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Abstract
Earlier we have demonstrated that IL-12 p40 homodimer (p402) induces the expression of inducible
nitric oxide synthase (iNOS) in microglia. This study was undertaken to investigate underlying
mechanisms required for IL-12 p402- and IL-12 p70-induced expression of iNOS in microglia. IL-12
p402 alone induced the activation of both extracellular signal-regulated kinase (ERK) and p38
mitogen-activated protein kinase (MAPK). Interestingly, the ERK pathway coupled p402 to iNOS
expression via C/EBPβ, but not NF-κB, whereas the p38 pathway relayed the signal from p402 to
iNOS expression via both NF-κB and C/EBPβ. Furthermore, by using microglia from IL-12Rβ1 (−/
−) and IL-12Rβ2 (−/−) mice or siRNA against IL-12Rβ1 and IL-12Rβ2, we demonstrate that p402
induced the expression of iNOS in microglia via IL-12Rβ1–(ERK+p38)–(NF-κB +C/EBPβ)
pathway. In contrast, both IL-12Rβ1 and IL-12Rβ2 were involved for IL-12 p70-induced microglial
expression of iNOS. Although IL-12Rβ1 coupled p70 to NF-κB and C/EBPβ, IL-12Rβ2 was
responsible for p70-mediated activation of GAS. This study delineates a new role of IL-12Rβ1 and
IL-12Rβ2 for the expression of iNOS and production of NO in microglia that may participate in the
pathogenesis of neuroinflammatory diseases.
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INTRODUCTION
It is now well-documented that once inducible nitric oxide synthase (iNOS) is expressed in the
central nervous system (CNS) in a signal-dependent fashion, NO in excess of physiological
thresholds is produced and this excess NO then plays an important role in the pathogenesis of
various neuroinflammatory and neurodegenerative diseases (Bo et al., 1994; Galea et al.,
1992; Ghosh et al., 2007; Koprowski et al., 1993; Merrill et al., 1993; Saha and Pahan,
2006b). Evidence from several laboratories emphasizes the involvement of NO in the
pathophysiology of multiple sclerosis (MS) and experimental allergic encephalomyelitis
(EAE), the animal model of MS (Brahmachari and Pahan, 2007; Dasgupta et al., 2003, 2004;
Kolb and Kolb-Bachofen, 1992; Koprowski et al., 1993). Analysis of cerebrospinal fluid (CSF)
from MS patients has shown increased levels of nitrite and nitrate compared with normal
control (Johnson et al., 1995). The reaction of NO with  forms peroxynitrite, ONOO−, a
strong nitrosating agent capable of nitrosating tyrosine residues of a protein to nitrotyrosine.
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Increased levels of nitrotyrosine have been found in demyelinating lesions of MS brains and
in spinal cords of mice with EAE (Brenner et al., 1997; Hooper et al., 2000). Subsequently,
analysis of iNOS mRNA in MS brains also shows markedly higher expression of iNOS mRNA
in MS brains than in normal brains (Bo et al., 1994; Brosnan et al., 1994).

In contrast, interleukin-12 (IL-12) plays a critical role in the early inflammatory response to
infection and in the generation of T helper type 1 Th-1 cells, which favor cell-mediated
immunity (Hsieh et al., 1993). It has been found that overproduction of IL-12 can be dangerous
to the host as it is involved in the pathogenesis of a number of autoimmune inflammatory
diseases (e.g., MS, arthritis and insulin-dependent diabetes) (Constantinescu et al., 2000; Zipris
et al., 1996). IL-12 consists of a heavy chain (p40) and a light chain (p35) linked covalently
by disulfide bonds to give rise to a heterodimeric (p70) molecule (Schoenhaut et al., 1992;
Wolf et al., 1991). It is known that the heterodimeric p70 molecule is the bioactive IL-12
cytokine and both subunits must be co-expressed in the same cell to generate the bioactive
form (Gately et al., 1998). However, the level of p40 is much higher than that of p35 in
IL-12p70-producing cells (Gately et al., 1998). Again, several reports (Constantinescu et al.,
2000; Fassbender et al., 1998; Gately et al., 1998) indicate that the level of p40 mRNA in the
CNS of patients with MS is much higher than the CNS of control subjects while the level of
p35 mRNA is about the same or decreases compared with controls. Similarly, in mice with
EAE, the expression of p40, but not p35, mRNA, increases in brain and spinal cord (Bright et
al., 1998). However, IL-12 p402 (the p40 homodimer) was known as a biologically inactive
molecule. The only recognized role of p402 was to antagonize the function of IL-12p70 (Gately
et al., 1998). In contrast to this general notion, earlier we have reported that p402 is capable of
inducing the expression of iNOS and the production of NO in microglia and macrophages via
activation of NF-κB (Pahan et al., 2001).

Here, we demonstrate that p402 induced microglial expression of iNOS via IL-12Rβ1-mediated
activation of ERK and p38 MAP kinases. Although ERK coupled p402 to iNOS via C/EBPβ,
p38 linked p402 to iNOS via both C/EBPβ and NF-κB. Furthermore, IL-12p70 induced the
expression of iNOS in microglia via both IL-12Rβ1 and IL-12Rβ2. In addition to activating
NF-κB and C/EBPβ via IL-12Rβ1, IL-12p70 induced the activation of GAS via IL-12Rβ2,
which was also involved in microglial expression of iNOS.

