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NG2 cells are a resident glial progenitor cell population that is uniformly distributed throughout the developing and mature mammalian
CNS. Those in the postnatal CNS generate exclusively myelinating and non-myelinating oligodendrocytes and are thus equated with
oligodendrocyte precursor cells. Prenatally, NG2 cells in the ventral gray matter of the forebrain generate protoplasmic astrocytes as well
as oligodendrocytes. The fate conversion from NG2 cells into protoplasmic astrocytes is dependent on downregulation of the key oligo-
dendrocyte transcription factor Olig2. We showed previously that constitutive deletion of Olig2 in NG2 cells converts NG2 cells in the
neocortex into protoplasmic astrocytes at the expense of oligodendrocytes. In this study, we show that postnatal deletion of Olig2 caused
NG2 cells in the neocortex but not in other gray matter regions to become protoplasmic astrocytes. However, NG2 cells in the neocortex
became more resistant to astrocyte fate switch over the first 3 postnatal weeks. Fewer NG2 cells differentiated into astrocytes and did so
with longer latency after Olig2 deletion at postnatal day 18 (P18) compared with deletion at P2. The high-mobility group transcription
factor Sox10 was not downregulated for at least 1 month after Olig2 deletion at P18 despite an early transient upregulation of the astrocyte
transcription factor NFIA. Furthermore, inhibiting cell proliferation in slice culture reduced astrocyte differentiation from Olig2-deleted
perinatal NG2 cells, suggesting that cell division might facilitate nuclear reorganization needed for astrocyte transformation.
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Introduction
NG2 cells, also called NG2 glia or polydendrocytes, are widely
distributed throughout the developing and mature mammalian

CNS (Nishiyama et al., 2009, 2016). Genetic fate-mapping stud-
ies have confirmed that, in the postnatal CNS, NG2 cells either
self-renew or differentiate into myelinating and non-myelinating
oligodendrocytes and thus they are commonly equated with oli-
godendrocyte precursor cells (OPCs). They express two OPC sig-
nature proteins, NG2 (Cspg4 gene product) and platelet-derived
growth factor receptor � (Pdgfra), which are downregulated
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Significance Statement

NG2 cells are glial progenitor cells that retain a certain degree of lineage plasticity. In the normal postnatal neocortex, they generate
mostly oligodendrocyte lineage cells. When the oligodendrocyte transcription factor Olig2 is deleted in NG2 cells in the neocortex,
they switch their fate to protoplasmic astrocytes. However, the efficiency of the fate switch decreases with age over the first 3
postnatal weeks and is reduced when cell proliferation is inhibited. As the neocortex matures, sustained expression of the oligo-
dendrocyte lineage-specific key transcription factor Sox10 becomes less dependent on Olig2. Together, our findings suggest a
gradual stabilization of the oligodendrocyte lineage genes and loss of lineage plasticity during the first 3 weeks after birth, possibly
due to nuclear reorganization.
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upon their terminal differentiation into postmitotic oligoden-
drocytes. NG2 cells remain proliferative throughout life, but the
rate of their proliferation declines with age (Dawson et al., 2003;
Psachoulia et al., 2009; Young et al., 2013).

Olig2 is a basic helix-loop-helix (bHLH) transcription factor
that is broadly expressed in the germinal zones and is required for
oligodendrocyte specification and maturation (Lu et al., 2002;
Takebayashi et al., 2002; Zhou and Anderson, 2001; Maire et al.,
2010; Wegener et al., 2015). During oligodendrocyte specifica-
tion, Olig2 positively regulates transcription of Sox10, which be-
longs to the SoxE family of high-mobility group (HMG)-domain
transcription factors and is expressed and functionally important
throughout all stages of the oligodendrocyte lineage (Kuhlbrodt
et al., 1998; Küspert et al., 2011; Stolt and Wegner, 2016). The
onset of NG2 and Pdgfra expression immediately follows Sox10
induction in committed oligodendrocyte lineage cells as they em-
igrate from the germinal zone (for review, see Nishiyama et al.,
2016).

A subpopulation of NG2 cells in the prenatal CNS also gener-
ate protoplasmic astrocytes in a region-specific manner (Zhu et
al., 2008a,b; Ge et al., 2012; Huang et al., 2014). NG2 cells emerge
in the telencephalon around embryonic day 14.5 (E14.5) (Zhu et
al., 2008a). Subsequently, a subpopulation of them in the ventral
forebrain downregulate Olig2 and become protoplasmic astro-
cytes, whereas other NG2 cells in the same region develop along
the oligodendrocyte lineage. When Olig2 is constitutively deleted
in NG2 cells, those in the neocortex switch their fate to become
protoplasmic astrocytes at the expense of oligodendrocytes (Zhu
et al., 2012), underscoring the critical role for Olig2 in maintain-
ing NG2 cells in the oligodendrocyte lineage. In the normal adult
CNS, NG2 cells do not produce astrocytes (Dimou et al., 2008;
Rivers et al., 2008; Kang et al., 2010; Zhu et al., 2011), and deletion
of Olig2 in the injured adult brain has yielded variable results
(Dimou et al., 2008; Tatsumi et al., 2008; Komitova et al., 2011).
To investigate the temporal changes in Olig2-dependent lineage
plasticity of NG2 cells, we examined the fate of NG2 cells in the
neocortex after deleting Olig2 at different postnatal ages. We
show that there was an age-dependent delay and decline in astro-
cyte differentiation from NG2 cells after Olig2 deletion, which
was correlated with delayed downregulation of Sox10. Further-
more, inhibiting cell division in slice cultures attenuated astro-
cyte differentiation from NG2 cells.

Materials and Methods
Generation of tamoxifen-inducible NG2 cell-specific Olig2 conditional
knock-out mice. Triple transgenic mouse line NG2creER:YFP:Olig2 fl/fl

(conditional knock-out, Cko) and heterozygous NG2creER:YFP:
Olig2 fl/� (Ctr) were generated as follows. Mice that express tamoxifen-
inducible Cre in NG2 cells (NG2creER; The Jackson Laboratory strain
#008533, RRID:MGI_4819178) were crossed with the Cre reporter
gtROSA-EYFP (The Jackson Laboratory strain #006148, RRID:
MGI_2449038; YFP) as described previously (Zhu et al., 2011) and main-
tained as NG2creER:YFP double homozygotes. Mice with a conditional
Olig2 allele (Olig2 fl) were described previously (Yue et al., 2006; Zhu et
al., 2012). NG2creER:YFP mice were mated with Olig2 fl/fl mice to gen-
erate Olig2 Cko and Ctr mice. To obtain Olig2 fl/� mice, Olig2 fl/� mice
were first mated with EIIa-cre mice (The Jackson Laboratory strain
#0003724, RRID:IMSR_JAX:003724), which causes recombination in
the early embryo, leading to germline deletion of the floxed Olig2 allele.
The resulting Olig2 �/� mice were then crossed to obtain NG2creER:
YFP:Olig2 fl/� mice. Because Olig2 deletion efficiency was similar be-
tween NG2creER:YFP:Olig2 fl/� and NG2creER:YFP:Olig2 fl/fl. mice, we
used the two strains interchangeably as Cko mice. Cre-mediated recom-
bination was induced at postnatal day 2 (P2) or P18 by intraperitoneal
injection of 0.1 mg/g body weight of 4-hydroxytamoxifen (4OHT;

Sigma-Aldrich H7904) once daily over 4 consecutive days starting at P2
or P18. The stock solution of 10 mg/ml 4OHT was prepared in 19:1
mixture of canola oil and ethanol as described previously (Zhu et al.,
2011). To examine cell proliferation, we injected 50 �g/g body weight of
5-ethynyl-2�-deoxyuridine (EdU; Invitrogen) into the mice twice at 4
and 2 h before perfusion. Both males and females were used for all the
experiments. All animal procedures were approved by the Institutional
Animal Care and Use Committee.

