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Abstract

Abstract
Most of the commonly used antidepressants block monoamine reuptake
transporters to enhance serotonergic or noradrenergic neurotransmission.
Effects

besides

or

downstream

of

increased

monoaminergic

neurotransmission are poorly understood and yet presumably important for
the drugs’ mode of action. In my PhD thesis I employed proteomics and
metabolomics technologies combined with in silico analyses and identified
cellular pathways affected by antidepressant drug treatment. DBA/2 mice
were treated with paroxetine as a representative Selective Serotonin
Reuptake Inhibitor (SSRI). Hippocampal protein levels were compared
between chronic paroxetine- and vehicle-treated animals using in vivo
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metabolic labeling combined with mass spectrometry. I also studied chronic
changes in the hippocampus using unbiased metabolite profiling and the time
course of metabolic changes with the help of a targeted polar metabolomics
profiling platform. I identified profound alterations related to hippocampal
energy metabolism. Glycolytic metabolite levels acutely increased while Krebs
cycle metabolite levels decreased upon chronic treatment. Changes in energy
metabolism were influenced by altered glycogen metabolism rather than by
altered glycolytic or Krebs cycle enzyme levels. Increased energy levels were
reflected by an increased ATP/ADP ratio and by increased ratios of high-tolow energy purines and pyrimidines. Paralleling the shift towards aerobic
glycolysis upon paroxetine treatment I identified decreased levels of Krebs
cycle and oxidative phosphorylation enzyme levels upon the antidepressantlike

15

N isotope effect in high-anxiety behavior mice. In the course of my

analyses I also identified GABA, galactose-6-phosphate and leucine as
biomarker candidates for the assessment of chronic paroxetine treatment
effects in the periphery and myo-inositol as biomarker candidate for an early
assessment of chronic treatment effects. The identified antidepressant drug
treatment affected molecular pathways and novel SSRI modes of action
warrant consideration in antidepressant drug development efforts.
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1 INTRODUCTION

1.1 Major depressive disorder and the monoamine deficiency
hypothesis of depression

1.1.1 Major depressive disorder
Major depressive disorder (MDD) is a severe and life-threatening disease
(about 15% of depressed patients commit suicide (Manji et al., 2001)) with a
population prevalence of 17% (Kessler et al., 2007; Burmeister et al., 2008).
By the year 2030 major depression is projected to be the second leading
contributor to the global burden of disease (disability adjusted life years,
DALY) and the leading contributor in high-income countries (Mathers and
Loncar, 2006).
MDD etiology is poorly understood and there are no objective diagnostic tests
available. The diagnosis of depression is based on a highly subjective and
variable set of symptoms such as depressed mood, loss of interest,
diminished sense of pleasure, irritability, low self-esteem, weight loss or
weight gain, insomnia or hypersomnia or recurrent thoughts of death and
suicide that last for more than two weeks and disrupt normal social and
occupational functioning (Nestler et al., 2002; Mann, 2005).

1.1.2 Current antidepressant treatment and the monoamine deficiency
hypothesis of depression
More than 50 years ago it was observed serendipitously that the monoamine
oxidase inhibitor (MAOI) iproniazid, initially developed for the treatment of
tuberculosis (Bloch et al., 1954), and the tricyclic agent (TCA) imipramine,
initially developed for the treatment of psychotic disorders (Kuhn, 1958),
exerted antidepressant effects in man. Iproniazid increased monoamine levels
by inhibiting their catabolism by monoamine oxidase and imipramine amplified
monoamine signaling by inhibiting monoamine reuptake at the presynapse.
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Based on these findings the monoamine deficiency hypothesis of depression
proposed that increasing synaptic availability of monoamines elicits
antidepressant effects and that MDD involved the decrease of monoamines in
the brain (Schildkraut, 1965; Coppen, 1967; Wong and Licinio, 2004).
In the 1980s, based on the monoamine deficiency hypothesis of depression,
antidepressant drug development efforts focused on the rational design of
agents with selective monoamine-uptake inhibitory properties. Selective
Serotonin Reuptake Inhibitors (SSRIs, e.g. paroxetine, fluoxetine) (Vaswani et
al., 2003, see Figure 1) and, to a lesser extent, Selective Noradrenaline
Reuptake Inhibitors (SNRIs, e.g. reboxetine) (Brunello et al., 2003) were
developed that did not affect other neuroreceptor systems for increased safety
and tolerability. According to meta-analyses, SSRIs and SNRIs exhibit
favorable side effect profiles but equal treatment efficacy and onset of action
compared to TCA treatment (Song et al., 1993; Montgomery et al., 1994;
Anderson, 2000; Peretti et al., 2000). Shortcomings of current monoaminergic
antidepressant treatment include a delayed onset of therapeutic action (up to
2-8 weeks), adverse side effects (e.g. sexual dysfunction or sleep
disturbances) and a low response rate (about 50-80%) (Holsboer, 2001;
Wong and Licinio, 2004; Berton and Nestler, 2006).
To face the challenges of increasing numbers of depressive patients and
increasing economic burden in the coming decades it is mandatory to have
better antidepressant drugs at hand with increased efficacy, less side effects
and faster onset of therapeutic action.
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Figure 1. Mode of SSRI drug action.
Selective serotonin reuptake inhibitors
increase serotonergic neurotransmission
by blocking serotonin transporters in the
presynapse.
Reproduced

with

permission

from

(Mann, 2005), Copyright Massachusetts
Medical Society.

1.2 Antidepressant treatment effects beyond monoamine
reuptake inhibition
Contrary to the monoamine deficiency hypothesis of depression, monoamine
depletion does not induce depression in healthy humans (Ruhe et al., 2007).
Moreover, although pharmacological modulation of monoamine receptors
represents an acute antidepressant treatment effect therapeutic effects are
delayed by several weeks (Gould and Manji, 2002). Additionally, a study by
Nickel et al. (Nickel et al., 2003) found that serotonin reuptake inhibition (by
paroxetine treatment) and serotonin reuptake enhancement (by tianeptine
treatment) elicit antidepressant effects. Both paroxetine and tianeptine
treatment normalized hypothalamic-pituitary-adrenal (HPA) axis reactivity,
indicating that opposite effects on the serotonin system may lead to common
downstream pathway alterations.
The most parsimonious explanation for these findings is that monoamine
elevation per se is not the only source for therapeutic antidepressant activity
but secondary long-term downstream effects may also be involved in the
alleviation of depressive symptoms (Brady et al., 1992; Michelson et al., 1997;
Holsboer, 2001). It is tempting to speculate that for improved antidepressant
treatment it would be beneficial to pharmacologically interfere with these
downstream mechanisms directly.
3
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The following chapters (1.2.1-1.2.4) overview the major hypotheses of
antidepressant treatment effects beyond monoamine reuptake inhibition. It is
important to note that this overview is not exclusive, there is no consensus on
which effects are most relevant for therapeutic action and molecular
antidepressant treatment effects in general remain elusive.

1.2.1 Intracellular signaling events upon antidepressant treatment
Monoaminergic neurotransmission is mainly mediated via G-protein coupled
receptor (GPCR) signaling and different monoamine receptor families are
coupled to different G-proteins. Dependent on the receptor subtype two major
´prototypical´ intracellular signal transduction pathways are involved: (1)
cAMP signaling upon Gi/o or Gs activation and (2) phosphatidylinositol
signaling upon Gq activation. Gi/o inhibits adenylate cyclase (AC) activity
leading to reduced second messenger cAMP generation and in turn reduced
protein kinase A (PKA) activity whereas Gs activates AC activity leading to
increased PKA activity. Gq activates phospholipase C (PLC) leading to
increased generation of the second messengers inositol phosphate (IP) and
diacylglycerol (DAG) and in turn increased protein kinase C (PKC) activity.
PKA and PKC mediated protein phosphorylation eventually lead to gene
expression alterations (Millan et al., 2008). PKA phosphorylates the cAMP
response element binding protein (CREB) that in turn binds to the cAMP
response element (CRE), a gene element found in the promoters of a few
thousand genes (Gould and Manji, 2002; Impey et al., 2004).
Despite extensive cross-talk between PKA and PKC mediated systems,
antidepressant treatment is believed to mainly influence cAMP/PKA signaling
cascades and phosphatidylinositol/PKC signaling seems less relevant
(Shelton, 2000; Perera et al., 2001). Specifically, chronic antidepressant
treatment alters mRNA and protein levels of G protein alpha subunits in a
brain region- and antidepressant drug-specific manner (Lesch and Manji,
1992; Li et al., 1996; Li et al., 1997; Raap et al., 1999). Antidepressant
treatment also induces a translocation of PKA from the cytosol to the nucleus
in rat frontal cortex cells (Nestler et al., 1989) and increases PKA dependent
phosphorylation events (Perez et al., 1989; Perez et al., 1991).
4
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1.2.2 Induced neurogenesis upon antidepressant treatment
Long-term antidepressant treatment increases cellular CREB mRNA, CREB
protein and CREB/CRE binding in the hippocampus (Nibuya et al., 1995;
Nibuya et al., 1996; Duman et al., 1997). The same studies found that the
CREB regulated gene products BDNF and its receptor trkB were upregulated
upon long-term treatment. Other studies indicate that antidepressant
treatment regulates CREB in a brain region-specific manner and that CREB
exerts opposing effects on depression-like features in different brain regions
(Schwaninger et al., 1995; Nibuya et al., 1996; Manier et al., 2002; Newton et
al., 2002).
CREB and the neurotrophin BDNF have been considered key regulators of
neuronal survival and plasticity, including neurogenesis and synaptogenesis
(Nakagawa et al., 2002; Castren, 2004; Malberg and Blendy, 2005; Gass and
Riva, 2007). Antidepressant treatment appears to protect against hippocampal
volume loss in depressed patients (Sheline et al., 2003), antidepressant drugs
enhance neurogenesis in rodent hippocampi (Malberg et al., 2000) and
Santarelli et.al. (Santarelli et al., 2003) have shown that hippocampal
neurogenesis is required for antidepressant induced behavioral effects in
mice. Based on these findings the neurotrophic hypothesis of depression
postulates that hippocampal neuronal atrophy (due to stress and decreased
expression of BDNF and other growth factors) contributes to depression and
antidepressant treatment effects derive from an upregulation of BDNF in the
hippocampus (Wong and Licinio, 2004; Duman and Monteggia, 2006).