MATERIALS AND METHODS
Reagents

Fetal bovine serum, Hank’s balanced salt solution (HBSS) and DMEM/F-12 were from
Mediatech. Recombinant mouse IL-12 p70 (p70) (catalog no. 419-ML-010 for carrier-
containing and catalog no. 419-ML-010/CF for carrier-free) and p40 homodimer (p402)
(catalog no. 499-ML-025 for carrier-containing and catalog no. 499-ML-025/CF for carrier-
free) were obtained from R&D. Carrier-containing, but not carrier-free, cytokines were
reconstituted in phosphate buffered saline (PBS) containing 0.1% bovine serum albumin (BSA;
Fisher Scientific; catalog no. BP-1600-100). PD98059 and SB203580 were purchased from
Biomol. [α-32P]dCTP was obtained from NEN. Dominant-negative mutants of C/EBPβ (ΔC/
EBPβ) and p65 (Δp65) were kindly provided by Dr. Steve Smale of the University of California
at Los Angeles and Dr. Sankar Ghosh of the Yale University, respectively. IL-12Rβ1 (−/−),
IL-12Rβ2 (−/−) and p35 (−/−) mice and their littermate controls were purchased from Jackson
Laboratories.

Isolation of Primary Mouse Microglia
Microglia were isolated from mixed glial cultures as described earlier (Jana et al., 2001,
2003, 2007) according to the procedure of Giulian and Baker (Giulian and Baker, 1986).
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Briefly, on Day 7–9 the mixed glial cultures were washed three times with DMEM/F-12 and
subjected to a shake at 240 rpm for 2 h at 37°C on a rotary shaker. The floating cells were
washed and seeded on to plastic tissue culture flasks and incubated at 37°C for 2 h. The attached
cells were removed by trypsinization and seeded on to new plates for further studies. Ninety
to ninety-five percent of this preparation was found to be positive for Mac-1 surface antigen.
For the induction of NO production, cells were stimulated with IL-12 p70 and IL-12 p402 in
serum-free DMEM/F-12.

Mouse BV-2 microglial cells (kind gift from Virginia Bocchini of University of Perugia) were
also maintained and induced with different stimuli as indicated earlier.

Assay for NO Synthesis
Synthesis of NO was determined by assay of culture supernatants for nitrite, a stable reaction
product of NO with molecular oxygen, using Griess reagent (Feinstein et al., 1994; Pahan et
al., 1997, 1998).

Cell Viability Measurement
Mitochondrial activity was measured with the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay (Sigma).

Preparation of siRNA Construct Against IL-12Rβ1 and IL-12Rβ2
We selected 19 nucleotide sequences that were immediately downstream of an AA dinucleotide
in the coding sequence of IL-12Rβ1 (NM-008353) and IL-12Rβ2 (NM-008354), and the
selected sequences were also submitted to a BLAST search to ensure that specifically
IL-12Rβ1 or IL-12Rβ2 was targeted. Based on the chosen 19-nucleotide siRNA sequence, two
DNA oligonucleotides (~55nt in size) were designed as insert sequence.

• IL-12Rβ1 (Region 906–924): Forward: 5′-GAA ACA CTT GGT GCT GGT GTT
CAA GAG ACA CCA GCA CCA AGT GTT TCT TTT TT-3′

• Reverse: 5′-AAT TAA AAA AGA AAC ACT TGG TGC TGG TGT CTC TTG AAC
ACC AGC ACC AAG TGT TTC GGC C-3′

• IL-12Rβ2 (Region 255–273): Forward: 5′-GAA AGT CCA TGA CCA CAC TTT
CAA GAG AAG TGT GGT CAT GGA CTT TCT TTT TT-3′

• Reverse: 5′-AAT TAA AAA AGA AAG TCC ATG ACC ACA CTT CTC TTG AAA
GTG TGG TCA TGG ACT TTC GGC C-3′

Complementary strands were annealed, and duplex formation was confirmed by
electrophoresis. Annealed siRNA were cloned into the EcoR1 and Apa1 sites of the linearised
pSilencer™ 2.1-U6 neo siRNA expression vector (Ambion). The positive clones were
confirmed by sequencing the cloning site using a T3 primer.

Assay of ERK and p38 MAPK
BV-2 microglial cells were stimulated under serum-free condition and activities of ERK and
p38 MAPK were measured using assay kits (Cell Signaling Technology). Briefly, at different
time intervals, activated form of ERK and p38 were pulled down from cell lysates by
immunoprecipitation using immobilized phospho-ERK and phospho-p38 monoclonal
antibodies, respectively. Kinase assays were performed in immunoprecipitates using The
pellets were washed twice with kinase buffer and finally resuspended with 50 μL kinase buffer
supplemented with 200 μM ATP and either ELK-1 fusion protein (for ERK) or ATF-2 fusion
protein (for p38). Following incubation at 30°C for a period of 30 min, samples were analyzed
by western blot using antibodies against phospho ELK-1 or phospho ATF-2. For monitoring
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p402-induced activation of ERK and p38 in primary microglia, cell lysates were immunoblotted
with antibodies against phospho-ERK and phospho-p38.

RT-PCR Analysis
Total RNA was isolated by RNA-Easy Qiagen kit as described earlier (Jana et al., 2007; Saha
et al., 2006). To remove any contaminated genomic DNA, total RNA was digested with DNase.
DNase-digested RNA (1 μg) was reverse transcribed using oligo (dT)12–18 as primer and
MMLV reverse transcriptase (Clontech). The resulting cDNA was appropriately-diluted, and
diluted cDNA was amplified using Titanium Taq DNA polymerase and following primers.

• IL-12Rβ1: Sense: 5′-TGA AGA CGG CGC GTG GGA GTC A-3′

• Antisense: 5′-TCG CGG GTA CAA CAC CTC CGG G-3′

• IL-12Rβ2: Sense: 5′-GGT TGC TGG CTC CTC ACC AGG-3′

• Antisense: 5′-ATG CAG CCC CTT TGC TCC GGG - 3′

• iNOS (497 bp): Sense: 5′-CCC TTC CGA AGT TTC TGG CAG CAG C-3′

• Antisense: 5′-GGC TGT CAG AGC CTC GTG GCT TTG G-3′

• GAPDH: Sense: 5′ - GGT GAA GGT CGG TGT GAA CG-3′

• Antisense: 5′ - TTG GCT CCA CCC TTC AAG TG-3′

Amplified products were electrophoresed on agarose gels and visualized by ethidium bromide
staining. The relative expression of IL-12Rβ1, IL-12Rβ2 and iNOS was measured after
scanning the bands with a Fluor Chem 8800 Imaging System (Alpha Innotech Corporation).

