1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
Brain Behav Immun. Author manuscript; available in PMC 2016 November O1.

-, HHS Public Access
«

Published in final edited form as:
Brain Behav Immun. 2015 November ; 50: 115-124. doi:10.1016/j.bbi.2015.06.022.

Indoleamine 2,3-dioxygenase-dependent neurotoxic kynurenine
metabolism mediates inflammation-induced deficit in
recognition memory

Jillian M. Heisler and
Department of Pharmacology and the Center for Biomedical Neuroscience in the School of
Medicine, University of Texas Health Science Center at San Antonio, San Antonio, TX 78229

Jason C. O’Connor”

Department of Pharmacology and the Center for Biomedical Neuroscience in the School of
Medicine, University of Texas Health Science Center at San Antonio, San Antonio, TX 78229 and
Audie L. Murphy VA Hospital, South Texas Veterans Health Care System San Antonio, TX 78229

Jillian M. Heisler: HeislerJ@uthscsa.edu; Jason C. O’Connor: oconnorj@uthscsa.edu

Abstract

Cognitive dysfunction in depression is a prevalent and debilitating symptom that is poorly treated
by the currently available pharmacotherapies. Research over the past decade has provided
evidence for proinflammatory involvement in the neurobiology of depressive disorders and
symptoms associated with these disorders, including aspects of memory dysfunction. Recent
clinical studies implicate inflammation-related changes in kynurenine metabolism as a potential
pathogenic factor in the development of a range of depressive symptoms, including deficits in
cognition and memory. Additionally, preclinical work has demonstrated a number of mood-related
depressive-like behaviors to be dependent on indoleamine 2,3-dioxygenase-1 (IDO1), the
inflammation-induced rate-limiting enzyme of the kynurenine pathway. Here, we demonstrate in a
mouse model, that peripheral administration of endotoxin induced a deficit in recognition
memory. Mice deficient in IDO were protected from cognitive impairment. Furthermore,
endotoxin-induced inflammation increased kynurenine metabolism within the perirhinal/entorhinal
cortices, brain regions which have been implicated in recognition memory. A single peripheral
injection of kynurenine, the metabolic product of IDO1, was sufficient to induce a deficit in
recognition memory in both control and IDO null mice. Finally, kynurenine monooxygenase
(KMO) deficient mice were also protected from inflammation-induced deficits on novel object
recognition. These data implicate IDO-dependent neurotoxic kynurenine metabolism as a
pathogenic factor for cognitive dysfunction in inflammation-induced depressive disorders and a
potential novel target for the treatment of these disorders.
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1. Introduction

Activation of the peripheral innate immune system and the production of proinflammatory
cytokines are now recognized as important contributors to neuropsychiatric illnesses,
specifically in the development of depressive symptoms including aspects of cognitive
impairment (Reichenberg, Yirmiya et al. 2001, Dantzer, O’Connor et al. 2008). Depressed
patients often exhibit increased plasma levels of proinflammatory cytokines compared to
healthy controls including tumor necrosis factor (TNF)-a, interleukin (IL)-6, and IL-13
(Dantzer, O’Connor et al. 2008, Dowlati, Herrmann et al. 2010). Further, administration of
cytokines, like interferon (IFN)-a, for the treatment of some cancers and viral infections has
been shown to induce symptoms of major depression in more than half of the patients
undergoing treatment (Capuron and Miller 2004). More recently, the administration of
bacterial endotoxin (lipopolysaccharide or LPS) has become a reliable experimental method
to activate the peripheral immune system in both human and animal studies to explore the
mediators linking a proinflammatory milieu to resultant depressive symptoms. A low dose
of endotoxin in healthy human volunteers was sufficient to increase TNF-a and IL-6 plasma
levels up to 4 hours after administration which coincided with an increase in depressed
mood and a decrease in memory functions in short term recall tests (Reichenberg, Yirmiya
et al. 2001). Furthermore, in rodents, administration of moderate doses of LPS (<1.0 mg/kg)
results in a characteristic sickness response including decreased food intake and reduced
locomotion which subsides by approximately 12—18 hours post-administration followed by
the development of depressive-like behaviors measured 24-28 hours post-LPS (O’Connor,
Lawson et al. 2009, Salazar, Gonzalez-Rivera et al. 2012, Walker, Budac et al. 2013).

There is growing evidence implicating the kynurenine pathway (KP) of tryptophan
metabolism as a key mediator of inflammation-related depressive symptoms (Fig. 1);
(Raison, Borisov et al. 2010, Dantzer, O’Connor et al. 2011). The majority of dietary
tryptophan is metabolized through the KP, and under certain pathological conditions
neurochemically active metabolites can be generated (Schwarcz, Bruno et al. 2012). During
normal homeostatic conditions, the predominantly hepatic enzyme tryptophan 2,3-
dioxygenase (TDO) is responsible for the initial step of the kynurenine pathway,
metabolizing tryptophan to N-formylkynurenine which is subsequently metabolized to
kynurenine. However, during proinflammatory conditions or after experimental
administration of LPS, the extra-hepatic enzyme indoleamine 2,3-dioxygenase (IDO) is
upregulated both in the periphery and the brain, and increases the production of kynurenine
(Andre, O’Connor et al. 2008). Kynurenine can subsequently be metabolized via two
distinct routes: via the kynurenine aminotransferases (KAT) yielding kynurenic acid
(KYNA) or via kynurenine monooxygenase (KMO), kynureninase (KYNU), and 3-
hydroxyanthranilic acid 3,4-dioxygenase (HAAO) to produce quinolinic acid (QUIN).
QUIN acts at N-methyl-D-aspartate (NMDA) receptors as an agonist and in the brain, KMO
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activity in microglia is the rate limiting step for the generation of QUIN (Schwarcz, Bruno et
al. 2012). KYNA, in addition to acting at NMDA receptors as an antagonist, also has
inhibitory activity at the a.7 nicotinic acetylcholine receptor (a7nAChR) (Schwarcz, Bruno
et al. 2012). Peripherally produced kynurenine readily crosses the blood brain barrier via
large neutral amino acid transporters providing the substrate for the production of these
neuroactive metabolites which could result in altered brain function.

