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Glutamate released by activated microglia induces excito-neurotoxicity and may contribute to neurodegen-
eration in numerous neurological diseases including ischemia, inflammation, epilepsy, and neurodegenera-
tive diseases. We observed that the gap junction blocker carbenoxolone (CBX) or the glutaminase inhibitor 6-
diazo-5-oxo-t-norleucine (DON) decreased glutamate release from activated microglia and rescued neuronal
death in a dose-dependent manner in vitro, In gerbils, treatment with CBX or DON also prevented the
delayed death of hippocampal neurons following transient global ischemia. Thus, blockade of microglial
glutamate release may be an effective therapeuric strategy against neurodegeneration after ischemic injury,

© 2008 Elsevier Inc. All rights reserved.

Currently, thrombeolysis is the main treatment for ischemic brain
damage. Neuroprotective drugs are required to prevent subsequent
neurodegeneration (Goldstein, 2007). Microglial activation is a
putative cause of neurodegeneration in various neurological disorders
including ischemia, inflammation, epilepsy, and neurodegenerative
diseases (Block et al., 2007; Kreutzberg, 1996; Nelson et al., 2002),
Activated microglia release large amounts of glutamate that induce
excito-neurotoxicity (Barger and Basile, 2001; Piani et al, 1992;
Takeuchi et al, 2005). Thus, inhibiting microglial activation is a
candidate therapeutic approach for these diseases. However, micro-
glia also exert neuroprotective effects including release of neurotro-
phins, uptake of glutamate, and sequestration of neurotoxic
substances (Kempermann and Neumann, 2003). Therefore, any
therapeutic approach should inhibit the deleterious effects of
microglia without diminishing their protective role. Recently, we
demonstrated that activated microglia produce glutamate via gluta-
minase and release it through hemichannels of gap junctions
(Takeuchi et al. 2006). Here, we investigated whether the gap
junction blocker or the glutaminase inhibitor that decrease microglial
glutamate release also prevent neuronal death in vitro and in vivo in a
rodent model of transient ischemic brain injury.

All protocols were approved by the Animal Experiment Committee
of Nagoya University. All reagents except those otherwise specified
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were obtained from Sigma. Microglia were prepared from newborn
C57BL/6] mice with the ‘shaking off method as described previously
(Suzumura et al., 1987). Microglia were cultured in 24-well dishes at a
density of 5%10" cellsfwell. Neuronal cultures were prepared from
C57BL/6) mice at embryonic day 17 as described previously (Takeuchi
et al., 2005). Activated microglia treated with 1 g/mi lipopolysacchar-
ide (LPS) were incubated with each drug at the following concentra-
tions: NMDA receptor antagonist, 10 M MK801 (Calbiochem); AMPA/
kainate receptor antagonist, 20 M CNQX (Calbiochem); P2X receptor
antagonist, 100 M PPADS; glutaminase inhibitor, 0.01-1 mM 6-diazo-
5-oxo-L-norleucine (DON); gap junction inhibitor, 1-100 M carbe-
noxolone disodium (CBX); Connexin (Cx) 32 mimetic peptide,
0.25 mg/l **gap 27 (Thermo Electron GmbH): Cx43 mimetic peptide,
0.25 mg/l “gap 27 (Thermo Electron GmbH). After a 24-h incubation,
microglia conditioned medium was applied to each well containing
5x10* neurons at 10-13 days in vitro. Evaluations of neuronal damage
were performed 24 h after medium exchange.

The neuritic beading, an early feature of neuronal damage, was
assessed under a phase-contrast microscopy 24 h after stimulation as
described previously (Takeuchi et al., 2005). Cell death was evaluated
by dye-exclusion with propidium iodide (Molecular Probes) as
described previously (Takeuchi et al,, 2002). To measure extracellular
glutamate concentrations, we used the Glutamate Assay Kit colori-
metric assay (Yamasa Corporation, Tokyo, Japan) as described
previously (Takeuchi et al., 2005). Each assay was carried out in six
independent trials.

Adult male Mongolian gerbils {Kyudo Co,, Ltd., Fukuoka, Japan), 10-
12 weeks old and weighing approximately 70 g (n=>5 per group), were
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anesthetized with sevoflurane. Global forebrain ischemia was produced
transiently by occluding both common carotid arteries for 5 min using
aneurysm clips as described previously (Imai et al., 1999). CBX or DON
was administered intraperitoneally every other day from the day of
ischemia at each dosage (CBX: 0.2, 2, or 20 mg/kg: DON: 0.016, 0.16, or
1.6 mg/kg). Control animals were injected with the equal volume of

