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1 Introduction

1.1 Definition of the term ,depression*

When originally used in psychiatry, the term depi@s (Latin: deprimere = press
or push down) had a much less specific meaning tbday, i.e. it referred to a
general prostration and an impairment of mentattions. When the term was
adopted into psychiatric nomenclature in the firalf of the 19th century, it was
initially used as a class heading for groups charsed by sub-average mental
functioning. Kraepelin (1913) used this term toaen‘melancholic or depressive
conditions with sad or anxious mood and an impedinoé thinking and acting”
[author’s translation]. Since that time furthereatpts have been made to define
the term, e.g. by Jaspers (1913, 1959) and Blqul@t6) (Moéller H-J. et al.,
2005a). In the 20th century the term manic-depvesgisychosis increasingly
gained acceptance and recently, the term affegsyehoses. With the introduc-
tion of the new diagnosis and classification systediD-10 and DSM-III-R
(1987, 1991), the previous aetiopathogeneticalignted triadic classification
system of organic and endogenous psychoses vamnsusoses, personality disor-
ders and other non-mental disorders” (ICD 9, DSM 1B80) was done away
with. The atheoretical, purely descriptive term goessive episode” in ICD-10 or
“major depression” in DSM-IV took the place of tbkassical differentiation be-
tween “endogenous” and “neurotic” depressions. fEhe “affective disorders” is
used to refer to the whole group of these disordens ICD-10 classification of
affective disorders is subdivided into manic epesydbipolar affective disorder,
depressive disorder (“major depression”), perstsédfective disorder, recurrent
brief depressive disorder (“minor depression”),enthffective disorders and the

unspecified affective disorders.

The depressive disorders are by far the most impbudf the affective disorders.

Today, they are among the most common mental diserdrrequency rates de-



pend on the sample and diagnosis criteria andrdifééween countries and cul-
tures. About 5%-10% of the German population (apprb million people) are
afflicted with depressions requiring treatment (pgrevalence). Between 10%
and 20% of people (8%-12% of men, 10%-25% of wonsesffer from a depres-
sion at some time in their lives. A large Germamdgtfound that the lifetime
prevalence of a depressive disorder was 16.4% (h@d:%; women: 20.4%)
(Statistisches Bundesamt, 1998). It is notewortiat ibout 50% of people with
depression do not consult a physician and about 60Défepressions are not rec-
ognised by general practitioners. The average agaset is between 30 and 45
years for unipolar depressions and 20 to 35 yearkipolar depressions. Late-life
depression is the most common mental disorder arpeagle over the age of 65.

The prevalence is estimated to be at least 10%igahes Bundesamt, 2010).

1.2 Symptoms

The World Health Organization (WHO) study “Globalifden of Disease 1990”
found that depressions have a more negative effepeople’s quality of life than
cardiovascular diseases and are predicted to bseittnd most important cause
of disability in 2030 (Murray et al., 1997).

The clinical picture of depression can take mamyni The leading symptoms are
depressive mood, inhibited drive and thinking aleds disorders. The degree of
depression can range from slightly depressed moochealancholic, seemingly
hopeless and persistent inability to feel anythjffgeling of lack of feeling”).
Other symptoms include loss of interest, inabildymake decisions, anxiety, in-
ner restlessness, brooding and physical symptorepreBsive patients have a
pronounced suicide risk. Fifteen per cent of pasievith a severe depressive dis-
order commit suicide, 20%-60% have suicide attennptgheir medical history



and 40%-80% have suicidal thoughts during a dejgresBepressed people have
a negative view of themselves and the surroundiaddyvoften become socially
withdrawn and sometimes become strangers to theessgdelf-alienation).

Some patients can be recognised relatively easilyhe basis of their outer ap-
pearance and quiet, hesitant voice. Such caseabfentiated into different sub-
types: inhibited depression, agitated depressi@sked (somatic) depression and

Sisi syndrome.

1.3 Aetiology
1.3.1 Genetics

Adoption, twin and family studies have proven tgahetic factors play a role in

the occurrence of depressive disorders. Twin stuiitiend a concordance rate of
60% for recurrent depressive disorders. In adopgtadies, the adopted offspring
of depressive parents developed depression mayeendly than the offspring of

healthy parents. However, studies conducted imteaEars were unable to clarify
the type of inheritance. If the cause was a laggare defect, a so-called “major
gene effect”, with high penetrance, the concordaate in identical twins should

be a lot higher. For this reason, it is assumetl shaeral genes are most likely
involved, whose effects summate and, together wikier factors, predispose to
depression (Wehling, 2005).

1.3.2 Biological rhythms

Clinical observations indicated already early oat tthronobiological factors play

an important role. Some depressions are seasodab@ur more frequently in



spring or autumn: the existence of a special tyfpgepression, so-called seasonal
depression, was first recognised in the mid-1980ss kind of depression occurs
only in autumn or winter or both and is characetiby special, “atypical” symp-
toms (including increased appetite and need fapsle

The daily fluctuations and the nocturnal and eartyrning awakenings typical of
“endogenous” depressions are signs of a disturbahcecadian rhythm. Experi-
mental sleep research has shown that depressienisashow more light sleep
stages and fewer deep sleep stages than healttrplsoithey have a longer sleep
onset latency, REM latency is reduced and varioolegical rhythms are desyn-
chronised. The antidepressive efficacy of sleepidaiion is assumed to be based
on a resynchronisation (Moéller H-J. et al., 2005b).

1.3.3 Neuroendocrinology

1.3.3.1 Hypothalamus-pituitary-adrenal axis

A large percentage of depressive patients showratalibies in tests such as the
dexamethasone suppression test or dexamethasdiselemieasing-hormone

(CRH) test or show decreased adrenocorticotropi@T(A) release, all of which

reflect an overstimulation of the hypothalamus-pédity-adrenal (HPA) axis. In

contrast to the hypercortisolism caused by an adlermour, in depression the
overstimulation is caused by disturbances in CN8rob Dysfunctions in central

glucocorticoid receptors are assumed to be resplendrurthermore, research
reports show that depressive patients have lowgoith stimulating hormone

(TSH) plasma concentrations and that the TSH respém thyrotropin releasing
hormone (TRH) stimulation is decreased or TRH lewelthe CNS are increased
(Muller et al., 2005).

The neuroendocrine reaction to stress is regulayethe HPA axis. The cascade
starts in the CNS with increased CRH release byhtipothalamus. CRH stimu-
lates the pituitary to release ACTH, which in tgtrmulates the synthesis of corti-



sol in the adrenal cortex. In addition to this m@wubm, arginine vasopressin
(AVP), which is also released during stressfulaitans, is co-secreted (Scott et
al., 1998). AVP also acts on e the pituitary ancreases the release of ACTH
through a synergistic effect with CRH.

1.3.3.2 Hypothalamus-pituitary-thyroid axis

Hypothyroidism was shown to cause major depressidmch remitted after

treatment with thyroxine (Bartalena et al., 199D0ere is some evidence for a
dysfunction of the hypothalamus-pituitary-thyroldRT) axis in depression. Thy-
roxine (T4) levels are increased in some depregsients (Wahby et al., 1988)
as a result of the effects of TSH on TRH (Wahbwlet1988, Hein et al., 1990).
T4 levels and the concentration of free T4 havenheported to decrease after

treatment with antidepressants (Gendall et al.3200

1.3.4 Amine deficiency hypothesis

For more than 20 years hypotheses have existechwehiggest that depressive
disorders are related to reductions in the neurstratters noradrenaline and sero-
tonin. Studies have shown that concentrations ofdrenaline and serotonin in
particular are lower in depressive patients thahealthy controls. The main sup-
port for this hypothesis came from the clarificatiof the mode of action of anti-
depressants, which increase the concentration wfegnin the synaptic cleft. Par-
ticularly noteworthy in this context are the triigcantidepressants (TCAs) and
monoamine oxidase inhibitors (MAOIs) (Bunney et &b65, Schildkraut et al.,
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1965). However, this hypothesis does not explaiheeiwhy 2 to 3 weeks of
treatment are necessary to reduce depressive syrapaithough monoamines are
replaced within one to two days, or why other saihsés such as cocaine or am-
phetamines (which promote serotonergic and noradgéntransmission) are not
effective in treating depressive patients (Sakashl.e 2002). Furthermore, the
hypothesis cannot explain why antidepressantsféeetige in other dysfunctions
such as social phobias (Sheehan et al., 1993) d&ydotiner drugs such as tian-
eptine are effective even though they are assumétttease serotonin reuptake,
i.e. they have the opposite effect to the antidegaet selective serotonin reuptake
inhibitors (SSRI) (Loo et al., 1999, Pineyro et 4B99, Wilde et al., 1995). There
Is also no explanation as to why the density obtegrin receptors increases after
longer-term electroconvulsive therapy, one of thesireffective treatments for
depression (Butler et al., 1993).

Despite these limitations, the amine deficiencydilipsis drove the development
of safe antidepressants such as the SSRIs, whobidm citalopram, fluoxetine,
fluvoxamine, paroxetine and setraline, the seleatieradrenaline reuptake inhibi-
tors and the dual antidepressants such as vemafaatd milnacipran, which
modify both the noradrenergic and the serotonesyistems (Charney et al.,
1981).

1.3.5 The role of inflammatory changes

The macrophage theory is the first theory to addtks role of the immune sys-
tem and inflammatory changes in the developmentepfession. In this hypothe-
sis, interleukin (IL) B, which is secreted by macrophages, directly stites! the
secretion of CRH by the hypothalamus and induceetagctivity of the HPA axis.
This is a link between the immune system, neuroemamlogy and neurotrans-

mitter replacement in depressions. Acute infectionsumans and animals have

11



been shown to be accompanied by a group of ungpsgihptoms, i.e. fever, loss
of appetite, hyperalgesia, hypersomnia, anhedond depressive mood (Hart,
1988). The release of proinflammatory cytokineshsas IL-33, IL-6 and tumour
necrosis factor (TNFd is an integrated part of the host response tcciivies.
These cytokines play a central role in the intgrpdé neurotransmitters and the
neuroendocrinological system. Stimulation of theAH&Xis by IL-1 increases the
secretion of ACTH by the pituitary and of glucocootds by the adrenal cortex
(Tsagarakis et al., 1989). Evidence also exists lihd increases the in vivo
turnover rate of serotonin in some regions of titebrain (Gemma et al., 1994).
Furthermore, IL-1 activates the central noradreicesgstem. For this reason, in
rat models there is a measurable increase in theeotration of 3-methoxy-4-
hdroxyphenylglycol, a metabolite of noradrenaliDeiin, 1988).

Experiments have shown that a systemic injectidiipopolysaccharides (LPS), a
component of the cell walls of gram-negative baaterot only promotes the re-
lease of proinflammatory cytokines but also caudegressions and “sickness
behaviour” (Bluthe et al., 1999). Other studiesenakiown that interferon (IFN), a
cytokine used in the treatment of cancer and \iméections, can also cause de-
pressions. When high doses of i.v. lleNwvere administered in short intervals,
20%-60% of patients developed mental disorders. Symeptoms remitted after
discontinuation of the medication and a brief lateperiod of a few days (livana-
inen et al., 1985, Meyers et al., 1991, Poutiaieteal., 1994, Mattson et al., 1983,
Rohatiner et al., 1983). In contrast to these sesate effects resulting from ad-
ministration of high doses, less severe neuropayehieffects are reported during
treatment with lower doses. Also, the latency pkiglonger and only 4%-16%
of patients experience side effects (Schaefer. €2@02).

