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1. Introduction

The expression of emotions like aggression and anxiety is impootastdial communication
between individuals. Intraspecific signals transmitting the Emat state of an individual are
very prominent in humans and animals living in herds, cohorts or amy & social
community.

Intermale aggression is necessary for acquisition and mairm@dnmutrition, territory or
mating partners. Both the initiator and the recipient of aggressignals have to obey
species-specific rules to guarantee that the communicagiogffective. Mistakes in the
communication involving aggression between conspecifics can lesdibais injuries or even
death of one or more individuals. Aggression includes many differdravimirs ranging
from subtle threatening to severe attacks. Threats stdrtsighals that do not need direct
social contact, such as intimidating the opponent by appeariaggasas possible. Male rats
therefore usually show piloerection as a first sign of agyedsehaviour. Afterwards, they
switch over to threats with direct body contact followed by latdwaat, which represents a
very active form of threat. During this phase of aggressi@ppponent has the possibility to
escape or to show submissive behaviour to terminate aggressalteoratively, attacks will
follow the threats.

Exaggerated aggression disregarding species-specific rulesraf/ rseen in animal
communities. In humans, abnormal forms of aggression can occusyraptom of
psychological diseases, and every year, numerous people worldwideeckeise of an
aggressive assault and many more become hurt physically or payicladlly. This causes
immense costs and is a great burden for the human society.

There are several types of drugs — most of them originally nalajged for treatment of
excessive aggression — to reduce aggression, but the effcatyl low. Moreover, these
drugs can elicit diverse side-effects with general seddigng the most prominent one.

Finally, some drugs, like for example benzodiazepines, are addictive. Thus, a better
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understanding of the neurobiological mechanisms underlying aggreasidrgspecially its

abnormal forms, is essential for the development of novel drugseiter efficacy, less side-
effects and a lower probability to be addictive. Therefore, ap@tepanimal models need to
be established in order to study the neuronal mechanisms of nanshalbnormal forms of

aggression.

In the present thesis, high and abnormal aggressive behavioursdavavestigated in great
detall in rats Rattus norvegicus), in particular in a rat model for low and high trait anxjety
and its adequacy as an animal model for aggression has bieh Fest, an overview of the
current state of research on aggression and the underlying neagitablmechanisms is
given. Furthermore, the two rat lines selectively bred lfmw or high anxiety-related

behaviour are introduced and their behavioural and neurobiological ctdvdstics are

described.

2. Aggression

2.1 Aggression in humans

Every year, more than 700,000 people worldwide die because ofta&atblomeost al.,
2007). Additionally, many more become victims of aggressive hetiaand get physically

or psychologically injured. Besides the suffering of the affepemdons and their families, a
large financial burden for the society emerges. Forms ofssikee or violent aggression can
occur as a symptom of different types of psychopathologies, suchtiascal personality
disorder (Woodworth & Porter, 2002), depression (Fava, 1998), Alzhairdex¢ase (Paveza
et al., 1992), schizophrenia (Eronenal., 1998), and post traumatic stress disorder (Beckham
& Moore, 2000). Excessive aggression can also be caused by brairs Jdike for example

of frontal or temporal cortical areas (Hawkins & Trobst, 2000).
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Generally, there are two types of excessive and violent aggres humans. The so-called
hypo-arousal-driven type of aggression is accompanied by low igéfemtactions, low
autonomic responses, low skin conductance and low cortisol levigkkifen, 1985; Raine,
1996; Brennaret al., 1997; Dolaret al., 2001; Haller & Kruk, 2006). Hypo-arousal-driven
aggression is often associated with instrumental aggression andaeexample, in conduct
and antisocial personality disorders. In contrast, the hypesal-driven aggression is
characterized by high affective reactions, high autonomic ariddugisol responses (Mazur,
1994; Coheret al., 1996). Hyper-arousal-driven aggression leads to uncontrollable astburs
and is rather associated with mood and intermittent exploss@rddirs (Haller & Kruk,
2006).

Drugs acting on major neurotransmitter systems in the bragh as the dopamine, the
aminobutyric acid (GABA) or the serotonin system are used forpti@@macotherapy of
violent persons. However, they have diverse side-effectengrthem sedation, headaches,
motor coordination impairment, sleep disturbance, cardiac arrhythbi@d pressure
changes and impotence - and are only effective when aggressimkead to specific
psychological diseases (Brady al., 1998; Rodriguez-Ariast al., 1998; Netter, 2001;
Swann, 2003). For instance, benzodiazepines, a class of drugs Igriacimng on the
GABAergic system, reduce aggression (and lead to sedatioeprive patients, but may
induce aggression in others (DiMascio, 1973; Jehak, 1992; Bondt al., 1995; Cherek &
Lane, 2001; de Almeidet al., 2005). Moreover, chronic treatment with benzodiazepines is
not advisable due to their addictive potential. Taken togethere tis a need to improve

pharmacotherapy for patients suffering from aggressive abssr

2.2 Aggression in animals

Aggression belongs to the natural ethogram of most mammalspiinspally an adaptive

behaviour and important for the survival and reproductive sucdebe andividual. One has
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to distinguish between different types of aggression, includifensive, defensive, maternal
and predatory aggression.

Offensive aggression is displayed in fights for acquisition orntemance of nutrition,
territory or mating partners. In general, offensive aggoesanderlies strict species-specific
rules resulting in a lower number of animals killed during offemsfighting. Threat
behaviour is an important and distinct part of aggression and atteveferior animal to
submit or to escape even without the need for an attack by thaosupmrspecific. Thus,
social hierarchies are established in order to reducerigltithin a group of socially living
animals. Certainly, some fights will still occur to maintar upgrade the position within the
hierarchy, but the total number of fights is reduced to aargml minimum.

In rats, attacks displayed in the course of offensive aggressllanainly be directed towards
less vulnerable body parts of the opponent that are covered withesiasa a thick layer of
skin in contrast to defensive attacks that are directed towatdsrable body parts like head,
throat or belly (Blanchard & Blanchard, 1977; Blanchatdl., 2003). Display of attacks
towards a vulnerable target region of the opponent in a non life¢hiagt situation is
considered to be abnormal (Hal&tral., 2001).

Defensive aggression is displayed in a life-threatening stydbr example when an animal
has to defend itself against a predator or a conspecific (Bdathc& Blanchard, 1981).
Defensive attack targets in rats are the head or other ableebody parts of the attacking
animal with the intention to injure the opponent (Blanchard & &tand, 1977; Blancharet
al., 2003). Defensive aggression seems to be related to an aautedponse, and attacks
towards vulnerable body parts of the opponent are the last chanselffoiefence of the
individual. Therefore, these kinds of attacks are rather unpaddic

To study the regulation of aggression, and especially its abnoonmas$,f appropriate animal
models are needed. These animal models may include the aeléati high levels of

aggression. For example, male house midas(musculus domesticus) caught from the wild
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have been selectively bred for short (SAL) or long (LAL) dtdatency towards an
unfamiliar male intruder mouse (van Oortmerssen & Bakker, 1981)higeaggression in
SAL mice is part of their ‘proactive’ stress coping stggtewhich is further reflected by more
active behaviours in, for example, the forced swim test anghbek-probe burying test. In
contrast, the low level of aggression seen in LAL mice is @dteir ‘reactive’ stress coping
strategy further involving higher levels of immobility aneédring behaviours (For review
see: Koolhaast al., 1999). SAL mice not only show high levels of aggression, but also
abnormal forms of aggressive behaviour, as demonstrated by gdiigentage (> 25 %) of
attacks towards vulnerable body parts of a male intruder mousker(&aKruk, 2006), the
display of aggression towards a male opponent in a neutral enviroomeven in the home
cage of the opponent, and attacks towards female mice (Sétile 2002). Thus, SAL mice
are proposed to be an animal model for antisocial behaviourgtéBhki al., 2003). Other
mouse lines selected for high- and low-aggressive behavioutharéurku aggressive and
Turku non-aggressive mice (Sandnabba, 1996) as well as the Nodin&€&00 and North
Carolina 100 mice (Gariepst al., 1996).

In addition to mice, rats have also been bred for differencesgresgjon, but in this case
towards humans rather than conspecifics. The Novosibirsk ragstesglfor high or low
aggressiveness towards humans (Naumeslka., 1989; Plyusnina & Oskina, 1997) likely
represent a form of high and low defensive aggression. Addity, an outbred laboratory
strain of wild-type ratsRattus norvegicus) consists of individuals showing a wide range of
aggression from almost no aggression to a very high level of aggre&le Boeret al.,
2003), but these rats have not been selectively bred forediffes in aggressive behaviour.
Other animal models of aggression use either frustrationiydéipn of an expected reward),
instigation (pre-exposure to a possible opponent) or alcohol to induce neigtdaggressive
behaviour in male rats (Miczedt al., 2002; de Almeidaet al., 2005). Finally, rats with a

glucocorticoid-deficiency, induced by adrenalectomy combined withingoianted pellet
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releasing low levels of corticosterone, show an enhanced ldvelttacks directed to
vulnerable body parts (Hallet al., 2004). Acute treatment with corticosterone suppresses
this rise in aberrant attacks (Halletr al., 2001). Taken together, there are several rodent
models of aggression, but a rat model providing high and/or abnorm@sagm based on

the genetic background is missing so far.

2.3 Brain regions involved in aggression
In rodents, olfactory information from the olfactory bulbs directBaches the medial
amygdala. After processing, the medial amygdala transimésinformation to the lateral
septum, the bed nucleus of the stria terminalis (BNST) hadanterior hypothalamic area.
These brain regions project to the periaqueductal grey, whmtei®f the major brain regions

that may initiate species-specific aggressive behaviogr {fi(Nelson & Trainor, 2007).

Social olfactory
cues

Aggressive
behaviour

Fig. 1: Neuroanatomical circuits of aggression in rode8txial cues reach the medial amygdala (MeA) wa th
olfactory bulb (OB). The medial amygdala projedghte anterior hypothalamic area (AHA), the latesgbtum
(LS) and the bed nucleus of the stria terminalibl$8). These brain areas project to the periaquatiggey
(PAG) which than can promote aggressive behavidwariety of factors, such as fear or stress, canfidience
these pathways by acting on the AHA via the par@i@nar nucleus (PVN). Adapted from Nelson & Train
(2007).
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The two approaches that most frequently have been used to Iséuohyolvement of distinct
brain regions in the regulation of aggression are: (i) lesiotiegespective brain region, and
(i) investigating neuronal activation in response to the dispfayaggressive behaviour.
Lesions of the lateral septum, BNST, anterior hypothalamus orainaaliygdala result in a
strong reduction of intermale aggression (Kruk, 1991), whereas ilegitime orbitofrontal
cortex increases aggression in male rats (de Batiral., 1983). Neuronal activation,
quantified by the expression of the immediate-early gefas, in response to the display of
aggression, is found in the lateral septum, BNST, anterior hyjamtlisl and medial amygdala
in hamsters (Kollack-Walker & Newman, 1995; Delvi#eal., 2000). Experiments in rats
showed aggression-induced neuronal activation of the cortex, septusT,, BiMpothalamus,
amygdala, dorsal premammillary nucleus and locus coeruleus, ampariicular of the
hypothalamic attack area, the medial amygdala and the periagueghegtgHalaszet al.,
2002; Veeninget al., 2005). Interestingly, rats showing abnormal aggression due to
glucocorticoid-deficiency demonstrate normal activation of exgijoe-related brain regions,
but show additional activation of two brain regions involved in stressngppiamely the
paraventricular nucleus of the hypothalamus (PVN) and the cemrgddala (Halaset al.,
2002). This implicates that differences in neuronal activatidche aggression-related regions
investigated do not lead to the display of glucocorticoid-deficiemdyced abnormal
aggression, but changes within the neuronal systems regulateésy stoping and/or fear
responses might be involved. Another study showed neuronal activatidre gréfrontal
cortex in response to an aggressive encounter, but not in resp@psyichosocial encounter
without direct contact of the rats. In detail, both the infralovdmd the medial orbital cortices
were activated in response to aggression (Hadast., 2006). Furthermore, in SAL mice
selected for high-aggressive behaviour, a strong neuronal tamtiv& found in response to an
agonistic encounter in the central amygdala and the lateral emicblateral periaqueductal

grey (Halleret al., 2006).
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The above mentioned studies suggest an involvement of the ksdptam, BNST, anterior
hypothalamus, periaqueductal grey, PVN, central and medial aiaygohal prefrontal cortex
in the regulation of aggressive behaviour with the PVN and aleswtnygdala being involved

especially in abnormal forms of aggression.

2.4 Hormones, neuropeptides and neurotransmittersvedah aggression

An important step towards understanding the neurobiological regulatiaggvéssion is to
identify the hormones, neurotransmitters and neuromodulators like, ekample,
neuropeptides that are involved. Research over the last ededzas implicated many
transmitters in the regulation of aggressive behaviour, includiogamine, GABA,
testosterone, arginine vasopressin (AVP) and serotonin. The tates will be briefly

discussed below.

2.4.1 Testosterone

Testosterone, the principal male sex hormone, has been implicatde iregulation of
aggression long ago in both animals and humans (Dij&stla, 1992; Banks & Dabbs, 1996;
Lucion et al., 1996; Wingfield et al., 2001). Nevertheless, the relationship between
testosterone and aggression is much more complex than just a gevsstige correlation
(Archer, 2006). Testosterone is a steroid hormone and derives frogstol. In mammals,
testosterone is mainly synthesized and secreted in the testies, are controlled by the
hypothalamus via the hypothalamic-pituitary-gonadal axis. Afésretion, testosterone can
exert its effects on different parts of the body by eithéngwmn the androgen receptor or it
can be converted to oestradiol and thereafter activate oestregeptors. Besides its effect on
spermatogenesis, testosterone amongst others also has andbot& @i muscles and can
directly influence neurotransmitter systems in the brain ahdweur. There are several facts

pointing towards a direct positive relationship between the amounéstbsterone and
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aggression in male mammals. Like in many mammals, testostégvels increase at puberty
in rats accompanied by an increase in aggression (Koathahs1980). Moreover, males are
generally more aggressive and have a much higher testosteuahehian females (Hyde,
1984; Knightet al., 1996; Giammancet al., 2005). Finally, castration reduces aggressive
behaviour, an effect which is reversible by testosterone admnainig (Beeman, 1947;
Barfield et al., 1972; Luttge, 1972; Bart al., 1976). However, at least in some animals
(especially birds), aggressive behaviour in the non-breedingomsed testosterone-
independent and persists after castration (Logan & Carlin, 188dgfield, 1994b; a). In
male rats, castration induces a decrease in aggression @aruenh by a decrease in the
androgen-dependent extrahypothalamic AVP immunoreactivity (De éties., 1992; de
Vries & Miller, 1998). Following castration, the number of AVRssenger ribonucleic acid
(mRNA) containing cells in the BNST and of AVP fibres projectinghe lateral septum is
reduced by about 90 %. Treatment of castrated rats with tstostreverses these changes
(de Vries et al., 1986; Miller et al., 1989), and administratioA\WP into the lateral septum
or medial amygdala facilitates aggressive behaviour inatasitrats (Koolhaast al., 1990;
Koolhaaset al., 1991). These results implicate that testosterone, at peaity, influences

intermale aggression via changes in the extrahypothalamicsistiem.

2.4.2 Arginine vasopressin
AVP is a nonapeptide mainly synthesized in the PVN and in the qpiranucleus. After
axonal transport to the pituitary, AVP is released into the bltiednain peripheral effects
are vasoconstriction via V1 receptors and water retentio2iegeceptors. Among the three
types of AVP receptors, namely Vl1a, V1b and V2 receptors, ther&teptor is the most
prominent one in the central nervous system (Jard, 1983; v@nemet al., 1987; Barberis
& Tribollet, 1996). AVP synthesized in the BNST, medial amygdalasuprachiasmatic

nucleus can also be locally released in response to ceitainish different brain regions,
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where it exerts effects on learning and memory, thermoreguolatardiovascular and
circadian functions (de Wied al., 1993; Engelmanst al., 1996; de Vries & Miller, 1998).
Additionally, both clinical and preclinical studies support the vieat AVP is an important
regulator of aggressive behaviour (Koolha&asl., 1990; Ferris, 1992; Albers & Bamshad,
1998; Coccaroet al., 1998; Ferris, 2005). In humans, the AVP concentration in the
cerebrospinal fluid correlates positively with the level ojr@gsion in personality-disordered
subjects (Coccare@t al., 1998). Furthermore, AVP has been shown to influence social
communication in men. AVP administered intranasally decre&sepdrception of friendly
faces and increases the perception of threat and anger wheal rfacés are presented
(Thompsonet al., 2004; Thompsomrt al., 2006). In rodents, AVP is known to be released
within distinct brain regions acting as neurotransmitter or neadutator (Landgraf &
Neumann, 2004). Particularly the AVP pathway originating in th&&BMNnd in the medial
amygdala and projecting to the lateral septum (Fig. 2) (Des\ial., 1992; de Vries &

Miller, 1998) has been shown to influence aggressive behaviour.

Fig. 2: AVP system in the rat brain (De Vries al., 1992): The main sites of origin of central AVRe arell
bodies (indicated by dots and triangles) in the macleus of the stria terminalis (BST), medial axisig (MA)
and suprachiasmatic nucleus (SCN); AVP projectmmesfound to the midbrain central grey (CG), dorsghe
nucleus (DR), ventral hippocampus (Hip), locus atmrs (LC), lateral habenular nucleus (LH), latexgptum
(LS), medial preoptic/anterior hypothalamic areaP@R), organum vasculosum lamina terminalis (OVLT),
periventricular nucleus (Pe), dorsomedial nuclduthe thalamus (PV), olfactory tubercle (Tu), pester of the
diagonal band of Broca (VDB) and ventral septum)(VS
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These AVP fibres are sensitive to gonadal hormones (de ®trigls 1984; De Vriest al.,
1985) and more dense in male compared with female rats (Dee/ekes1981). Injections of
AVP into the ventrolateral hypothalamus, anterior hypothalamus, BbdiSlateral septum
promote aggressive behaviour in hamstdtespcricetus auratus) (Irvin et al., 1990; Delville

et al., 1996a; Ferrigt al., 1997). In rats, injection of AVP into the medial amygdala @rét
septum of castrated males leads to an increase in aggréssoievel seen in intact males
(Koolhaas et al., 1990; Koolhaaset al., 1991). However, the results concerning the
involvement of AVP particularly in the septal area are @axhttory. More AVP and more
AVP receptors were found in the lateral septum of the moreeagige male California mice
(Peromyscus californicus) compared with the less aggressive White-footed niteso(nyscus
leucopus) (Bester-Meredittet al., 1999). In contrast, there are less AVP projections from the
BNST to the lateral septum in aggressive SAL mice coetpaith low-aggressive LAL mice
(Compaaret al., 1993). Similar results have been found in aggressive versusgigressive
wild-type rats (Evert®t al., 1997). However, direct measurement of AVP locally released
the lateral septum or other regions of the AVP circuit during display of aggressive

behaviour has not been performed.