vehicle, phosphate-buffered saline (PBS). Seven days after ischemia,
gerbils were anesthetized and transcardically perfused with 4%
paraformaldehyde in PBS. The brains were removed, frozen in liquid
nitrogen, and embedded in O.C.T. compound (Tissue Tek, Elkhart, IN).
Sections (8 m) were stained with haematoxylin and eosin. To assess
the effect of drug treatment on delayed neuronal death, we counted the
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neurons, and frequency of dead neurons, Microglial glutamate induced neuritic beading and subsequent neuronal death. I!!oduﬁc qux'JZ hemichannel or NMDA receptor reduced
microglial neurotoxicity, which revealed that activated microglia release glutamate from Cx32 hemichannels of gap junctions and microgiial giutamate elicits neurotoxicity via NMDA
receptor signaling. Both CBX and DON diminished microgiial ity in a dose-dependent manner. *p<0.05 versus NT. 'p<0.05 versus 1 M. "p<0.05 versus 10 M. (C) HE
staining of gerbil hippocampal CAL Normal, normal control, PBS, ischemic brain treated with PES. CBX, ischemic brain treated with CBX at 02, 2, or 20 mg/kg. DON, ischemic brain
treated with DON at 0,016, 0.16, or 1.6 mg/kg. Scale bar, 100 m. (D) Density of surviving neurons in hippocampal CA1. Hippocampal CA| neurons underwent delayed neuronal death
7 days after ischemia. Both CBX and DON decreased neuronal death in a dose-dependent manner. *p<0.001 versus PBS. 'p-:D.OOL
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number of surviving neurons per 100 m in the hippocampal CAl
region under a deconvolution microscope system (Biozero, Keyence,
Tokyo, Japan). All results were analyzed by one-way ANOVA with a
Tukey-Kramer post-hoc test. The values represent the means+S.D.
We previously demonstrated that neuritic beading, focal bead-
like swellings in dendrites and axons, is an early pathological
feature of neuronal dysfunction that precedes neuronal death
(Takeuchi et al., 2005). LPS-treated microglia released large amounts
of glutamate and induced numerous beads in most neurites
followed by neuronal death in vitro (Fig. 1A). This neuronal damage
was almost completely abolished by the NMDA receptor antagonist
MK801, not by AMPA/kainate antagonist CNQX nor P2X receptor
antagonist PPADS (Fig. 1B). These findings were in consistent with
our previous reports that microglial neurotoxicity is mediated
primarily by NMDA receptor signaling (Takeuchi et al, 2005).
Blockade of Cx32 with *gap27 strikingly diminished microglial
glutamate release and subsequent neurotoxicity whereas blockade
of Cx43 with “*gap27 did not (Fig. 1B). These data were in accord
with our previous report that Cx32 hemichannel of gap junction is a
principal source of glutamate release from microglia (Takeuchi et al.,
2006). Treatment with the gap junction blocker CBX or the
glutaminase inhibitor DON effectively suppressed LPS-induced

inflammatory drug; DON, antitumor drug) but may also decrease
neurodegeneration mediated by microglia following brain ischemia
with minimum adverse side effects.
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Abstract

Alteration of tryptophan (TRP) metabolism elicited by proinflammatory cytokines has gained attention as a new concept 10
explain the etiological and pathophysiological mechanisms of major depression. The kynurenine (KYN) pathway, which is
initiated by indoleamine 2,3-dioxygenase (IDQ), is the main TRP metabolic pathway. It shares TRP with the serotonin
(5-HT) pathway. Proinflammatory cytokines induce IDO under stress, promote the KYN pathway, deprive the 5-HT
pathway of TRP, and reduce 5-HT synthesis. The resultant decrease in 5-HT production may relate to Ihe monoamine
hypothesis of major depression. Furthermore, metabolites of the KYN pathway have r c/ rotective activities;
3-hydroxykynurenine and quinolinic acid are neurotoxic, whereas kynurenic acid is neuropmtecﬁve The hippocampal
atrophy that appears in chronic depression may be associated with imbalances in ic/neuroprotective activities.
Because proinflammatory cytokines also activate the hypothalamo-pituitary-adrenal (HPA) axis, these imbalances may inhibit
the hippocampal negative feedback system. Thus, changes in the TRP metabolism may also relate to the HPA axis-
hyperactivity hypothesis of major depression. In this article, we review the changes in TRP merabolism by proinflammatory

cytokines under stress, which is assumed to be a risk factor fm‘ major dep 1, and the relationship between physiological
risk factors for major depression and proinfl Iry Cyt

Keywords: Stress, depression, proinfl 'y cytokines, tryptophan, kynurenine, serotomin

Introduction tryptophan 5-monooxygenase (Ichiyama et al. 1970;

tryptophan hydroxylase (TPH); Figure 1). Most TRP,

Changes in the metabolism of the essential amin.o acid i.c., ~99% of dietary intake, is metabolized by the
m'@hm (.TRP).’ play an important r?lc n Lh‘c former pathway (Stone and Darlington 2002).
brmn—cnfiocrme-mx_mme system interaction ‘_h‘“ 15 Immunological challenges such as proinflammatory
hypothesized to be involved in the pathophysiology  cyrokines (IL-1, IFN-a, IFN-y, and TNF-a) induce

of major depression. Two main pathways metabolize
TRP: one is the kynurenine (KYN) pathway, which is
iniriated by the enzyme indoleamine 2,3-dioxygenase
(IDO) (Hirata et al. 1974), and the other is the
serotonin (5-HT) pathway, initiated by the enzyme
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IDO activity (Stone and Darlington 2002; Konsman
et al. 2002; Widner et al. 2002; Moffett and
Namboodiri 2003; Myint and Kim 2003; Wichers
and Maes 2004). Because proinflammatory cytokines
can induce depressive symptoms, cytokine-induced
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Figure 1. Kynurenine and serotonin pathways of tryg li ATP, Ad ine triphosph 5-HT, in; 5-HIAA,

S-hydroxyindoleacetic acid; NAD, nicotinamide adenine dinucleotide.

IDO activation may be associated with the etiology of
major depression (Konsman er al. 2002; Widner et al.
2002; Wichers and Maes 2004). Activated IDO
metabolizes TRP to KYN, and may thereby deprive
TPH of its substrate, TRP (Figure 2). Thus, the
activated KYN pathway may further inhibit the 5-HT
pathway (Konsman et al. 2002; Widner et al. 2002;
Myint and Kim 2003; Wichers and Maes 2004). The
monoamine hypothesis, one of the main etological
hypotheses of depression, proposes that a decrease
in monoamine levels in the central nervous system
(CNS) is related to the onset and symptoms of
depression (Delgado 2004; Owens 2004). Indeed,
lowering 5-HT function by TRP depletion has a
mood-lowering effect in the subgroups of recovered

Figure 2. Immunological activarion and tryptophan metabolism in
the brain. In the macrophages and/or microglia, activated
MR holi Thus, die

2’, 4 SRS ICL bl L 4 r‘_
&y ine pathway deprives the in pathway of uryptophan.
+, activation; -, inhibition. 3-OH KYN, 3-hydroxykynurenine;
5-HTP, 5-hydroxy tryptophan; 5-HT, in; 5-HIAA,
5-hydroxyindoleacetic acid; DO, indol i 2 3-di

