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Abstract

NG2 cells are an abundant glial cell type in the adult brain. They are distinct from astrocytes,
mature oligodendrocytes, and microglia. NG2 cells generate oligodendrocytes and a subpopulation
of protoplasmic astrocytes in the ventral forebrain during development. To determine whether
NG2 cells generate reactive astrocytes in the lesioned brain, stab wound injury was created in
adult NG2creBAC:ZEG double transgenic mice, in which enhanced green fluorescent protein
(EGFP) is expressed in NG2 cells and their progeny, and the phenotype of the EGFP* cells was
analyzed at 10 and 30 days post lesion (dpl). The majority (>90%) of the reactive astrocytes
surrounding the lesion that expressed glial fibrillary acidic protein (GFAP) lacked EGFP
expression, and conversely the majority (>90%) of EGFP* cells were GFAP-negative. However,
8% of EGFP™* cells co-expressed GFAP at 10 dpl. Most of these EGFP*GFAP™ cells were
morphologically distinct from hypertrophic reactive astrocytes and exhibited weak GFAP
expression. NG2 was detected in a fraction of the EGFP*GFAP™ cells found at 10 dpl. By 30 dpl
the number of EGFP*GFAP™ cells had decreased more than four-fold from 10 dpl. A similar
transient appearance of EGFP*GFAP™ cells with simple morphology was observed in
NG2creER™:ZEG double transgenic mice in which EGFP expression had been induced in NG2
cells prior to injury. NG2 cell-specific deletion of the oligodendrocyte lineage transcription factor
Olig2 using NG2creER™:Olig2f/fl: ZEG triple transgenic mice did not increase the number of
EGFP* reactive astrocytes. These findings suggest that NG2 cells are not a major source of
reactive astrocytes in the neocortex.
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INTRODUCTION

The central nervous system reacts to different types of lesions with reactive astrogliosis
(Duchen, 1992; Pekny and Nilsson, 2005; Sofroniew, 2009), characterized by astrocyte
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hyperplasia, hypertrophy, and increased expression of the astrocyte-specific intermediate
filament protein glial fibrillary acidic protein (GFAP). Although reactive astrogliosis is vital
to limiting the extent of brain injury in the acute phase, it has been shown to have
detrimental effects on neuronal regeneration in the chronic phase (Bush et al., 1999;
McKeon et al., 1991; Wilhelmsson et al., 2004). While earlier ultrastructural studies
suggested that reactive astrocytes arise from existing mature astrocytes (Cavanagh, 1970;
Latov et al., 1979), more recent studies have raised the possibility that other cell types such
as NG2 cells also contribute to astrogliosis (Alonso, 2005).

NG2 cells are identified by the expression of the NG2 chondroitin sulfate proteoglycan and
multi-processed morphology. They exist ubiquitously throughout the mature central nervous
system and are distinct from astrocytes, mature oligodendrocytes, and microglia (reviewed
in Nishiyama, 2007; Nishiyama et al., 2009). We have demonstrated that during
development NG2 cells in the dorsal forebrain generate predominantly oligodendrocytes but
not astrocytes, while those in the embryonic ventral forebrain generate a subpopulation of
protoplasmic astrocytes in the gray matter in addition to oligodendrocytes (Zhu et al., 2008,
2011).

NG2 cells continue to proliferate slowly in the mature brain where they represent the major
proliferative cell population (Dawson et al., 2003). NG2 cells undergo enhanced
proliferation in response to a variety of insults to the brain (Di Bello et al., 1999; Levine,
1994; McTigue et al., 2001). Recently, several studies have used pulse-chase labeling with
5-bromo-2’-deoxyuridine (BrdU) in various lesion paradigms and reported that the
proliferated cells generate reactive astrocytes (Alonso, 2005; Cassiani-Ingoni et al., 2006,
2007; Magnus et al., 2007, 2008; Zhao et al., 2009). Since NG2 cells represent a significant
proportion of the proliferating cells in such lesions, it was suggested in these studies that the
proliferated NG2 cells contribute to reactive astrocytes. However, it is also possible that
NG2-negative cells that proliferated in the lesions generated astrocytes.

In this study, we have used constitutively active and tamoxifen-inducible NG2-cre
transgenic mouse lines to directly determine whether NG2 cells generate reactive astrocytes
in response to a neocortical stab wound. Our results suggest that a low level of GFAP is
transiently expressed in a small fraction of NG2 cell progeny, but the majority of reactive
astrocytes are not derived from NG2 cells.

