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Astrocytes undergo major phenotypic changes in response to injury and disease that directly influence repair in the CNS, but the mechanisms
involved are poorly understood. Previously, we have shown that neurosphere-derived rat astrocytes plated on poly-L-lysine (PLL-astrocytes)
support myelination in dissociated rat spinal cord cultures (myelinating cultures). It is hypothesized that astrocyte reactivity can affect
myelination, so we have exploited this culture system to ascertain how two distinct astrocyte phenotypes influence myelination. Astro-
cytes plated on tenascin C (TnC-astrocytes), a method to induce quiescence, resulted in less myelinated fibers in the myelinating cultures
when compared with PLL-astrocytes. In contrast, treatment of myelinating cultures plated on PLL-astrocytes with ciliary neurotrophic
factor (CNTF), a cytokine known to induce an activated astrocyte phenotype, promoted myelination. CNTF could also reverse the effect of
quiescent astrocytes on myelination. A combination of microarray gene expression analysis and quantitative real-time PCR identified
CXCL10 as a potential candidate for the reduction in myelination in cultures on TnC-astrocytes. The effect of TnC-astrocytes on myeli-
nation was eliminated by neutralizing CXCL10 antibodies. Conversely, CXCL10 protein inhibited myelination on PLL-astrocytes. Fur-
thermore, CXCL10 treatment of purified oligodendrocyte precursor cells did not affect proliferation, differentiation, or process extension
compared with untreated controls, suggesting a role in glial/axonal ensheathment. These data demonstrate a direct correlation of
astrocyte phenotypes with their ability to support myelination. This observation has important implications with respect to the devel-
opment of therapeutic strategies to promote CNS remyelination in demyelinating diseases.

Introduction
Astrocytes are the most abundant glial cell of the CNS and play
multiple roles in organizing and maintaining brain structure and
function (Maragakis and Rothstein, 2006; Sofroniew and Vinters,
2010). In the normal, uninjured CNS, astrocytes are often termed
nonactivated, normal, or quiescent, although they are thought to
play functional roles (Eddleston and Mucke, 1993; Holley et al.,
2005). However, after injury or disease, their properties change
dramatically, where they undergo gliosis/anisomorphic astrocy-
tosis to acquire a reactive phenotype (Eddleston and Mucke,
1993; Liberto et al., 2004). This reactive astrocytic response is
associated with cellular hypertrophy, proliferation, process ex-
tension and interdigitation, and increased production of glial
fibrillary acidic protein (GFAP), vimentin, nestin, heparan sul-
fate proteoglycans, chondroitin sulfate proteoglycans, and
growth factors (Eng and Ghirnikar, 1994; Norenberg, 1994;

Gómez-Pinilla et al., 1995; McKeon et al., 1999; Leadbeater et al.,
2006). Ultimately, this may progress to formation of glial scar
tissue, a response that can be beneficial, for example, by encap-
sulating infections and areas of tissue necrosis, restoring blood–
brain barrier integrity, or excluding non-neural cells from the
CNS (Eddleston and Mucke, 1993), but also detrimental. In par-
ticular, formation of glial scar tissue is associated with failure of
remyelination and axonal regeneration (Silver and Miller, 2004;
Pekny and Nilsson, 2005; Nair et al., 2008).

It is now recognized that astrocytes in vivo can also undergo a
spectrum of phenotypic and functional changes associated with
improved tissue remodeling and recovery (Faulkner et al., 2004;
Liberto et al., 2004; Sofroniew and Vinters, 2010). These benefi-
cial responses occur at sites distant from severe injury or in re-
sponse to a milder CNS trauma (Fernaud-Espinosa et al., 1993;
Sofroniew and Vinters, 2010). These astrocytes are termed “acti-
vated” and become hypertrophic, acquire a more stellate mor-
phology, and secrete a variety of enzymes, growth and trophic
factors, and antioxidants (Liberto et al., 2004). This state of acti-
vated/isomorphic gliosis is thought to be induced by specific cytokines
including ciliary neurotrophic factor (CNTF) and interleukin-1�
(Hudgins and Levison, 1998; Albrecht et al., 2003), and, unlike the
permanent changes associated with reactive astrocytosis and scar
formation, the characteristics of the activated astrocyte phenotype
are believed to be reversible.

In the context of their ability to support demyelinated lesions
to (re)myelinate, astrocyte behavior is critical and complex (Wil-
liams et al., 2007; Sofroniew, 2009; Sofroniew and Vinters, 2010).
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Astrocytes have a major influence on remyelination in vivo as dem-
onstrated by the observation that oligodendrocytes preferentially re-
myelinate axons in areas containing astrocytes (Blakemore and
Crang, 1989; Franklin et al., 1991; Jasmin and Ohara, 2002; Talbott et
al., 2005). Similarly, transplantation of astrocytes into demyelinated
lesions enhanced endogenous remyelination (Franklin et al., 1991).
These in vivo observations were recapitulated in vitro in our stud-
ies demonstrating that astrocytes are a prerequisite to promote
myelination by rat spinal cord cells (Sørensen et al., 2008). These
studies confirmed that astrocytes secrete important, promyeli-
nating factors. We have now used these cultures to investigate
how factors that polarize astrocytes to induce a quiescent or re-
active/activated phenotype influence myelination. We show that
the phenotype of astrocytes has a crucial role in determining their
effects on myelination.

Materials and Methods
Cell culture
Generating monolayers. Neurospheres were generated from striata of
Sprague Dawley rats of either sex aged �36 h [based on the methods of
Reynolds and Weiss (1996) and Zhang et al. (1998) and described in
detail by Sørensen et al. (2008)]. Enzymatically dissociated cells were
resuspended in 20 ml of neurosphere medium (NSM) consisting of
DMEM/F12 (1:1, DMEM containing 4500 mg/L glucose), supplemented
with 0.105% NaHCO3, 2 mM glutamine, 5000 IU/ml penicillin, 5 �g/ml
streptomycin, 5.0 mM HEPES, 0.0001% bovine serum albumin (all from
Invitrogen), 25 �g/ml insulin, 100 �g/ml apotransferrin, 60 �M pu-
trescine, 20 nM progesterone, and 30 nM sodium selenite (all from
Sigma), and plated into a 75 cm 3 tissue culture flask (Greiner), supple-
mented with 20 ng/ml mouse submaxillary gland epidermal growth fac-
tor (EGF) (R&D Systems), and maintained at 37°C in a humidified
atmosphere of 7% CO2/93% air. Every 2–3 d, 5 ml of NSM and 4 �l of
EGF were added to the flask. When the spheres were large enough, they
were triturated into fresh medium and plated into a flask for a further 24
h. The spheres were then differentiated into astrocytes as previously
described (Thomson et al., 2006). Briefly, the spheres were plated
onto poly-L-lysine (PLL) (13 �g/ml, Sigma)-coated coverslips (13
mm diameter; VWR International) to generate the standard support
for myelination (PLL-astrocytes or PLL-As) or onto tenascin-C
(TnC) (5 �g/ml)-coated coverslips to generate a quiescent astrocyte
monolayer (TnC-astrocytes or TnC-As) (Holley et al., 2005). The
monolayers were maintained in low-glucose DMEM supplemented
with 10% fetal bovine serum (FBS) and 2 mM L-glutamine (both from
Sigma) for 7–10 d until confluent.

