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Abstract

Chronic stress, by initiating changes in the hypothalamic-pituitary-adrenal axis and the immune
system, acts as a trigger for anxiety and depression. Both experimental and clinical evidence
shows that a rise in the concentrations of proinflammatory cytokines and glucocorticoids, as
occurs in chronically stressful situations and in depression, contribute to the behavioural changes
associated with depression.

A defect in serotonergic function is associated with hypercortisolaemia and the increase in
proinflammatory cytokines that accompany depression. Glucocorticoids and proinflammatory
cytokines enhance the conversion of tryptophan to kynurenine. In addition to the resulting
decrease in the synthesis of brain serotonin, this leads to the formation of neurotoxins such as the
glutamate agonist quinolinic acid and contributes to the increase in apoptosis of astrocytes,
oligodendroglia and neurons.

The importance of the inflammation hypothesis of depression lies in raising the possibility that
psychotropic drugs that have a central anti-inflammatory action might provide a new generation of
antidepressants.
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Introduction

Major depression is a common and sometimes fatal disorder that has been identified by the
World Health Organisation as a leading cause of disability worldwide [1]. While
antidepressants are undoubtedly effective treatments in about 70% of cases, a substantial
proportion of patients remain partially or totally unresponsive to treatment. There is no
simple explanation for treatment resistance but there is a possibility that the current
antidepressants do not effectively target all of the pathological processes that are responsible
for the major symptoms of depression. Thus there is an urgent need to broaden the targets
upon which antidepressants are considered to act.

All currently available antidepressants have been developed on the basis of the monoamine
hypothesis of depression, a hypothesis which implicates a disorder of biogenic amines in the
limbic and cortical circuits as the cause of the main symptoms of depression.
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Antidepressants are therefore postulated to act by correcting these abnormalities. However,
in recent years greater attention has been directed to the inter-relationship between the brain
and peripheral organs (the” body-mind” connection) in which changes in the endocrine and
immune systems play a major role in the pathological changes that occur in depression. Thus
inflammation is beginning to emerge as a major contributing factor not only to depression
and other major psychiatric disorders but also to the connection with medical disorders that
are frequently associated with mental illness. For example, it is now apparent that, in major
depression, there is a relationship between the severity and duration of the disorder and the
increased frequency of heart disease, type-2 diabetes, various autoimmune diseases, arthritis
and cancer [2]

The concept of a disordered immune system playing a major role in the mental state can be
traced back to antiquity. However, it is only in the past 30 years or so that clinical and
experimental evidence has been obtained clearly demonstrating that aspects of both cellular
and humoral immunity were dysfunctional in major depression [3,4,5]. In the past 20 years,
attention has been directed to the role of the immunomodulators and immunotransmitters, in
particular the pro- and anti-inflammatory cytokines. Thus Maes and coworkers [6] reported
that interleukin-6 (IL-6), a major proinflammatory cytokine, was increased in the blood of
depressed patients. It was also apparent that about 45% of patients being therapeutically
treated with the proinflammatory cytokine interferon-alpha (IFN) developed major
symptoms of depression that terminate when the cytokines was withdrawn [7]. Recently a
meta-analysis of 9 cytokines in major depression in which 24 studies were assessed[8]
concluded that only the basal levels of IL-6 and TNF were significantly raised. Such clinical
observations suggest that proinflammatory cytokines contribute to the major symptoms of
depression and now forms the basis of the inflammation, cytokine or inflammatory response
hypothesis of depression.

Inter-relationship between cytokines and brain function: relevance to
depression?

Until recently, the brain was considered to be an immunologically privileged organ that was
protected from the peripheral immune system by the blood-brain-barrier. It is now apparent
that this view is incorrect and that the brain is directly influenced by peripherally derived
cytokines, chemokines, prostenoids and glucocorticoids, as well as some immune cells, that
can access the brain and thereby influence those neuronal networks that appear to be
malfunctioning in depression [9]. The influence of large molecules from the periphery on
the brain is somewhat surprising as specific transporters for peptides such as the interleukins
do not appear to be present at the blood-brain-barrier. Nevertheless, there is now
experimental evidence to indicate that such molecules could access the brain a) via a leaky
blood-brain-barrier that occurs in major depression, b)by activation of endothelial cells that
line the cerebral vasculature and produce inflammatory mediators inside the barrier c)by
binding to cytokine receptors associated with the vagus nerve and thereby signalling
inflammatory changes in the brain via the nucleus tractus solitarius and hypothalamus
[10,11]. Once in the brain, the proinflammatory cytokines activated both neuronal and non-
neuronal (for example, the microglia, astrocytes and oligodendroglia) cells via the nuclear
factor-kappa-beta (NF-kB) cascade in a similar manner to that occurring in the peripheral
inflammatory response [12].

