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Abstract
The present study was undertaken to investigate the role of CD40 ligation in the expression of
inducible nitric-oxide synthase (iNOS) in mouse BV-2 microglial cells and primary microglia.
Ligation of CD40 alone by either cross-linking antibodies against CD40 or a recombinant CD40
ligand (CD154) was unable to induce the production of NO in BV-2 microglial cells. The absence
of induction of NO production by CD40 ligation alone even in CD40-overexpressed BV-2 microglial
cells suggests that a signal transduced by the ligation of CD40 alone is not sufficient to induce NO
production. However, CD40 ligation markedly stimulated interferon-γ (IFN-γ)-mediated NO
production. Ligation of CD40 in CD40-overexpressed cells further stimulated IFN-γ-induced
production of NO. This stimulation of NO production was accompanied by stimulation of the iNOS
protein and mRNA. In addition to BV-2 glial cells, CD40 ligation also stimulated IFN-γ-mediated
NO production in mouse primary microglia and peritoneal macrophages. To understand the
mechanism of induction/stimulation of iNOS, we investigated the roles of nuclear factor κB (NF-
κB) and CCAAT/enhancer-binding protein β (C/EBPβ), transcription factors responsible for the
induction of iNOS. IFN-γ alone was able to induce the activation of NF-κB as well as C/EBPβ.
However, CD40 ligation alone induced the activation of only NF-κB but not of C/EBPβ, suggesting
that the activation of NF-κB alone by CD40 ligation is not sufficient to induce the expression of
iNOS and that the activation of C/EBPβ is also necessary for the expression of iNOS. Consistently,
dominant-negative mutants of p65 (Δp65) and C/EBPβ (ΔC/EBPβ) inhibited the expression of iNOS
in BV-2 microglial cells that were stimulated with the combination of IFN-γ and CD40 ligand.
Stimulation of IFN-γ-mediated activation of NF-κB but not of C/EBPβ by CD40 ligation suggests
that CD40 ligation stimulates the expression of iNOS in IFN-γ-treated BV-2 microglial cells through
the stimulation of NF-κB activation. This study illustrates a novel role for CD40 ligation in
stimulating the expression of iNOS in microglial cells, which may participate in the pathogenesis of
neuroinflammatory diseases.

Nitric oxide (NO), a diffusible gas, plays an important role in many physiological and diverse
pathophysiological conditions (1,2). At low concentrations NO has been shown to play a unique
role in neurotransmission and vasodilation, whereas at higher concentrations it is neurotoxic
(1,2). Consistently, NO, which is derived in excessive amounts from the activation of inducible
nitric-oxide synthase (iNOS)1 in glial cells (microglia and astrocytes), is assumed to contribute
to oligodendrocyte degeneration in demyelinating diseases and neuronal death during
neurodegenerative diseases (3-7). Evidence from several laboratories emphasizes the
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involvement of NO in the pathophysiology of multiple sclerosis (MS) and experimental allergic
encephalomyelitis (EAE), the animal model of MS (4,8,9). Analysis of cerebrospinal fluid
from MS patients has shown increased levels of nitrite and nitrate compared with normal
controls (11). The reaction of NO with O2

− forms peroxynitrite (ONOO−), a strong nitrosating
agent capable of nitrosating tyrosine residues of a protein to nitrotyrosine. Increased levels of
nitrotyrosine have been found in demyelinating lesions of MS brains as well as in spinal cords
of mice with EAE (12,13). Subsequently, a semiquantitative reverse transcription-PCR for
iNOS mRNA in MS brains also shows a markedly higher expression of iNOS mRNA in MS
brains than in normal brains (6,14).

CD40, a 45–50-kDa receptor, is a member of the tumor necrosis factor (TNF) receptor
superfamily and is expressed in a wide range of both immune and non-immune cell types
(16-18). Recently, several investigators have shown that enhanced CD40-CD40 ligation can
be dangerous to the host as it is involved in the pathogenesis of a number of autoimmune
inflammatory diseases (e.g. MS, arthritis, insulin-dependent diabetes) (19-21). High levels of
CD40 ligand (CD40L)-expressing cells co-localize with CD40-positive cells in both MS and
EAE; most of these CD40-positive cells are of the monocytic lineage (macrophages or
microglia) (19,20). Furthermore, the importance of CD40-CD40L interaction in the disease
process of EAE/MS has been highlighted by the fact that administration of anti-CD40L
monoclonal antibody attenuates the development of EAE (20,21) and that EAE cannot be
induced in CD40L(−/−) mice (19). However, the molecular events surrounding the marked
increase of CD40 ligation in neural tissues of MS patients and EAE animals are not completely
understood.

We herein report that CD40 ligation markedly stimulates the expression of iNOS by
augmenting the activation of NF-κB in IFN-γ-treated microglial cells.

