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Stem Cells in the Central
Nervous System

Ronald McKay

In the vertebrate central nervous system, multipotential cells have been identified in vitro
and in vivo. Defined mitogens cause the proliferation of multipotential cells in vitro, the
magnitude of which is sufficient to account for the number of cells in the brain. Factors that
control the differentiation of fetal stem cells to neurons and glia have been defined in vitro,
and multipotential cells with similar signaling logic can be cultured from the adult central
nervous system. Transplanting cells to new sites emphasizes that neuroepithelial cells have
the potential to integrate into many brain regions. These results focus attention on how
information in external stimuli is translated into the number and types of differentiated cells
in the brain. The development of therapies for the reconstruction of the diseased or injured
brain will be guided by our understanding of the origin and stability of cell type in the central
nervous system.

Definition of the processes that shape the
cellular makeup of the central nervous sys-
tem (CNS) has relied heavily on three dis-
tinct procedures: fate mapping, tissue cul-

The author is in the Laboratory of Molecular Biology,
National Institute of Neurological Disorders and Stroke,
Bethesda, MD 20892, USA.

ture, and transplantation. These traditional
tools of embryologists have been signifi-
cantly improved by the recent incorpora-
tion of advanced molecular methods. Fate
mapping of neuronal precursors in verte-
brates points to the existence of multipo-
tential cells that are precursors to both neu-
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Fig. 1. A transgenic mid-gestation mouse fetus
showing the expression (blue) in CNS stem cells of
a reporter gene under control of 750 base pairs of
the second intron of the nestin gene. The ap-
proach is described in detail in (9).

rons and glia (1). However, this approach
does not necessarily reveal the full prolifer-
ation and differentiation capability of the
cells. In vitro and in vivo manipulations
must be used to test the developmental
potential of a cell. Tissue culture and trans-
plant techniques, developed in vertebrate
systems (2), have generated important data
on the potential of neural cells (3).

Defining a Stem Cell

To be considered a stem cell in the CNS, a
cell must have the potential to differentiate
into neurons, astrocytes, and oligodendro-
cytes and to self-renew sufficiently to pro-
vide the numbers of cells in the brain. The
term “progenitor” refers to a cell with a
more restricted potential than a stem cell.
“Precursor” is a less stringent term that
refers to any cell that is earlier in a devel-
opmental pathway than another.

The complete cellular lineage of the
nematode Caenorhabditis elegans has been
described (4) and is an influential instance
of the power of morphological analysis to
define precursor-product relations in vivo.
However, in the CNS of mammals, there
are too many cells for each to be followed
individually. The problem is similar to the
technical difficulties biochemists faced in
defining metabolic pathways. Without ac-
cess to pure precursor, it was difficult to
establish the catalytic step actually per-
formed by a given enzyme. When this hur-
dle was overcome, it was recognized that
enzymes perform discrete chemical steps,
ultimately giving rise to the important con-
cept of one gene—one enzyme (5). Similar-
ly, to understand the developing brain, we
need to purify the precursor cell types and
define their transitions into differentiated
progeny. Early work revealed that fetal cells
removed from the developing brain and
placed in vitro could give rise to differenti-
ated neurons (6). For the most part, these
neurons were derived from cells that did not
divide in tissue culture, although cells that

Fig. 2. The differentiation of adult CNS stem cell
clones: (A) neurons (blue) and astrocytes (red); (B)
oligodendrocytes (blue) and astrocytes (red).
Scale bars: 25 wm. (C) The proportion of cells of
different types in fetal stem cell clones: (@) neu-
rons, (O) astrocytes, and (+) oligodendrocytes.
The proportion of neurons that differentiates in a
clone is constant, independent of clone size. The
same proportion of neurons differentiates in adult
and fetal stem cell clones. Data taken from (20).

did divide could acquire some features of
immature neurons (7).

The intermediate filament nestin is a
major cytoskeletal protein in neuronal pre-
cursors in the mammalian CNS (8). Nestin
is first detected at the earliest steps in neu-
ral plate induction (9), and most cells in the
neuroepithelium are nestin-positive before
neurogenesis (10) (Fig. 1). Coincident with
their exit from the cell cycle, neurons
down-regulate nestin and express distinct
intermediate filaments. This transition has
also been observed in vitro where precursor
cells proliferate and differentiate into neu-
rons (11-16) and glia (17).