There is also evidence from clinical studies that peripherally administered cytokines can
enter the brain. Thus the therapeutic administration of IFN to patients with hepatitis results
in an increase in the cerebrospinal fluid (CSF) not only of IFN but also IL-6 and monocyte
chemoattractant protein (MCP-1) [13]. In experimental studies it has been shown that
MCP-1 activates microglia to release IL-1 and TNF [14] and as the microglia are the
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primary source of proinflammmatory cytokines in the brain this could be an important
means whereby peripheral inflammatory mediators activate the inflammatory response in
the brain. In addition, the proinflammatory cytokines modulate the release of biogenic amine
neurotransmitters [15]. Recently much attention has been paid to the activation of the
tryptophan-kynurenine pathway by these cytokines whereby tryptophan is shunted from the
synthesis of serotonin to that of kynurenine. The importance of this pathway will be
discussed in more detail later and clearly this is an important mechanism whereby
serotonergic function is decreased in depression. The activity of the dopaminergic system is
also reduced in response to inflammation. For example, IFN reduces the synthesis of
dopamine by decreasing the concentration of the co-factor tetrahydrobiopterin (BH4),
thereby reducing the synthesis of dihydroxyphenylalanine (DOPA), the immediate precursor
of dopamine, from tyrosine [16]. As IFN increases the synthesis of nitric oxide by activating
the BH4 dependent enzyme nitric oxide synthase in the microglia it seems likely that the
reduction in dopaminergic function is linked to the increase in nitric oxide. This gaseous
neurotransmitter is known to activate the glutamatergic system which, when this exceeds
physiologically limits, enhances apoptosis and neurodegeneration [15,16].

Cytokines, and their signalling pathways, have been shown to enhance the re-uptake of
monoamine neurotransmitters and thereby reduce their functionally important inter-synaptic
concentrations in the brain [16,17]. For example,IL-1 and TNF have been shown to activate
the serotonin transporter on neurons by stimulating the p38 mitogen activated protein kinase
pathway [17]

In addition to the modulation of neurotransmitter function, proinflammatory cytokines
contribute to the major symptoms of depression by activating the HPA axis by increasing
the release of CRF, thereby contributing to hypercortisolaemia, a feature of major
depression [18,19,20]. The mechanism whereby the cytokines induce hypercortisolaemia
involves a decreased sensitivity of the glucocorticoid receptors thereby leading to
glucocorticoid resistance; both the brain and the peripheral receptors become insensitive to
glucocorticoid activation. The precise mechanism whereby the proinflammatory cytokines
cause glucocorticoid receptor insensitivity is uncertain but it is known that the cytokines
activate the inflammatory cascade. Thus the NF-kB, p38MAPK and the 5-STATS (signal
transducer and activator of transcription 5) pathway is activated and leads to a disruption of
the translocation of glucocorticoid receptors from the cytoplasm to the nucleus (21), thereby
decreasing the active form of the receptor. While it would appear that glucocorticoid
receptor resistance is correlated with the increase in the serum concentration of the
proinflammatory cytokines, it seems unlikely that glucocorticoid resistance is directly
related to the psychopathology of depression. Thus an increase in proinflammatory
cytokines leading to glucocorticoid resistance also occurs in nondepressed individuals
without any major change in the mood state [22]. However, such observations do throw light
on the fact that many aspects of cellular and humoral immunity are not suppressed in
patients with major depression despite the elevation of the plasma glucocorticoid
concentration that is a common feature of the disorder.

The role of stress and proinflammatory cytokines

An important conceptual shift in the possible cause of depression has occurred recently with
the discovery that inflammation plays a crucial role in the psychopathology of the disorder.
However, as major depression is often accompanied by inflammatory diseases (such as
irritable bowel syndrome, type 2 diabetes, arthritis and autoimmune disorders) that can
activate the peripheral and central inflammatory response, it is possible that such
inflammatory disorders initiate the inflammatory changes that precipitate depression.
Although this is plausible, it is evident that inflammation also occurs in depressed patients
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who are not suffering from concurrent inflammatory disorders. Thus the increased
vulnerability of depressed patients to psychosocial stress is probably the key factor that leads
to the activation of the immune and endocrine axes in depression. It is known, for example,
that even the relatively mild acute stress of public speaking causes an increase in NF-kB
activity, a key element in the induction of the inflammatory cascade [23]. In this regard, it is
also known that patients with major depression frequently show an enhanced responsiveness
of IL-6 and NF-kB to an antigen challenge [24]. However, chronic stress, as experienced by
caregivers or individual subject to marital discord but who are not suffering from depression
also show an increase in plasma C-reactive protein, IL-6 and other inflammatory mediators
[24,25]. Whatever the cause, such changes appear to be associated with activation of the
microglia thereby suggestion that the inflammatory changes are also occurring in the brain
[26].