IFN, interferon; IL, interieukin; KYN, ky ine; KYNA,
kynurenic acid; NMDA, N-methyl-D-aspartate; NO, nitric oxide;
QUIN, quinolinic acid; TNF, tumor necrosis factor; TRP,
tryptophan.

depressed patients, patents with seasonal affective
disorder and vulnerable healthy subjects (Van der
Does 2001), In the 1970s and 1980s, to clarify the
relationship between the amount of KYN metabolites
and symptoms of depression, urine levels of xanthure-
nic acid (XA), which is metabolized from 3-OH KYN
(Figure 1), was examined in depressed patients. The
excretion of XA after ingestion of TRP was increased
in depression, and improvement in XA excretion
preceded clinical improvement (Hoes and Sijben
1981). Thus, the induction of IDO activity elicited by
proinflammatory cytokines that inhibits 5-HT syn-
thesis may be closely related to the eriological
monoamine hypothesis of depression.

The monocyte—"T-lymphocyte hypothesis has been
proposed to explain the relationship between major
depression and immunological activities (Smith 1991;
Maes et al. 1995). This theory suggests that the high
levels of IL-1 released from activated macrophages
directly stimulate the release of corticotrophin-releasing
factor (CRF) from the paraventricular nucleus (PVN) in
the hypothalamus. Furthermore, IL-6 can also account
for hypothalamo-pituitary-adrenal (HPA)-axis abnorm-
alities, due to its direct action on the hypothalamus,
again stimulating the release of CRF (Maes eral. 1995).
Thus, the HPA-axis hyperactivity hypothesis, which
proposes a relationship between HPA-axis hyperactivity
and depression (Schule 2007), is closely related to the
above-mentioned changes elicited by immunological
activation. Both the monoamine and the HPA-axis
hyperactivity hypotheses are central to etiological and
pathophysiological hypotheses of major depression
(Maes et al. 1995; Konsman et al. 2002; Myint and
Kim 2003).

Of the metabolites in the KYN pathway (Figure 1),
3-hydroxy kynurenine (3-OH KYN) and quinolinic
acid (QUIN) have neurotoxic effects while kynurenic
acid (KYNA) has a neuroprotectve effect (Myint and
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Kim 2003; Wichers and Maes 2004). Imbalance in the
neurodegenerative and neuroprotective activities of
KYN pathway metabolites may be linked to hippo-
campal atrophy in chronic depression, which plausibly
relates to HPA-axis hyperactivity in depression. In
gerbils, systemic immune activation induces brain IDO
and increased brain and CSF QUIN, whereas brain
activity of kynurenine aminotransferase (KAT), which
converts KYN to KYNA, and the CSF KYNA level are
unchanged. Consequently, the QUIN/KYNA ratio in
CSF is increased (Saito et al. 1993). D retrovirus
infection increases the QUIN/KYNA ratio in the CSF
macaques with simian acquired immune deficiency
syndrome (SAIDS) (Heyes et al. 1990). In humans,
IFN-ue therapy revealed that an increase in the serum
KYN/KYNA ratio is significantly associated with
the severity of depression (Wichers et al. 2005). In
patients with major depression, plasma KYNA and the
1000 x KYNA/KYN ratio are decreased (Myint et al.
2007). Thus, the neurodegeneration process under
stress may be more pronounced due to reinforcement
by the neurotoxic effect of high QUIN levels
(Myint and Kim 2003).

Although the activation of the KYN pathway has
been reported in depression elicited by IFN-« therapy
(Bonaccorso ct al. 2002; Capuron et al. 2002, 2003;
Wichers et al. 2005), the therapy is not the typical
cause of clinical depression. The onset of clinical
depression is more often elicited by social environ-
ment and psychological stress (Kendler et al. 1993;
Paykel 1994).

In rthis arricle, we review the changes in TRP
metabolism under physiological conditions and
immunological challenge. An interaction between
TRP metabolism and neuroendocrine/immune sys-
tems is proposed in relation to the etiological
hypotheses of depression. To establish and test this
hypothesis, it is important to examine changes in TRP
metabolism under physiological conditions which are
known to be risk factors for depression and to compare
them with those elicited by IFN-a therapy.

Stress and brain tryptophan metabolism

An alteration of TRP metabolism is a good indicator
of clinical depression elicited by immunological
challenges (Bonaccorso et al. 2002; Capuron et al.
2002, 2003; Wichers et al. 2005) but stress also alters
brain TRP metabolism.

Brain tryptophan uptake in
and immunological challenge
Stress as well as immune challenges are known
to elevate brain TRP levels. In animals, immobiliz-
ation stress, food deprivation, exercise, and footshock
increase brain TRP levels. Furthermore, immuno-
logical challenges such as IL-1 and lipopolysaccharide

to acute siress

(LPS), which are known to activate the HPA axis,
increase the brain TRP in mice (Dunn 1988a) and rats
(Kabiersch et al. 1988). Because stress-related
changes in brain TRP occur even in adrenalectomized
rats (Curzon et al. 1972) and mice (Dunn 1988b),
they are not dependent on adrenocortical activation.
Activation of the sympathetic nervous system is
responsible for the increase in brain TRP (Dunn and
Welch 1991).

