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Endothelin-1 Regulates Oligodendrocyte Development
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In the postnatal brain, oligodendrocyte progenitor cells (OPCs) arise from the subventricular zone (SVZ) and migrate into the developing
white matter, where they differentiate into oligodendrocytes and myelinate axons. The mechanisms regulating OPC migration and
differentiation are not fully defined. The present study demonstrates that endothelin-1 (ET-1) is an astrocyte-derived signal that regulates
OPC migration and differentiation. OPCs in vivo and in culture express functional ETA and ETB receptors, which mediate ET-1-induced
ERK (extracellular signal-regulated kinase) and CREB (cAMP response element-binding protein) phosphorylation. ET-1 exerts both
chemotactic and chemokinetic effects on OPCs to enhance cell migration; it also prevents lineage progression from the O4 � to the O1 �

stage without affecting cell proliferation. Astrocyte-conditioned medium stimulates OPC migration in culture through ET receptor
activation, whereas multiphoton time-lapse imaging shows that selective ET receptor antagonists or anti-ET-1 antibodies inhibit
OPC migration from the SVZ. Inhibition of ET receptor activity also derepresses OPC differentiation in the corpus callosum in slice
cultures. Our findings indicate that ET-1 is a soluble astrocyte-derived signal that regulates OPC migration and differentiation
during development.

Introduction
Myelinating oligodendrocytes originate from well character-
ized oligodendrocyte progenitor cells (OPCs) whose major
source in the postnatal brain is the subventricular zone (SVZ).
Although differentiated oligodendrocytes cannot migrate,
OPCs migrate from SVZ into developing white matter where
they can again divide, before finally differentiating and myeli-
nating axons (Rogister et al., 1999; Noble, 2000; Baumann and
Pham-Dinh, 2001; Miller, 2002).

Both stimulatory and inhibitory signals have been found to
regulate the timing and extent of OPC migration. These include
extracellular matrix components (ffrench-Constant et al., 1988;
Frost et al., 1996), growth factors (Simpson and Armstrong,
1999), and chemokines (Tsai et al., 2002). Identifying signals that
control OPC migration is crucially important to understanding
OPC development, and to design remyelination strategies.

Endothelins (ET-1, ET-2, and ET-3) are 21 aa peptides found
in many tissues (Simonson, 1993). Only ET-1 and ET-3 are found
in brain (MacCumber et al., 1990; Kuwaki et al., 1997); ET-1
levels are higher, and it is distributed throughout different brain
regions (Kuwaki et al., 1997). Three G-protein-coupled endothe-
lin receptors (ET-Rs) have been cloned (ETA, ETB, and ETC), but

studies identify only two pharmacologically distinct receptors,
ETA-R and ETB-R (Simonson, 1993). In the CNS, ETB-R density
consistently exceeds ETA-R density (Kuwaki et al., 1997; Schinelli
et al., 2001). ET-R expression is regulated during neural cell mat-
uration (Tsaur et al., 1997; Nataf et al., 1998; Nakagomi et al.,
2000), and different ET peptides modulate development of dis-
tinct cell types including Schwann cells (Brennan et al., 2000;
Dupin et al., 2000, 2003; Berti-Mattera et al., 2001), astrocytes
(Koyama et al., 1993; Stanimirovic et al., 1995; Cazaubon et al.,
1997; Teixeira et al., 2000; Rogers et al., 2003), and neural crest
cells (Lahav et al., 1996, 1998).

The findings that ET-1 and ET-Rs are present in the CNS and
that ETs exert biological effects on gliogenesis and glial cell func-
tion raise the important question of whether this peptide might
affect oligodendrocyte development. Furthermore, ET-1 is syn-
thesized not only by microvascular endothelial cells (Durieu-
Trautmann et al., 1993) but also by astrocytes (Ehrenreich et al.,
1999; Sirén et al., 2000; Ripodas et al., 2001; Schinelli et al., 2001;
Gadea et al., 2008); in postnatal brain, oligodendrocytes develop
after astrocytes in close partnership with them in the SVZ (Lim
and Alvarez-Buylla, 1999). To define a possible role of ET-1 in
oligodendrocyte development, we determined expression of
functional ET-Rs in OPCs in culture and in vivo. Combining
studies in cultured cells and in situ, we investigated whether acti-
vation of these receptors affects OPC proliferation, migration,
and differentiation.

Materials and Methods
Materials
ET-1 (human and porcine), cyclo(D-Asp-Pro-D-Ile-Leu-D-Trp) (JKC-301),
and L-3,3�,5-triiodothyronine sodium salt (T3) were from Calbiochem;
H-Cys-Val-Tyr-Phe-Cys-His-Leu-Asp-Ile-Ile-Trp-OH (IRL-1038) was from
Alexis; bosentan was donated by Actelion Pharmaceuticals; Ac-Dip-Leu-
Asp-Ile-Ile-Trp (PD142893) was from Calbiochem; anti-endothelin-1
monoclonal antibody was from Calbiochem; anti-ETA-R, anti-ETB-R,
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and anti-NG2 antibodies were from Millipore Bioscience Research Re-
agents; A2B5, O4, and O1 antibodies were from American Type Culture
Collection. Rabbit polyclonal Olig2 antibody was a gift from Dr. David
Rowitch (University of California, San Francisco, San Francisco, CA).
Antibodies from Cell Signaling Technology included the following: du-
ally phosphorylated (Thr180/Tyr182) p38 mitogen-activated protein ki-
nase (p38MAPK), phosphorylation state-independent p38MAPK, dually
phosphorylated (Thr183/Tyr185) c-Jun N-terminal kinase (JNK), phos-
phorylation state-independent JNK, phosphorylated Ser133 cAMP re-
sponse element-binding protein (CREB) (P-CREB), phosphorylation
state-independent CREB, dually phosphorylated (Thr202/Tyr204)
extracellular signal-regulated kinase (ERK), phosphorylation state-
independent ERK, and cleaved caspase-3. Anti-cyclic nucleotide
phosphodiesterase (CNP) and anti-myelin basic protein (MBP)
monoclonal antibodies were from Sternberger Monoclonal; anti-
vascular endothelial growth factor (VEGF) antibody was from BD
Biosciences; anti-5-bromo-2�-deoxyuridine (BrdU) antibody was
from Dako; platelet-derived growth factor (PDGF) (human; AB; het-
erodimer form) and fibroblast growth factor-2 (FGF-2) were from
Millipore. Cell culture reagents, except for fetal bovine serum (FBS)
(HyClone), were from Invitrogen. All other reagents were purchased
from Sigma-Aldrich.

Cell cultures
Purified cortical oligodendrocyte progenitor (OP) cultures were pre-
pared from embryonic day 20 rats as previously described (Gallo et al.,
1996; Ghiani et al., 1999). All animal procedures were approved by Chil-
dren’s National Medical Center Institutional Animal Care and Use Com-
mittee. OP cells were plated onto poly-D-ornithine-coated plates (0.1
mg/ml) and cultured in DMEM-N1 biotin-containing medium (penicil-
lin, 100 U/ml; streptomycin, 100 �g/ml; human apo-transferrin, 50 �g/
ml; biotin, 10 ng/ml; Na selenium, 25 nM; insulin, 2.5 �g/ml; putrescine,
100 �M; progesterone, 20 nM). In cells cultured with PDGF (10 ng/ml),
the growth factor was added to the culture medium 2 h after plating for
48 h. To differentiate OP cells into preoligodendrocytes or oligodendro-
cytes, OPs were cultured in PDGF (10 ng/ml) for 3 d. Previously, we
demonstrated that, in PDGF-treated cultures, 100% of the cells expressed
nestin and �90% of the nestin � cells are A2B5 � or NG2 � at 24 h in
culture; no O1 � cells and �5% O4 � cells were found at this time point
(Gallo et al., 1996). After 3 d in vitro (DIV), �85% of the cells were O4 �

(see below). In cultures treated with T3 hormone, 97.3 � 0.2% of the
total cells were O1 � at 4 DIV. Cells were cultured 1–5 d preceding im-
munocytochemical staining or harvesting for protein and RNA extrac-
tion. ET-1 and/or ET-R antagonists were added directly to DMEM-N1
culture medium. When tested together, ET-1 was added 1 h after the
antagonists. For protein phosphorylation studies, the medium was re-
placed with basal DMEM 4 –5 h before stimulation with ET-1.

Cortical astrocyte cultures were prepared as previously described
(McCarthy and de Vellis, 1980; Schinelli et al., 2001; Gadea et al., 2008).
For astrocyte-conditioned medium (ACM), cortical astrocytes were cul-
tured in T75 flasks. At 12 DIV (cell confluency), culture medium was
replaced with fresh DMEM for 24 –96 h. The medium was collected,
centrifuged to eliminate debris, and stored at �20°C before utilization.

CNP-EGFP transgenic mouse and EGFP� cell purification
by FACS
The CNP-EGFP transgenic mouse has been characterized (Stevens et al.,
2002; Yuan et al., 2002; Belachew et al., 2003; Aguirre et al., 2004). This
study used transgenic line C1 (FVB/N � CB6 background) of the CNP-
GFP transgenic mouse (Yuan et al., 2002). The same results were ob-
tained with line D2. Brains were removed from postnatal day 6 (P6) to P8
CNP-EGFP mice, and EGFP � and NG2 �EGFP � cells were FACS-
purified as previously described (Aguirre and Gallo, 2004). By this
method, the yield of CNP-EGFP � cells was 1 � 10 6 cells/brain and 25 �
10 4 cells/SVZ.

