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Neurobiology of Disease

Interferon-vy and Tumor Necrosis Factor-o Mediate the
Upregulation of Indoleamine 2,3-Dioxygenase and the
Induction of Depressive-Like Behavior in Mice in Response
to Bacillus Calmette-Guérin
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Although the tryptophan-degrading enzyme, indoleamine 2,3-dioxygenase (IDO), is a pivotal mediator of inflammation-induced depres-
sion, its mechanism of regulation has not yet been investigated in this context. Here, we demonstrate an essential role for interferon
(IFN)7y and tumor necrosis factor (TNF)« in the induction of IDO and depressive-like behaviors in response to chronic immune activa-
tion. Wild-type (WT) control mice and IFNyR ~/~ mice were inoculated with an attenuated form of Mycobacterium bovis, bacille
Calmette-Guérin (BCG). Infection with BCG induced an acute episode of sickness that was similar in WT and IFNyR ~/~ mice. Increased
immobility during the forced swim and tail suspension tests occurred in WT mice 7 d after BCG inoculation but was entirely absent in
IFNYR ™/~ mice. In WT mice, these indices of depressive-like behavior were associated with chronic upregulation of IFNvy,
interleukin(IL)-1B, TNFa, and IDO. Proinflammatory cytokine expression was elevated in BCG-infected IFNyR ~/~ mice as well, but
upregulation of lung and brain IDO mRNA was completely abolished. This was accompanied by an attenuation of BCG-induced TNFa
mRNA and the lack of an increase in plasma kynurenine/tryptophan ratio in the BCG-inoculated IFNyR ~/~ mice compared with WT
controls. Pretreatment of mice with the TNFo antagonist, etanercept, partially blunted BCG-induced IDO activation and depressive-like
behavior. In accordance with these in vivo data, IFNy and TNFa synergized to induce IDO in primary microglia. Together, these data

demonstrate that IFNvy, with TNF, is necessary for induction of IDO and depressive-like behavior in mice after BCG infection.

Introduction

Chronic inflammation is often associated with depression (Evans
et al., 2005; Adler et al., 2008; Dantzer et al., 2008a,b). A quasi-
experimental model of this relationship is provided by cytokine
immunotherapy (Maes et al., 2001; Capuron et al., 2002, 2003).
Patients treated with interferon (IFN)a for cancer or hepatitis C
develop transient flu-like symptoms that often culminate in ma-
jor depressive disorders (Capuron et al., 2002). IFN« treatment
in patients elicits systemic immune activation, and a pivotal fac-
tor for the development of inflammation-associated depression
appears to be the tryptphan-degrading enzyme indoleamine 2,3-
dioxygenase (IDO) (Raison et al., 2006). Activation of this ubiq-
uitous enzyme by proinflammatory cytokines leads to the gener-
ation of several neuroactive metabolites including quinolic acid
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(QA), an NMDA receptor agonist that has been implicated in
neurodegenerative disorders (Guillemin et al., 2005b; Spalletta et
al,, 2006). In animal studies, inhibition of IDO abrogates
depressive-like behaviors induced by acute (O’Connor et al.,
2008b) or chronic inflammation (O’Connor et al., 2009).

The exact nature of the proinflammatory cytokines responsi-
ble for upregulating IDO is still elusive within the context of
inflammation-associated depression. IFNvy is the predominant
cytokine implicated in the induction of IDO (Schroecksnadel et
al., 2003). Two IEN-stimulated response elements (ISREs) and
IFNvy-activated site (GAS) sequences are present in the 5'-
promoter region of the IDO gene (Hassanain et al., 1993; Chon et
al., 1995; Konan and Taylor, 1996). Clinically, individuals with an
allelic variant (T allele) of the IFNy gene resulting in high IFN+y
production also have an elevated plasma kynurenine/tryptophan
ratio, indicative of increased IDO activity (Raitala et al., 2005).
However, subsequent studies have identified IFN-independent
pathways, including TNFa and Toll-like receptor-4, capable of
inducing IDO activity (Fujigaki et al., 2006), so multiple DNA
regulatory elements are likely to be important in eliciting an ap-
propriate response to complex immunological signals.

Here, we tested the hypothesis that both IFNy and TNF« are
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the main IDO-inducing proinflammatory cytokines responsible
for bacille Calmette-Guérin (BCG)-induced depressive-like be-
haviors. We first determined the role of [FNy in depressive-like
behavior induced by inoculation of BCG. Infection of mice with
BCG is a well validated and classical model of chronic immune
activation. Mice chronically infected with BCG display the two
successive phases of sickness and depressive-like behaviors that
are typically observed in patients undergoing immunotherapy
(Moreau et al., 2005, 2008; O’Connor et al., 2009). For this rea-
son, infection of mice with BCG represents a suitable model to
study the depressive-like behavioral implications of chronic in-
flammation. BCG also chronically induces both IDO and proin-
flammatory cytokines such as IFNy and TNFa (Moreau et al.,
2008; O’Connor et al., 2009). After establishing an appropriate
dose of BCG in C57BL/6] mice to induce depressive-like behav-
ior, we show here that IFNy receptor deficient mice (IFNyR ~/7)
exhibited a typical acute sickness response to BCG, but were
completely protected from the subsequent development of
depressive-like behavior. Moreover, the robust BCG-induced in-
crease in IDO mRNA expression and enzymatic activity that oc-
curred in WT mice was absent in IFNYR ~/~ mice. This was as-
sociated with an attenuated upregulation of central TNFa
mRNA, and when BCG-infected mice were pretreated with etan-
ercept, the soluble TNF receptor that prevents endogenous TNFa
from binding to its biologically active receptor, the induction of
IDO and depressive-like behavior were attenuated. We then con-
firmed in primary microglia, which are known to be key cellular
mediators of neuroimmune responses, that IFN-y markedly in-
duced IDO expression and primed microglia for additional cyto-
kine signals, like TNFa. Together, these results demonstrate the
critical role of IFNy and TNFa in IDO upregulation and
depressive-like behavior and indicate that the IFNy and TNF«
receptor pathways provide specific targets for therapeutic inter-
vention in inflammation-associated depression.

