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SUMMARY

Stress plays a role in the etiology of anxiety and mood disorders. To investigate these
disorders, animal models are used, many of which incorporate a stressful stimulus. Recently,
the interest in animal models that use a psychological stressor has grown, as the brain regions
that are activated by this kind of stress might differ from those activated by more physical
forms of stress, for example those based on nociception. It is thought that psychological
stressors may more closely resemble stressful situations that in humans can lead to pathology.
The study, described in this thesis, was undertaken to elucidate the effects predator exposure
has on behaviour, on neurochemical parameters in various brain regions and on
neuroendocrine parameters. Also the effects of repeated predator exposure were assessed.

For this purpose C57bl/6N and Balb/c mice were exposed to a rat for thirty minutes. The rat
was introduced in a rat compartment of the mouse home cage, separated from the mouse
compartment by a Plexiglas separation wall equipped with small holes. Animals could smell,
see and hear each other, but not touch. The effect of such stimuli on behaviour was described
comprehensively. Simultaneously, using a high time resolution microdialysis method, several
neurochemical parameters were measured. In various strains of mice the effect of predator
exposure on plasma levels of adrenocorticotropic hormone (ACTH) and corticosterone were
also determined.

Rat exposure caused marked changes in the behaviour of the mice. They became alert, started
risk-assessment activities, which were followed by coping behaviour. Upon re-exposure the
behavioural profile had slightly changed, showing less risk-assessment and more self-directed
behaviour, interpreted as less arousing properties of the paradigm on a second trial. It was
also found that the levels of free corticosterone were lower on a second day of exposure,
confirming the less stressful nature of the paradigm when repeated. During rat exposure
extracellular levels of serotonin (5-HT) and its metabolite 5-hydroxyindoleacetic acid (5-
HIAA) were higher than baseline levels in the hippocampus, the prefrontal cortex and the
lateral septum, but not in the caudate putamen of C57bl/6N mice. In Balb/c mice
microdialysis was performed in the hippocampus, paraventricular nucleus (PVN) and anterior
hypothalamus (AHP). Elevations in 5-HT and 5-HIAA were seen in the hippocampus, and to
a lesser extent in the PVN and the AHP. The finding that extracellular levels of 5-HT were
not ubiquitously increased under stressful conditions, but in selected brain regions only,

underlines the role that 5-HT plays in emotion during stress.



Sharp increases were seen at the beginning of rat exposure in the extracellular levels of
noradrenaline (NA) in the hippocampus of both strains of mice, indicating the arousing
properties of the paradigm. In the PVN and AHP the levels of NA were not measurable, but
increases in its metabolite 3-methoxy-4-hydroxyphenylglycol (MHPG) were seen. Levels of
the dopaminergic metabolites homovanillic acid (HVA) and 3,4-dihydroxyphenylacetic acid
(DOPAC) were either slightly or not increased respectively, in the hippocampus, PVN and
AHP, which fits with findings in literature that these anatomical structures do not play an
important role in dopaminergic neurotransmission during mild stress. Unlike with the
behavioural parameters or with the levels of free corticosterone, no clear effects of re-
exposure were seen on the neurochemical parameters. Also it was not possible to correlate
certain behaviours, indicative of anxiety or coping, to the observed changes in
neurotransmitter levels.

Comparison of plasma levels of ACTH and corticosterone in various strains of mice revealed
strain differences, with C57bl/6N, Balb/c and B6C3F1 mice showing elevated levels of these
hormones after rat exposure, which was not the case for C57bl/6]J and DBA/2 mice. The
strains exhibiting more pronounced neuroendocrine responses also had a different
behavioural profile, with displaying increased rearing, sniffing in the air or at the separation
wall or spending more time with food-related behaviour. On the contrary, in mice genetically
altered to overexpress corticotropin-releasing hormone (CRH), which are thought to be more
anxious by nature, rat exposure did not yield behavioural patterns that were clearly different
from those seen in the CRH-wildtypes.

Taken together, behavioural, neurochemical and neuroendocrine parameters form a
complimentary picture indicating that rat exposure in its current form had mild arousing
properties. It would be worthwhile to increase the stressful properties of the paradigm in
order to have a functional model to study the mechanisms, from both behavioural,
neurochemical and hormonal points of view, underlying the way an organism copes with
stress. Furthermore, it is interesting to see in which way these mechanisms are disturbed in
pathological cases. Nevertheless, in this mild form predator exposure elicited a selective
activation of brain regions and neurochemicals. This highly differentiated response may be of
utmost importance to coordinate and to fine-tune the specific neuroendocrine, behavioural

and autonomic responses to this form of stress.



ZUSAMMENFASSUNG

Stress spielt eine wichtige Rolle in der Atiologie von Angsterkrankungen wie auch von
affektiven Storungen. Um diese Erkrankungen zu erforschen werden Tierverhaltensmodelle
benutzt, von denen viele einen stressvollen Stimulus verwenden.

In der letzten Zeit bedient man sich immer hiufiger Modellen, die auf der Verwendung von
psychologisch stressvollen Reizen basieren, da in dieser Situation offensichtlich andere
Gehirnareale aktiviert werden als bei anderen, mehr physischen Stressoren, wie etwa
schmerzvollen Stimuli. Daher konnten derartige psychologische Stressoren mdoglicherweise
ein besseres Model fiir Situationen darstellen, die fiir Menschen pathologische Folgen haben
konnten.

Die vorliegende Arbeit beabsichtigt, die Effekte der Fressfeind-Exposition auf das Verhalten,
neurochemische Parameter in unterschiedlichen Gehirnregionen und neuroendokrine
Parameter zu beschreiben. Auch wurden die Effekte von wiederholter Exposition betrachtet.
Als Stressstimulus wurden C57bl/6N und Balb/c Méuse fiir 30 Minuten einer Ratte
ausgesetzt. Hierzu wurde die Ratte in ein durch eine Plexiglastrennwand abgegrenztes
Kompartiment im Heimkéfig der Maus plaziert. In der Trennwand befanden sich kleine
Locher, so dass die Tiere einander riechen, sehen und horen, sich aber nicht beriihren konnten.
Die Effekte dieses Vorgangs auf das Verhalten der Maus wurden ausfiihrlich beschrieben.
Gleichzeitig wurden mittels einer Mikrodialysemethode mit hoher zeitlicher Auflosung
unterschiedliche neurochemische Parameter gemessen. In unterschiedlichen Mausestdmmen
wurden schlieBlich die Effekte von Fressfeind-Exposition auf die Plasmawerte von
adrenocorticotropem Hormon (ACTH) und Corticosteron ermittelt.

Die Rattenexposition fiihrte zu erheblichen Anderungen im Verhalten der Miuse. Sie wurden
aufmerksam, fingen an mit Risikoabschitzungsverhalten, gefolgt von
Stressbewaltigungsstrategien. Bei wiederholter Exposition hatte sich dieses Verhaltensprofil
leicht geéndert. Es gab weniger Risikoabschitzungsverhalten, dafiir aber mehr
selbstgerichtetes Verhalten, woraus geschlossen wurde, dass die Exposition beim zweiten
Mal als weniger aufregend interpretiert wurde. Auch wurde nachgewiesen, dass die Werte
des freien Corticosterons bei der Zweitexposition niedriger waren, was bestitigte, dass dieses
Modell bei einer Reexposition weniger stressvoll war.

In Anwesenheit der Ratte waren die extrazelluliren Werte von Serotonin (5-HT) und dessen

Metabolit 5-Hydroxyindolessigsdure (5-HIAA) hoher als unter basalen Bedingungen im



Hippocampus, préfrontalen Cortex und im lateralen Septum, aber nicht im caudaten Putamen
der C57bl/6N Maéuse. In Balb/c Mausen wurde Mikrodialyse durchgefiihrt im Hippocampus,
paraventrikuldren Nucleus (PVN) und im anterioren Hypothalamus (AHP). Anstiege in 5-HT
wurden gesehen im Hippocampus und in geringerem Ausmall im PVN und AHP. Das
Ergebnis, dass 5-HT unter stressvollen Bedingungen nicht iiberall erhoht war, sondern
ausschlieBlich in bestimmten Gehirnregionen, unterstreicht die Funktion von 5-HT in
emotionaler Verarbeitung von Stressstimuli.

Am Anfang der Rattenexposition stieg der extrazelluldre Gehalt von Noradrenaline (NA) im
Hippocampus der beiden Méusestimme deutlich an, was darauf hinweist, dass dieses
Verfahren erregende Eigenschaften hat. Im PVN und AHP konnte NA nicht bestimmt werden,
jedoch wurde eine Erhohung in dessen Metaboliten 3-Methoxy-4-hydroxyphenylglycol
(MHPG) gemessen. Im Hippocampus, PVN und AHP waren die Mengen des dopaminergen
Metaboliten Homovanillinsdure (HVA) leicht, die des Dihydroxyphenylessigsdures
(DOPAC) nicht angestiegen. Diese Ergebnisse stimmen mit der Literatur iiberein. Hier wird
beschrieben, dass diese anatomischen Strukturen keine ausgeprégte Rolle in der dopaminerge
Neurotransmission wéhrend milder Stressexposition spielen. Im Gegensatz zu den
beobachteten Verhaltensparametern oder den Mengen von freiem Corticosteron waren bei
den neurochemischen Parametern keine Einfliisse von wiederholter Rattenexposition
nachweisbar. Auch war es nicht moglich, bestimmte Verhaltensparameter, die Angst oder
Stressbewiltigung wiederspiegeln, mit den Neurotransmitterlevels zu korrelieren.

Ein Vergleich der Plasmakonzentrationen von ACTH und Corticosteron in unterschiedlichen
Maiusestimmen zeigte, dass Unterschiede zwischen den Stimmen existierten. C57bl/6N,
Balb/c und B6C3F1 Maiuse zeigten erhohte Levels dieser Hormone, was fiir C57bl/6J und
DBA/2 Maiuse nicht der Fall war. Die Stimme mit der ausgepriagteren Hormonantwort
zeigten auch ein anderes Verhaltensprofil mit mehr ,,Ménnchen machen®, mehr schnuppern
in Luft oder an der Trennwand und mehr Fressverhalten. Im Gegensatz dazu konnte in
Maéusen, die genetisch manipuliert wurden, Corticotropin-releasing Hormone (CRH) zu
iiberexprimieren und denen eine &ngstlichere Natur unterstellt wird, kein Verhaltensprofil
wiahrend Rattenexposition festgestellt werden, das sich von dem von den CRH-Wildtypen
unterschied.

Zusammengenommen formen die Verhaltens-, neurochemischen und neuroendokrinen
Parameter ein sich ergidnzendes Bild, woraus hervor geht, dass Rattenexposition in seiner
jetzigen Form leicht erregende FEigenschaften hatte. Es wiirde sich lohnen, um die

stressvollen Eigenschaften des Modells zu verstirken, um ein funktionelles Modell zu



kreieren, mit dem die Mechanismen (sowohl aus verhaltensbezogenem, neurochemischem
und neuroendokrinem Blickwinkel) untersucht werden konnen, auf denen die
Stressbewaltigungsstrategien eines Organismus beruhen. AnschlieBend wire es interessant zu
erforschen, wie diese Mechanismen pathologisch verdndert sein konnen. Nichtsdestotrotz
verursachte Rattenexposition auch in dieser milden Form eine ausgeprigte und selektive
Aktivierung von Gehirnregionen und Neurotransmittern. Diese hochdifferenzierte Antwort
konnte von grofem Belang fiir die Koordination und Abstimmung der spezifischen

neuroendokrinen, verhaltensbezogenen und autonomen Antworten auf diese Art Stress sein.



LIST OF ABBREVIATIONS

5-HIAA 5-hydroxyindole-3-acetic acid, the metabolite of serotonin
5-HT 5-hydroxytryptamine, serotonin

ACTH adrenocorticotropic hormone

AHP anterior hypothalamus

ANOVA analysis of variance

AUC area under curve

AVP arginine vasopressin

BNST bed nucleus of the stria terminalis

CBG corticosterone binding globulin

CNS central nervous system

COMT cathechol-O-methyl-transferase, an enzyme degrading NA and DA
CRH corticotropin-releasing hormone

DA dopamine

Dex dexamethasone, a synthetic glucocorticoid

DOPAC 3,4-dihydroxyphenylacetic acid, a metabolite of dopamine
DRN dorsal raphe nucleus

ECT electroconvulsive therapy

EPM elevated plus maze, a behavioural anxiety model

GR glucocorticoid receptor

HPA axis hypothalamic-pituitary-adrenocortical axis

HPLC high performance (pressure) liquid chromatography

HVA homovanillic acid, a metabolite of dopamine

LC locus coeruleus, a cluster of noradrenergic cell bodies
LHPA axis limbic-hypothalamic-pituitary-adrenocortical axis

LS lateral septum

MAO monoamine oxidase, an enzyme degrading 5-HT, NA, DA
MHPG 3-methoxy-4-hydroxyphenylglycol, a metabolite of noradrenaline
mPFC medial prefrontal cortex

MR mineralocorticoid receptor

MRN median raphe nucleus

NA noradrenaline



NAc
OCD
PFC
PTSD
PVN
RIA

S.E.M.

SAP
SSRI
Tg
VTA
Wt

nucleus accumbens

obsessive compulsive disorder

prefrontal cortex

post-traumatic stress disorder

paraventricular nucleus of the hypothalamus
radioimmunoassay

standard error of mean

stretched attend posture, a behavioural parameter

selective serotonin reuptake inhibitor, an antidepressant drug
transgenic, genetically manipulated animal, overexpressing a protein
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.  INTRODUCTION

The introduction will start off with a description of depression and the global involvement of
monoaminergic neurotransmitters and the hypothalamic-pituitary-adrenocortical-axis (HPA
axis) in mood and anxiety disorders to set the background against which the project described
in this thesis was carried out.

Aspects relevant to the research at hand will then be described more elaborately.

1. SETTING THE SCENE

1.1. Depression in society

Major depressive disorder, commonly referred to as depression, is a psychiatric disease that is
becoming an increasingly important problem in modern society. The diagnosis of a
depressive episode is made based on the criteria in the ICD-10 [348] or in the DSM-IV [5]
(also listed in Table 1). The DSM-IV states that either an abnormal depressed mood, or an
abnormal loss of interest and pleasure or, in persons 18 years of age or younger, an abnormal
irritable mood must be present for most of the day, almost every day, for at least two weeks.
In addition to at least one of those symptoms, at least five of the symptoms listed in Table 1

must be present.

Table 1. Symptoms occurring in a depressive episode [5, 348].

ICD-10 based symptoms (F32) DSM-IV based symptoms

e Depressed mood e  Abnormal depressed mood

e Loss of interest and enjoyment e  Abnormal loss of all interest and

pleasure

e Bleak and pessimistic views of the e [f 18 yrs or younger, abnormal
future irritable mood

e Reduced energy and increased e Activity disturbance
fatigability

¢ Reduced concentration and attention e  Abnormal poor concentration or
indecisiveness

¢ Reduced self-esteem and self- e  Abnormal self-reproach or

confidence inappropriate guilt

Ideas of guilt and unworthiness Abnormal fatigue or loss of energy

Disturbed sleep Sleep disturbance

Diminished appetite Appetite or weight disturbance

Ideas or acts of self-harm or suicide Abnormal morbid thoughts of death
or suicide

Not every depressive episode therefore needs to consist of the same symptoms. To

distinguish between several depressive syndromes, depression can be classified based on



several factors, like severity (mild, moderate, severe), onset (early, postpartum, late), clinical
course (single episode, recurrent, chronic) etc. This classification however remains based on
subjective criteria; so far no biological markers have been identified that could facilitate the
diagnosis, classification or the prognosis of the disease [347].

Depression has a lifetime prevalence of 10% to 25% for women and of 5% to 12% for men.
Indeed, women are 2 — 3 times as vulnerable to suffer from a depressive episode as men. At
any point in time, 5% to 9% of women and 2% to 3% of men suffer from this disorder. Its
prevalence is unrelated to factors like ethnicity, education, income, or marital status. Yet,
depression is more common in certain areas. For example in Italy 6-month prevalence rates
of 8% are reported, whereas they are as low as 1.4% in rural Bavaria, Germany [347]. A
depressive episode lasts 9 months on average, but in 20% of the persons it turns into a
chronic disease.

Depression forms a risk factor for other disorders. In 80 to 90% of depressed patients, anxiety
symptoms are also present, and about 30% have a full-blown anxiety disorder. In fact the
symptomatology of depression and anxiety partly overlap. The outlook of patients with both
disorders is gloomier than for depressed individuals that do not suffer from anxiety symptoms.
Patients with depression also suffer more frequently from cardiovascular disease, and it has
been associated with a decreased bone mineral density [213]. Depressive syndromes often
occur in the context of other medical conditions as well, like Cushing’s disease
(hyperadrenalism), Addison’s disease (hypoadrenalism) [149], Parkinson’s disease, certain
cancers, asthma, diabetes and stroke [224].

The death rate among depressed persons is high: 15% of the patients commit suicide [111]. It
is a disease that seriously impairs the quality of life of both the patient and his social
environment, and that is costly to society. For example: in the USA more than 19 million
adults are affected, making it the most common serious brain disease in the United States. An
estimated $43 billion was lost to the direct and indirect costs of the illness in 1990 [117], and

the costs are estimated to be an annual $70 billion nowadays [116].

1.2. Etiology

For obvious reasons, the etiology of depression and the related anxiety disorders are of
considerable interest to many research institutes and pharmaceutical companies. However,
there is no one cause for depression. The situation is much more complex. Preclinical studies
as well as modern brain imaging technologies are revealing that, in depression, neural circuits

responsible for the regulation of mood, thought, sleep, appetite, and behaviour fail to function



properly, and the balance of critical neurotransmitters are dysregulated. Also the involvement
of growth hormone, the thyroid axis, opioid receptors, substance P and brain cytokines have
been described [110, 112, 224, 341]. Reports even exist suggesting that an infection with the
Borna-disease virus might cause some forms of depression [35].

Epidemiologic studies have shown that around 40 — 50 % of the risk for depression is genetic
[93, 306]. Therefore genes involved in depression are sought. But as it is such a complex
phenomenon, many genes might be involved, with each of them possibly responsible for a
relatively small effect. Because vulnerability is only partly genetic, it is a combination of

genetic and environmental factors that precipitates a depressive episode (see also Figure 1).

Genetic factors Environmental factors
e Susceptibility genes of e Prenatal factors
major effect e Loss
e Susceptibility genes of o Deprivation
small effect o Grief
e Stress
o Natural disasters
o War
l / e Social support systems
e Nutrition
o Exercise
DEPRESSIVE o Drug effects
SYNDROMES e Medical iliness

Figure 1. A combination of genetic and environmental factors can cause depression. Taken from [347]

Because of all the (multidisciplinary) effort that is put into the elucidation of the background
of depression, much more is known now than 10 years ago. Still, furher knowledge and better
treatments are necessary, as 24% of patients do not respond to pharmacological or
psychotherapeutic treatment, and persons have a more than 80% chance to suffer from
additional major depressive episodes at a 8-year follow-up. Additional drawbacks so far are
the slow onset of effect of therapy and adverse effects of the drugs in use. Three kinds of
treatments have been shown to be effective in fighting depression. These are antidepressant
drugs, certain forms of psychotherapy (in particular cognitive and behavioural therapies) and
electroconvulsive therapy (ECT) [223]. One of the ways to learn about depression is to study
the working mechanisms of these therapies. Doing so with some agents that have

antidepressant capacities, lead to the recognition of the role of monoamines in the disease.



2. ROLE OF MONOAMINES AND STRESS IN DEPRESSION

2.1. Monoamines
Three serendipitous findings around the mid 20™ century gave rise to the monoamine
hypothesis of depression (also named the biogenic amine hypothesis). First, Bloch et al. [34]
described in 1954 that iproniazid, an agent used to treat tuberculosis, improved the mood of
some patients suffering from this disease. Later it was found that iproniazid inhibits the
function of the enzyme monoamine oxidase (MAO), one of the enzymes that breaks down
monoaminergic neurotransmitters and that iproniazid thus leads to an increase in central
dopamine (DA), serotonin (5-HT) and noradrenaline (NA). Around the same time a derivate
of chlorpromazine, which was very effective in the treatment of psychosis itself, called
imipramine, was found by Kuhn [161] to have antidepressant effects. Towards the end of the
1950’s, the mechanism of action was elucidated: imipramine inhibits the reuptake of
monoamines, another way of increasing the availability of monoamines. Tricyclic
antidepressants, based on the prototype imipramine, are still in use to treat depression.
Finally the reverse was found to be true when it became clear that reserpine, used to lower
high blood pressure, lowers the concentration of monoamines in the brain by blocking the
storage of monoamines in the vesicles, and can cause depression [106].
Based on this, it was hypothesised that depression is caused by a lack of noradrenaline and/or
serotonin. The monoamine hypothesis has proven itself to be a very good working hypothesis.
Indeed, all pharmacotherapeutic agents used nowadays in the treatment of depression
interfere with the central availability of monoamines. All drugs, be it tricyclic antidepressants,
selective serotonin reuptake inhibitors (SSRI) or selective noradrenaline reuptake inhibitors
(SNRI) work in one of three ways, all increasing synaptic levels of monoamines:

1. blockade of presynaptic transporter proteins that remove monoamines from the

extracellular space,
2. inhibition of monoamine oxidase,
3. inhibition or excitation of pre- or postsynaptic receptors that regulate the firing rate of
neurons or regulate the release of monoamines [223].

Although it is commonly accepted that an imbalance in 5-HT and NA contributes to the
etiology of depression, there is more to the disease than just the monoamine hypothesis,
which can also be conferred from the host of systems that are involved (see above).
The monoamine hypothesis for example does not explain why antidepressants need to be

taken over several weeks, before clinical effects become apparent. It is now thought that



influencing the balance of 5-HT and NA also influences the transcription regulation of certain
genes, and that it is through these genes that symptoms of depression are alleviated. Such
mechanism of action requires a longer treatment time than is necessary for influencing

neurotransmitter levels per se [224, 258, 347].

2.2. Stress and the HPA axis

2.2.1. Stress

Stress is known to be a factor in the cause of depression (for reviews see [10, 138, 139]).
Interestingly, it seems to play a role in the onset of the first two episodes, but not in
consecutive episodes. Stress per se however is probably not sufficient to cause a depression.
Typically, horrendous stress does usually not cause a depression, but a post-traumatic stress
disorder (PTSD). In vulnerable patients however, stressors that other individuals would
consider mild, can play a major role in the manifestation of a depressive episode. This again
underlines the interplay of multiple factors in the etiology of depression.

‘Stress’ is a very general concept, and relates to the responses of the body to external events
that bring the physiological equilibrium out of balance. These external events can be of
physical, chemical or psychological nature [107]. The term stress and stressors as those
events that cause stress was introduced by Hans Selye in 1936 as part of his generalised
adaptation syndrome [284]. The stress response comprises those behavioural, neuroendocrine
and neurochemical changes that are evoked as a kind of alarm system that is initiated when
there is a discrepancy between what an organism is expecting and what really exists [168]. In
other words, the stress response is meant to cope with stressors and to find a new equilibrated
state. If the coping process is not sufficient, and the stress response is therefore prolonged and
sustained, the body and brain homeostasis can be threatened and health can be endangered
[107]. In humans for example the incapacity to deal with (most often psychological) stressors
can result in anxiety and mood disorders.

The stress response is mediated by activity of the autonomic nervous system and the HPA
axis and these systems interact. In addition to these two components, behavioural changes
occur.

The activation of the autonomic nervous system results in the release of noradrenaline from
various autonomic nerve cell endings in practically every organ in the body, as well as the
excretion of adrenaline from the adrenal medulla into the blood. These events result in an
increase in pulse and blood pressure, digestion is slowed down, and nociceptors become less

sensitive. This enables an organism to directly respond to the stressor with a flight-or-flight



reaction. The activation of the HPA axis will be discussed more elaborately in the next

paragraph.

2.2.2. The hypothalamus and the HPA axis

One component of the stress response is HPA axis activation. A pivotal structure in the HPA
axis is the hypothalamus. Its role is to maintain homeostasis of the body. Input to the
hypothalamus comes from various sensors and structures. These include among others
thermoreceptors; osmoreceptors; projections from the nucleus of the solitary tract, informing
about blood pressure and other visceral sensory information; projections from the nucleus
suprachiasmaticus, enabling the hypothalamus to couple its activity to dark/light rhythms;
and projections from limbic and olfactory structures, that play a role in the regulation of
feeding behaviour, reproductive behaviour, but also in stress-induced responses (see
paragraph 6.1 of the introduction). The output from the hypothalamus follows two major
projections. One of them is the autonomic nervous system that through its sympathetic and
parasympathetic branches controls heart rate, vasoconstriction, digestion etc. The second
output involves endocrine signals. The hypothalamus consists of a number of specialised
nuclei secreting various releasing factors. These factors induce the pituitary to excrete
specific hormones, among which are adrenocorticotropic hormone, thyroid stimulating
hormone, follicle-stimulating hormone, prolactin, somatotropic hormone. These hormones in
their turn can affect peripheral organs. Thus the hypothalamus and pituitary form a part of
various regulatory endocrine axes, of which the HPA axis is one.

Activity of the HPA axis results in the excretion of glucocorticoids (like corticosterone in
rodents or cortisol in humans) from the adrenal cortex, that increase the availability of
glucose in the blood by increasing gluconeogenesis, lipolysis, proteolysis and increasing
insulin resistance. In addition, glucocorticoids have an anti-inflammatory function. Under
non-stressful conditions the HPA axis is important for regulating osmotic and nutritional
balances. The activity of this system shows a circadian rhythm, with the peak activity at the
onset of the waking cycle [72, 74].

Also under stressful conditions the HPA axis is activated, as glucose is needed to supply
enough energy to organs that are active during the stress response (see also Figure 2).

In this context the paraventricular nucleus (PVN) is the most important nucleus in the
hypothalamus, as the focal point in the complex of interacting systems regulating the stress
responses [232]. The PVN again consists of magnocellular cells, that produce and release

arginine vasopressin (AVP) and oxytocin, and of parvocellular cells, that produce and release



corticotropin-releasing hormone (CRH) from their medial part [136]. From the median
eminence, CRH is released into the portal system. CRH in turn elicits the release of
adrenocorticotropic hormone (ACTH) from the pituitary into the circulation. AVP synergises
with CRH and can enhance the ACTH response [7, 186, 340]. When ACTH reaches the

adrenal cortex, corticoids are released.

Stress

Behavioral
responses

Stress

Autonomic
responses

VP

Metabolism
Immunomadulation
Hormone action  —— Glucorticoids

Hormone synihesis
Meuromodulation

Figure 2. Schematic representation of the HPA axis. BS: brainstem, SON: supraoptic nucleus (another
source for VP), VP: vasopressin. For other abbreviations and explanation see the text.

Various feedback loops inhibit these stress-induced processes. First, in a short feedback loop,
ACTH inhibits the release of more ACTH from the pituitary. In a larger feedback loop (see
also Figure 2), the excreted glucocorticoids are necessary to inhibit the responsiveness of the
HPA axis over glucocorticoid receptors (GR) and mineralocorticoid receptors (MR), which
are mainly located in the hippocampus [73, 259, 260, 262].

In healthy individuals the HPA axis responds with increases in glucocorticoids to stressful
events, which occupy GR and over this feedback mechanism induce a return to the
equilibrated state of the system. Normal levels of glucocorticoids are thought to have
beneficial effects on the hippocampal function and certain cognitive abilities [224].

In depressed patients on the other hand it has been shown that feedback mechanisms are not
sufficiently functional anymore. Patients show a sustained activation of the sympathetic
nervous system, higher levels of circulating cortisol (although this is not a universal finding
in patients), an increased cortisol-response to ACTH, and also pituitary and adrenal glands
are often found to be enlarged [22, 114, 258, 290]. Exemplifying of the deleterious effects of
sustained high levels of cortisol is the fact that 40 — 90% of patients suffering from Cushing’s



disease, which is characterised by high levels of cortisol, also suffer from depression [149].
Tests to illustrate the malfunctioning feedback mechanism are the dexamethasone (Dex)
suppression test or the Dex/CRH test. In these, the synthetic glucocorticoid dexamethasone is
administered. Dexamethasone can not cross the blood brain barrier and in healthy individuals
suppresses, through occupation of the GR in the pituitary, the ACTH-release. In depressed
patients, this feedback mechanism is disturbed, and ACTH release is suppressed less. In the
Dex/CRH test, CRH is administered after a low dose of dexamethasone. In depressed patients,
the ACTH and glucocorticoid response to this exogenous CRH is stronger than in healthy
individuals. Reversely, the exaggerated response to CRH is often less pronounced in patients
after clinical remission [214, 215]. This is another indication that the feedback mechanisms,

that are meant to keep the system as stable as possible are out of balance during depression.

2.2.3. Extrahypothalamic effects of CRH

CRH is not only produced and released from the PVN, but also functions as a
neurotransmitter in the central nervous system (CNS). CRH-containing neurons can be found
in limbic and cortical areas. CRH and related peptides like urocortin I, II and III are also
found in other areas, including hypothalamic nuclei, the locus coeruleus and the lateral
septum. The peptide is released from the central amygdala in response to stressors [210, 211,
263]. Central administration elicits endocrine, autonomic and behavioural effects that
resemble the effects caused by stressors [90, 111, 231, 316]. The effects of these
neuropeptides are exerted through CRH; and CRH; receptors, the former mainly associated
with anxiety and the latter with anxiolysis. CRH is thus able to elicit anxiety-like properties,

that are unrelated to HPA axis activity [26, 43, 67, 169, 261, 296, 299, 313, 319, 342].

3. ANXIETY DISORDERS

3.1. Forms of anxiety disorders

A variety of anxiety disorders is described in the ICD-10 and DSM-IV. These include panic
disorder (with and without a history of agoraphobia), agoraphobia (with and without a history
of panic disorder), specific phobia, social phobia, generalised anxiety disorder, obsessive-
compulsive disorder (OCD), acute stress disorder, and PTSD. In addition, there are
adjustment disorders with anxious features, anxiety disorders due to general medical
conditions, substance-induced anxiety disorders, and the residual category of anxiety disorder

not otherwise specified [5, 348].



A panic attack is a period of acute terror, with physical symptoms like shortness of breath,
clammy sweat, irregular heartbeat, dizziness and feelings of irreality and wanting to flee the
place where the attack began. In between the attacks, many people suffer from anticipatory
anxiety, which may culminate in agoraphobia. The incidence of panic disorder is about 1 to
2%, with a two-fold chance for women to develop a panic disorder. Panic attacks commonly
occur with social phobia, generalised anxiety disorder and major depression as well.
Agoraphobia, severe anxiety in places from where escape is difficult, or avoidance of such
places, has a 1-year prevalence of 5% and is also twice as common in women. Specific
phobias are characterised by irrational fear, sometimes also taking the form of panic as
described above, in situations that very often involve certain animals, heights, flying, storms,
blood, needles etc. These phobias occur with a prevalence of 8% per year. Social phobia
occurs in social situations, in which one could be embarrassed or ridiculed, for example when
giving a presentation. It has a prevalence rate of 7%. Generalised anxiety is characterised as a
long period of anxiety and worry, with accompanying symptoms like muscle tension, fatigue,
poor concentration, insomnia and irritability, like in the forms of anxiety disorder described
above, but without a focus on a special event or situation. The prevalence is 3%, again with a
two-fold number of female patients suffering from it. The most common therapy with these
disorders consists of behavioural-cognitive therapy, and in case of medication, administration
of benzodiazepines [149].

Acute stress disorder and PTSD refer to the anxiety and the behavioural disturbances after
being involved in an extreme trauma, like rape, combat, severe accidents, witnessing murder
etc. A critical feature is dissociation, in which the world is perceived as unreal. Often
memories to the traumatic event are impaired, although flashbacks can occur. The difference
between acute stress disorder and PTSD lies in the duration of the symptoms. When they
exceed a month, one speaks of PTSD. Because of the duration of symptoms, PTSD is often
accompanied by decreased self-esteem, hopelessness, and difficulties in maintaining
relationships. Pharmacologically, PTSD is often treated with SSRIs, also used as
antidepressants.

The incidence for obsessive compulsive disorder is about 2%. Patients suffer from thoughts
that will not leave them and behaviour that they can not help performing. Mostly these
behaviours are counting, checking, cleaning or avoiding. Effective drug therapy involves the

administration of SSRIs, whereas benzodiapines are not effective [48, 149].



Clearly the group of anxiety disorders is very heterogeneous, but all forms of anxiety disorder
share a state of exaggerated arousal. Some have a strong genetic element (e.g. panic disorder),

whereas others are rooted in stressful events [5, 348].

3.2. Anxiety and depression

Although mood and anxiety disorders are treated as separate syndromes, the distinction is
very often based on whether the patient subjectively has a primarily depressed or anxious
mood. Many symptoms are common to both syndromes, like fatigue, impaired concentration,
irritability, sleep disturbance and worry. The comorbidity of the two disorders is high.
Additionally, 68% of the individuals with comorbid depression and anxiety were anxious for
over 10 years before a depression developed, which might be an indication that the
syndromes share some mechanisms [258]. In both disorders, the HPA axis and the limbic
system play a major role. The involvement of stress, apart from its obvious role in the
etiology of the acute stress disorder and PTSD, can be derived from the fact that CRH
induces a blunted ACTH response in patients with panic disorder, when compared to healthy
individuals [276], implying that in panic disorder as well the HPA axis is overactive. In
addition, the administration of CRH causes increased fear-responses [42, 310]. Also in
anxiety disorders, a role is reserved for the monoamines. For example, buspirone, a high-
affinity 5-HT;a receptor agonist is an anxiolytic drug and several compounds that antagonise
the action of 5-HT at the 5-HT, and 5-HT; receptor are also potential anxiolytics [281].
Decreases in the activity of the locus coeruleus, where many noradrenergic neurons have
their origin, heightened anxious behaviour [305, 338]. In addition, many of the symptoms
during anxiety are reminiscent of the effects of sympathetic activation.

The similarities between the involved brain circuits and symptoms of stress, anxiety and
depression caused some scientists to state that the three form a vicious circle with stress

leading to anxiety, leading to depression, leading to more stress etc. [247].

4. WHY THIS THESIS?

As outlined above, clinical evidence exists that among other factors, monoamines and stress
are involved in depression, and in the tightly bound anxiety disorders. To get a better
understanding of the interplay between serotonin and noradrenaline on one side and stress on
the other side, the study presented here used the behavioural model of predator exposure to

characterise the neurochemical changes under this paradigm. Another focus of the study was



formed by behavioural observations. Attempts to link those to neurochemical and
neuroendocrine findings also formed part of the project. In the following sections, more
detailed information will be given on animal models in general and predator exposure in
specific, on the role of brain regions involved in depression and emotion and on the role of
the neurotransmitters that were measured in this work. The introduction will conclude with

the more detailed aims of this thesis.

5. BEHAVIOURAL ANIMAL MODELS

5.1. The optimal animal model
The search for novel behavioural models for depression and anxiety continues [267, 281], as
it is highly unlikely that a depressed mouse will ever be found that forms an optimal model.
In general, animal models for psychiatric ailments should fulfil the criteria of predictive
validity, face validity and construct validity [122, 344, 345]. Predictive validity means that
the model must distinguish compounds that might influence the disease from compounds that
do not, preferably in a dose dependent manner [321]. Face wvalidity refers to
phenomenological similarity between the model and the disorder, i.e. that ‘symptoms’ or
behavioural parameters in the model resemble symptoms of the disease in humans. Finally,
construct validity implies that the cause for the behavioural change in the animal is similar to
the cause of the disorder in man. However in the case of depression, too little is known about
the etiology or its pathophysiology to be able to base a model on construct validity [225].
Therefore a different set of criteria has been formulated [205] saying that the minimum
requirements for an animal model of depression are:

e it is ‘reasonably analogous’ to the human disorder or its manifestations or

symptomatology (refers to face validity),
o there is a behavioural change that can be monitored objectively,
e the observed behavioural changes should be reversed by the same treatments that are
effective in humans (predictive validity),

e it should be reproducible between investigators.
In practise it means that certain symptoms of depression (endophenotypes, rather than the
complete set of symptoms, the phenotype) are reproduced in animals, and mechanisms
underlying these symptoms are elucidated and novel treatments are tested in these models
[225]. Still it must be kept in mind that depression influences higher cognitive human

processes such as motivation and self-esteem, and that it will remain unclear whether



mechanisms that are elucidated based on animal models truly represent the pathophysiologic

background of depression or merely the effects of stress, pain or deprivation [347]. After all,

the biological basis of the symptoms in animals could be different from those in humans

[225].

5.2. Animal models used in depression research

Most of the following models, which are in use to investigate depression, use stressors to

induce behaviours that are sensitive to antidepressant treatment:

Learned helplessness is a model developed in 1968 by Seligman that models some
features of depression [283]. Animals that are exposed to an inescapable electric
shock subsequently fail to escape from a situation in which escape is possible. These
animals show some concomitant neurovegetative symptoms that are similar in
depressed persons, such as alterations in REM (rapid eye movement) sleep, reduction
in body weight and in sexual behaviour, as well as elevated CRH and corticosterone
levels. Repeated dosing of antidepressants and ECT reduce the features of learned
helplessness as well as the neurovegetative symptoms. Unfortunately, this model uses
extreme stress and is very animal-unfriendly. It is also unclear whether it may model
PTSD more than it does depression and finally, findings are less reliable and
reproductive than in the forced swim test [225, 247].

The (modified) forced swim test, also called the Porsolt test, has been very helpful in
predicting the antidepressant properties of compounds [224, 236]. It measures the
latency of a rat or mouse to become immobile when placed in a container filled with
water and the time it swims, climbs and passively floats. Acute administration of
antidepressants increases the coping responses to the swim stress. A variation to this
is the tail suspension test, in which mice are hanged by their tails and the time is
measured until mice stop struggling. The benefits of these tests are that they are fast
and easy [225]. The question is however, whether these tests are capable of
identifying anti-depressant compounds that are not monoamine-based medications.
Also, antidepressants are already active after acute administration, whereas their
clinical effect in patients takes more time to become apparent, which again raises the
questions about the similarity in biological background of the parameters measured in

the test and the symptoms in patients.



e In olfactory bulbectomy both olfactory bulbs of rats are removed. This causes
hyperactive responses in novel, brightly lit open fields, which are normalised by
chronic treatment of antidepressants. The effects of antidepressants are not secondary
to the loss of smell in these animals [64, 197]. It is supposed to be a model for
geriatric depression [294].

e In chronic stress paradigms animals undergo a variety of mild stresses such as social
isolation, short food or water deprivation, disruption of the light/dark cycle etc. A
variation is repeated social defeat. Animals that are stressed like this show anhedonia,
and cardiovascular and neuroendocrine effects, that are sensitive to antidepressant
treatment. These paradigms have face validity, but are poorly reproducible [225].

e Early life stress can take the form of prenatal stress, early postnatal handling or
maternal separation. Each of these cause persistent neuroendocrine and behavioural
changes in the pups that last until adulthood. Their HPA axis is hyperactive, they
show elevated locomotor responses to novelty and greater vulnerability for learned
helplessness. These models are gaining interest [225].

e Relatively new in the antidepressant field of research are models that use intracranial
self-stimulation, a model known from research on drugs of abuse and reward
mechanisms. Withdrawal symptoms, e.g. after amphetamine use, can represent an
animal model of anhedonia. Antidepressants can reduce some of the withdrawal

symptoms [64].

5.3. Animal models used in anxiety research

As described before (in paragraph 3.1) many forms of anxiety disorders exist, in which
different pharmacological agents are effective. This multitude should be reflected in the
models of anxiety. However, no useful model exists to model phobia or PTSD, and apart
from some commonalities between animals with certain stereotypies and OCD, no model
exists that reflects OCD. Most models in use therefore are related to generalised anxiety
disorder [180]. As a consequence these tests are especially sensitive towards the anxiolytic
properties of benzodiazepines, but less to these of antidepressants [37]. The most common
tests are listed below.

Many of the used paradigms are ‘conflict’ tests that use both an aversive stimulus (like open
space or a brightly lit environment) and a rewarding stimulus (like a familiar or non-

threatening environment, or food) [322]. The less animals avoid the aversive stimulus, the



less anxious they are. It does seem that the different tests tap into different aspects of anxiety

[21, 271]. The tests can therefore be considered to be complimentary. An example of

different aspects in anxiety is the distinction between state and trait anxiety [180]. State

anxiety is the anxiety experienced at a particular moment and that is increased by an

anxiogenic stimulus. Trait anxiety does not vary over time and is more like a baseline level of

anxiety.

A commonly used paradigm is the elevated plus maze (EPM), in which an animal is
placed on a + -shaped maze with two opposite arms that are closed off at the sides,
and the remaining two arms having no walls. The apparatus is elevated above the
floor. The test uses the preference of animals to stay in shielded areas and measures
among others the time on the open and closed arms as well as the number of entries in
both kinds of arms. Anxiolytics cause an increase of time spent or entries onto the
scarier open arms, driven by the urge to explore. Interestingly this is mainly seen on a
first trial. When an animal is tested repeatedly, the measures become insensitive to
benzodiazepines. It appears that on a first trial the animal’s behaviour is mainly
influenced by the openness of the arms, whereas on subsequent tests elevation is the
more important aspect [100, 102]. An ethological version of the EPM has been
developed in which more parameters, like aspects of defensive behaviour, are
measured. Factor analysis has been performed by several research groups to identify
the relationship between the test indices and different factors like anxiety and
locomotion. Although results of the analysis are slightly variable among the groups,
the general picture seems to be that for example the time in open arms, the number of
entries into the open arms and the number of stretched-attend postures are reflective
of fear or reactivity, whereas the total number of entries, and number of rearings is an
index of locomotion and the time spent in the middle of the maze as well as grooming
may have similarities with a decision-making process [97, 267, 270, 271, 322].

