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Abstract Amyotrophic lateral sclerosis (ALS) is a pro-
gressive and fatal motor neuron disease of unknown
pathogenesis. The kynurenine pathway (KP), activated
during neuroinflammation, is emerging as a possible con-
tributory factor in ALS. The KP is the major route for
tryptophan (TRP) catabolism. The intermediates generated
can be either neurotoxic, such as quinolinic acid (QUIN),
or neuroprotective, such as picolinic acid (PIC), an
important endogenous chelator. The first and inducible
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enzyme of the pathway is indoleamine 2,3-dioxygenase
(IDO). The present study aimed to characterize the
expression of the KP in cerebrospinal fluid (CSF), serum
and central nervous system (CNS) tissue of ALS patients.
Using high performance liquid chromatography, we ana-
lysed the levels of TRP and kynurenine (KYN), and, with
gas chromatography/mass spectrometry, the levels of PIC
and QUIN, in the CSF and serum of ALS patients and
control subjects. Immunohistochemistry was employed to
determine the expression of QUIN, IDO and human leu-
kocyte antigen-DR (HLA-DR) in sections of brain and
spinal cord from ALS patients. There were significantly
increased levels of CSF and serum TRP (P < 0.0001),
KYN (P < 0.0001) and QUIN (P < 0.05) and decreased
levels of serum PIC (P < 0.05) in ALS samples. There was
a significant increase in activated microglia expressing
HLA-DR (P < 0.0001) and increased neuronal and mi-
croglial expression of IDO and QUIN in ALS motor cortex
and spinal cord. We show the presence of neuroinflam-
mation in ALS and provide the first strong evidence for the
involvement of the KP in ALS. These data point to an
inflammation-driven ~ excitotoxic-chelation  defective
mechanism in ALS, which may be amenable to inhibitors
of the KP.
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Introduction

Amyotrophic lateral sclerosis (ALS) is the most common
form of adult motor neuron disease, typically afflicting

those around 50-60 years of age. Betz cells in the motor
cortex and motor neurons in the brainstem and ventral horn
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of the spinal cord are selectively targeted, resulting in loss
of motor units, general muscle weakness and atrophy,
paralysis and, ultimately, death (Bruijn et al. 2004). The
progression is rapid, and death usually occurs within
5 years of disease onset (Bruijn et al. 2004). Approxi-
mately 90% of ALS cases are sporadic and only 10% are
familial, of which 20% can be attributed to mutations in the
copper/zinc superoxide dismutase (SOD1) gene (Rosen
et al. 1993). The current drug treatment options are meagre.
The only drug approved for ALS treatment by the Food and
Drug Administration in the USA, riluzole, targets a single
putative cause (glutamate cytotoxicity) of the disease and
extends a patient’s life by an average of only 2 months
(Bensimon et al. 1994; Lacomblez et al. 1996). There are,
however, other mechanisms hypothesized to be associated
with the neuropathology of ALS, including oxidative
stress, microfilament abnormality, dysfunction of the
microtubular transport system, abnormal protein aggrega-
tion and glial cell pathology (Rothstein 2009). Investiga-
tion of the kynurenine pathway (KP), and quinolinic acid
(QUIN) in particular, has potential to provide direct evi-
dence to link these hypotheses.

Although multiple mechanisms are likely to contribute
to ALS, disease progression may be driven by the common
process of inflammation. The “first hit” of this process may
inflict a non-lethal injury to motor neurons of individuals
with a susceptible genetic constitution, in turn triggering a
progressive inflammatory process (“second hit”) that
activates microglia, the resident immune cells of the brain,
which produce neurotoxic compounds that further destroy
motor neurons. Indeed, activated microglia are key intrin-
sic participants in neuroinflammation and a common fea-
ture around injured and degenerating neurons (Streit 2002).

