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The potential to generate oligodendrocytes progenitors (OP)
from neural stem cells (NSCs) exists throughout the develop-
ing CNS. Yet, in the embryonic spinal cord, the oligodendro-
cyte phenotype is induced by sonic hedgehog in a restricted
anterior region. In addition, neuregulins are emerging as
potent regulators of early and late OP development. The ability
to isolate and grow NSCs as well as glial-restricted progeni-
tors has revealed that FGF2 and thyroid hormone favor an
oligodendrocyte fate. Analysis of genetically modified mice
showed that PDGF controls the migration and production of
oligodendrocytes invivo. Interplay between mitogens, thyroid
hormone, and neurotransmitters may maintain the undifferen-
tiated stage or result in OP growth arrest. Notch signaling by
axons inhibits oligodendrocyte differentiation until neuronal
signals—linked to electrical activity—trigger initiation of my-
elination. To repair myelin in adult CNS, multipotential neural
precursors, rather than slowly cycling OP, appear the cells of
choice to rapidly generate myelin-forming cells.

INTRODUCTION

Myelination is an essential feature of vertebrate evolu-
tion. It provides a selective advantage because myelin-
ated axons can propagate nerve impulses very fast
through the complex nervous system circuitry of verte-
brates without taking more space (Stoffel and Bosio,
1997). Another important role of myelin is to support
axonal function and integrity (Griffith ef al., 1998; Yin et
al., 1998). In most mammals, myelination takes place during
late embryonic and early postnatal life. Schwann cells,
which make peripheral nerve myelin, develop from neural
crest stem cells (NCSC), whereas oligodendrocytes, which
make central nervous system (CNS) myelin, are derived
from multipotential neural stem cells (NSC). These myelin-
forming cells emerge several days (even weeks in man)
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before they start to myelinate. Studies over the past decade
have elucidated how Schwann cells develop from NCSC
(Stemple and Anderson, 1992; reviewed by Jessen and
Mirsky, 1998). How multipotential NSC give rise to oligoden-
drocytes has began to unravel recently and will be dis-
cussed in this review.

There is a wealth of information on the properties of
progenitor cells destined to become oligodendrocytes,
called oligodendrocyte progenitors (OP) or O-2A (re-
viewed by Raff, 1989). These cells can be isolated from
optic nerve as well as from other regions of the develop-
ing CNS. The presence of specific antigens on their
surface has allowed OP purification, clonal analysis, and
characterization of their growth and differentiation prop-
erties (reviewed by Dubois-Dalcq and Armstrong, 1992;
Pfeiffer et al., 1993; McMorris and McKinnon, 1996). OP
are bipolar and migratory cells that express specific
gangliosides, the chondroitin-sulfate proteoglycan NG2,
and the platelet-derived growth factor receptor alpha (PDGF-
Ro) (Nishiyama et al., 1996). This receptor signals OP mitosis
and migration in response to PDGF derived from neurons
and astrocytes (Raff, 1989; Sasahara et al., 1992). Basic
fibroblast growth factor (FGF2) is also a mitogenic and
chemoattractant ligand for OP (Milner et al., 1996; Simpson
and Amstrong, 1999). The differential regulation of FGF
receptors 1, 2, and 3 observed during progression toward
oligodendrocyte differentiation has been correlated with the
diversity of responses to this ligand (Bansal et al., 1996).
FGF2 upregulates PDGF-Ra expression in OP and blocks
their differentiation into oligodendrocytes (McKinnon ef al.,
1990; Bogler et al., 1990). Similarly, an isoform of neuregulin
(NRG), glial growth factor 2 (GGF2), stimulates mitosis of
passaged OP and delays differentiation of neonatal and
adult CNS OP (Canoll et al., 1996; Shi et al., 1998).

As OP mature, they become multipolar, synthesize
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FIG. 1. Oligodendrocyte emergence in the embryonic spinal cord. In the center of the scheme, Shh (red dots) secreted by the notochord (N)
induces its own expression in the floor plate. Shh graded signaling then induces motoneurons which express Islet-1 (black) and OP on each side of the
ventral ventricular zone (ochrous). Two hypotheses on the lineage origins of oligodendrocyte are depicted in the close up (see text for details and references).
(A) Neuronal and glial precursors emerge from different subdomains of the germinative zone (grey diamonds). Neuronal precursors (NP) express the
RNA-binding protein mMusashi 1 (gray), but not QKI-5 (garnet), while glial precursors (GP) express both proteins. GP and OP (positive for PDGF-Ra in
blue dots) continue to express QKI-5 until they become PLP+ oligodendrocytes (green). Note that mMusashi 1 is down regulated in the oligodendrocyte
lineage while its expression persists (together with QKI-5) in astrocytes (stellate cell, grey and garnet). (B) A common precursor (CP) migrating out of the
germinative zone (large grey diamonds) generates motoneurons (black) and OP expressing PDGF-Ra (ochrous with blue dots). Motoneurons, which
differentiate first, synthesize PDGF as well as NRG. PDGF-Ra is down regulated when PLP+ oligodendrocytes differentiate (green).

sulfatides, and glycolipids recognized by the O4 anti-
body, divide more slowly, and are less motile, probably
because PDGF-R « is down regulated (reviewed by
McMorris and McKinnon, 1996). Postmitotic differenti-
ated oligodendrocytes make galactocerebroside, a major
glycolipid of myelin, and need IGF-1 receptor signaling
to survive (Barres et al., 1992). Both transcriptional and
postranscriptional controls lead to high level of myelin
gene expression when the multiple processes of oligoden-
drocytes enwrap axons (Hudson et al., 1996).

