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Many extracellular and intrinsic factors regulate oligodendrocyte development, but their signaling pathways remain poorly understood.
Although the p38 mitogen-activated protein kinase (MAPK)-dependent pathway is implicated in oligodendrocyte progenitor cell (OPC)
lineage progression, its molecular targets involved in myelinogenesis are mostly unidentified. We have analyzed mechanisms by which
p38MAPK regulates oligodendrocyte development and demonstrate that p38MAPK inhibition prevents OPC lineage progression and
inhibits MBP (myelin basic protein) promoter activity and Sox10 function. In white-matter tissue, differential levels of MAPK phosphor-
ylation are observed in oligodendrocyte lineage cells. Phosphorylated p38MAPK was found in CC1- and CNP-expressing differentiated
oligodendrocytes of the adult brain and was temporally associated with a decline in the levels of phosphorylated extracellular signal-
regulated kinase (ERK) in cells of this lineage. PDGF stimulates the phosphorylation of ERK, p38MAPK, and c-Jun N-terminal kinase
(JNK), and p38MAPK inhibition was associated with increased ERK, JNK, and c-Jun phosphorylation. In the presence of PDGF, simulta-
neous inhibition of p38MAPK and either MAPK kinase (MEK) or JNK significantly alleviates the repression of myelin gene expression and
lineage progression induced by p38MAPK inhibition alone. Dominant-negative c-Jun reverses the inhibition of myelin promoter activity
by active MEK1 or dominant-negative p38MAPK� mutants, and phosphorylated c-Jun was detected at the MBP promoter after p38MAPK
inhibition, indicating c-Jun as a negative mediator of p38MAPK action. Our findings indicate that p38MAPK activity in the brain supports
myelin gene expression through distinct mechanisms via positive and negative regulatory targets. We show that oligodendrocyte differ-
entiation involves p38-mediated Sox10 regulation and cross talk with parallel ERK and JNK pathways to repress c-Jun activity.

Introduction
Oligodendrocyte loss and demyelination are common patholog-
ical features of many white-matter and neurodegenerative disor-
ders. The identification of signaling processes that promote or
inhibit myelin formation by oligodendrocyte progenitor cells
(OPCs) is thus critical for therapeutic strategies. The effects of
external stimuli, such as growth factors (Armstrong et al., 2002;
Ness et al., 2004; Murtie et al., 2005), cytokines (Dell’Albani et al.,
1998) and neurotransmitters (Gallo et al., 1996; Pende et al.,
1997), on OPC proliferation and maturation are well character-
ized; however, less is known about intracellular kinase cascades
that regulate myelin gene expression in developing OPCs.

Mitogen-activated protein kinases (MAPKs) comprise fami-
lies of Ser/Thr-specific kinases activated by extracellular stimuli
through protein phosphorylation. Upstream MAPK kinases
(MKKs/MEKs) phosphorylate MAPKs, which in turn phosphor-
ylate a wide array of substrates. p38MAPK and c-Jun N-terminal
kinase (JNK) are stimulated by environmental stressors, whereas
the extracellular signal-regulated kinase (ERK) family/p44/42

MAPK is associated with receptor tyrosine kinases and
G-protein-coupled receptors. The stress-activated p38MAPK
mediates signaling by proinflammatory stimuli (Freshney et al.,
1994) and controls diverse processes such as cell growth and
survival, depending on cellular context (Zetser et al., 1999; Juretic
et al., 2001).

With the discovery of developmental functions for p38MAPK
in various systems (Zhang et al., 2006; Hui et al., 2007; Ventura et
al., 2007), it is becoming clearer that p38MAPK also regulates
normal physiological processes. Recent evidence has indicated
that p38MAPK is important for myelination in cultured
Schwann cells (Fragoso et al., 2003) and OPCs (Fragoso et al.,
2007). p38MAPK has been reported to affect both cell prolifera-
tion and lineage progression in the presence of growth factors
(Baron et al., 2000) and to stimulate transient cAMP response
element-binding protein (CREB) phosphorylation (Bhat et al.,
2007). However, the molecular mechanisms and signaling targets
of p38MAPK, which in turn regulate OPC development and my-
elin gene expression, remain to be identified.

The role of ERK activation in oligodendrocytes has been
linked with proliferation (Stariha and Kim, 2001a), process ex-
tension (Stariha et al., 1997), and cytokine-induced oligodendro-
cyte death (Horiuchi et al., 2006). Although both ERK and
p38MAPK are known to regulate differentiation, antagonistic ef-
fects between these kinases have also been demonstrated in mi-
tosis and tumorigenesis (Chao and Yang, 2001; Aguirre-Ghiso
et al., 2003, 2004). Since the kinetics of ERK activation deter-
mines entry into programs of survival and/or differentiation
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(Colucci-DAmato et al., 2003), its role in neurodegenerative con-
ditions may also involve a complex relationship with kinases such
as p38MAPK.

In this study, we demonstrate that p38MAPK regulates OPC
differentiation and myelin gene expression by modulating Sox
gene function and by regulating parallel MAP kinase cascades,
including JNK and ERK. We provide evidence that p38MAPK
activity suppresses ERK phosphorylation and prevents the accu-
mulation of phosphorylated c-Jun, an inhibitor of myelin gene
expression. The simultaneous blockade of p38MAPK activity and
c-Jun accumulation promotes myelin gene expression and lin-
eage progression. Our study not only indicates that p38MAPK
contributes to ERK, JNK, and c-Jun regulation but also reveals
novel roles for MAPK cross talk in OPC development.

Materials and Methods
Materials. Cell culture medium (DMEM, HBSS), Lipofectamine 2000,
Trizol reagent, SuperScript III reverse transcriptase, Platinum SuperTaq,
and SYBR Green quantitative PCR (qPCR) detection kit were purchased
from Invitrogen. N1 supplements, including insulin, selenium, transferrin,
poly-D-ornithine, poly-D-lysine, triiodothyronine (T3), and bromode-
oxyuridine (BrdU) were from Sigma-Aldrich. Recombinant human
platelet-derived growth factor (hPDGF-AB) was from Millipore. 4-[4-(4-
Fluorophenyl)-2-(4-methylsulfinylphenyl)-1 H-imidazol-5-yl]pyridine
(SB203580), 4-(4-fluorophenyl)-2-(4-hydroxyphenyl)-5-(4-pyridyl)1H-
imidazole (SB202190), 1,4-diamino-2,3-dicyano-1,4-bis(2-aminophenyl-
thio)butadiene (U0126), and anthra[1,9-cd]pyrazol-6(2H)-one (SP600125)
were purchased from Calbiochem. Terminal deoxynucleotidyl transferase-
mediated biotinylated UTP nick end labeling (TUNEL) assay and luciferase
assay kits were purchased from Promega, and the 3-(4,5-dimethyl thiazol-2-
yl)-2,5-diphenyl tetrazolium bromide (MTT) kit was from R&D Systems.
Control and p38� small interfering RNA (siRNA) were purchased from
Applied Biosystems. Oligonucleotide primers and probes were purchased
from Integrated DNA Technologies. [�- 32P]ATP was purchased from
PerkinElmer. All restriction enzymes, ligases, and T4 polynucleotide kinase
were from New England Biolabs. RNAeasy RNA isolation kit and plasmid
purification kits were purchased from QIAGEN. Antibody sources were as
follows: BrdU from Dako, phospho-p38MAPK, p38MAPK�, p38MAPK,
phospho-ATF2, phospho-ERK, ERK, phospho-JNK, JNK, c-Jun, phospho-
c-Jun, and phospho-cdc2 (Tyr15) were purchased from Cell Signaling. SP1,
phospho-c-Jun (for gel shifts), cdk2, p27 Cip/Kip, cyclin D1, and MKP-3
antibodies were from Santa Cruz Biotechnology. PDGFR-�, 2�,3�-cyclic nu-
cleotide 3�-phosphodiesterase (CNP), and Sox10 were from Abcam; CC1,
from Calbiochem; NeuN and actin, from Millipore; GFAP, from Sigma-
Aldrich; and myelin basic protein (MBP), from Covance.

Tissue sections, immunohistochemistry, and confocal microscopy.
Freshly cut, floating sections of 30 and 40 �m thickness from postnatal
day 4 (P4) to P44 mice were prepared on a sliding microtome as previ-
ously described (Yuan et al., 2002). Sections were incubated for 2 h at
room temperature with blocking solution (10% goat serum, 1% bovine
serum albumin, and 0.3% Triton X-100), and then rinsed in 1� PBS
before incubation at 4°C for 48 h with primary antibodies diluted in 1%
goat serum. Antibody dilutions were as follows: rabbit p38MAPK,
phospho-p38MAPK, P-ERK, and ERK polyclonal antibodies (1:500),
mouse PDGFR-� monoclonal (1:50), mouse CC1 monoclonal (1:200),
mouse CNPase (1:250), mouse GFAP monoclonal clone G-A-5 (1:500),
and mouse NeuN (1:400). Sections were washed in 1� PBS with 0.3%
Triton X-100 three times and incubated for 2 h at room temperature with
1:500 secondary antibody diluted in 1% goat serum. Secondary antibod-
ies used were Alexa Fluor 488 and 546 conjugates for goat anti-rabbit or
anti-mouse F(ab�)2 fragments (Invitrogen). For triple phosphorylated
p38MAPK (P-p38)/P-ERK/CC1 immunostaining, P-p38 rabbit poly-
clonal antibody (1:300; Cell Signaling), P-ERK mouse monoclonal IgG1
antibody (1:300; Cell Signaling), and CC1 mouse monoclonal IgG2b
antibody (1:200; Calbiochem) were incubated with brain sections over-
night. Secondary antibodies used in the triple immunostain were as fol-
lows: anti-rabbit Alexa Fluor 488 anti-rabbit F(ab�)2 fragment, Dylight

549-conjugated goat anti-mouse IgG1, and Dylight 649-conjugated goat
anti-mouse IgG2b monoclonal antibodies (Jackson ImmunoResearch).
Slices were washed with 1� PBS before mounting in Mowiol. For anal-
ysis in tissue sections, a Bio-Rad VMRC 1024 confocal laser-scanning
microscope equipped with a crypton–argon laser and an Olympus Opti-
cal IX-70 inverted microscope or Zeiss LSM 510 META system were used
to image localization of FITC (488 nm laser line excitation; 522/35 emis-
sion filter), Texas Red (568 nm excitation; 605/32 emission filter), Cy5
(633 nm excitation; 670/720 emission filter), and 4�,6�-diamidino-2-
phenylindole (DAPI) (405 nm excitation, 417/77 emission). Optical sec-
tions (Z � 0.5 �m) of confocal fluorescence images were sequentially
acquired using a 40� (numerical aperture, 1.35) oil objective with Bio-
Rad LaserSharp, version 3.2, software. ImageJ1.26t and Zeiss LSM Image
Examiner software were subsequently used to generate Z-stacks. Merged
images were processed in Photoshop 7.0 (Adobe Systems) with minimal
manipulation of contrast.