In the CNS, initiation of the immune response involves
the release of inflammatory mediators, such as tumour
necrosis factor alpha (TNF-o), interleukin-6 (IL-6), IL-1p,
interferon gamma (IFN-7), prostaglandin E2 and activation
of the enzyme cyclooxygenase (Shaw 2005). In addition,
the KP, the major route for tryptophan (TRP) catabolism, is
activated during neuroinflammation in several neurode-
generative diseases, such as Alzheimer’s disease (Guille-
min et al. 2005b), and may play a role in ALS (Guillemin
et al. 2005a). The KP yields nicotinamide adenosine
dinucleotide and generates both neuroprotective and neu-
rotoxic intermediates. The first stable intermediate in the
pathway is kynurenine (KYN). Subsequent intermediates
include the neuroprotectants, kynurenic acid (KYNA), an
N-methyl-p-aspartic (NMDA) receptor antagonist (Perkins
and Stone 1982) and picolinic acid (PIC) (Kalisch et al.
1994), a potent endogenous chelator, and the excitotoxin
and NMDA receptor agonist, QUIN (Stone and Perkins
1981). The first enzyme initiating the KP is either trypto-
phan 2,3-dioxygenase (TDO) or indoleamine 2,3-
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dioxygenase (IDO) (Salter and Pogson 1985; Takikawa
et al. 1986). Within the CNS, IDO is the predominant
enzyme, expressed by most human brain cells (Guillemin
et al. 2000; Guillemin et al. 2001, 2005b, 2007; Owe-
Young et al. 2008), and is activated by immune-related
molecules, such as lipopolysaccharides and inflammatory
cytokines, particularly IFN-y (Yoshida and Hayaishi 1978).

In the present study of ALS patients, we analysed
cerebrospinal fluid (CSF) and serum samples for levels of
TRP, KYN, PIC and QUIN and post-mortem brain and
spinal cord for HLA-DR, IDO and QUIN in an attempt to
determine the role of the KP in the inflammatory response
and progression of ALS.

Methods and Materials

CSF and Serum Samples from ALS and Control
Patients

The present study was approved by the Human Ethics
Committees of the University of New South Wales (HO3-
037), the University of Sydney (HREC 09-2008/11256),
Hopital Pitié-Salpétriere and the Sydney Adventist Hospital
(SAH HREC 13/2). We studied 140 matching CSF and
serum samples from ALS and control patients. ALS samples
were provided by Prof. Meininger from the ALS Centre at the
Hopital Pitié-Salpétriere in Paris, France. All ALS patients
fulfilled the El Escorial criteria for definite or probable ALS
(Brooks et al. 2000) and were all undergoing treatment with
riluzole at the time of CSF and serum collection. Of the ALS
samples (n = 140), 47% were female, with an average dis-
ease onset age of 58.3 + 12.3 years, and 53% were male,
with an average disease onset of 58.2 + 12.0 years. Patients
included both sporadic and familial ALS, with either bulbar
or limb onset. The control samples (n = 35), average age of
35.8 £ 3.0 years, were chosen from patients at the Sydney
Adventist Hospital in NSW, Australia, who had undergone
lumbar puncture for suspected meningitis but had normal
cell count, protein and glucose levels in pathology tests and
an absence of any disease during follow-up examinations.
Control subjects had not taken any antimicrobial, steroidal or
cytotoxic medication within 12 h of the procedure. Due to
the limited amount of control CSF samples, 18 samples were
exhausted during the gas chromatography—mass spectrom-
etry (GC/MS) analysis, leaving 17 control samples for HPLC
analysis.

High Performance Liquid Chromatography
The High Performance Liquid Chromatography (HPLC)

method used here is a modification of a published protocol
(Schrocksnadel et al. 2006). CSF and serum samples were
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analysed using an Agilent 1200 HPLC with Agilent
ChemStation software (Santa Clara, CA, USA). 30 pl
samples were injected and analysed at a flow rate of 1 ml/min
of ammonium acetate buffer (0.1 M, pH 4.65), using a
C18 column, at 22°C. TRP was monitored by a fluores-
cence detector at an excitation wavelength of 285 nm, an
emission wavelength of 365 nm, with a retention time of
17.5 min. KYN was monitored using a UV detector, set at
360 nm wavelength, with a retention time of 8.7 min. The
index for IDO activity was determined by calculating the
ratio of KYN/TRP concentrations.

Gas Chromatography—Mass Spectrometry

[2-2H7]Picoline and [3-2H7]Picoline were obtained from
Cambridge Isotope Laboratories Inc. (Andover, MA,
USA), and [2H3]QUIN (99%) was from Le Research Inc.
(St. Paul, MN, USA). PIC, QUIN, trifluoroacetic anhydride
and 1,1,1,3,3,3-hexafluoro-2-propanol were obtained from
Sigma-Aldrich (St. Louis, MO, USA), and reagent-grade
organic solvents were obtained from commercial suppliers.

The GC/MS method used for the analysis of PIC and
QUIN levels in CSF and serum has been previously
described (Smythe et al. 2002). For the analysis, 1 pl of
sample was injected into an Agilent 6890 gas chromato-
graph, interfaced to an Agilent 5973 mass selective
detector via an auto-sampler Agilent Technologies 7683,
and controlled using Agilent ChemStation software
(Agilent, Santa Clara, CA, USA).