Confirming the results of in vivo fate
mapping, lineage experiments in vitro show
that neurons and glia can be derived from a
common fetal precursor cell (12, 13, 15,
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16, 18-20) (Fig. 2). The adult nervous sys-
tem also contains multipotential precursors
for neurons, astrocytes, and oligodendro-
cytes (13, 16, 18-20). Cultured cells from
both the fetal and adult CNS that have
proliferated in vitro can differentiate to
show morphological and electrophysiologi-
cal features characteristic of neurons: regen-
erative action potentials and synaptic struc-
tures (16, 21) (Fig. 3). These data show the
multipotential nature of cells derived from
the CNS.

Quantitative studies have established
the homogeneity and stability of multipo-
tent cells derived from the fetal brain (20).
In vitro these cells divide daily and effi-
ciently generate neurons and glia for at least
the first month of culture. These multipo-
tent cells proliferate sufficiently in vitro to

Fig. 3. Neuronal differentiation of CNS stem cells derived from the embryonic day-16 hippocampus.
Cells were expanded for 16 days in the presence of bFGF followed by 21 days of differentiation in the
presence of BDNF (20 ng/ml). (A) Staining with antibody to synapsin (green), (B) staining with antibody
to MAP2, and (C) the two images superimposed. Synapsin is concentrated in presynaptic terminals, and
MAP2, in dendrites. The culture and staining conditions are similar to those reported in (27).
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account for the large numbers of cells
present in the mammalian brain at birth
(10). These cells can be considered to be
stem cells because they fulfill the criteria of
multipotency and self-renewal. Asymmetric
division, which is sometimes considered to
be a property of stem cells (2) and may
actually occur in the neuroepithelium (22),
does not appear to be necessary in cultured

CNS stem cells (20).

Response Mechanisms and
Transitions in Vitro

The extraordinary diversity of the adult ver-
tebrate nervous system is generated from a
sheet of epithelial cells over a period of
several days. Precise numbers of neurons,
astrocytes, and oligodendrocytes differenti-
ate in successive waves. The spinal cord,
formed from the caudal region of the neural
tube, is one of the first sites of neuronal
differentiation. Basic fibroblast growth fac-
tor (bFGF) is one mechanism that defines
rostro-caudal identity in the neural tube
(23). Neuronal differentiation in the dorso-
ventral axis is a response of uncommitted
cells to successive extracellular signals (24).
Sonic hedgehog and members of the trans-
forming growth factor-B (TGF-B) family
influence ventral and dorsal features of de-
velopment in the caudal neural tube. These
signals are used in several cellular contexts.
For example, members of the TGF-@ family
influence segment-specific apoptosis in the
neuroepithelium (25), astrocyte maturation
(26), the differentiation of peripheral ner-
vous system stem cells (27), and dorso-
ventral differentiation in the CNS (24).
These diverse effects emphasize that the
action of extracellular ligands depends on
the integration of multiple signals by a spe-
cific responding cell.

Cell-autonomous mechanisms may also
contribute to the generation of cell types in
the nervous system. In the hematopoietic
system, cell-autonomous stochastic process-
es are thought to generate all of the mature
cell types, and the specificity of differenti-
ation is a consequence of selective mecha-
nisms (28). In such a system, specificity is
obtained as a consequence of signals acting
selectively only after the events that gener-
ate the different cell types. There is clear
evidence for cell death in the neural tube
(29) and growing knowledge of extra- and
intracellular signals that mediate cell death
(30). The high rates of apoptosis during
neural development are consistent with an
important role for selective mechanisms in
the CNS.

Instructive mechanisms also occur in
both the peripheral (PNS) and central ner-
vous systems. Glial growth factor, a member
of the heregulin-neuregulin class of factors,

acts instructively on PNS stem cells to di-
rect them to a Schwann cell fate (31). Bone
morphogenetic proteins (BMP) 2 and 4
stimulate neurogenesis, and TGF-B1 gener-
ates smooth-muscle cells from the PNS
stem cell (27). In the CNS, ciliary neuro-
trophic factor (CNTF) acts instructively on
the multipotential stem cell, directing it to
a committed astrocytic fate (20).

