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ARTICLEINFO ABSTRACT
Article history: The ability to investigate the electrophysiological properties of individual cells in acute brain
Accepted 8 December 2009 tissue led to the discovery that many glial cells have the capacity to respond rapidly to
Available online 16 December 2009 neuronal activity. In particular, a distinct class of neuroglial cells known as NG2 cells, which
exhibit many of the properties that have been described for glial subtypes such as complex
Keywords: cells, polydendrocytes, synantocytes and GluR cells, express ionotropic receptors
Neuroglia for glutamate and GABA. In both gray and white matter, NG2 cells form direct
NG2 cell synaptic junctions with axons, which enable transient activation of these receptors.
Synaptic transmission Electrophysiological analyses have shown that these neuron-glia synapses exhibit all the
Neuron-glia synapses hallmarks of ‘classical’ neuron-neuron synapses, including rapid activation, quantized
AMPA receptor responses, facilitation and depression, and presynaptic inhibition. Electron microscopy
GABA, receptor indicates that axons form morphologically distinct junctions at discrete sites along

processes of NG2 cells, suggesting that NG2 cells are an overt target of axonal projections.
AMPA receptors expressed by NG2 cells exhibit varying degrees of Ca®* permeability,
depending on the brain region and stage of development, and in white matter NG2 cells have
also been shown to express functional NMDA receptors. Ca?* influx through AMPA receptors
following repetitive stimulation can trigger long term potentiation of synaptic currents in
NG2 cells. The expression of receptors with significant Ca?* permeability may increase the
susceptibility of NG2 cells to excitotoxic injury. Future studies using transgenic mice in
which expression of receptors can be manipulated selectively in NG2 cells have to define the
functions of this enigmatic neuron-glia signaling in the normal and diseased CNS.
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1. Introduction glial cells shared many properties with GluR cells, including

Ionotropic neurotransmitter receptors play well-defined roles
in neurons—they regulate excitability by allowing current
flow and induce structural and functional plasticity by
enabling Ca®* influx. Despite the abundant evidence that
these receptors are expressed by all major classes of glia, it is
less clear what functions these receptors subserve in these
diverse cell types. We are only beginning to understand the
context under which these receptors are activated, what
signals they produce and what consequences these responses
have for glia and their environment. This is particularly true for
a newly recognized distinct class of glial cells known as NG2
cells, as the roles of these abundant, widely distributed glial
cells in the adult CNS remain largely undefined.

The application of the patch-clamp technique to cells in
acute brain slices in the early 1990s revealed that glial cells
display a much greater physiological diversity then anticipated
from previous electrophysiological analyses using “blind”
recording with sharp microelectrodes or by analysis of glia in
cell culture (Berger et al., 1991; Steinh&user et al., 1992). Based
on their distinct whole-cell current patterns, the terms
“complex” and “passive” cells were introduced to qualitatively
distinguish glial subtypes in grey matter (Steinhduser et al,,
1994). At this time, passive cells were classified as bona fide
astrocytes because they expressed GFAP, exhibited dye cou-
pling and possessed glutamate and GABA transporters.
However, the identity of the complex cells remained nebulous.
The observation that the resting conductance of complex cells
appeared to increase during postnatal maturation, and the
finding that they typically lacked GFAP, but often expressed
$100p, led to the conclusion that complex cells represented
immature astrocytes (Bordey and Sontheimer, 1997; Kressin et
al., 1995). Subsequent analyses of transgenic mice in which
enhanced green fluorescent protein EGFP) is expressed under
control of the GFAP promoter suggested that this assumption
was incorrect, revealing that the hippocampus contained a
distinct group of glial cells that shared some properties with
astrocytes. Specifically, these and other studies provided
evidence that the vast majority of cells with complex current
patterns, which were later termed GluR cells because they
express ionotropic glutamate receptors, do not represent
immature astrocytes (Matthias et al., 2003; Wallraff et al.,
2004), and are also found in the adult brain (Zhou et al., 2006).