Materials and Methods

Animals and treatments

All animal care and use were conducted in accordance with the Guide for
the Care and Use of Laboratory Animals (National Research Council)
and approved by the Institutional Animal Care and Use Committee.
Experiments were performed on 8—12-week-old male C57BL/6] wild-
type controls, B6.129S7-Ifngr1""148'/] (stock #000664 and #003288) ob-
tained from The Jackson Laboratory or Crl:CD1 (ICR) mice obtained
from Charles River Laboratories. Mice were individually housed in stan-
dard shoebox cages, with wood shavings litter, in a temperature- (23°C)
and humidity- (45-55%) controlled environment with a 12/12 h modi-
fied dark-light cycle (light on 10:00 P.M.—10:00 A.M.). Food and water
were available ad libitum. Mice were handled individually every day for
7 d before the experiments.

On the day of BCG inoculation, fresh solutions were prepared
by dispersing lyophilized BCG cultures (SanofiPasteur) in sterile
endotoxin-free isotonic saline and injected intraperitoneally at the indi-
cated doses. For the TNF-inhibition study, starting 1 d before BCG inoc-
ulation, mice were injected once daily subcutaneously for the duration of
the experiment with either sterile physiological saline or 2.5 mg/kg etan-
ercept (Amgen) dissolved in sterile endotoxin-free isotonic saline. This
dose was chosen on the basis of previous studies demonstrating its ability
to fully block TNFa activity (Popivanova et al., 2008).

Primary glia isolation and culture

Primary mixed glial cultures were established from brains of <2-d-old
C57BL/6] mice. After removal of the meninges, brains were mechanically
minced and dissociated with 0.25% trypsin/0.5 mm EDTA. After inacti-
vation of trypsin with fetal calf serum (FCS), tissue suspension was
passed through a 70 wm nylon cell strainer (BD Falcon). Dissociated cells
were suspended in DMEM glucose with 4 mMm glutamine (HyClone)
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supplemented with 10% heat-inactivated FCS (HyClone), 100 U/ml pen-
icillin, and 100 pg/ml streptomycin and plated in tissue culture flasks.
After 15-20 d, microglia were separated from confluent astrocytes by
shaking the flasks for 1 h at 37°C on an orbital shaker at 150 rpm. Isolated
microglia were collected and cultured in 1929 cell conditioned medium
for 7-10 d before treatment. The purity of microglia was >90% CD11b+
verified by flow cytometry. Cells were treated with 1 ng/ml recombinant
murine IFNy (PeproTech; Catalog 315-05) or 10 ng/ml recombinant
murine TNFa (Invitrogen; Catalog PRC3014). These doses were selected
on the basis of previous dose-response experiments (data not shown).

Behavioral experiments
All behavioral experiments were performed during the first 4 h of the
dark phase of the light cycle.

Locomotor activity. The effects of BCG on locomotor activity (LMA)
were assessed in mice individually placed into a clean, novel cage identi-
cal to the home cage, but devoid of bedding or litter. The cage was divided
into four virtual quadrants, and LMA was measured by counting the
number of quadrant entries and rearings over a 5 min period. Counting
was done by a trained observer who was blind to the treatments.

Forced swim test. The forced swim test (FST), a standardized test of
depressive-like behavior in which depression is inferred from increased
duration of immobility, was conducted as described previously
(O’Connor et al., 2008b, 2009). The duration of immobility was deter-
mined during the test using the mobility function of the “Observer Basic”
software (Noldus). Program analysis settings were: sampling rate = 3/s;
detection method = subtraction with low threshold of 20 and high
threshold of 255 and minimum detectable object size of 200 pixels; image
filtering = 2 pixel erosion and dilation; mobility threshold of 20% with 3
interval averaging.

Tail suspension test. The tail suspension test (TST), a standardized test
of depressive-like behavior in which depression is inferred from in-
creased duration of immobility, was conducted as previously described
using the Mouse Tail Suspension Package (MED-TSS-MS, Med Associ-
ates) (O’Connor et al., 2008b, 2009). Program analysis settings were
integration = on; resolution = 0.1 s; gain = 4; start trigger = 20.

RNA extraction and reverse transcription

Total RNA from lung and whole brain samples was extracted in TRIzol
reagent. All reverse transcriptase (RT) reactions were performed in a
Stratagene Robocycler Gradient 96, using an Ambion (cat# 1710) reverse
transcriptase kit according to manufacturer instructions, using 125 ng of
total RNA and random decamer primers for each reaction. All RNA
samples were reverse transcribed simultaneously to minimize interassay
variation associated with the reverse transcription reaction.