It has previously been shown that CNTF
induces astrocytic differentiation in O2-A
cells (32). In vitro, CNS stem cells rapidly
and efficiently differentiate into astrocytes
in the presence of CNTF (20). CNTF is not
a mitogen for these cells, and a transient
exposure (48 hours) to CNTF, even in the
presence of mitogen, switches the differen-
tiated state of more than 98% of the un-
committed stem cells. These data suggest
that, in the absence of significant cell
death, stimulating the Jak-stat system (the
effector of CNTF) instructs the stem cell to
become an astrocyte. In a recent study,
BMPs promoted astrocytic differentiation
from cells that had been expanded in vitro
in the presence of epidermal growth factor
(26). It will be interesting to establish
whether BMPs and CNTF act through a
common pathway at the same stage of as-
trocyte differentiation.

Thyroid hormone (T3) is also an in-
structive factor causing stem cells to be-
come lineage-restricted progenitors for oli-
godendrocytes (20). Interestingly, CNTF
and T3 are both differentiation and lineage-
restriction factors. The differentiation of
peripheral and central stem cells can be
achieved without selection by the instruc-
tive action of extracellular signals. Howev-
er, it seems likely that a combination of
instruction and selection is used in vivo to
precisely regulate precursor-product transi-
tions at the cellular level.

The importance of selective mechanisms
acting on a defined precursor cell type in
brain development is best illustrated by stud-
ies on the differentiation of oligodendro-
cytes. There is evidence from the optic nerve
for the existence of a bipotential progenitor
in vitro for oligodendrocytes and type-2 as-
trocytes, the O-2A cell (33). In addition, the
differentiation of this precursor cell could be
controlled by manipulation of extracellular
signals. Once the properties of this cell had
been established, it became clear that a sim-
ilar cell existed in the adult optic nerve (34).
In tissue culture, O-2A cells respond to sev-
eral factors [bFGF, platelet-derived growth
factor, CNTF, neurotrophins, and T3], and
many of these factors also act in vivo to
increase oligodendrocyte number in the op-
tic nerve (35). These in vivo data show that
the availability of growth factors is limiting
and that cell death is important in regulating
oligodendrocyte numbers.

This summary indicates that simple li-
gands can regulate in vitro the transitions
between stem cells and the three major cell
types of the adult brain. However, it is not
clear how many cell states exist in addition
to stem cells and committed progenitors for
astrocytes and oligodendrocytes. In some
cases precursor-product transitions have
been defined, but there are still many as-
pects of cell-type origins that are unclear
and may be advanced by further work in
vitro. Epidermal growth factor (EGF) and
bFGF have both been used as mitogens to
expand CNS stem cells, but EGF may not
be the optimal choice for a stem cell mito-
gen, as there is evidence that EGF favors
glial differentiation. In vitro EGF is a stem
cell mitogen and a differentiation factor for
astrocytes but not a lineage restriction fac-
tor, suggesting that the commitment event
is distinct from the differentiation mecha-
nism (20). However, the in vivo overex-
pression of EGF receptor may induce a fate
shift from neurons to glia rather than simply
promote astrocytic differentiation (36). It is
clearly necessary to define the fundamental
biochemical differences between lineage re-
striction in stem cells and differentiation of
progenitor cells.

Another important unresolved question
is whether there are proliferating cells ca-
pable of giving rise to specific kinds of
neuron. There is evidence for a cell of this
type in the postnatal cerebellum, but it is
not clear whether a committed neuronal
progenitor occurs in other brain regions
(37). The events that generate the pluripo-
tent CNS stem cell from an earlier totipo-
tent embryonic stem cell can also be ana-
lyzed in vitro, because embryonic stem cells
differentiate through a nestin-positive state
to form synaptically active networks of cen-
tral neurons (38). The routine differentia-
tion of functional neurons from propagated
stem cells would permit detailed analysis of
how early steps in neurogenesis influence
later stages of neuronal differentiation. The
challenge is to set up experimental systems
where the differentiation events of interest
can be measured efficiently.