In 2000, Bergles and colleagues demonstrated the existence
of functional neuron-glia synapses in the brain (Bergles et al.,
2000). The authors regarded the postsynaptic glia as oligoden-
drocyte precursor cells (OPCs), as they exhibited immuno-
reactivity to NG2, a chondroitin sulphate proteoglycan
expressed by oligodendrocyte progenitors. These innervated

the expression of AMPA and GABA, receptors, lack of dye
coupling and absence of glutamate transporters. Others have
termed cells with similar morphological and functional
properties synantocytes (Butt et al., 2002) or polydendrocytes
(Nishiyama et al., 2002), as lineage tracing experiments
suggest that not all NG2 cells develop into oligodendrocytes.
There is now an emerging consensus in the field that (i) NG2
cells and GluR/complex cells represent overlapping popula-
tions of glia (although the degree of overlap is still unclear) and
(ii) that NG2 cells represent a fourth class of neuroglial cells in
the adult CNS (Nishiyama et al., 2009; Peters, 2004). Here, we
will refer to these distinct glial cells as NG2 cells, although
unpublished studies suggest the existence of complex cells
that do not express this protein (Jennipen and Steinhé&user,
unpublished observation). In this review, we discuss the
morphological and functional properties of NG2 cells, with a
special emphasis on their intriguing capability to form
synapses with neurons.

2. Receptor expression by complex
cells/NG2 glia
2.1. Ionotropic glutamate receptors

Earlier findings using acute hippocampal slices suggested
expression of Ca?* permeable kainate receptors by complex
cells (Jabs et al., 1994; Steinhduser et al., 1994). However
indirect effects, through activation of neighbouring cells, could
not be excluded in these and several subsequent in situ
experiments. Under more defined experimental conditions,
in which whole-cell patch-clamp recording of freshly isolated
cells was combined with single-cell transcript analyses, data
indicated that in the hippocampus these cells express func-
tional AMPA receptors, but not kainate or NMDA receptors. The
AMPA receptors expressed by these glial cells displayed an
intermediate Ca®* permeability which was conserved during
postnatal development, although the receptor composition
varied early after birth (Seifert et al., 1997b; Seifert and
Steinh#user, 1995). By postnatal day 5, a mosaic of Ca®'-
permeable and less Ca®*-permeable AMPA receptors coexist in
individual complex cells, while receptors with a more uniform,
low divalent cationic permeability dominate in older cells
(Seifert et al., 2003). In juvenile mouse hippocampus, the most
thoroughly investigated brain region, these cells predomi-
nantly express the AMPA receptor subunits GluR2 and GluR4,
while GIuR3 is least abundant (Seifert et al., 1997a). Further-
more, combined pharmacological and molecular analyses
demonstrated enhanced relative expression of GluR2 flip
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splice versions of the receptors and decreased inward rectifi-
cation of AMPA receptor currents during early postnatal
maturation of the hippocampus (Seifert et al., 2003). Similar
properties have been reported for complex cells in human
hippocampus where an alteration in GluR1 splicing was
identified in epilepsy patients presenting with hippocampal
sclerosis (Seifert et al., 2004). Together, these studies indicate
that NG2 cells express a complex repertoire of AMPA receptor
subunits that assemble to form glutamate receptors that
exhibit rapid kinetics and an intermediate Ca®* permeability.

Physiological studies indicate that Ca®>* permeable AMPA
receptors are also present in NG2 cells of the cerebellum (Lin et
al., 2005), which show even stronger inward rectification than
in the hippocampus. In the corpus callosum, an opposite age-
dependence of rectification of AMPA receptors has been found
compared to that observed in the hippocampus: the current-
to-voltage relationship of the responses shifted from linear at
young ages to inwardly rectifying in adults (Ziskin et al., 2007).
As inward rectification is an indication of AMPA receptors
assembled without the GluR2 subunit, these findings suggest
that there are age-and region-specific differences in Ca®*
permeability of AMPA receptors at NG2 cell synapses (cf. 3.2).