Tissue processing and immunohistochemistry. On 14, 30, or 90 d after
4OHT injection [14, 30, or 90 d postinfection (dpi), respectively], mice
were fixed by intracardiac perfusion of 4% paraformaldehyde-lysine-
periodate solution and processed for immunohistochemistry as de-
scribed previously (Zhu et al., 2008a). Mice were also perfused at 1 or 2
dpi to estimate Olig2 deletion efficiency after 4OHT injection into P2 or
P18 mice. Fixed brains were cut into 50 �m vibratome sections or em-
bedded in optimum cutting temperature solution (Fisher Scientific) after
incubating overnight in 30% sucrose and 12 �m sections were cut on a
Leica CM3050 S cryostat. Coronal, sagittal, and transverse sections were
used for the brain, cerebellum, and spinal cord, respectively.

The source and dilution of the primary antibodies were as follows:
mouse anti-aldehyde dehydrogenase 1 L1 (Aldh1L1, UC Davis/NIH
NeuroMab catalog #75–140, RRID:AB_10673448, 1:100); chicken anti-
GFP antibody (Aves Laboratories catalog #GFP-1020, RRID:
AB_10000240, 1:1000); rabbit anti-glutathione S-transferase-� (Gst-�)
antibody (MBL International catalog #312 RRID:AB_591792, 1:2000);
mouse anti-glutamine synthetase (GS) antibody (Millipore catalog
#MAB302 RRID:AB_2110656, 1:1000); rabbit anti-Id2 antibody (Cell
Signaling Technology catalog #3431S RRID:AB_2122877, 1:1000), rabbit
anti-NFIA antibody (gift from Dr. Deneen, Baylor College of Medicine,
Houston, TX, 1:1000; currently available from Active Motif catalog
#39329 RRID:AB_2314931); rabbit anti-NG2 antibody (Millipore cata-
log #AB5320 RRID:AB_91789, 1:500); mouse anti-Olig2 antibody (Mil-
lipore catalog #MABN50 RRID:AB_10807410, 1:1000); rabbit anti-Olig2
antibody (Novus catalog #NBP1–28667 RRID:AB_1914109, 1:500); rab-
bit anti-Sox9 antibody (Cell Signaling Technology catalog #82630 RRID:
AB_2665492, 1:500; rabbit anti-Sox10 antibody (Millipore catalog
#AB5727 RRID:AB_2195375, 1:1000); mouse anti-Sox10 antibody
(Santa Cruz Biotechnology catalog #sc-365692, RRID:AB_10844002;
1:100) and guinea pig anti-Sox10 antibody (gift from Dr. Michael
Wegner). Immunohistochemical analysis for GFP, GS, Gst-�, NG2, and
Olig2 was performed as described previously (Zhu et al., 2008a). Addi-
tional antigen retrieval steps were used on some of the vibratome sections
with rabbit Sox10, Id2, and NFIA antibodies following the method de-
scribed by Jiao et al. (1999). For some nuclear antigens, sections were
permeabilized with 1% Triton X-100 instead of 0.1%. Labeled sections
were mounted in Vectashield mounting medium containing DAPI (Vec-
tor Laboratories) or Fluoro-Gel (Electron Microscopy Sciences) with 5
�g/ml Hoechst 33324. For EdU detection, samples were permeabilized in
0.5% Triton X-100/PBS, washed in 3% BSA (bovine serum albumin)/
PBS twice for 5 min each and incubated for 30 min at room temperature
in a reaction mixture that contained 150 mM NaCl, 100 mM TrisHCl,
pH7.15, 4 mM CuSO4�5H2O, �g/ml Alexa Fluor-647 azide (Invitrogen),
and 100 mM sodium ascorbate. After washes, the nuclei were labeled with
Hoechst 33324 and mounted.

Microscopy and cell counts. Images were acquired using a Zeiss Axiovert
200M equipped with Hamamatsu ORCA ER camera and Apotome or a
Leica SP8 confocal microscope. Cells were counted on the Zeiss Axiovert
200M or from Leica SP8 confocal stacks in randomly selected fields in the
neocortex at the level of anterior commissure. The proportion of cells
displaying each phenotype was obtained by quantifying the percentage of
YFP �Olig2 � cells exhibiting the phenotype in Olig2 Cko mice and the
percentage of YFP �Olig2 � cells exhibiting the phenotype in Ctr mice.
To obtain the density of YFP � astrocytes, numbers of YFP �GS � astro-
cytes were obtained in four fields of view on Leica SP8 for each animal
and the density per unit volume was calculated from the area of the field
of view and the z-depth.

Slice culture. Slice cultures were prepared from P4 Cko or Ctr mouse
brains as described previously (Hill et al., 2013) after 4OHT injection on
P2 and P3 to induce Cre recombination. Coronal slices were cultured on
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Millicell inserts (Millipore) for 5– 6 d in the presence or absence of 20 �M

PI3K inhibitor LY294002 (Sigma-Aldrich) or 5 �M DNA polymerase
inhibitor aphidicolin. Culture medium was changed every other day.
During the last 8 h of culture, 10 �M EdU was added. At the end of the
culture period, slices were fixed in 4% paraformaldehyde and labeled for
YFP, GFAP, and EdU. Slices were imaged on Leica SP8 confocal micro-
scope or on Zeiss Axiovert 200M. The proportion of proliferating NG2
cells was determined by counting the number of YFP � and YFP �EdU �

cells in randomly selected neocortical regions. The proportion of GFAP �

astrocytes among YFP � cells was determined by counting the number of
YFP � and YFP �GFAP � cells in randomly selected neocortical regions.
All values are expressed as means � SDs.

