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Interleukin-1: A New Regulator of the Kynurenine
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Increased inflammation and reduced neurogenesis have been associated with the pathophysiology of major depression. Here, we show
for the first time how IL-1 3, a pro-inflammatory cytokine shown to be increased in depressed patients, decreases neurogenesis in human
hippocampal progenitor cells. IL-1 5 was detrimental to neurogenesis, as shown by a decrease in the number of doublecortin-positive
neuroblasts (—28%), and mature, microtubule-associated protein-2-positive neurons (—36%). Analysis of the enzymes that regulate the
kynurenine pathway showed that IL-1f induced an upregulation of transcripts for indolamine-2,3-dioxygenase (IDO), kynurenine
3-monooxygenase (KMO), and kynureninase (42-, 12- and 30-fold increase, respectively, under differentiating conditions), the enzymes
involved in the neurotoxic arm of the kynurenine pathway. Moreover, treatment with IL-1f resulted in an increase in kynurenine, the
catabolic product of IDO-induced tryptophan metabolism. Interestingly, co-treatment with the KMO inhibitor Ro 61-8048 reversed the
detrimental effects of IL-| # on neurogenesis. These observations indicate that IL-1 § has a critical role in regulating neurogenesis whereas
affecting the availability of tryptophan and the production of enzymes conducive to toxic metabolites. Our results suggest that inhibition

3-monooxygenase (KMO) inhibitor

INTRODUCTION

The pro-inflammatory cytokine interleukin-1 (IL-1) has
been shown to decrease adult hippocampal neurogenesis
(Goshen et al, 2008; Koo and Duman, 2008; Kuzumaki et al,
2010). At the same time, increased levels of this cytokine
(Capuron and Miller, 2004; Howren et al, 2009; Maes et al,
2009; Miller et al, 2009; Mossner et al, 2007; Raison et al,
2006; Schiepers et al, 2005) as well as reduced levels of
hippocampal neurogenesis (Boldrini et al, 2009; Ekdahl
et al, 2003; Goshen et al, 2008; Kempermann et al, 2008;
Miller et al, 2009) have been reported in depressed patients
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of the kynurenine pathway may provide a new therapy to revert inflammatory-induced reduction in neurogenesis.
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and in animal models of depression. However, the putative
molecular mechanisms linking IL-1-induced inflammation
and the reduced neurogenesis that might occur in depres-
sion are not well known. Understanding the mechanisms by
which inflammatory cytokines give rise to fewer new
neurons in the human brain would provide insight that
may be used to manage inflammation-associated mental
health disorders, including the discovery of novel drug
targets for the treatment of depression.

The role of IL-1 in reducing neuronal generation has been
repeatedly shown in animal models. Treatment with IL-1
inducers, like lipopolysaccharide (LPS) and radiation, results
in marked suppression of hippocampal neurogenesis in rats
(Ekdahl et al, 2003; Monje et al, 2003). Moreover, both acute
and chronic direct administration of this cytokine decreases
hippocampal neurogenesis in rodents (Goshen et al, 2008),
and this effect can be blocked by co-administration of an IL-
1/ receptor antagonist (Koo and Duman, 2008). Additionally,
transgenic overexpression of the IL-1 receptor antagonist
results in blunted neurogenesis in mice (Spulber et al, 2008).
Furthermore, intrahippocampal transplantation of neural
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precursor cells that overexpress the IL-1 receptor antagonist,
therefore blocking IL-1 signalling by chronically elevating
levels of the antagonist, completely abolishes the detrimental
effect of stress on neurogenesis (Ben Menachem-Zidon et al,
2008).

Interestingly, together with IL-6 and C-reactive protein,
IL-1f is a biomarker consistently found to be increased in
major depression (Howren et al, 2009). Indeed, depressed
patients show an altered peripheral immune system with
impaired cellular immunity and increased levels of several
pro-inflammatory cytokines, acute phase proteins, chemo-
kines, and cellular adhesion molecules (Howren et al, 2009).
We propose that this might be related to the putative
reduced neurogenesis in this condition. In particular, levels
of IL-15 have been repeatedly described as elevated in
depressed patients, both in cerebrospinal fluid (Levine et al,
1999) and in the blood (Anisman and Merali, 1999;
Brambilla et al, 2004; Hayley et al, 2005; Owen et al, 2001;
Raison et al, 2006; Thomas et al, 2005); moreover, levels
appear to be higher in the presence of more severe
depressive symptoms (Thomas et al, 2005). At the same
time, several lines of evidence suggest the involvement of
altered neurogenesis in depression. For example, the birth
of new neurons is impaired in stress-induced models of
depression in rodents (Malberg and Duman, 2003; Pham
et al, 2003), after exposure to acute psychosocial stress in
the tree shrew (Gould et al, 1997), and in the brain of
depressed patients (Boldrini et al, 2009; Lucassen et al,
2010b); conversely, antidepressants, electroconvulsive ther-
apy and exercise have been shown to enhance neurogenesis
(Bjornebekk et al, 2005; Dranovsky and Hen, 2006;
Kempermann and Kronenberg, 2003; Lucassen et al,
2010a; Malberg and Duman, 2003; Segi-Nishida et al,
2008; Surget et al, 2008). Therefore, it is possible to
speculate that IL-1f may contribute to the reduced
neurogenesis in depression. Indeed, mice subjected to
chronic stress exhibit increased levels of IL-1f in the
hippocampus, together with depressive-like symptoms and
reduced hippocampal neurogenesis—both of which are
prevented by knockout of the IL-1 receptor(Goshen et al,
2008). Moreover, inhibiting the IL-1 receptor or using IL-1
receptor null mice prevents the anhedonic state and the
reduced neurogenesis caused by acute stress exposure (Koo
and Duman, 2008). However, although the importance of
IL-1f in both depression and neurogenesis is established,
the molecular and cellular pathways underlying such effects
have not been completely described to date.

