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SYMPOSIUM: Neural Stem Cells

Establishment and Properties of Neural Stem Cell
Clones: Plasticity In Vitro and In Vivo
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The study of the basic physiology of the neural
precursors generated during brain development is
driven by two inextricably linked goals. First, such
knowledge is instrumental to our understanding of
how the high degree of cellular complexity of the
mature central nervous system (CNS) is generated,
and how to dissect the steps of proliferation, fate
commitment, and differentiation that lead early
pluripotent neural progenitors to give rise to mature
CNS cells. Second, it is hoped that the isolation,
propagation, and manipulation of brain precursors
and, particularly, of multipotent neural stem cells
(NSCs), will lead to therapeutic applications in neu-
rological disorders. The debate is still open concern-
ing the most appropriate definition of a stem cell and
on how it is best identified, characterized, and
manipulated. By adopting an operational definition
of NSCs, we review some of the basic findings in this
area and elaborate on their potential threapeutic
applications. Further, we discuss recent evidence
from our two groups that describe, based on that rig-
orous definition, the isolation and propagation of
clones of NSCs from the human fetal brain and illus-
trate how they have begun to show promise for neu-
ral cell replacement and molecular support therapy
in models of degenerative CNS diseases. The exten-
sive propagation and engraftment potential of
human CNS stem cells may, in the not-too-distant-
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future, be directed towards genuine clinical thera-
peutic ends, and may open novel and multifaceted
strategies for redressing a variety of heretofore
untreatable CNS dysfunctions.

Introduction

Recent studies have shown that actively proliferating
neural precursors persist in specific areas of the mature
mammalian central nervous system (CNS). These cells
may provide regions such as the hippocampus and the
olfactory bulb (OB) with their ability to support local
neurogenesis throughout life (1, 10, 74, 131).
Unfortunately, except for these “peculiar” areas, virtual-
ly no neurogenetic capacity and, consequently, no self-
repair or regeneration, are observed following injury or
degeneration in most regions of the mature brain. Cell-
based therapies, therefore, have emerged as prospective
approaches to brain pathologies of diverse etiologies,
from metabolic and genetic neurodegenerative disorders
to demyelinating diseases and post-traumatic lesions
(67, 67a, 110). In essence, the idea underlying the devel-
opment of cell-based therapies for CNS pathologies is
deceivingly simple. The appropriate type of cells would
be selected and propagated vivoand then implanted
near or into the damaged brain region where they would
replace the missing cells and/or deliver therapeutic mol-
ecules. This approach clearly puts emphasis on the
availability of large quantities of engraftable cells
endowed with appropriate functional characteristics.
Effective therapeutic action would seem to require that
the engrafted cells not only survive following implanta-
tion but that they alsa: differentiate (or promote the
differentiation of endogenous cells) into the missing cell
types;ii. intermix seamlessly into the host brain cytoar-
chitectureijii. display appropriate functional integration
into the host neuronal circuitry; amd steadily secrete
therapeutic factors, possibly in a regulated fashion,
either spontaneously or followirgx vivogenetic engi-
neering.



It is not surprising, then, that the last decade has seé¥eural Precursor and Lineage Heterogeneity During
the flourishing of studies aimed at isolating primary cellNeurogenesis: The “Rising Star” of CNS Stem Cells
types or at establishing cell lines that may satisfy most One of the most distinguishing characteristics of the
of these criteria. Thus, the efficacy of non-neural cellgnammalian CNS is to be found in its wealth of cellular
(33)’ Xenogeneic neural cells (20, 142)’ primary neuradiverSity. Thus, one of the central themes in neurobiolo-
tissue (6, 80), genetically-propagated neural precursor@ is the study of the fundamental processes by which
(25, 26, 67a, 101, 114), and growth factor-expandedhe bewildering array of mature cells of the adult CNS is
neural cells (75, 116, 131), has been evaluated in trangenerated from the smaller and ostensibly less heteroge-
plantation paradigms targeting various experimentaneous pool of proliferating progenitors of the primordial
models of brain pathology (32, 101, 107, 108, 110).neuroepithelium (42).

While obtaining and manipulating cells of non-neural  The study of the basic cellular aspects of the neuro-
origin (e.g., skin fibroblasts, myoblasts) presents obvigenetic process has been approached byibetiioand

ous practica| advantages (e_g_, ready ava||ab|||ty frorﬂn vitro anaIySiS and has led to the identification of a
biopsies of prospective transplant recipients), their usi&ide and heterogeneous array of neural precursors gen-
for intracerebral transplantation is likely going to beerated at specific stages of development in various CNS
limited because they lack the inherent Capacity to inte[egions. In general, the identification/classification of
grate into the host brain in an appropriate fashion. Théhese cells hinges on differences in their functional
most promising candidates for restorative transplanta@ttributes. In one widely accepted view, neural progeni-
tion in the mature CNS are, therefore, cells of neural oritors are classified with respect to their lineage potential,
gin (9) Among the wide array of neural cells avai|ab|e,i.e., their ab|l|ty to generate one or more the three major
undifferentiated fetal neural precursors seem to reprénature CNS cell types: neurons, astroglia, and oligo-
sent the most logical choice. In fact, the developingieéndroglia. Based on this classification scheme, at least
mammalian CNS embodies an extremely wide array ofree categories of neural cells can be provisionally
progenitor cells that are heterogeneous in their lineagéefined:1. “unipotent” progenitors that give rise solely
specification (i.e. ability to differentiate into various and invariably to neurons (usually a single type of neu-
neuronal and glial cell types) and proliferation potential fon) or astrogliaor oligodendroglia;2. “oligopotent”

even within the same brain region. Unfortunately, in theProgenitors that generate a broader but nevertheless lim-
absence of specific and unambiguous cell lineage marited number of neural types (e.g., at least 2 types) — for
ers, this wealth of neural cell types rather represents dAstance, a number of different neuronal phenotypes but
obstacle to the characterization, isolation and, in thé0 glia, or one type of neuron and one type of glial cell,
final analysis, handling and exploitation of neural pro-0r both types glia (astroglia and oligodendroglia) but no
genitors for specific therapeutic purposes. neurons, etc.; an8. “multipotent” or “pluripotent” pro-

The mechanisms underlying the genesis of heterogdenitors that generate progeny in all three CNS lineag-
neous neural progenitors and the problems related ©S- (For a more detailed discussion of this issue see refs.
their identification have been extensively reviewed pre#45, 53, 122).
viously (45, 53, 122). Here, we discuss the isolation and In spite of possible regional differences, it is clearly
characterization of some primitive neural “ancestors” —emerging that most, if not all the above types of neural
identified as “neural stem cells” (NSCs) — in rodentsProgenitors are generated within all of the regions of the
and the recent isolation and unequivocal identificatiorfleveloping neuraxis, though at distinct and specific
of their human counterparts, illustrating how theseembryonic ages. For example, in the rodent embryonic
observations will likely expedite the progression ofday 12-16 (E12-E16) cerebral cortex, the majority of
intracerebral transplantation from the experimental tglones detected by retroviral infection studies with
the pre-clinical/clinical stage. To put these findings intofeporter genes has been described to be “unipotent”
the appropriate context and to underline the need for €ither neuronal, or astroglial, or oligodendroglial) in
rigorous definition of NSCs that allows for their unam- 0rigin (61, 62, 87; see also 72) (although the existence
biguous identification, this review also briefly recapitu- of “bipotential” (116, 129) and “multipotential” cells
lates some basic concepts concerning the genesis of tA@s recently been reported (90, 137)). The embryonic

heterogeneous array of neural precursor lineages durifi§tina and spinal cord appear to contain an opposite
neurogenesis. ratio: these regions seem to be populated mostly by pro-

genitors that maintain multipotential features through-
out development up to their final cell cydtevivo (43,
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Figure 1. Lineage restriction of neural stem cell (NSC) progeny in vitro: multipotent EGF-responsive embryonic NSCs generate bipo-
tential (neuronal/astroglial precursors) in vitro. Stem-like cells isolated from the E14 mouse striatum proliferate, self-renew, and show
multilineage capacity when cultured in the presence of high concentrations of EGF (94). A single cell generated by a multipotent EGF-
responsive NSC is shown in (A), 1 day after plating (DAP) onto a poly-ornithine coated substrate, in the absence of EGF and in the
presence of FGF2; the landmark (a scratch on the plate) identifies the field. After 3 DAP, the cell in (A) has proliferated (B), and by
5 DAP, a small clone of cells has formed (C). Addition of fetal calf serum (2% final concentration) triggers differentiation, and, by 6
DAP (D), 2 morphologically distinct cell types become apparent which, by 9 DAP (E) (high power magnification in (F)), acquire the
morphology of neurons (arrowheads) and astrocytes (arrow) (see also ref. (126)). Thus, the genesis of neurons and astrocytes from
multipotential NSCs may occur through the generation of an intermediate bipotential progenitor cell type. Scale bars: (A)-(E), 20 pm;
(F), 15pum.

50, 124, 125). Yet, unipotent gliablasts that generateortical cultures (137). Further, it was found that multi-
solely astroglia or solely oligodendroglia have recentlypotential self-renewing progenitors from the basal
been described in these areas, as well (81). embryonic forebrain could generate bipotential (neu-
Although the examples described above are far frommonal/ astroglial) (Figure 1) and unipotential (neuronal)
exhaustive, they help to underline how the relative rep{Figure 2) precursors which, in turn, possessed limited
resentation of distinct precursor subsets may be subjeptoliferative capacity (126). Similar findings were
to temporal and spatial variation, and highlight how ill- reported in the developing spinal cord (70). In light of
defined remain the complex genealogical relationshipshese observations, some tentative conclusion might be
between the different types of neural precursors genedrawn. While this hypothesis may not be automatically
ated during development. Recent studies have attemptedtrapolated to all regions of the developing CNS (45,
to begin unraveling this complex scenario. Davis and3), it is likely that, in many embryonic brain areas,
Temple (19) showed, by plating single cells from theearly multipotent neural progenitors undergo progres-
dissociated embryonic rodent cerebral cortex in individsive restriction of their lineage capacity as development
ual tissue culture wells, the presence in this structure gfroceeds, until a single, terminal fate is specified.
progenitors (albeit only 7% of the clones) that were notmportantly, as seen in non-neural systems like the
only multipotent (i.e., capable of giving rise to neurons,blood (89, 132), this developmentally driven lineage
oligodendrocytes, and astrocytes) but that could alseestriction may also be associated with a concomitant
reproduce themselves (therefore displaying “self-renewreduction in the proliferation capacity of the progeni-
al” capacity). These characteristics are among the defirtors. Thus, a model of cellular hierarchies seems to
ing attributes of “stem cells”, i.e. those most primitive of emerge in which more specialized (i.e. more differenti-
progenitors that are thought to give rise to all of the dif-ated) and less mitotically active cells are progressively
ferentiated cells in most tissues ((55); see also nexgenerated from more undifferentiated “ancestors”
paragraph). Stem-like cells were also observed in masndowed with a higher proliferative potential, until fate
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Figure 2. Lineage restriction of NSC progeny in vitro: multipotential EGF-responsive embryonic NSCs generate unipotential neuronal
precursors in vitro. Unipotential neuronal precursors can also be found among the progeny of multipotential EGF-responsive embry-
onic NSCs. A single EGF-generated cell is shown 1 DAP in the presence of the sole FGF2. After 5 days, a small clone of 11 cells
has formed that, following the addition of FBS (2% final concentration) stop dividing and begin extending processes ((C); 7 DAP) and
acquire neuronal morphology ((D); 9 DAP). These cells express the neuronal marker MAP2 (126).

specification occurs, cell division halts, and terminalresides. During embryonic development, this ability per-
differentiation eventually ensues. At the apex of thismits the rapid generation of the end-differentiated cells
hierarchy likely sits a distinct set of multipotent ele-that will form the mature tissue; in adulthood, this
ments that are endowed with extensive proliferativecapacity should (and, in the hematopoietic system, does)
self-renewal, and lineage potential that can span the lifpromote replacement of differentiated cells lost to phys-
of the organism, including into adulthood (55). Theseiological turnover or injury. To fulfill these roles, stem
cells are defined as “stem cells” and, in the nervous sysells are inherently endowed with functional character-
tem, as “neural stem cells” (NSCs). istics that also provide a basis for their identification,
An understanding of the basic physiology of NSCs igparticularly in systems like the CNS, where specific,
essential for their identification, isolation, characteriza-unambiguous, reliable stem cell markers have yet to be
tion, and propagation — knowledge that, in turn, isidentified.
indispensable for exploiting the medical potential root- Hence, “stem cells” are generally defined opera-
ed in the inherent functional attributes of this peculiartionally as cells that aret. undifferentiated, i.e. lack

“mother of all neural cell types”. specific morphology and do not express antigens of
mature cells2. proliferating and capable of self-renew-

Neural Stem Cells: Definition, Properties and al; 3. multipotential, i.e. can give rise to a wide array of

Function mature, functional progenip vitro andin vivg, and4.

