
Primary Murine Microglia are Resistant to Nitric Oxide Inhibition
of Indoleamine 2, 3 Dioxygenase

Yunxia Wang1,3,*, Marcus A. Lawson1, Keith W. Kelley1,2, and Robert Dantzer1,2,*
1 Integrative Immunology and Behavior Program, Department of Animal Sciences, University of
Illinois at Urbana-Champaign, 227 Edward R. Madigan Laboratory, College of ACES, 1201 W.
Gregory Drive, University of Illinois at Urbana Champaign, Urbana, IL 61801-3873, USA
2 Department of Pathology, College of Medicine, University of Illinois at Urbana-Champaign, USA
3 Department of Nautical Medicine, Second Military Medical University, 800 Xiangyin Road,
Shanghai 200433, China

Abstract
Indoleamine 2,3-dioxygenase (IDO) is an intracellular heme containing enzyme that is activated by
proinflammatory cytokines, including interferon-γ (IFNγ), and metabolizes tryptophan along the
kynurenine pathway. Activation of murine macrophages induces not only IDO but also nitric oxide
synthase (iNOS), and the ensuing production of nitric oxide (NO) inhibits IDO. To determine the
sensitivity of primary cultures of murine microglia to NO, microglia were stimulated with
recombinant murine IFNγ (1 ng/ml) and lipopolysaccharide (LPS) (10 ng/ml). This combination of
IFNγ + LPS synergized to produce maximal amounts of nitrite as early as 16 h. Steady-state mRNAs
for both iNOS and IDO were significantly increased by IFNγ + LPS at 4 h post-treatment, followed
by an increase in IDO enzymatic activity at 24 h. Murine microglia (> 95% CD11b+) were pretreated
with the iNOS inhibitor, L-NIL hydrochloride, at a dose (30 μM) that completely abrogated
production of nitrite. L-NIL had no effect on IDO mRNA at 4 h or IDO enzymatic activity at 24 h
following stimulation with IFNγ + LPS. These data establish that IDO regulation in murine microglia
is not restrained by NO, thereby permitting the accumulation of kynurenine and its downstream
metabolites in the central nervous system.
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Introduction
Indoleamine 2,3-dioxygenase (IDO) is an intracellular monomeric heme-containing enzyme
that catalyzes the first and rate-limiting step that degrades the essential amino acid tryptophan
in extrahepatic tissues (Rafice et al., 2009). IDO is induced during an immune responses in
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many types of cells, including those in the central nervous system (CNS) (Connor et al.,
2008; Fujigaki et al., 2006; Guillemin et al., 2005; Jung et al., 2007). Activation of IDO causes
degradation of the essential amino acid tryptophan to kynurenine and other metabolites of the
kynurenine (Taylor and Feng, 1991). Besides its importance for the development of
immunotolerance, activation of IDO is implicated in the pathophysiology of psychiatric
disorders (Dantzer et al., 2008; Perez-De La Cruz et al., 2007; Widner et al., 2002).

IDO activation is regulated by many factors, an important one of which is nitric oxide (NO)
(Thomas and Stocker, 1999). The inducible form of nitric oxide synthase iNOS is a calcium-
independent enzyme that upon stimulation produces large quantities of NO (MacMicking et
al., 1997). Activation of murine, but not human macrophages, increases the expression and
activity of iNOS (Sethi and Dikshit, 2000). An important interaction between iNOS and IDO
is that the product(s) of one pathway regulate(s) the enzyme of the other pathway (Oh et al.,
2004; Oxenkrug, 2007; Samelson-Jones and Yeh, 2006). As a result of this crosstalk, NO is
well known to inhibit IDO activity in many types of cells (Fujigaki et al., 2002; Hucke et al.,
2004; Samelson-Jones and Yeh, 2006; Thomas et al., 1994).

Microglia act as resident mononuclear myeloid cells in the brain (Soulet and Rivest, 2008),
and these resident CNS microglia are composed of heterogeneous populations (Schmid et al.,
2009). Microglia are activated in most pathological conditions of the CNS and play an
important role in sensing and propagating inflammatory signals in response to activation of
the peripheral innate immune system (Hanisch and Kettenmann, 2007). Activated microglia
are a major source of IDO activity in the brain (Kwidzinski et al., 2005). Along with the
production of kynurenines, activated murine microglia also produce large amounts of NO via
enhanced expression of iNOS (Cheret et al., 2008; Mir et al., 2008).