THE ORIGIN OF OLIGODENDROCYTES:
SONIC HEDGEHOG AND
OTHER SIGNALS

Where do OP first appear? As myelination starts in
the embryonic spinal cord, it is not surprising that OP

are first detected in this CNS region (reviewed by Miller,
1996; Richardson et al., 1997). In chick and rodent spinal
cord, they emerge on each side of the ventral germina-
tive zone around the ependymal canal just above the
floor plate. This site of emergence is conserved from
birds to man, where OP are first detected in the anterior
spinal cord at 45 days postconception (Hajihosseini et
al., 1996). In rodents, OP detected in this region express
sulfatides, the PDGF-Ra, as well as some myelin genes
at E14 (Fig. 1). It is striking that differentiation of
oligodendrocytes occurs in such restricted foci at that
time in spite of the widespread neuroectoderm distribu-
tion of precursors able to generate myelin-forming cells
(Hardy and Friedrich, 1996). Signals leading to the
organization of the ventral region of the spinal cord
come from the notochord, a midline transient embry-
onic structure (Dodd et al., 1998). Grafting a second
notochord close to the dorsolateral part of the chick
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neural tube induces a second floor plate in this region.
This floor plate then induces the formation of ectopic
groups of motoneurons and oligodendrocytes. Accord-
ingly, no motoneurons and oligodendrocytes develop in
mutant mice that lack a notochord and floor plate in the
caudal region of the spinal cord. The notochord secretes
the protein sonic hedgehog (Shh) whose graded signal-
ing mediates differentiation of floor plate and motoneu-
rons in the anterior spinal cord (reviewed in Edlund and
Jessell, 1999) (Fig. 1). Shh binds to Patched, a putative
12-transmembrane domain receptor whose expression
in the neural tube is triggered by Shh (Marigo and Tabin,
1996). In chick spinal cord explants, the motoneuron and
oligodendrocyte phenotypes can be induced by a recom-
binant aminoterminal fragment of Shh at the same
range of concentrations (Richardson et al., 1997). Antibod-
ies that neutralize Shh in vivo can prevent the emergence
of OP in the chick spinal cord (Orentas et al., 1999). Shh
does not appear to stimulate OP proliferation in spinal
cord explants. Once OP have been generated and ex-
press the PDGF-Ra, they can respond to neuronal-
derived PDGF by mitosis and migration toward the
lateral regions of the spinal cord where they differenti-
ate in myelinating oligodendrocytes (Fig. 1).

As motoneurons arise in the rodent ventral spinal
cord about 2 days before oligodendrocytes, factors derived
from differentiating neurons may influence the time of
oligodendrocyte emergence (Miller, 1996). Such factor(s)
may be encoded by the NRG1 gene since E10 spinal cord
explants of NRG1 ~/~ mice show neurite outgrowth but
do not generate OP (Vartanian ef al., 1999). This defect
can be corrected by addition of GGF-2, a type II NRG
isoform (ibidem). It is presently unclear whether OP
emergence i1 vivo is regulated by this type II NRG isoform
or another neuronal isoform. A Type Il isoform—which has
a different aminoterminus than GGF2—is indeed highly
expressed in anterior horn neurons at the time of OP
emergence (Meyer et al., 1998). One possibility is that NRG
derived from motoneurons acts on OP after their induction
by Shh. As ErbB4 is expressed in the ventral region of
embryonic spinal cord (ibidem), this receptor could mediate
NRG signaling of newly born oligodendrocytes.

There is much interest in identifying the sites of origin
of oligodendrocytes in the diencephalic and telencephalic
regions. In chick, the ventral midline region under the third
ventricle, above the optic chiasma, gives rise to OP migrat-
ing into optic nerves (Ono et al., 1997). Similarly, the ventral
diencephalon contains PDGF-Ra-expressing cells that may
migrate to the corners of the lateral ventricles and eventu-
ally populate the hemispheres (Richardson ef al., 1997). As
Shh is expressed in the ventral diencephalic and telence-
phalic region where the medial ganglionic eminence is
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located (Rubinstein et al., 1998), this morphogen could
play a role in oligodendrocyte emergence from these
regions. Consistent with this is the observation that NSCs
from the ganglionic eminence produce several orders of
magnitude more oligodendrocytes than cortical NSCs
from E13 rats (Birling and Price, 1998). Moreover, experi-
ments with chick-quail chimeras showed that cells origi-
nating from the ganglionic eminence can generate nu-
merous OP that migrate in the forming white matter
(Martinez and Combos, 1998). Shh expression was
recently described in retinal ganglion cells and the protein
present in developing optic nerve axons may stimulate
astrocyte proliferation (Wallace and Raff, 1999). Similarly,
Shh is made by Purkinje cells in the cerebellum where it acts
as a mitogen for granule cell precursors (Wechsler-Reya and
Scott, 1999). Future studies should determine in which cell
types Shh and Patched are expressed in the midbrain
and/or drain hemispheres whether graded signaling by
Shh takes place there as it does in the spinal cord.