One possible downstream molecular mechanism by which
IL-1 may reduce neurogenesis is the kynurenine pathway.
This pathway, shown in Figure 1, involves conversion of
tryptophan into kynurenine, a precursor of both quinolinic
acid (QUIN), a potentially neurotoxic metabolite, and
kynurenic acid (KYNA), a potentially neuroprotective
metabolite. The first step is catalyzed by the enzyme
tryptophan-2,3-dioxygenase (TDO) and, especially in re-
sponse to inflammation, also by indolamine-2,3-dioxygen-
ase (IDO) (Dantzer et al, 2011). This pathway is clearly
activated during cytokine-induced depression. For example,
administration of LPS in rodents activates IDO and induces
depressive-like symptoms, which in turn can be prevented
by an IDO antagonist (O’Connor et al, 2009). In the best
available clinical model of cytokine-induced depression,
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Figure | Simplified kynurenine pathway of tryptophan metabolism.
IDO, indolamine-2,3-dioxygenase; KAT, kynurenine aminotransferase;
KMO, kynurenine 3-monooxygenase or kynurenine 3-hydroxylase;
KYNU, kynureninase; TDO, tryptophan-2,3-dioxygenase; TPH, tryptophan
hydroxylase.

treatment with interferon-o, levels of brain kynurenine and
QUIN are increased in both blood and cerebrospinal fluid,
and correlate with depressive symptoms (Capuron et al,
2002; Raison et al, 2010). Following IDO activation, both the
reduced peripheral availability of tryptophan (putatively
leading to reduced serotonin synthesis in the brain), and the
relative balance between QUIN and KYNA, have been
proposed to be of significance in depression and neurode-
generation (Maes et al, 2009; McNally et al, 2008; Muller
and Schwarz, 2007; Myint and Kim, 2003; Myint et al, 2007;
Wichers et al, 2005). Indeed, TDO-/- mice show increased
neurogenesis (Kanai et al, 2009). We therefore propose to
test the involvement of the kynurenine pathway in IL-1p-
induced reduction in neurogenesis.

We have recently validated a novel in vitro model for
depression using human hippocampal progenitor cells
(Anacker et al, 2011), where we described how reduced
neurogenesis induced by glucocorticoids is reversed by
antidepressants. This clinically relevant cellular model of
neurogenesis also has the advantage of allowing separate
analysis of the proliferation and the differentiation stages.
These neural precursors can differentiate into neurons,
astrocytes, or oligodendrocytes, but not microglia, which is
the cell type most commonly described in immune
responses in the brain. In the present study, we use this
model to test whether IL-1f affects human neurogenesis,
and whether these effects are mediated by the involvement
of the kynurenine pathway.

MATERIALS AND METHODS
Cell Culture

We used the multipotent human hippocampal progenitor
cell line HPC03A/07 (provided by ReNeuron, Surrey, UK).
HPCO03A/07 cells were grown in reduced modified media
(RMM) consisting of Dulbecco’s Modified Eagle’s Media/
F12 (DMEM:F12, Invitrogen, Paisley, UK) supplemented



with 0.03% human albumin (Baxter Healthcare, Compton,
UK), 100 pg/ml human apo-transferrin, 16.2 pg/ml human
putrescine DiHCl, 5ug/ml human recombinant insulin,
60 ng/ml progesterone, 2mM L-glutamine, and 40 ng/ml
sodium selenite. To maintain proliferation, 10 ng/ml human
bFGF, 20ng/ml human EGF, and 100nM 4-OHT were
added.

Where indicated, cells were treated with IL-1f at 10 ng/
ml, a dose of ~0.5nM, within the range of the IL-1 receptor
I affinity (Dinarello, 1996), also previously used in in vitro
studies (Koo and Duman, 2008). The kynurenine 3-
monooxygenase (KMO) inhibitor Ro 61-8048 was used at
10 uM, after a pilot study where we tried 1, 10, and 100 uM,
within the 0.1-100 UM range previously reported to reduce
QUIN formation (Chiarugi and [45]Moroni, 1999). In our
model, 100 uM caused cell death, whereas 10 pM showed the
strongest effect. The IDO inhibitor 1-methyltryptophan
(IMT) was used at 500 pM, with higher concentrations
causing cell death.