Space and Time

The cortical neuroepithelium is a highly
polarized structure. Precursor cells divide at
the inner (ventricular) surface of the neural
tube, and immature neurons migrate away
from the ventricle to specific layers. As
different neurons become postmitotic in se-
quence, their laminar location is a function
of the time when the neuron differentiated.
Transplants in ferret cortex show that ap-
propriate, layer-specific neuronal differenti-
ation occurs when cells derived from an
early time are moved to a later stage (39).
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Conversely, late neuronal precursors trans-
planted to an earlier stage host do not con-
tribute efficiently to early neuronal fates but
rather exhibit laminar positions appropriate
for late-generated neurons (40). This evi-
dence supports a model where a neuron
becomes committed to a particular laminar
fate in the ventricular zone at the time of
withdrawal from the cell cycle. Thus, it is
the timing of the exit from the cycle that is
thought to implement two distinct commit-
ment events. In this scenario, the postmi-
totic neuron is locked into a specific fate,
and the remaining precursors are also irre-
vocably changed.

It is not known what specifies the re-
gional identity of the different areas of the
CNS. There are complex patterns of ex-
pression of both cell surface signals and
transcriptional regulators in the develop-
ing neuroepithelium long before neurons
themselves differentiate (41). But there
could be different stem cells for different
brain regions. Gene deletion experiments
in mice illustrate that whole sections of
the brain can be eliminated with relatively
little perturbation of the development of
adjacent brain regions (42). Although
these results are startling, they do not
establish whether neuronal precursor cells
are irreversibly committed to distinct re-
gional fates. To establish commitment, we
must give cells an opportunity to choose
another regional fate. In the developing
chick, a duplication of a brain region can
be obtained by the local application of
FGF8 (43). This result suggests that single
factors are sufficient to bias the differen-
tiation cascade and establish major region-
al features of the CNS.

The rhombomeres of the hindbrain are a
good example of the compartmental ar-
rangement of the neuroepithelium (44). Al-
though it was first thought that cells were
prohibited from crossing the boundaries be-
tween rhombomeric compartments, fate
mapping in vivo now suggests that cells do
move from one compartment to another at
a low frequency (45). In other brain re-
gions, neuronal precursors also migrate over
great distances (46). When the location of
rthombomeres was altered by tissue grafts,
rhombomere-specific Hox gene expression
was respecified by as yet undefined anterior-
posterior control systems (47). In these
transplant experiments, pieces of tissue
were rearranged, making it hard to interpret
the responses of single cells. It will be in-
teresting to directly test the plasticity of
isolated rhombomeric cells by transplanting
dissociated cells from one rhombomere to
another.

Grafting experiments with cell lines
from the hippocampus support a model in
which local signals in the neuroepithelium

at the time of neurogenesis give rise to
region-specific neuronal subtypes. Immor-
talized nestin-positive hippocampal cells
transplanted to the developing cerebellum
differentiated into typical cerebellar neu-
rons (48). Transplants of primary striatal
cells into the developing cerebral cortex
also showed a switch to the locally appro-
priate fate (49), suggesting that the plastic-
ity in cell fate shown with immortal cells
was not an artifact of immortalization. In
conceptually similar experiments, primary
cerebellar cells derived from mice express-
ing the lacZ reporter gene under a neuron-
specific promoter were grafted into the hip-
pocampus of neonatal rats or wild-type
mice. The grafted cells acquired morpholog-
ical and immunohistochemical features of
hippocampal granule neurons (50). The
grafted and host neurons also showed kinet-
ics of induction identical to those of the
immediate early gene c-fos after intraperito-
neal injection of neurotransmitter agonists
and antagonists (50). These data suggest
that immortal and primary neuroepithelial
precursor cells grafted to new sites generate
region-specific neurons in response to local
cues.