The Ca”* permeability of AMPA receptors in NG2 cells could
enable activation of intracellular signalling cascades in
response to axonal firing. In the hippocampus, these receptors
were reported to mediate long-term potentiation of neuron-
NG2 cell synapses and to affect AMPA receptor trafficking (Ge
et al.,, 2006) (cf. 3.2). However, whether synaptic activation of
these receptors induces glial Ca®* transients, which might
potentially lead to the release of signalling molecules from
NG2 cells, remains unknown. Sustained activation of glial
AMPA receptors can lead to inhibition of Kir channels, due to
receptor-mediated influx of Na*, which occludes the channels
from the intracellular side (Schréder et al.,, 2002). This
transient inhibition of Ix;, can combine with the cationic
receptor current to boost depolarization of the cell during
glutamate exposure.

2.2 Ionotropic GABA receptors

The analysis of GABA receptors in NG2 cells has attracted less
attention. Several years ago slice recordings qualitatively
identified functional GABA receptors in complex glial cells of
the hippocampus and spinal cord (Bekar et al., 1999; Pastor et
al., 1995; Steinhauser et al., 1994). In addition to activation of a
Cl" conductance, these reports provided evidence of a block of
K" outward currents upon GABA application, with the
mechanism linking receptor activation and K* channel
inhibition remaining unknown. Recent findings indicate that
in hippocampus, activation of GABA, receptors in NG2 cells
leads to depolarization, due to the relatively high glial
intracellular ClI" concentration ([Cl]) maintained by these
cells (Lin and Bergles, 2004). Interestingly, by increasing the
membrane conductance and by altering [Cl'];, GABA applica-
tion concomitantly decreased AMPA receptor currents, which
may serve to fine tune the effects of these two excitatory
inputs. Recently, Tong et al. (2009) described that GABA,
receptor induced depolarization may increase [Ca®']; in
hippocampal NG2 cells. This process seems to require voltage
gated Na* channels and was mediated by activation of the

Na®/Ca®* exchanger, operating in the reversed mode. The
subunit composition of GABA4 receptors in NG2 cells is still
largely unknown, although the slow kinetics and pharmaco-
logical properties of GABA responses in hippocampal NG2 cells
suggest that these receptors contain the o5 subunit (Lin and
Bergles, 2004). Whether NG2 cells in the corpus callosum
possess GABA, receptors is unclear, as neither spontaneous or
evoked GABA receptor mediated responses have been
reported (Kukley et al., 2007; Ziskin et al., 2007).