Depressions have been proven to be associatechvd#ifiective regulation of im-
mune system mediators. In vitro studies have shimanhwhen human monocytes
are incubated with various antidepressants and hBt®eably less IL-1, IL-6 and
TNF-a is released (Xia et al., 1996). Other studies tsh@vn an increase in the

anti-inflammatory cytokine IL-10 and a decreasdRN-y (Kubera et al., 2000a,
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Kubera et al., 2000b). However, there is some owetsy concerning the anti-
inflammatory effects of various antidepressantsanimal experiments, rats were
infected with LPS; the subsequent symptoms sucleaght loss, refusal to eat
and decreased consumption of a saccharin solubatd de treated by chronic
treatment with tricyclic antidepressants, but ndhwenlafaxine or SSRIs (Shen
et al., 1999). This finding is supported by anotimevivo study in which desip-
ramine reduced the secretion of IL-1 and T&Bfter infection with LPS but no
effects were seen with venlafaxine or paroxetinenf@r et al., 2000). In a rat
model of olfactory bulbectomy, the increase of aquitase protein was found to
be reduced by tricyclic antidepressants and SSRdsnard et al., 2002). Fur-
thermore, SSRIs decreased the release of IL-6 euté phase proteins in patients
with depressions (Sluzewska et al., 1995).

IL-1 indirectly increases the synthesis of prosaadin E2 (PGE2), an inflamma-
tory mediator and cofactor in the expression ofoladmine 2,3-dioxygenase
(IDO). An increased PGE2 concentration was measurgde saliva, blood and
cerebrospinal fluid of depressive patients (Nishataal., 1989, Calabrese et al.,
1986, Gerner et al., 1983). On the basis of thegkniys, the inhibitory function
of antidepressants on cyclooxygenase (COX), whaalesponsible for the synthe-
sis of PGEZ2, is also being considered as a meahdoistheir antidepressant ef-
fect, as inflammatory reactions are thus reducediiiard, 2001).

Furthermore, in recent years interest has growthénpositive effect of proin-
flammatory cytokines on the enzyme IDO, which catisles tryptophan and re-
sults in reduced synthesis of serotonin (Carlialgt1987, Carlin JM, 1987, Tay-
lor et al., 1991, Yasui et al.,, 1986). The involth of proinflammatory
cytokines in the pathophysiology of depressionslieen clearly proven. Several
mechanisms allow the cytokines to reach the tamgtptors in the brain from the
peripheral blood, including active transport, tfams$ via the circumventricular
organs, transport by binding to receptors in tlomthlvessels that supply the brain
and retrograde transport of cytokines along theusaterve (Maier et al., 2003).

These proinflammatory cytokines have a protectivé a degenerative effect on

13



neurones and glial cells, depending on the conagoitr and the duration of expo-
sure (Allan et al., 2005).
These observations give rise to the question whelpression is a neurodegen-

erative disorder that is induced by chronic inflaations.
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Figure 1: Stress-induced immune activation and thessociation with neuroendocrine and
neurotransmitter changes (adapted from (Myint et al, 2007))

1.4 Immune hypothesis of depression

1.4.1 Psychoneuroimmunology

Psychoneuroimmunology is concerned with the inteadbetween the nervous,
endocrine and immune systems. The interfaces argithitary, adrenal glands
and immune cells. The focus is on the effect ofpthygche on the immune system,

for example how stress can have a negative effedtmonune factors. Chronic



stress causes a decreased concentration of sgdiggtoin saliva and an increased
release of glucocorticoids. Corticosteroids inhdyitokine production and reduce
the reactivity of B and T lymphocytes and the attiof natural killer cells.

1.4.2 Basic immunological principles

The cells of the immune system are defined by thaiface marker molecules and
by the cytokines they secrete. CD3 markers areeptesn all T lymphocytes

(CD3+). These lymphocytes are divided into sevstddpopulations, which are

defined with the help of antibodies and have déférfunctions. They include the
T helper cells (CD4+), which induce the immune oese, and the cytotoxic T

cells (CD8+), which regulate an existing immunepogsse. They also have toxic
and lysing effects. Antigen-presenting cells, sashmonocytes (the precursor
cells of macrophages) and certain types of lymptes;yrelease activating cyto-
kines, which activate B and T lymphocytes. The péel system, which consists
of parts of the cellular system, becomes activacute inflammations. Cytokines
characteristic for this process are INH.-2 and IL-12. These cytokines are pro-
duced not only by T helper cells, but also by mgtes/macrophages and other
cells. They are referred to as the type 1 immuseaese. The humoral system,
called the type 2 immune response, becomes actigbronic inflammation. Pro-

inflammatory cytokines such as TNF-L-1, IL-2 and IL-6 are released mainly
by monocytes/macrophages (Muller et al., 2007)srmall amounts these cyto-
kines cause activation of the adhesion moleculdscaemotaxis, with the aim of

initiating an inflammation and recruiting furthesulcocytes. If they are present in
large amounts and if they enter the blood, thesekayes cause the body to react
with fever, hepatocytes to produce acute phaseiprand more leucocytes to be

released by the bone marrow. TNFRrimarily activates the type 1 immune re-
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sponse, whereas IL-6 activates the type 2 immusporese and promotes anti-
body production. The type 1 and 2 immune respoaszgaormally in equilibrium.

In the CNS, microglial cells and astrocytes are ¢haiers of the immune re-

sponse. They also release cytokines: microglids eehinly release type 1 cyto-
kines, astrocytes primarily type 2 cytokines. Thiege cell types are thus also in a
functional immunological equilibrium (Aloisi et aR000). In recent years studies
have shown that the proinflammatory and type 1 imensystems are activated in

depression.

1.4.3 Tryptophan metabolism

In the CNS, tryptophan-kynurenine metabolism ismyalocalised in microglial
cells and astrocytes. Proinflammatory cytokinesehagen found to have a pro-
found effect on the metabolism of serotonin, dopemand noradrenaline in
mouse and rats (Dunn et al., 1999). Clinical stidioeind significantly increased
tryptophan concentrations in patient serum afteniagstration of IL-2 or IFNe
(Brown et al., 1991). The rate-determining steptryptophan metabolism to
kynurenine is the activity of the almost ubiquitlyusxpressed enzyme IDO. The
further conversion of kynurenine to either kynuceniacid or 3-
hydroxykynurenine, the precursor of quinolinic adgiregulated by the enzymes
kynurenine aminotransferase and kynurenine hydeseyl Kynurenic acid is an
NMDA receptor antagonist, the only endogenous amenk so far, and thus in-
teracts with glutamatergic neurotransmission. Quarmacid acts as an endoge-
nous NMDA receptor agonist and thus has the oppadfect to kynurenic acid
on glutamatergic neurotransmission. The activitylDO and kynurenine hy-
droxylase is regulated by cytokines. Type 1 cytekisuch as IFN-and TNFe
are potent inductors of IDO and kynurenine hydraggl while type 2 cytokines

16



such as IL-4 and IL-10 inhibit them (Weiss et 4B99). Apart from IFNy and
TNF-a, also other mediators of inflammation such as P@®HAce increased IDO
activity (Braun et al., 2005, Robinson et al., 200%e close association between
the immune system and kynurenine metabolism ictftl in their important
functions in inflammatory diseases. The degradatibtryptophan to quinolinic
acid in the CNS can take place in microglial cedisd infiltrated mono-
cytes/macrophages but not in astrocytes, becaeyddbk the degrading enzyme
3-hydroxykynurenine (Saito et al., 1993, Alberaia® et al., 1996). In humans,
the greatest concentrations of quinolinic acidfatend in the cortex, not in sub-
cortical regions, which is why it is not surprisitigat high levels of quinolinic
acid are associated with disorders of cortical fums (Heyes et al., 1998). How-
ever, quinolinic acid levels in the blood and CN$ mnot related to each other:
during a local inflammatory process in the CNS,nqtlinic acid production in-
creases in the CNS but the blood levels remain amgdd. However, an immune
activation in the blood can result in an increaéeunolinic acid levels in the
CNS (Saito et al., 1993). Tryptophan availabilgythe limiting factor in serotonin
synthesis. A type-linduced (e.g. IFNY, IDO-mediated decrease in the availabil-
ity of tryptophan in the CNS results in a serotgnedeficit (Grohmann et al.,
2003). A positron emission tomography study in depive patients accordingly
found a lack of tryptophan in the limbic and parddic cortex (Leyton et al.,
2006, Rosa-Neto et al., 2004). In 2003, the possie of the imbalance between
neurotoxic and neuroprotective tryptophan metab®liwas proposed as a patho-
physiological link between immune activation andinoehemical changes which

leads to chronic psychiatric disorders such ase$spon (Myint et al., 2003).
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1.4.3 Kynurenine metabolites and cytokines as possible dnarkers in

depression

The term “biomarker” was first introduced in 1988dadefined as a “substance
used as an indicator of a biologic state”’(Zhanglgt2009). A biomarker can be
the concentration of a certain enzyme or hormadme,presence or absence of a
specific biological molecule or a particular gerpmythat is only present in a
population displaying a certain phenotype or enéopkype. Different types of
biomarkers exist, providing different informatiohhey either allow an objective
assessment of physiological states and their widgrpathogenesis or give in-
formation about response to pharmacological treatm®ome markers predict
risk or monitor clinical progress, although they arot causally related to the
pathophysiology (Zhang et al., 2009).

Biomarkers can be very useful tools in psychiatty mentioned above, one of the
key goals in psychiatry is to identify possibleialeigical factors for disorders
(Keshavan et al., 2008). However, biomarkers abeelgreat advantages in the
clinical setting. So far, a diagnosis of depressomade only on the basis of
clinical features. There is clearly no biologicéghostic test able to supersede a
clinical diagnosis based on symptoms, but biomarkan be very useful in moni-
toring and predicting treatment response, compéiatetter distinguishing be-
tween subtypes and providing an additional objectidiagnostic tool.
Only very recently has evidence accumulated ingigad strong reciprocal con-
nection between the neuronal and immune systenh Bgpear to communicate
via neurotransmitters and cytokines and can evgulage each other (Petrovsky,
2001, Masek et al., 2003, Reyes-Garcia et al., R@D@okines are small proteins
that regulate infection in inflammation (Kronfol &t, 2000). Cytokines thus rep-
resent possible immunological peripheral markerplofsiological states in the
brain. Cytokines from the periphery could eitheteehe brain directly and affect
neurons, astrocytes and microglia (Quan, 2008, Metnal., 2009, Watanabe et
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al., 2010) or activate and modulate certain metalpaithways whose metabolites
have harmful effects on the neuronal system. Thrikgnine pathway is one of
the pathways that have been consistently correlatddmajor psychiatric disor-

ders (Myint et al., 2007a, Myint et al., 2007b, Kehal., 2009). The studies by
Myint and co-workers suggested that tryptophan katean and kynurenine me-

tabolites play a role in all three major psych@ttisorders, namely major depres-
sion, bipolar disorder and schizophrenia. Althotiggse disorders have different
clinical symptoms, the changes in the interactietwieen the immune system and
the tryptophan pathway show some similarities. Kgnine metabolites and cer-
tain cytokines could thus serve as biomarkers gsspecific metabolic and immu-

nological changes might only appear in depression.

1.5 Drugs for the treatment of depression

1.5.1 Antidepressants

Antidepressants are a heterogeneous group of asiygtances that treat depres-
sive disorders of different causes and with differeharacteristics by improving
mood or increasing drive, or both. They act acdisease classifications, i.e. in
depressive disorders of different causes. Clirstadies show that antidepressants
are effective in the acute treatment of depresdiserders of all severities. Their
efficacy is mainly based on their effects on onenore neurotransmitter systems
(serotonin, noradrenaline, dopamine) in the CNSnWantidepressants also af-
fect other neurotransmitter systems (e.g. acetyilbigic or histamniergic),
which can result in side effects. Treatment withidepressants is divided into
acute treatment, maintenance treatment for up tmdaths and relapse prophy-

laxis that can last years.

