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Pneumococcal meningitis causes accumulation of neurotoxic
kynurenine metabolites in brain regions prone to injury

Caroline L. Bellac, Roney S. Coimbra, Stephan Christen, and Stephen L. Leib⁎

Institute for Infectious Diseases, University of Bern, Friedbuehlstrasse 51, PO Box 61, CH-3010 Bern, Switzerland

Received 14 June 2006; revised 20 July 2006; accepted 25 July 2006
Available online 7 September 2006
Pneumococcal meningitis (PM) is characterized by an intense
inflammatory host reaction that contributes to the development of
cortical necrosis and hippocampal apoptosis. Inflammatory conditions
in the brain are known to induce tryptophan degradation along the
kynurenine pathway, resulting in accumulation of neurotoxic metabo-
lites. In the present study, we investigated the contribution of the
kynurenine pathway to brain injury in experimental PM by measuring
the concentration of its metabolites and the enzymatic activities and
mRNA levels of its major enzymes in the vulnerable brain regions. In
the late phase of acute PM, we found a significant transcriptional
upregulation of kynurenine-3-hydroxylase and an accumulation of the
neurotoxic metabolites 3-hydroxykynurenine (3-HKYN) and 3-hydro-
xyanthranilic acid in cortex and hippocampus. The positive correlation
between the concentration of 3-HKYN and the extent of hippocampal
apoptosis adds support to the concept that 3-HKYN contributes to
brain injury in PM.
© 2006 Elsevier Inc. All rights reserved.
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Introduction

Bacterial meningitis caused by Streptococcus pneumoniae is a
severe infectious disease of the central nervous system and is
associated with acute inflammation and subsequent brain damage. In
spite of effective antimicrobial therapy and intensive care, the
outcome of pneumococcal meningitis (PM) remains poor with a
mortality rate of up to 30% and permanent sequelae due to neuronal
injury in up to 50% of the survivors (Schuchat et al., 1997; van de
Beek et al., 2004; Weisfelt et al., 2006). Two pathophysiologically
different forms of neuronal damage, namely cortical necrosis and
hippocampal apoptosis, have been demonstrated in the human
disease and corresponding animal models of PM (Bifrare et al.,
2003; Nau et al., 1999). Both, the host inflammatory reaction and the
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pathogen contribute to the brain damage resulting from PM
(Grandgirard and Leib, 2006; Koedel et al., 2002).

The pathophysiology of PM is initiated by immune activation
that leads to the induction of metabolic pathways in the brain. The
kynurenine (KYN) pathway is induced in other diseases associated
with inflammation leading to brain injury, such as multiple sclerosis,
AIDS-dementia complex and cerebral malaria (Nemeth et al., 2005;
Stone, 2001, 2003). Increased tryptophan (TRP) degradation due to
activation of the KYN pathway may also be involved in the
processes that lead to the neuronal damage observed in PM.

The KYN pathway represents the major catabolic route of the
essential amino acid TRP over multiple metabolic steps (Fig. 1).
Among the metabolites, some are neurotoxic while others can be
neuroprotective. The neurotoxic mechanism of 3-hydroxykynur-
enine (3-HKYN) and 3-hydroxyanthranilic acid (3-HAA) involves
the generation of superoxide and hydrogen peroxide, which
contribute to oxidative processes that are implicated in the
pathophysiology of PM (Braun et al., 2002; Eastman and Guilarte,
1990). In contrast, kynurenic acid (KYNA) is an antagonist of the
excitotoxic N-methyl-D-aspartate (NMDA) receptor and protected
neurons from excitotoxic brain damage in experimental bacterial
meningitis (Leib et al., 1996). The relative concentration of
neuroprotective vs. neurotoxic metabolites may thus determine the
net effect of the metabolites of the KYN pathway on neuronal
damage in PM.