Real-time RT-PCR

Real-time RT-PCR was performed on an Applied Biosystems Prism 7900
using Tagman gene expression assays for TNFe (cat # Mm00443258_m1),
IL-1B (cat#Mm00434228_m1),IFNvy (cat# Mm00801778_m1),IDO (cat#
Mm00492586_m1) and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH; cat # Mm999999_g1), purchased from Applied Biosystems. Re-
actions were performed in duplicate according to manufacturer instructions
using 125 ng of cDNA template for each reaction. Relative quantitative
measurement of target gene levels was performed using the AACt
method, where Ct is the threshold concentration. GAPDH was used as
the endogenous housekeeping control gene. Transgenic mice were posi-
tively identified by PCR using cDNA from the brain tissue of wild-type or
IENYR ~/~ mice to confirm the absence or presence of the neomycin
gene. If the neomycin gene was present, a 492 bp amplification product
was generated. The forward and reverse primer sequences were 5'-
AGGAT CTCCTGTCATCTCACCTTGCTCCTG-3" and 5'-AAGAA-
CTCGTCAAGAAGGCGATAGAAGGCG-3', respectively.

HPLC

Plasma tryptophan and kynurenine were analyzed by HPLC using an
ESA Coulochem II detector with a 5041 Enhanced Analytical cell con-
taining a glassy carbon electrode (+600 mV). Mobile phase (pH = 4.6)
consisted of 75 mm NaH,PO,, 25 um EDTA (disodium salt),and 100 ul/L
triethylamine in acetonitrile:water (6:94 v:v). Brain monoamines were
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analyzed at +320 mV. The monoamine mobile phase, pH = 3.0, con-
sisted of 75 mm NaH,PO,, 25 um EDTA (disodium salt), 1.7 mm octane-
sulfonic acid, and 100 ul/L triethylamine in acetonitrile:water (7:93 v:v).
The chromatograms were integrated and quantified using Dynamax
Maclntegrator II software (Rainin Instruments).

Plasma (50 ul) was mixed with a solution of 10% sulfosalicylic acid
solution (10 ul) and allowed to precipitate proteins on ice for at least
30 min. After the precipitation, samples were centrifuged at 12,000 X
g for 10 min at 4°C. The supernatant was extracted and loaded into a
Costar Spin-X centrifuge tube filter (0.22 uMm nylon part 8169 Corn-
ing) and centrifuged at 12,000 X g for 6 min at 4°C. For the current
study, plasma extracts were diluted at 1:50 following the extraction
steps described above.

Mouse brains were first weighed and then homogenized in 500 ul of a
0.1 NHCIO4/10 um ascorbate solution using a 1.5 ml centrifuge tube and
disposable pestle. Upon complete homogenization, the brain samples
were centrifuged at 12,000 X g for 5 min at 4°C. After homogenization,
the supernatant was extracted and loaded into a Costar Spin-X tube filter
and centrifuged at 12,000 X g for 5 min at 4°C. For the current study, the
sample extracts were then diluted at 1:10 (v:v) in 0.02 N HCIO4 and
analyzed for kynurenine, tryptophan and 1-methyl-tryptophan. The
brain extracts which were analyzed for 5-hydroxyindoleacetic acid (5-
HIAA) and serotonin were diluted at 1:100 (w:v) and injected into the
HPLC system. Data from plasma samples are expressed as umol/L, while
data from brain samples are expressed as pmol/mg tissue.

A standard curve was generated on each day from concentrated (2 um)
tryptophan, 1-methyl-tryptophan, and kynurenine standards made up
in 0.02 N HCIO, and held at 4°C until a 20 ul volume was injected into
the system. Standards were made using a serial dilution technique that
made the standards to levels that would encompass expected levels in the
plasma samples. The standard curve was created using the system soft-
ware and samples were not analyzed unless a linear standard curve with
% >0.995 was achieved.

Statistical analysis

Data (mean = SEM) were analyzed using a one-way (treatment), two-
way (pretreatment or genotype X treatment), or three-way (pretreat-
ment or genotype X treatment X time) ANOVA with repeated measure-
ment on the time factor where appropriate, followed by a post hoc
pairwise multiple comparison procedure using the Fisher’s least signifi-
cant difference, if the interaction was significant.

Results

BCG dose-dependently precipitates the development of
depressive-like behaviors in C57BL/6] mice

To confirm that BCG inoculation induces the development of
depressive-like behaviors in the inbred C57BL/6] mouse strain in
a manner similar to that previously demonstrated in outbred
CD-1 mice (Moreau et al., 2008), mice were treated with either
non-pyrogenic physiological saline or a dispersed BCG suspen-
sion containing 10°, 107, or 10® colony forming units (cfu). After
treatment, mice were weighed daily and monitored for behav-
ioral signs of sickness and depressive-like behavior. Consistent
with our previous findings in CD-1 mice, BCG induced a tran-
sient, dose-dependent reduction in body weight (dose X time,
F3.112) = 9.06, p < 0.001) that returned to baseline by 3 (10°and
107 cfu) or 7 (10® cfu) d after BCG inoculation (Fig. 1 A). After
body weight had returned to pretreatment levels, mice were
tested for locomotor deficits (a measure of sickness behavior).
Horizontal locomotor activity remained modestly, yet signif-
icantly reduced ( p = 0.024) only in mice inoculated with 10®
cfu BCG compared with saline controls (Fig. 1B, left panel).
However, there were no significant differences in locomotor
activity in the mice inoculated with lower doses of BCG when
compared with control mice. Also, there was no significant
reduction in the number of rearings exhibited during the test
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Figure 1. BCG dose-dependently induces depressive-like behavior in C57BL/6) mice after
recovery from sickness behavior. Increasing doses of BCG were inoculated to mice via a single
intraperitoneal injection. A, Mice were weighed daily as an indication of the acute sickness
response. B, Seven days after BCG inoculation, horizontal locomotor activity (left) and rearings
(right) were measured in a novel cage to ensure sickness-related motor deficits had returned to
baseline levels. €, The duration of immobility during the forced swim test (left) and tail suspen-
sion test (right) was then recorded to assess the persistence of depressive-like behavior. Data
represent means = SEM (n = 5 mice per group). Error bars indicate statistical differences
versus either same treatment baseline (A) or saline control (B, €). *p << 0.05.