The best known antidepressants can be separatethentollowing groups:
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Tricyclic antidepressants

The tricyclic antidepressants were the most fretjygmescribed until the advent
of the serotonin reuptake inhibitors. One of theain disadvantages is the rela-
tively long latency of antidepressant effect ofod6t weeks. All tricyclic antide-
pressants inhibit to varying degrees the reuptdkeemtonin and noradrenaline
from the synaptic cleft. Furthermore, dependinghantype of binding they act as
antagonists of different strengths at central remgp These receptors include his-
taminergic, muscarinergic, alpha-adrenergic, dopangic and serotonergic re-
ceptors. The effects at these receptors determmsitle-effect profile of the dif-
ferent substances, which is relevant for treatment.

The tricyclics are divided into two main classestiary amines (e.g. imipramine),
which act as dual reuptake inhibitors, are metabkdlito secondary amines and
have particularly pronounced anticholinergic sifieats; and secondary amines
(e.g. desipramine), which inhibit noradrenalineptake somewhat more selec-
tively and have fewer anticholinergic effects. Tde®getative side effects are
noticeable mainly in the regulation of blood pressuhe digestive system, car-

diac rhythm and in the sleep-wake cycle.

Selective serotonin reuptake inhibitors

These days, selective serotonin reuptake inhibi(6&SRIs) are the most com-
monly used drugs in depression. In up to 50% okptd they take effect already
after 2 to 3 weeks. SSRIs selectively inhibit theptake pump for serotonin at the
synaptic cleft and thus increase the “relative” aanmtration of the transmitter.
Serotonin can thus bind more to all 5-HT receptdatygpes. The 5-HT 5 autore-
ceptors and presynaptic 5-gJp receptors, which have a control function via a

negative feedback mechanism, are also more stroagjiyated. The continual
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stimulation of these receptors results in theital@sation and down-regulation,
which shows a very close temporal correlation whith delayed onset of the anti-
depressive effect.

The family of SSRIs includes fluoxetine, fluvoxamjnparoxetine, citalopram,
escitalopram and sertraline. They are charactebgea generally mild side-effect
profile, but frequent sexual dysfunctions, stromgpdtic metabolization and rela-
tively low affinity for histaminergic, dopaminergi@alpha-adrenergic and cho-
linergic receptors. They alter REM sleep and aferstan tricyclics in case of

overdose.

Selective noradrenaline reuptake inhibitors

Reboxetine is the only selective noradrenaline tadg inhibitor (SNRI). The
reuptake of noradrenaline from the synaptic clesutts in a down-regulation of
az and B receptors and in an increased sensitivity of ggaaptica; receptors.
The main side effects are sympathetic vegetativecef such as tachycardia,

tremor and sweating, but also problems with midiana

Selective serotonin-noradrenaline reuptake inhibito

Like tricyclics, selective serotonin-noradrenalireuptake inhibitors (SSNRIS)

affect the reuptake of both serotonin and noradirmaHowever, they do not

block any monoaminergic receptors. Venlafaxinehis only drug of this class

currently on the market in Germany.
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Monoamine oxidase inhibitors

Monoamine oxidase inhibitors (MAO inhibitors) acy Iblocking the enzyme
monoamine oxidase. This enzyme cleaves amines sschserotonin and
noradrenaline, i.e. transmitters in the synapedtchnd thus decreases their avail-
ability for transmitting signals in the CNS. Thiocking the enzyme results in a
“relative” increase of the neurotransmitters in giyaaptic cleft. MAO-A metabo-
lises dopamine and phenylethylamine and MAO-B diéggaserotonin and
noradrenaline.

MAO inhibitors are divided into selective and nalestive MAO inhibitors. Se-
lective reversible inhibitors of MAO-A (e.g. mocleimide) inhibit only type A
monoamine oxidase; MAO-Bnhibiting active substances (e.g. selegiline) are
primarily used to treat Parkinson’s. Non-selectivegversible MAO inhibitors

(e.g. isocarboxazid, tranylcypromine) inhibit MAOakd MAO-B.

1.5.2 Immune effects of antidepressants

Some antidepressants seem to shift the balanceebetthe typel and type2 im-
mune response from a proinflammatory to an ankammatory immune re-
sponse. An in vitro study showed that substancels as sertraline, clomipramine
or trazodone significantly reduce the ratio of INEe IL-10 (i.e. the ratio between
pro- and anti-inflammatory cytokines). These arngréesants reduce the produc-
tion of INF-+y. Sertraline and clomipramine, on the other haadse a significant
increase in IL-10 (Maes et al., 1999). The releeaot cytokines for the patho-
genesis of depressive disorders is also confirnyeithdn fact that when hepatitis C
or malignant melanoma are treated with IlJFa large proportion of patients de-
velop a depression requiring treatment. Studie® Isnown a decrease in proin-

flammatory cytokines after treatment of major depien (MD). This is not a sec-
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ondary effect but a direct effect of antidepressamt the immune cells. The exact
mechanism has yet to be determined. However, ttiettfiat 5-HE and 5-Hp
receptors as well as high affinity 5-HT transpateave been demonstrated on the
cells suggests involvement of the serotonergicesysiThis process is supported
by the anti-inflammatory and peripherally analgesfiects of 5-HE antagonists
(Sasaki et al., 2006). Serotonin antagonist anptaée inhibitors (SARI) such as
trazodone also have this mode of action, whichaexlplain their good efficacy
in treating exacerbations of pain in depressidirpinyalgia and somatoform dis-
orders. In vitro studies also suggest that, by inmdo the 5-H}c receptor, tra-
zodone also indirectly inhibits an increase ofseeond messenger cGMP caused
by agonists at the NMDA receptor (Marcoli et al998). Trazodone may also
have neuroprotective effects through the inhibittdrthe glutamatergic effects at

the second messenger level.

1.5.3 New treatment approach: COX-2 inhibitors as antidepessants

Prostaglandin E2 (PGEZ2) is an important mediatanfidmmation. Signs of in-
flammation, increased proinflammatory cytokines andncreased level of PGE2
have been described in MD. An in vitro study repdrgher PGE2 secretion from
lymphocytes of depressed patients than from thddeealthy controls (Song et
al., 1998). Also, some animal studies show that €0Xhibition can lower the
increase of proinflammatory cytokines such as [Bl.-INF-o. and PGE2 and can
also decrease clinical symptoms like anxiety amuazl decline. Because of the
involvement of PGE2 in the pathophysiology of MDiilMr and coworkers per-
formed a clinical trial using the COX-2 inhibitoelecoxib: the group of patients
treated with reboxetine alone showed a 49% impr&rgrof symptoms. In addi-
tion to this therapeutic effect, the data cleaHgwed an advantage and trend to-
wards significance of the combination of reboxetme celecoxib (Muller et al.,

24



2006). The clinical antidepressant effect of COKHaibitors can be explained by
their anti-inflammatory effects in the CNS. Treatmhavith a COX-2 inhibitor
prevents the dysregulation of the HPA axis andrtheease of cortisol, which has
a key function in MD (Hu et al., 2005). In an anlnmeodel the functional effect of
IL-1 (e.g. sickness behaviour) and other proinflaatony cytokines in the CNS
were found to be antagonized by treatment withlecige COX-2 inhibitor (Cao
et al., 1999). A possible antidepressant effecthef COX-2 inhibitor rofecoxib
has already been observed in osteoarthritis patiefth comorbid depression
(Collantes-Estevez et al., 2003).

1.6 Aim of the Study

The aim of this case-control study was to evaltlagein vitro effects of certain
psychopharmaceutical drugs such as reboxetine, afeee, fluoxetine,
imipramine and celecoxib on peripheral monocytes their kynurenine metabo-
lism and cytokine release. Also, the effect of thieogen LPS on kynurenine me-
tabolism and cytokine release was investigated. l§pothesis was that inflam-
matory processes give rise to greater concentsatminthe products of this
metabolism in the body and that these influencegsses in the brain, so that
they may be valid biomarkers for depression. Wihibted cultures from depres-
sive patients were compared with those of heallg;matched controls. The pro-
and anti-inflammatory cytokines were measured il ELISA analysis tech-
nique and the results with and without medicatiompared. At the same time,
the concentrations of the tryptophan metaboliteséal with and without psycho-
pharmaceuticals were measured by means of higeyreequid chromatography
(HPLC).
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2 Material and Methods

21 patients (9 male and 12 female) displaying mdgpression were recruited
from the psychiatric hospital of the Ludwig Maximihs University (LMU) in
Munich. Psychiatric diagnosis was confirmed vianiclal interview using DSM-
IV criteria. The inclusion criteria also includeeabetween 18-60 years and both
gender. Exclusion criteria included acute and cierarfections, chronic inflam-
matory and autoimmune diseases and anti-inflammatod immunosuppressive
medication. 5 of the patients were “drug-free” gats who did not take any
antidepressive medication. The remaining 16 patigrdk different drugs, includ-
ing levothyroxine sodium, glimepiride, enalaprilscégalopram, seratraline,
zopiclone, lorazepam, paroxetine, thyroxine, arpiityne, citalopram, levothy-
roxine sodium and potassium iodide, mirtazapinelafaxine and bupropion.
History of smoking and drug and alcohol use ane@thedications were record-
ed. 38 control persons were matched for age andegeand exclusion criteria are
the same as in depressive patients. For both,np&tand controls, the same pro-
cedure, consisting of questionnaires and bloocectin, was applied. Except for
HAMD and MRDS interview, this was only done in gais. The study was ap-
proved by the responsible Institutional Ethical @aittee of the LMU, and all

patients and controls provided written, informedsent.

2.1 Psychological Parameter

Personal data of all patients and controls werkecigld with a short anamnesis.
All possible confounding factors, such as weigleight, smoking, drug- or alco-

hol abusus, acute infection diseases and medicatoa documented.
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For the psychological data following interviews werranged:

The M.ILN.I is a short and structured interview fbagnosting psychi-
atric diseases in DSM-1V and ICD-10. It was depeld for not pro-

fessional interviewers. The interview takes abdutndin, consists of
17 modules and each of them contains one diagnostearia. The

questions should be answered only with yes or tudi€ have shown
that the reliability and validity according to t#DI were really high

but can be arranged in a shorter term (Amorim.etLab8).

The Perceived Stress Scale (PSS) is one of the imagtently used
psychiological instruments for measuring the petioepof stress with
a five point Lickert Scale. Response alternatives 4. Never, 2. Al-
most never, 3. Sometimes, 4. Fairly often, 5. #tgn. Its main pur-
pose is to provide a measurement to which degndairesituations in
one’s life are perceived as particular stressteing comprise ques-
tions about their lives. It also includes queribsw the current level of
experienced stress. The items are easy to undératahthe response
alternatives are simple to grasp (Cohen et al.3l9Bhere are three
different kinds of the scale, either consistingafr (PSS-4), ten (PSS-
10) or fourteen (PSS-14) items. In this study,RISS-14 was used.

The Life event questionnaire is an inventory-typgesiionnaire in
which subjects mark the life events or changes lwiiave occurred
during the past year. It indicate whether the ewsas considered

“good” or “bad” and rates the impact of the evemtaod-point scale.

The attitude towards life was screened with armrviegv of eight ques-
tions which are related to the daily routine. Thesgbilities for an-

swering were “yes”, “no” or “unclear”.
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- The Hamilton Depression Scale (HAMD) is a deprassest measur-
ing the severity of depression symptoms. The seabasically quanti-
tative. It was constructed for the sole purposeatihg the actual clini-
cal picture, and it is not to be considered a diggn tool (Hamilton,
1960).

- The Montgomery-Asberg Depression Rating Scale (M&PR a 10-
item diagnostic questionnaire which is used to memathe severity of

depressive episodes in patients with disorders.

