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Abstract Despite extensive research, the current theories on serotonergic dysfunc-
tions and cortisol hypersecretion do not provide sufficient explanations for the nature
of depression. Rational treatments aimed at causal factors of depression are not
available yet. With the currently available antidepressant drugs, which mainly target
serotonin, less than two thirds of depressed patients achieve remission. There is now
evidence that inflammatory and neurodegenerative (I&ND) processes play an
important role in depression and that enhanced neurodegeneration in depression
may–at least partly–be caused by inflammatory processes. Multiple inflammatory-
cytokines, oxygen radical damage, tryptophan catabolites–and neurodegenerative
biomarkers have been established in patients with depression and these findings are
corroborated by animal models of depression. A number of vulnerability factors may
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predispose towards depression by enhancing inflammatory reactions, e.g. lower
peptidase activities (dipeptidyl-peptidase IV, DPP IV), lower omega-3 polyunsaturat-
ed levels and an increased gut permeability (leaky gut). The cytokine hypothesis
considers that external, e.g. psychosocial stressors, and internal stressors, e.g. organic
inflammatory disorders or conditions, such as the postpartum period, may trigger
depression via inflammatory processes. Most if not all antidepressants have specific
anti-inflammatory effects, while restoration of decreased neurogenesis, which may be
induced by inflammatory processes, may be related to the therapeutic efficacy of
antidepressant treatments. Future research to disentangle the complex etiology of
depression calls for a powerful paradigm shift, i.e. by means of a high throughput-high
quality screening, including functional genetics and genotyping microarrays;
established and novel animal and ex vivo–in vitro models for depression, such as
new transgenic mouse models and endophenotype-based animal models, specific cell
lines, in vivo and ex vivo electroporation, and organotypic brain slice culture models.
This screening will allow to: 1) discover new I&ND biomarkers, both at the level
of gene expression and the phenotype; and elucidate the underlying molecular
I&ND pathways causing depression; and 2) identify new therapeutic targets in the
I&ND pathways; develop new anti-I&ND drugs for these targets; select existing
anti-I&ND drugs or substances that could augment the efficacy of antidepressants;
and predict therapeutic response by genetic I&ND profiles.
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Oxidative stress . Nitrosative stress . Tryptophan . Serotonin . IDO.

Introduction

Major depression is a severe psychiatric disorder that has a lifetime prevalence in
excess of 15% and is the fourth leading cause of disability worldwide. The total
annual cost of depression in Europe is estimated at Euro 118 billion in 2004. The
WHO estimates that depression causes 6% of the burden of all diseases in Europe in
terms of disability-adjusted life years. This makes depression a major concern to the
personal and economic welfare (Sobocki et al. 2006). However, despite extensive
biological research, the pathophysiology of depression is still elusive and treatments
that target the causal factors of depression are not available yet.
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The findings that depressed patients may exhibit decreased brain serotonin (5-
hydroxytryptamine, 5-HT) and alterations in 5-HT receptors, such as a down-
regulation in the 5-HT1A and an upregulation of the 5-HT2 receptors (Maes and
Meltzer 1995) as well as elevated cortisol secretion (Dinan 2001) has reached the
status of textbook truism. For decades, the serotonin hypothesis of depression
fostered research into the etiology of depression, either in clinical studies or in
various animal models of depression and in vitro testing paradigms. Accordingly, the
development of new antidepressants was targeted at serotonin (with or without
noradrenaline) reuptake inhibition. The current view is that serotonin and cortisol in
depression may all “be stressed out”, i.e. changes in these systems are the
consequence of stress in depression rather than being of major etiological importance
(Cowen 2002). In addition, less than 60% of depressed patients achieve remission
with the currently available antidepressants. The reported benefit of these drugs over
placebo is very modest and not always clinically significant (Kirsch et al. 2008).
These findings underscore the urgent need to develop novel conceptual frameworks
for understanding the pathophysiology of depression as well as new and more
effective treatments for this disorder.

In the current review we describe such recent developments, firstly by focusing
on the cytokine hypothesis of depression, which has been pursued in our laboratories
and others for almost two decades, and secondly by proposing a novel hypothesis,
according to which the inflammatory processes associated with depression are
causally related to the enhanced neurodegeneration and reduced neurogenesis that
characterize this disorder.

The cytokine hypothesis of depression

Over the last two decades, new developments in psychiatric research have led
to the hypothesis that inflammatory processes and neural-immune interactions
are involved in the pathogenesis of major depression and may underlie some of
the frequently observed serotonergic and adrenocortical correlates. This
hypothesis was termed the monocyte-T-lymphocyte or cytokine hypothesis of
depression (Maes 1993, 1995, 1999; Maes et al. 1995b; Schiepers et al. 2005).
The first paper showing that there is a connection between depression and T cell
activation was published in 1990 (Maes et al. 1990). Since then there have been
many consistent findings over the years of increased levels of proinflammatory
cytokines in patients with depression, e.g. interleukin-1 (IL-1), IL-2, IL-6, IL-8,
IL-12, interferon-γ (IFNγ and tumor necrosis factor-α (TNFα) (review: Schiepers
et al. 2005). Many other inflammatory biomarkers have been established in
depression, such as increased acute phase proteins and lowered serum zinc (Maes et
al. 1993d, 1997d). Figure 1 shows the different inflammatory pathways occurring in
depression.

The cytokine hypothesis and depressive symptoms

Systemic exposure to inflammatory challenges, such as lipopolysaccharide (LPS),
not only causes a systemic inflammation, but also induces a central neuro-
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inflammation, reflected by activation of brain microglia with a chronically elevated
production of pro-inflammatory mediators, such as TNFα, which may remain
elevated for 10 months (Qin et al. 2007; Kent et al. 1992). It is well-known that LPS
(either peripheral or central), brain neuroinflammation and the increased production
of pro-inflammatory cytokines, such as IL-1β, IL-6 and TNFα, may induce specific
symptoms, labeled as the sickness behavior syndrome (Qin et al. 2007). As
explained previously (Maes et al. 1993c), symptoms of sickness behavior, such as
anorexia, soporific effects, reduction of locomotor activity and exploration,
anhedonia and cognitive disturbances, bear a strong similarity with those of
depression (Maes et al. 1993c; Yirmiya 1997). In depression, there is a strong
correlation between those symptoms and the presence of inflammation. The above
suggests that inflammatory reactions may have induced the symptoms of depression
(Maes et al. 1993c).

