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The kynurenine pathway is a major route of L-tryptophan catabolism producing neuroactive metabolites implicated in neurodegenera-
tion and immune tolerance. We characterized the kynurenine pathway in human neurons and the human SK-N-SH neuroblastoma cell
line and found that the kynurenine pathway enzymes were variably expressed. Picolinic carboxylase was expressed only in primary and
some adult neurons but not in SK-N-SH cells. Because of this difference, SK-N-SH cells were able to produce the excitotoxin quinolinic
acid, whereas human neurons produced the neuroprotectant picolinic acid. The net result of kynurenine pathway induction in human
neurons is therefore predicted to result in neuroprotection, immune regulation, and tumor inhibition, whereas in SK-N-SH cells, it may
result in neurotoxicity, immune tolerance, and tumor promotion. This study represents the first comprehensive characterization of the
kynurenine pathway in neurons and the first description of the involvement of the kynurenine pathway as a mechanism for controlling
both tumor cell neurotoxicity and persistence.
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Introduction

Within the CNS, >95% of L-tryptophan is catabolized through
the kynurenine (KYN) pathway, resulting in the production of
several neuroactive intermediates, which can be neurotoxic or
neuroprotective (Fig. 1) (Stone, 1993). The NMDA receptor ag-
onist and neurotoxin quinolinic acid (QUIN) is likely to repre-
sent the most important kynurenine pathway metabolite in terms
of bioactivity (Schwarcz et al., 1983; Stone, 1993). There is good
evidence that the kynurenine pathway is involved in the neuro-
toxicity associated with several inflammatory brain diseases
(Heyes, 1996; Guillemin et al., 2005a,c; Hartai et al., 2005). In
contrast to the neurotoxic activity of QUIN, kynurenic acid
(KYNA) and picolinic acid (PIC), two additional kynurenine
pathway products, are neuroprotective (Foster et al., 1984; Jha-
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mandas et al., 2000). In addition to these activities, the kynure-
nine pathway has been found to be a key regulator of the immune
response in relation to tolerance (Moffett and Namboodiri,
2003), with particular relevance to pregnancy (Munn et al., 1998)
and tumor persistence. There is evidence that both tryptophan
(TRP) depletion and utilization with the generation of certain
kynurenine pathway products, especially QUIN, are responsible
for this immune tolerance (Moffett and Namboodiri, 2003). The
kynurenine pathway is also involved in certain physiological
functions such as behavior, sleep, and thermoregulation (Stone,
1993; Curzon, 1996).

The kynurenine pathway has been shown to be fully present in
macrophages and microglial cells (Guillemin et al., 2003) and
partly present in astrocytes (Guillemin et al., 2001). Character-
ization of the kynurenine pathway in other brain cells is still
unknown. To define the kynurenine pathway in human neurons,
we used primary cultures of human fetal neurons, human SK-
N-SH neuroblastoma cells, and normal adult brain tissue ob-
tained at autopsy. Interferon-y (IFN-v) is known to be the most
potent inducer for one of the first enzymes of the kynurenine
pathway, indoleamine 2,3-dioxygenase (IDO) (Pemberton et al.,
1997). We therefore used IFN-vy treatment to activate the neuro-
nal kynurenine pathway enzyme expression and activity in vitro.
We assessed the presence of the major kynurenine pathway en-
zymes by reverse transcription (RT)-PCR. In addition, we mea-
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Figure 1.  Simplified diagram of the kynurenine pathway.

sured the concentration of important kynurenine pathway sub-
strates and intermediates: tryptophan, kynurenine, kynurenic
acid, and 3-hydroxykynurenine (3-HK), as well as the end prod-
ucts QUIN and PIC. We used immunocytochemistry and immu-
nohistochemistry to study the cellular localization of some of the
kynurenine pathway enzymes and metabolites. Finally, we as-
sessed the significance of the kynurenine pathway in neurons by
determining the effect of QUIN and PIC on SK-N-SH
proliferation.

Materials and Methods

Human ethics approval. These studies were approved by the Human Eth-
ics Committees at the Universities of Sydney and New South Wales.
Reagents and chemicals. All cell culture media and additives were from
Invitrogen (Mount Waverley, Australia) unless otherwise stated. 4',6-
Diamidino-2-phenylindole dihydrochloride (DAPI) and 1-(B-p-
arabino-furanosyl)-cytosine hydrochloride (AraC) were obtained from
Sigma-Aldrich (Sydney, Australia). Anti-glial fibrillary acid protein
(GFAP) mouse monoclonal antibody (mAb) clone GA-5 was obtained
from Novocastra (Newcastle, UK). Anti-CD68 mouse mAb clone KiM 1P
was generously provided by Dr. Parwaresch (University of Kiel, Kiel,
Germany) and was used at a concentration of 10 ug/ml. Anti-quinolinic
acid rabbit polyclonal antibody (pAb) and anti-microtubule-associated
protein 2 (MAP2) mouse mAb were purchased from Millipore (Mel-
bourne, Australia). Anti-IDO mouse mAb, anti-kynurenine hydroxylase
mouse mAb, and anti-tryptophan 2,3-dioxygenase (TDO) rabbit pAb
were generously provided by Profs. O. Takikawa, T. Uemura (Psychiatric
Research Institute of Tokyo, Japan), and Dr. C. Miller (Johns Hopkins
University, Baltimore, MD), respectively. These three antibodies were
used at concentrations of 10, 10, and 2 pg/ml, respectively. Polyclonal
antibodies for detection of a-amino-B-carboxymuconate-semialdehyde
decarboxylase (ACMSD), quinolinate phosphoribosyltransferase
(QPRT), kynurenine amino transferase-I (KAT-I), and kynureninase
(KYNU) were obtained from Abnova (Taipei, Taiwan) and used at a
concentration of 2 ug/ml. Alexa 488- or Alexa 594-conjugated anti-
mouse IgG or anti-rabbit were purchased from Invitrogen. All commer-
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cial antibodies were used at the concentrations recommended by the
manufacturer.

