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Abstract

The mammalian adult central nervous system (CNS) is known to respond rapidly to demyelinating insults by re-
generating oligodendrocytes for remyelination from a dividing precursor population. A widespread population of cells
exists within the adult CNS that is thought to belong to the oligodendrocyte lineage, but which do not express
proteins characteristic of mature myelinating oligodendrocytes, such as myelin basic protein (MBP) and 2,3-cyclic
nucleotide 3-phosphodiesterase (CNP). Instead, these cells have phenotypic characteristics of a more immature
stage of the oligodendrocyte lineage. They express the NG2 chondroitin sulphate proteoglycan, in addition to O4
and the platelet-derived growth factor o-receptor, all widely accepted as markers for oligodendrocyte progenitor
cells (OPCs) throughout development. However, NG2* cells residing in the adult CNS do not resemble embryonic
or neonatal NG2* cells in terms of their morphology or proliferation characteristics, but instead represent a unique
type of glial cell that has the ability to react rapidly to CNS damage. In this review, we present the evidence that
adult NG2* cells are part of the oligodendrocyte lineage and are capable of giving rise to new oligodendrocytes
under both normal and demyelinating conditions. We also review the literature that these cells may have multiple
functional roles within the adult CNS, notwithstanding their primary role as OPCs.
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Although the mammalian central nervous system (CNS)

Introduction was for many years thought to be incapable of endo-

The majority of mammalian tissues contain cells that
are able to respond to local or global insult and become
involved in repair processes. This regenerative process
invariably involves cell proliferation and migration,
two characteristics that are normally associated with
immature or transformed cells. These repair processes
are thought to be generally very efficient unless the
tissue insult interferes directly with the regenerative
mechanisms or repeated insults exhaust this capacity.
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genous repair, we are now more aware of the many
regenerative processes that can occur following a wide
variety of insults to the brain and spinal cord. Neuronal
replacement following degeneration in the adult CNS
is, however, relatively limited and occurs predomi-
nantly in those areas that have an inherent plasticity
vital to their normal physiological function, for example
in the hippocampus and olfactory system. Neverthe-
less, rapid advances in stem cell biology are demon-
strating the multipotential nature of small populations
of cells in the mature CNS, usually only in vitro, and
how these cells might be manipulated both to enhance
endogenous repair and for cell transplantation ther-
apies. Despite this relatively limited endogenous capac-
ity for neuronal replacement, there is one regenerative
process in the CNS that is both rapid and efficient: the
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capacity for remyelination. Remyelination is a rapid
consequence of a wide variety of insults that result in
demyelination (Levine et al. 2001; Franklin, 2002). The
main reason for this remarkable endogenous repair
capacity is undoubtedly the presence of a large popu-
lation of cells, found throughout the adult CNS, that
has the capability of regenerating oligodendrocytes.
Even in the demyelinating disease multiple sclerosis
(MS), in which remyelination appears eventually to fail
in some lesions, there is an underlying robust endo-
genous repair that may continue for many years until
rendered inoperative by the ongoing disease process.
In this review we look at the nature and functional
characteristics of the NG2-expressing cells that are
thought to regenerate oligodendrocytes in the mature
mammalian CNS following demyelination and discuss
additional roles that they might play in normal physiology.