Real-Time PCR Analysis
It was performed using the ABI-Prism7700 sequence detection system (Applied Biosystems,
Foster City, CA) as described earlier (Brahmachari and Pahan, 2007; Jana et al., 2007). Primers
and FAM-labeled probes for mouse iNOS and GAPDH were obtained from Applied
Biosystems. The mRNA expression of iNOS was normalized to the level of GAPDH mRNA.
Data were processed by the ABI Sequence Detection System 1.6 software and analyzed by
ANOVA.

Assay of Transcriptional Activities
To assay the transcriptional activity of NF-κB, C/EBPβ, and GAS, BV-2 microglial cells at
50–60% confluence were transfected with pNF-κB-Luc, (NF-κB-dependent reporter
construct), pC/EBPβ-Luc (C/EBPβ-dependent reporter construct) and pGAS-Luc (GAS-
dependent reporter construct) using the Lipofectamine Plus (Invitrogen) (Jana et al., 2001; Liu
et al., 2002; Saha et al., 2006). 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 in the Dual Luciferase Kit (Promega) in a TD-20/20 Luminometer
(Turner Designs). Relative luciferase activity of cell extracts was typically represented as
(firefly luciferase/Renilla luciferase) × 10−3.

Immunocytochemistry
Cells were fixed with chilled methanol for 5 min at −20°C, blocked with 3% BSA-PBS for 1
h at room temperature followed by incubation with primary antibodies in 1% BSA-PBS for 3
h at 37°C as described earlier (Jana and Pahan, 2007; Saha et al., 2006). Subsequently samples
were washed thrice with PBS-Tween solution, incubated with Cy5 tagged secondary antibodies

JANA et al. Page 4

Glia. Author manuscript; available in PMC 2009 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(Jackson ImmunoResearch), and observed under an Olympus IX81 fluorescent microscope.
DAPI (Invitrogen) was added during the final wash step at a dilution of 1:1,000.

RESULTS
IL-12 p40 Homodimer (p402) Induces the Expression of iNOS in Primary Mouse Microglia
Independent of p35

It is known that biologically active IL-12 p70 is comprised of 35 kDa (p35) and 40 kDa (p40)
subunits (Gately et al., 1998). Earlier we have demonstrated that p40 homodimer (p402)
induces the expression of iNOS in microglia (Pahan et al., 2001). To rule out the possibility
that p402 does not need any co-operation from p35 to induce the expression of iNOS, primary
microglia isolated from wild type and IL-12 p35 (−/−) mice were stimulated with p402 followed
by RT-PCR and immunofluorescence analysis to monitor the level of iNOS mRNA and protein,
respectively. It is clear from RT-PCR results in Fig. 1A and immunofluorescence data in Fig.
1B that p402 was equally efficient in inducing the expression of iNOS in microglia isolated
from wild type and p35 (−/−) mice. These results clearly indicate that p402 is capable of
inducing the expression of iNOS in microglia independent of p35.

Does Serum Albumin Contribute to p402-Induced Expression of iNOS in Primary Mouse
Microglia?

It has been reported that serum albumin increases superoxide production by cultured microglia
(Nakamura et al., 2000). Furthermore, bacterial LPS-induced production of proinflammatory
molecules (NO and TNF-α) in microglia is also stimulated by serum albumin (Si et al.,
2000). Because our preparation of mouse recombinant p402 contained serum albumin as carrier
and the cytokine was reconstituted in PBS containing 0.1% BSA, it is possible that a serum
factor may contribute to the expression of iNOS in microglia following p402 stimulation. To
address this concern, primary mouse microglia were stimulated with different concentrations
of BSA. It is clear from Fig. 2 that BSA at concentrations of 500 and 1,000 ng/mL was not
effective in inducing the expression of iNOS mRNA in microglia. Very faint increase in iNOS
mRNA was observed by BSA at a concentration of 1,000 ng/mL (see Fig. 2). In other studies
(Nakamura et al., 2000; Si et al., 2000), BSA was added to media at a concentration of 0.1%.
This is a very high dose. It is not possible to contribute to a final concentration of 0.1% in
media through the addition of cytokines containing about 0.1% BSA as carrier. To further
confirm our results from another angle, carrier-free (CF) p402 was used to stimulate primary
microglia. Figure 2 also shows that CF-p402 was almost equally effective as carrier-containing
p402 (last two lanes) in inducing the expression of iNOS mRNA in primary mouse microglia.
These results clearly demonstrate that albumin does not contribute to the expression of iNOS
in p402-stimulated mouse microglia.

SiRNA-Mediated Knockdown of IL-12Rβ1 and IL-12Rβ2 on p402- and p70-Induced Expression
of iNOS in Mouse BV-2 Microglial Cells

Next we investigated mechanisms by which p70 and p402 induced the expression of iNOS in
microglia. IL-12 (p40:p35) is known to function on T cells via both IL-12Rβ1 and IL-12Rβ2
(Gately et al., 1998). Cua et al. (Cua et al., 2003) have demonstrated the presence of
IL-12Rβ1 and IL-12Rβ2 in mouse microglia and macrophages. However, it is not known if
p70 and p402 are utilizing any of these two receptors to activate microglia for the production
of proinflammatory molecules. To achieve this goal, we have utilized the gene silencing
approach using siRNA (short-interfering RNA) to knock down IL-12Rβ1 and IL-12Rβ2. We
prepared several siRNA constructs for each of IL-12Rβ1 and IL-12Rβ2. Among several siRNA
constructs tested in microglial cells, we found that si-p26β1 (si-β1), which targeted the coding
sequence of IL-12Rβ1 from 906 to 924 relative to the start codon, was the most efficient one
in inhibiting the mRNA expression of IL-12Rβ1 (Fig. 3A). Under the same condition, si-β1
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had no effect on the expression of IL-12Rβ2 (Fig. 3A). Similarly, si-p3β2 (siβ2) for
IL-12Rβ2 targeting the coding sequence of IL-12Rβ2 from 255 to 273 relative to the start
codon, was very much efficient in knocking down the expression of IL-12Rβ2, but not
IL-12Rβ1 (Fig. 3B).

