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NG2 Cells (Polydendrocytes):
Listeners to the Neural Network with
Diverse Properties

Robert A. Hill"? and Akiko Nishiyama'?

NG2 cells (polydendrocytes) are the fourth major non-neuronal cell type in the central nervous system parenchyma. They
exhibit diverse properties, ranging from their well-established role as oligodendrocyte precursors to their ability to respond
to neurotransmitters released by synaptic and non-synaptic mechanisms. The functional diversity of NG2 cells has prompted
the question of whether they represent a single cellular entity or multiple distinct cell populations. This review first summa-
rizes recent findings on the nature and mechanism underlying the diversity of NG2 cells with regard to their proliferative and
differentiation behavior. This will be followed by a synopsis of observations on how their microenvironment, particularly neu-
ronal activity, influences their dynamic behavior, and how these changes in NG2 cells could in turn influence neural function

and animal behavior.
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Introduction
G2 cells, also called polydendrocytes, are a resident pop-

ulation of glial cells in the central nervous system
(CNS) with distinct morphological and physiological charac-
teristics (Dawson et al., 2000; Nishiyama, 2012; Nishiyama
et al., 2009; Richardson et al,, 2011). Currently they are
defined as cells in the CNS parenchyma that express the
NG2 chondroitin sulfate proteoglycan (CSPG4) and the
alpha receptor for platelet-derived growth factor (PDGFRu)
(Nishiyama, 2007; Nishiyama et al., 1996). In the mature
CNS, NG2 cells are uniformly distributed in gray and white
matter and are the major proliferative cell population outside
the neurogenic regions of the subventricular zone (SVZ) and
the hippocampus (Dawson et al., 2003). Their most well
established role is to produce oligodendrocytes (Zhu et al.,
2008a,b), and thus they are also commonly referred to as oli-
godendrocyte precursor cells (OPCs). While this is likely their
primary function, other properties that are seemingly unre-
lated to their oligodendrogliogenic function have been

described. These include their ability to generate astrocytes in
some regions (Zhu et al., 2008a,b) and the intriguing obser-
vation that they receive neuronal synaptic inputs (Bergles
et al,, 2000). Furthermore, some NG2 cells are likely to
remain as NG2 cells without differentiating into oligodendro-
cytes. Consensus on the name and definition of the NG2 cell
population has not been reached, and this could be partly
due to the conceptual difficulty in attributing these diverse
functions to a single cellular entity. Therefore, it is important
to determine how divergent or related their seemingly dispar-
ate properties are in order to clearly define this population
and understand their role in the CNS under physiological
and pathological conditions.

NG2 cells maintain a resident population by self-
renewal while continuously producing oligodendrocytes
throughout life. Their proliferative rates change across devel-
opment and different brain regions (Dawson et al., 2003;
Psachoulia et al., 2009; Simon et al., 2011; Young et al.,
2013) and correlate with the rate of oligodendrocyte
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FIGURE 1: Heterogeneous origin and fate of NG2 cells in the forebrain. During mid-gestation, NG2 cells in the forebrain are generated
from the ventral germinal zones of medial and lateral ganglionic eminences (MGE (purple) and LGE (blue), respectively) defined by the
transcriptional factors Nkx2.1 and Gsh2, respectively. The LGE-derived cells expand and constitute the majority of NG2 cells in the sub-
pallial forebrain but also migrate dorsally to populate the corpus callosum and to a lesser extent the neocortex. Subsequently, from late
embryonic stages to early postnatal period, additional NG2 cells are generated from the dorsal VZ defined by the Emx1 transcriptional
factor (Emx1, green). After the VZ has ceased to produce new neurons and glia, a minor population of NG2 cells is generated from the
SVZ (red). NG2 cells produced from all of these sources are capable of generating oligodendrocytes. In addition, those from the ventral
germinal zones differentiate into protoplasmic astrocytes, constituting up to 40% of the protoplasmic astrocytes in the ventral posterior
gray matter of the forebrain. It is not yet known whether the astrogliogenic NG2 cells originate in MGE or LGE or both. As soon as
NG2 cells exit the germinal zone, they acquire one or more processes, thus already exhibiting the polydendrocytic morphology from as

early as mid-embryonic stages.

production (Dimou et al., 2008; Kang et al., 2010; Rivers
et al., 2008; Zhu et al., 2011). Myelinating oligodendro-
cytes that are generated from NG2 cells provide support
and maintenance for axons in addition to dramatically
increasing the speed of action potential conduction (Fields,
2008; Nave, 2010). Therefore differences in NG2 cell
function are intimately associated with differences in neuro-
nal function, connectivity and survival. Deviation from the
normal density of myelinating oligodendrocytes can result
in severe functional deficit, and oligodendrocyte density is
maintained constant under exquisitely tight control. Exactly
how an NG2 cell makes the decision to self-renew or ter-
minally differentiate into an oligodendrocyte at the appro-
priate time and place remains unknown. This article will
first examine recent findings on the heterogeneity of the
origin of NG2 cells and the age- and region-dependent dif-
ferences in their proliferation and differentiation. This will
be followed by a discussion on how neuronal activity and
behavioral changes dynamically affect NG2 cells, oligoden-
drocytes, and myelin.
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Heterogeneity in the Origin of NG2 Cells

In the rodent CNS, NG2 cells first arise from discrete loci in
the ventral germinal zone during mid-gestation. In the spinal
cord, they emerge between E12.5 and E14.5 from the pMN
domain defined by the expression of the basic helix-loop-
helix transcription factor Olig2 induced by the ventral
morphogen Sonic hedgehog as well as from the ventrally adja-
cent p3 domain defined by the homeodomain transcription
factor Nkx2.2. A few days later, additional NG2 cells are gen-
erated from the dorsal germinal zone and contribute to
approximately 10% of NG2 cells in the myelencephalon
(Huang et al., 2013; Rowitch, 2004; Woodruff et al., 2001).
In the developing forebrain, NG2 cells also appear sequen-
tially from different domains, initially from the ventral germi-
nal zones of the medial and lateral ganglionic eminences
defined by the transcription factors Nkx2.1 and Gsh2, respec-
tively (Fig. 1, purple and blue), followed by the dorsal ven-
tricular zone defined by Emx1 that begins to generate NG2
cells perinatally (Fig. 1, green; Kessaris et al., 2006; Rowitch
and Kriegstein, 2010). In addition to dorsoventral patterning,
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the rostrocaudal identity of the cellular source is defined by
the Hox genes and is transmitted to the progeny by epigeneti-
cally established chromatin domains (Mazzoni et al., 2013;
Philippidou and Dasen, 2013).

