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REVIEW

NG2-expressing cells in the nervous system: role of the
proteoglycan in migration and glial-neuron interaction

Khalad Karram,* Nivedita Chatterjee* and Jacqueline Trotter

Molecular Cell Biology, Department of Biology, Johannes-Gutenberg University of Mainz, Germany

Abstract

The NG2 glycoprotein is a type | membrane protein expressed in the developing and adult central nervous system
(CNS) by subpopulations of glia including oligodendroglial precursor cells (OPCs), and in the developing CNS addi-
tionally by pericytes. In the mouse CNS, expression of NG2 protein is already observed at embryonic day 13 and
peaks between postnatal days 8 and 12. NG2+ cells persist in grey and white matter in adult mouse brain: cells in
the developing and adult brain show clear differences in migration, cell-cycle length and lineage restriction. Sev-
eral groups have provided evidence that subpopulations of NG2+ cells can generate neurons in vivo. Neuronal stimu-
lation in the developing and adult hippocampus leads to Ca** signals in apposing NG2+ glia, suggesting that these
cells may modulate synaptic activity, and NG2+ cells often ensheath synapses. The structure of the protein with two
N-terminal LamininG/Neurexin/Sex-hormone-binding globulin domains suggests a role in adhesion. The C-terminal
PSD-95/DiscsLarge/Zona Occludens-1 (PDZ)-binding motif has been found to associate with several PDZ proteins
including the Glutamate Receptor Interacting Protein GRIP: NG2 may thus act to position AMPA receptors on glia
towards sites of neuronal glutamate release. Furthermore, the NG2 proteoglycan plays a role in cell migration and
spreading and associates with actin-containing cytoskeletal structures.

Key words astrocyte; glutamate; GRIP; myelin; synapse.

Initial characterization of the NG2
proteoglycan as a marker for immature cells

NG2 was first characterized as a high-molecular-weight
type 1 membrane proteoglycan in rat (Stallcup, 1981;
Nishiyama et al. 1991; Levine & Nishiyama, 1996). It was
subsequently found to be present in humans as Melanoma
Chondroitin Sulphate Proteoglycan (MCSP; Pluschke
et al. 1996). It was independently rediscovered as the
AN2 molecule in mouse (Niehaus et al. 1999; Schneider
et al. 2001; see Fig. 1). Homologues exist in Drosophila
as CG10275 and Caenorhabditis elegans as CA8E7.6.p.
NG2 is a marker for immature oligodendrocytes in vitro
(Levine & Nishiyama, 1996), overlapping partially with

Correspondence

Dr Jacqueline Trotter, Molecular Cell Biology, Department of Biology,
Bentzelweg 3, Johannes-Gutenberg University of Mainz, 55128 Mainz,
Germany. E: trotter@mail.uni-mainz.de

*K.K. and N.C. contributed equally to this work.

Accepted for publication 6 July 2005

© 2005 The Authors

04 and 2’,3-cyclic nucleotide 3’-phosphodiesterase
(CNPase) but absent in cells that express later stage
markers such as myelin-associated glycoprotein (MAG)
and myelin oligodendrocyte glycoprotein (MOG).
Western blots of whole mouse brain homogenates
using the AN2 monoclonal antibody recognizing
mouse NG2 show expression starting from embryonic
day (E)13/E14, peaking within the period of postnatal
day (P)8-P12 and gradually falling thereafter (Niehaus
et al. 1999). NG2 expression is, however, not just
limited to the oligodendroglial precursor cells (OPCs)
and pericytes of the developing central nervous system
(CNS) (see below). A subpopulation of NG2+ cells is
present in adult brain (see Fig. 2). It is also expressed
by immature Schwann cells (Schneider et al. 2001), and
fibroblast-like cells in the peripheral nervous system
(PNS) (Morgenstern et al. 2003). Outside the nervous
system many immature cell types including developing
cartilage, immature smooth muscle cells, skeletal
myoblasts, epidermal stem cells and human melanoma
cells express NG2 (Stallcup, 2002; Nishiyama et al. 2005).
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Fig. 1 Schematicstructure of NG2 with approximate locations
of antibody-binding sites. Extra, TM and Cyto refer to the
extracellular, transmembrane and cytoplasmic portions of the
molecule. Modified from Fang et al. (1999). Dashed and
dotted areas denote the proline-rich region and PDZ-binding
region, respectively. T indicates threonine 2256, which has
been shown to be phosphorylated, thereby leading to
enhanced motility (Makagiansar et al. 2004). The mc AN2
(Niehaus et al. 1999) binds to a region within the amino acids
1237-1531. The other two mentioned antibodies discussed in
the text were shown to compartmentalize NG2 with distinct
cytoskeletal structures (Fang et al. 1999).