The neurotoxic properties of KYN metabolites and their
potential to induce apoptosis (Leavitt et al., 2006; Morita et al.,
2001; Okuda et al., 1998) prompted us to assess the role of the
KYN pathway in the pathophysiology of PM. With the aim to
better understand metabolic changes occurring in vulnerable brain
regions during acute PM, we assessed the KYN pathway in cortex
(CX) and hippocampus (HC) by three different methods. We
quantified KYN metabolites in CX and HC by HPLC and assessed
enzymatic activities and mRNA levels of the major enzymes of the
KYN pathway in these brain regions. We found the enzyme
kynurenine-3-hydroxylase (HK) to be significantly upregulated in
the late phase of acute PM. Increased HK activity resulted in
accumulation of the neurotoxic metabolites 3-HKYN and 3-HAA
in CX and HC. The positive correlation between 3-HKYN
concentration and the extent of apoptosis in the HC adds support
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Fig. 1. Simplified schematic of the kynurenine pathway in the rat brain. Tryptophan is metabolized over multiple steps into 3-hydroxyanthranilic acid (3-HAA).
Several neuroactive metabolites are included in this pathway: the neuroprotective NMDA-receptor antagonist KYNA and the neurotoxic 3-HKYN and 3-HAA.
Conversion of KYN into 3-HKYN is the major route of tryptophan degradation (for the official nomenclature, see KEGG Pathway rno 00380 (Kanehisa)).
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to the concept that 3-HKYN contributes to the pathophysiology of
brain damage in PM.
Material and methods

Materials

TRP, KYN, 3-HKYN, 3-HAA, KYNA, magnesium chloride
hexahydrate, ascorbic acid, D-glucose-6-phosphate, potassium
chloride, α-ketoglutaric acid potassium salt, pyridoxal-5-phosphate,
β-nicotinamide-adenine-dinucleotide phosphate (NADP), catalase,
dATP, dGTP, dTTP and dCTP were obtained from Sigma (St. Louis,
MO, USA). Anthranilic acid (AA), zinc acetate dihydrate, TRIS
hydrochloride and methylene blue were from Fluka (Buchs,
Switzerland). Glucose-6-phosphate-dehydrogenase was from Cal-
biochem (La Jolla, CA, USA). All other reagents were of HPLC
grade and purchased from Merck (Darmstadt, Germany).

Infant rat model of pneumococcal meningitis

The animal studies were approved by the Animal Care and
Experimentation Committee of the Canton of Bern, Switzerland,
and followed the National Institute of Health's guidelines for the
performance of animal experiments.

Wistar rats (N=86) were infected intracisternally on postnatal
day 11 with 10 μl of saline containing S. pneumoniae (log10 6.4±
0.7 cfu/ml), with a 32-gauge needle (Leib et al., 1998, 2000).
Uninfected control animals (N=23) were injected with 10 μl of
sterile saline solution. Eighteen hours postinfection (p.i.), the
animals were clinically assessed (Pfister et al., 2000). Cerebrosp-
inal fluid (CSF) was obtained by puncture of the cisterna magna
and 5 μl was cultured qualitatively to document meningitis (Leib et
al., 1998). All animals then received antibiotic therapy (Ceftriax-
one, 100 mg/kg subcutaneously; Roche Pharma, Reinach, Switzer-
land). Animals were sacrificed at predetermined time points (i.e.
16 h, 22 h, 36 h or 44 h p.i.) by an overdose of intraperitoneally
administered pentobarbital (100 mg/kg). In the animals that were
sacrificed at 16 h p.i., the clinical evaluation and the CSF sampling
were performed immediately before sacrifice and animals in this
group did not receive ceftriaxone.
HPLC measurements of KYN metabolites

Tissue preparation
Infected animals were sacrificed at 16 h (N=6), 22 h (N=8) and

44 h (N=8) p.i., controls at 22 h after mock-infection (N=6). After
thoracotomy, blood was withdrawn from the right cardiac ventricle
with EDTA-treated syringes and processed as described below
(determination of TRP metabolites in the plasma). Animals were
then perfused with 30 ml ice-cold phosphate buffer saline (PBS) via
the left cardiac ventricle. The brains were dissected, rolled on a filter
paper to remove the meninges and divided into two hemispheres.
From each half of the brain, CX and HC were isolated in ice cold
PBS. The CX and HC samples were immediately frozen on dry ice,
weighed and stored separately at −80°C until HPLC analysis.