Interestingly, cytokine induced depression was associated with reduced levels of tryptophan
and increased levels of kynurenine measured in serum (Capuron, Ravaud et al. 2002).
Furthermore, concentrations of kynurenine, QUIN and KYNA were increased in the
cerebrospinal fluid of patients receiving IFN-a therapy, and QUIN was positively correlated
with Montgomery-Asberg Depression Rating Scale scores (Raison, Dantzer et al. 2010).
Similarly, many LPS-induced depressive-like behaviors in mouse models are mediated by
IDO (O’Connor, Lawson et al. 2009, Salazar, Gonzalez-Rivera et al. 2012), and while both
peripheral immune challenge and disruption of the KP have been independently reported to
impair cognitive processes (Haba, Shintani et al. 2012, Pocivavsek, Wu et al. 2012), the
mechanistic role of IDO in mediating inflammation-induced cognitive dysfunction has not
been investigated.

The novel object recognition task assesses various aspects of learning and memory.
Experimental manipulations allow for investigations of encoding, consolidation and retrieval
(Ennaceur and Delacour 1988, Winters and Bussey 2005). Importantly, the perirhinal cortex,
a subdivision of the parahippocampal region, is the primary region responsible for
facilitating recognition memory. Lesion studies which ablate the function of the perirhinal
cortex have demonstrated that this region is necessary for normal performance of the novel
object recognition task (Ennaceur and Aggleton 1997, Mumby, Glenn et al. 2002, Norman
and Eacott 2004). Additionally, the entorhinal cortex (also a subdivision of the
parahippocampal region), the hippocampus and the medial prefrontal cortex, have all been
identified as important regulators of object recognition. Both hippocampus and medial
prefrontal cortex (mPFC) appear to be involved in object recognition tasks with a temporal
factor (Hammond, Tull et al. 2004, Cross, Brown et al. 2012). Hammond et al. found that
lesions to the hippocampus interfered with object recognition at a long delay (24h) but not a
short delay (5 min) (Hammond, Tull et al. 2004). Lesions to the mPFC do not affect a
simple object recognition task, however when several objects are presented in succession,
lesions to the mPFC interfere with discrimination of recency (i.e. which object did they
encounter most recently) (Cross, Brown et al. 2012). Here, we employed the novel object
recognition test to assess the effect of peripheral immune challenge on performance in a
cognitive task. We utilized mice with a targeted deletion of the IDO1 or KMO gene to
determine the mechanistic role of inflammation-induced upregulation of IDO1 and
neurotoxic kynurenine metabolism on cognitive performance in this task. These data are the
first to demonstrate a decrease in cognitive performance induced by peripheral immune
challenge which is mediated by IDO1 and downstream neurotoxic kynurenine metabolism.
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2. Methods

2.1. Mouse h

ousing and treatments

All animal care and use was carried out in accord with the Guide for the Care and Use of
Laboratory Animals, 8th edition (NRC) and approved by the Institutional Animal Care and
Use Committee. Wild-type control C57BL/6J (Jax Strain # 000664) mice and indoleamine
2,3 dioxygenase null (IDO —/-; B6.129-1do1™1AIM/j  Jax Strain #005867) mice originated
from The Jackson Laboratory (Bar Harbor, ME). KMO transgenic mice
(Kmo!m1a(KOMP)Wtsiy \vere obtained through the NIH knockout mouse program, University
of California-Davis repository, using a knockout first, conditional-ready design on a
C57BL6 background. They were maintained as heterozygous breeding pairs in an in-house
breeding colony to provide KMO**, KMO*~ and KMO™~. Wild type mice from Jackson
Laboratory were used to supplement the control group after baseline behavioral phenotypes
were confirmed to be no different (data not shown). The presence of the Kmo transgene
(KMO) was confirmed using PCR amplification of genomic DNA with the following
primers: 5-ACC AGT CAG CAG GTC CTT GTT T-3/,5-CGC GTC GAG AAG TTC
CTATTC C-3,5-AAC CCATGT TAC CGT CAC ACA C-3'. All experimental mice in
the present series of experiments were 12—-16 week old males and were individually housed
in standard microisolator-topped shoebox cages within a temperature and humidity
controlled facility with a modified 12:12 h reverse light cycle (lights on 23:00-11:00) and
were allowed ad libitum access to food and water. LPS isolated from E. coli (cat# L-3129,
serotype 0127:B8) was purchased from Sigma (St. Louis, MO) and injections were prepared
from 1 mg/ml stock solutions on the morning of injections. LPS was dissolved in sterile,
endotoxin-free 0.09% saline and injected i.p. at a dose of 0.5 mg/kg. LPS acutely induces a
transient sickness behavior response(O’Connor, Satpathy et al. 2005) followed by the
development of a distinct depressive-like behavioral phenotype in the forced swim test and
tail suspension test (O’Connor, Lawson et al. 2009, Corona, Huang et al. 2010). LPS was
administered immediately following the second day of habituation to the open field
chamber, 24 hours prior to training with the familiar objects. L-kynurenine (cat# K8265)
was purchased from Sigma (St. Louis, MO) and prepared on the morning of injections. Mice
received a single i.p. injection of 100 mg/kg L-kynurenine 30 minutes prior to training. This
interval is sufficient to allow for an increase in peripheral and central kynurenine
metabolites using peripherally administered L-kynurenine, as previously reported (Chiarugi,
Carpenedo et al. 1996).

2.2. Novel Object Recognition (Fig. 2A)

All behavioral testing was performed during the first 4 hours of the dark phase of the light
cycle in a dimly lit behavioral testing room. Beginning 4 days prior to training, mice were
handled for several minutes each day to acclimate to experimental manipulation and body
weights were recorded. Mice were habituated to the open field chamber used for both
training and testing to reduce any stress associated with being placed in a new environment.
Mice were allowed to explore the empty open field chamber for 10 minutes each of the 2
days prior to training. Twenty four hours after the second day of habituation, mice were
placed in the open field with two identical objects (amber 50 mL conical vials weighted with
clear plastic beads) placed an equal distance from the wall of the open field and

Brain Behav Immun. Author manuscript; available in PMC 2016 November 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Heisler and O’Connor Page 5

approximately 6 inches from each other. Mice were allowed to explore the objects for 7
minutes. Twenty four hours after training, mice were placed in the open field with one
familiar object (amber 50 mL conical) and one novel object (clear 50 mL conical weighted
with clear plastic beads). Both training and testing trials were recorded using an overhead
camera. Exploratory behavior was manually scored in a blinded manner, and interaction was
defined as direct sniffing of the object or touching the object with forepaws. The time spent
exploring each object was recorded for each animal during the 7 minute testing trial and the
discrimination index was calculated as: ([time exploring novel object] / [time exploring
novel object + time exploring familiar object]*100).

