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Accumulations of hypertrophic, intensely glial fibrillary acidic protein-positive (GFAP ⫹) astroglia, which also express immunoreactive
nestin and vimentin, are prominent features of multiple sclerosis lesions. The issues of the cellular origin of hypertrophic GFAP ⫹/
vimentin ⫹/nestin ⫹ “reactive” astroglia and also the plasticities and lineage relationships among three macroglial progenitor populations— oligodendrocyte progenitor cells (OPCs), astrocytes and ependymal cells— during multiple sclerosis and other CNS diseases
remain controversial. We used genetic fate-mappings with a battery of inducible Cre drivers (Olig2-Cre-ER T2, GFAP-Cre-ER T2, FoxJ1Cre-ER T2 and Nestin-Cre-ER T2) to explore these issues in adult mice with myelin oligodendrocyte glycoprotein peptide-induced experimental autoimmune encephalomyelitis (EAE). The proliferative rate of spinal cord OPCs rose fivefold above control levels during EAE,
and numbers of oligodendroglia increased as well, but astrogenesis from OPCs was rare. Spinal cord ependymal cells, previously reported
to be multipotent, did not augment their low proliferative rate, nor give rise to astroglia or OPCs. Instead, the hypertrophic, vimentin ⫹/
nestin ⫹, reactive astroglia that accumulated in spinal cord in this multiple sclerosis model were derived by proliferation and phenotypic
transformation of fibrous astroglia in white matter, and solely by phenotypic transformation of protoplasmic astroglia in gray matter.
This comprehensive analysis of macroglial plasticity in EAE helps to clarify the origins of astrogliosis in CNS inflammatory demyelinative
disorders.

Introduction
Multiple sclerosis affects ⬎300,000 individuals in the United
States. Oligodendroglia are depleted from acute multiple sclerosis plaques. Subsequent remyelination is often incomplete, despite the continued presence of oligodendroglial progenitor cells
(OPCs) in and around plaques (Miron et al., 2011). Another
consistent feature of multiple sclerosis lesions is the accumulation of hypertrophic reactive astroglia; these immunostain intensely for glial fibrillary acidic protein (GFAP) and also display
immunoreactive nestin and vimentin (Voskuhl et al., 2009). Bromodeoxyuridine labeling (Alonso, 2005; Sellers et al., 2009),
Olig2 immunohistochemistry (Buffo et al., 2005; Cassiani-Ingoni
et al., 2006; Magnus et al., 2007, 2008), and genetic fate-mapping
(Tatsumi et al., 2008) suggested OPCs contribute to astrogliosis
in multiple sclerosis and other CNS disorders. Adding to the
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credibility of this hypothesis, fate-mapping with Plp-Cre-ER T2
and constitutive NG2-Cre transgenes demonstrated a precursor/
product relationship between OPCs and astroglia in neonatal
mouse spinal cord (Zhu et al., 2008; Guo et al., 2009). However,
OPC fate-mapping with Pdgfra-Cre-ER T2 or NG2-Cre-ER T2 in
adult mice failed to support a precursor-product relationship
between OPCs and reactive astroglia during experimental autoimmune encephalomyelitis (EAE) or after spinal cord trauma
(Tripathi et al., 2010; Komitova et al., 2011). We now report that
most gray matter astroglia in normal adult spinal cord express
Olig2; hence, Olig2-Cre-ER fate mapping and Olig2 immunohistochemistry, in the absence of additional studies, is not an
unequivocal means by which to explore lineage relationships
between OPCs and astroglia. By combining Olig2-Cre-ER fate
mapping with OPC bromodeoxyuridine (BrdU) labeling, we
demonstrate that though OPC proliferation and production of
oligodendroglia increase in the EAE spinal cord, OPCs are not a
significant source for spinal cord astroglia in this multiple sclerosis model.
If reactive astroglia in CNS inflammatory demyelinative
disorders are not derived from OPCs, what is their origin?
Previous studies had shown that reactive astroglia originate
from local proliferation of resident astrocytes in CNS traumatic injury (Bush et al., 1999; Faulkner et al., 2004; Myer et
al., 2006) and EAE (Voskuhl et al., 2009). 1,1⬘-Dioctadecyl3,3,3⬘,3⬘-tetramethylindocarbocyanine perchlorate (DiI) labeling
studies suggested the derivations of astroglia, oligodendroglia, and
neurons from ependymal cells in EAE (Brundin et al., 2003; Danilov
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et al., 2006). Fate-mapping with FoxJ1-Cre-ER T2 showed that
ependyma give rise to both astroglia and oligodendroglia after physical trauma to the spinal cord (Meletis et al., 2008; Barnabé-Heider et
al., 2010). By contrast, we found that the normally low rate of proliferation of ependymal cells in adult murine spinal cord did not
increase in EAE, nor were reactive astroglia labeled by FoxJ1-CreER T2 or Nestin-Cre-ER T2 fate-mapping. Instead, our fate mapping,
BrdU incorporation, and stereological quantification data demonstrated that reactive astrocytes originated solely from resident quiescent astrocytes, and that different mechanisms contributed to the
formation of reactive astroglia in spinal gray and white matter, i.e.,
reactive astrocytes were derived by both hypertrophy and hyperplasia of fibrous astroglia in white matter, but solely by phenotypic
transformation of protoplasmic astroglia in gray matter. Our study
provides a comprehensive view of the plasticity of OPCs, astrocytes
and ependymal cells in the inflamed adult spinal cord.

