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PREFACE

During development of the central nervous system, multiple types of
neurons and glial cells ultimately arise from self-renewing pluripotent em-
bryonic stem cells. Little is known about the regulation of their differentia-
tion into multipotent neural stem cells and their subsequent progeny. Neu-
ral stem cells are a topic of intense interest at the moment for two major
reasons. First, they provide models for neural development that are easily
manipulated and analyzed in vitro. Second, they are candidates for cellular
and gene therapy of many intractable neurological disorders, e.g.,
Parkinson’s disease, multiple sclerosis, spinal cord injury, and others. The
availability of human neural stem cells is bringing us even closer to achiev-
ing the goal of effective cellular and molecular therapy for focal as well as
disseminated neurological syndromes. Although there are numerous tech-
nical and ethical/legal problems yet to resolve, the enormous potential of
this field of research has driven its exponential growth. This volume will
be particularly useful for students, basic scientists, and clinicians in the
academic or industrial sectors who have an interest in understanding neural
development and/or its application to repairing the nervous system. In
addition, it will provide vital information to those interested in the ethical/
legal issues.

The current work on neural stem cells was preceded by studies of
embryonal carcinoma (or teratocarcinoma) cells. This earlier work showed
that these stem cells of the blastocyst stage could produce derivatives of all
three germ layers (ectoderm, mesoderm and endoderm; Martin & Evans,
1975; McBurney, 1976) and could produce neuronal cells in vitro (Darmon
et al., 1981). The latter study was the first to use serum-free N2 medium
(Bottenstein and Sato, 1979) to generate large numbers of neurons from
these pluripotent stem cells and to show a default mechanism of neural
specification without a feeder layer, formation of embryoid bodies, or the
presence of inducers, e.g., retinoic acid. These and other findings sug-
gested that understanding some aspects of early neural development could
indeed be derived from studying stem cells in vitro. It is interesting to
review the comments of an NIH study section that evaluated a grant appli-
cation I submitted in 1983 in which I proposed using the clonal 1003 mouse
embryonal carcinoma cell line we described in Darmon et al. (1981) to
isolate a neural stem cell line, generate monoclonal antibodies against dif-
ferent stages of differentiation to produce additional lineage markers, and
determine the environmental signals that would induce neurotransmitter
phenotypes other than cholinergic. I provided data showing I could obtain
>95% postmitotic neurons that synthesized high levels of acetylcholine (but
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not tyrosine hydroxylase, serotonin, or glutamic acid decarboxylase) and
exhibited both regenerative responses and delayed rectification using patch
clamp techniques (Bottenstein, 1985). No GFAP-positive astrocytes were
generated. The critique stated that “one’s confidence in such studies is
shaken by the ease (amply demonstrated by experiments carried out by the
principal investigator) with which neuronal characteristics can be changed
by various manipulations of the culture environment” and “there was some
skepticism whether this kind of phenomenology in culture can provide basic
insight into the problem of differentiation.” These statements were not
prescient of where this field is now. There was also resistance during this
time to using these cells as models of normal development due to their
tumorigenic origin, even though it had been shown that transplanted tera-
tocarcinoma cells could participate in normal development and integrate
into the host (Brinster, 1974; Mintz & Illmensee, 1975) and 1003 cell cul-
tures, after neural differentiation occurs, contain no undifferentiated stem
cells and are unable to form tumors in nude mice (Darmon et al., 1982).

The use of serum-free N2 medium (Bottenstein and Sato, 1979) has
been of great benefit in identifying neural stem/progenitor cells in vitro and
permitting their differentiation. In addition to its widespread use for neural
cultures in general, it made possible our initial findings with the 1003 pluri-
potent stem cells, the discovery of oligodendrocyte progenitor cells by Raff
et al. (1983), and is extensively used by investigators in the neural stem cell
field. The addition of epidermal growth factor to N2 medium permitted the
expansion and detection of mouse embryonic and adult neural stem cells
first described by Reynolds et al. (1992) and Reynolds and Weiss (1992),
respectively.

A seminal discovery was the identification of neural stem cells in the
adult mouse (Reynolds and Weiss, 1992), which suggested that generation
of new neurons and oligodendrocytes in vivo might be possible after de-
velopment was complete, contrary to the extant view that this did not oc-
cur. The activation and generation of new astrocytes at injury sites is well
known and can inhibit the repair process. This needs to be considered in
transplant studies. Current studies are only now addressing the issue of
stimulation of endogenous stem cells to produce the desired neural prog-
eny to participate in the repair process.

It is now clear that both embryonic and neural stem cell lines as well
as embryonic and adult sources of neural stem cells provide an expandable
source of neurons and glia that can be used for studies of neural develop-
ment and for cellular transplants that may be able to affect repair of ner-
vous system injuries or disorders. Five major issues require further study
in this field. First is the absence of a library of stage-specific markers to
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identify the lineage position of embryonic and neural stem cells more pre-
cisely. Some markers have been described but many more need to be
identified. Second is the need to better understand the differentiation po-
tential of cells derived from different sites in the nervous system and at
different stages of neural development. Third is the need to discover addi-
tional regulators of differentiation into specific phenotypes, e.g., notably
cholinergic neurons and myelinating oligodendrocytes, and their molecu-
lar mechanisms of action. Fourth is the problem of immunological rejec-
tion of transplants. One solution is the use of autologous transplants. The
fifth is to formulate standardized culture methods for maintaining and han-
dling neural stem cells before and during experiments and transplantations.
This will require optimization of and consensus on a variety of parameters,
including different culture media (basal medium and supplements) for pro-
liferation and differentiation protocols, passage technique, and acceptable
passage numbers for specific purposes. Standardization is essential for
replicating the findings of various investigators in this field, for comparing
data from different investigators, and in order to consistently produce de-
sired differentiated phenotypes. Currently, there are multiple methods be-
ing used and this complicates analysis of experimental data and can result
in variability in the repertoire of differentiated progeny.

The range of topics covered in this volume is wide and the authors
were carefully selected for their expertise in the various subfields. I asked
them to share their view of the “state of the art”, its present limitations, and
future perspectives. The book begins with a chapter on stem cells as mod-
els for neural development and neurological disorders to provide a context
for the subsequent chapters. This is followed by a discussion of stem cell
lineage and fate determination and subsequently a related chapter on stage-
specific and cell fate markers. Traditional sources and properties of em-
bryonic and neural stem cells are described as well as alternative
transdifferentiated ones. Methods of purification of neural stem cells from
heterogeneous tissue sources and their clonal analyses are included. The
generation and properties of rodent and human embryonic and neural stem
cell lines and their use in research and repair paradigms is covered. The
following chapters discuss the regulation of survival, proliferation, and dif-
ferentiation of neural stem cells and specifics regarding culture methods.
The final five chapters address the use of neural stem cells for cellular and
gene therapy. Two of these review the various animal transplantation stud-
ies and one discusses the exciting new topic of stimulation of endogenous
neural stem cells. This is followed by a discussion of cellular therapy in
humans directed at repairing injuries and diseases in the central nervous
system. The final chapter reviews methods of regulating and modifying
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neural stem cell/progenitor gene expression for multiple purposes that in-
clude human gene therapy.

In summary, although we may be at the early stages of understanding
neural stem cell lineage, differentiation, and transplant potential, the goals
of this area of research are clear and the interest level is very high. The new
fields of bioinformatics, genomics, and proteomics and their associated tech-
niques should provide further insights that will result in exciting new infor-
mation about early neural development and its clinical application to hu-
mans with developmental, metabolic, immunological, degenerative, aging,
traumatic, or ischemic disorders of genetic or epigenetic origin. While the
intractability of many neurological disorders drives the clinical side of this
field, caution is imperative and success will depend on the findings of the
basic scientists and their wise application by clinicians.

I would like to commend my Editorial Assistant Pat Gazzoli for her
outstanding skill with graphics and page layout programs, excellent atten-
tion to detail, long hours spent in compiling this volume, and diplomatic
interface with the various contributors. Her untiring efforts are gratefully
acknowledged. Thanks are also extended to Jennifer LaScala for help with
the CD included with this book.

Jane E. Bottenstein, Ph.D.
jebotten@utmb.edu
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Chapter 1

Neural Stem Cell Models of Development and Disease

K. Sue O’ Shea

EARLY DEVELOPMENT OF THE CNS

With extrusion of the second polar body from the fertilized zygote, the
anterior–posterior axis of the mouse embryo is established (Gardner, 2001).
From that point on, regionalization and differentiation of the embryo is estab-
lished by cyclic expression of signaling molecules, growth factors and the ex-
tracellular matrix molecules that create and maintain gradients of these critical
factors. Surprisingly, many are reutilized during development and differentia-
tion of the embryo, and some are reexpressed following injury. At gastrulation,
cells from the epiblast delaminate from the ectoderm and migrate to form endo-
derm and mesoderm, establishing the three-layered embryo. A posterior signal-
ing center, the node, secretes molecules such as noggin and chordin that induce
the embryonic ectoderm to form neural ectoderm by inhibiting the interaction
of bone morphogenetic protein-4 (BMP-4) with its receptor (e.g., Harland, 2000).
A second signaling center in the anterior visceral endoderm (AVE) of mamma-
lian embryos produces additional signaling factors, including cerberus,
Dickkopf1 and Otx2 that induce the formation of anterior (forebrain) structures
(e.g., Perea-Gomez et al., 2001).

Once induced, neuroepithelial cells lengthen and the neural plate begins
to undergo a series of morphogenetic shaping changes that result in the trans-
formation of the sheet of neuroepithelial cells into a closed neural tube (e.g.
Colas and Schoenwolf, 2001, Figure 1). As the the primitive streak regresses
into the tail bud, newly formed mesenchymal cells aggregate to form a cord of
cells that canalizes, extending the spinal cord into the lumbo-sacral region; a
process termed secondary neurulation. Further differentiation of the CNS relies
on anterior–posterior signals from regional signaling centers such as the isth-
mus and the forebrain organizer; with dorsal-ventral patterning controlled by
gradients of ventral signals from the notochord and dorsalizing signals from the
roof plate and surface ectoderm.

From: Neural Stem Cells: Development and Transplantation
Editor: Jane E. Bottenstein © 2003 Kluwer Academic Publishers, Norwell, MA
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STEM CELLS OF THE NERVOUS SYSTEM: LEXICON

After neurulation is complete, the primitive nervous system is composed
of a single-layered cylinder of cells, the neural tube, that gives rise to all the
differentiated derivatives of the adult brain and spinal cord (Figure 1). Although
many of the neuroepithelial cells are mitotically active, there are already re-
gions that are restricted in their developmental potential, such as the roof plate
and the floor plate (Figure 1) that contain glial-like cells (Silver, 1994). Stem
cells are present throughout the development of the nervous system, remaining
into maturity in many species including humans (Kukekov et al., 1999), al-
though their precise locations are unresolved. The most simple definition of a
stem cell would include the ability to both self-renew and to differentiate into
multiple derivatives, in the case of the nervous system into neurons, astrocytes
and oligodendroglia. By this definition, cells of the early neural tube are clearly
stem cells, as most are tripotential (Mujtaba et al., 1999), and have been termed
neuroepithelial stem cells (NEP) (Kalyani et al., 1997; Rao, 1999) to reflect
their early origin (Figure 2).

NEPs proliferate in response to fibroblast growth factor (FGF2) exposure
in vitro, and can be identified by their expression of fibroblast growth factor
receptor (FGFr) 4, Frizzled 9 and Sox2 (Cai et al., 2002). During development,
the number of NEP is reduced as they form neuronal and glial restricted precur-
sors (Mayer-Proschel et al., 1997) that can be identified by their expression of
ps-NCAM and A2B5 (Cai et al., 2002). As differentiating cells migrate radially
from the lumen of the neural tube, the neuroepithelium begins to stratify, and
precursor cells begin to express receptors for additional growth and differentia-
tion factors. Neuronal and glial precursors typically have some, albeit less, mi-
totic capability. The precise mechanisms by which NEPs become determined to
form glial precursors (GPs), cells destined to form neurons (NP; neuronal pre-
cursors), or precursors of the peripheral nervous system (neural crest stem cells)
are unknown, but likely involve multiple mechanisms that may include cell-cell
interactions, environmental conditions, and alterations in cell cycle characteris-
tics.

There appears to be a gradual restriction in developmental options by pre-
cursor cells, both positive [bHLH genes including neurogenin, MATH, MASH,
Olig1,2 (Lee, 1997; Sasai, 1998)] and negative regulators (ID genes; Hollnagel
et al., 1999) combine with local signaling molecules and growth factors to specify
cell fate. Clearly, instruction of a cell to a particular fate can be interpreted as
inhibition of another fate, e.g., proneural genes inhibit gliogenesis (Kageyama
et al., 1995; Tomita et al., 2000).

During fetal development (after approximately E13.5 in the mouse em-
bryo) as NEPs become diminished in number, neural stem cells resident in the
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neuroepithelium begin to express epidermal growth factor (EGF) receptors, and
respond both in vivo and in vitro to high (50 ng/ml) levels of EGF by proliferat-
ing (Rao, 1999). At late fetal as well as adult stages of development, forebrain
neuroepithelial cells grown in suspension culture as neurospheres, contain a
population of neural stem cells that respond to both EGF and to FGF (Reynolds
and Weiss, 1992), unlike NEPs that respond only to FGF and lack the EGF
receptor (Kalyani et al., 1999). Thus, during fetal development, the NEP popu-
lation is decreased in number, forming precursors committed to a particular
lineage, and neural stem cells acquire the ability to respond to EGF, a character-
istic that is retained into adulthood (Okano et al., 1996). Surprisingly little is
known about the transition between fetal and adult stem cells, other than that
they respond to similar growth factors. In fact, the assumption that the adult
stem cell must express primitive features, i.e., be located in a fetal microenvi-
ronment and express genes typical of primitive cells, may have significantly
misled investigators, as it is only now being recognized that adult neural stem
cells may have characteristics of mature glial cells (Alvarez-Buylla et al., 2001).

It has been known for some time that dividing cells are present in the adult
central nervous system (CNS, Altman and Das, 1965). Whether this is a funda-
mental property of all neurons and glia that is repressed by environmental fac-
tors late in development, or whether remnants of embryonic structures contain-
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ing stem cells are sequestered in the adult brain remains to be determined. This
is an area of considerable research effort, with the goal of both understanding
how to expand specific stem cell and precursor populations following injury or
degeneration, as well as to elucidate the basis of and source of cells involved in
tumor formation. Although it is clear that stem cells are present throughout the
development of the nervous system, the lack of sufficient markers makes it
difficult to precisely identify them, particularly in adult CNS. It has been ar-
gued based on their growth factor responsiveness, that the forebrain
periventricular region contains a mixed population of both rapidly dividing cells
destined to form olfactory neurons and a “true” stem cell population. Identifica-
tion of a stem cell population based on its in vitro growth factor responsiveness
may result in erroneous conclusions since cells are deprived of their normal
cell-cell interactions, and may express new receptors and behaviors not nor-
mally observed in vivo. Conversely, it has been argued that this environment
simply allows cells to express their entire repertoire of behaviors. Unfortunately,
in vitro assays have often identified the presence of stem cells retrospectively
and likely contain mixed populations. Whether the initial starting population is
mixed or simply contains different developmental stages of the same cell type
is not known.

Adult neural stem cells share important similarities and significant differ-
ences with other tissue stem cells. Like tissue stem cells, neural stem cells ex-
hibit surprising plasticity and can differentiate into a wide number of deriva-
tives when grown in particular culture environments (e.g., Bjornson et al., 1999),
or when aggregated with cells of the early blastocyst (Clarke et al., 2000). The
fact that adult neural stem cells and adult hematopoietic stem cells express similar
growth factor receptors (Ivanova et al., 2002; Parati et al., 2002) argues more
that there are conserved signaling pathways for differentiation, rather than ex-
plaining phenotypic plasticity of these cells. Many, but not all, tissue stem cells
are characterized by long cell cycle times, remaining largely quiescent (GO).
However, neural stem cells isolated from the lateral ventricles of the adult ner-
vous system produce tens of thousands of new neurons daily (Lois and Alvarez-
Buylla, 1994), turning over every 12-28 days (Craig et al., 1999). It is possible
that this specialized region is a relic rather than a “true” tissue stem cell field,
and that “real” CNS stem cells are those that are resident in other locations in
the CNS that may have much longer cell cycle times. However, cell cycle time
per se should not be a primary determinant of “stemness” as populations of
stem cells vary considerably in their cell cycling times. What may be more
relevant is that with cell division there is limited nuclear reprogramming that
may contribute significantly to the phenotypic lability of stem cells.
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SITES OF NEUROGENESIS AND GLIOGENESIS

During embryonic development, the ventricular zone is relatively wide
and actively producing neurepithelial stem cells and progenitors (Jacobson,
1991). It has been estimated that in the mouse embryo, neuroepithelial stem
cells undergo 10-12 cell divisions (Takahashi et al., 1994), with neuronal
precursers born first, followed by glial precursors (Rao, 1999; Alvarez-Buylla
et al., 2001; Sommer and Rao, 2002). The peak period of neurogenesis occurs
over days E9.5-15.5, while major rounds of gliogenesis take place in the late
prenatal to early postnatal period (Altman, 1966), although glial progenitors are
born as early as E12. In the spinal cord, the pattern of differentiation is rela-
tively simple, with the ventricular zone (VZ) gradually thinning to form the
ependymal layer, stratifying neuronal and glial precursors forming the interme-
diate zone. With continued differentiation, neuronal cells in the intermediate
zone make connections with each other and send axons into the cell sparse
marginal zone. These axons eventually are myelinated by oligodendrocytes,
forming the marginal zone of the mature spinal cord (Figure 3).

In the brain, the pattern is much more complex. After E14 in the mouse
embryo, the cortical layers begin to stratify and the ventricular zone (that con-
tains both neuronal and glial precursor cells as well as undifferentiated stem
cells (Raff et al., 1983; Turner and Cepko, 1987; Luskin, 1993; Sakakibara and
Okano, 1997) gradually thins to form the ependymal layer (Caviness and
Takahashi, 1995). The subventricular zone (SVZ) immediately beneath the VZ
becomes the source of proliferating stem cells and precursors (both neuronal
and glial). Neurons migrate radially and tangentially to the pial surface forming
the characteristic inside out organization of the cerebral cortex (Figure 3). The
SVZ is particularly prominent in the ganglionic eminences (Altman and Bayer,
1985), generating cells for basal ganglia, diencephalon, and cortex (Garcia-
Verdugo et al., 1998; Caviness and Takahashi, 1995). Progenitors from the SVZ
migrate to various cortical regions from P0 to P30, after which time they are
restricted to the rostral migratory stream (Peretto et al., 1999).

Postnatal Neurogenesis and Gliogenesis

Neurogenesis is largely complete prenatally (by E17.5 in the mouse) ex-
cept in regions such as the neonatal external granule cell layer in the cerebellum
where cell division followed by inward migration of granule cells to their adult
location in the granule cell layer is completed in the third postnatal week
(Figure 1G; Altman and Bayer, 1985). In the adult brain, active neurogenesis is
largely restricted to two regions, one in the granular layer of the adult dentate
gyrus of the hippocampus, a region involved in learning and memory, in a strip
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of cells known as the subgranular zone. Although neurogenesis significantly
increases neuronal number and size of the hippocampus over time (Bayer et al.,
1982), surprisingly little is known regarding the stem cell properties of these
cells. Hippocampal progenitors respond to exogenous growth factors by form-
ing multipotent neurospheres (Gage et al., 1998); they proliferate throughout
life (Kuhn et al., 1996) and in response to injury (Parent et al., 1997). Recent
evidence suggests that the hippocampal stem cell (like the SVZ astrocyte be-
low) may have astrocyte characteristics (Seri et al., 2001), although whether it
forms de novo or from SVZ stem cells is not yet resolved. Hippocampal astro-
cytes (unlike astrocytes from the spinal cord) are capable not only of stimulat-
ing proliferation of hippocampal neural stem cells, but also control cell fate
decisions. Young but not older astrocytes stimulate proliferation and neuronal
differentiation, while co-culture of hippocampal stem cells with hippocampal
neurons produces oligodendrocytes (Song et al., 2002). These studies and oth-
ers (below) suggest a primary role for the astrocyte in both controlling prolif-
eration of neural stem cells and determining their neuronal vs glial fate, and
they invoke the possibility that the NSC may be an astroglial cell.
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The other region of active adult neurogenesis is the subventricular zone
(SVZ) aka the subependymal layer (SEL) in the forebrain, which is also thought
to be the major source of glial cells (Levison and Goldman, 1993). Gliogenesis
begins on about E12 with the formation of glial progenitor cells then astrocytes,
oligodendroglia (Timsit et al., 1995) and continues throughout life. After birth,
the SVZ is depleted in most regions of the neuraxis, remaining in the anterior
forebrain along the lateral ventricles, where cells proliferate throughout life
(Goldman et al., 1997; Tropepe et al., 1997). The SVZ contains several identi-
fied cell types including: ependymal cells and astrocytes (B cells), that make
contact with the ventricular surface by sending processes between ependymal
cells. The fact that astrocyte processes contact the CSF has complicated many
lineage studies when tracers are placed into the cebrospinal fluid (CSF)
(Johansson et al., 1999), as both ependyma and astrocytes are labeled. How-
ever, ependymal cells can reenter the cell cycle and differentiate into glial and
neuronal cells. The astrocytes also surround immature precursors – transit am-
plifying cells (C cells), as well as the majority of the cells [migrating neuroblasts
(A cells)] that are already organized into chains (Doetsch et al., 1997,1999;
Garcia-Verdugo et al., 1998; Luskin et al., 1998). The neuroblasts migrate in
the rostral migratory stream to the olfactory bulb where they differentiate into
interneurons (Luskin, 1993; Lois and Alvarez-Buylla, 1994).

Astrocytes (B cells) in the SVZ are mitotically active and appear to be the
source of the rapidly expanding population of progenitors (C cells), that give
rise to stem cells in multipotent neurospheres (Doetsch et al., 1999). It is clear
that many “glial” cells have considerably more plasticity that previously antici-
pated, as it now appears that fetal radial glial cells that span the neuroepithelial
wall and serve as a substratum for radial migration of neuroblasts, may dedif-
ferentiate to form B cells when migration is complete, and thus are a source of
neurons as well as astrocytes in the adult brain (Lim and Alvarez-Buylla, 2002;
Parnavelas and Nadarajah, 2001). The transient radial glial cell may therefore
be the missing link between embryonic and adult neural stem cells (Alvarez-
Buylla et al., 2001).

A terminological difficulty is that authors variously refer to the embry-
onic SVZ as being maintained in the adult brain. To avoid confusion, the Boul-
der Committee (1970) recommended that the remnant of the embryonic SVZ
that persists into adult life in the forebrain ventricles be called the subependymal
layer (SEL) to recognize that it is not present along the entire neuraxis and that
in the adult it has a unique organization and cell composition. Since processes
from astrocytes (B cells) contact the ventricular fluid, it has been argued that
the layer is not anatomically entirely “beneath” the ependymal layer, and the
term SVZ continues to be used as do hybrid terms such as the subependymal
zone (SEZ). The term “adult SVZ” will be employed here.
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Glial cells, the most numerous cell type in the adult CNS, begin to differ-
entiate from VZ progenitor cells (NEPs) at approximately E12-E13 in the rat
(Rao et al., 1998), slightly later than neuronal progenitors. Noble and Mayer-
Proshel (2002) have proposed that the glial precursor (GP) is ancestoral to all
CNS glia, giving rise to the astrocyte progenitor (AP) and the O2A/OP
(oligodendocyte-type 2 astrocyte/oligodendrocyte progenitor) by a process of
sequential lineage restriction. GPs are present from E12 through P2 and express
A2B5 and nestin, but do not express Despite the surprisingly early
origin of GPs, the VZ is more likely to give rise to NPs than GPs, while the later
SVZ is more likely to produce glial cells either in vitro or when growth factors
are infused intraventricularly. Treatment of GPs with BMPs or EGF promotes
the differentiation of astrocytes from both spinal cord and from the SVZ (Fok-
Seang and Miller, 1994). Consistent with this observation, astrocytes differen-
tiate from E12.5 through postnatal development (Richardson et al., 1997) in the
dorsal neuroepithelium where BMP levels are high. Although there are not par-
ticularly good markers for these cells, they express nestin and S-100, but do not
express A2B5, and are (Rao, 1999). A repressor of tran-
scription (N-CoR) appears to play a critical role in astrocyte differentiation. In
N-CoR null mice, self-renewal is impaired and NSCs differentiate prematurely
to astrocytes, suggesting that N-CoR is a repressor of astrocyte fate (Hermanson
et al., 2002)

Because there are better markers for OP than AP cells, there is consider-
ably more information about their differentiation. The default differentiation of
the OP appears to be to oligodendrocytes, but OPs can also form type 2 astro-
cytes in vitro. OPs form in ventral regions of the neuraxis, both ventral spinal
cord as well as ventral rhombencephalon (e.g., Chandross et al., 1999) where
gradients of secreted factors from the notochord and floor plate such as SHH
are thought to influence their differentiation (Mekki-Dauriac et al., 2002) via
expression of bHLH lineage control genes including Olig1, 2, 3 (Fu et al., 2002;
Takebayashi et al., 2002). Misexpression of SHH in dorsal portions of the neu-
roepithelium is sufficient to cause ectopic differentiation of oligodendrocytes
in this location (Orentas and Miller, 1996). From their origin as clusters along
the neuraxis (Thomas et al., 2000), OPs migrate extensively, undergoing mul-
tiple rounds of division as they migrate, before differentiating at their final adult
locations (Timsit et al., 1995; Chari and Blakemore, 2002). OPs express
and respond to PDGF by dividing. There is a gradient of differentiation of these
cells, with OPs differentiating earlier in the spinal cord than in the cortex, al-
though myelination follows a rostral to caudal pattern within regions.

Interestingly, an internal clock that measures time rather than the number
of cell divisions appears to control differentiation of OPs to oligodendrocytes
(Ibarolla et al., 1996). Whether grown in vivo or in vitro, oligodendrocytes
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differentiate from OPs at precisely the same time (Abney et al., 1981). This
stereotyped timing of differentiation can be overridden in vitro by thyroid hor-
mone and factors produced by type 1 astrocytes that are potent inducers of oli-
godendrocyte differentiation. The presence of GPs, OPs, and APs at the same
stage of differentiation, in combination with in vitro studies that have demon-
strated the ability of GPs, but not APs or OPs to give rise to all three differenti-
ated glial cell types, has led to the suggested lineage relationship between them.
In addition, the rapidly dividing, rapidly migrating OPs characteristic of fetal
staged embryos are thought to mature directly into the slowly dividing OPs
present in the white matter of the adult brain (Armstrong et al., 1992; Scolding
et al., 1998).

Outside the hippocampal granular zone and SVZ, scattered proliferating
cells do not typically form neurons, but form glial cells in the adult brain (Gage
2000; Horner et al., 2000; Kornack and Rakic, 2001; Rakic, 2002). However
pluripotent cells have been obtained from these regions considered to be non
neurogenic, including the adult spinal cord (Gage et al., 1995; Weiss, 1999),
septum, striatum (Palmer et al., 1995), the white matter (Palmer et al., 1999),
and the cortex (Marmur et al., 1998; Magavi et al., 2000). These studies suggest
that the plasticity characteristic of early development may be gradually inhib-
ited rather than being entirely lost during differentiation. It also is possible that
local factors act to restrict developmental plasticity (as would be appropriate to
maintain the pristine organization of the adult brain), rather than there being an
intrinsic genetic program that restricts potential. Wounding studies have indi-
cated that many growth factors and extracellular matrix proteins characteristic
of the early CNS can be reexpressed, and may contribute to abortive process
outgrowth and glial hypertrophy that follow injury (Brodkey et al., 1995). It has
been argued that if the adult environment (growth factor depleted) simply in-
hibits differentiation potential, removing neurons and glial cells from repres-
sion by placing them into cell culture should allow the reexpression of the de-
velopmental program (Gage, 2000). Clearly, the situation is more complex, and
it is likely that cell-intrinsic variables and the environment of the cell both pro-
duce and maintain the progressive restriction in fate that characterizes the adult
CNS.

INTRINSIC CONTROL OF STEM CELL BEHAVIOR:
CELL DIVISION, PROGRAMMED CELL DEATH,
QUIESCENCE

Shortly after neural tube closure is complete, the neuroepithelium is
pseudostratified (Figure 1), and except during the M-phase, cells maintain con-
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tact with both the luminal and basal surfaces of the epithelium. Neuroepithelial
cells undergo characteristic rounds of cell division at the lumen, then enter G1,
elongate and reestablish contact with the basal surface of the neuroepithelium.
During S-phase they move to the outer levels of the neuroepithelium, then in
G2, the nucleus moves toward the ventricular surface where mitosis occurs, and
the cycle begins again (Figure 4). Initially, cell cycle time is short (7-11h,
Jacobson, 1991), increasing later in development to 18-24h (Takahashi et al.,
1994; Garcia-Verdugo et al., 1998). Still later, stem cells have cell cycle times
of many days (Morshead et al., 1998), and a subset appears to remain in GO as
quiescent astrocyte like stem cells (Alvarez-Buylla et al., 2001).

There has been considerable interest in this process of interkinetic nuclear
migration (Sauer, 1935), as it appears that the orientation of the mitotic spindle
may determine whether a particular cell division generates two equivalent daugh-
ter cells (spindle parallel to the lumen; proliferation; see Figure 4) or a commit-
ted precursor and a stem cell (spindle oriented perpendicular to the lumen; dif-
ferentiation; see Figure 4). During early developmental stages, symmetrical cell
division predominates (Caviness and Takahashi, 1995; Rakic, 1995). As the
neuroepithelium grows, the pattern switches to asymmetrical cell division to
produce differentiated progeny (Chenn and McConnell, 1995; Reznikov and
van der Kooy, 1995; Cai et al., 1997). It has been reported that in differentiative
divisions there is an extended G1, while in symmetrical or proliferative divi-
sions G1 is relatively short. (Lukaszewicz et al., 2002), implicating direct con-
trol of cell cycle in differentiation. This is similar to the pluripotent embyronic
stem (ES) cell, that has a very attenuated G1 (Savatier et al., 1996). In fact,
changes in the regulation of proliferation e.g., conditional mutation of tumor
suppressor genes such as PTEN produce en-
larged abnormal brain structures characterized
by overproduction of NEPs and progenitor
cells (Groszer et al., 2001). Control of cell di-
vision as a mechanism to control differentia-
tion is an area of considerable interest. In the
case of neural stem cells, growth factors that
stimulate cell division such as FGF2, EGF,
IGF1 override differentiation promoting fac-
tors and must be removed from culture me-
dium before differentiation can occur
(Grinspan et al., 2000; Lillien and Raphael,
2000). Without EGF and FGF2, cells withdraw
from the cell cycle and then differentiate.
Consistent with this, both chemical inhibitors
of cell division (LoPresti et al., 1992) and in-
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hibitors of cell cycle progression (Parker et al., 1995; Poluha et al., 1996) can
promote differentiation.

The issue of whether there is a genetic program, i.e., a set number of rounds
of division that NEP cells undergo, has been studied extensively. When precur-
sor cells are explanted into a cell culture environment that stimulates cell divi-
sion, they are capable of long term self renewal (Chenn and McConnell, 1995),
suggesting the lack of a pre-existing program. In vitro, glioblasts went through
a long series of symmetrical cell divisions while neuroblasts underwent pre-
dominantly asymmetric cell divisions, reinforcing the idea that the pattern of
division may be cell-intrinsic, rather than environmentally controlled (Qian et
al., 1998). Each clone generated different numbers of progeny, however, sug-
gesting a considerable degree of heterogeneity in the starting population. It has
also been shown that in vitro more differentiated precursors (particularly oligo-
dendrocyte precursors), unlike true stem cells, may stop responding to growth
factors, and withdraw from cycle, i.e., reach their Hayflick (1968) limit.

There has been considerable interest in understanding the mechanisms
(both genetic and epigenetic) that control symmetrical cell divisions vs. the
asymmetrical generation of progenitor cells. It should be pointed out that the
cleavage plane model is extremely simplistic, and many have commented that it
fails to account for the size and complexity of the mammalian CNS. In fact, two
daughter cells produced by a “proliferative” division may find themselves in
very different microenvironments and form different cell types. However, un-
derstanding the mechanisms involved could have important implications for
expanding endogenous stem cell populations following trauma or disease, and
also possibly suggest therapies for malignancies. In asymmetrical cell division,
there is unequal division of cytoplasmic components, particularly of the Numb
and Prospero proteins (and associated cytoplasmic complexes), producing dif-
ferent cell fates (Zhong et al., 1996). In the drosophila embryo where it has been
most extensively studied, Numb and Prospero proteins segregate to the neuro-
blast where Prospero is thought to inhibit cell division and control transcription
of neuronal genes and Numb to control neuronal fate by suppressing the activ-
ity of the integral membrane protein Notch (Wai et al., 1999).

The Notch pathway is of particular importance in the development of many
tissues because of its role in controlling cell-cell interactions by lateral inhibi-
tion. In the nervous system, the Notch receptor Delta1 is expressed in the outer
portion of the VZ (Henrique et al., 1995), while Notch1 is expressed in the VZ
(Weinmaster et al., 1991, 1992; Henrique et al., 1995; Williams et al., 1995). In
unequal divisions, the daughter cell that receives higher levels of Notch contin-
ues to divide (Chenn and McConnell, 1995) suppressing neurogenesis, while
inhibition of Delta1 promotes neuronal differentiation (Austin et al., 1995).
Consistent with this, loss of Notch activity results in embryos in which neu-
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roepithelial cells remain progenitor-like with expansion of the VZ (Kopan et
al., 1996). Overexpression of a dominant active Notch3 in stem cells using
transgenesis-produced embryos that died by E12.5, and were characterized by
neuroepithelial overgrowth, and increases in both cell number and mitotic rate
(Lardelli et al., 1996). Activation of Notch suppresses neurogenesis but not
gliogenesis (Nye et al., 1994), and there is evidence that Notch promotes a glial
identity (Gaiano et al., 2000).

The Hes genes (homologues of the Drosophila bHLH gene Hairy/Enhancer
of Split that act as repressors of neurogenic genes), also function as negative
regulators of neural fate in the mammalian nervous system (Ishibashi et al.,
1994; Nakamura et al., 2000). Hes1 is downstream of Notch, so knock-out of
either Notch or of Hes1, stimulate early differentiation of neuronal progenitors
(Ishibashi et al., 1995). Overexpression of Hes1 on the other hand, maintains
the progenitor state and blocks neuronal differentiation via its inhibitory ac-
tions on neurogenic genes of the bHLH family of transcription factors, Mash1,
neurogenin, neuroDs (Ishibashi et al., 1994). The Hes family members (Hes1-
7) are expressed widely in the developing nervous system (Sasai et al., 1992;
Takebayashi et al., 1995; Wu et al., 2003), where they may play an important
role in controlling the timing of progenitor differentiation. For example, Hes1
and Hes5 are expressed in glial lineages and are downregulated with differen-
tiation. Over-expression of Hes l in glial precursors (but not neuroepithelial
progenitors) promotes differentiation of astrocytes at the expense of oligoden-
drocytes (Wu et al., 2003). These results and others (Ohtsuka et al., 2001), sug-
gest that later in development the Hes genes play a role in controlling precursor
differentiation in a stage- and cell type-specific manner.

Another class of transcription factors act as dominant-negative inhibitors
of differentiation. The Id genes (Inhibitors of differentiation) encode a family
of proteins that lack the basic DNA binding region (i.e., HLH; Benezra et al.,
1990). Id proteins heterodimerize with bHLH proteins, preventing them from
binding to DNA, thereby inhibiting gene expression. Id genes are involved in
many fundamental developmental processes from cell division to differentia-
tion to apoptosis (reviews: Norton et al., 1998; Israel et al., 1999; Norton, 2000;
Tzeng, 2003). There are four Id family members that are expressed in dynamic
patterns during development (Kee and Bronner-Fraser, 2001), particularly in
the nervous system, where they function as negative regulators of neural differ-
entiation (Sun et al., 1991; Neuman et al., 1993). In general, expression of the Id
genes inhibits cell type specific differentiation. For example, Overexpression of
Id2 inhibits neuronal differentiation and promotes apoptosis in cortical pro-
genitors (Toma et al., 2000). Interestingly, Id2 regulates Rb activity (Lasorella
et al., 1996), and Id4 regulates the expression of BRCA1 (Beger et al., 2001). Id
genes are upregulated according to astrocyte tumor grade (Vandeputte et al.,
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2002), and are downregulated following injury to the nervous system (Kabos et
al., 2002). This family, like the Hes family appears to play a critical role in
controlling the transition between precursor cell and differentiated neurons and
glia. Ultimately, the dynamic balance between the expression of positive and
negative regulators of differentiation may determine the ability of growth fac-
tors and signaling molecules to promote lineage specific differentiation (Mehler,
2002).

Cell number is ultimately controlled by cell division, differentiation and
inhibition of differentiation, and by programmed cell death within the nervous
system. Initially, it was thought that there was relatively little cell death during
early stages of development; programmed cell death (PCD) has been reported
to peak at E14-E15 and then decline (Blaschke et al., 1996). However estima-
tion of the precise numbers of dying cells depends on the sensitivity of the
technique employed. PCD appears to occur earlier than previously thought (dur-
ing neurulation) and may involve classic neurotrophic factors as well as other
classes of signaling molecules, particularly the bone morphognetic proteins
(BMPs), to regulate early stem cell number (de la Rosa and De Pablo, 2000). A
number of genes and gene products are known to affect PCD. One, the Rb pro-
tein has been shown to be essential for determining when neuronal precursors
exit the cell cycle, as embryos with targeted mutations in Rb, are characterized
at E12.5 by ectopic mitoses and massive cell death, possibly due to their inabil-
ity to undergo terminal mitosis (Slack et al., 1998). Interestingly, embryos double
null for Rb and Id2 survive and have no apparent CNS defects (Lasorella et al.,
2000).

Many of the genes involved in the cell death pathway are expressed in the
nervous system during development, and when deleted produced surprisingly
severe CNS effects (e.g., Gillmore et al., 2000). For example, both caspase 3
(Pompeiano, 2000; Roth, 2000) and caspase 9 (Hakem et al., 1998; Kuida et al.,
1998) are expressed in the ventricular zone. Activation of caspase 3 promotes
PCD of progenitor cells; blocking its activity prevents cell death. Embryos null
for either caspase exhibit regional hyperplasia of cerebellum, striatum, cortex,
hippocampus and retina, with both an increase in proliferation and a decrease in
cell death. Mutation of the anti-apoptotic gene Bclx or its inhibitor BAX have
no effect on VZ cell number, and act instead to control cell death in postmitotic
neurons (Motoyama et al., 1995; White et al., 1998; Roth et al., 2000). Clearly
choice of quiescence, death, division, or differentiation of early progenitors and
precursors will have drastic effects on the size and organization of various re-
gions of the CNS (see Sommer and Rao, 2002). This aspect of stem cell behav-
ior is just beginning to be studied, largely as a way to expand stem cell number.
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EXTRINSIC CONTROL OF STEM CELL BEHAVIOR:
GROWTH FACTORS AND SIGNALING MOLECULES

One obvious way to identify candidate molecules that might influence the
survival, proliferation, differentiation or quiescence of NSC is to examine the
pattern of expression of growth and differentiation factors and their receptors
during CNS development and then correlate expression patterns over time with
cell behavior. Factors expressed and bound to VZ zone cells would be expected
to affect proliferation rather than differentiation, while those associated with
deeper layers might promote differentiation. Once the factors are identified,
targeted gene deletion can be used to elicidate growth factor/stem cell relation-
ships.

In fact, understanding of survival, growth and differentiation factors has
progressed largely by adding candidates to tissue explants containing NSCs.
When grown in suspension culture as neurospheres (Reynolds and Weiss, 1992),
stem cells proliferate in response particularly to EGF and FGF. When plated on
adhesive substrata in medium without mitogens, NSCs differentiate into neu-
rons, oligodendrocyes and astrocytes (Reynolds et al., 1992; Morshead et al.,
1994). Many growth factor effects appear to be determined by (1) the stage of
differentiation at the time of exposure, (2) culture conditions (including cell-
cell contact, cell-substratum interactions, cell density, serum content), and (3)
the concentration of the tested factors (Qian et al., 1997; Palmer et al., 1995).
Neurosphere culture has been useful in defining the effects of growth factors on
NSC behavior (survival, proliferation, differentiation) as well as patterns of
gene expression and lineage segregation during differentiation, with the caveat
that the starting population is often heterogeneous and only a fraction of the
cells in a neurosphere may be stem cells.

Growth Factors

Fibroblast growth factor (FGF)

FGF expression in the nervous system is developmentally regulated (Emoto
et al., 1989; Wanaka et al., 1991; Nurcombe et al., 1993; Patstone et al., 1993;
Peters et al., 1993). Of the more than 20 identified FGFs, FGF2 is expressed
early in development in the VZ, with expression later in the SVZ and remaining
into adulthood (Emoto et al., 1989); FGF1 is expressed slightly later (Fu et al.,
1991). Since NEPs themselves express FGF1 and FGF2, in high density cul-
tures NEPs do not require supplemental FGF (Kalyani et al., 1999). Of the ap-
proximately 10 identified FGF receptors, receptors 1-4 are differentially ex-



16 Neural Stem Cells: Development and Transplantation

pressed by neuroepithelial cells. FGFR1-3 are expressed in the VZ (Peters et
al., 1993) by early precursors (Reimers et al., 2001), while FGFR4 is uniquely
expressed by NEPs (Kalyani et al., 1999).

Consistent with the pattern of receptor expression, cells of the neural tube
are responsive to FGF2 as early as E8.5 in the rat embryo (Tropepe et al., 1999),
and progenitors proliferate in response to exogenous FGF2 (Qian et al., 1997;
Kalyani et al., 1999; Tropepe et al., 1999). FGF2 also stimulates proliferation of
later differentiating NSCs and when it is removed from the medium, both neu-
rons and glial cells differentiate (Kilpatrick and Bartlett, 1995; Cicciolini and
Svendsen, 1998), suggesting that FGF may keep cells in the cell cycle (Palmer
et al., 1995), actively repressing differentiation (Kessler et al., 2002). Recent
evidence suggests that FGF2 exposure may decrease the amount of time a stem
cell spends in G1, and thereby increase the number of proliferative divisions
(Lukaszewicz et al., 2002).

The effects of FGF on NSCs appear to depend on a number of variables
including: the stage of differentiation, cell-type, as well as FGF concentration.
NEPs, GPs and NPs all require FGF; low levels of FGF appear to promote
survival, and higher levels are mitogenic (Kalyani et al., 1999). At low doses,
FGF acts as a survival factor for post-mitotic neurons (Walicke and Baird, 1988),
while for cortical stem cells, low levels of FGF promote neuronal differentia-
tion and higher levels promote glial differentiation (Qian et al., 1997). Intraven-
tricular infusion of FGF2 has been shown to increase cortical size, as well as
neuronal number (Vaccarino et al., 1999). FGF2 exposure may help later stem
cells acquire the ability to form neurons (competency), as when cells from re-
gions of the adult brain that normally produce glia are exposed to FGF2, they
can produce neurons (Palmer et al., 1999). High levels of FGF2 in vitro appear
to inhibit oligodendrocyte differentiation of NSCs (McKinnon et al., 1990),
although EGF expanded neurospheres preferentially differentiate into oligo-
dendrocytes at the expense of neurons when treated with FGF2 (Reimers et al.,
2001). It has also been observed that stem cells near the ventricles require only
EGF, while those located farther from the ventricles may need both FGF and
EGF (Weiss, 1999). The requirements of neural stem cells for EGF and FGF are
clearly stage-dependent. Early NEPs and precursors require FGF, while
neurospheres derived later in development require EGF, although FGF may
combine with EGF to promote cell division (Vescovi et al., 1993). However,
NSCs in neurospheres are a mixed population of cells that express unique com-
binations of FGFRs, and have slightly different growth factor requirements con-
sistent with their degree of lineage specification.

FGF1 and 2 receptor null mice die at very early stages of development
(Yamaguchi et al., 1992; Deng et al., 1994; Ciruna et al., 1997), while FGF2
null mice have reductions in the size of the VZ and in the number of cortical
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neurons and glial cells (Ortega et al., 1998; Vaccarino et al., 1999; Raballo et
al., 2000). Although it is clear that FGF2 can be mitogenic for both VZ and SVZ
populations, these data combine to support a role for FGF signaling in main-
taining the proliferative capabilities of progenitors early in embryonic develop-
ment. Later they have a role in the expansion of more committed precursors,
with a bias toward neuronal rather than glial differentiation.

Epidermal Growth Factor (EGF)

EGF-responsive cells emerge in the neural tube over E12.5-E13.5, in agree-
ment with the observations that NSCs derived from fetal and adult, but not
embryonic spinal cord, require EGF (Reynolds and Weiss, 1992). EGF is ex-
pressed in germinal zones late in embryonic development, remaining in this
region into adulthood (Kaser et al., 1992; Kornblum et al., 1997). Cells of the
primitive VZ do not express the EGF receptor, and NEP cells do not respond to
EGF (Burrows et al., 1997; Kornblum et al., 1997). The EGF receptor is ex-
pressed later by neural progenitors and oligodendrocytes and by subsets of as-
trocytes (Kalyani et al., 1999) and is expressed in the SVZ during fetal and
postnatal stages of development at a time and position to influence perinatal to
adult gliogenesis (Kaser et al., 1992; Burrows et al., 1997; Kornblum et al.,
1997). Neural stem cells of the early SVZ do not respond to EGF, but EGF does
promote proliferation of SVZ cells at later developmental stages (Kilpatrick
and Bartlett, 1993, 1995), and infusion of EGF into the lateral ventricles of
adults increased cell division in the SVZ (Craig et al., 1996; Kuhn et al., 1997).
Like EGF, (which activates the EGF receptor) is not expressed until later
in development, from E13 to adult (Kornblum et al., 1997).

Overexpression of the EGFRs can induce a glial fate in NSCs (Burrows et
al., 1997), but blocking EGFR signaling does not block astrocyte differentia-
tion (Zhu et al., 1999a). It has been shown that exposure of early NSCs to FGF2
induces expression of the EGFR (Ciccolini and Svendsen, 1998), suggesting a
method to transition between FGF- and EGF-responsive populations (Martens
et al., 2000).

The EGF receptor null mouse is characterized by impaired cortical growth,
with delayed migration of neuroblasts to the intermediate zone, and germinal
zones are abnormally thickened (Sibilia and Wagner, 1995; Kornblum et al.,
1998). There is later cortical atrophy (Miettinen et al., 1995; Threadgill et al.,
1995) and abnormal differentiation of astrocytes (Sibilia and Wagner, 1995;
Kornblum et al., 1998; Sibilia et al., 1998). Mice null for similarly show
impaired proliferation of progenitors in the SVZ (Tropepe et al., 1997).

Overall, it is clear that multipotent cells that respond to EGF differentiate
later than those that respond to FGF2. EGF promotes division and differentia-
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tion of astrocytes but does not act to restrict the developmental options of stem
cells (Johe et al., 1996). EGF-responsive cells may be a single lineage at differ-
ent developmental stages, may be composed of related lineages (Tropepe et al.,
1999), or may represent a heterogeneous starting population of cells (Bonfanti
et al., 2002). As more markers for specific populations of cells become avail-
able, it should be possible to better discriminate these options.

Platelet Derived Growth Factor (PDGF)

PDGF-A,B are expressed in the VZ at E11.5 (Hutchins and Jefferson, 1992),
although the PDGF alpha receptor has been reported to be present on cell pro-
cesses at the ventricular surface as early as E8.5 in the mouse embryo (Andrae
et al., 2001). is expressed by GPs on E12 (Kalyani et al., 1999) while

is expressed later at E14 in the rat SVZ (Sasahara et al., 1992). Later
OPs, but not astrocytes, express and divide in response to PDGF ex-
posure (Kalyani et al., 1999). is expressed by differentiating precur-
sors; however, very low levels of are detected in uncommitted cells,
expression increasing with differentiation (Erlandsson et al., 2001). In vitro,
PDGF has been shown to stimulate cell division and maintain neuronal precur-
sor proliferation, thus expanding the pool of immature neurons (Erlandsson et
al., 2001), rather than playing an instructive role in their differentiation (Johe et
al., 1996). Similarily, exposure of human fetal neurospheres to PDGF increased
neuronal survival rather than promoting differentiation (Caldwell et al., 2001).
Consistent with the pattern of receptor expression, PDGF does not stimulate
proliferation or differentiation of NEPs, but both neuronal and glial precursors
differentiate in response to PDGF (Pringle et al., 1992; Johe et al., 1996;
Valenzuela et al., 1997; Williams et al., 1997; Rao et al., 1998). Interestingly,
EGF dependent neurospheres express PDGFRs suggesting that they may be
primed to differentiate.

Considerable evidence suggests a role for PDGF in oligodendrocyte dif-
ferentiation (Ibarrola et al., 1996), and expression of is a useful marker
for oligodendrocyte precursors (Kalyani et al., 1999; Spassky et al., 2001), as
OPs in the ventral neuroepithelium (the region of oligodendrocyte differentia-
tion) in vivo are positive (Fu et al., 2002). Targeted inactivation of
genes encoding the PDGFs have demonstrated a more severe CNS effect of
PDGFA deletion than of PDGFB. There is decreased proliferation of glial pre-
cursors, fewer oligodendrocytes, and tremor suggesting defective myelination
(Fruttiger et al., 1999).

Dai et al. (2001) targeted ectopic PDGFB expression to astrocytes using
the glial fibrillary acidic protein (GFAP) promoter and to progenitor cells using
the nestin promoter. Ectopic PDGFB increased astrocyte proliferation and caused
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them to become precursor-like cells. Misexpression in progenitor cells (via the
nestin promoter) produced oligodendrogliomas, suggesting that these tumors
may be composed of GPs blocked in their ability to differentiate. Since
SVZ astrocytes have NSC properties, it is not really surprising that they can
form neural progenitors.

Brain Derived Neurotrophic Factor (BDNF)

BDNF mRNA can be detected at gastrulation (Yao et al., 1994), becoming
restricted later in development to populations of neurons and neurogenic placodes
(Hallbook et al., 1993). The neurotrophin receptors TrkA (NGF), B (BDNF,
NT4), and C (NT3) are expressed early in neural progenitor cells, with some
cells expressing multiple receptors (Lachyankar et al., 1997). Addition of BDNF
to cultures of neurospheres obtained from E15 mouse brain promotes differen-
tiation of multipolar neurons (Lachyankar et al., 1997). Exogenous BDNF in-
creased neuronal survival and differentiation of hippocampal stem cells in vitro
(Shetty and Turner, 1998, 1999), while human neural progenitors exposed to
BDNF increased secretion of dopamine up to 41% (Riaz et al., 2002).

In vivo, infusion of BDNF into the lateral ventricle on E16 increased mi-
totic activity in the SVZ and increased the number of neurons in the cortical
plate (Fukumitsu et al., 1998). When BDNF was infused later into the lateral
ventricle of the adult rat there was increased mitotic activity and neuronal num-
ber in the olfactory bulb (Zigova et al., 1998). Using adenoviral infection via
the lateral ventricle of adult rats, Benraiss et al. (2001) demonstrated that BDNF
increased the number of neurons in both neurogenic zones in regions that nor-
mally do not form neurons. NSCs transfected to secrete BDNF exhibited im-
proved survival, while antisense treatment decreased survival of cerebellar neu-
rons and was lethal to hippocampal stem cells (Rubio et al., 1999).

Consistent with these observations, BDNF null mice are viable and have
gait anomalies and abnormalities of neural patterning, particularly of granule
cell neurons in the cerebellar cortex (Schwartz et al., 1997). BDNF affects neu-
ronal precursors by a mechanism that appears to involve both survival and later
differentiation.

Neurotrophin 3 (NT3)

NT3 is expressed in the ventricular zone by E13 in the rat (Fukumitsu et
al., 1998), in the embryonic cortex (Maisonpierre et al., 1990), and by prolifer-
ating granule cells in neonatal cerebellum (Katoh-Semba et al., 2000). Its high
affinity receptor TrkC is expressed in the VZ on E14-16 (Tessarollo et al., 1993;
Ghosh and Greenberg, 1995). The catalytic isoform of the TrkC receptor (TrkC
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K, kinase-containing) is present both in mitotic and postmitotic cells, while the
noncatalytic TrkC NC2 isoform was expressed as neural stem cells exited the
cell cycle forming neuronal and glial progenitors, suggesting it may be involved
in both neuronal and glial differentiation (Menn et al., 2000).

Somewhat surprisingly, exposure of E15 mouse neurospheres to NT3 pro-
duced bipolar neurons as well as astrocytes (Lachvanakar et al., 1997). NT3 has
been shown to promote differentiation of NSCs (Lukaszewicz et al., 2002) by
increasing the length of G1 and promoting differentiation via decreasing cyclin
D2. Intraventricular infusion of NT3, like BDNF, increased the number of neu-
rons in the cortical plate four days later (Fukumitsu et al., 1998), and both NT3
and NT4 increased neuronal survival rather than neuronal commitment in hu-
man neurospheres (Caldwell et al., 2001).

The SVZ is small in both the and the TrkC null mouse, with de-
creases in the number of neurons, OPs and astrocytes, leading to the suggestion
that in addition to its widely accepted role in promoting neuronal survival and
differentiation, NT3 may also play a previously unsuspected role in glial cell
development (Kahn et al., 1999).

Ciliary neurotrophic factor (CNTF), interleukin-6 (IL-6), leukemia
inhibitory factor (LIF), and oncostatin M (OSM)

These factors signal through either homodimers of a common receptor
subunit gp130, or heterodimers of gp130 and either LIFR, OSMR, or CNTFR.
Because LIF maintains the proliferative capability and stem cell properties of
embryonic stem (ES) cells (Smith et al., 1988) there has been considerable in-
terest in the ability of cytokines that signal through the gp130 pathway to main-
tain neural stem cells. LIF mRNA is present in the spinal cord as early as E12
(Murphy et al., 1993), and the LIFR is expressed at the earliest stages of
neurogenesis (Murphy et al., 1993; Bartlett et al., 1998), later in the SVZ
(Shimazaki et al., 2001). Treatment of E10 neuroepithelial cells with LIF pro-
moted neuronal differentiation, but did not support their survival. LIF also pro-
moted astrocyte differentiation of both E10 progenitors (Richards et al., 1996)
and later NSCs (Rajan and McKay, 1998).

Animals null for either LIF (Stewart et al., 1992) or CNTF (Masu et al.,
1993) are born without striking CNS abnormalities, although there is mild loss
of motor neurons in the adult spinal cord, and crossing of the null animals pro-
duces only an accelerated loss of motor neurons (Sendtner et al., 1996). Not
surprisingly, receptor null animals (LIFR, gp130, or CNTFR) have the most
severe, neonatal lethal, phenotypes. animals lack astrocytes (Bartlett et
al., 1998) and have fewer adult NSCs (due to decreased cell proliferation). The
heterozygous mouse has fewer neural stem cells and a reduction in the
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number of tyrosine hydroxylase-positive neurons in the olfactory bulb (Shimizaki
et al., 2001). Analysis of the animals suggests that signaling through the
LIFR promotes astrocyte differentiation and inhibits neuronal differentiation
(Bartlett et al., 1998), possibly by its action on early precursors. Later, signaling
through the LIFR may be required for long term self-renewal of NSCs (Shimizaki
et al., 2001).

Surprisingly similar observations have been made regarding the develop-
ment of mice. It was expected that gp130 null animals would exhibit a
more severe phenotype than individual receptor null animals, since all cytokine
signaling through this complex would be abrogated. There is a severe depletion
of astrocytes in mature brain of these animals, as well as cell death restricted to
selected populations of motor and sensory neurons (Nakashima et al., 1999).
Interestingly, these defects develop during late phases of development. Neu-
ronal number is normal on E14.5, but there is significant neuronal loss by E18.5,
suggesting that signaling through this receptor is required not for early neuronal
differentiation but is necessary to maintain differentiating neurons through the
phase of normal programmed cell death.

CNTF promotes the differentiation and survival of astrocytes, oligoden-
drocytes, and certain types of neurons (Johe et al., 1996). Although CNTF is
expressed at low levels during embryonic development, the CNTF receptor is
provocatively associated with proliferating regions of the CNS (DeChiara et al.,
1995). It is expressed in the VZ of the developing neuroepithelium at E1 1 (Ip et
al., 1993), later in the fetal SVZ, and remains in the adult forebrain SVZ
(Shimazaki et al., 2001). Intraventricular infusion of CNTF in the adult pro-
motes proliferation of NSCs and enhances differentiation of astrocyte progeni-
tors, thus altering the commitment of NSCs to APs (Shimiazaki et al., 2001).
These authors also suggest that CNTF enhances self-renewal not survival and
keeps cells in the mitotic cycle, inhibiting their differentiation to GPs.

Null mutation of the CNTFR has demonstrated a requirement for signal-
ing through this receptor in astrocyte differentiation, although oligodendrocytes
were also affected (DeChiara et al., 1995). NSC derived from early embryos
(E15) express the CNTFr, and CNTF treatment promotes the differentiation of
bipolar neurons as well as astrocytes from these early NSC (Lachyankar et al.,
1997). Later in development CNTF promotes the differentiation of both OP
(Whittemore et al., 1999), and oligodendrocyte progenitors derived from cere-
bral cortex to oligodendrocytes (Marmur et al., 1998).

In NSCs derived from human embryonic brain, exposure to LIF or to CNTF
supported astrocyte survival, and increased neuronal number two fold, support-
ing a role of these growth factors in astroglial and neuronal fate (Galli et al.,
2000), or simply in NSC proliferation.
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Overall, signaling through this receptor complex appears to particularly
affect the diferentiation of glial precursors to astrocytes and oligodendrocytes,
but the early expression of these receptors and subtle effects on later neuronal
differentiation suggest a broader role, or possibly existance of additional ligands.

Insulin like growth factors (IGFs)

Insulin, IGF1 and IGF2 are widely expressed during CNS development,
with IGF expressed in the ventricular zone and in the SVZ (Garcia-Seguro et
al., 1991; Bondy et al., 1993; Kar et al., 1993; Aberg et al., 2000). Undifferen-
tiated progenitors from the SVZ (Arsenijevic and Weiss, 1998) and the striatum
(Arsenijevic et al., 2001) express the IGF1R. IGF1 has been shown to maintain
human fetal forebrain neurospheres (Chalmers-Redman et al., 1997), and the
absence of IGF1 abrogates the proliferation of striatal stem cells in response to
EGF or to FGF2 (Arsenijevic et al., 2001). Virtually no neurons differentiated
from NSCs without IGF1, while addition of IGF1 to EGF-expanded neurospheres
increased up to 40-fold the number of neurons obtained from these cultures
(Arsenijevic and Weiss, 1998). When IGF1 was administered peripherally, there
was a significant increase in proliferation of neuronal progenitors in the dentate
subgranular zone, with no effect on astrocyte number (Aberg et al., 2000).

IGF1 and IGF2 null mice are characterized by overall growth deficiency
(Liu et al., 1993). Like IGFR null animals, there are abnormalities of CNS de-
velopment including an overall reduction in CNS size and lack of particular
striatal neurons (Baker et al., 1993; Liu et al., 1993; Beck et al., 1995). The
IGF1 null mouse is characterized by hypomyelination, reduction in the number
of both axons and oligodendrocytes, with significant decreases in the size of the
dentate gyrus granule cell layer, although the brain is grossly morphologically
normal. There is a decrease in the number of both oligodendrocyte progenitors
and oligodendrocytes in developing, but not adult, brain (Ye et al., 2002), and
the size of white matter tracts is decreased due to a reduction in the number of
axons and oligodendrocytes. IGF2 was upregulated in the CNS of these animals
and may have protected them from oligodendrocyte depletion. In addition to
promoting neuronal differentiation, IGF1 appears to play an important role in
later axon growth and in myelination.

Signaling Molecules

Considerable research has identified combinations of genes (members of
bHLH families Ngn, NeuroDs, Math, Mash, Olig 1,2,3) and signaling molecules
that produce regional specialization within the neural tube. Gradients of bone
morphogenetic proteins (BMPs) and Sonic hedgehog (SHH) specify dorsal/ven-
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tral fates respectively (Jessell, 2000), while signaling molecules such as fibro-
blast growth factors (Crossley et al., 1996) and retinoic acid (Hogan et al., 1992)
determine anterior-posterior characteristics. Many of these signaling molecules
are re-utilized during differentiation, so that understanding the specific role of a
signaling molecule (like a growth factor) requires the precise knowledge of
developmental stage and detailed identification of target cells. Given the large
number of signaling molecules that are known to participate in early develop-
ment, this review will focus on two families, the BMPs and SHH. Factors that
influence anterior-posterior identity will be considered briefly in the section
below on regional characteristics.

Bone Morphogenetic Protein (BMP)

At induction on E6, the embryonic ectoderm is extremely sensistive to
gradients of BMPs. Controlled diffusion of inhibitors (noggin and chordin) from
the node produces regions of low BMP activity that differentiate into neural
ectoderm (Harland, 2000). The transient signaling center in the anterior visceral
endoderm (AVE) produces additional BMP antagonists that induce anterior head
structures (Perea-Gomez et al., 2001). Antagonism of BMP signals also play an
important role in formation of the secondary neural tube (Goldman et al., 2000).

BMPs (Gross et al., 1996), BMP receptors (DeWulf et al., 1995; Soderstrom
et al., 1996; Zhang et al., 1998), and inhibitors such as noggin (Valenzuela et
al., 1995) are expressed throughout development, remaining in the adult in dis-
crete CNS regions (Mabie et al., 1999). Their receptors are also expressed early;
BMPR-1a is expressed throughout the neuroepithelium, followed at E9 by ex-
pression of BMPR-1b in the dorsal neural tube (Panchision et al., 2001). In one
of the best examples of BMP/inhibitor interaction, in the late SVZ, C (amplify-
ing cells) and B cells (astrocytes) express BMP2,4 while noggin is produced by
ependymal cells (Lim et al., 2000) where it may play an essential role in influ-
encing NSCs (that have an innate bias toward astrocytes) to differentiate into
neurons. When noggin producing ependymal cells were killed by neuramini-
dase treatment, there was compensatory proliferation and differentiation of SVZ
astrocytes to form a glial scar (Grondona et al., 1996). BMP misexpression in
the ependyma decreased proliferation of SVZ progenitors and abolished neuro-
blast differentiation from the SVZ, while noggin expression in the ependyma
increased neuronal differentiation. Grafts of SVZ cells to the striatum did not
produce neurons unless adenoviral noggin was delivered, resulting in extensive
neuronal differentiation of the graft (Lim et al., 2000). Thus, like other signal-
ing centers in the nervous system, the interaction between BMP produced by B/
C cells and noggin from ependyma may precisely control the differentiation of
these cells and may explain the bias of the SVZ toward astrocyte production.
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In the neural tube, superfamily members, particularly BMPs are
expressed at high levels in dorsal regions and at low levels in ventral zones
(Liem et al., 1997). SHH is expressed in the ventral region of the neural tube
where it antagonizes BMPs, partially by promoting expression of the BMP an-
tagonist noggin (Hirsinger et al., 1997), thereby controlling dorsal/ventral pat-
terning of the neural tube (Roelink, 1996; Goodrich and Scott, 1998). As prolif-
erative cells of the neuroepithelium gradually increase their expression of EGFR,
BMP4 antagonizes this differentiation, inhibiting EGFR expression and respon-
siveness, and FGF2 also antagonizes the effects of BMP4 (Lillien and Raphael,
2000). Depending on developmental stage, BMPs promote differentiation by
inhibiting neuroepithelial cell proliferation, cells exit the cell cycle and begin to
express lineage-specific genes. Ligand binding to the BMPR-1a dorsalizes cells
and determines early dorsal patterning in the neural tube, while increasing pro-
liferation of neural precursors both in vivo and in vitro. Consistent with its later
expression, BMPR-1b promotes apoptosis early and promotes differentiation
of precursors slightly later in gestation (Panchision et al., 2001).

There is strong stage and regional specificity in these effects. Cells from
late embryonic SVZ exposed to BMPs produce astrocytes (Gross et al., 1996),
while BMP treatment of neurospheres derived from earlier stages produce oli-
godendrocytes (Rogister et al., 1999) and neurons (Li et al., 1998; Zhu et al.,
1999b). BMP treatment of OP can produce astrocytes (Grinspan et al., 2000),
while high levels of BMP inhibit oligodendrocyte differentiation (Mekki-Dauriac
et al., 2002), and promote differentiation of cerebellar granule neurons in the
BMP-rich region near the rhombic lip (Alder et al., 1999).

Gene targeting has demonstrated that double knockout of the BMP inhibi-
tors noggin and chordin produce embryos with defects of anterior and posterior
neuraxis development (Bachiller et al., 2000). Consistent with its early, wide-
spread expression, targeted deletion of BMPR-1a is prenatal lethal at gastrula-
tion (Mishina et al., 1995), unlike gene-targeted BMPR-1b embryos that do not
appear to have a CNS phenotype (Yi et al., 2000). Overexpression of BMPR1a
under the control of the nestin enhancer (to target expression to progenitors)
resulted in excessive proliferation and induction of a dorsal phenotype in the
neuroepithelium, while overexpression of BMPR-1b induced apoptosis in early
gestation and later accelerated the terminal differentiation of precursors by pro-
moting cell cycle arrest (Panchision et al., 2001). Overexpression of noggin and
to a lesser extent chordin produced rapid differentiation of neurons from totipo-
tent ES cells (Gratsch and O’Shea, 2002).
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Sonic Hedgehog (SHH)

BMPs and SHH are expressed at opposite (dorsal/ventral respectively)
regions of the early neural tube, and consistent with this non-overlapping distri-
bution they have opposite effects on the proliferation and differentiation of NSCs
(Goodrich and Scott, 1998; Dutton et al., 1999; Zhu et al., 1999b). In early
development, SHH promotes neuronal (Goodrich and Scott, 1998) and oligo-
dendrocyte differentiation (Orentas and Miller, 1996; Pringle et al., 1996; Zhu
et al., 1999b; Mekki-Dauriac et al., 2002). The SHH null embryo dies at E14, so
little has been determined about its role in regional cell fate specifiction, al-
though SHH null embryos have anterior neural induction defects, and
holoprosencephaly (Chiang et al., 1996). Injection of SHH into the adult rat
striatum increases signaling in the SVZ suggesting that as in the embryo, this
pathway may be active in the adult CNS (Charytoniuk et al., 2002).

The diversity of cell types required in the adult nervous system may ulti-
mately be controlled by gradients of signaling molecules and growth factors. It
appears that intersections of growth factor/signaling molecules may produce
many types of neurons and glial cells e.g., intersections of SHH and FGFs have
been shown to promote dopaminergic and serotonergic neuronal differentiation
(Ye et al., 1998). Interpretation of the effects of growth factors and signaling
molecules on NSCs therefore requires detailed information on developmental
stage and region of isolation from the neuraxis.

REGIONALIZATION AND THE STEM CELL NICHE

It is somewhat ironic that the concept of the stem cell niche as a region
enriched in growth factors, extracellular matrix (ECM) and cytokines that cre-
ates an incubator for stem cells, originated in the hematopoietic field (Schofield,
1978), where the niche within the marrow of long bones is perhaps the most
difficult to study. In the case of the adult CNS, it has been accepted for some
time that once cell proliferation, migration and synaptic connections are estab-
lished, the adult brain becomes largely growth factor and ECM depleted
(Scheffler et al., 1999). That adult cells retain the ability to express many of the
components of the rich embryonic environment is clear from injury studies
(Brodkey et al., 1995), where re-expression of embryonic ECM and signaling
molecules can promote untargeted process outgrowth and cell division charac-
teristic of gliosis (McKeon et al., 1999). As well as maintaining the niche, cell
surface carbohydrates are critical to successful integration of stem cells follow-
ing transplantation. When explants of neural stem cells have been enzymati-
cally disaggregated without a recovery period to allow reexpression of cell sur-
face constituents, transplantation has been less successful (Olsson et al., 1998).
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Regions of the adult nervous system that contain neural stem cells such as
the hippocampus and adult SVZ continue to express astrocyte-associated (Gates
et al., 1995) extracellular matrix molecules including tenascin-c, thrombospondin
and chondroitin sulfate proteoglycan (Miragall et al., 1990; Jankovski and Sotelo,
1996; Thomas et al., 1996). These ECM molecules bind and present growth
factors to create gradients of signaling factors and cytokines that control cell
migration, division and differentiation. Growth factors and extracellular matrix
molecules modulate differentiation of embryonic stem cells (Czyz and Wobus,
2001), and growth factors control adhesion of neural stem cells to their extra-
cellular matrix (Kinashi and Springer, 1994). Others, such as tenascin-c appear
to play a role in delimiting boundary fields during development (Faissner and
Steindler, 1995). The perseverance of embryonic ECM molecules and contin-
ued cell division in regions containing stem cells has lead to the suggestion that
stem cell zones are persistently immature (Whittemore et al., 1999). While it is
tempting to attribute “control” of stem cell behavior to these molecules, many
are rapidly turned over (produced by the cells themselves), and others mark,
rather than determine, stem cell fate. Since there appears to be considerable
heterogeneity in neural stem cell populations, with rapidly dividing populations
as well as quiescent NSCs and EGF-responsive and FGF-responsive popula-
tions, different microenvironmental niches may exist side by side within stem
cell zones. Supporting cells, whether hematopoietic stroma or astrocytes in the
CNS, play an important role in creating the stem cell microenvironment, as they
are the source of many ECM molecules and growth factors, and form partitions
or boundaries throughout the nervous system: barrel-field boundaries, roof plate,
and astrocyte processes that cordon off damaged areas.

In the search for factors common to the stem cell niche of multiple organs,
it has often been assumed that similar ECM and signaling molecules will be
present (Scheffler et al., 1999), that stem cells should exhibit a “primitive mor-
phology”, and that there should be similar gene expression profiles of stem
cells throughout the body (Ivanova et al., 2002; Parati et al., 2002). One signal-
ing system common to several stem cell niches, is BMP-noggin antagonism. In
drosophila, the BMP homologue dpp determines the differentiation pattern of
male and female germ cells, high levels of dpp favor proliferation and can lead
to tumor formation, while low levels of dpp cause differentiation (Xie and
Spradling, 1998). A similar niche for neural stem cells appears to exist late in
CNS development with noggin from ependymal cells antagonizing BMP2,4
from astrocytes to control precursor fate in the SVZ (Lim et al., 2000). Consis-
tent with this, expression of noggin in other stem cell zones such as the bone
marrow stroma induces neuronal differentiation from hematopoietic stem cells
(Gratsch et al., 2001).
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In addition to producing/maintaining an enriched environment, ECM mol-
ecules also play an important role in promoting and channeling neural stem cell
migration. In the telencephalon, polysialylated NCAM supports the migration
of neuroblasts in the rostral migratory stream (RMS) to the olfactory bulb, and
promotes neuronal differentiation of NSC in vitro (Amoureaux et al., 2000).
The receptor tyrosine kinases of the Eph family and their transmembrane asso-
ciated ephrin ligands have also been implicated in chain migration and prolif-
eration of stem cells in the adult SVZ (Conover et al., 2000). Following intra-
ventricular infusion of the ectodomain of the EphB2 receptor or ephrin-B2 ligand,
cell proliferation was increased and cell migration to the olfactory bulb was
interrupted. Slit proteins also appear to be involved in restricting neuronal mi-
gration to the RMS (Hu, 1999). Although ECM is often considered to be per-
missive rather than instructive in cell behavior, gene targeting experiments have
often suggested a more active role. For example, targeted deletion of tenascin-
c specifically inhibits proliferation and migration of neural stem cells, resulting
in depletion of OPs (Garcion et al., 2001).

Ultimately, the combination of molecular markers of stem cells, targeted
deletion of putative stem cell genes and growth and extracellular matrix factors
that maintain stem cell identity will determine their precise roles in stem cell
behavior.

Regional differentiation along the neural tube occurs with induction, when
the secondary signaling center, the anterior visceral endoderm (AVE), secretes
unique BMP inhibitors and forebrain inducers including cerberus, Dkk1 and
Otx2. Slightly later, the entire neuraxis is divided into a metameric pattern be-
ginning with the prosomer (prosencephalon; Rubenstein et al., 1994), with ad-
ditional regional characteristics determined by the Hox gene code (Lumsden
and Krumlauf, 1996). Fibroblast growth factors and retinoic acid have a strong
posteriorizing effect on the nervous system, although it is not yet known if they
can similarly affect regional gene expression patterns of NSCs. It appears that
stem cells develop regional characteristics relatively early in development, and
are able to maintain these regional markers through multiple rounds of division
in vitro (Robel et al., 1995; Nakagawa et al., 1996; Zappone et al., 2000; Hitoshi
et al., 2002; Ostenfeld et al., 2002). For example, expression of Sox2 by telen-
cephalic NSCs is maintained over many divisions in vitro (Zappone et al., 2000).
Consistent with their in vivo behavior, forebrain NSCs have the ability to pro-
duce more neurons in vitro than stem cells from hindbrain (Hitoshi et al., 2002;
Ostenfeld et al., 2002). NSC derived prior to E10.5 are capable of both hetero-
typic and heterochronic integration, but that ability is largely lost after E10.5
(Olsson et al., 1997; Brustle et al., 1999), similar to the observations of Zigova
et al. (1996) that heterochronically transplanted VZ cells often fail to exhibit
normal migration in the absence of radial glial cells later in development. Thus
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regional patterning appears to be established quite early. To develop appropri-
ate cells for transplantation it may be possible to simply maintain cells for ex-
tended periods in vitro with the hope that they may undergo some nuclear re-
programming with cell division; alternatively, region appropriate cells will need
to be developed.

The ultimate test of regional identity is to transplant stem cells into het-
erotypic or heterochronic environments to determine if they differentiate into
region-specific cells, or retain their original identity (memory). Perhaps the most
extreme examples of plasticity following heterotypic transplantation, are the
ability of NSCs to form blood cells (Bjornson et al., 1999) and embryonic tis-
sues when aggregated with pre-implantation stage embryos (Clarke et al., 2000).

Transplanted neural stem cells can integrate and differentiate in vivo, but
in many cases they retain their original pattern of regional gene expression (Na
et al., 1998), are restricted in their neurotransmitter phenotype (Nishino et al.,
2000), or may not be able to respond to extracellular cues (Sheen et al., 1999;
Prestoz et al., 2001). Integration may be more complete when NSCs are grafted
to neurogenic compared with non-neurogenic zones, as SVZ stem cells trans-
planted to SVZ produced new neurons (Herrera et al., 1999), but when trans-
planted to the cortex they differentiated into astrocytes (Doetsch and Alvarez-
Buylla, 1996). Transplated hippocampal stem cells integrate within the rostral
migratory stream and form interneurons of the olfactory bulb, although hippoc-
ampal NSC, but not stem cells derived from cerebellum or midbrain, form hip-
pocampal pyramidal neurons when transplanted to the neurogenic zone of the
hippocampus (Shetty and Turner, 1998,1999). These studies suggest that cell
fate may be controlled by the local microenvironment of the cell, and that the
regional microenvironment may be more directive than previously suspected.
While there appears to be considerable plasticity in fate restriction of neural
stem cells, stem cells isolated early in development are better able to differenti-
ate into region appropriate phenotypes specified by their new environment, while
cells derived later in differentiation integrate less well, even when placed in an
embryonic environment (Sheen et al., 1999). The genetic events that specify
this restriction remain to be determined.

In addition to its ability to affect regional patterning, the teratogen/
morphogen retinoic acid has been shown to play a role in CNS differentiation
(Balkan et al., 1992; LaMantia et al., 1993). It has been suggested that more
“plastic” (i.e., stem cell containing) CNS zones might be retinoic acid sensitive.
Cells present in the SVZ are in fact sensitive to retinoic acid, and scattered cells
throughout the CNS express retinoic acid-responsive elements, suggesting that
they too may exhibit unexpected plasticity (Thomson Haskell et al., 2002).

If it is only the environment that represses stem cell fate, then removing
cells from inhibition should be sufficient for them to reexpress stem cell prop-
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erties. That appears to be the case during early development; however sequen-
tial rounds of growth factor, ECM, and cytokine exposure limit stem cell plas-
ticity, except in very few regions of the cortex. How the stem cell microenvi-
ronment both protects stem cells from exposure to growth and differentiation
factors like the primordial germ cell niche, and at the same time produces the
unique niche remains to be determined. Understanding the role of the unique
regional environment may eventually allow expansion of NSCs for therapeutic
uses.

TOOLS

Transgenic technologies are increasingly being employed to develop tools
to study NSC behavior. Initially a constitutively active promoter such as beta-
actin was used to express a marker, usually beta-galactosidase, throughout the
embryo/adult, so that marked cells could be identified after transplantation to a
non-transgenic recipient (e.g., Mujtaba et al., 2002). Transgenic mice have also
been developed in which a cell type-restricted promoter is used with the tem-
perature sensitive SV40 large T antigen (Kilty et al., 1999), to develop NSC-
like cell lines. This “knock in” approach has been used extensively to monitor
promoter activity, and has enabled the study of expression of putative lineage
restricted genes during development. Markers such as the fluorophores eGFP,
eYFP, DsRed, sometimes in combination with an antibiotic resistance gene such
as neomycin phosphotransferase, have also been driven by CNS restricted pro-
moters. Incorporation of fluorescent markers and antibiotic resistance cassettes
allows cells to be dissociated and enriched using flow cytometry, and/or growth
in high levels of antibiotics to select specific populations of cells. As more is
known about lineage-restricted genes, this approach will allow the “purifica-
tion” of NSCs from populations that emerge at sequential stages of develop-
ment or that have unique regional characteristics or neurotransmitter pheno-
types. Once sorted, cells can be studied for their growth factor responsiveness,
their pattern of gene expression, and be monitored for their ability to integrate
in the CNS at various axial levels, or in region-specific or stage-specific man-
ners. This approach would also allow disease genes to be targeted to specific
populations of cells, e.g., HIV1 to astrocytes (Goudreau et al., 1996), or to re-
place disease genes (Readhead et al., 1987).

Genes restricted to specific neural cell types have been used to target mark-
ers to specific cells of the developing CNS. Using the murine 2’3’-cyclic nucle-
otide 3’ -phosphodiesterase (CNP) promoter to drive expression of it was
possible to monitor oligodendrocyte differentiation (Chandross et al., 1999;
Belachew et al., 2001), and to select OPs in the presence of antibiotic (Chandross
et al., 1999) or by flow sorting for eGFP expression (Belachew et al., 2001).
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The myelin basic protein (MBP) promoter has also been used to target gene
expression to oligodendrocytes, but because it is expressed late in differentia-
tion, it is not as useful to target stem cells or oligodendrocyte progenitors. The
MPB promoter has been used to create models of dysmyelination by expressing
MHCI genes in oligodendrocytes (Turnley et al., 1991), to express growth fac-
tors (Ma et al., 1995), cytokines (Taupin et al., 1997), transcription factors (Jensen
et al., 1998a), and oncogenes in these cells (Jensen et al., 1998b).

Promoters from “astrocyte-specific” genes such as the glial fibrillary acidic
protein have also been used to generate astrocyte restricted genetic modifica-
tions. However, the glial fibrillary acidic protein promoter, thought to be re-
stricted to astrocytes, directs surprisingly widespread expression of cre
recombinase to many neurons, ependyma and glial cells (Zhuo et al., 2001),
possibly because the SVZ stem cell can produce these cell types. The
murine CMV immediate early gene has also been employed to direct astrocyte-
specific gene expression in adult transgenic mice (Li et al., 2001).

A number of investigators have used the second intronic enhancer of the
nestin gene to drive gene expression to neural stem-like cells (Lendahl, 1997;
Yamaguchi et al., 2000; Kawaguchi et al., 2001; Keyoung et al., 2001). Nestin
is broadly expressed in progenitor cells within the nervous system and is
upregulated following injury, then expressed in astrocytes (Lendahl et al., 1990),
although it marks later precursors as well as progenitor cells (Cai et al., 2002).
Nestin-eGFP selected cells differentiated into multiple cell types consistent with
a NSC phenotype, including dopaminergic neurons, that successfully replaced
damaged cells in a Parkinson’s Disease model (Sawamoto et al., 2001a). These
authors have also used the promoter to express eYFP in neuronal
progenitor cells, and these mice were then crossed with the nestin-eGFP mice to
create animals in which progenitors express both eGFP and eYPF (Sawamoto
et al., 2001b)! Using an adenovirus, human fetal neural stem cells have been
transduced to express the pan-neuroepithelial marker Musashil driving eGFP
or the nestin enhancer to express eGFP. Sorted cells were multipotent, and could
be passaged, expanded, and grafted successfully to E17 and P2 rat forebrain
(Keyoung et al., 2001).

As regional patterning is better understood, and better molecular markers
that uniquely identify NSCs are developed (e.g., Cai et al., 2002), it will be
possible to develop highly specific populations of stem cells using selection
techniques. Identification of genes such as Sox2, that are expressed in the blas-
tocyst, and later identify neural stem cells during embryonic development and
in the adult nervous system (Rao and Pevny, 2003, Chapter 4 in this volume),
will significantly expedite this process. The mouse Dach1 gene is highly ex-
pressed in neurons of the cortical plate, in the hippocampus, olfactory bulb, and
SVZ, and a forebrain enhancer D6 is active in adult neural stem cells (Machon
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et al., 2002). Other transcriptional regulators have been examined for their abil-
ity to target marker genes to developing stem cell populations. BF1 is expressed
in telencephalon, otic vesicle, mid-hindbrain junction (Hebert and McConnell,
2000), and Emx1 initiates expression at E9.5 in the telencephalon and CA1-3
and dentate gyrus of the hippocampus. (Guo et al., 2000). These and other tran-
scription factors (Josephson et al., 1998); neural RNA binding proteins such as
Musashi1 (Sakakibara and Okano, 1997), regionally expressed genes such as
Emx2 (Galli et al., 2002), and possibly cell surface markers (CD133, Uchida et
al., 2000) should make it possible to obtain region-specified, stage-specified
NSCs. Once identified, these cells will provide stem cell populations for expan-
sion and transplantation, studies of growth factor responsiveness, and gene ex-
pression patterns.

STEM CELLS AS MODELS OF DEVELOPMENT AND
DISEASE

Stem cells have tremendous potential to replace cells damaged by disease
or trauma (Lim et al., 2002), to replace missing enzymes e.g.,
replacement for MPSIII (Buchet et al., 2002), for growth factor delivery (e.g.,
NGF or BDNF; Martinez-Serrano and Bjorklund, 1996). As cellular vectors,
they have the considerable advantage over fibroblasts (Fisher and Ray, 1994),
or even astrocytes (e.g., Fitoussi et al., 1998), that they can integrate into host
CNS and differentiate in a region- and cell-type appropriate manner, while pro-
viding growth factors or specific missing cells to the region (e.g., Lacorazza et
al., 1996; Flax et al., 1998; Brustle et al., 1999). Neural stem cells have also
been immortalized using oncogenes to create “neural stem cell lines” for these
studies (e.g., Auerbach et al., 2000; Tate et al., 2002).

Stem cells, both neural stem cells and the earlier embryonic stem cells,
also provide an opportunity to study the effects of genes, growth factors, and
signaling molecules on lineage segregation from an uncommitted progenitor.
They also form an important source of models of CNS disease. Thus, normal
stem cells can be exposed to growth and differentiation factors (above), stem
cells can be derived from genetically modified animals, or NSCs can be trans-
fected to express mutant genes and their proteins in vitro.

Three basic approaches have been employed. In the first, the gene of inter-
est is expressed in transgenic animals either constitutively, in a particular cell
type or in the stem cell population, using promoters described above (in TOOLS),
then NSCs are derived in neurospheres. This approach has the advantage of
being relatively simple, and allows the effects of a particular gene to be studied
both in vivo and when cells are explanted in tissue culture. Further, the time and
pattern of expression of the promoter is known and potentially marked. Alter-
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natively, NSCs are derived from normal growth factor expanded neurospheres,
then cells are transfected in vitro to express markers, disease genes, or signaling
molecules. Both approaches can produce targeted cell lines, but since the con-
structs will integrate randomly (and several copies may integrate), expression
will be influenced by unknown enhancers and repressors, although insulator
sequences can be included in the construct to lessen this problem. Transfection
of cultured cells often results in variable expression levels, transfection is tran-
sient, and efficiency is often low (10-20% of cells). These models provide the
opportunity to study the cellular processes involved in differentiation or in the
degenerative phenotype, and are particularly useful in producing a “gain of func-
tion” phenotype. This approach may fail or produce erroneous results if the
gene is not expressed normally in neural stem cells, or if the in vivo effect is due
to another cell population and the effect on the NSC is secondary. The lack of
complexity provided by the cell culture system is therefore both helpful and too
simplistic (Sipione and Cattaneo, 2002).

The third approach is to derive neural stem cell lines from transgenic ani-
mals that have been engineered by homologous recombination to express a ge-
netic mutation or a selectable marker. The advantage is that the targeting con-
struct is stably integrated, so that endogenous enhancer and repressor elements
are in their native configuration. In addition, the ability to remove the foreign
DNA using Cre-Lox technology reduces the concern of genetic instability.

Thus, neural stem cells carrying a particular genetic mutation, or with
targeted overexpression of a signaling molecule or growth factor, can be devel-
oped, expanded and stored for future studies of genetic or pharmacological in-
tervention. These cells could also represent a long term source of transgenic
protein.

Development and disease models

The numerous studies described above regarding growth factor and sig-
naling molecule mediated differentiation of neural stem cells attest to the value
of using NSC as a model of lineage segregation during differentiation; they
may also be useful models of disease. Neurodegenerative conditions may result
from an early disruption of neural development that over time develops into full
blown disease or predisposes cells to future injury (Gokhan and Mehler, 2001;
Mehler and Gokhan, 2001). Since both NSC and ES cells normally express
many genes associated with neurological diseases during their differentiation,
they may be a good model of early degenerative events. For example, during
their differentiation, NSCs express both huntingtin, and presenilin 1, while ES
cells express ataxin and frataxin (Gokhan and Mehler, 2001). Gene
targeting has revealed a requirement for many of these genes surprisingly early
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in development. For example, embryos in which the huntingtin gene has been
deleted die at E7.5 (Nasir et al., 1995), deletion of the presenilin gene is also
prenatal lethal (Shen et al., 1997). Subtle alterations in genes essential for in-
duction, neural patterning, or regional specification may therefore produce a
genetic predisposition to injury and disease. Thus, study of gene targeted neural
stem cells or embryonic stem cells plus neurotoxic compounds might sugest
novel pathways to disease, early diagnosis and intervention strategies, and pro-
duce a starting cell population to test pharmacological interventions.

Despite the potential of this approach, relatively few studies have used
neural stem cells as model systems to study mechanisms involved in normal
development or in disease. Neural stem cell differentiation has largely been
carried out by exposing neurospheres to soluble factors. Targeted misexpression
of developmental control genes is another way of interfering with local gene
expression, and has been widely employed in submammalian species. In the
case of noggin misexpression, BMP4 signaling can be abrogated in a precise
niche (Kulessa et al., 2000). In another recent study, the nestin promoter was
employed to express the reelin gene in wild type and reelin mutant brain
(Magdaleno et al., 2002). Contrary to some predictions, overexpression of reelin
in the normal CNS did not induce patterning defects, while expression in the
mutant background reversed some, but not all, of the cell migration defects
characteristic of the reelin mutants.

Neurodegenerative conditions

Study of neurodegenerative diseases using stem cell models is particu-
larly appropriate when the disease mutation initiates a cell-intrinsic degenera-
tive process. This is the case in Huntington’s disease (HD), where the HD mu-
tation is an expanded CAG repeat that increases a polyglutamine segment in the
huntingtin protein. To study this process, neural stem cells can either be ob-
tained from mutant (gene targeted) mice or normal stem cells can be transfected
to express the mutant protein to better understand the cascade of events that
produce cellular injury and to examine potential pharmacological interventions.

NSCs derived from the R6/2 transgenic mouse which has more than 150
CAG repeats knocked into exon one of the human huntingtin gene, were pas-
saged, frozen, and reconstituted into “cell lines” that when differentiated as
neurospheres expressed the expanded polyglutamine tract. When these cells
were differentiated, mainly astrocytes and a few neurons formed (Chu-LaGraff
et al., 2001). The authors attribute this to the requirement of EGF to expand
neurospheres, biasing differentiation. This could be an effect of the mutation
itself and suggests that other growth factors might be employed in the expan-
sion phase. In another study of HD, striatal cell lines were obtained from the
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HdhQ111 mouse that expresses expanded CAG repeats under the control of the
temperature-sensitive SV40 large T antigen. In these studies, there was no pref-
erential differentiation to a neuronal or glial phenotype, although cells express-
ing mutant Htt were characterized by longer cell cycle times, and toxicity that
may involve specific stress pathways (Trettel et al., 2000). Conditionally im-
mortalized striatal cells were also transfected with either wild type Htt or con-
structs to express the expanded CAG repeats to study normal and mutant pro-
tein function in these cells. Mutant Htt induced apoptosis in striatal neurons by
a caspase-dependent mechanism, while wild type Htt inhibited caspase 3 acti-
vation (Rigamonti et al., 2000). In an embryonic stem cell based model, the
neuronal differentiation capacity of ES cells containing expanded polyglutamine
tracts was significantly impaired (Lorincz et al., 2001). Although mice null for
huntingtin die at E7.5, null embyonic stem cells appear to differentiate nor-
mally (Metzler et al., 1999).

Tumors

Neural stem cells may be the source of transformed cells, particularly primi-
tive tumors such as glioma or neuroblastoma (Wernig and Brustle, 2002). NSC
have been shown to be the target of chemical mutagens that produce gliomas in
animal models (Kleihues et al., 1979), and the presence of multiple lineages,
e.g., neuronal cells in gliomas, would also be explained if the cell of origin was
a multipotent progenitor (Igatova et al., 2002). Many CNS tumors express genes
typical of primitive stem cells including: BMP receptors (Yamada et al., 1996),
bHLH genes including Olig1,2 (Hoang-Xuan et al., 2002), Notch receptors
Jagged or Delta (Igatova et al., 2002), and Id genes (Hasskarl and Munger,
2002). Mutation of cell cycle control genes, and those involved in programmed
cell death also produce proliferation phenotypes (above). Tumor stem cells may
be genetically defective in their ability to respond to growth and differentiation
factors (Ignatova et al., 2002) or common signaling pathways may be
dysregulated (Bachoo et al., 2002), producing a population of stem cells that is
unable to undergo terminal differentiation.

When nestin was used to drive overexpression of a constitutively active
EGFR to progenitors, glial tumors were induced more efficiently than when
expressed in astrocytes by the GFAP promoter (Holland et al., 1998), possibly
because nestin expressing cells were less mature and therefore more permissive
to tumorigenesis (Bachoo et al., 2002). However inactivation of the tumor sup-
pressor gene Ink4a/ARF with EGFR activation in either neural stem cells or
astrocytes induced high grade gliomas, astrocyte “dedifferentiation”, with some
neuronal elements present in the tumors. These studies suggest that both astro-
cytes and NSCs may serve as the cell of origin for these highly lethal tumors.
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In addition to providing models to examine the behavior of transformed
cells, NSCs have been used to deliver chemotherapeutic agents to tumors. It has
been possible to overexpress IL4 (Aboody et al., 2000) or cytosine deaminase
(Benedetti et al., 2000) in neural stem cells which were then injected and showed
surprising trophism to tumors, reducing tumor size.

Understanding the cell biology and molecular biological characteristics of
neural stem cells offers much for developmental biologists, as well as those
who would use this population of cells in proteomic and drug testing experi-
ments, or to target cells, growth factors, or genes to the nervous system and
possibly elsewhere. As we learn more about their unique niche, and restricted
patterns of gene expression, it will be possible to develop improved tools for
more precise monitoring and engineering of these amazing cells.
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Chapter 2

Neural Stem and Progenitor Cells: Lineage and Cell Fate
Determination

Stephen N. Sansom, Sabhi Rahman, Uruporn Thammongkol and
Frederick J. Livesey

INTRODUCTION

Neurogenesis, the process by which postmitotic neurons are generated from
pools of mitotic progenitor cells, is a highly regulated process in all organisms
studied (Edlund and Jessell, 1999; Livesey and Cepko, 2001). Different types
of neurons are produced in a temporal sequence that is conserved in different
species, and different types of neurons are produced in different parts of the
nervous system (Cepko et al., 1996). Discrete phenotypes or identities are as-
signed to the postmitotic progeny of neural progenitor cells through a process
of cell fate determination. To a significant degree, the fates of those progeny are
decided within the mitotic progenitor cell before it divides. Thus, progenitor
cells have an integrative function whereby they combine extrinsic information
in the form of extracellular signals with information intrinsic to the cell to de-
cide the fates of their daughter cells, as will be discussed in more detail below.

Given the emergence of findings in recent years illustrating the conserva-
tion of mechanisms controlling neural cell fate determination in vertebrate and
invertebrate development, it is unlikely that alternative mechanisms are acting
in adult neural stem cells. Therefore, an understanding of the cellular and mo-
lecular mechanisms involved in this process during development will be of di-
rect benefit to efforts to exploit neural stem cells for therapeutic uses. The de-
velopmental biology of neural cell fate determination can be broadly divided
into a series of processes: the induction or appearance of neurogenic tissue(s),
that is tissue containing neural stem and progenitor cells; the division of this
tissue into distinct territories or regions that go on to form different components
of the adult nervous system; and the ordered production of region-specific neu-
rons within each territory. Several striking recent studies have clearly shown
that this process can be recapitulated in vitro, generating particular classes of
neurons from embryonic stem (ES) cells through a series of discrete steps aimed
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at guiding cells through each stage in this process (Kim et al., 2002; Wichterle
et al., 2002).

In contrast with our increasing understanding of lineage and cell fate de-
termination during neural development, much less is known of the origins, lin-
eage choices and cell fate determination mechanisms operating in adult neural
stem cells (NSCs). Therefore, this chapter will discuss what is known of neural
lineage and cell fate determination mechanisms in both vertebrates and inverte-
brates, comparing this with what is known in adult NSCs.

THE ORIGINS OF NEURAL LINEAGES DURING
EMBRYONIC DEVELOPMENT

The neural lineages of Drosophila

In the fruit fly, Drosophila, the neural lineages of the central nervous sys-
tem (CNS) originate from bilaterally symmetrical neurogenic regions on either
side of the embryonic ventral midline. This ventral neurogenic region will give
rise to the ventral nerve cord (Bate, 1976; Bossing et al., 1996). The neuroecto-
dermal cells of this region have the potential to become either epidermal or
neural progenitor cells (Doe and Goodman, 1985). Initially this ventral neuro-
genic region is characterized by the broad expression of a group of genes that
confer a neural fate, referred to as the proneural genes and described in detail
below (Alonso and Cabrera, 1988; Cabrera, 1990; Cabrera and Alonso, 1991;
Cabrera et al., 1987; Jimenez and Campos-Ortega, 1990; Martin-Bermudo et
al., 1991). Not all cells within the neurogenic region become neural progeni-
tors. Instead, only some nonadjacent cells continue to express proneural genes
and proneural gene expression in the surrounding cells is lost (Cabrera, 1990;
Cabrera et al., 1987).

Developmental origins of the vertebrate nervous system

In vertebrates the central nervous system derives from a neural plate that
is induced in the dorsal ectoderm. The induction of this neuroectoderm has been
most intensively studied in Xenopus and it is understood to take place according
to a process known as the default model (Wilson and Hemmati-Brivanlou, 1997).
In the default model, neural fate represents the default state of the ectoderm of
the early embryo, that is normally repressed by factors of the bone morphoge-
netic protein (BMP) family. In Xenopus, neural induction is achieved by the
secretion of BMP inhibitors, including chordin and noggin, from the organizer
(Harland, 2000). The overexpression of Bmp2/4 prevents neural induction and
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promotes the formation of ectoderm, whilst the ectopic expression of the BMP
inhibitors promotes neural induction at the expense of the ectodermal fate (Wil-
son and Edlund, 2001). The vertebrate neural plate, like the neurogenic regions
of the Drosophila embryo, is characterised, by the expression of proneural genes
(Blader et al., 1997; Henrique et al., 1997; Ma et al., 1996).

Notch signaling is responsible for the selection of neural
progenitor cells

In the neuroectoderm of Drosophila lateral inhibition through the notch
signaling pathway is responsible for the process by which the broad initial ex-
pression of the proneural genes becomes restricted to the subset of progenitor
cells which will give rise to the nervous system (Artavanis-Tsakonas et al.,
1999; Chitnis and Kintner, 1996; Heitzler and Simpson, 1991; Lewis, 1998).
Although the overexpression of notch or its ligand delta in the neuroectoderm
does not affect neurogenesis, the ectopic activation of notch signaling prevents
the formation of neural progenitor cells, while the inactivation of notch sigalling
results in the generation of ectopic neural progenitors (Hartenstein and Posakony,
1990; Heitzler and Simpson, 1991; Lehmann et al., 1983; Lieber et al., 1993;
Nakao and Campos-Ortega, 1996; Parks and Muskavitch, 1993; Rebay et al.,
1993; Seugnet et al., 1997; Struhl et al., 1993).

