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Abstract. Classically, the central nervous system (CNS) was considered to contain neurons and three main types of glial

cells - astrocytes, oligodendrocytes, and microglia. Now, it has been clearly established that NG2-glia are a fourth glial cell
type that are defined by their expression of the NG2 chondroitin sulfate proteoglycan (Cspg4). NG2-glia are also known
as oligodendrocyte precursor cells (OPCs) and express the alpha receptor for platelet-derived growth factor (Pdgfra) as
well as other oligodendrocyte lineage markers. NG2-glia are most numerous during CNS development when they are
responsible for massive generation of oligodendrocytes, the myelin-forming cells of the CNS. A significant population of
NG2-glia persist in the adult CNS, where they generate oligodendrocytes throughout life. A unique feature of NG2-glia
is that they receive synaptic inputs from neurons and are able to respond rapidly to neurotransmission via their specific
ion channel and receptor profiles. Moreover, synaptic and neuronal integrity depend on NG2-glia. Notably, concomitant
disruption of NG2-glia, myelin and neurotransmission are key features of many neuropathologies, including Multiple
Sclerosis and Alzheimer’s disease (AD). The fact that neurotransmission both regulates and is reliant on NG2-glia and
myelin raises the ‘chicken and egg’ question of what comes first – disruption of NG2-glia/myelin or synapses/neurons.
It is more useful to think of neurons, NG2-glia and oligodendrocytes/myelin as being functionally integrated and
interdependent units, whereby disruption of any one can result in a vicious cycle with potentially devastating effects on
CNS function.
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Introduction
NG2-glia are defined by their expression of the
chondroitin sulphate proteoglycan NG2 (cspg4) and are
identified using antibodies against NG2 (Fig. 1) (Stallcup,
1981; Levine & Card, 1987; Stallcup & Beasley, 1987). Most
researchers consider NG2-glia to be oligodendrocyte
progenitor cells (OPCs), since they express PDGFαR and
other early oligodendrocyte lineage transcription factors,
such as Sox10 and Olig2, and NG2+/PDGFαR+ cells
generate oligodendrocytes in the developing and adult
CNS (Rivers et al., 2008; Kang et al., 2010; Zhu et al., 2011).
Studies in NG2 null mice show the NG2 proteoglycan
promotes OPC proliferation and myelination, most likely
by enhancement of growth factor signalling or mediation
of OPC interaction with unmyelinated axons (Kucharova
& Stallcup, 2010). NG2-glia are a ubiquitous population
throughout adult white and grey matter (Fig. 1A), with
heterogeneous phenotypic and physiological properties
and many do not appear to generate oligodendrocytes
(Dimou et al., 2008; Karram et al., 2008; Huang et al., 2014).
In addition to oligodendrocyte regeneration, studies in
null mice show NG2-glia are important for counteracting
neurological deficits and adverse glial responses following
injury (Huang et al., 2015). A unique feature of NG2-glia
is that they form synapses with neurons and display
spontaneous and evoked synaptic currents (Bergles et al.,
2010; Dimou & Gallo, 2015), although expression of the
NG2 proteoglycan per se is not required for formation of
neuron-NG2-glial cell synapses (Passlick et al., 2016). The
functions of NG2-glia at synapses is an evolving story,
but it is becoming increasingly clear that synaptic activity
acting via a range of neurotransmitter receptors and ion

channels regulates the proliferation and differentiation
of NG2-glia (Butt et al., 2014; Dimou & Gallo, 2015).
Notably, there is bidirectional cross-talk between NG2glia and the neuronal network, whereby NG2-glia
regulate information processing at neuronal synapses
and their ablation causes deficits in glutamatergic
neurotransmission and depressive-like behaviour in
mice (Sakry et al., 2014; Birey et al., 2015). Furthermore,
the continued generation of oligodendrocytes by NG2glia throughout life has important implications for rapid
communication and cognitive function (Young et al.,
2013; McKenzie et al., 2014), but the myelin sheath is not
just an inert insulating structure and is essential for the
long-term integrity of myelinated axons (Hirrlinger &
Nave, 2014). Notably, glutamatergic neurotransmission,
NG2-glia, myelin loss and axon degeneration are
inextricably involved in multiple pathologies, including
traumatic injury, Multiple Sclerosis (MS), amyotrophic
lateral sclerosis sclerosis (ALS), Alzheimer’s disease
(AD), stroke and leukodystrophies (Butt et al., 2014; Fern
et al., 2014; Rivera et al., 2015). Hence, understanding
the physiological properties of NG2-glia is important to
developing new cellular and molecular targets aimed at
maintaining neuronal and myelin integrity.