Oligodendrocyte progenitor cell culture. Primary mixed glial cultures
were prepared from embryonic day 20 pregnant Sprague Dawley rats by
mechanical dissociation according to the method of McCarthy and de
Vellis (1980), as previously described (Gallo and Armstrong, 1995). Ten- to
12-d-old mixed cultures were shaken overnight to detach oligodendro-
cyte progenitors from the astrocyte monolayer. To minimize contami-
nation by microglial cells, the detached cell suspension was incubated
twice in succession for 45 min each in 100 min dishes. OPCs enriched by
this method contained �95% GD3� cells labeled by the LB1 monoclo-
nal antibody (Levi et al., 1986; Curtis et al., 1988), with �5% O4� cells,
�0.05% GFAP� astrocytes, and �0.05% Ox42� microglia. The nonad-
herent cells were seeded on poly-D-ornithine (0.1 mg/ml)-coated 60 mm,
and 25 mm coverslips at a density of 3 � 10 4 cells/cm 2 in DME-N1
biotin-containing medium for 1 h before the addition of 10 ng/ml PDGF
(human PDGF-AB), 30 ng/ml T3, and 2 �M SB203580, 1 �M U0126, or
100 �M SP600125 prepared in DMSO with an equivalent volume of
DMSO added to controls. For time course experiments with PDGF only,
OPCs were plated in DMEM for 48 h, and then stimulated with PDGF for
up to 4.5 h. For experiments with kinase inhibitors, cells were plated in
DME-N1 plus 0.5% FBS for 24 h, and pretreated with DMSO, U0126,
SP600125, or SB203580 for 20 –30 min before the addition of PDGF in
DME-N1.

MTT assay. Measurements of reduction of MTT were performed ac-
cording to the manufacturer’s directions (TACS MTT assays; R&D Sys-
tems); 100 �l of MTT reagent was added to 80,000 cells per well in
poly-L-lysine-coated 12-well dishes containing 1 ml of growth media
during the final 4 h of incubation. Detergent reagent (300 �l) was then
added to each well to solubilize the dark blue crystals overnight. Super-
natants (200 �l) were finally transferred to 96-well plates and read on a
Molecular Devices ThermoMax 96-well plate reader using a test wave-
length of 570 nm.

TUNEL assay. Fluorescein-dUTP TUNEL assays were performed ac-
cording to the manufacturer’s directions (Promega TUNEL kit). Briefly,
OPCs maintained on 25 mm coverslips were fixed in paraformaldehyde
for 10 min at room temperature and rinsed in PBS. Cells were permeabil-
ized for 5 min in 0.2% Triton X-100, rinsed in PBS, and equilibrated in
equilibration buffer for 10 min at room temperature. Each coverslip was
incubated with terminal deoxynucleotidyl transferase (TdT) incubation
mix containing fluorescein-12-dUTP and recombinant TdT enzyme for
1 h at 37°C. Reactions were terminated in 2� SSC for 15 min, washed in
PBS, and mounted in Vectashield with DAPI.

Immunostaining in culture. Live OPCs were stained for cell surface
antigens with A2B5, O4, and O1 antibodies as previously described
(Yuan et al., 1998). Briefly, cells were incubated at room temperature
for 1 h with primary antibodies diluted 1:10 in DMEM, followed by
fluorescein-conjugated goat anti-mouse IgM for 45 min. After washing
in PBS, cells were fixed in 4% paraformaldehyde, pH 7.3 in PBS, for 10
min at room temperature and mounted in Vectashield (Vector) contain-
ing DAPI for total cell estimation. For dual staining with BrdU antibod-
ies, live staining with surface marker antibodies was followed by
incubation with secondary antibodies. After washing, paraformaldehyde
fixation was followed by treatment of cells with 0.07N NaOH in PBS for
10 min at room temperature. After washing, cells were fixed again for 10
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min and permeabilized in 0.1% Triton X-100 in PBS for 10 min. After
washing, cells were incubated with 10% goat serum for 15 min followed
by monoclonal anti-BrdU antibodies (1:50) for 1–2 h at room tempera-
ture, followed by rhodamine-conjugated goat anti-mouse IgG for 45 min
at room temperature. Coverslips were then mounted in DAPI-containing
Vectashield. Using a 40� objective, images of 15–20 microscopic
fields per coverslip were collected and at least two coverslips per
condition were sampled in each experiment. The total number of cells
counted averaged 2000 – 4500.

Western blotting. Sample separation on SDS polyacrylamide gels and
Western blotting were performed as described previously (Chew et al.,
2005). For phosphoproteins, membranes were blocked in 5% BSA for 1 h.
Phosphospecific primary antibodies, phospho-p38MAPK, phospho-ERK,
phospho-JNK, and phospho-c-Jun, were diluted 1:1000 in 5% BSA and
incubated with the membranes at 4°C overnight. For other antibodies,
membranes were blocked in 4% nonfat dry milk in TBST. p38MAPK,
p44/42 ERK (1:1000; Cell Signaling), MBP (1:2000; SMI99; Covance),
MKP3 (1:600; Santa Cruz), and actin (1:2000) were diluted in 4% milk and
incubated with the membranes at room temperature for 1 h or 4°C over-
night. Protein bands were detected as using SuperSignal West Pico detection
kit with horseradish peroxidase-conjugated secondary antibodies. Protein
expression levels in scanned images were quantified using Scion Image.

Reverse transcription–quantitative PCR. Total RNA was isolated using
Trizol (Invitrogen) and cDNA was synthesized from 1 �g of oligo-dT-
primed RNA in a total volume of 20 �l with Thermoscript according to kit
instructions (Invitrogen). Two microliters of the first-strand reaction were
used for quantitative PCR for myelin-specific markers. A three-step quanti-
tative PCR was performed in Applied Biosystems TaqMan system using the
SYBR Green qPCR detection kit (Invitrogen) in a 25 �l reaction with these
cycle conditions: 2 min at 50°C (UDG incubation), followed by 35 rounds of
cycling at 95°C for 5 min 30 s, 53°C for 45 s, 72°C at 45 s (CT acquisition step),
followed by a single final extension step for 4 min at 72°C. A melting curve
was obtained for each PCR product after each run with the following
conditions: 95°C for 1 min, and then 55 steps of 0.5°C per 20 s decrement
beginning at 96°C for 20 s to confirm the presence of a single amplicon.
Gene-specific primers were generated with IDT online software and blasted
against the mouse genome for specificity. Each qPCR primer pair was vali-
dated for unique amplicons by agarose gel electrophoresis after conventional
semiquantitative RT-PCR using 1 �l of first-strand reaction. Primer se-
quences are listed in Table 1. GAPDH was used as an internal normalization
control because its levels were found not to change as a result of mitogen or
kinase inhibitor treatment. After normalization with GAPDH, the fold in-
crease over untreated controls was calculated using the ��Ct method.

Plasmids, plasmid construction, transient transfections, and reporter as-
says. MBPLuciferase and SoxBSLuc were previously described (Sohn et

al., 2006). SoxBSLuc was modified from pH4x4Luc reporter plasmid
containing four copies of the H4 site (Kanai et al., 1996). CNP-luciferase
reporter plasmid was generated as follows: the luciferase coding re-
gion, including SV40 late poly(A) signal, between bases 88 and 1993
(pGl3Basic; Promega), was amplified with HindIII-containing primers
using Pfu polymerase and inserted into pCRBlunt (Invitrogen), generat-
ing pCRBluntEHLuc. The firefly luciferase-containing HindIII fragment
from pCRBluntEHLuc was ligated downstream of the 3.5 kb CNP pro-
moter fragment derived from pBS CNP4.2 (Gravel et al., 1998) by re-
moval of a HindIII fragment containing exon 1. This 3.5 kb CNP
promoter fragment was previously verified to target reporter expression
specifically to myelin-producing cells in vivo (Yuan et al., 2002).

DNp38� (pCMVp38�AGF-HA) and MEK6 [pcDNA3-Flag-
MEK6(Glu)] plasmids were gifts from Dr. Roger Davis (University of Mas-
sachusetts Medical School, Worcester, MA) (Raingeaud et al., 1996), and
pCMV-c-Jun and pCMV-TAM67 expression plasmids were kind gifts from
Dr. Michael Birrer (National Cancer Institute, Bethesda, MD). pFC-MEK1
encodes a constitutively active mutant of MEK1 (S218/222E, �32-51), and
AP1Luc contains seven direct repeats of the TGACTAA enhancer element
upstream of a TATA box. Both plasmids were purchased from Stratagene/
Agilent. For transient transfection, OPCs were plated in N1 with 10 ng/ml
PDGF at 2.5 � 105 cells per well in six-well poly-L-lysine-coated tissue cul-
ture dishes 1–2 d before transfection. Cells in 1.5 ml of N1 plus PDGF re-
ceived 0.4 �g of luciferase reporter plasmid, 0.8 �g of DNp38� expression
vector, and 0.02 �g of SV40-�-galactosidase in 500 �l of N1 with 2.4 �l of
Lipofectamine 2000. After overnight incubation, the medium was replaced
with N1 plus 10 ng/ml PDGF and harvested 48 h after the start of transfec-
tion. For reporter assays with kinase inhibitors, cells were transfected over-
night in N1 plus PDGF and allowed to recover after replacing medium with
fresh DME-N1 with PDGF and DMSO or kinase inhibitors for an additional
24 h before harvest. Transfected cells were collected in 200 �l of reporter lysis
buffer (Promega) and 50 �l of lysate assayed for luciferase activity on a
Turner 20/20n luminometer (Turner Biosystems). Luciferase activity ex-
pressed as relative light units was normalized with total protein content by
BCA assay (Pierce) or �-galactosidase activity.