1.2.3 Altered stress response upon antidepressant treatment
Hyperactivity of the hypothalamic-pituitary-adrenal (HPA) axis is a putative
risk factor predisposing to the development of depression. A significant
percentage of depressed patients exhibit HPA axis hyperactivity due to, at
least in part, impairment of corticosteroid receptor function which is also
reflected by an inappropriate response in the dexamethasone/corticotropinreleasing hormone (DEX/CRH) test (Holsboer, 2001; Pariante and Lightman,
2008). Successful antidepressant treatment is associated with resolution of
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the impairment in the negative feedback on the HPA axis by glucocorticoids
(Pariante, 2006).
The CRH promotor region contains a CRE sequence (Spengler et al., 1992)
and antidepressants may influence the stress system via PKA mediated
signaling and regulation of CREB. Indeed, antidepressant treatment reduces
CRH concentrations in the cerebrospinal fluid (CSF) (Nemeroff et al., 1991;
De Bellis et al., 1993; Veith et al., 1993; Heuser et al., 1998). Additionally,
antidepressant treatment decreases HPA axis stress reactivity associated with
increased binding capacity of corticosteroid receptors in the hippocampus
(Reul et al., 1994), alters glucocorticoid receptor (GR) expression, and
improves GR function and GR-mediated feedback inhibition (Brady et al.,
1991; Brady et al., 1992; Michelson et al., 1997; Holsboer, 2001; Pariante and
Lightman, 2008).
1.2.4 Unifying link between distinct mechanisms of antidepressant drug
action
A recent study identified a putative link between antidepressant treatment
induced changes on intracellular PKA mediated signaling (see chapter 1.2.1),
neurogenesis (see chapter 1.2.2) and the HPA axis (see chapter 1.2.3).
Specifically, in vitro experiments indicated that induced neurogenesis upon
SSRI (sertraline) treatment is dependent on GR function that is associated
with GR phosphorylation via PKA activity (Anacker et al., 2011). This and
other findings indicate that distinct hypotheses for the mode of antidepressant
action do not compete and exclude each other but rather complement each
other (Perera et al., 2001).
Taken together, despite tremendous efforts during the last decades, the
precise mechanism of antidepressant action remains elusive and studies on
current antidepressant treatment effects are in great demand for a better
understanding of antidepressant elicited therapeutic as well as side effects.

6

1 INTRODUCTION

1.3 Biomarker discovery

1.3.1 Biomarkers and surrogate endpoints
Biomarkers are used as diagnostic tools for the objective determination of
disease state, disease progression, disease prognosis or treatment effects
and response. According to the National Institutes of Health, a biomarker is “a
characteristic that is objectively measured and evaluated as an indicator of
normal biological processes, pathogenic processes, or pharmacological
responses to a therapeutic intervention” (Biomarkers Definitions Working
Group, 2001). A biomarker that is reasonably likely to predict clinical benefit
may also be used as surrogate endpoint, i.e. be used as “biomarker that is
intended to substitute for a clinical endpoint. A surrogate endpoint is expected
to predict clinical benefit (or harm or lack of benefit or harm) based on
epidemiologic, therapeutic, pathophysiologic, or other scientific evidence”
(Biomarkers Definitions Working Group, 2001).

1.3.2 Biomarkers for antidepressant treatment effects
At present there are no biomarkers that are used in clinical practice for any
psychiatric disorder. Biomarkers for antidepressant treatment response could
accelerate drug discovery as surrogate endpoints and hence reduce
production costs and pipeline development time (Schwarz and Bahn, 2008).
Biomarkers could help to predict antidepressant treatment response early in
the course of treatment in order to minimize protracted serial trial-and-error
(Rush et al., 2009; Leuchter et al., 2010), inform on drug dosing and help
minimize inter-individual variation in antidepressant treatment response
(Biomarkers Definitions Working Group, 2001).
Because psychiatric diseases are considered complex disorders of the brain,
major affected biochemical pathways in disease or upon treatment are
expected to be primarily altered in the brain. Plasma, on the other hand, is the
preferred specimen for a biomarker assay due to its accessibility, reproducible
sampling methods and the fact that small brain molecules are excreted via
plasma (Leuchter et al., 2010). The ideal biomarker for psychiatric disorders
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would be measured in the periphery and represent a highly sensitive and
specific indicator of disease pathways in the brain.
Due to the complex etiology and polygenic character of psychiatric disorders
biomarker signatures rather than single biomarkers are expected to depict
more accurately behavioral phenotype changes (Filiou et al., 2011a). A single
biomarker will usually have small effect sizes and several biomarkers need to
be combined for a robust prediction of disease state or treatment effects
(Singh and Rose, 2009).

1.4 Mouse models in antidepressant treatment research
Although human material is the most relevant specimen for the analysis of
psychiatric disease etiology and antidepressant treatment effects, exploratory
studies frequently rely on the investigation of rodent brains (Nakatani et al.,
2004; Wong and Licinio, 2004; Yamada and Higuchi, 2005; Conti et al., 2007;
Sillaber et al., 2008) for the following reasons: (1) fresh human brain tissue,
the most relevant organ for psychiatric disorders, is inaccessible due to ethical
reasons (Sullivan et al., 2006); (2) human post mortem brain, cerebrospinal
fluid (CSF) or plasma are of limited availability; (3) the inter-individual genetic
and life style variability combined with the low sample quantity available pose
serious challenges for analytical efforts (Filiou and Turck, 2011); (4) the
presence of confounding factors like brain pH, post mortem interval, age, use
of antidepressant or other drugs, smoking or substance abuse complicate
statistical data analyses and thus (5) a great number of biological replicates is
needed (Kim and Webster, 2009).
Therefore, for the exploratory phase of the antidepressant-affected pathways
or biomarker signature discovery pipeline, animal model based studies tend to
have higher success rates (Turck et al., 2005; Filiou and Turck, 2011). Animal
models in combination with proteomic and metabolomic technologies promise
to be useful tools for the hypothesis-free discovery of biomarker candidates
(Turck et al., 2005; Reckow et al., 2008; Filiou and Turck, 2011).
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1.4.1 Mouse models for psychiatric disorders
Major depression involves complex thought processes and emotions and it is
not possible to model depression in mice in its entirety (Wong and Licinio,
2004). However, mouse models were successfully developed that model
certain features, i.e. endophenotypes, of the disease by resembling selected
characteristics of the human condition. Current animal models for depressionlike behavior include uncontrollable stress models (e.g. forced swim test
(FST), tail suspension test (TST)), reward models (e.g. sucrose prevalence),
olfactory bulbectomy, chronic mild stress, drug withdrawal, maternal
deprivation, neonatal clomipramine and genetic models (reviewed in (Wong
and Licinio, 2004)). Important criteria for mouse models of depression are (1)
face validity, i.e. whether the model phenomenologically resembles the human
condition; (2) predictive validity, i.e. whether the performance of the model in a
test is predictive for human performance and (3) construct/etiological validity,
i.e. how accurately the test models the human condition and whether the
model is based on known etiological factors. Predictive validity is sometimes
used to indicate pharmacological isomorphism, i.e. whether the model
predicts antidepressant treatment response in humans (Van Dam and De
Deyn, 2006; Markou et al., 2009).
There are various models available to investigate the effects of currently used
and novel antidepressants in mice. The following chapter (1.4.2) will focus on
an animal model that was utilized in the present thesis for (1) the
characterization of antidepressant treatment affected molecular pathways and
(2) for the identification of biomarker candidates for antidepressant treatment
effects. The subsequent chapter (1.4.3) will focus on an animal model of
anxiety-related behavior and the recently discovered antidepressant-like

15

N

isotope effect that was utilized for correlating antidepressant-like effects with
molecular pathway alterations.

1.4.2 Paroxetine treatment of DBA/2 mice
Paroxetine is the most potent inhibitor of serotonin reuptake (Sanchez and
Hyttel, 1999; Bourin et al., 2001) and a weak inhibitor of norepinephrine
reuptake (Kelly and Leonnard, 1995; Sugimoto et al., 2011). The ratio of
9
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inhibition of uptake of norepinephrine to serotonin (NE/5-HT) is second only to
that of citalopram. There is a negligible affinity for other receptor systems,
including catecholaminergic, dopaminergic, histaminergic and muscarinic
cholinergic systems (Bourin et al., 2001). Next to depression the SSRI
paroxetine is also used for treating panic disorder, obsessive compulsive
disorder and social phobia (Wagstaff et al., 2002).
The inbred DBA/2 mouse strain displays a high level of innate anxiety-like
behavior (Ohl et al., 2003) that is potentially linked to distinct neurotransmitter
receptor densities (Yilmazer-Hanke et al., 2003), may exhibit aspects of
hippocampal dysfunction (Thinus-Blanc et al., 1996) and displays a reduced
HPA axis feedback inhibition compared to other inbred mouse strains
(Thoeringer et al., 2007). DBA/2 mice are more sensitive towards paroxetine
treatment compared to other mouse strains, as determined in the FST
(Sugimoto et al., 2011). These studies suggest that DBA/2 mice reflect some
psychiatric disorders endophenotypes and therefore might be suitable for the
investigation of molecular antidepressant treatment effects (Sillaber et al.,
2008). Paroxetine treatment of DBA/2 mice results in decreased passive
stress coping behavior in the FST, an indication of antidepressant treatment
efficacy in rodents (Porsolt et al., 1977).
Sillaber et al. investigated paroxetine induced alterations in DBA/2 mice at the
mRNA level using transcriptomic analyses (Sillaber et al., 2008). In the
present thesis the focus was expanded to the identification of molecular
pathway alterations using proteomic and metabolomic analyses and the
identification of biomarker candidates for antidepressant treatment effects.

1.4.3 The HAB/LAB mouse model and the antidepressant-like 15N isotope
effect in anxious HAB mice
The high anxiety-related behavior (HAB)/low anxiety-related behavior (LAB)
mouse model is based on selective bidirectional breeding of mice for
behavioral extremes according to their performance on the elevated plusmaze (EPM), a behavioral paradigm assessing anxiety-related behavior. HAB
mice spend most of their time in the closed arms whereas LAB mice spend
most of their time in the open arms (Pellow et al., 1985; Kromer et al., 2005).
10
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Selective bidirectional inbreeding led to the enrichment of the genetic material
associated with the anxiety phenotype (Landgraf et al., 2007; Plomin et al.,
2009). The high comorbidity of anxiety with depression is reflected in HAB
mice by an increased passive stress coping behavior in the FST and TST
compared to LAB mice (Kromer et al., 2005; Landgraf et al., 2007).
In previous efforts for relative protein quantification 15N metabolic labeling was
applied to the HAB/LAB mouse model for the comparison of HAB and LAB
proteomes (Filiou et al., 2011b; Zhang et al., 2011b). For that purpose mice
were fed a diet enriched with the stable, heavy
resulting in an enrichment of the
introduction of the stable

15

N isotope (>97%

15

N)

15

N isotope in the organism. Intriguingly, the

15

N isotope resembled antidepressant treatment

effects on the behavioral phenotype of HAB mice in the TST. We therefore
carried out unbiased proteomic analyses of this antidepressant-like

15

N

isotope effect in order to discover pathways that are potentially involved in
antidepressant-like actions in the HAB mouse model (Frank et al., 2009).