by BCG-inoculated mice compared with saline-treated con-
trol mice (Fig. 1B, right panel).

Even in the absence of any overt signs of sickness behavior,
BCG induced a clear dose-dependent increase in depressive-like
behaviors 7 d after inoculation (treatment effect; p < 0.001 for
FST and p = 0.006 for TST). When subjected to the FST, mice
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inoculated with 107 cfu BCG exhibited a significant increase
(p = 0.017) in the duration of immobility (Fig. 1C, left panel).
Four hours later, mice were subjected to the TST. Again, mice
inoculated with 107 cfu of BCG exhibited a significant increase
(p = 0.037) in the duration of immobility compared with
control mice (Fig. 1C, right panel). Together, these findings
validate the BCG model of chronic inflammation induced
depressive-like behavior in the C57BL/6] inbred mouse strain
and establish 107 cfu BCG/mouse as an effective dose with
minimal impact on motor activity.

IFNy receptor deletion specifically prevents the development
of BCG-induced depressive-like behaviors
To determine whether BCG-induced depressive-like behaviors
are dependent on IFNYy activity in vivo, WT or IFNyR ~/~ mice
were treated with either non-pyrogenic physiological saline or
107 cfu of BCG in a2 X 2 factorial arrangement. After treatment,
mice were weighed daily and monitored for behavioral signs of
sickness. Figure 2, A and B, show that BCG induced a typical
transient acute sickness response in WT and IFNy '~ mice that
was completely resolved by 7 d after inoculation. There was a
significant BCG X time interaction for body weight (F(; 1,6, =
15.92, p < 0.001) (Fig. 2A) and locomotor activity (F(, ,,) =
11.11, p < 0.001) (Fig. 2 B); however, there were no differences
resulting from genotype ( p > 0.5) for either dependent variable.
As we have already established (Fig. 1C, left panel), BCG in-
duced a significant increase in the duration of immobility during
the FST 7 d after inoculation. However, this increase was com-
pletely absent in the IFNyR ~/“mice (genotype X BCG F; 15, =
4.61, p = 0.042) (Fig. 2C, left panel). Four hours later, BCG-
treated mice also displayed an increased duration of immobility
during the TST that was absent in mice lacking functional IFNvy
receptors (genotype X BCG F, 15 = 7.74, p = 0.01) (Fig. 2C,
right panel). Together, these results demonstrate that whereas
IFNy activity is not required for BCG-induced acute sickness
responses, it is fully necessary for the subsequent development of
depressive-like behaviors in response to BCG.

BCG-induced IDO expression and activity are dependent on
IFNy receptor function

IDO plays a pivotal role in mediating the development of
depressive-like behaviors in response to both acute and chronic
peripheral immune activation (Henry et al., 2008; Moreau et al.,
2008; O’Connor et al., 2008b, 2009). To determine if the absence
of BCG-induced depressive-like behaviors in IFNyR ~/~ mice
was the result of impaired IDO upregulation, steady-state mRNA
expression of IDO was measured by real-time RT-PCR in both
the lung and brain tissues of mice immediately after behavioral
testingat 7 d after BCG inoculation. IDO mRNA was significantly
upregulated in both the lungs (treatment effect; p < 0.001) (Fig.
3A) and brain (treatment effect; p < 0.001) (Fig. 3B) of BCG-
inoculated WT mice. However, this BCG-induced upregulation
of IDO mRNA was completely inhibited in IENyR ~/~ mice in
both tissues, perfectly paralleling the failure of these mice to de-
velop depressive-like behaviors in response to BCG (lung: geno-
type X BCG F(, 15 = 98.2, p < 0.001) and brain: genotype X
BCG F(, 1) = 17.9, p < 0.001) (Fig. 34, B).

To demonstrate that the inability of BCG to induce IDO
mRNA in IENyR ~/~ mice was of pathophysiological relevance,
the correlation between relative mRNA expression level of IDO
and ex vivo IDO enzymatic activity was tested in both lung and
brain tissues of BCG-inoculated WT mice, and the kynurenine/
tryptophan ratios were measured in the plasma and brains of
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Figure2. IFNyR ~/~ mice exhibit normal sickness behavior but do not develop depressive-
like behaviors in response to BCG. WT or IFN-yR ~/~ mice received an intraperitoneal injection
of either saline or 107 cfu of BCG. A, B, Body weight was recorded daily (4), and horizontal
locomotor activity in a novel cage (B) was measured every other day for 7 d after inoculation
until behavioral indications of the acute sickness response were no longer apparent. ¢, One
week after BCGinoculation, the duration of immobility in the forced swim test (left) and the tail
suspension test (right) was recorded. Data represent means = SEM (n = 3—9 mice per group).
Error bars indicate statistical differences between groups. *p << 0.05.