CNS lineage

In the early CNS development, distinct lineage-restricted
cells are generated from pluripotent precursors in an
orderly manner to form intricate networks. Lineage
specification of the neural precursors is associated with
proliferation, migration and differentiation. Some of the
pluripotent precursors persist throughout development
into adulthood. It was generally thought that during
development neuronal genesis takes place in the ventri-
cular zone (VZ), an early embryonic layer, while the genesis
of glia precursors takes place in a proliferating layer that
is formed in late embryonic development persisting
into adulthood, the subventricular zone (SVZ; Hirano
& Goldman, 1988; Levison et al. 1993; Romanko et al.
2004). Both neurons and oligodendrocytes are post-
mitotic at the end of their development, whereas astrocytes
retain the ability to proliferate, for example in lesion areas.
After the majority of the cells have been generated
during development, neural genesis still takes place at
a very low level in the adult brain. Neurogenesis persists
in the areas of the SVZ and the subgranular layer in the
dentate gyrus throughout adulthood (Alvarez-Buylla
et al. 2001; Seri et al. 2001). There has been ongoing
discussion as to whether the different classes of neural
cells share a common precursor cell. The identification
of the neural stem cell(s) that generates these cells
in vivo is still a matter of heated debate. What are these
cells and what is their differentiation potential?

NG2-expressing cells

In the last few years NG2 has drawn a lot attention,
owing to the fact that a large majority of cells expressing
NG2 retain the ability to divide throughout develop-
ment. This interesting property suggests that NG2-
expressing cells have a precursor nature (Levine &
Nishiyama, 1996; Levison et al. 1999). NG2+ cells play a
role in myelination. Our own observations show that
the depletion of AN2/NG2+ cells in myelinating cul-
tures by lysis with AN2 monoclonal antibody plus
complement prevents the development of MAG- and
MOG-expressing cells (Niehaus et al. 2000). Interestingly,
repeated lysis was required, suggesting that the NG2+
cells can be regenerated from an NG2 precursor cell. It
has been demonstrated that in vitro NG2 cells behave
like oligodendrocyte-type 2 astrocyte (O-2A) pre-
cursors. Antibodies to NG2 label O-2A cells (Raff et al.
1983), which give rise to oligodendrocytes and astro-
cytes. When NG2-expressing cells isolated from early
postnatal mouse brain are grown in the presence of
fetal calf serum, the cells differentiate into astrocytes,
and when grown in the absence of serum they have the
ability to differentiate into oligodendrocytes (Diers-
Fenger et al. 2001). From these results NG2 cells could
be considered glial precursor cells that generate oligo-
dendrocytes and astrocytes in the developing and
adult brain (Levison & Goldman, 1993; Levison et al.
1993, 1999). The fact that no neurons were seen in
these studies does not rule out that these cells could
generate neurons. It is possible that the culture condi-
tions were not conducive to neuronal generation.