Gene silencing. siRNA and negative controls were obtained from Ambion.
The following two rat p38� siRNA sequences were used (NM_031020):
ID53180, sense, GGGCUGAAGUAUAUACACUtt, and antisense, AGU-
GUAUAUACUUCAGCCCtc; and ID194927, sense, GCUUACCGAU-
GACCACGUUtt, and antisense, AACGUGGUCAUCGGUAAGCtt.
Purified OPCs cultured at 5 � 105 cells per 60 mm poly-L-lysine-coated
dishes were treated with 10 ng/ml PDGF for 24 h and then transfected in
DME-N1 medium with a 1:1 mixture of p38� siRNAs (final concentration,
80 nM) or siRNA control at equivalent concentration, using Lipofectamine
2000 (Invitrogen) for 18 h. The medium was replaced with DME-N1 with-
out PDGF, and cells were harvested after an additional 72 h, followed by
Western blot analysis. Under these conditions, transfection efficiency with a
labeled siRNA control sequence (catalog #1027098; QIAGEN) was estimated
at 82 � 4.3% after 18 h.

Nuclear extract preparation and electrophoretic mobility shift assays. The
nuclear proteins from tissues were extracted by using a rapid method
developed by Deryckere and Gannon (1994) with modifications. Ap-
proximately 500 mg of tissue was homogenized in 5 ml of solution A
[0.6% Nonidet P-40, 150 mM NaCl, 10 mM HEPES, pH 7.9, 1 mM EDTA,
and 0.5 mM 4-(2-aminoethyl)benzenesulfonyl fluoride (AEBSF)] and
homogenized with five strokes in a Dounce homogenizer. The homoge-
nate was centrifuged for 30 s at 2000 rpm. The supernatant was centri-
fuged for 5 min at 5000 rpm. The pelleted nuclei were resuspended in 500
�l of solution B (25% glycerol, 20 mM HEPES, pH 7.9, 420 mM NaCl, 1.2
mM MgCl2, 0.2 mM EDTA, 0.5 mM dithiothreitol, 0.5 mM AEBSF, 5 �g/ml
pepstatin, leupeptin, and aprotinin) and incubated on ice for 20 min. The
lysed nuclei were transferred to a microcentrifuge tube and cleared by
centrifugation for 1 min. The supernatant was aliquoted into fractions
and snap frozen at 	80°C. For nuclear extracts from cultured OPCs, 3 �
10 6 OPCs were dounced with 15 strokes in 1 ml of solution A and nuclei
isolated as above. The nuclear pellet resuspended in 100 �l of solution B
and processed as above for tissue extracts. Protein concentration of nu-
clear extracts was determined by BCA assay (Pierce Endogen).

Table 1. Primers used in real-time PCR assays

Gene Orientation Sequence 5�–3� GenBank ID

Cyclin D1 Forward CTTCAAGTGCGTGCAGAGGGAG NM_171992.4
Cyclin D1 Reverse GTAGTTCATGG CCAGCGGGAAG
CNP Forward TACTTCGGCTGGTTCCTGAC NM_009923
CNP Reverse GCCTTCCCGTAGTCACAAAA
MBP Forward ATGGCATCACAGAAGAGACCCTCA M25889
MBP Reverse TAAAGAAGCGCCCGATGGAGTCAA
MAG Forward TGCCATTGTCTGCTACATCACCCCA NM_017190
MAG Reverse ACTTATCAGGTGCTCCAGAGATTCGG
PLP Forward AGCGGGTGTGTCATTGTTTGGGAA NM_030990
PLP Reverse ACCATACATTCTGGCATCAGCGCA
Sox9 Forward AGGAAGCTGGCAGACCAGT NM_011448
Sox9 Reverse CGAAGGGTCTCTTCTCGCT
Sox10 Forward CGAATTGGGCAAGGTCAAGAAGGA NM_019193
Sox10 Reverse TAAAGGCGTTCATGGGCCGTTTGA
Sox17 Forward GATCTGCACAACGCAGAGCTA NM_011441
Sox17 Reverse CCGCTTCTCTGCCAAGGTCAA
GAPDH Forward AGACAGCCGCATCTTCTTGT NM_017008
GAPDH Reverse CTTGCCGTGGGTAGAGTCAT

Sequence and GenBank information of rat-specific primers used in real-time, SYBR Green PCR assays of gene
expression.
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The double-stranded MBP Sox10 probe con-
sisted of nucleotides from 	51 to 	1 of the
mouse MBP promoter (GenBank M24410) as
defined previously (Wei et al., 2004): 5�-GAGG-
GAGGACAACACCTTCAAAGACAGGCCCT-
CAGAGTCCGACGAGCTTC-3�. The MBP
AP1-like sequence was 5�-CTACCCACTGTC-
GATGACTTATTGATTAGAG-3� (Miskimins
and Miskimins, 2001). The consensus SP1 probe
was 5�-ATTCGATCGGGGCGGGGCGAGC-3�,
and 12-O-tetradecanoylphorbol-13-acetate-re-
sponsive element (TRE) AP1 was 5�-CGCTT-
GATGAGTCAGCCGGAA-3�. All probes were
annealed in water and end-labeled with
[�-32P]ATP, purified on G50 columns, and used
in gel shift assays. The reactions were performed
in a total volume of 20 �l of binding buffer con-
taining 25 mM HEPES, pH 7.5, 60 mM KCl, 10%
glycerol, 5 mM MgCl2, 1 mM DTT, 1 mM EDTA,
and 50 �g/ml poly(dI-dC). The binding reac-
tions were incubated on ice for 30 min with 4–12
�g of nuclear proteins from cell and tissue ex-
tracts. Ten femtomoles of labeled probe were
added to each reaction and incubated for
another 30 min on ice. In competition experi-
ments, the unlabeled competitor oligonucleo-
tides were used in 100-fold molar excess. For
supershifts, 1–2 �l of SP1, P-c-Jun, or Sox10 an-
tibody was added to the reactions 15–30 min
before loading. After adding 1 �l of 0.1% brom-
phenol blue loading dye, each reaction was di-
rectly loaded onto a 4% non-denaturing
polyacrylamide gel and resolved at 100 V. The
gels were then dried and autoradiographed on
x-ray film for 16–36 h.

Results
p38MAPK inhibition attenuates OPC
differentiation without effect on
proliferation or survival
To analyze the effect of p38MAPK inhibi-
tion on OPC differentiation, primary
OPC cultures were maintained for 3 d in
the presence of PDGF to initiate cell pro-
liferation and lineage progression to the
O4� stage, whereas differentiation to the
O1� stage required PDGF withdrawal af-
ter an initial 24 h in PDGF. The applica-
tion of 2 �M SB203580 at the time of
plating resulted in significant decreases in
O4� and O1� cells, as well as increased
percentages of A2B5� cells (Fig. 1A).
Similar results were obtained with 1 �M

SB202190 (data not shown). The dose of
SB203580 applied was chosen based on
apoptosis assays (Fig. 1B). Doses �5 �M

were toxic to OPCs in PDGF, whereas
lower doses were not, as apoptosis measured by TUNEL assay was
significant until 7 �M was applied (Fig. 1B). In addition, cell
growth was also not significantly affected under these conditions,
in the absence and presence of PDGF (supplemental Fig. 1A,
MTT assay, available at www.jneurosci.org as supplemental ma-
terial). Furthermore, these doses have been reported to be partic-
ularly selective for p38MAPK (Bain et al., 2007). Using 2 �M

SB203580, proliferation assays with BrdU were performed to de-
termine whether the changes in percentages of A2B5� cells were

associated with changes in S-phase activity. Figure 1, C and D,
shows that BrdU incorporation by A2B5� cells occurs in control
and SB203580-treated cells and that significant differences in
proliferation of these cells were not observed (Fig. 1G). The re-
duced percentages of O4� cells were also not accompanied by
changes in proliferation (Fig. 1 E–G), as most of these cells in
culture were postmitotic. Dose–response studies showed that overall
BrdU incorporation in the presence of SB203580 was not signifi-
cantly different from controls (supplemental Fig. 1B, available at
www.jneurosci.org as supplemental material). No changes were ob-

Figure 1. Inhibition of p38MAPK prevents OPC differentiation without affecting proliferation. A, Immunocytochemical
characterization of OPC cultures grown in PDGF for 48 h followed by mitogen withdrawal and T3 treatment for an additional
48 h. Chronic treatment with 2 �M SB203580 results in an increase in A2B5� cells and reduction in O4� and O1�
populations. Values are expressed as a percentage of total cells identified by DAPI nuclear staining. *p � 0.05 (Student’s
t test) versus respective DMSO-treated controls. B, TUNEL assay of OPCs cultured for 3 d in PDGF with increasing concen-
trations of SB203580 added at the time of plating. Each data point represents the mean � SEM of three independent
experiments performed in duplicate. *p � 0.05 (Student’s t test) compared with DMSO. C–F, Immunocytochemical
analysis of proliferation in OPCs. A2B5� (green; C, D) and O4� (green; E, F ) were double labeled with BrdU (red). Cells
were maintained for 3 d in PDGF in the presence of 2 �M SB203580 (SB203) or DMSO vehicle. Nuclei stained by DAPI are
shown in blue. G, Quantification of images shown in C–F as a percentage of total A2B5� or O4� cells. Two micromolar
p38MAP kinase inhibitor SB203580 (SB) was used. Values shown are mean � SEM of three independent experiments. H,
Reverse transcription/real-time PCR (qPCR) analysis of myelin gene RNAs: MBP, MAG, and PLP show reduction under
different culture conditions (4P, 4 d with PDGF; 3T3, 1 d in PDGF followed by 3 d with T3) with 2 �M p38MAP kinase inhibitor
SB203580 (SB). *p � 0.05 (Student’s t test) compared with DMSO. Values are mean � SEM of three experiments.
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served in the expression levels of cell cycle regulators of the G1, or
G2/M checkpoints such as p27, cyclin D1, cdk2, and phosphory-
lated cdc2 (supplemental Fig. 1C, available at www.jneurosci.org
as supplemental material). All subsequent studies were per-

formed with 2 �M SB203580. The in-
hibition of OPC maturation was also
accompanied by a significant reduction
in the RNA levels of MBP, myelin-
associated glycoprotein (MAG), and
proteolipid protein (PLP) as measured
by quantitative reverse transcription–
PCR (Fig. 1 H). The effect of SB203580
on differentiation or myelin gene ex-
pression was not altered by the differen-
tiation paradigm, as changes in RNA
levels of myelin genes after mitogen re-
moval and treatment with thyroid hor-
mone were very similar (Fig. 1 H).