MATERIALS AND METHODS
Reagents

Fetal bovine serum, Hank’s balanced salt solution, and Dulbecco’s modified Eagle’s medium/
F-12 were from Life Technologies, Inc. L-NG-Monomethylarginine (L-NMA) and D-NG-
monomethylarginine (D-NMA) were purchased from Biomol. Arginase was purchased from
Sigma. Antibodies against mouse macrophage iNOS were obtained from Calbiochem. Cross-
linking antibodies against CD40 were obtained from BD PharMingen. Mouse recombinant
IFN-γ was obtained from R&D Systems. Human recombinant CD40L was obtained from
Alexis Biochemicals. 125I-labeled protein A and [α-32P]dCTP were obtained from PerkinElmer
Life Sciences. The dominant-negative mutant of CCAAT/enhancer-binding protein β (C/
EBPβ), ΔC/EBPβ, was kindly provided by Dr. Steve Smale of the University of California at
Los Angeles.

Isolation of Mouse Primary Microglia
Microglial cells were isolated from mixed glial cultures according to the procedure of Guilian
and Baker (22). Briefly, on day 7–9 the mixed glial cultures were washed three times with
Dulbecco’s modified Eagle’s medium/F-12 and subjected to shaking at 240 rpm for 2 h at 37
°C in a rotary shaker. The floating cells were washed and seeded into plastic tissue culture
flasks and incubated at 37 °C for 2 h. The attached cells were removed by trypsinization and
seeded onto new plates for further studies. Ninety to ninety-five percent of this preparation

1The abbreviations used are: iNOS, inducible nitric-oxide synthase; MS, multiple sclerosis; EAE, experimental allergic
encephalomyelitis;PCR, polymerase chain reaction; IFN-γ, interferon-γ; GAPDH, glyceraldehyde- 3-phosphate dehydrogenase; C/
EBPβ, CCAAT/enhancerbindingprotein β; CD40L, CD40 ligand; NOS, nitric-oxide synthase; NMA, NG-monomethylarginine.
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was found to be positive for Mac-1 surface antigen. For the induction of NO production, cells
were stimulated with cytokines or CD40L in serum-free Dulbecco’s modified Eagle’s medium/
F-12. Mouse BV-2 microglial cells (a kind gift from Virginia Bocchini of University of Perugia,
Italy) were also maintained and induced with different stimuli as indicated above.

Isolation of Mouse Peritoneal Macrophages
Macrophages were obtained from mice by peritoneal lavage with sterile RPMI 1640 medium
containing 1% fetal bovine serum (23,24). Macrophages at a concentration of 4 × 105/ml in
RPMI 1640 medium containing L-glutamine and gentamicin were added in volumes of 1 ml to
each well of six-well plates. After 1 h, nonadherent cells were removed by washing, and 1 ml
of serum-free RPMI 1640 medium with various stimuli was added to the adherent cells.

Construction of Mouse CD40 cDNA Expression Construct
Murine CD40 cDNA was produced by reverse transcription-PCR from RNA isolated from
murine RAW264.7 cells that were stimulated with 10 ng/ml IFN-γ and 1 μg/ml
lipopolysaccharide for 24 h. The PCR product was cloned into the pTARGET (Promega)
mammalian expression vector utilizing 5′- and 3′-T overhangs according to the
recommendations provided by the manufacturer. PCR amplification of CD40 cDNA was done
by adding 2 μl of the cDNA with sense primer 5′-CTGCATGGTGTCTTTGCCTCGGCTG-3′
and antisense primer 5′-TTCAGACCAGGGGCCTCAAGGCTAT-3′ (Life Technologies,
Inc.). PCR was carried out in 50-μl reaction volumes with 20 mM Tris-HCl (pH 8.0); 2 mM

MgCl2; 10 mM KCl; 6 mM (NH4)2SO4; 0.1% Triton X-100; 10 μg/ml nuclease-free bovine serum
albumin; 0.2 mM each of dATP, dGTP, dCTP, and dTTP; and 1.25 units of Taq polymerase
(Life Technologies, Inc.). PCR amplifications were performed for 30 cycles at 94 °C for 1 min,
60 °C for 30 s, and 75 °C for 2 min. The PCR reaction products were size-fractionated on 1.5%
agarose, 0.5× Tris acetate/EDTA (TAE) and visualized by ethidium bromide fluorescence. A
band of ~1000 base pairs was isolated and cloned into precut pTARGET derived from the
parent vector pCIneo (Promega). The CD40-pTARGET construct was used to transform
competent Escherichia coli JM109. Several transformed clones were isolated, and plasmids
were prepared from each clone. The sequence of the inserted DNA in several plasmid
constructs, which were prepared at the core facilities of the Beadle Center for Biotechnology,
University of Nebraska, confirmed the presence of CD40 cDNA in the pTARGET vector.