Cell cultures. Human fetal brains were obtained from 14- to 18-week-
old fetuses collected after therapeutic termination after informed con-
sent. Brain cell cultures were prepared using a protocol adapted from
previously described methods (Guillemin et al., 1997).

Neurons were prepared from the initial mixed brain cells as described
previously (Guillemin et al., 2005b). Briefly, cells were plated in culture
flasks coated with Matrigel (diluted 1/20 in Neurobasal medium) and
maintained in Neurobasal medium supplemented with 2% (v/v) B-27
supplement, 2 mm Glutamax, 50 mm HEPES, 200 IU/ml penicillin G, 200
pmg/ml streptomycin sulfate, and 5 mm glucose. Cultures were kept at
37°C at 5% CO, in a humidified atmosphere. The medium was changed
once to twice per week. Neurons were maintained for up to 10 weeks.

Human SK-N-SH neuroblastoma cells were obtained from American
Type Culture Collection (Manassas, VA) (HTB11). The SK-N-SH cells
were maintained in RPMI 1640 medium containing 10% (v/v) heat-
inactivated fetal calf serum (FCS), 2 mm Glutamax, 200 IU/ml penicillin
G, 200 ug/ml streptomycin sulfate, and 0.5% (w/v) glucose in 75 cm?
culture flasks (Corning, Corning, NY) and in Permanox chamber-slides
(Medos, Lidcombe, Australia). Cultures were kept at 37°C at 5% CO, in
a humidified atmosphere. The medium was changed after 3 d until they
reached confluence and every 2-3 d thereafter.

Human peripheral blood mononuclear cells (PBMCs) were isolated
from the blood of healthy volunteers (Centre for Inmunology, Sydney,
Australia) using a standard Ficoll-Paque (GE Healthcare, Piscataway, NJ)
density separation method as previously described (Kerr et al., 1997a).
Monocyte-derived macrophages were obtained using a classic adherence
method. Briefly, isolated PBMCs were plated on Falcon Primaria 24-well
plates (BD, North Ryde, Australia) with RPMI medium, 10% autologous
human serum, 2 mm Glutamax, 200 IU/ml penicillin G, and 200 pg/ml
streptomycin sulfate. After 8 d in vitro, the human serum component of
the medium was eliminated completely, and cells were maintained in
AIM-V, a serum-free medium containing no detectable QUIN
(Invitrogen).

Immunocytochemistry. Brain cells were characterized as previously de-
scribed (Guillemin et al., 1997). Human primary neurons and SK-N-SH
cells were grown in Permanox chamber-slides for 2-3 d. After 72 h,
control (untreated) and IFN-vy-treated cells were fixed with acetone/
methanol 1:1 (v/v) for 20 min at —20°C. Cells were then rinsed three
times with PBS, and a gentle membranous permeabilization was per-
formed by incubation with 0.025% Triton X-100 in PBS for 10 min at
22°C. After washing, cells were incubated with 5% (v/v) nonimmune
goat serum (NGS) in PBS for 45 min at 22°C, rinsed twice with PBS, and
incubated for 1 h at 37°C with the specific primary mAb or pAb antibod-
ies diluted in 5% NGS. Cells were then washed with 5% NGS solution and
incubated for 1 h at 37°C with the appropriate labeled secondary anti-
bodies (goat anti-mouse IgG or goat anti-rabbit IgG coupled to Alexa 488
or Alexa 594). Nuclear staining was performed using DAPI at 1 ug/ml for
5 min at 22°C. After several washes in PBS at 37°C, the coverslips were
quickly mounted on glass slides with Fluoromount-G and were exam-
ined with an Olympus BX60 fluorescence microscope fitted with a Sen-
siCam digital camera. Three controls were performed for each immuno-
labeling experiment: (1) isotypic antibody controls for mAbs and serum
control for pAbs, (2) incubation with only the secondary labeled anti-
bodies, and (3) measurement of autofluorescence of unlabeled cells.

