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Abstract

Objective: Sustained immune activation leads to cognitive dysfunctions, depression-, and
anxiety-like behaviours in humans and rodents. It is modelled by administration of
lipopolysaccharides (LPS) to induce expression of pro-inflammatory cytokines that then
activate indoleamine 2,3 dioxygenase (IDO1), the rate-limiting enzyme in the kynurenine
pathway of tryptophan metabolism. Here, we ask whether chronic IDO1 inhibition by
1-methyl-tryptophan (1-MT, added at 2 g/l in the drinking water) or chronic inhibition of tryp-
tophan 2,3 dioxygenase (TDO2), another enzyme capable of converting tryptophan to kynur-
enine, by 680C91 (15 mg/kg per os), can rescue LPS-induced (0.83-mg/kg intraperitoneally)
anxiety and cognitive deficits. We also investigate the acute effects of 680C91 on serotonergic,
dopaminergic, and kynurenine pathway metabolites. Methods: We examined LPS-induced
deficits in trace fear conditioning and anxiety in the light-dark box and elevated plus maze
(EPM) in group-housed C57Bl6/N mice. Kynurenine pathway metabolites and monoamine levels
were measured via high-performance liquid chromatography. Results: Chronic blockade of IDO1
with 1-MT did not rescue cognitive deficits or abrogate the anxiogenic behaviour caused by LPS
despite a decrease in the brain kynurenine:tryptophan ratio. However, 1-MT by itself demon-
strated anxiolytic properties in the EPM. Acute and chronic inhibition of TDO2 elevated brain
levels of tryptophan, while chronic inhibition of TDO2 was unsuccessful in rescuing cognitive
deficits and abrogating the anxiety caused by LPS. Conclusions: In line with previous studies,
we show that LPS administration induces anxiety and cognitive dysfunctions in mice that however
were not reversed by chronic blockade of IDO1 or TDO2 at the doses used.

Significant outcomes

+ Chronic administration of 1-methyl-tryptophan (1-MT) (added at 2 g/l to the drinking
water) shows anxiolytic properties.

« Chronic oral administration of the indoleamine 2,3 dioxygenase inhibitor 1-MT (2 g/l) is
successful in lowering kynurenine and the kynurenine:tryptophan ratio following admin-
istration of lipopolysaccharide (LPS).

 Blockade of tryptophan 2,3 dioxygenase by 680C91 (15 mg/kg) did not prevent LPS-
induced anxiety or cognitive dysfunctions, nor did it affect LPS-induced increases in
kynurenine and the kynurenine:tryptophan ratio and should thus not be the first thera-
peutic target considered in paradigms involving LPS-induced neuroinflammation.

Limitations

o The effect of pair versus group housing was not explicitly tested.

» Timing of lipopolysaccharide administration in the fear conditioning paradigm targets
memory consolidation of the tone-shock association and not memory formation or recall.
It is possible the inhibitors used in this study would rescue other types of cognitive deficits.

 Only one concentration of 1-methyl-tryptophan and 680C91 was tested, and conclusions
on their efficacy should be interpreted only in relation to those particular doses.

Introduction

Sustained immune activation in humans has been linked to development of depression and
cognitive dysfunction (Dantzer et al., 2011). Disturbances in the kynurenine pathway (KP) of
tryptophan metabolism have been implicated in the pathogenesis of post-operative cognitive
dysfunction (Yi et al., 2015) and in the cognitive impairments reported after serious bacterial
infections such as tick-borne encephalitis (Holtze et al., 2012) and in murine sepsis models
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(Gao et al., 2016). In particular, elevated brain levels of the kynur-
enine pathway metabolite kynurenic acid (KYNA) have been
linked to cognitive dysfunctions (Stone and Darlington, 2013;
Sellgren et al., 2016; Erhardt et al., 2017a; Erhardt et al., 2017b).
Indeed, diminished synthesis of KYNA in rodents and primates
is associated with improved cognition (Chess et al., 2007; Potter
et al., 2010; Kozak et al., 2014).

Administration of lipopolysaccharide (LPS) in mice leads to
peripheral immune activation, neuroinflammation, and develop-
ment of depression- and anxiety-like symptoms, long after the
acute-sickness behaviour has ended (Yirmiya, 1996; O’Connor
et al., 2009), and disruptions in contextual fear conditioning
(Terrando et al, 2010), a paradigm used to assess learning
and memory (Kim & Fanselow, 1992). LPS causes increases
in cytokines [interleukin (IL)-1f, tumour necrosis factor-a,
interferon-y, IL-6, etc] in both periphery and brain (Dantzer,
2001; Lawson et al, 2013a; Skelly et al, 2013), which, in turn,
increases expression of indoleamine 2,3 dioxygenase (IDO1)
(O’Connor et al., 2009), the rate-limiting enzyme of the kynurenine
pathway that converts L-tryptophan into N-formylkynurenine
(Shimizu et al, 1978; Takikawa et al, 1988; Campbell et al.,
2014). N-formylkynurenine is then turned into L-kynurenine by
kynurenine formamidase and is further metabolised either into
KYNA via kynurenine acetyltransferase enzymes, anthranilic acid
via kynureninase, or is processed via kynurenine monooxygenase
down a pathway leading to production of quinolinic acid (QUIN).
In the brain, downstream processing of L-kynurenine is compart-
mentalised with KYNA production in astrocytes and QUIN pro-
duction in microglia (Amori et al, 2009). These downstream
metabolites are neuroactive. Thus, in low micromolar concentra-
tions, the neuroprotective KYNA is an antagonist at the glycine
site of the N-methyl-D-aspartate (NMDA) receptor and a non-
competitive antagonist of the o7 nicotinic acetylcholine receptor
(Hilmas et al, 2001). In higher concentrations, it also blocks
kainate and alpha-amino-3-hydroxy-5-methyl-4-isoxazoleproprionic
acid receptors (Perkins & Stone, 1982). Conversely, QUIN, being an
N-methyl-D-aspartate receptor (NMDAR) agonist (Stone & Perkins,
1981), is considered neurotoxic. Exogenous administration of low
doses of L-kynurenine, presumably through induced production of
QUIN, is known to cause depression-like behaviour in the forced
swim test (FST), tail suspension test (TST) (O’Connor et al., 2009),
and sucrose preference test (Agudelo et al, 2014).

