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Abstract
Inflammation-induced activation of the tryptophan catabolizing enzyme indoleamine 2,3-
dioxygenase (IDO) causes depressive-like behavior in mice following acute activation of the innate
immune system by lipopolysaccharide (LPS). Here we investigated the mechanism of IDO
expression induced by LPS in primary cultures of microglia derived from neonatal C57BL/6J mice.
LPS (10 ng/ml) induced IDO transcripts that peaked at 8 h and enzymatic activity at 24 h, resulting
in an increase in extracellular kynurenine, the catabolic product of IDO-induced tryptophan
catabolism. This IDO induction by LPS was accompanied by synthesis and secretion of the
proinflammatory cytokines TNFα and IL-6, but without detectable IFNγ expression. To explore the
mechanism of LPS-induced IDO expression, microglia were pretreated with the c-Jun-N-terminal
kinase (JNK) inhibitor SP600125 for 30 min before LPS treatment. We found that SP600125 blocked
JNK phosphorylation and significantly decreased IDO expression induced by LPS, which was
accompanied by a reduction of LPS-induced expression of TNFα and IL-6. Collectively, these data
extend to microglia the property that LPS induces IDO expression via an IFNγ-independent
mechanism that depends upon activation of JNK. Inhibition of the JNK pathway may provide a new
therapy for inflammatory depression.

Keywords
Neuroinflammation; Indoleamine 2,3-dioxygenase; Lipopolysaccharide; c-Jun-N-terminal kinase;
Primary microglia

© 2009 Elsevier Inc. All rights reserved.
*Corresponding authors: Keith W. Kelley, 227 Edward R. Madigan Laboratory, 1201 W. Gregory Dr., University of Illinois at Urbana-
Champaign, Urbana, IL 61801-3873. Tel: (217) 333-5141, Fax: (217) 244-5617, kwkelley@illinois.edu or Yunxia Wang, 800 Xiangyin
Road, Department of Nautical Medicine, Second Military Medical University, Shanghai, China 200433, crazyfishing08@hotmail.com.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Brain Behav Immun. Author manuscript; available in PMC 2011 February 1.

Published in final edited form as:
Brain Behav Immun. 2010 February ; 24(2): 201. doi:10.1016/j.bbi.2009.06.152.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Introduction
Toll-like receptors (TLRs) are important mediators of neuroinflammation and tissue damage
during infectious and non-infectious diseases of the central nervous system (CNS) (Carpentier
et al., 2008). Microglia are known to be key cellular mediators of neuroimmune responses, that
constitutively express a wide complement of TLRs (Bsibsi et al., 2002). 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). In the absence of inflammatory stimuli, microglia
are quiescent even though they are actively involved in immune surveillance (Nimmerjahn et
al., 2005; Soulet and Rivest, 2008). Once activated, microglial cells display macrophage-like
capabilities including phagocytosis, antigen presentation and inflammatory cytokine
production (Garden and Moller, 2006).

Chronic inflammation is often associated with clinical depression (Evans et al., 2005; Adler et
al., 2008; Dantzer et al., 2008a,b). Recent studies have focused on potential mechanisms that
might link inflammation-induced depression to tryptophan metabolism, particularly in the
brain, where a reduction in the bioavailability of tryptophan could affect serotoninergic
neurotransmission and play a synergistic role in the induction of depressive symptoms (Widner
et al., 2002; Neumeister, 2003; Fitzgerald et al., 2008). A pivotal protein that has recently been
shown to be required for development of inflammation-induced depressive-like behavior in
mice is indoleamine 2,3-dioxygenase (IDO), the first rate-limiting tryptophan-degrading
enzyme in the kynurenine pathway (Raison et al., 2006; O’Connor et al., 2009a,b). Activation
of this enzyme by inflammatory signals leads to an increase in the kynurenine/tryptophan ratio
in plasma and the generation of neuroactive mediators, including 3-hydroxykynurenine (3-HK)
and quinolinic acid (QUIN) (Guillemin et al., 2005). High levels of 3-HK and QUIN induce
neuronal damage via oxidative stress (Lehrmannn et al., 2008) and over stimulation of N-
methyl-D-aspartate (NMDA) receptors (Guillemin et al., 2005; Spalletta et al., 2006). In animal
studies, inhibition of IDO abrogates depressive-like behaviors induced by acute (O’Connor et
al., 2009a) or chronic inflammation (O’Connor et al., 2009b). IFNγ is the predominant cytokine
implicated in the induction of IDO (O’Connor et al., 2009c). However, subsequent studies have
identified IFNγ-independent pathways, including TNFα and lipopolysaccharide (LPS), which
are capable of inducing IDO activity (Fujigaki et al., 2006; Jung et al., 2007; Connor et al.,
2008). The IFNγ-independent up-regulation of IDO was first described in the LPS model of
immune activation in human acute monocyte leukemia cell line THP-1 (Fujigaki et al.,
2001). However, it is not known if this property of IDO induction extends to primary microglia.
Furthermore, the signal transduction mechanisms responsible for IFNγ-independent induction
of IDO following exposure to LPS require further investigation.