A situation comparable to that in Drosophila is found in the neural plates
of Xenopus and zebrafish where lateral inhibition by notch signaling also re-
stricts proneural gene expression and neural fate to a subset of cells (Blader et
al., 1997; Chitnis et al., 1995; Chitnis and Kintner, 1996; Ma et al., 1996). In
both flies and vertebrates, the lateral inhibition of neural fate in the prospective
neural territories is due to an upregulation of the notch ligand, delta, by the
proneural genes in cells fated to become neural precursors (Cau et al., 2002;
Chitnis and Kintner, 1996; Fode et al., 1998; Lewis, 1998; Ma et al., 1999;
Perron and Harris, 2000a). The notch target genes, hairy and enhancer of split
E(spl) in Drosophila, and the vertebrate hairy and enhancer of split homolog
(Hes), hairy and enhancer of split related (Her), and enhancer of split related
(Esr) are all repressors of proneural gene expression (Casarosa et al., 1999; Cau
et al., 2002; Chitnis and Kintner, 1996; Fode et al., 1998; Heitzler et al., 1996;
Hinz et al., 1994; Kunisch et al., 1994; Ma et al., 1998).

The precise mechanism by which notch signaling selects neural progeni-
tor cells is still unclear. In Drosophila, notch and its ligand, delta, are initially
expressed evenly in the neuroectoderm (Fehon et al., 1991; Kooh et al., 1993)
but, unlike other cells of the neuroectoderm, prospective neural precursors do
not express the notch target gene E(spl) (Baker et al., 1996; Dokucu et al., 1996;
Jennings et al., 1994). It is therefore thought that the cells of the Drosophila
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neuroectodem are specified as neural progenitors by a spatial inactivation of the
notch pathway (Baker, 2000).

ROLES OF PRONEURAL GENES IN VERTEBRATE AND
INVERTEBRATE NEUROGENESIS

Proneural gene families in flies and vertebrates

The proneural genes have been clearly implicated in neurogenesis in both
flies and vertebrates [for review see Bertrand et al. (2002)]. Proneural genes are
both necessary and sufficient to initiate the development of neuronal lineages
and to promote the generation of progenitors which are committed to neuronal
differentiation. Proneural genes are transcription factors which contain a basic
helix-loop-helix (bHLH) domain which confers dimerization and DNA binding
properties (Murre et al., 1989). The proneural genes were originally identified
in Drosophila in the early 1970s as a complex of genes involved in the early
stages of neural development (Garcia-Bellido, 1979; Ghysen and Dambly-
Chaudiere, 1988).

Two classes of proneural genes are known in Drosophila. The achaete-
scute (asc) family consists of four genes: achaete, scute, lethal of scute and
asense (Gonzalez et al., 1989; Villares and Cabrera, 1987). The second, the
atonal (ato) family, has three members, atonal, amos and cato (Goulding et al.,
2000a,b; Huang et al., 2000b; Jarman et al., 1993). In vertebrates there are sev-
eral families of proneural genes named according to their homology with those
in Drosophila: these are the achaete-scute homologs (ath), the atonal homologs
(ath), and the atonal-related (atr) gene families (Guillemot, 1999; Lee, 1997).
The vertebrate ash family consists of four members, ash 1-4, which are prefixed
in vertebrates by the first letter of the species name such that: ash 1 in mice is
Mash1, in Xenopus is Xasth1, and in zebrafish is Zash1. The vertebrate ath gene
family is larger but only two of its members are considered true orthologs of the
Drosophila ato genes (these are Math1 and Math5 in mice). Examples of the
vertebrate atonal-related families are the NeuroD, Neurogenin and Olig gene
families (Hassan and Bellen, 2000; Lee, 1997). These family relations are based
on the presence of specific residues within the bHLH domain.

How do proneural genes function?

Proneural genes function by binding to DNA as heterodimers with the
ubiquitously expressed bHLH ‘E’ proteins: E2A, HEB and E2-2 in vertebrates,
and daughterless (da) in Drosophila (Cabrera and Alonso, 1991; Johnson et al.,
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1992; Massari and Murre, 2000). The bHLH domain of the proneural genes
contains a stretch of ten DNA binding residues, of which nine are conserved
between all proneural genes (Bertrand et al., 2002; Chien et al., 1996). These
conserved DNA binding residues recognise the E-box (CANNT) promoter ele-
ment. Most proneural genes function as activators of target gene transcription,
with the exception of Olig2, which is a repressor (Cabrera and Alonso, 1991;
Johnson et al., 1992; Mizuguchi et al., 2001; Novitch et al., 2001).

Repression of proneural function can be achieved by disruption of their
heterodimerisation with the ubiquitous E proteins. The Drosophila extra
macrochaetae (emc) and vertebrate inhibitor of differentiation (Id) genes pos-
sess bHLH domains but lack DNA binding motifs, and are thought to compete
with proneural proteins for E proteins, thus inhibiting proneural gene function
(Cabrera and Alonso, 1991; Campuzano, 2001; Yokota, 2001). The Drosophila
hairy and enhancer of split (Espl), and the vertebrate hairy and enhancer of split
homolog (Hes), hairy and enhancer of split related (Her), and enhancer of split
related (Esr) genes are transcriptional repressors of proneural genes and are
also thought to repress proneural function by the disruption of heterodimer for-
mation (Davis and Turner, 2001; Kageyama and Nakanishi, 1997).

Expression of the proneural genes

In Drosophila, expression of the proneural genes begins in the quiescent
cells (the cells of the neuroectoderm are not actively cycling at this stage) of the
neuroectoderm which are competent to adopt both epidermal and neural fates.
Proneural gene expression begins in clusters of cells in the neuroectoderm, which
reflect the later distribution of neural progenitor cells in the peripheral and cen-
tral nervous systems (Campuzano and Modolell, 1992). The refinement of
proneural gene expression by notch signaling results in the selection and delami-
nation of neural progenitors from the neuroectoderm (Jan and Jan, 1994; Jimenez
and Campos-Ortega, 1990). In vertebrates, proneural genes are first expressed
in the neural plate, the cells of which, in contrast to those of the neuroectoderm
of Drosophila, are actively cycling and have already been specified for a neural
fate. Proneural gene expression thus acts in combination with notch signaling to
specify the the formation of neuronal progenitor cells in the neural plate that
possess a limited mitotic potential (Casarosa et al., 1999; Cau et al., 2002; Fode
et al., 1998; Fode et al., 2000; Horton et al., 1999; Ma et al., 1998; Ma et al.,
1999).
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Proneural genes are responsible for the specification of neural
progenitor cells

In Drosophila a major role of the proneural genes is to promote the speci-
fication of neural progenitors in both the peripheral nervous system (PNS) and
central nervous system (CNS). Mutations that disrupt proneural gene function
in Drosophila result in a reduction in the numbers of neural progenitors gener-
ated, whereas the overexpression of proneural genes results in the ectopic for-
mations of neural progenitors (Dominguez and Campuzano, 1993; Jimenez and
Campos-Ortega, 1990; Rodriguez et al., 1990). In vertebrates, the ash, atoh and
ngn genes have a proneural role which is similar to the role of their Drosophila
homologues. The loss of neural progenitors in vertebrate models mutant for
proneural gene function is correlated with premature astrocyte generation, and
there is evidence that proneural genes promote the neuronal fate and repress the
glial fate in vertebrates (Casarosa et al., 1999; Cau et al., 2002; Fode et al.,
1998; Guillemot and Joyner, 1993; Horton et al., 1999; Ma et al., 1998; Ma et
al., 1999; Scardigli et al., 2001).

Other vertebrate proneural genes, for example NeuroD and Math3/NeuroM,
have characteristics more similar to those of neural differentiation genes, but
are also implicated in dictating a neuronal rather than a glial cell fate choice in
some regions (Morrow et al., 1999; Tomita et al., 2000). As in Drosophila, the
over-expression of many vertebrate proneural genes has the opposite effect to
loss of function studies, promoting neuronal differentiation (Blader et al., 1997;
Ma et al., 1996; Mizuguchi et al., 2001). However, direct evidence for the
proneural function of some vertebrate proneural genes is lacking. For example,
Math1 and Math5 are involved in specifying neuronal identity, but do not seem
to have a proneural function (Bermingham et al., 1999; Gowan et al., 2001;
Hassan and Bellen, 2000). Mutational studies in the mouse have only estab-
lished classical proneural function for a few genes, including Mash1, Ngn1 and
Ngn2. Furthermore, the known vertebrate proneural genes do not account for
the generation of all the known neural lineages (Fode et al., 1998; Ma et al.,
1998; Ma et al., 1999; Sommer et al., 1995). There are therefore many similari-
ties, but also clear differences in the roles of the proneural genes in progenitor
cell selection in vertebrates and flies.

The role of proneural genes in neuronal differentiation

After selection, neural progenitor cells further upregulate proneural gene
expression before becoming commited to differentiation (Culi and Modolell,
1998; Kintner, 2002; Koyano-Nakagawa et al., 1999; Vaessin et al., 1994). Posi-
tive feedback loops serve to maintain and upregulate proneural gene expression
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in prospective progenitor cells. For example, the transcription factors senseless
in Drosophila and Xcoe2 and Hes6 in vertebrates are induced by proneural
genes and upregulate proneural gene expression (Bae et al., 2000; Dubois et al.,
1998; Koyano-Nakagawa et al., 2000; Nolo et al., 2000). Some proneural genes
are subject to autoregulation, such as the vertebrate atonal homolog, Mathl,
and conversely other vertebrate proneural genes are known not to autoregulate
such as Mashl and Ngnl (Guillemot et al., 1993; Helms et al., 2000; Nieto et
al., 2001; Sun et al., 1998; Van Doren et al., 1992).

Whilst the proneural genes have a role in the promotion of neural fate,
proneural gene expression in neural progenitors is transient. In vertebrates,
proneural genes are downregulated before progenitors exit the proliferative zone
of the neural tube and begin to differentiate (Ben-Arie et al., 1996; Gradwohl et
al., 1996; Ma et al., 1998). In Drosophila, proneural genes are downregulated
before progenitors start to generate the sense organs of the PNS and the gan-
glion mother cells of the CNS (Cubas et al., 1991; Jarman et al., 1993; Skeath
and Carroll, 1991). Proneural genes therefore function to confer a neural fate by
switching on downstream genes, known as the neuronal differentiation genes.

Many neuronal differentiation genes possess bHLH domains, and are re-
lated to the proneural genes, and this has given rise to the idea that, as is the
situation in muscle differentiation, cascades of different bHLH genes are re-
sponsible for neural cell fate determination and differentiation (Jan and Jan,
1993; Kintner, 2002; Lee, 1997; Weintraub, 1993). bHLH neuronal differentia-
tion genes are expressed later than the proneural genes, are under the transcrip-
tional control of proneural genes, and can promote neuronal differentiation if
ectopically expressed. In the fly, Asense is a direct transcriptional target of
Achaete and Scute and is involved in sense organ differentiation (Dominguez
and Campuzano, 1993; Jarman et al., 1993). In vertebrates, bHLH genes of the
NeuroD family are downstream of the neurogenins (Fode et al., 1998; Huang et
al., 2000a; Ma et al., 1998) and have the characteristics of neural differentiation
genes (Farah et al., 2000; Lee et al., 1995; Liu et al., 2000a; Miyata et al., 1999;
Olson et al., 2001; Schwab et al., 2000). Because proneural genes and neuronal
differentiation genes are structurally related, it is plausible that their distinct
functions may be due to the different times at which they are expressed. This
possibility has not been fully investigated, although there is evidence that sev-
eral proneural genes control differentiation steps in neuronal lineages.

Proneural genes have a role in the specification of neuronal
identity

As well as their role in progenitor selection, a role for proneural genes in
the specification of neuronal identity has emerged. Proneural genes are often
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expressed in restricted progenitor domains that will give rise to particular types
of neurons. In the dorsal vertebrate spinal cord, Mathl, Ngnl and Mashl are
expressed in distinct dorsoventral progenitor domains that produce distinct types
of interneurons (Gowan et al., 2001). Mutant analysis in the mouse has shown
that Mathl and Ngnl are necessary for the correct specification of some neural
progenitor domains, further linking proneural gene expression to neural cell
fate determination. (Bermingham et al., 2001; Gowan et al., 2001). In Droso-
phila, loss of function studies have shown that different types of proneural genes
are involved both in the formation of different types of sense organs (Huang et
al., 2000b; Jarman et al., 1993; Jarman et al., 1994), and in the formation of
different types of neurons in the CNS (Parras et al., 1996; Skeath and Doe,
1996).

In vertebrates a well studied example of the role of the proneural genes in
the specification of neuronal identity is the role of Mashl in the generation of
noradrenergic neurons. In the PNS, loss and gain of function experiments have
shown that Mashl acts together with the homeodomain protein Phox2b to in-
duce the expression of Phox2a, a related homeobox gene, and dopamine b-
hydroxylase (DBH), in the specification of noradrenergic neurons in the sym-
pathetic ganglia (Goridis and Rohrer, 2002; Hirsch et al., 1998; Lo et al., 1998;
Pattyn et al., 1999). By contrast, in the noradrenergic centres of the brain, Mashl
induces the expression of both Phox2b and Phox2a (Goridis and Brunet, 1999;
Pattyn et al., 2000). Mashl has also been implicated in the specification of other
neuronal identities, for example, in the ventral forebrain Mashl is expressed in
domains which give rise butyric acid (GABA) GABAergic neurons
(Fode et al., 2000; Parras et al., 2002). The involvement of Mashl in the speci-
fication of different kinds of neurons indicates that it must interact with region-
ally expressed factors that modify its specificity.

The vertebrate Neurogenin genes are also thought to be involved in the
specification of neuronal identity. In the PNS a role has been established for the
Neurogenins in the specification of sensory neurons, and in the CNS Ngn2 has
been shown to cooperate with Olig2 in motor neuron induction (Lo et al., 2002).
In the retina NeuroD and Math3 are necessary and sufficient for the generation
of amacrine interneurons (Inoue et al., 2002; Morrow et al., 1999), whilst Math3
and Mashl are involved in specifying bipolar fate (Hatakeyama et al., 2001).
The specification of neuronal fate can therefore be carried out by non-proneural
bHLH proteins, and is uncoupled from the selection of progenitors in some
neural lineages.

Evidence from Drosophila indicates that different proneural genes regu-
late different target genes. For example, the gene cut, expressed in the progeni-
tors of external sense organs, is induced by the asc genes but is repressed by
atonal (Blochlinger et al., 1991; Jarman and Ahmed, 1998). Specificity in the
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regulation of target genes is thought to be conferred both by the different DNA
binding properties of the different proneural genes, and by regionally expressed
cofactors. Sequence analysis of E-box motifs has revealed that different proneural
proteins recognise distinct E-box sequences (Bertrand et al., 2002; Chien et al.,
1996). In Drosophila, the regionally expressed cofactors Pannier and Chip have
been identified and shown to modulate Achaete/Scute-Daughterless mediated
activation of achaete transcription (Ramain et al., 2000).

THE GENERATION OF NEURONAL TYPES:
PROGENITOR REGIONALIZATION

A primary event in the construction of a nervous system is the division of
the nascent CNS into a number of discrete territories or regions, typically by
conferring distinct regional identities on neural progenitor cells. A further round
of spatial patterning of progenitor cells then occurs within each region, as dis-
cussed below. As already described in both Drosophila and vertebrates, many
neural progenitor cells acquire a regional identity during their initial induction
or generation in the neuroectoderm and neural plate.

Regionalization of the ventral neuroectoderm in Drosophila

The ventral neurogenic region of the Drosophila embryo gives rise to thirty
neuroblasts per hemisegment during neurogenesis. These neuroblasts delami-
nate from the neuroepithelium in five successive waves along the ventrodorsal
and anterior-posterior axes in rows and columns in a stereotyped spatiotempo-
ral pattern (Bate, 1976; Bossing et al., 1996; Doe, 1992; Hartenstein and Cam-
pos-Ortega, 1984; Schmidt et al., 1997). Upon formation, each neuroblast has a
unique fate, and each neuroblast that arises in a particular position at a particu-
lar time during development always has the same fate (Bossing et al., 1996;
Schmidt et al., 1997). The neural progenitors of the ventral neurogenic region
thus have an identity and fate that is conferred in the neuroepithelium.

The initial dorsoventral patterning of neuroblasts is conferred by a set of
transcription factors known as the columnar genes. These are the homeodomain
proteins encoded by ventral nervous system defective (vnd), intermediate
neuroblasts defective (ind), msh and dichaete (Buescher and Chia, 1997; Isshiki
et al., 1997; McDonald et al., 1998; Skeath et al., 1994; Skeath et al., 1995).
These factors are expressed in ventral to dorsal stripes within the ventral neuro-
genic region. The anteroposterior patterning of neuroblasts is understood to be
under control of the segment polarity genes wingless (wg), gooseberry (gsb),
patched (ptc), and hedgehog (hh) (Bhat, 1996; Bhat, 1999; Bhat and Schedl,
1997; Chu-LaGraff and Doe, 1993; Skeath et al., 1995). It is thought the seg-
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ment polarity genes and the columnar genes function together with the proneural
genes to confer regional identity during neural progenitor formation (Skeath
and Thor, 2003). In this interpretation, the interaction of proneural proteins with
the regionally expressed factors forms a code to specify the unique fate of every
neuroblast.

Regionalization of the vertebrate neural tube

The primary regionalization event in the vertebrate CNS is its division
into the broad territories of forebrain, midbrain, hindbrain and spinal cord. Within
each territory, a fine-scale regionalization of neural progenitors takes place. In
vertebrates the best understood example of fine-scale neural progenitor
regionalisation is found in developing the neural tube. This structure is pat-
terned dorsoventrally by molecules homologous to those responsible for pat-
terning the ventral neurogenic region of the fly. The dorsoventral axis of the
ventral half of the neural tube can be subdivided into five progenitor domains
known as p0, p1, p2, MN and p3, based on differential gene expression (Briscoe
et al., 2000). Each of these domains gives rise to a distinct class of neurons (for
details, see Figure1). Domains pO-p3 give rise to VO-V3 interneurons, whilst
the pMN domain gives rise to motor neurons (MNs) (Briscoe et al., 2000; Ericson
et al., 1997a; Pierani et al., 2001; Sharma et al., 1998).

The five progenitor domains are initially specified by a gradient of the
signaling molecule sonic hedgehog (SHH), secreted from the ventral floor plate
(Ericson et al., 1996; Roelink et al., 1995). The progenitors of the neural tube
are highy sensitive to the ambient concentration of SHH, and this results in the
graded expression of a group of transcription factors (hereafter referred to as
spinal cord TFs) by the neural tube progenitor cells (Briscoe et al., 2001; Briscoe
et al., 2000; Ericson et al., 1996). Many of the spinal cord TFs possess
homeodomains, although one is a bHLH factor (Olig2) (Lee and Pfaff, 2001).
These spinal cord TFs can be divided into two classes: Class I factors (Pax6,
Irx3, Dbx2, Dbxl, Pax3/7) are repressed by SHH signaling whereas Class II
factors (Nkx2.2/2.9, Olig2, Nkx6.1, Nkx6.2) are induced by SHH (Briscoe et
al., 2000).

Furthermore, Class I and II spinal cord TFs are antagonistic and
downregulate the expression of one another, in a process known as cross regu-
lation, which functions to establish sharp boundaries in gene expression (Briscoe
et al., 2000; Ericson et al., 1997b; Mizuguchi et al., 2001; Novitch et al., 2001;
Sander et al., 2000; Vallstedt et al., 2001). The expression of combinations of
these spinal cord TFs defines five progenitor domains (Jessell, 2000). Func-
tional studies have demonstrated that these transcription factors act in a combi-
natorial manner to specify distinct neural identities (Briscoe et al., 2000; Briscoe
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et al., 1999; Ericson et al., 1997b; Mansouri and Gruss, 1998; Sander et al.,
2000). Several of the spinal cord TFs are homologous to genes involved in the
dorsoventral patterning of the Drosophila ventral neurogenic region: nkx2.2 is
related to vnd, gsh-1/2 to ind and msx is related to msh(dr) (Cornell and Ohlen,
2000).

The intracellular mechanisms by which spinal cord TFs are expressed in
response to the SHH gradient has not been fully elucidated. However members
of the Gli/ci gene family, which is known to be downstream of SHH signaling
in Drosophila, have been implicated in this process (Ding et al., 1998; Litingtung
and Chiang, 2000; Matise et al., 1998). It is also known that SHH is able to
induce the expression of target genes via Gli/ci independent mechanisms
(Krishnan et al., 1997).

How do spinal cord TFs function in the specification of
neuronal identity?

Spinal cord TFs, contrary to expectation, are understood to act by the re-
pression of their target genes. Eight of the eleven spinal cord TFs possess a
engrailed homology (ehl) domain, conserved with the engrailed repressor (Muhr
et al., 2001; Smith and Jaynes, 1996). This domain is understood to interact
with the Groucho-TLE (Gro/TLE) corepressors, which are broadly expressed
in the developing neural tube (Allen and Walsh, 1999; Muhr et al., 2001). The
Gro/TLE repressors are thought to mediate gene regulation by promoting inter-
action with histone deacetylases to modulate chromatin structure or possibly by
more direct interaction with the transcription machinery (Chen et al., 1999;
Edmondson and Roth, 1998; Edmondson et al., 1996; Lee and Pfaff, 2001). It is
possible that additional corepressors function with spinal cord TFs in the devel-
oping neural tube.

Spinal cord TFs are thus understood to act to confer neural fate by the
negative regulation of their target genes. Differential target gene expression in
the five progenitor regions might be achieved by the presence of different tran-
scription factor binding sites in the promoters of different target genes (Lee and
Pfaff, 2001). In this model the downstream target genes of the spinal cord TFs
are initially broadly expressed, but become restricted to permissive progenitor
domains. Examples of targets of spinal cord TFs are evxl in VO cells, enl in
V1 cells, Lhx3/4 and Chx10 in V2 cells, MNR2/HBO and Isll/2 in motor neu-
rons and Sim1 in V3 interneurons (Lee and Pfaff, 2001). Expression of these
downstream genes begins in the spinal cord neurons when they exit the cell
cycle, and is responsible for conferring specific neuronal phenotypes (Lee and
Pfaff, 2001). Studies of mouse mutant models of the spinal cord TF target genes
have revealed that whilst some of these genes dictate all aspects of cell identity,
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others only act to specify certain features of cell fate, such as axon guidance
properties (Matise and Joyner, 1997; Moran-Rivard et al., 2001; Saueressig et
al., 1999).

The rostrocaudal patterning of neural progenitors in the spinal cord is not
as well understood as their dorsoventral patterning. Although most kinds of
neuron are represented at the different segmental levels of the spinal cord, strik-
ingly some classes of motor neurons are not (Jessell, 2000). Grafting experi-
ments have shown that the initial rostrocaudal patterning of the neural tube is
carried out by interactions with the paraxial mesoderm (Appel et al., 1995; Ensini
et al., 1998; Itasaki et al., 1996; Lance-Jones et al., 2001; Lumsden and Krumlauf,
1996). Although the signals involved in this patterning are still being eluci-
dated, signaling by retinoic acid is known to be important (Muhr et al., 1999).

A class of genes understood to be important for the rostrocaudal pattern-
ing of neurons in the spinal cord are the classical Homeobox (Hox) genes. There
are four Hox gene clusters: a, b, c, and d in vertebrates, which are related to the
homeotic genes of Drosophila. In vertebrates, Hox genes have a well estab-
lished role in axial patterning (Burke et al., 1995). Members of the Hox-c and
Hox-d gene clusters are expressed at different rostrocaudal levels of the spinal
cord and there is evidence that they are necessary for the specification of some
classes of neuron in the developing neural tube, indicating that Hox genes play
a role in the rostrocaudal regionalisation of the nervous system (Belting et al.,
1998; de la Cruz et al., 1999; Keynes and Krumlauf, 1994).

Progenitor cells within a given domain are multipotent

An important feature of the progenitor domains in the developing spinal
cord is that whilst they may be defined by the expression of regional factors and
proneural genes, these domains are not resticted to the generation of a single
type of neuron. In the pMN domain of the ventral vertebrate spinal cord pro-
genitors are known to undergo a switch from motor neuron production to oligo-
dendrocyte generation over time (Lu et al., 2000; Pringle et al., 1998; Richardson
et al., 1997; Soula et al., 2001; Zhou et al., 2001; Zhou et al., 2000). In addition
to temporal changes it is possible that there is heterogeneity within individual
progenitor domains.

CONTROL OF THE TEMPORAL ORDER OF
NEUROGENESIS

During neurogenesis, multipotent neural progenitors give rise to a series
of differentiated neurons (Bossing et al., 1996; Schmidt et al., 1997). The known
mechanisms by which neural progenitors gain a spatial identity, through the
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activity of regionalised factors and the proneural genes have been discussed.
However, the generation of the individual neurons of a specific neural lineage
over time presents a new problem. How does a neural progenitor give rise to a
series of neurons with distinct identities over time? A key mechanism used in
all nervous systems studied is asymmetric division of stem and progenitor cells.

Asymmetric cell division in Drosophila

In Drosophila both the CNS progenitors, neuroblasts (NBs), and the PNS
progenitors, the sensory organ precursors (SOPs) undergo a series of asymmet-
ric divisions in order to generate characteristic lineages of neurons and glia
(Bossing et al., 1996; Gho et al., 1999; Reddy and Rodrigues, 1999; Schmid et
al., 1999; Schmidt et al., 1997). After delaminating from the neuroectoderm,
Drosophila neuroblasts undergo a series of apical/basal orientated asymmetric
divisions (Figure 2). These asymmetric divisions give rise to a smaller daughter
cell, the ganglion mother cell (GMC), which buds off from the dorsal/lateral
cortex of the neuroblast. GMCs then divide terminally to give rise to two neu-
rons or glia.

The asymmetric division of neuroblasts requires the asymmetric localisation
of cell fate determinants and the correct orientation of the mitotic spindle in
order for the proper segregation of cell fate determinants to the GMC daughter
cell. The polarity of neuroblasts is established by an apical protein complex
consisting of Bazooka, DaPKC and DmPar6, which also mediates polarity in
the epithelium (Petronczki and Knoblich, 2001; Schober et al., 1999; Wodarz et
al., 2000; Wodarz et al., 1999). The cell-fate determinants Prospero, prospero
mRNA and Numb, and the adapter molecules that help to localise them which
are Miranda, Staufen, and Partner of numb, respectively, form a basal crescent
within the neuroblast (Broadus et al., 1998; Hirata et al., 1995; Ikeshima-Kataoka
et al., 1997; Knoblich et al., 1995; Li et al., 1997; Lu et al., 1998; Rhyu et al.,
1994; Schuldt et al., 1998; Shen et al., 1997; Spana and Doe, 1995). This basal
crescent, which overlies the basal spindle pole of mitotic NBs, segregates to the
GMC daughter cell. The neural lineages of the peripheral nervous system are
generated by the SOPs which undergo a series of asymmetric cell divisions to
give rise to four different cell types which together constitute an external sense
organ (Bodmer et al., 1989).

Asymmetric cell division in vertebrates

In vertebrates, the asymmetric cell division of neural progenitors has been
reported in the cortex and in the retina of the rat (Cayouette et al., 2001; Chenn
and McConnell, 1995). In the mammalian cerebral cortex, neural progenitors of



Sansom, Rahman, Thammongkol & Livesey 69

the ventricular zone (VZ) give rise to the outer radial layers, which are com-
posed of differentiated neurons which posses distinct identities. This process of
layer formation in the cerebral cortex is known to involve the asymmetric divi-
sion of neural progenitor cells in the VZ followed by the outward migration of
postmitotic neurons. It is thought the formation of the different radial layers is
due to changes in, and restriction of progenitor cell competence in the VZ over
time (Desai and McConnell, 2000).

The mouse homologue of the Drosophila cell fate determinant Numb, m-
Numb, is known to be involved in the asymmetric divisions of the progenitors
of the cerebral cortex (Zhong et al., 1996) and retina (Cayouette et al., 2001),
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and is capable of rescuing numb mutant flies (Zhong et al., 1996). In cultures of
cortical progenitor cells, m-Numb has been shown to preferentially localise to
the postmitotic cell in progenitor-neuron divisions, and, in comparison m-Numb
inheritance is unbiased in progenitor-progenitor divisions (Shen et al., 2002).
Recent video microscopy analysis of retinal progenitor explants has demon-
strated that the asymmetric inheritance of Numb between two retinal daughter
cells promotes a different fate for each daughters, whereas the symmetric inher-
itance of Numb tend to leads to the same fate for both daughter cells (Cayouette
and Raff, 2003). These observations indicate that there is conservation of Numb
function in the developing nervous systems of Drosophila and vertebrates, and
that the generation of neural lineages by a series of asymmetric divisions is a
common feature of neurogenesis.

Temporal aspects of neural cell fate determination in the
Drosophila retina

In the Drosophila retina, neural differentiation is initiated in a posterior to
anterior wave which sweeps across the retina, following the morphogenetic fur-
row (Ready et al., 1976; Tomlinson and Ready, 1987). In front of the morpho-
genetic furrow differentiation is inhibited by notch signaling via hairy (Brown
et al., 1995). Behind the furrow, photoreceptor differentiation occurs in an in-
variant sequence, starting with the differentiation of single precisely spaced
‘founder’ R8 photoreceptor cells (Jarman et al., 1994; Tomlinson and Ready,
1987). The R8 photoreceptor founder cells each contribute to one ommatidium,
of which there are 750 in the adult retina (Ready et al., 1976). The founder cells
are recruited by a process of lateral inhibition involving notch signaling in which
the broad initial expression of the proneural gene, atonal, becomes restricted to
the prospective R8 photoreceptor cells (Frankfort and Mardon, 2002).

Unlike the generation of the CNS and sensory organs, the different retinal
neurons in Drosophila do not arise by the asymmetric division of a progenitor
cell, but are understood to be specified over time by bursts of epidemeral growth
factor (EGF) signaling, which have been shown to be necessary and sufficient
for the generation of the different photoreceptor neurons in the retina (Freeman,
1997). It has been suggested that the ability of the retinal precursor cells to
respond to EGF signaling changes over time, either due to intrinsic or extrinsic
factors, such that the age of the retinal cell exposed to the EGF signal deter-
mines the type of neuron born. In this model, temporal intrinsic information is
integrated with an extrinsic signal to determine the type of neuron generated
(Freeman, 1997). In this situation where the same extra cellular signal is used to
stimulate each wave of differentiation, the changing internal configuration of
the neural precursor is likely to be crucial to determine the cell fate it will adopt.



Sansom, Rahman, Thammongkol & Livesey 71

Temporal aspects of neural cell fate determination in the
vertebrate retina

In the vertebrate retina, the initial steps of neural cell fate determination
are remarkably similar to those in Drosophila. The first-born neurons are reti-
nal ganglion cells, and their production requires the expression of the atonal
homolog, ath5, which as in the Drosophila retina is induced by sonic hedgehog
and opposed by a gradient of notch signaling (Neumann and Nuesslein-Volhard,
2000). In the vertebrate retina, six types of neurons and one type of glial cell are
generated during development. The order in which these cell types appear is
invariant across vertebrate species, with the retinal ganglion cells being pro-
duced first and rods, bipolar and Müller glial cells last (Carter-Dawson and
LaVail, 1979; Cepko et al., 1996a; LaVail et al., 1991; Stiemke and Hollyfield,
1995; Young, 1985). Unlike in Drosophila, the neurons of the vertebrate retina
are generated from a pool of actively cycling neural progenitor cells.
Neurogenesis in the vertebrate retina is characterised by several features. Firstly
retinal progenitors are multipotent, and can generate more than one or two cell
types (Holt et al., 1988; Turner and Cepko, 1987; Turner et al., 1990; Wetts and
Fraser, 1988). Secondly, despite the conserved birth order, there is an overlap in
the generation of different retinal cell types (LaVail et al., 1991; Stiemke and
Hollyfield, 1995; Young, 1985).

Vertebrate retinal progenitor cells are only able to give rise to certain sub-
sets of cell types at different stages in development (Austin et al., 1995; Belliveau
and Cepko, 1999; Belliveau et al., 2000). It has been shown that whilst extrinsic
signals can regulate the proportion of different cell types being made, they can-
not alter the range of cell types generated. Combined with the multipotency of
retinal progenitor cells, these observations led to the proposal of a competence
model for retinal development (Figure 3), which suggested that retinal progeni-
tor cells pass through a series of intrinsically determined configurations, or com-
petence states, in each of which they are able to give rise to only a subset of cell
types in response to extracellular signals (Cepko et al., 1996a).

Potentially, competence states might be determined by chromatin modu-
lation, transcriptional states, gene expression profiles, translational regulation,
protein accumulation/degradation, and by post-translational protein modifica-
tion (Livesey and Cepko, 2001). There is some evidence for a transcriptional or
translational control of progenitor competence. Two markers have been identi-
fied which show heterogeneity of expression in retinal progenitors, syntaxin-la
and VC1.1 (Alexiades and Cepko, 1997). Retinal progenitors also display a
changing response to mitogens over time, and the level of epidermal growth
factor receptor (EGFR) expression is known to change over time in the retina
(Lillien, 1995; Lillien and Cepko, 1992). In addition, the cyclin kinase inhibi-
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tors (CKI’s) p27 and p57 which regulate cell cycle exit are expressed in differ-
ent subsets of progenitors (Dyer and Cepko, 2000b). It has also been suggested
that the level of another cyclin kinase inhibitor, increases over time in
retinal progenitors, and that its accumulation over a certain level is responsible
for driving the formation of the final retinal cell type, the Müller glial cell
(Ohnuma et al., 1999).

The mechanisms that govern the switch between different progenitor states
or competences are unknown. It is possible that intrinsic factors, extrinsic fac-
tors or a combination of the two are responsible for changes in progenitor compe-
tence. Several types of retinal neuron are known to produce signals that nega-
tively feedback on the retinal progenitor cells, regulating the types of neurons
which they can generate (Bermingham et al., 1999; Ren and Tully, 1986; Waid
and McLoon, 1998). A complicating factor in understanding retinal progenitor
competence is the existence of heterogenous progenitor states at any one time
(Brown et al., 1998; Dyer and Cepko, 2000a; Jasoni and Reh, 1996; Levine et
al., 2000; Lillien and Cepko, 1992). This progenitor heterogeneity raises the
complicating possibility that functionally different subsets of retinal progeni-
tors exist, and that each subset of progenitors may generate only a selection of
retinal cell types.
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A temporal identity for neural progenitors and their progeny

In the asymmetrically dividing neuroblasts of the Drosophila embryo a
sequentially expressed group of transcription factors encoded by hunchback,
kruppel, castor, pdm and grainyhead has recently been reported (Brody and
Odenwald, 2000; Isshiki et al., 2001). While the expression of these factors
occurs as a temporal sequence in neuroblasts, the daughter ganglion mother
cells (GMCs) that they give rise to maintain the expression of the transcription
factor expressed in the mother neuroblast at the time that they were born. Hunch-
back and Kruppel have been shown to confer birth order specificity on many
neuroblast lineages regardless of whether these lineages result in a neuronal or
glial cell fate. How is this cascade of transcription factors regulated?
Misexpression studies indicate that hunchback activates the expression of
kruppel, and that Kruppel activates the expression of castor (Isshiki et al., 2001).
Hunchback and Kruppel are also known to repress the expression of the next
plus one gene in the sequence. Hunchback represses castor and Kruppel re-
presses pdm. Interestingly the overexpression of hunchback has recently been
shown to reset the sequential expression of these transcription factors (Pearson
and Doe, 2003).

The expression of this transcriptional cascade in many different neuro-
blast lineages, some of which give rise to neurons and some to glia, suggests
that it is responsible for conferring a temporal, rather than absolute identity on
each GMC as it is born. As yet no such transcriptional cascade has been identi-
fied in vertebrates, although given the similarity of the other steps of neural cell
fate determination between flies and vertebrates, the existence of similar mecha-
nisms would not be a surprise.

A role is emerging for a novel group of regulatory genes, the microRNAs,
in this process. The nematode worm C.elegans homologue of hunchback, hbl-
1, has recently been shown to control developmental time and to be regulated
by the microRNA let7 (Abrahante et al., 2003; Lin et al., 2003). Regulatory
sites exist in the Drosophila hunchback 3’-untranslated region for the homolo-
gous Drosophila microRNAs and it is therefore likely that it too is temporally
regulated in this way. Regulation by microRNA genes may therefore offer a
novel mechanism for the temporal control of neurogenesis, in conjunction with
the temporal transcription factor sequence outlined above.

Cell fate determination within a given competence state

Within an intrinsically defined progenitor competence state, cell fate has
been shown to be influenced by extrinsic factors, for example by feedback inhi-
bition from postmitotic neurons (Belliveau and Cepko, 1999; Reh and Tully,
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1986; Waid and McLoon, 1998). Such a feedback mechanism has been shown
to act on progenitor cells before M phase in order to affect daughter cell fate
(Belliveau and Cepko, 1999) and a similar mechanism has been proposed for
the developing neocortex (Desai and McConnell, 2000). It is noteworthy that
extrinsic factors can also act to determine or respecify the fate of postmitotic
cells, at least in vitro. For example, it is known that cilary neurotrophic factor
(CNTF) and leukaemia inhibitory factor (LIF) can cause cells destined to be-
come rods to adopt aspects of the bipolar cell phenotype (Ezzeddine et al., 1997).

Notch signaling is known to be involved in the differentiation of neurons
and glia of the vertebrate retina and developing forebrain. However it is unclear
whether notch signaling has a permissive or instructive role in these processes
(Livesey and Cepko, 2001). In the neural crest, transient notch signaling is in-
structive in switching neural crest progenitors to neurogenesis, and then to
gliogenesis (Morrison et al., 2000). In the late retina, notch acts to signal the
transition between neurogenesis and gliogenesis (Furukawa et al., 2000), as it
also does in the developing forebrain (Gaiano et al., 2000). Notch signaling is
therefore likely to be important in regulating cell fate determination in verte-
brates.

NEURAL CELL FATE DETERMINATION ELSEWHERE
IN THE VERTEBRATE NERVOUS SYSTEM

In other regions of the developing vertebrate nervous system, cell fate
determination is similar to the situation in the retina. Both the progenitor cells
of the cortex and spinal cord are multipotent (Briscoe et al., 1999; Leber et al.,
1990). In the developing cortex, as in the retina, progenitors give rise to neurons
before generating glial cell types (Morrison et al., 2000; Qian et al., 2000b).
Cortical progenitors progress through phases reminiscent of the competence
states of retinal progenitors, in which they are competent to produce cells of a
given laminar fate (Morrison et al., 2000; Qian et al., 2000b). However, unlike
the situation in the retina, cortical neural progenitor cells are capable of gener-
ating later, but not earlier cell types upon heterochronic transplantation (Desai
and McConnell, 2000; McConnell, 1988). This has lead to the concept of the
progressive restriction model in cortical cell fate determination (Desai and
McConnell, 2000).

Both cortical and spinal cord progenitors can respond to extrinsic factors
that regulate their cell fate choices. Cortical progenitors are competent to re-
spond to extrinsic signals until late S/early G2 in the cell cycle (McConnell,
1988), in agreement with the finding that retinal progenitors make cell fate
choices prior to M phase (Belliveau and Cepko, 1999). As in the retina, feed-
back signaling is used as a mechanism of neural cell fate determination in the
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spinal cord where postmitotic motor neurons induce the genesis of interneurons
(Pfaff et al., 1996). Heterogeneity also appears to be a conserved feature of
vertebrate neurogenesis, as different populations of spinal cord progenitors can
be distinguished by the expression of different transcription factors (Briscoe et
al., 2000).

Vertebrate neural cell fate determination has many striking parallels with
cell fate determination in Drosophila. As in the fly, precursor cells give rise to
different types of neurons over time, implying that changes in competence (or
cell fate potential) are common mechanisms of cell fate determination in both
invertebrates and vertebrates. Other conserved features of neural cell fate deter-
mination are feedback inhibition, multipotency and progenitor heterogeneity.
Whilst much still remains to be understood about neural cell fate determination,
our existing knowledge and paradigms suggest that with the advent of genomics
technologies we might soon have a much deeper understanding of key aspects
such as the changes in neural progenitor cell fate potential over time.

TERMINAL DIFFERENTIATION PROGRAMS

When a postmitotic neuron has been specified to assume a particular fate,
it must then terminally differentiate to realize that fate. This process is under-
stood to involve locking a cell into a terminal transcriptional program. The tran-
scriptional networks involved in terminal differentiation are only just begin-
ning to be understood in vertebrates, and several transcription factors have been
identified which are specific for different neurons. For example, in the retina
the transcription factors Brn3a-c are specific to ganglion cells, Crx is specific to
photoreceptors, and each is required for the full phenotypic differentiation of
their respective neurons (Furukawa et al., 1997; Furukawa et al., 1999; Gan et
al., 1999; Liu et al., 2000b). As discussed above, combinations of homeodomain-
containing transcription factors control survival and differentiation of many
classes of spinal cord neurons (for review, see (Jessell, 2000)).

Several different transcription factors regulating terminal differentiation
have been identified in the worm C.elegans, including the Chx10 homologue
ceh-10 and several different LIM-domain containing transcription factors (Altun-
Gultekin et al., 2001; Hobert and Westphal, 2000). Single transcription factors
have been shown to control distinct aspects of neuronal phenotypes, the most
striking example being definition of dendritic arbor morphology in Drosophila
neurons by different levels of expression of the cut transcription factor (Grueber
et al., 2003). It is thought that terminal transcription programs are likely to
involve autoregulatory loops to maintain the cell specific transcriptional pro-
gram.
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ORIGINS AND LINEAGE RELATIONSHIPS OF ADULT
NEURAL STEM CELLS

A key issue for neural stem cell biology, discussed in more detail else-
where in this book, is the origin of neural stem cells and their lineage relation-
ships to the progenitor cells present during embryonic development. As has
been well described, neurosphere-forming cells can be isolated from diverse
regions of the adult CNS, including the lateral wall of the lateral ventricle, the
hippocampus and the ciliary margin of the retina (for review, see Kuhn and
Svendsen, 1999; Temple, 2001; and elsewhere in this volume). The precise
location of the primary neural stem cell within the lateral wall of the lateral
ventricle has been studied in some detail (Doetsch et al., 1999; Johansson et al.,
1999), with a consensus emerging that a subpopulation of SVZ astrocytes are
true stem cells. However, there is still much to know about the developmental
origins of these cells.

Firstly, it is not clear when neural stem cells are generated during devel-
opment. Using the classic neurosphere formation assay, typically it is not pos-
sible to harvest stem cells until relatively late in development. However, using
the alternative approach of adherent clone generation, rather than sphere forma-
tion, for identifying NSCs suggests that stem cells are present from the earliest
stages of neural development (Qian et al., 2000a). Is it possible that NSCs are a
late generated cell type, or that key NSC properties are not acquired by endog-
enous cycling neural progenitor and stem cells until late in development? This
latter possibility raises the other pivotal question of which cells are NSCs re-
lated to and derived from. Are NSCs actually astrocytes, or a distinct subpopu-
lation of astrocyte-like cells, generated late in development? There are striking
similarities between astrocytes and progenitor cells in terms of gene expres-
sion, as noted by several authors (Fischer and Reh, 2001; Furukawa et al., 2000),
and astrocytes are typically the last-born cell type. Radial glia within the devel-
oping cerebral cortex have been demonstrated to not only give rise to astrocytes
late in development, but are also neurogenic progenitor cells earlier in develop-
ment (Campbell and Gotz, 2002; Hartfuss et al., 2001; Malatesta et al., 2000).
So are astrocytes, or a subpopulation thereof, effectively quiescent late stage
neural progenitor cells?

If neural stem cells are late stage progenitor cells, this would not be com-
patible with multipotency, as it has been demonstrated in both the retina and
spinal cord that late progenitor cells are only capable of generating late-born
cell types. The potential of NSCs isolated from different regions of the CNS has
not been analysed in detail, particularly with respect to the temporal order of
normal neurogenesis. One exception is the ciliary marginal zone of the retina,
where the stem cells within this region in amphibia and fish are multipotent,
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and give rise to mitotic progenitor cells to go on to produce all of the cells of the
adult retina (Perron and Harris, 2000b; Perron et al., 1998).

Thus, it would appear that NSCs are not simply the functional equivalent
of late stage progenitor cells. One alternative possibility for the origin of NSCs
is that there is a population of neural stem cells distinct from the much larger
population of mitotic neural progenitor cells, and that adult NSCs are the direct
descendants of these stem cells (Temple, 2001). If this is the case, the ability to
generate neurospheres in culture may be a property that is lacking in early em-
bryonic NSCs, but which has been gained by adult NSCs.

CELL FATE DETERMINATION IN ADULT NEURAL
STEM CELLS

In contrast with developing neural stem and progenitor cells, little is known
of the basic mechanisms regulating cell fate decision-making in adult NSCs.
Most strategies for inducing the neural differentiation of cultured NSCs rely on
growth factor withdrawal or retinoid exposure, and assay the relative degree of
neuronal and glial differentiation within the culture system, rather than the di-
versity of neuronal cell types (Kuhn and Svendsen, 1999). Thus much interest
has focused on the efficiency of neuron generation from neural stem cells, rather
than on the mechanisms controlling neurogenesis and cell fate determination.
However, it is clear that NSCs express many of the same markers as developing
neural progenitor cells, and do use the delta-notch pathway to regulate neural
differentiation (Morrison et al., 2000). It is likely, therefore, that similar or iden-
tical cellular mechanisms and key genes are redeployed in NSCs for the genera-
tion of discrete types of neurons.

With regard to the developmental potential of NSCs, transplantation of
NSCs into the adult CNS results in differentiation into regionally appropriate
cell types after an initial culture period of weeks to months, typically as
neurospheres (Englund et al., 2002; Fricker et al., 1999). However, the degree
of neurogenesis depends on transplantation into one of the areas of adult
neurogenesis, such as the SVZ. NSCs that are transplanted outside of these
regions generate mostly glial cells (Wu et al., 2002). Time spent in culture prior
to transplantation appears to have striking effects on the potential and/or com-
petence of NSCs, suggesting that some form of reprogramming or dedifferen-
tiation may take place. Human NSCs are capable of generating region-specific
neuronal progeny when transplanted into the adult rat CNS following a series of
in vitro treatments, including growth factor exposure (Wu et al., 2002). In con-
trast, in vitro studies indicate that NSCs isolated from different regions of the
forebrain are intrinsically different in terms of gene expression and responses to
mitogens (Parmar et al., 2002).



78 Neural Stem Cells: Development and Transplantation

The ability of tissue culture and growth factor exposure to alter the poten-
tial of NSCs appears to be a general phenomenon. Peripheral nerve stem cells
demonstrate a striking difference in potential when transplanted immediately
after harvesting, compared to transplantation following a period of time in cul-
ture (Bixby et al., 2002; Kruger et al., 2002; White et al., 2001). Such a change
in potential is reminiscent of the change in potential of oligodendrocyte precur-
sor cells in vitro from being dedicated to the production of oligodendrocytes to
the ability to form astrocytes and neurons, again through a series of growth
factor treatments (Kondo and Raff, 2000).

Those studies have important implications for our understanding of the
biology underlying progenitor and stem cell potential and competence, and also
for the practical aspects of manipulating these cells for replacement therapies.
Several reports have been made of the plasticity of neural stem cells both within
and outside the nervous system and in the developing chick embryo (Bjornson
et al., 1999; Blau et al., 2001; Clarke et al., 2000; Vescovi et al., 2002). A
number of alternative mechanisms have been proposed and demonstrated for
this putative plasticity, including cell fusion (Terada et al., 2002; Wurmser and
Gage, 2002; Ying et al., 2002). However, it is also clear that culture conditions
can have marked effects on the potential of these cells, through unknown cellu-
lar mechanisms, a phenomenon that could possibly be harnessed for therapeutic
benefits, but could also be of concern for experimental design and interpreta-
tion.

CONCLUSION: IS THERE A GENERAL BLUEPRINT
FOR CONTROLLING NEURAL CELL FATE
DETERMINATION FROM ES CELLS AND NS CELLS?

Recent findings on the generation of particular classes of neurons from ES
cells have emphasized the importance of a thorough understanding of the mecha-
nisms controlling cell fate determination during development (Kim et al., 2002;
Wichterle et al., 2002). In both cases, specific types of neurons were generated
from ES cells by first inducing neural differentiation in the ES cells, and then
using the available knowledge of the extracellular signals and transcription fac-
tors required in the production of each cell type. In one case, overexpression of
a transcription factor normally expressed in midbrain dopaminergic neuron pro-
genitor cells was used to bias progeny towards that fate (Kim et al., 2002). In
the other, ES cells were exposed to a series of treatments designed to mimic
normal in vivo development, such that ES cells were first induced to form neu-
rogenic tissue and then this tissue was exposed to signals that confer caudal, or
spinal cord, fates. Lastly, this tissue was treated with a combination of factors
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known to induce motor neuron production and differentiation in the developing
neural tube (Wichterle et al., 2002).

These studies have raised the possibility that there is a single framework
for generating classes of neurons which can be applied to both ES cells and
NSCs isolated from different regions of the CNS. However, they also highlight
the potential difficulties of working with NSCs, as opposed to ES cells. In the
case of ES cells, it is possible to prospectively walk cultured neural tissue down
developmental pathways appropriate to the cell type one wishes to produce.
This may not be the case for regionally-derived NSCs. As discussed above, we
know little about the cellular status of these NSCs, especially after periods of
time in culture. In particular, it is not clear if NSCs with increased potential
after time spent in culture are the equivalent of developing neural progenitor
cells of a distinct development stage, or whether this represents an independent
pathway for neural development or differentiation. Understanding this aspect
of NSC biology will be essential for efforts to manipulate NSCs to generate
desired cell types at high efficiencies.

Finally, given the presence of endogenous stem cells in the adult mamma-
lian CNS, it is also of interest to ask whether approaches that manipulate such
stem cells are likely to be more successful for stimulating repair than the trans-
plantation of exogenous stem cells (See Chapter 12 in this book). In this case, as
in the manipulation of NSCs in vitro, an understanding of the competence and
potential of these cells, allied to our increasing knowledge of the general mecha-
nisms regulating neurogenesis, will be essential for the rational development of
therapeutics aimed at stimulating those cells to repair the damaged CNS.
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Chapter 3

Stage-Specific and Cell Fate Markers

Ichiro Nakano and Harley I. Kornblum

INTRODUCTION

For the purposes of this chapter, neural stem cells (NSCs) will be defined
as cells capable of proliferating in symmetric and asymmetric fashions and that
ultimately give rise to the three major cell types in the CNS: neurons, astrocytes
and oligodendrocytes. Neural stem cells have the properties that they can be
clonally and serially passaged (Reynolds and Weiss, 1992; Morshead et al.,
1994; Gage et al., 1995). Neural stem cells are the subject of intense research
and therapeutic interest. However, to date, NSC have been difficult to unam-
biguously identify in vitro or in vivo by their physical or molecular properties.

There are several different ways to propagate NSC in vitro. This fact alone
has lead to a great deal of variation amongst results obtained for different stud-
ies (Reynolds and Weiss, 1992; Stemple and Anderson, 1992; Reynolds and
Weiss, 1993; Vescovi et al., 1993; Gage et al., 1995; Gritti et al., 1995; Reynolds
and Weiss, 1996; Weiss et al., 1996). Initially, NSC were propagated as floating
balls of cells, termed neurospheres in the presence of epidermal growth factor
(EGF; Reynolds and Weiss, 1992). Subsequently it has been shown that
neurospheres can also be propagated in the presence of fibroblast growth factor,
the most commonly used of which is basic FGF (FGF-2; Gritti et al., 1995;
Kilpatrick and Bartlett, 1995; Ciccolini and Svendsen, 1998). Neurospheres can
be grown from the brain at any developmental age beyond E8.5 in the mouse,
although at these early stages NSC are responsive only to bFGF, while EGF-
responsiveness comes later (Ciccolini and Svendsen, 1998). Numerous areas of
the CNS have neurosphere-forming potential, from the olfactory bulb to the
spinal cord, although the precise cells that give rise to neurospheres is not com-
pletely clear.

Neural stem cells have been propagated in monolayer cultures. This was
initially accomplished with cells from the adult hippocampus, but has also been
performed for NSCs from the embryonic neocortex (Gage et al., 1995; Palmer
et al., 1995; Johe et al., 1996; Sun et al., 2001). These monolayer cultures use
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different substrates: polyornithine/laminin for the hippocampus and
polyornithine/fibronectin in the cortical stem cell cultures.

In addition to these methods of culture, NSCs can be derived from “other”
cell types in vitro. Embryonic stem (ES) cells can be cultured in one of a variety
of ways to produce cells with the characteristics of NSCs (Bain et al., 1995;
Okabe et al., 1996; Brustle et al., 1997; Tropepe et al., 2001; Ying et al., 2003).
Additionally, “traditional” astrocyte cultures can be driven to produce NSCs
when propagated under specified conditions, as can oligodendrocyte precur-
sors, and, possibly several other cell types (Kondo and Raff, 2000; Laywell et
al., 2000; Imura et al., 2003).

Regardless of the method of culture, it must be emphasized that there are
no conditions that give rise to a pure population of NSC. In each condition, a
certain amount of spontaneous differentiation occurs and NSCs may exist si-
multaneously with a variety of other cell types. Thus, methods must be devel-
oped to distinguish neural stem cells from other cells contained within these
cultures.

In vivo, NSCs are thought to reside within restricted regions, including the
periventricular germinal epithelia, the dentate gyrus of the hippocampus and
the region surrounding the central canal of the spinal cord (Lois and Alvarez-
Buylla, 1993; Weiss et al., 1996; Laywell et al., 2000; Rietze et al., 2001; Seri et
al., 2001). Recent observations have challenged these notions with evidence
supporting the existence of neural stem cells in regions distant from these ger-
minal zones, including the white matter of human cortex (Milosevic and
Goldman, 2002). Regardless of the location of neural stem cells, the in vivo
neural stem cell niche is a complex one and contains a variety of cell types.
Additionally, many studies are testing implantation of NSCs as therapies for
CNS disorders. These studies require that one is able to determine the pheno-
type of a cell in tissue sections following transplantation into the brain. Thus,
molecular markers to label NSCs in vivo as well as to distinguish them from
more differentiated cells are just as critically needed as for in vitro work.

Although the definition of NSC is relatively simple, this belies the com-
plexity of the subject. One area that is of great current interest lies in the pos-
sible heterogeneity of NSCs, that is, that there may be many different “kinds” of
neural stem cells. For instance, the cells isolated in the presence of FGF2 or
EGF may have different properties in terms of their differentiation as well as
cell cycle parameters (Kornblum et al., 1990; Vescovi et al., 1993; Weiss et al.,
1996; Tropepe et al., 1999). Furthermore, different brain and spinal cord re-
gions give rise to different classes of neurons and glia. It is possible that the
NSCs existing in germinal regions of these different locales are different, as
will be discussed below.
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The complexity of NSC biology and cultures makes it imperative that
markers be found to distinguish both between NSCs and other cells that may
exist in vitro or in vivo as well as between potentially different NSCs. This
chapter will focus on methods used to perform these tasks currently, as well as
specific problems that need to be addressed in the future.

Molecular markers, simply put, are molecules that can be used to distin-
guish one cell type from another. There are several ways to take advantage of
molecular markers. The most common method is through the use of immunocy-
tochemistry. This method is relatively simple, but has the disadvantage of a
high rate of nonspecific staining and the limitation of available antibodies. An-
other method used is in situ hybridization, which is highly sensitive and spe-
cific. However, this method is limited in use by its relative difficulty and the
inability to label living cells.

Other methods exist to take advantage of molecular specificity. These in-
clude the use of promoter and/or enhancer regions to drive the cell-type specific
production of a marker protein, such as green fluorescent protein or beta galac-
tosidase (Price et al., 1987; Keyoung et al., 2001). Cells that would normally
express the gene of interest would then express the marker. The genes can be
introduced into cells in culture by standard methods or into animals using
transgenic approaches (Kawaguchi et al., 2001). The difficulty here lies in the
complexity of making the appropriate construct as well as promoter “leakiness”
which will cause nonspecific production of the transgene.

In addition to molecular markers, other methods are used to track and
label neural stem cells and their progeny in vivo and in vitro, that rely, not on
molecular specificity, but the labeling of single cells and their progeny. Retroviral
infection, at limiting dilutions, has been one method widely and successfully
used to study and track neural stem cells (Price et al., 1987; Doetsch et al.,
1999; Uchida et al., 2000; Milosevic and Goldman, 2002).

In the sections below, we provide examples of methods used to assay for
cell types in NSC-containing cultures and in vivo with an attempt to place these
methods in the context of NSC biology. We also describe other approaches to
label NSCs and their progeny, as well as new approaches to identify markers
and cell types. Needless to say, the lists and methods included here are incom-
plete and will continue to evolve.

MARKERS FOR DIFFERENTIATED CELL TYPES

An important aspect of the study of neural stem cells is the identification
of their progeny, differentiated and committed cells. Multiple antibodies exist
to label differentiated cells that are derived from neural stem cells. Because of a
lack of completely specific markers, a combination of antibodies needs to be
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rationally developed to make identifications. A list of several of these markers
is included in Table 1 (page 116). A few of the commonly used markers deserve
specific comment and are discussed in each section. This list is by no means
complete or exhaustive, but is meant to serve as a resource and provide ex-
amples.

General markers for neuronal identification

Neurons, when mature, possess characteristic and unambiguous morpho-
logical features. However, it is often difficult to clearly identify a cell as being
a neuron in vitro or in vivo, when the neuron in question is not fully mature.
Several antibodies exist to identify neurons at committed, postmitotic stages.
Some of these are discussed below.

MAP2 (microtubule-associated protein2)

Both mRNA and protein are localized in dendrites, but not in all bodies,
the developing brain, indicating that newly synthesized RNA is transported into
dendrites in differentiating neurons for dendritic protein synthesis (Garner et
al., 1988; Matus, 1991; Przyborski and Cambray-Deakin, 1995). MAP2 is known
to have 3 isoforms. MAP2a appears first during the end of the second week of
the postnatal period of mice, and MAP2b is present throughout brain develop-
ment. Both of these isoforms have molecular weights of about 280kD. MAP2c,
composed of several subunits of approximately 70kD each, is expressed at ear-
lier stages of neuronal differentiation, compared to the other 2 isoforms, and is
present largely during early embryonic development (Cassimeris and Spittle,
2001). This molecule disappears during brain maturation except in the retina,
olfactory bulb, and cerebellum. Antibodies are available to selectively stain
neurons in culture, but their use in vivo is limited.

Beta Tubulin III

Antibodies directed against beta tubulin III, one of which is the “TuJ1”
antibody, are very frequently used to identify neurons in culture (Figure 1;
Ferreira and Caceres, 1992; Menezes and Luskin, 1994). Microtubules consist
principally of 2 soluble proteins, alpha- and beta-tubulin, each with a molecular
weight of 55kD. In contrast to MAP2, mRNA for tubulin is localized exclu-
sively in neuronal cell bodies, while its protein is present both in axons and in
dendrites. Tubulin encodes an aminoterminal tetrapeptide sequence, which acts
as the recognition element for autoregulated RNA instability, thus RNA does
not correlate well with the expression of the protein, and biochemical measures
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of Beta tubulin III mRNA, such as Northern blot or rt-PCR do not provide
evidence of the extent to which neurons are present. The TuJl antibody will
recognize neurons soon after differentiation, and, in some cases, even dividing
neuroblasts (Luskin et al., 1997). In vivo staining is limited, with the best stain-
ing in embryonic tissue or isolated areas of neurogenesis, such as in the hippoc-
ampus and rostral migratory stream (Menezes and Luskin, 1994). This isoform
of tubulin may also be present in highly proliferative cells, such as brain tumors
like primitive neuroectodermal tumor (PNET) and astrocytoma (Katsetos et al.,
1989; Katsetosetal., 2001).

Neurofilament

Neurofilament is one subclass of 5 cytoplastic intermediate filaments, which
share a similar alpha-helical domain capable of forming coiled-coils (Katsetos
et al., 1989; Katsetos et al., 2001). Neurofilament is composed of 3 neuron-
specific proteins with molecular weights of 68kD (NFL), 125kD (NFM), and
200kD (NFH). The lower molecular weight of neurofilament is present in more
immature neurons. A wide variety of commercially available antibodies exist
and are most useful in vitro or in relatively early embryos in vivo (Gilad et al.,
1989).

Doublecortin

Lissencephaly, which has the clinical manifestations of profound mental
retardation and seizures, results from migrational arrest of virtually all cortical
neurons short of their normal destinations and the development of the six layer
formation in neocortex is disrupted (des Portes et al., 1998). One of the genes
responsible for this disease is doublecortin. This gene is expressed in migrating
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neurons throughout the central and peripheral nervous systems exclusively in
embryonic and neonatal brains (Hannan et al., 1999). The protein localization
overlaps with that of beta tubulin III. However, conformational changes in the
microtubules, such as depolymerization eliminate doublecortin staining. The
function of this gene is in neuronal migration through the regulation of the or-
ganization and stability of microtubules. Antibodies raised against doublecortin
are useful in detecting the presence of newly generated, migrating neurons in
vivo.

Presenilin-1

Presenilin-1 is widely expressed in embryonic brain including neural pro-
genitors, but is also found in adult brain, principally in postmitotic neurons
(Busciglio et al., 1997; Wen et al., 2002). This gene is required for the release of
the intracellular domain of Notch from the plasma membrane as well as for the
processing of other cell surface proteins, including the amyloid precursor pro-
tein.

NeuN (neuronal nuclear antigen)

This somewhat inappropriately named antigen is expressed by the nuclei
(Mullen et al., 1992) as well as the perinuclear cytoplasm of many neurons. Due
to the limitations of many other neuronal antibodies in vivo, NeuN staining has
been widely adopted as a benchmark for neuronal staining in transplantation
and cell proliferation studies, especially using colocalization with
bromodeoxyuridine staining to label neurons that have undergone DNA synthe-
sis during a particular period of interest (Mullen et al., 1992).

Hu

A variety of “hu” antigens exist. The Hu (HuC) antigen is specifically
expressed by most neurons and is useful for the identification of neurons in vivo
and in vitro (Gultekin et al., 1998).

Identification of neurons at early stages of development

One particular area of intense interest lies in the early commitment of
neurons from stem or other multipotent progenitor cells. A large diversity of
cell types is observed by RNA expression of transcriptional marker genes dur-
ing the formation of early neural tube and a number of genes are expressed by
immmature or only recently “committed” neurons.



Nakano & Kornblum 101

The transition from a proliferative neural precursor cell to a postmitotic
neuron is a highly regulated step, which, in many instances, has been shown to
involve a cascade of transcription factors that is triggered by proneural genes
(Anderson, 1994; Bray, 2000). The events underlying this progression are eas-
ily visualized in the early neural tube, where they are spatially confined to dis-
tinct cell layers; the ventricular layer where neural precursors (including stem
cells) divide, the intermediate layer where the first postmitotic cells can be iden-
tified, and the mantle layer where neuronal differentiation takes place (Ander-
son, 1994). This spatial organization allows for the use of in situ hybridization
to distinguish amongst progenitors and committed cell types during embryonic
periods. For example, Sox 1, a stem cell-expressed gene is present solely in the
ventricular layer and is downregulated prior to neuronal differentiation, while
Math3/NeuroM, NeuroD and NKL (neuronal Kruppel-like) are expressed out-
side this layer and are present transiently in postmitotic cells, and superior cer-
vical ganglion (SCG 10) is expressed in differentiating neurons in the mantle
layer (Perron et al., 1999; Cai et al., 2000; Buescher et al., 2002; Overton et al.,
2002).

Proneural genes, such as Neurogenin 1, promote neuronal differentiation,
but in doing so also trigger the process of lateral inhibition; as a cell becomes a
neuron it activates Notch signalling in neighboring cells, thereby inhibiting their
differentiation (Ma et al., 1997; Mueller and Wullimann, 2003). This mecha-
nism ensures that not all cells in the neuroepithelium differentiate simultaneously.
Cells poised to become neurons express the Notch ligands Delta or Jagged, and
expression of these genes in single cells marks a pivotal and conserved point in
the neurogenesis pathway (Stump et al., 2002). As a consequence of Notch
signaling (delivered by a Delta/Jagged-expressing cell), neighboring cells ex-
press repressers of neuronal differentiation that belong to the enhancer of split-
hairy family of transcription factors, for example, Hes 1 and Hes5 (Jarriault et
al., 1998). Therefore, in situ hybridization for the Notch-activating ligands re-
veal committed cells within the neuroepithelium while identification of cells
that have higher levels of receptor expression should reveal more uncommitted
cells (Irvin et al., 2001). At later stages, however, the use of these genes to
identify neurons or cells committed to become neurons can be more problem-
atic. Transcription factors expressed by neurons may also be expressed by glia
or glial-specific progenitors, while those expressed by neural stem cells may
also be expressed by mature, differentiated cells present in the postnatal brain
(Irvin et al., 2001).

In addition to the use of transcription factors as markers of immature neu-
rons, there are factors important in regional identification of stem cells as well
as neuronal subtypes which can be further used to distinguish amongst cells in
vivo. In the ventral spinal cord, neurons of a specific subtype derive from a
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particular dorsoventral population of proliferating neural precursors that is re-
ferred to as a “progenitor domain”(Takahashi and Osumi, 2002). Each domain
is characterized by the expression of a combination of homeodomain transcrip-
tion factors (Dbx1, Dbx2, Irx3, Nkx2.2, Nkx6.1, Pax6 and Pax7), which is re-
sponsible for the specification of a particular neuronal subtype (Takahashi and
Osumi, 2002). The neurons derived from these domains will continue to ex-
press at least some of the mRNAs characteristic of their region of origin. It is
possible, therefore, that one can identify regionally distinct neuronal subtypes
by establishing which combinations of transcription factors they express. Prac-
tically, this approach may be limited by the number of genes that one can simul-
taneously visualize using in situ hybridization or other methods.

In a manner analogous to the spinal cord, transcription factors regulating
regional identification of neurons in the brain are now being elucidated and
may also prove useful as molecular markers. For example, Dlx5 and 6 are ex-
pressed by GABAergic interneurons of the forebrain (He et al., 2001; Letinic et
al., 2002). By using molecular markers for these factors, Anderson and col-
leagues were able to monitor the migration of these cells from the ventral neu-
roepithelium into neocortex, establishing this region of the germinal zone as the
source of cortical GABAergic interneurons (Anderson et al., 2002).

Identification of oligodendrocytes

Like neurons, mature oligodendrocytes have a characteristic morphology
and, additionally, synthesize myelin, which can be revealed by relatively simple
lipid stains. However, in vitro, oligodendrocytes may not be easily distinguish-
able from other process-bearing cells. Some of the markers used to identify
oligodendrocytes are described below.

PLP (proteolipid protein)

This protein is contained in CNS myelin and is expressed by maturing
oligodendrocytes, but not at early stages of commitment or differentiation. DM20
is the other myelin proteolipid protein. Both PLP and DM20 are integral mem-
brane proteins, which account for approximately half of the protein content of
adult myelin. This gene encodes 5 hydrophobic domains that interact with the
lipid bilayer as trans- and cis-membrane segments, and its transcript is found
both in perinuclear and in peripheral processes, while another oligodendrocyte
marker, MBP is highly localized in processes (Stoffel et al., 1984; Schliess and
Stoffel, 1991).
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MBP (myelin basic protein)

MBP is highly localized in processes and is another major constituent of
myelin, although it appears in vivo at early stages of myelination (Sternberger
et al., 1978)

GalC (galactocerebroside)

This cell surface protein is expressed by moderately mature oligodendro-
cytes (Raff et al., 1978), appearing after O4 and prior to MBP.

Claudin11 (oligodendrocyte-specific protein; OSP)

The central nervous system homolog of peripheral myelin protein-22, OSP,
is a specific marker for oligodendrocytes in the brain and spinal cord. This gene
is turned on later than Olig1/2, earlier than PLP/DM20, and persists throughout
the oligodendrocyte maturations. As a member of the claudin family, this pro-
tein has a pivotal role in generating the paracellular physical barrier of tight
junctions necessary for normail CNS function as well as spermatogenesis (Gow
et al., 1999; Hellani et al., 2000).

CNPase (cyclic nucleotide phosphodiesterase)

Central nervous system myelin has high concentrations of a membrane-
bound enzyme, CNPase, as does the outer segment of photoreceptors in the
retina. Messenger RNA for this gene codes is predominantly localized both in
perinuclear and in primary processes in oligodendrocytes. This gene codes for a
microtubule-associated protein in promotes microtubule assembly (Dyer and
Matthieu, 1994; Dyer et al., 1997).

O4
The O4 antigen is expressed by oligodendrocytes at the earliest stages of

differentiation. O2A progenitors, which have the ability to differentiate into
oligodendrocytes and type 2 astrocytes (though this cell type has not been clearly
identified in the brain in vivo), are intermediate populations of O4-positive and
galactocerebronide (GalC) negative cells (Trotter and Schachner, 1989; Baron
et al., 1998). Selective anti-O4 antibodies are highly useful in discerning imma-
ture oligodendrocytes from immature neurons in mixed cultures, as both may
have phase-bright nuclei and a bipolar morphology. O4 staining presists through
maturation of oligodendrocytes.
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Olig1/2

The transcription factors, Olig1 and 2 have a broad spectrum of RNA
expression from multipotent progenitors to mature oligodendrocytes (Zhou and
Anderson, 2002). These genes, like other bHLH type transcription factors, have
major roles in cell fate determination. However, unlike other proneural genes
that control neuronal versus glial commitment, these genes serve in both neu-
ronal and glial subtype specification. Olig 1 has roles in the development and
maturation of oligodendrocytes, while Olig2 is required for oligodendrocyte
and motor neuron specification in the spinal cord, a conclusion based on the
study of targeted disruption of each gene (Zhou and Anderson, 2002). These
genes are also expressed strongly in the neoplastic cells of oligodendrocytomas,
contrasting to the absent or low expression in astrocytomas, which may suggest
the origin from which these brain tumors are derived (Lu et al., 2001).

Identification of astrocytes and radial glia

Astrocytes are often stellate appearing in vivo, while in vitro they often
are either flattened, polygonal cells or have long processes. They may be con-
fused with neurons or with other cell types, such as fibroblasts or epithelial cells
found in mixed cultures or cultures of embryonic stem cell origin. Some of the
markers used to identify astrocytes in vivo and in vitro are described below.
Radial glia are thought to be astrocyte precursors, but may act as stem cells (see
below). In vivo, they are bipolar with long proocesses, extending from the ven-
tricular to the pial surface. In vitro, they may possess similar morphology, and
can be confused with a variety of cells, including immature neurons and oligo-
dendrocytes.

GFAP (glial fibrillary acidic protein)

GFAP is an intermediate filament protein in brain, and is widely used as
an astrocyte marker (Figure 1; Eng et al., 2000). However, GFAP expression is
not limited to astrocytes. In late embryogenesis, radial glia turn on GFAP ex-
pression, and a subpopulation of GFAP expressing cells both in radial glia and
in postnatal astrocytes behave as neural stem cells. Thus, while it appears that
all astrocytes are immunoreactive for GFAP, not all cells that are GFAP posi-
tive are astrocytes (Lazzari and Franceschini, 2001; Parnavelas and Nadarajah,
2001). A number of good antibodies exist to stain for GFAP in vitro and in vivo.
In situ hybridization is a convenient way to localize GFAP mRNA in cell bod-
ies.

104
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S100b

The beta-subunit of the S100 protein has a relatively high expression in
astrocytes and some ependymal cells (Pfeiffer et al., 1992), A disulfide-bonded
dimeric form of this protein induces axonal extension through glial-neuronal
interaction (Ueda et al., 1996). Elevated levels of the protein are found in Down’s
syndrome (Seidl et al., 2001; Heizmann et al., 2002). The alpha sununit of S100
is also found in the brain, but the expression level is ten-fold lower than that of
the beta subunit. Antibodies label astrocytes in vitro and in vivo, although some
neurons have been reported to express S 100b (Rickmann and Wolff, 1995; Yang
et al., 1996).

GLAST (astrocyte-specific glutamate transporter)

GLAST is a member of a high-affinity sodium-dependent transporter
moleculer family that regulates neurotransmitter concentrations at the excita-
tory glutaminergic synapses of the mammalian central nervous system. This
gene is expressed in radial glia during developmental stages, and is also found
in the substantia nigra, red nucleous, hippocampus, and in cerebral cortical lay-
ers in the mature brain (Shibata et al., 1997; Hartfuss et al., 2001).

Vimentin

The intermediate filament, vimentin, is expressed by proliferating astro-
cytes. It is also expressed by radial glia in the developing embryo as well as by
mesenchymal cells (Lazzari and Franceschini, 2001; Parnavelas and Nadarajah,
2001). Antibodies to vimentin stain radial glial processes in most mammalian
tissue. Other glia also express vimentin, including reactive astrocytes after in-
jury, and oligodendrocyte progenitors (Lazzari and Franceschini, 2001;
Parnavelas and Nadarajah, 2001).

MARKERS FOR STEM CELLS

Multiple kinds of stem cells exist

Stem cells can be isolated and propagated in numerous ways and from a
variety of apparent cell types as described above. There is ample experimental
evidence for the hypothesis that multiple cell types can function as stem cells in
vitro, including radial glia and astrocytes, and some in vivo investigations sup-
port this idea as well (Gage et al., 1995; Johansson et al., 1999; Clarke et al.,
2000). Numerous questions arise regarding the significance of these observa-
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tions of multiple stem cell types. For example, it is not yet known how this
multiplicity of stem cell-competent cells relates to the complexity of the central
nervous system. Do these different stem cells give rise to different neuronal or
glial subtypes? Does this stern cell competence reside in all radial glia or astro-
cytes, or is there a limitation? Does this diversity rely on spatial or temporal
environment? A particularly interesting question is: what is the lineage rela-
tionship amongst these stem cells? In contrast to the classical model that sug-
gested that neurons and glia are derived from two separate ‘branches’ of a lin-
eage tree, neural stem cells may be contained within a continuum that forms the
‘trunk’ of a lineage tree (Berry and Rogers, 1965; Levitt et al., 1981; Temple
and Raff, 1985; Price, 1987; Alvarez-Buylla and Garcia-Verdugo, 2002; Dietrich
and Easterday, 2002; Gage, 2002). Depending on the time of development, cells
within this trunk seem to have neuroepithelial, radial glial or astrocytic charac-
teristics. Thus, molecular markers for cell lineages thought to be “committed”,
such as the astrocyte or radial glia may also be markers for a subpopulation of
neural stem cells (Alvarez-Buylla and Garcia-Verdugo, 2002). However, not
all radial glia serve as stem cells, nor do all astrocytes. According to this theory,
therefore, a set of markers is required to identify universal stem cells indepen-
dent of stages. Some of these issues are discussed below. However, this is a
rapidly evolving area of research and many conclusions must be tentatively
drawn.

General neural stem cell markers

NSC have been isolated from multiple regions and from multiple ages,
and they share some morphological features, which are phase-bright round cell
bodies with small processes. Although none of the markers are completely ex-
clusive for NSC, some of them seem to be highly enriched in the stem cell
populations. The markers used in these settings are described below.

Nestin

Nestin is an intermediate filament with an alpha helical domain. Nestin
immuneoreactivity is present in the filamentous cytoskeletal network. It is ex-
pressed predominantly in stem/progenitor cells of the central nervous system,
and upon terminal neural differentiation, this gene is downergulated and re-
placed by other intermediate filaments (Levison and Goldman, 1997; Doyle et
al., 2001). It appears that all proliferating neural stem cell populations express
nestin, however, nestin immunoreactivity does not verify that any particular
cell is a stem cell. This gene is also known to be expressed in radial glia, reac-
tive and immature astrocytes, and immature skeletal muscle (Zimmerman et al.,
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1994; Sultana et al., 2000). Polyclonal and monoclonal antibodies exist which
effectively label nestin under a wide variety of conditions in vitro and in vivo
(Figure 1). The most commonly used antibody is the Rat401 antibody, available
through the Developmental Studies Hybridoma Bank at the University of Iowa
(Lendahl et al., 1990; Mokry and Nemecek, 1998).

Msi1 (homolog of drosophila musashi/Nrp-1)

Musashi 1 (Msi1) is a neural RNA-binding protein, which contains 2 RNA
recognition motifs (Sakakibara et al., 1996; Kaneko et al., 2000). Both RNA
and protein are predominantly localized in fetal and adult brain, largely in neu-
ral stem/progenitor populations (Palm et al., 2000; Keyoung et al., 2001). La-
beling for Msi 1 is also found in some postmitotic neurons and astrocytes (Kaneko
et al., 2000).

Sox1/2 (SRY-related HMG-box gene)

Both SOX1 and 2 have a single DNA-binding domain know as HMG box,
resulting in the bending of DNA through large angles in a sequence specific
manner. Messenger RNA for SOX1/2 is localized to the neural tube and is ex-
pressed at the earliest stages of neurulation(Pevny et al., 1998; Zappone et al.,
2000; Cai et al., 2002). The use of antibodies directed against these genes or in
situ hybridization probes to selectively label multipotent stem cells has not been
validated.

Nucleostemin

Nucleostemin encodes two GTP-binding motifs. Immunocytochemistry
revealed that it was found in the nucleoi of CNS stem cells, embryonic stem
cells, and some cancer cell lines, accompanying with cell cycle progressions
(Tsai and McKay, 2002). Analysis of distribution indicates this protein is ex-
pressed in the ventricular zone of embryonic spinal cord and in neuroepithe-
lium and mesenchyme. Because nucleostemin has only been recently identi-
fied, the use of nucleostemin as a stem cell marker will need further study.

Notch1 (homolog of drosophila notch, 1)

Transcripts for Notch1 are expressed in many tissues both in fetal and in
adult, but are most abundant in lymphoid tissues. In brain, this gene is highly
expressed in the developing germinal zones, and can be co-expressed with
CNTFRalpha, which suggests a link between Notch and CNTF signaling path-
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ways (Chojnacki et al., 2003). Notch signaling has been implicated in neural
stem cell maintenance but not their generation, and can also promote glial cell
fate (Tanigaki et al., 2001; Lutolf et al., 2002). Notch1 is not a useful marker to
distinguish stem from other cell types in culture or developing brain tissue, as it
is expressed by immature neurons and glia. In adult CNS, Notch1 expression is
likely to be largely confined to a proliferative population, likely to be stem cells
(Irvin et al., 2001).

Markers for radial glia as neural stem cells

Are there any markers to identify stem cells among embryonic radial glia?

The seminal work of Rakic has demonstrated that radial glia act as a scaf-
fold to support the migration of newly generated neurons from the embryonic
germinal zone into the developing layers of the cortex, and until recently this
was considered to be the major role for radial glial cells, before their postnatal
transdifferentiation into astrocytes. In the mouse, radial glia can be identified
with several markers, including RC2, brain lipid-binding protein (BLBP),
vimentin, nestin, and GLAST (Yang et al., 1994; Parnavelas and Nadarajah,
2001; Sun et al., 2002). Radial glial cells begin to upregulate the astrocyte marker
GFAP after the end of neurogenesis and begin to elaborate their ascending pro-
cess and withdraw their descending processes. However, not all radial glia ulti-
mately transform into mature astrocytes (Goldman et al., 1997; Parnavelas and
Nadarajah, 2001). Factors such as ciliary neurotrophic factor, leukemia inhibi-
tory factor, EGF receptor signaling, and members of the bone morphogenetic
protein (BMP) family have been demonstrated to play a role in astrocyte differ-
entiation from radial glia (Mabie et al., 1997; Zhu et al., 1999; Shimazaki et al.,
2001).

Recent studies have questioned the simple view of radial glia functioning
only as scaffolds and/or astrocyte precursors and suggest that these cells serve
as multipotent progenitors (Hartfuss et al., 2001; Noctor et al., 2002). In vivo
studies suggested that radial glial cells comprise the vast majority of precursor
cells that give rise to neurons in the cortical germinal zone by using Ki-67, a
marker of dividing cells, and nestin to label the precursor cell population in
acutely dissociated cells derived from the cortex and ganglionic eminence of
mouse embryonic brain (Noctor et al., 2001; Gotz et al., 2002). In the early
embryonic brain until E12.5, the majority of precursor cells were found to ex-
press the radial glial marker RC2. As development progressed, the precursor
cell population increasingly expressed the other radial glial markers BLBP and
GLAST (Noctor et al., 2001). However, Feng et al. reported that most cells that
expressed the radial glial cell marker BLBP did not incorporate
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bromodeoxyuridine (BrdU), and suggested that these cells played a conven-
tional role in supporting the migration of new neurons, but not in the expansion
of the neuronal precursor population (Feng and Heintz, 1995). This study im-
plies that not all radial glial cells are neuronal precursor cells at least not ac-
tively dividing during neurogenesis, and there are no current markers to iden-
tify stem cells among embryonic radial glial populations.

Stem cells in postnatal/adult brain

Markers for different cell types in SVZ have been identified to elucidate
stem cell specification in adult brain

Continuous neurogenesis occurs in discrete areas of adult brain
subventricular zone (SVZ), and the inner granular layer of the dentate gyms
(Doetsch et al., 1997; van Praag et al, 2002). Within the SVZ, Doetsch et al.
identified five cell types both by the expressions of markers using immunohis-
tochemistry and by ultrastructure using electron microscopy (Doetsch et al.,
1997; Doetsch et al., 1999). They showed that vitally labelled GFAP positive
astrocytes (type B cell) can respond to EGF signaling in vitro to produce prog-
eny that can be passaged and differentiated into neurons and glia, and that SVZ
astrocytes can also behave as neural stem cells when cultured in calf serum,
EGF and bFGF. There is, however, another conflicting theory regarding the
cellular origin of neural stem cells in the adult brain, which suggests that adult
neural stem cells are ependymal cells that express the intermediate filament
protein nestin (Johansson et al., 1999; Clarke et al., 2000). As a complicating
factor, further studies have indicated that stem cells propagated from the SVZ
in vitro, are initially the type C GFAP negative cells (Doetsch et al., 2002).
Further studies will need to resolve these controversies, although all are not
completely mutually exclusive and it is possible that multiple cell types within
the SVZ have stem cell characteristics.

Regional stem cell markers

As described above, many genes are expressed in the neural tube in a
regional and time-specific manner. At least some of these genes are expressed
by multipotent stem cells, themselves and may be markers for different popula-
tions of stem cells (Hitoshi et al., 2002). However, because the genes are ex-
pressed by the neuronal progeny of the NSCs in these regions, their expression
may not be useful to distinguish NSCs from other cells within cultures from
that region
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MARKERS FOR COMMITTED PROGENITORS

The general theory of neural stem cell biology often calls for the existence
of separate committed neuronal or glial progenitors in addition to NSC. How-
ever, experimental evidence validating this as a universal rule is lacking. Under
some conditions, however, there do appear to be glial- and neuronal-restricted
progenitors. Some markers used in these settings are described below.

A2B5

This surface antigen is expressed both by glial and neuronal progenitors
(Eisenbarth et al., 1979; Fredman et al., 1984), although it is often used as a
specific marker for O2A (oligodendrocyte/type 2 astrocyte) progenitor or oli-
godendroglial progenitor cells. Recent investigation using adult human subcor-
tical white matter revealed that A2B5 positive fractions from FACS sorting
contain multipotent progenitor cells, suggesting that a stem cell population ex-
presses this antigen (Roy et al., 1999). In addition to progenitors, it appears that
some relatively mature oligodendrocytes also express A2B5 (Roy et al., 1999).

PSA-NCAM (polysialylated neural cell adhesion molecule)

This molecule is expressed by a population of glial-restricted progenitors
isolated from the postnatal brain. However, neuronal progenitors and, possibly,
tripotent stem cells have also been reported to express this isoform (Doetsch et
al., 1997; Ben-Hur et al., 1998). Some overlap is found with the neuronal mark-
ers TuJI and MAP2.

Beta tubulin III

As described above, this antigen is largely expressed by postmitotic neu-
rons. However, within the rostral migratory stream, a population of cells ex-
pressing Beta tubulin III remains mitotically active (Luskin et al., 1997)..

METHODS FOR TRACKING CELLS LINEAGE

Tracking lineage using retroviral infection

In addition to the use of immunocytochemistry and in situ hybridization,
other methods have been developed to track proliferation, migration, and dif-
ferentiation in vivo. In classic studies, Luskin and colleagues used retroviruses
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encoding the enzyme beta-galactosidase at low titers to determine that neurons
in the adult olfactory bulb were derived from the anterior portion of the
subventricular zone—a clear demonstration of adult neurogenesis (Luskin and
Boone, 1994; Betarbet et al., 1996; Smith and Luskin, 1998).

Retroviral lineage tracing was also used to demonstrate that radial glia
were competent to produce neurons. For these studies, Noctor and colleagues
injected a retrovirus that expressed green fluorescent protein (GFP) into the
ventricle of E15-E16 rat embryos (Noctor et al., 2001; Noctor et al., 2002).
Twenty-four hours after injection, cells with a radial glial morphology were
infected by the virus and expressed high levels of GFP. These cells were also
immunopositive for vimentin, consistent with a radial glial identity. They ob-
served multiple radially arrayed clones three days after injection and each clone
contained several cells that were immunopositive for neuronal tubulin and usu-
ally only one vimentin-positive radial glial cell. After that, they used time-lapse
videomicroscopy and followed the development of these clones, and found that
infected cortical radial glia divided asymmetrically to produce neuroblasts that
migrated into the cortex, typically along the radial process of the same radial
glial cell that produced them.

The use of viral constructs to isolate stem cells

There has been remarkable progress in the last few years in the prospec-
tive identification of NSCs. Goldman et al. sought to establish a means to iden-
tify, select, and observe (in real-time) live NSCs (Keyoung et al., 2001). They
constructed a reporter gene using green fluorescent protein (GFP) placed under
the transcriptional control of the neural-specific enhancer for the gene encoding
nestin as a live-cell reporter of the neural progenitor phenotype. They found
that this reporter gene cassette yielded progenitor cell-specific fluorescence in
both fetal and adult human brain dissociates that had been transfected with nestin-
enhanced green fluorescent protein (EGFP) plasmid DNA or infected with a
recombinant adenovirus carrying this reporter gene cassette.

Based on a set of antigens and physical characteristics, cell
sorting has been used for prospective identification of stem/
progenitor cells

The biological analysis of NSCs has lagged far behind that of hematopoetic
stem cells (HSCs) due, in part, to the lack of available methodologies for the
prospective identification or purification of NSC and the lack of in vivo
repopulation assays. These capabilities that have proven to be of seminal value
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to the study of HSCs, in that HSCs can be isolated by the simultaneous use of
several different phenotype and stage-selective surface markers (Uchida et al.,
2000). Antibodies to Nestin, Musashil, and Sox 1 cannot be used for sorting
living neural stem cells (NSCs) because these molecules are not cell surface
antigens.

Uchida and her colleagues (see Chapter 7 in this volume) have succeeded
in sorting live human fetal NSCs using the combination of antibodies to cell-
surface antigens and fluorescence-activated cell sorting (Uchida et al., 2000).
These human fetal NSCs were, phenotypically:

and Single sorted cells were used to
initiated neurosphere cultures, and the progeny of clonogenic cells could differ-
entiate into both neurons and glia. This approach has not been replicated in
rodents, to date. In mice, Bartlett and colleagues have reported that one type of
NSC present in adult mouse brains, which expresses only low levels of peanut
agluttinin-binding and heat-stable antigen (HAS MCD4a) proteins, is found in
both ependymal and subventricular zones and accounts for about 63% of the
total NSC content (Rietze et al., 2001). Capela and Temple (2002) used another
surface marker, LeX, a carbohydrate, which is expressed in embryonic pluripo-
tent stem cells for the purpose of purifying adult SVZ stem cells (Capela and
Temple, 2002). They determined that 4% of acutely isolated SVZ cells were
LeX-positive and purified LeX-positive populations purified by FACS were
found to have the characteristics of CNS stem cells using the neurosphere cul-
ture method. These experiments provide promising avenues for the isolation
and identification of NSCs.

Transgenic mice are useful tools to examine cell-type specific
expression and cell lineage

The characterization of transgenic animals where reporter genes, such as
beta-galactosidase and green fluorscent protein (GFP) are placed under the con-
trol of cell-type specific promoters, is highly useful for tracking lineage in vivo.
In particular, using GFP allows for the study of the dynamics of gene expres-
sion in real time, and places still further emphasis on understanding gene func-
tion in very specific cellular contexts. Transgenic mice expressing the nestin-
EGFP reporter gene allow for the identification and enrichment of NSC
(Kawaguchi et al., 2001). In transgenic mice, the nestin-EGFP-positive cells
were identified and enriched via fluorescence-activated cell sorting, which re-
vealed that EGFP expression correlated with both the mitotic index and the
frequency of neurosphere formation in vitro. Similar techniques have been used
to examine the process used by embryonic stem (ES) cells to acquire neural
identity (Ying et al., 2003). A knock-in mouse was made by replacing the Sox 1
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gene with the coding region of GFP, and the conversion of ES cells into neuro-
ectodermal progenitors was studied by FACS, where the GFP positive fraction
yielded neurons and glia.

A transgenic mouse engineered to express the receptor for the avian leu-
kosis virus was used to reveal that GFAP positive cells in the SVZ migrate
through the rostral migratory pathway to the olfactory bulb and differentiate
into interneurons (Doetsch et al., 1999). Another transgenic model using the
GFAP promoter identified GFAP positive cells in the germinal zone as the pre-
dominant source of multipotent neural stem cells in postnatal and adult but not
in early embryonic brain (Imura et al., 2003).

In addition to the above, another transgenic model is currently being used
to identify cell lineage through the use of Cre-lox technology. In these mice, the
reporter gene is preceded by a “stop” signal which is, in turn, flanked by lox-p
sequences. When these animals are crossed with animals expressing Cre-
recombinase all cells that expressed the cell specific promoter, as well as all the
progeny of these cells will be labeled by the reporter construct (Gorski et al.,
2002).

The use of transgenic and other promoter-based methods to identify and
sort cells, while highly significant and appealing, must be accompanied by cau-
tionary statements. Not all promoters prove to be completely faithful in their
cell and tissue-specific expression, which can lead to misleading results. Even
the same promoter may be differentially active in different strains of mice.

APPROACHES FOR IDENTIFYING NEW MARKERS

Genomic and proteomic approaches

The complexity of neural stem cell biology and the heterogeneity of the
brain and in vitro culture systems illustrate the need to identify more and better
markers for neural stem cells and their committed progeny.

One approach to achieve this goal is through the use of DNA microarrays
to identify genes expressed in the ventricular zone in vivo or in neural stem cells
in cultures (Geschwind et al., 2001; Kornblum and Geschwind, 2001; Terskikh
et al., 2001; Luo et al., 2002). Several investigators have applied genomic ap-
proaches to neural stem cell cultures. In one set of studies, Geschwind et al.
(2001) used a combination of representational difference analysis (a PCR-based
genetic subtraction method), with custom cDNA microarrays, and downstream
in situ hybridization to identify a number of potential marker candidates. A
great deal of work will be needed, however, to determine which of the many
genes identified by microarrays will truly serve as specific markers and under
which conditions.
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One potential drawback to the use of microarrays is that they will identify
mRNA species of all types, while cell surface proteins would be the most useful
markers, due to their accessibility in live cell cultures for immunostaining and
for isolation of cells by FACS. Additionally, just because an mRNA species is
expressed does not necessarily mean that the corresponding protein will also be
expressed and available for staining with antibodies. For this reason, we have
instituted a proteomics approach to the identification of cell surface proteins
expressed by NSCs and other progenitors. In these studies, we are comparing
the proteins present in the cell membrane fractions of proliferating neurospheres
to those from differentiating cells (L. Shoemaker et al., unpublished results).
Proteomics generally uses separation methods, such as 2-D gel electrophoresis
or liquid chromatography, followed by the use of mass spectrometry to identify
intact molecular weights or tryptic digests to obtain definitive protein identifi-
cation. Proteomics technology and bioinformatics is rapidly evolving and will
become more common place over the next several years.

Is there a neural stem cell molecular signature?

The availability of genomic and proteomic methodologies raises the pos-
sibility that nearly all of the genes or proteins synthesized within a cell can be
identified simultaneously. It may be therefore possible to think of the identifi-
cation of cell types by their molecular signature–the precise combination of
genes and/or proteins that a specified cell type expresses. This approach has an
obvious appeal, in that it does not rely on the use of one or even a handful of
markers. However, there are also clear drawbacks, in addition to the technical
challenge. Cells change the amount and types of genes that they express de-
pending on numerous factors, including their position in the cell cycle, the de-
gree of signaling from neighboring cells, their local metabolic environment and
their lineage position. Thus, any true cellular molecular signature will need to
be highly specific for not only a cell “type” but also a cellular condition and
stage of differentiation. It is possible, however, that cells of a certain type will
express a core, smaller set of genes under a variety of conditions. This set of
genes and/or their proteins, may then serve to unambiguously identify particu-
lar cellular sets.

Stemness?

While the use of genomic and proteomic methodologies are promising for
the identification of cell types, it must be emphasized that the notion of cell
type, itself, is one of definitions. We have already seen that the term “neural
stem cell” is likely to accompany a variety of phenotypically different cells.
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However, it is possible that the core features of NSCs–self-renewal and the
ability to yield neurons, astrocytes and oligodendrocytes–are accompanied by
the expression of a core set of genes. An examination of those genes and pro-
teins shared by multiple neural stem cell populations will prove interesting.

The concept of shared stem cell genes can be carried even beyond the
NSC. All stem cells share some similar features: the ability to self-renew, to
remain “undifferentiated” and to remain multipotent. It is possible that a small
group of genes serves these common stem cell functions. We have found that
several genes are shared by hematopoetic stem cells and NSCs when these cDNA
libraries are highly subtracted to eliminate “housekeeping” and common struc-
tural genes (Geschwind et al., 2001; Terskikh et al., 2001). This concept has
been extended to include embryonic stem cells (Ivanova et al., 2002; Ramalho-
Santos et al., 2002). It remains to be determined, however, whether the genes
identified in these studies truly serve unique stem cell functions or are shared
for other reasons.

CONCLUSION

A great deal of progress has been made in the identification and use of
markers in the study of neural progenitor and stem cells. The use of individual
proteins or genes as highly specific markers, however, must always be made
with a great deal of caution–no one antigen or gene is always likely to be only
expressed by one specific cell type. Additionally, recent studies depicting the
complexity and heterogeneity of neural stem cells will call for newer and better
markers as well as new ways of thinking about cell identity.
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Chapter 4

Isolation of Stem Cells from Multiple Sites in the CNS

Mahendra S. Rao and Larysa Pevny

INTRODUCTION

The adult nervous system is composed of a large diversity of cell types
that arise from a sheet of morphologically indistinguishable epithelial cells termed
the ‘neural plate’. Once induced, the stem cells of the neural plate undergo rapid
expansion and a combination of epigenetic and genetic mechanisms act to specify
regional fate along the prospective anteroposterior and mediolateral axes of the
plate. Coupled with these patterning mechanisms is the differentiation of neu-
roepithelial progenitors into the three major postmitotic cell types that consti-
tute the mature CNS: neurons, oligodendrocytes and astrocytes. It is now be-
coming apparent that multipotent neural stem cells (cells defined by the ability
to self-renew and differentiate into neurons, astrocytes and oligodendrocytes in
vitro) are present throughout the development of the nervous system, initially in
the cells of the neural plate and then in the ventricular zone (VZ) of the neural
tube, and persist into adulthood in certain locations (reviewed in Barres, 1999;
Momma et al., 2000; Temple and Alvarez-Buylla, 1999). The relationship be-
tween “stem cell” populations at different stages of ontogeny and different
rostrocaudal and dorsoventral locations remains unclear. Stem cells isolated at
different developmental stages do share expression of some universal molecu-
lar characteristics, maintain the ability to self-renew and to give rise to neurons
and glia in vitro. However, these stem cells are also regionally specified, ex-
press unique molecular markers and respond differently to growth factors.

In this chapter we summarize the data on types of stem cells present at
different stages and regions of the developing and adult CNS. Specifically, we
consider the cellular and molecular characteristics that are shared and/or unique
amongst neural stem cells at defined stages of ontogeny. Considering this evi-
dence, we propose that it may be possible to distinguish between neural stem
cell populations based on particular combination of markers to prospectively
identify stem cells in vivo.

