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Abstract

The NG2 proteoglycan is believed to be an in vivo marker for oligodendrocyte progenitors found in the developing brain.
The prevalence of NG2-expressing cells that remain in the adult CNS following the end of gliogenesis is significant. Current
research is focused on how this cell participates in the normal function of the adult CNS and whether it may be activated by
injury and/or contribute to repair. Despite substantial evidence for a sub-population of NG2-expressing cells playing a glial
progenitor role in the adult CNS, there is much to be learned. Specifically, the heterogeneity of this population has not been
adequately addressed for the adult CNS and while NG2 cells continue to divide in the adult CNS it is not clear what function
they serve once myelination is complete. Future studies should elucidate the functional importance of NG2 in a variety of cell
functions and shed light on the role NG2-expressing cells play in the intact and diseased CNS.

NG2 is a highly conserved molecule that is expressed
in a variety of tissues during development and adult-
hood (Levine et al., 1986). The adult central nervous sys-
tem (CNS) is no exception with widespread expression
of NG2 by cells in all regions examined. The ubiqui-
tous and highly conserved nature of NG2 expression
has drawn warranted investigation into its role in a va-
riety of processes including cytokine signaling, mito-
genesis and cell migration. One common thread that
ties NG2 expression with cell function has been the
observation that a large majority of NG2-expressing
cells retain the ability to divide. This property alone
suggests that NG2-expressing cells exhibit a progen-
itor quality (Levine & Nishiyama, 1996). In addition,
in the developing CNS there is a close association be-
tween PDGFα-receptor and NG2-expressing glial pro-
genitor cells. Indeed, immunohistochemical detection
of this proteoglycan has become an acceptable method
for identifying glial progenitor cells in pre- and post-
natal CNS. However, caution must be raised when it
is assumed that the adult NG2-expressing progenitor
has the same multipotency and cytokine responsive-
ness as an NG2-expressing progenitor found in embry-
onic or early postnatal development. Clear differences
in migration, cell-cycle length, and lineage restriction
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exist between progenitors derived from early postnatal
brain or embryonic brain as compared with those de-
rived from the adult. This has been illustrated in studies
of optic nerve-derived glial progenitor cells (Raff et al.,
1983; Temple & Raff, 1986; Wolswijk et al., 1990).

In this review we consider the evidence that NG2-
expressing cells function as glial progenitor cells in the
adult CNS with emphasis on the adult spinal cord. We
discuss our observations of NG2 in the adult spinal
cord and adult-derived neural stem cells and compare
these findings with generally accepted principles of the
NG2-expressing cell in the adult and developing brain.
Finally, we explore potential methods to further delin-
eate the functional heterogeneity and plasticity of NG2-
expressing cells in the adult.

Distribution and morphology of NG2 expressing
cells in the adult spinal cord

One striking observation about NG2 distribution in the
adult CNS is the frequency of cells that are associated
with this proteoglycan (Levine & Card, 1987). The num-
ber of NG2-expressing cells in the spinal cord makes
this population intriguing indeed and compelling for
further study. We conducted cell counts by stereological
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methods in the adult spinal cord and in Figure 1A the
number and distribution based on morphology of these
cells is presented. It is important to note that the num-
ber of NG2-expressing cells represents about 2% of all
white matter glial in the adult mouse spinal cord (Bjugn,
1993; Bjugn & Gundersen, 1993). This is significantly
less than reported by Chang and colleagues where a
qualitative description of NG2 in human tissue sug-
gested that these cells may have a similar frequency as
astrocytes (Chang et al., 2000).

As previously described for the brain, spinal cord
cells that express NG2 have two distinct morphologies.
The first is a cell with a small, oblong nucleus, lim-
ited cytoplasm and short unipolar or bipolar processes.
These cells morphologically resemble protoplasmic as-
trocytes but do not colocalize with markers of imma-
ture or mature astrocytes (Levine et al., 1993; Nishiyama
et al., 1996b). NG2-expressing cells with bipolar mor-
phologies are a prominent feature of gray and white
matter. Bipolar or unipolar NG2 cells in the white
matter are predominantly located near radial elements
of the spinal cord and are the most common pheno-
type that divides (Horner et al., 2000). During develop-
ment, NG2-immunoreactive cells appear to associate
with radial glial cells (Diers-Fenger et al., 2001). In the
adult spinal cord it remains to be determined whether
NG2 cells align with radial glia, vascular profiles or
axon bundles. The second major morphotype is that
of a stellate, multipolar cell that is also distributed in
gray and white matter. These cells resemble microglia
or pre-myelinating oligodendrocytes with a small cell
soma and lacy, ramified processes. Interestingly, NG2-
expressing cells have been shown to contain processes
that make contacts at the nodes of Ranvier (Butt et al.,
1999) and associate with synapses (Ong & Levine, 1999).
The stellate NG2 morphotype does not co-express

Fig. 1. Density and distribution of NG2-expressing cells in the adult mouse spinal cord. The number of NG2-immunoreactive cells
was quantified from 12 week old C57BL/6 mice. (A) Using the optical fractionator and the regional templates outlined in
(A) NG2-immunoreactive cells that clearly contained nuclei (confirmed with DAPI labeling) were counted from 20 µm thick
sections of the lumbar spinal cord (L1–L2). The density was approximately 1000 NG2 cells/mm3 with a consistent dorsal-
ventral and medial-lateral distribution. (B) The percentage of NG2 cells as a function of total cell number, glial cell number or
endothelial/non-glial cells was estimated by dividing the density of NG2 cells by the cell densities for the mouse spinal cord
reported by Bjugn, 1993. NG2 cells comprise approximately 2.5% of all glial cells in white matter and 2.3% of all glial cells in
gray matter. (C) The percentage of NG2 cells that incorporated BrdU following 12 daily doses of BrdU was calculated for the
entire lumbar region. Note that the bipolar morphotype was most commonly associated with BrdU incorporation.