3. Neuron-glia synaptic signalling
3.1. Evidence for direct synapses

It was generally assumed that receptors in glial cells are
present to detect increases in ambient transmitter levels, such
as those induced during periods of intense activity or trauma,
or indirectly through spillover of transmitter from neuronal
synapses, in cases where glial membranes are positioned
adjacent to the synaptic cleft. While such mechanisms may
contribute to receptor activation in cells such as astroglia
(astrocytes and Bergmann glia) (Bergles et al.,, 1997; Clark and
Barbour, 1997) that extend fine lamellae that surround
synapses, biophysical studies of transmitter dynamics at
excitatory synapses indicate that glutamate levels decline
rapidly through diffusion and dilution after fusion of trans-
mitter-laden vesicles at synapses containing single active
zones (Clements et al., 1992; Diamond and Jahr, 1997),
suggesting that activation of low-affinity AMPA receptors
would be minimal in NG2 cells if the source of glutamate was
from neighbouring synapses. Indeed, AMPA receptors are
more likely to be desensitized by chronic exposure to
glutamate than activated (Trussell and Fischbach, 1989).
Nevertheless, whole-cell recordings from NG2 cells in hippo-
campal slices isolated acutely from rodent brain revealed that
both AMPA and GABA, receptors are subject to transient
rather than tonic activation in these cells (Fig. 1) (Bergles et al.,
2000; Jabs et al., 2005; Lin and Bergles, 2004). The duration of
these brief receptor-mediated currents induced by stimulation
of Schaffer collateral-commissural axons was comparable to
those produced at neuronal synapses through vesicular
fusion, reaching a peak in the case of AMPA receptor currents
in a few hundred microseconds and decaying with a time
constant of slightly more than one millisecond at room
temperature (Fig. 1). As the rate of receptor activation is
dependent on ligand concentration, the rapid activation of
these low affinity receptors suggests that they were exposed
to a high concentration of glutamate. The only mechanism
that has been described to produce such transients in brain is
through fusion of vesicles loaded with glutamate with the
plasma membrane. Subsequent studies have shown that
these glial responses exhibit all the hallmarks of events
produced at synapses. They occur with minimal delay after
action potentials are triggered in surrounding axons; they can
be reliably evoked by a single action potential; spontaneous
events are visible when action potentials are prevented with
tetrodotoxin; the smallest evoked responses have time
courses similar to the spontaneous events; they facilitate in
response to repetitive stimulation; and event amplitudes
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Fig. 1 - Properties of synaptic inputs to NG2 cells in acute slices of hippocampus from juvenile transgenic hGFAP/EGFP mice. (A)
The morphology of NG2 cells was visualized by Texas Red dextran-filling during whole-cell recording. Subsequent confocal
analysis and 2D maximum projection shows the extensive arborization of their processes. Note the typical nodules appearing
as dots all along the fine processes (bar 10 pm). A typical current pattern is given in the middle panel. Current responses were
evoked by de-and hyperpolarizing the membrane between +20 and - 160 mV (holding potential -80 mV, 10 mV steps, bars 1 nA,
10 ms). Post-recording immunostaining and triple fluorescence confocal analysis were applied to test for NG2 immunoreactivity.
The middle panel shows three separated colour channels of one confocal plane. Texas Red dextran labelling is given in green (g),
NG2 immunoreactivity in red (r), and EGFP expression in blue (b). The superimposed RGB picture (right) shows the
membrane-associated distribution of NG2 immunoreactivity of the recorded cell (yellow details). (B) Postsynaptic currents were
recorded from an NG2 cell upon short single pulse stimulation. At least two types of presynaptic neurons, glutamatergic CA3
pyramidal neurons and GABAergic interneurons, innervate hippocampal NG2 cells. Corresponding glial postsynaptic currents
can be distinguished by their current kinetics and their pharmacological profiles. Modified from Jabs et al. (2005).

fluctuate from trial to trial, as expected from the stochastic et al., 2007), indicating that such signalling is likely to take
nature of vesicle release (Fig. 1) (Paukert and Bergles, 2006). place at stable junctions where terminals possess all the
Moreover, AMPA receptor currents can be induced repeatedly machinery necessary to release, recycle and refill vesicles with

for more than one hour with repetitive stimulation (Ziskin glutamate.
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Evoked and spontaneous AMPA receptor-mediated cur-
rents with characteristics similar to those observed in the
hippocampus also have been recorded from NG2 cells in other
grey matter regions, such as the cerebellum (Lin et al., 2005),
cortex (Chittajallu et al., 2004) and brainstem (Muller et al.,
2009), as well in white matter regions such as the corpus
callosum (Kukley et al., 2007; Ziskin et al., 2007) and cerebellar
white matter (Karadottir et al., 2005) that are largely devoid of
neuronal dendrites. These studies suggest that synaptic
signalling is a conserved property of this class of glia, and
that this form of rapid neuron-glia communication is wide-
spread in the brain. Inputs to these cells arise from axons that
innervate neighbouring neurons; that is, they do not appear to
be the target of a unique set of axons. For example, NG2 cells
form synapses with Schaffer collateral axons of CA3 neurons
in the CA1 region of the hippocampus (Bergles et al., 2000),
with granule cells in the dentate gyrus (Mangin et al., 2008),
with climbing fibres and parallel fibres in the molecular layer
of the cerebellum (Lin et al., 2005), with axons of globular
bushy cells of the cochlear nucleus in the medial nucleus of
the trapezoid body (Muller et al., 2009), and with axons of
cortical neurons in the corpus callosum (Ziskin et al., 2007).
Although it is possible that these cells are influenced by long-
range neuromodulatory projections (Papay et al., 2004; Papay
et al., 2006), the predominant input, in terms of their ability to
induce transmembrane ion flow, arises from projections that
are not exclusive to NG2 cells. Indeed, paired recordings from
Purkinje cells and NG2 cells in the cerebellum demonstrated
that the same climbing fibres that innervate Purkinje cells also
make synapses with NG2 cells (Lin et al., 2005), and ultra-
structural analysis of NG2 cell processes in the hippocampus
revealed single boutons that formed both axo-dendritic
synapses and axon-NG2 cell synaptic junctions (Bergles
et al., 2000).