Inflammatory and Neurodegenerative (I&ND) pathways in depression 
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Fig. 1 The inflammatory and neurodegenerative (I&ND) pathways in depression. The key findings in
depression are the increased levels of pro-inflammatory cytokines, such as interleukin-1β (IL-1β), IL-6,
interferon-γ (IFNγ and tumor necrosis factor αTNF")α, with a relative shortage in the anti-inflammatory
cytokine, IL-10. This pro-inflammatory response is induced by external and internal stressors and by an
increased translocation of the LPS from gram negative bacteria (leaky gut). The inflammatory response in
depression is accompanied by lowered levels of zinc and a lowered ω3 PUFA status; increased oxidative
and nitrosative (O&NS) stress; induction of the hypothalamic-pituitary-adrenal (HPA)-axis via stimulated
release/production of corticotropin releasing hormone (CRF), adrenocorticotropic hormone (ACTH) and
cortisol; the induction of indoleamine-2,3-dioxygenase (IDO) with decreased levels of tryptophan and
serotonin and the consequent formation of tryptophan catabolites along the IDO-pathway (TRYCATs).
Inflammation induces decreased neurogenesis in depression, which is characterized by decreased brain-
derived neurotrophic factor (BDNF); neural cell adhesion molecule (NCAM); and fibroblast growth factor
(FGF). Inflammation may also induce neurodegeneration through increased levels of TRYCATs; O&NS;
glucocorticoids; and some pro-inflammatory cytokines
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The cytokine hypothesis and oxidative and nitrosative stress (O&NS)

It is known that inflammation is accompanied by increased production of oxygen
radicals. Likewise, depression was found to be characterized by increased levels of
malondialdehyde (MDA), a byproduct of polyunsaturated fatty acid peroxidation
and arachidonic acid, as well as 8-hydroxy-2-deoxyguanosine, indicating damage to
DNA by oxygen radicals (Sarandol et al. 2007; Forlenza and Miller 2006). Recently,
it was found that depression is accompanied by increased serum IgM levels directed
against nitro-bovine serum albumin (BSA) and phosphatidyl inositol (Pi) (Maes et
al. 2007d, 2008a). The former indicates that depression is accompanied by increased
nitrosative stress, which has induced damage to BSA and which has induced an
IgM-mediated immune response directed against the NO-BSA neoepitopes. The
latter indicates that oxidative stress has caused an IgM-related immune response
directed against Pi.

The cytokine hypothesis, internal and external stressors

The cytokine hypothesis is fueled by the high comorbidity of depression with
inflammatory disorders such as coronary-heart disorder (CHD), multiple sclerosis
(MS), HIV-infection, inflammatory bowel disease (IBD) and rheumatoid arthritis
(RA) (Maes 1995; Yirmyia et al. 1999). For example, in MS inflammatory attacks
are often preceded by increased IFNγ( production (Mohr et al. 2001), suggesting
that, in MS, immune activation induces depression.

Recently, Maes et al. (2008b) detected another mechanism in depression whereby
an internal stressor may induce peripheral inflammation, i.e. increased translocation
of LPS from gram-negative bacteria, a condition also labeled as leaky gut, increased
gut permeability or intestinal mucosal dysfunction (IMD). Indeed, the prevalence
and median values for serum IgM and IgA against LPS of six different
enterobacteria are significantly greater in patients with depression than in normal
volunteers (Maes et al. 2008b). It is well known that the function of the intestinal
barrier may be compromised by inflammatory reactions characterized by increased
IFNγ and IL-6 levels. The latter may cause a loss of the protective barrier function,
which in turn causes enlarged spaces between the cells of the gut wall (Clark et al.
2005; Chavez et al. 1999; Yang et al. 2003). It should be stressed that the important
inflammatory mediators which induce “leaky gut“, i.e. IFNγ and IL-6, are both
significantly increased in depression (Maes et al. 1993e, 1994). The consequent
disruption of the intestinal epithelium allows normally poorly invasive enterobacteria
to exploit the enlarged spaces and the lipid raft-mediated transcytotic pathways to
cross the gut wall (Clark et al. 2005; Chavez et al. 1999; Yang et al. 2003). This in
turn causes a translocation of LPS from the gut into the blood and, thus, an immune
response directed against LPS and eventually inflammatory reactions and an
increased production of O&NS mediators.

An enhanced responsivity to stress is another characteristic of the early phases of
depression. Not only genetic but also early life experiences are thought to modulate
the development of appropriate/inappropriate responses to stress and therefore the
vulnerability for depressive states. Therefore, the effects of stress on the
inflammatory system were examined. Maes et al (1998a, 1998b) were the first to

Metab Brain Dis (2009) 24:27–53 31



show that in humans psychological stress induces an inflammatory response with
increased production of pro-inflammatory cytokines, such as IFNγ and TNFα. There
have been consistent findings over the years of increased levels of proinflammatory
cytokines in stress situations (Steptoe et al. 2007; Shapira-Lichter et al. 2008). Also,
in experimental animals it was shown that psychological stressors increase cytokine
levels, such as IL-1β and IL-6, in the blood and in various brain regions (Ishikawa et
al. 2001; Nguyen et al. 1998).

The cytokine hypothesis and inflammation-related vulnerability factors,
such as peptidases and ω3 fatty acids

It is reported that two vulnerability factors, related to inflammation and the immune
system, may facilitate the occurrence of depression. A first vulnerability factor is the
decreased plasma concentration of peptidases, such as dipeptidyl-peptidase IV (DPP
IV) (Maes et al. 1991). DPP IV is a membrane-bound enzyme which cleaves off
dipeptides, catalyses the cleavage of some cytokines and neuro-active peptides, and
modulates T cell activation and the production of cytokines, such as IL-2 (Maes et al.
1991). Lowered levels of DPP IV may predict the occurrence of depressive
symptoms (Maes et al. 2001a).