The dark/light box consists of two separated rooms, one brightly lit, the other dark.
Night-active animals like mice and rats prefer to be in the dark compartment. Animals
are placed in the dark compartment and it is measured how long it takes until they
enter the light compartment, how many entries they have into this compartment and
the time spent on the light side. Anxiolytics increase the time spent in the light
compartment. It has been suggested that the light/dark paradigm models state anxiety
[24].



e In open-field tests the subject is placed in a wide arena and the time spent along the
walls and in the center area is measured. The more anxious the animal is, the more
time it spends close to the walls.

e Under bright light and in a novel environment, social interaction between animals is
decreased. Anxiolytics increase social behaviour again. This test works well with rats,
but because they are more aggressive to conspecifics, it is less useful with mice [180].

In all these tests it is important to control for effects of test compounds on locomotion, to

exclude false positive or false negative predictions.

5.4. Rats vs. mice

Traditionally, the rat has been the rodent of first choice in many areas of research and most
behavioural tests have been optimised for rats. However, with the rise of genetics, the mouse
has taken the place of rats. They are more easily to house, breed more quickly, recombination
techniques have been standardised for mice, and their genome is more completely
characterised. Behavioural models are now adapted from rats to the mouse situation. But this
is not always successful. Part of the reason is that more knowledge is needed about the
naturalistic behaviour of mice to develop better mouse behavioural tests [225]. Indeed it has
been argued by many ethologists, like Lorenz, Tinbergen and Thorpe that a more
comprehensive survey of the behavioural repertoire of animals is more likely to produce

success when using behavioural models in research [267].

5.5. Genetic components

What the models mentioned above lack so far is that they do not incorporate the fact that
depression requires a certain genetic vulnerability. The paradigms are conducted with
‘normal’ mice, which might not have the genotype to develop analogues of depressive
syndromes.

To a certain extent this can be overcome by using a proper strain of mice. Commercially
available inbred strains of mice (and rats) already show a high variation in their responses to
stress and in for example HPA axis reactivity and responses to antidepressants [62]. In a
survey of 11 strains of mice in the forced swim test, tenfold differences in immobility scores
were found. Also antidepressants had dissimilar effects in the strains [190]. Large differences
were also reported in comparing the behaviour of different strains of mice in the tail

suspension test [182]. Strains also differ in their anxiousness. However, in models of anxiety,



the ranking order for various strains is task-dependent [272, 329]. This is caused by the fact
that the different models measure different aspects of anxiety, and also because the influence
of the genetic background (from where the strain differences primarily arise) is not equally
large among paradigms. For example, the time mice spent on the open arms of the EPM was
found to be determined by their genetic background for about 78% [322]. The activity in the
open field however was only for 26% dependent on solid strain differences [322].

Another strategy is to selectively breed animals that show for example high or low levels of
swimming in the forced swim test, to generate animals with larger differences in depression-
like (endo)phenotypes. It would be interesting to compare the brain systems and genes of
these animals to ‘normal’ animals. In depression research, lines are developed with animals
susceptible to learned helplessness, high/low responses in the forced swim test and high/low
immobility scores in the tail suspension test. Recently, in the field of anxiety, animals
exhibiting high- and low anxiety on the elevated plus maze have successfully been bred and
several SNPs (single nucleotide polymorphisms) have been identified separating these
animals from the normal phenotypes (personal communication with S. Krémer).

Mutational techniques are also employed to improve models of depression. Two approaches
are currently used. Forward genetics use chemical mutagens such as ethylnitrosurea (ENU) to
randomly induce mutations. Interesting phenotypes are investigated to find the responsible
gene. In reverse genetics, a candidate gene is disrupted or overexpressed to investigate what
the effects are on phenotype [225]. An example of this, also used in the experiments reported
here, are mice that overexpress CRH. Two caveats with genetically altered mice are that the
background strain needs to be carefully selected and that compensatory adaptive changes may
occur. The latter happens especially in animals that were born with overexpressing or
knocked-out genes, rather than animals in which the gene transcription can be switched on or

off with conditional mutation techniques.

5.6. Example: CRH-transgenic mice

The reason to develop mice with a mutated CRH gene is that abnormalities are found in CRH
levels in depressed people. Some depressed patients show a hypersecretion of CRH, as well
as a downregulation of CRH receptors and blunted ACTH responses to administered CRH
[224]. Reversely, in healthy individuals, the effects of centrally administered CRH mimic
symptoms of depression, like increased arousal, decreased appetite and increased blood
pressure [224]. In rodents, the central administration of CRH reduces the exploration of novel

surroundings, decreases sleep, enhances fear responses and decreases food and sexual



behaviour. These changes parallel those found in major depressive disorder, panic disorder
and anorexia nervosa [303]. Mice that overexpress CRH have elevated levels of ACTH and
glucocorticoids and develop a Cushing’s syndrome phenotype [302]. They also show
characteristics that fit enhanced stress-responsiveness and anxiety-like behaviour. For
example, the transgenic animals spent less time on the open arms than controls and were less

active in a novel environment [303].

5.7. Predator exposure

As outlined above, most animal models in depression and anxiety research incorporate a
stressful situation. Apart from the models that are mentioned above there is a host of other
models that attempt to research the various mechanisms underlying stress per se. Many of
them contain a physical component, such as pain (avoidance paradigms), stimulation of the
immune system (haemorrhage, lipopolysaccharides), or a decrease of body temperature (cold
exposure). In recent years, behavioural models that use predator exposure, of which rat
exposure is a form, have gained increasing interest. Predator exposure provides a stress
model that relates to the innate fear for a predator, whereas other models, like the ones used
in avoidance paradigms, relate to learned fear. Another difference with some classical
paradigms lies in the way in which the stressful stimuli are processed (see also paragraph 6.2).
In models based on pain, or on, for example, ether stress or hypoxia (where animals are
presented with a situation that is immediately threatening for survival) stimuli reach the
paraventricular nucleus of the hypothalamus directly from the brainstem. Stimuli such as
encountered in predator exposure first have to be cognitively processed by the limbic areas
before they are dealt with [135]. Indeed, c-fos expression after predator exposure was
increased in numerous brain regions, indicating the activation of different regions than those
involved in hypoxia or restraint stress [83, 99]. The impact of psychological stressors
depends on how they have been perceived, in which previous experience and the ability to
cope with stressful situations are important factors [135, 159]. Thus, models dealing with
innate fear and with processive stimuli may more closely resemble psychologically stressful
situations in humans. Various forms of predator exposure are employed. Some involve the
presentation of dogs to cats; fox odour, cat droppings or cats to rats [1, 30, 99, 246] and
anaesthetised or awake rats to mice [28, 174]. Models may even be as exotic as exposing sea
trout [167] or goldfish to blue-gills [147].

As the method of performing predator exposure differs among laboratories, in some cases not

only the effect of the predator but also that of novel environment or handling mix in. In the



case of rat exposure, mice are very often placed in a small cage within a larger cage,
containing the rat, enabling the rat to climb on top of the mouse compartment and sometimes
to push the mouse compartment around (e.g. [6, 132]). A special form of predator exposure is
used by the group of Caroline Blanchard and Robert Blanchard in their Mouse Defense Test
Battery. They use an oval or closed-off runway and follow a mouse with a handheld
anaesthetised rat. Carefully studying the effects of drugs on defensive behaviours displayed
by the mice makes it possible to differentiate between anxiolytics and panicolytics [29, 32,
120, 121, 123].

The form of predator exposure in the experiments described in this thesis also used rats as a
predator of mice. Rats are known to kill mice [195, 279], and mice show stressful reactions
when presented with a rat. In the current setup, the rat was introduced into a compartment
directly next to the mouse compartment in the mouse’s home cage, thereby avoiding novel
environment, transportation stress, or physical contact with the experimenter, and enabling

simultaneous microdialysis (see also Materials and Methods, paragraph 11.1.3.4 and [174]).

6. NEUROANATOMY

6.1. The LHPA axis

Previously the HPA axis has been described as consisting of the hypothalamus, pituitary and
adrenal medulla, which cooperate in the responses to stress. However, in some cases it would
be more accurate to speak of an LHPA system, with the L standing for limbic. The limbic
lobe was described by Paul Broca (1824 — 1880) as a ring-formed structure around the
brainstem, consisting of the cingulate cortex, the temporal lobe cortex and the hippocampus.
Later it was found that the limbic lobe was important for the generation of emotion. Papez
showed that the limbic lobe, together with the anterior nuclei of the thalamus, formed a
functional connection between the cortex and the hypothalamus [240]. This circuit was later
extended to include the amygdala [156]. Now the limbic system, a term introduced by Paul
MacLean in 1952 [191], is used to represent the brain regions that generate and regulate
emotions (see also Figure 3 and Figure 4) [107]. This system is important in the modulation
of the HPA axis activity, and hence the term LHPA axis is found more and more often.

It is well-described that the way an organism reacts to a stressor is related to characteristics of

the stressor (severity, chronicity, predictability, controllability), previous experience and on
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Figure 3. Overview of the human brain with structures that form a part of the limbic system [36].

the subject (age, strain, species) (see e.g. [6, 187, 209, 222, 338]). It is hypothesised by
Herman et al. [135, 137] that the activation of different neuronal circuits may partly underlie
these differences. In case of a genuine homeostatic challenge, in which a stressor is present
that is recognised by sensors like nociceptors, chemo-, baro- and osmoreceptors, sensors that
respond to glucose, leptin, insulin, renin-angiotensin, atrial natriuretic peptide or sensors
reacting to inflammatory agents, a so-called ‘systemic’ pathway is thought to be activated.
This ‘systemic’ pathway relays information that enters the brain and needs little sensory
processing directly from the brainstem to the hypothalamus, so that responses are reflexive
and fast [137]. But also in absence of such a physiological stressor, HPA axis activation can
occur in the anticipation of a challenge and its concomitant homeostatic disruption. These

anticipatory responses can either be acquired by learning (conditioning paradigms), or can be



innate (reactions to predators, unfamiliar situations, social challenges, or e.g. brightly lit
places in case of rodents). To avoid an unnecessary allostatic load (the ‘cost’ of prolonged
stimulation or overstimulation of adaptive processes [202, 203]) the HPA responses to
anticipated stressors are thought to be under the control of limbic structures, such as the
hippocampus, amygdala and the prefrontal cortex (PFC), that first need to appraise the
emotional significance of the stimulus before the HPA axis is activated [137]. These higher
brain structures receive polysensorial and associational input, rather than primary sensory
information [137]. Further indications exist that even within the group of processive or
psychological stressors, different brain areas may be activated. A predator odour for example
activated dopamine metabolism in the amygdala, but did not activate the nucleus accumbens,
whereas the opposite was true for a conditioned fear situation [222]. Also purely
psychological (psychogenic) stressors and those that also have a physical component

(neurogenic stressor) differ in their impact [6, 187].
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Figure 4. A schematic representation of the LHPA axis [107].

Of the higher brain structures that are involved in the responses to these stressors, the
hippocampus exerts the strongest inhibitory influence on the hypothalamus (somewhat
depended on subfield [92]), via a polysynaptic pathway, in which acetylcholine, gamma-
aminobutyric acid (GABA) and glutamate are important mediators [137]. Also the prefrontal
cortex, especially its dorsal subregions, can inhibit the HPA axis responses to anticipatory
stressors. The neurotransmitters NA and dopamine play a role in this [137, 308]. The lateral
septum is implied in stress regulation as well. Neurons in this area are robustly activated by

various processive stressors, that then exert an inhibitory influence on the PVN via



GABAergic neurons [135, 137]. In contrast, the amygdala offers an excitatory influence [135,
137, 224]. The amygdala again consists of different nuclei. The central nucleus is involved in
some systemic stress responses, whereas the basolateral nucleus is activated by anticipatory
stressors. The medial nucleus takes an intermediate position [137]. The structures mentioned
here can exert their influences also via other brain regions, like the nucleus of the solitary
tract, the preoptic area and the PVN surrounding areas. These latter regions may also mediate

‘systemic’ responses [137].

6.2. Relevant brain areas in emotion and depression

Before listing brain regions that are relevant for emotion, it is important to realise that there
are several phases that are part of the perception of emotion. First, a stimulus must be
identified and appraised as having emotional significance. Second, an affective state has to be
produced in response to the stimulus, which includes autonomic, neuroendocrine and
behavioural components. Third, the affective state and emotional behaviour must be
regulated, influencing the first and second step, so that it stays appropriate to the situation
[248]. Both animal and human studies have shown that the amygdala is the most important
structure in the first step of the process. Also the insula and the ventral striatum and thalamus
have been mentioned as important to recognise displays of disgust especially.

For the production of an affective state again the amygdala is mentioned as a key player.
From here, projections to many brain regions mediate physiological and behavioural
reactions. Septal nuclei and the bed nucleus of the stria terminalis (BNST, also called part of
the ‘extended amygdala’ [68]) are functionally and anatomically related to the amygdala, and
also play a role in fear and anxiety-like responses [224]. Also important in the production of
an affective state are the reward pathways, the anterior cingulate cortex, the orbital and the
medial prefrontal cortex (mPFC).

To regulate affective states, the prefrontal cortex is important as well as the hippocampus.
The latter structure has been hypothesised to play an important role in the inhibition and
facilitation of defensive behaviour and anxiety in response to (potentially) threatening
situations, as well as in spatial cognition and episodic memory. The hippocampus also has
been named a ‘general purpose comparator’ [115], with a central role in determining the
extent of conflict between behaviours that serve different goals, in facilitating exploratory
patterns over defensive patterns of behaviour and allowing resolution of the goal conflict.

The role of the prefrontal cortex is dependent upon subregion. The dorsal regions for example

are implicated in cognitively demanding tasks, which need to take attention away from



emotion and for planning-based regulation of emotional behaviour. Activity of the dorsal
PFC is found to be decreased in depressed patients [27, 86, 87]. The ventral regions mainly
have a role in regulation at an unconscious or automatic level.

The anterior cingulate gyrus is involved in early stages of learning, and disruptions in this
region causes errors and attentional deficits. The anterior cingulate is also important in the

anticipatory reactions to arousal or in the performance of relaxation tasks [248].

In depression research the hippocampus has been the brain region most extensively
investigated. But to be expected from the above, it becomes more and more clear that many
brain areas mediate the diverse symptoms of depression [225]. Brain imaging studies have
shown volume reduction or altered activity in and thus implied the involvement of not only
the hippocampus, but also of areas in the prefrontal and cingulate cortex, striatum, amygdala
and thalamus, although some findings are contradictory [224].

The neocortex and hippocampus might mediate the cognitive symptoms of depression
(feelings of worthlessness, guilt, suicidality). The reward pathways in the brain, which
encompass the dopaminergic neurons from the ventral tegmental area (VTA) in the ventral
midbrain to the forebrain (i.e. the nucleus accumbens and the ventral striatum) regulate the
animal’s response to natural reinforcers such as food, sex and social interaction. Interest in all
these activities is diminished during a depression, suggesting a role of the reward centres in
the disease [225]. The striatum and the amygdala, also important for emotional memory, are
therefore thought to be involved in anhedonia, anxiety and reduced motivation. Volume
reduction of the amygdala may result in a restricted range of emotions to be recognised and
experienced, with a bias towards the identification of negative emotions [249].

The hypothalamus finally might mediate the neurovegetative symptoms of depression, like

sleep disturbance, appetite and energy loss, and disinterest in sex and pleasure [224].

The brain structure that is focused on in anxiety is the amygdala (see Figure 5). It processes
sensory information via two pathways. Through one rapid pathway, sensory information is
received directly from the thalamus, the structure where all sensory information from the
body is received and filtered. The second pathway is more complex and involves input from
nuclei in the brainstem, from the hippocampus, the medial prefrontal cortex and cortico-
striato-thalamo circuits. All sensory information, gated through the thalamus, reaches the
amygdala in the lateral nucleus. From here it is passed on to other nuclei. The central nucleus

coordinates the information from multiple nuclei and generates a behavioural response.
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Connections from the central nucleus to PVN, striatum and other brain regions make sure that

the response is executed [153].
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Figure 5. Schematic representation of brain regions, including the amygdala, that are involved in
formulating a response upon presentation of an aversive stimulus [36].

Under normal conditions the amygdala continuously monitors the sensory information that is
redirected from the thalamus and cortical regions. These are compared to known aversive or
appetitive stimuli. Recognition of such associations activates pathways involving the central
nucleus or the BNST in case of anxiety or fear related stimuli or of the nucleus accumbens in
case of pleasant associations.

Under basal conditions the hippocampus attenuates the responses of the amygdala. Under
stressful conditions the hippocampus gives information on the context of the threat and
makes it possible to retrieve information from explicit memory. It activates the amygdala and
potentiates memory formation in case of aversive incidents. When the hippocampus is not
properly functioning this often leads to a fail estimation of the context of a potential threat
and an overgeneralised fear response, a hallmark of anxiety disorders [153].

The prefrontal cortex provides information on changes in the threatening stimulus or whether

the danger has passed [153]. To extinct aversive memories, input from the cortex is needed. It



is proposed that the PFC provides cognitive control over stress and fear responses and
mediates tolerance toward anger, anxiety and frustration [74, 163, 165, 166]. Psychotherapy
might function through increasing the cortical control over the limbic pathways [165].
Reciprocally, under stressful circumstances the amygdala inhibits the functioning of the
prefrontal cortex, to not have a delaying cognitive control when rapid instinctual responding

is needed [111].

7. NEUROTRANSMITTERS

The role of monoamines in depression has been mentioned before. In the following
characteristics will be given of the monoamines serotonin, noradrenaline and dopamine, as

well as some indications of their involvement in stress, depression and anxiety.

7.1. Serotonin

7.1.1. General

Serotonin owes its name to its discovery in serum, as a compound that makes muscles
contract. Serotonin is also present in blood platelets, chromaffin cells of the intestinal mucosa
and in the central nervous system.

Serotonin is synthesised (see Figure 6) from the essential amino acid tryptophan. Tryptophan
is converted to 5-hydroxytryptophan by the enzyme tryptophan-5-hydroxylase, that is
converted by l-aromatic amino acid decarboxylase to form serotonin. The synthesis is limited

by the availability of tryptophan.
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Figure 6. The synthesis and metabolism of serotonin.



After release of 5-HT, its action is terminated by the reuptake of serotonin through 5-HT
transporters in the presynaptic membrane. Serotonin is also metabolised by monoamine

oxidase and aldehyde dehydrogenase to yield 5-hydroxyindole-3-acetic acid (5-HIAA).

When serotonin is released in the synaptic cleft after an action potential, it exerts its effects
via a multitude of 5-HT receptors. So far 7 families of receptors are known (5-HT,.;) with 15
subtypes. All of these receptors are G-protein coupled, except the 5-HT3 receptor that is an

ion-channel receptor.
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Figure 7. Schematic representation of a serotonergic neurone with pre- and postsynaptic serotonergic
receptors.

The 5-HT A receptor exists both as postsynaptic receptor (in the hippocampus, septum, cortex,
amygdala and other limbic structures) and as a presynaptic receptor that occurs on the cell

body (mainly in the raphe nuclei). The postsynaptic receptor is a heteroreceptor, and can also

be found on neurones that use other neurotransmitters, like NA. The presence of such
heteroreceptors means that an alteration in serotonergic neurotransmission may modulate

non-serotonergic systems as well. As presynaptic receptor it suppresses the activity of the

serotonergic neurons.

Also 5-HTp receptors are found presynaptically, on axon terminals, where they inhibit the

release of more 5-HT [71]. The highest density is found in the substantia nigra, but also in the

hippocampus, caudate and the putamen. The 5-HTp receptor can also exist on non-



serotonergic neurons, and there may modulate the release of NA, dopamine, glutamate and
GABA. Not only does 5-HT influence its own release, but GABA and histamine also have
inhibitory effects on serotonergic neurotransmission [145]. Conversely, noradrenaline and
glutamate have an excitatory influence [145].

5-HT; receptors are found postsynaptically, as are 5-HTj; receptors [145, 153].

The cell bodies of serotonergic neurons form clusters. The five caudally located clusters
project to the spinal cord, whereas the four most rostral clusters in the dorsal and median
raphe nuclei (DRN and MRN) project to the mid- and forebrain [145]. The effect of serotonin
in the brainstem and spinal cord is mostly that of excitation, whereas it is usually inhibitory in

the forebrain [145].
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Figure 8. Serotonergic pathways in the rodent brain. Adapted from [48].

As can be taken from Figure 8, the serotonergic pathways project to a multitude of brain
regions, that are involved in a host of functions. Serotonin is therefore involved in sleep and
arousal, feeding behaviour, sexual behaviour, pain perception, the control of body
temperature, memory formation, the regulation of mood and of motor behaviour, to name a
few [48, 145, 189, 280]. The neurons originating from the dorsal and the median raphe
nucleus project to different brain structures but with considerable overlap. Limbic structures
seem to be mainly innervated from the median raphe nucleus, whereas structures in the basal
ganglia, like the striatum, are primarily innervated from the dorsal raphe nucleus [258].
Inputs to the raphe nuclei arise from brainstem nuclei such as the ventral tegmental area (via
dopaminergic neurons) and the locus coeruleus (LC, via noradrenergic neurons). Interestingly,
the prefrontal cortex, hyperactive in some anxiety and depressive states, can inhibit raphe

activity via 5-HT;a- and GABA4 receptors [50, 87, 173], although, after depletion of 5-HT,



activation of the mPFC resulted in activation of the raphe nuclei, mediated by glutamate

receptors [50].

7.1.2. Involvement in stress, anxiety and depression

Reciprocal interactions between the serotonergic system and the HPA axis have been
described. Neurons from the raphe nuclei project to the PVN, where 5-HT influences the
levels of CRH, ACTH and other stress hormones through 5-HT; s and 5-HT,4 receptors [57,
124, 238, 327]. Most information from the raphe nuclei however reaches the PVN via
GABA-ergic interneurons. 5-HT thus probably influences the PVN indirect via heavy
innervation of limbic structures [237]. 5-HT also modulates the negative-feedback of
glucocorticoids on the HPA axis [141, 194, 285].

Conversely, stress is associated with increased activity of the dorsal and median raphe nuclei
[54, 129, 185, 250, 318], and most researchers find increases in the extracellular levels of 5-
HT or in the activity of serotonergic neurons in several brain areas under stressful conditions
(reviews: [54, 193, 277]). The 5-HT synthesis rate is reduced in adrenalectomised animals
[331], which effect is probably mediated over GR receptors in the hippocampus that are
projecting to the raphe nuclei. In the hippocampus, MR and GR are often colocalised with the
5-HT;s receptor, the expression of which is suppressed by corticosterone [146]. The

expression of the 5-HT 4 receptor can be influenced by corticosterone [52].

Serotonin, the serotonin transporter and practically all receptor subtypes also play a role in
anxiety and depression [193, 207]. Indications for this are that the chance of a depression
increases if one interferes with the availability of tryptophan, or when the synthesis of
serotonin is blocked by PCPA (parachlorophenylalanine). Suicide victims also show reduced
levels of serotonergic markers [78, 192].

A reduction in the serotonin transporter availability was found in the brains of depressed
patients [196] and of patients with a generalised anxiety disorder [143]. Also the allele for the
short form of the serotonin transporter promoter is associated with a poor response to SSRI
[225].

Knockout mouse models of the 5-HT 5 receptor induced an increase in anxiety like behaviour
[133, 241]. The selective 5-HT, 5 agonist buspirone is effective in the treatment of anxiety
and depression [331]. A 5-HT;g knockout had a less anxious behavioural profile [201, 353].
5-HT;4 receptor antagonists decreases the behavioural and physiological responses to stress,

and are anxiolytic in some animal models. 5-HT,p agonists, 5-HT3 antagonists and 5-HT,c



antagonists appear to be anxiolytic, but the latter unfortunately have an increased food-intake
and weight gain as a side effect.

Chronic treatment with antidepressants cause levels of 5-HT in the forebrain structures and in
the raphe nuclei to increase [18, 33], along with a reduction in the density of 5-HT, receptors
[274] and an increase in the density of 5-HT 4 receptors [75, 131].

In preclinical models of anxiety an increase of 5-HT function is associated with aversive
behaviours. Conversely, drugs that reduce serotonergic function reverse fearful behaviours.
Acute administration of SSRIs increase serotonergic concentrations by blocking the serotonin
reuptake transporter. Indeed, the acute administration of SSRIs is known to first increase
anxiety symptoms in patients. This elevation in 5-HT however is tempered by activation of
autoreceptors that inhibit further release of 5-HT. With time, the autoreceptors become less
responsive. Simultaneously, postsynaptic 5-HT receptors become downregulated, and also
other systems may be influenced, resulting in the antidepressant and anxiolytic properties of

SSRI [153].

7.2. Noradrenaline

7.2.1. General

Noradrenaline is a catecholamine that is synthesised in central noradrenergic neurons, as well
as in the periphery.

Noradrenaline is synthesised from the amino acid tyrosine (see Figure 9). The enzyme
tyrosine hydroxylase catalyses the transition to DOPA, which is decarboxylated by DOPA-
decarboxylase to dopamine. This in turn is transformed to noradrenaline by dopamine-§3-
hydroxylase. The step from tyrosine to DOPA is rate-limiting.

After release, the action of noradrenaline is mainly terminated by an efficient reuptake
mechanism, but NA is also metabolised by MAO-A and COMT (cathechol-O-
methyltransferase). The most significant metabolic product of NA is MHPG (3-methoxy-4-
hydroxyphenylglycol) [149]. Noradrenaline can interact with three families of adrenergic
receptors, all of which are G-protein coupled. These are the B-family, divided into B;, B, and
B3 receptors, and the ajup) and dxape) families. The B receptors are the most important
adrenergic postsynaptic receptors and all have an excitatory effect after activation. So are the
a; receptors. The o, receptor in contrast is located on the cell body, as well as

postsynaptically. Pre- and postsynaptically it decreases the release of NA [258].



The cell bodies of the noradrenergic neurons are organised in six clusters, of which the locus

coeruleus is best-known. Here, extensive projections to numerous areas originate. The locus
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Figure 9. Synthesis of dopamine and noradrenaline and the metabolism of NA.

coeruleus projects to, among other structures, the prefrontal cortex, the amygdala, the bed
nucleus of the stria terminalis and the hippocampus, all involved in the processing of stress as
described before. More than 70% of the noradrenergic forebrain innervation stems from the
LC [173]. The LC also receives innervation from various structures, among which a

projection from the amygdala that uses CRH to stimulate the LC during stress [326].

7.2.2. Role in stress, depression and anxiety
Exposure to stressful stimuli or novelty increases NA release and turnover in the LC, the
hypothalamus, the amygdala and the hippocampus. Interestingly, this effect is stronger with

uncontrollable or less predictable stress [153].



Figure 10. Noradrenergic pathways in the mouse brain. The pathways originate from the medulla
oblongata, pons (localised left beneath the locus coeruleus in the picture) and the locus coeruleus.
Adapted from [48].

One important structure that is noradrenergically innervated is the PVN. NA is a potent
stimulator of the release of CRH [153]. For stressors like immobilisation, formalin injections,
haemorrhage and insulin injections, the amount of noradrenaline that can be measured in the
PVN of rats with microdialysis correlates with mean plasma ACTH levels [232]. During
stress levels of CRH in the locus coeruleus are also increased, and when CRH is administered
into the LC the response to anxiety is enhanced [153], as are the levels of NA in the cortex.
High levels of glucocorticoids do not only decrease the synthesis of CRH, but also the levels
of NA in the PVN and additionally decrease the effect of NA on the release of CRH [153].

In the hippocampus, NA elevations switch its function from a memory formation state when
it is not behaviourally activated to a state of enhanced stimuli detection when aroused with
novelty or stressed with aversion [115]. NA also modulates the amygdala to regulate stress or

fear related memory [44].

It is thought that in patients the levels of NA are relatively low under the basal conditions,
and that due to this decreased tone the receptors are supersensitive. During stress-induced
increases in NA levels the system reacts sensitised.

Indications for this are a decreased neuronal density in the LC in depression [9], increases in
the enzyme tyrosine hydroxylase to be able to synthesise more NA, and increases in the
presynaptic o, receptor densities and lower levels of the NA transporter, all regulatory
mechanisms to increase the synaptic levels of NA when this is lowered over a longer period

of time [155, 228, 229].



All noradrenergic receptors have been implicated in anxiety and depressed states. The
prefrontal cortex for example receives a strong noradrenergic input from the locus coeruleus,
implied in the responses to anticipatory stressors [137]. Stress-enhanced NA-release affects
the function of the prefrontal cortex through o, receptors and causes impaired performance on
memory tasks [25]. These receptors are therefore a potential target to treat poor concentration
and performance as seen during excessive anxiety.

The presynaptic a, receptor antagonist yohimbine can induce panic, whereas the agonist for
the same receptor, clonidine, has anxiolytic properties [39, 323].

The B receptors may play a role in the consolidation of traumatic memory, and B receptor
antagonists as propranolol may have a role in the treatment of PTSD [45, 256].

Chronic treatment with antidepressants causes a decrease in LC firing, a downregulation of 3

receptors and a decrease in the activity of tyrosine hydroxylase.

7.2.3. Interactions between 5-HT and NA

It has been suggested that the role of NA is mostly one of behavioural activation, vigilance
and fight or flight. In contrast 5-HT seems to promote homeostasis via behavioural inhibition
and tolerance to aversive stimuli, and via control of sleep, appetite and sexual behaviours
[258]. Obviously, numerous interactions between the serotonergic and noradrenergic system
must exist to coordinate these processes.

Serotonergic projections from the dorsal raphe indirectly inhibit firing of the locus coeruleus
via 5-HT;s and 5-HT, receptors, whereas noradrenergic projections from the LC have an
inhibitory effect on the median raphe via o, receptors and both excitatory and inhibitory
effects on the dorsal raphe via a; and o, receptors respectively. Apart from direct influences
of the two neurotransmitter systems through heteroreceptors (see also Figure 11), numerous
interactions exist mediated by interneurons, that usually use GABA or glutamate as
neurotransmitter [337].

In depression and anxiety the serotonergic system seems to be underactive and the NA
system seems to be overactive (see above). All this might cause an overactivation of
amygdala, hippocampus and cortical pathways that activate the stress and fear responses and
an underactivation of cortical areas that inhibit these responses. Chronic treatment with
antidepressants normalises the balance. Again, it is not necessarily true that normalising the
balance per se heals, it can also be the beginning of, or a part of, a cascade of adaptive

processes involving many neurobiological systems.
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Figure 11. Targets within the serotonin synaps, showing heteroreceptors and autoreceptors. SERT:
serotonin reuptake transporter, NRT: noradrenaline reuptake transporter, heteroreceptors and
autoreceptors [153].

7.3. Dopamine

7.3.1. General

Dopamine is not only an intermediary product of the NA-synthesis (see Figure 9), but as
Arvid Carlsson found out around 50 years ago, functions itself as well as a monoaminergic
neurotransmitter in the CNS. The effects of dopamine, like noradrenaline, in the synaptic
cleft are primarily terminated by reuptake and by metabolism. MAO metabolism of dopamine
produces 3,4-dihydroxyphenylacetic acid (DOPAC), that is further metabolised by COMT to
homovanillic acid (HVA) (see Figure 12).

Two families of dopamine receptors have been described, consisting of five receptor types in
total. D; and Ds receptors are related, as are D,, D3 and D4 receptors. D, receptors can be
found in the striatum, the substantia nigra and the cortex. These receptors have stimulating
properties. D, receptors are located in the striatum, the cortex and the pituitary. The D,
receptor also exists presynaptically and on the cell soma. Contrary to D; receptors they are

inhibitory.



HO
HO NH, COOH
_—
HO

monoamine oxidase
HO

. 3,4-dihydroxyphenylacetic acid
dopamine (DOPAC)

catechol-O-methyltransferase catechol-O-methyltransferase

¥ ¥

CH.O
HO

HO monoamine oxidase

. homovanillic acid
3-methoxytyramine (HVA)

Figure 12. Metabolism of dopamine.

There are three dopaminergic tracts. Dopaminergic neurons that originate in the substantia
nigra project to the striatum (caudate nucleus and putamen) and are involved in the initiation
and coordination of movement (see Figure 13). This is the tract that degenerates in

Parkinson’s disease [149].

Then there are neurons from the periventricular area of the hypothalamus projecting to the
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Figure 13. Dopaminergic pathways. Adapted from [48].

infundibulum and anterior pituitary, where DA inhibits the release of prolactin. A third
dopaminergic pathway originates in the ventral tegmental area and projects to the limbic
system and neocortex, and has a role in emotional expression [149]. One of the targets of
dopaminergic neurons from the VTA is the nucleus accumbens (NAc). This structure and

dopamine play a critical role in reward and are mostly studied in the context of drugs of



abuse. However, some reports hint that the VTA-NAc pathway is also associated with

depression [224].

7.3.2. Role in stress and depression

The PVN is innervated by neurons from the zona incerta, that are mainly dopaminergic [56].
Dopamine is known to activate the HPA axis [38], but it is unknown whether this happens
directly or via interneurons. Also dopaminergic input to the prefrontal cortex is stress-
sensitive and may affect the output of the HPA axis [137].

Acute stress, like restraint or footshock, increased the release of dopamine in the mesolimbic
system [254]. A reduction in dopamine transporter binding sites was found in the caudate
nucleus and putamen of stressed treeshrews [2]. Also in the learned helplessness model,
significant alterations in D; and D, receptors were found [160].

Although dopamine is mainly implicated in Parkinson’s disease (hypoactivity of the
dopaminergic system) and schizophrenia (hyperactivity), dopaminergic hypoactivity has also
been implicated in depression [212]. One indication is the higher incidence of depression in
patients with Parkinson’s disease. It also has been found for example that dopaminergic
metabolites are decreased in some depressed patients, and it has been shown that I-DOPA, an
antiparkinsonian drug, can be useful in the treatment of retarded depression [149].
Amphetamine and methylphenidate, dopamine reuptake inhibitors, cause euphoria in healthy
individuals and depressed patients [181, 227] an effect that is blocked by dopamine
antagonists. D,/D3 receptor agonists decrease the immobility time in the Porsolt swim test
[36]. In clinical situations the dopaminergic system is manipulated by using for example
sertraline, one of the SSRIs, which does not only inhibit the serotonin transporter, but also
that of dopamine [224]. When antidepressant monotherapy is unsuccessful, sometimes a
dopamine agonist (like methylphenidate) is added to potentiate the effect of the

antidepressant.

8. AIMS

On the previous pages it has become clear that in the field of the depression and anxiety
research the search for suitable behavioural models continues and that predator exposure has
interesting features that make it a promising behavioural model. On an anatomical level brain
areas have been mentioned that play an important role in emotional and behavioural

responses and finally, on a neurochemical level, the major neurotransmitters have been



named, that all seem to play a role in the etiology of depression. All these levels were
combined in experiments measuring various neurotransmitters and metabolites with
microdialysis in various brain regions of freely moving mice, exposed to a rat exposure
paradigm.

Prior experiments indicated that half an hour of rat exposure caused freezing behaviour and
increases in free corticosterone, as well as in extracellular levels of 5-HT and 5-HIAA in the
hippocampus of B6C3F1 mice [174]. It was decided to dedicate more time to a project
concerning rat exposure, to learn more about the neurochemical aspects of this relatively new
paradigm, evolving in the project at hand.

This time a more current strain was chosen as subjects, C57bl/6N mice. The first question
that arose was how levels of 5-HT and 5-HIAA varied over the phases of rat exposure, i.e.
before, during and after the paradigm. The analysis method was optimised to enable the
measurement of samples that were collected during intervals as short as 5 minutes. In
addition, behaviour of the mice was carefully observed. The idea was that this might enable a
correlation of higher or lower neurotransmitter levels to certain behaviours that might
indicate either anxiety or coping behaviour. Also it was thought that behavioural analysis
might make it possible to pinpoint behaviours that could be focussed on as a novel model for
stress or for depression/anxiety research. As a final step it was planned to test the effect of
antidepressants, to see how behaviour and levels of 5-HT and 5-HIAA would be different
under predator exposure. As the project progressed however, aims needed to be adapted.
Gradually the following questions were formulated, that this thesis aims to answer.

e How do C57bl/6N mice behave before, during and after rat exposure?

e  Which changes in behaviour during rat exposure indicate anxiety or coping?

e When animals are subjected to rat exposure again, does their behaviour differ from
the first experience?

e How do levels of 5-HT and 5-HIAA change over time under a predator exposure
paradigm in C57bl/6N mice in brain areas that are primarily involved in emotion,
such as the hippocampus, prefrontal cortex and lateral septum (LS)?

e How do levels of 5-HT and 5-HIAA change in the caudate putamen, a region that was
chosen as a control structure, because it is not primarily associated with emotion but
with motor activity?

e Can levels of neurotransmission be related to specific behaviours?

o [s there an effect of the repetition of rat exposure on the levels of neurochemicals?



e The same applied to the measurement of NA, its metabolite MHPG and the
metabolites of dopamine DOPAC and HVA in the hippocampus of C57bl/6N.

When it was found that the neuroendocrine effects of rat exposure on C57bl/6N mice differed
from those on B6C3F1 mice the following questions became interesting:
e Do various strains of mice respond to predator exposure with differences in plasma
levels of ACTH and corticosterone (CORT)?
e Do various strains of mice respond with a different behavioural sequelae to predator
exposure?
e Do levels of corticosterone correlate with behaviour?
e Do CRH-Tg (CRH-transgenic) mice, genetically engineered to have more anxious

traits, respond differently to rat exposure than the wild type mice?

As it was found that the profile of responses in Balb/c mice differed from that in C57bl/6N
mice, microdialysis studies were performed in Balb/c mice as well, aimed to answer the
following questions:

e Are differences in behaviour between C57bl/6N and Balb/c mice reflected in
differences in extracellular levels of 5-HT, 5-HIAA, NA, MHPG, DOPAC and HVA
in the hippocampus?

e Are behaviour and levels of neurochemicals differentially affected by re-exposure in

these two strains?

Finally, brain structures known to be involved in HPA axis regulation were studied. Levels of
5-HT, 5-HIAA, MHPG, DOPAC and HVA were measured in the paraventricular nucleus and
anterior hypothalamus (AHP) of Balb/c mice (NA remained below the detection limit).
Questions related to this were:
e What are the differences between neurotransmitter and metabolite levels in the AHP,
PVN and the hippocampus?

e What indications of stress can be conferred from these levels?



Il. MATERIALS AND METHODS

The experiments that were conducted in this study can roughly be divided into two groups:
studies involving microdialysis and studies that involved the measurement of the plasma
levels of the stress hormones ACTH and corticosterone. As the setup and methods for these

experiments were different, the setups will be described separately.

1. EXPERIMENTS USING MICRODIALYSIS

The technique of microdialysis is introduced, followed by the specifications of the used setup.
Then a general time frame of the experiments is given, followed by details about each step in

this time frame.

1.1. Microdialysis - Theoretical background

Microdialysis is a technique that enables the monitoring of the levels of neurotransmitters and
other compounds in the extracellular space of specified brain regions. The levels that can be
measured mirror the total of release, reuptake and metabolism of the substance of interest
during a certain time period.

Microdialysis is a very refined technique that has not only the advantage that it can be
performed in alive, freely moving animals, but also that it enables to get insight in the
temporal course of neurotransmission [339]. This provides major advantages over for

example brain punctures, where brain tissue is homogenised post mortem and analysed for

steel shaft
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Figure 14. Schematic representation of the microdialysis cannula and its tip, showing the inlet, outlet and
liquid flow through the tip of the cannula. Taken from the website of CMA/microdialysis.



the contents of neurotransmitters. Microdialysis is also more sensitive than voltammetry, the
one other in vivo technique used to monitor the chemistry in the brain.

In microdialysis a cannula is implanted in the brain area of interest. The cannula has a tip,
consisting of a semi permeable membrane of various lengths (for mice typically 1, 2 or 3
mm) (see Figure 14).

An inlet and outlet to the cannula make liquid flow possible through the cannula. When the
liquid flows along the membrane, due to diffusion, an equilibrium will be approximated for
molecules in the extracellular brain tissue surrounding the probe and the liquid flowing
through the probe. As the membrane used in these studies has a cut off value of 6000 Da (i.e.
the molecular weight at which 80% of the molecules are prevented from passing the
membrane is 6000 Da), molecules like serotonin, noradrenaline and their metabolites can
flow through the membrane, but proteins can not.

The recovery rate, i.e. the amount of neurotransmitter in the surrounding medium that can be
detected in the dialysate, depends on the flow rate of the liquid through the probe (usually 2.0
pl/min), on the membrane length and diameter (the surface area over which exchange takes
place), the weight, shape and charge of the molecule of interest and the temperature. Before
endogenous substances are measured, the recovery of these should be established, to make
sure that microdialysis is a suitable technique. Because a larger membrane can be chosen for

larger brain regions, the recovery can easily be increased.

1.2. Microdialysis set-up

In the setup that was used, the inlet of the microdialysis probe (CMA/11, CMA/Microdialysis
AB, Stockholm, Sweden, cuprophane membrane) was attached to a dual channel low-torque
liquid swivel (Instech Laboratories, Plymouth, PA, USA) with a 30-cm piece of
fluorethylenepolymere tubing (Microbiotech, Stockholm, Sweden; dead volume of 1.2 ul/100
mm length), and from there to a microinfusion pump (TSE Technical and Scientific
Equipment GmbH, Bad Homburg, Germany) with tubing of 50 cm long. Syringes with a
volume of 2.5 ml, filled with sterile and pyrogen free Ringer (Delta Pharma, Pfullingen,
Germany; composition 147 mM NaCl, 4 mM KCI, 2.25 mM CaCl,), were placed in the pump
and served as the source of liquid, perfusing the system at 2.0 pl/min. The outlet side of the
probe was also connected to the swivel with 30 cm of tubing, and from there to an automated

refrigerated fraction collector (Microsampler 820, Univentor, Malta), with 100 cm of tubing.



The swivel is a helpful tool to avoid that the inlet and outlet tubing to and from the
microdialysis probe get tangled up. The swivel hanged from the side of the cage top on a
counterbalancing arm, so that it did not pull or push on the head of the mouse once the
microdialysis cannula was implanted. Use of a swivel did not interfere with the animals
motions and was not stressful for them.

