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1. Introduction

This review will focus firstly on the tryptophan
metabolic and catabolic pathways; with particular
emphasis placed on the tryptophan catabolic path-
way, the kynurenine pathway (KP), and the effects
of each of its enzymes and products. The cells within
the brain which have complete or partial expression
of the KP are then discussed, including the KP in
inflammatory cells, as there is increasing evidence
that inflammation plays a role in at least some neu-
rodegenerative diseases. The next section deals with
the involvement of tryptophan and the KP in neu-
rodegenerative disorders and HIV, first detailing
the broad and specific pathways for neurodegenera-
tion. Particular neurodegenerative diseases includ-
ing Alzheimer’s disease (AD), Huntington’s disease
(HD), motor neurone disease, Parkinson’s disease
(PD) as well as HIV-associated neurocognitive disor-
der (HAND) are discussed emphasizing the evidence
for the involvement of the KP.

2. Tryptophan Metabolism

and Catabolism

Tryptophan is one of the essential amino acids, criti-
cal for human metabolism. It plays a central role
in protein synthesis, as well as in the production of
melatonin, serotonin, and a variety of KP products
including nicotinamide adenine dinucleotide (NAD+)
and ultimately niacin (see Fig. 1).

2.1. Tryptophan transport into the brain

Tryptophan is the only amino acid that is bound to
albumin with approximately 10% being found free in
plasma.! Binding to albumin is influenced by several
factors but especially by the presence of non-esterified
fatty acids, as well as exogenous factors such as med-
ications, that can displace bound tryptophan. There is
some evidence for greater dissociation of tryptophan
from albumin in the cerebral microvasculature, with
highest dissociation rates occurring under conditions
of low cerebral blood flow, perhaps regulated partly
by the sympathetic nervous system.>* It is at pres-
ent unclear whether this translates into regional dif-
ferences in tryptophan availability within the brain.
Free tryptophan is transported from blood across the
blood brain barrier by a competitive transport carrier
(L-amino acid transporter 1; LAT-1), which is shared
with several large neutral amino acids.! Factors that

regulate this carrier and which might be disturbed in
disease states are poorly understood, as are the factors
determining the rate of tryptophan efflux from the
brain.>¢ The carrier found in the cerebral vasculature
is known to have a higher affinity for tryptophan than
that found outside the central nervous system (CNS).
Nonetheless, other large neutral amino acids compete
for the same transporter so that lower concentrations
of such amino acids facilitate tryptophan transport.
Once in the brain, tryptophan enters cells by mecha-
nisms that are also unclear though there is some evi-
dence for a transporter in serotonergic neurones’®
and pinealocytes.’ It is unclear at present whether the
LAT-1 and LAT-2 transporters, which are important
in the bidirectional exchange of tryptophan and kyn-
urenine in most systemic cells, are similarly impor-
tant in brain cells.'”

2.2. Tryptophan and protein synthesis
Mammalian cells cannot synthesize tryptophan and
so rely on its uptake into the cell for protein synthe-
sis. Indeed, tryptophan accounts for approximately
1.3% of the amino acids in human proteins. Because
of'its critical role in cell function it appears that some
cells have a “storage mechanism” through which
production of the cytoplasmic enzyme tryptophanyl-
tRNAsynthetase (TTS) results in the formation of
complexes of the enzyme with tryptophan.!" Such
complexes are then directly available for protein syn-
thesis. Cytotoxic T-lymphocyte antigen-4 (CTLA-4)
and interferon gamma (IFN-y) are known to induce
TTS but other modulatory factors remain possible.!'>!3
Moreover, the cellular distribution, the relative
expression of TTS in normal and pathological condi-
tions as well as the duration of tryptophan supply in
TTS complexes are areas that require exploration.

2.3. Melatonin

Melatonin is an indoleamine synthesized from tryp-
tophan in the pineal gland by pinealocytes. It is also
synthesised in the retina and outside the brain by
enteroendocrine cells of the gastrointestinal mucosa,
lymphoid organs and the bone marrow. Melatonin’s
chief physiological function appears to be regulation
of the sleep-wake cycle but it is also an important anti-
oxidant and free radical scavenger.'* Additionally, mel-
atonin has significant immune regulatory functions,
both cellular and humoral. It stimulates the production
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Figure 1. The Catabolic Pathway of Tryptophan

dinucleotide (NAD+)

Note: Production of xanthurenic acid from 3-hydroxykynurenine is not shown on this figure.

of natural killer cells, monocytes and leukocytes;
favours a Th-1 response and increases the produc-
tion of cytokines such as interleukin IL-2, IL-6, IL-12
and IFN-7." It also plays a role in sexual maturation,
reproductive behaviour and thermoregulation.'®!"

The role of melatonin in neurodegeneration is
largely speculative at present as it is unclear whether

levels are significantly abnormal in these diseases.
However, clinically melatonin supplementation
appears to have some beneficial effects and is reported
in AD to improve sleep, reduce “sundowning” and
possibly slow cognitive impairment.'® There is experi-
mental evidence that melatonin has anti-amyloido-
genic properties;'? but conversely in a rotenone model
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of PD, melatonin appeared to worsen the disease
state.?” Nonetheless, it is biologically plausible that the
inflammation associated with neurodegeneration leads
to melatonin deficiency through KP-mediated trypto-
phan depletion. Such deficiency would be expected to
compromise melatonin-mediated antioxidant and free
radical scavenger defences, both of which are impor-
tant in the pathogenesis of neurodegeneration.

2.4. Serotonin
Serotonin is synthesized in the serotonergic neurones
of the CNS and the enterochromatffin cells of the
gastrointestinal tract.”' Indeed, the latter is respon-
sible for 95% of the total body’s serotonin synthesis
and storage.” Serotonin released into the circulation
from enterochromaffin cells is rapidly taken up by
platelets and stored in platelet dense granules, con-
stituting almost all total body circulating serotonin.
Serotonin is implicated in the pathophysiology of
many psychiatric disorders ranging from depression,
anxiety, obsessive—compulsive disorder to eating
disorders and dependence.?**¢ The association with
such disorders is principally through serotonin
deficiency.

Currently, there is no evidence that serotonin has
a direct role in neurodegeneration. Nonetheless, it
is tempting to speculate that some of the psychiat-
ric complications of neurodegeneration may have
their genesis partly through serotonin deficiency in
turn mediated by tryptophan depletion from KP acti-
vation (see below and Fig. 2). Certainly increased
tryptophan degradation is linked to increased rates

TRP

PIC QA
KYNA 3HK
Serotonin

Neuroinflammation

Figure 2. The Equilibrium of the Kynurenine Pathway in Neuroinflammation.
Abbreviations: 3HK, 3-hydroxykynurenine; KYNA, kynurenic acid; PIC,
picolinic acid; QA, quinolinic acid; TRP, tryptophan.

of depression and lower quality-of-life in HIV
patients.”’

2.5. The kynurenine pathway

The principal degradative route for tryptophan is the
KP; about which much remains unknown despite
the recent burgeoning interest. The KP is rich in
complexity and subtlety. It differs between species,
individuals, cells, and according to the agents that
stimulate it. Species differences have hampered
rapid progress with the use of knock out mice having
limited relevance to humans. Differences between
individuals whilst potentially contributing to vul-
nerability to, or protection from, neurological dis-
eases means that research to elucidate mechanisms
of the KP involvement in neurodegeneration have to
be performed without pooling samples from differ-
ent patients. The differential effect of stimuli on the
cellular expression of the KP is an area that is only
beginning to be appreciated. As will be discussed in
more detail below, it is becoming apparent that whilst
a particular cell may express all the components of
the KP, the extent to which the component enzymes
are modified by one stimulus may be different to
another stimulus. For example, mesenchymal stem
cells, which express all the KP enzymes, respond
to IFN-y stimulation with net quinolinic acid (QA)
production but interferon B results in upregulation
of the distal enzymes of the pathway, favouring the
degradation of QA.*

Induction of the KP is associated with significant
immunomodulatory changes for which two non-
mutually exclusive mechanisms have been proposed.
Firstly, activation of the KP results in tryptophan
depletion and impairment of the immune response
through lack of this essential amino acid. Secondly,
the actions of downstream metabolites of the KP sup-
press the immune system. For example, increased KP
activity in dendritic cells is associated with complete
blockage of clonal expansion of T-cells;* and trypto-
phandepletion and KP activation have been implicated
in the development of immune tolerance associated
with pregnancy and persistence of tumours.*

3. The Kynurenine Pathway Enzymes

and their Products
Most of the work on the KP has focussed on indole-
amine 2,3-dioxygenase (IDO)/tryptophan dioxygen-

124

International Journal of Tryptophan Research 2010:3


http://www.la-press.com

¢

Tryptophan pathways in neurodegenerative disease

ase (TDO) particularly in relation to the factors that
can modulate the activity of the latter enzymes. How-
ever, it is becoming clear that the other KP enzymes
can also be significantly modulated. Furthermore, the
following discussion is based on the KP enzymes act-
ing “normally” in a variety of disease states. While
this may be true for the most part there is reason to
suspect that the KP may be altered in particular cells
as a result of chronic activation or other processes.
To illustrate this point, Guillemin et al showed that
human neurones transformed into neuroblastoma
cells changed their KP machinery from low net pico-
linic acid (PIC) production to high net QA produc-
tion.*! Similarly, SV-40 transformed human brain
microvascular endothelial cells have essentially no
functional KP in contrast to human brain microvas-
cular endothelial cells (Owe-Young et al*> and unpub-
lished data).

The principal component enzymes and products of
the KP will now be discussed in detail.

3.1. Indoleamine 2,3-dioxygenase
Indoleamine 2,3-dioxygenase is a haem contain-
ing glycoprotein, which has two isoforms, IDO-1
and IDO-2. It is expressed widely throughout the
brain and its supporting vasculature but particularly
within the choroid plexus and pineal gland.** IDO-
1 is one of the chief cellular mechanisms to com-
bat oxidative stress: superoxide dismutase being
the only other enzyme that can use superoxide as
a substrate. The substrates for IDO-1 are broad and
in addition to tryptophan there are other indoleam-
ines such as tryptamine, serotonin and melatonin.
Relatively little is known about IDO-2 as it has only
recently been described. It is thought that it uses
similar substrates to IDO-1.3 Nonetheless, the clini-
cal significance of IDO-2 at this stage is under some
doubt.*

Nitric oxide, interleukin-4, peroxynitrite and
transforming growth factor beta inhibit IDO-1 but it
is unclear whether these also inhibit IDO-2.3%*" The
interferons, especially IFN-v, acting via STAT-1 and
IRF-1, lipopolysaccharide, tumour necrosis factor
alpha (TNF), platelet activating factor, the HIV reg-
ulatory proteins nef and tat, CTLA-4 (via ligation of
CD80/CD86) and the tumour suppressor Bin1 activate
IDO-1—again their importance for IDO2 remains to
be determined.’**® It seems likely that other factors

that can regulate the activity of this enzyme will be
discovered.

3.2. Tryptophan 2,3-dioxygenase

Tryptophan 2,3-dioxygenase (TDO) is very similar to
IDO-1 with the exception that it is induced by tryp-
tophan, tryptophan analogues and glucocorticoids;
these essentially have no effect on IDO-1 or IDO-2.
TDO is inhibited by indoleamines and nicotinamide
analogues®** as well as antidepressants, especially
tricyclic antidepressant medications and some selec-
tive serotonin reuptake inhibitors.*'*¢ Systemically,
the majority of TDO activity is in the liver.

3.3. Kynurenine

Kynurenine (KYN) is the next important KP prod-
uct. Along with the other KP metabolites 3-hydroxy-
kynurenine (3-OH-KYN) and anthranilic acid it can
cross the blood brain barrier well; whereas kyn-
urenic acid, 3-hydroxyanthranilic acid and QA cross
poorly.*”*® Transport across the blood brain barrier is
by the neutral amino acid carrier.*’” KYN’s physiolog-
ical concentration in the brain is 2 uM.* It is metabo-
lized in three distinct ways, serving as a substrate for
kynureninase yielding anthranilic acid; for kynuren-
ine aminotransferases (KATs) forming kynurenic acid
(KYNA); and for kynurenine-3-hydroxylase giving
rise to 3-OH-KYN.

