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INTRODUCTION

A central aim in developmental neurobiology is to de-
termine how the processes of neurogenesis and gliogen-
esis within the central nervous system (CNS) are regu-
lated. At the cellular level, the initial phase of CNS devel-
opment is characterized by the proliferation of neural
precursor cells (Cowan, 1979), followed by the genera-
tion of neurons and glia. An essential question with re-
gard to these early developmental events is whether the
precursors, cells which lack the phenotypic characteris-
tics of terminally differentiated cells, but from which the
differentiated cells are derived, have multipotential ca-
pacity. In addition, this question has bearing on another
fundamental issue, that is whether environmental influ-
ences have the capacity to direct lineage commitment or
whether their affects are confined to the potentiation of
the differentiation of precursors already committed to
either the neuronal or glial lineages. This review will
address these issues and also will attempt to elucidate
how an understanding of these processes has given us
new insight into cellular kinetics within the adult CNS
and the potential for novel therapeutic strategies to re-
populate the damaged brain.

LINEAGE COMMITMENT IN THE
DEVELOPING BRAIN

In recent years, several investigators have assessed cell
lineage within the developing CNS and the operational
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framework they have used to study the issue has relied
heavily upon the nomenclature developed to define lin-
eage within the hematopoietic system. Study of the latter
system has established the existence of discrete subsets
of precursor cells, each with differing potentiality with
respect to their ability to selfrenew, to divide, and to
differentiate. The most primitive hematopoietic cell is the
stem cell, defined as a precursor with both the capacity
to selfrenew and with multipotentiality, such that it can
repopulate the entire hematopoietic system. The undif-
ferentiated progeny of the stem cell are termed progeni-
tors. These cells are also capable of selfreplication but
only for a limited number of cell divisions. There is also
a hierarchy of progenitor cells with respect to lineage
potentiality: the immediate progeny of stem cells may
themselves have multipotentiality but progenitors genet-
ated later in ontogeny show lineage restriction and, ulti-
mately, commitment to a single lineage. The term “blast”
also has been widely used and refers to the capacity of
a precursor cell to undergo selfreplication, independent
of its lineage potentiality, Although this nomenclature
has been applied to early CNS development, it often has
been used inconsistently and somewhat imprecisely, One
particular difficulty is the complexity of the mammalian
CNS, such that large numbers of differentiated pheno-
types, including a vast diversity of neuronal subtypes
are generated during ontogeny. As a result, most assess-
ments of lineage within the CNS have been restricted to
the basic issue of how the neuronal lineage and the two
major macroglial cell types (astrocytes and oligodendro-
cytes) are generated, rather than addressing the question
of how specification of the various phenotypes (e.g., neu-
ronal subtypes) within a particular lineage is achieved.
It has been widely accepted that commitments to the
neuronal and glial lineages are temporally dispersed,
such that neurogenesis precedes gliogenesis. In the
mouse, cells committed to the neuronal lineage can be
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first detected at about Embryonic Day 11 (E11) (Nornes
and Das, 1974; Bailey ef al., 1994) and neurogenesis con-
tinues until around E20 in the rat (Angevine and Sidman,
1961; Frederiksen and McKay, 1988). In comparison, the
generation of astrocytes is delayed, and has been re-
ported to commence at E16 in the rat {(Abney et al., 1981),
continuing well into postnatal development (Miller et al.,
1985; Frederiksen and McKay, 1988). Birth date studies,
however, fail to address the issue of the lineage potential-
ity of the precursor cells from which the neurons and
astrocytes are derived. For example, the lineage commit-
ment of the differentiated progeny of a multipotential
precursor undergoing repetitive cycles of asymmetrical
division could vary according to the developmental stage
and, in order fo assess this and related issues, formal
lineage studies are required.

An assessment of cell lineage within the developing
CNS was first undertaken over a century ago, when His
(1989) suggested that there was a heterogeneous popula-
tion of precursor celis which exhibited a variety of lin-
eage commitments, This conclusion was based on the
observation that there were two morphologically distinct
cell types present in early CNS development, that is
round cells thought to be neuronal precursors and co-
lumnar cells, hypothesized to be glial progenitors. It was,
however, subsequently shown that these morphologies
reflected different phases of the cell cycle, rather than
specifying lineage restriction (Schaper 1897). Levitt ef al.
(1981) provided more convincing evidence of preexisting
lineage determination, by showing that at midgestation
in the fetal rhesus monkey, a subset of the morphologi-
cally undifferentiated ventricular cells expressed glial fi-
brillary acidic protein (GFAP), an astrocyte specific lin-
eage marker. Current opinion, however, favors that at
least some precursor cells retain a multipotential capac-
ity, with the ability to differentiate into both neurons
and glial. Evidence for this view has accumulated from
immunohistochemical staining (De Vitry et al., 1980), im-
mortalization (Bartlett et al, 1988, Frederiksen ef al,
1988}, clonal analysis {Temple, 1989; Kilpatrick and Bart-
lett, 1993; Davis and Temple, 1994), and LacZ tagging
(Price et al., 1987; Walsh and Cepko, 1992) of precursors.
De Vitry ef al. (1980) presented circumstantial evidence to
support multipotentiality, by demonstrating that murine
hypothalamic precursor cells expressed both neuron-
specific enolase and S100, reported to be neuronal and
glial restricted markers, respectively. More recently, flu-
orescent tracers have been injected into precursor cells
in the developing frog retina and provide strong evi-
dence to support the presence of multipotential precur-
sors in this CNS tissue (Holt ¢f al., 1988; Wetts and Fraser,
1988). However, the technique is limited to short-term

studies and it is not easily adapted to use within less
accessible regions of the CNS.