Materials and Methods
Animals. Olig2-Cre-ER, GFAP-Cre-ER T2, Nestin-Cre-ER T2 and FoxJ1Cre-ER T2 transgenic mice (Takebayashi et al., 2002; Ganat et al., 2006;
Lagace et al., 2007; Rawlins et al., 2007) were crossed to Rosa26-loxPSTOP-loxP-EYFP reporter transgenic mice (Srinivas et al., 2001) to yield
OCER, GCER, NCER, and FCER transgenic mice, respectively, which
carried an heterozygous Cre transgene and homozygous reporter transgenes. GFAP-GFP transgenic mice (Zhuo et al., 1997) were purchased
from Jackson Laboratory (stock #003257). Nestin-GFP transgenic mice
(Yamaguchi et al., 2000) were provided to us by S. Pleasure (University of
California, San Francisco). All mice were maintained on a C57BL/6 background. Both males and females were used in this study.
Tamoxifen induction and BrdU (or 5-ethynyl-2⬘-deoxyuridine) administration. Tamoxifen (TM) (T5648; Sigma-Aldrich) was prepared and
administered as described previously (Guo et al., 2010); 2- to 3-month
postnatal OCER, GCER, and FCER mice and 4- to 5-month postnatal
NCER mice were treated with TM for 5 d, twice a day via intraperitoneal
injection. The reporter EYFP expression was designated as O-EYFP,
G-EYFP, N-EYFP, and F-EYFP to indicate driving by Olig2-Cre-ER,
GFAP-Cre-ER T2, Nestin-Cre-ER T2, and FoxJ1-Cre-ER T2 transgenes, respectively. For pulse labeling, BrdU [or 5-ethynyl-2⬘-deoxyuridine (EdU),
indicated in Results] was injected intraperitoneally at 100 mg/kg body
weight, and the mice were analyzed 2 h later. For long-term labeling, mice
were given BrdU in their drinking water (1 mg/ml) and also received daily
BrdU by intraperitoneal injection (100 mg/kg body weight).
EAE induction and clinical scoring. Thirty to forty days after TM administration, mice were immunized with MOG peptide 35–55 to induce
EAE, and clinical scores were assessed daily according to our previous
methods (Soulika et al., 2009). Briefly, mice were injected subcutaneously with 300 g of rodent MOG peptide (amino acids 35–55) in CFA
containing 5 mg/ml killed Mycobacterium tuberculosis on day 0, with
intraperitoneal administration of 200 ng of pertussis toxin on days 0 and
2. “CFA control mice” received CFA and pertussis toxin, but no MOG
peptide. The mice were weighed and scored daily. Neurological deficits
were assessed on a five-point scale (limp tail or waddling gait ⫽ 1; limp
tail and waddling gait ⫽ 2; single limb paresis and ataxia 2.5; double limb
paresis ⫽ 3; single limb paralysis and paresis of second limb ⫽ 3.5; full
paralysis of 2 limbs ⫽ 4; moribund ⫽ 4.5; and death ⫽ 5). Mice were on
days 14 (D14, same thereafter), 21, 28, 35, 56, or 65 postimmunization
with MOG peptide in CFA (EAE mice) or CFA alone (CFA control mice).
Only mice with clinical scores of 2.0 or above were analyzed.
Tissue preparation. Mice were anesthetized with ketamine/xylazine,
and then perfused transcardially with PBS, followed by 4% PFA. Lumbar
spinal cord was harvested, postfixed in 4% PFA either at room temperature (RT) for 2 h or 4°C overnight, cryopreserved in 30% sucrose overnight, and embedded in OCT. Twenty micrometer frozen transverse
sections were cut on a Leica cryostat.
Immunohistochemistry. Frozen sections were air-dried, then blocked
with PBS containing 0.1% Tween 20 and 5% donkey serum for 1 h at RT.
The sections were incubated with primary antibodies at 4°C overnight,
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followed by 2 h incubation at RT with secondary antibody. DAPI was
used to label nuclei, and the sections were mounted with Vectashield
(Vector Laboratories; H-1000) and subjected to confocal microscopic
analysis and imaging. For BrdU immunostaining, sections were prelabeled as above, postfixed with 2% PFA in 1⫻ PBS at RT for 15 min, and
then DNA was denatured in 2N HCl at 37°C for 45 min, followed by
BrdU primary antibody incubation. For EdU labeling, the protocol from
kit C10084, from Invitrogen, was used to develop EdU signals. The primary antibodies used in this study were as follows: Olig2 (R&D Systems,
#AF2418, goat, 1:100), Olig2 (IBL, #18953, rabbit, 1:100), NG2 (Millipore, #AB5320, rabbit, 1:300), mature oligodendrocyte marker Clone
CC1 (Calbiochem, #OP80, mouse, 1:200), Nestin (Santa Cruz Biotechnology, #sc-21249, goat, 1:50), GFAP and Vimentin (from Dr. V. Lee,
University of Pennsylvania, Philadelphia, PA; 1:100 and 1:500), HuC/D
(Invitrogen, #A21271, mouse, 1:100), NeuN (Millipore, #MAB377, mouse,
1:500), Sox2 (Millipore, #AB5603, rabbit, 1:200), Sox10 (Santa Cruz Biotechnology, #sc-17342, goat, 1:100), BrdU (Santa Cruz Biotechnology, #sc70441, rat, 1:50), EYFP (Rockland, #600-102-215, goat or #600-402-215,
rabbit, 1:200), Iba1 (Wako, #019-19741, 1:1000). All secondary antibodies
were DyLight 488- or DyLight549-conjugated (Fab)2 fragments (from Jackson ImmunoResearch).
Microscopy and quantification. A Nikon Eclipse C1 laser scanning confocal microscope was used to image mounted slides. Nikon EZ-C1 3.90
FreeViewer was used to create single-channel views, merged views, and
orthogonal views of images. We considered two antigens as colocalized
only if colocalization extended from the top to bottom of the z-plane
images. For cell counting, 6 sections with 200 m apart from each animal
(three to five animals for each time point) were examined. Stereological
quantification of GFP ⫹ astroglia in GFAP-GFP EAE and CFA control
mice was conducted as previously described (Guo et al., 2009). All counting data were expressed as mean ⫾ SD. Statistical significance was determined using the two-tail Student’s t test.

Results
Identity of Olig2-expressing cells in the normal adult
spinal cord
Cre-mediated recombination of a fate-marker transgene (e.g.,
Rosa-loxP-STOP-loxP-EYFP) in knock-in Olig2-Cre-ER mice
would be predicted to occur only in cells that express Olig2 at the
time that tamoxifen is administered. We therefore used Olig2
antibodies to evaluate the distribution of Olig2 in the adult
mouse spinal cord. We used embryonic day 14.5 (E14.5) spinal
cords harvested from homozygous Olig2-Cre-ER mice [i.e.,
Olig2 knock-out (KO) mice] (Takebayashi et al., 2002) and wildtype (WT) littermates to evaluate the specificity of Olig2 antibodies (see Materials and Methods). In E14.5 WT spinal cord, both
goat and rabbit Olig2 antibodies yielded identical nuclear staining patterns (Fig. 1 A), and the immunostaining signals were
completely abolished in spinal cord of an Olig2 KO littermate
(Fig. 1 B). We thus concluded that the tissue binding of these
Olig2 antibodies faithfully reflected endogenous Olig2 protein
expression.
As previously reported (Ligon et al., 2006), almost all NG2 ⫹
OPCs (Fig. 1 E) and CC1 ⫹ mature oligodendrocytes (Fig. 1 E) in
adult spinal cord expressed nuclear Olig2 in both white matter
(WM) and gray matter (GM), and NG2 ⫹ OPCs (Fig. 1 F) and
CC1 ⫹ mature oligodendrocytes (Fig. 1 F) comprised the majority
of Olig2-expressing cells. Unexpectedly, however, GFAP ⫹ astrocytes in the GM, but not WM, proved also to be nuclear Olig2 ⫹ in
normal adult mouse spinal cord (Fig. 1 E). Double immunohistochemistry with the astroglial marker GFAP and Olig2 in normal adult spinal cord revealed extensive cellular colocalization
(Fig. 1 D, arrowheads) in GM; 80.5 ⫾ 4.1% (mean ⫾ SD, and
thereafter) of GM GFAP ⫹ cells were Olig2 ⫹, and Olig2 ⫹/
GFAP ⫹ cells comprised 18.2 ⫾ 3.8% of total GM Olig2 ⫹ cells
(Fig. 1 E, F ). In contrast, no coimmunolabeling of Olig2 and
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Figure 1. Olig2 expression by astrocytes in adult spinal cord. A, B, Immunostaining of goat (Gt) and rabbit (Rbt) Olig2 antibodies on the embryonic day 14.5 (E14.5) spinal cords from WT (A) and
Olig2 KO (B) embryos. Note that Olig2 signals was completely absent from Olig2 KO spinal cord. C, Image from postnatal day 10 (P10) neocortex showing that GFAP ⫹ astrocytes expressed Olig2. D,
Colabeling of GFAP and Olig2 in adult WT spinal cord. Boxed area is shown in higher magnification on the right. E, Percentage of NG2 ⫹ oligodendroglial progenitor cells (OPCs), CC1 ⫹ mature
oligodendrocytes and GFAP ⫹ astrocytes that express Olig2 in both gray matter (GM) and white matter (WM) of adult spinal cord. F, Percentage of Olig2 ⫹ cells that express NG2, CC1 and GFAP in
both GM and WM of adult spinal cord. G, Olig2 expression in astrocytes in GM of P10 spinal cord. Boxed area is shown in higher magnification on the right. H, Reporter GFP expression reflects the
endogenous GFAP expression in GFAP-GFP transgenic mice. Cell in WM marked by arrow is shown in higher power on the right. I, No overlap of GFAP-GFP with Olig2 in spinal WM. Arrowheads point
to GFAP-GFP ⫹ cells. J, Colabeling of GFAP-GFP reporter and Olig2 in adult spinal cord GM. Boxed area was shown in higher magnification in the right. K, Quantification of GFAP-GFP and Olig2 in the
ventral horn (VH) and dorsal horn (DH) of adult GFAP-GFP mice. L, GM (top), but not WM (bottom) EYFP ⫹ cells in GFAP-Cre-ERT2/Rosa-EYFP (GCER) transgenic mice treated with TM express Olig2.
Arrowheads in D, G, H, and J indicate double-positive cells. Scale bars: A, B, D, G, H–J, 50 m; C, L, 10 m.