THE QUESTION OF THE LINEAGE ORIGIN
OF OLIGODENDROCYTES

What is the lineage origin of the first oligodendrocyte
precursors in different regions of the CNS? Studies on
embryonic spinal cord have led to two different models.
In the first model, motoneurons and oligodendrocytes
would have a common precursor that would be speci-
fied by Shh (Richardson et al., 1997) (Fig. 1B). In this
scenario, OP would be generated after motor neurons
but not in response to factors coming from the newly
generated neurons (Sun et al., 1998). Oligodendrocytes
can indeed develop normally in spinal cord explants of
mutants lacking motoneurons (ibidem). The second
model proposes that neuronal and glial precursors are
already distinct from each other in the ventricular zone
(VZ) because they emerge from different subdomains
(Hardy, 1998) (Fig. 1A). In favor of this hypothesis is the
expression of Quaking-5 (QKI-5) RNA binding protein
isoform in proliferative precursors within a VZ subdo-
main of the ventral spinal cord (Fig. 1A). Precursors migrat-
ing from the VZ continue to synthesize QKI-5 transcript and
coexpress the PDGF-Ra. These glial precursors generate
QKI-5-positive astrocytes and oligodendrocytes (Hardy,
1998) (Fig. 1A). In contrast, QKI-5 is down-regulated,
while another RNA-binding protein mMusashi is upreg-
ulated in neuronal precursors apparently arising from
another VZ region (Sakakibira and Okano, 1997).

A third model based on studies of OP emergence in
rhombencephalic and diencephalic regions proposes
that oligodendrocytes may have more than one precur-
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sor origin. The initial observation was that transcripts
encoding the major protein of CNS myelin, proteolipid
protein (DM20/PLP), are expressed as early as E9.5 in
mouse spinal cord, diencephalon, hypothalamus, and
rhombencephalon (Timsit et al., 1995). Studies in trans-
genic mice expressing the LacZ gene under the control
of the PLP promoter revealed that the PLP gene is
turned on in neural precursors within the midbrain
neuroepithelium. These multipotential precursors may
give rise to oligodendrocytes, which maintain DM20/
PLP expression, while downregulation of PLP would
take place in other cell types (Spassky et al., 1998).
Intriguingly, PLP-Lac Z-positive cells often do not coin-
cide with those expressing PDGF-Ra and do not re-
spond to PDGF by mitosis (ibidem). DM20/PLP + cells
detected in the VZ before birth can divide (Spassky et al.,
1998) but their physiological mitogen has not been
identified yet. The evolutionary and biological implica-
tions of a single or dual origin of oligodendrocytes will
be discussed elsewhere (Spassky et al., submitted).

HOW DO NEURAL STEM CELLS (NSC)
RESTRICT THEIR POTENTIAL TO A
MOSTLY GLIAL FATE?

NCSs initially divide symmetrically in the neuroepi-
thelium, whereas asymmetric division takes place later
to allow some daughter cells to continue to self renew
while others differentiate (Huttner and Brand, 1997).
Such asymmetric division may be controlled by the
Notch pathway, which signals cell fate specification in
flies. Some cells in the neuroepithelium express Notchl
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asymmetrically at their basal pole and, after horizontal
division, only the basal daughter cell inherits Notchl
expression and becomes a migrating neuron (Chenn
and McConnell, 1995; Fig. 2). OP also express Notchl
(Wang et al., 1998a), but it is not known if this receptor is
expressed in glial precursors emerging from the germi-
native zone. The CNS precursors that emanate from the
early and late neuroepithelium (or VZ) have a different
fate in the rodent brain. From E10 to E15-16, NSCs in the
VZ mostly generate neurons. Starting E17-18 and
throughout the postnatal period, NSCs in the subven-
tricular zone (SVZ) essentially generate glia (Fig. 2). One
exception to this switch of the germinative zone from
neuronogenesis to gliogenesis is the anterior SVZ, which
gives rise to olfactory neuron progenitors throughout
life (Wichterle et al., 1997).

Progressive restriction in cell fate in the developing
nervous system is initially specified by extrinsic factors
and later by intrinsic signaling (reviewed by Edlund
and Jessell, 1999). Early VZ NSCs proliferate in response
to FGF2 and give rise to neurons, astrocytes and oligo-
dendrocytes (Davis and Temple, 1994; Weiss, 1996).
Such multipotential NSCs can be isolated from brain
throughout life and express nestin which is down
regulated when the cells differentiate (Weiss et al., 1996;
McKay, 1997). A single factor can strongly influence the
number of committed CNS progenitors arising from
NSCs in vitro and differences in these progenitor popula-
tions will determine their responses to environmental
cues (reviewed by McKay, 1997; Lillien, 1998) (Fig. 2).
PDGF can instruct NSCs to become neurons whereas
high FGF2 concentrations or a brief treatment with
thyroid hormone induce more oligodendrocytes to form

FIG.2. Factors controlling NSC proliferation and their progressive restriction toward a glial/ oligodendrocyte fate. The scenario proposed here is
based on in vitro and in vivo studies in rodents. Progression in time is horizontal (not to scale) and differentiation is vertical. Growth stimulation by
mitogens (green letters) is represented by the red circled arrow. Factors inducing differentiation are written in blue. Some surface molecules
expressed by precursor cells are in brown. After mitosis, NSCs leaving the ventricular zone (VZ) express Notch. NSCs in the VZ respond to FGF2
and generate mainly migrating neurons. At E15/16, NSCs become responsive to EGF. Gliogenesis from the subventricular zone (SVZ) starts at
E17/18. PSA-NCAM+ glial precursor mitosis is triggered by NSC mitogens as well as PDGF which is also the major mitogen for OP. BMP2 /4 and
CNTF induce an astrocyte fate, whereas thyroid hormone (T3) enhances the growth/survival of glial precursors and later favors oligodendrocyte
differentiation. OP in the adult CNS cycle more slowly (larger red circled arrow) than neonatal OP and can reverse to the neonatal phenotype in
response to a cocktail of PDGF + FGF2 or PDGF + GGF2 (see text for details and references).

