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Abstract

Chronic inflammation in physically ill patients is often associated with the development of

symptoms of depression. The mechanisms that are responsible for inflammation-associated

depression have been elucidated over the last few years. Kynurenine produced from tryptophan in

a reaction catabolized by indoleamine 2,3 dioxygenase is transported into the brain where it is

metabolized by microglial enzymes into a number of neurotropic compounds including quinolinic

acid, an agonist of N-methyl-D-aspartate receptors. Quinolinic acid can synergize with glutamate

released by activated microglia. This chain of events opens the possibility to treat inflammation-

induced depression using therapies that target the transport of kynurenine through the blood-brain

barrier, the production of quinolinic acid and glutamate by activated microglia, or the efflux of

glutamate from the brain to the blood.

Inflammation is associated with an increased prevalence of major

depressive disorders

Major depressive disorders are characterized by a combination of symptoms that interfere

with the patient’s inability to function normally. These symptoms as defined by DSM-IV

include persistent depressed mood or irritability, decreased interest or pleasure in most

activities, changes in appetite, sleep and activity, fatigue or loss of energy, feelings of guilt

and worthlessness, diminished ability to think and concentrate, and suicidality. According

the World Health Organization, major depressive disorders are the second largest burden of

disease in the developed world and a leading cause of disability (http://www.who.int/

mediacentre/factsheets/fs369/en/index.html). The limited knowledge on the pathophysiology

of major depressive disorders remains an important obstacle for the development of

effective preventive and curative therapies.

Several converging sources of evidence point to a role for inflammation in the development

of symptoms of depression. This is particularly the case in physically ill patients with

chronic inflammation as the prevalence of depression in this population can be up to three
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times higher than in the general population.1–3 In addition, depression in physically ill

patients is associated with increased rates of morbidity and mortality. Several lines of

evidence confirm the biological nature of the association between inflammation and

depression. At the clinical level, symptoms of depression are associated with elevated

circulating levels of biomarkers of inflammation such as C-reactive protein and interleukin-6

(IL-6).4,5 The strongest evidence in favor of a causal role of inflammation in the

development of depression comes from the observation that cytokine immunotherapy based

on chronic administration of interferon-alpha (IFNα) and/or interleukin-2 (IL-2) to patients

with kidney cancer or melanoma with metastasis induces an episode of depression in a

significant proportion of patients.6,7 The development of depression is gradual, starting with

neurovegetative symptoms akin to sickness (fatigue, loss of appetite, sleep disorders) and

culminating with psychological and cognitive symptoms of depression.8 Further evidence

for a role of inflammation in depression comes from the observation that administration of

an antagonist of the proinflammatory cytokine tumor necrosis factor-alpha (TNFα) was

found to attenuate depressed mood in patients with psoriasis9 and in patients with major

depressive disorders and elevated C-reactive protein.10

Inflammation induces depression by activating the tryptophan degrading

enzyme indoleamine 2,3 dioxygenase (IDO)

The mechanisms by which inflammation induces depression have been studied at the

preclinical level using acute and chronic activation of the immune system in murine models

of depression-like behavior.11 Acute administration of the cytokine inducer

lipopolysaccharide (LPS) via the intraperitoneal route increases the duration of immobility

in the forced swim test and the tail suspension test; two behavioral tests that are commonly

used to detect the anti-depressant properties of drugs.11 LPS also decreases preference for

sucrose when rodents are presented with two bottles, one that contains tap water and the

other a solution of sucrose at a concentration close to the detection threshold.11 This

decrease in sucrose preference is interpreted as evidence for anhedonia; the inability to

experience reward, which is a key feature of depression. The same effects are observed in

animals of which the immune system is chronically stimulated such as during infection with

the attenuated form of Mycobacterium bovis, Bacillus Calmette-Guerin.12 As activation of

the peripheral immune system is typically associated with behavioral signs of sickness

including decreased motor activity and reduced food and water intake, it was important to

show that depression-like behavior is not just another expression of sickness. In patients

treated chronically with cytokines, there is a temporal dissociation between sickness and

depression, with symptoms of sickness appearing first in response to inflammation and

symptoms of depression developing later.13 This temporal dissociation also occurs in animal

models of inflammation-induced depression. Signs of sickness appear within 1 to 2 hours in

lipopolysaccharide-treated mice. They last for several hours and are usually gone by 24 h.