What governs the formation of synapses with NG2 cells?
Developmental studies indicate that synaptic inputs can be
first recorded from these glial cells during the first week of life
in rats and mice, and NG2 cells in mature tissue exhibit even
more robust synaptic activity (Bergles et al., 2000), indicating
that innervation of these cells closely parallels the maturation
of synaptic connections between surrounding neurons. Given
the small size and symmetrical shape of NG2 cells (Fig. 1), it is
possible that these cells simply form synaptic junctions with a
random selection of axons in their vicinity. Indeed, paired
recordings from interneurons in the dentate gyrus and nearby
“satellite” NG2 cells revealed that cells located within 200 pm
typically received glutamatergic input from the same presyn-
aptic neurons (Mangin et al., 2008). The density of neuron-NG2
cell synapses seems to vary considerably among brain regions.
Hippocampal NG2 cells bear only a few synapses (7-19 per cell;
Bergles et al., 2000). However, in the cerebellum (Lin et al.,
2005) and in white matter (Kukley et al., 2007; Ziskin et al,,
2007) single NG2 cells may form hundreds of synaptic
contacts. It is unclear whether neurons select particular NG2
cells with which to form synapses, or vice versa. At present,
the molecular mechanisms that guide the formation of
glutamatergic and GABAergic synapses with NG2 cells have
not been determined.

One of the most unexpected findings regarding glutamate
receptor signalling in NG2 cells is that axon-glial synapses are

also found in white matter. NG2 cells are slightly more
abundant in white matter (Dawson et al., 2003) such as the
corpus callosum, where their processes extend parallel to
axons. Measurements of the conduction velocity of axons
that form synapses with NG2 cells in the corpus callosum
indicate that they preferentially receive input from unmy-
elinated axons (Kukley et al., 2007; Ziskin et al., 2007). As
unmyelinated axons make up less than 30% of axons in the
corpus callosum, it suggests that this pattern is unlikely to
arise from random association. The specificity of these
connections is surprising, as several anatomical studies
have suggested that NG2 cells contact nodes of Ranvier
along myelinated axons (Butt et al., 1999; Huang et al., 2005),
where presumably glutamate could also be released. If NG2
cells initiate the formation of these junctions, the larger
exposed area afforded by unmyelinated axons may increase
the likelihood of synapse formation.

3.2 Diversity among NG2 cell synapses

Glutamatergic synaptic currents are remarkably similar
among NG2 cells in different brain regions, exhibiting
small amplitudes and rapid kinetics (Bergles et al., 2000;
Chittajallu et al., 2004; Karram et al., 2008), and both evoked
and spontaneous glutamatergic events are blocked by
selective AMPA receptor antagonists (Fig. 1). Despite physi-
ological evidence for expression of NMDA receptors by NG2
cells in white matter (Karadottir et al.,, 2005; Ziskin et al.,
2007), there is little evidence for the contribution of NMDA
receptors to synaptic responses in either white matter or
gray matter. The inability of vesicular release of glutamate to
reliably engage NMDA receptors at these neuron-glia junc-
tions may indicate that these receptors are located primarily
extrasynaptically; however, the summed NMDA receptor
response induced by activation of receptors over the entire
cell in response to exogenous agonists is very small in NG2
cells when compared to NMDA receptor mediated currents
in neurons, suggesting that the density of these receptors is
very low. Thus, it is possible that the summed response
from a restricted group of synapses may simply fail to
exceed detection threshold. This aspect of NG2 cell synaptic
function may vary significantly between brain regions, as
NMDA receptor-mediated currents have not been described
in NG2 cells in gray matter and complex cells in the
hippocampus lack NMDA receptor transcripts (see Section
2.1). Future studies will be necessary to determine the extent
of NMDA receptor expression among NG2 cells in different
brain regions, the mechanisms that regulate their expres-
sion, and the physiological or pathological conditions under
which they become activated.