Dialysate was collected in cooled vials in the autosampler. The autosampler rotated an empty
vial under the outlet after a programmable amount of time, so that the series of vials made it

possible to follow neurotransmitter levels over time.

1.3. Overview of the experiments

The general timeframe of the microdialysis experiments can be found in Table 2.

Table 2. General timeframe of microdialysis experiments.

Time in days Action
- 7 or earlier e  Arrival of animals, individually housed in standard cages
0 e  Operation: implantation of guide cannula, housed in rat

exposure cages
8

¢ Implantation of microdialysis cannula, start of perfusion
10 e  Experiment: rat exposure
11 e  Experiment: re exposure and killing
later e Histological verification of probe location
¢ Analysis of microdialysate using HPLC with electrochemical

detection
Behavioural analysis
e  Statistical analysis

The following sets of experiments were conducted, all using the rat exposure and re-exposure
paradigm as described above:
e Measurement of 5-HT and 5-HIAA in the hippocampus, prefrontal cortex, lateral
septum and caudate putamen of C57bl/6N mice.
e Measurement of NA, MHPG, DOPAC, HVA in the hippocampus of C57bl/6N mice.
e Measurement of 5-HT, 5-HIAA and of NA, MHPG, DOPAC, HVA in the
hippocampus of Balb/c mice.
e Measurement of 5-HT, 5-HIAA, MHPG, DOPAC and HVA in the anterior

hypothalamus and the paraventricular nucleus of Balb/c mice.

Apart from these experiments, related or slightly different experiments were conducted, using

the same time schedule or techniques. These were:



e In-vitro experiment
To determine the recovery for the various compounds that were measured, an in vitro
experiment was carried out. Two 1-mm membrane length and two 3-mm membrane
length microdialysis probes were hung in Eppendorf vials filled with Ringer with
known concentrations of 5-HT (5 fmol/15 pl), 5-HIAA (7000 fmol/15 pl), NA (5
fmol/15 ul), DOPAC (1500 fmol/15 pl, MHPG (500 fmol/15 pl) and HVA (2500
fmol/15 ul), kept at 37 °C with a water bath. Per probe four 15-min fractions of
dialysate were collected and stored at -80 °C until analysis. In addition, before and
after the in-vitro experiment, samples were taken directly from the Eppendorf vials.
The samples were analysed later using HPLC with electrochemical detection.
Recovery was calculated per compound as the average amount present in 15 pl of the
dialysates, expressed as a percentage of the amount in 15 pl of the solutions taken
directly from the vials.

e Free corticosterone measurements
Using the time frame described in Table 2 the dialysate of some C57bl/6N mice was
used to determine the content of free corticosterone, rather than of neurotransmitter
levels. With 14 animals, all samples obtained during the experiments were analysed

for their free corticosterone content to get an indication of the time course of this.

The separate steps of the general time schedule, as presented in Table 2 will be described in

the following paragraphs.

1.3.1. Animals and arrival

Adult male, experimentally naive C57bl/6N and Balb/c mice were bought at Charles River
(Charles River WIGA GmbH, Sulzfeld, Germany) at the age of 12-16 weeks. Upon arrival
they were housed individually in standard Macrolon II cages with food and water available
ad libitum. Animals were kept in a temperature (22 = 1 °C) and humidity (60 = 5%)
controlled room, with a 12 hr light-dark cycle (lights on at 6.00 a.m.).

Animals were allowed to adapt to their surroundings at least 7 days before any action took
place.

As predator, adult male Wistar rats were used, that weighed 200-220 g upon arrival. Rats

were housed four to a cage, with food and water available ad libitum. Rats were kept strictly



separated from the mice, and were not used as predator until a week after their arrival. They
were used a maximum of three times, each a week apart.

The experimental protocols were approved by the ‘Ethical Committee on Animal Care and
Use’ of the Government of Bavaria, Germany and all efforts were made to keep their number

and suffering limited to the minimum.

1.3.2. Operation

Animals were transported to the operation room, where they were anaesthetised in a bowl
with isoflurane (CuraMED Pharma GmbH, Karlsruhe, Germany). During this narcosis, they
were positioned and immobilised in a stereotactic frame (Stoelting Co., Wood Dale, IL,
USA), equipped with rat ear bars, a teeth bar, nose rod and a mouse inhalation anaesthesia
mask (designed in the institute), through which narcosis was continued with isoflurane.

The fur on the skull was removed with a clipper, after which the skin on the skull was cut
open. Using the stereotactic instrument, the coordinates of bregma were determined, and the
location where the guide cannula (length 14 mm, outside diameter 0.7 mm, inside diameter
0.4 mm, see also paragraph 1.3.12 ) should be implanted was measured off.

The area around the implantation site was roughened up with a dental drill with saw blade.
Then, using a drill with conic head, a hole was made in the skull at the precise location of
implantation.

The site of implantation was determined based on the mouse brain atlas [243] and on a series
of dummy operations. In the following table, the used coordinates are listed for the structures

that were dialysed.

Table 3: Implantation coordinates for the different dialysed brain regions.

Brain region Lateral Posterior Ventral
(mm from bregma) (mm from bregma) (mm from bregma)
Hippocampus -3.2 -2.9 -1.7
Prefrontal cortex -0.3 +23 -1.0
Lateral septum -04 +1.2 -2.2
Caudate putamen +1.6 +0.8 -2.2
Anterior hypothalamus -0.3 -0.7 -4.2
Paraventricular nucleus -0.1 -0.7 -3.7

The guide cannula, attached in the stereotactic instrument, was lowered very slowly through
the hole in the skull. After reaching the required depth, the cannula was fixed on the skull
using cyanacrylat glue and dental cement (Paladur, Heraeus Kulzer, Wehrheim, Germany).
Not until the cement was hardened out, the guide cannula was released from the stereotactic

instrument. Subsequently, a small metal peg with a tiny hole in the middle was fixed on the
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skull using the same fixatives. This peg served to attach a metal wire (a tether) to during
probe implantation, to connect the animal to a swivel and balancing arm.

The skin was sowed together and a small cap of silicon tubing, closed off at one side with
silicon glue, was pushed onto the guide cannula, to prevent dirt to settle in the cannula.
Animals were weighed and returned to their room, where they were placed in the rat exposure
cages, again with water and food available ad libitum.

The rat exposure cages were made of Plexiglas and consisted of a compartment of 15x25x30
cm (wxdxh), separated from a compartment of 10x25x30 cm by a Plexiglas separation wall.
The mice resided in the larger part of the cage, whereas rats were placed in the smaller
compartment during rat exposure. The separation wall was equipped with two rows of air
holes (6 mm in diameter, 2 x 6 holes, 6 and 3.5 cm above the bottom of the wall respectively),

so that mice and rats could see, smell and hear each other during rat exposure.

Figure 15: A C57bl/6N mouse in rat exposure cage. The mouse has been implanted with a microdialysis
cannula.

1.3.3. Implantation of microdialysis cannula
A day before the implantation, the microdialysis systems (swivel and connecting tubing)
were flushed with Virkon S (Arovet, Zollikon, Switzerland), a disinfecting agent, and rinsed

overnight with sterile water (both at a rate of 2.0 pl/min).



Implantation of the cannula occurred in the “home” room of the animals, on the eighth day
after operation. Prior to the procedure, animals were weighed, and a counterbalancing arm
with a swivel was mounted on the cage. The inlet side of the tubing was flushed with 100%
ethanol during 30 minutes at 2.0 pl/min. The inlet of the microdialysis cannula was then
attached to the tubing, and the membrane was hung in a sterile Eppendorf vial, filled with
100% ethanol. The inlet side of the tubing and the cannula were then perfused with sterile,
pyrogen-free Ringer during 10 minutes at 2.0 pl/min. The ethanol served to remove glycerol
from the probes. Consequently, the vial with 100% ethanol was exchanged with one
containing sterile Ringer, and the probes, now hanging in Ringer, were perfused for an
additional 10 min. Finally, the outlet of the probe was attached to the tubing, and perfusion
continued for the duration of the experiment. Extreme care was taken not to introduce air into
the system — any air bubbles visible with a magnifying glass in the probe were removed
before the actual implantation took place.

During the implantation, animals were again briefly sedated using a bowl in which air
containing isoflurane was guided, and then immobilised using earplugs, teeth- and nose bar,
equipped with inhalation mask.

The silicon cap on the guide cannula was removed, and the microdialysis probe was slowly
and carefully lowered into the guide cannula. When the probe was into place, it was fixed
using a layer of cyanacrylat glue, dental cement, and glue again.

Probes had different membrane lengths, depending on region to be dialysed. For the
hippocampus, prefrontal cortex and caudate putamen, a membrane length of 3 mm was used,
for the lateral septum one of 2 mm, and for the anterior hypothalamic area and
paraventricular nucleus a membrane of 1 mm. With the probe correctly located, the
membrane protruded from under the guide cannula into the tissue.

A metal wire, attached to the swivel, was attached to the metal peg on the mouse’s skull,
using a tiny metal cylinder. The animal was then placed into its cage, now connected to the
microdialysis system. Every morning and evening, the syringes containing Ringer were filled,

so that the probe was continuously perfused at a rate of 2.0 pl/min.

1.3.4. Predator exposure and Killing
Rat exposure experiments were conducted on the second day after insertion of the
microdialysis probe (i.e. the 10" day after surgery). In the case that the mice were re-exposed

to a rat, this happened on the following day, using the same time schedule. Between 8.30 and
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Figure 16. Rat exposure. In this situation no microdialysis was performed.

10.30 hr baseline microdialysis samples of 15 min were collected. At 10.30 hr rats were
brought into the experimental room and placed in the smaller compartment of the mouse
home cage (see Figure 16). At 11.00 hr the rats were removed and brought back to their
facilities. During the half hour of rat exposure and the consecutive 15 minutes, microdialysis
samples were collected in 5-min intervals. Then, until 14.00 hr, samples were again collected
every 15 minutes. To the 5-min samples 20 pl Ringer was added, so that the end volume in
these vials was the same as the one in those with the 15 min samples. The samples were
collected in cooled vials in an autosampler. Vials with dialysate were taken out of the
autosampler at least once an hour and stored on dry ice until the end of the experimental day,
when they were transferred to the — 80 °C freezer, were they were stored until analysis.
Freezing did not affect the levels of the compounds to be measured.

On the days of experiments the animals were also videotaped from 8.30 hr till 14.00 hr using
security cameras (black/white CCD cameras, Conrad, Munich, Germany). Using a quad-unit,
four images of cages could be recorded on one tape simultaneously.

At the end of the second experimental day, mice were killed using an overdose of
pentobarbital. Microdialysis probes were carefully removed and checked for integrity of the
membrane and the absence of air bubbles. Brains were collected in 4% formaldehyde, and a
global section was done to check for any anatomical or pathological anomalies of the subjects.

Microdialysis systems were flushed with sterile water overnight.

1.3.5. Histological verification
After the brain tissue was fixed with formaldehyde during at least 24 hours, brains were cut

in 25 um slices on a microtome at a temperature of about —20 °C. Every 3" slice was



collected on a gelatinised slide, using the free floating method. In case of hippocampal
dialysis, brains were cut horizontally, in all other cases transversally.

To prevent the two hemispheres to fall apart in the transversal cuts, brains were embedded in
a medium (see paragraph 1.3.12) before freezing them onto the microtome.

Brain sections were coloured using cresyl violet (or Nissl-staining, see paragraph 1.3.12 for
procedure). Under a microscope was examined where the guide cannula and probe location

had been. Only the data obtained with microdialysis probes in the correct location were used.

1.3.6. Video analysis

The video recordings enabled a detailed behavioural analysis. The behaviour of the mice was
scored using an instantaneous scoring method, meaning that every 30 sec (pre- and post-rat
exposure) or every 10 sec (during rat exposure and the following 5 min) it was recorded what
the mouse was doing at that time point. Data were stored in Microsoft Excel spreadsheets.

Table 4 lists the behaviours that were scored.

Table 4. Description of the behaviours that were scored from video. Using a decision flow diagram,
behaviours were assessed and scores could be given in the presented order. Only one score was given per
time point. In this way, an animal that was rearing but making small head movements as well, received
only the score ‘rearing’, not ‘sniffing air’. * In case of freezing (‘frozen’ posture, with no movement but
breathing, tensed tail, and head slightly protruding), which rarely happened, a note was made, but no
separate score was given. ** Animals that were rearing whilst engaged in food-related behaviour were not
given the separate score ‘rearing’ as this position was seen as necessary to reach the food.

Scored behaviour Description

Inactive Lying or sitting quietly*

Food-related Drinking from bottle, eating from food-trough or in other parts of cage,
behaviour moving food-pellets in trough

Rearing Full vertical extension of hind limbs and body **

Sniffing wall Nose in one of the holes of the separation wall, or very close to the

surface of the separation wall
Stretching, retracting  Full extension of the body, with arched back, or the opposite movement

Nesting, digging Gathering bedding with front paws or moving bedding with head
movements respectively
Sniffing bedding Nose in or close above bedding, but without moving it around with nose.

Especially during rat exposure, bedding close to head was
simultaneously pushed backwards with paws.

Walking Locomotion not including ‘sniff air’
Grooming, scratching Movement of head or paws over parts of the body, also included licking
Sniffing air Small vertical movements of the head or nose, whilst sitting or lying

Also the rat behaviour was scored, albeit that due to spatial limitations in the cage, the
number of possible behaviours for the rat was less extensive. Scores were given every 10th

second for: inactivity, rearing, grooming, sniffing separation wall, bedding, or air.



1.3.7. Analysis of dialysate — HPLC with electrochemical detection

HPLC is the abbreviation of High Performance (or Pressure) Liquid Chromatography, and is
a separation method as well as the name of the apparatus used for this separation. A liquid
mixture of compounds (as for example neurotransmitters in Ringer) is injected onto a column.
In reversed phase chromatography, this column is tightly packed with silica particles, to
which aliphatic chains are attached. This makes up the stationary phase of the system. A
pump presses a liquid hydrophilic, mobile phase through this column, which also carries the
sample. Because the various compounds in the sample differ in hydrophobicity, and thus in
affinity for the stationary and mobile phase, the time a compound spends on the column
differs (and will be equal to the time it takes for the mobile phase to traverse the column for
compounds that have no affinity at all for the stationary phase, or longer for those that can
form hydrophobic interactions to the column material as well). Thus the compounds elute
from the column with different retention times. When a detector is connected to the outlet of
the column, the compounds can be identified.

An electrochemical detector exists of a cell with two electrodes with a specified voltage
between them. When compounds flow through this cell and are oxidised, they give rise to an
electrical current. These currents are represented as peaks in a chromatogram. The intensity
of the current is a measure for the amount of oxidised compound, whereas the time it takes
for the peak to appear after injection of the sample makes identification possible.
Qualification and quantification of the peaks usually follows relative to a calibration curve,
generated by the measurements reference standards with defined quantities of the compounds
under investigation.

The chromatographical parameters such as retention time and peak height can be influenced
by changing the speed of the mobile phase, the composition of the mobile phase (lipophility,
pH etc.), the temperature of the column, the type of column used (packing material, size) and

the detection potential.

Various HPLCs were used to analyse the samples in these experiments. They either consisted
of a Sunflow 100 isocratic pump (Sunchrom, Friedrichsdorf, Germany), a Mistral column
thermostat (Spark Holland Instruments, Emmen, The Netherlands), a Rheodyne 7125
injection valve (Rheodyne, Rhonert Park, CA, USA), and an Antec Electrochemical Detector
(Antec Leyden, Zoeterwoude, The Neterlands) or of a Gynkotec M480 high-precision Pump
(Gynkotec, Germering, Germany), a Rheodyne 7725 injection valve, and an electrochemical

detector in combination with an oven (Decade, Antec Leyden). The detectors used an



Ag/AgCl reference electrode. The chromatography data system was Gynkosoft from
Gynkotec. Columns (see Table 5) came from YMC (Schermbeck, Germany). Compounds
were quantified relative to a standardcurve of four reference standards by measuring the

height of the peaks. Other details are listed in Table 5.

Table 5. Details to the HPLC parameters. SOS: sodium 1-octane sulfonate. EDTA: ethylenediaminetetra
acetate.

5-HT and 5-HIAA NA, MHPG, DOPAC, HVA
Eluent 22% methanol 10% methanol

50 mM NaH,PO, 45 mM NaH,PO,

40 mg/l EDTA 40 mg/l EDTA

0.29 mM SOS 0.40 mM SOS, pH 4.55
Alternative eluent 20% methanol 2% methanol

13.2 mM citric acid 40 mM citric acid

40 mM sodium acetate 60 mM NaOH

40 mg/l EDTA 100 mM sodium acetate

0.15 mM SOS, pH 4.9 40 mg/l EDTA

0.22 mM SOS

Alternative eluent 6.2% methanol

3.8 mM citric acid
16.5 mM sodium acetate

40 mg/l EDTA
0.21 mM SOS. pH 5.00

Flow rate of mobile phase 400 or 500 pl/min 400 pl/min

Oven temperature 30 °C 40 °C

Detector voltage 550 or 600 mV 650 mV

Column Pro C18, 150 x 3.0 mm Pro C18 or Hydrosphere C18,
150 x 3.0 mm

Two representative chromatograms are shown in the following figures.
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Figure 17. Example of a chromatogram from the 5-HT analysis of a hippocampal sample from a Balb/c
mouse. The y-axis shows the cell potential in mV, the x-axis time in min. 5-HIAA eluted with a retention
time of 3.40 min, 5-HT had a retention time of 6.52 min.
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Figure 18. Example of a chromatogram from the NA-analysis of a hippocampal sample of a C57bl/6
mouse. The y-axis indicates the cell potential in mV, the x-axis time in min. DOPAC had a retention time
of 4.24 min, MHPG of 7.41 min, NA of 8.23 min, HVA of 10.93 min.

Detection limits in the 5-HT analysis were: 0.4 — 0.8 fmol for 5-HT and 4.5 fmol for 5-HIAA
per injection. In the NA-analysis the following detection limits were achieved: 1 — 2 fmol for
NA, 6.5 fmol for MHPG, 6.5 fmol for DOPAC and 4.5 fmol for HVA per injection. All

detection limits had a signal to noise ratio of 3.

1.3.8. Measurement of free corticosterone — radioimmunoassay (RIA)

In a RIA, the sample containing the compound to measure, e.g. corticosterone or ACTH, is
mixed with a known amount of that same compound that is radioactively labelled with '*I. A
fixed amount of antibody against corticosterone or ACTH is added, and the non-labelled
unknown amount of corticosterone or ACTH and the labelled form compete for binding to
the antibody. After a fixed time period, a second antibody against the first antibody is added,
that makes the complex precipitate. After centrifugation a pellet is formed, and the
supernatant can be removed. The amount of radioactivity in the pellet is counted with a y-
counter. The more activity is present, the more labelled corticosterone (or ACTH) could bind
to the primary antibody, which means that less of the compound was present in the sample. A
standard curve makes it possible to calculate the amount that was present in the original
samples.

As corticosterone passes the blood brain barrier, and evenly distributes over the extracellular
fluid, it can also be detected in dialysate. To measure free corticosterone in the dialysate, a
corticosterone RIA kit (MP Biomedicals (before: ICN Biochemicals), Costa Mesa, CA, USA)

was used according to the instructions of the manufacturer. Samples however were not



diluted, and an extra standard curve was generated to reliably measure the low amounts of
corticosterone in the dialysate.

The detection limit of the assay was 0.001 pg/100 ml dialysate.

1.3.9. Statistical analysis of behavioural data

The behavioural scores were counted per 15-min (pre and post rat exposure) or per 5-min
interval (during rat exposure and the 15-min following it) and counts for specific behaviours
were expressed as percentage of total counts in that period. Similarly, all active behaviours
(i.e. all scores except the score ‘inactive’) were collapsed under the term ‘activity’. Thus, the
time intervals, 28 per experimental day, of the behavioural scores matched those of the
microdialysis, yielding information about the behavioural changes over time and enabling
comparisons between behaviours and microdialysis data.

To reveal effects of ‘time’ and ‘strain’ in the specific behaviours or in ‘activity’, data were
analysed using Analysis of Variance (ANOVA) with repeated measurements design.
Behavioural data were arcsine transformed to approach the criteria of homogeneity and
normality prior to ANOVA. Data were then summarised to six levels of ‘time’ as within-
subject factor, to avoid type 1 errors due to too many levels. These levels were as follows:
one level pre-exposure, consisting of the time periods corresponding with the eight basal
microdialysis samples; two levels during rat exposure, both consisting of three consecutive
samples; and three levels post-exposure, with the behaviour during three 5-min samples
directly after rat-exposure as one level, and of the consecutive five, and last six 15-min
samples as the other two levels. An additional between-subject factor of ‘strain’ (with two
levels: C57bl/6N and Balb/c) was added.

When a significant effect of ‘time’ was found, post-hoc simple contrasts compared the
different time levels to the pre-exposure values. Also the values during the second half of rat
exposure were compared with those in the first half. The results of the post-hoc tests were
Bonferroni corrected for multiple comparisons.

In case of a significant effect of ‘strain’ or of the interaction ‘time by strain’, the ANOVA
with 6 levels of time was repeated within each strain, as were the post-hoc contrasts when an
effect of ‘time’ was still present. Then, the data for C57bl/6N and Balb/c mice were
compared per level of time as well, using post-hoc simple contrasts. Also these results were
Bonferroni corrected.

Behavioural scores were also analysed by expressing the counts for specific behaviours

before, during and after rat exposure as percentage of the total number of activify counts in



those periods (rather than as a percentage of fotal counts in those periods). Because inactivity
was not, and time information was only limited taken into account in this analysis, this made
clear how the animals behaved during their active periods, enabling comparisons in
behavioural profile during activity periods before, during and after rat exposure. These
comparisons were again done using ANOVA with repeated measures design, this time with
four levels of ‘time’ (one level pre exposure, one level during exposure, and two levels post
exposure, of which the first existed of scores obtained in the first 15 min following the rat
exposure), and again two levels of ‘strain’. When a significant effect of ‘time’ was found,
simple contrasts within ANOVA, Bonferroni corrected, compared all time levels to the
‘during rat exposure’ level. In case of significance of ‘strain’ or of the interaction, this
procedure was repeated within the strains, after which also the strains were compared per
time level, using post-hoc simple contrasts. These results were Bonferroni corrected.
Similarly, an ANOVA was done for behavioural data that were collected on two consecutive
days of rat exposure, to see whether the behaviour was different on a second day of rat
exposure. Apart from two levels for ‘strain’ and four levels of ‘time’, a second within-subject
factor of ‘day’ (with two levels) was added. In case of an effect of ‘strain’, or of an
interaction involving ‘strain’ and ‘day’, the ANOVA was repeated within the two strains.
When an interaction involving ‘time’ and ‘day’ was found, the data for the two days were
compared per time level using post-hoc simple contrasts within ANOVA, to see which time
period contributed to the effect of ‘day’. Results of these post-hoc contrasts were Bonferroni
corrected.

Finally, rat behavioural data, averaged over the thirty minutes of rat exposure, were analysed
with ANOVA with repeated measures. Three levels of ‘times used’ examined whether there
was an effect of the number of times a rat was used. As no significant effect of ‘times used’

was present for any of the scored behaviours, no further tests were done.

1.3.10. Statistical analysis of microdialysis data

The amounts that were found in the microdialysis samples were calculated as fmol per 1-min
dialysate collection (to account for differences in sample time), and then expressed as a
percentage of baseline, defined as the average neurotransmitter level in the pre-rat exposure
samples during which the behavioural activity of the animal was 10% or less.

To reveal time effects in the levels of 5-HT and 5-HIAA (for C57bl/6N mice), or in 5-HT, 5-
HIAA, MHPG, DOPAC and HVA (for Balb/c mice) the data were analysed using ANOVA

with 6 levels of ‘time’ (as described under the analysis of behavioural data), and a between-



subject factor ‘region’ (4 levels for C57bl/6N mice: hippocampus, prefrontal cortex, lateral
septum and caudate putamen, 3 levels for Balb/c mice: hippocampus, anterior hypothalamus,
paraventricular nucleus) to be able to determine effects of dialysed brain region. Levels of
NA, MHPG, DOPAC and HVA in the hippocampus of C57bl/6N mice were analysed using
ANOVA with repeated measures design as well, with six levels of ‘time’ as within-subject
factors, as above. As these parameters were not measured in other brain areas in C57bl/6N
mice, no ‘region’ factor was present. All data were In-transformed before the ANOVA.

When a significant effect of ‘time’ or of the interaction ‘time by region’ was found, simple
contrasts within ANOVA, Bonferroni corrected for multiple comparisons, were performed, to
compare all time levels relative to baseline, as well as between the two time levels during rat
exposure. Following a significant effect of ‘region’ or of ‘time by region’, the ANOVA was
repeated for each brain region, and so were the post-hoc tests when an effect of ‘time’ was
found again. Additional post-hoc Scheffé tests served to determine which brain regions
differed from each other for the time periods.

To compare the effects of rat exposure on neurotransmission on day 1 and day 2 of rat
exposure, the area under curve (AUC) of the full time vs. neurotransmitter or metabolite
levels plots were calculated after In-transformation. ANOVA with ‘day’ as within-subject
factor and ‘region’ as between-subject factor was performed. In case of a significant effect of
‘region’ or of the interaction ‘day by region’ the ANOVA was repeated for the brain regions
separately. When a significant effect of ‘day’ was found, simple contrasts within ANOVA
were done, Bonferroni corrected, to identify the brain regions in which an effect of ‘day’ was
apparent. A similar procedure was followed for the parts of the plots during rat exposure and
the subsequent 15 minutes only. In the latter case, the AUC was calculated starting from a
level of 80% upwards, as a result of which the values for the AUC did not need to be In-
transformed before the ANOVA.

1.3.11. Statistical analysis of free corticosterone data

The free corticosterone data were analysed using ANOVA with repeated measurements
design, after the data had been In-transformed. As within-subject factors, seven levels of
‘time’ and two levels of ‘day’ were chosen. The levels of ‘time’ were as follows: one level
pre exposure (consisting of four samples), two levels during rat exposure (each consisting of
one sample), four levels after rat exposure (the first consisting of one, the following two
levels consisting of two and the last one of three data points). In case of a significant effect of

‘time’ all levels were compared to baseline level using post-hoc simple contrasts, Bonferroni



corrected, to reveal which time levels were significantly higher than the baseline level. In
case of an effect of ‘day’ each of the time levels of day 1 was compared to the corresponding
level on day 2, using post-hoc simple contrasts, Bonferroni corrected.

Although large interindividual differences were found in the corticosterone responses, a
group of animals with relatively large increases in free corticosterone following rat exposure
was considered too small (n=3) to justify statistical analysis of those data separately.
However, figures showing the data of this group, as well as of the remaining animals are

shown in the results section for illustrative purposes.

Results with p < 0.05 were considered significant, unless Bonferroni corrections were applied,
in which case the significance level depended on the number of comparisons. AUC were
calculated with GraphPad Prism (GraphPad Software Inc., San Diego, CA, U.S.A.), whereas
all other statistics were done with SPSS v10.0.7 (SPSS Inc., Chicago, IL, U.S.A.).

1.3.12. Other procedures and preparations

e Gelatinised slides:
3.5 g pulverised gelatine, 0.25 g KCr(SO4), x 12H,0 and 500 ml distilled water were
mixed during half a day and filtered over filter paper. Slides were briefly dipped in the
solution and dried during at least two days.

e Embedding medium:
One egg yolk was undone from egg white using absorbing paper, sliced open and the
inside of the yolk mixed with 0.8 ml 25% glutardialdehyde.
This was briefly stirred by hand and immediately poured over the brain and solidified
in about 5 minutes.

e Cresyl violet solution:
230 ml distilled water, 50 ml 10% acetic acid, 10 ml 1 M sodium acetate and 1.5 g
cresyl violet were mixed for an hour at 50 °C and filtered over paper.

e Nissl-staining procedure:
Slides were kept in 70% alcohol at least 2 hours to dehydrate them and to fix the
tissue to the glass. Then they were in the following liquids: 5 min in 96% ethanol, 5
min in 70% ethanol, 30 sec in tap water, 30 sec in distilled water, 3 min in cresyl
violet, 30 sec in distilled water, 1 min in 70% ethanol, 2 min in 90% ethanol, 1 min in

96% ethanol with 0.5% acetic acid, twice 1 min in 96% ethanol, twice 1 min in 100%



ethanol and three times 5 min in Rotihistol. Slides were covered with Roti-Histokitt,
coverslipped, and left to dry.

Dummy probes:

Pieces of about 15 mm were cut off from electrodes formerly used for monkeys, that
had a diameter of 0.25 mm. The Teflon coat was removed with a scalpel and the
rough end scoured with sand paper.

Guide cannula:

The sharp end of a needle, sized 0.70 mm by 30 mm, was grinded off, and the steel
shaft was grinded until it had a length of 14.0 mm. The inside of the cannula was
cleaned with sewing silk and the sharp edges were smoothed with sandpaper.
Chemicals:

All chemicals used (analytical or HPLC-grade) were obtained from Merck (Darmstadt,
Germany) or Sigma-Aldrich Chemie (Taufkirchen, Germany) unless otherwise

marked.

2. EXPERIMENTS MEASURING PLASMA LEVELS OF STRESS HORMONES

2.1.

Overview of the experiments

The general time frame of the experiments was as described in Table 6.

Table 6. General timeframe of the experiments involving plasma hormone measurements.
Time (in days) Action
- 7 or more . Mice arrived and were housed singly
-3 . Mice were put in rat exposure cages
-1 . Mice were brought to experimental room
0 . Rat exposure or control experiment, killing, processing blood
Later . Analysis of plasma
. Video analysis

The following experiments were conducted according to the schedule depicted above:

Rat exposure and control experiments with C57bl/6N, C57bl/6J, Balb/c, B6C3F1,
DBA/2 mice.

Rat exposure and control experiments with C57bl/6N mice, bred at the institute.

Rat exposure and control experiments with CRH-Tg (transgenics) and CRH-Wt
(wildtype) mice.

The different steps are described in more detail in the following paragraphs.



2.1.1.  Animals, arrival and housing

Male mice, 12 weeks old, were ordered from Charles River (all animals, except the
transgenic animals and the corresponding wild types, or the C57bl/6N bred in the institute’s
facilities) and were housed in standard Macrolon II cages upon arrival, with food and water
available ad libitum. They were kept in a housing room under the same conditions as in the
experimental room (details as with the microdialysis experiments). Three days prior to the rat
exposure experiment, they were singly housed in a rat exposure cage and brought to the
experimental room on the day before the experiment.

As only four animals could participate in an experiment per day because only four animals
could be recorded simultaneously on video, animals from different strains were used in a
pseudo- randomised fashion.

CRH-Tg and CRH-Wt mice were already available in the animal facilities of the institute.
These animals were transported to the housing room and singly housed at least 7 days prior to
the experiment. At this time those mice were between 12 and 16 weeks old. The CRH-mice
originally came from the group of Mary Stenzel-Poore, Portland, OH, USA. The mice that
were used had been born in the institute facilities.

The institute bred C57bl/6N mice were the F1 generation of mice that came from Charles
River and had been paired using the ‘harem’ method.

Other details were as with the microdialysis experiments, described in paragraph 1.3.1.

2.1.2. Rat exposure, killing, blood preparation

On the experimental day at 10.30 hr, a rat was put into the smaller compartment of the cage.
The rats had been housed absolutely separated from the mice. Rats were used maximally
three times, three days apart. After half an hour, at 11.00 hr rats were removed and placed
outside the room. During control experiments no rat was placed in the Plexiglas cage but the
experimenter did enter the room at 10.30 hr to remove the lid from the cage and to briefly
extend a hand into the cage, to control for the vicinity of the experimenter to the mouse.
During the entire experiment, from 8.30 — 11.00 hr, the behaviour of the mice and rats was
recorded using security cameras.

At 11.00 hr mice were sedated in a glass with isoflurane, decapitated and trunk blood was
collected in ice-cooled tubes coated with EDTA (ethylenediaminetetraacetate, KABE
Labortechnik GmbH, Niirnbrecht, Germany) containing 6 pl Trasylol (Bayer, Leverkusen,
Germany). The animals were decapitated within 30 — 45 seconds after being disturbed.

Samples were kept on ice until they were centrifuged for 20 minutes at 2500 rpm in a



refrigerated centrifuge. Plasma was then aliquoted in 100 pl and 25 pl portions and stored at
— 80 °C until concentrations of ACTH and total corticosterone were measured. Storage did

not affect the hormone levels.

2.1.3. ACTH and corticosterone measurement.

The concentrations of ACTH and corticosterone were assessed using ACTH and
corticosterone RIA kits respectively. The kits were used according to the manufacturer’s
manual. See also paragraph 1.3.8. The inter- and intra assay variation coefficient were 7%
and 5% for ACTH and 7% and 4% for corticosterone. The detection limits of the assays were

2 pg/ml for ACTH and 0.4 ng/ml for CORT.

2.1.4. Behavioural analysis

The behaviour of the mice during the half hour of rat exposure was scored using either the
instantaneous method with Excel as described with the microdialysis experiments (C57bl/6N,
C57bl6/J, Balb/c, B6C3F1, DBA), or using a continuous method (Noldus Observer Video Pro,
v 4.0, Noldus Information Technology, Wageningen, the Netherlands) (C57bl/6N, Balb/c,
B6C3F1; CRH-Wt and Tg; C57bl/6 bred at the institute).

Table 7. Behavioural parameters that were scored using a continuous method with Noldus Observer
Video Pro. Latency of an event: time in seconds from the beginning of rat exposure until the first event
took place; frequency of an event: number of times an event took place during the half hour of rat
exposure; duration of a behaviour: time in seconds that an animal was engaged in the behaviour during
rat exposure

Behavioural parameter Definition

contact latency First physical contact with separation wall, while facing
the rat compartment

rear frequency, duration Posture with front-paws away from the bottom, with or
without supporting at the walls

backup frequency Transition of an imaginary line separating the mouse

compartment in a half close to the rat and a half away
from the rat

stretched attend  frequency Full extension of the body, with arched back

posture

defensive bury frequency, duration Heaping up bedding with front paws against separation
wall

nosepoke latency, frequency, Putting nose in one of the holes in the separation wall

duration

groom duration Movement of head or paws over parts of the body, also
included licking

food-related duration Drinking from bottle, eating from food-trough or in other

behaviour parts of cage, moving food-pellets in trough around

inactivity duration Lying or sitting quietly for more than 5 seconds

time at duration Body located in the area bordered by the separation wall,

separation wall approx. 7 cm wide.




In the latter method every change of behaviour was recorded at the moment it occurred. The
time resolution was 0.1 seconds. Parameters scored with the Noldus system are listed in

Table 7.

2.1.5. Statistical analysis

Plasma values of ACTH and corticosterone were In-transformed and analysed using ANOVA,
with ‘strain’ or ‘genotype’ (5 levels for C57bl/6N, C57bl/6J, Balb/c, B6C3F1 and DBA; 2
levels for CRH-Tg and CRH-Wt) and two levels of ‘exposure’ (control and exposed) as
between-subject factors. In case of an effect of ‘strain’ or of the interaction ‘strain by
exposure’, post-hoc simple contrasts within ANOVA compared the control and exposed
levels per strain. These results were Bonferroni corrected for multiple comparisons.
Occassional additional comparisons with the CRH-Wt and CRH-Tg were done with
Student’s t-tests, Bonferroni corrected. Control and exposed levels of the C57bl/6N mice bred
at the institute were compared using one-way ANOVA. Additional comparisons between
exposed levels of C57bl/6N mice bred at the institute and those bought from Charles River
were done with unpaired Student’s #-tests.

Behavioural data obtained with the Excel method, were counted per behaviour for every 5-
minutes interval during rat exposure and expressed as the total number of behavioural counts
in that period. The AUC of the time vs. behavioural intensity curves were calculated, and
normalised so that a maximum AUC-value of 100 could be reached, in case that behaviour
was observed throughout the rat exposure period. In case of freezing, not the AUC was used,
but the number of ‘freezing’ counts. These AUC’s were compared for each behaviour using
one-way ANOVA, with 5 levels of ‘strain’ as the between-subject factor. When a significant
effect of ‘strain’ was found, post-hoc Scheffé tests determined the homogeneous subsets of
strains.

Behavioural data obtained with the Noldus-method were expressed in seconds (for latency
and duration scores) for the 30 minutes of rat exposure, or as the number of times (for
frequency scores) during the 30 minutes of rat exposure that a certain behaviour occurred. Per
parameter one-way ANOVA was used to compare the strains C57bl/6N, Balb/c and B6C3F1.
This ANOVA was repeated with a between-subject factor ‘height of the hormone level’. For
this purpose ACTH and corticosterone levels were divided into three groups. One group
contained animals with levels lower than 50 pg/ml ACTH or 25 ng/ml CORT, one group
consisted of animals with levels higher than 100 pg/ml ACTH or 50 ng/ml CORT and a

group was formed by animals with an intermediate level.



Behavioural data for CRH-Wt and CRH-Tg mice were subjected to ANOVA with two levels
of ‘exposure’ and two levels of ‘genotype’ as between-subject factors. After significant
differences in the groups were found, post-hoc Duncan tests determined the homogeneous
subsets. Student’s #-tests compared the control and exposure behavioural levels for C57bl/6N
mice bred at the institute. Students ¢-tests were also used to compare the behavioural levels

after exposure to those seen with animals from Charles River.

All results with p < 0.050 were considered to be significant, except for cases in which
Bonferroni corrections were applied, in which the number of comparisons determined the

level of significance. Calculations were all done with GraphPad and SPSS.



lll. RESULTS

1. BEHAVIOUR

1.1. Behaviour before rat exposure

Figure 19 shows the variations in behaviour of the C57bl/6N mice (red curves) and of Balb/c
mice (in blue) over the time course of the experiment.

As the experiments were conducted during the light phase, animals were typically inactive
before and after the rat exposure. However, this state was periodically interrupted by active
periods that could last up to 30 minutes. Because these activity phases were not synchronised
among animals, it resulted in an average activity level before and after rat exposure that was
varying, but continuously more than zero (see panel A).

Figure 20 depicts the behavioural profile of animals during those active phases. During the
phases before rat exposure (open bars), activity of C57bl/6N mice existed mostly of self-
directed behaviour like grooming, food-related behaviour, nesting, and also of considerable
amounts of calmly sitting while sniffing air and sniffing in the bedding of the cage which
sometimes was followed by finding parts of food pellets in the bedding and eating. Balb/c
mice exhibited the same gamut of behaviours before rat exposure, but the level of sniffing in
the bedding was higher, whereas levels of food-related behaviour and nesting were lower

than with C57bl/6N mice.

1.2. Behaviour during rat exposure
At the beginning of rat exposure animals woke up and became alert and active, resulting in a
significantly higher level of average activity (see Figure 19A). A first reaction was to move to

a corner as far away from the rat compartment as possible. Freezing was hardly observed.

Figure 19 (next page). Levels of activity (panel A) and specific behaviours (panels B-J) of C57bl/6N mice
(red squares, n=31) and Balb/c mice (blue triangles, n=32) before, during (shaded area) and after their
first exposure to a rat. Data are represented as the number of counts during which animals were active or
showed a particular behaviour, expressed as a percentage (+ S.E.M.) of the total number of counts during
a period in which one microdialysis sample was collected. ‘Activity’ (panel A) during a certain period is
the sum of the percentages of the particular behaviours (panels B-J) in that same time interval. Please
note differences in scaling of the y-axis, and the non-linearity of the time-axis. In all cases, ANOVA
indicated an effect of strain or of the interaction time by strain. Black asterisks indicate significant
difference in levels for certain time periods between C57bl/6N and Balb/c mice (post-hoc Student’s 7-test,
Bonferroni corrected for multiple comparisons, p < 0.010). ANOVA also indicated an effect of time for
both strains in all behaviours, except for food-related behaviour with C57bl/6N mice (see text). Red and
blue asterisks indicate significant differences from baseline for C57bl/6N and Balb/c mice respectively,
whereas coloured # indicate significant difference between the second half and first half of rat exposure
(post-hoc simple contrasts, Bonferroni corrected for multiple comparisons, p < 0.0083).
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Figure 20. Comparison of the behavioural make-up of active periods of C57bl/6N mice (panel A, n=31)
and Balb/c mice (panel B, n = 32) before (clear bars), during (solid bars) and after (downwardly hatched
bars: first 15 min afterwards; bars hatched upwards: rest of time) the first exposure to a rat. Data are
represented as the counts (+ S.E.M.) of a specific behaviour, expressed as the percentage of total activity.
Strain effects were found for all behaviours except sniffing separation wall. Black # in panel A show those
bars that are significantly different between the two strains (Student’s #-test, Bonferroni corrected, p <
0.0125). Except for rearing, walking and sniffing bedding for C57bl/6N mice and stretching for Balb/c
mice, ANOVA indicated significant time effects for all behaviours in both strains. * depicts the results of
post-hoc simple contrasts (Bonferroni corrected for multiple comparisons, p < 0.017) and indicates
significant difference from ‘during rat exposure’. Although a time-effect was present with ‘sniffing
bedding’ in Balb/c mice, no single time period was significantly different from ‘during rat exposure’.
Food-rel. is food-related behaviour.