Fig. 2. Strategies to explore the plasticity of NG2-expressing cells in the adult CNS. This diagram outlines a strategy to isolate NG2
cells acutely from the mature CNS. The potential benefit of rapid isolation and direct analysis is the ability to determine regional
variation in NG2-expressing cells as well as the homogeneity that the NG2 population exhibits in terms of cellular plasticity.
Specific regions of the brain can be micro-dissected and dissociated by enzymatic and/or mechanical dissociation. Single
cell suspensions can be directly labeled by fluorescent conjugated antibodies to NG2 and sorted using FACS. Alternatively,
dissociated cells may need to be plated for short periods of time to allow for the re-expression of NG2 on the cell surface at which
time the cells can subsequently labeled and sorted by immunopanning or FACS. Separated populations of NG2-immunoreactive
and NG2 negative cells can be analyzed by clonal dilution and brief expansion in vitro to determine the differentiation capacity
of individual cells. Finally, direct isolation followed by transplantation back into the region of origin or alternative region of
the intact CNS could be performed to determine the role of adult microenvironments on NG2 cell proliferation, migration and
differentiation.

markers of microglia (OX-42 or F4/80) or mature oligo-
dendroglia markers (MBP or RIP; Levine & Nishiyama,
1996; Levine & Stallcup, 1987). In addition, the stellate
morphotype does not appear to produce myelin.

In the adult spinal cord, NG2-expressing cells ap-
pear to be evenly distributed in both gray and white
matter compartments (Fig. 1B). This is true even in the
myelin-free zone of the substantia gelatinosa indicating
that NG2 phenotype is not restricted to areas containing
myelin. There does not appear to be a correlation be-
tween NG2-cell density and myelin rich regions of the
adult CNS. NG2 cells are also located in the region of
the central canal (unpublished observations). While the
ependymal cells do not express NG2 themselves, how-
ever, cells that have interdigitating processes within the
central canal do abundantly express NG2.

Simple conclusions cannot be drawn from the global
expression of NG2. The lack of colocalization of NG2
with other markers of mature CNS glial and neuronal
phenotypes argues that these cells are a unique pop-
ulation, possibly a unique macroglial cell population
distinct from astrocytes and oligodendrocytes (Dawson
et al., 2000). As previously mentioned, the strongest
insight into a function of the NG2-expressing cells
could be its association with glial progenitor receptors
and progenitor physiology (Diers-Fenger et al., 2001;
Nishiyama et al., 1996b). In addition, NG2-expressing
cells extracted from the developing optic nerve have
the capability to produce mature oligodendrocytes and
type II astrocytes (Stallcup & Beasley, 1987). These find-
ings are discussed in more detail below.

Proliferation and migration in the adult CNS

In the developing CNS and during early postna-
tal gliogenesis, a significant number of NG2 cells
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have been shown to divide and express the PDGFα-
receptor (PDGFαR) indicating they are glial progeni-
tors (Nishiyama et al., 1996b; Reynolds & Hardy, 1997;
Warrington & Pfeiffer, 1992). We have extended these
studies to the adult by examining cell proliferation in
the rat spinal cord beyond the period of postnatal gli-
ogenesis. We utilized intra-peritoneal injection of bro-
modeoxyuridine (BrdU; a thymidine analogue) to label
dividing cells in adult rats and mice. Using a repeated
dosage regimen of BrdU (50 mg/kg; 12 daily doses), we
discovered that up to 70% of all dividing cells within
the adult rat spinal cord co-labeled with NG2, which is
impressive since the incidence of cell division was high
and the persistence of dividing cells was significant.
In previous work, Adrian and Walker (1962) reported
that cell division occurred in the adult spinal cord but
that the dividing population only transiently persisted
(Adrian & Walker, 1962). Indeed, 3H-thymidine labeled
cells were no longer detectable by 7 days post-injection
of this mitotic marker. In contrast, our BrdU-studies
demonstrated a similar incidence of labeling initially
and dividing cells were found to be consistently la-
beled as long as 6 weeks after the initial BrdU injec-
tion. Levine and colleagues have reported that 0.14 to
0.38% of NG2 cells labeled with 3H-thymidine in the
adult cerebellum (Levine et al., 1993). Our data indi-
cates that over a two week period approximately 3%
of all NG2 immunoreactive cells are undergoing cell
division. If adjusted for the time period the mitotic
marker was bio-available, these studies yield similar
results and indicate that NG2 cells divide at a slower
rate than during the early postnatal period of gliogen-
esis. In our experiments, we performed a stereologi-
cal analysis of BrdU-incorporation to determine where
cells divided and to assess post-division cell migration.
Our approach demonstrated that in the outer aspect
of the adult spinal cord as many as 6% of all nuclei
entered cell-cycle within a 2 week period. Initially, this
rate of cell division led us to believe that these cells were
most likely migrating microglia/macrophages or vas-
cular cells. However, double labeling with NG2 demon-
strated that BrdU and NG2 were consistently associated
while microglia cells marked by OX-42 comprised less
than one percent of BrdU labeled cells. No evidence for
migration was found in either single pulse or repeated
BrdU pulse experiments for up to four weeks following
the last BrdU injection. This indicates that adult NG2
cells are different from NG2 cells in the perinatal period
in that they are not migratory in the intact spinal cord.
Similar findings have been reported for glial progeni-
tors in the adult forebrain (Gensert & Goldman, 1996,
1997).