In vivo NG2+ cells express platelet-derived growth
factor-o. (PDGF-o) receptor, often considered a marker
for immature oligodendrocytes but not proteins
expressed by more mature oligodendrocytes (Levine
& Nishiyama, 1996; Nishiyama et al. 1996). With the
generation of a transgenic animal expressing enhanced
green fluorescent protein (EGFP) under the proteolipid
protein (PLP) promotor, Mallon et al. demonstrated
two populations of NG2-expressing cells. One popula-
tion of NG2+ cells were EGFP-positive, indicating that
these cells in which the PLP promotor is active could be
a source of myelinating oligodendrocytes in the devel-
oping brain. These cells migrate into the cortex from
the SVZ and stay in an undifferentiated state for up to
3 weeks until myelination starts (Mallon et al. 2002).

Recent results have shown that radial glia give rise to
neurons in the CNS and are indeed stem cells that have
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Fig. 2 Morphology of NG2-expressing
cells in grey and white matter in the
adult mouse brain. (A) Low-
magnification view of NG2+-labelled
cells. (B) High-magnification view of an
NG2+-labelled cell in corpus callosum
(CQ). The labelled cell appears to have an
elongated morphology. (C) Low-
magnification view of NG2+-labelled
cells in the grey matter. (D) High-
magnification view of an NG2+-labelled
cell in the cortex (Cor). The cell appears
to have a stellate morphology. Dashed
lines signify separation between grey
and white matter. Scale bar = 10 um.

the ability to develop into distinct subpopulations of
neurons depending on the brain region. In the devel-
oping mouse brain, different types of radial glia exist
that differ in their expression of transcription factors
and the type of neurons they give rise to (Gotz &
Steindler, 2003; Kriegstein & Gotz, 2003). The patterns of
transcription factor expression thus yield cues pattern-
ing the development of the neural tube. Could radial
glia spawn NG2-expressing cells (see Fig. 3)? It has been
shown that basic helix-loop-helix transcription factors
Olig1 and Olig2 are important in both motorneuron
and oligodendrocyte development (Lu etal. 2001,
2002; Zhou & Anderson, 2002). Knockout mice lacking
expression of both of these transcription factors die
during embryogenesis and are lacking both motor-
neuron and oligodendrocytes, further indicating that they
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share a common precursor. Recently it has been shown
that cells expressing the NG2 glycoprotein also express
the transcription factor Olig2 in vivo (Liu & Rao, 2004).
It has been claimed that NG2 cells give rise to neurons
expressing neuronal markers such as Neu-n and Bl
Tubulin in the SVZ and also to (y-amino-butyric acid)
(GABA)ergic interneurons in vitro and in vivo in the
hippocampus (Aguirre et al. 2004). These experiments
rely heavily on the use of the CNP-EGFP transgenic
mouse and the specificity of the polyclonal NG2 anti-
bodies used. It has been recently reported that a small
number of NG2+ cells that reside in the cortex of adult
rats give rise to GABAergic neurons. This evidence
further supports the idea that the NG2 cell is a precursor
cell that can give rise to different cell lineages (Dayer
et al. 2005).
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AN2 stacked

A subpopulation of NG2+ cells express S100-8, mRNA for
excitatory amino acid carrier 1 (EAAC1), glutamate/aspart-
ate transporter (GLAST) and glutamate transporter 1
(GLT-1). S100-B is a calcium-binding protein, which is
unique to glia cells; EAAC1 is a neuronal glutamate trans-
porter, GLAST is a glia-associated glutamate transporter
and GLT-1 is glia associated. These NG2+ cells express
o-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) receptors containing all the subunits GIuR 1-4.
These GIuR cells could be precursor cells that give rise
to neurons and glial cells (Matthias et al. 2003).

