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Olig2-dependent developmental fate switch of NG2 cells
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SUMMARY

NG2-expressing cells (NG2 cells or polydendrocytes) generate oligodendrocytes throughout the CNS and a subpopulation of
protoplasmic astrocytes in the gray matter of the ventral forebrain. The mechanisms that regulate their oligodendrocyte or
astrocyte fate and the degree to which they exhibit lineage plasticity in vivo have remained unclear. The basic helix-loop-helix
transcription factor Olig2 is required for oligodendrocyte specification and differentiation. We have found that Olig2 expression
is spontaneously downregulated in NG2 cells in the normal embryonic ventral forebrain as they differentiate into astrocytes. To
further examine the role of Olig2 in NG2 cell fate determination, we used genetic fate mapping of NG2 cells in constitutive and
tamoxifen-inducible Olig2 conditional knockout mice in which Olig2 was deleted specifically in NG2 cells. Constitutive deletion of
0Olig2 in NG2 cells in the neocortex and corpus callosum but not in ventral forebrain caused them to convert their fate into
astrocytes, with a concomitant severe reduction in the number of oligodendrocytes and myelin. Deletion of Olig2 in NG2 cells in
perinatal mice also resulted in astrocyte generation from neocortical NG2 cells. These observations indicate that the
developmental fate of NG2 cells can be switched by altering a single transcription factor Olig2.
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INTRODUCTION

NG2 cells or polydendrocytes are defined as cells that express the
NG2 proteoglycan and the a receptor for platelet-derived growth
factor (PDGFRo). They represent a cell population in the developing
and mature central nervous system (CNS) that is distinct from
neurons, astrocytes, mature oligodendrocytes and resting microglia
(Nishiyama, 2007; Nishiyama et al., 2009). They generate
oligodendrocytes in vitro (Levine and Stallcup, 1987; Stallcup and
Beasley, 1987) and in vivo (Zhu et al., 2008a; Zhu et al., 2008b;
Rivers et al., 2008; Dimou et al., 2008; Zhu et al., 2011), and are
hence also referred to as oligodendrocyte precursor cells (OPCs).
Previously, we have demonstrated that NG2 cells generate not only
oligodendrocytes, in addition to a subset of protoplasmic astrocytes
in the gray matter of ventral forebrain but not in the dorsal forebrain
or white matter (Zhu et al., 2008a). In a subsequent study using
inducible NG2 cell fate mapping, we showed that NG2 cells in
prenatal but not postnatal ventral forebrain generate astrocytes (Zhu
et al., 2011), suggesting the presence of a signal that restricts
postnatal and dorsal NG2 cells to the oligodendrocyte lineage and
prevents them from becoming astrocytes.

The basic helix-loop-helix transcription factor (b HLH) Olig2 is
essential for the specification and maturation of oligodendrocytes
in the spinal cord and forebrain (Zhou and Anderson, 2002; Lu et
al., 2002; Takebayashi et al., 2002; Muroyama et al., 2005; Yue et
al., 2006; Ligon et al., 2006; Maire et al., 2010). Olig2 is expressed
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in all NG2 cells and in differentiated oligodendrocytes (Kitada and
Rowitch, 2006; Ligon et al., 2006). Olig2 is also expressed in some
neural progenitor/stem cells in the subventricular zone (SVZ)
(Takebayashi et al., 2000; Hack et al., 2005; Menn et al., 2006;
Ligon et al., 2006), which are distinct from NG2 cells (Komitova
et al., 2009; Platel et al., 2009). Deletion of Olig2 in neural stem
cells resulted in increased expression of glial fibrillary acidic
protein (GFAP) in astrocytes of the neocortex and loss of myelin
(Cai et al., 2007), while NG2 cells appeared to be unaffected. In
cultures of neural stem cells, downregulation or cytoplasmic
translocation of Olig2 has been shown to cause a switch from an
oligodendrocyte to an astrocyte fate (Setoguchi and Kondo, 2004;
Fukuda et al., 2004). However, the role of Olig2 in regulating the
fate of NG2 cells is not known. In this study, we demonstrate that
constitutive or perinatally induced deletion of Olig2 in NG2 cells
in the neocortex and corpus callosum causes their fate switch from
oligodendrocyte lineage to astrocytes. These observations indicate
that NG2 cells retain developmental glial lineage plasticity, and that
Olig2 is crucial for their oligodendrocyte fate.

MATERIALS AND METHODS

Generation of constitutive and inducible NG2 cell-specific Olig2
conditional knockout

For constitutive deletion of Olig2 in NG2 cells, NG2creBAC (Zhu et al.,
2008a; Zhu et al., 2008b; Cspg4-cre, Jackson Laboratory strain #008533),
Z/EG (Novak et al., 2000) and Olig2 conditional knockout mice (Olig2™"
or Olig2"") were bred to create homozygous NG2creBAC:ZEG:Olig2™"M
(Cko) and heterozygous NG2creBAC:ZEG:Olig2"* (Ctr) triple transgenic
mice. Only female NG2creBAC mice were used for breeding, as the
NG2cre transgene is spuriously activated by an unknown mechanism in
male germ cells in NG2creBAC mice.

For inducible deletion of Olig2 in NG2 cells, we used mice that were
triple transgenic for NG2creER (Zhu et al., 2011) (Cspg4-creER, Jackson
Laboratory strain #008538), gtROSA-EYFP (YFP) (Srinivas et al., 2001)
(Jackson Laboratory strain #006148), and Olig2? (iCko) or Olig2"*(iCtr),
and Cre was induced by intraperitoneal injection of 0.2 mg of 4-
hydroxytamoxifen (4OHT; Sigma) once daily for four consecutive days, as
previously described (Zhu et al., 2011). All animal procedures were
approved by the Institutional Animal Care and Use Committee.
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Tissue processing and immunohistochemistry

Tissue sections were prepared and processed for immunohistochemistry as
previously described (Zhu et al., 2008a; Zhu et al., 2011). The source and
dilution of the primary antibodies used are listed in supplementary material
Table S1. For Ki-67 immunolabeling, antigen retrieval was performed as
described by Jiao et al. (Jiao et al., 1999) on 20 um cryostat sections from
fixed frozen tissue.