NO inhibition of IDO is apparently specific to both certain species and cell types. In
macrophages, the inhibition of IDO by NO occurs at both the transcriptional (Alberati-Giani
et al., 1997) and post-transcriptional levels (Hucke et al., 2004; Thomas et al., 1994). In sharp
contrast to macrophages, murine microglial cell clones immortalized with the activated c-
myc oncogene have been reported to be resistant to NO inhibition of IDO (Alberati-Giani et
al., 1997; Alberati-Giani et al., 1996). Given the wide heterogeneity of macrophages and their
dissimilarities with microglia (Ransohoff and Perry, 2009; Rivest, 2009), the objective of the
present experiments was to determine whether expression of IDO in primary rather than
transformed murine microglia are sensitive to inhibition by NO. We stimulated primary murine
microglia with IFNγ and LPS in order to maximize activation of both iNOS and IDO pathways.
We show that NO is unable to inhibit either expression of IDO transcripts or IDO enzymatic
activity. These data support the conclusion that production of IDO by primary microglial cells
from mice is not subject to regulation by endogenous NO.

Materials and Methods
Reagents

Fetal bovine serum (FBS; <0.25 EU/ml endotoxin), 0.25% trypsin, Dulbecco’s modified Eagle
medium/high glucose (DMEM) containing 0.584 g/l glutamine and 4.5 g/l glucose, sodium
pyruvate and antibiotics (100 U/ml penicillin, and 100 μg/ml streptomycin) were purchased
from HyClone (Logan, UT). Nylon cell strainers (70 μm) were obtained from BD Falcon
(Bedford, MA), whereas the Griess reagent for measuring nitric oxide (cat# G2930), as well
as the CytoTox96 non-radioactive cytotoxicity kit (cat# G1781), was from Promega
Corporation (Madison, USA). Recombinant murine IFNγ (cat# 315-05) was from PeproTech,
Inc. (Rocky Hill, NJ). Purity of primary microglia was confirmed with a FITC-labeled anti-
mouse CD11b (cat# 557396) using a FITC-labeled rat IgG2b isotype antibody as a control (cat#
553988; BD Biosciences Pharmingen (USA)). Protein was measured with a standard Bradford
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assay kit (cat# 500-0113, 0114, 0115). The protease inhibitor cocktail (cat# P2714),
lipopolysaccharide (LPS) from Escherichia coli 0127:B8 (cat# L-3137), poly-L-lysine (cat#
P4832) and other reagents and chemicals were obtained from Sigma Aldrich. (Sigma, USA).
L-cell conditioned medium used to grow primary microglia was produced from L-929 cells
(American Type Culture Collection, ATCC, cat# CCL-1™, Manassas, USA).

Preparation of primary murine microglia
Primary mixed glial cultures were established from brains of <2 day-old C57BL/6J pups using
previously described techniques (Wang et al., 2010). Isolated microglia were collected and
cultured in 20% (v:v) L929-cell conditioned medium (LCCM) for 7–10 days. Purity of
microglia was confirmed as > 95% CD11b+ cells, as verified by flow cytometry using
previously described techniques (26–27).

Primary microglia were treated with 1 ng/ml IFNγ + 10 ng/ml LPS in DMEM supplemented
with 2% FBS following preliminary experiments to establish these concentrations as optimal
for stimulating expression of IDO and iNOS. At various times following addition of IFNγ +
LPS, supernatants were collected and stored at −80°C for measurement of nitrites. Cells were
washed twice with cold PBS and stored at −80°C for isolation of IDO mRNA and measurement
of IDO enzymatic activity.

Nitrite assay
The major breakdown product of NO in aqueous solutions is the stable derivative, nitrite
(Kelm, 1999). The amount of NO released was estimated by measurement of nitrite in the
supernatant of microglial conditioned medium using the Griess reagent. Briefly, 50 μl of each
sample supernatant was incubated with an equal volume of sulfanilamide solution in duplicate
wells of a 96-well plate at room temperature for 5–10 min. Then, 50 μl of N-1-
napthylethylenediamine (NED) solution was added to all wells. After 10 min incubation at
room temperature, optical density at 540 nm was measured with an OPTImax multiplate reader.
Concentrations were calculated by comparison of absorptions with a standard (0.1 M sodium
nitrite) curve (1.56, 3.13, 6.25, 12.5, 25, 50 and 100 μM).