Two related mechanisms increase TRP level in the
brain (Figure 3). TRP is the only essential amino acid
that binds to albumin (Pardridge 1998). In plasma,
most TRP binds to albumin, so free TRP is only a
small fracdon (McMenamy 1965). One mechanism
regulating brain TRP levels is the level of circulating
free fatty acid (FFA), under control of the sympathetic
nervous system. Stress and physical exercise (Chaoul-
off 1997) increase plasma FFA level via the
sympathetic outflow, and then FFA binds to albumin.
Because this binding reduces TRP affinity for
albumin (McMenamy 1965), the increase in FFA
levels inhibits TRP binding to albumin and increases
free TRP levels in the plasma (Curzon et al. 1973;
Striider et al. 1999; Figure 3). The other mechanism
regulating brain TRP levels is the competition
between TRP and the so-called “large neutral”
amino acids (LNAAs), which include aromatic
amino acids and branched-chain amino acids, at the
uptake site of the blood-brain barrier (BBB). The
plasma TRP/LNAA ratio, rather than the TRP level,
regulates TRP uptake activity at the BBB (Fernstrom
and Wurtman 1972; Chaouloff 1997; Striider et al.
1999; Figure 3). Thus, elevation of the TRP/LNAA
ratio increases the brain uptake of TRP, and thereby
increases brain TRP level.

Finally, stress may increase the brain TRP level.
Our recent darta (Miura et al. in press) suggest that
20-min novelty stress in mice, namely, exposure to an
environment that the animal has not experienced
before, elevates brain TRP levels, Thus, psychological
stress possibly increases the brain TRP uptake in
humans.

Acure stress and alteration of brain tryptophan metabolism

Acute psychological as well as physiological stress may
alter brain TRP metabolism to activate the brain KYN
pathway by induction of IDO.

IDO activity in the brain is present in neurons as
well as in microglia and astrocytes (Guillemin et al.
2004; Roy et al. 2005).

In rats, physiological stress such as foorshock
increases brain TRP, KYN, KYNA and 3-OH KYN
levels of rats (Pawlak et al. 2000). Brain TRP levels range
from about 10 to 40 nmol/g, whereas those of KYN
range from about 400 to 1200 pmol/g. Further, brain
levels of KYNA range from about 20 to 40 pmol/g, and
those of 3-OH KYN from about 40 to 80pmol/g
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Plasma B.B.B. Brain

Figure 3. Regulation of plasma level and brain uprake of tryp

Stress and i

chall clevate the brain TRP level. Stimulation

of the B-ad gic system i

FFAs. FFAs bind to albumin, releasing TRP from alt

umin, Increased plasma TRP el the

TRP/LNAAs ratio. Thus, the ransporter system in the BBB for the uptake into the brain selects TRP rather than LNAAs, Another plasma
TRF modulation relates to inflammation. The IRS activates the HPA axis to increase glucocorticoids, consuming TRP and other peripheral
amino acids to produce plasma-positive APPs and to reduce plasma negative APPs such as albumin that bind TRP. Thus, HPA axis activity
may also play a role in the modulation of plasma TRP levels. APPs, acute-phase proteins; BBB, blood - brain barrier; FFA, free fatty acid; HPA

axis, hypothal y-adrenal axis; IRS, infl ¥ resp

; LNAA, large neutral amino acid; TRP, wyptophan.

(Pawlak et al. 2000). Thus, brain TRP levels are far
greater than those of KYN, KYNA, and 3-OH KYN. As
physiological stress is able to increase brain TRP levels
via increase of TRP uptake across the BBB, the increase
in TRP transfer with stress may compensate for the
decrease in TRP elicited by the conversion of TRP 10
KYN. Thus, brain IDO activity may be effective in
physiological stress conditions without apparent
immunological challenge. Qur recent data (Miura et al.
in press) suggest that 20-min novelty stress, i.e.,
exposure of animals to a condition they have never
experienced before, elevated brain KYN levels as well as
TRP levels without changing the KYN/TRP rato.
Thus, IDO may play a role in the elevation of the KYN
level, accompanied by an increased TRP level elicited by
acute psychological stress. Further, novelty stress
decreased the 5-HT/TRP ratio. Thus, novelty stress
shifted the balance berween the KYN and the 5-HT
pathways away from 5-HT.

However, influences of chronic and/or repeated
stress on brain TRP metabolism, which may relate to
the etology of human depression, should be examined
further.

Stress and proinflammatory cytokines

Exposure to stressors such as psychological stress
activates the production of proinflammatory cytokines
in humans. Psychological stress, specifically, an

academic examination for medical students, signifi-
cantly increases blood proinflammatory cytokines
(Maes et al. 1998).

The brain-immune system interaction forms a
bidirectional communication network, i.e., from the
peripheral immune system to the brain and vice versa
(Black 1994; Maier 2003). Peripherally activated
proinflammatory cytokines released from macro-
phages signal to the brain via both humoral and
neural routes. Because proinflammatory cytokines are
relatively large and hydrophilic molecules, they are
unlikely to cross the BBB by passive diffusion. They
pass through the circumventricular organs (CVOs)
and choroid plexus, and enter the brain parenchyma,
At the CVOs, IL-1B induces, as a second messenger,
the formation of prostaglandin E2, a small lipophilic
molecule that is able to diffuse freely (Maier 2003).
Furthermore, in addition to passive diffusion across
the BBB, proinflammatory cytokines may enter the
brain by active transport mechanisms (Banks et al.
1995; Watkins et al. 1995; Schiepers et al. 2005).
Saturable transport mechanisms have already been
identified for IL-1p, IL-1a, IL-6, and TNF-a (Banks
etal. 1995). IL-1p also acts on glial cells in the CVOs,
meninges, and choroid plexus to stimulate the
production of IL-1B. Thus, IL-1p further induces de
nove IL-1B production by glial cells in a paracrine
manner in the brain. This process can propagate the
IL-1p signal to distant regions (Maier 2003),
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Cytokine signaling to the brain by neural routes
involves the vagus nerve. IL-1p released from cells
located near vagal afferent terminals can activate
nerve impulses. However, the vagus may not be the
only nerve that can provide this communication
function (Maier 2003).

In addirion, the newly synthesized IL-1 in the brain
activates both the HPA axis and the sympathetic nervous
system in response to peripheral immune stimulation
(Maier 2003). Furthermore, cytokines that are pro-
duced in the brain enter the peripheral circulation.