Chronic inhibition of IDO1 wusing 1-methyl-tryptophan
(1-MT) eliminates the anxiety and depression observed following
LPS-induced inflammation in mouse, partly through reduction of
the kynurenine:tryptophan ratio (O’Connor et al., 2009). However,
IDOL1 is not the only enzyme capable of converting tryptophan into
kynurenine. Tryptophan 2,3 dioxygenase (TDO2) is predomi-
nantly expressed in liver and brain and can also produce kynure-
nine, especially under stress conditions and/or when activated by
corticosterone (Gibney et al., 2014) or pro-inflammatory cytokines
(Sellgren et al., 2016). 680C91 is a selective TDO2 inhibitor
shown to increase brain tryptophan, serotonin (5-HT), and
5-hydroxyindoleacetic acid (5-HIAA) after acute per os adminis-
tration in the rat (Salter ef al., 1995); however, there is a paucity
of information concerning its effects in mice.

Aims of the study

Here, we first determine the acute effects of TDO2 inhibition by
680C91 on kynurenine pathway metabolites and monoamines in
mice. We then test the effect of chronic TDO2 inhibition or
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chronic IDO1 inhibition with regard to cognitive deficits and
anxiety following LPS-induced neuroinflammation.

Materials and methods
Animals

Male C57BI6/NCrl mice aged 13-18 weeks were used in this
study. Mice were group-housed (n=2-6) on a 12-h light-dark
cycle (lights on 06:00) with food and water provided ad libitum.
To minimise possible fighting upon voluntary consumption of
drug pellets, animals receiving 680C91 were housed in groups
of 2. Experiments were carried out during the light phase
(08:30-16:30). Experiments were approved by and performed in
accordance with the guidelines of the Ethical Committee of
Northern Stockholm, Sweden. These guidelines do not allow for
individual housing of animals and mandate a minimum of 3 days
between behavioural tests, and thus animals first tested in the
light-dark box were re-tested in the elevated plus maze 3 days later.
There were four groups (vehicle/saline, vehicle/LPS, drug/saline,
drug/LPS) each containing #n = 6-8 mice, a number within the
standards reported for this field (Miura et al, 2009; Salazar
et al., 2012; Lawson et al., 2013b). All animals were habituated
to being handled by an experimenter for at least 7 days prior to
behavioural testing and were allowed to habituate to testing rooms
for 30 min before the start of testing. Animals were tested according
to the experimental designs depicted in Fig. 1.

Tissue collection

Collection took place 24 h following behavioural testing or approx-
imately 4h following drug administration in the case of acute
680C91 administration. Animals were anaesthetised using isoflur-
ane until loss of tail pinch reflex, decapitated, and trunk blood
collected. Brains were dissected and rapidly frozen in isopentane
on dry ice and stored at —80°C until further use.

High-performance liquid chromatography

KYNA, kynurenine, and tryptophan

Stored brain tissues were placed in threefold volume of (w/v) 0.4 M
perchloric acid (PCA)+0.1% sodium metabisulfite + 0,05%
EDTA. For serum, a onefold volume of the above was used.
Brains were then homogenised using a mechanical homogeniser
(Ultra-Turrax; IKA, Stauffen, Germany). Brains and serum were
spun at 21 000 X g for 5 min. Supernatants were transferred to a
new tube, and 70% PCA was added at 10% volume (e.g., if super-
natant is 400 pl, 40 pl 70% PCA is added). Samples were again
centrifuged at 21 000 X g for 5 min, and the supernatants collected
in a new tube for analysis. Aliquots of 20 pl were injected on an
isocractic reverse-phase high-performance liquid chromatography
(HPLC) system. The mobile phase consisted of 50-mM sodium
acetate + 7% acetonitrile (adjusted to pH 6.2 using acetic acid)
and was pumped by an LC-10AD VP device (Shimadzu
Corporation, Kyoto, Japan) at a flow rate of 0.5 ml/min through
a ReproSil-Pur C18 column (4 X 150 mm; Dr. Maisch GmbH,
Ammerbuch, Germany). For detection of kynurenine and trypto-
phan, samples passed through a spectrometer (SPD-10A UV-VIS;
Shimadzu Corporation) set to wavelengths of 360 and 240 nm,
respectively (change performed at 5 min). A second mobile phase
consisting of 0.5 M zinc acetate in water was then added at a flow
rate of 10 ml/h with a Pharmacia P-500 unit (GE Healthcare,
Uppsala, Sweden). KYNA was detected on a fluorescence detector
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(FP-2020 Plus; Jasco Ltd., Hachioji City, Japan) set to an excitation
wavelength of 344 nm and an emission wavelength of 398 nm.
Signals from the detectors were analysed using Datalys Azur
(Grenoble, France). Retention times for KYNA, tryptophan, and
kynurenine were 7, 7.3, and 4 min, respectively.

Dopamine, 3,4-dihydroxyphenylacetic acid, homovanillic
acid, 5-HT, and 5-HIAA

Aliquots (20 pl) of the supernatants collected above were neutralised
and diluted by adding 160-pl dH,O and 20-pl NaOH. Samples were
injected into a reverse-phase HPLC with a mobile phase consisting of
70-mM sodium acetate (pH 4.1, 20% methanol) +1.5-mM octane-
sulfonic acid + 0.01-mM disodium ethylenediaminetetraacetic acid
pumped through a C18 column (4.6 X 150 mm, ZORBAX Eclipse
XDB-C18; Agilent Technologies, Santa Clara, CA, USA) at a flow rate
of 0.68 ml/min by an LC-20AD pump (Shimadzu Corporation).
Samples were electrochemically quantified by sequential oxidation/
reduction in a high-sensitivity analytical cell (ESA 5011; ESA Inc.,
Chelmsford, MA, USA) controlled by a potentiostat
(Coulochem III; ESA Inc.) with applied potentials of 600 and
—400 mV. Signals from the detector were analysed using Clarity chro-
matography software (DataApex, Prague, Czech Republic). Retention
times were 4 min for 3,4-dihydroxyphenylacetic acid (DOPAC), 6 min
for dopamine (DA), 7 min for homovanillic acid (HVA), 5.5 min for 5-
HIAA, and 11.5 min for 5-HT.