Olfactory ensheathing cells (OECs) were isolated from the olfactory
bulb of 7-d-old Sprague Dawley pups of either sex and purified using
magnetic beads (Higginson and Barnett, 2011) (STEMCELL Technolo-
gies) and the p75 NTR antibody (Abcam). The cells were grown in serum-
free, low-glucose DMEM modified as described by Bottenstein et al.
(1979) (DMEM-BS, 1000 mg/ml glucose) (Bottenstein et al., 1979) with
5% FBS and further supplemented with fibroblast growth factor 2
(FGF2) (500 ng/ml, Peprotech), heregulin �-1 (50 ng/ml, R&D Systems),
forskolin (5 � 10 �7

M Sigma), and astrocyte conditioned medium (1:5,
fresh DMEM-BS taken after incubation with a confluent astrocyte
monolayer for 48 h) (Noble and Murray, 1984; Alexander et al., 2002).
The cells were grown on PLL-coated coverslips and used either as sup-
porting monolayers or to condition medium shared with spinal cord
myelinating cultures.

Myelinating cultures. The method of generating myelinating spinal
cord cultures is based on that developed for mice (Thomson et al., 2008)
and rats (Sørensen et al., 2008), with some modifications. Sprague Daw-
ley rats of either sex were time mated, and embryos were used on embry-
onic day 15.5 (E15.5). The spinal cords (5– 6) were dissected, cleared of
meninges, minced with a scalpel blade, and enzymatically dissociated
with trypsin (100 �l, 2.5%, Invitrogen) and collagenase (100 �l, 1.33%,
ICN Pharmaceuticals) in HBSS (without calcium and magnesium). En-
zymatic activity was stopped by adding 1 ml of a solution containing 0.52

mg/ml soybean trypsin inhibitor, 3.0 mg/ml bovine serum albumin, and
0.04 mg/ml DNase (Sigma) to prevent cell clumping. The cells were
triturated, centrifuged, and resuspended in plating medium (PM) (50%
DMEM, 25% horse serum, 25% HBSS with calcium and magnesium),
and 150,000 cells per 100 �l were plated on PLL-As, TnC-As, or conflu-
ent monolayers of OECs. The coverslips were placed in a 35 mm Petri
dish (2 per dish) and left in the incubator to attach for 2 h. A combination
of 300 �l of PM and 500 �l of differentiation medium (DM) (Thomson
et al., 2006), which contained DMEM (4500 mg/ml glucose), 10 ng/ml
biotin, 0.5% hormone mixture (1 mg/ml apotransferrin, 20 mM pu-
trescine, 4 �M progesterone, and 6 �M selenium (formulation based on
N2 mix of Bottenstein and Sato, 1979), 50 nM hydrocortisone, and 0.1
�g/ml insulin (all reagents from Sigma) was added. After 12 d in culture,
the insulin was removed from the DM. Cultures were fed every 2 d by
removing 500 �l of medium and replacing it with fresh DM. On day 12,
conditions were applied as follows: CNTF at 2 ng/ml (Peprotech) or
concentrations ranging between 0.02 pg/ml and 20 ng/ml, CXCL10 neu-
tralizing antibody at 2.0 �g/ml (R&D Systems), CXCL10 (10 ng, Pepro-
tech), or IgG1 myeloma protein as a control (0.2 �g/ml, Sigma).

Conditioning of E15.5 myelinating cultures. In several experiments we
used a confluent monolayer of cells (OECs, PLL-As, TnC-As) to condi-
tion the medium supporting the myelinating cultures. This procedure
involved incubating these cells grown on coverslips in the same Petri dish
as the myelinating culture. Diagrams can be seen in Figure 3 (see below).
For example, to determine whether OEC conditioned medium (CM) can
directly influence myelination, two coverslips containing confluent
monolayers of OECs were placed in the same 35 mm Petri dish as the
myelinating cultures. This meant that OECs continuously secreted solu-
ble factors into the medium and alleviated problems of adding reproduc-
ible concentrations of factors. In some experiments, PLL-As were
pretreated with 2 ng/ml CNTF for 24 – 48 h, washed three times in PBS,
and placed in the same dish as myelinating cultures plated on PLL-
astrocytes or TnC-astrocytes. CNTF-pretreated astrocytes were contin-
ually generated so that fresh CNTF-astrocytes could be replaced in the
Petri dish at every feed.

Oligodendrocyte precursor cell purification and treatment
Cortical astrocytes were prepared from cerebral cortices of 1-d-old
Sprague Dawley rat pups of either sex as described previously (Noble and
Murray, 1984). The cells were maintained in DMEM-FBS and grown to
confluency. The flasks were then shaken at 150 rpm for 1–2 h to displace
oligodendrocyte precursor cells (OPCs). The medium was collected and
centrifuged [800 rpm, 136 RCF (relative centrifugal force) for 5 min] and
resuspended in DMEM-BS. The cells were plated onto PLL-coated cov-
erslips and supplemented with FGF2 (10 –20 ng/ml) and PDGF (10 –20
ng/ml) for 5 d. The growth factors were then withdrawn for 3 d. OPCs
were treated with CXCL10 (10 ng/ml) every other day for 8 consecutive
days. For proliferation experiments, bromodeoxyuridine (BrdU) (Dako,
10 �M) was added for 18 –24 h before fixation and visualized by indirect
immunofluorescence with anti-BrdU (IgG1, Dako) on day 4 (see below
for details). For differentiation experiments, OPCs were fixed and im-
munolabeled on day 8 with the O4 antibody, A2B5, anti-MOG, and
anti-MBP antibody (for details, see Immunocytochemistry and antibod-
ies, below).