2.2 Biochemical parameters

8 x 5.5 ml of venous blood were withdrawn with g@énised blood tube (Sigma)
between 8-10 am. During a period of 1-2 hours tdentical Cell Star 24-well
plates (Greiner Bio One) were prepared with stimuknd antidepressants. Pe-
ripheral blood was added. After 72 hours of incidmat 37° C, 600ul of super-
natant was removed. Cytokines were determined Hiypltie's MILLIPLEX map
High Sensitivity Human Cytokine Panel (Millipore oration, Billerica, MA).
For the different concentrations of kynurenine rheliées Ultra Performance
Liquid Chromatography and Mass Spectrometry (UPLEAMIS) method was

used.

2.2.1 Study design

Each well of the Cell Star 24 well plate contairetbtal volume of 1ml which

was composed out of different antidepressants, RRMdium with stimulant
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(750 ul when no antidepressant was added) and vidhotel (250ul). Lipopoly-
saccharide (LPS) (from Salmonella; Sigma) was @ased stimulant. LPS concen-
tration in each well was 4.3 pg/ml. The antidepmass which were used in this
study, were fluoxetine, reboxetine, venlafaxineipramine and celecoxib. Anti-
depressant concentrations in the appropriate wese 50ng/ml, 200ng/ml,
250ng/ml, 300 ng/ml and 350ng/ml respectively. Aftards, the plate was incu-
bated for 72 h at 37 degree in humidified chamh#ér &% CO2.

2.2.2 In vitro LPS stimulation

LPS is released from Gram-negative bacteria amadstsong inducer of the innate
immunity (Bernardi et al., 2009, Wang et al., 2006)cts through the toll-like

receptor 4 (TLR-4), amember of the toll-like famihat play a central role in the
recognition of infectious pathogens and are expss immune cells, including
macrophages, dendrites, B and some Tcells (Waaly, @006). LPS binds TLR-4
receptor via an leucine-rich extracellular domamu a&ignaling involves the re-
cruitment of a number of intracellular adaptor pnotthat activate transcription
factors and protein kinases that induce produatioimflammatory agents (Wang

et al., 2006). In experimental biology, LPS is usedimic a bacterial infection.

2.3 Sample analysis

2.3.1 Cytokine concentrations

The supernatant concentrations of IL-4, IL-10, {Fhd TNFe were determined
using Millipore’s MILLIPLEX map High Sensitivity Haan Cytokine Panel
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(Millipore Corporation, Billerica, MA). Detectionange was 0,13 pg/ml to
10000pg/ml. Acquired fluorescence data were andlyseng Bio-Plex software
(version 4.1; Bio-Rad Laboraties). Preparation yasgas performed according to

the manufacturer’s protocol by using customizederts and solutions.

2.3.1.1 Milliplex ™ map kit principle

Multianalyte profiling for IL-4, IL-10, IFN-y, TNF-a in whole blood supernatant
was performed on the Bio-Plex Luminex system (BamR_aboratories, INC.,
Hercules, California), which is based on the Lumsfhex MAP® technology.
Luminex® uses probrietary techniques to internally colodecmicrospheres with
two fluorescent dyes. Through precise concentratadrthese dyes, 100 distinctly
colored bead sets can be created. Each of whicbaed with a specific capture
antibody. After an analyte from a test sample iptwaed by the bead, a
biotinylated detection antibody is introduced. Treaction mixture is then incu-
bated with Streptavidin-PE conjugate, the repartelecule, to complete the reac-
tion on the surface of each microsphere. The mptreses are allowed to pass
rapidly through a laser which excites the interthgés marking the microsphere
set. A second laser excites PE, the fluorescenbdytbe reporter molecule. Final-
ly, high-speed digital-signal processors identiécte individual microsphere and
guantify the result of its bioassay based on flsoceat reporter signal. This capa-
bility of adding multiple conjugated beads to eaelmple results in the ability to
obtain multiple results from each sample. Openditecture x MAP r technology
enables multiplexing of many types of bioassaysicedy time, labor and costs
over traditional methods. This Bio-Plex suspensory system is a flow-based
dual-laser system for simultaneously identifyingl @uantitating up to 100 differ-

ent analytes in a single biomolecular assay.
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Reagents supplied by the kit:

Materials required bt not provided:

High Sensitivity Human Cytokine
Standard

High Sensitivity Human Cytokine
Quality Controls 1 and 2

Set of one 96- Well Filter Plate with 2

Sealers
Assay Buffer
10x Wash Buffer

High Sensitivity Human Cytokine

Detection Antibodies
Streptavidin- Phycoerythrin
Mixing bottle

Premixed 13 plex Beads for IL-10,

IL-4, IFNy, TNFa

Luminex Sheath Fluid

Adjustable pipets with Tips capable
delivering 25 pl to 200ul

Multichannel Pipets capable of delivg

ing 5 ul to 50ul

Reagent reservoirs
Polypropylene Microfuge Tubes
Rubber Bands

Absorbent Pads

Laboratory Vortex Mixer
Sonicator

Titer Plate Shaker

Vacuum Filtration Unit

Luminex 100 tm IS, 200 tm or HTS K

Luminex Corporation

Plate Stand

of

y

Table 1: Reagents and materials for cytokine analysg
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2.3.1.2 Preparation of reagents

Quiality Controls

Before use, Quality Control 1 and Quality Controlv@re reconstituted with 250
ul deionized water. The vial was inverted sevanaés to mix and let rest for 5-10

minutes.

High Sensitivity Human Cytokine Standard

Prior to use, High Sensitivity Human Cytokines $l@ml was reconstituted with
100 ul deionized water to give a 10000 pg/ml cotregion of standard for all
analytes. The vial was inverted several times to amid vortexed for 10 seconds.

Then it was let rest for 5-10 minutes.

Working Standards

The standard working solution ranged from 0.13Q@6QDpg/ml. 130 pl of deion-
ized water was added to one tube and 200 pl ofdmdéer to six other tubes. 30
ul of the 10000pg/ml was added to the first tubthwhe deionized water, to get
2000 pg/ml concentration. Then 50ul of the 2000mpgé transferred to the next
tube to create 400pg/ml concentration. Always 50fithe former dilution is add-
ed to the next tube. This gave the concentratié@® qul, 16ul, 3.2ul, 0.64ul and
0.13ul, respectively. The 0 pg/ml standard (Backgd) was Assy Buffer.
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2.3.1.3 Immunoassay procedure

The filter plate was pre-wet by adding 200ul wasiffdy to each well. Then it
was sealed and shook on plate shaker for 10 mirmgtesom temperature. Wash-
ing buffer was removed by vacuum and 25ul of premiibeads were added to
each well. The fluid was removed by vacuum agaiul®f standard or control
were added in the appropriate wells. 50ul of assdier was added to the back-
ground and sample wells and 50 ul of RPMI mediura added to the control and
standard wells. Then after centrifuging the sam@@spul of each was added to
the appropriate wells. The plate was incubatedlLibhours at 4°C with shaking.
After 17 hours, the fluid was gently removed bywam and the plate was washed
twice by vacuum filtration between each wash. Sgbeetly 50ul of Streptavi-
din-Phycoerythrin was added to each plate and mteabagain for 30 minutes at
room-temperature for 30 minutes. In the next stdipcontents were removed by
vacuum and washed twice with 200ul washing buffiéh wacuum filtration be-
tween each wash. In the last step, 100ul of Shielatld was added to all wells
and shaked for 5 minutes to suspend beads. The wkd run on Luminex 100
Tm and acquired fluorescence data were analysed) lBD-Plex software (ver-

sion 4.1; Bio-Rad Laboraties).
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2.3.2 Tryptophan and Kynurenine concentration

2.3.2.1 Solid-phase extraction

Solutions Ingredients

Internal standard 7.5 ul N-TYR stock solution (Imf/dissolved in 1 m
9 M H3PO;, (phosphoric acid)

Equilibration fluid 1 Methanol
Equilibration fluid 2 HO
Washing solution 0.1 M citric acid

Elution fluid 200 ml MTBE (ter-butyl methylether) with 400 rl
acetonitril and 5% NEOH (Ammoniumhydroxid)

Table 2: Solutions for solid-phase extraction

Extraction:

For the equilibration process equilibration fluichdd equilibration fluid 2 is add-
ed to the solid-phase column (Oasis MCX 1cc) andfally sucked dry. After-
wards sample is added together with 50ul of intestendard and mixed well.
The column is washed subsequently in 1ml washirgtisa, dried and centri-
fuged for 5 minutes. Then, the sample is elutethénelution fluid and evaporated
for 15-30 min with nitrogen at 40°. In the follovgrsample is taken up in 100 pl
H20 (MS method: KYN 2350) and this solution is agdiluted 1:100 (MS meth-
od: KYN 1350). Of both solutions 10ul are injectesing the full loop option.

34



2.3.2.2 Chromatographic system and conditions

The analysis was carried out on a Water AQUITY URI®) system with cool-
ing autosampler and column oven. An ACQUITY UPLC H$ST3 column
(50mm x 150 mm, 1.8 um (Waters Corp, Milford, MASH)) was employed for
separation with the column temperature maintairietbaC. The gradient elution
for UPLC analysis consisted of two solvent compossg: Solvent A 0.1% acetic
acid in water and solvent B 0.1% acetic acid inlrapbl. The gradient began with
98% eluent A and changed linearly to 50 % A with@hmin, goes to 100% meth-
anol in 20min, stayed for 2 min and changed bac83®b6 A withon 2 min and
stayed 5 min. Throughout the UPLC process the flm& was set at 0.35 ml/min
and the run time was 21 min. A Waters X8vtandem quadropole mass spec-
trometer (Waters Corp., Milford, MA, USA) equippedth an electrospray ioni-
zation (ESI) interface was used for analytical diéd®. The ESI source was set in
positive ionization mode. Quantification was penfied using MRM of the transi-
tions of M7Z 209.1 to 94.1 for kynurenine and mOQ52 to 146.1 tryptophan,
with scan time of 0.025 per transition. The optivt® parameters were as fol-
lows: capillary voltage 3.5 kV, cone voltage 8 dusce temperature 150°C and
desolvation temperature 600°C. Nitrogen was useth@gslesolvation and cone
gas with a flow rate of 800 and 4 L/h, respectivédlygon was used as the colli-
sion gas at a pressure of approximately 0.3 Paophimized collision energy for
kynurenine was 20 V and for tryptophan 22 V. Altadaollected in multi-channel
analysis (MCA) mode were acquired and processamgugiass Lynx tm V 4.1
software with Target Lynx tm V 4.1 program (Wat@wrp., Milford, MA, USA).
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2.4 Statistical analysis

The Kolmogorov-Smirnov test was used to check threnality of the data in pa-
tients and control groups. Descriptive statistaggether with plots (error bars cor-
respond to 95% confidence intervals) were providieal.compare skewed data
between groups a non-parametrical test Mann Whithdgst was applied. For
normally-distributed data, the two sample Studeintést was applied. To control
for the different confounding factors multiple uanate analysis was used. These
tests were made with SPSS 18.0 (SPSS Inc., Chidagois).

The null hypothesis was rejected at P < 0.05. Bstef illustration in the graphs,
the following categories for P-values were use@.601 = *** from 0.001 until
0.01 =**, from 0.01 until 0.05 =* and from 0.05 .1 = # (tendency).