2.4.3 Serotonin
Serotonin (5-hydroxytryptamine) is a monoamine neurotransmittéigreynthesized in the
central nervous system of mammals from the amino la¢igiptophan mainly in the dorsal
raphe nuclei, which send projections to several brain regions, inglymefrontal cortex,
hippocampus and nucleus accumbens (Ferrari et al., 2005). Serotonnflgance several
behaviours, such as food intake, sensory processing, motor aatintgognition, by acting
on one of at least 14 serotonin receptors described until nowgO$iwan Oorschot, 2005).
Jargensen et al. (2003) showed that the serotonin system infllecaeAVP release in the

hypothalamus. Furthermore, earlier studies suggested a ditatbmship between serotonin
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and AVP in the regulation of intermale aggression in hamstersigF&996; Ferris et al.,
1997). In general, serotonin is thought to reduce aggression and teersaay studies
contributing to this serotonin-deficiency theory of aggression by stgpthiat elevated levels
of serotonin decrease aggression in different species (Matz., 2002; de Almeidat al.,
2005), including humans (Linnoila & Virkkunen, 1992; Coccairal., 1994; Kavoussgt al.,
1997). For example, lower levels of the serotonin metabolitgdsexyindoleacetic acid have
been found in patients with a higher score for their life histonaggressive behaviour
(Brownet al., 1979) or with antisocial personality disorder (Linnagtal., 1983). Preclinical
research showed that pharmacological activation of serotonor 15 receptors leads to a
reduction in aggressive behaviour (Olivegral., 1995; Miczeket al., 1998; de Boeet al.,
1999; Fishet al., 1999; for review see: Miczeét al., 2002). Recent studies that found a
positive correlation between serotonin and the display of aggreskallenged the serotonin-
deficiency theory (Olivier, 2004; de Boer & Koolhaas, 2005). Theeat view is that
abnormal aggression is associated with a chronic low leverotosen (Miczeket al., 2002),
whereas normal and adaptive forms of aggression are accompanad dntivation of the
serotonin system (van der Vegtal., 2003a; van der Vegtt al., 2003b; Summerst al.,

2005a).

2.5 Aggression and the hypothalamic-pituitary-adrerxad a

The hypothalamic-pituitary-adrenal (HPA) axis (Fig. 3) is oh¢he main systems activated
during the stress response to cope with stressors. Perceptostressful situation causes an
activation of parvocellular neurons of the PVN which produce aamirtpin releasing
hormone (CRH) and AVP (Tramai al., 1983; Whitnallet al., 1987). After axonal transport,
both neuropeptides are stored at the presynapse and releasedeirtppophyseal portal

blood circulation at the median eminence in response tesssit
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Fig. 3: Schematic drawing of the hypothalamic-pituitaryeathl (HPA) axis and the arginine vasopressin
(AVP)/oxytocin (OXT) system originating from the fgthalamus. Neurons in the hypothalamus (espedially
the paraventricular Nucleus [PVN]) synthesize dbeeneurotransmitters, amongst them AVP, corticatrop
releasing hormone (CRH) and OXT. CRH is releasedegponse to a stressor into the blood at the media
eminence. When CRH reaches the corticotropic ¢elithe anterior lobe of the pituitary, adrenocastiopic
hormone (ACTH) is released into the blood. ACTHmstiates the adrenals to produce and release
glucocorticoids (corticosterone in rats, cortisolHumans). AVP released at the median eminencecgify

the effect of CRH on ACTH release in the anteratrd of the pituitary. When transported to and rstelaat the
posterior lobe of the pituitary, AVP and OXT gettanthe peripheral bloodstream and can therebytelici
peripheral effects. AVP and OXT can also be trartggbto and released in other brain regions orassd
locally within the PVN.
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The hypophyseal portal circulation directly links the median ent@evith the anterior lobe
of the pituitary, where CRH and AVP stimulate the production ancresen of
adrenocorticotropic hormone (ACTH). Although CRH is thought to be the st@anulator of
ACTH release, AVP can amplify this effect of CRH (@&l et al., 1982; Rivier & Vale,
1983). ACTH stimulates the release of glucocorticoids (corgcose in rats, cortisol in
humans) from the adrenal cortex into the blood. Due to their lipoppilaperties,
glucocorticoids can cross the blood-brain barrier and also passieslbranes to reach their
intracellular receptors, which exert their effects disecds transcription factors. In the
periphery, glucocorticoids are important for providing energy by erdthnatabolism which
mobilises lipid and glucose reserves of the body. Additionally,ogloiticoids influence the
immune system and cardiovascular responses, and they exega@vedeedback on the
pituitary and the hypothalamus to reduce the release of CRH arfidH AEurthermore,
glucocorticoids are implicated in the circadian rhythm.

Besides these versatile effects, HPA axis parametees &lao been linked with aggression.
An accompanying symptom of several stress-related disesasgesdassive aggression (Plotsky
et al., 1998; Melloet al., 2003; de Kloett al., 2005), and preclinical studies confirmed HPA
axis activity as an important regulator of aggressive behayidaiter et al., 1998; Haller et
al., 2001; Summers et al., 2005b). Circulating glucocorticoids xart epposite effects on
aggression, depending on the time point. Chronic low levels arer rdtbught to reduce
aggressive behaviour, whereas glucocorticoids rather promoteutedisplay of aggression
(Summers & Winberg, 2006). Accordingly, acute treatment of redesith glucocorticoids
stimulates aggressive behaviour (Hayden-Hixson & Ferris, 1991k Kt al., 2004).
Paradoxically, chronic low as well as high levels of glucocoidie can be associated with
excessive aggression (for review see: Halled., 2005a). Thus, the role of glucocorticoids in
aggression seems to be complex and is far from being clear. fruotiee ACTH as well as

CRH and its receptors have been implicated in the regulationgoéssion (Elkabiet al.,
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1990; Ebneet al., 2005; Gammie & Stevenson, 2006). Generally, the circadian oh#es
active period in mammals is accompanied by the highest HRAaakvity which is linked to

an increase of aggressive behaviour in rats (Hetllal, 2000a; Halleet al., 2000b).

2.6 Normal versus abnormal forms of aggression

Although aggressive behaviour can be adaptive and is essentialndividual and
reproductive success, uncontrolled and abnormal forms of aggressiorotarMaladaptive
exaggerated aggression can be found in humans as well as insartiaiér & Kruk (2006)
proposed three characteristics for discriminating abnormal frompti@daorms of aggression
in rodents: (i) Mismatch between provocation and response, (i@gaisting species-specific
rules (e.g. attacking females, attacking vulnerable body p&iisjnsensitivity towards the
social signals of the opponent (e.g. ignoring submissivenessntinging attacking). Similar
behaviours can be discriminated in humans.

Preclinical research on abnormal aggression has focused oroléh@f glucocorticoids,
serotonin, GABA and dopamine (for reviews see: de Almeidal., 2005; Halleret al.,
2005a). For example, high as well as low levels of glucocortidtage been associated with
abnormal forms of aggression. Hyper-arousal by frustration otigai®n leads to
exaggerated aggressive behaviour during the resident-intrudert€Rl)in rodents (de
Almeida & Miczek, 2002; Miczelkt al., 2002) and acute glucocorticoid treatments increase
aggressive behaviour in different rodent species (Hayden-Hixsonrds ,F&991; Brain &
Haug, 1992; Halleet al., 1997; Mikicset al., 2004). As display of aggression increases
glucocorticoid levels and glucocorticoids facilitate aggressiehaviour (Krulet al., 2004), a
self-stimulating feedback-loop is likely. On the other handy glscocorticoid-deficiency can
be associated with abnormal aggressive behaviour. In mieetige breeding for short or
long attack latencies resulted in a reduced stress respontse 8AL line (Veenemat al.,

2003a; Veenemat al., 2003b). Similar results were found in birds selected for aneactiv
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coping strategy, where heightened aggression correlated widr fghacocorticoid responses
(Carereet al., 2003). Furthermore, chronic low levels of glucocorticoids leadbtmamal
aggression reflected by mismatched attack targeting, dingidiautonomic arousal and social
deficits in rats (Halleet al., 2004).

There are studies suggesting a close interaction of the HRAwgtki the serotonin system
and, generally, serotonin has been implicated in the regulafioabnormal aggression
(Olivier & van Oorschot, 2005). Furthermore, serotonin seems tot exe effect on
glucocorticoid-deficiency-induced abnormal aggression (Hallalr., 2005b). Clinical studies
confirmed the link between serotonin and aggression, as low |efekhe serotonin
metabolite 5-hydroxyindoleacetic acid have been found in trebazspinal fluid of patients

showing elevated levels of aggression and violent behavioam@@est al., 1997).

2.7 Genetic and environmental factors influencing aggian

Environmental factors include early life stress, such as elilcse, neglect or parental loss,
which lead to impulsive aggression, violence and antisocial peityorsgimptoms in
adulthood (Widom, 1989; Dodggt al., 1990; Loeber & Stouthamer-Loeber, 1998; Barnow,
2001; Barnow & Freyberger, 2003; Barnetal., 2004). Preclinical research confirmed long-
lasting changes in aggression as well as of anxiety aesksstesponse in rodents exposed to
early life stress (Plotsky & Meaney, 1993; Laedal., 1996; Wigger & Neumann, 1999;
Kalinichev et al., 2002; Romecet al., 2003; Veenemat al., 2006). Interactions between
genes and environment play an important role in the regulation oéssijgn and violence
(Seroczynsket al., 1999; Moffitt, 2005). For example, there is a great variakititthe length

of tandem repeats in the regulatory region of the gene for moneamridase A (MAOA), an
enzyme that catalyses the oxidative deamination of serotoniagnemaline and dopamine.
Abused children with a low MAOA activity show increased animdaeehaviour and violence

compared to abused children with higher MAOA activity (Casmlgt2002). These results
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suggest that a certain genetic predisposition can determineefteets of negative
environmental factors. The influence of genetic factors on agjgeebehaviour is in a first
approach often studied by using knockout mice, which are lacking a spgaiie product due
to a spontaneous or induced mutation of their genome. Redugesssign has been found in
male knockout mice lacking the long form of the dopamine D2 rec@pihac et al., 2001),
the a-isoform of the oestrogen receptor (Ogagval., 1997; Scordalakes & Rissman, 2003),
the AVP V1b receptor (Wersinger et al.,, 2002) or a functional dapaginhydroxylase
(Marino et al., 2005). In contrast, elevated aggressive behaigoseen in mice lacking
serotonin § receptors (Saudou et al., 1994), dopamine transporter (Rodriguliz 20@4),
nitric oxide synthase (Nelson et al., 1995) or MAOA (Cases .et18B5). Interestingly,
several males of a Dutch family, who are lacking MAOA dua point mutation that caused
a stop codon in thenaoa gene, show impulsive aggression (Brunner et al., 1993). Thus,
knockout studies may indicate the importance of several gene prddutite regulation of
aggressive behaviour. However, knockout mice are lacking theatdgp molecule not only
when they are adult, but also during development. Therefore, behdwadunarmalities in
adulthood could be due to changes that occurred during developmentvoi this
possibility, approaches that acutely and specifically block owatetia neurotransmitter
system in adult animals, such as local cerebral injection ohisig or antagonists,

respectively, can be used for further research.

2.8 Aggression and anxiety

Aggression is a complex social and emotional behaviour and islyclbsked to and
influenced by other emotional behaviours, in particular anxieti&ty is important for the
survival of the individual, to escape predators or other dangerituatiens. Although
adequate levels of anxiety are beneficial for an individual, ge@ated and uncontrolled

forms of anxiety are maladaptive. The lifetime prevalefuzeanxiety disorders, like panic
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disorder or general anxiety disorder, is about 17 % (Somers €086). In wildlife animals,
individuals with too low or too high levels of anxiety are in darafegither starving because
they are not able to find enough food in the presence of predatorsgettioy killed by a
predator because of taking too much risk. In the laboratory, &saectively bred for high
and low anxiety can be used to study the neuronal mechanisms regalaiety and its
influence on the regulation of aggression.

Interestingly, several neurotransmitters that are img@datan the regulation of aggression also

play a role in the regulation of anxiety, like for instancePAV

Fig. 4: Molecular structure of the two closely related apeptides arginine vasopressin (AVP) and oxytocin
(OXT) consisting of amino acids: arginine (Arg)pagagine (Asn), cysteine (Cys), glutamic acid (Gglycine
(Gly), isoleucine (lle), leucine (Leu), phenylalaai(Phe), proline (Pro), tyrosine (Tyr). Only twat®f nine
amino acids are different between AVP and OXT.

The structurally related nonapeptides AVP and oxytocin (Fig. 49 baen shown to regulate
anxiety-related behaviour in an opposite manner. When appliedalbgntAVP exerts
anxiogenic actions in rats (Willianes al., 1983; de Wiedctt al., 1993; Landgraét al., 1995a)
and mice (Bielskyet al., 2005), whereas oxytocin has anxiolytic properties (McCaatl®.,
1996; Windleet al., 1997; Neumanset al., 2000; Baleet al., 2001; Ringet al., 2006). So far,

there are only a few rather conflicting studies on the influesfcexytocin on intermale

aggression (DeVriegt al., 1997; Winslowet al., 2000; Ferris, 2005).
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Another important regulator of both aggression and anxiety is the nmduititory
neurotransmitter GABA. Many drugs used for the treatment of gnflike diazepam) act via
GABAA receptors (Whiting, 2006). GABAreceptors are chloride ion channels and opening
of these channels results in hyperpolarisation and, thus, inamtivaif the cell.
Benzodiazepines have strong anxiolytic, muscle-relaxant and anticamveféects. One of
their side-effects is general sedation and chronic use of trags may lead to addiction
(Bateson, 2002).

So far, research on the link between aggression and anxietietesn ambivalent findings.
For example, Turku aggressive mice show less anxiety-relatkdviour than their non-
aggressive counterparts as measured in several anxiety ikestthd elevated plus-maze
(EPM), light-dark box and staircase test (Nybetgal., 2003). In contrast, there is no
correlation between the level of aggression and the level oftgnrigvild-type rats as tested
on the EPM (de Boeet al., 2003). Likewise, the high-aggressive SAL mice and the low-
aggressive LAL mice do not differ in their level of anxie¢yated behaviour measured on the
EPM (Veenemat al., 2003a) or in the light-dark box (Hoggal., 2000). These results argue
against a strict co-selection of aggression and anxiety, anddvetanxiety as well as high
anxiety may result in a more frequent and faster attack behavimuitatter for example to
defend oneself in a life-threatening situation. Additionallys ihot known, if anxiety tested

on the EPM correlates with social anxiety during an aggressigeunter.

3. Wistar rats selected for low and high anxiety-rela¢d behaviour

as animal model

3.1 History

Starting in 1993, commercially available Wistar raRat{us norvegicus) (Charles River,

Sulzfeld, Germany) were bred for low (LAB) or high (HAB) aryieelated behaviour
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measured on the EPM in the animal facilities of the Max Rldnstitute of Psychiatry in
Munich, Germany (Liebsc# al., 1998b). One year later, Wistar rats selectively bredhifyin
or low behavioural performance in an active avoidance task atiheersity of Leipzig,
Germany, were crossbred into the LAB and HAB lines, respagtiin order to improve the
fitness and to intensify anxiety-related behaviour in HAB ratsparticular the freezing
behaviour that indicates anxiety (Hestsal., 1992). In 2003, LAB and HAB rats were
transferred to the laboratories of Professor Inga D. Neumatte &tniversity of Regensburg,
Germany, where breeding has been continued. Throughout the yedré\Blend HAB rat
lines were treated identical in terms of housing, animal, caaging and behavioural testing

(Landgraf & Wigger, 2002; 2003).

3.2 Behavioural differences (Tab. 1)

3.2.1 Anxiety-related behaviour

Basically, one has to distinguish between trait and statetgnXieit anxiety is personality-
based (long-term), whereas state anxiety is an acuteinfbaged type of anxiety. Anxiety-
related behaviour measured on the EPM was taken as theioseleriterion for LAB and
HAB rats which have been selected for low and high levelsaitf anxiety. The EPM is a
nonconditioned test based on creating a conflict between theerqfsratory drive and its
innate fear of open spaces (Pellewal., 1985). An anxious animal will rarely enter the open
arms of the maze, whereas less anxious animals spend mmeoh the open arms.
Therefore, the percentage of time spent on the open arms has bees tise main selection
parameter for LAB and HAB breeding. For example, in 2002, theageetime spent on the
open arms of the maze was above 50 % in LAB and less tham3H%B rats (Landgraf &
Wigger, 2002). The robust differences in anxiety-related behavioetween LAB and HAB
rats have been confirmed in other established tests. Fanagstin the open field and the

modified hole board test, anxious animals avoid the centre zone t#sting arena and prefer
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to stay in the outer zone. Accordingly, the ratio of time spemtedisas the distance travelled
in the centre zone compared to the outer zone is higher in LABrihdAB rats in both tests
(Liebsch et al., 1998b; Ohl et al., 2001). Furthermore, in the {vidwide box, LAB rats enter
the white compartment more often and spend more time in the edrtpartment compared
with HAB rats, which is also indicating a lower level of amyxim LAB rats (Hennigeket al.,
2000). It has to be mentioned that HAB rats show a reduced locomobtityas some of the
tests for anxiety. Therefore, it is possible that the diffegein anxiety between the two
breeding lines is based on a difference in locomotor actiittherwise, the reduced
locomotor activity could be caused by the high level of anxiety of thB H#s (Rodgerst

al., 1997; Escorihuel&t al., 1999). The latter hypothesis is supported by several findings.
First, there is no line difference in locomotor activitysimgle-housed LAB and HAB rats
tested in their home cage under undisturbed conditions (Liebsth 1998a). Second, HAB
pups show more ultrasonic vocalization when separated from their muhgared with
LAB pups (Wiggeret al., 2001). Ultrasonic vocalisation is an indicator of anxiety
independent of locomotion (Tornatzky & Miczek, 1994). Third, the lamomactivity does
not correlate with the level of anxiety in LAB, HAB and nonest&td Wistar (NAB) rats
when tested in the modified hole board (@h&l., 2001). Finally, a study by Saloneeal.
(2002) also showed by principal component analysis that the differetweemneLAB and
HAB rats is rather based on anxiety than on locomotion. TestingABf and HAB rats in
different laboratories confirmed that the behavioural problethese breeding lines are robust

and consistent (Salonseal., 2002).

3.2.2 Stresscoping
Besides their opposing inborn level of anxiety, LAB and HAB saisw clear differences in
stress coping strategies. For example, LAB rats show a eddewel of immobility in the

forced swim test (Liebsch et al., 1998b) as well as reduckdssessment accompanied by
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more exploratory behaviour in the modified hole board and open field teke{@l., 2001).