Drugs

1-MT (Aldrich cat no. 860646) was administered at 2 g/l in sweet-
ened drinking water for 1week prior to LPS injection and
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throughout the behavioural experiments. Animals in the
vehicle-treated groups received only sweetened tap water. This
administration method has previously been shown to be effective
in distributing 1-MT into the blood and to have effects on the
cardiovascular system and tumour progression (Hou et al,
2007; Polyzos et al., 2015). The racemic mixture of 1-MT has
previously been used to alleviate LPS-induced anxiety- and
depression-like symptoms (O’Connor et al, 2009; Salazar
et al, 2012) and shown to pass the blood-brain barrier
(O’Connor et al, 2009).Vehicle- and 1-MT-treated groups
consumed a similar amount of fluid (trace fear conditioning
experiment: vehicle 3.7+0.3ml/day, 1-MT 3.9 0.3 ml/day;
light-dark box/elevated plus maze experiment: vehicle
3.9+ 0.3 ml/day, 1-MT 3.6 + 0.4 ml/day). The TDO2 inhibitor
680C91 was purchased from Tocris Biosciences (cat. no. 4392)
and administered at 15 mg/kg per os in 1:1 sweet condensed
milk (SCM) in water (Torsleffs, Thalfang, Germany). Dose
was modified from that used in Salter et al. (1995) (7.5 mg/kg per
os in rat, the maximally effective dose shown to increase brain
Trp, 5-HT, and 5-HIAA) according to equivalent body surface area
conversion from rat to mouse. As TDO?2 is a stress reactive enzyme,
gavage stress wanted to be avoided. Therefore, drug or vehicle (1:1
SCM in water) was pre-measured and administered as ‘pellets’ in the
cap of 1.5-ml microfuge tubes and placed in the cage where animals
fed themselves. Animals received one pellet of vehicle or drug per day
for 1 week prior to LPS injection and throughout the behavioural
experiments for chronic TDO2 inhibition. For acute treatment,
animals recived a pellet ~4h prior to sacrifice. Each animal
received a ‘pellet’ to minimise fighting. Animals were initially
observed to ensure that they consumed all the contents.
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LPS administration

Freshly prepared LPS (from E. Coli; Sigma L-2630, serotype O111:
B4) was administered intraperitoneally at a dose of 0.83 mg/kg in
physiological saline. This dose of LPS has been used extensively
in similar experiments by us (Larsson et al, 2016) and others
(O’Connor et al., 2009; Painsipp et al., 2011; Salazar et al., 2012)
and been shown to increase brain IDO activity (Lestage et al.,
2002). Lot #011M4008V was used throughout except for a subset
of 680C91-treated animals in the light-dark/elevated plus maze
experiment where lot#091M4031V was used because the previous
lot ran out. Body weight was measured at 6-, 24-, 48-, and 72-h
post-injection to monitor the effect of LPS. A humane end point
was defined as a loss of more than 15% of the body weight but this
was never encountered.

Trace fear conditioning

Trace fear conditioning (TFC) was carried out as in Terrando et al.
(2010) and Liu et al. (2014) using the fear conditioning chamber
from MedAssociates and VideoFreeze software (version 2.5.5.0;
MedAssociates Inc., Fairfax, VT, USA). Three rooms were used
for holding the animals before, during, and after the test.
Animals were individually brought from the first holding room
to the testing room in a carrying cage (containing soiled bedding
from their homecages) and placed in the conditioning chamber.
Upon completion of the session, animals were placed in a new
holding cage (also containing soiled homecage bedding, food
pellets, cardboard hut, and water bottle) in a different room. All
animals within one cage were tested with individuals tested at
random during each session (training, cue, and context). The cage
order for testing was also randomised. The training session lasted
310's and consisted of two tone-shock pairings. The tones were
20s in length (90 dB) and placed at 100 and 240 s within the
session. The foot shock (2s, 0.5 mA) was initiated 18 s following
the end of the tone and finished 20s following the tone. LPS
was given within 10 min of the end of the training session.
Contextual and cued fear conditioning were examined 72 h later,
in that order, to ensure that sickness behaviour did not interfere
with the assessment. The context session consisted of the animals
being placed in the chamber for a similar amount of time as the
training without presentation of tone or foot shock. The cued
session consisted of the same timing for tone presentation as in
the training session with no foot shock. The conditioning chamber
had also been modified by placing two inserts (a white floor over the
grid bars and a black pyramidal ‘roof) in order to provide a different
context. In training and cued sessions, the first 60 s were considered
habituation time.

Light-dark box

The light-dark box test was performed 24 h following LPS admin-
istration similar to that in Erhardt et al. (2017a). The box is made
of Plexiglass (50 X 25 % 25cm) and is equally divided into two
compartments (one black and one white) separated by a partition
with a 10 X 5 cm opening in the centre. Each mouse was placed in
the centre of the wall facing away from the partition in the light
section and allowed to explore the box freely for 10 min while
being recorded with an overhead digital video camera. Urine
and faeces were removed and the box cleaned with 70% EtOH
between subjects. Illumination in the centre of the light side was
460-500 Ix, while the dark compartment was covered with a lid.
Since animals are initially placed in the light compartment, the
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voluntary time spent in the light is used. Videos were recorded
for 10 min and analysed using Noldus EthoVision XT software
(version 11.5; Noldus Information Technology, Wageningen, the
Netherlands).

Elevated plus maze

The elevated plus maze was performed 96 h following LPS admin-
istration in concordance with methods in Erhardt et al. (2017a).
The maze consists of two open (30X 5cm) and two enclosed
(30 X 5% 15 cm) runways in a ‘plus’ shape and is elevated 50 cm
above the ground. Illumination on the open arms was 260-290 Ix
and <5Ix in the closed arms. Animals were started in the centre
of the maze facing towards an open arm. The maze was cleaned with
70% EtOH between subjects. Animals were recorded via a ceiling-
mounted video camera for 5 min. Videos were recorded and analysed
using Noldus EthoVision XT software (Noldus Information
Technology, Wageningen, the Netherlands).