Morphology and distribution of NG2-glia
NG2-glia constitute 8-9% of total cells in the white
matter and 2-3% of total cells in the grey matter (Hill &
Nishiyama, 2014). NG2-glia have a multi-processed
morphology, with their process domains or territories
overlapping slightly at their edges (Fig. 1A)(Butt et al.,
1999; Leoni et al., 2009; Wigley & Butt, 2009; Hamilton
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Figure 1. Neuron-glial interrelations of NG2-glia in the adult brain. Confocal micrographs of sections of mouse brain immunolabelled
with anti-NG2 antibody, (A) with myelin basic protein (MBP) to identify myelinated axons, (B, C) enhanced green fluorescent
protein (eGFP) driven by glial fibrillary acidic protein (GFAP) to identify astrocytes, and (C) synaptophysin to identify neuronal
synapses. NG2-glia (green in A, red in B,C) are abundant throughout grey matter and form circular domains within which they
contact multiple neurons (blue, A), myelinated axons (red, A), blood vessels, astrocytes (green, B, C) and synapses (blue, C). The
images in (C) are from the hippocampus and illustrate an astrocyte (green) and NG2-glial cell (red) with directly apposed cell bodies
and intertwining processes that are associated with innumerable synapses labelled for the presynaptic protein synaptophysin (blue);
(Civ) is a single z-section and (Cv) is an isosurface rendered view illustrating the immediate relationships between NG2-glia and
astrocytes with multiple synapses.

et al., 2010; Xu et al., 2014). EM studies show that the
processes of NG2-glia contact synapses in grey matter
and electrophysiological studies show they display
both GABAergic and glutamatergic inputs (Bergles
et al., 2010). During development, there is a postnatal
switch from synaptic to extrasynaptic transmission in
NG2-glia and in the adult volume transmission is likely
to be most important (Velez-Fort et al., 2010). NG2-glia
have overlapping domains with astrocytes and there
is extensive interdigitation of their processes (Fig. 1B);
indeed NG2-glia and astrocytes appear to serve the same
neurons and are closely apposed at the same synapses
(Fig. 1C) (Leoni et al., 2009; Wigley & Butt, 2009; Hamilton
et al., 2010; Xu et al., 2014). However, electrophysiological
studies indicate NG2-glia and astrocytes are not coupled
through gap junctions and neither electrical nor tracer
coupling could be detected from NG2 glia-NG2 glia or
astrocyte-NG2 glia pairs (Xu et al., 2014). In myelinated
fibre tracts, NG2-glial cell processes contact nodes of

28

Opera Med Physiol 2016 Vol. 2 (1): 27-33

Ranvier and respond to axonally released glutamate and
ATP released from astrocytes (Fig. 2A) (Butt et al., 1999;
Kukley et al., 2007; Ziskin et al., 2007; Hamilton et al., 2010).

Neurotransmitter receptors in NG2-glia
NG2-glia express a wide range of neurotransmitter
receptors and ion channels (Larson et al., 2015). However,
a ubiquitous feature of most NG2-glia studied is their close
apposition to glutamatergic synapses (Fig. 2B) and their
prominent expression of AMPA-type glutamate receptors
(Fig. 2C). NG2-glia co-express calcium-impermeable
AMPA-R containing GluA2 and calcium-permeable
AMPA-R containing GluA4 (Seifert et al., 1997; Bergles et
al., 2000; Ge et al., 2006; Hamilton et al., 2010; Larson et al.,
2015). NG2-glia also express NMDA receptors, the most
highly-expressed subunits being GluN3A and GluN1,
with GluN2C and GluN2D being expressed at lower
levels (Larson et al., 2015), which endows the NMDA-R