2.3. Tissue Collection

A separate group of mice was administered either saline or LPS (0.5 mg/kg) i.p., and tissues
were collected 24 or 48 hours later. The saline animals were divided into two groups, half
collected at 24 hours and half collected at 48 hours. Perirhinal/entorhinal cortices were
microdissected from two consecutive 1mm coronal sections 1.56-3.56 mm caudal to
Bregma, according to the coordinates of The Mouse Brain in Stereotaxic Coordinates
(Paxinos and Franklin 2004). Briefly, perirhinal/entorhinal cortices were taken together in a
wedge, dissected from the lateral margin of the brain to the lateral boundary of the lateral
ventricle, beginning 1mm from the base of the slab (Fig. 3A). Tissues were flash frozen in
liquid nitrogen and stored at —8 °C until processing for RT-PCR.

2.4. RNA Isolation and Reverse Transcription

Total RNA from perirhinal/entorhinal cortices was isolated using a PureLink RNA MiniKit
(Ambion; cat. 12183618A) according to the manufacturer’s instructions. Reverse
transcriptase reaction was performed in a BioRad C1000 Thermal Cycler using the High
Capacity cDNA Reverse Transcriptase Kit (Applied Biosystems; cat. 4368814) without
RNase inhibitor according to the manufacturer’s instructions.

2.5. Real-time RT-PCR

All RT-PCR reactions were performed on a BioRad CFX384 Real-time System using
Tagman gene expression assays for allograft inflammatory factor 1 (Ibal/Aifl; cat.
MmO00479862), glial fibrillary acidic protein (GFAP, cat. Mm01253033), interleukin (IL)-1f
(cat. Mm 1336189), tumor necrosis factor (TNF)-a (cat. Mm 443258), IL6 (cat.
MmO00446190), IL10 (cat. Mm00439614), Indoleamine 2,3-dioxygenase 1 (IDO1, cat.
Mm00492586), Kynurenine aminotransferase Il (KATII/Aadat; cat. Mm00496169),
Kynurenine 3-monooxygenase (KMO, cat. Mm00505511), Kynureninase (KYNU, cat.
Mm00551012), 3-hydroxyanthranilate 3,4-dioxygenase (HAAO, cat. Mm00517945), and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH; cat. Mm99999915). All samples
were run in duplicate. Data were analyzed using the 2722CT method with GAPDH serving as
the house keeping control gene as previously described (O’Connor, Satpathy et al. 2005).
For samples with undetectable targets, the C; value was recorded as 40, the maximum
number of cycles, for calculation purposes (Supplementary Table 1 shows average C; values
for each target prior to calculation of relative expression changes for an approximation of
overall expression levels between targets.
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2.6. HPLC analysis of Kynurenine

Plasma and whole brain kynurenine levels were measured by HPLC with electrochemical
detection as previously described (O’Connor, Lawson et al. 2009) with minor modifications.
Briefly, following homogenization of frozen brain tissue, plasma and brain were
deproteinated in a 5X volume of methanol at 4 ° C, followed by centrifugation through a 0.2
um filter column. The resulting supernatants were further diluted in 0.435 mM perchlorate in
13% methanol and analyzed as previously described (O’Connor, Lawson et al. 2009). Peaks
were detected and integrated using a BAS 502 isocratic liquid chromatographic system
(Bioanalytical Systems, West Lafayette, IN) with an Ag/AgClI reference electrode and 3 mm
glassy carbon electrode at + 950 mV.

2.7. Statistical Analysis

Two factor (genotype vs. treatment) ANOVA was performed for all comparisons of wild-
type and IDO~'~, for both mRNA expression and performance in the novel object
recognition test. When significant interactions were identified, post-hoc analysis was
performed using Tukey’s multiple comparisons test. Student’s t-test was performed for
comparisons of novel object recognition performance after L-kynurenine administration.
Outlier analysis was performed on groups with n>8 using the Chauvenet test (Taylor 1997).

3. Results

3.1. Indoleamine 2,3-dioxygenase 1 mediates a deficit in novel object recognition following
peripheral immune challenge

We and others have previously demonstrated that IDO mediates many of the depressive-like
behaviors that develop following peripheral immune activation (O’Connor, Lawson et al.
2009, O’Connor, Lawson et al. 2009, Salazar, Gonzalez-Rivera et al. 2012), but its
mechanistic role in mediating inflammation-induced cognitive deficits has not been
explored. Peripheral administration of LPS induced a deficit in novel object recognition in
WT mice as indicated by a significant decrease in their discrimination index (Fig. 2B;
Genotype x Treatment Interaction: F(; 35=13.00, p=0.0009). Post hoc analysis revealed that
IDO™~ mice administered LPS were protected from this deficit as indicated by a significant
difference compared to WT mice administered LPS and no difference compared to either
saline control group (Fig. 2B; p<0.001). Importantly, no baseline differences in
discrimination were observed between control mice. Also, overall exploratory activity, as
measured by total number of direct object contacts (Fig. 2C) or total duration of direct
exploration (Fig. 2D) was not different between any of the experimental groups.

3.2. Peripheral LPS administration increases the mRNA expression of proinflammatory
cytokines and markers of glial activation in the perirhinal/entorhinal cortex

Peripheral immune challenge with LPS induces a general upregulation of glial activation
and proinflammatory gene transcripts within the brain (Corona, Huang et al. 2010), but the
local neuroimmune response in the perirhinal/entorhinal cortex (Fig. 3A), which is a primary
brain region mediating recognition memory, has not been characterized following LPS.
Steady-state mRNA transcript levels of allograft inflammatory factor 1 (Ibal/Aifl) and glial
fibrillary acidic protein (GFAP) were measured in perirhinal/entorhinal cortex 24h or 48h
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after saline or LPS injection as an index of general microglial and astrocyte activity state.
Peripheral administration of LPS transiently increased mRNA expression of both microglial
Ibal and astrocytic GFAP at 24 hours post-challenge (Fig. 3B and C). LPS increased the
expression of Ibal mRNA (Fig. 3B; LPS effect: F(2 37)=15.47, p<0.0001). Similarly, LPS
increased the expression of GFAP (Fig 3C; LPS effect: F(, 37)=15.28, p<0.0001). Peripheral
LPS challenge also increased the expression of the proinflammatory cytokines IL-1f (Fig.
3D, LPS effect: F(3,37)=17.67, p<0.0001) and TNF-a (Fig. 3E, LPS effect: F(; 35=56.32,
p<0.0001) in both WT and IDO™~ mice. In contrast, nRNA expression of 1L-6 was reduced
following LPS treatment (Fig. 3F, LPS effect: F(; 37)=5.724, p=0.0068).