FIG. 3. Transition from dividing OP to postmitotic, myelinating oligodendrocytes. While dividing in response to PDGF, OP (ochrous)
progressively accumulate cyclin-dependent kinase inhibitors (Cdk) p27 and p21. T3 and neuronal-derived glutamate can limit/block the number
of mitogen-driven divisions of OP, while these Cdk inhibitors accumulate, leading to cell cycle exit. Other mitogens such as GGF2 and FGF2 can
maintain proliferation of multipolar OP (reacting with the O4 antibody, green). Turquoise arrows indicate the effect of soluble factors: IGF-1
enhances survival of neurons/axons and postmitotic oligodendrocytes; both IGF-1 and T3 increase myelin gene expression in myelinating
oligodendrocytes (blue). Notch (pink) is present on the surface of OP interacting with axons expressing Jagged (dark blue dots), a Notch ligand
that inhibits oligodendrocyte differentiation. When Jagged is down-regulated, oligodendrocytes start to enwrap axons. At the premyelinating
stage, axons have scattered Na+ channels in their membrane (red dots). Oligodendrocytes then secrete a factor causing clustering of these
channels at the sites of the future nodes of Ranvier. On the right is a cartoon of an oligodendrocyte synthesizing several myelin internodes
(modified from Colman et al., 1996). See text for details and references.
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at the expense of neurons (Williams ef al., 1997; Qian et
al., 1997; Johe et al., 1996). Similarly, FGF2 and T3 favor
an oligodendrocyte over a neuronal fate in neonatal
NSCs grown in spheres (Ben Hur et al., 1998). Astrocyte
differentiation can be induced by bone morphogenetic
proteins (BMP2/4) or ciliary neurotrophic factor (CNTF)
in vitro (Gross et al., 1996; Rajan and McKay, 1998).
EGF-responsive precursors are generated from FGF-
responsive NSCs in vitro and in SVZ during late embry-
onic life (Ciccolini and Svendsen, 1998). Increasing EGF
receptor density in NSCs at this stage will enhance the
probability to generate astrocytes (Burrows et al., 1997).

How these growth factors precisely control cell fate
and orchestrate oligodendrocyte generation in vivo is
not clearly understood. Several relevant factors are
expressed at the appropriate time in the developing
brain: PDGF and its receptor are detected in E14 brain
(Reddy and Pleasure, 1992; Sasahara et al., 1992), FGF2
expression increases from E15 to E18 before gliogenesis
occurs (Giordano et al., 1992) and BMPs are detected in
SVZ during gliogenesis. The density of receptors on
NSCs can dictate their sensitivity to certain extrinsic
clues (reviewed by Edlund and Jessell, 1999). For in-
stance, increasing the density of EGF receptors by gene
transfer in NSCs at E16 in vivo induces an astrocyte
phenotype in these NSCs progeny (Lillien, 1998). To
gain more insight into the way NSCs sense a changing
microenvironment, one could follow by two photon
microscopy how migrating precursors become re-
stricted in their fate in intact tissues. The ability to
express green fluorescent proteins with different spec-
trum of emission and color under the control of promot-
ers turned on at different stages of oligodendrocyte
development allows exploration of these processes.
Transgenic mice and transfection studies have already
demonstrated that this approach permits isolation of
stage-specific CNS precursors and to characterize their
receptor make up and response to growth factors (Chan-
dross et al., 1999; Wang et al., 1998b).

GLIAL-RESTRICTED PRECURSORS

In Drosophila nervous system, the glia cell missing
(GCM) gene regulates the neuron/glia fate choice and
its overexpression can turn neurons in glia (Jones et al.,
1995; Bernardoni et al., 1998). Two mouse homologues of
GCM have been isolated and one of them, GCM]1, is
expressed in astrocytes and OP but not in differentiated
oligodendrocytes (Nait-Oumesmar and Lazzarini, 1999).
These studies suggest a role for GCM1 in specification of
glial cell fate in mammals.
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Glial-restricted precursors have been derived from
NSCs isolated from E10.5 spinal cord and cultured in
FGF2 (Rao and Mayer-Proschel, 1997). These cells,
which are immunolabeled by the A2B5 antibody, arose
in clones that also contained neurons. When these A2B5
cells were immunopanned and cloned in the presence of
FGF2/PDGF and, subsequently, in PDGF alone, they
generated oligodendrocytes and astrocytes (ibidem).
Retroviral marking studies have shown that the postna-
tal SVZ generates mostly glial precursors that migrate in
white matter and cortex, giving rise to oligodendrocytes
and astrocytes in vivo (Levison and Goldman, 1993;
Williams and Price, 1995). Such bipotential glial precur-
sors have been isolated from neonatal rat brain cultures
by immunoselection using antibodies to the embryonic
polysialylated form of neural cell adhesion molecule
(PSA-NCAM) (Ben-Hur et al., 1998). These precursors
grow into clusters in response to FGF2, PDGEF, or EGF
and, after adhesion, generate mostly OP, oligodendro-
cytes, and astrocytes, but rarely neurons (Fig. 2). Thus
expression of PSA-NCAM on these precursors coincides
with restriction to a glial fate. Yet, PSA-NCAM+ precur-
sors located in cortex can still generate neurons in
addition to oligodendrocytes and astrocytes in vitro
(Marmur et al., 1998).