The normal physiological roles for KYN are only
poorly understood but there is evidence for its impor-
tance in mediating vasodilatation albeit at this stage in
rabbits.’’”! Nonetheless, given the finding that endo-
thelial cells switch production from kynurenic acid to
kynurenine under inflammatory signals, there is the
real likelihood that activation of the KP in endothelial
cells is important in vascular inflammation.*

3.4. Kynurenine-3-hydroxylase

and 3-hydroxykynurenine

Kynurenine-3-hydroxylase, also known as kynuren-
ine monoxygenase, produces 3-hydroxykynurenine
(3-HK) from KYN. Its position in the KP gives it
substantial significance: its activity principally deter-
mines whether KP activation in the cell will be neu-
roprotective through the generation of kynurenic acid
or neurotoxic through production of the more distal
KP metabolites. Kynurenine-3-hydroxylase activity is
upregulated by the pro-inflammatory cytokine IFN-y.3

International Journal of Tryptophan Research 2010:3

125


http://www.la-press.com

Davies et al

2

3-HK is the substrate for kynureninase, which produces
3-hydroxyanthranilic acid. Less commonly and proba-
bly less significantly, 3-HK can be processed by KATs
(see below) to give xanthurenic acid.

3-HK is neurotoxic by being pro-excitotoxic and
generating free radicals,* though the latter is the
dominant mechanism in killing cortical and stria-
tal neurones.”>* Indeed, 3-HK can be converted to
quinoneimines with the accompanying generation of
reactive oxygen species;*® however, it is a less potent
toxin when compared to QA. Uptake of 3-HK into
the cell is required for neurotoxicity as competition
with large neutral amino acids can prevent damage by
blocking uptake.”’® Furthermore, there is evidence
that 3-HK inhibits complexes I, II and IV of the mito-
chondrial respiratory chain.®'

3.5. Kynurenine aminotransferases

There are at least three isoforms of KAT: I, II, and
III, which are involved in the transamination of
L-kynurenine to kynurenic acid (KYNA). In addi-
tion, KAT I and II transaminate glutamine and o-
aminoadipate respectively.®” KAT II is the most
important in the human brain. Under physiological
conditions, it is localized mainly in astrocytes,* but
it is also present in some neurones in the hippocam-
pus and striatum as well most of the neurones in the
medulla and spinal cord.®*® Little KAT activity is
found in microglia.’! KAT-II is more specific for KYN
as a substrate. Thus, large amounts of newly produced
KYNA in the brain can be attributed to KAT-II activ-
ity.% The novel KAT III has a pH optimum of 8.0 and
a low capacity to transaminate glutamine or o-ami-
noadipate (respectively the classic substrates of KAT
I and IT). The enzyme is inhibited by aspartate, glu-
tamate, and quisqualate but is insensitive to blockade
by glutamine.®

3.6. Kynurenic acid

Dependent upon its concentration KYNA is an
antagonist at four different receptors. It has a par-
ticularly high affinity for the glycine-binding site
of the NMDA receptor, blocking its activity in low
micromolar concentrations (IC50 ~7.9—15 uM).67-68
Blockade of the glutamate-binding site of the NMDA
receptor complex requires concentrations 10-20-
times higher than those for the glycine site (EC50
~200-500 uM)%’, whereas KYNA exhibits a weak

antagonistic effect on the o-amino-3-hydroxy-5-
methyl-isoxazolepropionate (AMPA) and kainate
receptors.®’® A recently identified site of action for
KYNA is the o-7 nicotinic acetylcholine receptor,
where it acts in a non-competitive manner (IC50
~7 uM).”" NMDA receptors have been found to be
substantially less sensitive than o-7 nicotinic recep-
tors to KYNA.’! Curiously, KYNA is ineffective as
an antagonist at the glycine site in cerebellar granule
cells.”

KYNA thus can potentially antagonize some
of the effects of QA and other excitotoxins but it is
noteworthy that in disease states where excess QA
is produced there is insufficient KYNA to block its
neurotoxic effects.” In vitro KYNA inhibits the dopa-
minergic neuronal death on exposure to 1-methyl-4-
phenylpyridinium’ but KYNA penetrates the blood
brain barrier poorly therefore administration peripher-
ally offers little hope of therapeutic neuroprotection.*’
However, some KYNA derivatives do cross the blood
brain barrier and have been assessed for their neuro-
protective effect in a rat model.” The mechanism(s)
for KYNA catabolism or re-uptake has yet to be
established and it could yet provide other targets for
therapeutic intervention.”' Recently KYNA has been
shown to trigger firm arrest of leukocytes to vascu-
lar endothelium under conditions of flow.”® Therefore
KYNA may also act as an early mediator for inflam-
matory cell entry into the CNS.

3.7. 3-Hydroxyanthranilic acid

Three-hydroxyanthranilic acid (3-HAA) is the prod-
uct of the catabolism of 3-HK by kynureninase or to a
lesser extent metabolism of anthranilic acid. 3-HAA
is metabolised by 3-hydroxyanthralinic acid oxygen-
ase to an intermediate (0t-amino-m-carboxymuconoic
acid semialdehyde); before a non-enzymatically-
induced rearrangement occurs to form QA. A minor-
ity of 3-HAA is enzymatically metabolised to PIC by
2-amino-3-carboxymuconate-semialdehyde  decar-
boxylase (ACMSD). Elevated levels of 3HAA have
been documented in several neurodegenerative dis-
eases.®! Noted direct effects of 3-HAA include in vitro
apoptotic cell death of neurones,”” macrophages
and monocytes.”” The cellular apoptosis is thought
to stem from mitochondrial dysfunction as 3-HAA
inhibits mitochondrial complexes I and II.°" Non-
toxic levels of 3-HAA may have a role in inhibition of
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homeostatic proliferation of CD8+ T-cells but 3-HAA
does not affect antigen stimulus-driven proliferation
of these cells.”® 3-HAA also inhibits nitric oxide syn-
thetase (although not in microglial cells) and nuclear
factor kB expression;”*%" of which the former could
result in positive feedback and upregulation of IDO
activity, which is inhibited by nitric oxide, as well as
neuronal dysfunction through impairment of nitric
oxide’s neurotransmitter function.*

3.8. Xanthurenic acid

A minority of 3-HK is metabolised to xanthurenic
acid by KAT and subsequently to 8-hydroxyquinaldic
acid. The function of xanthurenic acid is not clear. It
may act as both an antioxidant and pro-oxidant.®' It
is pro-apoptotic accelerating caspase activation® and
recently has been implicated as a novel neurotrans-
mitter in the rat brain, possibly through the action of
a specific synaptic receptor.®

3.9. Quinolinic acid

QA is found in nanomolar concentrations in healthy
brain tissue. Its neurotoxicity is mediated through sev-
eral pathways. It is only a weak competitive agonist of
NMDA receptors acting on the subgroup containing the
NR2A and NR2B subunits;**35 where it has a low recep-
tor affinity (ED50 > 100 uM). Therefore levels of QA
must be raised by several orders of magnitude to exert
excitotoxic effects via NMDA receptors.’! However,
QA can cause stimulation of NMDA receptors indepen-
dently of its agonist action through inhibiting astrocytic
glutamate uptake, increasing synaptosomal release and
reducing its catabolism by astrocytes through inhibit-
ing glutamine synthase activity.’**” Alternative routes
for neurotoxicity include production of reactive oxygen
species, mitochondrial dysfunction and lipid peroxida-
tion.*®* This is supported by the observation that free
radical scavengers and anti-oxidants reduce QA-induced
neurotoxicity.”’* Nitric oxide potentiates QA-induced
lipid peroxidation® and 3-HK and 6-hydroxydopamine
act synergistically with QA causing increased neurotox-
icity.* Levels of QA only slightly greater than that found
in healthy brain tissue can cause neurotoxicity when
cells are exposed for several hours®* or weeks;’” with
some neurones being damaged after exposure to only
100 nM QA.***° Concentrations of 350 nM for 5 weeks
were shown by Kerr et al'®!%! to induce changes in the
neuronal cytoskeleton, which in turn result in dendritic

varicosities and damaged microtubules.®*'® As the only
mechanisms for removal of QA appear to be through
the blood stream or further metabolism in the KP path-
way, acute rises in QA concentration may be particu-
larly toxic for neurones whereas more subacute rises
better tolerated.®® Spinal neurones are particularly sensi-
tive to QA with approximately half dying when exposed
to concentrations of 100 nM.*® Cortical neurones have
varying susceptibility, with the expression of low levels
of Bcl-2-i being reported to correlate with their vulner-
ability to QA neurotoxicity.'” Differences in neuronal
vulnerability to QA-induced NMDA receptor-mediated
neuronal apoptosis may be of developmental impor-
tance in shaping maturation of the CNS.®” An indirect
mechanism through which QA might exert neuro-
toxicity involves S100B. Activated astrocytes release
the calcium-binding protein S1008, which in fact can
upregulate macrophage QA production; and conversely
QA can induce astrocytic S1008 production.'® Whilst a
low concentration S1008 is neuroprotective at micromo-
lar concentrations it can induce astrocytic and neuronal
apoptosis.'?>!% Lastly, QA is toxic to oligodendrocytes
in vitro, where after exposure to mM concentrations of
QA the cells undergo apoptosis.'”’

3.10. 2-amino-3-carboxymuconate

semialdehyde decarboxylase

ACMSD, also known as picolinic acid decarboxyl-
ase, 1s a critical enzyme in the KP as it directly affects
the equilibrium between QA and PIC. Cloning and
sequencing of the enzyme reveals it to have little
homology with any other mammalian enzyme and
it is expressed at low levels in mouse brain tissue.'®®
Two alternatively spliced transcripts are recognised in
humans (ACMSD-1 and 2), of which only ACMSD-1
has enzymatic activity.'” It can be inhibited by QA,
PIC and KYN.!” A low protein or low polyunsaturated
fatty acid diet will down regulate ACMSD expres-
sion, whereas adrenaline, glucocorticoids, female hor-
mones and diabetes lead to up regulation.!® Recent
research has ascertained differences in expression of
ACMSD by human neurones in health and diseased
states, which is discussed further in section 4.3!

3.11. Picolinic acid

PIC within the brain is an endogenous neuroprotec-
tive compound that human primary neurones are able
to produce in UM concentrations.'"’ Levels rise with
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age and secretion into CSF follows a diurnal pattern
being found in highest concentration between 11 pm
and 4 am."" PIC protects both cholinergic and dopa-
minergic neurones against QA neurotoxicity;''*!"?
and in nM concentrations it protects against QA and
kainic acid-induced neurotoxicity after injection
in rat brains.""*!"> PIC is also considered the major
endogenous metal chelator within the brain; being
the most efficient chelator for minerals such as chro-
mium, zinc, manganese, copper, and iron. This may
have relevance for several neurodegenerative dis-
eases, including AD and PD, where such metals are
thought to be cofactors for protein aggregation; and
for which strategies for their chelation are proposed
as therapy.''®!"” PIC has immunomodulatory effects
upon macrophages potentiating their effects against
Mycobacterium tuberculosis, stimulating a Th-1
response;''® one mechanism for this action implicates
the role iron chelation.'® PIC has also been reported
to have anti-viral properties inhibiting replication of
both HIV and herpes simplex virus in cell culture.'?

3.12. Quinolinic acid phosphoribosy!

transferase

Quinolinic acid phosphoribosyl transferase (QPRT)
metabolises QA to nicotinic ribonucleotide. Within
the CNS the enzyme is found predominantly in glial
cells and is located intracellularly within cytoplasmic
bodies, which may prevent intracellular degradation
of QA or allow secretion of the enzyme to counteract
elevated extracellular concentrations of its substrate.*®
QPRT activity does not appear to be inducible, rather
it is constitutively expressed and therefore in vivo it
may be saturated resulting in accumulation of QA and
consequent toxicity.'?!

3.13. Nicotinamide adenine dinucleotide

NAD+, a pyridine nucleotide, is one of the end prod-
ucts of the KP and is essential for cell survival.®®!?? In
particular it is a cofactor for the DNA repair enzyme
poly(ADP-ribose) polymerase (PARP)—an essen-
tial intracellular enzyme for repair of DNA damage
caused by reactive oxygen species. Excessive activ-
ity of PARP causes intracellular NAD+ depletion and
contributes to cell death. Therefore some investigators
have proposed that the KP is a cellular protective path-
way as NAD+ is a metabolic product. However, data
from Braidy et al'>* demonstrate that at least in human

astrocytes and neurones this is only partly correct. The
KP product QA at concentrations greater than 150 nM
leads to a progressive dose dependent decrease in
intracellular NAD+ whilst concentrations below
50 nM were associated with an increase in NAD+.

4. Cellular Representation of the
Kynurenine Pathway in the Brain

The cellular location of the KP in the brain is only
partly understood (see Fig. 3). It is complete in cells
of monocytic lineage including macrophages and
microglia.?*'?* Macrophages have greater capacity to
produce QA than microgliaand express higher levels of
IDO, kynureninase and kynurenine-3-hydroxylase.'"
The pathway is partly present in human astrocytes, '
neurones''’ and endothelial cells'* as key enzymes
are not expressed. Preliminary data indicates in that
the KP is complete and active in both mesenchymal
and neural stem cells.