Results
We showed previously that constitutive deletion of Olig2 in NG2
cells led to an almost complete conversion of NG2 cells into
protoplasmic astrocytes in the neocortex at the expense of oligo-
dendrocytes and that deleting Olig2 at P2 caused 50% of the
Olig2-deleted NG2 cells to become protoplasmic astrocytes in the
neocortex (Zhu et al., 2012). In this study, we initially deleted
Olig2 at P2, P18, and at P60 in Olig2 Cko mice (NG2creER:YFP:
Olig2 fl/fl) to determine whether loss of Olig2 from NG2 cells led
to astrocyte differentiation at all postnatal ages. Because we did
not observe astrocyte differentiation after deleting Olig2 at P60,
we focused our analyses on mice in which Olig2 was deleted at P2
and P18 (Fig. 1A). We describe here our findings primarily in the
neocortex, where we showed previously that NG2 cells do not
generate protoplasmic astrocytes under normal conditions and
that the effect of Olig2 deletion on astrocyte fate of NG2 cells is
most prominent (Zhu et al., 2008a,b, 2012). We have also ana-
lyzed the gray matter of the spinal cord and cerebellum. By re-
stricting our analysis to the gray matter, we have avoided the
confounding phenomena of the requirement for Olig2 in astro-
cyte development in the corpus callosum (Cai et al., 2007) and
our inability to perform long-term fate analysis in white matter
due to replacement of Olig2-deleted NG2 cells by the more rap-
idly proliferating NG2 cells that had escaped Olig2 deletion.

Olig2 deletion efficiency
We first assessed the extent of Olig2 deletion in the neocortex of
Olig2 Cko mice (NG2creER:YFP:Olig2 fl/fl) and Ctr mice
(NG2creER:YFP:Olig2 fl/�) at different time points after Cre ac-
tivation. In Ctr neocortex, Olig2 was expressed in the vast major-
ity of YFP� cells 30 d after Cre induction by 4OHT injection from
P18 to P21 (P18 � 30 dpi) (Fig. 1B,D), similar to what we re-
ported previously at 30 dpi after the last 4OHT injection from P2
to P5 (Zhu et al., 2012). After Cre activation at P2 in Cko mice,
�50% of YFP� cells in the neocortex lacked Olig2 expression at
P2 � 14, 30, and 90 dpi (Table 1). After Cre activation at P18 in
Cko mice, Olig2 was undetectable in �78% of YFP� cells at 1, 14,
and 30 dpi and in 43% of YFP� cells at 90 dpi (Table 1). In
addition to NG2creER:YFP:Olig2 fl/fl mice, we have also used
NG2creER:YFP:Olig2 fl/� mice in which deletion of one allele of
Olig2 was passed through the germline. Olig2 deletion efficiency
in NG2creER:YFP:Olig2 fl/� mice was assessed at P18 � 2 dpi and
was 52% among YFP� cells in the neocortex, 77% in the gray
matter of the spinal cord, and 69% in the gray matter of the
cerebellum. Because the Olig2 deletion efficiency was similar be-
tween the two strains of Cko mice, we have used them inter-
changeably in the analyses described below. Because of the
incomplete deletion of Olig2 in NG2 cells, we assessed the phe-
notype of YFP� cells exclusively among the Olig2-negative
(Olig2�) cells in Cko mice throughout this study.

Impaired oligodendrocyte differentiation after Olig2 deletion
from NG2 cells in the neocortex
To examine the extent of oligodendrocyte differentiation in the
neocortex of Olig2 Cko and Ctr mice, we analyzed the percentage
of YFP�Olig2� cells that had become oligodendrocytes at 14, 30,
and 90 dpi after Cre activation at P2 or P18. Triple labeling for
YFP, Olig2 and Gst-�, which labels mature oligodendrocytes
(Fig. 1B,C; Cammer et al., 1989; Hill et al., 2014), showed that, in
Ctr mice, the production of oligodendrocytes from NG2 cells in
the neocortex of P2- and P18-induced mice steadily increased
from 14 to 90 dpi (Fig. 1H, I), reaching 83% and 65% at 90 dpi
after Cre activation at P2 and P18, respectively. In contrast, the
proportion of Gst-�� oligodendrocytes among YFP�Olig2�

cells in Cko mice remained �10% in P2-induced mice and
�1.5% in P18-induced mice, suggesting a nearly complete abro-
gation of oligodendrocyte differentiation from Olig2-deleted
NG2 cells (Fig. 1C,H, I).

Next, we examined the proportion of induced cells that re-
mained as NG2 cells (Fig. 1D,E). In Ctr mice induced at P2 or
P18, there was a progressive decline in the proportion of
YFP�NG2� cells from 14 to 90 dpi, suggesting that NG2 cells
with normal Olig2 levels differentiated into Gst-�� oligodendro-
cytes over a period of 90 d (Fig. 1 J,K). In the Ctr, oligodendro-
cytes and NG2 cells accounted for 85–100% of the YFP� cells. In
Cko mice in which Olig2 was deleted at P18, the majority of the
YFP�Olig2� cells were NG2 cells (Fig. 1K), suggesting that with-
out Olig2, NG2 cells in P18 neocortex did not differentiate into
oligodendrocytes but remained as NG2 cells. In contrast, when
Olig2 was deleted at P2, the proportion of YFP�NG2� did not
remain elevated but declined from 14 –90 dpi (Fig. 1J). This sug-
gests that a significant fraction of NG2 cells in P2 neocortex had
differentiated into another cell type after Olig2 deletion. In Cko
mice, the proportion of oligodendrocytes and NG2 cells among
YFP�Olig2� cells, which represent cells that had escaped Olig2
deletion, was similar to that of Olig2� cells in Ctr mice (data not
shown).

The sustained high proportion of YFP�NG2� cells among
YFP� cells in mice in which Olig2 deletion was induced at P18
could be either due to increased proliferation of NG2 cells in Cko
or due to an accumulation of NG2 cells that were incapable of
differentiating into oligodendrocytes or astrocytes. To examine
these possibilities, we performed pulse labeling with EdU at
P18 � 30 dpi before perfusion and compared the extent of EdU
incorporation into NG2�Olig2� cells in Ctr and into NG2�

Olig2� cells in Cko cortex. EdU was incorporated into 2% of
NG2�Olig2� cells in both Ctr and Cko mice (Fig. 1F,G, arrows).
In contrast, we did not detect any NG2�Olig2� cells that were
EdU� in Cko cortex. Therefore, it is likely that the sustained high
proportion of NG2� cells among YFP� cells in Cko cortex re-
flects an accumulation of NG2 cells that are not differentiating
into oligodendrocytes or astrocytes.