In dendritic cells, Jung et al. (2007) recently reported that LPS induces IDO expression via an
IFNγ-independent mechanism. In this system, c-Jun-N-terminal kinase (JNK) was required for
LPS to induce IDO in the absence of IFNγ. Sickness behavior always precedes development
of depressive-like behavior induced by an acute inflammatory stimulus, and we previously
demonstrated that infusion of a specific JNK inhibitor i.c.v. completely blocks TNFα-induced
sickness behavior (Palin et al., 2008). Since IDO is primarily expressed by activated microglia
in the brain, we queried whether JNK is also involved in LPS-induced expression of IDO in
these cells. These experiments establish that the JNK pathway plays a critical role in the
microglial induction of IDO expression and activity following LPS stimulation via an IFNγ-
independent mechanism.
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Materials and methods
Reagents

Fetal bovine serum (FBS; <0.25 EU/ml endotoxin), 0.25% trypsin, Dulbecco’s modified
Eagle’s 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) and the CytoTox96 non-radioactive cytotoxicity kit (cat# G1781) was
from Promega Corporation (Madison, WI). Enzyme-linked immunosorbent assay (ELISA) kits
were from R&D Systems (Wiesbaden, DE). Rabbit polyclonal antibodies (IgG) specific for
JNK (cat# 9252) and phosphorylated JNK (p-JNK, cat# 9251) were purchased from Cell
Signaling Biotechnology (Danvers, MA), whereas the secondary horseradish peroxidase
(HRP)-linked donkey anti-rabbit antibody (NA934V) was purchased from GE Healthcare
Biosciences (Piscataway, NJ). The JNK inhibitor SP600125 (cat# 420119) was obtained from
Calbiochem (USA). Purity of primary microglia was confirmed with a rat FITC-labeled anti-
mouse CD11b (IgG2b, 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 assay kit (cat# 500-0113, 0114, 0115) and Immun-Blot polyvinylidene
difluoride (PVDF, cat# 162-0177) membranes were from Bio-Rad (Hercules, CA). ECL
Western blotting detection reagents (cat# RPN2106V1 and RPN2106V2) were from GE
Healthcare Little Chalfont (Bucks, UK). TRIzol reagent was purchased from Invitrogen Life
Technologies (Carlsbad, CA). Ambion (cat# 1710) reverse transcriptase kit, Ambion’s DNA-
free™ DNase treatment and removal reagents (cat# AM1906), RT-PCR primers for TNFα
(cat# Mm00443258_m1), IL-6 (cat# Mm00446190_m1), IFNγ (cat# Mm00801778_m1), IDO
(cat# Mm00492586_m1), KMO (cat#Mm00505511_m1), KYNU (cat# Mm0051012_m1),
KAT (cat# Mm00496169.m1), HAO (cat# 005177945_m1), IL-1β (cat# Mm00434228_m1)
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH; cat# Mm999999_g1) were all
obtained from Applied Biosystems. 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 purchased from Sigma-Aldrich. (St. Louis,
MO). L-cell conditioned medium used to culture primary microglia was obtained from L-929
cells obtained from 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 neonatal C57BL/6J
mice. After removal of the meninges, brains were mechanically minced and dissociated with
0.25% trypsin/0.5 mM EDTA. After inactivation of trypsin, the tissue suspension was passed
through a 70 µm nylon cell strainer. This cell suspension was centrifuged at 100 × g for 15
min. Cell pellets were resuspended in DMEM supplemented with 10% heat-inactivated FBS
and plated in poly-L-lysine pre-coated culture flasks. Cultures were maintained at 37°C in a
humidified atmosphere containing 5% CO2, with the culture medium being changed twice
weekly.