Determination of TRP, KYN, AA, KYNA and 3-HKYN in the brain
tissue

Each frozen tissue sample was homogenized in Milli-Q-water
(cortex, 1:3 (v/w); hippocampus, 1:5 (v/w)) and acidified with
perchloric acid (PCA) 6% (to every 100 μl of the homogenate
25 μl of PCA 6% was added) and centrifuged (10,000×g, 4°C,
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10 min). The supernatant was filtered (HPLC filter: 0.2 μm; Nylon
membrane, Infochroma AG, Zug, Switzerland; 3 ml syringe, Luer,
Rodby, Denmark). Eighty microliters of the filtrate was applied
onto a C18 reverse-phase HPLC column (Supelcosil LC-18-DB, 15
cm×4.6 mm, 3 μm; Supelco, Buchs, Switzerland) with guard
column (Supelguard LC-18-DB, 2 cm). TRP, KYN, AA, KYNA
and 3-HKYN were eluted isocratically at a flow rate of 0.8 ml/min
with a mobile phase consisting of 100 mM zinc acetate dihydrate
and 3% acetonitrile (v/v), pH 6.2 (Wu et al., 2000). TRP and KYN
were detected by UV absorption at 280 nm and 360 nm,
respectively (L-4250 UV VIS Detector, Merck Hitachi). AA and
KYNA were detected by fluorescence (F-1080 Fluorescence
Detector, Merck Hitachi) at an excitation of 344 nm and emission
of 400 nm. 3-HKYN was detected electrochemically at +0.3 V
(Coulochem 5100A, ESA, Chelmsford, MA, USA).

Determination of 3-HAA in the brain tissue
For 3-HAA, 80 μl of CX or HC filtrate was applied onto a C18

reverse-phaseHPLCcolumn (Supelcosil LC-18-DB, 15 cm×4.6mm,
5 μmwith 2 cmguard column; Supelco) and eluted isocraticallywith a
mobile phase consisting of 100 mM sodium acetate and 1%
acetonitrile, pH 5.0 (Christen and Stocker, 1992) at a flow rate of
1.0 ml/min. 3-HAA was detected electrochemically (Coulochem II,
ESA, Chelmsford, MA, USA) at a potential of +0.3 V, after passing
the first electrode set at +0.2 V (for removing interfering peaks).

Determination of TRP metabolites in the plasma
The EDTA-treated blood was centrifuged at 7000�g at 4°C for

4 min. Plasma was acidified with 25% (v/v) of 6% PCA and frozen
on dry ice. At the day of the assay, the sample was centrifuged
(10,000×g, 4°C, 10 min) and the clear supernatant diluted 1:3 with
PCA 1.2%. The diluted plasma was filtered (0.45 μm Nylon
membrane, HPLC filter), and 80 μl of the filtrate was analyzed by
HPLC as described above.

Enzymatic activity assays

Tissue processing
Infected animals were sacrificed at 22 h (N=10) and 44 h

(N=10) p.i., controls at 22 h after mock-infection (N=10). After
perfusion with ice-cold PBS, CX and HC were dissected. The
frozen tissue was homogenized 1:6 (v/w) in ice-cold homogeniza-
tion buffer (140 mM potassium chloride/20 mM potassium
phosphate, pH 7.0). Homogenates were sonicated, centrifuged at
9000×g for 30 min at 4°C and the supernatant collected (Pawlak et
al., 2003). Protein concentration in the supernatant was measured
with the BCA Protein Assay Kit (Pierce, Rockford, IL, USA).
Aliquots of the supernatant were frozen on dry ice and stored at
−80°C until analysis. The same homogenate was used for the
determination of the enzymatic activities of kynurenine-3-hydro-
xylase (HK), indoleamine 2,3-dioxygenase (IDO), kynurenine
aminotransferase (KAT) and kynureninase (KZ) (see overview in
Fig. 1).

The activities of the different enzymes were calculated by
subtracting the amount of product present in the reaction mixture at
the start of the reaction (i.e. at time point 0 min) from the amount of
product present at the investigated time point (e.g. 5 min, 30 min or
60 min). Values were expressed as amount of product formed per
minute per mg of protein.