1.5 Mass spectrometry based quantitative proteomics and
metabolomics

1.5.1 Genomics and functional genomics in psychiatry research
Major depression is a complex, hereditary and polygenetic disease. The
interplay of the genetic setup with environmental factors is believed to play a
crucial role in psychiatric disease development (Taurines et al., 2011). There
is a great demand for integrative analyses across a wide range of fields
including omics-based systems biology strategies for a better understanding
of disease related pathways (Kitano, 2002; Barabasi and Oltvai, 2004).
After the complete sequencing of the human genome about 10 years ago
(Lander et al., 2001; Venter et al., 2001), psychiatry research has applied
genomic approaches in human studies leading to valuable, though
unfortunately limited, insights into disease pathways, treatment response and
novel drug targets (Lucae et al., 2006; Burmeister et al., 2008; Sillaber et al.,
2008; McQuillin et al., 2009).
11
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Functional

genomics

(i.e.

post-genomics)

including

transcriptomics,

proteomics and metabolomics adds a very important new dimension to the
study of psychiatric disorders: the analysis of spatial and temporal system
alterations. Consequently, functional genomics facilitates an accurate and
unbiased generation of hypotheses for pathophysiology and drug action
mechanisms (Turck et al., 2005; Geschwind and Konopka, 2009).
Both transcriptomics and proteomics were successfully applied to the
elucidation of antidepressant treatment affected pathways in rodents
(Khawaja et al., 2004; Carboni et al., 2006; Cecconi et al., 2007; McHugh et
al., 2008; Sillaber et al., 2008; McHugh et al., 2010). Compared to
transcriptomics, proteomics exhibits several advantageous characteristics: (1)
the level of mRNA does not always reflect protein expression indicating the
need for complementary proteomics analyses; (2) proteomics allows for
organelle specific analyses facilitating e.g. synapse specific alterations; (3)
protein post-translational modifications (PTM) play an important role in protein
function and activity, but this aspect is undetectable by transcriptomics and (4)
proteins are the actual contributors to biochemical pathway activities and
biological processes and therefore are more closely related to disease
phenotype.
With the advance of novel instrumentation and data analysis strategies
metabolomics represents the latest of functional genomics technology.
Metabolomics complements transcriptomics and proteomics investigations
especially in the area of systems biology and pathway analysis because
metabolites are the final products of interactions between gene expression,
protein expression and the cellular environment (Kaddurah-Daouk and
Krishnan, 2009). At present only a limited number of studies have been
performed investigating effects of antidepressant treatment at the metabolome
level (Paige et al., 2007; Dai et al., 2010; Ji et al., 2011; Su et al., 2011).
The

following

chapters

describe

quantitative

proteomic

(1.5.2)

and

metabolomic (1.5.3) technologies with a focus on methods that were used in
the current thesis.
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1.5.2 Quantitative proteomics
Traditional proteomics strategies predominately exploited two-dimensional gel
electrophoresis for high resolution protein separation and relative protein
quantification. Complex protein mixtures (e.g. derived from brain tissue) are
first separated according to their isoelectric point and in a second dimension
by molecular weight. Staining of the proteins allows the identification of both
quantitative (expression level) and qualitative (mainly post-translational
modification) protein differences. Differentially expressed proteins between
disease/treatment vs. control are then identified using mass spectrometry
(O'Farrell, 1975). Limitations of two-dimensional gel electrophoresis include
low throughput, limited dynamic range, low sensitivity, high technical variability
and incompatibility for hydrophobic membrane proteins (Fey and Larsen,
2001; Lubec et al., 2003). Therefore quantitative proteomics has recently
shifted towards shotgun proteomics approaches that aim at identifying and
quantifying as many proteins as possible in a given sample by utilizing highly
sensitive mass spectrometry (MS) in combination with multidimensional
protein and peptide separation techniques.

1.5.2.1 The impact of tandem mass spectrometry in modern proteomics
Mass spectrometry is an analytical approach that measures the mass-tocharge (m/z) ratio of ions. In a typical bottom-up proteomics experiment MS is
used to analyze peptides in complex protein digests (Steen and Mann, 2004).
Peptide information is then conferred to corresponding proteins. For increased
sensitivity sample complexity has to be reduced prior to mass spectrometry
analysis at the protein level (e.g. by SDS gel electrophoresis or isoelectric
focusing) and/or at the peptide level (e.g. by strong cation exchange or
reversed phase high performance liquid chromatography).
The main components of a mass spectrometer are an ionization source, a
mass analyzer and an ion detector. Current MS-based proteomics became
possible only after the introduction of soft ionization methods like matrixassisted-laser-desorption ionization (MALDI) (Karas and Hillenkamp, 1988),
electrospray ionization (ESI) (Whitehouse et al., 1985) and, for increased
sensitivity, nanospray ionization (NSI) (Shevchenko et al., 1996b; Shevchenko
13
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et al., 1996a; Wilm and Mann, 1996; Wilm et al., 1996). There are different
kinds of mass analyzers that, depending on the analytical question, exhibit
distinct strengths and advantages. Mass analyzers include quadrupole (Q)
mass filter, linear ion trap (LTQ), Orbitrap, time-of-flight (TOF), magnetic
sector, ion cyclotron resonance (ICR), and combinations thereof like TripleQuadrupole (QqQ), Q-TOF or LTQ-Orbitrap instruments.
LTQ-Orbitrap hybrid mass spectrometers are the instruments of choice for
shotgun proteomics due to the high sensitivity, high scan rate, high dynamic
range (>103), high mass accuracy (<5 ppm) and high mass resolution (up to
100.000 at m/z 400) (Yates et al., 2006). The final readout of all mass
spectrometers is a mass spectrum (MS spectrum) which is a recording of the
signal intensity of the ion at each value of the m/z scale (Steen and Mann,
2004).
Tandem mass spectrometry involves the fragmentation of precursor ions and
m/z determination of product ions resulting in the generation of MS/MS
spectra. By in silico comparison of precursor ion and fragment ion masses
with a protein database it is then possible to identify peptides and
corresponding proteins (Eng et al., 1994; Perkins et al., 1999). Fragmentation
methods include collision-induced dissociation (CID), higher energy collision
dissociation (HCD), or electron transfer dissociation (ETD).

1.5.2.2 Quantitative proteomics using stable isotope labeling
Mass spectrometry signal intensities are not a measure of protein amount
because different peptides have different physico-chemical properties like
solubility or ionization efficiency. However, because these factors are
reproducible relative quantification is possible by using label free quantitation
strategies (Bondarenko et al., 2002; Chelius and Bondarenko, 2002; Higgs et
al., 2008) or strategies based on stable isotope labeling (Gygi and Aebersold,
2000; Steen and Mann, 2004).
According to the isotope dilution theory (De Leenheer, 1992), peptides that
differ only in isotopic composition behave identically during an LC-MS
experiment. Therefore, the ratio of unlabeled and labeled peptides within a
mass spectrum or the ratio of extracted ion chromatograms represents an
14
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accurate measure of relative protein concentration (Steen and Mann, 2004).
Stable isotopes that are used for labeling of proteins or peptides include 2H,
13

C,

15

N and

18

O, leading to a great variety of different methods for relative

protein quantification like ICAT (Gygi et al., 1999), ICPL (Schmidt, 2005),
iTRAQ (Ross et al., 2004),
et al., 2002) and

18

O labeling (Reynolds et al., 2002), SILAC (Ong

15

N metabolic labeling (Oda et al., 1999). Unlabeled and

labeled samples are combined at different experimental stages leading to
different quantitation accuracies. If unlabeled and labeled samples are
combined at the very beginning of sample preparation, as is the case for
SILAC or

15

N metabolic labeling, quantitation accuracy is maximal because

potential experimental biases affect both labeled and unlabeled sample in the
same way and the ratio remains unchanged (Bantscheff et al., 2007;
Bantscheff et al., 2012)(Figure 2). Therefore, SILAC and

15

N metabolic

labeling represent the current gold standard for accurate relative protein
quantification.

15

N metabolic labeling has been used in several model

organisms including yeast (Oda et al., 1999), bacteria(Pan et al., 2008),
Drosophila melanogaster (Krijgsveld et al., 2003), Caenorhabditis elegans
(Dong et al., 2007), plants (Huttlin et al., 2007), mice (Huttlin et al., 2009;
Filiou et al., 2011b; Zhang et al., 2011b) and rats (Wu et al., 2004). To avoid
any biases due to the labeling itself the labeled sample is frequently used as
internal standard for indirect comparison of relative protein levels (Pan et al.,
2008).
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Figure 2. Quantitative proteomics workflows. If samples are combined
prior to sample preparation, as seen in metabolic labeling approaches,
quantitation accuracy is optimal. Blue and orange boxes represent two
experimental conditions, horizontal lines indicate when samples are combined
and dashed lines indicate possibilities for experimental variation. Reproduced
with permission from (Bantscheff et al., 2007).

1.5.3 Quantitative metabolomics
Quantitative metabolomics complements previous -omics efforts due to its
integrative capacity and was recently introduced into psychiatric research
(Kaddurah-Daouk et al., 2007; Paige et al., 2007; Dai et al., 2010; Ji et al.,
2011; Su et al., 2011).
A major challenge in metabolomic analyses is the large dynamic range (>106)
and great chemical diversity of metabolites like amino acids, amino sugars,
oligosaccharides, fatty acids or lipids. Another drawback is the absence of
reliable and automated metabolite identification tools (Moco et al., 2007).
Due to the chemical variety diverse complementary analytical methods
including sample preparation need to be applied for a comprehensive and
16
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hypothesis-free holistic analysis. Depending on the biological question,
however, the analysis of sub-metabolomes or targeted analyses may reveal
significant insights into the system of interest. Most commonly used platforms
are

based

on

LC-MS

(liquid

chromatography-MS),

GC-MS

(gas

chromatography-MS) and NMR (nuclear magnetic resonance) (Moco et al.,
2007; Theodoridis et al., 2012).
Acquisition of NMR spectra of complex mixtures like biofluids, so called NMR
fingerprinting, is used for the identification of biomarker patterns. NMR is a
quantitative technique well suited for metabolomics analyses but lacks
sensitivity compared to MS-based methods.
GC-MS was applied to metabolomics studies much earlier than LC-MS and
offers high sensitivity, high resolution power, high throughput, excellent
reproducibility, and highly reproducible fragmentation patterns. Disadvantages
include tedious sample preparation because samples need to be derivatized
before analysis and only volatile (or volatile-made) metabolites with molecular
weights below 400-500Da can be analyzed (Tolstikov, 2009; Theodoridis et
al., 2012).
LC-MS is the most widely used technique in metabolomics. Metabolites are
first separated using reversed phase (RP) chromatography for hydrophobic
compounds (e.g. phenolic acids, flavonoids) and hydrophilic chromatography
(HILIC) for hydrophilic and neutral compounds (e.g. sugars, amino acids,
nucleotides) (Tolstikov and Fiehn, 2002). Metabolite ions are generated by
electrospray ionization (ESI, in positive or negative mode) or atmospheric
pressure ionization (API). Ions are then analyzed mainly using quadrupoletime-of-flight (Q-TOF) instruments because of their high sensitivity, mass
resolution (about 10.000) and mass accuracy with limitations in dynamic
range. Metabolite ions may also be analyzed using FT-Orbitrap or FT-ICR-MS
instruments for highest mass resolution (100.000-1.000.000) and mass
accuracy (<2ppm) facilitating metabolite identification. Metabolites are
identified using characteristic parameters like metabolite mass, isotopic
distribution, fragmentation pattern and retention time (Moco et al., 2007).
Metabolomics analyses may also be performed in a targeted fashion.
Targeted analyses mainly exploit Multiple-Reaction-Monitoring (MRM) on
Triple-Quadrupole

mass

spectrometers

that

allow

for

accurate

and
17
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unambiguous quantification of metabolite precursor and product ions (Lu et
al., 2008). Recently, a metabolomics platform was introduced targeting
metabolites involved in cellular metabolism using LC-MRM-MS. The platform
reliably quantifies more than 250 metabolites involved in major metabolic
pathways, including glycolysis, Krebs cycle and metabolism of amino acids
(Kelly et al., 2011; Yuan et al., 2012).
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1.6 Aim and scope of thesis
The aim of the current thesis was to define antidepressant treatment effects at
the molecular pathway level in mouse models using state of the art proteomic
and metabolomic technologies. A further aim was to identify biomarker
candidates for antidepressant treatment effects.