Astrocytes lack kynurenine-3-hydroxylase and
therefore produce only early metabolites KYN, in uM
concentration and KYNA in nM concentration. Astro-
cytes do not produce QA but instead can up take it and
catabolise it.'* Similarly brain microvascular endo-
thelial cells do not express kynurenine-3-hydroxylase,
3-hydroxyanthranilic acid oxygenase and ACMSD,
which result in net production basally by the KP of
KYN or with induction by IFN-y, KYNA.** In con-
trast, blood brain barrier pericytes do not produce
KYNA and only KYN after IFN-y induction but do
secrete low levels of the distal KP metabolite PIC;
although kynurenine-3-hydroxylase has not been
shown in these cells.*? Both astrocytes and blood brain
barrier endothelial cells express low levels of QPRT
and thus have limited ability to metabolise and miti-
gate against the toxic effects of exogenously produced
QA 3212 Importantly, cells of the blood brain barrier
are capable of transducing systemic inflammation,
without breakdown of blood brain barrier integrity,
as basolaterally excreted KYN can be metabolised by
brain microglia to produce QA.*

Neurones can express both the enzymes IDO-1,
IDO-2 and TDO as demonstrated in the cytoplasm
immunohistochemically in contrast to microglia,
which do not express TDO.*!' There appears to
be a reciprocal relationship between TDO and
IDO-1 in primary neurones whereby IFN-y-induced
IDO-1 expressionis associated with a decrease in TDO
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Figure 3. Current Understanding of the Kynurenine Pathway in Brain Inflammation.
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production. Human neurones do not produce QA,
instead expressing ACMSD that catalyses conversion
of o-amino-m-carboxymuconoic acid semialdehyde
to PIC.>' However, malignant cells of neuronal origin
(SK-N-SH neuroblastoma cell line) can produce QA.
Human and rat neurones express KAT-I, -II, and -I1I
and thus can produce neuroprotective KYNA 31127
Rat permanently immature oligodendrocytes express
KAT-I and -II and produce KYNA but this has yet
to be reported in human oligodendroglia.'”® Whilst
it is clear that malignant transformation can change
neuronal expression of the KP it is less clear whether
this can occur with different anatomical localisation
within the brain or with changes associated with other
disease states.

5. General Pathogenetic Framework

for Neurodegenerative Diseases
While there are many aspects of neurodegenerative
diseases that are specific to the disease in question,

there are mechanisms that are common to most, if
not all, of them. A frequently articulated model is that
there is a breakdown of cellular defence mechanisms
that then leads to a cascade of damage. In broad terms,
a pathogenic insult, which in the case of most neuro-
degenerative diseases often appears to be a misfolded
protein, leads to activation of cellular defence path-
ways. These include heat shock proteins, endoplas-
mic reticulum chaperones, the ubiquitin-proteasome
complex, autophagy, possibly the KP through pro-
duction of PIC, and the P-glycoprotein system. Most
of these defences are well known and documented
but the importance of PIC is only emerging. PIC is up
regulated in a variety of disease states,'”” and as men-
tioned previously, it is the most potent endogenous
metal chelator and therefore may be important in cel-
lular defence against the effects of protein misfold-
ing."** In addition it is increasingly recognised that
neurodegeneration is accompanied by an inflamma-
tory immune response.
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Pathologically there is evidence in many neurode-
generative diseases for disturbance in these cellular
defence pathways. In AD, PD and motor neurone dis-
ease inhibition of the ubiquitin-proteasome complex
occurs;*32 and evidence from several investigators
points to HIV inhibiting this system as well.!**13
Autophagy is inhibited by HIV and in neurodegener-
ative diseases.**'¥* Furthermore, dysfunction of the
P-glycoprotein system is thought to have a role in the
pathogenesis of some neurodegenerative diseases,
most particularly PD through its role in the removal
of potential toxins,**** and there is some evidence
that it is important in the normal clearance of amy-
loid from the brain.'*! Interestingly, P-glycoprotein
expression is deliberately inhibited in HIV therapy
to enhance the efficacy of particular antiretroviral
agents, the protease inhibitors, and it is possible, but
remains to be established, that such inhibition could
lead to the accumulation of amyloid within the brain
with consequent tissue damage.

Oxidative stress is increasingly thought to be a
final common pathway for several neurodegenerative
diseases such as AD in addition to HAND.!**!%* Fur-
thermore, nitrosative stress with peroxynitrite forma-
tion leading to modification of tyrosines in proteins is
considered to enhance the aggregation of a--synuclein,
which in turn is pathogenically significant in PD as
well as HAND. #4145

Evidence of increased inflammation is common to
many neurodegenerative diseases and will be reviewed
by syndrome in section 6; however, common themes
exist. For instance, immune activation can be inter-
preted from two standpoints: whether inflammation is
“beneficial” and a protective response to damage, or a
detrimental pathological process. Following acute or
chronic exposure there is evidence to indicate differ-
ences in immune response to cytokines. For instance,
chronic exposure of microglia to monocyte chemoat-
tractant protein-1 (MCP-1), or lipopolysaccharide, is
associated with a more neurotoxic microglial pheno-
type while acute exposure is linked to a more phago-
cytic phenotype.'* The increase in immune activation
products, especially MCP-1, as found in chronic neu-
rodegenerative diseases is therefore likely to render
a more neurotoxic microglial environment. Activa-
tion of microglia and monocytes can be modulated
by mutations affecting the innate immune system;
for example loss of function of Toll-like receptor-4

reduces microglia activation to amyloid plaques in
a cell culture model AD.'*” Conversely, decreased
immune surveillance, for which there is evidence in
AD, perhaps representing a “premature immunose-
nescence”, might hasten accumulation of neurotox-
icity through failure to remove toxic products.'*
Lastly, the blood brain barrier is frequently impaired
in both HAND and neurodegenerative diseases,
which might allow access to the CNS to neurotoxic
compounds. 4150

The pathogenic insult and the defence mecha-
nisms are in a dynamic equilibrium until the bur-
den of the insult exceeds the defence capacity or the
defence pathways become exhausted. The conse-
quences then are the activation of further inflamma-
tion, excitotoxicity, oxidative and nitrosative stress,
mitochondrial dysfunction, and transcription dys-
regulation. The inter-relationships among these are
complex and often bi-directional. Nonetheless, the
end result is cell dysfunction and death, and conse-
quently, neurodegeneration.

6. The Role of the Kynurenine
Pathway in Specific Diseases

6.1. Alzheimer’s disease

AD, an age-related neurodegenerative disorder with
progressive loss of memory and deterioration in cog-
nition, is characterized by extracellular plaques of
aggregated beta-amyloid (A), and intracellular neu-
rofibrillary tangles that contain hyperphosphorylated
tau protein. Inflammation is a hallmark of the neuro-
pathology of AD; activated astrocytes and microglia
surround plaques and elevated levels of microglial-
derived inflammatory cytokines are found within AD
brains.!’! The evidence for involvement of the KP in
AD may be categorized into direct and indirect or
circumstantial.”® Direct evidence may be found sys-
temically as well as in the AD brain. AD patients
show decreased serum levels of tryptophan, which
correlates with the level of cognitive impairment,
increased serum KYN, and increase in the KYN/tryp-
tophan ratio.'”>!33 Acute tryptophan depletion is asso-
ciated with worsening of cognitive function in AD,
illustrating the importance of serotonergic function in
this disease.'** In AD CSF levels of KYNA are lower
than controls but there are no significant differences
in CSF QA concentration between these groups.'*
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However, KYNA is elevated throughout the brain but
to greatest extent in the caudate and putamen, where
in addition, an increase in KAT-1 is found.'>® Further-
more, using an immunohistochemistry triple staining
method, there is evidence for IDO over-expression
and QA over-production in microglia, astrocytes and
neurones within sections of the medial temporal lobe,
frontal and cingulate cortex of AD brains.'*” Microg-
lial and astrocytic expression of IDO and QA are
highest at the perimeter of senile plaques; but in addi-
tion, QA staining was observed within the neuronal
cell body and granular deposits as well as uniformly
labelling neurofibrillary tangles. Laser capture micro-
dissection applied to AD brain hippocampal sections
has allowed demonstration that newly formed senile
plaques, which are characterised by marked immune
activity with high density of microglia/macrophages,
contain very high amounts of QA, in contrast to
those found at the end stage of AD."*®* Immunohis-
tochemistry also reveals co-localisation of QA with
hyperphosphorylated tau—the intracellular patho-
logical hallmark of AD. In vitro the amyoidogenic
fragment of AR (AB1-42), but not another AP frag-
ment or prion peptides, stimulates increased QA
production by human primary microglia and macro-
phages through induction of IDO.!* Within primary
cultures of neurones, pathophysiological levels of
QA increase tau phosphorylation and upregulate 10
neuronal genes associated with AD.'” As tau phos-
phorylation is a prerequisite for neurofibrillary tan-
gle formation, upregulation in vivo of phosphorylase
activity might be pathophysiologically significant in
AD. Interestingly, the AD drug and NMDA recep-
tor antagonist memantine inhibits the QA-mediated
increased tau phosphorylation in vitro. Therefore the
effect of QA on major tau phosphorylases is likely to
be glutamatergic-mediated.

Indirect evidence for the role of the KP in AD
relate to observations of QA metabolism associated
with advancing age and the known attributes of the
KP in cells whose activation is associated with AD.
It can be subdivided into processes potentially asso-
ciated with the neurodegeneration, or those exerting
a potentially functional effect. For example, elevated
levels KYNA, an ionotropic glutamate receptor
antagonist, might impair memory formation as the
physiological basis of memory requires activation of
these receptors.’! Ageing is associated with increasing

brain levels of QA and AD with blood brain barrier
dysfunction.!**1%* Microglia and astrocytes, when
activated as occurs in AD, show upregulation of
the KP. QA is known to inhibit glutamate uptake by
astrocytes that might enhance excitotoxic damage to
neurones in AD.* Interestingly the NR1/2A or 2B sub-
units of the NMDA receptor, on which QA acts, show
altered expression in the hippocampus and entorhinal
cortex of AD.'®! Furthermore, QA can induce IL-1b
production by astrocytes and macrophages, which
can promote neuronal synthesis and processing of
AB.'* As discussed above, QA can promote produc-
tion of reactive oxygen species and lipid peroxidation
as well as promoting mitochondrial dysfunction in
the brain. AD is associated with increased markers of
oxidative stress and products of lipid peroxidation in
CSF,'6316% a5 well as reduced levels of complex IV in
the electron transport chain indicating mitochondrial
dysfunction.'®> Therefore circumstantial evidence
exists implicating QA indirectly in AD through con-
tributing to excitotoxic neuronal damage, promotion
of oxidative stress and increased A production and
processing.

6.2. HIV-associated neurocognitive

disorder

Cognitive changes in patients infected with the human
immunodeficiency virus type-1 (HIV) are common,
forming a spectrum from asymptomatic impairment to
dementia, and collectively are described as HAND.'®
Prior to the advent of combined anti-retroviral therapy
approximately one-third of patients with advanced
HIV disease were demented.'®” In resource-rich coun-
tries with the widespread availability of combined
anti-retroviral therapy the incidence of HIV demen-
tia has fallen but milder forms of HAND continue to
occur. Clinically HAND is a syndrome characterised
by impairments of motor functioning, behaviour and
cognition. Pathologically, the highest burden of dis-
ease is found within the frontal lobes and basal gan-
glia, where marked atrophy can be found as well as
subcortical white matter changes. Microscopically,
mononuclear inflammatory cell infiltrates, multinucle-
ated giant cells, astrocytosis, activated microglia, loss
of dendritic arbour and neuronal loss are seen.!%17
However, the burden of HIV brain infection does not
reflect the degree of inflammation or cognitive impair-
ment;'”! and within the brain, productive HIV infection
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only occurs in cells of monocyte lineage.'” Instead,
a stronger correlation is found between markers of
inflammation, such as microglial activation or mark-
ers of immune activation in CSF, and impairment.'”!"
Therefore, indirect viral-initiated and driven mecha-
nisms are key to the pathogenesis of HAND; puta-
tively mediated through the toxic products of HIV or
activated inflammatory cells.