Determination of IDO activity
IDO enzymatic activity was assessed by measuring the conversion of L-tryptophan into
kynurenine in microglial cell lysates prepared with ice cold lysing buffer (140 mM KCl, 20
mM potassium phosphate buffer, pH 7.0, with a cocktail of protease inhibitors), as previously
described (Lestage et al., 2002). Kynurenine was measured by high performance liquid
chromatography with electrochemical detection (Wang et al., 2010).

Statistical analysis
Each experiment was replicated at least three times. Data were analyzed using a one-way
(treatment) or two-way (pretreatment × treatment) ANOVA, followed by a post hoc pair wise
multiple comparison using Fisher’s least significant difference test if the interaction was
significant. Statistical significance was determined as P < 0.05. All data are presented as the
mean ± SEM.

Results
IFNγ and LPS Synergize to Induce Nitrite Production in Primary Murine Microglia

Numerous reports have established that IFNγ alone can induce iNOS in myeloid cells, but these
experiments often used high, pharmacological concentrations (~100 ng/ml) of IFNγ (Alberati-
Giani et al., 1997). We therefore tested a low concentration of IFNγ (1 ng/ml) that synergizes
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with small amounts of LPS (10 ng/ml) to activate macrophages (Davila et al., 1990). As
expected, no detectable nitrite could be detected in control cultures. At 16 h, no nitrite (<1.6
μM) was induced by IFNγ alone, 3.0 ± 0 μM by LPS alone and 15.4 ± 0.04 μM by the
combination of IFNγ + LPS; at 24 h, these respective values were 1.4 ± 0.0 μM, 14.0 ± 0 μM
and 28.9 ± 0.01 μM. In both time points, addition of 1 ng/ml of IFNγ increased (P<0.01) the
amount of nitrite induced by 10 ng/ml of LPS. Subsequent experiments used these low doses
of both IFNγ + LPS to induce iNOS and the subsequent accumulation of nitrite.

L-NIL Blocks Nitrite Production Induced by IFNγ + LPS in Primary Murine Microglia Without
Modifying iNOS Expression

IFNγ + LPS strongly increased iNOS mRNA at 4 h post treatment. As expected, this increase
was not affected by L-NIL (Fig. 1A). The increase in nitrite in culture medium at 24 h post
IFNγ + LPS (p<0.01) was blocked by L-NIL (p < 0.01) (Fig. 1B). These data confirm the ability
of L-NIL to inhibit iNOS enzymatic activity induced by IFNγ + LPS in primary mouse
microglia.

L-NIL Does Not Inhibit IFNγ + LPS-Induced Upregulation of Either IDO Expression and
Enzymatic Activity

As expected, IFNγ + LPS increased both IDO mRNA that was measured at 4 h (Fig. 1C) and
IDO enzymatic activity measured after 24 h of treatment (Fig. 1D). L-NIL had no effect on
either measure of IDO activation.

Discussion
Results of the present experiments confirm that primary murine microglial cells respond to
IFNγ + LPS by activation of both iNOS and IDO. The hypothesis that we tested was whether
biologically-significant crosstalk occurs between iNOS and IDO in primary microglia, as is
very well documented in murine macrophages. These data clearly establish that inhibition of
iNOS by L-NIL does not down regulate IDO in primary murine microglia. It is therefore likely
that the unrestrained activation of IDO in these cells permits more continuous production of
kynurenine and its downstream metabolites in the CNS than in peripheral tissues.

Various forms of reciprocal interactions between IDO and iNOS have already been described
in many different cell types. IDO activation can down-regulate the expression and activity of
iNOS. Conversely, induction of NO by activation of iNOS down-regulates IDO activity in cell
types as diverse as human uroepithelial transformed cells (Daubener et al., 1999), murine bone
marrow-derived myeloid dendritic cells (Hara et al., 2008), human transformed and primary
macrophages (Thomas et al., 1994) and mouse peritoneal cells (Ohtaki et al., 2009).

