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Multiple sclerosis (MS) is pathologically characterized by inflammatory demyelination and neuronal injury. Although phagocytosis of
myelin debris by microglia and macrophages in acute MS lesions is well documented, its pathophysiological significance is unclear. Using
real-time quantitative PCR, flow cytometry, ELISA, and reactive oxygen species (ROS) measurement assays, we demonstrated that
phagocytosis of myelin modulates activation of microglial cells prestimulated by interferon-� (IFN-�) or a combination of IFN-� and
lipopolysaccharide with a biphasic temporal pattern, i.e., enhanced production of proinflammatory mediators during the first phase (�6
h), followed by suppression during the second (6 –24 h) phase. In this second phase, myelin phagocytosis leads to an enhanced release of
prostaglandin E2 and ROS in microglia, whereas the production of anti-inflammatory cytokines (particularly interleukin-10) remains
unchanged. Suppression of inflammatory microglial activation by myelin phagocytosis was reversed by treatment with superoxide
dismutase and catalase, by inhibition of the NADPH– oxidase complex, or by specific knockdown of the NADPH– oxidase-required
adaptor p47–phagocyte oxidase (PHOX). Furthermore, we observed that myelin phagocytosis destabilized tumor necrosis factor-� and
interferon-induced protein-10 mRNA through an adenine– uridine-rich elements-involved mechanism, which was reversed by blocking
the function of NADPH– oxidase complex. We conclude that phagocytosis of myelin suppresses microglial inflammatory activities via
enhancement of p47-PHOX-mediated ROS generation. These results suggest that intervention in ROS generation could represent a novel
therapeutic strategy to reduce neuroinflammation in MS.
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Introduction
Multiple sclerosis (MS) is characterized by disseminated demy-
elination and the presence of activated T cells, microglia, and
macrophages (Sospedra and Martin, 2005). Phagocytosis of my-
elin by activated microglia/macrophages is well documented in
MS and its animal model experimental autoimmune encephalo-

myelitis (EAE) (Tanaka et al., 1975; Epstein et al., 1983; Bauer et
al., 1994; Williams et al., 1994; Mosley and Cuzner, 1996; van der
Laan et al., 1996). However, the effects of myelin phagocytosis on
microglia/macrophages-mediated inflammatory responses re-
main controversial. Several in vitro studies showed that myelin
phagocytosis by microglia and macrophages triggers release of
proinflammatory cytokines and nitric oxide (Williams et al.,
1994; Mosley and Cuzner, 1996; van der Laan et al., 1996), sug-
gesting that phagocytosis of myelin could enhance neuroinflam-
mation. In contrast, Boven’s group (Boven et al., 2006) reported
an anti-inflammatory effect of myelin phagocytosis. At present,
the mechanisms by which myelin phagocytosis could affect acti-
vation of mononuclear phagocytes are unknown.

In both MS and EAE, myelin phagocytosis has been shown to
induce the generation of reactive oxygen species (ROS) (Williams
et al., 1994; van der Goes et al., 1998), but the significance of ROS
on regulation of inflammation is still unclear. Recently, mice with
experimental autoimmune arthritis and EAE were reported to
suffer a more severe disease course when they carried mutations
in the neutrophil cytosolic factor 1 (Ncf1) gene, which encodes
p47–phagocyte oxidase (PHOX), a key adaptor of NADPH– oxi-
dase (Hultqvist et al., 2004). Together with the previous work that
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demonstrated that a defect of the p47–PHOX protein decreases
ROS generation in NADPH– oxidase-expressing cells (Olofsson
et al., 2003), these findings strongly suggest that p47–PHOX-
mediated oxidative burst has the potential to suppress inflamma-
tory responses.

In our study, we demonstrate that myelin phagocytosis in-
duces the generation of ROS via p47–PHOX and that, by this
mechanism, a marked downregulation of microglial inflamma-
tory responses occurs.

Materials and Methods
Mouse myelin isolation and labeling. Myelin was isolated from the ner-
vous tissue of 6-month-old mice using sucrose (0.32 and 0.85 M) density
gradient centrifugation at 75,000 � g, as described previously (Norton
and Poduslo, 1973). The myelin protein content was determined using
the Bradford method with bovine serum albumin as the standard. Endo-
toxin concentrations of myelin preparations were below the detection
limit (�0.01 U/ml) as determined by the Limulus amebocyte lysate assay
system (Cambrex, Verviers, Belgium) according to the instructions of the
manufacturer. For labeling, myelin was first dissolved in 0.1 M NaHCO3–
Na2CO3 buffer at 1 mg/ml protein concentration and then labeled using
a cyanine 3 (Cy3) mono-reactive dye pack (Amersham Biosciences,
Freiburg, Germany) according to the instructions of the manufacturer.

Culture of primary microglial cells and the microglial cell line BV-2 cells.
Primary microglial cells were prepared from brains of postnatal day 3–5
C57BL/6J mice. Briefly, meninges were mechanically removed, and the
cells were cultured in DMEM (Invitrogen, Eggenstein, Germany) supple-
mented with 10% fetal calf serum (PAN Biotech, Aidenbach, Germany)
under a humidified atmosphere of 10% CO2 at 37°C for at least 14 d. To
collect microglial cells, microglia–astrocyte cocultures were shaken on a
rotary shaker (220 rpm) for 2 h, and microglial cells were obtained from
the supernatant. Flow cytometric analysis routinely showed the micro-
glial cell preparation to consist of �95% CD11b � cells.

BV-2 cells, derived from an immortalized microglial cell line (Blasi et
al., 1990) (kindly provided by Prof. K. Frei, University Hospital Zürich,
Zürich, Switzerland), were maintained in the same microglial culture
medium.

Flow cytometric analysis of primary microglial phagocytosis of labeled
myelin. Primary microglia cultured in a 24-well plate at a density of 3 �
10 5 cells per well were treated with Cy3-labeled mouse myelin (2 �g/ml)
for 1, 2, 6, and 24 h. In parallel, some cells were pretreated with 5 �M

cytochalasin D (Sigma, St. Louis, MO) for 1 h and then treated with 2
�g/ml myelin containing 5 �M cytochalasin D for 1 h. Microglia were
then washed with PBS and detached from the plate with trypsin–EDTA
(Invitrogen, Eggenstein, Germany), and the mean fluorescence intensity
of Cy3-labeled myelin was immediately determined by flow cytometry.