GFAP was observed in the normal adult spinal cord WM (Fig.
1 E, F ). The Olig2 expression level in GFAP ⫹ astrocytes was
similar to that in GFAP-negative cells, as assessed by immunoreactive intensity (Fig. 1 D). Some astroglia in postnatal day
10 (P10) neocortex expressed Olig2 (Fig. 1C), a result consistent with a prior report (Marshall et al., 2005). GM GFAP ⫹
astrocytes in P10 spinal cord also expressed Olig2, but at a
lower frequency than in the adult (Fig. 1G, arrowheads). To
confirm astroglial Olig2 expression, we used GFAP-GFP
transgenic mice, in which astroglial visualization was enhanced by means of their cytoplasmic expression of GFP. In
the adult spinal cord of GFAP-GFP mice, 97.4 ⫾ 4.3% of
GFP ⫹ cells were GFAP ⫹, and 95.8 ⫾ 4.9% of GFAP ⫹ cells
were GFP ⫹ (Fig. 1 H), indicating the fidelity with which GFP
expression reflected endogenous GFAP promoter activity in
this transgenic line. Consistent with the results we had obtained with GFAP immunostaining, no GFAP-GFP ⫹ cells ex-

pressed Olig2 in spinal cord WM (Fig. 1 I, arrowheads),
whereas in GM, the majority of GFAP-GFP ⫹ cells were Olig2 ⫹
(Fig. 1 J, arrowheads); 91 ⫾ 2.7% and 76 ⫾ 2.2% of GFAPGFP ⫹ astrocytes expressed Olig2 in ventral horn (VH) and
dorsal horn (DH) of the spinal cord, respectively (Fig. 1 K).
Similar to our GFAP/Olig2 coimmunolabeling, ⬃21% of total
GM Olig2 ⫹ cells were GFAP-GFP ⫹ astrocytes (Fig. 1 K). Furthermore, when astrocytes were labeled with reporter EYFP by
tamoxifen administration to normal adult GFAP-Cre-ER T2/
Rosa-loxP-STOP-loxP-EYFP (GCER) mice, reporter EYFP ⫹
cells with characteristic astrocytic morphology, i.e., complex
bushy distal processes (Bushong et al., 2002) in spinal cord
GM (Fig. 1 L, top), but not WM (Fig. 1 L, bottom), were coimmunolabeled with Olig2. Collectively, these results indicate
that most GM GFAP ⫹ astrocytes, as well as OPCs and oligodendroglia, express Olig2 in the normal adult mouse spinal
cord.
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Figure 2. Genetic labeling of Olig2-expressing cells in adult spinal cord. A, At 5 d post-TM treatment of Olig2-Cre-ER/Rosa-loxPSTOP-loxP-EYFP (OCER) mice, O-EYFP ⫹ cells were scattered throughout spinal cord GM and WM. B, Image showing that all EYFP ⫹
cells had endogenous Olig2 expression. Arrows point to cells that have oligodendroglial morphology, and arrowheads point to cells
that have characteristics of astrocytic morphology, i.e., “bushy” distal processes. C, Histogram of proportions of CC1, NG2 and
GFAP-positive cells among total O-EYFP ⫹ cells in WM and GM of adult OCER mice 5 d post-TM. D–F, Representative confocal
images showing that NG2 ⫹ OPCs and CC1 ⫹ mature oligodendrocytes in both WM and GM become labeled with O-EFYP. Arrowheads point to double-positive cells. Cell marked by arrowhead 1 in E is shown in higher-magnification channels on the right. G, GM
GFAP ⫹ astrocytes are labeled with EYFP (arrowheads). H, Histograms showing the densities of O-EYFP ⫹/GFAP ⫹ and O-EYFP ⫹/
NG2 ⫹ cells. Scale bars, 50 m.

Genetic labeling of Olig2-expressing cells and their normal
fates in adult spinal cord
Five days post-tamoxifen treatment (post-TM) to mice carrying
both knock-in Olig2-Cre-ER (Takebayashi et al., 2002) and
Rosa-loxP-STOP-loxP-EYFP reporter (Srinivas et al., 2001) transgenes (OCER mice), O-EYFP ⫹ cells were scattered throughout the
spinal cord in both GM and WM (Fig. 2A). All of these O-EYFP ⫹
cells had nuclear Olig2 immunoreactivity (Fig. 2B) including cells
with the morphology of protoplasmic astrocytes (Fig. 2B, arrowhead) (Bushong et al., 2002). The majority of O-EYFP ⫹ cells were
CC1 ⫹ mature oligodendrocytes (Fig. 2C,F), in line with the observation that the majority of Olig2 ⫹ cells were CC1 ⫹ (Fig. 1E,F).
However, consistent with our finding that GM GFAP ⫹ astrocytes
express Olig2 (Fig. 1), a substantial proportion of O-EYFP ⫹ cells in
the adult spinal cord GM were protoplasmic astrocytes (18 ⫾ 5.9%
of total GM O-EYFP ⫹ cells were GFAP ⫹) (Fig. 2C,G, arrowheads). In fact, the density of O-EYFP ⫹ astroglia in gray matter
was comparable to that of O-EYFP ⫹NG2 ⫹ OPCs (20 ⫾ 4
O-EYFP⫹GFAP ⫹/mm 2 vs 24 ⫾ 3 O-EYFP ⫹NG2 ⫹/mm 2) (Fig.
2 D, E,G,H ). Recombination rates in NG2 ⫹ OPCs were 42 ⫾ 14%
and 43 ⫾ 10% in WM and GM of the adult spinal cord, respectively. Therefore, administration of tamoxifen to OCER mice
labels and fate-maps GM GFAP ⫹ astrocytes as well as NG2 ⫹
OPCs and CC1 ⫹ oligodendroglia.

The density of O-EYFP ⫹NG2 ⫹ OPCs
and O-EYFP ⫹CC1 ⫹ oligodendrocytes in
OCER mice changed reciprocally (Fig.
3B–D), whereas O-EYFP ⫹GFAP ⫹ astroglial density remained constant up to 180 d
post-TM (Fig. 3E). With prolonged administration of BrdU in drinking water, beginning simultaneously with the first
administration of tamoxifen (Fig. 3A),
we found that, by 15 d post-TM,
O-EYFP ⫹NG2 ⫹ OPCs constituted the majority of proliferating parenchymal cells
(⬃90% of total BrdU ⫹ cells) (Fig. 3F),
whereas no O-EYFP ⫹/GFAP ⫹ astrocytes
incorporated BrdU (Fig. 3F). BrdU administration was stopped at 15 d post-TM, and,
at later time-points, numbers of O-EYFP ⫹/
CC1 ⫹/BrdU ⫹ oligodendrocytes progressively increased (Fig. 3F,G). This result was
compatible with a precursor/product relationship between OPCs and oligodendroglia. From these BrdU labeling experiments
in normal adult OCER mice, however, no
O-EYFP ⫹/GFAP ⫹/BrdU ⫹ astrocytes were
found in the spinal cord (Fig. 3F,G) up to
180 d post-TM. These results strongly suggested that, in the normal adult spinal cord,
OPCs do not generate astrocytes, and are
restricted to the oligodendroglial lineage,
and that GM astrocytes are postmitotic.