The mechanism whereby psychological stress influences both the peripheral and central
inflammatory cascade is co-ordinated by the autonomic nervous system. Thus the release of
noradrenaline and adrenaline following the activation of the sympathetic system results in
the activation of both alpha and beta adrenoceptors on immune cells thereby initiating the
release of proinflammatory cytokines, via the activation of the NF-kB cascade, particularly
on macrophages and monocytes in peripheral blood; antagonists of these adrenoceptors
block the stress induced rise in these cytokines [27]. Conversely stimulation of the
parasympathetic system has the opposite effect on the stress induced inflammatory response.
Thus stimulation of the vagus nerve results in release of acetylcholine that activates the
alpha-7 sub-unit on nicotinic receptors thereby reduces the activation of NF-kB [28]. It is
possible that the anti-depressant-like action of vagal nerve stimulation, occasionally used to
treat resistant depression, is associated with such an anti-inflammatory action.

The question arises why should inflammation occur in depressed patients despite the
frequently observed increase in glucocortioids? The most parsimonious explanation is that
glucocorticoid receptor resistance in the brain and periphery contribute to the lack of
suppression of most types of immune cells with the possible exception of the natural killer
cells. One possible explanation is that the stress induced increase in the sympathetic nervous
system, combined with steroid resistance, leads to the activation of the microglia in the
brain, and macrophages and monocytes in the periphery, thereby leading to the
inflammatory state.

Serotonin, stress and depression

Of the numerous neurotransmitters that have been postulated to be dysfunctional in major
depression, serotonin has been widely implicated for its contributory role in the symptoms
of the disorder (sleep disturbance, depressed mood, anorexia, loss of libido and anxiety).
Serotonin modulates the stress axis by activating the corticotrophin releasing factor
pathways in the para ventricular nucleus thereby increasing the release of
adrenocorticotrophic hormone from the anterior pituitary gland [29] There is a close
relationship between the plasma cortisol concentration and the serotonergic system. Thus the
stress induced rise in cortical is associated with an increased turnover of serotonin, a change
that is linked to the stimulation of the rate limiting enzyme, tryptophan hydroxylase, in the
pathway leading to the synthesis of serotonin from tryptophan [30]. Chronic stress that
results in a sustained rise in cortisol has the opposite effect and sertotonin release is
decreased. This is associated with the glucocorticoid activation of tryptophan dioxygenase in
the liver whereby tryptophan is diverted from serotonin synthesis down the tryptophan-
kynurenine pathway [31].
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The increase in anxiety, and the impairment if adaptation to chronic stress that has been
observed in both animals and man can be explained by the changes in the functional activity
of the somatodendritic SHT 1A receptors located on the median raphe nucleus and the
hippocampus [32]. Experimental studies have shown that rats raised in a stressful,
overcrowded environment show an increase in anxiety which is correlated with a decrease in
the functional activity of the SHT1A receptors. These receptors are influenced by the
mineralocorticoid receptors that inhibit the SHT1A receptor activity under conditions of
chronic stress [33] In contrast to the SHT1A receptors, the SHT?2 receptors are activated by
chronic stress [34] while the SHT1B receptors, that act as autoreceptors and thereby control
the release of the transmitter, are activated by chronic stress [35]. Thus the stress induced
changes in the circulating glucocorticoids can help to explain the decrease in the functional
activity of the serotonergic system in depression.

However, this evidence has been mainly provided from experimental studies. What is the
evidence from clinical studies? In some depressed patients during remission, the
administration of a tryptophan deficient amino acid drink triggers an acute depressive
response; this change is associated with the hypersecretion of cortisol [36]. The elevation in
plasma prolactin and cortisol in depressed patients following the acute administration of the
serotonin releasing agent fenfluramine is also reduced in depressed patients [37], as is the
secretion of growth hormone, in response to a tryptophan challenge [38]. These observations
add additional evidence to the importance of serotonin in depression not only for its mood
modulating role but also for its direct effect on the endocrine axis. Thus the results of
experimental and clinical studies clearly demonstrate that chronic stress, as a results of
hypercortisolaemia, initiates changes in the serotonergic system that appear to play a critical
role in the onset of anxiety and depression.