An overlap between neurochemical changes elicited
by stressors and immune challenges has been
frequently noted. Stressors may activate peripheral
host-defensive responses, if they elicit bidirectional,
immune—brain and brain-immune communication.
Stressors such as inescapable shock activate macro-
phage functions for several days. Novel environmental
stress such as exposure to an “open field” increases
IL-6 release from macrophages in rats (LeMay et al.
1990). Psychological stress increases [L-1, I1L-6, sIL-
2R, and cortisol concentrations in human subjects
(Schulte et al. 1994). In the brain, acute stress indeed
increases the IL-1 content (Minami et al. 1991;
Shintani et al. 1995; Nguyen et al. 1998). Moreover,
central and peripheral proinflammatory cytokine
expression elicited by acure stress is region- and
cytokine-specific (O’Connor et al. 2003). Previous
exposure to a stressor increases LPS-stimulated IL-1§
production (Johnson et al. 2002). Thus, stress may
sensitize microglia to respond in a heightened
fashion to a subsequent peripheral immune stimulus
(Frank et al. 2007).

Furthermore, CRF may play a role in the interaction
between a stressor and the production of proinflamma-
tory cytokines (Leonard 2005). As CRF receptors are
present on most immune cells such as the resident
macrophages of the mouse spleen, human monocytes,
macrophages, and T-lymphocytes (Schiifer et al. 1997),
stressors may increase proinflammatory cytokines via
CREF receprtor stimulation (Leonard 2005).

Proinflammatory cytokines and tryptophan
metabolism

Proinflammatory cytokines induce IDO activity.
Subsequent activation of the KYN pathway results
in TRP depletion that inhibits cell growth and
proliferation, and the 5-HT biosynthesis (Figure 2).
As described above, metabolites in the KYN pathway
have a neurotoxic or neuroprotective activity (Figure 1).
3-OH KYN and QUIN have a neurotoxic effect,
whereas KYNA has a neuroprotective effect (Myint and
Kim 2003; Wichers and Maes 2004). Some of the
destructive properties of 3-OH KYN might be caused
by its metabolism to 3-hydroxyanthranilic acid, which
can undergo auto-oxidation with the formation of
superoxide anions (Okuda et al. 1996; Stone and

Darlington 2002; Wichers and Maes 2004). QUIN has
the property of being a selective N-methyl-D-aspartate
(NMDA) receptor agonist (Stone and Darlington 2002;
Myint and Kim 2003; Wichers and Maes 2004). A
recent in vitro study reported that QUIN reduces
antioxidant defenses in the cerebral cortex (Leipnitz
et al. 2005). In contrast, KYNA may have neuropro-
tective properties because it has the properties of a
NMDA recepror antagonist and could have agonist
properties on nicotinic acetylcholine (nACh) receptors
such as the a7-nACh receptor (Stone and Darlington
2002; Myint and Kim 2003). The ratio of
QUIN/KYNA is increased in the CSF of macaques
with SAIDS (Heyes et al. 1990). Systemic immune
activation in gerbils induces brain IDO, with no change
in KAT activity, so the ratio of QUIN/KYNA in CSF
increases (Saito etal. 1993), Human microglia as well as
macrophages produced KYN and QUIN in cultures
activated by IFN-y (Heyes et al. 1996). These findings
suggest that immunological challenges including a
direct application of IFN-y activate the KYN pathway
and QUIN production in the CNS, but do not affect
KYNA production.

Thus, the balance of neurotoxic and neuroprotec-
tive activities of these metabolites of TRP may play an
important role in the pathogenesis of neurodegenera-
tive disease involving depression.

Proinflammatory cytokines and the HPA axis

As described above, proinflammatory cytokines activate
the HPA axis (Maier 2003; Figure 4). IL-1 is a porent
stimulus of CRF synthesis, which supports the
activation of the HPA axis (Black 1994; Leonard
2001). The production of prostaglandins (PGs) of the
E2 series (PGE2s) at the level of the BBB transmits
messages from the cytokines (Konsman et al. 2002).
Synthesis of PGE2 is dependent on the induction of
cyclooxygenase 2 (COX-2) and PGE synthase
expressed in endothelial cells of the cerebral blood
vessels and possibly perivascular macrophages. PGE2
activates the CRF neurons of the PVN. These processes
activate the HPA axis (Konsman et al. 2002).

Further, the proinflammartory cytokine IFN-y
induces IDO expression in hypothalamic and pituitary
cells (Tu et al. 2005). The activated IDO in these cells
may produce 3-OH KYN and QUIN, which may
result in neurodegenerative changes in the HPA axis.
Hippocampal atrophy and subsequent inhibition of
the negative feedback activity in the HPA axis in
chronic depression might be associated with chronic
exposure to these neurotoxic products of TRP.

Proinflammatory cytokines and brain
monoamines

Proinflammatory cytokines act on brain monoamine
systems in a cytokine- and region-specific mannerin a




Downloaded By: [Nagoya University] At: 13:24 14 May 2008

Depression and the kynurenine pathway 203

fcrr
tacTH
1 Glucocorticoid

Neuron

Figure 4. Regulation of brain KYN pathway and HPA axis by stress and immunological challenges. Stress and immune challenges activate

the KYN pathway and the HPA axis. Proinfl y cytoki
HPA axis. Furthermore, proinfi kines at the

activate the KYN pathway via induction of IDO, wt they stimulate the

feedb "oonm:ll of the HPA axis. ACTH, adrenocorticotropic

hormoene; CRF, corticotropin releasing flc:or 5-HIAA, S-hydmxymdnlncmc acid; HPA nm, hyporhuiumo-pltulury -adrenal axis; 5- l-l'l"

serotonin; 5-HTTP, 5-hydroxy tryptop l'DO.