NG2 cells in the adult brain

A significant number of NG2-expressing cells exist in
the adult brain after gliogenesis is complete (Fig. 2).
These cells have two distinct morphologies: the first
morphology resembles a protoplasmic astrocyte con-
taining an oblong nucleus and limited cytoplasm with
bipolar or unipolar processes. The second morphology
resembles a microglia cell or a premyelinating oligo-
dendrocyte with multipolar stellate processes (Horner
et al. 2002). Their role in the function of the adult brain

3CB2 (radial glia cells)

Fig. 3 Association of NG2+ cells and
radial glia in the spinal cord of E15
mouse. (A) NG2+-expressing cell lablled
with AN2 antibody. (B) 3CB2+-labelled
radial glia. (C) Overlay of A & B shows
close association between NG2-
expressing cell and radial glial cell.

(D) Phase image of the section.

and the significance of their activation in injury or
repair states is still not understood. There is evidence
that a subpopulation of NG2-expressing cells play a pro-
genitor role in the adult CNS by continuing to divide, and
that they retain PDGF-o receptor expression. These
adult cells exhibit clear differences to the embryonic
cells in migration, cell-cycle length and lineage restric-
tion. The cells have the antigenic phenotype of OPCs,
but the morphological phenotype and distribution
of astrocytes. They are antigenically distinct, however,
from astrocytes, microglia, myelin-producing oligodendro-
cytes and neurons. The current view is that some of these
NG2+ cells are oligodendrocyte progenitors, which lose
their ability to label for the NG2 antibodies as they dif-
ferentiate into mature oligodendrocytes.

NG2+ cells are often found contacting neurons. This
includes perisynaptic wrappings of NG2+ cell processes
around and between neuronal synaptic contacts in the
cortex and hippocampus (Ong & Levine, 1999; Butt
et al. 2002). It has been recently shown that NG2+ cells
in the developing and adult hippocampus expressing
AMPA receptors form glutamatergic and GABAergic
synapses with neurons (Bergles et al. 2000; Lin &

© 2005 The Authors

Journal compilation © 2005 Anatomical Society of Great Britain and Ireland



Bergles, 2004a,b). Stimulation of the neurons resulted
in glutamate and GABA release and activation of the
AMPA and GABA-A receptors, respectively, in the NG2+
cells. Synaptic structures such as synaptic density and
synaptic vesicles could be seen in the neurons contact-
ing the NG2+ cells. NG2 could thus be involved in the
alignment and formation of glia—neuron synapses
(Stegmuller et al. 2003) and play a role in the modula-
tion of synaptic activity. NG2-expressing cells, in addi-
tion to GFAP+ astrocytes, also contact nodes of Ranvier
in the white matter (Butt et al. 2002). When studying
the morphology of these cells in sections, they seem to
resemble astrocytes rather than oligodendrocytes.
They comprise a highly complex and distinct adult glia
population within the CNS. These cells could be con-
sidered the fourth type of neuroglia cell in the adult CNS.
Under the electron microscope these cells are clearly
distinct from any other type of cell in the adult CNS
(Butt et al. 2002; see also this issue). The nucleus of
these cells seems to be not as dense as astrocytes, but
they seem always to be connected to astocytes, which
are then closely associated with blood vessels. These
cells can be seen to have dense areas that look like syn-
apses, when making contact with axons (Peters, 2004).

In demyelination models, classical experiments demon-
strated that the remyelinating cells were proliferat-
ive (Gensert & Goldman, 1997). Later studies showed
an increase in the number of NG2+ cells as a primary
response to demyelination around lesions, following a
decrease in these cells weeks later when oligodendro-
cytes appear and remyelinate the lesions (Keirstead
et al. 1998; Watanabe et al. 2002). In remyelinating
lesions, studies from the group of Akiko Nishiyama
showed that NG2+ cells divide and can be labelled with
bromodeoxyuridine (BrdU). Many of the oligodendro-
cytes generated at later time points in these remyelin-
ating lesions are BrdU-labelled, strongly suggesting
that they derive from NG2+ cells (Watanabe et al. 2002).