Reverse transcription-PCR
RNA was isolated from P8 FACS-purified EGFP � mouse cells and from
cultured OP cells using Trizol (Invitrogen) (Aguirre and Gallo, 2004).
One microgram of RNA from each sample was reverse-transcribed using

the SuperScript First-Strand cDNA Synthesis kit (Invitrogen). Specific
primers were obtained from Integrated DNA Technologies. Sequences were
as follows: ETA-R, sense, 5�-AGCAGCTGCTGGACGAGCA-3�, and antisense,
5�-CCTGCTTCCAAAGTCCATTC-3�; ETB-R, sense, 5�-TTACAAGACA-
GCCAAAGACT-3�, and antisense, 5�-CACGATGAGGACAATGAGAT-3�;
ET-1, sense, 5�-CTTCCCAATAAGGCCACAGACCAG-3�, and antisense,
5�-AGCCACACAGATGGTCTTGCTAAG-3�; actin, sense, 5�-CGTGG-
GCCGCCCTAGGCACCA-3�, and antisense, 5�-TTGGCCTTAGGGTT-
CAGGGGG-3�. Genes were amplified by 1 min denaturation at 94°C, 1
min annealing at 60°C, and 1 min extension at 72°C for 35 cycles. PCR
products were resolved by 1.2% agarose gel electrophoresis and visu-
alized under UV light.

Western blot
Oligodendrocyte lineage cells cultured in DMEM-N1 medium plus
PDGF (10 ng/ml) were grown on 60 mm plastic dishes for 1–5 d. For
phosphorylation studies, stimulation with ET-1 or treatment with antag-
onists was performed in cultures grown for 2 DIV. Cells were harvested
and cell extracts prepared as previously described (Gadea et al., 2008).
Lysates were centrifuged at 16,000 � g for 15 min and supernatants were
collected. All antibodies, including anti-ET-R antibodies, were diluted in
Tris-buffered saline containing 4% nonfat dry milk (TBSM) (1:1000;
anti-ETA-R and ETB-R, 1:500). Protein bands were detected as previously
described (Gadea et al., 2008).

Immunohistochemistry
P8 mice were anesthetized by flurane (Ohmeda PPD) inhalation and
perfused intracardially with 1� PBS, followed by 4% paraformaldehyde.
Brains were removed and postfixed as previously described; immunocy-
tochemical procedures and confocal microscopy analysis (Zeiss LSM 510
NLO confocal microscope) were as previously described (Aguirre et al.,
2007).

Enzyme immunometric assay
ET-1 concentration was measured in ACM using the TiterZyme enzyme
immunometric assay kit for human endothelin-1 (Assay Designs) fol-
lowing the manufacturer’s instructions. This assay is specific for ET-1,
with a detection limit of 0.14 pg/ml. Cross-reactivity with other ET
peptides is 3.3% for ET-2, 0.1% for bigET-1, and �0.1% for ET-3. Ab-
sorbance at 450 nm was measured using a Microtek ELISA reader. Mea-
surements were performed in triplicate from at least three independent
cultures.

Immunocytochemistry and cell proliferation assays in
oligodendrocyte cultures
Immunocytochemistry of oligodendrocyte lineage cell cultures by dou-
ble indirect immunofluorescence was performed as previously described
(Gallo and Armstrong, 1995; Gallo et al., 1996; Yuan et al., 1998; Ghiani
et al., 1999). Primary antibodies used to identify developmental stages
of the oligodendrocyte lineage were as follows: A2B5 (Eisenbarth et
al., 1979); NG2 (Stallcup and Beasley, 1987); O4 (Sommer and
Schachner, 1981); and O1 (Sommer and Schachner, 1981). Secondary
fluorochrome-conjugated antibodies were from Cappel/Organon
Teknika. For lineage progression analysis, purified OPCs were plated
on poly-D-ornithine-coated coverslips (200,000 cells/coverslip) in
DMEM-N1 medium with 10 ng/ml PDGF and 30 ng/ml T3, in the ab-
sence or presence of ET-1. ET-1 (200 nM) was added at the time of plating
and 24 h later. Differentiation was assessed by immunostaining with O4
and O1 antibodies at 48 and 96 h in culture (Sohn et al., 2006). The ratio
of O4 � or O1 � OPCs/Hoechst � nuclei per field was calculated. For cell
counting, 10 –20 microscopic fields were counted for each coverslip, an-
alyzing one to two coverslips per experiment. At least three independent
experiments were performed for each condition. Data are presented as
averages � SEM.

For receptor expression studies, double staining with NG2, O4, or O1
and anti-ETA-R or ETB-R, was performed in cells of oligodendrocyte
lineage cultured for 3 d in PDGF (10 ng/ml at time of plating). Under
these conditions, 57% of cells were NG2 �, 52% O4 �, and 26% O1 �.
Live cells were first stained with NG2, O4, or O1, and then fixed in 4%
paraformaldehyde, pH 7.4 (in PBS), for 15 min. After permeabilization
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in 95% ethanol/5% acetic acid for 10 min at �20°C, cells were incubated
with polyclonal anti-ETA-R or anti-ETB-R antibodies (1:250; overnight
at 4°C), and then incubated for 30 min with rhodamine-conjugated goat
anti-rabbit IgG. Cells were then mounted in 4�,6�-diamidino-2-
phenylindole (DAPI)/Vectashield (Vector Laboratories). Controls for
antibody specificity omitted each of the primary antibodies in the immu-
nostaining protocols. The confocal immunofluorescence micrographs
presented are representative of at least three experiments and were taken
on a Zeiss LSM 510 NLO confocal microscope.

Cell proliferation was measured by BrdU and [ 3H]thymidine incor-
poration, as previously described (Gallo et al., 1996). Two hours after
plating, PDGF or FGF-2, and/or ET-1 were added to the culture medium
together with [methyl- 3H]thymidine (0.5 �Ci/ml; 45 Ci/mmol; GE
Healthcare), and cells were harvested at 24 h. In one set of experiments,
[methyl- 3H]thymidine was added 24 or 72 h after plating; cells were
harvested at 48 and 96 h, respectively. Cells were lysed in dissociation
solution (1% SDS, 1 mg/ml BSA in 1� PBS). [ 3H]Thymidine incorpo-
ration was measured by precipitation with 10% trichloroacetic acid and
scintillation counting.

For BrdU incorporation experiments, cells plated on glass coverslips
were pulsed with BrdU and stained as described previously (Sohn et al.,
2006). The A2B5 �BrdU �/A2B5 � and O4 �BrdU �/O4 � ratio was de-
termined by counting three coverslips (10 fields per coverslip) from three
separate experiments for each culture condition. No O1 �BrdU � cells
were found under any culture condition.

Apoptosis assays
Apoptotic cell death was determined by fluorescence microscopy using
the terminal deoxynucleotidyl transferase-mediated biotinylated UTP
nick end labeling (TUNEL) assay (Roche Diagnostics) or activated
caspase-3 staining (Calbiochem). For TUNEL staining, cells plated on
glass coverslips were fixed in 4% paraformaldehyde, permeabilized in
0.1% Triton X-100, 0.1% sodium citrate (2 min at 4°C), and stained with
TUNEL following manufacturer’s instructions. Apoptotic OPCs were
brightly fluorescent. For activated caspase-3 staining, cells were fixed in
4% paraformaldehyde, permeabilized in 0.1% Triton X-100, incubated
for 1 h at room temperature with an antibody that recognizes cleaved
caspase-3 (1:250), and then incubated 30 min with rhodamine-
conjugated goat anti-rabbit IgG (1:200). Nuclear staining was performed
with DAPI and percentage of activated caspase-3 � cells was calculated.
Two to three independent experiments were performed for each assay. In
each experiment, two coverslips were analyzed and 8 –10 microscopic
fields were counted per coverslip. All data presented are averages � SEM.

Cell migration assays
Agarose drop assay. Cell migration was quantified using the agarose drop
assay (Milner et al., 1997; Frost et al., 2000). Oligodendrocyte precursors
were isolated as above, centrifuged at 300 � g for 5 min, and then resus-
pended at a density of 40 –50 � 10 6 cells/ml in DMEM/Sato medium
(Milner and ffrench-Constant, 1994) supplemented with 10% FBS and
0.3% low-melting point agarose (Sigma-Aldrich) maintained at 37°C to
prevent hardening. Drops (1.5 �l) of this suspension were placed at the
center of poly-D-lysine (5 �g/ml)-coated wells in a 24-well tissue culture
dish (Nalge Nunc International), and then maintained at 4°C for 15 min
for hardening agarose. After cooling, the agarose drop was covered with
0.5 ml of serum-free DMEM/Sato medium or 0.5 ml of astrocyte-
conditioned medium. Growth factors, ET-1, and ET-R antagonists were
added to the wells immediately after adding the media. ET-1 (alone or
with antagonists) was readded 24 and 48 h after plating. When tested
together, ET-1 was added 2 h after the ET-R antagonists. Cell migration
was measured daily for 1– 6 d using a phase contrast microscope with
calibrated graticule; one grid square width represented 80 �m actual
distance at 10� magnification. Cells migrated outward, forming a uni-
form corona around the drop. Distance between the edge of the drop and
the leading edge of migrating cells in the corona on four sides of the drop
was recorded at each time point. Occasional individual cells that mi-
grated ahead of the corona were not considered. All experiments were
performed in three or more wells. Mean migration was calculated for
each experiment, and results were expressed as mean � SEM. Statistical

significance was assessed using Student’s paired t test, with p � 0.05
defined as statistically significant. Immunostaining of migrating cells was
performed as described above.

Analyses of ET-1 effects in SVZ explant cultures and microchemotaxis
chambers were performed as previously described (Aguirre et al., 2005).