However, mice still show at this time depression-like behavior in the form of increased

immobility in the forced swim test and in the tail suspension test as well as reduced

preference for a sucrose solution when given the choice between water and a normally

preferred sucrose solution.11 Given that sickness is temporally dissociated from depression-

like behavior, it is possible to explore the molecular mechanisms that underpin the transition
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from sickness to depression-like behavior. Proinflammatory cytokines such as IFNγ and

TNFα activate indoleamine 2,3 dioxygenase (IDO).14–16 This ubiquitous enzyme

metabolizes tryptophan along the kynurenine pathway. Activation of IDO leads to a

decrease in circulating levels of tryptophan and an increase in circulating levels of

kynurenine.17 IDO activation is an important mechanism for the down-regulation of the

immune response, as cytotoxic T cells need tryptophan to proliferate and exert their

cytotoxic activity. Activation of IDO mediates the development of inflammation-induced

depression-like behavior but not the occurrence of sickness. Inhibition of activation of IDO

by administration of the competitive inhibitor of IDO, 1-methyl tryptophan, abrogated LPS-

induced depressive-like behavior but not LPS-induced sickness responses nor LPS-induced

cytokine expression.16 In the same manner, genetic deletion of ido1, the gene that codes for

IDO, blocked the development of depressive-like behavior induced by inoculation of

Bacillus Calmette-Guerin but had no influence on sickness.15

Clinical studies have also contributed greatly towards exposing IDO activation by cytokines

as a primary mechanistic candidate. As mentioned above, there is temporal dissociation in

the development of symptoms of sickness and depression in patients treated with IFNα. 8

Neurovegetative symptoms of sickness develop in response to the very first injections of

IFNα whereas psychological symptoms of depression including anhedonia, feelings of

worthlessness and suicidal ideation take longer to emerge. Secondly, patients treated with

IFNα exhibit decreased circulating levels of tryptophan. This association between enhanced

tryptophan degradation and depression has been confirmed in several clinical studies in

psychiatric as well as in physically ill patients.18–24

Activation of IDO induces depression-like behavior by a glutamatergic-

dependent mechanism

IDO-dependent degradation of tryptophan along the kynurenine pathway can lead to

depression either via decreased bioavailability of the essential amino acid tryptophan for the

synthesis of serotonin or increased formation of cytotoxic kynurenine metabolites.

Tryptophan is an essential amino acid and its bioavailability is a limiting factor for the

synthesis of serotonin. It is therefore tempting to speculate that the IDO-dependent decrease

in circulating tryptophan leads to reduced brain serotoninergic neurotransmission. However,

the decrease in blood tryptophan that takes place during inflammation does not translate into

decreased brain tryptophan.24,25 An increase in brain tryptophan together with an enhanced

turnover of serotonin is actually observed instead in rodents of which the peripheral immune

system is activated. Another way serotoninergic neurotransmission can be detrimentally

affected is via the up-regulation of the brain serotonin transporter SERT. Proinflammatory

cytokines increase the expression of SERT via a mitogen-activated protein kinase p38

pathway. Genetic deletion of SERT abrogates the depression-like behavioral effects of

LPS,26,27 although contradictory results concerning the ability of cytokines to stimulate

SERT have been reported.28

An alternative hypothesis to that of the tryptophan starvation hypothesis is the formation of

potentially neurotoxic kynurenine metabolites downstream of IDO.29 Kynurenine is further

metabolized to 3-hydroxy kynurenine, a potent free radical donor, and quinolinic acid, a
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NMDA receptor agonist (Figure 1). Elevated levels of quinolinic acid have been associated

with low grade systemic inflammation and suicide attempts in patients with major

depression.30,31

The possibility that NMDA receptor activation mediates major depressive disorders stems

from the many clinical observations of an improvement in the symptoms of depression such

as suicidal ideation and a decrease in the severity of scores on several validated depressive

inventories in response to intravenous injection of the NMDA receptor antagonist

ketamine. 32–34 Animal studies confirm that ketamine has anti-depressant properties, as

demonstrated by the decrease in immobility in rats submitted to the forced swim test.35,36