p38MAPK modulation of MBP
promoter and Sox-dependent
promoter activities
To investigate whether myelin gene ex-
pression was modulated by p38MAPK at
the transcriptional level, reporter assays
were performed in primary OPCs. The re-
porters used in these experiments are
shown in Figure 2A. The MBP promoter
consists of a 2 kb 5� flanking fragment pre-
viously reported to respond positively to
Sox10 and Sox17 cotransfection (Sohn et
al., 2006). MBP promoter activity was
downregulated by cotransfection of a
dominant-negative p38MAPK� expres-
sion plasmid, DNp38� (Fig. 2B). Con-
versely, cotransfection with a plasmid
encoding a constitutively active form of
the p38MAPK upstream kinase, MEK6
(MKK6Glu), resulted in upregulation of
MBP promoter activity (Fig. 2B, MKK)
that was blocked by the addition of
SB203580. These results suggest that
p38MAPK activity upregulates the activ-
ity and/or expression of transcription fac-
tors that can bind the 2 kb mouse MBP
promoter. The concerted downregula-
tion of multiple myelin gene products by
p38MAPK (Fig. 1) suggests a pivotal con-
tribution of p38MAPK in progenitor
commitment that can be accomplished
through a myelin transcription factor
such as Sox10. The SoxBSLuc reporter
has been shown to be regulated by both
Sox10 and Sox17 (Sohn et al., 2006).
Assays using the SoxBSLuc reporter in-
dicate that MEK6 activated the Sox-
dependent heterologous promoter (Fig.
2C) and that a control reporter lacking
the Sox binding site was not modulated
by MEK6 (Fig. 2C, SV40Luc). Specific
inhibitors were included to identify the
transcriptional effector of MEK6. In
Figure 2 D, MEK6-regulated SoxBSLuc
activity could only be modulated by

SB203580, and not by MEK1/2 inhibitor U0126, indicating
that Sox protein(s) constitute a downstream target of p38MAPK
activity.

Figure 2. Transcriptional regulation by p38MAP kinase in primary OPCs. A, Luciferase reporter plasmids used in reporter assays. SoxB-
SLuc contains two inverted AACAAT motifs. B, Cotransfection assays in primary OPC cultures showing induction of MBP promoter activity by
the constitutive active MEK6 mutant, MKK6Glu (MKK), and inhibition by a dominant-negative p38�AGF mutant (DNp38�). MKK-induced
MBP promoter activity was abolished by SB203580 (MKK�SB). Values were normalized against total protein content. *p � 0.05 versus
vector, Student’s t test. C, Cotransfection assays showing that the induction of luciferase activity by MKK6Glu is dependent on the presence
of Sox transcription factor binding sites (SoxBS). SV40Luc is the parent plasmid lacking Sox binding sites. *p � 0.001 versus vector,
Student’s t test. D, Reporter assays showing the induction of SoxBSLuc activity by MKK6Glu is blocked selectively by the inclusion of 2 �M

SB203580 and not by 1 �M U0126 (MEK1/2 inhibitor) at the medium change. The transfected cells were treated with kinase inhibitors for
24 h before analysis. *p � 0.05 versus vector, Student’s t test. Data represent mean � SEM of three independent experiments.

Figure 3. Regulation of Sox10 DNA-binding activity and expression by p38 MAP kinase activity. A, B, EMSAs with OPC extracts
showing decreased Sox10 (A) and unchanged SP1 (B) DNA binding after treatment with 2 �M SB203580 (SB). OPCs were main-
tained in PDGF for 3 d. The arrows indicate specific DNA–protein complexes, and the asterisks (*) denote supershifted complexes.
Lanes where specific antibodies (Ab) or 100-fold molar excess unlabeled oligonucleotide competitor (Comp) are included in the
reactions are indicated below the images. The Sox antibody used was specific for Sox10.
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p38MAPK inhibition attenuates Sox10 DNA binding
Since p38MAPK inhibition represses Sox-dependent promoter
activity, and because Sox10 is known to coordinately regulate the
expression of multiple myelin genes (Britsch et al., 2001), we
investigated whether p38MAPK modulates Sox10 function
and/or expression. Changes in Sox10 function in nuclear extracts
prepared from OPCs were assessed by electrophoretic mobility
shift assay (EMSA). OPCs were treated with 2 �M SB203580 for
3 d, and DNA binding assays performed using the MBP Sox10
recognition site as a probe. p38MAPK inhibition reduced protein
complex formation on the probe (Fig. 3A). The complex contain-
ing Sox10 was specific, because SP1 consensus binding site did
not abolish DNA complex formation (Fig. 3A), and was recog-
nized by a Sox10 antibody, but not by an
SP1 antibody (Fig. 3A). To demonstrate
specificity of these changes, an SP1 probe
was used in a similar experiment. As
shown in Figure 3B, the application of
SB203580 did not affect complex forma-
tion at the SP1 consensus sequence. The
reduction in Sox10 DNA-binding activity
by SB203580 could be attributable to
phosphorylation by p38MAPK, as quanti-
tative PCR analysis showed no significant
change in Sox10 RNA levels (Table 2).
Under these conditions, the levels of Sox9,
Sox10, Sox17, and cyclin D1 RNA were
also unaffected by p38MAPK inhibition
(Table 2), suggesting that, in the presence
of PDGF, p38MAPK regulated the func-
tional activity, rather than the transcrip-
tion of positive regulator(s) of myelin
gene expression.

Developmental regulation of Sox10 DNA
binding and p38MAPK activation in
white-matter tissue
Based on our findings in cultured OPCs,
we hypothesized that Sox10 DNA binding
activity could be temporally associated
with an increase in the levels of p38MAPK
phosphorylation during developmental
myelination. In gel shift assays with nu-
clear extracts from corpus callosum tis-
sue, the formation of DNA complexes on
a Sox10 binding site of the MBP promoter
is observed to be developmentally regu-
lated, showing an increase in complex for-
mation between P3 and P25 (Fig. 4A,B).
Sox10 binding was detected at both P3
and P25, and the relative difference in
complex intensity was unchanged in the
presence of an unrelated DNA competitor
(Fig. 4A, Comp SP1). When corpus callo-
sum tissue was analyzed by Western blot-
ting, phosphorylated p38MAPK levels
were indeed also found to be upregulated
between P4 and P21, with readily detect-
able levels appearing coincidentally with
MBP protein at P13 (Fig. 4C). Quantifi-
cation of these blots (Fig. 4 D, E) re-
vealed that the changes in the levels of
phosphorylated kinases were not likely

Figure 4. Changes in Sox10 DNA binding, and phosphorylation levels of MAP kinases during postnatal white-matter develop-
ment. A, B, EMSAs showing increased DNA binding between P3 and P25 in rat brain extracts with the MBP Sox10 probe (A) and a
decrease in SP1 binding with a canonical SP1 probe (B). The arrows indicate specific DNA–protein complexes, and the asterisks (*)
denote supershifted complexes with the indicated antibodies (Ab). The Sox antibody was specific for Sox10. Comp, 100-fold excess
unlabeled competitor included to show probe specificity. C, Analysis of MAPK phosphorylation in relation to total MAPK protein and
MBP expression in the developing rat corpus callosum. Western blot of total protein lysates extracted from rat anterior corpus
callosum at the indicated time points of P4, P7, P13, and P21 in rats. MBP, as well as both phosphorylated and total forms of p38,
JNK, and ERK1/2 are shown. Samples A–C denote two to three individual brains at the indicated postnatal ages. Western blot
shows increased P-p38 (arrow) coincident with the appearance of MBP in samples obtained from anterior corpus callosum at
postnatal ages days 4 through 21. Phosphorylated JNK (P-JNK) (Thr183/Tyr185) was undetectable. D, Histogram showing devel-
opmental regulation of phosphorylated kinase levels in white-matter tissue after densitometric quantification of Western blots
similar to and including samples shown in C. Values were normalized against actin. *p � 0.05, one-way ANOVA, Tukey’s test.
P-p38 at P13 was significantly higher than at P4 or P7, and P-ERK at P21 was lower than at all other time points. E, Histogram
similar to D showing comparison of levels of total p38 and ERK after densitometric scanning and normalization against actin. No
significant differences were found. Data represent mean � SEM of three independent experiments.

Table 2. p38MAPK inhibition does not affect steady-state levels of Sox and cyclin
D1 transcripts

Gene Control (mean) SB203580-treated (mean fold change over control)

MBP 1 0.632 � 0.0239**
Sox9 1 0.962 � 0.0626
Sox10 1 0.982 � 0.0801
Sox17 1 0.843 � 0.0348
Cyclin D1 1 1.127 � 0.0882

RNA was extracted from OPCs maintained in PDGF in the presence or absence of 2 �M SB203580 for 4 d. Expression
levels were analyzed by reverse transcription followed by real-time PCR analysis. The data were normalized to
GAPDH and expressed as fold change over controls. Values represent mean � SEM for three to five independent
experiments performed in quadruplicate. Statistical comparisons were made to control values by unpaired Student’s
t test.

**p � 0.001.
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to be attributable to changes in the levels of the kinases them-
selves, as significant changes in total kinase content were not
apparent (Fig. 4 E).