Immunohistochemistry

Tissue sections of post-mortem motor cortex and cervical
spinal cord were provided by the Tissue Resource Centre,
the University of Sydney. Brain and spinal cord tissue was
taken at autopsy, formalin fixed, blocked, embedded in
paraffin and sectioned at 7 pm. Tissue sections from 4
patients with sporadic ALS, 1 patient with progressive
muscular atrophy (PMA) as a negative control for upper
motor neuron lesions and 1 neurologically normal control
were analysed. Post-mortem delay (PMD) was less than
10 h, except for case ALS4 (PMD of 20 h). ALS patients
were aged 62.0 & 4.7 years, PMA aged 83 years and con-
trol aged 25 years. For the neurologically normal control,
brain and spinal cord were taken at time of autopsy and
were unremarkable macroscopically and microscopically as
reported by a qualified neuropathologist. The post-mortem
diagnosis of ALS was based on ubiquitin immunopositive
(pAb 1:200, DakoCytomation, Glostrup, Denmark), skein-
like inclusions in ventral horn motor neurons, a decreased
number of Betz cells in cresyl violet stained sections of
motor cortex, and degeneration of the lateral pyramidal
tracts in Luxol fast blue stained sections of the spinal cord.

Immunohistochemistry

Several 7-pm sections were taken from paraffin-embedded
blocks of motor cortex and spinal cord, deparaffinised and
rehydrated. Sections were taken through methanol-hydro-
gen peroxide solution and 0.1 M TRIS buffered saline (pH
7.6) and then labelled for QUIN mAb (1:50, developed by
Millipore), HLA-DR mAb (1:100, DAKO) and, IDO mAb
(1:200, Chemicon). Pre-treatment for antigen retrieval
were as follows: for HLA-DR—heat induction 120°C,
20 min in citric acid buffer pH 6.0, for IDO and QUIN—
proteinase K 10 pg/ml in 5 mM TRIS, pH 8.0, and 0.5 mM
EDTA for 8 min at 37°C.

HLA-DR positive microglia in ALS and control tissue
were quantified by image analysis from digital micro-
graphs, captured with a Jentopix Progres Cl4 digital
camera attached to a Leica DMLB bright field microscope
(Leica Microsystems Australia). For the spinal cord, 10
fields were randomly sampled from 4 sections of the lateral
corticospinal tracts and the ventral horns. The histogram
function in Adobe Photoshop (version CS2, Adobe sys-
tems, CA, USA) was used to determine the areal fraction of
HLA-DR staining (e.g. percentage of the section occupied
by HLADr labelling) in each field. The mean areal fraction
from 10 sampled fields per case per region is reported.

In order to provide an overall view of microglia acti-
vation in the spinal cord, a photomontage of a HLA-DR
labelled spinal cord section was compiled for case ALS-3.
Using a 20x objective, 300 sequential and slightly over-
lapping photos of entire spinal cord were taken by stepping
the stage at regular intervals in the x then y directions. The
images were then merged into a single montage using the
‘automate/photomerge’ menu in Adobe Photoshop. Here,
we present the data for only the right corticospinal tract and
ventral horn as microglial densities in left and right spinal
were not statistically different in any ALS case (see
Results).

The degree of IDO and QUIN positive labelling in the
ALS and control spinal cord sections were determined
semi-quantitatively, through manual counting by an
investigator blinded to the experiment, using the following
rating: — (no staining), + (<50 cells); ++ (51-99 cells);
+++4 (>100 cells). Two spinal cord sections were sampled
for each case and the values were averaged for the final
scoring.

Statistical Analysis

For the HPLC and GC/MS data, Student’s 7-test, ANOVA and
regression with age analyses were done to assess the different
factors—metabolite concentrations, age, gender and disease
type (familial versus sporadic and limb onset versus bulbar
onset). For the areal fraction immunohistochemical data,
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Mann—Whitney test and regression with age analysis were
performed. P < 0.05 was taken to be statistically significantin
all instances.

Results
ALS Patients

There was no significant difference between gender and
age of disease onset for either sporadic or familial ALS
patients. Nor was there a difference between age of onset
and disease type (familial versus sporadic). However, the
age for bulbar onset ALS was significantly higher com-
pared to limb onset ALS (P < 0.01), and there was 2.5
times more males than females with familial ALS.