In general, LAB rats display a rather active stress ngpstyle, whereas HAB rats are
characterized by a passive, depression-like stress coping behdvwietefore, HAB rats have
been established as animal model for anxiety- and depressitedreligorders (for review
see: Landgraf & Wigger, 2002). Links between emotionality anesstcoping were also
found in other animal models (Overstree@al., 1992; Steimeet al., 1997). However, they
are often based on non-social stressors like physical exercisg/@renvironment, whereas
social, emotional stressors are rarely used. A studyéykFet al. (2006) showed that there is
also a line difference in stress coping behaviour in the cowtesbcial stressors. When
exposed to an aggressive resident rat as intruder in the defgak paradigm, LAB rats spend

less time immobile and more time rearing and self groomangpared with HAB rats.

3.2.3 Social behaviour
Social behaviour consists amongst others of social investigataral interaction as well as
defensive and aggressive behaviours. In the social interaeggrLAB rats spend more time
in active social interaction accompanied by a higher number ottwssings compared with
HAB rats (Hennigeet al., 2000). These findings suggest also a more active stress coping
strategy in the context of social stressors in LAB ratscdntrast, male HAB rats show a
tendency towards a higher amount of passive social interactiorpared with LAB rats
(Hennigeret al., 2000). Furthermore, in the modified hole board, HAB rats spend tinoge
in social contact to their cage mates than LAB and NAB maticating that social isolation
in a novel test situation is more stressful for HAB rats floai,AB and NAB rats (Ohkt al.,
2001). Moreover, group-housed male LAB rats tend to show more aggrasteractions
between the cage mates than male HAB rats (Hensig#r, 2000). The latter finding is a
first indication for differences in aggression between the liaglies in females showed that

lactating LAB and HAB dams differ in maternal aggression wiicturs when the pups are
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protected against an intruder rat. The higher level of matexggtession in HAB dams
compared with LAB dams is thought to be part of an elevated tdvelaternal behaviour

displayed by HAB dams (Bosch et al., 2005; Neumann et al., 2005a

Tab. 1: Behavioural differences between rats selectivegdifor high (HAB) or low (LAB) anxiety-related
behaviour. > higher in HAB rats, < higher in LAB ratsno difference between HAB and LAB rats; BWB =
Black-white box, EPM = Elevated plus-maze, FS = &drswim test, HC = Home cage, mHB = Modified hole
board, OF = Open field; PND = Postnatal day; SD FGé@aefeat; S| = Social interaction test

Anxiety HAB vs. LAB | Reference(s)
% Time open arms (EPM) < Liebsch et al. 1998,
Landgraf & Wigger 2002,
Salome ef cd. 2002
Time central zone (OF) < Liebsch et ai. 1998b
Time central zone (InHB) < Ohl et af. 2001
Time spent in white box (BWB) = Henniger et al. 2000
Basal locomotion (single-housed, HC) e Liebsch et al. 1998a
Ultrasound isolation calls (PND 11) > Wigger et al. 2001
Stress coping HAB vs. LAB | Reference
Immobility (F3) > Liebsch et ad. 1998b
Struggling (FS) < Liebsch ez al. 1998b
Risk assessment (mHB, EPM) > Ohl et af. 2001
Immobility (SD) = Frank et al. 2006
Rearing/Grooming (SD) < Frank et al. 2006
Social behaviour HAB vs. LAB | Reference(s)
Active social interaction (SI) < Henmiger et af. 2000
Passive social interaction (SI) > Henniger et al. 2000
Time contact to cage mates (mHB) = Ohl et al. 2001
Aggressive interactions with cage mates = Henniger et al. 2000
(home cage, undisturbed)
Maternal aggression > Bosch et af. 2005,
Neumann et . 2005a
Maternal care = Neumann et af. 20052

3.3Neuroendocrine and neurobiological differences (Tab
3.3.1 Arginine vasopressin system
Besides behavioural differences, LAB and HAB rats alséediin neuroendocrine and
neurobiological parameters. Male HAB rats show a higher lgivaVP mRNA expression in

the PVN under basal conditions as well as in response to operxposuee (Wigger et al.,
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2004). Additionally, AVP release in the PVN is higher in HABsraompared with LAB rats
in response to ten minutes of forced swimming (Wiggeal., 2004). Interestingly, in the
same brain region, neither mMRNA expression nor releaseeddttbcturally and functionally
related neuropeptide oxytocin differed between LAB and HAB (\igigeret al., 2004). In
several brain regions investigated, including amygdala, BN®&pium and PVN, no line
differences in AVP Vla receptor binding between HAB and LAB waise found (Wiggeet
al., 2004). It has been shown that the difference in the AVP systdmsed on a single
nucleotide polymorphism in HAB rats. This single nucleotide polyhism [A(-1276)G],
which is located in theis-regulatory element of the AVP gene, leads to a changeeobase
pair in the desoxyribonucleic acid. Due to this change, the bindingeotranscriptional
repressor CArG binding factor A is reduced. This results imareased transcription of the
respective gene. Therefore, the single nucleotide polymorphisrid2§)G] leads to a
region-specific overexpression of AMR vitro (in the PVN) andn vivo (Murgatroydet al.,
2004). However, it remains unclear, what mechanisms are ird/tdvinhibit overexpression

of AVP in related brain regions like the supraoptic nucleus.

3.3.2 Hypothalamic-pituitary-adrenal axis

LAB and HAB rats were found to show robust differences in HPA i@gponsiveness. HAB
rats have a higher HPA axis response to acute mild, non-streissors, such as exposure to a
novel environment, indicated by elevated ACTH as well as corticmse secretion compared
with LAB rats (Landgratt al., 1999; Landgraf & Wigger, 2002). In the dexamethasone/CRH
test, HAB rats show a reduced dexamethasone-induced suppressionTéf rAzase
compared with LAB rats (Keckt al., 2002) indicating an over-reactive HPA axis. Prior
intravenous administration of an AVP receptor antagonist norewlihe pathological
outcome of the dexamethasone/CRH test in HAB rats confirmingintheence of the

endogenous AVP in the over-reactive HPA axis in response to nal-steissors in these
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rats (Kecket al., 2002). In contrast, confrontation with a social stressor, suehdmninant
conspecific, results in a higher corticosterone response inthAB in HAB rats (Frankt al.,

2006).

Tab. 2: Neuroendocrine/neurobiological differences betwesa selectively bred for high (HAB) or low (LAB)
anxiety-related behaviour. > higher in HAB rats, gH@r in LAB rats, ~ no difference between HAB ansB_
rats; ACTH = Adrenocorticotropic hormone, Amg = Agdala, AVP = Arginine vasopressin, BNST = Bed
nucleus of the stria terminalis, DEX = Dexamethasdippo = Hippocampus, HPA axis = Hypothalamic-
pituitary-adrenal axis, LS = Lateral septum, mRNA =eddenger ribonucleic acid, N-stressor = Non-social
stressor, PVN = Paraventricular nucleus of the hyglamus, S-stressor = Social stressor

AVP/Oxytocin HAB vs. LAB | Reference
AVP Vlareceptor binding (in several brain 7 Wigger et al. 2004
regions, incl. BNST, septum, Amg and
PVN)
AVP mRNA PVN (basal/N-stressor) = Wigger et al. 2004
AVP release PVN (basal/N-stressor) = Wigger ef al. 2004
Oxytocin mMRNA PVN (basal/N-stressor) = Wigger et al. 2004
Oxytocin release PVN (bagal/N-stressor) = Wigger et al. 2004
HPA axis HAB vs. LAB | Reference(s)
ACTH/Corticosterone response to = Landgraf et al. 1999,
N-stressor Landgraf & Wigger 2002
Corticosterone response to S-siressor < Frank et al. 2006
DEX-induced suppression of ACTH release < Keck et al. 2002
Serotonin system HAB vs. LAB | Reference
Release Hippo in response to N-stressor = Keck et al. 2005
mRNA Hippo basal < Keck et al. 2003
Serotonin transporter binding sites Hippo > Keck et al. 2005
Release 1.8/Amg in response to N-stressor < Salome et al. 2006
Release PVN basal = Umriukhin et al. 2002
Release PVN in response to N-stressor = Umriukhin et al. 2002

3.3.3 Serotonin system
There were also differences in the serotonin system found &etlw&B and HAB rats. In
response to a stressor, only in LAB rats there was an imcreaerotonin release within the
hippocampus, whereas basal hippocampal release did not differ hetiweedwo breeding
lines (Kecket al., 2005). Chronic treatment with paroxetine, a serotonin reuptakiitiomi

results in a rise in stress-induced serotonin within the hippocampgd&B rats (Kecket al.,
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2005). Furthermore, the serotonin teceptor mRNA level is higher and the amount of
serotonin transporter binding sites is lower in the hippocampugBfrats than in HAB rats
(Kecket al., 2005). Exposition to an acute stressor leads to a higher legetaibnin release
in the lateral septum and the amygdala (Saleha&, 2006), but a lower increase in serotonin
release in the PVN (Umriukhiet al., 2002) in LAB rats compared with HAB rats. In
conclusion, in most brain regions, serotonin neurotransmissionsseete higher in LAB

compared with HAB rats.

4. Aim of the present thesis

Exaggerated aggression is a burden for the society and for theluads involved. However,
the neurobiological mechanisms underlying excessive and abnormas foir aggressive
behaviour are largely unknown, but suitable animal models arevedyascarce. Therefore,
the aim of the present study is to establish LAB and HABastan animal model to reveal

the neurobiological systems relevant for the regulation afesggmn.

In chapter 2, the behavioural profile and the time course of grdktted and aggressive
behaviours of LAB and HAB rats and NAB rats collected over tast six years are

presented. Furthermore, seasonal effects on anxiety-relatedggnessive behaviours were
studied in these rat lines. Additionally, the occurrence lwfoamal forms of aggression,
including attacks towards vulnerable body parts as well as aggne®wards a female or a
narcotised rat, was investigated. Finally, the role ofsém®tonin system in the regulation of
normal and abnormal forms of aggression in LAB rats was inastigoy administration of

the serotonin 4 autoreceptor agonist S-15535.

In chapter 3, it was investigated whether there is a linkderwhe innate level of anxiety and

HPA axis responsiveness as well as neuronal activation sipomee to the display of
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aggression. Therefore, blood sampling during the RI test and s@épgexjaining for c-Fos
protein has been performed.

In chapter 4, | investigated the role of the AVP systemhim tegulation of intermale
aggression in LAB and HAB rats by using intracerebral microdialyo assess the vivo
AVP release in the lateral septum during the display of aggee®ehaviour. Furthermore,
retrodialysis was used to investigate the effects of pharogical manipulation of the AVP
system in the septum on aggression and anxiety.

In chapter 5, the region-specific release patterns of AViRenseptum and the BNST were
studied during the display of aggression in non- selected male Wassar-urthermore, the
causal link between AVP release and aggressive behaviour tuaéeds by local

pharmacological manipulation of the AVP system.






Chapter 2

Paradox of anxiety and aggression: both low and hig
trait anxiety are linked with high and abnormal forms

of intermale aggression

[adapted from: Beiderbeck DI, Neumann ID, Veenerkfh Raradox of anxiety
and aggression: both low and high trait anxietylateed with high and

abnormal forms of intermale aggression; In prepaindt
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Abstract

Excessive aggression and violence are a major problem in humagtysogi better
understanding of the mechanisms underlying high and abnormal aggrese&seigial for
novel therapy, treatment and prevention strategies. Heredemeonstrate that selective
breeding of rats for extremes in anxiety-related behaviour ezbult two behavioural
phenotypes with high and abnormal forms of intermale aggressida.dodected over the
last six years reveal a stable and robust line differencexietsy. Moreover, rats bred for low
anxiety-related behaviour consistently show high levels of agigreand low levels of social
investigation in the RI test compared with non-selected waltgreas rats bred for high
anxiety also show a relatively high, but rather intermediatel lef aggression. Accordingly, a
significant U-shaped correlation between anxiety and interrag@gession was found. In
addition to their elevated aggressiveness, both LAB and HARlispitay abnormal forms of
aggression, i.e. they attack vulnerable body parts of the imirivreover, LAB residents
had a shorter attack latency and showed a higher number of atb&cksls a non-oestrus
female and towards a narcotised male compared with NAB andrdgiBents. Treatment of
LAB rats with the preferential somatodendritic serotonjnréceptor agonist S-15535 [4
mg/kg subcutaneously (s.c.)] significantly reduced the numbattatks towards a conscious
or narcotised male intruder. In conclusion, extremes in traitety are linked to high and
abnormal aggression, with highest levels observed in LAB ra&jnm them an interesting

model to investigate neurobiological mechanisms underlying exeesggression.

Introduction

Aggressive behaviour is an important factor for the survival rfiraividual to obtain
nutritional resources, territory and mating partners. Howevetgetic and health costs of

aggression are high. Therefore, aggressive behaviour underi@spgecies-specific rules in



Chapter 2 — Link of high and low trait anxiety with high amdbnormal aggression 41

order to minimize injuries and killing. In human society, exce&ssiggression is a major
health, social and financial problem. More than 700,000 people worlddve@ach year
because of an aggressive assault, and an additional number of peopiee victims of
physical or psychological injury (Bartolomeesal., 2007). Exaggerated, violent forms of
aggressive behaviour can occur as a symptom of several dis&aspsrsonality disorders,
schizophrenia or depressive illnesses (Erogteat., 1998; Haller & Kruk, 2006), and can be
classified as either hyper- or hypo-arousal driven. Hyper-aralisedn aggression is
associated with high affective reactions, and with high autonomdccartisol responses,
whereas people who display hypo-arousal-driven aggression show lostivaffesactions,
low autonomic responses, low cortisol levels, and low skin conduci®iaéer & Kruk,

2006).

We have recently reported a negative correlation between araiiety and intermale
aggression (Veenema et al., 2007b). Rats selectively bred foargigty-related behaviour
are more aggressive than rats bred for high anxiety-relateavimeir and NAB rats during the
RI test (Beiderbeck et al., 2007; Veenema et al., 2007b). Toeopnced aggressive
behaviour of LAB rats is accompanied by an elevated level ofonalactivity within the
PVN and an elevated ACTH response to social stimuli sucheaRIthest (Veenema et al.,
2007b). This suggests an association between an elevated |lexggjre$sion and high social
stress responsiveness in LAB rats, and makes them an imgrasimal model for studying
the regulation of high or abnormal aggression.

In rats, abnormal forms of aggression include, for exampleratieattack targeting. During
an encounter between a resident and an intruder male ratsitientewill normally direct its
attacks towards the back and the flanks of the intruder (Blanahaald, 2003). Attacks
towards more vulnerable body parts like the head, throat or bélthe intruder indicate

abnormal aggression, as species-specific rules are ignomternld. Kruk, 2006). Other
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forms of abnormal aggressive behaviours include attacks towandales or unconscious
males (de Boeet al., 2003; Sluyteet al., 2003; Natarajaet al., 2008) as they are no threat

to the resident’s territory.

Diverse neurotransmitters and neuromodulators have been shown to besdnwolthe
regulation of aggressive behaviour (for review see: Nelson r&ndr, 2007) including
serotonin (Olivier & van Oorschot, 2005). For example, patient® wigh levels of
aggression and impulsive violence are characterized by a l@vdéthe serotonin metabolite
5-hydroxyindoleacetic acid in the cerebrospinal fluid (Berngnal.,, 1997). Reduced
aggressive behaviour after treatment with serotonin recepgimigts suggests a negative
correlation between serotonin and aggression (Oligieal., 1995; Millanet al., 1997; de
Boeret al., 1999; 2000). In contrast, more recent studies found a positive tiomeba@tween
serotonin and the display of aggressive behaviour (Olivier, 2004pde&Koolhaas, 2005).
It is therefore hypothesized that abnormal forms of aggressionbeacharacterized by a
chronically low level of serotonin activity (Miczedt al., 2002), whereas normal expression
of aggression is accompanied by an acute increase in serottimity §gan der Vegtet al.,

2003a; van der Vegt al., 2003b; Summergt al., 2005a).

In the present study, we investigated whether the differemanxiety-related behaviour
between LAB and HAB rats has been stable over the lastesissyand can be consistently
linked to the respective aggression phenotype in comparison witlan\vas that have not
been selected for anxiety. It was further analysed, whetierhigh level of intermale
aggression of LAB and HAB rats is accompanied by forms of abn@ggkssion, including
attacks directed towards vulnerable body parts of a male infradéowards a non-oestrus

female or a narcotised male. Finally, we determined thecefbf the preferential
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somatodendritic serotonin, Jautoreceptor agonist S-15535 on aggressive behaviour in LAB

rats.

Materials and Methods

Animals and breeding procedure

Experiments were carried out on male LAB and HAB rats setdgtbred for low or high
anxiety-related behaviour on the EPM since 1993 (Lielsah, 1998b; Landgraf & Wigger,
2002) and on male NAB rats (Charles River, Sulzfeld, Germa®B. and HAB rats have
been bred in the animal facilities of the University ofBesburg, Germany, since 2003. Rats
were constantly kept under controlled laboratory conditions (12:12 h lighttyatk with
lights on at 6:00 a.m., 21 + 1°C, 60 % = 5 % humidity, standar¢haiv and watead
libitum) and were housed in groups of 3-5 of same sex and linenidesthrat cages (56 x 36
x 20 cm). For the breeding, one male was mated with 2-3 ferofathke same breeding line
for a period of one week. Mating of siblings was avoided. Dutieglast week of gestation,
females were single-housed in standard rat cages. Pups wared\at the age of three weeks
and kept in groups of 4-6 of same sex and line in standard rat éagls.age of nine weeks,
all LAB and HAB rats were tested on the EPM to verifyirti@orn level of anxiety and to
select rats for further breeding. The selection critedn the breeding are based on the
percentage of time spent on the open arms of the EPM, which a seire than 30 % for
LAB rats and less than 10 % for HAB rats, as well asnilmaber of entries into closed arms
as indication of locomotor activity. As a clear line-dependdivergence of locomotor
activity has been found over the years with high activityABland low activity in HAB rats,
we try to select LAB rats with relatively low (below 6 eas) and HAB rats with rather high
(above 2 entries) activity. After primary behavioural testiags were housed in groups of 3-5
of same sex and line in standard rat cages until the sttré @xperiments. The experiments

were approved by the Committee on Animal Health and Care of tiwer@uoent of the
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Oberpfalz and are in accordance with @Ggde for the Care and Use of Laboratory Animals

by the National Institute of Health.