Although our studies have thus far been consistent with the
promotion of Sox10 function by p38MAPK activity, it is also
possible that p38MAPK negatively regulates inhibitors of myelin
gene expression. Given previous evidence of kinase cross talk (Xia
et al., 1995; Lavoie et al., 1996), it is likely that the activities of
different MAP kinases may be preferentially regulated during
white-matter development. In the same samples, activated JNK
was not detected, but interestingly, P-ERK showed a clear decline
by P21 when MBP protein is dramatically upregulated (Fig. 4C).
The decline in P-ERK is in agreement with the studies of Horiuchi
et al. (2006), who had described decreased phosphorylated ERK
levels in differentiating OPCs in culture. These observations sug-

gest a functional relationship between p38MAPK, ERK activity,
and the onset of myelination.

p38MAPK is enriched in oligodendrocyte cells of the
white matter
Since p38MAPK inhibition prevents myelin gene expression and
OPC differentiation, we hypothesized that p38MAPK phosphor-
ylation in the oligodendrocyte lineage may be associated anatom-
ically with myelinating cells of the white matter. To determine
the cellular distribution of p38MAPK expression and activity
in vivo, immunohistochemistry was performed in the adult
mouse brain. Figure 5 shows that immunological detection in
P40 brains showed similar patterns not only with a pan-
p38MAPK antibody but also with antibodies specific for p38�,
P-p38, and its substrate P-ATF2. The labeling was selectively

Figure 5. Distribution of p38MAPK and phosphorylated p38 immunoreactivity in the adult mouse brain at P40. A, p38, p38-�, P-p38, and phosphorylated ATF2 (P-ATF2) (all in green)
immunoreactivity are colocalized with CC1 (red) in merged images (yellow). B, CNPase (CNP) (red) is also colocalized with p38, p38-�, P-p38, and P-ATF2 (all in green). Scale bars: A, B, 200 �m.
C, Regions of high p38MAPK phosphorylation (green) do not colocalize with NeuN immunostaining (red). Scale bar, 100 �m. D, Confocal view at 40� of striatal region shown in C. Scale bar, 50 �m.
E, Confocal image showing little phosphorylated p38MAPK (green) in GFAP-expressing astrocytes (red) of the corpus callosum. Scale bar, 50 �m. F, G, Confocal images of CC1- and CNP-expressing
cells. F, Localization of phosphorylated p38MAPK (green) in white-matter CC1� cells (red). Cells in boxes are enlarged alongside main panel. The arrows denote other cells with cytoplasmic P-p38
staining. G, CNP� cells (red) in white matter coexpress P-p38 (green). Scale bars: F, G, 25 �m.
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Figure 6. p38MAPK and ERK phosphorylation in oligodendrocyte lineage cells of the developing white matter. A–I, Confocal images of oligodendrocyte lineage cells in the subcortical
white matter between the ages of P4 and P23. A–C, Images of phosphorylated p38 (P-p38) (green) with PDGFR� (R�) (red) or CC1 (CC1) (red) at P4, P11, and P23. Low levels of P-p38
are present in PDGFR� cells at P4. D–F, Colocalization of P-ERK (green) with PDGFR� (R�) (red) or CC1 (red) at P4, P11, and P23. At P11, P-ERK is found in CC1� cells near the cingulum
region (E). G, Presence of total p38MAPK (green) in PDGFR�� cells (red) at P4. H, Phosphorylated ERK (green) in PDGFR�� cells (R�) (red) at P11. I, Very low levels of P-p38 (green)
in PDGFR�� cells (R�) (red) at P11. J, K, Total ERK (J; green) and p38MAPK levels (K; green) are readily detected in PDGFR�� cells (R�) (red) at P11. L, Overlapping P-p38 (green) and
P-ERK (red) localization in CC1� (purple) cells. In H–K, nuclei are stained with DAPI (blue). M, Total ERK (green) protein in CC1� (red) cells at P23. Scale bar, 25 �m. N, Histogram
illustrating the percentages of PDGFRa and CC1� cells that were colocalized with P-ERK or P-p38 at P4 and P11. *p � 0.05, one-way ANOVA, Tukey’s test. There are significantly greater
numbers of PDGFR�� cells with P-ERK at P11 than at P4. Data represent mean � SEM of three independent experiments.
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enriched in myelinated structures of the subcortical white
matter, corpus callosum, striatum and anterior commissure,
external capsule, and fimbria, colocalizing with CC1 (Fig. 5A)
and CNP (Fig. 5B).

p38� is the primary isoform expressed in the rodent oligoden-
droglial cells, along with relatively lower levels of p38� (Fragoso
et al., 2007; Haines et al., 2008), so it is likely that P-p38 detected
in this lineage may consist primarily of P-p38�. P-p38MAPK
immunoreactivity did not colocalize with NeuN-positive cell
bodies (Fig. 5C,D), suggesting that sustained p38MAPK activity
was not associated with neuronal development. P-p38MAPK was
also not associated with GFAP-positive astrocytes (Fig. 5E), sug-
gesting a selective function in the oligodendrocyte lineage. Figure
5, F and G, indicates that phosphorylated p38MAPK is found
primarily in the cytoplasm of CC1� and CNP� cells.

Since the analysis of MAPK activity in white-matter tissue by
Western blotting suggested a developmental relationship be-
tween the phosphorylation levels of p38MAPK and ERK (Fig.
4C,D), it is possible that these patterns of p38MAPK and ERK
activity would also be observed at the cellular level. Immunocy-

tochemical analysis in the subcortical white matter and corpus
callosum indicates that p38MAPK phosphorylation is low in
PDGFR�-expressing progenitor cells, and increases from P11
through P23 in CC1� cells (Fig. 6A–C), whereas ERK phosphor-
ylation is detectable between P4 and P11, and declines by P23
(Fig. 6 D–F ). These changes are primarily attributable to phos-
phorylation status and not expression levels of the kinases per
se, because total (phosphorylated and unphosphorylated)
p38MAPK and ERK protein levels are not significantly regu-
lated throughout white-matter development (Fig. 4C,E). Although
p38MAPK protein was readily detectable in PDGFR�-
expressing cells (Fig. 6G,K ), its phosphorylated form, P-p38,
is only found at low levels in �30% of PDGFR�� OPCs be-
tween P4 and P11 (Fig. 6 N, P-p38). In contrast, the large
majority (80%) of CC1� cells at P11 show clear positive im-
munoreactivity for P-p38 (Fig. 6 B, N ).

ERK protein was not found at high levels in GFAP� white-
matter astrocytes at P11 (supplemental Fig. 3, available at www.
jneurosci.org as supplemental material). Phosphorylated ERK
was found in only 
30% of CC1� cells at P11 (Fig. 6E,N). Given

Figure 7. p38MAPK is involved in kinase pathway cross talk. A–E, Western blot analyses showing MAPK phosphorylation by PDGF in cultured OPCs. A, PDGF acutely stimulates the phosphory-
lation of multiple kinases. OPCs were plated in only DMEM for 48 h before treatment with PDGF for the indicated times. Note that the peak of p38MAPK phosphorylation is delayed compared with
JNK and that c-Jun shows gradual accumulation over 4 h. B, Inhibition of ERK phosphorylation promotes p38 phosphorylation. OPCs were plated in DME-N1 plus 0.5% FBS and treated with PDGF in
the absence and presence of 1 �M U0126 for 1.5 h. U0126 was applied 20 min before addition of PDGF. U0126 also reduces P-c-Jun levels. C, Inhibition of JNK activity promotes p38 phosphorylation.
OPCs were plated in DME-N1 as in B and pretreated with 100 nM SP600125 for 20 min before addition of PDGF for an additional 4.5 h. D, Inhibition of p38MAPK with SB203580 elevates P-ERK, P-JNK,
and P-c-Jun levels after 72 h. OPCs were cultured in DME-N1 as in B and treated with 2 �M SB203580 20 min before PDGF addition. E, Knockdown of p38� elevates the levels of phosphorylated ERK,
JNK, and c-Jun. OPCs were transfected with 80 nM p38� siRNA 24 h after culture in PDGF and analyzed 48 h after transfection.
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the high percentage of CC1� cells that are
positive for P-p38 (Fig. 6N), it is therefore
not surprising that at P11, some CC1�
cells at P11 were found by triple immuno-
labeling to be positive for both P-p38 and
P-ERK (Fig. 6 L), albeit at reduced in-
tensity. Although ERK protein is readily
colocalized with PDGFRa (Fig. 6 J),
phosphorylated ERK was detected in
33– 60% PDGFRa� cells between P4
and P11 (Fig. 6 D, H,N ). This decline in
detection of phosphorylated ERK on
OPC maturation is in agreement with
the findings of Horiuchi et al. (2006)
with cultured OPCs. Together with the
abundance of P-p38 in CC1� cells,
these findings indirectly support the no-
tion of a functional relationship be-
tween p38MAPK and ERK.

p38MAPK antagonizes ERK, JNK,
c-Jun phosphorylation
The observation of an apparent develop-
mental relationship between p38MAPK and
ERK phosphorylation levels in white-matter
tissue would indicate that p38MAPK may
antagonize ERK function during oligoden-
drocyte development. This would imply
that the MEK/ERK pathway negatively reg-
ulates myelin gene expression. Our experi-
mental paradigm of lineage progression in
vitro uses PDGF (Fig. 1). PDGF is known to
stimulate the p38MAPK, ERK, and JNK
pathways, so that potential interactions
among these MAPK-dependent pathways
may be investigated in cultured OPCs using
pharmacological MAPK inhibitors in the
presence of PDGF.

To begin to understand functional re-
lationships among MAP kinases, a time
course experiment of PDGF exposure was
performed. Under basal conditions in
DMEM, PDGF acutely stimulated the
phosphorylation of ERK, p38MAPK, and
JNK, but showing slightly different kinet-
ics, with the peak of ERK and JNK phos-
phorylation preceding that of p38MAPK
(Fig. 7A). The slightly delayed induction
of p38MAPK phosphorylation compared
with P-ERK suggests a role for early events
that in turn stimulate p38MAPK activa-
tion (Fig. 7A). Since ERK phosphoryla-
tion is detected in white matter before
p38 phosphorylation (Figs. 4C,D, 6), it
remains possible that ERK may be in-
volved in temporally regulating the levels of p38 activation.

To analyze the effect of kinase inhibition on PDGF-induced
p38MAPK phosphorylation, OPCs maintained in N1 were pre-
incubated with MEK and JNK inhibitors before stimulation with
PDGF. Pretreatment of OPCs with the MEK1/2 inhibitor U0126
not only reduced PDGF-stimulated ERK phosphorylation but
also elevated p38MAPK phosphorylation, suggesting a reciprocal
relationship between p38MAPK and ERK (Fig. 7B). p38MAPK

phosphorylation was also increased by application of a JNK inhibi-
tor, SP600125 (Fig. 7C). Thus, ERK and JNK activities support c-Jun
phosphorylation and may negatively regulate p38MAPK.