The principal function of a stem cell is to generate alcapable of generating progeny that can integrate into
of the differentiated cell types of the tissue in which itand repair the tissue of origin. For a given cell, it is not
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always possible to assess all of these parameters simuéplace dead cells of multiple lineages and restore func-
taneously. As a consequence, different studies have ption in the damaged brain or spinal cord.
stronger weight on different functional attributes as a
means for confirming stem cell identity, particularly in Isolation, Characterization and Propagation of Stem-
the CNS. Like Cells from the Rodent CNS by Epigenetic and

Likely, the most important characteristic of a stem&enetic Methods o .
cell is its self-renewal capacity, i.e., ability to maintain _ DU€ to the long prevailing view that the mammalian
the stem cell population at a steady state or to expand ®NS iS incapable of self-repair/regeneration as well as
under certain circumstances. At the single cell level, thi§0 téchnical difficulties in culturing CNS progenitors,

can be achieved either by “asymmetric” division, gener-f‘he. study of stem ceIIs_in the mammalian CNS is gtill in
ating one stem cell and one differentiated cell, or byts infancy. As summarized above, the demonstration of

“symmetric” division, where both progeny are identical stem.cell attribute; requires. the assessment of a series of
to the mother stem cell (55). In the former case, thdunctional properties in a given cell (55, 73). Although
overall stem cell number is maintained, whereas in th&is is greatly facilitated by the observation of isolated
latter, it increases. In a stem cell population as a whol&€llSin vitro, NSCs removed from the brain do not nor-
both mechanisms may occur, together with symmetriéna"y remain in an uqd;ffgrenﬂatec_i, prollfgratlve state in
divisions in which twanonrstem cell daughters are gen- F:ulture; they cease dividing and.dlfferentlate after.a few,
erated. The balance between the different modes of divit @Y. cell cycles (19, 36). To circumvent these limita-
sion within the population determines its maintenancdions and to maintain them in a “stem-like” state, two
or expansion at each generation and can be geneticaffj@in approaches have been usedpigenetic stimula-
or epigenetically regulated. As such, the ability to self-ion by chronic exposure of progenitors to mitogenic
renew is an essential featureboina fidestem cells (75). cytokines or by culturing them on astrogl'lal membrane
Multipotentiality — i.e., the capacity of a single self- N0mogenates, in cellular aggregates, or in the presence
renewing progenitor to generate the full array of organ®f Unknown factors contained in chicken extracts (see
related lineages — is alscsime qua norf a stem cell.  (53) for review)jii. genetic manipulation by transduc-
For a CNS stem cell, this ability implies that its proge-tion of regulated propagation or immortalizing genes
ny should include functional neurons, astrocytes, andto neural progenitors (reviewed in (135)).
oligodendrocytes of demonstrable monoclonal deriva- ) . i ) )
tion. Ideally, this property is illustrated by the capacity EPigenetic stimulation as a means of isolating &
of a single cell to replace all lost elements in the tissu@'oPagating multipotent rodent CNS stem-like cells.
of origin. For example, in the hematopoietic system, the/arious epigenetic approaches have been employed for
stem cell identity of a cell is confirmed by its ability to the isolation anth vitro propagation of cells with stem-
reconstitute completely a lethally irradiated adult bond/K€ Properties from the mammalian brain. These meth-
marrow. The apparent lack of ready and spontaneod%d? have included the use of |dent|f|aple mitogens like
regeneration in the adult CNS has, so far, allowed “gPidermal growth factor (EGF) and fibroblast growth

capacity for brain repair” to be downplayed as an esserf@ctor-2 (FGF2), as well as less defined culture additives
tial defining characteristic of aeural stem cell. like conditioned media and chicken extracts (10, 34,

However, of late, studies on putative neural stem celft/a 74)- . _ _
transplantation in various experimental contexts (67a, A Subpopulation of embryonic cortical precursor
114) has begun to emphasize the importance of thiglones cultured with medium conditioned by astrocytes

attribute as an identifying stem cell feature even in th&nd meningeal cells was shown unequivocally to be both
CNS. self-renewing and multipotent (19, 88). Similarly, chick-

In summary, a positively identifiedeural stem cell €N extract was used to clone multipotent cells from the

would be a single self-renewing precursor capable ofPinal cord (70). _

generating progeny that can contribute a sufficient num- Cells isolated from both the embryonic and adult
ber of new differentiated multiple cell types to the Pasal mouse forebrain (92, 93) and cultured at low plat-
mature CNS. Taken together, these characteristics woul§d density in serum-free medium in the presence of
seem to endow NSCs with clinical potential becausdgh concentrations of EGF initially expressed only
their ability to expand in number should provide a theohestin, a marker for undifferentiated neuroepithelial

retically inexhaustible source of various mature neuraf€!ls (51). After prolonged growth and division in cul-
cells that, following implantation in the CNS, could ture and with the attainment of higher densities, antigens
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indicative of mature neuronal and glial differentiation dendroglia depending on whether differentiation
were observed. Serial subcloning and population analyaccurred in the presenceiotiliary neurotrophic factor
sis eventually confirmed the self-renewal and multilin-(CNTF); ii. platelet-derived growth factor (PDGF) or
eage potential of these EGF-responsive cells, thus ideftew concentrations of FGF2; or. thyroid hormone (tri-
tifying them as genuine NSCs (94). iodothyronine (T3)), respectively (44, 88). Exposure to
Cells from the embryonic and adult mammalian fore-a combination of activin and FGF2 appeared to promote
brain could similarly proliferate in FGF2 and generateacquisition of a catecholaminergic phenotype by neu-
differentiated CNS progeny (15, 37, 82, 95). By clonalronal progeny of EGF-responsive NSCs that might not
analysis, some of these cells were shown to bear identdtherwise display it under standard differentiation con-
fying stem cell features, such as the ability to self-renewdlitions (18).
to expand their own population vitro, and to differen- The plasticity of growth factor-responsive CNS stem-
tiate spontaneously into both glial cell types and eleclike cells has further been suggestedrbyivo studies.
trophysiologically active neurons (Figure 3C) (37).Cells of the SVZ (a repository of presumptive NSCs)
FGF2 could similarly drive the generation of very largehave the capacity to contribute new neurons to the to the
clones from the embryonic telencephalon/mesen©OB throughout life (i.e., they can replace mature neural
cephalon (46) as well as support neuron- and glia-gercells lost to physiological turnover) (21, 52, 53, 56, 57)
erating adult hippocampal cells in culture for over 1 yeaand can expand to repopulate regions of an adult rodent
(32). SVZ subjected to cytotoxic insult (76, 77). While inves-
Together these data suggest that NSCs might exisigators still debate whether these endogenous cells in
that somehow differ in their growth factor requirementsthe SVZ have a restricted commitment to be OB neurons
For example, while some NSCs proliferate in responser possess a broader repertoire (36a, 47, 52, 62, 86),
to one or the other of the above-mentioned mitogendransplantation studies in which well-defined exogenous
NSCs from lower regions of the neuraxis, such as thenultipotent NSCs implanted into the SVZ do co-
adult spinal cord, appear in some studies to requirenigrate with host SVZ cells to the OB (28) taken togeth-
simultaneous stimulation by both EGF and FGF2 iner with other studies affirming the ability to obtain such
order to undergo self-renewial vitro (130). multipotent cells from the SVZ (as described above), do
The maintenance and propagation of NSCs in cultureuggest that at least a subpopulation of endogenous SVZ
for prolonged periods, as described above, obviouslgells have stem-like qualities. Furthermore, it has been
also affords an opportunity to observe and study varioudemonstrated that the same growth factors that can
aspects of their biology, most particularly their inherentinduce proliferation of cells with stem-like properties
plasticity — a theme to which we will return in dis- vitro (i.e., EGF and FGF2), can also trigger a significant
cussing other NSC clon@svitro andin vivoin the sec-  expansion of the SVZ’s precursor population following
tions below. Embryonic EGF-responsive NSCs wergheir infusion into the lateral ventricles of the adult
noted to generate oligodendrocytes, neurons, and astrorouse. Interestingly, the pattern of SVZ precursor pro-
cytes in an approximate ratio of 1:5:25, respectivelyliferation and migration varies depending on which
when allowed to differentiate spontaneously followinggrowth factor is employed. Thus, FGF2 increases the
removal of growth factors in serum-free medium (37,number of neuronal precursors reaching the OB, where-
44, 47a). This differentiation program could be biasedas EGF augments the number of precursor cells found in
however, by exposure to other factors; for example virthe brain parenchyma surrounding the ventricles (17,
tually pure astroglial progeny could be generated byi8).
exposing differentiating cells to “bone morphogenic Preliminary studies suggest the ability of epigeneti-
protein 2" (BMP-2) (38). Embryonic and adult FGF2- cally-expanded NSCs to engraft and to exhibit plasticity
responsive NSCs could be directed toward the gener#sllowing transplantation into the CNS. For instance,
tion of greater numbers of astroglia, neurons, or oligoafter serial propagation in the presence of FBR2tro,

Figure 3. (Opposing page) Multipotent NSCs of the adult mouse forebrain. The subventricular zone (SVZ) of the lateral ventricles of
the adult mouse forebrain contains undifferentiated precursor cells that, when plated in the presence of FGF2 ((A), 2 DAP), become
hypertrophic, proliferate ((B), 6 DAP) and, eventually, give rise to spherical clusters of undifferentiated cells ((C), 18 DAP). When
spheres are grown adhered to a substrate in the absence of growth factors, these cells differentiate (D), generating the three major
mature neural lineages. As shown in (E), neuronal (MAP2, red, arrow ), astroglial (GFAP, green), and oligodendroglial (blue, arrow-
head) markers can be detected within the differentiated progeny of adult FGF2-responsive NSCs by multiple immunofluorescence
assays (see also ref. (37)).