The large amount of data on the ability of NO to down regulate IDO activity in macrophages
and other peripheral cell types has attracted little attention to the possibility that there might
be exceptions to this well-accepted crosstalk. During the course of a study on IDO expression
in transformed and immortalized murine macrophages and microglia, Alberati-Giani et al.
observed that IFNγ-induced NO production led to a reduction in IDO activity in macrophages
but not in a microglial cell line (Alberati-Giani et al., 1997). In these experiments, they
measured IDO activity by enzymatic activity in cell pellets. Several iNOS inhibitors that were
tested increased IFNγ-induced IDO enzymatic activity in MT2 macrophages. In contrast, the
same treatment had no effect on IDO enzymatic activity in IFNγ-stimulated N11 immortalized
microglial cells. Addition of NO donors in the culture medium decreased IFNγ-induced IDO
enzymatic activity in MT2 macrophages but not in the transformed N11 microglia. IFNγ was
about 5 times less active in stimulating IDO and iNOS enzymatic activity in microglia than in
macrophages. Interestingly, addition of LPS augmented IFNγ-induced IDO and iNOS
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enzymatic activity in N11 macrophages but it decreased IDO enzymatic activity in MT2
macrophages probably because of their higher sensitivity to LPS-induced triggering of iNOS
activation by IFNγ. The unresponsiveness of transformed microglial cells to NO was claimed
to be also present in primary microglia, but no supporting data for this statement were included
in the original research paper.

In the present study, we made use of a previously described reliable technique for inducing
IDO in LPS-stimulated primary cultures of microglia derived from neonatal C57BL/6J mice
(Wang et al., 2010). We confirmed that co-stimulation of primary murine microglia by IFNγ
+ LPS activates both IDO and iNOS enzymatic activity. As expected, blockade of iNOS
enzymatic activity by L-NIL blocked the release of nitrites caused by released into the culture
medium caused by IFNγ + LPS. However, despite complete inhibition of nitrite accumulation,
L-NIL had no effect on either IDO steady state mRNA or IDO enzymatic activity.

Despite the evidence in this report, it remains possible that microglia differ quantitatively rather
than qualitatively from macrophages in the ability of NO to negatively regulate IDO expression
and activity. In microglia as in other cell types, induction of iNOS in response to inflammatory
stimuli is dependent on the production of superoxide and other NADPH oxidase-derived
oxygen species, including peroxynitrite (Li et al., 2005; Pawate et al., 2004). However, the
superoxide respiratory burst is probably of decreased magnitude in microglia compared to
macrophages (Turchan-Cholewo et al., 2009). In addition, direct binding of NO to heme iron
in IDO, which is one of the mechanisms by which NO inhibits IDO at the post-translational
level, is dependent on a number of cellular factors, including NO abundance, pH, redox
environment and tryptophan availability (Samelson-Jones and Yeh, 2006). All these issues are
likely to account for the unresponsiveness of IDO to NO inhibition in primary murine
microglia.

In conclusion, results of the present series of experiments indicate that IDO in primary murine
microglia costimulated with IFNγ + LPS is not impaired by the production of NO, as is known
to occur in murine macrophages. Since activation of the kynurenine pathway in microglia leads
to formation of potentially neurotoxic kynurenine metabolites, including 3-hydroxy
kynurenine and quinolinic acid, this lack of down-regulation of IDO activation by NO could
be one of the factors that explain the exquisite sensitivity of the brain to depressogenic activity
of proinflammatory cytokines. These aspects clearly deserve further investigation.
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Figure 1.
Microglia are resistant to nitric oxide inhibition of indoleamine 2, 3 dioxygenase. Primary
mouse microglia were primed with IFNγ (1 ng/ml) and triggered with LPS (10 ng/ml) in the
presence or absence of iNOS inhibitor L-NIL (30 μM) for 4 h and 24 h, respectively. (A) Co-
stimulation with IFNγ + LPS strongly enhanced iNOS mRNA (Ct cycle for IFNγ + LPS
treatment was 19 ± 0.4) compared to constitutive iNOS mRNA in primary microglia incubated
in medium alone (Ct cycle was 30 ± 0.5). L-NIL had no effect on expression of iNOS transcripts
(Ct cycle for IFNγ + LPS treatment with L-NIL was 19 ± 0.2). (B) IFNγ + LPS significantly
increased nitrate accumulation 24 h later, and this accumulation of nitrite was blocked by L-
NIL. (C) No IDO mRNA was detected in microglia incubated for 4 h in medium (>40
amplification cycles). However, IFNγ + LPS increased expression of steady-state IDO
transcripts by over a 1,000-fold, and this increase in IDO mRNA was not affected by L-NIL
(Ct cycles for IFNγ + LPS treatment were 29 ± 0.7 in the absence of L-NIL and 29 ± 0.3 in the
presence of L-NIL). (D) IDO enzymatic activity in microglia was increased by the combination
of IFNγ + LPS, and this increase was not affected by inhibition of iNOS. ** p < 0.01 compared
to control medium. Each bar represents the mean ± SEM of results from 3 separate experiments.
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