The evidence for involvement of the KP in HAND
is both direct and indirect. Significantly elevated
CSF levels of QA are found in adults (>150-fold
increase) and children with HAND, which correlate
with cognitive deficit, but CSF KYNA levels are not
altered by such magnitude compared to controls.!”>-!"8
Both serum and CSF tryptophan levels are reduced
and KYN to tryptophan ratio increase with disease
progression.!” ! Treatment with one or more anti-
retrovirals is associated with a fall in CSF QA and
increase in serum and CSF tryptophan; and this fall
correlates with decrease in CSF HIV viral load, indi-
cating a strong relationship between QA and active
infection.!”>8132 Studies of post mortem brain tis-
sue from patients with HIV dementia show highest
QA levels in patients with more severe infection,
and regionally, the deep grey matter had the highest
QA concentrations.'®® Others have reported elevated
brain levels of neuroprotective KYNA in the frontal
cortex and cerebellum accompanied by elevation of
KAT-I and II in frontal cortex and just KAT-I in cer-
ebellum.’™ Regional variations in NMDA receptor
subtype and their susceptibility to QA’s agonist effect
may be important in accounting for the regional pat-
tern of disease seen in HIV dementia.'?! The NMDA
receptor is a tetramer consisting of variable combina-
tions of subunits. QA shows greatest agonist activity at
the NMDA receptors containing the NR1 plus NR2A
or NR2B subunits. These combinations of subunits
within NMDA receptors are found to predominate
in the basal ganglia but are expressed at low levels
in areas of the brain seldom affected in HIV demen-
tia, such as the brain-stem or cerebellum.'®® Within
the basal ganglia NMDA receptor function is inte-
gral to neuronal circuitry controlling motor function.
Therefore, these observations might link QA with the
pathological and clinical phenotypic observations of
HAND.

Indirect evidence of a pathogenetic role for QA in
HAND relate to the observations of the effect of QA

on neurones and astrocytes in cell culture, the effect
on the KP by the inflammatory milieu described in
HAND, and the relationship of macrophage-tropic
HIV to the KP. As described above QA can induce
neuronal necrosis and apoptosis both of which are
well described in the neuropathology of HIV demen-
tia. Furthermore, proinflammatory cytokines, such
IL-1b and IFN-y, which induce IDO causing QA pro-
duction, are elevated in the brains and serum of HIV
patients.'8*'8” In fact, QA may amplify the inflamma-
tory process by inducing astrocytes to produce large
amounts of MCP-1, resulting in increasing ingress
of HIV-infected monocytes.'?! Although this may
be “double-edged” as MCP-1 is neuroprotective for
neurones and astrocytes.'®® Macrophage-tropic HIV
is necessary, but not sufficient alone, for HAND. Sub-
sets of macrophage-tropic HIV are both neurotropic
and lead to QA production further support the impor-
tance of the KP in HAND."?''* In addition to the
potential neurotoxicity of KP activation, QA produc-
tion amplifies infection through upregulating CCRS5
receptor expression on macrophages and microglia
and CXCR4 expression on astrocytes thereby facili-
tating HIV infection.'”!

Not only are HIV proteins (such as gp120, tat, vpr
and nef) directly neurotoxic,'**1*? but tat, vpr and nef
induce QA production by macrophages.'”® Further-
more, the effect of tat on astrocyte IDO-1 expression
varies according to the clade of HIV from which the
protein originates, with greater activity being asso-
ciated with the more neurotoxic strain. However,
the HIV envelope glycoprotein gp120 can stimulate
macrophages to produce neurotoxic factors without
induction of the KP."* Therefore other macrophage
neurotoxicity pathways remain to be elucidated in
addition to the KP.

6.3. Huntington’s disease

HD is an autosomal dominant neurodegenerative
disease characterised by a movement disorder and
cognitive decline. The genetic locus for the dis-
ease is on chromosome 4 where an expansion of a
trinucleotide repeat is found in the gene encoding
huntingtin. Neuropathologically the disease demon-
strates disproportional loss of striatal medium-sized
spiny GABAergic neurones as well as evidence of
microglia and astrocytic activation. The microglial
activation can be assessed non-invasively through
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positron emission tomography, using a specific
ligand ("'C-[R]-PK11195), which correlates with dis-
ease severity but also the finding that abnormalities
precede the onset of symptomatic neurological dis-
ease.'”>! Interest in the role of KP in the pathogen-
esis of HD stems from the observation that injection
of QA into rat striatum shows histological and neu-
rochemical similarities to the disease.!””!”® However,
elevated levels of QA are not found in post mortem
brain tissue'” or CSF?* from HD patients late in the
disease in contrast to 3-HK;*' although elevated
brain levels of QA, KYNA and 3-HK are reported
early in the disease,*”” paralleling findings in a mouse
HD model.?” Elevated levels of 3-hydroxyanthranilic
acid oxygenase but not of KAT or kynurenine-3-
hydroxylase have been found in HD, where eleva-
tion in the former enzyme correlates with elevated
QA levels®™ and it has been suggested that this might
relate to 3-HK induction.®® Furthermore, there is evi-
dence of systemic differences in the KP amongst HD
patients. Elevation in the KYN/tryptophan ratio is
reported indicating greater IDO activity; but there is
no evidence to suggest increased KYNA production
from this is a compensatory neuroprotective mea-
sure.?® In fact, within the brain in HD low levels of
KYNA and its synthetic enzymes KAT-I and -II have
been found, which through loss of the neuroprotec-
tive benefit of their product may also contribute to
HD pathogenesis.?®*?*” Furthermore, deletion of
KAT-II in mice results in potentiation of the neuro-
toxic effect of striatal QA injection.?*

Recent work has begun to link the perturbations
in the KP noted in HD to the known genetic basis
for the illness. Polyglutamine repeat diseases are
often associated with pathogenetic changes caused
by toxic gain of function of the mutant protein. To
this end mutant huntingtin is known to cause tran-
scriptional abnormalities in neurones.?”” Furthermore,
it has been demonstrated in a yeast model that mutant
huntingtin can activate the KP, which can be abro-
gated by an inhibitor of histone deacetlyase Rpd3.2!°
However, yeast with kynurenine-3-hydroxylase and
3-hydroxyanthranilic acid oxygenase gene knockouts
are resistant to the KP stimulating effect and toxicity
of the protein; whereas those lacking KAT or a gene
that encodes an enzyme key to synthesising NAD+
from nicotinic acid result in increased toxicity.?'° Thus
enzyme knockouts resulting in reduced QA or 3-HK

production prevent huntingtin toxicity. In contrast,
KAT knockouts inhibit production of neuroprotective
KYNA, hence worsening mutant huntingtin toxicity.
Inhibition of NAD+ production from nicotinic acid
is thought likely to upregulate the KP, consequently
causing increased huntingtin toxicity.

6.4. Motor neurone disease/

amyotrophic lateral sclerosis

The commonest cause of adult-onset motor neurone
disease is amyotrophic lateral sclerosis (ALS), which
is a progressive disease resulting in degeneration
both of upper and lower motor neurones. Clinically
the disease is characterised by the onset of progres-
sive weakness that may affect limb, bulbar and dia-
phragm musculature; however, cognitive deficits can
occur in some patients. The aetiology is unknown in
the majority with only a minority (~10%) having a
genetic cause. The majority of patients with genetic
forms of ALS have mutations affecting the super-
oxide dismutase gene indicating the importance of
oxidative stress to the disease pathogenesis. To that
end only one medication has benefit, albeit very
modest, in sporadic ALS—riluzole—that targets
glutamatergic excitotoxicity. In sporadic disease and
disease models dysfunction of protein aggregation,
mitochondria and axonal transport can be found.?"
Furthermore, there is evidence for immune activa-
tion in ALS as levels of TNFa., IL-1f, IL-6, IFN-y,
and prostaglandin E2 are elevated, some of which
can upregulate the KP.?"' Previously published data
reported increased CSF KYNA in patients with bul-
bar onset ALS with severe impairment, but in other
clinical phenotypes of ALS lower serum KYNA was
associated with increased disease severity.?'? Recently
published data demonstrates definite activation of the
KP in ALS showing elevation in CSF and serum con-
centrations of tryptophan, KYN and QA, and reduc-
tion in serum PIC.?"® Immunohistochemical studies
show activation of microglia with increased neuronal
and microglial production of IDO and QA. Therefore
evidence exists to indicate a role for the KP in this
degenerative disease, suggesting imbalance favour-
ing net production of neurotoxic compounds. The
explanation for the raised tryptophan levels, with KP
activation, and whether microglial-derived QA plays
a role in excitotoxic neuronal death in ALS remains
to be established.
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6.5. Multiple sclerosis

The role of the KP in multiple sclerosis is reviewed
elsewhere in this edition of the journal (see Lim et al)
and therefore is not discussed further in this review.

6.6. Parkinson’s disease

PD is an idiopathic neurodegenerative disease clini-
cally characterised primarily by a movement disor-
der, although increasingly non-motor symptoms are
recognised, such as cognitive impairment and auto-
nomic nervous system dysfunction. PD pathologi-
cally is associated with loss of dopaminergic neurones
projecting from the substantia nigra pars compacta in
the brain-stem to the basal ganglia; as well as loss of
ascending cholinergic, noradrenergic and serotoner-
gic neurones from other brain-stem nuclei. Intracel-
lular proteinaceous inclusions named Lewy bodies are
found in dopaminergic neurones within and outside
the CNS in PD. Lewy bodies consist of aggregates
of o synuclein, ubiquitin, neurofilaments and o B
crystalline, which are thought to occur as a result of
dysfunction of the intracellular proteasomal system.
Dopaminergic neurones of the substantia nigra pos-
sess NMDA receptors and receive glutamatergic input
from multiple cortical and subcortical structures. The
exact pathogenic mechanisms resulting in PD have yet
fully to be ascertained. However, there is evidence to
indicate roles for mitochondrial dysfunction, increased
oxidative stress, and production of endogenous exci-
totoxins.’! Rarely is the disease purely hereditary in
nature and environmental factors are thought likely to
play key roles in pathogenesis. Increasingly, inflam-
mation is recognised pathogenetically in PD both
histopathologically as well as through measurement
of inflammatory markers in blood, CSF and brain.*'*
Therefore the potential for involvement of the KP in
PD is wide. However, in contrast to animal models of
HD, QA injection into brain produces relative sparing
of damage to the substantia nigra compared to striatal,
pallidal and hippocampal structures.?'

Evidence for mitochondrial dysfunction in PD is
found systemically in platelets where complex 1 activ-
ity is reduced?'® and similarly post mortem in tissue
from the substantia nigra.?'” Such mitochondrial dys-
function is thought to predispose dopaminergic neu-
rones to excitotoxic dysfunction, particularly through
glutamatergic stimulation, which can be modulated by
the KP.*!® Inflammation is recognised in PD to affect

the substantia nigra where activated microglia and
astrocytes are found;*'*??° and throughout the brain
increased CD8&+ and CD4+ T-cells are reported com-
pared to controls.??' Of particular interest is the reported
low density of astrocytes in healthy individuals in
areas associated with greatest pathological change in
PD, although astrocytes numbers are increased in dis-
eased substantia nigra in PD.??° Hypothetically, consti-
tutively low astrocyte density in the substantia nigra
might predispose to reduced potential for free radical
detoxification. Despite an increased number of reactive
astrocytes in the substantia nigra at death in PD patients
and the role of these cells in KYNA production, post
mortem studies have revealed reduced levels of KYNA
in the substantia nigra and frontal cortex with increased
levels of 3-OH-KYN.?? This deficit might arise from
loss or blocking of astrocytic KP activity (as these
cells lack kynurenine-3-hydroxylase) with elevated
levels of 3-OH-KYN arising from direction of the KP
in cells expressing the full pathway, such as microg-
lia, away from KYNA production. Decreased KAT-I
levels in mouse substantia nigra and KAT-II in rat cor-
tical slices have been described in animal models of
PD;??322* with the reduced levels of KAT-I found in neu-
rones of the substantia nigra but conversely increased
KAT-I-expressing astrocytes reported.’”> Pathogeneti-
cally, increased levels of 3-OH-K'YN can lead to greater
neurotoxicity through heightened oxidative stress.
Whereas low levels of KYNA could reduce antagonism
of NMDA receptors and consequently increase exci-
totoxicity with pathological consequences, as in vitro,
NMDA receptor activation is associated with substan-
tia nigra dopaminergic neurone death.”?* Furthermore,
reduced KYNA antagonism of NMDA receptors might
also be of pathogenic importance as the neurotoxic-
ity of putative environmental causes of PD, as mod-
elled by 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP), are thought to be mediated by glutamater-
gic excitotoxicity. However, in rats MPTP can itself
reduce KYNA levels through inhibition of KAT-1 and
I1.2* A further twist in explanation of the post mortem
reduction in KYNA levels in PD substantia nigra is
that exogenous levodopa administration to rats low-
ers KYNA levels through inhibition of KAT.??” There-
fore treatment itself might affect KYNA levels, albeit
that this could still enhance neurotoxicity. However,
loss of KYNA antagonism at 0-7 nicotinic receptors
may be of benefit in PD.” Stimulation of microglial
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o-7 nicotinic receptors inhibits their activation,”® and
nicotinic stimulation reduces dopaminergic neuronal
death when co-cultured with microglia.’” It has even
been hypothesised that the apparent protective effect
of smoking against PD results from nicotinic inhibition
of microglial activation and that selective o.-7 nicotinic
receptor agonists might be candidate PD treatments.*'*

7. Conclusion

Neurodegenerative diseases and HAND share many
common potential pathogenetic mechanisms. We
have summarised the increasing evidence not only
that the KP pathway is activated in a wide variety
of neurodegenerative diseases but also that changes
in the dynamic equilibrium between its neurotoxic
and neuroprotective products results in neural tissue
damage. The study of the KP is complicated by its
multiple layers and changes in its dynamics between
health and disease. However, ultimately it is hoped
that the KP will offer avenues for successful thera-
peutic intervention. To that end, several drugs that
block the KP are under investigation. For example,
KYNA analogues are in or about to enter clinical tri-
als (L695902, L701324, GV150526A, RPR104632,
ZD150526A) for treatment of epilepsy, stroke and
possibly PD;* and two KP inhibitors are currently in
phase III clinical trial for multiple sclerosis (Teriflu-
nomide [Sanofi-Aventis] and Laquinimod [Teva Neu-
roscience]). Recently, one KP analogue has reached
the market (in Japan) as a potent immunomodulative
drug for the treatment of multiple sclerosis, asthma,
and dermatitis, Tranilast/Rizaben® (Angiogen Ltd),
which is an anthranilic acid derivative. However, it
remains to be established what role these compounds
have in the management of neurodegenerative and
neuroinflammatory disease long term.