Expression of Mouse CD40 cDNA in BV-2 Glial Cells
Cells at 50–60% confluence were transfected with different concentrations of CD40 cDNA by
LipofectAMINE Plus (Life Technologies, Inc.) following the manufacturer’s protocol
(24-26). Twenty-four hours after transfection, cells were stimulated with cross-linking
antibodies against CD40 and/or IFN-γ under serum-free conditions. After 24 h of incubation,
culture supernatants were transferred to measure NO production.

Assay for NO Synthesis
Synthesis of NO was determined by an assay of culture supernatants for nitrite, a stable reaction
product of NO with molecular oxygen. Briefly, 400 μl of culture supernatant was allowed to
react with 200 μl of Griess reagent (27-30) and incubated at room temperature for 15 min. The
optical density of the assay samples was measured spectrophotometrically at 570 nm. Fresh
culture medium served as the blank in all experiments. Nitrite concentrations were calculated
from a standard curve derived from the reaction of NaNO2 in the assay. Protein was measured
by the procedure of Bradford (31).
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Immunoblot Analysis for iNOS
Immunoblot analysis for iNOS was carried out as described earlier (28-30). Briefly, cells were
detached by scraping, washed with Hank’s buffer, and homogenized in 50 mM Tris-HCl (pH
7.4) containing protease inhibitors (1 mM phenylmethylsulfonyl fluoride, 5 μg/ml aprotinin,
5 μg/ml pepstatin A, and 5 μg/ml leupeptin). After electrophoresis, the proteins were transferred
onto a nitrocellulose membrane, and the iNOS band was visualized by immunoblotting with
antibodies against mouse macrophage iNOS and 125I-labeled protein A (27-29).

RNA Isolation and Northern Blot Analysis
Cells were taken out of the culture dishes directly by adding Ultraspec-II RNA reagent (Biotecx
Laboratories, Inc.), and total RNA was isolated according to the manufacturer’s protocol. For
Northern blot analyses, 20 μg of total RNA was electrophoresed on 1.2% denaturing
formaldehyde-agarose gels, electrotransferred to Hybond nylon membrane (Amersham
Pharmacia Biotech), and hybridized at 68 °C with a 32P-labeled cDNA probe using ExpressHyb
hybridization solution (CLONTECH) as described by the manufacturer. The cDNA probe was
made by PCR amplification using two primers (forward primer, 5′-
CTCCTTCAAAGAGGCAAAAATA-3′; reverse primer, 5′-
CACTTCCTCCAGGATGTTGT-3′) (27-29). After hybridization, the filters were washed two
or three times in solution I (2× SSC, 0.05% SDS) for 1 h at room temperature followed by
solution II (0.1× SSC, 0.1% SDS) at 50 °C for another hour. The membranes were then dried
and exposed to x-ray films (Eastman Kodak Co.). The same amount of RNA was hybridized
with probe for glyceraldehyde-3-phosphate dehydrogenase (GAPDH).

Generation of C/EBPβ-dependent Reporter Construct (pC/EBPβ-Luc)
The C/EBPβ-sensitive promoter was generated as follows to include four C/EBPβ binding
sites. A single primer set was generated with the following sense sequence: 5′-
ATAGAGCTCATACGTCACATTGCACAATCATAGAGCTCATTACGTCACATTGCA
CAATCATACAATACGTCACATTGCACAATCATTCATAACGTCACATTGCACAAT
CTAATCTCGAGTAA-3′. The antisense primer was as follows: 5′-
ATACTCGAGGATTGTGCAATGTGACGTTTACTCGAGATTAGATTGTGCAATGTG
ACGTTATGAATGATTGTGCAATGTGACGTATTGTATGATTGTGCAATGTGACGT
AATGAGCTCTAT-3′. The underlined areas correspond to the C/EBPβ binding site of the
mouse iNOS gene promoter. At the distal end of the primers, a SacI restriction site was included
and a XhoI site was included at the proximal end of the primers. After annealing and SacI/
XhoI digestion, the fragment was ligated into a pGL-3 basic vector (Promega) according to the
manufacturer’s protocol, and the resulting reporter construct was confirmed by sequencing.