Figure 19 shows that in the first minutes of rat exposure the activity no longer was made up
of self-directed behaviours, but consisted of investigative behaviours like sniffing air,
stretching towards the rat compartment, rearing, walking and sniffing at the separation wall.
These behaviours were significantly more present in the first half of rat exposure, than under
pre-exposure conditions (the following effects of ‘time’ were found for C57bl/6N and Balb/c
mice respectively, activity: F(5,305) = 33.98, p < 0.0005; F(5,305) = 104.16, p < 0.0005;
sniffing air: F(5,305) = 85.04, p < 0.0005; F(5,305) = 122.27, p < 0.0005; stretching:



F(5,305) = 30.83, p < 0.0005; F(5,305) = 2.87, p < 0.02; rearing F(5,305) = 2.87, p < 0.02;
F(5,305) = 17.84, p < 0.0005, walking F(5,305) = 11.13, p < 0.0005; F(5,305) = 7.65, p <
0.0005; sniffing at wall: F(5,305) = 13.26, p < 0.0005; F(5,305) = 39.92, p < 0.0005;
asterisks in Figure 19 indicate those time periods that were significantly different from pre-
exposure levels). Also sniffing bedding (F(5,305) = 6.91, p < 0.0005; F(5,305) =43.87, p <
0.0005) was increased, but a self-directed behaviour like nesting (F(5,305) = 3.22, p < 0.01;
F(5,305) = 3.33, p < 0.01) was decreased. Time effects were also found for grooming
(F(5,305) =2.76, p <0.02; F(5,305) = 4.87, p < 0.0005) and food-related behaviour in Balb/c
mice (F(5,305) = 13.21, p < 0.0005), but these were not apparent from comparing the first
half of rat exposure to baseline conditions. Remarkably, mice and rats occasionally had nose-
to-nose contact when they simultaneously poked their noses through a hole in the separation
wall. Over the course of rat exposure, activity, sniffing air, stretching and sniffing at
separation wall decreased significantly in C57bl/6N mice when compared to the first half of
rat exposure. In contrast, these mice were still intensively sniffing around in bedding, usually
close to the separation wall. Small, but not significant increases in grooming and nest-
building were seen as well in this phase. Occasionally, when mice had had their nest close to
the separation wall, they would form a new nest at a larger distance from the rat compartment.
Balb/c mice differed from this, in that their activity did not become less as rat exposure
progressed. Decreases in investigative behaviours as sniffing air and stretching were
compensated by higher levels of rearing, sniffing at the separation wall, and sniffing in the
bedding, whereas also the self-directed food-related behaviour was more present.

Figure 20 does not reveal the temporal changes within the half hour of rat exposure, but does
show that during rat exposure the levels of sniffing air, stretching (only for C57bl/6N),
rearing and walking (only for Balb/c) and sniffing the separation wall, which all constitute
investigative behaviours, are significantly higher than levels found during active periods
before rat exposure or towards the end of the experiment. In contrast, self-directed behaviours
like food-related activities (only for C57bl/6N mice), grooming and nest-building were
significantly lower during rat exposure (effects of ‘time’ were found for sniffing air F(3,183)
=27.30, p < 0.0005 and F(3,183) = 13.98, p < 0.0005 for C57bl/6N and Balb/c respectively,
stretching F(3,183) = 37.22, p < 0.0005 for C57bl/6N but not for Balb/c with F(3,183) = 1.45,
p > 0.05; rearing F(3,183) = 10.18, p < 0.0005 for Balb/c but not for C57bl/6N with F(3,183)
= 0.70, p > 0.05; walking F(3,183) = 2.86, p < 0.05 for Balb/c, but not for C57bl/6N with
F(3,183) =2.26, p > 0.05, sniffing wall F(3,183) =46.21, p <0.0005 (no effect or interaction
of ‘strain’), sniffing bedding F£(3,183) = 4.83, p < 0.005 for Balb/c, not significant for



C57bl/6N F(3,183) = 2.38, p > 0.05, food-related behaviour F(3,183) = 9.93, p < 0.0005 for
C57bl/6N and F(3,183) = 6.65, p < 0.0005; grooming F(3,183) = 25.62, p < 0.0005 for
C57bl/6N and F(3,183) = 50.23, p < 0.0005 for Balb/c and nesting F(3,183) = 27.89, p <
0.0005, F(3,183) =4.61, p < 0.005 for C57bl/6N and Balb/c respectively. Asterisks in Figure

20 represent those time periods that were different from during rat exposure).

1.3. Behaviour after rat exposure

When the rats were removed from the rat exposure cages, mice often became more alert again
and often moved to an opposite corner. In the first fifteen minutes after rat-exposure,
C57bl/6N mice showed increased levels of activity, sniffing air and sniffing bedding when
compared to baseline, but later all activity levels where no longer different from baseline
level (see Figure 19). Balb/c mice also showed higher activity levels in the 15 min after rat
exposure than during baseline. Here behavioural scores for sniffing in air, rearing, walking,
sniffing at the separation wall, sniffing bedding, and for the self-directed behaviours
grooming and food-related activity were still higher than during baseline. All of these, except
for sniffing at the separation wall returned to levels as found before rat exposure. Sniffing
bedding and nesting however showed levels even less than found before rat exposure.

Figure 20 underlines that the activity profile of mice during and briefly after rat exposure
showed great resemblance, in which only stretching and sniffing at the separation wall
occurred significantly more during rat exposure than shortly afterwards in C57bl/6N mice.
Balb/c were sniffing air more during than briefly after rat exposure, but participated less in
food-related behaviour, grooming or nesting. Behaviour during and shortly after rat exposure

greatly differed from the behavioural profile before and longer after rat exposure.

1.4. Differences in behaviour between C57bl/6N and Balb/c mice

For all behaviours in Figure 19 the ANOVA indicated significant effects of ‘strain’ (activity
F(1,61)=12.61, p <0.001; stretching F(1,61) = 13.95, p < 0.0005; rearing F(1,61) = 5.86, p
< 0.02; sniffing bedding F(1,61) = 11.02, p < 0.005; food-related behaviour F(1,61) = 6.51, p
< 0.02; nesting F(1,61) = 11.30, p < 0.01) and/or of the interaction ‘strain by time’ (activity
F(5,305) = 14.73, p < 0.0005; sniffing air £(5,305) = 2.53, p < 0.05; stretching F(5,305) =
7.71, p < 0.0005; rearing F(5,305) = 4.38, p < 0.001; walking F(5,305) = 2.25, p < 0.05;
sniffing separation wall F(5,305) = 7.46, p < 0.0005; sniffing bedding F(5,305) = 7.78, p <
0.0005; food-related behaviour F(5,305) = 5.50, p < 0.0005; grooming F(5,305) = 4.00, p <
0.005; nesting £(5,305) = 3.03, p <0.02).



Also in Figure 20 effects of ‘strain’ (stretching F(1,61) = 17.19, p < 0.0005, walking F(1,61)
= 8.49, p < 0.005, sniffing bedding F(1,61) = 10.51, p < 0.005; nesting F(1,61) = 35.55, p <
0.0005) and/or of the interaction ‘strain by time’ (sniffing air F(3,183) = 6.56, p < 0.0005;
grooming F(3,183) = 4.29, p < 0.01; stretching F(3,183) = 12.35, p < 0.0005; rearing
F(3,183) = 3.78, p < 0.02; sniffing food F(3,183) = 13.27, p < 0.0005; nesting F(3,183) =
8.71, p <0.0005) were found for all behaviours, except sniffing at the separation wall.

When comparing behaviour for the two strains in Figure 19 and in Figure 20, the most
striking difference prior to rat exposure was the level of food-related behaviour that was
lower in Balb/c than in C57bl/6N mice. Interestingly it was the same behaviour that was
higher for Balb/c mice in the 15 minutes after rat exposure. During rat exposure, slight
differences were found in the investigative behaviours stretching and walking, which were
seen more in C57bl/6N mice and in rearing and sniffing bedding, which were scored more
often with the Balb/c mice. Maximal levels of rearing, sniffing separation wall and sniffing
bedding occurred later in Balb/c mice, and this strain stayed active for longer as well.
Focussing on the self-directed behaviours it can be recognised that grooming was seen more
often in C57bl/6N mice, especially towards the end of the exposure. Briefly after rat exposure
it was the self-directed food-related behaviour that was seen preferentially in Balb/c mice
briefly after rat exposure. In general however both strains showed mostly self-directed
behaviours before and towards the end of the experiment, and mainly investigative

behaviours during rat exposure.

1.5. Differences in behaviour on day 1 and 2

The temporal course of behavioural changes over the phases of rat exposure as described
above was highly the same when the paradigm was repeated on a second day. Interestingly,
small changes in behavioural levels were found between the two days that were mostly
independent of strain or of time period. Figure 21 illustrates this for the time during rat
exposure. On day two the levels of most of the investigative behaviours (sniffing air, rearing,
walking, and sniffing wall (the latter in case of C57bl/6N only, effect of strain by day F(1,51)
= 5.66, p < 0.05) were less than on day 1. In contrast, levels of food-related behaviour,
grooming and nesting were higher. The corresponding effects of ‘day’ were as follows:
sniffing air F(1,51) = 3.45, p < 0.001; rearing F(1,51) = 13.38, p < 0.001; walking F(1,51) =
4.71, p <0.05; sniffing wall F(1,51) = 10.52, p <0.005; food-related behaviour F (1,51) =
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Figure 21. Behavioural profile of C57bl/6N mice (panel A, n=21) and Balb/c mice (panel B, n=32) on two
consecutive days (open bars: day 1; closed bars: day 2) during rat exposure. Data are represented as the
duration (+ S.E.M.) of a specific behaviour, expressed as the percentage of time during which the animal
was active. As an interaction of ‘time by day’ was only found for sniffing air and sniffing separation wall,
the results before and after rat exposure have been omitted from this figure. Black asterisks indicate that
post-hoc simple contrasts revealed that day 2 differed from day 1 (p < 0.0125), but that ANOVA had not
indicated an effect of ‘strain’. In case of sniffing separation wall a significant interaction of ‘strain by day’
was found and the coloured asterisk indicates that levels on day 1 and 2 differed for C57bl/6N mice,
whereas the ‘ns’ signifies the absence of such a difference for Balb/c mice. No effects of ‘day’ were found
for stretching and sniffing bedding.

5.29, p <0.05; grooming F(1,51) = 14.58, p < 0.0005; nesting F(1,51) = 16.06, p < 0.0005. In
addition, significant interactions of ‘time by day’ were found for sniffing air F(3,153) = 3.45,
p < 0.02, sniffing wall F(3,153) = 4.17, p < 0.02 and sniffing bedding F(3,153) =3.82, p <
0.02.

Although not many, some day-differences existed that were not the same for each time period.

In case of sniffing air, levels were lower on day 2 for each of the phases, but were not as



clearly lower in the phases after rat exposure. Balb/c mice were sniffing less at the separation
wall after rat exposure on day 2 than on day 1, whereas there was no difference during rat
exposure. For sniffing at the bedding, differences between the two days were variable for the
phases, and in the end did not result in an effect of day. Other than the mentioned interaction
of ‘strain by day’ in case of sniffing at the separation wall, no further significant interactions

of ‘strain by time’ or of ‘strain by time by day’ were found.

1.6. Behaviour of rats

When rats (data not shown) were introduced in the rat exposure cages, they first started with
turning around a lot in their small compartment, with frequent sniffing at the separation wall,
the floor and with rearing. This was typically followed by a period of intensive grooming,
and by the end of rat exposure, animals were calmly sitting while sniffing in the air.
Occasionally they had fallen asleep. ANOVA did not show an effect of ‘times used’ for the
time animals were active (F(2,12) = 0.31, p > 0.05) or for the time they spent with any of the
specific behaviours (grooming £(2,12) = 2.78, p > 0.05; sniffing air F(2,12) = 0.46, p > 0.05;
rearing F(2,12) = 1.21, p > 0.05; sniffing separation wall F(2,12) = 1.76, p > 0.05; sniffing
floor F(2,12) = 0.11, p > 0.05), indicating that this pattern was similar across the maximum of

three times the rats were used.

2. MICRODIALYSIS

2.1. In-vitro experiment

The in-vitro experiment was performed to determine whether the system set-up was
functional and whether the compounds of interest could be measured using microdialysis.
Table 8 shows the recovery rates of the various compounds using a 1-mm and 3-mm probe.

All compounds were measurable.

Table 8. Recovery data for various compounds with 1-mm and 3-mm probes.

Recovery 1 mm probes, % | Recovery 3 mm probes, %
5-HT 4.5 15.4
5-HIAA 4.7 16.0
NA 4.0 11.3
MHPG 6.1 17.5
DOPAC 5.0 15.3
HVA 5.6 14.8

The values showed that when a membrane was used with three times the surface of another

membrane, recovery was also three times as high, as predicted by theory. Based on the
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Figure 22 (previous page). Schematic representation of probe locations in the hippocampus (panel A,
coronal slice at -2.92 mm from bregma), prefrontal cortex (panel B, coronal slices at +2.34 mm and +1.94
mm from bregma), lateral septum (panel C, coronal slice at +0.74 mm from bregma) and caudate
putamen (panel D, coronal slice at +1.10 mm from bregma) of C57bl/6N mice, as well as the anterior
hypothalamus (panel E, coronal slice at -0.94 mm from bregma) and paraventricular nucleus (panel F,
coronal slice at -0.94 mm from bregma) of Balb/c mice. Dotted lines indicate position of the semi-
permeable membrane, continuous lines the guide cannula. Drawings reproduced from [243]. 7 layer 1
(tenia tecta); 2 layer 2 (tenia tecta); aca anterior commisure, anterior part; 3V third ventricle; 4chC
accumbens nucleus, core; AchbSh accumbens nucleus, shell; AhipM amygdalohippocampal area; AHP
anterior hypothalamic area, posterior part; CAI field CA (cornu amonis) 1 of the hippocampus; CA?2 field
CA2 of the hippocampus; CA3 field CA3 of the hippocampus; CglI cingulate cortex, area 1; Cir circular
nucleus; CPu caudate putamen (striatum); DG dentate gyrus; DTT dorsal tenia tecta; fini forceps minor
of the corpus callosum; Ld lambdoid septal zone; Lmol lacunosum molecular layer of the hippocampus;
LSD lateral septal nucleus, dorsal part; LSI lateral septal nucleus, intermediate part; LSV lateral septal
nucleus, ventral part; LV lateral ventricle; M2 secondary motor cortex; MO medial orbital cortex; Mol
molecular layer of the dentate gyrus; MS medial septal nucleus; Or oriens layer of the hippocampus; Pa
paraventricular nucleus, -DC dorsal cap, -LM lateral magnocellular part, -MM medial magnocellular part,
-MP medial parvicellular part; Pe periventricular hypothalamic nucleus; PrL prelimbic cortex; Py
pyrimidal cell layer of the hippocampus; Re reunions thalamic nucleus; SHI septohippocampal nucleus;
Spa subparaventricular zone of the hypothalamus; VDB nucleus of the vertical limb of the diagonal band;
VP ventral pallidum; Xi xiphoid thalamic nucleus; ZI zona incerta.

2.2. Histological verification of probe location

Figure 23 shows a schematic representation of the probe locations in the various brain regions.
In case of the hippocampus, where brains were cut horizontally, the location in the frontal
projection plane was approximated. All results that are shown in the microdialysis

experiments are based on measurements obtained with these probes.




Figure 23 (previous page). Pictures of probe locations in coronally cut slides of hippocampus (panel A,
C57bl/6N mouse) and paraventricular nucleus (panel B, Balb/c mouse). Arrow in A points towards hole
made by probe. In B both a more lateral (middle) and more medial (right) PVN-implantation locus are
shown. The slices were Nissl-stained.

To give a more detailed view of this, photos made from a horizontal hippocampal section and
a frontal section showing the probe location around the paraventricular nucleus have been

included in Figure 23.

2.3. Serotonergic neurotransmission in C57bl/6N mice
2.3.1. Effect of rat exposure on 5-HT on day 1
Figure 24 shows the time course of levels of 5-HT, 5-HIAA and behavioural activity, in

animals that were dialysed in one of four different brain structures.
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Figure 24. Extracellular levels of 5-HT (red squares, left y-axis), 5S-HIAA (blue triangles, right y-axis)
in % of baseline (+ S.E.M.), and time behaviourally active (black bars, right y-axis) in % of sample time
(+ S.E.M.), over the course of the experiment in hippocampus (n=9, panel A), prefrontal cortex (n=8,
panel B), lateral septum (n=7, panel C) and caudate putamen (n=7, panel D) of C57bl/6N mice. Shaded
area indicates the period of exposure to a rat. When the ANOVA indicated a significant effect of ‘time’,
post-hoc simple contrasts were performed comparing all time levels to baseline and comparing the two
levels during rat exposure. Results from the post-hoc tests are denoted by * in red or blue, which indicates
significant difference from the baseline levels of the compound in the same colour (Bonferroni corrected
for multiple comparisons, p < 0.0083). 5-HT baseline values were 0.40 = 0.09 fmol/min in the
hippocampus, 0.25 = 0.08 fmol/min in the prefrontal cortex, 0.25 = 0.06 fmol/min in the lateral septum
and 0.66 = 0.09 fmol/min in the caudate putamen. S-HIAA baseline values were respectively 151.2 + 13.3,
90.3 +£4.9,115.2 + 8.7 and 212.5 + 9.3 fmol/min.



The behavioural activity pattern did not depend on the location of implantation. The overall
ANOVA did not indicate an effect of ‘region’ (F(3,27) = 0.69, p > 0.05) or of ‘region by
time’ (F(15,135) = 0.81, p > 0.05) for activity. As was the case in Figure 19, activity levels
did vary with ‘time’ (¥(5,135) = 30.07, p < 0.0005), with higher levels during rat exposure
(results of corresponding post-hoc simple contrasts are not depicted in Figure 24).

Different was the situation for 5-HT, in which case the overall ANOVA not only indicated a
significant effect of ‘time’ (F(5,135) = 18.40, p < 0.0005), but also of ‘region’ (F(3,27) =
3.57, p < 0.05). After further analysis, ‘time within region’ effects were present in the
hippocampus (F(5,135)= 9.53, p < 0.0005), the prefrontal cortex (F(5,135) = 7.69, p <
0.0005) and lateral septum (F(5,135) = 5.42, p < 0.0005), but not in the caudate putamen
(F(5,135) =1.11, p > 0.05), meaning that the variations in 5-HT levels over the course of the
experiment were not significant in the caudate putamen, as the only one out of four brain
regions tested.

In the period before rat exposure, hippocampal levels varied between 94.0 + 2.5% and 221.6
+ 37.1% of baseline, with an average of 155.7 + 14.2%. This variation in pre-exposure levels
was less in cortical 5-HT (ranging from 100.0 £ 7.3% to 184.8 = 17.9% with an average of
131.2 + 7.3%), septal 5-HT (ranging from 107.0 £ 10.0% to 191.0 + 33.4%, with an average
of 132.4 + 8.1%), and a similar variation was hardly noticeable in the caudate putamen (93.6
+3.3% to 124.9 + 14.3%, with an average of 107.2 + 3.0%)).

During rat exposure, extracellular levels of 5-HT increased rapidly, and again reached highest
levels in the hippocampus, with a maximum of 306.2 + 28.4%. In the prefrontal cortex, a
maximum was reached of 242.3 + 20.0% and in the lateral septum of 222.2 + 24.5%. Post-
hoc contrasts revealed that extracellular levels of 5-HT in the hippocampus, the prefrontal
cortex and the lateral septum were significantly higher during the first half of rat exposure
than under basal conditions (see Figure 24). In the caudate putamen, levels did not exceed
137.8 + 14.4% during rat exposure, which was not significantly higher than pre-exposure
level. According to post-hoc Scheffé test, hippocampal levels during this period were
significantly higher than those in lateral septum and in caudate putamen, whereas also
cortical levels were higher than in the caudate putamen. In the second half of rat exposure,
extracellular levels decreased, and were no longer different from pre-exposure levels, the
same of which holds true for the levels after rat exposure.

Interesting is that the pattern of increases and decreases in 5-HT in three out of the four

regions resembled the pattern of increases and decreases in activity.



2.3.2. Effect of rat exposure on 5-HIAA on day 1

The overall ANOVA for ‘time’ and ‘region’ effects of 5-HIAA indicated a significant effect
of ‘time’ (F(5,135) = 12.01, p < 0.0005). Similar to the results obtained with 5-HT,
significant time effects were present in the hippocampus (F(5,135) = 6.14, p < 0.0005),
prefrontal cortex (£(5,135) = 5.54, p < 0.0005) and lateral septum (#(5,135) = 3.93, p <
0.005), but not in the caudate putamen (F(5,135) = 1.93, p > 0.05). Variations in levels of 5-
HIAA were more modest than the variations in 5-HT. Pre-exposure levels had an average of
106.0 £+ 1.8% in the hippocampus, 104.0 + 0.7% in the prefrontal cortex, 105.1 = 2.0% in the
lateral septum and 100.1 £ 0.9% in the caudate putamen. In the first three regions,
extracellular levels of 5-HIAA increased significantly during rat exposure, but the increase
was slighter than with 5-HT. Also the maximum levels were reached at a later time point than
in case of 5-HT. Levels in hippocampal 5-HIAA peaked one sample later than in case of 5-
HT and were 135.3 £+ 3.7%. In the cortical region, only during the second half of rat exposure
significantly higher 5-HIAA concentrations were found than during the pre-exposure period
(peak level: 128.6 = 5.4%). The septal maximum concentration of 5-HIAA was 1324 +

11.0%. In the putamen, 5-HIAA showed a non-significant increase to maximal 112.5 + 2.7%.

2.3.3. Effect of rat exposure on 5-HT and 5-HIAA on day 2

The curves for 5-HT and 5-HIAA on a second day of predator exposure greatly resembled
those shown in Figure 24. The curves of day 2 (shown in Figure 25 for the hippocampus) for
5-HT practically overlapped the ones of day 1, but the curves of 5-HIAA lay lower on the

second day in the hippocampus and caudate putamen. To compare the effects of rat exposure
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Figure 25. Extracellular levels (average + S.E.M.) of 5-HT (panel A) and 5-HIAA (panel B) in the
hippocampus of C57bl/6N mice (n=4) on day 1 (red squares) and day 2 (blue triangles). Figure serves
illustrative purposes. Statistical analysis to compare day 1 to day 2 followed over analysis of the AUC, see

Table 9.



on day 1 and 2, the AUC of these curves were calculated both for the complete time curve,
and for the part during rat exposure and the 15 minutes following it. These 15 minutes were
added to the AUC, to account for effects on neurotransmission that might become visible
with a temporal delay. The AUC are listed in Table 9. For all AUC effects of ‘region’ were
found, which was not different from examining the curves themselves, as was done in Figure
24 for day 1. An effect of ‘day’ however was only found when considering the AUC of 5-
HIAA during rat exposure. This indicated that on a second day of rat exposure, hippocampal

5-HIAA increased later or slower than on the first day.

Table 9. AUC (in arbitrary units, average = S.E.M.) for 5-HT and 5-HIAA in C57bl/6N mice, on two
consecutive days of rat exposure. Also the significant p-values are listed for the effects of ‘day’ in the
ANOVAs within region, when this was allowed based on an effect of ‘region’ in the overall ANOVA. In
case the simple contrasts that were done afterwards also yielded a significant difference between day 1
and 2, the p-value is in italic. When the ANOVA did not indicate a significant effect of ‘day’ n.s. for non
significant is listed. AUC for the hippocampus were based on n=4 because not all C57bl/6N mice with
probes in the hippocampus had been subjected to the exposure twice, for the PFC on n=5 for a similar
reason, for LS on n=7 and for the caudate putamen on n=5. Baseline levels were comparable to those
measured on day 1.

Brain region 5-HT: 8.30 — 14.00 hr 5-HT: 10.30 -11.15 hr

Day 1 Day 2 Day 1 Day 2
Hippocampus 5286 + 655 5327 + 462 n.s. 1347 + 297 1342 + 151 n.s.
Prefrontal cortex 4076 + 485 4202 + 436 n.s. 839 + 171 974 + 235 n.s.
Lateral septum 3877 + 367 4033 + 231 n.s. 776 £ 142 837 £ 91 n.s.
Caudate putamen 2930 * 131 2639 £ 150 n.s. 284 + 46 177 £ 55 n.s.
Brain region 5-HIAA: 8.30 — 14.00 hr 5-HIAA: 10.30 - 11.15 hr

Day 1 Day 2 Day 1 Day 2
Hippocampus 3308 £ 46 3114 £ 34 n.s. 398 + 46 277 £ 35 0.017
Prefrontal cortex 3014 + 92 2984 + 63 n.s. 304 + 43 260 + 38 n.s.
Lateral septum 3068 + 121 3039 £ 114 n.s. 302 + 49 285 + 41 n.s.
Caudate putamen 2814 + 29 2728 £ 63 n.s. 211 £ 16 147 + 23 n.s.

2.4. Noradrenergic and dopaminergic neurotransmission in C57bl/6N mice
2.4.1. Effect of rat exposure on day 1

Whereas 5-HT and 5-HIAA could be measured simultaneously in the dialysate, a new set of
experiments was performed to be able to measure NA with its metabolite MHPG, and the
metabolites of dopamine, DOPAC and HVA. These compounds were only measured in the
hippocampus.

Effects of time were present for NA, MHPG and HVA, but not for DOPAC, see Figure 26
(NA: F(5,30) = 7.63, p < 0.0005; MHPG: F(5,30) = 4.85, p <0.005; HVA: F(5,35)=5.75,p
<0.001 DOPAC F(5,35)=0.97, p > 0.05).



Noradrenaline showed a steep increase at the beginning of rat exposure, peaking in the first
sample during rat exposure with a level of 238 + 11%. Levels were also still higher during the
second half of rat exposure but then returned to baseline level. Its metabolite MHPG did not
show such a steep increase, and during no time period the level was higher than under pre-
exposure conditions. During the second half of rat exposure however, levels were slightly
higher than during the first half.

Dopamine itself could not be measured (under detection limit), but its metabolites DOPAC
and HVA could be detected in the dialysate. Rat exposure did not significantly influence the
average levels of DOPAC, but HVA was increased during and briefly after rat exposure.

Not shown in Figure 26 are the results of the analysis of behavioural activity — for this effects
of time were found and post-hoc contrasts indicated that the levels during rat exposure were

higher than before or afterwards.
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Figure 26. Extracellular levels of noradrenaline (left panel, left y-axis, red squares, n=7), MHPG (left
panel, right y-axis, blue triangles, n=7), DOPAC (right panel, red squares, n=8) and HVA (right panel,
blue triangles, n=8) in the hippocampus of C57bl/6N mice. Baseline values were 0.48 £ 0.06 fmol/min for
NA, 26.3 £ 1.8 for MHPG, 8.6 + 0.8 for DOPAC and 20.8 + 1.4 fmol/min for HVA. # indicates a significant
difference between the first and second half of rat exposure (post-hoc simple contrasts, p < 0.0083). Other
details as in Figure 24.

2.4.2. Effect of rat exposure on day 2

Table 10 shows that the AUC of the curves on repetition of the paradigm did not differ from
the first exposure. The curves of day 2 (shown in Figure 27 for NA) practically overlapped
those from day 1. Figure 27 also illustrates that the remarkable peak seen on day 1 with

noradrenaline was also present on day 2, with a level of 212 & 29%.

Table 10 (next page). AUC (in arbitrary units, average + S.E.M.) for hippocampal NA; MHPG, DOPAC
and HVA on two consecutive days. None of the paired Student’s 7-tests comparing the values for day 1
with those of day 2 were significant. AUC were based on n=6 for NA, n=7 for MHPG, and on n=8 for
DOPAC and HVA. Baseline values were similar to those encountered on day 1.



Compound 8.30 — 14.00 hr 10.30 - 11.15 hr

Day 1 Day 2 Day 1 Day 2
Noradrenaline 3643 £ 213 3933 £ 244 n.s. 668 + 112 810 £ 117 n.s.
MHPG 2921 £ 83 2869 £ 116 n.s. 246 + 47 221 £ 61 n.s.
DOPAC 2781+ 78 2782 + 61 n.s. 234 + 27 192 + 36 n.s.
HVA 2914 + 41 2849 £ 35 n.s. 249 + 15 204 £ 23 n.s.
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Figure 27. Extracellular levels (average + S.E.M.) of NA in the hippocampus of C57bl/6N mice (n=6) on
day 1 (red squares) and day 2 (blue triangles). Figure serves illustrative purposes. Statistical analysis to
compare day 1 to day 2 followed over analysis of the AUC, see Table 10.

2.5. Serotonergic neurotransmission in Balb/c mice

2.5.1. Effect of rat exposure on day 1

In Balb/c mice three brain structures were dialysed: the hippocampus, the anterior
hypothalamus and the paraventricular nucleus. In the dialysate, levels of 5-HT, 5-HIAA,
MHPG, DOPAC and HVA were measured. In the hippocampus, different animals needed to
be used to measure 5-HT and 5-HIAA on the one side and the other compounds on the other
side. In the AHP and PVN all could be measured in the same animals. Due to analytical
difficulties however, it was not possible to measure 5-HT in all animals that were dialysed in
the AHP or PVN. Therefore the n-number is lower for 5-HT in these cases than for MHPG,
DOPAC and HVA. The results for 5-HIAA were chosen to match the individuals with
successful analysis of 5-HT, and therefore also have a lower n-number. Levels of NA could
not be measured in the AHP and PVN due to chromatographic problems. Also, from the
placement of the microdialysis probes in Figure 22F and Figure 23B, it follows that some
probes were located more in the medial, and others more in the lateral PVN. As no

differences were found in the neurochemical results, these data have been pooled.



Figure 28 depicts the levels of 5-HT and 5-HIAA in the three structures, as well the

behavioural activity. ANOVA did not
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Figure 28. Extracellular levels of 5-HT, S-HIAA and behavioural activity in the hippocampus (panel A,
n=5), anterior hypothalamus (panel B, n=6) and paraventricular nucleus (panel C, n=6) of Balb/c mice.
Please note the difference in scaling of the left y-axis. Baseline values for S-HT were 0.58 + 0.10 in the
hippocampus; 0.23 + 0.05 in the AHP and 0.16 + 0.03 fmol/min in the PVN. For 5-HIAA these were 156.5
+13.3; 147.0 £ 26.9 and 108.0 + 10.9 fmol/min. Other details are as described in the caption to Figure 24.

with a maximum level of 298.8 + 35.2%, followed by the PVN with a maximum level of
171.3 = 7.1%. In the first 15 minutes after rat exposure, levels stayed elevated in the
hippocampus and PVN, before returning to levels that were no longer different from baseline.
In the PVN it seemed as if the elevation in 5-HT fell off during the presence of the rat, to
increase again after removal of the predator. In the AHP 5-HT was only higher during rat

exposure. Post-hoc Scheffé tests (not represented in the figure) indicated that levels in the



hippocampus were different from AHP and PVN before rat exposure, during rat exposure and
the 15 minutes after. Hippocampal levels were also higher than those in PVN in the last time
period. Scheffé tests however did not indicate differences between the levels in AHP and
PVN for any of the six time levels. An effect of ‘time’ was found for 5-HIAA in the
hippocampus (£(5,70) = 13.58, p < 0.0005) and the PVN (#(5,70) = 4.69, p < 0.001), but just
did not reach significance in the AHP (F(5,70) = 2.32, p > 0.05). In both former brain regions,
levels of 5-HIAA were mildly increased during the second half of rat exposure, as well as in
the 15 minutes following it. Again, the amplitude of the effect was largest in the
hippocampus with a maximum of 150.8 + 4.2% compared to 122.0 + 9.2% in the AHP and
125.5 = 5.9% in PVN. Here, post-hoc Scheffé tests showed that levels of hippocampal 5-
HIAA were different from those in AHP during the second half of rat exposure, and from

those in PVN in the second post exposure period.

2.5.2. Effect of rat exposure on day 2

Whereas most curves looked the same on day 2 as on day 1, the levels of 5-HT in the
hippocampus were higher during rat exposure on a second day of rat exposure, resulting in a
significant effect of ‘day’ in the ANOVA (see Table 11 and Figure 29). Yet, a direct
comparison of these AUC with paired #-tests, without taking data of the AHP and PVN into
account did not yield significance. These higher levels were not seen in all animals, but in
two out of the five that made up the average. In the AHP and PVN, curves did not look

differently on day 2, as can be seen in Figure 29 as well.

Table 11. AUC (in arbitrary units, average + S.E.M.) for 5-HT and 5-HIAA in Balb/c mice on two
consecutive days of rat exposure. The overall ANOVA indicated a significant effect of ‘region’, so
ANOVA was repeated for each region separately. When the ANOVA within each region indicated a
significant effect of ‘day’, the p-values for this effect are listed. When the ANOVA did not indicate a
significant effect of ‘day’ n.s. for non significant is listed. The post-hoc test for S-HT in the hippocampus
was not significant. AUC for the hippocampus were based on n=5, in the AHP on n=9 and in the PVN on
n=10. Baseline levels were comparable to those measured on day 1.

Brain region 5-HT: 8.30 — 14.00 hr 5-HT: 10.30 - 11.15 hr

Day 1 Day 2 Day 1 Day 2
Hippocampus 5343 + 430 6896 + 538 0.024 1487 + 186 2268 + 248 0.038
AHP 3501 + 152 3390+ 125 n.s. 547 + 47 540 + 72 n.s.
PVN 3529 + 131 4218 + 586 n.s. 674 + 45 1131 £ 462 n.s.
Brain region 5-HIAA: 8.30 — 14.00 hr 5-HIAA: 10.30 — 11.15 hr

Day 1 Day 2 Day 1 Day 2
Hippocampus 3316 £ 82 3371+ 114 n.s. 418 £ 45 440 = 50 n.s.
AHP 2947 + 86 2813 + 31 n.s. 239+ 50 205+ 23 n.s.

PVN 2955 + 61 2968 + 83 n.s. 269 + 25 280 + 35 n.s.
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Figure 29. Extracellular levels (average + S.E.M.) of 5-HT in the hippocampus (panel A, n=5) and the
anterior hypothalamus (panel B, n=9) of Balb/c mice on day 1 (red squares) and day 2 (blue triangles).
Figure serves illustrative purposes. Statistical analysis to compare day 1 to day 2 followed over analysis of
the AUC, see Table 11.

2.6. Noradrenergic and dopaminergic neurotransmission in Balb/c mice

2.6.1. Effect of rat exposure on day 1

The changes in the level of the metabolite of noradrenaline were similar among the dialysed
regions, as depicted in Figure 30, and no effect of ‘region’ or of ‘region by time’ was
indicated by the ANOVA (£(2,21) = 0.01, p > 0.05; F(10, 105) = 1.49, p > 0.05). Yet, an
effect of ‘time’ was present (F(5,105) = 33.35, p < 0.0005). Levels of MHPG were higher
during and in the two periods after rat exposure than prior to rat exposure. The levels in the
second half of rat exposure were significantly higher than in the first. Although it was not
allowed based on the results of the ANOVA to investigate this temporal effect for the regions
separately, it is clear from Figure 30 that in the hippocampus MHPG was only clearly
elevated above baseline level in the second half of rat exposure, where it reached a level of
128.8 + 10.8%. It is also visible that the highest levels in the AHP and PVN are found in this
period and the successive one, with respective maxima of 129.6 + 6.0% and 129.0 + 3.3.
Unlike with 5-HT and 5-HIAA these amplitudes were of comparable size in the hippocampus
and the two other structures.

Figure 31 shows the results for the metabolites of dopamine. For DOPAC and HVA as well,
no effect of ‘region’ (£(2,21) = 0.73, p > 0.05; F(2,21) = 2.33, p > 0.05) or of the interaction
‘region by time’ (£(10,105) = 1.06, p > 0.05; F(10,105) = 1.63, p > 0.05) were found.
ANOVA did not indicate an effect of time either for DOPAC (F(5,105) = 1.00, p > 0.05), but
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Figure 30 (left). Extracellular levels of MHPG in the hippocampus (n=5), AHP (n=9) and PVN (n=10) of
Balb/c mice. Baseline values were 14.9 +2.2; 13.9 + 2.3 and 13.7 £ 1.0 fmol/min respectively. Other details
as in Figure 24 and Figure 28.

Figure 31 (right). Extracellular levels of DOPAC and HVA in the hippocampus (n=5), AHP (n=9) and
PVN (n=10) of Balb/c mice. Baseline values for DOPAC were 11.3 £+ 1.7; 26.0 £ 4.6 and 27.5 + 3.7
fmol/min for the hippocampus, AHP and PVN respectively. For HVA these were 25.8 + 1.1; 59.1 + 8.8 and
56.8 £ 5.7 fmol/min. Details as in Figure 24 and Figure 28.

did so for HVA (F(5,105) = 13.58, p < 0.0005. HVA was slightly elevated during and shortly
after rat exposure, especially in the latter half of the exposure. The maximal levels were
comparable among the three regions. They were 110.2 = 2.8% in the hippocampus, 115.9 +
6.3% in the AHP and a bit higher in the PVN with 121.7 + 3.7%. Although not significantly,
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there seemed to be a tendency for a decrease in DOPAC at the beginning of rat exposure in
the AHP, when a level was measured of 87.9 + 8.8% and to a lesser extent in the PVN (96.4
+ 10.9%), but not in the hippocampus. After the paradigm, levels were not differing from

those under baseline conditions.

2.6.2. Effect of rat exposure on day 2

Curves for MHPG on the second day of rat exposure showed a tendency to increase less in
the PVN, and to not increase until just after rat exposure in the AHP, resulting in an effect of
‘day’ for MHPG (no effect of ‘region’ F(2,21) = 1.04, p > 0.05). An effect of ‘region by day’
was found for HVA (F(2,21) = 3.65, p < 0.05 for the AUC of the full curve and F(2,21) =
4.48, p <0.05 for the part during rat exposure). In the hippocampus, the AUC was less on day
2 for HVA according to the ANOVA, but a post-hoc direct comparison with paired -tests
was not significant (see also Figure 32). For DOPAC no differences between the two days

were found. On day 2 a seeming decrease in DOPAC in the AHP was present as well.

Table 12. AUC (in arbitrary units, average = S.E.M.) for MHPG, DOPAC, HVA in Balb/c mice, on two
consecutive days of rat exposure. Significant p-values are listed at the top of the column for the effects of
‘day’ for MHPG and ‘day by region’ for HVA in the ANOVA that compared all data combined. In case
of HVA, ANOVAs within regions were allowed, and effects of ‘day’ per region are listed as well. The post-
hoc test for HVA in the hippocampus was not significant. When the ANOVA did not indicate a significant
effect of ‘day’ n.s. for non significant is listed. AUC for the hippocampus were based on n=5, in the AHP
on n=9 and in the PVN on n=10. Baseline levels were comparable to those measured on day 1.

Brain region MHPG: 8.30 — 14.00 hr MHPG: 10.30 - 11.15 hr

Day 1 Day 2 0.034 Day1 Day 2 0.007
Hippocampus 3035 + 104 3041 £ 125 287 + 51 260 £ 50
AHP 3000 + 56 2830 £ 30 294 + 26 218 +10
PVN 2974 + 44 2904 + 52 315+ 22 267 £ 26
Brain region DOPAC: 8.30 — 14.00 hr DOPAC: 10.30 — 11.15 hr

Day 1 Day 2 n.s. Day 1 Day 2 n.s.
Hippocampus 2733 + 84 2872+ 71 205+ 33 253 + 38
AHP 2682 + 80 2806 + 52 206 £ 31 178 £ 25
PVN 2863 £ 89 2875+ 82 250 + 35 232 +42
Brain region HVA: 8.30 — 14.00 hr HVA: 10.30 - 11.15 hr

Day 1 Day 2 0.044 Day1 Day 2 0.024
Hippocampus 2733 + 37 2913+ 70 0.027 180+13 262 £ 40 0.012
AHP 2866 + 60 2834 + 48 n.s. 226 £ 29 215+ 18 n.s.

PVN 2920 £ 60 2858 £ 62 n.s. 272 + 28 248 + 24 n.s.
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Figure 32. Extracellular levels (average + S.E.M.) of MHPG (panel A) and HVA (panel B) in the
hippocampus of C57bl/6N mice (n=5) on day 1 (red squares) and day 2 (blue triangles). Figure serves
illustrative purposes. Statistical analysis to compare day 1 to day 2 followed over analysis of the AUC, see

Table 12.

2.7. Comparison of neurotransmission in C57bl/6N and Balb/c mice

Because the microdialysis experiments were not primarily designed to compare the
differential neurochemical effects of predator exposure on C57bl/6N and Balb/c mice, and
the experiments with the Balb/c mice were performed after those with C57bl/6N mice, the
neurochemical results for the two strains can not be compared statistically. Still, Figure 33
brings the results for the strains, that except for NA in Balb/c mice have been shown in
previous figures, together to illustrate that only few differences in the neurochemical
parameters existed between the two strains. This contrasts the differences that were seen
when comparing the effect of rat exposure on behavioural parameters.

A strain difference only appears to be present in the extracellular levels of HVA that were
higher in C57bl/6N mice. Differences were also seen in the absolute baseline values (see
caption to Figure 33), with extracellular levels of NA being higher in Balb/c but levels of
MHPG being lower.

Figure 33 also underlines the rapid increase in 5-HT and NA in both strains at the beginning
of rat exposure, the latter having a clear peak in the first sample collected in presence of the
rat. The metabolites of these neurotransmitters also increased, but slower and to a lesser
extent. Where the levels of 5-HT and 5-HIAA in Balb/c stayed elevated for longer than in

C57bl/6N mice, the same was true for the behavioural activity during that time.



Also the metabolites of dopamine increased somewhat during rat exposure in both strains, but

very mildly.
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Figure 33. Comparison of C57bl/6N (red curves, squares) and Balb/c (blue curves, triangles). Results for
six compounds (coloured lines) and for behavioural activity (black lines) are depicted (average values +
S.E.M.). Baseline values for C57bl/6N and Balb/c were 0.40 = 0.09 (n=9) and 0.58 + 0.10 (n=5) fmol/min
for 5-HT; 151.2 + 13.3 (n=9) and 156.5 £+ 13.1 (n=5) fmol/min for 5-HIAA; 0.48 + 0.06 (n=7) and 0.93 +
0.15 (n=5) fmol/min for NA; 26.3 £ 1.8 (n=7) and 14.9 + 2.2 (n=5) fmol/min for MHPG; 8.6 + 0.8 (n=8) and
11.3 £ 1.7 (n=5) fmol/min for DOPAC; 20.8 + 1.4 (n=8) and 25.8 £ 1.1 (n=5) fmol/min for HVA. Other
details as described in the caption to Figure 24 and Figure 26.