Acknowledgements
The Peel Medical Trust funds NWSD.

Conflicts of Interest
The authors have no conflicts of interest.

References
1. Ruddick JP, Evans AK, Nutt DJ, Lightman SL, Rook GA, Lowry CA.
Tryptophan metabolism in the central nervous system: medical implica-
tions. Expert Rev Mol Med. 2006;8:1-27.
2. Fernstrom JD, Fernstrom MH. Exercise, serum free tryptophan, and central
fatigue. J Nutr. 2006;136:553S-9S.

10.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

. Pardridge WM, Fierer G. Transport of tryptophan into brain from the circulating,

albumin-bound pool in rats and in rabbits. J Neurochem. 1990;54:971-6.

. Smith QR, Momma S, Aoyagi M, Rapoport SI. Kinetics of neutral amino acid

transport across the blood-brain barrier. J Neurochem. 1987;49:1651-8.

. Kennett GA, Curzon G, Hunt A, Patel AJ. Immobilization decreases amino

acid concentrations in plasma but maintains or increases them in brain.
J Neurochem. 1986;46:208—12.

. O’Kane RL, Hawkins RA. Na+-dependent transport of large neutral amino

acids occurs at the abluminal membrane of the blood-brain barrier. Am J
Physiol Endocrinol Metab. 2003;285:E1167-73.

. Knapp S, Mandell AJ. Narcotic drugs: effects on the serotonin biosynthetic

systems of the brain. Science. 1972;177:1209-11.

. Herrero E, Aragon MC, Gimenez C, Valdivieso F. Tryptophan transport

into plasma membrane vesicles derived from rat brain synaptosomes.
J Neurochem. 1983;40:332-7.

. Gutierrez CI, Urbina M, Obregion F, Glykys J, Lima L. Characterization

of tryptophan high affinity transport system in pinealocytes of the rat.
Day-night modulation. Amino Acids. 2003;25:95-105.

Kaper T, Looger LL, Takanaga H, Platten M, Steinman L, Frommer WB.
Nanosensor detection of an immunoregulatory tryptophan influx/kynurenine
efflux cycle. PLoS Biol. 2007;5:e257.

. Zhu L, Ji F, Wang Y, et al. Synovial autoreactive T cells in rheumatoid

arthritis resist IDO-mediated inhibition. J Immunol. 2006;177:8226-33.
Boasso A, Herbeuval JP, Hardy AW, Winkler C, Shearer GM. Regulation
of indoleamine 2,3-dioxygenase and tryptophanyl-tRNA-synthetase by
CTLA-4-Fc in human CD4+ T cells. Blood. 2005;105:1574-81.

Fleckner J, Martensen PM, Tolstrup AB, Kjeldgaard NO, Justesen J.
Differential regulation of the human, interferon inducible tryptophanyl-
tRNA synthetase by various cytokines in cell lines. Cytokine. 1995;7:70-7.
Reiter RJ, Tan DX, Jou MJ, Korkmaz A, Manchester LC, Paredes SD.
Biogenic amines in the reduction of oxidative stress: melatonin and its
metabolites. Neuro Endocrinol Lett. 2008;29:391-8.

Srinivasan V, Spence DW, Trakht I, Pandi-Perumal SR, Cardinali DP,
Maestroni GJ. Immunomodulation by melatonin: its significance for sea-
sonally occurring diseases. Neuroimmunomodulation. 2008;15:93—101.
Shedpure M, Pati AK. The pineal gland: structural and functional diversity.
Indian J Exp Biol. 1995;33:625-40.

Waldhauser F, Ehrhart B, Forster E. Clinical aspects of the melatonin action:
impact of development, aging, and puberty, involvement of melatonin in
psychiatric disease and importance of neuroimmunoendocrine interactions.
Experientia. 1993;49:671-81.

Karasek M, Winczyk K. Melatonin in humans. J Physiol Pharmacol.
2006;57 Suppl 5:19-39.

Pappolla MA, Chyan YJ, Poeggeler B, et al. An assessment of the anti-
oxidant and the antiamyloidogenic properties of melatonin: implications for
Alzheimer’s disease. J Neural Transm. 2000;107:203-31.

Tapias V, Cannon JR, Greenamyre JT. Melatonin treatment potentiates
neurodegeneration in a rat rotenone Parkinson’s disease model. J Neurosci
Res. 2009.

Fuller RW, Wong DT. Serotonin uptake and serotonin uptake inhibition. 4nn
N Y Acad Sci. 1990;600:68-78; discussion 79-80.

Furness JB, Costa M. Neurons with 5-hydroxytryptamine-like immunoreac-
tivity in the enteric nervous system: their projections in the guinea-pig small
intestine. Neuroscience. 1982;7:341-9.

Jonnakuty C, Gragnoli C. What do we know about serotonin? J Cell Physiol.
2008;217:301-6.

Bellivier F, Leboyer M, Courtet P, et al. Association between the trypto-
phan hydroxylase gene and manic-depressive illness. Arch Gen Psychiatry.
1998;55:33-7.

Lucki I. The spectrum of behaviors influenced by serotonin. Biol Psychiatry.
1998;44:151-62.

Mann JJ, Brent DA, Arango V. The neurobiology and genetics of suicide
and attempted suicide: a focus on the serotonergic system. Neuropsycho-
pharmacology. 2001;24:467-77.

Schroecksnadel K, Sarcletti M, Winkler C, et al. Quality of life and
immune activation in patients with HIV-infection. Brain Behav Immun.
2008;22:881-9.

International Journal of Tryptophan Research 2010:3

135


http://www.la-press.com

Davies et al

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

Lamoury FMJ, Lamoury J, Brew BJ. Interferon-B1B and cytokines alter
the kynurenine pathway in mesenchymal stem cells. In World Congress of
Neuroscience, July 12—17, Melbourne, Australia; 2007.

Mellor AL, Baban B, Chandler P, et al. Cutting edge: induced indoleamine
2,3 dioxygenase expression in dendritic cell subsets suppresses T cell clonal
expansion. J Immunol. 2003;171:1652-5.

Mellor AL, Munn DH. IDO expression by dendritic cells: tolerance and
tryptophan catabolism. Nat Rev Immunol. 2004;4:762-74.

Guillemin GJ, Cullen KM, Lim CK, et al. Characterization of the kynuren-
ine pathway in human neurons. J Neurosci. 2007;27:12884-92.
Owe-Young R, Webster NL, Mukhtar M, et al. Kynurenine pathway metab-
olism in human blood-brain-barrier cells: implications for immune toler-
ance & neurotoxicity. J Neurochem. 2008.

Fujiwara M, Shibata M, Watanabe Y, et al. Indoleamine 2,3-dioxygenase.
Formation of L-kynurenine from L-tryptophan in cultured rabbit fineal
gland. J Biol Chem. 1978;253:6081-5.

Ball HJ, Sanchez-Perez A, Weiser S, et al. Characterization of an indole-
amine 2,3-dioxygenase-like protein found in humans and mice. Gene.
2007;396:203-13.

Lob S, Konigsrainer A, Schafer R, Rammensee HG, Opelz G, Terness P.
Levo- but not dextro-1-methyl tryptophan abrogates the IDO activity of
human dendritic cells. Blood. 2008;111:2152—4.

Stone TW, Darlington LG. Endogenous kynurenines as targets for drug
discovery and development. Nat Rev Drug Discov. 2002;1:609-20.
Pemberton LA, Stone E, Price P, van Bockxmeer F, Brew BJ. The rela-
tionship between ApoE, TNFA, IL1a, IL1b and IL12b genes and HIV-1-
associated dementia. HIV Med. 2008;9:677-80.

Muller AJ, DuHadaway JB, Donover PS, Sutanto-Ward E, Prendergast GC.
Inhibition of indoleamine 2,3-dioxygenase, an immunoregulatory target of
the cancer suppression gene Binl, potentiates cancer chemotherapy. Nat
Med. 2005;11:312-9.

Botting NP. Chemistry and neurochemistry of the kynurenine pathway of
tryptophan metabolism. Chemical Society Reviews. 1995;24:401-&.

Gal EM, Sherman AD. L-kynurenine: its synthesis and possible regulatory
function in brain. Neurochem Res. 1980;5:223-39.

Mangoni A. The “kynurenine shunt” and depression. Adv Biochem Psycho-
pharmacol. 1974;11:293-8.

Badawy AA, Morgan CJ, Dacey A, Stoppard T. The effects of lofepramine
and desmethylimipramine on tryptophan metabolism and disposition in the
rat. Biochem Pharmacol. 1991;42:921-9.

Badawy AA, Morgan CJ. Effects of acute paroxetine administration
on tryptophan metabolism and disposition in the rat. Br J Pharmacol.
1991;102:429-33.

Bano S, Sherkheli MA. Inhibition of tryptophan—pyrrolase activity and
elevation of brain tryptophan concentration by fluoxetine in rats. J Coll
Physicians Surg Pak. 2003;13:5-10.

Badawy AAB, Morgan CJ, Bano S, Buckland P, McGuffin P. Mechanism of
enhancement of rat brain serotonin synthesis by acute fluoxetine administra-
tion. Journal of Neurochemistry. 1996;66:436—7.

Badawy AA, Evans M. Inhibition of rat liver tryptophan pyrrolase
activity and elevation of brain tryptophan concentration by acute admin-
istration of small doses of antidepressants. Br J Pharmacol. 1982;
77:59-67.

Fukui S, Schwarcz R, Rapoport SI, Takada Y, Smith QR. Blood-brain bar-
rier transport of kynurenines: implications for brain synthesis and metabo-
lism. J Neurochem. 1991;56:2007-17.

Christensen HN. Organic ion transport during seven decades. The amino
acids. Biochim Biophys Acta. 1984;779:255-69.

Joseph MH, Baker HF, Lawson AM. Positive identification of kynurenine in
rat and human brain [proceedings]. Biochem Soc Trans. 1978;6:123—6.

Sas K, Csete K, Vecsei L, Papp JG. Effect of systemic administration of
L-kynurenine on corticocerebral blood flow under normal and ischemic
conditions of the brain in conscious rabbits. J Cardiovasc Pharmacol.
2003;42:403-9.

Sas K, Robotka H, Toldi J, Vecsei L. Mitochondria, metabolic disturbances,
oxidative stress and the kynurenine system, with focus on neurodegenera-
tive disorders. J Neurol Sci. 2007;257:221-9.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Alberati-Giani D, Ricciardi-Castagnoli P, Kohler C, Cesura AM. Regulation
of the kynurenine metabolic pathway by interferon-gamma in murine cloned
macrophages and microglial cells. J Neurochem. 1996;66:996—1004.
Heales SJ, Bolanos JP, Stewart VC, Brookes PS, Land JM, Clark JB. Nitric
oxide, mitochondria and neurological disease. Biochim Biophys Acta.
1999;1410:215-28.

Ghafourifar P, Cadenas E. Mitochondrial nitric oxide synthase. Trends
Pharmacol Sci. 2005;26:190-5.

Eastman CL, Guilarte TR. Cytotoxicity of 3-hydroxykynurenine in a neuro-
nal hybrid cell line. Brain Res. 1989;495:225-31.