Stress, depression and neurodegeneration

The emphasis in this review is on the adverse effects of the proinflammatory cytokines that,
in pathological concentrations in the brain and periphery, are likely to cause cellular injury.
However, it must be remembered that at physiological concentrations, these same cytokines
provide trophic support for neurons, enhance neurogenesis and contribute to normal
cognitive function [39]. Such effects are severely compromised when the cytokines are
present in pathological concentrations and result in changes that are important in the
psychopathology of depression. Thus in major depression, the prolonged activation of the
inflammatory network in the brain results in a decrease in neurotrophins, leading to reduced
neuronal repair, a decrease in neurogenesis, and an increased activation of the glutamatergic
pathway that contributes to neuronal apoptosis, oxidative stress and the induction of
apoptosis in astrocytes and oligodendrocytes [40,41,42,43].

In addition to the proinflammatory cytokines, nitric oxide and the glucocorticoids, glutamate
plays a crucial role in the pathological processes that are associated with depression. The
proinflammatory cytokines, and inflammatory mediators such as nitric oxide, increase
glutamate release and decrease the expression of glutamate transporters on astrocytes and
oligodendroglia thereby decreasing glutamate reuptake and enhancing the inter-synaptic
concentration [44].

Stimulation of the extra-synaptic N-methyl-D-aspartate (NMDA) glutamate receptor not
only causes excitotoxic damage to the neurons and astrocytes but also results in a decrease
in synthesis of brain derived neurotrophic factor (BDNF), a key neurotrophic factor
governing neuronal repair [45]. To add to the potential neurotoxic changes, IL-1 and TNF,
that are generally raised in depression, trigger the release of reactive oxygen and nitrogen
species from activated microglia and astrocytes; these are toxic to both neurons and

Curr Immunol Rev. Author manuscript; available in PMC 2010 December 15.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuepy Joyiny Yd-HIN

Leonard

Page 6

oligodendroglia [46,47]. The net result of these changes is a loss of astrocytes and
oligodendroglia, and neuronal apoptosis particularly in the subgenual prefrontal cortex, the
amygdala and the hippocampus, brain regions that are thought to be crucially involved in the
genesis of the symptoms of depression.[48].

The question now arises regarding the possible link between the neurotoxic effects of the
proinflammatory cytokines, excess glutamate and the tryptophan-kynurenine pathway that,
in depression, produces neurotoxic end-products that contribute to neurodegeneration in
depression. Tryptophan is metabolised through two main pathways, one of which leads to
the synthesis of serotonin and the other to kynurenine and kynurenic acid. In the latter
pathway, tryptophan is metabolised by indoleamine 2,3 dioxygenase (IDO), an enzyme that
is quite widely distributed in peripheral tissues and the brain, and by tryptophan 2,3
dioxygenase (TDO) that is primarily located in the liver [49]. IDO is activated by
proinflammatory cytokines while TDO is activated by glucocorticoids. As both the
cytokines and cortisol are raised in major depression, it is not surprising to find that the
tryptophan-kynurenine pathway is increased [49,50]. Anti-inflammatory cytokines reduce
the activity of this pathway [51]. There are two main pathways that lead to the metabolism
of tryptophan following the formation of kynurenine. Kynurenine hydroxylase metabolises
kynurenine first to 3-hydroxykynurenine and then to 3-hydroxyanthranilic acid and
quinolinic acid. This pathway is increased in depression and dementia [49,50]. In glia and
neurons 3-hydroxykynurenine increases the formation of reactive oxygen species while
quinolinic acid activates NMDA glutamate receptors and thereby enhances apoptosis. By
contrast kynurenine can be metabolised by kynurenine aminotransferase to for the
neuroprotective end product, kynurenic acid, an antagonist of NMDA receptors [51]. In the
brain,the metabolism of tryptophan by IDO occurs both in the microglia and astrocytes [52].
The microglia synthesise both 3-hydroxyanthranilic acid and quinolinic acid while the
astrocytes produce mainly kynurenic acid. Astrocytes also metabolise quinolinic acid and
therefore under physiological conditions can reduce the impact of the neurotoxins [53]. In
chronic depression however, the activated microglia produce an excess of the neurotoxin
that cannot be adequately metabolised by the astrocytes. Furthermore quinolinic acid can
cause apoptosis of the astrocytes. This results in a reduction in the metabolic and physical
buffer to the neurons that is usually provided by the astrocytes and thereby further exposes
the neurons to the neurodegenerative actions of quinolinic acid [54].