KYNA, kynurenic acid; 3-OH KYN, 3-hydroxyky ine; QUIN, g

2 ‘5-d.|n:ryg:nuc, IRS, i

3, k

linic acid; TRP, trypmph.m, TPH n'yptophan hydmylal:

complex way (Zalcman et al. 1994), As described
above, proinflammatory cytokines may reduce the
activity of 5-HT pathway by promoting the KYN
pathway due to activation of IDO, Although a single
i.p. INF-a injection has no significant effect on
the levels of monoamines and their metabolites
or monoamine turnover, repeated i.p. injection
significantly decreases both dopamine (DA) and
3,4-dihydroxyphenylacetic acid levels in the mouse
brain (Shuto et al. 1997). Acute intracerebroventri-
cular infusion of INF-a increases 5-HT turnover in
the prefrontal cortex and increases DA turnover in the
hippocampus, while pre-treatment with diclofenac, a
non-steroidal anti-inflammatory drug prevents these
neurochemical responses in rats (De La Garza Il et al,
2003). Chronic i.p. administration of INF-a to rats
reduces DA levels in the prefrontal cortex, decreases
5-HT levels, and increases 5-HT rturnover in the
amygdala (De La Garza II et al. 2005). In other
experiments, although chronic i.p. administration of
INF-a to rats increases 5-HT turnover in the frontal
cortex, hippocampus, amygdala, thalamus, hypothala-
mus, and brainstem, these treatments do not alter
5-HT transporter mRNA level (Sato et al. 2006).
Acute 1.p. injection of IL-la to rats increases 5-HT
release from the CAl region of the hippocampus,
whereas this treatment decreases norepinephrine
(NE) release (Broderick 2002), IL-2 increases
hypothalamic and hippocampal NE utlizadon and
DA turnover in the prefrontal cortex, whereas IL-6
induces profound elevations of 5-HT and mesocortical
DA activity in the hippocampus and prefrontal cortex
(Zalcman et al. 1994).

Thus, although the effects of cytokines on brain
monoamines are complex, these changes in the
activities of brain monoamine systems elicited by
proinflammatory cytokines may be related to the
etiology and pathophysiology of depression.

Proinflammatory cytokines and depression

It is now generally accepted that psychological stress
and psychiatric illness can compromise immune
functions (Leonard 2001). There is strong evidence
to suggest that changes in cytokine levels outside the
brain cause changes in cytokine expression and
activity in the brain. Conversely, cytokine changes in
the brain elicit responses outside the brain (Dantzer
et al. 1999), Proinflammatory cytokines induce
neuroendocrine and behavioral changes similar to
depression in animal models (Dantzer et al. 1999),
and immune therapy using proinflammmatory cytokines
causes depressive symptoms in human subjects
(Bonaccorso et al. 2002; Capuron et al. 2002, 2003;
Wichers et al. 2005). In additon, changes in the
immune system activity, especially the increased levels
in proinflammatory cytokines, are found in human
depressive patients (Smith 1991; Maes et al. 1995).
Thus, depression may now be considered a disorder
that is closely related to dysfunction in the immune—
endocrine system (Leonard 2001).

Proinflammatory cytokines induce neuroendocrine
and behavioral changes in animals that appear similar
to those in depressed patients (Dantzer et al. 1999).
In terms of neurochemical changes, proinflammatory
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cytokines increase the production of CRF, which can
escape glucocorticoid negative feedback. In terms of
behavioral changes, the anhedonia and helplessness
that may be produced by proinflammatory cytokines
are considered two essential features of a major
depressive episode with melancholia.

An i vitro study has shown that the antidepressants
clomipramine, sertraline, and trazodon at concen-
trations of 10"°M (similar to the plasma concen-
trations during clinical treatment) markedly reduce
the proinflammatory cytokine IFN-y, but increase the
immune-inhibiting cytokine IL-10 release from
human blood (Song 2000). Other studies showed
that different antidepressants significantly inhibit
proinflammatory cytokine secretion from human
monocytes activated by LPS and increase the
production of anti-inflammatory cytokines (Xia et al.
1996; Kubera et al. 2000). In contrast, ex mvo data
collected in depressed patients are much less
demonstrative, probably because of the heterogeneity
of the patients and their clinical conditions (Haack
eral. 1999). However, these actions of antidepressants
in in vitro studies may help to explain the suppressive
effects of antidepressants on proinflammatory cyto-
kine production in vive and on the immune function in
depression (Song 2000; Castanon et al. 2002). The
existence of 5-HT receptors on human immunocytes
suggests a potential mechanism for the immune
activity of antidepressants (Maes 2001). 5-HT
significantly suppresses the production of IFN-v,
whereas the common activity of other antidepressants
is to increase IL-10 secretion (Maes 2001)., Thus, the
suppressive effects of antidepressive drugs on the IFN-
y/IL-10 ratio are probably not related to the direct
effects of 5-HT. Another possible mechanism of 5-HT
revolves around cAMP. 5-HT stimulates 5-HT
receptors on immunocytes and increases the intra-
cellular levels of cAMP by a direct actvadon of
adenylyl cyclase. Increased intracellular cAMP levels
are considered to play a critical role in the production
of IL-10 and IFN-y (Maes 2001). Indeed, tricyclic
antidepressants (T'CAs) as well as selective serotonin
reuptake inhibitors (SSRIs) significantly elevate
intracellular cAMP levels in T-lymphocytes and
monocytes (Xia et al. 1996). However, the exact
mechanisms by which antidepressants exert their
effects on proinflammatory cytokine production are
still unknown.