OPCs remain restricted to the
oligodendroglial lineage during EAE
Using BrdU labeling and marker immunostaining (e.g., for Olig2), previous studies proposed that OPCs generate reactive
astrocytes after EAE or spinal cord trauma
(Cassiani-Ingoni et al., 2006; Magnus et
al., 2007, 2008). To assess the plasticity of
OPCs in EAE, we analyzed the progenies of OPCs in OCER mice
by inducible Cre-LoxP fate mapping. OCER mice were immunized with MOG-peptide (Soulika et al., 2009) at 35 d post-TM to
maximally diminish the effects of antecedent TM on severity of
EAE (Bebo et al., 2009). When EAE clinical symptoms first appeared (generally 12⬃14 d post-MOG-peptide immunization),
there was a sharp increase in proliferation of Iba1 ⫹ microglia/
macrophages (data not shown). By D21 post-MOG peptide immunization, when EAE clinical deficits were most severe (Soulika
et al., 2009), pulse (2 h) EdU labeling demonstrated a fivefold
increase in OPC proliferation over levels in controls (5.1 ⫾ 1.2%
in CFA controls vs 25.4 ⫾ 6.7% in EAE, of NG2 ⫹ OPCs were
EdU ⫹ (Fig. 4 A, arrowheads and higher-magnification channels),
respectively, p ⬍ 0.01). Consistent with this rise in OPC proliferation, the number of O-EYFP ⫹/NG2 ⫹ OPCs increased in both
WM (Fig. 4 B) and GM (Fig. 4C), and their processes became
retracted (Fig. 4 B, boxed area and insets B1,B2), a morphological
feature characteristic of activated OPCs, compared with those in
normal tissues (Fig. 4 B, insets B3,B4 ). Some OPCs were distributed in clusters around and/or within areas of dense accumulations of DAPI-nuclear stained inflammatory cells (Fig. 4 B, dotted
line area). The densities of WM O-EYFP ⫹NG2 ⫹ OPCs in EAE
spinal cord were ⬃3.5-fold and 2.5-fold higher than in CFA control spinal cord at D21 and D56 post-MOG peptide immuniza-
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tion, respectively (Fig. 4 B, right), whereas
in GM, their densities were ⬃2.4-fold and
2.7-fold higher than in the CFA controls,
respectively (Fig. 4C, right). Interestingly,
the density O-EYFP ⫹/CC1 ⫹ mature oligodendrocytes was also significantly
higher in EAE than CFA control spinal
cord at D56 post-MOG peptide immunization (68% increase in WM, p ⫽ 0.012;
54% increase in GM, p ⫽ 0.043) (Fig.
4 E, F ), although these differences did not
reach significance at D21 post-MOG peptide immunization (Fig. 4F, left). Virtually
all O-EYFP ⫹ cells in WM were colabeled
with Sox10, a pan-oligodendroglial lineage
marker (Fig. 4D). Thus, during EAE, spinal
cord O-EYFP ⫹NG2 ⫹ OPCs increased in
number and proliferative rate, and generated increased numbers of oligodendroglia.
In contrast, while some O-EYFP ⫹GFAP ⫹
astrocytes (Fig. 4G) in the GM of OCER
mice became reactive, as demonstrated by
their expression of vimentin (Fig. 4H), the
number of these O-EYFP ⫹ astroglia remained at control levels throughout the period of observation (O-EYFP ⫹GFAP ⫹ cells
/mm 2, 23 ⫾ 3 in CFA Vs 25 ⫾ 4 in MOG at
D56). At late time points (e.g., D56 postMOG peptide immunization), there were
rare O-EYFP ⫹/GFAP ⫹ astrocytes in WM
(⬃2.5% of total WM O-EYFP ⫹ cells), but
most of these cells were distributed at the junction between GM and WM (data not shown),
and none of these cells incorporated BrdU
under our BrdU paradigm (Fig. 4I).
If OPCs did contribute to the formation
of astroglia during EAE, and if OPCs were
labeled with BrdU before MOG-peptide
immunization (Fig. 4 I), then O-EYFP ⫹/
BrdU ⫹ astrocytes would be expected to accumulate in spinal cord during subsequent
EAE. To test this prediction, we adminis- Figure 3. Normal fates of Olig2-expressing OPCs and GM astroglia. A, Experimental design for B–G. B, Confocal images from
tered BrdU in drinking water (1 mg/ml) for spinal cord of OCER mice at 90 d post-TM showing extensive colocalization of EYFP and CC1, a marker for mature oligodendrocytes.
15 consecutive days before EAE induction C–E, Quantification of O-EYFP ⫹/NG2 ⫹ OPCs, O-EYFP ⫹/CC1 ⫹ mature oligodendrocytes, and O-EYFP ⫹/GFAP ⫹ astrocytes in
(Fig. 4I). We observed that 25 ⫾ 5.6% of OCER spinal cord at different time points post-TM. F, Percentage of O-EYFP ⫹/BrdU ⫹/marker ⫹ cells among total O-EYFP ⫹/
⫹
O-EYFP ⫹/NG2 ⫹ OPCs (OPCs in WM and BrdU cells in OCER spinal cord at different times post-TM. G, Confocal images of OCER spinal cord at 180 d post-TM, showing the
⫹
⫹
⫹
⫹
⫹
⫹
GM pooled) were BrdU ⫹ on the day of presence of O-EYFP /CC1 /BrdU mature oligodendrocytes (top) and absence of O-EYFP /GFAP /BrdU astrocytes (bot
m;
G,
10

m.
tom,
orthogonal
views)
following
15
d
of
BrdU
administration
(A).
Scale
bars:
B,
50
MOG peptide administration. But whereas
O-EYFP ⫹/BrdU ⫹ OPCs (Fig. 4J, arrows
characterizing and genetically labeling spinal cord ependyma.
and higher-magnification image; 4K, boxed area 1) and O-EYFP ⫹/
⫹
Like forebrain ependymal cells (Mirzadeh et al., 2008), ependyBrdU mature oligodendrocytes (Fig. 4J, arrowheads and highermal cells surrounding the spinal cord central canal uniformly
magnification image; 4K, arrowheads) remained abundant later in
expressed immunoreactive vimentin (Fig. 5A). Their vimentin ⫹
the course of EAE, few O-EYFP ⫹ cells with characteristic morprocesses extended to the edges of dorsal (Fig. 5A left, arrows)
phology of GM protoplasmic astrocytes (Bushong et al., 2002)
and
ventral white matter (Fig. 5A right, arrowheads), whereas
(Fig. 4 J, wavy arrows and higher-magnification image) (⬃0.1%,
their lateral processes were much shorter (Fig. 5A). Immunore1 of 865 EYFP ⫹ astrocytes quantified from 4 EAE mice) were BrdU ⫹
active nestin expression was preferentially restricted to dorsal and
in pooled WM and GM from these mice. Collectively, we concluded
ventral ependyma (Fig. 5B left, arrowheads), as reported previthat OPCs did not contribute significantly to astrogenesis during EAE.
ously (Hamilton et al., 2009). However, in Nestin-GFP transgenic mice, all spinal cord ependymal cells were GFP ⫹ (Fig. 5B,
Characterization and genetic labeling of ependymal cells in
right). In contrast to prior reports (Takahashi et al., 2003; Hamilton
spinal cord
et al., 2009), we found that spinal cord ependymal cells were not
We then addressed the plasticity of ependymal cells in EAE, and
GFAP ⫹, nor did they express GFP in normal (Fig. 5C, left) or EAE
their contribution to astrogenesis. We began by phenotypically
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Figure 4. OPCspredominantlyproduceoligodendrogliallineagecellsduringEAE.A,NG2 ⫹ cellproliferationisbriskduringEAE(2hEdUpulselabelingonD21post-MOG-peptideimmunization).Boxedareaisshownat
highermagnificationontheright.B,C,Images(D21post-MOG-peptideimmunization)andquantificationsofO-EYFP ⫹NG2 ⫹ OPCsinWMandGM,respectively.DottedareainBindicatesinflammatoryinfiltration,asrevealed
bydenseDAPIstaining.BoxedareainBisshownathighermagnificationinB1,B2.B3andB4showO-EYFP ⫹ NG2 ⫹ OPCsinnormalspinalcord,withfine,longprocesses.D,Image(D21,WM)showingalmostallofthe
O-EYFP ⫹ cells express the pan-oligodendroglial marker Sox10. E, Image (D56, WM) showing colabeling of O-EYFP and mature oligodendrocytes marker, CC1. F, Density of O-EYFP ⫹CC1 ⫹ mature oligodendrocytes on
D21(left)andD56(right)post-MOG-peptideimmunizationinWMandGM.G,Confocalimage(D21,GM)ofO-EYFPandGFAPimmunostaining.H,O-EYFP ⫹ cellswithastrocyticmorphologyinGMexpressvimentin,amarker
ofreactiveastrocytesonD56.I–K,BothO-EYFP ⫹/NG2 ⫹ OPCs(arrowsinJ;boxedarea1inK)andO-EYFP ⫹/NG2 ⫺ matureoligodendrocytes(arrowheadsinJ,K2)arelabeledwithBrdU,whereasO-EYFP ⫹/NG2 ⫺ cellswith
characteristicbushyastrocyticmorphology(wavyarrowsinJ)arenegativeforBrdUonD21post-MOG-peptideimmunizationunderourBrdUlabelingparadigm(I).Cellsmarkedwitharrow,arrowheads,andwavyarrowin
thetopofJ,respectively,areshownathighermagnificationinthebottom.ArrowheadsinA–Hareexamplesofdouble-positivecells.Scalebars,50 m.
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Figure 5. Characterization and genetic labeling of spinal cord ependymal cells. A, Ependymal cells extend Vimentin ⫹ processes to dorsal column (arrows on the left) and ventral WM (arrowheads on the
right). B, Nestin expression is restricted to dorsal and ventral parts of ependymal layers (left, arrowheads); however, reporter GFP is expressed uniformly in the ependymal cells in Nestin-GFP mice (right). Arrow
indicatesGFAP ⫹ processesintheependymallayers.C,EpendymalcellsdonotexpressGFAPineithernormal(left)orEAE(right)mice,asvisualizedinGFAP-GFPmice,althoughGFAP ⫹ processesarepresentin
spacesbetweenependymalcells(arrows).NotethatGFAP-GFP ⫹ cells(arrowheads)areclosetotheependymallayer;however,ependymalcellsneverexpressGFAP-GFP.D,Percentageofependymalcellsthat
express different molecular markers. E, F, Confocal images showing BrdU ⫹ ependymal cells in P8 and P180 spinal cord, respectively. Arrowhead in E points to the cleavage plane of ependymal cell division. G,
Histogramsdepictingproliferationdynamicsofependymalcellsatdifferentages.BrdUparadigms:P8,3injections(8hapart,100 g/gbodyweight)duringP6 –P7,analysisonP8;P60,BrdUdrinkingwater(1
mg/ml)for16d,analysisatP76;P100,BrdUdrinkingwater(1mg/ml)for20d,analysisatP120;P180,BrdUdrinkingwater(1mg/ml)for25d,analysisatP205.H,I,At5dpost-TM,ependymalcellsarelabeled
with reporter EYFP in both Nestin-Cre-ERT2/Rosa-EYFP (NCER) (H) and FoxJ1-Cre-ERT2/Rosa-EYFP (FCER) (I) transgenic mice. The right panels in H and I are higher-magnification images of their left panels,
respectively. Arrowheads in H and I point to EYFP ⫹ apical process of EYFP ⫹ ependymal cells. J, In both FCER and NCER lines, EYFP reporter-positive neurons (arrowhead) with NeuN immunoreactivity are
observed in GM, reflecting the ectopic transgene expression. D, Dorsal; V, ventral; L, lateral. Scale bars: A–C, I, 50 m; H, 25 m; E, F, J, 10 m.