High Performance Liquid Chromatography

For ALS patients, serum TRP levels were significantly
higher (P < 0.05) in males (149.1 £ 17.0) compared to
females (118.9 & 8.4 pM). Serum IDO activity was signif-
icantly lower (P < 0.001) in familial ALS (0.022 +
0.003) compared to either CSF IDO activity (0.043 + 0.01)
or IDO activity in sporadic ALS (0.040 £ 0.003) (Table 1).
Regression with age data analysis indicated no correlation
between CSF or serum IDO activity, TRP or KYN levels
with age in either ALS or control subjects. Compared to
controls, ALS patients had significantly elevated levels of
CSF and serum TRP and KYN (P < 0.0001) and CSF IDO
activity (P < 0.0001). Comparing ALS patients to controls,
the mean CSF TRP level was 5.0 + 0.2 versus 2.6 £ 0.2
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Fig. 1 TRP, KYN and IDO activity in CSF and serum samples of
ALS and controls determined by HPLC. ALS patients (n = 140) had
significantly higher levels of CSF TRP (a) and KYN (b) than controls
(n=17) (P <0.0001). Serum levels of TRP and KYN were
significantly higher in ALS patients than controls (P < 0.0001).
¢ CSF IDO activity was significantly elevated in ALS patients
(P < 0.0001) compared to controls

Table 1 QUIN, PIC, TRP, KYN concentration and IDO activity in ALS groups

Controls Male (n = 74)  Female Sporadic ALS  Familial ALS Limb onset Bulbar onset

(n = 35%17) (n = 66) (n =133) n="17) (n = 109) (n =31)
QUINY, serum (uM)  0.30 + 0.03 0.39 £ 0.02 0.35 £ 0.02 0.38 £ 0.02 0.36 £+ 0.04 0.36 £ 0.02 043 £ 0.04
QUIN?®, CSF (uM) 0.04 £ 0.00 0.05 £ 0.01 0.06 £ 0.01 0.05 £ 0.01 0.04 £ 0.01 0.05 £ 0.01 0.04 £ 0.01
PIC?, serum (uM) 24+04 1.46 £ 0.13 1.47 £ 0.11 1.45 + 0.09 1.80 £ 0.51 1.49 £ 0.10 1.45 £ 0.16
PIC?, CSF (uM) 0.51 £0.11 0.36 £ 0.04 0.37 £ 0.06 0.35 £ 0.07 0.60 £+ 0.21 0.35 £ 0.07 0.30 £ 0.06
TRP, serum (pM) 75.0 £ 10.5 149.1 £ 17.0¥ 1189 + 84 1333 £ 6.0 166.4 £ 20.7 137.3 £ 6.9 128.2 £+ 10.6
TRP, CSF (uM) 2.58 £0.16 5.03 £0.58 4.23 + 0.54 4.67 £ 0.19 5.20 £ 0.87 4.73 £ 0.22 458 £0.33
KYN, serum (uM) 252 £0.19 4.03 £ 0.46 3.96 + 0.38 4.05 £ 0.21 3.24 £0.36 4.00 £+ 0.24 3.99 £ 0.29
KYN, CSF (uM) 0.03 £ 0.00 0.22 £ 0.03 0.22 £ 0.03 0.22 £+ 0.01 0.26 £ 0.05 0.22 £ 0.02 0.21 £ 0.03
IDO activity, serum  0.04 &= 0.00 0.04 £ 0.00 0.04 £ 0.00 0.04 £ 0.00 0.02 £ 0.00%* 0.04 £ 0.00 0.04 £ 0.00
IDO activity, CSF 0.01 £ 0.00 0.04 £ 0.01 0.04 £ 0.01 0.04 £ 0.00 0.04 £ 0.01 0.04 £ 0.00 0.04 £ 0.00

There was no significant difference between serum and CSF in the concentration of KYN, QUIN and PIC in ALS groups or between genders.
Serum TRP levels were significantly higher in males compared to females (P < 0.05). IDO activity in the serum was significantly lower in
familial ALS compared to either CSF IDO activity in familial ALS or IDO activity in sporadic ALS (P < 0.01)

in=35
* P <0.05; ** P <0.001
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puM, CSFKYN level was 0.23 =+ 0.02 versus 0.027 + 0.000
1M, serum TRP level was 143.3 & 5.6 versus 75.0 &= 10.5
1M, serum KYN level was 4.0 £ 0.2 versus 2.5 £+ 0.2 uM
(Fig. 1a, b), CSF IDO activity was 0.044 + 0.002 versus
0.011 % 0.001 and serum IDO activity was 0.037 £ 0.0025
versus 0.039 £ 0.004 (Fig. 1c).