Cells became confluent by 15–20 days at which time microglial cells were separated from
astrocytes by shaking the flasks for 1 h at 37°C on an Orbital platform shaker (Model Annova
2000; New Brunswick Scientific, Edison, NJ) at 150 rpm. Isolated microglia were collected
and cultured in 20% (v:v) L-929-cell conditioned medium (LCCM) for 7–10 days. The LCCM
provided a source of colony stimulating factors. Purity of microglia was confirmed as > 95%
CD11b+ cells, as verified by flow cytometry using previously described techniques (Liu et al.,
1999; Shen et al., 2002).
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Primary microglia were treated with 10 ng/ml LPS, the optimal concentration to stimulate
expression of IDO, in DMEM supplemented with 2% FBS. At various times following addition
of LPS, supernatants were collected and stored at −80°C for measurement of kynurenine and
cytokines. Cells were washed twice with cold PBS and stored at −80°C for isolation of mRNA,
Western blot and IDO enzymatic activity. For inhibition of JNK, cells were pre-incubated with
SP600125 for 30 m and then treated with 10 ng/ml LPS for 0, 15, 30 and 60 m. Cell viability
was evaluated using both trypan blue staining and the amount of lactate dehydrogenase (LDH)
released into the culture medium by CytoTox96 non-radioactive cytotoxicity kit.

RNA extraction and reverse transcription
Total RNA was extracted from cultured microglial using TRIzol reagent as previously
described (O’Connor et al., 2009b). Total mRNA (1–2 µg) was reverse transcribed using
reverse transcriptase kits from Ambion according to the manufacturer’s description. Briefly,
RNA (1–2µg) was pretreated with DNA-free™ DNase treatment at 37°C for 20–30 min. RNA
samples were incubated with a mixture containing a mixture of dNTPs, random primers, 1×
first-strand buffer, a rRNase inhibitor, MMLV reverse transcriptase and water to a final volume
of 20 µl at 44°C for 1 h, followed by 10 min at 92°C to inactivate the reverse transcription
reagents.

Real-time RT-PCR
Real-time RT-PCR was used to quantify mRNA as the number of target gene cycle
amplifications, as described previously (O’Connor et al., 2009a).

Enzyme-linked immunosorbent assays (ELISAs)
IL-6 and TNFα were measured with validated specific ELISA assays according to the
manufacturer’s instructions. Briefly, adding 100 µl of each sample in duplicate to ELISA plates
pre-coated with an IL-6 or a TNFα capture antibody. Recombinant murine IL-6 and TNFα
standards ranged from 0 to 1000 pg/ml, and the lower assay limit of detection is 16 pg/ml.
Absorbance was measured on an OPTImax ELISA plate reader. IL-6 and TNFα concentrations
were expressed as picograms per milliliter.

Determination of IDO activity
Cultured microglial cells were stimulated with 10 ng/ml LPS for 24 h in DMEM supplied with
2% FBS. Thereafter, cells were washed and homogenized with ice-cold lysing buffer (140 mM
KCl, 20 mM potassium phosphate buffer, pH 7.0) with a cocktail of protease inhibitors
compound as previously described (Lestage et al., 2002). IDO enzymatic activity was measured
in cell lysates that were extracted with lysing buffer described above. The amount of protein
in all samples was adjusted to 30 µg/ml. IDO activity was determined as described previously,
with minor modifications (Sono, 1989; Lestage et al., 2002). Briefly, microglial cell lysates
(50 µl) were incubated with 200 µl of assay buffer (400 µM L-tryptophan, 20 mM ascorbate,
10 µM methylene blue, 100 µg catalase, in 50 mM potassium phosphate buffer pH 6.5) at 37°
C for 1 h. The reaction was stopped by adding 50 µl of 10% sulfosalicylic acid solution (SSA)
and then incubated for an additional 30 min at 50 °C to hydrolyze N-formylkynurenine to L-
kynurenine. The reaction mixture was then centrifuged at 13,000 × g for 10 min at 4°C and
filtered through 0.2 µM filter tubes at 13,000 × g for 5 min. Kynurenine was analyzed by high-
pressure liquid chromatography (HPLC), as previously described (O’Connor et al., 2009a).

Measurement of kynurenine by HPLC
Kynurenine in the microglial conditioned medium or formed in the enzymatic activity reaction
was determined by HPLC, as described previously (O’Connor et al., 2009a). Briefly, cell
culture medium supernatant (50 µl) was mixed with a solution of 10% sulfosalicylic acid
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solution (10 µl) and allowed to precipitate proteins on ice for 30 min. Samples were centrifuged
at 12,000 × g for 10 min at 4°C, diluted, then analyzed for kynurenine content using HPLC.