3.3. Indoleamine 2,3-dioxygenase 1 and hydroxyanthranilic acid oxygenase mRNA
expression is increased following peripheral LPS challenge

Consistent with our previous data from whole brain tissue analysis, peripheral LPS
challenge increased mRNA expression of IDO1 in the perirhinal/entorhinal cortices of WT,
but not IDO™~ mice (Fig. 4A; Genotype x Treatment Interaction: F(2,37)=10.82; p=0.0002).
Post-hoc analysis revealed a significant increase in IDO1 expression 48 hours post-LPS in
WT mice (Fig. 4A; p<0.0001). As expected, no IDO1 was detected in IDO~/~ mice (Fig.
4A). When downstream KP enzyme mRNA expression was measured, administration of
LPS reduced KATII expression (Fig. 4B;LPS effect F(, 37)=6.09; p=0.005. While LPS
challenge did not significantly alter the expression of either KMO (Fig. 4C) or KYNU (Fig.
4D) mRNA transcripts, HAAO was significantly upregulated in both WT and IDO™~ (Fig.
6E; LPS effect: F( 37)=18.63; p<0.0001).

3.4. Direct administration of L-kynurenine induces a deficit in Novel Object Recognition

We have previously demonstrated that acute peripheral administration of L-kynurenine
precipitates depressive-like behaviors (Salazar, Gonzalez-Rivera et al. 2012), and
administration of 100 mg/day to rats impairs spatial learning in the Morris water maze
(Pocivavsek, Wu et al. 2012). In order to determine whether peripheral administration of L-
kynurenine to naive WT mice disrupts recognition memory, we first determined the kinetics
of kynurenine clearance following ip administration of 100 mg/kg L-kynurenine. Peak levels
were observed in both circulation (Fig. 5A, F(317)=145.1, p<0.0001) and in whole brain
tissue (Fig. 5B, F(3,16)=66.67, p<0.0001) 30 minutes post-injection followed by a rapid
return to baseline levels by 2h post-injection. To determine the impact of acute elevation of
kynurenine levels on recognition memory, 100 mg/kg L-kynurenine or saline was
administered 30 minutes prior to training. Both kynurenine treated WT (Fig. 5C; p<0.05)
and IDO~~ (Fig. 5D); p<0.05) mice exhibited a significant deficit in novel object
recognition as reflected by a decreased discrimination index. Importantly, L-kynurenine
treatment had no effect on overall exploratory activity (e.g. contact time or total number of
contacts (data not shown), or on the induction of proinflammatory cytokine mRNA
transcripts measured in brain tissue (data not shown).

3.5. LPS-induced deficits in novel object recognition are attenuated in kynurenine
monooxygenase deficient mice

Recent data demonstrated that kynurenine metabolism, downstream of IDO, is skewed
preferentially toward the generation of potentially neurotoxic metabolites following
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peripheral LPS challenge (Walker, Budac et al. 2013). To determine whether kynurenine 3-
monooxygenase (KMO)-dependent (see figure 1 as reference) metabolism of kynurenine
mediated the cognitive impairment caused by LPS, the effect of intraperitoneal LPS on
performance in the novel object recognition task was measured as in figure 2. Consistent
with the previous experiment, peripheral administration of LPS induced a deficit in novel
object recognition in WT mice as indicated by a significant decrease in their discrimination
index (Fig. 6; Genotype x Treatment Interaction: F(; »9=8.23, p=0.0076). Post hoc analysis
revealed that KMO™~ mice administered LPS were protected from this deficit as indicated
by a significant difference compared to WT mice administered LPS and no difference
compared to either saline control group (Fig. 6; p<0.01). Importantly, no baseline
differences in discrimination were observed between control mice, and overall exploratory
activity was not different between any of the experimental groups (data not shown).

ion

The aim of the present study was to determine if activation of the peripheral innate immune
response was sufficient to induce a deficit in cognitive function relevant to depressive
symptomology and if IDO-dependent kynurenine metabolism is an important pathogenic
mediator. Consistent with our previous findings, peripheral challenge with LPS induced a
deficit in novel object recognition memory which was mediated by IDO, the rate-limiting
enzyme of the kynurenine pathway (Fig. 1). In the absence of peripheral immune activation,
even a single peripheral injection of L-kynurenine, the metabolic product of IDO, was
sufficient to induce a deficit in recognition memory. Further, mice with a targeted deletion
of the KMO gene were protected from LPS-induced disruption in novel object recognition.

These data suggest, for the first time, an important role for the neurotoxic branch of the
kynurenine pathway in mediating in inflammation-induced deficits in recognition memory.

Mental illness is a growing problem in the United States, with an approximate lifetime
prevalence of 20% for mood disorders in the US adult population, as well as being a leading
contributor to disability and economic burden (Kessler, Berglund et al. 2005). Furthermore,
there is an increased prevalence of depression associated with chronic diseases, such as
obesity, diabetes and heart disease (Evans, Charney et al. 2005), and inflammation has been
implicated as a point of pathogenic convergence. Unfortunately, currently available
treatment options, which primarily target the monoamine system, are only moderately
effective with less than half of those patients with major depressive disorder receiving
treatment achieving remission (Trivedi, Hollander et al. 2008). Even among patients
achieving “remission”, approximately half may still suffer from residual symptoms
(Nierenberg, Keefe et al. 1999, Trivedi, Hollander et al. 2008, Hasselbalch, Knorr et al.
2011). The presence of residual symptoms greatly increases the risk of relapse compared to
remitted patients without residual symptoms (Paykel 2008). Furthermore, these difficulties
are not unique to major depressive disorder. Several studies suggest inter-episode residual
symptoms in bipolar disorder are associated with poorer outcomes and a substantially higher
risk of relapse to a full blown episode (Keller, Lavori et al. 1992, Morriss 2002, Paykel
2008). In a 3-year prospective study, one of the most common residual symptoms in a group
of major depressive disorder patients was cognitive impairment, which persisted in nearly
half of the 267 patients followed (Conradi, Ormel et al. 2011). Additionally, the persistence
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of cognitive impairment significantly contributed to the rate of functional disability
experienced in major depressive disorder, and improvement in these cognitive symptoms is
associated with a greater chance of recovery of life functioning (Jaeger, Berns et al. 2006).
Taken together, these studies suggest the cognitive symptoms of mood disorders are
inadequately treated by currently available therapeutics and the persistence of these
symptoms constitute a major obstacle to successful treatment. The data in the present study
are the first to suggest a mechanistic role for the kynurenine pathway in inflammation-
induced deficits of recognition memory. Targeting the kynurenine pathway could represent a
novel target for treating the cognitive deficits, particularly as related to aspects of memory,
of mood disorders, although similar experiments designed to probe distinct cognitive
processes remain to be performed.