Eastman CL, Guilarte TR. The role of hydrogen peroxide in the in vitro
cytotoxicity of 3-hydroxykynurenine. Neurochem Res. 1990;15:1101-7.
Okuda S, Nishiyama N, Saito H, Katsuki H. 3-Hydroxykynurenine, an
endogenous oxidative stress generator, causes neuronal cell death with
apoptotic features and region selectivity. J Neurochem. 1998;70:299-307.
Nakagami Y, Saito H, Katsuki H. 3-Hydroxykynurenine toxicity on the rat
striatum in vivo. Jpn J Pharmacol. 1996;71:183—6.

Hiraku Y, Inoue S, Oikawa S, et al. Metal-mediated oxidative damage to
cellular and isolated DNA by certain tryptophan metabolites. Carcinogenesis.
1995;16:349-56.

Stone TW, Forrest CM, Mackay GM, Stoy N, Darlington LG. Tryptophan, adenos-
ine, neurodegeneration and neuroprotection. Metab Brain Dis. 2007;22:337-52.
Schuck PF, Tonin A, da Costa Ferreira G, et al. Kynurenines impair energy
metabolism in rat cerebral cortex. Cell Mol Neurobiol. 2007;27:147-60.
Guidetti P, Amori L, Sapko MT, Okuno E, Schwarcz R. Mitochondrial
aspartate aminotransferase: a third kynurenate-producing enzyme in the
mammalian brain. J Neurochem. 2007;102:103-11.

Du F, Schmidt W, Okuno E, Kido R, Kohler C, Schwarcz R. Localization
of kynurenine aminotransferase immunoreactivity in the rat hippocampus.
J Comp Neurol. 1992;321:477-87.

Knyihar-Csillik E, Okuno E, Vecsei L. Effects of in vivo sodium azide
administration on the immunohistochemical localization of kynurenine
aminotransferase in the rat brain. Neuroscience. 1999;94:269-77.

Kapoor R, Okuno E, Kido R, Kapoor V. Immuno-localization of kynurenine
aminotransferase (KAT) in the rat medulla and spinal cord. Neuroreport.
1997;8:3619-23.

Kiss C, Ceresoli-Borroni G, Guidetti P, Zielke CL, Zielke HR, Schwarcz R.
Kynurenate production by cultured human astrocytes. J Neural Transm.
2003;110:1-14.

Kessler M, Terramani T, Lynch G, Baudry M. A glycine site associated with
N-methyl-D-aspartic acid receptors: characterization and identification of a
new class of antagonists. J Neurochem. 1989;52:1319-28.

Parsons CG, Danysz W, Quack G, et al. Novel systemically active antago-
nists of the glycine site of the N-methyl-D-aspartate receptor: electrophysi-
ological, biochemical and behavioral characterization. J Pharmacol Exp
Ther. 1997;283:1264-75.

Birch PJ, Grossman CJ, Hayes AG. Kynurenic acid antagonises responses
to NMDA via an action at the strychnine-insensitive glycine receptor. Eur J
Pharmacol. 1988;154:85-7.

Perkins MN, Stone TW. Actions of kynurenic acid and quinolinic acid in the
rat hippocampus in vivo. Exp Neurol. 1985;88:570-9.

Hilmas C, Pereira EF, Alkondon M, Rassoulpour A, Schwarcz R,
Albuquerque EX. The brain metabolite kynurenic acid inhibits alpha7 nico-
tinic receptor activity and increases non-alpha7 nicotinic receptor expres-
sion: physiopathological implications. J Neurosci. 2001;21:7463-73.
Fatokun AA, Smith RA, Stone TW. Resistance to kynurenic acid of the
NMDA receptor-dependent toxicity of 3-nitropropionic acid and cyanide in
cerebellar granule neurons. Brain Res. 2008;1215:200-7.

Guillemin GJ, Brew BJ. Implications of the kynurenine pathway and quino-
linic acid in Alzheimer’s disease. RedoxRep. 2002;7:199-206.

Lee doY, Lee KS, Lee HJ, et al. Kynurenic acid attenuates MPP(+)-induced
dopaminergic neuronal cell death via a Bax-mediated mitochondrial path-
way. Eur J Cell Biol. 2008;87:389-97.

Robotka H, Nemeth H, Somlai C, Vecsei L, Toldi J. Systemically adminis-
tered glucosamine-kynurenic acid, but not pure kynurenic acid, is effective
in decreasing the evoked activity in area CA1 of the rat hippocampus. Eur J
Pharmacol. 2005;513:75-80.

136

International Journal of Tryptophan Research 2010:3


http://www.la-press.com

Tryptophan pathways in neurodegenerative disease

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Barth MC, Ahluwalia N, Anderson TJ, et al. Kynurenic acid triggers firm
arrest of leukocytes to vascular endothelium under flow conditions. J Biol
Chem. 2009;284:19189-95.

Morita T, Saito K, Takemura M, et al. L-tryptophan-kynurenine pathway
metabolite 3-hydroxyanthranilic acid induces apoptosis in macrophage-
derived cells under pathophysiological conditions. Adv Exp Med Biol.
1999;467:559-63.

Weber WP, Feder-Mengus C, Chiarugi A, et al. Differential effects of the
tryptophan metabolite 3-hydroxyanthranilic acid on the proliferation of
human CD8+ T cells induced by TCR triggering or homeostatic cytokines.
Eur J Immunol. 2006;36:296-304.

Sekkai D, Guittet O, Lemaire G, Tenu JP, Lepoivre M. Inhibition of nitric oxide
synthase expression and activity in macrophages by 3-hydroxyanthranilic
acid, a tryptophan metabolite. Arch Biochem Biophys. 1997;340:117-23.
Alberati-Giani D, Cesura AM. Expression of the kynurenine enzymes in
macrophages and microglial cells: regulation by immune modulators.
Amino Acids. 1998;14:251-5.

Lopez-Burillo S, Tan DX, Mayo JC, Sainz RM, Manchester LC, Reiter RJ.
Melatonin, xanthurenic acid, resveratrol, EGCG, vitamin C and alpha-
lipoic acid differentially reduce oxidative DNA damage induced by Fenton
reagents: a study of their individual and synergistic actions. J Pineal Res.
2003;34:269-77.

Malina HZ, Richter C, Mehl M, Hess OM. Pathological apoptosis by xanth-
urenic acid, a tryptophan metabolite: activation of cell caspases but not
cytoskeleton breakdown. BMC Physiol. 2001;1:7.

Gobaille S, Kemmel V, Brumaru D, Dugave C, Aunis D, Maitre M.
Xanthurenic acid distribution, transport, accumulation and release in the rat
brain. J Neurochem. 2008;105:982-93.

Brown JC, 3rd, Tse HW, Skifter DA, et al. [3H]homoquinolinate binds to
a subpopulation of NMDA receptors and to a novel binding site. J Neuro-
chem. 1998;71:1464-70.

de Carvalho LP, Bochet P, Rossier J. The endogenous agonist quinolinic
acid and the non endogenous homoquinolinic acid discriminate between
NMDAR?2 receptor subunits. Neurochem Int. 1996;28:445-52.

Tavares RG, Tasca CI, Santos CE, et al. Quinolinic acid stimulates syn-
aptosomal glutamate release and inhibits glutamate uptake into astrocytes.
Neurochem Int. 2002;40:621-7.

Ting K, Brew B, Guillemin G. Effect of quinolinic acid on human astrocytes
morphology and functions: implications in Alzheimer’s disease. J Neuroin-

Sflammation. 2009;6:doi:10.1186/1742-2094-1186-1136.

Rios C, Santamaria A. Quinolinic acid is a potent lipid peroxidant in rat
brain homogenates. Neurochem Res. 1991;16:1139—43.
Rodriguez-Martinez E, Camacho A, Maldonado PD, et al. Effect of quino-
linic acid on endogenous antioxidants in rat corpus striatum. Brain Res.
2000;858:436-9.

Santamaria A, Galvan-Arzate S, Lisy V, et al. Quinolinic acid induces
oxidative stress in rat brain synaptosomes. Neuroreport. 2001;12:871-4.
Southgate GS, Daya S, Potgieter B. Melatonin plays a protective role in
quinolinic acid-induced neurotoxicity in the rat hippocampus. J Chem Neu-
roanat. 1998;14:151-6.

Nakao N, Brundin P. Effects of alpha-phenyl-tert-butyl nitrone on neuronal
survival and motor function following intrastriatal injections of quinolinate
or 3-nitropropionic acid. Neuroscience. 1997;76:749-61.

Nakai M, Qin ZH, Wang Y, Chase TN. Free radical scavenger OPC-14117
attenuates quinolinic acid-induced NF-kappaB activation and apoptosis in
rat striatum. Brain Res Mol Brain Res. 1999;64:59-68.

Galarraga E, Surmeier DJ, Kitai ST. Quinolinate and kainate neurotoxicity
in neostriatal cultures is potentiated by co-culturing with neocortical neu-
rons. Brain Res. 1990;512:269-76.

Khaspekov L, Kida E, Victorov I, Mossakowski MJ. Neurotoxic effect
induced by quinolinic acid in dissociated cell culture of mouse hippocampus.
J Neurosci Res. 1989;22:150-7.

Kim JP, Choi DW. Quinolinate neurotoxicity in cortical cell culture.
Neuroscience. 1987;23:423-32.

Whetsell WO, Jr., Schwarcz R. Prolonged exposure to submicromolar con-
centrations of quinolinic acid causes excitotoxic damage in organotypic cul-
tures of rat corticostriatal system. Neurosci Lett. 1989;97:271-5.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

Giulian D, Vaca K, Noonan CA. Secretion of neurotoxins by mononuclear
phagocytes infected with HIV-1. Science. 1990;250:1593-6.

Giulian D, Wendt E, Vaca K, Noonan CA. The envelope glycoprotein of
human immunodeficiency virus type 1 stimulates release of neurotoxins
from monocytes. Proc Natl Acad Sci U S A. 1993;90:2769-73.

Kerr SJ, Armati PJ, Brew BJ. Neurocytotoxity of quinolinic acid in human
brain cultures. J Neurovirol. 1995;1:375-80.

Kerr SJ, Armati PJ, Guillemin GJ, Brew BJ. Chronic exposure of human
neurons to quinolinic acid results in neuronal changes consistent with
AIDS dementia complex. A/DS. 1998;12:355-63.

Rahman A, Ting K, Cullen KM, Braidy N, Brew BJ, Guillemin GJ. The
excitotoxin quinolinic acid induces tau phosphorylation in human neurons.
PLoS One. 2009;4:¢6344.

Liang ZQ, Wang XX, Wang Y, et al. Susceptibility of striatal neurons to
excitotoxic injury correlates with basal levels of Bcl-2 and the induction of
P53 and c-Myc immunoreactivity. Neurobiol Dis. 2005;20:562-73.
Pemberton L, Churchill M, Guillemin G, Gorry PR, Brew B. Involvement
of S100B in HIV dementia. Submitted for publication. 2009.

Fulle S, Mariggio MA, Belia S, et al. Rapid desensitization of PC12 cells
stimulated with high concentrations of extracellular S100. Neuroscience.
1999;89:991-7.

Mariggio MA, Fulle S, Calissano P, Nicoletti I, Fano G. The brain pro-
tein S-100ab induces apoptosis in PC12 cells. Neuroscience. 1994;
60:29-35.

Cammer W. Oligodendrocyte killing by quinolinic acid in vitro. Brain Res.
2001;896:157-60.

Fukuoka S, Ishiguro K, Yanagihara K, et al. Identification and expres-
sion of a ¢cDNA encoding human alpha-amino-beta-carboxymuconate-
epsilon-semialdehyde decarboxylase (ACMSD). A key enzyme for the
tryptophan-niacine pathway and “quinolinate hypothesis”. J Biol Chem.
2002;277:35162—7.

Pucci L, Perozzi S, Cimadamore F, Orsomando G, Raffaelli N. Tissue
expression and biochemical characterization of human 2-amino 3-
carboxymuconate 6-semialdehyde decarboxylase, a key enzyme in trypto-
phan catabolism. FEBS J. 2007;274:827-40.

Guillemin GJ, Smith DG, Smythe GA, Armati PJ, Brew BJ. Expression of
the kynurenine pathway enzymes in human microglia and macrophages.
AdvExp Med Biol. 2003;527:105-12.

Coggan SE, Smythe GA, Bilgin A, Grant RS. Age and circadian influences
on picolinic acid concentrations in human cerebrospinal fluid. J Neuro-
chem. 2009;108:1220-5.

Foster AC, Vezzani A, French ED, Schwarcz R. Kynurenic acid blocks
neurotoxicity and seizures induced in rats by the related brain metabolite
quinolinic acid. Neurosci Lett. 1984;48:273-8.