SVZ explant migration assays. P5 brains from CNP-EGFP mice were
dissected out and transferred to ice-cold HBSS medium (Invitrogen).
The brains were cut in 300-�m-thick sections, and only those sections
containing the SVZ were selected for additional manipulation. The SVZ
was dissected along the lateral wall of the lateral ventricles under a surgi-
cal microscope, and then cut into small pieces (50 –100 �m in size) that
were placed on top of 50% BD PuraMatrix Peptide Hydrogel (BD Bio-
sciences). Peptide Hydrogel was prepared following the manufacturer’s
recommendations. Briefly, 35 mm diameter cell inserts (0.4 �m pore
size; Corning) were coated with Peptide Hydrogel diluted 1:1 with 1�
PBS, pH 7.4. After polymerization, the gel was equilibrated three times
with Neurobasal medium containing B27, N2 supplements, L-glutamine
(0.5 mM), and penicillin–streptomycin (all from Invitrogen). Cultures
were maintained in a humidified incubator at 5% CO2 and 37°C for 3 d.
Heparin beads (Sigma-Aldrich) loaded with ET-1 (2 mg/ml) or BSA as
control (0.1%; Sigma-Aldrich) were placed at opposite sites in the well,
and SVZ explants were symmetrically positioned between ET-1- and
BSA-loaded beads (300 – 400 �m from each set of beads), using a grati-
cule with scale division. This configuration allowed the simultaneous
analysis of EGFP � cell migration with the two sets of beads. For direct
quantification of cell migration, SVZ explants were subdivided into four
quadrants, and the areas occupied by migrating cells in two of these
quadrants (facing either BSA- or ET-1-coated beads) were quantified by
image analysis as previously described (Pozas et al., 2001). The same
results were also obtained by separately testing individual explants with
ET-1- and BSA-loaded heparin beads.

Chemotaxis assays in Boyden chambers. In vitro migration of puri-
fied OP cells was assessed using poly-L-lysine-coated (5 �g/ml)
polyvinylcarbonate-free membranes with 8 �m pore size (Neuro-
Probe). Assays were performed in modified Boyden chambers. Briefly,
OPCs were obtained as described above for purified cortical OP cultures.
After purification, cells were resuspended in N1 medium (1 � 10 6 cells/
ml) and 25 �l of this suspension was placed in the upper chamber. Tested
compounds, including ET-1 (100 nM), bosentan (1 �M), and/or PDGF
(10 �g/ml), were all diluted in N1 medium and added to the lower
chamber, to the upper chamber, or to both chambers when indicated. In
the experiments in which bosentan was used, cells were preincubated
with the antagonist for 30 min at 37°C in 5% CO2 before loading in the
top chamber. After 24 h incubation at 37°C in 5% CO2, the upper surface
of membranes was scraped free of cells and debris, and membranes were
fixed, stained with DAPI, and mounted. Cells that had migrated through
the pores and adhered to the membrane were analyzed under high-power
light microscopy and counted in five to six adjacent high-power fields
(HPFs) (area of HPF, 0.78 mm 2; area of each filter, 7.07 mm 2) in tripli-
cate (four different membranes for each experimental condition). Exper-
iments were repeated three times, and data were analyzed from a total of
60 fields from 12 membranes for each experimental condition. Data were
expressed as numbers of cells per HPF � SEM. Data were analyzed for
statistical significance between groups by using the unpaired t test.

Organotypic slice cultures from CNP-EGFP mice
Coronal brain slices from P4 and P5 CNP-EGFP mice were obtained as
previously described (Haydar et al., 1999) with modifications. To deter-
mine culture conditions for the slices, we cultured slices for 48 h in
serum-free Neurobasal medium supplemented with B27 and N2, and 0,
2.5, or 5.0% FBS. Slices were fixed in 4% paraformaldehyde and cryopro-
tected in 30% sucrose. Apoptosis was measured as the number of acti-
vated caspase-3 � cells in 1.5 � 10 5/�m 3 of SVZ. Counts were obtained
throughout the middle of the slice (100 –150 �m deep in the 300-�m-
thick slices), the same depth used for live imaging (below). The lowest
percentage of apoptotic cells was found in slices cultured in 5.0% serum
(supplemental Fig. S3, available at www.jneurosci.org as supplemental
material). For cell migration experiments, slices were allowed to recover
for 2 h in culture, and then preincubated 4 h with either bosentan (1 �M),
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or anti-ET-1 (1:500), or ET-1 (50 nM) in Neurobasal plus 5% FBS. In
experiments studying reversibility of anti-ET-1 effects, slices were incu-
bated with the antibody for 2 h, followed by anti-ET-1 (1:500) plus ET-1
(50 nM) for 2 h. All culture conditions were tested for their effects on cell
survival, measured by caspase-3 immunoreactivity.

Quantification of myelin protein expression in organotypic
slice cultures
Organotypic slice cultures were prepared from P8 or P13 CNP-EGFP
mice; n � 8 slices from two to three brains were processed for each
experiment. After decapitation, organotypic slices were prepared as
above. Slices were cultured for 2– 4 h, and then either saline or bosentan
(1 mM) was added to the culture medium. After 4 d in culture, the corpus
callosum was microdissected from the coronal sections, and 15 �g of
total protein from each sample was analyzed by Western blot as previ-
ously described (Aguirre et al., 2007). MBP levels were normalized to
actin and expressed as arbitrary units. MBP and CNP levels were com-
pared between control and bosentan-treated slices.

Time-lapse multiphoton microscopy
Time-lapse image acquisition of migrating EGFP � living cells was per-
formed on acutely isolated P4 or P5 slices, which were maintained in a
humidified incubator (37°C, 5% CO2) for 2– 8 h before observation, and
then transferred to a heated stage insert (Warner Instruments) and im-
mobilized. The imaging chamber was mounted on the stage of a Zeiss
LSM510 Meta NLO Axiovert 200M microscope (Carl Zeiss Microimag-
ing). Heated medium (supplemented Neurobasal buffered with HEPES,
pH 7.4) was superfused through the stage insert during imaging. All
time-lapse studies were conducted with a 25� multiimmersion lens (0.8
numerical aperture) using 895 nm excitation (Mira 900F with 8W Verdi
pump; Coherent).

Time series experiments were conducted by collecting 20- to 40-�m-
thick Z-stacks 100 –150 �m deep within the tissue. Stacks at the same
tissue position were acquired every 6 min for up to 24 h; the three-
dimensional distance migrated was obtained by manually tracking cells
with Carl Zeiss software. To count total numbers of migrating cells, each
Z-stack was collapsed into a single image. Time series were concatenated
and contrast-enhanced using Carl Zeiss LSM 510 and Adobe Photoshop
software.

Tracking of migrating progenitors started when a cell first came into
focus or appeared in the imaging field, and ended when it went out of
focus or left the imaging field. Thus, not all cells were imaged for the same
time window. The percentage of migrating cells in each experiment was
based on the total number of EGFP � progenitors present during the
whole imaging period. In control experiments, the average percentage of
migrating cells was 30 – 40 � 5– 6%. Highly motile, autofluorescent
phagocytic cells (immunostained for OX42) (data not shown) were de-
tected, especially at the ventricular lining. These endogenous cells were
easily differentiated from OPs expressing high levels of EGFP fluores-
cence and displaying leading and trailing processes.

Results
OPCs express ET-Rs in vivo and in culture
ET-R expression is unexplored in oligodendrocyte lineage cells.
Double immunofluorescence with antibodies against ET-Rs, and
the oligodendrocyte lineage markers NG2 (OPCs), O4 (preoligo-
dendrocytes), and O1 (oligodendrocytes) revealed ETA-R and
ETB-R expression throughout the oligodendrocyte lineage in cul-
ture (Fig. 1A–F). Cultured rat OPCs were analyzed at 3 DIV. All
NG2�, O4�, and O1� cells were immunopositive for ETA-R
(Fig. 1A–C) and ETB-R (Fig. 1D–F). Some cells coexpressed NG2
and O4, or O4 and O1 (Gallo and Armstrong, 1995). Reverse
transcription (RT)-PCR and Western blot analysis confirmed
these findings. Cultured oligodendrocyte lineage cells displayed
lower ETA-R than ETB-R expression, at both mRNA and protein
levels (Fig. 1G,H). However, ETA-R mRNA and protein levels
increased with time in culture (mRNA, 1.5 � 0.2-fold at 3 DIV,
2 � 0.1 at 4 DIV, and 2.1 � 0.2 at 5 DIV, compared with 1 DIV;

protein, 1.7 � 0.2 at 3 DIV, 1.8 � 0.2 at 4 DIV, 2.2 � 0.1 at 5 DIV,
compared with 1 DIV; Student’s t test, p � 0.01), whereas ETB-R
expression remained constant (Fig. 1G,H).

To confirm ET-R expression in oligodendrocyte lineage cells
in vivo, we used RT-PCR to analyze expression of ETA-R and
ETB-R genes in EGFP� cells FACS-purified from the forebrain
and SVZ of the CNP-EGFP mouse (Aguirre et al., 2007).
NG2�EGFP�progenitors were also double-sorted from the SVZ.
mRNAs for both receptors were expressed in all EGFP� cell pop-
ulations analyzed (Fig. 1 I, J). Supporting our analysis in cultured
cells (Fig. 1G,H), NG2�EGFP� progenitors expressed lower
mRNA levels of ETA-R than ETB-R (Fig. 1 I, J). Finally, immuno-
cytochemistry on freshly dissociated SVZ cells from the CNP-
EGFP mouse with antibodies against NG2 and ET-Rs showed
that 98 � 1% of the NG2�EGFP� progenitors in the SVZ express
both types of receptors (Fig. 1K,L). These results demonstrate
that both ETA-R and ETB-R are expressed in the oligodendrocyte
lineage in vitro and in vivo.