Oligodendrocytes arise from NG2* cells
during development

It is generally accepted that NG2* cells that arise during
embryonic development of the CNS give rise to the
majority of oligodendrocytes, the evidence for which
has been gained through a combination of in vitro and
in vivo experimental work. Neural precursors that give
rise to cells of the oligodendrocyte lineage are first
identified at embryonic day 12-14 (E12-14) in the rodent
by their expression of mRNA for the platelet-derived
growth factor alpha receptor (PDGFaR; Pringle et al.
1992; Pringle & Richardson, 1993) and DM-20, an iso-
form of the major myelin proteolipid protein (PLP;
Timsit et al. 1995). Initially these cells are found in the
ventral half of the ventricular zones of the spinal cord,
diencephalon and telencephalon (Pringle & Richardson,
1993; Woodruff et al. 2001), but migrate quickly to
populate other regions of the CNS so that by E17 PDG-
FoR* cells are found throughout the spinal cord, hindbrain
and basal forebrain (Nishiyama et al. 1996). At this
stage, all PDGFaR* cells are also immunopositive for
NG2 (Nishiyama et al. 1996). Upon birth NG2* PDGFoR*
cells are more or less evenly distributed throughout the
CNS, in both putative white and putative grey matter
regions. Before the onset of oligodendrocyte differen-
tiation and myelination, the NG2* cells in any one region
of the CNS appear to display a homogeneous morphology
and phenotype suggestive of homologous function.
As PDGFoR*/NG2* cells mature into oligodendrocytes
they gradually lose expression of these antigens and

enter an intermediate pro-oligodendrocyte stage re-
cognized by O4 immunoreactivity (Sommer & Schachner,
1981; Bansal & Pfeiffer, 1992; Pfeiffer et al. 1993), before
finally expressing markers of mature, fully differentiated
oligodendrocytes, such as 2’,3’-cyclic nucleotide
phosphohydrolase (CNP), myelin bask protein (MBP),
PLP and myelin oligodendrocyte glycoprotein (MOG).
This is clearly demonstrated in the developing rat
cerebral cortex where there is an even distribution of
NG2* cells before a wave of differentiation begins at
approximately 4 days postnatal, outwards from the
corpus callosum to the pial surface (Reynolds & Hardy,
1997). A gradual progression from NG2*/04~ to NG2*/
04* cells to 04*/GC* cells then occurs between postna-
tal days 4 and 20. Small numbers of NG2*CNP* and
NG2*GalC* cells have been reported in the forebrain
and cerebellum, indicating an intermediate stage of
differentiation of NG2* cells into oligodendrocytes
(Levine et al. 1993; Dawson et al. 2003).

The in vitro studies are in agreement with in vivo
studies, showing that PDGFoR* cells isolated from E17
spinal cord by immunoselection are both NG2* and
A2B5* and are capable of giving rise to both astrocytes
and oligodendrocytes depending on environmental
conditions (Hall et al. 1996). Cells isolated by PDGFoR
immunopanning were both O4 and galactocerebroside
(GQ) negative, yet when cultured for 48 h in low-serum
medium without growth factors, greater than 95%
of these cells differentiated into GC* cells with the
multiprocessed ramified morphology characteristic of
oligodendrocytes. Moreover, in cultures depleted of
PDGFRa/A2B5* cells by antibody-mediated comple-
ment lysis, very few oligodendrocytes arose, indicating
that the PDGFoR*NG2* cells are indeed oligodendrocyte
progenitors (Hall et al. 1996).

However, several groups have recently questioned
the homogeneity of NG2* cells during development,
suggesting that the NG2* cell population may be divergent
at early stages of CNS maturation. Utilizing a trans-
genic mouse model in which expression of enhanced
fluorescent green protein (EGFP) is driven by the pro-
moter for PLP, Mallon et al. (2002) have proposed the
existence of two distinct NG2* cell populations during
development, distinguished by expression of PLP/
DM-20 gene promoter activity. In embryonic spinal
cord (E14.5) EGFP expression was localized to a ventral
position consistent with the spatio-temporal origins of
oligodendrocyte progenitor cells (Noll & Miller, 1993;
Hall et al. 1996). Co-localization of NG2 with EGFP was
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examined in the frontal cortex from postnatal day 1
(P1) to P10, the onset of myelination. Throughout the
developing neocortex the presence of EGFP*/NG2* cells
and EGFP/NG2* cells was observed, implying the presence
of two separate NG2* cell populations. It is suggested
that only those cells with PLP/DM-20 gene promoter
activity may become myelinating oligodendrocytes whilst
those negative for the promoter persist in the adult CNS
as NG2-expressing cells, although this was not demon-
strated. Both populations appeared to have similar
morphologies, and migration and proliferation charac-
teristics, indicating they are closely related. Whether they
represent two distinct lineages or rather two different
stages of differentiation of a single lineage within the
oligodendrocyte continuum remains to be demonstrated.