Our group and others have shown IDO1 mediates a number of depressive-like behaviors in
rodent models. Pretreatment with 1-methyltryptophan (1-MT), a tryptophan analog and
competitive inhibitor of IDO, blocked the increase in immobility 24 hours after LPS
administration in both the forced swim test (FST) and tail suspension test (TST) (O’Connor,
Lawson et al. 2009). Behavioral measures of anhedonia are also induced by administration
of peripheral LPS up to 48 hours, as reflected by a decrease in preference for a sweetened
solution (sucrose preference, SP), and blockade of IDO attenuates this response (Frenais,
Moreau et al. 2007, Salazar, Gonzalez-Rivera et al. 2012). The anxiogenic properties of LPS
as measured by both the open field test and the light-dark box test were shown to be
mediated by IDO (Salazar, Gonzalez-Rivera et al. 2012). Finally, direct peripheral
administration of kynurenine increases anxiety- and depression-like behaviors in the FST,
TST, SP, and open field tests (O’Connor, Lawson et al. 2009, Salazar, Gonzalez-Rivera et
al. 2012). These data implicate IDO and the kynurenine pathway as critical mediators of
inflammation-induced depression-like behaviors; however their role in cognitive symptoms
of depressive behavior had not yet been explored. Here, we have shown the first evidence to
suggest a role for both IDO and kynurenine in mediating LPS —induced deficits in a measure
of learning and memory, and we provide the first direct experimental evidence that KMO-
dependent neurotoxic kynurenine metabolism mediates LPS-induced cognitive impairment.
Using the novel object recognition test, we have shown that induction of IDO via peripheral
administration of LPS, during the training period, induces a deficit in recognition of a novel
object 24 h later, which is ablated by targeted deletion of the IDO1 or KMO genes.
Furthermore, we show that direct peripheral administration of kynurenine induces a similar
deficit in recognition memory in wild type mice.

While various stages of learning and memory can be assessed using the novel object
recognition task (Dere, Huston et al. 2007), the long term (up to 48 hours shown here) local
molecular consequences of LPS administration make it difficult to tease apart the effects on
encoding, consolidation and retrieval. Peripheral LPS challenge induced significant
increases in both markers of glia and proinflammatory cytokines in the perirhinal/entorhinal
cortices at 24 hours, which coincides with the training phase of our test. The
neuroinflammatory signature had resolved by 48 hours; the time at which mice were tested
on the ability to recall a familiar object. Additionally, expression of IDO mRNA is increased
at 24 hours and significantly increased at 48 hours in wild type mice. Our previously
published reports have shown that kynurenine levels within the brain are increased at this
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time, and a recent report by Walker et. al. suggests that the balance of kynurenine
metabolism is skewed toward KMO-dependent increases in the so-called neurotoxic branch
of the kynurenine pathway (Walker, Budac et al. 2013). Data in figure 6 support the notion
that a shift toward neurotoxic kynurenine metabolism may be the pathogenic precipitant of
cognitive impairment. However, in all cases, the data are cross-sectional in nature, and
additional experimental investigation to characterize the dynamic changes of kynurenine
metabolism in the brain following peripheral immune challenge would be enlightening.
Increased proinflammatory activation and induction of neurotoxic kynurenine metabolism at
24 hours, during the training session, could have effects on the encoding and consolidation
of object characteristics, resulting in a decreased preference for the novel object during
testing because both objects may be perceived as novel. Several downstream metabolites of
the kynurenine pathway act on NMDA receptors, which have long been known to play a
critical role in synaptic plasticity and therefore in the processes of learning and memory
(Collingridge, Volianskis et al. 2013). At 48 hours post-LPS, there is a significant increase
in HAAO mRNA in both wild type and IDO -/- mice, suggesting perhaps that increased
synthesis of QUIN could be involved in directly mediating the behavioral effects observed
in this study. Although QUIN levels were not directly measured in the present study,
increased expression of HAAO in wild type mice could lead to increased production of its
enzymatic product, QUIN, an NMDA receptor agonist. However, in IDO-/-and KMO -/
—mice, this metabolic process would be stifled due to the absence of the rate limiting
enzymes.

NMDA receptor blockade has been shown to interfere with memory retrieval in recent
studies (Jo and Choi 2014, Zarrindast, Ownegh et al. 2014), and as the downstream
metabolite KYNA exhibits NMDAR antagonist properties, it is possible that local
accumulation of this metabolite contributes to the functional impairment. Additional studies
are required to fully tease apart the mechanistic contributions of downstream KP metabolites
to LPS-induced cognitive impairment. Since KMO—-/— mice were protected from the effects
of LPS, we speculate that neurotoxic kynurenine metabolism drives the cognitive
impairment caused by LPS, and this interpretation is consistent with prior metabolite
measurements showing a LPS-driven shift towards KMO-dependent metabolism. However,
kynurenine metabolites were not measured in the present study, so it is possible that deletion
of KMO during LPS challenge results in an accumulation of kynurenine and kynurenic acid.
Additional experiments in the future should be aimed at addressing this possibility. de Lima
et al. showed that both pre- and post-training administration of an NMDA receptor
antagonist disrupted performance in novel object recognition indicating an important role for
the NMDA receptor in both encoding and consolidation (de Lima, Laranja et al. 2005). It
should be noted, however, that Walker et. al. recently reported that peripheral administration
of LPS to CD-1 outbred mice resulted in elevated QUIN levels within the brain, while
KYNA levels remained unchanged (Walker, Budac et al. 2013). Given the critical role for
the normal function of these receptors in all of the stages necessary for the performance of
the novel object task, overproduction of QUIN and thus aberrant overactivation of these
receptors could be just as detrimental to performance.

