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ARTICLE INFO ABSTRACT

Keywords: The kynurenine pathway (KP), a major route of tryptophan catabolism, may be associated with the pathophy-
Kynurenine pathway siology of depressive disorders. KP is responsible for ca. 99% of brain tryptophan metabolism via its degradation
Cytokines to kynurenine (KYN) catalyzed by indoleamine 2,3-dioxygenase (IDO). Some cytokines, such as interferon-y
IFN-y

(IFN-y) and interleukin (IL)-6 are potent inducers of IDO. KYN is further converted by kynurenine amino-
transferase (KAT) to the more neuroprotective kynurenic acid or by kynurenine 3-monooxygenase (KMO) to
neurotoxic 3-hydroxykynurenine. The aim of the present study was to delineate whether the administration of
imipramine (IMI) to rats subjected to chronic mild stress (CMS) may reverse behavioral changes induced by CMS
in association with changes in immune-inflammatory markers and KP. We confirmed that the CMS procedure
modeled one of the main symptoms of depression, i.e. anhedonia, and administration of IMI for 5 weeks resulted
in a significant reduction in anhedonia in a majority of animals (CMS IMI-R animals), whereas 20% of animals
did not respond to IMI treatment (CMS IMI-NR animals). We established that CMS procedure increased IFN-y and
IDO mRNA and decreased KAT II mRNA expression in the rat cortex. In the cortex and hippocampus, IMI
treatment and non-responsiveness to IMI (in CMS IMI-NR animals) were associated with increased IL-6 mRNA
expression. In the spleen, CMS increased production of IFN-y and IL-6 proteins, while these cytokines were
decreased by IMI in CMS IMI-R animals. Chronic IMI administration to CMS rats decreased IDO and KMO mRNA
and protein expression and increased KAT II/KMO mRNA and protein ratio in IMI responders (CMS IMI-R) in
comparison to CMS rats. In CMS IMI-NR rats, a significant increase in IDO mRNA expression and protein level in
comparison with IMI responders was observed. Our findings indicate that resistance to therapeutic action of IMI
could be explained by a deficiency of the inhibitory properties of IMI on IDO, KMO and KYN synthesis in the
cortex. We conclude that the antidepressant activity of IMI may, at least in part, be explained by modulatory
activities on the KAT II/KMO ratio in brain areas.

Indoleamine 2,3-dioxygenase
Kynurenine aminotransferase
Kynurenine 3-monooxygenase
Imipramine

contribute largely to the observed suffering and social costs of MDD [1].
Treatment resistant depression (TRD) is often defined as failure to
achieve response or remission after at least two proven antidepressant

1. Introduction

Depression is the leading cause of disability and the main cause of

loss of productive life years worldwide according to the World Health
Organization estimates of 2017. The rising prevalence and severity of
depressive disorders are a derivative of increasing frequency of drug
resistance and morbidity. As remission of depressive symptoms is
achieved only in one-third of the major depressive disorder (MDD)
patients after the first antidepressant trial, unsuccessful treatments
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trials with adequate dosing and duration. Given that ca. one-third of
depressed patients suffer from TRD, this group disproportionately ac-
counts for the largest burden of the disease, underscoring the im-
portance of innovation and discovery in this area.

For many years the pathophysiology of depression had been re-
stricted to a deficit of neurotransmitters. Based on the monoamine
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hypothesis, depression was associated with a decrease in 5-HT and
noradrenaline synthesis and action on their receptors in certain brain
regions. According to the neurotrophic hypothesis, the occurrence of
depression symptoms was a consequence of decreased synthesis of
neurotrophic factors (e.g. brain derived neurotrophic factor, BDNF)
leading to disturbance of neuroplasticity and neurogenesis. Recently,
many studies have suggested that depression is related to the activation
of the immune system and inflammation and the first review on the
inflammatory findings in depression was published by Maes in 1993
[2]. Activated immune-inflammatory pathways (IIP) may be induced by
common trigger factors of depression including psychosocial stressors
and medical comorbidities. High level of pro-inflammatory cytokines,
such as interferon (IFN)-vy, interleukin (IL)-1f, tumor necrosis factor
(TNF)-a, IL-6 have been consistently reported in plasma and brain
samples of depressive patients [3]. Moreover, exogenous pro-in-
flammatory cytokines and bacterial endotoxins or lipopolysaccharides
are able to cause depression, depression-like symptoms or depressive-
like sickness behavior in humans and in animal models [4].