A further transgenic model in which EGFP expression
was driven by the promoter for glial fibrillary acidic
protein (GFAP) identified two AN2* (mouse homologue
of NG2) cell phenotypes during development, one
EGFP*/S100B*/AN2*, the other EGFP/GFAP/AN2*
(Matthias et al. 2003), suggesting a shared astrocyte/
oligodendrocyte lineage. Previous in vitro studies of
postnatal optic nerve identified a progenitor cell cap-
able of giving rise to both oligodendrocytes and astro-
cytes depending upon culture conditions (Raff et al.
1983). Bipotential progenitors isolated from postnatal
cerebellum and optic nerve also expressed NG2 on their
cell surface (Levine & Stallcup, 1987; Stallcup & Beasley,
1987). Although other studies have shown no overlap
between NG2 and the astrocyte lineage markers S1003
and GFAP during normal CNS development (Nishiyama
et al. 1996; Reynolds & Hardy, 1997), it will be of con-
siderable interest to determine whether the PLP-EGFP-
/NG2* population described by Mallon and colleagues
contains the EGFP*/S100B*/AN2* population identified
by Matthias et al., thereby providing in vivo evidence
for the bipotential progenitors described in vitro. A
shared oligodendrocyte/neuronal lineage has also been
suggested for NG2* cells during development of the
hippocampus. A proportion of NG2* cells in the hippo-
campus of transgenic mice in which GFP expression is
driven by the CNP gene promoter are able to generate
GABAergic neurons in vitro and in vivo (Belachew et al.
2003).

The evidence thus indicates that the majority of NG2-
expressing cells generated during CNS development
are indeed a part of the oligodendrocyte lineage
and do give rise to oligodendrocytes. However, there is
increasing evidence that a significant proportion of
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NG2* cells do not differentiate into myelin-forming
oligodendrocytes but remain in the mature CNS with
an immature phenotype. It is the identity and function
of these cells that the rest of this review addresses.

NG2* cells constitute an abundant population
in the adult CNS

Our studies of the rat cerebral cortex indicated that an
even distribution of O4* oligodendrocyte progenitors
that did not express proteins or lipids characteristic of
mature oligodendrocytes existed in the adult (Reynolds
& Hardy, 1997). We went on to demonstrate that the
04" cells in the cortical grey matter that were not
mature oligodendrocytes all expressed NG2. Expression
of another protein characteristic of oligodendrocyte
progenitors, PDGFoR, also delineates the same popula-
tion of cells in the adult CNS that express NG2 (Nishiyama
et al. 1997; Dawson et al. 2003). Recent evidence sug-
gests that these cells also express the Nkx2.2 transcription
factor and Olig1 (Fancy et al. 2004), both characteristic
of oligodendrocyte progenitor cells. Numerous studies
have demonstrated that NG2* cells in the resting adult
CNS do not express proteins characteristic of mature
astrocytes or microglia (Nishiyama et al. 1997; Reynolds
& Hardy, 1997; Dawson et al. 2000, 2003; Horner et al.
2000). Thus, they do not express GFAP (Fig. 1A) or
0OX42. They do express glutamine synthetase (Fig. 1B),
as expected for cells that are able to transport gluta-
mate actively (see later), but at much lower levels than
protoplasmic astrocytes in the grey matter.

The presence of a population of cells with a glial pro-
genitor phenotype comprising 3-9% of the total cell
number in the adult CNS (Dawson et al. 2003) is an
exciting prospect, both for myelin repair and for the
possibility of manipulating these cells to give rise to
other cell types (Kondo & Raff, 2000). They are now
considered a major glial cell type (Levine et al. 2001)
unique from oligodendrocytes, astrocytes and micro-
glia. Their distribution is relatively independent of
the density of myelinated fibres and they are equally
numerous in white and grey matter (Fig. 1C,D), a find-
ing that has led to the suggestion that they are unlikely
to perform the role of oligodendrocyte progenitors
(Butt et al. 2002). However, NG2*PDGFoR* glial progeni-
tors migrate throughout the developing CNS at a
stage before axons have fully matured and before mye-
lination begins (Nishiyama et al. 1996), in response to
cues that may be unrelated to myelination. Therefore,
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it would be expected that they would be localized in
both developing white and developing grey matter.