Elevated plus-maze

The EPM is based on creating a conflict between the rat’'s explgrdrive and its innate fear

of open spaces (Pelloet al., 1985). The apparatus consisted of a plus-shaped platform
elevated 80 cm above the floor, with two opposing open (50 x 10 cm; 10@ndxjwo
opposing closed (50 x 10 x 40 cm; 20 lux) arms. A raised edge (Q.6rcthe open arms
provided extra grip for the rats. Rats were placed individuallthe centre square facing a
closed arm and were allowed to explore the maze for fivetesnhe following parameters
were recorded by means of a video/computer system (Plusvyeezien 2.0; Ernst Fricke):
entries into closed and open arms, percentage of entries into wpgntiane spent in closed
and on open arms, percentage of time spent on open arms, latemtgrtan open arm. Here,

statistical analysis is only presented for the percentéigime spent on the open arms.

Resident-intruder test

Aggressive behaviour has been quantified during the RI test (KoolhahsX80; Veenema
et al.,, 2007b). Adult LAB, HAB and NAB male rats (16-22 weekagd) were housed in an
observational cage (40 x 24 x 35 cm) together with a femaleakMiat (Charles River,
Sulzfeld, Germany) for ten days to stimulate territori@hdviour (Flannelly & Lore, 1977).
At the same time, the 12:12 h light/dark cycle was switchedgtasl| off at 13:00 p.m.
Bedding was not changed during the last three days prior to ttestkRThe female cage mate
was removed 30 minutes before an unfamiliar, lighter (-10 %@ Méstar rat (housed under
the same light conditions in another room) was placed into #igerd’s home cage for ten
minutes. The behaviour of the rats was videotaped, and the ifojjgy@rameters were scored

by an experienced observer blind to breeding line and treatmemtdaty to Veenemat al.
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(2007b): Aggressive behaviour (sum of attack, lateral thretgnsi’e upright, keep down,
threat, aggressive grooming), social investigation (invastig opponent, anogenital
sniffing), exploration, self grooming, defensive behaviour, and imiipbBehaviour was

scored in real-time using pre-set keys on a PC (EventlogjovelsO, 1986, R. Hendersen).
All behaviours were calculated as percentage of time. fadilly, the attack latency time

and the number of attacks were measured.

Experiment 1: Anxiety and aggression in LAB and HA&S: Time-course,

seasonal effects and correlation

Anxiety-related behaviour

We assessed the percentage of LAB and HAB male rats #tahmselection criteria on the
EPM between 2003 and 2008. We then randomly included 10 % of all iesBednd HAB
males (resulting in a total number of 98 LAB and 88 HAB rats)etwegate a time course for

anxiety-related behaviour over the last six years anddess possible seasonal effects.

Aggressive behaviour

Data concerning all male LAB (n = 102), HAB (n = 73) and N@&B= 176) rats which were
tested in the RI test between 2004 and 2008 were summarised toavbtaggression profile
over time (years) and over season. Moreover, a detaileavioemal analysis during the RI
test was performed. To determine the distribution of aggressithin each line, rats were
divided according to their level of aggression displayed during thesRin either low (< 15
% of time occupied with aggressive behaviour during the 10-miRUtdest), medium

(between 15 and 55 % of time), or high (> 55 % of time) egglve groups.
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Correlation between anxiety and aggression
To investigate a correlation between anxiety and aggression, hABQ), HAB (n = 30) and
NAB (n = 30) rats were tested for anxiety (EPM; 9 weeksgef) and for aggression (RI test;

16 weeks of age).

Experiment 2: Abnormal aggression in LAB, HAB anABirats

Abnormal aggression towards a male intruder

Aggressive behaviour during the RI test (n = 10 in each LAB, HABN#AB males) was
analysed on video-tape at low speed and the percentageadiksatbwards the following
attack targets were calculated: back, flank, as wethas/ulnerable targets, i.e. head, throat

and belly (Halleet al., 2001).

Aggression towards a non-oestrus female intruder rat

To test whether LAB, HAB or NAB rats show aggressive bahaviowards a non-oestrus
female rat, which normally does not elicit aggressive or sekeakviour in male rats

(Blanchardet al., 1984), male LAB (n = 10), HAB (n = 11) and NAB (n = 10) ratsewer
allowed to habituate to an observational cage (40 x 24 x 35 cr@Dforinutes before a non-
oestrus female rat was introduced into the cage for ten minLitesattack latency and the
number of attacks towards the female intruder were measéagthal smears were taken one

hour before the RI test to verify the non-oestrus stateeofetimales.

Aggression towards a narcotised male intruder rat

To test for aggressive behaviour of LAB (n = 11), HAB (n = 1) AIAB (n = 8) residents
towards a narcotised male intruder rat, the male intruder%l@ss body weight than
resident) was narcotised with pentobarbital [55 mg/kg, intragrezally (i.p.)] 30 minutes

before being placed into the resident's home cage for ten mintlkes behaviour was
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videotaped, and the attack latency, the number of attacksthengercentage of attacks

directed towards the head (compared to total attacks) weasured.

Experiment 3: Effects of S-15535 on aggressive Weles in male LAB rats

To determine the role of serotonin &utoreceptors in the modulation of high and abnormal
forms of aggression in LAB rats, rats received either ‘eHiistilled water; 1 ml/kg s.c.) or
the highly selective serotoniry Yfeceptor agonist S-15535 (4 mg/kg s.c.; kindly provided by
Dr. S. F. de Boer) 30 minutes prior to the RI test. S-15535 (4-go@nzan-5-yl)1-(indan-2-
yl)piperazine) exerts low intrinsic activity and acts ivovias an agonist at serotonip 1
autoreceptors and as a competitive antagonist at postsyrnaaticrsn , receptors (Millaret

al., 1993; Millanet al., 1994). To minimize unspecific stress responses due to the amjecti
procedure, rats were handled several times prior to the experimbirty minutes after
vehicle- or S15535-treatment, male LAB rats were exposedrala intruder in their home
cage for ten minutes. Three days later, the rats ret¢hesame treatment, but were exposed

to a narcotised male intruder for ten minutes.

Statistics

Statistical analyses were performed using the softwar&kagac SPSS (version 13).
Behavioural data of experiment 1 and 2 were analysed using aypanalysis of variance
(ANOVA) (factor line) or two way ANOVA (factor line x fdor season; factor line x factor
year). ANOVA was followed by Bonferrorpost hoc test, when appropriate. A linear and
nonlinear (quadratic) regression analysis was carried out toulatd the correlation
coefficient that best fitted the correlation between anxietycgrgage of time spent on open
arms) and aggression (percentage of time) using simple regresglysis. Behavioural data
of experiment 3 were analysed using the Studertést. Statistical significance was sepat

0.05. Data are presented as means + standard error of aine(SteM).
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Results

Experiment 1: Anxiety and aggression in LAB and HA&S: Time-course,

seasonal effects and correlation

Anxiety-related behaviour

Between 2003 and 2008, 980 LAB and 880 HAB males were tested on theoERNXikety-
related behaviour at the age of nine weeks. On average, 0ftl8¢ LAB and 84 % of the
HAB males met the selection criteria defined above (peagentf time spent on the open
arms: LAB > 30 %; HAB < 10 %). Moreover, random selectiod@®6 of all LAB and HAB
males tested in this period demonstrates a robust and stablgifference in the level of
inborn anxiety, i.e. in the percentage of time spent on the oper(facte line: ky 174)= 436;

p < 0.001; Fig. 5A). There was no change in the level ofeayaver the years in LAB or
HAB rats (factor year: E174y= 1.71;p = 0.135). In LAB rats, a seasonal effect for anxiety-
related behaviour was found (factor seasqgizk = 5.15;p < 0.01), with a further reduced
anxiety in summer as revealed by a higher percentage of tinigeompen arms in summer

compared with the other seasops<(0.01; Fig. 6A).

Aggressive behaviour

Data collected over the past five years between 2004 and 2008 dmxteoasconsistent line
difference in total aggressive behaviour (factor lingzfs)= 33.0;p < 0.001), with LAB rats
showing the highest level of aggression compared with NAB pats0(05 for each year; Fig.
5B). HAB rats showed an intermediate level of aggressith svgnificantly less aggressive
behaviour than LAB rats in 2004 € 0.01) and more aggressive behaviour than NAB rats in

2005/2006 and 200P & 0.001; Fig. 5B).
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Fig. 5: (A) Time course of
anxiety-related behaviour (per-
centage of time spent on the
open arms) measured on the
EPM in 9-week old male LAB
and HAB rats;(B) Time course
of aggressive behaviour in 16-
to 22-week old male LAB,
HAB and NAB rats. *p < 0.05
vs. NAB, +p < 0.05 vs. HAB,

~ p < 0.05 vs. 2004/2007,
# p < 0.05 vs. 2007. Data are
presented as means + SE(ZT)
U-shaped correlation of anxiety
(percentage of time spent on the
open arms of the EPM) with
aggression (percentage of time
of aggressive behaviour during
the RI test) in male LAB (n =
30), HAB (n = 30) and NAB (n
= 30) ratsr = 0.387,r> = 0.150,

p < 0.005
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Behavioural profile during the Rl test

Collected data from the last five years demonstrate afisigni line difference in total
aggressive behaviour ghss = 66.6;p < 0.001) with LAB rats showing the highest level of
aggression compared with NAPB € 0.001) and HAB( < 0.01) rats, and higher aggression
of HAB compared with NAB ratsp(< 0.001; Fig. 7A). Among the elements of aggressive
behaviour, line-dependent differences were found in the displdgterl threat (f,34s) =
76.7; p < 0.001; LAB > NAB), offensive upright (fsss) = 15.9;p < 0.001;, LAB >
NAB/HAB) and threat (p,34g) = 25.0;p < 0.001; LAB/HAB > NAB) (data not shown).
Calculations of elements of aggressive behaviour as pereewnfagptal time spent with
aggressive behaviour revealed more lateral threat in LAB &l ¢dlmost 50 % of the time)
versus NAB rats (< 20 % of the timep k3 = 76.7;p < 0.001; Bonferronip < 0.001; Fig.
7B). Finally, LAB rats showed less non-aggressive sociastigation (k348 = 77.4;p <

0.001) than NABf < 0.001) and HAB < 0.001) rats (Fig. 7A).
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A NAB (n = 176) HAB (n = 73) LAB (n=102)
Aggressive ;
g9 Aggressive RGIaEETE B Aggressive
14% .
28% 4% D Social
44% D Defensive
w @gv A\» [ Explorative
. D Other
2%
B Elements of aggressive behaviour
Lateral Lateral Lateral Lateral
threat ﬁi threat threat threat
47% D Threat
D Keep down
[L] off. upright

|:| Other aggr.

NAB (n = 155) HAB (n = 70) LAB (n = 101)

Fig. 7: Behavioural profile of male NAB, HAB, and LAB residts during the RI test performed at the age of
16-22 weeks(A) Aggressive behaviour, social investigation, deifiemsexplorative, and other behaviours are
presented as percentage of tinfiB) Elements of aggressive behaviour are calculategeasentage of total
aggressive behaviour. Data are presented as m@@ns.ateral threat(D) Threat,(E) Keep down, andF)
Offensive upright displayed by a male residentaatards a male intruder rat (marked with blackpsts) during
the RI test

An effect of time (factor year: fs39)= 5.00;p < 0.01) was found for aggressive behaviour in
LAB and NAB rats. LAB rats showed a lower level of aggi@ssn 2005/2006 compared
with 2004 and 2007p(< 0.05), and NAB rats had a higher level of aggression in 2007

compared with 2005/2006 & 0.05; Fig. 5B).

An overall effect of season on aggressive behaviour (factoosegsssg) = 3.90;p < 0.01)

was reflected by a lower level of aggressive behaviourAB kats during winter compared
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with autumn p < 0.01) and summep( 0.05; Fig. 6B). The seasonal effect on aggression in
winter may explain the lower level of aggression in LAB rat2005/2006 (Fig. 5B) as LAB
rats were only tested in winter during these two years. NeNWd3 nor HAB rats showed

significant changes in aggressive behaviour across theéasgons.

Correlation between anxiety and aggression

A non-linear quadratic regression analysis (r = 0.38%,0.150; ANOVA:p = 0.001) yielded
a higher correlation coefficient than a linear regression aisalff = 0.292, ¥ = 0.085;
ANOVA: p = 0.005). Thus, a rather U-shaped correlation characterizesekiigonship
between anxiety (as measured on the EPM) and intermale aggréssimeasured during the

RI test) in LAB, HAB and NAB rats (Fig. 5C).

Distribution of LAB, HAB and NAB ratsin low-, medium- and high- aggressive groups

Rats were classified according to their level of total eggive behaviour displayed during the
RI test in either low- (< 15 %), medium- (between 15 and 55r)gi-aggressive (> 55 %)

groups. Almost 80 % of the LAB and HAB rats are categorizethadium-aggressive (Fig.

8), and almost 10 % of the LAB rats, but none of the NAB or H&tB, belonged to the most
aggressive group. In contrast, more than 50 % of NAB rat® wategorized as low-

aggressive (Fig. 8).

Experiment 2: Abnormal aggression in male LAB, HABd NAB rats

Abnormal aggression towards a male intruder

Line differences were observed for attack latency = 9.10;p < 0.005; Fig. 9A), the
percentage of attacks ko) = 7.22;p < 0.01; Fig. 9B) and the number of attacks iy =
3.91;p < 0.05; Data not shown) towards vulnerable body parts of thelertrin detail, LAB

residents showed a shorter attack latemqcy 0.005; Fig. 9A), a higher percentage of attacks
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(p < 0.01; Fig. 9B), and a higher number of attagks 0.05; data not shown), compared with
NAB rats. Interestingly, a higher percentage of attactectid towards vulnerable body parts

was also found in HAB compared with NAB raps< 0.05; Fig. 9B).

Flg 8: Distribution of male a0 NAB (I’l=68)
NAB, HAB, and LAB residents 31 ] [ Low-aggressive
30 q ) .
. . . Medium-aggressive
according to their aggression 251
® 20
level (% time aggressive 154
104
behaviour towards a male 5
0
intruder) displayed during the o 3 A% B &3 En
% Time aggression
RI test. HAB (n=40)

40,
35
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25/

D Low-aggressive
Medium-aggressive

T r M
10 20 30 40 50 60 70 80
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35
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K204 . High-aggressive

I 10 20 30 40 50 60 70 a0
% Time aggression

Aggression towards a non-oestrus femal e intruder

A line difference was found for the latency to attack a fenmatieider (2 26) = 8.61;p <
0.005), with LAB residents attacking faster than NAB < 0.01) and HAB § < 0.005)
residents (Fig. 9A). Moreover, differences in the number eickst (k28) = 6.55;p < 0.01)
were found, with more attacks displayed by LAB compared with NigA\B 0.05) and HAB §

< 0.01) rats (Fig. 9B).
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Aggression towards a nar cotised male intruder

Line differences were found for attack latency,ff = 7.04; p < 0.005) and for the
percentage of attacks towards the head of the intrugeg(E 6.41;p < 0.01). In detail, LAB
rats had a shorter attack latency than NAB rpts (0.005; Fig. 9A) and showed a higher
percentage of attacks directed towards the head of the intoograred with NAB§ < 0.01)

and HAB ¢ < 0.05) rats (Fig. 9B).
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Fig. 9: Abnormal aggression in NAB, HAB and LAB raf{é\) Attack latency towards a vulnerable body part of
a male intruder, towards a non-oestrus female detruand towards a narcotised male intru¢®).Percentage of
attacks directed at vulnerable body parts of théenvdruder, number of attacks towards a non-osstemale
intruder, and percentage of attacks towards thel lnéa narcotised male intruder.p*< 0.05 vs. NAB, +p <

0.05 vs. HAB. Numbers in parentheses indicate geizg. Data are presented as means + SEM.
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Experiment 3: Effects of S-15535 on aggressive Wieles in male LAB rats

Treatment of LAB residents with the selective serotoninalitoreceptor agonist S-15535
thirty minutes before the RI test decreased the number ckattawards a male intrudgw €
0.01; Fig. 10A) as well as the level of lateral thrgeat 0.01) and offensive uprighp € 0.05;
data not shown) compared with vehicle-treated LAB rats. Ttal fevel of aggressive
behaviour was not altered. Moreover, when exposed to a narcotisedntnatler, three days
later, LAB rats treated with S-15535 showed a reduction in thebeu of attacks compared
with vehicle-treated LAB ratsp(< 0.01; Fig. 10B) without affecting the total level of

aggressive behaviour.

OVEH (n=10) NS-15535 (4 mg/kg; n = 10)

A Male intruder B Narcotised male intruder
EQ. ;10 E ] ;20 %
| 2 | 10 §

Fig. 10: Behavioural consequences of an acute injection thighserotonin 4 autoreceptor, S-15535 (4 mg/kg,
s.c.), in male LAB rats; controls received vehi@déstilled water; VEH)(A) Number of attacks and percentage
time of aggressive behaviour towards a male intru@ Number of attacks and percentage time of aggressiv

behaviour towards a narcotised male intrudey.<#0.05 vs. vehicle. Data are presented as meandw SE

Discussion

Data collected over the last six years (i.e. between 2002@08) show that - as a result of

the selective breeding process - the difference in the leuvehafe anxiety-related behaviour
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between LAB and HAB rats is robust and stable. We could fudéeronstrate that low trait
anxiety of LAB rats is linked to high intermale aggression whempared with NAB rats,
whereas high trait anxiety of HAB rats is linked to a rathérmediate level of aggression.
This resulted in a U-shaped correlation between anxiety and mitemggression. Further,
both LAB and HAB male rats showed signs of abnormal aggressioeflasted by a high
percentage of attacks aimed at vulnerable targets ofaintedder. LAB rats displayed also a
shorter attack latency towards a non-oestrous female and atisadcmale intruder. We
further demonstrated the involvement of the brain serotontersys the high and abnormal
aggression of LAB rats.

Originating from outbred Wistar rats, LAB and HAB rats haeerb selectively bred for low
and high anxiety-related behaviour, respectively, on the ERPIgesi993 (Liebsclet al.,
1998b; Landgraf & Wigger, 2002; Keak al., 2003), but it remained largely unknown, how
trait anxiety and aggression are associated with each otherdiference in trait anxiety
between LAB and HAB rats is accompanied by differences everal stress coping
behaviours, including risk assessment in a novel environment andbifityn behaviour
during the forced swim test (Liebsehal., 1998a; Hennigeet al., 2000; Ohlet al., 2001,
Neumannet al., 2005a; Bosclet al., 2006). Moreover, LAB and HAB rats differ in several
aspects of social behaviours, including submissive/defensivevibahaduring the social
defeat test (Frank et al., 2006), and aggressive behaviour eithimg the RI test as
demonstrated in the present study or during the maternal defsigeetformed in lactating
dams (Bosch et al., 2009nh general, male HAB rats prefer a passive stress copyieyand
have been validated as a model for anxiety- and depressiordrbkttaviours (Landgraf &
Wigger, 2002), whereas male LAB rats have a more actieesscoping style and have been
proposed as a model to study aggression-related behaviours (Veendimané&nn, 2007).
Since 2003, when LAB and HAB rats were transferred to and krebeaUniversity of

Regensburg, Germany, their respective level of innateegnkias remained robust and highly
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consistent as demonstrated in the present and earlier studies éBak, 2005; Neumanet
al., 2005a; Neumanst al., 2005b; Bosclet al., 2006; Beiderbeckt al., 2007; Veenemat
al., 2007b; Bosch & Neumann, 2008). Moreover, data collected ovemthe 8me period
demonstrate that LAB males have a consistently higher leveltefmale aggression than
NAB males, whereas HAB males are intermediate (Beid&riee al., 2007; Veenema et al.,
2007b).