To test the possibility that NMDA receptor activation also mediates the development of

inflammation-induced depression, ketamine was administered at very low doses to mice

treated with LPS.25 Ketamine was administered at the dose of 6 mg/kg either in a preventive

manner, just before LPS, or in a curative manner, 10 h after the administration of LPS. In

both cases ketamine abrogated LPS-induced depression-like behavior without altering the

cytokine response to LPS. To confirm that the blockade of the NMDA receptor was

responsible for the antidepressant-like effects of ketamine in LPS-treated mice, we

conducted a subsequent experiment in which we pretreated mice with the α-amino-3-

hydroxy-5-methylisoxazole-4-propionic acid (AMPA) receptor antagonist 2,3-dihydroxy-6-

nitro-7-sulfamoyl-benzo(f)quinoxaline-2,3-dione (NBQX). NBQX blocked the increase in

AMPA receptor glutamatergic neurotransmission after NMDA receptor antagonism by

ketamine and thus restored LPS-induced decreased sucrose preference. These findings

indicate that the formation of brain NMDA receptor agonists compounds during systemic

inflammation is responsible for the development of LPS-induced depression.25

The blood-brain barrier plays an active role in immune-to-brain

communication

The ketamine experiments described in the previous paragraph demonstrate that LPS-

induced depression like behavior is mediated by NMDA receptor activation but they do not

inform on the nature and origin of the compounds that activate NMDA receptors. During

systemic immune activation IDO is activated both at the periphery and in the brain. In

studies that were carried out in the late 1980s and early 1990s, Heyes and colleagues already

noted that the decrease in blood tryptophan in response to systemic LPS is associated with

an increase in brain tryptophan and brain serotonin turnover.37 The decrease in blood

tryptophan was caused by IDO and not by hepatic tryptophan 2,3 dioxygenase as the activity

of this last enzyme was actually decreased in response to LPS. Increased brain kynurenine

was proposed to derive from peripheral kynurenine.38 This hypothesis was confirmed by

experiments carried out in gerbils using tritiated kynurenine. In the normal brain up to 78%

of kynurenine derives from the blood. During systemic inflammation nearly all of brain

kynurenine derives from circulating kynurenine.39

The blood-brain barrier strictly regulates the transport of blood-borne substances into the

brain. This is particularly the case for tryptophan and kynurenine whereas kynurenine

metabolites are almost exclusively formed in situ.29,40 Tryptophan and kynurenine enter the
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brain via a sodium-independent large neutral amino-acid transporter known as System L

(see Figure 2).41,42 This transporter is composed of two subunits, a heavy glycoprotein

chain, CD98, and one catalytic chain known as large neutral amino acid transporter,

LAT-1.41,42 Although it should be theoretically possible to block the entry of kynurenine

into the brain by targeting LAT-1 during systemic inflammation to prevent inflammation-

induced depression, this has not yet been tested.

The blood-brain barrier can be circumvented when inflammation develops locally in the

brain. This can be mimicked by direct administration of LPS in the brain. LPS administered

into the lateral ventricle of the brain was found to activate brain but not peripheral IDO and

this was associated with the development of depression-like behavior.43 IDO activation was

responsible for the development of LPS-induced depression-like behavior as depression-like

behavior was abrogated in mice in which ido1 had been genetically deleted as well as in

mice treated with the competitive antagonist of IDO, 1-methyl tryptophan.44

Quinolinic acid might not act alone but require glutamate as a co-factor

Based on the data presented above inflammation-induced depression should be amenable to

treatment by targeting the development of inflammation (e.g., cytokine or cytokine signaling

pathways antagonists), the formation of peripheral kynurenine (e.g., IDO antagonist) or the

transport of kynurenine into the brain (e.g., competing amino acids). This strategy would

certainly work at its best when it is deployed in a preventive manner before depression

occurs. Once depression has developed, another strategy aiming at repairing the inflamed

brain needs to be put in place.

Quinolinic acid should a priori be a druggable target, by blocking its formation or

antagonizing its effect on NMDA glutamatergic receptors. The neurotoxic activity of

quinolinic acid has been known for more than 30 years and its role in the pathophysiology of

Huntington’s disease has been explored intensively over the last two decades.29 However, it

is not clear that inflammation-induced quinolinic acid is the sole culprit in the development

of LPS-induced depression as endogenous quinolinic acid is elevated but does not reach

neurotoxic concentrations during inflammation. According to microdialysis studies,

neurotoxicity can be achieved only when quinolinic acid is infused in the brain at

concentrations that are 10 to 100 fold the concentrations that are reached during

neuroinflammation.45

If quinolinic acid alone is not sufficient to induce excitotoxicity, its effect could be

potentiated by other endogenous neurotoxic factors. An obvious candidate is the potent

radical oxygen species donor 3-hydroxy kynurenine as the brain levels of this metabolite

increase considerably in response to LPS.25 However, the fact that targeting NMDA

receptor activation with ketamine fully abrogates LPS-induced depression does not support a

possible role of 3-hydroxy kynurenine in inflammation-induced depression.