MATERIALS AND METHODS

Animals

All animal procedures were approved by the Institutional Animal Care and Use Committee
(IACUC) at the University of Connecticut. The generation of NG2cre-BAC and
NG2creER™BAC transgenic mice, which express constitutively active Cre and tamoxifen-
inducible Cre, respectively, in NG2 cells, have been described (Zhu et al., 2008, 2011).
NG2creBAC and NG2creER™BAC DNA were initially injected into C57BI/6 oocytes, but
the mice have been subsequently bred into the FvB strain. Z/EG mice (Novak et al., 2000)
were obtained from Dr. Caiying Guo at the University of Connecticut Health Center
(currently at Howard Hughes Medical Institute Janelia Farm). NG2creBAC and
NG2creER™BAC mice were crossed to Z/EG mice to generate NG2creBAC:ZEG and
NG2creER™BAC:ZEG double transgenic mice, respectively. Conditional Olig2 knockout
mice were generated in Dr. Richard Lu’s laboratory (Yue et al., 2006) and crossed with
NG2creER™BAC and Z/EG mice to generate NG2creER™BAC:ZEG:Olig2 fI/fl or
NG2creER™BAC:ZEG:Olig2fl/* triple transgenic mice. These mice have a mixed genetic
background of 129, C57BI/6, and FvB.
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Adult mice between 6 and 12 weeks of age were used for all experiments. Stab wound
lesions were created with a needle blade by making a sagittal cut through the neocortex and
corpus callosum 3.94-mm lateral from the midline and extending from 2.35-mm anterior to
4.45-mm posterior from the bregma. Mice were sacrificed 10 and 30 days after lesioning (7
=6 or 7 for NG2creBAC:ZEG; n= 3 to 6 for NG2creER™BAC:ZEG; and n = 3 for
NG2creER™BAC:ZEG:Olig2f/fl mice for each time point). For experiments with
NG2creER™BAC mice, Cre was induced by intraperitoneal injection of 1 mg of 4-
hydroxytamoxifen (4OHT), dissolved in 0.1 mL of 1:19 mixture of ethanol and vegetable
oil, twice a day for 5 consecutive days, and lesioning was performed two days after the last
40HT injection.

To detect proliferating cells, 25 mg kg1 of 5-ethynyl-2”-deoxyuridine (EDU; InVitrogen)
was injected intraperitoneally at 3 dpl, and the mice were sacrificed 2 h later.

Tissue Processing

Mice were anesthetized and perfused as previously described (Zhu et al., 2008). The brains
were cryoprotected and frozen as previously described (Watanabe et al., 2002), and coronal
sections (20 um) were cut on a cryostat (HM-500, Microm).

Immunohistochemistry

Immunohistochemistry of fixed frozen section was performed as previously described
(Watanabe et al., 2002). The following primary antibodies were used: mouse antibodies to
Aldehyde dehydrogenase family 1 member L1 (Aldh1L1) (1:1,000 dilution, NeuroMab),
GFAP (1:400, Sigma), nestin (1:200, Chemicon); NeuN (1:5,000, Chemicon); vimentin
(1:200, Sigma); rat anti-CD11b antibody, (1:400, Serotec); rabbit antibodies to fibronectin
(1:1,000, Sigma), GFAP (1:1,000, DAKO), glutathione S-transferase rt(GST-m) (1:4,000,
MBL), NG2 (1:500, Chemicon), Olig2 (1:20,000, kindly provided by Drs. Charles Stiles and
John Alberta, Dana-Farber Cancer Institute, Boston, MA), and PO (kindly proved by Dr.
Peter Brophy, University of Edingburgh). Secondary species-specific and fluorophore-
conjugated antibodies were from Jackson ImmunoResearch and Molecular Probes.

Immunolabeling with rabbit polyclonal anti-GFAP antibody was more robust than staining
with mouse monoclonal anti-GFAP antibody. Mouse anti-GFAP immunolabeling was
enhanced by including 0.3% Triton X-100 in the primary antibody solution. Antigen
retrieval was performed for Olig2 immunolabeling by treating sections for 30 min at 65°C in
10 mM sodium citrate buffer, pH 6.0, prior to incubation with mouse anti-GFP and rabbit
anti-Olig2 antibodies.