After the cells exit the germinal zones, they acquire
NG2 expression and process-bearing morphology (and hence
become bona fide polydendrocytes) as they proliferate and
migrate to fill the entire parenchyma. The extent to which
NG2 cells from different sources become intermingled varies
in different regions (Tripathi et al., 2011). In the forebrain,
NG2 cells in the corpus callosum comprise a mixed popula-
tion of cells derived from the ventral dorsal domains, while
the majority of NG2 cells in the neocortex are derived from
the dorsal domain. However, even in the neocortex the NG2
cell population is not entirely homogeneous, and a significant
number of ventrally derived cells coexist with the dorsally
derived cells (Fig. 1; see also Fig. 2 in Tripathi et al., 2011).
Later in postnatal life, additional NG2 cells are also generated
from the SVZ of the lateral ventricles (Fig. 1, red), which
contains neural stem cells as well as transit amplifying pro-
genitor cells (Menn et al., 2006). There appears to be hetero-
geneity within the SVZ, where NG2 cells are generated
primarily from the dorsal wall and do not share the lineage
with neuronal cells (Ortega et al., 2013). The SVZ-derived
cells may constitute a minority of NG2 cells in the dorsal
forebrain, where the population is mostly maintained by local
proliferation of existing NG2 cells (Hughes et al., 2013).

Functional differences have not yet been detected postna-
tally among NG2 cells and oligodendrocytes that originate
from different developmental sources. NG2 cells or mature oli-
godendrocytes derived from ventral and dorsal germinal zones
exhibited similar basal proliferation rates, cell cycle times, and
passive membrane properties, and there were no statistically sig-
nificant differences in their response to GABA and glutamate
(Psachoulia et al., 2009; Tripathi et al., 2011). However, there
seemed to be tract preferences in the dorsal funiculus of the spi-
nal cord for myelination by dorsally and ventrally derived oli-
godendrocytes (Tripathi et al., 2011). Whether these
differences reflect the timing of their birth or genetic differen-
ces that arise from the site of origin remains unknown. Interest-
ingly, a recent study on the development of GABAergic
neurons in the forebrain revealed differences in glutamate
receptor subunit composition and calcium permeation between
interneurons derived from medial and caudal ganglionic emi-
nences (Matta et al., 2013), suggesting that embryonic cellular
origin defined by specific transcription factor codes could simi-
larly affect the behavior of NG2 cells such as their calcium
response to glutamate. Additional studies may uncover subtle
but functionally significant differences in NG2 cells originating
from different germinal zones in the telencephalon or between
NG2 cells in different rostrocaudal locations.
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Heterogeneity in Proliferation of NG2 Cells

Age- and Region-Dependent Differences in Cell Cycle Times. Re-
ports on regional differences in NG2 cell proliferation gener-
ally show greater basal proliferation rates in white matter
compared with gray matter, and proliferation rates decline
with age. For example, 2-hour pulse labeling of 3-month-old
rats with 5-bromo-2’-deoxyuridine (BrdU) revealed that the
BrdU labeling index of NG2 cells was greater in the corpus
callosum (4%) than in the neocortex (~1%) (Dawson et al.,
2003), although the BrdU labeling indices in such pulse-
labeling studies are influenced by differences in the duration
of S-phase or cell cycle time. Using cumulative BrdU labeling
in mice, the growth fraction of NG2 cells was initially calcu-
lated to be around 50% (Psachoulia et al., 2009), while more
recent reports suggest that it is greater than 98% (Kang et al.,
2010; Young et al., 2013). Contrary to the previous specula-
tion that NG2 cells represent a heterogeneous population
comprised of proliferative and postmitotic cells (Hermann
et al., 2010), these findings suggest that NG2 cells are equiva-
lent in that none have irreversibly exited the cell cycle,
although caution is needed when interpreting the results of
these long-term BrdU labeling studies, which could be skewed
by events such as cell death, differentiation and cell cycle re-
entry. Nevertheless, there are irrefutable regional and age-
dependent differences in the cell cycle times of NG2 cells.
The cell cycle time lengthens dramatically in the developing
CNS, from approximately 6 h at E13.5 immediately after
their emergence from the myelencephalic ventricular zone to
about 24 h around the time of birth (Calver et al., 1998). It
continues to increase during postnatal development, reaching
10 to 36 days by postnatal day 60 (P60), depending on the
anatomical region (Young et al., 2013) and can be as long as
170 days in the neocortex of 18-month-old mice (Psachoulia
et al., 2009).

The regional difference in the cell cycle times of NG2
cells becomes more pronounced with postnatal age (Psachou-
lia et al., 2009; Simon et al., 2011; Young et al., 2013). For
example, the cell cycle time in P21 mice is 2.7 days in the
corpus callosum and 18.6 days in the neocortex (Young et al.,
2013), while in younger mice at P6, prior to the onset of
myelination, the cell cycle times are similar at 1.7 days in the
corpus callosum and 2 days in the neocortex (Psachoulia
et al., 2009). The Young study also shows that cell cycle times
can vary in different white matter tracts such as the optic
nerve (7.6 days at P21) and spinal cord (4.4 days at P21). An
earlier study by Horner et al. (2000) showed that within the
white matter of the spinal cord, the outermost subpial region
exhibited greater NG2 cell proliferation than the more central
white matter regions. While these estimates represent average

cell cycle times, it is likely that within a given anatomical
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region at a given age, there is a high degree of variability of
cell cycle times among individual NG2 cells. This is suggested
by in vivo cluster analysis in which a low level of Cre induced
in NG2creER or PDGFRo-creER mice crossed to Cre
reporter mice led to a significant variability in the size of the
reporter+ clones after a survival period of 60 to 80 days
(Kang et al.,, 2010; Zhu et al., 2011), as well as in earlier
analyses of clonal size after retroviral labeling of progenitor
cells in the SVZ (Levison and Goldman, 1993; Levison et al.,
1999), which demonstrated that while the majority of the
clones in the rat neocortex underwent expansion during the
first month after birth, a few clones continued to expand
beyond 3 months of age. Furthermore, a recent study sug-
gested that in addition to variability in the size of single NG2
cell clones, there is massive clonal expansion of NG2 cells in
adult brain, providing further evidence for age-dependent dif-
ferences in cell cycle and proliferation rates (Garcia-Marques
et al., 2014). It will be interesting to determine whether
slowly proliferative stem cell-like NG2 cells co-exist with
more rapidly cycling amplifying cells within the same micro-
region and how the local microenvironment might influence

these properties.