A second vulnerability factor is the lowered omega-3 (ω3) polyunsaturated fatty
acid (PUFA) content in depression. In the blood, red blood cell membrane and fat
tissues of depressed patients lower levels of two ω3 PUFAs are detected, i.e.
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). In addition, depression
is characterized by an increasedω6 /ω3 and arachidonic acid (AA) / EPA ratio (Maes
et al. 1996a, 1999a; Peet et al. 1998; Mamalakis et al. 2006). Lower consumption of
seafood and, thus, a lower intake of EPA and DHA, is associated with higher rates of
depression and postpartum depression (Hibbeln 1998, 2002). Since ω3 PUFAs have
strong anti-inflammatory properties and since ω6 have strong pro-inflammatory
effects, decreases in ω3 or increases in ω6 may enhance the propensity towards
inflammatory reactions and, thus, to depression and anxiety (Maes and Smith 1998;
Maes et al. 2000). Thus, subjects with lower serumω3 PUFA or with a higherω6/ω3
ratio have significantly higher stress-induced TNFα and IFNγ responses than subjects
with higher serum T3 PUFA and a lowerω6/ω3 ratio, respectively (Maes et al. 2000).
These greater stress-induced inflammatory responses in subjects with a lowered ω3 or
increased ω6 status are related to higher anxiety and perceived stress levels (Maes et
al. 1998b). Several clinical trials have been performed in which ω3 PUFAs have been
supplemented. A meta analysis of ten double-blind, placebo-controlled studies in
patients with mood disorders receiving ω3 PUFAs, with a treatment period lasting
4 weeks or longer, indicates that ω3 PUFAs have antidepressant effects. However, the
authors also conclude that it is premature to validate the findings due to the
heterogeneity of the different studies (Lin and Su 2007). In rat models, ω3 PUFAs
have an antidepressant effect in the forced swim test (Huang et al. 2006). Moreover,
supplementation of ω3 PUFAs also has the potential to counteract many of the effects
that are induced by IL-1β, e.g. IL-1β induced changes in anxiety and immune
responsivity (Song et al. 2004, 2007).

The lowered ω3 status in depression cannot be explained by dietary factors
(Horrobin 2001) but are probably related to: a) the inflammatory response with a
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lowered zinc status and an increased breakdown of PUFAs by O&NS (Maes et al.
1999a); b) genetic factors (Sobczak et al. 2004); and c) a number of enzyme
abnormalities, such as phospholipase A(2), and coenzyme A-independent trans-
acylase (Horrobin 2001). The fatty acid abnormalities in depression provide a
rational explanation for the association of depression with CHD and other disorders
as well, e.g. cancer and diabetic complications (Horrobin 2001). Consistent with the
proinflammatory consequences of excessive AA release, Rao et al (2008) have
shown that chronic administration of mood stabilizers, such as lithium, valproate and
carbamazepine at therapeutically relevant doses, selectively target inhibition of the
brain AA cascade.

The cytokine hypothesis and animal and human models of depression

In humans, IL-2- and IFNα-based immunotherapy may induce full blown depression
in up to 70% of all patients treated for cancer or hepatitis C (Maes et al. 2001a;
Bonaccorso et al. 2001; 2002a, 2002b; Amodio et al. 2005). These studies provide
evidence that administration of pro-inflammatory cytokines can induce depression in
a considerable number of persons.

Inflammation is also detected in animal models of depression, such as the chronic
mild stress (CMS) and the olfactory bulbectomized rat model (Kubera et al. 1996,
2001a; Song and Leonard 1995, Goshen et al. 2008). Animal correlates of
depressive and anxious behavior were also detected in novel rat models based on
induced inflammation, e.g. the LPS-induced model (Yirmiya 1996; Lacosta et al.
1999) and sustained administration of IL-6 by infecting healthy MRL +/+, C3H.SW
and Balb/C mice with adenovirus vector carrying cDNA for murine IL-6 or mice
infected with Ad5mIL6 adenovirus (Sakic et al. 1997, 2001). In the rodent,
administration of cytokines, such as IL-1β, TNFα, IL-2 and IFNα, induces
depressive-like symptoms, anhedonia and anxiety (Anisman et al. 2002). External
and internal stressors may act synergistically to provoke greater responses in
cytokines and depressive-like behaviors (Anisman et al. 2005). For example when
mice are exposed to psychological stressors the “depressogenic” effects of an
intraperitoneal administration of IFNα are significantly augmented (Anisman et al.
2007).

The cytokine hypothesis and antidepressants

Antidepressant treatments were found to have anti-inflammatory effects, by
decreasing the production of IFNγ and/or increasing that of IL-10, a major negative
immunoregulatory cytokine (Xia et al. 1996, Maes et al. 1999c, 1999d; Lin et al.
2000; Kubera et al. 2001b). Thus, selective serotonin reuptake inhibitors (SSRIs),
such as fluoxetine and paroxetine; tricyclic antidepressants (TCAs), such as
imipramine; reversible inhibitors of monoamino-oxidase (RIMAs), such as moclo-
bemide; “noradrenergic” antidepressants, such as reboxetine; lithium and even
atypical antidepressants, such as tianeptine; all have anti-inflammatory effects (Kenis
and Maes 2002; unpublished data). The clinical efficacy of antidepressant treatments
may be enhanced by concurrent administration of agents with anti-inflammatory
effects, such as celecoxib, a cyclooxygenase-2 inhibitor (Muller et al. 2006). These
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findings are supported by studies in animal models, demonstrating that antidepres-
sants attenuate inflammation-induced brain cytokine production and actions , as well
as depressive-like symptoms (Yirmiya et al. 2001; Castanon et al. 2001).
Antidepressants, such as paroxetine, can prevent the development of depression
induced by high-dose IFNα (Musselman et al. 2001).

The cytokine hypothesis and the cortisol axis

Although there are now some researchers who think that changes in cortisol and
serotonin could be secondary phenomena to the stress in depression, both factors
play important roles in the cytokine hypothesis of depression. First, it was found that
the cortisol escape from suppression by dexamethasone and the increased baseline
hypercortisolemia are significantly related to inflammatory biomarkers, such as
increased IL-1β and IL-6 production by stimulated peripheral blood mononuclear
cells (PBMCs) and serum IL-6 levels. This suggests that both cortisol hyperactivity
and glucocorticoid resistance—attributable to glucocorticoid receptor (GR) down-
regulation—are epiphenomena of the inflammation in depression (Maes et al. 1993a,
1993d). Long-term treatment with some antidepressants has direct effects on the GR
leading to enhanced GR function and increased GR expression and normalization of
the hypothalamic-pituitary-adrenal (HPA)-axis (Pariante and Miller 2001; Fitzgerald
et al. 2006). Furthermore, elevated corticosterone levels were recently found to
mediate the critical role of IL-1β in chronic stress-induced depression and
suppressed neurogenesis in mice (Goshen et al. 2008).

