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General Introduction

Stress- making an attempt of a definition

Stress is a normal part of life that can help us learn and grow. Conversely, stress can cause
significant problems.

A stressor is defined as a stimulus or event that provokes a stress response in an organism.
Stressors can be categorised as acute or chronic, and as external or internal to the
organism.

Stress releases powerful neurochemicals and hormones that prepare us for action (to fight
or flee). If we don't take action, the stress response can lead to health problems. Prolonged,
uninterrupted, unexpected, and unmanageable stresses are the most damaging types of
stress.

The term “stress” in general describes a physical or psychic burden of an organism.
Triggering physical factors can be injuries, temperature changes, oxygen deprivation,
exertion, virus infections, inflammation or metabolites. The metabolic stress reaction of
humans is mediated through complex interactions between the nerve-, hormone- and
immune system and releases for instance stress hormones, catecholamines, glucocorticoids
and cytokines [44].

The reaction of the organism as a whole has its analogy in cellular changes. Stress is not a
specific phenomenon of humans. In reactions of cells of higher organisms to changes in the
environment mechanisms become obvious that refer back to evolutionary conserved
strategies of stress processing. The cellular stress response represents basic defence
mechanisms in all cells and shows essential similarities at the molecular level,
irresponsible of the causing factor. Because a high amount of damaging influences cause
similar changes in gene expression [3], the reactions of the cells are increasingly referred
to as stress response and the proteins with increased expression under these conditions are
named stress proteins [45]. Trigger of a cellular stress response, next to cell damaging
factors as for instance amino acid analogues, heavy metals, toxic substances and heat
shock, can also be pathophysiological changes of an organism, for instance ischemia [24].
The inhibition of global protein synthesis is another common characteristic of the cellular
stress response [46]. Therefore, an important common reaction of all cells to stress
situation lies in the inhibition of global protein synthesis and activation of the expression of
stress-related genes.

Cerebral Ischemia

The medical term “ischemia” describes an absolute or relative shortage of the blood
supply, resulting in a pathological change of the metabolism of the affected cells. A short
interruption of the blood circulation in the brain causes severe metabolic disturbances in
the cell within minutes because neurons only have a small own energy supply and are



dependent on a continuous supply of glucose and oxygen. If this supply is interrupted a fast
dearth of energy-rich phosphates occurs and the energy balance of the neurons will be
disturbed if not collapsed and then are no longer able to keep the membrane potential. The
resulting depolarisation leads to an influx of sodium- and calcium-ions from the
extracellular space and results in the disturbance of the post-ischemic extracellular ion
homeostasis [14]. The enhanced cytoplasmic calcium concentration causes lipolytic and
proteolytic processes that can lead to a loss in cell structure. In addition the oxygen
deprivation due to anaerobic glycolysis during ischemia can lead to a local acidosis [1].
Moreover due to the disturbed blood flow the removal of harmful metabolites is impaired
and this can also further affect the tissue.

The acute deficiency of oxygen and glucose within the neurons is indeed the crucial factor
but cannot solely explain the -to some extent delayed- neuronal damage after ischemia.
Shortly after a transient ischemia a global recovery of the energy metabolism occurs, the
protein synthesis in contrast only recovers in resistant neurons [13, 34, 35]. The ischemic
brain damage has a multi-factorial pathophysiology, several mechanisms are discussed:
excitatory effects of the neurotransmitter glutamate [6, 25-27], increase of the cellular
calcium concentration [19, 39], formation of nitric oxide or oxygen radicals [2, 7, 9, 15],
disturbance of calcium homeostasis [28]. Alongside this the expression of numerous genes
that are able to contribute to the ischemia activated processes can be changed [38].
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Fig. 1. Simplified overview of pathophysiological mechanisms in the focally ischemic brain.

Energy failure leads to the depolanzahon of neurones. Activation of specific glutamate receptors
dramatically increases intracellular Ca®*, Na*, and CI" levels while K" is released into the extraceltular space.