Extracellular Mechanisms of Regional Heterogeneity in NG2
Cell Proliferation. Numerous extrinsic signals have been
identified that can influence NG2 cell proliferation. These
include secreted paracrine factors such as growth factors
(reviewed in Franklin, 2002) and neurotransmitters; cell sur-
face and extracellular matrix molecules such as laminin on
axonal surface (Baron et al., 2002, 2005; Colognato et al.,
2002); and biophysical mechanisms resulting from axon-NG2
cell interactions (Lee et al., 2012; Rosenberg et al., 2008).
Platelet-derived growth factor (PDGF) is one of the best
characterized molecules that is secreted from neurons and
astrocytes and stimulates NG2 cell proliferation (Noble et al.,
1988; Raff et al., 1988; Richardson et al., 1988). The AA
homodimer of PDGF (PDGF-AA) is used as the standard
supplement in the proliferative medium for dissociated cul-
tures of NG2 cells. The importance of this growth factor in
vivo was demonstrated by severe depletion of NG2 cells and
subsequent hypomyelination in mice that lack the gene
encoding PDGF A subunit (PDGF-A) but not PDGEF-B
(Fruttiger et al., 1999). Conversely, transgenic overexpression
of PDGF-A caused an increase in NG2 cell proliferation and
density throughout the embryonic and early postnatal spinal
cord (Calver et al., 1998).

A new study using organotypic slice cultures demon-
strated that the proliferative response of NG2 cells to PDGF
is significantly greater in the white matter tracts of the corpus
callosum and cerebellum compared with that in adjacent gray
matter regions (Fig. 2; Hill et al., 2013). While NG2 cells in
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white matter proliferated in a dose-dependent manner to
PDGF-AA, NG2 cells in gray matter did not proliferate even
in the presence of >50 ng/mL of PDGF-AA. This was rather
surprising, given that PDGF-AA is used in proliferative
medium, even for culturing “neocortical NG2 cells,” and that
PDGFRu is widely known to be expressed by NG2 cells in
both gray and white matter. Heterotopic cross-transplantation
in slice cultures or isolated explant cultures of 300 um? pieces
of gray or white matter tissue suggested that the differential
proliferative response to PDGF was intrinsic to the tissue of
origin. Since no significant difference in the intracellular sig-
nal transduction pathways was found between gray and white
matter NG2 cells, the difference might be attributed to the
immediate pericellular microenvironment. One possibility is
that gray matter expresses saturating amounts of PDGE,
thereby desensitizing the receptor. It is interesting to note
that an earlier in situ hybridization study revealed a greater
signal for PDGF-A transcript in the gray matter of E15.5 spi-
nal cord than in the white matter (Calver et al., 1998),
although overexpression of PDGF-A in embryonic neurons
led to a generalized increase in NG2 cells throughout the spi-
nal cord. Since there are no reports showing detectable differen-
ces in PDGFRo expression between gray and white matter
NG2 cells (Hill et al., 2013; Nishiyama et al., 1996; Pringle
et al., 1992), it is likely that the difference stems from differen-
ces in the mechanisms of receptor activation (Fig. 2), possibly
mediated by extracellular matrix (Baron et al., 2002) or soluble
paracrine factors such as the astrocyte-derived chemokine
CXCL1 (GRO1), which has been shown to potentiate the
effect of PDGF on NG2 cells from the spinal cord (Robinson
et al., 1998; Wu et al., 2000). These pericellular factors could
provide a precise local regulation of NG2 cell proliferation.

It is possible that in white matter regions, activity-
dependent release of molecules such as PDGF (from neurons
and/or astrocytes) instruct white matter NG2 cells to prolifer-
ate and differentiate into oligodendrocytes to myelinate elec-
trically active axons (see Discussion below) (Barres and Raff,
1993; Demerens et al., 1996). In gray matter regions, how-
ever, PDGF may not play the same role in instructing gray
matter NG2 cells to proliferate and differentiate. The differ-
ence in the proliferative behavior of NG2 cells in different
CNS regions could also reflect regional differences in astro-
cyte function, such as their ability to sense neuronal activity
(see below) or their general secretory mechanism. In addition
to astrocytes, regional differences in microglia may lead to
divergent behaviors in NG2 cells (see below). Finally, the
newly emerging concept of the neurovascular niche has been
broadened to include interactions between cerebrovascular
endothelial cells and oligodendrocyte lineage cells (Miyamoto
et al., 2014). Thus the proximity to and association with vas-
cular components may promote their proliferative behavior,
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FIGURE 2: Different functional outcomes from heterogeneous properties of NG2 cells between gray and white matter. Top: Cell intrinsic
differences between gray and white matter NG2 cells. The more oxidized state of white matter NG2 cells could lead to increased PI3K
signal or PDGFR« activation (left). White matter NG2 cells are also reported to be more depolarized and thus may have higher intracellu-
lar calcium concentrations. Middle: Differences in the ability of gray and white matter NG2 cells to sense their environment. Even in the
presence of similar amounts of extracellular PDGF and cell surface PDGFRa, NG2 cells in white matter may undergo greater PDGFR«
activation due to differences in receptor activation mechanisms. Bottom: The cell intrinsic and cell surface mechanisms shown above will
define the specific outcomes that are detected as differences in the rate of proliferation and oligodendrocyte differentiation between

gray and white matter NG2 cells.

as seen for juxtavascular astrocytes in response to injury (Bar-
dehle et al., 2013).

Cell Intrinsic Mechanisms of Regional Heterogeneity in NG2
Cell Proliferation. Among the intracellular signaling path-
ways activated by receptor tyrosine kinases such as PDGFRa«,
the Ras-Mitogen-activated kinase (MAPK) pathway plays a
major role in cell proliferation (Andrae et al., 2008). Surpris-
ingly, slice culture studies and 7z vivo studies using mice lack-
ing the extracellular receptor kinases 1 and 2 (ERKI1/2)
indicate that the MAPK pathway is not the primary signal
transduction pathway that mediates proliferation of NG2 cells

(Fyffe-Maricich et al., 2011; Hill et al., 2013; Ishii et al.,
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2012), although this pathway is critical for oligodendrocyte
differentiation. The slice culture studies suggest that both
basal and PDGF-induced NG2 cell proliferation is mediated
by a combination of phosphatidylinositol-3-kinase (PI3K)
and the canonical Wnt signaling pathways (Hill et al., 2013),
consistent with previous reports on NG2 cell proliferation in
2002; Chew et al., 2011;
Ebner et al., 2000). There is no evidence to suggest that these

dissociated culture (Baron et al,,

intracellular signal transduction pathways are differendally
activated in NG2 cells in different CNS regions. While the
exact nature of the cell intrinsic differences that endow NG2
cells in white matter with greater proliferative ability remains
unknown, we describe here the resting membrane potential
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and redox state as two possible cell intrinsic mechanisms that
could mediate regional differences in NG2 cell proliferation
(Fig. 2).