Another potential candidate is glutamate. Activated microglia are able to release large

quantities of glutamate as demonstrated by Adriano Fontana in the early 1990s.46 Activated

microglial cells and macrophages uptake extracellular glutamine that is metabolized to

glutamate via glutaminase.47,48 Microglial glutamate is then released via the connexin
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hemichannels of gap junctions that form in vivo in response to brain injury and in vitro in

response to inflammatory mediators (Figure 3).49

In the absence of cellular aggregates allowing the formation of gap junctions between

microglial cells, the release of microglial glutamate occurs via a transporter known as

system xc
− that transports cystine into the cell in exchange for glutamate.50,51 System xc

−

consists of two protein components, a 4F2 heavy chain and the xCT protein responsible for

transport activity. The entry of cystine into the cell is necessary for the intracellular

synthesis of glutathione and the preservation of the redox status of the cell. Activation of

system xc
− during neuroinflammation functions as an endogenous antioxidant response as

the cystine influx helps maintain intracellular glutathione concentrations and the shuttling of

cystine and cysteine at the membrane supports a redox cycle.52 Oxidative stress is likely to

increase further during IDO activation due to the enhanced production of two kynurenine

metabolites that are potent generators of radical oxygen species, 3-hydroxykynurenine53 and

3-hydroxyanthranilic acid.54 This should result in further activation of system xc
− and

increased extracellular release of glutamate. The enhanced release of glutamate in exchange

with cystine would then contribute to excitotoxicity especially if the astrocytic excitatory

amino acid transporter (EAAT)1 is down-regulated by inflammation as proposed by Takaki

et al. based on the results of studies carried out on a mixed culture of astrocytes and

microglia.50

Most of the data concerning the involvement of the system xc
− antiporter in the neurotoxic

properties of glutamate released by activated microglia have been obtained in vitro. The

possibility that system xc
− is also activated in vivo by LPS has been recently confirmed.51

Non-traumatic injections of low doses of LPS with a micropipette into the spinal cord

activated microglia and this was associated with upregulation of xCT specifically in

microglia. The resulting neuronal loss was greatly enhanced when cystine was co-injected

with LPS.

Based on these findings, it can be proposed that system xc
− converts oxidative stress to

excitotoxic stress in the context of IDO activation. This would be the main source for the

release of microglial glutamate as microglia aggregates are unlikely to form in a non-injured

brain. Blockade of system xc
− is probably not the suitable target for breaking the chain of

events leading to inflammation-induced depression. It runs the risk of increasing IDO

expression and activation as reported in human dendritic cells.55 This would result in an

enhanced production of kynurenine and ultimately quinolinic acid. An alternative strategy is

to favor the efflux of glutamate from the brain to the blood using the blood glutamate

scavenging technique.

Is blood glutamate scavenging a viable strategy to alleviate inflammation-

induced depression?

Brain extracellular levels of glutamate are normally in the micromolar range but they can

increase up to 100 fold in conditions of excitotoxicity.56 Astrocytes express EAAT1 and

EAAT2 that enable them to uptake the excess of glutamate and convert it to glutamine via

glutamine synthetase. However, when glutamate is released by activated microglia this
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mechanism is not sufficient to compensate for the increased extracellular levels of glutamate

in astrocytes.50 The elevation in astrocytic glutamate levels results in a decreased expression

of astrocytic EAAT1 that leads to further elevations in extracellular concentrations of

glutamate.50

Another important mechanism for the clearance of brain extracellular glutamate is

represented by the efflux of glutamate from the brain interstitial fluid into the blood. The

brain-to-blood efflux of glutamate can be evidenced by the increased circulating levels of

glutamate that is observed in response to an intracerebral microinjection of glutamate.57 The

brain-to-blood efflux of glutamate is dependent on the transport of glutamate from the brain

extracellular fluid into brain endothelial cells through EAATs that are expressed on the