Diffusion of glutamate (Glu) and K* in the extxacellular space can propagate a series of spreading waves of
depolarization (peri-infarct depolarisations). Water shifts to the intracellular space via osmotic gradients and
cells swell (oedema). The universal intracellular messenger Ca** over-activates numerous enzyme systems
(proteases, lipases, endonucleases, etc.). Free radicals are generated, which damage membranes (lipolysis),
mitochondria and DNA, in turn triggering caspase-mediated cell death (apoptosis). Free radicals also induce
the formation of inflammatory mediators, which activate microglia and lead to the invasion of blood-borne
inflammatory cells (leukocyte infiltration) via up-regulation of endothelial adhesion molecules.



Modelling Ischemia

Cerebral ischemia can generally be induced by cerebrovascular or through extra cerebral
factors only. Extra cerebral causes, for instance cardiac arrest, heart failure or shock lead to
an impaired blood circulation of the whole organism and is called global ischemia. With
cerebrovascular ischemia a distinct blood vessel in the brain, for instance due to
atherosclerosis, arterial embolism or tumour is closed. The impaired blood circulation
affects the tissue that was supplied by this vessel and this is called focal ischemia.

Global ischemia is normally only of short duration, the cell damage is normally restricted
to neurons and occurs with delay [18, 33]. On the other hand a permanent focal ischemia
leads to necrosis of all affected cell types [10, 30].

Ischemic pathomechanisms are often investigated in animal models. For the induction of a
global ischemia the occlusion of multiple cranial arteries is utilised. Often the model of
two- or four- vessel-occlusion is used [17, 32, 37]. For the reproduction of
pathophysiological procedures as they for instance occur after stroke, models of focal
ischemia are used. In this connexion mostly the middle cerebral artery is permanently or
transiently closed (MCAO, middle cerebral artery occlusion [40]). This artery serves in
large part the cortex and striatum of the respective hemisphere.

A /Exclhotoxicity
Peri-infarct
G depolarizations Inflammation
& e
- T T . Apoptosis
e T ',,-"' e -..:.?.*.,_‘____ /
’ e I
Minutes Hours Days
Time

Fig. 2. Putative cascade of damaging events in focal cerebral ischemia. Very early after the onset of the focal
perfusion deficit, excitotoxic mechanisms can damage neurones and glia lethally. In addition, excitotoxicity
triggers a number of events that can further contribute to the demise of the tissue. Such events include peri-
infarct depolarisations and the more-delayed mechanisms of inflammation and programmed cell death, The
x-axis reflects the evolution of the cascade over time, while the y-axis aims to illustrate the impact of each
element of the cascade on final outcome.

Long-term stress

The brain creates biological stress in response to real or imagined stimuli. The many
physiological responses associated with stress help to protect the brain from the dangers
that triggers the stress in the first place. But stress in chronic doses can also have malignant
noxious effects. Therefore, stress is defined as a state of threatened homeostasis and
represents both the subjective experience induced by a stressor, as well as the adaptive
neurochemical and behavioural response to it, in order to preserve homeostasis [5].

The body reacts to stress first by releasing the catecholamine hormones, epinephrine and
norepinephrine, and the glucocorticoid hormones, cortisol and cortisone.

The hypothalamic-pituitary-adrenal (HPA) axis is a major part of the neuroendocrine
system, involving the interactions of the hypothalamus, the pituitary gland and the adrenal



glands. The HPA axis is believed to play a primary role in the body's reactions to stress, by
balancing hormone releases from the adrenaline-producing adrenal medulla and from the
corticosteroid-producing adrenal cortex.
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Figure 3.: Stressful environmental stimuli trigger the
release of corticotrophin releasing factor (CRF) from
nerve cells in the hypothalamus into a blood system
Hyothalamus that travels to the anterior pituitary. In response to

Pituitary located adrenal gland and stimulates the production
of cortisol in the adrenal cortex.
Cortisol is released into the blood stream. Cortisol
affects the body's reaction to stress. The pituitary-
adrenal-axis is a complex feedback mechanism.
Cortisol feeds back to the hypothalamus to control