A. L. Vescovi and E. Y. Snyder: Neural Stem Cell Clones: Plasticity /n Vitro and In Vivo 575



hippocampal precursors (albeit of uncertain clonal relaself-regulated manner with cell cycle proteins; the trans-
tionships) have displayed the capacity to reintegrate intduction of such “propagation” genes into progenitor
the host hippocampus following intracerebral grafting,cells isolated from the developing CNS has proven to be
without tumor formation (31). Strikingly, when the site a safe, effective, and convenient method for isolating
of engraftment was switched to the rostral migratoryand propagating neural stem-like cells (5, 29, 30). In this
pathway via which neuronal precursors in the forebrairapproach, as with epigenetic stimulation, the pressure to
SVZ reach the OB (118, 136), the hippocampal cellgproceed through a particular developmental program is
were able to integrate as normal olfactory neurons anceversibly suspended vitro as a result, most likely, of
to express tyrosine hydroxylase (TH), an enzyme nothese genes acting in concert with conditions character-
normally found in hippocampus. Interestingly, suggestistic of the tissue culture milieu as well as the elimina-
ing some element of restricted potential, the same cellson of the differentiation cues normally fouird vivo.
failed to differentiate into neurons when engrafted intoNevertheless, while maintaining NSCs in a proliferative
the cerebellum (31, 118). EGF-expanded mouse cellstate in vitro “suspends” their progression through
have been shown to engraft following implantation indevelopmental programs that usually entail a rapid nar-
the embryonic rat brain, although their differentiationrowing of their phenotypic options, this holding of dif-
repertoirein vivo appeared to be more restricted (to aferentiation in abeyance neither “subverts” these devel-
glial phenotype) than one might have expected (138pmental programs nor abrogates the ability of the
That this type of engraftment may nevertheless havBlSCs to respond appropriately to normal environmental
therapeutic utility was suggested by an experiment irtuesin vivo, to withdraw from the cell cycle, eventually
which EGF-expanded cells derived from a transgeni¢o undergo terminal differentiation, and to interact with
mouse in which nerve growth factor (NGF) expressiorendogenous cells in a region-specific manner (110).
was driven by a GFAP promoter could attenuate excitohmportantly, the cells appear to exit the cell cycle not in
toxic striatal lesions (11). the tissue culture dish but in the brain where they are
The above-mentioned observations suggest that muinfluenced, at that most vulnerable stage, by the
tipotent stem-like neural cells can be isolated from themicroenvironment of the host CNS (an advantage over
rodent brain and reliably propagated by epigenetieanost epigenetic propogation techniques).
means. While the full extent of the plasticity and thera- Different isoforms of myc, neu, p53, adenoviral E1A
peutic potential of such cells remains to be more exterand SV40 large T-antigen (T-ag) have been used to
sively explored, if they continue to emulate the behaviopropagate cells from different CNS regions and donor
of the more extensively studied CNS stem-like cells thadges (e.g., 5, 12, 13, 29, 58, 61, 91, 96, 99, 133, 134;
have been isolated, cloned, and propagated by genetieviewed in 67a, 69, 135). The genes that have been
means (discussed in the next section), then they shoultsed most extensively have been vmyc and a mutated
prove a promising addition to the armamentarium forallele of T-ag, the tSA58 temperature sensitive form of
NSC research and clinical applications. the protein. This latter gene product is stable at the per-
missive temperature (33°C) and induces cells to
Genetic means for the propagation of multipotent progress through the cell cycle, but is degraded when the
neural stem-like cellsExternal (i.e., epigenetic) growth temperature is raised to 37°C in culture or following
stimulatory signals (such as cytokines) and the variougrafting into the rodent brain where the temperature
genetic means for propagating cells all appear to correaches 39°C. Notably, following their integration into
verge on similar final common pathways that influencethe brain, neural cells transduced with vmyc, constitu-
the expression of various cell cycle regulatory elementsvely and spontaneously downregulate myc
(16, 23, 35, 41, 79, 115). The key to optimally cloning,immunoreactivity, suggesting loss of expression or
characterizing, manipulating, and utilizing NSCs is todegradation of the gene product (28, 114).
suspend temporarily their differentiation — i.e., to block  All of these clones behave like established, stable cell
transiently and in a reversible manner their otherwisédines. They do not show signs of transformation eittner
cascading progression through a developmental prostro or in vivo (135). In culture, they become contact-
gram — by prompting the cells to remain in the cellinhibited and cannot grow in soft agar. In grafting stud-
cycle in culture. With epigenetic stimulation, the mito- ies, though the number of cells often seen at maturity
genic agents can be added or removed from the cultusiggests 0-3 mitoses prior to terminal differentiation
medium. Alternatively, one may insert genes whoseafter implantation, no brain tumors are ever seen; the
products “automatically” interact in a constitutively donor-derived cells insinuate themselves seamlessly and
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non-disruptively into the host cytoarchitecture (12, 61, b, T
83, 114). Furthermore, the total number of cells (hos : : i
plus donor) observed in a given engrafted region equa
that observed in an analogous region of an untransplar
ed animal (i.e., host cells alone), suggesting that thes
donor NSCs do not abnormally augment or deform thei &
region of integration, but rather compete equally for 28
space with host progenitors. These various observations
are in agreement with the finding that, when recipieni #8¢
animals are “pulsed” with bromodeoxyuridine (BrdU), |
the proportion of donor cells that are mitotic falls to 0 by}f‘f,!
48-72 hours post engraftment, a phenomenon that mi
rors their behavior in culture following contact inhibi-
tion (83, 114). Accordingly, transplanted mice exhibit Figure 4. Representative coronal section from a mature mouse
no neurological dysfunction and CNS regions within ?raln that received a tran_splant of murine NSCs in ml_dgesta-
. ion. A stable clone of murine NSCs (clone C17.2), engineered
which donor cells engraft seem to develop normaIIY- Irto express the lacZ reporter gene, was implanted into the ven-
fact, recent preliminary studies have shown that the'tricular germinal zone (VZ) of an embryonic mouse (embryonic
even function in concert with host cells in a physiologi-day 12). At that time in development, the VZ gives rise to both
cally-appropriate manner. For example, donor NSCgneurons and glia throughout the CNS. At adulthood, the host
grafted to the developing suprachiasmatic nucleus of th?ran Was processed for jacZ expression by the Xgal histo-
) . . . chemical reaction which yields a blue precipitate. Blue-staining
hypothalamus, the light-sensitive center for CIrC"’Id""lrcells, the descendants of the implanted NSCs, were integrated
rhythmicity in the mouse, will appropriately upregulate throughout the recipient brains. The NSCs differentiated into
c-fos in response to photic stimulation to the eyes in premultiple cell types, both neuronal and glial, in many CNS

cisely the same manner as activated endogenous neregions along the neuraxis, responding to signals of the respec-
rons of that region (143) tive region at the particular developmental stage of the trans-

. . plant. Certain cell types were apparent that are normally born
Genetlcally-propagated NSCs were among the f'rsonly within the narrow developmental window of these trans-

to be experimentally tested in neuroregeneration paréplants, e.g., pyramidal neurons in the middle lamina of the neo-
digms and, therefore, to suggest the ultimate promise ccortex. (Reviewed in Ref. 114). Scale bars: 400 pm.
the stem cell for therapeutic intracerebral grafting. A(Reproduced with permission from Ref. 110.)

number of characteristics confer particular advantage t.

such cells in these various gene transfer and cell replac@pp"’“emIy seamless lln_tegratlo.n into the surround_lng
ment paradigms (to be discussed laiefhey are “self- parenchyma of a recipient brain after transplantation

renewing”, permitting their indefinite expansion and (Figure 4) and their differentiation into ostensibly
' mature neural cells of various phenotypes. In contrast,

passaging in culture; while the progeny of one cell ma;a( inst  ori fotal | ti fibroblast
exit the cell cycle and differentiate, other progeny of tha or instance, to primary tetal neural issue, fibroblasts,
r muscle cells, NSC clones rapidly migrate from their

cell will replenish (and perhaps even enlarge) the ster} ; . i . .
cell pool by remaining immature, proliferative, and mul-'mpl"’mt"’ltlon site, often leaving appropriate germinal

tipotent.ii. Their mitotic nature allows the ready intro- tzones, ?nd”trqv? Wetll-(—:_‘stabllshed T]!tgrattory”pathways
duction of reporter and therapeutic genes by most vira©> eventually integrate in-a cytoarchitecturally proper

and non-viral-mediated transduction strategiesThey anner.

have been isolated as single clones, making their gene _1'|7'h2e ?:bzc;vg obs(jer&gggnaswcerel initially nfﬂtagel f(t)r :Ee
ic background homogeneous, in contrast to cultures of ="~ -5, and A clones grated nto the

primary neural tissue or even of most reported groWﬂpewborn brain in studies performed to analyze their

factor-expanded progenitor populations.They are of ]Eieve(ljo;t)mgr:tal p:otentllial (zl’t gg)ﬁ Thi.si qeltls t\>N ?rr]e
CNS-origin and can integrate quite facilely within a ound 1o Integrate well and to differentiate nto bo

recipient host brain following transplantation.They Eeutronfl ?nd glfla |ndthetrr]e0|pt|entfbraln, frteserr;btl;]nghtlhe
remain consistently multipotent even over multiple pas- ost cell ypes found In the site of engrattment, the nip-

sages, differentiating into glia and neurdnsitro and pocampus or cerebgllum. . . .
in Vivo. Later on, a series of striatum-derived cell lines