Assay of Transcriptional Activities of NF-κB and C/EBPβ
To assay the transcriptional activities of NF-κB and C/EBPβ, cells at 50–60% confluence were
transfected with either pBIIX-Luc, an NF-κB-dependent reporter construct (32), or pC/EBPβ-
Luc by using the LipofectAMINE Plus method (Life Technologies, Inc.) (24-26). All
transfections included 50 ng/μg total DNA of pRL-TK (a plasmid encoding Renilla luciferase
used as transfection efficiency control; Promega). After 24 h of transfection, cells were treated
with different stimuli for 6 h. Firefly and Renilla luciferase activities were obtained by
analyzing total cell extract according to standard instructions provided by the Dual-Luciferase
kit (Promega) in a TD-20/20 luminometer (Turner Designs). Relative luciferase activity of cell
extracts was typically represented as the ratio of firefly luciferase value/Renilla luciferase value
× 10−3.
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RESULTS
Cross-linking of CD40 Stimulates the Production of NO and the Expression of iNOS in BV-2
Microglial Cells

Ligation of CD40 was achieved by using cross-linking antibodies against CD40 (anti-CD40).
Recently, it has been shown that CD40 is constitutively expressed at low levels on cultured
glial cells (33,34). The results depicted in Fig. 1 show that IFN-γ alone was capable of inducing
the production of NO in mouse BV-2 microglial cells at different hours of stimulation. On the
other hand, ligation of CD40 by anti-CD40 alone was unable to induce the production of NO.
However, anti-CD40 markedly stimulated IFN-γ-induced production of NO at different hours
of stimulation. The stimulation of NO production by anti-CD40 was also dose-dependent,
resulting in maximal stimulation of IFN-γ-induced production of NO at a concentration of 2
μg/ml (Fig. 2A). The inhibition of NO production by arginase (an enzyme that degrades the
substrate, L-arginine, of NOS) and L-NMA (a competitive inhibitor of NOS) but not by D-NMA
(a negative control of L-NMA) suggests that IFN-γ/anti-CD40-induced NO production in BV-2
microglial cells is dependent on NOS-mediated arginine metabolism (data not shown). To
understand the mechanism of stimulation of NO production, we examined the effect of anti-
CD40 on protein and mRNA levels of iNOS in the presence or absence of IFN-γ Western blot
analysis with antibodies against murine macrophage iNOS and Northern blot analysis for iNOS
mRNA clearly showed that IFN-γ but not CD40 ligation alone induced the expression of iNOS
protein (Fig. 2B) and iNOS mRNA (Fig. 2C). However, consistent with the stimulation of NO
production, ligation of CD40 markedly stimulated IFN-γ-induced expression of iNOS protein
and iNOS mRNA.

Human Soluble Recombinant CD40L (CD154) Stimulates the Expression of iNOS in BV-2
Microglial Cells

To further prove from a different perspective that CD40-CD40L interaction augments the
induction of iNOS, we examined the effect of human soluble recombinant CD40L (CD154)
on the induction of iNOS in BV-2 microglial cells. Consistent with the effect of anti-CD40,
recombinant CD40L alone was unable to induce the production of NO (Fig. 3A) and the
expression of iNOS mRNA (Fig. 3B). However, CD40L markedly stimulated IFN-γ-induced
production of NO and the expression of iNOS mRNA, confirming that CD40-CD40L
interaction has a stimulatory effect on the expression of iNOS.

Effect of Overexpression of CD40 on the Expression of iNOS in BV-2 Microglial Cells
The inability of recombinant CD40L and anti-CD40 to induce the expression of iNOS in IFN-
γ-untreated cells suggests that either signals transduced by CD40 ligation alone are not
sufficient for the induction of iNOS, or the expression of CD40 is too low to be ligated enough
by anti-CD40 or CD40L to induce the expression of iNOS. To examine the validity of the latter
possibility, we studied the effect of CD40 ligation on the induction of iNOS in CD40-
overexpressed BV-2 microglial cells. Cells were transfected with different concentrations of
mouse CD40 cDNA expression construct followed by the ligation of CD40 in the presence or
absence of IFN-γ. Ligation of CD40 in the presence of IFN-γ induced the production of NO
by ~70-fold in CD40 cDNA-transfected BV-2 glial cells as compared with a ~16-fold induction
in empty vector-transfected cells (Fig. 4). On the other hand, CD40 ligation by anti-CD40 was
unable to induce the production of NO even in CD40 cDNA-transfected BV-2 microglial cells
(Fig. 4). The increase of IFN-γ/anti-CD40-induced NO production by CD40 cDNA was dose-
dependent, and the maximal increase of NO production was observed at 0.2 μg. However, IFN-
γ/anti-CD40-induced NO production decreased in cells transfected with higher doses of CD40
cDNA (Fig. 4). This decrease in NO production was due to the increase in cell death in the
presence of IFN-γ and anti-CD40 at higher concentrations of CD40 cDNA (data not shown),
suggesting that too much CD40 ligation is cytotoxic to the cells. Northern blot analysis also
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showed that CD40 ligation alone was unable to induce the expression of iNOS mRNA in CD40
cDNA-transfected cells (Fig. 5). However, a marked stimulation of IFN-γ-induced expression
of iNOS mRNA by CD40 ligation was observed in CD40 cDNA-transfected cells (Fig. 5).
Stimulation of IFN-γ-induced expression of iNOS mRNA by overexpression of CD40 even in
the absence of CD40 ligation (Fig. 5) suggests that overexpression of CD40 probably mimics
the clustering associated with CD40 ligation. Taken together, these studies suggest that the
inability of CD40 ligation to induce the expression of iNOS in IFN-γ-untreated cells is not due
to the weak expression of CD40. Therefore, it is likely that signals transduced by CD40 ligation
alone are not sufficient for the induction of iNOS.