~. release of CRF, High levels of cortisol in the blood
~ Adrenal gland tend to inhibit the release of CRF by the
;:lm;ol hypothalamus. Therefore less ACTH is released by

the anterior pituitary. Consequently the amount of
cortisol circulating in the blood stream is reduced.
This is called a negative feedback system,

The HPA axis is regulated by several negative feedback loops, at various levels, in order to
prevent an excessive reaction to stress, for example by the regulation of glucocorticoid
receptors. The glucocorticoid receptor (GR) is important in terms of negative feedback at
circulating glucocorticoid concentrations seen in response to stress [42]. The production
and release of both corticotrophin releasing factor and adrenocorticotrophic hormone is
inhibited by glucocorticoids at the levels of the hypothalamus and the pituitary. In addition,
GR-mediated negative feedback is also thought to be present at the level of the
hippocampus, which is strongly linked to HPA axis functioning [16].

When the nature, magnitude, or duration of a stressor is beyond the adaptive capabilities of
an individual, this may lead to HPA axis hyperactivity through an impaired negative
feedback regulation. This impaired negative feedback is either due to glucocorticoid-
induced damage to the hippocampus [22], or a reduced function of the GR at the level of
the paraventricular nucleus, pituitary or hippocampus [31]. An overactive or dysregulated
HPA axis may eventually contribute to the development of stress-related pathology.

Proteomics

A proteome is defined as the protein complement of a genome present in cells and/or tissue
[47]. Processes including alternative splice variation and post translational- modifications,
the proteome is several times more complex than the genome. While gene expression
analysis (e.g. microarrays) allows the determination of the transcript level for thousands of
genes, this does not necessarily equate for the production of functional protein and
provides no information about post-translational events that may often change in disease.
Proteomic methods allow us to examine the protein profile of a particular tissue.
Consequently, by looking at the differential expression of proteins between disease and
control states we gain insights into protein pathways involved in the disease. The



application of proteomics to brain diseases is relatively new and thus has the potential to
provide important insights into our understanding of psychiatric, neurodegenerative and
neurological diseases. By characterising disease-associated protein profiles in sera they
may be able to identify and quantify proteins that serve as diagnostic or prognostic
markers. Furthermore, proteomic investigation of the effects of pharmaceutical agents in
vitro may help to identify new therapeutic pathways. The main methods encompassed
within this term can be broadly described as those using two-dimensional gel
electrophoresis (2-DE) and those using non-gel based methods to separate out and identify
proteins in a complex mixture such as a whole cell or tissue lysate.

2D-DIGE

Traditionally, the most frequent method used to investigate differential protein abundance
in large scale proteomic experiments is by two-dimensional gel electrophoresis (2D-GE).
2D-GE enables the separation of complex mixtures of proteins on a polyacrylamide gel,
according to charge or isoelectric point in the first dimension and molecular weight in the
second dimension. The gel is subsequently stained for visualization of protein spots,
delivering a map of intact proteins characteristic for that particular cell or tissue type.
Moreover, this protein profile which reflects changes in protein expression level, as well as
isoforms and post-translational modifications, can be compared between groups of samples
enabling large scale comparative studies [29]. A recently introduced and novel approach to
2D gel-based proteomics is to fluorescently label protein extracts prior to electrophoresis
(Cy2, Cy3, Cy5), enabling the separation of up to three samples on the same gel [43]. This
multiplexing approach was enhanced by the introduction of an internal standard, usually
labeled with Cy2, which is run on each gel in the experiment, alongside the Cy3 and Cy5
labeled biological samples. Typically the internal standard is made up of equal aliquots of
all biological samples in the experiment. Including an internal standard on each gel allows
for normalization of data between gels, thereby minimizing experimental variation and
increasing confidence in matching between different gels [21].

Western Blot Array Analysis

2-DE coupled to MALDI-TOF mass spectrometry yields valuable insights into the
molecular composition of cells and tissues. However technical difficulties (as briefly
described above) make it difficult or even prevent the display of certain proteins and the
limited dynamic range results in a bias towards abundant proteins [8, 11, 36]. The
limitations have deployed efforts to find alternatives. One possibility is to make use of
antibodies for protein profiling, e.g. Multi-western blot formats or protein microarrays [4,
23, 41].