EDU was detected using Alexa 594-conjugated azide (Click-iT Assay System, InVitrogen).

Microscopy and Photomicrograph Production

Confocal images were obtained with a Leica TCS SP2 laser scanning confocal microscope.
Serial zstacks were analyzed to determine co-localization of EGFP fluorescence with cell
type-specific markers. Figures were prepared by using Leica Confocal Software, Adobe
Photoshop 9.0, and Adobe Illustrator CS3 (Adobe Systems, San Jose, CA). Image
manipulations were limited to linear grayscale level adjustments.

Cellular Analysis and Quantification

To examine the fate of NG2 cells in the perilesional cortex, the total number of enhanced
green fluorescence (EGFP)-positive cells and the number of cells that were double positive
for EGFP and GFAP, Aldh1L1, nestin, vimentin, NG2, or GST-m were counted in the
neocortex within 300 um of the stab wound. Sections from anterior, middle, and posterior
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portions of the lesion were used for quantification. Between 200 and 500 EGFP* cells were
scored in NG2creBAC:ZEG mice, and 30 to 90 EGFP™* cells were scored in
NG2creER™BAC:ZEG mice. EGFP* cells that were identified as pericytes by virtue of
their elongated morphology and location were not included in the counts.

The cortical stab wound was easily identifiable 10 days after lesioning (10 dpl) as a gap in
tissue with retracted edges (Fig. 1B). GFAP expression around the wound was markedly
upregulated over a wide area spanning ~300 um from the lesion edge, compared with the
contralateral cortex (Fig. 1A) and non-lesioned cortex (not shown), and strongly GFAP*
cells with hypertrophic processes were abundant. At 30 dpl, the wound edges had fused in
most cases, and the number of intensely GFAP* hypertrophic reactive astrocytes around the
wound had decreased, resulting in a thin band of increased GFAP immunoreactivity (Fig.
1C). At 3 dpl, there was increased cell proliferation around the lesion, and ~50% of the
proliferating cells were NG2 cells (Supp. Info. Fig. 1).

Most of the GFAP* Reactive Astrocytes in NG2creBAC:ZEG Mice Lacked EGFP Expression

To determine whether NG2 cells in the neocortex of adult mice generate astrocytes in
response to injury, the fate of NG2 cells was analyzed around the stab wound in
NG2creBAC:ZEG mice, in which constitutively active Cre expressed in NG2 cells
permanently activated EGFP expression. EGFP was detected in 92% of NG2 cells (Fig. 1D-
G), consistent with our previous studies (Zhu et al., 2008). In the uninjured neocortex of
adult NG2creBAC:ZEG mice, the majority of EGFP* cells were NG2 cells or
oligodendrocytes and did not express GFAP (Fig. 1A). By 7 dpl, there was an increased
number of NG2 cells with reactive morphology characterized by increased NG2
immunoreactivity and thicker processes around the lesion, and the reactive NG2 cells
expressed EGFP (Fig. 1E, asterisks, and Fig. 1E”). The number of EGFP™ cells remained
elevated around the lesion through 30 dpl (Fig. 3G).

Among the GFAP* cells that appeared around the stab wound, 91% + 7% were EGFP-
negative at 10 dpl (Fig. 2E, asterisks), and 98% * 1% were EGFP-negative at 30 dpl. Thus,
the majority of GFAP™* astrocytes surrounding the lesion in the neocortex had not originated
from NG2 cells. Most of the NG2-negative EGFP* cells were oligodendrocytes.

GFAP Expression in a Small Subpopulation of EGFP* Cells

A small number of EGFP*GFAP™ cells were found in the ipsilateral neocortex close to the
lesion border (Fig. 2A—C,E (cell with thick arrow), and F). They comprised 9% + 7.3% of
the GFAP* cells at 10 dpl, and the percentage declined to 2.2% =+ 1% by 30 dpl (Table 1).
No EGFP*GFAP™ cells were found in the neocortex away from the lesion or in the
contralateral cortex. GFAP expression in the EGFP*GFAP™ cells was often weaker than that
in the surrounding reactive astrocytes.