For the summary, statistical results were summdrirean Excel spreadsheet
(Microsoft Office) and the mean values were integplaas a graphical presenta-

tion in the text.
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3 Results

3.1 Demographic data

Altogether we included 59 Caucasian study partidipa 21 patients suffering
from depression and 38 healthy control individualeho fulfilled the inclusion
criteria as described in chapter 2 “Material andtidds”. Several psychopatho-
logical scores like PSS, life event - and attitudevards life questionnaire,
M.L.N.lI, HAMD and MADRS were carried out. The mediage for patients was
43.19 and for healthy controls 45.61. The percentaigmen was similar in the
patient group (75%) and in the control group (73%6)the male:female ratio did
not differ significantly between the two groupshelsame was true for body mass
index (BMI; p = 0.460) and the age (p = 0.201). Plaeameters medication (p =
0.356), nicotine abusus (p = 0.754) and race (p0F dhowed no difference be-
tween the groups. A significantly higher numbepaftients than healthy controls
had a history of alcohol consumption (p = 0.04) arfdmily history of depression
(p< 0.001). Concerning the medication status, dky patients did not receive
any medication before the diagnosis MD was confitmfeo only these people

were drug naive with a recent onset of MD.

Tabel 3 is presenting the epidemiological and céihdata of the 59 participants
who were included into our study (Tab.3).
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Patients with major de-

pression (n=21)

Healthy controls (n=38)

Sex (male/female)
Age (years)

BMI (kg/m?)

Family History (yes/no)
Alcohol

Drug

Nicotine

Antidepressant medication
status

Medication-free
Psychopathology scores:
PSS

Life Events

Attitude towards life
HAMD

MADRS

9/12
43.19
24.14
8/13
4/17
1/21
4/21

5/21

45.57

54.07

13.93

18.86

16/22

45.61
25.58

0/38
0/38
0/38
9/38

42.18

42.18

Table 3: Demographic data of study participants

3.2 Immunological findings: cytokines

Whole blood cultures were stimulated with LPS aiffitgent antidepressant med-

ications were added. After incubation for 72 h, shpernatant was removed. The

concentrations of the cytokines IFN{L-4 and IL-10 were determined by Milli-
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pore’s MILLIPLEX map High Sensitivity Human CytoldrPanel. IFNy levels,
which characterize the Thl immune response, antldbd 1I-10, which represent

the Th2 immune response are presented separately.be

3.2.1 Thl/proinflammatory cytokines: IFN-y

Diagnosis
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W Cortrol
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IFNy- concentration (pgiml)
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ooss[@d Sd

Incubation of whole blood cultures with
different conditions

Figure 3: Mean in vitro IFNy concentrations (pg/ml) in whole blood cultures from patients
with major depression and healthy controls after iubation of cultures under different con-
ditions. Bars (Control, Depression) show the concémtions in the two study groups, error
bars correspond to 95% confidence intervals, and “#ndicates a p-value in the range 0.05 to
0.1 (exceptionally Mann-Whitney U test was used he}.

The mean IFN¢ production before and after LPS stimulation wasgared be-
tween patients and controls. The controls™ meanegaivere numerically higher

across the different culture conditions, howeveneof the differences was sta-
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tistically significant, although the culture condit treated with LPS and ven-
lafaxine showed a trend towards statistical difheee(p = 0.071; Mann-Whitney
U test) (Fig. 3).

In the culture from healthy controls, which con&drcelecoxib as a antiinflamma-
tory drug, the mean value of the IFNeoncentration reached the lowest level
compared to other medications after LPS stimultatithis numerical decline of
IFN-y was only detectable in the blood from healthy maatbut not in the blood
from patients.

Group also had no effect (either depressed or ahrin the level of IFNy when
the parameters family history and alcohol were @dieid in a univariate analysis
of variance.
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3.2.2 Th2/antiinflammatory cytokines: IL-4, IL-10
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Figure 4: Mean in vitro IL4 concentrations (pg/ml) in whole blood cultures from patients
with major depression and healthy controls after iubation of cultures under different con-
ditions. Bars (Control, Depression) show the concémtions in the two study groups and
error bars correspond to 95% confidence intervals.

After incubation under different conditions, norsfgcant differences were found
between IL-4 levels in the depressed and controligs, although the absolute
values increased (Fig.4). However, in a univaratelysis of variance, alcohol
consumption showed an effect on IL-4 when bloodutes were stimulated with
LPS (p< 0.001), and treated with fluoxetine (p 648), reboxetine (p = 0.005),
venlafaxine (p = 0.002) or imipramine (p = 0.016yt not with celecoxib.
Celecoxib had no significant effect on IL-4 prodant Family history also corre-
lated significantly with the IL-4 level after treaént with LPS and reboxetine (p
= 0.008).
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Figure 5: Mean in vitro IL10 concentrations (pg/ml) in whole blood cultures from patients
with major depression and healthy controls after iubation of cultures under different con-
ditions. Bars (Control, Depression) show the concémtions in the two study groups, error
bars correspond to 95% confidence intervals, “* idicates a p-value in the range 0.01 to 0.05
(exceptionally Mann-Whitney U test was used hereand “***"indicates a p-value < 0.001.

The mean IL-10 values of the control group weréhbighan those of the patient
group across all conditions. However, the diffeemonly reached statistical sig-
nificance in the unstimulated culture (p = 0.03%r-Whitney U test). Signifi-

cant differences were observed for the cultureh WiPS and fluoxetine (p<

0.001), reboxetine (p< 0.001) and venlafaxine (P300). The significant differ-

ence between both groups was abolished in theresltwhich were treated with
LPS and imipramine or celecoxib mainly due to a adoal increase of the IL-10
concentration in the patient group (Fig.5).

Group (either depressed or control) had no effecthe level of IL-10 when the

parameters family history and alcohol were condblin a univariate analysis of

variance.
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3.3 Metabolites of the Tryptophan pathway

One of the main questions was the effect of antekgant drugs and celecoxib on
the kynurenine pathway. This section presents dineentrations and ratios of the
TRP catabolites in the order of the biochemicahpaty. The mean concentra-
tions are presented and compared and the influehcenfounding factors like

family history, alcohol consumption and diagnoses eontrolled.

3.3.1 Metabolites
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Figure 6: Mean in vitro TRP concentrations (ug/ml)in whole blood cultures from patients
with major depression and healthy controls after iubation of cultures under different con-
ditions. Bars (Control, Depression) show the concémations in the two study groups and
error bars correspond to 95% confidence intervals.
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Stimulation with LPS induced a reduction in TRPdklv Remarkably, in every
condition mean TRP concentration, after adding LW&ge higher in patients than
in controls (Fig.6). However, the differences dat neach statistical significance
in any of the conditions in either the t-test orenrtonfounding factors were con-

sidered in a univariate analysis of variance.
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Figure 7: Mean in vitro KYN concentrations (ng/ml) in whole blood cultures from patients
with major depression and healthy controls after itubation of cultures under different con-
ditions. Bars (Control, Depression) show the concémtions in the two study groups, error
bars correspond to 95% confidence intervals and “#indicates a p-value in the range 0.05 to
0.1.

The means of KYN concentrations were numericallyhbr in controls than in
patients. However, the differences were not sigarft and only the difference in
the culture treated with LPS and reboxetine showedend towards statistical
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difference (p = 0.084) (Fig.7). When tested forfoomding factors in a univariate

analysis of variance, no significant differencesenabserved.
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Figure 8: Mean in vitro OHK concentrations (ng/ml) in whole blood cultures from patients
with major depression and healthy controls after itubation of cultures under different con-
ditions. Bars (Control, Depression) show the concémations in the two study groups and

error bars correspond to 95% confidence intervals.

In every condition, the mean OHK concentrationseagdightly higher in the de-
pressed group than in the controls; however, ndrtbeodifferences was signifi-
cant (Fig.8). Also, a univariate analysis of vadashowed no statistically signifi-
cant findings related to alcohol consumption orifgmistory.
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Figure 9: Mean in vitro HAA concentrations (ng/ml) in whole blood cultures from patients
with major depression and healthy controls after itubation of cultures under different con-
ditions. Bars (Control, Depression) show the concémations in the two study groups and
error bars correspond to 95% confidence intervals.

AA showed no significant differences in the meanamtration between the two
groups. However, it is noteworthy that HAA is thayparameter in the catabolic
pathway of TRP, that decreased after LPS inductogmn9). A univariate analysis
of variance showed no statistically significantdiimys relating to alcohol con-
sumption or family history.
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Figure 10: Mean in vitro KYNA concentrations (ng/ml) in whole blood cultures from pa-
tients with major depression and healthy controls #er incubation of cultures under differ-
ent conditions. Bars (Control, Depression) show theoncentrations in the two study groups,
error bars correspond to 95% confidence intervals ad “#  indicates a p-value in the range
0.05t00.1.

The mean concentrations of the neuroprotective lmoéita KYNA increased after

LPS stimulation in both groups as assumed. Valuee igher in the control

group than in the patient group, but differencesewaot significant. Only the

stimulation with LPS showed a trend towards a @drihcrease in patients (p =
0.084) (Fig.10). The addition of medications did result in a difference between
patients and controls.
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Figure 11: Mean in vitro AA concentrations (ng/ml)in whole blood cultures from patients
with major depression and healthy controls after itubation of cultures under different con-

ditions. Bars (Control, Depression) show the concémations in the two study groups and
error bars correspond to 95% confidence intervals.

In vitro production of the metabolite AA increasedh LPS stimulation and was
higher in the control group than in the patientsugr across all culture conditions
(Fig.11). However, differences were not significamteither the t-test or when

influencing parameters were considered in a ura@mnalysis of variance.
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3.3.2 Ratios between the metabolites

For analysing biochemical pathways, it is importeminvestigate not only the

levels of the single intermediates but also to $oou the ratios between the me-
tabolites. Out of that we can get informations dlite conversion rates of the
distinct enzymatic steps. Before going into detdtilsan be summarized that near-

ly all ratios, except OHK/KYN, were higher in cools than in patients.
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Figure 12: Ratio of mean concentrations of KYN/TRHn whole blood cultures from patients
with major depression and healthy controls after iubation of cultures under different con-
ditions. Bars (Control, Depression) show the concémations in the two study groups and
error bars correspond to 95% confidence intervals.

The ratio of KYN/TRP describes the first enzymatiep in the degradation path-

way and is referred to as the “tryptophan breakdowdex”. It is calculated by:

kynurenin/tryptophan. The index indicates indirgd¢tle sum of activities of TDO
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and IDO. Generally, the ratios of different conalits were numerically higher in
the control group, but none of the differences leetw groups was significant
(Fig.12).
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Figure 13: Ratio of mean concentrations of KYNA/KYNin whole blood cultures from pa-
tients with major depression and healthy controls #er incubation of cultures under differ-
ent conditions. Bars (Control, Depression) show theoncentrations in the two study groups,
error bars correspond to 95% confidence intervals ad “** indicates a p-value in the range
0.01 to 0.05.

The ratio KYNA/KYN allows a statement to be madegaeling the
neuroprotective and neurodegenerative distributbrthe metabolites, because
both KYNA and QUIN are formed from KYN. Therefortjs ratio is also called
as the “neuroprotective ratio”. In the unstimulateedition, the ratio was signifi-
cantly higher (p = 0.045) in the controls thanhe patients. This difference was
no longer present when the blood was stimulateche@@dly, the ratio decreased
after stimulating the whole blood cultures (Fig.13)
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Figure 14: Ratio of mean concentrations of OHK/KYNin whole blood cultures from patients
with major depression and healthy controls after iubation of cultures under different con-
ditions. Bars (Control, Depression) show the concémtions in the two study groups, error
bars correspond to 95% confidence intervals and “*indicates a p-value in the range 0.01 to
0.05.