Specific aims of the individual manuscripts:

Chapter 2.1: Metabolite profiling of antidepressant drug action reveals novel
drug targets beyond monoamine elevation
-

Identification of paroxetine treatment affected molecular pathways
beyond serotonin reuptake inhibition in hippocampus of chronically
treated DBA/2 mice at the metabolome level.

-

Identification of potential drug targets that may modulate these
pathways.

-

Identification of metabolite biomarker candidates in plasma.

Chapter 2.2: Proteomic and metabolomic profiling reveals time-dependent
changes in hippocampal metabolism upon paroxetine treatment and
biomarker candidates
-

Identification of paroxetine treatment affected molecular pathways
beyond

serotonin

reuptake

inhibition

in

hippocampus

at

the

metabolome and proteome levels.
-

Identification of time course alterations.

-

Identification of metabolite biomarker candidates in plasma.

Chapter 2.3: The

15

N isotope effect as a means for correlating phenotypic

alterations and affected pathways in a trait anxiety mouse model
-

Identification of molecular correlates of the behavioral antidepressantlike 15N isotope effect in various brain regions at the proteome level.
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The implementation of functional genomics in psychiatry research - in
particular high throughput proteomics and metabolomics - is only at its very
beginning and its great potential is just being realized. In a disease with
unknown etiology like major depression exploratory and unbiased -omics
studies in well-established mouse models are of major importance to generate
novel hypotheses of disease etiology and mode of drug action. Before
reaching clinical significance, generated hypotheses have to be further
addressed, validated or modified in targeted studies in other mouse models
and clinical settings.
In the present study we employed proteomics and metabolomics technologies
in combination with in silico pathway analyses in order to define
antidepressant treatment effects in mouse models. DBA/2 mice were treated
with paroxetine and molecular pathway alterations identified upon treatment
with a representative SSRI. The antidepressant-like

15

N isotope effect on the

HAB proteome was investigated and antidepressant-like behavioral and
molecular alterations correlated. In addition, metabolite biomarker candidates
for paroxetine treatment effects that reflect hippocampal alterations were
identified in plasma.
Most importantly, we have shown that antidepressant treatment affects a
great variety of biochemical pathways and is not restricted to alterations in
monoaminergic neurotransmission. Novel hypotheses for the mode of
antidepressant drug action were generated that lay the ground for future
investigations in the quest for improved antidepressant treatment strategies.

3.1 Antidepressant treatment influences key cellular
processes
Psychiatric disorders have traditionally been viewed as neurochemical
diseases (Manji et al., 2001) and currently used antidepressants increase
neurotransmitter availability. The present study has shown that apart from
neurotransmission antidepressant treatment alters key cellular processes like
energy metabolism supporting findings from previous functional genomic
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studies (Khawaja et al., 2004; Carboni et al., 2006; McHugh et al., 2008). It is
tempting to speculate that these altered key cellular processes are directly or
indirectly involved in antidepressant therapeutic effects.

3.1.1 Antidepressant treatment shifts energy metabolism towards
aerobic glycolysis
We identified significant alterations in energy metabolism upon paroxetine
treatment (Webhofer et al., 2011). Most importantly, there was a fast and
strong increase of early glycolytic intermediates in the hippocampus of DBA/2
mice upon paroxetine treatment (Webhofer et al., 2013). Supporting the shift
towards aerobic glycolysis upon antidepressant treatment, the antidepressantlike

15

N isotope effect in HAB mice correlated with decreases in Krebs cycle

and oxidative phosphorylation enzyme levels (Filiou et al., 2012). In
agreement with these results, Filiou et al. (Filiou et al., 2011b) found
decreased Krebs cycle and oxidative phosphorylation enzyme levels in low
anxiety LAB mice compared to anxious HAB mice. It is important to note that
aerobic glycolysis not only provides ATP for neuronal activity but also
influences other important cellular parameters like the redox state and
pathways like neurogenesis (Vaishnavi et al., 2010) – a known target of
antidepressant treatment (Santarelli et al., 2003).
Future studies need to address the question whether directly targeting energy
metabolism

and

shifting

it

towards

aerobic

glycolysis

can

have

antidepressant-like effects in mouse models. In addition to assessing
behavioral effects the emphasis of such studies should be on a critical
evaluation of undesired side effects when directly interfering with a ubiquitous
pathway such as energy metabolism. It may be beneficial to not directly target
energy metabolism but related pathways that may be more relevant for
antidepressant therapeutic effects. Future systems-based studies will
eventually lead to an advanced understanding of neuronal and glial energy
metabolism and its cross-talk with other pathways facilitating targeted
therapeutic interventions.

52

3 DISCUSSION AND FUTURE PERSPECTIVES
3.1.2 Role of astrocytes in paroxetine treatment
Combined proteomic and metabolomic analyses indicated that increased
glycolytic intermediate levels may, at least in part, be a consequence of an
altered glycogen metabolism (Webhofer et al., 2013). The involvement of
glycogen metabolism points towards an important role of astrocytes, the
primary source of glycogen in the brain (Magistretti et al., 2000), in
antidepressant action as has been postulated before (Czeh and Di Benedetto,
2012). It is therefore important that future studies elucidate specific roles of
distinct cell types in antidepressant treatment. This notion is underscored by
recent findings indicating that single cell types play distinct roles in
antidepressant therapy (Schmidt et al., 2012) and that distinct cell types in
different brain regions may elicit bidirectional effects on psychiatric
phenotypes (Refojo et al., 2012). At present, however, functional genomic
studies on single cell systems are analytically very challenging due to low
tissue amounts and advances in analytical platforms are necessary to enable
these studies.

3.1.3 Paroxetine treatment influences amino acid metabolism
Interestingly, there were opposing findings regarding proteinogenic amino
acids that were significantly altered upon paroxetine treatment as described in
chapters 2.1 and 2.2. Seven proteinogenic amino acids that were significantly
increased in one study (chapter 2.1) were significantly decreased in the other
study (chapter 2.2, alanine, leucine/isoleucine, serine, threonine, tyrosine and
valine). GABA, a non-proteinogenic amino acid, was significantly decreased
upon paroxetine treatment in both studies. Similar treatment paradigms but
distinct sample preparation protocols and metabolomic platforms were
employed in the two studies (Webhofer et al., 2011; Webhofer et al., 2013).
Major differences between the studies included (1) duration of paroxetine
treatment, i.e. 28 days versus 24 days, (2) metabolite extraction buffers and
extraction

protocol,

i.e.

acetonitrile/isopropanol/water

3:3:2

versus

methanol/water 4:1 and (3) metabolomics platform, i.e. GC-TOF-MS versus
LC-SRM-MS/MS based metabolite quantitation.
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Although the duration of chronic paroxetine treatment was similar (24 days
versus 28 days) differences could still result from different treatment duration.
However, both studies show increased glycolytic metabolites. The observed
differences of proteinogenic amino acids may be due to distinct sample
preparation strategies rather than random or systematic technical or treatment
variability. We speculate that different sub-metabolomes may have been
analyzed in the described studies. Future studies need to systematically
investigate metabolic alterations in different subcellular compartments in order
to address this question. A first line of investigation may include mitochondrial
versus cytosol metabolite alterations upon antidepressant treatment with
respect to the current findings related to energy metabolism.

3.2 Future developments in functional genomics
The present study has demonstrated the importance and benefits of
integrated pathway analyses at both proteome and metabolome levels.
Previous studies have also shown that there is a weak correlation between
mRNA and protein levels (Nie et al., 2006; Gry et al., 2009) further supporting
the need for integrated complementary -omics analyses. However, for
successful data integration from different analytical platforms and realizing
truly holistic answers, advances in post genomic studies have to be made.
Post-genomic analyses are expensive and instrument-time consuming and it
therefore takes a considerable amount of time to describe alterations at
mRNA, protein and metabolite levels. Modern instrumentation that allows for
reduced analysis time and increased throughput may help in this endeavor. In
addition, instruments need to be sensitive for increased information output
and robust in every day performance. There is also a great demand for novel
computational tools integrating heterogeneous datasets from diverse
analytical platforms to achieve a holistic, quantitative and predictive
understanding of the system under investigation (Sauer and Zamboni, 2008).
Finally, the current psychiatric pathway discovery pipeline should be
expanded to shed light on disease etiology and mode of drug action from
different perspectives. Important future paths may include studies on
biological parameters such as mRNA turnover (Mitchell and Tollervey, 2001;
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Munchel et al., 2011), protein turnover (Price et al., 2010; Zhang et al.,
2011a),

protein

post-translational

modifications

like

phosphorylation

(Christensen et al., 2010) and using diverse platforms such as single-cell
analyses (Shi et al., 2012) or imaging studies like MALDI imaging
(Schuerenberg et al., 2007) or multi-isotope imaging mass spectrometry
(Steinhauser et al., 2012; Zhang et al., 2012).
The integration of diverse technologies in combination with well characterized
mouse models and clinical samples will lay the ground for an improved
understanding of psychiatric diseases and treatment pathways and eventually
lead to better diagnosis and improved treatment strategies.

55

56

Bibliography

Bibliography
Anacker C, Zunszain PA, Cattaneo A, Carvalho LA, Garabedian MJ, Thuret S,
Price J, Pariante CM (2011) Antidepressants increase human
hippocampal neurogenesis by activating the glucocorticoid receptor.
Mol Psychiatry 16:738-750.
Anderson IM (2000) Selective serotonin reuptake inhibitors versus tricyclic
antidepressants: a meta-analysis of efficacy and tolerability. J Affect
Disord 58:19-36.
Bantscheff M, Lemeer S, Savitski MM, Kuster B (2012) Quantitative mass
spectrometry in proteomics: critical review update from 2007 to the
present. Anal Bioanal Chem 404:939-965.
Bantscheff M, Schirle M, Sweetman G, Rick J, Kuster B (2007) Quantitative
mass spectrometry in proteomics: a critical review. Anal Bioanal
Chem 389:1017-1031.
Barabasi AL, Oltvai ZN (2004) Network biology: understanding the cell's
functional organization. Nat Rev Genet 5:101-113.
Berton O, Nestler EJ (2006) New approaches to antidepressant drug
discovery: beyond monoamines. Nat Rev Neurosci 7:137-151.
Biomarkers Definitions Working Group (2001) Biomarkers and surrogate
endpoints: preferred definitions and conceptual framework. Clin
Pharmacol Ther 69:89-95.
Bloch RG, Dooneief AS, Buchberg AS, Spellman S (1954) The clinical effect
of isoniazid and iproniazid in the treatment of pulmonary
tuberculosis. Ann Intern Med 40:881-900.
Bondarenko PV, Chelius D, Shaler TA (2002) Identification and relative
quantitation of protein mixtures by enzymatic digestion followed by
capillary reversed-phase liquid chromatography-tandem mass
spectrometry. Anal Chem 74:4741-4749.
Bourin M, Chue P, Guillon Y (2001) Paroxetine: a review. CNS Drug Rev
7:25-47.
Brady LS, Whitfield HJ, Jr., Fox RJ, Gold PW, Herkenham M (1991) Longterm antidepressant administration alters corticotropin-releasing
hormone, tyrosine hydroxylase, and mineralocorticoid receptor gene
expression in rat brain. Therapeutic implications. J Clin Invest
87:831-837.
Brady LS, Gold PW, Herkenham M, Lynn AB, Whitfield HJ, Jr. (1992) The
antidepressants fluoxetine, idazoxan and phenelzine alter
corticotropin-releasing hormone and tyrosine hydroxylase mRNA
levels in rat brain: therapeutic implications. Brain Res 572:117-125.
Brunello N, Blier P, Judd LL, Mendlewicz J, Nelson CJ, Souery D, Zohar J,
Racagni G (2003) Noradrenaline in mood and anxiety disorders:
basic and clinical studies. Int Clin Psychopharmacol 18:191-202.
Burmeister M, McInnis MG, Zollner S (2008) Psychiatric genetics: progress
amid controversy. Nat Rev Genet 9:527-540.
57