Cell counts

Cell counts were obtained in 50 um coronal sections through the cerebrum
at the level of the anterior commissure or transverse spinal cord sections
from P4, P12 and P21 Cko and Ctr mice. Using a 20X or 40X objective
lens, the optical fields were randomly selected and scanned in the
neocortex, corpus callosum, ventral forebrain or spinal cord, and z-stack
images were acquired using a Zeiss Axiovert 200M equipped with
Hamamatsu ORCA ER camera and Apotome or Leica TCS SP2 confocal
laser scanning microscope. Area measurements were obtained using the
AxioVision or Leica confocal software. Quantification was performed
similarly for NG2creER:YFP:Olig2™" (iCko) and NG2creER: YFP:Olig"*
(iCtr) mice. YFP was detected with an antibody to GFP.

The total number of EGFP-negative resident astrocytes was estimated at
P4, P12 and P21 by first obtaining the density of astrocytes in the
neocortex in 4-5 randomly chosen fields of a defined area. The volume of
the neocortex in each section was obtained by multiplying the area by the
thickness of the section (50 wm) and was used to calculate the total number
of EGFP-negative astrocytes in the section. The results of quantification
are expressed as averages + s.d.

Electron microscopy

P21 Cko and Ctr mice were anesthetized and perfused with 2%
paraformaldehyde and 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH
7.4). Isolated brains were postfixed in the same fixative for 1 hour on ice,
rinsed in cold 0.1 M cacodylate buffer and postfixed in 1% OsO4 in
cacodylate for 1 hour at room temperature. They were then rinsed in
distilled H,O and dehydrated in an ascending series of ethanol followed by
treatment in propylene oxide. Tissues were infiltrated in a 1:1 and 1:3
catalyzed mixture of propylene oxide to resin (Embed 812) for 2 hours
each, followed by an overnight infiltration in 100% resin and embedded
the next day in newly prepared resin and polymerized at 60°C for 48 hours.
Ultrathin (70 nm) sections were cut on a Leica Ultracut microtome, placed
on 200 mesh copper grids and counterstained with 2% aqueous uranyl
acetate and Sato’s lead citrate for 5 and 3 minutes, respectively. Digital
images were acquired using a FEI Technai Biotwin electron microscope.

Electrophysiology

Mice were anesthetized with isoflurane and decapitated. Brains were
immersed in ice-cold oxygenated (95% O,, 5% CO,) dissection buffer
containing (in mM): 83 NaCl, 2.5 KCI, 1 NaH,POy4, 26 NaHCOs3, 22
glucose, 72 sucrose, 0.5 CaCl, and 3.3 MgCl,. Coronal brain slices were
prepared from P19-21 Cko and Ctr mice using a Vibratome (VT1000S;
Leica), incubated in dissection buffer for 30-45 minutes at 37°C and then
stored at room temperature. Slices were visualized using infrared
differential interference contrast microscopy (Nikon E600FN) and a CCD
camera (QImaging). EGFP® NG2 cells were visualized with
epifluorescence illumination and a 40X Nikon water-immersion lens
(numerical aperture 0.8).

For all experiments, artificial cerebrospinal fluid was oxygenated (95%
0,, 5% CO,) and contained (in mM); 125 NaCl, 25 NaHCO;, 1.25
NaH,POy4, 3 KCl, 25 glucose, 2 CaCl, and 1 MgCl, (pH 7.3). Patch
pipettes were fabricated from borosilicate glass to resistance of 4-6 MQ.
Pipettes were filled with (in mM): 125 potassium gluconate, 10 Hepes, 4
Mg-ATP, 0.3 Na-GTP, 0.1 EGTA, 10 phosphocreatine and 0.05% biocytin,
and adjusted to pH 7.3 with KOH. Current signals recorded with a
Multiclamp 700A amplifier (Molecular Devices) were filtered at 2 kHz
using a built-in Bessel filter and digitized at 10 kHz. Data were acquired
using Axograph.

Recorded cells were injected with biocytin. After completion of the
recording, slices were fixed in 4% paraformaldehyde for 1 hour, followed
by rinses in 0.2 M sodium phosphate buffer (pH 7.4) and blocked and

permeabilized in 5% normal goat serum and 0.1% Triton X-100. Biocytin
was  visualized with Cy3-conjugated streptavidin  (Jackson
ImmunoResearch, 1:200 dilution). Aldh1L1, GFAP and NG2 were detected
by immunohistochemistry.

RESULTS

Olig2 is expressed in NG2 cells but not in NG2 cell-
derived astrocytes

Previously, we reported that NG2 cells in the embryonic ventral
forebrain generate a subset of protoplasmic astrocytes in addition
to oligodendrocytes (Zhu et al., 2008a; Zhu et al., 2011) and
identified transitional cells in the ventral forebrain of embryonic
day (E) 18.5 NG2creBAC:ZEG double transgenic mice (Zhu et al.,
2008a). We examined the expression of the oligodendrocyte bHLH
transcription factor Olig2 in EGFP* progeny of NG2 cells (Fig. 1).
At postnatal day 14 (P14), robust nuclear Olig2 immunoreactivity
was detected in the majority of EGFP™ cells with the characteristic
morphology of polydendrocytes or oligodendrocytes in the
neocortex, corpus callosum and ventral forebrain (Fig. 1A-C). By
contrast, Olig2 was absent in EGFP" protoplasmic astrocytes (Fig.
1C, arrowheads). In the ventral forebrain of E18.5
NG2creBAC:ZEG brain where transitional forms were found,
EGFP" cells with little detectable NG2 had weaker Olig2
immunoreactivity (arrowheads in Fig. 1E), while EGFP" cells with
strong NG2 immunoreactivity typical of polydendrocytes exhibited
stronger nuclear Olig2 immunoreactivity (arrows in Fig. 1D,E).
These observations suggest that Olig2 is spontaneously lost as NG2
cells in the ventral forebrain differentiate into protoplasmic
astrocytes.