The OHK/KYN ratio decreased in both patients andtiads after treatment with
LPS alone or with antidepressant drugs. This plattie catabolism represents the
first step towards the neurodegenerative metabQIitdN. In the unstimulated
condition, the mean ratio of OHK to KYN was highercontrols than in patients,
but this relation was reversed after stimulatioa, it was higher in the patient
group than in the control group. The mean OHK/KY&ia was significantly
higher in the patient group than in the controlugran stimulated cultures treated
with fluoxetine (p = 0.033), reboxetine (p = 0.G8)d celecoxib (p = 0.03) alt-
hough there were no significant differences in itdividual metabolites OHK
and KYN (Fig.14).
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Figure 15: Ratio of mean concentrations of HAA/OHKin whole blood cultures from patients
with major depression and healthy controls after icubation of cultures under different con-
ditions. Bars (Control, Depression) show the concémations in the two study groups and
error bars correspond to 95% confidence intervals.

The next step in the enzymatic conversion towartldNQis expressed by the
HAA/OHK ratio. In this step, the mean ratio wasoalsgher in the controls. No
significant differences in the HAA/OHK ratio wereund in any of the conditions

with either with the t-test or in the univariateafysis of variance (Fig.15).
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Figure 16: Ratio of mean concentrations of KYNA/OHKin whole blood cultures from pa-
tients with major depression and healthy controls #ier incubation of cultures under differ-
ent conditions. Bars (Control, Depression) show theoncentrations in the two study groups
and error bars correspond to 95% confidence intervés.

We used the ratio KYNA/OHK to examine the ratiovibetn the neuroprotective
metabolite KYNA and the neurotoxic metabolite OHKhe mean ratios of

KYNA to OHK were higher in the control than in tpatient group across all cul-
ture conditions. The data showed no significarfed#nces in either the t-test or in

the univariate analysis of variance (Fig.16).
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3.4 Summary of the results
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Figure 17: Graphical summary. Whole blood culturesfrom depressed patients and controls
were first treated in vitro either without stimulation or with LPS and then different antide-
pressants or celecoxib were added. Cytokines andyptophan pathway metabolites were
measured. Up arrow indicates elevated levels eithém controls (blue) or in patients (red).
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4 Discussion

Several lines of evidence point out the importasié rof the pro-inflammatory
immune process in the pathophysiology of depresditwreover, several in vivo
and in vitro studies have demonstrated a modulatifegt of antidepressant drugs
on the immune system. On the other hand, clinialsthave shown the antide-
pressant effect of anti-inflammatory drugs likeeoelxib. The missing link in un-
derstanding the mechanism was the proposed trammslat immune signals into
neurotransmitter changes as the physiological bafsatered mood states. The
kynurenine pathway provides several functional difbetween pro- and anti-
inflammatory cytokines on the one hand and the geative tryptophan pathway
intermediates including serotonin and some kynmeemetabolites on the other
hand. Using in vitro stimulated peripheral immueds; the aim of this study was
to investigate the effect of antidepressants atetogib on the production of pro-
and anti-inflammatory cytokines and on the formmataf kynurenine pathway

intermediates.

4.1 Cytokines

As part of our research project we investigatedgea in cytokines by examining
whole blood cultures from depressed patients aattthecontrols before and after
stimulation with LPS and antidepressants. Somedeptessants influence the
proinflammatory immune state in depressive dis@déhe enzyme IDO metabo-
lizes TRP to KYN, and KYN is then converted to 3Hi the enzyme kynurenine
hydroxylase, through which the metabolite QUIN asnfied later. Both enzymes
are induced by the T-helper type 1 cytokine yFhd inhibited by type 2 cyto-

kines such as IL-4.
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In our study, the production of the proinflammatoggokine IFN in response to
immune challenge increased more in controls thampatients. Kim and co-
workers made the same observation in an in vidys{Kim et al., 2007). IFiN
response was lowered only by celecoxib and onlguitures from healthy con-
trols while this reversal was not observed in thggmts. This lower production of
cytokines in response to LPS stimulation indicatemune cell exhaustion, which
means that patients” cells might have been in é@iefractory phase induced by
a pro-inflammatory state, as described for endotdwierance (Biswas et al.,
2009). We also found that IFNwvas increasing with venlafaxine in the cultures
from control’s group and did not change in thegrasi” blood. In contrast to other
studies (De Berardis et al., 2010) we couln’t supthee notion that venlafaxine

influences the proinflammatory cytokine secretiomatients.

Stimulation with LPS enhanced production not orfiyfiNy but also of the anti-
inflammatory cytokines IL-4 and IL-10. Productiomcreased significantly more
in controls than in patients. However, this sigrdfit difference no longer existed
when the cells were treated with imipramine an@a®tib. This indicates that the
medications imipramine and celecoxib could revéineeabnormal response in the
blood cells of the patients. Strong evidence ofirmmunosuppressive effect of
imipramine was also demonstrated by Szuster-Ciesielvho found that
imipramine decreased the production of proinflanonatytokines (IL-2, IL-4,
IFNy, and IL-12) while it stimulated anti-inflammatomgytokines (IL-10 and
TGFJ) (Szuster-Ciesielska et al., 2003). Also Kuberaletfound that several
antidepressant compounds - including imipramine,nlafaxine, 1-5-
hydroxytryptophan and fluoxetine — increased prtidac of the anti-
inflammatory cytokine IL-10 and reduced the INM:--10 ratio significantly
(Kubera et al., 2000a). Taken together, we canaxpat patients were rather in a
proinflammatory state, which was mainly due to @uion in anti-inflammatory

signals and not to enhanced proinflammatory signals
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Several mechanisms have been proposed for the ssegenic action of cyto-

kines, including the induction of extrahypothalan@®F and vasopressin, the
development of glucocorticoid resistance, the atiin of IDO, and the increased
expression of the serotonin transporter (MillerQ20Miller, 2008). Many studies

show that treatment with cytokines results in dsgire® mood changes. Another
hypothesis as to why a pro-inflammatory state caekllt in depression is the
neurodegeneration hypothesis of depression, whichgses a cytokine-induced
imbalance in kynurenine metabolites as part of ghthophysiological process
(Myint et al. 2003).

In the publication of their study, Kim et al. (2Q0xrote that many research pro-
jects try to find biomarkers that predict the fotmoa, development and, in the
best case, remission of a depressive illness. Whi also the aim of our study.
Numerous studies have been published on the aisadmetween depression and
immune and cytokine function. However, fewer hawestigated the function of

cytokines in the response of depression to antedmant medications. After
treatment, we would logically expect cytokine lev& normalize and the depres-
sive episode to resolve. However, a recent methssinaby Hannestad and co-
workers contradicted this idea (Hannestad et @lL,12 Although on the one hand
they confirmed elevated levels of circulating pflEmmatory cytokines, on the

other they showed that antidepressant drugs dda¢ a significant effect on

serum levels of cytokines. Their results are ndy fcomparable to ours because
they analysed TNk IL-1p and IL-6, which were chosen because they are ele-
vated in depression (Dowlati et al., 2010, Howrerale 2009). Thus, these au-
thors concluded that proinflammatory cytokines dbote to depressive symp-
toms and that normalization of cytokine levels ¢ associated with remission.
Maes et al. (2011) may have an explanation for ghisnomenon. In their study,
they showed that this missing effect of the drugghtnbe associated with auto-
immune responses directed against 5-HT. The incelef anti-5-HT-antibody

positivity is significantly higher in depressedipats, regardless of whether or not
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the patients were medicated. Contradictory to taesient made by Hannestad et
al. (2011), Janssen et al. (2010), who reviewedsthentific literature from the
past 20 years, found that antidepressants appewritoalize serum levels of cy-
tokines, especially TNE INF-y, IL-6 and IL-1B.

Generally, it is important to note that a multigitcof medications act differently
on a multiplicity and heterogeneity of cytokinesamy facts need to be studied in
more detail. For example, inflammatory genes andkiye genes represent a new
target for research because of different geneti@nts. A study investigated the
association between genetic variants of thefilgéne and amygdala and anterior
cingulate cortex responsiveness to emotional stiand response to antidepres-
sant treatment (Baune et al., 2010). It is alsabdished that there is a link be-
tween genetic variants and response to medicaintezd. Yu et al. (2003) for
example found that patients with MD who were hongmas for the -511T allele
of the IL-13 gene had a trend towards less severity of depreesymptoms and
were more favorable for therapeutic response tox#tine than -511C carriers.
Such research may also enhance the understanditige gfathogenesis of MD.
Intracellular signalling pathways are another fodois future research because
they are responsible for cytokine activity. Specrceptors and enzymes are im-
portant for the complex chain reaction in cytokirsesl modulate their actions.
Not only the variety and function of cytokines ndede studied further but also
the mechanism of antidepressant effect on cytokinetion. Some in vitro stud-
ies indicate that antidepressants may inhibit glammmatory cytokine activity
through their effects on intracellular cyclic adsim@ monophosphate (CAMP).
An increase in cAMP levels in different periphet@bod mononuclear cells
(PBMC) leads to a decrease in proinflammatory ayg@kevels (Hashioka et al.,
2007). Moreover, anti-inflammatory cytokines areragulated through the same
mechanism. For example, higher cAMP levels incrahseexpression of IL-10
MRNA and intracellular IL-10 in monocytes (Maes02 Another mechanism
for the effects of antidepressant drugs may beutfitanfluencing 5-HT levels.

Peripheral 5-HT is not only present in brain ant gut is also stored in platelets
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and immune cells like T-cells, monocytes or ma#isc& lymphocytes express 5-
HT receptors as well as high affinity 5-HT trandpos (Aune et al., 1994). Recent
studies have revealed effects of 5-HT on innate umencells: Kushnir-Sukhov et
al. (2006) described that 5-HT induces adhesion dminotaxis in mast cells.
Boehme et al. (2004) revealed for the first timeimportant role in eosinophil
migration to the lung. Nakamura et al. (2008) shibweat 5-HT enhanced phago-
cytosis in murine macrophages. Further there idemge that 5-HT alters the cy-
tokine profile of dentritic cells, increasing Il3land IL-8 and decreasing IL12
and TNFe (Muller et al., 2009). So, generally these awthmvealed diverse
roles for 5-HT in immune functions. This may be theo target for antidepressant

medications, that has to be explored in furthedistu

As explained in the introduction, the HPA axis isliknown to be more active in
depressed patients. The normal task of glucocadscs to inhibit the production
of inflammatory cytokines. This inhibition seemstie disturbed in both acute
depressive episodes and chronic depression. Stsigoee that cortisol and proin-
flammatory cytokine levels are increased in depoesghis can be interpreted as
a dysregulation of the HPA-axis feedback mechanismhigher levels of periph-
eral corticosteroids appear unable to stop theymtooh of proinflammatory cyto-
kines in MD (Pace et al., 2007, Fitzgerald et2006).

4.2 Tryptophan metabolites

As described in the introduction, tryptophan calidd® may have detrimental
effects. Different mechanisms may explain how thegaiolites work in the brain.
First, metabolites like 3HK induce the productioh radical oxygen species,

which can cause mitochondrial dysfunction and eflce energy metabolism.
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Second, QUIN is a NMDA-receptor agonist with a pateto exert neurotoxic

effects through induction of excitotoxicity (Stoaekal., 1981). Effects of the cata-
bolites include the destruction of postsynaptioraets, degeneration of nerve
cells — such as hippocampal cell death — and actieduin cerebral cholinergic

circuits (Maes et al., 2011, Maes et al.,, 2010caBse of these detrimental ef-
fects, the catabolites may be possible biomarkarsiépression and for changes
in depression during medical treatment. Many stidi@ave shown a connection

between MD and changes in tryptophan metabolism.

In our study, TRP levels decreased after LPS sttian. This could be due to a
higher level of IFN, which increases IDO activity (IDO degrades TRNE also
found an increased level of KYN after inflammata@tymulation. KYN is again
metabolized either via the toxic quinolinic pathway which 3HK, 3HAA and
finally QUIN are produced, or via the kynureniccipathway, in which neuropro-
tective KYNA is the final metabolite. In accordaneéh the fact that IFN also
activates KMO (Yasui et al., 1986), which degrad&i to 3HK, we also found

increased levels of 3HK.