Western blot analysis
Western blotting experiments were conducted as per our previously described technique (Strle
et al., 2006). Primary antibodies specific to phosphorylated JNK or JNK (1:1000 dilution) were
incubated overnight. Membranes were then incubated for 1 h at room temperature with a
secondary antibody coupled to horseradish peroxidase (HRP)-conjugated donkey anti-rabbit
IgG antibodies at a dilution of 1:2000. Finally, membranes were developed with an enhanced
chemiluminescence ECL Western Blot Detection Reagent. Blots were covered with
transparency film and then were inserted into a Fujifilm LAS-4000 System configured for
multifunctional analysis (Fujifilm, Life Science, Stamford, CT). Densitometric analysis of
autoradiographs was performed using publically available IMAGE-J software from the
National Institutes of Health (Bethesda, MD). Densitometric summaries were expressed as
ratios of phosphorylated JNK to total JNK.

Statistical analysis
Data were analyzed using a one-way (treatment) or two-way (pretreatment × treatment)
ANOVA, followed by a post-hoc pairwise multiple comparison using Fisher’s least significant
difference test if the interaction was significant. All data are presented as means ± SEM.

Results
LPS induces expression of IDO in the absence of IFNγ transcripts in primary microglia

We previously established that LPS given i.p. induces expression of IDO in the brain
(O’Connor et al., 2009b), but the type of cell in the CNS that produces IDO was not identified.
Here we used real-time RT-PCR to determine whether LPS induces IDO steady-state
transcripts in primary murine microglial cells. Preliminary experiments established that 10 ng/
ml LPS reliably induced IDO as well as proinflammatory cytokine mRNAs in these cells. As
shown in Fig. 1, IDO mRNA could not be detected in microglia prior to addition of LPS (40
amplification cycles). However, within 4 h of addition of LPS, IDO expression was strongly
enhanced (p < 0.01) in a time-dependent manner. LPS-induced IDO mRNA peaked at 8 h (p
< 0.01) and remained elevated (p < 0.01) 24 h later. Importantly, this LPS-induced expression
of IDO did not require synthesis of IFNγ because no IFNγ mRNA could be detected in LPS-
stimulated microglia at any time point (40 amplification cycles). This finding is consistent with
the recent report of Hoshi et al. (2009) who reported that neuronal IDO is clearly up-regulated
in IFNγ KO mice. IDO mRNA was also measured in primary microglia isolated from IDO KO
mice. In either the absence or presence of LPS, no IDO mRNA could be detected (40
amplification cycles). These data establish an in vitro model using primary mouse microglia
in which LPS is able to induce IDO mRNA through an IFNγ-independent mechanism.

LPS increases IDO enzymatic activity in primary murine microglia
To evaluate whether primary murine microglia produce functional IDO, we determined IDO
enzymatic activity by measuring the amount of kynurenine formed following incubation of
microglial lysates with exogenous L-tryptophan (Fig. 2). These experiments showed that IDO
enzymatic activity was augmented, as assessed by an increase in (p < 0.01) the amount of
kynurenine produced from tryptophan following exposure to LPS for 24 h.

Extracellular kynurenine is increased by LPS
Intracelluar kynurenine is actively transported from cells via membrane bound L-type amino
acid transporters (LAT) which mediates tryptophan influx/kynurenine efflux exchange
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(Ruddick et al., 2006; Kaper, 2007). To determine if IDO activation in microglia could
metabolize tryptophan to kynurenine in microglia, we measured the accumulation of
extracellular kynurenine from LPS-treated microglia since tryptophan is in excess in the culture
medium. As shown in Fig. 3A, the amount of kynurenine in the culture medium increased with
time following exposure to LPS (main effect, p = 0.054). By 8 and 16 h, kynurenine levels
were enhanced (p < 0.01) compared to medium control. By 24 h, however, extracellular
kynurenine no longer accumulated and began to decline. Three enzymes are known to
catabolize kynurenine: kynurenine 3-monooxygenase (KMO), kynureninase (KYNU), and
kynurenine aminotransferase (KAT). One of the metabolic products of kynurenine, 3-
hydroxyanthranilic acid, can be degraded further by 3-hydroxyanthrailic acid oxygenase
(HAO). To explore the possibility that kynurenine was further degraded by these downstream
enzymes in the kynurenine pathway, we determined if LPS increased their expression in a time-
dependent manner. As shown in Fig. 3B, within the first 4 h following addition of LPS,
expression of KMO (P<0.05) and KYNU (P<0.01) were strongly enhanced, and these
transcripts disappeared by 24 h. Neither KAT nor HAO was inducible by LPS (data not shown).
These experiments demonstrate that LPS activation of IDO not only leads to a fairly rapid
increase in extracellular kynurenine but also to increased expression of two enzymes, KMO
and KYNU, that convert kynurenine to downstream active metabolites.