Based on a previous report that p38MAPK suppresses JNK
activity (Lahti et al., 2006; Hui et al., 2007), we hypothesized that
the inhibition of p38MAPK could de-repress the activation of
ERK and/or JNK in OPCs. In controls, the PDGF-stimulated
increase in P-c-Jun declines with time (Fig. 7A,D), whereas on

Figure 8. MEK1 inhibition attenuates the repression of OPC differentiation induced by p38MAPK inhibition. A, Western blot
showing that preincubation with 1 �M U0126 (UO) for 30 min before addition of SB203580 inhibits the SB203580-induced
elevation of P-ERK, and P-JNK. Preincubation with 100 nM SP600125 inhibits SB203580-induced elevation of P-ERK and P-JNK, and
P-c-Jun. OPCs were plated in N1 plus PDGF and treated with 2 �M SB203580 for 3 d. B, Thirty minute pretreatment with 1 �M MEK
inhibitor U0126 (UO) partially prevents SB203580-mediated downregulation of myelin genes, but not of Sox10 RNA. Quantitative
real-time PCR analysis of OPCs shows significant elevation of MBP, MAG, and PLP RNA levels by 1 �M U0126 in the presence of 2 �M

SB203580 (UO�SB) after 4 d in PDGF (4P). *p � 0.05 versus control. **p � 0.05 versus control and SB (i.e., PLP RNA in UO�SB
was significantly different from SB and control); one-way ANOVA, Tukey’s test. C, One micromolar U0126 (UO) prevents MBP
protein downregulation by 2 �M SB203580 (SB). Western blot analysis was performed after 4 d in PDGF. Culture conditions were
similar to B. D, Densitometric analysis of four Western blotting experiments similar to C. MBP levels were normalized against actin
and expressed as percentage of control. *p � 0.05 versus control and UO�SB; one-way ANOVA, Tukey’s test. E, OPC lineage
progression is partially restored by 1 �M MEK inhibitor U0126. Immunofluorescence shows that U0126 partially prevents the
SB203580-mediated increase in A2B5� and reduction in O4 and O1 antigen (green) immunostaining after 3 d in PDGF (A2B5, O4)
and 2 d after PDGF withdrawal (O1). Note increased branching of O4� and O1� cells in the presence of U0126. F, Quantification
of E shows U0126 at 1 �M (UO�SB) attenuates the inhibitory effect 2 �M SB203580 (SB) on OPC lineage progression from A2B5�
to O4 and O1 (GalC�) stages. Values are expressed as percentage total DAPI�nuclei. *p �0.05 versus control; **p �0.05 versus
respective control and SB; one-way ANOVA, Tukey’s test, with four independent experiments. Data represent mean�SEM of three
independent experiments.
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p38MAPK inhibition with SB203580, P-c-Jun is induced acutely
and remains elevated even after 3 d (Fig. 7D). SB203580 is known
to specifically inhibit p38� and p38�, and based on the high levels
of the former in these cells, it is likely that p38� is mediating these
effects on ERK and JNK. To confirm that the effects of SB203580
on MBP and P-c-Jun levels were not attributable to nonspecific
pharmacological artifacts and off-target responses, we trans-
fected OPCs in PDGF with siRNA against p38MAPK� and ob-
served that the 70% reduction in p38� protein levels was
accompanied by reduced MBP protein expression, along with
elevated P-ERK, P-JNK, and P-c-Jun when analyzed at 48 h after
transfection (Fig. 7E). These findings show that the inhibitory
effects of p38MAPK inactivation on OPC differentiation could be

mediated, at least in part, through cross
talk with other MAPK pathways, poten-
tially involving their downstream effec-
tors as negative regulators.

ERK and JNK pathways mediate the
inhibitory effects of SB203580 on
OPC development
To test whether the ERK- and JNK-
dependent pathways could modulate
p38MAPK-dependent OPC lineage pro-
gression and myelin gene expression, we
inhibited ERK/JNK phosphorylation us-
ing specific kinase inhibitors. Preincuba-
tion of OPC cultures with the MEK
inhibitor U0126 (1 �M) and JNK inhibitor
SP600125 (100 nM) not only prevented
the SB203580-induced upregulation of
P-ERK and P-JNK levels, but also that of
phosphorylated c-Jun (Fig. 8A). Analysis
of myelin gene expression revealed that
U0126 prevented the repression of MBP,
CNP, and MAG RNA levels by SB203580
(Fig. 8B). U0126 pretreatment also pre-
vented the attenuation of MBP protein
levels (Fig. 8C,D). The inhibition of mor-
phological differentiation as assessed by
A2B5, O4, and O1 immunostaining was
also found to be partially alleviated by
U0126 pretreatment (Fig. 8E,F). One mi-
cromolar U0126 alone did not show sig-
nificant effects by immunocytochemistry
when compared with untreated controls,
nor did it reduce the percentage of A2B5�
cells (Fig. 8F). However, U0126 elicited
statistically significant effects on the per-
centages of O4� and O1� cells in the
presence of SB203580.

Significant changes in myelin gene
mRNA (Fig. 9A) and in MBP protein (Fig.
9B,C) were also observed after pretreat-
ment of OPCs with the JNK inhibitor
SP600125. The changes in the percentages
of A2B5, O4, and O1 cells induced by
SB203580 were effectively abolished by
JNK inhibition (Fig. 9D,E). Previous ex-
periments showed that these doses of
U0126 and SP600125 used were found not
to affect cell survival or growth as indi-
cated by TUNEL assay (supplemental Fig.

2A,B, available at www.jneurosci.org as supplemental material)
and total cell counts using DAPI staining (supplemental Fig. 2C,
available at www.jneurosci.org as supplemental material). These
studies indicate that the antagonism of ERK and JNK activity by
p38MAPK plays an important role in the regulation of OPC lin-
eage progression.

c-Jun mediates myelin gene promoter repression by MEK1
and p38MAPK inhibition
As both ERK and JNK pathways regulate c-Jun phosphorylation
(Fig. 7B,C), and because c-Jun has been shown in Schwann cells to
antagonize the promyelinating effects of Krox20 (Parkinson et al.,
2004, 2008), we hypothesized that elevated levels of phosphorylated

Figure 9. JNK inhibition attenuates repression of OPC differentiation by p38MAPK inhibition. A, Thirty minute pretreatment
with 100 nM JNK inhibitor SP600125 (SP) attenuates SB203580-mediated downregulation of myelin gene expression. Quantitative
real-time PCR analysis of OPCs shows significant elevation of MBP, MAG, PLP, and CNP RNA levels by SP600125 in the presence of
2 �M SB203580 (SP�SB) after 4 d in PDGF (4P). *p � 0.05 versus control; **p � 0.05 versus control and SB; one-way ANOVA,
Tukey’s test. B, The 100 nM SP600125 (SP) prevents MBP protein downregulation by 2 �M SB203580 (SB). Western blot analysis
was performed after 4 d in PDGF. Culture conditions were similar to B. Two separate samples are shown for each condition of SP and
SP�SB. C, Densitometric analysis of four Western blotting experiments similar to B. MBP levels were normalized against actin and
expressed as percentage of control. *p � 0.05 versus control and SP�SB; one-way ANOVA, Tukey’s test. D, OPC lineage progres-
sion is partially restored by 100 nM JNK inhibitor SP600125. Immunofluorescence shows that SP600125 prevents the SB203580-
mediated increase in A2B5� and reduction in O4� and O1� cells after 4 d in PDGF (A2B5, O4) and 2 d after PDGF withdrawal
(O1). E, Quantification of D shows SP600125 at 100 nM (SP�SB) attenuates the inhibitory effect of 2 �M SB203580 (SB) on OPC
lineage progression from A2B5� to the O4� and O1� (GalC�) stages. Values are expressed as percentage total DAPI� nuclei.
*p � 0.05, one-way ANOVA, Tukey’s test. All data represent means � SEM of three to five independent experiments.
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c-Jun could negatively regulate the tran-
scriptional activity of myelin genes in pri-
mary OPCs. We analyzed the effect of Jun
activity on the MBP and CNP promoter re-
sponse by reporter assay in transiently trans-
fected OPCs. c-Jun overexpression, through
cotransfection with pCMV-c-Jun, selec-
tively downregulated the activities of both
myelin gene promoters but did not affect
either the SoxBS binding site or the control
SV40 promoter (Fig. 10A). This suggests
that the effects of c-Jun are independent of
Sox binding activity and that p38MAPK
regulation of Sox10 and ERK/JNK activities
constitute separate pathways.

Since MEK inhibition restored mye-
lin gene expression in the presence of
p38MAPK inhibition, we wanted to deter-
mine whether MEK overexpression alone
could repress myelin gene promoter activ-
ity. Constitutively active MEK1 that was co-
transfected with MBPLuc and CNPLuc
significantly repressed promoter activities
(Fig. 10B). The inclusion of TAM67, which
expresses dominant-negative c-Jun, attenu-
ates the MEK-induced repression of myelin
promoter activity (Fig. 10B), indicating that
MEK represses myelin gene expression
through c-Jun activity. Based on the obser-
vation that the inhibition of p38MAPK ac-
tivity upregulated ERK activity through
MEK, we reasoned that TAM67 might also
relieve promoter repression resulting from
p38MAPK� inhibition. Figure 10C shows
that TAM67 significantly relieves the repres-
sion of both MBP and CNP promoters by
dominant-negative p38MAPK� (DNp38�).
With both MEK1 and dominant-negative
DNp38�, TAM67 restored MBPLuc activ-
ity to control levels while partially alleviating
the repression of CNPLuc (Fig. 10, compare
B, C). These observations indicate that the
regulation of c-Jun activity could play a di-
rect transcriptional role in the developmental control of myelin gene
expression by p38MAPK. MEK1 induces the AP1 components of
Fra and Jun (Treinies et al., 1999), which stimulates TRE-dependent
transcription (Fig. 10D), but interestingly, the elevated level of phos-
phorylated c-Jun that results from p38MAPK inhibition does not
produce similar effects (Fig. 10D). This shows that, distinct from the
effects of MEK1, p38MAPK-mediated target modulation does not
involve processes that lead to TRE activation. A similar observation
was also previously made in keratinocytes (Rosenberger et al., 1999),
in which increased FosB and JunD expression by SB203580 failed to
activate AP1Luc despite increased activation of ERK and JNK. Be-
cause of its departure from conventional AP1 transactivating activ-
ity, we have chosen to refer to the p38MAPK-associated c-Jun as an
AP1-like activity.

p38MAPK regulates AP1 complex composition and
modulates phosphatase levels
To determine whether Jun-mediated AP1-like binding plays a
role in mediating the signaling events evoked by the inhibition of
p38MAP kinase, EMSAs were performed using a previously iden-

tified AP1-like site in the MBP promoter, which we have named
MBP AP1 (MAP) (Miskimins and Miskimins, 2001). Deletion of
this binding site leads to increased MBP promoter activity, indi-
cating negative regulation by AP1-like proteins in MBP tran-
scription (Miskimins and Miskimins, 2001). This site forms
several complexes with nuclear extracts from cultured OPCs
treated with PDGF, in the absence and presence of SB203580.
Complex formation at this site using control and SB-treated nu-
clear extracts was completely abolished with excess unlabeled
MAP oligonucleotide as competitor, partially competed with a
consensus AP1 site (Fig. 11A), and unaffected by an unrelated
Sp1 consensus sequence, lending support to its AP1-like nature.