The most striking properties of these propagatecESTMA’ ST79-13A, ST86) in addition to HIBS cel!s
NSC clones are the last two listed above, i.e., theilf’md clone C17.2 NSCs were successfully grafted into
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multiple CNS regions of fetal, neonatal, adult, and evertypical NSC clone C17.2) appear to mirror the normal
aged recipients, displaying appropriate patterns of intedevelopmental processes ongoing in the region in which
gration and differentiation (12, 49, 59, 61, 65, 100-114).they integrate. In other words, they not only intermingle
Following transplantation, particularly into the cerebralwith local endogenous progenitors/stem cells in a non-
ventricles, the cells slip unimpeded through the blooddisruptive fashion, but also respond to environmental
brain barrier (BBB) and become integral members of theues in the same manner as host cells. Accordingly,
cytoarchitecture (110, 114) (Figure 4). Donor-derivedwhile they have thpotentialto give rise to multiple and
neurons receive appropriate synapses and possegwied cell types, theifate is to differentiate only into
appropriate ion channels; the BBB remains intact wheréhe types of neurons and glia expected for a respective
stem cell-derived astroglia put foot processes onto cergegion at the particular developmental stage during
bral vasculature; donor-derived oligodendrocyteswhich the transplant takes place. Thus, in regions where
express myelin basic protein (MBP) and are capable afeurogenesis is ongoing, these cells give rise to the
myelinating neuronal processes (63, 100, 110-113)appropriate neuronal cell type; in regions where neuro-
Strikingly, such cells can also functionally integrate intogenesis has already ceased, and where gliogenesis is the
host neural circuitry. This is suggested by the observgaredominant process, they differentiate solely into glia.
tion, as described above, that clone C17.2 NSCs, incol~or instance, clonal NSCs differentiate into pyramidal
porated into the hypothalamic suprachiasmatic nucleusieurons in neocortex when implanted into the ventricu-
cyclically upregulate their c-fos expression in responséar zone (VZ) of a mid-embryonic mouse brain during
to circadian photic stimulation of the animal (143), andnormal corticogenesis, but do not undergo neuronal dif-
that HiB5 NSCs incorporated in the hippocampal denferentiation in the same area when, at a later stage, neu-
tate gyrus, overexpress c-fos in response to local experegenesis is completed and gliogenesis takes place (58,
imentally-induced seizures (73). Interestingly, somel07, 110-114). The same clone of NSCs can give rise to
donor-derived cells integrate as simply undifferentiatedPurkinje cell (PC) neurons in the cerebellum of embry-
quiescent progenitors or stem cells (12, 60, 61, 110-113)nic day 12-14 (E12-14) mouse (when PCs are born); at
that often reside in tight association with blood vesselsa later stage, however, they generate only the cell types
resembling pericytes, or are positioned in the SVZ, onormally born then, i.e., small interneurons and glia. In
are even interspersed with other more differentiatedhe adult brain, most neurogenesis has ceased with the
cells within the CNS parenchyma. This observation iexception of that in the hippocampus and in the OB.
consistent with the interesting finding that a sub-populaEndogenous progenitors in the SVZ will migrate to the
tion of clone C17.2 NSCs, stably engrafted at midgesta©B and become granule neurons. Accordingly, when the
tion into the forebrain, could subsequently be reculturecbove-mentioned clone of NSCs are implanted into the
from the recipient at adulthood and could go on to disventricles of an adult mouse, they intermingle with host
play the typical broad developmental potential of thatSVZ cells and migrate with them to the OB via the ros-
NSC clone when later reimplanted into entirely differenttral migratory stream where they differentiate into gran-
regions (e.g., the cerebellum) of other animals and difule neurons. Cell from that same NSC clone that happen
ferent developmental stages (100, 114). This experimend migrate from the adult ventricles into the neocortex
closely resembles the serial transplantation approacfor into most other regions of the adult brain, where gli-
used to study stem cells in the hematopoietic system araenesis predominates), produce exclusively glia (103-
strongly supports the idea that some NSCs retain thelt06, 114). This, of course, is the very same clone of
stem-like characteristics following intracerebral engraft-NSCs that, if similarly implanted in the ventricles of a
ment. It is also consistent with the finding that cells withfetus can still give rise to the aforementioned pyramidal
stem-like features can be cultured from the parenchymaeurons. Thus, for research purposes, stable, well-estab-
from various adult CNS regions (including the cortex)lished NSC clones (such as those generated by genetic
and propagated by mitogens (82). Present thinking holdsieans) provide a useful tool for probing and accurately
that, in such cases, these growth factors (e.g., EGFeflecting the extant developmental processes within
FGF2) are not causing mature cells to de-differentiategiven spatial and temporal windows.
but rather are forcing residual but quiescent stem cells Survival and integration of NSCs following trans-
(presumably deposited during initial organogenesisplantation appears to be stable and lifelong. Donor cells
back into the cell cycle. do not seem to induce host-mediated immune rejection
What is the fate of a stem cell grafted in a givendespite their various genetic modifications. Donor-
region? Donor stem cells (as exemplified by the protoderived cells have been identified in transplanted ani-
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mals for at least 2 years after grafting with no markedCNS may overcome some of the limitations of standard
reduction in number (61, 99). (That NSCs are so welliral and cellular vectors (reviewed in (108, 109, 112,
tolerated immunologically when transplanted within119)). The feasibility of this strategy was initially
their species of origin may derive from the interestingdemonstrated in the murine model of the lysosomal stor-
observation that, in their undifferentiated state, NSCs dage disease mucopolysaccharidosis type VII (MPS VII),
not appear to express significant amounts of MHC clasa disease linked to the deletion mutation of fhglu-

1 or 2 on their surface (110).) curonidase(GUSB) gene. This inheritable condition is
characterized by neurodegeneration in mice and by pro-
Neural Stem Cells as a Therapeutic Tool gressive mental retardation in humans (104). GUSB-

Regardless of the method used for their isolationsecreting NSCs were implanted into the cerebral ventri-
propagation, and amplification in culture, stem-like neu-cles at birth, allowing them access to a germinal zone
ral cells likely represent valuable therapeutic toolsfrom which they were disseminated throughout the brain,
against a variety of neuropathologies. Their clinicalallowing them to correct lysosomal storage throughout
potential is rooted in their inherent biologic properties.the brains of mutants in a permanent manner. This thera-
Their ability to develop into integral cytoarchitectural peutic approach is now being extended to animal models
components of many regions throughout the host brain asf other untreatable neurodegenerative diseases.
neurons, oligodendrocytes, or astrocytes, makes themRetrovirally-transduced NSCs, implanted into the brains
capable of replacing a range of missing or dysfunctionabf fetal and neonatal mice, have successfully mediated
neural cells. NSCs may also be used as cellular vectoygidespread expression throughout the brain of ghe
for the stablein vivo expression of foreign genes of subunit of3-hexosaminadas@ mutation of which leads
developmental and/or therapeutic relevance (3, 49, 63o the pathological accumulation of GM2 ganglioside,
66, 99-104) that can be delivered, if necessary, througtthe abnormality in Tay-Sachs disease (49). Findings such
out the host CNS (49, 63, 100, 103, 109). In fact, theses these have helped to establish the paradigm of using
cells are amenable to various types of viral vector transNSCs for the transfer of other factors of therapeutic or
duction (3, 40, 49, 64-66, 96-99, 104, 109) as well as talevelopmental interest into and throughout the CNS
other strategies of transfection, such as lipofection, eleq140). To date, NSCs have been used for the delivery of
troporation, and calcium-phosphate precipitation. SinceNT-3 within the hemisectioned rat spinal cord (40, 54a)
they display significant migratory capacity as well as amand asphyxiated brain (84), to express NGF and BDNF
ability to integrate widely throughout the brain whenwithin the septum and basal ganglia (64-66, 102), tyro-
implanted into germinal zones, NSCs may help reconstisine hydroxylase in the striatum (3), Reelin in the cere-
tute enzyme and cellular deficiencies in a global fashiomellum (4), and MBP throughout the cerebrum (139).
(109). Their ability to accommodate to their area of
engraftment probably obviates the need for using stem Neural Stem Cells In Models of Abnormal
cells from specific CNS regions. Furthermore, NSCsDevelopmentKnowing that many neurological diseases
appear to possess a tropism for and trophism withiare often characterized tlobal cell degeneration or
degenerating CNS regions (27, 84, 99), actually modify-dysfunction, rodent NSCs have been tested for their abil-
ing their differentiation fate to replenish specific defi- ity to address this type of pathology, not traditionally
cient neural cell pools. This fact fosters the view thatiewed as amenable to neural transplantation. It was
some neurodegenerative processes elaborate neurogenygpothesized that the intraventricular injection technique
signals that recapitulate developmental cues to whicemployed for the dissemination of enzyme-producing
NSCs can respond. NSCs to achievegene productreplacement might be

These attributes of NSCs may provide multiple strateapplied as well to achieve widespread neusell
gies against CNS dysfunction. Some of these approacheplacement. Mouse mutants characterized by CNS-wide
es have already shown promise experimentally in mousghite matter disease were used to test this hypothesis.
models of neurodegeneration (101-114). Some illustrathe oligodendroglia of the dysmyelinatskiverer (shi)
tive examples are briefly discussed below. mouse lack MBP and are, therefore, incapable of effec-

tive myelination. Effective therapy requires extensive

Neural Stem Cells for Gene Transfefhe ability of  replacement with MBP-expressing oligodendrocytes.
NSCs to deliver therapeutic gene products in an immediNSCs transplanted at birth into tishi brain could,
ate, direct, sustained, and, perhaps, regulated fashion asleed, produced widespread engraftment and repletion
normal cytoarchitectural components throughout thef significant amounts of MBP throughout thiei brain.

A. L. Vescovi and E. Y. Snyder: Neural Stem Cell Clones: Plasticity /n Vitro and In Vivo 579



Furthermore, a subgroup of the donor-derived oligodeneould be traced and assessed by virtue of tlaeir
droglia myelinated on average 40% of host neuronaéxpression (83, 84a). Unilateral HI was induced
processes (139) in engrafted regions; some recipients, throughout one hemisphere by ligation of the ipsilateral
fact, experienced a decrement in their symptomaticommon carotid artery in week old mice followed by
tremor. exposure to insufficient oxygen. This model renders
Work in the reeler mutant mouse suggested that extensive degeneration throughout the affected hemi-
NSCs may also help partially to correct abnormalsphere while leaving the contralateral hemisphere as an
cytoarchitecture in models of dysfunctional laminationintact control.
characterized by deficiencies in extracellular matrix In the first paradigm, in response to HI, a subset of
(ECM) (4). The assignment of laminar position of neu-quiescent NSCs (a) transiently re-entered the cell cycle
rons in thereelerbrain is abnormal due to a mutation in within 24 hours from the HI, undergoing cell division
the Reelin-encoding gene. NSCs implanted at birth intdor 3-4 days and then returning to quiescence; (b)
the external germinal layer of the developiregler  migrated to the site of injury; and (c) differentiated into
cerebellum promoted a more normally-laminatedneurons and oligodendrocytes, the neural cell types
cytoarchitectural appearance in engrafted regions: nohost damaged following HI. These behaviors are pre-
only did donor-derived granule neurons migrate to thecisely those expected from a quiescent stem cell pool
appropriate layer, but they appeared capable of influtrying to repopulate a damaged region in response to
encing neighboring mutant neurons, as wedelerPCs  injury (55, 84a).
were more appropriately aligned in engrafted regions In the second paradigm, in which NSCs were
and the survival and deeper positioningesflerGCs in  implanted at various time points following HI into or
the internal granular layer was also enhanced. Thusear the ischemic area, or into distant locations, donor
donor NSCs may promote normal layering and survivaNSCs integrated extensively within the infarcted areas
by providing molecules (including Reelin) that canthat spanned the length of the brain. Grafted NSCs in
work at the cell surface to guide proper migration andhese pilot studies migrated from even distant locations
positioning of neurons during histogenesis. These findtowards the lesioned areas. Again, a subpopulation of
ings, therefore, suggest a possible NSC-based strategpnor NSCs differentiated into neurons and oligoden-
for the treatment of CNS diseases characterized bgrocytes, as if attempting to repopulate the area of
abnormal cellular migration, lamination, and cytoarchi-injury. Interestingly, if transplantation was performed 5

tectural arrangement. weeks after HI, engraftment was negligible, suggesting
a “permissive window” for this phenomenon.
Responsiveness of NSCs to CNS injulitywould be It is noteworthy to recall that neurogenesis in the

appealing, indeed, iheural stem cells possessed the non-fetal, “post-developmental”, intact neocortex does
capacity to respond to CNS injury in a manner analonot occur. And, indeed, consistent with this classic
gous to the response liématopoietistem cells tdbbone  dogma, no donor-derived neurons were detected in the
marrow ablation. Recent studies have attempted taortex of the intact hemisphere. Nevertheless, in
assess the behavior of clonal NSCs in response to cuessponse to and within a narrow temporal window fol-
found in the microenvironment of the injured CNS.lowing injury, new neurogenesis derived from NSCs
Because of the extent of damage rendered by hypoxicouldbe observed even in CNS regions classically char-
ischemic (HI) CNS injury (about as analogous to “boneacterized as “non-neurogenic” at that developmental
marrow ablation” in the brain as neurobiologists arestage.

likely to come), and because HI patterns a genuine clin- Notably, in preliminary studies, when subclones of
ical condition in humans, this model has been recentlNSCs, genetically engineeresk vivoto overexpress
employed in pilot studies. Two complementary strateNT-3, are implanted into the asphyxiated mouse brain,
gies of investigation have been used: (1) Normal, intacthe percentage of donor-derived neurons increases 16-
mice were engrafted at birth with clonal NS@®r to  fold and new host-derived neurons are also detectable,
HI, allowing the cells to become normal components okuggesting that NSCs may play a unique therapeutic
the brain (indeed, creating chimeric regions of brain)role by mediating both cell replacement and gene thera-
(2) The same clone was implanted at various intervalpy simultaneously within the same animal during the
following HI. The clone of NSCs employed expressedsame grafting procedure. (84, 84a).