LPS-induced IDO expression is abrogated by a JNK inhibitor in primary microglia
A variety of signaling pathways are activated in response to LPS, including JNK (Lee and Lim,
2009). We have already established JNK to be critical for the development of sickness behavior
(Palin et al., 2008). Here we examined whether JNK is also involved in LPS-induced expression
of IDO in primary mouse microglia. We first confirmed that JNK is activated by LPS by
performing time course experiments on LPS-induced JNK activation. Primary microglia were
incubated with LPS (10 ng/ml) for 15, 30 and 60 min respectively. Phosphorylation of JNK
was determined by probing membranes with a polyclonal antibody against phospho-JNK, as
determined by phosphorylation of residues Thr183/Tyr185. Membranes were then stripped
and reprobed with antibodies specific for total JNK to ensure that an equal amount of JNK
protein was loaded into each lane of the SDS-PAGE gels and subsequently transferred to PVDF
membranes. We found that LPS increased Thr183/Tyr185 phosphorylation of JNK in a time-
dependent manner, with maximal phosphorylation of JNK after 60 min (data not shown).
Phosphorylation of JNK by LPS stimulation often peaks within 60 min in several cellular
system (Gong et al., 2008; Pocivavsek et al., 2009, Tanaka et al., 2008), so a timeline of 60
min was selected for future experiments with JNK phosphorylation.

Next, we tested whether the well-known JNK inhibitor, SP600125, would affect LPS-induced
IDO expression. In these experiments, microglial cells were pretreated with SP600125 (12
µM) for 30 min prior to treatment with LPS for another 60 min. JNK is expressed as three
isoforms (JNK1, JNK2 and JNK3), and all three JNK isoforms have been reported in microglia
(Hidding et al., 2002). Consistent with these earlier results, we detected the three isoforms of
phosphorylated JNK with a molecular mass ranging from 46 and 54 kDa. We found that
suppression of all three isoforms of phospho-JNK, but not the JNK proteins, was reduced (p
< 0.01) by SP600125. The data and statistical analysis therefore summarizes the results from
all three JNK isoforms. These data confirmed that SP600125 significantly inhibits
phosphorylation of JNK following exposure to LPS in primary murine microglia (p < 0.01;
Figs. 4A and B).

We hypothesized that inhibition of phospho-JNK would impair the ability of LPS to induce
IDO. In order to do so, we first confirmed that SP600125 inhibits LPS-induction of
proinflammatory cytokines, as has been recently reported in microglia (Jang et al., 2008). We
found that the LPS-induced expression of both TNFα transcripts (data not shown) and protein
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(p < 0.01; Fig. 5B), as well as mRNA for IL-6 (data not shown) and IL-6 protein (p < 0.01;
Fig. 5C), was significantly inhibited by SP600125. IL-1β mRNA was also induced by LPS and
inhibited by SP600125 (data not shown). Because of the requirement to add ATP to induce
processing and secretion of the mature IL-1β protein (Mingam et al., 2008), the effect of
SP600125 on IL-1β protein was not measured. The critical question was whether IDO
expression is also inhibited by SP600125. We found that LPS-induced IDO was abrogated by
the JNK inhibitor (p < 0.01; Fig. 5A) indicating that JNK pathway is involved in expression
of IDO in primary murine microglial cells. Importantly, neither SP600125 alone nor the diluent
in which it was prepared (1% DMSO) affected viability of the cells, as determined by measuring
both the proportion of trypan blue-positive cells and the release of lactate dehydrogenase into
the culture medium. These data clearly demonstrate that the JNK signaling pathway is critical
for the LPS-induced expression of IDO and proinflammatory cytokines.

Discussion
These experiments establish that LPS induces IDO expression in the absence of detectable
IFNγ in primary murine microglial cells. This IFNγ-independent pathway involves the MAPK
JNK because blockade of LPS-induced JNK signaling abrogates LPS-induced IDO expression.
Collectively, these new data extend the emerging concept that IDO can be induced by LPS
through an IFNγ-independent mechanism and that microglia are important cellular constituents
in this process.

The amino acid tryptophan is the precursor of serotonin and melatonin following activation of
tryptophan hydroxylase, and tryptophan serves as the precursor of kynurenine following
activation of IDO or hepatic tryptophan 2,3-dioxygenase (TDO; Ruddick et al., 2006). When
tryptophan is diverted down the kynurenine pathway, there is less substrate available to form
serotonin and melatonin. Although kynurenine lacks biological activity (Capuron et al.,
2002; Ruddick et al., 2006), it serves as a substrate that yields several neuroactive metabolites,
including kynurenic acid (KA) and quinolinic acid (QUIN; Guillemin et al., 2005).
Inflammation-mediated dysregulation of the kynurenine pathway has been implicated as a
contributor to a number of major brain disorders (Pérez-De La Cruz et al., 2007), including
depression (Dantzer et al., 2008a).