Next we examined the effect of these siRNA constructs on p70- and p402-induced expression
of iNOS mRNA. As evidenced by RT-PCR analysis (Fig. 3C), quantitative real-time PCR
analysis (Fig. 3D) and nitrite assay (Fig. 3E), si-β1, but not si-β2, inhibited the expression iNOS
mRNA and the production of nitrite in p402-stimulated BV-2 microglial cells suggesting that
p402 induces the expression of iNOS in microglia via IL-12Rβ1, but not IL-12Rβ2. In contrast,
both si-β1 and si-β2 inhibited the expression of iNOS mRNA (Fig. 3C,D) and the production
of nitrite (Fig. 3E) in p70-stimulated microglial cells suggesting that IL-12p70 requires the
involvement of both IL-12Rβ1 and IL-12Rβ2 to induce the expression of iNOS and the
production of NO in microglia.

Role of IL-12Rβ1 and IL-12Rβ2 on p402- and p70-Induced Expression of iNOS in Primary
Mouse Microglia

Next to confirm these results in primary cells, microglia isolated from wild type, IL-12Rβ1
(−/−) and IL-12Rβ2 (−/−) mice were challenged with p70 and p402. It is clearly evident from
Fig. 4A that both p70 and p402 induced the production of nitrite in microglia isolated from
wild type, but not IL-12Rβ1 (−/−) mice. In contrast, p402, but not p70, induced the production
of nitrite in microglia isolated from IL-12Rβ2 (−/−) mice (Fig. 4A). Similarly, both p70 and
p402 induced the expression of iNOS mRNA in microglia isolated from wild type and
IL-12Rβ2 (−/−) mice (Fig. 4B,C). In contrast, p402, but not p70, induced the expression of
iNOS mRNA (Fig. 4B,C) in microglia isolated from IL-12Rβ2 (−/−) mice.
Immunofluorescence analysis also shows that p70 and p402 induced the expression of iNOS
protein in microglia isolated from wild type and IL-12Rβ2 (−/−) mice while only p402 induced
the expression of iNOS protein in IL-12Rβ1 (−/−) microglia (see Fig. 5). These results clearly
indicate that p402 requires IL-12Rβ1, but not IL-12Rβ2, for the expression of iNOS and that
p70 engages both IL-12Rβ1 and IL-12Rβ2 to induce iNOS in microglia.

Involvement of ERK and p38 MAP Kinases in p402-Induced Expression of iNOS in Microglia
Various MAP kinases, such as ERK and p38, have been reported to be involved in glial
expression of iNOS (Saha and Pahan, 2006a,b). We investigated if these two MAP kinases
participate in p402-induced expression of iNOS in microglia. At first, we examined if p402
was capable of activating these two MAP kinases. It is clearly evident from Fig. 6A that
p402 alone was capable of activating both ERK and p38 MAP kinases at different time points
of stimulation. The activation of both the kinases began within 5 min of stimulation (Fig. 6A)
and peaked at 45 min of stimulation (Fig. 6A). These results suggest that similar to other
proinflammatory cytokines as described elsewhere, p402 alone is also capable of activating
MAPK pathways in microglia.

Next we examined if these two MAP kinases were involved in p402-induced microglial
expression of iNOS. We used SB203580 (SB), specific pharmacological inhibitor of p38, and
PD98050 (PD), specific pharmacological inhibitor of MEK-ERK, for this purpose. It is clearly
evident from Fig. 6B that both PD and SB dose-dependently inhibited p402-induced production
of NO in BV-2 microglial cells. Northern blot analysis for iNOS mRNA clearly show that both
SB and PD dose-dependently inhibited p402-induced expression of iNOS mRNA (Fig. 6C).
Next to investigate if p402 induces the production of NO in primary cells via SB- and PD-
sensitive pathways, we examined the effect of SB and PD on p402-induced production of NO
in mouse primary microglia. Consistent to that observed in BV-2 microglial cells, both SB and
PD markedly inhibited the production of NO in p402-stimulated primary microglia (Table 1).
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MTT results indicate that PD and SB were not toxic to microglia at any of the concentrations
tested in either BV-2 microglial cells (Fig. 6D) or primary microglia (data not shown)
suggesting that the inhibitory effect of PD and SB on p402-induced expression of iNOS was
not due to any change in cell viability.