Resting Membrane Potential

Reports have suggested that potassium channel currents (both
voltage-gated Kv1 and inward rectifying Kir) and resting mem-
brane potentials differ between gray and white matter NG2 cells
Fig. 2, (Chittajallu et al., 2004). PDGF exposure can stimulate
the expression of voltage gated Kv1.3 potassium channels by
NG2 cells and over-expressing Kv1.3 and Kv1.4 subunits results
in increased NG2 cell proliferation even in the absence of mito-
gens such as PDGF (Chittajallu et al., 2002; Vautier et al,,
2004). If white matter NG2 cells express more Kv1.3 or Kv1.4
channels or if these channels are more active, then the ability of
white matter NG2 cells to proliferate may be enhanced.

The inwardly rectifying potassium channel Kir4.1 is
important for setting resting membrane potential in a variety
of cells types and plays a role in potassium buffering by astro-
cytes (Djukic et al., 2007; Neusch et al., 2006). Kir channels
are expressed by oligodendrocyte lineage cells, and Chittajallu
et al. (2004) reported larger Kir currents and more hyperpolar-
ized resting membrane potentials in neocortical NG2 cells
compared with those in the corpus callosum. By contrast, De
Biase et al. (2010) found no differences in membrane potential
between gray and white matter regions. The differences may
reflect slightly different stages of differentiation of the cells
from which recordings were obtained. Regardless, Kir4.1
knockout animals display a marked hypomyelinating pheno-
type and do not survive past the third or fourth postnatal week
(Djukic et al., 2007; Neusch et al., 2001). Furthermore, NG2
cells isolated from these animals exhibit depolarized membrane
potentials and immature morphology while neurons appear
relatively normal (Neusch et al., 2001). These data suggest that
Kir4.1 channels might regulate the differentiation of NG2 cells
into myelinating oligodendrocytes. If there are indeed differen-
tial Kir currents between NG2 cells in the neocortex and cor-
pus callosum these variations could account for the differences
in functional properties. Although it is not exactly clear how
Kir currents could influence NG2 cell proliferation and differ-
entiation, a correlation between membrane potential and the
proliferative status has been seen in various progenitor popula-
tions (Blackiston et al., 2009; Sundelacruz et al., 2009).

Redox State

Intracellular redox state has been shown to influence the bal-
ance between self-renewal and differentiation in stem cell
populations (Wang et al., 2013a). In neural stem cells
(NSCs) in the SVZ, elevated reactive oxygen species (ROS)
generated by NADPH-oxidase (NOX) favored self-renewal
and enhanced neurosphere formation (Le Belle et al., 2011).

1200

In this study, elevated ROS levels in NSCs stimulated the
PI3K-Akt pathway by oxidizing and inhibiting the function
of PTEN (phosphatase and tensin homolog) protein, which
dephosphorylates  phosphatidylinositol-triphosphates  and
counters the PI3K-Akt pathway. Interestingly, isolated NG2
cells from the white matter are more oxidized, similar to pro-
liferative NSCs (Power et al., 2002). Thus, as in NSCs,
higher ROS in white matter NG2 cells could promote their
proliferation via PI3K (Fig. 2) Furthermore, higher H,O, lev-
els in white matter NG2 cells could increase transcription of
PDGFRa, as reported for vascular smooth muscle cells
(Bonello et al., 2005), thereby making them more sensitive to
PDGEF (Fig. 2). However, this is not consistent with the nega-
tive correlation observed between oxidized state and self-
renewal in dissociated NG2 cell culture. In these studies, oxi-
dized NG2 cells were shown to be more quiescent, and neo-
cortical gray matter cells were shown to be more reduced and
thus more self-renewing, while NG2 cells from the optic nerve
were more oxidized and tended to undergo terminal differen-
tiation (Li et al., 2007; Power et al., 2002). This is contrary to
the recent observation that white matter NG2 cells proliferate
more in response to PDGF (Hill et al., 2013), although white
matter NG2 cells also differentiate into oligodendrocytes more
readily than gray matter cells. These differences could arise
from the cellular microenvironment created by the experimen-
tal conditions. The proliferative behavior of NG2 cells can be
context dependent. For example, fibroblast growth factor 2
(FGF2), which causes proliferation of dissociated NG2 cells,
does not alter the proliferative behavior of NG2 cells in a
more intact environment of slice culture or iz vivo (Furusho
et al., 2012; Hill et al., 2013). Further comparison of the
redox state of NG2 cells in different regions and with different
physiological preparations is necessary to resolve these differen-
ces. Overall these studies suggest that redox state may be an
important physiological regulator of NG2 cell proliferation and
fate during normal development and in the adult.

A shift in the cellular balance toward a more oxidized state
can occur not only under physiological conditions such as
increased aerobic respiration (Wang et al., 2013a) but also in
pathological states such as hypoxia and inflammaton (Lo et al.,
2003). Recently, evidence for oxidative changes was detected in
scattered oligodendrocytes in the “initial preinflammatory lesion”
between the edge of an active MS lesion and the perilesional white
matter (Haider et al., 2011). NG2 cells undergo increased prolif-
eration in response to a variety of insults such as demyelination
and stroke, and increased ROS in NG2 cells could be a part of
the mechanism for promoting their proliferation.