Laser scanning confocal microscopy analysis of myelin internalization by
primary microglia. Primary microglial cells grown on chamber slides
(Nunc, Wiesbaden, Germany) were treated with 2 �g/ml Cy3-labeled
myelin for 2 h in microglial culture medium at 37°C and 10% CO2. The
cells were fixed in 4% paraformaldehyde and then permeabilized with
0.2% Triton X-100. After blocking with 10% normal goat serum, micro-
glial cells were incubated overnight at 4°C with rat anti-mouse lysosome-
associated membrane protein-2 (LAMP-2) monoclonal antibody (ob-
tained from ABL-93 hybridoma cells culture; Development Studies
Hybridoma Bank, Department of Biological Sciences, University of Iowa,
Iowa City, IA) (Chen et al., 1985). After rinsing, slides were incubated for
1 h at room temperature with Cy5-conjugated goat anti-rat IgG (Jackson
ImmunoResearch, West Grove, PA). The slides were mounted with
Mowiol and kept at 4°C in the dark until analysis under a laser scanning
confocal microscope (LSC; Leica, Heidelberg, Germany). Images of mi-
croglia treated with isotype control primary antibodies were used to
assess background fluorescence.

Reverse transcription and quantitative PCR for analysis of inflammatory
gene transcripts after myelin phagocytosis in primary microglia. Primary
microglia were seeded in 24-well plates at a density of 3.5 � 10 5 cells per
well. All cells were pretreated with 100 U/ml mouse interferon-� (IFN-�)
(R & D Systems, Wiesbaden, Germany) for 24 h. Cells were then split into

four groups. One group of cells were incubated in the presence of IFN-�
for another 24 h with (1) myelin at 5, 10, or 50 �g/ml and (2) 1 �l/ml
FluoSpheres fluorescent microspheres (1 � 10 7 polystyrene micro-
spheres/ml, 1 �m diameter; Invitrogen, Leiden, The Netherlands) or 100
�g/ml zymosan A from Saccharomyces cerevisiae (Sigma) as a positive
control of phagocytosis. The second group of cells were treated with 10
�g/ml myelin in the presence of IFN-� for 1, 3, 6, 24, and 48 h. The third
group were cotreated in the presence of IFN-� for 24 h with 10 �g/ml
myelin and a scavenger of extracellular ROS [either 500 U/ml superoxide
dismutase (SOD) or 1000 U/ml catalase (both from Sigma)] or 5 mM

apocynin (Sigma), an inhibitor of assembly of NADPH– oxidase com-
plex. If apocynin was used, it was administrated 1 h before exposure of
the cells to myelin. The fourth group were treated in the presence of
IFN-� for 24 h with 50 or 200 �M H2O2 (Sigma) as ROS. Cells in this
group were not exposed to myelin.

Total RNA was isolated from primary microglia after treatments de-
scribed above by the RNEasy Mini Kit (Qiagen, Hilden, Germany). First-
strand cDNA was synthesized by priming total RNA with hexamer ran-
dom primers (Roche Molecular Biochemicals, Mannheim, Germany)
and using Superscript III reverse transcriptase according to the instruc-
tions of the manufacturer (Invitrogen, Karlsruhe, Germany). For quan-
tification, quantitative real-time (RT)-PCR was performed using the Ap-
plied Biosystems (Foster City, CA) GeneAmp 5700 Sequence Detection
System or 7500 Fast real-time PCR system. The following oligonucleo-
tides (Invitrogen, Karlsruhe, Germany) were used for PCR amplification:
Ncf1, sense, 5�-GCC CAA AGA TGG CAA GAA TA-3� and antisense,
5�-TGT TCC CGA ACT CTT CTC GT-3�; prostaglandin E (PGE2) syn-
thase 1 (Ptges1), sense, 5�-GAG TTT TCA CGT TCC GGT GT-3� and
antisense, 5�-GGT AGG CTG TCA GCT CAA GG-3�; and Ptges2, sense,
5�-ACT TCC ACT CCC TGC CCT AT-3� and antisense, 5�-GTT GCA
AGC TGT CTC CTT CC-3�. Previously described primers were used for
amplification of tumor necrosis factor-� (TNF-�), inducible nitric oxide
synthase (iNOS), interleukin-1� (IL-1�), transformation growth
factor-�1 (TGF-�1), IL-10, macrophage inflammatory protein-1�
(MIP-1�), monocyte chemoattractant protein-1 (MCP-1), and
interferon-induced protein-10 (IP-10) (Olson and Miller, 2004; Liu et
al., 2005; Takahashi et al., 2005).

The amount of double-stranded PCR product synthesized in each
cycle was measured using SYBR green I dye. Threshold cycle (Ct) values
for each test gene from the replicate PCRs was normalized to the Ct
values for the glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
control from the same cDNA preparations. The ratio of transcription of
each gene was calculated as 2 (�Ct), where �Ct is the difference Ct (test
gene) � Ct (GAPDH).

Myelin challenge and ELISA detection of inflammatory mediators re-
leased by primary microglia. Primary microglia (1 � 10 5/well in 48-well
plates) were prestimulated with 100 U/ml IFN-� or a combination of
IFN-� and 10 ng/ml lipopolysaccharide (LPS) from Escherichia coli
(Sigma) for 24 h and then incubated in the presence of the prestimulator
for an additional 24 h with 5, 10, or 50 �g/ml myelin, 100 �g/ml zymosan
A, and 1 �l/ml FluoSpheres fluorescent microspheres. To analyze the
effects of ROS on release of inflammatory cytokines and chemokines,
preactivated microglial cells were treated with (1) myelin in the presence
of SOD, catalase, or apocynin, or (2) H2O2 as described in the last section.
Supernatants were collected for detection of TNF-�, IL-1�, IL-10, IP-10,
and PGE2 by ELISA (ELISA kits for TNF-�, IL-1�, IP-10, and PGE2
detection were from R & D Systems; IL-10 ELISA kit was from PharM-
ingen, Heidelberg, Germany).

To assess possible absorption of cytokines by myelin in the culture
media, we incubated 1 ng/ml recombinant mouse TNF-� and 100 U/ml
IFN-� with 0, 5, 10, and 50 �g/ml myelin in a cell-free culture system for
24 h. We removed the myelin by centrifugation and quantified the levels
of TNF-� and IFN-� in the myelin-free medium with ELISA (IFN-�
ELISA kit was from PharMingen).