3. NEUROENDOCRINE DATA

3.1. Free corticosterone
The dialysate of 14 C57bl/6N mice
was used to determine the time curve
of free corticosterone over the course
of the experiment on the two days. The
results are depicted in panel A of
Figure 34.

Significant effects were found for
‘time’ (F(6,78) = 3.80, p < 0.005) and
‘day’ (F(1,13) = 5.03, p < 0.05), but
not for the interaction ‘time by day’
(F(6,78) = 1.75, p > 0.05). Post-hoc
tests showed that the corticosterone
levels towards the end of the
experimental day were higher than the
levels during baseline. Also a modest
increase could be seen in the levels of
free corticosterone during and briefly
after rat exposure on day 1. Overall,
levels of corticosterone were lower on
day 2 than on day 1, but post-hoc
contrasts did not indicate a certain
time period in which this difference
was significant.

the of 14

In animals

group
interindividual differences were found,
with some animals responding to rat

exposure with larger increases in free

Figure 34. Average (+ S.E.M.) free corticosterone — time curves for all C57bl/6N mice of which the
dialysate was analysed (panel A, n=14) on day 1 (red squares) and day 2 (blue triangles) of rat exposure,
as well as for 3 animals (panel B) of which the levels of free corticosterone clearly deviated from the other
11 animals (panel C). Please note differences in Y-axis scaling. Shaded area signifies the time frame
during which the rat was present. Only the figure in panel A was analysed statistically. Asterisks indicate
a significant deviation from baseline level (post-hoc simple contrasts, Bonferroni corrected for multiple

comparisons, p < 0.0083).
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Figure 35. Plasma levels of ACTH (top panel) and corticosterone (bottom panel) in C57bl/6N (red
squares) and Balb/c (blue triangles) under control (open symbols, n=6) and rat exposure (closed symbols,
n=12) conditions. See text for significant effects.

corticosterone than others. The levels of free corticosterone in these two groups are illustrated
in panels B and C of Figure 34. However, due to the low number of animals in the group with
higher corticosterone levels, no statistics were done on this result. Nevertheless it can be
recognised that in these animals the effect of rat exposure had less impact on free
corticosterone levels when the paradigm was repeated on a second day.

A different situation was found when not the levels of free corticosterone, but the plasma
levels of total corticosterone and of ACTH were measured in C57bl/6N and Balb/c mice (see
Figure 35). Although interindividual differences could be noticed, on average, the levels of
both corticosterone and ACTH were clearly higher after rat exposure than under control
conditions. ANOVA showed a significant effect of ‘exposure’ on both ACTH (F(1,32) =
20.00, p < 0.0005) and corticosterone (F(1,32) = 8.14, p < 0.01). No effect of ‘strain’ or of

the interaction ‘exposure by strain’ existed.



3.2. More strain differences — plasma values
After the finding that exposure leads to only mild increases in free corticosterone in
C57bl/6N mice, whereas previous experiments with B6C3F1 mice had indicated larger

effects, different strains of mice, known to

2007 PG differ in emotionality, were subjected to
g 150- predator exposure or a control experiment
E& and plasma ACTH and plasma corticosterone
% 1907 were measured. The results are presented in
g 50 Figure 36. Control levels of ACTH and

ﬁi ﬂ' ﬂ ﬂ CORT were roughly the same for all strains,

"CotnioN cabies  DBAZ  Baibic  Bec3F but not all strains showed an elevation in
%150_ ! these hormones when they were subjected to
?125_ rat exposure. C57bl/6J and DBA/2 mice did
% . not respond with an increase in plasma
"g : Ny concentrations for example. In the overall
% ’5. i ANOVA an effect of ‘exposure’ was present
& ) ﬁi ﬁi ﬁ W (F(1,50) = 15.43, p < 0.0005 for ACTH and

C57bl/6N  C57bl/6J DBA/2 Balb/c B6C3F1

F(1,50) = 7.05, p < 0.010 for CORT). An

Figure 36. Average (+ S.E.M.) plasma levels of ACTH (top panel) and corticosterone (bottom panel) for 5
strains of mice under control conditions (open bars, n=6) or after half an hour of rat exposure (closed
bars, n=12 for C57bl/6N and Balb/c mice, n=6 for C57bl/6J, DBA/2 and B6C3F1 mice). Asterisks indicate
a significant difference between control and exposed conditions (post-hoc simple contrasts, Bonferroni
corrected for multiple comparisons, p < 0.010).

effect of ‘strain’ was found for CORT with F(4,50) = 3.22, p < 0.05. In the case of

ACTH this was F(4,50) = 2.36, p > 0.05. From Figure 36, however, is clear that both for
ACTH and CORT, Balb/c were the most responsive mice. Also C57bl/6N and B6C3F1 mice
seemed to show increased hormonal levels after rat exposure.

To investigate whether differences in hormone responses were reflected in behaviour, the

behaviour during exposure was examined in the five strains. Results are shown in Table 13.

Table 13 (next page). AUC (= S.E.M.) for all different behavioural parameters that were scored during
rat exposure for five strains of mice (n=6 per strain). Behaviour was scored using the instantaneous Excel
method and plotted in figures like in Figure 19. AUC were calculated and normalised so that an AUC
value could be maximally 100, in case that behaviour had been exhibited throughout rat exposure. For
freezing not the AUC was determined, but the total number of behavioural scores that indicated
‘freezing’. Descriptions of behaviours can be found in Table 4 and Table 7. N.s. or * in the second column
means that the ANOVA indicated a non-significant or significant effect of ‘strain’, in the latter case the
results of homogeneous subsets according to Scheffé post-hoc tests are indicated in superscript behind the
values of each strain.



C57bl/6N C57bl/6J DBA/2 Balb/c B6C3F1

GENERAL

active ns. 90.0+5.0 86.6+23 81.8x9.2 97.5+1.0 92826
time close to wall ns. 532+106 25.1+64 51.6+17.2 556+34 285+6.2
INVESTIGATIVE

freezing *0.0+00" 07+07" 00+00" 00+00" 37%19
sniffing air * 301+31" 315+23° 149+23" 27.3+48"% 320234
stretching ns. 03202 11407 0.2+0.1 0.1+0.1 0.4+0.3
rearing * 23+10" 132057 03+01" 42+04° 31£09"
walking ns. 1.9+07 1.6 +0.4 0.6+0.2 24+0.7 1.4+ 0.4
sniffing wall *  232+59° 84+14" 55+17  240+7.9° 9.3+34"?

sniffing bedding ns. 156+18 213+27 16829 124+36 13.7+29
defensive burying n.s. 0.0+£0.0 0.0+0.0 58+4.1 0.2+01 30+£1.5
OTHER

grooming *  72+19"  107+32"% 286+82° 6.1+09" 7.2+20
food-related *  79+23"% 76+32" 06+01" 206+4.0° 19.8+5.7°
nesting, digging ns. 1.6%0.7 2.8+0.9 8.7+5.3 0.2+0.1 1.7+1.0

Strain differences were found for the following behaviours: freezing F(4,25) = 3.00, p < 0.05;
sniffing air F(4,29) = 4.57, p < 0.01; rearing F(4,29) = 5.25, p < 0.005; sniffing separation
wall F(4,29) = 6.30, p < 0.001; grooming F(4,29) = 5.22, p < 0.005 and food-related
behaviour £(4,29) = 5.95, p < 0.005. For rearing, the distribution of the values matched those
of hormone increases: strains with higher hormone levels also tended to show more rearing.
They also seemed to show more sniffing at the separation wall and less grooming. Balb/c and
B6C3F1 mice, both with higher corticosterone values during rat exposure than the other
strains, also exhibited more food-related behaviour than the other strains. When the levels of
behavioural intensities were compared to the levels of CORT in the same individuals,
regardless of strain, no additional indications were found that certain behaviours were more
intense with higher corticosterone levels, except for the aforementioned grooming, rearing

and food-related behaviour.

For C57bl/6N, Balb/c and B6C3F1 it was decided to use a continuous scoring model as well
to take another look at behavioural differences between the strains during rat exposure.
Behavioural parameters as described in Table 7 were scored and are shown in Figure 37.
Effects of ‘strain’ were not found for any of the parameters. This was partly due to the
inclusion of the B6C3F1 strain in the analysis, because rearing was seen more often, and
food-related behaviours were seen longer in Balb/c than in C57bl/6N mice when only these
strains were compared. These results did not contradict those found in the behavioural
scoring during the microdialysis experiments (see Figure 20 for example).

Also when the individual behavioural data were not sorted by strain but by height of the

ACTH or CORT levels in the animals, hardly any correlations were found between hormone



levels and behaviour. An exception was the nosepoke frequency, for which an effect of the
height of the CORT response was found (F(2,17) = 3.72, p < 0.05), with the lowest group of
CORT values (less than 25 ng/ml) being associated with poking less often than the other two

groups of CORT values.
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Figure 37. Behavioural profile (averages + S.E.M.) of C57bl/6N (red bars), Balb/c (blue bars) and B6C3F1
(green bars) mice (n=6 per strain) during rat exposure.

4. ADDITIONAL EXPERIMENTS

4.1. C57bl/6N mice bred at the institute

Due to a preliminary experiment using transgenic animals that were bred in the institute, in
which the wildtype animals showed very high corticosterone values (data not shown;
experiment could not be repeated because too few animals were available), it seemed to be a
good idea to examine whether the results for the experiments would be different when
animals were bred in the institute. The first generation of C57bl/N mice that were born in the
institute’s animal facilities were subjected to a control experiment or to rat exposure.

Figure 38 shows that the hormone levels were higher in exposed than in non-exposed controls
(effect of ‘exposure’ on ACTH: F(1,15) = 13.34, p < 0.005; on CORT: F(1,15) =6.93, p <
0.02) .

300
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Plasma ACTH (pg/ml)
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N
L

Figure 38. Average (+S.E.M.) plasma levels of ACTH (left) and corticosterone (right) for C57bl/6N mice,
born in the institute, with a control experiment (n=8) and after rat exposure (n=8). Asterisks indicates a
significant difference between control (One-way ANOVA, p < 0.05)

inactive



A comparison with Figure 36 indicates that both ACTH and CORT values after rat exposure
lay higher (198.9 = 62.0 and 103.9 + 31.3) with the institute-bred animals, but still within the
same range found with animals delivered from Charles River (111.2 = 13.2 and 58.0 + 17.0),
as Student’s #-test were not significant. Control levels were not different either.

Interestingly, differences in behaviour between the control and the exposed group were
hardly seen. Only stretched-attend posture was observed with the exposed group but not with
the control group. Due to the setup of this control experiment, in which an empty hand was
inserted in the rat compartment, animals were alerted, and did not stay sleeping. Compared to
the values of the C57bl/6N mice from Figure 37, these exposed mice were much more
inactive (unpaired Student’s #-test, t = -2.20, p < 0.05), and consequently, showed less often
backups (= 3.21, p <0.01), nosepoking (¢ = 3.89, p < 0.005), and spent less time nosepoking
(t=3.76, p <0.005) or at the separation wall (¢ =3.59, p < 0.005).
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Figure 39. Behavioural profile (average + S.E.M.) for C57bl/6N mice, born in the institute, under control
(open bars, n=8) and exposure (closed bars, n=8) conditions. Asterisk indicates a significant difference
between the two conditions (unpaired Student’s z-test, p < 0.05).

4.2. CRH-transgenic animals

One experiment was performed with mice overexpressing CRH, which are thought to be
more anxious than their wildtype littermates. Plasma ACTH was elevated in both Wt and Tg
after exposure (effect of ‘exposure’ F(1,20) = 8.17, p < 0.01, no effect of ‘genotype’ or
interaction). For corticosterone however, an effect of ‘genotype’ (F(1,20) = 2827, p <
0.0005), ‘exposure’ (F(1,20) = 4.69, p < 0.05) and a significant ‘genotype by exposure’
interaction (£(1,20) = 14.46, p < 0.001) taught that Wt had elevated corticosterone levels

sepwall



after exposure, but that Tg did not. Also, the control levels of Tg were higher than those of

Wt, and even comparable to the exposed corticosterone levels of Wt (see Figure 40).
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Figure 40. Average ACTH (left panel) and CORT (right panel) levels in CRH-Wt (n=6) and CRH-Tg
(n=6) after a control experiment (open bars) and after rat exposure (closed bars). Black * indicate that no
effect of ‘strain’ was present and that exposed levels were different from control. Blue * indicates a
difference with the control level of the same genotype (post-hoc simple contrasts, p < 0.025). # indicates a
difference with the control level of the other genotype (Student’s #-test, p < 0.025).
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Figure 41. Behavioural profile of CRH-Wt (blue bars) and CRH-Tg (red bars) under control (open bars)
or exposure (closed bars) conditions. In all groups n=6. When ANOVA indicated a significant effect of
‘exposure’, the homogeneous subgroups according to Duncan post-hoc tests have been indicated in the
figure with letters. In case of a significant effect of ‘genotype’, these letters are in italic (which is the case
for food-related behaviour).

Behavioural analysis of these animals revealed (see Figure 41) differences between the
control and the exposed animals for backup (F(1,3) =20.40, p <0.0005), SAP (F(1,3) = 6.28,
p < 0.05) and nosepoke (F(1,3) = 9.83, p < 0.005) frequencies, which were all seen more in
exposed animals, as well as in the duration of nosepoking (F(1,3) = 11.30, p < 0.005),
grooming (F(1,3) = 6.00, p < 0.05) and time spent at the separation wall (F(1,3) = 7.20, p <
0.02). Animals that were exposed to a rat were also more active than controls (F(1,3) = 20.17,

p < 0.0005). Differences in this behavioural profile after rat exposure between the two



genotypes were small, but CRH-Tg tended to show less or less frequent SAP and nosepokes.
Interestingly, a genotype difference was also found in the behaviour: transgenics spent more
time engaged in food-related behaviours than their wild types, both under control and under

exposure conditions (£(1,3) =9.80, p < 0.005).



IV. DISCUSSION

1. BEHAVIOURAL ASPECTS OF RAT EXPOSURE

1.1. Behaviour of C57bl/6N and Balb/c mice on day 1

Introduction of a rat into the home cage changed the behavioural profile of C57bl/6N and
Balb/c mice. The animals were asleep or mainly exhibited self-directed behaviours, such as
grooming, food-related behaviour and nest-building, before and after rat exposure. During rat
exposure and the 15 min afterwards however, the activity levels increased, and rather than
self-directed behaviour, investigative behaviours were seen, such as sniffing in the air,
stretching and sniffing at the separation wall. As a first reaction to the introduction of the rat,
animals jumped to an opposite corner of the cage, in an attempt to flee from the rat, and
oriented towards the rat compartment. From there, they started their risk-assessment activities,
while keeping a close eye on the rat. This behavioural concatenation shows great resemblance
with those seen in behavioural models of anxiety, for example in the Mouse Defense Test
Battery, in which a mouse in an oval or closed-off runway is approached by a hand-held,
anaesthetised rat. If there is an escape possibility, the mouse will flee, when not, it orients
towards the threat, and starts risk-assessment behaviour [28]. Risk assessment serves to gain
information about the anticipated threat. Especially when the nature and location of the threat
are uncertain, approach and investigation of the possible danger is part of the behavioural
repertoire of mammals [28]. In addition, risk assessment behaviour, especially stretching, is
sensitive to anxiolytic drugs [19, 23, 28, 118, 267], and is therefore an indication of arousal,
stress or even anxiety. Another clear sign of anxiety would have been freezing. However,
unlike with previous experiments using B6C3F1 mice [174], jumping away from the rat
compartment, a sign of anxiety by itself, was not followed by freezing in the C57bl/6N and
Balb/c mice. An explanation for this could be in the distinction that Koolhaas et al. [159]
make between two coping styles that species can exhibit under stressful conditions, a
proactive and a reactive form. These differ in behavioural characteristics, e.g. freezing is
found with the reactive coping style, whereas defensive burying is a characteristic of
proactive coping. Possibly, C57bl/6N and Balb/c mice tend to more proactive coping styles
than B6C3F1 mice. The absence of freezing would be in line with that assumption. On the
other side, defensive burying, which under the present rat exposure paradigm would take the
form of heaping up bedding against the separation wall, was not observed. A behaviour that

might be considered to be related to defensive burying however, frantically digging in the



bedding close to the separation wall, has been seen extensively. The attribution of
behavioural phenomena such as freezing to either proactive or reactive coping styles is not
rigid. Also proactive animals can manifest freezing, for example in the absence of saw dust
[159].

After a first intensive phase of risk-assessment, these behaviours became less intensive. This
happened earlier in the C57bl/6N mice than in the Balb/c mice. Most animals exhibited a
brief period of intense grooming, and sometimes of nest-building before they returned to a
behavioural state that was no longer indicative of stress (i.e. sleeping, or mostly involving
self-directed behaviour). The transitional state might be characterised as a state in which the
animals were coping with the novel situation at hand. Grooming is considered a sign of de-
arousal and coping after stress [62, 298, 316, 328]. Also nest-building has been mentioned as
a behaviour related to coping [159, 295]. Based on the observation that food-related
behaviour was seen more intensively in Balb/c just after the rat exposure than during any
other time of the experiment, it is tempting to hypothesise that in this strain food-related
behaviour is also a sign of de-arousal, and as such comparable in function to grooming and
nesting. The behaviour may have an analogy with binge-eating in humans.

The brief revival in overall activity and sniffing the air seen in C57bl/6N mice when the rat
was removed from the cage was probably due to the close presence of the experimentor, and
to the necessity to now adapt to a situation without a rat. Taken together, the observed
behavioural changes, some of which are reminiscent of those seen in anxious situations,

indicate a slightly anxious, clearly arousing effect of rat exposure.

1.2. Behaviour of C57bl/6N and Balb/c mice on day 2

Mice were re-exposed to a rat on the consecutive day to find out whether the mouse had
learned from the previous experience and was less aroused or had become sensitised and
would be more anxious. On the second day, a behavioural pattern unfolded that was highly
similar to the one of the first day. Still, differences could be recognised. Overall, sniffing in
the air, rearing, walking and sniffing at the separation wall (for C57bl/6N) were seen less,
behaviours that are part of the risk assessment stage of the behaviour sequelae during and
briefly after rat exposure. Groom and nest behaviour, indicative of coping, were more present
on day two, especially briefly after rat exposure, as well as food-related behaviour. Although
these differences were small, they may show a better coping with the situation after the
second exposure. Also cat exposure only very slowly, after multiple sessions, changed the

exhibited behaviour in rats [30].



Data in the literature show very diverse effects of a previous stressor on behaviour during a
subsequent stressor. However, decreases in risk assessment and increases in self-directed
behaviours are generally interpreted as decreased anxiety. Concerning risk assessment, it was
found that DBA/2 mice after social isolation showed reduced risk assessment on the elevated
plus maze. This was carefully interpreted as a reduction of anxiety [97, 269]. Also in T1 mice,
a novel environment experience decreased anxiety [269]. These reports of decreased risk
assessment after a prior stressful experience are contrasted by reports that DBA/2 mice on the
other hand were more anxious on the elevated plus maze after a novel environment stress
[269], social defeat or prior experience with the plus maze [268]. Also Blanchard ef al. report
that for example in situations in which a predator has been encountered before, risk
assessment is elicited maximally [28, 31]. Differences in grooming were seen in Wistar rats,
where repeated restraint stress increased, but mild chronic stress reduced grooming, of which
both effects were prevented with the antidepressant desipramine [65]. Taken together, the
effect of previous stress, is very much conditional upon strain, but also on the nature of the
previous stressor, and on the frequency of prior exposition to stress. One report was found on
repeated rat exposure, by Grootendorst et al., who exposed mice repeatedly to a rat over a
period of two weeks, after which several tests were performed. These stressed C57bl/6 mice
showed increased locomotor activity levels and defecated less when submitted to the circular
hole board or the light/dark box [125]. These results seem to indicate a decrease in
emotionality after repeated rat-exposure. In our case, the small differences in coping and risk
assessment behaviour might also indicate a decrease in emotionality. The increase in food-
related behaviour as well can be interpreted as an indication that the animals were less
anxious. Although not often done nowadays, it used to be common to investigate the effect of
potential anxiolytics on consummatory behaviour. Anxiolytics were found to increase food
intake, regardless whether a fearful stimulus was present as well [321]. The same principle is
found in the Vogel’s punished drinking test, in which anxiolytics restore the amount animals
drink after having associated drinking with an electric shock.

Concluding, re-exposure of mice to a rat resulted in small shifts in behaviour that seem to

indicate a reduction in anxiety and arousal.

1.3. Behavioural strain differences
The differences observed between the two strains could reflect genetic differences relating to
emotionality or learning. Balb/c mice spent more time with risk assessment activities. The

increased levels of grooming and nesting were seen later in this strain than in C57bl/6 mice.



This could indicate that Balb/c experienced more anxiety than C57bl/6N mice. Using a
light/dark test, Balb/c mice were found to be highly reactionary, spending by far the least
time in the lit compartment whereas C57bl/6 were found to be intermediate reactionary [119].
Other tests however found that Balb/c mice are less anxious than C57bl/6 mice. Balb/c mice
showed high levels of open arm entries on the EPM, indicating low levels of anxiety, in
comparison to C57bl/6 [272]. Another study, examining 16 strains of mice even found that
C57bl/6 mice were among the most anxious on the EPM [322]. On the other hand, the EPM
data were not confirmed by results in the open field test, where both strains spent a similar
period of time in the central arena, an index for similar levels in emotionality [272]. From test
batteries it also has become apparent that C57bl/6 mice are good learners, whereas Balb/c
mice are impaired learners when it comes to spatial learning [60, 272], although the
performance in contextual fear conditioning does not indicate a large difference [60, 286].
Still, it could be that better general cognitive capabilities of C57bl/6 mice enable them to
understand faster that they have little to fear from the rat in the rat exposure paradigm. This
might also contribute to the explanation why C57bl/6 mice showed a faster onset of coping
behaviour when compared to Balb/c mice.

That strains differ behaviourally is also apparent from the results obtained from subjecting
five different strains to rat exposure. Differences were seen with freezing, sniffing the air or
at the separation wall, rearing, grooming and food-related behaviour. B6C3F1 mice spent
little time sniffing at the separation wall, and they also exhibited freezing, as has been
described before [174]. These observations indicate an anxious reaction to the presence of the
rat and could be indicative of a reactive coping style as described before. Low levels of
sniffing behaviour and rearing were seen with DBA/2 mice, whereas they exhibited high
levels of grooming. Contrasting the results with B6C3F1 mice, this could mean low levels of
arousal in DBA/2 mice. This would fit with the findings that they are known as impaired
learners [60, 286], show low levels of acoustic or tactile startle [60], but are intermediate
responders in a light/dark paradigm [119]. On the other hand, DBA/2 mice exhibited
defensive burying behaviour, which is seen in response to aversive stimuli [321]. This strain
has also been reported to be irritable, vocalising during handling, and to be anxious on the
EPM [272].

In addition, it should be noted that within a strain, sublines may not respond similarly. This is
reflected in different levels of sniffing at the separation wall between C57bl/6N (a subline
bred by Charles River) and C57bl/6J (a subline bred by Jackson) mice. In general, the

variance in behavioural parameters may be larger in the Charles River line (personal



communication with L. Sillaber). The Jackson line was reported to spend more time burying
in the home cage (a spontaneous behaviour) and made more entries in the illuminated part of
a light/dark box [329], whereas also differences in exploratory behaviour have been reported
[63]. Subline differences were reported for behaviour in the open field with the 129 strain too
[217]. As an additional consideration, even when the same (sub)strain and the exact same
procedure would have been followed, results may still depend on the testing site, as was
found by Crabbe et al. [61], who subjected several mouse strains to standardised tests in three
different laboratories.

From the above it becomes clear that first, it is not possible to give definite statements on an
animals emotionality based on one behavioural test, as the rank orders for strains too often
differ among paradigms. This has to do with the fact that different drives are determining the
behaviour of mice for parameters that are measured in the various anxiety paradigms. Factor
analysis revealed for example that on the EPM the urge to explore is important, whereas
neophobia and locomotion are more important in light/dark paradigms [21].

Secondly, various strains, known to cover a wide scala of emotionality and cognitive abilities,
exhibited only small differences in the various behavioural parameters. Unless extensive
further factor analysis would reveal that the combination of small differences in several
parameters suffices to discriminate the typical properties of the strains, it appears that rat
exposure, as applied here, may not be a powerful enough model to screen for such inherited

differences.

2. NEUROCHEMICAL ASPECTS OF RAT EXPOSURE

2.1. Serotonergic neurotransmission

2.1.1. Effects of stress on 5-HT and 5-HIAA

During rat exposure, levels of 5-HT and its metabolite 5-HIAA increased in three out of four
brain areas dialysed in C57bl/6N mice, i.e. the hippocampus, the prefrontal cortex and the
lateral septum. In a fourth region, the caudate putamen, significant increases were absent. In
Balb/c mice as well increases in 5-HT were found in the hippocampus. Also in the two other
dialysed structures of Balb/c mice 5-HT levels increased during rat exposure, but these were
smaller in the PVN than in the hippocampus, and even less in the AHP. In this mouse strain
increases in 5-HIAA were found in the hippocampus and the PVN, but not in the AHP. The
largest effect of rat exposure on 5-HT and 5-HIAA in both strains was observed in the
hippocampus. In both C57bl/6N and Balb/c mice the hippocampus was dialysed and 5-HT



and its metabolite had been measured. Similar baseline levels and rat exposure-induced
increases in 5-HT and 5-HIAA were found in the hippocampus of the two strains of mice.
Previous results from our laboratory are in line with these findings. In that study [174]
extracellular levels of 5-HT and 5-HIAA in the hippocampus of B6C3F1 mice were also
found to increase as a consequence of rat exposure. In this case, the results of Linthorst et al.
could be compared to the current findings, because microdialysis was used, and the setup of
the experiments was similar to the one reported in this thesis. However, not many other
studies combined predator exposure with measuring neurochemical parameters. Those that
did used post-mortem tissue, or in case of microdialysis, did not have the same time-
resolution as was used in the current study. Two other factors also confound the comparison
of the present serotonergic results to literature findings. First, it has often been reported that
5-HT levels in various brain regions as well as the firing rate of raphe 5-HT neurons are
highly correlated with behavioural activity [174, 178, 277, 277, 278, 292, 312], which is also
described in this thesis. Nevertheless, remarks on the activity state of the animal at the time of
microdialysis sampling are often omitted in the description of results, thus making it hard to
attribute increases in levels of 5-HT to behavioural activity, stress, or a combination of both.
Another confounding factor is that in some microdialysis studies an SSRI is added to the
perfusion liquid to artificially increase levels of serotonin in the dialysate (eg. in [278], see
also [277]). The way in which such an addition interferes with the physiological
neurotransmission processes is unclear. In the present studies, no SSRI needed to be used,
because the highly sensitive analysis method that was used, was able to measure in the
physiological femtomol range of extracellular levels of serotonin.

Taking the above precautions into account, most other predator exposure studies measuring
serotonin in various brain regions were in line with our observations in C57bl/6N and Balb/c
mice and with the findings in B6C3F1 mice [174]. Hayley et al. [132] for example,
measuring neurochemical parameters in brain micropunches, also found increases of 5-HIAA
in the hippocampus and prefrontal cortex of both C57bl6/J and Balb/c mice when animals
were killed 20 minutes after the end of rat exposure. On the other hand, no increases in 5-HT
were found. In Swiss-Webster mice, killed directly after a 5-min exposure to a cat, 5-HT and
5-HIAA levels were not significantly increased in hippocampus, hypothalamus or striatum
[19]. Although in these studies 5-HT and 5-HIAA increases were not or not always seen, it
must be noted that also in the paradigm in the present study, 15 minutes after the rat exposure,

neurotransmitter levels were no longer higher than under pre-exposure conditions.



One microdialysis study exists in which rats were exposed to a cat. During cat exposure, rats
showed significant increases in alert waking, and 5-HT was significantly, around 30%, higher
than baseline levels in hippocampus, prefrontal cortex, amygdala and also in the striatum, a
structure where we found no significant changes in 5-HT levels. The reported increase was
somewhat, but not significantly, larger in prefrontal cortex, followed by hippocampus and
striatum. For 5-HIAA only significant increases of about 8% were seen in hippocampus and
amygdala [278]. That the percent increases in that study are less than found in our
experiments, can be explained by a different definition of ‘baseline’. In our study baseline
levels were calculated by only taking into account those samples, during the collection of
which the activity was equal to or lower than 10% of the sample duration. When baseline
neurotransmission is based upon a fixed number of samples, regardless of behavioural
activation, the average level may be higher, and increases relative to that therefore smaller.
From the above follows that after predator exposure, often increases are found in 5-HT and 5-
HIAA in the hippocampus and prefrontal cortex, whereas results are less unambiguous for
structures like the striatum and hypothalamus.

Also other stressors have been described to lead to changes in 5-HT and 5-HIAA. In the
hippocampus, stress induces increases in extracellular levels of 5-HT and 5-HIAA. This has
been shown for example repeatedly in mice and rats after swim stress [108, 179, 230, 245,
278], although this was not always the case [4, 154]. In both of these latter studies however,
baseline levels of 5-HT were calculated without correcting for the behavioural activity at the
time of sampling. It is therefore unclear in how far the deviating results can be attributed to
that. Apart from swim stress, stressors that involve the activation of pain pathways like with
tail pinching and electrical shocks caused increases in 5-HT and its metabolite [108, 127,
278]. In addition, purely physical stress, such as stimulation of the immune system by
lipopolysaccharide or cytokines had 5-HT neurotransmission stimulating effects [175, 178,
242] in the hippocampus. The magnitude of the increases that are found vary, but are mostly
in the range of 130 to 300% of baseline 5-HT. These variations are hard to contribute to the
severity of the stressor and of course depend greatly on the definition of baseline. Therefore it
is not possible to draw conclusions about the severity of rat exposure based on the elevations
that were seen in 5-HT and 5-HIAA.

Not only does literature confirm that stress leads to elevations in serotonergic indices in the
hippocampus, the same holds true for the prefrontal cortex. In this structure as well, almost
all studies report an increase after swim stress ([58, 108, 278], again with the exception of [4,

154]), tail pinch [108, 244, 278], shocks [130] and immune stress [91, 164].



Contrasting the abundance of studies investigating the effects of stress in the hippocampus
and cortical areas, is the limited amount of studies involving microdialysis of the lateral
septum. The group of Lucki et al. found a decrease in 5-HT and 5-HIAA in rats that were
forced to swim for 30 minutes [154, 251], whereas we saw a mild increase during predator
stress. As mentioned above, differences in baseline definition make it hard to compare the
results.

Also for the striatum, where we saw no increases in 5-HT or 5-HIAA, different findings have
been published for other stress paradigms. Forced swimming lead to increases in 5-HT [154,
278], but in the latter study also to a concomitant decrease in 5-HIAA. Tail pinch increased
extracellular levels of 5-HT [278], but was not found to have affected the turnover of 5-HT
when analysed in post-mortem tissue [244]. A decrease in striatal levels of 5-HT was seen
after restraint stress in mice, but not in rats [158].

The hypothalamic region as well is a region in which conflicting effects of stress on
serotonergic parameters are reported. Tail pinch did not affect the turnover of 5-HT [244],
and after foot shock increases in the turnover have been reported [89] that sometimes
occurred only in case of a strong shock, but not after a mild shock [142]. Also immune stress
did not reliably lead to increases in 5-HT or its turnover (increase in [164], but not in [59,
91]).

All in all, the finding in the present study that predator stress increases extracellular levels of
5-HT and 5-HIAA in a brain-region specific manner is underlined by brain-region specificity
of the effects of predator stress by other groups and of other stress paradigms. A differential
role of 5-HT in these brain regions presents itself as an explanation for this observation. Also

differences in the innervation of these brain regions could explain such findings.

2.1.2. The role of 5-HT in various brain regions

One hypothesis concerning the role of 5-HT was put forward by Barry Jacobs and colleagues
[277]. They hypothesised that, as behavioural activity correlates to such a high degree with 5-
HT levels, the main function of 5-HT resides in the ubiquitous facilitation of motor output
and the coordination of concurrent autonomic and endocrine responses [145, 277]. Some
findings in the present study are not in line with this hypothesis. For one thing, in the caudate
putamen, a region highly involved in the coordination of movement [149, 352], levels of 5-
HT did not vary with behavioural activity. Also in the PVN and AHP, such a correlation was
largely absent. In addition, other studies have shown brain region dependent increases in 5-

HT that were not paralleled by behavioural activation. Immune stress for example increased



hippocampal but not preoptic levels of 5-HT in absence of behavioural activation [176, 178].
Linthorst et al. also described a dramatic increase in hippocampal 5-HT in diving rats during
a swim stress paradigm. These levels of up to 1500% of baseline were much higher than
found during other periods of behavioural activity, and could be related to a panic-like state
[179]. Thus it seems that 5-HT is indeed increased during states of higher behavioural
activity, but that this is especially true for limbic areas, like the hippocampus, prefrontal
cortex and lateral septum, and not necessarily for a structure like the caudate putamen. The
first three structures have in common that they are all part of the extended Papez-circuit [107,
205] and as such play a role in the generation and regulation of emotions [107, 150, 346]. The
hippocampus and prefrontal cortex seem to be specifically involved in the more mnemonic or
cognitive aspects of regulating emotion. Although the ventral striatum as well plays a role in
emotion, it is part of the reward pathway and therefore especially important in the response to
reinforcers [47, 225, 248]. It is feasible that this pathway is not activated during rat exposure,
whereas the pathways involving the hippocampus and prefrontal cortex are. In this respect it
would also be interesting to investigate the effects of predator exposure on neurotransmission
in the amygdala, which plays a role in the appraisal of a stimulus and in anxiety [224, 248].
The PVN is a region that is involved in coordinating and executing the stress response. It is
tempting to speculate that the increases in 5-HT in this region are related to the mild HPA
axis stimulating properties of predator exposure. Also it appeared as if an elevation of
extracellular 5-HT in the PVN was seen twice during the experiments: once at the beginning
of rat exposure and once at the beginning of the post stress period. As in both cases a
manipulation took place (i.e. placing and removing the rat from its compartment respectively),
this would be time points at which an HPA axis response could be initiated. However, these
observations are too preliminary to make definite statements.

The anterior hypothalamus is a region that is implied in thermoregulation. Internal body
temperature is monitored by temperature-sensitive cells in this region and changes in
autonomic nervous system activity, endocrine secretions, and behaviour can be initiated by
the AHP to aid in thermoregulation. Serotonin appears to play a role in this and can cause
hyperthermia [170, 171]. Apart from this, the AHP also has a role in rat offence behaviour,
such as biting and kicking [3]. As there were no signs of offence behaviour, and an effect of
rat exposure on body temperature is not likely, it may not be surprising that only very mild
increases were found in this area.

The above explains how the results as they were found for serotonin could be explained in the

light of the brain areas in which it was measured. However, differences in the innervation of



these structures can not be excluded to play a role as well in the region-specific increases in
5-HT and 5-HIAA. For example, two of the areas in which clear elevations in 5-HT were
seen, the hippocampus and septum, are (partly) innervated by the median raphe nucleus. The
dorsal part of the hippocampus even receives almost exclusively neurons from the MRN,
whereas the ventral part is innervated by both raphe nuclei [145, 206, 226, 301]. The septum
as well appears to receive a mixed [206] innervation of both the DRN [76, 333] and the MRN
[16, 334]. The AHP is not densily innervated by serotonergic neurons [41] and only a mild
increase in 5-HT was found in this area during rat exposure. Also for this structure
indications exist that both raphe nuclei play a role in the innervation [144, 265]. In contrast,
the striatum, where we did not find increases in 5-HT, seems to be a terminal area of dorsal
raphe pathways [145, 206, 333].

Indeed, it could be that the MRN and DRN are differentially activated during stress. For
example, it was shown that the expression of tryptophan hydroxylase mRNA was increased
in the MRN after one session with immobilisation stress, but only after three sessions in the
dorsal raphe [53]. Also, the MRN responded to lower concentrations of CRH than does the
DRN [309]. Sound stress activated the median raphe nucleus but not the DRN [84], and
correspondingly, elevations in 5-HT were found in the median but not dorsal raphe nucleus
[66].

Still, the prefrontal cortex too is mainly innervated by the dorsal raphe, yet an increase in
extracellular 5-HT was found during rat exposure. To a certain extent this also goes for the
mild elevations found in the PVN, which serotonergic innervation, although not dense [41],
comes from the dorsal raphe [85, 333, 351]. Possibly, differences in the effect rat exposure
has on levels of 5-HT in regions innervated by the DRN could be attributable to a subdivision
within the organisation of this nucleus. Neurons to the striatum for example originate from
more lateral parts of the caudate DRN than those to the frontal cortex [325]. Adding to a dual
role that the DRN may have under stressful conditions is the finding that activation of CRH;
receptors in the DRN seems to mediate inhibition of serotonergic neurons, whereas
stimulation of CRH; receptors can result in the opposite effect [128, 129]. Indeed it was
found that low doses of CRH, administered into the DRN, mainly inhibited its activity and
that this was followed by a facilitatory rebound effect after higher doses of CRH [318].
Summarising the above, it seems that the background for the brain region-specific increases
in 5-HT and 5-HIAA is formed by a combination of the functionality and innervation patterns
of the structures under investigation. Concluding it can be said that the picture is emerging

that the neuroanatomically highly differentiated response of the 5-HT system to different



forms of stress subserves its various roles in the coordination of not only motor activity,

neuroendocrine and autonomic responses, but also emotional behaviour.

2.1.3. 5-HT and specific behaviours

The collection of samples of short duration during rat exposure, combined with detailed
behavioural observations, enabled us to try to relate increases in 5-HT to certain specific
behaviours. It has been hypothesised that increased activity of the 5-HT system takes place
especially during self-directed behaviours such as grooming and feeding and other oral
buccal movements [15, 105, 126, 188, 264, 264]. Under these circumstances, 5-HT is thought
to reduce the signal to noise ratio, making an organism less attentive to external stimuli. In
contrast, noradrenaline signalling would be highest during situations in which animals are
orienting toward their environment, thereby actually increasing the signal to noise ratio [258].
Indeed, fluctuations during baseline and post rat exposure recordings in the limbic forebrain
(but not the caudate putamen) were often, but not exclusively, correlated with self-directed
behaviours such as grooming. However, a sharp and immediate increase in extracellular
levels of 5-HT, especially in the hippocampus, was observed during the first 5 min of rat
exposure, when animals are almost only sniffing in the air, hence orienting to their
environment. One explanation for this elevation could of course be that stress can also cause
not-behaviourally related increases in serotonin. Another explanation could be that 5-HT is
correlated with different behaviours during the various phases of the experiment. For
example, before and after rat exposure, when no stressor is present, it could be correlated
with grooming, the main constituent of activity during those phases, whereas 5-HT could be
more related with sniffing air during the rat exposure. Hence, increased serotonergic
neurotransmission in regions such as the hippocampus, septum and prefrontal cortex during
psychological challenges may play an important role in the assessment of information on
(changes in) the environment. Such information will eventually be used to modulate the
emotional response of the organism. Concluding, whereas elevations in 5-HT can not be
interpreted as an indication of stress, without taking the behavioural activation into account,
elevations in 5-HT can also not be taken as a sign for the occurrence of specific behaviours,

without taking the state of arousal into account.

2.2. Noradrenergic neurotransmission
2.2.1. Effects of stress on NA and MHPG
In the hippocampus of both C57bl/6N and Balb/c mice, the extracellular levels of NA showed



a steep and immediate increase in the first 5 min of rat exposure. This peak value was seen in
both strains and was similar among the two days of rat exposure. Contrasting the serotonergic
results, the levels of NA appeared to be less correlated with behavioural activity. Also the
peak at the beginning of rat exposure was not paralleled by a maximum in behavioural
activation. Levels of the metabolite MHPG showed a mild increase, starting in the second
half of rat exposure. This was seen in all three areas in which MHPG was measured, i.e. the
hippocampus, PVN and AHP of Balb/c mice. The begin peak that was seen with NA in the
hippocampus was not mirrored in hippocampal MHPG levels. Therefore it is not possible to
derive from the MHPG results in the AHP and the PVN whether NA showed a maximum at
the beginning of rat exposure in these areas as well. Still, it seems allowed to assume a
general elevation of extracellular NA levels in these regions based on the elevation seen in
MHPG.

The present findings of increased noradrenergic and metabolite levels are supported by
results of other predator stress studies found in the literature. Elevations in MHPG were
found in the post-mortem analysis of the hippocampus of C57bl/6 and Balb/c mice in a rat
exposure study by Hayley et al. [132]. They also reported increases in the metabolite level in
the locus coeruleus and prefrontal cortex of these mice [132]. In cat odour-exposed Swiss
Webster the NMN level, another metabolite of NA, was elevated in the hippocampus but not
in the hypothalamus, the latter contrasting our observation that MHPG was increased in the
PVN and AHP. NA itself was not increased in the cat-odour exposed rats [19]. However, in
the study brain micropunches were examined post-mortem, so it is very well possible that an
increase in NA was missed due to the fact that it could not be determined at the beginning of
exposure. Finally, ferret exposure was found to increase levels of noradrenaline in the PVN
of both slow and fast seizing rats [204].

Also other types of stressors have been described to increase levels of NA and MHPG in the
hippocampus. Measurements in rats sacrificed directly after immobilisation stress indicated
elevated levels of MHPG in the hippocampus [134]. Tail pinch increased levels of
noradrenaline in the hippocampus of rats [235, 273]. Rosario et al. [273] also showed that
rats that were more anxious in a novel open field also had larger increases in hippocampal
NA in response to tail pinching, suggesting a relation between emotionality and the height of
the NA-response. Immune stress too, in the form of a challenge with endotoxin, caused
increases in hippocampal levels of NA and MHPG [177].