Role of NF-κB and C/EBPβ in the Induction of iNOS in BV-2 Microglial Cells
The presence of NF-κB DNA-binding sites in the promoter of iNOS (35,36) and the inhibition
of expression of iNOS by the inhibitors of NF-κB suggest that NF-κB plays an important role
in the expression of iNOS (23-26,28-30,35-38). Recent studies have also shown that the
activation of C/EBPβ is also important for the induction of iNOS (39-42). Therefore, we
analyzed the role of NF-κB and C/EBPβ in the induction of iNOS in IFN-γ- and anti-CD40-
stimulated BV-2 microglial cells. Activation of these transcription factors was monitored by
transcriptional activities using the expression of luciferase from reporter constructs like pBIIX-
Luc (for NF-κB) and pC/EBPβ-Luc (for C/EBPβ) as an assay. IFN-γ alone induced the
activation of both NF-κB (Fig. 6A) and C/EBPβ (Fig. 6B) in a dose-dependent fashion, and the
maximal activation of these transcription factors occurred at 25 units/ml IFN-γ (Fig. 6). On the
other hand, the ligation of CD40 alone by anti-CD40 induced the activation of only NF-κB but
not of C/EBPβ (Fig. 7A). The induction of NF-κB activation by anti-CD40 was also dose-
dependent, and the maximal induction was observed at 2 μg/ml of anti-CD40 (Fig. 7A). It is
possible that the level of CD40 in normal BV-2 glial cells is too low to be ligated enough by
anti-CD40 to induce the activation of C/EBPβ. To address this possibility, we examined
whether the ligation of CD40 alone is capable of inducing C/EBPβ in CD40-overexpressed
cells. The ligation of CD40 alone markedly induced the activation of NF-κB (>75-fold) in
BV-2 glial cells transfected with CD40 cDNA (Fig. 7B) as compared with a ~3.5-fold induction
found in empty vector-transfected cells (data not shown). The stimulation of anti-CD40-
induced NF-κB activation by CD40 cDNA was dose-dependent, and the maximal stimulation
of NF-κB activation was observed at 0.2 μg. However, under the same conditions CD40 ligation
was unable to induce the activation of C/EBPβ (Fig. 7B). These studies suggest that signals
transduced by CD40-CD40 ligation alone are sufficient for the activation of NF-κB but not C/
EBPβ. Next we examined whether the activation of both NF-κB and C/EBPβ is important for
the expression of iNOS. NF-κB was inhibited by a dominant-negative mutant of p65 (Δp65)
(32). The expression of Δp65 but not the empty vector inhibited the production of NO (Fig.
8A), and the expression of iNOS mRNA (Fig. 8B) in cells stimulated with the combination of
IFN-γ and anti-CD40. A naturally occurring alternate C/EBPβ translation product, known as
liver-enriched inhibitory protein (LIP), lacks an activation domain yet retains the ability to
inhibit the function of C/EBPβ (43). LIP therefore acts as a dominant negative of C/EBPβ
(43). Consistent with an important role of C/EBPβ, the expression of ΔC/EBPβ also inhibited
the production of NO (Fig. 8A) and the expression of iNOS mRNA (Fig. 8B) in cells stimulated
with the combination of IFN-γ and anti-CD40. These studies suggest that activation of both
NF-κB and C/EBPβ is important for the expression of iNOS and that CD40 ligation alone is
unable to induce the expression of iNOS because of its inability to induce the activation of C/
EBPβ. Next we examined the effect of CD40 ligation on IFN-γ-mediated activation of NF-κB
and C/EBPβ. Ligation of CD40 stimulated IFN-γ-mediated activation of NF-κB (Fig. 9A) but
not C/EBPβ (Fig. 9B), suggesting that the ligation of CD40 stimulates IFN-γ-induced
expression of iNOS by stimulating the activation of NF-κB.
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CD40 Ligation Stimulates the Production of NO in IFN-γ-treated Mouse Primary Microglia and
Peritoneal Macrophages

To understand the effect of CD40 ligation on the induction of NO production in primary cells,
we examined the effect of anti-CD40 and human recombinant CD40L on the production of
NO in mouse primary microglia and peritoneal macrophages in the presence or absence of
IFN-γ (Table I). Consistent with the induction of NO production in BV-2 microglial cells, the
ligation of CD40 alone was unable to induce the production of NO in both mouse primary
microglia and peritoneal macrophages. However, the ligation of CD40 markedly stimulated
the production of NO in IFN-γ-treated mouse primary microglia and macrophages.