Deletion of Olig2 in NG2 cells in
NG2creBAC:ZEG:Olig2f/!! (Cko) mice

To examine the role of Olig2 in regulating the fate of NG2 cells,
the phenotype of EGFP" progeny of NG2 cells was analyzed in
mice that were triple transgenic for Olig2™ (Yue et al., 2006),
NG2creBAC and Z/EG (NG2creBAC:ZEG:Olig2™  mice,
conditional knockout; Cko). Littermate mice that were
heterozygous for the floxed Olig2 allele
(NG2creBAC:ZEG:0lig2V*) were used as controls (Ctr). Previous
studies showed no discernible phenotype in heterozygous Olig2
knockout mice (Yue et al., 2006; Cai et al., 2007).

To assess the extent of Olig2 deletion, the percentage of Olig2™
cells among EGFP" cells was determined in different regions of
P21 Cko and Ctr brain (Table 1, first column). Although the
majority of EGFP' cells in the Ctr brain were Olig2"
(supplementary material Fig. S1B,D,F), fewer than 1% of EGFP*
cells in the neocortex, corpus callosum and the ventral cortex
(entorhinal cortex) had detectable Olig2 (Table 1; supplementary
material Fig. S1A,C,E). In the cingulate cortex of Cko mice, a
greater proportion of EGFP* cells (2.3%) expressed Olig2
(supplementary material Fig. S1G; Table 1), which is likely to have
been caused by a lower efficiency of Cre-mediated recombination
among NG2 cells in this region.

Loss of Olig2 converts NG2 cells in the dorsal
forebrain into astrocytes

NG2 cells are converted into protoplasmic astrocytes in the
neocortex of Olig2 Cko mice

In the neocortex of P21 Cko mice, the majority of EGFP™ cells had
highly branched bushy processes characteristic of protoplasmic
astrocytes (Fig. 2A; supplementary material Fig. S1A) (Bushong et
al., 2002), in contrast to the typical polydendrocyte morphology of
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EGFP" cells in the Ctr cortex (Fig. 2B,D; supplementary material
Fig. S1B). EGFP" astrocytes in Cko cortex were arranged in broad
patches that occupied a large area of the cortex, and their density
correlated with the extent of Olig2 deletion. NG2" cells were
almost completely absent in areas where Olig2 had been
successfully deleted, and the only NG2-immunoreactive structures
were the vasculature (Fig. 2C). As discussed below, the loss of
NG2" cells is probably due to conversion of existing NG2 cells into
astrocytes and not due to compromised survival of NG2 cells.
EGFP" bushy cells in the neocortex of Cko mice expressed the
astrocytic antigen aldehyde dehydrogenase 1 L1 (Aldh1L1) (Cahoy
et al., 2008) (Fig. 2E) as well as S100 (not shown). The level of
GFAP was elevated in EGFP" astrocytes in the neocortex of Cko
mice compared with that in Ctr mice (supplementary material Fig.
S2A,B). EGFP" astrocytes comprised 70.3£6.9% of the entire
Aldh1L1" astrocyte population in Cko neocortex at P21, whereas
none of the astrocytes in Ctr neocortex expressed EGFP (Fig. 3).
In the cingulate cortex of Cko mice, there was a small number of
EGFP NG2* Olig2" cells (supplementary material Fig. S1G; Table
1, last column), suggesting that NG2 cells in this region that had
not undergone Cre-mediated excision of Olig2 did not differentiate
into astrocytes.

EGFP* astrocytes in the corpus callosum of Olig2 Cko mice

In the corpus callosum of P21 Cko mice, some EGFP" cells
exhibited astrocytic morphology with multiple spiny bushy
processes (arrow in supplementary material Fig. S2C) and were
distinct from EGFP" oligodendrocytes with large oval cell bodies
and thick smooth processes seen in Ctr mice (supplementary
material Fig. S2D). By contrast, EGFP" NG2" cells had fewer long
slender processes and were negative for Aldh1L1, similar to those
seen in Ctr corpus callosum (arrowheads in supplementary material

Table 1. Efficiency of Olig2 deletion in P21 Cko brain

yentral
gray "

Fig. 1. Expression of Olig2 in NG2 cells but not in NG2
cell-derived astrocytes. (A-C) Coronal sections from the
neocortex (A), corps callosum (B) and ventral forebrain gray
matter (C) of P14 NG2creBAC:ZEG double transgenic mice
immunolabeled for Olig2 (red). Green represents EGFP
fluorescence. Olig2 is present in EGFP* cells with the
morphology of NG2 cells and oligodendrocytes in the
neocortex and corpus callosum, but not in EGFP* astrocytes
(arrowheads) in the ventral forebrain. (D-E”) Coronal
sections from the neocortex and ventral forebrain of E18.5
NG2creBAC:ZEG double transgenic mice double
immunolabeled for Olig2 (red) and NG2 (blue). Green
represents EGFP fluorescence. Images from each color
channel are shown below the merged images. Olig2 is more
robustly expressed in EGFP* cells with strong NG2
immunoreactivity and typical polydendrocyte morphology
(arrows in D,E) than in EGFP* cells in the ventral forebrain
with multiple processes and weak NG2 immunoreactivity
(arrowheads in E,E”). Scale bars: 20 um.