PowerBlot ™ is a commercial Western blot format of BD Bioscience, a high-throughput,
proteomic screen designed to identify differentially expressed proteins. It is possible to
study relative changes in the expression levels of hundreds of proteins simultaneously.
With an approach that complements the current nucleic acid methods for monitoring gene
expression, this method analyses cellular changes on the protein level and provides a
powerful tool for proteomic studies determining the effect of a certain treatment, drug,
product, or disease state on cellular protein expression[20]. Western Array Screening
entails polyacrylamide gel electrophoresis, western blotting, and protein visualization via
chemiluminescence. A simultaneous screening of samples with more than 700 monoclonal
antibodies is possible. Those antibodies are combined into unique cocktails to probe for
several hundred cellular signalling proteins at one time. The antibodies detect nanogram
quantities of protein and can distinguish closely related members of many signalling
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families. Because each antibody identifies a unique target among the array of thousands of
proteins displayed on the western blot, this approach eliminates the need for further
processing such as is necessary with 2-D gel electrophoresis and mass spectrometry.

Aim and outline of the thesis

The treatment of brain injury in several neurological and neurodegenerative diseases
remains a major therapeutic target in modern medicine. Similarly there are no current
treatments to prevent cell loss after brain injury. Cell death and survival pathways in the
brain are highly complex, coordinated events, and we still know little about which proteins
are the most important, how best to intervene in their function and what impact this has for
the brain during recovery.

We hypothesise that protein expression patterns detected by high throughput techniques
can lead to uncovering surrogate end point biomarkers and novel mechanisms.

The objective of our project is to improve our understanding of the molecular process of
cell death following stroke and long-term stress, and to learn how best to target this to
protect the brain.

The focus of this thesis is to use the recently developed proteomics technology to identify
differentially expressed proteins in an in vivo model of focal cerebral ischemia and an in
vitro stress model and to get new insights into drug related findings.

First, (Chapter 2) we assessed whether currently used proteomics techniques are
sufficiently robust and reproducible to obtain reliable results, As part of the HUPO brain
proteome project we investigated proteomic changes in developing mouse brain from the
embryonic to the early adult stage.

The use of complementary and alternative medicines in the treatment of depression is
increasing. In Chapter 3 we describe a study in which we used the proteomics technique to
have a closer look at conventional and herbal antidepressants and their influence on the
protein pattern as well as similarities between those treatments.

The hypothesis that CREB may be involved in glucocorticoid stress-modulated signal
transduction is explored in Chapter 4.

In order to get more insights into stroke-initiated pathways we screened for proteins that
regulate survival and death decisions in damaged neurons applying a multi western blot
proteomic technique to a murine stroke model (Chapter 5).

It was shown in clinical studies [12] that statins known to reduce cholesterol and low-
density lipoprotein levels represent a promising class of agents for treating patients with
(risk of) stroke. We followed the hypothesis that neuroprotective effects of statins may
involve the inhibition of the small GTPase RhoB (Chapter 6).

Finally, in Chapter 7 the results of the experiments are critically reviewed.
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Abstract

Brain development and aging is a complex process involving proliferation, differentiation
and apoptosis. Elucidating proteome changes in these processes can help to understand the
mechanisms of brain development and maintenance as well as neurodegenerative diseases.
The research reported here is a contribution to the HUPO Brain Proteome Project mouse
pilot project. Whole, frozen C57/BL6 mouse brain comprising three different
developmental stages (embryonic day 16, postnatal day 7, and postnatal day 54-56) were
processed by using 2D-DIGE. A total of 1999 spots were matched between all gels. Of
these 206 spots were differentially expressed between the different stages. 122 spots were
highest in intensity in embryonic stage E16, 26 highest in the adolescent group P7 and 58
spots highest in P56, the adult stage. The results show a pattern of temporal expression.
Based on the expression patterns we tentatively suggest that proteins involved in the
establishment of primary structures in the brain are expressed highest in the embryonic
mouse. Proteins involved in the development of the brain are expressed highest in the
juvenile phase and proteins that make utilization of the brain possible by delivering energy
are expressed highest in the adult mice.