Immunocytochemistry and antibodies
Neurites were visualized using a monoclonal antibody against phosphor-
ylated neurofilament (SMI-31, anti-mouse IgG1, 1:1500; Covance Cam-
bridge Bioscience). Mature myelin was visualized using the AA3
antibody (1:100, anti-rat) (Yamamura et al., 1991), which labels PLP/
DM20 proteins. Monolayers of astrocytes were visualized using anti-
GFAP (1:500, anti-rabbit, Dako). To assess reactivity, an antibody against
the intermediate filament protein nestin was used (1:100, anti-mouse
IgG1, Millipore Bioscience Research Reagents). Anti-TnC was used to
visualize extracellular TnC (1:1000, anti-rabbit; gift from Andreas
Faissner, Ruhr University, Bochum, Germany). The O4 antibody (1:1
hybridoma, anti-mouse IgM) (Sommer and Schachner, 1981) and A2B5
(1:1 hybridoma, anti-mouse, IgM; gift from Professor Mark Noble, Uni-
versity of Rochester, Rochester, NY) (Abney et al., 1983) were used to
visualize purified OPCs, while MBP (1:200, anti-mouse, IgG2a, Milli-
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pore) and MOG (1:100, anti-mouse, IgG2a) (Piddlesden et al., 1993)
were used to visualize mature oligodendrocytes.

For surface labeling, primary antibodies (diluted in DMEM) were ap-
plied and left for 20 –30 min at room temperature. The cultures were then
washed in PBS and the secondary antibody (diluted in DMEM) was
added for 20 –30 min. After washing, the cells were fixed in 4% parafor-
maldehyde for 15 min. For colabeling with most of the cytosolic antigens,
cells were permeabilized with 0.5% Triton X-100 for 15 min and blocked
using blocking buffer (containing PBS with 0.1% Triton X-100, 0.2%
gelatin) for 15 min. Primary antibodies, diluted with blocking buffer,
were added to the cultures for 1–2 h at room temperature or overnight at
4°C. For monolayers of astrocytes, ice-cold methanol was added and left
for 15 min at �20°C for fixation and permeabilization. The coverslips
were then washed in PBS and the appropriate primary antibodies, fol-
lowed by the appropriate fluorochrome-conjugated secondary antibod-
ies, added for 45 min at room temperature (Southern Biotech). The
coverslips were then washed in PBS, followed by dH2O, and mounted in
Vectashield (Vector Laboratories).

For BrdU immunoreactivity, to assess cell proliferation, the cells were
incubated with BrdU (Dako, 10 �M) for 18–24 h before fixation in ice-cold
methanol at �20°C for 15 min, followed by a 1 min fixation with 0.1%
paraformaldehyde. Sodium hydroxide, 0.07 M, was then added for 15 min,
followed by anti-BrdU (1:20, anti-mouse IgG1, Dako) made up in PBS-
Tween, 0.5%, for 30 min. The appropriate fluorochrome-conjugated sec-
ondary antibodies were added for 45 min at room temperature (Southern
Biotech). The cells were washed with PBS-Tween, 0.5%, between steps.

Imaging. Cells were imaged using an Olympus BX51 fluorescent mi-
croscope and images were captured using Image-Pro software. For quan-
titative analysis of neurite density and myelination, 10 images from each
coverslip were taken at random at 10� magnification. Each condition for
each experiment was performed in duplicate; therefore, 20 images were
taken per condition per experiment, and ex-
periments were performed in triplicates. Thus,
a total of 60 images for each condition were
used for quantification and analysis.

Quantitative analysis for neurite density and
myelination. Neurite density was measured us-
ing NIH ImageJ software (version 1.45). The
pixel value of the SMI-31 reactivity was mea-
sured as a percentage of the total pixel value in
one image (total area). The AA3 antibody (an-
ti-PLP/DM20) recognizes both myelin sheath
and oligodendrocyte cell bodies, thus making it
difficult to look at PLP/DM20 immunoreactiv-
ity alone to calculate the percentage of myelin-
ated axons. Therefore, it was essential to
manually identify and draw along the myelin-
ated sheaths using Adobe Photoshop (Ele-
ments 7.0) and brush shape size 9, using a pure
blue color. To calculate the percentage of my-
elinated axons, the number of pixels where
there is an overlap of blue and green is calcu-
lated as percentage of the total SMI-31 pixel
reactivity (Sørensen et al., 2008). For compar-
ison of values between groups of conditions,
data were analyzed by calculating ratios and
analyzing these with one-sample Student’s t
tests, using 1 as the null hypothesis mean (or 0
when data are logged). The mean of a mini-
mum of 3 experiments per condition was cal-
culated, and all values were expressed as
means � SEM. Significance was represented
using p-values, where values �0.05 were con-
sidered significant, and are indicated by an asterisk on images.

Characterization of astrocytes, oligodendrocyte area, and neurite
thickness. To calculate nestin reactivity, images within one experi-
ment were taken at the same threshold for all conditions. Ten images
per condition for each experiment were taken. Using NIH ImageJ
software, a freehand selection was made around each cell, and inte-

grated density and size were measured. The integrated intensity was
measured as ratio of the cell size. To count proliferating cells, the cell
counter feature from NIH ImageJ (version 1.45) was used. The num-
ber of proliferating astrocytes (GFAP �/BrdU �) was expressed as a
percentage of the total DAPI count. To count nestin-positive astro-
cytes, GFAP- and nestin-positive cells were counted and expressed as
a percentage of the total DAPI count.

Figure 1. Biological properties of astrocytes plated on TnC compared with astrocytes plated
on PLL. A, B, PLL-As (A) or TnC-As (B) were fixed and immunostained for GFAP, TnC, and DAPI.
C, D, Sister astrocyte cultures were lysed and immunoblotted for TnC and GAPDH expression (C),
and the intensity of the Western blots was quantified from three experiments (D). TnC-As did
not express higher levels of TnC compared with PLL-As. E, F, PLL-As and TnC-As were immuno-
labeled with anti-GFAP, nestin, and DAPI.

Figure 2. Myelination was reduced on quiescent astrocytes. A–C, Myelinating cultures were plated on PLL-As (A) or TnC-As (B).
PLL-As were treated with 2 ng/ml CNTF from day 12 onward (C). D, Myelination was significantly higher on PLL-As compared with
those plated on TnC-As. Treatment of cultures on PLL-As with CNTF resulted in a significant increase in myelination compared with
untreated PLL-As. E, Neurite density was similar in all conditions. *p � 0.05.
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To assess whether oligodendrocyte process extension was affected by
CXCL10 treatment, oligodendrocyte area was measured using ImageJ. The
extent of oligodendrocyte process formation was calculated by measuring
the area surrounding the nuclei, including the outermost tips occupied
by processes. Ten images for each experimental repeat were used, and all
MBP-positive cells in each image were measured.