While the regional focus of the present study was restricted to the perirhinal/entorhinal
cortex, the interesting possibility exists that IDO-mediated changes in other brain regions
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responsible for regulating recognition memory also contribute to the deficits observed in
figure 3. Andre et al. observed a significant increase in proinflammatory cytokine expression
that preceded increases in IDO mRNA expression after peripheral LPS administration in the
hippocampus, a region that has been implicated in performance of the novel object
recognition task (Hammond, Tull et al. 2004, Andre, O’Connor et al. 2008). Furthermore,
unpublished data generated by our lab has also shown that the mPFC, another region
potentially involved in regulating recognition memory, has a similar response profile to
peripheral immune activation in terms of kynurenine pathway metabolism which is also
related to other aspects of cognitive dysfunction. Of note, while KMO mRNA was not
increased by LPS at 24 or 48 h (figure 4C), unpublished data from our laboratory indicate
that KMO mRNA is increased in whole brain tissue analysis at 6h post-LPS, which more
closely resembles the expression pattern of proinflammatory cytokines.

Together, the present study suggests a critical role for IDO and subsequent KMO-dependent
kynurenine metabolism in mediating inflammation-induced deficits in recognition memory.
As cognitive symptoms are among the most poorly treated by standard monoaminergic
antidepressant therapies, this initial discovery of a distinct pathogenic mechanism
underlying inflammation-induced cognitive impairment may be transformative. Although,
follow-up studies using alternative cognitive paradigms and those aimed and
comprehensively delineating the contribution of downstream kynurenine metabolites will be
necessary.
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Acknowledgments

Financial Support

This research was supported by Grant Numbers R01-MH090127 and P30-MHO089868 from the National Institute of
Mental Health, the Norman Hackerman Advanced Research Program and Award Number UL1TR001120 from the
National Center for Advancing Translational Sciences. The Kmo mouse model used for this research project was
obtained from the KOMP Repository www.komp.org, a NCRR-NIH supported mouse strain repository (U42-
RR024244). ES cells from which this mouse was generated were created by the CSD consortium from funds
provided by the trans-NIH Knock-Out Mouse Project (KOMP) (Grant # 5U01HG004080). Email product inquiries
to service@komp.org

Role of Funding Source:

The content is solely the responsibility of the authors and does not necessarily represent the official views of the
NIMH or NCATS.

References

Andre C, O’Connor JC, Kelley KW, Lestage J, Dantzer R, Castanon N. Spatio-temporal differences in
the profile of murine brain expression of proinflammatory cytokines and indoleamine 2,3-
dioxygenase in response to peripheral lipopolysaccharide administration. J Neuroimmunol. 2008;
200(1-2):90-99. [PubMed: 18653240]

Capuron L, Miller AH. Cytokines and psychopathology: lessons from interferon-alpha. Biol
Psychiatry. 2004; 56(11):819-824. [PubMed: 15576057]

Brain Behav Immun. Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Heisler and O’Connor

Page 12

Capuron L, Ravaud A, Neveu PJ, Miller AH, Maes M, Dantzer R. Association between decreased
serum tryptophan concentrations and depressive symptoms in cancer patients undergoing cytokine
therapy. Mol Psychiatry. 2002; 7(5):468-473. [PubMed: 12082564]

Chiarugi A, Carpenedo R, Moroni F. Kynurenine disposition in blood and brain of mice: effects of
selective inhibitors of kynurenine hydroxylase and of kynureninase. J Neurochem. 1996; 67(2):692—
698. [PubMed: 8764597]

Collingridge GL, Volianskis A, Bannister N, France G, Hanna L, Mercier M, Tidball P, Fang G, Irvine
MW, Costa BM, Monaghan DT, Bortolotto ZA, Molnar E, Lodge D, Jane DE. The NMDA receptor
as a target for cognitive enhancement. Neuropharmacology. 2013; 64:13-26. [PubMed: 22796429]

Conradi HJ, Ormel J, de Jonge P. Presence of individual (residual) symptoms during depressive
episodes and periods of remission: a 3-year prospective study. Psychol Med. 2011; 41(6):1165—
1174. [PubMed: 20932356]

Corona AW, Huang Y, O’Connor JC, Dantzer R, Kelley KW, Popovich PG, Godbout JP. Fractalkine
receptor (CX3CR1) deficiency sensitizes mice to the behavioral changes induced by
lipopolysaccharide. J Neuroinflammation. 2010; 7:93. [PubMed: 21167054]

Cross L, Brown MW, Aggleton JP, Warburton EC. The medial dorsal thalamic nucleus and the medial
prefrontal cortex of the rat function together to support associative recognition and recency but not
item recognition. Learning & memory. 2012; 20(1):41-50. [PubMed: 23263843]

Dantzer R, O’Connor JC, Freund GG, Johnson RW, Kelley KW. From inflammation to sickness and
depression: when the immune system subjugates the brain. Nat Rev Neurosci. 2008; 9(1):46-56.
[PubMed: 18073775]

Dantzer R, O’Connor JC, Lawson MA, Kelley KW. Inflammation-associated depression: from

serotonin to kynurenine. Psychoneuroendocrinology. 2011; 36(3):426—436. [PubMed: 21041030]

de Lima MN, Laranja DC, Bromberg E, Roesler R, Schroder N. Pre- or post-training administration of
the NMDA receptor blocker MK-801 impairs object recognition memory in rats. Behav Brain Res.
2005; 156(1):139-143. [PubMed: 15474658]

Dere E, Huston JP, De Souza Silva MA. The pharmacology, neuroanatomy and neurogenetics of one-
trial object recognition in rodents. Neuroscience and biobehavioral reviews. 2007; 31(5):673-704.
[PubMed: 17368764]

Dowlati Y, Herrmann N, Swardfager W, Liu H, Sham L, Reim EK, Lanctot KL. A meta-analysis of
cytokines in major depression. Biol Psychiatry. 2010; 67(5):446—-457. [PubMed: 20015486]

Ennaceur A, Aggleton JP. The effects of neurotoxic lesions of the perirhinal cortex combined to fornix
transection on object recognition memory in the rat. Behav Brain Res. 1997; 88(2):181-193.
[PubMed: 9404627]

Ennaceur A, Delacour J. A new one-trial test for neurobiological studies of memory in rats. 1:
Behavioral data. Behav Brain Res. 1988; 31(1):47-59. [PubMed: 3228475]