Structure of NG2

The mouse homologue of NG2, first termed AN2, com-
prises 2327 amino acids (aa; Fig. 1). The extreme C-
terminal consists of a Postsynaptic density protein-95,
Discs-large, Zona occludens-1 (PDZ) motif, which speci-
fies binding to a class Il PDZ domain (Sheng & Sala,
2001) followed by a 25-aa transmembrane helix and
a large extracellular domain. Two Laminin G, Neurexin,
Sex-hormone-binding globulin (LNS) domains are
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present at the amino-terminal end (aa 47-179 and 224-
364). The presence of two high-affinity LNS domains
suggests that NG2 probably has ligands interacting
with its extracellular domain in trans; so far these have
not been identified unambiguously. NG2 carries a
single chondriotin sulfate gylcosaminoglycan chain
attached at serine 999, although there are several more
potential sites (Stallcup & Dahlin-Huppe, 2001). The
attachment of glycosaminoglycan chains is develop-
mental time and cell-type specific (Schneider et al.
2001).

Given that NG2 is present on multiple cell types at
differing stages of development, it is likely to possess
more than one role and interacting partner.

Functions of NG2: migration, spreading and
and process outgrowth

Multiple studies have confirmed that NG2 is involved in
cell attachment and migration. The Oli-neu cell line
having glial precursor properties developed in our lab-
oratory (Jung et al. 1991) is remarkably motile. Human
melanomas over-expressing the protein MCSP show
invasive properties (Eisenmann et al. 1999) and endo-
thelial cell motility is promoted by the NG2 proteo-
glycan (Fukushi et al. 2004). Addition of the IgG fraction
of the polyclonal antibodies generated against the
whole NG2 molecule shows retardation in the rate of
migration of the cells (Niehaus et al. 1999). The mono-
clonal AN2 antibody, which binds to NG2 in the region
between aa 1237 and 1531, does not affect the rate of
migration. Polyclonal antibodies against the F3 glyco-
protein, which is also expressed by these cells, do not
affect the migration. The rate of migration also differs
with the substrate engaging the NG2 extracellular
domain, as shown by work from the Stallcup group.
Integrins are likely to cooperate with NG2 in migra-
tion and spreading: 021, avB1, 04f1 and o331 have all
been implicated. The integrin profile varies according
to cell type: the wide variety of integrins thought to
be engaging NG2 might be explained by this diversity.
It has been shown that oligodendrocyte precursors
express avB1 whose down-regulation correlates with
loss of migratory potential (Milner et al. 1996). Simi-
larly, incubation with anti-integrin antibodies leads to
an inhibition in migration of melanoma cells (lida et al.
2001). The chondroitin sulfate glycosaminoglycan
chains have been shown to be required for avp1 bind-
ing to NG2 (lida et al. 1998). Integrin clustering triggers
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a cascade of intracellular signalling pathways and
phosphorylation of intracellular and cytoskeletal mole-
cules. While B1 integrin seems to be involved in many
migration pathways, B1 integrin-independent exten-
sion of ruffling lamellipodia and rearrangement of the
actin cytoskeleton has also been demonstrated (Tillet
et al. 2002). Multiple publications have shown the
involvement of integrins in the signalling cascade
through which NG2 may mediate cytoskeletal reorgan-
ization and motility.

During spreading, MCSP clustering activates Cdc42 to
its GTP-bound form. Cdc42 is a Rho-family GTPase. Ack-1
(activated Cdc-42-associated kinase) recognizes activated
Cdc42 and phosphorylates a tyrosine residue on p130<*
with further recruitment of o4p1 (Eisenmann et al.
1999). It is has been proposed that a supra-molecular
complex is formed by recruiting target proteins to be
phosphorylated, thus propagating the signal. A similar
complex of NG2, GTP-bound rac and p130“* have been
shown to be involved in cell spreading and morphology
changes in other NG2+ cells (Majumdar et al. 2003).