Statistical analysis

Data are presented as mean + SEM. Mann-Whitney U-test was
used when comparing two groups of data. Two-way analysis of vari-
ance (ANOVA) followed by post hoc Sidak or Tukey, as indicated,
was used to assess the impact of LPS administration (saline or LPS)
and drug (vehicle or 1-MT or 680C91) on behaviour and kynure-
nine pathway metabolites. When appropriate, such as in measure-
ments of the same animal, repeated measures two-way ANOVA
was used. Results with p < 0.05 were considered significant.

Result
Acute TDO2 inhibition elevates tryptophan in brain

We investigated the acute effects of a dose of 15 mg/kg of 680C91
on the kynurenine pathway of tryptophan metabolism and levels
of monoamines (Table 1). Animals were habituated to consume
the vehicle for 2 days prior to drug administration to combat
neophobia. On the test day, animals were given either vehicle
or 680C91 and sacrificed, on average, 250 min following con-
sumption (vehicle 248 + 5 min, 680C91 250 + 4 min). Inhibition
of TDO2 caused a significant increase in brain tryptophan
(p=0.018, Mann-Whitney) but not in kynurenine (p =0.081),
KYNA (p=0.83), kynurenine:tryptophan (p=0.89), 5-HT
(p=096), 5-HIAA (p=0.68), 5-HIAA:5-HT (p=0.96), DA
(p=021), HVA (p = 0.54), DOPAC (p = 0.68), HVA:DA (p = 0.46),
and DOPAC:DA (p=0.96) at this timepoint following 680C91
administration.

Different effects of chronic IDO1 and TDO2 inhibition
on LPS-induced anxiety

We used the light-dark box and elevated plus maze tests to
investigate levels of anxiety. The tests were performed 24 and
96 h following LPS administration, respectively, to avoid possible
crosstalk between the tests [Fig. 1(B)]. LPS caused a significant
reduction in the time spent in the light compartment of the
light-dark box in both 1-MT experiments [Fig. 2(A), *p = 0.002]
and those with 680C91 [Fig 2(B), *p = 0.047]. LPS also reduced the
number of light entries in these experiments [Fig. 2(C), *p = 0.012;
Fig. 2(D), *p=0.010]. Together, these parameters indicate
increased anxiety-like behaviours 24 h following LPS administra-
tion. Neither chronic blockade of IDO1 nor chronic blockade of
TDO?2 was able to rescue the increased anxiety produced by LPS
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Table 1. Kynurenine pathway metabolite and monoamine

following acute administration of 680C91

levels in brain

Metabolite Vehicle 680C91
Tryptophan (uM) 124+1.8 20.0 £2.0*
Kynurenine (uM) 0.120 +0.008 0.24 +0.07°
KYNA (nM) 1.9+0.5 2.1+0.8
Kynurenine:tryptophan 0.010 +0.001 0.011 +0.002
5-HT (nM) 2548 +135 2599 + 342
5-HIAA (nM) 992 +107 1121 +163
5-HIAA:5-HT 0.39+0.03 0.39+£0.02
DA (nM) 11435 + 696 8140 + 1649
HVA (nM) 1504 +181 1194 + 141
DOPAC (nM) 999 +132 890 + 160
HVA:DA 0.13+0.01 0.116 £0.006
DOPAC:DA 0.09+£0.01 0.097 £0.008

5-HIAA, 5-hydroxyindoleacetic acid; 5-HT, serotonin; DA, dopamine; DOPAC, 3,4-dihydroxy-
phenylacetic acid; HVA, homovanillic acid; KYNA, kynurenic acid.
*p < 0.05, 2p = 0.08.

in these animals (LPS X 1-MT interaction: time in light p = 0.40;
number of light entries p =0.92; LPS X 680C91 interaction: time
in light p = 0.15; number of light entries p = 0.76). Likewise, there
were no significant effects of the drugs on anxiety parameters
(1-MT: time in light p =0.46; number of light entries p=0.32;
680C91: time in light p = 0.69; number of light entries p = 0.76).
Three days following the light-dark box, animals were tested in
the elevated plus maze [Fig. 2(E) and (F)]. In the 1-MT experi-
ments, LPS had lost its anxiogenic effect by this time [Fig. 2(E),
p = 0.47]. In the experiments with 680C91, LPS caused a significant
decrease in the time spent in the open arms [Fig. 2(F), *p = 0.024];
however, the anxiogenic effects of LPS were not abrogated by this
chronic treatment with the TDO2 inhibitor (p=0.48) nor did
680C91 have effects of its own in this paradigm (p=0.78).
There were no significant LPS X drug interactions in the 1-MT
experiment (p = 0.16). However, 1-MT showed general anxiolytic
properties by significantly increasing the time spent in the open
arms [Fig. 2(E), *p = 0.013] with especially significant differences
between vehicle- and 1-MT-treated animals that never received
LPS (*p =0.016, post hoc Sidak).