From: Neural Stem Cells: Development and Transplantation
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Neural stem cells of the embryonic central nervous system

Vertebrate neural development begins with the allocation of a group of
ectodermal cells toward a neural fate; these cells are termed neuroepithelial
precursor (NEP) stem cells and comprise the early neural plate (Kalyani et al.,
1997). NEP cells arise through a series of inductive interactions, first described
by Spemann and Mangold in 1924, and ultimately give rise to the entire ner-
vous system. Studies in amphibian embryos have proposed that early gastrula
ectoderm differentiates into neural ectoderm by a “default” molecular mecha-
nism. Such that, neural inducing signals, including Noggin, Chordin and
Follistatin, induce neural fate in early ectodermal cells by antagonizing the
epidermalizing activity of Bone Morphogenetic Protein (BMP) (reviewed in
Harland, 2000). However, the conservation of attenuation of BMP signals as
the mechanism to initiate neurogenesis in amniotes has yet to be clearly demon-
strated. For example, experiments from chick suggest that Chordin is not suffi-
cient to elicit neural induction nor do BMP4 and BMP7 inhibit neural induction
by the organizer (Streit et al., 1998). Similar observations have been made in
mouse, where mutations in genes encoding candidate neural inducers within
the organizer region (the mouse node) still exhibit neural differentiation
(Bachiller et al., 2000; McMahon et al., 1998; Tarn and Behringer, 1997). More-
over, elimination of the entire node through genetic mutations fails to block
neural differentiation (Ang and Rossant, 1994; Klingensmith et al., 1999;
Weinstein et al., 1994). Thus, neural tissue may be initiated by signals derived
from other cell types. Members of other families of signaling molecules, most
notably members of the fibroblast growth factors (FGFs) recently have been
proposed as early-acting factors that imitate neural induction (Streit et al., 2000;
Wilson et al., 2000; Wilson and Rubenstein, 2000). Furthermore, mouse em-
bryonic stem cells have been shown to default to a neural fate (Tropepe et al.,
2001) however; this appears to require autocrine fibroblast growth factor sig-
naling ((Ying et al., 2003) reviewed in (Stavridis and Smith, 2003)).

The newly induced cells of the early neural plate (NEP cells) are largely
morphogenetically, cellularly and molecularly homogenous (See Figure 1). In
vitro, dissociated NEP cells undergo self-renewal, and single NEP cells can
differentiate into neurons, astrocytes and oligodendrocytes (Kalyani et al., 1997;
Mujtaba et al., 1999). They require basic fibroblast growth factor (bFGF) for
their proliferation both in vivo and in vitro. Studies in mouse and rat have dem-
onstrated that during the period of neural induction about 90% of the cells that
comprise the neural plate have stem cell properties (Cai et al., 2002). Thus,
NEP cells represent one of the earliest identifiable neural stem cell populations
in vivo. These morphogenetic and cellular properties also correlate with the
expression of general molecular markers. Neural induction results in the activa-
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tion of regulatory genes that are char-
acterized by early and broad expression
domains in the neural plate and serve
to define NEP cells. These include,
among others (Table 1), proteins such
as nestin, E-NCAM, Musashi, Notch1,
HES1 and SOXB1 factors (Collignon
et al., 1996; Frederiksen and McKay,
1998; Hockfield and McKay, 1985;
Lendahl et al., 1990; Pevny et al., 1998;
Sakakibara et al., 1996; Sakakibara and
Okano, 1997; Sasai, 2001; Weinstein
et al., 1994; Wood and Episkopou,
1999). As described below the expres-
sion of a number of these markers is
maintained in proliferating neural pro-
genitors throughout ontogeny and thus
may serve to universally identify neu-
ral stem cells.

After neural induction the neural
plate undergoes a series of morpho-
genic movements to form a tube con-
sisting of prominent vesicles anteriorly,
which represent the anlage of the fore-
brain, midbrain and hindbrain, and a
thin portion posteriorly, which devel-
ops into the spinal cord. The initially
homogenous population of dividing
cells in the neural tube is patterned over
several days to generate neurons, oli-
godendrocytes and astrocytes in a char-
acteristic spatial and temporal profile
with proliferating neural cells restricted
to the inner ventricular zone (Altman
and Bayer, 1984; Bayer and Altman, 1991; Lillien, 1998; McConnell, 1995;
Rakic, 1988; Wentworth, 1984). Lineage tracing studies in vivo and clonal cul-
ture experiments in vitro have demonstrated that stem cells at this stage of de-
velopment are located within the proliferative ventricular zone. Similar to the
cells of the neural plate, stem cells found in the ventricular zone of the early
neural tube require bFGF signaling for their survival and proliferation in vitro.
Consistent with this requirement in vitro, FGFR and FGF null mice in addition
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to the effect on neuronal and glial populations, show a diminished ventricular
domain (Ortega et al., 1998; Raballo et al., 2000; Vaccarino et al., 1999).

Around mid-embryogenesis the ventricular zone is much reduced in size
and additional zones of mitotically active progenitors can be identified (Figure
1B). Mitotically active cells derived from the ventricular zone that accumulate
adjacent to the VZ have been termed subventricular (SVZ) cells. This SVZ is
later called the subependymal zone as the ventricular zone diminishes in size to
a single layer of ependymal cells. The SVZ is prominent in the forebrain and
can be identified as far back as the fourth ventricle. No SVZ can be detected in
more caudal regions of the brain and if it exists it is likely a very small popula-
tion of cells. An additional germinal matrix that is derived from the rhombic lip
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of the fourth ventricle, called the external granule layer generates the granule
cells of the cerebellum.

Around the time the SVZ can be clearly demarcated an additional stem
cell population can be isolated and propagated in culture. This second stem cell
population has been termed the epidermal growth factor (EGF) dependent stem
cells (Reynolds et al., 1992; Reynolds and Weiss, 1992; Reynolds and Weiss,
1996). In the presence of EGF, dissociated neural cells proliferate and form
floating multicellular structures called neurospheres (Nakamura et al., 2000;
Reynolds and Weiss, 1996). Most of the cells in the neurosphere are clonally
derived from a single CNS stem cell/progenitor and are thought to possess the
characteristics of CNS stem cells i.e., they have self-renewing activity and are
multipotent, able to differentiate into either neurons or glia (Nakamura et al.,
2000; Reynolds and Weiss, 1996). Sequential clonal analysis suggests that the
stem cell population constitutes a fraction of the cells present in any sphere
which undergo self renewal and differentiate into neurons, astrocytes and oli-
godendrocytes in vitro. EGF-dependent stem cells can be isolated from the en-
tire rostrocaudal axis from E14 onwards and, as described below, EGF-depen-
dent stem cells have been isolated from adult tissue (Ciccolini, 2001; Laywell
et al., 2000; Reynolds and Weiss, 1996).

Several lines of evidence suggest that in the developing embryo the
neurosphere forming stem cell population likely resides in the subventricular
zone in regions where a defined SVZ exists, and it likely resides outside the
ventricular zone in more caudal brain regions including the spinal cord. Retroviral
labeling experiments indicate that subpopulations of cells within the SVZ are
multipotent. High EGFR and EGF expression are seen in the SVZ but not in the
early VZ (Burrows et al., 2000; Kalyani et al., 1997). EGF knockouts do not
alter the size or prominence of the ventricular zone that contains FGF-depen-
dent neuroepithelial stem cells but affects later neuronal and glial survival
(Kornblum et al., 1998; Thomson et al., 1998). In addition, it has been difficult
to isolate neurospheres with EGF alone from regions of the brain where an SVZ
cannot be morphologically identified, and EGF-dependent neurosphere form-
ing stem cells cannot be isolated at stages prior to the formation of the SVZ.
Further, microdissection experiments have shown that the region that contains
the largest neurosphere forming ability includes the SVZ and its immediate
environs (reviewed in Morshead et al., 1998). Thus a neurosphere forming stem
cell population that is dependent on EGF is present during late embryonic de-
velopment, and it is likely to be localized to the subventricular zone/region
throughout the rostralcaudal axis. Large numbers of EGF-dependent neurosphere
forming stem cells are present in cranial regions where the size of the SVZ is
large and smaller numbers are present in more caudal regions.
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It has recently been proposed that radial glial cells in the embryonic ner-
vous system have stem cell characteristics. Radial glia have their cell bodies in
the VZ and extend a long radial process to the pial surface (Schmechel and
Rakic, 1979). These cells have traditionally been thought to provide a migra-
tory scaffold along which newly generated neurons migrate from the VZ to
postmitotic areas (Rakic, 1988). Radial glia persist till late perinatal ages and
transform into astrocytes as a normal process of development (Levitt et al.,
1981). The results of recent in vivo studies suggest that radial glial cells com-
prise the majority of progenitor cells that give rise to neurons of the cortical
germinal zone and may also function as a self renewing multipotent population
(Gray and Sanes, 1992; Hartfuss et al., 2001; Malatesta et al., 2000; Noctor et
al., 2001; Noctor et al., 2002). It is important to note however that markers
characteristic of radial glial cells such as RC1 and RC2 and the expression of
GFAP, vimentin, GLAST, and other markers are not seen immediately, after
neural tube closure when dividing stem cells can be readily identified and ex-
pression of radial glial markers when present is always in a subset of the prolif-
erating cells. In addition, while radial glial cells divide, the rate of cell division
is not consistent with their being the predominant dividing stem cell population
in vivo, at least at early stages in development. Consistent with these variations,
an elegant fate mapping study of radial glial cells has recently demonstrated
that the neurogenic potential of radial glia is region specific, such that radial
glia generate the majority of cortical projection neurons but not interneurons
originating in the ventral telencephalon (Malatesta et al., 2003). Nevertheless
the ability of radial glia to generate neurons, and astrocytes in culture and in
vivo suggest that they may represent one type of multipotent cell present in
early development. Furthermore, as discussed below, it has recently been hy-
pothesized that adult SVZ cells might be derived from embryonic radial glial
cells that retain neuroepithelial stem cell characteristics into adulthood (Alvarez-
Buylla et al., 2001).

Thus, during early neurogenesis a single population of stem cells is present
which is localized to the ventricular zone. At somewhat later developmental
stages at least two additional populations of stem cells can be isolated-the pre-
dominant proliferating populations becoming localized to the subventricular
zone, and a smaller population of cells (radial glia and neuropithelial cells)
being localized to the diminishing ventricular zone. Cells in the SVZ are mor-
phologically distinct and can be distinguished from VZ cells based on factor
dependence and the cell types that they generate in vivo. Differences between
VZ derived NEP cells and SVZ derived neurosphere forming stem cells are
summarized in Table 2. The predominant difference between these populations
appears to be their growth factor dependence, positional marker expression,
and subtypes of neurons that are generated.
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Developmental regionalization, molecular and cellular
heterogeneity of embryonic CNS stem cells.

In addition to changes in proliferation rate, growth factor dependence, and
differentiation ability, stem/progenitor cells in the CNS are regionalized by pat-
terning molecules. Patterning in the proliferating neuroepithelium is initiated at
the time of neural induction and occurs along the rostrocaudal and dorsoventral
axis. For example, in the developing spinal cord, inductive signals emanating
from the underlying axial mesoderm and overlying ectoderm act to regionalize
progenitors along the dorsoventral (DV) axis of the ventricular zone (Jessell,
2000). Differential expression of several transcription factors of the Pax and
homeodomain families define distinct progenitor domains along the DV axis of
the neural tube that subsequently correspond to specific neuronal fates (Figure
2). Moreover, the fate of progenitors in one domain, whether they differentiate
into motor neurons or interneurons, can be altered by misexepressing in it
homeodomain factors characteristic of another subdomain (Briscoe et al., 2000).
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Similar domains of transcription factor expression have been shown to region-
alize the ventricular zone along the rostrocaudal axis (reviewed in Lumsden
and Krumlauf, 1996; Wilson and Rubenstein, 2000).

Consistent with this regional restriction of cell fate in vivo, a number of
studies have demonstrated the importance of cell autonomous mechanisms in
maintaining identity of neuroepithelial cells in vitro. It has now been clearly
shown that positional markers that define the rostrocaudal and dorsoventral iden-
tity of stem cells persist over multiple generations in vitro. (Hitoshi et al., 2002;
Nakagawa et al., 1996; Zappone et al., 2000). For example, neural stem cell
colonies derived from cortex and spinal cord of embryonic day (E14.5) differ-
entially express regional marker genes along the anteroposterior axis (Zappone
et al., 2000) and this expression persists for at least forty generations.

In addition, direct transplantation of uncultured neural progenitors has
suggested that they are more restricted in the subtypes of cells they generate.
For example, progenitor cells from the cortical ventricular zone of middle-staged
ferret embryos can generate neurons in stage-appropriate layers when trans-
planted to older but not younger hosts (Desai and McConnell, 2000). Also, when
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SVZ progenitors that normally generate only interneurons of the olfactory bulb,
are transplanted to the embryonic nervous system, they do not give rise to long
projection neurons, which are normally generated from endogenous progenitor
cells (Lim et al., 1997).

What remains unclear is whether progenitor cells expressing particular
regional transcription factors are committed in their fate (see below). For ex-
ample, such cells may remain plastic until they have withdrawn from the cell
cycle and left the ventricular zone (McConnell and Kaznowski, 1991; reviewed
by Anderson, 2001; Edlund and Jessell, 1999). Moreover, transplantation of
pieces of ventricular zone tissue to different locations along the rostrocaudal
axis has resulted in respecification of transcription factor gene expression
(Guthrie, 1996). Similarly, it has recently been demonstrated that embryonic
progenitors maintain expression of markers of regional identity in vitro but can
be respecified when grafted to heterologous sites in vivo (Hitoshi et ah, 2002).

While patterning influences may be overcome in some conditions it is
important to note that overcoming such inherent influences is difficult and gen-
erally never complete. It therefore raises the possibility that effective transplant
strategies may require selection not only of stem cells but also stem cells appro-
priate for that particular region of the CNS. Thus, the importance of patterning
clearly is more significant in the nervous system than in the hematopoietic sys-
tem where mobilized stem cells from any region of the rostrocaudal axis appear
effective at repopulating the bone marrow.

Stem cells in the adult CNS

Although the vast majority of cells in the mammalian nervous system are
born during the embryonic and early postnatal period, new neurons are continu-
ously added in certain regions of the adult brain (Altman and Das, 1965). Early

labeling studies (Altman, 1962) and recent bromdeoxyuridine
(BrdU) and retroviral labeling experiments have demonstrated two major sites
of ongoing neurogenesis in the adult brain: the SVZ of the lateral ventricle and
the hippocampus. Proliferating progenitors residing in the SVZ migrate to the
olfactory bulb and differentiate into local interneurons (Lois and Alvarez-Buylla,
1993; Luskin et ah, 1993), whereas in the hippocampus, progenitors in the
subgranular zone differentiate to granule cells in the dentate gyrus (Kuhn et ah,
1996). These new neurons are thought to be derived from a population of neural
stem cells. Consistent with this, it has been shown that dividing SVZ-derived
neuroblasts ablated with antimitotic agents in vivo can be regenerated from a
pool of slowly dividing stem cells (Doetsch et ah, 1999). Moreover, mutations
in Querkopf generate greatly reduced numbers of olfactory neurons in the adult
mouse due to a loss of the SVZ stem cells (Rietze et ah, 2001). Taking cells
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from the adult brain and propagating them in vitro has demonstrated the pres-
ence of adult neural stem cells, that have the capacity for self-renewal and are
able to generate the three major CNS cells types: neurons, astrocytes and oligo-
dendrocytes (Gage et al., 1995; Gritti et al., 1996; Lois and Alvarez-Buylla,
1993; Morshead et al., 1994; Palmer et al., 1997; Reynolds and Weiss, 1992).

Recent studies demonstrate there may be two potential sources of adult
neural stem cells the ependymal layer and the subventricular zone of the lateral
ventricle of the brain (Chiasson et al., 1999; Doetsch et al., 1999; Johansson et
al., 1999a; Johansson et al., 1999b; reviewed by Barres, 1999). Ependymal cells
are the remnants of the proliferating ventricular zone and are therefore a logical
candidate for adult multipotent stem cells. Ependymal cells are relatively quies-
cent in vivo but retain the ability enter the cell cycle, and may respond to injury
by proliferation. Infusion of FGF and EGF can cause a proliferation of ependy-
mal cells and retroviral lineage analysis has suggested that individual cells can
generate astrocytes and neurons in at least some regions of the brain (Johansson
et al., 1999b; Josephson et al., 1998). Ependymal tumors express both neuronal
and glial markers, thus it is reasonable to assume that ependymal cells are
multipotent. Whether they possess sufficient self-renewal ability however has
been questioned. Van der Kooy and colleagues have pointed out that most
neurospheres do not consist of ciliated cells (Chiasson et al., 1999). Neurospheres
derived from ciliated ependymal cells do not undergo significant self-renewal,
and neurospheres that undergo self-renewal can be isolated from other regions
of the brain. Thus, if ependymal cells represent an adult stem cell population
they can at best represent a minority population of the neurosphere generating
cells.

The SVZ is the location of a second population of stem cells present in
early development (see above), and undifferentiated cells can be identified in
the SVZ even at late adult stages. Multipotent cells with the ability to self-
renew and form neurospheres in culture can be isolated from the cortical SVZ.
Retroviral labeling of SVZ cells has suggested regional heterogeneity and has
shown that the SVZ consists of a mixture of stem and progenitor cells (Levison
and Goldman, 1997; Luskin et al., 1993; Price et al., 1987; Williams, 1995;
reviewed in Alvarez-Buylla and GarciaVerdugo, 2002). Tritiated thymidine in-
jections, to kill actively dividing cells at later stages of subventricular zone
development, have suggested that approximately 1% of the cells are slowly
dividing stem cells (Morshead et al., 1994) that can regenerate the remaining
cells in the SVZ.

It is not clear however which cell in this heterogeneous population equates
to the neurosphere forming stem cell. Different groups have suggested different
locations and different properties. In the adult, neurosphere forming stem cells
may be localized to the type B astrocytic cells in the SVZ or the type C
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cells in the SVZ (reviewed in Alvarez-Buylla et al., 2000; Garcia-Verdugo
et al., 1998) or may represent a distinct population that has not been clearly
defined as yet (discussed in Capela and Temple, 2002). Recent compelling ex-
periments demonstrate that the majority of EGF-responsive cells in the adult
SVZ that generate neurospheres are actually derived from the rapidly dividing
transit-amplifying C cells (Doetsch et al., 2002). Thus, at least one population
of multipotent stem cells exists in the adult SVZ; this population is relatively
quiescent but can enter the cell cycle and participate in repair and regeneration
in the olfactory bulb and the hippocampus.

Multipotential cells can also be isolated from non-neurogenic regions of
the adult mammalian CNS such as the spinal cord. Recent studies have sug-
gested that the ependymal cells lining the central canal of the postnatal spinal
cord possess properties of neural stem cells (Palmer et al., 1995; Shihabuddin et
al., 2000; Weiss et al., 1996). These cells, like the cells of the SVZ and hippo-
campus, undergo self-renewal and mutipotent differentiation in vitro and may
represent SVZ-like cells.

Others have argued that stem cell populations exist in the parenchyma of
the adult brain throughout the rostrocaudal axis. These cortical stem cells ap-
pear to be characterized by PSA-NCAM immunoreactivity, grow as neurospheres
and are multipotent as assessed by differentiation into neurons, astrocytes and
oligodendrocytes. Indeed their differentiation potential may be wider than that
of most neural stem cells: they may also be capable of differentiating into pe-
ripheral nervous system derivatives such as Schwann cells (Marmur et al., 1998).
It is unclear however, how many such cells are present in vivo and whether
these cells participate in repair and regeneration. Retroviral lineage analysis
does not show the presence of multipotent stem cells in the parenchyma and
there is little evidence of neurogenesis in response to parenchymal damage to
cortical precursors. Given the clear demonstration of their multipotentiality in
culture and the evidence that these neurosphere forming cells arise from the
parenchyma the operating assumption is that these PSA-NCAM cells represent
either a quiescent population of stem cells that fail to respond to environmental
signals, due to the presence of inhibitory signals or represent dedifferentiated
cells that have reentered the cell cycle. Both possibilities are consistent with the
available data and indirect evidence for the ability of postmitotic cells to reenter
the cell cycle.

In an intriguing set of experiments Macklis and colleagues (see Chapter
12 in this volumne) have shown that when subsets of neurons are specifically
ablated without large scale localized tissue damage, then these neurons are re-
placed by adjacent cells which appear to differentiate and integrate into appro-
priate neuronal circuits. These neurons even send axons across the corpus
collosum or project to the thalamus. Their data suggests the presence of a corti-
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cal progenitor or possibly a stem cell population that does not participate in
repair, as its response is inhibited in most conditions (Magavi et al., 2000).
Brewer (1999) has suggested that postmitotic cells, specifically neurons, can
reenter the cell cycle and can differentiate into neurons and astrocytes. Specifi-
cally, he retrogradely labeled projection neurons and showed that in dissociated
culture these cells initiate cell division and single cells differentiate into neu-
rons and astrocytes. While neither data demonstrates that the new neurogenesis
that was observed was of biological significance or that the cells that prolifer-
ated were truly multipotent, it nevertheless provides importance evidence that
quiescent populations exist that can be induced to reenter the cell cycle and
possibly contribute to neurosphere formation in vitro.

Experiments described by Kondo and Raff (2000) showed that glial pro-
genitor cells could be dedifferentiated and then induced to differentiate into
neurons. Along the same line, Doestch et al. (2000), provide compelling evi-
dence that progenitor cells in the adult brain retain stem cell properties. Specifi-
cally, that after exposure to high concentrations of EGF, type C neuroblasts of
the SVZ function as stem cells in vitro. Further, it has been have suggested that
astrocytes at some stage in development are multipotent and competent to dif-
ferentiate into neurons, astrocytes and oligodendrocytes (Laywell et al., 2000;
Laywell and Steindler, 2002).

It is critical to determine whether one is working with endogenous stem
cells that have been maintained in a similar stem cell state in culture or whether
one is working with a non stem cell population that has acquired stem cell char-
acteristics after being maintained in culture. This is an important and perplex-
ing problem that needs to be resolved and is perhaps the source of much of the
controversy in the field in so far as markers characteristic of stem cell popula-
tions is concerned. If one uses the criteria of forming neurospheres as evidence
for the presence of stem cells, then one cannot distinguish between endogenous,
i.e., true stem cells that participate in normal development, quiescent stem popu-
lations that can be reactivated in culture; or other cells that have somehow ac-
quired stem-like characteristics (or lost differentiated cell markers). Indeed, re-
cent results have suggested that the ability to form a sphere and grow in non-
adherent cell culture conditions is not a property that is unique to stem cells.
Ependymal cells, astrocytes, oligodendrocyte precursors and neuronal progeni-
tor cells can all readily form neurosphere-like aggregates which can be pas-
saged at least for a limited time period. Overall the data suggest that a need
exists to be able to localize the origin of the neurosphere forming cell, to distin-
guish one population of neurosphere forming cell from another, and to identify
those neurosphere forming stem cells that are truly stem cell in character.
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Shared cellular and molecular properties of embryonic and adult
neural stem cells

Neural stem cells isolated from embryonic and adult CNS are defined by
common properties. First, cells isolated from the embryonic ventricular and
subventricular zone, those surrounding the adult left ventricles and subgranular
zone (SGZ) of the hippocampus, and those from the central canal of the adult
spinal cord all share the ability to form neurospheres, the ability to self-renew,
and the ability of single cells to differentiate into neurons, astrocytes and oligo-
dendrocytes in vitro (Gritti et al., 1996; Johe et al., 1996; Shihabuddin et al.,
1997). Second, both embryonic and adult neural stem cells of the CNS can
differentiate appropriately in a new host region after transplantation (Brustle et
al., 1995; Campbell et al., 1995; Fishell, 1995; Vicario-Abejon et al., 1995). For
example, adult hippocampal stem cells can give rise to specific and region ap-
propriate cell types not only in the hippocampus but also when transplanted to
the olfactory bulb, cerebellum and retina (Gage et al., 1995; Suhonen et al.,
1996; Takahashi et al., 1998). Stem cells derived from the human embryonic
nervous system and expanded in vitro by oncogenic immortalization exhibit a
similarly broad developmental potential when transplanted in vivo (Flax et al.,
1998). Such transplanted human NSCs can migrate over long distances to colo-
nize different sites of differentiation, especially after transplantation into the
neonatal brain (Brustle et al., 1998). These data indicate that CNS stem cells
have broader potential than the cell types they normally generate in vivo and
may share several common markers

Universal markers of cells with stem cell potential in the CNS include a
number of transcription factors, such as members of the Sox, Pax, HES and
BFAP gene families, members of the Notch signaling pathway, the RNA bind-
ing protein musashil, the intermediate filament protein nestin, and others
(Table 2). These expression profiles support the likelihood of common/generic
molecular mechanisms shared by neural stem cells throughout their ontogeny.
These conserved signaling pathways may serve to maintain generic cellular
properties that define the stem cell state, such as the ability to self-renew and
multi-lineage differentiation. For example, one of the better characterized mo-
lecular pathways conserved in neural stem cells throughout their ontogeny is
the Notch signaling pathway. This pathway appears to play an essential role in
the maintenance of a stem/progenitor cells pool as well as play a role in regulat-
ing asymmetric vs. symmetric division. Both during embryogenesis (Chambers
et al., 2001; Gaiano et al., 2000; Ishibashi et al., 1994) and in adulthood expres-
sion of notch1 or one of its downstream regulators, such as HES-1, inhibits
neuronal differentiation and results in the maintenance of a progenitor state.
The exact mechanism by which notch signaling regulates cell fate is not com-
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pletely determined. Recently, for example, numerous studies in vertebrates have
suggested that rather than simply inhibiting neuronal differentiation and main-
taining a neural progenitor state, notch may in some contexts promote the ac-
quisition of glial identity (Furukawa et al., 2000; Gaiano et al., 2000; Hojo et
al., 2000; Morrison et al., 2000; Scheer et al., 2001). This is consistent with the
possibility that, as discussed above, certain glial cell types (radial glia, astro-
cytes) may be multipotent progenitors.

Recent experiments have also raised the possibility that molecules involved
in the consolidation of neural fate during primary neural induction also play a
role in adult neurogenesis. For example, Noggin is expressed in ependymal
cells, suggesting that it may function to promote neurogenesis. In support of
this hypothesis, overexpression of BMP in ependymal cells leads to the reduc-
tion of SVZ proliferation and abolishes neuroblast regeneration in the SVZ (Lim
et al., 2000). Further, direct comparison of the function of these conserved mo-
lecular pathways in vivo, in the embryo as well as in the adult, will begin to
elucidate similarities and/or differences in the molecular mechanisms during
neural stem cell differentiation.

Moreover, several recent studies have presented evidence to challenge the
stem cell dogma that stern cells which persist after embryogenesis are restricted
in potential to forming only the cell types characteristic of the tissue from which
the were isolated. For example, genetically labeled neural stem cells transplanted
into an irradiated host give rise to mature blood cell types (Bjornson et al.,
1999) and skeletal muscle (Galli et al., 2000). It is important, however, to con-
sider whether the cells that form neurospheres in vitro represent “transformed”
cells that in vivo do not possess stem cells characteristics. It may be possible
that the transformation of differentiated cells can result in dedifferentiation or
transdifferentiation to a stem cell state.

These studies also raise the possibility that stem cells from different tis-
sues may be more closely related than previously assumed and may share com-
mon molecular regulators. Indeed several investigators have argued for the con-
cept of “sternness” or a molecular signature that may be universal to stem cell
populations irrespective of the tissue source from which they are identified.
Indeed, several investigators have profiled gene expression in different stem
cell populations (Ivanova et al., 2002; Ramalho-Santos et al., 2002; Terskikh et
al., 2001) and have noted that embryonic, hematopoietic and neural stem cells
share many similarities at the transcriptional level. These investigators have
proposed that these shared transcripts that are selectively and commonly ex-
pressed in two or more types of stem cells define a functionally conserved group
of genes evolved to participate in basic stem cell functions, including stem cell
self-renewal and that this overlapping set of gene products represents a molecu-
lar signature of stem cells.
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While the concept of sternness is reasonable, it has been difficult to find
truly universal markers that are shared by all stem cell populations irrespective
of their tissue origin. Two possible candidates include Tert expression and by
extension telomerase activity (Cai et al., 2002) and expression of ABCG2 (Zhou
et al., 2001). Expression of both of these molecules has been described in he-
matopoietic stem cells, ES cells and neural stem cells. A novel seven trans-
membrane receptor that is expressed in hematopoietic stem cells (HSCs) and is
present in proliferating zones of the nervous system (Terskikh et al., 2001) rep-
resents a candidate universal stem cell marker.

These results raise the possibility that it may be possible to identify mark-
ers that are shared by the multiple types of stem cells present in the nervous
system as well as markers that may be shared among stem cells isolated from
different tissues.

Identification of neural stem cells types using a combination of
universal markers and stem cell subtype markers.

To date it remains unclear whether there exists a generic neural stem cell,
as found in the hematopoietic system. It appears that the CNS consists of het-
erogenic stem cells, all retaining the ability to self-renew, differentiate into neu-
rons and glia, and express a set of universal markers, but restricted in their
potency. To understand exactly what characteristics define a neural stem cell it
is first necessary to elucidate the lineage relationship between the various types
of stem cells and how they contribute to the formation and maintenance of the
central nervous system. To do this certain methodologies need to be developed
for the isolation of neural stem cells from selected regions of the CNS during
defined developmental stages. A number of groups have suggested methods by
which stem cell populations can be isolated from mixed cultures of cells. One
such method includes a negative selection criterion that takes advantage of the
observation that stem cells do not express markers characteristic of differenti-
ated cells. Rao and colleagues have used the absence of expression of neuronal,
astrocytic and oligodendroglial markers to enrich for stem cells from late fetal
stages (Rao, 1999; Cai et al., 2002). Rietze (2001) in similar experiments have
suggested two potential markers that can be used to enrich for neural stem cells
in adults. They showed that low PNA (peanut agglutinin) and HSA (heat stable
antigen) staining combined with size selection can be used to select for stem
cell populations from neurosphere cultures. Using a similar negative selection
strategy Marie et al. (2003) used surface ganglioside epitopes emerging on dif-
ferentiating CNS cells to isolate neural progenitors from E13 rat telencephalon
by FACS.
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Based on the above results it is possible to identify and isolate stem cells
from a mixed population. However, it is difficult to use the absence of expres-
sion of markers to localize stem cells in vivo given the multiplicity of markers
required. As an alternative, parallel approaches have identified positive selec-
tion markers that may be used to identify neural stem cells. It has been sug-
gested that AC133 may be an additional neural stem cell marker (Uchida et al.,
2000). Within a neurosphere derived from adult tissue the population of cells
that are Hoechst low and Rhodhamine 123 low are enriched for stem cells
(Hulspas and Quesenberry, 2000; Quesenberry et al., 1999). The efflux is likely
mediated by ABCG2 expression that is present on neural stem cells during de-
velopment and is downregulated in differentiated cells (Cai et al., 2002; Goodell
et al., 1996). FACS sorting based on changes in calcium response to neurotrans-
mitter application or growth factor delivery can also be used to identify stem
and progenitor cell populations (Mandler et al., 1988; St. John et al., 1986).

An alternative approach to positively select for neural stem cells is through
the generation of mouse lines in which the expression of a drug-selection marker
or a live cell marker such as green fluorescent protein (EGFP) is driven by the
regulatory domains of a universal neural stem cell marker. For example,
transgenic lines have been generated carrying EGFP under the control of the
neural specific enhancer for the nestin gene (Roy et al., 2000; Sawamoto et al.,
2001). FACS analysis showed that nestin-EGFP expression directly correlates
with multipotency and density of neurosphere initiating cells, thereby permit-
ting the high enrichment of neural cells isolated from the embryonic cerebral
cortex. Similarly, to develop an in vivo system for analyzing neurogenesis.
Transgenic mice have been generated that express EGFP under the control of
the regulatory regions of the SOX2 gene, a universal neural stem cell marker. In
this mouse line, EGFP expression is confined to progenitor cell populations
during early development and persists in selected populations in the adult (Fig-
ure 3; unpublished data). Moreover, clonal analysis of SOX2-EGFP-positive
cells demonstrates that multipotential stem cells isolated from both the embry-
onic CNS and the adult CNS all express SOX2-EGFP.

Thus, positive and negative selection criteria can be used to define popu-
lations of stem cells at any stage of development. These markers, either singly
or in concert, may help localize stem cells in vivo and their expression in
neurospheres may help define whether a particular neurosphere contains a
multipotent stem cell.

Universal stem cell markers provide a means to identify cells which fulfill
the basic criteria of a stem cell, self-renewal and multipotent differentiation,
and thus define shared features when removed from their normal milieu. How-
ever, it has been previously shown that positional markers that define the
rostrocaudal identity of stem cells persist over multiple generations in vitro
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(Hitoshi et al., 2002; Nakagawa et al., 1996; Zappone et al., 2000). It is there-
fore reasonable to assume that markers characteristic of the cell that generates a
neurosphere in vitro will persist at least over the initial passages. Thus, if mark-
ers exist that distinguish between the potential stem cell candidates, it may be
possible to determine if all neurospheres are derived from the same population
or are a heterogeneous population whose properties depend on the particular
stem cell population that generated them.

A potential problem with this approach is the possibility that neurospheres
may not contain only a stem cell population. Stem cells differentiate in response
to environmental signals and it is difficult to ensure homogeneity of the mi-
croenvironment in a neurosphere culture. Cells at the margin are exposed to
different conditions as compared to the cells within a neurosphere and thus
even at early stages of its formation, a neurosphere may be a heterogeneous
population. It is therefore critical that apart from determining the expression of
markers, one also test the properties of the cells rigorously by passaging and
cloning.

Combining universal stem cell markers in double labeling or cell isolation
experiments may allow one to bypass this problem. For example, if a
cell that formed a neurosphere co-expressed TERT, had high telomerase activ-
ity, expressed Soxl and Sox2, and had high ABCG2 expression and activity,
then it would be reasonable to assume in subsequent experiments that this rep-
resented a stem cell population. Equally important would be demonstrating the
absence of markers that define dividing populations of cells that are not
multipotent but more restricted such as A2B5, CD26, CD44, and others (see
above). Experiments along similar lines in the hematopoietic system have helped
define the stem cell population in vivo that has the highest self-renewing capac-
ity and has allowed investigators to begin to probe fundamental aspects of stem
cell biology.

Two important points worth emphasizing are that no single marker is likely
to work and even combinations of markers that work are likely to be useful only
in specific situations. For example AC133 may turn out to be a useful marker
for stem cells in the nervous system but given that it is also expressed by he-
matopoietic stem cells (D’Arena et al., 2002; Majka et al., 2000) and may be
expressed by ES cells it may be difficult to use AC133 as a sole selection marker.
Likewise generalized methods of isolation such as forward versus side scatter,
Hoechst labeling or aldefluor selection (Cai et al., 2002; Murayama et al., 2002)
cannot be used to select between neural and non-neural stem cell populations.

Similarly negative selection criteria will need to be modified depending
on the mixture of cells that need to be removed to enrich the stem cell popula-
tion. For example, in the hippocampus A2B5 expression is quite limited at early
stages of differentiation, while PSA-NCAM and CD24 expression is abundant.
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A2B5 may not, therefore, be a critical component of any stem cell selection
cocktail for hippocampal stem cells. In contrast, in the adult spinal cord the
largest population of dividing cells are glial progenitors including            cells
and            astrocyte precursors (our unpublished results). In this case separat-
ing glial progenitors from stem cells will provide maximal enrichment and these
markers will be critical. Whatever strategy is selected, it will have to be tested
to ensure that it is appropriate for particular stages in development and the re-
gion of brain that is being tested. Universal markers will be an important com-
ponent of any generalized strategy that will have to be supplemented with markers
appropriate for the mixture of cells from which stem cells are to be enriched.

A final point worth discussing is the discrimination between sorting from
tissue or acutely harvested cells grown in culture for short time periods (1-7
days). Properties of cells, their ability to differentiate, growth factor receptor
expression, and particularly cell surface markers used for selection, may be
altered and stem cell markers may not display the same specificity as docu-
mented during in vivo development. RC1 is a good example of a relatively spe-
cific radial glial marker whose expression is seen in a large proportion of cul-
tured cells that are clearly not radial glia. CD44 expression can be induced in a
variety of cells in response to growth factor signaling, and nestin expression is
seen in multiple differentiated cell types maintained in culture. The problem of
sorting from cultured and passaged cells is further exacerbated by data suggest-
ing that cells may transdifferentiate in culture. Transdifferentiation does not
recapitulate the developmental process precisely and transdifferentiated cells
are likely to express a mixture of stem cell and other differentiated cell markers.
One cannot therefore simply rely on published data on the specificity of anti-
bodies demonstrated to be specific in vivo or in acutely dissociated cell cul-
tures. Rather, a rigorous analysis of acceptable markers appropriate for that
particular system will have to be undertaken. The currently described markers
represent a good starting point but should be used with caution. We would sug-
gest that methods that rely on generalized properties of stem-like cells might be
the first set of selection strategies to attempt. Tert expression, aldefluor uptake,
ABCG2-dependent efflux, positive selection with markers known to be expressed
by stem-like cells such as Sox1, Sox2, or AC133 may represent good candidate
selection molecules.

CONCLUSION

Selecting neural stem cell populations is intrinsically different from se-
lecting hematopoietic stem cells due to the variable sources of cells, the variety
of stem cells described, and our ability to maintain neural stem cells in culture
for prolonged time periods. Success is likely given the number of markers that
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have now become available. To ensure success, however, one will have to tailor
the selection strategy to the source of stem cells and the type of stem cell one
wishes to isolate. A rigorous evaluation of all selection strategies in indepen-
dent laboratories will permit the development of a series of selection protocols
that may then allow identification of stem cells from any source.
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Chapter 5

Neural Cells Derived From Embryonic Stem Cells

Mark J. Tomishima and Lorenz Studer

INTRODUCTION

Embryonic stem (ES) cells are renewable cells capable of differentiating
into all cell types of an organism. ES cells have the unique ability to divide in
culture indefinitely without transformation or loss of differentiation potential
(Suda, 1987). Gain and loss-of-function studies using ES cell technology for
creating genetically modified mice revolutionized molecular biology and our
understanding of mammalian nervous system development. The recent demon-
stration of homologous recombination in human ES cells sets the stage for a
new revolution in our understanding of human nervous system development
and disease (Zwaka and Thomson, 2003). The isolation of human ES cells, and
the ability to induce neural differentiation in vitro, has renewed interest in de-
veloping strategies for cell therapy and brain repair. In this chapter, we will
define ES cells and related pluripotent cell types, review protocols for directing
ES cell differentiation into specific neural fates and provide an outlook for ES
cell research in basic studies and in neural repair.

ES and ES-like cells

ES cell lines are derived from a transient population of cells present in the
early embryo. The blastocyst is a developmental stage before the embryo has
implanted, and within this structure are a small population of cells called the
inner cell mass (ICM). These cells are progenitors of all the cells that form the
developing embryo, and they can be harnessed at this pluripotent state if re-
moved from the blastocyst and cultured appropriately. Stable cell lines derived
from the ICM that retain the full differentiation potential are called ES cells.
The gold standard for demonstrating ES cell function is the chimeric contribu-
tion to all organs including the germ-line after injecting cultured ES cells into a
developing blastocyst.
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Much of our understanding of ES cells comes from the study of two re-
lated cell types called embryonal carcinoma (EC) and embryonic germ (EG)
cells. A set of remarkable experiments in the early 1970’s demonstrated a direct
relationship between ES and EC cells. When normal early mouse embryos are
placed ectopically into the kidney or testis of an adult mouse, large tumors
develop (Solter et al., 1970, Stevens, 1970). These tumors, called teratomas or
teratocarcinomas, contain cell types from all three germ layers often with patches
of organized tissues (such as hair or teeth) as well as undifferentiated ES-like
cells. The ES-like cells within tumors can be isolated and propagated in vitro
and are named EC cells (Evans, 1972). Teratocarcinomas also form spontane-
ously from germ cells (Stevens and Hummel 1957), and numerous EC cell lines
have been isolated from such tumors. Each EC cell line behaves differently
(Kleinsmith and Pierce 1964, Martin and Evans 1975), and in general they do
not contribute equally to all tissues when reintroduced into an early mouse em-
bryo (Martin 1980). While some EC lines differentiate into a wide variety of
cell types, others are called “nullipotent” because they cannot be induced to
differentiate (Bernstine et al. 1973). Almost all EC cell lines are aneuploid and
likely contain other genetic alterations that contribute to their ability to divide
rapidly in tumors and in culture (Smith 2001).

A third pluripotent cell type called embryonic germ cells (EG) cells are
derived from the primordial germ cells in an embryo, the progenitors of the
male and female germ cells. Their differentiation potential is similar to that of
ES cells (Rohwedel et al. 1996, Ohtaka et al. 1999), with one notable differ-
ence: EG cells are unique in the expression of imprinted genes (Surani et al.
1998, Howell et al. 2001). Some chimeras created with EG cells develop nor-
mally, and can contribute EG cells to the germline (Labosky et al. 1994, Stewart
et al. 1994). In other cases, the embryo develops abnormally with phenotypes
characteristic of an imprinting defect (Tada et al. 1998). EC, EG and ES cells
are morphologically similar, express many of the same genes, require similar
growth conditions, and are capable of differentiating into all three germ layers.
Further, all three cell types can clonally give rise to teratomas or teratocarci-
nomas. One interesting question is whether undifferentiated cells isolated from
an ES cell-derived teratocarcinoma are genetically similar to the input ES cells
or whether tumor growth selects for cells that efficiently proliferate but do not
differentiate (Smith 2001).

Advantages of using ES cells

The most striking advantages of using ES and ES-like cells to study the
nervous system are: 1) Unlimited growth in culture, 2) full differentiation po-
tential into any adult (neural) cell type, 3) access to the earliest stages of neural
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development and 4) ease of introducing stable genetic modifications. ES cells
can also be used to perform screens of gene function in vitro, which provides
several advantages over in vivo screens. In such genetic screens, there is a re-
duced need for producing and maintaining large colonies of mice to study a
genotype of interest. Mutations are usually produced as heterozygous lesions in
the genome, but can be converted to homozygosity in vitro (Mortensen et al.
1992). Once an interesting phenotype has been identified in vitro, ES-derived
mutant mice can be made rapidly to verify that the phenotype occurs in vivo.
Moreover, many mutants are embryonic lethal, making it impossible to study
gene function at later developmental stages. Embryonic lethality can often be
bypassed in vitro, since embryonic lethality does not necessarily equal cell le-
thality (Tsai et al. 2000, Ge et al. 2002), ES cells offer an extremely powerful
approach to systematically study the genetics of human nervous system devel-
opment.

Limitations of ES cells

One limitation of ES cells for neural repair strategies is illustrated by the
close relationship between ES, EG and EC cells. As noted above, ES cells are
capable of forming teratomas and teratocarcinomas when grafted in their undif-
ferentiated state. Therefore, neural transplantation strategies should be designed
with this caveat in mind (Freed, 2002, Brustle et al. 1997, Bjorklund et al. 2002).
Genetic stability is often thought of as an advantage of using ES cells, but little
work has been done to prove this point. Recently, it was shown that mouse ES
cells are less susceptible to point mutagenesis in vitro than most other cell types,
yet are more prone to lose entire chromosomes than their somatic counterparts
(Cervantes et al. 2002). Therefore, it will be important to examine the genetic
stability of ES cells in culture, particularly for the primate lines of potential
therapeutic use. ES cell lines have only been isolated from a limited set of spe-
cies including mouse, monkey and human ES cells (see Challenges for the Fu-
ture section for discussion), so only these species can be studied through ES
cells. The use of human ES cells has raised many ethical questions that are hotly
debated in the scientific and general public. Currently, there is a debate among
scientists about the ethics of creating a mouse-human hybrid embryo (DeWitt,
2002). A chick-human hybrid embryo has already been described after trans-
planting undifferentiated human ES cells at the stage of organogenesis (Goldstein
et al. 2002). One final limitation (that is a fascinating biological problem) is that
we do not clearly understand the molecular codes required for controlling and
directing the differentiation of ES cells into all of the hundreds of individual
specific cell types that form the brain. Understanding this language will provide
unique insights into brain development and provide the basis for translational
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studies aiming at cell replacement in the diseased brain. In the absence of this
knowledge, ES-derived cultures inevitably will contain contaminating cell types
that interfere with the interpretation of both translational and basic studies.

Producing ES cell lines

ES cell lines are derived by coculturing isolated blastocysts with fibro-
blast feeder layers (Figure 1). The inner cell mass of the blastocyst-stage em-
bryo contains the progenitor cells that give rise to ES cells, though the precise
lineage relationship is not yet known. Typically, preimplantation blastocysts
are washed out of the uterus, and are then placed directly on a fibroblast feeder
layer. In some protocols, the inner cell mass is isolated and separated from
other cell types prior to coculture with the feeder layers. Colonies with various
morphologies grow on the feeder layer, and ES cell colonies are identified based
on morphology and gene expression (Figure 1). It is not known how fibroblasts
maintain mammalian ES cells in an undifferentiated state. Mouse embryonic
fibroblasts (MEFs) are normally used to derive ES cell lines from all species,
but human ES cells have been maintained on human embryonic or adult fibro-
blasts. This is a welcome step toward clinical applications of ES cells, since co-
culturing human ES cells with mouse feeders might allow for pathogen transfer
across species (Richards et al. 2002). Leukemia inhibitory factor (LIF) is pro-
duced by fibroblast feeders and inhibits the spontaneous differentiation of mouse
ES cells. However, primate ES cells also depend on factors produced by fibro-
blast feeders (Thomson et al. 1995, Thomson et al. 1998, Xu et al. 2001) but do
not respond to LIF (Thomson et al. 1998). Identification of the elusive factors
produced by fibroblasts will be essential for our understanding of human ES
cell biology. The addition of basic fibroblast growth factor (bFGF or FGF2) in
conjunction with a serum-free medium can substitute for serum-containing media
(Xu et al. 2001). After isolation and propagation, ES cells can be passaged with-
out the feeder layer. Whereas mouse ES cells are commonly cultured on tissue
culture plastic coated with gelatin in defined medium supplemented with LIF,
primate ES cells can be maintained on matrigel or laminin in fibroblast-condi-
tioned medium (Xu et al. 2001).

Methods for in vitro neural differentiation

Embryoid body formation

The classic method for inducing neural differentiation from ES cells in-
volves the formation of embryoid bodies (EB). EBs are formed by forcing un-
differentiated ES cells to grow as aggregates in suspension. As the EB grows,
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cell-to-cell interactions and the release of soluble signaling molecules in the
aggregate cause ES cells to differentiate. Derivatives of all three germ layers
are found in EBs (Doetschman et al. 1985, for review, see Weiss and Orkin,
1996), and EB culture serves as a screening tool to demonstrate pluripotency of
putative ES cell lines. Neural cells are not efficiently produced under standard
EB conditions, leading to a number of variations on this protocol that enhance
neural induction, or that select for and expand neural precursors in EBs.

Retinoic acid

One method for increasing the neural population from EBs is exposure to
retinoic acid (RA) (Bain et al. 1995; for an excellent review and protocol, see
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Bain et al. 1998). RA is a vitamin A-derivative released by the mesoderm dur-
ing development, and has a strong neural inducing and neural patterning effect
(for review, see Maden 2002). Similar strategies were proposed by a number of
groups (Franchiard et al. 1995, Strubing et al. 1995). In the original 4-/4+ proto-
col (Bain et al. 1995), EBs are grown for 4 days in standard medium before
being placed in medium containing RA for an additional 4 days in sus-
pension culture (Figure 2). RA-treated EBs are mainly composed of neural pro-
genitors that express nestin and sox 1 among other neural markers (Liu et al.
2000, Wichterle et al. 2002). After 8 days in suspension culture, EBs containing
neural progenitors are allowed to attach to tissue culture plastic. Over the next
few days, aggregates flatten out and form a monolayer of flat non-neuronal
cells and cells that have a neuronal appearance (~40%). Most of the glial cells
produced are astrocytes (Strubing et al. 1995, Fraichard et al. 1995, Angelov et
al. 1998), although oligodendrocytes and microglia are present in lower num-
bers (Fraichard et al. 1995, Angelov et al. 1998, Liu et al. 2000). All three
protocols primarily yield glutamatergic and GAB Aergic neurons, as determined
by irnmunohistochemistry and electrophysiology (Bain et al. 1995, Fraichard et
al. 1995, Strubing et al. 1995, Finley et al. 1996). The Bain protocol yields
neurons that are roughly 70% glutamatergic, 25% GABAergic and 5% glycineric
(Gottlieb, 2002).

The presence of mostly glutamate and GAB A neurons is somewhat para-
doxical, since RA caudalizes the nervous system by inducing the Hox gene
cascade that leads to formation of the hindbrain and more posterior cell fates
(Maden, 2002). Glutamate and GABA neurons are typically found in the most
anterior regions of the brain. Two different studies using slightly different pro-
tocols have shown that RA-exposed EBs can produce motor neurons, a cell type
produced in the posterior nervous system. Renoncourt et al. (1998) described
the derivation of ES-derived motor neurons in vitro using a RA (2-/7+)
protocol. They also provided a more detailed molecular characterization in-
cluding the expression of region-specific transcription factors demonstrating
the presence of caudal and ventral CNS cell types, including hindbrain and
spinal cord motor neurons and interneurons. A large proportion of motor neu-
rons were thought to correspond to cranial regions since they expressed Phox2b.
Islet 1-negative presumptive interneurons were also identified. In contrast,
Wichterle et al. (2002) reported that exposing EBs to RA (2-/3+) leads
mainly to rostral spinal cord motor neurons (Phox2b-negative) and interneu-
rons that lack dorsal/ventral specification. EB-derived neural precursors could
be converted to ventral cell types by adding SHH to cultures. Future studies are
necessary to define the neuronal subtypes produced by the various EB-RA pro-
tocols. However, it is interesting to note that RA-treated EBs appear to produce
either rostral spinal cord motor neurons (Wichterle et al. 2002), or the rostral
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hindbrain cranial motor neurons (Renoncourt et al. 1998). These results suggest
that additional signals might be required to derive cell types specific to more
caudal spinal cord regions. The caudalizing effects of RA are not limited to EB-
derived neural cells: ES cells differentiated into neurons by coculture with stro-
mal cells are also caudalized into rostral spinal cord motor neurons after expo-
sure to RA (Wichterle et al. 2002; see Stromal-derived inducing activity section
below).

Little is known about the effects of RA on EBs derived from human ES
cells. Schuldiner et al. (2001) reported that exposing human EBs to either nerve
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growth factor (NGF) or increased the number of presumptive neurons
compared with untreated control EBs (39% and 52% respectively versus 21%).
RT-PCR analysis demonstrated gene expression patterns expected of seroton-
ergic and dopaminergic cells, but no further characterization was performed. In
contrast, data by Carpenter et al. (2001) indicate that the standard Bain protocol
is not effective for human cells and proposed a modified protocol, where EBs
are formed for 4 days in the presence of prior to plating on fibronectin
in a complex, defined medium. Dividing neural precursors were detected 3 days
after plating EBs, and these precursors were capable of differentiating into ma-
ture neurons and astrocytes after extended culture. Neuronal subtype analysis
revealed that 3% of these neurons were positive for tyrosine hydroxlyase, the
rate limiting enzyme in the synthesis of dopamine, suggesting the derivation of
catecholaminergic neurons.

With minor modifications, the Bain protocol has also been adapted to de-
rive purified populations of glial cells from mouse ES cells (Figure 2). Liu et al.
(2000) altered the 4-/4+ protocol to produce a high number of oligodendro-
cytes. The initial stage of the protocol (4-/4+) is identical to the Bain protocol.
However, in the next step the loosely-adherent cells were selectively collected
and propagated as free-floating spheres. These structures give rise to high per-
centages of oligodendrocytes or oligodendrocyte precursor cells and are termed
oligospheres (Liu et al. 2000), a name first defined for similar structures de-
rived from primary neural precursors (Avellana-Adalid, 1996, Zhang et al. 1998).

Martin Raff and colleagues also used RA-exposed EBs to produce mouse
oligodendrocytes (Figure 2; Billion et al. 2002). They harnessed ES cell genet-
ics to select for purified neuroepithelial precursors through positive and nega-
tive selection. These genetic tricks allowed synchronous differentiation to FGF2-
dependent neural precursors. Exposing these precursors to SHH increased the
percentage of neural cells that express oligodendrocyte precursor markers from
12% to 40–85%. Extended culture in platelet-derived growth factor (PDGF)-
AA and thyroid hormone led to a further maturation of oligodendrocytes in
roughly half of the cells.

HepG2 conditioned medium

A second method to increase the production of neural precursors from
EBs is to expose them to the conditioned media of a hepatocarcinoma cell line
(HepG2) (Rathjen et al. 2002). When EBs are formed in HepG2 conditioned
medium (the modified EBs are called EBMs), cells in EBMs adopt a neuroecto-
dermal fate (Figure 3). Similar to RA-treated EBs, EBM aggregates do not ex-
press genes found in mesoderm and endoderm and primarily express neural
markers such as sox 1,2, and nestin. Dissociated EBs and EBMs were subjected
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to flow cytometry using antibodies
against NCAM, a cell-surface adhe-
sion protein widely expressed in the
nervous system (Rutishauser et al.
1992). Almost all of the cells in
EBMs express NCAM on the cell
surface, whereas less than half of the
cells in control EBs express NCAM.
After extended suspension culture,
~80% of the EBM aggregates con-
tained neurofilament-positive cells
that have a neuronal morphology,
compared to ~20% in the control
EBs. In addition to neuronal differ-
entiation, EBM-derived cells can
produce neural crest or glial fates un-
der appropriate culture conditions.
Characterization of the expression of
region specific genes in EBMs was
inconclusive, yet was most similar
to unspecified anterior neuroecto-
derm. It will be essential to further
characterize EBM-derived neuronal
subtypes. However, the preliminary
data suggest that HepG2 conditioned
medium, unlike RA treatment, might
promote neural induction without
exerting an obvious patterning ef-
fect. The factors present in HepG2
conditioned medium have yet to be purified. Some evidence indicates that at
least two separable components are responsible for this activity, and one of
these components is apparently a known extracellular matrix molecule (Rathjen
et al. 2002).

Multistep EB protocols

A third strategy to harness EBs for neural cell production, called the five-
step protocol, selects for and propagates mouse CNS precursors from EBs with-
out requiring the addition of exogenous factors such as conditioned media or
retinoic acid (Figure 4; Okabe et al. 1996). Undifferentiated mouse ES cells
(stage 1) are first grown in suspension allowing EB formation for 4 days (stage
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2). CNS precursors are selected (stage 3) for 8 days on tissue culture plastic in
serum-free medium and in the presence of high concentrations of fibronectin.
The precursors are subsequently expanded (stage 4) for 6 days in medium con-
taining FGF2 and laminin before differentiation (stage 5) into neurons induced
by FGF2 withdrawal.

Extensive characterization of gene expression in this protocol (Lee et al.
2000, Kirn et al. 2002) revealed a close relationship in the temporal sequence of
gene expression between in vitro and in vivo development. For example, Otxl
and 2 are expressed in the developing neuroectoderm and are essential for nor-
mal forebrain and midbrain development. In vivo, Otx2 is expressed very early
in the epiblast before being restricted to anterior neuroectoderm, whereas Otxl
is expressed in neuroectoderm in the dorsal telencephalon. Similar to the devel-
oping nervous system, Otx2 is present in undifferentiated ES cells and is ex-



Tomishima & Studer 165

pressed at lower levels in stages 2 and 3, whereas Otx 1 is not expressed until
stage 3. Several genes known to control midbrain and hindbrain development
were detected during stages 3 and 4. At this stage, the cell population is rela-
tively uniform and most of the cells express nestin protein.

The efficiency of neuronal differentiation varies between 50%
(Westmoreland et al. 2001) to 72% (Lee et al 2000) as assessed by the expres-
sion of (TuJl). Among ES-derived neurons, ~7% express tyrosine
hydroxlyase, the rate limiting enzyme in the production of dopamine (Lee et al.
2000, Kim et al. 2002), while most of the other neurons are GABAergic
(Westmoreland et al. 2001) or glutamatergic (Okabe et al. 1996). Interestingly,
unlike the retinoic acid protocols, no cholinergic neurons have been reported
with this protocol (Okabe et al. 1996) and the effects of RA exposure on the
various stages have not yet been defined.

The proportion of dopaminergic and serotonergic neurons produced in
this multistep EB protocol can be increased by the application of SHH and
FGF8 at the neural precursor stage (stage 4), or by exposure to ascorbic acid
(AA) during differentiation (stage 5; Lee et al. 2000). The effects of SHH and
FGF8 on early ES-derived neural precursors are thought to mirror developmen-
tal patterning events first defined in explant cultures (Ye et al. 1998) – FGF8
inducing isthmic organizer (midbrain/hindbrain) fates and sonic hedgehog pro-
viding the ventralizing signal. The mechanism of AA action on dopamine neu-
ron differentiation is still unknown. However, it is interesting to note that its
effects are shared among ES-derived and primary midbrain precursor cells (Yan
et al. 2001). The dopaminergic nature of the TH-positive neurons was con-
firmed by the lack of DBH and GAB A expression, detection of synaptic dopamine
release by HPLC and by extensive electrophysiological recordings in TH-posi-
tive cells (Lee et al. 2000, Kim et al. 2002). A further demonstration of how
developmental studies can be applied to ES-cell culture is the application of
FGF4 instead of FGF2 at stage 4. Similar to the work in explants (Ye et al.
1998), FGF4 exposure at stage 4 dramatically increases the ratio of serotoner-
gic versus dopaminergic neurons (Kim et al. 2002).

Directed in vitro differentiation via epigenetic factors can be complemented
with the expression of neuron subtype specific transcription factors. This strat-
egy was utilized to further increase DA neuron production using the multistep
EB protocol by generating mouse ES cells stably overexpressing Nurrl, a tran-
scription factor that plays a role in generation and maturation of midbrain dopam-
inergic neurons during mouse development (Zetterstrom et al. 1997). In the
absence of any extrinsic factors, Nurr1 overexpression in mouse ES cells in-
creased the percentage of TH-positive neurons obtained at stage 5 from 5 to
50%. In combination with patterning factors such as SHH and FGF8, Nurr1-ES
cells generate up to 78% TH-positive neurons. (Kim et al. 2002). These Nurrl-
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ES derived TH-positive neurons appear to selectively express markers of mid-
brain dopaminergic neurons, and transplantation of these neurons restored func-
tion in Parkinsonian rats. In addition, the authors provided electrophysiological
evidence of mature dopamine neuron types in vivo. These studies are an impres-
sive demonstration how developmental signals can be harnessed to direct the
differentiation of ES cells into appropriate neuronal subtypes and how such
technology may impact therapeutic strategies.

Glial cells were selectively produced using a modified multistep EB pro-
tocol (Brustle et al. 1999). EB-derived neural precursors were expanded and
passaged in medium containing FGF2, FGF2 with EGF, and finally FGF2 and
PDGF. These conditions selected for ES-derived glial precursors that have a
round or bipolar morphology and express the A2B5 antigen. After growth fac-
tor withdrawal, glial precursors differentiated into astrocytes (~36% GFAP-
positive cells) and oligodendrocytes (~38% O4-positive cells). In addition to
the expression of cell type specific markers and morphologies, grafted ES-de-
rived oligodendrocytes were capable of remyelination in vivo (see In vivo sec-
tion below).

Zhang et al. (2001) were the first to adapt the multistep EB protocol to the
distinct developmental timing of human ES cells. In this protocol ES cells were
aggregated to form short-term EBs (4 days) prior to plating on tissue culture
treated plastic. EB-derived neural precursors were expanded in defined me-
dium with FGF2 for 8-10 days forming neural rosettes, structures of layered
neuroepithelial cells arranged in a concentric fashion and first described in mouse
embryonal carcinoma cell cultures maintained in N2 medium without FGF2
(Darmon et al., 1981). These neural rosettes were enzymatically isolated and
grown in suspension for extended periods. Similar to neurospheres derived from
primary neural precursor cells, such human ES-derived neural spheres could be
expanded and propagated in serum-free medium supplemented with FGF2.
However, unlike neurospheres, EGF appears to be ineffective for propagating
human ES-derived neural precursors. Terminal differentiation of these precur-
sor cells yielded glutamatergic and GABAergic neurons as well as astrocytes.

Multistep EB differentiation protocols have also been adapted for the neu-
ral differentiation of autologous ES cells derived via nuclear transfer (ntES cells;
Wakayama et al. 2001). These studies demonstrated the efficient derivation of
midbrain dopamine neurons from ntES cells derived from adult somatic nuclei
including cumulus cells or cells derived from tail tip biopsies. However, this
study also revealed significant variability in the efficiency of dopamine neuron
generation among various ntES and ES cells using the EB multistep protocol.
This apparent lack of robustness could provide a significant hurdle for the ap-
plication of the multistep EB protocol to a wider range of ES and ntES cell
types (e.g., for screening libraries of mutant ES cells).
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Default induction

Work in the frog Xenopus laevis in the early 1990’s led to the formulation
of the neural default hypothesis. According to this model, the induction of neu-
ral fate from ectoderm occurs in the absence of instructive signaling. The de-
fault hypothesis ascribes the neural “inducing”activity of the organizer, as de-
fined by the pioneering experiments of Spemann and Mangold nearly 80 years
ago (Spemann and Mangold, 1924), to the expression of BMP antagonists such
as follistatin (Hemmati-Brivanlou et al. 1994), chordin (Sasai et al. 1995) and
noggin (Smith and Harland, 1992). This model predicts that in the absence of
BMP signaling, early ectodermal cells will spontaneously differentiate into neural
progeny (see review by Munoz-Sanjuan and Brivanlou, 2002). While aspects of
this hypothesis remain controversial for mammalian nervous system develop-
ment, there is considerable evidence that blocking the BMP pathway in mouse
ES cells is required for neural differentiation. Transfecting undifferentiated ES
cells with the BMP antagonists chordin or noggin causes neural differentiation
(Gratsch and O’Shea, 2002). An alternative method for blocking paracrine BMP
signaling is to culture cells in suspension at very low densities (Tropepe et al.
2001). Under these conditions ES cells differentiate into neurosphere-like ag-
gregates when grown in defined medium in the presence of LIF and in the ab-
sence of any cell-cell interactions or any factors derived from other germ lay-
ers. Whereas ~70% of the ES cells do not survive the transition from adherent
culture to low-density, suspension culture, most of the remaining cells express
nestin. A small fraction of these nestin-expressing cells (0.2%) acquire neural
stem cell characteristics. These ES-derived neural precursors can self renew or
differentiate into neurons and glia. Dissociating primary colonies to form sec-
ondary colonies requires FGF2 in addition to LIF. Gene expression analysis of
such spheres confirmed that epidermal, mesodermal, and late endodermal genes
are downregulated. However, unexpectedly, cells expressed the early endoder-
mal marker GATA4. While expression of some forebrain and hindbrain mark-
ers was reported, no data was provided on neuronal subtype composition.

Recently, another direct route from ES cells to neural precursors has been
described (Ying et al. 2003). Using a cell line that expresses green fluorescent
protein (GFP) upon neural induction, they found that plating mouse ES cells
onto gelatin-coated, tissue culture plastic in a defined medium without LIF con-
verts ES cells to neural progenitors (see Darmon et al., 1981 for the first de-
scription of this using mouse embryonic carcinoma cells). One day after plat-
ing, cells still have characteristics of ES cells, but begin conversion to neural
precursors on the second day after induction. Cells with the morphology and
gene expression of neurons are found 4 days after induction, and under optimal
conditions ~60% of the cells become neurons. Under standard conditions, the
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generation of large numbers of GABAergic neurons and a few TH-positive pre-
sumptive dopamine neurons were detected. The proportion of dopamine neu-
rons was increased by exposing cultures to SHH and FGF8 indicating that ES-
derived neural progenitors generated under these conditions are receptive to
patterning by exogenous factors. Minor modifications to the protocol allowed
for the derivation of both astrocytes and oligodendrocytes. Whereas these data
appear to confirm the default hypothesis, the work further demonstrated that
inhibition of FGF signaling via expression of a dominant negative FGF receptor
abrogates the neural differentiation response (Ying et al. 2003).

Direct neural induction from primate ES cells has not been reported. How-
ever, direct induction of parthenogenetic primate stem cells without EB forma-
tion has been used in combination with a multistep patterning protocol to gener-
ate specific neural cell types (Cibelli et al. 2002). Pluripotent primate stem cells
were created via parthenogenetic activation of an unfertilized egg cell, and have
all the major characteristics of embryonic stem cells. They express high levels
of telomerase, can be propagated indefinitely in vitro, and give rise to deriva-
tives of all the three germ layers in vitro and in vivo. Such pluripotent partheno-
genetic cells were differentiated into neural fates by plating on gelatin in a de-
fined medium with FGF2. Neuronal and astrocytic differentiation was obtained
and dopaminergic neurons could be generated at high efficiencies (Cibelli et al.
2002). Future studies will have to address whether these findings apply only to
parthenogenetic cells or are generally applicable to primate ES cells.

Stromal-derived inducing activity (SDIA)-positive factors for neural
induction

In contrast to the default model, there is evidence that positive signals are
required for neural induction in addition to BMP inhibition (for review, see
Stern, 2002). It has long been hypothesized that mesodermal factors acting on
the overlying ectoderm are essential for neural induction. In vitro, ES cells are
neurally-induced when co-cultured with mesodermal bone marrow stromal cells.
The stromal cell line (PA6), traditionally used to maintain hematopoietic stem
cells in long-term culture, neuralizes mouse and monkey ES cells with high
efficiencies (Kawasaki et al., 2000; Kawasaki et al., 2002). The factor(s) re-
sponsible for neural induction/differentiation remain to be identified, but based
on preliminary studies the inducing activity (named Stromal-Derived Inducing
Activity, or SDIA) probably consists of a transmembrane protein or a soluble
protein tightly bound to the cell surface. A number of stromal cell types may
express SDIA, although only PA6 has so far been reported to exhibit this activ-
ity under normal conditions. Several additional cell types that do not generally
cause neural induction can be converted to neural-inducing cell types after
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paraformaldehyde fixation. This result led to the hypothesis that at least two
mechanisms guide neural induction: a positive and a negative factor. Whereas
PA6 would express only the positive factor, other cell lines would express both
positive and negative factors. The negative factor could be eliminated by
paraformaldehyde fixation. These results also support the notion that SDIA is a
cell-surface factor, since a fixed cell should not produce a soluble factor. In-
triguingly, this method produces a large number of midbrain dopamine neurons
without the addition of SHH and FGF8. It is estimated that about 40-50% of the
ES cells become TuJl-positive neurons (Morizane et al. 2002, Kawasaki et al.
2000). Among TuJl-positive cells, ~20-30% are positive for TH (Morizane et
al. 2002, Kawasaki et al. 2000). These TH-positive cells are composed of mid-
brain dopamine neurons since they lack DBH, express Nurr1 and Ptx3 (Kawasaki
et al. 2000), and exhibit potassium-evoked dopamine release. Other neuron types
are 18% GABAergic, 9% cholinergic, and 2% serotonergic (Kawasaki et al.
2000). Cholinergic motor neuron production can be further enhanced in SDIA-
induced mouse neurons by the addition of RA (Wicherele et al. 2002). PA6
cells do not express the BMP antagonists, making it unlikely that stromal cells
cause neural induction by simply blocking BMP signaling. Furthermore, block-
ing BMP receptors was not sufficient to induce neural differentiation (Kawasaki
et al. 2000). Identifying the molecular nature of SDIA is an important step for
our understanding of neural induction in ES cells. Further studies are also needed
to address whether SDIA provides positional information that could explain the
high propensity of midbrain dopamine neuron generation.

In vitro neural cell function

Proving that an ES-derived neural cell in vitro is equivalent to a primary
neuron, astrocyte, or oligodendrocyte is a difficult task and many approaches
have been used to this end (see review by Perrier and Studer, 2003, on in vitro
characterization of midbrain dopamine neurons). Cellular morphology at the
light and electron microscopic level can be used to identify specific neural cell
types. Synapse formation in neurons and maturation of oligodendrocytes, par-
ticularly the formation of myelin, are morphological events that can be readily
observed using transmission electron microscopy and provide very strong evi-
dence for obtaining proper phenotypes. The presence of enzymes necessary for
the biosynthesis or uptake of specific neurotransmitters is another essential cri-
terion for the identification of ES-derived neuronal subtypes. However, such
biochemical characterization is not sufficient for a full description of neuronal
subtypes. For example, dopaminergic neurons exist in 12 different regions in
the brain and the properties of the various dopaminergic neuron subtypes are
distinct. Therefore, identifying the presence or absence of region-specific tran-
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scription factors is required to define subclasses of neurons expressing a given
neurotransmitter. Functional tests for the in vitro characterization of ES-de-
rived neurons include measuring evoked neurotransmitter release using HPLC
or electrophysiology to demonstrate tetrodotoxin-sensitive action potentials and
firing patterns and pharmacological definition of receptor subtype composition.

The demonstration of astrocyte function is challenging as their in vivo
function remains a hotly debated area of research (Matthias et al. 2003, for
review see Fields and Stevens-Graham, 2002). It is also not clear how much
regional specification impacts on astrocyte function. Different phenotypes have
been reported for astrocytes derived from different regions of the nervous sys-
tem, but the underlying changes in gene expression have not been well docu-
mented. Conversely, oligodendrocyte function is well known and electron mi-
croscopic evidence of myelin deposition around host axons is good evidence of
complete differentiation. These morphological studies can be complemented
by functional measurements of the action potential velocity in axons.

In vivo neural cell function

The finding that ES cells are capable of developing into neural cells in
vitro outside the environment of a developing embryo is remarkable. While the
in vitro evidence suggests that ES-derived neural cells are virtually identical to
their in vivo counterparts, the extent to which they are capable of participating
in and responding to a normal or injured brain remains to be addressed. Trans-
plantation studies challenge the properties of ES-derived neurons for survival,
migration, differentiation and synaptic integration into the host circuitry. Grafted
oligodendrocytes must identify exposed axons and produce myelin to permit
saltatory conduction and astrocytes need to integrate into existing glial net-
works. An important variable in all transplantation studies is the developmental
stage of the host brain. Whereas the developing brain contains signals that will
guide both endogenous and grafted precursors cells into appropriate fates and
functions the adult brain lacks most of these cues, particularly those important
for neurogenesis and axon guidance.

One obvious experiment to test the effects of the environment on ES cell
development is the transplantation of undifferentiated ES cells. However, as
noted earlier, undifferentiated ES cells introduced into adult animals tend to
form teratomas, particularly when introduced in large numbers. Smaller num-
bers of ES cells grafted into the brain can differentiate into neural cells that are
capable of leading to functional recovery in a Parkinson’s disease model
(Bjorkland et al. 2002). These findings can be interpreted that ES cells sponta-
neously differentiate into neural cells at low enough concentrations similar to
the model proposed for ES cells in vitro (Tropepe et al. 2001). However, even
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grafts with small cell numbers produced tumors in a significant percentage of
all animals and ES differentiation appeared to occur independent of environ-
mental cues. In fact, ES cells grafted into the kidney capsule differentiated into
the same neural cell types as those grafted into the CNS (Deacon et al. 1998).

Transplantation studies revealed that the ES-derived primitive neural stem
cells (Tropepe et al. 2001) may have a more broad developmental potential than
nervous system-derived neural stem cells. Chimeric mice could be created with
the ES-derived stem cells, but not with neural stem cells isolated from the ner-
vous system. These results in addition to their in vitro findings (see above)
prompted the authors to hypothesize that the ES-derived neural stem cell is a
more primitive type of stem cell.

In contrast to these studies with more primitive cell types, most grafting to
the CNS has been performed with ES-derived cells at the neural precursor cell
stage and implanted into the developing CNS. ES-derived mouse neural precur-
sors differentiate into all three major lineages when transplanted in utero into
the ventricles of an embryonic rat (Brustle et al. 1997). Similar results have
been reported for human ES-derived neural cells introduced into the brain of
neonatal rats (Zhang et al. 2001, Reubinoff et al. 2001). A remarkable finding
of most of these studies is that ES-derived cells were often indistinguishable
from the surrounding host tissue. Only the presence of graft-specific makers
allowed proper identification of donor versus host cells. Axons from ES-de-
rived neurons projected long distances, following normal routes used by host
neurons. Oligodendrocytes also participated normally in development, migrat-
ing to white matter tracts where they myelinated passing axons. Interestingly,
the ES-derived progeny were produced in the same temporal sequence found
during development, with neurons appearing prior to glial cells (Brustle et al.
1997). Neuroepithelial precursors formed small rosette-like structures near the
ventricles, and continued to proliferate at least two weeks after transplantation.

In the adult CNS, glial cells continue to be born throughout life in most
regions of the brain and primary neural precursors can readily adopt glial fates
in vivo. Animal models of demyelination have therefore obtained particular
consideration for testing the potential of ES-derived neural precursors. For ex-
ample, ES-derived glial precursors implanted into a rat model of Pelizaeus-
Merzbacher syndrome exhibit widespread differentiation into oligodendrocytes
with electron microscopic evidence of remyelination (Brustle et al. 1999). Similar
results were obtained with ES-derived precursors grafted into the spinal cord
after chemical demyelination or in myelin-deficient shiverer mice (Liu et al.
2000). However, other studies indicated that mechanical destruction of a brain
area might allow for the differentiation of grafted of ES-derived precursors into
neurons as well as glial cells (McDonald et al. 1999).
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While limited neuronal differentiation is observed after grafting ES-de-
rived neural precursors, efficient neuronal cell replacement might require more
complex in vitro differentiation steps prior to implantation. Wichterle et al. (2002)
demonstrated that mouse ES-derived motor neurons and interneurons could
participate in the development of the chick spinal cord. Motor neurons trans-
planted into a developing chick spinal cord migrated to the ventral spinal cord,
while mouse-derived interneurons were distributed along the dorsal/ventral axis
of the chick spinal cord. These predifferentiated neurons grew axons into nerve
roots following the normal pathways and appeared to contact target muscles.
Correctly aligned pre- and post-synaptic specializations were detected between
motor neurons and the muscle target, but no functional data was provided to
conclusively demonstrate the contribution of ES-derived axons to muscle func-
tion. Motor neuron replacement in the adult CNS will be a vast challenge that
needs to address cell migration, differentiation, axonal outgrowth and pathfind-
ing to appropriate targets in addition to the derivation of proper phenotypes in
vitro. A more realistic goal for neuronal cell replacement is the treatment of
Parkinson’s disease. Extensive experience with fetal tissue grafts has identified
many of the parameters required for successful outcomes (Lindvall et al. 2000)
and obtaining a proper source of dopamine neurons has remained a limiting
factor in developing this therapy (Dunnett, 1999).

Kim et al. (2002) predifferentiated ES-derived neural precursors to adopt
a midbrain dopaminergic cell fate before implanting them into an animal model
of Parkinson’s disease. Transplanting these ES-derived neurons led to the sur-
vival and integration of dopaminergic neurons into the brain. The behavior of
the Parkinsonian animals improved, and electrophysiological experiments
showed that transplanted dopamine neurons retained midbrain-specific synap-
tic properties. This study has provided conclusive evidence that ES-derived neural
progeny can functionally repair deficits in an animal model of a neural disease.
Despite these advances, more work is required to assure the safety and long-
term function of such grafts and to identify diseases amenable to such approaches.

Challenges for the future

Embryonic stem cell technology has played a crucial role in the develop-
ment of modern mouse genetics. The availability of complete maps of the hu-
man and mouse genome offer enormous possibilities for the next revolution in
ES cell technology. The application of genomic technologies will allow a much
more precise characterization of the molecular events that guide neural induc-
tion, regional subtype specification, terminal neuronal and glial differentiation
as well as many maturation events such as axonal pathfinding. Initial in vitro
ES cell differentiation studies heavily relied on developmental biology to de-
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sign rational directed neural differentiation protocols (Lee et al. 2000, Kim et
al. 2002, Wichterle et al. 2002). The striking similarities in the molecular sig-
nals that control normal CNS development in vivo and differentiation of ES
cells in vitro suggest that future efforts may take advantage of in vitro ES cell
differentiation systems. These genetic screens could identify important genes
and predict the in vivo gene function. Unlike in vivo studies, ES cells can be
easily adapted for high-throughput assays. Such ES cell based genome-wide
approaches could revolutionize our understanding of mammalian brain devel-
opment. The technology to perform such genome-wide functional studies is
still being developed for ES cells. However, early attempts using genome-wide
RNAi interference in C. elegans (Ashrafi et al., 2003) to screen for body weight
regulation have provided glimpses of the power of such an approach. Another
unique potential of ES cell technology is the presence of thousand of specific
heterozygous mutant ES cells already established. These lines can be readily
converted to homozygosity in vitro for performing functional screens. More-
over gene trapping efforts in ES cells (Gossler et al. 1989, Zambrowicz et al.
1998) have been scaled up to a level where ~ 200,000 individual ES cell lines
are available with unique insertions in specific genes.

Despite these exciting perspectives, significant additional work is required
to refine in vitro differentiation protocols. Whereas the derivation of certain
neuronal and glial subtypes from mouse ES cells is becoming routine, the deri-
vation of other cell types has still not been reported. Furthermore the protocols
for directed neural differentiation of human ES cells are still in their infancy
and not all the conditions developed for mouse ES cells can be readily trans-
lated for the human ES cell applications. In particular, the derivation of oligo-
dendrocytes has proven to be unexpectedly difficult in human cells (Studer,
2001), whereas oligodendrocytes can be readily obtained from mouse ES cells.
The generation of pure populations of differentiated cells types is essential not
only for the development of precise in vitro assays but also for the potential use
of ES-derived neurons and glia for cell therapy. Purification of ES-derived neu-
ral progeny via promoter-driven selection is an additional strategy that needs to
be further developed in our attempts to obtain homogenous populations of cells.

Efforts are also being undertaken to develop ES cell lines for all model
organisms. Findings in developmental biology often differ between various
model organisms, and it is not always clear whether these results reflect differ-
ences among species or are due to the different assays used in these species. ES
cells might provide a common assay for answering these questions. There is
evidence for ES-like cells derived from horse (Saito et al. 2002), chick (Pain et
al. 1996, but see also Soodeen-Karamath and Gibbins, 2001), mink (Sukoyan et
al., 1993), pig (Chen et al. 1999), zebrafish (Ghosh and Collodi, 1994, Sun et al.
1995), and a relative of zebrafish called medakafish (Hong et al. 1996; Hong et
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al. 1998). Despite intensive efforts, ES cells have not yet been obtained from
rats (Buehr et al., 2003) as well as many other species. The lack of rat ES cells
is unfortunate in view of the important role this animal has played in neurobiol-
ogy. In the case of human studies, ES cells are the only system that offers sys-
tematic experimental access to the earliest stages of nervous system develop-
ment.

Human ES cells are also an important tool for the study and treatment of
neural disease. The derivation of specialized cells such as midbrain dopamine
neurons for cell transplantation in Parkinson’s disease is a powerful approach
that has received a lot of public attention. However, ES cells can also be used to
model neural diseases. Such an approach could be accomplished not only from
animals but ultimately from humans using early mutant embryos left over from
in vitro fertilization attempts of couples with a high risk for genetic disease. In
such cases, embryos are screened for the genetic defect and only the normal
embryos are implanted while the mutant embryos are typically discarded. ES
cell lines derived from such mutant embryos could shed light on various aspects
of these diseases and provide unlimited resources of neural tissue for basic stud-
ies. An even bolder step towards this end is the use of nuclear transfer (“somatic
cell nuclear transfer”or “therapeutic cloning”). In this approach somatic nuclei
from an adult cell are transferred into the enucleated egg cell obtained from
unrelated donors. Blastocysts developed from such a reconstructed egg cell are
used as a source for deriving nuclear transfer ES (ntES) cells (Wakayama et al.,
2001; Munsie et al., 2000). The most obvious goal of therapeutic cloning is the
generation of immunocompatible tissues for transplantation therapy (Wakayama
et al. 2001, Rideout et al. 2002). However, this technology could also be used to
generate ntES cells from individuals suffering from unknown (genetic) diseases
or from cells that underwent somatic mutations such as cancer cells. Libraries
of human ES cell lines relating to specific disease conditions could be invalu-
able for many diseases, particularly those where access to sufficient tissue is
critical.

The work on cloning also provides a unique glimpse into the amazing
properties of the egg cytoplasm that within hours can reprogram an adult spe-
cialized cell nucleus derived from a simple fibroblast into a totipotent cell ca-
pable of forming all tissues of an adult organism. Research that unravels the
molecular nature of such reprogramming events will revolutionize our under-
standing on how cell fate decisions are made and maintained and will likely
impact on stem cell as well as neurobiology. However, it has to be stressed that
standard nuclear transfer techniques have not yet been successfully applied to
humans and early attempts have caused a lot of controversy due to the need for
creating and subsequently destroying a nuclear transfer blastocyst, and due to
fears that this technology could allow reproductive cloning. Furthermore clon-
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ing has proven to be inefficient. To create Dolly the cloned sheep, 277 nuclear
transfer attempts were required (Wilmut et al., 1997). Currently, the generation
of a stable mouse ES line from a given mouse requires about 20 nuclear transfer
attempts (Wakayama et al., 2001). Whereas this number is closer to practical-
ity, future improvements will likely come from a better basic understanding of
the reprogramming process. The questions and fears raised by both human ES
cell and cloning technology are considerable and need to be carefully addressed
to realize the full potential of these approaches. However, for the first time it is
now conceivable that every neuron type at any given developmental stage can
be produced in a culture dish. Using ntES cells this could be achieved in unlim-
ited numbers, autologous to a given host, and endowed with targeted genetic
modification required for both basic and therapeutic applications. Thus, the ap-
plications for ES cells in both basic and applied studies are vast and will con-
tribute significantly to our understanding of brain function.
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Chapter 6

On the Origin of Newly Made Neural Cells in the
Adult Organism: Does Transdifferentiation Occur?

Éva Mezey

INTRODUCTION

When we break a bone or cut our skin the injured tissues heal. Initially, the
skin is painful and red, then a thin new layer of cells grows beneath a protective
scab. Finally, the scab falls off and the new skin is fully functional. We cannot
watch broken bones being repaired, but we all accept the fact that this happens.
When the brain or the spinal cord is injured, on the other hand, function is not
always restored. What makes the nervous system so different from other or-
gans? How is repair accomplished in other parts of the body? How are old cells
renewed or replaced? These questions have kept generations of biologists and
physicians busy, but it seems we now have partial answers to them.

In 1894 the first classification of tissues based on their renewal potential
was published by Giulio Bizzozero, a professor at the University of Pavia in
Italy between 1846 and 1901 (Bizzozero, 1894). After reviewing the available
literature and his own data, Bizzozero concluded that all tissues belong to one
of three categories: ‘labile’, ‘stable’ or ‘everlasting’. Cells of labile tissues show
signs of continuous reproduction by mitosis throughout life, with new cells re-
placing the lost elements. To this category he assigned the testis, ovary, lymph
nodes, sebaceous glands, stomach, gut, bone marrow, and the spleen. Stable
tissues are made up of cells, which stop dividing at birth or some time later, but
which can also undergo regeneration in response to pathological conditions
during postnatal life. Bizzozero placed liver, bones, and smooth muscle among
the stable tissues. As an example of regeneration in pathological conditions,
Bizzozero cited the experiments of Ponfick, who removed a large portion of the
liver in experimental animals and found subsequent regeneration leading to the
restoration of its initial mass. Everlasting tissues include the brain and striated
muscle, which are made up of postmitotic cells. According to Bizzozero, their
reservoir of germinal cells is exhausted early in embryonic development, and
he concluded that these tissues lack the potential to reproduce and regenerate
even in pathological conditions. The giants and founding fathers of neurobiol-
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ogy all seemed to agree that no new neurons are formed in humans after birth.
Confirming Bizzozero’s classification, the early works of Ramon y Cajal (Cajal
and May, 1959) also suggested that no neurons in the central nervous system
(CNS) of higher vertebrates show mitotic characteristics. Thus the dogma of
“no adult neurogenesis”became widely accepted.

NEURAL STEM CELLS IN THE CNS

As with most dogmas, the suggestion that adult neurogenesis never occurs
was challenged when new techniques were applied to the problem. In 1960,

incorporation began to be used to study cell proliferation (Messier
and Leblond, 1960). Thymidine is one of the four nucleic acids from which
DNA is synthesized when cells divide and their genomes are replicated. Since
tritium has a long halflife, cells labeled with tritiated thymidine can be followed
over long periods of time.

Subventricular zone (SVZ)

Using this technique Smart (1961) was able to show that there are a “col-
lection of undifferentiated, mitotically active cells, which appears during em-
bryonic development, plays an important part in the production of cells for the
cerebral cortex and persists into adult life retaining, at least in rat and mice, its
ability to form new cells” in the subependymal zone of the lateral ventricle.
Subsequently, Altman (1962) gave rats tritiated thymidine, made electrolytic
lesions in the lateral geniculate nucleus and then found labeled stellate and small
pyramidal neurons there. He concluded that cells labeled before the lesions gave
rise to the neurons he saw.

Hippocampus

Almost 15 years passed before Kaplan and Hinds (1997) performed an-
other seminal experiment. They injected three-month-old rats with thymi-
dine and 30 days later discovered labeled cells in the granular cell layers of the
dentate gyrus in the hippocampus and in the olfactory bulb that had all of the
morphological features of neurons. More than a decade after Kaplan and Hinds’s
paper appeared, Lois and Alvarez-Buylla (1993) used thymidine incorporation
to show that the subventricular zone of adult mammals contains cells that pro-
liferate spontaneously in vivo. The same authors demonstrated that SVZ cells
differentiate directly into neurons and glia in explant cultures. Labeling with

showed that 98% of the new neurons were derived from precur-
sor cells that underwent their last division in vivo. It was soon accepted that
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there are progenitor cells in two regions of the brain – the SVZ and the hippoc-
ampal subgranular layer (SGL) – responsible for adult neurogenesis (Cameron
and Gould, 1994; Eriksson et al., 1998; Gould et al., 1999; Kornack and Rakic,
1999).

Other Sources

In a careful analysis of the SVZ cells, Doetch and coworkers concluded
that the SVZ contains four cell types: immature precursors, astrocytes, migrat-
ing neuroblasts, and ependymal cells. They have demonstrated that the SVZ
astrocytes act as stem cells and can give rise to neurons (Doetsch et al., 1999).
For a cell to be considered a neural stem cell it has to satisfy the following
criteria: it can generate cell type(s) of the nervous system, it has a capacity for
self renewal, and it can go through asymmetric cell division to generate new
cells as well as replenish itself. Neural stem cells were thought to give rise to
either neuronal or glial cells as terminally differentiated cell types. Kondo and
Raff (2000), however, have shown that cell fates are rather complex; e.g., oligo-
dendrocyte precursor cells have an even greater developmental potential than
previously thought. In response to extracellular signals they can revert to multi-
potent neural stem cells, which can then give rise to neurons, astrocytes, and
oligodendrocytes. Such changes in cell fate would be called “transdifferentiation”
by developmental biologists. In fact, one of the most common events of this
sort is the conversion of radial glia to astrocytes. The role of radial glial cells as
guides for migrating neurons has been long known (Parmar et al., 2002). Recent
in vitro and in vivo evidence suggest that a large subset of radial glia generates
neurons and the progeny of radial glial cells does not differ from the progeny of
precursors labeled from the ventricular surface. In addition to embryonic devel-
opment, radial glia have been shown to be neurogenic also in adulthood sug-
gesting that they are a subset of CNS precursor cells (Hartfuss et al., 2001; Gotz
et al., 2002). In fact Chanas-Sacre et al. (2000) suggested that a significant
portion of neuronal stem cells in the CNS might derive from radial glia .

In addition to the SVZ and the hippocampal SGL, additional brain regions
appear to contain neural progenitors, among them the rodent septum and stria-
turn, which contain cells that give rise to neurons in vitro in response to fibro-
blast growth factor (FGF2) stimulation (Palmer et al., 1995) and the cerebral
cortex which contains cells that can be induced to generate layer- and region
specific cortical neurons which establish connections with appropriate target
sites (Magavi et al., 2000; Magavi and Macklis, 2002). The cerebral cortex also
contains specific oligodendrocyte progenitors (Reynolds and Hardy, 1997). In
addition, the combination of epidermal growth factor (EGF) and basic fibro-
blast growth factor (FGF2) induced cells isolated from the spinal cord of the
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mouse to differentiate into neurons and macroglia, adding spinal cord to the
growing list of regions that contain CNS progenitor cells (Weiss et al., 1996). A
variety of factors have been suggested to play a role in the differentiation of all
the above-mentioned progenitor cells. These include FGF2 (Weiss et al., 1996;
Qian et al., 1997), EGF (Weiss et al., 1996), retinoic acid (Wohl and Weiss,
1998), brain-derived neurotropic factor (BDGF), glial-derived neurotrophic fac-
tor (GDNF), and neurotrophin 3 (NT3).

NEURAL STEM CELLS OUTSIDE THE CNS

Olfactory epithelium

Among the basal cells of the olfactory epithelium, a stem cell has been
identified which divides and differentiates into new sensory neurons through-
out adult life (see Calof et al., 1998). Sicard and coworkers dissected rat olfac-
tory epithelium from the nasal septum and grew the dissociated cells in medium
containing epidermal growth factor for 5 days. Only supporting cells and kera-
tin-positive horizontal basal cells survived at the end of this period. Then they
stressed the cells (by either passaging or mechanical stress) to induce neuronal
differentiation, and based on their results suggested that olfactory sensory neu-
rons can arise from a non-neuronal precursor, probably the horizontal basal cell
(Sicard et al., 1998). Later the same group showed that neurons identified with
specific immunological reagents, could form in the absence of growth factors,
complex media, explants or feeder layers of glia or other nonepithelial cells.
The neurons were bipolar in form as olfactory sensory neurons are (Feron et al.,
1999).In the epithelium there are also cells that give rise to glial (ensheathing)
cells that are unique in the CNS because they resemble both Schwann cells and
astrocytes (Au and Roskams, 2003). It is not yet clear, however, whether the
glial and neuronal cells derive from the same or different precursors.

Neural Crest Stem Cells

The cells that make up the peripheral nervous system arise in the neural
crest. During formation of the neural tube from ectoderm, a group of cells sepa-
rate from the neural tube to form a mass along its dorsolateral margin. These
cells give rise to the neural crests. Cells of the neural crest migrate to different
locations in the body to form the paravertebral and prevertebral ganglionic chains
as well as chromaffin tissue that later forms the adrenal medulla. The neural
crest generates the dorsal root ganglia, autonomic ganglia, cranial nerve gan-
glia, enteric ganglia, Schwann cells, and satellite cells, as well as some nonneural
tissues (LaBonne and Bronner-Fraser, 1998). Recently, neural crest stem cells
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(NCSCs) were identified in the adult rat gut. These cells could renew them-
selves in culture, but to a lesser degree than fetal gut NCSCs. Postnatal gut
NCSCs could produce neurons with a variety of neurotransmitters, but their
plasticity seemed restricted; they were unable to make certain types of neurons
that are generated during fetal development (Kruger et al., 2002). Some NCSCs
may originate in the spinal cord neuroepithelium, which contains nestin-posi-
tive cells that are similar to previously characterized NCSCs. These cells differ-
entiate into peripheral neurons, smooth muscle, and Schwann cells in both mass
and clonal culture. Clonal analysis of neuroepithelial cells demonstrates that a
common progenitor cell can generate both CNS and PNS cells. The differentia-
tion into NCSCs seems to be regulated by bone morphogenetic protein BMP-2/
4 (Mujtaba et al., 1998).

NEURAL CELLS FROM OTHER TISSUE STEM CELLS

In the last decade many studies by a variety of groups addressed the possi-
bility that peripheral stem cells might enter the CNS and differentiate into neu-
ral cells.

Blood

Total Bone Marrow (BM)

Basic studies. Krivit et al. (1987) were the first to call attention to the
possible entry of circulating blood cells into the human brain as a means of
improving neurological problems. In their study, two siblings had the same
neurodegenerative autosomal recessive storage disease (metachromatic leukod-
ystrophy) that results in a progressive deterioration of the nervous system be-
fore inevitably death occurs due to the low levels of an enzyme. One of the
siblings showed the characteristic progression of the disease and died. The other
sibling received a bone marrow transplant from a nonaffected compatible sib-
ling and has not developed the intellectual and neurologic impairment that the
first one did. The authors concluded that the transplanted bone marrow some-
how contributed to the CNS and arrested the progression of the disease (Krivit
et al., 1987). A year later Hickey and Kimura showed that a subset of CNS cells,
namely the perivascular microglia, is bone marrow derived (Hickey and Kimura,
1988). These findings were later confirmed in human brain parenchyma which
normally seems to contain mononuclear leukocytes as well as microglia (Unger
et al., 1993). Subsequently, retroviral tagging of bone marrow cells as well as
gender mismatched transplants were used to demonstrate that in addition to
perivascular microglia, parenchymal microglia as well as a small portion of the
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astrocytes in the brain could potentially come from bone marrow in rodents
(Eglitis and Mezey, 1997). Based on incorporation of carbon, Kaur et al. (2001)
confirmed the monocytic origin of brain microglia and Priller et al. (2001b)
used bone marrow taken from enhanced green fluorescent protein (EGFP) la-
beled mice to show that 4 months after transplant 20% of brain microglia exhib-
ited the green fluorescence suggesting that they came from the donor bone mar-
row.

The observation that microglia are likely to originate in bone marrow proved
that exogenous cells can indeed populate the CNS in the adult. This was not too
surprising, since microglia are closely related to monocytes and macrophages,
and there was not much resistance to the suggestion in the scientific commu-
nity. In fact, experiments began to be designed to determine whether microglia
could be used as a vector to introduce certain agents or replace missing proteins
(enzymes) in the brain.

It was more difficult to convince biologists to accept the experimental
results of Kabos et al. (2002) who described the isolation and successful propa-
gation of neural progenitor cells from adult rat bone marrow. Unfractionated
bone marrow was cultured in vitro with EGF and FGF2 and gave rise to cellular
spheres containing elements that labeled with neuronal and glial markers. This
suggested that some cells in the bone marrow have the capacity to generate not
only microglial cells but also neuronal and gial cells in the rat.

In spite of the emerging in vitro data on bone marrow stem cells, it was not
until in vivo data started to surface that neuroscientists worried that a century-
old dogma might be on the verge of disappearing. Two independent laborato-
ries, using different techniques, have demonstrated that transplanted bone mar-
row can generate neurons in adult rodents. Brazelton et al. (2000) used irradi-
ated recepient mice and transplanted them with bone marrow from mice that
express EGFP in all cells. One to six months later they found many cells with
neuronal morphology which contained neuron-specific markers (NeuN, 200-
kilodalton neurofilament, and class III beta- tubulin) in the olfactory bulb. Mezey
et al. (2000) transplanted transgenic female mice (McKercher et al., 1996) that
are born without white blood cells with wild type littermate male donor bone
marrow, and used the Y chromosome as the donor-specific marker. The advan-
tage of this technique is that there is no need to irradiate the mice and that all
cells that are bone marrow-derived will be marked (i.e. there is no “own” bone
marrow to compete with). They found many Y chromosome labeled cells in a
variety of brain areas and some of these cells expressed a neuron-specific marker,
NeuN (Mullen et al., 1992). The cells described in these two studies clearly
came from the donor bone marrow, they expressed neuron-specific markers,
and (in the case of the GFP-tagged cells) they had a neuronal morphology. It is
not clear though, that they actually function as neurons. In a similar study to
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evaluate the potential of bone marrow to generate mature neurons in adult mice,
Priller et al. (Priller et al., 200la) transferred the enhanced green fluorescent
protein gene into BM cells using a retroviral vector. They achieved stable, high-
level long-term EGFP expression and found EGFP-expressing cells in the brain
of transplanted mice. Fifteen months after transplantation, fully developed GFP-
positive Purkinje neurons were found in all the mice studied. Based on the very
characteristic morphology of the cells and their expression of glutamic acid
decarboxylase, which is known to be present in these GABAergic neurons, the
newly generated Purkinje cells appeared to be functional. A similar finding was
reported by Weimann et al. (2003) who found donor-derived Purkinje cells in
the brains of gender-mismatched transplant patients.

A recently published study from our laboratory confirmed the above find-
ings in human brains. We examined brain samples from females who had re-
ceived bone marrow transplants from male donors one to nine months before
they died of their underlying diseases. A combination of immunocytochemistry
(to identify neurons using NeuN and Kv2.1 as specific markers) and fluorescent
in situ hybridization histochemistry (FISH) was used to search for Y chromo-
some-positive neurons. We found cells containing Y-chromosomes in several
brain regions in all four patients. Most of these cells were nonneuronal, but in
addition to endothelial cells and cells in the white matter, neurons in the hippoc-
ampus and in the cerebral cortex were labelled. Since the Kv2.1 antibody labels
the plasma membrane we could identify small cortical pyramidal cells based on
their morphology. The youngest patient (a three year old child) who also lived
the longest time following transplantation had the greatest number of donor-
derived neurons (7 donor derived neurons among 10,000 cells). The distribu-
tion of the labeled neurons in the sections examined was not homogeneous since
clusters of Y chromosome-positive cells were present in areas that were other-
wise negative suggesting that single progenitor cells underwent clonal expan-
sion and differentiation (Mezey et al., 2003a). Based on the above studies, we
conclude that there are elements in the bone marrow that are capable of entering
the brain and generating neural cells there. In fact, it may be possible to increase
the number of bone marrow-derived cells that enter the CNS. Corti et al. (2002b)
have shown that inducing the proliferation of bone marrow cells with granulo-
cyte colony stimulating factor (G-CSF) and stem cell factor (SCF) results in a
significant increase in the number of BM derived neurons in the treated animals
in all brain regions examined.