DISCUSSION
CD40 participates in inflammatory processes after binding to its cognate ligand (CD40L).
Several lines of evidence presented in this manuscript clearly support the conclusion that the
ligation of CD40 markedly stimulates the expression of iNOS in activated microglial cells.
This conclusion is based on the following observations. First, anti-CD40 (cross-linking
antibodies) or human recombinant CD40L alone was unable to induce the production of NO
and the expression of iNOS. However, anti-CD40 or recombinant CD40L markedly stimulated
IFN-γ-induced production of NO and the expression of iNOS in mouse BV-2 microglial cells,
primary microglia, and peritoneal macrophages. Second, the stimulation of IFN-γ-induced
expression of iNOS by CD40 ligation was greater in cells transfected with the CD40 cDNA
expression construct as compared with that in cells transfected with the empty vector. However,
CD40 ligation alone was unable to induce iNOS even in CD40-overexpressed BV-2 microglial
cells. These observations suggest that a signal transduced by CD40 ligation alone is not
sufficient to induce the expression of iNOS but is sufficient to stimulate the expression of iNOS
in microglial cells. Because NO produced from the activation of iNOS in the central nervous
system participates in the pathophysiology of MS (3-14), the enhanced ligation of CD40 in the
central nervous system of MS patients (19-21) and the marked stimulation of iNOS expression
by the ligation of CD40 suggest that CD40-CD40L interaction may participate in the
pathophysiology of MS through the enhancement of iNOS expression.

The signaling events in the induction of iNOS have not yet been completely established.
Proinflammatory cytokines (TNF-α, IL-1β, or IFN-γ) bind to their respective receptors and
induce the expression of iNOS via NF-κB activation (23-26,28-30,35-38). The presence of a
consensus sequence in the promoter region of iNOS for the binding of NF-κB (35,36) and the
inhibition of iNOS expression with the inhibition of NF-κB activation establishes an essential
role for NF-κB activation in the induction of iNOS. Activation of NF-κB by various cellular
stimuli involves the proteolytic degradation of IκB, the inhibitory subunit of the NF-κB
complex, and the concomitant nuclear translocation of the liberated NF-κB heterodimer (44,
45). Although the biochemical mechanism underlying the degradation of IκB remains unclear,
it appears that degradation of IκB induced by various mitogens and cytokines occurs in
association with the transient phosphorylation of IκB on serines 32 and 36 (46). Consistently,
two closely related kinases (IKKα and IKKβ) that directly phosphorylate IκBβ have also been
described (47-48). Upon phosphorylation, IκB that is still bound to NF-κB apparently becomes
a high affinity substrate for an ubiquitin-conjugating enzyme (49). After phosphorylation-
dependent ubiquitination, the IκB is rapidly and completely degraded by the 20 or 26 S
proteosome; the NF-κB heterodimer enters into the nucleus (50) and binds to the consensus
DNA-binding site present in the promoter region of iNOS. Our results have clearly shown that
the activation of NF-κB is important for the expression of iNOS and that CD40 ligation
stimulates the expression of iNOS in microglial cells through the stimulation of NF-κB
activation. First, CD40 ligation alone induced the activation of NF-κB and stimulated IFN-γ-
induced activation of NF-κB. Second, Δp65, a dominant-negative mutant of p65, but not the
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empty vector inhibited the production of NO and the expression of iNOS mRNA in BV-2 glial
cells that were stimulated with the combination of IFN-γ and anti-CD40. However, despite the
ability of CD40 ligation alone to induce the activation of NF-κB, it was unable to induce the
expression of iNOS, suggesting that the activation of NF-κB is not sufficient for the induction
of iNOS and that the activation of other transcription factors is also essential for the induction
of iNOS.

C/EBP is a member of the basic region-leucine zipper family of transcription factors that
controls transcription of a number of genes through protein-protein interactions at the gene
level (43). In particular, C/EBPβ can not only bind to its own family members, such as the C/
EBP proteins and Fos and Jun (51), but also forms complexes with other transcription factors
such as NF-κB, the estrogen receptor, and the Sp1 factor (52). In addition, C/EBPβ may also
alter transcription through complex interactions with coactivators and basal transcription
factors such as TFIIB and p300 (15). The murine iNOS promoter contains 12 nucleotide
sequences that conform to the consensus C/EBPβ box TKNNGYAAK (43). Using footprinting
analysis of the 5′ -flanking region of the iNOS gene in activated RAW 264.7 cells, Goldring
et al. (41) have also demonstrated protection of guanine 146 within the C/EBPβ box, suggesting
that C/EBPβ binds to this site. In addition, correlative changes in the activation of C/EBPβ and
the expression of the iNOS gene in cultured cardiac myocytes and vascular smooth muscle
cells (40,42) provided evidence to suggest a role for C/EBPβ in the expression of iNOS. Results
presented in this manuscript clearly demonstrate that the activation of C/EBPβ is also essential
for the induction of iNOS in mouse microglial cells. First, IFN-γ, which alone induced iNOS,
also induced the activation of both NF-κB and C/EBPβ. Second, CD40 ligation that alone was
unable to induce iNOS induced the activation of only NF-κB but not of C/EBPβ. Third,
overexpression of ΔC/EBPβ, the truncated alternate C/EBPβ translation product LIP that acts
as a dominant-negative inhibitor of C/EBPβ activity (43), inhibited the production of NO and
the expression of iNOS mRNA in BV-2 glial cells that were stimulated with the combination
of IFN-γ and anti-CD40.