Effects of chronic IDO1 and TDO2 inhibition on LPS-induced
cognitive deficits

Cued- and contextual fear conditioning were examined as depicted
in Fig. 1(C). It should be noted that LPS was administered within
10 min of the training phase of the trace fear conditioning para-
digm, while memory recall of the tone and context pairing with
the foot shock was examined 72h later as in Terrando et al.
(2010). Chronic drug treatment with 1-MT or 680C91 did not
affect the pairing of the tone and context with the foot shock
[Supplementary Fig. S1(A) and (B)]. During the recall phase, no
effect was seen on conditioning in response to the cue in either con-
dition [Fig. 3(A) and (B), 1-MT: effect of LPS p =0.52, effect of
drug p=0.15, LPS X drug interaction p=0.40; 680C91: effect
of LPS p=0.11, effect of drug p=0.26, LPS X drug interaction
p=0.67]. Regarding conditioning to context, LPS caused a
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Fig. 2. Inhibition of indoleamine 2,3 dioxygenase or tryptophan 2, 3 dioxygenase dif-
ferentially modulates anxiety parameters. (A) Amount of time (s) spent in the light
compartment of the light-dark box test 24 h following lipopolysaccharide (LPS)
administration in 1-methyl-tryptophan (1-MT)-treated mice (two-way analysis of vari-
ance (ANOVA), **p < 0.01 post hoc Sidak vs. saline-treated condition). (B) Amount of
time (s) spent in the light compartment of the light-dark box test 24 h following
LPS administration in 680C91-treated mice (two-way ANOVA, *p <0.05 post hoc
Sidak vs saline). (C) Number of entries into the light compartment in the light-dark
box test in 1-MT-treated animals. (D) Number of entries into the light compartment
in the light-dark box test for 680C91-treated animals. (E) Time spent in the open arms
of the elevated plus maze for 1-MT-treated animals (two-way ANOVA, *p < 0.05 post
hoc Sidak vs. vehicle-treated animals). (F) Time spent in the open arms of the elevated
plus maze for 680C91-treated mice. ¥p < 0.05 and *p < 0.01 represent main effects of
drug or LPS, as indicated. n =6 vehicle/saline, n =6 vehicle/LPS, n=7 1-MT/saline,
n=28 1-MT/LPS; n=T across all groups in 680C91 experiments.

significant reduction in freezing in both experiments [Fig. 3(C),
##p =0.0003; Fig. 3(D), *p = 0.011]. This effect was not abrogated
by this concentration of 1-MT [Fig. 3(C), LPS X drug interaction
p =0.94] or this dose of 680C91 [Fig. 3(D), LPS X drug interaction
p =0.94]. In fact, chronic administration of 1-MT decreased freez-
ing overall [Fig. 3(C), *p=0.019], while chronic administration
of 680C91 increased freezing [Fig. 3(D), *p=0.015] suggestive
of effects of these drugs on anxiety-like behaviours.
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Fig. 3. Neither indoleamine 2,3 dioxygenase or tryptophan 2, 3 dioxygenase inhibition rescue lipopolysaccharide (LPS)-induced cognitive deficits in trace fear conditioning.
(A) Amount of freezing (%) induced by the cue in 1-methyl-tryptophan (1-MT)-treated cohorts. (B) Amount of freezing (%) induced by the cue in 680C91-treated cohorts.
(C) Amount of freezing (%) observed in the context phase of the trace fear conditioning paradigm in 1-MT-treated cohorts [two-way analysis of variance (ANOVA), *p < 0.05,
**p < 0.01, post hoc Sidak]. (D) Amount fo freezing (%) observed in the context test phase of the TFC paradigm in 680C91-treated animals. #p < 0.05, represents main effects
of drug or LPS, as indicated. (E) Changes in body weight in 1-MT-treated cohorts following LPS injection (two-way ANOVA with repeated measures, *p < 0.05, **p < 0.01,
***p < 0.001 post hoc Tukey vs. saline-treated controls, #p < 0.05 post hoc Tukey vs. the vehicle + LPS-treated group). (F) Changes in body weight in 680C91-treated cohorts
following LPS injection (two-way ANOVA with repeated measures, *p < 0.05, ***p < 0.001, ***p < 0.001 post hoc Tukey vs. saline-treated controls). n =6 vehicle/saline, n=7
vehicle/LPS, n=8 1-MT/saline, n =8 1-MT/LPS, n =8 across all groups in 680C91 experiments.

Effects of chronic IDO1 and TDO2 inhibition on LPS-induced
body weight changes

Body weight following LPS injection was monitored throughout
the behavioural testing. LPS caused a significant change in body
weight compared to saline-injected controls peaking at 24 h follow-
ing injection. At this time, the average change in body weight in the
1-MT experiment was 0.2+ 0.2 g in vehicle/saline, —0.5+0.2 g
in 1-MT/saline, —2.3 £ 0.2 g in vehicle/LPS, and —3.2+0.4 g in
1-MT/LPS-treated animals [Fig. 3(E), effect of LPS p < 0.001, effect
of time p =0.0002, LPS X time interaction p < 0.001]. In animals
treated chronically with the TDO2 inhibitor 680C91, the average
was similar: —0.4 + 0.3 g vehicle/saline, —0.4 + 0.3 g 680C91/saline,
—2.9 +0.2 g vehicle/LPS, and —2.6 + 0.2 g 680C91/LPS [Fig. 3(F),
effect of LPS p < 0.001, effect of time p < 0.001, LPS X time inter-
action p < 0.001]. However, 1-MT seemed to exacerbate weight-
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loss compared to vehicle-treated mice, which was most
pronounced 48 h following LPS injection [Fig. 3(E), 0.0£0.3 g
in vehicle/saline, —0.6+0.3g in 1-MT/saline, —1.6+0.3g in
vehicle/LPS, and —2.6 0.3 g in 1-MT/LPS, #p <0.05 post hoc
Tukey], whereas TDO2 inhibition did not aggravate weight-loss
compared to vehicle-treated counterparts [Fig. 3(F), 0.1£0.3 g
vehicle/saline, 0.0 £ 0.2 g 680C91/saline, —2.9 + 0.4 g vehicle/LPS,
and —2.5+0.3 g 680C91/LPS].