A. Rivera et al. Pathophysiology of Ng2-Glia...
with reduced sensitivity to block by Mg2+, suggesting
they could contribute to significant Ca2+ influx at resting
membrane potential (Karadottir et al., 2005; Ziskin et al.,
2007; De Biase et al., 2010). In addition, NG2-glia form
synapses with GABAergic neurons and express functional
GABAAR (Lin & Bergles, 2004; Velez-Fort et al., 2010;
Orduz et al., 2015). Physiological, RT-PCR and RNAseq analyses agree that NG2-glia express all α subunits
with the exception of α6, and functional GABAAR most
likely are made up of predominantly of α3, β2/β3 and γ1
subunits (Passlick et al., 2013; Balia et al., 2015; Larson et al.,
2015). However, the molecular composition of GABAAR
in NG2-glia may be heterogeneous and changes with age.
Notably, expression of the γ2 subunit, which is important
for synaptic localization, is markedly down-regulated
with age and this may underlie the developmental loss of
direct GABAergic synaptic contacts in NG2-glia (VelezFort et al., 2010; Passlick et al., 2013; Balia et al., 2015). A
consistent feature of NG2-glia is that they also express
functional purine receptors, with a predominance of P2X7
and P2Y1 subtypes (Agresti et al., 2005a; Agresti et al.,
2005b; Hamilton et al., 2010; Butt et al., 2014; Larson et al.,
2015).

Ion channels in NG2-glia
NG2-glia have a highly negative resting membrane
potential of approximately –90 mV and prominent
inward rectifier K+ channels that are open at rest. NG2glia express Kir4.1 channels and they are the dominant
resting conductance in NG2-glia and determine their
strongly negative resting potential (Djukic et al., 2007;
Maldonado et al., 2013). Kir4.1 is an inward-rectifying
channel expressed by astrocytes and oligodendrocytes
(Butt & Kalsi, 2006), and NG2-glia and RNA-Seq
transcriptome analysis shows that Kir4.1 (Kcnj10)
mRNA is the most highly expressed K+ channel subunit
in NG2-glia (Larson et al., 2015). Notably, Kir5.1
specifically forms heteromeric channels with Kir4.1
and is more highly expressed in NG2-glia than in
astrocytes, perhaps indicating a relatively greater role for
heteromeric channels in NG2-glia. Electrophysiological
studies indicate NG2-glia also express A-type and
delayed-rectifier K+ channels (Chittajallu et al., 2004),
which RNA-seq analysis indicates are likely to comprise
mainly Kv4.2/Kv4.3 and Kv 1.6 subtypes (Larson et
al., 2015). In addition, NG2-glia express voltage-gated
sodium channels, which are likely to be heterogeneous
and comprise predominantly of Nav1.3, Nav1.2, Nav1.8,
and Nav1.1 (Larson et al., 2015). Upon depolarization,
NG2-glia can display one or more Na+ spikes (Chittajallu
et al., 2004; Karadottir et al., 2008), but this disappears as
the Kv/Nav ratio increases in adult NG2-glia (De Biase et
al., 2010; Maldonado et al., 2013). Whole-cell recordings
from NG2-glia have revealed the presence of L-type and
T-type Ca2+ channels (Haberlandt et al., 2011), which
is substantiated by RT-PCR and RNA-seq analyses
(Haberlandt et al., 2011; Larson et al., 2015), and Cav1.2
appears to be the principal pore-forming subunit (Cheli
et al., 2015).