The cytokine hypothesis, IDO and serotonin

The lowered availability of plasma L-tryptophan in depression, one of the most
robust biomarkers for that illness, is significantly correlated with signs of
inflammation (Maes et al. 1993b, 1996b). This phenomenon was explained by
increased levels of pro-inflammatory cytokines in depression (Maes et al. 1993b,
1994). Indeed, IFNγ and other cytokines, such as IL-1β and TNFα, are known to
induce IDO (indoleamine 2–3-dioxygenase), an enzyme that induces the catabolism
of tryptophan into TRYCATs (tryptophan catabolites along the IDO pathway), such
as kynurenine (Babcock and Carlin 2000). Some of those TRYCATs have behavioral
effects on their own, e.g. kynurenine has anxiogenic effects (Lapin 2003). During
IFNα-based immunotherapy in hepatitis C patients, IDO activation and an increased
neurotoxic potential (kynurenine / kynurenic acid ratio) predict the occurrence of
depression (Maes et al. 2001a; Bonaccorso et al. 2002a; Wichers et al. 2005).
Cytokine-induced depression in IFNα-treated individuals is also strongly related to
the development of the neurotoxic and behaviorally active TRYCAT, kynurenine
(Wichers et al. 2007). In the early puerperium, IDO activation is significantly related
to signs of inflammation and to the severity of depressive and anxiety symptoms
(Maes et al. 2001c, 2002). IDO activation is demonstrated in postmortem anterior
cingulated cortex (Miller et al. 2006) and in the plasma of individuals with bipolar
depression (Myint et al. 2007). In experimental animals immune challenges were
found to induce brain IDO (Lestage te al. 2002) and this induction is involved in
mediating the depressive-like behavioral alterations following these challenges
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(O”Connor et al. 2008). Similar findings were later found in IFNα-treated cancer
patients (Capuron et al. 2003).

Based on those results, a shift in the serotonin hypothesis of depression from
serotonin depletion to inflammation-induced tryptophan and serotonin depletion
with subsequent enhanced neurodegeneration by neurotoxic TRYCATs has been
proposed (Wichers and Maes 2004; Wichers et al. 2005, 2007). Indeed, both
tryptophan and serotonin depletion are related to neuroinflammation, because due to
the IDO activation under this condition more tryptophan is converted to the
TRYCATs, including the neurotoxic ones, rather than to serotonin.

The enhanced neurodegeneration & decreased neurogenesis hypothesis
of depression

Several lines of evidence indicate that mood disorders are characterized by an
enhanced neurodegeneration and decreased neurogenesis. Structural brain changes
detected with MRI in unipolar depressed patients have been reported in several brain
regions, such as volumetric changes in hippocampus, amygdala, prefrontal cortex,
anterior cingulate and basal ganglia (Campbell and MacQueen 2006). Cellular
changes in the postmortem hippocampus and neuronal and glial cell modifications
have been also observed (Stockmeier et al. 2004).

The selective and persistent loss of hippocampal volume is not only induced by
hippocampal neuronal death, but also by decreased neurogenesis (Sapolsky 2004).
Neurogenesis occurs in the adult brain and is most prominent in the subventricular
zones and in the subgranular zone of dentate gyrus in hippocampus. Early stressors
may induce developmental abnormalities in the amygdala, hippocampus, anterior
cingulate cortex, and corpus callosum and other structures which play a critical role
in mediating response to stress (Bremner and Narayan 1998). In adults, stressful
conditions decrease neurogenesis in the subgranular zone of the dentate gyrus
(Gould et al. 1997). In contrast, environmental enrichment (Kempermann et al.
1997) including access to running-wheels (van Praag et al. 1999; Bjornebekk et al.
2005; Zhu et al. 2006), as well as virtually all antidepressant treatments (Malberg et
al. 2000) have a positive impact on neurogenesis. Significant decreases in
neurotrophins, particularly brain-derived neurotrophic factor (BDNF), have been
detected in depression and in stress-induced animal models of depression (Angelucci
et al. 2005; Smith et al. 1995). However, in the genetic rat model of depression, the
Flinder’s Sensitive Line Rats (Overstreet et al. 2005), decreased levels of BDNF
mRNA were detected in group housed depressed animals but not in single housed
animals (Bjornebekk et al. 2005, 2007). The restoration of BDNF levels may
underlie the therapeutic efficacy of antidepressant treatments (Duman 2002, 2004;
Groves 2007), although there are also situations in which the antidepressant effects
of running and antidepressants, such as escitalopram, are independent from BDNF
induction (Bjornebekk et al. 2005, 2008). In animal models of depression, rodents
were found to display reduced hippocampal neurogenesis (Goshen et al. 2008; Koo
and Duman 2008) along with decreases in the levels of BDNF in brain regions
associated with depression (Schmidt and Duman 2007; Fuchs et al. 2004). Recent
evidence suggests the involvement of another growth hormone, i.e. the fibroblast
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growth factor (FGF), in depression (Turner et al. 2006). A reduced activity in the
FGF system might alter brain development and result in a predisposition or
vulnerability to depression (Turner et al. 2006). Together, these findings suggest that
an imbalance between neurodegenerative and neuroprotective factors is involved in
the brain dysfunctions in depression.

Hippocampal volume reduction has been related to functional consequences such
as the specific neurocognitive deficits in depression (Brown et al. 2004). Reduced
hippocampal neurogenesis is now suggested as a final common pathway in many
brain disorders associated with mood (Duman 2004) and cognitive dysfunction, e.g.
geriatric depression; and the depression–mild cognitive impairment (MCI)- dementia
complex. However, this hypothesis has also been questioned (Henn and Vollmayr
2004). Repeated stressful experiences also cause an impaired performance on
cognitive tasks in depressed patients (Brown et al. 1999; Ehninger and Kempermann
2006). Some authors propose that problems in information processing within
relevant neural networks might underlie depression (Sandi and Bisaz 2007).
Evidence implicates alterations in the levels of the neural cell adhesion molecule
(NCAM) among the mechanisms contributing to neurocognitive disorders in stress-
related mood disorders and the brain changes in response to stress (Sandi,2004;
Sandi and Bisaz 2007). NCAM is expressed on the surface of neurons and glia and
has been implicated in cell-cell adhesion, neurite outgrowth, synaptic plasticity, and
learning and memory. There is evidence that deletion of the NCAM gene in mice can
lead to cognitive impairment and altered emotional behavior and that this is
accompanied by changes in serotonergic transmission (Stork et al. 1999; Bukalo et
al. 2004). Thus, NCAM may potentially show an antidepressant action by targeting
neurogenesis (Sandi and Bisaz 2007).