Perilesional EGFP*GFAP™ cells (Fig. 2A—-C) lacked the typical bushy protoplasmic
astrocytic morphology (Wilhelmsson et al., 2004) seen in the ventral forebrain where NG2
cells generate astrocytes during normal embryonic development (Zhu et al., 2008, 2011)
(Fig. 2D). At 10 dpl, some EGFP*GFAP™ cells had several thin processes with a few
branches and resembled NG2 cells (Fig. 2A, Cells 1 and 2). These cells were found mostly
at 10 dpl and were rarely seen at 30 dpl. The second type of EGFP*GFAP™ cells could be
found at both 10 and 30 dpl and had simple bipolar or elongated morphology with one or
two unbranched processes or lacked processes altogether. These elongated EGFP*GFAP*
cells were found in clusters at the lesion border close to the pial surface (Fig. 2G,H, arrows).
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A small fraction of EGFP* cells co-expressed GFAP and NG2, and EGFP*GFAP*NG2*
cells represented 15% + 11% of the EGFP*GFAP* cells. The EGFP*GFAP*NG2* cells had
a few thin processes (Fig. 2F) and were only detected at 10 dpl. The other population of
EGFP*GFAP* cells that exhibited simple elongated morphology did not express NG2. The
numerous NG2* cells around the lesion that had the typical polydendrocyte morphology
with multiple branched processes did not express GFAP (Fig. 2E, thin arrow).

Fewer than 2% of the EGFP™ cells around the lesion at 10 and 30 dpl expressed Aldhl1L1, an
antigen that is expressed by protoplasmic astrocytes in the normal neocortex (Cahoy et al.,
2008) (Table 1). We never observed EGFP* cells that were Aldh1L1* but GFAP~. Most of
the EGFP*GFAP*AIdh1L1* cells had very simple morphology and were found clustered at
the lesion border close to the pial surface (Fig. 3A, thin arrows). Some of the process-
bearing EGFP*GFAP™ cells did not express Aldh1L1 (Fig. 3A, thick arrow).

We examined whether EGFP*GFAP?* cells expressed nestin and vimentin, which are
intermediate filaments found in immature glia and are upregulated in reactive astrocytes
(Sofroniew, 2009). Double-labeling for GFAP and nestin revealed that none of the
EGFP*GFAP* cells expressed nestin (Fig. 3B), while many of the hypertrophic
GFAP*EGFP~ cells were nestin*. Vimentin was detected in a small fraction of the
EGFP*GFAP* cells (Fig. 3C, small arrows). The majority of EGFP*GFAP™ cells were
vimentin-negative, while the majority of the EGFP-negative hypertrophic GFAP™ cells
expressed vimentin (Fig. 3C).

We stained sections for GFAP and fibronectin to determine whether some of the
EGFP*GFAP* cells with simple morphology were meningeal fibroblasts. While, fibronectin
immunoreactivity was strongly detected along the pial surface and around blood vessels in
the cortex, it was not detected on EGFP*GFAP* cells (Fig. 21). The elongated
EGFP*GFAP* cells did not express the Schwann cell antigen PO (not shown).

We further characterized the phenotype of EGFP* cells around the lesion using antibodies to
NG2 and the mature oligodendrocyte antigen GST-rt. The majority of the remaining EGFP*
cells were NG2* cells or GST-nt* oligodendrocytes, which together accounted for ~80% of
the EGFP* cells at both 10 and 30 dpl (Table 1). CD11b* macrophages/microglia accounted
for ~2% of the EGFP* cells, but these cells were distinct from GFAP* astrocytes.

Most of the GFAP* Reactive Astrocytes in NG2creER™BAC:ZEG Mice Lacked EGFP

Expression

We previously reported that 1-2%of EGFP* cells in the neocortex of NG2creBAC:ZEG
double transgenic mice expressed S100p and had the morphological characteristics of
protoplasmic astrocytes at P14 (Zhu et al., 2008). To determine whether the perilesional
EGFP*GFAP* cells described above had been generated de novo from NG2 cells, we
created a similar stab wound in NG2creER™BAC:ZEG double transgenic mice (Zhu et al.,
2011) after Cre activation by 4-hydroxytamoxifen (4OHT) (Fig. 4A). Cre was induced prior
to stab wound injury in order to avoid Cre activation in a subpopulation of activated
macrophages that express NG2 (Bu et al., 2001). Cre induction efficiency was between 1
and 2% in these mice when analyzed 1 day after the last day of 4OHT injection. To
compensate for the low induction efficiency, we have examined a larger number of sections,
so that 30-90 EGFP+ cells were analyzed for each animal. In unlesioned
NG2creER™BAC:ZEG mice, no EGFP*GFAP™ cells were found one day after the last
40HT injection into P60 mice (Zhu et al., 2011). The majority of the EGFP* cells seen at 10
and 30 dpl expressed NG2 (84% =+ 12% and 83% =+ 5.3% of EGFP* cells at 10 and 30 dpl,
respectively) and exhibited the typical polydendrocyte morphology (Fig. 4B,C). Other
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EGFP* cells seen at 30 dpl were oligodendrocytes that expressed GST-r (0% and 4.1% +
0.8% of EGFP* cells at 10 and 30 dpl, respectively).