The lineage potential of precursor cells also has been
studied by analyzing immortalized cell lines produced
by infection of precursors with refroviral constructs con-
taining protooncogenes. Bartlett et al. (1988} generated
cell lines from embryonic mouse neurvepithelium, by
infection with a retrovirus containing the c-myc onco-
gene. The immortalized cells had the morphological
characteristics of primary neurcepithelial cells and did
not spontaneously differentiate, but both GFAP positive
and neurofilament positive cells were generated when
clonal derivatives of the parental cell line were cultured
with fibroblast growth factor (FGF) (see below). Frederik-
sen et al, (1988) utilized the temperature sensitive SV40
large T antigen and found that the resultant immortal-
ized cells retained the morphological characteristics of
precursor cells at the permissive temperatute but, at re-
strictive temperatures, both GFAP positive cells and neu-
ronal-like cells were generated. The phenotypic potential
of retrovirally infected neural precursor cell lines has
been explored more recently by transplantation experi-
ments (Renfranz et al., 1991; Snyder et al.,, 1992). These
studies confirm that the fransplanted cells have a multi-
potential capacity and that either they, or their differenti-
ated progeny (including both neuronal and glial-like
cells), have the ability to migrate to specific zones of the
postnatal rodent brain, including the dentate gyrus of
the hippocampus and the internal granular layer of the
cerebellum, Retroviral-induced alteration of the genome
could, however, alter the developmental potential of the
immortalized cells and, thus, it is unclear if these results
reflect the lineage potential of primary cells.

The infection of very low numbers of cells with replica-
tion-incompetent retroviruses containing the LacZ gene,
also has been employed to assess lineage, both in vivo
and in vitro (Sanes et al., 1986; Price ef al., 1987; Price and
Thurlow, 1988; Luskin ef al., 1988; Williams et al., 1991).
When this technique was applied to the developing chick
spinal cord (Leber et al., 1990), tectum (Gray et al., 1988;
Galileo et al., 1990), and forebrain {(Gray et al., 1990} and
to rodent retinal development (Turner and Cepko, 1987;
Turner et al., 1990), the presence of multipotential precur-
sor cells was established. However, when applied to the
study of precursor cells in the mammalian cerebral cor-
tex, the retroviral labeling technique produced conflict-
ing results. This may be attributed, in part, to the variable
expression of B-galactosidase by infected cells; in addi-
tion, until recently, the full migration potential of clon-
ally related cells may not have been appreciated (Walsh
and Cepko, 1992), making interpretation of the reported
data difficult. Luskin et al. (1988) reported that the vast
majority of clones derived by the in vivo infection of E12 -



14 murine cortical cells with constructs containing the
LacZ gene were homogeneous with respect to cell type;
81% of the derived clones were composed of neurons,
13% contained oligodendrocytes, and 4% contained
astrocytes. Price and Thurlow (1988} studied cell lineage
in the embryonic (E16) rat cerebral cortex and reported
similar findings. Williams et al. (1991) used retroviral
infection to study the in vitro development of cells iso-
lated from embryonic rat cerebral cortex and found that
most proliferating clones were once again composed of
cells restricted to a single lineage; after 7-8 days in vitro,
39% of clones contained oligodendrocytes, 18% con-
tained neurons, and 3% contained GFAF positive
astrocytes. In addition, 36% of the clones were composed
of undifferentiated cells and 5% contained both neurons
and oligodendrocytes but no astrocytes. These studies
suggested that neuronal precursors are more numerous
than astrocytic precursors within the developing cerebral
cortex, although another view would be that astrocytic
precursors incorporate the retrovirus at a lower effi-
ciency than neuronal precursors. Alternatively, Davis
and Temple {1994) have suggested that some glial prog-
eny of ventricular zone cells could migrate and establish
subclones elsewhere within the developing cerebral cor-
tex which may not be identified as related to the parental
clone; this could result in underestimation of the diver-
sity of progeny generated from a given precursor. An-
other important observation was that although astrocytic
clones were less frequent in the immortalization studies,
they usually contained more cells than neurcnally re-
stricted clones, suggesting that neurons and astrocytes
might accumulate from precursor cells at either different
rates or by different mechanisms (Luskin et al., 1988;
Price and Thurlow, 1988).

Although these results suggested significant lineage
restriction among precursors within the developing ro-
dent cerebral cortex, both the studies of Luskin et al.
(1988) and of Williams et al. (1991) identified that, in a
subset of clones, some of the progeny were of undifferen-
tiated morphology; consequently, the full lineage poten-
tial of the precursor cells may not have been apparent,
possibly because the appropriate environmental condi-
tions for the differentiation of astrocytes were not present
(see Fig. 1). This issue has been addressed by assessing
the phenotype of clonally related cells, using ultrastruc-
tural and immunochistochemical criteria; the results reaf-
firmed the view that most neurons, astrocytes, and oligo-
dendrocytes arise from separate progenitor cells within
E15 and E16 rat cerebral cortex (Grove et al., 1993; Luskin
et al., 1993). However, recent data indicate that proviral
integration is into postreplication DNA; thus, only half
of the progeny of an infected cell will carry a copy of the
provirus. If the infection is into asymmetrically dividing
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stemn cells which generate another stem cell and a com-
mitted progeny, half of the infected clones will contain
only committed progeny, potentiaily biasing the assess-
ment, by underestimating the diversity of progeny gener-
ated (Hajihosseini et al., 1993). Clonal boundaries and
thus, lineage, now also have been more rigorously ana-
lyzed, by infecting the developing brain with a library
of genetically distinct viruses and amplifying single viral
genomes, using the polymerase chain reaction (Walsh
and Cepko, 1992). This study has suggested that at least
5% of clones labeled from EI5 rat neocortex contained
both neurons and astrocytes and, thus, that they were
derived from multipotential precursors. However, even
this study may have methodological difficulties, given
that the true incidence of multiple infections by a given
retroviral tag cannot be accurately calculated (Kirkwood
et al., 1992).

1t also should be noted that the results of in vive clonal
analysis between E14 and E16 do not necessarily reflect
the lineage potential of the earliest precursor cells, pres-
ent within the neuroepithelium. The concept of progres-
sive restriction to a single lineage is supported by in vitro
studies, which have identified neurcnal precursors on
the basis of loss of an inducible marker (MHC class 1
molecules), as the precursors become commiited to the
neuronal lineage (Bailey et al., 1994). In fact, from E11
onwards in the mouse, there is an increasing number of
precursors committed to the neuronal lineage, up to 40%
by E12. Furthermore, it is possible that the restricted
range of phenotypes observed within clones in vivo does
not reflect the full lineage potential of the founder cell,
due to environmental constraints (see below). Finally, it
is possible that the proliferative capacity of multipoten-
tial precursors could diminish in vive as development
proceeds, as occurs in the hematopoietic system (Metcalf
and Moore, 1971) and in vive clonal analysis, utilizing
retroviral constructs, would be biased against the detec-
tion of such a quiescent subset of precursors.