Bibliography
Carboni L, Vighini M, Piubelli C, Castelletti L, Milli A, Domenici E (2006)
Proteomic analysis of rat hippocampus and frontal cortex after
chronic treatment with fluoxetine or putative novel antidepressants:
CRF1 and NK1 receptor antagonists. Eur Neuropsychopharmacol
16:521-537.
Castren E (2004) Neurotrophic effects of antidepressant drugs. Curr Opin
Pharmacol 4:58-64.
Cecconi D, Mion S, Astner H, Domenici E, Righetti PG, Carboni L (2007)
Proteomic analysis of rat cortical neurons after fluoxetine treatment.
Brain Res 1135:41-51.
Chelius D, Bondarenko PV (2002) Quantitative profiling of proteins in complex
mixtures using liquid chromatography and mass spectrometry.
Journal of Proteome Research 1:317-323.
Christensen GL, Kelstrup CD, Lyngso C, Sarwar U, Bogebo R, Sheikh SP,
Gammeltoft S, Olsen JV, Hansen JL (2010) Quantitative
phosphoproteomics dissection of seven-transmembrane receptor
signaling using full and biased agonists. Mol Cell Proteomics 9:15401553.
Conti B, Maier R, Barr AM, Morale MC, Lu X, Sanna PP, Bilbe G, Hoyer D,
Bartfai T (2007) Region-specific transcriptional changes following the
three antidepressant treatments electro convulsive therapy, sleep
deprivation and fluoxetine. Mol Psychiatry 12:167-189.
Coppen A (1967) The biochemistry of affective disorders. Br J Psychiatry
113:1237-1264.
Czeh B, Di Benedetto B (2012) Antidepressants act directly on astrocytes:
Evidences
and
functional
consequences.
Eur
Neuropsychopharmacol.
Dai Y, Li Z, Xue L, Dou C, Zhou Y, Zhang L, Qin X (2010) Metabolomics study
on the anti-depression effect of xiaoyaosan on rat model of chronic
unpredictable mild stress. J Ethnopharmacol 128:482-489.
De Bellis MD, Gold PW, Geracioti TD, Jr., Listwak SJ, Kling MA (1993)
Association of fluoxetine treatment with reductions in CSF
concentrations of corticotropin-releasing hormone and arginine
vasopressin in patients with major depression. Am J Psychiatry
150:656-657.
De Leenheer AP (1992) Applications of isotope dilution-mass spectrometry in
clinical chemistry, pharmacokinetics, and toxicology. Mass Spectrom
Rev 11:259-307.
Dong MQ, Venable JD, Au N, Xu T, Park SK, Cociorva D, Johnson JR, Dillin
A, Yates JR, 3rd (2007) Quantitative mass spectrometry identifies
insulin signaling targets in C. elegans. Science 317:660-663.
Duman RS, Monteggia LM (2006) A neurotrophic model for stress-related
mood disorders. Biol Psychiatry 59:1116-1127.

58

Bibliography
Duman RS, Heninger GR, Nestler EJ (1997) A molecular and cellular theory
of depression. Arch Gen Psychiatry 54:597-606.
Eng JK, Mccormack AL, Yates JR (1994) An Approach to Correlate Tandem
Mass-Spectral Data of Peptides with Amino-Acid-Sequences in a
Protein Database. Journal of the American Society for Mass
Spectrometry 5:976-989.
Fey

SJ,

Larsen PM (2001) 2D or not 2D. Two-dimensional
electrophoresis. Curr Opin Chem Biol 5:26-33.

gel

Filiou MD, Turck CW (2011) General overview: biomarkers in neuroscience
research. Int Rev Neurobiol 101:1-17.
Filiou MD, Turck CW, Martins-de-Souza D (2011a) Quantitative proteomics for
investigating psychiatric disorders. Proteomics Clin Appl 5:38-49.
Filiou MD, Webhofer C, Gormanns P, Zhang Y, Reckow S, Bisle B, Teplytska
L, Frank E, Kessler MS, Maccarrone G, Landgraf R, Turck CW
(2012) The (15)N isotope effect as a means for correlating
phenotypic alterations and affected pathways in a trait anxiety
mouse model. Proteomics 12:2421-2427.
Filiou MD, Zhang Y, Teplytska L, Reckow S, Gormanns P, Maccarrone G,
Frank E, Kessler MS, Hambsch B, Nussbaumer M, Bunck M, Ludwig
T, Yassouridis A, Holsboer F, Landgraf R, Turck CW (2011b)
Proteomics and metabolomics analysis of a trait anxiety mouse
model reveals divergent mitochondrial pathways. Biol Psychiatry
70:1074-1082.
Frank E, Kessler MS, Filiou MD, Zhang Y, Maccarrone G, Reckow S, Bunck
M, Heumann H, Turck CW, Landgraf R, Hambsch B (2009) Stable
isotope metabolic labeling with a novel N-enriched bacteria diet for
improved
proteomic
analyses
of
mouse
models
for
psychopathologies. PLoS One 4:e7821.
Gass P, Riva MA (2007) CREB, neurogenesis and depression. Bioessays
29:957-961.
Geschwind DH, Konopka G (2009) Neuroscience in the era of functional
genomics and systems biology. Nature 461:908-915.
Gould TD, Manji HK (2002) Signaling networks in the pathophysiology and
treatment of mood disorders. J Psychosom Res 53:687-697.
Gry M, Rimini R, Stromberg S, Asplund A, Ponten F, Uhlen M, Nilsson P
(2009) Correlations between RNA and protein expression profiles in
23 human cell lines. BMC Genomics 10:365.
Gygi SP, Aebersold R (2000) Mass spectrometry and proteomics. Curr Opin
Chem Biol 4:489-494.
Gygi SP, Rist B, Gerber SA, Turecek F, Gelb MH, Aebersold R (1999)
Quantitative analysis of complex protein mixtures using isotopecoded affinity tags. Nature Biotechnology 17:994-999.

59

Bibliography
Heuser I, Bissette G, Dettling M, Schweiger U, Gotthardt U, Schmider J,
Lammers CH, Nemeroff CB, Holsboer F (1998) Cerebrospinal fluid
concentrations of corticotropin-releasing hormone, vasopressin, and
somatostatin in depressed patients and healthy controls: response to
amitriptyline treatment. Depress Anxiety 8:71-79.
Higgs RE, Knierman MD, Gelfanova V, Butler JP, Hale JE (2008) Label-free
LC-MS method for the identification of biomarkers. Methods Mol Biol
428:209-230.
Holsboer F (2001) Stress, hypercortisolism and corticosteroid receptors in
depression: implications for therapy. J Affect Disord 62:77-91.
Huttlin EL, Hegeman AD, Harms AC, Sussman MR (2007) Comparison of full
versus partial metabolic labeling for quantitative proteomics analysis
in Arabidopsis thaliana. Mol Cell Proteomics 6:860-881.
Huttlin EL, Chen X, Barrett-Wilt GA, Hegeman AD, Halberg RB, Harms AC,
Newton MA, Dove WF, Sussman MR (2009) Discovery and
validation of colonic tumor-associated proteins via metabolic labeling
and stable isotopic dilution. Proc Natl Acad Sci U S A 106:1723517240.
Impey S, McCorkle SR, Cha-Molstad H, Dwyer JM, Yochum GS, Boss JM,
McWeeney S, Dunn JJ, Mandel G, Goodman RH (2004) Defining
the CREB regulon: a genome-wide analysis of transcription factor
regulatory regions. Cell 119:1041-1054.
Ji Y, Hebbring S, Zhu H, Jenkins GD, Biernacka J, Snyder K, Drews M, Fiehn
O, Zeng Z, Schaid D, Mrazek DA, Kaddurah-Daouk R,
Weinshilboum RM (2011) Glycine and a glycine dehydrogenase
(GLDC) SNP as citalopram/escitalopram response biomarkers in
depression: pharmacometabolomics-informed pharmacogenomics.
Clin Pharmacol Ther 89:97-104.
Kaddurah-Daouk R, Krishnan KR (2009) Metabolomics: a global biochemical
approach to the study of central nervous system diseases.
Neuropsychopharmacology 34:173-186.
Kaddurah-Daouk R, McEvoy J, Baillie RA, Lee D, Yao JK, Doraiswamy PM,
Krishnan KR (2007) Metabolomic mapping of atypical antipsychotic
effects in schizophrenia. Mol Psychiatry 12:934-945.
Karas M, Hillenkamp F (1988) Laser desorption ionization of proteins with
molecular masses exceeding 10,000 daltons. Anal Chem 60:22992301.
Kelly AD, Breitkopf SB, Yuan M, Goldsmith J, Spentzos D, Asara JM (2011)
Metabolomic Profiling from Formalin-Fixed, Paraffin-Embedded
Tumor Tissue Using Targeted LC/MS/MS: Application in Sarcoma.
PLoS One 6.
Kelly JP, Leonnard BE (1995) The contribution of pre-clinical drug evaluation
in predicting clinical profile of the selective serotonin reuptake
inhibitor paroxetine. J Ser Res 1:27-46.

60

Bibliography
Kessler RC et al. (2007) Lifetime prevalence and age-of-onset distributions of
mental disorders in the World Health Organization's World Mental
Health Survey Initiative. World Psychiatry 6:168-176.
Khawaja X, Xu J, Liang JJ, Barrett JE (2004) Proteomic analysis of protein
changes developing in rat hippocampus after chronic antidepressant
treatment: Implications for depressive disorders and future therapies.
J Neurosci Res 75:451-460.
Kim S, Webster MJ (2009) Postmortem brain tissue for drug discovery in
psychiatric research. Schizophr Bull 35:1031-1033.
Kitano H (2002) Systems biology: a brief overview. Science 295:1662-1664.
Krijgsveld J, Ketting RF, Mahmoudi T, Johansen J, Artal-Sanz M, Verrijzer
CP, Plasterk RH, Heck AJ (2003) Metabolic labeling of C. elegans
and D. melanogaster for quantitative proteomics. Nat Biotechnol
21:927-931.
Kromer SA, Kessler MS, Milfay D, Birg IN, Bunck M, Czibere L, Panhuysen M,
Putz B, Deussing JM, Holsboer F, Landgraf R, Turck CW (2005)
Identification of glyoxalase-I as a protein marker in a mouse model
of extremes in trait anxiety. Journal of Neuroscience 25:4375-4384.
Kuhn R (1958) The treatment of depressive states with G 22355 (imipramine
hydrochloride). Am J Psychiatry 115:459-464.
Lander ES et al. (2001) Initial sequencing and analysis of the human genome.
Nature 409:860-921.
Landgraf R, Kessler MS, Bunck M, Murgatroyd C, Spengler D, Zimbelmann
M, Nussbaumer M, Czibere L, Turck CW, Singewald N, Rujescu D,
Frank E (2007) Candidate genes of anxiety-related behavior in
HAB/LAB rats and mice: focus on vasopressin and glyoxalase-I.
Neurosci Biobehav Rev 31:89-102.
Lesch KP, Manji HK (1992) Signal-transducing G proteins and antidepressant
drugs: evidence for modulation of alpha subunit gene expression in
rat brain. Biol Psychiatry 32:549-579.
Leuchter AF, Cook IA, Hamilton SP, Narr KL, Toga A, Hunter AM, Faull K,
Whitelegge J, Andrews AM, Loo J, Way B, Nelson SF, Horvath S,
Lebowitz BD (2010) Biomarkers to predict antidepressant response.
Curr Psychiatry Rep 12:553-562.
Li Q, Muma NA, van de Kar LD (1996) Chronic fluoxetine induces a gradual
desensitization of 5-HT1A receptors: reductions in hypothalamic and
midbrain Gi and G(o) proteins and in neuroendocrine responses to a
5-HT1A agonist. J Pharmacol Exp Ther 279:1035-1042.
Li Q, Muma NA, Battaglia G, Van de Kar LD (1997) A desensitization of
hypothalamic 5-HT1A receptors by repeated injections of paroxetine:
reduction in the levels of G(i) and G(o) proteins and neuroendocrine
responses, but not in the density of 5-HT1A receptors. J Pharmacol
Exp Ther 282:1581-1590.