PSA-NCAM has been associated with neurite growth,
cell migration, and/or progression along a particular
CNS lineage (Rougon et al.,, 1993). PSA-NCAM is pre-
sent on progenitor cells migrating toward the olfactory
bulb and on neural precursor cells migrating out of
neurospheres in vitro (Hu et al,, 1996; Murray and
Dubois-Dalcq, 1997). The PSA homopolymer of «-2,8
sialic acid moieties with high negative charge density
and antiadhesive properties may provide binding sites
for growth factors and increase their concentration.
Alternatively, it could modulate signals transmitted via
growth factor receptors (Kiss and Rougon, 1997). Thus
the PSA moiety on NCAM could enhance cell signaling
by FGF and/or PDGF, which influence growth and
migration of glial precursors in the white matter. In this
way, it could play a role in the passage from multipoten-
tiality to a more restricted fate, while the migrating cell
is sensing new microenvironments, in particular, axonal
signals.

THYROID HORMONE INFLUENCES
SEVERAL STAGES OF
OLIGODENDROCYTE DEVELOPMENT

Hypothyroidism can cause hypomyelination in ani-
mal and man (Walters and Morell, 1981) and there is
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mounting evidence that thyroid hormone can act on the
oligodendrocyte lineage from its early stage till myelina-
tion. T3, the active form of this hormone, is first detected
at E17 in the fetal rat brain. When thyroid hormone
deficiency is induced by ganciclovir treatment in late
embryos of transgenic mice expressing the thymidine
kinase gene in thyroid cells, oligodendrocyte develop-
ment is affected before differentiation starts (Ahlgren et
al., 1997). This correlates with the inductive effects of T3
on oligodendrocyte development from NSCs in vitro.

There are two thyroid hormone receptors (THR)
genes (o and B), each generating two isoforms (alpha 1
and 2 and beta 1 and 2) by alternative splicing and these
receptors are part of the nuclear receptor family (re-
viewed by Hudson et al., 1996). THRa isoforms are
expressed early in brain development. In PSA-NCAM+
neural precursors, T3 increases the mitogenic and sur-
vival response to FGF2 (Ben-Hur et al., 1998) (Fig. 2).
THRP2 is expressed on these PSA-NCAM neural precur-
sors and OP before being down regulated during differ-
entiation (Barres et al, 1994). THRB1 expression in-
creases at the time when T3 triggers cell cycle exit in
vitro and active myelination occurs in vivo (Barres et al.,
1994; Carre et al., 1998) (Figs. 2 and 3). This is in keeping
with the observation that THRB dimers induce the
transcription of the myelin basic protein (MBP), whereas
heterodimers of THRP and the peroxisome proliferator-
activated receptor (PPAR)—which is expressed in early
OP—activate transcription of the PLP gene (Tosic et al.,
1992; Hudson et al., 1996; Granneman et al., 1998). As
PPAR also activates a key enzyme in long chain fatty
acid metabolism, nuclear receptors may help coordinate
myelin lipid and protein synthesis in oligodendrocytes
(Hudson et al., 1996).

Thus, developmental regulation of distinct isoforms
of THR may be the key to the multiple ways that this
hormone acts on the oligodendrocyte lineage. To further
investigate this question, oligodendrocyte development
should be investigated in double mutants in THRa
and -B (Gauthier et al., 1999). In addition to thyroid
hormone, other hormones binding to nuclear receptors
such as estrogens and progesterone may also influence
oligodendrocyte development.

CONTROL OF OLIGODENDROCYTE
GROWTH IN THE DEVELOPING AND
ADULT CNS

Once OP have been generated by glial precursors,
extrinsic and intrinsic factors control their growth and
progression toward oligodendrocyte differentiation
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while the dialogue with axons is starting. One essential
extrinsic signal is PDGF-AA, which is a major mitogen
for rodent OP in vivo (Figs. 1 and 2). There are indeed
much fewer OP expressing PDGF-Ralpha in the spinal
cord and cerebellum of PDGF-A~/~ mice while their
number is normal in PDGF-B~/~ mice (Fruttiger ef al.,
1999). Since these mice do not make PDGFAA, there is a
substantial amount of oligodendrocyte death and hypo-
myelination. Conversely, in transgenic mice overexpress-
ing PDGF-A in neurons, OP divide more than normally.
This results in a large increase in OP, which eventually
populate not only the white matter but also the grey
matter of the spinal cord (Calver et al., 1998). These
supernumerous oligodendrocytes are later eliminated
by programmed cell death, so that the number of
oligodendrocytes becomes normal in adult transgenic
mice. Oligodendrocyte cell numbers are also enhanced
by survival factors such as IGF-1 (Barres et al., 1992; Raff
et al., 1993) (Fig. 3). However, in IGF-1 knock out mice,
the key factor decreasing oligodendrocyte number is the
loss of neurons in hypomyelinated regions (Cheng et al.,
1998). Thus IGF-1 acts as a positive regulator, enhancing
survival and differentiation of both neurons and oligo-
dendrocytes. Together these studies indicate that axonal
signals adjust oligodendrocyte numbers according to
neuron/axon numbers to obtain a full set of myelin
internodes.