At 10 dpl, 5.7% + 5.2% of the EGFP™* cells around the lesion expressed GFAP, and the
percentage declined to 0.4% = 0.8% by 30 dpl. These cells lacked the typical astrocyte
morphology and often exhibited weaker GFAP immunoreactivity than surrounding reactive
astrocytes (Fig. 4D,E). Many of the EGFP*GFAP* cells had a small number of thin,
unbranched and tortuous processes. Only 10% of the EGFP*GFAP* cells that were
evaluated co-expressed NG2 at 10 dpl. No EGFP*GFAP*NG2* triple labeled cells were
detected at 30 dpl. None of the EGFP™* cells expressed Aldh1L1. These observations are
consistent with the findings obtained from NG2creBAC:ZEG mice which express Cre
constitutively in NG2 cells.

Olig2 Deletion Did Not Divert NG2 Cells to Astroglial Fate

Olig2 is a basic helix-loop-helix transcription factor that is required for oligodendrocyte
specification and differentiation (Lu et al., 2002; Zhou et al., 2002). Deletion or cytoplasmic
translocation of Olig2 in cultured neural stem cells promotes their astrocyte differentiation.
To determine whether deletion of Olig2 could direct NG2 cells to become reactive
astrocytes, the fate of NG2 cells was followed in mice that were triple transgenic for
NG2creER™BAC, Z/EG, and Olig2f/fl (Olig2 knockout) and compared with that in
NG2creER™BAC:ZEG:Olig2f* mice (Olig2 control). Cre was induced prior to stab wound
injury as described above and shown in Fig. 4A.

At 10 dpl, 99 + 1.6% of EGFP* cells in Olig2 control mice expressed Olig2. In Olig2
knockout mice 92.4% + 1.9% of EGFP* cells lacked Olig2 immunoreactivity at 10 dpl (not
shown). At 30 dpl, 97% =+ 3.3% of EGFP™* cells in Olig2 control mice expressed Olig2,
whereas in Olig2 knockout mice 90% + 1.2% of EGFP* lacked Olig2 immunoreactivity (not
shown). This indicated successful deletion of the O/ig2 gene in the majority of EGFP* cells.

In brains in which Olig2 had been deleted in NG2 cells, there was no significant difference
in the extent of reactive gliosis following stab wound. The majority of the hypertrophic,
strongly GFAP™* astrocytes that were found around the lesion at 10 and 30 dpl in Olig2
knockout mice did not express EGFP, and the majority of EGFP* cells did not express
GFAP at 10 or 30 dpl (Fig. 5A-C). A small fraction of EGFP* cells expressed GFAP (2.8%
+3.9% at 10 dpl and 0.4 £ 0.7% at 30 dpl). The percentage of EGFP™* cells that also
expressed GFAP in Olig2 knockout lesions was not significantly different from that in wild
type lesions. The morphology of the EGFP*GFAP™* cells in Olig2 knockout mice was not
typical of reactive astrocytes (Fig. 5D-F) and was similar to the EGFP*GFAP* cells found
in Olig2 heterozygous or wild type lesions. The majority of the EGFP* cells in Olig2
knockout lesions at 10 and 30 dpl were NG2*. Since introduction of the Olig2-VP16
mutation in the adult brain has been shown to induce generation of neurons after stab wound
injury (Buffo et al., 2005), we immunolabeled Olig2 knockout sections for NeuN but did not
find EGFP* cells that expressed NeuN or displayed neuronal morphology. These
observations indicate that Olig2 deletion in NG2 cells does not promote astroglial
differentiation from NG2 cells around a stab wound.