The exact nature of the bone marrow cells that enter the brain is not yet
known. According to our present knowledge there are two distinct populations
of stem cells in the bone marrow: hematopoietic stem cells (HSC) which give
rise to blood cells, and the mesenchymal (also called stromal) stem cells (MSC),
which renew the bone, cartilage and connective tissue.
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Functional studies: Several groups of workers have tried to determine
whether bone marrow stem cell are used by the body for brain repair or whether
they could be induced to contribute to the process.

Li and coworkers transplanted bromdeoxyuridine (BrdU)-tagged adult bone
marrow nonhematopoietic cells into mouse striatum following middle cerebral
artery occlusion (MCAO). Four weeks later the implanted cells had migrated
more than 2 mm away from the injection site toward the ischemic brain areas.
One percent of the cells expressed a neuron-specific marker (NeuN) and 8 %
expressed GFAP, an astrocyte-specific protein. Interestingly, they observed a
significant improvement of function in the transplanted mice compared to non-
transplanted controls (Li et al., 2000).

Hess et al. (2002) transplanted male EGFP-labeled bone marrow into fe-
male mice and used the Y chromosome and the fluorescent protein to track the
bone marrow-derived cells. The recipient underwent middle cerebral artery oc-
clusion (MCAO), and 3-14 days later bone marrow-derived cells had contrib-
uted to the vasculature endothelium in the ischemic zone. Some bone marrow-
derived cells also expressed the neuronal marker NeuN. In a similar experiment
Mahmood et al. (2001a) injected male bone marrow cells into the ischemic
border zone of traumatic brain injuries (TBI) in female rats. They observed
significant functional improvement in the rotarod tests of strength 14 and 28
days postoperatively compared to rats that did not receive bone marrow injec-
tions. Histological analysis of the brains suggested that the bone marrow cells
survived, proliferated and migrated toward the injury site in the recipient’s brains.
Immunohistochemistry showed the presence of astrocytic and neuronal mark-
ers in cells of bone marrow origin.

Sasaki asked whether bone marrow-derived cells might be able to
remyelinate axons in the rat spinal cord. Irradiation was used to destroy the
myelin in the dorsal funiculus. Acutely isolated bone marrow cells from LacZ
transgenic mice were transplanted into the demyelinated dorsal column lesions
of immunosuppressed rats. The cells injected were a mixture of hematopoietic
and nonhematopoietic stem and precursor cells and lymphocytes. An intense
blue beta-galactosidase reaction was observed in the transplantation zone and
the bone marrow cells remyelinated the spinal cord. Interestingly, the differen-
tiated elements resembled Schwann cells except that each one wrapped more
than a single axon (Sasaki et al., 2001).

There has been a longstanding interest in possible regeneration of retinal
neurons due to the fact that a large percentage of blindness can be attributed to
the loss of these cells in humans. Tomita et al. (2002) injected stem cell-en-
riched, EGFP marked bone marrow into the vitreous body of rats following
mechanical injury of the retina. Two weeks later they found that the bone mar-
row cells integrated into the retina and gave rise to retinal neurons that ex-
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pressed specific markers. Interestingly, the new cells were not restricted to the
area of the lesion, but were found in non-injured areas of the retina as well.

Bone Marrow Mesenchymal stem cells (BMSC)

Basic studies: It was a big surprise to neurobiologists when in the summer
of 2000 two groups of researchers showed that rat and human BMSCs in vitro
can adopt a neuronal phenotype, expressing neuron specific proteins. With an
optimal protocol, almost 80% of the cells expressed neuronal markers in addi-
tion to extending long processes that terminated in typical growth cones and
filopodia. Woodbury et al. (2000) found that clonal cell lines, established from
single cells, yielded both undifferentiated and neuronal cells. Sanchez-Ramos
et al. (2000) reached a similar conclusion; they demonstrated that human and
mouse BMSCs can be induced to differentiate into neural cells in vitro by EGF
or BDNF. Cells in these cultures also expressed glial fibrillary acidic protein
(GFAP) and neuron-specific nuclear protein (NeuN). When labeled human or
mouse BMSCs were cultured with rat fetal mesencephalic or striatal cells, a
small fraction of BMSC-derived cells differentiated into neuron-like cells ex-
pressing NeuN and glial cells expressing GFAP. Hung et al. (2002) isolated
size-sieved stem (SS) cells (a subpopulation of MSC) from human bone mar-
row and propagated them in vitro to demonstrate that SS cells could be induced
to differentiate into neural cells under experimental cell culture conditions. Five
hours after exposure to antioxidant agents ({beta} -mercaptoethanol {±} retinoic
acid) in serum-free conditions, SS cells expressed the protein for nestin, neu-
ron-specific enolase (NSE), neuron-specific nuclear protein (NeuN), and neu-
ron-specific tubulin-1 (TuJ-1), and the mRNA for NSE and Tau. Immunofluo-
rescence showed that almost all the cells (>98%) expressed NeuN and TuJ-1.
Deng et al. (2001) found that by treating human BMSCs in vitro with agents
that increase the intracellular level of cAMP, about 25% of the hBMSCs differ-
entiated into cells with a typical neuronal morphology and expressed increased
levels of neuron-specific proteins such as NSE along with vimentin. Kohyama
et al, (2001) used specific inducers, and coating to generate neurons from mar-
row stroma. These cells formed neurites, and expressed neuron-specific mark-
ers and genes. In addition to the “morphological” markers these cells were also
shown to respond to depolarizing stimuli just as functional mature neurons do.
Even mature osteoblasts isolated from the stromal cell population could be effi-
ciently converted into functional neurons. This “transdifferentiation or meta-
differentiation” was enhanced by Noggin, an inhibitor of bone morphogenetic
protein, which has long been suspected to play a key role in cell fate determina-
tion.
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Functional studies: Azizi et al. (1998) injected human BMSCs into the
rat striatum. Five to 72 days later they found that about 20% of the infused cells
had engrafted without any evidence of an inflammatory response. They also
showed that the cells migrated from the injection site along known migratory
pathways of neural stem cells and stopped making collagen and fibronectin
suggesting a change in character. Since no further characterization of the im-
planted cells was performed, we do not know if they were neural in nature. The
authors suggested that BMSCs may be useful vehicles for autotransplantation
in both cell and gene therapy. Zhao et al. (2002a) also implanted human BMSCs
into rat brains one week after inducing cortical brain ischemia. Two and six
weeks later the animals were assessed for sensorimotor function and showed
significantly better performance compared to controls. Immunohistological
analyses showed that the transplanted human cells expressed markers for astro-
cytes, oligodendrocytes and neurons. None of the cells derived from the graft
resembled mature neurons, however; they were small and had few processes,
all of which were short. Thus, the authors concluded that the functional im-
provement must be due to factors secreted by the implanted BMSCs.

Kopen et al. injected mouse MSCs into the lateral ventricle of newborn
mice. They found several regions containing donor derived astrocytes and also
found neurofilament positive donor-derived cells in the brainstem, suggesting
that the injected MSC cells underwent neuronal differentiation in the brain
(Kopen et al., 1999).

Chopp and colleagues (Lu et al., 2001a; Mahmood et al., 2001b) performed
a number of studies to determine whether BMSCs can be useful in brain repair
and to learn whether one route of delivery might be better than others. They
found a significant improvement in motor function tests in rats that were in-
jected with BMSC intravenously following traumatic brain injury (TBI). The
outcome was similar when they injected MSCs into the carotid artery on the
side of the lesion. In addition to the functional improvement, they also deter-
mined that there is a significant engraftment of BMSCs in these brains, 19%
when the cells are pretreated with NGF and BDNF and 14.4% without pretreat-
ment (Lu et al., 2001b). They also studied a stroke model, middle cerebral ar-
tery occlusion. Following ischemia and reperfusion the rats received a local
injection of MSC into the ischemic boundary zone of the stroke. Significant
improvement was observed in somatosensory functions and, if the BMSCs cells
were pretreated with NGF, motor function (Chen et al., 2001a). Finally, they
looked at a model of Parkinson’s disease in which mice were treated with MPTP,
an agent that kills dopaminergic neurons. Intrastriatal injections of cultured
BMSCs resulted in a statistically significant improvement in rotarod test results
vs. controls. Histological examination confirmed that many of the implanted
cells survived and that some of them expressed neuronal markers as well as
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tyrosine hydroxylase, an enzyme required for dopamine synthesis (Li et al.,
2001).

Akiyama et al. (2002) isolated collagen type I, fibronectin and CD44 posi-
tive stromal cells from green fluorescent protein (GFP)-expressing mice. They
transplanted these cells by direct microinjection into demyelinated spinal cords
of immunosuppressed rats. There appeared to be both central and peripheral
remyelination as demonstrated by electron microscopy. GFP-positive cells and
myelin profiles observed in the remyelinated spinal cord indicated that the do-
nor-isolated stromal cells generated the new myelin. The GFP-positive cells
were colocalized with myelin basic protein. Furthermore the conduction veloci-
ties of axons traveling through the injured region were also improved.

In another recent study Corti et al. (2002) examined the spinal cord, and
dorsal root ganglia (DRG) of adult mice after they were given GFP-labeled
bone marrow. The authors found few GFP-positive cells coexpressing neuronal
markers (TuJ 1, NF, and NeuN) in either the spinal cord or the sensory ganglia
of uninjured mice. These cells were small and had short cytoplasmic processes.
Cells with both GFP and GFAP were found only in the spinal cord. Large num-
bers of GFP-positive cells contained F4/80, a microglial marker. These cells
had a typical microglial appearance (Corti et al., 2002a).

Hematopoietic stem cells (HSCs)

The most important job of the hematopoietic stem cells (HSCs) is to re-
place aging blood cells and keep the white cell population within the normal
physiological range at all times. In the last decade data emerged in the literature
hinting that HSCs might have more plasticity than previously thought. It was
almost a decade ago that Lin et al. (1995) showed that the human cell surface
molecule CD34, a HSC marker that may regulate early events in blood cell
migration, is expressed in several cell types, including cells in the neural tube of
the mouse embryo and neurons in the adult mouse. The first indication that the
HSC and the brain stem cells might have common potencies came from Bjornson
et al. (1999) who showed that labeled neural stem cells produced a variety of
blood cells, including myeloid and lymphoid cells, and early hematopoietic cells
in irradiated host animals. Krause et al. (2001) performed a detailed study of the
distribution of HSC-derived somatic cells after they injected single isolated HSCs
into irradiated host mice, and found that the cells differentiated into epithelial
cells of the liver, lung, GI tract, and skin suggesting their “tremendous
differentiative capacity.” When GFP-expressing HSC were administered intra-
venously, the cells entered the CNS and differentiated into microglia there. Four
months after transplantation about one fourth of the brain microglial population
was of donor origin (Priller et al., 2001b). In addition to microglia, Bonilla et al.
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(2002) demonstrated that adult HSC can generate oligodendrocytes after they
are transplanted into brains of normal neonatal mouse. While a study using
cDNA microarray found a large set of common expressing genes between HSC
and mouse neurospheres (a population greatly enriched for neural progenitor
cells; Terskikh et al, 2001), it is still not clear what the differences are between
these two populations.

The idea that HSCs are multipotent, let alone pluripotent, is far from being
generally accepted, and studies contradicting those above have been published.
In a very thorough study Wagers et al. (2002) transplanted a single green fluo-
rescent protein (GFP)-marked HSC into lethally irradiated recipients. Although
the single HSCs reconstituted peripheral blood leukocytes in the animals, they
did not contribute appreciably to tissues other than blood, including brain, kid-
ney, gut, liver, and muscle. Interestingly, though, even in this “negative” study
the researchers reported seeing a fully developed Purkinje cell of donor origin.

Human Cord Blood (HCB)

The blood remaining in the umbilical cord after birth contains hematopoi-
etic precursors and has become an important source of hematopoietic stem cells
(Broxmeyer et al., 1989). Several groups studied the differentiation potential of
human cord blood in order to determine if it could be used for tissue regenera-
tion.

Basic studies: The stromal cell population in bone marrow has been the
focus of much attention because this cell population can be expanded and dif-
ferentiated into cells with many different phenotypes. In addition to hematopoetic
stem cells, there are rare cells in HCB that are negative for CD34, the HSC
marker. These have been called multipotent stem cells (UC-MC) and they may
be equivalent to the BMSCs from the bone marrow (Erices et al., 2000; Rosada
et al., 2002). Exposure of UC-MCs to basic fibroblast growth factor (bFGF) and
human epidermal growth factor (hEGF) in culture induces expression of neural
and glial markers in these cells (Goodwin et al., 2001; Bicknese et al., 2002).
Ha et al. (2001) also showed that cultured human cord blood monocytes (from
newborn umbilical blood) express neural markers and resemble neuronal mor-
phology. Sanchez-Ramoz et al. (2001) used a combination of retinoic acid and
nerve growth factor to treat HCB cells and noticed a change in their appearence.
The cultured cells started to express neuronal and glial mRNAs and proteins.
The astrocytic marker GFAP was present in both treated and untreated cord
blood cells suggesting an unexpected plasticity in these cells.

Functional studies: Chen et al. (2001 b) and Lu et al. (2002) infused HCB
cells intravenously after stroke (MCAO) and traumatic brain injury (TBI) in
rats. In both cases they observed a significant functional improvement in the
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treated animals. Histology confirmed that some HCB cells were reactive for the
GFAP protein and the neuronal markers NeuN and microtubule-associated pro-
tein 2 suggesting HCB derived neurogenesis in the brains. Also, brain tissue
from ischemic brains attracts HCB cells in vitro, suggesting that damaged brain
areas might release factors that attract stem cells into the site of the injury (Chen
et al., 2001b).

Recently, Zigova et al. (2002) began to characterize mononuclear cells
from human umbilical cord blood in vitro and in vivo. The cryopreserved hu-
man cells are available in unlimited quantities and it is believed that they may
represent a source of cells with possible therapeutic and practical value. Their
previous molecular and immunocytochemical studies on cultured HCB cells
revealed their ability to respond to nerve growth factor (NGF) by increased
expression of markers typical of neural stem cells. In addition, the DNA
microarray detected downregulation of several genes associated with develop-
ment of blood cell lines. To further explore the survival and phenotypic proper-
ties of transplanted HCB cells [cultured with DMEM and fetal bovine serum or
exposed to retinoic acid (RA) and nerve growth factor (NGF)] into the develop-
ing rat brain, cells were injected into the anterior part of subventricular zone of
1-day-old pups and the brains were studied a month later. The results showed
that about 20% of the injected cells survived and expressed neuronal and glial
markers (Zigova et al., 2002).

Retinal pigment epithelium (PE)

When one looks up the word transdifferentiation in a biology dictionary
the one example that is given refers to the eye: ”Change of a cell or tissue from
one differentiated state to another. Rare, and has mainly been observed with
cultured cells. In newts the pigmented cells of the iris transdifferentiate to form
lens cells if the existing lens is removed “(Lackie and Dow, 1999).

It has long been known that in amphibians and chicks the neural retina is
capable of regeneration (see Reh and Pittack, 1995). This regeneration occurs
through the transdifferentiation of retinal pigment epithelial (PE) cells into neu-
ral cells. Several groups studied this phenomenon and suggested the involve-
ment of regulatory factors in the process. In Xenopus, where retinal regenera-
tion spontaneously occurs, Sakaguchi et al. (1997) found that FGF2 promotes
the transdifferentiation of PE cells into neurons in vitro. In the quail it was
confirmed that the FGF signaling pathway is involved in this process and a
critical role for the gene Mitf was suggested (Mochii et al., 1998; Araki et al.,
2002). Further studies in chick retina have indicated that FGF2 and insulin to-
gether promote the transdifferentiation (Fischer and Reh, 2001). In addition to
FGF2, neuronal cell adhesion molecules also play a role, and retinal neurons
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can transdifferentiate into PE cells suggesting a bidirectional plasticity between
retinal neurons and PE cells (Opas et al., 2001). Tropepe et al. (2000) were the
first to report that mammalian retina also has a capacity to regenerate. They
studied single pigmented cells and single neural retinal cells from E14 and adult
mouse eyes and found that in the presence of EGF and FGF2 these cells can
form small spherical colonies that can further proliferate even without exog-
enous growth factors and eventually form photoreceptor cells, bipolar neurons
and Müller glia. Studies in mice also demonstrated the important role of the
Mitf gene and have confirmed the key role of FGF2 in the transdifferentiation
process (Galy et al., 2002). In the rat, neural progenitors from the ciliary body
were shown to respond to FGF2 stimulation (Ahmad et al., 2000). Retinal pro-
genitor cells were also isolated from E17 rats and when FGF2 and neurotrophin
3 were added in vitro, these cells differentiated into neurons and astrocytes, but
never oligodendrocytes (Yang et al., 2002a). Similarly, the human retina be-
tween the 10th-13th weeks of gestation, contains progenitor cells with similar
differentiation capabilities (Yang et al., 2002b). Finally, another region in the
adult rat eye, the corneal limbal epithelium, was also shown to contain progeni-
tor cells that can expand and differentiate into neurons and glia. The limbal
epithelium, which, like the neuroepithelium, is ectodermally derived, partici-
pates in the regeneration of the cornea throughout life. When limbal epithelial
cells are cultured in the presence of mitogens, they begin to express nestin, a
neural progenitor marker. Bone morphogenetic protein (BMP) seems to be in-
volved in the process (Zhao et al., 2002b).

Skeletal Muscle

Almost a decade ago Tajbakhsh et al. (1994) reported that some mouse
neural tube cells can differentiate into skeletal muscle cells in vitro and in vivo.
Later, in addition to confirming the mouse data, Galli et al. (2000) showed that
acutely isolated and clonally derived neural stem cells from both mice and hu-
mans differentiate into skeletal myotubes in vitro and in vivo following trans-
plantation. Recently epidermal growth factor together with basic fibroblast
growth factor (bFGF) were found to induce newborn and adult muscle tissue to
differentiate into a neural stem cell-like elements. Primary muscle cells and
secondary expanded clones formed spherical aggreagates containing neuron-,
astrocyte-, and oligodendrocyte-like cells. When transplanted into brains, the
muscle-derived neural stem cells developed a neuronal phenotype (Torrente et
al., 2002).
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Adipose Tissue

Skin

Like bone marrow, human adipose tissue is a mesodermal derivative and a
progenitor cell population can be isolated from it. These cells can easily be
maintained in culture and proliferate well. They are known as processed
lipoaspirate (PLA) cells, since they are an incidental byproduct of liposuction
procedures. The cells express many markers in common with bone marrow
MSCs, and a few distinct proteins. In addition to giving rise to mesodermal cell
types, the PLA cells can be induced to make neuronal (NeuN), astrocytic (GFAP)
and oligodendrocytic (galactocerebroside) markers (Zuk et al., 2002).

In 1984 Nurse et al. reported that after sensory nerve injury there is a
significant increase in the Merkel-cell population of the skin in the rat. Merkel
cells are specialized nerve cells, and the observation was surprising since it
suggested that nerve cells are renewed after traumatic injury. Toma studied
juvenile and adult rodent skin to explore the origin of these regenerating nerve
cells. He isolated neural precursors from dissociated skin after culturing the
cells in the presence of EGF and FGF2. These precursors formed spheres, 60%
of which started to express nestin after three passages even without the addition
of growth factors. When kept in culture for long periods, the cells expressed
additional neuronal markers, such as beta-tubulin, neuron-specific enolase and
glutamic acid decarboxyglase (GAD) as well as the oligodendrocyte marker
CNPase. These authors found a similar population of multipotent cells in the
adult human scalp (Toma et al., 2001), and interestingly, Lako et al. (2002)
reported that skin progenitor cells from hair follicles are capable of fully restor-
ing the heamatopoietic system. Since Toma et al. (2001) used hairy skin (rodent
skin and human scalp) in both of his studies, hair follicle progenitors might in
fact be responsible for the effects he observed.

Dental Pulp

In the human dental pulp there are stem cells that form dentin and connec-
tive tissue cells. When these progenitor cells are cultured and then transplanted
into mice they form a dental pulp-like tissue. Colonies of cells derived from the
dental pulp do not seem to be identical. While most generate abundant amounts
of dentin, some make very little, but are capable of differentiating into adipose
and neural-like cells (Gronthos et al., 2002).
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Gastrointestinal (GI) tract

Zulewski et al, (2001) isolated pancreatic islets from E16 and adult rat
pancreas slices and cultured the cells in the presence of FGF2 and EGF. They
observed cells that separated from the islets, grew processes, and started to
express nestin, the neural progenitor marker. They named these cells nestin-
positive islet derived progenitors (NIPs). Later, they demonstrated that the hu-
man pancreas has similar progenitor cells and that the human NIPs contain a
subpopulation of side population cells (similar to the side population cells found
in bone marrow) that express nestin (Lechner et al., 2002). In the human gas-
trointestinal tract nestin-positive cells have also been described in the stomach,
and small and large intestinal enteric plexi, but their role has yet to be deter-
mined (Vanderwinden et al., 2002).

CONCLUSIONS AND FUTURE DIRECTIONS

In all developmental biology textbooks it is stated that gastrulation marks
the onset of changes in cellular behavior that result in formation of the organ-
ism. As a consequence of gastrulation, the embryo becomes a trilaminar entity,
with an outer layer of ectoderm, an inner layer of endoderm and an intermediate
layer of mesoderm. Cells of these layers generate specific organs and tissues
that characterize the adult. For the last 50 years we were taught that strict rules
govern development. For example, we were told that once a cell made a com-
mitment to a certain dermal lineage, that commitment was irrevocable. While
some 'noncommitted or partially committed stem cells were acknowledged to
choose their fates later in life, they were thought to have tissue specificity; that
is a stem cell residing in a particular tissue could only differentiate into cells
characteristic of that tissue. Thus a hematopoetic stem cell would give rise to
new blood cells; a liver stem cell would make new liver cells etc. And there was
one more fundamental rule: the nervous system was unique in its inability to
renew itself in adulthood.

It was not until neural stem cells were discovered (and suggested to be
responsible for adult neurogenesis in restricted areas) that the foundation of
textbook dogmas began to shake a bit. Soon a large number of studies emerged
from workers in different fields suggesting the unthinkable - that stem cells
isolated from a variety of organs seemed to ignore cell (and dermal) lineage
boundaries and exhibited more plasticity in their fate choices than previously
thought (Figure 1). Numerous studies reported that stem cells can adapt to the
microenvironment they find themselves in, and forget or ignore the germ layer
origin from which they arose (Bjornson et al., 1999; Clarke and Frisen, 2001;
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Krause et al, 2001; Poulsom et al., 2002; Theise and Krause, 2002; Greco and
Recht, 2003).

Not everyone agreed with this, however. Two major ideas were floated by
the “non-believers”. They suggested that marked stem cells might occasionally
fuse with differentiated cells and that the fusion product would be marker posi-
tive and have the phenotype of the differentiated partner (Terada et al., 2002;
Ying et al., 2002). Studies supporting this idea were performed in vitro though
using embryonic stem cells and rather artificial conditions. In a recent study,
Spees et al. (2003) claimed that fusion might be common. They cultured human
mesenchymal stem cells with small airway epithelial cells which were heat
shocked for 30 minutf s at 47°C before the stem cells were added. In the absence
of stem cells many of the epithelial cells became multinucleated. Heat shock
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induced fusion has been reported in the past (Ahkong et al, 1973; Ohno-Shosaku
and Okada, 1984; Antonov, 1990; Gasser and Most, 1999; Bateman et al., 2000)
and this seems to be another example of the same phenomenon. It is not surpris-
ing that added BMSCs were caught up in the process. Two recently published
studies demonstrated fusion of bone marrow cells with liver cells in
vivo(Vassilopoulos et al., 2003; Wang et al., 2003). Both groups used the same
recipient mouse that lacks a vital enzyme for liver cells to survive and showed
that these defective liver cells fuse with healthy transplanted bone marrow cells
and are thus capable of producing the enzyme and survive. These studies are
very interesting and elegant, but we have to disagree with the conclusion that
suggests that fusion must be responsible for all observed and suggested
“transdifferentiation” phenomena. While polyploidy is a well known occurrence
in plants there are no data to suggest that with the exception of liver and myocytes
it is common in mature mammals. In fact, in healthy livers the polyploidy is due
to modified cell division cycles suggesting that the polyploid genome may pro-
vide protection against loss of tumor suppressors. This may be very important
for an organ that is responsible for detoxification (Guidotti et al., 2003). Guidotti
et al observed that over 40% of hepatocytes are polyploid by 5-6 weeks of age
in healthy rats. In their study using video imaging, they did not comment on cell
fusion, but concluded that the polyploidy in the healthy liver is due to nuclear
division that is not followed by cell division. Thus, although now cell fusion has
been demonstrated in vivo in a transgenic (needy) liver, we still have no reason
to dismiss data showing transdifferentiation in different organs of the adult body
(see Brownstein and Mezey, 2003).

A second criticism has been aimed at studies based on gender-mismatched
bone marrow transplants in which the Y chromosome is used as a marker to
track donor-derived cells. The presence of cells might be explained by
microchimerism; male cells might have persisted in organs of adult women
who were once pregnant with male fetuses. It has been suggested that women
might sometimes deny such pregnancies or even be unaware of them. In a thor-
ough study, Tran et al. (2003) analyzed buccal epithelial cells of female patients
who had received bone marrow transplants from a male relative years before.
Buccal cell spreads contain the whole cell (as opposed to tissue sections) and as
such are ideal for X and Y chromosomal fluorescence in situ hybridization
(FISH). After performing FISH on several thousand cells, the authors concluded
that many differentiated epithelial cells were Y chromosome-positive, but fu-
sion could not explain this. Furthermore, they studied one patient whose donor
and son were both available for genotyping. Using a panel of Y chromosomal
microsatellite markers, they showed that the Y chromosomes present in the
cheek cells of the patient were identical to the donor’s but not the son’s, show-
ing in this instance that microchimerism could not have occurred.
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In still another study Wagers et al. (2002) published a note indicating that
they found “little evidence for developmental plasticity of adult HSCs.” They
gave GFP-marked bone marrow to irradiated recipients and also used parabi-
otic animals with a shared circulation to show that no green HSC-derived cells
were present in the brains of the recipient mice. Actually, they found one fully
developed donor-derived Purkinje cell in one of the brains examined. They dis-
missed the phenomenon as a rare event, and concluded that “transdifferentiation”
of circulating HSCs and/or their progeny is extremely uncommon, if it occurs at
all. Their experiment was quite different from other studies in which HSCs
were shown to be multipotent. The differences are clearly described in a recent
paper (Theise et al., 2003) suggesting that the Wagers’ et al. (2002) study was
too narrowly focused to refute earlier claims. Their study may also illustrate
another general problem in the stem cell field: problems with tracking lineage.
Expression of fluorescent proteins has grown very popular for following cell
fates because they are so easy to detect. At this point the majority of the data
published are based on cell tracking using GFP or EGFP (or LacZ) tags. Not
much is known and even less has been published about the reliability of these
gene expression systems. In our experience there is a serious discrepancy be-
tween the presence of donor-derived cells vs. fluorescent cells in specific tis-
sues. When we use gender mismatched fluorescent bone marrow we see many
more Y chromosome-positive than green cells, suggesting that gene silencing
occurs. We have also noticed marked variability, even among littermates, in the
expression of EGFP (Mezey et al., 2003b). A similar phenomenon has been
reported in LacZ Rosa mice (Theise et al., 2003) indicating that the problem is
not unique. It appears that negative results obtained with reporter-tagged cells
have to be interpreted with caution. At the very least, multiple cells and recipi-
ents should be used in such studies.

In summary, based on the numerous studies that have appeared in the last
3-5 years it seems safe to say that stem cells throughout the body have much
greater potential and a much less restricted choice of fate than we previously
thought. More studies are needed so that we can understand the differences
among stem cell pools, how cell fates are chosen, what kind of factors affect
differentiation and dedifferentiation of progenitors and even differentiated cells,
and whether cells ever completely lose their capacity to change. If it turns out
that many stem cells in the adult are capable of site or signal specific alterations
of fate and are able to cross lineage boundaries that were previously thought
impenetrable, we shall have to rethink some of our present dogmas and modify
our textbooks. If we come to accept the notion that most if not all, stem cells
retain a good deal of plasticity, the word “transdifferentiation” may have little
utility.
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Chapter 7

Neural Stem Cell Purification and Clonal Analysis

Alexandra Capela, Stanley Tamaki and Nobuko Uchida

INTRODUCTION

During embryonic development, cell proliferation occurs at an incredibly
fast pace. The immense proliferative and differentiative potential of stem cells
is used to fuel the need for growth and diversification of a developing organism.
Stem cells are generally defined as cells that are capable of self-renewal (cre-
ation of more stem cells) and multilineage differentiation (generation of an ar-
ray of differentiated cells characteristic of a particular organ or system (reviewed
by Potten and Loeffler, 1990; Morrison et al., 1997; Fuchs and Segre, 2000).
Tissue-specific somatic stem cells in the adult animal also contribute to the
normal cycle of regeneration of high turnover tissues such as the skin, hair,
lining of the small intestine and blood cells (Fuchs and Segre, 2000).

Much of our understanding of stem cell-based systems comes from stud-
ies of hematopoiesis. The hematopoietic stem cell (HSC) is the most well char-
acterized stem cell, and a great deal is known about its molecular characteristics
and regulation. Given this, the HSC has become a standard in the study of stem
cell biology, guiding experiments on other, less well understood stem cell types.
The hematopoietic and nervous systems appear to represent extreme opposites
with respect to regeneration potential and tissue organization. Hematopoietic
stem cells (HSC) exist throughout the developmental period and into adult-
hood, generating large numbers of progeny throughout life. Enormous numbers
of blood cells (calculated to be are generated daily in humans. This incred-
ible proliferative capacity has been utilized in reconstitution experiments of
lethally ablated animals leading to unequivocal identification of the HSC. HSCs
reside in the bone marrow, associated with stromal cells and are amenable to
single cell separation and purification. In addition, adult HSCs can be purified
from peripheral blood upon cytokine stimulation (mobilized HSCs). In con-
trast, the nervous system, with its wealth of diverse and intricately connected
cells, was initially thought to be built during the developmental period from
precursors with limited plasticity. Moreover, the irreversibility of tissue loss
after injury to the adult brain or spinal cord led to the dogma that the mammalian
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nervous system had little regenerative potential. Yet over the course of the last
decade it has become clear that the nervous system is built using multipotent,
environmentally-responsive stem cells, and that neural stem cells (NSC) are
present and active in the adult nervous system where they are involved in con-
tinued neuron generation. Along with the description of NSCs came an out-
pouring of excitement for the possibility of neural regeneration, which spilled
from science research centers into the public domain. Thus despite fundamental
differences in the structure of blood and neural tissue, both are generated from
stem cells present throughout life.

The relative quiescence of NSCs in the adult and the structural rigidity of
the brain parenchyma has made the nervous system recalcitrant to classical ab-
lation/reconstitution studies used to identify HSCs. Thus the NSC remains more
enigmatic, with identification relying mostly on retrospective methods – in which
the presence of a stem cell is deduced by the formation of a stem-like clone.
Despite this, the NSC offers an important advantage over the HSC as a model
for studying aspects of stem cell biology. A significant limitation of HSCs is
their resistance to extensive expansion (self-renewal) in culture. In contrast,
NSCs can be more easily expanded in vitro and this feature has enabled their
retrospective identification (Reynolds and Weiss, 1992). Culturing of heteroge-
neous primary single cell brain preparation can result in rapid elimination of
committed progenitors and differentiated cells through cell death (Galli et al.,
2003). The undifferentiated NSCs are forced into active proliferation by mito-
gen stimulation leading to their positive selection.

NSCs capable of multilineage differentiation and self-renewal have been
identified by in vitro selection of cells derived from the embryonic murine sep-
tum, cortex, striatum, spinal cord and human fetal forebrain (Temple, 1989;
Davis and Temple, 1994; Reynolds and Weiss, 1996; Mayer-Proschel et al.,
1997; Svendsen et al., 1998; Carpenter et al., 1999; Qian et al., 2000) . NSCs
have also been isolated from adult regions using this method. Neurogenesis
continues throughout life in a variety of species including birds, rodents, non-
human primates and humans (Goldman and Nottebohm, 1983; Lois and Alvarez -
Buylla, 1993; Kempermann et al., 1997; Eriksson et al., 1998; Gould et al.,
1999; Kornack and Rakic, 1999). In contrast to the widespread neurogenesis of
the embryonic brain, neurogenesis in the adult brain occurs in very restricted
places, the subventricular zone (SVZ) surrounding the lateral ventricles which
continually feeds new neurons into the olfactory bulbs through the rostral mi-
gratory stream (RMS) and the dentate gyrus (DG) of the hippocampus (reviewed
by Kempermann et al., 1997; Alvarez-Buylla and Garcia-Verdugo, 2002). Re-
cently, it was reported that hippocampal pyramidal neurons can be regenerated
following hypoxia upon growth factor-induced mobilization of endogenous pro-
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genitor cells located in the peri ventricular area and/or hippocampal parenchyma
(Nakatomi et al., 2002; see Chapter 12 in this volume).

The extensive proliferative capacity of NSCs has allowed the establish-
ment of NSC lines derived from adult rodent and human SVZ and hippocampus
through culture in the presence of the growth factors FGF2 and EGF (Reynolds
and Weiss, 1992; Morshead et al., 1994; Gritti et al., 1996; Palmer et al., 1997;
Kukekov et al., 1999; Palmer et al., 2000; Roy et al., 2000b). These cells grow
as adherent monolayers or as free-floating neurospheres and possess the prop-
erties of self-renewal and multilineage differentiation expected of NSCs.

In this chapter we review the methodologies used for NSC purification
and clonal analysis and discuss how NSC purification is critical for our under-
standing of the biology of these rare and exciting cells.

WHY IS IT IMPORTANT TO IDENTIFY MARKERS FOR
STEM CELLS?

Until very recently, NSCs were identified largely retrospectively, based
on their selective growth advantage in vitro. Neural tissue is dissociated to single
cells and plated in a culture dish in the presence of growth factors. While most
neural cells have limited proliferative potential, NSCs can grow successfully in
this environment and quickly generate large multicell clones. These clones can
be sub-cloned to generate more stem cells, demonstrating self-renewal. Thus, a
single cell grown in a culture dish with appropriate growth factors that prolifer-
ates extensively and generates both neuronal and glial cells is operationally
defined as a NSC. However, using this method to define stem cells is cumber-
some. Most importantly, by the time we recognize it as such, the original NSC
is lost as it has already divided and generated progeny, and is thus unavailable
for study. This significantly limits our ability to investigate the characteristics
of NSCs as they exist in vivo, rather we can only study the culture-expanded
NSCs emanating from these clones. The description of unique cell surface mark-
ers has been critical for the identification of other somatic stem cell types, such
as HSCs, allowing them to be isolated (Morrison et al., 1995). Hence much
research effort has been placed on finding markers for NSCs, which would al-
low their enrichment for in vitro studies and, most importantly, would enable
their identification in situ, revealing their endogenous niches and behavior in
vivo. Identification of NSC markers is thus a critical step towards making progress
in understanding NSC biology (see Chapter 3 in this volume).
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METHODS FOR ISOLATING NEURAL STEM CELLS

Methods used for isolating/enriching NSCs include the generation of vi-
able single cell suspensions, which are used to screen collections of monoclonal
antibodies against cell surface antigens. This critical cell dissociation step has
been developed by researchers interested in studying neural tissue in culture,
for which large numbers of highly viable cells have to be obtained. Other tech-
niques for NSC purification take advantage of their physical and physiological
properties such as size, buoyancy and dye binding/influx/efflux kinetics.

Immunopanning and immunomagnetic sorting

Immunopanning and immunomagnetic sorting are two simple and widely
used techniques for cell enrichment. Both methods employ the use of solid
matrices to which antibodies directed against specific cell surface antigens are
bound. Cell suspensions are placed in contact with the antibody-bound matrix
and the cells expressing specific surface antigens form a complex with the ma-
trix. Cell populations are either positively selected or removed by negative se-
lection. Both methods are inexpensive and yield highly enriched populations.

Immunopanning

For immunopanning, tissue culture dishes are incubated with antibodies
diluted in protein-free buffer at basic pH in order to electrostatically attach the
antibody to the plastic. The plates are washed to remove unbound antibody and
blocked with protein to prevent non-specific cell attachment. Single cell sus-
pensions are incubated in the plates. Cells are bound via antibodies directed
against a cell surface epitope or by the use of secondary antibodies to cells pre-
incubated with a primary antibody. After a 1-2 hr incubation period, the un-
bound cells are removed by gentle washing and collected in the case of negative
depletion. For positive selection, attached cells are recovered by forcefully
pipeting plates with media, using cell scrapers, or mild enzyme treatment.

Sequential immunopanning procedures have been used to isolate highly
purified astrocyte precursor cells (APCs) from the developing rat optic nerve.
Dishes coated with Thy 1.1 and A2B5 antibodies are first used to deplete the cell
suspension of meningeal, microglial (Thy 1.1), and oligodendrocyte progenitor
(A2B5) cells, respectively. APCs are then isolated from the negatively selected
cells using a positive selection dish coated with the C5 antibody (Mi and Barres,
1999). Using a similar approach, neuronal precursors are isolated from the spi-
nal cords of rat embryos by negative selection in dishes coated with A2B5 anti-
body followed by positive selection in E-NCAM coated dishes (Mayer-Proschel
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et al., 1997). Oligodendrocyte progenitors of the phenotype are also
isolated from neonatal cortices using negative selection first (Ol) followed by
positive selection (O4; Ingraham et al., 1999). Immunopanning techniques typi-
cally result in high viability and purity of the selected cell population (>95%).

Immunomagnetic sorting

Immunomagnetic selection employs the use of a powerful magnet to cap-
ture cells indirectly labeled with iron beads. Two types of beads are commer-
cially available: “nanobeads” approximately 50 nm in diameter (Miltenyi Biotec)
and “microbeads” around in diameter (Dynal). Single cell suspensions are
incubated with primary antibodies that recognize cell surface epitopes on target
cells. Secondary antibodies conjugated to beads are added to bind to the pri-
mary antibody-cell complex. A strong magnet is used to immobilize the cells
associated with the beads; bead-free cells are removed by washing.

The beads are biocompatible and do not seem to affect the viability or
proliferative potential of rodent brain cells. Mouse embryonic cortical cells have
been separated into distinct subpopulations using both types of beads without
any deleterious effect on their survival or growth at clonal densities (Capela and
Temple, unpublished observations). Others have reported success in purifying
rat glial cells (Wright et al., 1997) as well as ependymal cells (Johansson
et al., 1999) from adult mice. Although both types of beads perform equally
well in separating highly pure cell populations, the use of nanobeads for posi-
tive selection is preferred because their small size does not interfere with clonal
analysis assays. In addition, beads are not toxic to recipient animals transplanted
with bead-bound cells (Uchida et al., 1998).

A variety of primary antibodies conjugated with beads as well as cus-
tom antibody-bead conjugation kits are now commercially available making
immunomagnetic sorting rapid and simple. In general, immunomagnetic sort-
ing is faster and more reproducible than immunopanning; this is because beads
can be used in solution, making the attachment of target cells more efficient.
Overall, both methods are inexpensive, reliable, and yield relatively pure viable
populations of target cells.

Fluorescence-activated cell sorting

Immunopanning as well as immunomagnetic sorting have been mostly
used to select restricted progenitors or differentiated cell populations for which
specific antibody markers are known and not to actively purify NSCs. One rea-
son for this is that until very recently, no specific NSC surface markers had
been identified. On the other hand, the recent advances in the NSC field are
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occurring at a time point when powerful cell separation techniques like fluores-
cence-activated cell sorting (FACS) are becoming more accessible to a wider
scientific community.

FACS involves sophisticated instrumentation that combines fluidic, opti-
cal, and electronic systems to achieve the physical separation of discrete sub-
populations of cells. Typically, unique cell populations can be resolved based
on light scatter properties, immunofluorescent labels and dye binding charac-
teristics. Briefly, cells are moved in a fluid medium through the path of a fo-
cused laser excitation source, while fluorescence and light scatter measurements
are collected on a per cell basis. The cells are then segregated into individual
microdroplets whereas droplets containing cells of interest can be electrostati-
cally charged, deflected, and collected in individual containers, including tissue
culture plates. Purified subpopulations of cells can then be subjected to further
analyses.

In addition to immunofluorescent labels and dye binding characteristics,
fluorescent reporter gene products such as green fluorescent protein (GFP) can
be employed to identify specific cell populations.

The use of GFP as a reporter gene for the expression of candidate
intracellular neural stem cell markers.

Nestin, Musashil and Sox2 are molecules that are expressed very early
during neural development and thus are candidates for NSC markers. Nestin is
an intermediate filament protein present in early neural progenitors (Hockfield
and McKay, 1985; Lendahl et al., 1990) whose expression declines in more
differentiated progeny. Musashil is an RNA binding protein whose expression
pattern in the early CNS is similar to that of Nestin: it is expressed in neural
precursor cells that can generate neurons and glia (Sakakibara et al., 1996).
Sox2 is a transcription factor involved in neuroepithelial determination (Li et
al., 1998; Zappone et al., 2000; Avilion et al., 2003). Regulatory sequences in
the sox2 gene have been shown to direct expression of a reporter gene to NSCs
in the mouse embryonic telencephalon (Zappone et al., 2000). In addition,
Doestch and colleagues (Doetsch et al., 1999b; Doetsch et al., 1999a) showed
that adult mouse subventricular zone cells divide, are neurogenic in
vivo and generate self-renewing multipotent neurospheres in vitro, and are there-
fore NSCs. Although the protein is only expressed around birth in mice, GFAP
mRNA is present earlier in the developing neuroepithelium, in cells that have
neurogenic potential (Malatesta et al., 2000). Unfortunately, all of the impor-
tant markers referred to so far are intracellular, limiting the usefulness of anti-
bodies raised against them to isolate live NSCs. The generation of transgenic
mice or primary cells carrying reporter genes such as GFP, under the control of
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developmentally regulated promoters and/or enhancers of NSC candidate mark-
ers provided the much needed solution. Using this approach, putative NSCs can
be purified/enriched by GFP-based FACS analysis.

Transgenic mice. A team lead by Dr. Okano generated a transgenic mouse
that expresses enhanced green fluorescent protein (EGFP) under the control of
the neural-specific enhancer of the nestin gene (Kawaguchi et al., 2001;
Murayama et al., 2002). Cell suspensions derived from the forebrain of transgenic
mouse embryos were then subjected to FACS analysis, and three populations
were defined based on EGFP fluorescence intensity. All three cell subpopula-
tions were cultured under conditions that favor the generation of multipotent,
self-renewing neurospheres (in vitro diagnosis of NSCs) to reveal a correlation
between the intensity of EGFP fluorescence and the capacity to generate
neurospheres: cells with the highest fluorescence generate the majority of
neurospheres. Cells that do not fluoresce generate negligible numbers of
neurospheres, as do cells (medium fluorescence). In agreement with this
result, virtually all cells express musashil and are negative for neuronal
markers. Interestingly, an estimated 20% of cells generate neurospheres,
meaning that not all are true NSCs.

Generation of neurospheres by cells derived from the periventricular area
of the adult forebrain known to harbor NSCs revealed similar results. However,
the frequency of neurosphere formation was significantly higher in the sub-
population than in the probably reflecting NSC heterogeneity. Indepen-
dently of the developmental stage analyzed, Nestin expression correlated well
with an immature phenotype.

Transfection or infection methods. Another type of promoter-based sepa-
ration of cell populations that uses GFP as reporter gene is the one pioneered by
Goldman and colleagues, initially employed to purify neuronal and oligoden-
droglial populations (Wang et al., 1998; Roy et al., 1999; Roy et al., 2000a; Roy
et al., 2000b; Wang et al., 2000; Nunes et al., 2003) from rodent and human
brains. This methodology was then used to enrich for early progenitors and
NSCs from fetal and adult human CNS cells. Human fetal and adult forebrain
ventricular zone (VZ) cells were either transfected with a plasmid vector con-
taining GFP under the nestin enhancer (E/nestin:EGFP; Roy et al., 2000a; Roy
et al., 2000b) or infected with two adenoviruses containing GFP under the con-
trol of the musashil promoter or the nestin enhancer (Keyoung et al., 2001).
After infection, cells were selected by FACS and tested for NSC charac-
teristic growth and differentiation in vitro and in vivo. Both and
cells gave rise to neurospheres that produced neuronal and glial progeny
(multipotency) and more neurospheres (self-renewal). Upon xenotransplantation
into the ventricular space of El7 rat embryos, both human-derived
and cells generated neuronal progeny that migrated to appropriate loca-



214 Neural Stem Cells: Development and Transplantation

tions in the rat cortex. Upon transplantation into P0-2 rats, human cells gener-
ated mainly glia and few neurons located mainly in the RMS and olfactory
bulb.

Similarly to the transgenic methodology described before, selection of
and cells results in a substantial enrichment in neurosphere

generating, multilineage engrafting NSCs, although these sorted populations
also include a high percentage of non-NSCs. One drawback of these techniques
(infection or transfection followed by FACS) is the requirement to culture cells
for a certain period of time. Therefore, fresh isolation of NSCs is not possible
using this method. On the other hand, it offers the unique opportunity to enrich
for specific cells (including nontransgenic cells such as those derived from hu-
man tissues) based on intracellular markers.

Neural stem cell surface markers

A breakthrough study by Morrison and colleagues (Morrison et al., 1999)
showed that mouse neural crest stem cells (NCSCs) which generate all the cells
in the peripheral nervous system (PNS) can be isolated from the E14.5 sciatic
nerve by FACS using antibodies against the surface marker p75 (the low affin-
ity neurotrophin receptor) and (a peripheral myelin protein). The
fraction contains cells that behave like NCSCs in vitro: generate multipotent
clones containing neurons, Schwann cells and smooth muscle-like
myofibroblasts. Upon transplantation into host chick embryos, freshly isolated

cells generate neurons and glia. This way, it was demonstrated that
neurogenic potential is endogenous to freshly isolated cells and not a
culture-acquired property. The capacity to directly isolate NCSCs by flow
cytometry provided, for the first time, the unique opportunity to test the poten-
tial of neural crest stem cells in vivo upon transplantation, bypassing culture
periods that might irreversibly change the properties of such cells.

A parallel approach was taken by Uchida et al., (2000) for the isolation
of human neural stem cells (hNSCs) from the fetal forebrain. They demon-
strated that the prospective hNSC has the phenotype, and
generates multilineage self-renewing neurospheres in vitro (Figure 1). Interest-
ingly, the antigen recognized by the CD133 is a transmembrane protein initially
described as a human hematopoietic stem cell (HSC) marker (Miraglia et al.,
1997; Yin et al., 1997). The frequency of neurosphere generation is around 1 in
31 cells. This subpopulation is expandable in vitro for more than 15 passages.
Moreover, upon transplantation into the ventricles of neonatal immunodeficient
NOD-Scid mice, both in vitro expanded or freshly isolated
cells generate neurons and glia in the SVZ, olfactory bulb and hippocampal
dentate gyrus. Purified cells can be stably transduced with
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a lentivirus containing GFP as a reporter gene (Tamaki et al., 2002) for the
ready identification and morphological visualization of human cells engrafted
into the mouse brain.

Another study used sequential sorts based on cell size, differential binding
of peanut agglutinin lectin (PNA) and expression of the heat stable antigen (HSA
or CD24) to separate a highly enriched population (80%) of adult mouse SVZ
NSCs (Rietze et al., 2001). The NSC has a diameter larger than and the

phenotype. When single cells were cultured, around
80% generated multilineage self-renewing neurospheres, which is, by far, the
best NSC frequency attained for any isolated neural stem cell (both NCSCs or
hNSCs). However, given that only 63% of the total SVZ stem cells were se-
lected, stem cells with a different phenotype do exist. In addition, contrary to
the previous two studies, stem cell purification was done by negative selection,
or lack of marker expression, which does not permit their localization in vivo.
More recently, Capela and Temple (Capela and Temple, 2002) demonstrated
that the adult mouse SVZ NSC is non-ependymal and expresses the LewisX
trisaccharide epitope 3-fucosyl-N-acetyllactosamine (also defined as SSEA-1,
FAL or LeX). Similarly to NCSC and hNSC, the discovery of this antigen makes
it possible to positively purify NSCs and to locate them in vivo, in contrast to
the method developed by Rietze et al. (2001). LeX– cells generate a negligible
amount of neurospheres; hence, the use of antibodies against LeX also permits
the recovery of all NSCs in the subpopulation. Not all cells are
NSCs; only 17% of the cells generate multipotent self-renewing
neurospheres. Other surface markers could be used to refine this identification
method, for example the markers used by Reitze and colleagues: HSA and PNA.
However, there is no overlap between LeX expression and mCD24 (HSA); be-
cause mCD24 is present on ependymal cells and neuroblasts, this showed that
NSCs are not ependymal cells, as corroborated by others (Chiasson et al., 1999;
Doetsch et al., 1999b; Laywell et al., 2000). Other markers, such as PNA, should
be explored as a means to aid the LeX-based purification of the adult mouse
NSC population further.

Dye binding properties of neural stem cells

Various studies in the mouse hematopoietic field have shown that a sub-
population (the so-called “side population” or SP) of bone marrow cells with
specific dye binding properties include HSCs. The characteristic feature of these
cells is their low red and blue Hoechst 33342 dye fluorescence as measured by
dual wavelength analysis (Goodell et al., 1997) due to the high activity of pro-
teins of the ABC transporter superfamily (Zhou et al., 2001). An additional
explanation for the low Hoechst fluorescence in HSCs is that accessibility of
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the dye to DNA might be reduced in these cells probably due to chromatin
structure.

Recently, a similar analysis for the presence of an “SP” on neural cells
was carried out. Hulspas and Quesenberry (2000) demonstrated the existence of
an SP in freshly isolated (uncultured) cells and neurospheres derived from the
brains of mouse embryos. The percentage of cells with the pheno-
type was much higher in neurospheres when compared to freshly isolated cells.
Most interestingly, when cultured separately, the neurosphere derived SP sorted
population generates neurospheres and has the same Hoechst binding charac-
teristics as the parent neurospheres indicating the existence of self renewing
cells in the SP. Another study has also determined the existence of an SP popu-
lation in freshly isolated mouse striatum cells from embryo to adult (Murayama
et al., 2002). Although the neurosphere generation capacity of sorted SP cells
was not tested, the study shows that SP cells have other characteristics attrib-
uted to NSCs such as expression of nestin and Notch 1. Nevertheless, the SP is
not phenotypically homogeneous; for instance, some SP cells are and
only a small percentage of adult peri ventricular SP cells are In
addition, neurosphere generation is not exclusive of SP cells; cells that are

also generate neurospheres (Hulspas and Quesenberry, 2000). In
conclusion, the presence of a highly efficient dye efflux mechanism and/or poor
DNA accessibility is a characteristic of a subpopulation of NSCs and thus can
be used in enrichment protocols.

Other selection methods

Another method for NSC enrichment is based on the buoyant density of
cells: fractionation of live cells can be accomplished by density gradient cen-
trifugation. For instance, discontinuous Percoll gradients have been used to frac-
tionate crude CNS cell suspensions into enriched populations of oligodendro-
cytes, neurons and progenitor cells (Lisak et al., 1981; Marie et al., 1997;
Silverman et al., 1999; Dori et al., 2000). Using carefully optimized Percoll
gradients, Palmer et al., (1999) fractionated freshly isolated adult rat hippocam-
pal and cortical cells into various subpopulations. Culture of the fractionated
subpopulations showed that the most immature cells have surprisingly high
densities, accumulating in the bottom of the gradient. Around 20% of these
low-buoyancy cells derived from adult hippocampus and cortex generate clones
containing neurons and glia and are therefore NSCs. Although only one-fifth of
the NSCs can be recovered using this method, it provides a simple and reliable
way to enrich a population in NSCs for further studies.
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CLONAL LINEAGE ANALYSES

Understanding the types of progeny that stem cells generate – their lin-
eage relationships – is fundamental for understanding a stem cell system (see
Chapter 2 in this volume). For the HSC, this was accomplished by clonal stud-
ies (reviewed in Weissman, 2000; Weissman et al., 2001). In this method, single
progenitor cells are allowed to develop into clones. The numbers and types of
progeny in each clone are analyzed to give information about the progenitor
cell types that are present in the population. Lineage relationships can then be
deduced from the clone compositions. A more direct method of lineage analysis
is to actually watch the cell divisions of a stem or progenitor cell. This method
was pioneered in early developmental studies, for example in the full descrip-
tion of the nematode C. elegans development from the egg to the final worm
(Sulston and Horvitz, 1977; Sulston et al., 1983). Direct observation provides
more concrete information about the lineage relationships of progenitor cells,
as well as the spatial and temporal events that unfold as the lineage progresses,
such as the cell cycle length, cell movements, and the occurrence of cell death.
For larger animals developing in utero, direct observation of lineages cannot be
accomplished; hence in vitro methods have been established for following clone
growth.

Defining the in vitro lineage potential of a given cell, either a stem cell or
a progenitor cell, relies on recording the divisions these cells undergo while
growing in a culture dish. At a defined time point, the group of cells (clone)
generated by the single founder cell is fixed and stained with cell type specific
antibodies so that clone composition can be identified. This apparently straight-
forward cell culture assay is far from being a simple one. For instance, cells
need to be plated apart enough so that clone superimposition does not occur; in
addition, at such low densities, cell growth may not be optimal and therefore,
supplements, growth factors, or cellular extracts need to be added to the culture
medium in order to attain optimal clone development. An alternative method to
highly supplemented media is to grow cells at clonal density on a feeder layer
consisting of neural cells from a different animal species. In that situation, the
feeder cells can be distinguished from the test cells using antibodies (Malatestra
et al., 2000).

Single cell and low density studies

Pioneering work described by Sally Temple (1989) set a high standard for
clonal analysis: single neuroepithelial cells derived from the septum of rat em-
bryos were plated into microwells of Terasaki plates by micromanipulation under
microscopy guidance. Each microwell was then carefully inspected for the pres-
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ence of only one cell to ensure clonality. From this study, it was determined that
there are three basic types of cells in the embryonic septal region. Two undergo
a limited number of divisions and generate pure clones (containing only neu-
rons or only glia) or mixed clones of neurons and glia. The other generates large
mixed clones containing neurons, glia and cells with characteristics reminis-
cent of the original founder cell. The author suggested for the first time that
these cells might be CNS NSCs which generate multiple types of progeny and
can self-renew. Using the same clonal analysis technique, Davis and Temple
(1994) demonstrated that cells with similar in vitro growth characteristics can
be isolated from the embryonic rat cortex and their prevalence is around 10-
20% of the total cells. Both studies relied on the presence of feeder cells grow-
ing on the sides of the culture wells or on glial cell extracts in order to provide
the right conditions for the growth of the septal or cortical single cells; how-
ever, similar results were obtained when early cortical progenitors were cul-
tured in a defined medium containing FGF2 and the supplements N2 (Bottenstein
and Sato, 1979) and B27 (Qian et al, 1997, 1998, 2000).

The introduction of time-lapse video microscopy (TLVM) further this group
to determine the exact lineage relationship between stem cells and their pro-
genitors (Qian et al., 1998, 2000). With TLVM it is possible to follow every cell
division, from the founder cell until the time at which the clone is fixed and
processed for cell type analysis. This way, faithful reconstitutions of the lineage
trees for all founder cells in the video screen can be accomplished. Also, clonality
no longer needs to be ensured by single cell plating once it is possible to video-
tape the behavior of more than one cell, as long as developing clones stay in
frame. Finally, by matching immunocytochemical data and lineage tree infor-
mation acquired through repeated analysis of the videotapes, it is possible to
accurately determine the lineage relations between the founder cell and its prog-
eny. Using TLVM, it was found that generation of neurons and glia by cortical
NSCs isolated from E10.5 mouse embryos is temporally regulated: neurons are
generated first, usually via asymmetric divisions, and glia arise later in the lin-
eage, via symmetric divisions (Qian et al., 2000). These clonal analyses results
reflect a recapitulation of the in vivo sequence of cell genesis.

Independently of the clonal analysis technique chosen, the total number of
clones obtained is recorded; the types of clones generated (pure neuronal, pure
glial and pure stem) are quantified as a percentage of total clones. This way, any
attempt to enrich the initial population in NSCs (or neuronal or glial progeni-
tors) would lead to an increase in the incidence of that particular type of clone.
Hence, the study of clonal cortical NSC development provides an excellent
model to address how neuronal and glial cell types are generated and also how
neuronal diversity is accomplished.
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Another type of clonal analysis relies not on the development of adherent
clones but on the generation of multipotent, self-renewing neurospheres by cells
derived from adult mouse SVZ plated on untreated culture dishes (Reynolds
and Weiss, 1992; Vescovi et al., 1993; Gritti et al, 1996; Reynolds and Weiss,
1996; Gritti et al., 1999). Single neurospheres are then collected, plated on a
poly-L-lysine substratum to encourage differentiation, and finally fixed and
stained in order to determine if all cell types (neurons, oligodendrocytes and
astrocytes) are present; single neurospheres are also dissociated and plated at
low density or as single cells to demonstrate self-renewal by generating more
neurospheres. The percentage of neurosphere generators, hence NSCs, is calcu-
lated as the percentage of neurospheres vs total plated cells. Neurosphere gen-
eration is hence a widely accepted diagnostic assay for NSCs in the rodent and
human brain, and clonal analysis indicates that around 1% of the adult mouse
SVZ cells are NSCs. Interestingly, a very recent study indicates that the “tran-
sit-amplifying progenitors” of the adult mouse SVZ NSC is also capable of
generating neurospheres that are both multipotent and self-renewable (Doetsch
et al., 2002), suggesting that neurosphere generation capacity is not exclusive
of the slowly dividing NSCs but also of their immediate progenitors.

The common observation that neurospheres can fuse together (identical to
adherent clone superimposition), thus underestimating the number of NSCs/
“transit-amplifying progenitors” in the plated cell population, Gritti and et al.
(1999) used a method for clonal analysis in which migration and fusion of
neurospheres is greatly diminished by plating the cells in a methylcellulose-
based semi-solid matrix. However, migration and fusion can still occur on me-
thylcellulose (Hulspas et al., 1997) making the low density (1-5 cells per well)
or single cell plating approach a much better neurosphere generation assay (Rietze
et al., 2001; Capela and Temple, 2002; Engstrom et al., 2002).

Limiting-dilution studies

Each stem cell is a clonogenic progenitor for multiple differentiated cell
lineages, and also possesses the capacity for self-renewal. Clonal analysis as
described above has been used to characterize self-renewal and differentiation
of NSCs in vitro. For HSC studies, clonogenic assays have been established for
each of the hematolymphoid and myeloid lineages. These assays include the
spleen colony assay for erythrocyte, megakaryocyte and myeloid lineage, the
thymus colony forming assay for T lymphocyte lineage, and a B lymphocyte
lineage clonogenic assay (reviewed in Spangrude et al., 1991; Morrison et al.,
1995; Weissman, 2000; Weissman et al., 2001). Bone marrow stroma-based
assays were developed for long-term culture, including long-term colony initi-
ating cells (LTC-IC) (Sutherland et al., 1990) and cobblestone area-forming
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cells (CAFC; Muller-Sieburg et al., 1986; Ploemacher et al., 1991; Weilbaecher
et al., 1991). In these assays, limiting dilution analysis has been utilized exten-
sively to measure the frequency of single-hit events (Lefkovits and Waldmann,
1999).

Uchida et al. (2000) have adapted this approach to determine the frequency
of neurosphere-initiating cells (NS-IC) in human fetal brain. In this case, sorted
“test” cell populations derived from fetal brains were plated in a series of limit-
ing cell numbers into 96-well plates. Cultures were incubated for 6-8 weeks and
the wells that did not contain neurospheres were scored as negative. The pro-
portion of wells that are negative for neurosphere formation is plotted against
the number of sorted cells plated per well. Traditionally, limiting dilution analysis
is presented as a plot of the logarithm of the fraction of negative wells on the y-
axis versus a linear scale of the number of input cells on the x-axis. Linear
correlation of log percentage negative wells and number of cells plated indicate
that a neurosphere was initiated from a single-hit event. Based on the Poisson
distribution, interpolation of the frequency can be determined at the cell con-
centration at which 37% of the wells are negative for growth. This linear regres-
sion analysis was used to determine the frequency of NS-IC in a population of

sorted fetal brain cells. The frequency of NS-IC derived
from unsorted total fetal brain cells is 1/880. Moreover, the CD 133 (which
represent 96 % of fetal brain cells), and subpopulations
have NS-IC frequencies of 1/4860 and 1/31, respectively. Therefore, the

subpopulation is 24-fold enriched for NS-IC relatively to
total fetal brain cells, which parallels the frequency of
cells in the total enzyme-dissociated fetal brain cell suspension. Finally, it was
concluded that the subpopulation, purified from human
fetal brains of 16 to 20 gestational weeks, contained virtually all the NS-IC
activity and therefore all the hNSCs.

THE IMPORTANCE OF NEURAL STEM CELL
MARKERS FOR PLASTICITY, TRANSPLANTATION
AND LINEAGE RELATIONS

Recent studies indicate that cultured mouse and human NSCs derived from
adult tissue have unexpected plasticity: they can generate many non-neuronal
tissues. For instance, ex-vivo expanded NSCs (neurospheres) derived from adult
mouse brain can generate blood cells when injected into an irradiated mouse
(Bjornson et al., 1999), skeletal muscle when transplanted into regenerating
muscle sites (Galli et al., 2000) or even derivatives of the three germ layers
upon injection into mouse and chick blastocysts (Clarke et al., 2000). One criti-
cism of these experiments is that they describe very rare events that have proven
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difficult to repeat. The fact that cells make these fate transitions rarely could
indicate that the expanded NSCs were in fact abnormal. We know that exten-
sive growth of cells in culture can lead to genetic changes related to cell trans-
formation, which increases the ability of a cell to take on diverse fates (Gao and
Hatten, 1994). Another reason why these experiments have to be viewed with
some skepticism, is because of the recently described novel type of rare cell
fusion that can occur between implanted cells and blastocyst cells (Terada et
al., 2002; Ying et al., 2002). Thus, it is difficult to be sure that the results of the
embryonic transplantation experiments are truly a reflection of the capacity of
the implanted cells, rather than a hybrid generated through cell fusion. More-
over, the difficulty in reproducing some of these results by other laboratories
has cast a shadow of uncertainty as to whether plasticity is a real phenomenon
(Morshead et al., 2002; Wagers et al., 2002).

A further criticism of most of the studies on NSC plasticity to date is the
fact that expanded rather than freshly isolated NSCs were used. Again, it is
impossible to determine if such plasticity is only the result of long-term culture
of NSCs in the presence of exogenous of growth factors or if it does occur in
vivo. Moreover, although neurospheres allow expansion of the rare NSC, they
do contain restricted progenitors and ultimately, one has to question if lineage
jumping is a NSC feature at all, although conceptually, it is more easily accept-
able that a NSC does so than a neuron suddenly making a muscle cell or a
myeloid cell.

Another important point to bear in mind is the assessment of NSC poten-
tial upon transplantation. For instance, although cultured adult rodent NSCs
seem to have a relatively broad potential when engrafted into different areas of
the brain, freshly isolated cells show a much more restricted potential (Herrera
et al., 1999) even if transplanted into an embryonic environment where endog-
enous NSCs are actively engaged in the generation of various types of neurons
(Lim et al., 1997). Transplantation of freshly dissociated embryo-derived NSCs
back into the embryo reveals high plasticity: diverse neuronal progeny, includ-
ing projection neurons, are generated (Brustle et al., 1995; Fishell 1995; Olsson
et al., 1997). However, NSCs derived from newborn mice lose this plasticity
and no longer can generate projection neurons (Lim et al., 1997). Is it because
NSCs change their properties over time, or is it the result of feedback signaling
from committed progenitors that are co-transplanted with NSCs? This is an-
other question that transplantation of freshly purified NSCs can help address.

Identification and purification of NSCs provides yet another important
possibility: that of studying the relationship between NSCs at different devel-
opmental ages and even between NSCs and other tissue-specific stem cells.
This has not been adequately addressed due to the paucity of specific NSC
markers. Is there a universal stem cell gene expression profile? Is there a gene



Capela, Tamaki & Uchida 223

expression blueprint that distinguishes NSCs from HSCs or other stem cells? Is
this blueprint developmentally regulated? These are complex and fascinating
questions that are now being explored (see Chapter 3 in this volume).

Geschwind et al. (2001) set the stage for unraveling the gene expression
pattern of CNS progenitors using powerful molecular biology techniques to
identify genes involved in NSC/progenitor cell proliferation and function
(Geschwind et al., 2001). To achieve this goal, cDNA isolated from neurospheres
derived from neonatal mouse cortex was “subtracted” from that of sister
neurospheres subjected to 24 h of differentiation conditions. This approach lead
to the discovery of novel genes specifically expressed in germinal areas of the
embryonic and adult mouse brain. Building on this work, Terskikh et al. (2001)
showed that some of these genes are common to HSCs, suggesting that NSCs
and HSCs share genetic programs and signaling strategies, results later cor-
roborated by Ivanova et al. (2002) and Ramalho-Santos et al. (2002). Again,
these studies use cultured neurospheres as the source of NSCs and thus are
subject to the criticisms previously discussed. The use of purified, freshly iso-
lated, NSCs as a starting material is the next step, and one which can now be
undertaken.

In conclusion, significant progress has been made towards establishing
methods for the identification and purification of NSC populations. These ini-
tial steps have already provided much information about NSCs, and strongly
indicate that ‘neural stem cell’ is a broader term that encompasses diverse cell
sub-populations with different characteristics. As more phenotypic characteris-
tics are revealed, molecules that can serve as markers to unequivocally identify
and purify NSC populations should emerge. This will bring us to a new level of
understanding of these important cells, which offer enormous promise for re-
generation and repair of the diseased and damaged nervous system.
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Chapter 8

Embryonic and Neural Stem Cell Lines

Ryan M. Fryer, Mahesh Lachyankar, Steven R. Gullans & Evan Y. Snyder

INTRODUCTION

Recognition of the existence of cells with stem-like qualities in the ner-
vous system (Snyder et al., 1992) had a profound impact on both developmental
neuroscience and translational neuroscience because it, at once, offered insight
into previously unsuspected plasticity within the nervous system and provided
a tangible means for potentially exploiting it for therapeutic purposes. The find-
ing that stem cells can generate neural tissue even beyond the typical window of
brain organogenesis (McKay, 1997; Snyder, 1998; Gage, 2000) has obvious
implications for the repair of the nervous system in patients that have debilitat-
ing or fatal neurodegenerative disorders such as Parkinson’s Disease; amyo-
trophic lateral sclerosis (ALS); inherited neurogenetic diseases, e.g., leukodys-
trophies, gangliosidoses, and lysosomal storage diseases; or acquired maladies
such as spinal cord injury (SCI), stroke, or traumatic brain injury (TBI). The
range of potential therapeutic targets towards which stem cell biology may be
applied is still very much in the exploration stage; similarly, the limitations of
such an approach are also being delineated.

Terminology in the stem cell field is, at present, controversial, confusing,
inconsistent, and imprecise. We will next, therefore, indicate how we will use
various terms in this chapter. A neural “stem” cell, i.e., the most primordial of
cells in the nervous system, in our view, must have the potential to differentiate
into all of the rich diversity of cells within all three fundamental neural lineages
throughout all regions of the nervous system including the myriad types of neu-
rons, the variety of astrocytes, and the various oligodendrocytes. Each stem cell
must also self-renew sufficiently to yield the vast number of cells necessary to
construct the functional mammalian brain during embryogenesis. At some phases
in the stem cell life cycle, this need for adequate numbers will demand sym-
metrical cell divisions, i.e., a stem cell dividing to yield 2 immature, stem-like
daughter cells; at other times, asymmetrical divisions will be required, i.e., a
cell dividing to yield a committed, postmitotic neural cell as well as another
proliferative, immature stem cell. Neural “progenitor” cells, in our lexicon, are
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cells with a more restricted potential, perhaps limited to a range of cell types or
to cell types of a particular region of the nervous system. The potential can still
be quite broad, however. More restricted still are neural “precursor” cells. These
cells, while still immature and appearing earlier in a developmental pathway
than a given terminally-differentiated, mature neural cell, have a limited num-
ber of developmental options, i.e., it may even be unipotent or bipotent (McKay,
1997).

Neural stem cells (NSCs) have been found throughout the embryonic and
fetal CNS including the cerebral cortex, striatum, hippocampus, cerebellum,
basal forebrain, and spinal cord, principally in germinal zones, e.g., the ven-
tricular zone. They have also been found in the neural crest, a germinal struc-
ture that ultimately gives rise to the peripheral, autonomic, and enteric nervous
systems. Presumptive NSCs have also been isolated from the adult CNS, At
that “developmental” stage, they have principally been found in two “second-
ary germinal zones”, the subgranular zone of the hippocampus and the
subventricular zone of the forebrain, the only two regions with persistent neuro-
genic potential. Neural stem-like cells have also been isolated from adult “non-
neurogenic regions” such cerebral parenchyma (including cortex) and spinal
cord (Temple, 2001). While the presence of NSCs is not unexpected in the
nervous system during organogenesis, their existence in the “formed” “post-
developmental” nervous system remains somewhat mysterious and even con-
troversial. Are such cells really present in nature or simply “created” by the act
of investigators pulling cells from their in vivo context and manipulating them
in vitro by exposing them to fate-altering mitogens or genes? If they are, in fact,
present in the older nervous system, do they serve a purpose or are they simply
vestiges of the developmental process with no precise role?

Classification of Stem Cells

Embryonic stem cells (ESCs) reside in the inner cell mass (ICM) of the
blastocyst, a stage prior to the generation of the 3 fundamental germ layers that
ultimately give rise to all of the body’s organs and tissues and probably the stem
cells that invest them. NSCs represent a class of stem cells known as “tissue-
resident” or “tissue-derived” stem cells, i.e., stem cells that have been allocated
to reside within a particular organ or structure. Tissue-resident stem cells might
be generated in vitro from ESCs by recapitulating the process pursued in vivo
during development. For example, it appears that NSCs can be found in cul-
tures of ESCs, although only approximately 0. 2% of ESCs in most ESC lines
spontaneously become neural cells with stem-like qualities (Tropepe et al., 2001).
As the signals directing ESCs towards a neural lineage become better under-
stood, this efficiency is likely to increase. Relatively efficient procedures have
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been derived for doing this, typically involving the application of retinoic acid
to embryoid bodies. Whether these procedures in any way emulate what hap-
pens naturally in vivo is unclear. Also, most procedures for generating NSCs
from ESCs never do so to the total exclusion of nonneural cell types or, unfor-
tunately, residual ESC-like cells that can still yield teratomas.

The yield of NSCs isolated directly from embryonic or fetal neuroectoder-
mal-derived tissue is much higher. While there seems to be an abundance of
NSCs in early embryonic or fetal neural tissue, their frequency appears to de-
cline rapidly with age. In some instances this may simply reflect the fact that
their representation among the cell types of the brain is diluted by the genera-
tion of more restricted progenitors and a greater number of differentiated cells
as development proceeds (Temple, 2001). It is also possible that the absolute
number of stem cells decreases with age and/or that the number of self-renew-
ing divisions within a given stem cell is limited and becomes exhausted with
age, i.e., senescence (see Chapter 9 in this volume).

An intriguing feature of NSCs, while in their most robust state, is their
ability to model the developmental physiology of the intact animal. These cells
undergo repeated asymmetric cell divisions, first producing neurons and later
glia, reproducing spontaneously the normal neuron-glial order found in embry-
onic development (Qian et al., 2000). Harnessing the capacity of NSCs to yield
a variety of neural cell types may provide treatment strategies based not only
the derivation of a single desired cell type, but multiple cell types that might be
required to reconstruct the neural fabric of a given injured CNS structure, e.g.,
not just the neurons but also glial cells, interneurons, and others.

Whether other types of tissue-resident stem cells (e. g. hematopoietic stem
cells, bone marrow mesenchymal stem cells, etc. ) can transdifferentiate into
neural cells is currently unclear and quite controversial (Bjornson et al., 1999;
Castro et al., 2002; Clarke et al., 2000; D’Amour and Gage, 2002; Morshead et
al., 2002; see Chapter 2 in this volume). Since there have been conflicting re-
ports. Furthermore, the fact that neural and hematopoietic progenitor cells seem
to share overlapping gene expression profiles simply adds to the confusion and
uncertainty (Geschwind et al., 2001). It remains unclear whether stem cells from
non-neural organs can or should be transplanted effectively and safely for neu-
ral therapies.

Equally unclear and controversial is the degree to which endogenous stem
cells in the nervous system can affect repair without recourse to the transplanta-
tion of exogenous stem cells. Can a sufficient number of endogenous cells from
the CNS, or even from other non-neural organs, migrate to appropriate areas of
the CNS during degeneration and stress to yield functional neural cells? While
the ability of the brain to repair itself via its endogenous progenitor pool is an
interesting concept (see Chapter 12 in this volume), to understand its potential
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and limitations, one first needs to gain a clearer understanding of why recovery
in the most devastating of injuries does not already occur spontaneously. For
example, what triggers and inhibits NSC functional neurogenesis and differen-
tiation (Kruger and Morrison, 2002)? Is the inability of endogenous progenitors
to promote significant recovery in many circumstances simply a matter of an
inadequate supply of cells and/or growth factors, both of which might be supple-
mented from exogenous stores, or is there something more fundamental afoot?

The isolation and availability of NSC lines of human origin will also be
reviewed in this chapter. Indeed, many human stem cell lines are starting to be
used for transplantation into normal and diseased animal models. However,
greater insight into some of their characteristics, particularly the degree to which
they differ from rodent cells, will be important prior to their use in humans.

ADVANTAGES OF USING STEM CELL LINES

There are obvious advantages to using NSC lines for both basic and ap-
plied scientific investigations including within the pharmaceutical and biotech-
nology industries. Most NSCs used in almost all publications to date, unless
they were freshly abstracted from the brain, placed immediately in a culture
dish and never passaged, should actually be regarded as “cell lines” (see Chap-
ter 9 for discussion of cell strains vs. cell lines). The need for expansion and
passaging, however, is typically required not only because of the small absolute
number of stem cells in the brain, but also because observation of the progeny
of a single cell over time and in different situations over time is usually the only
way by which the presence of stem-like properties can be affirmed. Reliably
sensitive and specific markers for neural stem cells do not yet exist (see discus-
sion in Chapter 3 in this volume); hence an operational definition of a stem cell
is still de rigueur. Only a small number of studies have, in fact, used primary
neural stem cells. However, it is possible that primary cells could be obtained
through fluorescence activated cell sorting (FACS) for unambiguously defining
surface markers, as in hematopoietic cell isolation, remains controversial and
probably elusive, but, when achieved, would aid in procuring populations en-
riched for NSCs for culture and subsequent use (see Chapter 7 in this volume).

Clonal NSC lines can be used to dissect biological processes in vitro and,
following transplantation can mirror what signals are prevalent in a specific
CNS region in vivo at a given time in development under various normal and
abnormal conditions. The use of a clonal stem cell line is actually the only way
to insure consistency from experiment-to-experiment. When used judiciously,
stem cell lines can yield insights into basic properties inherent to endogenous
stem cells as well as their behavior during development and in disease states.
These observations have suggested strategies for the use of exogenous NSCs in
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therapeutic transplantation paradigms, e.g., their ability to cross-correct basic
genetic defects (Flax et al., 1998) or to replace missing neural cells (Rosario et
al., 1997; Snyder et al., 1997; Yandava et al., 1999). Importantly, data gathered
from rodent NSC lines have been applicable to their human, albeit more fin-
icky, counterparts (McKay, 1997). The multipotency of NSC lines in culture,
e.g., their differentiation into multiple cell types with diverse morphologies and
immunopositivity for distinct markers, has predicted their multipotency in vivo
following transplantation into intact and lesioned animals, including subhuman
primate models. Indeed, Ourednik et al. (2001) have recently affirmed the ca-
pacity of human NSCs for extensive migration within the developing monkey
brain, participating in cerebrogenesis and the formation of neurons and glia
throughout the primate brain (Figure 1). Such findings may suggest the poten-
tial of human NSCs for transplantation-based therapies in genuine clinical prac-
tice.

RODENT NEURAL CELL LINES

A prototypical NSC murine clone that we and others have found to be
very instructive and useful is called clone C17.2 and has now become very
well-characterized in vivo and in vitro (Ryder et al., 1990; Snyder et al., 1992).
A brief review of the isolation of these cells is provided as well as their proper-
ties. NSCs isolated by different techniques appear to evince the same proper-
ties.

Rodent NSC Isolation

The protocols described in this section were developed for NSC isolation
from mouse; however, most of these approaches can be applied to the rat. NSCs
can be effectively propagated in vitro through both epigenetic and genetic means.
The key is to keep NSCs in the cell cycle until differentiation is desired.
Multipotency is preserved, differentiation is held in abeyance, and engraftment
is optimal when the cells are cycling. In vivo, the best engraftment is attained if
the cells exit the cell cycle within the brain rather than in the culture dish ex
vivo.

The epigenetic approach typically entails placing defined mitogens into
serum-free culture medium. The mitogens most commonly used have been epi-
dermal growth factor (EGF) and/or basic fibroblast growth factor (FGF2, also
called FGF2). Sonic hedgehog (SHH) has recently also been described as a
mitogen for neural progenitors, though it has not been used for routine passag-
ing of cells. The genetic approach has typically involved transducing isolated
stem/progenitor cells with propagating-enhancing genes such as v-myc or large
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T-antigen. Myc appears to be a gene related to cell cycle regulation and to some
fundamental properties of stem cell self-renewal. Despite the differences in iso-
lation and subsequent propagation techniques, the similarities between neural
stem cell lines are striking.

The C17.2 clone, used extensively in the literature, was originally derived
from a 4-day old neonatal mouse cerebellum (Ryder et al., 1990) and is readily
propagated as monolayer in fetal calf serum-containing medium following
retroviral-mediated transduction with v-myc. It was one of over 40 lines simi-
larly established and grouped into clonally-related families based on the loca-
tion of unique viral insertion sites. All lines were negative for tumorigenicity
when injected into the brains of newborn mice. Some clones were then infected
with a second retroviral vector encoding lacZ, the gene for E. Coli
dase, allowing these stem cells and all of their progeny to be recognized in vitro
and in vivo as blue cells following processing with Xgal histochemistry or as
immunopositive cells following reaction with an antibody (Snyder et
al., 1992). This unique second retroviral insertion site also allows clonality to
be affirmed.

Kilpatrick and Bartlett (1993) and others (Drago et al., 1991) have re-
ported similar protocols for isolating neuroepithelial cells from the telencepha-
lon and mesencephalon of embryonic day 10 (E10) mice. Progenitor cells from
the rat mesencephalon have been isolated and reported to differentiate into
dopaminergic neurons in the presence of interleukin 1 (Ling et al., 1998), fur-
ther enhanced by the addition of interleukin 11, LIF, and GDNF. Similar results
have been obtained with human mesencephalic precursor cells (Storch et al.,
2001).

In addition to multipotent neuroepithelial cell lines, the generation of neu-
ral progenitor lines with more lineage restriction has been reported, e.g., neu-
ronal-restricted or glial-restricted. It remains controversial, however, whether
such cells are genuinely restricted to one lineage or simply have not been placed
in environments with signals sufficient for unveiling or inducing a broader po-
tential (Mayer-Proschel et al., 1997; Mujtaba et al., 1999). Indeed, one cell line
RN33b (Onifer et al., 1993; Whittemore and White, 1993), was initially re-
ported to be restricted solely to a neuronal fate, yet in the hands of other inves-
tigators (Lundberg et al., 2002) was found to yield glia as well. Attempts at
isolating lineage-restricted lines have been made by immunoselection for cell
surface markers, e.g., highly polysialated neural cell adhesion molecules (PSA-
NCAM) for neuron-restricted precursors and A2B5 for glial-restricted precur-
sors. These markers themselves, however, may not be sufficiently lineage-spe-
cific for such a task.

Of late, there has been a growing awareness of the possibility that the
properties of a cell might change if passaged in culture for extensive periods,
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particularly following chronic exogenous mitogen exposure (EGF and/or FGF2).
Interestingly, it appears that transducing the cells with genes that function within
the normal cell cycle and mitotic regulatory mechanisms [e.g., myc (Sah et al.,
1997; Flax et al., 1998; Villa et al., 2000) or TERT (Roy et al., 2003) which
regulates telomerase] not only maintain the cells in a stem-like state in vitro but
do not seem to subvert their normal differentiation potential. Perhaps this is due
to the fact that the cells regulate exogenous copies of these genes in the same
manner in which they regulate their own endogenous copies. Empirically, these
clones appear to be more resistant to passage- and time-dependent alterations in
fate and function than their mitogen-propagated counterparts. They also seem
to be less prone to senescence and age-related changes.

Cells, even within the same clone, that acquire a more rapid doubling time
may overtake the rest of the cellular population in the dish and confer a charac-
ter to the culture that does not reflect its original properties. Neoplastic transfor-
mation may also occur and the potential of the cells may change such that they
no longer accurately reflect the normal biological potential of the cells they
were originally derived from. This may explain surprisingly poor and unex-
pected differentiation potential by NSCs in certain circumstances. It may also
account for certain controversial observations of transdifferentiation (Bjornson
et al., 1999; Castro et al., 2002; Clarke et al., 2000; D’Amour and Gage, 2002;
Morshead et al., 2002; see Chapter 6 in this volume). Because of the risks of
such unknown mutations, potentially introduced during extended passage, most
NSC transplant biologists use NSCs that have been passaged only 4-8 times
(Morshead et al., 2002). To be useful NSC lines must also be able to be
cryopreserved and thawed without altering their fundamental properties. To date,
that does not seem to be a problem, but one must always be vigilant for such
changes.

Rodent NSC Properties

Maintaining a NSC in a proliferative state in culture does not appear to
subvert its ability to respond to normal developmental cues in vivo following
transplantation or to undergo integration into host circuitry. Upon introduction
into the in vivo environment, NSCs withdraw from the cell cycle and interact
with host cells and host-derived cues (including vasculature, extracellular ma-
trix, diffusible factors, etc.), which trigger differentiation of the NSCs into site-
appropriate and developmental stage-appropriate neurons and/or glia. Follow-
ing implantation into primary or secondary germinal zones, murine NSCs mi-
grate and differentiate in a temporally- and regionally-appropriate direction. It
was this type of behavior that suggested the potential of NSCs for cell replace-
ment and was affirmed in two different paradigms. First, NSCs were used to
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replace pyramidal neurons in a circumscribed region of the neocortex of adult
mice whose own pyramidal neurons in that area were induced to die by apoptosis
(Snyder et al., 1997). In a second example (Rosario et al, 1997), NSCs trans-
planted into the external germinal layer of a mouse mutant (meander tail) whose
cerebellar granule neurons failed to develop, shifted their differentiation fate to
yield more of that deficient neuronal cell type, repopulating the granule cell-
deficient anterior lobe. When transplanted into a mouse mutant shiverer whose
oligodendrocytes rather than neurons were dysfunctional, the NSC shifted its
differentiation pattern to yield a greater proportion of that cell type with symp-
tomatic relief in some animals (Yandava et al., 1999).

Interestingly, in many NSC transplants, a significant subpopulation of NSCs
will remain as quiescent, undifferentiated cells intermixed among more differ-
entiated host and donor cells. This subpopulation, too, probably represents the
normal segregation of NSC progeny during development and, as we note be-
low, may play an unanticipated important role in therapeutic contexts.

A true stem cell, as opposed to a progenitor, should be able to participate
in normal development along the entire neuraxis, independent of the region
from which it was originally isolated. For example, a true stem cell isolated
from the hindbrain should be able to integrate not only into the developing
cerebellum but also throughout the remainder of the immature and adult central
and peripheral nervous systems in a cytoarchitecturally-appropriate manner.
How these properties emerge is a pivotal question in developmental neurobiol-
ogy. Clones of NSCs that can be tracked and isolated can now help in the explo-
ration of this important question.

That such engrafted NSCs can also express foreign genes in vivo sug-
gested that they might also be engineered ex vivo to import specific bioactive,
often therapeutic factors in a “Trojan Horse” fashion into the host brain, where
they might release these gene products in a site-specific manner to help pro-
mote survival, regeneration, repair, or rescue. This technique has been used not
only to replace missing essential gene products in inherited neurodegenerative
disorders, e.g., in lysosomal storage diseases (Lacorazza et al., 1996; Snyder et
al., 1995), but also to provide extra proteins, such as neurotrophic factors, that
might promote regeneration, differentiation, connectivity, and neuroprotection
of host cells. Liu et al. (1999) used NSCs to deliver neurotrophin-3 (NT-3) to
the spinal cord and Akerud et al. (2001) used NSCs to deliver the neuroprotective
factor, GDNF, to the striatum. In this latter experiment, the integrated NSCs not
only gave rise to neurons, astrocytes, and oligodendrocytes, but also maintained
high levels of GDNF in vivo for at least 4 months. In a mouse lesioned with 6-
hydroxydopamine, a model of Parkinson’s disease, the intrastriatal implanta-
tion of these GDNF-overexpressing NSCs prevented the degeneration of dopa-
minergic neurons in the substantia nigra and reduced behavioral impairment.
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That NSCs exhibited a tropism for intracranial pathology was first dem-
onstrated by Aboody et al. (2000) during their examination of experimental
brain tumors. They observed that murine NSCs (as well as human NSCs), when
implanted into intracranial gliomas in vivo distributed themselves throughout
the tumor bed and migrated in juxtaposition to tumor cells while expressing
foreign genes. Furthermore, they demonstrated that the delivery of cytosine
deaminase, which converts 5-fluorocytosine to the oncolytic 5-fluorouraci], by
transplanted NSCs injected caused a reduction in tumor mass, suggesting that
these inherently migratory NSCs could be used therapeutically. In fact, even
when implanted to the contralateral hemisphere, the NSCs could cross the mid-
line to home in specifically to the area of pathology. It would be particularily
beneficial to use NSCs not only first to destroy brain tumors but then subse-
quently use them to repair the damaged tissue through differentiation into lost
cellular phenotypes (Noble, 2000). Such a “home run”, however, has not yet
been accomplished.

Although cell replacement and gene therapy are considered to be the typi-
cal therapeutic applications of NSCs, an additional role has recently been sug-
gested (Ourednik et al., 2002; Park et al., 2002b; Steindler, 2002). Ourednik et
al. (2002) demonstrated that NSCs appear to possess the inherent ability to res-
cue dysfunctional neurons. The model used was the induction of dopamine dys-
function in aged mice by the toxin MPTP, which causes permanent dysfunction
of mesostriatal dopamine neurons by oxidative stress with eventual fiber degra-
dation and cell death. Implantation of NSCs unilaterally into the midbrains of
such dopamine-impaired mice was associated with reconstitution bilaterally of
the mesostriatal system anatomically and functionally. Although a subpopula-
tion of the donor NSCs spontaneously differentiated into new dopaminergic
neurons, the majority of the dopaminergic neurons in this reconstituted
mesostriatal system was actually of host origin. They had been “rescued” from
death and their function had been “restored” by association with donor NSCs
that migrate and distributed themselves bilaterally, particularly those in an un-
differentiated or glial-differentiated state. In other words, donor-derived NSCs
that had not differentiated into replacement neurons nevertheless had a very
powerful therapeutic impact, perhaps more important than those that had fol-
lowed a neuronal lineage. Without having been genetically engineered, these
non-neuronal cells appeared spontaneously and constitutively to express
neuroprotective substances that accounted for the “rescue” of host cells
(Figure2).

This complex interaction between a degenerating or injured host and trans-
planted NSCs was highlighted in another recent study (Park et al., 2002b). NSCs
were placed into the large infarction cavity of animals subjected to severe hy-
poxic-ischemic injury. The NSCs were initially supported by a three-dimen-
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sional biodegradable synthetic scaffold that transiently provided a platform to
help bridge large cystic lesions and support the NSCs in space before “dissolv-
ing” after 2-to-4 weeks. The scaffold of sustained intimate exposure of donor
and host cells to each other. It also trapped molecules emanating from the in-
jured brain as well as from the NSCs so that their contact with target receptors
could be maximized. New cerebral parenchyma began to form and fill in the
gaps, including the reformation of cortical tissue and the likely reestablishment
of neural connections. The new neural networks that formed were derived from
the donor cells as well as from the host brain. Donor-derived neurons, which
were now numerous, were capable of directed, target-appropriate neurite out-
growth (and extension into the opposite hemisphere) without the need for spe-
cific external induction with growth factors or genetic manipulation of the cells
or host (Figure 2). The new parenchyma became vascularized by the host, sug-
gesting that the NSCs were also expressing angiogenic factors. Of additional
interest was the observation that inflammation and glial scarring seemed to be
reduced, not enhanced, by the provision of exogenous NSCs in this situation,
probably contributing to the reconstitution of cerebral tissue. Similar phenom-
ena were observed in experimental models of spinal cord injury (Teng et al.,
2002).

HUMAN NEURAL STEM CELLS

The in vitro and in vivo properties and therapeutic potential of human
neural stem and progenitor cells have recently been reviewed (Martinez-Serrano
et al., 2001). Despite some important differences, principally related to a much
longer cell cycle, human NSC (hNSCs) appear to retain many of the appealing
properties of their murine counterparts regarding their potential as therapeutic
agents. Therefore, insights gleaned from rodent NSCs have been broadly appli-
cable to human systems.

Isolation and Generation of Human NSC Clones

The isolation, propagation, characterization, cloning, and transplantation
of NSCs from the human CNS have largely followed a blueprint established by
prior experience with murine NSCs (including clone C17.2 as well as growth
factor-expanded lines). Some of the techniques used to isolate neural stem/pro-
genitor cells from human tissue will be reviewed.
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From Freshly Dissociated Tissue

Cells have been isolated from numerous CNS regions including the telen-
cephalon, cerebellum, striatal eminence, ventral mesencephalon, hippocampus,
cortex, diencephalon, and forebrain. In some protocols the cells are maintained
as adherent monolayer cultures and in others as suspension cultures using a
variety of substrata and growth factors. Although a number of cell culture sys-
tems have been developed for maintaining human neural stem cells in culture,
and many of these have provided successful graft material, the optimal tech-
nique for inexhaustible passaging without senescence, that does not involve
genetic manipulation, probably still needs to be devised (Buc-Caron, 1995;
Carpenter et al., 1999; Flax et ah, 1998; Rubio et al, 2000; Svendsen et ah,
1996; Svendsen et al, 1997; Svendsen et al, 1998; Vescovi et al, 1999; Villa et
ah, 2000). Fortunately, genetic manipulations to date have been safe and effec-
tive.

In rodent studies, it has been observed that immature uncommitted NSCs
have a dual responsiveness to both EGF and FGF2 (Kilpatrick and Bartlett,
1993; Kitchens et al, 1994; Kornblum et al, 1990). In the absence of highly
specific surface markers for stem cells, this dual responsiveness was chosen
many years ago in our laboratory for both the screening and enhancement of a
starting population of dissociated primary human neural tissue for “stem-like”
cells. Neural cells were dissociated from the telencephalon, principally the ven-
tricular zone thought to contain the major population of NSCs (Gage, 2000),
from a human fetal cadaver as soon after fetal demise as possible. The earlier in
gestation the fetus, the more abundant and useful the cells abstracted. Cells
expressing both EGF and FGF2 receptors were selected by initially growing the
cells as a polyclonal population in serum free medium supplemented with both
EGF or FGF2 and then sequentially transferring the cells from medium con-
taining first one and then the other mitogen. Maintenance in any particular me-
dium for 2-3 weeks prior to the next transfer was sufficient for selection and,
although large numbers of cells failed to survive passage at each step, the re-
maining culture consisted of passageable, immature, proliferative cells that ap-
peared to expressed both the EGF and FGF2 receptors. Some of these cells were
maintained in FGF2-containing media for genetic manipulation via retroviral-
mediated transduction by v-myc and subsequent cloning. To assess the role of
NSC in vivo following transplantation, some populations were infected with an
amphotropic replication-incompetent retroviral lacZ vector. Retroviral inser-
tion sites also helped with affirming that certain populations were monoclonal.
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Post Mortem Human Tissue

Recently, progenitor cells have been isolated from human brains that have
been post mortem for as long as several hours. Palmer et al., (2001 provide a
full description of their methods for the in vitro culture of these cells. Although
they showed differences between young and old specimens, cells from adult
tissues were capable of expansion for >30 population doublings before senes-
cence. On the other hand, cells from an 11 week old neonate grew logarithmi-
cally for >70 population doublings before showing signs of a significant reduc-
tion in growth rate. Neurons were spontaneously generated at all stages in these
cultures and complete differentiation occurred following withdrawal of growth
factors. This effect was enhanced by forskolin, an activator of adenylate cy-
clase, and retinoic acid, previously shown to enhance differentiation in other
cellular models (Thompson et al., 1984). Despite clear differences in time to
senescence, both neonatal and adult progenitors did yield similar proportions of
neurons and astrocytes with little oligodendrocyte formation. Consistent with a
reported reduction in progenitor cell activity in adulthood, tissues from young
individuals were found to yield significantly more cells-per-gram and these cells
had a higher proliferative capacity. The use of these cells circumvents the social
and ethical issues raised by the derivation of human embryonic stem cells or the
isolation of neural stem cells from fetal tissue. Their utility as graft material in
transplant studies still needs to be established, however.

Fluorescence Activated Cell Sorting (FACS)

Neural crest stem cells have been isolated from mammalian peripheral
nerve (Morrison et al., 1999). These cells were selected by positive labeling for
the low affinity neurotrophin receptor, and negative labeling for a pe-
ripheral myelin marker protein, P0. They demonstrated the formation of colo-
nies of multipotent cells that could differentiate into multiple phenotypes self-
renew in vivo as suggested by BrdU incorporation, and can be used for trans-
plantation.

Uchida et al., (2000; see Chapter 7 in this volume) directly isolated human
CNS stem cells from fetal brain tissue using antibodies to cell surface markers
and subsequent FACS analysis. They demonstrated that these human NSCs bore
the following surface marker phenotypes: and

. Additionally, cells positive for CD133 and negative for CD34 and
CD45 could form floating cell clusters and could differentiate into neurons and
glia. Following transplantation into rodents, these cells could migrate and dif-
ferentiate into cells of multiple neural lineages in vivo. Selecting for CD24
cells further enriched for these abilities. Of interest is the fact that CD133 is not
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specific for neural cells, but is an antigen common to other stem cells, e.g.,
hematopoietic.

Finally Keyoung et al. (2001) transfected dissociated fetal human brain
cells with retroviruses to express green fluorescent protein (GFP) coupled with
nestin and musashil promoters, markers of immature neural progenitors. GFP
was then expressed in uncommitted neuroepithelial cells that could also be iso-
lated by FACS. It was demonstrated that this technique yielded cells that could
self-renew, were multipotent, and could generate both neurons and glia. Similar
techniques have been applied to isolating various neural progenitors from adult
human brain biopsy specimens. While such isolation techniques may run the
theoretical risk of toxicity from the GFP or retrovirus or altered gene expression
(Martinez-Serrano et al., 2000; Roy et al., 2000), the use of such cells to date
following transplantation in rodents has been safe and effective.

Recently, Nunes et al. (2003) developed a method for the isolation of mul-
tipotential neural progenitor cells from the subcortical white matter of the adult
brain, which harbors a pool of glial progenitor cells. These cells can be isolated
by FACS either transfection with GFP under the control of the CNP2 promoter,
or A2B5-targeted immunotagging. Although these cells give rise largely to oli-
godendrocytes, neurons were also generated in low-density culture. Further,
they demonstrated that glial progenitors include cells capable of neurogenesis,
can be passaged as neurospheres in vitro, and generate functionally competent
neurons and glia both in vitro and in vivo.

Human Neural Stem Cell Propagation

While genetic manipulation of human NSCs has probably been the most
effective technique for insuring the propagation of engraftable clones without
senescence, concerns always linger, heretofore not supported, that problems
could emerge. In the case of v-myc, this gene is constitutively regulated by the
cell in the manner in which it regulates cellular myc and following transplanta-
tion it is silenced (Flax et al., 1998; Rubio et al., 2000; Vescovi et al., 1999). In
other words, normal cellular processes are used to regulate a gene that is likely
to be pivotal in stem cell self-renewal. Thus the tumorigenic potential of these
NSCs is likely minimal. However, to provide an extra level of assurance, it
might be prudent to engineer cells with a CRE-loxP recombinase system for
removing cell cycle regulatory or immortalizing genes just prior to or just fol-
lowing implantation (McKay, 1997; Westerman and Leboulch, 1996).