Fig. S2C). EGFP astrocytes represented 20.0+6.7% of the total
Aldh1L1" astrocyte population in the corpus callosum (Fig. 3). In
Ctr mice, EGFP" cells were either oligodendrocytes or NG2 cells
and were never Aldh1L1" (Fig. 3).

No increase in EGFP* astrocytes in the ventral forebrain
and spinal cord of Olig2 Cko mice

In the gray matter of the ventral forebrain, where we previously
observed that NG2 cells generate more than one-third of the
S100B" astrocytes during normal development (Zhu et al., 2008a;
Zhu et al., 2011), many EGFP" cells with protoplasmic astrocytic
morphology were found (arrows in supplementary material Fig.
S2E) in P21 Olig2 Cko mice, intermingled with EGFP* NG2* cells
with typical polydendrocyte morphology (arrowheads in
supplementary material Fig. S2E). However, the proportion of
Aldh111" astrocytes that were EGFP™ in the ventral forebrain of
Cko mice was slightly higher but not statistically different from
that in Ctr mice (Fig. 3). Thus, deletion of Olig2 in NG2 cells did
not result in a significant conversion of NG2 cells into astrocytes
in regions where NG2 cells in the embryonic brain normally
generate a subpopulation of astrocytes after spontaneously
downregulating Olig2 expression (Zhu et al., 2008a; Zhu et al.,
2011). Consistent with this, the density of NG2" cells was higher
in the ventral forebrain, despite successful deletion of Olig2, than
in the dorsal forebrain (Table 1; supplementary material Fig. S1E).
Thus, in the ventral forebrain, Olig2-deleted NG2 cells remained
in the oligodendrocyte. The regional differences in the fate of NG2
cells in normal and Olig2-deleted conditions are schematically
shown in the lineage diagram in Fig. 9 (see Discussion below). In
the spinal cord of P21 Olig2 Cko mice, 1.6+1.66% and 1.3+0.61%
of EGFP” cells were Aldh1117 in the ventral and dorsal gray matter,
respectively, whereas in P21 Ctr spinal cord, 0.4+0.33% and

Density/mm?

%Olig2*/EGFP* EGFP* Olig2** NG2**
Dorsal cortex 0.5+0.45 181.1+£31.62 24.7+£19.93 10.0+6.20
Ventral cortex 0.6+0.51 202.2+36.72 8.2+3.23 87.4+13.08
Cingulate cortex 2.3+2.27 191.8+53.03 33.2+12.91 43.3+17.43
Corpus callosum 0.0+0.00 275.4+33.90 34.0+8.81 96.8+17.20

*Most were EGFP negative.
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Fig. 2. NG2 cell-derived astrocytes in the dorsal forebrain of P21
Olig2 Cko and Ctr mice. (A-D) EGFP fluorescence (green, A,B) and
NG2 immunolabeling (red, C and D) of the neocortex of P21 Olig2 Cko
(A,C) and Ctr (B,D) mice. Upper left is pial surface. NG2* EGFP*
polydendrocytes in the Ctr cortex are completely replaced by NG2-
negative EGFP* protoplasmic astrocytes in Cko brain, where NG2
immunoreactivity is detected only in the vasculature (C). (E) Coronal
section through P21 Cko neocortex stained for Aldh1L1 (red) and NG2
(blue). EGFP* NG2 cell-derived protoplasmic astrocytes are Aldh1L1*.
(F,G) EGFP fluorescence (green) and immunolabeling for Aldh1L1 (red)
and Ki-67 (blue) in the neocortex of Cko (F) and Ctr (G) mice at P4. In
Cko neocortex, Ki-67 is detected mostly in EGFP* cells (arrows in F) but
rarely in EGFP~ Aldh1L1* cells, and some EGFP* cells express Aldh1L1
(asterisk in F). In Ctr mice, many EGFP~ Aldh1L1* resident astrocytes are
Ki-67* (arrowheads in G). Occasional EGFP* Ki-67* cells are seen in Ctr
(arrow in G). Scale bars: 20 um.

0.8+0.17% of EGFP™ cells were Aldh1L1" in the ventral and dorsal
gray matter, respectively. EGFP* Aldh1L1" astrocytes were not
detected in the white matter of the spinal cord.

Severe reduction of oligodendrocytes and myelin in the
dorsal forebrain of Olig2 Cko mice
In the neocortex of P21 Cko mice where NG2 cell-derived
astrocytes were most abundant, the number of oligodendrocytes
identified by immunoreactivity for glutathione S-transferase w
(GST-n) was dramatically reduced and was completely devoid in
some areas (Fig. 4A). GST-nt was used to identify oligodendrocytes
in the neocortex rather than the CC1 monoclonal antibody that is
commonly used in the white matter because the CCI1 antibody
recognizes astrocytes in addition to oligodendrocytes in gray
matter. The few GST-nt" oligodendrocytes that were present lacked
EGFP (Fig. 4C), suggesting that NG2 cells that had escaped Cre-
mediated recombination and retained Olig2 had differentiated into
oligodendrocytes. By contrast, in the neocortex of P21 Ctr mice,
there were numerous EGFP* GST-rt" oligodendrocytes (Fig. 3B,D).
In the corpus callosum of P21 Cko mice, the density of CC1*
oligodendrocytes was ~50% of that in Ctr corpus callosum (Fig.
4E,F, Fig. 5). The majority of CC1" oligodendrocytes in Cko