A major limitation of postnatal trans-
plantation studies was that heterotopic
neuronal integration occurred efficiently
only when donor cells were introduced
into the few sites that continued to gen-
erate neurons in the newborn animal. This
limited spectrum of accessible regions was
dramatically increased by transplanting
neural cells across the uterine wall into
the embryonic mammalian brain (49, 51,
52). When genetically labeled mouse tel-
encephalic neuroepithelial cells were sim-
ply deposited in the ventricles, large num-
bers of grafted cells were subsequently
found incorporated into many sites in the
host brain. The transplanted cells migrat-
ed in accordance with known pathways
and incorporated into telencephalic, dien-
cephalic, and mesencephalic regions (52).
Surprisingly, cells derived from the dorsal
and ventral forebrain incorporated into
homotopic and many heterotopic brain
regions in a similar fashion. After migra-
tion, the cells acquired morphological and
antigenic features appropriate for neurons
in their new environment (Fig. 4). The
fact that striatal precursors can give rise to
cortical, thalamic, and even tectal neu-
rons illustrates that the regional heteroge-
neity of the brain results primarily from
extracellular signals acting on precursors
during neuronal migration and differenti-
ation. These results indicate that the ac-
tivation of different signaling pathways in
uncommitted stem cells generates the spa-
tial heterogeneity of neurons seen in the

CNS.

ARTICLES

Stem Cells and Disease in the
Adult Nervous System

[t is important to define the types of pre-
cursor cells that give rise to the neurons
generated in the adult CNS (53, 54). Cells
from the adult brain proliferate and differ-
entiate into neurons and glia in tissue cul-
ture (13, 14, 16, 55) with the same effi-
ciency for neuronal differentiation as found
in fetal stem cells and the same responses to
extracellular ligands (20). For example,
50% of the cells differentiate into neurons,
and glial differentiation is strongly en-
hanced in response to CNTF and T3 in
fetal and adult stem cells. Thus, similar
general mechanisms control the differenti-
ation of stem cells from fetal or adult brain.
In contrast to this apparent homogeneity in
vitro, the behavior of cells in the adult
proliferative zones in vivo is more difficult
to define. Nevertheless, precursor cells in
the adult forebrain have been intensely
studied (19, 54, 56). The proliferation of
these cells can be stimulated by the direct
application of mitogenic growth factors in
vivo, and in animals treated in this way,
proliferating cells in the subventricular zone
differentiate into neurons and glia (57).
However, in vivo less than 3% of the pro-
liferating cells labeled with bromodeoxyuri-
dine differentiate into neurons. The dis-
crepancy between the efficient neuronal
differentiation of adult stem cells in vitro
and their inefficient differentiation in vivo
is a critical but unresolved question for the
field. Thus, the lack of differentiating neu-
rons may not be a consequence of the lack
of cells with the appropriate potential but
rather a function of the signaling environ-
ment in the adult brain. However, a careful
analysis of adult stem cells has only just

Fig. 4. Genetically labeled cells differentiate into
hippocampal CA1 pyramidal neurons. The donor
cells were derived from the embryonic day-14
cortical neuroepithelium of a transgenic mouse
carrying a lacZ reporter gene. They were placed
into the telencephalic vesicles of an E18 rat, where
they incorporated into the host hippocampus and
differentiated into granule and pyramidal neurons.
The grafted cells can be identified by the blue lacZ
signal. Data taken from (52). Scale bar: 50 pm.
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begun, and we cannot yet rule out cell-
autonomous restrictions that make the
adult stem cells distinct from their fetal
counterparts.

There is traditionally a close interaction
between fundamental and clinical goals in
the study of stem cells (58). The identifica-
tion of extracellular proteins that regulate
the differentiation of multipotent cells de-
rived from the adult brain has implications
for therapies targeted at neurodegenerative
disease. The increased interest in extracel-
lular signals acting on plastic cells during
development fits well with the massive ef-
fort mounted in the biotechnology commu-
nity to develop treatments for neurodegen-
erative disease based on the delivery of
neurotrophic proteins. In vitro neuronal
survival assays were often used in the initial
identification of neurotrophic factors.
These factors were then rapidly tested in
animal models of neurodegenerative dis-
ease. The long-term delivery of proteins in
the brain is a major goal in gene therapy.
Transplantation of cells engineered to pro-
duce growth factors shows the potential of
grafted cells as vectors for protein delivery
(59). However, the complexity of neurotro-
phic signals still challenges the technology
for gene manipulation and protein delivery
in the CNS. There has been encouraging
progress in using cell lines derived from the
neuroepithelium rather than fibroblasts as
cellular vectors in models of CNS disease.
Neuroepithelial cells integrate in the host
more readily than fibroblasts. This feature is
an advantage for distributing a soluble li-
gand more widely in the diseased brain (60)
or correcting a general biochemical deficit
in the CNS (61).