Kynurenine pathway metabolites following chronic blockade
of IDO1 or TDO2

Brains were collected 120 h after LPS administration and 24 h fol-
lowing performance in the elevated plus maze [Fig. 1(B)]. At this
time point, there were no significant effects of LPS on brain levels
of tryptophan (Table 2; p =0.80), kynurenine (p =0.36), KYNA
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Table 2. Kynurenine pathway metabolite and monoamine levels following LPS-induced inflammation and chronic indoleamine 2,3

dioxygenase inhibition

Vehicle Vehicle 1-MT 1-MT
Metabolite Saline LPS Saline LPS
Brain
Tryptophan (uM) 72+12 59+1.2 6.7+1.6 6.5+1.4
Kynurenine (uM) 0.19+£0.05 0.19+0.05 0.060 +0.006%* 0.12 £0.022
KYNA (nM) 3.1+1.0 1.7+£0.3 1.3+0.4 2.2%0.5
Kynurenine:tryptophan 0.026 + 0.006 0.04+0.01 0.013 +0.003? 0.017 +0.002%*
5-HT (nM) 28037 306+21 259+19 27824
5-HIAA (nM) 54+5 55+3 575 53+4
5-HIAA:5-HT 0.198 +0.008 0.18+0.01 0.23+0.03 0.196 + 0.009
DA (nM) 1376 £225 1167 +105 1213 +107 1327 +96
HVA (nM) 131+12 281 +107 127 +13 127+8
DOPAC (nM) 76+ 10 72+7 76+5 83+7
HVA:DA 0.100 +0.007 0.24 +0.09 0.11+0.01 0.098 + 0.005
DOPAC:DA 0.056 +0.001 0.063 +0.002 0.065 + 0.005 0.63 +0.003
Serum
Tryptophan (uM) 57+13 62+8 64+8 63+8
Kynurenine (uM) 0.40 +0.08 0.63+0.13 0.44 +0.08 0.57 +0.08
KYNA (nM) 117 +£15 128+ 14 143 +15 121+10
Kynurenine:tryptophan 0.008 +0.002 0.010 + 0.0008 0.007 £ 0.001 0.009 + 0.0006°

1-MT, 1-methyl-tryptophan; 5-HIAA, 5-hydroxyindoleacetic acid; 5-HT, serotonin; DA, dopamine; DOPAC, 3,4-dihydroxyphenylacetic acid; HVA, homovanillic

acid; KYNA, kynurenic acid; LPS, lipopolysaccharide.

asignificant effect of drug (1-MT), ® Significant effect of LPS, two-way ANOVA; *p < 0.05 versus respective control condition (vehicle for 1-MT, saline for LPS)

post hoc Sidak.

(p=0.72), kynurenine:tryptophan (p=0.20), 5-HT (p =0.40),
5-HIAA (p=0.76), 5-HIAA:5-HT (p=0.19), DA (p=0.73),
HVA (p=0.14), DOPAC (p=0.85), HVA:DA (p=0.13), or
DOPAC:DA (p =0.48) in the 1-MT cohorts. However, in serum,
there was a significant effect of LPS on the kynurenine:tryptophan
ratio (p=0.017). Serum tryptophan (p=0.84), kynurenine
(p =0.062), and KYNA (p =0.70) were not significantly changed
at this time. No significant LPS X drug interactions were detected
in this set of experiments for tryptophan (p = 0.47), kynurenine
(p=0.41), KYNA (p =0.069), kynurenine:tryptophan (p = 0.44),
5-HT (p=0.90), 5-HIAA (p=0.67), 5-HIAA:5-HT (p=0.70),
DA (p=0.25), HVA (p=0.14), DOPAC (p=0.48), HVA:DA
(p =0.080), and DOPAC:DA (p=0.25) from brain or in serum
tryptophan (p = 0.72), kynurenine (p =0.59), KYNA (p=0.24),
or kynurenine:tryptophan (p = 0.94). However, chronic administra-
tion of 1-MT significantly decreased the level of brain kynurenine in
both saline- and LPS-injected animals (p = 0.011) compared to those
receiving vehicle (sweetened tap water). The effect is especially pro-
nounced between vehicle/saline and 1-MT/saline groups (p = 0.040,
post hoc Sidak). Chronic inhibition by 1-MT also significantly
decreased the brain kynurenine:tryptophan ratio in both saline-
and LPS-injected mice (p=0.012) with a significant decrease
in the kynurenine:tryptophan ratio between 1-MT/LPS-injected
mice compared to vehicle/LPS-injected mice (p =0.042, post hoc
Sidak). There were no significant effects of 1-MT on brain trypto-
phan (p=0.77), KYNA (p=029), 5-HT (p=0.35), 5-HIAA
(p=093), 5-HIAAS-HT (p=024), DA (p=099), HVA
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(p=0.12), DOPAC (p =0.47), HVA:DA (p =0.12), and DOPAC:
DA (p=0.29). Chronic 1-MT administration had no effect on
serum tryptophan (p = 0.64), kynurenine (p = 0.87), KYNA (p = 0.49),
or kynurenine:tryptophan (p = 0.22). In the experiments using 680C91,
LPS significantly increased brain levels of kynurenine (Table 3;
p =0.008, 680C91/sal vs. 680C91/LPS p = 0.014 post hoc Sidak) and
the kynurenine:tryptophan ratio (p = 0.006, 680C91/sal vs. 680C91/
LPS p=0.012 post hoc Sidak) but not that of tryptophan (p = 0.21),
KYNA (p=0085), 5-HT (p=063), 5-HIAA (p=0.82), 5-HIAA:
5-HT (p=0.88), DA (p=0.86), HVA (p=0.58), DOPAC (p=0.79),
HVA:DA (p=047), or DOPAC:DA (p = 0.57). In serum, significant
LPS-induced increases in kynurenine (p < 0.001), KYNA (p = 0.020),
and the kynurenineitryptophan ratio (p<0.001) were detected.
Serum tryptophan remained unaffected (p=0.24). No significant
LPS X drug interactions were detected for tryptophan (p = 0.12), kynur-
enine (p =0.21), KYNA (p = 0.30), kynurenine:tryptophan (p = 0.22),
5-HT (p=0.12), 5-HIAA (p=0.10), 5-HIAA5-HT (p=0.55), DA
(p = 0.28), HVA (p = 0.056), DOPAC (p = 0.059), HVA:DA (p = 0.79),
and DOPAC:DA (p=0.64) in brain. There were also no significant
LPS x drug interactions in serum levels of tryptophan (p=0.50),
kynurenine (p = 0.20), KYNA (p=0.33), and kynurenine:tryptophan
(p=0.14). Chronic administration of 680C91 significantly increased
brain levels of tryptophan (p = 0.012, Veh/sal vs. 680C91/sal p = 0.011,
post hoc Sidak) and 5-HIAA (p=0.023, veh/LPS vs. 680C91/LPS
p=0.015, post hoc Sidak) but not those of kynurenine (p=0.14),
KYNA (p = 0.25), kynurenine:tryptophan (p = 0.58), 5-HT (p = 0.31),
5-HIAA:5-HT (p=0.10), DA (p=046), HVA (p=0.63), DOPAC
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Table 3. Kynurenine pathway metabolite and monoamine levels following LPS-induced inflammation and chronic tryptophan 2, 3