Functional ET-Rs in OPCs are linked to the MAPK pathway
We recently demonstrated that ET-1 activates p38MAPK and JNK
pathways in astrocytes (Gadea et al., 2008). To demonstrate that
ET-Rs in OPCs are functional, we monitored ET-R-mediated acti-
vation of ERK-1/2, p38MAPK, and CREB by immunoblotting
with antibodies specific for P-ERK-1/2, P-p38MAPK, and
P-CREB. Although ET-R stimulation did not change basal ex-
pression of total ERK-1/2 and CREB, time course analysis of
ERK1/2 and p38MAPK phosphorylation revealed a rapid ET-1-
induced increase in phosphorylation of both proteins in OPCs.
Detectable after 5 min stimulation with ET-1, phosphorylation
was maximal at 5–10 min (2.5 � 0.2-fold increase for ERK1/2 and
3 � 0.1-fold for p38MAPK with respect to basal; Student’s t test,
p � 0.01), and then decreased to basal levels 60 min after stimu-
lation (Fig. 2A,B). Similarly, ET-1 induced CREB phosphoryla-
tion in OPCs within several minutes after stimulation (Fig. 2C)
(2 � 0.2-fold increase at 10 min). In contrast to astrocytes (Gadea
et al., 2008), ET-1 affected neither total JNK levels nor JNK phos-
phorylation in OPCs (Fig. 2D).

Stimulatory effects of ET-1 on ERK1/2 and CREB phosphor-
ylation were blocked by ET-R pan-antagonists bosentan (Clozel
et al., 1994) and PD142893 (Wellings et al., 1994) (Fig. 2E,F),
demonstrating that activation of functional ET-Rs mediates the
effects of ET-1 on OPCs. These data demonstrate that ET-1 func-
tionally activates ET-Rs and multiple signal transduction path-
ways leading to CREB phosphorylation in OPCs.

ET-1 stimulates cultured OPC migration by chemotaxis and
chemokinesis, without affecting cell proliferation
To investigate whether ET-1 affects OPC proliferation, we used
BrdU and [ 3H]thymidine incorporation to periodically assay
OPC proliferation (12, 24, 48, and 96 h after ET-1 treatment)
under various culture conditions (ET-1 treatment in cells cul-
tured with PDGF, FGF-2, and/or T3; ET-1 treatment at plating,
or 24 – 48 h after plating). Despite previously described effects on
proliferation of other glial cell types (Supattapone et al., 1989;
Stanimirovic et al., 1995; Kuwaki et al., 1997; Berti-Mattera et al.,
2001; Jessen and Mirsky, 2002; Koyama et al., 2003; Gadea et al.,
2008), ET-1 failed to affect OPC proliferation under conditions
tested (Table 1).

To analyze ET-1 effects on OPC migration, we modified the
Varani agarose drop assay (Varani et al., 1978; Milner et al., 1997;
Frost et al., 2000). As expected from studies using different assays
(Noble et al., 1988; Armstrong et al., 1990), PDGF and FGF-2
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promoted OPC migration in the agarose
drop assay (Fig. 3A; supplemental Fig. S1,
available at www.jneurosci.org as supple-
mental material, FGF-2). OPC staining
with A2B5 and anti-Olig2 antibodies
showed that A2B5�Olig2� cells had mi-
grated to form a uniform corona around the
drop after 48 h (Fig. 3C,D). Growth factors
PDGF or FGF-2 were required: in their pres-
ence, OPCs migrated up to 0.6 mm during a
6 d period; in their absence, migration was
not observed (Fig. 3A; supplemental Fig. S1,
available at www.jneurosci.org as supple-
mental material, FGF-2).

ET-1 alone did not promote OPC mi-
gration, but significantly enhanced stimu-
latory effects of PDGF and FGF-2. ET-1
effects became apparent 3 d after exposure
and persisted for 6 d (Fig. 3A; supplemen-
tal Fig. S1, available at www.jneurosci.org
as supplemental material, FGF-2). Effects
of ET-1 on OPC migration were mediated
by selective activation of ET-Rs, since the
pan-antagonist bosentan blocked the
ET-1 effects but did not affect growth
factor-induced migration (Fig. 3A). Im-
portantly, ET-1 stimulated cell migration
outside of the drop without changing the
relative proportions of A2B5� or Olig2�

cells (Fig. 3C,D). To further quantify OPC
migration, we analyzed cell density at dif-
ferent distances from the edge of the drop
at each time point. In either PDGF or
FGF-2, ET-1 increased both the distance
and total number of cells migrating out of
the agarose drop (Fig. 3B; supplemental
Fig. S1, available at www.jneurosci.org as
supplemental material, FGF-2). ET-1 also
increased ( p � 0.05) the maximum dis-
tance that OPCs migrated from the edge
of the drop (Fig. 3B). Consistent with our
data (Table 1), ET-1 did not modify OPC
proliferation under these culture condi-
tions (data not shown).

ETA-R and ETB-R involvement in
ET-1 effects on OPC migration was dem-
onstrated in the agarose drop assay by
partial inhibitory effects of the selective
ETA-R and ETB-R antagonists JKC-301
(Widdowson and Kirk, 1996; Ngoka and
Gross, 2000) and IRL-1038 (Baertschi et
al., 2000; Rossi, 2004), respectively (Fig.
3E,F). IRL was significantly more effec-
tive than JKC, indicating a major role
for ETB-Rs (Fig. 3E). This was consistent

Figure 1. ET-Rs are expressed in cells of oligodendrocyte lineage in culture and in vivo and in progenitors of the subventricular
zone. A–F, Immunostaining was performed in cells of oligodendrocyte lineage in culture: 57% of cells were NG2 �, 52% O4 �, and
26% O1 �. Double immunostaining used the above-mentioned cell surface antibodies (green) and anti-ET-R antibodies (red).
Nuclear staining used DAPI (blue). The smaller panels show individual channels. Both receptors are expressed in NG2 �, O4 �, and
O1 � cells. Scale bars, 30 �m. G, RT-PCR analysis of ET-Rs mRNA expression in cultured oligodendrocyte lineage cells. Total RNA
was extracted from OPCs at 1–5 d in culture. ETA-R mRNA showed time-dependent increase in culture; ETB-R mRNA levels remained
constant. H, Cell lysates from cultured OPCs were analyzed by Western blot at 1–5 d in culture. Expression levels of both ET-R
proteins match those of their mRNAs. I, J, ET-R mRNA expression in EGFP � cells FACS-purified from CNP-EGFP transgenic mouse
brain. Total RNA was obtained from EGFP � cells of total brain (GFP) and SVZ. Double sorting from SVZ used an antibody against the
NG2 proteoglycan, obtaining a pure population of NG2-expressing EGFP � progenitors (NG2). Total mRNA was reverse transcribed
to cDNA and analyzed by PCR. mRNA for both receptors was expressed in brain EGFP � oligodendrocyte lineage cells, in SVZ OPCs,
and in NG2-expressing progenitors of SVZ. Note: In NG2-expressing progenitors ETA-R shows lower mRNA expression than ETB-R.

4

K, L, Immunostaining in dissociated cells from the SVZ of P8
CNP-EGFP mice. Two hours after plating, cells were immuno-
stained with antibodies against NG2 and the ETA (K) or the ETB

(L) receptors. Ninety-eight percent of NG2 �EGFP � (green)
cells in the SVZ displayed immunostaining for both ET-Rs (red).
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with a higher percentage inhibition of ET-1-induced P-ERK
phosphorylation in cultured OPCs observed with IRL (90 � 5;
n � 3 independent experiments) than with JKC (45 � 4; n �
3) (Fig. 3F ).

Two other migration assays confirmed the promigratory ef-
fects of ET-1 on OPCs. SVZ explants from CNP-EGFP mouse
brain were placed equidistant (400 �m) from heparin beads
soaked with either ET-1 or BSA (Fig. 4A,B), allowing simulta-
neous analysis of EGFP� OPC migration with the two sets of
beads (Fig. 4A–C). A high percentage of EGFP� cells migrated
out of the explant toward the ET-1-soaked beads during the first
24 h in culture (data not shown). At 72 h in culture, EGFP� cells
displayed limited migration toward BSA-heparin beads (Fig.
4B1,C1). Conversely, many EGFP� cells exhibited migration to-
ward ET-1-heparin beads (Fig. 4B2,C2). Cell migration at 72 h
was directly quantified by measuring the area occupied by mi-
grating EGFP� cells (Fig. 4D), demonstrating a sevenfold in-
crease in ET-1-stimulated migration compared with BSA (Fig.
4D). This effect was mediated by ET-R activation, as shown by
complete inhibition with bosentan (Fig. 4D). EGFP� cells that
migrated in the presence of ET-1 displayed typical migratory
morphology, with small cell bodies and thin cell processes ori-
ented toward the ET-1 source (Fig. 4C3). Interestingly, SVZ ex-
plants showed high levels of PDGF expression compared with pure

OPC cultures used for the agarose drop assays (supplemental Fig.
S2A,B, available at www.jneurosci.org as supplemental material),
indicating that the migratory effects of ET-1 were supported by high
levels of endogenous PDGF in the SVZ.

To determine whether ET-1 promoted OPC migration by en-
hanced chemokinesis, we used Boyden microchemotaxis cham-
bers. After 12 h, PDGF added to either bottom or top chamber
significantly enhanced OPC migration (Fig. 4E). ET-1 added to
the bottom chamber significantly increased PDGF-induced migra-
tion in a dose-dependent manner; bosentan inhibited this effect (Fig.
4E,F). ET-1 enhanced OPC migration by chemokinesis, shown by
the significantly increased number of cells found in the chamber
filters after ET-1 was added to the top chamber (Fig. 4E). Results of
three different migration assays indicate that ET-1 promotes OPC
migration by enhanced chemotaxis and chemokinesis.

Astrocytes synthesize and release ET-1 to stimulate
OPC migration
Oligodendrocytes develop in close proximity to astrocytes. Sev-
eral growth factors and signaling cues derived from astrocytes,
including PDGF, are central regulators of oligodendrocyte devel-
opment (Raff et al., 1988; Sasahara et al., 1992; Richardson et al.,
2000). We investigated whether astrocytes, in addition to vascu-
lar endothelial cells, synthesize and release ETs to stimulate OPC
migration.