Using the consensus AP1 binding sequence as a probe, and
with unlabeled MAP as a competitor, however, DNA complex
formation is effectively abolished (Fig. 11B), suggesting a differ-
ence in the composition between DNA–protein complexes
formed on the probes (Fig. 11A,B), possibly with a greater diver-
sity of proteins binding at the MAP site than at the consensus
AP1. Supershift assays with the MAP probe in Figure 11C show
that preincubation of the binding reactions with an antibody

Figure 10. Negative regulation of myelin gene promoter activity by MAPK activity involves c-Jun. OPCs were cultured in PDGF
for 2 d before transient transfection. A, Overexpression of c-Jun selectively downregulates the activities of the MBP and CNP
promoters. OPCs were cotransfected with reporter plasmids and pCMV-c-Jun or empty vector for 18 h and allowed to recover
without PDGF for 48 h before analysis. Luciferase values were normalized with total protein concentration or with cotransfected
SV40�-galactosidase plasmid. Fold change in luciferase activity is expressed as a ratio of normalized luciferase activity with
pCMV-c-Jun to normalized vector-cotransfected controls. *p � 0.005 versus vector control, Student’s t test. B, MEK activity
represses myelin gene promoter activity that is reversible with c-Jun inhibition. OPCs were cotransfected with reporter plasmids
and pcDNA3.1 (vector) or pFC-MEK1 (MEK1) in the absence and presence of pCMV-TAM67 (TAM). TAM67 partially but significantly
attenuates MEK-induced repression of CNPLuc. MBPLuc and SV40Luc in the TAM-transfected groups were not significantly differ-
ent from controls. *p � 0.05 versus vector; **p � 0.05 versus vector and MEK1; one-way ANOVA, Holm–Sidak test. C, Effects of
p38� inhibition on MBPLuc and CNPLuc are attenuated by TAM67. OPCs were cotransfected with reporter plasmids and pcDNA3.1
(vector) or dominant-negative p38�AGF mutant (DNp38) in the absence or presence of pCMV-TAM67 (TAM). *p � 0.05 versus
vector; **p � 0.05 versus vector and DNp38; one-way ANOVA, Holm–Sidak test. All data represent means � SEM of three to five
independent experiments. D, p38MAPK inhibition does not stimulate TRE-mediated promoter activity. OPCs were cotransfected
with AP1Luc and pcDNA3.1 (vector), dominant-negative p38�AGF mutant (DNp38), or pFC-MEK1 (MEK1). *p�0.05 versus vector
and MEK1; one-way ANOVA, Holm–Sidak test. All data represent mean � SEM of three experiments.
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against P-c-Jun abolished DNA-complex formation only in ex-
tracts prepared from SB203580-treated OPCs. This indicates that
P-c-Jun was recruited to this complex only after the inhibition of
p38MAPK activity.

To begin to understand the nature of the p38-ERK/JNK an-
tagonism, we surveyed possible mediators of such kinase cross
talk. MAPK activity is regulated by phosphorylation and dephos-
phorylation of Ser and/or Tyr residues located in the kinase do-
main. The dual specificity phosphatase family (DUSP)/MAPK
phosphatases (MKPs) are capable of removing phosphoryl
groups from Tyr as well as Ser/Thr residues. MKP3/DUSP6 is
highly specific for ERK inactivation (Muda et al., 1996; Arkell et
al., 2008), and its genetic ablation results in ERK hyperactivation
(Maillet et al., 2008). Furthermore, MKP3 regulation by mam-
malian target of rapamycin (mTOR) (Bermudez et al., 2008),
whose activity is critical for OPC development (Tyler et al., 2009),
makes this phosphatase a candidate mediator in this system. In
Figure 12A, p38MAPK inhibition by SB203580 decreased the
protein levels of MKP3 in OPCs to 53.1 � 2.6% of control values,
indicating that a specific antagonist of ERK is positively regulated
by p38MAPK. Our attempts to detect MKP1 have been unsuc-
cessful, so that other p38MAPK-regulated phosphatases at
present cannot be excluded. Nonetheless, these observations sup-
port the notion that p38MAPK activity regulates the elevation of
c-Jun activity by attenuating ERK and JNK activation during
lineage progression. As illustrated in Figure 12B, this event could
thus contribute to the de-repression of myelin gene expression
through changes in the transcriptional complexes formed on the
promoters of myelin genes.

Discussion
The study of intracellular signals that regulate myelinogenesis is
crucial for our understanding of developmental and pathological
processes in white-matter structures. p38MAPK is well estab-
lished as a mediator of stress responses in neural cells (Kawasaki
et al., 1997; Stariha and Kim, 2001b); however, its physiological
role(s), including in glial development, have only begun to be

characterized (Fragoso et al., 2003, 2007;
Bhat et al., 2007; Hamanoue et al., 2007).
We have now identified p38MAPK as an
important regulator of positive and nega-
tive effectors of oligodendrocyte progeni-
tor lineage progression, and revealed an
interaction of p38MAP kinase with paral-
lel kinases as contributing pathways in the
control of OPC development.

Previous studies have indicated a role for
p38MAPK in oligodendrocyte function be-
cause an abundance of p38MAPK� was
demonstrated in fiber bundles of the cor-
pus callosum and internal capsule. In
these structures, selective colocalization
of p38MAPK� with the myelin-specific
protein CNP, and not axonal neurofilament
protein, strongly suggested an association
between p38MAPK and myelin function
(Maruyama et al., 2000). p38MAPK inhibi-
tion reduces myelin gene expression; this is
significant only when p38MAPK is in-
hibited early after mitogen withdrawal
(Fragoso et al., 2007), indicating that
p38MAPK acts during the transition from
progenitor to preoligodendrocyte stage.
Our finding that p38MAPK phosphoryla-

tion coincides temporally with MBP protein expression in white-
matter tissue, and its detection at P11 in CC1� oligodendrocytes,
supports a function in promoting differentiation. However,
p38MAPK phosphorylation is still detected in CC1� cells at
later postnatal ages, suggesting additional roles in myelin
maintenance in vivo.

Few myelin-specific transcription factors that respond to
MAPK activity have been identified. PKA (protein kinase A)-
CREB responds to p38MAPK inhibition, suggesting an associa-
tion between p38MAPK and cAMP-mediated oligodendrocyte
differentiation (Bhat et al., 2007). We have demonstrated that
MEK6 stimulates Sox enhancer and MBP promoter activity in a
p38MAPK-dependent fashion (Fig. 2). To date, several Sox
genes, 4, 8, 9, 10, and 17 (Stolt et al., 2004; Sohn et al., 2006;
Potzner et al., 2007; Finzsch et al., 2008), are known to regulate
oligodendrocyte development. Our observation highlights a role
for p38MAPK-mediated Sox10 regulation in terminal differenti-
ation and myelin gene expression. In chondrogenesis, p38MAPK
increases Sox9 transcriptional activity without changing its ex-
pression, and apparently not by direct phosphorylation of the
Sox9 protein (Zhang et al., 2006). Interestingly, we have also
observed little effect of p38MAPK activity on Sox10 RNA levels.
Although changes in protein levels and/or phosphorylation can-
not be excluded, our results are consistent with the current un-
derstanding that both p38MAPK and Sox10 coordinately
regulate multiple myelin genes, which would ultimately impact
differentiation and myelination (Stolt et al., 2002; Fragoso et al.,
2007).

In Schwann cells, ERK drives dedifferentiation (Harrisingh et
al., 2004) and opposes Akt-mediated myelination (Ogata et al.,
2004). Although p38MAPK positively regulates myelination in
both Schwann cells (Fragoso et al., 2003) and oligodendrocytes
(Fragoso et al., 2007; Haines et al., 2008), a functional relation-
ship between ERK/JNK and p38MAPK in OPC development has
not previously been established. A role for ERK in OPC differen-
tiation was implicated by Horiuchi et al., whose studies with

Figure 11. P-c-Jun is detected on an AP1-like sequence of the MBP promoter after p38MAPK inhibition. Nuclear extracts were
prepared from OPCs treated with PDGF(P) or PDGF plus 2 �M SB203580 (SB) for 3 d. A, EMSA showing DNA–protein complex
formation on an AP1-like sequence of the MBP promoter (MAP) binds proteins that also recognize the consensus TRE AP1 (AP1).
Using the MAP probe, 8 �g of both control and SB203580-treated extracts form complexes (arrows) that are competed by 100-fold
excess unlabeled MAP oligonucleotide (MAP), unaffected by excess AP1 oligonucleotide (SP1), or attenuated by TRE AP1 (AP1). B,
The MAP sequence effectively abolishes complex formation on the consensus AP1 probe. A single well defined complex (arrow) is
formed on the consensus AP1 probe with both OPC nuclear extracts, which is unaffected by 100-fold excess SP1, but is effectively
abolished by excess MAP. C, In supershift assays, preincubation of binding reactions with an anti-P-c-Jun antibody reduces
complex formation (arrows) on the MAP probe only after p38MAPK inhibition with SB203580 (SB).

Chew et al. • p38MAPK in Oligodendrocyte Differentiation J. Neurosci., August 18, 2010 • 30(33):11011–11027 • 11023



IFN-� (interferon-�) revealed an inhibitory effect of ERK on
OPC survival (Horiuchi et al., 2006). Cytokines are known to
activate ERK (Chang et al., 2003; Fei et al., 2008; Sobota et al.,
2008), so it is possible that cytokine-induced MAP kinase dys-
regulation interferes with OPC differentiation (Agresti et al.,
1996; Lin et al., 2004; Chew et al., 2005). By establishing ERK as
one of the targets of p38MAPK that negatively regulates myelin
synthesis, our results offer clues to the developmental importance
of controlling ERK activity. p38MAPK is not the only pathway to
be antagonized by ERK, as the PI3-kinase/Akt phosphorylation is
de-repressed by MEK inhibitors in NIH3T3 cells (Hayashi et al.,
2008). Thus MEK inhibition in OPCs may affect other pathways,
such as Akt/mTOR (Tyler et al., 2009), which regulate oligoden-
drocyte development. Functional cross talk between p38MAPK
and ERK has been found in other systems (Xia et al., 1995; Lavoie

et al., 1996), and the phosphatases mediating such cross talk are
of great interest. In human fibroblasts, p38MAPK downregulates
Ras signaling (Chen et al., 2000) by a process that may involve
Ser/Thr protein phosphatases PP1 and PP2A (Westermarck et al.,
2001). In OPCs, the dual specificity MAPK phosphatase MKP3/
DUSP3, which dephosphorylates ERK, was decreased after
p38MAPK inhibition (Fig. 12A), but MKP-1, PP1, and PP2A
remain possible mediators of cross talk (Kim et al., 2004, 2008;
Cheng et al., 2009), so that cross talk mechanisms involving
ERK1/2 in OPCs are not yet fully defined.