Delayed astrocyte differentiation after Olig2 deletion in NG2
cells in the neocortex at P18
We reported previously that when Cre is induced in Olig2 Cko
mice at P2, 23% and 55% of Olig2-deleted NG2 cells
(YFP�Olig2� cells) become protoplasmic astrocytes after 14 and
30 dpi, respectively (Zhu et al., 2012). To determine whether NG2
cells in P18 neocortex were also capable of switching their fate to
generate astrocytes upon deletion of Olig2, we injected 4OHT in
Ctr and Cko mice at P18 and determined the fraction of
YFP�Olig2� cells that were astrocytes. We initially used glu-
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Figure 1. Compromised oligodendrocyte differentiation of Olig2-deleted cells. A, Schematic showing a timeline of the experiments. 4OHT was injected into Ctr or Cko mice at P2–P5 or P18 –P21
and analyzed at 14, 30, or 90 dpi. A 1 or 2 dpi time point was taken to estimate the Olig2 deletion efficiency. EdU was injected twice 2 h apart before perfusion. B–E, Oligodendrocyte differentiation
from NG2 cells in Ctr and Cko neocortex at P18 � 30 dpi. Neocortical sections from Ctr (B and D; fl/�) or Cko (C and E; fl/fl) mice immunolabeled for YFP (green), Olig2 (red) and Gst-� (blue in B and
C) or NG2 (blue in D and E). YFP � cells that lack Olig2 do not express Gst-� but are NG2 � (arrowheads in C and E). F, G, EdU incorporation into NG2 cells in Ctr (F ) and Cko (G) neocortex at P18 �
30 dpi. Arrows indicate NG2 �Olig2 � cells that are EdU � in Ctr and Cko mice. EdU is not detected among NG2 � cells that lack Olig2 in Cko (asterisks in G). B� and C� are single (Figure legend continues.)

2362 • J. Neurosci., February 28, 2018 • 38(9):2359 –2371 Zuo, Wood et al. • Age-Dependent Decline of OPC Fate Plasticity



tamine synthetase (GS) to identify astrocytes in our experiments
as described previously (Zhu et al., 2012).

In Ctr neocortex, YFP� cells expressed Olig2, exhibited the
typical morphology of NG2 cells (polydendrocytes) or oligoden-
drocytes, and lacked GS immunoreactivity (Fig. 2A,C) at all time
points, indicating that NG2 cells were restricted to the oligoden-
drocyte lineage in the presence of at least one allele of Olig2.
Unlike mice in which Cre was activated perinatally or prenatally
(Zhu et al., 2012), we did not detect NG2 cell-derived astrocytes
in Cko neocortex at P18 � 14 dpi or P18 � 30 dpi (Fig. 2B,H).
Surprisingly, at P18 � 90 dpi, we found YFP� cells with bushy
processes typical of protoplasmic astrocytes (Fig. 2D, arrows).
These cells expressed GS, lacked Olig2, and comprised 26% of
YFP�Olig2� cells (Fig. 2H). Thus, approximately half of the
YFP�Olig2� cells became astrocytes when Cre was activated at
P2. The density of YFP�GS� NG2 cell-derived astrocytes at 30
and 90 dpi (Fig. 2I) declined from P2 � 30 dpi to P2 � 90 dpi
even though the percentage of YFP� cells that were astrocytes
remained similar, likely due to a decline in the number of total
YFP� cells. We have confirmed the astrocyte phenotype of the
bushy YFP� cells by using an antibody to aldehyde dehydroge-
nase family 1 L1 (Aldh1L1), which positively labeled bushy YFP�

NG2 cell-derived astrocytes in Cko neocortex (Fig. 2E). These
observations suggest that NG2 cells in P18 neocortex still retained
the ability to follow an astrocyte fate after Olig2 deletion, but they did
so with a more protracted time course and reduced efficiency com-
pared with those in P2 neocortex.

There was variability in the proportion YFP� astrocytes de-
tected at 90 dpi after Olig2 deletion at P18, ranging from 14% to
33%, which is reflected in the variable proportion of YFP�NG2�

cells at P18 � 90 dpi ranging from 76% to 93% (Fig. 1). After
Olig2 deletion at P2, Gst-�� oligodendrocytes, NG2 cells, and
astrocytes accounted for 65– 85% of the YFP� cells. It is possible
that some of the YFP� cells could be CC1� immature oligoden-
drocytes because Gst-� is a relatively late antigen in the oligoden-

drocyte lineage, with a similar onset of expression to PLP-DsRed
fluorescence (Hill et al., 2014).

We next investigated whether Olig2 deletion caused NG2 cells
in other gray matter regions to differentiate into astrocytes. In the
ventral gray matter of the forebrain, we did not detect YFP� cells
with bushy astrocyte morphology that were GS� or Aldh1L1�.
Nor did we see any YFP� astrocytes in the gray matter of the
spinal cord induced at P2 or P18 and analyzed at 30 and 90 dpi in
the same animals in which we detected numerous YFP� astro-
cytes in the neocortex (Fig. 2F) despite similar Olig2 deletion
efficiency in the spinal cord and neocortex. We also examined the
cerebellar cortex and did not find any YFP� astrocytes in the
molecular layer, Purkinje cell layer, or granule cell layer (Fig. 2G).
These observations suggest that NG2 cells in the postnatal neo-
cortex differ from those in other gray matter regions and are
unique in their ability to switch their fate to astrocytes upon Olig2
deletion.

Delayed downregulation of Sox10 after Olig2 deletion at P18
In the CNS, Sox10 is expressed exclusively in the oligodendrocyte
lineage and is present at all stages of oligodendrocyte develop-
ment (Küspert et al., 2011; Küspert and Wegner, 2016). We
showed previously that, in NG2 cells that are transitioning from
NG2 cells into protoplasmic astrocytes around P4 after constitu-
tive Olig2 deletion in NG2 cells, Sox10 is downregulated as the
Olig2-deleted cells acquire astrocyte antigens (Zhu et al., 2012).
To determine whether the delay in astrocyte fate switch from
NG2 cells after Olig2 deletion at P18 could be attributed to de-
layed downregulation of Sox10 or delayed initiation of the astro-
cyte differentiation program after an early downregulation of
Sox10, we examined the expression of Sox10 at different time
points after Olig2 deletion at P18. In Ctr mice, Sox10 was ex-
pressed in all YFP� cells in the neocortex at P18 � 14, 30, and 90
dpi. The morphology of these YFP�Sox10� cells resembled that
of NG2 cells or oligodendrocytes (Fig. 3A,C, arrowheads). In
Cko mice at P18 � 30 dpi, Sox10 was detected in the nuclei of all
YFP�Olig2� cells and in 98.7 � 2.2% of YFP�Olig2� cells (Fig.
3B, asterisks). By P18 � 90 dpi, Sox10 had become undetectable
in YFP�Olig2� cells that exhibited bushy astrocyte morphology
(Fig. 3D, arrows), whereas it was detected robustly in YFP� cells
that lacked Olig2, had the morphology of oligodendrocyte lin-
eage cells, and apparently had not switched to an astrocyte fate
(Fig. 3D, asterisks). This suggests that loss of Sox10 does not
immediately follow the loss of Olig2 in most NG2 cells at P18 and
that NG2 cells that eventually downregulate Sox10 expression
become astrocytes.