The inflammatory & neurodegenerative (I&ND) hypothesis of depression

Ample evidence presented in previous sections demonstrates that depression is
associated with both inflammatory processes, as well as with neurodegeneration and
reduced neurogenesis. Initially, most research in this area focused on the
hypersecretion of glucocorticoids by inflammation, which produces a variety of
adverse direct and indirect effects in the hippocampus and may contribute to
neuronal death (Sapolsky 2004). There is now also evidence that enhanced
neurodegeneration and the defects in neurogenesis in depression are caused by
inflammatory processes, related to the production of O&NS, TRYCATs, pro-
inflammatory cytokines and a lowered ω3 status. Figure 1 shows these pathways in
depression.

The I&ND hypothesis and oxidative and nitrosative stress (O&NS)

As mentioned above, inflammation can increase the production of oxygen radicals,
and such an increase was also found in depressed patients (Sarandol et al. 2007;
Forlenza and Miller 2006; Maes et al. 2007d). The brain and the nervous system are
prone to oxidative stress (OS) since they are inadequately equipped with antioxidant
defense systems to prevent oxidative damage (Halliwell 2006). This explains why
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OS is a prominent factor in acute and chronic neurodegenerative diseases (Contest-
abile 2001; Chung et al. 2005). The neurodegenerative effects of OS may be
explained by increased generation of reactive oxygen species that overwhelms the
antioxidant defenses in the brain causing oxidative damage (Pong 2003). The latter
together with subsequent mitochondrial dysfunctions and accumulation of oxidized
proteins causes programmed cell death, apoptosis, necrotic cell death, DNA damage,
and damage to membrane fatty acids—thereby disrupting lipid signaling and
enhancing lipid peroxidation. Moreover, OS can adversely affect gene expression
and proteolysis, which all contribute to neurodegeneration (Halliwell 2006; Mancuso
et al. 2006; Bazan 2005; Potashkin and Meredith 2006). Interestingly, antioxidant
enzymes, such as superoxide dismutase, catalase and glutathione peroxidase have a
therapeutic efficacy in neurodegenerative models (Pong 2003). This neuroprotective
activity of antioxidants not only relies on free radical trapping in neuronal tissues,
but also on the suppression of genes induced by pro-inflammatory cytokines released
by glial cells (Wang et al. 2006).

In addition to increased OS, depression is also accompanied by nitrosative stress
(NS) (Maes et al. 2008a), which has also been implicated in neurodegeneration. One
of the modifications caused by an imbalance in nitric oxide metabolism is the S-
nitrosylation of cysteine residues in proteins (Chung et al. 2005). Overproduction of
NO may compromise neuronal energy, which may lead to neurodegeneration
(Moncada and Bolanos 2006) and may inhibit cell respiration, eventually causing the
release of superoxide anions. These anions, in turn, interact with NO superoxide
anions, generated by mitochondria, leading to the formation of the powerful oxidant
peroxynitrite, which may induce neurotoxicity (Moncada and Bolanos 2006).

The I&ND hypothesis and TRYCATs

IDO activation and the resultant increases in TRYCATs characterize both
inflammatory conditions and depression (Maes et al. 2001a; Bonaccorso et al.
2002b; Wichers et al. 2005). Some TRYCATs, e.g. quinolinic acid and kynurenine,
are highly neurotoxic (Heyes et al. 1992). In particular, quinolinic acid has
neuroexcitatory and neurotoxic effects. Specifically, it causes an acute swelling
and destruction of postsynaptic elements, induces a severe degeneration of
individual nerve cells, including hippocampal cell death and a selective necrosis of
granule cells and intracerebellar nucleus neurons. In addition, quinolinic acid
induces a dose-dependent reduction in cerebral cholinergic circuits and it may
deplete dopamine, choline, GABA, and enkephalines (Khaspekov et al. 1989;
Garthwaite and Garthwaite 1987; Kerr et al. 1998; Levivier and Przedborski 1998;
Pemberton et al. 1997; Rios and Santamaria 1991; el-Defrawy et al. 1986). The most
susceptible brain areas to the neurotoxic effects of quinolinic acid are the striatum,
the pallidal formation and the hippocampus (Schwarcz and Kohler 1983). The above
neurotoxic effects may be caused by several mechanisms, including: 1) agonism at
glutamate receptors sensitive to N-methyl-D-aspartate (NMDA) (Stone and Behan
2007); 2) pro-oxidant capacities, for example through formation of ferrous
quinolinate chelates with induction of lipid peroxidation; and 3) exacerbation of
the neurotoxic effects by corticosterone and cytokines, such as IL-1 (Stone and
Behan 2007; Platenik et al. 2001; Stone and Behan 2007; Ngai and Herbert 2005).
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Moreover, quinolinic acid has pro-inflammatory effects since it increases the IFNγ/IL-
10 production ratio and, therefore, this TRYCAT may further aggravate an initiated
inflammatory response (Maes et al. 2007b). It should be noted that differences in
enzyme repertoires in various cell types are important. Since astrocytes lack
kynurenine hydroxylase, large amounts of kynurenine are produced after stimulation
of astrocytes by pro-inflammatory cytokines, whereas only minor amounts of
quinolinic acid are formed (Guillemin et al. 2000). Therefore, without microglial
activation the induction of local IDO expression can initiate a negative feedback
loop, which may underlie the self-limitation of autoimmune inflammation during
neurological disorders (Kwidzinski et al. 2005). However, in the presence of
microglia, kynurenine—synthesized by astroglia—is metabolized into quinolinic
acid (Guillemin et al. 2000) and thus the pro-inflammatory effects of quinolinic acid
may prevail, aggravating the initial inflammatory response (Maes et al. 2007b).