Tissue processing and immunohistochemistry. Blocks of the medial tem-
poral lobe and superior frontal cortex were taken from formalin-fixed
brains obtained postmortem. For this study, autopsy tissue was sampled
from two neurologically normal male patients (39 and 64 years old), both
with cardiac arrest as cause of death. Series of 45 wm cryosections were
processed for immunohistochemistry using the avidin—biotin complex
detection system as described previously (Guillemin et al., 2005c¢). Free-
floating sections were washed in 50% ethanol for 3 X 15 min at 37°C and
then incubated in 3% H,0, for 20 min to quench endogenous peroxidase
activity. Nonspecific binding sites were blocked with a solution of 1%
bovine serum albumin (BSA) and 0.1% Triton X in 0.1 M Tris buffer. The
tissue was then incubated for 36 h at 4°C in diluted primary antibodies to
IDO, kynurenine 3-hydroxylase (KMO), KYNU, ACMSD, TDO, KAT-
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II, and QUIN (Fig. 1). After washing in Tris buffer, the sections were
incubated for 1.5 h at room temperature in species-appropriate biotin-
ylated secondary antibody (Vector Laboratories, Burlingame CA). After
washing in Tris buffer, the sections were placed in ABCelite peroxidase
reagents (1:100 in Tris buffer) for 1.5 h, washed, and transferred to the
chromogen solution [DAB (brown), or SG (blue black); Vector Labora-
tories]. After 5 min, 25 ul of 3% H,0O, was added to the chromogen
solution for color development. Sections were washed, mounted, dried,
and coverslipped in Histochoice mounting medium (Amresco, Solon,
OH). Selected sections were counterstained with cresyl violet for cytoar-
chitecture. Sections were viewed using a Leica DMLB bright-field micro-
scope and photographed with a Jentopix Progress C14 digital camera.

Treatments of neuronal and SK-N-SH cultures. For the characterization
of the kynurenine pathway, IFN-vy (100 IU/ml) was added to 4-week-old
neuronal primary cultures and SK-N-SH (1 X 10° cells/well). Messenger
RNA and culture supernatants were collected after 24, 48, and 72 h.

For the proliferation assay, cultures of SK-N-SH (5 X 10* cells/well)
were treated with PIC at 1 and 5 um and QUIN at 5 um for 24 h. Each
experiment was performed in quadruplicate. Cells were trypsinized, a
200 pl aliquot of the cell suspension was mixed with 800 ul of a solution
0f0.25% trypan blue (Sigma), 10 ul of this mixture was distributed inside
a numeration chamber, and counting was performed in a blinded man-
ner. Control and treated cells were counted three times. Experiments
were performed in triplicate. Mean values and SEM were calculated for
each treatment, and the results were plotted on a histogram. Changes in
cell growth and viability were expressed as percentages and were calcu-
lated using the following formula: (number of treated cells X 100/num-
ber of cells in the untreated condition). Unpaired t tests were performed
on the results obtained at 24 h. A p value of <0.05 was regarded as
statistically significant.

RT-PCR detection of mRNA expression of kynurenine pathway enzymes.
The RT-PCR protocol and primer sequences were previously described
(Guillemin et al., 2001). Negative controls were: (1) omission of a target
template, (2) omission of reverse transcriptase, and (3) genomic DNA.
Amplified products were quantified after scanning using ImageJ1.38s
(NIH, Bethesda, MD). Experiments were performed in duplicate on cul-
tures derived from five different fetal brains. Based on image analysis
intensity ratios of kynurenine pathway enzyme mRNA expressed relative
to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA, the SE
was between 4 and 5%.

Gas chromatography-mass spectrometry. Culture supernatants were as-
sayed for QUIN as previously described (Kerr et al., 1997b). QUIN con-
centrations were calculated with the following formula: total concentra-
tion of QUIN (in nanomolars) detected in cell culture supernatants —
concentration of QUIN (in nanomolars) present in the culture medium
before addition to cells. Samples were similarly analyzed for PIC analysis
using d4-picolinic acid as an internal standard. QUIN and PIC samples
were analyzed by gas chromatography-mass spectrometry (GC-MS) with
the spectrometer operating in electron capture negative ionization mode.
Selected ions (m/z 273 for PIC and m/z 277 for d4-PIC) were then mon-
itored (Smythe et al., 2002). The limits of quantification were <1 fmol
(injected onto the column) at signal-to-noise ratios of >10:1. Experi-
ments were performed in triplicate using supernatants from primary
cultures derived from three different human fetal brains and from one
SK-N-SH culture. All results are expressed as the mean = SEM.

HPLC. TRP, KYN, and KYNA were measured using an Agilent 1100
series HPLC system equipped with a G1329A temperature-controlled
autosampler, a G1314A variable wavelength detector, a G1321A xenon
flash lamp fluorescence detector, and a Zorbax 300SB C18 reversed-
phase 4.6 X 250 mm column (Agilent Technologies, North Ryde, Aus-
tralia) and mobile phase consisting of ammonium acetate buffer (0.1 M,
pH 4.65) containing 0.02% (v/v) acetonitrile. KYN was measured by UV
absorbance at 365 nm, TRP was measured using fluorescence (Ex285
nm/Em365 nm), and KYNA was measured by fluorescence (Ex254 nm/
Em404 nm) after postcolumn derivatization with zinc acetate as previ-
ously described (Kapoor et al., 1994). 3-HK was measured using electro-
chemical detection as previously described (Heyes et al., 1988). Limits of
detection for all analytes were calculated (based on the number of moles
of each analyte detected in a 100 ul injection onto the HPLC column) to
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be the following: TRP, 65 pmol; KYN, 200 fmol; KYNA, 10 fmol; and
3-HK, 10 fmol, which is consistent with previous data (Heyes et al., 1988;
Kapoor et al., 1994). Data related to cellular production of kynurenine
pathway TRP metabolites have the background values (because of traces
in serum and medium) for each metabolite subtracted to represent net
cellular production. Each experiment was performed in triplicate using
supernatants from primary cultures derived from three different human
fetal brains and from one SK-N-SH culture. All results are expressed as
the mean * SEM.