Stress has also been shown to affect hypothalamic levels of NA and MHPG. Immobilisation

stress caused increases in NA in the PVN of rats, as well as in the central amygdala and the



BNST [8, 218]. Tail pinch [134] caused increases in MHPG, but a decrease in the level of
NA in the rat hypothalamus, measured post-mortem. Also inescapable footshock resulted in
increased levels of MHPG in hypothalamic and cortical brain slices of Balb/c and C57bl/6J
mice killed directly after the shock [287]. Interestingly, footshock intensity was found to
correlate with increases of NA in the rat amygdala [255]. Assuming that the emotional
response also increases with stress intensity, this would be another indication that
emotionality and levels of NA are related.

Taken together, both the present study and findings in literature show that stress in mice and

rats leads to increases in levels of NA and MHPG in a variety of brain structures.

2.2.2. Function of noradrenaline

More than with serotonin, there is a concensus concerning the role of NA. Increases in the
levels of this neurotransmitter are thought to be related to arousal. This arousal can be novelty,
like in primates presented with new faces, but also arousal due to more classical stressors
such as restraint, footshock etc. [12, 221, 253, 291, 314, 317, 324]. Psychogenic stressors
such as predator exposure also fall into the arousing category. Under circumstances that ask
for externally directed attention, as is often the case in behavioural stress paradigms, firing of
the locus coeruleus, the nucleus where most noradrenergic fibers originate, increases [258].
Especially when an automatic behaviour is suddenly interrupted, and orienting responses
become prevalent, the firing rates of the LC are highest [13, 14]. As the locus coeruleus also
projects to the hippocampus, this would fit with the observation that peaks in noradrenaline
were seen here in the beginning of rat exposure, in the time mice needed to orient towards the
rat. The increases found in the hippocampus therefore can be seen as an index of arousal.
This increase might have been necessary to switch the hippocampus to a state of enhanced
stimuli detection [115].

Another area that is innervated by NA is the PVN. It receives its input mainly from the Al
and A2 regions in the medulla oblongata. These noradrenergic pathways are activated by
systemic stressors, but also play a role in the response to stressors that have anticipatory
aspects [137]. For systemic stressors, such as hypoglycaemia, insulin injections, formalin
injections, and also for the neurogenic stressor immobilisation, the amount of noradrenaline
in the PVN of rats correlates with mean plasma ACTH levels [232, 234]. It is tempting to
speculate that ACTH levels in case of psychogenic stressors also correlate with
paraventricular levels of NA. In that case, the observed elevations in MHPG during rat

exposure, and the supposed increases in NA, would be mirroring the mild increases seen in



plasma ACTH levels. On the other hand, a correlation between NA and ACTH was not seen
with stressors like cold exposure and hemorrage [234] and also in a study with rats involving
repeated restraint stress, discrepancies were found between NA and ACTH values [317].

The function of an increase in noradrenergic neurotransmission in the anterior hypothalamus
under the presented paradigm is unclear. In this region, noradrenaline is known to cause
hypothermia [170], but possibly it is also released here to prepare an organism for attack [3].
Again, such an increase in noradrenergic levels is only assumed based on the observed
elevations of MHPG.

Based on our current results, in which noradrenaline was only measurable in the
hippocampus, it is not possible to draw conclusion about differences in the effect of predator
exposure on structures that are differentially innervated by noradrenergic neurons. As
indications exist that the levels of noradrenaline might correlate with stressor intensity, it
would be interesting to investigate this under more challenging conditions as well.
Concerning the assumed differential activation of pathways by systemic and more
psychological stressors (see also paragraph 6.1 in the introduction), it would be interesting to
see how noradrenaline reacts to different kinds of stress in not only the paraventricular
nucleus, but also in the medial prefrontal cortex. This latter structure receives a strong
noradrenergic input from the locus coeruleus. It has been proposed that NA plays an
inhibitory role in the PFC under life threatening circumstances, to favour rapid instinctual
responses over more complicated ones [12, 111]. On the other hand, the prefrontal cortex is
also involved in the evaluation of anticipatory stressors [137]. Possibly the two categories
have differential effects, for example over time, or when simultaneously measuring the effect
in the PVN. The effect on the prefrontal cortex of rats has been investigated for a host of
stressors, like tail pinch [104, 304], foot shock [70, 95], handling [151, 199], restraint [297],
novelty [96, 253], exposure to fox odour [304] and administration of anxiogenic compounds
[70]. These paradigms covered the scala of systemic to psychological stressors, and an
increase in noradrenaline was seen in all cases. Nevertheless, a direct comparison of the
effects of systemic and psychological stressors has hardly been performed, except for
Kawahara et al. [152], who found that both hypotension and handling increased prefrontal
cortical levels of noradrenaline to the same extent. However, handling is a neurogenic
stressor as it still involves a strong physical component. Possibly, differences are found when

comparing systemic with psychogenic stressors, such as predator exposure.



2.3. Dopaminergic neurotransmission

2.3.1. Effects of stress on dopaminergic metabolites and dopamine

Dopamine itself could not be measured, but its metabolites DOPAC and HVA were
assessable. In the hippocampus of C57bl/6N and Balb/c mice and in the AHP and PVN of
Balb/c mice levels of HVA were higher during rat exposure, but DOPAC was not. This was
due to the fact that some animals had actually shown a decrease in DOPAC at the beginning
of rat exposure, thus affecting the average. No large effects of re-exposure were seen for
DOPAC or HVA.

Different DOPAC results were obtained in a study by Belzung et al. [20] who exposed Swiss
Webster mice to cat odour and found elevated levels of DOPAC in brain micropunches of the
hypothalamic region and striatum, but not of dopamine. No effects of exposure were found in
the hippocampus, also contrasting the present results. Brain region dependent effects were
also seen in Sprague-Dawley rats exposed to fox odour. The DOPAC/DA ratio, measured in
brain homogenates was increased in the PFC and the amygdala, indicating the activation of
dopaminergic metabolism in these limbic areas after the aversive stimulus. This activation
was absent in other areas, including striatum and nucleus accumbens. On a second trial with
fox-odour exposure the activation was not seen at all [222]. Another study in rats confirmed
with microdialysis increased levels of dopamine in the prefrontal cortex after exposure to the
smell of red fox urine [17]. Additionally, increases were seen in the nucleus accumbens core
but not in the nucleus accumbens shell [17].

In general the effects of stress on the levels of dopamine and its metabolites are complex.
Also studies employing other paradigms show differential effects of stress on dopaminergic
neurotransmission. The effects of stress that were found, appear to be brain region, stressor,
species [158, 289] and hemisphere [307] dependent, and can also differ between a first or
subsequent confrontation with the stimulus. Brain region dependency has partly been
illustrated already in the mentioned studies involving predator exposure. Other examples are
that for example chronic variate stress induced increases in hippocampal DOPAC levels, but
a decrease in the hypothalamic levels of both HVA and DOPAC [109].
Intracerebroventricular injection of CRH or intraperitoneal administration of corticosterone
only increased DA levels in the dorsomedial hypothalamus [184]. Also immobilisation did
not increase DA in other hypothalamic regions except the dorsomedial one [162], but
DOPAC on the other hand was found to be higher in the PVN after immobilisation stress in

another study [233]. An example of stressor dependent effects is that the forced swim test



made dopamine and DOPAC increase in the whole brain of Swiss mice, but the tail
suspension test did not [257].

In none of the studies it was found that the direction of change in the levels of HVA and
DOPAC were opposite. It has been described that stress can result in decreased activity of
monoamine oxidase, the enzyme that degrades dopamine [82]. However, this as well would
not explain why HVA is not too decreased, as MAO is also a necessary enzyme for the
metabolism of dopamine to HVA. The observed decrease in DOPAC levels in some animals
can therefore not be explained.

Also it becomes clear from the literature that measuring the metabolites of dopamine do not
substitute for the assessment of dopamine itself, and that no effects on extracellular levels of
dopamine in the hippocampus or hypothalamic areas can be inferred from the levels of HVA
or DOPAC. This notwithstanding, based on the role of dopamine (see paragraph 2.3.2 below),
an increase in its levels would be expected after a psychological stimulus such as rat exposure
is. As stress-induced increases in dopamine levels have been described before in structures
like the hippocampus and hypothalamus, they could also have occurred under the present
predator exposure conditions. The increases in HVA, and partly in DOPAC, might be

reflective of this.

2.3.2. Function of dopamine

Apart from its role in movement, dopamine is considered the principal neurotransmitter in
motivated action, and plays a role in approaching appetitive and evading aversive stimuli,
that can be both of a physical or psychological nature [239]. However, the role of dopamine
in brain regions during appetitive stimuli and also addiction is beyond the scope of this
section.

Emotional arousal is accompanied by increases in extracellular dopamine in the medial
prefrontal cortex especially, and to a lesser extent, in other limbic areas and the striatum [51,
94, 96, 140, 208]. Increases in the prefrontal cortex are often associated with anxiety or with
coping [69, 140, 148], and are thought to take the prefrontal cortex ‘offline’ to allow for the
regulation of fast and more primitive forms of behaviour [350], which is similar to the alleged
role of noradrenaline in this structure. This would make it interesting to also investigate the
effects of predator exposure on dopaminergic transmission in the PFC. Aversive and
appetitive stimuli also affect the nucleus accumbens shell and core. It is the latter region, as
well as the PFC, that is also associated with the effect of novelty on dopaminergic stimulation.

In these regions a reduction in the response to a stimulus is seen when novelty wears off [17,



343]. Possibly, re-exposure would yield interesting data obtained when these regions would
be dialysed.

The effects of stress on dopamine levels are independent of locomotor effects [257]. However,
dopaminergic neurotransmission is associated with specific (peri) oral movements like
grooming and with spontaneous exploratory activity [98, 103, 252, 335]. Several brain
structures, including the nucleus accumbens, the olfactory tubercle and the BNST, but not the
hippocampus, could be identified to play a role in this [103]. Indeed no correlation was found
between the occurrence of grooming and the changes in the levels of HVA and DOPAC. As
the hippocampus and hypothalamic structures do not appear to be the structures that play a
major role in the regulation of stress responses by dopamine, this could explain why also only

small variations in the metabolites were found.

2.4. Effect of re exposure on neurotransmission

In general, there were hardly differences observable in neurotransmission patterns on day 1
and 2 of rat exposure. The few observations that were made will be discussed in this section.
One finding was that the hippocampal levels of 5-HIAA in C57bl/6N but not in Balb/c mice,
were slightly lower on day 2 than on day 1. Interestingly, such a difference was not present in
the AUC of 5-HT. The background of this effect remains to be elucidated. However, it has
been shown before that there is no consistent relationship between 5-HT release and its
metabolism or synthesis, as reflected in 5-HIAA levels, and that these might be differentially
regulated (reviewed in [277]). It has been suggested that CRH plays a role in this [179].

Also an interesting finding is that the beginning peak during rat exposure in extracellular
levels of NA seen in the hippocampus was not attenuated upon re-exposure. If this
noradrenaline has the function to switch the animal’s attention to external events, it
apparently makes no difference whether this event is novel, or has been experienced before.
In this respect it would have been especially interesting to have measured noradrenaline in
the hypothalamic areas, where a relationship between levels of NA and HPA axis activity has
been described for certain stressors. As corticosterone levels were lower during re-exposure,
it would have been worthwhile to measure whether levels of NA were correspondingly lower
in the PVN. Although in our studies an overall effect of ‘day’ was found for MHPG, with the
levels of the noradrenergic metabolite being lower on a second day, this is not enough to
conclude that also levels of noradrenaline were lower on day 2 than day 1. On the other hand,
it is also imaginable that levels of NA in the PVN were similar to the ones on the first day,

despite declined HPA axis activation. Such deviation has been described before [317]. A



study by Shibasaki ef al. [291] suggests that such an attenuation of extracellular NA-levels in
the PVN of rats after repeated stress might be stressor dependent. A decreased NA-response
was observed after restraint, but not after pain inflicted by tail pinch. This finding adds to the
discussion in paragraph 2.2.2 above, that a difference may be found in the way systemic and

psychological stressors may affect noradrenergic neurotransmission, for example over time.

It is interesting that ‘day’ differences were found for the behavioural parameters that were
scored, as well as for the free corticosterone data. This is contrasting the lack of
neurochemical alterations after prior experience with predator exposure. An absence between
behavioural and neurochemical parameters has been mentioned in literature as well [204].
This indicates that behavioural and neuroendocrine responses are not under the influence of
only 5-HT or NA, but under a multitude of modulating neurochemicals. The view that
neurotransmitters do not play a solitary role is commonly accepted, and for example the
interplay of serotonergic and noradrenergic neurotransmission is often described (e.g. [58,
183, 216, 258, 311]). Interestingly, strain differences do not seem to play such a large role in
neurochemical studies as they do in behavioural or neuroendocrine studies. This also
underlines the rudimentary function of elevations in neurochemicals, that only in interplay
with other messengers result in differences in behaviour or neuroendocrine differences

downstream.

3. NEUROENDOCRINE ASPECTS

3.1. Effects of stress on HPA axis activation

Measurement of plasma levels of ACTH and corticosterone revealed that predator exposure
stimulated the activity of the HPA axis in C57bl/6N, Balb/c and B6C3F1 mice, but not in
C57bl/6J or in DBA/2 mice. Noteworthy is that the increases were mild, and that strain
differences were present.

Increased levels of stress hormone levels have been reported more than once after predator
exposure. The group of Anisman reported elevated corticosterone and ACTH levels in
C57bl/6 and Balb/c mice after rat exposure [6, 187]. Also Sprague-Dawley rats exposed to
fox odour had elevated plasma corticosterone levels, when compared to no or to control
odour exposure [101, 222]. So-called fast and slow seizing rats both responded with increases

in plasma ACTH and corticosterone to ferret exposure too [209]. A study by Figueiredo [99]



showed that when rats were exposed to cats, increases in ACTH and CORT were seen, but
that these seemed to be differentially regulated when the rats were familiar with the testing
apparatus already. Temporal dynamics of the hormone increases could underlie this
observation. It is known that maximal values for ACTH are reached within a few minutes,
but that it takes 20 to 30 min for corticosterone to reach a maximum. The same phenomenon
could explain why we, in our study, saw that the strain in which ACTH was elevated most
significantly, C57bl/6N mice, was not the strain with the largest increases in CORT.

The increases in plasma ACTH and corticosterone found in our study were only mild, when
compared to values in the literature found with predator exposure or other stressors (e.g. [6,
88, 187]). This can be explained by the influence that the chosen method of predator
exposure has on the outcome of hormonal levels. Anisman et al. [6] for example placed the
mice in a clear plastic case in a rat arena, adding an element of novel environment to the
paradigm, which is likely to increase the corticosterone responses of the animals by itself, and
also to sensitise the subsequent response to the rat [99]. In addition, the rat could roam over
the compartment in which the mouse was placed, which could lend the situation a more
threatening aspect than when the mice and rat confrontation can only take place at one side of
the mouse’s home cage, as was the case in this study and in the one of Linthorst et al. [174].
Apart from such large differences in the procedures, it has even been described that even a
factor like the diet of the predator can influence the reaction of the predated animal to its
presence [23].

As predator exposure with the used paradigm was experienced as a mild psychological
stressor, this could also explain why some strains and individuals did not respond with a more
pronounced increase in stress hormone levels.

Such interindividual differences also became apparent with the free corticosterone
measurements, in which 3 out of 14 animals only responded with a clear stress-induced
increase in corticosterone levels. When analysing the data of all 14 animals simultaneously a
significant increase in free corticosterone was seen towards the end of the experimental day,
caused by the diurnal activity of the HPA axis (as described by [174, 230, 245]). At the time
of rat exposure an increase was seen as well, but due to the Bonferroni correction this
remained statistically non-significant. Such a difference between plasma and central levels of
corticosterone can be explained by the fact that the two values may not directly be related.
Free corticosterone is the fraction of corticosterone that is not bound to corticosterone
binding globulin (CBG), and that is available for binding to glucocorticoid and

mineralocorticoid receptors. When measuring the plasma value, the amount of free



corticosterone and the fraction bound to CBG can not be differentiated. The plasma value of
corticosterone therefore does not necessarily reflect the biologically active amount of
hormone, and might give a distorted image of the actual HPA axis activation. This is even
more so because the amount of CBG also varies with time and stress-situation (levels of CBG
decrease under stressful conditions). It is therefore not possible to predict the free amount of
corticosterone based on the total levels [77, 79, 300, 315, 320].

Still, measuring free corticosterone levels and using the same rat exposure method, Linthorst
et al. [174] found larger increases in B6C3F1 mice than we did with C57bl/6N mice. Indeed,
the choice of strain is an important factor in determining the neuroendocrine and behavioural
outcome of experiments (see also paragraph 1.3 for more discussion on strain differences and

[6, 11, 40, 55, 81, 113, 200, 282, 287, 288, 322]). Apparently the observed differences
between the free corticosterone values of C57bl/6N and B6C3F1 mice, as well as those in the
plasma hormone levels are related to genetic differences of vulnerability to stress and HPA
axis activity. Adding to this, changes in CBG are strain dependent [80]. Another contributing
factor to strain differences when it comes to hormonal levels is the rate of steroid degradation,
which is different among strains. C57bl/6N have a high rate of catabolism and Balb/c a lower
rate [172, 198, 293].

The differentiation by Koolhaas ef al. between reactive and proactive coping styles, of which
the behavioural consequences have been discussed above in paragraph 1.1, also has
neuroendocrine implications. With the reactive form, the reactivity of the HPA axis is high,
whereas the proactive form is more associated with low levels of corticosterone [159]. In
mild stressing circumstances, such as predator exposure here, reactive strains might not
necessarily yield higher average levels of corticosterone, but a higher number of responders,
than proactive styles. This would be consistent with the fact that from a behavioural point of
view, B6C3F1 in this predator exposure paradigm seem to have a reactive coping style,
whereas the C57bl/6 and Balb/c strains seem to be proactive.

A final observation from the neuroendocrine data is related to the effect of re-exposure. The
free corticosterone data showed that the HPA axis is activated less during a second trial than
with the first one. This has also been described with plasma values of corticosterone in rats
repeatedly exposed to cat odour [101, 222]. This might indicate that the animals had learned
from the previous experience that the rat did not oppose an acute threat. Based on the
information from this prior exposure, it is possible for the hippocampus to exert an inhibitory
influence on the HPA axis. This attenuated HPA-response also fits with the observed

behavioural differences that were less indicative of stress on the second day of rat exposure.



3.2. Behavioural and hormonal correlates

One of the questions to be answered in this thesis is whether specific behaviours correlate
with hormonal levels. Therefore the behaviour of the 5 strains of which plasma hormone
levels were assessed was analysed, which was repeated using another method for the three
strains with the most pronounced activation of the HPA axis. A relation between hormonal
levels and behaviour could be expected, based on the discrimination of reactive and proactive
coping styles, which indeed classifies certain behaviours that are more likely to be related to
higher or lower levels of corticosterone. The latter category for example has high levels of
defensive burying and nest-building [159, 332]. The present results carefully indicated that
mice that spent more time rearing or sniffing at the separation wall, and/or exhibited more
food-related behaviour had higher stress hormone levels. This however was only a general
tendency that did not apply to every individual with this profile. Contrasting this, mice that
were freezing or jumping, did always show increased hormonal levels.

From literature becomes clear that it is more often so that specific behavioural parameters can
not or hardly be related to stress hormone levels. In a study exposing rats to odours, among
which a predator odour, no significant alterations in immobility, grooming, rearing or
horizontal locomotion were found, although corticosterone levels between groups differed
[222]. Balb/c mice exposed to a rat showed more stretch attend postures than controls and
had higher corticosterone levels, whereas the reverse was true for C57bl/6J mice. In both
strains, the level of freezing was positively correlated with corticosterone levels, and the
levels of rearing negatively [6, 275]. On the other hand the amount of freezing was not
related with corticosterone levels in rats receiving footshock stress [127]. No relation was
found between the time various strains of mice spent in the open arms of the EPM or the
exploratory locomotor activity in a novel environment and levels of corticosterone [40, 322].
Also levels of locomotion did not correlate with ACTH or corticosterone levels in rats
exposed to ferret odour [246], nor did levels of struggling or immobility in the rat forced
swim test [11].

Taken together, except maybe for some extremes in behaviour, like jumping, most behaviour
is not reflecting the activity of the HPA axis. It can be that in individual cases, or
occasionally on strain level, such correlations exist, but the large interindividual variance of
both behavioural and neuroendocrine parameters makes it hard to extent such observations to
whole species. This also reflects that differential brain circuits underlie the control of

behaviour and neuroendocrine responses.



4. DISCUSSION OF ADDITIONAL EXPERIMENTS

4.1. C57bl/6N mice bred at the institute

Many researchers use animals that are bred in their own facilities. This has the advantage that
all events during the animal’s life are known that might influence results. In addition it is
known that animals that come from commercial vendors may vary in their behavioural
responses, depending on where they come from [60, 63, 329]. Possibly even subtle
differences in diet, housing and caretakers may underlie these different responses [46, 336,
349].

Hormonal responses to rat exposure were not different in animals that were born in the
institute or that were delivered from Charles River. Behavioural differences however were
seen. Institute-bred mice were less active in general and showed less investigative behaviours
than animals from Charles River. In general an attenuated activity response to a novel
situation is interpreted as a sign of anxiety. Also the occurrence of panic like jumping
behaviour of one of the animals born at the institute would point into this direction. It is
feasible that animals from Charles River have been confronted with the smell of rats before,
for example through the cloths of caretakers, and therefore were not absolutely rat exposure
naive before used in the rat exposure experiments described here. Prior exposure to odours
does indeed affect the response to consecutive odour exposures [266]. Also, animals coming
from a vendor have been confronted with novelty and changing conditions more often than
animals that were not confronted with transportation, different housing conditions, changing
care takers etc. Taken together this could lead to predominating interest in the presence of a
rat, rather than fear for it, and thus in higher levels of investigative behaviours in the bought
animals than in the animals from the institute. Still, it remains debatable whether a different
emotionality between the two groups truly exists. Hormonal levels did not confirm this and
the overall impression of the animals when observing the behavioural videos also did not
indicate a clear difference in anxiety. In addition, behavioural data of exposed institute-bred
animals were not much different from those of unexposed ones. It would be necessary to
conduct additional experiments, like the elevated plus maze, to clarify whether animals from
the institute are more, less, or equally anxious as animals from somewhere else. Nevertheless,
the results do confirm that differences in behaviour exist between groups of animals that
differ in origin. Also the results show that behavioural differences are not necessarily

reflected in hormonal differences.



4.2. CRH-transgenic animals

Rat exposure exposure experiments were also conducted with CRH-transgenic and wildtype
mice. As also mentioned in paragraphs 2.2.3 and 5.6 of the introduction, CRH plays a role in
depression and anxiety. Consequently, CRH-transgenic mice were found to be more anxious
than wildtypes on the EPM, in a novel environment and in the light-dark box [303, 330].
Contrasting these findings that relate to innate fear, CRH-Tg did not appear to be more
anxious in conditioning paradigms [330].

In our study, only small differences were found between the two genotypes on a behavioural
level. Under control conditions, CRH-Tg tended to groom more than Wt did. This
observation was also made by Van Gaalen ef al. [330] when observing spontaneous home
cage behaviour of the mice after a 1-min confinement. This was interpreted as an indication
of higher levels of anxiety that had been present in the CRH-Tg.

Rat exposure gave rise to investigative behaviours in both kinds of mice. Transgenics
however tended to engage less frequently in these than wildtypes did. As with the C57bl/6
mice from the institute, discussed in the previous section, this might be signalling the more
anxious nature of CRH-Tg mice. Similarly, in a novel environment study by Stenzel-Poore
[303] CRH-Tg were less active than Wt in the first 5 min of the paradigm, also interpreted as
a sign of increased anxiety. Throughout the rest of the novel environment paradigm however,
differences between CRH-Wt and Tg were absent. This might also explain why no larger
behavioural differences between the two genotypes were found in our study: possibly the
time frame was too long to still see significant quantitative differences that might only occur
in the first minutes. On the other hand, it is also possible to interpret the slightly lower levels
of investigative behaviour in CRH-Tg as an indication that they were less aroused than
wildtypes by the presence of the rat. As CRH-Tg react more dramatically to superimposed
stressors than wildtypes do [303], an experiment pre-stressing the animals with social defeat
for example would help elucidate how to interpret the behavioural differences between the
genotypes. In case the difference between the levels of investigative behaviour increases, this
would indicate that these are a measure of anxiety in the CRH-Tg.

The higher amount of food-related behaviour that was seen in CRH-Tg is more likely to be a
result of genotype, than to be an expression of experienced stress, as it was seen both under
unexposed and exposed conditions. Although increased food-intake has not been described
with mice overexpressing CRH, various neuropeptides, including CRH, are known to play a
role in consummatory behaviour. However, central administration of CRH induces a decrease

in food consumption [219, 220]. It can be envisioned though, that in mice with lifelong



increased levels of CRH and corticosterone, these effects are different. Obesity is often seen
in patients with Cushing’s disease [157], and in obese rats it was shown that reduction of
corticosterone levels reduced levels of food intake [49].

Whereas the behavioural differences between the genotypes were not very evident,
differences in stress hormones were. Control levels of corticosterone were higher in mice
overexpressing CRH than in the wildtypes, but were not elevated in response to rat exposure,
where the wildtypes did have higher CORT-levels after stress. Levels of ACTH though were
similar among the genotypes under control conditions and elevated after stress in both kinds
of mice. However, this elevation was less pronounced in the CRH-transgenics.

The observation that the basal levels of CORT were higher in the CRH-Tg is in line with
findings by Stenzel-Poore et al. [302]. However, they found higher basal levels for ACTH in
the transgenics as well. Based on the ACTH-release stimulating function of CRH, we had
also expected to find an elevated basal level of ACTH in the transgenics. The reason for this
discrepancy is unclear, but may have to do with interindividual differences. Also in the study
of Stenzel-Poore not every single transgenic animal had an ACTH level that was higher than
the average level of wildtypes. The effects of rat exposure that we described on plasma
ACTH and corticosterone are similar to those found after restraint stress in these animals [60].
Because the CRH-Tg by nature suffer from chronical HPA activation (reflected in the higher
basal levels of CORT), the HPA axis gets desensitised to further stimulation. This results in
attenuated stress hormone responses after a stressful experience [60, 302].

Concluding, the neuroendocrine findings with CRH-Tg and CRH-Wt mice were in
correspondence with what is described in literature. The differences in behaviour between the
genotypes during rat exposure did not convincingly indicate a more anxious nature of the
CRH-Tg. This is might be an indication that rat exposure in this form was too mild to elicit a

discriminative response.

5. CONCLUSIONS AND CONCLUDING REMARKS

This section will present the answers to the questions, posed in the aims section of the
introduction (paragraph 8), in a condensed form. Following are concluding remarks on the

value of rat exposure as a behavioural paradigm and on its use for neurochemical studies.

5.1. Answers

Rat exposure in the form it was used in the described experiments is a model that is mildly



stressing. It resulted in changes in the behaviour of C57/bl/6N and Balb/c mice, as well as
changes in diverse neurochemical parameters and measures of neuroendocrine functioning.
On a behavioural level, predator exposure caused mice of various strains to become alert,
start risk-assessment activities like rearing and sniffing, followed by behaviour that indicates
coping, such as grooming and nesting. In case of Balb/c possibly also the engagement in
food-related behaviour forms an index of coping behaviour. Upon re-exposure mice spent
less time with risk-assessment and more time with coping behaviour, hinting that they had
learned from the previous experience and adapted their behavioural strategy accordingly.
These behavioural changes were paralleled by increases in 5-HT during the active phases, as
well as in its metabolite 5S-HIAA. These increases were found in the hippocampus, PFC and
LS, all part of the limbic system, but were absent in the caudate putamen, a brain area that is
not part of the limbic system. 5-HT was also found to be increased in the PVN, and to a lesser
extent in the AHP. These findings indicate that brain-region specific alterations in 5-HT
subserve the role of 5-HT in emotion.

Increases in NA were seen in the hippocampus, especially during the first 5 minutes of rat
exposure, indicative of the arousing properties of the paradigm. Similar findings on a second
day of rat exposure could mean that hippocampal NA-elevations are needed to switch
attention to external events, and that this might not easily be subject to desensitisation.
Increases in the metabolite MHPG were found in the hippocampus, but also in the anterior
hypothalamus and paraventricular nucleus, potentially pointing towards an elevation of NA in
those regions as well. Unfortunately it was not possible to make statements on the relation
between HPA axis activation and hypothalamic levels of NA based on the MHPG-
measurements.

Levels of the dopaminergic metabolite HVA, but not of DOPAC, were increased in the
hippocampus, in the paraventricular nucleus, and in the AHP. Although it is not possible to
conclude from this that also dopamine itself had been increased, it is likely that these
increases too were caused by arousing properties of rat exposure.

It was not possible to correlate certain behaviours to the increases in neurotransmitters. But it
does seem that 5-HT is not only elevated during oral-buccal movements, as a current
hypothesis states. 5-HT and especially NA are mainly elevated during the beginning of rat
exposure, in the alert and risk assessment phase. Whereas the behaviour was different during
re-exposure, neurochemical patterns remained the same.

Predator exposure also affected the HPA axis activity, in which strain differences became

apparent. Levels of total corticosterone and ACTH were higher after rat exposure in



C57bl/6N, Balb/c and B6C3F1 mice, but not in C57bl/6]J and DBA/2 mice. Levels of free
corticosterone were also elevated in subsets of C57bl/6N, and were lower on a subsequent
trial. This underlines the behavioural data that indicated an attenuated stress effect of
repetition of rat exposure and contrasts the neurochemical data that were not different on a
second day. Differences in hormonal responses were partly reflected in behavioural
differences as well. Higher levels of stress hormones seemed to be found in mice that were
rearing more, sniffing more in the air or at the separation wall, or spent more time with food-
related behaviour.

The arousing properties of rat exposure were confirmed by neuroendocrine findings with
institute bred C57bl/6N mice or CRH-Tg mice. The behaviour of C57bl/6N mice from the
institute was different from that of the mice coming directly from the vendour. This forms a
good argument to breed animals for behavioural research as much as possible in house.
Interestingly, behavioural observations with CRH-Tg could not unequivocally confirm the
more anxious nature of these mice comparing to wildtypes. Possibly this was the case
because rat exposure in its current form was a very mild stressor, and maybe not powerful
enough to reveal differences in anxiety between the two genotypes.

Concluding, although rat exposure confronts mice with a mild stress, it has marked, strain
dependent effects on behaviour and HPA axis activation. It also affects neurotransmission in
a brain region-selective manner. Behaviour and neuroendocrine data were different with re-
exposure, the neurochemical parameters were not. This underlines that behavioural,
neurochemical and neuroendocrine effects are not mediated similarly, but are different,

complimentary, pieces of the total picture of effects stress can have on an organism.

5.2. The value of predator exposure as a behavioural model

Although predator exposure has repeatedly been named as a model for psychological stress,
and in some cases serves as a model of panic [1, 28, 30, 122, 174, 222, 246], this view needs
to be differentiated based on the present results. In order to function as a proper stress or
panic model, it is important to make careful considerations about the strain of mice and about
the exact procedure to employ.

Concerning the method used in this study, it may be worthwhile to couple predator exposure
to a novel environment. After all, under naturalistic conditions as well, mice are not very
likely to engage predators in their home dens, but when they are outside in the open. This
would also enhance face validity of the model. A practical downside of such an adaptation

could be that it complicates the performance of simultaneous microdialysis.



Once the rat exposure paradigm is potentiated by adding an element of novel environment for
example, the behavioural profile of various of strains of mice, like C57bl/6N, Balb/c or
B6C3F1 mice, should be re-analysed to find the strain with a preferably large HPA axis
response, behaviours indicative of anxiety (like jumping or freezing), and preferably large
differences in risk assessment and coping behaviour between the first and second rat
exposure trial. In this case the neuroendocrine and behavioural window would be optimised
to discriminate in anxiolytic, anxiogenic and possibly antidepressant effects of compounds.
The predictive validity of the model could then be put to the test.

The rat exposure model certainly has potential as a behavioural model. Even in its mild form
it was possible to discern an effect of ‘day’ on behaviour, which was not possible based on
the neurochemical indices, and only clear in a subset of animals based on the hormonal data.
This behavioural strength is due to the multitude of behavioural parameters that were
examined. At the same time this also forms a practical drawback of predator exposure: the
behavioural observations of the animals are very time consuming and need training. However,
it may be very well possible that the future of behavioural models lies in ethological
approaches. Ever finer differences in drug profiles should be discriminated. Closely
observing animals makes the researcher sensitive to such subtle changes in the animals. The
value of observing more than one behavioural parameter is already clear in the elevated plus
maze and the forced swimming test. The difference between catecholaminergic drugs and the
serotonergic SSRI only becomes visible in the forced swim test, when behaviour is more
closely observed than just measuring the immobility time. Catecholaminergic antidepressants
namely selectively increase the amount of struggling or climbing behaviour, whereas SSRI

selectively increase the amount of swimming [64].

5.3. Rat exposure and neurochemistry

If the rat exposure paradigm as it was used in the current experiments would be adapted so
that it poses a more threatening situation to the mouse, it could very well be used to
investigate neurochemical processes that underlie the various phases of the stress response.
These phases would first be a baseline situation, then realising that a threatening situation is
present, assessing the extent of danger, possibly take protective action and returning to an
equilibrated state again. A technique like microdialysis offers itself to study the levels of
certain neurotransmitters over time, although the temporal resolution may not be high enough
to study all phases of the response. It would be interesting to more extensively study the

effects rat exposure has on the prefrontal cortex and on the paraventricular nucleus. A



question could be whether the levels of noradrenaline in the prefrontal cortex, like those in
the hippocampus, do not differ with repeated exposure and how this is in the PVN. The latter
structure also presents itself to further look into the correlation between neurochemicals and
neuroendocrine activity. Also the amygdala offers itself as an interesting, and technically
challenging structure to explore. When certain behaviours seem to correlate with
neurochemical changes in specific brain structures, it would be interesting to investigate
whether pharmacological manipulation of the extracellular level of that compound affects
behaviour. The list of possibilities is sheer endless to investigate the function of
neurochemicals in certain brain structures in their relevance for behaviour and HPA axis

activation.

5.4. A personal note

It is my conviction that depression is a disease that can exclusively be found in humans
(possibly in primates too), but not in rodents. It appears to me that depression is a state that
develops from a situation in which cognitive control over emotional impulses is so strong that
the balance between ratio and emotion is lost and gets pathological. Indeed, a characteristic of
depression is emotional flattening and attenuated responses to emotional events.

Translated to a neuroanatomical level this could mean that cortical areas are too active in
suppressing the activity of the limbic system. Indeed the cortex is larger in humans than in
any other species. The prefrontal cortex takes up a third of human brain volume and plays a
key role in complex planning, problem solving and provides a perspective on whether a task
is proceeding satisfactorily [111]. Also the evolutionary role of the cortical areas seems to be
to modulate behavioural responses originating in other limbic areas in such a way that future
purposes or additional knowledge can be incorporated in the final behavioural action that is
taken after presentation of a stimulus. Still, emotions generated by activity of the limbic
system are the most effective warning systems that have been developed in evolution, and the
behaviour that is a consequence of certain emotions has a function in the survival of an
individual and a species. When emotions that are generated in humans and that function as an
alert to take action, are chronically not followed by certain behavioural events, it is not
surprising that this leads to increasing activity of the limbic system and stress system,
necessitating more cognitive control. An intuitive approach says that such a strained system
can only collapse in a state with predominantly suppressed emotions, as could be the case in
depressive syndromes, or in a state controlled by exaggerated emotion, as could be the case in

anxiety disorders.



What follows from the above is that anxiety is easier to model in animal models than
depression is. After all, rodents have the neuroanatomical structures that enable the induction
of a state of exaggerated emotion, but not so much the ability to create a situation in which
emotions are suppressed the way humans can. What can be seen however in functional
animal models of depression is that they rely on a learned element that is contra-natural. In
the learned helplessness paradigm, animals no longer try to avoid an electric shock. In the
forced swim test animals stop trying to get out of the water. Antidepressants effects are
characterised by returning the animal’s behaviour to a more intuitive, emotionally driven
state.

Other implications of the above are that the future of psychiatric research may not be in the
focus of a primary imbalance in neurotransmitters, but in the imbalance between complete
networks. Such an imbalance will certainly be measurable in the form of changed
neurotransmission in the brain, after all this is the means by which neuronal structures
communicate. But not less important is to simultaneously investigate the resulting effects on
the output of the brain: behaviour, endocrinology and autonomic nervous activation. To
understand the processes that occur in the etiology of depression and anxiety it is therefore
imperative to investigate how a disruption of an equilibriated state by a stressor leads to
effects on all those different levels and how these effects are correlated. It appears especially
interesting to find out in how far systemic and psychological stressors indeed are two of a
kind.

In the end however it must be realised that as animals are not humans, it will not be possible
to get the full picture based on animal studies. But in vivo animal studies will enable us to
take a few steps towards the elucidation of neurobiological background of psychiatric

disorders.



V. REFERENCES

10.

11.

12.

13.

. Adamec R, Kent P, Anisman H, Shallow T, Merali Z. Neural plasticity, neuropeptides

and anxiety in animals-implications for understanding and treating affective disorder
following traumatic stress in humans. Neurosci 1998; 23: 301-318.

Adamec RE, Burton P, Shallow T, Budgell J. Unilateral block of NMDA receptors in
the amygdala prevents predator stress-induced lasting increases in anxiety-like
behavior and unconditioned startle--effective hemisphere depends on the behavior.
Physiol 1999; 65: 739-751.

Adams DB, Boudreau W, Cowan CW, Kokonowski C, Oberteuffer K, Yohay K.
Offense produced by chemical stimulation of the anterior hypothalamus of the rat.
Physiol Behav 1993; 53: 1127-1132.

Adell A, Casanovas JM, Artigas F. Comparative study in the rat of the actions of
different types of stress on the release of 5-HT in raphe nuclei and forebrain areas.
Neuropharmacology 1997; 36: 735-741.

. American Psychiatric Association. Diagnostic and Statistical Manual of Mental

Disorders. Washington D.C.: 1994,

Anisman H, Hayley S, Kelly O, Borowski T, Merali Z. Psychogenic, neurogenic, and
systemic stressor effects on plasma corticosterone and behavior: mouse strain-
dependent outcomes. Behav Neurosci 2001; 115: 443-454.

Antoni FA. Hypothalamic control of adrenocorticotropin secretion: advances since the
discovery of 41-residue corticotropin-releasing factor. Endocr Rev 1986; 7: 351-378.

Arabia AM, Catapano L, Storini C, Perego C, De Luigi A, Head GA, De Simoni MG.
Impaired central stress-induced release of noradrenaline in rats with heart failure: a
microdialysis study. Neuroscience 2002; 114: 591-599.

Arango V, Underwood MD, Mann JJ. Fewer pigmented locus coeruleus neurons in
suicide victims: preliminary results. Biol Psychiatry 1996; 39: 112-120.

Arborelius L, Owens MJ, Plotsky PM, Nemeroff CB. The role of corticotropin-
releasing factor in depression and anxiety disorders. J Endocrinol 1999; 160: 1-12.

Armario A, Gavalda A, Marti J. Comparison of the behavioural and endocrine
response to forced swimming stress in five inbred strains of rats.
Psychoneuroendocrinology 1995; 20: 879-890.

Arnsten AF. Through the looking glass: differential noradenergic modulation of
prefrontal cortical function. Neural Plast 2000; 7: 133-146.

Aston-Jones G, Rajkowski J, Cohen J. Role of locus coeruleus in attention and
behavioral flexibility. Biol Psychiatry 1999; 46: 1309-1320.



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Aston-Jones G, Rajkowski J, Kubiak P, Valentino RJ, Shipley MT. Role of the locus
coeruleus in emotional activation. Prog Brain Res 1996; 107: 379-402.

Azmitia EC. Serotonin neurons, neuroplasticity, and homeostasis of neural tissue.
Neuropsychopharmacology 1999; 21 Suppl 1: S33-545.

Azmitia EC, Segal M. An autoradiographic analysis of the differential ascending
projections of the dorsal and median raphe nuclei in the rat. J Comp Neurol 1978;
179: 641-667.

Bassareo V, De Luca MA, Di Chiara G. Differential expression of motivational
stimulus properties by dopamine in nucleus accumbens shell versus core and
prefrontal cortex. J Neurosci 2002; 22: 4709-4719.

Bel N, Artigas F. Chronic treatment with fluvoxamine increases extracellular
serotonin in frontal cortex but not in raphe nuclei. Synapse 1993; 15: 243-245.

Belzung C. The genetic basis of the pharmacological effects of anxiolytics: a review
based on rodent models. Behav Pharmacol 2001; 12: 451-460.

Belzung C, E1 Hage W, Moindrot N, Griebel G. Behavioral and neurochemical
changes following predatory stress in mice. Neuropharmacology 2001; 41: 400-408.

Belzung C, Le Pape G. Comparison of different behavioral test situations used in
psychopharmacology for measurement of anxiety. Physiol Behav 1994; 56: 623-628.

Berman R, Krystal JH, Charney DS. Mechanism of action of antidepressants:
monoamine hypotheses and beyond. In: Watson SJ, ed. Biology of schizophrenia and
affective disease., Washington D.C.: American Psychiatric Press, Inc., 1996: 295-368.

Berton F, Vogel E, Belzung C. Modulation of mice anxiety in response to cat odor as
a consequence of predators diet. Physiol Behav 1998; 65: 247-254.

Beuzen A, Belzung C. Link between emotional memory and anxiety states: a study by
principal component analysis. Physiol Behav 1995; 58: 111-118.

Bimmbaum S, Gobeske KT, Auerbach J, Taylor JR, Arnsten AF. A role for
norepinephrine in stress-induced cognitive deficits: alpha-1-adrenoceptor mediation in
the prefrontal cortex. Biol Psychiatry 1999; 46: 1266-1274.

Bittencourt JC, Sawchenko PE. Do centrally administered neuropeptides access
cognate receptors?: an analysis in the central corticotropin-releasing factor system. J
Neurosci 2000; 20: 1142-1156.