Images for the measurement of neurite diameter were taken at 10� mag-
nification. Ten images of each myelinating culture condition were taken at
day 26. Each image was opened in ImageJ and a representative area was
zoomed into 6 times. Using the Straight Line selection, a line was drawn
across the diameter of the SMI-31-positive axons and arbitrary measure-
ments were recorded. These were then converted into values (micrometers)
using the scale bar on the image. A total of 30 images were taken for each

condition for 3 experimental repeats. For statisti-
cal analysis, values from all experiments were an-
alyzed using an unpaired two-sample t test.

Western blotting
Astrocyte monolayers were lysed using CelLy-
tic M Cell Lysis Reagent (Sigma). Protein con-
centrations were measured and 10 �g of total
protein for each condition loaded into a Nu-
Page 4 –12% Bis-Tris Gel (Invitrogen) with
rainbow molecular-weight markers (GE
Healthcare Life Sciences). The gel was trans-
ferred using the iBlot (Invitrogen), and mem-
branes were blocked with 5% powdered milk in
PBS and 0.1% Tween (PBST). Membranes
were incubated with either polyclonal rabbit
Tenascin C antibody (1:1000) or mouse mono-
clonal GAPDH (1:1000, Thermo Scientific) as
a housekeeping gene in block plus PBST for 1 h
at room temperature. The membrane was
washed with PBST and incubated with the ap-
propriate HRP-conjugated secondary anti-
body for 1 h at room temperature in block �
PBST (anti-rabbit, 1:10,000, Santa Cruz Bio-
technology; anti-mouse IgG1, 1:10,000, GE
Healthcare Life Sciences). After three washes,
the membranes were developed using en-
hanced chemiluminescence (GE Healthcare
Life Sciences) and visualized using a Konica
Minolta SRX101A imaging system. Densitom-
etry was performed on the bands using ImageJ.
For statistical analysis, a paired two-sample t
test was used on the densitometry arbitrary val-
ues, comparing band intensity of TnC-As to
PLL-As for the GAPDH and TnC blots.

RNA extraction
The RNA of astrocytes plated on PLL or TnC,
or treated with CNTF (2 ng/ml), was extracted
at 4 and 24 h post-treatment using a Qiagen
RNeasy Micro Kit, following the manufactur-
er’s instructions, and RNA quality and integ-
rity were checked using the Bioanalyzer 6000
Nano LabChip platform. RNA was used for
quantitative reverse transcription (qRT)-PCR
and microarray studies.

Microarray analysis
Two Illumina RatRef-12 Expression BeadChip
microarrays were used to assess the gene expres-
sion of the 15 samples. These samples came from
RNA generated from astrocytes plated in five dif-
ferent conditions: on PLL for 4 and 24 h; on
PLL�CNTF for 4 and 24 h; on TnC for 4 h (n �
3 per group; astrocytes were derived from differ-
ent groups of pups, each from a different outbred
female). cRNA was hybridized using an Illumina

TotalPrep RNA Amplification kit, according to the manufacturer’s instruc-
tions. Briefly, RNA (250 ng) was reverse transcribed using Oligo(dT) prim-
ers, followed by second-strand synthesis and in vitro transcription to convert
cDNA to cRNA. After a purification step, cRNA was made up to 750 ng. The
Illumina RatRef-12 Expression BeadChip was incubated with assay samples
at 58°C overnight for hybridization. After several washing and blocking
steps, the samples were scanned with BeadArray Reader (Illumina). The data
were quantile normalized in BeadStudio (Illumina) and Rank Products
(Breitling et al., 2004; Breitling and Herzyk, 2005) was used to assess the
statistical significance of pairwise intergroup differences. Significance was
determined using the false discovery rate (FDR) multiple testing correction
method (Benjamini and Hochberg, 1995), with a FDR cutoff of 5%. Venn

Figure 3. CNTFdoesnothaveapromyelinatingeffectwhenculturesareplatedonamonolayerofOECs.A–F,Myelinatingcultureswere
plated on PLL-As (A–C) or OECs (D–F ) and left untreated (A, D) or treated with CNTF (2 ng/m) (B, E). Monolayers of astrocyte (PLL-As)
cultures were included in the same dish as myelinating cultures plated on an OEC monolayer to condition the medium supporting the
myelinating cultures (F ) and, conversely, monolayers of OECs were placed in the same dish as myelinated cultures plated on a astrocyte
monolayer (C). G, Cultures plated on a monolayer of OEC do not show the same increase in myelination with the addition of exogenous
CNTF. Quantification of myelination showing a significant increase in cultures plated on OEC monolayers and conditioned by PLL-As. H,
Neurite density as a percentage of SMI-31 immunoreactivity for conditions shown in A–F (*p � 0.05; ns, p � 0.05). MC, Myelinating
cultures.
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diagrams were used to look for consistent differences between TnC-
astrocytes and each of the other groups for 4 h.

qRT-PCR verification
Following RNA extraction, cDNA was synthesized using the Invitrogen
SuperScript First-Strand Synthesis System and the manufacturer’s guide-
lines. Cycling parameters were as follows: 65°C for 5 min, 25°C for 10
min, 50°C for 50 min, 85°C for 5 min, and then 37°C for 20 min. Real-
time PCR was performed using a 20 �l reaction volume containing SYBR
Green, forward primer (f), reverse primer (r), distilled water, and the cDNA
template (2 ng/ml). Primers were designed using the UCSC Genome
Browser (http://genome.ucsc.edu/index.html) and Primer 3 (http://
frodo.wi.mit.edu/primer3/) (Rozen and Skaletsky, 2000), and were
purchased from Sigma. Primers used include CXCL10 (f: 5�-TCGTGCT-
GCTGAGTCTGAGT-3�, r: 5�-CAACATGCGGACAGGATAGA-3�),
connective tissue growth factor (CTGF) (f: 5�-GAGTCGCTCTGCATG-
GTCA-3�, r: 5�-GCAGCCAGAAAGCTCAAACT-3�), and THBS4
(f: 5�-CTCGAGTGACAACAGCAAAC-3�, r: 5�-CAGCTGCAGGTTGTT-
GAAAA-3�). Plates with reactions were inserted into the Applied Bio-
systems Fast Real-Time PCR System (ABI 7900HT) using the
following cycle settings: 95°C for 10 min, 40 cycles of 95°C for 15 s,
followed by 60°C for 1 min, 95°C for 15 s, 60°C for 15 s, and a final
dissociation step at 95°C for 15 s. Cycle threshold (Ct) was calculated
based on GAPDH (endogenous control). GAPDH cycle thresholds
were confirmed to be comparable across conditions. CXCL10, CTGF, and
THBS4 were expressed relative to GAPDH in
each sample condition derived using the
comparative ��Ct threshold change method
(relative quantification). For statistical anal-
ysis, a paired two-sample t test was used on
the mean �Ct for each experimental repeat.