Differentiation Assays

To assess changes in neuronal differentiation, HPC03A/07
cells were plated on blacksided 96-well plates (Nunclon,
Roskilde, Denmark) at a density of 1.1. x 10* cells per well.
HPCO03A/07 cells were allowed to adhere to the bottom of
the plate for 24h, and cultured in the presence of EGF,
bFGF, and 4-OHT for 3 days. After this initial proliferation
phase, cells were washed and cultured in media without
growth factors or 4-OHT for 7 subsequent days. Cells
were treated during the initial proliferation phase and
the subsequent differentiation phase (total treatment of
10 days) with IL-1f (10ng/ml), and/or the IDO inhibitor
1-methyltrptophan (1MT, 500 uM) or the KMO inhibitor Ro
61-8048 (10 uM). At the end of the total incubation time (10
days), cells were rinsed with warm phosphate-buffered
saline (PBS) and fixed with 4% paraformaldehyde (PFA) for
20min at room temperature (RT). Five independent
experiments were conducted on five independent cultures.

Proliferation Assays

To assess progenitor cell proliferation, HPC03A/07 cells
were seeded into clear 96-well plates (Nunclon) at a density
of 1.1 x 10* cells per well in 200 ul of RMM and incubated
for 24h. After this period, media was changed to start
treatment, and cells were cultured for a further 3 days.
Cells were treated with IL-1f (10 ng/ml) and/or the KMO
inhibitor Ro 61-8048 (10 uM). The synthetic nucleotide 5'-
bromodeoxyuridine (BrdU, 10 uM) was added to the culture
media 4h before the end of the incubation period. BrdU
incorporates into newly synthesized DNA of dividing cells
during the S phase of the cell cycle and allows the moni-
toring of cell proliferation using immunocytochemistry.
At the end of the total incubation time, cells were rinsed
with warm PBS and fixed with 4% PFA for 20 min at RT.
In addition, Ki67 expression was also analyzed. Ki67 is a
cell cycle and mitosis-related nuclear protein expressed
during all phases of the cell cycle except Gy (Scholzen and
Gerdes, 2000). In this case, cells were treated for 3 days,
rinsed with PBS and fixed with PFA as described above.
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Immunocytochemistry

For differentiation assays. Neuronal differentiation was
assessed with doublecortin (Dcx) and microtubule-asso-
ciated protein-2 (MAP2). Briefly, PFA-fixed cells were
incubated in blocking solution (10% normal goat serum
(NGS), Alpha Diagnostics, San Antonio, TX) in PBS
containing 0.1% Triton-X for 2h at room temperature,
and with primary antibodies (rabbit anti-Dcx, 1:1000;
mouse anti-MAP2 [HM], 1:500, Abcam, Cambridge, UK) at
4°C overnight. Cells were incubated sequentially in block-
ing solution for 30 min, secondary antibodies (Alexa 594
goat anti-rabbit; 1:1000; Alexa 488 goat anti-mouse, 1:500,
Invitrogen) for 2h, and Hoechst 33342 dye (0.01 mg/ml,
Invitrogen) for 5min at RT. The number of Dcx and
MAP?2 positive cells over total Hoechst 33342 positive cells
was counted in an unbiased setup with an inverted
microscope  (IX70, Olympus, Hamburg, Germany)
and using Image] 1.41 software. Four wells were analyzed
per treatment condition in each experiment and
three random, non-overlapping pictures were analyzed for
each well.

For proliferation assays. Fixed cells were treated with 2N
HCL for 15 min to denature the DNA structure of the BrdU
incorporated cells, followed by a combined permeabiliza-
tion (0.1% Triton X-100) in PBS, and blocking step (10%
NGS, Sigma) for 1h at RT. Cells were further incubated
overnight at 4 °C with 50 pl rat anti-BrdU (1:500, Serotec,
Oxford, UK) in PBS with 10% NGS and subsequently
washed twice. They were then permeabilized and blocked
again for 30 min at RT (0.1% triton X-100 and 10% NGS in
PBS) followed by incubation of a rat anti-goat secondary
fluorescent antibody (Alexa 488 goat anti-rat, 1:500,
Invitrogen) for 2h at RT. The cells were then washed twice
with PBS and counterstained with the nuclei Hoechst 33342
(0.01 mg/ml, Invitrogen) for 5min at RT. Cells were stored
in 0.05% sodium azide (Sigma) in PBS at 4°C until
microscopy was ready to be conducted.

In those experiments where BrdU was not used,
proliferating cells were examined with Ki67 (rabbit anti-
Ki67; 1:400, Abcam), and detected with a secondary
antibody (Alexa 594 goat anti-rabbit; 1:1000, Abcam)
followed by the procedure described above for differentia-
tion assays.