The observation that not only LAB, but also HAB rats, show vt high levels of
intermale aggression compared with NAB rats indicates #lattve breeding for both low
and high trait anxiety may result in a shift towards higher aggreness. This is further
supported by the U-shaped correlation that characterizes ttiemskap between anxiety and
intermale aggression. The negative linear correlationrbestbefore between inborn anxiety
and intermale aggression was largely due to the individuanegiin anxiety and aggression
levels within the LAB line (Veenema et al., 2007b). Importanti our previous study, LAB
rats also showed the highest level of aggression, while HABheat intermediate aggression
levels, with NAB rats showing the lowest level of aggres§ioeenema et al., 2007b), thus,
confirming the present findings.

The paradoxical finding that both a low as well as a high lefvahxiety correlates with high
levels of intermale aggression may explain, in part, thensistent findings in the literature
regarding the relationship between anxiety and aggression in rodemt&xample, some
reported a negative correlation between intermale aggressidnanxiety (Nyberg et al.,
2003), whereas others found that a high level of intermaleeagign is associated with a high
level of anxiety in mice (Ferrari et al., 1998; Veenemal.et2806; Veenema et al., 2007a).
Our present study includes data of the behavioural extremes inyaasietell as of non-
selected rats, which resulted in a sufficient individualataon in anxiety and in aggression
enabling the demonstration that low as well as high trait anxtety underlie high

aggressiveness.



58 Chapter 2 — Link of high and low trait anxiety with high amtbnormal aggression

High aggressiveness in humans and in rodents has been assodiategpwsing states of
arousal. For example, patients with mood disorders show a hyperdagonsa aggression,
which is associated with high autonomic and HPA axis responses (Ma8d4r, Cohert al.,
1996). High aggressiveness associated with a state of hyperianassalso been found in
different animal models (Hayden-Hixson & Ferris, 1991; de Almé&iddiczek, 2002; Kruk
et al., 2004; Mikicset al., 2004). In contrast, a state of hypo-arousal has been asdowitiie
heightened aggression in animal models (Halasz et al., 2002y Eialé, 2006) and is also
seen in patients with personality disorders (Virkkunen, 1985; Raine, B¥86nanet al.,
1997; Dolaret al., 2001; Haller & Kruk, 2006). Could the elevated level of aggressiboth
LAB and HAB rats be explained by such opposing physiological respbh#ied axis and
autonomic responses of LAB and HAB rats do indeed differ, dependiraysocial versus a
non-social context. For example, compared with HAB rats, mak rats show a lower HPA
axis response when exposed to non-social stressors, such as anviregiment (Landgradt
al., 1999; Salomet al., 2004; Neumanst al., 2005b), but a higher HPA axis response when
exposed to a social stressor such as the RI test eithemadem(Franket al., 2006) or as
resident (Veenema et al., 2007b). Thus, the context of tessetr (i.e. social versus non-
social) may determine the extent of the stress responses aegpéndent on the genetically-
determined level of emotionality (Veenema & Neumann, 2007). ifiseng that aggression
in LAB rats is associated with high physiological and neurasdaonses, whereas aggression
in HAB rats is associated with a rather moderate resporseshed some light onto different
mechanisms underlying a high level of aggression. Therefore, alkBHAB rats represent a
unique animal model for studying distinct neurobiological principlesulatimg high
aggressiveness.

During a fight between two adult males, only a minority of attaskaimed at vulnerable
body parts, such as head, throat, and belly (Blanoétaad, 2003), which is a trait that has

probably evolved and established in order to protect individualsgiem species against
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dangerous forms of competitiveness (Haller & Kruk, 2006). Acogigj NAB rats displayed
less than 10 % of the attacks towards vulnerable body parts ofaleeintruder. In contrast,
LAB and HAB rats showed a significantly higher percentagdtatks directed at vulnerable
targets (51.8 % and 47.5 %, respectively). This abnormetkatargeting suggests alterations
in threat perception, an impairment in the processing of satiak and/or a lack of
behavioural control (Haller & Kruk, 2006). Accordingly, we hypothesiianges within the
prefrontal cortex and septum, as well as in autonomic and/or HB#emsy. A lack of
prefrontal cortex and lateral septal activation has been asbedh high and violent forms
of aggression indicating a lack of behavioural control both in humansodedts (Rainet
al., 2000; Blair, 2004; Hallegt al., 2006; Caramasclet al., 2008; Centenaret al., 2008). In
confirmation, LAB rats have a lower neuronal activation andduced AVP release within
the lateral septum and a higher plasma ACTH level in resgortbe RI test than HAB rats
(Beiderbeck et al., 2007; Veenema et al., 2007b). However, presdous study, a higher
neuronal activation in the prefrontal cortex has been found in LABpaced with HAB rats
in response to open arm exposure and social defeat (Kalisch2€iCd), Neuronal activation
patterns could differ if the experimental rat is the raside the RI test, but so far, data are
lacking.

Interestingly, LAB rats also showed a shorter attack latamclya higher number of attacks
than NAB and HAB rats when confronted with a non-oestrus fematedet Aggressive
behaviour towards a non-oestrous female is rare, likely maladagtiet may indicate social
communication deficits (Sluytest al., 2003; Nyberget al., 2004). Moreover, as another
indication of their abnormal aggression, LAB rats attackeadraatised male intruder more
rapidly, and more attacks were directed against its vubteraody parts. During agonistic
fights, attacks are normally limited by submissive and deéfertsehaviours of the opponent,
and by vibrissae-contact between attacker and defender (Blaretlard1977). The lack of

appropriate agonistic reactions of the narcotised animal may hesmoted high and
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abnormal aggression in LAB males. Nevertheless, even in highkessige mice, attacks
towards a narcotised intruder were observed in only one out of thoee(Natarajaret al.,
2008). Taken this into account, LAB rats clearly disregard spspiesific rules by attacking
females and narcotised males and are an interesting modaldy abnormal aggressive
behaviour.

In LAB rats, an unexpected seasonal effect on anxiety wasdf resulting in even lower
levels of anxiety in summer. There are several studies in maisEggesting seasonal effects
on anxiety in mental disorders (Marriadt al., 1994; de Graaét al., 2005; Ohtankt al.,
2006), but to our knowledge there are no comparative rodent studies btofapver, LAB
rats show a lower level of aggression in winter. Seasonatiars in Rl aggression, even
within laboratory settings with constant diurnal lighting and terujpee conditions, have
been found before (Micze#t al., 2002; de Boeet al., 2003). Interestingly, also in humans
there is an annual rhythm of aggression with lower levelsinter (Miczeket al., 1992; de
Boeret al., 2003). Future clinical and preclinical research should take irtouat possible
seasonal effects on anxiety and aggression.

Despite other candidates, the serotonin system remains theprm&cular determinant of
aggression identified so far (Michael & Zumpe, 1983; Meeal., 1995; Tiihonenet al.,
1997; Tellezet al., 2006). Pharmacological activation of serotongnalitoreceptors by S-
15535 potently suppressed the display of aggressive behaviour in ateal@Miczeket al.,
2002; Olivier, 2004; de Boer & Koolhaas, 2005; Popova, 2006). This sugiestshe
reduction in aggression is predominantly based on reduction of serotanwiraasmission
during intermale aggression. Administration of S-15535 to the higheagige LAB males
decreased attacks towards a male or narcotised male intiHmleever, the overall level of
aggressive behaviour was not altered, which suggests that ploévgieal reduction in
serotonin neurotransmission by activation of serotoninalitoreceptors of LAB males

selectively reduces the attack component in models of bothah@male intruder) as well as
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abnormal (narcotised intruder) aggression. However, more detailethgt@ogical studies
are essential to elucidate the neurobiological mechanisms lyindehigh and abnormal
levels of intermale aggression in more depth.

In conclusion, bi-directional selection based on anxiety-relatddhvi@ur of Wistar rats
resulted in a shift towards higher intermale aggression caadpaith NAB rats. Furthermore,
LAB rats showed the highest levels of aggression and most robus efgabnormal
aggressive behaviour, which could partly be reduced by pharmacologcéliation of the
brain serotonin system. Both LAB and HAB rats are attractwremal models in
understanding different neurobiological mechanisms underlying elevaiggtessive

behaviour.






Chapter 3
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Abstract

Aggression constitutes a central problem in several psychopatholiogiesling anxiety and
depression disorders and antisocial behaviours. In particulaactivity of the HPA axis has
been associated with aggression-related disorders. The prdadpt assessed whether
genetically-determined levels of anxiety-related behaviouuémite the level of intermale
aggression and whether this is associated with differencesuimmendocrine responsiveness
and neuronal activation in the brain. Adult male Wistar ratsl lioe high or low anxiety-
related behaviour were used, as well as non-selected ithtarwintermediate anxiety level.
LAB residents displayed more aggressive behaviour than HABN&®Iresidents during the
RI test. Moreover, an inverse correlation was found betwlerevel of anxiety and the
level of aggression. The plasma ACTH response to RI test expass significantly higher
in LAB than in HAB and NAB rats, indicating that a higher lewehggression was linked to
an elevated hormonal stress response. Furthermore, LAB resisleotved more neuronal
activation in the parvocellular part of the PVN than HABdests one hour after the RI test.
In addition, a tendency towards a higher number of c-Fos-posiil® in LAB compared
with HAB rats was observed in the medial amygdala, hypothalatteickaarea and central
amygdala, areas relevant for the regulation of aggressimeseldata demonstrate that low
trait anxiety is correlated with high intermale aggressioartifermore, the increased
neuronal activation of the PVN along with the higher ACTH responss® might underlie

the display of high aggression.

Introduction

Aggressive behaviour has been associated with numerous neurologgbsgchiatric
conditions, including anxiety and depression disorders (Agital., 1990; van Praag, 1998;

Fehonet al., 2001). In preclinical research, aggressive behaviour has fr@elominantly
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studied by utilizing the natural drive of animals to defend theiitéey (Blanchardet al.,
2003). Furthermore, to mimic abnormal forms of male aggression,t@anckveal the
underlying brain mechanisms, animal models, such as glucodédrtigpofunction (Halleet

al., 2001; Halleret al., 2004), olfactory bulbectomy (Leonard & Tuite, 1981; Mucignat-
Carettaet al., 2004), alcohol administration (Miczek et al., 1997), social iagbg and
frustrative non-reward (de Almeida et al.,, 2005), have beerldeed. Additionally, the
etiology of psychiatric disorders, and the appearance of bmiraVvi abnormalities, are
influenced by the genetic background (Cagpal., 2002; Caspet al., 2003). Therefore,
selective breeding of animals for extremes in behaviour ¢otestia powerful research tool to
analyse genetic and neurobiological correlates of specifichppwathologies (Steimest al.,
1997; Landgraf & Wigger, 2002; Sluyteral., 2003; Veenemeat al., 2004; Overstreedt al.,
2005).

In our laboratories, Wistar rats have been selectively boedifjh or low anxiety-related
behaviour (Liebsclet al., 1998a; Landgraf & Wigger, 2002; Neumaetnal., 2005a). HAB
and LAB rats also differ in other parameters of stressngppirategies in addition to their
difference in anxiety. HAB rats show a more passive strategyndicated by, e.g., increased
freezing during social defeat, more floating in the forcedrswest, increased risk assessment
and decreased exploration in the modified hole board and open fielb¢hiet al., 1998b;
Ohl et al., 2001; Bosctet al., 2005; Franket al., 2006). These behavioural characteristics of
HAB rats are genetically determined (Murgatroyd et al., 208dd represent some symptoms
prevalent in human anxiety and depression disorders (Keck et al., B0@8htrast to HAB
rats, LAB rats are less anxious and show a more active cepyleggwhen exposed to non-
social and social stimuli, also compared with Wistar rats set¢cted for anxiety-related
behaviour (Liebsclet al., 1998b; Ohlet al., 2001; Bosctet al., 2005). Moreover, LAB rats
show a lower reactivity of the HPA axis to non-social siwes (Landgraét al., 1999; Salome

et al., 2004) and a lower level of social interaction comparetl WAB rats (Hennigeet al.,
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2000; Onhlet al., 2001). In humans, low resting salivary cortisol levels have besaciated
with antisocial behaviour, conduct problems and persistent ajggdsehaviour (McBurnett
& Lahey, 1994; McBurnettt al., 2000; Shoatt al., 2003). Cortisol reactivity was also found
to relate to antisocial and aggressive behaviours. Somestigfiorted an attenuated (Moss
et al., 1995; van Goozee al., 1998), while others reported an elevated (Susehah, 1997;
McBurnett et al.,, 2005; van Bokhoveret al., 2005a) cortisol reaction to experimental
stressors. Information about HPA axis responses during the dispygogssion in animal
models is very limited. Therefore, the LAB rats are atergsting candidate for studying
intermale aggression and their underlying neuroendocrine meclgnism

In the present study HAB, LAB and NAB rats were used in ordeto(iinvestigate the
influence of genetic variation in anxiety-related behaviour on thlplaly of intermale
aggression, (ii) to reveal whether differences in aggredséleviour are accompanied by
differences in neuroendocrine responsiveness (by measuring plasiitd, AGrticosterone,
and testosterone concentrations), and (iii) to study whether difféegels of aggressive
behaviour are accompanied by a different neuronal activatidgninvbtrain regions implicated

in aggressive behaviour.

Materials and Methods

Animals

Experiments were carried out with male rats (400-450 g body wesghectively bred for
either high or low anxiety-related behaviour on the EPM ovellasedecade (Landgraf &
Wigger, 2002). In addition, male NAB rats (400-450 g body weight, €xndiver, Sulzfeld,
Germany) were included to confirm selective breeding for both &inghlow anxiety-related
behaviour. The rats were kept under standard laboratory conditions (ightidark cycle

with lights on at 6:00 a.m., 22°C, 60 % humidity, and food and veatéibitum). All rats
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were housed in groups of 3-5 unless mentioned otherwise. All exg@gfhprocedures were

approved by the local government of Bavaria, Germany.

Anxiety-related behaviour

At the age of ten weeks, HAB (n = 9), LAB (n = 7), and N@&B= 7) males were tested on
the EPM in order to assess their level of anxiety. The ERMddased on creating a conflict
between the rat's exploratory drive and its innate fear eh@nd exposed areas. This test has
been validated for the detection of emotional responses to anxiogedicanxiolytic
substances (Pellow et al., 1985). The EPM consists of a plusespigiform elevated 70 cm
above the floor, with two closed (50 x 10 x 40 cm) and two open arms 180cm). During
the 5-minute test, the following parameters of anxietyteeldbehaviour were scored using a
video/computer system: the percentage of open arm entries [apeenaies/(open + closed
entries) x 100 %; an entry is defined as both fore-paws ofahéeing on the arm], the
percentage of time spent on the open arms [time on open tmesdh open arms + time on
closed arms) x 100 %], the number of full open arm entries (whiclefined as the entire
body of the rat being on the open arm). Moreover, the number of clossdias recorded as

parameter of locomotor activity.

Intermale aggression

Two weeks after EPM testing, each HAB, LAB and NAB makes housed with a female
Wistar rat (Charles River, Sulzfeld, Germany) for 18 daysn observational cage (40 x 24 x
36 cm) to increase territorial behaviour. Male rats wesgetetwice for aggression, at day 18
(one day prior jugular vein catheterisation) and day 24 (five dégs surgery). Aggressive
behaviour was tested between 10:00 a.m. and noon using the Rihedeniale rats were
removed 30 minutes prior the first Rl test and were not returAethe time of testing, a

smaller (40-60 g lighter) unfamiliar male Wistar rat (utter, Charles River, Sulzfeld,
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Germany) was introduced into the home cage of the male HAB, &ABAB resident for a
period of ten minutes. The RI tests were videotaped for subsedpehavioural scoring
(Eventlog, version 1.0, October 1986, R. Hedersen) by an expatiessmarcher blind to the
treatment condition. The following parameters related toenaggression were measured:
attack latency time, number of attacks, duration of laterahthclinch, offensive upright, and
keep down. The duration of the latter four behavioural parameigs also summarised as the
total duration of aggressive behaviour. The durations of social lmemaginvestigating
opponent, anogenital sniffing, mount), exploration, self grooming, and infitgolere also

guantified, see Koolhaas et al. (1980) for a detailed descriptiagonistic behaviour.

Surgery and blood sampling

One day after the first RI test, the resident HAB, LA NAB males were implanted with a
chronic jugular vein catheter under isoflurane anesthesia umtide sonditions (Neumann et
al., 1998). Briefly, the jugular vein was exposed and a silicobmg catheter (4 cm; Dow
Corning, USA) connected to a PE-50 polyethylene tube was insg@peoxénately 3 cm into
the vessel until the tip reached the right atrium; the catkete then exteriorised dorsally in
the cervical region and filled with sterile saline (0.9&ahtaining gentamicin (30,000 i.u./ml;
Centravet, Germany). Following surgery, the males were hancheefully each day to
familiarize them with the blood sampling procedure and to reducespecific stress
responses during the experimental procedures. Five days afiernsukCTH, corticosterone
and testosterone responses to the RI test were measuredd0Aa.&., the jugular vein
catheter was attached to an extension tube connected to glasgtit syringe filled with
sterile heparinized 0.9 % saline (30 1U/ml, Heparin-Natridatiopharm, Ulm, Germany).
The rats were then left undisturbed for the next two hours. Blooglsanof 0.3 ml,

substituted immediately by sterile 0.9 % saline, were takeier basal conditions, and 15 and
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60 minutes after the onset of the 10-minute RI test. Theeteativas disconnected from the
extension tube and closed before the males were exposed to thet Rihdereattached

thereafter.