In vitro clonal analysis of embryonic CNS cells has
confirmed the presence of multipotential cells. Temple
(1989) analyzed E13.5-14.5 rat septal precursor cells and
found that there was not only heterogeneity within the
isolated population but that 22% of the plated cells exhib-
ited multipotentiality. In addition, Kilpatrick and Bartlett
{1993) undertook clonal analysis of E10 murine neuroepi-
thelial cells, and confirmed heterogeneity, in that two
predominant and morphologically distinct types of clone
were identified. The first type consisted of large amor-
phous cells (37% of clones) of undetermined lineage po-
tential and the second type contained cuboidal, epithe-
lial-like cells (54% of clones). Clones of the latter type
contained very large numbers (>5 X 10 of precursor
cells, suggesting that their differentiation did not occur
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FIG. 1. Alternative models for the generation of neurons and astrocytes within the mammalian brain. In model A, neurons and astrocytes are
generated from precursor cells already comumitted to the neuronal and astrocytic ineages. Neurons are generated first and astrocytic progenitors
subsequently proliferate before differentiating into mature astrocytes. In model B, there is a steady-state complement of multipotential precursor
cells present throughout ontogeny. Initially, under the influence of temporally restricted environmental signals, the precursors generate neuroblasts
which, in turn, differentiate into mature neurons. A small number of glioblasts is alse generated at this early developmental stage but they are
also generated from the multipotential precursor subsequent to the completion of neurogenesis. Further expansion of the astrocytic progenitor
population occurs by proliferation, prior to astrocytic differentiation. In this model, the multipotential precursor survives into adult life and
continues to generate committed progeny as a resuit of asymmetrical division but, in the absence of the appropriate environmental signals, the

newly generated progenitor cells die.

by default after a predetermined number of cell divi-
sions. Although the vast majority of these clones con-
tained undifferentiated cells, 24% contained a small num-
ber of neurons (<<1% of the total cell number). In addi-
tion, some 59% of the clones that contained neurons also
contained GFAP positive astrocytes, indicating that
many of these clones were derived from bipotential pre-
cursor cells,

Very recently, Davis and Temple {1994), by following
the fate of single ventricular zone cells in culture, have

shown that selfrenewing, multipotential precursor cells
are present in the E12 and E14 rat cerebral cortex. These
precursor cells produced about 7% of the cortical clones
generated, whereas over 80% of the clones consisted of
small numbers of either neurons or glia. The authors
defined the multipotential precursors as stem cells be-
cause of their ability to self renew, as determined by the
fact that some of their subcloned progeny were them-
selves able to generate multiple cell types, including neu-
rons, astrocytes, and oligodendrocytes. Overali, these re-



sults and the previous findings of Temple (1989) and
Kilpatrick and Bartlett (1993} support the view that
multipotential precursors are present in the embryonic
CNS and suggest that as development proceeds, these
cells become progressively restricted to progenitors of
either the neuronal or glial lineages. In addition, the ap-
parent paradox between the in vivo retroviral labeling
and the in vitro clonal data could be reconciled if it is
interpreted that the retroviral studies have identified two
types of cells (Walsh ef al., 1994). The first cell type is a
multipotential cell which migrates within the subventri-
cular zone and which generates cells of the second type, a
committed progenitor with restricted migration potential
and which is responsible for generating the clustered
clones identified in many of the in vive studies (Walsh
and Cepko, 1993; Walsh et al., 1994).

The potentiality of precursors already committed to the
ghial lineages has been extensively studied in postnatal
development and initial in vitro results suggested that a
single progenitor could generate both astrocytes and oli-
godendrocytes (Raff ¢f al., 1983a). It also was suggested
that there are two major types of astrocyte (Raff et al,
1983b), type-1 astrocytes, important in the maintenance of
the blood —brain barrier (Janzer and Raff, 1987} and in the
production of neurotrophic factors (Raff, 1989), and type-
2 astrocytes, important in the maintenance of the nodes of
Ranvier (ffrench-Constant and Raff, 1986). In vitro lineage
studies of cells isolated from the postnatal rat optic nerve
suggested these two cell types were derived from different
precursors and, in particular, that type-2 astrocytes share
a common progenitor (the O-2A progenitor cell) with oli-
godendrocytes (Raff ¢f al, 1983a). However, it remains
uncertain if these in vitro observations are pertinent to
development, principally because it has been difficult to
definitively identify type-2 astrocytes in vivo (Lillien and
Raff, 1990). Further, the expression of GFAP by type-2
astrocytes in vitro is sometimes transient and, thus, does
not provide definitive evidence of lineage commitment
(Hughes et al., 1988). Two studies have further addressed
this issue by determining the expression of transcripts for
putative oligodendrocyte lineage specific markers such as
the platelet-derived growth factor @ receptor and 2, 3'-
cyclic-nucleotide 3'-phosphodiesterase in the embryonic
rat CNS (Pringle and Richardson, 1993; Yu ef al, 1994).
As early as E14, discrete clusters of cells expressing these
markers were found within the ventricular zone, sug-
gesting that specialized oligodendrocyte progenitors may
already be present at this developmental stage. Studies
utilizing the lacZ reporter gene to assess the glial lineage
have, however, yielded conflicting results. Williams et al.
(1991) labeled cultures derived from E12-E18 cortex and
failed to identify astrocytes and oligodendrocytes together
in a single clone. Instead, this study revealed a previously
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unidentified clonal association, suggesting the presence of
a common neuronal and oligodendrocyte progenitor (see
above). Vaysse and Goldman (1990) assessed lineage in
cultures generated from neonatal rat striatum and the re-
sults were interpreted to confirm that astrocytes and oligo-
dendrocytes were generated from separate progenitors,
a finding confirmed by Luskin and McDermott (1994),
studying glial lineage within the neonatal rat brain. In
contrast, another in vivo study found that 15% of the clones
generated from neonatal forebrain precursors contained
both oligodendrocytes and astrocytes, strongly suggesting
the presence of a bipotential progenitor (Levison and
Goldman, 1993); it remains unclear, however, whether the
astrocytes generated from this bipotential progenitor rep-
resent a discrete subpopulation of astrocytes, subserving
a specific function akin to that previously attributed to
the type-2 astrocyte. A further study by the same group
confirmed that the labeled progeny of neonatal subventri-
cular zone cells, which migrated into gray matter, gener-
ated both astrocytes and oligodendrocytes (Levison ef al.,
1993). In contrast, the progeny of P14 precursors were
exclusively oligodendrocytes and were restricted to sub-
cortical white matter. Nevertheless, when either neonatal
or P14 subventricular zone cells were placed in dissociated
culture, some heterogeneous clones, containing both oli-
godendrocytes and astrocytes, were generated. How can
these apparently conflicting results be resolved? One pos-
sibility is that the disparate cell fates observed between
the various studies and also between the in vifro and in
vivo analyses reflect the influences of temporally and spa-
tially regulated environmental signals.