abluminal or brain side of the endothelium.58 This process is facilitated by the presence of

astrocytes at the blood-brain barrier level and their ability to release glutamate in close

proximity to endothelial cells.59 Glutamate taken up by endothelial cells is then released into

the blood by facilitative glutamate transporters present on the luminal or blood side of the

endothelium. The efficacy of this mechanism is limited by the relatively high levels of blood

glutamate, about 40 micromoles per liter. An efficient way to substantially enhance the

brain-to-blood efflux of glutamate is to accelerate the degradation of glutamate in the blood

by administering oxaloacetate that activates glutamic oxaloacetic transaminase (GOT) and

transforms glutamate into 2-ketoglutarate and oxaloacetate into aspartate.60 Blood glutamate

scavenging can be enhanced further by adding recombinant GOT to oxaloacetate.61,62 The

ability of blood glutamate scavenging to decrease brain glutamate levels was demonstrated

in vivo in a model of brain ischemia in the rat using magnetic resonance spectroscopy.63 The

neuroprotective effect of blood glutamate scavenging has been confirmed in a number of

experimental conditions associated with high brain concentrations of glutamate, such as

traumatic brain injury, epilepsy, and ischemic stroke.64

Conclusion and perspectives

It would be premature to conclude from the evidence presented in this review that

depression can be treated by therapies targeting inflammation. Inflammation is associated

with depression but does not always lead to depression. Conversely, depression is not

always associated with inflammation.65 The development of depression in inflamed subjects

requires the co-occurrence of vulnerability factors including life events such as early

physical abuse and genetic factors such as polymorphism in inflammatory genes and in

genes regulating sensitivity of the brain to insults. To achieve personalized treatments for

depression, it is still necessary to develop suitable biomarkers for identifying those patients

who are the most likely to benefit from treatments targeting the chain of events leading from

inflammation to depression. Figure 4 shows the key events to be targeted in this chain,

which are the transport of kynurenine into the brain, the production and action of kynurenine

metabolites in the brain, and probably the increased concentrations of glutamate in the brain

interstitial fluids.
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Figure 1. The kynurenine pathway of tryptophan metabolism
Tryptophan is the biochemical precursor for the production of serotonin. Activation of the

enzyme indoleamine 2,3 dioxygenase (IDO) metabolizes tryptophan into kynurenine which

can then be metabolized by kynurenine aminotransferases (KATs) into the neuroprotective

kynurenic acid or by kynurenine mono-oxygenase (KMO) into the potentially neurotoxic 3-

hydroxykynurenine and subsequent quinolinic acid. Under conditions of inflammation there

is a bias for kynurenine metabolism by KMO.
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Figure 2. Transportation of tryptophan and kynurenine across the blood brain barrier by the
large neutral amino acid transporter (LAT-1)
Tryptophan and kynurenine enter the brain via a sodium-independent large neutral amino-

acid transporter known as System L which sits on either side of the blood brain barrier

(BBB). This allows peripheral tryptophan and kynurenine to be transported through the

microvascular endothelial cells of the BBB as well as the transportation of kynurenine

endogenously produced in these endothelial cells of the brain when indoleamine 2,3

dioxygenase (IDO) is activated.
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Figure 3. Glutamate release by activated microglia
Activated microglia and macrophages take in extracellular glutamine that is metabolized to

glutamate via the enzyme glutaminase, which is then released into the extracellular space

either via gap junctions induced by injury or a transporter known as system xc
− that

transports cystine into the cell in exchange for glutamate.
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Figure 4. The pathophysiology of inflammation-induced depression
Pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns

(DAMPs) released by dying cells activate pattern recognition receptors including Toll-like

receptors in the membrane of innate immune cells. The subsequent activation of nuclear

factor kappa-B (NFκB) and mitogen activated protein (MAP) kinase signaling pathways

leads to the production of proinflammatory cytokines that activate a number of enzymatic

processes including the formation of kynurenine from tryptophan that is catalyzed by

indoleamine 2,3 dioxygenase. Cytokine signaling to the brain activates microglia that

produces inflammatory mediators and further metabolize kynurenine transported into the

brain into neurotoxic compounds including quinolinic acid. Activated microglia also release

glutamate. Both glutamate and quinolinic acid enhance glutamatergic neurotransmission that

ultimately leads to the development of symptoms of depression.
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