NG2 cell-derived astrocytes
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Fig. 3. Astrocyte differentiation from NG2 cells in different
regions. Percentages of NG2 cell-derived astrocytes (EGFP* Aldh111%)
among total Aldh1L1* astrocytes in the neocortex (Ctx), corpus
callosum (CC) and gray matter of the ventral forebrain (VF) in Cko (fl/fl,
filled bars) and Ctr (fl/*, open bars) mice at P21. Error bars indicate s.d.
In the ventral forebrain, there was no significant difference (P=0.055,
n=3, Student’s t-test, bracket with #) in the percentage of astrocytes
that were EGFP* in Cko and Ctr mice (45+1.7% and 33+8.0%,
respectively). No EGFP* Aldh1L1* astrocytes were detected in the
neocortex or corpus callosum of Ctr mice.

corpus callosum were EGFP negative (Fig. 4G), suggesting that
NG2 cells that escaped Olig2 deletion differentiated into
oligodendrocytes, as in the neocortex. Immunoreactivity for myelin
basic protein (MBP) was severely reduced in the corpus callosum
of P21 Cko mice, especially in its lateral aspects (Fig. 41,J). A few
strands of MBP" fibers were seen in the corpus callosum near the
midline, where Olig2 immunoreactivity persisted, suggesting that
some myelinating oligodendrocytes had been generated from NG2
cells that had escaped Olig2 deletion. Ultrastructural analysis also
showed an almost complete absence of myelin around axons in the
corpus callosum of P21 Cko mice (supplementary material Fig.
S3).

Functional characterization of NG2 cell-derived
astrocytes in Olig2 Cko mice

To examine the functional properties of NG2 cell-derived
protoplasmic astrocytes in Olig2 Cko brain, we compared the
membrane properties of EGFP" cells in neocortical slices from
P19-21 Cko and Ctr mice. EGFP" cells in the Cko cortex had a
resting membrane potential of —82.3+1.8 mV and an input
resistance of 19.8+£2.5 MQ (n=10), typical of passive astrocytes
(Steinhauser et al., 1994; Lin and Bergles, 2002). By contrast,
EGFP" cells from Ctr neocortex displayed a more depolarized
resting membrane potential [-76.5£0.5mV (n=4); P<0.015] and
a mean input resistance of 330.4+£219.6 MQ (n=4), typical of
NG2 cells (Lin and Bergles, 2002). Voltage-steps and ramp
protocols in EGFP" cells from Cko neocortex showed linear
current-voltage relationships (supplementary material Fig.
S4Aa,b), similar to those reported for passive astrocytes (Zhou
et al., 2006). By contrast, EGFP" cells from Ctr neocortex
displayed non-linear current-voltage relationships with
pronounced outward rectification (supplementary material Fig.
S4Ba,b), commonly observed in NG2 cells or previously
reported ‘complex cells’ (Steinhauser et al., 1994; Lin and
Bergles, 2002). Immunohistochemistry of biotin-filled recorded
cells confirmed that the recorded cells in the Cko cortex were
Aldh1L1" and GFAP" (supplementary material Fig.S4Ac.d),
whereas those in the Ctr cortex were NG2" (supplementary
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material Fig. S4Bc). These findings suggest that downregulation
of Olig2 expression drives NG2 cells to biophysically and
morphologically resemble passive astrocytes.

NG2 cells develop into astrocytes after birth in
the neocortex of Olig2 Cko mice

We next examined when NG2 cells in the neocortex of Olig2 Cko
mice were transformed into astrocytes. At PO, EGFP" cells
expressed NG2 and had the morphology of typical polydendrocytes
(Fig. 6A), similar to the EGFP" cells in PO Ctr neocortex (Fig. 6B),
and EGFP" NG2" cells were not found. By P4, some EGFP™ cells
in the neocortex of Cko mice had a more highly branched bushy
morphology, intermediate between NG2 cells and mature bushy
protoplasmic astrocytes (Fig. 6C, arrow). These intermediate
EGFP" cells had weak immunoreactivity for NG2 and PDGFRo
(Fig. 6C,E, arrows), especially in the distal processes, whereas their
cell bodies contained AldhlL1 (Fig. 6C, inset; 6E, asterisks), in
contrast to the typical NG2 cells that had fewer slender processes
and strong immunoreactivity for NG2 or PDGFRa (Fig. 6C.E,
arrowheads). Some EGFP* Aldh1L1" cells also expressed the
oligodendrocyte lineage transcription factor Sox10 (Fig. 6F,
asterisks). In the neocortex of P4 Ctr mice, we did not detect any
EGFP" cells with bushy processes or Aldh1L1 expression, and the
non-vascular EGFP' cells were NG2" cells with the typical
polydendrocyte morphology (Fig. 6D).

Deletion of Olig2 in postnatal NG2 cells also
causes astrocyte differentiation

The experiments described above were performed using
NG2creBAC mice that expressed Cre constitutively in NG2 cells
after embryonic day 16, which marks the first appearance of NG2
protein in CNS parenchyma outside the vasculature (Zhu et al.,
2008a). To determine whether deletion of Olig2 from NG2 cells in
older mice could also cause their fate switch, Olig2 was deleted
perinatally by injecting 4OHT between P2 and P5 in mice that

PPCP CSTo

Fig. 4. Oligodendrocyte and myelin defects in P21 Cko
brain. (A-D) Coronal sections through the neocortex of Cko
(A,C) and Ctr (B,D) labeled for GST-n (red) showing an
almost complete absence of oligodendrocytes in Cko
neocortex. Higher magnification images show the presence
of one EGFP~ GST-n* oligodendrocyte in the neocortex of
Cko mice (C), in contrast to the numerous EGFP* GST-rt*
oligodendrocytes in Ctr neocortex (D). (E-H) Coronal sections
through the corpus callosum of Cko (E,G) and Ctr (F,H) mice
labeled with the CC1 antibody (red). There are fewer CC1*
oligodendrocytes in Cko corpus callosum (E), where the
majority of CC1* oligodendrocytes are EGFP™ (G).