THE ROLE OF EPIGENETIC FACTORS IN
REGULATING THE DEVELOPMENTAL
FATE OF NEURAL PRECURSOR CELLS

Once it was established that a proportion of neural
precursor cells lack predetermined lineage capacity, it
was clearly important to address the issue of how cell
fate could be modulated by environmental influences,
Epigenetic factors have been shown to act upon neuro-
epithelial cells either to potentiate their survival, to in-
duce their proliferation, or to facilitate their commitment
and differentiation into mature cell phenotypes (Table
1). Insulin-like growth factor-1 (IGF-1) acts in vitro to
potentiate neuroepithelial cell survival (Drago et al,
1991). The proliferation of neurcepithelial cells in witro
also has been shown to be stimulated by growth factors
(Gensburger et al., 1987, Murphy et al., 1990; Cattaneo
and McKay, 1990; Anchan et 4l., 1991); in particular, fi-
broblast growth factors 1 and 2 (FGF-1 and FGF-2) stimu-
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TABLE 1

Summary of the Effect of Growth Factors upon Cultured Neural Precursor Cells

Response
Type of precursor cell Survival Proliferation Differentiation
Neuroepithelial cells IGF-1 FGE-1, FGE-2, EGF (NGF) +ve. FGE-1

Neuronal progenitors ?
Oligodendrocytic progenitors

Astrocytic progenitors ?

PDGF, IGF-1, CNTF, LIF, NT-3

FGF +ve, FGF
FGF, PDGF, NT-3 +ve. (CNTF, LIF)
—ve. PDGF, FGF, IGF-1

FGF, EGF +ve, (LIF)

Note. Where growth factors are in parentheses the observed effect is known to be dependent upon the provision of additional extracellular
signals (see text for details). Abbreviations used: 1GF-1, insulin-like growth factor-1, FGF, fibroblast growth factor, EGF, epidermal growth factor,
NGF, nerve growth factor, PDGF, platelet derived growth factor, CNTF, ciliary neurotrophic factor, LIF, leukemia inhibitory factor, NT-3, neuro-

trophin-3.

late the proliferation of neuroepithelial cells isolated
from E10 murine telencephalon and mesencephalon
{(Murphy et al., 1990). In addition, Cattaneo and McKay
(1990} reported that neuronal precursor cells isolated
from E13.5 to E14.5 rat striatum not only responded to
FGF but that proliferation was further potentiated by
nerve growth factor (NGF), which correlated with the
finding that embryonic striatal ceils express the NGF re-
ceptor (Gage et al., 1989). Murphy et al. (1990) also
showed that FGF could induce the differentiation of pri-
mary neuroepithelial cells into neurons and astrocytes,
when the precursors were plated at high cell density.
These latter observations raised the issue of whether FGF
was acting primarily as a mitogen or whether it also
was integrally involved in the differentiative processes
occurring within these cultures; for example, either neu-
ronal or astrocytic differentiation could have conceivably
resulted from the endogenous production of secondary
factors within the mixed cultures (Mehler ef al., 1993).
Clonal studies provide a more precise means to distin-
guish between direct and indirect influences and using
this approach, Kilpatrick and Bartlett (1993} established
that the primary response of FGF was to induce the pro-
liferation of the neuroepithelial population, given that
the vast majority of cells in the derived clones were of
an undifferentiated phenotype. Further, in these studies,
the removal of the proliferative signal was inadequate,
by itself, to induce differentiation, a process which re-
quired separate and discrete epigenetic signals (see be-
low). However, when the precursor cells were exposed,
in the absence of IGF, to secondary soluble activities
produced by an N-myc immortalized astrocyte precursor
cell line (Kilpatrick et al., 1993), significant numbers of
differentiated neurons were generated. This is consistent
with the finding that astroglial cells induce the terminal
differentiation of CNS neuronal progenitors (Gao et al.,
1991}, although this latter effect was dependent upon a

membrane-associated activity. The above findings dif-
fered from those of Cattaneo and McKay (1990), who
found that in the rat, the withdrawal of FGF and NGF
was sufficient to invoke the differentiation of colonies of
precursor cells into neurons. The different findings could
reflect either ontogenic or phylogenetic differences or al-
ternatively, accessory cells in heterogeneous cultures
could have produced secondary factors which potenti-
ated differentiation and whose effects were inhibited by
FGF and/or NGF.