Among intrinsic factors that may control OP develop-
ment, three types of transcription factors (TF) are ex-
pressed at the time when precursors proliferate and
become committed to an oligodendrocyte fate (re-
viewed by Hudson, 1999). One zinc-finger DNA-
binding protein, MyT1, cloned on the basis of its
binding affinity for a sequence within the PLP promoter,
is expressed in OP but also in developing neurons
(Armstrong et al., 1995; Kim et al., 1997). It is intriguing
that a xenopus homolog of MyT1, X-MyT1, promotes
commitment to a neuronal fate by conferring insensitiv-
ity to Notch signaling (Bellefroid et al., 1996). As Notch
signaling can inhibit OP differentiation (Wang et al.,
1998a), MyT1 expression may be required to overcome
this inhibition in the rodent oligodendrocyte lineage.
Several POU-domain TFs, Oct 6 (also called Tst-1/SCIP)
and Brn-1/Brn-2, are also expressed by OP (Schreiber et
al., 1997) together with Sox DNA-binding proteins 10
and 11 (Kuhlbrodt et al.,, 1998). The latter proteins—
which are homologous to the sex determining factor
SRY—may modulate the regulation of glial-specific
genes by POU-domain proteins (ibidem). When the
POU-domain Oct6 is overexpressed at late stage of
oligodendrocyte development, myelin assembly is im-
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paired, indicating that oligodendrocytes are very sensi-
tive to dysregulation of this TF (Jensen et al., 1998).

OP from optic nerve tend to divide a set number of
times before withdrawing from the cell cycle and differ-
entiating into oligodendrocytes (reviewed by Raff, 1989;
Barres et al., 1994) (Fig. 3). If two daughters cells are
isolated and cultivated clonally, they go through the
same number of cell cycles before differentiating. This
has lead to the proposal that a “biological clock” counts
cell cycles before allowing oligodendrocyte differentia-
tion. A clue of what the molecular basis of the clock
might be came from studies of the cyclin-dependent
kinase (Cdk) inhibitors p27%iP! or p27. Cdks are essential
to the phosphorylation of target proteins during the
mitotic cycle and their inhibition will eventually lead to
cell cycle arrest which is required for oligodendrocyte
differentiation. p27 accumulates in dividing OP at each
cell cycle (Durand et al., 1997). When PDGF is omitted
from culture medium, p27 intracellular concentration
increases even more while oligodendrocytes differenti-
ate (reviewed by Edlund and Jessel, 1999). Accordingly,
OP generated from transgenic p27~/~ mice go through
more cell cycles in response to PDGF before differentiat-
ing and are more responsive to PDGF by mitosis
(Casaccia-Bonnefil et al., 1997; Durand et al., 1998). As T3
regulates timing of cell cycle exit (see above), one would
predict that this hormone would trigger an increase in
these Cdk inhibitors. A p27 increase is indeed observed
in neuroblastoma cells overexpressing THRB1 after
treatment with T3, which causes cell cycle arrest and
differentiation (Perez-Juste and Aranda, 1999). Both p27
and another Cdk inhibitor p21¢! accumulate in OP
whose proliferation has been blocked by glutamate, or
by activation of B-adrenergic receptors with norepineph-
rine or selective agonists (Ghiani et al., 1999a) (Fig. 3).
Similarly p27 and p21 are also increased by depolariza-
tion of OP membrane (Ghiani et al., 1999b). However,
glutamate or depolarization-induced increase of p27 in
OP may cause cell cycle arrest without leading to
differentiation. Therefore, we are left with the question,
what sets the differentiation program into motion?

If an appropriate number of oligodendrocytes were
generated only once in a lifetime, CNS remyelination
might not be possible or minimal. Yet, in most verte-
brates, there is evidence that remyelination is an efficient
repair mechanism in the CNS (reviewed by Dubois-
Dalcq and Armstrong, 1990). This suggests the existence
of a pool of precursor cells in the adult CNS. Consistent
with this idea is the observation that OP do not always
differentiate synchronously in vitro. Single OP isolated
from optic nerve can generate large clones where oligo-
dendrocytes coexist with a population of slowly divid-
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ing OP. These only differentiate when high levels of
insulin—which bind to the IGF-1 receptor—or neurons
are present (Dubois-Dalcq, 1987). A progressive increase
in OP cell cycle time takes place from birth to adult. The
cell cycle of OP isolated from the adult CNS is 3- to
4-times longer and their migration speed is slower than
those of neonatal OP (reviewed by Noble et al., 1992)
(Fig. 2). These slowly cycling “adult” OP can transform
into rapidly proliferating cells ressembling neonatal OP
after exposure to PDGF and FGF2 or to PDGF and GGF2
when the intracellular cAMP concentration is raised (Shi
et al., 1998). GGF2, however, blocks their differentiation
as it does in neonatal OP (Figs. 2 and 3).

The Notch signaling pathway may play a role in the
maintainance of a pool of unmyelinating OP as Jagged]1,
a Notch ligand, inhibits oligodendrocyte differentiation
(Wang et al., 1998a). As Jagged1 is expressed by differen-
tiated oligodendrocytes, it could signal Notchl on OP,
resulting in the persistence of these cells in the adult
CNS (Shi et al., 1998; reviewed by Blaschuk and ffrench-
Constant, 1998). If GGF2 and Jagged1 act this way in
vivo, other signals are needed to overcome this differen-
tiation inhibition and induce remyelination.

CROSSTALK BETWEEN NEURONS AND
OLIGODENDROCYTES AND THE
INITIATION OF MYELINATION

Molecular interactions between oligodendrocytes and
axons go through a series of stages whose exact se-
quence needs to be established (Fig. 3). In particular, the
molecular signals imparted by electrical activity should
be identified as such activity appears essential to CNS
myelination and probably also to remyelination (Deme-
rens et al., 1996). When electrical activity is suppressed
by the sodium channel blocker tetrodotoxin, myelina-
tion is inhibited in vitro and in vivo (ibidem). Accord-
ingly, if cells are maintained in a depolarized state,
myelination is not initiated. Electrical activity may
control the release of factors like PDGF, which is
produced by neurons and enhances OP mitosis and
survival (Barres and Raff, 1993). Myelin-forming cells
also send essential signals to axons. The normal expres-
sion of myelin genes such as myelin-associated glycopro-
tein (MAG) and PLP appears necessary for axonal
function and survival throughout life (Griffiths et al.,
1998; Yin et al., 1998). Connexin 32 is highly expressed in
premyelinating oligodendrocytes (Scherrer et al., 1995).
As there is no function known yet for this gap junction
protein, could it play a role in the cross-talk with axons?
How oligodendrocytes signal axons is an important
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field of investigation as axonal structure and function
are often altered in demyelinating diseases such as
multiple sclerosis (Trapp et al., 1998).