(Fig. 5C, right) GFAP-GFP transgenic mice, though GFAP-GFP ⫹
cells were in close proximity to ependyma (Fig. 5C, arrowheads), and
GFAP ⫹ processes were inserted between ependymal cells in both
normal (Fig. 5B right, arrow; Fig. 5C left, arrow) and EAE spinal cord
(Fig. 5C right, arrows), a relationship similar to that described between GFAP ⫹ cells and ependyma in the forebrain subventricular
zone (Mirzadeh et al., 2008). Additionally, ependymal cells in adult
spinal cord uniformly expressed the neural stem cells marker, Sox2
(Fig. 5D) (Meletis et al., 2008), and were negative for Olig2 and for
the oligodendroglial lineage marker, Sox10 (Fig. 5D). To evaluate the
proliferative potential of normal spinal cord ependymal cells, we
administered BrdU to mice at various ages, and observed a progressive decline in the BrU labeling index (Fig. 5E–G). Though ependymal cell mitotic indices were robust in the early postnatal period (⬃9
BrdU ⫹ ependymal cells/20 m section at P8), by P180, ependymal
cells rarely proliferated (0.1 BrdU ⫹ ependymal cells/20 m section)
(Fig. 5G).
Two groups of double transgenic mice, Nestin-Cre-ER T2/
Rosa-loxpP-STOP-loxP-EYFP (NCER) and FoxJ1-Cre-ER T2/
Rosa-loxP-STOP-loxP-EYFP (FCER), with Rosa-loxP-STOP-

loxP-EYFP recombination induced by a 5 d tamoxifen paradigm
(Guo et al., 2010) and analysis at day 5 after last tamoxifen injection (5 d post-TM), were used to genetically label ependymal
cells. EYFP was expressed predominantly in ependymal cells encircling the central canal in both NCER and FCER mice (Fig.
5 H, I ). Most of these ependymal cells extended EYFP ⫹ apical
processes into the lumen of central canal (Fig. 5 H, I, arrowheads),
a characteristic of ciliated ependymal cells. The recombination
rates among ependymal cells were 12% and 29% in NCER and
FCER spinal cord, respectively. Rare EYFP ⫹ cells with neuronal
morphology that expressed NeuN (Fig. 5J, arrowhead) were present in the gray matter of adult FCER and NCER spinal cord,
presumably reflecting ectopic expression of the Nestin and FoxJ1
promoters in occasional neurons in these transgenic lines.
Responses of spinal ependymal cells in EAE injury
Using 2 h EdU pulses delivered at various time points during
EAE, we found that the number of proliferating cells in spinal
cord WM and GM peaked at D21 and D15 post-MOG peptide
during EAE injury, respectively (Fig. 6 A). Therefore, treatment
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Figure 6. Responses of spinal cord ependymal cell during EAE. A, Number of EdU ⫹ cells in GM and WM per section at different days post-MOG-peptide immunization. B, Experimental design for
C–E. C, Image depicting numerous BrdU ⫹ cells throughout the spinal cord on D21, but Sox2 ⫹ ependymal cells are rarely BrdU ⫹. D, Examples showing rare Sox2 ⫹ ependymal cells are BrdU ⫹ on
D35. E, Quantification of BrdU ⫹ ependymal cells per section in MOG and CFA spinal cords on D21 and D35, respectively. F, F-EYFP⫹ ependymal cells (F4 ) in FCER mice do not generate progenies
that migrate to dorsal (F1), ventral (F2), and lateral (F3) regions where densely Vimentin ⫹, glial scars (dotted area) are present, on D35 post-MOG. Arrowheads in F1 point to F-EYFP ⫹/vimentin ⫺
neurons, as depicted in H with triple immunostaining of EYFP, Vimentin and NeuN (arrowhead). G, Orthogonal confocal images showing rare F-EYFP ⫹/Sox2 ⫹ cells in close proximity to Sox2 ⫹
ependymal layers on D35. I, Histograms showing the frequency of F-EYFP ⫹ ependymal (E cells) and parenchymal (P cells) cells in FCER mice on D35. J, Representative images showing N-EYFP ⫹
ependymal cells in NCER mice do not generate Sox10 ⫹ or Sox2 ⫹ parenchymal cells on D14 (J1), D35 (J2), or D65 (J3) post-MOG spinal cords. K, N-EYFP and Sox2 double-staining on D65 in a CFA
control, a pattern similar to J. L, Quantification of frequency of N-EYFP ⫹ ependymal (E cells) and parenchymal (P cells) cells on D21 and D65. D, dorsal; V, ventral. Scale bars: C, F, J, K, 50 m; D, G,
H, 10 m.

of EAE mice with BrdU administered both in drinking water and
by daily intraperitoneal injection daily from D12 to D21 postMOG-peptide immunization (Fig. 6 B) yielded numerous
BrdU ⫹ cells throughout spinal cord, including in GM in close
proximity to the central canal (Fig. 6C). However, BrdU ⫹
ependymal cells (Fig. 6 D) were rare in the EAE mice, and did not
differ in their number from age-matched CFA controls (0.35/
section in EAE vs 0.30 in CFA at D21; 0.31/section in EAE vs 0.25
in CFA at D35 immunization, p ⫽ 0.87) (Fig. 6 E). These findings
indicated that ependymal cell proliferation was not enhanced
during EAE.
To determine whether ependymal cells produced progenies
that migrated to areas of inflammation and astrogliosis during
EAE, we sought reporter-positive cells in ependymal, gray, and
white matter areas at various time points after TM administration
and subsequent MOG peptide immunization in FCER mice. Very
rare F-EYFP ⫹ cells were noticed in transit from ependyma to
dorsal (Fig. 6 F1, dotted area), ventral (Fig. 6 F2, dotted area) or
lateral (Fig. 6 F3, dotted area) regions, where the accumulation of
vimentin ⫹ astroglia and DAPI ⫹ inflamed cells were ob-

served even at lower-magnification images (Fig. 6 F). Although
F-EYFP ⫹/Sox2 ⫹ cells were present in close proximity to
ependyma (Fig. 6G, arrowheads), and F-EYFP ⫹/NeuN ⫹/Vimentin ⫺ cells were present in GM (Fig. 6 F1, arrowheads, H ),
these cells were rare and comparable in frequency in EAE and
control spinal cords (Figs. 6 I), indicating that their presence was
independent of EAE injury. Consistent with the unaltered proliferative rate of spinal cord ependyma during EAE (Fig. 6C–E),
numbers of F-EYFP ⫹ ependymal cells (E cells) and F-EYFP ⫹
parenchymal cells (P cells) did not change, and remained equivalent in MOG-EAE and CFA control FCER mice (Fig. 6 I). These
data suggested that ependymal cells did not contribute to astrogliosis during EAE. We strengthened this conclusion by studies in
NCER mice, in which ependymal cells were also labeled with
N-EYFP upon TM treatment (Fig. 5H ). Consistent with results
from the FCER mice, N-EYFP ⫹ cells in the NCER mice did not
migrate away from ependyma on D14 (Fig. 6 J1), D35 (Fig. 6 J2),
or D65 (Fig. 6 J3) post-MOG peptide, results similar to those in
CFA controls (Fig. 6 K). Moreover, the numbers of N-EYFP ⫹
ependymal cells (E cells) and N-EYFP ⫹ parenchymal cells (P
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Figure 7. Reactive astrocytes are generated from resident quiescent astrocytes. A, Virtually no GFAP-GFP ⫹ cells (arrowheads) are positive for BrdU in either WM or GM in normal adult GFAP-GFP mice that
received22consecutivedaysofBrdUlabeling.B,Sixdayspost-TMtreatmentofGCERmice,G-EYFP ⫹/GFAP ⫹ cells(arrowheads)withtypicalastrocyticmorphologyarescatteredthroughoutWMandGM.Boxed
areasareshownathighermagnificationasinsets.C,D,ByD15post-MOG-peptideimmunization,G-EYFP ⫹ astrocytes(arrowheads)havebecomeactivatedinbothWM(C)andGM(D),asshownbyexpressions
of immunoreactive Nestin (left) and Vimentin (right). Note that deep GM G-EYFP ⫹ astrocytes (D, right, arrowhead) in close proximity to central canal (cc) have also become Vimentin ⫹ at this time-point. E,
G-EYFP ⫹/Vimentin ⫹-reactive astrocytes (arrowheads) in EAE spinal cord on D35 post-MOG. Boxed area is shown at higher magnification on the right. F, G-EYFP ⫹ cells (arrowheads) do not express Vimentin
inCFAcontrolspinalcord.G,FrequenciesofWMandGMG-EYFP ⫹/GFAP ⫹ astrocytesinMOGandCFAatD35post-MOG-peptideimmunization.H,PercentageofG-EYFP ⫹/marker ⫹ cellsamongtotalG-EYFP ⫹
cells in spinal cord at D35 post-MOG-peptide immunization. Scale bars: A, B, D–F, C left panel, 50 m; C right panel, D, 10 m.