Engaging NG2 and 04p1 by plating NG2+ cells on a
‘chimeric substrate’ consisting of a fibronectin synthetic
peptide and anti-NG2 mAb 9.2.27 leads to cell spreading
and formation of focal contacts (lida et al. 1995). The
same publication showed that two selective tyrosine
kinase inhibitors, genistein and herbimycin A, totally
inhibited cell spreading, indicating that tyrosine kinase(s)
is important for cell spreading and focal contact forma-
tion. Makagiansar et al. (2004) have shown that protein
kinase C-alpha (PKC-a) phosphorylates the cytoplasmic
domain of NG2. Phosphorylation of threonine 2256 leads
to redistribution of NG2 on the surface of astrocyto-
mas, polarization of the cell and a significant increase
in cell motility. PMA (phorbol myristate-acetate, a PKC
stimulator) treatment leads to a co-localization of NG2
with the ezrin-radixin-moesin (ERM) protein ezrin and
o3PB1 integrin in lamellipodia. Selective inhibition of
PKC showed significantly reduced phosphorylation of
threonine 2256 with a reduction in cell motility.

Movements of pericytes in newly formed blood ves-
sels involve a cell surface complex of NG2, galectin-3
and a3 1. Pericytes form the outer layer of blood vessels.
It has been suggested that NG2 mediates communica-
tion between pericytes and vascular endothelial cells
(ECs) probably in its soluble, proteolytically cleaved
form. Migration was reduced when antibodies against
o3 integrin and galectin-3 were used (Fukushi et al.
2004).

Several studies have shown that NG2 reorganizes the
actin cytoskeleton (Lin et al. 1996a,b; Fang et al. 1999;
Stallcup & Dahlin-Huppe, 2001). However, direct inter-
action with actin has not been shown. Such an inter-
action is probably mediated by adaptor protein(s).
The cytoplasmic domain of MCSP is highly conserved
between species. Experiments with cells expressing a
chimeric protein where the cytoplasmic portion had
been replaced with CD8 showed decreased keratino-
cyte cohesiveness without affecting adhesiveness to the
extracellular matrix or motility. The adherens junctions
in such cells were disorganized and it is suggested that
a disruption of E-cadherin-based adherens junction
occurs (Legg et al. 2003). Stallcup’s group found that
U251MG human astrocytomas transfected with wild-
type NG2 spread better than those expressing chimeric
proteins where the cytoplasmic/transmembrane por-
tion of NG2 had been replaced. They concluded that
the proximal-membrane segment of NG2 is necessary
for actin cytoskeleton reorganization and cell motility.
Furthermore, the cytoplasmic region and the chon-
driotin sulfate chain appear to direct the localization of
NG2 to distinct subcellular microdomains, thus playing
arole in cell polarity (Fang et al. 1999).

Lin et al. (1996b) suggest that NG2 can associate with
two distinct types of actin-containing structures,
depending on the stimulus. This may define cell polar-
ity during migration and morphogenesis. NG2 mono-
clonal antibodies engaging different epitopes of the
proteoglycan trigger distinct forms of actin reorganiza-
tion (Fang et al. 1999). Engaging the amino-terminal
region of NG2 (by the D120 monoclonal) induces close
apposition to radial actin spikes characteristic of filo-
podia, while addition of an antibody (N143) against the
extracellular portion near the transmembrane leads
to the appearance of cortical actin bundles usually seen
in lamellipodia. These NG2+ filopodial extensions lack
both myosin and focal adhesion plaques. Myosin is
absent in the radial processes of motile cells while in
static cells NG2 co-localizes with myosin-containing
stress fibres (Lin et al. 1996a). Because NG2-actin inter-
action has not been directly shown, it is probable that
adaptor proteins help to direct the cytoskeletal re-
organization on reception of appropriate cues.