Gas Chromatography—Mass Spectrometry

There was no significant difference between age-matched
female and male population within either the ALS or
control group (P > 0.05) for QUIN and PIC concentra-
tions. Regression with age data analysis indicated no cor-
relation between CSF or serum QUIN or PIC levels with
age in either ALS or control subjects. Serum PIC levels
were significantly lower (P < 0.05) in ALS compared to
controls, while CSF PIC levels trended towards lower
concentrations in ALS (P = 0.09). ALS patients had mean
PIC serum and CSF concentrations of 1.4 £ 0.1 and
0.36 £ 0.03 uM, respectively, compared to 2.4 + 0.4 and
0.51 & 0.11 pM in controls. In contrast, CSF and serum
QUIN levels were significantly higher (P < 0.05) in ALS
patients, with mean concentrations of 0.053 £ 0.005 and
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Fig. 2 CSF and serum levels of PIC and QUIN in ALS and controls
determined by gas chromatography/mass spectrometry. a PIC serum
levels were significantly lower (P < 0.05) in ALS patients (n = 140)
compared to controls (n = 35), while b PIC CSF levels were higher
in controls but this did not reach significance. b QUIN CSF and serum
levels were significantly higher (P < 0.05) in ALS patients than
controls

0.37 £ 0.02 uM, respectively, compared to 0.038 £ 0.004
and 0.30 & 0.03 pM in controls (Fig 2).

Descriptive and Quantitative Immunohistochemistry

The ALS spinal cord montage (Fig. 3) showed an extensive
inflammatory response, as indicated by numerous activated
microglia (HLA-DR™) when compared to the control spinal
cord that showed very few activated microglia with fainter
cytoplasmic HLA-DR immunoreactivity. In ALS spinal
cord, activated microglia were aggregated around regions of
the spinal cord that are most affected in ALS pathology,
namely the lateral corticospinal tract and ventral horn
(Fig 4d). This distribution pattern of activated microglia
was observed in all ALS cases in the present study.

There was neither a correlation between any measure and
the age of patient nor a significant difference between the
areal fraction of microglia in the left and right corticospinal
tracts and ventral horns of the spinal cord (P > 0.2). ALS
cases showed a highly significant increase in the percentage
of activated microglia in the spinal cord compared to the
control (Fig. 4c, d). In the corticospinal tract, the values
ranged from 0.5 £ 0.07 to 1.3 + 0.05% in ALS and

A
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ST T T [ : y
A RAA b1 g b
'e 2 ,‘l . i f-_) "
! o573
3 | 2. .
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g - T, . 2
W ",.. - -
-, R 2
3 , - o i —

Fig. 3 HLA-DR expression in ALS spinal cord. Montages were
assembled from photomicrographs taken with a 20x objective by
stepping the stage in the x- and y-axes. The dashed traces indicate
approximate area of corticospinal and rubrospinal tracts and solid
outline is of the ventral horns. High-magnification views from the
montage are shown in (A) and (B). Significant numbers of reactive
microglia (HLA-DR positive) are present in both areas. In the ventral
microglia frequently surrounding palely stained residual motor
neurons (arrows). Scale bar = 50 pm for (A) and (B)
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0.01 £ 0.006 to 0.04 £ 0.006% in controls (P < 0.001)
(Fig. 5a). Similarly, in the ventral horn, the areal fraction of
activated microglia ranged from 0.3 £ 0.05 to
0.9 + 0.02% in ALS and 0 to 0.02 &+ 0.005% in controls
(P < 0.001) (Fig. 5b). ALS sections also showed positive

Fig. 4 HLA-DR expression in
ALS and control motor cortex
and spinal cord. Activated
microglia (HLA-DR™") are seen
in significant numbers in the
motor cortex (a) of ALS case, in
particular in layer V (arrows) of
the M1 cortex where cortical
pyramidal motor neurons (Betz
cells) are located. Control motor
cortex labelled for HLA-DR (b)
showing low-level expression of
HLA-DR in scattered resting
microglia (inset). ¢ Lateral
pyramidal tract from control
spinal cord showing little to no
HLA-DR staining. d A view of
the lateral pyramidal tract from
ALS spinal cord showing HLA-
DR expressing microglia
encircling axon bundles. Scale
bars = 400 pm for a and b;

50 pm for ¢ and 100 pm for d

ubiquitinated skein-like inclusions, which were used as part
of disease diagnosis (Fig. 6e). Positive IDO (Fig. 6d) and
QUIN (Fig. 7d) staining were also found in the cytoplasm
of ventral horn motor neurons and in microglia from ALS
spinal cord. Semi-quantitative analysis for IDO labelling