While the use of epigenetic techniques would seem to circumvent any
such quandaries, these also have similar safety and efficacy concerns. The ex-
tended passage of NSCs by epigenetic means may induce alterations in growth
properties including tumor formation following transplantation (Morshead et
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al., 2002). However, such problems have not been observed or reported as yet
(Vescovi et al., 1999). The tumorigenic potential of human NSCs propagated in
this manner is also likely to be minimal. However, senescence has been a prob-
lem in which a useful population of NSCs will cease self-renewing presenting
another quandary.

Properties of Human Neural Stem Cells

We have developed and characterized a number of human NSC (hNSCs)
clones from freshly dissociated fetal telencephalon using the protocols described
above (Flax et al., 1998); some are v-myc-augmented and others are simply
epigenetically propagated. These self-renewing clones exhibit classical NSC
properties and grow as both neurospheres and adherent cells that express mark-
ers consistent with an undifferentiated state when proliferating. When these
cells are transferred to serum-containing media on adherent substrata and exit
from the cell cycle, they spontaneously differentiate into the 3 fundamental
neural lineages: neurons, oligodendrocytes, and astrocytes. The latter cell type
emerges most robustly when the hNSCs are cocultured with dissociated embry-
onic murine CNS tissue.

Following transplantation into germinal zones of the newborn mouse brain,
the hNSCs participate in normal development and respond appropriately to de-
velopmental cues in vivo by exhibiting migration, integration into host paren-
chyma, and differentiation into multiple developmental- and regional-appropri-
ate neural cell types (Flax et al., 1998; Rubio et al., 2000). Where and when
neurogenesis and gliogenesis normally occur, the hNSCs also yield neurons
and glia, respectively, intermixed non-disruptively with the progeny of host
neural progenitors. Consistent with our definition of a true stem cell, the same
clone of hNSCs can participate in forebrain development when implanted into
the subventricular zone (SVZ), yet integrate into the cerebellum at the opposite
end of the neuraxis when implanted into the external germinal layer (EGL).
hNSCs that integrated into the SVZ followed 2 developmentally appropriate
migratory routes: they either migrated tangentially to the olfactory bulbs via the
rostral migratory stream where they became neurons, or more radially into the
subcortical white matter and cortical parenchyma where they differentiated into
oligodendroglia and astroglia. Following implantation into the cerebellar EGL,
the same hNSC clone generating granule neurons. In fact, the hNSCs were ca-
pable of yielding granule neurons in mouse mutants that were deficient in this
cell type (Flax et al., 1998), suggesting their potential for cell replacement thera-
pies, much as murine NSCs did in an identical mouse model (Rosario et al.,
1997).
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Like rodent NSCs, engrafted hNSCs are also capable of expressing for-
eign transgenes within the parenchyma of host animals (Flax et al., 1998). This
observation suggested the feasibility of using such cells for gene therapy in a
range of pathological conditions. Indeed, NSCs constitutively express a num-
ber of useful gene products, including neurotrophic factors such as GDNF and
lysosomal enzymes. These gene products are sufficiently abundant to cross-
correct neurons and glia from mouse models of some lysosomal storage dis-
eases, genetically-based neurodegenerative diseases typically caused by muta-
tions in genes encoding lysosomal enzymes (Billinghurst et al., 1998; Flax et
al., 1998).

To assess whether hNSCs might engraft and respect developmental cues
in hosts that more closely resemble human anatomy and to help assess their
ultimate potential utility in human disease hNSCs were transplanted under ul-
trasonic guidance into the cerebral ventricles of normal fetal Old World mon-
keys during corticogenesis (Figure 3). The hNSCs gained access to the primary
germinal zone of the telencephelon, the ventricular zone (VZ; Park et al., 2002a).
The hNSCs entered the VZ, they migrated throughout the primate brain, much
as rodent NSCs did in the embyronic rodent brain (Brustle et al., 1998; Lacorazza
et al., 1996). Interestingly, the progeny of a single hNSC clone distributed them-
selves into two subpopulations. One subpopulation contributed to corticogenesis
via migration along radial glia to appropriate layers of the cortical plate and
differentiated into lamina-appropriate neurons and glia. The second subpopula-
tion remained undifferentiated and contributed to the SVZ, a secondary germi-
nal zones, with occasional members interspersed throughout the brain paren-
chyma. These data suggest that an early genetic program allocates the progeny
of NSCs either for immediate use in organogenesis or to pools for later use in
the postdevelopmental brain (Ourednik et al., 2001). This method by which the
hNSCs were introduced into the developing subhuman primate brain could be
employed for in utero cellular therapy of human neurogenetic disorders. One
could consider not only treating congenital disorders but also, altering the brain
composition of patients harboring genes for neurodegenerative diseases that are
not expressed until adulthood or middle-age but whose antenatal genetic diag-
nosis is possible, e.g., Huntington’s Disease.

Other labs have also generated and characterized various human NSC lines
(Rubio et al., 2000; Villa et al., 2000). Rubio et al. (2000) have developed the
human NSC line HNSC. 100, epigenetically expanded from cells derived from
the diencephalic and telencephalic regions of a 10 week gestation age human
embryo (Vescovi et al., 1999) and then immortalized with v-myc (Flax et al.,
1998). At the time of initial publication, the HNSC. 100 cell line had undergone
over 250 population doublings without evidence of senescence. Following mi-
togen withdrawal, the cells exit the cell cycle and transition from an immature
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phenotype (expression of vimentin and nestin) to a differentiated phenotype
(morphologies and markers consistent with maturing neurons and glia). Simi-
larly, following transplantation, these cells exit the cell cycle and differentiate
(Rubio et al., 2000). They have also been engineered to express genes with
therapeutic potential, such as tyrosine hydroxylase, the rate-limiting enzyme
for dopamine synthesis (Villa et al., 2000).

Do the cell lines need to be well-defined clones or will uncloned popula-
tions work equally as well? Carpenter et al. (1999) and Fricker et al. (1999)
have argued that it may not be essential to obtain pure clonal populations of
hNSCs for therapy. They demonstrated that a mixture of multipotent and lin-
eage-restricted neural progenitors isolated from an embryonic human fetus and
expanded in vitro in the presence of EGF, FGF2 and LIF were engraftable in the
adult rodent brain. These cells exhibited extensive migration, many along routes
normally taken by endogenous neural precursor cells. These cells, too, yielded
both glial and neuronal phenotypes. While, a multiclonal population of hNSCs
is at risk for having a shifting compostion based on the vaying representation of
any given clone at any given passage (usually the most proliferative clone),
these authors reported that their progenitor populations could be expanded up
to 10-million fold with no change in properties in vivo. Nevertheless, this cau-
tion should be kept in mind.

Utility in Transplantation

Table 1 lists the properties that are desirable in a human NSC line for
therapeutic use. These properties include plasticity to accommodate to their
region of engraftment: ability to migrate to regions of pathology, effectively
and stably express genes of therapeutic importance, differentiate into multiple
cell types in the damaged region, and make proper reconnections while without
making inappropriate connections. Just as important, however, are safety re-
quirements that must be satisfied prior to the clinical use of human neural stem
or progenitor cells (Table 2 adapted from Martinez-Serrano et al., 2001), Al-
though many of the characteristics listed have been satisfied by the various
published hNSC lines, some issues still remain. Most prominent among these is
insuring that a stable line of hNSCs can be propagated and expanded to yield
inexhaustibly large numbers over unlimited amounts of time without reaching
senescence yet without becoming neoplastically transformed. How that can be
most safely and efficiently accomplished is an area of intense investigation.
Can it be accomplished via carefully selected genes that operate on the cell
cycle such as myc or by maintaining telomere length (telomerase), or by expan-
sion with mitogens?
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INVENTORY OF AVAILABLE EMBRYONIC STEM
CELL (ESC) LINES AND THEIR POTENTIAL FOR
NEURAL CELL FORMATION

The use of federal funds for research on human ESC lines has been re-
stricted to those lines in existence prior to August 09, 2001. Table 3 (see page
261) is adapted from the National Institutes of Health registry of approved hu-
man ESC lines (http://escr.nih.gov). It provides the name and location of each
distributor and whether they have met the eligibility criteria. The characteriza-
tion of these cells is far from complete and each is in various stages of develop-
ment. Only a few are available to investigators and the unique characteristics of
each cell line are largely unknown. Probably only 3-4 of the listed lines has any
utility for research. None are likely to be appropriate for clinical applications
because of their need to be grown on mouse embryonic fibroblast feeder layers
during key times in their maintenance. Other biological challenges must be tack-
led before ESC lines of any type can be used reliably, effectively, and safely in
research or in clinical medicine. One challenge is the ability to direct ESCs
down a particular desired lineage pathway to the exclusion of other non-desired
pathways. A second challenge is excluding without exception the formation of
teratomas, one of the defining characteristics of an ESC.

Generation of neural precursors from ESCs

Neural precursors have been generated in vitro from human ESCs
(Reubinoff et al., 2000) and from human embryonic germ (EG) cells (Shamblott
et al., 2001) by adapting protocols used for deriving neural cells from rodent
ESCs. Similar attempts are underway to generate even more specialized neu-
ronal cell types from human ESCs (Lee et al., 2000; Studer, 2001), e.g., dopam-
inergic and serotonergic neurons from mouse ESCs, by driving them through 5
stages (Figure 4). The difficulty of adapting these procedures to human ESCs
reflects both the differences between mouse and human ESCs as well as the
technical challenges of manipulating human cells.

Tropepe et al. (2001) have recently speculated that neural ectoderm is the
default differentiation pathway for murine ESCs. That the same may pertain to
human ESCs is suggested by reports of Reubinoff et al. (2000) and Zhang et al.
(2001). The latter group demonstrated the spontaneous generation in vitro of
human neural precursor cells from human ESC lines following prolonged culti-
vation (at least 3 weeks) at high density. Cellular aggregates within the ESC
culture, more reminiscent of neural tubes than of embroid bodies, were formed
that consisted of cells with complex morphologies. These cells were able to
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form floating vimentin- and nestin-positive cellular clusters following isolation
and subculturing in serum-free media, and after replating on an adherent sub-
stratum, e.g., ornithine and laminin, they expressed neuronal markers

(neurofilament, NCAM, synaptophysin, MAP2a, MAP2b). The ma-
jority of neurons were glutamatergic with a smaller percentage positive for
GABA and TH. Prolonged differentiation in vitro was necessary for GFAP im-
munoreactivity, and cells expressed O4 only when cultured in the presence of
platelet-derived growth factor. After grafting into mice, clusters and incorpo-
rated cells were found in the majority of animals with phenotype properties
similar to those seen in culture and they did not form teratomas.

Zhang et al. (2001) found that although these neurally-directed cells, like
precursors from the brain, required FGF2 for proliferation, no additive effect
was elicited by EGF or LIF, alone or in combination. This may suggest that
proliferating ESC-derived neural precursors represent a more immature stage
in development than precursor cells derived from the fetal brain. This is consis-
tent with the suggestion that rodent EGF, and perhaps LIF, responsiveness is
acquired at later stages of precursor cell differentiation (Kalyani et al., 1997;
Tropepe et al., 1999).

Schuldiner et al. (2001) demonstrated a dose-dependent increase in the
percent of cells expressing neurofilament protein following the application of
retinoic acid and nerve growth factor (NGF) to dissociated embryoid bodies
from the human ESC line H9. They found that the expression of dopamine Dl
receptors and serotonin 2A and 5A receptors in differentiated but not untreated
ESCs. They also detected the expression of dopa-decarboxylase, a key enzyme
in the synthesis of both monoamines. In vivo evidence for these has not yet been
reported.
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Future directions in the use of human ESCs will obviously entail trying to
direct neural precursors down ever more specialized differentiation paths by
attempting to mimic protocols used with mouse ES cells, e.g., dopaminergic
neurons (Lee et al., 2000) or motor neurons (Wichterle et al., 2002). These
protocols attempt to mimic developmental processes by applying proteins that
have been identified to play a role in normal development. Improvements in
techniques for culturing human ESCs are needed, e.g., growing the cells in
monolayers (Ying et al., 2003), and without mouse embryonic fibroblast feeder
layers.
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CONCLUSION

In summary, emerging data suggest that a population of CNS progenitors
or stem cells exists whose isolation, expansion, and transplantation may have
clinical utility for cell replacement or molecular support therapy for some de-
generative, developmental, and acquired insults to the CNS (Park et al., 2002a).
The use of NSCs as graft material has helped reorient and broaden the scope of
neural transplantation as a therapeutic intervention. Most neurologic diseases
are not unifocal like Parkinsonism but are characterized by extensive, wide-
spread, multifocal, or even global pathology, often requiring multiple repair
strategies.

By virtue of their inherent biologic properties, NSCs seem to possess the
multiple therapeutic capabilities demanded. At least three types of interven-
tions are possible from the implantation of NSCs into the dysfunctional CNS.
First, transplanted NSCs may differentiate into and replace damaged or degen-
erated neurons and/or glia. In some pathologic conditions, host factors may be
released or expressed within the microenvironment that are detrimental to the
survival or differentiation of donor progenitors. However, donor cells may be
engineered ex vivo to be less sensitive to these factors, to secrete substances that
might neutralize these forces or to express trophic agents to circumvent these
problems. A second category of potential interventions is possible even for im-
planted cells that do not differentiate into the desired cell types. Donor NSCs
may intrinsically provide factors, both diffusible and non-diffusible, that may
enable the injured host to regenerate its own lost cells and/or neural circuitry.
Finally, in the event that specific factors are not naturally produced in sufficient
quantities a third strategy is possible. NSCs can be genetically engineered be-
fore transplantation to become resident “factories” for the sustained production
of substances known to reactivate, mobilize, and recruit quiescent host progeni-
tor cells; promote regeneration and further differentiation of immature nerve
cells; attract ingrowth of host fibers; forestall degeneration resulting from in-
sufficiency of a trophic factor, enzyme, or other factor; neutralize toxins; or
allow cells to utilize alternative metabolic pathways. Because NSCs can incor-
porate into the host cytoarchitecture, they may prove to be more than vehicles
for passive delivery of substances. The regulated release of certain substances
through feedback loops may be reconstituted, as may the reformation of essen-
tial circuits. One multipotent NSC line may, in certain conditions, perform many
of the above-mentioned functions even concurrently. Transplanting these cells,
possibly in combination with other systemic or somatic cell therapies, may be a
broadly applicable treatment for a number of neurological diseases (Park et al.,
2002a).
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The field of NSC biology is at a very early stage of development. Some of
our suggestions are speculative, and much needs to be learned about the proper-
ties of such cells. While work is ongoing on the isolation, propagation, and
transplantation of human NSCs, many important questions need to be addressed
before it will be possible to use such cells in clinical applications (Park et al.,
2002a). For instance, what factors insure the expansion, stability, engraftment,
migration, and differentiation of transplanted NSCs? What variables dictate the
efficiency of foreign gene expression by engrafted NSCs? What is required in a
given disease for reversing progression and restoring function? When is the
proper time to administer cells? What are the limits of reconstitution in the
brain? Do donor-derived cells function normally? Through probing of these
important questions, it is hoped that the biological properties of human NSCs
can be combined with molecular engineering to restore normal functions in the
repair of lesions in both inherited and acquired diseases affecting the CNS.

Implications of NSCs for the Field of Regenerative Medicine

The discovery of the existence of the neural stem cell as model for “pro-
grammed plasticity” and the potential that harnessing developmental processes
may hold for addressing damage and disease, has heralded, a paradigm shift in
the way medicine will approach therapy not only for the nervous system but for
other organ systems as well.

The recognition of putative stem cells in other solid organ systems (Bonner-
Weir and Sharma, 2002; Brittan and Wright, 2002; Forbes et al., 2002; Foster et
al., 2002; Goldring et al., 2002; Hughes, 2002; Janes et al., 2002; Otto, 2002),
and the ability of ESCs to give rise to such precursors (Reubinoff et al., 2000),
suggests the broad scope of this approach: the harnessing of stem cells for the
repair of many tissues, e.g., heart, liver, muscle, pancreas), in addition to the
nervous sytem. While approaches to disease have heretofore focused on halting
a specific pathology, stem cells could provide an additional approach by replac-
ing defective components with more normal ones. There is also the possibility
that tissue-resident stem cells from other organ systems can give rise to neural
elements, may provide alternative sources for CNS repair. These observations
remain controversial at present.

Questions have emerged as to whether one should effect repair through
(a) the mobilization and recruitment of endogenous stem cells; (b) the extrac-
tion, expansion, and reimplantation of the patient’s own stem cells; or (c) the
implantation of exogenous well-characterized donor stem cells. The answers
are not yet clear. Autografts of patient stem cells in situ expansion of native
stem cells remains problematic. For example, stem cells derived from an indi-
vidual with a genetic impairment, including Alzheimer’s, Parkinson’s, and
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Huntington’s diseases, may prove to be ineffective (Park et al., 2002a). An ad-
ditional problem potentially is the fusion of a donor cell with a host cell (Wang
et al., 2003) leading to misidentification of host vs. donor cells.

Future research will need to determine whether such cells can meet the
gold standards of safety, efficiency, simplicity, and efficacy described in Tables
1 and 2. If these standards are met, it is quite conceivable that many different
sources of stem cells, used singley or in combination, will ultimately be used
for different purposes in treating a variety of diseases.
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Chapter 9

Isolation, Survival, Proliferation, and Differentiation
of Human Neural Stem Cells

Beatriz Navarro, Ana Villa, Isabel Liste, Carlos Bueno and
Alberto Martínez-Serrano

INTRODUCTION

Neural stem cells are essential cellular elements for nervous system gen-
eration and maintenance (Anderson, 2001; Temple, 2001). During the last de-
cade, an impressive amount of information has been generated regarding the
basic in vitro and in vivo biology of neural stem cells (NSCs). A quick search in
public databases on terms like survival, proliferation, and differentiation of NSCs
immediately retrieves thousands of research articles and reviews published in
the last two years on these topics. Although the majority of this research, par-
ticularly that one dealing with genetic analyses and behavior of NSCs in situa-
tions of neurodegeneration in vivo, has been obviously conducted in rodents, a
growing knowledge about human NSCs (hNSCs) biology is also rapidly be-
coming available. The main objective of this chapter will be to summarize re-
cent advances in our understanding of the biology of hNSCs, particularly in
those aspects related to translation of basic research to potential therapeutic
applications. We, in advance would like to apologize to many colleagues whose
work can not be summarized here due to space constraints. Whenever needed,
and due to the absence of information in the human setting in many respects,
research in rodent systems will also be summarized. This chapter will be orga-
nized in a few sections aimed to cover isolation procedures of hNSCs, culturing
or proliferation methods, and properties of the different cellular systems, fac-
tors influencing survival and differentiation (two aspects intimately linked),
and finish with an account of recent transplantation experiments illustrating the
survival, migration and differentiation capabilities of hNSCs when grafted into
the fetal, neonatal and adult rodent and primate brain.

From: Neural Stem Cells: Development and Transplantation
Edited by: Jane E. Bottenstein © 2003 Kluwer Academic Publishers, Norwell, MA
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ISOLATION AND PROPAGATION OF HUMAN NEURAL
STEM CELLS (HNSCS)

Sources of hNSCs

The available tissue sources of cells showing genuine properties of hNSCs
are mainly two: human embryonic stem cells (hES) and fresh human tissue
derived from fetal, neonatal or adult nervous system samples (autopsies or bi-
opsies). Alternative sources of neural precursors, progenitors, neurons or glia
of human origin, like human umbilical cord, bone marrow or skin, will not be
considered in this chapter (see Chapter 6 in this volume).

Human neural stem/precursor cells derived from hES cells

With the discovery of isolation, derivation and proliferation methods for
hES cells back in 1998 by Thomson et al. (1998), a whole new field in cell and
tissue bioengineering exploded. hES cells, due to their pluripotency (ability to
generate differentiated cell types from all three embryonic germ layers) can be
easily manipulated in culture to obtain other mature, differentiated cell types,
neural cells included. The initial methods for the derivation of neural cells from
hES cultures, described soon after the discovery of hES cells (Reubinoff et al.
2000, 2001; Zhang et al., 2001; Schuldiner et al., 2001; Carpenter et al., 2001;
see also Chapter 5 in this volume), were all based on the generation of embryoid
bodies (transient multicellular aggregates or structures, masses of cells growing
as distinct entities in cultures of hES cells), which appear soon after culture
conditions are modified (usually LIF removal, treatment with retinoic acid;
Studer, 2001; Smith, 2001; Gottlieb, 2002). Isolation of these structures fol-
lowed by serum removal and addition of neural stem cell mitogens (FGF2 and/
or EGF) leads to the generation of cells growing as floating aggregates, similar
to the so-called neurospheres, and to the appearance/expression of multiple
immature neural markers in the generated cells, particularly nestin. From this
stage, and after plating those cell clumps as adherent cultures, the neural pre-
cursors continue their differentiation program yielding a mixed neural culture
composed of different types of neurons (GABAergic, glutamatergic,
serotoninergic, dopaminergic). Alternative methods, mainly applied to the gen-
eration of dopaminergic neurons from mouse and primate ES cells, have been
developed on the basis of cocultures of ES cells onto a stromal feeder and in-
ductive cell layer (Kawasaki et al., 2000, 2002). Information about the simulta-
neous generation of other (non-dopaminergic) neuronal phenotypes is limited
in this case. Also, very recently, a new method for the conversion of mouse ES
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cells into neural precursors has been described, using a feeder-free but condi-
tioned medium supplemented, adherent monolayer culture (Ying et al., 2003).

It is worth mentioning at this point that the isolation of human neural
stem/precursor cells from hES cells is a poorly understood process, since ex-
perimental procedures to accomplish it have been mostly empirically derived
(see comments by D’Amour and Gage, 2000; Studer, 2001; see also Chapter 5
in this volume). In addition, all systems reported so far require either the propa-
gation or the neural induction of hES in cell culture systems based either in the
coculture with feeder/inductive cell layers (fibroblasts or stromal cell feeder
layers), or the use of conditioned medium. This lack of definition in medium
composition and control upon operating mechanisms make the system poorly
defined. Also, and whilst it is true that neural cells arise in these preparations
(mostly neurons and astrocytes, but rarely oligodendrocytes), the induction of
specific neuronal cell types remains a challenge. It should be highlighted too
that, in spite of the positive evidence indicating that neural cells can be gener-
ated from hES cells, a substantial population of cells having phenotypes corre-
sponding to other embryonic layers are usually also present. These findings
pose important safety issues and limitations for future applications of these tech-
nologies in the clinical setting, which should be clarified in the near future.

Derivation of hNSCs from Fresh Human Tissue: Cell Strains and Cell
Lines

Most methods employed for the derivation of hNSCs cultures from fresh
tissue, already developed almost a decade ago, are based on the generation of
floating aggregate cultures (the so called neurosphere cultures) using rodent
cells (Reynolds and Weiss, 1992; Vescovi et al., 1993; Martinez-Serrano et al.,
2001; Villa et al., 2001). In the case of human materials, post mortem tissue is
most often used (from aborted human fetuses, or after autopsy of neonatal or
adult specimens), but there are also examples of tissue obtained from biopsies
after surgical interventions (see below).

Once tissue is available, it can be used as such or after purification/enrich-
ment of the sample in cells with properties of neural stem/precursor cells (see
below). The cultures afterwards can be grown following two principal schemes:
A) the generation of floating neurosphere cultures which are subsequently passed
by mechanical trituration or “chopping” (Svendsen et al., 1998) and where neu-
ral stem cell growth is achieved by the provision of mitogens (most commonly
in the form of FGF2, EGF and/or LIF). Due to the continued action of these
mitogens, the culture becomes progressively enriched in cells with the proper-
ties of neural precursors, and after a few passages, needed to eliminate primary
postmitotic cells, it becomes a “cell strain” (a serially passaged culture of mor-
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tal cells). As discussed below, these neurosphere cultures have the main theo-
retical advantage of being propagated under the influence of epigenetic signals
(mitogens added to the culture medium) and without the need for any genetic
modification. This, of course, does not eliminate the possibility that genetic
changes occurr in these cells: mutations, phenotypic changes, and so on, that
may take place in any cell culture system. The main disadvantages of these
cultures are their limited capacity for proliferation, and their continuously chang-
ing or evolving properties with time, together with the heterogeneity of cell
types present in the neurospheres. B) Another method, based on the genetic
perpetuation of the cells, has been also used for the generation of immortal cell
lines of hNSCs (Martinez-Serrano et al., 2001; see Chapter 8 in this volume). In
this case, a perpetuating gene (actually, v-myc for all reports published on hu-
man cells) is used to immortalize the cells in order to generate a true cell line. In
spite of the presence of v-myc in these lines, the cells do not show any sign of
transformation either in vitro or in vivo. It should be highlighted at this point
that the use of perpetuating genes (v-myc in particular) results in conditional
immortalization, since the cells are still dependent on mitogens for their growth
(Villa et al., 2000), and readily differentiate after mitogen removal from the
culture medium. The main advantages of cell lines are their vigorous growth,
utility for further genetic modification and subcloning, their availability and
banking, and the stability of their properties over time (as shown below).

hNSCs Isolation/Propagation Methods and Properties of the
Resulting Cultures

Before progressing into the details of isolation procedures briefly, the cul-
turing methods for human neural stem cells will be described. [For a detailed
account of numerous methods and variants, see Martinez-Serrano et al. (2001)
and LeBelle and Svendsen (2002)]. In general, hNSCs are cultured in a
DMEM:F12 based medium, with an increased glucose concentration, and with
some extra added buffering power (usually in the form of HEPES) to counteract
the rapid acidification of the medium that normally occurs as the cells prolifer-
ate. N2 supplements (Bottenstein and Sato, 1979) are essential for cell growth,
and in some cases 1% albumin and nonessential aminoacids are also added
(although they may not be essential for cell proliferation). When albumin is
used, it is recommended to obtain high quality, cell-culture tested material (e.g.,
Albumax from Life Technologies), since some batches of albumin may contain
traces of reagents which may seriously compromise cell viability. For the par-
ticular case of neurosphere cultures, heparin is also recommended since it acts
as a buffer for mitogens, and also reduces cell adherence to the plastic surface.
Heparin, though, is clearly not indicated (and in fact unnecessary) for the main-
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tenance of adherent cell lines. To this DMEM:F12-N2 basic medium, addi-
tional mitogens are usually added to enhance cell growth. The use of serum is
normally not advised, since it may promote cell differentiation. The most com-
mon mitogens used are a combination of FGF2 and EGF (10-20 ng/ml), al-
though each of them individually may act to stimulate proliferation of different
subsets of cells. LIF or CNTF (10 ng/ml) have been used in some studies, since
they seem to enhance cell proliferation and extend lifespan to a moderate extent
(see below for details). Under these conditions, both neurospheres and cell lines
proliferate efficiently.

For the case of cell lines, two thirds of the medium is replaced every 2-3
days, and once confluency is approached, cultures are trypsinized (avoiding the
use of serum) and re-seeded at 1/5-1/10 splits. Considering the cell cycle length
of cell lines (one to two days), the cells are normally passaged every 5-7 days.

The case of human neurospheres is markedly different from that of cell
lines. Cultures are initiated from dissociated cell suspensions obtained from
fresh tissue following a mild protease digestion, with papain or trypsin, and in
the presence of DNaseI, and the cells are usually plated at a density of

After a few hours, the cells adhere to the plastic surface, and cultures
initially look like any other primary neuronal culture. Following continuous
mitogen stimulation over subsequent days, EGF-, FGF2-, or EGF/FGF2-respon-
sive cells start to proliferate and initially form small clumps of cells that tend to
detach from the plastic surface. Culture flasks are usually knocked everyday, to
maximize the number of cells detaching from the plastic surface and forming
suspension aggregates. Mitogens may be readded once or twice per week (or
not, depending on laboratory routines). Floating cell aggregates are collected
approximately 10 days following plating and mechanically triturated in a small
volume of medium using siliconized and fire polished Pasteur pipettes of de-
creasing opening size, or, alternatively, regular automatic pipette tips until cell
clumps are not visible to the naked eye. DNasel may be included at this step, to
minimize cell clumping during trituration, due to the genomic DNA released
from dying cells. The yield, in most cases, is around 50%. Following centrifu-
gation, the cells are again plated at cells/ml in complete fresh medium.
After 3-5 passages, cultures are mainly composed of floating aggregates of cells
(neurospheres) originating from cells showing all the properties of an in vitro
neural stem cell. Cellular composition in the spheres may vary with time, since
the mitogens seem not to be able to counteract the propensity of the cells to
differentiate, yielding a heterogeneous neural culture. A variant of trituration is
the “chopping” method, in which spheres are sectioned into quarters, to pre-
serve cell-to-cell contact (Svendsen et al., 1998).

Low oxygen conditions seem to slightly promote hNSCs growth, but are
not really needed for the derivation of either neurosphere cultures or cell lines.
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Even cultures initiated from human ventral mesencephalic tissue seem to be-
have exactly the same under low (5%) or conventional (20%, hyperoxic) oxy-
gen conditions, in terms of proliferation and dopamine neuron generation (our
unpublished results, but see Studer et al., 2000 and Storch et al., 2001).

Several interesting aspects regarding the properties of these proliferating
hNSCs cultures have not been explored yet in detail. Among them, there is the
issue of self-renewal. Self-renewal, in our opinion, is a concept that may better
be reserved for in vivo neural stem cells, which are able to truly perpetuate their
cellular population, possibly due to the combination of cell-intrinsic properties
and environmental factors. Proliferation in culture may be seen as a different
phenomenon, and equivalence between proliferation and self-renewal in vitro
is far from clear. Basically, cells in culture are responding to strong mitogenic
cocktails, and, as a result, proliferate. So, the cells are somehow forced to “self-
renew”. However, the changes that occur in culture with time, like the progres-
sive decay in their potential to generate oligodendrocytes or dopaminergic neu-
rons, speaks against a true self-renewal capacity of the cells in vitro. Prolifera-
tion does not mean self-renewal. Or, in other words, the simple observation that
certain cells proliferate in culture while stimulated by powerful mitogens does
not demonstrate a cell-intrinsic capacity for self-renewal, if we understand self-
renewal as preservation of properties, and not merely as capacity for cellular
proliferation.

Another two aspects which have not been analyzed yet, are 1) the occur-
rence of symmetric or asymmetric divisions in hNSC cultures, and 2) the issue
of whether particular growth requirements may depend or not on the fetus age
or the nervous system region from which the starting tissue is obtained. With
regard to the type of cell division, it seems obvious that proliferating neural
stem cells (either neurosphere-forming cells or cells of hNSC cell lines), as
long as they proliferate and generate progeny with near-to-stable properties,
must necessarily undergo some type of division allowing for the maintenance
of a putative stem cell pool. Obviously, a neurosphere forming cell must have
some capacity for self-renewal, but it is far from clear if such a cell undergoes
symmetric or asymmetric divisions, how often, and how is that decision regu-
lated. Initially, the neurosphere forming cells should undergo symmetric divi-
sions, even if it is only to generate a new sphere, followed by asymmetric divi-
sions, leading to the generation of more differentiated progeny. In the case of
cell lines, it seems more plausible that these cells undergo symmetric divisions,
continuously perpetuating cells endowed with homogeneous properties of a
neural stem cell, until culture conditions are changed in order to promote its
differentiation.

It is also important to discuss the consistent presence of undifferentiated
neural stem-like cells in cultures treated with differentiating conditions. This is
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a common observation made in both neurosphere and cell line cultures, which
consistently appear to contain a substantial percentage of cells that are undiffer-
entiated. Alternatively, there could be an intrinsic program in the cells. These
nondifferentiating cells in presumably “differentiated” cultures have not attracted
a lot of attention from investigators, but they may be an excellent preparation to
study basic aspects of homeostatic control of neural stem cell pools. In fact, the
existence of a pool of cells which are refractory to differentiating conditions
may very well constitute the proof for asymmetric divisions.

Coming back to the isolation of hNSCs, progress in recent years has lead
to the development of a few methods that result in the generation of relatively
pure cultures of hNSCs: 1) FACS sorting using cell surface markers, 2) FACS
sorting using the expression of fluorescent reporter genes with specific promot-
ers, 3) FACS sorting based on physical (size) properties, 4) Enrichment on the
basis of specific mitogen treatment, and 5) immortalization of mitogen acti-
vated hNSCs. Not all these methods or combination of them have been applied
to the various sources of hNSCs. (See Chapter 7 in this volume for a discussion
of isolation and clonal analysis of neural stem cells.)

FACS based on surface markers

Fluorescence-activated cell sorting (FACS) has been successfully applied
to rodent peripheral and central nervous system cells, and also to human CNS
cells. The main advantage of FACS-based procedures is that the desired cells
can be isolated at high purity from a bulk suspension, thereby providing a way
to obtain hNSCs without the need for prolonged culturing and enrichment. Iso-
lation of cells by FACS would, in theory, provide enough cells for experimenta-
tion or transplantation in a single step, as long as a source containing sufficient
numbers of hNSCs is available. This aspect, particularly for the case of human
materials, remains a hurdle, since the availability of such a tissue source for
large-scale hNSC collection is unclear. The best documented example of FACS
purification of hNSCs is based on use of the CD133 antigen in combination
with other antigens (Uchida et al., 2000). Starting from fetal forebrain human
tissue, the cell subpopulation showing the properties of self renewal and
multipotency were also showed with high CD133 expression and absence of
CD34, CD45 with negative-to-low expression of CD24 antigens. A fraction of
the cells isolated following these criteria showed the capacity to self renew in
neurosphere cultures and to generate neurons and glia upon differentiation. Even
though data in their report and subsequent follow up studies (Tamaki et al.,
2002) are compelling, other neurosphere and immortalized cell cultures of hNSCs
fulfilling all the required criteria of neural stem cells, do not express CD 133 at
levels high enough for sorting, e.g., human forebrain-derived neurospheres de-
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scribed by Carpenter et al. (1999) and the human HNSC.100 cell line (unpub-
lished observations). As previously discussed (Martinez-Serrano et al., 2001),
the population also contains cells with properties different from genu-
ine hNSCs, since they show a very limited in vivo differentiation capacity, gen-
erating mostly glia after transplantation (Uchida et al., 2000; Tamaki et al.,
2002).

A recent addition to the armamentarium of cell surface markers is the
antigen called FA-1 (from fetal antigen-1, also known as delta-like, dlk)
(Christophersen et al., 2002). This protein is expressed by cultured hNSCs, and
it is also a marker of dopaminergic and other neurons in the adult mammalian
brain. Therefore, it is being studied to develop useful methods for the isolation
of not only hNSCs, but also of dopaminergic human progenitor cells for trans-
plantation. Finally, tetraspanins and non-protein epitopes [CD9, CD15, CD81,
CD95 (Fas) and GD2 ganglioside)], also present on hNSCs surfaces (Klassen et
al., 2001), may additional further antigens helpful to refine FACS procedures
for the purification of hNSCs,

Alternative methods used for the enrichment of hNSCs and other precur-
sors or progenitors are based on the less discriminating combinations of cell-
surface markers such as for enrichment of hNSCs (Haque et
al., 2000) or the purification of glial restricted precursors from commercial
sources of hNSC as an subpopulation (Dietrich et al., 2002).
In addition, oligodendrocyte progenitors have been isolated from samples ob-
tained after surgical resections of white matter regions of the adult human brain,
based solely on the expression of A2B5 antigen (Windrem et al., 2002). Physi-
cal parameters such as the size and cellular complexity of the presumptive
neurosphere forming or neuronal progenitor cells have also been applied for
both human and rodent neural precursor cells (Ostenfeld et al., 2002; Rietze et
al., 2001).

Other methods, only used so far for rodent tissue, are 1) the purification of
neural crest stem cells (NCSCs) from the PNS (E14.5 rat sciatic nerve;

Morrison et al., 1999), and 2) a negative selection procedure for FACS sorting
of rat telencephalic neural stem cells (Marie et al., 2003). The applicability of
these procedures for the sorting of hNSCs from heterogeneous populations of
neural cells still remains to be determined.

FACS of specific populations of hNSCs, precursors and progenitors
based on the expression of reporter fluorescent genes under the control of
cellular- or phenotype-specific promoters.

This strategy represents a further step for the purification of specific cellu-
lar subtypes from a heterogeneous bulk preparation derived from human ner-
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vous tissue specimens. The concept behind it is very simple, since it is based on
the transgenic expression of reporter genes (green fluorescent proteins, GFPs)
under the regulatory control of phenotype specific promoters. In this manner,
one would theoretically be able to target stem, precursor, progenitor, or mature
cells, as long as the cell-type specificity of the promoter in the construct is
preserved in a transgenic setting, which is not guaranteed). GFPs are the most
commonly used reporter genes, in spite of the disadvantages this implies, due to
their undesired effects on gene expression by the modified cells (Martinez-
Serrano et al., 2000). Other alternatives, like the use of LacZ and fluorescent
substrates for are much less explored.

Using a repertoire of promoters, fetal and adult human neural stem/pre-
cursor and progenitors have been isolated from different brain regions of samples
obtained from biopsies or autopsies. Promoters used include those of the genes

for neurons, nestin for neural stem cells, musashi for immature pre-
cursors (also present in neuronal and astroglial progenitors), and CNPase for
immature oligodendrocyte progenitors (Roy et al., 1999, 2000; Keyoung et al.,
2001).

Enrichment of hNSCs/precursor cells through continued expansion of
cell strains (neurosphere cultures).

Propagation procedures for the so-called neurosphere cultures were ini-
tially described over a decade ago, derived from studies done with rodent cellu-
lar preparations (Reynolds and Weiss, 1992; Vescovi et al., 1993). The adapta-
tion of these methods for their use to culture hNSCs has been extensively re-
viewed elsewhere (Martinez-Serrano et al., 2001). The most recent and remark-
able pieces of information related to human neurosphere cultures include the
elucidation of LIF actions on the proliferation capacity of these cells, the pro-
posal that low oxygen (normoxia) conditions in cell culture are more appropri-
ate for culturing hNSCs than air oxygen tension (hyperoxia) and, more interest-
ingly, a detailed description of the molecular and cellular properties of the
neurosphere cultures in relation to their heterogeneity and limited survival in
culture.

Human neurospheres are normally expanded under the mitogenic influ-
ence of FGF2 and/or EGF. Nowadays, and stemming from the ES field, LIF is
quite often included in the cell culture medium to enhance cell division. LIF (or
CNTF, which is exchangeable for LIF, since they share the same signaling sub-
unit of the receptor) stimulates proliferation of human cells remarkably (Car-
penter et al.,1999; Ostenfeld et al., 2000; Wright et al., 2002). In addition, LIF
was expected to solve the problem of senescence of human neurosphere cul-
tures through a putative dynamic regulation of telomerase activity levels (as
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proposed by Svendsen, 2000). Afterwards, however, LIF has been found to
have no relevant influence on the levels of telomerase activity in long-term
cultured neurospheres (Ostenfeld et al, 2000, Wright et al., 2002, Villa et al.,
submitted). In summary, LIF does not seem to be able to override the prolifera-
tion limit of human neurospheres beyond a certain number of cell divisions. It
doubles the population doubling (PD) limit from around 40-50 PD (Ostenfeld et
al., 2000) to a maximum of around 90 PD (Wright et al., 2002), but the cells
finally enter senescence and the cultures become nonproductive, as expected of
somatic, mortal cells. In all these studies, neurospheres were derived from the
fetal human CNS.

Cell culture in low oxygen conditions, or the addition of erythropoietin
(EPO) to neurosphere cultures, has been shown to enhance proliferation of ro-
dent neural stem/progenitor cells from both the PNS and CNS (Morrison et al.,
2000, Studer et al., 2000, Shingo et al., 2001). In contrast to regular cell culture
conditions, growth in reduced levels of oxygen (3-5%), more similar to those
present in the developing CNS, have been reported to enhance the mitogenic
potential and also influence cell fate decisions of PNS neural crest stem cells by
providing permissive conditions for catecholaminergic differentiation (Morrison
et al., 2000). Reduced oxygen levels also enhance the survival, proliferation
and catecholaminergic differentiation of rat embryonic ventral mesencephalic
(VM) progenitor cells. Overall enhancement resulted in a 3-fold increase in

neuron production when compared to regular (hyperoxia) conditions, ac-
counting for over one-half of the neuronally-differentiated cells (identified as

cells, Studer et al., 2000). A similar beneficial effect of culture in
low oxygen conditions has been described for the proliferation and subsequent
differentiation/dopaminergic induction of human VM progenitors (Storch et al.,
2001).

Erythropoietin (EPO) endogenously produced by the mammalian brain as
an hypoxia-inducible cytokine, also exerts profound actions on forebrain neural
stem cells of rodent origin, both in vitro and in vivo, which may represent a
parallel situation to that described under reduced oxygen levels (Shingo et al.,
2001). In this case, EPO appeared to mimic the effects of moderate hypoxia on
enhancement of neuron production by cultured mouse forebrain neurospheres,
at the expense of multipotent progenitors.

The heterogeneity and senescence of neurosphere cultures has often been
neglected. Heterogeneity of neurosphere cultures was postulated long ago (see
discussion in Martinez-Serrano et al., 2001) on the basis of the expression of
relatively mature neuronal and astroglial markers in neurosphere cultures, which
contain a minority of cells having the potential for the generation of new
neurospheres, i.e., cells able to “self-renew”. The latter cells express markers of
immature NSCs such as nestin and are the only ones that could be regarded as
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stem/precursor cells, operationally speaking, as long as the definition of the
hNSC in vivo is not clarified. Neurosphere cells are surviving in a less than
optimal growth medium (see below) that balances their intrinsic propensity for
differentiation with the mitogenic stimuli provided by powerful growth factors
such as FGF2, EGF, and LIF/CNTF.

Regarding the heterogeneity of neurosphere cultures, there are clear, de-
tailed reports describing it at the molecular, ultrastructural, cellular, and func-
tional (viability, proliferation, and lineage marker gene expression before and
after differentiation) levels (Svendsen and Smith, 1999; Kukekov et al., 1999,
2002; Poltavtseva et al., 2001,2002; Revishchin et al., 2001; Suslov et al., 2002).
In fact, human neurospheres have been found to differ from each other even
within a single clone of cells, in samples derived from embryos of the same
gestation, from embryo to embryo, and even more, from lab to lab. Heterogene-
ity in the neurospheres could be caused, at least in part, by the absence of selec-
tive pressure in culture, i.e., cells can accumulate mutations freely or drift eas-
ily when cultured in bulk. It is also important to highlight that human neurosphere
cells proliferate as long they manage to maintain a critical balance between
their propensity to differentiate and the strong mitogenic stimuli present in their
cell culture medium. In this scenario, it should not be so surprising to find that
part of the cells in the spheres escape from the proliferative stimuli and progress
to generate a repertoire of transit amplifying cells, which, in turn, easily give
rise to fully differentiated neuronal and glial cells.

The issue of senescence of human neurosphere strains has become re-
cently accepted in the field, since human neurosphere cultures derived from
different sources have been consistently and systematically reported to show a
proliferation limit in culture. Thus, neurospheres derived from hES cells
(Reubinoff et al., 2000), from the fetal human CNS (Ostenfeld et al., 2000,
2001), or the neonatal or adult human CNS (Palmer et al., 2001) have all been
reported to enter senescence, yielding nonproductive cultures after variable pe-
riods of time and population doublings (see Table 1).

In one case, Ostenfeld et al. (2000) reported that human neurosphere cul-
tures gradually lose their initially low levels of telomerase activity with passag-
ing, and suggested that this was causative of the reduction of their telomeres
(assayed by telomere restriction fragment, TRF, length, which also include the
length of the subtelomeric regions at the end of the chromosomes). On these
grounds, the idea that the absence of telomerase was responsible for telomere
shortening was put forward as a means to explain the proliferation limit com-
monly observed for human neurosphere cultures.

In our laboratory, we wanted to reexamine this hypothesis, and, to our
surprise, we found that human neurosphere strains from different embryo ages,
labs, and culturing conditions had, overall, rather long and heterogeneous, te-
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lomeres (Figure 1). Telomere shortening thus seemed not to be the cause of
their poor proliferation properties and senescence. In all samples studied, a com-
plete absence of telomerase activity was confirmed, in agreement with the re-
sults by Ostenfeld et al. (2001).

The presence of heterogeneous and long average TRF signals could be
due to the existence of a subpopulation of cells in the neurosphere cultures with
true stem cells properties which could be able to preserve the length of their
telomeres (cells with long telomeres and telomerase positive), co-existing with
other, more differentiated cells, with shortened telomeres. In order to clarify
this point, we performed a Q-FISH (quantitative fluorescent in situ hybridiza-
tion) assay to more precisely determine the actual length of the telomeric region
at each chromosome end in the neurosphere samples (Figure 2). Q-FISH data
confirmed that neurosphere cells did not show any relevant reduction of telom-
ere size (neurosphere cells, 5.6-7.6 Kb range; immortalized cell lines, 1.8-3.4
Kb range). Q-FISH analysis, in addition, provided evidence demonstrating that
no chromosomal free ends were present in human neurosphere cells in immor-
talized cell lines, nor were there any structural or numerical chromosomal aber-
rations. Furthermore, analysis of individual cellular metaphases ruled out the
presence of a subpopuladon of cells having telomeres of differing sizes, mean-
ing that heterogeneity in telomere size occurs on a single cell basis, and is not a
population-based phenomenon.

From these studies one can therefore conclude that neurosphere cells are
able to maintain their telomeres at a reasonable length, and, therefore, suggest-
ing a genetic crisis to explain their senescence has no strong basis. Interest-
ingly, neurosphere cells preserve the end of their chromosomes in the absence
of telomerase activity. This fact, in combination with the high heterogeneity
found when analyzing individual telomere ends point to the activation of alter-
native lengthening of telomere pathways (ALT).
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The argument presented above directly leads one to formulate the ques-
tion of whether or not cells in the neurosphere cultures are actually showing or
undergoing any senescence-related process. To start obtaining some evidence
in this respect, we analyzed the expression of the well-accepted marker of cel-
lular senescence, (standing for senescence-associated activity;
Dimri et al., 1995). When different neurosphere cell strains were analyzed for
this activity, we found a high percentage of cells (over 60%), both during prolif-
eration and after differentiation conditions, staining positive for this marker
(Figure 3; Villa et al., 2000; unpublished data). In contrast, immortalized cell
lines did not show any stained cells.

Considering the present data, it is unreasonable to argue that human
neurosphere strains have a limitation of their lifespan on the basis of a biologi-
cal clock, that measures telomere length. Rather, the present data on telomere
ends in human neurosphere cells (long and seemingly functional telomeres) are
more consistent with the view that these cells are subjected to what has been
loosely defined as SIPS (stress induced premature senescence), i.e., that culture
conditions are suboptimal, imposing a continued stress on the cells.
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Genetically perpetuated hNSCs lines

The field of genetically perpetuated lines of hNSCs that can generate func-
tional neural cells has been recently and thoroughly reviewed (Vescovi and
Snyder, 1999; Martinez-Serrano et al., 2001; Villa et al., 2001; 2002, Gottlieb
et al., 2002). Therefore, the reader is referred to those original publications for
detailed information on the available cell lines. In addition to the H1 and H6
cell lines described by Flax et al. (1998), the HNSC.100 (or hNS1) cell line
described by Villa et al. (2000) and the newly generated hNS2 cells (unpub-
lished data), another cell line called HB1-F3 has been recently described (Cho
et al., 2000).

Interestingly, all the human cell lines reported so far have been perpetu-
ated using v-myc. In the Villa et al. study (2000) other putative immortalizing
genes were also studied for their efficiency, like the from SV40,
and c-myc. c-Myc was the only one showing some effects in extending the life-
span of hNSCs, but failed to immortalize the cells. Another gene with putative
immortalization capacity, telomerase reverse transcriptase (hTERT) has also
been tried on hNSCs and reported to be inefficient (Pilcher et al., 2002). How-
ever, more recent reports indicate that hTERT is effective for human spinal
cord neural precursors (Roy et al., 2002).
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So far, all the immortalized cell lines described have been generated in a
non-targeted way, meaning that the cells were not selected in culture for being
endowed with any particular properties before their genetic modification. In
addition, the transgene (v-myc) expression was not targeted to specific cell types
since unspecific retroviral (MLV-based) vectors were used in all cases. The
hNS1 cell line (Villa et al., 2000) was derived from a human neurosphere strain
that was cultured under selective conditions for hNSC growth for one year.
These cells were then cloned, generating a homogeneous cell line for further
study.

Several aspects related to the basic biology of immortalized cell lines de-
serve further discussion: 1) the nature and properties of the immortalizing gene,
2) properties other than continued proliferation substantiating their immortal
nature, 3) the immortal but not “transformed” nature of the cells, 4) their unal-
tered potential for terminal differentiation into functional neural cells, and 5)
their stability over years in culture.

v-myc has been consistently reported to be the best gene for immortaliza-
tion of hNSCs. However, its actions, underlying molecular mechanism, and
efficiency at immortalizing hNSCs are very poorly understood, v-myc is a fu-
sion protein of 110 Kd generated after rescue of chicken c-myc cDNA (exons 2
and 3) by an avian retrovirus. As a result, the coding region for active c-myc
became fused to the gag sequence, resulting in a gag-myc entity, which, after
processing and cleavage of its ends, results in a protein showing transforming
activity on avian cells. However, there are no reports in the literature describing
any experimental evidence on transformation of human cells by v-myc. Fur-
thermore, the activation of two-to-three human oncogenes is needed to push
cells into a transformed phenotype. Interestingly, the proto-oncogene, c-myc,
failed to immortalize hNSCs (Villa et al., 2000, and other unpublished results
obtained with forebrain and mesencephalic human tissue samples) and is also
reported to be not sufficient to cause intraparenchymal tumors when transduced
into rodent neural precursors in vivo (Fults et al., 2002).

Finally, a compelling and extensive body of evidence generated by sev-
eral research groups working with immortalized cells demonstrates that v-myc
cell lines do not form tumors, i.e., are not transformed. Box 1 describes some of
the evidence generated by our group and that of Evan Snyder, working with
different hNSCs lines (see Chapter 9 in this volume).

With regard to the immortal nature of v-myc hNSC lines, we know that
continued proliferation over years and the ability to subclone is present. Recent
investigation in our group has determined that v-myc, possibly through a direct
interaction with myc-binding sites in the promoter for hTERT, results in the
quick activation (<48hr) of telomerase activity in hNSCs (unpublished results).
As a result, the telomeres of 2-and 4-year propagated hNS1 cells and of 3-year
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Box 1. Evidence demonstrating the absence of transformation of v-myc
perpetuated hNSCs

No reported transforming activity of v-myc on human neural tissue in the scientific
literature.

Absence of growth in soft agar assays (Villa eat al., 2000).

Their immortalization is conditional, since they are EGE/bFGF dependent. In the
absence of these factors, and even in the presence of fetal bovine serum, the cells do
not grow. After differentiation, the cells do not proliferate, as assessed by 3H-
thymidine incorporation in vitro or PCNA immunocytochemistry. The cell cycle
length increases from 40 hours to over 30 days (Villa eat al., 2000).

After in vitro differentiation, the cells:

achieved by growth factor withdrawal (Villa et al., 2000; Flax et al., 1998;
Rubio et al., 2000).
stopped expressing nestin and vimentin, both in vitro and in vivo (Villa et al.,
2000; Flax et al., 1998; Rubio et al., 2000).
reduced expression of v-myc, as demonstrated by RT-PCR (Villa et al., 2000;
Flax et al., 1998; Rubio et al., 2000; unpublished data).
stopped expressing telomerase protein, and show no detectable telomerase
activity (unpublished data) in contrast to transformed cells.
changed morphology and expressed neuronal and glial differentiation markers
proper of terminally differentiated (and not just quiescent) cells (Villa et al.,
2000; Flax et al., 1998; Rubio et al., 2000).
pool of cells in G2/S/M phases of the cell cycle profoundly decreased. This
change was more clear-cut in genetically expanded (GE) cells than in human
neurospheres (unpublished data).

In vivo:
GE-hNSCs do not form tumors neither in fetal (Ourednik et al., 2001), neonatal
(Flax et al., 1998) nor in adult immune-suppressed animals (Rubio et al., 2000;
Aboody et al., 2000).
Transplanted GE-hNSCs downregulate nestin as soon as one week following
implantation (Rubio et al., 2000).
Transplanted GE-hNSCs do not express PCNA, a marker of cycling cells
(Rubio et al., 2000).
Transplanted GE-hNSCs differentiate to generate cells expressing mature
neuronal and glial markers (Flax et al., 1998; Rubio et al., 2000; Ourednik et
al., 2001).
Cell cycle duration, colony formation potential and neuron generation
capability is unchanged over years in culture (unpublished data).

Reviews: Villa et al., 2001; Martinez-Serrano et al., 2001; Villa et al., 2002.
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propagated hNS2 lines are short (around 2-3 Kb as determined by Q-FISH) but
homogeneous, and are preserved in a stable manner for over hundreds of popu-
lation doublings. No chromosomal free ends or chromosomal abnormalities
(structural or numerical) were found in these cells lines. Furthermore, their
clonogenic potential, cell cycle and rate of neu-
ron generation neurons) were unaltered after 4 years in culture
(unpublished data; see Figure 4).

The capacity for terminal differentiation of hNSCs was studied by flow
cytometry, carrying neurosphere strains and cell lines in parallel. This cell cycle-
exit study revealed that hNSCs cell lines efficiently exit the cell cycle. Follow-
ing differentiation, 5% of the cells were arrested with a 2-4N DNA content.
When expression of the cell cycle marker Ki-67 (late G1/S/G2/M phases) was
studied, 10-15% of the total number of cells were positive for the marker, whereas
neurosphere cells stain positive in up to 30% of the cells. Combining these data,
it can be concluded that 7-9% of the differentiated cells from hNSC lines did
not exit the cell cycle, remaining arrested in G1, whereas up to 25% of the cells
in neurosphere cultures did not exit the cell cycle in order to terminally differ-



Navarro, Villa, Liste, Bueno & Martínez-Serrano 289

entiate. Therefore, immortalized hNSCs are not compromised in their capacity
to exit the cell cycle and terminally differentiate when compared to neurosphere
cultures, which have a larger population of cells unable to complete differentia-
tion.

IN VIVO PERFORMANCE OF HUMAN NEURAL STEM/
PRECUSOR CELLS AFTER TRANSPLANTATION

Transplantation of hNSCs, either cell lines or strains, is not common in
the scientific literature (see reviews in Martinez-Serrano et al., 2001; Le Belle
and Svendsen, 2002). More recent studies describe integration, migration and
differentiation of hNSC transplants. Several of these studies use fetal or neona-
tal mammalian recipients to fully reveal the plasticity and differentiation capac-
ity of the cells. However, when hNSCs were grafted into the adult mammalian
brain, the cells mostly generated astroglia, and only a few neurons differenti-
ated in a region specific manner. When neurosphere cells were transplanted,
neurons appearing in non-neurogenic regions may not be derived from neural
stem cells, but rather from cells already committed for neuron generation
(Martinez-Serrano et al., 2001; Flicker et al., 1999; Blackshaw and Cepko, 2002).
While it is true that transplants of hNSCs perform much better in the develop-
ing CNS than in the adult brain, precise data from the adult brain will be most
important for the future treatment of neurodegenerative diseases.

Perhaps the most exciting observation in recent transplantation experi-
ments was that reported by Ourednik et al. (2001). They report that grafted
hNSCs seem to be able to play a dual role in vivo when implanted into the
cerebral ventricles of the fetal primate brain. A portion of the cells integrated
into active germinal zones, joining the massive neurogenesis wave taking place
at the time when the cells were transplanted. The transplanted cells contributed
to corticogenesis, generating neurons and glia to the host brain. Of particular
interest, they was described that some of the cells found final residence in re-
gions or niches defined as secondary germinal zones, which persist after most
brain development has taken place, i.e., the subventricular zone (SVZ). If these
cells have the ability to choose between differentiation or quiescence, once could
propose that NSCs appear to be able to autoregulate their population, in order to
maintain self-renewal instead of becoming depleted following the generation of
neuronal and glial progenitors. Three other studies have also contributed new
data on the performance of human forebrain neural precursors from neurosphere
strains grown with EGF/FGF2/LIF and grafted into the neonatal or adult rat
brain (Englund et al., 2002a, b; Aleksandrova et al,. 2002).

In neonatal animals (Englund et al., 2002a), human neurosphere cells were
implanted into the striatal and hippocampal formations, as well as into the SVZ.
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Extensive migration, similar to that described by Armstrong et al. (2000) and
Rosser et al. (2000) was observed. Also, region-specific differentiation was
observed. This study, however, raises concern when it comes to translating these
basic observations in experimental animals to the human brain, since an essen-
tially uncontrolled cell migration occurred from the implantation sites. Whether
or not this is a positive aspect for cell therapy remains to be clarified and dis-
cussed in depth, since colonization of remote brain areas by implants aimed at a
circumscribed structure or region may not always be desirable.

In the adult rats (Englund et al., 2002b), migration patterns were observed
3.5 months following grafting. When the cells were grafted into the SVZ, they
were found migrating as immature neuroblasts (doublecortin+ cells, dcx), along
the rostral migratory stream (RMS). In the hippocampus, possibly facilitated by
the physical architecture and very small size of the subgranular and granular
zones (SGZ, GZ, respectively), cells were found well integrated in the GZ after
migrating a few micrometers from the implantation site. Two other migration
paths appeared as diffuse, non-oriented cell migration, resulting in scattered
cells radially dispersed in the neostriatum and hippocampus. These were also
immature cells, staining positive for dcx. Finally, the authors reported exten-
sive migration of the cells implanted in the straitum along white matter tracts,
reaching regions far distant from the implantation site, (e.g., midbrain and fron-
tal cortex). The authors stated that a large fraction of the grafted cells remained
undifferentiated in a stem or progenitor cell stage. Whether or not this reflects a
type of homeostatic control is far from clear. It can also be interpreted as a
hurdle, since many of the grafted cells are unable to differentiate when im-
planted into non-germinal zones.

Aleksandrova et al. (2002) also describe the performance of implants of
neurosphere cells into the young/adult rat brain. The cells were derived from 8-
12 week old fetuses and were expanded in culture for 14 days prior to use, and
the host brains were examined 10-20 days post-transplantation. Once more,
profuse and nonoriented migration was observed with cells even reaching the
contralateral hemisphere shortly after grafting. Many of them continued ex-
pressing markers of undifferentiated cells, such as vimentin.

Finally, FACs sorted and expanded hNSCs (CD133+) have been injected
into neonatal NOD/SCID mice ventricles (Tamaki et al., 2002). GFP+ cells were
subsquently found integrated into the SVZ, RMS, olfactory bulb, hippocampus,
but also at non neurogenic locations such as striatum, cerebellum and cortex.
Differentiation was morphologically assessed and only a portion of the cells
had elaborated processes and dendrites.

These recent studies confirm previous observations (Flax et al., 1998; Rubio
et al., 2001; Fricker et al., 1999; Svendsen et al., 1996; Armstrong et al., 2000;
Rosser et al., 2000) and indicate that hNSCs or progenitor cells can survive,
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extensively migrate, and integrate into the fetal, neonatal and adult mammalian
brain. In neurogenic regions, some of the transplanted cells differentiate in a
region-specific manner. However, a substantial portion of the implanted cells
migrate in a diffuse manner, following permissive structures allowing for mi-
gration, like white matter tracts, and are found almost throughout the brain.
Importantly, most of the cells that migrate extensively do not differentiate, re-
maining as nestin or vimentin-positive cells.

In spite of not being completely new findings, these observations rein-
force the need for further experimentation and careful discussion. Demonstra-
tion of such excellent integration and migratory properties is of high impor-
tance on an experimental basis. However, when it comes to the design of future
therapies for humans, it is far from clear that this extensive and uncontrolled
migration, and limited differentiation of the cells will be acceptable. It is impor-
tant to point out that some of the most devastating brain tumors, like high grade
invasive gliomas, may arise from undifferentiated neural precursors (Bachoo et
al., 2002).

Some recent transplantation reports have used pre-differentiated human
neurosphere cells for grafting in the CNS. These can not be regarded as trans-
plants of hNSCs or even precursors, but rather of neuronal or glial progenitors,
and should be interpreted similarly to the use of primary neuronal tissue.

In a study dealing with the counteraction of apoptosis taking place after in
vitro differentiation of human neurosphere cells, Caldwell et al. (2001) pro-
vided data on transplants of in vitro pre-differentiated cells. When these grafted
cells were compared to their undifferentiated counterparts, they were found to
generate large masses of cells with little evidence for migration away from the
implantation site, as opposed to the smaller grafts of undifferentiated cells, which
showed much higher migration capability. Therefore, it looks as if the imma-
ture properties of human neural precursors behave like a double-edged sword:
When the inherent “sternness” and plasticity of the cells is exploited, more ex-
tensive migration is obtained, but differentiation becomes limited. Conversely,
if the cells are pre-differentiated, migration and the capacity to colonize relative
large areas of the brain, e.g., rat striatum, become limited.

A second report showed that in vitro pre-differentiated cells derived from
human neurospheres can survive in the brain, and, at certain locations, probably
due to the presence of specific neurotrophic factors and unknown microenvi-
ronmental factors, some populations of neurons survive better than others (Wu
et al., 2002). The authors used a protocol including FGF2, herapin, and laminin,
that resulted in a good rate of cholinergic neuron generation. The mechanism(s)
regulating cholinergic differentiation were not investigated in detail. When these
pre-differentiated (primed) cells were grafted to cholinergic and noncholinergic
areas of the rat CNS, cholinergic neurons preferentially survived at locations
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that normally contain large cholinergic cell groups. These results were inter-
preted as a region-specific, instructive or inductive action on the grafted cells
permitted by the priming method. However, the selective action of survival
factors in vivo can not be excluded. Regardless what the operating mechanisms
in this paradigm are, the fact is that at certain locations, cholinergic neurons
were present at the time of sacrificing the animals. Clearly, further research will
be needed to explain this phenomenon, and also to elucidate whether this prim-
ing/grafting design will work using other cell sources.

To end this section, we will briefly discuss the under-explored aspect of
the capacity for functional integration and maturation of both neuronal and glial
cells derived from NSC transplants. In terms of functional responses and the
ability of implanted cells to sense and react to endogenous stimuli (physiologi-
cal or pathological) in the recipient brain, a few experiments have started to
provide evidence indicating that this is possible. For instance, rodent neural
stem cells are reported to react like endogenous neurons after remote photic
stimulation following grafting into the suprachiasmatic nucleus (Zlomanczuk
et al., 2002). In two other reports, grafted rodent precursors have been found to
fully differentiate, not only showing the desired morphology and expression of
marker genes, but also the electrophysiological properties of endogenous local
neurons. In one study, mouse ES cells were converted to dopaminergic neurons
and grafted into the lesioned striatum of hemi-parkinsonian rats (Kim et al.,
2002). In the second study, rat neural precursors of the immortalized line
called RN33B, were grafted and analyzed electrophysiologically following in-
tegration and differentiation. Cortical grafted neurons were identified as having
the correct set of electrical properties of functional pyramidal neurons (Englund
et al., 2002c). Although these studies were conducted using rodent cells, they
provide the long awaited evidence for functional integration of transplanted
neural precursor cells into a recipient brain. It remains to be determined whether
the human counterparts will behave similarly or not, although expectations re-
main high.

CONCLUDING REMARKS AND FUTURE
PERSPECTIVES

Recent work has provided new and exciting knowledge of the biology of
hNSCs in vitro and also following transplantation in vivo. Still, important is-
sues remain to be investigated and resolved. In this chapter we have highlighted
that improvements need to be made in cell culture conditions to avoid the ex-
pression of a senescent phenotype and to possibly extend the lifespan of cul-
tured human neurosphere cells. Also, a better understanding of the biology of
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immortalizing genes, particularly v-myc, and that of the resultant cell lines, is
needed.

An important set of unresolved issues in vivo is how to control the exten-
sive and non-oriented cell migration shown by some neural stem/precursor cell
preparations; how to stimulate terminal differentiation in vivo, to avoid the pres-
ence of large pools of undifferentiated cells; and how to improve the neuro-
genie capacity of hNSC transplants in non-neurogenic regions of the adult brain,
such as the striatum. Finally, there is a need to investigate if the grafted cells
have the potential to acquire electrical properties and integrate into the brain
circuitry in a meaningful or relevant way in terms of both the newly generated
glia and neurons.

These coming years will surely be very exciting, since most of these is-
sues are currently being investigated by many groups. Therefore, expectations
are high for hNSC cell therapies, although a great deal of research remains to be
conducted to coax the tremendous potential and plasticity of neural stem and
precursor cells into therapeutic realities.
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Chapter 10

Neuronal Replacement by Transplantation

Daniel J. Guillaume and Su-Chun Zhang

The vertebrate central nervous system (CNS) is structured during devel-
opment by sequential placement and wiring of various types of cells at particu-
lar locations. In the mature brain and spinal cord, the anatomical neuronal net-
work is relatively stable with little neuronal replacement although functional
plasticity is ongoing throughout life (Nottebohm, 2002). Hence, the mamma-
lian brain and spinal cord, unlike many other tissues, has very limited capacity
to replace neurons, particularly projection neurons, and to rewire neuronal cir-
cuitry through the use of endogenous stem cells in neurological disorders. One
strategy to circumvent this is by utilizing exogenous cells as a source of re-
placement and repair of neuronal circuitry. Transplantation of neural progeni-
tor cells in animal models of neurological disorders has shown survival of grafted
cells and contribution to functional recovery in some instances. However, neu-
ronal replacement therapy remains a distant goal. Major hurdles include the
lack of effective donor cells and difficulty in remodeling the non-neurogenic
adult CNS environment. Recent stem cell technology offers hope for generat-
ing potentially effective donor cells. Current efforts are focused on identifying
which lineage position of the progenitors is ideal for transplantation, and whether
the grafted progenitors can differentiate into the desired phenotypes and pro-
duce functional connections with recipient cells, subsequently contributing to
functional recovery. Equally important is the recreation of a neurogenic envi-
ronment in the adult CNS to promote the survival, migration, differentiation,
and functional integration of the grafted neural progenitor cells. Further animal
studies in both areas will be necessary to translate neural transplantation to a
future therapy for various neurological conditions.

NEURONAL SPECIFICATION DURING DEVELOPMENT

Development of the mammalian nervous system begins with a sheet of
columnar neuroepithelial cells called the neural plate. The neuroepithelial cells
are initially specified from naïve embryonic stem cells during early embryo-
genesis. In mouse, it occurs around day 7 and in human, it takes place at the end
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of the third gestation week. These neuroepithelial cells are often called neural
stem cells, as they generate neurons, astrocytes, and oligodendrocytes in a coor-
dinated temporal and spatial order. This definition of neural stem cells is, how-
ever, overly simplified. Neuroepithelial cells at a particular location of the neu-
ral plate will ultimately give rise to a specific set of glia and neurons with unique
connections (Jessell, 2000). Even the neuroepithelial cells at a given location of
the neural plate may have different fates over time (Temple, 2001). Ventral
neuroepithelial cells in the spinal cord generate motoneurons first but primarily
oligodendrocytes at a later stage (Novitch et al, 2001; Zhou et al., 2002). Hence,
neuroepithelial cells, or neural stem cells, likely differ from each other depend-
ing upon when and where the cells are located or isolated.

During embryogenesis, neuroepithelial cells migrate away from the ven-
tricular zone and begin to differentiate into neurons first, followed by glial cells.
This stereotyped order of neural differentiation is also observed in vitro where
mouse cortical neural stem cells in clonal cultures produce neurons and then
glia (Qian et al., 2000). This stereotypic temporal pattern of neural differentia-
tion is also true for the neuroepithelial cells that are generated in vitro from
embroynic stem (ES) cells, even though the neuroepithelia have not been in the
brain (Zhang et al., 2001). Within the neuronal population, projection neurons
are born first and interneurons later. Hence, neural stem cells isolated from
early neural plate may generate projection neurons but differentiate predomi-
nantly into interneurons after expansion for a period of time. This is clearly
illustrated by the failure to generate dopamine neurons from expanded mid-
brain neural stem/progenitor cells (Studer et al., 1998; Ostenfeld et al., 2002).
Similarly, precursor cells from the subventricular zone will no longer generate
projection neurons by birth (Lim et al., 1997). This temporal shift of the differ-
entiation potential of neural stem/progenitor cells is often overlooked. Although
neural stem cells differentiate into neurons, astrocytes, and oligodendrocytes,
one needs to look further into the subtypes of neurons and glia produced. This
hierarchy of cell lineage development has been regarded as the consequence of
a cell autonomous mechanism of fate determination.

The fate of neuroepithelial cells is also influenced by cell-extrinsic fac-
tors. One major characteristic of neuroepithelial cells is their positional iden-
tity. Regionalization of neuroepithelial cells is achieved via responsiveness of
neural precursor cells to morphogen gradients such as sonic hedgehog (SHH),
bone morphogenetic proteins (BMPs), fibroblast growth factors (FGFs), retinoic
acid (RA), and wnt proteins that control dorsal-ventral and rostral-caudal fate.
Neuroepithelial cells in the ventral spinal cord are patterned to motoneurons
and interneurons in response to discrete concentrations of SHH (Jessell, 2000;
Briscoe et al., 1999). Alteration of local SHH concentration may promote the
differentiation of one type of neuron, often at the expense of others (Briscoe et
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al., 1999). In culture, naïve neuroepithelial cells, particularly those generated
from mouse ES cells, can be directed to a specific neuronal fate depending on
the presence of morphogens. In the presence of FGF8 and SHH which confer
midbrain dopamine neuron identity, ES-derived neuroepithelial cells differen-
tiate predominantly into dopamine neurons (Lee et al., 2000). In contrast, in
response to caudalizing signals such as RA, the same type of cells generates
spinal cord motoneurons (Wichterle et al., 2002). Thus, environmental cues
play an important role in directing the fate of neuroepithelial cells. Neverthe-
less, neuroepithelial cells that have passed the birthday of a particular cell type
and/or are derived from ectopic regions may become unresponsive to the same
set of signals for generation of this particular type of cells, illustrating the im-
portance of coupling the cell-intrinsic program and environmental signals.

During development, neuroepithelial cells migrate, exit the cell cycle, and
differentiate into neurons and glia. Hence, the number of neural stem cells de-
creases progressively. In the embroynic day 10 (E10) rat spinal cord, about
50% of the neural plate cells are regarded as neural stem cells. This portion
drops to 10% at El2 and 1% by postnatal day 0 (P0) (Kalyani et al., 1998). In
adults, neural stem cells further decrease in number and localize mainly to lim-
ited areas such as the subventricular zone and the hippocampal dentate gyrus,
although fewer cycling putative stem cells can be found elsewhere in the CNS
(for review see Magavi and Macklis, 2001). Moreover, the differentiation po-
tential of these neural stem cells is likely different from those during develop-
ment. While they can generate neurons and glia in vitro, adult neural stem cells,
such as those of the hippocampal dentate gyrus and the subventricular zone,
generate only interneurons and glia under most circumstances (for exception,
see Magavi et al., 2000). Consequently, the adult mammalian brain and spinal
cord, has very limited capacity to replace neurons and to rewire neuronal cir-
cuitry through the use of endogenous stem cells in neurological disorders. In
many cases it may require replacement of lost neurons with exogenous cells,
through transplantation, together with the recreation of the environment to sup-
port the survival, differentiation, and integration of grafted cells into a neuronal
circuitry.

NEURONAL REPLACEMENT: THE DONOR

What Is The Ideal Donor?

Different diseases affect different types or groups of cells. Hence, the cells
used for replacement depend upon the affected population. In general, the ideal
donor cells should be easy to obtain or produce in a large numbers (efficiency);
effective in cellular or molecular replacement (efficacy); tolerant to immune
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rejection; and resistant to generation of aberrant tissues (safety). For neuronal
replacement therapy in the nervous system, another critical requirement is func-
tional integration of grafted cells into the existing circuitry. Presently, no cells
or tissues meet all of these criteria. In order to obtain a large number of donor
cells, they will likely require expansion in vitro before transplantation. Expand-
able cells are generally immature, or progenitor cells. This raises the questions
of whether and how the progenitor cells differentiate into the cells of a thera-
peutic choice. Any in vitro expanded cells may run into a risk of aberrant growth
following grafting. Hence, the selection of donor cells will likely be the bal-
anced consideration of these traits of individual cell types (Table 1).

In addition to replacing damaged cells, donor cells may also act as a ve-
hicle for delivering or supplementing missing molecules. While many types of
cells may fulfill the task, cells of neural origin are likely better than non-neural
cells for neurological diseases. Neural stem cells and their derivatives may sus-
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tain neural transgene expression whereas neural genes in non-neural cells may
be easily down-regulated. Products expressed intrinsically by the grafted ve-
hicle neural cells may promote the therapeutic effects of the engineered cells.

Source Of Donor

Primary tissues or cells

Primary fetal cells are generally committed to a particular phenotype, cor-
responding to their site of origin. After implantation, they complete their matu-
ration process through a cell autonomous mechanism. This has been the case in
clinical trials in Parkinson’s Disease patients using fetal mesencephalic tissues
(Bjorklund & Lindvall, 2000). One major advantage of this approach is that the
phenotypic differentiation of grafted cells is predictable. This principle is per-
haps critical in developing donor cells from stem cells for transplant therapy in
adults, where the environment is unlikely to be as permissive as in embryonic
stages to direct uncommitted cells to a specific phenotype (see below). The
disadvantage is that these cells have a limited capacity to expand to a large
quantity. Experimentally, these cells must be prepared from a stage specific
embryo. Clinically, there are numerous practical constraints that limit the use of
primary fetal brain tissues in cell transplantation beyond the ethical concerns
(Freed, 2002). This explains why the use of primary cells is unlikely a general
transplant therapy for neurodegenerative disorders including Parkinson’s Dis-
ease.

Neural stem/progenitor cells

In contrast to primary cells, neural stem/progenitor cells that are isolated
from embryonic brain and spinal cord can be expanded in culture for a pro-
longed period of time using genetic or epigenetic approaches. The expanded
progenitors are able to further differentiate into neurons, astrocytes and oligo-
dendrocytes, although the capacity of neuronal differentiation appears to de-
cline over time (Svendsen & Caldwell, 2000). Current approaches for maintain-
ing and expanding neural stem/progenitors, either the adherent (Palmer et al.,
1997) or the non-adherent “neurosphere” cultures (Reynolds et al., 1992), are
yet ideal to maintain or expand truly undifferentiated neural stem cells or cells
that are still plastic enough to be directed to various neuronal lineages. In real-
ity, these cultures are mixtures of largely progenitors and a small proportion of
generic neural stem cells. For example, less than 1% of the cells in the
neurospheres isolated from E8.5 mouse neural plate can generate secondary
neurospheres (Tropepe et al., 1997).
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From a developmental perspective, neural stem/progenitor cells are often
confined to a specific regional identity at the time of isolation given that neu-
roepithelia are specified to rostro-caudal and dorsal-ventral domains during early
development. They are further developmentally restricted over time in culture.
This means that neural stem/progenitor cells isolated after neural tube forma-
tion are likely confined within certain lineages of regional and temporal iden-
tity. This is illustrated by the fact that neural progenitor cells isolated from
different regions of the neuraxis retain marker gene expression of a particular
region (Hitoshi et al., 2002; Ostenfeld et al., 2002). Using an embryonic
intraparenchymal transplantation approach, Olsson et al. (1997) demonstrated
that midbrain/hindbrain precursor cells isolated from E13.5 have a decreased
level of heterotopic integration compared to those derived from E10.5, suggest-
ing that neuroepithelial cells increasingly restrict their potential during embry-
onic development. For therapeutic purpose, it may offer a window of opportu-
nity for deriving cells that match the cell replacement requirement. However it
limits the possibility of differentiating these progenitors into other lineages.
Nevertheless, progenitor cells within a certain window of development, appear
to retain the plasticity to give rise to cells of other lineages. For example, coculture
of midbrain/hindbrain neural stem cells with ventral forebrain explant induces
the expression ventral forebrain markers (Hitoshi et al., 2002). Similarly, neu-
ral precursor cells isolated from the hippocampal dentate gyrus and grafted into
the rostral migratory stream, migrated into the olfactory bulb and differentiated
into tyrosine hydroxylase-positive neurons, a non-hippocampal phenotype
(Suhonen et al., 1996). Two strategies could be developed to complement the
deficit. One is to develop methodology that can selectively maintain and ex-
pand generic neural stem cells, similar to that for maintaining embryonic stem
cells. The other is to identify signals that, in vitro, induce the neural stem/pro-
genitors to become cells of a particular regional identity (see section on ES
cells).

In addition to epigenetic stimulation of neural stem/progenitor cell prolif-
eration, various genetic means have been applied to propagate neural stem cells.
The most extensively used approach is immortalization with oncogenes such as
v-myc. The oncogene-immortalized cells are kept in cell cycle yet they remain
responsive to growth factors for proliferation. The clonal line C17.2, engineered
by overexpression of v-myc in cerebellar granular cells (Snyder et al., 1992),
appears to be trapped in a synchronized proliferative state. Yet, they are capable
of differentiating into a wide variety of neurons and glial cells in vitro. Remark-
ably, these cells can differentiate into neuronal and glial cell types depending
on where they are placed. When these cells are implanted into the dysmyelinated
brain of shiverer mice, the cells differentiate into oligodendrocytes and produce
myelin sheaths (Yandava et al., 1999). When the cells are grafted into the in-
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jured brain or spinal cord, these cells differentiate into glia and neurons that are
appropriate to the region (Vescovi & Snyder, 1996). These results suggest that
the environment largely controls the fate of neural stem cells. They also suggest
that the cells apparently “forgot” their cerebellar origin. It is possible that the
genetic manipulation reverses the developmental program to a more primitive
state. The remarkably broad spectrum and high degree of differentiation is so
far unmatched by any types of nongenetically modified neural stem cells. The
uniformity of cellular characteristics and the remarkable differentiation poten-
tial of C17.2 cells might suggest that non lineage committed neuroepithelial
cells, if similarly generated and maintained by nongenetic modifications, may
have a similar potential. This also raises the question of whether a common
neural stem cell or a more committed neuronal progenitor is preferred for cell
replacement therapy (see below).

Embryonic stem cells

Neural stem/progenitor cells can be generated not only from fetal brain
tissues, but also from their precursors, embryonic stem (ES) cells. ES cells are
derived from the inner cell mass of preimplantation embryos at the blastocyst
stage (Evans & Kaufman, 1981; Thomson et al., 1998). They are capable of
almost unlimited proliferation in an undifferentiated state yet retain the poten-
tial to differentiate into many, if not all, cell and tissue types of the body. Meth-
odologically, current approaches using feeder cells with or without the addition
of cytokines such as leukemia inhibitory factor (LIF) allow us to selectively
maintain mouse ES cells in a synchronized, undifferentiated state, in contrast to
the methods available for propagating neural stem/progenitor cells. This means
that ES cells can be trapped in the cell cycle for a long period, whereas most
neural stem cells will progress into a progenitor stage in current culture sys-
tems. Hence, ES cells can provide a large quantity of consistent starting materi-
als for deriving the desired cells for cell therapy. A major challenge is how to
teach the naive ES cells to choose a neural fate. Based on what we have learned
from neural induction and neural patterning in animals, we are now able to
efficiently differentiate mouse and human ES cells to neuroepithelial cells (Bain
et al., 1995; Okabe et al., 1996; Zhang et al., 2001). The ES-derived neuroepi-
thelial cells can be further differentiated into specialized neurons such as dopam-
ine neurons and motoneurons (Lee et al., 2000; Wichterle et al., 2002). These in
vitro generated neurons exhibit electrical properties (Finley et al., 1996) and
make connections with endogenous cells, with subsequent contribution to func-
tional recovery (Kim et al., 2002).

Another problem with the use of ES cells in cell therapy is the tendency
for teratoma formation. This is due mainly to the presence of undifferentiated
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ES cells in the graft (Benninger et al., 2000; Bjorklund et al., 2002). Present
differentiation protocols often employ aggregated ES cell culture (embryoid
body formation) and some cells in the embryoid body remain undifferentiated
even in prolonged culture (Billon et al., 2002). Use of this mixture for grafting
would run the risk of growth of unwanted tissues or teratoma formation by
contaminating, undifferentiated ES cells. Another possible reason is that cells
generated from ES cells in vitro may be specified but not fully committed to a
neural fate. Hence, these ES-derived cells may still be plastic enough to choose
alternative fates under certain conditions. Strategies can be designed and tech-
niques may be developed to overcome this problem. One method is to posi-
tively sort out the target cells using cell surface markers or using cell type spe-
cific transcription factors through homologous recombination or the use of pro-
moters (Li et al., 1998; Wichterle et al., 2002; Zwaka & Thomson, 2003). An-
other method is to remove the pluripotent stem cells by using stem cell surface
molecules or similar genetic manipulations.

Although ES cells may provide a source of cells for neuronal replacement,
another barrier that needs to be addressed is immune rejection. One way to
overcome this problem is to reprogram patients’ somatic cells (therapeutic clon-
ing). In this way, DNA of a patient’s cells, e.g., skin cells or fibroblasts, can be
reprogrammed to a developmental process by introducing them into an oocyte.
The egg containing the transferred material will develop into a blastocyst in
which the inner cell mass can be cultured as ES cells. The technology for nuclear
reprogramming is in place for many species (Wilmut et al., 1997; Munsie et al.,
2000). Theoretically, human cells can be reprogrammed in a similar manner.
ES cells generated in this way should have similar advantages and disadvan-
tages as those of regular ES cells. Because the ES cells are genetically matched
for all nuclear genes of the patient, the cells would be immunologically compat-
ible with the patient.

Adult stem cells

In light of the ethical and immunological constraints surrounding the use
of embryo and fetal tissue-derived neural cells, stem cells generated from adult
neural and non-neural tissues may be preferable. As discussed above, stem cells
exist in the adult, including the CNS, albeit in a smaller number and perhaps
also with different potentials. Neural stem/progenitor cells have been isolated
from brains of adult animals and humans (Palmer et al., 1997; Gage et al., 1998;
Kukekov et al., 1999) and expanded in culture. These cells appear to have astro-
cytic traits (Laywell et al., 2000). These neural progenitors, like their embry-
onic counterparts, can differentiate into neurons and glia both in vitro and fol-
lowing transplantation into the brain (Suhonen et al., 1996; Shihabuddin et al.,
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2000; Herrera et al., 1999). Progenitor cells isolated from adult spinal cord tis-
sue may differentiate into hippocampal neurons after transplantation
(Shihabuddin et al., 2000) and hippocampal progenitors can contribute to neu-
rons in the olfactory bulb (Suhonen et al., 1996). In both cases, however, the
adult progenitors mainly contribute to interneruons. This occurs when the pro-
genitor cells are placed in neurogenic regions such as dentate gyrus or rostral
migratory stream. If placed in nonneurogenic regions, these same progenitors
differentiate primarily into glial cells (Suhonen et al., 1996). Studies thus far
suggest that the adult neural stem cells have a lesser degree of plasticity to
generate a variety of neuronal types.

Adult stem cells from tissues other than the nervous system appear also
able to generate neuron-like cells in experimental settings. For example, stem
cells or precursor cells isolated from skin or bone marrow can differentiate into
neuronal-like cells in vitro and in some cases following neural transplantation
(Toma et al., 2001; Jiang et al., 2002). This phenomenon has generally been
regarded as transdifferentiation, i.e., fate shift across the lineage boundary (see
Chapter 6 in this volume). Cross-lineage differentiation would make it possible
to have an autologous graft from the patient’s own body and thus offers a new
prospect for a more flexible source of cells. However, this phenomenon appears
to be very rare and to happen in somewhat unusual conditions. For example, the
multiple-lineage differentiation potential appears after bone marrow stromal
cells are expanded in culture for a long time (Jiang et al., 2002). Some of the
observations may be attributed to fusion with recipient cells and/or transforma-
tion (Morshead et al., 2002; Ying et al., 2002). There is presently no demonstra-
tion that the transdifferentiated neurons are functional.

Xenotransplant

The use of xenografts, such as fetal porcine cells, avoids the ethical issues
surrounding human fetal tissue. However, xenotransplantation runs the risk of
immune rejection. One possible way to overcome this is to engineer the donor
cells with immune competent molecules to shield immune rejection. Most stud-
ies to date have used fetal pig neural cells, and these cells were utilized in small
clinical trials. A post-mortem histological study of fetal pig neural cells placed
into the striatum of a Parkinson’s patient revealed graft survival and axon ex-
tension of several millimeters 7 months later (Deacon et al., 1997). Neural pre-
cursors, obtained from embryonic pig, have been transplanted into the 6-OHDA-
lesioned rat model of Parkinson’s disease (Armstrong et al., 2002). Many cells
differentiated into neurons and extended axons from the substantia nigra through-
out the striatum. Although there was evidence of synaptic connections, no im-
provement in function was noted. Overall, survival and clinical benefits are
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uncertain with xenotransplantation. There is also a risk of transmitting patho-
gens from animals to humans.

Choice Of Donor Cells

Selection of donor cells depends on not only the cells themselves but also
the nature of the disease. The primary consideration regarding choice of donor
cells is efficacy, i.e., whether the donor cells can effectively replace the dis-
eased cells in an anatomical (circuitry) and functional manner. Production effi-
ciency and safety are also important factors that would render cell replacement
a realistic therapy or not. The nature of a disease dictates the selection of donor
cells, particularly the lineage position of the cells. In neurological traumas in
which many types of cells are damaged, e.g., spinal cord injury and ischemia,
uncommitted neural stem cells would be the preferred donors for transplant.
These multipotential neural stem cells, under the influence of environmental
signals present following injury, may hopefully differentiate into the variety of
cell types that are lost. For neurodegenerative diseases in which a specific type
of neuron is damaged or lost, lineage committed neuronal progenitor cells are
likely to be the ideal donors (see Table 1).

Lineage progression from ES cells to neurons is a process of progressive
fate restriction, in which the proliferation, migration, and differentiation poten-
tial decreases. In contrast, the safety of donor cells increases (Figure 1A). In
practice, terminally differentiated neurons are non-dividing process-bearing cells.
They are thus not well suited for transplantation purposes due to poor cell sur-
vival in the cell preparation and transplantation processes. Thus, cells used for
transplantation are generally immature. Neural stem cells would ideally suit
that need given their proliferation and multi-lineage differentiation potential. In
reality, however, neural stem cells isolated from the brain or spinal cord and
expanded in culture have an increasing tendency to differentiate into glial cells
over neurons (Svendsen and Caldwell, 2000, Jori et al., 2003). The adult CNS
environment also tends to favor glial differentiation. Thus, neural stem cells
grafted into the adult brain often end up with predominantly glial progeny with
few neurons (Rubio et al., 2000). This suggests that the neural stem cells need
to be induced to a neuronal fate before implantation, or an environmental cue
needs to be in place to guide their differentiation into neurons in the brain (see
Table 1).

An ideal neuronal progenitor cell would differentiate into a variety of neu-
ron types but not glial cells, and they would still retain a certain degree of cell
proliferation and migration potential. Following transplantation, they would
differentiate and mature into neurons that are appropriate to the brain region
where the cells are placed. A neuronal progenitor, also known as a neuronal-
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restricted progenitor (NRP), has been isolated from rat neural tubes based on its
expression of the embryonic neural cell adhesion molecule (E-NCAM, Mayer-
Proschel et al., 1997). The sorted cells express neuronal markers such as
tubulin and MAP2 and differentiate into only neurons but not glia in vitro and
after transplantation into brains (Mayer-Proschel et al., 1997; Kalyani et al.,
1998; Yang et al., 2000; Han et al., 2002). In vitro, the NRPs can differentiate
into neurons with various neurotransmitter phenotypes (Kalyani et al., 1998). It
is unclear however, whether the NRPs from a particular region of the neural
tube will differentiate into different types of neurons depending upon the brain
areas in which they are grafted. Cells in the nervous system, unlike those of the
hematopoietic system, are endowed with positional identities during early de-
velopment. NRPs derived from embryonic spinal cord express choline acetyl
transferase when grafted into the occipital cortex where the host neurons do not
normally express this marker (Yang et al., 2000), suggesting that the maturation
of NRPs is cell-intrinsic. The positional identity of neural progenitor cells adds
complexity to the selection of donor cells for neural transplantation. This could
require different kinds of NRPs from various CNS regions for individual dis-
ease conditions. It is hence essential to understand the signaling pathway(s) that
leads to a particular neuronal fate and the phenotypes and/or genotypes the pro-
genitor presents. In this way, a specific neuronal progenitor may be induced,
isolated, and/or expanded for cell replacement in an individual condition. Un-
fortunately, we know little as yet of the nature of these neuronal progenitors.

In theory, neuronal progenitors are more restricted than their precursors,
neural stem cells, or neuroepithelial cells. Neural stem cells isolated from brain
are already specified or restricted to the fate of their origin. In contrast, neu-
roepithelial cells differentiated from ES cells appear to be much more plastic.
Mouse ES cell-derived neuroepithelial cells may be directed to become mid-
brain dopamine neurons or spinal cord motoneurons depending upon positional
information. Cells treated with sonic hedgehog that induces a ventral neural
fate, and FGF8 that determines midbrain/hindbrain identity will differentiate
into midbrain dopamine neurons (Lee et al., 2000). These ventralized neuroepi-
thelial cells, however, can take on a spinal cord motoneuronal fate when treated
with a caudalizing factor, retinoic acid (Wichterle et al., 2002). Since we know
little about the transient neuronal progenitor population, current practice is to
partially induce the neuroepithelial cells toward certain fates such as dopamine
neurons or motoneurons to bias the fate choice before transplantation. Alterna-
tively, specialized neuronal progenitors may be enriched or purified before trans-
plantation using genetic means (Li et al., 1998; Kim et al., 2002; Wichterle et
al., 2002,). Not only the neurotransmitter phenotype, but also the positional
identity of a neuron type are critical in order to achieve a functional connection
with target cells. For example, mesencephalic dopamine neurons can make func-
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tional synapses with striatal neurons after transplantation whereas dopamine
neurons derived from hypothalamus or arcuate nucleus cannot make functional
connections with striatal neurons (Abrous et al., 1988; Hudson et al., 1994).
There will be a need for a variety of motoneurons of specific segmental identi-
ties to match a specific muscle. This puts emphasis on the need for understand-
ing the patterning of neuronal types during development and of the develop-
ment of strategies for directing the differentiation of neuronal cells with par-
ticular neurotransmitter and positional identities. In any case, specialized neu-
ronal progenitors are ideal for replacing neurons in individual neurodegenerative
diseases. ES cells are likely the best source because of their ability to renew
themselves continuously and to generate a neuroepithelial intermediate that is
plastic enough to give rise to a variety of neuronal types.

NEURONAL REPLACEMENT: THE NICHE

Success of neural transplantation depends not only on the donor cells but
also on the niche in which the cells are placed. There are two environments for
grafted cells: 1) a developing immature CNS in which neurogenesis is ongoing
and 2) a mature stable CNS where neurogenesis has largely ceased with the
exception of restricted brain regions. Both recipient environments have been
exploited to investigate the differentiation potential of neural progenitors, func-
tional integration of grafted cells, and therapeutic potential of neural precursors
in individual neurological conditions (Figure 1B).

Fate of grafted neural precursor cells in the developing CNS

Transplantation into the embryonic brain allows exploration of stem cell
participation during CNS development and investigation of how the survival,
migration, differentiation, and integration of grafted neural precursors are regu-
lated by extrinsic factors (Brustle, 1998). In this model, cells are injected into
the cerebral ventricle of embryonic rat brain between E15 and El8. At this time,
active neurogenesis is still taking place in many brain areas and the ventricular
system is technically accessible (Brustle et al., 1995; Campbell et al., 1995;
Fishell, 1995). Grafted neural progenitor cells, derived from various develop-
ing brain regions as well as from mouse ES cells, migrate to widespread areas
of the brain and incorporate into host brain parenchyma. Furthermore, the grafted
neural precursors appear to acquire region-specific neuronal phenotypes. For
example, striatal neural precursors incorporate into the host cortex and acquire
the morphology and axonal projection resembling those of cortical neurons,
whereas they retain striatal neuronal identity when placed back into the stria-
turn (Fishell, 1995). These observations suggest that their fate differentiation is
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largely influenced by position-specific cues. A similar observation using hu-
man neural stem cell transplantation into embryonic monkey brains has shown
that grafted cells migrate along radial glia to temporally appropriate layers of
the cortical plate and differentiate into lamina-appropriate neurons or glia
(Ourednik et al., 2001). Hence, embryonic transplantation provides a useful
model to examine the neural lineage potential of cells such as ES-derived cells
and those from other species including human.

Transplantation into embryonic mouse or rat brains is limited to late em-
bryonic stages due to the technical difficulty of manipulating early mammalian
embryos. This hinders the delineation of the differentiation potential of neural
stem/progenitors into a wide range of neurons, particularly those generated at
an early stage of development. This difficulty can be overcome by the use of
chick embryos. The developmental stages of chicks are well defined and the
large size of these embryos are amenable to various manipulations. In particu-
lar, the primordial nervous system develops within 24 hours of embryonic life,
which leaves a large embryonic window to examine the developmental poten-
tial of neural precursor cells. Using this system, Wichterle et al. (2002) have
demonstrated that immature motoneurons generated from mouse ES cells sur-
vive, mature, and make connections with their target muscles following trans-
plantation into the ventral neural tube. Such an exquisite demonstration would
be difficult to achieve in mouse embryos at the stage of motoneuron develop-
ment. Thus, the chick embryos offer a superb recipient to examine early neural
lineage potential of stem cells and cells from other species (Goldstein et al.,
2002).

While injection of cells into embryonic mouse or rat brain is still techni-
cally difficult, transplantation into neonatal mouse or rat brain is more achiev-
able. With few exceptions (Englund et al., 2002), cells are injected into the
cerebral ventricles of 1-2 day old mice or rats. Again, cells derived from vari-
ous sources such as immortalized cell lines (Snyder et al., 1992; Englund et al.,
2002), neural stem cells (Flax et al., 1998; Tamaki et al., 2002), or human ES-
derived neuroepithelial cells (Zhang et al., 2001), can migrate and incorporate
into both neurogenic and nonneurogenic regions. However, by comparison with
transplantation into embryonic brains, neural precursors injected into the neo-
natal cerebral ventricles distribute largely to the subventricular and/or neuro-
genic areas. For example, human ES cell-derived neuroepithelial cells, follow-
ing transplantation into cerebral ventricles, migrate and incorporate primarily
into the hippocampus, rostral migratory stream, and olfactory bulb. To a lesser
degree, some cells do incorporate into nonneurogenic cortical regions (Zhang
et al., 2001). Human ES cell-derived neural epithelial cells, identified by
prelabeling with green fluorescent protein, differentiate into both neurons and
glia, although the glial differentiation occurs much later (unpublished data; Figure



Guillaume & Zhang 313

2). This suggests that neurogenic signals are critical for migration and differen-
tiation of grafted neural precursors.

Transplantation into embryonic or neonatal recipients provides a proof-
of-concept model for examining the potential of neural precursor cells to par-
ticipate in normal development. The extensive migration, and particularly the
region-appropriate cell type differentiation, suggest that neural precursors do
have multilineage potential and that their fate is largely dictated by the signals
in a specific brain region at a particular development stage. In other words,
neural precursor cells can recapitulate normal developmental processes if given
an appropriate environment. This has clinical relevance in hereditary CNS dis-
orders in which some neurogenic signals may be present to promote the incor-
poration of grafted neural progenitor cells. It also suggests that recreation of the
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neurogenic environment will be essential in order for neural stem cells to adopt
a desired neuronal fate in mature brain and spinal cord.

Fate of grafted neural precursor cells in the adult CNS

Differentiation in neurogenic regions of the adult CNS

In contrast to the embryonic brain, the adult CNS environment lacks the
developmental cues for directing region-specific cell migration and neuronal
differentiation with the exception of neurogenic areas such as the subventricular
zone and hippocampal dentate gyrus. Hence, multipotent neural stem/progeni-
tor cells implanted into the subventricular zone can migrate along the rostral
migratory stream to the olfactory bulb and differentiate into interneurons (Flicker
et al., 1999; Yang et al, 2000). Similarly, adult hippocampal progenitors ac-
quire local neuronal identities and express the neurotransmitter phenotypes found
in the olfactory bulb when implanted into the neurogenic adult rat subventricular
zone or rostral migratory stream, but they fail to produce neurons when trans-
planted into the nonneurogenic cerebellum (Suhonen et al., 1996). Implantation
of neurosphere cells (neural stem/progenitor cells) into the nonneurogenic adult
rat striatum or substantial nigra results in differentiation of transplanted stem
cells primarily into astrocytes (Rubio et al., 2000) with only a fraction becom-
ing neurons (Winkler et al., 1998; Rosser et al., 1997, Cao et al., 2001, Chow et
al., 2000). These observations corroborate findings from developmental studies
that neural stem/progenitor cells need an appropriate niche to develop into re-
gion-specific neuronal types. While the normal adult CNS lacks such a devel-
opmental cue, an injured CNS may recapitulate, at least partially, the develop-
mental process to facilitate repair. Presently, it is not known to what degree and
for how long the regenerative signals are present following injury or with dis-
ease. Hence, for neuronal replacement therapy in an adult environment, it may
be preferable to have different types of neural progenitor cells for specific neu-
rological conditions.