Biver F, Goldman S, Delvenne V, Luxen A, De Maertelaer V, Hubain P, Mendlewicz
J, Lotstra F. Frontal and parietal metabolic disturbances in unipolar depression. Biol
Psychiatry 1994; 36: 381-388.

Blanchard DC, Griebel G, Blanchard RJ. Mouse defensive behaviors:
pharmacological and behavioral assays for anxiety and panic. Neurosci Biobehav Rev
2001; 25: 205-218.



29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Blanchard RJ, Griebel G, Henrie JA, Blanchard DC. Differentiation of anxiolytic and
panicolytic drugs by effects on rat and mouse defense test batteries. Neurosci 1997;
21: 783-789.

Blanchard RJ, Nikulina JN, Sakai RR, McKittrick C, McEwen B, Blanchard DC.
Behavioral and endocrine change following chronic predatory stress. Physiol Behav
1998; 63: 561-569.

Blanchard RJ, Parmigiani S, Bjornson C, Masuda C, Weiss SM, Blanchard DC.
Antipredator Behavior of Swiss-Webster Mice in a Visible Burrow System.
Aggressive Behavior 2002; 21: 123-136.

Blanchard RJ, Yudko EB, Rodgers RJ, Blanchard DC. Defense system
psychopharmacology: an ethological approach to the pharmacology of fear and
anxiety. Behav Brain Res 1993; 58: 155-165.

Blier P, Bouchard C. Modulation of 5-HT release in the guinea-pig brain following
long-term administration of antidepressant drugs. Br J Pharmacol 1994; 113: 485-495.

Bloch RG, Buchberg AS, Spellman S. The clinical effect of isoniazid and iproniazid
in the treatment of pulmonary tuberculosis. Ann Intern Med 1954; 40: 881-900.

Bode L, Zimmermann W, Ferszt R, Steinbach F, Ludwig H. Borna disease virus
genome transcribed and expressed in psychiatric patients. Nat Med 1995; 1: 232-236.

Borsini F, Meli A. The forced swimming test: Its contribution to the understanding of
the mechanisms of action of antidepressants. In: Gessa GL, Serra G, eds. Dopamine
and Mental Depression, Oxford: Pergamon Press, 1990: 63-76.

Borsini F, Podhorna J, Marazziti D. Do animal models of anxiety predict anxiolytic-
like effects of antidepressants? Psychopharmacology 2002; 163: 121-141.

Boudaba C, Schrader LA, Tasker JG. Physiological evidence for local excitatory
synaptic circuits in the rat hypothalamus. J Neurophysiol 1997; 77: 3396-3400.

Bourin M, Baker GB, Bradwejn J. Neurobiology of panic disorder. J Psychosom Res
1998; 44: 163-180.

Brodkin ES, Carlezon WA, Jr., Haile CN, Kosten TA, Heninger GR, Nestler, EJ.
Genetic analysis of behavioral, neuroendocrine, and biochemical parameters in inbred
rodents: initial studies in Lewis and Fischer 344 rats and in A/J and C57BL/6J mice.
Brain Res 1998; 805: 55-68.

Bronisch T, Linthorst ACE. Liquoruntersuchungen. In: Bronisch T, Felber W,
Wolfersdorf M, eds. Neurobiologie suizidalen Verhaltens, Regensburg: S. Roderer
Verlag, 2001: 154-156.

Butler PD, Weiss JM, Stout JC, Nemeroff CB. Corticotropin-releasing factor
produces fear-enhancing and behavioral activating effects following infusion into the
locus coeruleus. J Neurosci 1990; 10: 176-183.



43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

35.

56.

Buwalda B, Van Kalkeren AA, De Boer SF, Koolhaas JM. Behavioral and
physiological consequences of repeated daily intracerebroventricular injection of
corticotrophin-releasing factor in the rat. Psychoneuroendocrinology 1998; 23: 205-
218.

Cahill L, McGaugh JL. Mechanisms of emotional arousal and lasting declarative
memory. Trends Neurosci 1998; 21: 294-299.

Cahill L, Prins B, Weber M, McGaugh JL. Beta-adrenergic activation and memory for
emotional events. Nature 1994; 371: 702-704.

Calatayud F, Belzung C. Emotional reactivity in mice, a case of nongenetic heredity?
Physiol Behav 2001; 74: 355-362.

Cardinal RN, Parkinson JA, Hall J, Everitt BJ. Emotion and motivation: the role of
the amygdala, ventral striatum, and prefrontal cortex. Neurosci Biobehav Rev 2002;
26: 321-352.

Carlson NR. Physiology of Behaviour. Boston: Allyn and Bacon, 1998.

Castonguay TW. Glucocorticoids as modulators in the control of feeding. Brain Res
Bull 1991; 27: 423-428.

Celada P, Puig MV, Casanovas JM, Guillazo G, Artigas F. Control of dorsal raphe
serotonergic neurons by the medial prefrontal cortex: Involvement of serotonin-1A,
GABA(A), and glutamate receptors. J Neurosci 2001; 21: 9917-9929.

Cenci MA, Kalen P, Mandel RJ, Bjorklund A. Regional differences in the regulation
of dopamine and noradrenaline release in medial frontal cortex, nucleus accumbens
and caudate-putamen: a microdialysis study in the rat. Brain Res 1992; 581: 217-228.

Chalmers DT, Kwak SP, Mansour A, Akil H, Watson SJ. Corticosteroids regulate
brain hippocampal 5-HT1A receptor mRNA expression. J Neurosci 1993; 13: 914-
923.

Chamas FM, Underwood MD, Arango V, Serova L, Kassir SA, Mann JJ, Sabban EL.
Immobilization stress elevates tryptophan hydroxylase mRNA and protein in the rat
raphe nuclei. Biol Psychiatry 2004; 55: 278-283.

Chaouloff F. Serotonin, stress and corticoids. Journal of Psychopharmacology 2000;
14: 139-151.

Chaouloff F, Kulikov A, Sarrieau A, Castanon N, Mormede P. Male Fischer 344 and
Lewis rats display differences in locomotor reactivity, but not in anxiety-related
behaviours: relationship with the hippocampal serotonergic system. Brain Res 1995;
693: 169-178.

Cheung S, Ballew JR, Moore KE, Lookingland KJ. Contribution of dopamine neurons
in the medial zona incerta to the innervation of the central nucleus of the amygdala,
horizontal diagonal band of Broca and hypothalamic paraventricular nucleus. Brain
Res 1998; 808: 174-181.



57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Compaan JC, Groenink L, Van der Gugten J, Maes RA, Olivier B. 5-HT1A receptor
agonist flesinoxan enhances Fos immunoreactivity in rat central amygdala, bed
nucleus of the stria terminalis and hypothalamus. Eur J Neurosci 1996; 8: 2340-2347.

Connor TJ, Kelliher P, Shen Y, Harkin A, Kelly JP, Leonard BE. Effect of subchronic
antidepressant treatments on behavioral, neurochemical, and endocrine changes in the
forced-swim test. Pharmacol 2000; 65: 591-597.

Connor TJ, Song C, Leonard BE, Merali Z, Anisman H. An assessment of the effects
of central interleukin-1beta, -2, -6, and tumor necrosis factor-alpha administration on
some behavioural, neurochemical, endocrine and immune parameters in the rat.
Neuroscience 1998; 84: 923-933.

Coste SC, Murray SE, Stenzel-Poore MP. Animal models of CRH excess and CRH
receptor deficiency display altered adaptations to stress. Peptides 2001; 22: 733-741.

Crabbe JC, Wahlsten D, Dudek BC. Genetics of mouse behavior: interactions with
laboratory environment. Science 1999; 284: 1670-1672.

Crawley JN. What's wrong with my mouse? Behavioral phenotyping of transgenic and
knockout mice. New York: Wiley-Liss, 2000.

Crusio WE, Schwegler H, Van Abeelen JH. Behavioural and neuroanatomical
divergence between two sublines of C57BL/6J inbred mice. Behav Brain Res 1991;
42: 93-97.

Cryan JF, Markou A, Lucki I. Assessing antidepressant activity in rodents: recent
developments and future needs. Trends Pharmacol Sci 2002; 23: 238-245.

D'Aquila PS, Peana AT, Carboni V, Serra G. Exploratory behaviour and grooming
after repeated restraint and chronic mild stress: effect of desipramine. Eur J
Pharmacol 2000; 399: 43-47.

Daugherty WP, Corley KC, Phan TH, Boadle-Biber MC. Further studies on the
activation of rat median raphe serotonergic neurons by inescapable sound stress.
Brain Res 2001; 923: 103-111.

Dautzenberg FM, Hauger RL. The CRF peptide family and their receptors: yet more
partners discovered. Trends Pharmacol Sci 2002; 23: 71-77.

Davis M. Are different parts of the extended amygdala involved in fear versus
anxiety? Biol Psychiatry 1998; 44: 1239-1247.

Dazzi L, Spiga F, Pira L, Ladu S, Vacca G, Rivano A, Jentsch JD, Biggio G.
Inhibition of stress- or anxiogenic-drug-induced increases in dopamine release in the
rat prefrontal cortex by long-term treatment with antidepressant drugs. J Neurochem
2001; 76: 1212-1220.

Dazzi L, Vignone V, Seu E, Ladu S, Vacca G, Biggio G. Inhibition by venlafaxine of
the increase in norepinephrine output in rat prefrontal cortex elicited by acute stress or
by the anxiogenic drug FG 7142. J Psychopharmacol 2002; 16: 125-131.



71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

&3.

84.

De Groote L. 5-HT1B receptors and serotonin function. Microdialysis studies in rats
and knockout mice. Dissertation. Enschede: FEBOdruk b.v., 2002.

De Kloet ER, Oitzl MS, Joéls M. Stress and cognition: are corticosteroids good or bad
guys? Trends Neurosci 1999; 22: 422-426.

De Kloet ER, Van Acker SABE, Sibug RM, Oitzl MS, Meijer, OC, Rahmouni K, De
Jong W. Brain mineralocorticoid receptors and centrally regulated functions. Kidney
Int 2000; 57: 1329-1336.

De Kloet ER, Vreugdenhil E, Oitzl MS, Joéls M. Brain corticosteroid receptor
balance in health and disease. Endocrine Reviews 1998; 19: 269-301.

de Montigny C, Aghajanian GK. Tricyclic antidepressants: long-term treatment
increases responsivity of rat forebrain neurons to serotonin. Science 1978; 202: 1303-
1306.

De Olmos J, Heimer L. Double and triple labeling of neurons with fluorescent
substances; the study of collateral pathways in the ascending raphe system. Neurosci
Lett 1980; 19: 7-12.

Deak T, Nguyen KT, Cotter CS, Fleshner M, Watkins LR, Maier SF, Spencer RL.
Long-term changes in mineralocorticoid and glucocorticoid receptor occupancy
following exposure to an acute stressor. Brain Res 1999; 847: 211-220.

Deakin JF, Pennell I, Upadhyaya AJ, Lofthouse R. A neuroendocrine study of SHT
function in depression: evidence for biological mechanisms of endogenous and
psychosocial causation. Psychopharmacology (Berl) 1990; 101: 85-92.

Deuschle M, Schweiger U, Standhardt H, Weber B, Heuser 1. Corticosteroid-binding
globulin is not decreased in depressed patients. Psychoneuroendocrinology 1996; 21:
645-649.

Dhabhar FS, McEwen BS, Spencer RL. Stress response, adrenal steroid receptor
levels and corticosteroid-binding globulin levels--a comparison between Sprague-
Dawley, Fischer 344 and Lewis rats. Brain Res 1993; 616: 89-98.

Dhabhar FS, McEwen BS, Spencer RL. Adaptation to prolonged or repeated stress--
comparison between rat strains showing intrinsic differences in reactivity to acute
stress. Neuroendocrinology 1997; 65: 360-368.

Dhingra NK, Raju TR, Meti BL. Selective reduction of monoamine oxidase A and B
in the frontal cortex of subordinate rats. Brain Res 1997; 758: 237-240.

Dielenberg RA, Hunt GE, McGregor IS. "When a rat smells a cat": the distribution of
Fos immunoreactivity in rat brain following exposure to a predatory odor.
Neuroscience 2001; 104: 1085-1097.

Dilts RP, Boadle-Biber MC. Differential activation of the 5-hydroxytryptamine-
containing neurons of the midbrain raphe of the rat in response to randomly presented
inescapable sound. Neurosci Lett 1995; 199: 78-80.



85.

86.

87.

88.

&9.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Dong YX, Han ZA, Xiong KH, Rao ZR. Fos expression in serotonergic midbrain
neurons projecting to the paraventricular nucleus of hypothalamus after noxious
stimulation of the stomach: a triple labeling study in the rat. Neurosci Res 1997; 27:
155-160.

Drevets WC. Functional neuroimaging studies of depression: the anatomy of
melancholia. Annu Rev Med 1998; 49: 341-361.

Drevets WC. Functional anatomical abnormalities in limbic and prefrontal cortical
structures in major depression. Prog Brain Res 2000; 126: 413-431.

Droste SK, Gesing A, Ulbricht S, Muller MB, Linthorst AC, Reul JM. Effects of
long-term voluntary exercise on the mouse hypothalamic-pituitary-adrenocortical axis.
Endocrinology 2003; 144: 3012-3023.

Dunn AJ. Changes in plasma and brain tryptophan and brain serotonin and 5-
hydroxyindoleacetic acid after footshock stress. Life Sci 1988; 42: 1847-1853.

Dunn AJ, Berridge CW. Physiological and behavioral responses to corticotropin-
releasing factor administration: is CRF a mediator of anxiety or stress responses?
Brain Res Brain Res Rev 1990; 15: 71-100.

Dunn AJ, Welch J. Stress- and endotoxin-induced increases in brain tryptophan and
serotonin metabolism depend on sympathetic nervous system activity. J Neurochem
1991; 57: 1615-1622.

Dunn JD, Orr SE. Differential plasma corticosterone responses to hippocampal
stimulation. Exp Brain Res 1984; 54: 1-6.

Fava M, Kendler KS. Major depressive disorder. Neuron 2000; 28: 335-341.

Feenstra MG, Botterblom MH, Van Uum JF. Local activation of metabotropic
glutamate receptors inhibits the handling-induced increased release of dopamine in
the nucleus accumbens but not that of dopamine or noradrenaline in the prefrontal
cortex: comparison with inhibition of ionotropic receptors. J Neurochem 1998; 70:
1104-1113.

Feenstra MG, Vogel M, Botterblom MH, Joosten RN, De Bruin JP. Dopamine and
noradrenaline efflux in the rat prefrontal cortex after classical aversive conditioning to
an auditory cue. Eur J Neurosci 2001; 13: 1051-1054.

Feenstra MGP, Botterblom MHA, Mastenbroek, S. Dopamine and noradrenaline
efflux in the prefrontal cortex in the light and dark period: Effects of novelty and
handling and comparison to the nucleus accumbens. Neuroscience 2000; 100: 741-
748.

Fernandez E. Structure of the mouse behaviour on the elevated plus-maze test of
anxiety. Behav Brain Res 1997; 86: 105-112.

Ferrari F, Pelloni F, Giuliani D. Suppressive effect of the dopamine D2 receptor
agonist B-HT 920 on rat grooming. Eur J Pharmacol 1992; 216: 345-350.



99. Figueiredo HF, Bodie BL, Tauchi M, Dolgas CM, Herman JP. Stress integration after
acute and chronic predator stress: differential activation of central stress circuitry and

sensitization of the hypothalamo-pituitary-adrenocortical axis. Endocrinology 2003;
144: 5249-5258.

100. File SE. Factors controlling measures of anxiety and responses to novelty in the
mouse. Behav Brain Res 2001; 125: 151-157.

101. File SE, Zangrossi H, Jr., Sanders FL, Mabbutt PS. Dissociation between behavioral
and corticosterone responses on repeated exposures to cat odor. Physiol Behav 1993;
54: 1109-1111.

102. File SE, Zangrossi H, Jr., Viana M, Graeff FG. Trial 2 in the elevated plus-maze: a
different form of fear? Psychopharmacology (Berl) 1993; 111: 491-494.

103. Fink JS, Smith GP. Mesolimbicocortical dopamine terminal fields are necessary for
normal locomotor and investigatory exploration in rats. Brain Res 1980; 199: 359-384.

104. Finlay JM, Zigmond MJ, Abercrombie ED. Increased dopamine and norepinephrine
release in medial prefrontal cortex induced by acute and chronic stress: effects of
diazepam. Neuroscience 1995; 64: 619-628.

105. Fornal CA, Metzler CW, Marrosu F, Ribiero-do-Valle LE, Jacobs BL. A subgroup of
dorsal raphe serotonergic neurons in the cat is strongly activated during oral-buccal
movements. Brain Res 1996; 716: 123-133.

106. Freis ED. Mental depression in hypertensive patients treated for long periods with
large doses of reserpine. N Engl J Med 1954; 251: 1006-1008.

107. Fuchs E, Flugge G. Chronic social stress: effects on limbic brain structures. Physiol
Behav 2003; 79: 417-427.

108. Fujino K, Yoshitake T, Inoue O, Ibii N, Kehr J, Ishida J, Nohta H, Yamaguchi M.
Increased serotonin release in mice frontal cortex and hippocampus induced by acute
physiological stressors. Neurosci Lett 2002; 320: 91-95.

109. Gamaro GD, Manoli LP, Torres IL, Silveira R, Dalmaz C. Effects of chronic variate
stress on feeding behavior and on monoamine levels in different rat brain structures.
Neurochem Int 2003; 42: 107-114.

110. Gold PW, Chrousos GP. The endocrinology of melancholic and atypical depression:
relation to neurocircuitry amd somatic consequences. Proc Assoc Am Physicians
2004; 111: 22-34.

111. Gold PW, Chrousos GP. Organization of the stress system and its dysregulation in
melancholic and atypical depression: high vs low CRH/NE states. Mol Psychiatry
2002; 7: 254-275.

112. Gold PW, Licinio J, Wong ML, Chrousos GP. Corticotropin releasing hormone in the
pathophysiology of melancholic and atypical depression and in the mechanism of
action of antidepressant drugs. Ann N Y Acad Sci 1995; 771: 716-729.



113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

Gomez F, Lahmame A, De Kloet ER, Armario A. Hypothalamic-pituitary-adrenal
response to chronic stress in five inbred rat strains: differential responses are mainly
located at the adrenocortical level. Neuroendocrinology 1996; 63: 327-337.

Gould E, Tanapat P, McEwen BS, Fliigge G, Fuchs E. Proliferation of granule cell
precursors in the dentate gyrus of adult monkeys is diminished by stress. Proc Natl
Acad Sci U S 4 1998; 95: 3168-3171.

Gray JA. The neuropsychology of anxiety: an inquiry into the functions of the septo-
hippocampal system. Oxford: Oxford University Press, 1987.

Greenberg PE, Leong SA, Birnbaum HG, Robinson RL. The economic burden of
depression with painful symptoms. J Clin Psychiatry 2003; 64 Suppl 7: 17-23.

Greenberg PE, Stiglin LE, Finkelstein SN, Berndt ER. The economic burden of
depression in 1990. J Clin Psychiatry 1993; 54: 405-418.

Grewal SS, Shepherd JK, Bill DJ, Fletcher A, Dourish CT. Behavioural and
pharmacological characterisation of the canopy stretched attend posture test as a
model of anxiety in mice and rats. Psychopharmacology 1997; 133: 29-38.

Griebel G, Belzung C, Perrault G, Sanger DJ. Differences in anxiety-related
behaviours and in sensitivity to diazepam in inbred and outbred strains of mice.
Psychopharmacology 2000; 148: 164-170.

Griebel G, Blanchard DC, Agnes RS, Blanchard RJ. Differential modulation of
antipredator defensive behavior in Swiss-Webster mice following acute or chronic
administration of imipramine and fluoxetine. Psychopharmacology 1995; 120: 57-66.

Griebel G, Blanchard DC, Blanchard RJ. Evidence that the behaviors in the Mouse
Defense Test Battery relate to different emotional states: a factor analytic study.
Physiol 1996; 60: 1255-1260.

Griebel G, Blanchard DC, Blanchard RJ. Predator-elicited flight responses in Swiss-
Webster mice: an experimental model of panic attacks. Prog Neuropsychopharmacol
Biol Psychiatry 1996; 20: 185-205.

Griebel G, Blanchard DC, Jung A, Lee JC, Masuda CK, Blanchard RJ. Further
evidence that the mouse defense test battery is useful for screening anxiolytic and
panicolytic drugs: effects of acute and chronic treatment with alprazolam.
Neuropharmacology 1995; 34: 1625-1633.

Grignaschi G, Sironi F, Samanin R. Stimulation of 5-HT2A receptors in the
paraventricular hypothalamus attenuates neuropeptide Y-induced hyperphagia
through activation of corticotropin releasing factor. Brain Res 1996; 708: 173-176.

Grootendorst J, De Kloet ER, Vossen C, Dalm S, Oitzl MS. Repeated exposure to rats
has persistent genotype-dependent effects on learning and locomotor activity of
apolipoprotein E knockout and C57B1/6 mice. Behav Brain Res 2001; 125: 249-259.

Gu Q. Neuromodulatory transmitter systems in the cortex and their role in cortical
plasticity. Neuroscience 2002; 111: 815-835.



127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

Hajos-Korcsok E, Robinson DD, Yu JH, Fitch CS, Walker E, Merchant KM. Rapid
habituation of hippocampal serotonin and norepinephrine release and anxiety-related

behaviors, but not plasma corticosterone levels, to repeated footshock stress in rats.
Pharmacol Biochem Behav 2003; 74: 609-616.

Hammack SE, Pepin JL, DesMarteau JS, Watkins LR, Maier SF. Low doses of
corticotropin-releasing hormone injected into the dorsal raphe nucleus block the
behavioral consequences of uncontrollable stress. Behav Brain Res 2003; 147: 55-64.

Hammack SE, Schmid MJ, LoPresti ML, Der-Avakian A, Pellymounter MA, Foster
AC, Watkins LR, Maier SF. Corticotropin releasing hormone type 2 receptors in the
dorsal raphe nucleus mediate the behavioral consequences of uncontrollable stress. J
Neurosci 2003; 23: 1019-1025.

Hashimoto S, Inoue T, Koyama T. Effects of conditioned fear stress on serotonin
neurotransmission and freezing behavior in rats. Eur J Pharmacol 1999; 378: 23-30.

Hayakawa H, Yokota N, Kawai K, Okamoto Y, Osada M, Kikumoto O, Motohashi N,
Yamawaki S, Nishida A, Shimizu M. Effects of electroconvulsive shock on the
serotonin metabolism and serotoninl A receptors in the rat brain. Jpn J Psychiatry
Neurol 1993; 47: 418-419.

Hayley S, Borowski T, Merali Z, Anisman H. Central monoamine activity in
genetically distinct strains of mice following a psychogenic stressor: effects of
predator exposure. Brain Res 2001; 892: 293-300.

Heisler LK, Chu HM, Brennan TJ, Danao JA, Bajwa P, Parsons LH, Tecott LH.
Elevated anxiety and antidepressant-like responses in serotonin 5-HT1A receptor
mutant mice. Proc Natl Acad Sci U S A 1998; 95: 15049-15054.

Hellriegel ET, D'mello AP. The effect of acute, chronic and chronic intermittent stress
on the central noradrenergic system. Pharmacol Biochem Behav 1997; 57: 207-214.

Herman JP, Cullinan WE. Neurocircuitry of stress: central control of the
hypothalamo-pituitary-adrenocortical axis. Trends Neurosci 1997; 20: 78-84.

Herman JP, Cullinan WE, Ziegler DR, Tasker JG. Role of the paraventricular nucleus
microenvironment in stress integration. Eur J Neurosci 2002; 16: 381-385.

Herman JP, Figueiredo H, Mueller NK, Ulrich-Lai Y, Ostrander MM, Choi DC,
Cullinan WE. Central mechanisms of stress integration: hierarchical circuitry

controlling hypothalamo-pituitary-adrenocortical responsiveness. Front
Neuroendocrinol 2003; 24: 151-180.

Holsboer F. The rationale for corticotropin-releasing hormone receptor (CRH-R)
antagonists to treat depression and anxiety. J Psychiatr Res 1999; 33: 181-214.

Holsboer F. Stress, hypercortisolism and corticosteroid receptors in depression:
implicatons for therapy. J Affect Disord 2001; 62: 77-91.

Horger BA, Roth RH. The role of mesoprefrontal dopamine neurons in stress. Crit
Rev Neurobiol 1996; 10: 395-418.



141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

Inder WJ, Prickett TC, Mulder RT, Donald RA, Joyce PR. Reduction in basal
afternoon plasma ACTH during early treatment of depression with fluoxetine.
Psychopharmacology (Berl) 2001; 156: 73-78.

Inoue T, Tsuchiya K, Koyama T. Regional changes in dopamine and serotonin
activation with various intensity of physical and psychological stress in the rat brain.
Pharmacol Biochem Behav 1994; 49: 911-920.

Iny LJ, Pecknold J, Suranyi-Cadotte BE, Bernier B, Luthe L, Nair NP, Meaney MJ.
Studies of a neurochemical link between depression, anxiety, and stress from
[3H]imipramine and [3H]paroxetine binding on human platelets. Biol Psychiatry
1994; 36: 281-291.

Ishiwata T, Hasegawa H, Yasumatsu M, Akano F, Yazawa T, Otokawa M, Aihara Y.
The role of preoptic area and anterior hypothalamus and median raphe nucleus on
thermoregulatory system in freely moving rats. Neurosci Lett 2001; 306: 126-128.

Jacobs BL, Azmitia EC. Structure and function of the brain serotonin system. Physiol
Rev 1992; 72: 165-229.

Joels M, Hesen W, De Kloet ER. Mineralocorticoid hormones suppress serotonin-
induced hyperpolarization of rat hippocampal CA1 neurons. J Neurosci 1991; 11:
2288-2294.

Kagawa N, Mugiya Y. Exposure of goldfish (Carassius auratus) to bluegills (Lepomis
macrochirus) enhances expression of stress protein 70 mRNA in the brains and
increases plasma cortisol levels. Zoo/ 2000; 17: 1061-1066.

Kaneyuki H, Yokoo H, Tsuda A, Yoshida M, Mizuki Y, Yamada M, Tanaka M.
Psychological stress increases dopamine turnover selectively in mesoprefrontal
dopamine neurons of rats: reversal by diazepam. Brain Res 1991; 557: 154-161.

Kaplan HI, Sadock BJ. Synopsis of Psychiatry. Behavioral Sciences. Clinical
Psychiatry. Baltimore: Williams & Wilkins, 2004.

Kavaliers M, Colwell DD, Perrot-Sinal TS. Opioid and non-opioid NMDA -mediated
predator-induced analgesia in mice and the effects of parasitic infection. Brain Res
1997; 766: 11-18.

Kawahara H, Kawahara Y, Westerink BH. The role of afferents to the locus coeruleus
in the handling stress-induced increase in the release of noradrenaline in the medial
prefrontal cortex: a dual-probe microdialysis study in the rat brain. Eur J Pharmacol
2000; 387: 279-286.

Kawahara Y, Kawahara H, Westerink BH. Comparison of effects of hypotension and
handling stress on the release of noradrenaline and dopamine in the locus coeruleus
and medial prefrontal cortex of the rat. Naunyn Schmiedebergs Arch Pharmacol 1999;
360: 42-49.

Kent JM, Mathew SJ, Gorman JM. Molecular targets in the treatment of anxiety. Bio/
Psychiatry 2002; 52: 1008-1030.



154. Kirby LG, Chou-Green JM, Davis K, Lucki I. The effects of different stressors on
extracellular 5-hydroxytryptamine and 5-hydroxyindoleacetic acid. Brain Res 1997;
760: 218-230.

155. Klimek V, Stockmeier C, Overholser J, Meltzer HY, Kalka S, Dilley G, Ordway GA.
Reduced levels of norepinephrine transporters in the locus coeruleus in major
depression. J Neurosci 1997; 17: 8451-8458.

156. Kliiver H, Bucy PC. Preliminary analysis of the temporal lobes in monkeys. Arch
Neurol Psychiat 1939; 42: 979-1000.

157. Kokkoris P, Pi-Sunyer FX. Obesity and endocrine disease. Endocrinol Metab Clin
North Am 2003; 32: 895-914.

158. Konstandi M, Johnson E, Lang MA, Malamas M, Marselos M. Noradrenaline,
dopamine, serotonin: different effects of psychological stress on brain biogenic
amines in mice and rats. Pharmacol Res 2000; 41: 341-346.

159. Koolhaas JM, Korte SM, De Boer SF, Van der Vegt BJ, Van Reenen CG, Hopster H,
De Jong IC, Ruis MAW, Blokhuis HJ. Coping styles in animals: current status in
behavior and stress-physiology. Neurosci 1999; 23: 925-935.

160. Kram ML, Kramer GL, Ronan PJ, Steciuk M, Petty F. Dopamine receptors and
learned helplessness in the rat: an autoradiographic study. Prog
Neuropsychopharmacol Biol Psychiatry 2002; 26: 639-645.

161. Kuhn R. The treatment of depressive states with G 22355 (imipramine hydrochloride).
Am J Psychiatry 1958; 115: 459-464.

162. Kvetnansky R, Palkovits M, Mitro A, Torda T, Mikulaj L. Catecholamines in
individual hypothalamic nuclei of acutely and repeatedly stressed rats.
Neuroendocrinology 1977, 23: 257-267.

163. Lang PJ, Bradley MM, Cuthbert BN. Emotion, motivation, and anxiety: brain
mechanisms and psychophysiology. Bio!/ Psychiatry 1998; 44: 1248-1263.

164. Lavicky J, Dunn AJ. Endotoxin administration stimulates cerebral catecholamine
release in freely moving rats as assessed by microdialysis. J Neurosci Res 1995; 40:
407-413.

165. LeDoux JE. The emotional brain: the mysterious underpinnings of emotional life.
New York: Simon and Schuster, 1996.

166. LeDoux JE. Emotion circuits in the brain. Annu Rev Neurosci 2000; 23: 155-184.

167. Lepage O, Overli O, Petersson E, Jarvi T, Winberg S. Differential stress coping in
wild and domesticated sea trout. Brain Behav Evol 2000; 56: 259-268.

168. Levine S, Ursin H. What is stress? In: Brown MW, Koob GF, Rivier C, eds. Stress -
neurobiology and neuroendocrinology., New York: Marcel Dekker, 2004: 3-21.



169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

Liebsch G, Landgraf R, Engelmann M, Lorscher P, Holsboer, F. Differential
behavioural effects of chronic infusion of CRH 1 and CRH 2 receptor antisense
oligonucleotides into the rat brain. J Psychiatr Res 1999; 33: 153-163.

Lin LH, Pivorun EB. Effects of intrahypothalamically administered norepinephrine,

serotonin and bombesin on thermoregulation in the deermouse (Peromyscus
maniculatus). Brain Res 1986; 364: 212-219.

Lin MT, Wu JJ, Tsay BL. Serotonergic mechanisms in the hypothalamus mediate
thermoregulatory responses in rats. Naunyn Schmiedebergs Arch Pharmacol 1983;
322:271-278.

Lindberg M, Shire JG, Doering CH, Kessler S, Clayton RB. Reductive metabolism of
corticosterone in mice: differences in NADPH requirements of liver homogenates of
males of two inbred strains. Endocrinology 1972; 90: 81-92.

Lindvall O, Bjorklund A. General organization of cortical monoamine systems. In:
Descarries L, Reader T, Jasper H, eds. Monoamine innervation of cerebral cortex,
New York: Alan R. Liss Inc., 1984: 9-40.

Linthorst ACE, Flachskamm C, Barden N, Holsboer F, Reul JIMHM. Glucocorticoid
receptor impairment alters CNS responses to a psychological stressor: an in vivo
microdialysis study in transgenic mice. Eur J Neurosci 2000; 12: 283-291.

Linthorst ACE, Flachskamm C, Holsboer F, Reul JMHM. Local administration of
recombinant human interleukin-1 beta in the rat hippocampus increases serotonergic
neurotransmission, hypothalamic-pituitary-adrenocortical axis activity, and body
temperature. Endocrinology 1994; 135: 520-532.

Linthorst ACE, Flachskamm C, Holsboer F, Reul JMHM. Intraperitoneal
administration of bacterial endotoxin enhances noradrenergic neurotransmission in the
rat preoptic area: relationship with body temperature and hypothalamic-pituitary-
adrenocortical axis activity. Eur J Neurosci 1995; 7: 2418-2430.

Linthorst ACE, Flachskamm C, Holsboer F, Reul IMHM. Activation of serotonergic
and noradrenergic neurotransmission in the rat hippocampus after peripheral
administration of bacterial endotoxin: involvement of the cyclo-oxygenase pathway.
Neuroscience 1996; 72: 989-997.

Linthorst ACE, Flachskamm C, Miiller-Preuss P, Holsboer F, Reul JIMHM. Effect of
bacterial endotoxin and interleukin-1 beta on hippocampal serotonergic
neurotransmission, behavioral activity, and free corticosterone levels: an in vivo
microdialysis study. J Neurosci 1995; 15: 2920-2934.

Linthorst ACE, Pefialva RG, Flachskamm C, Holsboer F, Reul JIMHM. Forced swim
stress activates rat hippocampal serotonergic neurotransmission involving a

corticotropin-releasing hormone receptor-dependent mechanism. Eur J Neurosci
2002; 16: 2441-2452.

Lister RG. Ethologically-based animal models of anxiety disorders. Pharmacol Ther
1990; 46: 321-340.



181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

Little KY. d-Amphetamine versus methylphenidate effects in depressed inpatients. J
Clin Psychiatry 1993; 54: 349-355.

Liu X, Gershenfeld HK. Genetic differences in the tail-suspension test and its
relationship to imipramine response among 11 inbred strains of mice. Biol Psychiatry
2001; 49: 575-581.

Lopez-Rubalcava C, Fernandez-Guasti A. Noradrenaline-serotonin interactions in the
anxiolytic effects of 5-HT(1A) agonists. Behav Pharmacol 1994; 5: 42-51.

Lowry CA, Burke KA, Renner KJ, Moore FL, Orchinik M. Rapid changes in
monoamine levels following administration of corticotropin-releasing factor or
corticosterone are localized in the dorsomedial hypothalamus. Horm Behav 2001; 39:
195-205.

Lowry CA, Rodda JE, Lightman SL, Ingram CD. Corticotropin-releasing factor
increases in vitro firing rates of serotonergic neurons in the rat dorsal raphe nucleus:
Evidence for activation of a topographically organized mesolimbocortical
serotonergic system. J Neurosci 2000; 20: 7728-7736.

Lowry PJ, Estivariz FE, Gillies GE, Kruseman AC, Linton EA. CRF: its regulation of
ACTH and pro-opiomelanocortin peptide release and its extra hypothalamic
occurrence. Acta Endocrinol Supp!l (Copenh) 1986; 276: 56-62.

Lu ZW, Song C, Ravindran AV, Merali Z, Anisman H. Influence of a psychogenic
and a neurogenic stressor on several indices of immune functioning in different strains
of mice. Brain Behav Immun 1998; 12: 7-22.

Lucki I. 5-HT1 receptors and behavior. Neurosci Biobehav Rev 1992; 16: 83-93.

Lucki I. The spectrum of behaviors influenced by serotonin. Biol Psychiatry 1998; 44:
151-162.

Lucki I, Dalvi A, Mayorga AJ. Sensitivity to the effects of pharmacologically
selective antidepressants in different strains of mice. Psychopharmacology (Berl)
2001; 155: 315-322.

MacLean PD. Some psychiatric implications of physiological studies on
frontotemporal portion of limbic system (visceral brain). Electroencephalogr Clin
Neurophysiol Suppl 1952; 4: 407-418.

Maes M, Jacobs MP, Suy E, Minner B, Leclercq C, Christiaens F, Raus J.
Suppressant effects of dexamethasone on the availability of plasma L-tryptophan and
tyrosine in healthy controls and in depressed patients. Acta Psychiatr Scand 1990; 81:
19-23.

Maes M, Meltzer HY. The serotonin hypothesis of major depression. In: Bloom FE,
Kupfer DJ, eds. Psychopharmacology: the Fourth Generation of Progress, New
York: Raven Press, 1995: 933-944.



194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

Maes M, Meltzer HY, D'Hondt P, Cosyns P, Blockx P. Effects of serotonin precursors
on the negative feedback effects of glucocorticoids on hypothalamic-pituitary-adrenal
axis function in depression. Psychoneuroendocrinology 1995; 20: 149-167.

Malick J. Differential effects of d- and l-amphetamine on mouse-killing behavior in
rats. Pharmacol Biochem Behav 1975; 3: 697-699.

Malison RT, Price LH, Berman R, Van Dijck CH, Pelton GH, Carpenter L, Sanacora
G, Owens MJ, Nemeroff CB, Rajeevan N, Baldwin RM, Seibyl JP, Innis RB, Charney
DS. Reduced brain serotonin transporter availability in major depression as measured
by [1231]-2 beta-carbomethoxy-3 beta-(4-iodophenyl)tropane and single photon
emission computed tomography. Biol Psychiatry 1998; 44: 1090-1098.

Mar A, Spreekmeester E, Rochford J. Antidepressants preferentially enhance
habituation to novelty in the olfactory bulbectomized rat. Psychopharmacology (Berl)
2000; 150: 52-60.

Marandici A, Monder C. The fate of corticosterone and 11-deoxycorticosterone in
C57BL/6 and BALB/c strains of mice: distribution and oxidative metabolism. J
Steroid Biochem 1984; 21: 579-583.

Marsteller DA, Gerasimov MR, Schiffer WK, Geiger JM, Barnett CR, Borg JS, Scott
S, Ceccarelli J, Volkow ND, Molina PE, Alexoff DL, Dewey SL. Acute handling
stress modulates methylphenidate-induced catecholamine overflow in the medial
prefrontal cortex. Neuropsychopharmacology 2002; 27: 163-170.

Martin CL, Duclos M, Aguerre S, Mormede P, Manier G, Chaouloff F. Corticotropic
and serotonergic responses to acute stress with/without prior exercise training in
different rat strains. Acta Physiologica Scandinavica 2000; 168: 421-430.

Mayorga AJ, Dalvi A, Page ME, Zimov-Levinson S, Hen R, Lucki I. Antidepressant-
like behavioral effects in 5-hydroxytryptamine(1A) and 5-hydroxytryptamine(1B)
receptor mutant mice. J Pharmacol Exp Ther 2001; 298: 1101-1107.

McEwen BS. Stress, adaptation, and disease. Allostasis and allostatic load. Ann N Y
Acad Sci 1998; 840: 33-44.

McEwen BS. Allostasis and allostatic load: implications for
neuropsychopharmacology. Neuropsychopharmacology 2000; 22: 108-124.

MclIntyre DC, Kent P, Hayley S, Merali Z, Anisman H. Influence of psychogenic and
neurogenic stressors on neuroendocrine and central monoamine activity in fast and
slow kindling rats. Brain Res 1999; 840: 65-74.

McKinney WT, Bunney WE. Animal model of depression. I. review of evidence:
implications for research. Arch Gen Psychiatry 1969; 21: 240-248.

McQuade R, Sharp T. Functional mapping of dorsal and median raphe 5-
hydroxytryptamine pathways in forebrain of the rat using microdialysis. J Neurochem
1997; 69: 791-796.



207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

Menard J, Treit D. Effects of centrally administered anxiolytic compounds in animal
models of anxiety. Neurosci 1999; 23: 591-613.

Mendlin A, Martin FJ, Jacobs BL. Dopaminergic input is required for increases in
serotonin output produced by behavioral activation: an in vivo microdialysis study in
rat forebrain. Neurosci 1999; 93: 897-905.

Merali Z, Kent P, Michaud D, McIntyre D, Anisman H. Differential impact of
predator or immobilization stressors on central corticotropin-releasing hormone and
bombesin-like peptides in Fast and Slow seizing rat. Brain Res 2001; 906: 60-73.

Merali Z, McIntosh J, Kent P, Michaud D, Anisman H. Aversive and appetitive
events evoke the release of corticotropin-releasing hormone and bombesin-like
peptides at the central nucleus of the amygdala. J Neurosci 1998; 18: 4758-4766.

Merlo PE, Lorang M, Yeganeh M, Rodriguez dF, Raber J, Koob GF, Weiss F.
Increase of extracellular corticotropin-releasing factor-like immunoreactivity levels in
the amygdala of awake rats during restraint stress and ethanol withdrawal as measured
by microdialysis. J Neurosci 1995; 15: 5439-5447.

Meyer JH, Kruger S, Wilson AA, Christensen BK, Goulding VS, Schaffer A, Minifie
C, Houle S, Hussey D, Kennedy SH. Lower dopamine transporter binding potential in
striatum during depression. Neuroreport 2001; 12: 4121-4125.

Michelson D, Stratakis C, Hill L, Reynolds J, Galliven E, Chrousos G, Gold P. Bone
mineral density in women with depression. N Engl J Med 1996; 335: 1176-1181.

Modell S, Lauer CJ, Schreiber W, Huber J, Krieg JC, Holsboer F. Hormonal response
pattern in the combined DEX-CRH test is stable over time in subjects at high familial
risk for affective disorders. Neuropsychopharmacology 1998; 18: 253-262.

Modell S, Yassouridis A, Huber J, Holsboer F. Corticosteroid receptor function is
decreased in depressed patients. Neuroendocrinology 1997; 65: 216-222.

Mongeau R, Blier P, Demontigny C. The serotonergic and noradrenergic systems of
the hippocampus - their interactions and the effects of antidepressant treatments.
Brain Res Brain Res Rev 1997; 23: 145-195.

Montkowski A, Poettig M, Mederer A, Holsboer F. Behavioural performance in three
substrains of mouse strain 129. Brain Res 1997; 762: 12-18.

Morilak DA, Cecchi M, Khoshbouei H. Interactions of norepinephrine and galanin in
the central amygdala and lateral bed nucleus of the stria terminalis modulate the
behavioral response to acute stress. Life Sci 2003; 73: 715-726.