Dysregulation of the kynurenine pathway (KP) is also considered as
a factor contributing to the pathogenesis of depression [5]. Only 1% of
available tryptophan is converted to serotonin while the remaining 99%
is metabolized via KP. The metabolic enzyme indoleamine 2,3-dioxy-
genase (IDO, EC 1.13.11.52) is the initial and rate limiting extrahepatic
enzyme of the kynurenine pathway. Chronic inflammation and/or
stress were shown to up-regulate IDO activity and stimulate KP. IDO is
known to be activated by inflammatory cytokines, i.e. IFN-y, IL-6, TNF-
a, IL-13 [6-9]. IDO metabolizes tryptophan to N-formylkynurenine
transformed further to L-kynurenine (KYN) from which neurochemi-
cally active kynurenine metabolites are subsequently generated by
kynurenine aminotransferase (KAT) or by kynurenine monooxygenase
(KMO). KMO is the first enzyme of a multistep pathway that converts
KYN into neurotoxic free radical generator the 3-hydroxykynurenine
which is further metabolized to the excitotoxic N-methyl-D-aspartic
acid (NMDA) receptor agonist, quinolinic acid whereas KAT yields
neuroprotective kynurenic acid, which is a negative allosteric mod-
ulator of the a7 nicotinic acetylcholine receptor at endogenous con-
centration, and a competitive antagonist of glycine co-agonist sites of
the NMDA receptor [10-12]. Whereas the synthesis of 3-hydro-
xykynurenine and its downstream metabolites, including quinolinic
acid, takes place in microglia and other cells of monocytic origin [13],
the synthesis of kynurenic acid occurs in astrocytes, neurons and oli-
godendrocytes [14-16]. The mammalian brain expresses four KATs. A
previous study determined the relative contributions of KAT I, II, and IV
to total KAT activity, and found that rat and human brains contain the
highest proportion of KAT II (2-aminoadipate aminotransferase, ADA;
EC 2.6.1.7) which accounts for ~60% of KAT activity with ~10% and
30% contributions of KAT I and IV, respectively, suggesting a critical
role for KAT II in KYNA synthesis in the rat and human brain [17].

The fact that standard antidepressants usually require approxi-
mately one month or more to manifest their antidepressant effects,
suggests that regulation of some other processes than the mono-
aminergic pathway, such as neuroplasticity, immune system and/or
kynurenine pathway, could be involved in symptom improvement in
depressed patients [18]. The effect of antidepressant drugs on the im-
mune-inflammatory and kynurenine pathways is poorly recognized.
There is also a lack of data on KP functioning in patients with treatment
resistant depression.

In the present study, we used the chronic mild stress (CMS) animal
model of depression in which repeated administration of the anti-
depressant drug, e.g. imipramine (IMI) antagonized anhedonia (mark-
edly diminished interest in rewarding stimuli) in CMS IMI-reactive
(CMS IMI-R) rats although some rats did not respond to the anti-
depressant treatment and we called this group IMI non-reactive (CMS
IMI-NR) [19].

If IIP and KP disturbance plays a significant role in the formation of
symptoms similar to depression in animals subjected to CMS, it is
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reasonable to think that chronic antidepressant treatment will reverse
this disturbance in animals responding to antidepressant therapy but
will be inefficient in non-responding animals.

The aim of our study was to determine whether CMS causes dis-
turbances of IIP and KP functioning by estimating the differences in IL-
1B, IL-1R1, IL-1R2, IL-6, IL-10, TNF-a, IFN-y, CD11b, CD40, GFAP, IDO,
KAT II, KMO mRNA expression in the cortex and/or hippocampus as
well as IFN-y, IL-6, IL-10, IDO, KAT II, KMO protein level and KYN level
in the spleen or cortex between control and CMS-subjected rats. At the
next step, these parameters were studied in rats responding and non-
responding to antidepressant activity of IMI. We hypothesized that the
lack of therapeutic effectiveness of IMI in CMS IMI-NR rats can be
connected with inability of this drug to influence changes in IIP and KP
caused by CMS.

2. Materials and methods
2.1. Animals

Behavioral tests were carried out on male Wistar rats (Charles River,
Germany) of initial body weight 220-240 g (about 7 weeks old). Except
when grouping was applied as a stress parameter, the animals were
singly housed in plastic cages (40 x 25 X 15cm) under standard la-
boratory conditions at room temperature of 22 °C with free access to
standard laboratory food and tap water, except when food or/and water
deprivation was applied as a stress parameter. The artificial day-night
cycle (12/12h, light on at 8 a.m.) was only changed in the course of the
stress regime. Each experimental group consisted of 6-8 rats.

All the procedures were carried out in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory Animals
and were granted an approval from the Bioethics Commission as com-
pliant with Polish Law. All the experimental procedures were approved
by the Local Bioethics Commission of the Institute of Pharmacology,
Polish Academy of Sciences in Krakow, Poland.

2.2. Drug

Imipramine hydrochloride (IMI, Sigma-Aldrich, USA) was obtained
commercially, dissolved in sterile 0.9% NaCl solution, and injected
intraperitoneally (i.p.) at a dose of 10 mg/kg b.w. in a volume of 1 ml/
kg.