separate groups of WT and IFNyR ~/~ mice treated with either
saline or BCG. There was a significant positive correlation be-
tween the relative mRNA expression of IDO and enzyme activity
in lung tissue collected 7 d after BCG inoculation (r = 0.84, p <
0.001) (Fig. 3C). Concordant with the increase in lung IDO ac-
tivity, BCG induced a significant increase in the plasma kynure-
nine/tryptophan ratio in WT mice; however, as with depressive-
like behavior and IDO mRNA expression, the kynurenine/
tryptophan ratio in the plasma of BCG-inoculated IFNyR ~/~
mice was substantially attenuated (genotype X BCG F(, 15 =
7.05, p = 0.015) (Fig. 3D).

Although IDO enzymatic activity in brain tissue was markedly
lower than in the lung, there was again a significant positive cor-
relation between IDO expression and activity 7 d after BCG (r =
0.74, p < 0.001) (Fig. 3E). While the kynurenine/tryptophan ra-



4204 - ). Neurosci., April 1, 2009 - 29(13):4200 — 4209

tio in whole-brain tissue was not signifi-
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after BCG, mice were killed for blood collection, followed by perfusion with ice-cold heparin-containing PBS and tissue collection.

A, B, Steady-state expression of DO mRNA transcripts in both the lungs (A) and brain (B) were measured by real-time RT-PCR. €,

IFNYR ~/~ mice develop a robust
proinflammatory cytokine and immune
response to BCG, although TNFa is
reduced
To confirm that the inability of BCG to
induce IDO meditated depressive-like be-
haviors in IFNyR deficient mice was not merely the result of a
non-specific defective proinflammatory cytokine response to
BCG, lung and brain expression levels of the major IDO-
inducing cytokines were determined in WT and IFNyR ~/~ mice.
BCG-induced a significant increase in steady-state mRNA ex-
pression of IFNy in the lung (treatment effect; p = 0.01); how-
ever, unlike either IDO expression or depressive-like behavior,
there was no attenuation of [IFNyy mRNA in IENyR ~/~ mice (Fig.
A). Similarly, there was a significant upregulation of IFNvy
mRNA in brain tissue from BCG-inoculated mice (treatment
effect; p = 0.048) (Fig. 4B), but there was no significant geno-
type X BCG interaction.

Figure 4, C and D, indicate that another proinflammatory
cytokine that plays a key role in inflammation-associated sick-
ness behavior, IL-1f3, was significantly increased in the lung
and brain of all BCG-inoculated mice ( p < 0.001), and there
was again no genotype X BCG interaction (genotype X BCG,
p = 0.08 in lung and p = 0.16 in brain). BCG also induced a
significant upregulation of TNFa mRNA in lung tissue of WT
and IFNyR ~/~ mice compared with saline-treated controls.
However, this increase was significantly less marked in

E, To determine the relationship between relative mRNA expression and enzymatic activity, lungs (€) and brain (E) tissue from a
separate group of B(G-inoculated mice were used. D, F, Plasma (D) and brain (F) concentrations of kynurenine and tryptophan
were measured by HPLC with electrochemical detection. The ratio of kynurenine/tryptophan was determined as an indication of
in vivo IDO activity. Data represent means == SEM (n = 3—9 mice per group). Error bars indicate statistical differences between
groups. *p << 0.05. Average Ct values for BCG treated WT mice were as follows: lung = 26.5 = 0.7 and brain = 36.1 = 0.6.

Table 1. BCG does not induce changes in 5-HT

WT IFNyR™™
Saline BCG Saline BCG
5-HT 247 0.1 251+ 0.16 2.56 = 0.011 249 +0.13
5-HIAA 1.07 £ 0.07 1.19 +0.07 1.20 = 0.06 1.15 + 0.09
5-HIAA/
5-HT 435 +0.05 475 +0.02 474 +0.03 466 + 0.04

Serotonin and its major metabolite 5-HIAA were measured by HPLCin brain tissue from WT or IFNyR ~/~ micetreated with
either saline or BCG. Data represent mean (micromoles per milligram of tissue) == SEM; n = 3—9 mice per group.

IFNYR ™'~ mice (genotype X BCG F(; 15, = 5.60, p = 0.026)
(Fig. 4E). In brain tissue of BCG-inoculated mice, there was a
modest, yet significant effect of genotype ( p < 0.02) in reduc-
ing the steady state mRNA expression of TNFa (Fig. 4F).
However, the main effect of BCG did not reach statistical sig-
nificance ( p = 0.06), and there was no genotype X BCG in-
teraction. IL-6, SOCS-3, and TLR2 mRNA were also measured
inlungand brain tissue 7 d after saline or BCG injection, but in
all cases there were no significant main effects or interactions
(data not shown).

Finally, as a correlate of BCG infection (Bourassa et al.,
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lung = 28.3 = 0.6, brain = 32.7 = 0.3.