Mechanisms of Age-Dependent Changes in NG2 Cell Prolif-

eration. During development, there is a need to populate
the forming CNS with different types of neurons and glial
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cells. There could be a density-dependent mechanism that
causes NG2 cells to stop proliferating as the density of NG2
cells and oligodendrocytes increases (Nakatsuji and Miller,
2001). Such a density-dependent signal could consist of a
combination of paracrine secreted factors and contact-
mediated mechanisms. As the animal matures and the normal
density of NG2 cells and oligodendrocytes is reached, a
higher tone of the inhibitory signal for NG2 cell proliferation
could reduce the proliferative rates. This is consistent with
increased proliferation of NG2 cells in dysmyelinating
mutants as well as in demyelinated lesions in the adult (Bu
et al., 2004; Di Bello et al., 1999; Keirstead et al., 1998; Wu
et al., 2000) or after removal of single NG2 cells or oligoden-
drocytes (Hughes et al., 2013; Kirby et al., 2006). Another
proposed mechanism for the gradual decline in NG2 cell pro-
liferation is a cell-intrinsic timer that counts and restricts the
number of divisions that an NG2 cell undergoes, possibly
through accumulation of cell cycle inhibitors such as p27"P!
(Durand et al., 1997). This is consistent with the differences
in cell cycle times observed for purified cultures of NG2 cells
isolated from perinatal and adult optic nerves (Wolswijk and
Noble, 1989). Epigenetic mechanisms such as age-dependent
decline in histone acetylation (Shen et al., 2005) also contrib-
ute to the intrinsic mechanism and can be subject to regula-
tion by the regional microenvironment. Such intrinsic age-
dependent inhibitory effects on NG2 cell proliferation are
reversible and can be overcome by changes in NG2 cell or
oligodendrocyte density such as demyelination or ablation of

NG2 cells.

Heterogeneity in Oligodendrocyte Differentiation
from NG2 Cells

Regional Differences in Oligodendrocyte Differentiation from
NG2 Cells. In tune with differences in rates of NG2 cell
proliferation there are also differences in oligodendrocyte dif-
ferentiation between regions and at different developmental
stages. In white matter regions the requirement for oligoden-
drocyte production is greater given the number of densely
packed large caliber axons that require myelination. In agree-
ment with this, the density of NG2 cells is at least two-fold
greater in the white matter than in the gray matter (Terai
et al., 2003). Using a number of different inducible cre trans-
genic mouse lines, several groups have reported that oligoden-
drocyte production is faster in white matter regions during
the first months of postnatal development (Fig. 2; Dimou
et al., 2008; Guo et al., 2009; Kang et al,, 2010; Rivers
et al., 2008; Zhu et al., 2011). In both gray matter and white
matter regions, at least a certain percentage of newly gener-
ated oligodendrocytes become stably integrated and form
myelin internodes, which are shorter than existing ones
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(Young et al., 2013). Both cell-intrinsic and non-cell-
autonomous mechanisms have been suggested to play a role
in the regional differences in the rate of oligodendrocyte dif-
ferentiation. Transplantation of NG2 cells from adult mouse
white matter into adult mouse gray or white matter led to a
similar extent of oligodendrocyte differentiation in both host
locations, whereas transplantation of gray matter cells resulted
in more oligodendrocytes in white matter than in gray matter,
and those that differentiated in white matter looked more
immature than oligodendrocytes from white matter NG2 cells
(Vigano et al., 2013). These observations suggest that NG2
cells in adult gray matter have become programmed to differ-
entiate more slowly into oligodendrocytes but this intrinsic
property can be offset by the permissive environment of the
white matter, although the environment in these studies con-
stitutes  both physiological differences mixed with injury
response. Another example of the plasticity of NG2 cells
from one region to adopt the fate of those in another region
is revealed in an experiment in which NG2 cells from the
optic nerve, which generate oligodendrocytes that myelinate
uniformly sized small diameter axons, were shown to be capa-
ble of myelinating different sized axons including large diam-
eter axons when grafted into the spinal cord (Fanarraga et al.,

1998).

Age-Dependent Differences in Oligodendrocyte Differen-
tiation from NG2 Cells. Oligodendrogliogenesis occurs rap-
idly from late embryonic stages through the second postnatal
week, prior to peak myelination during the third postnatal
week. Beyond this age, the rate of generation of new oligo-
dendrocytes declines with age (Kang et al., 2010; Lasiene
et al., 2009; Rivers et al., 2008; Zhu et al., 2011), and the
balance between oligodendrocyte differentiation and  self-
renewal becomes shifted toward self-renewal with age. Both
cell autonomous and non-autonomous mechanisms have been
suggested. Intrinsically, histone deacetylases are required to
initiate the oligodendrocyte differentiation program (Marin-
Husstege et al., 2002; Ye et al., 2009), and level of acetylated
histone H3 and H4 decreases during the first three weeks of
postnatal development (Shen et al., 2005). With increasing
age after the first month this epigenetic memory is lost, and
histone acetylation increases, leading to transcriptional de-
repression of genes that inhibit oligodendrocyte differentia-
tion such as Hes5 and Id4 (Shen et al., 2008a). There are
also cell non-autonomous changes in other glial cells in the
microenvironment that occur with age and affect the ability
of NG2 cells to differentiate into oligodendrocytes, as
described below.

Region- and Age-Dependent Response of NG2 Cells to
Demyelination. The majority of reports on remyelination of
demyelinated lesions have focused on white matter (Franklin,
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2002). However, multiple sclerosis (MS) also affects the gray
matter (Kidd et al,, 1999). Studies from biopsied material
revealed that cortical MS lesions are common in early stages
of the disease and are associated with a high frequency of
meningeal inflammation and inflammatory T cells in the
parenchyma (Lucchinetti et al., 2011), while other studies
using autopsied material have reported a dearth of inflamma-
tory cells in cortical lesions compared with white matter
lesions (Albert et al., 2007; Peterson et al., 2001). One strik-
ing characteristic of cortical MS lesions is that they appear to
undergo more extensive remyelination than white matter
lesions (Albert et al., 2007; Chang et al., 2012). The reasons
for this difference are not yet entirely clear, but differences in
the extent of reactive astrogliosis and the composition of the
extracellular matrix have been suggested. Cell intrinsically, the
less proliferative gray matter NG2 cells may be less likely to
undergo replicative senescence and retain the ability to be
recruited for myelin repair.

Studies in rodents suggest that remyelination occurs but
more slowly in older animals due to slower NG2 cell recruit-
ment and slower maturation of oligodendrocytes (Sim et al.,
2002). This could be caused by slower recruitment of histone
deacetylases in older animals (Shen et al., 2008 b). An elegant
recent study using parabiosis revealed that exposure of old
CNS to circulating macrophages from young animals after
acute demyelination enhanced remyelination (Ruckh et al.,
2012), due to more efficient clearance of myelin debris by
macrophages from young mice. Furthermore, a switch from
M1 to M2 macrophage phenotype and activin A production
by the latter was associated with enhanced oligodendrocyte
differentiation after demyelination mediated by the parabioti-
cally introduced macrophages from young mice (Miron et al.,
2013). These observations indicate that there may be cell
intrinsic changes in NG2 cells and oligodendrocytes that
occur with age, but that those changes can be reversed by the
microenvironment created by young macrophages. The ability
of subpial MS lesions in the gray matter to repair rapidly
could be attributed to the extensive microglial reaction typi-
cally found in such lesions.