Proinflammatory cytokines and the monoamine hypothesis
of depression

As described above, the increase in proinflammatory
cytokines in depression and the depressive symptoms
following their administration may change brain
monoamine system activity. Proinflammatory cyto-
kines have been implicated in the alteration of
presynaptic 5-HT as well as NE activities in the

brain regions assumed to be involved in major
depression, including the prefrontal cortex, hypo-
thalamus, hippocampus, and amygdala (Zalcman etal.
1994; Broderick 2002; De La Garza II et al. 2003,
2005; Schiepers et al. 2005; Sato et al. 2006). Thus,
possible explanations for the association between
proinflammatory cytokines and dysfunction of mono-
aminergic systems in depression have been proposed.
Proinflammatory cytokines regulate 5-HT transporter
activity (Ramamoorthy et al. 1995; Mossner et al.
1998) and/or the number or sensitivity of postsynaptic
5-HT receptors, including the 5-HT,;, and 5-HT ;5
receptors (Abe et al. 1999). In addition, proinflam-
matory cytokines stimulate COX-2 actvity and
thereby increase the synthesis of PGE2. Thus, an
increase in the plasma and cerebrospinal fluid PGE2
levels reported in depressed patients may contribute to
dysfunction in the release and uptake of brain
monoamines by impeding the release of the amines
(Leonard 2001).

Thus, activation of the inflammatory response
system (IRS) and administration of proinflammatory
cytokines may induce depressive symptoms through,
among other mechanisms, their modulation of the
5-HT system (Bonaccorso et al, 2000).

Proinfl tory cytokines and HPA axis-hyperactivity
hypothesis of depressi

The best-documented changes in biological psychia-
try are the increase in the activity of the HPA axis
and glucocorticoid resistance in depressed patients
(Dantzer et al. 1999). Proinflammatory cytokines
might play a causal role in depression mainly because
they provide another stimulatory input to the CRF
system. The monocyte—T-lymphocyte hypothesis
(Smith 1991; Maes et al. 1995) proposes that
activated macrophages play a role in the clinical
onset and pathophysiology of major depression, and
suggests that high levels of IL-1 released from
activated macrophages directly stimulate CRF release
by the PVN neurones in the hypothalamus. According
to this theory, cytokines would increase the reactivity
of the HPA axis to external stressors by inducing the
expression of vasopressin, another ACTH secretago-
gue, in parvocellular CRF neurons of the PVN. The
chronically increased CRF release can by itself alter
the production and action of brain cytokines (Dantzer
et al. 1999). Proinflammatory cytokines activate the
HPA axis and increase the release of glucocorticoids,
which have strong immunosuppressive effects. Thus,
the immunosuppression observed in major depression
may be due to HPA axis hyperactvity elicited by
proinflammatory cytokines and/or stress. The reci-
procal relationships between HPA axis activity and the
immune system may participate in the pathophysiol-
ogy of major depression (Maes et al. 1995).
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HPA axis activity and TRP availability, including plasma
TRP level and TRP entry into the brain

The synthesis of 5-HT in the brain is directly
dependent on brain TRP levels. In animals, trypto-
phan 2,3-dioxygenase (TDO; Hayaishi et al. 1957),
another metabolizing enzyme of TRP, is induced by
hydrocortisone. Although there is no direct evidence
of TDO induction by steroids in humans, this effect
may mediate a reduction in TRP availability in
response to hypercortisolaemia (Porter et al. 2004;
Figure 3). As described above, brain TRP levels are
mainly regulated by two mechanisms, competitive
binding to plasma albumin with FFA and competition
with LNAA at the BBB (Figure 3). Because
glucocorticoid treatment induces hepatic and brain
tyrosine aminotransferase, which is the major tyro-
sine-degrading enzyme (Hirota et al. 1985), tyrosine
levels may also be altered by glucocorticoid levels
(Porter et al. 2004). Further, tyrosine is one of the
competing LNAAs at the BBB. Thus, glucocorticoid
levels may regulate plasma TRP levels and TRP entry
into the brain in a complex manner.

Glucocorticoids are known to attenuate the plasma
TRP level and the TRP/LNAA ratio. However, the
effects of glucocorticoids on TRP availability in
healthy volunteers remain controversial. In healthy
volunteers, dexamethasone significantly decreases
plasma TRP and tyrosine levels as well as the plasma
TRP/LNAA ratio (Maes et al. 1990a). One study
reported that dexamethasone does not alter plasma
TRP levels (Porter et al. 1999), whereas another study
revealed that hydrocortisone significantly decreases
plasma TRP (Bhagwagar et al. 2002). In depressive
patients, dexamethasone also significantly decreases
plasma TPP levels and the plasma TRP/LNAA ratio
(Maes et al. 1990a,b). In recovered depression
patients, hydrocortisone also suppresses plasma TRP
levels (Bhagwagar et al. 2002). Furthermore, patients
with major depression and melancholia exhibit
significantly lower TRP availability than patients
with minor depression (Maes et al. 1990b). Thus,
acute administration of glucocorticoids may suppress
the availability of TRP (Figure 3).

In addition, cortisol responses to dexamethasone
are significantly and negatively associated with TRP
availability (Maes et al. 1987, 1990c). However, there
is no correlation between TRP/LLNAA ratios and basal
cortisol output (Maes et al. 1990b,c; Porter et al.
2004). Some other studies suggested that there is no
significant difference in the plasma basal TRP levels
between controls and depressed subjects (Cowen and
Charig 1987; Price etal. 1991), although these studies
did not measure LNAA levels or the TRP/LNAA
ratio. Thus, the suppression of TRP availability in
depression may relate to a dysfunction of the HPA axis
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feedback mechanism rather than to the basal level of
glucocorticoids (Porter et al. 2004).