Results
Astrocyte phenotype determines its
ability to support myelination
We have previously shown that a monolayer
of neurosphere-derived astrocytes plated on
a PLL substrate promoted neuronal survival
and myelination in rat mixed embryonic
spinal cord cells (myelinating cultures)
(Sørensen et al., 2008). To investigate whether
the phenotypic status of the astrocyte can
affect myelination, we plated neurosphere-
derived astrocytes on tenascin-C (TnC-
astrocytes), a method known to induce
quiescence in astrocytes (Holley et al.,
2005). We first examined the biological
characteristics of these astrocytes to confirm
quiescence (Fig. 1). As TnC has been re-
ported to directly affect OPC differentiation
(Czopka et al., 2009), we assessed its expres-
sion in the astrocyte cultures by immunocy-
tochemistry and Western blotting (Fig. 1A–
D). We found that there was no
detectable difference in TnC expression
on the surface of the astrocyte. TnC-
astrocytes had similar proliferation
rates compared with astrocytes plated on PLL using BrdU
uptake (15% compared with 18%, n.s.), but those on TnC were
smaller (9 � 103 �m2 compared with 14.5 � 103 �m2, p � 0.05)
and exhibited lower levels of nestin immunoreactivity when com-
pared with those grown on PLL (Fig. 1E,F), and from measure-
ments of the percentage of nestin-positive cells (42% compared with
63%, p � 0.05) and nestin-integrated density (39% compared with
52%, p � 0.05). These two latter phenomena are both characteristic

of a shift toward a quiescent phenotype in accordance with the find-
ings of Holley et al. (2005).

To assess the ability of quiescent astrocytes to support myelina-
tion, the myelinating cultures were plated on top of the TnC-
astrocytes. A significant decrease in myelination, but not neurite
density, was seen when compared with myelinating cultures plated
on PLL-astrocytes (Fig. 2, p � 0.05). As TnC levels are similar on
both astrocyte phenotypes, this is unlikely to be due to the direct

Figure 4. Activation of astrocytes by CNTF increases myelination. Myelinating cultures were
plated onto PLL-As (black bars) or TnC-As (gray bars). CNTF treatment increased myelination in
all cultures. When TnC-As were used to condition cultures plated on PLL-As, myelination was
not affected, suggesting that the TnC effect is overcome by PLL-As. Conversely, cultures plated
on TnC-As conditioned by coverslips of PLL-As promoted myelination. PLL-As pretreated with
CNTF, washed, and then added to cultures resulted in an increase in myelination, suggesting the
CNTF activates the astrocyte directly (*p � 0.05; ns, p � 0.05).

Figure 5. Titration of CNTF produced variable effects on myelination. A–C, E15.5 myelinating cultures were plated onto a
confluent monolayer of astrocytes (PLL-As) and cultured for 26 –28 d. On day 12, cultures were left untreated or treated with
varying concentrations of CNTF (0.02 pg–20 ng/ml). Representative figures of low, intermediate, and high concentrations in which
low and high concentrations had no effect on myelination compared with control. D, Graphical representation of the dose-
dependent effect on myelination by CNTF (*p � 0.05 vs control). Myelinated axons were calculated and standardized to controls
for each respective experiment; the dotted line represents the standardized level for nontreated cultures. E, Neurite density
(assessed by SMI-31 reactivity) was unchanged at each concentration.
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effect of TnC modulating OPC differentiation. Since CNTF has been
reported to activate astrocytes, we treated the myelinating cultures
plated on PLL-astrocytes with 2 ng/ml CNTF (Liberto et al., 2004).
CNTF treatment of cultures on PLL-astrocytes resulted in an in-
crease in myelination (Fig. 2C–E). These data suggest that the reac-

tivity status of the astrocyte monolayer
determines the culture’s ability to support
myelination.

CNTF acts on the astrocyte monolayer
It has been reported that CNTF treat-
ment can promote OPC differentiation
(Stankoff et al., 2002). For this reason, we
wanted to assess whether CNTF was act-
ing directly on OPCs or via activation of
the astrocyte. To do this, we exploited our
previous results obtained from plating
myelinating cultures on OECs instead of
an astrocyte monolayer (Sørensen et al.,
2008). In these experiments, OECs sup-
ported neuronal survival and neurite ex-
tension, but not myelination, unless the
cultures were continuously exposed to
medium from a confluent monolayer of
astrocytes placed in the same Petri dish
[PLL-astrocyte conditioned medium (As
CM)] (Sørensen et al., 2008) (Fig. 3D–F).
Addition of CNTF to myelinating cultures
plated on OECs did not lead to an increase
in myelination when compared with un-
treated OEC cultures (Fig. 3D,E), indicat-
ing that CNTF did not have a direct effect
on oligodendroglia. To determine whether
this lackofresponsetoCNTFwasmediatedby
soluble factors secreted by OECs, we condi-
tioned the medium of myelinating cultures
plated on PLL-astrocytes by including two
coverslipsofconfluentmonolayersofOECsin
the Petri dish (Fig. 3, key and OEC CM). This
failed to identify any inhibitory effect of OEC
conditioned medium on myelination (Fig.
3C,G); conversely, myelination was actu-
ally increased compared with untreated
controls. This suggests that OEC cell con-
tact may play a role in preventing myeli-
nation; however, when these myelinating
cultures plated on OEC monolayers were
conditioned by coverslips of PLL-
astrocytes (PLL-As CM), myelination in-
creased (Sørensen et al., 2008). Plating
myelinating cultures on OEC and PLL-
astrocyte monolayers had no effect on neu-
rite density (see Fig. 5H). These data
support our view that an astrocyte-specific
factor is responsible for myelination and
suggests that the effect of CNTF on myelina-
tion is not due to a direct effect on OPCs/
oligodendrocytes but is mediated indirectly
by affecting the supporting astrocyte mono-
layer which, in turn, affects myelination.
This interpretation is supported by experi-
mental results on cell proliferation using
BrdU uptake, where we found that adding

CNTF to these cultures had no effect on oligodendroglial cell prolif-
eration. The numbers of proliferating cells were 0.8 � 0.23% O4/
BrdU� cells/field in untreated cultures versus 0.41 � 0.13% in
CNTF-treated cultures ( p � 0.05, data not shown).