A common theory reported for NG2 is that this
molecule is expressed by proliferating progenitor cells
in a variety of tissues during development and by
glial progenitor cells of the CNS. The concept of adult-
derived NG2 cells in the CNS being composed of a

component of actively proliferating progenitor popu-
lation fits with several observations from the injured
CNS (discussed below).

Plasticity of the NG2-expressing progenitor

In the intact adult spinal cord there are no cells that rou-
tinely generate neurons but the formation of mature
oligodendrocytes and astrocytes does occur (Horner
et al., 2000). What role does the NG2 cell play in the
process of adult gliogenesis? It has not been determined
whether a dividing NG2 cell serves as a unipotent oligo-
dendrocyte progenitor, a bipotent glial progenitor or
a multipotent neural progenitor that is restricted to a
glial fate by endogenous factors. There are several cri-
teria that must be met in order to conclude that a cell,
in this case defined by NG2 expression, is a progeni-
tor cell in vivo. Defining the plasticity of the NG2 cell
will have important ramifications for how we view its
ability to repair the adult CNS. The mere fact that NG2-
expressing cells continue to divide at a significant rate
in the intact adult implies that at the very least a portion
of this population is plastic and may serve as a transient
amplifying system for progenitor expansion and glial
cell replacement.

In order to evaluate the plasticity of the adult NG2 cell
we must define the characteristics of a progenitor cell
and then evaluate the existing data as it pertains to these
basic tenets. During development, the process of cell
maturation from a progenitor stage to a differentiated
cell involves: (1) cell division to expand to an appropri-
ate sized population, (2) migration through the CNS to
the site of cell differentiation and (3) functional differen-
tiation (Rogister et al., 1999). This latter process involves
the downregulation of progenitor genes with concomi-
tant upregulation of genes expressed in the differenti-
ated phenotype. Thus, a cell that has been derived from
an NG2 progenitor stage might possibly no longer ex-
press NG2. The technique for following an NG2 cell
through its life span beyond the progenitor stage in vivo
has not yet been reported. As a result, the preponder-
ance of evidence for NG2 cells being multipotent pro-
genitor cells is derived from in vitro expansion and anal-
ysis and from temporal studies in the intact and injured
CNS. This associative data strongly suggests that a pop-
ulation of NG2 cells has the capability to differentiate
into oligodendrocytes but there is limited data to indi-
cate if this is a common feature of all adult NG2 cells.
In our own work in the adult CNS we have found that
the NG2-expressing cells are the earliest cells to divide
using a single injection of BrdU and a one hour survival
time in adult rats. Using a 12 day repeated BrdU dosing
regimen we found that over a 6 week period follow-
ing BrdU administration, the number of NG2 cells that
colocalized with the mitotic marker BrdU decreased by
20–30%. Mature glial markers did not colocalize with
BrdU either at one hour after BrdU labeling or as long
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as 2 weeks after repeated pulsing of BrdU. A decrease
in the incidence of NG2/BrdU co-expression occurred
during a time frame where the number of mature glial
markers colocalizing with BrdU was increasing. This
suggests that NG2 cells may downregulate their ex-
pression of NG2 and upregulate mature glial mark-
ers even in the intact adult. However, it is not clear
from this data whether NG2 progenitor cells produced
both astrocytes and oligodendrocytes. In addition, it is
not possible to determine how homogenous the NG2
population is with regards to their ability to divide
and to differentiate. Interestingly, there are many more
NG2 cells generated by cell division than mature glial
cells being produced (Horner et al., 2000). One expla-
nation is that a majority of NG2 cells undergo apopto-
sis although a study of spinal cord apoptosis has not
been conducted and evidence for NG2-cell death in the
adult CNS is lacking. However, there is evidence for
apoptosis of neural progenitors during development
(Morshead et al., 1998) and in the adult brain (Biebl
et al., 2000).

In the intact spinal cord, approximately 3% of NG2
cells are dividing over a 12 day BrdU dosing period.
Thus, the majority of NG2 cells are not in cell cycle.
Given the total density of NG2 cells in the adult spinal
cord this indicates that the non-dividing population
represents a significant pool of cells. The high num-
ber of non-dividing NG2-expressing cells and the lack
of evidence for their migration indicate a portion of the
NG2 cells may be quiescent progenitor cells or an as yet
unidentified differentiated phenotype.