Assessment of reactive oxygen species produced by primary microglia. The
production of ROS in primary microglia treated with myelin was deter-
mined by measuring the reduction changes of water-soluble tetrazolium
salt (WST-1) (Roche Diagnostics, Mannheim, Germany) caused by SOD
(Zhang et al., 2005). Microglia were seeded at a density of 4 � 10 4/well on
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a 96-well plate (BD Falcon, Bedford, MA) in culture medium and incu-
bated with 100 U/ml IFN-� for 24 h. Microglial cells were then incubated
in the presence of IFN-� for 24 h with (1) myelin at 5, 10, or 50 �g/ml, (2)
1 �l/ml FluoSpheres fluorescent microspheres, or (3) 100 �g/ml zymo-
san A or with 10 �g/ml myelin for 1, 2, 3, 6, 24, and 48 h. As a control to
confirm NADPH– oxidase activity in ROS production, an aliquot of IFN-
�-activated microglial cells were cotreated with myelin and 5 mM apoc-
ynin for another 24 h (apocynin was administrated 1 h before exposure to
myelin). WST-1 was then added to the treated microglia (100 �l/well,
1:10 dilution in culture medium) with or without SOD (500 U/ml), and
cells were incubated for 1 h. The amount of ROS production was deter-
mined as the increase in absorbance at 450 nm and expressed as percent-
age of the control cultures without myelin treatment.

Intracellular generation of ROS was measured using the luminol
chemiluminescence assay as described previously (Dahlgren and Karls-
son, 1999). In brief, primary microglia cultured in 96-well black plate
(BD Falcon) (4 � 10 4 cells per well) treated as described above were
mixed with luminol (100 �M; Sigma), SOD (500 U/ml), and catalase
(2000 U/ml) in HBSS with 0.5 mM CaCl2 and 1 mM MgCl2. The produc-
tion of light over time (relative fluorescence units per seconds) was re-
corded by a luminometer (MicroBeta TriLux with software version 4.7;
PerkinElmer, Turku, Finland) for 1 s. As a control of NADPH– oxidase
activity, an aliquot of IFN-�-activated microglial cells were cotreated
with 5 mM apocynin.

Knockdown of p47–PHOX in BV-2 cells and analysis of regulation of
inflammatory mediators after myelin phagocytosis. The following Stealth
small interfering RNA (siRNA) targeting mouse Ncf1 sequence was syn-
thesized by Invitrogen (Karlsruhe, Germany): 5�-GCACUAUGUG-
UACAUGUUCCUGGUU-3�. The sequence of control Stealth siRNA
was 5�-GCAGUAUGUACAUGUCCUGUCUGUU-3�. BV-2 cells were
plated on a 24-well plate (1 � 10 5/well) and transfected with double-
stranded siRNA using Lipofectamine 2000 (Invitrogen, Karlsruhe, Ger-
many) according to the protocol of the manufacturer. Twenty-four
hours after transfection, the culture medium was replaced by fresh me-
dium containing 100 U/ml IFN-� or a combination of 100 U/ml IFN-�
and 10 ng/ml LPS as indicated in Results. The cells were cultured for an
additional 24 h. Cells were then treated with 5, 10, or 50 �g/ml myelin for
24 h in the presence of the prestimulator. Thereafter, culture supernatant
was collected for determination of TNF-�, IL-1�, IL-10, and IP-10 levels
by ELISA, and total RNA was isolated to quantify transcripts of Ncf1,
TNF-�, iNOS, IL-1�, TGF-�1, IL-10, MIP-1�, MCP-1, and IP-10 using
real-time quantitative PCR (detailed procedures were described above).

Protein expression level of p47–PHOX was measured by flow cytom-
etry after intracellular staining of p47–PHOX with 4 �g/ml mouse
monoclonal antibody against p47–PHOX (Santa Cruz Biotechnology,
Heidelberg, Germany), followed by staining with 1 �g/ml Alexa488-
conjugated donkey anti-mouse IgG (Invitrogen, Leiden, The Nether-
lands) according to the previously published protocol (Liu et al., 2005).
Extracellular ROS levels were determined by measuring SOD-inhibitible
reduction of WST-1.

Analysis of TNF-� and IP-10 mRNA stability in IFN-�-preactivated
primary microglia after myelin phagocytosis. Primary microglia (1 � 10 5/
well in 48-well plates) were prestimulated with 100 U/ml IFN-� for 24 h
and then incubated with 10 �g/ml myelin in the presence of IFN-� for an
additional 3 h. Thereafter, the 10 �g/ml actinomycin D (Sigma) was
added to the culture medium. After 0, 10, 20, 30, 60, and 120 min, total
RNA was isolated from the cells. The amount of TNF-� and IP-10 tran-
scripts was measured with real-time quantitative PCR as described in the
previous section. To analyze the effects of ROS on stability of TNF-� and
IP-10 mRNA, apocynin at a final concentration of 5 mM was added to
culture system 1 h before myelin treatment.

Analysis of adenine– uridine-rich elements-regulated stability of TNF-�
and IP-10 mRNA in p47–PHOX-knocked down BV-2 cells after myelin
phagocytosis. The 3� untranslated region (3� UTR) containing adenine–
uridine-rich elements (AREs) of TNF-�, IP-10, or �-actin was cloned by
RT-PCR using total RNA from IFN-�-activated microglia according to
the previous publication (Sun and Ding, 2006). The following oligonu-
cleotides (Invitrogen, Karlsruhe, Germany) containing XbaI or FseI re-
striction sites (underlined) were used for PCR amplification: TNF-�,

sense, 5�-GCTCTAGAGCAGTCCGGGCAGGTCTACTTT-3� and anti-
sense, 5�-TTTGGCCGGCCAAATGTAGGGCAATTACAGTCACG-3�;
IP-10, sense, 5�-GCTCTAGAGCCTGGAGTGAAGCCACG-3� and anti-
sense, 5�-TTTGGCCGGCCAAACATTTTGGGTCTCTTACTAC-3�;
and �-actin, sense, 5�-GCTCTAGAGCGCGGACTGTTACTGAG-3�
and antisense, 5�-TTTGGCCGGCCAAAGTTTGTGTAAGGTAAGG-
TGTG-3�. The PCR products were cleaved by XbaI and FseI and ligated
into pGL3-basic vectors (Promega, Madison, WI) downstream to a lu-
ciferase reporter gene. Then, the cytomegalovirus (CMV) promoter from
pLenti6/V5-D-TOPO (Invitrogen, Karlsruhe, Germany) was inserted
into pGL3 between KpnI and XhoI.