(1,J) Coronal sections through the corpus callosum
immunolabeled for MBP. Left is medial. In Cko, a small
amount of myelin is detected in the medial forebrain, but
myelin is almost completely absent in the more lateral
regions. Scale bars: 20 um.

were triple transgenic for NG2creER, ROSA-EYFP reporter (YFP)
and Olig2™"" (iCko) or Olig2™* (iCtr). The percentage of Olig2-
negative YFP" cells that expressed the astrocyte antigen glutamine
synthetase (GS) and had bushy morphology was obtained 14 and
30 days after Cre induction (14 and 30 dpi). GS was used instead
of Aldh1L1 because it was more readily detectable in protoplasmic
astrocytes in older brains than AldhlL1. Olig2 deletion at P2-5
resulted in a gradual increase in the number of YFP" astrocytes in
the neocortex of iCko mice from 23% of YFP" Olig2™ cells at 14
dpi to 55% at 30 dpi (Fig. 7A, arrowheads; 7C). The remaining
YFP* cells in Cko cortex had the typical morphology of
polydendrocytes (Fig. 7A, arrow). By contrast, all the YFP™ cells
in Ctr neocortex expressed Olig2 and had the typical
polydendrocyte morphology (arrows in Fig. 7B). None of the YFP*
cells in the Ctr brain expressed AldhlL1 at 14 or 30 dpi. These

Density of oligodendrocytes
in the corpus callosum
2500 —

*

T

2000 —- - 2

1500

1000 ——

Density of CC1+ cells

Cko Citr

Fig. 5. Decreased oligodendrocyte generation in Cko corpus
callosum. The density of CC1* oligodendrocytes (numbers of CC1*
cells/mm?) in the corpus callosum of Cko (filled bars) is significantly
reduced compared with that in Ctr (open bars). *P<0.05, Student’s t-
test. Data are meanzs.d.
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Cko Ctr

Fig. 6. The transition from NG2 cells to astrocytes in early
postnatal Olig2 Cko brain. (A,B) Coronal sections through the
neocortex of PO Cko (A) and Ctr (B) mice immunolabeled for NG2 (red).
All the EGFP* cells (green) are NG2*. (C,D) Coronal sections through the
neocortex of P4 Cko (C) and Ctr (D) mice immunolabeled for NG2 (red).
Some EGFP* cells express weak or little NG2 (e.g. cell with arrow in C)
compared with the strong NG2 immunoreactivity in polydendrocytes
(arrowhead in C and EGFP* cells in D). Inset in C shows Aldh1L1
immunolabeling (Ald) in Cko neocortex. Some of the EGFP* cells
express Aldh1L1. (E) Coronal section through the neocortex of P4 Cko
mouse immunolabeled for PDGFRa. (red) and Aldh1L1 (blue).
Arrowhead shows a typical EGFP* polydendrocyte with strong PDGFRa
immunoreactivity. Asterisks show EGFP* cell bodies with faint Aldh1L1
immunoreactivity in their somata and faint PDGFRo immunoreactivity in
their distal processes (arrows), indicative of transitional cells that are
losing PDGFRaw and acquiring Aldh1L1. (F) Coronal section through P4
Cko neocortex immunolabeled for Sox10 (red) and Aldh1L1 (blue).
Asterisks show a cluster of three EGFP* Sox10* and Aldh1L1* cells.
Scale bars: 20 um.

observations suggest that NG2 cells retain the ability to generate
astrocytes upon Olig2 deletion after birth, although the fate switch
from perinatal NG2 cells is incomplete and occurs over a more
protracted period of time compared with embryonic NG2 cells.

Expansion of normal resident astrocytes is
repressed in Olig2 Cko neocortex

During normal development, astrocytes are generated from radial
glial cells (Voigt, 1989; Gray and Sanes, 1992; Malatesta et al.,
2000), the SVZ (Levison and Goldman, 1993; Zerlin et al., 2004;
Ganat et al., 2006) and possibly from astrocyte precursors that exist
in the parenchyma (Pringle et al., 2003; Zawadzka et al., 2010). As
a substantial number of NG2 cell-derived astrocytes were
generated in Olig2 Cko mice in addition to the astrocytes that arose
from the normal sources, we examined whether the astrocyte
population was expanded in Olig2 Cko mice. Contrary to our
expectations, the density of astrocytes in all the three brain regions
of Cko mice was not higher than that in Ctr mice (Fig. 8A). The

number of EGFP-negative astrocytes that presumably arose from
normal sources in Ctr neocortex expanded between P4 and P21,
whereas the number of EGFP-negative astrocytes in Cko neocortex
did not change between P4 and P12 and declined by P21 (Fig. 8B).
The proportion of Ki-67" EGFP~ Aldh1L1"* cells among total
EGFP~ Aldh1L1" cells in P4 Ctr neocortex, which represented
proliferating resident astrocytes, was 7.1+0.52%, whereas that in
Cko neocortex was dramatically lower at 0.95+0.63% (Fig. 2F,G).
In Cko cortex, the majority of Ki-67" proliferating cells were
EGFP* Aldh1L1~ NG2 cells (arrows in Fig. 2F). After P4, very few
Ki-67" astrocytes were detected in Ctr and Cko cortex. These
observations suggest that in Cko neocortex, a homeostatic feedback
mechanism inhibits proliferation of normal resident astrocytes as
more astrocytes are generated from NG2 cells, leading to
preservation of the normal density of astrocytes.