RNA Isolation and cDNA Synthesis

Cells at 60-70% confluence in 6-well plates were treated for
either 24 h under proliferation conditions or for a total of
10 days (3 days under proliferation conditions followed by
7 days of differentiation conditions), with IL-1f at 10 ng/ml.
The RNA was isolated using the RNeasy Micro Kit (Qiagen,
Crawley, UK) following the manufacturer’s instructions.
The extracted RNA was DNAase treated using the Ambion
Turbo DNA-free kit (Applied Biosystems) to remove any
genomic DNA contamination, and subsequently RNA
quality and quantity were assessed using a Nanodrop
spectrometer (NanoDrop Technologies, Wilmington, NC).
Samples were kept frozen at —80°C until further use.
Subsequently, 1pg of RNA was used for cDNA synthesis
using Superscript III Reverse Transcriptase enzyme
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according to manufacturer’s instructions (Invitrogen),
followed by gene expression analyses by quantitative real-
time PCR (qPCR).

qPCR

qPCR was performed using HOT FIREPol EvaGreen
gPCR Mix (Solis BioDyne, Tartu, Estonia) according to
the SYBR Green method and by using Chromo 4 DNA
engine, BioRad. For each target primer set, a validation
experiment was performed to demonstrate that PCR
efficiencies were within the range of 90-100% and equal
to the efficiencies of the reference genes. The expression of
the target genes IDO, KAT-I, KAT-II, KAT-III, KMO, KYNU,
and TDO was normalized to the expression levels of the
housekeeping genes glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) and beta-actin (ACTB) as references.
The relative expression levels were quantified using the
Pfaffl method (Pfaffl, 2001) and data was normalized to
the geometric mean of the housekeeping genes and
expressed as fold change compared with the control sample.
Three independent experiments were conducted on three
independent cultures, and each sample was tested in
duplicates.

Ultra Performance Liquid Chromatography/Tandem
Mass Spectrometry (UPLC/MS) Method for Tryptophan
and Kynurenine Analyses

The analyses of tryptophan and kynurenine were carried
out using UPLC/MS. The samples together with internal
standard were extracted using solid-phase extraction with
methanol, Milli Q water, and 0.1 M citric acid on solid-phase
column (Oasis MCX 1 cc) and eluted with elution buffer
containing 1:2 v/v of tert-butylmethylether and acetonitrile
with 5% NH,OH. The eluent was analyzed first by
separation using UPLC (Water AQUITY UPLC system)
with HSST3 column with gradient elution with two mobile
phase solutions (Solvent A 0.1% acetic acid in water; Solvent
B 0.1% acetic acid in methanol). The Waters Xevo
quadropole MS equipped with electrospray ionization
(ESI) was used for analytical detection. The ESI source
was set in positive ionization mode. Quantification was
performed using different MRM for transition and scan
time for different metabolites. Nitrogen was used as
desolvation, and cone gas and argon was used as collision
gas. Different collision energy was used for different
metabolites. All data are collected in multi-channel analysis
mode and processed using Mass Lynx version 4.1 software
with Target Lynx version 4.1 programme (Waters Corp.,
Milford, MA).

Drugs

All drugs and reagents were purchased from Sigma-Aldrich
(St Louis, MO) wunless otherwise stated. IL-1f and
growth factors EGF and bFGF were purchased from
Peprotech (London, UK). Ro 61-8048 was purchased from
Tocris Bioscience, dissolved in dimethylsulfoxide and
aliquots stored at —20 °C. BrdU was dissolved in PBS fresh
before use.
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Statistical Analysis

Data are presented as mean + SEM. All statistical analyses
were performed with GraphPad Prism 4.03 on three or more
independent biological replicates (indicated as n). One-Way
ANOVA with Newman-Keuls post hoc test was used
for multiple comparisons among treatment groups.
Student’s t-test was used to compare means of two
independent treatment groups. p-values <0.05 were con-
sidered significant.

RESULTS

IL-1p Decreases Neuronal Differentiation of Human
Hippocampal Progenitor Cells

To investigate the effects of IL-1§ on neuronal differentia-
tion, we treated cells for 72 h during proliferation, followed
by 7 subsequent days of differentiation. Using exactly this
experimental paradigm, we have previously shown that
antidepressants increase neuronal differentiation in this
model (Anacker et al, 2011). Upon addition of IL-1§ at
10ng/ml, we found a decreased number of Dcx-positive
cells (—28%). Dcx is a neuronal microtubule-stabilizing
protein that characterizes newly generated neuroblasts. To
test if IL-1f affected neuronal maturation, the expression of
MAP2, which specifically detects more mature neurons, was
also analyzed. We found that the number of MAP2-positive
cells was also reduced (—36%, Figure 2). This is the first
time that the effect of IL-1f on neuronal differentiation is
shown in human hippocampal cells, and is consistent with
previous observations in rats (Koo and Duman, 2008).

Of note, and in agreement with the above results, we also
confirmed that these multipotent precursor cells constitu-
tively express the IL-1 receptor I and, interestingly, also
synthesize transcripts for IL-1f, as detected by PCR (data
not shown).