In contrast to these studies suggesting a decline in oligo-
dendrogliogenic potential of NG2 cells with age, comparison
of the myelinating potential of fetal and adult human NG2
cells suggests that those from the adult brain are more capable
of generating myelin-forming cells when transplanted into the
hypomyelinated shiverer brain (Windrem et al., 2004). Fur-
thermore, in a follow up study the authors suggests that
human induced pluripotent stem cells (hiPSCs) have a greater
myelinating potential compared with NG2 cells isolated from
fetal brain (Wang et al., 2013b). Although the cell intrinsic
mechanisms underlying these differences in myelinating
potential are not clear, these studies suggest that age-
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dependent cell intrinsic differences cannot always be reversed
by the cellular microenvironment. It is not clear why these
latter two studies show greater myelin-forming capacity of
NG2 cells from more mature animals while the studies by
Franklin and colleagues described above show greater remyeli-
nating ability of NG2 cells from young animals. One possible
explanation is that the microenvironment of a hypomyeli-
nated brain differs significantly from that of an acute experi-
mentally induced demyelination in adult mice, for example,
in the degree of activation of astrocytes and microglia and
breakdown of the blood-brain barrier.

Differentiation into Astrocytes: When and Where
In vitro NG2 cells generate astrocytes as well as oligodendro-
cytes (Raff et al., 1983). Additionally when exposed to certain
factors in vitro, these cells also differentiate into neurons via
an intermediate astrocytic neural stem cell-like phenotype
(Kondo and Raff, 2000). Despite these early observations,
unequivocal evidence for lineage multipotentiality of NG2
cells could not be obtained 7z vivo (Richardson et al., 2011).
Among the Cre-loxP-mediated genetic fate mapping studies,
only NG2-cre lines have shown that a subpopulation of pro-
toplasmic astrocytes are generated from NG2 cells (Zhu
et al., 2008a,b). Surprisingly, contrary to the expectations
from optic nerve culture studies (Kondo and Raff, 2000; Raff
et al., 1983), NG2 cells gave rise only to protoplasmic astro-
cytes in gray matter, and none of the fibrous astrocytes in the
white matter of the forebrain, optic nerve, cerebellum, and
spinal cord were derived from NG2 cells. Within the gray
matter of the forebrain, NG2 cell-derived astrocytes were
found predominantly in the posterior ventral gray matter,
mostly in the entorhinal cortex, hypothalamus, and thalamus
where NG2 cell-derived astrocytes comprised more than one-
third of the total astrocytes and more than 40% of the
reporter+ progeny of NG2 cells (Fig. 1). When Cre was
induced postnatally, no reporter+ astrocytes were detected
(Kang et al., 2010; Rivers et al., 2008; Zhu et al., 2011), sug-
gesting that astrocytes are generated from NG2 cells that exist
prenatally. Indeed, when Cre was induced at E16.5 and the
brains examined postnatally (Zhu et al., 2011), reporter+
protoplasmic astrocytes were found similarly distributed in
the ventral forebrain. Although single induced NG2 cells
appeared to give rise to either astrocytes or oligodendrocytes
but not both, NG2 cell-derived astrocytes and oligodendro-
cytes were seen intermingled within the same region of the
ventral forebrain. Thus, there does not seem to be a niche for
astrocyte differentiation from NG2 cells, but rather, astroglio-
genic NG2 cells coexist with oligodendrogliogenic NG2 cells
within the same ventral forebrain gray matter (Fig. 1).

What causes a subpopulation of prenatal NG2 cells in
the ventral forebrain to follow an astrocyte fate? The
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astrogliogenic NG2 cells initially express the oligodendrocyte
transcription factor Olig2, but they spontaneously downregu-
late Olig2 expression as they transition into astrocytes perina-
tally (Zhu et al., 2012). Since a given NG2 cell in the ventral
forebrain could downregulate Olig2 and follow an astrocyte
fate while an adjacent NG2 cell less than 50 um away could
retain Olig2 and remain an NG2 cell or differentiate into an
oligodendrocyte, the switch to an astroglial fate is unlikely to
be caused by a gradient of extracellular signal. Rather, the
astrogliogenic fate of NG2 cells may be instructed by the
location of the germinal zone from which the particular NG2
cell arises or the time of its birth. Deletion of Olig2 in NG2
cells using conditional Olig2 knockout mice resulted in an
almost complete fate switch of neocortical NG2 cells to pro-
toplasmic astrocytes at the expense of oligodendrocytes, and
this was accompanied by severe hypomyelination (Zhu et al.,
2012). In these mice, a minority of NG2 cells in the corpus
callosum also became astrocytes. The astrocytes derived from
Olig2-deleted NG2 cells were dye-coupled and displayed a lin-
ear current-voltage relationship indistinguishable from endoge-
nous astrocytes (Zhu et al, 2012). Interestingly, the
distribution of NG2 cells that were converted into astrocytes
upon Olig2 deletion coincided with the distribution of NG2
cells that are derived from the dorsal Emx1-domain of the ger-
minal zone (Fig. 1; Kessaris et al., 2006; Tripathi et al., 2011).
NG2 cells that were distributed in the ventral forebrain where
Gsh2+ LGE-derived cells are known to reside did not switch
their fate (Zuo and Nishiyama, 2013). Deletion of Olig2 did
not result in aberrant neuronal differentiation from NG2 cells,
suggesting that in NG2 cells neuronal genes are repressed more
tightly and permanently than astrocyte genes.

The ability of NG2 cells to generate astrocytes is not
only region-specific but also age-dependent. With normal
Olig2 gene dosage only prenatal NG2 cells generate astro-
cytes. When Olig2 is deleted, the ability of neocortical NG2
cells to switch their fate to astrocytes declines with postnatal
age (Zhu et al.,, 2012; Zuo et al., unpublished observations).
NG2 cells in the adult CNS do not generate astrocytes, even
in response to a stab wound under normal or Olig2-deleted
conditions (Dimou et al., 2008; Komitova et al., 2011).
Although the mechanism underlying the age-dependent loss
of lineage plasticity of NG2 cells is unknown, increased heter-
ochromatin structure may cause more permanent repression
of astrocyte-inducing genes as their chromosomal loci become
targeted to the nuclear periphery, analogous to what has been
described for age-dependent lineage restriction in Drosophila
neuroblasts (Kohwi et al., 2013).