Figure 2. NG2-glial relations with nodes of Ranvier and
glutamatergic synapses. Confocal microscopic images of NG2-glia.
(A) Anterior medullary velum of the adult rat immunolabelled for
NG2 (green), MBP (blue) and the nodal axolemmal protein AnkG
(red), illustrating NG2-glial cell extending processes to contact
multiple nodes of Ranvier, the sites of action potential propagation
and glutamate release; (Aii, Aiii) are isosurface rendered views
illustrating the immediate apposition of NG2-glial cell processes
with the node of Ranvier and myelin. (B) Immunolabelling for the
presynaptic vesicular glutamate transporter vGLUT1 (green) in
the cortex of NG2-DsRed reporter mice in which NG2 drives the
expression of DsRed; (Bi) illustrates the high density of synapses
within the domains of NG2-glia; (Bii) single z-section (main panel)
and x-x (top panel) and y-y (left-hand panel) cross-sectional images
illustrating the immediate apposition of glutamatergic synapses on
NG2-glial cell somata and process. (C) Immunolabelling for the
postsynaptic AMPA-type receptor subunit GluA4 (green) in the
cerebellum of NG2-dsRed mice; (Civ) the colocalisation channel
indicates GluA4 decorate the somata and processes of NG2-glia.

Neuron-NG2-glial cell signalling
Excitatory postsynaptic currents mediated by AMPA-R
are evident in NG2-glia from all brain regions where it has
been studied, suggesting that this mode of communication
is a conserved property of these glial cells (Bergles et al.,
2010). Activation of AMPA-R in NG2-glia stimulates their
migration (Gudz et al., 2006), and there is clear evidence
that glutamate signalling provides a mechanism of
adaptive myelination of electrically active axons (Wake
et al., 2011; Gibson et al., 2014). Blockade of AMPA-R has
been shown to increase proliferation and differentiation
of NG2-glia in cerebellar slice cultures, but did not
promote myelination (Fannon et al., 2015), and glutamate
neurotransmission is also important in the early stages
of remyelination following demyelination (Etxeberria
et al., 2010). Similarly, NG2-glia exhibit spontaneous,
miniature and evoked GABAAR-mediated currents in
the hippocampus, cortex and cerebellum (Maldonado et
al., 2011). Blockade of GABAAR promotes proliferation
of NG2-glia and inhibits their differentiation, whereas
increasing GABAergic transmission has the opposite effect
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neuronal signalling (Sakry et al., 2015). Consistent with
this, NG2-knockout mice exhibit altered sensorimotor
function (Sakry et al., 2014) and ablation of NG2-glia in
the prefrontal cortex of the adult brain causes deficits
in excitatory glutamatergic neurotransmission and
induces depressive-like behaviour in mice (Birey et
al., 2015). Furthermore, studies in NG2 knockout mice
support a role for NG2-glia in counteracting myelin loss
and neurological deficits following demyelination and
injury (Kucharova et al., 2011; Huang et al., 2015). Thus,
neuron-NG2-glial cell interactions are critical for neuronal
integrity and repair.

Neurotransmission and NG2-glial cell
pathology

Figure 3. NG2-glia are altered in the ageing mouse brain.
Confocal micrographs of striatum immunolabelled for NG2
(green), MBP (red) and counterstained with the nuclear dye
Hoescht (blue) in the 1- and 18-month old mouse. There is an
apparent decrease in NG2-glia in the ageing brain and higher
magnification (insets) indicates a retraction of NG2-glial cell
processes in the ageing brain, consistent with a decrease in
synaptic connectivity.