Statistical analysis. GC-MS and HPLC mean values and SEs were cal-
culated, and the results were plotted on histograms. Unpaired f tests were
performed on the results obtained at 24, 48, and 72 h for GC-MSand 72 h
for HPLC. p values were generated comparing kynurenine pathway me-
tabolite production or degradation by unstimulated cells and IFN-vy
stimulated cells at the same time point. A p value of <0.05 was regarded
as statistically significant.

Results

Purity of primary cultures of human fetal neurons

Consistent with our previous data (Guillemin et al., 2005b), after
7 din culture, 90-95% of the fetal brain cells immunostained for
the neuronal marker MAP2 (data not shown). The main contam-
inants of the neuronal cultures were astrocytes. However, grow-
ing the brain cells on Matrigel strongly limited astroglial prolif-
eration. After 8 d in culture, 2 uM Ara-C was added for 24 h to
eliminate all proliferating cells, including astrocytes and fibro-
blasts. Staining for CD68 indicated that <1% of the contaminat-
ing cells in the initial cultures were microglia. These monocytic
cells cannot adhere to Matrigel, and the few residual microglia
were rapidly removed with the regular changing of medium. Im-
munostaining for O4 protein (oligodendrocytes), GFAP (astro-
cytes), 5B5 (fibroblasts), and factor VIII (endothelial cells) did
not detect any cells at either 2 weeks or 4 weeks after seeding.
After 4 weeks and repeated changing of medium, purity of the
neuronal cultures reached 98-99% (Fig. 2A).

Expression of kynurenine pathway enzymes in human fetal
neurons compared with SK-N-SH neurons

Primer pairs were previously developed to identify mRNA tran-
scripts for human IDO, TDO, KAT-I, KAT-II, KMO, KYNU,
3-hydroxyanthranilate 3,4-dioxygenase (HAAO), QPRT, and
ACMSD (Guillemin et al., 2001). IFN-vy was used to induce IDO
mRNA expression in primary human neurons (line 4) and SK-
N-SH cells (line 2) (Fig. 3A). Neither unstimulated primary hu-
man neurons (line 1) or SK-N-SH cells (line 3) expressed IDO.
IFN-vy-stimulated macrophages were used as a positive control,
and a clear mRNA signal for all nine kynurenine pathway en-
zymes mRNA was detected as expected (line 5) (Guillemin et al.,
2003). Based on image analysis of optical density (Fig. 3A), ratios
of kynurenine pathway enzyme mRNA expressed relative to
GAPDH mRNA were calculated (Fig. 3B); the SE was between 4
and 5% for all kynurenine pathway enzyme mRNA expression
data. For all the enzymes, mRNA expression was analyzed at 24 h
after application of IFN-+y or vehicle control. Time course studies
(6—24 h) assessing the induction of kynurenine pathway enzyme
mRNA expression in response to IFN-vy stimulation indicated
that maximal mRNA expression was detected at 24 h.

Strong IDO expression was detected in SK-N-SH and primary
neurons only after IFN-vy stimulation. TDO was expressed by
both IFN-+ stimulated and unstimulated SK-N-SH and primary
neurons. Interestingly, TDO expression was lower after IFN-y
stimulation when IDO was increased. Both IFN-+y stimulated and
unstimulated SK-N-SH and primary neurons showed low ex-
pression for KAT-I and a very low expression for KAT-II. Indeed,
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Figure 2.  Immunodetection of kynurenine pathway enzymes and products in human neurons and brain. A, B, Cultures of
human primary neurons (4) and of SK-N-SH cells (B) were immunostained for the enzymes IDO, TDO, KYNU, KAT-II, KMO, QPRT,
and ACMSD, as well as for QUIN and MAP2 as indicated. C, Control preparations of cultures of human primary neurons: irrelevant
IgG and nonimmune rabbit serum staining of human primary neurons. D, Human hippocampal sections were also immunostained
for IDO, KMO, KYNU, ACMSD, TDO, KAT-I, and QUIN as indicated. Neuronal labeling for all markers was predominantly cytosolic,
although occasional staining of proximal processes was seen (e.g., for KMO0). Neurons of the hilus (CA4) were the most consistently
labeled. Non-neuronal cells were also labeled. Punctate/vesicular labeling of probable microglial cells was widespread in all areas
of cortex and hippocampus. QUIN labeling was distinctly granular, as shown in the pyramidal cells of CAT (D).
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most consistently labeled neurons for all
enzymes. KMO labeling tended to be lo-
calized to nonpyramidal neurons in the
frontal cortex. Only a minority of neurons
stained positive for KMO, whereas IDO
and ACMSD were detected in the majority
of neurons and also showed a high degree
of non-neuronal staining. ACMSD immu-
nolabeling filled the neuronal soma and
occasionally extended into proximal pro-
cesses. Although the factors determining
the level of expression of kynurenine path-
way enzymes in the intact brain remain to
be clarified, the present work clearly indi-
cates that a diverse range of neuronal types
have the potential to produce these en-
zymes in the human brain. We previously
showed that only a very low level of QUIN
immunoreactivity is found in temporal
neocortical and hippocampal areas in con-
trol brain tissue (Guillemin et al., 2005¢)
and that concentrations of QUIN in nor-
mal cerebral tissue are extremely low (<1
nM) (Guillemin et al., 2007). The present
data are entirely consistent with our previ-
ous observations.