Jhamandas K, Boegman RJ, Beninger RJ, Bialik M. Quinolinate-induced
cortical cholinergic damage: modulation by tryptophan metabolites. Brain
Res. 1990;529:185-91.

Guillemin GJ, Wang L, Brew BJ. Quinolinic acid selectively induces
apoptosis of human astrocytes: potential role in AIDS dementia complex.
J Neuroinflammation. 2005;2:16.

Guillemin GJ, Smythe G, Takikawa O, Brew BJ. Expression of indole-
amine 2,3-dioxygenase and production of quinolinic acid by human
microglia, astrocytes, and neurons. Glia. 2005;49:15-23.

Doraiswamy PM, Finefrock AE. Metals in our minds: therapeutic implica-
tions for neurodegenerative disorders. Lancet Neurol. 2004;3:431-4.
Gaeta A, Hider RC. The crucial role of metal ions in neurodegen-
eration: the basis for a promising therapeutic strategy. Br J Pharmacol.
2005;146:1041-59.

Tomioka H, Shimizu T, Tatano Y. Effects of picolinic acid on the anti-
microbial functions of host macrophages against Mycobacterium avium
complex. Int J Antimicrob Agents. 2007;29:460—4.

Manzari B, Kudlow JE, Fardin P, et al. Induction of macrophage gluta-
mine: fructose-6-phosphate amidotransferase expression by hypoxia and
by picolinic acid. /nt J Immunopathol Pharmacol. 2007;20:47-58.
Fernandez-Pol JA, Klos DJ, Hamilton PD. Antiviral, cytotoxic and apoptotic
activities of picolinic acid on human immunodeficiency virus-1 and human
herpes simplex virus-2 infected cells. Anticancer Res. 2001;21:3773-6.

International Journal of Tryptophan Research 2010:3

137


http://www.la-press.com

Davies et al

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

Guillemin GJ, Kerr SJ, Brew BJ. Involvement of quinolinic acid in AIDS
dementia complex. NeurotoxRes. 2005;7:103-23.

Kosenko E, Montoliu C, Giordano G, et al. Acute ammonia intoxica-
tion induces an NMDA receptor-mediated increase in poly(ADP-ribose)
polymerase level and NAD metabolism in nuclei of rat brain cells. J
Neurochem. 2004;89:1101-10.

Braidy N, Grant R, Adams S, Brew BJ, Guillemin GJ. Mechanism for
quinolinic Acid cytotoxicity in human astrocytes and neurons. Neurotox
Res. 2009;16:77-86.

Moffett JR, Namboodiri MA. Tryptophan and the immune response.
Immunol Cell Biol. 2003;81:247-65.

Munn DH, Mellor AL. IDO and tolerance to tumors. Trends Mol Med.
2004;10:15-8.

Guillemin GJ, Kerr SJ, Smythe GA, et al. Kynurenine pathway metabo-
lism in human astrocytes: a paradox for neuronal protection. J Neurochem.
2001;78:842-53.

Rzeski W, Kocki T, Dybel A, et al. Demonstration of kynurenine amino-
transferases I and II and characterization of kynurenic acid synthesis in
cultured cerebral cortical neurons. J Neurosci Res. 2005;80:677-82.
Wejksza K, Rzeski W, Okuno E, Kandefer-Szerszen M, Albrecht J,
Turski WA. Demonstration of kynurenine aminotransferases I and II and
characterization of kynurenic acid synthesis in oligodendrocyte cell line
(OLN-93). Neurochem Res. 2005;30:963—8.

Ting KK, Brew B, Guillemin G. The involvement of astrocytes and kyn-
urenine pathway in Alzheimer’s disease. NeurotoxRes. 2007;12:247-62.
Cherny RA, Legg JT, McLean CA, et al. Aqueous dissolution of Alzheim-
er’s disease Abeta amyloid deposits by biometal depletion. J Biol Chem.
1999;274:23223-8.

Chung KK, Dawson VL, Dawson TM. The role of the ubiquitin-
proteasomal pathway in Parkinson’s disease and other neurodegenerative
disorders. Trends Neurosci. 2001;24:S7-14.

McNaught KS, Olanow CW, Halliwell B, Isacson O, Jenner P. Failure of
the ubiquitin-proteasome system in Parkinson’s disease. Nat Rev Neurosci.
2001;2:589-94.

Gelman BB, Schuenke K. Brain aging in acquired immunodeficiency syn-
drome: increased ubiquitin-protein conjugate is correlated with decreased
synaptic protein but not amyloid plaque accumulation. J Neurovirol.
2004;10:98-108.

Haorah J, Heilman D, Diekmann C, et al. Alcohol and HIV decrease
proteasome and immunoproteasome function in macrophages: impli-
cations for impaired immune function during disease. Cell Immunol.
2004;229:139-48.

Goila-Gaur R, Strebel K. HIV-1 Vif, APOBEC, and intrinsic immunity.
Retrovirology. 2008;5:51.

Zatloukal K, Stumptner C, Fuchsbichler A, et al. p62 Is a common com-
ponent of cytoplasmic inclusions in protein aggregation diseases. Am J
Pathol. 2002;160:255-63.

Nagaoka U, Kim K, Jana NR, et al. Increased expression of p62 in
expanded polyglutamine-expressing cells and its association with polyglu-
tamine inclusions. J Neurochem. 2004;91:57—68.

Alirezaei M, Kiosses WB, Fox HS. Decreased neuronal autophagy
in HIV dementia: a mechanism of indirect neurotoxicity. Autophagy.
2008;4:963-6.

Christensen PM, Gotzsche PC, Brosen K. The sparteine/debrisoquine
(CYP2D6) oxidation polymorphism and the risk of Parkinson’s disease:
a meta-analysis. Pharmacogenetics. 1998;8:473-9.

Lee G, Bendayan R. Functional expression and localization of P-glyco-
protein in the central nervous system: relevance to the pathogenesis and
treatment of neurological disorders. Pharm Res. 2004;21:1313-30.
LamFC, LiuR, LuP, etal. Beta-Amyloid efflux mediated by p-glycoprotein.
J Neurochem. 2001;76:1121-8.

Lovell MA, Markesbery WR. Oxidative DNA damage in mild cognitive
impairment and late-stage Alzheimer’s disease. Nucleic Acids Res.
2007;35:7497-504.

Nath A, Schiess N, Venkatesan A, Rumbaugh J, Sacktor N, McArthur J.
Evolution of HIV dementia with HIV infection. /nt Rev Psychiatry.
2008;20:25-31.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

Haughey NJ, Steiner J, Nath A, et al. Converging roles for sphingolipids
and cell stress in the progression of neuro-AIDS. Front Biosci.
2008;13:5120-30.

Li W, Malpica-Llanos TM, Gundry R, et al. Nitrosative stress with HIV
dementia causes decreased L-prostaglandin D synthase activity. Neurol-
ogy. 2008;70:1753-62.

Wyss-Coray T. Inflammation in Alzheimer disease: driving force, bystander
or beneficial response? Nat Med. 2006;12:1005-15.

Walter S, Letiembre M, Liu Y, et al. Role of the toll-like receptor 4 in
neuroinflammation in Alzheimer’s disease. Cell Physiol Biochem.
2007;20:947-56.

Richartz-Salzburger E, Batra A, Stransky E, et al. Altered lympho-
cyte distribution in Alzheimer’s disease. J Psychiatr Res. 2007;
41:174-8.

Banks WA. Physiology and pathology of the blood-brain barrier: impli-
cations for microbial pathogenesis, drug delivery and neurodegenerative
disorders. J Neurovirol. 1999;5:538-55.

Bowman GL, Kaye JA, Moore M, Waichunas D, Carlson NE, Quinn JF.
Blood-brain barrier impairment in Alzheimer disease: stability and func-
tional significance. Neurology. 2007;68:1809—14.

Cameron B, Landreth GE. Inflammation, microglia, and Alzheimer’s dis-
ease. Neurobiol Dis. 2009.

Widner B, Leblhuber F, Walli J, Tilz GP, Demel U, Fuchs D. Degrada-
tion of tryptophan in neurodegenerative disorders. Adv Exp Med Biol.
1999;467:133-8.

Widner B, Leblhuber F, Walli J, Tilz GP, Demel U, Fuchs D. Tryptophan
degradation and immune activation in Alzheimer’s disease. J Neural
Transm. 2000;107:343-53.

Porter RJ, Lunn BS, O’Brien JT. Effects of acute tryptophan depletion
on cognitive function in Alzheimer’s disease and in the healthy elderly.
Psychol Med. 2003;33:41-9.

Heyes MP, Saito K, Crowley JS, et al. Quinolinic acid and kynurenine
pathway metabolism in inflammatory and non-inflammatory neurological
disease. Brain. 1992;115( Pt 5):1249-73.

Baran H, Jellinger K, Deecke L. Kynurenine metabolism in Alzheimer’s
disease. J Neural Transm. 1999;106:165-181.

Guillemin GJ, Brew BJ, Noonan CE, Takikawa O, Cullen KM. Indole-
amine 2,3 dioxygenase and quinolinic acid immunoreactivity in
Alzheimer’s disease hippocampus. Neuropathol Appl Neurobiol. 2005;
31:395-404.

Guillemin G, Brew B, Noonan CE, Knight TG, Cullen KM. Mass spec-
trometric detection of quinolinic acid in microdissected Alzheimer disease
plaques. International Congress Series. 2007;1304:404-8.

Guillemin GJ, Smythe GA, Veas LA, Takikawa O, Brew BJ. A beta
1-42 induces production of quinolinic acid by human macrophages and
microglia. Neuroreport. 2003;14:2311-5.

Aldinio C, Aporti F, Calderini G, Mazzari S, Zanotti A, Toffano G. Experi-
mental models of aging and quinolinic acid. Methods Find Exp Clin Phar-
macol. 1985;7:563-8.

Mishizen-Eberz AJ, Rissman RA, Carter TL, Ikonomovic MD, Wolfe
BB, Armstrong DM. Biochemical and molecular studies of NMDA
receptor subunits NR1/2A/2B in hippocampal subregions throughout
progression of Alzheimer’s disease pathology. Neurobiol Dis. 2004;
15:80-92.

Griffin WS, Nicoll JA, Grimaldi LM, Sheng JG, Mrak RE. The pervasive-
ness of interleukin-1 in Alzheimer pathogenesis: a role for specific poly-
morphisms in disease risk. Exp Gerontol. 2000;35:481-7.

de Leon MJ, Mosconi L, Li J, et al. Longitudinal CSF isoprostane and MRI
atrophy in the progression to AD. J Neurol. 2007;254:1666-75.
Varadarajan S, Yatin S, Aksenova M, Butterfield DA. Review: Alzheimer’s
amyloid beta-peptide-associated free radical oxidative stress and neurotox-
icity. J Struct Biol. 2000;130:184-208.

Parker WD Jr, Parks J, Filley CM, Kleinschmidt-DeMasters BK. Elec-
tron transport chain defects in Alzheimer’s disease brain. Neurology.
1994;44:1090-6.

Antinori A, Arendt G, Becker JT, et al. Updated research nosology for
HIV-associated neurocognitive disorders. Neurology. 2007;69:1789-99.

138

International Journal of Tryptophan Research 2010:3


http://www.la-press.com

Tryptophan pathways in neurodegenerative disease

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

Dore GlJ, Correll PK, Li Y, Kaldor JM, Cooper DA, Brew BJ. Changes to
AIDS dementia complex in the era of highly active antiretroviral therapy.
AIDS. 1999;13:1249-1253.

Wiley CA, Masliah E, Morey M, et al. Neocortical damage during HIV
infection. Ann Neurol. 1991;29:651-7.

Everall IP, Luthert PJ, Lantos PL. Neuronal loss in the frontal cortex in
HIV infection. Lancet. 1991;337:1119-21.

Masliah E, Achim CL, Ge N, DeTeresa R, Terry RD, Wiley CA. Spectrum
of human immunodeficiency virus-associated neocortical damage. Ann
Neurol. 1992;32:321-9.

Brew BJ, Rosenblum M, Cronin K, Price RW. AIDS dementia complex
and HIV-1 brain infection: clinical-virological correlations. AnnNeurol.
1995;38:563-70.

Kure K, Lyman WD, Weidenheim KM, Dickson DW. Cellular local-
ization of an HIV-1 antigen in subacute AIDS encephalitis using an
improved double-labeling immunohistochemical method. Am J Pathol.
1990;136:1085-92.

Brew BJ, Bhalla RB, Paul M, et al. Cerebrospinal fluid neopterin in human
immunodeficiency virus type 1 infection. AnnNeurol. 1990;28:556-60.
Brew BJ, Bhalla RB, Fleisher M, et al. Cerebrospinal fluid beta 2 micro-
globulin in patients infected with human immunodeficiency virus. Neurol-
ogy. 1989;39:8304.