All enzymatic assays were performed with 45 μl of tissue
homogenate supernatant and 45 μl of the corresponding substrate
solution. Both solutions were separately preincubated for 5 min at
37°C, before they were mixed in a microtiter plate and shaken (200
strokes/min) at 37°C for the assay-specific incubation time. To
quantify the amount of product in the reaction mixture, aliquots of
40 μl were taken at 0 min and at the endpoint of incubation
time. The samples were acidified with 40 μl of trichloroacetic acid
20% (w/v) and centrifuged at 10,000×g for 10 min at 4°C. The
supernatant was diluted in mobile phase, frozen on dry ice and
stored at −80°C. Eighty microliters of the thawed and filtered
mixture was analyzed by HPLC as described above (see HPLC
measurements).

Assay of indoleamine 2,3-dioxygenase (IDO) activity
The activity of IDO was quantified by the conversion of TRP to

KYN (Saito and Heyes, 1996). The substrate solution consisted of
100 mM potassium phosphate buffer (pH 6.5), 50 μM methylene
blue, 200 μg/ml catalase, 50 mM ascorbic acid and 3 mM TRP.
Aliquots were taken after 0 and 60 min of incubation. The acidified
samples were further incubated for 30 min at 25°C to hydrolyze N-
formylkynurenine to KYN before centrifugation. The supernatant
was diluted 1:2 in mobile phase.

Assay of kynurenine-3-hydroxylase (HK) activity
The activity of HKwasmeasured by the conversion of KYN to 3-

HKYN (Saito and Heyes, 1996). The substrate solution consisted of
100 mM potassium phosphate buffer (pH 7.5), 4 mMMgCl2, 3 mM
glucose-6-phosphate, 8 U/ml glucose-6-phosphate dehydrogenase,
0.8 mMNADP and 3mMKYN. Aliquots were taken after 0min and
5 min of incubation. The supernatant was diluted 1:3 in mobile
phase.

Assay of kynurenine aminotransferase (KAT) activity
The activity of KATwas measured by the conversion of KYN to

KYNA (Saito and Heyes, 1996). The substrate solution consisted of
200 mM potassium phosphate buffer (pH 8.0), 200 μM pyridoxal
phosphate, 20 mM α-ketoglutarate and 3 mM KYN. Aliquots were
taken after 0 min and 60 min of incubation. The supernatant was
diluted 1:50 in mobile phase.

Assay of kynureninase (KZ) activity
The activity of KZ was measured by the conversion of KYN to

AA (Saito and Heyes, 1996). The substrate solution consisted of
200mMTris–HCl buffer (pH 8.0), 100 μMpyridoxal phosphate and
3 mM KYN. Aliquots were taken after 0 min and 30 min of
incubation. The supernatant was diluted 1:2 in mobile phase.

Analysis of transcriptional expression

RNA isolation
Infected animals were sacrificed at 22 h (N=7) and 44 h (N=7)

p.i., controls at 22 h after mock-infection (N=7). The animals were
perfused with 30 ml of ice-cold PBS, followed by 30 ml of
RNAlaterR (Ambion Europe Ltd., Huntingdon, Cambridgeshire,
UK) in PBS (v/v 1:2). Whole brains were dissected in ice-cold
RNAlaterR/PBS (v/v 1:2), and the isolated CX and HC samples
were immediately soaked in 200 μl undiluted RNAlaterR and stored
at 4°C. Total RNAwas extracted using the SV Total RNA Isolation
System (Promega Corporation, Madison, WI). Sixty milligrams of
CX tissue or the whole HC of one hemisphere was homogenized in
1000 μl lysis buffer. Thirty microliters of isolated RNAwas further
treated with 4 U of RQ1 DNase (Promega). cDNA was made by
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reverse transcribing one microgram of total RNA using the enzyme
Superscript II (Life Technologies AG, Basel, Switzerland) and
random hexameric primers (Promega) according to the manufac-
turer's instructions.