the KAT-II signal was only detected in IFN-vy-stimulated SK-
N-SH neurons. Expression of KYNU and KMO mRNA was
present at low levels in both IFN-vy-stimulated and unstimulated
SK-N-SH and primary neurons. HAAO and QPRT mRNA were
clearly expressed in both SK-N-SH and primary neurons, and
levels for both enzymes were slightly higher in SK-N-SH com-
pared with primary neurons. Expression of ACMSD was not de-
tectable in SK-N-SH neurons but was clearly present in primary
neurons. ACMSD expression was higher in unstimulated com-
pared with IFN-vy-stimulated neurons.

Immunocytochemical detection of kynurenine pathway en-
zymes in both IFN-vy-stimulated SK-N-SH and primary neurons
(Fig. 2) was in general agreement with the RT-PCR results. In
addition, we did not detect any QUIN production in primary
neurons but found ACMSD expressed, whereas the reverse was
found for SK-N-SH cells. In primary neurons, ACMSD labeling
was mainly detected in the cytoplasm. For both SK-N-SH and
primary neurons, immunostaining for IDO, TDO, KMO, KYNU,
KAT-II, and QPRT was perinuclear and cytoplasmic. In primary
neurons only, ACMSD labeling was mainly detected in the cyto-
plasm. In SK-N-SH cells, QUIN immunostaining was located in
small cytoplasmic vesicles. Finally, for both SK-N-SH and pri-
mary neurons, staining for the structural protein MAP2 indicated
localization throughout the cytoplasm and dendrites.

Expression of kynurenine pathway enzymes and production
of kynurenine pathway metabolites in human cortex and
hippocampus

Frozen 45 um sections of superior frontal cortex and medial
temporal lobe were labeled with antibodies to IDO, KMO,
KYNU, QPRT, ACMSD, KAT-II, and TDO (Fig. 2D). For all
enzyme labeling, there was strong staining of neurons. Astrocytes
and microglia were also labeled, with identification of these cells
based on cell morphology. Not all neurons were stained in each
case, although there was no consistent pattern of labeling of cell
types. Pyramidal neurons of CA1-4 of the hippocampus were the

HPLC analysis of TRP, KYN, KYNA, and 3-HK secreted by
SK-N-SH and primary neurons

Concentrations of TRP in Neurobasal medium and in RPMI
with 10% FCS were 64.7 = 2.5 um and 48 £ 0.15 uM, respec-
tively. Concentrations of KYN in Neurobasal medium and in
RPMI with 10% FCS were 1.49 = 0.24 umand 2.11 = 0.34 um,
respectively. KYNA and 3-HK were not detectable in the cul-
ture media. Changes in the concentration of TRP in the cul-
ture medium after 72 h (decreased in all cases) were calculated
using the following formula: (TRP concentration in the cell
culture supernatant — TRP concentration initially present be-
fore the medium was added to the cells). Concentrations of
KYNA produced after 72 h were calculated using the following
formula: (KYNA in the cell culture supernatant — KYNA ini-
tially present in the medium).

TRP was catabolized by both SK-N-SH cells and primary neu-
ron cultures (Fig. 4A). Without stimulation, SK-N-SH and pri-
mary neurons were both able to catabolize a low but significant
concentration of TRP resulting in decreases in TRP concentra-
tion of 3.43 = 0.4 uMm and 3.92 = 1 uM, respectively. In the
presence of IFN-+y, TRP loss was dramatically accelerated result-
ing in decreases in TRP concentration of 33.32 * 0.4 uM and
9.31 = 1.2 uM for SK-N-SH and primary neuron cultures, respec-
tively. IFN-y-stimulated SK-N-SH neurons therefore degraded
3.6-fold more TRP compared with IFN-+y-stimulated primary
neurons.

Unstimulated SK-N-SH and primary neurons produced only
low concentrations of KYN (0.10 = 0.07 and 0.08 = 0.031 uM,
respectively) and did not produce detectable amounts of KYNA
(Fig. 4B). IFN-vy increased SK-N-SH and primary neuron pro-
duction of KYN and KYNA. Media concentrations of KYN in-
creased to 17.66 = 0.34 and 19.75 = 0.37 um for SK-N-SH cells
and primary neurons, respectively, whereas media concentra-
tions of KYNA increased to 7.16 * 2.6 and 9.1 = 0.49 nm for
SK-N-SH and primary neurons, respectively (Fig. 4C). 3-HK se-
cretion was detected in medium derived from unstimulated and
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IFN-+y-stimulated SK-N-SH cells and pri-
mary neurons (6.01 * 2.2, 26.55 * 0.4,

7.65 = 0.4, and 20.25 * 2.54 nM, respec- A
tively) (Fig. 4D).