DISCUSSION

In vivo fate mapping of NG2 cells in response to a neocortical stab wound in
NG2creBAC:ZEG and NG2creER™BAC:ZEG mice revealed that the majority of GFAP*
reactive astrocytes were not derived from NG2 cells, and that the majority of EGFP*
progeny of NG2 cells did not exhibit the morphological and antigenic characteristics of
reactive astrocytes, even in the absence of Olig2. NG2 cells remained mainly as NG2 cells
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or differentiated into oligodendrocytes around the lesion. GFAP was detected in fewer than
10% of the EGFP* cells derived from NG2 cells at 10 dpl, and a small fraction of these cells
also expressed NG2. Most of the EGFP*GFAP™ cells had thin processes and
morphologically did not resemble reactive astrocytes. The majority of the EGFP*GFAP*
cells did not co-express other astrocytic markers such as Aldh1L1, nestin, or vimentin. The
number of EGFP*GFAP™ cells decreased to background levels by 30 dpl. We previously
showed that in the neocortex of NG2creBAC:ZEG double transgenic mice, fewer than 1.8%
of EGFP+ cells were protoplasmic astrocytes, in contrast to a much higher percentage of
NG2 cell-derived astrocytes found in the ventral forebrain (Zhu et al., 2008). Thus, in
NG2cre-BAC:ZEG mice, the 1-2% of EGFP* cells in the neocortex that expressed astrocyte
markers at both 10 and 30 dpl are likely to be normal resident astrocytes that had been
generated from NG2 cells during embryonic development (Zhu et al., 2011).

The increased number EGFP*GFAP™ cells that appeared at 10 dpl (increased to 8% above a
background of 1-2%) may represent NG2 cells in the oligodendrocyte lineage that had
transiently upregulated GFAP expression. The EGFP*GFAP™ cells appeared at 4 dpl, were
most prevalent at 10 dpl, and declined thereafter. These cells could represent NG2 cells that
had initiated a reprogramming event to become astrocytes, but somehow the pathway may
have been aborted prior to their full differentiation into astrocytes. Transient expression of a
low level of GFAP might have resulted from translation of GFAP mRNA, which has been
detected in some NG2 cells (Matthias et al., 2003; Zhou et al., 2000). The decline in the
number of EGFP*GFAP* cells after 10 dpl may have been caused by loss of GFAP
expression in NG2 cell progeny that remained within the oligodendrocyte lineage and/or by
cell death. Similar transient coexpression of GFAP and NG2 in a small subpopulation of
cells around a cortical lesion has been reported (Hampton et al., 2007; Zhao et al., 2009).
The intracellular signaling pathways necessary for astrocyte differentiation in these
EGFP*GFAP* progeny of NG2 cells may have been repressed by the high level of Noggin
present in the extracellular environment around the lesion (Hampton et al., 2007). The
identity of EGFP*GFAP™ cells with elongated morphology remains unclear. It is possible
that transcription of NG2 had occurred transiently in reactive astrocytes or that they had
been generated from the minority of EGFP1 astrocytes found in the neocortex of
NG2creBAC:ZEG mice (Zhu et al., 2008). Although it was recently shown that NG2 cells
can generate Schwann cells during remyelination (Zawadzka et al., 2010), the elongated
EGFP*GFAP* cells did not express the Schwann cell antigen PO.