61

Bibliography
Lu W, Bennett BD, Rabinowitz JD (2008) Analytical strategies for LC-MSbased targeted metabolomics. Journal of Chromatography BAnalytical Technologies in the Biomedical and Life Sciences
871:236-242.
Lubec G, Krapfenbauer K, Fountoulakis M (2003) Proteomics in brain
research: potentials and limitations. Prog Neurobiol 69:193-211.
Lucae S, Salyakina D, Barden N, Harvey M, Gagne B, Labbe M, Binder EB,
Uhr M, Paez-Pereda M, Sillaber I, Ising M, Bruckl T, Lieb R,
Holsboer F, Muller-Myhsok B (2006) P2RX7, a gene coding for a
purinergic ligand-gated ion channel, is associated with major
depressive disorder. Human Molecular Genetics 15:2438-2445.
Magistretti PJ, Pellerin L, Martin JL (2000) Brain energy metabolism – an
integrated cellular perspective, psychopharmacology – the fourth
generation
of
progress.
The
American
College
of
Neuropsychopharmacology:657–670.
Malberg JE, Blendy JA (2005) Antidepressant action: to the nucleus and
beyond. Trends Pharmacol Sci 26:631-638.
Malberg JE, Eisch AJ, Nestler EJ, Duman RS (2000) Chronic antidepressant
treatment increases neurogenesis in adult rat hippocampus. J
Neurosci 20:9104-9110.
Manier DH, Shelton RC, Sulser F (2002) Noradrenergic antidepressants: does
chronic treatment increase or decrease nuclear CREB-P? J Neural
Transm 109:91-99.
Manji HK, Drevets WC, Charney DS (2001) The cellular neurobiology of
depression. Nat Med 7:541-547.
Mann JJ (2005) The medical management of depression. N Engl J Med
353:1819-1834.
Markou A, Chiamulera C, Geyer MA, Tricklebank M, Steckler T (2009)
Removing obstacles in neuroscience drug discovery: the future path
for animal models. Neuropsychopharmacology 34:74-89.
Mathers CD, Loncar D (2006) Projections of global mortality and burden of
disease from 2002 to 2030. PLoS Med 3:e442.
McHugh PC, Rogers GR, Glubb DM, Joyce PR, Kennedy MA (2010)
Proteomic analysis of rat hippocampus exposed to the
antidepressant paroxetine. J Psychopharmacol 24:1243-1251.
McHugh PC, Rogers GR, Loudon B, Glubb DM, Joyce PR, Kennedy MA
(2008) Proteomic analysis of embryonic stem cell-derived neural
cells exposed to the antidepressant paroxetine. J Neurosci Res
86:306-316.
McQuillin A, Bass NJ, Choudhury K, Puri V, Kosmin M, Lawrence J, Curtis D,
Gurling HMD (2009) Case-control studies show that a nonconservative amino-acid change from a glutamine to arginine in the
P2RX7 purinergic receptor protein is associated with both bipolarand unipolar-affective disorders. Molecular Psychiatry 14:614-620.
62

Bibliography
Michelson D, Galliven E, Hill L, Demitrack M, Chrousos G, Gold P (1997)
Chronic imipramine is associated with diminished hypothalamicpituitary-adrenal axis responsivity in healthy humans. J Clin
Endocrinol Metab 82:2601-2606.
Millan MJ, Marin P, Bockaert J, Mannoury la Cour C (2008) Signaling at Gprotein-coupled serotonin receptors: recent advances and future
research directions. Trends Pharmacol Sci 29:454-464.
Mitchell P, Tollervey D (2001) mRNA turnover. Curr Opin Cell Biol 13:320325.
Moco S, Bino RJ, De Vos RCH, Vervoort J (2007) Metabolomics technologies
and metabolite identification. Trends in Analytical Chemistry 26:855866.
Montgomery SA, Henry J, McDonald G, Dinan T, Lader M, Hindmarch I, Clare
A, Nutt D (1994) Selective serotonin reuptake inhibitors: metaanalysis of discontinuation rates. Int Clin Psychopharmacol 9:47-53.
Munchel SE, Shultzaberger RK, Takizawa N, Weis K (2011) Dynamic profiling
of mRNA turnover reveals gene-specific and system-wide regulation
of mRNA decay. Mol Biol Cell 22:2787-2795.
Nakagawa S, Kim JE, Lee R, Malberg JE, Chen J, Steffen C, Zhang YJ,
Nestler EJ, Duman RS (2002) Regulation of neurogenesis in adult
mouse hippocampus by cAMP and the cAMP response elementbinding protein. J Neurosci 22:3673-3682.
Nakatani N, Aburatani H, Nishimura K, Semba J, Yoshikawa T (2004)
Comprehensive expression analysis of a rat depression model.
Pharmacogenomics J 4:114-126.
Nemeroff CB, Bissette G, Akil H, Fink M (1991) Neuropeptide concentrations
in the cerebrospinal fluid of depressed patients treated with
electroconvulsive therapy. Corticotrophin-releasing factor, betaendorphin and somatostatin. Br J Psychiatry 158:59-63.
Nestler EJ, Terwilliger RZ, Duman RS (1989) Chronic antidepressant
administration alters the subcellular distribution of cyclic AMPdependent protein kinase in rat frontal cortex. J Neurochem
53:1644-1647.
Nestler EJ, Barrot M, DiLeone RJ, Eisch AJ, Gold SJ, Monteggia LM (2002)
Neurobiology of depression. Neuron 34:13-25.
Newton SS, Thome J, Wallace TL, Shirayama Y, Schlesinger L, Sakai N,
Chen J, Neve R, Nestler EJ, Duman RS (2002) Inhibition of cAMP
response element-binding protein or dynorphin in the nucleus
accumbens produces an antidepressant-like effect. J Neurosci
22:10883-10890.
Nibuya M, Morinobu S, Duman RS (1995) Regulation of BDNF and trkB
mRNA in rat brain by chronic electroconvulsive seizure and
antidepressant drug treatments. J Neurosci 15:7539-7547.

63

Bibliography
Nibuya

M, Nestler EJ, Duman RS (1996) Chronic antidepressant
administration increases the expression of cAMP response element
binding protein (CREB) in rat hippocampus. J Neurosci 16:23652372.

Nickel T, Sonntag A, Schill J, Zobel AW, Ackl N, Brunnauer A, Murck H, Ising
M, Yassouridis A, Steiger A, Zihl J, Holsboer F (2003) Clinical and
neurobiological effects of tianeptine and paroxetine in major
depression. J Clin Psychopharmacol 23:155-168.
Nie L, Wu G, Zhang W (2006) Correlation of mRNA expression and protein
abundance affected by multiple sequence features related to
translational efficiency in Desulfovibrio vulgaris: a quantitative
analysis. Genetics 174:2229-2243.
O'Farrell PH (1975) High resolution two-dimensional electrophoresis of
proteins. J Biol Chem 250:4007-4021.
Oda Y, Huang K, Cross FR, Cowburn D, Chait BT (1999) Accurate
quantitation of protein expression and site-specific phosphorylation.
Proceedings of the National Academy of Sciences of the United
States of America 96:6591-6596.
Ohl F, Roedel A, Binder E, Holsboer F (2003) Impact of high and low anxiety
on cognitive performance in a modified hole board test in C57BL/6
and DBA/2 mice. Eur J Neurosci 17:128-136.
Ong SE, Blagoev B, Kratchmarova I, Kristensen DB, Steen H, Pandey A,
Mann M (2002) Stable isotope labeling by amino acids in cell culture,
SILAC, as a simple and accurate approach to expression
proteomics. Molecular & Cellular Proteomics 1:376-386.
Paige LA, Mitchell MW, Krishnan KR, Kaddurah-Daouk R, Steffens DC (2007)
A preliminary metabolomic analysis of older adults with and without
depression. Int J Geriatr Psychiatry 22:418-423.
Pan C, Oda Y, Lankford PK, Zhang B, Samatova NF, Pelletier DA, Harwood
CS, Hettich RL (2008) Characterization of anaerobic catabolism of pcoumarate in Rhodopseudomonas palustris by integrating
transcriptomics and quantitative proteomics. Mol Cell Proteomics
7:938-948.
Pariante CM (2006) The glucocorticoid receptor: part of the solution or part of
the problem? J Psychopharmacol 20:79-84.
Pariante CM, Lightman SL (2008) The HPA axis in major depression: classical
theories and new developments. Trends Neurosci 31:464-468.
Pellow S, Chopin P, File SE, Briley M (1985) Validation of Open - Closed Arm
Entries in an Elevated Plus-Maze as a Measure of Anxiety in the
Rat. Journal of Neuroscience Methods 14:149-167.
Perera T, Lisanby SH, Sackheim HA (2001) Protein kinase a in major
depression: the link between hypothalamic-pituitary-adrenal axis
hyperactivity and neurogenesis. CNS Spectr 6:565-568, 571-562.