IL-1f Modulates the Kynurenine Pathway in
Differentiating Human Hippocampal Progenitor Cells

One of the specific objectives of this study was to test
whether IL-18 can regulate the kynurenine pathway (see
Figure 1 for description of the pathway). We found that
differentiated human hippocampal progenitor cells indeed
constitutively express both IDO and TDO, the enzymes that
metabolize tryptophan into KYN. Moreover, we found that
treatment with IL-18 (10ng/ml) greatly upregulated the
levels of transcripts for IDO (42-fold increase, Figure 3a, left
three columns) under the conditions described above, that
is, after 3 days of culture under proliferating conditions
followed by 7 days under differentiation conditions. In
contrast, no significant changes were observed in the levels
of TDO expression (Figure 3a).

To test whether the IL-1f-induced increased levels of
transcripts for IDO translated into functional enzymatic
activity, we measured the levels of both tryptophan and
kynurenine in the supernatants of culture. As expected,
results showed that tryptophan levels decreased from
7.4+0.9 to 5.7+ 0.6 ug/ml (—19%), and kynurenine levels
increased from 69 + 12 to 83 £ 16 ng/ml (+20%), leading to
an overall kynurenine/tryptophan ratio increase of 53 £ 13%
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Figure 2 () IL-1f reduces differentiation and neuronal maturation of HPCO3A/07 human hippocampal progenitor cells. When cells were treated for 3
days during proliferation followed by 7 days under differentiating conditions, IL-1f (10ng/ml) reduced the amount of Dcx-positive neuroblasts by 28% and
the amount of MAP2-positive neurons by 36% compared with the corresponding vehicle treated control. Data are shown as mean + SEM, *p <0.05,
#*p <0.01. (b) Immunocytochemistry (ICC) showing Hoechst, Dcx, and MAP2 staining. Five independent experiments were conducted on five independent
cultures (n=15), four wells were analyzed per treatment condition in each experiment and three random, nonoverlapping pictures were analyzed for

each well.
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KMO, and KYNU; (b) KATI, KAT2, and KAT3, after stimulation with IL-1
(10ng/ml) for 3 days of proliferation followed by 7 days of differentiation.
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(p<0.05), supporting the notion that IL-18 increases the
levels of a functional IDO enzyme.

We also found that IL-1f, in differentiating cells, activates
the neurotoxic branch and inhibits the neuroprotective
branch of the kynurenine pathway. Specifically, treatment
with IL-1§ upregulated the levels of transcripts for both
enzymes that act upon the neurotoxic branch of the
kynurenine pathway: KMO, which showed a 12-fold

increase, and kynureninase (KYNU), which showed a 30-
fold increase (Figure 3a, right two columns). We also
measured the levels of three different KAT isoforms, KAT-I,
KAT-II, and KAT-III, which catalyze the transformation of
kynurenine into the neuroprotective KYNA. Upon treat-
ment with IL-1f, KAT-I, and KAT-III were downregulated
(0.6- and 0.5-fold), whereas the downregulation of KAT-II
was smaller (0.9-fold and not significant) (Figure 3b).
Although the specific contribution of each KAT isoform in
the human brain remains unknown (Han et al, 2010), our
overall results suggest that the production of the neuropro-
tective KYNA may be impaired upon treatment with IL-1p.
Unfortunately levels of KYNA could not be detected in any
of the supernatants analyzed, possibly because of the
detection limit of the technique used for this evaluation
(4 ng/ml).

KMO Inhibition Reverses IL-1B-Induced Reduction in
Neurogenesis

KMO is the first enzyme in the neurotoxic side arm,; since it
was upregulated by IL-15 (see above), we wanted to test
whether its activation was involved in the IL-1f-induced
reduction of neurogenesis. Therefore, we co-treated cells
with IL-1f and the KMO inhibitor Ro 61-8048 (10 uM).
After 3 days of co-treatment under proliferating conditions
followed by an additional 7 days under differentiating
conditions, we observed a partial reversion of the reduction
in differentiation induced by IL-1f (Dcx: from —42% with
IL-1f alone to —26% with IL-15+ inhibitor; MAP2: from
—37% with IL-1f alone to —22% with IL-1f + inhibitor,
Figure 4). These results support the notion that the
kynurenine pathway is involved in the reduction of
neurogenesis caused by this cytokine.

We also wanted to analyze if interfering with the first step
of the pathway would be effective in ameliorating the
detrimental effects of IL-1f3. Therefore, we treated the cells
with the IDO inhibitor, IMT. We found that at the highest
concentration that did not affect viability of cells, 500 uM,

Neuropsychopharmacology

943



Interleukin-1p affecting human hippocampal neurogenesis
PA Zunszain et al

&
N
N

VAN &

*

Dcx
1 MAP2

% change vs ctrl
n
o

-50 - *k

Figure 4 KMO inhibition effects on neuronal differentiation. Co-
treatment with IL-1f (10ng/ml) and the KMO inhibitor Ro 61-8048
(10pM) caused a partial reversal of the reduction of differentiation and
neuronal maturation caused by the cytokine. Dcx: from —429% with IL-1 8
alone to —26% with IL-1 f/inhibitor; MAP2: from —37% with IL- 1§ alone to
—22% with IL-1 B/inhibitor. Results are expressed as percentage change vs
the corresponding vehicle treated control (n=4). Data are shown as
mean £ SEM, *p <0.05, **p<0.01.