There also has been debate in the literature concerning
whether the affects of FGF are predominantly upon
multipotential precursors or, alternatively, progenitors
restricted to the neuronal lineage. Gensburger ¢t al. {1987)
had initially reported that precursor cells isolated from
the cerebral hemispheres of E13 rat proliferated in re-
sponse to FGF-2. Although high density, mixed cultures
were studied, the majority of differentiated cells gener-
ated were neurofilament positive neurons. This sug-
gested that the predominant affect of FGF-2 was to in-
duce the proliferation of neuronal, rather than glial pro-
genitors. A recent study has readdressed this issue and
also suggests that FGF-2 induces the differentiation of
neuronally restricted progenitors isolated from the hip-
pocampus (Ray ef al., 1993; Table 1). However, although
the vast majority of the progeny was clearly neuronal,
without clonal analysis it is impossible to know whether
the majority of the plated precursors was already com-
mitted to the neuronal lineage, whether FGF-2 exerted
an affect upon multipotential precursors or whether en-
vironmental conditions failed to support either the sur-
vival or the proliferation of nonneuronal cells. Indeeq, it
is possible that secondary factors, produced endoge-
nously within the hippocampal derived cultures, could
be involved in selectively promoting neurogenesis rather
than gliogenesis.

It also has been shown that FGF-1 and FGF-2 are pro-



duced by neuroepithelial cells (Drago et al., 1991; Nur-
combe et al., 1993), with the onset of FGF-1 expression
corresponding, temporally, to the commencement of
neurogenesis. This has led to the hypothesis that FGF-1
couid play a pivotal role in initiating neurogenesis, even
though exogenous FGF-1 did not invoke the neuronal
differentiation of E10 neuroepithelial clones (Kilpatrick,
unpublished observations}. It has been suggested that
the presence of extracellular matrix molecules, known as
heparan sulfate proteoglycans (HHSPGs), is also necessary
tor either FGF-1 or FGF-2 to activate the appropriate high
affinity receptor (Nurcombe et al., 1993). Indeed, at the
onset of FGF-1 production within the CNS, the synthesis
of the appropriate HSPG (that which binds FCF-1 with
the highest affinity) is also upregulated. These findings
suggest that the inability of FGF-1 to stimulate neurogen-
esis within neuroepithelial clones could reflect an in vitro
interaction between FGF-1 and an “inappropriate” hepa-
ran sulfate side-chain, resulting in suboptimal presenta-
tion of the ligand to its high affinity receptor. Indeed,
preliminary evidence suggests that when E10 neuroepi-
thelial clones are stimulated with FGF-1, as well as the
appropriate HSPG, a significant percentage of the pre-
cursors differentiate into neurons, implicating a role for
FGF-1 in neurogenesis (Bartlett, unpublished observa-
tions, Table 1).

The nature of the regulatory molecules that invoke
the commitment of multipotential precursors to the glial
lineage is largely unknown. Epigenetic regulations and
in particular, cell-cell interactions could, however, play
a role, as the generation of GFAP positive astrocyies
among clonal populations derived from multipotential
precursors occurs predominantly in regions of the cul-
tures composed of multiple layers of cells (Kilpatrick and
Bartlett, 1993). Preliminary evidence also suggests that
leukemia inhibitory factor (LIF), in combination with se-
rum-associated factors, could be implicated in promoting
the generation of astrocytes from primary neuroepithe-
lial precursors (Richards et al., 1995), while it also has
been suggested that both LIF and ciliary neurotrophic
factor (CNTF) can induce the differentiation of the
astrocytic progenitor cell line, AP-16 (Yoshida et al,
1993). Furthermore, both FGF and EGF can stimulate the
proliferation of committed astrocytic progenitors iso-
lated from the E17 mouse cerebrum (Kilpatrick and Bart-
leit, 1995; Table 1 and see below).

In contrast to the limited information available per-
taining to the regulation of gliogenesis in embryogenesis,
there has been extensive investigation of the influence
that environmental factors exert upon committed glial
progenitors in postnatal development (Table 1). The sut-
vival of progenitors isolated from posinatal optic nerve
is potentiated by neurotrophin-3 (NT-3) (Barres et al,
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1993), IGF-1 and platelet derived growth factor (PDGF)
(Barres ef al., 1992). Proliferation of O-2A progenitors is
stimulated by multiple growth factors, including PDGF
(Noble et al., 1988; Raff et al., 1988; Richardson et al.,
1988), FGE-2 (McKinnon ef al., 1990; Bogler ef al., 1990;
Mayer et al., 1993), and NT-3, when administered in com-
bination with PDGF (Barres et al., 1994a), although only
NT-3 has been shown to play a role in stimulating O2-
A progenitor proliferation in vivo (Barres et al., 1994a).
In addition, CNTF and LIF promote oligodendrocyte
maturation in vitro (Mayer et al., 1994); they also promote
oligodendrocyte survival (Barres et al., 1993; Louis ef al,,
1993; Mayer et al., 1994) as do insulin, the IGFs (Barres
et al, 1992), and NT-3 (Barres et al., 1993). On the other
hand, O-2A progenitors have been reported to be stimu-
lated to differentiate into type-2 astrocytes by either
CNTF (Hughes ef al., 1988) or LIF (Mayer et al., 1994),
when the cells are cocultured with extracellular matrix
(Lillien ef al., 1990). These findings suggest that CNTF
and LIF enhance the differentiation of bipotential O-2A
progenitors per se and that the choice of lineage is depen-
dent upon other regulatory influences within the extra-
cellular environment. Although the above data docu-
ment the molecular mechanisms that potentially regulate
glial development, they give little insight into how epige-
netic influences interact to regulate the timing of progeni-
tor differentiation. It has been hypothesized that oligo-
dendrocyte differentiation depends on an intrinsic clock
in O2-A progenitor cells which counts cell divisions or,
more particularly, elapsed time after exposure to mito-
gens and which limits precursor proliferation (Temple
and Raff, 1986; Bogler and Noble, 1994). It has been fur-
ther suggested that hydrophobic signals such as thyroid
hormone, glucocorticoids, and retinoic acid, although by
themselves not required for differentiation, act as effector
molecules, to coordinate the timing of differentiation, by
inhibiting cellular proliferation (Barres et al., 1994b). Thy-
roid hormone is a candidate in vive signal, as the thyroid
gland becomes active around the time when oligoden-
drocytes first appear in the rat CNS (Dussault and Ruel,
1987; Abney et al., 1981}.