Introduction

The Human Proteome Organisation (HUPO) was founded as an international
organisation to consolidate national and regional proteomics organisations and encourage
the spread of proteomics techniques, especially applied to the human and model organisms
(www.hupo.org). To assess whether currently used proteomic techniques are sufficiently
robust and reproducible to obtain reliable results and to perform inter-laboratory
comparisons, the HUPO Brain Proteomics Project (HBPP; www.hbpp.org) has organised
two pilot studies using human and mouse brain tissue samples. The aims of the pilot study
are given in the overview paper by Hamacher et al. [15] in this Special Issue.
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Samples were prepared in one location and then shipped to different laboratories for
analysis with different techniques. Data were gathered in a central place and compared in
order to establish standard protocols and start creating 2-D protein maps.

The research presented in this report is a contribution to the HBPP mouse pilot
project investigating proteome changes in developing mouse brain from the embryonic to
the early adult stage. Whole brains of female animals at embryonic day 16 (E16), postnatal
day 7 (P7) and postnatal day 54-56 (P56) were analysed and compared. A 2D-DIGE
minimal labelling approach was chosen to deliver qualitative as well as accurate semi-
quantitative information on protein expression. Brain tissue samples were lysed and
labelled with one of the two fluorescent dyes Cy3 and Cy5. An internal standard
comprising equal amounts of the mouse samples was labelled with Cy2. Preparative 2-D
gels loaded with pooled samples of E16, P7, P56, were run in parallel and stained with a
modified silver stain protocol to allow subsequent MS analysis. Based on the DeCyder
Biological Variance Analysis (BVA) proteins were selected that have a significant
differential expression between the different stages. The representative spots were excised
from the silver stained gels and the proteins identified by MS/MS.

Materials and methods

Animals. C5TBL/6J mice, originally obtained from Charles River Germany some months
prior to the project, were bred and kept in a barrier unit under SPF conditions according to
the FELASA recommendations using Makrolon type IIL cages with soft wood bedding.
Mice had free access to an autoclaved standard rodent diet (Altromin 1314, Altromin
Gesellschaft fiir Tierernihrung GmbH, Deutschland) and water from automatic valves.
Rooms were ventilated with a 15-fold air exchange rate. Room temperature was 22 + 1 °C
and relative humidity 50 + 10 %. The light/dark rhythm was 14/10 [23].

Mice were mated permanent monogamously and offspring used with 7 or 54-58
days of age. For production of the 16-day-old foetuses, females were mated overnight and
vaginal plug was controlled in the morning, When plug positive, this was considered day 0
of gestation. Dissection of the females and collection of foetuses was done on day 16. All
mice were sacrificed by neck dislocation, foetuses were killed by cutting off the head with
scissors. The brain was removed from skull, weighed, immediately frozen on dry ice and
stored at -80°C. There were no gross abnormalities of the brain at autopsy. The colony
from which the cohorts were taken was tested in behavioural (open field, elevated plus
maze), neurological (observational neurological battery, rota rod) and cognitive terms
(Morris Water Maze and Multiple-T-Maze) as shown previously [24] and did not reveal
any abnormalities. Animals were handled according to Austrian Law and Guidelines.

Sample preparation. Whole mouse brain tissue separately for each animal was lysed in
600 uL (E16, n=10) or 1 mL (P7, P56, n=10) of lysis buffer (9.5 M urea, 2% CHAPS, 20
mM Tris (pH 8.0), Amberlite MB-1 was used for ion exchange) using short bursts of a
sonicator while on ice. After spinning down the samples for 5 min at 14000 rpm, the clear
solution between a small fatty upper layer and a pellet was used for further protein
separation. Protein concentration was measured using a modified Bradford Assay [26].

DIGE labelling. An internal standard for the mouse study was prepared with equal
fractions of all mouse samples and bulk labelled with 400 pmol Cy2 per 50 pg of protein.
A 50 pg aliquot of each of the ten sample was labelled with 400 pmol of either Cy3 or CyS
according to the manufacturer’s protocol, performing a so-called dye swap, to make sure
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