Neuronal Activity and NG2 Cell Behavior
Unlike any other glial cell population, NG2 cells receive dis-
tinct neuronal synaptic input in both gray and white matter
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and express glutamate and GABA receptors and voltage gated
sodium channels (Bergles et al., 2000, 2010; De Biase et al.,
2010; Kukley et al., 2007, 2010; Ziskin et al., 2007),
although functional consequences for these synapses are not
known. It is appealing to propose that these synaptic inputs
allow precise monitoring and control over oligodendrocyte
production on the individual axon scale. However, direct evi-
dence for this is lacking, and it is not known whether synap-
tic input to NG2 cells dynamically changes with age or in
pathological states. Independently of synaptic inputs, neuro-
nal activity can influence NG2 cell differentiation and oligo-
dendrocyte myelination under culture conditions (Ishibashi
et al., 2006; Stevens et al., 1998, 2002). These studies suggest
that NG2 cell differentiation and myelin formation likely
play an important role during the development and refine-
ment of neural networks and possibly in the adult nervous
system (Fields, 2011; Zatorre et al., 2012).

Several studies have attempted to examine the effect of
neuronal activity on NG2 cell behavior. One of the first such
studies analyzed NG2 cell proliferation after injections of the
voltage dependent sodium channel blocker tetrodotoxin
(TTX) to the optic nerve (Barres and Raff, 1993). This study
found that decreased neuronal activity resulted in decreased
NG2 cell proliferation (Fig. 3), which could be rescued by
injecting COS-7 cells that artificially released PDGE These
data suggested that the decrease in neuronal activity was lim-
iting the amount of PDGF available to NG2 cells in the
optic nerve and thus limiting their proliferation (Barres and
Raff, 1993). The source of the PDGF was suspected to be
astrocytes. In this model, activity-dependent changes in NG2
cell proliferation were independent of neuron-NG2 cell syn-
apses and were instead a result of a change in activity-
dependent release of PDGF from astrocytes. Another study
demonstrated that intraocular injections of TTX decreased
the number of myelinated axon segments but not the total
number of MBP+ oligodendrocytes suggesting activity-
dependent regulation of myelination (Demerens et al., 1996).

Mpyelinating co-cultures of dissociated dorsal root gan-
glion (DRG) axons and NG2 cells were used to further inves-
tigate the mechanisms of activity-dependent changes in NG2
cell behavior. These studies revealed that activity-dependent
release of adenosine from DRG axons inhibited NG2 cell
proliferation and increased oligodendrocyte production
(Fig. 3). These effects were not dependent on AMPA receptor
activation (Stevens et al., 2002) and suggested a novel adeno-
sine receptor-dependent mechanism for activity-dependent
regulation of NG2 cell proliferation and oligodendrocyte dif-
ferentiation that is distinct from previously hypothesized
mechanisms involving PDGF or synaptically released gluta-
mate (Fig. 3B, right). Subsequent studies from another group
found that electrically induced axonal activity in optic nerve
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FIGURE 3: Possible outcomes and routes for how changes in neuronal activity influence NG2 cells. A. Changes in neuronal activity (A
neuronal activity) have been shown to alter NG2 cell proliferation (left), oligodendrocyte differentiation (middle), or survival of NG2 cells
or newly differentiated oligodendrocytes (right). B. Two possible routes of neuron-to-NG2 cell communication. Left: Direct synaptic input
to NG2 cells allows specificity of the NG2 cell response to the activity of the specific axon from which it receives synaptic input and can
be frequency coded. Right: Nonsynaptically released neurotransmitters from axons or astrocytes can exert a more generalized effect on

multiple NG2 cells in the micro-region.

explants caused glutamate-dependent release of ATP from
astrocytes that in turn increased intracellular calcium concen-
trations in NG2 cells (Hamilton et al., 2008, 2010). Gluta-
mate itself directly increased intracellular calcium in NG2
cells after bath application and the calcium response in NG2
cells was augmented when AMPA receptor desensitization
and glutamate uptake were blocked (Ge et al., 2006; Hamil-
ton et al.,, 2010). In these studies however it is not clear
whether calcium increase is caused by entry through calcium
permeable AMPA receptor on NG2 cells or through other
secondary pathways. Furthermore, AMPA receptors and
microregional calcium transients may play important roles at
NG2 cell processes (Haberlandt et al., 2011).

Studies to determine the role of glutamate in mediating
NG2 cell proliferation and/or differentiation have produced
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varying results. NG2 cells express both glutamatergic NMDA
receptors and calcium permeable AMPA receptors. Glutamate
application to dissociated NG2 cells and cerebellar slice cul-
tures decreased NG2 cell proliferation and oligodendrocyte
differentiation (Gallo et al., 1996; Yuan et al., 1998). By con-
trast, another study reported that the generation of oligoden-
drocytes from cultured SVZ-derived NSCs was increased by
glutamate acting on NMDA receptors (Cavaliere et al,
2012). Furthermore glutamate application increased the levels
of ROS in differentiating progenitor cells, presumably NG2
cells, providing an intriguing connection between region-
dependent redox state discussed above and glutamate depend-
ent control of oligodendrogliogenesis (Cavaliere et al., 2012).
Pharmacological manipulation of NMDA receptor activation
in vitro and in vivo altered oligodendrocyte differentiation
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and remyelination after cuprizone induced demyelination (Li
et al., 2013), whereas NG2 cell-specific knockout of NMDA
receptor NR1 subunit did not alter NG2 cell morphology,
membrane properties, proliferation, or oligodendrocyte differ-
entiation with the exception of altering the expression of cal-
cium permeable AMPA receptors (De Biase et al., 2011).
Regardless of the mechanism, changes in intracellular calcium
is likely to play a vital role in regulating NG2 cell prolifera-
tion and/or differentiation (Barres et al., 1990; Boscia et al.,
2012; Paez et al., 2009).

A few recent studies have attempted to obtain evidence
for direct activity-dependent regulation of NG2 cell prolifera-
tion and/or differentiation under more physiological condi-
tions. Electrical stimulation of corticospinal tracts in adult
mice resulted in increased NG2 cell proliferation and oligo-
dendrocyte differentiation (Li et al., 2010), while long-term
wheel running reduced proliferation of NG2 cells and con-
comitantly increased oligodendrocyte differentiation in the
motor cortex of adult mice (Simon et al., 2011). Whisker
removal in newborn mice was reported to increase prolifera-
tion and alter the distribution of NG2 cells in one study
(Mangin et al., 2012) but shown to have no effect on NG2
cell distribution in another (Hill et al., 2011) specifically in
the somatosensory barrel cortex. The variable results from
these latter studies may have been due to different methods
for altering neuronal activity and characterizing the outcome.
In addition it is not known whether there is age- or region-
dependent heterogeneity in their responses to neuronal activ-
ity. Further investigation is necessary to explore more directly
how direct neuronal activity influences NG2 cell prolifera-
tion, differentiation and survival in vive.