Involvement of IL-12Rβ1 and IL-12Rβ2 in p402-Induced Activation of ERK and p38 MAP
Kinases in Mouse BV-2 Microglial Cells

Because of our finding that p402 induces the production of NO in microglia via IL-12Rβ1
(Figs. 3–5) and that both p38 and ERK MAP kinases are also involved in p402-induced
microglial expression of iNOS (see Fig. 6), we were prompted to examine the role of
IL-12Rβ1 and IL-12Rβ2 in p402-induced activation of p38 and ERK MAP kinases in mouse
primary microglia and BV-2 microglial cells. BV-2 cells were transfected with si-β1, si-β2 and
an empty vector separately. As evident from Fig. 7, si-β1, but not si-β2, inhibited p402-induced
activation of ERK (7A) and p38 (7B) MAP kinases at different time points of stimulation. Next
to confirm these finding in primary cells, we isolated microglia from wild type, IL-12Rβ1 (−/
−) and IL-12Rβ2 (−/−) mice. Consistent to that observed in BV-2 microglial cells, p402
markedly induced the phosphorylation of ERK in microglia isolated from wild type and
IL-12Rβ2 (−/−) (Fig. 7C; top panel). However, very weak induction of ERK phosphorylation
was observed by p402 in microglia isolated from IL-12Rβ1 (−/−) mice (Fig. 7C; top panel). In
contrast, there was no change in the level of total ERK under different treatment conditions
(Fig. 7C; bottom panel). Similarly, p402 also induced the phosphorylation of p38 MAPK at
different time points of stimulation in microglia isolated from wild type and IL-12Rβ2 (−/−),
but not IL-12Rβ1 (−/−), mice (Fig. 7D; top panel). Again, p402 remained unable to modulate
the level of total p38 in microglia isolated from wild type and either of the two knockout mice
(Fig. 7D; bottom panel). These results clearly delineate that p402 induces the activation of ERK
and p38 MAP kinases in microglia via IL-12Rβ1, but not IL-12Rβ2.

Role of NF-κB and C/EBPβ in p402-Induced Expression of iNOS in Mouse BV-2 Microglial
Cells

Earlier we have shown that activation of both NF-κB and C/EBPβ are involved in the expression
of iNOS in activated microglia following either neuroantigen-primed T cell contact (Dasgupta
et al., 2005) or CD40 ligation (Jana et al., 2001). Others have also shown the involvement of
NF-κB and C/EBPβ in LPS-induced expression of iNOS in microglia (Saha and Pahan,
2006a,b). These findings prompted us to ask whether activation of NF-κB and C/EBPβ may
be responsible for p402- and p70-induced microglial expression of iNOS. Activation of NF-
κB and C/EBPβ was monitored by transcriptional activities. By using the expression of
luciferase from a reporter construct, pNF-κB-Luc, as an assay, here we show that both p402
and p70 were capable of inducing NF-κB-dependent transcription of luciferase (Fig. 8A; upper
panel). Similarly, p402 and p70 also induced the transcriptional activity of C/EBPβ in
microglial cells (Fig. 8A; lower panel).

Next we examined if activation of both NF-κB and C/EBPβ is required for the expression of
iNOS in p402- and p70-stimulated microglial cells. NF-κB was inhibited by a dominant-
negative mutant of p65 (Δp65) (Zhong et al., 1997). Similarly we used the dominant-negative
mutant of C/EBPβ (ΔC/EBPβ) (Descombes and Schibler, 1991) to inhibit the activation of C/
EBPβ. Earlier we have shown that these dominant-negative mutants inhibit their respective
target molecule in BV-2 microglial cells stimulated by either neuroantigen-primed T cell
contact (Dasgupta et al., 2005) or CD40 ligation (Jana et al., 2001). It is apparent from Fig. 8B
that both Δp65 and ΔC/EBPβ, but not the empty vector, significantly inhibited p402- and p70-
induced production of nitrite in BV-2 microglial cells. These studies suggest that activation of
both NF-κB and C/EBPβ is important for p402- and p70-induced microglial expression of
iNOS.
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Involvement of ERK and p38 MAP Kinases in p402- and p70-Induced Activation of NF-κB and
C/EBPβ in Mouse BV-2 Microglial Cells

Because p402 also involved NF-κB and C/EBPβ to induce iNOS, next we examined the effect
of PD and SB on p402- and p70-induced activation of NF-κB and C/EBPβ. Interestingly, PD
at different doses tested had no effect on p402- and p70-mediated activation of NF-κB (Fig.
9A). In sharp contrast, SB markedly inhibited p402- and p70-induced activation of NF-κB (Fig.
9A). However, both PD and SB dose-dependently inhibited the activation of C/EBPβ in
p402- and p70-stimulated microglial cells (Fig. 9B). These experiments suggest that PD inhibits
p402- and p70-induced production of nitrite by inhibiting the activation of C/EBPβ, but not
NF-κB, whereby SB inhibits the production of nitrite by inhibiting the activation of both NF-
κB and C/EBPβ.

Involvement of IL-12Rβ1 and IL-12Rβ2 in p402- and p70-Induced Activation of NF-κB and C/
EBPβ in Mouse BV-2 Microglial Cells

Next we investigated which receptor coupled the activation of NF-κB and C/EBPβ in p402-
stimulated microglia. Consistent to the involvement of IL-12Rβ1, but not IL-12Rβ2, in the
activation of MAP kinases (see Fig. 7) and the regulation of NF-κB and C/EBPβ activation by
MAP kinases (see Fig. 9), si-β1, but not si-β2, suppressed p402- and p70-induced activation
of NF-κB (Fig. 9A) and C/EBPβ (Fig. 10B). These results suggest that p402 and p70 induce
the activation of NF-κB and C/EBPβ in microglial cells via IL-12Rβ1, but not IL-12Rβ2.

How Does IL-12Rβ2 Regulate p70-Induced Expression of iNOS in Mouse BV-2 Microglial
Cells?