SKNSH cortral
SKNSH IFN-y
Newrorscortral
Neurors |Fhy
Macrophage IFN-y

GC/MS analysis of QUIN secreted by
SK-N-SH and primary neurons
Initial QUIN concentrations in the culture
media were 0.469 * 0.056 and 0.402 =*
0.042 uM in RPMI 10% FCS and Neuro-
basal 2% B27, respectively. Both unstimu-
lated and IFN-vy-stimulated primary neu-
rons degraded QUIN (Fig. 4E). The levels
of QUIN effectively catabolized were in
concentrations of 0.260 = 0.006 um (24
h), 0.275 = 0.06 um (48 h), and 0.466 =+
0.084 uM (72 h) for unstimulated cultures
and 0.212 £ 0.007 um (24 h), 0.284 =
0.013 uM (48 h), and 0.556 * 0.039 um (72
h) for IFN-+y-stimulated cultures. No sig-
nificant differences were found in the level
of QUIN catabolism when unstimulated
and IFN-vy-stimulated cultures were com-
pared. Unstimulated SK-N-SH neurons
produced basal concentrations of QUIN
0f 0.847 = 0.196 um (24 h), 0.941 = 0.07
uM (48 h), and 0.962 = 0.121 pm (72 h).
After stimulation with IFN-vy, QUIN syn-
thesis was increased significantly to 1.1 *
0.07 um (24 h), 1.36 = 0.08 um (48 h), and
2.22 * 0.057 M (72 h) (Fig. 4G).

Figure 3.
GC/MS analysis of PIC secreted by SK-
N-SH and primary neurons
Initial PIC concentrations in the culture
media were respectively 0.567 = 0.31 and
0.202 £ 0.066 uM in RPMI 10% FCS and
Neurobasal 2% B27, respectively. Both
unstimulated and IFN-+y-stimulated pri-
mary neurons produced PIC (Fig. 4 H). Primary cultures of neu-
rons constitutively produced PIC. PIC concentrations were
0.327 = 0.051 M (24 h),0.388 = 0.13 M (48 h), and 0.465 = 0.1
uM (72 h) for unstimulated cultures and 0.336 £ 0.056 uMm (24 h),
0.359 = 0.011 uM (48 h), and 0.491 = 0.09 M (72 h) for IFN-v-
stimulated cultures, respectively. No significant differences were
found in the level of PIC production between unstimulated and
[FN-vy-stimulated cultures.

In SK-N-SH culture supernatants, the levels of PIC were lower
than initially quantified in the culture medium (Fig. 4F). PIC
concentrations were respectively —0.174 = 0.071 um (24 h),
—0.125 + 0.04 um (48 h), and —0.143 = 0.09 M (72 h) for
unstimulated cultures and —0.096 £ 0.048 wMm (24 h), —0.096 =
0.037 uM (48 h), and —0.105 *+ 0.034 pm (72 h) for IFN-y-
stimulated cultures. No significant differences were found be-
tween unstimulated and IFN-+y stimulated cultures.

Effects of picolinic acid and quinolinic acid on

SK-N-SH proliferation

Initially, 50 X 10° SK-N-SH cells were plated, and after 24 h
without treatment (control), the cell number increased to
138.75 = 14.7 X 10? (a 2.8-fold increase) (Fig. 5B). The number
of SK-N-SH neurons present after treatment with 1 and 5 um
picolinic acid were respectively 117.5 + 8.6 X 10° ( p = 0.02) and
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Detection of kynurenine pathway enzyme expression using RT-PCR. A, Ethidium bromide-stained gels showing
RT-PCR for (from top to bottom) IDO, TDO, KAT-1, KAT-II, KYNU, KMO, HAAQ, QPRT, ACMSD, and GAPDH expression. The first column
corresponds to unstimulated SK-N-SH cells, the second to IFN-y-stimulated SK-N-SH cells, the third to unstimulated human
primary neurons, the fourth to IFN--y-stimulated human primary neurons, and the fifth to human primary macrophages stimu-
lated with IFN-~y and used as a positive control for kynurenine pathway enzyme expression. B, The histograms indicate the ratio
of the expression of the nine kynurenine pathway enzyme mRNA relative to the GAPDH mRNA expression. Individual samples were
analyzed in triplicate, and the SEM for all data was determined to be <<5%.

85.25 3.9 X 10 ( p = 0.0002) lower compared with the control
condition (Fig. 5). The number of SK-N-SH neurons present
after treatment with 5 um quinolinic acid was 172.2 + 18 X 107,
i.e., 3.5-fold higher compared with the control ( p = 0.006). Us-
ing trypan blue staining, we did not observe any significant dif-
ferences in the number of dead cells between treated (7.1 X 107
for PIC 1 uM; 4.3 X 107 for PIC 5 um; and 8.8 X 102 for QUIN 5
M) and control cells (8.3 X 10°).