Heyes MP, Brew BJ, Martin A, et al. Quinolinic acid in cerebrospinal fluid
and serum in HIV-1 infection: relationship to clinical and neurological sta-
tus. AnnNeurol. 1991;29:202-9.

Martin A, Heyes MP, Salazar AM, et al. Progressive slowing of reac-
tion time and increasing cerebrospinal fluid concentrations of quino-
linic acid in HIV-infected individuals. J Neuropsychiatry Clin Neurosci.
1992;4:270-9.

Brouwers P, Heyes MP, Moss HA, et al. Quinolinic acid in the cerebro-
spinal fluid of children with symptomatic human immunodeficiency virus
type 1 disease: relationships to clinical status and therapeutic response.
J Infect Dis. 1993;168:1380-6.

Heyes MP, Brew BJ, Saito K, et al. Inter-relationships between quinolinic
acid, neuroactive kynurenines, neopterin and beta 2-microglobulin in cere-
brospinal fluid and serum of HIV-1-infected patients. J Neuroimmunol.
1992;40:71-80.

Fuchs D, Moller AA, Reibnegger G, Stockle E, Werner ER, Wachter H.
Decreased serum tryptophan in patients with HIV-1 infection correlates
with increased serum neopterin and with neurologic/psychiatric symp-
toms. J Acquir Immune Defic Syndr. 1990;3:873—6.

Huengsberg M, Winer JB, Gompels M, Round R, Ross J, Shahmanesh M.
Serum kynurenine-to-tryptophan ratio increases with progressive disease
in HIV-infected patients. Clin Chem. 1998;44:858—62.

Valle M, Price RW, Nilsson A, Heyes M, Verotta D. CSF quinolinic acid
levels are determined by local HIV infection: cross-sectional analysis
and modelling of dynamics following antiretroviral therapy. Brain.
2004;127:1047-60.

Fuchs D, Gisslen M, Larsson M, Norkrans G, Hagberg L, Wachter H.
Increase of tryptophan in serum and in cerebrospinal fluid of patients
with HIV infection during zidovudine therapy. Adv Exp Med Biol.
1996;398:131-4.

Achim CL, Heyes MP, Wiley CA. Quantitation of human immunodefi-
ciency virus, immune activation factors, and quinolinic acid in AIDS
brains. J Clin Invest. 1993;91:2769-75.

Bara H, Hainfellner JA, Kepplinger B, Mazal PR, Schmid H, Budka H.
Kynurenic acid metabolism in the brain of HIV-1 infected patients. J Neural
Transm. 2000;107:1127-38.

Rigby M, Le Bourdelles B, Heavens RP, et al. The messenger RNAs for
the N-methyl-D-aspartate receptor subunits show region-specific expres-
sion of different subunit composition in the human brain. Neuroscience.
1996;73:429-47.

Griffin DE, McArthur JC, Cornblath DR. Neopterin and interferon-gamma
in serum and cerebrospinal fluid of patients with HIV-associated neuro-
logic disease. Neurology. 1991;41:69-74.

Tyor WR, Glass JD, Griffin JW, et al. Cytokine expression in the brain during
the acquired immunodeficiency syndrome. AnnNeurol. 1992;31:349-60.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

Eugenin EA, D’Aversa TG, Lopez L, Calderon TM, Berman JW. MCP-1
(CCL2) protects human neurons and astrocytes from NMDA or HIV-tat-
induced apoptosis. J Neurochem. 2003;85:1299-311.

Grant RS, Naif H, Thuruthyil SJ, et al. Induction of indolamine
2,3-dioxygenase in primary human macrophages by human immunodefi-
ciency virus type 1 is strain dependent. J Virol. 2000;74:4110-5.

Patel CA, Mukhtar M, Pomerantz RJ. Human immunodeficiency
virus type 1 Vpr induces apoptosis in human neuronal cells. J Virol.
2000;74:9717-26.

Magnuson DS, Knudsen BE, Geiger JD, Brownstone RM, Nath A. Human
immunodeficiency virus type | tat activates non-N-methyl-D-aspartate
excitatory amino acid receptors and causes neurotoxicity. Ann Neurol.
1995;37:373-80.

Cheng J, Nath A, Knudsen B, et al. Neuronal excitatory properties
of human immunodeficiency virus type 1 Tat protein. Neuroscience.
1998;82:97-106.

Smith DG, Guillemin GJ, Pemberton L, et al. Quinolinic acid is produced
by macrophages stimulated by platelet activating factor, Nef and Tat.
J Neurovirol. 2001;7:56-60.

Lipton SA. Requirement for macrophages in neuronal injury induced by
HIV envelope protein gp120. Neuroreport. 1992;3:913-5.

Tai YF, Pavese N, Gerhard A, et al. Microglial activation in presymptom-
atic Huntington’s disease gene carriers. Brain. 2007;130:1759-66.

Pavese N, Gerhard A, Tai YF, et al. Microglial activation correlates with
severity in Huntington disease: a clinical and PET study. Neurology.
2006;66:1638-43.

Beal MF, Kowall NW, Ellison DW, Mazurek MF, Swartz KJ, Martin JB.
Replication of the neurochemical characteristics of Huntington’s disease
by quinolinic acid. Nature. 1986;321:168-71.

Schwarcz R, Whetsell WO Jr, Mangano RM. Quinolinic acid: an endog-
enous metabolite that produces axon-sparing lesions in rat brain. Science.
1983;219:316-8.

Reynolds GP, Pearson SJ, Halket J, Sandler M. Brain quinolinic acid in
Huntington’s disease. J Neurochem. 1988;50:1959-60.

Schwarcz R, Tamminga CA, Kurlan R, Shoulson I. Cerebrospinal fluid
levels of quinolinic acid in Huntington’s disease and schizophrenia. Ann
Neurol. 1988;24:580-2.

Reynolds GP, Pearson SJ. Increased brain 3-hydroxykynurenine in Hun-
tington’s disease. Lancet. 1989;2:979-80.

Guidetti P, Schwarcz R. 3-Hydroxykynurenine and quinolinate: patho-
genic synergism in early grade Huntington’s disease? Adv Exp Med Biol.
2003;527:137-45.

Guidetti P, Bates GP, Graham RK, et al. Elevated brain 3-hydroxykyn-
urenine and quinolinate levels in Huntington disease mice. Neurobiol Dis.
2006;23:190-7.

Zadori D, Klivenyi P, Vamos E, Fulop F, Toldi J, Vecsei L. Kynurenines
in chronic neurodegenerative disorders: future therapeutic strategies.
J Neural Transm. 2009;116:1403-9.

Stoy N, Mackay GM, Forrest CM, et al. Tryptophan metabolism and
oxidative stress in patients with Huntington’s disease. J Neurochem.
2005;93:611-23.

Jauch D, Urbanska EM, Guidetti P, et al. Dysfunction of brain kynurenic
acid metabolism in Huntington’s disease: focus on kynurenine aminotrans-
ferases. J Neurol Sci. 1995;130:39-47.

Beal MF, Matson WR, Swartz KJ, Gamache PH, Bird ED. Kynurenine
pathway measurements in Huntington’s disease striatum: evidence for
reduced formation of kynurenic acid. J Neurochem. 1990;55:1327-39.
Sapko MT, Guidetti P, Yu P, Tagle DA, Pellicciari R, Schwarcz R. Endoge-
nous kynurenate controls the vulnerability of striatal neurons to quinolinate:
Implications for Huntington’s disease. Exp Neurol. 2006;197:31-40.
Sugars KL, Rubinsztein DC. Transcriptional abnormalities in Huntington
disease. Trends Genet. 2003;19:233-8.

Giorgini F, Moller T, Kwan W, et al. Histone deacetylase inhibition modu-
lates kynurenine pathway activation in yeast, microglia, and mice express-
ing a mutant huntingtin fragment. J Biol Chem. 2008;283:7390-400.
Shaw PJ. Molecular and cellular pathways of neurodegeneration in motor
neurone disease. J Neurol Neurosurg Psychiatry. 2005;76:1046-57.

International Journal of Tryptophan Research 2010:3

139


http://www.la-press.com

&,

Davies et al
212. Ilzecka J, Kocki T, Stelmasiak Z, Turski WA. Endogenous protectant 222. Ogawa T, Matson WR, Beal MF, et al. Kynurenine pathway abnormalities
kynurenic acid in amyotrophic lateral sclerosis. Acta Neurol Scand. in Parkinson’s disease. Neurology. 1992;42:1702—6.
2003;107:412-8. 223. Knyihar-Csillik E, Csillik B, Pakaski M, et al. Decreased expression of
213. Chen Y, Stankovic R, Cullen KM, et al. The Kynurenine Pathway and kynurenine aminotransferase-I (KAT-I) in the substantia nigra of mice
Inflammation in Amyotrophic Lateral Sclerosis. Neurotox Res. 2009. after 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) treatment.
214. Hirsch EC, Hunot S. Neuroinflammation in Parkinson’s disease: a target Neuroscience. 2004;126:899-914.
for neuroprotection? Lancet Neurol. 2009;8:382-97. 224. Luchowski P, Luchowska E, Turski WA, Urbanska EM. 1-Methyl-4-
215. Schwarcz R, Kohler C. Differential vulnerability of central neurons of the phenylpyridinium and 3-nitropropionic acid diminish cortical synthesis of
rat to quinolinic acid. Neurosci Lett. 1983;38:85-90. kynurenic acid via interference with kynurenine aminotransferases in rats.
216. Krige D, Carroll MT, Cooper JM, Marsden CD, Schapira AH. Plate- Neurosci Lett. 2002;330:49-52.
let mitochondrial function in Parkinson’s disease. The Royal Kings and 225. Knyihar-Csillik E, Chadaide Z, Mihaly A, Krisztin-Peva B, Fenyo R,
Queens Parkinson Disease Research Group. Ann Neurol. 1992;32:782-8. Vecsei L. Effect of 6-hydroxydopamine treatment on kynurenine amino-
217. Schapira AH, Cooper JM, Dexter D, Clark JB, Jenner P, Marsden CD. transferase-1 (KAT-I) immunoreactivity of neurons and glial cells in the rat
Mitochondrial complex I deficiency in Parkinson’s disease. J Neurochem. substantia nigra. Acta Neuropathol. 2006;112:127-37.
1990;54:823-7. 226. Kikuchi S, Kim SU. Glutamate neurotoxicity in mesencephalic dopami-
218. Beal MF. Mitochondrial dysfunction in neurodegenerative diseases. nergic neurons in culture. J Neurosci Res. 1993;36:558-69.
Biochim Biophys Acta. 1998;1366:211-23. 227. Wu HQ, Rassoulpour A, Schwarcz R. Effect of systemic L-DOPA admin-
219. McGeer PL, Itagaki S, Boyes BE, McGeer EG. Reactive microglia are pos- istration on extracellular kynurenate levels in the rat striatum. J Neural
itive for HLA-DR in the substantia nigra of Parkinson’s and Alzheimer’s Transm. 2002;109:239-49.
disease brains. Neurology. 1988;38:1285-91. 228. Shytle RD, Mori T, Townsend K, et al. Cholinergic modulation of microglial
220. Damier P, Hirsch EC, Zhang P, Agid Y, Javoy-Agid F. Glutathione peroxi- activation by alpha 7 nicotinic receptors. J Neurochem. 2004;89:337—43.
dase, glial cells and Parkinson’s disease. Neuroscience. 1993;52:1-6. 229. Park HJ, Lee PH, Ahn YW, et al. Neuroprotective effect of nicotine on

221.

Brochard V, Combadiere B, Prigent A, et al. Infiltration of CD4+ lympho-
cytes into the brain contributes to neurodegeneration in a mouse model of
Parkinson disease. J Clin Invest. 2009;119:182-92.

dopaminergic neurons by anti-inflammatory action. Eur J Neurosci.
2007;26:79-89.

every scientist working in your field can

“I would like to say that this is the most author-friendly

“The communication between your staff and me has
been terrific. Whenever progress is made with the

Your paper will be:

Publish with Libertas Academica and

read your article

editing process | have experienced in over 150
publications. Thank you most sincerely.”

manuscript, | receive notice. Quite honestly, I've
never had such complete communication with a
Jjournal.”

“LA is different, and hopefully represents a kind of
scientific publication machinery that removes the
hurdles from free flow of scientific thought.”

° Available to your entire community
free of charge
Fairly and quickly peer reviewed
Yours! You retain copyright

http://www.la-press.com

140

International Journal of Tryptophan Research 2010:3


http://www.la-press.com
http://www.la-press.com