IMT had no effect on the proportion of Dcx (from —25 to
—29%, p =0.55) or MAP2 positive cells (from —44 to —62%,
p=0.21). Previous observations had reported the in vitro
use of IMT at higher concentrations (1 mM reported by El
Kholy et al, 2011; 2 mM reported by Hwang et al, 2005), so it
is possible that 500 uM was not an adequate concentration,
but unfortunately 1 mM of 1IMT caused cell death in our
model. Moreover, because of the fact that 1IMT is the
internal standard used in our HPLC measurements, we were
not able to measure levels of kynurenine and tryptophan
under these experimental conditions, and so we could not
check whether we were indeed inhibiting IDO enzyme
activity completely.

IL-1p Increases Human Hippocampal Cell Proliferation

In the experiments described above, we analyzed the effects
of IL-1f on neuronal differentiation. In order to investigate
the effects on proliferation, we treated progenitor cells with
IL-1p for 3 days in the presence of growth factors. As in our
previous study on antidepressants (Anacker et al, 2011), we
added the synthetic nucleotide BrdU (10 pM) to the culture
media for the last 4 h of incubation. Treatment with IL-1f at
10 ng/ml caused an increase in the number of BrdU-positive
cells (+23%; Figure 5). Confirmation was obtained by Ki67
immunostaining, which showed the same effect: IL-1f at
10 ng/ml increased the number of Ki67 positive proliferat-
ing progenitor cells (+11%, data not shown). This is
consistent with some (Seguin et al, 2009) but not all (Koo
and Duman, 2008; Wang et al, 2007) previous studies (see
also discussion). Interestingly, co-treatment of cells with IL-
1 and the KMO inhibitor Ro 61-8048 (10 uM) had the
same effect on the number of BrdU-positive cells as that of
the cytokine alone (+22% for both, Figure 5), suggesting
that the different effects of IL-1f on differentiation vs
proliferation are mediated by different mechanisms.

IL-18 Modulates the Kynurenine Pathway in
Proliferating Human Hippocampal Progenitor Cells

The last objective was to test whether the changes we
observed in the levels of kynurenine pathway enzymes in
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differentiating cells (see above) were already present in
proliferating cells.

Non-stimulated progenitor cells had a very low basal
expression of IDO. Upon treatment with IL-1f (10 ng/ml)
for 24h we found a vast increase in IDO expression
levels (approximately 15000-fold), whereas no significant
changes were observed for the expression of TDO
(Figure 6a, right three columns). Treatment of cells with
increasing amounts of IL-1f (from 0.001 ng/ml to 10 ng/ml)
showed that the IDO induction was dose-dependent (data
not shown).

Finally, in proliferating cells IL-18 activated both the
neurotoxic branch (but less than in differentiating cells) and
the neuroprotective branch of the kynurenine pathway. This
was different from what we showed above in differentiating
cells, where IL-1f only activated the neurotoxic branch and
inhibited the neuroprotective branch. Specifically, IL-1f
upregulated the level of transcripts for KMO and KYNU
(4- and 10.4-fold increase, respectively, Figure 6a, right two
columns) in proliferating cells. Compared with the 12- and
30-fold upregulation, respectively, in differentiating cells
(see above), the upregulation in proliferating cells was much
smaller. Moreover, we found that KAT-II was significantly
upregulated (1.5-fold increase, Figure 6b). Furthermore,
although not significant, a trend towards increased levels
was observed in the expression of both KAT-I and KAT-III
(1.4- and 1.3-fold, respectively). This is in contrast with the
downregulation of these three enzymes in differentiating
cells (see above).

DISCUSSION

Our results show for the first time that IL-1f reduces human
hippocampal neurogenesis whereas activating the neuro-
toxic branch of the kynurenine pathway. In addition, we
show that IL-1f promotes proliferation of undifferentiated
progenitor cells, a condition that is associated with
increased activation of the neuroprotective branch of the
kynurenine pathway.

We demonstrate here that IL-1f exerts a negative effect
on human hippocampal neurogenesis, as shown by a
decrease in the number of both Dcx-positive neuroblasts
(—36%), and more mature, MAP2-positive neurons
(—28%). Our data is in line with previous observations in
mice, where chronic exposure to IL-1f results in decreased
numbers of Dcx-positive new neurons (Goshen et al, 2008).
A similar role for IL-1f is shown indirectly in rats, as
administration of an IL-1 receptor antagonist results in
blockade of the decreased levels of neurogenesis observed
when they are subjected to acute stressors (Koo and Duman,
2008). Moreover, administration of LPS, a strong activator
of microglia and inducer of IL-1§, causes reduction in
neurogenesis. However, another study found no effects
when rat hippocampal progenitor cells were left to
differentiate in vitro in the presence of IL-1§ (Monje et al,
2003). Considering that neurogenesis has been implicated in
both depression and cognitive function (Kempermann et al,
2004), and in view of additional inconsistencies observed in
different animal species on proliferation (described below),
our results showing that IL-1f exerts detrimental effect on
human neurogenesis is particularly relevant.
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Figure 6 Modulation of MRNA expression levels of (a) IDO, TDO, KMO,

and KYNU; (b) KATI, KAT2, and KAT3, after stimulation with IL-1 8 (10ng/
ml) for 3 days of proliferation followed by 7 days of differentiation. Results
are expressed as fold change vs untreated control cells (n=3) Data are
shown as mean + SEM. #*p <0.05, #*p <0.01, ***p <0.001.