Morley JE, Levine AS, Gosnell BA, Krahn DD. Peptides as central regulators of
feeding. Brain Res Bull 1985; 14: 511-519.

Morley JE, Levine AS, Rowland NE. Minireview. Stress induced eating. Life Sci
1983; 32: 2169-2182.



221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232

233.

234.

Morris MJ, Hastings JA, Pavia JM. Catecholamine release in the rat hypothalamic
paraventricular nucleus in response to haemorrhage, desipramine and potassium.
Brain Res 1994; 665: 5-12.

Morrow BA, Redmond AJ, Roth RH, Elsworth JD. The predator odor, TMT, displays
a unique, stress-like pattern of dopaminergic and endocrinological activation in the rat.
Brain Res 2000; 864: 146-151.

Nemeroff CB, Owens MJ. Treatment of mood disorders. Nat Neurosci 2002; S Suppl:
1068-1070.

Nestler EJ, Barrot M, DiLeone RJ, Eisch AJ, Gold SJ, Monteggia LM. Neurobiology
of depression. Neuron 2002; 34: 13-25.

Nestler EJ, Gould E, Manji H, Buncan M, Duman RS, Greshenfeld HK, Hen R,
Koester S, Lederhendler I, Meaney M, Robbins T, Winsky L, Zalcman S. Preclinical
models: status of basic research in depression. Biol Psychiatry 2002; 52: 503-528.

Netto SM, Silveira R, Coimbra NC, Joca SR, Guimaraes FS. Anxiogenic effect of
median raphe nucleus lesion in stressed rats. Prog Neuropsychopharmacol Biol
Psychiatry 2002; 26: 1135-1141.

Nurnberger JI, Jr., Gershon ES, Simmons S, Ebert M, Kessler LR, Dibble ED,
Jimerson SS, Brown GM, Gold P, Jimerson DC, Guroff 1J, Storch FI. Behavioral,
biochemical and neuroendocrine responses to amphetamine in normal twins and 'well-
state' bipolar patients. Psychoneuroendocrinology 1982; 7: 163-176.

Ordway GA, Smith KS, Haycock JW. Elevated tyrosine hydroxylase in the locus
coeruleus of suicide victims. J Neurochem 1994; 62: 680-685.

Ordway GA, Widdowson PS, Smith KS, Halaris A. Agonist binding to alpha 2-
adrenoceptors is elevated in the locus coeruleus from victims of suicide. J Neurochem
1994; 63: 617-624.

Oshima A, Flachskamm C, Reul IMHM, Holsboer F, Linthorst ACE. Altered
serotonergic neurotransmission but normal hypothalamic-pituitary-adrenocortical axis
activity in mice chronically treated with the corticotropin-releasing hormone receptor
type 1 antagonist NBI 30775. Neuropsychopharmacology 2003; 28: 2148-2159.

Owens MJ, Nemeroff CB. Physiology and pharmacology of corticotropin-releasing
factor. Pharmacol Rev 1991; 43: 425-473.

. Pacak K. Stressor-specific activation of the hypothalamic-pituitary-adrenocortical axis.

Physiol Res 2000; 49 Suppl 1: S11-S17.

Pacak K, Armando I, Fukuhara K, Kvetnansky R, Palkovits M, Kopin 1J, Goldstein
DS. Noradrenergic activation in the paraventricular nucleus during acute and chronic

immobilization stress in rats: an in vivo microdialysis study. Brain Res 1992; 589: 91-
96.

Pacak K, Palkovits M, Kvetnansky R, Yadid G, Kopin 1J, Goldstein DS. Effects of
various stressors on in vivo norepinephrine release in the hypothalamic



235.

236.

237.

238.

239.

240.

241.

242.

243.

244,

245.

246.

247.

paraventricular nucleus and on the pituitary-adrenocortical axis. Ann N Y Acad Sci
1995; 771: 115-130.

Page ME, Abercrombie ED. An analysis of the effects of acute and chronic fluoxetine
on extracellular norepinephrine in the rat hippocampus during stress.
Neuropsychopharmacology 1997; 16: 419-425.

Page ME, Detke MJ, Dalvi A, Kirby LG, Lucki I. Serotonergic mediation of the
effects of fluoxetine, but not desipramine, in the rat forced swimming test.
Psychopharmacology 1999; 147: 162-167.

Palacios JM, Wamsley JK. Catecholamine Receptors. In: Bjorklund A, Hokfelt T,
Kuhar MJ, eds. Handbook of Chemical Neuroanatomy, Elsevier Science Publishers,
1984: 325-348.

Pan L, Gilbert F. Activation of 5-HT1A receptor subtype in the paraventricular nuclei
of the hypothalamus induces CRH and ACTH release in the rat. Neuroendocrinology
1992; 56: 797-802.

Pani L, Porcella A, Gessa GL. The role of stress in the pathophysiology of the
dopaminergic system. Mol Psychiatry 2000; 5: 14-21.

Papez JW. A proposed mechanism of emotion. J Neuropsychiatry Clin Neurosci
1937;7: 103-112.

Parks CL, Robinson PS, Sibille E, Shenk T, Toth M. Increased anxiety of mice
lacking the serotoninl A receptor. Proc Natl Acad Sci U S A 1998; 95: 10734-10739.

Pauli S, Linthorst ACE, Reul IMHM. Tumour necrosis factor-alpha and interleukin-2
differentially affect hippocampal serotonergic neurotransmission, behavioural activity,

body temperature and hypothalamic-pituitary-adrenocortical axis activity in the rat.
FEur J Neurosci 1998; 10: 868-878.

Paxinos G, Franklin KBJ. 7The Mouse Brain in Stereotaxic Coordinates. San Diego:
Academic Press, 2001.

Pei Q, Zetterstrom T, Fillenz M. Tail pinch-induced changes in the turnover and
release of dopamine and 5-hydroxytryptamine in different brain regions of the rat.
Neuroscience 1990; 35: 133-138.

Penalva RG, Flachskamm C, Zimmermann S, Wurst W, Holsboer F, Reul JIMHM,
Linthorst ACE. Corticotropin-releasing hormone receptor type 1-deficiency enhances
hippocampal serotonergic neurotransmission: an in vivo microdialysis study in mutant
mice. Neuroscience 2002; 109: 253-266.

Perrot-Sinal TS, Ossenkopp KP, Kavaliers M. Brief predator odour exposure activates
the HPA axis independent of locomotor changes. Neuroreport 1999; 10: 775-780.

Petty F. Learned helplessness and PTSD, oral presentation at the Max-Planck
Institute of Psychiatry 15.09.00. 2000.



248.

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

Phillips ML, Drevets WC, Rauch SL, Lane R. Neurobiology of emotion perception I:
The neural basis of normal emotion perception. Biol Psychiatry 2003; 54: 504-514.

Phillips ML, Drevets WC, Rauch SL, Lane R. Neurobiology of emotion perception II:
Implications for major psychiatric disorders. Biol Psychiatry 2003; 54: 515-528.

Price ML, Curtis AL, Kirby LG, Valentino RJ, Lucki I. Effects of corticotropin-
releasing factor on brain serotonergic activity. Neuropsychopharmacology 1998; 18:
492-502.

Price ML, Kirby LG, Valentino RJ, Lucki I. Evidence for corticotropin-releasing
factor regulation of serotonin in the lateral septum during acute swim stress:
adaptation produced by repeated swimming. Psychopharmacology (Berl) 2002; 162:
406-414.

Prinssen EP, Balestra W, Bemelmans FF, Cools AR. Evidence for a role of the shell
of the nucleus accumbens in oral behavior of freely moving rats. J Neurosci 1994; 14:
1555-1562.

Pudovkina OL, Kawahara Y, De Vries J, Westerink BH. The release of noradrenaline
in the locus coeruleus and prefrontal cortex studied with dual-probe microdialysis.
Brain Res 2001; 906: 38-45.

Puglisi-Allegra S, Imperato A, Angelucci L, Cabib S. Acute stress induces time-
dependent responses in dopamine mesolimbic system. Brain Res 1991; 554: 217-222.

Quirarte GL, Galvez R, Roozendaal B, McGaugh JL. Norepinephrine release in the
amygdala in response to footshock and opioid peptidergic drugs. Brain Res 1998;
808: 134-140.

Reist C, Duffy JG, Fujimoto K, Cahill L. beta-Adrenergic blockade and emotional
memory in PTSD. Int J Neuropsychopharmacol 2001; 4: 377-383.

Renard CE, Dailly E, David DJ, Hascoet M, Bourin M. Monoamine metabolism
changes following the mouse forced swimming test but not the tail suspension test.
Fundam Clin Pharmacol 2003; 17: 449-455.

Ressler KJ, Nemeroff CB. Role of serotonergic and noradrenergic systems in the
pathophysiology of depression and anxiety disorders. Depress Anxiety 2000; 12
Suppl 1: 2-19.

Reul IMHM, De Kloet ER. Two receptor systems for corticosterone in rat brain:
microdistribution and differential occupation. Endocrinology 1985; 117: 2505-2511.

Reul IMHM, Gesing A, Droste S, Stec IS, Weber A, Bachmann C, Bilang-Bleuel A,
Holsboer F, Linthorst ACE. The brain mineralocorticoid receptor: greedy for ligand,
mysterious in function. Eur J Pharmacol 2000; 405: 235-249.

Reul JMHM, Holsboer F. Corticotropin-releasing factor receptors 1 and 2 in anxiety
and depression. Curr Opin Pharmacol 2002; 2: 23-33.



262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

273.

274.

275.

Reul IMHM, Van den Bosch FR, De Kloet ER. Relative occupation of type-I and
type-II corticosteroid receptors in rat brain following stress and dexamethasone
treatment: functional implications. J Endocrinol 1987; 115: 459-467.

Reyes TM, Lewis K, Perrin MH, Kunitake KS, Vaughan J, Arias CA, Hogenesch JB,
Gulyas J, Rivier J, Vale WW, Sawchenko PE. Urocortin II: A member of the
corticotropin-releasing factor (CRF) neuropeptide family that is selectively bound by
type 2 CRF receptors. Proc Natl Acad Sci U S A 2001; 98: 2843-2848.

Ribeiro-do-Valle LE. Serotonergic neurons in the caudal raphe nuclei discharge in
association with activity of masticatory muscles. Braz J Med Biol Res 1997; 30: 79-83.

Robinson SE, Austin MJ, Gibbens DM. The role of serotonergic neurons in dorsal
raphe, median raphe and anterior hypothalamic pressor mechanisms.
Neuropharmacology 1985; 24: 51-58.

Rochefort C, Gheusi G, Vincent JD, Lledo PM. Enriched odor exposure increases the
number of newborn neurons in the adult olfactory bulb and improves odor memory. J
Neurosci 2002; 22: 2679-2689.

Rodgers RJ, Cao BJ, Dalvi A, Holmes A. Animal models of anxiety: an ethological
perspective. Braz J Med Biol Res 1997; 30: 289-304.

Rodgers RJ, Cole JC. Anxiety enhancement in the murine elevated plus maze by
immediate prior exposure to social stressors. Physiol Behav 1993; 53: 383-388.

Rodgers RJ, Cole JC. Influence of social isolation, gender, strain, and prior novelty on
plus-maze behaviour in mice. Physiol Behav 1993; 54: 729-736.

Rodgers RJ, Cole JC, Aboualfa K, Stephenson LH. Ethopharmacological analysis of
the effects of putative 'anxiogenic' agents in the mouse elevated plus-maze.
Pharmacol Biochem Behav 1995; 52: 805-813.

Rodgers RJ, Johnson NJ. Factor analysis of spatiotemporal and ethological measures
in the murine elevated plus-maze test of anxiety. Pharmacol Biochem Behav 1995;
52:297-303.

Rogers DC, Jones DN, Nelson PR, Jones CM, Quilter CA, Robinson TL, Hagan JJ.
Use of SHIRPA and discriminant analysis to characterise marked differences in the
behavioural phenotype of six inbred mouse strains. Behav Brain Res 1999; 105: 207-
217.

Rosario LA, Abercrombie ED. Individual differences in behavioral reactivity:
correlation with stress-induced norepinephrine efflux in the hippocampus of Sprague-
Dawley rats. Brain Res Bull 1999; 48: 595-602.

Roth BL. Multiple serotonin receptors: clinical and experimental aspects. Ann Clin
Psychiatry 1994; 6: 67-78.

Roy V, Belzung C, Delarue C, Chapillon P. Environmental enrichment in BALB/c
mice: effects in classical tests of anxiety and exposure to a predatory odor. Physiol
Behav 2001; 74: 313-320.



276.

277.

278.

279.

280.

281.

282.

283.

284.

285.

286.

287.

288.

2809.

290.

Roy-Byrne PP, Uhde TW, Post RM, Gallucci W, Chrousos GP, Gold PW. The
corticotropin-releasing hormone stimulation test in patients with panic disorder. Am J
Psychiatry 1986; 143: 896-899.

Rueter LE, Fornal CA, Jacobs BL. A critical review of 5-HT brain microdialysis and
behavior. Rev Neurosci 1997; 8: 117-137.

Rueter LE, Jacobs BL. A microdialysis examination of serotonin release in the rat
forebrain induced by behavioral/environmental manipulations. Brain Res 1996; 739:
57-69.

Rylov AL. Changes in predatory and intraspecific aggressiveness of the male rat
during food deprivation. Zh Vyssh Nerv Deiat Im I P Paviova 1985; 35: 875-878.

Sandyk R, Fisher H. Serotonin in involuntary movement disorders. /nt J Neurosci
1988; 42: 185-208.

Sanger DJ, Perrault G, Morel E, Joly D, Zivkovic B. Animal models of anxiety and
the development of novel anxiolytic drugs. Prog Neuropsychopharmacol Biol
Psychiatry 1991; 15: 205-212.

Sarrieau A, Chaouloff F, Lemaire V, Mormede P. Comparison of the neuroendocrine
responses to stress in outbred, inbred and F1 hybrid rats. Life Sci 1998; 63: 87-96.

Seligman ME, Maier SF, Geer JH. Alleviation of learned helplessness in the dog. J
Abnorm Psychol 1968; 73: 256-262.

Selye H. A syndrome produced by diverse nocuous agents. Nature 1936; 138: 32.

Semont A, Fache M, Hery F, Faudon M, Youssouf F, Hery M. Regulation of central
corticosteroid receptors following short-term activation of serotonin transmission by
5-hydroxy-L-tryptophan or fluoxetine. J Neuroendocrinol 2000; 12: 736-744.

Shanks N, Anisman H. Stressor-provoked behavioral changes in six strains of mice.
Behav Neurosci 1988; 102: 894-905.

Shanks N, Griffiths J, Anisman H. Central catecholamine alterations induced by
stressor exposure: analyses in recombinant inbred strains of mice. Behav Brain Res
1994; 63: 25-33.

Shanks N, Griffiths J, Zalcman S, Zacharko RM, Anisman H. Mouse strain
differences in plasma corticosterone following uncontrollable footshock. Pharmacol
Biochem Behav 1990; 36: 515-519.

Shanks N, Zalcman S, Zacharko RM, Anisman H. Alterations of central
norepinephrine, dopamine and serotonin in several strains of mice following acute
stressor exposure. Pharmacol Biochem Behav 1991; 38: 69-75.

Sheline Y1, Wang PW, Gado MH, Csernansky JG, Vannier MW. Hippocampal
atrophy in recurrent major depression. Proc Natl Acad Sci U S A 1996; 93: 3908-3913.



291.

292.

293.

294.

295.

296.

297.

298.

299.

300.

301.

302.

303.

304.

Shibasaki T, Tsumori C, Hotta M, Imaki T, Yamada K, Demura H. The response
pattern of noradrenaline release to repeated stress in the hypothalamic paraventricular
nucleus differs according to the form of stress in rats. Brain Res 1995; 670: 169-172.

Shim I, Javaid J, Wirtshafter D. Dissociation of hippocampal serotonin release and
locomotor activity following pharmacological manipulations of the median raphe
nucleus. Behav 1997; 89: 191-198.

Shire JG, Kessler S, Clayton RB. The availability of NADPH for corticosterone
reduction in six strains of mice. J Endocrinol 1972; 52: 591-592.

Slotkin TA, Miller DB, Fumagalli F, McCook EC, Zhang J, Bissette G, Seidler FJ.
Modeling geriatric depression in animals: biochemical and behavioral effects of
olfactory bulbectomy in young versus aged rats. J Pharmacol Exp Ther 1999; 289:
334-345.

Sluyter F, Bult A, Lynch CB, Van Oortmerssen GA, Koolhaas JM. A comparison
between house mouse lines selected for attack latency or nest-building: evidence for a
genetic basis of alternative behavioral strategies. Behav Genet 1995; 25: 247-252.

Smagin GN, Heinrichs SC, Dunn AJ. The role of CRH in behavioral responses to
stress. Peptides 2001; 22: 713-724.

Smagin GN, Zhou J, Harris RB, Ryan DH. CRF receptor antagonist attenuates
immobilization stress-induced norepinephrine release in the prefrontal cortex in rats.
Brain Res Bull 1997; 42: 431-434.

Spruijt BM, Van Hooff JA, Gispen WH. Ethology and neurobiology of grooming
behavior. Physiol Rev 1992; 72: 825-852.

Steckler T, Holsboer F. Corticotropin-releasing hormone receptor subtypes and
emotion. Biol Psychiatry 1999; 46: 1480-1508.

Stefanski V. Social stress in laboratory rats: hormonal responses and immune cell
distribution. Psychoneuroendocrinology 2000; 25: 389-406.

Steinbusch HWM. Serotonin-immunoreactive neurons and their projections in the
CNS. In: Bjorklund A, Hokfelt T, Kuhar MJ, eds. Handbook of Chemical
Neuroanatomy, Elsevier Science Publishers, 1984: 68-118.

Stenzel-Poore MP, Cameron VA, Vaughan J, Sawchenko PE, Vale WW.
Development of Cushing's syndrome in corticotropin-releasing factor transgenic mice.
Endocrinology 1992; 130: 3378-3386.

Stenzel-Poore MP, Heinrichs SC, Rivest S, Koob GF, Vale WW. Overproduction of
corticotropin-releasing factor in transgenic mice: a genetic model of anxiogenic
behavior. J Neurosci 1994; 14: 2579-2584.

Stevenson CW, Sullivan RM, Gratton A. Effects of basolateral amygdala dopamine
depletion on the nucleus accumbens and medial prefrontal cortical dopamine
responses to stress. Neuroscience 2003; 116: 285-293.



305.

306.

307.

308.

309.

310.

311.

312.

313.

Stout JC, Cierpial MA, Boericke KM, Weiss JM. Role of the locus coeruleus-
noradrenergic (LC-NA) sytem in anxious behavior in rats: decreased LC activity
produces anxiogenic, while increased LC activity produced anxiolytic effects. Soc
Neurosc Abstr 1992; 18: 4.

Sullivan PF, Neale MC, Kendler KS. Genetic epidemiology of major depression:
review and meta-analysis. Am J Psychiatry 2000; 157: 1552-1562.

Sullivan RM, Gratton A. Relationships between stress-induced increases in medial
prefrontal cortical dopamine and plasma corticosterone levels in rats: role of cerebral
laterality. Neuroscience 1998; 83: 81-91.

Sullivan RM, Gratton A. Prefrontal cortical regulation of hypothalamic-pituitary-
adrenal function in the rat and implications for psychopathology: side matters.
Psychoneuroendocrinology 2002; 27: 99-114.

Summers CH, Kampshoff JL., Ronan PJ, Lowry CA, Prestbo AA, Korzan WJ, Renner
KJ. Monoaminergic activity in subregions of raphe nuclei elicited by prior stress and
the neuropeptide corticotropin-releasing factor. J Neuroendocrinol 2003; 15: 1122-
1133.

Sutton RE, Koob GF, Le Moal M, Rivier J, Vale W. Corticotropin releasing factor
produces behavioural activation in rats. Nature 1982; 297: 331-333.

Svensson TH. Brain noradrenaline and the mechanisms of action of antidepressant
drugs. Acta Psychiatr Scand Suppl 2000; 402: 18-27.

Takahashi H, Takada Y, Nagai N, Urano T, Takada A. Serotonergic neurons
projecting to hippocampus activate locomotion. Brain Res 2000; 869: 194-202.

Takahashi LK. Role of CRF(1) and CRF(2) receptors in fear and anxiety. Neurosci
Biobehav Rev 2001; 25: 627-636.

314. Tanaka M, Yoshida M, Emoto H, Ishii H. Noradrenaline systems in the hypothalamus,

315.

316.

317.

318.

amygdala and locus coeruleus are involved in the provocation of anxiety: basic
studies. Eur J Pharmacol 2000; 405: 397-406.

Tannenbaum B, Rowe W, Sharma S, Diorio J, Steverman A, Walker M, Meaney MJ.
Dynamic variations in plasma corticosteroid-binding globulin and basal HPA activity
following acute stress in adult rats. J Neuroendocrinol 1997; 9: 163-168.

Temel Y, Helmy A, Pinnock S, Herbert J. Effect of serotonin depletion on the
neuronal, endocrine and behavioural responses to corticotropin-releasing factor in the
rat. Neurosci Lett 2003; 338: 139-142.

Terrazzino S, Perego C, De Simoni MG. Effect of development of habituation to
restraint stress on hypothalamic noradrenaline release and adrenocorticotropin
secretion. J Neurochem 1995; 65: 263-267.

Thomas E, Pernar L, Lucki I, Valentino RJ. Corticotropin-releasing factor in the
dorsal raphe nucleus regulates activity of lateral septal neurons. Brain Res 2003; 960:
201-208.



319.

320.

321.

322.

323.

324.

325.

326.

327.

328.

329.

330.

331.

332.

Timpl P, Spanagel R, Sillaber I, Kresse A, Reul IMHM, Stalla GK, Blanquet, V,
Steckler T, Holsboer F, Wurst W. Impaired stress response and reduced anxiety in
mice lacking a functional corticotropin-releasing hormone receptor. Nature Genetics
1998; 19: 162-166.

Tinnikov AA. Responses of serum corticosterone and corticosteroid-binding globulin
to acute and prolonged stress in the rat. Endocrine 1999; 11: 145-150.

Treit D. Animal models for the study of anti-anxiety agents: a review. Neurosci
Biobehav Rev 1985; 9: 203-222.

Trullas R, Skolnick P. Differences in fear motivated behaviors among inbred mouse
strains. Psychopharmacology (Berl) 1993; 111: 323-331.

Ungard JT, Beekman M, Gasior M, Carter RB, Dijkstra D, Witkin JM. Modification
of behavioral effects of drugs in mice by neuroactive steroids. Psychopharmacology
(Berl) 2000; 148: 336-343.

Valentino RJ, Foote SL, Page ME. The locus coeruleus as a site for integrating
corticotropin-releasing factor and noradrenergic mediation of stress responses. Ann N
Y Acad Sci 1993; 697: 173-188.

Van Bockstaele EJ, Biswas A, Pickel VM. Topography of serotonin neurons in the
dorsal raphe nucleus that send axon collaterals to the rat prefrontal cortex and nucleus
accumbens. Brain Res 1993; 624: 188-198.

Van Bockstaele EJ, Peoples J, Valentino RJ. A.E. Bennett Research Award. Anatomic
basis for differential regulation of the rostrolateral peri-locus coeruleus region by
limbic afferents. Biol Psychiatry 1999; 46: 1352-1363.

Van de Kar LD, Javed A, Zhang Y, Serres F, Raap DK, Gray TS. 5-HT2A receptors
stimulate ACTH, corticosterone, oxytocin, renin, and prolactin release and activate
hypothalamic CRF and oxytocin-expressing cells. J Neurosci 2001; 21: 3572-3579.

Van Erp AM, Kruk MR, Meelis W, Willekens-Bramer DC. Effect of environmental
stressors on time course, variability and form of self-grooming in the rat: handling,
social contact, defeat, novelty, restraint and fur moistening. Behav Brain Res 1994;
65: 47-55.

Van Gaalen MM, Steckler T. Behavioural analysis of four mouse strains in an anxiety
test battery. Behav Brain Res 2000; 115: 95-106.

Van Gaalen MM, Stenzel-Poore MP, Holsboer F, Steckler T. Effects of transgenic
overproduction of CRH on anxiety-like behaviour. Eur J Neurosci 2002; 15: 2007-
2015.

Veenema AH. Coping style and stressor susceptibility. Dissertation. Groningen: Van
Denderen BV, 2003.

Veenema AH, Meijer OC, De Kloet ER, Koolhaas JM. Genetic selection for coping
style predicts stressor susceptibility. J Neuroendocrinol 2003; 15: 256-267.



333.

334.

335.

336.

337.

338.

339.

340.

341.

342.

343.

344.

345.

346.

347.

Vertes RP. A PHA-L analysis of ascending projections of the dorsal raphe nucleus in
the rat. J Comp Neurol 1991; 313: 643-668.

Vertes RP, Fortin WJ, Crane AM. Projections of the median raphe nucleus in the rat.
J Comp Neurol 1999; 407: 555-582.

Wachtel SR, Brooderson RJ, White FJ. Parametric and pharmacological analyses of
the enhanced grooming response elicited by the D1 dopamine receptor agonist SKF
38393 in the rat. Psychopharmacology (Berl) 1992; 109: 41-48.

Wainwright PE. The role of nutritional factors in behavioural development in
laboratory mice. Behav Brain Res 2001; 125: 75-80.

Weidenfeld J, Feldman S, Itzik A, Van de Kar LD, Newman ME. Evidence for a
mutual interaction between noradrenergic and serotonergic agonists in stimulation of
ACTH and corticosterone secretion in the rat. Brain Res 2002; 941: 113-117.

Weiss JM, Stout JC, Aaron MF, Quan N, Owens MJ, Butler PD, Nemeroff CB.
Depression and anxiety: role of the locus coeruleus and corticotropin-releasing factor.
Brain Res Bull 1994, 35: 561-572.

Westerink BH. Brain microdialysis and its application for the study of animal
behaviour. Behav Brain Res 1995; 70: 103-124.

Whitnall MH. Regulation of the hypothalamic corticotropin-releasing hormone
neurosecretory system. Prog Neurobiol 1993; 40: 573-629.

Whybrow PC, Prange AJ, Jr. A hypothesis of thyroid-catecholamine-receptor
interaction. Its relevance to affective illness. Arch Gen Psychiatry 1981; 38: 106-113.

Wiersma A, Baauw AD, Bohus B, Koolhaas JM. Behavioural activation produced by
CRH but not alpha-helical CRH (CRH-receptor antagonist) when microinfused into
the central nucleus of the amygdala under stress-free conditions.
Psychoneuroendocrinology 1995; 20: 423-432.

Wilkinson LS, Humby T, Killcross AS, Torres EM, Everitt BJ, Robbins TW.
Dissociations in dopamine release in medial prefrontal cortex and ventral striatum

during the acquisition and extinction of classical aversive conditioning in the rat. Eur
J Neurosci 1998; 10: 1019-1026.

Willner P, Mitchell PJ. The validity of animal models of predisposition to depression.
Behav Pharmacol 2002; 13: 169-188.

Willner P, Muscat R, Papp M. Chronic mild stress-induced anhedonia: a realistic
animal model of depression. Neurosci Biobehav Rev 1992; 16: 525-534.

Winberg S, Myrberg AA, Jr., Nilsson GE. Predator exposure alters brain serotonin
metabolism in bicolour damselfish. Neuroreport 1993; 4: 399-402.

Wong ML, Licinio J. Research and treatment approaches to depression. Nat Rev
Neurosci 2001; 2: 343-351.



348.

349.

350.

351.

352.

353.

World Health Organization. The ICD-10 Classification of Mental and Behavioural
Disorders: Clinical Descriptions and Diagnostic Guidelines. Geneva: 1992.

Wurbel H. Ideal homes? Housing effects on rodent brain and behaviour. Trends
Neurosci 2001; 24: 207-211.

Zahrt J, Taylor JR, Mathew RG, Arnsten AF. Supranormal stimulation of D1
dopamine receptors in the rodent prefrontal cortex impairs spatial working memory
performance. J Neurosci 1997; 17: 8528-8535.

Zhang JF, Zheng F. The role of paraventricular nucleus of hypothalamus in stress-
ulcer formation in rats. Brain Res 1997; 761: 203-209.

Zhou FM, Wilson C, Dani JA. Muscarinic and nicotinic cholinergic mechanisms in
the mesostriatal dopamine systems. Neuroscientist 2003; 9: 23-36.

Zhuang X, Gross C, Santarelli L, Compan V, Trillat AC, Hen R. Altered Emotional
States in Knockout Mice Lacking 5-HT1A or 5-HT1B Receptors.
Neuropsychopharmacology 1999; 21 Suppl 1: S52-S60.



ACKNOWLEDGMENTS

There are so many people to thank, without whom this thesis would not be here now.

First of all, Dr. Astrid Linthorst, thank you for welcoming me in your group and for being my
supervisor. You have taught me a great deal about the conscientious planning of experiments
and you made statistical analysis appear easy. Astrid, ook van harte bedankt voor je geduld
en steun in de moeilijkere tijden! Ik wens jou en Hans veel success in Bristol.

Then, Prof. Dr. Ben Westerink, thank you for readily accepting a role as ‘doctor-vader’. Ben,
hartelijk dank voor je luisterend oor en je adviezen. Ik vind het echt jammer dat het anders is
gelopen en je uiteindelijk geen grotere rol speelt in deze promotie.

Prof. Rainer Landgraf I want to thank for taking me up in his group after Astrid’s departure,
for taking over a role as supervisor for this work and for giving me the freedom I needed to
finish this thesis. Herr Landgraf, herzlichen Dank, Sie fiihren eine tolle Gruppe.

Someone else who can not fail among the first persons to thank is Cornelia Flachskamm, the
best technician I have ever come across. Danke Cornelia fiir das Teamwork, und alle Achtung,
dass die HPLCs immer noch im Labor stehen!

Also Dr. Alexander Yassouridis should be mentioned for his valuable feedback in statistical
issues.

Of course my life at the Institute would not have been the same without so many colleagues
and friends to share offices with. In chronological order I want to thank Dr. Rosana Pefialva
(for making me feel welcome when I arrived), Dr. Alicia Bilang-Bleuel (for your clear-cut
opinions on so many topics), Dr. Akihiko Oshima ( uu ), Dr. Susanne Droste (Susi, ich
vermisse unsere ‘na, und...?’-Anfinge der Tage!), Martin Schweizer (Beschuitje, das
Zonnetje und der Hausapotheker), Sonja DeCarli (Sonja, ich wiinsche Dir viel Erfolg in
Deinem Leben), (Dr.) Mika Ilmen (fiir die Tangoversuche und die Abende am See. Kiitos,
hyvéa jatkoa), (Dr.) Anna Paweletz (auch eine ‘rat exposure’- Expertin), Dr. Jon Ruddick (for
nights out, tea, Branston, pizza and watching all those DVDs), Dr. Katia Gamel-Didelon
(c'était malheureusement pas longtemps, mais j’ai bien aimé de parler avec toi pendant nos
petites pauses de thé) and (Dr.) Simone Kromer (es war sehr schon mit Dir im Biiro, ich
werde auch nie die WW-Punkte vergessen!).

Then those I did not share an office with but who also made a difference, Dr. Hans Reul (man
tussen zoveel vrouwen in AG Linthorst en AG Reul), (Dr.) Elke Binder (Danke fiir die tollen

Abende, an denen wir gefeiert haben), Dr. Lotte de Groote (ook met jou was het maar kort,



maar we hebben onze lol gehad), Monika Mailinger (fiir Umschlidge und Kaffee, letzteren
zum Gliick aber nicht so héufig) and all the others who were part of AG Linthorst, AG Reul
and AG Landgraf.

On a different level I would like to thank, again chronologically, Frank Weda (zonder jou
was er geen begin geweest in Duitsland. Ik wens je veel geluk in je post-DL tijd), Sabina
Bicking (for so very very much back then, and now), Aenne Hass (fiir Deine Unterstiitzung
und fiir die unvergesslichen Abende im Jennerwein), Sander Borgsteede and Yvette Aardoom
(voor jullie belangrijke bezoekjes en telefoontjes), Dr. Lothar Schon, Dr. Oliver Juny c.s. and
Dr. Sieglinde Haub (Herzlichen Dank fiir die viele Gespréche, sie waren, sind und werden
mir sehr wichtig sein), Damon Broderick (for chocolate cake, good times and patiently
answering all my questions concerning microprocessor design) and Capt. Kevin Legge, Dr.
Wassilios MeiBiner, Dr. Jeff Witkin and many others (simply for knowing you, being in touch
with you, your support. Kev, all your emails these last months meant a lot to me).

Most important however have been my parents, my sister Jojanneke and my brother Pepijn.
Lieve paps, mams, Jojan en Peppie: het zit er op! Ik weet niet wat ik zou moeten zonder jullie.
Ik ben er blij mee en trots op om er één van het kleine volkje Beekman te zijn. Lieve Meyke,
ik denk ook aan jou. Lieve opa en oma, ook u bedankt voor uw steun.

Finally, to those who know me, and to those who don’t, I can only repeat what I say so often:

no matter what, in the end all will turn out to be fine, alles wird gut, alles komt altijd goed.

Munich, March 2004

Marjolein Beekman



CURRICULUM VITAE

August 6, 1974 Born in Amersfoort, The Netherlands

August 1980 — July 1986 Primary education at School Op De Berg, Amersfoort, The
Netherlands

August 1986 — June 1992 Secondary education at Johan van Oldenbarnevelt

gymnasium (grammar school), Amersfoort, The Netherlands

August 1992 — June 2000 Pharmacy study, University of Groningen, The Netherlands.

October 1997 Obtained M.Sc. degree
Thesis: The neuroactive steroid ganaxolone — a comparative
behavioral study with antiepileptics and in conjunction with
psychodisrupting drugs.
Research done at National Institute on Drug Abuse,
Baltimore, USA, in the Drug Development Group of Dr. J.
M. Witkin.
Awards: Organon Young Research Talent Prize; KNMP
Award for (bio)pharmaceutists.
June 2000 Obtained public pharmacist degree

September 1998 — August 1999 One-year postgraduate course Japanese Language and
Business Studies, Leiden University, the Netherlands and
Japan Netherlands Institute, Tokyo, Japan.
Internship at Yamanouchi Pharmaceutical Co., Tsukuba,
Japan, in the Pharmacology I (CNS) department of Dr. T.
Yamaguchi, dementia section.

September 2000 — March 2004 Ph.D.-student at the Max Planck Institute of Psychiatry,
Munich, Germany, in the section of Neurochemistry of Dr. A.

C. E. Linthorst.

Publications:
Beekman, M., Flachskamm, C., Linthorst, A.C.E. Behavioural, necurochemical and
neuroendocrine aspects of the rat exposure stress paradigm in C57bl/6N mice. In

preparation.



Beekman, M., Ungard, J.T., Gasior, M., Carter, R.B., Dijkstra, D., Goldberg, S.R., Witkin,
J.M. Reversal of behavioural effects of pentylenetetrazol by the neuroactive steroid
ganaxolone. J Pharmacol Exp Ther 1998; 284: 868 — 877.

Gasior, M., Ungard, J.T., Beekman, M., Carter, R.B. and Witkin, J.M. Acute and chronic
effects of the synthetic neuroactive steroid, ganaxolone, against the convulsive and
lethal effects of pentylenetetrazol in seizure-kindled mice: comparison with diazepam
and valproate. Neuropharmacology 2000; 39: 1184 — 1196.

Gasior, M., Beekman, M., Carter, R.B., Goldberg, S.R. and Witkin, J.M. Antiepileptogenic
effects of the novel synthetic neuroactive steroid, ganaxolone, against
pentylenetetrazol-induced kindled seizures: Comparison with diazepam and valproate.
Drug Dev Res 1998; 44: 21 — 33.

Ungard, J.T., Beekman, M., Gasior, M., Carter, R.B., Dijkstra, D. and Witkin, J.M.
Modification of behavioral effects of drugs in mice by neuroactive steroids.
Psychopharmacology (Berl.) 2000; 148: 336 — 343.

Witkin, J.M., Savtchenko, N., Mashkovsky, M., Beekman, M., Munzar, P., Gasior, M.,
Goldberg, S.R., Ungard, J.T., Kim, J., Shippenberg, T. and Chefer, V. Behavioral, toxic
and neurochemical effects of Sydnocarb, a novel psychomotor stimulant: comparisons
with methamphetamine. J Pharmacol Exp Ther 1999; 288: 1298 — 1310.

Witkin, J.M., Gasior, M., Acri, J., Beekman, M., Thurkauf, A., Yuan, J., De Boer, P.,
Wikstrom, H. and Dijkstra, D. Atypical antipsychotic effects of the dopamine D3

receptor agonist, (+)-PD 128907. Eur J Pharmacol 1998; 347: R1 — R3.



	Table of Contents
	Summary
	Zusammenfassung
	List of Abbreviations
	Introduction
	1 Setting the scene
	1.1 Depression in society
	1.2 Etiology

	2 Role of monoamines and stress in depression
	2.1 Monoamines
	2.2 Stress and the HPA axis
	2.2.1 Stress
	2.2.2 The hypothalamus and the HPA axis
	2.2.3 Extrahypothalamic effects of CRH


	3 Anxiety disorders
	3.1 Forms of anxiety disorders
	3.2 Anxiety and depression

	4 Why this thesis?
	5 Behavioural animal models
	5.1 The optimal animal model
	5.2 Animal models used in depression research
	5.3 Animal models used in anxiety research
	5.4 Rats vs. mice
	5.5 Genetic components
	5.6 Example: CRH-transgenic mice
	5.7 Predator exposure

	6 Neuroanatomy
	6.1 The LHPA axis
	6.2 Relevant brain areas in emotion and depression

	7 Neurotransmitters
	7.1 Serotonin
	7.1.1 General
	7.1.2 Involvement in stress, anxiety and depression

	7.2 Noradrenaline
	7.2.1 General
	7.2.2 Role in stress, depression and anxiety
	7.2.3 Interactions between 5-HT and NA

	7.3 Dopamine
	7.3.1 General
	7.3.2 Role in stress and depression


	8 Aims

	Materials and Methods
	1 Experiments using microdialysis
	1.1 Microdialysis - theoretical background
	1.2 Microdialysis set-up
	1.3 Overview of the experiments
	1.3.1 Animals and arrival
	1.3.2 Operation
	1.3.3 Implantation of microdialysis cannula
	1.3.4 Predator exposure and killing
	1.3.5 Histological verification
	1.3.6 Video analysis
	1.3.7 Analysis of dialysate - HPLC with ECD
	1.3.8 Measurement of free corticosterone - RIA
	1.3.9 Statistical analysis of behavioural data
	1.3.10 Statistical analysis of microdialysis data
	1.3.11 Statistical analysis of free corticosterone data
	1.3.12 Other procedures and preparations


	2 Experiments measuring plasma levels of stress hormones
	2.1 Overview of the experiments
	2.1.1 Animals, arrival and housing
	2.1.2 Rat exposure, killing, blood preparation
	2.1.3 ACTH and corticosterone measurement
	2.1.4 Behavioural analysis
	2.1.5 Statistical analysis



	Results
	1 Behaviour
	1.1 Behaviour before rat exposure
	1.2 Behaviour during rat exposure
	1.3 Behaviour after rat exposure
	1.4 Differences in behaviour between C57bl/6N and Balb/c mice
	1.5 Differences in behaviour on day 1 and 2
	1.6 Behaviour of rats

	2 Microdialysis
	2.1 In-vitro experiment
	2.2 Histological verification of probe location
	2.3 Serotonergic neurotransmission in C57bl/6N mice
	2.3.1 Effect of rat exposure on 5-HT on day 1
	2.3.2 Effect of rat exposure on 5-HIAA on day 1
	2.3.3 Effect of rat exposure on 5-HT and 5-HIAA on day 2

	2.4 Noradrenergic and dopaminergic neurotransmission in C57bl/6N mice
	2.4.1 Effect of rat exposure on day 1
	2.4.2 Effect of rat exposure on day 2

	2.5 Serotonergic neurotransmission in Balb/c mice
	2.5.1 Effect of rat exposure on day 1
	2.5.2 Effect of rat exposure on day 2

	2.6 Noradrenergic and dopaminergic neurotransmission in Balb/c mice
	2.6.1 Effect of rat exposure on day 1
	2.6.2 Effect of rat exposure on day 2

	2.7 Comparison of neurotransmission in C57/bl6 and Balb/c mice

	3 Neuroendocrine data
	3.1 Free corticosterone
	3.2 More strain differences - plasma values

	4 Additional experiments
	4.1 C57bl/6N mice bred at the institute
	4.2 CRH-transgenic animals


	Discussion
	1 Behavioural aspects of rat exposure
	1.1 Behaviour of C57bl/6N and Balb/c mice on day 1
	1.2 Behaviour of C57bl/6N and Balb/c mice on day 2
	1.3 Behavioural strain differences

	2 Neurochemical aspects of rat exposure
	2.1 Serotonergic neurotransmission
	2.1.1 Effects of stress on 5-HT and 5-HIAA
	2.1.2 The role of 5-HT in various brain regions
	2.1.3 5-HT and specific behaviours

	2.2 Noradrenergic neurotransmission
	2.2.1 Effects of stress on NA and MHPG
	2.2.2 Function of noradrenaline

	2.3 Dopaminergic neurotransmission
	2.3.1 Effects of stress on dopaminergic metabolites and dopamine
	2.3.2 Function of dopamine

	2.4 Effect of re exposure on neurotransmission

	3 Neuroendocrine aspects
	3.1 Effects of stress on HPA axis activation
	3.2 Behavioural and hormonal correlates

	4 Discussion of additional experiments
	4.1 C57bl/6N mice bred at the institute
	4.2 CRH-transgenic animals

	5 Conclusions and concluding remarks
	5.1 Answers
	5.2 The value of predator exposure as a behavioural model
	5.3 Rat exposure and neurochemistry
	5.4 A personal note


	References
	Acknowledgments
	Curriculum Vitae