1985), splenomegaly was measured in WT and IFNyR '~
mice 7 d after injection with saline or inoculation with BCG.
Consistent with previous studies, BCG infection resulted in a
marked increase in spleen weight (treatment effect; p < 0.001)
that did not significantly differ between WT and IFNyR defi-
cient mice (genotype X BCG, p > 0.8) (Fig. 4G). Together,
these data indicate that although IFNyR ~/~ mice exhibited a
similar proinflammatory neuroimmune response to BCG dur-
ing the first week after inoculation with the exception of
TNFa, there was no upregulation of IDO nor any develop-
ment of depressive-like behavior in the absence of functional
IFNy receptors.

u Saline
OoBCG
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In vivo neutralization of TNFa
attenuates BCG-induced IDO
expression and depressive-like
behaviors

As already presented, inoculation of
IFNYR '~ mice with BCG resulted in a
typical acute neuroimmune response (Fig.
2 A, B); however, TNFa mRNA expression
was found to be significantly lower in the
brains of BCG-infected IFNyR deficient
mice. TNFe is able to induce IDO inde-
pendently of IFN7y and can also synergize
with IFNvy to induce IDO (Robinson et al.,
2003). To determine whether the blockade
of IDO upregulation and depressive-like
behaviors in IFNyR ~/~ mice could be
caused, at least in part, by a diminished
TNFa upregulation, WT mice were
chronically administered either nonpyro-

IFNYR -/

MW Saline
OBCG

ol

WT

IFN-yR ~/~ mice exhibit a typical proinflammatory cytokine response. A—F, Steady-state mRNA expression of [FN-y
(A, B), IL-1B(C, D), and TNFcx (E, F) were measured by real-time RT-PCR in both the lung and brain tissue 7 d after saline or BCG
administration. G, As an indicator of BCG infection, splenomegaly was measured 7 d after BCG. Data represent means == SEM (n =
3-9 mice per group). Error bars indicate statistical differences among groups. *p << 0.05. Average Ct values for BCG treated WT
mice were as follows: IFNy: lung = 31.1 = 0.9, brain = 37.0 = 1.0; IL-183: lung = 26.2 = 0.5 brain = 30.8 = 0.8; TNFoz:

,H

IFNYR -/-

genic physiological saline or soluble TNF
receptor, etanercept, (2.5 mg/kg once
daily) beginning 1 d before infection with
BCG. After treatment, mice were weighed
daily and monitored for behavioral signs
of sickness. Figure 5, A and B, show that
BCG induced a typical transient acute
sickness response in WT and etanercept-
treated mice. There was a significant
BCG X time interaction for body weight
(Fy1a0) = 12.95, p < 0.001) (Fig. 5A) and
locomotor activity (F(; g = 3.76, p =
0.008) (Fig. 5B). There was no difference
caused by pretreatment (p = 0.85) for
body weight, but pretreatment with etan-
ercept abolished the transient reduction in
locomotor activity induced by BCG (etan-
ercept X BCG X time; F(; go) = 2.95,p =
0.025) (Fig. 5B). There was a significant
etanercept X BCG interaction on the du-
ration of immobility during both the FST
(Faa9) = 6.75, p = 0.018) (Fig. 5C, left
panel) and TST (F, ;4y = 6.46,p = 0.019)
(Fig. 5C, right panel). Post hoc analysis re-
vealed that while etanercept significantly
reduced the duration of immobility in
both the FST (p = 0.003) and TST (p =
0.044) for BCG-infected wild-type mice,
BCG-infected mice pretreated with etan-
ercept still exhibited increased immobility
during both tests (FST; p = 0.024 and TST;
p = 0.048).

Immediately after the last behavioral test, lung and brain tis-
sue and plasma were collected for determination of IDO mRNA,
proinflammatory cytokine mRNA expression, and the kynure-
nine/tryptophan ratio. BCG induced a significant increase in the
steady-state mRNA expression of both brain and lung IFNvy
(treatment effect; p = 0.012), IL-1 (treatment effect; p = 0.001),
and TNFa (treatment effect; p = 0.039), but there was no effect of
pretreatment with etanercept for any of these cytokines (etaner-
cept X BCG; p > 0.7 for each measure) (data not shown). Con-
versely, similar to depressive-like behavior, etanercept pretreat-
ment significantly attenuated IDO mRNA expression in both
lung (etanercept X BCG; F, 14, = 21.06,p < 0.001) (Fig. 5D) and

H Saline
OBCG

IFNYR -/
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brain (etanercept X BCG; F,9 = A 2
7.06,p = 0.016) (Fig. 5E). Importantly,

pretreatment with etanercept significantly 1
reduced the plasma kynurenine/trypto-
phan ratio in BCG-infected mice (etaner-
cept X BCG; F; 19y = 4.42,p = 0.04) (Fig.
5F). Together, these results demonstrate
that TNFa may play an important role in
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determine whether these two IDO-
inducing proinflammatory cytokines in-
teract to affect IDO upregulation in resi-

dent murine brain cells known to mediate C
neuroimmune responses, cultures of puri-
fied primary microglia were obtained from
C57BL/6] mice, the same strain used in the
in vivo studies. Primary microglia cultures
were treated with either sterile PBS, 10
ng/ml recombinant murine TNFea, 1
ng/ml recombinant murine IFNvy or
TNFa plus IFNy for 6 h. At the end of the
treatment period, steady-state mRNA ex-
pression of IDO was determined by real-
time RT-PCR. TNFa alone did not induce
IDO expression in primary microglia,
while IFNvy alone induced a robust in-
crease in IDO expression ( p = 0.04) (Fig.
6). Interestingly, when primary microglia
were treated with both IFNvy plus TNFa
for the same period of time, upregulation
of IDO was enhanced by slightly more
than twofold when compared with IFNvy
alone ( p = 0.03) Together, these data sup-
port the idea that IFN+y which we have al-
ready shown to be elevated in the brain of BCG-treated mice is
sufficient to induce IDO expression. Moreover, IFNvy, which is
well known to prime peripheral macrophages to subsequent im-
mune signals, may act in concert with TNFe in vivo to elicit the
full neuroimmune response.
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Figure 5.