We analyzed ET-1 immunoreactivity in SVZ of P8 CNP-
EGFP transgenic mice, to define possible cellular sources of ET-1.
GFAP� astrocytes in the anterior SVZ (aSVZ) and dorsolateral
SVZ (dlSVZ) demonstrated ET-1 immunoreactivity (Fig. 5A,B).
In aSVZ (Fig. 5C) and dlSVZ (data not shown), ET-1 expression
was detected in vascular endothelial growth factor receptor 2�

(VEGF-R2�) endothelial cells, which displayed morphology dis-
tinct from GFAP�ET-1� astrocytes (Fig. 5A–C). Notably, no
ET-1 immunoreactivity was observed in SVZ CNP-EGFP� pro-
genitor cells (Fig. 5A–C).

Consistent with this, RT-PCR analysis showed that cul-
tured astrocytes (Ast) expressed ET-1 mRNA, whereas no
ET-1 transcripts were detected in FACS-purified CNP-EGFP �

cells isolated from total brain (GFP), SVZ, or double-sorted
NG2�EGFP� progenitor cells (NG2) (Fig. 5D). ET-1 mRNA was

Figure 2. ET-1 activates ET-Rs to induce ERK, p38MAPK, and CREB phosphorylation. A, Time course of ET-1-induced ERK phosphorylation in OPCs. Cultured OPCs were stimulated with 100 nM ET-1
for times indicated; total cell lysates were analyzed by Western blot using anti-P-ERK or antibody for total ERK. B, Time course of ET-1-induced p38MAPK phosphorylation. OPCs were stimulated as
in A. Lysates were analyzed using anti-P-p38MAPK antibody or antibody for total p38MAPK. C, Time course of ET-1-induced CREB phosphorylation. OPCs were stimulated as in A. Lysates were
analyzed using anti-P-CREB antibody or antibody for total CREB. D, ET-1 does not induce JNK phosphorylation. OPCs were stimulated as in A. Lysates were analyzed using anti-P-JNK antibody or
antibody for total JNK. E, Effects of ET-R antagonists on ET-1-induced ERK phosphorylation. OPCs were preincubated for 15 min with ET-R pan-antagonists bosentan (Bos) (2 �M) or PD142893 (PD14)
(2 �M). After preincubation, cells were stimulated with 100 nM ET-1 for 10 min. Lysates were analyzed using anti-P-ERK antibody or antibody for total ERK. F, OPCs were treated with ET-R antagonists
and stimulated as in E. Lysates were analyzed using anti-P-CREB antibody or total CREB antibody. For all blots A–F, similar results were obtained in three independent experiments; representative
Western blots are shown.

Table 1. ET-1 does not affect oligodendrocyte progenitor proliferation

Culture conditions 	3H
Thymidine (dpm �10 3) A2B5 �/BrdU � O4 �/BrdU �

N1 21.94 � 0.93 51 � 6 34 � 4
N1 � ET-1 23.16 � 2.11 48 � 8 36 � 3
N1 � PDGF 59.11 � 1.66 87 � 5 71 � 8
N1 � PDGF � ET-1 61.26 � 2.84 90 � 7 80 � 7

OPC proliferation was determined by BrdU and 	3H
thymidine incorporation. Purified OPCs were plated in DMEM-N1
medium. After 1 h, PDGF (10 ng/ml) and/or ET-1 were added to the culture medium. 	3H
Thymidine (0.5 �Ci/ml)
was added together with PDGF and ET-1, and incorporation was measured after 24 h by trichloroacetic acid precip-
itation and scintillation counting. For the BrdU assay, OPCs were plated on poly-L-ornithine-coated coverslips in
DMEM-N1 medium and 10 ng/ml of PDGF � ET-1 (200 nM). BrdU incorporation was quantified as described in
Materials and Methods (Gallo et al., 1996). BrdU (25 �M) was added to the cultures 18 h before harvesting the cells.
The proliferation rate was calculated as the percentage of A2B5 �/BrdU � cells/microscopic field (after 24 h in
culture) or O4 �/BrdU � cells/microscopic field (after 48 h in culture). Ten to 15 fields/coverslip were randomly
chosen to obtain a mean for each culture dish. Data represent the mean � SEM of four experiments performed in
triplicate. No significant differences were found in cultures treated with ET-1 compared with their respective con-
trols. dpm, Disintegration per minute.

10052 • J. Neurosci., August 12, 2009 • 29(32):10047–10062 Gadea et al. • ET-1 Promotes Oligodendrocyte Migration



also absent from cultured rat OPs (Fig. 5D). Immunostaining of
astrocyte cultures with anti-ET-1 antibody confirmed expression
in GFAP� cells (Fig. 5E).

With close anatomical relationships between astrocytes and
oligodendrocytes during development, we asked whether exoge-
nous ET-1 effects on OPC migration could be reproduced by
astrocyte-derived ET-1. We prepared ACM and demonstrated by
enzyme immunometric assays that ET-1 was present at �3 pg/ml
(5 � 10 6 cells/flask) after 24 h, and increased to 4.5 pg/ml after

48 h (Fig. 5F). ET-1 concentration had
not increased further after 96 h in culture
(Fig. 5F). ET-1 present in ACM function-
ally activated ET-Rs in cultured OPCs,
and ACM induced ERK1/2 and CREB
phosphorylation in cultured OPCs (Fig.
5G). Phosphorylation of both proteins
was significantly prevented by the ET-R
pan-antagonist bosentan (Fig. 5G), indi-
cating that astrocytes synthesize and re-
lease ET-1 that acts on ET-Rs on OPCs.

Effects of astrocyte-derived ET-1 on
OPC migration were analyzed by the aga-
rose drop assay. Cell migration was quan-
tified as in Figure 3, except Sato medium
was replaced by ACM. Tested alone, ACM
induced little OPC migration (maximum
distance was �100 �m) (Fig. 5H). How-
ever, in the presence of PDGF (10 ng/ml),
ACM enhanced the growth factor effect
on OPC migration (Fig. 5H). This find-
ing, together with those in Figure 3, indi-
cates that ET-1 could be the endogenous
factor in ACM responsible for the effects
on PDGF-induced OPC migration.

This hypothesis was confirmed when
bosentan did not modify migration of
OPCs cultured with ACM alone (Fig.
5H ) but prevented ACM-induced OPC
migration in the presence of PDGF (Fig.
5H). Adding exogenous ET-1 to ACM did
not further stimulate PDGF-induced
migration (Fig. 5H ), and under these
conditions bosentan prevented the ef-
fects of ACM (Fig. 5H ). Thus, ET-1
present in ACM stimulates OPC migra-
tion by activating ET-Rs, supporting
the idea of ET-1 as an astrocyte-to-
oligodendrocyte signal modulating oligo-
dendrocyte development.

PDGF induces expression of ET-Rs
in culture
As mentioned above, ET-1 alone did not
promote OPC migration of purified OPC
cultures but significantly enhanced stim-
ulatory effects of PDGF. To further inves-
tigate the mechanism by which growth
factors could affect the response of OPCs
to ET-1, we analyzed the expression of
ET-Rs after growth factor treatment. As
shown in Figure 6A, both PDGF and FGF
significantly increased ET-R expression in
OPCs after 2 d in vitro. PDGF increased

the expression of ETA-R and of ETB-Rs by twofold and threefold,
respectively (Fig. 6B,C). ACM has been shown to contain PDGF
(Gard et al., 1995); interestingly both ET-Rs showed low levels of
expression in OPCs cultured for 2 d in ACM alone, and further
addition of PDGF was necessary to increase their expression (Fig.
6A–C). We also asked whether ET-1 could maintain the expres-
sion of the PDGFR-� and sustain the migrating response of OPCs
to PDGF through this mechanism. Our results show that ET-1
did not modify the levels of expression of PDGFR-� in cultured

Figure 3. ET-1 stimulates OPC migration. Agarose drop assays were used to measure ET-1 (200 nM) effects on OPC migration. A,
ET-1 stimulates OPC migration in the presence of PDGF, compared with PDGF alone (*significantly different from control at
corresponding time points; Student’s t test; **p � 0.01). ET-R pan-antagonist bosentan (2 �M) completely prevented ET-1 effects
on OPC migration (PDGF/PDGF � ET-1 � Bos vs PDGF/PDGF � ET-1, significantly different at days 4, 5, and 6; p � 0.01). B, Cell
density at different distances from the edge of the drop (expressed as number of cells per unit area) in assays performed for 6 d in
the absence (Sato medium) or presence of PDGF (10 ng/ml) and/or ET-1 (200 nM). At 6 d in the presence of PDGF, ET-1 significantly
increased the number of cells migrating out of the agarose drop (Student’s t test, p � 0.05). Data are means � SEM of two
independent experiments performed in triplicate. C, D, Staining of the agarose drop assay after 48 h with A2B5 (green) and
anti-Olig2 antibodies (red) and counterstained with DAPI (blue). Most cells were A2B5 � and Olig2 �, and remaining cells were
O4 � (data not shown). ET-1 stimulated cell migration out of the drop without changing relative proportion of A2B5 � or Olig2 �

cells (�95% A2B5 �/Olig2 � cells under both conditions). E, Effects of ETA-R antagonist JKC-301 (1 �M) and ETB-R antagonist
IRL-1038 (1 �M) on OPC migration were determined in the presence of ET-1 (200 nM) and PDGF (10 ng/ml). ET-1 stimulated OPC
migration in the presence of PDGF, compared with control (PDGF alone). At 6 d, ETA-R and ETB-R antagonists JKC-301 and IRL-1038
(1 �M) significantly inhibited ET-1-stimulated migration (34 � 5 and 75 � 4%, respectively; Student’s t test, *p � 0.05, **p �
0.01). F, ETA-R and ETB-R antagonists JKC-301 and IRL-1038 (both 1 �M) inhibited effects of ET-1 on P-ERK phosphorylation.
Student’s t test, **p � 0.01. Equal loading in Western blot was demonstrated by detection of total ERK.
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OPCs (supplemental Fig. S2C,D, available
at www.jneurosci.org as supplemental
material).