The I&ND hypothesis and inflammatory cytokines

Both central and peripheral inflammation induced by immune challenge such as LPS
can produce and exacerbate local brain inflammation, neuronal death and reduced
neurogenesis, not only through increased brain O&NS, IDO activation and elevated
levels of TRYCATs, but also through other effects of the increased production of
proinflammatory cytokines. Supporting this notion, microglia were recently suggested
to have detrimental effects on neurogenesis (Kempermann and Neumann 2003).
Moreover, treatment with inflammatory cytokine inducers, including LPS and
radiation, resulted in marked suppression of hippocampal neurogenesis (Ekdahl et
al. 2003; Monje et al. 2003). Direct evidence for the influence of IL-1 on
neurogenesis was recently provided by showing that both acute and chronic IL-1
exposure results in impaired hippocampal cytogenesis and neurogenesis (Goshen
et al. 2008; Koo and Duman 2008).

TNFα and IL-1β, are not only neurotoxic but can also decrease neurogenesis in
selected brain areas. TNFα may cause neurodegeneration through silencing of cell
survival signals, caspase-dependent cascades, and potentiation of glutamate
neurotoxicity through stimulation of microglial glutamate release by up-regulating
glutaminase and blockade of glutamate transporter activity (Zou and Crews 2005).
IL-1β may exacerbate cell death through increased seizure activity; and increased
NMDA receptor function through activation of tyrosine kinases (Viviani et al. 2006;
Patel et al. 2006). Interestingly, IL-10 has a neuroprotective effect which is
attributable to inhibition of LPS-stimulated microglial activation; and the inhibition
of the microglial production of TNFα, nitric oxide, ROS and superoxide free
radicals (Qian et al. 2006). Recently, it became clear that BDNF expression in
neurons depends partly on inflammatory cytokines, such as IL-1 β, IL-6 and TNFα
(Schulte-Herbruggen et al. 2005) and that the expression of neurotrophic factors is
differently regulated by TRYCATs (Checa et al. 2000).

The I&ND hypothesis and lowered ω3 PUFAs

3ω PUFAs influence neurogenesis (Beltz et al. 2007) via their anti-inflammatory
and serotonergic effects and their effects on neurotrophins (Maes et al. 1999a). a) ω3
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PUFAs decrease the production of pro-inflammatory cytokines, such as TNFα and
IL-1β (review: Maes et al. 1999a), which have been implicated in mechanisms that
regulate neurogenesis and cell fate (Beck et al. 2005). b) ω3 PUFAs modulate the
quarternary structure of membrane proteins and membrane fluidity, which determine
the binding of serotonin (Beltz et al. 2007). Serotonin, in turn, stimulates
neurogenesis in both vertebrate and invertebrate species (Ueda et al. 2005; Beltz et
al. 2003). c) ω3 PUFAs influence the levels of neurotrophins, such as BDNF (Wu et
al. 2004). In the embryonic rat brain, a deficiency in ω3 PUFAs results in a delay or
inhibition of normal neuronal development and thus in deceased neurogenesis (Coti
Bertrand et al. 2006). In adult rats, DHA effectively promotes neurogenesis and the
differentiation of neural stem cells into neurons by promoting cell cycle exit and
suppressing cell death (Kawakita et al. 2006). In the lobster brain (another model for
investigating neurogenesis), administration of dietary ω3 results in significant
increases in the numbers of S phase cells (Beltz et al. 2007).

In conclusion, there is growing support for the view the inflammatory processes
occurring in depression, i.e. increased cytokine and TRYCAT levels, O&NS and
lowered ω3, play a pivotal role in the long term neurodegenerative and neurogenesis
changes that occur in depression. Moreover, it may be hypothesized that anti-
inflammatory compounds should be able to counteract the enhanced neurodegenera-
tion and decreased neurogenesis, which are at least partly induced by the
abovementioned inflammatory reactions.

Implications of the I&ND hypothesis to the complexity and heterogeneity
of depression

The whole picture of depression is very complex and many players are involved (see
Fig. 2). In particular, two major pathophysiological pathways may be detected in
depression, i.e. inflammation and neurodegeneration. Inflammation with increased
production of pro-inflammatory cytokines may induce sickness behavior-like
symptoms of depression through central neuroinflammation, a reduction in
tryptophan availability resulting in serotonin depletion, and increased production
of some TRYCATs, some of which have behavioral effects (anxiogenic).
Inflammation may also explain the cortisol-axis overdrive in depression including
GR downregulation. Internal stressors, such as the postpartum period and other
inflammatory disorders; and external stressors may trigger depression, since these
factors can induce inflammatory responses. Vulnerability factors include lower
peptidase activity and ω3 PUFA contents. Increased LPS translocation (leaky gut)
may act as a trigger and vulnerability factor. Moreover, pro-inflammatory cytokines,
O&NS, and TRYCATs may induce neurodegeneration, whereas the above together
with lowered ω3 status may decrease neurogenesis. Genetic factors in any of the
above pathways may be involved in depression.

The I&ND hypothesis, residual symptoms and recurrent depression

Depression is a highly recurrent disorder, with long-term estimates of recurrence
ranging as high as 80% (Pettit et al. 2006). The waxing and waning of depressive
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episodes has been compared with the typical recurrent attacks in autoimmune
disorders (Maes 1995). It was found that depression may induce a sensitization
effect with increased inflammatory responses to stressors. For example, women
who had suffered from a lifetime history of major depression had amplified
inflammatory responses in the early puerperium (Maes et al. 2001b), suggesting
that a depressive episode may sensitize the inflammatory system of females to
subsequent internal stressors. Moreover, depressive episodes may act as maladap-
tive responses to stress, thus exerting negative influences on the same brain
structures and systems involved in the responses to stress, such as the hippocampal
formation and the cortisol axis. These influences leave the individual with an
increased probability of relapses after each depressive episode and may cause more
permanent changes in the stress-system, predisposing the patient to residual
symptomatology and recurrences (Post 1992, 2007).