cells) were similar in MOG and CFA mice (Fig. 6 L). Together,
these data indicate that spinal cord ependymal cells do not contribute to astrogliosis, oligodendrogenesis and neurogenesis during EAE.
Resident quiescent astrocytes are the principal source for
reactive astrogliosis in both WM and GM during EAE
Our OCER fate-mapping data (Fig. 4) suggested that reactive
astrocytes in spinal GM originated from resident postmitotic GM
astrocytes. To strengthen and generalize this conclusion, we used
GFAP-Cre-ER T2/Rosa-loxP-STOP-loxP-EYFP (GCER) double

transgenic mice to trace the fate of astrocytes in the EAE spinal
cord. First, using normal adult GFAP-GFP mice to visualize astrocytes, and BrdU to label proliferating cells (22 consecutive
days BrdU labeling in drinking water), we found that 0.05% and
0% of GFAP-GFP-positive astrocytes (3 mice, 6 sections/each
animal analyzed) were BrdU ⫹ in spinal WM and GM, respectively (Fig. 7A, arrowheads), suggesting that essentially all astrocytes in normal adult spinal cord are postmitotic.
Six days post-TM administration to adult GCER mice,
G-EYFP ⫹ astrocytes were scattered throughout both WM and
GM (Fig. 7B, arrowheads). Most GFAP ⫹/G-EYFP ⫹ cells in WM
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Vimentin ⫹ (Fig. 7D, right, arrowhead),
suggesting that the deep gray matter microenvironment was altered during EAE, as
has previously been reported (Huizinga et
al., 2008; Wu et al., 2008). The expression of
Nestin and Vimentin by G-EYFP ⫹ astrocytes persisted at later time points (Fig. 7E,
arrowheads and boxed area), indicating that
astroglial activation during EAE is sustained. Virtually no G-EYFP ⫹ cells were
positive for Vimentin in CFA GCER mice
(Fig. 7F, arrowheads). Numbers of
G-EYFP ⫹/GFAP ⫹ astrocytes in WM increased 0.75-fold during EAE (109/mm 2
EAE vs 65 /mm 2 in CFA controls, p ⫽
0.025) (Fig. 7G), whereas numbers of
G-EYFP ⫹/GFAP ⫹ astrocytes in GM did
not change (Fig. 7G). Together, these
data indicated that the hypertrophic,
Vimentin ⫹/Nestin ⫹-reactive
astrocytes
that became prominent throughout spinal
cord during EAE were direct descendents of
resident quiescent GFAP ⫹/Nestin ⫺/Vimentin ⫺ astrocytes which resided in spinal
cord before onset of EAE, and also suggested
Figure 8. Sox2 is expressed by parenchymal astrocytes in adult normal and EAE spinal cord. A, B, Representative images that astroglial hyperplasia contributed to asshowing colabeling of GFAP-GFP and Sox2 (arrowheads) in the spinal WM and GM of adult normal GFAP-GFP mice, respectively. C, trogliosis in WM, but not in GM, which was
D, Representative images of single optical slice showing colabeling of GFAP and Sox2 (arrowheads) in the WM and GM of D21 EAE subsequently addressed further by BrdU ininjured spinal cord of GFAP-GFP mice, respectively. E, Percentage of GFAP-GFP ⫹ cells expressing Sox2. F, Percentage of Sox2 ⫹ corporation studies below.
parenchymal cells expressing GFAP-GFP. G, Confocal image showing colabeling of Sox2 and Sox10, a pan-oligodendroglial lineage
Previous reports proposed that astrocell marker in EAE spinal cord at D21. Note that some Sox2 ⫹ cells are Sox10 ⫹ (arrowheads), identifying them as oligodendroglial cytes gain multipotency after CNS traulineage cells. H, Nonoverlapping Sox2 (green) and Sox10 (red) immunostaining in uninjured CFA control tissue. Blue in all images matic injuries (Lang et al., 2004; Buffo et
indicates DAPI ⫹ nuclei. Scale bars, 50 m.
al., 2008). To determine the in vivo plasticity of reactive astrocytes during EAE,
had an overall bipolar morphology, with one primary process
we traced the progenies of G-EYFP ⫹GFAP ⫹ astrocytes and
extending toward the pial surface, another toward the central
quantified the percentage of G-EYFP ⫹ cells that were immunocanal (Fig. 7B, left, and inset). Cells with this configuration in
reactive for different lineage markers. On day 35 post-MOG pepspinal cord are sometimes referred to as “radial astroglia” (Bantide immunization of GCER mice, ⬎95% of G-EYFP ⫹ cells were
⫹
⫹
GFAP ⫹ or Sox2 ⫹ (Fig. 7I ), identifying them as astrocytic lineage
nerman et al., 2007). GFAP /G-EYFP cells in GM displayed the
“bushy” processes typical of protoplasmic astrocytes (Fig. 7B,
members, and ⬃80% of G-EYFP ⫹ cells were Vimentin ⫹ or
⫹
⫹
Nestin ⫹-reactive astrocytes (Fig. 7H ). G-EYFP ⫹ cells that exright, and inset). The densities of GFAP /G-EYFP astrocytes
2
2
were ⬃63/mm and 85/mm in WM and GM, respectively. We
pressed neuronal lineage markers (HuCD or NeuN) or oligodenused nuclear transcription factor Sox2 immunoreactivity as an
droglial lineage markers (NG2 or CC1) were very rare (Fig. 7H ).
alternative to GFAP as a marker to identify spinal cord astrocytes
We concluded that reactive astrocytes in EAE remained restricted
(Fig. 8 A–F ), and found that 23.6% (⫾ 1.6%) and 24.3%
to the astroglial lineage.
(⫾4.7%) of Sox2 ⫹ astrocytes were labeled with G-EYFP ⫹ in
the WM and GM of the normal GCER mice, respectively.
Different mechanisms underlie the formation of reactive
To provide direct evidence that GFAP ⫹ astrocytes resident
astrocytes in spinal white and gray matter during EAE injury
in the normal spinal cord contribute to reactive astrogliosis, we
Though previous studies provided substantive evidence for the
immunized GCER mice with MOG peptide on 35 d post-TM. By
proliferation of resident astrocytes after traumatic injury (Bush
day 15 post-MOG peptide immunization, when clinical symptoms
et al., 1999; Faulkner et al., 2004; Myer et al., 2006) and EAE
were well established, the morphology of WM EYFP ⫹ astrocytes had
(Voskuhl et al., 2009), whether astrogliosis in GM and WM in
changed from a bipolar to a hypertrophic, multipolar configuration
multiple sclerosis and EAE is due to both hyperplasia and hyper(Fig. 7C, arrowheads, compared with Fig. 7B, left). These enlarged
trophy or solely to hypertrophy remained unclear. To determine
astroglia expressed immunoreactive Nestin (Fig. 7C, left) and Viwhether astrocytes were proliferative during EAE, BrdU was admentin (Fig. 7C, right), characteristics of reactive astrocytes. Most of
ministered by combined intraperitoneal injection and addition
these G-EYFP ⫹/Nestin ⫹ hypertrophic reactive astrocytes were disto drinking water from D12 to D21 post-MOG peptide immunitributed within or at the margins of inflammatory lesions (dotted
zation, and spinal cord was analyzed at D35 postimmunization
area in Fig. 7C, left). In EAE spinal cord GM, G-EYFP ⫹ astrocytes
(Fig. 9A). We showed that almost all of parenchymal Sox2 ⫹ cells
displayed more numerous and thicker primary processes than in
were GFAP-GFP ⫹ astrocytes in normal adult spinal cord (Fig.
8 A, B, E, F ). However during EAE, although GFAP ⫹ astrocytes
controls (compare Fig. 7B, right, with 7D), and had also become
⫹
⫹
remained nuclear Sox2 positive (Fig. 8C,D), some Sox2 ⫹ cells
Nestin (Fig. 7D, left) and Vimentin (Fig. 7D, right). Even deep in
⫹
GM, close to the central canal (cc), G-EYFP astrocytes were
expressed transcription factor Sox10, a pan-oligodendroglial lin-