During embryonic development in the spinal cord, Sox9, an-
other member of the SoxE family of HMG transcription factors
that is closely related to Sox10, is critical for the appearance of
Sox10� cells and persists for some time in NG2 cells, but is down-
regulated upon terminal oligodendrocyte differentiation (Stolt et
al., 2003; Finzsch et al., 2008). We investigated whether Sox9
might be upregulated in Olig2-deleted NG2 cells in Cko cortex
and could play a role in retaining Sox10. In the neocortex at P18
� 2 dpi, �16% of Pdgfra� Olig2� NG2 cells and 2.7% of Pdg-
fra� Olig2� NG2 cells expressed Sox9. However, at P18 � 30 dpi,
none of the YFP� cells expressed Sox9 regardless of whether they
expressed Olig2 (Fig. 3E,F). The lack of Sox9 expression in
Olig2-deleted YFP� cells (Fig. 3F, asterisks) suggests that reex-
pression of Sox9 in Olig2-deleted NG2 cells does not play a role in
retaining Sox10 expression after Olig2 deletion in NG2 cells at
P18.
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(Figure legend continued.) channel images of Gst-pi immunofluorescence. D’ and E’ are single
channel images of NG2 immunofluorescence. F� and G� show EdU labeled cells. B�, C�, D�, E�,
F�, and G� represent single channel images of Olig2 immunofluorescence. Scale bars, 20 �m.
H–K, Quantification of oligodendrocytes and NG2 cells in Ctr and Cko neocortex. H, I, Oligoden-
drocyte differentiation after Cre activation at P2 (H) or P18 (I) showing the percentage of
YFP �Gst-� �Olig2 � cells among YFP �Olig2 � cells in the neocortex of Ctr mice (open bars)
and the percentage of YFP �Gst-� �Olig2 � cells among YFP �Olig2 � cells in Cko mice (gray
bars). J, K, NG2 cells after Cre activation at P2 (J) or P18 (K) showing the percentage of
YFP �NG2 �Olig2 � cells among YFP �Olig2 � cells in the neocortex of Ctr mice (open bars)
and the percentage of YFP �NG2 �Olig2 � cells among YFP �Olig2 � cells in Cko mice (gray
bars). The quantification in Cko mice was restricted in YFP �Olig2 � cells (gray bars). Two-way
ANOVA, Fisher’s least significant difference test, n 	 3. ns: not significant ( p � 0.05); *0.01 �
p � 0.05; **0.001 � p � 0.01; ***0.0001 � p � 0.001, ****p � 0.0001. Error bars indicate
SD.

Table 1. Olig2 deletion efficiency in the neocortex of Olig2 Cko mice after Cre
activation at P2 or P18

% YFP �Olig2 � cells/YFP � cells

P2 � 1 dpi 37.7 � 5.1
P2 � 14 dpi 52.5 � 4.0
P2 � 30 dpi 63.7 � 11.5
P2 � 90 dpi 52.6 � 4.1
P18 � 1 dpi 81.3 � 2.0
P18 � 14 dpi 85.5 � 1.7
P18 � 30 dpi 78.1 � 6.1
P18 � 90 dpi 42.8 � 2.7
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Figure 2. Astrocyte differentiation from NG2 cells in Cko neocortex. A–D, NG2 cell-derived astrocytes in Ctr (A, C, fl/�) and Cko mice (B, D, fl/fl) at P18 � 30 dpi (A, B) and 90 dpi (B, D). In Ctr
neocortex, YFP � cells that express Olig2 have the morphology of oligodendrocyte lineage cells and lack GS (arrowheads in A and C). In Cko neocortex, YFP � cells that retain Olig2 lack GS and have
the morphology of oligodendrocyte lineage cells as in Ctr (arrowheads in B and D). In Cko cortex at P18 � 90 dpi, there are clusters of YFP � cells with bushy astrocyte morphology that express GS
(arrows in D). Some Olig2 � deleted cells at P18 � 30 dpi exhibit oligodendrocyte lineage morphology and lack GS (asterisks in B). E, Labeling for YFP, Olig2, and Aldh1L1 in Cko neocortex
at P2 � 30 dpi confirming the astrocyte identify of bushy YFP � cells (arrows). Some Olig2-deleted YFP � cells (asterisks) and YFP � cells that escaped Olig2(Figure legend continues.)
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Early upregulation of nuclear factor I-A (NFIA) expression
after Olig2 deletion
Next, we assessed the expression pattern of NFIA in Ctr and Cko
neocortex at 14, 30, and 90 d after Olig2 deletion at P2 or P18.
NFIA is a transcription factor that is critical for astrocyte fate
determination (Deneen et al., 2006; Kang et al., 2012). In Ctr,
NFIA immunoreactivity was detected throughout the cortical
layers, but YFP� cells exhibited little detectable levels of NFIA,
indicating that little NFIA was expressed in Olig2� oligodendro-
cyte lineage cells (Fig. 4A,C,E, arrowheads). In the neocortex of
Cko mice, YFP� cells that retained Olig2 expressed little detect-
able NFIA (Fig. 4B,D,F, arrowheads). Occasionally, faint NFIA
immunofluorescence could be visible in some YFP�Olig2� cells
(Fig. 4C,D, arrowheads) and in neuron-like cells, but strong
NFIA immunofluorescence was not detected in YFP�Olig2�

cells. In a subpopulation of YFP�Olig2� cells that exhibited oli-
godendrocyte morphology, we readily detected NFIA (Fig.
4B,D,F, asterisks). The intensity of NFIA immunofluorescence
in these YFP�Olig2� cells was weaker than that of some YFP�

cells that strongly exhibited NFIA immunofluorescence. The
YFP� cells that exhibited strong NFIA immunoreactivity in the
nucleus were likely to be astrocytes because they expressed GS
(Fig. 4G, pink arrows). YFP�NFIA� cells became less abundant
at 30 dpi compared with 14 dpi (Fig. 4H). By 90 dpi, NFIA ex-
pression was barely detectable in YFP�Olig2� cells that were not
astrocytes (Fig. 4F, asterisks). In contrast, NFIA was strongly de-
tected in the nucleus of YFP�Olig2� cells that exhibited the mor-
phology of bushy protoplasmic astrocytes (Fig. 4B,F, arrows).
The intensity of NFIA in most of the YFP�Olig2� astrocytes was
comparable to that in YFP� astrocytes. After Olig2 deletion at P2,
35.7 � 7.5% of YFP�Olig2� cells were NFIA� at 14 dpi and this
fraction decreased to 15.9 � 2.9% by 30 dpi (Fig. 4H). When
Olig2 was deleted at P18, 15.1 � 3.4% of YFP�Olig2� cells were
NFIA� at 14 dpi and this fraction decreased to 4.9 � 2.1% by 30
dpi. These findings suggest that NFIA was induced in NG2 cells
shortly after Olig2 deletion and was further upregulated as they
transformed into astrocytes, whereas it was shut down in those
that aborted the astrocyte fate.