Neural transplantation into injured and degenerated adult CNS

Adult CNS conditions that are potential candidates for transplant therapy
are: (1) those that affect a specific CNS region such as stroke or spinal cord
injury, destroying many cell types in anatomically restricted areas, or (2) those
conditions that affect a specific population of neuronal cells in a restricted brain
region, such as Parkinson’s Disease or Huntington’s Disease, destroying cer-
tain tracts or nuclei with specific neuroanatomical and neurochemical charac-
teristics (Rossi & Cattaneo, 2002). Diseases that affect diffuse areas of the CNS
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such as Alzheimer’s Disease involve a neurodegenerative process, that affects
many cell types in many regions. In the latter case, it would be difficult to
restore the anatomical and functional network, comprised of many neuronal
types connecting to each other in unique patterns through neural transplanta-
tion. In these instances, it would seem more pragmatic to protect native cells
through trophic support or to encourage endogenous stem cells to migrate and
replace the diseased cells (See Chapter 12 in this volume).

Transplantation into confined CNS areas of damage

Damage to the CNS in a confined region is most often caused by trauma to
the spinal cord or brain, or ischemia due to thromboembolism or hypoperfusion/
cardiac arrest. Cells in the affected territory, including neurons and glial cells,
undergo necrosis and apoptosis. Beyond the primary attack, there is often an
inflammatory reaction, which exacerbates the damage by expanding the injury
to surrounding areas. Neural transplantation has been applied to such a regional
condition in animal models of ischemia and spinal cord injury. Two ischemic
animal models have been useful in exploring various restorative strategies: (1)
the global hypoxic-ischemic model causing selective neuronal death in the hip-
pocampal CA1 region due to temporary heart arrest and (2) focal ischemia in
the neocortex and lateral striatum created by middle cerebral artery occlusion.
Transplantation of neural progenitor cells from fetal rat striatum (Borlongan et
al., 1998), adult hippocampus (Toda et al., 2001), or human carcinoma cell
lines (Borlongan et al., 1998; Barami et al., 2001) into these animal models has
shown that the grafted cells survive and that some cells differentiate into cells
expressing neuronal markers. Some of the behavioral deficits are also allevi-
ated or reversed in the grafted animals. Similarly, injection of human bone mar-
row stromal cells intravenously into ischemic rats results in behavioral recov-
ery with a small population of grafted cells in the brain expressing neuronal
makers (Chen et al., 2002). However, there is little evidence to support restora-
tion of connectivity or functional integration of implanted cells into the host’s
circuitry. Some of the effects appear to be achieved via protective/trophic roles
of grafted cells.

Spinal cord injury is another devastating neurological condition without
an effective therapy. It can be largely mimicked in rats by a computerized weight
drop system to create a contusion injury to the spinal cord (Basso et al., 1995).
Transplantation of neural progenitor cells into the lesion leads to a certain de-
gree of functional recovery (McDonald et al., 1999; Coumans et al., 2001; Ogawa
et al., 2002). Histological analyses reveal little evidence of reconnection of the
severed axons in the lesion by grafted cells. Instead, the functional recovery
seems attributed to trophic support for the survival of injured cells and a sub-
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stratum effect on the sprouting and outgrowth of endogenous axons. Another
functional contribution is likely attributed to remyelination of naked but still
connected axons by grafted cells surrounding the lesion (McDonald et al., 1999;
Liu et al., 2000).

Given the damage to multiple cell types in these regional neurological
conditions, cells with multiple lineage differentiation potential, such as neural
stem cells, would be ideal donor cells for transplantation. The hope is that the
injured CNS environment will reactivate some of the developmental programs
and that these multipotent cells will differentiate into the missing neuronal and
glial cells and reconstitute the injured tissue. Available evidence indicates that
the environment remains largely gliogenic and only a small fraction of cells
differentiate into neuronal elements (McDonald et al., 1999; Cao et al., 2001).
This would suggest that even in the regional condition that affects multiple cell
types, a combination of committed neurons (e.g., motoneurons or serotonergic
neurons) and oligodendrocytes instead of undifferentiated neural stem cells,
might be more desirable. In addition, pattern formation involves sequential and
coordinated placement and wiring of specific cell types during development.
Thus, a scaffold placed in the regional condition might be helpful in the recon-
struction of the neural tissue (Park et al., 2002).

Reinnervation of the target and reconstruction of the neural circuit

Diseases that affect a specific cell lineage and/or pathway in a confined
brain region are top candidates for cell replacement therapy. In Parkinson’s
Disease (PD), a special group of neurons in the substantia nigra of the midbrain
degenerate. These neurons project to and make connections with neurons in the
striatum and release a specific neurotransmitter, dopamine. Hence, replacement
of cells that produce dopamine could conceivably correct the locomotive dys-
function caused by lack of dopamine. Indeed, transplantation of immature dopam-
ine-producing neurons that are derived from embryonic tissues (Perlow et al.,
1979; Bjorklund & Stenevi, 1979) or generated from mouse ES cells (Kim et
al., 2002) into the striatum of PD rat models results in release of dopamine from
the grafted cells with concomitant locomotive functional recovery (Bjorklund
& Lindvall, 2000). Clinical trials with the transplantation of immature dopam-
ine neurons from fetal human midbrain tissues lead to the relief of motor symp-
toms in some patients (Lindvall et al., 1994; Piccini et al., 1999; Freed et al.,
2001).

Huntington’s Disease (HD) is an autosomal dominant neurodegenerative
condition that results in the preferential loss of the GABAergic projecting me-
dium-sized spiny neurons in the striatum (Li, 1999). Transplantation of
GABAergic neurons into the striatum appears to restore some neural function
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in both animal models and patients (Isacson et al., 1984; Freeman et al, 2000;
Bachoud-Levi et al., 2000). In both PD and HD, cells that contribute to func-
tional recovery are immature dopamine- or GABA-producing neurons. They
are committed to the dopamine or GABA neuronal fate yet they are immature
and ideal for transplantation. After grafting, they mature according their own
program, independent of host environment. If, however, multipotential neural
stem cells are transplanted into the striatum of PD or HD animals, the grafted
cells differentiate into mainly astrocytes with few neurons and scarce dopamine
neurons (Svendsen et al., 1997; Ostenfeld et al., 2001). Thus, for neuronal re-
placement therapy in neurodegenerative diseases that affect a particular popu-
lation of cells, lineage committed neuronal progenitors are the ideal donor.

Another neurodegenerative disease, amyotrophic lateral sclerosis (ALS,
or Lou Gehrig’s disease), also affects a specific group of cells, i.e., motoneu-
rons. However, in ALS, motoneurons throughout the brain and spinal cord are
damaged, although to varying degrees. This would require a multiple transplant
strategy or at least long-distance migration of grafted cells into the right places
and differentiation into the right types of motoneurons. Furthermore motoneu-
rons in the spinal cord have to penetrate the CNS/PNS boundary, travel a long
distance, match the muscle cells, and innervate the atrophied muscle cells. Thus,
a series of hurdles need to be overcome in order to make cell replacement therapy
a realistic goal for ALS. Progress has been made in the induction and purifica-
tion of immature motoneurons from mouse embryonic stem cells (Wichterle et
al., 2002). These ES cell-generated motoneurons can indeed innervate muscle
cells following transplantation into early embryonic chick neural tube. Key is-
sues are the modification of the CNS/PNS boundary to be permissive to the
penetration of axons, recreation of a permissive axonal pathway, and reactiva-
tion of the atrophied muscle cells. For clinical application, the generation of
human motoneurons is a critical step.

Homotopic vs. heterotopic graft

Cells in the nervous system communicate with each other through direct
and often distant synaptic contact. Hence, degeneration of a group of neurons in
one brain region results in denervation of target cells in another area. In
Parkinson’s Disease (PD), for example, degeneration of dopamine neurons in
the substantia nigra of the midbrain leads to denervation of neurons in the stria-
tum. Neuronal replacement therapy aims to reinnervate the target and/or to re-
construct the neuronal circuitry both anatomically and functionally. This raises
the issue of where to place the cells and how to facilitate reconnections with
targets. Ideally, cells should be placed in the region where they normally be-
long, the so-called homotopic graft. However, the adult CNS environment lacks
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the cues to guide long-distance axonal growth to the target. Hence, dopamine
neurons grafted into the substantia nigra of a PD rat model fail to extend axons
to and innervate striatal neurons. Another problem associated with homotopic
transplantation is that the transplanted cells could become the target of
neurodegenerative assault. To bypass this problem, cells can be placed within,
or very close to the target, the so-called heterotopic transplant. In the case of
PD, cells are often transplanted into the striatum. In this way, dopamine posi-
tive fibers form a network with neurons in the striatum and functional recovery
ensues through the release of diffusible neurotransmitters in a paracrine manner
(Bjorklund & Lindvall, 2000). The major problem of ectopic transplant is that
the grafted cells are not participants in the feedback neural circuitry. For ex-
ample, dopamine neurons placed ectopically in the striatum lack some of the
major afferent inputs that normally regulate the activity of dopamine neurons in
the substantia nigra. Hence, although they innervate the target striatal neurons,
the release of dopamine from the ectopically implanted cells is not regulated, as
it is when the cells are in the midbrain. Nevertheless, there is some evidence to
indicate that the intrastriatal dopamine neurons receive afferent connections
from the host cerebral cortex and striatum (Fisher et al., 1991), suggesting par-
tial integration of the grafted cells into the neuronal circuitry. This explains
why the functional recovery is often incomplete.

In the case of Huntington’s Disease (HD) cells can be directly implanted
into the striatum (homotopic) without the concern that the disease will adversely
affect the donor cells, as they would not contain the HD mutation. In a postmor-
tem clinical study, neuronal protein aggregates of mutated huntingtin, typical
of HD pathology, did not appear in the tissue resulting from human fetal cells
implanted into a patient with HD (Freeman et al., 2000). Rodent striatal cells
transplanted into a rodent HD model have been shown to survive, produce GAB A,
and improve neurologic function (Isacson et al., 1984, Campbell et al., 1993,
Deckel et al., 1983). Human donor cells obtained from the ventricular eminence
(Sanberg et al., 1997; Freeman et al., 2000) have also displayed connectivity
with host brain and behavioral improvement in a rodent recipient. In primates,
striatal allografts and xenografts survive and improve motor and cognitive defi-
cits (Hantraye et al., 1992, Kendall et al., 1998, Palfi et al., 1998). Similar to
PD, the grafted cells in the striatum need to reconnect the afferent fibers from
the cortex and send projections to the globus pallidus to reestablish the cortico-
striato-pallidal circuit.

Recreation of the niche

Discussion thus far suggests that a neurogenic niche needs to be recreated
in order to achieve functional neuronal replacement by grafted progenitor cells.
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It is generally believed that neurogenic cues may be at least partially reactivated
after degeneration or injury to compensate for damage. This is suggested by the
fact that the rate of neuronal production in the SVZ is elevated after cytotoxic
treatment (Doetsch et al., 1999), ischemia (Jin et al., 2001), psychosocial stress,
mechanical injury (Gould et al 1997; Gould and Tanapat, 1997), or seizures
(Bengzon et al., 1997; Parent et al., 1997). These insults elicit the upregulation
of FGF2 (Yoshimura et al., 2001), which may boost neurogenic processes. FGF2
knockout mice do not show increased neuronal production after seizures or is-
chemia (Yoshimura et al., 2001), suggesting that FGF2 is an important neuro-
genic factor in this process as it is during development. Nevertheless, transplan-
tation of neural precursors into these injured environments leads to primarily
glial differentiation, suggesting that the reactivated neurogenic program may
be compromised by the concomitant and/or subsequent activation of the gliogenic
program. There is presently a lack of understanding of how a neurogenic niche
can be activated and maintained in the adult CNS.

Insights into how neurogenic activity is maintained in normal adult brain
may help us modify the adult CNS niche to promote neuronal differentiation by
grafted precursor cells. In the subventricular zone (SVZ), differentiation of neural
stem cells may be partially controlled by noggin and bone morphogenetic pro-
tein (BMP). Noggin in the SVZ is thought to drive progenitor cell differentia-
tion towards neuronal fates, whereas BMP, expressed by SVZ progenitors has
gliogenic activity. BMP, but not noggin, is expressed in the adult striatum, lead-
ing to differentiation into glia of most transplanted cells. With noggin over-
expression in the striatum, many donor cells acquire neuronal identities, but
still retain features of olfactory bulb interneurons (Lim et al., 2000). In the rat
hippocampus, SHH appears to be critical in maintaining the neural progenitor
pool during adulthood (Lai et al., 2003).

Under a very special condition in which selective neuronal apoptosis is
induced by chromophore-targeted laser photolysis without scar tissue forma-
tion, Magavi et al. (2000) observed regeneration of projection neurons in
nonneurogenic cerebral cortex. Insights from this study may have relevance to
endogenous repair after a synchronized apoptosis of multiple cells such as in
ischemia, as demonstrated (Nakatomi et al., 2002).

FUNCTIONAL INTEGRATION INTO EXISTING
CIRCUITRY

The goal of neuronal replacement is the functional integration of grafted
cells into the existing circuitry and subsequent improvement in neurological
function. In order to achieve this, neural stem/progenitor cells must migrate to
(or be placed in) the appropriate position, differentiate into region-specific neu-
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ronal types, project axons to and make synaptic connections with the right tar-
gets, as well as receive inputs from presynaptic elements of the circuitry. As
discussed above, grafted neural precursors can indeed differentiate into neurons
appropriate to the brain region, especially in the developing brain or neurogenic
regions of the adult brain. To confirm that the graft-derived neurons are func-
tional, several parameters are often measured, including retrograde tracing, elec-
trophysiological recording, and ultrastructural evidence of synapses between
grafted cells and host neurons. Transplanted neuronal progenitor cells from
embryonic rat tissues into the cerebral ventricles of E19 rats migrate and differ-
entiate into neurons. Electrophysiological analysis indicates that some of the
graft-derived neurons can generate an action potential (Auerbach et al., 2000),
suggesting that the implanted neurons are functional. In another study, immor-
talized neural progenitor cells (cell line RN33B), following transplantation into
neonatal rat cortex and hippocampus, differentiate into neurons that are mor-
phologically similar to host cells in the regions. Retrograde tracing analysis
indicates that the grafted neurons in the cortex make connection with thalamic
neurons and those in the hippocampus form connections with neurons in the
contralateral hippocampus. Electrophysiological recording of brain slices con-
firms that the grafted GFP-labeled neurons fire action potentials in response to
evoked stimuli in the targets (Englund et al., 2002). This study demonstrates
that grafted neurons can form functional connection with host neurons. Another
way of detecting functional integration into neuronal circuitry is the expression
of immediate early genes following neural stimulation. Implantation of neural
stem cells derived from neonatal mouse cerebellum (C17.2 cell line) into em-
bryonic mouse suprachiasmatic nucleus results in differentiation of grafted cells
to neurons that produce vasopressin (characteristic of SCN neurons) and react
to photic stimulation with expression of c-Fos protein. This regional and physi-
ological appropriate response to stimulation suggests that exogenous stem cells
can integrate in an appropriate fashion (Zlomanczuk et al., 2002).

Taken together, evidence for functional integration of grafted cells into
adult brain is at present sketchy. This is probably due to the lack of neurogenic
signals that promote the survival, differentiation, and synaptic formation. In
vitro, retrovirally labeled neural progenitors from the hippocampus can migrate
extensively, differentiate into neurons, and form functional synapses with cul-
tured neonatal neurons or neurons in hippocampal slices (Song et al., 2002; van
Praag et al., 2002). Recently, it has been shown that dopamine neurons gener-
ated from mouse ES cells form functional neurons following transplantation
into the denervated striatum (Kim et al., 2002). Apparently, more studies with
appropriate animal models are needed to address whether neurons grafted into
the adult CNS can be integrated into functional neuronal circuitry.
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NEURONAL REPLACEMENT: FROM ANIMALS TO
HUMAN

Experimental studies with neural transplantation have demonstrated that
implanted neurons or their precursors can survive and make connections with
host neurons, and sometimes contribute to functional recovery in animal mod-
els of neurological injuries and degeneration. These studies have led to clinical
trials of neural transplantation for Parkinson’s Disease and Huntington’s Dis-
ease (Bjoklund & Lindvall, 2000). However, there are still major issues to be
solved before neural transplantation becomes a therapy for neurological inju-
ries or degeneration. A reliable and renewable source of donor cells is neces-
sary. The establishment of human ES cells (Thomson et al., 1998) and the ap-
plication of stem cell technology brings optimism to this aspect. Major efforts
are being applied to direct the stem cells to specialized neural fates. It has re-
cently been shown that human ES cells can be directed to neuroectodermal cells
that are able to give rise to a variety of neuronal and glial cell types (Zhang et
al., 2001). Given that embryonic induction and lineage differentiation is a con-
served process across species, it is likely that specialized neurons such as dopam-
ine neurons and motoneurons can be induced from human stem cells, as has
been shown in mouse ES cells. Another major issue with regard to the use of
human ES cells is proof of safety. This may require removing undifferentiated
cells or positively selecting for the desired cells before transplantation. In addi-
tion, recent success of homologous recombination in human ES cells (Zwaka &
Thomson, 2003) moves stem cells one step closer to clinical application.

The survival and differentiation of grafted cells will require halting the
disease process and reactivating developmental signals. Thus, recreation of a
permissive environment in the host CNS is another challenge to the success of
neural transplantation therapy. This has not been studied in detail. Similarly,
further studies are needed to explore the functional integration of grafted neu-
rons.
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Chapter 11

Derivation of Myelin-forming Cells for Transplantation
Repair of the CNS

Ian D. Duncan and Yoichi Kondo

INTRODUCTION

There is great current interest in the feasibility of remyelinating the cen-
tral nervous system (CNS) by transplantation of cells of the oligodendrocyte
lineage, or other myelin-forming cells. For the last 20 years, glial cell transplan-
tation has been extensively used to explore interactions between grafted and
endogenous cells and how cells, transplanted as allografts or xenografts, are
able to ensheath and myelinate foreign axons (Duncan et al., 1988). The exten-
sive myelination achieved in many of these studies by the transplanted cells led
to the consideration that this approach might be used therapeutically in human
myelin disorders (Blakemore et al., 1996; Duncan et al., 1997; Blakemore and
Franklin, 1999; Duncan, 2001).

A key consideration is the choice of cell to be used in transplantation that
will generate sufficient oligodendrocytes or other myelin-forming cells for re-
pair. We are now able to take cells from their primitive beginnings in the form
of embryonic stem (ES) cells or neural stem cells from rodent sources and gen-
erate sufficient oligodendrocytes in vitro and in vivo that will myelinate large
areas of the CNS of experimental animals. In this chapter we will briefly dis-
cuss the models which these cells are tested in, the choice of cells that might be
used therapeutically, and the clinical disorders they might be used in. Finally
we will discuss how to evaluate their success following transplantation in terms
of structural repair and restoration of function.

ANIMAL MODELS

There are now a wide variety of models in which transplantation of my-
elin forming cells has been performed. In general, the model chosen depends
upon the questions to be asked and the disease to be targeted. A major division
of the models used is into 1) the myelin mutants where myelin is absent or
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markedly reduced, 2) or focal models of demyelination, where injection of
myelinotoxic chemicals are used. In the case of the mutants, transplant studies
have been performed on the jimpy (jp) (Lachapelle et al., 1990), quaking (qk)
(Duncan et al., 1981), and shiverer (shi) (Gumpel et al., 1985;Gansmüller et al.,
1991; Warrington et al., 1993; Mitome et al., 2001) mice and on the myelin
deficient (md) (Duncan et al., 1988; Tontsch et al., 1994; Rosenbluth et al.,
1990), Long Evans shaker (les) (Zhang et al., 2003) and taiep (Duncan and
Zhang, unpublished data) rats. The shaking (sh) pup, a canine X-linked mutant,
has provided an excellent model in which to devise strategies of allograft trans-
plantation that can scale-up the size of repair, similar to what may be required
in humans. As the sh pup lives well into adulthood, it provides a model in
which long-term, adult transplants can be performed (Archer et al., 1997). In
general terms, the greater the range of models that mimic a specific human
disease, the better the chances for significant animal data relative to that dis-
ease. For example, the models of Krabbe’s Disease extend from the twitcher
(twi) mouse to a non-human primate and in the case of Pelizaeus Merzbacher
Disease (PMD), from mice, to canine models.

To study focal acute lesions that may be associated with clinical deficits,
injection of a myelinotoxic chemical such as lysophosphatidyl choline or
ethidium bromide is the method of choice. Prior irradiation of the area is used to
inhibit endogenous remyelination (Blakemore and Franklin, 1991; Blakemore
et al., 1995b; Honmou et al., 1996). Areas of focal myelin loss can be created
either in the spinal cord or brain. It is essential however that such lesions are
well characterized prior to grafting cells and that there has not been a signifi-
cant loss of axons thus allowing remyelination to occur. Such focal lesions are
also useful in testing the ability of oligodendrocyte progenitors (OPCs) or other
myelinating cells to migrate through normal neuropil to reach areas of myelin
loss.

CHOICE OF DONOR CELLS

The choice of cells used to repair focal areas of myelin loss or more gen-
eralized regions of dysmyelination is complex and as yet, undecided. In gen-
eral, the primary requirements of such cells are that they can migrate, divide in
a controlled fashion and ensheath and myelinate axons. In addition, cells should
interact favorably with other cells of the CNS and if possible be nonimmuno-
genic. Finally, cells should be readily accessible and producible in sufficient
number without ethical or technical difficulties. The latter point may mean that
cells need also be expanded in culture prior to transplantation.

Once cells with these criteria are selected, it should also be considered
whether they can interact with axons in varying pathological milieus. Examples
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of this include the ability of the transplanted cells to migrate and myelinate
axons in areas of astrocytic hypertrophy (gliosis) and their ability to survive and
function in an inflammatory background. It is not known whether all candidate
cell types will be able to ensheath chronically demyelinated or dysmyelinated
axons; further experimental data will determine this.

At present, therefore, there is a wide variety of cell types that could fit the
above description. The first cell to be considered is the endogenous myelinating
cell of the CNS, the oligodendrocyte, or a cell at any stage along its develop-
mental pathway that can be coaxed into differentiating into this cell. Consider-
ation should also be given to whether stem cells or progenitors that give rise to
oligodendrocytes can be generated from the adult CNS as well as from embry-
onic or neonatal sources. Secondly, Schwann cells which are known to be able
to myelinate CNS axons and that are frequently seen in the spinal cord in a
variety of disorders must be considered. A cell that may have properties of both
Schwann cells and CNS cells, the olfactory ensheathing cell (OEC) is the final
possible myelin producing cell of the nervous system. Finally, and most con-
tentiously, are stem cells from other tissues that can be coaxed to become
myelinating cells prior to transplantation. The issue of transdifferentiation of
such stem cells remains a hotly debated subject (see Chapter 6 in this volume).

Oligodendrocyte lineage cells

It is axiomatic that the cell used to replace lost or dysfunctional oligoden-
drocytes will be the oligodendrocyte itself. As the cell that normally populates
and interacts with all other cells of the CNS, it seems the obvious choice. In the
developing CNS, oligodendrocytes arise from neuroepithelial precursors and
differentiate through many stages in vivo (in a similar fashion to that detailed in
vitro; Figure 1). The sites of origin of these cells have been vigorously debated,
especially in the brain where more than one site has been identified (Olivier et
al, 2001; Woodruff et al, 2001; Qi et al., 2002). In the spinal cord, the major
site of origin of cells that give rise to oligodendrocytes is in the ventral cord,
adjacent to the central canal (Pringle and Richardson, 1993; Richardson et al.,
1997). While OPCs were originally identified in vivo by their labeling with
probes to the platelet-derived growth factor-alpha receptor more
recently an array of markers and transcription factors expressed early, and in
some cases transiently, have been identified (Kessaris et al., 2001; Rowitch et
al., 2002; Zhou et al., 2001; Takebayashi et al., 2002). There is not overall
agreement on the time of expression of these markers or their uniqueness for
cells of the oligodendrocyte lineage. Nonetheless, they will eventually provide
a better understanding of the stages of development that occur from neural stem
cells to the bona fide OPC.
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The key features of cells selected for brain repair are that the cells are
migratory and mitotic. A number of general principles apply here. In regard to
motility, as cells develop more processes they become less migratory and stop
dividing as they associate, ensheath, and myelinate axons. Thus, it would seem
that cells of the earlier lineage that are motile and mitotic would be most suc-
cessful for transplantation. Indeed, while preparations containing predominantly
mature oligodendrocytes can myelinate md rat axons (Duncan et al., 1992),
other work suggests that OPCs are more effective (Warrington et al., 1993;
Archer et al., 1997).

Initial studies on transplanting cell preparations used a mixed preparation
of glia derived from the brain or spinal cord that contained OPCs and more
mature cells (Blakemore and Crang, 1988; Duncan et al., 1988; Gumpel et al.,
1983). Isolation of more purified collections of oligodendroglia have utilized
the standard technique described by McCarthy and de Vellis (1980) or more
recently used growth factor expansion to generate pure populations of progeni-
tors or cell lines. One of the most utilized cell lines has been CG4 (central glial
-4) produced by Louis et al. (1992). Using the isolation approach of McCarthy
and de Vellis, they established pure cultures of oligodendrocytes that in the
presence of medium conditioned by the B104 neuroblastoma cell line gave rise
to a proliferative progenitor. It had been shown previously that B104 condi-
tioned media maintained neonatal and adult OPCs as nondifferentiated, divid-
ing cells, although the factors responsible for this have not been identified (Hunter
and Bottenstein, 1990, 1991). CG4 cells remained proliferative and undifferen-
tiated until removal of B104 medium whereupon 98% of the cells differentiate
into oligodendrocytes (Louis et al., 1992). We and others have used the CG-4
cell line at early passage as a source of myelinating oligodendrocytes (Tontsch
et al., 1994; Franklin et al., 1996a). However, at later passages (P20-25) it may
lose its ability to myelinate in vivo, yet remain highly mitotic. Thus, a more
reproducible means of creating a regular supply of such cells has been explored.

We examined the ability of neural stem cells grown as free floating collec-
tions of cells or neurospheres (Reynolds and Weiss, 1992) to produce oligoden-
drocytes. When the neurospheres were plated and growth factors withdrawn,
they produced a minor percentage of oligodendrocytes compared to neurons
and astrocytes. However, when these cells were transplanted into the md rat,
extensive myelination ensued suggesting that the myelin deficient environment
had promoted an oligodendrocyte differentiation (Hammang et al., 1997). Trans-
plantation of neurospheres has also been described by others, and these neural
stem cells gave rise to oligodendrocytes in vivo (Ader et al., 2000; Mitome et
al., 2001).

However this source of cells relies on the differentiation in vivo of neural
stem cells in oligodendrocytes after transplantation and may not be the most
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efficient method of preparing purified cells for repair. Baron-Van Evercooren
and colleagues used a combination of the prior methods to derive purified, float-
ing collections of OPCs derived from newborn rat cerebral hemispheres, grown
in the presence of B104 medium, that they called oligospheres (Avellana-Adalid
et al., 1996; Vitry et al., 1999). These cells proficiently myelinated axons on
transplantation. We modified this technique using neurospheres as the source
of cells. By gradually substituting EGF and FGF2 for B104 medium, we were
able to produce highly purified collections of OPCs that myelinated mutant
axons after transplantation (Figure 2; Zhang et al., 1998b). It is also possible to
generate such cells from the adult rodent brain (Zhang et al., 1999b) and from
other species, including canine (Zhang et al., 1998a) and porcine (Smith and
Blakemore, 2000) brain.

The source of human oligodendrocyte progenitors, however, remains more
problematic. It has been shown that human oligodendrocytes from fetal brain
are capable of myelinating rodent axons on transplantation (Gumpel et al., 1987;
Seilhean et al., 1996). When derived from adult human brain as a mixed glial
preparation, these cells did not myelinate demyelinated axons in the adult rat
spinal cord (Targett et al., 1996). However, when more purified populations of
OPCs were isolated, these cells could extensively myelinate demyelinated axons
in the adult rat corpus callosum (Windrem et al., 2002). The differences in re-
sults of these two studies are likely due to the purity of OPCs in the latter study.

We have also explored the myelinating potential of neural stem cells de-
rived from human fetal brain. It is possible to culture these cells as neurospheres
in the presence of EGF and FGF2, and like rodent neurospheres, they produce a
low percentage of oligodendrocytes (Zhang et al., 1999a). Transplantation of
these human neurospheres has not led to myelination of md rat axons, two weeks
after transplantation, although the cells survived but did not apparently differ-
entiate (Zhang and Duncan, unpublished data). In attempts to produce larger
numbers of progenitors, we have been unable to generate human oligospheres
using techniques the described above.

Embryonic stem (ES) cells

The demonstration that human ES cells can be grown and propagated in
culture (Thomson et al., 1998; Shamblott et al., 1998) has led to the hope that
these pluripotent cells will become the cornerstone of transplant repair for many
organs. ES cells were first isolated from the mouse blastocyst and have now
been grown from nonhuman primate (Thomson et al., 1995) as well as human
sources (Thomson et al., 1998). It has been clearly shown that mouse ES cells
can be coaxed in culture to give rise to glial progenitors and subsequent oligo-
dendrocytes and astrocytes using sequential combinations of growth factors
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(Brustle et al., 1999). Approximately 30% of the cells are oligodendrocytes and
astrocytes. Transplantation of ES cell-derived glial progenitors into the md rat
resulted in extensive myelination by mouse oligodendrocytes that developed
from these progenitors. Mouse ES cells maintained and differentiated in the so-
called retinoic acid protocol (Bain et al., 1995) were transplanted as neu-
rally differentiated cells into adult rat spinal cord injuries (McDonald et al.,
2000). Improvement in clinical function was ascribed to the differentiation of
many of these cells into oligodendrocytes, although no evidence was provided
that the cells were producing myelin. In a second study from the same group, a
method of purification for oligodendrocytes was described (Liu et al., 2000).
Free-floating populations of these cells growing in conditioned medium de-
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rived from the cultures at an earlier stage were generated. These oligospheres (a
term originally coined by Avellane-Adalid et al., 1996) contained a high per-
centage of cells labeled with the early oligodendrocyte marker (O4). These cells
matured in culture to express later oligodendrocyte markers and on transplanta-
tion into shi mice, made myelin basic protein (MBP)-positive (Liu et al., 2000).

Studies with human ES cells have so far not produced the significant oli-
godendrocyte differentiation described for mouse cells. Zhang et al. (2001) de-
vised a method of purification of neuroepithelial cells from embryoid bodies
grown in the presence of FGF2. With time, clustering of cells into rosettes oc-
curred and these structures eventually occupied much of the sphere. Dispase
treatment of these cells after plating led to rosette retraction, leaving adherent
cells behind. These clumps of cells were pelleted and contained purified neu-
roepithelial cells as identified by immunolabelling for nestin, musashil, and
PS A-NCAM. FGF2 enhanced division of these cells, while LIF and PDGF have
a lesser effect. When grown in culture, these neural stem cells gave rise first to
neurons of variable types and eventually to astrocytes, with few oligodendro-
cytes being produced in medium containing PDGF. Transplantation of these
cells into newborn mice also showed that they would differentiate into neurons
and astrocytes, but not oligodendrocytes. No tumor formation was seen up to 8
weeks after transplantation. In a similar study by Reubinoff et al., (2000), a
simpler method of neural differentiation from human ES cells was used, main-
taining ES cells without passage or replenishing the feeder cells, which led to
spontaneous neural differentiation. Clumps of cells presumed to be neural pre-
cursors were replated and grown in medium containing EGF and FGF-2. These
cells develop into varied neuronal phenotypes in vitro and when transplanted
into newborn mice, cells migrated and differentiated into neurons, astrocytes,
and oligodendrocytes. The latter is a notable difference from the report by Zhang
et al. (2001). As noted by Studer (2001), definitive evidence of significant and
functional oligodendrocyte differentiation has not been shown as yet.

Therefore the ability to produce significant numbers of oligodendrocytes
from human ES cells is lacking. The reasons for this in contrast to mouse ES
cells is not known but may relate to the lack of differentiation cues present in
the culture system, or that the temporal course of development of human oligo-
dendrocytes is longer than for other neural cells. Futher studies of growth factor
effects on human ES cells (Schuldiner et al., 2000) may help to identify the
culture conditions required to promote oligodendrocyte development.

Schwann cells

These cells remain as a second key cell type that could be used to myelinate
or remyelinate the CNS. While Schwann cells myelinate only a single internode
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and have been evolutionarily displaced from the CNS in favor of the oligoden-
drocyte which can myelinate multiple axons, nonetheless they migrate into the
CNS in many neuropathological conditions and can myelinate CNS axons
(Duncan and Hoffman, 1997). The ability to biopsy a patient’s own peripheral
nerve to isolate Schwann cells and expand them in vitro (Morrissey et al., 1995;
Tennekoon et al., 1995), makes this cell a serious candidate for transplant re-
pair. In addition, it has been shown that remyelination resulting from either
spontaneous Schwann cell invasion or transplantation will restore nerve con-
duction (Felts and Smith, 1992; Honmou et al., 1996).

Successful remyelination by Schwann cells may however be prevented by
their failure to interact positively with host astrocytes. As gliosis is a key fea-
ture of many myelin disorders, this could be a major problem if astrocytes in-
hibit the migratory ability of transplanted Schwann cells (Franklin and
Blakemore, 1993). However, there is not total agreement in the literature re-
garding Schwann cell-astrocyte interactions, although it is clear that Schwann
cell myelination is always seen in areas that are GFAP-deficient (Duncan and
Hoffman, 1997; Shields et al., 2000). The question remains as to whether
Schwann cells can only myelinate axons in areas deficient in astrocytes or that
Schwann cell invasion/development in the CNS results in astrocyte retraction.
Finally, it is also not known whether Schwann cells could be called on to
myelinate the entire CNS in disorders characterized by global myelin absence
or loss, given their 1:1 relationship with axons. Perhaps such repair may be
limited to focal, anatomically strategic lesions that occur at sites that give rise
to clinical deficits.

Olfactory ensheathing cells

Olfactory ensheathing cells (OECs) are unique glia that ensheathe or sur-
round small diameter axons of the olfactory nerve and also the nerve fiber layer
of the olfactory bulb, and support neurogenesis in the olfactory system (re-
viewed by Ramon-Cueto and Avila, 1998). They share the properties of both
Schwann cells and astrocytes (Doucette, 1990). For instance, while OECs sup-
port axonal regrowth like Schwann cells, they form a glial limitans at the PNS-
CNS transition zone as do astrocytes (Ramon-Cueto and Valverde, 1995). Al-
though OECs do not normally form myelin, upon transplantation into the CNS,
OECs isolated from rat (Franklin et al., 1996b), canine (Smith et al., 2002), or
human (Barnett et al., 2000; Kato et al., 2000) sources remyelinated axons of
the demyelinated rat spinal cord and improved axonal conduction (Imaizumi et
al., 1998).

On transplantation into the rat CNS, OECs of rat or human origin myelinate
axons in a manner similar to Schwann cells, associating with single axons and
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making P0 (a peripheral myelin protein) positive myelin (Barnett et al., 2000;
Franklin et al., 1996b.. Porcine OECs transplanted into traumatic lesions of the
spinal cord also make peripheral myelin (Imaizumi et al., 2000a). Not all OECs
however differentiate into Schwann cell-like cells. Both rat and human OECs
also give rise to a cell that appears astrocyte-like (Barnett et al., 2000; Franklin
et al., 1996b). A potential advantage of transplanting OECs compared to Schwann
cells is their ability to interact with host astrocytes (Franklin and Barnett, 1997;
Franklin et al., 1996b). Such interactions have been explored in cell culture,
comparing Schwann cell and OEC behavior when cocultured with astrocytes
(Lakatos et al., 2000). A number of differences were seen, including free inter-
mingling of OECs and astrocytes but not Schwann cells that promoted astro-
cytic hypertrophy. While human Schwann cells can be obtained from periph-
eral nerve biopsy, OECs can also be isolated from the periphery, e.g., the lamina
propria (Au and Roskams, 2003), suggesting that autologous transplantation
might be possible.

However, results questioning the ability of OECs to myelinate axons have
recently been published. Rat OECs highly purified by immunopanning with the
p75 antibody did not myelinate the axons of dorsal root ganglion neurons in
vitro. Instead, OECs produced long, flattened sheets that separated axons into
bundles (Plant et al., 2002). However, the axons in the cultures appeared smaller
than those myelinated by Schwann cells, and this may be a contributing factor
in their failure to myelinate. When such purified OECs or Schwann cells were
transplanted into the contused rat spinal cord, only Schwann cells significantly
promoted axon sparing/regeneration and improvement in hind limb locomotor
performance (Takami et al., 2002). These data have raised important questions
about OECs, and unequivocal proof of the origin of transplanted cells and those
cells that differentiate from them should answer these questions.

Non-neural cells

Lack of availability of sufficient numbers of human OPCs for transplanta-
tion has led to consideration of alternative sources of myelinating cells such as
Schwann cells or OECs. Myelinating cells derived from non-neural tissue might
even be more appealing because of ease of collection, in vitro manipulation and
autologous transplantation. Mesenchymal and hematopoietic stem cells derived
from bone marrow have been of particular interest. The ability of such stem
cells to transdifferentiate into a neural lineage is discussed in detail elsewhere
in this book (Chapter 6), but brief mention will be made of data suggesting
development of such cells into oligodendrocytes or Schwann cells. Mesenchy-
mal stem cells (MSCs) from adult marrow have been reported to give rise to
galactocerebroside (GalC) positive oligodendrocytes in vitro (Jiang et al., 2002).
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When these cells were injected into a blastocyst it was suggested that cells seen
in the chimera in the corpus callosum were oligodendrocytes. When similar
cells were transplanted into the penumbra of infarcts in the rat brain, some MSCs
expressed GalC (Zhao et al., 2002), although this is technically a difficult anti-
body to use as a marker of oligodendrocytes in vivo. Enriched adult mouse bone
marrow-derived hematopoietic progenitor cells were transplanted into newborn
mouse brain and cell differentiation followed, indicated by markers of neurons
and glia. Using the O4 antibody, they reported that up to 50% of cells were
galactosidase/O4-positive. Bone marrow stromal cells injected either directly
into demyelinating lesions (Akiyama et al., 2002b) or intravenously (Akiyama
et al., 2002a) were shown to survive in vivo, express and dif-
ferentiate into cells similar to Schwann cells. The myelin made by these cells
restored conduction to remyelinated axons (Akiyama et al., 2002a, 2002b). Fi-
nally, human cord blood cells were reported to give rise to oligodendrocytes in
vitro and these cells were purported to express DM-20, the minor isoform of the
proteolipid protein gene (Buzanska et al., 2002).

These data are intriguing yet incomplete at present. It will be important to
show that such cell differentiation is reproducible in different laboratories, that
large numbers of unequivocally identifiable cells are produced, and that these
cells are functional, i.e., can make significant quantities of myelin after trans-
plantation.

Evaluation of Transplantation

Myelination

In general, success of transplantation of OPCs or any other myelinating
cell is judged on a) cell survival, b) migration, and c) myelination. In addition,
an increase in cell number through controlled division following transplanta-
tion may also be required to repair large areas of the CNS.

Cell survival. Transplantation of practically any cell into the CNS is fol-
lowed by death of a proportion of these cells. We have shown that up to 50% of
OPCs die within 24 hours of transplantation into the md rat spinal cord (Zhang
et al., 1999c). However, this figure may vary depending on the pathologic mi-
lieu into which the cells are transplanted. It is critical that the transplanted cells
are labeled so that demonstration of their survival (and later differentiation and
myelination) and distinction from host cells is unequivocal. Methods of label-
ing OPCs, Schwann cells, or OECs have been presented and reviewed else-
where (Duncan, 1996; Blakemore et al., 1995a). In brief, cells can be generated
to express or green fluorescent protein (GFP), either by viral
transduction or by transgenic approaches (Iwashita et al., 2000; Tontsch et al.,
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1994; Windrem et al., 2002; Mitome et al., 2001). Vital dyes such as fast-blue,
bisbenzimide (Hoechst 33258; Gansmuller et al., 1991) or Dil (Baron-Van
Evercooren et al., 1996) have been used to label OPCs. Other techniques in-
clude labeling dividing cells with BrdU prior to transplantation or in situ hy-
bridization using a probe to the Y-chromosome to detect male cells transplanted
into female hosts (O’Leary and Blakemore, 1997b). While each may have its
advantages, the best technique is to double label to allow the identification of
both the grafted cells and the myelin they produce.

Migration. To accurately determine the extent of cell migration after trans-
plantation, one needs to be assured that cells are labeled and can be clearly
identified in vivo. A second caveat is that there is a difference between active
migration in the parenchyma of the CNS versus passive movement. Passive
dispersion of cells can arise as a result of the actual act of injection of a cell
suspension (Lipsitz et al., 1995), and the extent of this may vary in the brain and
spinal cord and in different pathological environments. Secondly, unintentional
injection of cells into the ventricular system at any level can result in their
widespread dispersion throughout the brain and spinal cord. Judgment of mi-
gration in a single microscopic section may be inaccurate as this represents only
a single moment in time. It may be necessary to evaluate a large group of ani-
mals injected similarly, at different time points after surgery, to see whether
there is evidence of progressive migration away from the site of focal implanta-
tion. We have attempted to evaluate migration in vivo by labeling transplanted
OPCs with iron nanoparticles in the md rat spinal cord. The spinal cord was
excised two weeks later and the cord was examined by magnetic resonance
imaging (MRI). There was complete overlap of the MRI signal with PLP-posi-
tive myelin (Bulte et al., 1999). Using a similar protocol in the Long Evans
shaker rat, individual animals were sequentially followed by MRI. In this case
there was an overlap between cells, PLP
immunolabelling and the MRI signal (Bulte et al., 2001). In vitro MRI imaging
of transplanted OPCs has also been demonstrated by others (Franklin et al.,
1999). Labeling of cells with iron particles, allowing their MRI detection in
vivo, perhaps along with MRI evidence of an increase in myelin formation are
powerful tools in studying migration and survival of cells in the intact animal.

Myelination. It is our view that this is best judged in sections or on
EM. Toluidine blue sections provide unequivocal evidence of myelination
by labeled cells in recipients where there is little or no host myelin such as in the
md rat (Figure 3). Immunolabeling for a missing protein in the myelin mutants,
i.e., PLP in the md rat (Duncan et al., 1988; Zhang et al., 1998b) or MBP in the
shi mouse (Mitome et al., 2001) is unequivocal proof of the origin of the my-
elin. In the case of Schwann cell or even OEC transplants, the myelin will be
P0-positive, definitive proof of the cell origin, provided the donor cells are ac-
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curately labeled and can be distinguished from host cells. In the case of focal
injection of myelinotoxic chemicals in areas that are irradiated, there is no en-
dogenous repair by oligodendrocytes or Schwann cells, therefore the transplanted
cells must be responsible for remyelination of such areas. In the case of Schwann
cells, this is only definitive if these cells are clearly identified in vivo by a known
label, since Schwann cells inevitably invade the spinal cord in most lesions
(Duncan and Hoffman, 1997). More recently such studies have utilized geneti-
cally labeled cells as definitive proof of the origin of the remyelinating cells
(Iwashita et al., 2000).

Functional Recovery

While myelination of areas of non-myelination or demyelination by trans2
planted cells suggests that nerve fiber function would be restored, it requires
formal proof. This was first established in detailed electrophysiological studies
of conduction through patches of myelin made by transplanted cells by
(Utzschneider et al., 1994). They showed that nerve conduction velocity was
restored nearly to normal in a transplant-derived myelinated area of the dorsal
column in the neonatal md rat. In further experiments, they tested the physi-
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ologic responses of remyelinated axons in the dorsal column of rats that had
been demyelinated by injection of ethidium bromide and remyelinated by rat or
human Schwann cells, (Imaizumi et al., 2000b; Kohama et al., 2001) and rat or
human OECs (Imaizumi et al., 2000b). In all preparations they demonstrated
restoration of conduction in remyelinated fibers. They have also explored the
feasibility of differentiation of bone marrow stromal cells differentiating into a
myelinating cell when transplanted directly into focally demyelinated lesions
(Akiyama et al., 2002b) or by intravenous injection (Akiyama et al., 2002a). In
both experiments, axons were remyelinated by cells with a Schwann cell phe-
notype with restoration of conduction velocity. These experiments suggest col-
lectively that focal repair following transplantation leads to restoration of func-
tion.

The final test of such cell replacement therapy must be in behavioral re-
covery after transplantation. Such studies have been rare but there is convincing
evidence that focal remyelination of ethidium bromide-induced demyelination
of the cervical spinal cord by transplanted OPCs can restore function (Jeffery et
al., 1999). Locomotor activity as judged by the ability to traverse a wooden
beam, was regained in rats in which cervical cord lesions were repaired by grafted
cells. While these results are encouraging, the ‘holy grail’ is to restore function
in the CNS with multiple lesions (e.g. multiple sclerosis) or even in those ani-
mals/humans with a global absence or loss of myelin (e.g. the leukodystro-
phies). One such experiment has suggested that this may be possible. Trans-
plantation of the C17.2 immortalized mouse cell line, C17.2 into the newborn
shi mouse led to widespread incorporation of the cells in the brain and a loss of
tremor in some of the affected mice (Yandava et al., 1999). However, in a later
study using the same recipient, even more extensive myelin formation by trans-
planted cells did not lead to any behavioral response (Mitome et al., 2001).
While the first results were encouraging, the difference in results between the
two studies is unexplained. In addition, it is extremely unlikely that human
clinical trials would use immortalized cells.

Site and timing of engraftment

In the spinal cord, placement of a micropipette into the quadrants can lead
to deposition of cells in the dorsal, lateral, or ventral columns. At the same time,
deposition of cells in the adjacent gray matter, or their migration there from the
white matter, can lead to almost total myelination/remyelination of that spinal
cord segment (Archer et al., 1997). In the brain, targeting of specific white
matter tracts such as the corpus callosum or internal capsule, requires stereotac-
tic approaches. Stereotaxis is essential for precise localization of cells such as
in transplantation into the superior cerebellar peduncle (Shields et al., 2000).
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Such precise targeting could be employed in diseases such as MS where focal
demyelination of structures such as the cerebellar peduncles cause severe clini-
cal deficits.

In addition to grafting cells into brain parenchyma, the ventricular system
has been used as a conduit for the dispersion of cells throughout the brain. The
lateral ventricle has been targeted in many studies of transplantation of neural
stem cells (Brustle et al., 1997; Yandava et al., 1999). Transplantation into the
ventricles of the neonatal mouse or rat has led to the extensive dispersion of
cells throughout the brain. It is not entirely clear how the cells cross the ependy-
mal lining and penetrate the brain. It is also not clear whether certain cell types
will reproducibly follow set pathways of migration. In a study of transplanta-
tion of OPCs into the lateral ventricle of the fetal md rat, we found cells scat-
tered variably throughout gray and white matter four weeks later, including the
corpus callosum, inferior colliculus, hippocampus, and thalamus (Learish et al.,
1999). Cells were also observed in the olfactory bulb, cerebellum, brain stem,
cerebral cortex, hypothalamus, and the optic nerve and chiasm. Some of these
cells differentiated into myelinating oligodendrocytes but others remained as
undifferentiated cells in areas such as the molecular layer of the cerebellum.
Finally, some cells differentiated into astrocytes, although fewer than those be-
coming myelinating cells. It is unclear what directs such cell migration or if it is
random. Certainly, some cells appear to follow the rostral migratory stream to
the olfactory bulb as do neural stem cells similarly transplanted. A better under-
standing of the cues that direct migration of transplanted OPCs in the develop-
ing brain may help promote more widespread migration. A recent study by
Mitome et al. (2001) has been most encouraging in regard to achievement of
significant myelination by grafted cells. When neurospheres were injected into
the lateral ventricle and cisterna magna of shi mice at postnatal day 0 and 2,
extensive myelination of the corpus collosum and ventral hippocampal fissures
as well as other areas of the brain was found (Mitome et al., 2001). These data
suggest that significant parts of whole white matter tracts may be repaired by
cell transplantation, and importantly shows that injections at multiple times may
help to achieve this.

The timing of transplantation of OPCs may be critical to the chances of
myelinating or remyelinating focal, multifocal, or large-scale areas of the CNS.
Much of the work on the myelin mutants has been carried out in neonates where
it is likely that myelination resulting from transplanted cells occurs in competi-
tion with any host myelination. At fetal and neonatal times, cues for myelin
forming cells to ensheath axons must be at their greatest. From a clinical per-
spective, transplanting cells during this timeframe would be important in the
childhood myelin disorders or leukodystrophies. Pelizaeus Merzbacher disease
is a representative disorder and advances have been made using its animal mod-
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els, the jimpy mouse, md rat, and shaking pup (Archer et al., 1997). The greatest
challenge however is in successful transplantation in the adult CNS where plas-
ticity may be less and the cues for myelination diminished. In addition, reactive
changes in the neuropil such as gliosis may be inhibitory factors in myelin forma-
tion by transplanted cells. Despite these caveats, much of the work on repair of
focally demyelinated lesions has been performed in adult rats. We have also
successfully transplanted a mixed glial preparation into the adult sh pup at 9
months of age, a time at which there is prominent gliosis (Archer et al., 1997).
While transplantation into the parenchyma of adults leads to myelination, cells
grafted into the ventricles of mutants or normal animals may not become incor-
porated into the brain. However, if this is carried out in adult rats with experi-
mental allergic encephalomyelitis, cells are indeed able to migrate from the
ventricles into the brain (Ben-Hur et al., 2003). It may be that important migra-
tory stimuli are found in such lesions, perhaps a significant observation for MS
where many major lesions are located at periventricular sites.

MIGRATION AND PROLIFERATION: METHODS FOR
ENHANCING THEM

A major goal of transplantation of myelinating cells is to have them repair
large and dispersed areas of demyelination, or in the case of the inherited disor-
ders, be capable of global replacement. Thus transplanted cells must be migra-
tory and be able to divide in vivo in a controlled manner, as only a finite number
of cells can be implanted. In regard to migration, studies on the oligodendrocyte
lineage show that only progenitors or pre-progenitors have the ability to mi-
grate, at least in vitro. As cells differentiate and become multipolar, migration
ceases. It is known that migration of OPCs must occur in the brain and spinal
cord during development for normal myelination to occur.

Promotion of migration of transplanted OPCs may be enhanced by a bet-
ter understanding of the molecules expressed both by the cells and by surround-
ing tissues. Molecules known to promote migration of OPCs in vitro include
PDGF and FGF2 (Armstrong et al., 1990; Milner et al., 1997) while tenascin-c
is known to inhibit migration (Kiernan et al., 1996). OPC migration may also be
influenced by the expression of receptors for semaphorin or netrin (Spassky et
al., 2002). Both of these molecules are known to act as chemoattractants or
repellants. It is also important to understand why OPCs stop migrating and
ensheath axons. Certainly, if they differentiate and become multipolar, migra-
tion would cease. Expression of the chemokine receptor CXCR2 by OPCs may
be a key to positioning cells to myelinate the CNS (Tsai et al., 2002). The integrin
family almost certainly plays a key role in OPC migration through their interac-
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tion with the extracellular matrix. In particular, expression of integrin
plays a role in cell migration (Milner et al., 1996; Buttery et ah, 1999).

As yet, there have been no studies exploring the migratory behavior of
transplanted cells induced to overexpress molecules thought to promote migra-
tion. Any expression of such molecules however must be compatible with
oligodencrocyte function, that is, cells must stop migrating, mature, ensheath
axons and make myelin. Indirect evidence of transplanted cells being influ-
enced by chemotactic stimuli comes from experiments where OPCs were trans-
planted in the md rat spinal cord some distance from transplanted B104 cells
(Milward et ah, 2000). The latter produce factors known to maintain OPCs
dividing and undifferentiated (Hunter and Bottenstein, 1990,1991). In this study
we showed that the transplanted OPCs migrated selectively toward the B-104
cells suggesting the latter produce chemotactic factors.

A key question regarding migration of transplanted cells is whether they
will be able to migrate through areas of normal myelination to reach dispersed
lesions as in MS, and whether abnormalities of the milieu such as inflammation
or gliosis will influence this. Work of Blakemore and Franklin suggests that
transplanted OPCs have a limited ability to survive in the normal CNS and
migrate toward focal lesions, although prior X-irradiation of the neuropil may
enhance this (Franklin et al, 1996a; O’Leary and Blakemore, 1997a; Chari and
Blakemore, 2002). In contrast, others have suggested that OPCs have consider-
able ability to migrate through areas of normal myelin (Baron-Van Evercooren
et al, 1996). The differences noted may relate to the different models used.
Interestingly, inflammation may promote the spread of transplanted cells, both
in the spinal cord (Tourbah et al, 1997) and brain (Ben-Hur et al, 2003). The
latter study used transplantation into the ventricles as a means of disseminating
cells. We and others have used the ventricular cavities as a means of promoting
widespread integration of OPCs into the brain (Learish et al, 1999; Wu et al,
2002; Mitome et al, 2001). As noted before, injections on two occasions into
the ventricular system may promote more extensive migration and repair (Mi-
tome et al, 2001). Most recently it has been shown that neural stem cells may
be disseminated widely throughout the CNS in mice with experimental allergic
encephalomyelitis when cells are injected intrathecally or intravenously (Pluchino
et al, 2003).

A second method of extending myelination by transplanted cells is to in-
crease the number of cells that either survive grafting or divide. Many OPCs die
on transplantation (Zhang et al, 1999c). We have shown that more OPCs divide
when cografted with B104 cells (Milward et al, 2000), and it is known that
PDGF produced by ectopically transplanted cells increases the number of OPCs
in the optic nerve (Barres et al, 1992) and spinal cord (Bjorklund and Lindvall,
2000). Indirect evidence that transplanted cells will divide with time, giving
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rise to more oligodendrocytes and hence increased myelination, was noted when
neural stem cells were injected into a mutant mouse (Ader et al., 2001). Thus,
these combined data indicate the potential for OPC migration and division to
occur and be enhanced in vivo following transplantation.

FUTURE PERSPECTIVES

There now has been extensive experimentation on glial cell transplanta-
tion that suggests that is a safe technique that results in extensive repair and, in
some cases, improvement or return of function. Two critical issues remain to be
resolved, however, in using this approach in human myelin disorders, although
they may not hinder initial clinical trials from being performed. Indeed a small
Phase I trial of autologous Schwann cell transplantation in MS patients has
already been performed confirming the safety of the procedure. There is still
uncertainty however about the best human cell to be used. While ES cells may
be the eventual solution to the issue of cell numbers, sufficient oligodendro-
cytes from these cells have not been generated in vitro or in vivo compared to
mouse ES cells. Likewise, human neural stem cells grown as neurospheres have
generated more oligodendrocytes than ES cells, but insufficient for large scale
repair, although FACS sorting of dissociated cell preparations may provide the
purity and number of cells required. Schwann cells and OECs remain as prom-
ising cell sources. In summary, it would appear beneficial to continue to ex-
plore all cell source options while more is learned about oligodendrocyte differ-
entiation from human ES cells.

The disease or diseases to be targeted also remains a question of consider-
able debate. A start could be made in the repair of focal areas of myelin, such as
in the spinal cord of some MS patients (combined with medical therapy to
block or lessen ongoing disease) if there was consensus about the right cell to
implant. The greater challenge is in replacing oligodendrocytes at multiple sites
or along the entire neuroaxis. Success with focal lesions however will be a huge
step in moving towards global repair.
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Chapter 12

Induction of Adult Cortical Neurogenesis From
Neural Precursors In Situ

Paola Arlotta, Jinhui Chen, Sanjay S. P. Magavi and Jeffrey D. Macklis

ADULT NEUROGENESIS

Until very recently, the relative lack of recovery from CNS injury and
neurodegenerative disease resulted in the entire field reaching the conclusion
that neurogenesis does not occur in the adult mammalian brain. A series of
groundbreaking results from different groups over the last four decades have
contradicted this classical view and provided strong evidence that neurogenesis,
the birth of new neurons, does extend past embryonic and fetal stages of devel-
opment and occurs, although with limitations, also in the adult brain.

Joseph Altman and colleagues were the first to use techniques sensitive
enough to detect the ongoing cell division that occurs in adult brain and pub-
lished evidence that neurogenesis constitutively occurs in the hippocampus
(Altman and Das, 1965) and olfactory bulb (Altman, 1969) of the adult mam-
malian brain. However, the absence of neuron-specific immunocytochemical
markers at the time resulted in the identification of putatively newborn neurons
being made on purely morphological criteria, which led to a widespread lack of
acceptance of these results.

Only a decade ago, technical advances including the use of cell type-spe-
cific markers to clearly identify newborn neurons, allowed two independent
groups to more definitively show that precursor cells isolated from the fore-
brain can differentiate into neurons in vitro (Reynolds and Weiss, 1992; Richards
et al., 1992). These results led to an explosion of research in the field. Normally
occurring neurogenesis in the olfactory bulb, olfactory epithelium (see Barber,
1982; Crews and Hunter, 1994), and hippocampus have now been well-charac-
terized in the adult mammalian brain.

Olfactory Bulb Neurogenesis

Adult olfactory bulb neurogenesis has been most extensively studied in
the rodent, though there is in vitro (Kirschenbaum et al., 1994; Pincus et al.,
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1998) and in vivo (Bernier et al., 2000) evidence suggesting that such neuronal
precursors exist in humans. Several experiments show that the precursors that
contribute to olfactory bulb neurogenesis reside in the anterior portion of the
subventricular zone (SVZ; Luskin, 1993), sometimes called the subependymal
zone (SEZ). When retroviruses or tritiated thymidine (Lois and Alvarez-Buylla,
1994), vital dyes (Lois and Alvarez-Buylla, 1994; Doetsch and Alvarez-Buylla,
1996), or virally labeled SVZ/SEZ cells (Luskin and Boone, 1994; Doetsch and
Alvarez-Buylla, 1996) are microinjected into the anterior portion of the SVZ/
SEZ of postnatal animals, labeled cells are eventually found in the olfactory
bulb. Upon reaching the olfactory bulb, these labeled neurons differentiate into
interneurons specific to the olfactory bulb, olfactory granule cells and peri-glom-
erular cells. To reach the olfactory bulb, the neuroblasts undergo tangential
chain migration within sheaths of slowly dividing astrocytes (Garcia-Verdugo
et al., 1998) along the rostral migratory stream (RMS) (Rousselot et al., 1995).
Once in the olfactory bulb, the neurons migrate along radial glia away from the
RMS and differentiate into interneurons that participate in functional synaptic
circuitry (Carlen et al., 2002).

Of considerable interest have been the factors that contribute to the direc-
tion of migration of the neuroblasts, as well as factors involved in initiating and
controlling migration itself. In vitro experiments show that caudal septum ex-
plants secrete a diffusible factor, possibly the molecule Slit (Mason et al., 2001)
that repels olfactory bulb neural precursors (Hu and Rutishauser, 1996). Con-
sistent with the idea that SVZ/SEZ precursor migration is directed by repulsion
is the finding that SVZ/SEZ precursors migrate anteriorly along the RMS even
in the absence of the olfactory bulb (Kirschenbaum et al., 1999). The tangential
migration of the cells seems to be at least partially mediated by PSA-NCAM,
expressed by the neuroblasts themselves (Hu et al., 1996). This may be modi-
fied by tenascin and chondroitin sulfate proteoglycans that are located near the
SVZ/SEZ (Gates et al., 1995). Understanding the factors that contribute to nor-
mal SVZ/SEZ precursor migration could be important in developing approaches
to induce such precursors to migrate to injured or degenerating regions of the
brain.

Although the identity of the adult multipotent neural precursors in the
SVZ/SEZ is still somewhat controversial (discussed later in this chapter), a num-
ber of experiments have been performed to manipulate their fate and examine
their potential, both in vitro and in vivo. These results will guide attempts to
manipulate endogenous precursors for brain repair. In vitro, SVZ/SEZ precur-
sors have been exposed to a number of factors to determine their responses.
Generally, precursor cells have been removed from the brain, dissociated, and
cultured in epidermal growth factor (EGF) and/or basic fibroblast growth factor
2 (FGF2). The EGF and/or FGF2 are then removed, and the cells are exposed to



Arlotta, Chen, Magavi & Macklis 357

growth factors of interest. The details of this process, including the particular
regions the cells are derived from, the media they are plated in, and the sub-
strata they are plated on, can have significant effects on the fate of the precur-
sors (Ahmed et al., 1995; Gritti et al., 1995; Kirschenbaum and Goldman, 1995;
Gritti et al., 1996; Gross et al., 1996; Goldman et al., 1997; Williams et al.,
1997; Arsenijevic and Weiss, 1998; Gritti et al., 1999; Whittemore et al., 1999;
Gritti et al., 2002). The effects of several growth factors have also been tested in
vivo, to investigate their effects under physiological conditions.
Intracerebroventricularly (ICV) infused EOF or transforming growth factor

induce a dramatic increase in SVZ/SEZ precursor proliferation, and
FGF2 induces a smaller increase in proliferation (Craig et al., 1996; Kuhn et al.,
1997; Nakatomi et ah, 2002). Even subcutaneously delivered FGF2 can induce
the proliferation of SVZ/SEZ precursors in adult animals (Wagner et al., 1999).
But despite the fact that newborn, mitogen-induced cells disperse into regions
of the brain surrounding the ventricles, it is generally accepted that none of the
newborn cells differentiate into neurons in these non-neurogenic regions (Kuhn
et al., 1997). Interestingly, it has been recently reported that olfactory bulb
neurogenesis increases during pregnancy and even following mating behavior
in rodents, and it is mediated by the hormone prolactin (Shingo et al., 2003).
These results further suggest that it may be possible to use growth factors/hor-
mones to manipulate adult endogenous precursors in vivo for brain repair.

Several reports have attempted to establish the differentiation potential of
SVZ/SEZ multipotent precursors, but these have yielded conflicting results.
Postnatal mouse SVZ/SEZ precursors can differentiate into neurons in a num-
ber of regions in the developing neuraxis (Lim et al., 1997), while their fate is
more limited to astroglia when they are transplanted into adult brain (Herrera et
al., 1999). Adult mouse SVZ/SEZ precursors injected intravenously into sub-
lethally irradiated mice have been reported to differentiate into hematopoetic
cells, interpreted as demonstrating the broad potential of neural precursors for
differentiation and interlineage “transdifferentiation”(Bjornson et al., 1999;
Vescovi et al., 2002). However, it is possible that a contaminant blood stem cell
or a chance transformation of cultured SVZ/SEZ cells led to a single transformant
precursor accounting for this finding. It has also been reported that labeled
multipotent neural precursors derived from adult mouse and transplanted into
stage 4 chick embryos or developing mouse morulae or blastocysts, can inte-
grate into the heart, liver, and intestine, and express proteins specific for each of
these sites (Clarke et al., 2000). Moreover, acutely isolated and clonally derived
neural precursors/stem cells have been shown to produce skeletal myotubes in
vitro and in vivo following transplantation into adult animals (Galli et al., 2000).
Though these results are not entirely unambiguous in view of recent reports of
fusion between embryonic stem cells and mature cells (Terada et al., 2002;
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Wurmser and Gage, 2002; Ying et al., 2002), adult multipotent neural precur-
sors may not be totipotent, but they appear to be capable of differentiating into
a wide variety of cell types under appropriate conditions, even if with low fre-
quency.

These results indicate that the local cellular and molecular environment in
which SVZ/SEZ neural precursors are located can play a significant role in
their differentiation. Providing the cellular and molecular signals for appropri-
ate differentiation and integration of new neurons will be critical for neuronal
replacement therapies in which endogenous neural precursors are either trans-
planted or manipulated in situ.

Hippocampal Neurogenesis

Neurogenesis in the adult hippocampus has been extensively studied and
described in vivo in adult rodents (Altman and Das, 1965), monkeys (Gould et
al., 1998; Gould et al., 1999b; Kornack and Rakic, 1999) and humans (Eriksson
et al., 1998). Newborn cells destined to become neurons are generated along the
innermost aspect of the granule cell layer, the subgranular zone, of the dentate
gyrus of the adult hippocampus. The cells migrate a short distance into the
granule cell layer, send dendrites into the molecular layer of the hippocampus,
and send their axons into the CAS region of the hippocampus (Stanfield and
Trice, 1988; Hastings and Gould, 1999; Markakis and Gage, 1999). Adult-born
hippocampal granule neurons are morphologically indistinguishable from sur-
rounding granule neurons (Gage et al., 1998; Kempermann et al., 2003) and
appear to be functional (Song et al., 2002; van Praag et al., 2002). Hippocampal
precursors cells are studied in vitro much like SVZ/SEZ precursors. Hippocam-
pal precursors proliferate in response to FGF2 and can differentiate into astroglia,
oligodendroglia, and neurons in vitro (Gage et al., 1998). Brain-derived neu-
rotrophic factor (BDNF) increases both neuronal survival and differentiation,
while neurotrophin-3 (NT3), neurotrophin-4/5 (NT4/5), and ciliary neurotrophic
factor (CNTF) have more limited effects (Lowenstein and Arsenault, 1996).
Further demonstrating the existence of precursors in the adult human, multipotent
precursors derived from the adult human brain can be cultured in vitro (Kukekov
et al., 1999; Roy et al., 2000).

Hippocampal neurogenesis occurs throughout adulthood, but declines with
age (Kuhn et al., 1996). This age-related decline could be due to a depletion of
multipotent precursors with time, a change in precursor cell properties, or a
change in the levels of molecular factors that influence neurogenesis. Under-
standing what causes this age-related decrease in neurogenesis may be impor-
tant in assessing the potential utility of future neuronal replacement therapies
based on manipulation of endogenous precursors. Although aged rats have dra-
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matically lower levels of neurogenesis than young rats, adrenalectomized aged
rats have levels of neurogenesis very similar to those of young adrenalecto-
mized rats (Cameron and McKay, 1999; Montaron et al., 1999). These results
suggest that it is at least partially increased corticosteroids, which are produced
by the adrenal glands, and not a decrease in the number of multipotent precur-
sors, that leads to age-related decreases in neurogenesis. Events occurring in
the hippocampus dramatically demonstrate that behavior and environment can
have a quite direct influence on the brain’s microcircuitry. Animals living in an
enriched environment containing toys, running wheels, and social stimulation
contain more surviving newborn neurons in their hippocampus than control
mice living in standard cages (Kempermann et al., 1997). An intriguing, but
completely speculative, idea that has been advanced by some in this field is that
the processes mediating these effects on neurogenesis may underlie some of the
benefits that physical and social therapies provide for patients with stroke and
brain injury.

Some of the molecular mechanisms that mediate behavioral influences on
hippocampal neurogenesis have begun to be elucidated (Aberg et al., 2000;
Trejo et al., 2001). Stress increases systemic adrenal steroid levels and reduces
hippocampal neurogenesis (Tanapat et al., 1998). Intriguingly, some antide-
pressant medications appear to increase neurogenesis (Chen et al., 2000; Malberg
et al., 2000). Together, these results demonstrate that adult neurogenesis can be
modified by systemic signals, suggesting that modifying such systemic signals,
and not only local ones, may be useful in developing potential future neuronal
replacement therapies involving manipulation of endogenous precursors
(Kempermann et al., 2000).

Adult hippocampal multipotent precursors can adopt a variety of fates in
vivo, suggesting that they may be able to appropriately integrate into neuronal
microcircuitry outside of the dentate gyrus of the hippocampus. Hippocampal
precursors transplanted into neurogenic regions of the brain can differentiate
into neurons, while precursors transplanted into non-neurogenic regions do not
differentiate into neurons at all. Adult rat hippocampal precursors transplanted
into the rostral migratory stream migrate to the olfactory bulb and differentiate
into a neuronal subtype not found in the hippocampus, tyrosine-hydroxylase-
positive neurons (Suhonen et al., 1996). However, although adult hippocampal
precursors transplanted into the retina can adopt neuronal fates and extend
neurites, they do not differentiate into photoreceptors, demonstrating at least
conditional limitation of their differentiation fate potential (Nishida et al., 2000;
Young et al., 2000). These findings demonstrate the importance of the local
cellular and molecular microenvironment in determining the fate of multipotent
precursors. These results also highlight that, although adult hippocampal pre-
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cursors can adopt a variety of neuronal fates, they may not be able to adopt
every neuronal fate.

Identity of adult neural precursors

The effort to identify the neural precursors that contribute to olfactory
bulb neurogenesis has generated a great deal of controversy. Research took an
interesting turn with the provocative discovery that “glia-like” cells, e.g. cells
showing phenotypic and antigenic features of glia, including cytoplasmic gly-
cogen inclusions and expression of the intermediate filament protein GFAP,
glial acidic fibrillary protein, from the adult SVZ/SEZ can give rise to neurons
and may therefore be neural precursors/stem cells (Doetsch et al., 1999). In a
series of elegant experiments, Alvarez-Buylla and colleagues showed that some
SVZ astrocytes in the adult mammalian brain are able to form multipotent
neurospheres in vitro (considered by many a property of neural stem cells) and
are the source of new neurons of the olfactory bulb. These data strongly suggest
that at least a subset of SVZ astrocytic cells are neural precursors. They selec-
tively labeled SVZ astrocytic cells and traced the label via selective viral infec-
tion using a receptor for an avian leukosis virus under the control of the GFAP
promoter in transgenic mice, to newly generated neurons of the olfactory bulb
(Doetsch et al., 1999). Similarly, GFAP-positive astrocyte-like cells in the
subgranular layer (SGL) of the adult hippocampus (the other major site of adult
neurogenesis) divide and generate new neurons (Seri et al., 2001). These data
support the idea that a small subset of astrocyte-like cells have the properties of
neural precursors.

In contrast with these results, Frisen’s group published experiments re-
porting that ependymal cells lining the lumenal surface of the adult ventricular
zone are adult neural precursors (Johansson et al., 1999). These results contrast
with those of Doetsch et al. (1999), which reported that ependymal cells did not
divide in vivo or under their culture conditions in vitro. A parallel report from
van der Kooy’s lab reported that, while ependymal cells divide as spheres in
vitro, they do not posses multipotential precursor properties (Chiasson et al.,
1999). It remains to be established whether experimental differences between
the three groups account for their different results (reviewed in Barres, 1999).
The idea that some subset of astrocyte-like cells can behave as neural precur-
sors is supported by later studies suggesting that 1-10% of astrocytes isolated
from several regions of the early postnatal brain (SVZ, cerebral cortex, cerebel-
lum, spinal cord) and grown as monolayers, are able to form “neurospheres”
that can give rise to both neurons and glia in vitro (Laywell et al., 2000). More-
over, retrovirally mediated expression of exogenous genes can drive some post-
natal astrocyte-like cells to become neurons in vitro (Heins et al., 2002). Inter-
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estingly, there are developmental and spatial constraints to astrocyte
multipotency, which is normally restricted to the first two postnatal weeks in
mice, with the apparent exception of a subset of astrocyte-like cells from the
SVZ, which appear to retain their multipotency during adulthood (Doetsch et
al., 1999). This could mean that such cells in young animals may still be imma-
ture and retain their precursor attributes initially, until approximately P10-11
(Laywell et al., 2000). However, it may be that the neurogenic environment of
the SVZ/SEZ can support/ and maintain the multipotency of a subset of astro-
cyte-like precursors, even in the adult brain.

Although the idea that glial cells could be neural precursors may sound
unusual, it is supported by previous studies (long ignored) that in lizards and
newts a special class of radial ependymoglia that extend from the ventricular
zone (VZ) lumen to the pial surface, can divide and give rise to both neurons
and glia after injury, critical for spinal cord regeneration (Chernoff, 1996). In
line with these observations, similar radial glial cells are present in the adult
brain of the canary in regions of active neurogenesis, suggesting that they may
be the progenitors of newly generated neurons (Alvarez-Buylla et al., 1990).
Moreover, results from our laboratory show that adult astrocytes from the cere-
bral cortex can dedifferentiate into transitional radial glia in response to signals
that induce neurogenesis in transplanted immature precursors (Leavitt et al.,
1999). In general, the notion that cells of the radial glial lineage may have fea-
tures of neural precursors during development and thus be able to generate both
glia and neurons is not new (Malatesta et al., 2000; Noctor et al., 2001; Noctor
et al., 2002). We may imagine adult astrocyte-like cells as precursors with broad
potential in neurogenic regions of the CNS (SVZ/SEZ and dentate gyrus) and
more restricted potential in non-neurogenic regions, e.g. cerebral cortex, spinal
cord. If this is true, one future challenge will be to understand whether astro-
cyte-like cells from non-neurogenic regions can be induced to assume multipo-
tential neural precursor properties, toward the goal of neuronal repopulation
and CNS repair in situ.

The location of adult mammalian multipotent precursors

If adult multipotent precursors were limited to the two neurogenic regions
of the brain, the olfactory bulb and hippocampal dentate gyrus, it would se-
verely limit the potential of neuronal replacement therapies based on in situ
manipulation of endogenous precursors. However, adult multipotent precursors
are not limited to the olfactory epithelium, anterior SVZ/SEZ, and hippocam-
pus of the adult brain; they have been isolated and cultured in vitro from caudal
portions of the SVZ/SEZ, septum (Palmer et al., 1995), striatum (Palmer et al.,
1995), substantia nigra (Lie et al., 2002), cortex (Palmer et al., 1999), optic
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nerve (Palmer et al., 1999), spinal cord (Weiss et al.,1996; Shihabuddin et al.,
1997), and retina (Tropepe et al., 2000). The precursors derived from all these
regions can self-renew and differentiate into neurons, astroglia, and oligoden-
droglia in vitro, but they can normally differentiate only into glia or die in vivo.
This would suggest that differences in local cues in different regions of the
brain in vivo control and limit the fates of endogenous precursors. Precursors
isolated from each region have different requirements for their proliferation
and differentiation. Understanding the similarities and differences between the
properties of multipotent precursors derived from different regions of the brain
will be instrumental in developing neuronal replacement therapies based on
manipulation of endogenous precursors.

CORTICAL NEUROGENESIS

Constitutive Neurogenesis of the Neocortex

The vast majority of studies, including our own, investigating potential
neurogenesis in the neocortex of the well-studied rodent brain do not find nor-
mally occurring, constitutive adult cortical neurogenesis (Magavi et al., 2000;
Benraiss et al., 2000). However, three studies report extremely low level, non-
purposefully induced neurogenesis in specific regions of the neocortex of adult
primates, sometimes after electrophysiologic recording in those regions (Gould
et al., 1999a; Gould et al., 2001) and in the visual cortex of adult rats (Kaplan,
1981). Our group and other groups have not been able to reproduce these find-
ings in rodents or primates (Kornack and Rakic, 2001), so it is still unclear
whether perhaps an extremely low level of neurogenesis occurs normally in the
neocortex of any mammals, or whether there are technical explanations for false-
positive results using specific experimental techniques.

Induction Cortical Neurogenesis

Multipotent precursors from several regions of the adult brain have a broad
potential and can differentiate into at least three different cell types, astroglia,
oligodendroglia, and neurons, given an appropriate in vitro or in vivo environ-
ment. This led us to explore the fate of multipotent precursors in an adult corti-
cal environment that has been manipulated to support neurogenesis.

Our lab has previously shown that cortex undergoing synchronous degen-
eration of apoptotic projection neurons (Sheen et al., 1992; Macklis, 1993;
Madison and Macklis, 1993; Sheen and Macklis, 1994; Scharff et al., 2000)
forms an instructive environment that can guide the differentiation of trans-
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planted cells. Immature neurons or multipotent neural precursors transplanted
into targeted cortex migrate selectively to layers of cortex undergoing degen-
eration of projection neurons (Macklis, 1993; Sheen and Macklis, 1995; Hernit-
Grant and Macklis, 1996), differentiate into projection neurons (Macklis, 1993;
Sheen and Macklis, 1995; Hernit-Grant and Macklis, 1996; Snyder et al., 1997;
Leavitt et al., 1999; Shin et al., 2000; Fricker-Gates et al., 2002), receive affer-
ent synapses (Macklis, 1993; Snyder et al., 1997; Shin et al., 2000; Fricker-
Gates et al., 2002), express appropriate neurotransmitters and receptors (Shin et
al., 2000; Fricker-Gates et al., 2002), and re-form appropriate long-distance
connections to the original contralateral targets of the degenerating neurons
(Hernit-Grant and Macklis, 1996; Shin et al., 2000; Fricker-Gates et al., 2002).
Together, these results suggested to us that cortex undergoing targeted apoptotic
degeneration could direct endogenous multipotent precursors to integrate into
adult cortical microcircuitry.

Based on the results outlined above, we investigated the fate of endog-
enous multipotent precursors in cortex undergoing targeted apoptotic degen-
eration (Magavi et al., 2000). In these experiments, we addressed (1) the ques-
tion of whether the normal absence of constitutive cortical neurogenesis re-
flects an intrinsic limitation of the endogenous neural precursors’ potential, or
rather a lack of appropriate microenvironmental signals necessary for neuronal
differentiation and/or survival. We also asked the question of (2) whether en-
dogenous neural precursors could potentially be manipulated in situ, toward
future neuronal replacement therapies. Finally, (3) we tried to understand if the
same molecular signals can support/induce endogenous precursors to differen-
tiate into different categories of neurons appropriate for the region of cortex
targeted. The ability to repopulate the brain with the correct type of neurons for
a specific region will almost certainly be a pre-requisite to functional replace-
ment of lost neurons from endogenous multipotent precursors.

We found that endogenous multipotent precursors, normally located in
the adult brain, could be induced to differentiate into neurons in the adult mam-
malian neocortex. Moreover, the same sequence/combination of signals could
support differentiation of two distinct populations of projection neurons, i.e.
corticothalamic projection neurons of layer 6 of cortex (Magavi et al., 2000)
and corticospinal projection neurons of layer 5 of cortex (Chen et al., unpub-
lished observations). In the first study, we induced synchronous apoptotic de-
generation (Macklis, 1993; Sheen and Macklis, 1995) of cortico-thalamic neu-
rons in layer 6 of anterior cortex (Figure 1) and examined the fates of dividing
cells within the cortex, using BrdU and markers of progressive neuronal differ-
entiation, newborn cells expressed NeuN, a mature neuronal marker, and
survived at least 28 weeks. Subsets of precursors expressed doublecortin
(dcx), a protein expressed exclusively in immature, usually migrating neurons
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(Francis et al., 1999; Gleeson et al., 1999), and hu, an early neuronal marker
(Marusich et al., 1994; Barami et al., 1995). We observed no new neurons in
control, intact cortex. Some newborn neurons had pyramidal neuron morphol-
ogy (large, diameter somata with apical processes; see Figure 1A-D
from Magavi et al., 2000) characteristic of neurons that give rise to long-dis-
tance projections. Retrograde labeling from thalamus demonstrated that new-
born, neurons can form long-distance corticothalamic connections. To-
gether, these results demonstrate that endogenous neural precursors can be in-
duced in situ to differentiate in a layer- and region-specific manner into cortical
neurons appropriate for the region of cortex targeted, survive for many months,
and form appropriate long-distance connections in the adult mammalian brain.

To further understand the source of these newborn neurons, we examined
where newly born cells were located in experimental and control animals. In
experimental cortex, a small population of newborn cells located within the
cortex of experimental animals may originate from precursors located within
cortex itself, whereas a predominant population, which was not present in con-
trol animals, appeared to originate in or near the subventricular zone (SVZ). At
two weeks, pairs of but non-neuronal cells, apparently daughters of the
same precursor, were found throughout both control and experimental cortex
(Figure II from Magavi et al., 2000). It is possible that some of these newborn
cells are the daughters of cortically located adult multipotent neural precursors
that have been described in vitro (Marmur et al., 1998; Palmer et al., 1999).
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We investigated the early differentiation and migration of the newborn
neurons using a marker of early postmitotic neurons, doublecortin (dcx; exclu-
sively expressed in immature migrating and differentiating neurons; Francis et
al., 1999; Gleeson et al., 1999). In experimental mice only, newborn

neurons with appeared to migrate from the SVZ through the corpus callo-
sum and into targeted regions of cortex (Figure 2 from Magavi et al., 2000). No

cells were found in the corpus callosum or cortex of control ani-
mals. Newly born neurons within the corpus callosum displayed
morphologies characteristic of migrating neurons, while newborn neurons
located in deep layers of cortex displayed more complex morphologies with
apical processes that suggest their further differentiation. These results demon-
strate the progressive differentiation of endogenous precursors into mature neu-
rons. The location of neurons suggests that at least some of the newborn
neurons that form in targeted cortex are derived directly from SVZ precursors.
However, these data do not rule out the possibility that other precursors contrib-
ute to neurogenesis. Further understanding of the source of the cells that can
contribute to induced neurogenesis could be critical for determining whether
endogenous precursors can potentially form the basis of effective neuronal re-
placement therapies.

The continued differentiation of these newborn neurons was examined
using antibodies to hu, an RNA-binding protein that begins to be expressed in
neuronal nuclei and somata soon after differentiation (Marusich et al., 1994;
Barami et al., 1995; Figure 3 from Magavi et al., 2000), and by expression of
NeuN, a mature neuronal marker (Figure 2). The expression of these markers
further confirms induced cortical neuron differentiation by endogenous neural
precursors. These newborn cortical neurons, derived from endogenous precur-
sors, can reform long distance projections. We injected the retrograde label
FluoroGold into the same thalamic sites as the original nanosphere injections.
At 9 weeks, we observed newborn neurons retrogradely labeled with
FluoroGold that had large nuclei and large cell bodies denoting pyramidal pro-
jection neuron morphology (Figure 3). These results show that endogenous pre-
cursors that differentiate into mature neurons can establish appropriate, long-
distance cortico-thalamic connections in the adult brain.

Taken together, our results demonstrate that endogenous neural precur-
sors can be induced to differentiate into neocortical neurons in a layer- and
region-specific manner and reform appropriate corticothalamic connections in
regions of adult mammalian neocortex that do not normally undergo
neurogenesis. The same microenvironment that supports the migration, neu-
ronal differentiation, and appropriate axonal extension of transplanted neuroblasts
and precursors also supports and instructs the neuronal differentiation and axon
extension of endogenous precursors. More recently, we have applied similar
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approaches to layer 5 corticospinal projection neurons and find that endogenous
precursors are capable of differentiating into such projection neurons, which
then become anatomically integrated into neocortical circuitry.

Together, these results indicate that it is possible to induce neurogenesis
of neocortical projection neurons de novo, even in the highly inhibitory envi-
ronment of the adult neocortex, from endogenous neural precursors in situ without
transplantation. Elucidation and manipulation of the relevant molecular con-
trols over induced neurogenesis may allow the future development of novel
neuronal replacement therapies for CNS injury and neurodegenerative disease.
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CONCLUSION

Recent research suggests that it may be possible to manipulate endog-
enous neural precursors in situ to undergo neurogenesis in the adult brain, to-
ward future neuronal replacement therapy for neurodegenerative diseases and
other CNS injuries. Multipotent precursors, capable of differentiating into
astroglia, oligodendroglia, and neurons, exist in many regions of the adult brain.
These precursors have considerable plasticity, and, although they may have
limitations in their integration into some host sites, they are capable of differen-
tiation into neurons appropriate for a wide variety of recipient regions when
heterotopically transplanted. Many adult precursors are capable of migrating
long distances, using both tangential and radial forms of migration. Endog-
enous adult neural precursors are also capable of extending axons significant
distances through the adult brain. In addition, in vitro and in vivo experiments
have begun to elucidate the responses of endogenous precursors to both growth
factors and behavioral manipulations, and are beginning to provide key infor-
mation toward manipulation of their proliferation and differentiation..Recent
experiments from our lab have shown that, under appropriate conditions, en-
dogenous precursors can be induced and controlled to differentiate into neu-
rons, extend long distance axonal projections, and survive for long periods in
regions of the adult brain that do not normally undergo neurogenesis. These
results indicate that there exists a sequence and combination of molecular sig-
nals by which neurogenesis can be induced in the adult mammalian cerebral
cortex, where it does not normally occur.

Together, these data suggest that neuronal replacement therapies based on
manipulation of endogenous precursors may be possible in the future. How-
ever, several questions must be answered before neuronal replacement thera-
pies using endogenous precursors become a reality. The multiple signals that
are responsible for endogenous precursor division, migration, differentiation,
axon extension, and survival will need to be elucidated in order for such thera-
pies to be developed efficiently (Catapano et al., 2001). Given the cellular com-
plexity of the brain with several different types of neurons and glia, the ability
to induce differentiation of the correct kind of neurons appropriate to a specific
brain site will most likely be a prerequisite for successful neuronal replacement
therapies. Finally, newborn neurons must be able to establish the appropriate
connections, often to distant targets, and respond to functional input in a physi-
ological manner in order to achieve functional integration.

These challenges also exist for neuronal replacement therapies based on
transplantation of precursors, since donor cells, whatever their source, must
interact with the mature CNS’s environment in order to integrate into the brain.
In addition, it remains an open question whether potential therapies manipulat-
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ing endogenous precursors in situ would be necessarily limited to portions of
the brain near adult neurogenic regions. However, even if multipotent precur-
sors are not located in very high numbers outside of neurogenic regions of the
brain, it may be possible to induce them to proliferate from the smaller numbers
that are more widely distributed throughout the neuraxis. Potentially, it may be
possible to induce the repopulation of diseased mammalian brain via the spe-
cific activation and instructive control over endogenous neural precursors along
desired neuronal lineages.

A distinct and intriguing issue relates to the reason why neurogenesis oc-
curs at all in the adult brain. In other words, we really do not know very much
about the function that adult born neurons may have. Most hypotheses about the
function of these neurons are at this stage speculative. Nonetheless, it has been
proposed that in the case of olfactory bulb neurogenesis, newborn interneurons
may play a part in sharpening the response of neighboring cells to odors (Gheusi
et al., 2000). More recently, Weiss’s group has reported that olfactory bulb
adult neurogenesis may be important to the ability of a rodent mother to recog-
nize and nurture her offspring, as it is shown that a release of prolactin in preg-
nancy is associated with increased olfactory bulb neurogenesis (Shingo et al.,
2003). Ongoing work in our lab directly addresses this issue, and has uncovered
a unique, experience-dependent function of newborn olfactory granule neurons
Magavi et al., unpublished observations). The second main region of ongoing
constitutive neurogenesis in the adult is the dentate gyrus of the hippocampus.
Given the fact that the hippocampus is critical to learning and memory func-
tions, there has been a great deal of interest in understanding dentate gyrus
neurogenesis and in finding ways to boost it. Although much progress has been
made, we still do not know what newborn neurons of the dentate gyrus really
do—in fact, the role of the dentate gyrus is poorly understood overall, and its
role in memory formation/storage, if any, is not at all clear. The idea that there
may be a direct link between adult hippocampal neurogenesis and enhanced
learning abilities, although quite intriguing, has been so far just correlative.
Considering the speed of progress achieved in this field during the past decade,
the future holds great promise to offer significant insight into these and other
critical issues of this field.
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Chapter 13

Neural Stem Cells for Cellular Therapy in Humans

Mary B. Newman, Thomas B. Freeman, Cyndy D. Davis and Paul R. Sanberg

INTRODUCTION

The transplantation of neural stem cells (NSCs) has emerged in the last
two decades as a viable alternative treatment for traumatic brain injury,
neurodegenerative diseases, and certain neurological disorders. The driving force
behind the use of NSCs for repair or treatment of injured/damaged brain has
been the successful use of human fetal ventral mesencephalic tissue (dopamin-
ergic neurons) in some Parkinson’s Disease (PD) patients. A possible alterna-
tive to the use of fetal tissue for cell-based therapies is the procurement of NSCs
from human embryonic or adult postmortem brain. NSCs may also be derived
from other sources, including pluripotent embryonic carcinoma (EC), embry-
onic germ (EG), embryonic stem (ES), haematopoietic stem (from bone mar-
row or umbilical cord blood) and embryonic/adult brain cells from other spe-
cies. All of these have their advantages and disadvantages as a cell source for
use in cellular therapies.

The ideal candidates for neural transplantation would be neural stem/pro-
genitor cells that could easily be obtained with little or no ethical concerns,
maintained and expanded in vitro until needed, induced to differentiate into all
three neural cell types (neurons, astrocytes, oligodendrocytes), selectively en-
hanced for certain genotypic or phenotypic properties, have a low immune-
rejection possibility for the recipient, could survive and integrate within the
host brain, and have no potential for tumorigenicity. The field of cellular therapy
has made tremendous progress, particularly in the isolation and characteriza-
tion of neural stem cells for their possible use in the clinical environment. Criti-
cal findings from clinical neural transplantation trials, challenges that remain,
and new directions in relation to clinical applications will be discussed in this
chapter.

From: Neural Stem Cells: Development and Transplantation
Edited by: Jane E. Bottenstein © 2003 Kluwer Academic Publishers, Norwell, MA
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CELLULAR THERAPY FOR NEUROLOGICAL
DISORDERS

The administration of NSCs may provide therapeutic benefits in several
ways: (1) the replacement of specific cells, such as dopaminergic cells for PD,
(2) the delivery or endogenous stimulation of neurotrophins, cytokines, or growth
factors that could aid in the repair of the injured brain, (3) the stimulation of
host brain neural stem cells to proliferate and aid in repair (see Chapter 12 in
this volume), (4) the regeneration of tissue, (5) the delivery of genetically modi-
fied neural stem cells to the host (see Chapter 14 in this volume), and (6) a
combination of these strategies. Depending on the disease or injury different
strategies may be chosen (Table 1). Because a single cell type may not be able
to perform all of these functions, more than one cell type might be necessary
(Carpenter et al., 2003). Moreover, it is likely that greater therapeutic benefits
will be realized when cells are co-transplanted with other cell types or with
growth factors. Such a synergistic effect is evident from previous clinical and
preclinical studies. In a PD clinical trial, transplanted fetal ventral mesencephalic
dopaminergic neurons survived and integrated better within the host tissue when
co-transplanted with embryonic striatal cells (Meyer et al., 1995). In addition,
graft survival has also been enhanced by co-treatment with glial-derived neuro-
trophic factor (for review see Hoffer and Olson, 1997; Yurek and Fletcher-
Turner, 1999; Mendez et al., 2000b). Dopamine neurons also demonstrated
improved survival rates when co-transplated with testis-derived Sertoli cells
(Willing et al., 1999). Therefore, the utilization of several transplantation strat-
egies may act synergistically and prove to be more beneficial to recovery of the
patient.

Prior to considering cellular therapy as an option, the type of disease or
injury must be identified, the pathology understood, the target area identified,
and the appropriate treatment strategy selected (Table 1). For example, in the
case of PD, the progression of the disease is characterized by selective degen-
eration of substantia nigra dopaminergic neurons resulting in the loss of dopamine
in the striatum. The strategy in this disorder is to replace dopaminergic neurons
(cell-specific) in the nigrostriatal pathway (area identified). This disease is un-
like cerebral ischemia or traumatic brain injury in which a regional area of
tissue is damaged and all neural cell types are more than likely required for
repair. Similarly, in the case of Huntington’s Disease (HD), in which there is a
massive loss of medium spiny GABAergic projection neurons of the caudate
and putamen and to a lesser degree other neurotransmitter phenotypes, the re-
placement of several neuronal cell types is needed in an identified area.

Currently, no established criteria for cell-based therapies exist; however,
factors influencing the therapeutic effects and survival of grafted cells have
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been closely examined. A host of previous studies have provided knowledge
regarding the general issues that should be addressed in cell-based therapies
(Table 2). We will address the practical use and implications of neural trans-
plantation-based therapies, the choice of donor cell phenotypes before and after
engraftment, tumorigenicity and graft rejection, and clinical functional recov-
ery assessments for certain neurodegenerative diseases and CNS injuries.

Neural Tissue Transplantation in Parkinson’s and
Huntington’s Disease

Cell replacement is no longer considered an idealistic approach in the treat-
ment central nervous sytem (CNS) disorders, but rather as a potential therapeu-
tic alternative. PD has paved the way for the use of cellular therapies in other
neurodegenerative diseases, neurological disorders, and traumatic brain injury,
in the CNS. The earliest clinical transplantation trials were initiated in Sweden
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using adrenal medullary grafts in the 1980s (Backlund et al., 1985; Lindvall et
al., 1987) and then in Mexico (Madrazo et al., 1987), in which there were re-
ported benefits to PD patients that received the grafts. However, the engraft-
ment of adrenal medullary tissues was short lived due to non-replicable find-
ings. The use of fetal tissue for transplantation was pioneered by the work of
Elizabeth Dunn in 1904 at the University of Chicago who demonstrated that
these grafts survived in animals (Borlongan et al., 2000). However, not until
eighty-five years later was human fetal ventral mesencephalic tissue transplanted
in PD patients, in which successful amelioration of symptoms was shown
(Lindvall et al., 1989). This group was the first to report the clinical benefits of
fetal neural tissue transplanted into the putamen of PD patients and with graft
survival and dopamine synthesis evaluated by positron emission tomography
(PET; Lindvall et al., 1990a; Lindvall et al., 1990b). However, only minor
changes in fluoro-dopa (f-dopa) uptake were observed (see below). Since that
time, approximately 400 PD patients have undergone fetal ventral mesencepha-
lic tissue transplantation.

In 1995, a PD patient who had received fetal dopaminergic neurons died
of causes unrelated to surgery. This was the first case study to report direct
evidence for graft survival, clinical improvement, and increased f-dopa (Free-
man et al., 1995b; Kordower et al., 1995; Kordower et al., 1996). The postmor-
tem brain showed that dopaminergic grafts survived with neurititic outgrowths
and formed synaptic connections within host tissue. Clinical improvements were
positively correlated with increased f-dopa and graft survival with reinnervated
host tissue.

Other clinical trials have also reported benefits of grafted fetal tissue/cells
(Wenning et al., 1997; Hagell et al., 1999; Hauser et al., 1999; Brundin et al.,
2000; Mendez et al., 2000a; Mendez et al., 2002). Together, these studies were
encouraging and provided hope not only for PD patients but also for all patients
suffering from other CNS disorders/diseases. However, less promising results
were observed in a more recent double-blind, sham surgery-controlled clinical
trial performed by Freed and colleagues (2001). In this study, PD patients be-
tween the ages of 34 and 75 were transplanted with cultured mesencephalic
tissue from four embryos or they received shamsurgery, with a hole drilled in
the skull but with no penetration of the dura. They reported significant im-
provements, but only in the younger population of patients (p = 0.01 for scores
on Unified Parkinson’s Disease Rating Scale and p = 0.006 for the Schwab and
England scores). Furthermore, dyskinesias recurred in 15% of the patients after
the first year. This was an important study that addressed the issue of efficacy in
regards to the first surgical control trial.. However, the lack of significant im-
provement reported in the older population (or late stage of disease; see discus-
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sion below) of this study has brought some doubt and uncertainty to the future
direction of the neural transplantation field (Sanberg et al., 2002).

Recently, results from another study, a randomized placebo-controlled trial,
have been reported (Freeman et al., 2003). Transplanted recipients were ran-
domized to receive either a “low dose” (one donor per side) or “high dose” (four
donors per side) of fetal dopaminergic tissue transplanted into the
postcommissural putamen. Similar to the Freed et al. (2001) study, the control
consisted of recipients that underwent a sham operation without needle penetra-
tion into the brain. Significant improvement (p < 0.05) was seen in the group
that received four donors per side at six months after transplantation, but this
benefit was lost following discontinuation of cyclosporin immunosuppression.
For this study, the predetermined primary endpoint was the change in the Uni-
fied PD Rating Score (UPDRS) on motor scores. Two years after transplanta-
tion, there was no significant treatment effect in recipients receiving either one
or four donors/side when compared to the control group (p = 0.24). Subjects in
the placebo and one donor groups deteriorated by 9.4 ± 4.25 and 3.5 ± 4.23
respectively, whereas, those in the four donor groups improved by 0.72 ± 4.05
points. Posthoc stratification based on disease severity suggested a treatment
effect at two years in patients that initially presented with moderate symptoms.
Those receiving four donors per side improved by 1.5 ± 4.2 points while those
in the placebo group deteriorated by 21.4 ± 4.3 points (p = 0.005). Importantly,
56% of transplanted patients developed dyskinesias that persisted following
withdrawal of dopaminergic medication. Three of these patients had significant
disability from these graft-induced dyskinesias. Striatal fluoro-dopa uptake was
significantly increased following transplantation and robust graft survival was
observed postmortem.