The mechanism underlying the attenuation in TRP
availability in depression remains unknown. However,
the direction of alteraton in TRP availability reveals a
decrease contrary to the increase in response to acute
stress (Figure 3). Acute stress and immunological
challenges elevate plasma TRP and the TRP/LNAA
ratio, whereas glucocorticoid rtreatment and
depression suppress these measures. These findings
suggest that peripheral TRP availability in response to
acute stress and immunological challenge causes
changes via the B-adrenergic system in the normal
physiological condition butr via the HPA axis in
depression, although the possibility that the TRP
changes caused by stress or proinflammatory cyto-
kines have nothing to do with the onset of depression
remains to be examined. Furthermore, these changes
in depression may be associated with HPA axis
feedback mechanism dysfunction rather than a
deficiency in the basal level of glucocorticoids (Porter
2004), Stress-induced peripheral immune activation,
or IRS, may induce peripheral IDO and/or TDO, and
may consume TRP and other peripheral amino acids
to produce positive acute-phase proteins (APPs) such
as haptoglobin and C-reactive protein (Schiepers et al.
2005). In addition, the inflammation process reduces
plasma-negative APPs such as albumin, which bind 10
TRP (Figure 3). These alterations may modulate the
increase in TRP availability in response to acute stress,

Prolonged and/or repeated exposure to stressful life
events often precedes the onsert of clinical depression.
Thus, prolonged adaptation to these stresses may have
a consumed ability to protect against new stress on the
body and brain, i.e., allostatic load (McEwen 2004).
Breakdown of the physiological adjustment system
which increases the plasma TRP level, TRP/LNAA
ratio, and brain TRP uprake in response to acute stress
may result in the suppression of TRP availability.

Clinical major depression and tryptophan metabolism

All the above-described results suggest that proin-
flammatory cytokines induce depression. Some
studies have indicated a correlation between the
severity of depressive symptoms and serum TRP
decrease and/or KYN increase in depression induced
by cytokine therapy (Bonaccorso et al. 2002; Capuron
etal. 2002, 2003). In the study of women in pregnancy
and delivery, depression and anxiety symptoms in the
early puerperium are causally related to an increased
catabolism of TRP into KYN (Maes et al. 2002; Kohl
et al. 2005). These changes in the plasma TRP and
KYN/TRP ratio were significantly related to those in
the IL-6 level (Maes et al. 2002).

In patients with major depression, the secretion of
proinflammatory cytokines from activated macro-
phages and the synthesis of APPs from the liver are
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increased (Leonard 2001). In studies evaluating
plasma TRP and LNAA together with indices of
immune functions, patients with depression show
decreased plasma TRP levels and TRP/LNAA
ratios. Plasma TRP levels negatively correlate to
IL-6 production (Maes et al. 1993). Furthermore,
depressed subjects have significantly lower serum
TRP and albumin levels (Maes et al. 1996). These
studies suggest that lower TRP availability to the brain
in depression is related o immune responses and
lower serum albumin (Maes et al. 1993, 1996).

In recent years, imbalance in the neurodegenerative
and neuroprotective activities of KYN pathway
metabolites has been revealed as an aspect of
depression. IFN-a therapy revealed that a long-term
increase of the serum KYN/KYNA ratio, reflecting
neurotoxic challenge, is significantly associated with a
higher total Montgomery Asberg Depression Rating
Scale (MADRS) score (Wichers et al. 2005). Further,
plasma KYNA and the neuroprotective ratio, 1000 X
KYNA/KYN, are decreased in patients with major
depression (Myint et al. 2007). These studies suggest
that the amount and ratio of the neuroprotective
metabolite, KYNA, of the KYN pathway are lower in
depressive patients. Indeed, patients with major
depression who experienced no apparent immuno-
logical challenge as well as depressive patients induced
by IFN-o showed a decrease in the KYNA level, Thus,
a shift in the balance between the neurotoxic and
neuroprotective activities of the KYN pathway toward
the former may be associated with the etiology of
depression.

Effects of antidepr s on the altered ryptoph
metabolism

Although clinical findings support the alteration of
TRP metabolism in depression, there is only scant
evidence directly indicating the effects of antidepress-
ants in restoring these changes in TRP metwbolism.
One study reported that paroxetine, an SSRI, did not
suppress changes in KYN and neopterin levels elicited
by IFN-a therapy in patients with malignant
melanoma (Capuron et al. 2003). Further studies
evaluating the responses of TRP metabolism to
different types of antidepressants in patients with
depression as well as in animal models are needed to
clarify the role of TRP metabolism in the etiology
and/or pathophysiology of depression.

Summary

In the present review, we explained how changes in
TRP metabolism may be involved in the etiology and
pathophysiology of depression. Because physiological
and/or psychological stress as well as immunological
challenges activate the IRS, and then induce proin-
flammatory cytokine expression both in the periphery

and in the brain, these cytokines may induce and
activate peripheral and brain IDO. The activated IDO
metabolizes TRP into KYN, and shifts the balance
between the KYN and 5-HT pathways of TRP
metabolism to the former, Thus, the TRP available for
5-HT synthesis is reduced, and the subsequent 5-HT
depletion in the brain may result in depression. The
5-HT shortage caused by IDO activation as well as
presynaptic and postsynaptic modulation of the 5-HT
system by proinflammatory cytokines may be associ-
ated with the monoamine hypothesis of depression.
Furthermore, downstream of the activated KYN
pathway, the balance of neuroprotective/neurotoxic
metabolites may be important; 3-OH KYN and
QUIN are neurotoxic, whereas KYNA is neuropro-
tective. Thus, an imbalance in these metabolites may
cause neurodegenerative changes such as hippocam-
pal atrophy in depression. Also, the activation of the
HPA axis elicited by proinflammatory cytokines may
be closely related to the HPA axis-hyperactivity
hypothesis of depression. IRS activation elicited
by stress and immunological challenges may thus
provide the link between the monoamine and
HPA axis-hyperactivity hypotheses of depression via
proinflammatory cytokine-induced changes in TRP
metabolism. Further accumulation of evidence that
directly reveals that IDO induction, a shift in the
balance between the KYN and 5-HT systems toward
the former, and/or a shift in the balance between the
neurotoxic and neuroprotective activities of the KYN
pathway toward the former, elicited by physiological
and psychological risk factors for depression such as
prolonged and repeated exposure to stressful life
events would provide support for the importance of
the activation of the KYN pathway in the etiology of
depression.
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