Overall it is clear that the CNS retains a popula-
tion of cells that are capable of extensive remyelina-
tion (Franklin et al., 1997; Zhang et al., 1999). The fac-
tors that stimulate this process are still being examined
(Hinks & Franklin, 1999). Our data are only a limited
example among other studies that suggest the adult
NG2-expressing cell has progenitor qualities. Other in
vivo evidence of NG2 expressing cells undergoing dif-
ferentiation is derived from injury paradigms. For ex-
ample, Levine has shown that following a stab lesion
of the rat cortex, there is an increase in the number
of cells that express NG2, the intensity of NG2 im-
munoreactivity and levels of NG2 RNA (Levine, 1994).
In these experiments NG2-expressing cells are the first
to incorporate 3H-thymidine and are the primary re-
sponding cell. Between 2 and 7 days after the injury the
number of dividing astrocytes and microglial cells in-
creases and the percentage of NG2 cells that incorporate
3H-thymidine gradually decreases. Similar to the data
from the intact spinal cord, this indicates that NG2 cell
may be transitioning from a progenitor phenotype to a
differentiated phenotype; the astrocyte. Levine found
limited evidence for co-localization between NG2 and
markers of either astrocytes or microglia. Tuszynski and
colleagues found similar results with an experimental
spinal cord lesion with NG2 cells incorporating BrdU

early after injury (Jones et al., 2002). Interestingly, in
these experiments, NG2 was found immunohistochem-
ically localized to microglial cells near the lesion. These
experiments suggest NG2 cells may participate in scar
formation. While upregulation of NG2 protein may be
an indication for cellular plasticity, increased produc-
tion of this proteoglycan may actually have a detrimen-
tal effect on regeneration (see Levine, this volume).

In similar experiments, NG2-expressing cells also
proliferate following a contusion injury (McTigue et al.,
2001). These cells represent a relatively small fraction
of the total number of dividing cells in which microglia
and macrophages predominate. Thus, in the injured
spinal cord, remyelination occurs as well as the pro-
duction of new astrocytes. However, it should be kept
in mind that while the presumption is that many of
these NG2 cells represent glial progenitor cells that
differentiate into mature oligodendrocytes and astro-
cytes, these data are based on associative and not direct
observations.

How homogenous is the response of the adult NG2-
expressing cell to injury? In many of the experimental
studies examining NG2 cell proliferation, not all cells
enter cell cycle within the vicinity of the lesion. There
may be a progenitor population of NG2-expressing cells
that is separate from a non-dividing NG2 cell that is a
fully differentiated phenotype in and of itself. For ex-
ample Keirstead and colleagues have shown that fol-
lowing injury to the CNS there is a responsive and
a non-responsive component of NG2-expressing cells
that divide after x-irradiation injury of the adult spinal
cord (Keirstead et al., 1998). This result may suggest that
some NG2 cells are terminally differentiated or alterna-
tively, in the process of differentiation. The Keirstead
data also suggests that dividing NG2 cells have a lim-
ited number of cell divisions and are thus not self-
renewing. This supports the concept that a portion of
the NG2 population divides after injury and has char-
acteristics of a glial progenitor cell.

Together, these data suggest that NG2 expression
may represent a mosaic of cell phenotypes and lineages
following CNS injury. Finally, NG2 expression may be
an indication of a cell state in a complex or mixed pop-
ulation of cells. Methods to discriminate between these
functions of the NG2 cell and to determine the hetero-
geneity of this population are described below.

Molecular profile of NG2 cells in vivo

Raff and colleagues described a population of glial pro-
genitor cells isolated from rat optic nerves that are ca-
pable of differentiating into oligodendrocytes or type-2
astrocytes in vitro (Raff, 1989; Raff et al., 1983). These
O2A progenitor cells have also been isolated from
the adult rat spinal cord and have been characterized
in vitro (Engel & Wolswijk, 1996). O2A progenitor cells
express the PDGFαR in vitro (Hart et al., 1989; McKinnon
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et al., 1990). In vitro studies suggest that PDGF secreted
by type-1 astrocytes and neurons keeps O2A progeni-
tor cells in a proliferative state until an intrinsic clock in
these glial progenitor cells initiates the differentiation
towards a mature oligodendrocyte (Hart et al., 1989).
At this decision point the progenitor cell becomes un-
responsive to PDGF although the PDGFαR is still ex-
pressed on the surface of the differentiating cells (Hart
et al., 1989). It is important to note that while PDGFαR
expression has been tightly associated with glial pro-
genitor cells in the developing CNS, this receptor may
also be expressed by neuronal progenitor cells during
development (Erlandsson et al., 2001). In addition, there
may be subclasses of glial progenitor cells during de-
velopment with molecular profiles distinct from that
described for the O2A progenitor (Mallon et al., 2002;
Spassky et al., 2000). These observations underscore the
importance of molecular characterization in conjunc-
tion with lineage analysis in order to determine whether
a cell is a glial progenitor in vivo.