2.3. Chronic Mild Stress (CMS) procedure

CMS experiments were performed according to the method de-
scribed previously [19,20]. Male Wistar rats were first trained to con-
sume a 1% sucrose solution. The training procedure lasted 6 weeks and
consisted of 1-h testing sessions every week (at 10:00 a.m. on Tuesdays)
in which the sucrose solution was presented to the rats in their home
cages after 14 h of food and water deprivation. The sucrose intake was
measured by weighing the bottles before and at the end of the test and
subtraction of results. After the training period, sucrose consumption
was further monitored at weekly intervals throughout the experiment.
On the basis of their sucrose intakes in the final baseline test, the ani-
mals were divided into two matched groups. One group of animals was
subjected to the CMS procedure for a period of seven consecutive
weeks. Each week the stress regime consisted of two periods of food or
water deprivation, two periods of 45° cage tilt, two periods of inter-
mittent illumination (lights on and off every 2h), two periods of
housing in a soiled cage (250 ml water in sawdust bedding), one period
of paired housing, two periods of low-intensity stroboscopic illumina-
tion (150 flashes/min), and three periods of no stress. All stressors
lasted for 10-14h and were applied individually and continuously.
Control animals were housed in separate rooms and had no contact
with the stressed animals. They were deprived of food and water for
14 h preceding each sucrose test, but otherwise food and water were
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freely available in the home cage.

Based on their sucrose intakes following initial 2 weeks of stress,
both the stressed and the control groups were each divided further into
matched subgroups, and for subsequent five weeks they received once
daily intraperitoneal injections of vehicle (sterile saline, 1 ml/kg b.w.) or
IMI (10 mg/kg b.w.). IMI was administered at approx. 10.00 a.m. and
the weekly sucrose tests were carried out 24 h following the last drug
injection. Stress was continued throughout the entire period of treat-
ment. After seven weeks of stress, sucrose intake was significantly lower
in the stressed animals, but administration of IMI for 5weeks to the
animals subjected to CMS in most of animals resulted in a significant
reduction in anhedonia (CMS IMI-R), as measured by sucrose intake,
which remains in agreement with previously published data [21].
About 20% of animals did not respond to the imipramine treatment by
reversal of stress-induced sucrose intake deficit and we called this group
IMI non-reactive (CMS IMI-NR).

2.4. Real-time PCR

Ribonucleic acid (RNA) was extracted from tissue using the
NucleoSpin®RNA II total RNA isolation kit (Macherey-Nagel, Germany).
Genomic deoxyribonucleic acid (DNA) contamination was removed by
the addition of DNase to the samples. RNA was reverse transcribed into
cDNA using a High-Capacity cDNA Archive Kit (Applied Biosystems,
Germany). Real-time PCR was performed using an ABI Prism 7300 in-
strument (Applied Biosystems) as previously described by [22].
Tagman Gene Expression Assays (Applied Biosystems) containing for-
ward and reverse primers and a FAM-labelled MGB Tagman probe were
used to quantify each gene of interest. Assay IDs for the genes examined
were as follows: IL-1 R1 (Rn00565482_m1), IL-1 R2 (Rn00588589 m1),
IL-18 (Rn00580432_m1), IL-6 (Rn01410330_m1), IL-10
(Rn01483988_g1), TNF-a (Rn93699071_m1), IFN-y (Rn00594078_m1),
CD11b  (Rn00709342.m1), CD40 (Rn01423584 gl), GFAP
(Rn01253033_m1), IDO (Rn00576778_m1), KMO (Rn01411937_m1),
KAT II (Rn01435645_m1),

PCR was performed using Tagman® Universal PCR Master Mix and
samples were run in duplicate. The cycling conditions consisted of 90 °C
for 10 min and 40 cycles at 90 °C for 15 s followed by 60 °C for 1 min. -
actin was used as an endogenous control to normalize gene expression
data. Relative gene expression was calculated using the AACT method
with Applied BioSystems RQ software (Applied BioSystems, UK).

2.5. Enzyme linked-immunosorbent assay (ELISA) (cortex)

Using ELISA Kits, quantitative determination of IDO (Cloud-Clone
Corp., USA), KAT (Cusabio, USA), KMO (Cusabio, USA), KYN
(BlueGene Biotech, China) in cortical supernatants was performed ac-
cording to the manufacturers' instructions. The detection limits were as
follows: for IDO: 0.55 ng/ml; KAT: 7.81 pg/ml; KMO: 3.9 pg/ml; and for
KYN: 1.0 ng/ml. Briefly, 100 pl of standards or samples were dispensed
into wells coated with rat IDO, KAT, KMO or KYN antibody, and in-
cubated at 37 °C for 2 h. After extensive washing, 100 pl of streptavidin-
HRP was added and incubated for 1h. The chromogen in the colori-
metric assay was 3,3’,5,5-tetramethylbenzidine (TMB) (100 ul/well).
The reaction was stopped after 10 min by adding 50 pl/well of stop
solution. The absorbance was measured using the Infinite 200 PRO
Detector system (TECAN, Switzerland) set to 450 nm. Intra-assay pre-
cision was always < 10%. Positive controls for each assay were pro-
vided by the manufacturer.