In fact they have a very even distribution in the early
neonatal brain (Nishiyama et al. 1996; Reynolds &
Hardy, 1997). Further division of NG2* cells would then
occur under the influence of neuronal- and astroglial-
derived factors (Dawson et al. 2000). This would lead to
a greater density in presumptive white matter tracts in
order to provide the requisite number of oligodendro-
cytes. Those oligodendrocyte progenitor cells (OPCs)
that did not receive signals to differentiate into premy-
elinating oligodendrocytes would either remain as OPCs
or undergo apoptosis. Although it has been demon-
strated that OPCs and immature oligodendrocytes
undergo apoptosis in the optic nerve white matter
(Barres et al. 1992) nothing is known about the relative
frequency of this event in the different microenviron-
ments of the grey and white matter.

Thus, the distribution of NG2* cells in the adult CNS does
not really inform the debate concerning the physiological

Fig. 1 Immunofluorescence labelling of
NG2* cells (red) in the hippocampus

(A) clearly shows that they do not
express GFAP (green). In the cerebral
cortex (B) a clear distinction is seen
between the NG2* cells (green) and the
strongly glutamine synthetase*
protoplasmic astrocytes (red). The
widespread and uniform distribution of
NG2* cells is illustrated in the forebrain
(C) and spinal cord (D). NG2* cells have
an elongated morphology in white
matter tracts (E; optic nerve) and a more
radial arrangement of processes in the
grey matter (F; cerebellar granule cell
layer). Scale bars = 20 um (A,B), 250 um
(C,D) and 25 um (E,F).

role of these cells. Likewise, astrocytes perform many
different functions in the CNS depending on the stage
of development and the neuronal environment of a
particular region. Indeed, the morphology of astrocytes
is very different between white and grey matter. The
same is likely to be the case for NG2* glia.

In order to determine whether adult NG2* cells func-
tion as oligodendrocyte progenitors, similar to their
neonatal NG2* counterparts, we need to compare their
morphological and physiological characteristics. During
embryogenesis the morphology of NG2* glia changes
rapidly from a simple oval or polygonal cell-shaped
body with few unbranched processes to a more differ-
entiated and highly branched cell with a smaller cell
soma (Levine et al. 1993; Nishiyama et al. 1996). By the
time of birth, NG2* cells in the cerebral cortex extend
multiple long processes in numerous directions whilst
those in the presumptive white matter tracts have
more elongated and oval-shaped cell bodies with long
parallel processes associated with axon bundles. As the
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CNS matures these cells become more complex with
greater arborizations so that each cell within the grey
matter occupies a distinct domain, whilst those in the
white matter lie between myelinated axons (Fig. 1E,F).
Although such morphologically complex cells do not fit
our concept of progenitor cells, we know that they
are capable of cell division in the resting adult CNS
(Dawson et al. 2003) and can revert to a simpler mor-
phology following injury (Levine et al. 2001; Reynolds
et al. 2002). Thus, such a complex morphology does not
negate their role as oligodendrocyte progenitors but
instead assumes further additional functional proper-
ties. Any variations in morphology are likely simply to
reflect differing roles determined by the tissue environ-
ment. Whole-cell patch-clamp studies on isolated corti-
cal slices from postnatal transgenic mice expressing
EGFP driven by the CNP promoter (Yuan et al. 2002)
demonstrated that cortical and white matter NG2* cells
have differing resting membrane potentials and
ion channel expression profiles (Chittajallu et al. 2004).
Further experiments are required to determine whether
this remains the case in the fully mature CNS.