It is alsc possible that a cell intrinsic developmental
program is important in regulating cell lineage. In partic-
ular, subsets of committed but morphologically homoge-
neous and undifferentiated progenitor cells could be pro-
duced by the asymmetrical division of mulfipotential
precursors both in vivo and among clonal popuiations
generated in vitro (Kilpatrick and Bartlett, 1993; Davis
and Temple, 1994). If this were so, epigenetic factors
could provide the necessary requirements to invoke dif-
ferentiation but may not, by themselves, instruct cell
type. Evidence for such a combinatorial influence is de-
rived from the study of rat retinal neuroepithelial cell
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development (Watanabe and Raff, 1990), in which cell-
cell interactions and a cell autonomous developmental
program combine to instruct both the timing and the
nature of precursor cell differentiation.

LINEAGE POTENTIAL VERSUS CELL
FATE WITHIN THE DEVELOPING BRAIN

Although in vivo lineage studies suggest that, after E14,
the cell fate of most proliferating precursors within the
rodent forebrain is restricted, it is still possible that they
maintain a multipotential capacity and that it is local envi-
ronmental cues which regulate and ultimately restrict the
lineage of their progeny (see Fig. 1B). Two recent in vitro
studies have addressed this issue. Reynolds e al. (1992)
isolated cells from E14 mouse striatal primordia, grew the
cells at a density of 1000 cells per 35-mm culture dish and
found that epidermal growth factor (EGF) stimulated the
proliferation of cells within ciusters called, “neurospheres.”
The majority of the cells within the neurospheres expressed
the intermediate filament, nestin, previously reported to be
expressed in neuroepithelial stem cells (Lendahl et al., 1990;
Cattaneo and McKay, 1990} and, in the absence of EGF,
differentiation into neurons and astrocytes was observed.
It also was passible to subculture the EGF-responsive cells,
and after multiple passages, a small but undefined propor-
tion of these ceils maintained the capacity to differentiate.
These findings suggested that an EGF-responsive multipo-
tential cell, with the capacity to selfrenew and, thus, with
some of the cardinal features of a stem cell, had been identi-
fied.

In a second study, clonal analysis of murine cerebral
cells from E17 was performed and it was established
that either FGF-2 or EGF induced the proliferation of a
subpopulation of the cells (Kilpatrick and Bartlett, 1995).
On closer analysis, it was shown that glial-restricted pro-
genitors were stimulated by either FGF-2 or EGF,
whereas clones containing both neuronal cells and
astrocytes (i.e., derived from a multipotential precursor)
could be generated only with FGF-2. These observations
argue strongly for the presence of at least two distinct
populations of precursor cells within the E17 mouse cere-
brum; precursor cells which vary not only in their factor
responsiveness but also in their lineage potential.

Unlike E10 precursors, E17 multipotential precursors cul-
tured with FGF-2 exhibited the intrinsic capacity to gener-
ate large numbers of neurofilament positive cells. This
finding indicates that multipotential precursors have an age
dependent variability in their capacity to generate progeny
which, by phenotypic criteria, are committed to the neu-

FIG. 2. Multipotential precursors have an age dependent variability
in their capacity to generate differentiated progeny, as shown by the
disparate phenotypes of clones generated from precursor cells isolated
from the mouse brain at E10 and E17. Shown in (a) is a clone derived
from an E10 neuroepithelial cell which is composed predominantly of
cuboidal precursors which fail to express either neurofilament {(NF) or
glial fibrillary acidic protein (GFAP), lineage markers for neurons and
astracytes, respectively. Shown in (b) and {c} are photomicrographs of
a single clone generated from a multipotential precursor cell, isolated
at E17. Unlike the clone generated from the E10 precursor, the E17
derived clone contains large numbers of NF + ve (b} and GFAP + ve
{c) cells. Bar, 50 pm.

ronal lineage (Fig. 2). Furthermore, the proliferative poten-
tial of cells within clones derived from multipotential pre-
cursors isolated at E17 (Kilpatrick and Bartlett, 1995) was
much lower than from those isolated at E10 (Kilpatrick
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and Bartett, 1993), suggesting, first, that the E17 precursors
have limited selfrenewal capacity and second, that their
progeny are more likely to be further down the differentia-
tion pathway, with more limited proliferative capacity. In
support of these contentions, Lillien and Cepko (1992) have
found that the proliferative potential of precursors isolated
from the retina reduces with age. Thus, there may be an
ontogenic hierarchy of multipotential precursors within the
CNS, analogous to the well defined hierarchy of precursors
within the hematopoietic system (Metcalf and Moore,
1971).

How does one account for the apparent differences in
factor responsiveness of multipotential precursors isolated
by the two groups of investigators? The differences could
be explained if EGF stimulated glial progenitors in the low
density cultures of Reynolds et al. (1992) to produce endog-
enous factors, including FGF, which, in turn, directly in-
duced the proliferation of multipotential precursors. An
alternative explanation for the differences would be that
there are EGF-responsive precursors that were not detected
in the E17 clonal analysis because the frequency of this
population is very low; consistent with this view is the
observation that the frequency of the EGF-responsive cells
is less than 1 in 1000 (Reynolds ef al., 1992).

Vescovi et al. (1993) have postulated that FGF-2 in-
duces the proliferation of both a bipotential neuronal/
astroglial progenitor and a committed neuronal progeni-
tor. The authors have suggested that these data support
the view that EGF and FGF act sequentially, with EGF
stimulating bona fide stem cells; if this is so, it remains
unclear why others have failed to observe EGF respon-
siveness among neuroepithelial cells isolated from the
earliest phase of CNS development, while it has been
observed that neuroepithelial cells will respond to FGF
(Murphy et al,, 1990; Kilpatrick and Bartlett, 1993). On the
other hand, experiments using FGF have not definitively
isolated a stem celi and it remains formally possible that
an FGF responsive and bipotential neuronal/astrocytic
progenitor has been identified, especially since oligoden-
drocytes are not generated within these cultures (Kil-
patrick and Bartlett, 1993, 1995). One view of the avail-
able data would be that EGF induces the proliferation of
a very restricted population of multipotential precursors
which exhibit many of the phenotypic characteristics of
a stem cell, FGF induces the proliferation of a more abun-
dant bipotential neuronal /astrocytic progenitor and both
factors act to induce the proliferation of glial restricted
progenitors.