2.6. Enzyme linked-immunosorbent assay (ELISA) (splenocytes)

Rat splenocytes were tested for their ability to produce IFN-y, IL-6
and IL-10 after mitogen stimulation. Splenocyte suspensions were
seeded at a concentration of 4 x 10° cell/ml in 24-well corning tissue
culture plates, and were then stimulated with a Con A solution (2.5 pug/
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ml). Cell-free supernatants were collected 48 h (IFN-y, IL-6) and 72h
(IL-10) later and stored at —20 °C. ELISA was carried out as described
previously [23]. IL-6 was measured using pairs of anti-cytokine
monoclonal antibodies, purchased from BD Biosciences (San Jose, CA,
USA), whereas IL-10 and IFN-y were tested by DuoSet ELISA Develop-
ment System (R&D Systems, Minneapolis, USA).

2.7. Proliferative response of splenocytes to mitogen stimulation in vitro

The proliferative response of spleen cells was previously described
by Kubera et al. [24]. 4 x 10° splenocytes per ml were stimulated with
5 pg/ml of concanavalin A (Con A). The cells in a final volume of 0.2 ml
were incubated in 96-well plates at 37 °C for 72 h. Cell proliferation was
determined by adding 10 pl (0.5 uCi) of [3H]thymidine per well (ICN
Pharmaceuticals, USA; SpA 6.7 Ci/mmol) 16 h before the end of in-
cubation. The cultures were harvested with an automatic cell harvester
(Scatron, Norway), and [3H]thymidine incorporation was assessed
using a liquid scintillation counter (Beckman LS 6500).

2.8. Statistical analysis

Data from the ELISA tests are presented as pg/ml protein = SEM,
and the data from RT-PCR are presented as average fold = SEM. The
significance of the differences between the means was evaluated by one
or two-way analysis of variance (ANOVA), followed by a Duncan's post-
hoc test. A value of p < 0.05 was considered to be significant. The
results were analyzed using the STATISTICA program.

3. Results
3.1. The effects of CMS and imipramine treatment on sucrose consumption

First, we assessed whether CMS alters animal behaviors in the su-
crose consumption test. In rats subjected to CMS for 7 weeks, sucrose
intake was significantly lower than in non-stressed animals, amounting
to 5.2 * 0.40 g versus 12.50 + 0.7 g, respectively. In 80% of animals
administration of IMI for 5 weeks to the animals continuously exposed
to CMS resulted in a significant reduction in anhedonia, as measured by
sucrose intake, in CMS IMI-R animals and lack of such reduction in CMS
IMI-NR (Fig. 1).

The data represent the means + SEM; n = 6-8 animals per group,
*p < 0.05 versus control; p < 0.05 versus CMS; °p < 0.05 versus CMS
IMI-R.

+

3.2. Expression of inflammatory mediators and glial activation markers in
the cortex

In rats subjected to IMI or CMS, we observed an increase IFN-y
mRNA expression, in comparison to vehicle treated control group. Also
IMI was shown to decrease IL-1f and CD11b and increase IL-6 mRNA
expression in comparison with vehicle-treated control group. In CMS
IMI-R animals we observed decrease in TNF-a and CD11b mRNA ex-
pression, as compared to CMS group. In CMS IMI-NR animals we de-
tected diminished CD11b and augmented IL-6 mRNA expression, as
compared to CMS group.

In CMS IMI-NR group of animals, we observed also statistically
significant decrease of IL-1 and IFN-y and increase of IL-6 mRNA ex-
pression, in comparison to CMS IMI-R animals (Fig. 2).

We observed no statistically significant differences in IL-1 R1, IL-1
R2, CD40 and GFAP mRNA expression between groups, although the
levels of IL-10 were lower (trend p = 0.07) in IMI group and CMS
group, as compared to control group (Table 1).
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Fig. 1. The scheme of full CMS procedure. The graph shows the differences in 1% sucrose solution consumption after 7-week exposure to CMS and 5-week treatment
with IMIL. The results presented in Fig. 1 were obtained on 5 groups of animals: control (non-stressed animals receiving vehicle for 5 weeks), IMI (non-stressed animals
given IMI for 5 weeks), CMS (animals stressed for 7 weeks and receiving vehicle for 5 weeks), CMS IMI-R (animals stressed for 7 weeks and receiving IMI for 5 weeks,
which responded to antidepressant action of IMI by a significant reduction of anhedonia, as measured by sucrose intake), CMS IMI-NR (animals stressed for 7 weeks
and receiving IMI for 5 weeks, which did not respond to antidepressant action of IMI). After seven weeks of stress and five weeks of IMI treatment, sucrose intake was
statistically significantly different between group reactive to imipramine (CMS IMI-R) and animals resistant to the drug treatment (CMS IMI-NR).