In addition to engaging IL-12Rβ1, p70 also requires the involvement of IL-12Rβ2 for the
induction of iNOS in microglia (Figs. 3–5). In contrast, p402 requires the involvement of only
IL-12Rβ1 for the same purpose (Figs. 3–5). Studies described earlier clearly demonstrate that
IL-12Rβ1 couples the expression of iNOS via (ERK/p38)-mediated activation of NF-κB and
C/EBPβ (Figs. 7–10). In addition to NF-κB and C/EBPβ, many other transcription factors play
a role in the transcription of iNOS. For example, analysis of human and mouse iNOS promoter
shows that it has consensus sequences for binding of several transcription factors, such as NF-
κB, C/EBPβ, IRF-1 binding to ISRE, and STAT binding to GAS (Saha and Pahan, 2006a). We
investigated if STAT and IRF-1 were involved in p70-induced expression of iNOS and if p70
required IL-12Rβ2 to activate these transcription factors in microglia. Interestingly, p70, but
not p402, induced GAS-dependent luciferase activity in BV-2 microglial cells (Fig. 11A). In
contrast, both p70 and p402 were unable to induce ISRE-dependent luciferase activity (Fig.
11B). These results suggest that STAT, but not IRF-1, may be involved in p70-induced
microglial expression of iNOS. To further confirm the role of STAT/GAS in p70-induced
expression of iNOS, we examined the effect of AG490, an inhibitor of JAK, on p70-induced
activation of GAS and production of nitrite. As evident from luciferase activities in Fig. 11C,
RT-PCR analysis in Fig. 11D and nitrite levels in Fig. 11E, AG490 dose-dependently inhibited
p70-induced activation of GAS, expression of iNOS mRNA and production of nitrite
suggesting the involvement of JAK/STAT in the activation of GAS and the expression of iNOS
in p70-stimulated microglial cells.

Next we investigated which of the two or both IL-12 receptors was/were involved in p70-
mediated activation of GAS in microglial cells. In contrast to the regulation of NF-κB and C/
EBPβ, siRNA knockdown of IL-12Rβ1 had no effect on p70-induced activation of GAS (Fig.
11F). In contrast, siRNA knockdown of IL-12Rβ2 abrogated GAS-dependent luciferase
activity in p70-stimulated microglial cells (Fig. 11F). These results show that IL-12 p70 induces
the activation of GAS in microglial cells via IL-12Rβ2, but not IL-12Rβ1.
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DISCUSSION
IL-12, a heterodimeric cytokine, is most noted for its ability to promote differentiation of naive
T cells into Th1 cells, which is important in resistance against pathogens (Gately et al., 1998;
Hsieh et al., 1993). Neither IL-12 subunits (p35 or p40) alone was found to display significant
biological activity over a large range of concentrations (Gately et al., 1998; Schoenhaut et al.,
1992; Wolf et al., 1991). However, several evidences indicate that p40 is expressed in excessive
amount in the CNS of patients with different demyelinating diseases, such as multiple sclerosis
(MS), Guillain-Barre syndrome, and animal models experimental autoimmune
encephalomyelitis and neuritis (Constantinescu et al., 2000; Fassbender et al., 1998; Gately et
al., 1998; Zipris et al., 1996). In contrast, the expression of p35 remains almost constant or
decreases to some extent in the CNS of these demyelinating diseases compared with the CNS
of control subjects (Fassbender et al., 1998; Gately et al., 1998). However, the biological
significance of this overexpression of p40 in the CNS of patients with demyelinating diseases
was not known. Earlier, we (Pahan et al., 2001) demonstrated that IL-12 p40 homodimer,
p402, induced the expression of iNOS in mouse microglia and macrophages. This study was
undertaken to delineate mechanisms by which p402 and IL-12 p70 induce the expression of
iNOS in microglia.

IL-12 p402 has been shown to antagonize bioactive IL-12 p70 by binding to the IL-12 receptor
complex (Gately et al., 1998). The high affinity IL-12 receptor is composed of a low affinity
IL-12Rβ1 combined with a low affinity IL-12Rβ2 (Gately et al., 1998). It appears that p402
binds to IL-12Rβ1 rather than IL-12Rβ2 whereas bioactive IL-12 binds both the receptors on
T cells with high affinity (Gately et al., 1998). Therefore, it is possible that p402 and p70 may
engage IL-12Rs for the expression of iNOS in microglia. Here, we present evidence that
p402 induces the expression of iNOS via IL-12Rβ1, but not IL-12Rβ2, and that p70 induces
iNOS via both IL-12Rβ1 and IL-12Rβ2. Although IL-12Rβ1 alone can phosphorylate Tyk2
and STAT-3, this receptor has a limited role in signal transduction (Cooper and Khader,
2007). Mainly IL-12Rβ2 subunit has been reported to function as the signal transducing
component of the high-affinity receptor complex (Gately et al., 1998; Naeger et al., 1999). This
has been suggested due the absence of tyrosine residues in the cytoplasmic domain of
IL-12Rβ1 and the presence of conserved tyrosine residues in the cytoplasmic domain of
IL-12Rβ2 (Naeger et al., 1999). Therefore, our results raise an important question. How does
the non signal transducing receptor IL-12Rβ1 engage itself for the transcription of iNOS by
p402? Probably, one could foresee the engagement of another putative signal transducing
receptor with the binding receptor IL-12Rβ1. Works are underway in this laboratory to
investigate this possibility.