mRNA quantitation
Transcriptional regulation of the genes Indo, Kmo, Kynu and

Aadat, encoding the enzymes IDO, HK, KZ and KAT (Fig. 4),
respectively, was assessed by comparing their mRNA levels in
infected animals at 22 h and 44 h p.i. with those of mock-infected
control animals at 22 h p.i. by real-time polymerase chain reac-
tion (PCR) (TaqMan; Applera Europe B.V., Rotkreuz, Switzer-
land). An ABI PRISM 7000 Sequence Detection System (Applera
Europe B.V., Rotkreuz, Switzerland) was used in conjunction
with FAM- and NFQ-labeled reporter and quencher paired
probes. Primers and probes for all target genes were designed
according to the specifications by Applied Biosystems (Assays-
by-Design). The sequences to be amplified were chosen across
exon/exon boundaries (see Table 1). Gapdh was amplified in
parallel as control.

cDNA corresponding to 30 ng of reverse transcribed total RNA
was amplified in a 25 μl reaction volume using TaqMan Universal
PCR Mastermix (Applied Biosystems, Foster City, CA, USA),
22.5 pmol of each primer and 5 pmol of TaqMan probe. Thermal
cycling conditions were 2 min at 50°C and 10 min at 95°C for the
initial setup, followed by 15 s at 95°C and 1 min at 60°C for each of
the 45 cycles. All samples were measured in triplicates. No-template
controls and RT-negative controls were included for each RNA
sample in each run. For each gene, the mean Δct value of seven
control animals was taken to calculate gene expression during
infection (at 22 h and 44 h p.i.).

Histopathological examination

Infected animals (N=30) were sacrificed at 36 h p.i., when the
peak of hippocampal apoptosis occurs in PM (Gianinazzi et al.,
2003). The left sided hippocampus was isolated and used for the
quantification of 3-HKYN by HPLC, the right half of the brain
was fixed in 4% paraformaldehyde in PBS for 12 h, followed by
submersion in 18% sucrose for 24 h. Four coronal cryo-sections
(45 μm) from the dorsal brain region of each animal were
mounted onto polylysine-coated slides and Nissl stained with
cresyl violet. Apoptotic damage in the hippocampus was
evaluated by histomorphometry as described previously (Bifrare
et al., 2003).

Statistics

Data were analyzed by Kruskal–Wallis test (GraphPad Prism,
version 4.0, GraphPad Software Inc., San Diego, CA, USA) and
Table 1
Primers used for the analysis of transcriptional expression

Rat gene Gene ID Forward primer Reverse prim

Indo 66029 CTTCGTGGATCCAGACACCTTTT CCCTCCGG
Kmo 59113 GGAGCTGACAATTCCACCTAAGAAC TTTCTAGG
Kynu 116682 CCAAAGCGGCACAAAATTCTTCTAG CCATGAAG
Aadat 29416 CCCTGTGTTCGTGACTCTGAAG GATCCAGT
Gapdh a 24383
a Primer pre-designed by Applied Biosystems (Assays-on-Demand).
differences between groups were tested by Mann–Whitney test. A
value of P<0.05 was considered statistically significant. Correlation
between 3-HKYN and apoptotic score was calculated using
Spearman correlation.

Results

Determination of TRP and KYN metabolites in the brain tissue and
plasma

Brain levels of 3-HKYN exceeded plasma levels starting at 16 h
p.i. and increased continuously for the following hours until 44 h p.i.
(Fig. 2). The higher levels in the brain tissue compared to plasma
argue for a local production of 3-HKYN within the brain
parenchyma. At 44 h p.i., the 3-HKYN concentration in the CX
was 10-fold higher than the concentration found in mock-infected
animals (590±237 nM vs. 42±15 nM; P<0.01). The enzyme KAT
alternatively converts 3-HKYN into xanthurenic acid, the brain
concentration of which was below the detection limit (i.e. 6 nM)
when determined using the same HPLC assay as for the assessment
of 3-HAA levels. With the abovementioned exception of 3-HKYN,
all other metabolites showed higher concentrations in the plasma
than in the brain tissue samples at 16 h, 22 h and 44 h p.i.. Maximal
concentrations of TRP, KYN and AA in the brain were measured at
22 h p.i., when the integrity of the blood–brain barrier is
compromised by the disease (P<0.01 for the concentration of all
metabolites in infected animals vs. concentration in mock-infected
controls). At 22 h p.i., their brain levels of TRP, KYN and AAwere
equal or close to plasma levels. Brain concentrations of the
neuroprotective KYNA increased only moderately during the
observed time period and remained below plasma levels. Except
for 3-HAA, all other metabolites showed a similar accumulation
kinetic in CX and HC. In contrast, 3-HAA continuously accumu-
lated in the HC over the time period investigated, whereas in CX
maximal levels were observed at 22 h p.i. (Fig. 2).