NO, a diffusible free radical, plays many roles as a signaling and effector molecule in diverse
biological systems; it is a neuronal messenger and is involved in vasodilation as well as in
antimicrobial and antitumor activities (1,2). In the nervous system, NO appears to have both
neurotoxic and neuroprotec-tive effects and may have a role in the pathogenesis of stroke and
other neurodegenerative diseases and demyelinating conditions (e.g. MS and experimental
allergic encephalopathy) associated with infiltrating cells and the production of
proinflammatory cytokines (2). NO and peroxynitrite (reaction product of NO and O2

−) are
molecules potentially toxic to neurons and oligodendrocytes that may mediate toxicity through
the formation of iron-NO complexes of iron-containing enzyme systems, the oxidation of
protein sulfhydryl groups, the nitration of proteins, and the nitrosylation of nucleic acids and
DNA strand breaks (2). Although monocytes/macrophages are the primary source of iNOS in
inflammation, proinflammatory cytokines induce a similar response in microglia (10,24,37).
NO derived from microglia has also been implicated in the damage of myelin-producing
oligodendrocytes in demyelinating disorders like multiple sclerosis and neuronal death during
Alzheimer’s disease and brain trauma (7). Therefore, the identification of the stimulatory effect
of CD40 ligation on the expression of iNOS defines a novel role for CD40 ligation in the
regulation of neural injury in the inflamed central nervous system through NO production.
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Fig 1. Stimulation of IFN-γ-mediated production of NO by CD40 ligation in BV-2 microglial cells
Cells were treated with 2 μg/ml cross-linking antibodies against CD40 in the presence or
absence of IFN-γ (25 units/ml) under serum-free conditions. At different hours of incubation
supernatants were used for the nitrite assay using Griess reagent as described under “Materials
and Methods.” Data are expressed as the mean of two separate experiments.
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Fig 2. CD40 ligation stimulates the expression of iNOS in IFN-γ-treated BV-2 microglial cells
Cells were treated with different concentrations of cross-linking antibodies against CD40 in
the presence or absence of IFN-γ (25 units/ml) under serum-free conditions. A, after 24 h,
supernatants were used for the nitrite assay as mentioned under “Materials and Methods.” Data
are mean ± S.D. of three different experiments. B, cell homogenates were electrophoresed,
transferred on nitrocellulose membrane, and immunoblotted with antibodies against mouse
macrophage iNOS as described under “Materials and Methods.” C, after 6 h of incubation,
cells were taken out directly by adding Ultraspec-II RNA reagent (Biotecx Laboratories Inc.)
to the plates for isolation of total RNA, and Northern blot analysis for iNOS mRNA was carried
out as described under “Materials and Methods.”
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Fig 3. Dose-dependent stimulation of iNOS expression by human recombinant CD40L in IFN-γ-
treated BV-2 microglial cells
Cells were treated with different concentrations of human recombinant CD40L (CD154) in the
presence or absence of IFN-γ (25 units/ml) under serum-free conditions. A, after 24 h,
supernatants were used for the nitrite assay. Data are mean ± S.D. of three different
experiments. B, after 6 h of incubation, total RNA was isolated from cells, and Northern blot
analysis for iNOS mRNA was carried out.
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Fig 4. Effect of overexpression of CD40 on the induction of NO production in BV-2 microglial cells
Cells plated at 50–60% confluence in six-well plates were transfected with different amounts
of either CD40 cDNA or an empty vector using LipofectAMINE Plus as described under
“Materials and Methods.” After 24 h of transfection, cells were stimulated with anti-CD40 (1
μg/ml) in the presence or absence of IFN-γ (10 units/ml) under serum-free conditions. After
24 h of stimulation, supernatants were used for the nitrite assay. Data are expressed as the mean
of two separate experiments.
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Fig 5. Effect of overexpression of CD40 on the expression of iNOS mRNA in BV-2 microglial cells
Cells plated at 50–60% confluence in a 100-mm dish were transfected with 0.8 μg of either
CD40 cDNA or an empty vector. After 24 h of transfection, cells were stimulated with anti-