3.3. Expression of inflammatory mediators and glial activation markers in
the hippocampus

In rats subjected to IMI we observed decrease IL-1 and CD11b and
increase IL-6 mRNA expression in comparison to control group. CMS
caused decrease IL-1f and TNF-a mRNA expression as compared to
control group. In CMS IMI-NR stressed group we observed decrease IL-
13 versus CMS IMI-R group and increase IL-6 and GFAP mRNA expres-
sion versus CMS group (Fig. 2). No changes in IFN-y expression in the
hippocampus between the studied animal groups were observed (data
not shown).

3.4. Production of cytokines by Con A stimulated splenocytes

As shown in Fig. 3A and B the production of IFN-y and IL-6 was
significantly higher in Con A stimulated splenocytes obtained from
animals subjected to CMS, as compared to control group. We observed
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also significantly lower production of these two cytokines in CMS IMI-R
group, but not in CMS IMI-NR group, in comparison to CMS group.

We detected also lower production of IL-10 (trend: p = 0.07) in CMS
subjected rats, as compared to control group.

3.5. Proliferative activity of splenocytes unstimulated and stimulated by Con
A

The proliferative activity of splenocytes unstimulated was decreased
(trend: p = 0.08) in stressed animals responsive to imipramine in
comparison to CMS-subjected rats. We observed also trend towards
lower proliferative activity of splenocytes in response to Con A stimu-
lation in CMS IMI-R group as compared to CMS group (Table 2).
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Fig. 2. The effect of 7-week exposure to CMS and 5-week IMI treatment on the IL-1 (A), IL-6 (C), TNF-a (E), CD11b (G) and IFN-y (I) mRNA expression in the cortex
and on the IL-18 (B), IL-6 (D), TNF-a (F), CD11b (H) and GFAP (J) mRNA expression in the hippocampus. The results are expressed as the mean fold change + SEM;
n=8,*p < 0.05 versus control, p < 0.05 versus CMS, °p < 0.05 versus CMS IMI-R.

3.6. Expression of kynurenine pathway enzymes' genes and protein levels in
the cortex

3.6.1. IDO mRNA expression and protein level

In rats subjected to CMS, we observed an increased IDO mRNA
expression (Fig. 4A), whereas in rats treated with IMI we observed
decrease in IDO protein level in comparison to vehicle treated control

group (Fig. 4B). CMS did not affect IDO protein level (Fig. 4B). Ad-
ministration of IMI to stressed animals, which were responsive to this
drug, caused a significant reduction in IDO mRNA expression and
protein level in comparison to CMS group. In CMS IMI-NR rats, a sig-
nificant increase in IDO mRNA expression and protein level in com-
parison with CMS IMI-R group was observed (Fig. 4A, B).
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Table 1

The effect of 7-week exposure to CMS and 5-week IMI treatment on the IL-1 R1, IL-1 R2, IL-10, CD 40 and GFAP mRNA expression in the cortex. The results are
expressed as the mean fold change + SEM; n = 8. Symbol a indicates statistical trends versus control.

Control MI CMS CMS IMI-R CMS IMI-NR
Inflammatory mediators
IL-1 R1 1+ 0.16 0.76 * 0.08 0.76 + 0.08 0.78 + 0.12 1.1 * 0.10
IL-1R2 1+ 025 1.125 + 0.13 1.25 * 0.26 0.875 + 0.11 1.1 + 0.125
IL-10 1+ 0.28 0.58 + 0.09 a 0.7 £ 0.14a 0.56 * 0.15 0.57 = 0.19
Glial activation markers
CD 40 101 0.9 * 0.1 0.95 * 0.05 0.99 * 0.06 1.1 + 0.075
GFAP 1+ 0.05 0.88 = 0.07 0.83 = 0.06 1.05 * 0.07 1 + 0.05
3.6.2. KAT II mRNA expression and protein level the same effect for KMO protein level in CMS IMI-R group (Fig. 6B).
In rats subjected to CMS, we observed decrease KAT II mRNA ex- Moreover, administration of IMI to non-stressed group, caused a de-
pression (Fig. 5A), however, we did not observe any changes in KAT II crease in KMO protein level in comparison to control group (Fig. 6B).

protein level in any analyzed group (Fig. 5B).

