effects on host, 329
labeling, 329, 330

neural stem cells,
clinical rationale, 388–390
dysfunctional neuron rescue, 399–401
experimental studies,

acute degeneration, 381–383
cerebellar degeneration, 386, 387
chronic and age-related

degeneration, 383–385
demyelination disorders, 385, 386
metabolic diseases, 387
spinal cord injury, 382, 399, 403, 404

host interactions,
macro programs, 393, 394
micro programs, 394, 404–406
reciprocal signaling, 404
system programs, 394

human cell sources and isolation,
390, 391

injured central nervous system
interactions, 395–399

isolation, 375, 376
neuronal differentiation enhancement,

406, 407
practical considerations, 392, 393
prospects, 408

oligodendrocyte progenitor cells, 377,
378, 380, 393

ventricular zone adult human neuronal
precursor cells, 273

Trichostatin-A (TSA), transdifferentiation/
dedifferentiation effects, 258

TSA, see Trichostatin-A

V

Vasoactive intestinal polypeptide (VIP),
embryonic neural stem cell prolif-
eration regulation, 72

Ventricular zone (VZ), see also
Subventricular zone,

adult human neuronal precursor cells,
dissection and culture, 268, 271
distribution and incidence, 277
electrophysiology, 268
expansion, 271–273
fluorescence-activated cell sorting, 274
growth factor regulation, 271
markers, 268–270
nestin enhancer-designed green

fluorescent protein selection
construct, 274, 276, 277

niches in induction, 289, 290
promoter-based identification, 273, 274
prospects for study, 290
selection from adults, 274
transit-amplifying cell features,

287–289
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transplantation studies, 273
embryonic neural stem cell

developmental changes in
ventricular zone, 69, 70

nomenclature, 37, 38, 50
VIP, see Vasoactive intestinal polypeptide
VZ, see Ventricular zone

W

White matter glial progenitor, adult
human cells,

distribution, 279, 285, 287
epigenetic determination of fate, 283, 285
homogeneity, 285, 287

multipotency, 281, 283
niches in induction, 289, 290
prospects for study, 290
selection, 281, 285
transit-amplifying cell features, 287–289

Wnt,
embryonic neural stem cell proliferation

regulation, 72
neural crest induction role, 196–198
retinal stem cell signaling, 238

X

Xenografts, see Transplantation