Figure 6. Candidate genes identified by microarray are verified via qRT-PCR. A, A four-way Venn diagram in which each
rectangle (A, B, C, and D) represents a pairwise comparison between TnC-astrocytes after 4 h (TnC 4 h) and one of the other
four conditions: PLL-astrocytes after 4 h (PLL 4 h) and 24 h (PLL 24 h), PLL-astrocytes treated with CNTF after 4 h
(PLL�CNTF 4 h) and 24 h (PLL�CNTF 24 h). Each of the 15 segments indicates one particular intersection, e.g., “A_C_”
contains the number of probes (genes) significantly different for the A (TnC 4 h vs PLL 4 h) and C (TnC 4 h vs PLL 24 h)
comparisons but not the B (TnC 4 h vs PLL�CNTF 4 h) and D (TnC 4 h vs PLL�CNTF 24 h) comparisons. Numbers shown
indicate the number of significant genes (FDR � 0.05, n � 3) for each combination. B, Heatmap with dendrogram of the
15 probes significantly different in all four comparisons involving TnC-astrocytes after 4 h (“ABCD” in Venn diagram). Green
is low expression, red is high, black is intermediate; expression is standardized within each gene, and within-group median
expression is shown. Dendrogram uses complete linkage and Euclidean distance. C, qRT-PCR, relative quantification (RQ)
results for CXLCL10, CTGF, and THBS4. CXCL10 mRNA was significantly increased in TnC-astrocytes when compared with
astrocytes treated with CNTF (Fig. 7B) (*p � 0.05, n � 3).
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CNTF-activated astrocytes promote myelination
We have already established that treatment with CNTF increases
myelination in cultures of PLL-As (Fig. 2, p � 0.05). It is likely
that this effect is due to the secretion of a soluble factor, since
PLL-astrocytes pretreated with CNTF, washed, and then allowed
to condition a myelinating culture on PLL-As also promoted
myelination (Fig. 4, pre-CNTF CM). This conditioning by
CNTF-treated PLL-astrocytes also promoted myelination in my-
elinating cultures plated on quiescent (TnC) astrocytes. Interest-
ingly, TnC-astrocytes allowed to condition myelinating cultures
on PLL-astrocytes did not reduce myelination, presumably due
to factors from the PLL-astrocytes being dominant over the neg-
ative effect of TnC-astrocytes. Thus, inhibition of myelination by
TnC-astrocytes can be overcome by CNTF treatment and PLL-
astrocyte- secreted factors.

The CNTF effect was also shown to be dose dependent, where
very low (0.02 pg/ml) and very high (20 ng/ml) doses had no
effect on myelination (Fig. 5). CNTF treatment had no affect on
neurite density (Fig. 5E) or neurite diameter (1.6 � 0.16 �m and
1.98 � 0.14 �m, respectively, p � 0.05, paired t test, data not
shown). Thus, CNTF does not increase the likelihood of myeli-
nation due to increased axonal diameter (Duncan, 1934). How-
ever, we cannot exclude the possibility that CNTF may be acting
directly on the axon to make it more “responsive” to being my-
elinated. The cytokine activation of astrocytes, via CNTF, may
increase their ability to support myelination.

TnC-As secrete factors that prevent myelination
To identify the astrocyte-derived factors responsible for these
effects, a series of microarray gene expression profiles was deter-
mined from five experimental groups, which are as follows: PLL-
astrocytes 4 h, PLL-astrocytes 24 h, PLL-astrocytes�CNTF 4 h
and PLL-astrocytes�CNTF 24 h, and TnC-astrocytes 4 h. The
results of these experiments are summarized in Figure 6 and Ta-
ble 1. Figure 6A shows a four-way Venn diagram, with the seg-
ment of interest being “ABCD,” as the 15 probes in it are
significantly differentially expressed in TnC-astrocytes at 4 h
compared with all four of the other astrocyte conditions (PLL-
astrocytes 4 h, PLL-astrocytes 24 h, PLL-astrocytes�CNTF 4 h,
and PLL-astrocytes�CNTF 24 h). These 15 probes are detailed in
Table 1, and in the heatmap in Figure 6B, showing how TnC-
astrocytes at 4 h are either consistently higher [positive fold

change (FC) in Table 1; red in heatmap) or lower (negative FC,
green) than the other conditions. This analysis identified several
potential candidates, but we focused on three candidates that
have previously been implicated in glial function and myelina-
tion, namely, CXCL10, CTGF, and THBS4. qRT-PCR was used to
verify these three chosen genes, and the microarray result was
confirmed for CXCL10 ( p � 0.05); although not significant for
CTGF and THBS4, the direction of change was consistent for
both (Fig. 6C).

CXCL10 and myelination
To determine whether CXCL10 could be the candidate molecule
responsible for the reduction in myelination on TnC-astrocytes,
we added neutralizing antibodies of CXCL10 to myelinating cul-
tures plated on TnC-astrocytes or PLL-astrocytes (Fig. 7). For
cultures plated on PLL-astrocytes, no significant effects were ob-
served (Fig. 7A,C,F) and neurite density was similar in all treat-
ments (data not shown). Conversely, addition of neutralizing
antibodies of CXCL10 (2 �g/ml) to myelinating cultures plated
on TnC-astrocytes resulted in an increase in the percentage of
myelinated fibers (Fig. 7D–F, p � 0.05). Using lower (0.2 �g/ml)
and higher (20 �g/ml) concentrations of the CXCL10 antibodies
also led to an increase in myelination, but not to the same extent
as 2 �g/ml (data not shown). To address this effect further, we
added CXCL10 directly to classical myelinating cultures plated
on PLL-astrocytes. This led to a significant reduction in the per-
centage of axons ensheathed by myelin (Fig. 7A,B,F). To exam-
ine the effect of CXCL10 directly on purified OPCs in the absence
of axons, we treated purified OPCs with CXCL10 and assessed
proliferation using BrdU uptake. CXCL10 did not affect OPC
proliferation as there was no significant difference in the percent-
age of cells expressing BrdU (62% for control cells compared with
60% for CXCL10-treated cells). Purified OPCs were treated with
CXCL10 for 7 d, and the percentages of cells labeled with the O4
antibody, A2B5, anti-MOG, and anti-MBP were calculated. It
was found that there was no difference in the number of early and
late OPC lineage cells in the presence of CXCL10 or any of the
nonlabeled cells within the culture (Fig. 7G). In all experiments
the percentage of contaminating GFAP-positive cells was �10%.
The addition of CXCL10 to mature myelinating cultures (�day 28)
did not affect the level of myelination, suggesting that it acts on
oligodendrocytes in the process of myelination rather than mature