Multiple steps are involved in neurogenesis, including
proliferation, migration, differentiation, survival, and in-
tegration of the newly formed neurons into the circuitry of

the CNS (Ming and Song, 2005). In our study, we
demonstrated that IL-1f, which is present continuously in
the culture media during 3 days, promotes proliferation of
progenitor cells, as shown by an increase in BrdU
incorporation (+19%). However, several and quite diverse
effects on proliferation have been reported for IL-1f5. For
example, although one study showed that proliferation of
embryonic rat neural precursors was reduced by IL-1f in a
dose-dependent manner, in part because of IL-1f induced
apoptosis (Wang et al, 2007), in another study i.c.v.
treatment of rats resulted in decreased hippocampal cell
proliferation, which was not accounted for by apoptosis
(Koo and Duman, 2008). Furthermore, yet another study in
mice showed increased cell proliferation after repeated but
not single intra-hippocampal infusion with IL-1f, whereas
no effects were observed if the administration was systemic
(Seguin et al, 2009). Moreover, hippocampal proliferation
was increased in adolescent but not older mice in response
to IL-1o, which acts through the same IL-1R1 receptor as IL-
18 (McPherson et al, 2011). Therefore, these studies show
that the effects of IL-1f on cell proliferation are dependent
on species, age, route, and length of administration. It is
important to emphasize that although proliferation, ie, self
renewal of the unspecialized stem cells is increased by
IL-1f, neuronal differentiation, ie development of such
unspecialized cells into neurons, is decreased. Therefore,
the increase in cell proliferation does not result in more
neurogenesis, as it does not actually contribute to the
addition of more (functionally active) neurons to the
hippocampal circuitry. Similar differential effects on pro-
liferation vs differentiation have previously been observed
in these cells upon antidepressant treatment (Anacker et al,
2011). As mentioned above, these neural precursors can
differentiate into neurons, astrocytes or oligodendrocytes,
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and it will be interesting for future studies to investigate the
effects of IL-1f on differentiation of precursors into other
cell types, as well as, the functional relevance of prolifera-
tion vs differentiation for hippocampal function and
behavior.

In order to clarify the mechanisms by which IL-1f could
reduce neurogenesis, we focused the attention on the
kynurenine pathway. As shown in Figure 1, the pathway
starts with two different enzymes, TDO and IDO, which
initiate the catabolism of tryptophan towards kynurenine.
Although TDO is induced by tryptophan and metabolic
steroids, IDO is known to be induced by LPS and pro-
inflammatory cytokines during an immune response
(Wirleitner et al, 2003). Although the physiological purpose
of these different regulatory mechanisms remains a matter
of controversy, two pieces of evidence are relevant to our
study: first, TDO—/— mice, which have increased trypto-
phan levels in the hippocampus, show increased neurogen-
esis together with anxiolytic effects (Kanai et al, 2009), and;
second, dysregulation of this pathway has been widely
implicated in inflammation-mediated depression (Dantzer
et al, 2008). Specifically, this dysregulation in depression
involves activation of IDO and concomitant increased levels
of kynurenine, which can further progress into either KYNA
or through 3-hydroxykynurenine (3-HK) towards QUIN.
Although KYNA is an N-methyl D-aspartate (NMDA)
antagonist considered potentially neuroprotective (Moroni,
1999; Nozaki and Beal, 1992), both 3-HK and QUIN are
considered neurotoxic: 3-HK acts as an oxidative stress
generator releasing free hydroxyl radicals (Eastman and
Guilarte, 1990) and QUIN is an NMDA receptor agonist,
associated with excitotoxicity (Schwarcz et al, 1983; Stone
and Perkins, 1981). As the relative balance between these
metabolites has been suggested to contribute to the
pathophysiology of depression (McNally et al, 2008; Muller
and Schwarz, 2007; Wichers et al, 2005), we were interested
in looking at the effects of IL-1f5 on the expression levels of
all enzymes that regulate their production within the
kynurenine pathway, in differentiating cells. We found that
IL-18 induced an upregulation of transcripts for IDO
(42-fold increase), together with an upregulation of both
enzymes involved in the neurotoxic branch, KMO and
KYNU (12- and 30-fold increase, respectively). Interestingly,
KATI1, KAT2, and KAT3, the enzymes conducive to the
potentially neuroprotective KYNA, were downregulated
(0.6-, 0.9-, and 0.5-fold, respectively). This evidence is
consistent with clinical data showing a significant reduction
in KYNA levels in the plasma of drug naive depressed
patients (Myint et al, 2007). Interestingly, some antidepres-
sants have recently been reported as decreasing levels of
KMO and increasing levels of KATI and KAT?2, reestablish-
ing a potentially favorable KYNA/3-HK ratio (Kocki et al,
2011).