What physiological role do NG2-expressing
glia play in the resting adult CNS?

Defining the role of NG2-expressing cells in vivo has
remained elusive despite their phenotypic characteri-
zation as part of the oligodendrocyte lineage and
in vitro evidence that isolated adult OPCs give rise to
oligodendrocytes (Levine et al. 1993; Tang et al. 2000).
Although these cells have a modest rate of cell division,

Fig. 2 Expression of the EAACT
glutamate transporter by NG2* cells
(A,B). NG2*/EAACT* cells (arrows) are
shown in the spinal cord white matter
together with EAAC1-expressing
astrocytes (arrowheads). Scale

bar =10 um.
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they represent the major dividing population of the
adult CNS, accounting for 70% and 74% of bromode-
oxyuridine (BrdU)-incorporating cells in the spinal cord
and cerebral cortex, respectively (Horner et al. 2000;
Dawson et al. 2003). As a mitotically active population,
generation of new oligodendrocytes is an expected
function, but it is likely that they also participate in
homeostasis in the adult CNS. Evidence exists that they
are involved in glutamate signalling, as NG2* cell pro-
cesses can interdigitate between pre- and post-synaptic
terminals (Bergles et al. 2000; Ong & Levine, 1999).
Furthermore, excitatory synapses mediated by AMPA
receptors have been identified on NG2* cells and such
cells have been shown to respond to neuronally released
glutamate (Bergles et al. 2000). In addition to the
expression of glutamate receptors, cells of the oligo-
dendrocyte lineage have been shown to transport
glutamate actively (Reynolds & Herschkowitz, 1987;
Domercq et al. 1999) and express the GLAST and EAAC1
glutamate transporter proteins (Kugler & Schmitt, 1999;
Domercq et al. 1999). Preliminary experiments in this
laboratory have shown that NG2* cells in the adult
rat cerebral cortex also express the EAAC1T glutamate
transporter (Fig. 2; unpublished observations). In
keeping with a role in glutamate neurotransmission,
oligodendrocytes and NG2* cells have both been shown
to express glutamine synthetase (Domercq et al. 1999;
Dawson et al. 2003). Thus, there is good evidence for a
role for NG2* cells in glutamate neurotransmission and
the glutamate—glutamine cycle.

In addition to the presence of glutamate receptors,
NG2* cells in several CNS regions have been shown to

NG2 (red)/EAAC1 (green)
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express functional GABA-A receptors (Lin & Bergles,
2004). Rather than acting to generate action poten-
tials, these neurotransmitter receptors are more likely
to act as a rapid means of altering ion concentrations
within NG2* cells, thereby altering their physiological
properties. Earlier in vitro experiments showed that
activation of these receptors on developing oligoden-
drocyte progenitor cells induced calcium influx, inhib-
iting their proliferation and progression along the
oligodendrocyte lineage (Kirchhoff & Kettenmann,
1992; Gallo et al. 1996). This allows for the possibility
that in the adult CNS neurons may be able to signal
and direct physiological changes in NG2* cells,
perhaps controlling cell division and preventing their
differentiation.

It has been suggested that adult NG2-expressing cells
develop postnatally following myelination and as such
have different functional roles to perinatal OPCs. One
group has termed these cells ‘synantocytes’ (Butt et al.
2002), suggesting they function to monitor neuronal
function and to provide periaxonal and perinodal
processes. Given that NG2* cell processes are known to
make contact with nodes of Ranvier (Butt et al. 1999),
these suggested functions would not be inconsistent
with the idea that these cells may have a possible
neuromodulatory role, as described above for glutamate
neurotransmission. However, it should also be pointed
out that such glial-neuronal communications are not
incompatible with their role as oligodendrocyte pro-
genitors, which would require them to be sampling the
electrical environment for alterations in activity and to
react and respond as necessary.

The physiological characteristics described for NG2*
cells thus suggest that they have a real and significant
role in cellular homeostasis. Astrocytes and microglia
are also thought to contribute to neuronal homeostasis
by controlling the extracellular microenvironment
and reacting to any changes. Therefore, it is not un-
reasonable to expect NG2* glia to be playing a similar
role.