IDO is the first rate-limiting enzyme in the synthesis of kynurenine and is required to mediate
depressive-like behavior in response to infection with Bacille Calmette-Guérin (BCG;
O’Connor et al., 2009b). IFNγ is a major inducer of IDO since IFNγ receptor KO mice do not
develop depressive-like behavior following exposure to BCG (O’Connor et al., 2009c)
However, IFNγ-independent pathways of IDO activation have recently been reported (Fujigaki
et al., 2006; Jung et al., 2007; Connor et al., 2008). Several studies have suggested that a
functional kynurenine metabolic pathway exists within the CNS (Gál and Sherman, 1980;
Stone and Connick, 1985). Several cell types in the CNS express IDO, but only microglia
maintain all the enzymes required to produce 3-hydroxykynurenine (3-HK) and QUIN
(Guillemin et al., 2001, 2005). Our previous experiments demonstrated that LPS given i.p.
induces expression of IDO in the brain (O’Connor et al., 2009a), but the type of cell that
produces IDO in the brain was not identified. Here we focused on the modulation of IDO
expression by LPS in primary mouse microglia.

Microglia are CNS tissue resident macrophages, and their activation by LPS is one of the first
to be described in the literature (Hetier et al., 1988). LPS has been shown to induce IDO
expression in primary rat glial cultures without an increase in detectible IFNγ (Agaugue et al.,
2006; Connor et al., 2008). Microglia, as well as astrocytes, endothelial cells, and neurons, are
all capable of producing IDO (Dantzer et al., 2008a). However, only microglia maintain all the
enzymes required to produce 3-hydroxykynurenine (3-HK) and QUIN (Guillemin et al.,
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2001, 2005). IDO expression can be induced in primary murine microglia with stimuli such as
TNFα, LPS, and IFNγ, but the receptor signaling mechanism for IDO induction has not been
determined (Kwidzinski et al., 2005; Yadav et al., 2007). Here we report IDO gene expression,
activity and regulatory mechanisms by LPS in activated primary murine microglia. Our results
showed that LPS significantly induces expression of IDO mRNA and enzymatic activity.
Accordingly, extracellular kynurenine levels in LPS-treated microglia conditioned medium
increased at 8 h and 16 h following addition of LPS. This result is interpreted to mean that
functional tryptophan catabolism via the kynurenine pathway exists in activated microglia in
the absence of IFNγ. We expected that kynurenine in the extracellular fluid would continue to
increase at 24 h because IDO activity was elevated at 24 h. However, extracellular kynurenine
following incubation with LPS was not elevated at 24 h and began to decline. There are several
downstream enzymes that catabolize kynurenine and its metabolites, which include KAT,
KMO, KYNU and HAO. Because these enzymes further degrade kynurenine formed by IDO,
kynurenine concentration can decline (Chiarugi et al., 2000; Kujundzic and Lowenthal,
2008). By measuring the expression of these downstream enzymes in the kynurenine pathway,
we found that KMO and KYNU, but not KAT or HAO, were markedly enhanced by LPS in
an identical time-dependent manner as IDO expression. Increased expression of the
kynurenine-degrading enzymes KMO and KYNU, could contribute to the reduction in
kynurenine in the extracellular fluid at 24 h.

It is widely accepted that IFNγ is an essential factor for IDO induction because IFNγ induces
IDO in many types of cells (Hassanain et al., 1993; Chon et al., 1995). However, recent studies
have demonstrated that IDO expression can be regulated by other inflammatory stimuli,
including TNFα and LPS (Connor et al., 2008; Nisapakultorn et al., 2009). These data indicate
that IDO can be up-regulated by both IFNγ–dependent and an independent pathway, but the
mechanism for the latter has not been identified (Fujigaki et al., 2006; Jung et al., 2007). Some
authors have reported that IFNγ can be induced in microglia (De Simone et al., 1998; Suzuki
et al., 2005). However, in these reports, only IFNγ transcripts were detected with very little or
no IFNγ protein. Our data demonstrate that IDO induction by LPS does not require synthesis
of IFNγ because no IFNγ transcripts could be amplified in any treatment at any time point.
These results are consistent with those of Connor et al. (2008) and Agaugue et al. (2006) who
also reported that no IFNγ could be detected in rat glia or dendritic cells following LPS
stimulation. Therefore, these data extend the developing concept that IDO can be induced by
LPS in an IFNγ–independent mechanism in murine microglia (Fujigaki et al., 2001, 2006;
Jung et al., 2007; Connor et al., 2008).