Hormone assays

All blood samples were collected in chilled ethylenediaminetettsaacid-coated tubes
(Sarstedt, Numbrecht, Germarggntaining 1Qul aprotinin (Trasylol, Bayer AG, Leverkusen,
Germany) and centrifuged at 26@pfor five minutes at %. Plasma aliquots (70l for
ACTH, 10 pl for corticosterone, 5@l for testosterone) were stored at 2QQuntil assayed.
Plasma ACTH, corticosterone and testosterone were deteruomsireggicommercially available
radioimmunoassays (ICN Biomedicals, Inc., Costa Mesa, OA&)ection limits for ACTH,

corticosterone and testosterone were 4 pg/ml, 10 ng/ml &neynl, respectively.

c-Fos immunocytochemistry

c-Fos expression is a widely used marker of neuronal acti@agdr et al., 1988). To
investigate whether line differences in aggression are guaoied by differences in neuronal
activation of selected brain regions, another set of male HAB 5) and LAB (n = 6) rats

was housed in observational cages as described above (NARntesithles were not
included, as most NAB males did not display aggressive balravist day 18, males were
exposed to the 10-minute RI test and one hour later, they demply anaesthetised with
pentobarbital (0.1 ml/100 g, i.p.) and perfused intracardialti 460 ml ice-cold phosphate-
buffered saline, followed by 300 ml 4 % paraformaldehyde in icé-phbsphate buffer (pH

7.4). Brains were removed, post-fixed overnight in 4 % parafiehgde and immersed in
30 % sucrose for cryoprotection for three days. Immunocytochemisisy performed on

coronal, cryostat-cut, free floating slices (50 pm). Incubatith anti-c-Fos rabbit antiserum
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(Oncogene; Cambridge, MA, USA) was followed by enhancement aighal by binding of
a secondary antibody and detection using the conventional avidin-baotiplex peroxidase
reaction with diaminobenzidine as chromogen (vectastain ABCakit DAB chromogen
purchased from Alexis; Gruenberg, Germany). The dilution of thieceffos antiserum was
1:10.000. For quantification of c-Fos-positive cells, the number ahedd neurons of the
brain regions listed below was counted by two investigators innadai manner for each
group on at least two sections from each rat brain. Sectiomstalan from the same level of
each brain region and the specific brain nuclei using the ret &tlas of Paxinos and Watson
(1996). The following areas were analysed, as c-Fos inductiofowad in these areas after
RI test exposure (Halasz et al., 2002) or after stressor exp@almmeet al., 2004; Franket
al., 2006): the cingulate cortex, BNST, medial preoptic areaypatacular thalamic nucleus,
nucleus of the lateral habenula, supraoptic nucleus, anterior hypotml parvo- and
magnocellular parts of the PVN, arcuate nucleus, hypothalattsck area, medial amygdala,

central amygdala.

Statistics

All statistical analyses were performed using the softwamekage SPSS (version 12).
Behaviour and c-Fos expression were analysed using one way AN®GM&mMa ACTH,
corticosterone and testosterone concentrations were analysed AMYA for repeated
measures (factor time x factor line). ANOVA was followsdBonferronipost-hoc test when
appropriate. Correlation analysis of anxiety (percentage of sipgmt on open arms) with
aggression (percentage of time) was carried out using siraglession analysis. Data are

presented as meatisSEM. Statistical significance was sepat 0.05.
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Results

Anxiety-related behaviour

The difference in innate anxiety between male HAB, LAB andBNAts was confirmed on
the EPM (percentage of open arm entrigsxdy= 22.71,p < 0.001; percentage of time spent
on the open arms; o) = 68.34,p < 0.001; number of full open arm entriegs foy = 13.83,p

< 0.001). Open arm entries (two fore-paws on the arm) and feti apm entries (entire body
of the rat on the arm) correlated significantly=(0.431,p < 0.05, simple regression analysis).
HAB males were more anxious than LAB and NAB males asateflieby a lower percentage
of open arm entriep(< 0.001; Fig. 11) and lower percentage of time on open ggm$H (001
vs. LAB, p < 0.05 vs. NAB; Fig. 11). Bidirectional breeding was conéd as NAB males
were more anxious than LAB males (time on the open goms).001; full entries onto the
open armsp < 0.005; Fig. 11). Locomotor activity, as measured by theéesninto the closed
arms (fz.20)= 12.19,p < 0.001), was significantly lower in HAB than in LAB € 0.01) and
NAB (p < 0.001) males (Fig. 11). Thus, HAB and LAB males represehia:ttremes in
anxiety-related behaviour, whereas NAB males displayed anmetliate level of anxiety-

related behaviour.

Fig. 11: Anxiety-related behaviour

_ mHAB (9) CILAB (7) T=NAB (7)
measured on the EPM in HAB,

LAB and NAB males. (A) A B

Percentage of open arm entrie o N L J_

(both fore-paws on the arm) anc 50 | I 8 1 L

percentage of time spent on thi 40 | - o 6 -

open arms.(B) Number of full 3230 1 §

open arm entries (entire body 0 20 . F 4 :

the rat being on the open arm) an 10 - 2 .
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(indicates locomotor  activity). Entries Time Full entries Entries
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* p < 0.01 versus LAB and NAB,
#p < 0.05 versus LAB, ANOVA.
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Intermale aggression

First Rl test

HAB, LAB and NAB males differed significantly in aggressiemd attack latency (see Tab. 3
for statistical details). In detail, LAB males showednhgigantly more aggressive behaviour
than HAB as well as NAB males, and had a shorter attackchatthan NAB males (Tab. 3).
Among the elements of aggressive behaviour, LAB males shogeificantly more lateral
threat and offensive upright posture than HAB and NAB males @al&-urthermore, LAB
males showed significantly less non-aggressive social behattianrHAB males and less

exploration than NAB males (Tab. 3).

Tab. 3: Behavioural parameters of HAB, LAB and NAB ratgidg the first 10-minute RI
test. Aggressive behaviour, social behaviour amglceation were calculated as percentage of

time.

HAB LAB NAB Fe.20/ P

Aggressive behaviour

Total 4.2+ 1.6 11.5£3.0r 0.7£0.5 6.91/0.005
Lateral threat 2308 8.9+ 2.8* 0.1+ 0.1 6.99/0.005
Offensive upright 0.:£0.1 0.9+ 0.2* 0.1+ 0.1 9.77/0.001
Keep down 1.91.0 1.7+ 0.8 0.5+ 0.5 0.74/0.492
Clinch 0.1+ 0.0 0.1+ 0.0 0.0+ 0.0 1.97/0.165
Attack latency (sec) 35880 277+ 78 508+ 1 5.25/0.015
Number of attacks 281.1 2.0+ 05 0.1+0.1 2.15/0.143
Social behaviour 34642 18.1+ 2.1° 24.0£ 0.9 6.25/0.008
Exploration 49. % 3.5 46.4+ 3.6 61.3+4.0 3.95/0.036

Data are presented as meanSEM. F: ANOVA for line effects, P < 0.05 versus HAB and
NAB, p < 0.01 versus HAB' p < 0.05 versus NAB, Bonferropost hoc test.
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Second RI test

Five days after surgery, HAB, LAB and NAB males underwergeaond RI test, which
recapitulated the results of the first RI test, in which Li&les showed a higher level of
aggression than HAB and NAB males (aggressive behavigug) £ 20.36,p < 0.001; attack

latency: kp,200= 13.06,p < 0.001; number of attacksikoy= 6.62,p < 0.01).

Fig. 12: Behavioural para- WHAB (9) TILAB (7) E=NAB(7)
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In detail, LAB males showed more aggressive behaviour than bsihadd NAB malesy <
0.001; Fig. 12), displayed more attacks than NAB mabes 0.005; Fig. 12), and LAB as
well as HAB males had shorter attack latencies than NARsnp < 0.005; Fig. 12). Among
the elements of aggressive behaviour, differences were foutatdoal threat (f7,20)= 21.19,

p < 0.001) and clinch (k20 = 6.14,p < 0.01). LAB males showed more lateral threat than

HAB and NAB malesi{ < 0.001; Fig. 12) and more clinch than NAB males(0.01; Fig.
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12). Furthermore, a difference was found for non-aggressive smaviour (f2,20= 10.22,
p < 0.005), with the LAB males showing less non-aggressive |[dmateaviour than HAB and

NAB males p < 0.005; Fig. 12).

Correlation of anxiety with aggression

A significant correlation was found between the percentagenef $pent on the open arms
and the percentage of time of aggressive behaviour during tbads®l test in HAB, LAB
and NAB rats (r = 0.76 = 0.562,p < 0.001). Here, a low level of anxiety correlated with a

high level of aggression (Fig. 13).
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Plasma hormone responses

ACTH

Line differences were found for plasma ACTH responsivenedsetedcond RI test (time x
line: Raa40 = 6.75,p < 0.001). No difference was found for basal ACTH concentrations

between HAB, LAB and NAB males. However, 15 minutes afterdnset of the 10-minute
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RI test, a rise in plasma ACTH concentrations was found in fAB 0.005; Fig. 14) and
LAB (p < 0.001; Fig. 14) males, but not in NAB males. Furthermdre,lasma ACTH

response was significantly higher in LAB compared with HA8les p < 0.05; Fig. 14).

Corticosterone

Significant time (k.40 = 59.94,p < 0.001) and line (&20) = 3.74,p < 0.05) effects were
found for plasma corticosterone concentrations. Basal plasmaostetone concentrations
were higher in LAB than in HAB malep € 0.005; Fig. 14). A rise in plasma corticosterone
was found in response to the second RI test in HAB, LAB and NARsrfak 0.001; Fig.

14), with no significant differences in corticosterone respsietween the lines.

Testosterone

Plasma testosterone concentrations were significantly aiteredponse to the second RI test
(factor time: 20y = 6.93,p < 0.05). No significant differences were found for basal plasma
testosterone concentrations between the three lines. Howevise in plasma testosterone
was found in response to the RI test in LAB< 0.05; Fig. 14) and NAB (tendency:=

0.054; Fig. 14) males but was absent in HAB males.

®HAB (9) CLAB(7) ©NAB(7)

ACTH Corticosterone Testosterone
160 240 | . 3
£ :
120 180 i
_ _ _ +
£ E £
5 80 S, 120 52
o o oy
40 60
0 0 1
basal +15' +60' basal +15 +60' basal +60'

Fig. 14: Plasma ACTH, corticosterone, and testosterone ezurettions in HAB, LAB and NAB males under
baseline conditions and 15 (except testosterorep@rminutes after the onset of the second 10-miRUitest. *
p < 0.05 versus HAB maled,p < 0.05 and" p = 0.054 versus respective baseline, ANOVA for mpd

measures followed by Bonferropost hoc test.
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c-Fos immunocytochemistry

Exposure of a separate set of HAB and LAB males to a singteidfte RI test induced c-
Fos activation in several brain regions relevant for the régulaf stress responses and the
control of aggression, such as the PVN, the central amygtaaBNST, the anterior
hypothalamus, the hypothalamic attack area and the medial almygdd3 males had a
significantly higher number of c-Fos-positive cells in the pantolzel part of the PVN{ <
0.05; Tab. 4) and a tendency towards a higher number of c-Fds#po&urons in the central
amygdala = 0.080; Tab. 4), the medial amygdaie=(0.067; Tab. 4), and the hypothalamic
attack areap = 0.067; Tab. 4) compared with HAB males. Brains of an additioantrol
group of HAB and LAB males housed under identical conditions but not expmskd RI
test, contained negligible c-Fos-positive cells in all le# brain regions studied (data not

shown).

Tab. 4: Number of c-Fos-positive cells in selected bragions of HAB (n = 5) and LAB (n = 6)

resident male rats one hour after the onset of-mibite RI test.

CC BNST MPO PThN LatHab SON AH

HAB 13.1+4.1 18.663.9 11843 17.9%45 18332 12368 16.G:64.5

LAB 86+19 10.A#4.2 13.6:3.2 12316 16.6:2.8 17.6:3.1 14.4:53

pPVN mPVN ArcN HAA MeA CeA

HAB 8347 14290 13.349 21.:38 22351 3. &3.7

LAB 31.7+5.0* 7.9+27 153%28 39.6887 43.29.2 17.%+6.6

Data are presented as mearSEM. AH = anterior hypothalamus, ArcN = arcuate sus| BNST

= bed nucleus of the stria terminalis, CC = cinguledrtex, CeA = central amygdala, HAA =
hypothalamic attack area, LatHab = nucleus of #terél habenula, MeA = medial amygdala,
MPO = medial preoptic area, mPVN = magnocellular pérthe hypothalamic paraventricular
nucleus, pPVN = parvocellular part of the hypothatarparaventricular nucleus, PThN =
paraventricular thalamic nucleus, SON = supraopideus. *p < 0.05 versus HAB, ANOVA.
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Discussion

The present study demonstrates that intermale aggression is dependie genetically-
determined level of anxiety-related behaviour. More sped¥icedts selectively bred for low
levels of anxiety display a higher level of intermale aggices accompanied by an elevated
plasma ACTH response and a more pronounced neuronal activation of thegliatar part

of the PVN compared with high-anxious rats.

Anxiety and aggression

On the EPM, HAB and LAB males present the extremes in anseédyed behaviour, while
NAB males show a more intermediate level of anxiety-rdlaghaviour, confirming previous
findings (Ohl et al., 2001). Although the HAB rats showed lessedl@m entries, which
reflects reduced locomotor activity, HAB rats did not shaoss lactivity in the RI test (present
study) nor did they differ from LAB rats in home cage locanm{Liebsch et al., 1998a).

It has been shown that the innate level of anxiety in ratsrdietes various forms of social
behaviour, including social interaction and the search for scoiafact with cage mates
(Hennigeret al., 2000; Ohlet al., 2001). Here, we extend these findings by showing an
inverse correlation between the inborn level of anxiety-relbgddhviour and adult intermale
aggression during the defense of their territory. These findingss@pported by previous
studies showing that anxiety and aggression in rodents are inveesalgd and may be
influenced by the same genes (Svare & Leshner, 1973; faujah, 1994; Nyberget al.,
2003). In contrast, a positive relationship (Guillot & Chapouthier, 1B86ariet al., 1998)
or a lack of relationship (Berton et al., 1997) between anxiety ggdession has been
reported in inbred mouse or rat strains. Thus, in order to reaafelation between complex
emotional states, such as anxiety and aggression, the chaiee aiimal model seems to be

important. For example, in the above mentioned study of Berton et27), inbred rat
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strains showed only a minor variation in anxiety levels as testedeoBPM (percentage of
time spent on open arms varied between 0 and 7 %). Indeedarige of individual
behavioural variability was found to be significantly reduced in diticeted or inbred strains
of rodents (de Boeet al., 2003). Additionally, the individual variation in measures of
aggression was found to be smaller in NAB compared with LAB Tdtgs, to demonstrate
behavioural correlations, the use of animals with extremesein behavioural performance,
such as the outbred HAB and LAB rats, may be of advantage.

The level of male aggression may be related to the wayidhudils respond to environmental
challenges in general (Benesal., 1991; Koolhaast al., 1999; de Boeet al., 2003). For
example, mice genetically selected for a short attackdgtelisplay an active coping style,
while long attack latency mice show a more passive stragigytéret al., 1996; Veenemat
al., 2003a; Veenemat al., 2003b; Veenemat al., 2005a). HAB and LAB rats are also
characterized by differences in their passive and active cogtylgs, respectively, as
indicated by their behavioural responses in the modified hole biberdorced swim test and
during social defeat (Liebsadt al., 1998b; Ohlet al., 2001; Bosclet al., 2005; Franlet al.,
2006). Thus, the higher level of intermale aggression in LABisdlikely to be part of their
active behavioural strategy.

Our study further confirmed the finding that LAB rats generaligve less non-aggressive
social behaviour, as they make less non-aggressive sooialcts with the male intruder than
HAB males. In contrast, it has been shown that HAB males spenel time in proximity to
their cage mates in a novel environment indicating that individuilsa high level of trait
anxiety require more social contact or social support, particulamger stressful
circumstances (Ohl et al., 2001). Another indication of the abrn@oc#al behaviour of LAB
males is the finding that they seem to persist in théaicktbehaviour when the intruder
adopted a submissive posture. Interestingly, others reporteddha high-aggressive rats

and mice developed a more violent form of aggression, including assxte social
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investigation (de Boett al., 2003) and attacking females (Sluyter et al., 2003). High vielenc
and social conduct problems are core symptoms in human antisosahgity disorder
(Kaylor, 1999; Hill, 2003). Further research is required toyfuthderstand, whether the high
level of aggression and low level of social investigatiomsed AB males reflects abnormal
forms of social behaviour.

It needs to be mentioned that, in contrast to HAB and LAB sndéetating HAB dams
displayed more aggression toward a virgin female intruder thfeld dlams (Bosch et al.,
2005). This higher level of maternal aggression in HAB darslise with their higher level
of maternal behaviour (Neumann et al., 2005a). These opposing finduggest that
intermale and maternal aggression represent two distinct ieariet aggressive behaviour.
Intermale aggression is thought to be purely offensive, serviegtablish and hold territory
and/or social rank, where the ultimate goal is to gain eixa&usating rights (Brain, 1981). In
contrast, maternal aggression serves to protect the offsprimg frotentially dangerous

conspecifics, and may consist of more defensive patterritaokgParmigiani et al., 1988).

Aggression and hormonal responses

In the high-aggressive LAB residents higher basal plasnt&casterone concentrations and
higher plasma ACTH responses to RI test exposure were found campéh the low-
aggressive HAB residents. In support, in clinical studies,vagdel glucocorticoid
levels/responses were found in individuals with high aggressiots|é&erraet al., 1997,
McBurnettet al., 2005; van Bokhovest al., 2005a). Furthermore, an acute activation of the
HPA axis was found to promote aggressive behaviour in rodentei(leadl., 2000b; Kruket

al., 2004; Mikicset al., 2004). In addition, ACTH was found to stimulate aggressive
behaviour, likely via an extra-adrenal pathway (Brain & Evd®s,7; Clarke & File, 1983).
Thus, the higher basal corticosterone levels and the elev&i&tH Aesponsiveness of LAB

males during the RI test might be related to their predispodiv display a higher level of
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aggression. There are also preclinical (Haderl., 2001; Halleret al., 2004) and clinical
(McBurnett & Lahey, 1994; McBurnett al., 2000; Shoakt al., 2003) studies reporting an
inverse relationship between pituitary-adrenocortical (relgtand aggressive behaviour.
However, in these studies, high levels and abnormal forms ofsgign were associated with
a chronic glucocorticoid deficiency.

Interestingly, an elevated ACTH response in LAB compared wAlB khales has recently
been described when they were exposed as intruders in a sfe@t paradigm (Frank et al.,
2006). LAB intruders not only showed more offensive behaviour, evarraders, but they
also showed reduced signs of emotional distress (less fremadhgltrasound vocalizations)
compared with HAB intruders (Frank et al., 2006). Thus, in a sooidlict situation like the
RI test, LAB males, either being the resident or the intruaer,generally more offensive,
which is associated with a hyperresponse of the HPA axis. Imaspnivhen exposed to a
non-social stressor (e.g. novel environment) LAB rats respondidaw attenuated rise in
plasma ACTH compared with HAB rats (Landgetfl., 1999; Salomet al., 2004; Neumann
et al., 2005b), which reflects a generally lower stressor susceptibiticompanying low trait
anxiety.