BV-2 cells (2 � 10 5/well in 24-well plate) were transfected with 0.15 �g
of luciferase reporter genes carrying various 3� UTRs together with 0.05
�g of pcDNA3.1/His/LacZ (Invitrogen, Karlsruhe, Germany) as an in-
ternal transfection control and 10 pmol of double-stranded siRNA tar-
geting mouse Ncf1 sequence or a nonsense sequence using 1.5 �l of
Lipofectamine 2000 (Invitrogen, Karlsruhe, Germany) according to the
protocol of the manufacturer. Six hours after transfection, the culture
medium was replaced by fresh medium containing 100 U/ml IFN-�. The
cells were cultured for an additional 18 h before treatment with 10 �g/ml
myelin for 24 h in the presence of IFN-�. Luciferase and �-galactosidase
activity was then assayed with Bright-Glo Luciferase Assay System and
�-galactosidase Enzyme Assay Systems (both from Promega).

Statistics. Data in figures and tables are presented as mean � SEM.
One-way ANOVA followed by Tukey’s HSD or Tamhane’s T2 post hoc
test (dependent on the result of Levene’s test to determine the equality of
variances) was used for multiple comparisons. Two-independent-
samples t test was used to compare means for two groups of cases. All
statistical analysis was performed on SPSS 11.0 for Windows (SPSS, Chi-
cago, IL). Statistical significance was set at p � 0.05.

Results
Microglia readily phagocytose myelin
Microglia/macrophages are the key effector cells that remove
damaged myelin sheaths by phagocytosing myelin debris. To
confirm the biological activity of our cell preparations, we incu-
bated primary microglia with 2 �g/ml Cy3-labeled myelin for 1,
2, 6, and 24 h and measured myelin internalization over time by
flow cytometry (Fig. 1A). Internalization was detectable 1 h after
myelin administration and increased along with the incubation
time. After 24 h, the fluorescence intensity of Cy3-labeled myelin
decreased possibly attributable to release of Cy3 from the de-
graded protein in internalized myelin. Treatment with cytocha-
lasin D, a known inhibitor of phagocytosis (Mimura and Asano,
1976), blocked the internalization of myelin within 1 h.

To confirm internalization within lysosomes, we performed
fluorescence labeling of the cell preparation with the antibody
against LAMP-2 and observed the cells under confocal micros-
copy. The internalized myelin colocalized with LAMP-2-stained
lysosomes at 2 h after addition of Cy3-labeled myelin (Fig. 1B).

Myelin phagocytosis regulates transcription and secretion
of inflammatory mediators in IFN-�-activated
primary microglia
IFN-� is produced by auto-antigen-reactive T cells and has a
pivotal role in the initiation of inflammation in MS. We asked
whether myelin phagocytosis could regulate IFN-�-activated in-
flammation in microglial cells. After 24 h, myelin phagocytosis
resulted in a dose-dependent downregulation of transcripts of
proinflammatory cytokines and chemokines TNF-�, iNOS, IL-
1�, MIP-1�, and IP-10 (Fig. 2A,B,D) (supplemental Table 1,
available at www.jneurosci.org as supplemental material). In
contrast, transcription levels of the anti-inflammatory cytokines
TGF-� and IL-10 were not downregulated, and IL-10 gene tran-
scription was even enhanced by addition of myelin (Fig. 2C)
(supplemental Table 1, available at www.jneurosci.org as supple-
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mental material). Treatment of IFN-�-activated microglia with
10 �g/ml myelin for various intervals resulted in a transient in-
crease in transcription of TNF-�, IL-1�, IL-10, and IP-10 during
the first phase (�6 h), followed by a rapid and marked decrease in
transcription during the second phase (6 –24 h) (Fig. 2). A similar
temporal pattern was seen in secreted TNF-� and IP-10 proteins
as determined by ELISA (Fig. 2A,D).

As controls, microglia were incubated with beads and zymo-
san A instead of myelin. Beads did not significantly affect tran-
scription of TNF-�, IL-10, and IP-10 (independent-samples t
test, p values �0.05; n 	 3 per group) (Fig. 2) except downregu-
lating IL-1� ( p 	 0.03). Zymosan A strongly stimulated tran-
scription and release of TNF-� and IL-1� (change of the TNF-�/
GAPDH ratio from 0.17 � 0.02 to 0.56 � 0.09 and the IL-1�/
GAPDH ratio from 1.01 � 0.20 � 10�2 to 5.57 � 0.52 � 10�2;
independent-samples t test, p � 0.05; n 	 3 per group) (Fig.
2A,B).

To investigate the role of phagocytosis on transcriptional
modulation, we treated IFN-�-preactivated microglia with 50
�g/ml myelin in the presence of 5 �M cytochalasin D for 24 h. We
observed that cytochalasin D strongly reversed myelin-induced
transcriptional suppression of TNF-� and IP-10 (supplemental
Fig. 1, available at www.jneurosci.org as supplemental material).

Comparison of the Ct values of GAPDH from all samples with
or without myelin treatment in each experiment showed no sig-
nificant changes in GAPDH transcription after myelin treatment
(data not shown).

To exclude whether downregulation of proinflammatory gene

transcription and protein secretion after myelin internalization
could be attributable to a possible absorption of released cyto-
kines by myelin in the culture media, we incubated recombinant
mouse TNF-� and IFN-� with myelin in the cell-free system and
then quantified TNF-� and IFN-� in the myelin-free medium
with ELISA. We observed no reduction of TNF-� or IFN-� con-
centrations after myelin incubation (data not shown).

Myelin phagocytosis decreases release of TNF-�, IL-1�,
IP-10, and IL-10 from IFN-� and LPS-activated primary
cultured microglia
To confirm the regulatory effects of myelin phagocytosis on re-
lease of inflammatory mediators on a protein level, we activated
primary cultured microglia with a combination of IFN-� and LPS
and then treated cells with myelin for 24 h at different concentra-
tions (5, 10, and 50 �g/ml). As seen in Figure 3, myelin challenge
significantly reduced release of TNF-�, IL-1�, and IL-10 in a
dose-dependent manner (one-way ANOVA, p values �0.05);
IP-10 secretion was also significantly reduced (one-way ANOVA,
p value �0.05), although not in a concentration-dependent man-
ner. Incubation with beads did not affect release of cytokines
except IP-10, which was downregulated. Zymosan A significantly
increased release of TNF-� and IL-1� and decreased release of
IP-10 (independent-samples t test, p values �0.05). The myelin-
mediated suppression of inflammatory mediators release was
also observed in mouse peritoneal macrophages and human
monocytes after 24 h of incubation with 10 �g/ml myelin (data
not shown).