the reporter gentacZ constitutivelyand stably; hence The idea that developmental signals may be re-
the behavior of NSCs and their clonally-related progenyexpressed during phases of active degeneration to which
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NSCs may be responsive is reinforced by preliminarymedium was employed for propagating CNS cells of
experiments conducted in a model of spinal lower motohuman origin, no significant growth could be achieved
neuron (LMN) apoptosis. In this system, as well, it(14). It was only by combining EGF with insulin-like
appears that donor NSCs might be “shifting” their dif- growth factor-1 (IGF1) that proliferation of neuronal pre-
ferentiation fate specifically towards replacement ofcursors from the fetal human cortex, striatum, and basal
dying LMNs. NSCs implanted into the L5 ventral horn forebrain could be accomplished. Although these cells
2-4 weeks after neonatal sciatic axotomy differentiatecould be differentiated into catecholaminergic,
into cells that appear to be “replacing” some of theGABAergic, cholinergic, and peptidergic (i.e. substance
degenerated LMNs. The number of engrafted NSCs th&-expressing) neurons, this culture system still did not
assume an LMN phenotype (a cell type not normallyallow for extensive cell growth or clonal analysis. Thus
born at that developmental epoch) is tripled when tranghe lineage capacity of these human precursors remained
plantation is performed closer and closer to the peak afnclear. Furthermore, the finding that cell growth
active LMN apoptosis. Indeed, in the midst of this moredeclined over just a few passages suggested that they
actively degeneratingnilieu, NSCs can be implanted lacked the capacity for self-renewal and were best
into even thelorsalhorn from which they migrate to the described as transiently dividing neural progenitors, a
region of LMN loss in theventral horn. Engrafted cell type of limited proliferative capacity known to
donor-derived cells continue to expréasZ, suggesting appear transiently in various tissues during embryonic
that the implantation of genetically-engineered, neu-development (55). Similarly, the use of EGF, either alone
rotrophin-expressing NSCs might enhance neuronal difer in combination with FGF2, yielded extremely limited,
ferentiation, neurite outgrowth, and proper connectivityif any, cell growth and amplification during attempts at
in this model of CNS injury as they do for the HI injury isolating stem-like cells from the CNS of 13- or 22-week

described above. old human fetuses (120, 121). In fact, until quite recent-
ly, the only renewable source of human neurons was rep-
Human CNS Stem Cells resented by immortalized bipotent embryonic precursors

Our knowledge regarding the functional properties(98) or teratocarcinoma-derived cells, successful trans-
and therapeutic potential of stem-like neural cells iglantation in various experimental settings having been
essentially based on studies conducted on cells derivefémonstrated only for the latter (123). Within the past
from the embryonic, neonatal, or aduitlentCNS. The  few months, however, the isolation and propagation of
expectation, however, — indeed, the leap of faith — isengraftable human CNS stem cells has been achieved
that the basic physiology that endows rodent stem-lik¢28, 128) and is reviewed in the following sections.
cells with their therapeutic potential is conserved in cells
of humanorigin. Cloning, expansion, propagation, & differentiation

In fact, evidence is quite scarce concerning the exisof bona fide human CNS stem cellccording to the
tence in humans of undifferentiated, multipotent neurabperational definition discussed previously, an assess-
progenitors that are capable of differentiation into neument of the functional attributes that are critical for the
rons and all other neural cell types. The presence afnequivocal identification of a stem cell must be con-
mitotically active neuronal precursors in the human hipducted at the single cell level, i.e., in a clonal fashion.
pocampal dentate gyrus — analogous to those lon@ur two groups have tackled the issue of isolation, prop-
known to exist in the rodent hippocampus — has recentagation, and cloning of NSCs from the developing
ly been observein vivo(24). Neuronal precursors capa- human CNS by means of complementary epigenetic and
ble of mitotic activity (78) have been isolated from thegenetic methods, reaching very similar results (28, 128).
cortical, subcortical, and periventricular (subependymal)The strategies used to isolate human NSCs mirrored
regions of the adult human temporal lobe, although theithose used for the very tractable and therapeutically
full lineage capacity and the extent of their proliferationpromising murine NSC clone C17.2 (i.e., transduction of
potential remains to be determined (47, 86). Until recenttaczZ and/or the constitutively downregulatednyg
ly, the identification, isolation, characterization, and (114) and those for the widely emulated growth factor-
propagation of stable clones of self-renewing, multipo-expanded murine NSCs (31, 47a, 126, 131). Strikingly,
tent human NSCs, similar to the rodent cells describe@loth genetically and epigenetically propagated cells
above, remained somewhat elusive. In fact, when th@whether of murine or human origin) require molecules
widely used epigenetic approach for expanding rodenike FGF2 and/or EGF to proliferate in serum-free con-
stem-like cells in the presence of EGF in serum-freglitions (28, 47a, 110, 111).
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Figure 5. (Left) The monoclonal nature of each putative human
A Hind Il NSC clone is confirmed by demonstrating a single retroviral
insertion site within the genomes of each. An NSC is defined as
a single cell which is capable of giving rise (in vitro and/or in
CAT Dar  Hi vivo) to neurons (of multiple types), oligodendrocytes, and
astrocytes, as well as new NSCs. That these progeny are clon-
— ally-related to that single cell and to each other is an obligatory
part of the definition. Therefore, an unambiguous demonstration
of monoclonality is a sine qua non for affirming both multipo-
tency and self-renewal. (A) Genomic DNA from the putative
human NSC clone H1 (which was propagated in bFGF and sub-
sequently transduced with a retrovirus encoding /lacZ and neo)
was digested with Hind Il (which cuts only once within the
B provirus) and incubated with a radiolabeled nucleotide probe
complementary to neo. Monoclonal derivation is confirmed by
E-EH I Bam HI the presence of a single integrated retrovirus with an integration
site common to all cells in the colony indicating that they were
derived from a single infected “parent” cell (arrow ). As a posi-
DE0YT ©17 HE HE DHBGE CiT. HE M D90 C2 tive control, the murine NSC clone C17.2 which contains 2 inte-
i grated proviruses encoding neo (one from an integrated vmyc-
encoding retrovirus and one from a separate /acZ-encoding
retrovirus (96, 99) appropriately shows 2 bands (arrows).
P-- - Specificity of the probe is demonstrated by the negative control,
the human meduloblastoma cell line DaOY, which, having not
been infected with a retrovirus, shows no neo sequences in its
In one approach (28), cultures were established frorgenome and hence no hybridization product. (B) Genomic DNA
the VZ of a 15 week human fetus and were enriched bfrom putative clones H9, H6, D10, and C2 (human NSC
growing them in serum-containing medium first, fol- colonies propagated in bFGF and/or EGF and then subse-
lowed by a switch to and selection by serum-free mediquently infected Wlth a retr_okus encoding the propagatl_ng
. . . gene vmyc) were digested with Bgl Il or Bam HI (each of which
um supplemented with saturating concentrations of EGleyts only once within the provirus) and then subjected to
and/or FGF2. Responsivenesdtuih factors (based on  Southern analysis utilizing a probe complementary to the provi-
experience with murine stem-like cells (37, 47a, 131))ral vimyc. Single retroviral integration sites are appreciated in all
was regarded as a pivotal screen for the most immaturcolomes conflrmlng the monoclonal natL_Jre of ea_ch put_atlve
. dial. uncommitted. and multivotent of neural clone. The murine NSC clone C17.2, Whl_c_h contains a single
primordial, T p - copy of vmyc (96, 99) and serves as a positive control, also has
cells. Cells whose well-being and passageability coultgne pand. As in (A), the negative control non-virally infected
not successfully tolerate being switched from serum human DaOY cells, have no bands. (Reproduced with permis-
free medium containing first one growth factor and thersion from Ref. 28)
the other and then back again would not survive, Ieavin*é . d cloning: oth df irall
a population of healthy cells that presumably bore func- tion and cloning; others were used for retrovirally-

tional receptors for both (a characteristic shared witﬁﬂed"eltecj transduction ofycand subsequent cloning.

clone C17.2 murine NSCs). Various populations thatn T?hzr?;\llcl)?]zlapelljz;i)rzgﬁu:uos} Thc:eggllgr t:g LS;I?ZS:?OS'
survived this first screening and enrichment proces 9 P '

were then screened for “engraftability”: they were trans_alglrLI::tti?)r:d;nnc}I];Eaeitlsosgszf tﬁg?g;iﬁ f?(l)lo(;/;/(mr%;;ag; o
planted into the ventricles of newborn mice; populationsD pacity P 9

that could not yield engraftable cells that would inte-0US gENeM VIvo, some FGF2-propagated subpopula-

grate and migrate in the developing brain were also ngons were mfecteq with an ampho_troplc replication-
Incompetent retroviral vector encoditacZ (and the

longer maintained. Finally, those engraftable popula- . . . .
9 Y g Pop Fomycm—resstance geneeo for selection). Single

tions were screened for the presence of neural cells in &ﬂneom cin-resistant colonies were initially isolated b
lineages by immunocytochemical criteria vitro. Y Y y

Ultimately, this multi-stepped screening process yieldeciImltlng dilution; mon_oclonallty of the cell_s In a given
colony was then confirmed by demonstrating that only 1

a polyclonal population of EGF and FGF2 dual-respon- opy of thelacZineoencoding provirus, with a unique

sive, engraftable cells of multiple lineages that COUIdghromosomal insertion site, was present. In clone “H1”
then be used for further manipulation, cloning, and char; ' P i '

o . . + i i
acterization at the single cell level. Some populemongor example, allacZ/neo+ cells, indeed, had a single,

were maintained in bEGF alone for subsequent manipuc_ommon retroviral integration site indicating that they

.

-
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Brain Region Embryonic Age Embryo Highest Passage Average Doubling
Number Time
Presumptive Diencephalon 10.5 weeks Normal 54 7-10 days
Presumptive Diencephalon 10 weeks Normal 34 12-15 days
Cortex 10 weeks Normal 32 12-14 days
Cortex 6 weeks Normal 30 10-12 days
Telencephalon 10.5 weeks Normal 40 8-10 days
Lumbar Spinal Cord 12 weeks Normal 32 15-20 days
Whole Brain 9.5 weeks Normal 26 7-10 days
Brainstem 14 weeks Olivo-Ponto-Cerebellar Atrophy (SCA1) 38 5-7 days
Cortex 14 weeks Olivo-Ponto-Cerebellar Atrophy (SCA1) 25 8-10 days
Cerebellum 14 weeks Olivo-Ponto-Cerebellar Atrophy (SCA1) 10 9-12 days
Whole Brain 14.5 weeks Friederich’s Ataxia 36 5-7 days
Cortex 14 weeks Down’s Syndrome 28 10-12 days
Brainstem 14 weeks Down’s Syndrome 24 8-10 days
Whole brain 16 weeks Down’s Syndrome 32 7-9 days
Whole brain 19 weeks Down’s Syndrome 20 10-12 days
Lumbar spinal cord 14 weeks Huntington disease 14 12-15 days
Cortex 13 weeks Trisomy 13 15 10-12 days
Diencephalon 13 weeks Trisomy 13 18 8-10 days
Cortex 18 weeks Trisomy 18 13 8-10 days
Whole brain 18 weeks Trisomy 18 18 8-10 days

Table 1. A representative list of neural stem cell lines established from various regions of the embryonic human brain.