PDGF-induced upregulation of ET-Rs
also enhanced ERK phosphorylation. Fig-
ure 6D shows that both PDGF and ET-1
enhanced ERK phosphorylation and, when
tested together, displayed an additive effect
(Fig. 6E). Together, these results indicate
that growth factors that modulate OPC
development also enhance the response of
these cells to ET-1 by increasing ET-R ex-
pression and function.

ET-1 prevents OPC differentiation
To study possible effects of ET-1 on ol-
igodendrocyte lineage progression, pu-
rified OPCs were plated on coverslips in
DMEM-N1 medium containing PDGF
and T3, with or without ET-1 (200 nM),
and immunostained with anti-O4 and
anti-O1 antibodies at different times in
culture (Fig. 7A,C). After 48 h treatment,
ET-1 did not modify the percentage of
O4� preoligodendrocytes (Fig. 7B) but
significantly decreased the percentage of
O1� oligodendrocytes to 55 � 5% of con-
trols (Fig. 7B). Conversely, at 96 h in vitro,
ET-1 induced a significant increase in the
percentage of O4� cells (145 � 15% of
control) (Fig. 7D) but still decreased the
percentage of O1� cells (63 � 5% of con-
trol) (Fig. 7D). The ET-R pan-antagonist
bosentan blocked ET-1 effects on oligo-
dendrocyte lineage progression (Fig. 7D),
confirming a receptor-mediated effect of
ET-1 on OPC differentiation. Consistent
with our data (Fig. 3C,D), ET-1 treatment
did not modify the percentage of A2B5�

cells (data not shown). ET-1 treatment
did not affect cell survival, as demon-
strated by the low percentage of TUNEL�

and caspase-3� cells (�6 and �12%, in
untreated and ET-1 treated cells, respec-
tively) (data not shown). These results in-
dicate that ET-1 affects OPC differentiation by delaying transi-
tion from the O4� to the more differentiated O1� stage.

To further examine ET-1 effects on oligodendrocyte differen-
tiation, we investigated myelin protein expression by Western
blot. Analysis of CNP and MBP expression revealed that ET-1
significantly reduced MBP and CNP levels at all times in culture
(Fig. 7E,F). These results support the conclusion that ET-1 in-
duces a less differentiated phenotype in the oligodendrocyte lin-
eage. In summary, in vitro findings strongly suggest that ET-1
plays a regulatory role in oligodendrocyte development, promot-
ing migration and decreasing differentiation rate of OPCs.

ET-R activation sustains OPC migration and decreases
differentiation in organotypic slice cultures
The results above, plus the finding that OPCs express ET-Rs in
tissue, raise the question of whether OPCs respond to ET-1 in
situ. We established conditions that maintained morphological
integrity and viability of postnatal (P4 –P5) organotypic slices

isolated from CNP-EGFP mouse brain (supplemental Fig. S3,
available at www.jneurosci.org as supplemental material). The
slices contained numerous CNP-EGFP� progenitors in the SVZ
(supplemental Fig. S3A–D, available at www.jneurosci.org as
supplemental material), a large percentage of which displayed
bipolar, migratory morphology (supplemental Fig. S3B, available
at www.jneurosci.org as supplemental material). Activated
caspase-3 staining determined the number of apoptotic SVZ
CNP-EGFP� cells in slices cultured in different percentages of
FBS (supplemental Fig. S3C–E, available at www.jneurosci.org as
supplemental material), obtaining the lowest apoptosis rate with
5.0% FBS. Based on this finding, slice cultures from CNP-EGFP
mouse brains were maintained in medium containing 5.0% FBS.

We used time-lapse multiphoton imaging to establish baseline
properties of migrating OPCs in these slice cultures. The four-
dimensional series, taken mainly in the SVZ, were analyzed to
reconstruct the distance and direction of migration. Cell migra-
tion patterns resembled those described for GFP-retrovirally la-

Figure 4. ET-1 is a chemotaxic and chemokinetic signal for OPCs. SVZ explants from CNP-EGFP mice were cocultured with
BSA-soaked (B1) and ET-1-soaked (B2) heparin beads. EGFP � cells preferentially migrate toward ET-1 (B2) compared with BSA
beads (B1). The arrows in A, C1, and C2 point to the position of the soaked bead. The dotted lines indicate edges of SVZ explants.
Higher magnification images are shown in C1 and C2. C3, Image from boxed area in C2. Migratory cells with ET-1 (B2, C2, C3)
displayed bipolar morphology distinct from nonmigratory cells with BSA (B1, C1). D, Quantification of cell migration. Histogram
illustrates quantification of cell migration in SVZ explants, shown as average � SEM of migration area (in square micrometers).
Nine explants from three different experiments were analyzed. *p � 0.01. E, F, Cell migration was studied using microchemotaxis
chambers (Boyden chambers). E1–E3, Representative images of rat OPCs that migrated through the filters under conditions
shown, assessed by nuclear staining with DAPI. ET-1 promotes migration in the presence of PDGF, compared with PDGF alone. E4,
Quantification of cell migration. Different combinations of PDGF and ET-1 were used in lower and upper chambers to measure
migration. Unpaired t test compared with N1/N1, *p � 0.05, **p � 0.01. F, Dose–response curve showing effect of ET-1 on OPC
migration, with maximal effect of ET-1 at 200 nM. Data represent averages � SEM of quadruplicate determinations from three
different experiments.
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beled SVZ neural progenitors (Kakita and Goldman, 1999). In
dorsolateral SVZ, nearly 40% of CNP-EGFP� cell bodies showed
displacement under control conditions. CNP-EGFP� cells
within dorsal and lateral SVZ did not move consistently in one
direction. Rather, the direction of individual cells varied, with
frequent angular turns (supplemental Movie 1, available at www.
jneurosci.org as supplemental material). Figure 8A depicts the
migration pathways. Each circle represents the position of each
individual cell body at 6 min intervals; the length of the line
connecting two adjacent points represents the relative velocity of
the cell at that time. Figure 8B shows migration rates of 18 mi-
grating progenitor cells in control experiments. The average cal-
culated velocity of cell migration (23 � 8 �m/h) approximated

that previously reported for DiI-labeled
cells in slice preparations (O’Rourke et al.,
1992, 1995; Fishell et al., 1993; Komuro
and Rakic, 1995, 1998; Phelps et al., 1996),
in which average velocity of migrating
cells was 10 –25 �m/h. Cells did not mi-
grate with uniform velocities, but in a sal-
tatory manner, with the direction of cell
body movement foreshadowed by the di-
rection in which the leading process ex-
tended. Most CNP-EGFP� cells that did
not migrate during the observation period
showed active extensions and retractions of
cytoplasmic processes (Fig. 8C; supplemen-
tal Movie 1, available at www.jneurosci.org
as supplemental material).

Having established baseline properties
of migrating CNP-EGFP� progenitors in
the SVZ, we analyzed the role of endoge-
nous ET-1 by blocking its actions with
ET-R pan-antagonist bosentan. As shown
in Figure 8D and in supplemental Movie 2
(available at www.jneurosci.org as supple-
mental material), organotypic brain slices
treated with 1 �M bosentan contained
fewer migrating cells than control slices.
In bosentan-treated slices, the average ve-
locity of the few migrating cells did not
differ significantly from the control (Ta-
ble 2). The effects of bosentan on migra-
tion are not attributable to increased cell
death, as assessed by activated caspase-3
immunostaining (supplemental Fig. S3E,
available at www.jneurosci.org as supple-
mental material). Thus, bosentan inhibits
CNP-EGFP� progenitor migration by
preventing activation of ET-Rs most likely
by endogenous ET-1.

To further define the physiological
effects of endogenous ET-1, we added
anti-ET-1 antibodies to the slice cultures.
Anti-ET-1 antibodies also inhibited pro-
genitor migration (Fig. 8D), and similar
to the effects observed with bosentan, av-
erage velocity of the few migrating CNP-
EGFP� cells was not modified by the
antibody treatment (Table 2). Control ex-
periments treating organotypic slices with a
nonimmune IgG antibody demonstrated
no difference in number or average velocity

of migrating progenitors (Fig. 8D, Table 2). Anti-ET-1 antibody
treatment did not affect CNP-EGFP� cell survival in the slices
(supplemental Fig. S3D, available at www.jneurosci.org as sup-
plemental material). Effects of anti-ET-1 antibodies were com-
pletely reversed by coincubating the slices with 50 nM ET-1 (Fig.
8D). Under these conditions, the number and average velocity of
migrating progenitors did not differ significantly from controls
(Fig. 8D, Table 2), indicating saturation of anti-ET-1 antibody by
exogenously added ET-1. At this concentration, ET-1 alone did
not significantly increase the number of migrating CNP-EGFP�

cells or their average migration velocity (Fig. 8D, Table 2).
ET-R activation also affected OPC differentiation in slice cul-