To further investigate the suppressing effects of engulfed my-
elin on inflammatory mediator release, we first treated primary
microglia with myelin for 24 h and then washed the non-engulfed
myelin away and replaced the culture medium with fresh me-
dium containing 10 ng/ml LPS for an additional 6 h. We observed
that higher concentrations (200 �g/ml) of myelin were needed to
suppress the TNF-� release (supplemental Fig. 2, available at
www.jneurosci.org as supplemental material), which suggests
that it is rather the process of phagocytosing myelin than the
internalized myelin itself that mediates inflammatory
suppression.

Myelin phagocytosis increases release of PGE2 from
IFN-�-activated primary microglia
The basal level of the inflammatory marker PGE2 in IFN-�-
activated microglia was 4.66 � 0.11 ng/ml, as determined by
ELISA. After treatment with 10 and 50 �g/ml myelin, concentra-
tions of released PGE2 were significantly increased from the basal
level to 6.45 � 0.53 and 7.53 � 0.64 ng/ml, respectively (mean �
SEM; one-way ANOVA, p value �0.05; n 	 5 per group) (Fig.
4A). Myelin phagocytosis did not affect the transcription of con-
stitutively expressed Ptges2 in IFN-�-activated primary microglia
(Fig. 4C), but the inducible Ptges1 was significantly reduced
(one-way ANOVA, p values �0.05) (Fig. 4B).

Myelin phagocytosis induces production of superoxide anion
in IFN-�-activated primary microglial cells
Internalization of myelin through phagocytosis induces a respi-
ratory burst in microglia. To assess the effects of myelin phago-
cytosis on IFN-�-activated primary microglial cells, we measured
the transcription of Ncf1, a gene encoding p47–PHOX that is an
essential component of the phagocyte NADPH– oxidase and
quantified ROS levels. As seen in Figure 5, microglial phagocyto-
sis of myelin did not affect Ncf1 transcription (Fig. 5A) but clearly
enhanced microglial production of extracellular and intracellular

Figure 1. Microglia readily phagocytose myelin. Primary microglia were plated on 24-well
plates and treated with Cy3-labeled myelin for 0, 1, 2, 6, and 24 h. A, The mean fluorescence
intensity (mFI) of Cy3 in microglia was analyzed by flow cytometry. Microglial internalization
reached its maximum 
6 h after myelin administration. Myelin internalization was blocked by
5 �M cytochalasin D (Cyto D) as showed by mean fluorescence intensity of Cy3 after 1 h (all of the
experiments were independently repeated 3 times with the same trends; one-way ANOVA vs
that at zero incubation time point, *p � 0.05; n 	 3 per group). Under confocal microscopy,
myelin (shown in red) colocalized (shown in yellow) with LAMP-2, a specific marker of lyso-
somes (shown in green), within 2 h after myelin administration. Scale bars, 10 �m.

Liu et al. • Myelin Phagocytosis Suppresses Neuroinflammation J. Neurosci., December 13, 2006 • 26(50):12904 –12913 • 12907



ROS. After treatment of IFN-�-activated
microglia with myelin at 5, 10, and 50
�g/ml for 24 h, the extracellular ROS gen-
eration was 147.26 � 14.00, 161.87 � 7.21,
and 214.36 � 17.52%, respectively, com-
pared with the basal level (Fig. 5B,C). Both
intracellular and extracellular ROS gener-
ation could be inhibited by 5 mM apocynin
(Fig. 5B). When treated with beads or zy-
mosan A, microglia released significantly
less ROS than did microglia treated with
myelin (Fig. 5B).

Reactive oxygen species mediate
downregulation of
inflammatory activation
We next asked whether ROS could modu-
late inflammatory gene transcription and
secretion of cytokines and chemokines.
We cotreated IFN-�-activated primary
microglia with myelin and SOD or catalase
for 24 h. Treatment with SOD or catalase
partially reversed the transcriptional
downregulation of TNF-�, iNOS, and
IP-10 but did not affect transcription of
IL-1� and MIP-1� (Fig. 6A) (supplemen-
tal Table 1, available at www.jneurosci.org
as supplemental material). Similarly, co-
treatment with SOD or catalase also re-
versed the myelin-triggered downregula-
tion of TNF-� and IP-10 secretion (Fig.
6B). Limulus amebocyte lysate assay of
SOD and catalase confirmed the absence
of endotoxin contamination.

Treatment of IFN-�-activated micro-
glia with 200 �M H2O2 significantly down-
regulated TNF-� and IP-10 transcription
and IP-10 release (one-way ANOVA, all p
values �0.05) (Fig. 6C). However, IL-1�
transcription was not reduced. After treat-
ment of 200 �M H2O2, the transcripts were
9.46 � 4.00 � 10�3 compared with basal
levels, 5.00 � 1.69 � 10�3 (mean � SEM;
independent-samples t test, p value �0.05;
n 	 4 per group). Based on MTT assay
measurements and determinations of the
release of lactate dehydrogenase, we ex-
cluded that treatment of IFN-�-activated microglia with 50 and
200 �M H2O2 affected microglial viability (supplemental Fig. 3,
available at www.jneurosci.org as supplemental material).

Inhibiting assembly of NADPH– oxidase complex reverses the
downregulation of transcription and secretion of
inflammatory mediators induced by myelin phagocytosis
We cotreated IFN-�-activated primary microglia with 10 �g/ml
myelin and apocynin, a specific inhibitor of the NADPH– oxidase
complex (Van der Worm et al., 2001), for 24 h. Apocynin treat-
ment reversed the transcriptional downregulation of TNF-�,
iNOS, IL-1�, MIP-1�, and IP-10 by myelin phagocytosis (Fig.
7A) (supplemental Table 1, available at www.jneurosci.org as
supplemental material). Similarly, apocynin treatment also re-
versed the reduced release of TNF-�, from IFN-�-activated pri-
mary microglia (Fig. 7B). Administration of apocynin during

myelin treatments of microglia activated by a combination of
IFN-� and LPS reversed the suppression of release of TNF-�,
IL-1�, IL-10, and IP-10 (Fig. 7C–F), but apocynin treatment did
not change the beads- and zymosan A-induced modulation of
cytokine secretion from IFN-� and LPS-activated microglia (data
not shown). This suggests that myelin-mediated effects on the
inflammatory responses of IFN-� and LPS preactivated microglia
are specific.