Table 1. Genes identified by microarray expression profiling

Probe_ID ILMN_Gene

A: TnC 4 h/PLL 4 h
B: TnC 4 h/PLL �
CNTF 4 h C: TnC 4 h/PLL 24 h

D: TnC 4 h/PLL �
CNTF 24 h

FDR FC FDR FC FDR FC FDR FC

ILMN_1373199 KRT19 0.001 5.34 0.001 3.79 0.006 3.44 0.003 3.74
ILMN_1361640 LTBP2 0.004 2.90 0.004 2.44 0.006 3.52 0.005 2.96
ILMN_1375112 OMD 0.006 2.80 0.003 2.72 0.007 3.17 0.005 2.96
ILMN_1350042 THBS4 0.009 2.49 0.017 1.81 0.007 3.25 0.004 3.61
ILMN_1364113 CTGF 0.012 2.34 0.031 1.80 0.002 4.32 0.003 3.78
ILMN_1361636 MLF1_PREDICTED 0.004 2.32 0.017 1.75 0.012 2.50 0.015 2.14
ILMN_1364335 CXCL10 0.009 2.12 0.017 2.00 0.006 3.37 0.004 3.62
ILMN_1352014 OGN_PREDICTED 0.038 2.05 0.027 1.81 0.026 2.39 0.015 2.23
ILMN_1365298 MFAP5_PREDICTED 0.026 2.00 0.017 2.05 0.009 2.91 0.006 3.01
ILMN_1349973 CHRDL1 0.027 1.98 0.017 2.19 0.022 2.48 0.023 2.24
ILMN_1350896 GSTM2 0.027 1.97 0.008 2.24 0.016 2.52 0.023 2.05
ILMN_1356949 COL6A1_PREDICTED 0.046 1.96 0.019 1.94 0.008 2.83 0.007 2.40
ILMN_1371157 LOC360435 0.006 �2.02 0.017 �2.73 0.022 �2.26 0.013 �2.22
ILMN_1369130 PCDH17_PREDICTED 0.046 �2.07 0.019 �2.54 0.014 �2.69 0.015 �2.43
ILMN_1352018 RGS16 0.045 �2.08 0.049 �1.77 0.028 �2.11 0.045 �1.85

Results of the microarray experiment for the 15 probes significantly different (FDR � 0.05) in all four comparisons involving TnC-astrocytes after 4 h. These correspond in the Venn diagram in Figure 7A to segment “ABCD.” Shown here are
FDRs and fold changes (FC) for each of the four comparisons.
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oligodendrocytes, which have already created a myelin sheath (data
not shown). To determine whether mature purified oligodendro-
cytes extend larger processes in the presence of CXCL10, we mea-
sured the area of MBP-positive cells using ImageJ. CXCL10 did not
affect the process spreading of the mature oligodendrocytes, since
the area of MBP-positive cells was not significantly different from
that of CXCL10-treated cells (1.7 arbitrary units compared with 1.85
arbitrary units). From these data we conclude that CXCL10 has little
direct effect on isolated OPC behavior.

Discussion
Astrocytes and their functional phenotype
It is generally considered that reactive astrogliosis has detrimental
effects on the repair of the CNS and that astrocytes in the noninjured
normal CNS, termed quiescent, are generally supportive for neural
cells (Ridet et al., 1997; Liberto et al., 2004; John et al., 2005; Williams
et al., 2007). However, it is now thought that the reactive astrocyte
phenotype is not a single uniform process, but a continuum of phe-
notypes which can be recognized in vivo, with at least three broad
categories (Sofroniew and Vinters, 2010). These include mild to
moderate reactive astrogliosis, severe diffuse reactive astrogliosis,

and severe reactive astrogliosis with com-
pact glial scar formation. Furthermore, it
has been reported that astrocytes can ex-
press an activated phenotype that is more
akin to mild astrogliosis and can be induced
by cytokines (Liberto et al., 2004). How
these stages of astrogliosis correlate to the
astrocyte phenotype in vitro is not clear. To
analyze how astrocytes influence myelina-
tion, we generated polarized astrogliotic
phenotypes in vitro using two methods: (1)
for a quiescent phenotype, astrocytes were
plated on TnC (Holley et al., 2005), and (2)
for an activated phenotype, astrocytes
plated on PLL or TnC were treated with
CNTF (Dallner et al., 2002; Liberto et al.,
2004). Our findings formally demonstrate
that polarization of astrocyte phenotype af-
fects myelination.

TnC and effect on astrocytes
We demonstrate in this study that induc-
tion of a “quiescent” phenotype by plating
astrocytes on TnC induces a soluble fac-
tor, subsequently identified as CXCL10,
that inhibits myelination in vitro. This is
an interesting observation because not
only is CXCL10 implicit in the immuno-
pathology of multiple sclerosis (MS)
(Sørensen et al., 1999; Omari et al., 2005;
Müller et al., 2010), but a recent study re-
ported that failure of remyelination in MS
is associated with increased expression of
TnC (Mohan et al., 2010). We speculate
that enhanced expression of TnC contrib-
utes to the development of demyelinated
lesions by stimulating local expression
of CXCL10, by astrocytes, as well as in-
fluencing OPC differentiation directly
(Czopka et al., 2009). It is important to
note that CXCL10 does not inhibit myelin
completely, but dramatically reduces the
number of myelin sheaths. This does not

appear to reflect an effect of CXCL10 on OPC proliferation and
differentiation, suggesting that it influences oligodendrocyte/ax-
onal interactions, preventing myelin ensheathment.

The quiescent phenotype, which was defined as a phenotype
resembling that of a resting astrocyte in the normal brain (Holley
et al., 2005), does not appear to be a passive phenotype as it
actively prevents myelination. However, this phenotype is revers-
ible, since CNTF, a cytokine reported to induce astrocyte activa-
tion, returned the astrocyte to a supportive phenotype.
Interestingly, control cultured astrocytes, which are often
thought to be resting, actually support myelination to some ex-
tent, suggesting that they are activated.