CD40 (1 μg/ml) in the presence or absence of IFN-γ (10 units/ml) under serum-free conditions.
After 6 h of incubation, total RNA was isolated from cells, and Northern blot analysis for iNOS
mRNA was carried out.
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Fig 6. IFN-γ induces the activation of both NF-κB (A) and C/EBPβ (B) in BV-2 microglial cells
Cells plated at 50–60% confluence in six-well plates were cotransfected with 1 μg of either
pBIIX-Luc(anNF-κB-dependentreporterconstruct)orpC/EBPβ-Luc(aC/EBPβ-dependent
reporter construct) and 50 ng of pRL-TK (a plasmid encoding Renilla luciferase, used as a
transfection efficiency control). After 24 h of transfection, cells were stimulated with different
concentrations of IFN-γ for 6 h under serum-free conditions. Firefly (ff-Luc) and Renilla
luciferase (r-Luc) activities were obtained by analyzing the total cell extract as described under
“Materials and Methods.” Data are expressed as the mean of two separate experiments. U,
units.
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Fig 7. Ligation of CD40 induces the activation of NF-κB but not of C/EBPβ in BV-2 microglial cells
A, cells plated at 50–60% confluence in six-well plates were cotransfected with 1 μg of either
pBIIX-Luc or pC/EBPβ-Luc and 50 ng of pRL-TK. After 24 h of transfection, cells were
stimulated with different concentrations of anti-CD40 for 6 h under serum-free conditions.
Firefly (ff-Luc) and Renilla luciferase (r-Luc) activities were assayed as described above. Data
are expressed as the mean of two separate experiments. B, cells plated at 50–60% confluence
in six-well plates were cotransfected with different concentrations of CD40 cDNA and either
1 μg of either pBIIX-Luc or pC/EBPβ-Luc. All transfections also included 50 ng of pRL-TK.
After 24 h of transfection, cells were stimulated with 1 μg/ml anti-CD40 for 6 h under serum-
free conditions. Firefly and Renilla luciferase activities were obtained by analyzing the total
cell extract as described above. Data are expressed as the mean of two separate experiments.
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Fig 8. Dominant-negative mutants of p65 (Δp65) and C/EBPβ (ΔC/EBPβ) inhibit the expression of
iNOS in CD40-stimulated BV-2 microglial cells
A, cells plated at 50–60% confluence in six-well plates were transfected with 1 μg of either
Δp65 or ΔC/EBPβ. After 24 h of transfection, cells were stimulated with the combination of
anti-CD40 and IFN-γ for 24 h under serum-free conditions, and supernatants were used for the
nitrite assay. Data are mean ± S.D. of three different experiments. B, similarly after 24 h of
transfection, cells were stimulated with the combination of anti-CD40 and IFN-γ under serum-
free conditions. After 6 h of incubation, total RNA was isolated, and Northern blot analysis
for iNOS mRNA was carried out.
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Fig 9. Ligation of CD40 stimulates the activation of NF-κB but not of C/EBPβ in IFN-γ-stimulated
BV-2 microglial cells
Cells plated at 50–60% confluence in six-well plates were cotransfected with 1μg of either
pBIIX-Luc (A) or pC/EBPβ-Luc (B) and 50 ng of pRL-TK. After 24 h of transfection, cells
were stimulated with 25 units/ml IFN-γ and different concentrations of anti-CD40 for 6 h under
serum-free conditions. Firefly (ff-Luc) and Renilla luciferase (r-Luc) activities were obtained
by analyzing the total cell extract. Data are mean ± S.D. of three different experiments.
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TABLE I
Ligation of CD40 by cross-linking antibodies against either CD40 or human recombinant CD40L
stimulates the production of NO in IFN-γ-treated mouse primary microglia and macrophages
Mouse primary microglia and peritoneal macrophages were cultured for 24 h with IFN-γ (25 units/ml) and
different concentrations of either cross-linking antibodies against CD40 or human recombinant CD40L under
serum-free conditions and nitrite concentration in the supernatants was measured as described under “Materials
and Methods.” Data are mean ± S.D. of three different experiments. ND, not determined.

Treatments Nitrite

Microglia Macrophages

μg/mg protein/24 h
Control 11.7 ± 1.5 12.5 ± 1.6
IFN-γ alone 146.8 ± 16 176.5 ± 21.5
Anti-CD40 (2 μg/ml) alone 12.9 ± 1.1 14.6 ± 1.2
IFN-γ + anti-CD40 (1 μg/ml) 321 ± 36 348 ± 29
IFN-γ + anti-CD40 (2 μg/ml) 412 ± 31 482 ± 55
CD40L (2 μg/ml) alone ND 15.1 ± 1.9
IFN-γ + CD40L (1 μg/ml) ND 312 ± 23
IFN-γ + CD40L (2 μg/ml) ND 407 ± 34
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