Mitogen-activated protein kinases (MAPK), a family of serine/threonine kinases, form an
integral component of pro-inflammatory signaling cascades (Dong et al., 2002). These MAP
kinases are also involved in the expression of iNOS in various cell types including glial cells
(Saha and Pahan, 2006a,b). Consistently, using pharmacological inhibitors we have also found
that both ERK and p38 MAP kinases play an important role in p402-induced expression of
iNOS in microglia. Interestingly, p402 was able to induce the activation of ERK and p38 MAP
kinases in microglia isolated from wild type and IL-12Rβ2 (−/−), but not IL-12Rβ1 (−/−), mice.
Our results also indicate that p402 employ IL-12Rβ1, but not IL-12Rβ2, to induce the activation
of ERK and p38 MAP kinases in microglia. However, at present, molecular mechanism(s) by
which IL-12Rβ1 couple(s) the activation of ERK and p38 MAP kinases in microglia are
unknown. It is possible that upstream component(s) of ERK and p38 MAP kinase pathways
interact(s) with IL-12Rβ1. Experiments are underway in our laboratory to investigate if
upstream modulators like Kinase suppressor of Ras (KSR), Rac, p21-activated protein kinase
(PAK), and Raf interact with IL-12Rβ1 physically.
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Signaling events transduced by proinflammatory cytokines and LPS for the expression of iNOS
are becoming clear. Proinflammatory cytokines bind to their respective receptors and induce
iNOS expression via activation of NF-κB, C/EBPβ, STAT, IRF1, etc (Saha and Pahan
2006a,b; Xie et al., 1994). Activation of both NF-κB and C/EBPβ by p70 and p402 and
suppression of iNOS expression by Δp65 and ΔC/EBPβ, dominant-negative mutants of NF-
κB p65 and C/EBPβ respectively, in p70-and p402-stimulated microglia suggest that p70 and
p402 require the activation of NF-κB and C/EBPβ for microglial expression of iNOS. Earlier
we have also demonstrated the requirement of NF-κB activation in p402-induced expression
of iNOS in microglia (Pahan et al., 2001). Both ERK and p38 MAP kinases have been shown
to activate a number of transcription factor in different cell types in response to various stimuli
(Dong et al., 2002). We have elucidated that both p402 and p70 induce ERK to couple C/
EBPβ, but not NF-κB. In contrast, p402 and p70 induce p38 to couple both NF-κB and C/
EBPβ. Our studies also suggest that p402 and p70 employ IL-12Rβ1, but not IL-12Rβ2, to
induce the activation of ERK and p38 (see Fig. 12). These MAP kinases ultimately couple to
NF-κB and C/EBPβ for the transcription of iNOS in microglia (see Fig. 12).

In contrast to the involvement of NF-κB and C/EBPβ, both p70 and p402 were unable to induce
ISRE-dependent luciferase activity suggesting that IRF1 may not be involved in p70- and
p402-induced expression of iNOS in microglia. In contrast, our results have shown the possible
involvement of JAK-STAT pathway in p70- but not p402-induced microglial expression of
iNOS. Interestingly, siRNA knockdown of IL-12Rβ2, but not IL-12Rβ1, abrogated p70-
induced activation of GAS suggesting the involvement of IL-12Rβ2, but not IL-12Rβ1, in p70-
mediated activation of GAS. This is consistent to earlier reports (Cooper and Khader, 2007)
that identified STAT4 binding site in IL-12Rβ2, but not IL-12Rβ1. It has been also shown that
a defective STAT4 activation is involved in the impaired IL-12-dependent T-cell functions
with aging (Tortorella et al., 2006). Taken together, these results suggest that IL-12Rβ2 couples
p70 to iNOS in microglia via JAK-STAT signaling pathway.

In summary, we have demonstrated that IL-12 p402 induces microglial expression of iNOS
via IL-12Rβ1-mediated (ERK+p38)—(C/EBPβ+NF-κB) pathway (see Fig. 12). In contrast,
IL-12p70 induces microglial expression of iNOS via IL-12Rβ1-mediated (ERK+p38)—(C/
EBPβ+NF-κB) and IL-12Rβ2-mediated JAK-STAT pathways (see Fig. 12).
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Fig. 1.
IL-12 p40 homodimer (p402) induces the expression of iNOS in primary microglia isolated
from p35 (−/−) mice. Microglia isolated from wild type and p35 (−/−) mice were stimulated
with different concentrations of p402 under serum-free condition. A: After 6 h of stimulation,
the mRNA expression of iNOS was monitored by RT-PCR. B: Microglia isolated from p35
(−/−) mice were stimulated with 10 ng/mL p402 for 24 h followed by immunostaining with
antibodies against iNOS. Results represent three independent experiments.
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Fig. 2.
Effect of serum albumin on p402-induced expression of iNOS in primary mouse microglia.
Microglia were stimulated with different concentrations of BSA, carrier (BSA)-free (CF)
p402 and carrier (BSA)-containing p402 (p402). After 6 h of stimulation, the mRNA expression
of iNOS was monitored by RT-PCR. Results represent three independent experiments.
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Fig. 3.
Effect of siRNA knockdown of IL-12Rβ1 and IL-12Rβ2 on the expression of iNOS in BV-2
microglial cells. A: Cells were transfected with different amounts of the empty vector
(pSilencer) and siRNA against IL-12Rβ1 (si-β1). Forty-eight hours after transfection, cells
were analyzed for the expression of IL-12Rβ1 and IL-12Rβ2 by RT-PCR. B: Cells were
transfected with the empty vector and siRNA against IL-12Rβ2 (si-β2). Forty-eight hours after
transfection, cells were analyzed for the expression of IL-12Rβ1 and IL-12Rβ2. Twenty-four
hours after transfection, cells were stimulated with 10 ng/mL p402 and p70 under serum-free
condition. After 6 h of stimulation, the expression of iNOS mRNA was examined by RT-PCR
(C) and quantitative real-time PCR (D). After 24 h of stimulation, concentration of nitrite
(E) was measured in supernatants. Data are mean + SD of three separate experiments.
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Fig. 4.
Effect of p402 and p70 on the production of nitrite and the expression of iNOS mRNA in
primary microglia isolated from wild type, IL-12Rβ1 (−/−) and IL-12Rβ2 (−/−) mice.
Microglia were stimulated with 10 ng/mL p402 and p70. A: After 24 h of stimulation, the
production of nitrite was monitored by ‘Griess’ reagent. Data are mean + SD of three separate
experiments. *P < 0.001 vs. control. After 6 h of stimulation, the expression of iNOS mRNA
was monitored by RT-PCR (B) and quantitative real-time PCR (C). *P < 0.001 vs. control.
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Fig. 5.
Effect of p402 and p70 on the level of iNOS protein in primary microglia isolated from wild
type, IL-12Rβ1 (−/−) and IL-12Rβ2 (−/−) mice. Microglia were stimulated with 10 ng/mL
p402 and p70. After 24 h of stimulation, iNOS protein was monitored by immunofluorescence.
DAPI was used to visualize nucleus. Results represent three independent experiments.
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Fig. 6.
Role of Erk and p38 MAP kinases in p402-induced expression of iNOS in mouse BV-2
microglial cells. A: Cells were stimulated with 10 ng/mL p402 for different minute intervals.
Activities of ERK (upper panel) and p38 (lower panel) MAP kinases were assayed by immuno-
complex kinase assay. Cells preincubated with different concentrations of SB203580 and
PD98059 for 30 min were stimulated with 10 ng/mL p402. B: After 24 h, supernatants were
used for nitrite assay. **P < 0.05 vs. p402; *P < 0.001 vs. p402. C: After 6 h of incubation,
Northern blot analysis for iNOS mRNA was carried out. D: After 24 h, viability was monitored
by MTT assay. Data are mean + SD of three different experiments.