We also show that, upon activation of IDO, treatment
with IL-1f results in a decrease of tryptophan together with
an increase in kynurenine levels. Increased brain levels of
kynurenine and QUIN have been reported in cerebrospinal
fluid of IFN-o treated patients who develop depressive
symptoms as a consequence of the cytokine administration
(Raison et al, 2010). Additionally, elevated plasma levels of
kynurenine have also been observed in depressed suicide
attempters (Sublette et al, 2011). Therefore, our data are

Neuropsychopharmacology

consistent with clinical evidence showing an involvement of
both IL-1f and the neurotoxic branch of the kynurenine
pathway in depression.

Co-treatment of our cells with IL-1f and the KMO
inhibitor, Ro 61-8048, results in a partial reversion of the
reduction in differentiation induced by IL-18 (Dcx: from
—42% with IL-1f alone to —26% with IL-1f/inhibitor;
MAP2: from —37% with IL-1f alone to —22% with IL-1f/
inhibitor). The most widely used KMO inhibitor, Ro 61-
8048 (Rover et al, 1997), has been previously shown to be
beneficial in rodent models of brain ischemia (Moroni,
1999). Moreover, it was recently shown that the sustained
inhibition of KMO appears to reverse a number of cognitive
and motor deficits measured in neurodegeneration, using
mouse models of Alzheimer’s disease and Huntington’s
disease (Zwilling et al, 2011). Inhibiting KMO has the effect
of elevating neuroprotective KYNA levels whereas decreas-
ing the levels of neurotoxic 3-HK and QUIN (Chiarugi et al,
1995; Moroni et al, 2003). Additionally, further evidence
that inhibition of KMO is neuroprotective has been
described recently (Campesan et al, 2011) in a fruit fly
model of Huntington’s disease, a disorder also characterized
by elevated inflammatory responses (Hsiao and Chern,
2010). Interestingly, feeding KYNA to Huntington’s disease
model flies protects them from neurodegeneration, whereas
feeding 3-HK exacerbates cytotoxicity. However, there is
also evidence of potentially negative effects of KMO
inhibition. For example, a recent paper found a reduction
in KMO gene expression and KMO enzyme activity in
postmortem tissue from the frontal eye field in schizo-
phrenia patients (Wonodi et al, 2011) suggesting that
decreased KMO levels may be related to the etiopathophy-
siology of this disorder. Also, the long-term consequences
of an imbalance between the two arms of the kynurenine
pathway are unknown. Therefore further experimental and
clinical work should be conducted before considering this
approach for clinical use. Nevertheless, careful pharmaco-
logical normalization of the imbalance in brain kynurenine
metabolites may provide clinical benefits in inflammation-
induced depression, where alterations of the kynurenine
pathway are frequently found.

It is important to discuss some potential limitations of
our work. First of all, this is an in vitro neuronal study, and
from a translational point of view, in the brain in vivo the
glial and microglial environment will have an important
role for the fate of differentiating neurons. Additionally,
cytokines are pleiotrophic molecules and therefore the local
effects in one particular brain region, such as the
hippocampus, may have different outcomes on neuronal
function in different areas. Moreover, cytokines may
regulate brain function by a variety of mechanisms, not
only neurogenesis. For example, IL-15 has been shown to
cause long-term potentiation deficiency in a mouse model
of septic encephalopathy (Imamura et al, 2011), and
therefore synaptic plasticity changes because of this
cytokine have to be considered in an in vivo setting.
Another limitation of our study is that we have measured
mRNA levels of enzymes, but have limited data on the
functional significance of these changes. For example, we do
have an indication of activity of IDO from measuring levels
of tryptophan and kynurenine, but we could not detect KA
and we could not technically measure other metabolites,



including QUIN (potentially the most important neurotoxic
metabolite) and picolinic acid, which is also considered
neuroprotective (Guillemin et al, 2007). Finally, although we
did not find an effect of the IDO inhibitor, 1IMT, on
neurogenesis, we cannot exclude an involvement of IDO in
this process, as we could only use a low concentration of
inhibitor (the higher causing cell death in our system) and
we could not assess IDO activity after treatment with the
inhibitor (since 1MT is also the internal standard for the
HPLC detection of metabolites).

In summary, our observations indicate that IL-15 has a
critical role in regulating neurogenesis by activating the
kynurenine pathway and subsequently affecting the avail-
ability of tryptophan and the production of enzymes
conducive to neurotoxic metabolites. Inhibition of KMO
partially reverts the damaging effects of IL-1 on neurogen-
esis, suggesting that carefully targeting the kynurenine
pathway may provide a new therapy for managing
inflammation-associated mental health disorders character-
ized by decreased neurogenesis and/or an imbalance in the
levels of neurotoxic and neuroprotective metabolites.
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