NG2 and neurite growth

Whether NG2 has an inhibitory or attractive role for
outgrowing neurites is still unclear. Although work
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from the Stallcup laboratory with antibodies against
discrete sections and chimeric proteins shows that NG2
serves as a transducer of signalling between the sub-
stratum and helps in migration of whole cells, results
from Joel Levine’s group demonstrate inhibition of
neurite outgrowth by immunopurified NG2 from the
B49 cell line (Dou & Levine, 1994) as well as by NG2 fusion
proteins covering the whole molecule (Ughrin et al.
2003). Our work supports the idea that NG2 might have
dual roles: immunoaffinity purified NG2 from early
postnatal mouse brain showed neither inhibition nor
enhancement of neurite outgrowth (Schneider et al.
2001). Cerebellar granule cells extend neurites on
NG2-coated as well as NG2-free areas of the coverslip
(Niehaus et al. 1999). Furthermore, the expression of
NG2 by immature Schwann cells (Schneider et al. 2001)
and the up-regulation in regenerating PNS (Rezajooi
et al. 2004) as well as a recent paper comparing neurite
outgrowth in vivo in the NG2 knockout vs. wild-type
mice (de Castro et al. 2005) argue against the concept of
a purely inhibitory role of NG2 on neurite outgrowth.
In view of the ability of molecules such as MAG to
act as inhibitors or promotors of neurite outgrowth
depending on age and type of neuron and priming of
intracellular cyclic nucleotide levels (Henley et al. 2004),
perhaps NG2 can be either inhibitory or repulsive
depending on the individual situation. The close proxim-
ity of NG2 cells to neurons during myelination, at the
nodes of Ranvier and also around synaptic structures
suggests the existence of a neuronal receptor.

Adaptor proteins

ELISA and surface plasma resonance have shown that
some extracellular matrix components, chief among
which is Type VI and V collagen (Stallcup et al. 1990;
Burg et al. 1996; Tillet et al. 1997), growth factors such
as PDGF AA and bFGF, and kringle domain proteins
such as plasminogen (Goretzki et al. 1999) associate
with NG2. The presence of a PDZ-binding motif raised
the idea of PDZ-domain proteins as likely scaffolding
candidates. MUPP1, a protein with 13 PDZ modules,
was shown to interact with NG2 (Barritt et al. 2000) as
well as with GRIP (glutamate receptor interaction pro-
tein), which has seven PDZ domains (Stegmuller et al.
2003). Recently, we have identified another protein,
Syntenin-1, containing a tandem repeat of PDZ domains,
as another interacting partner of NG2 (unpublished
data). The functional importance of MUPP1-NG2 is yet
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to be determined. However, the multiple PDZ domains
provide a wealth of potential sites for clustering NG2
with other structural and/or signalling molecules.

GRIP probably plays such a clustering role. GRIP1
binds to the GIuR B and C subunits of AMPA receptors.
Recent work from our group (Stegmuller et al. 2003)
showed that NG2, GRIP and the AMPA receptor subunit
GluRB, all of which are co-expressed in glial progenitor
cells, form a complex. A triple complex of these pro-
teins was co-precipitated from lysates of whole brain
and from co-transfected cells (Stegmuller et al. 2003).
GRIP may help to cluster and orientate AMPA receptors
towards neurons releasing glutamate whereby NG2
acts as an adhesion molecule. In view of the hypothesis
that AMPA receptors in immature oligodendrocytes
regulate cell differentiation and proliferation (Gallo
et al. 1996; Yuan et al. 1998) and electron microscopic
and electrophysiological evidence of synapses between
NG2+ cells and CA3 neurons (Bergles et al. 2000), this
triple protein complex is likely to play a role in glial-
neuronal signalling.