At the premyelinating stage, optic nerve oligodendro-
cytes secrete a protein that causes clustering of Na™*
channels along retinal ganglionic cell axons and these
clusters appear at the predicted intervals needed be-
tween myelin internodes (Kaplan et al., 1997). Mice
deficient in galactosyl-transferase have abnormalities of
the node and paranode structure (Dupree et al., 1998).
This suggests that galactocerebrosides and sulfatides
are essential to the normal formation of nodes of
Ranvier and that these glycolipids mediate interactions
between the myelinating cell and the axon.

Another player in the early axon/oligodendrocyte
crosstalk is Jagged, a ligand that signals Notch1 recep-
tors on OP. When migrating OP come into contact with
axons, Jaggedl on the axonal membrane may signal
Notchl on OP and inhibit oligodendrocyte differentia-
tion (Wang et al., 1998a). Only when Jagged1 is down-
regulated along axons will OP start to enwrap axons
and differentiate (Fig. 3). In this scenario, Notch receptor
activation would not control cell identities/fate but
rather, it would regulate the time and site of oligodendro-
cyte generation (ibidem). But how is Jagged down regulated
on axons and then turned on in differentiated oligodendro-
cytes? Is this an example where the Notch-mediated cell
communication switches its signaling mode from one cell to
its neighbor (Artavanis-Tsakonas et al., 1999)?

There is increasing evidence that cells of the oligoden-
drocyte lineage are well equipped to respond to a
variety of neurotransmitters. The discovery that OP bear
functional delayed-rectifying K* channels in their mem-
brane and express non-NMDA Kainate and AMPA-
preferring glutamate receptors raises the possibility of
their essential role in the axon/glia cross talk (Gallo et
al., 1996). Glutamate released by axons of glutamatergic
neurons could be a regulator of OP numbers as it can
inhibit OP proliferation in vitro and in cerebellar tissue
slices (Fig. 3) (Knutson et al., 1997; Yuan et al., 1998). This
biological effect is caused, at least in part, by an increase
in intracellular Na* concentration and a subsequent
block of OP K* channels. PDGF and FGF2 can act in
concert to increase glutamate receptor subunit expression
(Chew et al., 1997). Glutamate agonists, in turn, can modu-
late the phosphorylation of OP nuclear transcription factors
such as CREB through a MAP-kinase-dependent signal
transduction pathway (Pende et al., 1997).

Glutamate may not be the only neurotransmitter that
regulates OP proliferation and differentiation as these
cells also express adrenergic receptors as well as func-
tional receptors to acetylcholine, serotonine, glycine,
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and GABA (Belachew et al., 1998a). Interestingly, glycine
receptors on OP display pharmacological properties distinct
from those observed in neurons (Belachew et al., 1998b). The
analysis of mice deficient in glutamate and glycine recep-
tors subunits may elucidate how these receptors func-
tion in the oligodendrocyte lineage. The regulation of
oligodendrocyte function by neurotransmitters and elec-
trical activity may well result from a three-partner crosstalk
because astrocytes release neurotransmitters in response to
a rise of intracellular calcium concentration triggered by
neurons (reviewed by Araque et al., 1999).

The molecular signal(s) that initiate CNS myelination
are still a mystery. In the PNS, NRGs are distributed
along the axonal membrane of dorsal root ganglia
(DRG) neurons and can activate the TF Krox 20, which is
essential for myelin formation by Schwann cells (Mur-
phy et al., 1996; Vartanian ef al., 1997). As DRG axons are
also myelinated by oligodendrocytes in the spinal cord
dorsal columns, axonal signals of CNS myelination may
be similar. Interestingly, OP in culture express another
member of the Krox family, Krox 24, whose downregula-
tion coincides with upregulation of myelin basic protein
(MBP) (Sock et al., 1997). As cells of the oligodendrocyte
lineage express NRG receptors ErbB2 and 4, secreted
and/or transmembrane NRG isoforms on axons could
lead to phosphorylation of these receptors (Vartanian et
al., 1997). Would this signal result in the turn on of
myelin genes at an early stage of myelination? Yet, there
are other candidates for this function such as adhesion
molecules. MAG, a member of the family of sialoadhes-
ins (called siglecs), is on myelinating processes that
interact directly with axons (Filbin, 1996). Neurons and
their processes have binding sites for MAG and an
engineered MAG Fc molecule immunoprecipitates as
190-kDa sialoglycoprotein present on axons (De Bellard
and Filbin, 1999). Thus MAG could initiate a transduc-
tion cascade at the axon interface. Studies in knock out
mice indicate that MAG plays a role in the formation of
the spiraling loops, the number of myelin loops, and the
maintenance of myelin (Martini and Schachner, 1997; Li
et al., 1998). Finally, the recent finding of compartmenta-
tion of NCAM 120 and F3 adhesion molecules with
activated Fyn kinase in oligodendrocytes suggests a
new mode of signaling cascades involved in the initia-
tion of myelination (Krdamer et al, 1999).