DISCUSSION

Specific deletion of Olig2 in NG2 cells

Olig2 is expressed in all NG2 cells (Ligon et al., 2006; Kitada and
Rowitch, 2006), which are further committed toward the
oligodendrocyte lineage than neural stem cells. Although the loss
of Olig2 from the nucleus of neural stem cells has been shown to
promote astrocyte differentiation and inhibit oligodendrocyte
differentiation (Fukuda et al., 2004; Kondo and Raff, 2004;
Setoguchi and Kondo, 2004), the role of Olig2 in regulating NG2
cell fate had not been explored. Our observation that, during
normal development, Olig2 expression is spontaneously
downregulated in NG2 cells that appear to be transforming into
astrocytes in the embryonic ventral forebrain (Fig. 1), suggests that
ultimately the loss of Olig2 is required for NG2 cells to follow an
astrocytic fate. It remains unknown whether the observed loss of
Olig2 is a consequence of an altered phosphorylation status (Li et
al., 2011). Neither is it known why some NG?2 cells in the ventral
forebrain spontaneously downregulate Olig2 expression and
become astrocytes whereas those in the dorsal forebrain and white
matter remain in the oligodendrocyte lineage.

To determine whether genetic deletion of Olig2 can further
convert NG2 cells into astrocytes, we examined the fate of NG2
cells in Olig2 Cko mice. In the forebrain of Olig2 Cko mice, Olig2
was successfully deleted in >99% of EGFP cells in the neocortex,
corpus callosum and ventral forebrain, such as the entorhinal
cortex, with a similar efficiency of Cre excision (%EGFP" among
NG2" cells) to that previously described for NG2creBAC:ZEG
mice (Zhu et al., 2008a). Olig2 deletion was less complete in
medial forebrain structures such as the cingulate cortex and midline
corpus callosum. Some Olig2" cells that were NG2 negative were
found primarily in the SVZ, suggesting that they were NG2-
negative type B or type C neural progenitor cells (Menn et al.,
2006; Hack et al., 2005; Komitova et al., 2009; Platel et al., 2009).

Fate switch of neocortical NG2 cells into
astrocytes upon Olig2 deletion

The most dramatic effect was seen in the neocortex, where
Olig2-deleted NG2 cells became protoplasmic astrocytes
that were morphologically, immunohistochemically and
electrophysiologically indistinguishable from normal resident
protoplasmic astrocytes. Astrocyte differentiation from NG2 cells
occurred at the expense of oligodendrocytes, resulting in severe
depletion of oligodendrocytes and hypomyelination. This is
partially corrected by P60 owing to increased proliferation and
differentiation of non-recombined EGFP-negative Olig2” NG2
cells (data not shown).
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Fig. 7. Astrocyte differentiation from postnatal NG2
cells in Olig2 iCko neocortex. (A,B) Triple labeling for
GFP (green), Olig2 (red) and GS (blue) in the neocortex of
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In the neocortex of Olig2 Cko mice, NG2 cells appeared to be
transforming from NG2 cells into astrocytes at P4 (Fig. 6).
Several observations suggest that NG2 cells are converted into
astrocytes postnatally and that EGFP" astrocytes do not arise from
spurious EGFP expression in other sources of astrocytes such as
radial glia. First, EGFP'NG2" normal-appearing polydendrocytes
exist in the neocortex at PO. Second, transitional forms suggestive
of direct conversion of EGFP'NG2" cells into EGFP* astrocytes
were found at P4. These transitional cells co-expressed nuclear
Sox10 and low levels of PDGFRa and NG2 in the distal
processes along with Aldh1L1 immunoreactivity in the somata.
We also observed clumps of NG2 immunoreactivity resembling
ghosts of distal processes of NG2 cells (Fig. 2C), suggestive of
residual NG2 that had not been completely degraded after
transition from NG2 cells into astrocytes. Thus, Olig2 deletion
causes disappearance of NG2 cells because Olig2-deleted NG2
cells downregulate polydendrocyte antigens and become
astrocytes, and not because NG2 cells lacking Olig2 undergo cell
death. Experiments using iCko mice further confirmed that NG2
cells initially appear in the perinatal neocortex and subsequently
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Fig. 8. Quantification of total astrocytes and resident astrocytes
in Cko and Ctr brain. (A) There was no significant difference in
astrocyte density in the neocortex (Ctx), corpus callosum (CC) or the
ventral forebrain (VF). #P>0.05, *P=0.016, one-way ANOVA with
Tukey's post test. (B) The number of resident astrocytes per 50 um
section in the neocortex of Cko and Ctr mice at P4, P12 and P21. In Ctr
neocortex, the number of EGFP~ astrocytes increased with age
(brackets, *P<0.05). In Cko neocortex, the number of EGFP~ astrocytes
did not increase between P4 and P21 (brackets, #P>0.05). One-way
ANOVA with Tukey’s post-hoc test. Error bars indicate s.d.

astrocytes that are the progeny of NG2 cells in iCko brain.
Other YFP* cells in iCko cortex have the polydendrocyte
morphology (arrow in A). All the YFP* cells in iCtr cortex (B)
are Olig2* and GS™ (arrows). Scale bars: 20 um. (C) The
proportion of astrocytes among Olig2-deleted progeny of
NG2 cells. Data are the percentage of YFP* GS* Olig2~ cells
among all YFP* Olig2~ cells in iCko cortex at 14 and 30 dpi.
The values for iCtr cortex were 0% at both time points.

, Error bars indicate s.d.

30dpi

become astrocytes. In iCko mice, reporter' astrocytes appeared
after Olig2 deletion was induced from P2 to PS5, at an age when
neocortical NG2 cells are already in place. However, the latency
between Olig2 deletion and the appearance of NG2 cell-derived
astrocytes increased with age. Despite loss of Olig2
immunoreactivity in 37% of YFP* cells one day after the last
40HT injection at PS5, the percentage of YFP' astrocytes
gradually increased to 55% over 30 days. We previously reported
the lack of transformation of NG2 cells into astrocytes when
Olig2 was deleted in adult, even after stab wound injury
(Komitova et al., 2011), consistent with other reports (Zawadzka
et al., 2010; Rivers et al., 2008; Kang et al., 2010; Tripathi et al.,
2010). These observations were extended only for 30 days, and it
is possible that astrocytes are generated over a longer period of
time after Olig2 deletion in NG2 cells in the mature brain.