64

Bibliography
Peretti S, Judge R, Hindmarch I (2000) Safety and tolerability considerations:
tricyclic antidepressants vs. selective serotonin reuptake inhibitors.
Acta Psychiatr Scand Suppl 403:17-25.
Perez J, Tinelli D, Brunello N, Racagni G (1989) cAMP-dependent
phosphorylation of soluble and crude microtubule fractions of rat
cerebral cortex after prolonged desmethylimipramine treatment. Eur
J Pharmacol 172:305-316.
Perez J, Tinelli D, Bianchi E, Brunello N, Racagni G (1991) cAMP binding
proteins in the rat cerebral cortex after administration of selective 5HT and NE reuptake blockers with antidepressant activity.
Neuropsychopharmacology 4:57-64.
Perkins DN, Pappin DJC, Creasy DM, Cottrell JS (1999) Probability-based
protein identification by searching sequence databases using mass
spectrometry data. Electrophoresis 20:3551-3567.
Plomin R, Haworth CM, Davis OS (2009) Common disorders are quantitative
traits. Nat Rev Genet 10:872-878.
Porsolt RD, Bertin A, Jalfre M (1977) Behavioral despair in mice: a primary
screening test for antidepressants. Arch Int Pharmacodyn Ther
229:327-336.
Price JC, Guan S, Burlingame A, Prusiner SB, Ghaemmaghami S (2010)
Analysis of proteome dynamics in the mouse brain. Proc Natl Acad
Sci U S A 107:14508-14513.
Raap DK, Evans S, Garcia F, Li Q, Muma NA, Wolf WA, Battaglia G, Van De
Kar LD (1999) Daily injections of fluoxetine induce dose-dependent
desensitization of hypothalamic 5-HT1A receptors: reductions in
neuroendocrine responses to 8-OH-DPAT and in levels of Gz and Gi
proteins. J Pharmacol Exp Ther 288:98-106.
Reckow S, Gormanns P, Holsboer F, Turck CW (2008) Psychiatric disorders
biomarker identification: from proteomics to systems biology.
Pharmacopsychiatry 41 Suppl 1:S70-77.
Refojo D, Schweizer M, Kuehne C, Ehrenberg S, Thoeringer C, Vogl AM,
Dedic N, Schumacher M, von Wolff G, Avrabos C, Touma C,
Engblom D, Schutz G, Nave KA, Eder M, Wotjak CT, Sillaber I,
Holsboer F, Wurst W, Deussing JM (2012) Glutamatergic and
dopaminergic neurons mediate anxiogenic and anxiolytic effects of
CRHR1. Science 333:1903-1907.
Reul JM, Labeur MS, Grigoriadis DE, De Souza EB, Holsboer F (1994)
Hypothalamic-pituitary-adrenocortical axis changes in the rat after
long-term treatment with the reversible monoamine oxidase-A
inhibitor moclobemide. Neuroendocrinology 60:509-519.
Reynolds KJ, Yao XD, Fenselau C (2002) Proteolytic O-18 labeling for
comparative proteomics: Evaluation of endoprotease Glu-C as the
catalytic agent. Journal of Proteome Research 1:27-33.

65

Bibliography
Ross PL, Huang YLN, Marchese JN, Williamson B, Parker K, Hattan S,
Khainovski N, Pillai S, Dey S, Daniels S, Purkayastha S, Juhasz P,
Martin S, Bartlet-Jones M, He F, Jacobson A, Pappin DJ (2004)
Multiplexed protein quantitation in Saccharomyces cerevisiae using
amine-reactive isobaric tagging reagents. Molecular & Cellular
Proteomics 3:1154-1169.
Ruhe HG, Mason NS, Schene AH (2007) Mood is indirectly related to
serotonin, norepinephrine and dopamine levels in humans: a metaanalysis of monoamine depletion studies. Mol Psychiatry 12:331359.
Rush AJ, Warden D, Wisniewski SR, Fava M, Trivedi MH, Gaynes BN,
Nierenberg AA (2009) STAR*D: revising conventional wisdom. CNS
Drugs 23:627-647.
Sanchez C, Hyttel J (1999) Comparison of the effects of antidepressants and
their metabolites on reuptake of biogenic amines and on receptor
binding. Cell Mol Neurobiol 19:467-489.
Santarelli L, Saxe M, Gross C, Surget A, Battaglia F, Dulawa S, Weisstaub N,
Lee J, Duman R, Arancio O, Belzung C, Hen R (2003) Requirement
of hippocampal neurogenesis for the behavioral effects of
antidepressants. Science 301:805-809.
Sauer U, Zamboni N (2008) From biomarkers to integrated network
responses. Nat Biotechnol 26:1090-1092.
Schildkraut JJ (1965) The catecholamine hypothesis of affective disorders: a
review of supporting evidence. Am J Psychiatry 122:509-522.
Schmidt A (2005) A novel strategy for quantitative proteomics using isotopecoded protein labels (vol 5, pg 4, 2005). Proteomics 5:826-826.
Schmidt EF, Warner-Schmidt JL, Otopalik BG, Pickett SB, Greengard P,
Heintz N (2012) Identification of the Cortical Neurons that Mediate
Antidepressant Responses. Cell 149:1152-1163.
Schuerenberg M, Luebbert C, deininger SO, Ketterlinus R, Suckau D (2007)
MALDI tissue imaging: mass spectrometric localization of
biomarkers in tissue slices,. Nature Methods 4 (Application Notes).
Schwaninger M, Schofl C, Blume R, Rossig L, Knepel W (1995) Inhibition by
antidepressant drugs of cyclic AMP response element-binding
protein/cyclic AMP response element-directed gene transcription.
Mol Pharmacol 47:1112-1118.
Schwarz E, Bahn S (2008) Biomarker discovery in psychiatric disorders.
Electrophoresis 29:2884-2890.
Sheline YI, Gado MH, Kraemer HC (2003) Untreated depression and
hippocampal volume loss. Am J Psychiatry 160:1516-1518.
Shelton RC (2000) Intracellular mechanisms of antidepressant drug action.
Harv Rev Psychiatry 8:161-174.

66

Bibliography
Shevchenko A, Wilm M, Vorm O, Mann M (1996a) Mass spectrometric
sequencing of proteins silver-stained polyacrylamide gels. Anal
Chem 68:850-858.
Shevchenko A, Jensen ON, Podtelejnikov AV, Sagliocco F, Wilm M, Vorm O,
Mortensen P, Boucherie H, Mann M (1996b) Linking genome and
proteome by mass spectrometry: large-scale identification of yeast
proteins from two dimensional gels. Proc Natl Acad Sci U S A
93:14440-14445.
Shi Q, Qin L, Wei W, Geng F, Fan R, Shin YS, Guo D, Hood L, Mischel PS,
Heath JR (2012) Single-cell proteomic chip for profiling intracellular
signaling pathways in single tumor cells. Proc Natl Acad Sci U S A
109:419-424.
Sillaber I, Panhuysen M, Henniger MS, Ohl F, Kuhne C, Putz B, Pohl T,
Deussing JM, Paez-Pereda M, Holsboer F (2008) Profiling of
behavioral changes and hippocampal gene expression in mice
chronically treated with the SSRI paroxetine. Psychopharmacology
(Berl) 200:557-572.
Singh I, Rose N (2009) Biomarkers in psychiatry. Nature 460:202-207.
Song F, Freemantle N, Sheldon TA, House A, Watson P, Long A, Mason J
(1993) Selective serotonin reuptake inhibitors: meta-analysis of
efficacy and acceptability. BMJ 306:683-687.
Spengler D, Rupprecht R, Van LP, Holsboer F (1992) Identification and
characterization of a 3',5'-cyclic adenosine monophosphateresponsive element in the human corticotropin-releasing hormone
gene promoter. Mol Endocrinol 6:1931-1941.
Steen H, Mann M (2004) The ABC's (and XYZ's) of peptide sequencing. Nat
Rev Mol Cell Biol 5:699-711.
Steinhauser ML, Bailey AP, Senyo SE, Guillermier C, Perlstein TS, Gould AP,
Lee RT, Lechene CP (2012) Multi-isotope imaging mass
spectrometry quantifies stem cell division and metabolism. Nature
481:516-519.
Su ZH, Li SQ, Zou GA, Yu CY, Sun YG, Zhang HW, Gu Y, Zou ZM (2011)
Urinary metabonomics study of anti-depressive effect of ChaihuShu-Gan-San on an experimental model of depression induced by
chronic variable stress in rats. J Pharm Biomed Anal 55:533-539.
Sugimoto Y, Yamamoto M, Tagawa N, Kobayashi Y, Mitsui-Saitoh K, Hotta Y,
Yamada J (2011) Differences between mice strains in response to
paroxetine in the forced swimming test: Involvement of serotonergic
or noradrenergic systems. European Journal of Pharmacology
672:121-125.
Sullivan PF, Fan C, Perou CM (2006) Evaluating the comparability of gene
expression in blood and brain. Am J Med Genet B Neuropsychiatr
Genet 141B:261-268.

67

Bibliography
Taurines R, Dudley E, Grassl J, Warnke A, Gerlach M, Coogan AN, Thome J
(2011) Proteomic research in psychiatry. J Psychopharmacol
25:151-196.
Theodoridis GA, Gika HG, Want EJ, Wilson ID (2012) Liquid chromatographymass spectrometry based global metabolite profiling: a review. Anal
Chim Acta 711:7-16.
Thinus-Blanc C, Save E, Rossi-Arnaud C, Tozzi A, Ammassari-Teule M
(1996) The differences shown by C57BL/6 and DBA/2 inbred mice in
detecting spatial novelty are subserved by a different hippocampal
and parietal cortex interplay. Behav Brain Res 80:33-40.
Thoeringer CK, Sillaber I, Roedel A, Erhardt A, Mueller MB, Ohl F, Holsboer
F, Keck ME (2007) The temporal dynamics of intrahippocampal
corticosterone in response to stress-related stimuli with different
emotional and physical load: an in vivo microdialysis study in
C57BL/6 and DBA/2 inbred mice. Psychoneuroendocrinology
32:746-757.
Tolstikov VV (2009) Metabolic analysis. Methods Mol Biol 544:343-353.
Tolstikov VV, Fiehn O (2002) Analysis of highly polar compounds of plant
origin: Combination of hydrophilic interaction chromatography and
electrospray ion trap mass spectrometry. Analytical Biochemistry
301:298-307.
Turck CW, Maccarrone G, Sayan-Ayata E, Jacob AM, Ditzen C, Kronsbein H,
Birg I, Doertbudak CC, Haegler K, Lebar M, Teplytska L, Kolb N,
Uwaje N, Zollinger R (2005) The quest for brain disorder biomarkers.
J Med Invest 52 Suppl:231-235.
Vaishnavi SN, Vlassenko AG, Rundle MM, Snyder AZ, Mintun MA, Raichle
ME (2010) Regional aerobic glycolysis in the human brain. Proc Natl
Acad Sci U S A 107:17757-17762.
Van Dam D, De Deyn PP (2006) Drug discovery in dementia: the role of
rodent models. Nat Rev Drug Discov 5:956-970.
Vaswani M, Linda FK, Ramesh S (2003) Role of selective serotonin reuptake
inhibitors in psychiatric disorders: a comprehensive review. Prog
Neuropsychopharmacol Biol Psychiatry 27:85-102.
Veith RC, Lewis N, Langohr JI, Murburg MM, Ashleigh EA, Castillo S, Peskind
ER, Pascualy M, Bissette G, Nemeroff CB, et al. (1993) Effect of
desipramine on cerebrospinal fluid concentrations of corticotropinreleasing factor in human subjects. Psychiatry Res 46:1-8.
Venter JC et al. (2001) The sequence of the human genome. Science
291:1304-1351.
Wagstaff AJ, Cheer SM, Matheson AJ, Ormrod D, Goa KL (2002) Paroxetine:
an update of its use in psychiatric disorders in adults. Drugs 62:655703.