3.6.4. KAT II/KMO ratio

3.6.3. KMO mRNA expression and protein level A decrease in the KAT II/KMO mRNA ratio was found after CMS
In CMS IMI-R rats, KMO mRNA expression was decreased in com- exposure in comparison to control group (Fig. 7A). On the other hand,
parison to animals subjected only to CMS (Fig. 6A). We demonstrated an increase of KAT II/KMO mRNA and protein ratio was observed in
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Fig. 3. The effect of 7-week exposure to CMS and 5-week IMI treatment on the IFN-y (A), IL-6 (B) and IL-10 (C) production by stimulated splenocytes obtained from
rats. The results are expressed as the mean protein levels + SEM; n = 8, *p < 0.05 versus control, p < 0.05 versus CMS. Symbol a (p = 0.07) indicates statistical
trend versus control. The word “trend” was used for values higher than 0.05 but lower than 0.1 to underline clear changes in cytokine levels, which, however, did not
reach the level of statistical significance.
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Table 2
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The effect of 7-week exposure to CMS and 5-week IMI treatment on the proliferation of the unstimulated and stimulated splenocytes. The results are expressed as the

+

mean

SEM; n = 8. Symbol b (p = 0.08) indicates statistical trend versus CMS. The word “trend” was used for values higher than 0.05 but lower than 0.1 to

underline clear changes in proliferative activity of splenocytes, which, however, did not reach the level of statistical significance.

Control IMI CMS CMS IMI-R CMS IMI-NR
Unstimulated 1526 + 508 1583 + 510 2008 + 500 1166 + 160 b 1212 + 166
Stimulated Con A 0,6 14,970 + 875 12,516 + 2036 12,518 = 1507 8500 + 920 b 13,045 + 1250

CMS IMI-R animals, but not in CMS IMI-NR rats in comparison to CMS
group (Fig. 7A, B).

3.7. Kynurenine level in the cortex

CMS induced an increase in KYN level. In CMS IMI-R rats the KYN
level was significantly reduced in comparison to CMS-subjected rats. On
the other hand, this effect wasn't observed in CMS IMI-NR rats (Fig. 8).

4. Discussion

The present studies confirms that the CMS procedure models one of
the main symptoms of depression, namely anhedonia, and administra-
tion of IMI for 5weeks to animals subjected to CMS results in a sig-
nificant reduction in anhedonia [20,25], although around 20% of ani-
mals did not respond to IMI treatment [19,26]. In humans, the
persistence of anhedonia is one of the most important symptoms of
TRD, while antidepressant treatments typically result in low remission

rates as low as 25-35% [1,27].

A chance to conduct studies on CMS IMI-NR animals represent a
unique opportunity to better understand the mechanism of action of
imipramine. The mechanisms underlying treatment resistant depression
are poorly understood. TRD has been linked with disorders of drug
metabolism and blood-brain barrier function, disarrayed activity of
specific brain areas or neurotransmitter systems, dysregulation of hor-
monal and immune systems, disturbances in the related molecular
targets, and also with neuroinflammation and epigenetic mechanisms.

The first main finding of our study is that CMS increased IDO mRNA
expression, whereas chronic administration of IMI decreased IDO pro-
tein levels in cortex (vs. control group treated with vehicle and CMS
subjected rats treated with vehicle, respectively). Since the increase in
IDO mRNA was not accompanied by a rise in IDO protein, our results
are not in agreement with previous papers showing an increase in IDO
protein in stressed animals. On the other hand, our findings on reduced
IDO protein levels in CMS IMI-R animals are in agreement with those of
previous publications showing decreased IDO activity in association
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with reduced depressive-like behaviors following administration of IDO
inhibitors or using IDO-knockout mice, [28-31]. Recently, IDO has
been shown to participate in a number of important processes. Souza
et al. [32] demonstrated for the first time that brain IDO activation may
play a key role in mediating memory and emotional disturbance in the
experimental model of Alzheimer's disease based on AfB;_4, induced
neuroinflammation. IDO activation reduced tryptophan available for
serotonin synthesis, which is traditionally connected with an increased
risk of depression [5]. However, some pre-clinical data argued against
the theory that IDO activation following immune and/or stress chal-
lenge resulted in reduced serotonin synthesis. For instance, a number of
studies consistently reported increased tryptophan availability in the
central nervous system following administration of bacterial lipopoly-
saccharide (LPS) or other inflammagens [33,34].

Also some clinical studies argue against IDO-mediated depletion of
serotonin synthesis in depressed patients [35,36] and suggest that a
direct action of kynurenine metabolites on the glutamatergic system
may be involved in producing depressive symptoms [37].

In our opinion, the significant increase in IDO mRNA in CMS ani-
mals, which was not accompanied by an increased IDO protein ex-
pression, may be explained by an involvement of microRNA (miR) ac-
tion. MicroRNA is a small non-coding RNA that inhibits gene expression
via translational repression or induction of mRNA degradation. IDO was
found to be a potential target protein of miR-153-3p. Recently, a direct
inhibition of IDO mRNA translation by miR-153-3p has been reported
[38] and, therefore, we may speculate that unaltered expression of IDO
protein in spite of increased IDO mRNA expression is a result of miR-
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153-3p action on IDO mRNA in animals subjected to CMS.