tures. P8 organotypic slices cultured for 4 d with 1 �M bosentan

Figure 5. Astrocytes synthesize and release ET-1 that can activate ET-Rs in OPCs. A–C, Astrocytes and endothelial cells of SVZ
synthesize ET-1 in situ. Double immunostaining of coronal brain slices from CNP-EGFP mice with anti-ET-1, and anti-GFAP or
anti-VEGF-R2 antibodies: ET-1 immunoreactivity is present in astrocytes of aSVZ and dlSVZ (A, B) and endothelial cells of aSVZ (C).
The arrows point at examples of cells immunopositive for ET-1. D, RT-PCR analysis for ET-1 mRNAs shows cultured astrocytes (Ast)
express ET-1 mRNA. No ET-1 mRNA was detected in total brain EGFP � cells, SVZ EGFP � cells, or double-sorted NG2 �/EGFP � SVZ
cells FACS-purified from CNP-EGFP transgenic mice. ET-1 mRNA was absent from cultured OPs (2 d culture). E, ET-1 is expressed in
cultured astrocytes. Anti-ET-1 staining (red) demonstrates expression in GFAP � (green) astrocytes. Cell nuclei were stained with
DAPI (blue). Scale bar, 30 �m. F, ACM contains ET-1. ET-1 concentrations were measured by enzyme immunometric assays at
different times in culture. ET-1 concentration increased between 24 and 48 h, but no further after 48 h (*p � 0.05; N.S., not
significant). Data are the mean � SEM of duplicate measurements from five independent cultures. G, ET-1 in ACM can activate
ET-Rs in cultured OPCs. OPCs were stimulated for 10 min with ET-1 (100 nM) or ACM, in the presence or absence of ET-R pan-
antagonist bosentan (Bos) (2 �M). Total cell lysates were analyzed by Western blot using anti-P-ERK or anti-P-CREB antibodies. H,
ET-1 present in ACM stimulates OPC migration. Cell migration was quantified as described for Figure 3, except ACM replaced Sato
medium. With PDGF, ACM effect on OPC migration resembled that of ET-1 (Fig. 3). Bosentan, with or without ET-1, inhibited ACM
effects on OPC migration in the presence of PDGF (ACM � PDGF � Bos vs ACM � PDGF; significant differences were observed
between days 2 and 5, Student’s t test, *p � 0.05).
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doubled the percentage of total EGFP�

cells expressing the mature oligodendro-
cyte marker CC1, compared with controls
(CC1�/EGFP� cells, percentage of total
EGFP�, 17 � 3% bosentan vs 33 � 5%
control; p � 0.01, Student’s t test) (Fig.
9A). Western blot analysis of MBP and
CNP expression in P8 brain cultures con-
firmed that blocking ET-Rs with the ET-R
antagonist de-repressed OPC differentia-
tion, as demonstrated by enhanced MBP
and CNP expression (Fig. 9B,D). This ef-
fect was age dependent; bosentan had
no significant effects in P13 brain cul-
tures (Fig. 9C,D). These analyses in or-
ganotypic slice cultures support the
notion that activation of ET-Rs by
endogenous ET-1 contributes to main-
taining migration and reducing differ-
entiation of OPCs in postnatal brain.

Discussion
The present study identifies ET-1 as a
novel signal for oligodendrocyte develop-
ment promoting migration and inhibiting
differentiation. Our analysis indicates
that this peptide is an important media-
tor of astrocyte– oligodendrocyte sig-
naling regulating OPC migration and
maturation, and may therefore be a par-
ticularly important element of myelin
repair strategies.

ET-R expression and regulation in the
oligodendrocyte lineage
Despite widespread distribution of ET system components
throughout the brain (Nambi et al., 1990; Davenport and Mor-
ton, 1991; Kuwaki et al., 1997), their function in oligodendrocyte
lineage cells was unexplored. In the present study, we show that
ET-Rs are expressed from the immature OP stage to the differen-
tiated phenotype. Constitutive expression of ETB-Rs early in de-
velopment, and upregulation of ETA-Rs under culture conditions
inducing OPC differentiation, suggest that ETB-R is expressed in
multipotential progenitors and neural stem cells, whereas ETA-R
is upregulated in committed progenitors and their differenti-
ated progenies. Consistent with this, in vivo studies have lo-
calized ETB-Rs to progenitor cells in the ventricular zone of
the embryonic brain and in the adult brain SVZ (Tsaur et al.,
1997; Shinohara et al., 2004).

The CNP-EGFP mouse (Yuan et al., 2002) was used to define
expression and regulation of ET-Rs in cells of oligodendrocyte
lineage in vivo. We found that ETA-R and ETB-R are expressed in
CNP-EGFP� progenitors of the postnatal SVZ, which generate
oligodendrocytes in vivo and in culture (Aguirre and Gallo, 2004;
Aguirre et al., 2007). ET-R expression in CNP-EGFP� progeni-
tors in vivo indicates that they are potential cellular targets of
ET-1 physiological effects in the brain.

ET-R expression in cultured OPCs allowed us to investigate
their functionality and define intracellular signal transduction
pathways associated with these receptors. Consistent with find-
ings in different cell types (Lazarini et al., 1996; Cazaubon et al.,
1997; Tabernero et al., 1998; Schinelli et al., 2001), ET-1 stimula-
tion of OPCs increased ERK and CREB phosphorylation in a

time-dependent manner. ET-1 effects were blocked by the pan-
antagonists bosentan and PD142893, and partially inhibited by
selective ETA-R and ETB-R antagonists JKC-301 and IRL-1038,
singly applied, indicating that ET-1 activated both receptor sub-
types. The greater inhibition attained with the ETB-R antagonist
indicates that ET-1 predominantly activates ETB-R in OPCs.

Biological effects of ET-1 on oligodendrocyte development
ETs are potent mitogens for various cell types, including neural
crest cells (Reid et al., 1996; Opdecamp et al., 1998), astrocytes
(Supattapone et al., 1989; Stanimirovic et al., 1995; Teixeira et al.,
2000; Koyama et al., 2003; Gadea et al., 2008), and Schwann cells
(Kuwaki et al., 1997; Berti-Mattera et al., 2001; Jessen and Mirsky,
2002). We investigated whether ET-1 is an OPC mitogen but
found no significant effect (Table 1). This indicates that (1) mi-
togenic effects of ET-1 are not generalized to all glia, and (2)
biological effects on OPCs are directed to specific aspects of their
development. We recently demonstrated that ET-1-induced as-
trocyte proliferation activates the JNK/c-Jun pathway (Gadea et
al., 2008). Our present findings demonstrate that, consistent with
the lack of ET-1 effect on OPC proliferation, this pathway is not
activated by ET-1 in OPCs.

To explore migratory responses of OPCs to ET-1, we used an
agarose drop assay and confirmed that PDGF and FGF-2 support
OPC migration (Armstrong et al., 1990; Simpson and Armstrong,
1999). ET-1 alone did not promote OPC migration; however, it
enhanced PDGF- and FGF-2-stimulated migration without al-
tering survival. Blockage of the additive effects of ET-1 on OPC
migration by the antagonists bosentan, JKC-301, and IRL-1038
indicates that the peptide effects were ET-R mediated.

Other migration assays confirmed that ET-1 exerts a chemo-
tactic effect on OPCs and uncovered an ET-1 effect on OPC

Figure 6. ET-R expression is regulated by growth factors. A, ETA-R and ETB-R expression is increased by growth factors. Cultured
OPCs were grown in the N1 medium alone or in the presence of 10 ng/ml bFGF, 1 ng/ml or 10 ng/ml PDGF; or in astrocyte-
conditioned medium with or without 10 ng/ml PDGF. Cell lysates were prepared after 2 DIV and were analyzed by Western blot
using anti-ETA-R antibody or anti-ETB-R antibody. B, C, Densitometric analysis demonstrated a peak twofold increase of ETA-R with
10 ng/ml PDGF, and a threefold increase for ETB-R in the same condition. Data were normalized to actin. D, Cultured OPCs were
stimulated with 100 nM ET-1 and/or 10 ng/ml PDGF for 15 min; total cell lysates were analyzed by Western blot using anti-P-ERK or
antibody for total ERK. E, Similar results were obtained in three independent experiments; representative Western blots are shown;
averages � SEM from three to four independent samples are shown. *Significantly different from control (Student’s t test, p �
0.01).
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chemokinesis. This result obtained in isolated OPCs was consis-
tent with results in organotypic slice cultures demonstrating that
endogenous ET-1 supports OPC migration within the SVZ (see
below).

The precise mechanism by which ET-1 enhances growth factor-
induced OPC migration in culture is not known. ET-1 might alter
integrin subunit expression (Milner et al., 1996; Blaschuk et al.,
2000) or modify PSA-NCAM (polysialic acid–neural cell adhe-
sion molecule) levels (Wang et al., 1994) in OPCs to promote a
migratory phenotype. Alternatively, ET-Rs activation might
overcome signals inhibiting OPC migration, such as Tenascin-C
(ffrench-Constant et al., 1988; Frost et al., 1996). Here, we were
able to demonstrate that ET-R expression can be modulated by
growth factors and that ET-1 can further enhance PDGF-induced
ERK phosphorylation without affecting PDGFR-� expression.
These results suggest that one of the mechanisms for ET-1 actions

might be the facilitation of the intracellular pathways activated by
these growth factors in OPCs.