Extracellular matrix (ECM) molecules may also turn
out to play a role in the initiation of myelination. These
proteins bind to integrins, which are made of two
transmembrane glycoprotein subunits (a and ). There
is a large number of these subunits forming many
different heterodimeric receptors that can link ECM
molecules to cytoskeleton elements. During oligodendro-
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cyte development, there is a sequential expression of
avBl integrin, which is involved in OP migration,
followed by avB3 and avB5 during differentiation
(Milner et al., 1996, 1997). While tenascin-C inhibits
oligodendrocyte precursor migration (Kiernan et al.,
1996), tenascin-R has been shown to control oligodendro-
cyte differentiation in an autocrine manner (Pesheva et
al., 1997). Vitronectin—which is expressed in the devel-
oping white matter—is a ligand for all av integrins on
oligodendrocytes (discussed by Milner et al., 1997) and
may therefore provide the necessary signal for migra-
tion and other functions mediated by these integrins.
Laminin II (formerly called merosin) is also present in
white matter tracts and in some CNS neurons (Powell et
al., 1998). This ligand promotes oligodendrocyte sheath
formation, an effect that appears mediated by the a6f1
integrin, suggesting a role for laminin Il-integrin interac-
tions in myelination (Buttery and ffrench-Constant, 1999).

To our knowledge, no master gene has been discov-
ered that sets the myelination program into motion.
Rather, several TFs expressed by OP and/or oligodendro-
cytes may control the myelination process by binding to
specific sequences in myelin gene promoters, acting in
cooperation or as dimers in the case of nuclear receptors
(reviewed by Hudson, 1999). For example, the homeodo-
main protein Gtx is expressed only in myelinating
oligodendrocytes and binds to specific sequences in the
PLP and MBP genes (Awatramani et al., 1997). How the
myelination program is precisely orchestrated remains
to be elucidated.

UNANSWERED QUESTIONS AND
PERSPECTIVES

We have discussed here how multipotential neural
precursors in the germinative zone give rise to migra-
tory cells that will generate glial-restricted precursors
and/or OP destined to become oligodendrocytes. Many
questions remain to be elucidated on the molecular
mechanisms underlying these processes. How is induc-
tion of the oligodendrocyte phenotype by Shh in the
embryonic spinal cord coordinated with the formation
of neurons close to the ventral midline? Oligodendro-
cytes emerge above the V3 region where progenitors of
visceral motoneurons are specified by the homeobox TF
Nkx 2.2 in response to Shh (Briscoe et al., 1999). Is there a
different TF factor specifying oligodendrocytes close to
this V3 region? When a strong Shh signal is present, are
oligodendrocytes rapidly specified without going
through the glial-restricted stage? How do NRGs influ-
ence this process? What is the strength of graded Shh
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signalling in mid and basal forebrain and does it
regulate emergence of all OP that will myelinate telence-
phalic white matter regions? Or are there other inducing
factors at play in the brain?

Much remains to be elucidated about the regional
specialization of the CNS germinative zone throughout
life. Is the SVZ organized in domains that generate
glial-restricted precursors destined to different regions
of the postnatal rodent brain, just like the anterior VZ
will generate neuronal progenitors destined to the
olfactory bulb? Can cells transiently concentrate growth
factors on their surface while they move? Is migration of
OP initially mediated by gradients of chemotactic fac-
tors or chemokines (Robinson et al., 1998) and later by
axonal signals? Does the regulation of cell surface
receptors control several of these developmental pro-
cesses, as appears to be the case with thyroid hormone,
FGE, EGEF, and PDGF receptors? Are there specific TFs
involved in the migratory and mitotic activities of
glial-restricted precursors and OP?

Unravelling NSC plasticity has implications for CNS
myelin regeneration (reviewed by Briistle and Dubois-
Dalcq, 1999). The signals that drive NSC migration and
fate are very conserved between species as human
neural precursors engrafted in embryonic rat brain at
the time of gliogenesis often become oligodendrocytes
(Briistle et al., 1998). Multipotential NSCs persist in
adult CNS but it is only recently that their exact identity
has started to be unravelled (reviewed by Barres, 1999).
The surprise is that a new role for glia has been
discovered (ibidem). SVZ astrocytes in one study
(Doetsch et al., 1999) and ependymal cells in another
(Johansson et al., 1999) were shown to become NSCs
growing in neurospheres that could generate neuronal
progenitors, astrocytes, and OPs. NSCs from adult CNS
grown in neurospheres (whatever their origin!) can
generate OP, which myelinate myelin-deficient animals
after transplantation (Zhang et al., 1999). Similarly, the
fate of multipotential stem cells is shifted toward the
oligodendrocyte phenotype when NSC are transplanted
by intraventricular injection into the brain of dysmyelin-
ated shiverer newborn mice (Yandawa et al., 1999).
Moreover, a significant number of these transplanted
mice showed decreased tremor and improvement of
clinical phenotype because the grafted NSCs had mi-
grated in many different regions of the CNS (ibidem).
Glial-restricted PSA-NCAM+ precursors isolated from
the neonatal rat brain can show an enhanced potential
when transplanted into a focal demyelinated lesion in
adult rat spinal cord (Keirstead et al., 1999). In this case,
these precursors generate oligodendrocytes, astrocytes,
and Schwann cells in vivo. Would these precursors also
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be able to generate neurons when grafted in regions
where neurons have been destroyed? Or would OP
present in adult CNS ever become multipotential (Barres,
1999)? This and other questions raised above open
exciting prospects for investigators interested in the
generation and regeneration of myelin-forming cells.
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