Are NG2* cells a heterogeneous population?

There has recently been much debate concerning
the possible heterogeneous nature of the NG2* cell
population with respect to developmental origin and
functional role. The possibility of multiple and varied
functions might suggest such a heterogeneous popula-
tion, although this is also undoubtedly true for astro-

cytes. One also has to consider that the NG2 protein
may be expressed by multiple cell lineages in the adult
CNS, although, as described earlier in this review, the
vast majority of NG2* cells display an oligodendrocyte
lineage phenotype. A number of studies have sug-
gested that there may be two distinct populations
of NG2-expressing cells in the adult CNS: one is able
to generate oligodendrocytes whereas the other has
undefined roles (Keirstead et al. 1998; Mallon et al.
2002; Belachew et al. 2003). Keirstead et al. (1998)
examined the response of NG2* cells following demy-
elination in the rat spinal cord and identified the
presence of two NG2* cell populations, one responding
to the insult by dividing and the other non-responsive,
suggesting that the responsive population act as oligo-
dendrocyte progenitors. Studies of NG2 expression
in the developing CNS of mice in which the PLP/DM-20
gene promoter drives EGFP expression (Mallon et al.
2002) have suggested the presence of one population
of NG2* cells that gives rise to oligodendrocytes and
a second population that is closely related yet which
subserves a function other than myelination. However,
these studies have yet to show the presence of two
distinct NG2* populations in the adult CNS.

Following the fate of cycling NG2* cells in vivo would
provide invaluable evidence in determining the line-
age of these cells. However, there are little data avail-
able concerning the fate of cycling NG2* cells. In view
of this, we have undertaken an investigation of NG2*
cell cycling and followed their fate over 10 days in
adult rats. In accordance with previous studies (Horner
et al. 2000; Dawson et al. 2003), we find that NG2* cells
account for approximately 70% of BrdU* cells after a
short pulse (Fig. 3A,B). However, we do observe the
presence of two NG2* cell populations that differ in
their cycling properties (Fig. 3C-F; our unpublished
observations). In one population, division gives rise to
symmetrical pairs of BrdU*/NG2* cells that remain close
to one another over the 10-day period (Fig. 3C,D). In
the other population, cell division gives rise to asym-
metrical pairs of one BrdU*/NG2* cell and one BrdU*/
NG2~ cell (Fig. 3E,F). Whether this occurs as a result
of asymmetrical division has yet to be determined.
Although this study and previously published data (Wu
et al. 2001; Dawson et al. 2003) indicate that there is an
increase in BrdU*/CNP* oligodendrocytes over the 10-
day period (Fig. 3H), the identity and fate of the
BrdU*/NG2~ cells in asymmetric pairs have yet to be
determined.

© 2005 The Authors
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Fig. 3 BrdU incorporation by NG2* cells following a 6-h pulse. Immediately after the pulse, single NG2*BrdU* cells were seen in
both the grey (A) and the white (B) matter. Between 3 and 5 days increasing numbers of paired cells were seen, both symmetrical
pairs of NG2*/BrdU* cells (C,D) and asymmetrical pairs of one NG2*/BrdU* cell and one NG27/BrdU* cell (arrows) (E,F). Triplets of
NG2*/BrdU* cells were first observed between 7 and 10 days post-pulse (G). Small numbers of CNP*/BrdU* cells began to be seen
between 5 and 10 days (H). Scale bar = 30 um.

Are NG2-expressing cells multipotential
stem cells?