From these observations, one could conceive of the fol-
lowing two routes for transduction of neuronal activity to
NG2 cells (Fig. 3B). Direct synaptic input to NG2 cells
allows a single cell to sense the firing pattern of an individual
axon and thus decide to proliferate, differentiate into an oli-
godendrocyte, or die in response to changes in synaptic sig-
naling. This type of signal would result in single axon
specificity in addition to frequency dependent control. In
contrast, non-synaptic release of neurotransmitters or growth
factors could result in signal transduction to a larger popula-
tion of cells spread over a particular region. This type of sig-
naling may provide a more generalized and widespread signal
to alter proliferation, differentiation, or survival but one
might guess that frequency dependence could be lost with
such diffuse signaling. It is possible that both types of signals
work in parallel (in addition to unknown mechanisms), and
each may contribute uniquely to modulating activity-dependent
NG2 cell behavior. A developmental switch from synaptic to
extrasynaptic GABAergic input onto NG2 cells (Balia et al., in
press) is an example of such a switch from an axon-specific regu-
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lation to a more generalized effect. Regardless of the mechanism
of communication, recent evidence suggests that NG2 cells can
tune in and listen to the neural network and modulate their pro-
liferation or differentiation. They have not yet been shown to
communicate back to neurons via neurotransmitter signaling,
but evidence suggests that they could modulate neural activity
by dynamically altering myelination (see below).

Neuronal Activity, Myelin Formation, and Plasticity
Activity-dependent differentiation of oligodendrocytes from
NG2 cells does not necessarily lead to activity-dependent
myelin formation. It is likely that compact myelin formation
requires signaling mechanisms between axons and mature oli-
godendrocytes that are distinct from signals instructing oligo-
dendrocyte differentiation from NG2 cells. Experiments using
co-cultures of oligodendrocytes and DRG neurons demon-
strated that vesicular release of glutamate from neurons
increased the local translation of MBP and the formation of
myelin at specific contact sites between neurons and oligoden-
drocytes (Wake et al., 2011). The nature of the contact (sites)
between neurons and mature oligodendrocytes in these cul-
tures are somewhat of a mystery, for synaptic input is rapidly
lost as NG2 cells differentiate into myelinating oligodendro-
cytes (De Biase et al., 2010; Kukley et al., 2010). Nonetheless
these studies suggest that local myelin production may be
regulated by neuronal activity.

There is limited in vivo evidence for neuronal activity
dependent regulation of myelin formation and plasticity. Two
recent studies investigated the effects of social isolation on devel-
opmental myelination and changes in myelin structure in the
adult prefrontal cortex. Animals housed alone exhibited thinner
myelin sheaths in addition to altered internode lengths (Liu
et al., 2012; Makinodan et al., 2012). Mechanisms for these
changes are not entirely clear, as one study suggested chromatin
changes (Liu et al., 2012), while data from the other implicated
altered Neuregulin1-ErbB3 signaling (Makinodan et al., 2012).
The following are some possible signaling mechanisms that act
on oligodendrocytes to direct their myelinating behavior (Fig.
4A): (1) individual oligodendrocyte processes could receive a sig-
nal that directs them to myelinate only active axons; (2) once a
premyelinating oligodendrocyte receives a signal to myelinate,
the actual process of myelination takes place on all axons of a
particular diameter or other biophysical properties in that micro-
region regardless of their activity; or (3) myelin formation is not
dependent on activity or axonal properties but is regulated by
other cell intrinsic or extracellular mechanisms. In a recent live
imaging study in the zebrafish, it was shown that once an oligo-
dendrocyte starts to myelinate, it myelinates all the internodes
within a finite period of time, suggesting that the signal and
response are likely to be an all or none type of mechanism rather
than a graded one (Czopka et al., 2013).
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FIGURE 4: Possible mechanisms of activity-dependent myelination and myelin plasticity. A. Different ways in which oligodendrocytes can
be signaled to myelinate. 1. The oligodendrocyte could receive activity-dependent signals and myelinate only active axons. 2. The myeli-
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about dynamic changes in conduction.

Once myelin internodes are formed, it is possible that
neuronal activity could induce fine changes in myelin struc-
ture that could in turn influence conduction velocity and
neural network function (Fields, 2008). Activity-dependent
changes in myelin thickness have been demonstrated and it is
possible that small changes in internode length or alterations
to nodes of Ranvier may occur as a result of neuronal activity
(Fig. 4, bottom) (Wurtz and Ellisman, 1986), somewhat rem-
iniscent of activity-dependent changes in the axon initial seg-
ment (Grubb and Burrone, 2010). A recent modeling study
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suggests that seemingly small changes in conduction velocity
could result in dramatic alterations in synchrony and connec-
tivity in neural networks (Pajevic et al., in press).

There is accumulating evidence from new imaging stud-
ies that learning-dependent changes occur in the brain’s white
matter structure in adult humans (Fields, 2010; Zatorre et al.,
2012). The majority of this data is based on diffusion tensor
imaging (DTI) which is a magnetic resonance imaging tech-
nique that reveals preferential water diffusion in tissues. These
studies have revealed changes in white matter structure when
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adults acquire the ability to read, practice musical instru-
ments, or learn a complex motor task like juggling (Bengtsson
et al., 2005; Carreiras et al., 2009; Scholz et al., 2009).
Rodent studies described above showing the generation of
new myelinating oligodendrocytes in the adult brain suggest
that myelination of previously unmyelinated axons and/or oli-
godendrocyte replacement by NG2 cells may occur during
the process of learning new skills. Determining the mecha-
nisms and the extent of activity-dependent control of NG2
cell proliferation and differentiation iz vivo in specific brain
regions will reveal how NG2 cells and oligodendrocytes influ-
ence neuronal communication and plasticity during develop-
ment and in the adult. Refinement of imaging and other
techniques to simultaneously manipulate and monitor
changes in neural activity and glial cellular changes would
facilitate the elucidation of the functional role for NG2 cells
in the neural network.
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