Evans DL, Charney DS, Lewis L, Golden RN, Gorman JM, Krishnan KR, Nemeroff CB, Bremner JD,
Carney RM, Coyne JC, Delong MR, Frasure-Smith N, Glassman AH, Gold PW, Grant I, Gwyther
L, Ironson G, Johnson RL, Kanner AM, Katon WJ, Kaufmann PG, Keefe FJ, Ketter T, Laughren
TP, Leserman J, Lyketsos CG, McDonald WM, McEwen BS, Miller AH, Musselman D,
O’Connor C, Petitto JM, Pollock BG, Robinson RG, Roose SP, Rowland J, Sheline Y, Sheps DS,
Simon G, Spiegel D, Stunkard A, Sunderland T, Tibbits P Jr, Valvo WJ. Mood disorders in the
medically ill: scientific review and recommendations. Biol Psychiatry. 2005; 58(3):175-189.
[PubMed: 16084838]

Frenois F, Moreau M, O’Connor J, Lawson M, Micon C, Lestage J, Kelley KW, Dantzer R, Castanon
N. Lipopolysaccharide induces delayed FosB/DeltaFosB immunostaining within the mouse
extended amygdala, hippocampus and hypothalamus, that parallel the expression of depressive-
like behavior. Psychoneuroendocrinology. 2007; 32(5):516-531. [PubMed: 17482371]

Haba R, Shintani N, Onaka Y, Wang H, Takenaga R, Hayata A, Baba A, Hashimoto H.
Lipopolysaccharide affects exploratory behaviors toward novel objects by impairing cognition
and/or motivation in mice: Possible role of activation of the central amygdala. Behav Brain Res.
2012; 228(2):423-431. [PubMed: 22209851]

Brain Behav Immun. Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Heisler and O’Connor

Page 13

Hammond RS, Tull LE, Stackman RW. On the delay-dependent involvement of the hippocampus in
object recognition memory. Neurobiology of learning and memory. 2004; 82(1):26-34. [PubMed:
15183168]

Hasselbalch BJ, Knorr U, Kessing LV. Cognitive impairment in the remitted state of unipolar
depressive disorder: a systematic review. J Affect Disord. 2011; 134(1-3):20-31. [PubMed:
21163534]

Jaeger J, Berns S, Uzelac S, Davis-Conway S. Neurocognitive deficits and disability in major
depressive disorder. Psychiatry Res. 2006; 145(1):39-48. [PubMed: 17045658]

Jo YS, Choi JS. Memory retrieval in response to partial cues requires NMDA receptor-dependent
neurotransmission in the medial prefrontal cortex. Neurobiology of learning and memory. 2014;
109:20-26. [PubMed: 24269352]

Keller MB, Lavori PW, Kane JM, Gelenberg AJ, Rosenbaum JF, Walzer EA, Baker LA.
Subsyndromal symptoms in bipolar disorder. A comparison of standard and low serum levels of
lithium. Arch Gen Psychiatry. 1992; 49(5):371-376. [PubMed: 1586272]

Kessler RC, Berglund P, Demler O, Jin R, Merikangas KR, Walters EE. Lifetime prevalence and age-
of-onset distributions of DSM-1V disorders in the National Comorbidity Survey Replication. Arch
Gen Psychiatry. 2005; 62(6):593-602. [PubMed: 15939837]

Morriss R. Clinical importance of inter-episode symptoms in patients with bipolar affective disorder. J
Affect Disord. 2002; 72(Suppl 1):S3-13. [PubMed: 12589898]

Mumby DG, Glenn MJ, Nesbhitt C, Kyriazis DA. Dissociation in retrograde memory for object
discriminations and object recognition in rats with perirhinal cortex damage. Behav Brain Res.
2002; 132(2):215-226. [PubMed: 11997151]

Nierenberg AA, Keefe BR, Leslie VC, Alpert JE, Pava JA, Worthington JJ 3rd, Rosenbaum JF, Fava
M. Residual symptoms in depressed patients who respond acutely to fluoxetine. J Clin Psychiatry.
1999; 60(4):221-225. [PubMed: 10221281]

Norman G, Eacott MJ. Impaired object recognition with increasing levels of feature ambiguity in rats
with perirhinal cortex lesions. Behav Brain Res. 2004; 148(1-2):79-91. [PubMed: 14684250]
O’Connor JC, Lawson MA, Andre C, Briley EM, Szegedi SS, Lestage J, Castanon N, Herkenham M,

Dantzer R, Kelley KW. Induction of IDO by bacille Calmette-Guerin is responsible for
development of murine depressive-like behavior. J Immunol. 2009; 182(5):3202-3212. [PubMed:
19234218]

O’Connor JC, Lawson MA, Andre C, Moreau M, Lestage J, Castanon N, Kelley KW, Dantzer R.
Lipopolysaccharide-induced depressive-like behavior is mediated by indoleamine 2,3-dioxygenase
activation in mice. Mol Psychiatry. 2009; 14(5):511-522. [PubMed: 18195714]

O’Connor JC, Satpathy A, Hartman ME, Horvath EM, Kelley KW, Dantzer R, Johnson RW, Freund
GG. IL-1beta-mediated innate immunity is amplified in the db/db mouse model of type 2 diabetes.
Journal of immunology. 2005; 174(8):4991-4997.

Paxinos, G.; Franklin, KBJ. The mouse brain in stereotaxic coordinates. Amsterdam ; Boston: Elsevier
Academic Press; 2004.

Paykel ES. Partial remission, residual symptoms, and relapse in depression. Dialogues Clin Neurosci.
2008; 10(4):431-437. [PubMed: 19170400]

Pocivavsek A, Wu HQ, Elmer GI, Bruno JP, Schwarcz R. Pre- and postnatal exposure to kynurenine
causes cognitive deficits in adulthood. Eur J Neurosci. 2012; 35(10):1605-1612. [PubMed:
22515201]

Raison CL, Borisov AS, Woolwine BJ, Massung B, Vogt G, Miller AH. Interferon-alpha effects on
diurnal hypothalamic-pituitary-adrenal axis activity: relationship with proinflammatory cytokines
and behavior. Mol Psychiatry. 2010; 15(5):535-547. [PubMed: 18521089]

Raison CL, Dantzer R, Kelley KW, Lawson MA, Woolwine BJ, Vogt G, Spivey JR, Saito K, Miller
AH. CSF concentrations of brain tryptophan and kynurenines during immune stimulation with
IFN-alpha: relationship to CNS immune responses and depression. Mol Psychiatry. 2010; 15(4):
393-403. [PubMed: 19918244]