THE COMPEX I&ND PATHOPHYSIOLOGY OF DEPRESSION
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Fig. 2 The complex etiology of depression. Two major pathways determine depression, i.e. inflammation
and neurodegeneration (I&ND). Internal stressors, such as the postpartum period and other inflammatory
disorders and external stressors may trigger depression through an increased inflammatory response. A
number of biological vulnerability factors increase the propensity to develop depression, i.e. leaky gut
with an increased LPS translocation through the gut wall; lower peptidase activity and a lowered ω3
PUFA status. Inflammation may induce depression via a decreased availability of tryptophan and thus
lowered serotonin contents in the brain; an increased production of some TRYCATs (tryptophan
catabolites along the IDO pathway); HPA-(hypothalamic-pituitary-adrenal) axis overdrive including GR
(glucocorticoid receptor) downregulation; increased O&NS (oxidative & nitrosative stress); and lowered
neurogenesis. Pro-inflammatory cytokines, e.g. IL-1β and TNFα, have neurotoxic effects and can-through
increased TRYCAT, O&NS and cortisol-induce neurodegeneration. Pro-inflammatory cytokines; behav-
iorally active TRYCATs; and O&NS; and the neurodegenerative pathways may induce multifarious
symptoms, such as the vegetative symptoms of depression, anhedonia, anxiety, fatigue, pain and
neurocognitive symptoms. The I&ND pathways are involved in the recurrent nature of depression,
treatment resistance and bipolarity. Genetic factors in any of the above pathways may be involved in
depression
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Impaired neurogenesis with a reduction in the number and survival of mature,
functional neurons in the dentate gyrus together with stress-induced remodeling of CA3
pyramidal neurons, dendrites, sprouting and reduced expression of BDNF in
hippocampal neurons are neurotoxic markers of repeated episodes of untreated recurrent
depression (Vaidya and Duman 2001). Thus, the high recurrence rates of depression are
probably at least partly caused by alterations in the I&ND pathways, particularly
sensitization in inflammatory pathways and the resultant repetitive neurodegenerative
attacks, which may further aggravate the existing I&ND disorders in depression.

The I&ND hypothesis and bipolar disorder

A considerable percentage of depressed patients show recurrent episodes of manic
and hypomanic episodes. Bipolar (BP) disorder is a psychiatric condition
characterized by episodes of mania, hypomania, depression, and underlying mood
instability. Epidemiological studies show that the bipolar spectrum has a lifetime
community prevalence of around 5% (Benazzi et al. 2007a, 2007b). Lithium and
anticonvulsant drugs have an established place in the treatment of the disorder. It is
thought that mood stabilizers, such as lithium and valproate, may exert some of their
anti-manic or prophylactic effects by increasing brain serotonergic turnover (Maes et
al. 1997b). Previous research has shown that manic episodes are accompanied by
increased plasma levels of proinflammatory cytokines, such as IL-6, IL-8, IFNγ and
increased acute phase reactants (Maes et al. 1995a, 1997c; Wadee et al. 2002; Kim et
al. 2004, 2007). Moreover, IFNα-based immunotherapy may induce not only
depressive, but also manic episodes (Banerjee et al. 2007). Almost 100 polymorphic
genes have been associated with bipolar disorder, such as components of a
phosphatidyl-inositol signaling/AKT1 survival pathway which is activated by
growth factors, such as BDNF, and the endoplasmic reticulum stress pathway,
which is activated by proinflammatory cytokines, such as IL-1β, TNFα, and IFNs
(Carter 2007). Machado-Vieira et al. (2007a) found decreased plasma brain BDNF in
bipolar patients during the manic phase of their illness. Also, oxidative stress
parameters have been detected in bipolar subjects (Machado-Vieira et al. 2007b).

Thus, similar disorders in I&ND pathways are observed during depressive and
manic episodes. In manic patients, mood stabilizers such as lithium and valproate
may normalize the initial acute phase response, but not the increases in
proinflammatory cytokines (Maes et al. 1995a, 1997c). It has been demonstrated
that lithium and valproate increase BDNF contents in rat hippocampus and frontal
cortex and modulate serum and central NT-3 (neurotrophin-3, a neurotrophic factor,
in the nerve growth factor-family of neurotrophins) (Walz et al. 2007). These
findings further support the notion that the regulation of the I&ND pathways may be
related to the mechanisms of action of mood stabilizers (Walz et al. 2007).

The I&ND hypothesis and refractory depression

Up to 15% of depressed patients present with treatment-resistant or refractory
depression (TRD). Depression is usually considered resistant or refractory when at
least 2 trials with antidepressants from different pharmacologic classes (adequate in
terms of dosage, duration, and compliance) fail to produce a significant clinical
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improvement (Berlim and Turecki 2007). Pharmacological approaches to TRD
include the augmentation of selective serotonin reuptake inhibitors (SSRIs) with
pindolol, lithium, tricyclic antidepressants (TCAs), etc, add-on treatments which aim
to augment serotonergic neurotransmission (Maes et al. 1999b). It has been shown
that patients with TRD exhibit more severe disorders in the I&ND pathways. For
example, they show a higher CD4+/CD8+ T cell ratio and serum IL-6 levels and
lower zinc levels than non-TRD patients (Maes et al. 1997a, 1997d; Kubera et al.
1999). Patients with SSRI-resistant depression had significantly higher production of
the pro-inflammatory cytokines IL-6 and TNFα compared to normal controls
(O’Brien et al. 2007). Also, BDNF appears to play a role in TRD because there is an
association between BDNF GA + AA genotypes and an increases risk of TRD
(Anttila et al. 2007). Interestingly, vagal nerve stimulation (NVS), which is approved
for use as a TRD treatment both in the EU and the US, attenuates macrophage
activation (de Jonge et al. 2005). The abovementioned data support the view that
I&ND pathways are involved in treatment resistance and that anti-I&ND drugs could
be used as adjunctive treatments in TRD.

The I&ND hypothesis and gender aspects

Epidemiologic research consistently reports gender differences in the rates of major
depressive disorder. The gender-specific rate of major depression shows a 1.7:1
prevalence rate in women vs. men (Marcus et al. 2005). Gender-related differences have
been observed in serotonin, e.g. a lower plasma tryptophan availability and greater
serotonin-agonist-induced cortisol responses (an indication of 5-HT2 receptor
function) (Maes et al. 1987, 1988). There are also marked gender-related differences
in the I&ND pathways. For example, women have exaggerated immune responses to
psychological stress (Maes et al. 1999e) and show greater reductions in tryptophan and
greater increases in kynurenine following IFNα treatment (Bonaccorso et al. 2002).