In both human (Banks & Dabbs, 1996) and animal (Dijkettid., 1992; Lucioret al., 1996;
Wingfield et al., 2001) studies, male aggression has been associated with péagisaof
testosterone; although a simple causal relationship seemsathbeunlikely (Archer, 2006).
In the present study, basal plasma testosterone did not diffeedretdAB, LAB and NAB
residents. LAB and NAB, but not HAB, males showed an incrempiasma testosterone in
response to the RI test, which could have affected neuronal kstwegulating aggression
(Delville et al., 1996b). However, as this rise was seen in both highly aggrdsSienales
and low to non-aggressive NAB males, it is less likely talibectly related to the display of

aggression.
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Neuronal activation and aggression

Exposure of HAB and LAB residents to an unknown male intruder irladeos expression
in several brain regions, including the PVN, the central amggdhe BNST, the anterior
hypothalamus, the medial amygdala, and the hypothalamic attackTéwese regions are
particularly relevant for the regulation of stress and f@€av({s & Shi, 1999; Walkeet al.,
2003; Hermaret al., 2005), and/or territorial aggression (Vochteloo & Koolhaas, 1987; ISiege
et al., 1999; Delvilleet al., 2000; Halaszt al., 2002). Importantly, LAB males showed a
significantly higher neuronal activation in the parvocellular p&rthe PVN, and a tendency
towards a higher neuronal activation in the central amygdalth he PVN and the central
amygdala are strongly implicated in anxiety and fear mechar{iiBmaset al., 1994; Van de
Kar & Blair, 1999; Hermaret al., 2002), and c-Fos induction was found in both regions in
response to anxiety- or fear-evoking stimuli (Dunegal., 1996; Campeast al., 1997). In
addition, increased c-Fos expression in the PVN and centraldafaygvas found to be
associated with abnormal forms of aggressiveness displayed by ladtemézed male rats
(Halasz et al., 2002). These rats showed attacks towalgetite and the belly, which is an
inappropriate response during territorial aggression (Blanchaatl, &003). However, in our
study, none of the male rats (HAB, LAB nor NAB) showed such @clapattern. Therefore,
the higher c-Fos expression in the PVN of LAB males is likeletiect their elevated ACTH
response. Indeed, neuronal activation in the PVN has repedtediy linked to HPA axis
activation (Figueiredet al., 2003; Salomet al., 2004; Windleet al., 2004). Considering the
more pronounced neuronal activation in the PVN and HPA axis régcivir and previous
(Frank et al., 2006) data suggest that LAB males perceive social stimutias stressful,
while HAB males perceive non-social stimuli as more stnéglsandgrafet al., 1999; Salome
et al., 2004). LAB males also tended to show higher c-Fos expression iretfialmmygdala
and the hypothalamic attack area than HAB males, which mighs&mciated with their

higher level of aggression.
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In conclusion, the present study demonstrates that innate aisigtyersely related to the
level of intermale aggression. The high level of aggress®ujsplayed by LAB males, was
accompanied by high plasma ACTH responsiveness and increased heativadion in the

PVN. Future studies need to reveal whether this pattern eféoti underlies the display of

enhanced aggression.
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Abstract

Several studies suggest a role for AVP, particularly in dtexdl septum, in the regulation of
intermale aggression. We used intracerebral microdialysmsawitor the locain vivo AVP
release within the mediolateral septum of adult male &istts bred for low or high anxiety-
related behaviour during exposure to the RI test. LAB residdmwed a significantly higher
level of aggression than HAB residents as reflected by o spent with lateral threat,
offensive upright and total aggressive behaviour as well as bg attacks and a shorter
attack latency. Septal AVP release was significantlyeesad in high-aggressive LAB males,
while septal AVP release tended to increase in HAB maleshgluRI test exposure.
Moreover, LAB residents showed a reduced neuronal activatioheolateral septum, as
indicated by fewer c-Fos positive cells, one hour after theteRt. Pharmacological
manipulation of the septal AVP system by local application thieeisynthetic AVP to LAB
residents or the selective AVP Vla receptor antagonist-Aj1d(CH,)sTyr(Me)AVP to
HAB residents did not change the level of aggression. Howeveicajih of AVP into the
septum enhanced anxiety-related behaviour on the EPM in LAB mualede local
administration of the V1a-A reduced social investigation in HA&les during the RI test. In
conclusion, although AVP release patterns within the septentdgwendent on the level of
aggression, locally released AVP does not seem to be direetived in the regulation of

aggression, but rather modulates non-aggressive social antyaekaed behaviours.

Introduction

Clinical and preclinical studies suggest an important role for AWRhe regulation of
aggressive behaviour (Koolhagtsal., 1990; Ferris, 1992; Albers & Bamshad, 1998; Coccaro
et al., 1998; Ferris, 2005). In humans, a positive correlation was foundeéetthe AVP

concentration in the cerebrospinal fluid and aggression in persodedydered subjects
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(Coccaroet al., 1998). Recently, AVP has been implicated in social communicatioren,
as intranasal AVP administration decreased perception of fyiefadles and increased
perception of anger and threat to neutral human facial expregdibompsonet al., 2004;
Thompsonret al., 2006). In rodent studies, there are contradictory reports omvybe/ément
of AVP in the regulation of aggression particularly in the septad. Infusion of AVP into
the lateral septum facilitates offensive aggression Biraed male rats (Koolhaas al.,
1991), and increases flank marking, an aggressive display, dergdlamsters (Ferris &
Delville, 1994). Furthermore, more aggressive California nralee have higher AVP-
immunoreactive staining in the BNST and more AVP Vla receptdisei lateral septum than
less aggressive White-footed mice (Bester-Meregtitil., 1999). In contrast, high-aggressive
wild-type rats have lower levels of AVP and a lower A\lBtd density in the lateral septum
than low-aggressive wild-type rats (Eveetsl., 1997). Likewise, high-aggressive wild house
mice have fewer AVP-immunoreactive cells in the BNST ahalager AVP-immunoreactive
staining in the lateral septum than low-aggressive wild house (@ompaaret al., 1993).
Additionally, prairie voles show a mating-induced reduction in the igerdd AVP-
immunoreactive fibres in the lateral septum accompanied beriergence of aggressive
behaviour towards intruders (Bamshetdhl., 1994; Insekt al., 1995). Thus, data so far are
inconclusive about the precise role of the septal AVP systenteirmale aggression.

Wistar rats bred for low or high anxiety-related behaviour on thd HRebschet al., 1998b)
differ in various aspects of behavioural stress coping (Landgk&figger, 2002; Veenema &
Neumann, 2007). Differences in hypothalamic AVP system agtidue to a single
nucleotide polymorphism in the promoter region of the AVP gene ideshtih HAB rats
(Murgatroydet al., 2004), are likely to underlie, at least partially, the behaal phenotypes
of LAB and HAB rats. Thus, HAB rats have a higher AVP mRBEX¥pression and release
within the PVN compared with LAB rats (Keek al., 2003; Wiggeret al., 2004). Recently,

we demonstrated that LAB male residents are more aggeesan HAB male residents
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during the RI test (Veenema et al., 2007b). Therefore, thésemavide a unique model to
study the involvement of brain AVP in the regulation of aggogsdin the present study, we
used intracerebral microdialysis to locally monitor ilmevivo release of AVP within the
mediolateral septum of LAB and HAB males exposed to the RINeseover, we aimed to
reveal the causal involvement of septal AVP in the regulabf aggression by local

application of synthetic AVP or a selective V1a-A.

Materials and Methods

Animals

Experiments were carried out with male Wistar rats (350 — 45@Igrtively bred for either
low or high anxiety-related behaviour on the EPM (Liebsthal., 1998b; Landgraf &
Wigger, 2002). The LAB and HAB rats used in the present studg Wwexd in the animal
facilities of the University of Regensburg, Germany. Ratse housed in groups of 4-6 under
standard laboratory conditions (12:12 h light/dark cycle with lightat 6:00 a.m., 21 + 1°C,
60 % humidity, standard rat chow and waaérlibitum) unless mentioned otherwise. The
experiments were approved by the Committee on Animal Health aredo€Cthe Government
of Bavaria and are in accordance with @Gde for the Care and Use of Laboratory Animals

by the National Institute of Health.

Resident-intruder test

Adult LAB and HAB male rats were each housed in an observatage (40 x 24 x 35 cm)
together with a female Wistar rat (Charles River, Sldzf@ermany) for ten days to stimulate
territorial behaviour (Flannelly & Lore, 1977). At the samedjrthe 12:12 h light/dark cycle
was switched to lights off at 13:00 p.m. in order to perform the® in the early dark phase,

which is the most active phase in rats. As our previous experiropraggressive behaviour
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in male LAB and HAB rats were performed in the early lighase (Veenema et al., 2007b),
we first confirmed the line differences in aggression duriregRI test in the early dark phase
in LAB (n = 8) and HAB (n = 8) resident rats. The femage mate was removed 30 minutes
before the RI test and was returned afterwards. For measwggrgsaive behaviour during
ongoing microdialysis, the female cage mate was remove@ijigstsurgery, i.e. two days
before the RI test. The RI test consists of placing an uhéantighter (10 %) male Wistar rat
(Charles River, Sulzfeld, Germany) in the resident's homee dag ten minutes. The
behaviour of the LAB and HAB residents was videotaped and the foljdvehaviours were
scored by an experienced observer blind to breeding line and treafkggressive behaviour
(attack, lateral threat, offensive upright, keep down, thraggressive grooming), social
investigation (investigating opponent, anogenital sniffing), explomatiself grooming,
defensive behaviour, and immobility (Koolhaas et al., 1980; Veenemal., 2007b).
Behaviour was scored in real-time using pre-set keys on &®€hilog; Version 1.0, 1986,
R. Hendersen). All behaviours were calculated as percentagaeofAdditionally, the attack

latency time and the number of attacks were measured.

Elevated plus-maze

In order to quantify the effects of pharmacological manipulatioth@fseptal AVP system on
anxiety-related behaviour, HAB and LAB resident rats wested on the EPM. This test is
based on the natural conflict of the rat between its eafdoy drive and its innate fear of
elevated, open and novel spaces (Pekbwal., 1985). The EPM consisted of two opposing
open (50 x 10 cm; 100 lux) and two opposing closed (50 x 10 x 40 cm; 20 lux)wdritis,
are connected by a common central area (10 x 10 cm). A raised@&gcm) on the open
arms provided additional grip for the rats. The apparatus veake raf dark grey plastics and
was elevated to a height of 80 cm above the floor. The EPMsurasunded by an opaque

curtain to avoid disturbance by the observer. Before each tralnteze was cleaned with
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water containing a low concentration of a detergent. Rats wareglindividually in the
centre square facing a closed arm and were allowed to expwmadhe for five minutes.
Behaviour was measured by means of a video camera mounted abplaftren and scored
by a trained observer pressing pre-set keys on a PC (Plusvexazen 2.0; Ernst Fricke). An
open/closed-arm entry was defined as both fore-paws of theirag bn the respective arm of
the EPM. The following parameters of anxiety-related behavisare measured: the
percentage of time spent on the open arms [time on open aims b open arms + time in
closed arms) x 100 %], the percentage of open arm entries [opesn&ies / (open + closed
arm entries) x 100 %], and the latency to the first open atng.eThe number of closed arm

entries was used as measure of locomotor activity.

Surgery

LAB and HAB male rats were anesthetised with isoflur@f@ene®, Abbott GmbH & Co.
KG, Wiesbaden, Germany), injected with 0.05 ml of an antibgatlistance (Tardomyocel®,
Bayer Vital GmbH, Leverkusen, Germany) to prevent infectiomsd mounted on a
stereotaxic frame. The microdialysis probes (self-made; mlalecut-off 18 kDa, for details
see: Neumanret al., 1993; Boschet al., 2005) were implanted stereotaxically into the
mediolateral septum. The coordinates relative to bregnra:w8.2 mm caudal, +2.0 mm
lateral to the midline, 6.0 mm beneath the surface oskinél; angle of 20 ° to avoid damage
to the sagittal sinus; nose: -3.5 mm (Paxinos & Watson, 1998;ige#5l. It was previously
demonstrated by Engelmaret al. (1992) that HJAVP infused by retrodialysis in the
mediolateral septum reaches the entire septal area. Moréaeeother studies have used the
same coordinates and showed that manipulation of the septal A#spy application of
synthetic AVP or the Vl1a-A d(CH2)5Tyr(Me)AVP using retrodiatysmproved social
recognition and reduced swimming behaviour, respectively (Eragein& Landgraf, 1994;

Ebneret al., 1999). The probes were flushed and filled with sterile Ringefigien (pH 7.4,
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B. Braun Melsungen AG, Melsungen, Germany), and were fixed toskb# with two
jeweller's screws and dental cement (Kallocryl, Speiko-Bpeier GmbH, Muenster,
Germany). Two approx. 5 cm long pieces of polyethylene tubing (PE 2thaka & Droll,
Karlsfeld, Germany) filled with Ringer's solution were coneecto the inflow and the
outflow of the microdialysis probe and fixed with dental cement. @aeafter surgery, rats
were familiarized with the experimental procedure to mingmbn-specific stress responses

during the experiment.

Experimental procedures

Arginine vasopressin release within the mediolateral septum during exposure to the resident-
intruder test

Two days after surgery, the microdialysis probes of LAB (n ar@&) HAB (n = 8) resident
rats were connected to a syringe mounted onto a microinfusion panpplyethylene tubing
and perfused with sterile Ringer’s solution (3.3 pl/min, pH tdjting at 11:00 a.m. for two
hours before the start of the experiment to establish an equilibetnween inside and outside
of the microdialysis membrane. Thereafter, five conseeuB@-minute dialysates were
collected: samples 1 and 2 were taken under basal (undisturbed) candiiorple 3 during
exposure to the RI test, and samples 4 and 5 after exposure Ro tbst, i.e. again under
undisturbed conditions. The microdialysates were collected diratdty Eppendorf tubes
containing 10 pl 0.1 M HCI, immediately frozen on dry ice, and spes#ly stored at -20°C

until quantification of AVP by radioimmunoassay.

c-Fosimmunoreactivity within the lateral septumin response to the resident-intruder test
To investigate whether the differences in aggression and ial #8pP release between LAB
and HAB residents are accompanied by a difference in neurctighteon of the lateral

septum, male LAB (n = 6) and HAB (n = 5) residents were peaifose hour after the onset



90 Chapter 4 Septal AVP release in HAB and LAB rats — Influeron aggression?

of the RI test (Veenema et al., 2007b), and brains were reimawve processed for c-Fos

immunoreactivity as described below.

Manipulation of the septal arginine vasopressin system

To study the causal involvement of reduced septal AVP releadhei display of high
aggression, LAB rats were retrodialysed with synthetic AWPcdntrast, HAB rats were
retrodialysed with the selective AVP Vla-A d(@kTyr(Me)AVP (courtesy of Dr. M.
Manning, Toledo, OH, USA), as HAB rats tended to show an ineri@a&VP release during
the RI test. Resident LAB (n = 17) and HAB (n = 19) rats w&eeotaxically implanted with
a microdialysis probe within the mediolateral septum and underwdtlly the same
procedure as described above. However, after the 2-hour perfusiod pattiout sampling,
microdialysis was continued with either Ringer’'s solution (castrLAB: n = 9, HAB: n =
10), Ringer’s solution containing 1 pg/ml synthetic AVP (only LAB= 8) or Ringer's
solution containing 1@g/ml of the V1a-A (only HAB: n = 9). During the 1-hour period of
retrodialysis, a total amount of approx. 1 ng of synthetic AVP appiox. 10 ng of Vl1a-A
was delivered locally into the mediolateral septum (Engelneah, 1992) of LAB and HAB
rats, respectively. Thirty minutes after the beginninghef retrodialysis procedure, the LAB
and HAB residents were exposed to the RI test during ongoingidialyd their behaviour
was monitored. Thirty minutes after the onset of the Rl tee microdialysis probes were
disconnected and the LAB and HAB males were carried in Hueire cages to an adjacent

room for immediately testing for anxiety-related behavioutrenEPM.

Histology
At the end of the experiments, rats were decapitated undera@&esthesia, brains were
removed, quickly frozen in pre-chillead-methylbutane on dry ice, and stored at -20°C. To

histologically verify the placement of the probe in the medeodtseptum, brains were cut
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into 40-um coronal cryostat sections and stained with cresyétvi@inly those rats with
correct probe placements (see Fig. 15) were included in th&tistdtanalysis resulting in the

number of rats indicated in parentheses.

Fig. 15: Schematic drawing of the
mediolateral septum [adapted from

Paxinos and Watson (1998); the grey

area indicates the respective target
region] and a representative enlarge-
ment of the microphotograph of a
Cresyl-stained coronal section of the

rat brain after removal of the micro-

dialysis probe (bottom; arrow indi-

cates the placement of the tip of the
microdialysis probe). LV = lateral

ventricle; Scale bar =1 mm.

Radioimmunoassay of arginine vasopressin
AVP content was measured in lyophilised dialysates by a higihhgittve and selective
radioimmunoassay (detection limit: 0.03 pg per sample; crossiviéaof the antiserum with

other related peptides, including oxytocin, was less than 0.7 f&r; a more detailed
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description see Landgraf et al. 1995B). eliminate interassay variation, all samples to be

compared were measured in the same assay.

c-Fos immunocytochemistry within the lateral septum

c-Fos immunoreactivity is a widely used marker of neuronal ic(i8agaret al., 1988) and
was applied to compare the neuronal activity within the latptum between male LAB
and HAB rats exposed to the RI test. One hour after thesRlItke resident rats were deeply
anaesthetised with pentobarbital (0.1 ml/100 g, i.p.; Sigma)parfdsed intracardially with
150 ml ice-cold phosphate-buffered saline followed by 300 ml 4 % paraldemyde in ice-
cold phosphate-buffer (pH 7.4). Brains were removed, post-fixed oVerin 4 %
paraformaldehyde and immersed in 30 % sucrose for cryoprotectiorthfee days.
Immunocytochemistry was performed on coronal, cryostat-cut, foeg¢irfg slices (50 um).
Incubation with anti-c-Fos rabbit antiserum (Oncogene; Cambridge,MbA) was followed
by enhancement of the signal by binding of a secondary antibody andateiesing the
conventional avidin-biotin complex peroxidase reaction with diaminoberzak chromogen
(vectastain ABC kit and DAB chromogen purchased from Alexis; Gergnlésermany). The
dilution of the anti-c-Fos antiserum was 1:10,000. For quantibicadi c-Fos-positive cells,
the number of stained neurons in the lateral septum was counteeb bpvestigators in a
blinded manner for each group on at least two sections from aadirain. Sections were
taken from the same level of the septal area according tmth®ain atlas of Paxinos and

Watson (1998).

Statistics

All statistical analyses were performed using the softwamekage SPSS (version 13).
Behavioural and c-Fos data were analysed using one way ANQWA. release was

analysed using ANOVA for repeated measures (factor line torfaone). ANOVA was
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followed by LSD post hoc test, when appropriate. Data are presented as means + SEM.