Several important lessons have been learned from these two recent pla-
cebo-controlled trials of human fetal tissue transplantation for the treatment of
PD. Both trials had negative primary end points. These trials, therefore, clearly
demonstrate the necessity of testing all reconstructive therapies utilizing con-
trolled trials (Freeman et al., 1999). The cause of dyskinesias generated by grafts
must be better understood before future trials go forward. It appears that this
problem is not strictly a dose-related phenomena, as these dyskinesias occurred
in patients that received both “low” and “high” doses of dopaminergic tissue.
The loss of benefit following withdrawal of immunosuppression raises the pos-
sibility that a subclinical rejection process affects grafts, although this has never
been previously described. Immune markers in graft sites were reported by
Kordower et al. (1997a) but the significance of this remains unknown. Further-
more, the dyskinesias developed following discontinuation of cyclosporin as
well. This suggests that long-term use of immunosuppression may be warranted.
In addition, solid (as opposed to suspension) grafts contain mesenchymal vas-
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culature from the donor, which may induce a stronger immunologic response
from the graft recipient. A review of the pivotal trial by Olanow et al. (2001),
combined with reevaluation of the data in the study by Freed et al., (2001)
corroborates the finding that subjects with earlier stage disease are more likely
to benefit from neural transplantation. Also, human as well as rodent fetal grafts
produce up to three logs of variability in survival between grafts, even when
identical methods were used (Kordower et al., 1997b; Karlsson, 2001). Together
these findings suggest that a more reliable cell source with less inconsistency
and better graft survival is important for minimizing the variability in outcomes
seen in these fundamental trials.

Neural transplantation of human fetal tissue has also used to treat other
diseases besides PD. For example, Huntington’s Disease (HD) is another pro-
gressive and fatal neurodegenerative disease, which has been linked to a muta-
tion in the huntingtin gene (a polyglutamine repeat in the N-terminal region)
(Huntington’s Disease Collaborative Research Group, 1993; Freeman et al.,
2000a,c). Although less in number then PD clinical trials, transplantation of
human fetal striatal grafts in HD patients has been reported (Bachoud-Levi et
al., 1999; Hauser et al., 1999; Bachoud-Levi et al., 2000; Fink et al., 2000;
Hauser et al., 2002a). The most recent report is by Hauser et al. (2002b) in
which the lateral ventricular eminence from two to eight fetal striata were trans-
planted bilaterally into the striatum of seven HD patients. Each patient served
as their own control, in which baseline measures were used in comparisons for
efficacy of transplants using the United HD Rating Scale (UHDRS) and other
neurolopsychological tests. Although no significant improvements or worsen-
ing of symptoms was observed (possibly due to the small sample size and open
label design (a study in which the investigator knows the treatment condition
that each patient received), this study demonstrated that neural grafts survived
at least 18 months after transplantation. Although grafts were placed in the stria-
tum in HD patients, the neural degeneration in this disease is widespread. There-
fore, long-term follow up of these graft recipients is particularly important.

Comparisons between clinical trials are often difficult due to differences
in the transplantation protocols (Olanow et al., 1996). The variability in these
trial protocols included: stage of the disease, age of recipient, use of immuno-
suppression, tissue/cell procurement and handling procedures, surgical deliv-
ery procedures, target area selected for the grafting, and clinical recovery as-
sessment methods used. However, the studies discussed here and other similar
clinical studies provide key insights to the critical factors that should be consid-
ered for the strategic framework for any type of cellular transplantation therapy.
The critical factors addressed include, but are not limited to, the ethical issues
surrounding aborted fetuses, availability of fetal tissue at the age required for
transplantation, the technical difficulties in isolation, and recovery of fragmented



386 Neural Stem Cells: Development and Transplantation

brain fetal tissue, and low survival rate of transplanted neurons. In the case of
PD, fetal midbrain dopamine cells from postconception age 6–9 weeks have a
greater survival rate following transplantation than other developmental ages
(Freeman et al., 1995a). However, a low survivability of only 5–10% of the
total population transplanted has been reported (Kordower et al., 1996; Freed et
al., 2001), in which 6–7 human fetuses are required to provide a sufficient num-
ber of surviving dopaminergic neurons after transplantation (Clarkson, 2001).
In HD, neural tissue transplantations have used a range of 1–8 fetuses, between
the gestation ages of 7.5–9 weeks, however, the percentage of surviving trans-
planted neurons has not been determined in these studies (Kopyov et al., 1998;
Bachoud-Levi et al., 2000; Freeman et al., 2000c; Hauser et al., 2002b).

The ethical issues surrounding the use of fetal tissue, the shear number of
fetuses required for transplantation, variability in survival between grafts, low
survival rate of cells, and the procurement, handling and storage difficulties all
contribute to the need for a more reliable source of cells, such as those derived
from a NSC line.

Transplantation of Neural Stem Cells in Animals

The studies above describing the treatment of PD and HD with fetal tissue
emphasizes the importance and need to establish stable NSC lines to be used in
cellular transplantation therapies. The most realistic approach would be to cul-
ture human NSCs, which then may be immortalized, propagated in vitro, and
prepared as needed. In addition to PD and HD, several other diseases or disor-
ders, such as Multiple Sclerosis, stroke, and traumatic brain injury (TBI) would
benefit from NSC line(s).

NSCs have been commonly defined as multipotent stem cells with the
potential to self-renew and to differentiate into all three neural cell types: neu-
rons, astrocytes and oligodendrocytes. Control over the isolation, selection, ex-
pansion, and differentiation of cultured NSCs for cell transplantation is the aim
of most clinical researchers, regardless of the source of cells. The ability to
direct the NSCs to either a heterogeneous or homogeneous population in accor-
dance with a particular disease would be ideal for cellular transplantation.

The past decade has shown that NSCs from human and animals can be
isolated, immortalized, and used for cellular repair in animal models of injury/
disease (Gage, 2000; Lindvall and Hagell, 2001; Price and Williams, 2001).
Studies using experimental animal models highlight the far-reaching possibili-
ties that may exist with the use and further development of NSCs. In one study,
NSCs isolated from striata and ventral mesencephala of BalbC mice fetuses
(E14-15) and cultured with epidermal growth factor (EGF) were transplanted
into myelin-deficient rat spinal cords and subsequently differentiated into oli-
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godendrocytes, as determined by morphological examination and ultrastruc-
tural characterization. The host environment induced apparent lineage selec-
tion, because the isolated NSCs differentiated into all three neural cell types if
maintained in culture. In addition, histological examination showed that some
animals exhibited myelination in previously deficient areas, as determined by
toluidine blue staining, thus demonstrating that NSCs from mice integrate and
are functional within the host environment (Hammang et al., 1997).

Myelination in a more “global” manner has been reported using a NSC
line (C17.2) derived from neonatal mouse cerebellum (Yandava et al., 1999).
For discussions of the use of NSCs to generate myelin see Register et al. (1999a,b
and Chapter 11 in this volume). In another intriguing study, a conditionally
immortalized rat hippocampal embryonic cell line (HiB5) labeled with tritiated
thymidine was used in a study to examine the effectiveness of NSCs to treat
traumatic brain injury (TBI). In this study, TBI rats were transplanted with ei-
ther HiB5 cells or HiB5 cells that were transduced to produce nerve growth
factor (NGF) with a retroviral vector coded for mouse NGF. Interestingly, ani-
mals transplanted with either donor type demonstrated marked improvement in
neuromotor functions and spatial learning tasks when compared to controls. A
significant reduction in hippocampal CA3 cell death was only observed in the
rats that received the NGF transfected cells (Philips et al., 2001). Although this
was an important finding, the authors failed to phenotypically characterize the
grafted cells. Nontransfected HiB5 grafted cells, according to previous reports,
have been shown to differentiate into multiple cell types, and mainly immature
glia (Martinez-Serrano et al., 1995; Lundberg et al., 1997; Martinez-Serrano
and Bjorklund, 1997). NSCs have also been used with polymer scaffolding in
an animal model of spinal cord injury. In this study, a murine NSC line (C17.2)
was maintained in serum-free medium before transplantation.. Rats that received
NCS-seeded scaffolds showed significant improvement in functional recovery
when compared to the control group (cells alone or lesions alone). To identify
C17.2 NSCs, a mouse specific antibody (M2) was used alsong with specific
phenotypic makers. Tissue preservation and regeneration was most likely re-
sponsible for the observed behavioral improvement (Teng et al., 2002). In addi-
tion, NSCs in the scaffolds had less glial fibrillary acidic protein (GFAP) and
were highly immunopositive for nestin, which suggests they were not contrib-
uting significantly to glial scarring and were mostly undifferentiated. This, how-
ever, is unlike the NSCs that were transplanted alone, as they were more
immunopositive for GFAP. This study emphasizes an additional use for NSC
lines, and how environmental factors may influence their functionality and phe-
notype. Other studies have demonstrated that multipotent neural cell lines may
be engrafted and integrate into the developing mouse cerebellum (Snyder et al.,
1992) as well as the neonatal rat brain (Englund et al., 2002). In addition, NSCs
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engineered to release GDNF prevented the further degeneration of dopaminer-
gic neurons and improved behavioral motor function in the 6-hydroxydopamine
rodent model of PD (Akerud et al., 2001). Moreover, NSC lines have yielded
region-specific cell types when transplanted into lesioned striatum, cortex, or
neocortex of the adult rodent brain (Snyder et al., 1997). The studies discussed
here are a few of the many that exemplify the numerous potential uses of NSC
lines in cell-based therapies (see Chapter 8 in this volume).

ASSESSMENT OF DONOR CELL PHENOTYPE

The selection and choice of the donor cells is dependent on several fac-
tors. First, the disease, trauma, or disorder that donor cells will be used to treat
must be considered. For example, PD would require the use of cells with a
dopamine phenotype or NSCs with the potential of differentiating into dopa-
minergic cells in vivo. In the case of traumatic brain injury or stroke, progenitor
stem cells that are capable of producing all three neural cell types would be
necessary. Reconstruction of the brain tissue would require the NSCs to have a
larger repertoire of cell types and the ability to affect the host environment in
more than one way, such as stimulation of host NSCs and neurotrophic factors
and/or the delivery of trophic factors to aid repair.

Second, the mechanisms by which the donor cells will deliver their thera-
peutic benefits to the recipient once transplanted, must be considered. There are
several theoretical ways in which NSCs may aid in the repair or lessen the
symptoms of recipient’s disease or injury. NSCs may replace lost cells, supply
needed neurotrophic factors, stimulate endogenous stem cells, or deliver a gene
product. Much needed pre-clinical studies utilizing different animal models of
disease are needed in order to determine the best mechanism that will deliver
the greatest therapeutic benefits. The origin, treatment of cells in culture, and
gene therapy greatly influence the mechanisms of action of NSCs. Therefore,
the type of treatment needed for a given disease or injury must be resolved
before the donor cells and handling of the cells are determined.

Third, the age of the recipient or the progression of the disease can restrict
the possibility of cellular therapy. In both humans and animals, fewer trans-
planted neurons are found within mature recipients when compared to younger
or developing recipients (Rubio et al., 2000; Martinez-Serrano et al., 2001; Villa
et al., 2002). As discussed earlier, functional recovery scores have shown that
recipients with less advanced stages of PD who received embryonic dopamine
neurons had improved clinical outcomes when compared to those in more ad-
vance stages of the disease. In the Freed et al. (2001) study, patients of age 60 or
less displayed better overall symptom improvement scores when compared to
those patients greater than age 60 or sham surgery patients. The younger pa-
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tients at baseline levels had improved scores during “on” medication periods
compared to the older patients. This was not true for the baseline of the “off
medication period, indicating that the stage of neurodegeneration is a key factor
in the patient response to both types of therapeutic treatment. In addition, the
importance of the progression (stage) of the disease was demonstrated in three
HD patients who suffered from postoperative subdural hemorrhage (SDH) after
receiving human fetal striatal grafts. In this study, researchers agreed that the
SDHs were related to the degree of cerebral atrophy and that future transplanta-
tion should be performed in patients with early stages of disease and with less
atrophy (Hauser et al., 2002b).

To date, most transplantation has been in patients with advanced stages of
disease, although neural transplantation at a less progressive stage of the dis-
ease may be more beneficial. Additionally, in the case of PD, it may take up to
3 years for patients to receive the optimal benefits from grafts (Lindvall et al.,
1994; Freeman et al., 2000a). Moreover, a decrease in neuritic outgrowth from
grafts in older recipients was observed (Gage et al., 1983; Crutcher, 1990). Fur-
thermore, trophic support of existing host dopaminergic neurons provided by
the neural grafts may decrease the progression of the disease, which has been
demonstrated in animal models. Lastly, it could be argued that patients with
advanced disease provide a degenerative host environment, which may be re-
sistant to neural repair or the incorporation of the neural graft, depending upon
the degree of degeneration.

Fourth, the cell source, culturing conditions, and purification of the donor
cells are areas of concern. Embryonic tissue, of both allogeneic and xenogeneic
has been used in clinical trials for both PD and HD. However, in the PD patients
that received porcine fetal mesencephalic cell suspensions, the benefits were
less pronounced than or allografts. Furthermore, f-dopa uptake results were not
consistent with graft survival, and no clinical improvements were observed in
HD patients that had received xenografts (Fink et al., 2000). Although there
was no overall improvement observed, the xenografts were well tolerated and
no adverse effects were determined. It is likely that the lack of clinical improve-
ment in this study was due to the use of xenogeneic porcine cells. NSCs have
been isolated from both developing and mature rodent brain (Johe et al., 1996;
Svendsen et al., 1996; Zigova et al., 1998) and human brain (Sah et al., 1997;
Svendsen et al., 1997; Flax et al., 1998; Villa et al., 2000). Expansion of these
cells has been achieved by both genetic and epigenetic means. Although such
cells upon transplantation into the developing rat brain (Brustle et al., 1998;
Flax et al., 1998), normal (Fricker et al., 1999; Vescovi et al., 1999a), or lesioned
(Svendsen et al., 1999; Vescovi et al., 1999b) adult rat brain have shown the
potential for survival and repopulation, the resulting cells are at various stages
of differentiation and of a heterogeneous nature (Gage, 1998; Kukekov et al.,
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1999; Scheffler et al., 1999). While suitable for some cell transplantation tech-
niques, the lack of homogenity is not suitable for transplantations that require a
specific neural cell type or phenotype, e.g., a dopaminergic neuron. Regardless
of the origin of NSCs, an underlying difficulty is the small yield of neurons that
is observed upon transplantation in both neurogenic and nonneurogenic brain
regions (Rubio et al., 2000; Martinez-Serrano et al., 2001; Villa et al., 2002).
NSCs that have been isolated from different species, the different ages of the
donor, and the culturing conditions employed all contribute to the incongruent
findings reported. These and other studies emphasize the need for further ex-
perimentation that optimizes culturing conditions for the desired phenotype of
the cells required. In addition, the potential use of NSCs for cell-based therapies
raises the question as to what differentiation stage (Gage, 2000; Freed, 2002)
the cells should be at the time of transplantation. Whether more restricted pre-
cursor cells or more differentiated neural cells are required must be evaluated
according to the disease and therapeutic method selected.

The process of inducing NSCs to differentiate into a desired neural cell
type is much simpler than deriving a particular phenotype, e.g., dopaminergic.
The difficulty lies in achieving a pure culture. For example, a study culturing
mouse ES cells to induce dopaminergic neurons, observed that only 23 % of the
cells exhibited a dopaminergic phenotype (Lee et al., 2000). If more restricted
stem cells are used such as NSCs, the results vary between a low percentage
(Carpenter et al., 1999; Ostenfeld et al., 2000) to very high percentages (Carvey
et al., 2001) of dopaminergic neurons, and the true phenotype is often ambigu-
ous (Arenas, 2002).

There are great difficulties in the establishment of specific phenotypes
and properties of cultured cells. A combination of several factors must be used
to induce a particular phenotype. Regardless of the cell types desired, the cell of
interest must be indistinguishable from the native cell within the endogenous
environment. Moreover, functionality and integration must be examined, be-
yond the neuronal appearance and expression of differentiated properties of the
cell. In the case of neurons, this would include the ability of the cell to express
the correct morphological features along with a panel of phenotypic markers;
synthesis, release, and uptake of neurotransmitters; integration within the na-
tive environment; survival; ability to make functional synapses with other cells;
and responses like an endogenous neuron to environmental signals (Freed, 2002).

Identification of Neural Stem Cells

A common way of sorting cells is by the use of antibodies to cell surface
antigens, followed by manually sorting the cells, immunopanning, or fluores-
cence activated cell sorting. An alternative method of selecting stem cells, which
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has been used to isolate human hematopoietic stem cells (Jones et al., 1995;
Storms et al., 1999), is use of the enzyme aldehyde dehydrogenase (ALDH).
Because ALDH is an intracellular enzyme and well expressed in hematopoietic
stem cells, by using a fluorescent substrate for this enzyme, researchers are able
to sort cells, flow cytometry, to achieve a highly viable pure population of stem
cells. This technique alleviates the problem of marking dead or dying cells that
can occur with the use of monoclonal antibodies. However, to date this method
has not been used to select or sort NSCs. Several different markers have been
used to isolate NSCs, which is dependent upon the tissue source and age of
donor. NSCs derived from murine (Redies et al., 1991; Mujtaba et al., 1999)
and human ES cell cultures (Thomson et al., 1998; Carpenter et al., 2001) or
human fetal brain (Dietrich et al., 2002) have been selected by expression of
surface marker A2B5, which recognizes an epitope common to neurons, neu-
roendocrine, and glial cells, and the polysialylated form of neural cell adhesion
molecule (PSA-NCAM). These immature cells, depending on the cell-based
therapy required, may be propagated to supply more committed neural progeni-
tors, to a specific phenotype, or could be used with no further differentiation if
desired.

Cells isolated from human fetal brain and spinal cord (week 12) that are
(primitive stem and progenitor cell marker), CD34- (hematopoietic stem

and progenitor cell marker), CD45- (leukocyte marker), and (B cell
marker), can generate neurospheres, self-renew, and differentiate into neurons
and glia (Uchida et al., 2000; Tamaki et al., 2002; see Chapter 7 in this volume).
Uchida et al. (2000) also demonstrated that both CD34 and CD45 positive cells
do not initiate neurospheres. Likewise, neurospheres do not express either of
these markers, whereas the CD 133 marker was reported to be expressed on 90–
95% of the neurosphere cells. Currently, CD133 and A2B5 appear to be the
stem cell markers of choice in isolating NSCs from fetal brain or embryonic
stem cells. Whether more or less restricted progenitor cells or more differenti-
ated or committed neural cells are required for cell-based therapies must be
evaluated according to the disease and therapeutic model selected.

The use of positive and negative markers from the hematopoietic field
may be useful in isolating neural stem cells from other cell types. At present,
there are no adequate markers available to identify more primitive cells within
neural tissue. In addition, there are marked differences among neural stem cells
isolated and cultured from human fetuses even of the same gestation age.
Poltavtseva et al. (2002) have reported such differences in the phenotype, de-
velopment, and viability of these neural cells, all of which could influence their
usefulness as a transplantable cell source. Therefore, careful characterization of
each population of cells is required before in vivo studies are initiated.
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Nestin, an intermediate filament protein, is a neural precursor cell marker
expressed in rat (Lendahl et al., 1990), mice (Reynolds and Weiss, 1992; Palmer
et al., 1999), and humans (Johansson et al., 1999; Shih et al., 2001; Poltavtseva
et al., 2002). Although nestin has been used extensively to determine cells of
neural lineage, this marker has also been found in endothelial cells, embryonic
tissue, glioblastoma mulitforme, and melanoma (Shih et al., 2001; Mokry and
Nemecek, 1998); therefore, it is not specific to the CNS. Most researchers agree
that NSCs should also express EGF and FGF2 receptors, because neurospheres
require EGF and FGF for cell division. NSCs isolated from both fetal and adult
human brain express nestin, EGFR and FGFR1, which is dependent on the cul-
turing conditions. These studies conclude that NSCs from cultured human fetal
and adult neurospheres that are EGF and FGF2 responsive differentiate into all
three neural cell types: neurons, astrocytes, and oligodendrocytes (Kukekov et
al., 1999; Shih et al., 2001). Also, transcription factors may be used to identify
the neural stem cell, e.g., soxl and sox2. Sox1 is confined to the neuroepithe-
lium of the neural plate and sox 2 is found in the neural crest, indicating that it
is expressed earlier then sox1 (Svendsen et al., 1999). Li et al. (1998) used a
strategy of lineage selection to isolate mouse ES cells based on positive label-
ing for activity in which the reporter gene had been incor-
porated in the sox2 gene by homologous recombination. The cells were then
further purified by G418 selection, which eliminated the negative sox2 cells,
resulting in neuroepithelial progenitor cells.

Determining that a mature cell is from a specific lineage both in vitro and
in vivo is often difficult. The standard practice of cell identification has been
based on the use of single antibodies, such as, GFAP for astrocytes, GalC for
oligodendrocytes, and TuJ1 for neurons. For cell-based therapies, it will be-
come important to identify the progeny that will develop from NSCs and what
factors will influence their cell fate (Gage, 2000).

Directing the Differentiation of Neural Stem Cells

Prior to transplantation, stem cells may be directed to a tissue-specific cell
type or phenotype-specific cell in two ways. The first is epigenetic expansion,
which is the culturing of the cells over a period of time accompanied by supple-
mentation of the medium with growth factors, cytokines, or other chemical sub-
stances that will direct the cells towards a specific phenotype. This method
attempts to mimic the endogenous environment, which directs the stem cells to
a tissue-specific type during development. The second method is based on gene
fusion (genetic perpetuation). For example, Klug et al. (1996) successfully trans-
fected pluripotent ES cells with the alpha-cardiac myosin heavy chain promo-
tor. The cultured cells differentiated into cardiomyocytes (>99%) after G418
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selection. This antibiotic-resistance gene method may be used to allow only
desired cell types to survive. The principle behind this is the attachment of a
selected marker to the promoter sequence specific to the chosen tissue type.
The expansion of NSCs by epigenetic methods has yielded heterogeneous popu-
lation of cells at various stages of differentiation (Kukekov et al., 1999; Scheffler
et al., 1999; Svendsen and Smith, 1999; Gage, 2000). Therefore, this method
may not provide the optimal source of NSCs for transplantation. Genetically
expanded cell lines may be more advantageous due to their ability to generate a
homogeneous cell population.

Rodent clonal NSC lines have been successful in cell transplantation ex-
periments for neurodegenerative diseases and the delivery of gene therapy
(Whittemore and Snyder, 1996; Gage and Christen, 1997; Martinez-Serrano et
al., 2001). The success of these transplants may be due to the stability of the cell
lines as well as the survival and integration of these cells in both the young,
developing, and aged rodent brain. The success observed with rodent clonal
NSC lines has encouraged the search for human equivalents (Villa et al., 2000).
Indeed, human NSC lines have been established by using either or both epige-
netic and genetic propagation (Rubio et al., 2000; Villa et al., 2000). Although
the techniques used to derive the NSC lines are complex and differ from labora-
tory to laboratory, there are basic principles that are congruent. Once cells from
the tissue of interest have been isolated, they are typically cultured in medium
containing one or more mitogens (i.e., EFG, FGF2). Differentiation of the cells
is induced by withdrawing the mitogens or by the addition of other factors.
Phenotypic identification is determined by the use of antibodies directed against
antigens specific for different neural cell types. Both EGF and FGF2 are re-
ported to be essential for propagating human NSC lines (Rubio et al., 2000;
Villa et al., 2000) and are not necessary for rodent NSCs, indicating a clear
difference between human and rodent stem cells. Embryonic stem cells can be
maintained in vitro in the presence of leukemia inhibitory factor (LIF) and these
cells will produce neural stem cells when supplemented with FGF2 in culture
(Tropepe et al., 2001). Both EGF and FGF2 will keep neural stem cells in a
proliferative state (Gritti et al., 1999; Ookura et al., 2002), while brain derived
neurotrophic factor (BDNF) will induce neural progenitors to differentiate
(Pincus et al., 1998; Benoit et al., 2001).

Some stem cells have been reported to transdifferentiate, or give rise to a
different stem cell with distinct properties, which may be an alternative to NSCs
isolated from human embryonic, adult, or the postmortem brain (see Chapter 6
in this volume). Kondo and Raff (2000) have demonstrated that oligodendro-
cyte progenitor cells transdifferentiate to pluripotent stem cells and give rise to
neurons. However, there is a need to show that a single stem cell from one
tissue source can differentiate into another tissue type or more than one tissue
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type. Even though stem cells may be isolated from a specific tissue, there could
be a mixed population of stem cells present (Kuehnle and Goodell, 2002; Ogawa
et al., 2002). This was observed in stem cells that were originally determined to
be muscle progenitor cells and were thought to transdifferentiatie into
haematopoietic cells; however, it was subsequently determined that,
haematopoietic stem cells resided in the muscle tissue that was isolated. More
surface markers are needed to isolate stem cells from specific organs or origins
(see Chapter 3 in this volume) similar to those reported for haematopoietic stem
cells. Additional markers are slowly emerging and should allow further analy-
sis of NSCs and transdifferentiated NSCs.

While it is possible to direct the differentiation of pluripotent stem cells
and multipotent NSCs in vitro, we are only at the initial stages of learning how
to direct stem cells to particular phenotypes that might be useful in vivo. Some
studies have reported the phenotype before and after transplantation of NSCs,
however, the methods needed to direct cell differentiation both in culture and
posttransplant is not currently available, but is necessary to comprehend the
potential of these cells.

SOURCES AND MIGRATION OF STEM CELLS

Sources of Human Neural Stem Cells

In addition to the embryonic stem cell and the neural stem cell obtained
from the CNS, other sources for human NSCs exist. Possible alternative sources
are adult stem cells, bone marrow cells, NT2 cells, and umbilical cord blood
cells. While the adult stem cells hold promise, there are limitations with these
cells: only minute quantities are available, cells have not been isolated from all
tissues, they are difficult to isolate and collect, and once isolated, they will
require expansion to sufficient numbers in culture. These limitations restrict
their practical use given our current technology. Alternatively, transplantation
of bone marrow stem cells has been used clinically with excellent results. The
main problems regarding the use of bone marrow cells include, the matching of
compatible host to donor, invasiveness of the procedure in order to harvest
marrow, recovery of the donor, and disparity between donor cells and recipient
(graft versus host disease) which necessitates immunosuppression before and
after transplantation (except when the transplantation is being used to treat im-
mune deficiency diseases). NT2 cells (also called Ntera2/D) are a clonal cell
line, which can be induced to differentiate into postmitotic neuronal cells through
exposure to retinoic acid. The resulting differentiated cells are called NT2N or
hNT neurons. Although NT2 cells are derived from a teratocarcinoma cell line
and are classified as pluripotent human embryonal carcinoma (EC) cells
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(Andrews, 1984; Pleasure et al., 1992), they have been extensively tested for
safety, toxicity, and tumorigenicity and have been approved by the FDA for
clinical testing (Sanberg et al., 2002). In addition, these cells have been used in
preclinical and clinical trials for the treatment of stroke. However, NT2N cells
have primarily been directed toward the dopamerigic phenotype (Zigova et al.,
2000) and have not been actively directed to other neuronal phenotypes. Whether
NT2 cells are capable of being multipotent is not currently known. In addition,
these cells are transplanted after they have differentiated and have limited mi-
gratory ability if any. Therefore, these cells are limited in their ability to treat/
repair a wide variety of CNS injuries or degenerative diseases.

Another possible source of NSCs is from human umbilical cord blood
(HUCB). These cells contain many properties that make them ideal for use in
cell-based therapies. HUCB contains a heterogeneous population of cells rich
in haematopoietic stem and progenitor cells with possible pluripotent charac-
teristics (Broxmeyer, 1996; Mayani & Lansdorp, 1998). Although HUCB cells
have been extensively studied and used in the treatment of various nonmalig-
nant and malignant haematopoietic diseases (Lu, Shen & Broxmeyer, 1996),
properties that are important for cell-based therapy of injured and degenerating
tissue are just beginning to be evaluated.

The use of HUCB cells offers numerous advantages. First, cord blood
offers few ethical concerns. Second, HUCB is easy to obtain without jeopardiz-
ing the mother or infant. Third, cryopreservation does not seem to affect the
viability of the stem or progenitor cells. Cryopreserved cord blood has been
stored up to 4 years and used in successful clinical transplantation (Broxmeyer,
1998). In addition, in vitro studies show that cord blood stored for 10 years has
a high viability of immature progenitor cells that do not differ in proliferation or
differentiation capacities from HUCB stored for shorter periods (Broxmeyer &
Cooper, 1997). Fourth, HUCB yields higher numbers of haematopoietic pro-
genitor cells with a higher proliferation rate and expansion potential than those
of adult bone marrow (Hows, et al 1992; Cardoso et al 1993). Fifth, the clinical
use of HUCB exhibits a low incidence of graft-vs-host disease (GVHD) rejec-
tion when compared to that of adult bone morrow (Gluckman et al., 1997; Wagner
et al., 1992), even in children that received one antigen HLA-mismatch (Wagner
et al., 1992; Wagner et al., 1995). The immaturity of cord blood cells could be
postulated as the reason for this low rejection rate (Newman et al., in press),
suggesting that immunosuppressive therapy may not be necessary, which would
be important clinically.

In addition to the above advantages, both human bone marrow and um-
bilical cord blood cells have been shown in vitro and in vivo to differentiate into
neural cell types (Sanchez-Ramos, 2002; Newman et al., in press). Human cord
blood cells in vitro differentiate into neurons and astrocytes when exposed to
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all-trans-retinoic acid and nerve growth factor (Sanchez-Ramos et al., 2001),
beta-mercaptoethanol (Ha et al., 2001), or when plated in a low glucose and
acidic medium that is supplemented with FGF2 and EGF (Bickness et al., 2002).
Interestingly, only one published study to date has shown HUCB-derived cells
can express the oligodendrocyte marker GalC after negative selection for CD34
and CD45 cells and exposure to retinoic acid plus brain derived neurotrophic
factor (Buzanska et al., 2002). One of the first studies demonstrating neural
markers after HUCB cell transplantation was performed in collaboration with
Dr. Chopp at the Henry Ford Health Center and our laboratory. In this study,
rats were subjected to middle cerebral artery occlusion (MCAO) and received a
tail vein injection of HUCB cells after the stroke. No reduction in lesion size
was observed; however, HUCB cells survived and were found in the ipsilateral
cortex and striatum of the damaged brain, and some cells were shown to have
the neuronal markers NeuN and MAP2, the astrocytic marker GFAP, and the
endothelial cell marker FVIII (Chen et al., 2001). A second study performed by
the same two groups, using a traumatic brain injury (TBI) model, showed the
migration of HUCB cells to the parenchyma of the damaged brain (Lu et al.,
2002), and after 28 days in vivo immunocytochemistry demonstrated that the
cord blood cells expressed the neuronal markers NeuN and MAP2. In addition,
the TBI rats showed functional improvement with reduced deficits when com-
pared to control animals by utilizing the rotarod for motor skills and with the
Modified Neurological Severity Score (mNSS) for neurological assessment. A
third study from our laboratory used HUCB cells transplanted into rat pup (1
day old) subventricular zone. Cells positive for the TuJl marker were observed
although the majority showed an astrocytic-like phenotype and morphology
(Zigova et al., 2002). Overall, HUCB cells embody several properties which
encourage their utilization beyond the haematopoietic field and may prove to
be valuable in the cell transplantation field.

Migration or Homing of Neural Stem Cells

One of the issues to consider when examining the feasibility of a cell type
for cell-based therapy is the ability of that cell to migrate to the site of degenera-
tion or injury (Table 2). We know that stem and progenitor cells migrate from
“organ to organ” during embryogenesis through adulthood (Broxmeyer, 1998),
and we are just beginning to understand the factors and circumstances that drive
or direct these cells to their target. Embryonic stem cells proliferate and their
progeny undergo a process of progressive lineage restriction to finally generate
differentiated cells that form the mature tissue. Stem cell proliferation, differ-
entiation, and migration are regulated by a strict timetable. In addition, the in-
volvement of the extracellular matrix (ECM) is vital for cellular migration, along
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with the complex signaling of several cytokines, integrins, selectins, and adhe-
sion molecules/receptors, which induce a cascade of intracellular and extracel-
lular events that participate in the directing of cell migration.

Until recently, only embryonic stem cells were thought to be pluripotent.
However, a certain degree of plasticity is now recognized within adult stem
cells, in that some of these cells are capable of phenotypic changes and assist in
regeneration of distal tissue (Blau, et al., 2001). Moreover, adult neural stem
cells that reside within the subventricular zone (subependymal layer) of the
forebrain, migrate a great distance within the rostral migratory stream to reach
the olfactory bulb and regenerate this population of cells (Gritti et al., 2002;
Peretto et al., 1999). The external granular proliferative layer in the dentate
gyrus of the hippocampus is known to give rise to both astrocytes and neurons
(Kuhn et al., 1996; Okano et al., 1993). In addition, neurogenesis has been dem-
onstrated in animal models after global ischemia (Liu et al., 1998) and induced
seizures (Parent et al., 1997). Moreover, human adult neural stem cells have
been shown to migrate to the site of damage after being transplanted into ani-
mal models of neuronal injury (Akiyama et al., 2001; Herrera et al., 1999;
Kurimoto, et al., 2001).

Human haematopoietic progenitor stem cells migrate to the bone marrow
after transplantation and during fetal development. These cells also migrate
from bone marrow to the peripheral blood in response to cytokines (Imai et al.,
1998; Kim & Broxmeyer, 1998). Clinically, the cytokines granulocyte-colony
stimulating factor (G-CSF) and granulocyte-macrophage colony stimulating
factors (GM-CSF) have been used to elevate levels of haematopoietic stem and
progenitor cells in peripheral blood and bone marrow in patients with hemato-
logical malignancy (Siena et al., 2000; To et al., 1997). The mobilization of
stem cells within the stromal layer of bone marrow and peripheral blood is a
complex interaction of numerous cytokines (Horuk, 2001; Pelus et al., in press).

HUCB cells, have been tested in compartmentalized culture dishes to de-
termine the ability of these cells to migrate toward soluable extracts of homog-
enized tissue of normal and injured brain. HUCB cells migrate toward the de-
veloping rodent brain, especially, the extracts of the striatum of neonates when
compared to old rats and controls (Newman et al, 2002). In addition, these cells
also migrate toward ischemic extracts 24 hours after a stroke (Chen et al., 2001).
Moreover, there appears to be a time-dependence in the migration of HUCB
cells to ischemic extracts. More cells migrate at 72 hours to both hippocampal
and ischemic extracts of adult rats when compared to other time points and
controls (Newman et al., 2003). Our laboratory is currently investigating this
phenomenon along with the induction factors responsible for the migration of
these cells. In addition, very little is known regarding the migratory properties
of NSCs.
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The stage of differentiation is one of the main concerns in the determina-
tion of which cells are most beneficial for repairing injured tissue. This ques-
tion along with determining the factors that induce the cells to migrate to the
site of injury are of the utmost importance in furthering our efforts in not only
finding reliable and functional cells for neural transplantation and repair, but
also in being able to direct such cells to the site of injury.

CONTROL OF GRAFT REJECTION AND POTENTIAL
FOR TUMORIGENICITY

Whether donor cells are xenogeneic, allogeneic or autogeneic to the host
will be a key factor in the immune response. Allografts of neural fetal tissue
used in both PD and HD patients demonstrate no graft rejection after immuno-
suppression treatments are withdrawn (Kordower et al., 1995; Kordower et al.,
1997; Kordower et al., 1998; Freeman et al., 2000b; Hauser et al., 2002b), or in
one study, where immunosuppression treatment was not used (Freed et al., 1992).
Therefore, the use of immunosuppressants such as cyclosporin-A may not be
necessary in allogeneic transplantation. In addition, as previously discussed the
withdrawal of immunosuppressant therapy resulted in a loss of the transplanta-
tion benefits to the patient (Freeman et al., 2003). The safety and efficacy of
non-immunosuppressed human recipients has not been addressed and should
be carefully evaluated. For example, one PD patient who developed renal com-
plications could not tolerate cyclosporin after the initial transplantation (Free-
man et al., 1998). The autopsy of two PD patients that received multiple al-
lografts with no immunosuppression for the last 12 months before they died
(Kordower et al., 1996; Kordower et al., 1997a) displayed immune markers for
macrophages, T and B cells, and microglia within the grafted sites (Kordower
et al., 1997a). However, the grafts themselves were not rejected and it was not
clear whether these findings were due to an ineffective immune response, trauma
from the surgical procedure, or an early sign of possible graft rejection (Free-
man et al., 1998).

Moreover, cyclosporin may have beneficial effects if inflammatory or
autoimmune mechanisms contribute to the progression of diseases like PD and
HD (Borlongan and Sanberg, 2002). The use of cyclosporin resulted in an in-
creased survival of xenografts in rodent studies (Borlongan and Sanberg, 2002).
One study demonstrated a sixfold increase in the number of surviving dopamin-
ergic neurons when xenografts of human fetal ventral mesencephalic cells in
parkinsonian rats were combined with long-term immunosuppressive therapy
(Brundin et al., 1988). In addition, immunosuppressants have neurotrophic and
neuroprotective properties (Borlongan et al., 1999). Therefore, immunosuppres-
sant therapy may not only decrease the possibility of graft rejection, it may be
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beneficial in other ways to the patient. The issue of immunosuppression still
remains to be delineated and will remain inconclusive until additional autopsies
of allograft recipients have been evaluated.

One area of concern regarding the use of embryonic stem (ES) cells is that
in addition to the ability to proliferate and differentiate upon transplantation in
PD animal models. They also have the ability to form any fully differentiated
cell type of the body and can develop rapidly into teratomas after transplanta-
tion (Bjorklund et al., 2002), thus retaining their mitotic ability after transplan-
tation. Moreover, the embryonic carcinoma cell, stem cell of a germ-cell tumor,
or teratocarcinoma have genetic anomalies. Thus, choosing to use stem cells
that are further differentiated in vitro prior to transplantation (in order for the
graft to contain only tissue-specific precursor cells) may be a wiser decision.
The current methods for enhancing, selecting, and sorting a desired cell popula-
tion has not yet been perfected; therefore, there is the chance that less specific/
defined or undesired stem cells will be transplanted. Caution is encouraged in
the use of ES cells for transplantation due to the fact that these cells retain their
mitotic ability after transplantation, and therefore can form tissue masses or
tumors in the graft recipient. Therefore, the more mature or adult neural stem
cells may be more advantageous due to their limited plasticity, even though the
quantities of cells are more limited (Borlongan and Sanberg, 2002).

ASSESSMENT OF FUNCTIONAL RECOVERY

Assessment of functional recovery for any disease depends not only on
clinical rating scales, but also on neurophysiological measures that may be cor-
related to symptomatic recovery. Additionally, in order for comparisons to be
made across clinical centers a unified clinical rating scale for each disorder or
disease and standardization of neurophysiological measures must be employed.
This lack of consensus hinders progression in the neural transplantation field.

In the case of PD, several standardized rating scales have been used to
evaluate the results of grafts in patients, including the Unified PD Rating Scale
(UPDRS) and the Schwab-England Disability Scores, as well as the Core As-
sessment Program for Intracerebral Transplantation (CAPIT), which incorpo-
rates the UPDRS. However, until recently there has been no agreement between
centers on which test should be used. The CAPIT was developed to encourage
uniformity and to standardize the rating scale to allow for congruent compari-
sons across clinical transplant studies and to serve as a registry (Freeman et al.,
1998). The CAPIT includes patient inclusion criteria; rating scales for motor
skills and dyskinesia; and testing time to be used for motor behaviors in relation
to pharmacological challenge, brain imaging, and for baseline status and post-
graft effects over time. This type of assessment program would allow for both
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intra-patient and inter-patient study design. Unfortunately, consensus has yet to
be reached among clinical centers for the type of assessment program to use in
all neural transplantation protocols.

A surrogate marker for graft survival is striatal f-dopa uptake measured by
positron emission tomography (PET). Both striatal f-dopa uptake and cerebral
blood flow of the supplementary motor area (SMA) and the dorsolateral pre-
frontal cortex (DLPFC) can be measured and correlated to the functional recov-
ery assessment by rating scales. PET scans demonstrate an increase in f-dopa
occurs earlier than an increase in blood flow to the cerebral area after transplan-
tation of fetal dopaminergic (DA) neurons in PD patients. This indicates that
grafted DA neurons need to be integrated fully into these areas and have estab-
lished “efferent and afferent” connections (Lindvall and Hagell, 2002). How-
ever, whether the increase in f-dopa is due to dopaminergic neurons of the graft
or terminal sprouting of host DA neurons cannot be determined by PET analy-
sis (Lindvall et al, 1990a; Kordower et al., 1995; Borlongan et al., 2000). The
use of numerous measures allows for a clearer understanding of the patient’s
progress and response to treatment over time and they should be employed
whenever possible.

Most centers conducting neural tissue transplantation in HD patients use
either the CAPIT, which has been modified for HD (CAPIT-HD), or the Uni-
fied HD Rating Scale (UHDRS), or both for clinical evaluations. In some cases,
the Schwab and England Disability Score, which defines the ability to perform
daily living activities, is also employed. Similar to PD, there appears to be no
consensus among the centers as to which scales should be used to permit easier
comparison across trials. Neurophysiological measures include glucose uptake
using a deoxyglucose PET scan within the striata and MRI scans of the trans-
planted areas to display graft growth. Both of these measures may be correlated
to the clinical rating scale(s).

Briefly, the postmortem measures that are employed to study the effec-
tiveness of cell transplantation must be mentioned. In HD, the Vonsattel Grades
(0-4) is the standard scale often used to measure the degree of striatal neuropa-
thology present at autopsy in the caudate and putamen (Grade 0: no or very
little neuronal loss, Grade 1: up to 50% neuronal loss, Grade 2: striatal atrophy
with neuronal loss and astrocytosis, Grade 3: extending atrophy, neuronal loss,
and astrocytosis to globus pallidus; and Grade 4: severe atrophy and neuronal
loss up to 95%). Currently, there is no equivalent scale to measure post-mortum
the degree of degeneration or injury in other neurological conditions.

Unlike pharmaceutical trials, in which the regulation of new medications
is extremely strict, neural transplantation is less regulated. Besides the two pro-
grams (CAPIT-PD and HD) mentioned and the updated CAPIT-PD, there are
no approved assessment programs for other human transplantation studies. Al-
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though open-trial analysis (a study in which both investigator and patient are
aware of the treatement condition) allows for quick access to critical informa-
tion, there is a need for validated measures for clinical assessment. It is the
belief of these authors that a program such as CAPIT would serve a useful
function and that no transplantation study should be performed without the fore-
thought of obtaining interpretable data that allows for comparisons across stud-
ies.

CONCLUSION

The development of NSCs to be used in cell-based therapies has certainly
made progress in the last ten years. However, much more work lies ahead be-
fore any of the isolated NSCs are ready for clinical trials. This is evident from
the number of questions that still remain to be answered. Among the most cen-
tral are: what is the cellular requirement for the specific clinical conditions,
should a heterogeneous or homogeneous population of cells be grafted, at what
stage of differentiation should the cells be employed, will they integrate and
function within the host environment, will culture conditions affect the trans-
plantation or the recipient, and which donor source should be used to obtain the
NSCs. These are a sample of the multitude of questions that remain unanswered.
To date we know that NSCs isolated from different species will (1) survive in
culture, the developing or adult brain, and the degenerating or injured brain, (2)
migrate to the site of injury depending on their stage of differentiation, and (3)
have the capability to differentiate into all neural cell types. Another major area
that remains to be addressed is the identification of new surface or other mark-
ers that will aid in the isolation of NSCs and in characterizing the phenotype(s)
of the cells both before and after transplantation (Gage et. al., 2000; see Chapter
3 in this volume).

For most of us in the clinical area there is an ever-present imperative to
find a way to treat the injured or degenerating brain. However, our sense of
urgency must be tempered with the practice of good science. Hopefully, we will
learn from the past and apply the knowledge that has been obtained from previ-
ous clinical transplantation trials to the potential utilization of NSCs in repair-
ing neurological deficits..

REFERENCES

Andrews PW, Damjanov I, Simon D, Banting GS, Carlin C, Dracopoli NC, Fogh J (1984) Pluri-
potent embryonal carcinoma clones derived from the human teratocarcinoma cell line Tera-2.
Differentiation in vivo and in vitro. Lab Invest 50:147-162.



402 Neural Stem Cells: Development and Transplantation

Akerud P, Canals JM, Snyder EY, Arenas E (2001) Neuroprotection through delivery of glial cell
line-derived neurotrophic factor by neural stem cells in a mouse model of Parkinson’s dis-
ease. J Neurosci 21:8108-8118.

Akiyama Y, Honmou O, Kato T, Uede T, Hashi K, Kocsis JD (2001) Transplantation of clonal
neural precursor cells derived from adult human brain establishes functional peripheral my-
elin in the rat spinal cord. Exp Neurol 167:27-39.

Arenas E (2002) Stem cells in the treatment of Parkinson’s disease. Brain Res Bull 57:795-808.
Bachoud-Levi AC, Bourdet C, Brugieres P, N’Guyen JP, Grandmougin T, Haddad B, Jeny R,

Bartolomeo P, Boisse MF, Dalla Barba G, Degos JD, Ergis AM, Lefaucheur JP, Lisovoski F,
Pailhous E, Remy P, Palfi S, Defer G, Cesaro P, Hantraye P, Peschanski M (1999) Safety and
tolerability assessment of intrastriatal neural allografts in five patients with Huntington’s
disease. Experimental Neurology 161:194-202.

Bachoud-Levi AC, Remy P, Nguyen JP, Brugieres P, Lefaucheur JP, Bourdet C, Baudic S, Gaura
V, Maison P, Haddad B, Boisse MF, Grandmougin T, Jeny R, Bartolomeo P, Dalla Barba G,
Degos JD, Lisovoski F, Ergis AM, Pailhous E, Cesaro P, Hantraye P, Peschanski M (2000)
Motor and cognitive improvements in patients with Huntington’s disease after neural trans-
plantation. Lancet 356:1975-1979.

Backlund EO, Granberg PO, Hamberger B, Knutsson E, Martensson A, Sedvall G, Seiger A,
Olson L (1985) Transplantation of adrenal medullary tissue to striatum in parkinsonism. First
clinical trials. J Neurosurg 62:169-173.

Bicknese AR, Goodwin HS, Quinn CO, Verneake CD (2002) Human umbilical cord blood cells
can be induced to express markers for neurons and glia. Cell Transplantation 11:261-264.

Benoit BO, Savarese T, Joly M, Engstrom CM, Pang L, Reilly J, Recht LD, Ross AH, Quesenberry
PJ (2001) Neurotrophin channeling of neural progenitor cell differentiation. J Neurobiol
46:265-280.

Bjorklund LM, Sanchez-Pernaute R, Chung S, Andersson T, Chen IY, McNaught KS, Brownell
AL, Jenkins BG, Wahlestedt C, Kim KS, Isacson O (2002) Embryonic stem cells develop
into functional dopaminergic neurons after transplantation in a Parkinson rat model. Proc
Natl Acad Sci U S A 99:2344-2349.

Blau HM, Brazelton TR, Weimann JM (2001) The evolving concept of a stem cell: entity or
function? Cell 105:829-841.

Borlongan CV, Sanberg PR (2002) Neural transplantation for treatment of Parkinson’s disease.
Drug Discov Today 7:674-682.

Borlongan CV, Freeman TB, Sanberg PR (2000) Reconstruction of the central nervous system by
neural transplantation. In: Oxford Textbook of Surgery, Second Edition Edition (Morris SPJ,
Wood WC, eds), pp 749-753: Oxford University Press.

Borlongan CV, Stahl CE, Fujisaki T, Sanberg PR, Watanabe S (1999) Cyclosporin A-induced
hyperactivity in rats: is it mediated by immunosuppression, neurotrophism, or both? Cell
Transplant 8:153-159.

Broxmeyer HA, ed (1998) Cellular characteristics of cord blood and cord blood transplantation.
Bethesda: AABB Press.

Broxmeyer HE, Cooper S (1997) High-efficiency recovery of immature haematopoietic progeni-
tor cells with extensive proliferative capacity from human cord blood cryopreserved for 10
years. Clin Exp Immunol 107 Suppl 1:45-53.

Broxmeyer HE (1996) Primitive hematopoietic stem and progenitor cells in human umbilical
cord blood: an alternative source of transplantable cells. Cancer Treat Res 84:139-148.

Brundin P, Strecker RE, Widner H, Clarke DJ, Nilsson OG, Astedt B, Lindvall O, Bjorklund A
(1988) Human fetal dopamine neurons grafted in a rat model of Parkinson’s disease: immu-
nological aspects, spontaneous and drug-induced behaviour, and dopamine release. Exp Brain
Res 70:192-208.



Newman, Freeman, Hart & Sanberg 403

Brundin P, Pogarell O, Hagell P, Piccini P, Widner H, Schrag A, Kupsch A, Crabb L, Odin P,
Gustavii B, Bjorklund A, Brooks DJ, Marsden CD, Oertel WH, Quinn NP, Rehncrona S,
Lindvall O (2000) Bilateral caudate and putamen grafts of embryonic mesencephalic tissue
treated with lazaroids in Parkinson’s disease. Brain 123 (Pt 7):1380-1390.

Brustle O, Choudhary K, Karram K, Huttner A, Murray K, Dubois-Dalcq M, McKay RD (1998)
Chimeric brains generated by intraventricular transplantation of fetal human brain cells into
embryonic rats. Nat Biotechnol 16:1040-1044.

Cardoso AA, Li ML, Batard P, Sansilvestri P, Hatzfeld A, Levesque JP, Lebkowski JS, Hatzfeld
J (1993) Human umbilical cord blood cell purification with high yield of early pro-
genitors. J Hematother 2:275-279.

Chen J, Sanberg PR, Li Y, Wang L, Lu M, Willing AE, Sanchez-Ramos J, Chopp M (2001)
Intravenous administration of human umbilical cord blood reduces behavioral deficits after
stroke in rats. Stroke 32:2682-2688.

Buzanska L, Machaj EK, Zablocka B, Pojda Z, Domanska-Janik K (2002) Human cord blood-
derived cells attain neuronal and glial features in vitro. J Cell Sci 115:2131-2138.

Cardoso AA, Li ML, Batard P, Sansilvestri P, Hatzfeld A, Levesque JP, Lebkowski JS, Hatzfeld
J (1993) Human umbilical cord blood cell purification with high yield of early pro-
genitors. J Hematother 2:275-279.

Carpenter MK, Mattson M, Rao MS (2003) Sources of cells for CNS Therapy. In: Neural Stem
Cells for Brain and Spinal Cord Repair. (Zigova T, Snyder EY, Sanberg PR, eds). New Jer-
sey: Humana Press.

Carpenter MK, Inokuma MS, Denham J, Mujtaba T, Chiu CP, Rao MS (2001) Enrichment of
neurons and neural precursors from human embryonic stem cells. Exp Neurol 172:383-397.

Carpenter MK, Cui X, Hu ZY, Jackson J, Sherman S, Seiger A, Wahlberg LU (1999) In vitro
expansion of a multipotent population of human neural progenitor cells. Exp Neurol 158:265-
278.

Carvey PM, Ling ZD, Sortwell CE, Pitzer MR, McGuire SO, Storch A, Collier TJ (2001) A
clonal line of mesencephalic progenitor cells converted to dopamine neurons by hematopoi-
etic cytokines: a source of cells for transplantation in Parkinson’s disease. Exp Neurol 171:98-
108.

Clarkson ED (2001) Fetal tissue transplantation for patients with Parkinson’s disease: a database
of published clinical results. Drugs Aging 18:773-785.

Crutcher KA (1990) Age-related decrease in sympathetic sprouting is primarily due to decreased
target receptivity: implications for understanding brain aging. Neurobiol Aging 11:175-183.

Dietrich J, Noble M, Mayer-Proschel M (2002) Characterization of glial precursor cells
from cryopreserved human fetal brain progenitor cells. Glia 40:65-77.

Englund U, Fricker-Gates RA, Lundberg C, Bjorklund A, Wictorin K (2002) Transplantation of
human neural progenitor cells into the neonatal rat brain: extensive migration and differentia-
tion with long-distance axonal projections. Exp Neurol 173:1-21.

Fink JS, Schumacher JM, Ellias SL, Palmer EP, Saint-Hilaire M, Shannon K, Penn R, Starr P,
VanHorne C, Kott HS, Dempsey PK, Fischman AJ, Raineri R, Manhart C, Dinsmore J, Isacson
O (2000) Porcine xenografts in Parkinson’s disease and Huntington’s disease patients: pre-
liminary results. Cell Transplant 9:273-278.

Flax JD, Aurora S, Yang C, Simonin C, Wills AM, Billinghurst LL, Jendoubi M, Sidman RL,
Wolfe JH, Kim SU, Snyder EY (1998) Engraftable human neural stem cells respond to devel-
opmental cues, replace neurons, and express foreign genes. Nat Biotechnol 16:1033-1039.

Freed CR (2002) Will embryonic stem cells be a useful source of dopamine neurons for trans-
plant into patients with Parkinson’s disease? Proc Natl Acad Sci U S A 99:1755-1757.

Freed CR, Breeze RE, Rosenberg NL, Schneck SA, Kriek E, Qi JX, Lone T, Zhang YB, Snyder
JA, Wells TH, et al. (1992) Survival of implanted fetal dopamine cells and neurologic im-



Neural Stem Cells: Development and Transplantation404

provement 12 to 46 months after transplantation for Parkinson’s disease. N Engl J Med
327:1549-1555.

Freed CR, Greene PE, Breeze RE, Tsai WY, DuMouchel W, Kao R, Dillon S, Winfield H, Culver
S, Trojanowski JQ, Eidelberg D, Fahn S (2001) Transplantation of embryonic dopamine
neurons for severe Parkinson’s disease. N Engl J Med 344:710-719.

Freeman TB, Sanberg PR, Isacson O (1995a) Development of the human striatum: implications
for fetal striatal transplantation in the treatment of Huntington’s disease. Cell Transplant 4:539-
545.

Freeman TB, Hauser RA, Sanberg PR, Saporta S (2000a) Neural transplantation for the treatment
of Huntington’s disease. Prog Brain Res 127:405-411.

Freeman TB, Hauser RA, Willing AE, Zigova T, Sanberg PR, Saporta S (2000b) Transplantation
of human fetal striatal tissue in Huntington’s disease: rationale for clinical studies. Novartis
Found Symp 231:129-138; discussion 139-147.

Freeman TB, Olanow CW, Hauser RA, Kordower J, Holt DA, Borlongan CV, Sandberg PR
(1998) Human fetal tissue transplantation. In: Neurosurgical Treatment of Movement Disor-
ders (Germano IM, ed), pp 177-192. Park Ridge: The American Assoication of Neurological
Surgeons.

Freeman TB, Vawter DE, Leaverton PE, Godbold JH, Hauser RA, Goetz CG, Olanow CW (1999)
Use of placebo surgery in controlled trials of a cellular-based therapy for Parkinson’ s disease.
N Engl J Med 341:988-992.

Freeman TB, Goetz CG, Kordower JH, Stoessl AJ, Brin MF, Shannon K, Perl DP, Godbold JH,
Olanow CW (2003) Double blind controlled trial of bilateral fetal nigral transplantation in
Parkinson’s disease. Experimental Neurology Abstract 181:891.

Freeman TB, Olanow CW, Hauser RA, Nauert GM, Smith DA, Borlongan CV, Sanberg PR, Holt
DA, Kordower JH, Vingerhoets FJ, et al. (1995b) Bilateral fetal nigral transplantation into the
postcommissural putamen in Parkinson’s disease. Ann Neurol 38:379-388.

Freeman TB, Cicchetti F, Hauser RA, Deacon TW, Li XJ, Hersch SM, Nauert GM, Sanberg PR,
Kordower JH, Saporta S, Isacson O (2000c) Transplanted fetal striatum in Huntington’s dis-
ease: phenotypic development and lack of pathology. Proc Natl Acad Sci U S A 97:13877-
13882.

Fricker RA, Carpenter MK, Winkler C, Greco C, Gates MA, Bjorklund A (1999) Site-specific
migration and neuronal differentiation of human neural progenitor cells after transplantation
in the adult rat brain. J Neurosci 19:5990-6005.

Gage F, Christen Y (1997) Isolation, characterization, and utilization of CNS stem cells. Heidel-
berg ; New York: Springer Berlin.

Gage FH (1998) Cell therapy. Nature 392:18-24.
Gage FH (2000) Mammalian neural stem cells. Science 287:1433-1438.
Gage FH, Bjorklund A, Stenevi U, Dunnett SB (1983) Intracerebral grafting of neuronal cell

suspensions. VIII. Survival and growth of implants of nigral and septal cell suspensions in
intact brains of aged rats. Acta Physiol Scand Suppl 522:67-75.

Gritti A, Vescovi AL, Galli R (2002) Adult neural stem cells: plasticity and developmental poten-
tial. J Physiol Paris 96:81-90.

Gritti A, Frolichsthal-Schoeller P, Galli R, Parati EA, Cova L, Pagano SF, Bjornson CR, Vescovi
AL (1999) Epidermal and fibroblast growth factors behave as mitogenic regulators for a
single multipotent stem cell-like population from the subventricular region of the adult mouse
forebrain. J Neurosci 19:3287-3297.

Ha Y, Choi JU, Yoon DH, Yeon DS, Lee JJ, Kim HO, Cho YE (2001) Neural phenotype expres-
sion of cultured human cord blood cells in vitro. Neuroreport 12:3523-3527.

Hagell P, Schrag A, Piccini P, Jahanshahi M, Brown R, Rehncrona S, Widner H, Brundin P,
Rothwell JC, Odin P, Wenning GK, Morrish P, Gustavii B, Bjorklund A, Brooks DJ, Marsden



Newman, Freeman, Hart & Sanberg 405

CD, Quinn NP, Lindvall O (1999) Sequential bilateral transplantation in Parkinson’s disease:
effects of the second graft. Brain 122 ( Pt 6): 1121-1132.

Hammang JP, Archer DR, Duncan ID (1997) Myelination following transplantation of EGF-
responsive neural stem cells into a myelin-deficient environment. Exp Neural 147:84-95.

Hauser RA, Sandberg PR, Freeman TB, Stoessl AJ (2002a) Bilateral human fetal striatal trans-
plantation in Huntington’s disease. Neurology 58:1704; author reply 1704.

Hauser RA, Freeman TB, Snow BJ, Nauert M, Gauger L, Kordower JH, Olanow CW (1999)
Long-term evaluation of bilateral fetal nigral transplantation in Parkinson disease. Arch Neurol
56:179-187.

Hauser RA, Furtado S, Cimino CR, Delgado H, Eichler S, Schwartz S, Scott D, Nauert GM,
Soety E, Sossi V, Holt DA, Sanberg PR, Stoessl AJ, Freeman TB (2002b) Bilateral human
fetal striatal transplantation in Huntington’s disease. Neurology 58:687-695.

Herrera DG, Garcia-Verdugo JM, Alvarez-Buylla A (1999) Adult-derived neural precursors trans-
planted into multiple regions in the adult brain. Ann Neurol 46:867-877.

Hoffer B, Olson L (1997) Treatment strategies for neurodegenerative diseases based on trophic
factors and cell transplantation techniques. J Neural Transm Suppl 49:1-10.

Horuk R (2001) Chemokine receptors. Cytokine Growth Factor Rev 12:313-335.
Hows JM, Marsh JC, Bradley BA, Luft T, Coutinho L, Testa NG, Dexter TM (1992) Human cord

blood: a source of transplantable stem cells? Bone Marrow Transplant 9 Suppl 1:105-108.
Huntington’s Disease Collaborative Research Group (1993) A novel gene containing a trinucle-

otide repeat that is expanded and unstable on HD chromosomes. Cell 72:971-983.
Imai T, Chantry D, Raport CJ, Wood CL, Nishimura M, Godiska R, Yoshie O, Gray PW (1998)

Macrophage-derived chemokine is a functional ligand for the CC chemokine receptor 4. J
BiolChem 273:1764-1768.

Johansson CB, Svensson M, Wallstedt L, Janson AM, Frisen J (1999) Neural stem cells in the
adult human brain. Exp Cell Res 253:733-736.

Johe KK, Hazel TG, Muller T, Dugich-Djordjevic MM, McKay RD (1996) Single factors direct
the differentiation of stem cells from the fetal and adult central nervous system. Genes Dev
10:3129-3140.

Jones RJ, Barber JP, Vala MS, Collector MI, Kaufmann SH, Ludeman SM, Colvin OM, Hilton J
(1995) Assessment of aldehyde dehydrogenase in viable cells. Blood 85:2742-2746.

Karlsson J (2001) Survival of cultured and grafted embryonic dopaminergic neurones: effects of
hypothermia and prevention of oxidative stress. In: Department of Physiological Sciences, p
152. Lund, Sweden: Neuroscience Center.

Kim CH, Broxmeyer HE (1998) In vitro behavior of hematopoietic progenitor cells under the
influence of chemoattractants: stromal cell-derived factor-1, steel factor, and the bone mar-
row environment. Blood 91:100-110.

Klug MG, Soonpaa MH, Koh GY, Field LJ (1996) Genetically selected cardiomyocytes from
differentiating embronic stem cells form stable intracardiac grafts. J Clin Invest 98:216-224.

Kondo T, Raff M (2000) Oligodendrocyte precursor cells reprogrammed to become multipoten-
tial CNS stem cells. Science 289:1754-1757.

Kopyov OV, Jacques S, Kurth M, Philpott LM, Lee A, Patterson M, Duma CM, Lieberman A,
Eagle KS (1998) Fetal transplantation for huntington’s disease: clinical studies. In: Cell Trans-
plantation for Neurologica Disorders. (Freeman TB, Widiner H, eds), pp 95-134. New Jer-
sey: Humana Press.

Kordower JH, Styren S, Clarke M, DeKosky ST, Olanow CW, Freeman TB (1997a) Fetal graft-
ing for Parkinson’s disease: expression of immune markers in two patients with functional
fetal nigral implants. Cell Transplant 6:213-219.



406 Neural Stem Cells: Development and Transplantation

Kordower JH, Freeman TB, Chen EY, Mufson EJ, Sanberg PR, Hauser RA, Snow B, Olanow
CW (1998) Fetal nigral grafts survive and mediate clinical benefit in a patient with Parkinson’s
disease. Mov Disord 13:383-393.

Kordower JH, Freeman TB, Snow BJ, Vingerhoets FJ, Mufson EJ, Sanberg PR, Hauser RA,
Smith DA, Nauert GM, Perl DP, et al. (1995) Neuropathological evidence of graft survival
and striatal reinnervation after the transplantation of fetal mesencephalic tissue in a patient
with Parkinson’s disease. N Engl J Med 332:1118-1124.

Kordower JH, Rosenstein JM, Collier TJ, Burke MA, Chen EY, Li JM, Martel L, Levey AE,
Mufson EJ, Freeman TB, Olanow CW (1996) Functional fetal nigral grafts in a patient with
Parkinson’s disease: chemoanatomic, ultrastructural, and metabolic studies. J Comp Neurol
370:203-230.

Kordower JH, Chen EY, Winkler C, Fricker R, Charles V, Messing A, Mufson EJ, Wong SC,
Rosenstein JM, Bjorklund A, Emerich DF, Hammang J, Carpenter MK (1997b) Grafts of
EGF-responsive neural stem cells derived from GFAP-hNGF transgenic mice: trophic and
tropic effects in a rodent model of Huntington’s disease. J Comp Neurol 387:96-113.

Kuehnle I, Goodell MA (2002) The therapeutic potential of stem cells from adults. Bmj 325:372-
376.

Kuhn HG, Dickinson-Anson H, Gage FH (1996) Neurogenesis in the dentate gyrus of the adult
rat: age-related decrease of neuronal progenitor proliferation. J Neurosci 16:2027-2033.

Kukekov VG, Laywell ED, Suslov O, Davies K, Scheffler B, Thomas LB, O’Brien TF, Kusakabe
M, Steindler DA (1999) Multipotent stem/progenitor cells with similar properties arise from
two neurogenic regions of adult human brain. Exp Neurol 156:333-344.

Kurimoto Y, Shibuki H, Kaneko Y, Ichikawa M, Kurokawa T, Takahashi M, Yoshimura N (2001)
Transplantation of adult rat hippocampus-derived neural stem cells into retina injured by
transient ischemia. Neurosci Lett 306:57-60.

Lee SH, Lumelsky N, Studer L, Auerbach JM, McKay RD (2000) Efficient generation of mid-
brain and hindbrain neurons from mouse embryonic stem cells. Nat Biotechnol 18:675-679.

Lendahl U, Zimmerman LB, McKay RD (1990) CNS stem cells express a new class of interme-
diate filament protein. Cell 60:585-595.

Li M, Pevny L, Lovell-Badge R, Smith A (1998) Generation of purified neural precursors from
embryonic stem cells by lineage selection. Curr Biol 8:971-974.

Lindvall O, Hagell P (2001) Cell therapy and transplantation in Parkinson’s disease. Clin Chem
Lab Med 39:356-361.

Lindvall O, Hagell P (2002) Cell replacement therapy in human neurodegenerative disorders.
Clinical Neuroscience Research 2:86-92.

Lindvall O, Backlund EO, Farde L, Sedvall G, Freedman R, Hoffer B, Nobin A, Seiger A, Olson
L (1987) Transplantation in Parkinson’s disease: two cases of adrenal medullary grafts to the
putamen. Ann Neurol 22:457-468.

Lindvall O, Rehncrona S, Brundin P, Gustavii B, Astedt B, Widner H, Lindholm T, Bjorklund A,
Leenders KL, Rothwell JC, et al. (1989) Human fetal dopamine neurons grafted into the
striatum in two patients with severe Parkinson’s disease. A detailed account of methodology
and a 6-month follow-up. Arch Neurol 46:615-631.

Lindvall O, Brundin P, Widner H, Rehncrona S, Gustavii B, Frackowiak R, Leenders KL, Sawle
G, Rothwell JC, Marsden CD, et al. (1990a) Grafts of fetal dopamine neurons survive and
improve motor function in Parkinson’s disease. Science 247:574-577.

Lindvall O, Rehncrona S, Brundin P, Gustavii B, Astedt B, Widner H, Lindholm T, Bjorklund A,
Leenders KL, Rothwell JC, et al. (1990b) Neural transplantation in Parkinson’s disease: the
Swedish experience. Prog Brain Res 82:729-734.



Newman, Freeman, Hart & Sanberg 407

Lindvall O, Sawle G, WidnerH, Roth well JC, Bjorklund A, Brooks D, Brundin P, Frackowiak R,
Marsden CD, Odin P, et al. (1994) Evidence for long-term survival and function of dopamin-
ergic grafts in progressive Parkinson’s disease. Ann Neurol 35:172-180.

Liu J, Solway K, Messing RO, Sharp FR (1998) Increased neurogenesis in the dentate gyrus after
transient global ischemia in gerbils. J Neurosci 18:7768-7778.

Lu D, Sanberg PR, Mahmood A, Li Y, Wang L, Sanchez-Ramos J, Chopp M (2002) Intravenous
administration of human umbilical cord blood reduces neurological deficit in the rat after
traumatic brain injury. Cell Transplant 11:275-281.

Lu L, Shen RN, Broxmeyer HE (1996) Stem cells from bone marrow, umbilical cord blood and
peripheral blood for clinical application: current status and future application. Crit Rev Oncol
Hematol 22:61-78.

Lundberg C, Martinez-Serrano A, Cattaneo E, McKay RD, Bjorklund A (1997) Survival, inte-
gration, and differentiation of neural stem cell lines after transplantation to the adult rat stria-
turn. Exp Neurol 145:342-360.

Madrazo I, Drucker-Colin R, Diaz V, Martinez-Mata J, Torres C, Becerril JJ (1987) Open micro-
surgical autograft of adrenal medulla to the right caudate nucleus in two patients with intrac-
table Parkinson’s disease. N Engl J Med 316:831-834.

Martinez-Serrano A, Bjorklund A (1997) Immortalized neural progenitor cells for CNS gene
transfer and repair. Trends Neurosci 20:530-538.

Martinez-Serrano A, Rubio FJ, Navarro B, Bueno C, Villa A (2001) Human neural stem and
progenitor cells: in vitro and in vivo properties, and potential for gene therapy and cell re-
placement in the CNS. Curr Gene Ther 1:279-299.

Martinez-Serrano A, Lundberg C, Horellou P, Fischer W, Bentlage C, Campbell K, McKay RD,
Mallet J, BjorkJund A (1995) CNS-derived neural progenitor cells for gene transfer of nerve
growth factor to the adult rat brain: complete rescue of axotomized cholinergic neurons after
transplantation into the septum. J Neurosci 15:5668-5680.

Mayani H, Lansdorp PM (1998) Biology of human umbilical cord blood-derived hematopoietic
stem/progenitor cells. Stem Cells 16:153-165.

Mendez I, Baker KA, Hong M (2000a) Simultaneous intrastriatal and intranigral grafting (double
grafts) in the rat model of Parkinson’s disease. Brain Res Brain Res Rev 32:328-339.

Mendez I, Dagher A, Hong M, Gaudet P, Weerasinghe S, McAlister V, King D, Desrosiers J,
Darvesh S, Acorn T, Robertson H (2002) Simultaneous intrastriatal and intranigral fetal dopam-
inergic grafts in patients with Parkinson disease: a pilot study. Report of three cases. J Neurosurg
96:589-596.

Mendez I, Dagher A, Hong M, Hebb A, Gaudet P, Law A, Weerasinghe S, King D, Desrosiers J,
Darvesh S, Acorn T, Robertson H (2000b) Enhancement of survival of stored dopaminergic
cells and promotion of graft survival by exposure of human fetal nigral tissue to glial cell
line—derived neurotrophic factor in patients with Parkinson’s disease. Report of two cases
and technical considerations. J Neurosurg 92:863-869.

Meyer CH, Detta A, Kudoh C (1995) Hitchcock’s experimental series of foetal implants for
Parkinson’s disease: co-grafting ventral mesencephalon and striatum. Acta Neurochir Suppl
(Wien) 64:1-4.

Mokry J, Nemecek S (1998) Angiogenesis of extra- and intraembryonic blood vessels is associ-
ated with expression of nestin in endothelial cells. Folia Biol (Praha) 44:155-161.

Mujtaba T, Piper DR, Kalyani A, Groves AK, Lucero MT, Rao MS (1999) Lineage-restricted
neural precursors can be isolated from both the mouse neural tube and cultured ES cells. Dev
Biol 214:113-127.

Newman MB, Davis CD, Kuzmin-Nichols N, Sanberg PR (2003) Human umbilical cord blood
(HUCB) cells for central nervous system repair. Neurotoxicity Research (in press).



408 Neural Stem Cells: Development and Transplantation

Newman MB, Willing A, Cassady CJ, Manresa JJ, Kedziorek DA, Hart CD, Saporta S, Sanberg
PR (2003) In vitro migration and phenotype identification of human umbilical cord blood
(HUCB) cells to stroke brain. Experimental Neurology 181:101.

Newman MB, Zigova T, Willing A, Bickford PC, Saporta S, Sanchez R, Sanberg PR (2002)
Migration behavior of human umbilical cord blood (HUCB) cells to normal and injured brain.
Society for Neuroscience 423.17.

Ogawa Y, Sawamoto K, Miyata T, Miyao S, Watanabe M, Nakamura M, Bregman BS, Koike M,
Uchiyama Y, Toyama Y, Okano H (2002) Transplantation of in vitro-expanded fetal neural
progenitor cells results in neurogenesis and functional recovery after spinal cord contusion
injury in adult rats. J Neurosci Res 69:925-933.

Okano HJ, Pfaff DW, Gibbs RB (1993) RB and Cdc2 expression in brain: correlations with 3H-
thymidine incorporation and neurogenesis. J Neurosci 13:2930-2938.

Olanow CW, Kordower JH, Freeman TB (1996) Fetal nigral transplantation as a therapy for
Parkinson’s disease. Trends Neurosci 19:102-109.

Olanow CW and Brin MF (2001) Surgical therapies for Parkinson’s disease. A physician’s per-
spective. Adv Neurol 86:421-433.

Ookura T, Kawamoto K, Tsuzaki H, Mikami Y, Ito Y, Oh SH, Hino A (2002) Fibroblast and
Epidermal Growth Factors Modulate Proliferation and Neural Cell Adhesion Molecule Ex-
pression in Epithelial Cells Derived from the Adult Mouse Tongue. In vitro Cell Dev Biol
Anim 38:365-372.

Ostenfeld T, Caldwell MA, Prowse KR, Linskens MH, Jauniaux E, Svendsen CN (2000) Human
neural precursor cells express low levels of telomerase in vitro and show diminishing cell
proliferation with extensive axonal outgrowth following transplantation. Exp Neurol 164:215-
226.

Palmer TD, Markakis EA, Willhoite AR, Safar F, Gage FH (1999) Fibroblast growth factor-2
activates a latent neurogenic program in neural stem cells from diverse regions of the adult
CNS. J Neurosci 19:8487-8497.

Parent JM, Yu TW, Leibowitz RT, Geschwind DH, Sloviter RS, Lowenstein DH (1997) Dentate
granule cell neurogenesis is increased by seizures and contributes to aberrant network reorga-
nization in the adult rat hippocampus. J Neurosci 17:3727-3738.

Pelus LM, Horowitz D, Cooper SC, King AG (2003) Peripheral blood stem cell mobilization: A
role for CXC chemokines. Oncology Hematology (in press).

Peretto P, Merighi A, Fasolo A, Bonfanti L (1999) The subependymal layer in rodents: a site of
structural plasticity and cell migration in the adult mammalian brain. Brain Res Bull 49:221-
243.

Philips MF, Mattiasson G, Wieloch T, Bjorklund A, Johansson BB, Tomasevic G, Martinez-
Serrano A, Lenzlinger PM, Sinson G, Grady MS, Mclntosh TK (2001) Neuroprotective and
behavioral efficacy of nerve growth factor-transfected hippocampal progenitor cell trans-
plants after experimental traumatic brain injury. J Neurosurg 94:765-774.

Pincus DW, Keyoung HM, Harrison-Restelli C, Goodman RR, Fraser RA, Edgar M, Sakakibara
S, Okano H, Nedergaard M, Goldman SA (1998) Fibroblast growth factor-2/brain-derived
neurotrophic factor-associated maturation of new neurons generated from adult human
subependymal cells. Ann Neurol 43:576-585.

Pleasure SJ, Page C, Lee VM (1992) Pure, postmitotic, polarized human neurons derived from
NTera 2 cells provide a system for expressing exogenous proteins in terminally differentiated
neurons. J Neurosci 12:1802-1815.

Poltavtseva RA, Marey MV, Aleksandrova MA, Revishchin AV, Korochkin LI, Sukhikh GT
(2002) Evaluation of progenitor cell cultures from human embryos for neurotransplantation.
Brain Res Dev Brain Res 134:149-154.

Price J, Williams BP (2001) Neural stem cells. Curr Opin Neurobiol 11:564-567.



Newman, Freeman, Hart & Sanberg 409

Redies C, Lendahl U, McKay RD (1991) Differentiation and heterogeneity in T-antigen immor-
talized precursor cell lines from mouse cerebellum. J Neurosci Res 30:601-615.

Reynolds BA, Weiss S (1992) Generation of neurons and astrocytes from isolated cells of the
adult mammalian central nervous system. Science 255:1707-1710.

Rogister B, Ben-Hur T, Dubois-Dalcq M (1999a) From neural stem cells to myelinating oligo-
dendrocytes. Mol Cell Neurosci 14:287-300.

Rogister B, Belachew S, Moonen G (1999b) Oligodendrocytes: from development to demyeli-
nated lesion repair. Acta Neurol Belg 99:32-39.

Rubio FJ, Bueno C, Villa A, Navarro B, Martinez-Serrano A (2000) Genetically perpetuated
human neural stem cells engraft and differentiate into the adult mammalian brain. Mol Cell
Neurosci 16:1-13.

Sah DW, Ray J, Gage FH (1997) Regulation of voltage- and ligand-gated currents in rat hippoc-
ampal progenitor cells in vitro. J Neurobiol 32:95-110.

Sanberg PR, Willing AE, Cahill DW (2002) Novel cellular approaches to repair of
neurodegenerative disease: from sertoli cells to umbilical cord blood stem cells. Neurotoxic-
ity Research 4:95-101.

Sanchez-Ramos JR (2002) Neural cells derived from adult bone marrow and umbilical cord blood.
J Neurosci Res 69:880-893.

Sanchez-Ramos JR, Song S, Kamath SG, Zigova T, Willing A, Cardozo-Pelaez F, Stedeford T,
Chopp M, Sanberg PR (2001) Expression of neural markers in human umbilical cord blood.
Exp Neurol 171:109-115.

Scheffler B, Horn M, Blumcke I, Laywell ED, Coomes D, Kukekov VG, Steindler DA (1999)
Marrow-mindedness: a perspective on neuropoiesis. Trends Neurosci 22:348-357.

Shih CC, Weng Y, Mamelak A, LeBon T, Hu MC, Forman SJ (2001) Identification of a candi-
date human neurohematopoietic stem-cell population. Blood 98:2412-2422.

Siena S, Schiavo R, Pedrazzoli P, Carlo-Stella C (2000) Therapeutic relevance of CD34 cell dose
in blood cell transplantation for cancer therapy. J Clin Oncol 18:1360-1377.

Snyder EY, Yoon C, Flax JD, Macklis JD (1997) Multipotent neural precursors can differentiate
toward replacement of neurons undergoing targeted apoptotic degeneration in adult mouse
neocortex. Proc Natl Acad Sci U S A 94:11663-11668.

Snyder EY, Deitcher DL, Walsh C, Arnold-Aldea S, Hartwieg EA, Cepko CL (1992) Multipotent
neural cell lines can engraft and participate in development of mouse cerebellum. Cell 68:33-
51.

Storms RW, Trujillo AP, Springer JB, Shah L, Colvin OM, Ludeman SM, Smith C (1999) Isola-
tion of primitive human hematopoietic progenitors on the basis of aldehyde dehydrogenase
activity. Proc Natl Acad Sci U S A 96:9118-9123.

Svendsen CN, Smith AG (1999) New prospects for human stem-cell therapy in the nervous sys-
tem. Trends Neurosci 22:357-364.

Svendsen CN, Caldwell MA, Ostenfeld T (1999) Human neural stem cells: isolation, expansion
and transplantation. Brain Pathol 9:499-513.

Svendsen CN, Clarke DJ, Rosser AE, Dunnett SB (1996) Survival and differentiation of rat and
human epidermal growth factor-responsive precursor cells following grafting into the lesioned
adult central nervous system. Exp Neurol 137:376-388.

Svendsen CN, Caldwell MA, Shen J, ter Borg MG, Rosser AE, Tyers P, Karmiol S, Dunnett SB
(1997) Long-term survival of human central nervous system progenitor cells transplanted
into a rat model of Parkinson’s disease. Exp Neurol 148:135-146.

Tamaki S, Eckert K, He D, Sutton R, Doshe M, Jain G, Tushinski R, Reitsma M, Harris B,
Tsukamoto A, Gage F, Weissman I, Uchida N (2002) Engraftment of sorted/expanded hu-
man central nervous system stem cells from fetal brain. J Neurosci Res 69:976-986.



410 Neural Stem Cells: Development and Transplantation

Teng YD, Lavik EB, Qu X, Park KI, Ourednik J, Zurakowski D, Langer R, Snyder EY (2002)
Functional recovery following traumatic spinal cord injury mediated by a unique polymer
scaffold seeded with neural stem cells. Proc Natl Acad Sci U S A 99:3024-3029.

Thomson JA, Itskovitz-Eldor J, Shapiro SS, Waknitz MA, Swiergiel JJ, Marshall VS, Jones JM
(1998) Embryonic stem cell lines derived from human blastocysts. Science 282:1145-1147.

To LB, Haylock DN, Simmons PJ, Juttner CA (1997) The biology and clinical uses of blood stem
cells. Blood 89:2233-2258.

Tropepe V, Hitoshi S, Sirard C, Mak TW, Rossant J, van der Kooy D (2001) Direct neural fate
specification from embryonic stem cells: a primitive mammalian neural stem cell stage ac-
quired through a default mechanism. Neuron 30:65-78.

Uchida N, Buck DW, He D, Reitsma MJ, Masek M, PhanTV, Tsukamoto AS, Gage FH, Weissman
IL (2000) Direct isolation of human central nervous system stem cells. Proc Natl Acad Sci U
S A 97:14720-14725.

Vescovi AL, Gritti A, Galli R, Parati EA (1999a) Isolation and intracerebral grafting of
nontransformed multipotential embryonic human CNS stem cells. J Neurotrauma 16:689-
693.

Vescovi AL, Parati EA, Gritti A, Poulin P, Ferrario M, Wanke E, Frolichsthal-Schoeller P, Cova
L, Arcellana-Panlilio M, Colombo A, Galli R (1999b) Isolation and cloning of multipotential
stem cells from the embryonic human CNS and establishment of transplantable human neural
stem cell lines by epigenetic stimulation. Exp Neurol 156:71-83.

Villa A, Navarro B, Martinez-Serrano A (2002) Genetic perpetuation of in vitro expanded human
neural stem cells: cellular properties and therapeutic potential. Brain Res Bull 57:789-794.

Villa A, Snyder EY, Vescovi A, Martinez-Serrano A (2000) Establishment and properties of a
growth factor-dependent, perpetual neural stem cell line from the human CNS. Exp Neurol
161:67-84.

Wagner JE, Kernan NA, Steinbuch M, Broxmeyer HE, Gluckman E (1995) Allogeneic sibling
umbilical-cord-blood transplantation in children with malignant and non-malignant disease.
Lancet 346:214-219.

Wagner JE, Broxmeyer HE, Byrd RL, Zehnbauer B, Schmeckpeper B, Shah N, Griffin C, Emanuel
PD, Zuckerman KS, Cooper S, et al. (1992) Transplantation of umbilical cord blood after
myeloablative therapy: analysis of engraftment. Blood 79:1874-1881.

Wenning GK, Odin P, Morrish P, Rehncrona S, Widner H, Brundin P, Rothwell JC, Brown R,
Gustavii B, Hagell P, Jahanshahi M, Sawle G, Bjorklund A, Brooks DJ, Marsden CD, Quinn
NP, Lindvall O (1997) Short- and long-term survival and function of unilateral intrastriatal
dopaminergic grafts in Parkinson’s disease. Ann Neurol 42:95-107.

Whittemore SR, Snyder EY (1996) Physiological relevance and functional potential of central
nervous system-derived cell lines. Mol Neurobiol 12:13-38.

Willing AE, Othberg AI, Saporta S, Anton A, Sinibaldi S, Poulos SG, Cameron DF, Freeman TB,
Sanberg PR (1999) Sertoli cells enhance the survival of co-transplanted dopamine neurons.
Brain Res 822:246-250.

Yandava BD, Billinghurst LL, Snyder EY (1999) “Global” cell replacement is feasible via neural
stem cell transplantation: evidence from the dysmyelinated shiverer mouse brain. Proc Natl
Acad Sci U S A 96:7029-7034.

Yurek DM, Fletcher-Turner A (1999) GDNF partially protects grafted fetal dopaminergic neu-
rons against 6-hydroxydopamine neurotoxicity. Brain Res 845:21-27.

Zigova T, Snyder EY, Sanberg PR (2003) Neural stem cells for brain and spinal cord repair.
Totowa, N.J.: Humana Press.

Zigova T, Song S, Willing AE, Hudson JE, Newman MB, Saporta S, Sanchez-Ramos J, Sanberg
PR (2002) Human umbilical cord blood cells express neural antigens after transplantation
into the developing rat brain. Cell Transplant 11:265-274.



Newman, Freeman, Hart & Sanberg 411

Zigova T, Barroso LF, Willing AE, Saporta S, McGrogan MP, Freeman TB, Sanberg PR (2000)
Dopaminergic phenotype of hNT cells in vitro. Brain Res Dev Brain Res 122:87-90.

Zigova T, Pencea V, Betarbet R, Wiegand SJ, Alexander C, Bakay RA, Luskin MB (1998) Neu-
ronal progenitor cells of the neonatal subventricular zone differentiate and disperse following
transplantation into the adult rat striatum. Cell Transplant 7:137-156.



This page intentionally left blank



Chapter 14

Genetic Modification of Neural Stem/Progenitor Cells

Ping Wu and Weidong Xiao

INTRODUCTION

A major advance in neural stem/progenitor cell research is the ability to
identify neural precursors and trace their differentiation lineages by manipulat-
ing gene expression, for example by expression of a visible marker in stem cells
and then following the labeled cells as they develop into neurons or glia (review
by Foster and Stringer, 1999). On the other hand, recent successes in isolation
and culture of neural stem cells from embryonic, fetal or adult nervous system
of rodent and human allow investigators to obtain large numbers of renewable
cells that can then be genetically modified to explore biologic mechanisms un-
derlying neural proliferation and differentiation (review by Temple, 1989;
Stemple and Anderson, 1992; Reynolds et al., 1992; Davis and Temple, 1994;
Johe et al., 1996; Kalyani et al., 1997; Fisher, 1997; Svendsen et al., 1998;
Carpenter et al., 1999; Johansson et al., 1999; Foster and Stringer, 1999;Vescovi
and Snyder, 1999; Villa et al., 2000; Uchida et al., 2000; Palmer et al., 2001).
Moreover, genetically modified neural stem cells may be used to deliver thera-
peutic reagents into the nervous systems to treat various pathologic conditions
(Uchida and Toya, 1996; Ourednik et al., 1999; Shihabuddin et al., 1999;Vescovi
and Snyder, 1999; Martinez-Serrano et al., 2001; Blesch et al., 2002; Park et al.,
2002).

Genetic modification of neural stem cells involves mainly two aspects:
(1) overexpression of an endogenous gene or ectopic expression of a foreign
gene (transgene expression) and (2) diminishing or completely blocking ex-
pression of an endogenous gene (gene knockout). The first aspect, transgene
expression, is usually mediated by delivery of genetic materials into neural stem
cells using either viral or nonviral gene transfer methods. The majority of ge-
netic modification studies in neural stem/progenitor cells uses this strategy, and
will be the focus of this review. On the other hand, even though such studies are
yet comparatively few, gene knockout is achieved in neural stem cells (Aberg et
al., 2001; Sakakibara et al., 2002) through application of antisense oligonucle-
otides or RNA that reduces specific gene expression by either steric blocking of
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translation or enzymatic degradation of a target mRNA through RNase H and/
or ribozyme mechanisms (Dagle and Weeks, 2001; Estibeiro and Godfray, 2001;
Jaaskelainen and Urtti, 2002; Opalinska and Gewirtz, 2002). Furthermore, a
small interfering RNA (siRNA) technology based on the phenomenon of RNA
interference (RNAi; Fire, 1999; Bosher and Labouesse, 2000; Hammond et al.,
2001; Zamore, 2001; Hannon, 2002) has recently emerged as a most advanced
method to knock out specific gene expression (McManus and Sharp, 2002;
Tuschl, 2002). The 22- to 25-nucleotide double-stranded RNA (dsRNA) in-
duces efficiently and specifically the degradation of its homologous mRNA,
which then causes silencing of the specific gene. In the foreseeable future, this
powerful genetic tool is expected to have a great impact on neural stem cell
research.

This chapter will focus on transgene expression mediated by viral or
nonviral gene transfer methods, applications in neural stem cell research and
potential clinical usage, as well as limitations and future directions. The cell
types reviewed here include neural stem cells and neural progenitor cells. We
use the term neural stem/progenitor cells to indicate those populations of cells
that contain both stages of the lineage, since experimentally these cells are usu-
ally intermingled even though the starting population may consist of only neu-
ral stem cells.

VIRAL VECTOR-MEDIATED TRANSGENE EXPRESSION

Viruses, for their own survival, have gained an ability to efficiently enter
host cells through millions of years of evolution. Upon binding, viruses pen-
etrate the host cellular membrane, delivering their genetic materials into the
cytoplasm and/or to the nuclei of host cells. Subsequently, the viral genome
manages to escape intracellular degradation and initiates viral gene expression
for replication and packaging. This natural capability to deliver exogenous ge-
netic materials to the host makes viruses an efficient vehicle for gene transfer.
So far, vectors based on viruses using recombinant DNA engineering are the
most effective delivery system for inducing transgene expression in mamma-
lian cells. The general rule in development of viral vectors is that an intact wild-
type virus needs to be modified to remove unnecessary or toxic viral genes and
to provide packaging capability for transgenes in order to achieve safe and ef-
fective gene transfer. To this end, only the essential elements for producing
viral vectors are preserved. The deleted portions are then filled with an expres-
sion cassette usually consisting of a promoter, a gene of interest (the transgene)
and a polyadenylation (polyA) signal. The missing genes that are critical for
viral replication and packaging are provided in trans through helper plasmids,
cosmids, viruses or packaging cells. Thus far, five types of recombinant viral
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vectors have been used to transfer exogenous genes into neural stem or neural
progenitor/precursor cells.

Retroviral vectors

Simple retrovirus vectors usually refer to those originally derived from
Moloney murine leukemia viruses (MoMLV), a type of oncoretrovirus.
Retrovirus vectors were the first developed and most widely used viral vectors
for gene delivery in mammalian cells. MoMLVs are enveloped viruses with
two identical copies of single stranded RNA as their genome. Figure 1 shows
that the 8-11 kb RNA genome consists of two long terminal repeats (LTRs) and
four viral genes including gag (coding for internal structural proteins), pro and
pol (coding for enzymes), and env (coding for envelope proteins). The LTRs are
the essential cis elements for viral replication, integration and gene expression.
Following infection, the viral genome is reverse transcribed into double stranded
DNA, which then integrates randomly into the host genome. The LTRs, to-
gether with a packaging signal and a primer binding site (PBS), are the cis-
acting sequences required in retrovirus expression vectors. All viral genes (gag,
pro, pol and env) can be removed and replaced by genes of interest (transgenes).
Recombinant retrovirus vectors have a capacity up to 8 kb. Expression of the
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transgenes can be driven by either an internal heterologous promoter or the
viral promoter in the 5' LTR (Kim et al., 2000). To produce infectious retrovirus
vectors, however, these viral genes need to be provided in trans in packaging
cell lines (Cornetta et al., 1991; Kim et al., 2000; Palu et al., 2000). Particularly,
vesicular stomatitis virus G protein (VSV-G) can be used to pseudotype retrovirus
vectors, which broadens their host range (Friedmann and Yee, 1995). The higher
stability of VSV-G also allows a higher titer viral production using ultracen-
trifugation (Kim et al., 2000).

MoMLV-based vectors were the first viral vectors to introduce foreign
genes into neural progenitor/precursor cells. Recently, avian leukosis virus
(ALV)-derived retrovirus vectors have also been used (Jungbluth et al., 1999;
Dunn et al., 2000; Fults et al., 2002). Similar to their parental viruses, recombi-
nant retrovirus vectors transduce only dividing cells, since their gene expres-
sion requires entry of the vector genome into the nucleus through the dissoci-
ated nuclear membrane, which only occurs during cell division. Taking advan-
tage of this, retrovirus vectors containing specific markers were used to trace
dividing neural progenitor/precursor cells in both developing and adult central
nervous systems without labeling fully differentiated neurons or glial cells
(Turner and Cepko, 1987; Holt et al., 1988; Wetts and Fraser, 1988; Luskin,
1993; Morshead et al., 1998; Morgan et al., 2000; Chambers et al., 2001; van
Praag et al., 2002). Another property of retrovirus vectors is that they can effi-
ciently integrate into host genomes. Therefore, they have been frequently used
to transfer oncogenes to generate immortalized neural stem/progenitor cell lines
(Evrard et al., 1990; Ryder et al., 1990; Redies et al., 1991; Snyder et al., 1992;
Whittemore and White, 1993; Lundberg et al., 1997; Flax et al., 1998; Villa et
al., 2000). Retrovirus vectors have also been used to introduce transgenes into
primary cultured neural stem/progenitor cells (Williams and Price, 1995;
Benedetti et al., 2000; Song et al., 2002; Owens, 2002). Earlier generations of
retrovirus vectors are unable to transduce quiescent or slow dividing stem cells
efficiently due to their dependency on active cell division and transcriptional
silencing, a phenomenon of transgene shut off by silencer elements in LTRs
through either de novo methylation or methylase-independent mechanisms (Daly
and Chernajovsky, 2000; Pannell and Ellis, 2001). By modifying some of the
silencer elements, a new retrovirus vector (GCDNsap) transduced more than
80% of primary cultured murine neural progenitor cells to express enhanced
green fluorescent protein (GFP; Suzuki et al., 2002). However, these retrovirus
vectors are unlikely to efficiently transduce quiescent neural stem cells that are
mixed with more actively dividing progenitor cells in culture. Moreover, fur-
ther studies are necessary to determine whether these vectors can drive long-
term transgene expression without downregulation in neural progenitor cells.
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Thus, retrovirus vectors may be used as a gene therapy tool for genetic
modification of neural progenitor cells to deliver therapeutic reagents into the
central nervous system (CNS). However, safety issues need to be thoroughly
evaluated given that two cases of leukemia developed during a gene therapy
clinical trial to treat severe combined immunodeficiency syndrome (SCID) us-
ing retrovirus vector-transduced hematopoietic stem cells (Fox, 2003). Particu-
lar concerns relate to possible generation of replication-competent viruses
(RCVs) through homologous recombination during viral packaging and inser-
tional mutagenesis when retrovirus vectors integrate into the host genome.

Lentiviral vectors

Lentiviruses are a subclass of retroviruses. Similar to an oncoretrovirus
such as Moloney murine leukemia virus, lentiviruses are also enveloped RNA
viruses containing two LTRs and four major viral genes (gag, pro, pol and env)
(Figure 2). Their genomes are reverse transcribed into DNA and then integrate
into the host genome. Unlike simple retroviruses, this complex retroviral sub-
type has additional regulatory (tat and rev) and accessory (vif, vpr, vpu and nef)
genes that encode proteins involved in their life cycle (Naldini, 1998; Stevenson,
2002). The desirable feature of lentiviruses is that they are able to enter the
nucleus without the nuclear membrane breakdown that occurs during mitosis
(Stevenson, 2002). Therefore, lentiviruses infect both proliferating and non-
proliferating cells. This is particularly attractive for creating lentivirus-based
viral vectors to transfer genes into quiescent or slow-dividing neural stem cells.

The best characterized lentivirus vectors are derived from human immu-
nodeficiency virus type 1 (HIV-1). Since the first attempt to develop an HIV-1-
based lentivirus vector (Parolin et al., 1994) and the first successful use of the
lentivirus vectors to express a transgene in rat brain neurons in vivo (Naldini et
al., 1996a, b), many efforts have been made to improve both the efficiency and
safety of lentivirus vectors through several generations of viral packaging sys-
tems and transgene vectors (review by Lever, 2000; Naldini and Verma, 2000;
Kafri, 2001; Allies and Naldini, 2002). Similar to the MLV oncoretroviral vec-
tors (Figure 2), lentivirus transgene expression vectors include LTRs, a packag-
ing signal OP) and a primer binding site (PBS). Unlike those derived from MLV,
lentivirus vectors require the rev-responsive element (RRE, a cis sequence in-
side the viral env gene), which is recognized and bound by the Rev protein to
ensure transport of vector RNA from nucleus to cytoplasm (Ailles and Naldini,
2002). To minimize generation of RCVs through homologous recombination,
all viral genes required for generating infectious lentivirus vectors are split into
3 separate packaging constructs: a gag-pro-pol vector, a rev vector, and a vec-
tor providing pseudotypic env protein (VSV-G). Recently, lentivirus vector gene
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expression efficiency has been increased by including (1) an HIV-1 central DNA
flap, containing the central polypurine tract (cPPT) and the central termination
sequence (CTS) to enhance vector genome nuclear import (Zennou et al., 2001)
or (2) a woodchuck hepatitis virus posttranscriptional regulatory element (WPRE)
to stabilize mRNA transcripts and facilitate their nuclear export (Zufferey et al.,
1999). Furthermore, the U3 regions of the LTRs may be modified to improve
the safety of these lentivirus vectors (Ailles and Naldini, 2002; Galimi and Verma,
2002).

Given their capability to transduce genes in nondividing cells, lentivirus
vectors have been tested recently in neural stem/progenitor cells. Most studies
using HIV-1-based lentivirus vectors show that they introduce foreign genes
efficiently (up to 90%) in either primary cultured or immortalized neural pro-
genitor cells from both human and rodent (Englund et al., 2000; Buchet et al.,
2002; Englund et al., 2002a,b; Ostenfeld et al., 2002). The transgene expression



Wu & Xiao 419

seems stable, in some cases for at least 6 months when lentivirus vector-treated
cells are grafted into the brain (Buchet et al., 2002). Other studies, though, re-
ported downregulation of gene expression by 6 weeks in grafted primary neural
stem cells (Ostenfeld et al., 2002) or by 1 week in immortalized neural progeni-
tor cells (Rosenqvist et al., 2002). The latter may indicate a transgene silencing
effect of lentivirus vectors similar to that of MoMLV-based retrovirus vectors
(Pannell and Ellis, 2001).