NG2 expressing cells are likely to be oligodendro-
cyte precursor cells as they show many characteristics
of O2A-progenitor cells (Levine & Nishiyama, 1996;
Stallcup & Beasley, 1987). Nishiyama and colleagues
have shown that in the early post-natal CNS, NG2-
positive cells in both, white and gray matter, express
the PDGFαR (Nishiyama et al., 1999). In the develop-
ing rat CNS PDGFαR and NG2 are co-localized. Only
a few cells in the subventricular zone are PDGFαR-
positive, but NG2-negative, suggesting that they rep-
resent more primitive precursor cells. After immunos-
taining, NG2 and PDGFαR can be localized in the very
same punctae on the cell surface implying a close asso-
ciation of the two molecules (Nishiyama et al., 1996b). In
addition, NG2 has been co-immunoprecipitated from a
neonatal O2A cell extract with an antibody to PDGFαR
(Nishiyama et al., 1996a). This suggests that NG2 and
PDGFαR form a molecular complex in the embryonic
and perinatal rat CNS (Nishiyama et al., 1996a). Other
experiments by Nishiyama and colleagues have shown
that the co-expression of NG2 and PDGFαR is impor-
tant for the proliferative response of glial progenitor
cell to PDGF-AA (Nishiyama et al., 1996a). The re-
duced expression of NG2 by antibody patching resulted
in a downregulation of PDFGαR expression. On the
other hand, in aortic smooth muscle cells isolated from
NG2−/−mice PDFGαR is unresponsive to PDGF-AA
(Grako et al., 1999). Thus, the absence of NG2 leads to
a defect in signal transduction, most likely due to the
inability of PDFGαR and NG2 to form a complex on the
surface of these cells (Nishiyama et al., 1996a). FGF-2,
another mitogenic factor for O2A cells (McKinnon et al.,
1990), and PDGF-AA, both are able to bind to the core
protein of the NG2 proteoglycan with high affinity. The
NG2 molecule contains at least two binding sites for
each of these growth factors, and binds not or little to
other growth factors (PDGF-BB, TGFβ-1, VEGF, EGF)

(Goretzki et al., 1999). NG2, thus, may be important for
regulating the extracellular localization, levels and pre-
sentation of these ligands to their respective signaling
receptors.

It is important to consider that most of these stud-
ies have been conducted during the post-natal period
when gliogenesis is actively occurring. In this regard,
the number of co-labeled cells as well as the level of ex-
pression for PDGFαR and NG2 peaks in the first post-
natal week (Nishiyama et al., 1996b) and declines there-
after, although both molecules are still expressed in the
adult CNS. In the adult rat brain the co-localization of
NG2 and the PDGFαR is not as perfect as in the devel-
oping and perinatal brain. NG2 immunostaining covers
the cell body and the processes whereas PDGFαR im-
munolabeling is confined to the cell body and proximal
processes (Nishiyama et al., 1996a). This observation
suggests that NG2 and PDGFαR do not interact directly
in the adult CNS, which may explain why PDGF is no
longer a mitogen for adult O2A progenitor cells in vitro.
In the adult mouse spinal cord only 50% of the AN2-
positive cells, the mouse homologue to the NG2 cells,
co-express PDGFαR (Diers-Fenger et al., 2001). Inter-
estingly, PDGF administration to the intact adult spinal
cord does increase the yield of oligodendrocytes that
can be cultured from this region (Ijichi et al., 1996).

PDGF-A knockout mice have a reduced number of
PDGFαR oligodendrocyte precursor cells, fewer ma-
ture oligodendrocytes and show signs of dysmyeli-
nation, although not all parts of the CNS are equally
affected (Fruttiger et al., 1999). Whether the PDGF-
A knockout mice have reduced numbers of NG2-
expressing cells remains to be investigated. PDGFα

receptor expression seems not to be confined to O2A
progenitor cells. Although during later stages of neu-
rogenesis the PDGFαR expression appears to be mainly
restricted to O2A progenitor cells (Pringle et al., 1992), a
few studies showed that some neuronal populations of
the developing and adult CNS are able to express the
PDGFαR (Oumesmar et al., 1997; Vignais et al., 1995).
This suggests that PDGF may have additional functions
to its mitogenic actions for glial progenitors in the adult
CNS.

In situ hybridization showed that O2A progenitor
cells in the adult mouse are positive for NG2, PDGFα re-
ceptor and express receptors for FGF-2 (Redwine et al.,
1997). Double-labeling of NG2-positive cells in situ with
a variety of antibodies specific for certain cell types
was done to characterize the NG2–expressing cells in
the mature rodent CNS. In accordance with their pu-
tative role as glial progenitors, NG2-positive cells are
sometimes co-labeled with O4, a more mature oligo-
dendrocyte marker (Reynolds & Hardy, 1997; for re-
view see Dawson et al., 2000). Only rarely, however,
NG2-expressing cells stain for more mature oligoden-
drocyte markers, e.g. MBP, RIP, GC consistent with NG2
being a oligodendrocyte precursor marker. Labeling
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with the astrocyte markers S100β, GFAP (Levine et al.,
1993; Nishiyama et al., 1996b) or glutamine synthase
(Reynolds & Hardy, 1997) did not reveal any co-labeling
with NG2. Microglial markers like OX-42 or F4/80 were
never co-localized with NG2 and NG2-positive cells did
not bind to GSA I-B4 lectin, which binds to microglia
(Reynolds & Hardy, 1997; Nishiyama et al., 1997). Thus,
NG2-expressing cells in the adult rodent CNS are dis-
tinct from astroglia and microglia.