The inhibiting activity of IMI on IDO mRNA and/or protein level in
the control and stressed IMI-reactive groups, as observed in the current
study, is in agreement with the report published by Brooks et al. [39].
They showed that desipramine (metabolite of IMI) blocked LPS-induced
IDO expression in vivo in the hippocampus, astrocytes, microglia and
peripheral blood mononuclear cells (PBMCs) and ex vivo in murine and
human PBMCs. The ability to inhibit IDO activity was also described for
citalopram, which exerted antidepressant-like effects and increased
turnover of serotonin via IDO inhibition in the hippocampus, amygdala
and hypothalamus of stressed rats [40]. On the other hand, Fischer
et al. [41] showed that imipramine decreased the immobility time in
the forced swimming test induced by IFN-a administration, but did not
reverse IFN-a-induced changes in the tryptophan-kynurenine pathway
(increased kynurenine/tryptophan ratio, indicative of IDO activation,
and increased quinolinic acid in the hippocampus).

The second major finding of our study is the significant change in
cytokines, which may influence IDO expression in the brain and in
periphery. The increase in IDO expression in the cortex observed in the
CMS group was accompanied by increased IFN-y mRNA expression in
the cortex and IFN-y production by stimulated splenocytes. The lack of
increase in IDO protein in the cortex, in spite of the increased IDO
mRNA level in the CMS group, does not support the hypothesis that
upregulation of IDO by IFN-y could be a biological mediator of in-
flammation and/or stress-related depressive disorders [42-45].

We expected that IFN-y expression in CMS IMI-R group would be
decreased and in CMS IMI-NR increased, but this assumption was only
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partially confirmed. In the spleen, in CMS IMI-R rats we indeed ob-
served a statistically significant inhibition of IFN-y synthesis which
dropped by > 60% vs CMS animals, whereas, in CMS IMI-NR animals,
the reduction of IFN-y synthesis was statistically non-significant. We
were surprised to detect a very significant reduction in IFN-y mRNA
expression in the cortex of CMS IMI-NR rats compared with both CMS
animals and CMS IMI-R group. We can assume that IMI non-respon-
siveness is not associated with alterations in IFN-y levels in the cortex
and that the lack of antidepressant action of IMI may be connected with
some other mechanisms.

The suppression of IFN-y and IL-6 synthesis in the spleen following
IMI treatment in animals responding to antidepressant IMI action, ob-
served in this study, indicates that a peripheral compensatory immune-
regulatory reflex system (PCIRS) could participate in the treatment-
induced recovery from inflammatory phases of mood disorders. Indeed,
several previous studies showed that ex vivo antidepressants have im-
mune-regulatory effects by attenuating the production of pro-in-
flammatory cytokines, such as IL-13, TNF-a and IFN-y [46]. These ex
vivo findings are in agreement with the results of meta-analysis in de-
pressed patients indicating that treatment with antidepressants at-
tenuates IL-1P, IFN-y and IL-6 levels and M1 polarized macrophage
activity. Early studies showed that, in mood disorder patients, anti-
depressants and mood stabilizers reversed the acute phase response,
indicating that treatment with antidepressants and mood stabilizers had
immune-regulatory effects, which may partly explain their efficacy.
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SEM; n = 8, *p < 0.05 versus control, p < 0.05 versus CMS.

Another finding of the present study is that IL-6 mRNA expression is
increased in the cortex and hippocampus of individuals non-responding
to antidepressant IMI action. Based on findings on an animal model of
depression, sustained increases in central nervous system IL-6 are
thought to play a role in the pathophysiology of TRD [47]. Moreover, it
was shown that, in clinical studies, increased IL-6 levels are associated
with TRD [48] and that baseline IL-6 production is significantly higher
in nonresponders to antidepressants [49]. Moreover some clinical data
suggest that IL-6 trans-signaling is associated with treatment resistance
in depression [50].

Our findings showed lower IL-13 mRNA expression in the cortex and
hippocampus of stressed IMI non-responding rats (CMS IMI-NR group)
as compared with CMS IMI-R animals. This finding is in line with a
previous study [51], which observed that IL-1B downregulation was
associated with non-responder status, suggesting that pro-inflammatory
response may be associated with a better prognosis. However, this
conclusion should be considered with caution as mRNA levels are not
necessarily correlated with protein expression. The hypothesis pro-
posed by Belzeaux et al. [51] was confirmed by results obtained by
Wamer-Schmidt et al. [52] indicating that the antidepressant effects of
selective serotonin reuptake inhibitors were attenuated by anti-in-
flammatory drugs in mice and humans. For example, a higher percen-
tage of patients was treatment resistant to citalopram if they had taken
an NSAID than if they had not been treated with an NSAID.