Axo-glial synapses apparently share an exclusive reliance
on AMPA receptors for transduction, but the properties of
AMPA receptors that underlie these currents also vary among
brain regions (see Section 2.1). Although the functional
implications of these differences have not been determined,
Ca®" influx through AMPA receptors following repetitive
stimulation can trigger enhancement of synaptic currents in
hippocampal NG2 cells (Ge et al., 2006), indicating that Ca**
dependent mechanisms of potentiation also exist at axo-glial
synapses.
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3.3.  Morphological evidence for direct neuron-NG2 cell
synaptic junctions

Although there have been sporadic reports of synaptic-like or
synaptoid contacts between axons and glial cells, anatomical
studies have not described the consistent innervation of glial
cells in the mature CNS. This discrepancy between physiolog-
ical studies and the anatomical record may reflect difficulty in
identifying the processes of NG2 cells in electron micrographs
(EMs); indeed, it is only recently that NG2 cells were recognized
as a distinct class of glial cells with unique ultrastructural
characteristics (Peters, 2004; Reyners et al., 1982). It is also
likely that these junctions evaded detection because they are
relatively rare and less distinct than neuronal synapses.
Nevertheless, EM-level analysis of physiologically-identified
NG2 cells revealed the presence of anatomically distinct
junctions between axons and NG2 cell membranes that
exhibit many features of traditional synapses, including rigid
alignment and consistent spacing of axonal and NG2 cell
membranes over a restricted area, the presence of electron
dense material in the space where these junctions are formed,
and localization of small clear vesicles and mitochondria in
region of the axon near the junction (Bergles et al., 2000; Lin et
al., 2005; Ziskin et al., 2007). Moreover, confocal microscopic
analysis has shown the accumulation of vesicular glutamate
transporter 1 (VGLUT1)- and synaptophysin-immunoreactive
puncta adjacent to the processes of NG2 cells in the corpus
callosum, in regions where MAP2-immunoreactive dendrites
were absent (Ziskin et al., 2007). These findings suggest that
NG2 cells are a direct target of innervation, and support the
hypothesis that AMPA receptor signalling occurs at discrete
locations, rather than diffusely over the surface of these glial
cells.

In accordance with these data, preliminary evidence
suggests that AMPA receptors are not expressed uniformly
over the surface of NG2 cells, but rather are clustered into
discrete patches along their processes. Freeze-fracture immu-
nolabeling of brain tissue from transgenic mice in which NG2
cells can be unambiguously identified through labeling with
anti-GFP antibodies, show clusters of AMPA receptor-immu-
noreactive intramembrane particles along NG2 cell processes
(Huck et al. 2008), and functional mapping of AMPA receptors
using two-photon uncaging of MNI-L-glutamate has shown
the presence of “hot spots” along NG2 cell processes where
AMPA receptors are enriched (M. Paukert and Dwight Bergles,
unpublished observations). Together, these anatomical stud-
ies indicate that rapid glutamatergic signalling between axons
and NG2 cells occurs at bona fide synaptic junctions.