THE IDENTIFICATION OF PRECURSORS
IN THE ADULT MAMMALIAN CNS

The ability to isolate multipotential precursors in late
embryogenesis (Kilpatrick and Bartlett, 1995) raises the

Kilpatrick, Richards, and Bartlett

question as to whether either neuronal or multipotential
precursor cells might persist within the cerebrum of the
postnatal mammalian brain (Fig. 1). In the rodent CNS,
the majority of neurons are clearly formed prenatally,
although there are well identified exceptions, including
granule neurons in the hippocampus (Altman, 1963;
Schlessinger et al., 1975; Altman and Bayer, 1990) and
cerebellum (Altman, 1972) and the olfactory bulb (Bayer,
1985). In contrast, it is well established that cells within
the subventricular zones of the brains of adult fish, am-
phibians, and some birds retain the capacity for prolifera-
tion (Alvarez-Buylla ¢f al., 1988). In canaries, these prolif-
erating cells maintain the capacity to differentiate into
neurons and to populate the higher vocal centers in the
forebrain, in response to hormonal stimuli (Nordeen and
Nordeen, 1989). Further, it has been shown that prolifer-
ating cells can be identified in the subventricular zone
of adult mammals, as assessed by tritiated thymidine
incorporation studies {Morshead and van der Kooy,
1992). When cells in the subventricular zone were labeled
with the LacZ reporter gene, it was shown that the resul-
tant clones, identified adjacent to the lateral ventricle,
were almost never more than two cells in size, whereas
some 33% of the subventricular cellular population was
shown to be undergoing cell division. This finding sug-
gested that the proliferating cells were dividing asym-
metrically, with one progeny maintaining an undifferen-
tiated phenotype, thereby facilitating the self-renewal of
the precursor papulation, whereas the other daughter
cell invariably died (see Fig. 1B). Two recent studies,
however, suggest that many of their progeny migrate to
the olfactory bulb, where they undergo differentiation
into interneurons (Luskin, 1993; Lois and Alvarez-Buylla,
1994), raising the possibility that either the appropriate
migratory pathway or the necessary stimulus for migra-
tion is only present within this region of the brain. If
the latter is correct, it will be important to define the
environmental conditions which facilitate the selective
migration of precursors to the olfactory bulb. It is rele-
vant that in mutant mice exhibiting homozygous defi-
ciencies of the neural-cell adhesion molecule {(N-CAM)
gene, the predominant phenotypes observed are atrophy
of the olfactory bulbs (Tomasiewicz et al., 1993; Cremer et
al., 1994) and hypertrophy of the adjacent subventricular
zone (Tomasiewicz et al., 1993), suggesting that N-CAM
is involved in precursor migration. It remains to be estab-
lished whether there are chemotactic gradients that facili-
taie precursor migration to the olfactory bulb, and
whether there are environmental signals within the olfac-
tory bulb which promote neuronal commitment and/or
differentiation. The discovery of epigenetic conditions
which induce the neuronal differentiation of precursors



Precursors in the Mammalian Brain

during development has provided the means to address
the latter issue.

Three recent reports provide further evidence that
neuronal precursor cells do, indeed, exist in the adult
mammalian brain {Reynelds and Weiss, 1992; Richards
ef al., 1992; Lois and Alvarez-Bullya, 1993). In the last
study, slice cultures containing rostral subventricular tis-
sue were grown in the absence of exogenous growth
factors. Precursor cells within these cultures had the con-
stitutive capacity to differentiate upon migration out of
the explant, which could suggest either a role for inhibi-
tory factors in vivo or that these cells normally migrate
to the olfactory bulbs and then differentiate. The other
studies suggest that exogenous factors can influence pre-
cursor cell fate. Reynolds and Weiss (1992) isolated cells
from adult mouse striatum, induced the proliferation of
precursors within the cultures by administering EGF,
and found that the precursors differentiated into neurons
and glia, when EGF was subsequently withdrawn. Rich-
ards ef al. (1992) reported that precursors could be in-
duced to differentiate into neuronal cells when initially
stimulated in vitro with FGF-2 and then with medium
conditioned by an astrocytic precursor cell line (Kil-
patrick et al., 1993, see above). In this latter study, neu-
ronal induction was not potentiated by initial culture
with EGF and the reason for the disparity in the results,
with regard to the efficacy of EGE, remains unclear.
However, as for the multipotential precursors identified
in late embryogenesis, it may be that EGF stimulates the
production of secondary factors, including FGE, which
in turn act directly upon the precursor population (see
above). Alternatively, it is possible that the differences
relate to a disparity in the expression of the EGF and
FGF receptors by different subpopulations of precursor
cells.

An important question which arises is whether the
findings of Reynolds and Weiss (1992) and of Richards
et al. (1992) were obtained due to the selective stimulation
of a subpopulation of the cultured precursors, specifi-
cally those isolated from the rostral tip of the lateral ven-
tricle. If this were so, it might indicate a restricted distri-
bution of neuronal precursors within the subventricular
zone and raises the possibility of a restricted lineage po-
tentiality (ie., to olfactory bulb interneurons). Morshead
et al. (1994) suggest that there is, indeed, a rostrocaudal
gradient, in that cells isolated from the subventricular
zone of the rostral forebrain generate more neurospheres
in response to EGF stimulation than cells isolated from
caudal regions of the brain. On the other hand, a prelimi-
nary report by Kirschenbaum ¢f al. {1993} indicates that
neuron-like cells can be generated in vitro from human
temporal lobe periventricular tissue, which is adjacent to
the inferior limb, and not the rostral tip, of the lateral
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ventricle. In addition, recent in vitro work has shown
that precursors isolated from both the rostro-dorsal and
rostro-ventral regjons of the lateral ventricles, when
stimulated with FGF-1, generate clones containing neu-
rofilament positive cells. This observation further sup-
ports the view that some of the precursors which do not
migrate to the olfactory bulbs also have the potential to
differentiate into neurons (Bartlett, unpublished observa-
tons).