If oligodendrocyte replacement is an important capac-
ity for the mature CNS to maintain then one would
expect this to be reflected in the cell cycle characteris-
tics of NG2* cells in the adult. This would require the
cells to maintain a slow turnover in the resting state
but to revert to a rapidly dividing motile population
following injury. Culture experiments have shown that
OPCs isolated from the adult CNS divide and migrate
more slowly than their neonatal counterparts (Wolswijk
& Noble, 1989; Shi et al. 1998). They are also capable of
reverting to a rapidly dividing motile population upon
addition of the right combination of growth factors
in vitro (Shi et al. 1998). In vivo they display a slow rest-
ing turnover (Horner et al. 2000; Dawson et al. 2003)
but following demyelination display a simpler reactive
morphology and rapidly divide to repopulate the lesion
site (Levine & Reynolds, 1999; Cenci di Bello et al. 1999;
Reynolds et al. 2002; Watanabe et al. 2002). There is
also evidence that the NG2* cells are able to replenish
their number following remyelination (Cenci di Bello
et al. 1999; Levine & Reynolds, 1999), which implies
the ability to divide asymmetrically. For this reason it
has been suggested that NG2* cells in the adult CNS

© 2005 The Authors

may possess stem cell-like characteristics, including
multipotentiality.

The lineage potential of a cell becomes progressively
restricted as development proceeds, and hence in the
adult most cell types are unipotent. However, adult
neural stem cells (NSCs) found within restricted regions
of the CNS [subventricular zone (SVZ) and hippo-
campus] have been described (Alvarez-Buylla & Temple,
1998), although it is unknown whether these stem cells
are the same as the neuroepithelial-derived stem cells
seen during development. What is the relationship of
adult NSCs to the adult NG2-expressing cells? It has
recently been suggested that adult NG2* cells may in fact
be multipotent NSCs (Belachew et al. 2003). Belachew
et al. (2003) investigated the possible multipotentiality
of NG2* cells in the postnatal CNS both in vitro and
in vivo, in a transgenic mouse model in which GFP expres-
sion is under the control of the CNP gene promoter.
NG2*/CNP-GFP* cells isolated from the postnatal day 2
(P2) brain were able to generate neurons, oligodendro-
cytes and astrocytes in culture. In vivo, NG2*/CNP-GFP*
cells in the hippocampus generated predominantly
oligodendrocytes but never astrocytes. In addition, 10%
of the NG2*/CNP-GFP* cells in the P30 hippocampus also
expressed a marker of immature neurons, TOAD-64,
indicating that a proportion of newly differentiated
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neurons were derived from NG2* precursors. NG2* cells
isolated from P2 brain could also generate hippo-
campal neurons when transplanted into the lateral ven-
tricles of mice (Aguirre et al. 2004). These studies clearly
show that a proportion of NG2* cells seen during early
postnatal development are intrinsically multipotent
in vitro and can generate small numbers of neurons in the
hippocampus in vivo. It was suggested that NG2* cells
might represent a sizeable pool of progenitor cells that
could generate new GABAergic neurons in the adult
hippocampus. However, the study provides no evidence
that the NG2* cell population that remains in the fully
mature CNS is actually multipotent in vivo. Whether a
similar multipotentiality might exist in CNS regions in
which neurogenesis does not occur in the adult also
remains to be investigated.

NG2* cells respond to demyelination by

rapid division

Understanding and elucidating the mechanisms under-
lying remyelination is essential if we are ever to under-
stand the reasons for the development of the chronic
demyelinated plaques seen in MS. In experimental
models of demyelination, remyelination of denuded
axons is usually an extremely rapid and efficient
repair process, regardless of the method of induction
of demyelination (Levine et al. 2001; Franklin, 2002).
It has been demonstrated that cell proliferation is
required in order to replenish lost oligodendrocytes
(Blakemore & Keirstead, 1999). Oligodendrocytes that
survive the demyelinating insult are not thought to be
able to contribute to remyelination as evidence demon-
strates they are not induced to proliferate (Keirstead
& Blakemore, 1997; Redwine & Armstrong, 1998). Instead,
endogenous oligodendrocyte progenitor cells local to
the lesion are believed to be the source of new myelin-
ating cells. Retroviral labelling studies have shown
that a mitotically active population of immature cells
were able to give rise to myelinating oligodendrocytes
following lysolecithin-induced demyelination (Gensert
& Goldman, 1997). Previous sections of this review
have illustrated that NG2* cells are the major cycling
cell within the resting adult CNS (Horner et al. 2000;
Dawson et al. 2003) and express many characteristics
of oligodendroglial lineage cells, not least their
ability to differentiate into oligodendrocytes when
isolated into culture. Their role in demyelination and
remyelination has been extensively studied and

much suggests that they are the cells responsible for
myelin repair.