NG2 and disease
NG2 and tumours

The human homologue of NG2, MCSP, is expressed by
human melanomas and many human gliomas (Ferrone
& Kageshita, 1988; Pluschke et al. 1996; Shoshan et al.
1999; Chekenya & Pilkington, 2002). NG2 has been
shown to interact with extracellular matrix proteins such
as collagen VI and tenascin C (Stallcup, 2002: see above).
Cell-cell and cell-extracellular matrix interactions are
particularly important for invasion and metastasis. Anti-
bodies against the MCSP core protein inhibit invasion
by melanoma cells in vitro (Harper and Reisfeld, 1983).
Invasion involves cell adhesion and degradation of
ECM proteins. MCSP is linked to MT3-MMP, a matrix-
metalloproteinase that degrades Type | collagen. Anti-
sense MCSP oligonucleotides and antisense MT3-MMP
constructs significantly suppress invasion in a three-
dimensional gel as do the inhibitors rTIMP2 and BB94
(lida et al. 2001). The presence of the chondriotin sulfate
chains appears necessary for this invasive potential,
because CS-affinity columns alone could bind tagged
MT3-MMP, and enzymatic digestion or treatment of
melanoma cells with chondroitinase ABC to remove
glycosaminoglycan chains or inhibition of their synthesis
with B-p-xylopyransoside effectively inhibited the process.
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MT3-MMP was also isolated from a CS-affinity column
to which biotinylated melanoma cell surface proteins
were applied. Another metalloprotease, MMP 9, has
also been shown to degrade NG2 (Larsen et al. 2003).

Several studies have examined the potential role of
MCSP as a tumour target antigen in melanoma (see dis-
cussion in Wagner et al. 2005): although this may well
be feasible for melanoma it is difficult to imagine how
it could function for glioma as many NG2+ cells exist in
the normal mature brain.

NG2 and multiple sclerosis

In multiple sclerosis (MS), the most common human
demyelinating disease, oligodendrocytes and myelin
are lost from the CNS combined with an increasing
tissue sclerosis (Raine, 1997). The issue of neuronal loss
has recently been re-addressed and it is apparent that
long-term demyelination results in axonal transection
and loss of neurones (Ferguson et al. 1997; Trapp et al.
1998; reviewed in Bjartmar & Trapp 2001). In recent
years the essential role of the myelinating glia in com-
municating to and maintaining the health of the axons
they myelinate has become increasingly clear (de Waegh
et al. 1992). In many mouse models where myelin is
reduced in quantity or shows even subtle abnormalities,
axonal pathology as evidenced by swelling and organelle
accumulation at the nodes of Ranvier has been demon-
strated (e.g. see Griffiths et al. 1998; Edgar et al. 2004).
The molecular signals mediating this cross-talk between
axons and glia remain largely undetermined.

In MS patients, there is a progressive inability to
remyelinate demyelinated axons with disease progres-
sion, in contrast to animal models where remyelination
of demyelinated lesions occurs efficiently (Franklin,
2002). NG2+ cells exist in MS lesions (Chang et al. 2000)
but whether they are indeed OPCs is open to debate.
Apart from the age difference between human
patients and animal models, which is known to influ-
ence the capacity to remyelinate, this poses the ques-
tion as to whether a part of the immune attack in MS
patients is targeted at the progenitor cells that medi-
ate remyelination. With this concept in mind we ana-
lysed a small group of MS patients for the presence
of cerebral spinal fluid (CSF) antibodies against mouse
NG2. Strikingly some patients showed CSF reactivity
against NG2: these patients all had active relapsing
remitting MS. Serum levels of antibody did not appear
to correlate with disease status. NG2 antibodies could

cause pathology by interfering with OPC generation,
migration and differentiation, or by interacting with
NG2+ cell processes at nodes of Ranvier or synapses, thus
possibly interfering with glial-neuronal signalling. The
role of such antibodies in disease progression can only
be elucidated by understanding the functional role of
the NG2 glycoprotein, as well as examining the effect
of NG2 autoantibodies on pathology in controllable
models of CNS inflammation and de- and remyelination
such as experimental allergic encephalitis.
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