(Zonouzi et al., 2015). Hence, there is growing evidence to
support the notion that neurotransmission regulates the
proliferation of NG2-glia and their differentiation into
myelinating oligodendrocytes.
Recent studies provide evidence that neuron-NG2glial cell communication is bidirectional and that NG2glia modulate neuronal function. Ablation of NG2 results
in a striking reduction of NMDA receptor-dependent
long-term potentiation in pyramidal neurons of the
somatosensory cortex and alters the subunit composition
of their AMPA receptors (Sakry et al., 2014). Furthermore,
NG2-glia express the neuromodulatory protein neuronal
Pentraxin 2 (Nptx2/Narp), which on release binds to the
GluA2 subunit of neuronal AMPA-R and modulates
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Excessive activation of glutamate ionotropic receptors
results in excitotoxicity and is highly relevant to NG2-glia
and oligodendrocytes in multiple pathologies (Back &
Rosenberg, 2014; Fern et al., 2014; Haroutunian et al., 2014;
Kou & VandeVord, 2014; Lassmann, 2014). Excitotoxicity
is often associated with hypoxic-ischemic injury, which
occurs in periventricular leukomalacia (PVL) in neonates
and in stroke in adults, as well as in vascular dementia in the
aging brain. NG2-glia and immature oligodendrocytes are
very sensitive to hypoxia-ischemia due to their expression
of AMPA receptors (Back & Rosenberg, 2014). Notably,
synapses between NG2-glia and axons are profoundly
damaged in PVL models (Shen et al., 2012). In addition,
NMDA receptors mediate damage to oligodendrocytes
and the myelin sheath (Salter & Fern, 2005; Micu et al.,
2006), and NMDA-R blockade with memantine attenuates
oligodendrocyte loss in experimental PVL (Manning et al.,
2008). Primary and/or secondary alterations in glutamate
signalling also contribute to the pathology of MS, the
major demyelinating disease of the CNS (Lassmann,
2014). Genome-wide association screening studies have
identified associated alleles in AMPA receptor genes in
MS patients who exhibited the highest levels of glutamate
and brain volume loss (Baranzini et al., 2010).
Recent papers highlight the importance of glutamate
signalling and myelin loss in neuropsychiatric diseases and
AD (Haroutunian et al., 2014; Rivera et al., 2015). Myelin
loss has been identified a key feature of AD in humans and
animal models, resulting in the loss of synchronization
of higher cognitive functions. Notably, there are marked
changes in NG2-glia in the ageing brain (Fig. 3) and these
are accelerated in the 3xTg-AD model (Rivera et al., 2015).
Genomic analysis of the aging mouse optic nerve, a typical
CNS white matter tract, indicated disruption of NG2-glia
and myelin-related genes were correlated with marked
changes in glutamatergic neurotransmission (Rivera et
al., 2015). Moreover, myelin defects are a prominent
feature of human AD and animal models of AD and
coincide with impairment of glutamatergic activity (Oddo
et al., 2003; Desai et al., 2009). These studies are consistent
with changes in synaptic glutamate signalling being
interwoven with disruption of NG2-glia and myelin loss
in the ageing brain. It is notable that our examination of the
ageing brain (Fig. 3) and the 3xTg-AD (Rivera et al., 2015)

A. Rivera et al. Pathophysiology of Ng2-Glia...
indicates an apparent atrophy of NG2-glia, consistent with
a retraction of synaptic processes. Since glutamatergic
signalling regulates the proliferation and differentiation of
NG2-glia, the potential loss of synaptic connections would
significantly alter their regenerative capacity, contributing
to myelin loss and cognitive decline. Furthermore, recent
evidence that NG2-glia are important for the maintenance
of glutamatergic synapses suggests that loss of NG2-glial
cell synaptic connectivity may have a primary importance
in impairment of synaptic signalling in AD.

Summary and conclusions
NG2-glia are prominent throughout CNS white and
grey matter. One of their key functions is to generate
oligodendrocytes throughout life, which is critical for
normal brain function and repair following myelin loss
that is a feature of most neuropathologies. NG2-glia
express multiple receptors and ion channels, but a key
feature is glutamate-mediated synaptic signalling via
AMPA receptors. Glutamatergic neurotransmission in
NG2-glia regulates their proliferation and differentiation,
ensuring adequate recruitment of NG2-glia to maintain
and replace myelin throughout life. Notably, bidirectional
neuron-NG2-glia interactions regulate glutamatergic
neurotransmission,
information
processing
and
behaviour. Dysregulation of glutamate signalling is
implicated in oligodendrocyte pathology and in myelin
loss. Furthermore, the myelin sheath is essential for the
long-term integrity of myelinated axons and neurons.
This leads to the ‘chicken and egg’ question in the title of
this review. Which comes first? Is it the neurocentric view
of disrupted neurotransmission causing a secondary
reaction in glia with consequent damage to axons and
neurons? Or, could altered functionality of NG2-glia be
a primary event in disruption of neurotransmission and
myelin loss? These processes are inextricably linked and
disruption of any of the cellular constituents will affect the
others, hence targeting NG2-glia may help break the cycle
of synaptic disruption and oligodendrocyte/myelin loss.
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