Astrocyte differentiation is inhibited by proliferation arrest
in NG2 cells
Why does astrocyte fate conversion from NG2 cells in the P18
neocortex occur over a more prolonged period than that in the P2
neocortex? During the first postnatal 3 weeks, histone H3 acety-
lation gradually decreases and the class I histone deacetylases
HDAC1 and HDAC2 are required for oligodendrocyte matura-
tion and myelination (Marin-Husstege et al., 2002; Shen et al.,
2005; Ye et al., 2009). To determine whether greater HDAC oc-
cupancy at astrocyte genes at P18 made these genes resistant to

transcriptional activation upon Olig2 removal, we attempted to
inhibit HDACs by administering the HDAC inhibitor suberani-
lohydroxamic acid (SAHA, also known as vorinostat; Guan et al.,
2009) into P5 Cko mice. However, after 2 weeks of treatment, we
did not observe any detectable changes in the level of total acety-
lated histone H3 or H3 acetylated on lysine 14 by Western blot-
ting (data not shown) and therefore did not test the effects of
SAHA on NG2 cell fate. Because HDACs 1 and 2 inhibit Wnt/�-
catenin signaling and consequently transcription of inhibitory
HLH factors such as Id2, which inhibit oligodendrocyte differen-
tiation and promotes the astrocyte fate (Wang et al., 2001; Sa-
manta and Kessler, 2004; Ye et al., 2009), we examined the
expression of Id2 after Olig2 deletion at P18. Although we de-
tected Id2 in YFP� mature oligodendrocytes, we did not detect
Id2 in YFP� cells with polydendrocytes morphology at P18 � 14
and 30 dpi until the YFP� cells differentiated into astrocytes at
P18 � 90 dpi, when they also exhibited nuclear Id2 immunore-
activity (data not shown).

We next explored the possibility that NG2 cell reprogram-
ming into astrocytes after Olig2 deletion required cell division
and that it took longer for NG2 cells to become astrocytes after
Olig2 deletion at P18 because the cell cycle time increases from
�2 d at P2 to �18 d at P18 (Psachoulia et al., 2009; Young et al.,
2013). We used coronal forebrain slice cultures from P4 Cko mice
to test whether pharmacological inhibition of cell proliferation
reduced the proportion of NG2 cells that differentiated into as-
trocytes after Olig2 deletion. We first injected Cko mice with
4OHT to activate Cre in vivo at P2–P3 and subsequently prepared
slice cultures at P4 (Fig. 5A). In the first set of experiments, we
incubated the slices for 6 d in vehicle or in 20 �M LY294002,
which is a PI3K inhibitor and inhibits basal and PDGF AA-
induced NG2 cell proliferation (Hill et al., 2013). Proliferation
was assayed by quantifying the number of YFP� cells that had
incorporated EdU during the last 8 h of culture. In slice cul-
tures treated with vehicle, we detected YFP �GFAP � cells with
typical oligodendrocyte lineage cell morphology (Fig. 5B) and
YFP�GFAP� cells with protoplasmic astrocyte morphology
(Fig. 5C,D). In slice cultures treated with LY294002, the density
of YFP� cells was reduced, and the majority of the YFP� cells
were GFAP� and had the morphology of polydendrocytes or
immature oligodendrocytes (Fig. 5E,F). Quantification revealed
that LY294002 treatment led to a 5-fold reduction in the propor-
tion of YFP� cells that had incorporated EdU (Fig. 5G). Under
the same conditions, LY294002 treatment resulted in a 6.7-fold
decrease in the proportion of YFP� cells that were GFAP� astro-
cytes (Fig. 5H). Because it is possible that LY294002 had inhibited
a critical pathway required for astrocyte fate conversion from
NG2 cells, we next incubated slice cultures with 0.5 �M aphidi-
colin, which is an inhibitor of DNA polymerase (Ikegami et al.,
1978) and should block NG2 cell proliferation. Treatment of slice
cultures with 0.5 �M aphidicolin completely suppressed incorpo-
ration of EdU into YFP� cells and resulted in a concomitant
5-fold decrease in the proportion of YFP� cells that were also
GFAP� (Fig. 5I). These observations suggest that astrocyte dif-
ferentiation from Olig2-deleted NG2 cells is facilitated by cell
division.

Discussion
We have shown that NG2 cells in the neocortex but not those in
the spinal cord or cerebellar cortex differentiated into protoplas-
mic astrocytes after deletion of Olig2 during the first 3 postnatal
weeks, but with increasing latency and reduced efficiency with
age. Sox10 persisted for at least 30 d after Olig2 deletion at P18

4

(Figure legend continued.) deletion (arrowheads) lack Aldh1L1 and have the morphology of
oligodendrocyte lineage cells. F, G, In the spinal cord (F) and cerebellar cortex (G) of P2�90 dpi
Cko mice, Olig2-deleted YFP � cells do not express Aldh1L1 and exhibit the morphology of
oligodendrocyte lineage cells (asterisks). Arrowheads denote YFP � cells that retain Olig2. A�–
G�: Olig2 immunofluorescence. A�–D�: GS immunofluorescence. E�–G� Aldh1L1 immunoflu-
orescence. Scale bars, 20 �m. H, Quantification of NG2 cell-derived astrocytes in Ctr and Cko
neocortex. The proportion of YFP �GS � astrocytes among YFP � cells at 14, 30, and 90 dpi after
Olig2 deletion at P2 (light gray bars) or P18 (dark gray bars) in the neocortex of Ctr (fl/�) and
Cko (fl/fl) mice. Two-way ANOVA, Fisher’s LSD (least significant difference) test, n 	 3.
****p�0.0001. Error bars indicate SD. I, Density of YFP �GS � astrocytes at 30 and 90 dpi after
Olig2 deletion at P2 or P18. The density of YFP � astrocytes declines in the neocortex from P2 �
30 to 90 dpi and is lower at P18 � 90 dpi compared with that in P2 � 90 dpi neocortex.
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Figure 3. Delayed downregulation of Sox10 after Olig2 deletion at P18. A–D, Sox10 expression in Ctr (A, C) and Cko mice (B, D) at P18�30 dpi (A, B) and 90 dpi (C, D). Sections were triple labeled
for Sox10, Olig2, and YFP. Sox10 is detected in YFP �Olig2 � cells in Ctr (fl/�) and Cko (fl/�) mice at 30 and 90 dpi (A, C, arrowheads) and in YFP �Olig2 � cells in Cko (fl/�) mice at 30 dpi (B,
asterisks) and in a subpopulation of YFP �Olig2 � cells in Cko mice at 90 dpi with oligodendrocyte lineage morphology (D, asterisks). Sox10 immunoreactivity is not detectable in YFP � cells with
bushy protoplasmic astrocyte morphology found in Cko cortex at 90 dpi (D, arrows). E, F, Mutually exclusive expression of Sox9 and YFP � cells. At P18 � 30 dpi, Sox9 is not detected in YFP �Olig2 �

cells in the neocortex of Ctr (fl/�, E) and Cko (fl/�, F) mice (arrowheads) or YFP �Olig2 � cells in Cko mice (F, asterisks). A�–D�: Sox10, A�–D� Olig2. E�–F�: Sox9, E�–F�: Olig2. Scale bars, 20 �m.
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Figure 4. Early upregulation of NFIA expression in Olig2-deleted cells. A–F, Immunolabeling of neocortical sections from Ctr (fl/�; A, C, E) and Cko (fl/�; B, D, F) mice for YFP, Olig2, and NFIA.
A, B, P2 � 30 dpi. In Ctr (A), YFP � cells are Olig2 � (arrowheads) and have low levels or little detectable NFIA. In Cko (B), an Olig2 � YFP � cell has a low level of NFIA and an Olig2 � YFP � cell with
bushy astrocyte morphology (arrow) has a higher level of NFIA. Another YFP � cell with an oligodendrocyte lineage cell morphology (asterisk) lacks Olig2 and has an intermediate level of NFIA. C,
D, P18 � 30 dpi. In Ctr (C) and Cko (D), YFP � cells that are Olig2 � (arrowheads) have low or no detectable NFIA. In Cko, one YFP � cell that lacks Olig2 has a higher level of NFIA than its neighboring
Olig2 � cells (asterisk). E, F, P18 � 90 dpi. In Ctr (E), YFP � cells are Olig2 � (arrowheads) and have little detectable NFIA. In Cko (F), YFP �Olig2 � cells (arrowheads) have little detectable NFIA as
in Ctr, whereas YFP � Olig2 � cells with bushy astrocyte morphology (arrows) have readily detectable NFIA. Asterisks indicate a YFP �Olig2 � cell that does not have astrocyte morphology. G,
Labeling for YFP, NFIA, and GS shows that cells that are strongly labeled for NFIA are GS � astrocytes (pink arrows). Bushy YFP � astrocytes derived from NG2 cells also express GS and NFIA (white
arrows), whereas YFP �Olig2 � cells express neither GS nor NFIA (arrowheads). A�–F�: single channel images showing Olig2 immunofluorescence. (Figure legend continues.)
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and finally disappeared when the cells became astrocytes at 90
dpi. NFIA was transiently upregulated by 14 or 30 dpi after Olig2
deletion and more robustly in P2 than in P18 mice, correlating
with the efficiency of astrocyte differentiation. Furthermore, con-
ditions that inhibited proliferation of perinatal neocortical NG2
cells in slice cultures also reduced their astrocyte differentiation.

Role of Olig2 in the oligodendrocyte lineage
Olig2 is essential for oligodendrocyte specification (Zhou and
Anderson, 2001; Lu et al., 2002; Takebayashi et al., 2002). Dele-
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(Figure legend continued.) A�–F�: single channel images showing NFIA immunofluorescence.
G�: single channel image showing GS immunofluorescence. G�: single channel image showing
NFIA immunofluorescence. Scale bars, 20 �m. H, Quantification of YFP �NFIA � cells in the
neocortex of Cko mice. Graph shows the proportion of YFP �Olig2 � cells at 14 dpi (light gray
bars) and 30 dpi (dark gray bars) after Olig2 deletion at P2 or P18. Fisher’s least significant
difference test, n 	 3. *0.01 � p � 0.05, ***0.0001 � p � 0.001.

Figure 5. Astrocyte differentiation from Olig2-deleted NG2 cells in slice culture after inhibiting cell proliferation. A, Experimental setup. Slice cultures were prepared from P4 Cko mice after 4OHT
injection in vivo at P2–P3. B–F, Slice cultures immunolabeled for YFP and GFAP. B, Vehicle-treated slice showing a cluster of YFP �GFAP � cells with polydendrocytes morphology. C, Vehicle-treated
slice showing a YFP �GFAP � cell with protoplasmic astrocyte morphology (left) and a YFP �GFAP � cell with polydendrocyte morphology (right). D, Vehicle-treated slice showing a YFP �GFAP �

astrocyte with strong GFAP immunoreactivity. E, F. LY29004-treated slice showing a YFP �GFAP � cell with the morphology of a polydendrocyte (E) or immature oligodendrocyte (F). A�, B�, C�, D�,
E�, and F� are single channel images showing YFP� cells, and A�, B�, C�, D�, E�, and F� are single channel images showing GFAP immunofluorescence. Scale bar, 20 �m. G, Proportion of EdU �

among YFP � cells in slice cultures treated with vehicle (light gray bar) or LY294002 (dark gray bars). n	4. H, Proportion of GFAP � astrocytes among YFP � cells in slice cultures treated with vehicle
(light gray bar) or LY294002 (dark gray bar). n 	 9. I, Proportion of GFAP � astrocytes among YFP � cells in slice cultures treated with vehicle (light gray bar) or aphidicolin (dark gray bar). n 	 3.
*p � 0.05, **0.01 � p � 0.05, ***0.001 � p � 0.01 Student’s t test. Error bars indicate SD.
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tion of Olig2 in neural progenitor cells (Yue et al., 2006; Cai et al.,
2007) or oligodendrocytes at different maturation stages (Mei et
al., 2013) have yielded varying results, revealing the complexity of
the function of Olig2 at different development stages. The critical
role for Olig2 in oligodendrocyte differentiation was unequivo-
cally shown by Olig2 gain of function (Liu et al., 2007; Maire et al.,
2010), particularly within the Sox10� oligodendrocyte lineage
cells (Wegener et al., 2015). Consistently, we found that mature
oligodendrocytes were severely reduced in the neocortex after
Olig2 deletion in NG2 cells, further corroborating the essential
role for Olig2 in oligodendrocyte maturation during the first 3
postnatal weeks.

Lineage plasticity of NG2 cells
Two recent studies support our observations on oligodendro-
cyte–astrocyte fate plasticity. In NG2-CreER T2 knock-in mice,
NG2 cells differentiate into protoplasmic astrocytes when Cre is
induced at E17.5 but not after birth (Huang et al., 2014), consis-
tent with our previous observations using bacterial artificial
chromosome transgenic mice (Zhu et al., 2011). Loss of the class
I histone deacetylase HDAC3 in NG2 cells causes loss of Olig2
and a fate switch from oligodendrocytes to astrocytes, suggesting
that HDAC3 is critical for sustaining Olig2 expression and main-
taining cells in the oligodendrocyte lineage (Zhang et al., 2016).
The lack of evidence for neuronal differentiation from Olig2-
deleted NG2 cells suggests that neuronal genes may be more per-
manently repressed than astrocyte genes in NG2 cells.

Astrocyte differentiation from Olig2-deleted NG2 cells was
unique to the neocortex and was not seen in the spinal cord or
cerebellum, consistent with our previous finding that constitu-
tive Olig2 deletion in NG2 cells in the spinal cord fails to convert
them into astrocytes (Zhu et al., 2012). This could be a unique
property of NG2 cells that arise in the Emx1 domain of the pallial
germinal zone (Kessaris et al., 2006). In addition, because NG2
cells in the neocortex are the last cohort of oligodendrocyte lin-
eage cells to be born, their plasticity could reflect chronological
immaturity of NG2 cells or the relatively immature state of astro-
cytes such as their density. It is noteworthy that NG2 cells in
anatomical regions that generate astrocytes during normal devel-
opment, such as the ventral forebrain and spinal cord (Zhu et al.,
2008a,b, 2012), do not undergo further fate switch into astrocytes
when Olig2 is deleted.