were derived from a single infected “parent” cell (Figurecomplementary approach whereby cells from various
5A). As indicated above, because genetically-mediatedegions and ages of the human embryonic brain (Table
isolation and propagation of rodent CNS material had) were cultured immediately in serum-free medium
yielded such safe, engraftable NSC clones that were nabntaining both EGF and FGF2 upon dissociation from
only easy to manipulate and utilize but that also hadhe primary tissue. From these cultures, which consis-
notable therapeutic power (114), some of the FGF2tently expanded with a doubling time of 7-12 days
maintained human cell populations, enriched for NSCgdepending on their tissue of origin), single cells were
as described above, were infected with a retroviral vecplated in isolation (i.e. 1 cell/well) in the same growth
tor encoding wmyc and nea Isolated drug-resistant medium. Time-lapse photography showed that individ-
colonies resulted. Again, monoclonality of each colonyual, isolated cells gave rise to spherical clusters (Figure
was affirmed by demonstrating that each putative cloné) that could be serially passaged to generate a continu-
had only 1 unique retroviral insertion site (Figure 5B).ous clonal line. As in the case of human neural cells
Thus, as was the case for the epigenetically-maintaineekpanded by genetic means, epigenetically-proliferated
cells, all \myctransduced colonies were monoclonal.stem-like cells could be differentiated into the 3 major
Five clones (H6, H9, D10, C2, E11) were generated andeural cell types (Figure 6) and could undergo self-
maintained in serum-free medium containing FGF2. renewal. In fact, by serial subcloning, it was shown that
The multipotentiality of all of these various clones one multipotent cell could generate an average of 12 + 4
was then assessed by vitro differentiation in which secondary clone-forming cells at each passage; these
neurons, oligodendrocytes and astrocytes were observedch retained both multipotentiality and self-renewal
under various differentiation conditions (see below).capacity. The capacity for self-renewal was further con-
More importantly, these differentiated cultures still con-firmed in population studies of growth factor-expanded
tained cells expressing vimentin (an immature neurahuman stem-like cells which were predicated on the
marker) that were capable of further subcloning, follow-assumption that, if a cell is self-renewing (i.e. capable of
ing which they could again give rise to the 3 major neuproducing identical copies of itself), then its various
ral lineages as well as to new vimentin-positive, pasfunctional characteristics (e.g., growth rate and differen-
sageable engraftable cells. Thus, the progeny of a singtation potential) should remain unchanged in its proge-
human neural progenitor was affirmed to possess bothy even over prolonged serial propagation in culture.
extensive self-renewing ability and multipotentiality. ~ Consistent with this assumption, not only could human
The above findings found confirmation in a secondneural stem-like cells be exponentially expanded for
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Figure 6. Cloning of multipotential human CNS stem cells that generate neurons, astrocytes, and oligodendrocytes. A single human
diencephalic cell (10.5 week post-conception) is shown 1 day after plating in isolation (1 cell/well) in serum-free medium supple-
mented with both EGF and FGF2 (A). This cell proliferated ((B), 7 DAP; (C), 11 DAP) and, by 21 DAP, gave rise to a spherical clone
(D). Single clonal clusters were grown further and then subcultured to generate secondary and tertiary clusters. The progeny of a
single cell was plated onto separate glass coverslips (E) and allowed to expand (F). Differentiation was induced by the removal of
growth factors, and cultures were processed for immunofluorescence assessment. Concurrent multiple immunolabeling shows the
presence of neuronal (b-tubulin) ((G), arrowheads , red) and astroglial cells (GFAP) ((G), arrows , green) within a single cluster. Cells
within another cluster from the same founder cell were identified as oligodendrocytes (O4) (G). Thus, multipotential, self-renewing
NSCs can be isolated from the developing human CNS and expanded by epigenetic means (see also ref. (128)). Scale bars: (A)-(E),
20pm; (F), 18 pm; (G), 20pm.

over 2 years upon epigenetic stimulation, but, over thiparticularly their ability to generate neurons (Figure
prolonged period, the first division always occurred7B), remained unchanged not only after serial sub-cul-
after 3-4 daysn vitro (DIV) after plating regardless of turing, but also following repeated cycles of freeze-
whether single cells were from early {L@r late (34)  thawing. In addition, neurons prepared from long-term
passages. In other words, the overall growth characteristem cell cultures were shown to express the ion chan-
tics remained remarkably stable at the population levahels necessary for excitability and were electrophysio-
(Figure 7A). Similarly, their differentiation capacity, logically active. In fact, neurons derived from passage
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Figure 7. Growth and differentiation of human CNS stem-like cells in culture. (A) Human diencephalic stem cells from early (pas-
sage 14-19) and late (passage 27-32) cultures display comparable growth rates. These stem cells have now been steadily subcul-
tured and expanded for over two years. Similar to their murine counterparts, human diencephalic stem cells can spontaneously dif-
ferentiate into neurons, astrocytes, and oligodendrocytes (B) upon growth factor removal, irrespective of whether they are from early
or late passages (data from 2 experiments; mean = SE, n = 10). Importantly, the number of neurons generated by human CNS stem
cells can be increased by up to 4-fold by inducing cell differentiation in the presence of low concentrations of FGF2 (C) (see also ref.
(128)) as previously shown for mouse stem cells (88). (D) Neuronal differentiation/maturation occurs gradually following removal of
growth factors, so that the number of neurons increases linearly and parallels the concomitant extension of neuronal processes, as
detected by B-tubulin immunoreactivity.

34 stem cells generated single spikes in response totismes more neurons than those expanded by epigenetic
brief current pulse and voltage-clamp experiments indimeans relates to the different regions of origin of the
cated the presence of the full complement of ionic chancells or is a reflection of the different methods used for
nels necessary for the firing of self-sustaining actiortheir propagation (see also below). Nevertheless, a 4-
potentials. fold increase in the number of neurons generated by
One possible distinction between human NSCgrowth factor-expanded NSCs can be achieved by mod-
expanded by epigenetic vs. genetic methods is the diffying the differentiation conditions in culture (Figure
ference in their capacity to give rise to neurons. It is7C). Indeed, in cultures of both preparations of NSCs,
presently unclear, however, whether the observation thateuronal differentiation and maturation initiates
cells expanded viamyc generate approximately 5-6 promptly following growth factor removal (and/or expo-
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Figure 8. (Above, left) Developmentally-appropriate migration
of human NSCs following engraftment into the subventricular
germinal zone (SVZ) of newborn mice. (A, B) Donor-derived
human NSCs integrate and intermingle nondisruptively with
endogenous progenitors within the host SVZ by 24 hours after
transplantation. A representative donor-derived cell with a typi-
cal short process (red), highlighted in (A), has interspersed with
densely packed endogenous SVZ cells, visualized by DAPI
(blue) in the overlapping image in (B). (C) Two weeks following
transplantation, many donor-derived cells (red) have migrated
extensively within the subcortical white matter (arrow) and cor-
pus callosum (c) from their site of implantation in the lateral
ventricles (LV), as visualized in this coronal section. A repre-
sentative migrating cell within the subcortical white matter
(arrow ), visualized at higher magnification in the boxed insert ,
is noted to have a leading process characteristic of migrating
precursor cells. (D, E) As seen in this representative cresyl vio-
let-counterstained parasagittal section, other donor-derived
cells migrated from their integration site in the anterior SVZ to
enter the rostral migratory stream (“RMS”) leading to the olfac-
tory bulb (“OB”). Representative BrdU-immunoperoxidase-pos-
itive (brown ) donor-derived cells (arrow ) within the RMS, are
seen at low power in (D) and visualized at higher magnification
in (E), intermixed with migrating host cells. Further characteri-
zation of these human NSC-derived cells in their final location
in the OB are presented in Figure 9. Layers of the OB within
which these cells are visualized at higher magnification in
Figure 9 are indicated here: glomerular layer (“gl”), plexiform
layer (“pl”), mitral layer (“m”), granule layer (“gr”). Scale Bars:
100pm. (Reproduced with permission from Ref. 28)

Figure 9. (Above, right) Differentiation and disseminated for-
eign gene (B-galactosidase) expression of human NSC clones
in vivo following engraftment into the SVZ of developing, neona-
tal mice. (A-C) Stably engrafted, lacZ-expressing (B3-galactosi-
dase (Bgal)-producing), donor-derived cells from representative
human NSC clone H1, detected with Xgal histochemistry (A, B)
and with anti-Bgal ICC (C). The donor-derived cells pictured in
the series of photomicrographs in (A) are within the periventric-

ular and subcortical white matter regions (as per Figure 8).
(The top and bottom panels — low power on the left, corre-
sponding high power on the right — are from representative
semi-adjacent regions within a single recipient, suggesting a
significant distribution of cells; arrows indicate the lateral ven-
tricles). Furthermore, as illustrated in (B, C) by representative
high power photomicrographs through the olfactory bulb (OB)
(granule layer (“gr”) as delineated in Figure 8D ), donor-derived
cells from this clone have not only migrated extensively to this
developmentally-appropriate site, but continue to express pgal
in this distant location (i.e., in a disseminated fashion in vivo).
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The normal fate of a subpopulation of SVZ-derived progenitors
that have migrated to the OB at this developmental stage is to
become neuronal. In (D-G), donor-derived neurons in the
mature OB, derived from BrdU-labeled NSCs (representative
clone H6) implanted into the SVZ at birth, are identified by both
their immunoreactivity to a human-specific NF antibody (D) as
well as their expression of the mature neuronal marker, NeuN
(E-G); under confocal microscopy, a BrdU+ (hence, donor-
derived) cell (arrow in (E), fluorescein) is NeuN+ (arrow in (F),
Texas Red) appreciated best with a dual filter (arrow in (G)).
Adjacent to this representative donor-derived BrdU+/NeuN+
neuron (arrow ), are 2 host OB neurons (BrdU—/NeuN+ in (G))
which share a similar size, morphology, and location with the
donor-derived cell (arrow in F). (Images in (D-G) are from the
granule layer (“gr”) as delineated in Figure 8D.) (H, I) High
power view of a representative donor-derived (clone H6) oligo-
dendrocyte (arrow ), appropriately in the adult subcortical white
matter (as per Figure 8C) following neonatal intraventricular
implantation, double-labeled with an antibody to the oligoden-
drocyte-specific protein CNPase (H) and BrdU (I).
Characteristic cytoplasmic processes extending from the soma
are noted (arrowhead in (H)). (The morphology of the
CNPase+ cell has been somewhat damaged by the HCI pre-
treatment required for BrdU double-labeling). (J) Mature donor-
derived astrocytes (clone H6) in the adult subcortical white mat-
ter (arrow) (as per Figure 8C) and striatum following neonatal
intraventricular implantation, identified with a human-specific
anti-GFAP antibody. The inset better illustrates at higher mag-
nification the characteristic mature astrocytic morphology of a
representative human-GFAP+ cell. (K-Q) Expression of vmyc is
downregulated within 48 hours following engraftment. (K), (M),
and (O) are DAPI-based nuclear stains of the adjacent panels
(L), (N), and (P, Q), respectively. Representative human NSC
clone H6 was generated (as was the well-characterized murine
NSC clone C17.2) with the propagating gene vmyc. vmyc
immunoreactivity in H6-derived cells (red) in the SVZ (arrows )
at 24 hours following engraftment ((L) and at higher power in
(N)), is persistently absent (P) in integrated H6-derived cells
(visualized by BrdU labeling in (Q) (shown here 3 weeks follow-
ing transplantation, but representative of any point 24 hours
after engraftment). Scale Bars: (A), (K) and applies to (L):
100pm; (D), (E) and applies to (F, G), (H) and applies to (1), (J),
(M) and applies to (N): 10pum; (O) and applies to (P, Q): 50p.m
(Reproduced with permission from Ref. 28)