JANA et al. Page 19

Glia. Author manuscript; available in PMC 2009 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 7.
Role of IL-12Rβ1 and IL-12Rβ2 on the activation of Erk and p38 MAP kinases in p402-
stimulated mouse microglia. Mouse BV-2 microglial cells were transfected with the empty
vector (pSilencer) and siRNA against IL-12Rβ1 (si-β1) and IL-12Rβ2 (si-β2). Twenty-four
hours after transfection, cells were stimulated with 10 ng/mL p402 under serum-free condition.
At different minute intervals, activities of Erk (A) and p38 (B) MAP kinases were assayed by
immuno-complex kinase assay. Primary microglia isolated from wild type, IL-12Rβ1 (−/−)
and IL-12Rβ2 (−/−) mice were stimulated with 10 ng/mL p402. At different minute intervals,
activation status of ERK (C) and p38 (D) was monitored by western blot using antibodies
against either phospho-MAP kinases or total MAP kinases. Results represent three independent
experiments.
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Fig. 8.
Role of NF-κB and C/EBPβ in p402- and p70-induced expression of iNOS in mouse BV-2
microglial cells. A: Cells were cotransfected with 0.2 μg of either pNF-κB-Luc or pC/EBPβ-
Luc and 10 ng of pRL-TK. After 24 h of transfection, cells were stimulated with p402 and p70
for 6 h. Firefly and Renilla luciferase activities were obtained by analyzing total cell extract.
*P < 0.001 vs. control. B: Cells were transfected with an empty vector, Δp65 or ΔC/EBPβ.
Twenty-four hours after transfection, cells were stimulated with 10 ng/mL p402 and p70. Nitrite
was assayed after 24 h. Data are mean + SD of three different experiments. *P < 0.001 vs.
p402; **P < 0.001 vs. p70.
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Fig. 9.
Effect of PD98059 and SB203580 on p402- and p70-induced activation of NF-κB and C/
EBPβ in mouse BV-2 microglial cells. Cells were cotransfected with 0.2 μg of either pNF-
κB-Luc (A) or pC/EBPβ-Luc (B) and 10 ng of pRL-TK. After 24 h of transfection, cells were
treated with different concentrations of PD, SB for 30 min. Then cells were stimulated with
10 ng/mL p402 and p70 for 6 h followed by analysis of firefly and Renilla luciferase activities.
Data are mean + SD of three different experiments. *P < 0.01 vs. p402; **P < 0.01 vs. p70.
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Fig. 10.
Effect of siRNA knockdown of IL-12Rβ1 and IL-12Rβ2 on the activation of NF-κB and C/
EBPβ in p402- and p70-stimulated mouse BV-2 microglial cells. Cells were co-transfected
with siRNA constructs against IL-12Rβ1 or IL-12Rβ2 and reporter constructs for NF-κB (A)
or C/EBPβ (B). Twenty-four hours of transfection, cells were stimulated with 10 ng/mL
p402 and p70 for 6 h followed by analysis of luciferase activities. Data are mean + SD of three
different experiments. *P < 0.001 vs. pSilencer-p402; **P < 0.001 vs. pSilencer-p70.
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Fig. 11.
Role of GAS activation in p70-induced expression of iNOS in mouse BV-2 microglial cells.
Cells were cotransfected with 0.2 μg of either pGAS-Luc (an STAT-dependent reporter
construct) (A) or pISRE-Luc (an IRF-dependent reporter construct) (B) and 10 ng of pRL-TK.
After 24 h of transfection, cells were stimulated with different concentrations of p402 and p70
for 6 h followed by analysis of firefly and Renilla luciferase activities. C: Cells were
cotransfected with pGAS-Luc and pRL-TK. After 24 h of transfection, cells were treated with
different concentrations of AG490 for 30 min followed by stimulation with 10 ng/mL p70.
After 6 h of stimulation, luciferase activities were analyzed. D: Cells preincubated with
different concentrations of AG490 for 30 min were stimulated with 10 ng/mL p70. After 6 h
of stimulation, the expression of iNOS was monitored by RT-PCR. E: After 24 h of stimulation,
concentration of nitrite was measured in supernatants. *P < 0.001 and **P < 0.05 vs. p70.
F: Cells were co-transfected with siRNA constructs against IL-12Rβ1 or IL-12Rβ2 and pGAS-
Luc. The pRL-TK was also used as transfection efficiency control. Twenty-four hours after
transfection, cells were stimulated with 10 ng/mL p70 for 6 h followed by analysis of luciferase
activities. Data are mean ± SD of three different experiments. *P < 0.001 vs. pSilencer-p70.
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Fig. 12.
Schematic presentation exhibiting the involvement of IL-12Rβ1 and IL-12Rβ2 in microglial
expression of iNOS.
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