Fig. 5 Activated microglia in A
ALS and control spinal cord. a T 161
In the corticospinal tract, all 4 5 1' 4 PO e
ALS cases had a significantly o 1' 2]
higher (P < 0.0001) areal L 1'0 ] .
fraction of activated microglia s 0.8
than either the PMA or control o . ke
cases. The areal faction ranged g gi ]
from 0.5 & 0.07 to b 0'2 -
1.3 £ 0.05% in ALS and i 0'0 ] T -

2 o
?I;Ojoirgﬁf)f, tl?l (;(?;;gfl%% ALS1 ALS2 ALS3 ALS4 PMA Normal
horn, a similar pattern was
observed, whereby ALS cases B 10,
had significantly more — 09 b
(P < 0.0001) activated 8 ]
microglia than either the PMA 4 0.8
or control cases. The areal 5 0.7 1 oxn
fraction ranged from 0.3 + 0.05 ‘E 061
t0 0.9 &+ 0.02% in ALS and O to - 054 ool
0.02 £ 0.005% in controls 2 04 1 o

g B

'g 0.3 1

< 021

X 01 :

0.0
ALS1 ALS2 ALS3 ALS4 PMA Normal
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Fig. 6 IDO expression in ALS o o a8 T 5 it iy % . 4
and control motor cortex and A , » B 4 . g e
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- : L) <
ranged between mild and moderate (4 to ++) in ALS, mild ~ Discussion

(+) in PMA and negative in controls (Fig. 6f). Degree of
QUIN Ilabelling was mild (+) in the control and high
(+++) in ALS cases.

In ALS motor cortex, significant numbers of activated
microglia were observed, occurring predominantly in layer
V, where Betz cells are located, and in the M1 cortex
(Fig. 4a). QUIN immunoreactivity was also seen mostly in
motor neurons and microglia and cytoplasmic staining of
QUIN in Betz cells was also evident (Fig. 7c). Likewise,
IDO was found in the few remaining Betz cells and in
microglia (Fig. 6a, c). In contrast, the control showed little
or no positive staining for HLA-DR (Fig. 4b), IDO
(Fig. 6b) or QUIN (Fig. 7b).

The KP represents a major route in the catabolism of TRP
and is implicated in several neurological disorders,
including AIDS dementia complex (Guillemin et al. 2004),
Parkinson’s disease (Hartai et al. 2005) and Alzheimer’s
disease (Guillemin et al. 2005b). It has potent immuno-
regulatory properties, particularly in the prevention of
T-cell mediated allogenic foetal rejection (Munn et al. 1998),
suppression of cancer progression (Muller et al. 2005),
T-cell proliferation and promotion of T-cell apoptosis
(Frumento et al. 2002). Recent studies have bridged a
direct association between the KP and ALS (Guillemin
et al. 2005a). Ilzecka et al. (2003) demonstrated that ALS
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Fig. 7 QUIN in ALS and
control motor cortex and spinal
cord. a Immunopositivity for
QUIN in ALS, mainly in
activated microglia, but also in
pyramidal neurons and b little to
no QUIN staining in control
motor cortex. Although QUIN
was detected in all layers of
ALS cortex, positive cells were :
more concentrated in layer V of a7y b
the M1 cortex. This pattern was RN R O 1 Y
less distinctly layered than for R Sy Bl
IDO. ¢ Betz cells in ALS cases ] _' g S 0
showed cytoplasmic QUIN e
immunopositivity, as do
surrounding microglia (arrow).
d Cytoplasmic expression of
QUIN is also seen in ventral 2

horn neurons (inset). Scale -
“A‘i‘q

bars = 400 um for a and b;
50 um for ¢ and inset in d;
100 pm for d

patients with bulbar onset and severe clinical status had
increased CSF KYNA levels. In contrast, serum KYNA
levels were lower in patients with severe clinical status
than in patients of mild clinical status or neurologically
normal controls. In familial ALS cases, protein aggregation
of mutant SOD-1 has been found to be mediated by TRP
via oxidation and cross-linking of the enzyme (Bruijn et al.
1998; Watanabe et al. 2001; Zhang et al. 2003).