Although we have repeatedly demonstrated that LPS increases IFNγ in plasma and IFNγ
mRNA in the brain (André et al., 2008; O’Connor et al., 2009a), Roche et al. (2006) reported
that mature IFNγ protein could not be detected in the brains of LPS-treated rats. The most likely
mediators of IFNγ-independent IDO expression in microglia are TNFα and IL-1β. Expression
of mRNA transcripts for both TNFα and IL-1β appear earlier than those for IDO in the
hippocampus of LPS-treated mice (André et al., 2008). The anti-depressant bupropion
significantly reduces LPS-induced elevations in plasma TNFα and IL-1β (Brustolim et al.,
2006). Mice that lack systemic and central expression of either type of TNF receptor develop
an anti-depressant phenotype even in the absence of an exogenous inflammatory stimulus
(Simen et al., 2006). Similarly, in a different model of inflammation-induced depressive-like
behavior using Mycobacterium bovis, we recently reported that pretreatment of mice with a
TNFα antagonist inhibits both IDO activation and depressive-like behavior (O’Connor et al.,
2009c). Stronger evidence exists for a role of IL-1. Chronic stress exposure, which induces
IL-1β in the hippocampus, induces depressive-like behaviors that are blocked by
overexpression of the IL-1 receptor antagonist in the brain and in mice lacking the type I IL-1
receptor (Koo and Duman, 2008; Goshen et al., 2008).
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Similar to all myeloid cells, microglia respond strongly to an LPS challenge with the release
of a multitude of cytokines (Rivest, 2003). These effects are mediated by TLR4, a member of
the TLR family (Takeda et al., 2003). Downstream of TLR4 activation is a complex signaling
cascade involving MyD88, IRAK, ERK, p38, and JNK kinase activation (Laflamme and
Rivest, 1999; Takeda et al., 2003). JNK plays a critical role in neurodegeneration and apoptosis
(Hidding, et al., 2002; Gao and Ji, 2008). Inhibition of JNK activity diminishes excitotoxic
neuronal loss associated with ischemic brain insults (Borsello et al., 2003; Repici et al.,
2007). We previously demonstrated that a JNK inhibitor blocks TNFα-induced sickness
behavior (Palin, et al., 2008). Because JNK has been shown to be required for IDO expression
in CD11c+ dendritic cells following LPS stimulation (Jung et al., 2007), we tested the
possibility that LPS-induced JNK promotes expression of IDO in primary microglia. We used
SP600125 because it is a potent, cell-permeable, selective and reversible inhibitor of JNK. It
competitively targets the ATP binding site of JNK1, JNK2, and JNK3, exhibiting over 300-
fold greater selectivity for JNK as compared to ERK1 and p38. Our previous experiments
(Strle et al., 2006) have demonstrated that SP600125 (10 µM) acts just like a novel I-JNK
transduction protein to block the JNK activator anisomycin. The results showed that SP600125
significantly inhibits the phosphorylation of JNK residues Thr183/Tyr185 induced by LPS in
primary murine microglia, indicating the inhibitor was very effective. Since SP600125 also
blocked LPS-induction of IDO in microglia, it is likely that JNK is implicated in the
development of inflammation-induced depressive-like behavior. As a positive control, we also
queried whether JNK is needed for LPS-induced expression of proinflammatory cytokines. As
expected, inhibition of JNK reduced the amount of TNFα and IL-6 synthesized in response to
LPS. A report by Fujigaki et al. (2006) demonstrated that JNK signals can directly activate the
transcription factor AP-1 or indirectly activate NFκB through downstream proinflammatory
cytokines. These investigators established that there are multiple AP-1 and NFκB sites in the
human IDO promoter. Preliminary sequencing and analysis (data not shown) in our laboratory
indicates that most of these sites are conserved in the murine IDO promoter. Therefore, both
AP-1 and NFκB, acting separately or synergistically, are potential regulatory elements for
murine IDO. It is important to note that neither SP600125 alone nor the diluent in which it was
prepared (1% DMSO) impaired cell viability. These data clearly demonstrate that JNK is
involved in the up-regulation of LPS-induced IDO transcripts in primary murine microglia.