Determination of the enzymatic activities of IDO, HK, KZ and KAT

Accumulation of KYN metabolites was associated with an
increase in the enzymatic activities of the upstream enzymes (Figs. 2
and 3). The enzymatic activity of HK and KZ was significantly
increased during the acute phase of BM (Fig. 3). HK, which
produces the neurotoxic 3-HKYN, was 2.4-fold more active in the
CX at 22 h p.i. and 3-fold more at 44 h p.i. compared to the activity
found in mock-infected animals (P<0.05). In the HC, HK activity
reached a plateau at 22 h p.i. For KZ, the highest enzymatic activity
was found at 22 h p.i. (2-fold higher compared to control animals
(P<0.05)). The enzyme KAT showed decreased activity during the
disease (P<0.01 at 44 h p.i.) compared to the activity found inmock-
infected animals (Fig. 3).
er Probe

CAGCTTAGG CCCTTCCAACCAGACAAA
CCAAATGTGAAGACAGTT CCATGGCATACTCCCC
TTGAATCTGTGACTCGAT TTCCCTTCTGATCATTATGC
TGCCAATCATTGCT CCGAGCCCTGCTCCT

AAACCCATCACCATCTTCCAGGAGC



Fig. 2. Concentrations of different TRP metabolites during acute PM, measured at 16 h, 22 h and 44 h p.i. and at 22 h in mock-infected controls in CX, HC and
plasma. The neurotoxic metabolite 3-hydroxykynurenine (3-HKYN) is markedly increased in CX and HC of infected animals over the entire disease progression,
while in plasma no increase is observed. All other metabolites showed higher concentrations in the plasma than in the brain. Values are mean±SEM. Significant
differences between infected and mock-infected animals in the brain were detected at 22 h p.i. (P<0.01) for all the metabolites and at 44 h p.i. for 3-HKYN
(P<0.01).
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We measured low enzymatic activity for the enzyme IDO in
the brain of mock-infected control animals as well as during
acute PM (Fig. 3). As a control for the enzymatic assay, we
determined IDO activity in the lung and spleen of mock-infected
animals. Consistent with the literature (Fujigaki et al., 1998;
Fig. 3. Enzymatic activities of the major enzymes of the KYN pathway during acu
infected controls (at 22 h p.i.) in CX (A) and HC (B). Enzymatic activities are
enzymatic activity was found for HK and KZ at 22 h p.i. Values are mean±SD.
*P<0.05; **P<0.01. (A) N=10 in each group, (B) N=5 in each group, except fo
Heyes et al., 1997), we found higher basal IDO activity in the
lung (1.4 pmol KYN/min/mg protein, N=5) and spleen (0.7 pmol
KYN/min/mg protein, N=5) than in the brain (0.4 pmol KYN/
min/mg protein in CX, N=10, <0.2 pmol KYN/min/mg protein
in HC, N=5).
te PM, determined in infected animals (at 22 h and 44 h p.i.) and in mock-
expressed as fold increase of activity in mock-infected animals. Increased
Differences between mock-infected and infected animals are indicated as
r HK N=10.