Discussion

The present results show that blockade of IFNvy receptor activa-
tion abrogates BCG-induced depressive-like behavior in mice by
a mechanism that is at least partly mediated by TNFa and is
dependent on the synergistic activating effect of IFNy and TNFa
on IDO.

Depressive-like behavior was measured by increased duration
of immobility in the forced swim and tail suspension tests. Ini-
tially developed as behavioral screening tools for anti-depressant
drug efficacy, these two tests are increasingly being used to mea-
sure a specific depressive-like behavior, behavioral despair, inde-
pendently of any anti-depressant treatment (Dunn and Swiergiel,
2005; Banasr and Duman, 2008; Moreau et al., 2008; O’Connor et
al., 2008b, 2009; Malisch et al., 2009). Although not assessed in

1 3 5 7
Time (days post-BCG)

Forced Swim

saline etanercept| saline etanercept

saline etanercept

Tail Suspension

* *

T

-
=2

250 W Saline

OBcG
150

==

Plasma
Kynurenine/Tryptophan
> o - =
- N

50

(s) Angowwy jo uoneing

o

saline etanercept

| msaine OBCG |

In vivo inhibition of TNFex activity attenuates depressive-like behavior and IDO upregulation in BCG-infected mice.
(57BL/6 mice were administered etanercept (2.5 mg/kg once daily) beginning 1 d before injection with 107 cfu BCG. 4, B, Body
weight was recorded daily (A), and horizontal locomotor activity in a novel cage (B) was measured every other day for 7 d after
inoculation, until behavioral indications of the acute sickness response were no longer apparent in all mice. , One week after B(G
inoculation, the duration of immobility in the forced swim test (left) and the tail suspension test (right) was recorded. D-F, After
behavioral testing, IDO mRNA expression was measured by real-time RT-PCR in the lung (D) and brain (E), and the kynurenine/
tryptophan ratio was measured in the plasma (F). Data represent means == SEM (n = 3—9 mice per group). Error bars indicate
statistical differences between groups. *p << 0.05.

the present series of experiments, sucrose preference would have
likely provided similar data to those obtained in FST and TST
because BCG has been shown previously to decrease sucrose pref-
erence independently of sickness (Moreau et al., 2008).
Infection of mice with BCG is a widely used and validated
model of chronic cellular immunity that results in rapid and
persistent dissemination of mycobacteria to all organs, especially
the lungs, liver and spleen and, to a lesser extent, the CNS
(Tsenova et al., 1999). BCG is recognized by the pathogen-
associated molecular pattern receptors TLR2 and TLR4, and in-
fection of mice with BCG results in production of proinflamma-
tory cytokines, including IFNy, TNF«, and IL-1f that remain
elevated for several weeks (Moreau et al., 2005, 2008). IFNvy and
TNFa are critical to the host’s immunological defense against
intracellular pathogens such as BCG. These cytokines maintain
granuloma integrity and coordinate the cellular immune re-
sponse (Kindler et al., 1989; Mittrucker et al., 2007). In fact,
Kamijo et al. (1993) demonstrated that IFNyR ~/~ mice had an
increased sensitivity to BCG infection. Although BCG infection
was not lethal in WT mice, all BCG-infected IFNyR deficient
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mice died by 9 weeks after inoculation. This observation is im-
portant because if IENyR ~/~ mice are more susceptible to BCG
infection, one would predict BCG-induced neuroimmune re-
sponses and subsequent depressive-like behaviors to be exacer-
bated rather than inhibited, as we report in the present series of
experiments. The dose of BCG used by Kamijo et al. (1993) was
very similar to ours (2 X 107 vs 1 X 107 cfu), but pathological
differences between the WT and IFNYR /™ mice infected with
BCG occurred later than 2 weeks after inoculation in the Kamijo
etal. study. Our own experiments were conducted within the first
7 d after inoculation, when cytokine levels were not significantly
different between WT and IFN+yR ~/~ mice, and the standard
physiological correlate of BCG infection, splenomegaly, was not
different. It is therefore unlikely that our results were biased by a
differential sensitivity of IFENyR ~/~ mice to BCG.