The ET-1-induced changes on OPC differentiation are con-
sistent with its effects on cell migration: ET-1 promotes a more
migratory and less mature phenotype. OPCs lose migratory po-
tential as they differentiate into myelinating oligodendrocytes.
O4� preoligodendrocytes, less motile than OPCs, retain migra-
tory capacity (Armstrong et al., 1990; Warrington et al., 1993;
Barral-Moran et al., 2003), whereas more mature galactocerebro-
side (O1�) oligodendrocytes are nonmigratory (Orentas and
Miller, 1998). We found that ET-1 affects oligodendrocyte differ-
entiation by preventing transition from the O4� to the more
mature O1� stage, without affecting the A2B5�–O4� stage tran-
sition. Compatible with the idea that ET-1 delays oligodendro-
cyte differentiation, ET-1 decreases CNP and MBP expression. In
conclusion, consistent with ET-R expression throughout the ol-

Figure 7. ET-1 delays OPC differentiation. A–D, ET-1 delays oligodendrocyte lineage progression, preventing O4 –O1 transition. Differentiation was assessed by immunostaining with antibodies
against O4 and O1 (green), at 48 h (A, B) or 96 h (C, D) after plating. Cells were counterstained with DAPI (blue). The ratio of O4 � or O1 � (B, D) cells/DAPI � nuclei was calculated in each field. B,
ET-1 decreased the percentage of O1 � cells to 55 � 5% of controls after 48 h. No significant change occurred in percentage of O4 � cells. D, At 96 h, ET-1 induced an increase in the percentage of
O4 � cells (145 � 15% of control) and a decrease in O1 � cells (63 � 5% of control). Percentages of O4 � and O1 � cells in controls were 35 � 4 and 15 � 3 at 48 h; 25 � 4 and 46 � 5 at 96 h,
respectively. O1 � cells treated with ET-1 are less branched, compared with O1 � cells in control conditions at 96 h (C, bottom panels). D, ET-1 effects on oligodendrocyte lineage progression were
prevented by ET-R pan-antagonist bosentan (1 �M). Data are expressed as mean percentage � SEM of four independent experiments performed in triplicate. *Significantly different from control
(Student’s t test, p � 0.05). Scale bar: A, C, 50 �m. E, ET-1 inhibits expression of myelin-related proteins in OPCs differentiating in culture. Western blot analysis of CNP and MBP expression. Cells
were collected for protein extraction for CNP and MBP expression analysis at times indicated. Total cell lysates were analyzed by Western blot using monoclonal antibodies against CNP or MBP, with
�-actin for loading control. F, Densitometric analysis demonstrated that ET-1 inhibited CNP and MBP expression. Data were normalized to actin; averages � SEM from three to four independent
samples are shown. *Significantly different from control (Student’s t test, p � 0.01). Results indicate that ET-1 induces a less differentiated phenotype in oligodendrocytes.
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igodendrocyte lineage, ET-1 apparently exerts multiple effects on
OPCs and their progeny.

To investigate the functional role of ET-Rs in OPCs in a sys-
tem preserving cellular organization and cell– cell connections,
we established a preparation for studying SVZ progenitor migra-

tion in situ. Monitoring CNP-EGFP� progenitor migration in
the SVZ, we determined that (1) blockage of ET-Rs in organo-
typic slice cultures with pan-antagonists reduced the number
of migrating progenitors; (2) anti-ET-1 antibodies prevented
CNP-EGFP � progenitor migration, an effect reversed by co-
incubation with ET-1; and (3) neither treatment modified the
average velocity of the few OPCs still able to migrate. We
hypothesize that cells migrating in the presence of ET-R an-
tagonist or anti-ET-1 antibodies may express different levels
of ET-Rs, or may experience variable levels of endogenous
ET-1 and/or growth factors in their microenvironment. We
were unable to discriminate between chemotactic and chemo-
kinetic effects of ET-1 in slice cultures, but the presence of
astrocytes and endothelial cells expressing ET-1 within the
SVZ (see discussion below) strongly suggests that endogenous
ET-1 sustains OPC migration within the SVZ by enhancing
chemokinesis. The fact that endogenous ET-1 promotes CNP-

Figure 8. Endogenous ET sustains OPC migration in situ. A, B, Baseline migration of OPCs in SVZ, determined by time-lapse microscopy. A, Reconstruction of migratory paths of EGFP � cells
observed over 4 h. Each point represents the cell body position of individual cells recorded at 6 min intervals. The intersegmental distance represents the relative velocity of the cell at that moment.
The arrows indicate direction of initial movement. B, Migration rates of 18 selected migrating progenitor cells in control experiments. Each color represents an individual cell. Note that cells migrated
in a saltatory manner. C, Effects of anti-ET-1 antibodies on OPC migration. Still images of EGFP � cells are shown from time-lapse confocal microscopy. The red arrows indicate starting positions of
migrating cells; the green lines represent distance migrated after 2 h. Progenitors were bipolar with leading and trailing processes. In slices treated with anti-ET-1, the number of migrating cells was
reduced, indicating that ET-R activation by endogenous ET-1 is required for OPCs in SVZ in situ. D, Average percentage of migrating cells under different culture conditions. Percentage of migrating
cells was calculated relative to total number of EGFP � cells in the imaged field. Bosentan (1 �M) and anti-ET-1 (1:500) significantly reduced the percentage of cells migrating in the SVZ (**p�0.01).
Control anti-IgG antibody had no effect (N.S., not significant). Effects of anti-ET-1 were reversed by 50 nM ET-1, but ET-1 (50 nM) alone did not modify overall number or velocity of migrating cells.
Data are the mean � SEM of three independent experiments. The number of cells analyzed was 40 –200.

Table 2. Blocking ET-Rs or endogenous ET-1 does not alter cell migration velocity

Culture condition Average (�m/h) Velocity number of cells

Control 22.6 � 9 110
Bosentan 18.5 � 6 8
Anti-ET-1 19.8 � 7 19
IgG 23.3 � 5 17
Anti-ET-1 � ET-1 26.7 � 8 36
ET-1 20.3 � 10 40

The effects of ET-1/ET-R perturbation on the migration velocity of SVZ CNP-EGFP � progenitors were studied using
multiphoton microscopy in organotypic slices from P5 brain. No significant differences in average migration velocity
were observed between any of the culture conditions tested (Student’s t test).
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EGFP � progenitor migration in the same system indicated
that growth factors (e.g., PDGF) necessary for migration are
present in the cultured slices. This was confirmed by direct
Western blot analysis of PDGF expression in purified OPC
cultures and SVZ explants, demonstrating much higher
growth factor levels in the explant cultures.

Endogenous ET-1 affects OPC differentiation also in organo-
typic slice cultures, as demonstrated by enhanced myelin protein
expression after treatment with ET-R antagonist bosentan. The
effectiveness of bosentan in younger brain tissue (P8), and lack of
effect at later stages (P13) when oligodendrocyte maturation has
progressed, is consistent with findings in cell cultures that ET-1
affects lineage progression at the O4�–O1� transition, during
earlier stages of oligodendrocyte development.

Cellular sources of ET-1 in the
developing brain
A possible source of ET-1 in the brain is
astrocytes, which synthesize ETs during
proliferation, maturation, and reactive
gliosis (MacCumber et al., 1990; Ehren-
reich et al., 1991; Nie and Olsson, 1996).
Astrocytes secrete other factors important
in oligodendrocyte development, such as
PDGF (Dutly and Schwab, 1991; Silber-
stein et al., 1996). Our data (see also
Gadea et al., 2008) indicate that astrocytes
synthesize ET-1 in culture and in vivo and
that ET-1 contained in ACM can activate
ET-Rs and promote OPC migration. In-
terestingly, ET-1 also stimulates PDGF
expression in cultured astrocytes (supple-
mental Fig. S2A,B, available at www.
jneurosci.org as supplemental material).
Given the proximity of astrocytes and
OPCs during development (Lim and
Alvarez-Buylla, 1999), we propose that
ET-1 is an astrocyte signal that regulates
oligodendrocyte progenitor migration
and maturation during postnatal brain
development.

Another possible cellular source of ETs
in developing brain is capillary endothe-
lial cells in which the ET-1 precursor
preproendothelin-1 is expressed. Vascu-
lar cells are located within CNS germinal
zones throughout postnatal life (Breier et
al., 1992; Capela and Temple, 2002; Lou-
issaint et al., 2002) and form a niche for
neural stem cells in the SVZ (Palmer et al.,
2000). Recently, it was reported that a sol-
uble factor secreted by endothelial cells
maintained self-renewal of neural stem
cells and inhibited differentiation (Shen et
al., 2004). The identity of this/these fac-
tor(s) is unknown, but one could specu-
late that ET-1 fits this physiological role.

Conclusions
Our study reports a novel dual role for
ET-1 as a regulator of OPC migration and
differentiation, and identifies ET-1 as one
factor that controls early developmental
stages in the oligodendrocyte lineage by

maintaining OPCs in a migratory and undifferentiated state. Al-
though ET-1 likely acts in concert with other cellular signals
modulating OPC development, our results demonstrate ET-1 se-
lectivity between different types of glia, strongly promoting pro-
liferation in astrocytes and Schwann cells (Berti-Mattera et al.,
2001; Gadea et al., 2008), but not in OPCs (present study).

Our findings on ET-1 and OPC development are also impor-
tant for remyelination strategies in CNS demyelinating diseases.
Although OPCs are present in demyelinated regions, it is still
undetermined why their differentiation and ability to remyeli-
nate are inhibited in diseases such as multiple sclerosis (Prineas et
al., 2001). It is possible to speculate that ET-1 released by reactive
astrocytes in demyelinating lesions might contribute to inhibi-
tion of OPC differentiation. Nevertheless, our data show that

Figure 9. Endogenous endothelin modulates OPC differentiation in situ. Organotypic slice cultures from P8 (A, B) or P13 (C)
CNP-EGFP mice were cultured for 4 d in the presence or absence of bosentan (1 �M). A, Confocal images show colabeling of
CNP-EGFP with antibodies to CC1 in subcortical white matter. Scale bar, 50 �m. Total protein extracts from each corpus callosum
were analyzed by Western blot using monoclonal antibodies against MBP (B, C, left panels) or CNP (B, C, right panels). Duplicate
samples from separate organotypic cultures are shown for each age and culture condition. P8 cultures treated with bosentan, but
not P13 slices, show higher levels of MBP and CNP expression. �-Actin (bottom panels) demonstrates equal loading of protein
samples. MBP and CNP expression levels were normalized with actin to compare bosentan-treated with control samples. D,
Densitometric analysis demonstrates that bosentan increased CNP and MBP expression in P8 slices, but not P13 brains.
Results are expressed in arbitrary units as averages � SEM from four independent experiments performed in duplicate.
*p � 0.01, Student’s t test.
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ET-1, in concert with other cellular factors, could promote re-
population of demyelinating lesions by preventing differentia-
tion and stimulating migration of OPCs. Therefore, targeted ma-
nipulation of the ET-1/ET-R system should be part of a
comprehensive strategy leading to remyelination and repair.
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