HAA levels decreased in patients and controls aftenulation with LPS, al-
though changes were not significant. There arefw&sible explanations for the

reduction in HAA levels:

a)KYNase is suppressed by the proinflammatory sthtes less 3HK is con-
verted to HAA, or

b)proinflammatory states activate the enzyme HAAOjcWitonverts more
HAA into QUIN, so that HAA levels decrease.

AA levels also increased after LPS stimulation.sThieans that kynurinase en-

zyme activity cannot have been suppressed by affamimatory state. Therefore,
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the low HAA level after LPS stimulation must haveeb due to increased activity

of HAAO, resulting in an increased transformatidiHéA into QUIN.

Although cytokine changes are well documented prekssion, the role of trypto-
phan metabolism in terms of the balance betweenopeatection and neurode-
generation in MD has not yet been fully exploreidies have provided evidence
that 3HK causes neuronal apoptosis (Okuda et @88)land that QUIN causes
excitotoxic neurodegenerative changes (Schwaret.,e1983). In contrast, KYN

can also be metabolized into KYNA, an NMDA recepamtagonist (Perkins et
al., 1982) that acts protectively against the @tokic action of QUIN (Stone et

al., 2002). However, the importance of the tryp@mplecatabolites in vivo may be
diminished by the finding that the concentratiormhieved were significantly

lower than those that would be needed to impairvibbility of neurons (Stone,

1993, Moroni, 1999).

Since more KYN is formed after LPS stimulation, KXNevels also increased.
Across all the culture conditions, KYNA levels wenemerically lower in patients
than in the healthy controls, although none ofdifferences was statistically sig-
nificant. In line with our findings, Myint et al.2007b) reported significantly
lower plasma KYNA levels in depressed patients. sThtiis suggested that in
depression, the metabolism of KYN is preferentialisected into the quinolinic

pathway. In contrast to our study, the patientBinMyint’s study were medica-
tion naive or medication free whereas our patiemtse receiving medication, and
Myint et al. investigated plasma levels whereasused whole blood culture su-
pernatant. Moreover, that study had a higher stlspower due to a higher
number of patients and controls. Because of thaively small sample size, our
study may have been under-powered, which mightagxghe missing signifi-

cance of our findings.
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4.3 The ratios of tryptophan metabolites

The tryptophan breakdown index was generally nuraby higher in the stimu-
lated condition, although the difference was natistically significant. This ef-

fect can be explained by induction of IDO activity proinflammatory cytokines.

In the basal, unstimulated condition, the healtbgtmls showed higher KYNA
levels in terms of the ratio to KYN. This finding in accordance with the findings
of Myint et al. (2007a) who also found a higheiaan the plasma of healthy con-
trols than in unmedicated depressed patients. A8 stimulation, this differ-
ence in the ratio was no longer present and thgegadf the ratio decreased. This
indicates that even though both KYNA and KYN levate increased after LPS
stimulation, less KYN is transformed into KYNA. THYNA/KYN ratio is in-
terpreted as an index of neuroprotection. Thus, rédhiced conversion into
KYNA, which is a neuroprotective metabolite, maytridoute to an imbalance in
the neuroprotective and neurodegenerative pathwagshers and coworkers
were the first to examine the increases in the atexic potential of tryptophan
catabolites. The development of depressive sympteasssignificantly associated
over time with the KYN/KYNA ratio, which reflectsnaincrease in neurotoxic
potential (Wichers et al., 2005). This finding isain agreement with the find-
ings of a study in hepatitis C patients in whicle theurotoxic challenge was
higher when patients were treated with tFNind subsequently developed of de-
pressive symptoms (Wichers et al., 2005). In catttdan Gool et al. (2008) did
not find that an increased production of neurotaxietabolites was associated

with the development of depressive symptoms dufihgy therapy.

We also found that the ratio 3HK/KYN decreasedrdffeS stimulation, although
both 3HK and KYN levels increased. This ratio waghkr in the patients. More-

over, the ratio of HAA/3HK was also reduced aft@®3_stimulation.
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Similar to the findings of other studies, our ddémonstrate that the further cata-
bolization of 3HK beyond HAA into QUIN may be sificantly induced in the
inflammatory state. Our finding thus supports tkenedegenerative hypothesis of
depression of Myint et al. (2003), which propodes an accumulation of neuro-
toxic QUIN might be involved in the physiology ogpression. Unfortunately, in
our series of experiments QUIN was not quantifigéd.we can’t confirm wether
there would have been significant results. Thisdee® be included in further

projects.

We also found that the KYNA/3HK ratio was lowertime unstimulated cultures
of patients across all culture conditions, whictliiectly indicates that there is an

imbalance between KYN metabolites in depressecipisti

4.4 Anti-inflammatory effects of medications and new dug targets

Our findings of altered IL-10 production may hetpexplain the beneficial thera-
peutic effect of celecoxib in depressed patientseported by Miller and col-
leagues who found that celecoxib add-on therapstdadard antidepressants re-
sulted in better treatment response in depressigehtsa(Muller et al., 2006). In
our experiments, celecoxib enhanced the produdidhe anti-inflammatory cy-
tokine IL-10 and abolished the statistically sigraht difference from the healthy
controls. According to our findings, this beneflcdinical effect of the COX2
inhibitor celecoxib might be mediated through erdehproduction of the anti-
inflammatory cytokine IL-10. Since prostaglandin, B2product of COX2, is in-
volved in cytokine production, inhibition of the G@ enzyme might have a
beneficial effect on the inflammatory status in @sged patients. In addition to

the effect on IL-10, celecoxib antagonized the nucaé LPS-induced increase of
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IFNy production in the blood cultures of healthy colstrd@his modulating proc-

ess was not seen in the culture derived from patidrherefore, in healthy sub-
jects celecoxib appears to have additional berafeffects via suppression of a
proinflammatory reaction, while this effect is bked in depressed patients. For
understanding, why the cells of depressed patigidis't react in the same way
like the controls, the intracellular signaling pattys need to be analysed more

and may serve as new targets for future research.

Regarding the findings of IL-10, imipramine showanhilar effects to celecoxib.
There was an numerical increase of the IL-10 canagon in depressed patients
and could therefore be beneficial in terms of riheng the immune function
and eventually reversing the inflammatory resp@esn in depression. This find-
ings may be supported by other authors, like Kule¢ . (2001), who found sig-
nificantly increased production of IL-10 incubatiath imipramine. The antide-
pressant-induced changes were detectable in ILALD IBENy for both groups
without difference between patients and controlsiclv may be due to methodo-
logical differences such as incubation time and inabn status of the patients.
Also Himmerich et al. (2010) identified tricycliodepressants like imipramine
to suppress proinflammatory cytokines in in vitpgperiments with blood from
patients suffering from MD. Therefore, as in thigdy, imipramine could lead to
a dominance of anti-inflammatory cytokines. Althbuan the basis of our data we
cannot explain the mechanism of action of imipramam [L-10, our results un-
derline the evidence for imipramine having benefieiffects on the inflammatory

status in depression.

Celecoxib did not affect LPS-induced changes iptghan metabolites. Since
whole blood culture contains different types ofigethe culture of specific im-

mune cells may give a clearer answer.

Apart from medications that influence the inflamorgt state in depressed pa-

tients, several possible pharmacological targatsane as topics for further re-
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search. For example, inhibitors of the activitidste enzymes along the KYN
pathway may be able to counteract the detrimeritatts. Another strategy may
be to antagonize the possible neurotoxic effectsitieasing the systemic protec-
tive effects of KYNA through blockade of the orgaracid transporter by pro-
benecid (Carrillo-Mora et al., 2010). Wang et a0@9) found that LPS may in-
duce IDO via IFN-independent mechanisms. Thus, the blockade ofihE&:ed
IDO expression may be an interesting topic for feiteesearch. Other studies
found a glia-depressing factor, which might hawgaificant impact not only on
the regulation of KYNA metabolism but also on tlegulation of glia/astroglia
activity and glia proliferation (Baran et al., 201The synthesis of this factor is
increased by the inflammation-induced activationmaéroglia. This suggests that
microglia activity and the associated increasedhsgis of glia-depressing factor
are novel drug targets that may dampen neuroinflatiom in depressed patients.
Specific antioxidants may also be possible phartogomal targets. Epigallocate-
chin-3 gallate is a component of green tea that atégnuate the activation of
inflammatory, oxidative and nitrosative stress patrs in mice brains (Sachdeva
et al., 2010) and that has neuroprotective effegésnst QUIN-induced excitotox-
icity (Jang et al., 2010). Other projects conceat@ direct inhibitors of DO,
like norharman, which counteracts IDO activationl a&ttenuates the neurotoxic
consequences (Eggers et al., 2004). However, itniénfy should be interpreted
carefully because these treatments could also atedfe antiproliferative and
antioxidative effects of IDO activation, possiblgsulting in negative feedback.
As explained, many different pathways are involiediepression, so the devel-
opment of novel antidepressants should includeont inflammation and sero-

tonin but also the catabolism of tryptophan andogenesis.
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4.5 General and methodological limitations

This study has some general and methodologicatdtians. The general limita-
tion is the fact that the in vitro data may noteef the in vivo situation since cells
isolated outside the body are detached from tlegnat influences of homeostasis
mechanisms. The use of cell cultures and the stitionl and subsequent meas-
urement of cytokines or metabolites are very comnagoording to the multifari-
ous protocols for cell culture experiments. Manydsts have been performed
with purified cells or cell lines but fewer with wie blood (Yaqoob et al., 1999).
Cell isolation processes, which are needed for PBM@ay not only damage cells
but also require conditions that are less like miggical conditions. On the
other hand, the conditions in whole blood cultuaes also not equivalent to those
in vivo and the number of cells cultured is neitkeown nor controlled (Yaqoob
et al., 1999). The variability and levels of cytoés in isolated PBMC are larger
than in whole blood cultures. Therefore, it is mdifficult to reach significant
levels and the variation may be increased. Thexaigtj cell cultures can be fur-
ther isolated. For example, culturing monocytes2#hours results in the genera-
tion of a population of veiled accessory cells (Rofet al., 2002), which are

further dissociated from the in vivo condition.

Another factor that may explain why only a few Heswvere significant is the
concentration of our antidepressant medications. Wleted to simulate the in
Vivo situation as realistically as possible andéfiere we used concentrations in a
therapeutic range. If the concentrations had begimeh the measurements might
have been clearer. However, to our knowledge tlser® evidence in the litera-

ture for different results concerning the applicatof different concentrations.

Regarding the method for determination of cytokiels, we chose Lumin&x
MAP technolog¥, a capture/detection sandwich type immunoassayhéquan-

66



titative analysis of cytokines. An earlier studyrgquared three different available
multiplex kits with each other and with enzyme-kokimmunosorbent assay
(ELISA), the “gold standard” of protein quantifieat (Djoba Siawaya et al.,
2008). This study also took the supernatants afigtited whole blood cultures.
The great advantage of the Luminex system is tlssipility to analyse up to 100
different microsphere sets in a single 50 ul sampiawaya et al. concluded that
the Luminex technology is a good screening toolter selection of markers but
that promising candidates can then be validatedguELISA with higher accu-
racy and proven reliability (Djoba Siawaya et &008). In principle, this me-

thodical procedure corresponds to our study design.