As anticipated, inoculation of mice with BCG caused an in-
crease in IDO expression in WT mice, and this resulted in a
significant increase in the plasma kynurenine/tryptophan levels.
Moreover, because IDO upregulation did not occur in
IFNYR ~/~ mice, the plasma kynurenine/tryptophan levels were
unchanged. Unlike our previous studies using acute immune ac-
tivation with LPS, the ratio of kynurenine/tryptophan in the
brains of BCG-inoculated mice (WT or IFNyR ~/7) was not
higher than saline-treated control mice. This result was unex-
pected because IDO expression was significantly increased in the
brains of BCG-inoculated WT mice, and peripheral kynurenine
is readily transported into the brain via saturable transport mech-
anisms (Kita et al., 2002; Schwarcz and Pellicciari, 2002). We
expected that a substantial increase in the peripheral kynurenine/
tryptophan ratio would be mirrored by a parallel response in the
brain. A possible explanation for this apparent disconnect might
involve the upregulation of kynurenine pathway enzymes down-
stream of IDO. Glial cells can metabolize kynurenine to a number
of intermediate metabolites (Kita et al., 2002; Schwarcz and Pel-
licciari, 2002). Astrocytes express high amounts of kynurenine
aminotransferase, and degrade kynurenine to kynurenic acid.
Microglia highly express the enzymes responsible for the genera-
tion of quinolinic acid, kynurenine monooxygenase (KMO) and
kynureninase. Like IDO, KMO is also inducible by IFNy
(Alberati-Giani et al., 1996). However, the relative importance of
specific kynurenine metabolites to inflammation-induced de-
pressive behaviors is not known. As such, future studies aimed at
characterizing differential kynurenine pathway metabolism
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within this context are necessary. Interestingly, we found that the
baseline kynurenine/tryptophan ratio in the brain was signifi-
cantly reduced in IFN+vyR knock-out mice (Fig. 4F) compared
with WT control mice, while this was not the case in the plasma
(Fig. 4 D). This finding indicates that the IFNy pathway may play
an important role in regulating brain IDO expression even dur-
ing periods of immunoquiescence. That the plasma kynurenine/
tryptophan ratio did not follow this same pattern is likely because
hepatic tryptophan dioxygenase (TDO) is the predominant tryp-
tophan degrading enzyme at the periphery in the absence of in-
flammation (Schrocksnadel et al., 2006).

An important objective of the present study was the identifi-
cation of the main cytokines that are responsible for the develop-
ment of depressive-like behavior in response to BCG. Based on its
pivotal role in the induction of IDO, IFNy was an obvious can-
didate. However, the inhibition of depressive-like behaviors in
IFN+R deficient mice in the present study was accompanied by a
reduced upregulation of TNFa mRNA in the brain. TNFa is a
well known mediator of neuroimmune responses after immune
activation (Kelley et al., 2003; O’Connor et al., 2008a), and there
is some evidence to indicate TNFa may be involved in the patho-
physiology of depression. Not only do patients suffering from
major depression, who are otherwise medically healthy, often
have elevated levels of circulating proinflammatory cytokines,
including TNFa (Maes, 1995; Raison et al., 2006), but also mice
lacking functional type 1 or type 2 TNFa receptors display an
antidepressant phenotype (Simen et al., 2006). While the role of
specific cytokines in mediating chronic inflammation-induced
(comorbid) depression is not yet understood, administration of
the TNFa inhibitor, etanercept, to patients with chronic psoriasis
has been reported to alleviate symptoms of depression (Tyring et
al., 2006). Pretreatment of mice with etanercept prevented the
transient acute reduction in locomotor activity after BCG infec-
tion (Fig. 5B). However, this was not the case with the transient
reduction in body weight (Fig. 5A) probably because IL-1f is the
predominant proinflammatory cytokine responsible for modu-
lating the anorexic response to immune activation (Layé et al.,
2000). Inhibition of TNFa activity in vivo only partly inhibited
the induction of depressive-like behaviors and IDO expression
(Fig. 5C-F), indicating that the total inhibition of depressive-like
behaviors observed in IFNy /" mice cannot be attributed solely
to TNFa.

IFNv is a potent inducer of IDO in peripheral myeloid cells
and cell lines, including dendritic cells (Jung et al., 2007), mono-
cytes and fibroblasts (Fujigaki et al., 2006). However, IFNvy-
independent IDO activation pathways have also been reported
(Fujigaki et al., 2006; Jung et al., 2007). We have previously dem-
onstrated that not only does IDO play a critical role in mediating
LPS or BCG-induced depressive-like behaviors in mice, but also
the upregulation of IDO in the brain parallels increased expres-
sion of IFNy (Moreau et al., 2005, 2008; O’Connor et al., 2008b,
2009). Subsequent in vivo experiments have confirmed this pos-
itive correlation (André et al., 2008; Connor et al., 2008). How-
ever, LPS has been shown to induce IDO expression in primary
mixed glial cultures without an increase in detectible IFN-y (Con-
nor etal., 2008). The IFNy-independent upregulation of IDO has
first been described in the LPS model of immune activation, and
it was not known whether it extends to other forms of immune
activation. Although direct stimulation of human glial cells with
IFN+y induces IDO (Guillemin et al., 2005a), TNF« can also in-
duce the upregulation of IDO, although at relatively high doses.
In fact, IFNy and TNFa have been reported to synergistically
induce IDO expression in the HeLa human endothelial cell line
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(Robinson et al., 2003). Consistent with these reports, we con-
firmed that IFNvy induced a robust increase in IDO expression in
primary murine microglial cells, and while TNFa alone did not
induce IDO, IFNy plus TNFa treatment resulted in a robust
synergistic effect on IDO upregulation. These results indicate that
the necessary role of IFNy on BCG induced IDO upregulation
and depressive-like behaviors may be partly mediated through
interactions with other cytokines, like TNF.

In conclusion, the present study identifies IFNy, together with
TNFa, as the essential proinflammatory cytokine responsible for
inducing IDO and depressive-like behaviors in the context of
chronic inflammation induced by BCG. These findings are im-
portant because they indicate that targeting the cytokine path-
ways that lead to IDO activation specifically and effectively pre-
vent the development of depressive behaviors. Thus, anti-
inflammatory treatments may have therapeutic benefit in the
treatment of inflammation associated depression.
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