In response to a variety of demyelinating insults, NG2*
cells undergo well-characterized reactive changes.
Morphologically their cell bodies become enlarged,
processes become shorter and thicker, and there is
up-regulation of NG2 immunoreactivity (Keirstead
et al. 1998; Cenci diBello et al. 1999; Levine & Reynolds,
1999; Reynolds et al. 2002; Watanabe et al. 2002). In
addition, NG2* cells within the lesion and at the lesion
edge rapidly proliferate as assessed by BrdU incorpora-
tion (Keirstead et al. 1998; Levine & Reynolds, 1999;
Watanabe et al. 2002) or the presence of mitotic figures
(Cenci di Bello et al. 1999; Reynolds et al. 2002). This
results in a 3-10-fold increase in NG2* cell number in
the lesion after several days. In comparison with other
glial cell types, NG2* cells are the first to react to the
damage (Levine & Reynolds, 1999) and show the highest
proliferation rate in response to demyelination
(Watanabe et al. 2002). Similar reactive and prolifera-
tive changes have been demonstrated in PDGFaR-
expressing cells in mouse hepatitis virus- (Redwine &
Armstrong, 1998) and ethidium bromide- (Sim et al.
2002) induced demyelination.

Although there has yet to be a direct demonstration
that NG2* cells give rise to remyelinating oligodendro-
cytes in these demyelinating models, the presence of
newly generated oligodendrocytes within remyelin-
ated lesions, some of which co-express NG2 and CNP
(Reynolds et al. 2002), implicates them in such a role.
More importantly, in various experimental demyelinat-
ing models, NG2* cell number decreases upon onset of
remyelination, suggesting that at least some of the NG2*
cells have developed into oligodendrocytes (Levine &
Reynolds, 1999; Reynolds et al. 2002; Watanabe et al.
2002), although the degree of apoptosis in this cell
population has yet to be investigated. More convincing
evidence that NG2* cells are the source of remyelinating
oligodendrocytes comes from Watanabe et al. (2002),
who demonstrated the presence of BrdU*/APC* cells
prior to remyelination concomitant with a decrease in
BrdU*/NG2* cells indicating their differentiation into
oligodendrocytes.

This rapid proliferative response of NG2* cells is only
observed when the insult to the CNS causes demyelina-
tion or generalized tissue destruction. It is not seen for
example when inflammation is not accompanied by
demyelination (Cenci di Bello et al. 1999) or following
viral infection (Levine et al. 1998). In these circumstances
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NG2* cells demonstrate reactive changes but do not
increase in number, suggesting that proliferation is ini-
tiated by signalling from the exposed axon or tissue
debris, in combination with synergistic signalling from
astrocytes and microglia/macrophages (Franklin, 2002).

Conclusions

NG2-expessing cells represent an abundant, slowly cycling
population of cells that are distributed throughout the
adult CNS. Their immunological phenotype suggests
that the majority of these cells are related to the oligo-
dendrocyte lineage, although the time point during
development at which they diverged from cells des-
tined to become myelinating oligodendrocytes is not
yet clear. When isolated from the adult CNS into cul-
ture they can be differentiated into oligodendrocytes
or astrocytes, but their potential for differentiation
down multiple lineages in vivo has yet to be fully demon-
strated in the adult. Their widespread distribution
and physiological and molecular characteristics suggest
a role in the maintenance of the extracellular micro-
environment of neurons, both in the white and the grey
matter, in addition to their role as OPCs. They are ide-
ally located to monitor and respond to a wide variety
of injurious insults but their response to these events
other than to give rise to new oligodendrocytes for
remyelination is as yet unknown.
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