Our findings differ from several recently published reports in which it was proposed that
reactive astrocytes originate from NG2 cells. One study using BrdU pulse chase labeling
showed a decrease in the percentage of the BrdU™ cells that were NG2* and a concomitant
increase in the percentage of BrdU™ cells that were GFAP™ between 2 and 6 days after stab
wound injury (Alonso, 2005). On the basis of these observations, the author concluded that
proliferated NG2 cells had differentiated into GFAP™ reactive astrocytes Using a similar
approach, other studies have also made similar conclusions in various lesion paradigms
(Horky et al., 2006; Magnus et al., 2007, 2008; Zhao et al., 2009). However, only a
subpopulation of the proliferating cells expressed NG2 (33% in Alonso, 2005; up to 50% in
Horky et al., 2006; 22% in Magnus et al., 2007; 55% in Magnus et al., 2008). Therefore, it is
highly likely that the BrdU*GFAP* cells that appeared in the lesion in the previously
reported studies had originated from astrocyte precursor cells that expressed neither NG2
nor GFAP. This is consistent with the findings that quiescent GFAP-negative astrocyte
precursors that express mRNA encoding fibroblast growth factor receptor 3 (FGFR3) and
glutamate aspartate transporter (GLAST) proliferate in response to injury and generate
GFAP* reactive astrocytes (Buffo et al., 2008; Bush et al., 1999; Zawadzka et al., 2010).
These findings suggest that resident astrocytes that are GFAP~, GFAP mRNA®, and GLAST
mMRNA, rather than NG2 cells, proliferate around a lesion and generate reactive astrocytes.
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In cultures of neural stem cells, Olig2 inhibits astrocyte differentiation (Fukuda et al., 2004),
and export of Olig2 from the nucleus to the cytoplasm induces astrocytic differentiation
(Setoguchi and Kondo, 2004). /n vivo, cytoplasmic translocation of Olig2 in NG2 cells has
been correlated with the appearance of GFAP expression in NG2 cells after injury, and
detection of cytoplasmic Olig2 in NG2 cells around a lesion has been used in these studies
to support the notion that NG2 cells translocate Olig2 to the cytoplasm prior to
differentiating into reactive astrocytes (Hampton et al., 2007; Magnus et al., 2007; Tatsumi
et al., 2008; Zhao et al., 2009). In our study, Olig2 was found exclusively in the nucleus, and
we did not observe cytoplasmic localization of Olig2, which is in agreement with the
localization of Olig2 described by Chen et al. (2008). Therefore, although a possible gain-
of-function of cytoplasmically translocated Olig2 could not be ruled out in the knockout
mice, we think it is unlikely that Olig2 plays a major role in astrocyte differentiation from
NG2 cells in the neocortex of adult mice.

Olig2 is expressed in astrocytes and is upregulated during their peak proliferation in
response to injury (Chen et al., 2008; Sofroniew, 2009). Thus the presence of Olig2*GFAP*
cells around a lesion can be explained by upregulation of Olig2 in GFAP* reactive
astrocytes that arose from resident GFAP™ astrocytes rather than conversion of NG2 cells
into reactive astrocytes. Detection of Cre reporter® cells after neocortical injury in Olig2-
creER:reporter double transgenic mice (Tatsumi et al., 2008) is likely to have been caused
by the expression of Olig2 in proliferating reactive astrocytes and their precursors (Chen et
al., 2008).

NG2 cells have been shown to respond to a wide variety of insults to the brain by enhanced
proliferation and morphological changes (Levine, 1994; Levine et al., 1998; Nishiyama et
al., 1997; Watanabe et al., 2002). Our observations support the view that reactive NG2 cells
and reactive astrocytes represent two distinct glial cell lineages, both of which respond to
injury. The functional role of each reactive glial cell population in the lesion has yet to be
established. Reactive astrocytes have been shown to produce chondroitin sulfate
proteoglycans particularly of the lectican family that are highly inhibitory to axonal growth
and regeneration (McKeon et al., 1991; Silver and Miller, 2004). By contrast, NG2 cells
may counter the inhibitory effect of astrocytes by providing a more permissive environment
for axonal growth (Busch et al., 2010; Yang et al., 2006). Further studies are needed to
define the relative functional contribution of reactive NG2 cells and reactive astrocytes.
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10 dpl contralateral 10 dpl ipsilateral 30 dpl ipsilateral

control
ok

Fig. 1.