dioxygenase inhibition

Vehicle Vehicle 680C91 680C91

Metabolite Saline LPS Saline LPS
Brain

Tryptophan (uM) 13+1 14+1 20 +3%* 15.3+0.8°

Kynurenine (M) 0.092 +0.009 0.15 +0.01° 0.10+0.02 0.26+0.07*

KYNA (nM) 1.2+0.2 1.4+0.3 1.2+0.2 2004
Kynurenine:tryptophan 0.007 +0.001 0.012 +0.002P 0.005 +0.001 0.018 +0.006°*

5-HT (nM) 266 +37 217+8 252 +16 278 £20

5-HIAA (nM) 83+6 69+6 88+8? 99 + 92

5-HIAA:5-HT 0.33+0.02 0.31+0.02 0.35+0.01 0.35+0.02

DA (nM) 1022 £125 897 £ 84 842 + 86 932+85

HVA (nM) 129+12 281 +107 127 +13 127+8

DOPAC (nM) 77+10 65+7 55+3 717

HVA:DA 0.13+0.01 0.14 +£0.02 0.14+0.01 0.15+0.01

DOPAC:DA 0.077 £ 0.005 0.08 +0.01 0.069 £ 0.006 0.077 £ 0.004
Serum

Tryptophan (pM) 65t6 79+11 82+7 86+6

Kynurenine (uM) 0.55 +0.03 0.91 +0.10°## 0.49 +0.04 1.04 +0.08°###

KYNA (nM) 133+6 144 + 5P 138+8 163 + 90*
Kynurenine:tryptophan 0.009 +0.0006 0.012 +0.001°# 0.006 + 0.0004 0.012 + 0.0010###

5-HIAA, 5-hydroxyindoleacetic acid; 5-HT, serotonin; DA, dopamine; DOPAC, 3,4-dihydroxyphenylacetic acid; HVA, homovanillic acid; KYNA, kynurenic acid;

LPS, lipopolysaccharide.

2Significant effect of drug (680C91), ® Significant effect of LPS, two-way ANOVA; *p < 0.05 versus respective vehicle condition, *p < 0.05, #p < 0.01,

##p < 0.001 versus respective saline condition post hoc Sidak.

(p=0.27), HVA:DA (p = 0.32),or DOPAC:DA (p = 0.63) nor of serum
tryptophan (p = 0.14), kynurenine (p = 0.62), KYNA (p=0.098), or
kynurenine:tryptophan (p = 0.22).

Discussion

The results of the present study show that, in line with existing lit-
erature, administration of LPS induces cognitive deficits and anxi-
ety in mice and that this effect was accompanied by an increased
brain and serum kynurenine:tryptophan ratio. Chronic adminis-
tration of the IDOL1 inhibitor, 1-MT, or of the TDO2 inhibitor
680C91 could not rescue these behaviours at these doses.
Chronic administration of 680C91 was found to have slight anx-
iogenic properties by itself, while chronic administration of 1-MT
on its own shows anxiolytic properties. Chronic 1-MT reduced
both the basal and LPS-induced levels of kynurenine and the
kynurenine:tryptophan ratio in brain. Conversely, chronic treat-
ment with 680C91 had no effect on LPS-induced increases in brain
and serum kynurenine, kynurenine:tryptophan ratio, and in serum
only, KYNA levels. However, acute or chronic inhibition by
680C91 of its own, at this dose, increased brain levels of tryptophan
and modified serotonergic metabolism.

Our experiments show that chronic administration of 1-MT
(2g/l) or chronic administration of 680C91 (15 mg/kg/day) is
not effective in mitigating the cognitive deficits in contextual
fear conditioning induced by LPS. There are three stages of
memory involved in fear conditioning: initial formation of the
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tone/context-shock association, memory consolidation, and
memory retrieval. When injected following training (initial
memory formation of the tone/context-shock association) as we
have done here, LPS disrupts memory consolidation of this asso-
ciation (Pugh et al., 1998). Our results suggest that activation of
IDO1 and TDO2, and the increased activity of the kynurenine
pathway following LPS, either does not play a role in memory
consolidation and that deficits observed in contextual fear memory
are due to another factor or that the increase in KP metabolites that
might interfere with learning and memory processes occurs after
consolidation has already taken place. For example, it is known
that brain KYNA levels are tightly linked to cognitive performance,
and as an NMDAR antagonist, KYNA can disrupt learning and
memory processes but previous data from our laboratory has
shown that KYNA begins to rise in brain after 8 h following LPS
administration (Larsson et al., 2016), past the window for consli-
dation processes. Furthermore, LPS-induced neuroinflammation
elevates levels of multiple cytokines, many of which have signalling
functions in healthy brain (Priteo & Cotman, 2017). Of particular
interest is IL-1p, which, at elevated levels, disrupts contextual fear
conditioning (Pugh et al., 1998; Terrando et al., 2010). It is possible
that IL-1B or another cytokine is having effects independent of
the kynurenine pathway and for which inhibiton of IDO1 and
TDO2 would not be effective.