Knockdown of Ncf1 reverses suppression of transcription and
secretion of inflammatory mediators by myelin phagocytosis
To confirm the role of p47–PHOX in myelin phagocytosis-
induced suppression of microglial activation, we specifically
knocked down p47–PHOX expression by transfecting BV-2 cells
with siRNA directed against gene Ncf1. Transfection with Ncf1
knockdown siRNA reduced the transcription of Ncf1 and expres-

Figure 2. Myelin phagocytosis downregulates transcription and secretion of proinflammatory mediators in IFN-�-activated
microglia. Primary microglia were activated by IFN-� and then treated in the presence of IFN-� with (1) myelin at 0, 5, 10, and 50
�g/ml for 24 h, or (2) 10 �g/ml myelin for 0, 1, 3, 6, 24, and 48 h. Total RNA was isolated, and transcripts of TNF-� (A), IL-1� (B),
IL-10 (C), and IP-10 (D) were measured using real-time quantitative PCR. Release of TNF-� and IP-10 in the culture medium was
detected with ELISA. After 24 h, transcription of TNF-� (A), IL-1� (B), or IP-10 (D) and secretion of TNF-� (A) or IP-10 (D) were
dose-dependently downregulated by myelin phagocytosis. In contrast, transcription of IL-10 (C) was slightly enhanced by myelin.
After treatment with 10 �g/ml myelin, transcription of TNF-� (A), IL-1� (B), IL-10 (C), or IP-10 (D) and secretion of TNF-� (A) or
IP-10 (D) were initially (�6 h) upregulated and later (24 h and thereafter) downregulated. Beads and zymosan A were used as
positive controls of phagocytosis. After 24 h, beads did not significantly affect inflammatory response except by downregulating
IL-1� (B); zymosan A strongly increased production of TNF-� (A) and IL-1� (B) (all of the experiments were independently
repeated at least 3 times with the same trends; one-way ANOVA vs IFN-�-activated control, *p � 0.05, #p � 0.05; n 	 3–10 per
group).
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sion of p47–PHOX, which, in turn, resulted in reduced levels of
extracellular ROS after myelin phagocytosis (supplemental Fig. 4,
available at www.jneurosci.org as supplemental material).

After preactivation of siRNA-transfected BV-2 cells with
IFN-� or a combination of IFN-� and LPS, we administrated
myelin at different concentrations (5, 10, and 50 �g/ml) for 24 h.
Myelin phagocytosis did not downregulate transcription of
TNF-�, iNOS, IL-1�, and IP-10 in IFN-�-activated BV-2 cells
transfected with the Ncf1 knockdown siRNA but did cause
downregulation of the transcripts in IFN-�-activated BV-2 cells
transfected with control siRNA (Fig. 8A) (supplemental Table 2,
available at www.jneurosci.org as supplemental material). Simi-
larly, in BV-2 cells activated by a combination of LPS and IFN-�,
transfection with the Ncf1 knockdown siRNA prevented the my-
elin phagocytosis-induced downregulation of TNF-�, IL-1�, IL-
10, and IP-10 secretion that was observed in cells transfected with
control siRNA (Fig. 8B–E).

Myelin phagocytosis impairs adenine– uridine-rich elements-
related stability of TNF-� and IP-10 mRNA in microglial or
BV-2 cells
We continued to investigate the potential mechanisms of myelin
phagocytosis-induced suppression of microglial activation. We
treated IFN-�-activated primary cultured microglia with 10
�g/ml myelin for 3 h because we demonstrated that, within this
time, the myelin phagocytosis and ROS release were substantially
induced and the transcription and secretion of specific inflam-
matory mediators were maximal. Thereafter, we added 10 �g/ml
actinomycin D to block de novo mRNA synthesis. We measured
IP-10 and TNF-� transcripts by quantitative RT-PCR at the time
of addition of actinomycin D and at subsequent time points. The

lifetime of both TNF-� and IP-10 tran-
scripts was reduced by the treatment of
myelin, which could be reversed by co-
treatment of apocynin (Fig. 9A,B).

AREs in 3� UTR regulate the decay of
TNF-�, IP-10, and other cytokine and
chemokine transcripts (Sun and Ding,
2006). AREs from unstable transcripts can
destabilize reporter gene mRNAs to whose
3� UTRs they are appended (Jing et al.,
2005; Sun and Ding, 2006). To determine
whether AREs could be involved in myelin
phagocytosis-mediated transcript destabi-
lization, we generated CMV promoter-
driven luciferase reporter constructs con-
taining 3� UTRs derived from genes
encoding IP-10, TNF-�, or �-actin and
transfected BV-2 cells. Myelin phagocyto-
sis reduced the luciferase reporter activity
of the cells cotransfected with the reporter
constructs containing ARE TNF-� or
ARE IP-10 and siRNA targeting a nonsense
sequence (Fig. 9C) but did not change the
luciferase activity of the cells cotransfected
with the reporter constructs containing
ARE TNF-� or ARE IP-10 and siRNA target-
ing Ncf1. The reported activity of the con-
struct containing the �-actin 3� UTR after
myelin treatment was not altered by
siRNA transfection (data not shown).

Discussion
MS lesions contain a large number of

proinflammatory products from activated microglia and macro-
phages that are highly toxic to myelin sheets, oligodendrocytes,
and neurons (Selmaj and Raine, 1988; Selmaj et al., 1991; Probert
et al., 1995; Merrill and Benveniste, 1996; Raivich and Banati,
2004; Sospedra and Martin, 2005). We have shown in our cell
culture systems that phagocytosis of myelin affects microglial
inflammatory activity: after an initial (first hours) increase in
transcription and secretion of inflammatory microglial products,
consistent with previous reports on proinflammatory effects of
myelin phagocytosis (Williams et al., 1994; Mosley and Cuzner,
1996; van der Laan et al., 1996), phagocytosis of myelin, however,
strongly suppressed microglial inflammatory activation at a late
phase as demonstrated by the pronounced downregulated pro-
duction of inflammatory cytokines and chemokines. These re-
sults are consistent with findings of an anti-inflammatory pheno-
type of myelin-laden mononuclear phagocytes in histological
studies (Boven et al., 2006).

As a major mechanism for that inflammatory suppressive ef-
fect of myelin phagocytosis, we identified the release of ROS via
p47–PHOX. Thus, we observed that blocking the assembly of the
NADPH– oxidase complex or knocking down p47–PHOX ex-
pression reverses suppression of inflammatory activation by my-
elin phagocytosis.