Discussion
Comparing normal and tumoral neurons, we herein reveal dif-
ferences in the expression of kynurenine pathway enzymes. Pri-
mary and adult neurons expressed ACMSD and produced the
neuroprotective compound PIC, whereas SK-N-SH cells did not
express this enzyme. This was associated with a switch in the
kynurenine pathway leading to the production of the excitotoxin
QUIN. This emphasizes that caution must be exercised when
using neuronal cell lines to define neuronal enzymatic pathways.
More importantly, the differential pattern of neuronal kynure-
nine pathway expression is likely to be important in neoplastic
brain diseases.

Previous studies reported IDO activity in human neoplastic
cell lines (Werner-Felmayer et al., 1989; Heyes et al., 1997a).
However, cell lines do not always reflect primary brain cells, and
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Figure4. Quantification of kynurenine pathway products by HPLC and GC/MS. A-H, Media
samples derived from cultures of SK-N-SH cells and primary neurons either untreated or treated
for 24 h with 100 IU/ml IFN--y (A-D) or at the times indicated (E-H ) were analyzed by HPLC for
TRP (A), KYN (B), KYNA (C), and 3-HK (D) and by using GC/MS for QUIN (E) and PIC (F, H).
Statistical differences comparing the untreated and IFN--y-treated conditions (A-D) or the
change in concentration detected at the 48 or 72 h compared with the 24 h time point are
indicated by the asterisks. **p << 0.02 and ***p << 0.01 (Mann—Whitney test).

our data show that this is particularly true with the kynurenine
pathway (Heyes et al., 1997a). Recently, Roy et al. (2005) showed
that IDO immunoreactivity is present in rodent neurons and is
upregulated by IFN-+y in neurons of the limbic cortical regions.
This study also described strong IDO staining in neurons of the
hippocampus and dentate gyrus, which are regions highly sensi-
tive to excitotoxicity mediated by NMDA receptor agonists such
as QUIN. However, significant species differences in the expres-
sion of the kynurenine pathway enzymes have been described
(Heyes et al., 1997b), and this was one impetus for our current
study, because human primary cells and tissue represent the most
relevant model to study the kynurenine pathway and its relevance
to human brain physiology and disease. Heyes et al. (1997a) de-
scribed IDO activity in human fetal mixed brain cells but without
differentiating which cell types express IDO and produce QUIN.
Within the human brain, cellular localization of IDO has been
found in primary astrocytes, microvascular endothelial cells, mi-
croglia, and macrophages (Heyes et al., 1996; Guillemin et al.,
2001, 2005b; Schroten et al., 2001). We previously demonstrated
and confirm here that primary human neurons express IDO and
that the enzyme is inducible by IFN-vy (Guillemin et al., 2005b).

There are only limited published data concerning TDO ex-
pression within the brain. TDO is expressed in the cytoplasm of
neurons, astrocytes, and endothelial cells but not in microglia
using immunohistochemistry on sections from human frontal
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Figure5.  Effects of PICand QUIN on SK-H-SH proliferation. A, B, Phase-contrast microscopy
of SK-N-SH cell cultures (4) and histogram indicating the number of SK-N-SH cells (from left to
right) in control untreated cells and cells treated with either Tor 5 um PICor with 5 um QUIN 5
for 24 h (B). p values for the comparisons with control condition were determined (Mann—
Whitney test): *p << 0.05, **p < 0.01, and ***p < 0.001.

cortex (Miller et al., 2004, 2006). We extended these data by
showing that human MAP2-positive primary neurons express
TDO in their cytoplasm. We also showed for the first time that, in
both primary and SK-N-SH neurons, TDO expression is de-
creased when IDO is activated by IFN-v, and conversely, in the
absence of IDO expression, TDO is expressed to a higher extent.
This highlights a relationship between TDO and IDO expression
and suggests the existence of a novel regulatory mechanism bal-
ancing the expression of the two first enzymes of the kynurenine
pathway.

KAT-1, -1I, and -III are responsible for synthesis of KYNA
(Okunoetal., 1991; Yuetal., 2006). KAT-I immunoreactivity has
been detected in astrocytes and neurons in the rat (Du et al,,
1992). We found that SK-N-SH and primary neurons have a very
similar and low level of expression for KAT-I and KAT-II, and
both cell types produce KYNA to similar extents. KYNA is an
endogenous antagonist of NMDA and «-7 nicotinic receptors
resulting in neuroprotective and anticonvulsant effects (Stone,
1993). KYNA has the ability to control the vulnerability of striatal
neurons to QUIN (Hilmas et al., 2001). However, ionotropic
glutamate receptor ligands such as glutamate, and likely QUIN,
can inhibit KYNA synthesis by rat astrocytes (Curatolo et al.,
1996). Changes in KYNA concentrations have been described in
several neurological disorders (Stone, 1993). Within the CNS,
most KYNA is produced by astrocytes, neurons, and oligoden-
drocytes (Du et al., 1992; Guillemin et al., 2001; Wejksza et al.,
2005). A recent study showed that KYNA is synthesized by pri-
mary cultures of rat cortical neurons (Rzeski et al., 2005) and that
production, under certain conditions, can be significantly higher
than in astrocytes. We confirm here that, similar to rodents, hu-
man neurons produce KYNA in uM concentrations.