The third main finding of the present study is that the level of KYN
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increased in rats subjected to chronic mild stress. KYN is a central KP
metabolite and a branching point in the KP. Previous research has in-
dicated that the peripheral administration of KYN triggers depressive-
like behaviors in rodents in a dose-dependent manner [30]. Clinical
evidence supports the hypothesis that the production of KYN may be

increased in depression. Gabbay et al. [53] found higher kynurenine/
tryptophan ratios in adolescent patients with depression, which reflects
IDO activation. Bonaccorso et al. [54] and Wichers et al. [55] demon-
strated that the onset of depressive symptoms during IFN-a-based im-
munotherapy was positively associated with the kynurenine/
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tryptophan and kynurenine/kynurenic acid ratio. KYN has physiolo-
gical roles in the CNS, including pro- and antioxidant properties. KYN
also acts as an endogenous ligand of the aryl hydrocarbon receptor [56]
and suppressor of antitumor immune response. KYN has been utilized
as a biomarker for several neurological diseases (for details see review
Fujigaki et al. [57]).

The fourth main finding of the present study is that KAT II mRNA
expression is significantly increased in the cortex of CMS rats, while the
decrease in KAT II protein level was not statistically significant. If KAT
II activity was reduced in our experiment it could be expected that
production of neuroprotective kynurenic acid, an endogenous NMDA
receptor antagonist would be reduced and that the availability of ky-
nurenine for production of neurotoxic 3-hydroxykynurenine by KMO
would be increased. However we showed previously that expression of
KAT II was much higher than that of KMO (ca. 8-fold higher in the
cortex, and 20-fold higher in the hippocampus [22]. Since a significant
reduction of kynurenic acid levels in the amygdala and striatum of mice
subjected to CMS was observed by Laugeray et al. [58] we cannot ex-
clude that CMS diverts kynurenine metabolism into neurotoxic direc-
tion. This assumption is supported by clinical study by Myint et al. [35]
who found that kynurenic acid was reduced in plasma of patients with
major depression. On the other hand, expression of KAT II and KMO
genes as well as kynurenic acid and 3-hydroxykynurenine levels have
not been studied in the central nervous system of depressed patients.

The fifth main finding of the present study is that the KMO mRNA
expression and protein level decreased in stressed animals reactive to
IMI, which could lead to a decrease in 3-hydroxykynurenine synthesis.
3-Hydroxykynurenine acts as a neurotoxic compound and oxidative
stress generator [59] which induces apoptotic neuronal death in cor-
tical and stratial neurons and potentiates excitotoxic neuronal loss
[60,61]. Moreover, decreased KMO expression may deplete quinolinic
acid, a potent excitotoxic compound [62]. In depression, excess pro-
duction of 3-hydroxykynurenine and quinolinic acid is thought to exert
toxic effects via numerous mechanisms including free radical formation,
impairment of mitochondrial function, induction of DNA damage, po-
tentiation of neuronal glutamate release, inhibition of the astrocytic
reuptake of glutamate, disruption of the blood-brain barrier and de-
stabilization of the cellular cytoskeleton [13,63].

We may speculate that the increased KAT II/KMO ratio (Fig. 7) in
animals subjected to CMS which responded to imipramine may have a
neuroprotective potential by establishing a more beneficial kynurenic
acid/3-hydroxykynurenine ratio in the brain. Our findings confirm the
theory proposed by Kocki et al. [64] who postulated that the action of
antidepressants may involve re-establishing the above-mentioned ben-
eficial kynurenic acid/3-hydroxykynurenine ratio in the brain. How-
ever, the investigations published by Kocki et al. [64] concerned only in
vitro tests with primary astroglial cultures. Those authors showed that
fluoxetine, citalopram, amitriptiline and imipramine increased pro-
duction of kynurenic acid and diminished 3-hydroxykynurenine
synthesis as well as up-regulated KAT I and KAT II and diminished KMO
genes expression.

All in all, our findings indicate that resistance to the therapeutic
action of IMI may be explained by a deficiency in the inhibiting action
of IMI on IDO, KMO and KYN synthesis and IDO and KMO mRNA ex-
pression in the cortex. Non-responsiveness to imipramine can also re-
sult from elevated IL-6 mRNA expression in the cortex and hippo-
campus. On the other hand, the therapeutic action of imipramine may
be associated with suppressed mRNA expression and/or reduced pro-
tein level of IDO and KMO in the cortex, IFN-y and IL-6 in the spleen,
and with an increased KAT/KMO mRNA and protein ratio in the cortex.
Unfortunately, there is a lack of clinical trials evaluating the expression
of enzymes and KP metabolites in patients with depression. Moreover,
this pathway is not explored in humans or animals resistant to the
therapeutic action of antidepressants, which opens new prospects for
future research.
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