It is clear that the adult NG2 cell has similarities and
differences in its molecular make-up compared to the
NG2 cell described in development and postnatal CNS.
For example, NG2-expressing cells of the adult CNS
have reduced expression and altered distribution of
PDGFα receptors. There is clearly a great deal more
be learned of the cytokine receptors expressed and the
response to cytokines of adult NG2 cells.

Methods to define the plasticity of the NG2 cell

During development all tissues contain stem cells,
which are able to give rise to all cell types in the tissue.
A precursor or progenitor cell, in contrast, is a com-
mitted “stem cell’’ with limited self-renewal, which is
able to give rise to certain lineages only and displays a
restricted proliferative potential. As the most primitive
stem or precursor cells are often quiescent, they may not
express any specific markers and, thus, no stem cell or
progenitor marker exists presently. In the CNS, progen-
itor cells are found throughout life in the dentate gyrus
of the hippocampus (Altman & Bayer, 1990; Altman &
Das, 1965b; Bayer et al., 1982; Cameron et al., 1993; Kuhn
et al., 1996) and in the subventricular zone (Altman &
Das, 1965a; Lewis, 1968). The cells proliferate and give
rise to granule neurons in the dentate gyrus or olfac-
tory bulb neurons, respectively. In vitro, these precur-
sor cells are multipotent and are able to give rise to glial
and neuronal cells (Palmer et al., 1997). Other regions
of the CNS also contain progenitor cells (Palmer et al.,
1995, 1999). Precursor cells in non-neurogenic regions
are giving rise to glial cells in vivo, but are able to dif-
ferentiate into neurons in vitro and when transplanted
into neurogenic sites in vivo (Shihabuddin et al., 1997,
2000).

To investigate if an isolated cell is a “stem cell’’ or a
precursor cell, the fate and potential of this cell has to
be determined. The assessment of the potential, how-
ever, is a challenging task as extrinsic cues will deter-
mine the phenotype of the cell, but the intrinsic prop-
erties of the cell could allow the cell to achieve various
phenotypes depending on the environmental cues. In
addition, some procedures used to isolate a particular
cell type result in cell loss leaving only a fraction of
the original population. Thus, it cannot always be con-
cluded whether a cell property is ubiquitous among
that population or a unique property of a subset of cells.
In later sections we will discuss methods that may help

illuminate the lineage restriction and heterogeneity of
NG2-expressing cells in vivo.

Three main approaches are presently used to inves-
tigate the potential of a stem or precursor cell (Gage,
2000). Stem cells can be labeled by vital dyes or a retro-
viral vector and the progeny of this cell can be assessed
in situ (lineage tracing). Proliferative cells can be iso-
lated from the tissue and the plasticity of these cells can
be examined using an in vitro approach (differentiation
analysis). Transplantation of freshly isolated or long-
term cultured cells into the CNS allows to study their
fate in vivo (transplantation analysis; Gaiano & Fishell,
1998). Lineage tracing using retroviruses, thymidine or
bromodeoxyuridine (BrdU) labels dividing cells and al-
lows following the fate of a particular cell. This proce-
dure, however, is not very efficient and the expression
of the retrovirus is often downregulated with terminal
differentiation. It would be useful to produce a retrovi-
ral reporter for NG2-expressing cells but the promoter
sequence for NG2 is not yet known. In addition, BrdU
and thymidine signals are becoming diluted with pro-
gressing cell divisions. The in vivo lineage tracing is able
to reveal if new cells are born and if a given cell has the
potential to give rise to more than one cell type, but
cannot determine if a proliferative cell is multipotent
and self-renewing (for review see e.g., Gage, 2000).

To study cell plasticity in vitro, the region that has
been shown to contain dividing cells in vivo has to be
microdissected. After digesting the tissue, the dissoci-
ated cells are exposed to high concentrations of growth
factors in defined or supplemented medium and grow
as monolayers or neurospheres depending on the tis-
sue source and the culturing conditions. Once the cells
are proliferating in culture, they are induced to differ-
entiate by withdrawal of the mitogens and/or addition
of other factors that prompt the cells to differentiate
into a certain lineage (e.g., fetal bovine serum, retinoic
acid and/or forskolin in the case of neural precursor
cells). The differentiated cells are then analyzed by an-
tibody staining to determine their phenotype. A clonal
analysis (low density plating or labeling of individual
cells using a retroviral vector) allows one to determine
if a single progenitor cell is able to give rise to all three
neural phenotypes, neurons, astrocytes and oligoden-
drocytes. This differentiation analysis takes place in an
artificial environment with unphysiological concentra-
tions of growth and/or differentiation factors. Thus,
the results of in vitro studies have to be carefully in-
terpreted and to be verified in vivo. Transplantation
studies could be the next step in the analysis. Progen-
itors, which have been shown to be multipotential in
vitro, can be transplanted in vivo to verify their poten-
tial (Gaiano & Fishell, 1998). The fate of the grafted cells
appears to be mainly influenced by the microenviron-
ment. The neural progenitor cells can be transplanted
either in a neurogenic site, where the environment is
providing cues for neurogenesis, e.g. the dentate gyrus
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of the hippocampus (Palmer et al., 1997) or the SVZ
(Morshead et al., 1994), or in a non-neurogenic site like
the spinal cord (Shihabuddin et al., 1997; Weiss et al.,
1996) or septal and striatal parenchyma (Palmer et al.,
1995), where progenitor cells do not give rise to neu-
rons, but glial cells.