[t is possible to generate many different
immortal cell lines from the developing
CNS. These cells can express characteris-
tics of stem cells (48, 62), neurons (63, 64),
or glia (17, 65). Immortalized neuroepithe-
lial stem cells can show extensive morpho-
logical differentiation into neurons when
they are grafted into the developing (48,
62) or adult brain (64). The differentiation
of genetically labeled immortal cells into
neurons when implanted into the adult
brain is notable because it hints that neu-
ronal replacement in the adult is not only
possible but might become simple. In most
cases, immortalization has been achieved by
incorporating oncogenes into a primary
cell, which is, of course, not advisable for
actual clinical use. However, the CRE-loxP
system may be useful for removing the im-
mortalizing oncogene before implantation
(66).

More recently, the field has shifted
away from the use of oncogene-immortal-
ized cells toward the grafting of primary
cells expanded in vitro. An example of
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this development is an experiment sug-
gesting that primary adult cells derived
from the hippocampus and cultured for
long periods in vitro can still differentiate
into neurons when re-implanted into the
migratory pathway used to replenish neu-
rons in the adult olfactory bulb (67). Al-
though this field is still technically de-
manding, these and other results discussed
here suggest that further experimental
work should be directed at ambitious cell
therapies based on both primary and im-
mortal cells derived from the neuroepithe-
lium. Clinical trials show that neuron re-
placement therapies for neurodegenera-
tive diseases, such as Parkinson’s and Hun-
tington’s disease, are feasible (68). Neural
grafting is currently limited by a number of
factors, including the lack of suitable do-
nor material and the full integration of the
grafted cells. In vitro expansion and ma-
nipulation of cells from the neuroepithe-
lium will provide a range of well-charac-
terized cells for transplant-based strategies
for neurodegenerative disease (69). Exper-
imental grafts in animal models suggest
that the integration of grafted neurons
into the circuitry of the host may be pos-
sible (50, 52, 62, 64, 69). Appropriate
pretreatment of the host brain may be
required for efficient neuronal differentia-
tion by grafted precursors (70). For clini-
cal applications, cell culture offers an im-
portant opportunity to use sophisticated
genetics in cell-based therapies for neural
disease.

The clinical significance of stem cell
biology extends beyond cell-based thera-
pies. The dynamics of cell organization is
also critically relevant to a systematic un-
derstanding of CNS tumors and of physical
injury to the brain. Two examples of nestin
expression in the adult brain illustrate this
point. In addition to being expressed in
adult stem cells, nestin is also found in CNS
tumors (71) and reactive astrocytes (72).
These observations raise the interesting
question of the extent of similarity between
these nestin-positive cells and CNS stem
cells. The proliferation and migration of
CNS tumor cells are their two most dam-
aging features. It is tempting to speculate
that the self-renewing cell in a CNS tumor
is similar to the stem cells found in the fetal
and adult CNS.

These examples illustrate the much more
general point that there will be a wide clin-
ical impact resulting from increased knowl-
edge of the mechanisms that control the
transitions between cell types in the adult
CNS. The clear-cut properties of dissociated
CNS stem cells in culture show that in vitro
technology can be used to define, at the
cellular and molecular levels, the steps in
fate choice. The presence in the adult of

multipotential cells similar to the fetal stem
cell emphasizes the importance of extracel-
lular signals acting on stem cells throughout
the mammalian life cycle. As our under-
standing of the nature of these signals grows,
therapies will be developed in which the
responses of normal and diseased stem cells
will be manipulated to clinically useful ends.
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