Activated microglia exert quite different functions, including
production of inflammatory cytokines, chemokines, and reactive
superoxide ions, as well as phagocytotic activities. Based on our
results, it is likely that there is a functionally relevant crosstalk
between those different inflammatory events, e.g., secretion of
cytokines/chemokines and phagocytosis, which is mediated by
ROS synthesized through the assembly of NADPH– oxidase. In

Figure 3. Myelin phagocytosis decreases release of inflammatory mediators from IFN-�- and LPS-activated microglia. Primary
microglia preactivated by a combination of IFN-� and LPS were treated with myelin at 0, 5, 10, and 50 �g/ml in the presence of
preactivators for 24 h. A–C, Release of cytokines into the supernatant was determined by ELISA. The release of TNF-� (A), IL-1�
(B), and IL-10 (C) was downregulated by myelin in a dose-dependent manner. D, IP-10 secretion was significantly reduced but not
in a dose-dependent manner (all of the experiments were independently repeated at least 3 times with the same trends; one-way
ANOVA vs control activated by IFN-� plus LPS, *p � 0.05, #p � 0.05; n 	 3– 8 per group).
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the context of the autoimmune attack in MS, ROS generation
induced by phagocytosis of myelin debris may represent a nega-
tive feedback loop to self-limit cytokine-driven neuroinflamma-
tion. This view correlates with previous observations that the
genetic defect of p47–PHOX enhances autoimmune encephalo-
myelitis and arthritis in animal models (Hultqvist et al., 2004)
and leads to chronic non-infectious inflammation in chronic
granulomatous disease (Morgenstern et al., 1997). Additional
support for this hypothesis comes from a recently published
study showing that p47–PHOX-mediated ROS negatively regu-
late expression of IL-8 and IL-1� in human neutrophils
(Lekstrom-Himes et al., 2005).

However, the mechanism by which ROS modulate inflamma-
tion appears to be more complex. In our study, ROS generation
caused by myelin phagocytosis suppressed both myeloid differ-
entiation factor 88 (MyD88)-dependent (e.g., LPS-induced) and

MyD88-independent (e.g., IFN-�-induced) inflammatory re-
sponses. Further investigating the underlying mechanisms, we
observed that myelin phagocytosis leads to ROS-dependent ac-
celerated decay of TNF-� and IP-10 mRNA via their AREs in 3�
UTR. Therefore, the myelin-induced downregulation of different
inflammatory mediators activated by different signal pathways
could be explained by the gene structure of 3� UTR. We then
focused on extracellular signal-regulated kinase (ERK), p38
mitogen-activated protein kinase (MAPK), and c-Jun
N-terminal kinase (JNK) activation as upstream signal pathways
because they have been shown to impair mRNA stability in pheo-

Figure 4. Myelin phagocytosis induces production of PGE2. IFN-�-preactivated primary mi-
croglia were treated with myelin at 0, 10, and 50 �g/ml in the presence of IFN-� for 24 h.
Release of PGE2 as well as gene transcription of Ptges1 and Ptges2 were determined by ELISA
and real-time PCR, respectively. A, The release of PGE2 detected by ELISA was significantly
enhanced in relation to the myelin concentrations. B, C, The transcription of Ptges1 was down-
regulated by myelin in a dose-dependent manner (B) and that of Ptges2 was not significantly
changed (C) (all of the experiments were independently repeated at least 4 times with the same
trends; one-way ANOVA vs IFN-�-activated control, *p � 0.05, #p � 0.05; n 	 4 –5 per
group).

Figure 5. Myelin phagocytosis induces production of reactive oxygen species. IFN-�-
preactivated primary microglia were treated in the presence of IFN-� with myelin at 0, 5, 10,
and 50 �g/ml for 24 h or with 10 �g/ml myelin for 0, 1, 3, 6, 24, and 48 h. A, After 24 h, the
transcription of Ncf1, encoding p47–PHOX, the main adaptor of NADPH– oxidase complex, was
not changed. B, The extracellular and intracellular ROS were significantly enhanced relative to
the concentration of myelin used as determined by measuring SOD-inhibitible reduction of
WST-1 and luminol chemiluminescence assay, respectively. Apocynin at 5 mM was able to block
the production of ROS caused by treatment of myelin. C, Production of both extracellular and
intracellular ROS caused by phagocytosis of 10 �g/ml myelin was maintained at significantly
higher level for �24 h (all of the experiments were independently repeated at least 4 times
with the same trends; one-way ANOVA vs control without myelin treatment, *p � 0.05, #p �
0.05; n 	 4 – 6 per group).
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chromocytoma cells, cardiomyocytes, or fibroblasts (Akiyama et
al., 2005; Vassilopoulos and Papazafiri, 2005; DiCamillo et al.,
2006; Glaser et al., 2006; Zhou et al., 2006). We observed that
treatments with inhibitors of ERK and JNK pathways reversed

myelin phagocytosis-mediated reduction of TNF-� or IP-10
transcriptionandsecretion(supplementalFig.5,availableatwww.
jneurosci.org as supplemental material). We thus expect that JNK
and ERK activation could be involved in mediating ROS-induced
mRNA destabilization, although additional experiments that di-
rectly prove ROS-induced MAPK phosphorylation, which subse-
quently could impair mRNA stability, are still necessary.

Compared with the pronounced suppression of proinflam-
matory activities, the anti-inflammatory activities of myelin-
treated microglia were relatively unchanged. Thus, expression of
IL-10 and TGF-�1 was not downregulated by myelin phagocyto-
sis in our study. However, myelin phagocytosis-induced alter-
ation of IL-10 expression appeared to depend on the state of
cellular preactivation because expression was increased in IFN-
�-activated but not in LPS plus IFN-�-activated microglial cells.
The anti-inflammatory cytokine IL-10 was also transcribed in the
same time-dependent manner as the proinflammatory cytokines.
Similarly, release of PGE2, a potential anti-inflammatory mole-
cule (Hilkens et al., 1995; Kalinski et al., 1997; Harizi et al., 2002;
Vassiliou et al., 2003), was increased in myelin-phagocytosing
microglial cells. However, myelin phagocytosis did not upregu-
late transcription of the PGE2 syntheses, suggesting that stimula-
tion of PGE2 release occurs at a posttranslational level. Therefore,

Figure 6. Reactive oxygen species are involved in downregulation of inflammatory activi-
ties. IFN-�-preactivated primary microglia were treated with IFN-� and myelin at 0, 5, 10, and
50 �g/ml in the presence or absence of 500 U/ml SOD or 1000 U/ml catalase for 24 h. Total RNA
was isolated, and transcripts of inflammatory genes were measured using real-time quantita-
tive PCR. Release of TNF-� and IP-10 in the culture medium was detected with ELISA. A, After
24 h, the folds of transcriptional downregulation of TNF-�, iNOS, and IP-10 were significantly
reduced by cotreatment of SOD or catalase, but the downregulation of IL-1� or MIP-1� tran-
scription was not altered (all of the experiments were independently repeated at least 5 times
with the same trends; two-independent-samples t test vs control without cotreatment, *p �
0.05, #p � 0.05; n 	 5–10 per group). B, Secretion of TNF-� or IP-10 was dose-dependently
downregulated by myelin phagocytosis, which could be reversed by SOD and catalase (all of the
experiments were independently repeated 4 times with the same trends; one-way ANOVA vs
control without myelin treatment, *p � 0.05, #p � 0.05; n 	 4 per group). C, When IFN-�-
activated primary microglia were directly treated with 50 and 200�M H2O2 for 24 h, the transcription
of TNF-�or IP-10 and secretion of IP-10 were downregulated in a dose-dependent manner (all of the
experiments were independently repeated 4 times with the same trends; one-way ANOVA vs control
without H2O2 treatment, *p � 0.05, #p � 0.05; n 	 4 –5 per group).