To investigate if NG2-positive cells are stem, neural
progenitor or committed glial precursor cells, and to
explore the function of NG2 various approaches will
be needed. Some of the strategies are outlined below.

ISOLATING NG2-EXPRESSING CELLS

To analyze NG2-positive cells in vitro an enriched NG2-
population is needed. NG2-based fluorescent activated
cell sorting (FACS) or immunopanning as direct isola-
tion methods from the adult CNS would be useful tech-
niques. FACS sorting has not been reported for NG2,
which may reflect the difficulty in isolating these cells
acutely Fig. 2. There would be distinct advantages to be-
ing able to freshly sort cells expressing NG2 with good
viability. Such an approach would allow the acute en-
graftment into neurogenic (e.g., hippocampus) or stem
cell regions (e.g., SVZ) to address the environmental in-
fluence of plasticity of the NG2 expressing cells without
prior manipulation in vitro. In addition, acute isolation
followed by an in vitro clonal analysis would allow to
address the heterogeneity of adult-derived NG2 cells.
From own experience and reports of others, there are
clearly hurdles that must be overcome to make this pro-
cedure possible. For example, traditional enzymatic di-
gestion of tissue could lead to cleavage of the NG2 pro-
teoglycan which due to its single membrane spanning
peptide and limited glycosylation is sensitive to this
procedure (Stallcup & Beasley, 1987 and our own ob-
servations). This suggests that in order to isolate large
numbers of NG2 cells tissues would have to be digested
with non-protease treatments such as collagenase and
mechanical trituration. Given the structural complexity
of stellate NG2 cells, significant mechanical disruption
may lead to selective cell death compared to the bipo-
lar NG2 cells. Another potential issue is the prospect of
isolating proliferating cells that may be more sensitive
to isolation procedures due to the metabolic demands
of the cell division. This is apparently not a concern
for direct isolation of cells that are in cell cycle as re-
ported in studies progenitor cells from the adult fore-
brain (Gensert & Goldman, 2001). In these studies, glial
progenitors that had recently divided in vivo were iso-
lated and cultured with success.

To date, enrichment of NG2-epxressing cells from
the adult has been accomplished by first culturing
cells freshly isolated from the CNS followed by post-
hoc enrichment or analysis. Stallcup and Beasley
(Stallcup & Beasley, 1987) isolated glial precursor cells
from the rat postnatal optic nerve and achieved a
90–95% purified population of NG2-positive cells using

immunopanning with a monoclonal antibody directed
against A2B5 and complement lysis of mature oligo-
dendrocytes. The enriched NG2-expressing cells were
cultured after the panning for A2B5 and were not ex-
posed to any growth factors, but immediately induced
to differentiate. After five days in defined medium and
10% fetal bovine serum 95% of the cells were NG2-
positive, more than 80% were positive for glial fibrillary
acidic protein (GFAP), and fewer than 10% GC-positive.
The GFAP+/GC−astrocytes continued to express NG2
for up to 10d in culture. After 5d in serum-free supple-
mented medium less than 15% of NG2-positive cells ex-
pressed GFAP and up to 40% expressed GC. NG2 was
expressed only for a short time by GFAP−/GC+ oligo-
dendrocytes and mature oligodendrocytes were NG2-
negative. These results derived from studying postna-
tal NG2-positive cells suggest that a sub-population of
NG2-expressing cells are O2A-progenitors.

From the adult sub-cortical white matter and neo-
cortex, an enriched population of cycling progenitor
cells has been isolated and prospectively analyzed for
cell surface markers (Gensert & Goldman, 2001). Adult
rats were pulsed with BrdU and cells were isolated us-
ing a cell isolation technique routine for the culture of
glial progenitor. From these studies, the primary di-
viding cell of these regions were O4 positive with a
sub-population expressing A2B5. NG2 expression only
represented a minority of the cells labeled with BrdU.
These findings suggest that the NG2-expressing cells
are not the major phenotypic component of glial pro-
genitor in these regions of the brain. However, for the
very reasons stated above, a prospective isolation of a
pure population of NG2 expressing cells may be useful
to validate these findings.

While analysis of directly isolated NG2 cells would
be ideal it may never be adequately feasible. A second
approach would be to utilize organotypic slice cultures
to follow NG2 cells in situ. Such an experimental design
would be dependent upon the ability to label NG2 cells
within the slice and follow their migration and differ-
entiation with time. This technology has been applied
to progenitors of the developing cortex with success-
ful observation of cell migration and division (Kakita
& Goldman, 1999).