The clinical evidence supporting the hypothesis that the tryptophan-kynurenine pathway is
activated comes from two major studies. Wichers and coworkers [55] showed that the
concentration of kynurenic acid was reduced in patients being treated with IFN for the
treatment of hepatitis while Myint and colleagues [56] reported evidence that components of
the neurodegerative pathway was increased in the blood of depressed patients before
antidepressant treatment. Effective treatment for 8 weeks only partially reversed these
changes in patients being treated for their first major episode of depression but had no effect
in those patients who had suffered several episodes. This suggests that more permanent
changes may occur in the brain of those with a chronic depression.

The structural changes observed in the brain of patients with chronic depression lends
support to the neurodegenerative hypothesis of depression [57]. It is known that there is a
shrinkage of the hippocampus in patients with major depression [58] and a decrease in the
number of astrocytes and a neuronal loss in the prefrontal cortex [59] and in the striatum.
Such changes could be the consequence of chronic low grade inflammation in which the
proinflammatory cytokines, nitric oxide, prostaglandin E2 and other inflammatory mediators
play key roles; the cytokines are known to induce the cyclo-oxygenase and nitric oxide
sythase pathways in the brain and thereby increase the inflammatory insult [60]. The
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inhibition of neurotrophin synthesis in the brain by glucocorticoids [61], and the neurotoxic
action of quinolinic acid, add further to the impact of the inflammatory changes.

Could the inflammation hypothesis of depression contribute to the
development of novel antidepressants?

If inflammation plays a significant role in the pathogenesis of depression, it would be
anticipated that effective antidepressant treatments would attenuate the inflammatory
changes. Indeed, there is now substantial evidence that antidepressants not only inhibit the
release of proinflammatory cytokines from whole blood cultures in vitro but also stimulate
the release of anti-inflammatory cytokines such as IL-10 [62]. Clinically, different strategies
for treating depression, that include ECT and psychotherapy in addition to antidepressants,
have been shown to attenuate the inflammatory changes that correlate with the improvement
in the mood state [63,64]. Such findings suggest that a reduction in inflammation is causally
related to the treatment response.

Further evidence for the relationship between inflammation and depression is provided by
the observation that depressed patients with a history of partial or lack of response to
antidepressant treatments have elevated plasma concentrations of IL-6 and acute phase
proteins that persist despite antidepressant treatment [65]. It has been suggested that patients
who are resistant to conventional antidepressant treatment possess abnormal alleles of the
IL-1 and TNF genes, and possibly for T-cell function [66].

If effective treatment with conventional antidepressants is associated with the attenuation of
the inflammatory response, it may be argued that there is little urgency to develop new types
of antidepressants that act by mechanisms other than modulating the brain monoamines.
However, there is abundant clinical evidence that the available antidepressants, though
largely effective in attenuating the depressed mood state and associated symptoms of
anxiety, are far less effective in treating the memory and cognitive dysfunction (fatigue,
psychomotor retardation) that commonly affect middle aged and elderly depressed patients
[67]. This not only emphasises the need to develop better antidepressants but also to
consider anti-inflammatory drugs as possible candidates. There are already indications from
the clinical literature that TNF antagonists, such as etanercept and infliximab, reduce the
symptoms of depression in a variety of patients with autoimmune diseases (for example,
rheumatoid arthritis and psoriasis), the mood state of the patients improving before the signs
of improvement of the autoimmune disorder [68.69].

Anti-inflammatory cytokines have also been shown to block the depressive-like state in
rodents that was induced by TNF or following the mitogen activation of macrophages by
lipopolysaccharide. Thus IL-10, and insulin-like growth factor that has prominent anti-
inflammatory activity, have been shown to attenuate the depressive-like behaviour in
rodents induced by an inflammatory challenge [70]. Another novel method for targeting
inflammation lies in reducing the activity of the glutamatergic system that is activated by the
neurotoxic end products of the tryptophan-kynurenine pathway (for example, quinolinic
acid) and by nitric oxide whose synthesis is enhanced by proinflammatory cytokines.
Riluzole, used in the treatment of the symptoms of amyotropic lateral sclerosis (ALS, motor
neuron disease), acts by enhancing the uptake of glutamate into astrocytes via the excitatory
amino acid transporter and thereby reduces the activation of neurons by glutamate. Clinical
observations also shows that riluzole has antidepressant-like activity and could therefore act
as a prototype for glutamate modulating antidepressants [71].