Figure 10. (Above, right) Neuronal replacement by human
neural stem cells (NSCs) following transplantation into the
cerebellum of the granule neuron-deficient meander tail (mea)
mouse model of neurodegeneration. (A-G) BrdU-intercalated,
donor-derived cells (from representative clone H6) identified in
the mature cerebellum by anti-BrdU immunoperoxidase cyto-
chemistry (brown nuclei ) following implantation into the neona-
tal mea external germinal layer (EGL). (The EGL, on the cere-
bellar surface, disappears as the internal granule layer (IGL)
emerges to become the deepest cerebellar cortical layer at the
end of organogenesis) (A) Clone H6-derived cells are present
in the IGL (“igl”; arrowheads ) of all lobes of the mature cere-
bellum in this parasagittal section. (Granule neurons are dimin-
ished throughout the cerebellum with some prominence in the
anterior lobe). (B) Higher magnification of the representative
posterior cerebellar lobe indicated by arrowhead “b” in (A),

demonstrating the large number of donor-derived cells present
within the recipient IGL. (C-G) Increasing magnifications of
donor-derived cells (brown nuclei ) within the IGL of a mea
anterior cerebellar lobe. (Different animal from that in (A,B).) (G)
Nomarski optics bring out the similarity in size and morphology
of the few residual host, BrdU-negative cerebellar granule neu-
rons (arrowheads ) and a BrdU+, donor-derived neuron
(arrow ), which is representative of those seen in all engrafted
lobes of all animals.) (H, I) Confirmation of the neuronal differ-
entiation of a subpopulation of the donor-derived, BrdU+ clonal
cells from (A-G) is illustrated by co-labeling with anti-BrdU
(green in H) and the mature neuronal marker NeuN (red in I)
(indicated with corresponding arrows ). (Some adjacent, donor-
derived cells are non-neuronal as indicated by their BrdU+
(arrowhead in (H)) but NeuN- phenotype. (J) Cells within the
IGL are confirmed to be human donor-derived cells by FISH
with a human-specific probe (red) identifying human chromo-
somal centromeres. Scale Bars: (A), (B): 100um; (F), (G), (J):
10pm (Reproduced with permission from Ref. 28)
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sure to serum), and proceeds gradually with neuronferent neuronal cell type, cerebellar granule cells of the
progressively increasing in number and extendingnternal granule layer (IGL). Using as a recipient the
processes over time (Figure 7D). meander tail (meajnouse mutant (which additionally
Taken together, these observations demonstrate thptovides a model of cell-autonomous degeneration and
the human embryonic CNS contains neural progenitorBnpaired development of granule neurons), it was possi-
that possess extensive self-renewal capacity and multle also to demonstrate that human NSCs could, in fact,
potentiality and that can legitimately, therefore, be clashelp reconstitute the neuron-deficient IGL.
sified as bona fidaumanNSCs. From a practical point Therefore, human NSCs, like their murine counter-
of view, two complementary ways of establishing con-parts, seem to possess the capacity to contribute new
tinuous lines of NSCs from the human CNS are nowneurons and glia seamlessly to the newborn brain,
available to the research and clinical community. Thesadopting a pattern of integration and differentiation that
human NSCs will likely represent a readily accessiblejs developmentally-regulated and that mimics that of
standardized, renewable source of human neural cellndogenous host cells (28). Furthermore, also like their
(particularly of functional human neurons) to be usedodent counterparts, human NSCs may be capable of
for a variety of investigatory and therapeutic purposes.neural cell replacement in conditions of neurodegenera-
tion.
Transplantation of Human Neural Stem Cells It is interesting and important to note that in the case
of genetically-manipulated human NSC clones, the
Implantation in the neonatal rodent brainA chal-  propagating gene product vmyc is undetectable in donor
lenge to the neuro-repair community has been th&uman cells beyond 24-48 hrs following engraftment
replacement of brain cells lost to injury or disease (55)(Figure 9Q-K) despite the fact that the brains of trans-
The attributes of NSCs would seem to make them wellplant recipients contain numerous stably-engrafted,
suited to meet this challenge. Evidence of the capacitiealthy, well-differentiated, non-disruptive, donor-
of NSCs to replace brain cells was initially provided inderived cells (Figures 8; 9A-J,Q; 10). This result was not
rodents by using rodent NSCs (110, 111, 113). With theinanticipated given that identical findings have been
isolation and cloning of human NSCs, the hope that thisbserved with mycpropagated murine NSC clones
capacity is conserved at this higher phylogenetic stagg.g. clone C17.2) in whichwcdownregulation occurs
was approached by our two groups by first implantingconstitutively and spontaneously and correlates with the
human NSCs in the brains of neonatal and adult rodentgypical quiescence of engrafted cells within 24-48 hrs
Epigenetically- or genetically-expanded clones wereost-transplantation. These observations suggest that
deposited into the lateral ventricles of newborn mice. Ivmycis regulated by the normal developmental mecha-
striking similarity to their murine counterparts (110, nisms that downregulate endogenous cellutgc in
111), cells from the human NSC clones integrated intNS precursors during mitotic arrest and/or differentia-
the SVZ and, from there, migrated extensively along theion. The loss of myc expression spontaneously and
rostral migratory stream to the OB (a region of ongoingconstitutively from stably engrafted NSCs following
neuronogenesis) where donor-derived cells differentiatiransplantation is consistent with the invariant absence
ed appropriately into interneurons (Figures 8, 9).of brain tumors derived from implantedhyepropagat-
Migration also occurred throughout subcortical and cored NSCs, even after several yearsivoin mice (110,
tical regions (regions solely of gliogenesis at this devel114). With human NSCs, as with mouse NSCs, neo-
opmental stage) where NSCs appropriately gave risglasms are never seen.
predominantly to astrocytes and oligodendrocytes
(Figures 8, 9). These two alternative modes of differen- Implantation in the adult rodent brainAs discussed
tiation adopted by the same clone highlights the plasticearlier, similar to murine NSCs, human NSCs differen-
ity of human NSCs and likely reflects their capacity totiate in a context-dependent manner by responding to
generate different cell types in response to the differenbcal cues once engrafted in the host brain. With few
cues that are present in various regions at specific stagegceptions (1, 10), neurogenesis is completed soon after
of development . Similar results where observed wheffetal life throughout the mammalian brain. Hence, those
the identical clone of human NSCs was implanted at theues that can drive the differentiation of human NSC-
opposite end of the neuraxis into the external germinaderived progeny into neurons are likely be extremely
layer (EGL) of the cerebellum (Figures 10). Here cellsscarce within the CNS of adult graft recipients. To over-
mostly differentiated appropriately into an entirely dif- come this potential obstacle to achieving new donor-
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Figure 11. Transplantation of human neural stem-like cells into the adult rodent CNS. Human diencephalic stem cells (passage 32)
were pre-labeled with BrdU and allowed to spontaneously differentiate in vitro prior to transplantation into the ipsilateral striatum of
adult rats unilaterally lesioned with 6-OHDA (6.5 x 10* cells/graft) (128)). Grafted cells were detected by single immunofluorescence
assays using an anti-BrdU antibody up to 4.5 months after grafting ((A); a high power magnification is shown in (B)). (C) Double
immunofluorescence assays show that cells labeled with a human specific anti-ribonuclear protein antibody (AHN; green) co-express
the astroglial antigen GFAP ((C); orange ). Similarly, AHN-immunoreactive cells (green) co-express the neuronal antigen B-tubulin
((D), orange). (D) A higher magnification of one of the stem-cell derived human neurons is shown in the inset; the AHN antibody
labels the nucleus with green, and the orange B-tubulin immunoreactivity is confined to the surrounding cytoplasm. Scale bars: (A),
20 pm; (C)-(D), 20 pm.

derived neurons in the adult rodent brain, human NSCgL28). Cells were pre-labeled with BrdU while prolifer-
that were expanded epigenetically for over two yearstingin vitro and were then differentiated in the absence
were “pre-differentiated”prior to their implantation of growth factors for 6 days. The resulting neurons and
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glia were implanted into the ipsilateral striatum of adultcells has been directed to various animal models of such
rats lesioned unilaterally with 6-hydroxy-dopamine neurological disorders as Parkinson disease (80) and
(60HD). Surviving BrdU-immunoreactive cells could Huntington disease (85), spinal cord injuries (2),
be detected for up to 1 year post-transplantationdemyelinating disorders (22, 39) and cerebellar ataxia
Quantitative analysis of 5 animals sacrificed 4.5 month§141). One of the impediments to the progression of
following transplantation revealed that ~10% of thesuch neural transplantation from the experimental to the
injected human cells had survived (Figures 11A,B)clinical stage has been the source of donor material (6).
(128) and that some had migrated as far as 1.2 mm roSurrounded by significant ethical issues, the procure-
tro-caudally and 0.75 mm medio-laterally from the graftment of requisite amounts of human fetal tissue is diffi-
site. Importantly, the cells detected by the anti-BrdUcult. In addition, other variables such as age, storage,
antibody co-expressed human specific ribonuclear proviability, contamination, and cellular composition can
teins or human mitochondrial markers proving thathardly be standardized, making the scheduling of elec-
viable transplanted human cells could be effectivelytive surgery extremely difficult. To compound the issue
detected by antibodies raised against specific humafurther, material from multiple fetuses is usually
antigens (128). Using the anti-human-ribonucleoproteimequired for a single transplant, thereby introducing
antibody in double-labeling immunocytochemistry even more heterogeneity to the donor grafts, increasing
experiments, the survival of transplanted human NSCthe probability of immunological rejection or contami-
derived GFAP-expressing astrocytes apdubulin-  nation, and making the availability of sufficient graft
expressing neurons could be affirmed, the former irmaterial on demand much less likely (80). Finally, pri-
greater abundance than the latter (Figures 6C,D) (128ary fetal tissue that does not produce sufficient
In fact, the glial/neuronal ratio observiedvitro follow- amounts of a desired factor is exceedingly difficult to
ing pre-differentiation was reproducidvivo following engineer genetically for the purposes of augmenting
transplantation. (That no oligodendrocytes could beproduction of that molecule.
detectedn vivowas likely due to the fact that this cell ~ Stable clones of human NSCs can be safely and
type represented a minimal fraction of the pre-differeneffectively propagated and expanded for at least three
tiated cells originally transplanted.) Thus, human NSCgyears. They can be reliably frozen, stored, transported,
appear capable of contributing new neurons and glia tthawed, re-expanded to sufficient quantities as needed,
the adult CNS. and transplanted into multiple hosts on demand. (Their
Our groups’ observations on the plasticity of humanbiosafety, sterility, and histocompatibility can be veri-
neural progenitor cells has been supported by compldied long before implantation which, in turn, can be
mentary findings by other investigators. Although notelectively scheduled.) When transplanted, they may dif-
directly focused on the isolation of human NSCs,ferentiate into and replace damaged or degenerated neu-
McKay and colleagues also observed incorporation by eons and/or glia. Further, host cells degenerating not
polyclonal population of human neural progenitors intoonly by cell-intrinsic disease processes but also cell-
a variety of white and gray matter regions following extrinsic forces might theoretically be replaced. For
intraventricular implantation into fetal rats (8) yielding example, in some pathologic conditions, host factors
donor-derived neurons, astrocytes, and oligodendromay be elaborated within the microenvironment that
cytes and mimicking a pattern of engraftment shown fowould be inimical to the survival and/or differentiation
mixed populations of rodent cells. These observationsf donor cells. However, donor NSCs may be engi-
taken together with those described above serve to reimeeredex vivoto be resistant to these factors, or to
force the expectation that the functional attributes andecrete substances that might neutralize those factors, or
therapeutic promise witnessed in rodent NSCs has beao express trophic agents that might overcome those fac-
conserved by evolution in those cells of human origin. tors, perhaps allowing “sister” donor NSCs within the
graft to differentiate into desired cells types. Thus, by
Human Neural Stem Cells: Perspectives and providing a steady and renewable source of normal
Therapeutic Scenarios engraftable human precursors, neurons, astrocytes and
oligodendrocytes, human NSCs appear to be an appeal-
Cell & gene replacement therapie$ransplantation  jng alternative to fetal tissue as graft material.
of primary fetal neural tissue into the lesioned CNS is The use of human NSCs provide other benefits to
the most classical and direct approach to restoring losydies involving neural transplantation: they provide an
nervous SyStem function. |mp|antati0n of such neurahnprecedented Opportunity to control experimenta”y
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some critical cell parameters (80). For example, cell dif- -3 R e
ferentiation can be initiated on the experimenter’s owr Vi LT S T
schedule and can be “fine-tuned” by modifying the cul- WE RG] T t

ture medium. Thus, variables such as viability and cel el IRt g \

composition can be monitored and manipulated and thg]
characteristics of donor tissue “tailored” to fit specific
applications. From a basic neuroscience point of vie
investigators can readily genetically manipulate ang