Another possible confounder of our results may He dubjects’ cortisol levels.
Cortisol can influence the immune system and agfédoe KYN pathway through
activation of tryptophan 2,3-dioxygenase (TDO),utesg in enhanced TRP
breakdown to KYN (Young, 1981). Several studiesehakiown that depressive
patients have increased cortisol secretion, evesuginout the day. This finding
was confirmed by Piwowarska et al. (2009); howewther studies did not obtain
the same results (Posener et al., 2000, Young,&xQfl1). In our study, blood was
always taken before ten in the morning to reduaéistd influences. The actual
cortisol level of each participant was not measusedthat we cannot make a

statement about how cortisol concentrations may laéfected our data.

Another limitation was the relatively small samgiee. A high heterogeneity in
the small population of patients might have coniiélol to the high degree of
variation in the data. The small sample size, iditeah to the confounding fac-
tors, might also explain why we found only numdriddferences that did not
reach statistical significance. In their systematgiew, Janssen et al. (2010)
found that a strong immunosuppressive effect isenpwonounced when PBMCs
are used rather than whole blood samples, alththewhole blood cultures used

in our study design reproduced the in vivo situatioore realistically. However,
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for statistical analysis the data become less fsgmt and gain variance. How-
ever, neither of these methods simulates true dicdd processes. Although both
methods are established standards in immunologessarch, care needs to be
taken when extrapolating from study conditions liose in humans. Moreover,
the patients were being treated with antidepressaualications and were in a sta-

ble state at the time of sample collection.
Nevertheless, this study demonstrated imbalanct#girmmune system and tryp-

tophan metabolism in stable depressed patientsviregeantidepressant mono-

therapy.
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5 Summary

Numerous studies have described the influence efittmune system to the
pathophysiology of depressive disorders and shdahthere is an activation of
the pro-inflammatory immune system in depressiatestCharacteristics of this
immune activation are increased synthesis of plemmiatory cytokines and an
increased numbers of lymphocytes and phagocytls.CBhese cytokines change
in tryptophan metabolism, the activity of the keyzgme indoleamine 2,3-
dioxygenase (IDO). Tryptophan (TRP), the precuisoserotonin is catabolized
by IDO to kynurenine (KYN), which releases in thether degradation cascade at
least three neuroactive intermediates. The clogetifanal relationship between
the effects of cytokines and the TRP-KYN metabolisrthe basis for the central
role of kynurenine in depressive disorders. Sirig® lis ubiquitously present in
the human body, the peripheral blood mononucledis gBMC) form a
representative model, which allows inferences almttvécerebral processes. The
hypothesis of this dissertation is that inflammgatprocesses result in elevated
concentrations of the metabolites of TRP-KYN melsibo and thereby affect
cerebral processes. These metabolites may repreganairkers of depressive
disorders. Another aspect is the observation tlatous antidepressants can
change a present pro-inflammatory immune status art anti-inflammatory

immune status.

This study examines the effect of different anti@spants (reboxetine, fluoxetine,
venlafaxine, imipramine) and the COX-2 inhibitorlem®xib on the immune
system and the metabolism of tryptophan. This wagedn mitogen-stimulated
and unstimulated whole blood cultures of 21 defpwvesgatients and 80 healthy
control subjects. The whole blood was cultured 4anll plates and stimulated
with lipopolysaccharide (LPS). The proinflammatarytokine IFN, the anti-

inflammatory cytokines IL-4 and IL-10 and tryptophiaetabolites were analyzed
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in the supernatants of stimulated and unstimulatgtaires. These measurements

were made using Luminex and HPLC methods.

The results show that the immune response through gynthesis of
proinfammatory IFN - and anti-inflammatory IL-4 and IL-10 in the caouit
group was significantly higher compared to the grotipatients. This significant
difference was repealed by treatment with imiprarand celecoxib. This allows
the conclusion that these drugs may antagonizatihermal immune response of
mitogen-stimulated cells in depressive patientsallpatients™ blood cultures, the
metabolites of tryptophan metabolism showed deedRP levels, increased
KYN levels and reduced concentrations of 3-hydraryhranilic acid (HAA).
The concentration of KYNA tended to be higher ih @lltures of the control
group compared to the group of patients, but tHfsrénce was not significant. In
the unstimulated conditions the controls showedhdridK YNA values in relation
to the ratio of KYN. After LPS stimulation this tkfence in the ratio of
KYNA/KYN (index for neuroprotection) has been refeeh After stimulation, the
ratio 3BHK/KYN decreased despite the increase in 3l KYN levels. This ratio
showed increased values in all patient culture® Study also showed that the
ratio of KYNA/OHK in patients with unstimulated sates was lower in
comparison to all other culture conditions. This@iyation indicates indirectly
the inter-individual imbalance of KYN metabolites idepressed patients.
The observation of increased expression of ardinfhatory IL-10 under
antidepressant therapy emphasizes the positivecteftd celecoxib. For

imipramine a similar effect was observed.

In summary, the results of this study give new apphes for future research
projects, which analyse the interaction of antiégspant therapy with the immune
system and the metabolism of tryptophan in depresbness.
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6 Zusammenfassung

Zahlreiche Studien haben den Einfluss des Immuesysiauf die Pathophysiolo-
gie depressiver Erkrankungen beschrieben und dgezisigs bei depressiven Sto-
rungen ein proinflammatorischer Immunstatus votli€harakteristisch fur diese
Immunaktivierung sind eine vermehrte Ausschittunginflammatorischer
Zytokine sowie eine vermehrte Synthese von Lympteszynd phagozytierenden
Zellen. Diese Zytokine verédndern im Tryptophansteffthsel die Aktivitat des
Schlisselenzyms Indolamin 2,3-dioxygenase (IDOypfaphan (TRP), der Vor-
laufer des Serotonins wird durch IDO zu KynurertY N) katabolisiert, welches
in der weiteren Abbaukaskade mindestens drei nktiveaZwischenprodukte
freisetzt. Der enge funktionelle Zusammenhang zZwaacden Zytokineffekten
und dem TRP-KYN-Metabolismus ist die Basis fur dientrale Rolle des
Kynurenins bei depressiven Storungen. Da die IDOniemschlichen Kdrper ubi-

quitar vorhanden ist, bilden mononukleare Zellea peripheren Blutes (PBMC)

ein reprasentatives Modell, welches Ruckschlis$en&nacerebrale Prozesse er
laubt. Die Hypothese dieser Arbeit ist, dass Méditbodes TRP-KYN-

Stoffwechsels aufgrund inflammatorischer Prozesseerhdhter Konzentration
entstehen und hierdurch cerebrale Vorgange bess#tu Diese Metabolite kon-
nen Biomarker depressiver Stérungen darstellenwigiterer Aspekt ist die Be-
obachtung, dass verschiedene Antidepressiva einewrliegenden

proinflammatorischen Immunstatus in eine antiinflaatorischen umwandeln

kdnnen.

Diese Studie untersucht die Wirkung verschiedenetidépressiva (Reboxetin,
Fluoxetin, Venlafaxin, Imipramin) sowie des COX+ilbitors Celecoxib auf das
Immunsystem und den Tryptophan-Stoffwechsel. Die®lgt in mitogen-
stimulierten und unstimulierten Vollblut-Kultureror 21 depressiven Patienten
und 80 gesunden Kontrollpersonen. Das Vollblut weurd 24-Well-Platten kulti-

viert und mit Lipopolysaccharid (LPS) stimuliert.a® proinflammatorische
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Zytokin IFNy, die antiinflammatorischen Zytokine IL-4 und IL-10nd die
Tryptophan-Metabolite wurden in den Uberstanden v&imulierten und
unstimulierten Kulturen analysiert. Diese Messungdolgten mittels Luminex-
und HPLC-Verfahren.

Die Ergebnisse zeigen, dass die Immunantwort dudeé Synthese von
proinflammatorischem IFN- und antiinflammatorischer IL-4 und IL-10 bei der
Kontrollgruppe signifikant héher im Vergleich zuatientengruppe war. Dieser
signifikante Unterschied wurde durch die Behandlmmglmipramin und Celeco-
xib aufgehoben. Dies ermdglicht die Schlussfolggruass diese Medikamente
die abnorme Immunantwort mitogen-stimulierter Zelldepressiver Patienten
antagonisieren konnen. Die Metabolite des Tryptopghffwechsels zeigten in
allen Blutkulturen der Patientengruppe vermindériP-Level, erhohte KYN-
Level und verringerte Konzentrationen der 3-Hydr#thranilsdure (HAA). Die
KYNA Konzentration war in allen Kulturen der Konligruppe tendenziell hoher
im Vergleich zur Patientengruppe; dieser Untersthi@ar jedoch nicht signifi-
kant. In den unstimulierten Konditionen zeigten Hientrollen hohere KYNA-
Werte in Bezug auf das Verhaltnis zu KYN. Nach HBS-Stimulierung wurde
der Gruppenunterschied des Quotienten KYNA/KYN éxdiir Neuroprotektion)
aufgehoben. Nach der Stimulation verminderte giotz tder Erhéhung der 3HK-
und KYN- Level das Verhaltnis 3HK/KYN. Dieses Veltmés zeigte in allen Pa-
tientenkulturen erhohte Werte. Die Studie zeigtehawdass der KYNA/OHK
Quotient bei Patienten mit unstimulierten Probesdriger im Vergleich zu allen
anderen Kulturbedingungen war. Diese Beobachtungt zedirekt das inter-

individuelle Ungleichgewicht der KYN- Metabolitereidepressiven Patienten.

Die Beobachtung der gesteigerten Exprimierung aen#lammatorsischen IL-
10 unter Antidepressiva-Therapie unterstreichtpdisitive Wirkung von Celeco-

xib. Auch fur Imipramin wurde ein ahnlicher Effdktobachtet.

Zusammenfassend liefern die Ergebnisse dieserestdie Ansatze fur zukunfti-

ge Forschungsprojekte, welche die Interaktion aptiessiver Therapien mit dem
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Immunsystem und dem Tryptophan-Metabolismus depessErkrankungen

anaylsieren.
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II. Abbreviations

AA
ACTH
cAMP
BMI
COX
CNS
CRH
DSM
ELISA
cGMP
HAA
HAAO
HAMD
HPA axis
HPLC
HPT axis
S-HT

ICD

IDO
IFN

IL

Anthranilic acid

adrenocorticotropin

cyclic adenosine monophosphate
body mass index

cyclooxygenase

central cervous system
cortisol-releasing-hormone
diagnostic and statistical manual of menisbitlers
enzyme-linked immunosorbent assay
cyclic guanosine monophosphate
3-hydroxy- anthranilate
3-hydroxy anthranilate oxygenase
Hamilton Depression Scale
hypothalamus-pituitary-adrenal axis
high pressure liquid chromatography
hypothalamus-pituitary-thyroid axis

serotonin

international statistical classification ocdases and related

health problems
indoleamine 2,3-dioxygenase
interferon

interleukin
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KYN
KYNA
LMU
LPS
MARDS
MAOI
MD
M.LNLL.
NAD
NMDA
OHK= 3HK
PBMC
PGE2
PSS
QUIN
SNRI
SSNRI
SSRI
TCA
TDO
TNF
TRH
TRP

TSH

kynurenine
kynurenic acid

Ludwig-Maximilians Universitat
lipopolysaccharide

Montgomery-Asberg Depression Rating Scale
monoamine oxidase inhibitor

major depression
mini international neuropsychiatric inteew
nicotinamide andenine dinucleotide
N-methyl-D-aspartate
3-hydroxy-kynurenine

peripheral blood mononuclear cells
prostaglandin E2

perceived stress scal
quinolinic acid

selective noradrenaline reuptake inhibitor
selective serotonin-noradrenaline reuptakitor
selective serotonin reuptake inhibitor
tricyclic antidepressant

tryptophan 2,3-dioxygenase

tumour necrosis factor

thyrotropin releasing hormone
tryptophan

thyroid stimulating hormone
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UPLC-MS ultra performance liquid chromatography amass spectrometry

WHO world health organisation
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