Timing of astrocyte differentiation from Olig2-deleted
NG2 cells
We showed previously that when Olig2 is deleted constitutively
from NG2 cells in the neocortex, Olig2-deleted NG2 cells develop
to normal density until P0, but by P4, they begin to downregulate
Sox10 and Pdgfra and upregulate astrocyte antigens, and by P21
there is an almost complete conversion of NG2 cells into proto-
plasmic astrocytes at the expense of oligodendrocytes (Zhu et al.,
2012). If Olig2 is downregulated in NG2 cells in the neocortical
parenchyma by E16.5–E17.5, there would be a lag period of 7– 8 d
before Olig2-deleted NG2 cells begin to exhibit overt astrocyte
phenotype. In postnatal neocortex, we detected NG2 cell-derived
astrocytes by 14 dpi after Olig2 deletion at P2, but we did not
detect NG2 cell-derived astrocytes until 90 dpi after Olig2 dele-
tion at P18. Therefore, the latency between Olig2 deletion and
astrocyte differentiation increased with the age of the animal.

Sox10 is activated directly by Olig2 at its U2 enhancer in the
embryonic spinal cord at the time of oligodendrocyte specifica-
tion (Küspert et al., 2011). Because Sox10 is critical for repro-

gramming neural progenitor cells or embryonic fibroblasts into
oligodendrocyte lineage cells (Najm et al., 2013; Yang et al., 2013;
Wang et al., 2014), successful conversion of NG2 cells into astro-
cytes requires an obligatory step of Sox10 downregulation. When
Olig2 was deleted at P18, Sox10 expression persisted for at least
30 d despite efficient Olig2 deletion at 1 dpi, and its delayed
downregulation was correlated with delayed astrocyte differenti-
ation. Therefore, Sox10 expression in NG2 cells seemed to be-
come less dependent on Olig2 with postnatal maturation.
Interestingly, Brg1 (Brahma-related gene product 1), a subunit of
the ATP-dependent chromatin remodeling complex, is required for
Sox10 induction during oligodendrocyte specification (Yu et al.,
2013), but becomes less critical for Sox10 expression in committed
NG2 cells (Bischof et al., 2015), suggesting that differential mecha-
nisms regulate Sox10 expression at different developmental stages.

NFIA is critical for astrocyte differentiation during embryonic
development (Deneen et al., 2006; Namihira et al., 2009; Kang et
al., 2012). Sox10 and NFIA interact and antagonize each other in
the induction of myelin and astrocyte genes, respectively, and
Olig2 facilitates the formation of the NFIA–Sox10 complex
(Glasgow et al., 2014). In Olig2 Cko mice, NFIA was upregulated
in NG2 cells early, by 14 dpi after Olig2 deletion at P2 or P18,
when Sox10 was still expressed. Failure to extinguish Sox10 ex-
pression after Olig2 deletion at P18 could counter the effect of
NFIA. Interestingly, deletion of HDAC3, which causes loss of
Olig2, upregulates NFIA and its target astrocyte genes and down-
regulates Sox10 (Zhang et al., 2016).

Sox9, a transcription factor closely related to Sox10, interacts
with NFIA to promote astrocyte differentiation and is highly ex-
pressed in postnatal neocortical astrocytes (Glasgow et al., 2014).
Sox9 is also critical for oligodendrocyte specification and Sox10
induction during embryonic spinal cord development (Stolt et
al., 2003; Finzsch et al., 2008). We did not detect Sox9 in Olig2-
deleted YFP� cells at P18 � 30 dpi. Therefore, it is unlikely that
Sox9 is involved in sustaining Sox10 expression after Olig2 dele-
tion at P18. Although Sox9 is expressed on all NG2 cells during
embryonic development (Stolt et al., 2003), 81% of NG2 cells had
lost Sox9 expression by P18 � 2 dpi, and no Sox9 was detected in
NG2 cells at P18 � 30 dpi. The presence of Sox9 in younger NG2
cells could facilitate the fate switch by competing with Sox10 for
NFIA binding (Glasgow et al., 2014). Other Sox family transcrip-
tion factors such as Sox8 and Sox5/6 or developmental changes in
Sox10 degradation could also play a role in sustaining Sox10
expression in Olig2-deleted NG2 cells (Stolt et al., 2004,2006; Lv
et al., 2015; for review, see Weider and Wegner, 2017).

Role of NG2 cell proliferation in astrocyte fate switch
During development, progenitors generate diverse neuron and
glial subtypes through temporal patterning, whereby the ability
of progenitor cells to generate different cell types becomes re-
stricted with age. Studies on the development of layer II/III neu-
rons in mammals and neuroblast fate in Drosophila suggest that
cell division could play a critical role in age-dependent fate re-
striction (McConnell and Kaznowski, 1991; Kohwi et al., 2013).

We reported previously that there is a finite temporal window
after NG2 cell division in the postnatal brain during which the
fate of NG2 cells is modulated by their microenvironment (Hill et
al., 2014). Cell division could accelerate the astrocyte fate switch
from NG2 cells after Olig2 removal by facilitating reorganization
of the nuclear structure. Extinction of Sox10 expression upon
Olig2 deletion might also require similar nuclear reorganization
facilitated by cell division and possibly changes in Sox10-binding
partners. The increase in the latency from Olig2 deletion to as-
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trocyte differentiation could reflect the time it takes for the Olig2-
deleted NG2 cells to undergo cell division because the cell cycle
time increases with age (Psachoulia et al., 2009; Young et al.,
2013). Consistently, pharmacological inhibition of cell prolifera-
tion in slice cultures significantly reduced the extent of astrocyte
differentiation from Olig2-deleted NG2 cells. Proliferation of
NG2 cells seems to become increasingly dependent on Olig2 with
age. When Olig2 is deleted constitutively in NG2 cells, they ex-
pand normally until shortly after birth (Zhu et al., 2012). In con-
trast, there was reduced EdU incorporation into Olig2-deleted
NG2 cells at P18 � 30 dpi. Therefore, the lower proliferative rate
in Olig2-deleted NG2 cells in the more mature cortex could fur-
ther contribute to the reduced efficiency of their astrocyte
differentiation.

Although the mechanism for the age-dependent loss of NG2
cell lineage plasticity is currently unknown, changes in the chro-
matin landscape and nuclear organization could lead to progres-
sive silencing of astrocyte genes, concomitant with progressive
Olig2-independent activation of oligodendrocyte lineage genes.
Reversal of these lineage-restrictive nuclear events would have to
occur if reprogramming of NG2 cells into other cell types were to
be achieved in the mature brain to promote lesion repair.
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