Both primary neurons and SK-N-SH cells synthesize 3-HK,
although the concentrations detected in conditioned medium
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were higher with the latter cells, paralleling
the increased expression of KMO. 3-HK
can promote neuronal damage by induc-
ing oxidative stress and can also act syner-
gistically with QUIN to potentiate its tox-
icity (Guidetti and Schwarcz, 1999).
KYNU and KMO expression seem to be
significantly expressed only in monocytic
cells such as human microglia and macro-
phages (Guillemin et al., 2003). Interest-
ingly, only these cell types appear to pro-
duce QUIN, and our data point toward a
potential novel link between the level of
expression of KYNU and KMO and the
capacity to produce QUIN.

ACMSD regulates nicotinamide adenine
dinucleotide biosynthesis and the generation
of QUIN through the kynurenine pathway
(Tanabe et al., 2002). There is an inverse re-
lationship between ACMSD activity and
QUIN production. QUIN is nonenzymati-
cally derived from 2-aminomuconate-6-
semialdehyde. Fukuoka et al. (2002) showed
that ACMSD is expressed in the human brain at low levels. We found
here that ACMSD is expressed by human primary and adult neurons
but not by SK-N-SH cells. We previously showed that PIC is also
produced by human fetal astrocytes (Guillemin et al., 2001). PIC is
an endogenous neuroprotective compound within the brain (Jha-
mandas et al., 1990). In nanomolar concentrations, it protects
against QUIN- and kainic acid-induced neurotoxicity (Vrooman et
al,, 1993). Unlike KYNA and other NMDA receptor antagonists, PIC
can effectively block QUIN neurotoxicity but apparently without
affecting the excitatory effect. The mechanism by which PIC atten-
uates QUIN neurotoxicity is still unclear, because PIC does not com-
pete with QUIN at the glutamate/NMDA-binding site of the NMDA
receptor. In addition, PIC can influence the immune response by
increasing chemokine release (Bosco et al., 2000) and by stimulating
anti-tumoral (Leuthauser et al., 1982), anti-microbial (Blasi et al.,
1993), and anti-viral (Fernandez-Pol et al., 2001) activities (Fig. 6).
Finally, PIC is also considered an endogenous metal chelator within
the brain, which may have relevance for Alzheimer’s disease (Testa et
al., 1985; Melillo et al., 1996).

Several studies suggest an involvement of the kynurenine
pathway in brain tumor neuropathology. Saito et al. (1993)
showed that tumoral cell lines derived from human brain have
the ability to convert TRP into KYN in response to I[FN--y. Other
studies showed that IDO activity is present in the SK-N-SH cells
and glioblastoma cells (Werner-Felmayer et al., 1989; Heyes et al.,
1997a). Uyttenhove et al. (2003) showed that a majority of hu-
man tumors constitutively express IDO. Another study demon-
strated that gliomas and glioneuronal tumors have an elevated
TRP uptake and metabolism (Juhasz et al., 2006). This high TRP
metabolism by low-grade tumors is very likely to be associated
with an activation of the kynurenine pathway, which represents a
mechanism regulating tumor cell growth and persistence (Juhasz
et al., 2006).

The mechanism by which increased kynurenine pathway me-
tabolism confers tumor survival is unknown (Gajewski et al.,
2006). It has been shown that QUIN can directly increase prolif-
eration rate of human glioblastoma cell line U343MG (Serio et
al., 2005), and we showed here that QUIN can increase SK-N-SH
neuroblastoma cell proliferation. Interestingly, QUIN also in-
creases astroglial production of glial cell line-derived neurotro-
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phic factor (Bresjanac and Antauer, 2000), which may induce
proliferation of neuroblastoma cells and increase resistance to
chemotherapeutic agents (Hansford and Marshall, 2005) (Fig. 6).
However, previous studies have shown the ability of PIC to de-
crease tumor proliferation both in vitro (Fernandez and Johnson,
1977; Testa et al., 1985; Kovalenko et al., 1989) and in vivo (Leu-
thauser et al., 1982), which is in accordance with our results
showing that PIC in micromolar concentrations significantly de-
creases SK-N-SH growth.

Recent studies suggest IDO as a target for cancer suppression
in vivo (Munn and Mellor, 2004, 2007; Muller et al., 2005; Za-
manakou et al., 2007). It has been shown previously that IDO
inhibition induces a robust allogenic T-cell response in vitro and
delays tumor growth in vivo (Friberg et al., 2002). We found that
in vitro SK-N-SH produced 1-2 uMm QUIN after 72 h. It is there-
fore possible that those concentrations of QUIN produced in vivo
could reach concentrations that are cytotoxic for T-cells.

In conclusion, this study represents the first comprehensive
characterization of the kynurenine pathway in human neurons.
We showed that SK-N-SH neuroblastoma cells produce the exci-
totoxin QUIN, whereas normal primary neurons synthesize the
neuroprotective molecule PIC. This differential activation of the
kynurenine pathway may contribute to the persistence of neuro-
blastomas and might also contribute to the neurotoxicity associ-
ated with tumorogenesis (Fig. 6). These results also provide the
foundation for the identification of new therapeutic strategies for
cerebral tumors, because kynurenine pathway inhibitors are al-
ready available (Stone, 2000; Platten et al., 2007).
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