Perhaps the most obvious step to the reduction of inflammation both centrally and
peripherally is to reduce the activity of the prostenoid pathway and thereby reduce the
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synthesis of inflammatory prostaglandins such as PGE2. There is already some clinical
evidence that a reduction in the activity of cyclo-oxygenase 2 (COX-2) by celecoxib has a
beneficial effect in depressed patient who were only partial responders to reboxetine [72].
Even aspirin has been reported to have similar effects to celecoxib in a pilot study in
depression [73] These are important *“ proof of concept” studies. However, it must be
cautioned that several COX-2 inhibitors have already been withdrawn because of cardiac
complications. Furthermore, some prostenoids and eicosanoids can have opposing roles in
different tissues and may even change from pro-to anti-inflammatory substances during the
course of an inflammatory disease[74]. It must also be remembered that proinflammatory
prostenoids such as PGE2 have physiological actions in the brain and periphery that are not
directly connected with the inflammatory response [75]. Thus it is important to be cautious
in developing anti-inflammatory drugs as antidepressants particularly when they only target
one aspect of the inflammatory cascade.

Inflammation is also a protective mechanism against invading bacteria, viruses, oncogenes
and an important component of the stress response. Inflammation starts as a time- and site
specific defence mechanism aimed not only at protecting the organism from pathogenic
microorganisms but also at removing damaged neurons and, under physiological conditions,
repairing damaged neuronal networks. It is only in situations where the inflammatory
mediators occur in concentrations above the physiologically relevant range that they play a
pathological role. While it is now evident that this situation applies to patients with major
depression, it must be remembered that inflammation plays a vital role in protection against
infection. Caution must therefore be exercised in developing immunomodulators that, if they
are to become clinically effective antidepressants, will have to be administered for months,
or even years, to patients in order to maintain remission from depression.
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Figure 1.

Stress causes the activation of the corticotrophin releasing factor (CRF) in the corticolimbic
regions of the brain. CRF activates the hypothalamic-pituitary-adrenal axis resulting in an
elevation in circulating glucocorticoids. In addition, CRF activates the locus coeruleus
which results in an increase in central and peripheral sympathetic activity. Stress increases
the release of pro-inflammatory cytokines from microglia in the brain and from
macrophages in the blood. In addition noradrenaline and adrenaline, from the sympathetic
system, also activate the macrophages and microglia thereby contributing to the
inflammatory response. Chronic hypercortisolaemia that results from the lowered stress
threshold in depression, combined with the activation of the anterior pituitary by the pro-
inflammatory cytokine interleukin-6, desensitizes the glucocorticoid type 2 receptors on
immune cells, and in the pituitary, hypothalamus and on neurons. This causes glucocorticoid
resistance. The increase in the mobilization of fat by the glucocorticoids contributes to the
increased deposition of visceral fat. Visceral fat acts as an extra-endocrine organ and
liberates pro-inflammatory cytokines together with the peptides leptin and resistin. Leptin
contributes to the activation of the HPA axis while resistin, together with the increased
glucocorticoids, contributes to insulin resistance.
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Figure 2.

In depression, tryptophan is preferentially metabolized through the kynurenine pathway. The
two key enzymes that convert tryptophan to kynurenine are indoleamine 2,3 dioxygenase
(IDO) and tryptophan dioxygenase (TDO). IDO, that is quite widely distributed in the
peripheral tissues and the brain, is induced by pro-inflammatory cytokines while TDO,
which is confined to the liver, is induced by glucocorticoids. In depression, kynurenine is
further metabolized to 3-hydroxykynurenine by kynurenine 3 mono-oxygenase, an enzyme
that is also induced by pro-inflammatory cytokines. The most important end product of this
inflammatory pathway is the neurotoxin quinolinic acid which activates N-methyl-D-
aspartate glutamate receptor on neurons leading to neuronal apoptosis. Activated microglia
synthesise quinolinic acid in the brain while astrocytes can metabolise the toxin to
nicotinamide-adenine dinucleotide (NAD) when present in low concentrations. High
concentrations of quinolinic acid, thought to occur in chronic depression, cause apoptosis of
astrocytes thereby increasing the vulnerability of the neurons to neurotoxic damage.
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