11924 • J. Neurosci., August 17, 2011 • 31(33):11914 –11928

Guo et al. • Macroglial Plasticity in EAE

Figure 9. Hypertrophy and hyperplasia differentially contribute to formation of WM- and GM-reactive astrocytes. A, Experimental designs for B–F. B, Confocal images of BrdU, Sox2 and Sox10
triple immunohistochemistry. Boxed and arrowed areas are shown on the right, depicting Sox2 ⫹/Sox10 ⫺/BrdU ⫹ and Sox2 ⫹/Sox10 ⫹/BrdU ⫹ cells, respectively. C, D, Representative confocal
images of BrdU, Sox2 and GFAP triple immunohistochemistry in GM and WM, respectively. Arrowheads in C point to GFAP ⫹/Sox2 ⫹ cells that are BrdU ⫺ in GM; GFAP ⫹/Sox2 ⫹ cells in D are BrdU ⫹.
E, G-EYFP ⫹ cells in dorsal column (DC) (E1, arrowheads and higher magnification) and ventral WM (E2, arrowheads) incorporate BrdU, whereas G-EYFP ⫹ cells (arrowheads) in GM (E3) are BrdU ⫺
in GCER mice. F, Histograms showing percentages of Sox2 ⫹/Sox10 ⫺, Sox2 ⫹/GFAP ⫹, and G-EYFP ⫹ cells that are BrdU ⫹ in GCER mice on D35 post-MOG-peptide immunization. G, H, Representative confocal images depicting the overlapping of the GFAP-GFP reporter and GFAP immunoreactivity in EAE (G) and CFA (H ) spinal cord of GFAP-GFP mice on D35. I, Schematic contours outlining
the WM (blue) and GM (red) areas for stereological quantification of GFAP-GFP ⫹ cells. J, Density of GFAP-GFP ⫹ cells in WM and GM of GFAP-GFP mice on D35. n.s., Not significant. Scale bars, 50 m
except D, 10 m.

eage cell marker (Fig. 8G, arrowheads), thus identifying them as
oligodendroglial cells. Therefore, we double-immunostained for
Sox10 and Sox2, and defined parenchymal astroglia in EAE spinal
cord as those cells that were nuclear Sox10 ⫺/Sox2 ⫹. We found
that 25.8% and 0.6% of Sox10 ⫺/Sox2 ⫹ cells were BrdU positive
in spinal WM and GM, respectively ( p ⬍ 0.01) (Fig. 9 B, F ). These

results were confirmed by GFAP, Sox2 and BrdU triple immunostaining, which showed that 20.6% and 0.26% of GFAP ⫹/Sox2 ⫹
cells had incorporated BrdU in WM and GM, respectively under
this BrdU labeling paradigm (Fig. 9C, D, F ) ( p ⬍ 0.01). We also
used GCER mice to label GFAP ⫹ quiescent astrocytes (Fig.
7 A, B) before induction of EAE, and assessed the proliferation of