In conclusion, these data provide new insights into the IFNγ-independent mechanism of IDO
gene expression. These results are the first to demonstrate that JNK is potently involved in
LPS-induced expression of IDO in primary mouse microglia, thereby defining a TLR4 receptor
signaling pathway that activates IDO in the complete absence of IFNγ. Inhibition of the JNK
pathway may even provide a new approach for managing inflammation-induced depression
(Manning and Davis, 2003). Indeed, these results are likely to extend to other important
biological events in the brain such as ischemia. For example, recent results have established
that mice deficient in TLR4 receptors (C3H/HeJ) have reduced CNS inflammatory responses,
less brain damage and improved behavioral responses compared to normal (C3H/HeN) mice
following restraint stress prior to permanent middle cerebral artery occlusion (Caso et al.,
2007, 2008). A better understanding of the role of key signaling mediators like JNK in sickness
behavior, depression, and a variety of neurological disorders could aid the development of
novel pharmacological agents that might be used to treat inflammation-associated mental
health disorders.
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Fig. 1. Induction of IDO Transcripts by LPS in a Time-Dependent Manner in Primary Murine
Microglia
IDO transcripts in microglia are induced by LPS in a time-dependent manner. Primary murine
microglia were treated with LPS (10 ng/ml) for 4, 8, 16 and 24 h. Data were normalized to
mRNA expression of GAPDH. No IDO mRNA was detected at time zero (>40 amplification
cycles). Each bar represents the mean ± SEM of results from 3 independent experiments. ** p
< 0.01 compared to time zero (Ct cycles for LPS treatment were 32.0 ± 0.3, 32.3 ± 0.5, 31.5 ±
0.4, 33.1 ± 0.60, respectively, for different time points from 4 to 24 h)
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Fig. 2. LPS Increases IDO Activity in Microglia
LPS increases IDO enzymatic activity. Primary mouse microglia were treated with LPS (10
ng/ml) for 24 h. IDO enzymatic activity was determined by measuring the amount of KYN
formed upon incubation of microglial lysates with exogenous L-tryptophan. IDO enzymatic
activity was expressed as kynurenine formed per hour for per miligram of protein. Data were
expressed as mean ± SEM of 3 separate experiments. ** p < 0.01 compared to control medium
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Fig. 3. Extracellular kynurenine, KMO and KYNU mRNA Induced by LPS
LPS increases extracellular kynurenine and induces kynurenine 3-monooxygenase (KMO) and
kynureninase (KYNU) expression. Microglial cells were treated with LPS (10 ng/ml), and both
culture medium and cells were collected 4, 8, 16 and 24 h later. Kynurenine was measured in
the conditioned medium using HPLC and KMO and KYNU mRNA expression in the cells
were analyzed using real time RT-PCR. (A) Accumulation of kynurenine in conditioned
medium. (B) Time course of KMO and KYNU transcripts. Data were normalized to mRNA
expression of GAPDH. No KMO mRNA was detected at time zero (>40 amplification cycles).
Constitutive KYNU mRNA was expressed in microglial cells at baseline (Ct cycle was 32.1
± 0.1 at time zero). Both KMO and KYNU were inducible with LPS treatment. Ct cycle for
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LPS treatment for KMO was 33.9 ± 0.4, 33.1 ± 0.4, 35.8 ± 0.7, respectively for different time
points from 4 to 24 h) and Ct cycle for LPS treatment for KYNU was 29.8 ± 0.1, 29.0 ±0.4,
31.2 ± 0.4, respectively for different time points from 4 to 24 h). Data were expressed as mean
± SEM of 3 separate experiments. * p < 0.05, ** p < 0.01 compared to time zero.
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Fig. 4.
The SP600125 JNK inhibitor abrogates Thr183/Tyr185 phosphorylation of JNK caused by
LPS. Primary mouse microglia were treated with LPS (10 ng/ml) in the presence or absence
of SP600125 (12 µM) for 30 m, and cell lysates were collected for JNK phosphorylation
analysis by Western blotting. (A) A representative Western blot showing results with
microglial cells after pretreatment with SP600125 for 30 min and then incubated with or
without LPS for 60 min. (B) Densitometric summary of Western blots from four independent
experiments. Densitometric summaries were calculated as the ratio of phosphorylated JNK to
total JNK. Figs. 4A and 4B demonstrate that SP600125 significantly abrogated Thr183/Tyr185
phonsphorylation of JNK activated by LPS in primary murine microglia. ** p < 0.01 compared
with control medium; ## p < 0.01 compared with LPS treatment.
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Fig. 5. IDO, TNFα and IL-6 Expression by LPS
IDO and inflammatory cytokine expression induced by LPS are blocked by pretreatment with
the SP600125 JNK inhibitor. Primary murine microglial cells were pretreated with SP600125
(12 µM) for 30 min and then incubated with or without LPS (10 ng/ml) for 6 h. SP600125
inhibited LPS-induced (A) IDO, (B) TNFα and (C) IL-6 expression. Values are means ± S.E.M.
obtained from three separate experiments. *p < 0.05 ** p < 0.01 compared with medium
control; #P < 0.05 ## P < 0.01 compared with LPS treatment.
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