CNTF and activation of astrocytes
Our data suggested that CNTF-treated astrocytes promoted my-
elination, which is likely to be via a secreted factor. CNTF is
member of the �-helical cytokine family (Guthrie et al., 1997;
Weisenhorn et al., 1999) and plays an important role in brain
development and injury (Stöckli et al., 1991; Lee et al., 1997).
Although reports suggest that CNTF acts directly on oligoden-

Figure 7. CXCL10 has a negative effect on myelination. A–E, Myelinating cultures were plated onto PLL-As (A–C) or TnC-As (D,
E) and left untreated (A, D), or treated with CXCL10 neutralizing antibody (2 �g/ml, C, E). F, Treatment of TnC-As cultures with
CXCL10 neutralizing antibody led to an increase in myelination compared with untreated cultures. Myelinating cultures plated on
PLL-As also received 10 ng/ml CXCL10 on day 12 and onward (B, F ), which resulted in a reduction in myelination (*p � 0.05). G,
Purified OPCs were double-immunolabeled with the O4 antibody and anti-MBP, in addition to A2B5 and anti-MOG, to assess
differentiation after CXCL10 treatment for 7 d, followed by staining on day 8 (n � 4). No differences in the percentage of
differentiated cells were observed with CXCL10 treatment.
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drocytes to favor their final maturation, it is unlikely to be the
case in our cultures because the addition of CNTF to myelinating
cultures plated on OECs had no promyelinating effect (Stankoff
et al., 2002). This result suggested that the effect was more likely
to be via the astrocyte monolayer. Furthermore, we demon-
strated that OECs did not secrete any inhibitory factors for my-
elination, although we cannot totally exclude the possibility that
OECs inhibit myelination by a contact-mediated effect. Even if
this was the case, this effect could be overcome by soluble factors
secreted by astrocytes (this report and Sørensen et al., 2008).
Other reports have suggested that CNTF indirectly activates as-
trocytes to release a trophic factor for OPCs; however, in this
study, the factor was shown only to be an OPC mitogen, and
myelination was not studied (Albrecht et al., 2007). Conversely,
in our experiments of mixed myelinating cultures, we did not
find any evidence that CNTF was acting as a mitogen. It has also
been reported that CNTF promoted neuronal survival by activat-
ing astrocytes (Albrecht et al., 2003); however, in our study, we
found that neurite density and diameter were similar in all treat-
ments, suggesting that survival was not affected.

CNTF treatment of the myelinating cultures plated on PLL-
astrocytes produced a dose-dependent effect in myelination. A
similar bifunctional, concentration-dependent effect was re-
ported for Schwann cell myelination after neuregulin 1 (Nrg1)
treatment (Syed et al., 2010). In that study, the mechanism for
the difference in myelination at high and low concentration of
Nrg1 was due to a concentration-dependent differential activa-
tion of its receptor. High concentrations activated Erk pathways,
but low concentrations activated the Akt pathways. A compara-
ble mechanism may explain our results with the range of CNTF
treatments.

Many reports demonstrate the pro-regenerative properties of
cytokine-activated astrocytes, although the exact factor(s) se-
creted and targets are still not clear (Ridet et al., 1997; Liberto et
al., 2004; Williams et al., 2007). Using microarray gene expres-
sion profiling of pure astrocyte monolayers, we did not find a
large number of gene changes when comparison was made be-
tween PLL-As treated with and without CNTF. This may be be-
cause analysis was performed on pure astrocyte monolayers
lacking myelinating cultures plated on their surface. Without the
mixed-cell population from the myelinating cultures, we may be
eliminating any cross talk between the various cell types (oligo-
dendrocyte, neurons, stem cells, etc.). CNTF treatment may pro-
mote the secretion of an astrocyte factor which, in turn, affects
oligodendrocyte lineage cells to secrete a factor that either directly
or indirectly (via the astrocyte) influences myelination. It is also
possible that CNTF could not activate astrocytes due to a lack of
one of the components of its receptor. CNTF effects are mediated
by a tripartite receptor complex consisting of the CNTF receptor
�, leukemia inhibitory factor receptor (LIFR), and gp130 (Lee et
al., 1997; Sleeman et al., 2000). Signal transduction by CNTF
requires that it bind first to CNTF receptor �, permitting the
recruitment of gp130 and LIFR, which leads to heterodimeriza-
tion of the receptor subunits and tyrosine phosphorylation. It is
known that neurons secrete CNTF receptor � (Sleeman et al.,
2000); thus, it is possible that CNTF effects were not found from
the microarray analysis of the monolayer of astrocytes because
formation of the tripartite receptor failed, owing to the lack of
one of its components. Future work will need to be performed on
myelinating cultures plated on the various astrocyte phenotypes
to address this question.

CXCL10 and CNS biology
A comparison of the microarray gene expression profile of pure
astrocyte monolayers as polarized phenotypes (TnC-As vs
CNTF-treated PLL-As) resulted in the identification of 15 signif-
icantly different probes. These included THBS4, CTGF, and
CXCL10, all of which have been reported to play a role in myeli-
nation (Scott-Drew and ffrench-Constant, 1997; Sørensen et al.,
1999; Omari et al., 2005; Stritt et al., 2009). qRT-PCR of these
three genes on the cDNA from the various astrocyte phenotypes
was performed for verification, and CXCL10 expression was the
most significantly increased. For this reason, CXCL10 was chosen
for further investigation.

CXCL10 is a small cytokine belonging to the CXC chemokine
family that binds to CXCR3 and is implicated in the recruitment
of leukocytes into the CNS (Balashov et al., 1999; Fife et al., 2001;
Sørensen et al., 2002). CXCL10 plays a role in the pathogenesis of
MS (Sørensen et al., 2002; Omari et al., 2005; Müller et al., 2010)
and is highly upregulated in hypertrophic astrocytes surrounding
active demyelinating MS plaques (Sørensen et al., 2002; Omari et
al., 2005; Carter et al., 2007). In experimental autoimmune en-
cephalomyelitis, an animal model of MS, levels of CXCL10
mRNA and protein increase significantly in the CNS at the peak
of clinical disease and decline with recovery (Godiska et al., 1995;
Glabinski et al., 1997; Fife et al., 2001). The source of CXCL10 in
these models is astrocytes, rather than infiltrating monocytes
(Ransohoff et al., 1993; Tani et al., 1996). Studies on CXCL10�/�

and CXCR3�/� mice provoked more severe clinical and histolog-
ical symptoms and earlier onset in MS disease models compared
with wild-type controls (Klein et al., 2004; Müller et al., 2007).
Although current interpretations of the role of CXCL10 in MS
action is mediated via the immune response (Müller et al., 2010)
our data suggest that it may also act on oligodendrocytes to in-
hibit myelination. This is supported by our own RT-PCR data for
the CXCL10 receptor, CXCR3, expression in rat OPCs (data not
shown) and by the fact that human oligodendrocytes also express
CXCR3 (Omari et al., 2005).

The data presented here demonstrate that the status of the
astrocyte, be it reactive, activated, or quiescent, is crucial in de-
termining the process of myelination. Interestingly, quiescent as-
trocytes secreted CXCL10, which did not appear to directly affect
purified OPC differentiation but had the ability of oligodendro-
cytes to ensheath axons. These observations may have important
implications with respect to the development of therapeutic
strategies to promote CNS remyelination in demyelinating
diseases.
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