Reichenberg A, Yirmiya R, Schuld A, Kraus T, Haack M, Morag A, Pollmacher T. Cytokine-
associated emotional and cognitive disturbances in humans. Arch Gen Psychiatry. 2001; 58(5):
445-452. [PubMed: 11343523]

Brain Behav Immun. Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Heisler and O’Connor

Page 14

Salazar A, Gonzalez-Rivera BL, Redus L, Parrott JM, O’Connor JC. Indoleamine 2,3-dioxygenase
mediates anhedonia and anxiety-like behaviors caused by peripheral lipopolysaccharide immune
challenge. Horm Behav. 2012; 62(3):202-209. [PubMed: 22504306]

Schwarcz R, Bruno JP, Muchowski PJ, Wu HQ. Kynurenines in the mammalian brain: when
physiology meets pathology. Nat Rev Neurosci. 2012; 13(7):465-477. [PubMed: 22678511]

Taylor, JR. An introduction to error analysis : the study of uncertainties in physical measurements.
Sausalito, Calif: University Science Books; 1997.

Trivedi MH, Hollander E, Nutt D, Blier P. Clinical evidence and potential neurobiological
underpinnings of unresolved symptoms of depression. J Clin Psychiatry. 2008; 69(2):246—-258.
[PubMed: 18363453]

Walker AK, Budac DP, Bisulco S, Lee AW, Smith RA, Beenders B, Kelley KW, Dantzer R. NMDA
Receptor Blockade By Ketamine Abrogates Lipopolysaccharide-Induced Depressive-Like
Behavior IN C57BL/6J MICE. Neuropsychopharmacology. 2013

Winters BD, Bussey TJ. Glutamate receptors in perirhinal cortex mediate encoding, retrieval, and
consolidation of object recognition memory. J Neurosci. 2005; 25(17):4243-4251. [PubMed:
15858050]

Zarrindast MR, Ownegh V, Rezayof A, Ownegh F. The involvement of dorsal hippocampus in
dextromethorphan-induced state-dependent learning in mice. Pharmacol Biochem Behav. 2014;
116:90-95. [PubMed: 24269965]

Brain Behav Immun. Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Heisler and O’Connor

Page 15

Highlights
Peripheral immune challenge with LPS impairs novel object recognition (NOR)
IDO mediates impaired recognition memory caused by LPS
Direct administration of L-kynurenine recapitulates the effect of LPS

KMO deficient mice are protected from LPS-induced disruption of NOR
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Figure 1.

The kynurenine pathway of tryptophan metabolism. In the brain, kynurenine metabolism can
begin with the catabolism of tryptophan to N-formylkynurenine via either tryptophan 2,3-
dioxygenase (TDO) or indoleamine 2,3-dioxygenase (IDO), expressed in both neurons and
glia. Kynurenine is metabolized either via kynurenine aminotransferases (KATS) to
kynurenic acid (KYNA) in astrocytes, or via kynurenine monooxygenase (KMO),
kynureninase, and 3-hydroxyanthranilic acid oxygenase (3-HAO) to quinolinic acid (QUIN).
KYNA and QUIN act at the NMDA receptor as an antagonist and agonist, respectively.
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Figure 2.
Indoleamine 2,3-dioxygenase 1 mediates a deficit in Novel Object Recognition following

peripheral immune challenge. (A) Schematic representation of Novel Object Recognition
protocol. (B) LPS administration induces a significant reduction in preference for the novel
object in WT mice, whereas IDO —/- mice are protected (Genotype x Treatment Interaction:
F(1,36=13.00, p=0.0009). The total number of contacts with the objects (C) and the total
time spent exploring the objects (D) is not different between any of the experimental groups.
Data represent mean £ SEM. *p<0.05, **p<0.01. n=7-12 mice/group.
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Figure 3.
Peripheral LPS administration increases the mRNA expression of proinflammatory

cytokines, markers of glial activation in the perirhinal/entorhinal cortex. (A) Representative
area of dissection of perirhinal/entorhinal cortices. Two 1mm sections taken from 1.56mm
to 3.56mm caudal to Bregma. (B & C) LPS significantly increases expression of both
microglia and astrocyte markers (Ibal: LPS effect: F(; 37)=15.47, p<0.0001; GFAP: LPS
effect: F(2.37)=15.28, p<0.0001). LPS additionally significantly increases mRNA expression
of proinflammatory cytokines (D)(IL-1: LPS effect: F(; 37)=17.67, p<0.0001; (E) TNF-a
(LPS effect: F(2,35=56.32, p<0.0001). There was also a significant main effect of LPS on
(F) IL-6 mRNA expression (LPS effect: F(; 37)=5.724, p=0.0068), however there were no
significant between group differences. Data represent mean £ SEM. n=7-12 mice/group.
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Figure 4.
Indoleamine 2,3-dioxygenase 1 and hydroxyanthranilic acid oxygenase mRNA expression is

increased following peripheral LPS challenge. (A) There was a significant effect of LPS and
genotype on IDO1 expression (Genotype x Treatment Interaction: F(; 37y=10.82; p=0.0002).
LPS significantly increased mRNA expression of IDO1 in WT mice 48h post-LPS
(p<0.0001). (B) There was a significant effect of LPS on KATII expression (LPS effect:
F(2,37)=6.09; p=0.005). There was no effect of LPS on mRNA expression of KMO (C) or
KYNU (D). LPS significantly increased the mRNA expression of HAAO in both WT and
IDO —/-mice (LPS effect: F( 37)=18.63; p<0.0001). Data represent mean + SEM.
*p<0.001, n=7-12 mice/group.
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Figure 5.

I
Kynurenine

Direct administration of L-kynurenine induces a deficit in Novel Object Recognition. A
significant increase in plasma and brain concentration of kynurenine is observed 30 min post
administration of L-kynurenine (A-B). Peripheral administration of kynurenine 30 min prior
to training results in a significant reduction in novel object preference during testing, 24
hours post administration in both (C) WT and (D) IDO KO mice. There was no effect on
overall exploratory activity (not shown). Data represent mean = SEM. *p<0.05,

****p<0.0001. n=5-6 mice/group.
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Figure 6.
Kynurenine 3-monooxygenase mediates a deficit in Novel Object Recognition following

peripheral immune challenge. LPS administration induces a significant reduction in
preference for the novel object in WT mice, whereas KMO-/- mice are protected (Genotype
X Treatment Interaction: F(; 29)=8.23, p=0.01). Data represent mean + SEM. *p<0.05. n=7-
10 mice/group.
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