Guo et al. • Macroglial Plasticity in EAE

J. Neurosci., August 17, 2011 • 31(33):11914 –11928 • 11925

logical analysis to address the origins of
spinal cord-reactive astroglia in a murine
EAE model of multiple sclerosis, and also
provide a comprehensive view of macroglia plasticity in the inflamed spinal cord
(Fig. 10).
OPCs are not diverted from
oligodendrogenesis to astrogenesis in
EAE spinal cord
Our first goal was to assess the extent to
which OPCs give rise to reactive astroglia
in EAE. OPCs are the predominant proliferating cell population in the adult CNS
(Rivers et al., 2008). Their capacity to generate astroglia in vitro when cultured in
appropriate media, and in vivo, after
transplantation, has been well established.
Genetic fate-mapping has shown OPCs to
generate astroglia in the intact neonatal
Figure 10. Schematic drawing of glial plasticity and their relationships during EAE. In EAE, (1) OPCs increase their proliferation, CNS (Zhu et al., 2008; Guo et al., 2009;
expand their population, and give rise to oligodendrocytes, but to few if any reactive astrocytes; (2) spinal cord normal WM Zhu et al., 2011). Additional observations
Vimentin ⫺/Nestin ⫺ fibrous astrocytes become activated, as shown by expression of immunoreactive Vimentin and Nestin, and
interpreted as favoring an origin of reacproliferate, but generate only astroglial lineage cells; (3) as in WM, GM Vimentin ⫺/Nestin ⫺ protoplasmic astrocytes become
tive astroglia from OPCs in CNS injured
Vimentin ⫹/Nestin ⫹, but, unlike in WM, do not proliferate; and (4) ependymal cells become Nestin ⫹, but do not increase their
conditions were focused on the oligodenrate of proliferation, nor give rise to astroglia, neurons or oligodendrocytes.
droglial lineage transcription factor Olig2
(Buffo et al., 2005; Magnus et al., 2007,
2008). Hypertrophic astroglia express
G-EYFP ⫹ astrocytes during EAE. Consistent with the Sox2/
Olig2 in the spinal cord in EAE (Cassiani-Ingoni et al., 2006) and
Sox10 and Sox2/GFAP results (Fig. 9B–D), 32% of G-EYFP ⫹
other CNS injury models (Magnus et al., 2007, 2008), and genetic
astrocytes incorporated BrdU in spinal WM, including dorsal
fate-mapping using a knock-in Olig2-Cre-ER transgene showed
columns (Fig. 9E1) and ventral WM (Fig. 9E2). However, very
labeling of astroglia with a recombination marker (Tatsumi et al.,
few G-EYFP ⫹ cells were BrdU positive in GM (0.15%) (Fig.
2008). Arguing against such a lineage relationship between OPCs
9E3,F ) ( p ⬍ 0.01). Together, these BrdU labeling data indicated
and reactive astroglia, however, fate-mapping with the transgene
that spinal cord WM astrocytes proliferate during EAE, whereas
Pdgfra-Cre-ER T2 failed to label reactive astroglia in spinal cord
GM astrocytes become activated without proliferation.
demyelinative and neurodegenerative models (Kang et al., 2010;
Next, we used GFAP-GFP transgenic mice to identify GFAP ⫹
Tripathi et al., 2010; Zawadzka et al., 2010). As a first step toward
astrocytes (Fig. 1 H), and found that there were more WM GFAPresolving these apparently contradictory results, we demonGFP ⫹ cells in spinal cord WM in EAE than in CFA control mice.
strated that not only oligodendroglial cells but also the majority
In the EAE mice, most WM GFAP-GFP ⫹ astrocytes changed
of normal adult spinal cord gray matter protoplasmic astroglia,
their morphology from typical bipolar to multipolar or irregular
identified phenotypically and by fate-mapping with GFAP-Creshapes (compare Fig. 9G with 9H ). We used unbiased stereologiER T2, express immunoreactive Olig2 (Fig. 1), and hence would
cal counting to quantify GFAP-GFP ⫹ cells in spinal cord WM
be expected to be fate-mapped by Olig2-Cre-ER (Fig. 4). In fact,
and GM (Fig. 9I ). Results indicated that the density of GFAPvirtually all the spinal cord OCER-fate-mapped astroglia in the
GFP ⫹ cells was significantly higher in EAE than control spinal
EAE mice were in gray matter. Thus, Olig2-Cre-ER fatecord white matter (16.6 ⫻ 10 3/mm 3 in MOG vs 11.7 ⫻ 10 3/mm 3
mapping, in the absence of additional data, could not be relied
in CFA, p ⬍ 0.001) (Fig. 9J ), whereas there was no significant
upon to evaluate a precursor/product relationship between OPCs
difference in numbers of GFAP-GFP ⫹ cells between EAE and
and reactive astroglia in spinal cord gray matter, and the PdgfraCFA controls in spinal cord gray matter (Fig. 9J ), a result consisCre-ER T2-based conclusion by Tripathi et al. (2010) that OPCs
tent with the previously mentioned BrdU labeling data (Fig. 9A–
do not give rise to significant numbers of reactive astroglia in EAE
F ). Thus, in EAE, astrogliosis in spinal cord WM is a consequence
is strengthened.
of both hyperplasia and hypertrophy of WM astroglia, whereas
Another interesting observation of our study was that OPCs
astrogliosis in spinal cord in GM is a solely hypertrophic response
generated more CC1 ⫹ mature oligodendrocytes in the chronic
of GM astroglia.
phase of EAE than in control spinal cord (Fig. 4 E, F ). Further
Discussion
studies are needed to determine whether these newly formed
Charcot, the first to integrate the clinical and pathological feaoligodendrocytes participate in spinal cord remyelination in
tures of multiple sclerosis, believed that “hyperplasia of the reticEAE.
ulated fibers of the neuroglia constitutes the initial, fundamental
fact, and necessary antecedent” of multiple sclerosis plaques
Reactive astroglia are derived from cells that, in the normal
(Charcot, 1877). Nearly 150 years later, the cellular origin(s) of
spinal cord, are mitotically inactive
reactive astroglia in this and other CNS disorders remain elusive
What cells do give rise to reactive astroglia? To gain insight into
(Robel et al., 2011). In the present study, we used genetic fate
the proliferative characteristics of the precursor pool from which
mapping, thymidine analog birth-dating, and nonbiased stereoreactive astroglia were derived during EAE, adult mice were sub-
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jected to prolonged BrdU administration before induction of
EAE. OPCs became heavily BrdU-labeled during this period,
whereas astroglia were rarely labeled (Figs. 3F, 7A). Reactive astroglia formed during EAE in these mice were also rarely BrdU ⫹
(Fig. 4 J), hence arguing against a significant contribution by
OPCs to their genesis. These results supported the hypothesis
that the Olig2 ⫹ astroglia and Olig2-Cre-ER fate-mapped astroglia previously reported, and confirmed in the present study,
were derived from Olig2 ⫹ protoplasmic astroglia resident in
adult gray matter (Chen et al., 2008), rather than from Olig2 ⫹
OPCs.
Spinal cord ependyma do not contribute to reactive
astrogenesis in EAE
Ependymal cells can both self-renew and generate multiple
cell lineages under appropriate culture conditions (Meletis et
al., 2008), and may also exhibit these stem cell-like properties
during normal prenatal development and after CNS ischemia
(Carlén et al., 2009). During EAE, we observed upregulation of
immunoreactive nestin, a protein expressed by stem and progenitor cells, in spinal cord ependymal cells (data not shown)
(Takahashi et al., 2003). Though DiI-labeling was reported to
demonstrate derivation of astroglia and oligodendroglia
(Brundin et al., 2003) and neurons (Danilov et al., 2006) from
ependyma in the spinal cord during EAE, we consider the
interpretation of that result not to be straightforward, because
processes of GFAP ⫹ peri-ependymal astroglia (Fig. 5 B, C),
NG2 ⫹ processes of peri-ependymal OPCs (Horner et al.,
2002) and HuCD ⫹ neurons (Marichal et al., 2009) are inserted
between ependymal cells in spinal cord, and could also have
taken up the DiI. Genetic fate-mapping with the inducible
forkhead transcription factor-driven Cre transgene, FoxJ1Cre-ER T2, showed that ependyma in the incised adult spinal
cord generate astroglia, and to a lesser extent, oligodendroglial
lineage cells (Meletis et al., 2008; Barnabé-Heider et al., 2010).
However, our fate-mapping with the same FoxJ1-Cre-ER T2
transgene failed to label substantial astroglia in EAE (Fig. 6).
We used Sox2 to label both ependymal cells (Fig. 5D) and
parenchymal astrocytes (Fig. 8 A, B, E, F ), and noted instances
in which F-EYFP ⫹/Sox2 ⫹ cells were in close proximity to
Sox2 ⫹ ependymal cells (Fig. 6G, arrowhead); these were rare,
however, and similar in incidence in EAE and CFA controls
(Fig. 6 I). Furthermore, these EYFP ⫹/Sox2 ⫹ cells did not accumulate over time in EAE (Fig. 6 L). These observations suggest that ependymal cells contribute few, if any, astroglia to
parenchymal peri-ependymal astrogenesis in EAE. Also arguing against a substantial role for ependymal cells in EAE astrogenesis, the mitotic index of ependymal cells in EAE spinal
cord was maintained at the same very low level as in CFA
control spinal cord (Fig. 6C–E), yet spinal cord ependymal
cells were not depleted during EAE (Fig. 6 F4,G,J ). We concluded, therefore, that spinal cord ependymal cells contribute
few if any reactive astroglia during EAE, and speculate that the discrepancy in FoxJ1-Cre-ER T2 ependymal fate-mapping in incised vs
EAE spinal cord is attributable to the lesser disruption of the gray
matter milieu in EAE than after physical injury.
A study of the spinal cord in a toxin-induced demyelination
model found that reactive astroglia were generated from Fgfr3expressing cells (Zawadzka et al., 2010). However, Fgfr3 is expressed by both spinal cord astrocytes and ependymal cells
(Young et al., 2010), and it is therefore not clear whether astrocytes, ependymal cells, or both contributed to this astrogliosis.
Using GFAP-Cre-ER T2 to label astrocytes (Fig. 7) and FoxJ1 (or

Nestin)-Cre-ER T2 (Figs. 5, 6) to label ependymal cells, we have
now shown that resident astrocytes, but not ependymal cells,
contribute to reactive astrogliogenesis in CNS inflammatory
demyelination.
Reactive astroglia are generated from quiescent
vimentin-/nestin-astroglia in spinal cord white and gray matter
Having failed to indict OPCs or ependymal cells as significant
sources for nestin ⫹/vimentin ⫹-reactive astroglia in EAE spinal
cord, we evaluated the hypothesis that nestin ⫺/vimentin ⫹ astroglia resident in the adult spinal cord generate reactive astroglia. In
support of this hypothesis, reactive astroglia in EAE spinal cord
gray and white matter were G-EYFP-labeled in GCER mice that
had received tamoxifen before MOG peptide immunization (Fig.
7). BrdU incorporation studies showed the mitotic index of astroglia was very low in the normal adult spinal cord, and remained low in gray matter astroglia during EAE, but rose
substantially in white matter astroglia (Fig. 9B–F ). Consistent
with these BrdU results, unbiased stereological analysis in GFAPGFP transgenic mice showed an increase in density of GFAPGFP ⫹ astroglia in spinal cord white but not gray matter during
EAE (Fig. 9G–J ).
While our data show that spinal cord-reactive astrogliosis involves astroglial proliferation in white matter, but not in gray
matter, additional studies are required to determine whether this
dichotomy is a consequence of intrinsic differences between fibrous and protoplasmic astroglia in response to inflammation, or
of the greater intensity of inflammation in white than gray matter
in EAE (Soulika et al., 2009). It will be especially interesting to
determine whether there are also differences between these two
astroglial populations with respect to metabolic features of the
reactive astroglial phenotype (e.g., chemokine induction and perturbations in glutamate homeostasis) known to play roles in the
pathophysiology of multiple sclerosis and EAE (Sofroniew, 2009;
Holman et al., 2011).
Conclusions
Spinal cord OPCs, though produced in increased numbers
during EAE, are not diverted to astrogenesis, nor are spinal
cord ependymal cells (Fig. 10). Instead, reactive astrogliosis is
largely or solely a consequence of phenotypic transformation
of postmitotic protoplasmic astroglia in spinal cord gray matter, and of proliferation and phenotypic transformation of
fibrous astroglia in spinal cord white matter (Fig. 10). Resident spinal cord astrocytes and ependymal cells are restricted
to their own lineages in this multiple sclerosis model (Fig. 10).
Our study also provides an overall view of the plasticity of OPCs,
ependyma, and astroglia (Fig. 10). Further studies will be required to assess lineage relationships between OPCs and Olig2 ⫹
protoplasmic astroglia during normal spinal cord development.
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