Figure 12. (Right) Human NSCs are capable of complementing
a prototypical gene product deficiency (e.g., B-hexosaminidase-
A) in neural cells of multiple lineages in which the gene is mutat-
ed (e.g., brain cells from Tay-Sachs mice). As a proof of princi-
ple that human NSCs (like murine NSCs) are capable of cross-
correcting a neurogenetic defect, neural cells from the brains of
mice with the prototypical neurogenetic disorder Tay-Sachs dis-
ease, generated via targeted mutagenesis of the a-subunit of 3-
hexosaminidase resulting in absence of hexosaminidase-A
(138a), were exposed to secreted gene products from human
NSCs to assess their ability to effect complementation of the
defect. (A-C) Hexosaminidase activity as determined by
NASBG histochemistry (Nomarski optics). Functional hex-
osaminidase produces a red-pink precipitate with an intensity
proportional to the level of activity. (A) Tay-Sachs neural cells
(arrows ) not exposed to NSCs have no, or minimal, detectable
hexosaminidase. (A small number of faintly pink NASBG+ cells
are occasionally observed reflecting low residual hex-
osaminidase-B activity). In comparison, Tay-Sachs neural cells
exposed to secretory products from murine NSCs (e.g., clone
C17.2H) (B) or from human NSCs (C) now stain intensely red
(wildtype intensity) suggesting that they have been cross-cor-
rected, i.e., have internalized significant amounts of functional-
ly active hexosaminidase from the NSC-conditioned medium.
(D-L) To help determine which neural cell types from the Tay-
Sachs brain were cross-corrected, primary dissociated Tay-
Sachs neural cells which had been co-cultured in a transwell
system with human NSCs (as in (C)) were reacted both with a
fluorescein-labeled antibody to the human «-subunit of hex-
osaminidase (D-F) and with antibodies to neural cell type-spe-
cific antigens (visualized by a TR-tagged secondary antibody)
(G-I, respectively). Photomicroscopy through a dual filter con-
firmed co-localization of the a-subunit with the cell-type mark-
ers (J-L, respectively). A subset of these now a-subunit-positive
corrected cells (D) were neurons, as indicated by their expres-
sion of the neuronal marker NeuN (G, J); a subset of the a-sub-
unit+ cells (E) were glial, as illustrated by their co-expression of
the glial marker GFAP (H, K); and a subset of the a-subunit+
cells (F) were immature, undifferentiated CNS precursors, as
indicated by the presence of the intermediate filament nestin (|,
L). (Untreated cells from a Tay-Sachs brain do not stain for the
a-subunit). (M) Percentage of successfully rescued (i.e.,
NASBG+) primary Tay-Sachs neural cells as seen in (A-C). The
number of “untreated” Tay-Sachs «-subunit-null cells (-/-) (i.e.,
unexposed to NSCs) that were NASBG+ (1st histogram ) was
quite low. (That the percentage is not O reflects some low resid-
ual hexosaminidase-B activity in mutant cells that is sometimes
sufficient enough in some cells to produce a pale pink score-
able cell). In contrast, among Tay-Sachs neural cells “treated”
with secretory products from murine NSCs (C17.2) (2nd his-
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togram ), murine NSCs engineered to over-express hex-
osaminidase (C17.2H) (3rd histogram ), or human NSCs (4th
histogram ), the percentage of cross-corrected, hex-
osaminidase-containing cells was significantly increased
(p<0.01). The NSCs did not significantly differ from each other
in their ability to effect this rescue. (NASBG staining of neural
cells from a wildtype mouse served as a positive control and
were nearly 100% NASBG+, histogram not presented). (N)
Complementation of gene product deficiency results in rescue
of a pathologic phenotype in mutated neural cells, as illustrated
by percentage of Tay-Sachs CNS cells with diminished GM,
accumulation. Among Tay-Sachs cells not exposed to NSCs
(1st histogram ), the percentage of GM,, cells was large
reflecting their pathologically high level of storage, correspon-
ding to a lack of enzyme as per (M). In contrast, the percentage
of cross-corrected Tay-Sachs cells without detectable GM2
storage following exposure to murine (2nd and 3rd his-
tograms , as in (M)) or human NSCs (4th histogram ) was sig-
nificantly lower than in the mutant (p<0.01), approaching that in
wildtype (+/+) mouse brain (5th histogram ). Again, the NSCs
did not significantly differ from each other in their ability to effect
this rescue. (Reproduced with permission from Ref. 28)
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study molecules in these cells that may be pivotal fom many experimental models of neurological diseases
cell type specification by mutating specific genes in ahas been affirmed, human NSCs, too, should represent
targeted fashion, by transfecting the cells with dominanbptimal vehicles for disseminated CNS gene delivery —
negative or positive forms of genes, or by blocking oranalogous to a “bone marrow transplantation to the
overexpressing various ligands or receptors. Figure 7Drain”. By virtue of their ability for widespread enzyme
illustrates the gradual maturation of stem cell-derivedand/or cell replacement human NSCs should be able to
neurons; donor neurons can be collected and grafted atidress certain therapeutic challenges currently con-
various stages in this developmental process to test ttsigned solely to pharmacologic or genetic interventions.
efficacy of their graft survival and integration. The spon-However, because NSCs appear also to incorporate into
taneous differentiation that occurs in these cultures canost cytoarchitecture in a functional manner, they
be manipulated (as in other systems (44, 88)) by expashould prove to be also more than vehicles for just the
sure to various combinations of cytokines that might‘passive” delivery of gene products: the regulated
alter the ratio of neurons-to-glia (Figure 7C) (128) eitherrelease of certain substances through feedback loops
in favor of neurons or in favor of particular types of gliamay be reconstituted, as might the reformation of essen-
for particular therapeutic demands (7, 71). Some CNSal circuits. Indeed, while many gene therapy vehicles
disorders may require grafting of specific neuronal subdepend on relaying new genetic information through
types. GABAergic neurons (the preferred neurotransestablished neural circuits — that may, in fact, have
mitter phenotype of NSC-derived neurons) might bedegenerated — NSCs may participate in the reconstitu-
useful for the replacement GABA-ergic spiny neuronstion of these pathways. Finally, because they can differ-
in Huntington disease (85). The ability to promote a catentiate along multiple lineages and because many neu-
echolaminergic phenotype in a significant fraction of therologic disorders are characterized by defects in multi-
neuronal progeny of EGF-responsive rodent and humaple cells types, NSCs may help to reconstitute multiple
NSCs (18, 127, 128a) may prove useful for cell replaceaspects of a dysfunctional region.
ment therapy in Parkinson disease. Thus, in addition to It is interesting to recognize that even those implant-
reducing a dependence on primary human fetal brain tied cells that daot differentiate into the desired cell
sue for transplantation, human NSC lines may also elimtypes for a particular disease may serve a therapeutic
inate the need for obtaining cells exclusively fromfunction. Being of CNS origin, donor NSCs may intrin-
selected embryonic regions. sically provide both diffusible and non-diffusible factors
The fundamental biologic properties of NSCs, how-that might enable the injured host to regeneratevits
ever, suggest that they may fulfill roles greater than simlost cells and/or neural circuitry. When such factors are
ply being an alternative to fetal tissue in standard transaot naturally produced in sufficient quantities, the NSCs
plantation paradigms. For example, while neural transean be genetically engineered before transplantation to
plantation has traditionally been reserved for diseasdsecome “factories” for the sustained local production of
whose neuropathology reflects very anatomicallysubstances known to mobilize quiescent host progenitor
restricted damage (e.g., the striatum in Parkinson digpools, promote the differentiation of immature nerve
ease), the use of NSCs, because of their ability to engrafells (either endogenous or, via paracrine/autocrine
within germinal zones and to migrate and integrateaction, donor), attract ingrowth of host fibers, or fore-
widely, may permit a cell-based therapy like neuralstall degeneration resulting from the insufficiency of a
transplantation to tackle CNS disorders that are extertrophin or enzyme in thmilieu.
sive (like stroke or asphyxia), or multifocal (like multi-  Intriguingly, one multipotent NSC clone may, in cer-
ple sclerosis) or even global (like most inherited metatain conditions, theoretically perform all or many of the
bolic disorders or dementing neurodegenerative disabove-mentioned functions, even concurrently in the
eases). Human NSCs, just as their murine counterpartsame transplant (e.g., (84)).
are capable of producing factors that can cross-correct
genetic defects in brain cells from models of neurogeConclusion
netic diseases (28) (Figure 12). Like their murine coun- Studies over the past few years have suggested the
terparts they can mediate the widespread expression ekistence in the mammalian CNS of neural cells with
foreign transgenes following transplantation, migrationstem-like properties. The therapeutic applications of
to and stable integration and maturation within hosneural stem cells (NSCs) for disorders of the CNS may,
parenchyma at distant sites. (Figure 9). Presumablyndeed, be broad and multifaceted, analogous to the role
therefore, like their rodent counterparts whose succegdayed by the hematopoietic stem cell for systemic dis-
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eases. To date, most insights into the NSC have derive@.
from observations on rodent cells under the assumption
that the attributes that endow these cells with their ther-
apeutic potential are conserved in those of human ori-*
gin. The recent isolation and propagation of stable
clones of rigorously defined human NSCs has allowed
investigators to confirm that such cells, in fact, appear tos.
behave in a manner analogous to their lower mammalian
counterparts suggesting that they, too, may have thera-
peutic potential. The similarity between human NSC 6.
clones and their murine counterparts in plasticity, genet-
ic manipulability, responsiveness to regional and tempo-
ral developmental cues, migrational ability, foreign gene
expression, cross-correctional ability, and neural cell s.
replacement suggests that human cells may possess the
range of capabilities to be as effective in true clinical sit-
uations as rodent NSCs are in animal models of many
disorders. NSCs may also serve as adjuncts to otheg
repair and gene therapy strategies using other cellular,
viral, and non-viral vectors, or be used in conjunction

with other more lineage-committed human-derived neu- 10.

ral cells. Not only might the actual clones described in
this review serve these various functions, but the data
from our groups and others suggest that investigator
may readily obtain and propagate such cells from their
own sources of human material through a variety of
equally safe and effective epigenetic and genetic meth-
ods with the expectation that they will fulfill the

demands of multiple research and/or therapeutic prob—lz'

lems by yielding engraftable, responsive neural cells for
multiple hosts. Investigators can freely choose the tech-

nigue that best serves their particular research or clinicahs.

needs. In helping to resolve debate over which tack is
most effective for isolating and manipulating NSCs, the
data reviewed in this review should also help unify var-
ious research directions: insights from studies of NSCs,,
perpetuated by one technique may be legitimately
joined to those derived from studies employing others,
providing a more complete picture of NSC biology and

its applications. With the development of human NSCs, 1°-

we are becoming hopeful that progress towards human
applications of the therapeutic paradigms discussed in
this review may actually be in view.
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