Bipotential O-2A progenitor cells have been identified
within the adult rodent CNS (Wolswijk and Noble, 1989}
and it has been suggested that these cells are derived
directly from a subpopulation of perinatal O-2A progeni-
tors (Wren et al., 1992). The adult progenitors are capable
of prolonged selfrenewal in vitro under the mitogenic
influence of PDGF (Wolswijk et al., 1991; Wren et al.,
1992). These cells generate oligodendrocytes, primarily
by asymmetrical division and differentiation, in contrast
to the selfextinguishing pattern of symmetrical division
and programmed differentiation displayed by perinatal
progenitors in witro (Wren et al., 1992). The properties of
the adult rodent progenitor would thus appear well
suited to a functional role designed to replenish oligode-
ndrocytes at a slow, basal, rate throughout life. A recent
report also has documented plasticity in the adult human
oligodendrocyte lineage (Gogate et al., 1994). However,
unlike the rodent progenitor, the human counterpart ex-
hibited phenotypic plasticity, rather than mitogenic ac-
tivity, in response to the growth factors, FGF-2 and
PDGF. This either indicates fundamental interspecies dif-
ferences in the proliferative potential of adult oligoden-
drocytic progenitors or, alternatively, disparate, and in-
completely defined, spectra of growth factor respon-
siveness.

FUTURE DIRECTIONS

The results of adult neural cell culture, together with
those of clonal analysis of embryonic neuroepithelial
cells, suggest that the lineage determination and subse-
quent differentiation of multipotential precursor cells is
invoked by specific environmental conditions. These ob-
servations raise the possibility of utilizing precursor cell
populations, present in situ, to replace degenerating neu-
rons by the in vivo administration of growth factors. In
order to effectively study this possibility, a number of
issues will need to be clarified. First, it will be necessary
to establish whether precursors within the adult brain
include dormant cells or whether they are exclusively the
proliferating, subventricular cells identified by Morshead
and van der Kooy (1992); in other words, will it be neces-
sary to induce the proliferation of precursor cells in sifu
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in order to facilitate repopulation? Morshead ef al. (1994)
have very recently suggested that there are, indeed, at
least two populations of precursor cells within the adult
mammalian brain, first, the constitutively proliferating
population previously described and second, a relatively
quiescent population which has been hypothesized to
be the in vive source of neural stem cells. The lineage
relationships between these two populations will, how-
ever, have to be more formally assessed before it will be
possible to answer the above question. Second, it will
be necessary to determine whether precursors can be
induced to migrate within the adult cerebral cortex, in
the absence of the radial glia which facilitate neuronal
migration in the developing brain. Third, it will be im-
portant to determine whether precursors can autono-
mously assume the specific phenotype of the degenerat-
ing neuronal population or, alternatively, if they can be
induced to assume this phenotype when provided with
appropriate environmental signals.

Multiple reports document the successful transplanta-
tion of neural progenitors into the postnatal CNS (re-
viewed in Rosenfeld et al., 1991; Fisher and Gage, 1993;
Groves et al., 1993). While these reports have speculated
that transplantation of progenitors could be a practical
way to repopulate the damaged brain, the recent acquisi-
tion of the methodology to generate large clonal popula-
tions from multipotential precursors i vitro suggests a
more effective way to realize this aim. Renfranz ef al.
(1991} and Snyder et al. (1992) have transplanted retrovi-
rally immortalized multipotential cells into postnatal rat
brain and have provided convincing evidence of in vivo
differentiation of these cells into neuronal and glial-like
cells (see above). The methodology is now available to
repeat the above transplantation experiments with pri-
mary cells and such experiments would have obvious
advantages over those using cell lines. First, lineage
could be studied using cells which have not been affected
by genetic manipulation and second, if precursor cell
transplantation is to be applied to human degenerative
disease, primary cells will be the preferable source.
Transplantation experiments also could be performed on
primary celis after exposure to either specific growth fac-
tors or to antisense oligonucleotides designed to inhibit
the effects of either specific growth factors or their recep-
tors. Such experiments also would provide further in-
sight into how exogenous and endogenous mechanisms
interact to regulate the differentiation of neural cells.

Recent experiments have shown that primary neural
populations, which are able to undergo cell division and
to generate both neurons and glia for extended periods
in vitro (see above), can successfully engraft into the post-
natal mammalian brain (Kilpatrick f al., 1994; Ray, 1994;
Gage ef al., 1994). In the former study, murine neuroepi-
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thelial cells expanded in vitre with FGF-2 were trans-
planted into the hippocampus and were found to have
selectively migrated into regions of continuing neuro-
genesis in the host brain, specifically the granular layer
of the dentate gyrus. Within this region, some of the
transplanted cells elaborated processes which extended
toward the CA2 region of the pyramidal layer, indicating
that the donor cells can adopt similar morphologies to
those of host granule neurons. Ray (1994) has reported
similar results after transplantation of fetal rat hippocam-
pal cells precultured and expanded in vitro with FGF-2.
These cells were labeled with tritiated thymidine and
transplanted into the hippocampi of aduit rats; many of
the transplanted cells were found distributed within the
host dentate gyrus and some expressed the granule cell
marker, calbindin. Similar findings also can be obtained
using cultured precursor cells isolated from the hippo-
campus of adult rats (Gage et al., 1994). Precursor cells
isolated directly from the subventricular zone also could
represent a useful source of neuronal cells, given that
Lois and Alvarez-Buylla (1994} have shown that cells
from this region can be transplanted back into the lateral
ventricles of adult mice and that the progeny of these
grafted cells can migrate to the olfactory bulbs, where
they differentiate into interneurons (see above). Collec-
tively, these results suggest the possibility of novel and
more refined approaches to repopulating the damaged
brain; the data are, however, preliminary and many chal-
lenges remain. In particular, it will be important to deter-
mine whether the cell fate of primary precursors can
change according to the region of the host brain into
which they are transplanted. Furthermore, if these tech-
niques are ever to be applied to human neurological dis-
ease, it will be necessary to establish that precursor cells
can engraft, differentiate, and repopulate either injured
or degenerating regions of the adult host brain.
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