GFAP and NG2 immunolabeling of neocortical stab wound in NG2creBAC:ZEG mice. (A—
C) EGFP fluorescence (green) and immunolabeling with rabbit anti-GFAP antibody (red).
A. Contralateral cortex at 10 dpl. B. Ipsilateral cortex at 10 dpl. C. Ipsilateral cortex at 30
dpl. Arrows indicate lesion center. Upper left is pial surface and lower right is corpus
callosum. Intense GFAP immunoreactivity is seen over a wide area around the lesion at 10
dpl, which subsides by 30 dpl but remains elevated above the contralateral cortex. Most of
the strongly GFAP™ hypertrophic astrocytes do not express EGFP, and most of the EGFP*
cells do not express GFAP. Scale bar in A, 150 um. (D-G) EGFP fluorescence (green) and
immunolabeling with rabbit anti-NG2 antibody (red). D. Contralateral cortex at 7 dpl. Scale
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bar, 100 pm. E. Ipsilateral cortex at 7 dpl. Inset (E’) is a higher magnification of perilesional
cortex showing the presence of EGFP in NG2* cells with activated morphology. Scale bar in
E’, 50 um. F. Ipsilateral cortex at 10 dpl. G. Ipsilateral cortex at 30 dpl. Arrows indicate
lesion center. Top is pial surface. Asterisks indicate examples of NG2*EGFP* cells. The
majority of NG2* cells express EGFP and exhibit reactive morphology, and increased NG2
immunoreactivity is seen around the lesion at 7 and 10 dpl. Increased number of EGFP*
cells is seen around the lesion from 7 dpl through 30 dpl.
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and NG2 (blue) around the lesion at 10 dpl. E: A single zsection through the perilesional
neocortex The majority of reactive astrocytes with strongly GFAP* hypertrophic processes
(*) do not express EGFP. Many EGFP*NG2™ cells are present but few are EGFP*GFAP*.
Thick arrow indicates an EGFP*GFAP*NG2™ cell with simple morphology. Thin arrow
shows an EGFP*NG2+*GFAP™ cell with typical polydendrocyte morphology with multiple
thin branched processes. (F) Consecutive z-sections through a rare EGFP*GFAP*NG2* cell.
(G and H) EGFP fluorescence (green) and GFAP immunolabeling (red) showing elongated
EGFP*GFAP* cells with simple morphology (arrows) along the lesion border at 30 dpl. (1)
EGFP fluorescence (green) and double immunolabeling for GFAP (blue) and fibronectin
(red) at 10 dpl, showing that the elongated EGFP*GFAP* cells are distinct from fibronectin*
fibroblasts in the meninges. Scale bars in A-D, F, and G-I represent 10 pm. Scale bar in E =
30 pm.
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LYEGFP Aldh1L1 GFAP

Fig. 3.

Labeling of EGFP™ cells in NG2creBAC:ZEG double transgenic mice for AldhiL1 (A),
nestin (B), and vimentin (C) at 10 dpl. (A) A cluster of EGFP*GFAP* cells with simple
morphologies (thin arrows) at the lesion border close to the pial surface expressing Aldh1L1
(red). An EGFP*GFAP* cell with processes (thick arrows) lacks Aldh1L1 expression. (B)
An EGFP*GFAP™ cell that lacks nestin expression (thick arrows) and an EGFP~
hypertrophic GFAP™ cell that co-expresses nestin (arrowheads). (C) An EGFP*GFAP* cell
that has a vimentin* process (thin arrows), an EGFP*GFAP™ cell that is vimentin-negative
(thick arrows), and an EGFP* cell that does not express GFAP or vimentin (arrowheads).
Scale bars: A, 30 um; B, 15 um; C, 20 um.
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Fig. 4.

Phenotype of EGFP™ cells around the lesion in NG2creER™BAC: ZEG mice. (A) Scheme
of Cre induction, lesioning, and sampling of NG2creER™BAC:ZEG mice. (B,C) EGFP
fluorescence (green) and double immunolabeling for NG2 (blue in B and C) and Aldh1L1
(red in B and C). The majority of reactive astrocytes that express GFAP (asterisks in B) or
Aldh1L1 (C) do not express EGFP. Most EGFP* cells are NG2*. (D,E) EGFP fluorescence
(green) and immunolabeling for GFAP (red) showing two rare EGFP™ cells that are weakly
labeled for GFAP and have thin processes distinct from those of protoplasmic or reactive
astrocytes. D: merged image. E: EGFP fluorescence only. Scale bars = 10 pum.
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Fig. 5.

Phenotype of EGFP* cells around the lesion in Olig2 knockout mice. EGFP fluorescence
(green) and immunolabeling for GFAP (red) at 10 dpl. (A—C) Example of a typical field
where the EGFP™* cell does not express GFAP. (D—F) Example of a rare EGFP* cell that
also expresses GFAP. A and D, merged images; B and E, EGFP channel only; C and F,
GFAP channel only. Scale bars: A, 10 um; D, 20 ym.
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Marker 10dpl 30dpl

GFAP* 79+6.6 22+11
Aldh1L1* 1120 16+23
NG2 28.0+140 16.0%5.0
GST-n 520+11.0 620%9.0

Numbers represent percentages of EGFP cells expressing the antigens indicated in the left column. Data are shown as means + standard

deviations.
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