NG2−/−MICE

Transgenic and knockout technologies would also help
to understand the role of NG2 in progenitor cell func-
tion in the adult. The anatomical localization and phe-
notype of neural progenitor cells has not yet been de-
termined in detail for the adult mouse spinal cord. NG2
knockout mice are available and do not have a ma-
jor phenotype (Grako et al., 1999). The phenotype of
NG2 knockout animals and neural progenitor cells may
be subtle and a detailed and careful analysis will be
needed. Behavioral tests of knockout mice are another
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way of analyzing deficits in the CNS. Detailed analy-
sis of proliferative cells of NG2−/−mice has not been
done yet. Studying BrdU-incorporation and the phe-
notype of these proliferative cells in NG2 null mutants
will be a first step towards understanding the role of
NG2 for neural progenitor cells. It is important to deter-
mine if the NG2 null mice contain the same number of
oligodendrocytes and oligodendroglial precursor cells
as wildtype mice. As the majority of oligodendroglial
progenitor cells expresses the PDGFαR and many of
those cells also express NG2 (Diers-Fenger et al., 2001;
Wu et al., 2000), immunostaining for the PDGFαR may
help to reveal if the cell type that expresses NG2 in
the wildtype is still present in the NG2 null mutants.
To find out if NG2 is important for proliferation BrdU-
incorporation in wildtype and NG2 knockout mice has
to be compared. It has been shown that NG2 influences
the migration of certain cell types (Fang et al., 1999).
Thus, it will be interesting to compare the location of
BrdU-positive cells and/or of PDGFαR expressing cells
in wildtype and NG2 null mice at various time points
after BrdU-injection.

Spinal cord progenitor cells have been isolated from
rat and mouse spinal cord (Shihabuddin et al., 1997;
Weiss et al., 1996). Most of these progenitor cells re-
mained undifferentiated in vitro. However, a percent-
age of progenitor cells gave rise to glial cells or neurons
(Shihabuddin et al., 1997) depending on the spinal cord
regions the precursor cells were isolated from. Spinal
cord preparations comprising all regions yielded a
high percentage of RIP-positive oligodendrocytes, few
GFAP-positive astrocytes and some TubβIII-neurons
(Yamamoto et al., 2001 and our own unpublished ob-
servation). For mouse spinal cord such a detailed in
vitro analysis has not been done yet. Thus, it will be im-
portant to perform progenitor isolation from wild type
mouse spinal cord and compare this population of cells
with the progenitor cells isolated from NG2−/−mice.
An investigation of proliferation as well as the differen-
tiation potential of progenitor cells from wild type and
NG2 knockout brain and spinal cord may shed light
on the role of NG2 in these processes. If NG2-positive
cells comprise the majority of glial precursor cells, less
glial differentiation has to be expected. However, if the
chondroitin sulphate proteoglycan NG2 is not neces-
sary for the cells to “function’’ as glial progenitor cells,
no difference should occur.

So far, most of the proteoglycan knock-out animals
lacked an obvious phenotype and in vitro studies of-
ten failed to reveal any differences between wildtype
and knock-out cells (Hartmann & Maurer, 2001). Com-
pensatory mechanisms e.g. by redundancy of function
of different proteins may explain the lack of obvious
phenotypes. Proteoglycan function may be localized in
the GAG chain, in the protein or in both. Thus, if the
GAG chain is important for the function of a proteo-
glycan, another proteoglycan with the same or similar

GAG chain may compensate the function as long as the
expression occurs in the same region at the same time
(Hartmann & Maurer, 2001).

NG2 GAIN OF FUNCTION

Overexpression of the proteoglycan NG2 in cultured
brain or spinal cord progenitor cells is another way of
addressing the function of this proteoglycan. Retrovi-
ral vectors (NIT-GFP) that contain a neomycin resis-
tance gene and a tTA transactivator gene regulated by
the retroviral LTR and express the green fluorescent
protein (GFP) gene as a marker are one vector system,
which can be used to transfect proliferative cells. As this
vector contains a tetracyclin regulatable promoter, the
expression of NG2 could be turned on and off in vitro.
Differentiation analysis with NG2 overexpressing pro-
genitor cells could reveal insights into NG2 function.

Alternatively, using a retroviral or lentiviral ap-
proach, overexpression of NG2 in vivo could be
achieved. Transfection of neural progenitor cells in neu-
rogenic regions would allow to investigate if NG2-
expressing cells are pushed towards a glial lineage or if
multipotential progenitor cells keep their multipoten-
tiality independent of NG2 expression.

Summary

During development a tight correlation exists between
cellular expression of NG2 and PDGFαR-expressing
glial progenitor cells. However, there is reason to sus-
pect that NG2-expressing cells may not be as homoge-
nous as their developmental counterpart. In the adult,
NG2 cells have both morphological and cell cycle char-
acteristics that differ substantially from that of embry-
onic and early postnatal tissue. It is clear that a molec-
ular characterization of NG2 cells in vivo would further
our understanding of the heterogeneity of this popula-
tion and shed light on novel roles that NG2-expressing
cells may play in the adult CNS. In addition, newer
methods to isolate and characterize NG2-expressing
cells derived from the adult will expand our under-
standing of the plasticity of these cells and how they
may be manipulated to repair the injured or demyeli-
nated CNS.
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