Figure 7. Inhibition of NADPH– oxidase reverses downregulation of microglial transcription
and secretion of inflammatory mediators by myelin phagocytosis. A–F, Primary microglia were
preactivated by IFN-� (A, B) or a combination of IFN-� and LPS (C–F ) and then treated with
myelin (0, 5, 10, or 50 �g/ml) and the preactivator in the presence or absence of 5 mM apocynin
for 24 h. Transcripts and secretion of inflammatory mediators were measured by quantitative
PCR and ELISA, respectively. In the absence of apocynin treatment, transcription of TNF-� and
IP-10 (A) and secretion of TNF-� (B) in IFN-�-activated microglia were significantly downregu-
lated; apocynin treatment reversed the downregulation of TNF-� and IP-10. Similarly, in IFN-�
plus LPS-activated microglia, release of TNF-� (C), IL-1� (D), IL-10 (E), and IP-10 (F ) were
significantly downregulated by myelin treatments; apocynin treatment reversed the down-
regulation of cytokines and IP-10 (all of the experiments were independently repeated at least
3 times with the same trends; one-way ANOVA vs control without myelin treatment, *p �0.05,
#p � 0.05; n 	 3– 8 per group).
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it is possible that myelin phagocytosis inhibits overall microglial
inflammatory activities.

Interestingly, myelin phagocytosis may also regulate secretion
of inflammatory molecules. After myelin phagocytosis, TNF-�
and IP-10 was immediately released within an interval too short
for protein synthesis, and IP-10 transcription and secretion were
modulated in different myelin dose-related manners. Further-
more, IL-1� secretion but not its transcription was strongly at-
tenuated by knockdown of Ncf1. Because of the multiple sources
of ROS within the cell and the broad and pleiotropic targets of
ROS (Lambeth, 2004), the detailed mechanisms for this myelin
phagocytosis-mediated inflammatory suppression need addi-
tional investigation.

In summary, this study demonstrates that p47–PHOX-
mediated production of ROS after myelin phagocytosis sup-

presses microglial inflammatory activation. ROS generation
could function as a negative feedback loop to self-limit neuroin-
flammation, once endogenous materials are cleared after an im-
mune attack. Intervention in ROS generation could possibly rep-
resent a novel therapeutic target to attenuate neuroinflammation
in MS patients.

Figure 8. Knockdown of p47–PHOX reverses downregulation of transcription and secretion
of inflammatory mediators by myelin phagocytosis in siRNA-transfected BV-2 cells. BV-2 cells
were transfected with control siRNA (ct siRNA) or siRNA targeting mouse Ncf1 (Ncf1 siRNA),
activated by IFN-� and then administrated with 10 �g/ml myelin in the presence of IFN-� for
24 h. Transcripts of TNF-� and IP-10 were measured by quantitative PCR. As seen in A, in ct
siRNA-transfected cells, TNF-� and IP-10 were significantly downregulated during challenge
with 10 �g/ml myelin, but after transfection with Ncf1 knockdown siRNA, no decreased tran-
scription of TNF-� and IP-10 was observed (all of the experiments were independently re-
peated 3 times with the same trends; two-independent-samples t test vs control without my-
elin treatment, *p � 0.05, #p � 0.05; n 	 3 per group). To detect secretion of inflammatory
mediators, transfected BV-2 cells were activated by IFN-� and LPS and then administrated with
0, 5, 10, and 50 �g/ml myelin in the presence of preactivators for 24 h. Secretions were deter-
mined by ELISA. As seen in the B–E, myelin phagocytosis significantly reduced release of
TNF-�, IL-1�, IL-10, and IP-10 from ct siRNA-transfected BV-2 cells but not from Ncf1 siRNA-
transfected BV-2 cells (all of the experiments were independently repeated at least 3 times with
the same trends; one-way ANOVA vs control without myelin treatment, *p � 0.05, #p � 0.05;
n 	 3– 8 per group).

Figure 9. Myelin phagocytosis impairs TNF-� and IP-10 mRNA stability in microglia through
an AREs-involved mechanism. IFN-�-preactivated primary microglia were treated with 10
�g/ml myelin in the presence or absence of 5 mM apocynin for 3 h before incubation with 10
�g/ml actinomycin D. TNF-� and IP-10 transcripts were measured by quantitative RT-PCR.
Lifetime of transcripts were determined by plotting of the percentage of remaining mRNA
versus time after treatment with actinomycin D. A, B, Lifetime of TNF-� and IP-10 transcripts
after treatment with myelin and IFN-� were significantly shortened compared with treatment
with only IFN-�. Apocynin treatment could prolong the lifetime of TNF-� and IP-10 transcripts
(all of the experiments were independently repeated 4 times with the same trends; two-
independent-samples t test, ap � 0.05 vs IFN-� treatment; bp � 0.05 vs cotreatment of IFN-�
and myelin; n 	 4 per group). BV-2 cells were cotransfected with 0.15 �g of luciferase reporter
genes carrying various 3� UTR of gene encoding TNF-� or IP-10, 0.05 �g of pcDNA3.1/His/LacZ,
and 10 pmol of double-stranded siRNA targeting mouse Ncf1 sequence (Ncf1 siRNA) or a non-
sense sequence (ct siRNA). Reporter activity in cell lysates of BV-2 cells was measured after
IFN-� preactivation and myelin treatment. The ratio of luciferase activity to �-galactosidase
activity was calculated. C, Reporter activity of BV-2 cells transfected with siRNA targeting a
nonsense sequence but not with siRNA targeting Ncf1 was reduced by myelin treatment (all of
the experiments were independently repeated 4 times with the same trends; two-
independent-samples t test, *p � 0.05, #p � 0.05; n 	 4 per group).
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