p38MAPK may regulate JNK by several pathways. SB202190
and SB203580 can activate JNK by stimulating MLK-3-MEK4/
MEK7 (Muniyappa and Das, 2008). Alternatively, JNK1 may be
activated directly downstream of ERK2 (Browaeys-Poly et al.,
2005). The genetic ablation of p38MAPK�/MAPK14 (Hui et al.,
2007) results in increased JNK activity and cell proliferation. In
these mutant mice, increases in c-Jun, cyclin D1, and cdc2 were
also observed (Hui et al., 2007). In the oligodendrocyte lineage,
p38MAPK inhibition prevents the morphological differentiation
of OPCs (Bhat et al., 2007), without affecting BrdU incorporation
or expression of cell cycle checkpoint regulators (Fig. 1G; supple-
mental Fig. 1B, available at www.jneurosci.org as supplemental
material). This apparent uncoupling of proliferation and differ-
entiation suggests that cell cycle changes in OPCs are unlikely to
directly mediate the differentiation functions of p38MAPK.

p38MAPK� inhibits Ras oncogenic activity (Bulavin et al.,
2002, 2004; Qi et al., 2004), and both ERK and JNK are known to
be essential for Ras mitogenic signaling through fos and jun
(Westwick et al., 1994; Clark et al., 1997). Our observations of
increased ERK and JNK activity in OPCs on p38MAPK inhibition
suggest Ras involvement. The coordinate control of ERK and
JNK is also observed in the stimulation of neurite outgrowth after
injury (Waetzig and Herdegen, 2005) and during neural differ-
entiation of PC12 (Zentrich et al., 2002). Studies in other systems
suggest that, in addition to Ras, protein kinase C (Sriraman et al.,
2008) and MEKK1 (Xia et al., 2000; Waetzig and Herdegen, 2005)
are also possible upstream activators of c-Jun. Functional rela-
tionships between these kinases and p38 have yet to be elucidated
in OPCs.

Our experiments show that p38MAPK control of MEK and
JNK activity converges on c-Jun phosphorylation. c-Jun overex-
pression negatively regulates myelin gene promoter activity in
OPCs (Fig. 10A). Furthermore, overexpression of MEK1 and
DNp38� and coexpression with TAM67 (Fig. 10B,C) indicate
that, in OPCs, c-Jun has a negative regulatory role in myelin gene
transcription. These findings are in agreement with studies show-
ing JNK and c-Jun-mediated inhibition of Krox20/egr2 expres-
sion and subsequent myelination (Parkinson et al., 2004, 2008;
Jessen and Mirsky, 2008). Sox10 has been shown to interact with
c-Jun and to attenuate AP1 activation (Wissmüller et al., 2006).
This property of Sox10 could contribute to the control of myelin
gene expression, suggesting that Sox10 function may help sequester
P-c-Jun, preventing its recruitment into inhibitory DNA binding
complexes. It remains possible that, through both genomic and non-
genomic actions of Sox10, the effects of p38MAPK would be rein-
forced at myelin gene promoters that are responsive to both Sox10
and AP1.

The role of c-Jun/AP1 in the regulation of myelin gene expres-
sion in oligodendrocyte lineage cells is poorly understood. OPCs
have previously been shown to lack conventional Fos/Jun AP1
complexes, but instead form atypical APprog complexes on a
GFAP-derived AP1 site that declined with progenitor differenti-
ation (Barnett et al., 1995). Our studies of DNA–protein com-

Figure 12. Possible mechanism of p38MAPK action in OPCs. A, p38MAPK activity supports
expression of the dual-specificity phosphatase MKP3/DUSP6. Representative Western blot
showing inhibition of p38MAPK activity in cultured OPCs with 2 �M SB203580 for 3 d in the
presence of PDGF (3PSB) downregulates the protein levels of MKP3/DUSP6, a phosphatase
known to dephosphorylate ERK. B, Hypothetical model of p38MAPK involvement in molecular
events that lead to myelin gene regulation. The dashed arrows indicate likely pathways not
analyzed in detail in this study. On stimulation with PDGF, p38MAPK, ERK, and JNK are acti-
vated. p38MAPK promotes Sox10 DNA binding and transcriptional activity at myelin gene pro-
moters, while at the same time p38MAPK represses ERK and JNK activity. p38MAPK may
antagonize ERK activation through its support of MKP3 expression. Modulation of c-Jun activa-
tion by ERK and JNK alters the inhibitory effect of c-Jun on myelin gene expression (e.g.,
MBP). Thus, positive and negative regulators of myelin gene transcription are both mod-
ulated by p38MAPK.
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plexes and AP1Luc reporter assays reveal the atypical nature of
p38MAPK-associated AP1 activity in OPCs. An inhibitory role
for the AP1-like site in the MBP promoter was previously dem-
onstrated when its deletion increased the response of the MBP
promoter to differentiating stimuli (Miskimins and Miskimins,
2001). The complex formed on this site under normal growth
conditions lacked c-Jun (Miskimins and Miskimins, 2001). In
our studies, we found that the nuclear proteins that bound this
AP1-like site also lacked c-Jun under conditions that favored
MBP expression. Although the composition of the MBP complex
is presently unknown, there may be overlap between proteins
binding the MBP AP1 site and the consensus AP1/TRE site (Fig.
11A,B), because excess AP1/TRE partially reduced complex for-
mation on the MBP AP1. Notably, the MBP AP1-like site only
recruited P-c-Jun when p38MAPK was inhibited, suggesting that
changes in the composition of DNA-binding factors could regu-
late myelin gene promoter activity.

In conclusion, our findings, summarized in Figure 12B, sup-
port an important role for p38MAPK activity in oligodendrocyte
development and reveal molecular targets through which
p38MAPK affects oligodendrocyte differentiation. Protein ki-
nases are under investigation as therapeutic targets in a variety of
CNS disorders (Chico et al., 2009), and strategies applying MAP
kinase modulation may be helpful in demyelinating diseases such
as multiple sclerosis. Indeed, inhibition of the MEK/ERK path-
way has been shown to improve the survival of cultured OPCs
exposed to cytotoxic levels of proinflammatory cytokines
(Horiuchi et al., 2006), supporting the value of kinase-based ap-
proaches. An understanding of MAPK targets and their interac-
tions in developmental regulation of oligodendrocyte lineage
progression and myelination is vital to successful therapeutic in-
tervention in disease.
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and MKK6-regulated gene expression is mediated by the p38 mitogen-
activated protein kinase signal transduction pathway. Mol Cell Biol
16:1247–1255.

Rosenberger SF, Gupta A, Bowden GT (1999) Inhibition of p38 MAP kinase
increases okadaic acid mediated AP-1 expression and DNA binding but
has no effect on TRE dependent transcription. Oncogene 18:3626 –3632.

Sobota RM, Müller PJ, Heinrich PC, Schaper F (2008) Prostaglandin E1
inhibits IL-6 induced MCP-1 expression by interfering specifically in IL-
6-dependent ERK1/2, but not STAT3, activation. Biochem J 412:65–72.

Sohn J, Natale J, Chew LJ, Belachew S, Cheng Y, Aguirre A, Lytle J, Nait-
Oumesmar B, Kerninon C, Kanai-Azuma M, Kanai Y, Gallo V (2006)
Identification of Sox17 as a transcription factor that regulates oligoden-
drocyte development. J Neurosci 26:9722–9735.

Sriraman V, Modi SR, Bodenburg Y, Denner LA, Urban RJ (2008) Identifi-
cation of ERK and JNK as signaling mediators on protein kinase C acti-
vation in cultured granulosa cells. Mol Cell Endocrinol 294:52– 60.

Stariha RL, Kim SU (2001a) Protein kinase C and mitogen-activated protein
kinase signalling in oligodendrocytes. Microsc Res Tech 52:680 – 688.

Stariha RL, Kim SU (2001b) Mitogen-activated protein kinase signalling in
oligodendrocytes: a comparison of primary cultures and CG4 cells. Int J
Dev Neurosci 19:427– 437.

Stariha RL, Kikuchi S, Siow YL, Pelech SL, Kim M, Kim SU (1997) Role of
extracellular signal-regulated protein kinases 1 and 2 in oligodendroglial
process extension. J Neurochem 68:945–953.

Stolt CC, Rehberg S, Ader M, Lommes P, Riethmacher D, Schachner M,
Bartsch U, Wegner M (2002) Terminal differentiation of myelin-
forming oligodendrocytes depends on the transcription factor Sox10.
Genes Dev 16:165–170.

Stolt CC, Lommes P, Friedrich RP, Wegner M (2004) Transcription factors
Sox8 and Sox10 perform non-equivalent roles during oligodendrocyte devel-
opment despite functional redundancy. Development 131:2349–2358.

Treinies I, Paterson HF, Hooper S, Wilson R, Marshall CJ (1999) Activated
MEK stimulates expression of AP-1 components independently of phos-
phatidylinositol 3-kinase (PI3-kinase) but requires a PI3-kinase signal to
stimulate DNA synthesis. Mol Cell Biol 19:321–329.

Tyler WA, Gangoli N, Gokina P, Kim HA, Covey M, Levison SW, Wood TL
(2009) Activation of the mammalian target of rapamycin (mTOR) is
essential for oligodendrocyte differentiation. J Neurosci 29:6367– 6378.

Ventura JJ, Tenbaum S, Perdiguero E, Huth M, Guerra C, Barbacid M,
Pasparakis M, Nebreda AR (2007) p38alpha MAP kinase is essential in

11026 • J. Neurosci., August 18, 2010 • 30(33):11011–11027 Chew et al. • p38MAPK in Oligodendrocyte Differentiation



lung stem and progenitor cell proliferation and differentiation. Nat Genet
39:750 –758.

Waetzig V, Herdegen T (2005) MEKK1 controls neurite regrowth after ex-
perimental injury by balancing ERK1/2 and JNK2 signaling. Mol Cell
Neurosci 30:67–78.

Wei Q, Miskimins WK, Miskimins R (2004) Sox10 acts as a tissue-specific
transcription factor enhancing activation of the myelin basic protein gene
promoter by p27Kip1 and Sp1. J Neurosci Res 78:796 – 802.

Westermarck J, Li SP, Kallunki T, Han J, Kähäri VM (2001) p38 mitogen-
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