Our HPLC data show a twofold increase in CSF TRP,
serum TRP and serum KYN, a tenfold increase in CSF
KYN and a fourfold increase in intracellular CSF IDO
activity in ALS compared to controls. Although KYN can
be transported across the blood brain barrier, the tenfold
increase in CSF KYN, compared to only a twofold increase
in serum KYN, is strongly indicative of a CNS source. Due
to the possible transport of TRP and KYN across the blood
brain barrier, two separate IDO activities were deter-
mined—the periphery (from serum) and the CNS (from
CSF). Although static measures of the TRP/KYN ratio are
not a direct measure of enzyme activity, these measures
provide a quantifiable estimate of changes in the KP
metabolism. A distinction was not made between IDO and
TDO activity in this case as the main objective was to
determine whether the KP was stimulated. Since IDO is the
predominant enzyme extrahepatically and TDO is only
weakly expressed within the brain, KYN/TRP was taken to
reflect IDO activity. The increased in IDO activity in
patients was further supported in the immunohistochemis-
try data. It is important to note here that as all ALS patients
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received riluzole treatment and there is currently no liter-
ature on the impact of riluzole on the KP, we cannot rule
riluzole out as a potential contributing factor in the changes
outlined above.

TRP is an essential amino acid and approximately 50—
90% is protein-bound. However, this association is unsta-
ble and does not affect uptake of TRP into the CNS
(Pardridge and Fierer 1990) via the non-specific L-system
of the neutral amino acid transporter (Matsuo et al. 2000).
There is enhanced IDO activity and accelerated TRP deg-
radation in several neurodegenerative diseases (Widner
et al. 2000, 2002). In contrast, our study reports an increase
in TRP levels in ALS patients.

In healthy human subjects and rats, administration of a
TRP load results in significant increase in oxidative stress
in the brain, possibly through the generation of superoxide
free radicals, hydrogen peroxide and hydroxyl radicals
(Forrest et al. 2004, 2008). In familial ALS, the situation
may be further aggravated by the promotion of SOD pro-
tein aggregates by TRP (Bruijn et al. 1998; Watanabe et al.
2001; Zhang et al. 2003). The elevated levels of serum and
CSF TRP are speculated to reflect a dysfunction in protein
binding and L-neutral amino acid transporters, respec-
tively; or perhaps, an over-compensatory response,
whereby the increase in CSF IDO activity results in a
decrease in CSF TRP, which encourages the dissociation of
TRP from albumin to facilitate transport of TRP across the
blood brain barrier. In addition, riluzole, the main drug of
choice for ALS treatment, is highly protein-bound. Thus, it



Neurotox Res

ACTIVATED
MICROGLIA

HLADR+

Quinolinic acid
Y
of
Excitotoxicity
]

MDA-R

Uptake

Motor neuron

Neurodegeneration

Fig. 8 A schematic diagram of QUIN toxicity in motor neurons. The
presence of numerous activated microglia in ALS leads to the release
of large amount of QUIN into the microenvironment. QUIN can then
result in excitotoxicity in motor neurons via NMDA receptors or it
can also be taken up in large quantities by motor neurons. Ultimately,
excitotoxicity and the accumulation of QUIN contribute to the demise
of motor neurons

is possible that riluzole displaces TRP from albumin
leading to the observed increased in TRP. It is interesting
to note that although both serum and CSF TRP and KYN
were higher in ALS patients, increased IDO activity was
seen only in the CNS.

Our GC/MS data show an increase in both CSF and
serum QUIN levels and a decrease in serum PIC levels in
ALS patients compared to controls. This suggests a dis-
turbance in the KP in ALS, skewing towards neurotoxicity
and away from neuroprotection. It is of significance as
QUIN is a potent excitotoxin, whereas PIC is a neuropro-
tectant (Guillemin et al. 2007). In addition, any QUIN
produced in the brain would be localised due to poor blood
brain barrier permeability (Fukui et al. 1991). Hence, a
weakening in neuroprotection may exacerbate the adverse
effects of neurotoxicity. The immunohistochemistry of
ALS brain and spinal cord further confirms the presence of
cytoplasmic QUIN and IDO expression in microglia. Both
QUIN and IDO are expressed in the few remaining Betz
cells and ventral horn motor neurons. What is not yet
understood is whether the QUIN produced in microglia is

externalised into the surrounding environment; and, if it is,
whether motor neurons take up QUIN, perhaps via a still
unidentified cell surface receptor (Fig. 8). A recently
published study with glutamate found that abnormal neu-
rons exhibit an up-regulation in a particular form of glu-
tamate—aspartate transporter, which may make them more
vulnerable to glutamate-mediated excitotoxicity (Sullivan
et al. 2007). As such, a similar event is hypothesized to
occur between QUIN and motor neurons.