Fig. 5. Correlation between 3-HKYN concentration and apoptotic damage in
the hippocampus at 36 h p.i.. Only infected animals (N=30) were included
in the calculation of the correlation. The mean value of 4 evaluated cryo-
slides per animal was used to calculate apoptotic damage. Apoptotic score 0:
0–5 apoptotic cells; score 1: 6–20 apoptotic cells; score 2: over 20 apoptotic
cells. All animals with apoptotic score >0.5 showed 3-HKYN concentra-
tions >190 nM. Significant correlation between 3-HKYN and apoptosis was
found (Spearman correlation P<0.01, r=0.5).
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Transcriptional expression of IDO, HK, KZ and KAT

Transcriptional regulation of the genes Indo, Kmo, Kynu, and
Aadat, encoding the enzymes IDO, HK, KZ and KAT, respectively,
was determined by comparing their mRNA levels in the CX and HC
of infected animals at 22 h and 44 h p.i with mRNA levels in the CX
and HC from mock-infected controls at 22 h (Fig. 4). We found
increased Kmo mRNA levels at the late phase of acute PM (i.e. at
44 h p.i.). At 44 h p.i., mRNA levels of Kmo were 4.4-fold higher in
the CX (P<0.01) and 6.1-fold higher in the HC (P<0.05) than in
mock-infected animals. Beside Kmo, we only detected increased
mRNA levels for Kynu at 44 h p.i. in the HC (2.6-fold higher,
P<0.01). No other gene investigated was differentially regulated as
a consequence of PM during the time points assessed in this study.

Correlation between 3-HKYN concentration and neuronal injury
in the hippocampus

Only infected animals were included in the evaluation. 3-HKYN
concentration in the HC assessed at 36 h p.i. positively correlated
with the extent of hippocampal apoptotic damage assessed in the
same animals at 36 h p.i. (P<0.01; Spearman r=0.5) (see Fig. 5). All
animals with apoptotic score >0.5 showed high 3-HKYN
concentrations (200 nM–1300 nM) in the HC.

Discussion

The KYN pathway has been shown to play an important role in
the pathophysiology of neuroinflammatory diseases (Nemeth et al.,
2005; Stone, 2001; Stone et al., 2003). In the present study, we
demonstrate that the host response to PM leads to accumulation of
neurotoxic KYN metabolites in the brain. We measured increased
concentrations of 3-HKYN and 3-HAA in the late phase of acute PM
i.e. at 44 h p.i. The positive correlation between the concentration of
3-HKYN and the extent of apoptotic damage in the HC suggests a
role for 3-HKYN in the pathophysiology of brain injury in PM.

The temporal changes in the levels of the different KYN
metabolites offer some insight as to the mechanisms of how they
Fig. 4. mRNA levels of the genes Indo, Kmo, Kynu and Aadat encoding the enzym
(N=7) and 44 h (N=7) p.i. and at 22 h in mock-infected controls (N=7) in CX (A) a
of transcriptional expression. mRNA levels of infected animals are indicated relati
and infected animals are marked as *P<0.05; **P<0.01.
accumulate in the CX and HC during PM. 3-HKYN showed a
different kinetic of accumulation in the brain in comparison with the
two metabolites AA and KYNA that are formed from the same
precursor KYN (Fig. 1).Whereas brain AA concentrations peaked at
22 h p.i., when the integrity of the blood–brain barrier is com-
promised by the disease (Meli et al., 2006; Schaper et al., 2003), the
concentrations of 3-HKYN continuously increased from 16 h to 44 h
in the CX and HC (Fig. 2). The comparison of the levels of 3-HKYN
in plasma (115 nM) with those in CX (590 nM) and HC (313 nM) at
44h p.i. argues for an augmented local production within the brain
parenchyma as the cause for the increase in 3-HKYN in the brain. In
line with this concept, the increase of 3-HKYN concentrations was
es IDO, HK, KZ and KAT, respectively, quantified by real-time PCR at 22 h
nd HC (B). Amplification of endogenousGapdh was used for normalization
vely to those of mock-infected animals. Differences between mock-infected
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associated with increased Kmo mRNA levels at 44 h p.i. and
increased HK activity in CX and HC at 22 h and 44 h p.i. (Figs. 3 and
4). These findings are in agreement with previous findings in the
model from microarray studies, showing Kmo upregulation in CX
and HC of infected animals with acute PM (Coimbra et al., 2006).