4, Functions and future studies

The transient activation of ionotropic receptors in NG2 cells at
synapses provides one mechanism by which this population
of cells can monitor ongoing activity in surrounding axons.
The rapid kinetics of these events provide distinct advantages
for following the timing of action potentials, rather than
summed activity over extended periods, as would be more
likely if metabotropic receptors were used for transduction.
Moreover, this mechanism for communication has an inher-

ently low threshold, as individual action potentials can induce
quantal glutamate release, and spontaneous vesicular release
occurs in the absence of activity. A few studies have shown
that some NG2 cells in both white and gray matter can
generate Na*'-dependent spikes reminiscent of action poten-
tials in response to current injection (Chittajallu et al., 2004;
Karadottir et al., 2008), although the question of excitability
within the NG2 cell population has not been thoroughly
examined. If synaptic currents trigger spikes, they could
promote Na* influx, inhibit K* channels and affect cellular
development (Gallo et al., 1996). Such activity could also
facilitate the activation of other voltage-gated channels to
induce secretion of growth factors, neurotransmitters, or
factors to influence the growth of axons. However, it is has
not yet been shown that neuronal input under physiological
conditions produces Ca?* transients in these cells. NG2 cells
possess several alternative pathways which might serve to
induce intracellular Ca®* transients, including Ca®* permeable
AMPA receptors (cf. 2.1) and voltage-gated Ca®" channels
(Akopian et al., 1996), which at least in cultured cells can be
activated through depolarizing GABA, receptor-mediated
responses (Kirchhoff and Kettenmann, 1992). Combined
electrophysiological and Ca®* imaging analyses in situ will
help address the contribution of ionotropic receptors to Ca”*
dynamics in NG2 cells.

As NG2 cell processes do not extend for more than 100 pm
(Fig. 1), and these cells are not coupled via gap junctions
(Bergles et al., 2000; Wallraff et al., 2004), the consequences of
NG2 cell activation would be expected to manifest locally. At
present, the incidence of Na* spikes among NG2 cells in
various brain regions at different times of development, the
ability of synaptic inputs to induce these events, and the
consequences of this excitability have not been determined.

Genetic fate mapping studies indicate that in white matter,
a majority of NG2 cells differentiate into oligodendrocytes. In
contrast, most NG2 cells in adult grey matter maintain their
phenotype and only a minority differentiate into oligoden-
drocytes or astrocytes (Dimou et al., 2008; Rivers et al., 2008;
Zhu et al., 2008). It is possible that synaptic signalling serves to
alert white matter NG2 cells to the state of myelination of
nearby axons, inducing proliferation or differentiation if
certain patterns of activity are observed. The involvement of
glutamatergic signalling in NG2 cell development is supported
by in vitro studies (Gallo et al., 1996; Yuan et al., 1998), where
glutamate receptor signalling also has been shown to influ-
ence the growth and migration of progenitors (Gudz et al,,
2006). In addition, GABA, receptor activation has also been
shown to influence NG2 cell migration in cultured tissue
explants (Tong et al., 2009). Thus, it is possible that both
glutamatergic and GABAergic synaptic input, by promoting an
increase in [Ca?'];, regulate the migration of NG2 cells during
development and after brain injury.

It has been reported that NG2 cells have the capacity to
differentiate into neurons and astrocytes in vitro when
exposed to certain growth factors (Kondo and Raff, 2000).
These findings raise the possibility that subpopulations of
NG2 cells may act as multipotent progenitors with capacity for
cell replacement. Further analysis using genetic techniques
under both physiological and pathological conditions will help
us to understand the potential of these cells to undergo further
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differentiation and to assess whether neuronal activity plays a
role in this process.

Increasing evidence suggests that NG2 cells are physiolog-
ically and morphologically diverse (Chittajallu et al., 2004;
Karadottir et al., 2008; Karram et al., 2008), and that only some
of these cells may serve as progenitors. The development of
new transgenic mouse lines in which fluorescent proteins
(Karram et al., 2008; Ziskin et al., 2007) and Cre recombinase
(Rivers et al., 2008; Zhu et al., 2008) are selectively expressed
under control of the NG2 promoter will allow direct manipula-
tion of NG2 cell properties and analysis of the outcomes in
vivo. Such studies will undoubtedly help define the functions
of these enigmatic glial cells under both physiological and
pathological conditions.
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