Pathological concentrations of QUIN could result in a
myriad of unfavourable consequences that could exacerbate
and accelerate the condition of ALS. As an endogenous
NMDA agonist, QUIN is a potent excitatory compound
(Stone and Perkins 1981). In the brain, the main source of
QUIN is immune cells rather than astrocytes or neurons
(Guillemin et al. 2001, 2007). Indeed, astrocytes lack the
enzyme kynurenine hydroxylase and are incapable of syn-
thesizing QUIN (Guillemin et al. 2001). However, high
levels of KYN produced by astrocytes can be taken up by
surrounding activated microglia for QUIN production
(Guillemin et al. 2001). Once QUIN exceeds the “safety
threshold” (<150 nM), its adverse effect is exerted via the
generation of reactive oxygen species (Santamaria et al.
2001), augmentation of the excitotoxic impact through dis-
ruption in the glutamatergic transport system, apoptosis,
mitochondrial dysfunction and the production of cytokines
and chemokines, all of which are putatively thought to be
contributory factorsin ALS (Fig. 8) (Guillemin et al. 2005a).

In contrast, PIC, a pyridine monocarboxylic acid, is an
endogenous neuroprotectant in the brain and other tissues
(Jhamandas et al. 1990). It displays neuroprotective prop-
erties against QUIN without affecting the excitatory aspect
of QUIN (Cockhill et al. 1992; Beninger et al. 1994). The
antagonism 1is also specific, as not all structurally similar
compounds of PIC protect against QUIN (Cockhill et al.
1992). In addition, PIC can manipulate the immune
response by stimulating chemokine production in macro-
phages (Bosco et al. 2000), and has anti-tumour (Leutha-
user et al. 1982), antifungal (Blasi et al. 1993) and antiviral
(Fernandez-Pol et al. 2001) properties. The mechanism of
action of PIC is currently under investigation but is thought
to involve intact glutamatergic afferent input and zinc
chelation (Cockhill et al. 1992; Jhamandas et al. 1998). In
ALS, the role of PIC as a zinc chelator may also be of
importance as altered zinc binding and zinc transportation
potentially contributes to the progression of ALS (Smith
and Lee 2007). All mutant forms of SOD1 mice show
changes in zinc binding capacity regardless of the location
of the mutation, whether within or beyond the metal-
binding region (Lyons et al. 1996). In addition, a reduction
in the expression of the metallothionein zinc transporters in
SOD1 mice leads to an earlier onset of symptoms and a
shorter lifespan (Nagano et al. 2001).
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As in many other neurodegenerative diseases, ALS is
also characterized by neuroinflammation, observed in both
familial and sporadic ALS and in the SODI1 transgenic
mouse model of ALS (McGeer and McGeer 2002). In the
present study, we show a significantly increased microglial
activation in ALS motor cortex and spinal cord that is
absent from both PMA and controls, indicating a height-
ened immune response in ALS CNS. The presence of other
inflammation indicators, such as IgG, monocyte chemo-
tactic protein-1, T cells, macrophages, dendritic cells, and
reactive astrocytes, have also been shown in ALS spinal
cord (McGeer and McGeer 2002). A recent study also
uncovered a novel interferon-signalling pathway between
motor neurons and glial cells. In the region of degenerating
motor neurons, several interferon stimulating genes were
significantly up-regulated in glial cells in the pre-symp-
tomatic stage of ALS in mice (Zhang 2007). When tested
in vitro, the glial cells were highly sensitive to interferon in
a time-and-dose dependent manner (Zhang 2007). IFN-y is
the most potent inducer of IDO and can activate and up-
regulate the KP. In the brain, stimulation of microglia and
perivascular macrophages by IFN-y increases QUIN pro-
duction (Heyes et al. 1996), which, in turn, up-regulates
chemokine production and chemokine receptor expression
in astrocytes, further propagating the inflammatory
response (Guillemin et al. 2003).

In conclusion, our data support the involvement of the
KP in ALS and, for the first time, show the elevation of
TRP, IDO activity and neurotoxic QUIN in ALS, and the
presence of QUIN and IDO in ALS brain and spinal cord.
The increase in neurotoxin QUIN is of significance as it
would result in increase excitotoxicity and oxidative stress,
exacerbating motor neuron degeneration in ALS. As the
glutamate modulator, riluzole, is the only drug currently
approved for ALS treatment and studies support ALS as a
multifactorial disease, combination therapies that target
other pathogenic mechanisms may be more effective in
slowing disease progression and prolonging survival
(Brooks 2009). Compounds targeting the KP offer a novel
and potentially effective treatment for ALS.
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