These results suggest that women have an IDO / TRYCAT pathway that is more
sensitive to inflammatory challenge than men. One possible mechanism for a gender
difference in the I&ND pathways was recently found in conditional BDNF knockout
mice in which the BDNF gene was deleted selectively in the forebrain. It was found that
male conditional knock outs (KOs) exhibited hyperactivity but normal depression-
related behaviors, whereas female conditional KOs displayed normal locomotor activity
but a striking increase in depression-like behavior (Monteggia et al. 2007). These results
suggest that gender-differences in I&ND pathways with exaggerated responses in
females could play a role in the increased incidence of depression in females.

Future research questions and their investigation by a novel research approach,
using a high throughput–high quality screening

The above findings raise many questions which should be examined in future
research.

a) What intracellular inflammatory mechanisms cause the induction of the cytokine
network, O&NS and TRYCAT production. The major candidate is nuclear factor
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kappa beta (NFκβ), which is the major upstream, intracellular mechanism,
which regulates inflammatory and oxidative stress mediators, such as the
inducible enzymes cyclo-oxygenase-2 (COX-2) and inducible NO synthase
(iNOS) (see Maes et al. 2007a, 2007c). But there are many candidates which call
for further examination, e.g. mitogen-activated protein kinase (MAPK), MAPK
phosphatases, protein kinase A (PKA), PKB, PKC, the extracellular signal-
regulated kinases (ERK)1 and ERK2, c-Jun-N-terminal kinase (JNK) and the
cAMP response element-binding (CREB) to name a few. Another question is
what the cellular sources are of the I&ND mediators in the brain, e.g are
microglia involved.

b) What is the best target for the treatment of depression; is it still serotonin (5-
HT1A, 5-HT2 or 5-HT4 receptors) and the GR; or is it novel targets as
cytokines or cytokine receptors; the novel inflammatory intracellular mecha-
nisms, which still need to be discovered; peptidases; growth and neurotophic
factors (particularly BDNF, NCAM, FGF or other neurotrophins), as well as
combinations of all of the above.

c) What existing anti-inflammatory drugs, either NSAIDs-(non-steroidal anti-
inflammatory drugs), or NAIOSs (natural anti-inflammatory and anti-oxidative
substances), should be selected in trials aimed to augment the activity of
antidepressants? A good example of a NAIOS with a good profile to normalize
the I&ND mechanisms in depression is curcumin (curcuma longa, a major
constituent of Xiaoyao-san). Curcumin has strong anti-inflammatory and anti-
oxidative properties by targeting intracellular NFκβ, it increases hippocampal
neurogenesis and increases BDNF expression, it reverses 5-HT1A receptor
downregulation and depressive behavior in rat models of depression, and
abolishes the inhibitory effect of cytokines on GR-mediated gene expression
(Xu et al. 2007; Periyasamy and Sanchez 2002).

Taking into account the complexity of depression, the approach whereby principal
investigators direct relatively small pharmacological or animal studies focusing on
only selected I&ND biomarkers or drug targets is not the most efficient one. At this
point, the most adequate approach to tackle the above questions is a high
throughput–high quality screening which may be obtained by the Experimental
Medicine approach. The methods include functional genomics (DNA-chips to
examine expression profiling, diagnostics, identification of disease genes and drug
discovery); genotyping microarrays (SNP arrays to examine genetic predisposition
to a disease); animal models and transgenic (TG) mouse models; novel ex vivo and
in vitro models, e.g. dispersed cell cultures, ex vivo electroporation with subsequent
brain slice culturing (Polleux and Ghosh 2002; Hand et al 2005) and other
organotypic brain slice culture models, including the use of transgenic donor mice
(Noraberg et al. 2005); knock-down functional screens on neural stem cells; and
brain-specific promotor-induction based indicator cell lines with promotor sequences
of various inflammatory substances.

The main aims of this high-throughput–high quality screening are to:

a) discover new I&ND biomarkers and the exact I&ND pathways in depressive
patients; identify the I&ND pathophysiology of recurrent, bipolar, TRD and
postpartum depression; and delineate the gender-related factors that determine
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the greater I&ND responses and the increased occurrence of depression in
females. Most importantly, future research should focus on the I&ND gene
signature in depression. Toward this end, genome-wide expression profiles
(Affymetrix Exon Arrays) and mutation detection in the I&ND pathways should
be examined.

b) discover the exact I&ND pathways in animal and in vivo/ex vivo models of
depression. Here, two internal stress models, i.e. knock-in mouse, characterized
by inflammation and inflammatory neurodegeneration, as well as the LPS model
of depression in the rat and mice should be examined. The effects of external
stressors on the I&ND pathways should be examined using models, such as
prenatal stress and maternal deprivation (early-life stresses) and social isolation
and chronic mild stress model of depression (late-life stresses). Transgenic (TG)
mouse models over-expressing I&ND-related biomarkers, e.g. IDO, or with
conditional knock-out of I&ND markers, e.g. IL-10 or NCAM, should be used
to characterize depressive behavior in relation to the I&ND pathways. In order
to examine the effects of cytokines and LPS, O&NS and TRYCATs on selective
neuronal loss and decreased neurogenesis, novel organotypic slice culture
models using hippocampal and substantia nigra slice cultures from rats and mice
as well as organotypic cultures from TG fluorescent and other TG mice models
should be employed (Noraberg et al. 2005, 2007). Knock down functional
screens of neural stem cells and microglia; and brain-specific, promotor-
induction based indicator cell lines will enable to assess the precise inflam-
matory reactions that occur in depression and that induce neurodegeneration and
decreased neurogenesis.

c) identify new I&ND targets for new treatments, e.g. cytokines; intracellular
inflammatory mediators; neurogenesis; or glia cell activation. Toward this end,
existing anti-inflammatory compounds and substances that promote neuro-
genesis should be examined in order to identify those substances with the
greatest anti-I&ND effects which, in turn, could be employed as monotherapy or
adjunctive therapy. Examples are; the IL-1 receptor antagonist, selected
NSAIDs, selected NAIOSs (e.g. curcumin), IDO inhibitors, tocilizumab (a
monoclonal antibody against IL-6), fontolizumab (a humanized anti-IFNγ
antibody), minocycline (a tetracycline with anti-inflammatory properties, that
prevents microglial activation, and is neuroprotective), and compounds that
block TNFα signaling and / or target BDNF, FGF and NCAM.
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