The rate-limiting step in KYN formation is the induction of IDO.
However, we did not find increased IDO activity during PM in brain
parenchyma. This lack of increase in IDO activity contrasts with data
from other studies in models of neuroinflammation that found
accumulation of neurotoxic KYN metabolites as a result of IDO
induction (Adam et al., 2005; Brown et al., 1991). Basal activity of
IDO in control brains was at or below the detection limit of the assay
used in the present study (0.2 pmol/min/mg protein) and the activity
remained low in PM (Fig. 3). Even though we measured increased
levels of Indo mRNA at the early acute phase of the disease (22 h
p.i.), the enzymatic activity of IDO remained low (Figs. 3 and 4).
The activity of IDO may be attenuated by counter regulatory factors
in PM. One of which could be nitric oxide (NO), which has shown to
be highly increased during the acute phase of PM as a result of
inducible nitric oxide synthase (iNOS) induction (Hucke et al.,
2004; Leib et al., 1998; Winkler et al., 2001). Nonetheless, we
detected increased brain levels of the product of IDO, namely KYN,
at 22 h and 44 h p.i. The kinetic of changes in the concentrations of
KYN in plasma and brain is similar to that of its precursor TRP
(Fig. 2). The concentrations of both metabolites are higher in the
plasma than in the brain. Whereas the concentrations of KYN and
TRP in plasma peak at 16 h p.i., the maximum concentrations in the
brain are found at 22 h p.i., when the blood–brain barrier (BBB) is
partially disrupted by the disease (Meli et al., 2006; Schaper et al.,
2003). Leakage of the metabolites from the plasma into the brain
may contribute to their increase in CX and HC. The increased
enzymatic activity of HK coupled with a facilitated diffusion of
KYN trough the leaky BBB likely leads to the observed increase of
3-HKYN levels in CX and HC.

Concentrations of 3-HKYN measured in the CX at 44 h p.i.
(600 nM) are close to those previously shown to be neurotoxic in cell
cultures (1000 nM) (Okuda et al., 1996). The known neurotoxic
features of 3-HKYN, such as apoptosis and increase in ROS
concentration, are consistent with the observed histopathological
manifestations of PM (Bifrare et al., 2003; Jeong et al., 2004; Okuda
et al., 1996; Okuda et al., 1998). In addition to the increased 3-
HKYN levels, we also found 3-HAA to accumulate in CX and HC
during acute PM (Fig. 2). However, differently from 3-HKYN, 3-
HAA accumulates only in the HC, and only in the later phase of
acute PM (44 h p.i.). This process involves the transcriptional
upregulation ofKynu specifically in the HC. 3-HAAwas also shown
to induce apoptosis (Morita et al., 2001). Furthermore, increased 3-
HAA concentrations can result in elevated QUINA levels, a
downstream metabolite in the KYN pathway, which is also a potent
neurotoxin implicated in neuroinflammatory diseases (Guillemin
et al., 2005).

KYNA, a potential neuroprotectant, was only moderately
increased in the brain (Fig. 2). Interestingly, we found lower Aadat
mRNA levels and lower enzymatic activity of the corresponding
enzyme KAT in infected compared to mock-infected animals (Figs.
3 and 4). A KYNA concentration of 30–60 μM is a prerequisite for a
neuroprotective effect of KYNA by antagonism on the NMDA
receptor (Obrenovitch and Urenjak, 2000; Urenjak and Obreno-
vitch, 2000). However, this concentration is two magnitudes above
the KYNA levels measured in the present study. Thus, the balance of
the relative concentration of potential neuroprotective vs. neurotoxic
metabolites in infected animals is dominated by potential neurotoxic
metabolites.

In summary, the present study demonstrated that the host
response to PM in infant rats involves an increased production of the
neurotoxic metabolites 3-HKYN and 3-HAA in CX and HC during
the acute disease. The increase in 3-HKYN concentrations in the
brain corresponds to increased transcription and increased enzy-
matic activity of the enzyme HK during acute PM. The positive
correlation found between 3-HKYN concentrations and the extent of
apoptotic damage in the HC suggests that increased production of 3-
HKYNmay play a role in the pathophysiologic processes leading to
neuronal injury in PM.
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