Safety concerns are particularly raised for HIV-l-based lentivirus vectors
since their parental viruses are dangerously pathogenic to humans. Although
efforts have been made to improve the design of HIV-1 vectors, possibilities of
infectious RCVs are not completely eliminated (Delenda et al., 2002). Other
non-primate lentivirus vectors have thus been developed as alternatives (review
by Curran and Nolan, 2002). Specifically, Hughes et al. (2002) demonstrated
that vectors based on feline immunodeficiency virus (FIV) transduced mouse
primary neural progenitor cells efficiently. Additional concerns are held for
lentivirus vectors, as they integrate randomly into host chromosomes. Conse-
quently, whether undesirable incidents, similar to retrovirus vectors in SCID
patients, occur or not remains to be carefully examined.

Adenoviral vectors

Adenoviruses have been extensively studied for vector development to
transfer genetic materials into mammalian cells. Adenoviruses are non-envel-
oped viruses with a linear double stranded DNA genome of approximately 35
kb in length. About 50 serotypes of adenoviruses have been identified in hu-
mans. Since they can cause respiratory tract infections, they are often called
cold viruses. Some of them are oncogenic. The commonly used adenovirus vec-
tors are based on type 2 or type 5 adenoviruses. The adenovirus genome con-
tains six early genes (E1A, E1B, E2A, E2B, E3 and E4) coding for proteins
pertaining to regulatory functions and 5 late genes (LI-5) coding for structural
proteins (Figure 3; Russell, 2000). Adenovirus vectors are constructed by delet-
ing El and E3 (first generation); deleting El, E2 and E4 (second generation); or
deleting all viral genes (third generation; also called "gutless" vectors). To grow
recombinant adenoviruses, the viral genes need to be supplied in trans by a
helper virus, plasmid or integrated into a helper cell genome such as the human
fetal kidney 293 cell line (review by Danthinne and Werth, 2000; Hitt and Gra-
ham, 2000; Russell, 2000; Nasz and Adam, 2001). The maximal transgene ca-
pacities of adenovirus vectors thus range between 8.2 to 37 kb, depending upon
which generation is used for construction.

One of the most attractive features of adenovirus vectors is that they are
very efficient at transducing both dividing and non-dividing cells. In addition,
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they can be produced at very high titers plaque forming units/ml). Aden-
ovirus vectors used in neural stem/progenitor cell studies are mainly derived
from the first generation of recombinant viruses. They have been shown to ef-
fectively transduce cultured neural stem/progenitor cells (Hughes et al., 2002;
Falk et al., 2002). One of the applications of adenovirus gene delivery is to label
neural stem/progenitor cells with a specific marker such as
gal) or GFP and then trace these cells when grafted in vivo (Gage et al., 1995;
Sabate et al., 1995; Chow et al., 2000; Mizumoto et al., 2001). In addition,
adenovirus vectors have also been used directly to transduce ependymal or
subependymal (includes neural stem cells) cells in the adult brain (Yoon et al.,
1996; Benraiss et al., 2001). Although adenovirus vectors are more efficient in
terms of transgene expression than most other viral vectors (Falk et al., 2002),
cytotoxic effects and strong immune responses are often observed. Safety and
toxicity of adenovirus vectors has been a big concern in clinical trials (NIH
Report, 2002). Another drawback is that they alter the properties of neural stem/
progenitor cells, e.g., inducing glial cell differentiation (Hughes et al., 2002).
Since adenovirus vectors remain episomally after transduction, their transgene
expression tends to be transient. This is a problem if a long-term gene expres-
sion is required in continuously dividing neural stem/progenitor cells. How-
ever, it has been reported that adenovirus-mediated gene expression is stable
for up to 4 months in neural stem/progenitor cells after transplantation, although
by then these cells have probably already stopped dividing (Chow et al., 2000).
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On the other hand, no risk of insertional mutagenesis needs to be considered for
this type of vector.

Adeno-associated viral vectors

Adeno-associated viruses (AAV) are one of the smallest human DNA vi-
ruses. They are considered to be "defective" since productive AAV replication
depends on helper functions supplied by an unrelated helper virus such as an
adenovirus, herpes simplex virus (HSV) types I and II, cytomegalovirus, or
pseudorabies virus (Muzyczka and Berns, 2001). Under special circumstances,
AAV may replicate autonomously in rare immortalized and transformed cell
lines when treated with genotoxic agents or even in differentiating keratinocytes
of a normal skin model without genotoxic agents (Yakobson et al., 1989;
Yalkinoglu et al., 1991; Meyers et al., 2000). In the absence of a helper virus,
more than 70% of wild type AAV can integrate site-specifically into the AAVS1
site of the host gene (19q-13-qTer; Kotin et al., 1990; Samulski et al., 1991).
Additional attractive features for using AAV as a gene transfer vector are: (1) it
infects both dividing and nondividing cells and (2) it is nonpathogenic in hu-
mans. Thus far, several AAV serotypes have been detected in human and non-
human primates (Gao et al., 2002). Among all those serotypes, AAV2 has been
characterized most extensively and is the first to be explored as a gene delivery
vector (review by Muzyczka, 1992). This simple virus contains only an icosa-
hedral protein capsid and a single stranded DNA molecule. The 4.8-kb DNA
genome (Figure 4) contains two viral genes, rep and cap, flanked by two in-
verted terminal repeats (ITR, 145 bp). Four Rep proteins encoded by the rep
gene control viral replication, integration, assembly, and regulation of viral struc-
tural gene expression. Three Cap proteins encoded by the cap gene form the
capsid. Since the only viral sequence required for constructing an AAV transgene
plasmid is the ITRs, all the viral genes (rep and cap) can be deleted and re-
placed by a transgene expression cassette. The viral genes are then provided in
trans (AAV helper plasmid), along with a mini-adenovirus plasmid supplying
the essential helper function, to produce recombinant AAV (rAAV; review by
Monahan and Samulski, 2000; Smith-Arica and Bartlett, 2001). High titers of
rAAV are achieved through modulating AAV rep gene expression (Xiao et al.,
1998). The rAAV vectors are purified by either ultracentrifugation or affinity
chromatography (Grimm et al., 1998) using the primary receptor for AAV-2,
heparin sulfate proteoglycan (HSPG; Summerford et al., 1999; Bartlett et al.,
2000). AAV vectors purified by chromatography have much higher purity than
those purified by CsCl gradient and ultracentrifugation and may have higher
infectivity (Zolotukhin et al., 1999).
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AAV vectors usually drive a long-term transgene expression (Carter and
Samulski, 2000), which is desirable for many applications including delivery of
genes to correct genetic defects. This longevity is thought to be due to their
capability to integrate into the host genome (Wu et al., 1998) or the persistence
of high molecular weight episomal circular concatamers (Yang et al., 1997;
Duan et al., 1999). Another attractive feature of AAV vectors is that they are
not cytotoxic, and induce minimal T-cell mediated immune responses (Monaha
and Samulski, 2000; Rabinowitz and Samulski, 2000; Smith-Arica and Bartlef
2001; Zhao et al., 2001). On the other hand, one limitation of rAAV is its sma.
capacity (about 5 kb) for a transgene insert. Recent developments, however,
make it possible to use AAV vectors for genes large than 5 kb using a split
vector strategy (Duan et al., 2000). However, the effectiveness of this new tech-
nology remains to be studied. Although wild-type AAVs integrate into the host
genome site-specifically, rAAVs, in the absence of Rep proteins, integrate into
the transduced cell genome randomly. Application of Rep in trans may be one
way to restore AAVs potential for site-specific integration (Monahan and
Samulski, 2000; Owens et al., 2002).

Since AAV vectors introduce genes efficiently into both dividing and non-
dividing cells, we hypothesized that AAV vectors would be an ideal vector to
transduce human neural stem/progenitor cells (hNSC/NPC). Using an AAV2-
derived CAGegfp vector containing a strong constitutive promoter, CAG, and a
gene coding for enhanced green fluorescent protein (EGFP), we successfully
transduced hNSC/NPCs (Figure 5a-b) in a dose-dependent manner (Wu et al,.
2002b). When used on dissociated cells, 100% of the transduced cells were
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green fluorescent protein labeled. GFP gene expression in hNSC/NPCs increases
gradually and reaches a peak in about 2 weeks to 1 month depending on the
amount of virus used. This is typical for AAV-mediated gene expression and is
due to a slow conversion from a single stranded DNA genome to an
expressionable double stranded form (Ferrari et al., 1996; Fisher et al., 1996;
Sanlioglu et al., 2001). Furthermore, AAV-mediated GFP expression lasts for
at least 3 months (longest time tested) in vitro. While GFP-expressing hNSC/
NPCs can differentiate into both neurons and glial cells, they gradually stop
proliferating. It is suggested that GFP expression may cause cessation of prolif-
eration (Martinez-Serrano et al., 2000; Martinez-Serrano et al., 2001). Alterna-
tively, AAV capsid proteins or trace amounts of cellular proteins may contrib-
ute to this inhibition. More recently, we found that a vector derived from a type
1 AAV (AAV1) could also deliver a GFP transgene efficiently into hNSC/NPCs
(Figure 5c-d). In contrast, Hughes et al. (2002) reported that vectors derived
from different serotypes of AAV (including AAV2, AAV4 and AAV5) did not
transduce mouse neural progenitor cells effectively. Cells from different spe-
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ties may be one of the explanations for the discrepant observations on AAV2-
derived vectors, as it is unclear whether these mouse neural progenitor cells
have receptors for AAV2, such as the HSPG primary receptor and/or corecep-
tors including fibroblast growth factor receptor (FGFR) or aVb5 integrin (Qing
et al., 1999; Summerford et al., 1999).

Herpes simplex viral vectors

Herpes simplex virus type 1 (HSV-1), also developed as a gene delivery
vector, is a large enveloped DNA virus with a natural neurotropism in humans
(Burton et al., 2001; Roizman and Knipe 2003). The viral genome is a 152-kb
linear double stranded DNA molecule containing two unique regions, long and
short (termed and Both and regions are flanked by inverted repeat
sequences, internal repeat (IR) and terminal repeat (TR) (Figure 6). Over 80
genes have been identified and classified into three main groups: the immedi-
ate-early (IE or genes, early (E or genes, and late (L or genes. The IE
and E genes code proteins for regulation of viral gene expression and replica-
tion, while the L genes code for structural proteins.

Three types of HSV-1-based vectors have been developed (review by
Simonato et al., 2000) including amplicon, replication-defective and replica-
tion-conditional vectors. The amplicon vectors are recombinant plasmids con-
taining a transgene cassette and minimal HSV-1 viral sequences required for
replication and packaging: an origin of DNA replication (ori) and a DNA pack-
aging signal (pac; review by Fraefel et al., 2000). In this system, all the other
viral regulatory and structural genes are supplied in trans by either helper vi-
ruses or helper cosmids to produce recombinant amplicon vectors. The replica-
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tion-defective vectors are derived from HSV-1 viruses by deletion or mutation
of several essential viral genes, which are toxic and/or important for the initia-
tion of viral replication. The deleted gene(s) are then replaced with a transgene
cassette (Burton et al., 2001). To produce recombinant vectors, the essential
viral genes are provided in trans. The third type of HSV-1 vector is the replica-
tion-conditional vector (review Jacobs et al., 1999; Burton et al., 2001). By
deleting one or more genes that are essential for viral replication in nondividing
cells only, they retain the capability to replicate in dividing cells. This type of
vector has been developed specifically to selectively kill tumor cells either by
their lytic replication in dividing cells or by delivery of anti-tumor agents
(Andreansky et al., 1996; Jacobs et al., 1999).

As for most of the other viral vectors described above, HSV-1 vectors can
also transduce both dividing and nondividing cells. Another attractive feature is
their large capacity for transgene insertion, theoretically up to 150 kb, which
could be beneficial for incorporation of a large gene or multiple genes when
needed. Recently, a few groups tested the capability of HSV-1 vectors to trans-
duce neural precursor/progenitor cells. Vicario and Schimmang (2003) reported
using amplicon vectors to deliver foreign genes into neural progenitor cells that
originated from mouse embryonic stem cells . However, the transgene expres-
sion was only transient, lasting for 5-6 days. This gene expression instability is
often observed with HSV-1 vectors probably due to silencing of the viral pro-
moters. Application of tissue-specific promoters may be one way to prolong
transgene expression (Fraefel et al., 2000). Alternatively, episomal transduc-
tion without integration of HSV-1 vectors may also contribute in part to the
transient gene expression, especially in actively dividing progenitor cells. The
positive aspect of this episomal feature of HSV vectors is the lack of insertional
mutagenesis associated with integration viral vectors, e.g., retroviral, lentiviral,
or AAV vectors. Although not assessed in neural stem/progenitor cells, virion-
related cytotoxicity and inflammation are other drawbacks of HSV-1 vectors
when applied in the central nervous system. Further studies are required to im-
prove the vector designs and packaging systems to reduce toxicity, as well as to
eliminate possible production of replication competent viruses through homolo-
gous recombination between vectors and helpers or the existing latent HSV in
host cells (Lachmann and Efstathiou, 1999).

In summary, five types of viral vectors have been tested in neural stem/
progenitor cells. Their unique features as well as their strengths and weaknesses
are summarized in Table 1 for comparison among different types of viral and
non-viral vectors, and for their use in gene transfer to neural stem cells. Thus
far, only limited studies have been carried out to compare the efficiency of
different vectors for transferring genes into neural stem/progenitor cells. For
example, Hughes et al. (2002) reported that a feline lentivirus vector or an aden-
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ovirus vector transduced embryonic mouse neural stem cells efficiently, while
AAV type 2,4 and 5 vectors failed to transduce these cells in culture. Luskin et
al. (1988) observed a low efficiency when using retrovirus vectors to transfer
foreign genes into neural progenitor cells. However, our group found that AAV
type 1 and 2 vectors can efficiently deliver a reporter gene into primary cultured
human neural stem cells (Wu et al., 2002a,b). In addition, Falk et al. (2000)
reported several viral vectors transduce primary cultured neural stem cells from
adult mouse lateral wall of lateral ventricles in a rank of AV vector > retrovirus
vector > lentivirus vector. These discrepant findings may reflect the differences
in the types of cells used among different groups, the different culture methods,
and/or the promoters or other genetic components in the various vectors used.

NONVIRAL GENE DELIVERY SYSTEMS

Despite the high gene transfer efficiency mediated by viral vectors, most
of them induce immune responses in addition to the safety risks related with
replication competent viruses or insertional mutagenesis. Limited capacity for
gene inserts and technical difficulties in production are other drawbacks. Thus,
nonviral vectors such as cationic lipids or polymers have been used as alterna-
tive gene delivery vehicles (review by Audouy and Hoekstra, 2001; Pedroso de
Lima et al., 2001; Merdan et al., 2002). Although in normal circumstances,
non-viral vectors are not as efficient as viral vectors, they can carry very large
DNA molecules, are easily modified, and are produced at relatively low cost.

Cationic lipids, often termed liposomes, are lipid bilayers with positive
charges. They condense negatively charged DNA molecules and form a lipid-
DNA complex called a lipoplex (review by Chesnoy and Huang, 2000; Audouy
and Hoekstra, 2001). Lipoplexes bind to the negatively charged cell membrane
through electrostatic interactions and are internalized via endocytosis (Feigner
et al., 1994). Through a still unknown mechanism, DNA then escapes from
endosomes and enters the cell nucleus.

Cationic polymers, bearing protonable amines, are also used to condense
DNA molecules and mask their negative charges (De Smedt et al., 2000; Merdan
et al., 2002). The polymer-DNA complex is referred as a polyplex, which elec-
trostatically binds to the surface of cells and then is endocytosed. Although
cationic polymers have been used for more than a decade in gene delivery, the
underlying mechanisms for formation of polyplexes and the intracellular trans-
port pathway from endosomes to nuclei remain unclear.

Both cationic lipids and polymers have been applied to facilitate gene
delivery into neural stem/progenitor cells, although much less frequently than
viral vectors. Using cationic lipids, foreign genes are introduced into either pri-
mary cultured neural stem/progenitor cells from embryonic and adult brain
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(Wang et al., 1998, 2000; Falk et al., 2002; Kim et al., 2002) or immortalized
cell lines (Corti et al., 1996; Eaton and Whittemore, 1996). The commercially
available lipids include

and DMRIE-C (Invitrogen/Life Technologies) as well as Effectene
(Qiagen). The reported efficiencies of cationic lipid-mediated transgene expres-
sion in neural stem/progenitor cells vary from 0.007% to 15%. This huge varia-
tion is probably due to differences in (1) types and dosage of liposomes or
polymers, (2) the promoters in different plasmid constructs, (3) the types of
cells, and (4) the different handling procedures. Although requiring further ex-
amination, DMRIE-C seems to give the highest gene transfer efficiency, up to
15% in one report (Falk et al., 2002). Cationic polymers such as SuperFect
(Qiagen) and polyethyleimine (PEI) have also been used to transfer genes into
primary cultured neural stem/progenitor cells in vitro (Falk et al., 2002; Kim et
al., 2002). In addition, cells in the subventricular zone (SVZ) of adult mouse
brain are reported to express foreign genes after using the PEI delivery method
(Lemkine et al., 2002).

The most attractive features of the cationic lipids and polymers as gene
delivery vehicles are convenient large scale production, targeting all cell types,
unlimited DNA capacities, episomal gene expression with low risk of inser-
tional mutagenesis, low immune responses and relatively easy modification for
targeted gene delivery. However, the low transfection efficiency and consider-
able cytotoxicity are weaknesses of these gene delivery systems. A recent study
by Kim et al. (2002) showed an apoptosis effect caused by SuperFect. In confir-
mation of this, an enhancement of SuperFect-mediated GFP gene expression
was seen in primary fetal neural stem cells after cotransfection with plasmids
containing anti-apoptotic genes Bcl-2 or

APPLICATIONS OF GENETICALLY MODIFIED NEURAL
STEM/PROGENITOR CELLS

Genetic modification of neural stem/progenitor cells has and will con-
tinue to contribute to our knowledge of stem cell biology and to development of
cell and gene therapy to treat diseases in the nervous system. It is not the intent
of this review to include all previous studies in this exciting and growing field,
but rather to point out potential applications of gene manipulation of neural
stem/progenitor cells by selecting representative studies using either viral or
non-viral vectors.
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Genetic modifications for tracing or marking neural stem/
progenitor cells.

Genetic tracers for identification of endogenous stem cell/progenitor cells
and their progeny in vivo and in vitro

Based on the unique properties of retro virus vectors to transfer genes into
dividing cells but not fully differentiated neurons or glial cells, scientists have
used these vectors to label endogenous dividing CNS neural progenitor/precur-
sor cells with specific markers since the late 1980’s. These cells and their prog-
eny, including neurons, were then identified and traced in vivo. Clonal analyses
using retrovirus-delivered exogenous reporter genes such as
provide strong evidence for the existence of a common multipotent progenitor/
precursor cell that can differentiate into many types of neurons and glia in vari-
ous regions of the developing CNS, including retina (Turner and Cepko, 1987;
Holt et al., 1988; Hubener et al., 1995), cortex (Luskin, 1993; Williams and
Price, 1995), and spinal cord (Leber et al., 1990) from rats or Xenopus. A simi-
lar strategy has been used to characterize the proliferation capabilities of a single
neural stem/progenitor cell and to follow its migration pathway in adult mouse
brain (Morshead et al., 1998). In addition, using a retrovirus vector containing
enhanced green fluorescent protein (EGFP), van Praag et al. (2000) reported
continuous neurogenesis in the adult mouse hippocampus. Furthermore, EGFP
allows the newly generated neurons to be visualized and examined directly by
electrophysiological recording. In addition, Song et al. (2002) applied a retrovirus
vector containing EGFP to label neural stem cells isolated from adult rat hip-
pocampus. They cocultured the retrovirus-EGFP-labeled stem cells with adult
astrocytes and found that the astrocytes play a crucial role in directing neural
stem cells to a neuronal fate. In conclusion, retrovirus-mediated genetic label-
ing of neural stem/progenitor cells contributes significantly to our growing
knowledge of the properties of these cells in the CNS.

Genetic tracers for identification of grafted neural stem cell/progenitor cells

An obvious use of neural stem/progenitor cells is to replace lost neural
cells in degenerated or injured CNS. Thus, much effort has been made to deter-
mine whether grafted cells survive, differentiate and integrate in animal recipi-
ents. One way to track and distinguish transplanted from host cells is to label
the grafted cells with exogenous markers by genetic modification prior to trans-
plantation. The genetic markers include an E. coli bacterial lacZ gene coding
for and a mutated jellyfish gene coding for GFP. Expression of
the lacZ gene is detected through histochemical staining, while the GFP re-
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porter expression can be visualized either directly under a fluorescent micro-
scope or indirectly through immunostaining with antibodies specific against
GFP.

The lacZ reporter was used first to genetically mark neural stem/progeni-
tor cells derived from rodent and human CNS with the aid of retrovirus vectors
(Flax et al., 1998), adenovirus vectors (Gage et al., 1995; Sabate et al., 1995;
Chow et al., 2000), and lentivirus vectors (Hughes et al., 2002; Pluchino et al.,
2003). Recently, preference has switched to GFP for labeling such cells before
grafting. One of the reasons is that the natural fluorescence of GFP is readily
detected without further processing. Vectors to transfer GFP into neural stem/
progenitor cells include retrovirus (Young et al., 2000; Suzuki et al., 2002),
lentivirus (Englund et al., 2002a, b; Ostenfeld et al., 2002), adenovirus (Mizumoto
et al., 2001) and AAV vectors (Wu et al., 2002a, b). One particularly attractive
feature of the GFP labeling is that it fills both the cell bodies and their processes
without leaking. This allows one to track differentiated neurons derived from
grafted human neural stem cells with a much better defined morphology, and to
follow their integration into the host environment (Figure 7). Furthermore, GFP
can be used as an indicator for guiding electrophysiological recording on live
grafted cells in brain slices to further analyze functional maturation of grafted
neural stem/progenitor cells.

Genetic modification to isolate and enrich neural stem/progenitor cells

Transfer of a marker gene can also be used to facilitate the isolation and
enrichment of neural stem/progenitor cells from heterogeneous CNS tissues.
This strategy is particularly useful for obtaining cells from adult CNS tissues
that contain only few neural stem/progenitor cells, which makes it difficult to
get a large number of relatively pure cells without a long period of clonal ex-
pansion. Using a nonviral gene transfer technique with Roy et al,
(2000) have selectively extracted neural stem/progenitor cells from adult hu-
man hippocampus. The plasmid vector they used contains a GFP marker gene
under the control of the enhancer element of nestin. Following fluorescence-
activated cell sorting (FACS), neural stem/progenitor cells are selected based
on their expression of the fluorescent GFP gene. With a similar strategy, this
group also isolated and purified more restricted neuronal progenitor cells from
either embryonic chick and rat forebrain (Wang et al., 1998) or adult rat lateral
ventricular wall (Wang et al., 2000) using a Ta-1 tubulin promoter that is spe-
cific for neuronal progenitors and young neurons. Although the GFP marking
together with FACS is a relatively convenient method for isolation and enrich-
ment of neural stem/progenitor cells, its use for further clonal expansion may
be limited since continuous expression of GFP may affect the proliferation of
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these cells in vitro (Englund et al., 2000; Martinez-Serrano et al., 2000; Wu et
al., 2002b).

Genetic modification to enhance proliferation of neural stem/
progenitor cells

Proliferation of neural stem/progenitor cells requires either epigenetic or
genetic stimulants. Without such signals, they quickly exit the cell cycle and
begin differentiating. Over the past two and a half decades, retrovirus vectors
have been used predominantly, due to their high integration efficiency, to cre-
ate immortal cell lines by introducing oncogenes into neural stem/progenitor
cells. The commonly used oncogenes include v-myc and the temperature-sensi-
tive mutant of SV40 large T antigen. The earlier cell lines are mainly derived
from mouse or rat CNS (Bartlett et al., 1988; Frederiksen et al., 1988; Evrard et
al., 1990; Ryder etal., 1990;Rediesetal, 1991;Snyderetal, 1992; Whittemore
and White, 1993). Recently, similar immortal cell lines have been created from
embryonic human brain tissue (Villa et al., 2000). Although it may not be desir-
able to use oncogene-overexpressing or proto-oncogene overexpresssing cells
in clinical applications, these immortalized neural stem/progenitor cells, with
their homogeneous phenotypes (if they are cloned lines), have contributed greatly
to our knowledge of cell biology and the development of transplantation strate-
gies to replace lost neural cells or to deliver therapeutic reagents into the CNS.
For more detailed information, readers are referred to Chapter 8 in this volume
and to several previous reviews (Fisher, 1997; Martinez-Serrano and Bjorklund,
1997; Foster and Stringer, 1999; Vescovi and Snyder, 1999).

Genetic modification to study and direct differentiation of neural
stem/progenitor cells

Modification of specific gene expression in neural stem/progenitor cells
not only helps us to dissect molecular mechanisms underlying neural develop-
ment, but also provides us tools to guide these cells toward a desired phenotypic
differentiation. For example, using a retrovirus vector to overexpress a Notchl
gene in either cortical or olfactory bulb (OB) precursors in vivo or in vitro,
Chambers et al. (2001) observed an overall inhibitory effect of the Notchl sig-
nal on neuronal differentiation. However, precursors derived from the two dif-
ferent areas of the mouse brain during early development respond differently to
Notchl overexpression. While the OB precursors respond to Notchl by remain-
ing quiescent without further differentiation, the cortical precursors cease pro-
liferation and then differentiate rapidly toward a glial lineage.
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Effort has also been made to apply genetic tools to induce neuronal differ-
entiation from neural stem/progenitor cells. For example, Falk et al. (2002) ap-
plied a retrovirus-based vector to ectopically express neurogenin 2, a basic he-
lix-loop-helix transcription factor (Anderson, 1999), in adult mouse neural stem
cells derived from the lateral wall of the lateral ventricles. They observed that
90% of the transduced cells differentiated into neurons. Another neurogenic
transcription factor, NeuroD, was introduced into an immortalized human neu-
ral stem cell line by retrovirus-mediated transduction (Cho et al., 2002). These
cells then differentiated into neurons with TTX-sensitive currents .

Generation of large quantities of cells with a specific neuronal phenotype
from the multipotent neural stem/progenitor cells is a challenge, but it is an
ultimate goal of cell therapy. Genetic modification may be one way to achieve
this goal. For example, Wagner et al. (1991) stably transfected the mouse C17.2
neural stem cell line with Nurrl, an orphan nuclear receptor critical for dopam-
inergic neuron development. They demonstrated that more than 80% of the
Nurrl-overexpressing cells differentiated into dopaminergic neurons when cocul-
tured with astrocytes. The study indicated that both Nurrl-overexpression and
unknown factors derived from type 1 astrocytes are required for dopaminergic
neuron differentiation.

Genetic modification of neural stem cells to deliver therapeutic
reagents into the CNS

Neural stem cells have great potential to replace lost neurons or glial cells
in CNS degeneration or injury. In addition, these cells can be genetically modi-
fied to become vehicles or biological “minipumps” to deliver therapeutic re-
agents into the diseased brain or spinal cord. Their incredible plasticity and
remarkable capabilities to migrate and integrate into neural circuitry make these
cells extremely valuable for the development of combined cell and gene thera-
pies to treat various neurological disorders.

Neurotrophic factors

Since lack of sufficient neurotrophic factors may be one of the reasons for
limited regeneration following neurodegeneration or neurotrauma, neural stem/
progenitor cells may be genetically modified to deliver desired neurotrophic
factors locally to facilitate neural regeneration. Using neural progenitor cell
lines that were derived from embryonic rat hippocampus and then genetically
modified to produce nerve growth factor (NGF) or brain derived neurotrophic
factor (BDNF), Martinez-Serrano and colleagues were the first to report these
protective effects of genetically modified neural progenitor cells on damaged
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host neurons in several animal models. These include: (1) rescue of axotomized
cholinergic neurons in the medial septum (Martinez-Serrano et al., 1995b), (2)
reversal of cholinergic neuron atrophy in cognitively impaired aged rats
(Martínez-Serrano et al., 1995a; Martinez-Serrano and Bjorklund, 1998), and
(3) protection of striatal neurons against excitotoxic damage (Martinez-Serrano
and Bjorklund, 1996). Later, Liu et al. (1999) demonstrated enhancement of
axonal growth and regeneration in animals suffering from spinal cord injury by
transplantation of a neural stem cell line derived from mouse cerebellum (C17.2)
and genetically modified to secrete neurotrophin 3 (NT-3). In addition to the
paracrine effect of neural stem cell-delivered trophic factors on host neurons,
BDNF and glial-derived neurotrophic factor (GDNF) enhanced the survival and
neuronal differentiation of the grafted cells in an autocrine fashion (Eaton and
Whittemore, 1996; Ostenfeld et al., 2002).

Metabolic or neurotransmitter enzymes

Neural stem/progenitor cells have been tested for their ability to deliver
therapeutic enzymes into the CNS to treat inherited genetic neurodegenerative
diseases such as mucopolysaccharidosis type VII (MPS VII), lysosomal storage
disease (Sly disease), or Tay-Sachs disease (Zlokovic and Apuzzo, 1997;
Ourednik et al., 1999; Park et al., 2002). When grafted into neonatal mice, ge-
netically modified neural progenitor cells derived from the C17.2 cell line spread
widely throughout the brain and constitutively secreted enzymes such as
glucuronidase or By doing so, they corrected the gene defi-
cit in the animal model of Sly or Tay-Sachs disease, respectively (Snyder et al.,
1995; Lacorazza et al., 1996). Another type of lysosomal storage disorder, Krabbe
disease, is caused by mutation of the galactocerebrosidase gene and may be
corrected by a similar strategy using genetically engineered neural progenitor
cells to overexpress galactocerebrosidase (Torchiana et al., 1998). Recently,
Buchet et al. (2002) successfully engineered human neural progenitor cells to
secret which may pave the way toward a clinical treatment for
Sly disease.

One way to replace specific neuronal phenotypes that are damaged in dis-
eases is to provide the same type of neurons by directed differentiation of neu-
ral stem cells. On the other hand, neural stem cells can be genetically modified
to ectopically express a specific enzyme for a specific neurotransmitter. Along
this line, Corti et al. (1999) reported using an adenovirus vector to modify hu-
man neural progenitor cells to express tyrosine hydroxylase, the rate-limiting
enzyme in the production of the neurotransmitter dopamine.
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Anti-tumor reagents

Brain tumors such as glioblastoma are difficult to treat due to the exten-
sive infiltration of tumor cells into the normal brain parenchyma. Based on the
fact that neural stem/progenitor cells migrate toward tumor cells (Aboody et al.,
2000; Park et al., 2002; Hughes et al., 2002), these cells can be used to deliver
anti-tumor reagents near the tumor cells. Along this line, Herrlinger et al. (2000)
used a replication-conditional HSV-1 vector, which can replicate only in divid-
ing cells, to infect the C17.2 neural precursor cell line without killing them,
since the cells were growth-arrested by mimosine pre-treatment. The infected
cells were then implanted into intracerebral gliomas. In the absence of mimosine
in vivo, these neural precursor cells start dividing, which permits HSV-1 repli-
cation. Thus, acting as "Trojan horses", C17.2 cells delivered a large number of
HSV-1 mutants near the tumor cells which then killed the tumor cells. How-
ever, concerns remain regarding the risk of endogenous neural stem/progenitor
cells being infected and damaged by HSV-1 vectors. Benedetti et al. (2000)
genetically engineered either primary or immortalized neural progenitor cells
with a retrovirus vector containing an anti-tumor molecule, interleukin-4 (IL-
4). They then grafted cells into established gliomas in mice, and found a pro-
gressive decrease in the size of large tumors with enhanced animal survival.

SUMMARY

Genetic modifications using viral or nonviral vectors have provided a pow-
erful tool for identifying proliferating and differentiating neural stem cells. In
addition to insights into basic developmental and cell biology, genetically modi-
fied neural stem cells have been explored for their potential to deliver therapeu-
tic reagents into the CNS. Various gene delivery vehicles have been used in
these studies. Generally speaking, vectors derived from viruses transfer genetic
materials into neural stem cells more efficiently, while nonviral vectors, such as
liposomes and polymers, are easier to prepare and probably safer to use. The
choice of a gene delivery method for any given application needs to be carefully
selected case by case. For example, if long-term and stable transgene expres-
sion is required, vectors originating from retrovirus, lentivirus, or AAV are usu-
ally the most favorable. On the other hand, adenovirus, HSV or liposome/poly-
mers may be more appropriate for transient expression. Besides the choice of
vectors, targeted gene expression using a cell-specific promoter should be con-
sidered and is desirable for studies that require turning on a specific gene ex-
pression at a specific developmental stage of the neural stem cells while turning
it off during other stages. Another useful feature of genetic modification of
neural stem cells is regulatable transgene expression. This is particularly im-



436 Neural Stem Cells: Development and Transplantation

portant for neural stem cell-mediated delivery of therapeutic reagents, such as
neurotrophic factors or enzymes, where expression levels need to be finely tuned
or shut down completely to avoid unexpected deleterious effects. Thus far, regu-
latory systems based on tetracycline (tet-on or tet-off) have been tested in neu-
ral stem cells using retrovirus (Hoshimaru et al., 1996; Cho et al., 2002) or
adenovirus vectors (Corti et al., 1999). Although these results are exciting, fur-
ther optimization of the tet system as well as development of other systems are
required to obtain tighter and safer control that is more appropriate for clinical
applications.

Other issues also need be considered when using genetic tools to modify
neural stem cells. For example, transgenes or other components in viral or non-
viral vectors may directly or indirectly affect proliferation and/or differentia-
tion of genetically modified neural stem cells. These may be virion proteins in
the recombinant vectors, the reporter gene such as GFP, or therapeutic reagents
such as neurotrophic factors or cytokines. Although not extensively studied,
genetic modifications of neural stem cells with anti-immune, anti-inflamma-
tion or anti-apoptotic factors may help enhance the survival rate of grafted cells
(Giannoukakis et al., 1999; Guillot et al., 2000). Furthermore, when choosing
vectors with integration capability, we need to be cautious of insertional mu-
tagenesis that may be harmful in clinical applications or complicate data in-
terpretation. Along this line, development of better vectors that can either inte-
grate into the host genome site specifically or retain a capability of long-term
transgene expression without integration may be more desireable.

Genetic tools have helped us greatly in enhancing our knowledge of neu-
ral stem cell basic science and potential therapeutic application. There is no
doubt that these studies will increase in number and stimulate rapid growth in
the neural stem cell field, which in turn will facilitate efforts to understand and
direct specific neural cell differentiation as well as to develop combined stem
cell and gene therapy to treat various neurological disorders.
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SVZ 8, 26-27, 112, 132, 137, 143,

360

adult CNS 5, 9-10, 25, 76-77, 108, 127,
129, 135, 139, 142, 171-172, 232,
299, 308, 314, 317, 319, 320, 430

adult hippocampus 95, 217, 315, 358,
360

albumin 216, 274
aldefluor

selection 144
uptake 145

aldehyde dehydrogenase (ALDH) 391
alkaline phosphatase 264
allogeneic 389, 398
allograft 318, 329-330, 389, 398, 399
alternative lengthening of telomere

pathways (ALT) 282
Alzheimer’s Disease 259, 315
amacrine interneurons 62
amniotes 128
amos 58
amphibia 76, 128, 193
amplicon vector 424-425
amyloid precursor protein 100
amyotrophic lateral sclerosis (ALS)

231, 317
angiogenic factors 244
animal model 34, 171-172, 234, 299,

309, 315, 317, 320-321, 329, 343,
386-389, 397, 399, 434

anterior
neural induction 25
neuroectoderm 163-164
visceral endoderm (AVE) 1, 23

anterior-posterior 23, 127, 134
axes 63

anti-apoptotic 436
gene

bcl-2 428
bcl-XL 428

anti-immune 436
anti-inflammation 436
anti-tumor reagents 435
antidepressant medication 359
antimitotic agents 135
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antisense 19
antisense oligonucleotides 413
apical/basal 68
apoptosis 13, 24, 34, 240, 291, 315,

319, 364, 367-368, 428
apoptotic degeneration 363-364, 367
asc 62
ascorbic acid 165, 257
asense 58, 61
ash 58, 60
ash1-4 58
astrocyte 2, 4, 7-11, 13, 15, 17-24, 26,

28-31, 33, 34, 60, 76, 78, 95-96,
103-110, 115, 127-129, 131-132,
136-140, 145, 160-163, 165-166,
168-170, 183-184, 186, 188, 190,
194, 220, 231, 237, 240, 246, 248,
273, 300, 303, 314, 317, 333-338,
343, 356, 360-361, 367, 379, 386,
392, 395, 397, 429, 433

marker 104, 108, 208
precursor cell (APC) 210

astrocytoma 99, 104
astroglia 248, 251, 357, 358, 362, 369
ataxin 32
ath 58

ath5 71
atonal 58
autocrine 128, 434
autologous graft 307
autoregulation 61
autoregulatory loops 75
autotransplantation 190
aVb5 integrin 424
avian leukosis virus (ALV) 113, 360,

416
axial

mesoderm 133
patterning 67

axon 22, 171
conduction 337
extension 307, 365, 369
growth 22, 172
guidance 67, 170
pathfinding 172

regeneration 338
sparing 338

B

B104 conditioned medium 333
B104 neuroblastoma 333
Bain protocol 160-162
Balbc mice 386
barrel-field 26
basal crescent 68, 69
basic helix-loop-helix (bHLH) 2, 13,

34, 58, 61, 433
bax 14
Bazooka 68-69
bcl-2 428
bcl-x 14
bcl-XL 284, 428
BDNF. See brain-derived neurotrophic

factor (BDNF)
behavioral deficits 315
behavioral recovery 315, 342
bidirectional plasticity 194
biological clock 283
biopsy 283, 337
bipolar 71, 104, 184, 194, 335

cell 74
fate 62
morphology 103, 166
neuron 20, 21

birth order 71, 73
bisbenzimide (Hoechst 33258) 340
blastocyst 5, 30, 155, 158-159, 174,

221-222, 232, 305-306, 334, 339,
357

preimplantation 158-159
blood cell 140, 185-186, 188, 191-193,

196, 207, 221, 339, 394, 395-396
BMP. See bone morphogenetic protein

(BMP)
BMSC. See bone marrow: mesenchymal

stem cell (BMSC)
bone marrow 26, 135, 181, 185-189,

191-192, 195-196, 198-199, 272,
307, 338-339, 379, 395, 397

adult 395
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adult rat 186
cell 185, 187-188, 198, 215, 394
mesenchymal stem cell (BMSC) 188-

190
stem cell 186, 188, 394
stroma 26
stroma-based assays 220
stromal cell 168, 307, 315, 339, 342
transplant 185, 187, 198

bone morphogenetic protein (BMP) 1,
9, 14, 22-26, 34, 56, 108, 128, 185,
189, 194, 300, 319

antagonist 23, 167, 169
BMP2 4, 23, 56
BMP4 23, 33, 56
inhibitor 27, 57
receptor 23

boundary fields 26
brain

biopsy 247
repair 155, 188, 190, 333, 356, 357
slice 320, 430
stem 343
stem cell 191
tumor 99, 104, 241, 435

brain-derived neurotrophic factor
(BDNF) 19-20, 31, 189-190, 216,
358, 393, 396, 433-434

BRCA1 13
BrdU. See bromodeoxyuridine (BrdU)
Brn3a-c 75
bromodeoxyuridine (BrdU) 100, 109,

135, 188, 237, 246, 251, 340, 363-
368

buoyant density 210, 217

C

2’3’-cyclic nucleotide 3’-
phosphodiesterase (CNPase) 29,
103, 195, 237, 243, 251, 279

C. elegans 73, 173, 218
C17.2 235, 238, 244, 304, 305, 320,

342, 387, 433, 434, 435
C5 antibody 210
CA3 region 358

CAG repeat 33
CAGegfp vector 422
canary 361
CANNT. See E-box
CAPIT. See Core Assessment Program

for Intracerebral Transplantation
cardiac arrest 315
cardiomyocyte 264, 392
caspase 3 14, 34
caspase 9 14
castor 73
catecholaminergic neuron 162
cationic

lipid 427-428
polymer 427-428

cato 58
caudalizing

effect 161
factor 310
signal 301

caudate 380, 400
CD133 31, 112, 214, 216, 221, 246,

277-278, 290, 391
CD15 278
CD24 112, 144, 215, 217, 246
CD26 144
CD34 191-192, 214, 221, 246, 277,

391, 396
CD44 144-145, 191
CD45 112, 214, 221, 246, 277, 391,

396
CD81 278
CD9 278
CD95 (Fas) 278
ceh-10 75
cell autonomous mechanism 134, 300,

303
cell cycle 5

G1 11, 16, 20, 288
G2 74, 288
late S/early G2 74
M phase 10, 74, 288
S phase 11

cell cycle marker 288
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cell death 14, 21, 34, 208, 218, 241,
364, 387

cell density 15
cell dissociation 210
cell division

asymmetrical 11-12, 68, 139, 183,
233

symmetrical 11-12, 139, 231
cell fate

determination 55-56, 61-62, 70-71,
73-75, 77-78, 104, 189

potential 75
cell fusion 78, 198, 222, 260
cell line 31, 261

1003, v
293 (fetal kidney) 419-420, 422
B104 333
C17.2 320, 342, 434
CG4 (central glial-4) 333
hepatocarcinoma (HepG2) 162-163
HNSC.100 278
human carcinoma 315
K048
neuroepithelial 238

cell marker 116
cell migration 26-27, 33, 172, 191, 290,

293, 314, 340, 343, 345, 397
cell proliferation 20, 24-25, 27, 100,

182, 207, 223, 274-275, 304, 308,
396

cell replacement 158, 172, 239, 241,
248, 258, 304-305, 308, 310, 316,
317, 342

cell surface marker 31, 112, 145, 209-
210, 214, 216, 238, 246, 277, 278,
306, 390

cell suspension 210-211, 217, 221, 275,
340, 389

cell therapy 155, 173, 290, 305, 433
cell-cell contact 15
cell-substratum 15
Cellfectin® 428
cellular extract 218
central canal 96, 137, 139, 331

central nervous system (CNS) 4, 56, 59-
60, 103, 105-106, 128, 141, 182,
277, 299, 329, 416-417, 425

cell 136, 141, 160, 185, 213, 217,
277, 331

defect 14
development 3, 15, 22, 26, 173
differentiation 28
glia 9
phenotype 24
precursor 163-165, 183
progenitor 68, 131, 184, 223, 258
region 23, 234, 245, 310, 314
stem cell 5, 107, 112, 131, 133, 139,

246, 257
tumor 34
zone 28

cerberus 1, 27
cerebellum 6, 14, 19, 28, 98, 131, 139,

232, 238, 240, 245, 248, 290, 314,
320, 343, 360, 387, 434

cerebral blood flow 400
cerebral cortex 6, 21, 68-69, 76, 99,

142, 182-183, 187, 232, 318-319,
343, 360-361, 369

cerebral parenchyma 232, 244
cerebrogenesis 235
cervical cord 342
chain migration 27, 356
chemoattractants 344
chemotactic stimuli 345
chemotherapeutic agents 35
chiasm 343
chick 128, 172-173, 193, 312, 357, 430

embryo 78
chicken 286
chimera 156, 339
chimeric contribution 155
chimeric mice 171
chlorin e6 364
choline acetyl transferase (CAT) 310
cholinergic neuron 165, 291-292, 434
chondroitin sulfate proteoglycan 26,

356
chordin 1, 23-24, 56, 128, 167
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chromatin
modulation 71
structure 66

chromatin structure 217
chromosomal

aberration 282
abnormalities 288
free end 282, 288

chx10 66, 75
ciliary body 194
ciliary margin 76
ciliary neurotrophic factor (CNTF) 20,

74, 107-108, 275, 279, 281, 358
cisterna magna 343
class I factors

dbx1 64
dbx2 64
irx3 64
pax3/7 64
pax6 64

class II factors
nkx2.2 64
nkx2.9 64
nkx6.1 64
nkx6.2 64
olig2 64

Claudin11 (oligodendrocyte-specific
protein; OSP) 103

cleavage plane model 12
clonal

analysis 131, 142, 185, 207, 209,
211, 218-220, 277

expansion 187, 430
lineage analysis 218
stem cell line 234

clonality 219, 238
clonogenic assay (lymphocyte lineage)

220
clonogenic progenitor 220
CMV. See cytomegalovirus
CNP2 promoter 247
CNPase. See 2’3’-cyclic nucleotide 3’-

phosphodiesterase
cobblestone area-forming cells (CAFC)

220

cognitive deficit 318
cold viruses 419
collagen 190-191
columnar gene 63-64
competence

model 71, 73
state 71, 73-75

conditional immortalization 274
conditioned medium 158, 162-163, 273,

333, 335
B104 333
hepatocarcinoma (HepG2) 162-163

conduction velocity 191, 341, 342
congenital disorders 249
constitutive neurogenesis 362, 370
constitutive promoter 422
contusion injury 315
Core Assessment Program for

Intracerebral Transplantation
(CAPIT) 399

CAPIT-HD 400
CAPIT-PD 400

corneal limbal epithelium 194
corpus callosum 137, 243, 334, 339,

342, 343, 365, 367, 368
cortex 6, 7, 9-10, 14, 19, 28-29, 68-69,

74, 96, 108, 111, 134, 208, 214,
217, 219, 223, 232, 243, 245, 251,
290, 311, 318, 320, 361-365, 367-
368, 388, 396, 400, 422, 429, 431

cortical
germinal zone 108, 132
plate 7, 19-20, 30, 249, 312
progenitor 13, 70, 74, 137, 219
projection neuron 132
pyramidal neuron 187

corticogenesis 249, 289
corticosteroids 359
cre recombinase 30
CRE-loxP recombinase 247
cross regulation 64
crx 75
cryopreserved 193, 239, 395
cumulus cell 166
cut 62, 75
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CXCR2 chemokine receptor 344
cyclin D2 20
cyclin kinase inhibitor (CKI) 71-72
cyclosporin 384, 398, 431
cytokine 20-21, 25-26, 29-30, 207, 280,

305, 380, 392, 397, 436
cytomegalovirus (CMV) 30, 421
cytosine deaminase 35, 241
cytotoxicity 425, 428

D

6-hydroxy-dopamine 240
Dach1 gene 30
DAPI 99
DAT. See dopamine transporter
daughter cell 11, 12, 55, 68, 69, 70, 74,

231
daughterless (da) 58, 63
DBH. See dopamine b-hydroxylase
Dbx1 102
Dbx2 102
de novo 7, 368, 416
dedifferentiation 77, 140, 199
default hypothesis 167, 168
default model 56, 168
defined medium 158, 162, 166-168,

219, 257
delta 34, 57, 101
delta-like (dlk) 278
delta-notch pathway 77
demyelination 171, 330, 341-344
dendrite 98, 290, 358, 367
dendritic arbor morphology 75
density gradient centrifugation 217
dental pulp 195
dentate gyrus 6, 22, 31, 96, 109, 182,

208, 214, 301, 304, 307, 314, 358-
359, 361, 370, 397

dentate gyrus of the hippocampus 6, 31,
96, 359, 370, 397

dermal lineage 196
development model 32
diagnostic assay for neural stem cells

220
dichaete 63

dickkopf1 1
differentiated cell marker 138, 145
DiI 340
dimerization 58
directed in vitro differentiation 165
dispase 336
Dkk1 27
Dlx5 102
Dlx6 102
DM20 102, 339
DmPar6 68
DMRIE-C 428
DNA binding 13, 58
DNaseI 275
donor-specific marker 186
dopa-decarboxylase 256
dopamine 19, 162, 165-166, 191, 237,

241, 252, 256, 300, 316-318, 380
b-hydroxylase (DBH), 62, 165, 169
neuron 30, 78, 162, 165-166, 168-

169, 172, 174, 190, 238, 240-241,
257, 272, 276, 278, 292,

301, 305, 310-311, 316-318,
320-321, 379-380, 383, 386, 388-
390, 398, 400, 433

phenotype 388, 390
release 165, 169
synthesis 191, 252, 383
transporter (DAT) 237

dopaminergic 25, 30, 78, 162, 165-166,
168-169, 172, 253, 278, 280, 384,
390

graft 383
dorsal column 188, 340-342
dorsal ectoderm 56
dorsal funiculus 188
dorsal root ganglia (DRG) 184, 191,

338
dorsolateral prefrontal cortex (DLPFC)

400
dorsoventral 22, 102, 127

axis 64, 133-134
patterning 63, 66-67

doublecortin (dcx) 99, 100, 290, 363,
365
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Drosophila 12-13, 26, 56-63, 66-71, 73,
75, 107

embryo 12, 57, 63, 73
drug-selection marker 142
DsRed 29
dye binding 210, 212, 215
dye efflux 217
dyskinesias 383, 384
dysmyelination 30, 304, 330

E

E protein 58, 59
daughterless (da) 58, 63
E2-2 58
E2A 58
HEB 58

E-box
CANNT promoter 59
motifs 63
sequences 63

E1A 419
E1B 419
E2-2 58
E2A 58, 419
E2B 419
E3 419
E4 419
ectoderm 1, 3, 56-57, 133, 167-168,

184, 196
ectopic

differentiation 9
expression 57, 413
region 301
transplant 318

Effectene 428
efficacy 247, 260, 301, 308, 383, 385,

398
efficiency 32, 77, 165-166, 232, 259,

260, 284, 286, 301, 308-309, 417-
418, 425, 427-428, 432

EGF. See epidermal growth factor
EGFR. See epidermal growth factor

receptor
electrical properties 292-293, 305
electron microscopy 109, 169, 191

electrophysiology 160, 166, 170, 320
embryo 1, 3, 25, 29, 56, 105, 131, 140,

143, 155-156, 158, 170, 196, 217,
222, 281, 303, 306

chick 78, 312
chick-human hybrid 157
ferret 134
mouse-human hybrid 157
preimplantation 305

embryogenesis 130, 139-140, 231, 299-
300, 396

embryoid body (EB) 158, 162, 306
embryoid body modified (EBM) 162
embryonal carcinoma (EC) v, 156, 166,

167, 379, 394, 399
embryonic germ (EG) cell 156, 253,

379
embryonic germ layer 272
embryonic lethal 157
embryonic neural cell adhesion

molecule (E-NCAM or PSA-
NCAM) 110, 129, 137, 144, 210,
238, 278, 310, 336, 356, 391

embryonic stem (ES) cell 26, 31, 33-34,
107, 115, 128, 155-156, 158-159,
162, 168, 170, 172-173, 197, 232,
246, 253, 272, 299, 304-305, 317,
335, 357, 391, 393-394, 396-397,
425

autologous 166
human 157
monkey 157
mouse 157
primate 158, 168

embryonic stem (ES) cell line 155, 157-
159, 173-174

en1 66, 257
E-NCAM. See embryonic neural cell

adhesion molecule
endoderm 1, 3, 162, 196
endodermal gene 167
endodermal marker 167
endogenous

axon 316
gene 413
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neural precursor 252, 358, 363-364,
365, 367-370

neuron 292, 390
niche 209
precursor 170, 356-359, 361-363,

365, 368-370
progenitor 135
remyelination 330
stem cell 12, 79, 138, 233-234, 259,

301, 315, 388, 429
endothelial cell 187, 392, 396
engrailed homology (eh1) 66
engrailed repressor 66
enhanced green fluorescent protein

(EGFP) 29-30, 111, 142-143, 186-
188, 199, 213, 416, 422, 429

enhancer 32, 97, 111, 213, 430
D6 30

enhancer of split 13, 57, 59, 101
enhancer of split related 57, 59
enriched environment 27, 359
ensheathment 331, 337

axon 329, 330, 333-345
glia 285

enucleated egg cell 174
ependymal 420

cell 8, 23, 26, 105, 109, 136-138,
140, 183, 211, 215, 360

layer 6-8, 136
lining 343

Eph 27
ephrin 27
epiblast 1, 164
epidermal 59, 128

cell 56
gene 167

epidermal growth factor (EGF) 4, 9, 11,
15-18, 22, 26, 33, 70-71, 95-96,
108-109, 131, 136-138, 166, 183-
184, 186, 189, 192, 194-196, 209,
216, 235, 238, 245, 252, 256, 272,
273, 275, 279, 281, 289, 334-336,
349, 356-357, 386, 392-393, 396,
422

receptor (EGFR)
17, 24, 34, 71, 131, 392

epigenetic 127, 235, 303
factors 165
signals 274

episomal transduction 425
epithelium 11, 68-69, 184
erythropoietin (EPO) 280
ethical issues 246, 307, 385-386
ethidium bromide 330, 342
evx1 66
ex vivo 235, 240, 258
excitotoxic damage 434
exogenous growth factor 7
exogenous marker 429
expansion 13, 17, 29, 31, 33, 109, 127,

208, 216, 222, 234, 246, 252, 257-
259, 279, 300, 302, 309, 333, 386,
389, 392-395

experimental allergic encephalomyelitis
(EAE) 344-345

expression vector 415, 417
external granule layer 131
external sense organ 62, 68
extra macrochaetae (emc) 59
extracellular matrix (ECM) 1, 10, 25-

27, 163, 239, 345, 396
extrinsic factor 70, 72-74, 165, 300, 311
eYFP 29, 30

F

F4/80 191
FA-1 278
FAL. See LewisX trisaccharide epitope

3-fucosyl-N-acetyllactosamine
fas. See CD95
fate determination 55-56, 61-62, 70-71,

73-75, 77-78, 104, 189, 300
fate mapping 132
fate restriction 28, 308
feeder cell 159, 218-219, 305, 336
feeder layer 158, 184, 218, 253, 257,

273
feeder-free culture 273
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feline immunodeficiency virus (FIV)
419

ferret 134
fertilization 159

in vitro 174
fetal

antigen-1 278
brain cell 221
porcine cell 307
tissue grafts 172

fibroblast
feeder layer 158, 253, 257
mouse embryonic fibroblasts (MEFs)

158
fibroblast growth factor (FGF) 2, 15,

23, 27, 95, 128, 158, 183, 192, 194,
235, 300, 356, 422

fibroblast growth factor 2 (FGF2) 2, 11,
15-17, 22, 24, 96, 129, 158, 161-
162, 164-168, 183-184, 186, 193-
196, 209, 216, 219, 235, 238, 245,
252, 256-257, 272-273, 275, 279,
281, 289, 291, 319, 334-336, 344,
356-358, 392-393, 396, 422, 431

fibroblast growth factor 4 (FGF4) 165
fibroblast growth factor 8 (FGF8) 165,

168-169, 257, 301, 310
fibroblast growth factor receptor

(FGFR) 2, 16, 129, 392, 424
dominant negative 168

fibronectin 162, 164, 190-191
FISH. See fluorescence-activated cell

sorting
fish 76
five-step protocol 163
floor plate 2, 9, 64-65, 134
flow cytometry 29, 163, 214, 288, 391
fluorescence-activated cell sorting

(FACS) 110, 112-114, 141-142,
212-214, 234, 246-247, 277-278,
290, 346, 430

fluorescent in situ hybridization (FISH)
187, 198

FluoroGold 365, 368
follistatin 128, 167

forebrain 1, 3-5, 8, 21-22, 27, 30, 62,
64, 74, 77, 102, 129, 130, 143, 164,
167, 208, 213-214, 232, 245, 248,
277, 280, 285, 286, 289, 304, 355,
397, 430

inducer 27
marker 304
organizer 1

foreign gene 240-241, 259, 413, 416,
418, 425, 427-428

forskolin 246
c-fos protein 320
founder cell 70, 218-219
frataxin 32
frizzled 9 2
frog. See Xenopus
fusion 197, 198, 220, 307
fusion protein 286
FVIII 396

G

G-CSF 187, 397
GABAergic interneuron 102
GABAergic neuron 62, 160, 165-166,

168-169, 187, 272, 316
GABAergic projection neuron 380
gain of function 32, 62, 155
galactocerebrosidase 434
galactocerebroside (GalC) 103, 195,

338-339, 392, 396
29, 97, 111-112, 188,

238, 339-340, 392, 420, 429
gamma-amino butyric acid (GABA) 62,

318
ganglion cell 71, 75
ganglion mother cell 61, 68-69, 73
ganglionic eminence 6, 108
ganglioside 141
gangliosidoses 231
gastrointestinal (GI) tract 191, 196
gastrula ectoderm 128
gastrulation 1, 19, 24, 196
GATA4 167
GCTM-2 264
GD2 ganglioside 278
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GDF3 264
gelatin 158, 167, 168
gene

antibiotic resistance 29
bHLH 2, 13, 22
columnar 63-64
Dach1 30
endodermal 167
endodermal 167
endogenous 413
enhancer of split (Espl) 57
exogenous 167
expression 15
foreign 240-241, 259, 413, 416, 418,

425, 427-428
hairy 57
hairy and enhancer of split (Hes) 13
hairy and enhancer of split related

(Her) 57
homeobox 62, 67
homeobox (hox) 62
homeotic 67
Hox 27
hox-c 67
hox-d 67
id 2, 13, 34
Id 34
immediate early 30, 320
immortalizing 247, 284, 286, 293
lacZ 429
lacZ 429
Mash 22
Math 22
mesodermal 167
MHCI 30
mitf 193-194
mutant 31
nestin 30, 142
NeuroD 22
neurogenic 13
neuronal differentiation 61
Ngn 22
oligl,2,3 22
proneural 2, 56-64, 67-68, 70, 101,

104

reporter 111-113, 212-213, 215, 277,
279, 392, 427, 429, 436

segment polarity 63
targeting 24
transcription 59
trapping 173
tumor suppressor 11
v-myc 274

gene delivery 415, 420-421, 424, 427-
428, 435

nonviral 427
gene expression 13, 26-31, 33, 35, 56-

57, 59, 60-62, 64, 66, 71, 76-77,
112, 134-135, 140, 158, 162, 164,
167, 170, 199, 222-223, 247, 259,
279, 281, 304, 413-417, 419-425,
428, 432, 435

gene fusion 392
gene knockout 413
gene silencing 199
gene targeting 27, 32
gene therapy 190, 241, 249, 388, 393,

417, 428, 436
gene transfer method 413, 414
genetic

defect 174, 235, 422
mutation 32, 128
screen 157, 173

genomics 75
genotoxic agents 421
genotype 157, 310

29
germ cell 26, 156

niche 29
germ layer 156, 159, 167-168, 196,

221, 232, 264
germ-line 155
germinal matrix 130
germinal zone 17, 96, 102, 107-108,

113, 132, 232, 239, 248-249, 289-
290

cortical 132
gestation 24, 194, 221, 245, 249, 281,

300, 386, 391
GFAP. See glial fibrillary acidic protein
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GLAST 105, 108, 132
GFP. See green fluorescent protein
Gli/ci 66
gli/ci 66
glial fibrillary acidic protein (GFAP)

11, 18-19, 30, 34, 99, 104, 108-
109, 113, 132, 136-137, 144, 166,
188-189, 191-193, 195, 212, 237,
251, 256, 289, 313, 337, 360, 367,
387, 392, 396

glial hypertrophy 10
glial limitans 337
glial marker 136, 186, 192, 193
glial progenitor 4, 6, 8, 20, 110, 138,

145, 219, 247, 289, 291, 334-335
glial restricted precursor (GRP) 2, 278,

332
glial scarring 244, 387
glial-derived neurotrophic factor

(GDNF) 184, 238, 380, 434
glioblastoma 392, 435
gliogenesis 2, 6, 8, 13, 17, 74, 248
glioma 34, 241, 291, 435
gliosis 25, 331, 337, 344-345
globus pallidus 318, 400
glucose uptake 400

31, 434
glutamatergic neuron 160, 165-166,

256, 272
glutamic acid decarboxylase (GAD)

187, 195
GMC. See ganglion mother cells
gooseberry (gsb) 63
gp130 20, 21
gradient 1, 9, 23, 25-26, 64, 66, 71, 134,

217, 300, 421
graft versus host disease (GVHD) 394-

395
grafting design 292
grainyhead 73
granule cell 3, 6, 19, 131, 135, 240, 356

layer 6, 22, 358
granulocyte colony stimulating factor

(G-CSF) 187, 397

granulocyte-macrophage colony
stimulating factors 397

green fluorescent protein (GFP) 97,
111, 167, 191-192, 212, 247, 279,
312-313, 339, 423

groucho-TLE (Gro/TLE) 66
gsh-1/2 66

H

H1 284
H6 284
H9 256, 264
hair follicle 195
hairy 13, 57, 59, 70, 101, 195
hairy and enhancer of split (Hes) 57, 59
hairy and enhancer of split related (Her)

13, 57, 59
HB1-F3 284
hbl-1 73
HdhQ111 mouse 34
heat stable antigen (HSA) 141, 215
HEB 58
hedgehog (HH) 63
helper virus 419, 421
hematopoiesis 207
hematopoietic 25, 196

cell 357
stem cell (HSC) 5, 26, 111-112, 115,

141-145, 168, 187, 191-192, 199,
207, 214, 233, 391, 417

hemi-parkinsonian rat 292
heparan sulfate proteoglycan (HSPG)

421
heparin 216, 274, 431
herpes simplex viral vector 424
herpes simplex virus (HSV) 421, 425
herpes simplex virus type 1 (HSV-1)

424
hes 13-14, 57, 59, 61
hes1 101
hes5 101
hes6 61
heterochronic 28

integration 27
transplantat 27, 74
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heterodimer 13, 20, 58, 59
heterogeneity of neurosphere cultures

280-281
heterologous sites 135
heterotopic transplant 318
heterotypic 27, 28
b-hexosaminidase 434
hind limb locomotor performance 338
hindbrain 27, 64, 129, 160-161, 165,

167, 240, 304, 310
marker 167

hippocampus 6-7, 14, 26, 28, 30-31, 76,
96, 99, 105, 135, 137, 139, 143-
144, 182, 187, 208-209, 232, 243,
245, 290, 312, 320, 343, 355, 358-
359, 361, 370, 397, 429, 430, 431

dentate gyrus 135
pyramidal neuron 208
subgranular zone 135

histone deacetylase 66
HIV1 29
hNS1 284-286, 289
hNS2 284-285, 288
HNSC.100 cell line 249, 278, 283-284
Hoechst 33258 340
Hoechst 33342 215
Hoechst labeling 144
holoprosencephaly 25
homeobox (hox) gene 62

hox-c 67
hox-d 67

homeodomain 75, 102, 133
protein 62-63, 65
transcription factor 134

homodimer 20
homologous recombination 32, 155,

306, 321, 392, 417, 420, 425
homotopic graft 317
horizontal basal cell 184
horse 173
hox. See homeobox
hox-c 67
hox-d 67
HSC. See hematopoietic stem cell
hTERT 264, 284, 286

hu antigen 100
human

embryo 249, 422, 431
embryonic germ (EG) cell 253
embryonic stem cell (hES) 155, 157-

158, 161, 166, 171, 173-174, 246,
272, 305, 312-313, 321, 334, 336,
346, 391

immunodeficiency virus type 1 (HIV-
1) 417

neural stem cell (hNSC) 214, 271,
422

umbilical cord blood (HUCB) 193,
395

human-specific nuclear marker (NuMA)
251

hunchback 73
huntingtin protein (HTT) 33, 318
Huntington’s disease (HD) 33, 249,

260, 314, 316, 318, 321, 380, 382,
385

6-hydroxydopamine 388
hyperoxia 279, 280
hyperplasia 14
hypomyelination 22
hypoperfusion 315
hypothalamus 311, 343
hypoxia 208, 280
hypoxic-ischemic

injury 241
model 315

I

id gene 2, 13, 34
IGF. See insulin-like growth factor
immediate early gene 30, 320
immortalization 277, 284, 286, 304
immortalizing gene 247, 284, 286, 293
immune

marker 384, 398
rejection 301, 306, 307
response 398, 420, 422, 427, 428

immunomagnetic sorting 210-211
immunopanning 210-211, 338, 390
immunoselection 238
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immunosuppressant 398, 431
immunosuppressive therapy 395, 398
implantation site 290, 291
imprinting defect 156
in situ hybridization (ISH) 97, 101-102,

104, 107, 110, 113, 340
in utero 171, 218, 249
in vitro fertilization 174
ind 66
inductive cell layer 272-273
infarcts 339
inferior colliculus 343
inflammation 244, 345, 425
inflammatory

reaction 315
response 190

influx/efflux kinetics 210
inherited neurogenetic diseases 231
inhibitor of differentiation (id) 59
inhibitory environment 368
Ink4a/ARF 34
inner cell mass (ICM) 155, 158-159,

232, 305-306
insertional mutagenesis 417, 421, 425,

427, 428, 436
insulator sequences 32
insulin 22, 193, 357
insulin-like growth factor (IGF) 22

1 (IGF1) 11, 22
2 (IGF2) 22

integrin 344-345, 397
interkinetic nuclear migration 11
interleukin

1 (IL1) 238
4 (IL4) 35, 435
11 (IL11) 238

intermediate filament 99, 104-106, 109,
139, 212, 257, 360, 392

intermediate neuroblasts defective (ind)
63

internal capsule 342
internal clock 9
interneuron 8, 28, 62, 65, 75, 113, 132-

135, 160, 172, 233, 300-301, 314,
319, 356, 370

intronic enhancer 30
iron

bead 211
nanoparticles 340

irradiation 188, 330
Irx3 102
ischemia 190, 308, 315, 319, 380, 397
Isl1/2 66
Islet1 160
isthmic organizer 165
isthmus 1

J

jagged 34, 101
jimpy (jp) 330, 344

K

Ki-67 288
kidney capsule 171
knock-in 29
knock-out 13, 24, 131, 319, 414

EGF 131
Krabbe disease 434
kruppel 73, 101
Kv2.1 187

L

lacZ 199, 238, 243, 245, 429, 430
gene 429
reporter 430
transgenic mice 188
vector 245

lamina propria 338
laminar fate 74
laminin 96, 158, 164, 431
large T-antigen 29, 34, 235, 432
laser photolysis 319
lateral geniculate nucleus 182
lateral inhibition 12, 57, 70, 101
lateral ventricle 5, 8, 17, 19, 76, 135,

136, 143, 182, 190, 208, 343, 427,
433

lateral wall 76, 427, 430, 433
lateral ventricular eminence 385
learning 6, 370, 394
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lentivirus 215, 417-419, 425, 427, 430,
435

let7 73
lethal of scute 58
leukemia inhibitory factor (LIF) 20,

108, 158, 305, 393, 422
leukodystrophies 231, 342, 343
LewisX trisaccharide epitope 3-fucosyl-

N-acetyllactosamine (LeX or
SSEA-1 or FAL) 112, 215, 264

lhx3/4 66
LIF. See leukemia inhibitory factor
LIM-domain 75
lineage 4, 10, 18

jumping 222
marker 281
position 114, 299, 308, 309
restriction 9, 238, 396
segregation 15, 31-32

linear regression analysis 221
428

428
428

lipoplex 427
liposome 427-428, 435
Lissencephaly 99
live cell marker 142
lizard 361
locomotive dysfunction 316
locomotor activity 342
Long Evans shaker rat 330, 340
long projection neurons 135
long terminal repeat (LTR) 414-415,

419
long-term colony initiating cells (LTC-

IC) 220
loss of function 60, 62, 155
low density 167, 218, 220
low density culture 247
low oxygen 275, 279-280
lysophosphatidyl choline 330
lysosomal enzyme 249
lysosomal storage 231, 240, 249, 434

disorder, 434

M

macrophage 186, 397-398
magnetic resonance imaging (MRI)

340, 400
mammalian CNS 12, 79, 137
mantle layer 101
MAP2. See microtubule-associated

protein 2
marginal zone 6, 76
marker

astrocyte 104, 108
cell cycle 288
cell 116
cell surface 31, 112, 145, 209-210,

214, 216, 238, 246, 277, 278, 306,
390

differentiated cell 138, 145
donor-specific 186
drug-selection 142
endodermal 167
exogenous 429
forebrain 304
glial 136, 186, 192, 193
hindbrain 167
human-specific nuclear (NuMA) 251
lineage 281
live cell 142
microglia 191
microsatellite 198
molecular 27, 30, 96-97, 102, 106,

127, 128
neural stem cell 107, 142, 209, 212,

221-222
neuron-specific 186, 188-189
neuronal 110, 188-191, 193, 195,

213, 243, 256, 310, 315, 363-365,
367, 396, 422, 431

oligodendrocyte 102, 195, 336, 396
oligodendroglia 141, 243
pan-neural 134
positional 132, 134, 142
progenitor 134, 194, 196
radial glia 108, 132, 145
regional 27, 134
selectable 32



Index 461

stem cell 106-107, 109, 141-142,
144-145, 212, 221, 391

universal 139, 141, 145
mash 1 2, 13, 58, 60, 61, 62
math 2
math1 58, 60-, 62
math3 60, 62, 101
math5 58, 60
matrigel 158, 264
MBP. See myelin basic protein
MCAO. See middle cerebral artery

occlusion
meander tail 240
medakafish 173
memory 370

formation 370
storage 370

meningeal 210
b-mercaptoethanol 189
Merkel cell 195
mesencephalic 237, 303

cell 189, 389, 398
dopaminergic neuron 310, 380
precursor cell 238
tissue 276, 286, 303, 383

mesencephalon 237-238, 245
mesenchymal 188, 384

cell 1, 105
stem cell 197, 233, 338

mesoderm 160, 162, 196
mesodermal

cell 195
factor 168
gene 167

mesostriatal nuclei 237
meta-differentiation 189
metachromatic leukodystrophy 185
metameric pattern 27
metaphase 282, 285
methylcellulose 220
MHCI gene 30
microbeads 211
microchimerism 198
microcircuitry 359, 363

microenvironment 4, 12, 26, 28-29,
144, 196, 258, 291, 359, 363, 365

microglia 160, 185-186, 191, 210, 398
marker 191

microRNA 73
microsatellite marker 198
microtubule 98, 100, 103
microtubule-associated protein 2

(MAP2) 98, 110, 193, 243, 310,
313, 396

mid-hindbrain junction 31
midbrain 3, 28, 64, 78, 129, 164-166,

169, 172, 237, 241, 290, 300-301,
304, 310, 316-318, 386

dopamine neuron 166, 169, 174, 301,
310, 386

neural stem cell 304
precursor cell 165

middle cerebral artery occlusion
(MCAO) 188, 190, 192, 315, 396

migration 6, 8-9, 11, 17, 25-27, 33, 69,
99, 100, 102, 108-110, 170, 172,
191, 220, 235, 248-249, 252, 259,
271, 289-291, 293, 299, 308-309,
311, 313-314, 317, 339-340, 342-
346, 356, 365, 369, 394, 396-397,
429

tangential chain 356
migratory 333, 337, 344, 395

behavior 345
pathway 190
routes 248
scaffold 132

mimosine 435
mink 173
miranda 68, 69
mitf gene 193-194
mnr2/hbo 66
models of CNS disease 31
modified multistep EB protocol 166
molecular marker 27, 30, 96-97, 102,

106, 127, 128
Moloney murine leukemia virus

(MoMLV) 415, 419
monkey 235, 249, 251, 312, 358
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embryonic stem cell 168
monoamines 256
monocytes 186, 192
mononuclear 193

leukocyte 185
morphogen 28

gradient 300
retinoic acid 28

morphogenetic furrow 70
morphogenic movement 129
morulae 357
motility 333
motor deficit 318
motor function test 190
motor neuron (MN) 20, 62, 64, 66, 75,

134, 160, 301
mouse 58, 98, 112, 155, 157, 182, 186

188, 190-191, 194-195, 199, 212,
222, 237-238, 240-241, 256, 312,
319, 330, 336, 342, 345, 357, 359,
361, 365, 387, 392, 434-435

chimeric 171
CNS precursors 163
embryo 1-3, 6, 18, 156, 191, 213,

217, 219, 312
embryonic stem cell (ES) 128, 157-

158, 162-163, 165, 167-168, 173,
257, 272, 292, 301, 305, 310-312,
316-317, 320-321, 334-336, 346,
390, 392, 425

FGF2 knockout 319
mutant 33, 157, 240, 248, 346

model 66
NOD-Scid 214, 290
null 9, 16, 19, 22, 129
Rosa 199
SCID 264, 313
shiverer 171, 240, 304

mpsIII 31
MPTP 190, 237, 241
MRI. See magnetic resonance imaging
msh 63
msh(dr) 66
msx 66

mucopolysaccharidosis type VII (MPS
VII) 434

Müller glia 71-72, 194
multiple lesions 342
multiple sclerosis 342, 386
multipolar neuron 19
multipotent 71, 74

cell 17, 132, 136, 195, 246, 247, 316
clone 214
neural precursor 356-358, 363-364
neural stem cell 113, 127, 183
neurosphere 7, 8, 143, 212-213, 215,

220, 360
progenitor 34, 100, 104, 108, 110,

140, 429
stem cell 107, 109, 192, 208, 386

multistep EB protocol 163, 165-166
musashi1 30, 31, 107, 112, 212
muscle 61, 106, 140, 172, 181, 185,

192, 194, 214, 221-222, 259, 264
311-312, 317, 394

mutant 66
analysis 62
gene 31

c-myc 284, 286
v-myc 235, 238, 245, 247-249, 274,

284, 286, 293, 304, 432
myelin 102-103, 169

basic protein (MBP) 30, 103, 336,
102-103, 191, 336, 340

deficient 171, 330, 386
disorders 329
mutant 329
proteolipid protein 102, 340
sheaths 304

myelination 9, 18, 22, 103, 329, 333-
335, 337, 339, 340-346, 387

myelinotoxic 330, 341

N

N-CoR 9
N2 medium v-vi, 161, 166, 216, 219,

274, 275
nanobead 211
nanosphere 364-365, 367
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NCAM 2, 27, 163, 256
E-NCAM or PSA-NCAM 310

NCSC. See neural crest stem cell
necrosis 243, 315
negative selection 141-142, 144, 210-

211, 215, 278, 396
nematode 73, 218
neocortex 74, 95, 99, 102, 239, 251,

315, 362-365, 368, 388
neocortical projection neuron 368
neostriatum 290
NEP. See neuroepithelial precursor
nerve growth factor (NGF) 19, 31, 161-

162, 190, 192-193, 256, 387, 396,
433

receptor (trkA) 19
nervous system

autonomic 232
enteric 232
peripheral 232

nestin 9, 18, 30, 34, 99, 106-109, 111-
112, 129, 134, 139, 142, 160, 162,
165, 167, 185, 189, 194-196, 212-
214, 217, 247, 252, 256-257, 272,
279-280, 291, 336, 387, 392, 430

enhancer 24, 30, 213
expression 145, 213
gene 30, 142
promoter 18, 19, 33
protein 165

nestin-positive islet derived progenitor
(NIP) 196

netrin 344
NeuN 100, 186-189, 191, 193, 195,

237, 243, 251, 363, 365, 367, 396
neural cell adhesion molecule (NCAM)

163
E-NCAM. See embryonic neural cell

adhesion molecule
PSA-NCAM. See embryonic neural

cell adhesion molecule
neural crest 2, 74, 163, 184, 232, 392

stem cell (NCSC) 2, 4, 184-185,
214-215, 246, 278, 280

neural

default hypothesis 167
ectoderm 1, 23, 128, 253
induction 25, 56-57, 128-129, 133,

140, 159, 160, 163, 167-169, 172,
273, 305

patterning 160
plate 1, 56-57, 59, 63, 127-129, 299-

301, 303, 392
precursor stage 165
progenitor 17, 19, 55-64, 67-69, 71,

73-77, 79, 100-111, 115, 129, 134,
140-141, 160, 167-168, 183, 186,
192, 194, 196, 212, 235, 238, 247,
248, 252, 264, 299, 304, 306, 310-
311, 313, 314-315, 319-320, 391,
393, 414-419, 423-425, 427, 429,
433-435

progenitor cell (NPC) 422
regeneration 208, 433
specific enhancer 142
stem cell (NSC) 1, 2-5, 7-9, 11, 15-

17, 19-23, 25-35, 55-56, 76-79, 95-
97, 99, 101, 104, 106, 108-110,
112-115, 127-129, 134-137, 139-
142, 144-145, 167, 171, 182-184,
190-191, 193-194, 196, 207-217,
219-221, 223, 231-235, 237-241,
243-248, 251-252, 258-259, 271-
281, 284-286, 288-289, 290-291-
293, 300-305, 307-308, 310, 312,
314, 316-317, 319-320, 329, 331-
336, 343, 345-346, 360, 379-380,
386-397, 399, 401, 413-414, 416-
417, 419-420, 422-423, 425, 427-
436

marker 107, 142, 209, 212, 221-222
scaffold complex 243
tube 1-3, 10, 16-17, 22-27, 61, 64,

66-67, 79, 100-101, 107, 109, 127,
129, 132-134, 184, 191, 194, 253,
304, 310, 312, 317

neural-specific enhancer 111, 213
neuraminidase 23
neuraxis 8, 9, 24-25, 27, 240, 248, 304,

357, 370
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neurite 189, 359
neuroblast (NB) 8, 12, 17, 23, 27, 63-

64, 68-69, 73, 99, 111, 135, 138,
140, 183, 215, 290, 356, 365

neuroblastoma 34, 333
neuroD 13, 58, 60-62, 101, 433
neurodegeneration 32, 33, 271, 364,

385, 389, 433
neuroectoderm 56, 57, 59, 63, 68, 69,

163, 164
neuroectodermal fate 162
neuroepithelial

cell 1, 24, 134, 299
precursor (NEP) 2, 4, 12, 17, 128-

129, 132
neuroepithelium 2-4, 7, 9-11, 18, 21,

23-24, 63, 101-102, 107, 133, 143,
185, 194, 212, 392

neurofilament 99, 163, 186, 190, 243,
251, 256

200-kilodalton 186
neurogenesis 6-8, 12-13, 20, 55, 57-58,

63, 67, 70-71, 73-77, 79, 99, 101,
108-109, 111, 128, 132, 135, 137-
138, 140, 142, 170, 182-183, 193,
196, 208, 234, 237, 247-248, 289,
311, 337, 355-363, 365, 368-370,
397, 429

constitutive 363
neurogenetic disorder 249
neurogenic 19, 28, 291, 293, 314, 319

environment 299, 309, 314, 361
factor 433
gene 13
niche 309, 318-319
placode 19
potential 132, 212, 214, 232
progenitor 76
region 390
signal 313, 320
tissue 55, 78
zone 19, 28

neurogenin 2, 13, 58, 61-62, 101, 433
neuroM 60, 101
neuromotor function 387

neuron
bipolar 20, 21
catecholaminergic 162
cholinergic 165, 291-292, 434
cortical projection 132
cortical pyramidal 187
corticospinal projection 363
corticothalamic projection 363
dopamine 30, 78, 162, 165-166, 168-

169, 172, 174, 190, 238, 240-241,
257, 272, 276, 278, 292, 301, 305,
310-311, 316-318, 320-321, 379-
380, 383, 386, 388-390, 398, 400,
433

endogenous 292, 390
GABAergic 62, 160, 165-166, 168-

169, 187, 272, 316
GABAergic projection 380
glutamatergic 160, 165-166, 256, 272
hippocampal pyramidal 208
long projection 135
mesencephalic dopaminergic 310,

380
midbrain dopamine 166, 169, 174,

301, 310, 386
motor 20, 62, 64, 66, 75, 134, 160,

301
multipolar 19
neocortical projection 368
noradrenergic 62
olfactory sensory 184
projection 132, 135, 138, 299-300,

319, 362-365, 368, 380
Purkinje 187
pyramidal 28, 182, 208, 239, 240,

292, 364
rostral hindbrain cranial motor 160
rostral spinal cord motor 160-161
sensory 21, 62, 184
serotonergic 25, 165, 253, 272, 316
small pyramidal 182
spiny 316
stellate 182
striatal 22, 34, 311, 318, 434

neuronal
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differentiation gene 61
Kruppel-like (NKL) 101
marker 110, 188-191, 193, 195, 213,

243, 256, 310, 315, 363-365, 367,
396, 422, 431

migration 27, 100
nuclei 365
progenitor 4, 9, 13, 20, 22, 30, 59,

110, 138, 219, 278, 305, 308, 310-
311, 317, 320, 430

neuronal-restricted progenitor (NRP)
110, 308

neuron-specific enolase (NSE) 189,
195

neuron-specific marker 186, 188-189
neuron-specific tubulin-1 (TuJ-1) 98-

99, 165, 169, 189, 191, 310, 392,
396

neuroprotection 240, 398
neurosphere 4, 7-8, 15-16, 18-20, 22,

24, 31-33, 76-77, 95, 99, 112, 114,
131-132, 136-144, 166-167, 192,
209, 212-217, 220-223, 247-248,
272-283, 285-286, 288-292, 303,
314, 333-335, 343, 346, 360, 391-
392, 422

adherent 303
cell 281, 282-283, 285, 288-292, 314,

391
culture 15, 112, 141, 144, 273-275,

277, 279-283, 288-289
formation 76, 112, 138, 213, 221
non-adherent 303
strain 281, 283, 285-286, 288-289

neurosphere-initiating cells (NS-IC)
221

neurotoxic compound 33
neurotransmitter

phenotype 28-29, 310, 314, 380
release 170

neurotrophic factor 14, 19-20, 74, 108,
184, 216, 240, 249, 291, 358, 380,
388, 393, 396, 433, 434, 436

neurotrophin 19, 380

3 (NT3) 19-20, 184, 194, 240, 358,
434

4 (NT4) 19, 20, 358
4/5 (NT4/5) 358
receptor 19, 214, 246

neurotropism 424
neurulation 1-2, 14, 107
newt 193, 361
NGF. See nerve growth factor
ngn 61, 62
ngn1 60
ngn2 60, 62
niche 25-26, 29, 33, 35, 96, 289, 309,

311, 314, 318
NKL. See neuronal Kruppel-like
nkx2.2 102
nkx6.1 102
NOD-Scid mice 214
node 1, 23, 128
noggin 1, 23-24, 26, 33, 56, 128, 140,

167, 189, 319
non-neurogenic 137, 299

niche 309
region 137, 232, 289, 293, 357, 359,

361, 390
zone 28

nonviral gene delivery 427
noradrenergic neuron 62
notch 12-13, 57, 100-101, 134, 140,

211
ligand 57, 101
pathway 12, 58, 77
receptor 34
receptor delta1 12
signaling 57, 59, 70-71, 74, 101, 108,

139
notch1  12, 107-108, 129, 139, 217, 432
notch3 13
notochord 1, 9
NT2 394-395
NT2N 394-395
Ntera2/D 394
nuclear reprogramming 5, 28, 306
nuclear transfer 174, 175
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embryonic stem cell (ntES) 166, 174-
175

somatic cell 174
therapeutic cloning 174

nuclei 100, 103, 166, 174, 237, 314,
365, 414, 427

neuronal 365
nullipotent 156
numb 12, 68, 69, 70
Nurr1  165, 169, 257, 433

O

O1 211
O2A progenitor 9, 103, 110
O4 103, 166, 211, 256, 336, 339
occipital cortex 310
oct-4 264
OEC. See olfactory ensheathing cell
olfactory

bulb (OB) 8, 19, 21, 27-28, 30, 95,
98, 111, 113, 135, 137, 139,
182, 186, 208, 214, 248,
290, 304, 307, 312, 314, 319,
337, 343, 355-357, 359-361,
370, 397, 432

interneuron 319
precursor 432

ensheathing cell (OEC) 331, 337-
340, 342, 346

epithelium 184, 355, 361
nerve 337

olig 2, 9, 58-59, 62, 104
olig1 2, 9, 22, 34, 103, 104
olig2 2, 9, 22, 34
olig3 9, 22
oligodendrocyte 4, 6-7, 9-10, 12-13, 16-

18, 21-22, 24-25, 29-30, 67, 78, 95-
96, 102-105, 110, 115, 127-129,
131, 136-139, 160-162, 165-166,
168-171, 173, 183, 190, 192, 194,
195, 210-211, 217, 220, 231, 237,
240, 246-248, 273, 276, 278-279,
300, 303-304, 316, 329, 330-339,
341, 343-344, 346, 379, 386, 392-
393, 396

marker 102, 195, 336, 396
precursor 12, 18, 78, 96, 138, 161-

162, 183
progenitor cell (OPC) vi, 4, 9, 21-22,

30, 105, 183, 210-211, 278-279,
330-335, 338-340, 342-346, 393

oligodendrocytoma 104
oligodendroglia 2, 8, 248, 251, 333,

358, 362, 369
marker 141, 243

oligodendroglioma 19
oligosphere 161-162, 334, 335, 336
oncogene 30-31, 286, 304, 416, 432

immortalization 139
oocyte 306
OPC. See oligodendrocyte progenitor

cell
optic nerve 210, 343, 345, 361
organizer 56, 128, 165, 167
organogenesis 157, 231, 232, 249
OSP. See Claudin11 (oligodendrocyte-

specific protein)
osteoblast 189
otic vesicle 31
otx1 164, 165
otx2 1, 27, 164
overexpression 13, 17, 24, 32-34, 56-

57, 60, 73, 78, 140, 165, 304, 319,
413, 432, 433

oxygen tension 279

P

P0. See peripheral myelin protein (P0)
P1 64-65
P2 9, 30, 64-65
p27 72
p27xicl 72
p3 64, 65
p57 72
p75 antibody 246
p75 low affinity neurotrophin receptor

214, 338
PA6 168, 169
pan-neural marker 134
pancreas 196, 259
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pancreatic islet 196
papain 275
parabiotic 199
paracrine 167, 318, 434
paraxial mesoderm 67
parenchyma 137, 185, 208-209, 232,

243-244, 248-249, 311, 340, 343-
344, 396, 435

microglia 186
Parkinsonian rat 166
Parkinson’s Disease (PD) 30, 170, 172,

174-175, 190, 231, 240, 303, 307,
314, 316-317, 321, 379

partner of numb 68-69
patched (ptc) 63
pathfinding

axon 172
patterning

factor 165
regional 30
rostrocaudal 67

pax 133, 139
pax6 102
pax7 102
PCD. See programmed cell death
PDGF. See platelet-derived growth

factor
pdm 73
peanut agglutinin lectin (PNA) 215
Pelizaeus-Merzbacher syndrome 171,

343
percoll gradient 217
perinuclear 102, 103

cytoplasm 100
peripheral myelin protein (P0)  6, 64-65,

103, 214, 246, 278, 301, 338, 340
peripheral

nerve 78, 337
nerve biopsy 338
nervous system (PNS) 2, 60-62, 68,

100, 137, 184-185, 214, 240, 278,
280, 317, 337

perivascular microglia 185-186
periventricular

area 5, 209, 213

germinal epithelia 96
positron emission tomography (PET)

scan 400
phospholipid protein (PLP) 102-103,

340
photic stimulation 292, 320
photoactivation 364
photoreceptor differentiation 70
phox2a 62
phox2b 62, 160
pig 173, 307
pigment epithelium (PE) 193
PKC. See protein kinase C
placebo 384
placode 19
platelet-derived growth factor (PDGF)

256, 331
PDGF-AA 162
receptor a (PDGFRa) 9, 18

PLP. See phospholipid protein
pluripotent 10-11, 155-156, 159, 168,

192, 306, 334, 379, 392-395, 397
pMN domain 64-65, 67
PNS. See peripheral nervous system
point mutagenesis 157
polyethyleimine (PEI) 428
polyglutamine segment 33
polyplex 427
polyploidy 198
polysialylated neural cell adhesion

molecule (PSA-NCAM). See
embryonic neural cell adhesion
molecule

population doubling (PD) 246, 249,
280-281, 288

porcine 334, 338, 389
positional

identity 300, 310
marker 132, 134, 142

positive selection 142, 145, 208, 210,
211

positron emission tomography (PET)
383, 400

post-translational protein modification
71
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pre-differentiated cell 291
pre-progenitor 344
preimplantation 28
presenilin1  32, 100
primate model 235
priming 18, 291

design 292
method 292

primitive neuroectodermal tumor
(PNET) 99

primordial germ cell 29, 156
process outgrowth 10, 25
processed lipoaspirate (PLA) 195
processes 3, 8, 13, 18, 26, 32, 55, 74,

102-103, 104-06, 108, 189-91, 196,
234, 237, 243, 247, 257, 259, 290,
308, 313, 319, 333, 335, 359, 364-
365, 430

progenitor
domain 64-65, 102, 133-134
marker 134, 194, 196

progeny 11-12, 55, 73, 77-78, 97, 109,
112-113, 167, 171-173, 183, 199,
207, 209, 212-213, 218-219, 222,
234, 238, 240, 248-249, 251, 276,
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corticospinal 363
corticothalamic 363
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279, 286, 306, 360, 393, 414, 416,
419, 422, 425, 427-428, 430, 435
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prosencephalon 27
prosomer 27

prospero 12, 68-69
protein accumulation/degradation 71
protein kinase C (PKC) 68
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PTEN 11
ptx3 169
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putamen 380, 383-384, 400

postcommissural 384
pyramidal neuron 28, 182, 208, 239,

240, 292, 364
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quail 193
quaking (qk) 330
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hybridization (Q-FISH) 282, 285,
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Querkopf mutant mice 135
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240, 258, 416, 417, 432
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R6/2 transgenic mouse 33
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132, 140, 145, 183, 249, 312, 356,
361

marker 108, 132, 145
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DNA 414
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330, 337, 341-343
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415, 417, 419, 420, 422
binding protein 31, 139, 212, 365
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interference (RNAi) 173, 414
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roof plate 1-2, 26, 134
Rosa mice 199
rosette 166, 171, 336
rostral

hindbrain cranial motor neuron 160
migratory pathway 113
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110, 208, 248, 290, 304, 307, 312,
314, 343, 356, 359, 397
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rotarod test 188, 190
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S
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safety 172, 247, 252, 260, 273, 302,

308-309, 321, 346, 395, 398, 417-
420, 427

saltatory conduction 170
satellite cell 184
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399-400
Schwann cell 137, 184-185, 188, 214,

331, 336-342, 346
sciatic nerve 214, 278
Scid mice 214, 264, 290, 313
scute 58, 61, 63
SDIA . See stromal-derived inducing
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289
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segment polarity gene 63
seizure 99, 319, 397
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selectin 397
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self-renewal 9,21, 115, 128, 136-137,
140, 142, 207-209, 213, 216, 220,
238, 247, 276, 289, 309
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sensory organ precursor (SOP) 68
septum 10, 183-184, 208, 218, 356,

361, 431, 434
serotonergic 25, 162, 165, 169, 253,

316
neuron 25, 165, 253, 272, 316

Sertoli cell 380
serum 15, 109, 193, 216, 272, 275
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248
serum-free medium v-vi, 158, 164, 166,

189, 235, 245, 256, 387
seven transmembrane receptor 141
severe combined immunodeficiency

syndrome (SCID) 417
SEZ 356-358, 360-361
shaking (sh) pup 330, 344
SHH. See sonic hedgehog
shiverer (shi) mouse 171, 240, 304,

330, 336, 343
side population (SP) 196, 215
signaling pathway 5, 34, 57, 107, 139,

193, 310
silencer element 416
sim1  66
single-hit event 221
site-specific integration 422

size-sieved stem (SS) cell 189
skeletal muscle 106, 140, 194, 221
skeletal myotube 194, 357
skin 181, 191, 195, 207, 272, 283, 306-

307, 421
slit 27, 356
small interfering RNA (siRNA) 414
smooth muscle 181, 185, 214
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tegmental area
somatic mutation 174
sonic hedgehog (SHH) 9, 22-25, 64-66,

71, 134, 160-162, 165, 168-169,
235, 257, 300-301, 310, 319

null embryo 25
sox1 101, 107, 112-113, 144-145, 160,

392
sox2 2, 27, 30, 142-145, 212, 392
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317, 330-331, 333-335, 337-346,
360-362, 386-387, 391, 429, 431,
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regionalization 134
injury (SCI) 231, 244, 308, 314-315,

387, 434
spleen colony assay 220
SSEA-1. See LewisX trisaccharide

epitope 3-fucosyl-N-
acetyllactosamine

SSEA-3 264
SSEA-4 264
staufen 68-69
stem cell

hematopoietic 338
tissue-resident 232, 233

stem cell
growth factor 187
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cell 33-34, 189, 318, 380
neuron 22, 34, 311, 318, 434

striatum 10, 14, 22-23, 25, 183, 188,
190, 208, 217, 232, 237, 240, 290-
293, 307, 311, 314-320, 335, 361,
380, 385, 388, 396-397

stroke 190-192, 231, 314, 359, 386,
388, 395-397

stromal cell 161, 168, 189, 192, 273
stromal feeder 272
stromal-derived inducing activity
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subependymal 420

layer 8, 397
zone (SEZ) 8, 130, 182, 356

subgranular zone 7, 22, 139, 143, 232,
358

substantia nigra 105, 237, 240, 307,
314, 316-318, 361, 380
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17-28, 30, 76-77, 109, 111-113,
130-132, 136-140, 143, 182-183,
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232, 248, 251, 289-301, 314, 319,
356, 360-361, 364-365, 367, 396,
397, 428
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(SVZ/SEZ) 356-358, 360, 361

SuperFect 428
superior

cerebellar peduncle 342
cervical ganglion (SCG10) 101

supplementary motor area (SMA) 400
supporting cell 26
suprachiasmatic nucleus (SCN) 292,

320

survival 19, 75, 170, 436
suspension culture 167
SV40. See large T-antigen
SVZ. See subventricular
SVZ/SEZ. See subventricular zone/

subependymal zone
sympathetic ganglia 62
synapse 105, 311, 320, 363, 390

formation 169
synaptic

connection 25, 307, 320, 383
integration 170
post-synaptic specialization 172
pre-synaptic specialization 172

synaptophysin 256
syntaxin-1a 71

T

T-antigen. See large T-antigen
targeted gene deletion 15
tau 189
Tay-Sachs disease 434
TBI. See traumatic brain injury
telencephalon 27, 31, 132, 141, 164,

212, 238, 245, 248
telomerase 141, 144, 168, 239, 252,

264, 279-283
reverse transcriptase (hTERT) 284

telomere 281-283, 286
restriction fragment (TRF) 281, 283
shortening 281-282

temperature-sensitive 29, 432
See large T antigen
SV40 large T antigen 34

temporal control 73
tenascin 26, 27, 344, 356
Terasaki plates 218
teratocarcinoma v-vi, 156-157, 394, 399
teratogen 28
teratoma 156-157, 170, 233, 253, 256,

264, 305, 306, 399
terminology 231
TERT 141, 144-145, 239
tet-off 436
tet-on 436
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tetraspanin 278
TG343 264
TGF. See transforming growth factor
thalamus 137, 243, 343, 364, 368
therapeutic cloning 174, 306
therapeutic strategies 166
thromboembolism 315
thrombospondin 26
Thy1.1 210

136, 182, 288, 356, 387
incorporation 182
labeling 135

thymus colony forming assay 220
thyroid hormone 10, 161, 162, 165
time-lapse video microscopy (TLVM)

219
tissue-resident stem cell 259
tissue-specific promoter 425
totipotent 24, 174, 358
toxicity 34, 247, 395, 420, 425
TRA 1-60 264
TRA 1-81 264
transcription factor 13, 30, 31, 58, 61,

63-64, 66, 73, 75, 78, 101-102,
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183, 189, 193-194, 198-199, 239,
307, 331, 338, 357

transfection 31, 32, 213-214, 247, 419,
422, 425, 428

transformation 1, 140, 155, 222, 239,
274, 286, 307, 357

transforming growth factor (TGF) 17,
357

TGFa 17
TGFb 24

transgene 97, 249

silencing 419
transgenic 13, 29, 31-33, 97, 112-113,

142, 213-214, 279, 339
mouse 29-30, 112, 142, 188, 212-

213, 360
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cell 8, 281
C cell 137
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239, 246, 303, 308-309, 314, 317-
318, 330, 334, 337, 341, 399

autologous 338
intraparenchymal 304
strategies 135

trauma 12, 31, 315, 388, 398
traumatic brain injury (TBI) 188, 190,

192, 231, 379-380, 382, 386-388,
396

tremor 18, 342
TRF signal 282
trkA. See nerve growth factor receptor
tsTag 284, 292
tubulin 98-99, 111, 279
tubulin-1 (TuJ-1). See neuron-specific

tubulin-1
a-1-tubulin 30, 430
b-tubulin 186
b-III-tubulin 98-100, 110, 195, 256-

257, 280, 288-289, 313
TuJ1. See neuron-specific tubulin-1
tumor 5, 13, 26, 34-35, 99, 156, 198,

241, 247, 336, 399, 425, 435
formation 5, 26, 247, 336
suppressor 34
suppressor gene 11

tumorigenic potential 247-248
tumorigenicity 238, 379, 382, 395, 398
tyrosine hydroxylase (TH) 21, 162, 191,

237, 252, 304, 434
tyrosine kinase 27

U

umbilical cord 192-193, 272, 379, 394,
395
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V

V0-V3 interneuron 64, 66
vasopressin 320
vc1.1 71
vector

amplicon 424
replication-conditional 424
replication-defective 424

ventral mesencephalic (VM) 276, 280,
379-380, 383, 398

cell 398
progenitor cell 280
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ventral nervous system defective (vnd),
63
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ventralizing signal 165
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182, 190, 208, 214, 249, 251, 289-
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system 311, 340, 343, 345
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22, 65, 69, 107, 113, 127, 129-136,
213, 232, 245, 249, 251, 300, 360,
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256, 290, 291
viral transduction 339
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posttranscriptional regulatory
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X
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xenograft 307, 318, 329, 389, 398
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