68

Bibliography
Webhofer C, Gormanns P, Tolstikov V, Zieglgansberger W, Sillaber I,
Holsboer F, Turck CW (2011) Metabolite profiling of antidepressant
drug action reveals novel drug targets beyond monoamine elevation.
Transl Psychiatry 1:e58.
Webhofer C, Gormanns P, Reckow S, Lebar M, Maccarrone G, Ludwig T,
Putz B, Asara JM, Holsboer F, Sillaber I, Zieglgansberger W, Turck
CW (2013) Proteomic and metabolomic profiling reveals timedependent changes in hippocampal metabolism upon paroxetine
treatment and biomarker candidates. J Psychiatr Res 47:289-298.
Whitehouse CM, Dreyer RN, Yamashita M, Fenn JB (1985) Electrospray
interface for liquid chromatographs and mass spectrometers. Anal
Chem 57:675-679.
Wilm M, Mann M (1996) Analytical properties of the nanoelectrospray ion
source. Anal Chem 68:1-8.
Wilm M, Shevchenko A, Houthaeve T, Breit S, Schweigerer L, Fotsis T, Mann
M (1996) Femtomole sequencing of proteins from polyacrylamide
gels by nano-electrospray mass spectrometry. Nature 379:466-469.
Wong ML, Licinio J (2004) From monoamines to genomic targets: a paradigm
shift for drug discovery in depression. Nat Rev Drug Discov 3:136151.
Wu CC, MacCoss MJ, Howell KE, Matthews DE, Yates JR, 3rd (2004)
Metabolic labeling of mammalian organisms with stable isotopes for
quantitative proteomic analysis. Anal Chem 76:4951-4959.
Yamada M, Higuchi T (2005) Antidepressant-elicited changes in gene
expression: remodeling of neuronal circuits as a new hypothesis for
drug efficacy. Prog Neuropsychopharmacol Biol Psychiatry 29:9991009.
Yates JR, Cociorva D, Liao L, Zabrouskov V (2006) Performance of a linear
ion trap-Orbitrap hybrid for peptide analysis. Anal Chem 78:493-500.
Yilmazer-Hanke DM, Roskoden T, Zilles K, Schwegler H (2003) Anxietyrelated behavior and densities of glutamate, GABAA, acetylcholine
and serotonin receptors in the amygdala of seven inbred mouse
strains. Behav Brain Res 145:145-159.
Yuan M, Breitkopf SB, Yang XM, Asara JM (2012) A positive/negative ionswitching, targeted mass spectrometry-based metabolomics platform
for bodily fluids, cells, and fresh and fixed tissue. Nature Protocols
7:872-881.
Zhang DS, Piazza V, Perrin BJ, Rzadzinska AK, Poczatek JC, Wang M,
Prosser HM, Ervasti JM, Corey DP, Lechene CP (2012) Multiisotope imaging mass spectrometry reveals slow protein turnover in
hair-cell stereocilia. Nature 481:520-524.
Zhang Y, Reckow S, Webhofer C, Boehme M, Gormanns P, Egge-Jacobsen
WM, Turck CW (2011a) Proteome scale turnover analysis in live
animals using stable isotope metabolic labeling. Anal Chem
83:1665-1672.
69

Zhang Y, Filiou MD, Reckow S, Gormanns P, Maccarrone G, Kessler MS,
Frank E, Hambsch B, Holsboer F, Landgraf R, Turck CW (2011b)
Proteomic and metabolomic profiling of a trait anxiety mouse model
implicate affected pathways. Mol Cell Proteomics 10:M111.008110.

70

Acknowledgements

Acknowledgements
My main thanks and gratitude belong to my supervisor Professor Chris Turck
for giving me the opportunity to conduct my doctoral studies in his research
group. Starting as an intern in 2006 I spent important years for my scientific
and personal development in his group. I am very grateful for his continuous
support, believe in my skills and freedom he gave me.
I owe sincere and earnest thankfulness to Professor Walter Zieglgänsberger
for his interest in my research projects, interesting and fruitful discussions,
and continuous scientific input constantly challenging the status quo.
My sincere thanks go to Professor George Boyan and Dr. Aye-Mu Myint for
their kind willingness to be reviewers of my thesis.
I would like to express my gratitude to Inge Sillaber whose keen interest and
expertise were very crucial at all phases of the projects.
I would like to extend my gratitude to Giuseppina Maccarrone who I always
could ask for help. I admire her attitude always willing to help even in busy
times.
There would be no proteomics without bioinformatics. Thanks to Philipp
Gormanns and Stefan Reckow for long discussions, patience and helpfulness.
Many thanks to Benno Pütz for essential statistical help.
I want to thank a lot all other members of the research group. We will stay in
contact: Claudia Ditzen, Michaela Filiou, Chi-Ya Kao, Maria Lebar, Christiane
Rewerts, Larysa Teplytska, Jeeva Varadarajulu, Katja Weckmann, Daniel
Martins-de-Souza, Dongik Park and Yaoyang Zhang.
I truly enjoyed the time we spent together as it was always funny, interesting,
memorable and challenging (no problems, of course).
I also would like to thank the animal facility at the MPI. Thanks to Albin Varga
and his team for uncomplicated and excellent help and performing very
important animal experiments for my studies.
Thanks to Vladimir Tolstikov and his personnel at UC Davis and to John
Asara and his personnel at Harvard University for metabolomics
measurements.
I thank Hans-Joerg Schaeffer and his team at the International Max Planck
Research School and Lena Bittl and her team at the Graduate School of
Systemic Neurosciences for their support.
I thank Professor Michael Schrader for continuous support during my studies.

71

Acknowledgements
I am truly indebted and thankful for love and support from my parents Lisa and
Peter and my brothers Johannes and Klaus. I believe we have proven to be a
true family.
Most importantly I thank my own and not any more little family. During my
studies I was lucky enough to start my own family who naturally pointed at the
most important things in life. I am grateful to my wife Edri and our daughters
Emeliis, Seliis and Ailiis for their love. This dissertation would not have been
possible without their support, understanding and encouragement. Thank you
for everything!

72

List of publications

List of publications
Webhofer C*, Zhang Y*, Brusis J, Reckow S, Landgraf R, Maccarrone G,
Turck CW, Filiou MD. 15N Metabolic Labeling: Evidence for a Stable Isotope
Effect on Plasma Protein Levels and Peptide Chromatographic Retention
Times. J Proteomics; 2012 Dec 29 [Epub ahead of print]. *equal contribution
Webhofer C, Gormanns P, Reckow S, Lebar M, Maccarrone G, Ludwig T,
Pütz B, Asara JM, Holsboer F, Sillaber I, Zieglgänsberger W, Turck CW.
Proteomic and Metabolomic Profiling Reveals Time-Dependent Changes in
Hippocampal Metabolism Upon Paroxetine Treatment and Biomarker
Candidates. J Psychiatric Res 2013; 47:289-298. #
Filiou MD*, Webhofer C*, Gormanns P*, Zhang Y, Reckow S, Bisle B,
Teplytska L, Frank E, Kessler MS, Maccarrone G, Landgraf R, Turck CW.
The 15N Isotope Effect as a Means for Correlating Phenotypic Alterations and
Affected Pathways in a Trait Anxiety Mouse Model. Proteomics; 2012;
12:2421-2427. *equal contribution #
Webhofer C, Gormanns P, Tolstikov V, Zieglgänsberger W, Sillaber I,
Holsboer F, Turck CW. Metabolite Profiling of Antidepressant Drug Action
Reveals Novel Drug Targets Beyond Monoamine Elevation. Transl
Psychiatry 2011; 1:e58. #
Zhang Y, Reckow S, Webhofer C, Boehme M, Gormanns P, Egge-Jacobsen
W, Turck CW. Proteome Scale Turnover Analysis in Live Animals Using
Stable Isotope Metabolic Labeling. Anal Chem 2011; 83:1665-1672.
Zhang Y, Webhofer C, Reckow S, Filiou MD, Maccarrone G, Turck CW. A
Mass Spectrometry Data Search Method for Improved 15N-labeled Protein
Identification. Proteomics 2009; 9:4265-4270.
Haegler K, Mueller NS, Maccarrone G, Hunyadi-Gulyas E, Webhofer C,
Filiou MD, Zhang Y, Turck CW. QuantiSpec - Quantitative Mass Spectrometry
Data Analysis of 15N-metabolically Labeled Proteins. J Proteomics 2009;
71:601-608.
# these publications are part of the dissertation

Book Chapters
Webhofer C and Schrader M. Bioinformatical Tools for LC-MS/MS Analysis of
Proteins and Peptides. Experimental Strategies for LC-MS Analysis of
Proteins and Peptides. Letzel (eds). RSC publishing, 2011.

73

Eidesstattliche Versicherung/Affidavit

Eidesstattliche Versicherung/Affidavit
Hiermit versichere ich an Eides statt, dass ich die vorliegende Dissertation
´Antidepressant activated biochemical pathways and biomarker candidates´
selbstständig angefertigt habe, mich außer der angegebenen keiner weiteren
Hilfsmittel bedient und alle Erkenntnisse, die aus dem Schrifttum oder
annähernd übernommen worden sind, als solche kenntlich gemacht und nach
ihrer Herkunft unter Bezeichnung der Fundstelle einzeln nachgewiesen habe.
Zu den Manuskripten habe ich wie folgt beigetragen:
Webhofer C, Gormanns P, Tolstikov V, Zieglgänsberger W, Sillaber I,
Holsboer F, Turck CW (2011). Metabolite Profiling of Antidepressant Drug
Action Reveals Novel Drug Targets Beyond Monoamine Elevation. Transl
Psychiatry 1:e58.
- Studiendesign und –planung: in Zusammenarbeit mit IS, FH, CT
- Durchführung der Experimente: in Zusammenarbeit mit VT
- Datenanalyse: in Zusammenarbeit mit PG
- Verfassen des Manuskriptes: in Zusammenarbeit mit WZ, IS, CT

Webhofer C, Gormanns P, Reckow S, Lebar M, Maccarrone G, Ludwig T,
Pütz B, Asara JM, Holsboer F, Sillaber I, Zieglgänsberger W, Turck CW
(2013). Proteomic and Metabolomic Profiling Reveals Time-Dependent
Changes in Hippocampal Metabolism Upon Paroxetine Treatment and
Biomarker Candidates. J Psychiatric Res 47:289-298.
- Studiendesign und –planung: in Zusammenarbeit mit GM, FH, IS, WZ,
CT
- Durchführung der Experimente: in Zusammenarbeit mit ML, JA, IS
- Datenanalyse: in Zusammenarbeit mit PG, SR, TL, BP
- Verfassen des Manuskriptes: in Zusammenarbeit mit PG, WZ, CT

Filiou MD*, Webhofer C*, Gormanns P*, Zhang Y, Reckow S, Bisle B,
Teplytska L, Frank E, Kessler MS, Maccarrone G, Landgraf R, Turck CW
(2012). The 15N Isotope Effect as a Means for Correlating Phenotypic
Alterations and Affected Pathways in a Trait Anxiety Mouse Model.
Proteomics 12:2421-2427. *equal contribution
- Studiendesign und –planung: in Zusammenarbeit mit MF, PG, YZ, BB,
GM, RL, CT
- Durchführung der Experimente: in Zusammenarbeit mit MF, PG, YZ,
BB, LT, EF, MK
- Datenanalyse: in Zusammenarbeit mit MF, PG, SR
- Verfassen des Manuskriptes: in Zusammenarbeit mit MF, PG, CT

74

Eidesstattliche Versicherung/Affidavit
I hereby confirm that the dissertation ´Antidepressant activated biochemical
pathways and biomarker candidates´ is the result of my own work and that I
have only used sources or materials listed and specified in the dissertation.

Munich, March 2013

Christian Webhofer

Hiermit bestätigen die Mitautoren die von Herrn Webhofer angegebenen
Beiträge zu den einzelnen Publikationen

München, März 2013

Walter
Zieglgänsberger

Chris W.
Turck

Michaela D.
Filiou

Philipp
Gormanns

75