Effects of Olig2 deletion on the fate of NG2 cells
in different CNS regions

Different regions of the forebrain responded differently to Olig2
deletion in NG2 cells (Fig. 9). Curiously, the extent of astrocyte
differentiation from NG2 cells was greater in the dorsal forebrain
than in the ventral forebrain of Olig2 Cko mice, despite similar
efficiencies of Olig2 deletion. The preservation of a greater number
of NG2* cells in the ventral forebrain provides additional evidence
for the lack of transformation of NG2 cells into astrocytes in the
ventral forebrain, where NG2 cells normally contribute to one-third
of the protoplasmic astrocyte population (Zhu et al., 2008a). Our
findings are consistent with the dorsal ventral differences in myelin
defects seen in mice in which Olig2 had been ablated in hGFAP*
or the Emx-1" precursor cells (Yue et al., 2006). Olig2 may be
playing a distinct role in fate determination of NG2 cells that arise
from different sources described by Kessaris et al. (Kessaris et al.,
2006). It is possible that a subpopulation of NG2 cells that arise
from the Nkx2.1" and/or Gsx2" precursors in the medial and lateral
ganglionic eminences spontaneously downregulate Olig2 and
become astrocytes during normal embryonic development (Zhu et
al., 2011), but those that remain NG2" are no longer dependent on
Olig2 to remain in the oligodendrocyte lineage. In the dorsal
forebrain, NG2 cells that arise from the Emx-17 precursor cells
rarely generate astrocytes during normal development but can be
reprogrammed to switch their fate to astrocytes upon artificial
deletion of Olig2 (Fig. 9). Although NG2 cells generated from
Gsx2 and Emx-1 domains appear to be functionally equivalent
(Tripathi et al., 2011), there may be differences in their propensity
to become astrocytes. Further studies are needed to determine
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Fig. 9. Lineage diagram of NG2 cells in different forebrain
regions. Proposed lineal relationship between polydendrocytes (NG2
cells), germinal cells, astrocytes and oligodendrocytes during normal
development (black) and under Olig2-deleted conditions (red). Deletion
of Olig2 converts the fate of NG2 cells from dorsal but not ventral
origin into astrocytes, whereas ventral NG2 cells spontaneously
generate astrocytes under normal conditions. Light green, lineage of
dorsal cells; light blue, lineage of ventral cells; black box, gray matter;
blue box, corpus callosum (which contains glial cells derived from both
ventral and dorsal germinal cells); G, GFAP* dorsal germinal cell; VG,
ventral germinal cell; A, astrocyte; P, polydendrocyte (=NG2 cell); O,
oligodendrocyte. The neuronal lineage is omitted for simplicity.

whether the transcription factor code of origin influences the
astrogliogenic fate of NG2 cells and the molecular mechanism
through which this occurs.

Olig2 appears to have multiple roles in the white matter.
Conditional ablation of Olig2 with hGFAP-cre led to a severe
reduction in the number of astrocytes in the white matter,
suggesting that Olig2 is required for the formation of white matter
astrocytes from SVZ progenitor cells or radial glia (Cai et al., 2007;
Marshall et al., 2005). Consistent with our previous observation
that NG2 is not expressed on neural progenitor cells of the SVZ
(Komitova et al., 2009), we did not see such a dramatic reduction
in astrocyte density in the corpus callosum of Cko mice (Fig. 8).
The observed phenotype could result from a combination of
differential effects of Olig2 deletion on NG2 cells from different
sources that co-exist in the corpus callosum (Tripathi et al., 2011),
as summarized in the lineage diagram in Fig. 9. Some NG2 cells,
probably those arising from the Emx-1" dorsal progenitor cells, are
converted into astrocytes upon Olig2 deletion, whereas the fate of
other NG2 cells, possibly those originating in ventral sources
appear not to be affected by Olig2 deletion. However, the absence
of Olig2 in NG2 cells in the corpus callosum that had not been
converted into astrocytes severely compromised their ability to
differentiate into oligodendrocytes (Fig. 9).

Competition between the NG2 cell-derived
astrocytes and existing astrocytes in Cko mice

In normal development, astrocytes in the neocortex are generated
from radial glia (Voigt, 1989; Gray and Sanes, 1992; Malatesta et
al., 2000) or SVZ progenitor cells (Levison and Goldman, 1993;
Zerlin et al., 2004; Ganat et al., 2006) but not from NG2 cells. In
Olig2 Cko mice, more than 70% of neocortical astrocytes were
generated from NG2 cells without significantly increasing the
density of total astrocytes, which suggests that NG2 cell-derived

astrocytes compete with existing astrocytes to maintain a constant
final astrocyte density. This is supported by the observation that
proliferation of existing EGFP~ Aldh1L1* astrocytes was reduced
by more than sevenfold in the neocortex of P4 Cko mice, where
NG2 cells were in the process of transforming into astrocytes.
Furthermore, the normal increase in the number of EGFP-negative
existing (normal) astrocytes seen in the Ctr neocortex between P4
and P21 did not occur in the Cko neocortex. As astrocytes are
known to occupy non-overlapping territories (Bushong et al.,
2002), there may be a contact-dependent mechanism that regulates
their density (Nakatsuji and Miller, 2001).

In summary, the findings described here indicate that NG2 cells
in the embryonic and early postnatal brain exhibit developmental
fate switch from oligodendrocytes to astrocytes in vivo upon
removal of Olig2. Further studies are required to elucidate the
molecular mechanism of Olig2-dependent fate switch that appears
to be regulated in a region-specific manner.
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