Chronic inhibition of IDO1 by this dose of 1-MT surprinsingly
did not abrogate the anxiety-like behaviour seen in the light-dark
box following LPS-induced neuroinflammation even though 1-MT
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still significantly reduced the kynurenine:tryptophan ratio in
LPS-injected animals compared to vehicle-LPS controls at tissue
collection. Behavioural differences in measures of anxiety between
our study and others (O’Connor et al., 2009; Salazar et al., 2012)
may be related to differences in mouse strain, light-phase testing,
serotype of LPS, route of administration (subcutaneous following
surgical implant of a pellet or repeated subcutaneous injections vs.
per os voluntary consumption), or social status of animals. Indeed,
we used group-housed animals, while the majority of previous
studies have examined individually housed mice. Isolation stress
has been shown to alter several aspects of mouse behaviour, and
it is sometimes used to model aspects of schizophrenia, a serious
neuropsychiatric disorder. Tryptophan metabolism along the
kynurenine pathway and levels of pro-inflammatory cytokines
are also influenced by isolation stress in mice (Miura et al.,
2009; Moller et al., 2013). Consistent with LPS-induced depres-
sive-like behaviours reported by many laboratories, work by
Painsipp et al. (2011) demonstrates that individually housed
C57Bl/6 mice administered 0.83-mg/kg LPS show increased
immobility time in the FST compared to saline-treated controls
24h following LPS injection. However, group-housed animals
tested in the same paradigm show a reduction in immobility even
though the measured biochemical parameters (plasma corticoster-
one and IL-6) were similar in both groups following LPS (Painsipp
et al., 2011). This indicates social housing can significantly change
depression-related behaviours following LPS-induced neuroin-
flammation without concomitant differences in biochemical
parameters. Furthermore, it has been shown that low social sup-
port is also a risk factor in human cytokine-induced depression
(Capuron et al., 2004). It is therefore possible that the social hous-
ing in our experiments imparts a resistance to the effects of IDO1,
and possibly TDO2, inhibition on the behavioural readouts of
anxiety and cognitive deficits elicited by LPS despite, at least for
the 1-MT experiments, a reduction in levels of brain kynurenine
and the kynurenine:tryptophan ratio, a biochemical parameter also
changed in other experiments (O’Connor et al, 2009). Further-
more, in the 680C91 experiment, where the animals were paired-
housed, we saw prolonged effects of LPS on anxiety [96-h post-LPS
administration, as seen in Fig. 2(F)] and biochemical parameters
(brain kynurenine and kynurenine:tryptophan ratio, serum
kynurenine, KYNA, and kynurenine tryptophan ratio, data
presented in Table 3) in both 680C91/LPS-treated and vehicle/
LPS-treated mice, while no such effects were observed in the
group-housed vehicle/LPS-treated mice from the 1-MT experi-
ments [data presented in Table 2 and Fig. 2(E)]. While this is
an anecdotal observation from our study, the direct effects of single
versus group housing require further testing. Interestingly, chronic
inhibition of IDO1 in 1-MT/saline-treated animals resulted in levels
of kynurenine that were half of those in vehicle/saline-treated ani-
mals in brain but the serum levels of kynurenine were unaffected.
This suggests that regulation of IDO1 activity may be different in
periphery and brain. We find here that kynurenine levels are signifi-
cantly elevated in animals displaying anxiety in the elevated plus
maze and that they are decreased in animals showing anxiolytic
behaviour in this test. These data are in accordance with reports that
administration of L-kynurenine results in increased anxiety-like
behaviours in mouse (Salazar et al., 2012; Varga et al., 2015) although
whether L-kynurenine itself triggers the anxiety-like behaviours or if a
downstream metabolite, such as QUIN, might be responsible has yet
to be concretly determined. However, KMO knockout mice, which
have elevated levels of brain kynurenine and KYNA but lower levels
of QUIN than wildtype mice (Giorgini et al, 2013), also display
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increased anxiety behaviour as well as other behavioural deficits
(Erhardt et al., 2017a).

The timing of acute TDO2 administration was based upon the
work of Salter et al. (1995) indicating increased brain tryptophan
and 5-HIAA 1 to 6 h and increased 5-HT 2-6 h following 680C91
administration per os in rat. We report here that 680C91 at a dose
of 15mg/kg also raises tryptophan levels in mouse following
acute administration and that increased levels of tryptophan are
sustained when the same dose of 680C91 is chronically adminis-
tered. Whereas we did not detect a short-term elevation of
5-HT or 5-HIAA, elevation of 5-HIAA was observed after chronic
treatment in the above experiments. Differences in short-term
effects between our work and Salter’s could be due to type of
administration (gavage vs. voluntary consumption) or different
pharmacokinetics between species. However, in mice constitu-
tively lacking TDO2, increases in brain Trp, 5-HT and 5-HIAA
were also observed (Too et al, 2016), and taken together with
our and Salter’s study, it would seem loss of TDO2 shifts trypto-
phan metabolism towards the serotonergic pathway. At the dose
used here, we observed a small effect of 680C91 that manifested
itself as increased freezing during memory recall in contextual fear
conditioning. Such a result can be interpreted as increased anxiety
and could be caused by increased serotonergic activity (Frick et al.,
2015). However, 680C91 showed no anxiogenic effects of its own in
the light-dark box and elevated plus maze, more traditional tests of
anxiety-like behaviours in rodents. It is not surprising that one
inhibitor can have differential effects on anxiety-like behaviours
in different tests as anxiety can have many facets (Wiedemann,
2001; Campos et al., 2013). However, it is possible that a different
dose of 680C91 would have produced different effects and our
results should be interpreted with caution as a dose-response curve
was not performed. Nevertheless, considering the elevation of Trp
and promotion of serotonergic signalling by 680C91 with little
impact on behaviour, perhaps inhibition of TDO?2 in the context
of antidepressant action should be revisited.

Overall, this work shows that chronic oral administration of the
IDOL1 inhibitor 1-MT is successful in lowering kynurenine and the
kynurenine:tryptophan ratio following LPS. Our study supports
previous studies showing that IDO1 is a major player in kynure-
nine synthesis following LPS challenge. Furthermore, we show that
TDO?2 is likely not involved in this process and that TDO2 inhib-
ition is not a viable option as concerns abrogating LPS-induced
cognitive deficits, anxiety-like behaviours, and reducing kynure-
nine and the kynurenine:tryptophan ratio. Importantly, our results
using group-housed mice suggests immune modulation from
single-housing conditions as a possible contributing factor to previ-
ously observed behavioural effects.

Supplementary material. To view supplementary material for this article,
please visit https://doi.org/10.1017/neu.2019.44
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