Statistical significance was setm& 0.05.

Results

Aggressive behaviour of LAB and HAB residents ia @arly dark phase

Confirming and extending recent findings in the early light phaseifgma et al., 2007b),
LAB and HAB residents showed a significant difference in insdemaggression during
exposure to the RI test in the early dark phase. In detail, inAE®s showed more aggressive
behaviour than HAB malegp (< 0.05; Fig. 16A); specifically, LAB males displayed more
offensive upright posturep(< 0.05) and more lateral thre@t£ 0.051) than HAB males (Fig.
16A). Furthermore, LAB males showed a reduced amount of dagiedtigation p < 0.05;

Fig. 16A).

Arginine vasopressin release within the mediolatsegtum during exposure to

the resident-intruder test

Aggressive behaviour during ongoing microdialysis

Behavioural data from the RI test performed during ongoing adiatysis within the
mediolateral septum confirmed the higher level of aggressiomBfriats (total aggressiom:
< 0.01; lateral threap < 0.01; offensive uprighp < 0.05; attack latency < 0.01; number of
attacks:p < 0.01; Fig. 16B). Likewise, LAB males showed a reduced amousiochl

investigation than HAB malep € 0.05; Fig. 16B).
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Fig. 16: Behaviour of HAB and LAB rats during the 10-minuRé test one day before surggi) and during
ongoing microdialysi¢B). Aggression, social investigation and exploratima calculated as percentage of total
time. As parameters of aggressive behaviour, thratidun of lateral threat and offensive upright (edated as
percentage of total time), the attack latency drednumber of attacks are shown. Data are presestateans +
SEM. ** p< 0.01 versus HAB, p < 0.05 versus HAB, # = 0.051 versus HAB.

It should be noted, however, that by comparing the behavioural profileA®fand HAB
residents before and after surgery, HAB rats showed a lowel ¢ aggressive behaviour
after surgery, i.e. under ongoing microdialysis (total aggjoa,p < 0.05; lateral threap <
0.05; attacksp < 0.05; attack latencyp = 0.051). In contrast, LAB rats did not show a
significant change in aggressive behaviour after surgery. ISogestigation was reduced in
both LAB (p = 0.057) and HAB{{ < 0.05) rats, while exploration was higher in LAB rgas<(

0.01) after surgery (Fig. 16).
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Arginine vasopressin release within the mediolateral septum

Exposure to the RI test induced a line-dependent change in A\Aseelwithin the
mediolateral septum (factor line x timey kg) = 3.58;p < 0.05). In detail, LAB rats showed a
significant decrease in AVP release during the RI test expds < 0.05 versus samples 1, 2
and 5; Fig. 17A). In contrast, local AVP release in HABlesarather tended to increase
during the RI test exposure (sample 3) which became significdiftérent compared with
sample 4 after termination of the RI tept< 0.05, Fig. 17A). Accordingly, AVP release
during exposure to the RI test was significantly lower in LA#Bnpared with HAB ratsp( <
0.01; Fig. 17A). No line difference was found for absolute AVP cuntender basal

conditions (average of samples 1 and 2: LAB, 26.2 + 5.2 pd3,F2X.1 + 5.3 pg).
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Fig. 17: (A) AVP release within the mediolateral septum of HARI4AB residents under basal conditions and
during and after exposure to the RI test givenaasgntage of baseline. Dialysate no. 1 and 2 vakent under
basal conditions, no. 3 included exposure to théeRl and no. 4 and 5 were taken after exposutieet®| test
under undisturbed condition8) Number of c-Fos immuno-positive cells in the lateseptum one hour after

the onset of the RI test. Data are presented assne&EM. *p < 0.05 versus HAB, # < 0.05 versus sample 1,
2 and 5 (LAB) or versus sample 3 (HAB).
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c-Fos immunoreactivity within the lateral septunreésponse to the RI test

The number of c-Fos-positive cells in the lateral septum ugsfisantly lower in LAB
compared with HAB rats as assessed one hour after exposure Rb tbst < 0.05; Fig.

17B).

Manipulation of the septal arginine vasopressirtesysn LAB rats

Aggressive behaviour

As LAB rats showed a significant decrease in septal A¥lease during the display of
aggressive behaviour, LAB rats were retrodialysed with syicth®@¢P to investigate the
effects of locally elevated AVP concentrations in theritseptum on aggressive behaviour.
Local treatment of LAB residents with synthetic AVP into tlegtam did not significantly
affect any measure of aggressive behaviour or social invaestigdaring the RI test (Fig.

18A).

Anxiety-related behaviour

Retrodialysis of AVP into the mediolateral septum of LAB ratsreased anxiety-related
behaviour on the EPM. Compared with Ringer-perfused rats, A8&ed LAB rats showed
fewer open arm entries (percentage of entpes;0.05) and spent less time on the open arms
(percentage of entrieg < 0.005) (Fig. 18B). There was also a tendency towards &rong
latency to enter an open arm of the EPM in AVP-treated LAB (@ats 0.058), whereas

general locomotion (number of closed arm entries) was unctigfge 18B).
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Fig. 18: Behavioural consequences of retrodialysis withim mediolateral septum of LAB males perfused with
either Ringer’s solution (VEH) or Ringer's soluti@ontaining synthetic AVP (1pg/ml) during the expesto
the RI test(A) or on the EPMB). Data are presented as means + SEM.<*0.05 versus VEH, *p < 0.005
versus VEH.

Manipulation of the septal arginine vasopressirtesysn HAB rats

Aggressive behaviour
As septal AVP release in HAB residents tended to incrdageg exposure to the RI test,
HAB rats were retrodialysed with a selective V1a-A toeassthe effects of local receptor

blockade within the lateral septum on aggressive behavioual Mia-A treatment had no
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significant effect on any measure of aggressive behavioungithe RI test, but reduced non-

aggressive social behavioyr € 0.05; Fig. 19A).

Anxiety-related behaviour
Application of the V1a-A into the mediolateral septum of HARsrdid not change any

measure of anxiety-related behaviour nor general locomotion déRNe(Fig. 19B).
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Fig. 19: Behavioural consequences of retrodialysis withim ttediolateral septum of HAB males perfused with
either Ringer’s solution (VEH) or Ringer’s solutiopntaining a V1a-A (10ug/ml) during exposure te Ri test

(A) or on the EPMB). Data are presented as means + SEM<*0.05 versus VEH.
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Discussion

The present study demonstrates for the first time the dynashicgracerebral AVP release
patterns during the display of intermale aggression in adultlratsil AVP release within the
mediolateral septum was bidirectionally altered depending ofette¢ of aggression during
the RI test. Thus, a high level of aggressive behaviour, plagesl by male LAB residents,
was associated with a significant decrease in septal rB\éRse. In contrast, the low level of
aggression of HAB residents was rather associated withcaease in septal AVP release.
Pharmacological manipulation of the septal AVP system, bwl lapplication of either
synthetic AVP in LAB rats or a selective V1a-A in HAB gadid not affect the level of
aggressive behaviour. However, application of AVP into theuseginhanced anxiety-related
behaviour on the EPM in LAB rats, while local application of the ¥X1eeduced social
investigation during the RI test in HAB rats, demonstrating tiratbehavioural profile can
specifically be altered using retrodialysis.

Recently, we found that LAB and HAB male rats differ in theuel of intermale aggression
during the early light phase, with the LAB residents being naggressive (Veenema et al.,
2007b). Here, we extend this finding by showing a similar linedifice in aggression during
the early dark phase. Thus, irrespective of the time of adgw level of innate anxiety, as
seen in LAB rats, is accompanied by a higher level of aggesbghaviour. Importantly, the
line difference in aggression was still present afteresyrgnd under ongoing microdialysis.
It should be noted that the level of aggressive behaviour in H&8 was lower under
ongoing microdialysis than during the initial Rl test. In conjrésé level of aggressive
behaviour in LAB males was similar during the two RI testsheWer the change in
aggression in HAB rats was due to repeated testing, sungéing microdialysis procedure is
not clear at present.

AVP has been implicated in aggression in several speciesdingl rats (Koolhaast al.,

1990; Evertset al., 1997), mice (Compaast al., 1993; Bester-Meredittet al., 2005),
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hamsters (Alberst al., 1992; Ferriset al., 1997), birds (Goodsoé al., 2006) and humans
(Coccaroet al., 1998; Thompsomrt al., 2004). Especially, extrahypothalamic AVP neurons
originating in the medial amygdala and the BNST and projectingedateral septum (De
Vries & Buijs, 1983; Caffeet al., 1987) seem to be involved in the regulation of aggressive
behaviours in rodents (Irviet al., 1990; Koolhaast al., 1990; Koolhaast al., 1991,
Compaaret al., 1993; Ferris & Delville, 1994; Everts al., 1997). However, in most of the
studies either exogenous AVP was applied or immunocytochemistitysfatetection of AVP
protein was used. Neither of these techniques provides an @&cowlatation of local AVP
release patterns, for example in response to a certain stigalndgraf & Neumann, 2004).
Here, we show byn vivo monitoring of AVP release within the mediolateral septum #at
high level of aggression, as displayed by LAB residents, ¢éerapanied by a significant
decrease in local AVP release. In contrast, HAB residsihtsved a tendency towards an
increase in AVP release during the RI test. As a resitab AVP release was significantly
lower in LAB compared with HAB residents in response toRhéest.

Neuronal activation of the lateral septum, as assessed Imuthieer of c-Fos-positive cells,
was significantly lower in the high-aggressive LAB comparéith whe low-aggressive HAB
residents one hour after exposure to the RI test. Likewise,dggressive wild house mice
show a reduced neuronal activation of the lateral septum in respotise Rl test compared
with low-aggressive wild house mice (Halleral., 2006). In support, neuronal activation
within the lateral septum is lower in dominant aggressive rhalasters compared with
subordinates (Kollack-Walkeat al., 1997). These studies suggest that low activation of the
septum is a prerequisite for the display of aggressive balmavis the lateral septum has
been implicated in the modulation of anxiety (Sheekaral., 2004) as well as social
recognition (Engelmanst al., 1996), we speculate that a low activity of the laterptusa
might promote aggressive behaviour by reducing anxiety and/orngltsdcial recognition

abilities. The reduction of AVP release into the extracqilfilad of the mediolateral septum
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as seen in LAB residents might be one of several compondetgirg septal activity in
response to the RI test. Clearly, further research is sageto investigate the precise role of
septal activity in aggressive behaviour and whether there istarplay between aggression,
anxiety and social recognition abilities, Particularly in LA&S, it might be of interest to
investigate whether low anxiety, low social investigation behayiand low septal activity
are associated with alterations in olfactory communicatidmnichwmight play a role in the
display of high aggression.

To investigate the behavioural relevance of the dynamic ceangeeptally released AVP in
intermale aggression, the extracellular AVP concentratiothe mediolateral septum was
enhanced by local application of synthetic AVP in high-aggredsiM@ rats via reverse
microdialysis. On the other hand, blockade of local V1a recepipr specific V1a-A in low-
aggressive HAB rats should reveal the function of endogenous AW this brain region
in the regulation of aggression. Contrary to our expectations poation of the septal AVP
system in either direction did not alter the level of aggwesbehaviour during the RI test.
Thus, it seems less likely that, at least in LAB and HAB, AVP in the septum is directly
involved in the regulation of aggressive behaviour. Experimentsrpeed in NAB rats or
other rodents may help to further clarify the role of the $ef¥¥ system in intermale
aggression.

The fact that we were unable to observe changes in aggressiveriobehafter
pharmacological manipulation of the septal AVP system is unlikebe due to an ineffective
low dose of locally applied AVP or V1a-A. Synthetic AVP sigrahtly enhanced anxiety-
related behaviour on the EPM in LAB rats, thereby confirmingll@nxiogenic effects of
AVP (Landgrafet al., 1995a; Millan, 2003). Likewise, application of the V1a-A into the
septum significantly reduced social investigation behaviour in H&B during the RI test.
Local treatment with the V1a-A did not reduce the anxiety levdiAB rats on the EPM.

Similarly, administration of the same V1a-A via retrodsdyinto the PVN only tended to
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reduce anxiety-related behaviour of HAB rats on the EPM (Wiggerl., 2004),
demonstrating the robust anxious phenotype of the HAB rats.

Considering previous findings, the lack of an effect of localieggbn of synthetic AVP or
the V1a-A into the septum on aggressive behaviour in the prasentis difficult to explain.
However, the following features of the septal AVP systamght be taken into account.
Firstly, in male rats, the AVP system originating in BRST and medial amygdala and
projecting to the septum is highly responsive to gonadal steroidsasigtion strongly
reduces septal AVP fibre density (De Vriesal., 1985). Castrated rats also showed a
reduction in aggressive behaviour, which could be reversed by mjexton of AVP into the
lateral septum (Koolhaaet al., 1991). Similar to castrated rats, the lateral septumtattn
male golden hamsters is almost devoid of AVP-immunoreactivesfifFerris & Delville,
1994; Ferriset al., 1995) and microinjections of AVP into the lateral septum of golden
hamsters induced high levels of flank marking (Irgfral., 1990). The results of these rat and
hamster studies may indicate that administration of AVP ifte $eptum enhances
aggression/flank marking only under conditions of a chronic hypo-astate of the septal
AVP system.

Secondly, the main function of the lateral septum is togmte sensory stimuli and to
transmit this information to brain regions that are more dyreénvolved in the behavioural
output, such as the hypothalamus (Sheeadah, 2004).This modulatory role of the lateral
septum is well characterised in hamsters, where animdls a lesioned septum showed
increased flank marking behaviour during stimulation of the antérypothalamus, while
hamsters with a lesioned anterior hypothalamus did not show enhiardednarking when
the septum was stimulated (Ferris, 1992). Therefore, kae$ylthat manipulation of the septal
AVP system might have been insufficient in altering the d@gtinf other more downstream
brain regions, including hypothalamic areas, and hence, had no effegg@ssive behaviour

in LAB or HAB rats.
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Finally, instead of directly influencing aggression, septal AXight predominantly affect
other aspects of social behaviour amtkiety. The important role of septal AVP in anxiety is
demonstrated by the significant anxiogenic effect of local Aafiplication in LAB rats
exposed to the EPM. Whether septal AVP induces similar anxiogdfécts in a social
context like the RI test is unclear at present. Moreowestas AVP plays an essential role in
social discrimination abilities (for review see Engelmaginal., 1996). Infusion of an
antisense oligodeoxynucleotide to the AVP-V1-receptor mRNA inéolateral septum of
male rats reduced social memory ability (Landgtedl., 1995a). Conversely, overexpression
of septal Vl1a receptors by use of an adenoviral vector incresszal memory ability and
social interaction in male rats (Landgetfal., 2003). Interestingly, HAB rats search for more
social contact in a novel environment (@hlal., 2001) and show more social investigation
behaviour during the RI test (Veenema et al., 2007b, presentEmdy) than LAB rats. This
higher level of social investigation was found to be reduced laftat administration of V1a-
A into the septum of HAB rats. These results substantiate igivficant involvement of
septal AVP in various aspects of non-aggressive social beha¥orher detailed analysis
using different strains and/or species is required to reveaprbese role of AVP in the
septum, as well as in other brain regions, in the regulati@ggiession and its link to other
social behaviours and anxiety.

In conclusion, opposite AVP release patterns within the medialaseptum during the
display of aggression were found to accompany differences irsgign in LAB and HAB
residents. Despite a significant reduction in septal AV@as# in high-aggressive LAB males
and a tendency towards an increase in low-aggressive HARsm@harmacological
manipulation of the septal AVP system did not affect aggredsdhaviour. Instead, locally
applied AVP enhanced anxiety-related behaviour in LAB rats, lacal V1a-A treatment
reduced social investigation in HAB rats. Thus, these esuljgest that AVP released within

the lateral septum has no direct effect on aggression, I iafluences social and anxiety-
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related behaviours, which may — in interplay with other reguaterindirectly affect

aggressive behaviour.



Chapter 5

Distinct vasopressin release patterns within the taral
septum and the bed nucleus of the stria terminaliduring

the display of intermale aggression

[adapted from: Veenema AH, Beiderbeck DI, NeumddrDistinct vasopressin
release patterns within the lateral septum andbéaenucleus of the stria

terminalis during the display of intermale aggressin preparation]
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Abstract

AVP has been implicated in intermale aggression, but littllenmwvn about AVP release
patterns within distinct brain regions during the display of inteznagigression and, in turn,
its behavioural consequences. We used intracerebral microdi@ysisnitor then vivo AVP
release within the mediolateral septum and the dorsal pate BNST of adult male Wistar
rats exposed to the 10-minute RI test. Within the septum, rafisgmt increase in AVP
release was found in rats during the display of a substantial amabaggressive behaviour
during the RI test. In contrast, in non-aggressive rats, A®Pase within the septum
remained unchanged during the RI test. Pharmacological maniput#tidre septal AVP
system by local application of either synthetic AVP to non-agive rats or a specific AVP
Vl1a-A [d(CH,)sTyr(Me)AVP] to aggressive rats, did not change their respe@ggression
level in any direction, but application of AVP exerted an agenic effect. Contrary to AVP
release within the septum, AVP release within the BN&$ significantly increased in non-
aggressive rats compared with aggressive rats duringlttesR This release pattern appears
to be stimulus-specific as both non-aggressive and aggresssveh@awved a similar rise in
local AVP release when exposed to forced swimming (ten mindi@%’). Moreover,
bilateral application of synthetic AVP into the BNST of aggres rats via reverse
microdialysis significantly reduced the level of aggressidmemas anxiety-related behaviour
on the EPM remained unchanged. Thus, intermale aggression isatssodth distinct AVP
release patterns within the septum and BNST. Our data pevatds a direct involvement of
AVP released within the BNST in the regulation of aggressidrereas AVP released in the
septum rather occurs as a consequence of the display of aggrasdiamay influence

context-relevant behaviours like anxiety and social memory.
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Introduction

The neuropeptide AVP is implicated in the regulation of insemaggression in several
mammalian species, including rats, mice, hamsters and humeamis,(E992; Coccaret al.,
1998; Koolhaast al., 1998; Campbell, 2008). Especially extrahypothalamic AVP neurons
originating in the BNST and the medial amygdala and projectiriedateral septum (De
Vries & Buijs, 1983) seem to play an important role in aggresbehaviour (Irvinet al.,
1990; Koolhaast al., 1991; Hineset al., 1992; Compaamt al., 1993; Ferris & Delville,
1994; Evertset al., 1997; Bester-Mereditlet al., 1999). Several of these studies reported
profound differences in AVP-immunoreactive staining in the BNST kateral septum
between low- and high-aggressive rodent species, however, #atiatir of the correlation
between AVP and aggression differed between studies. Oneanaxph for these
discrepancies might be the fact that AVP immunocytochemieahisy rather provides a
static picture of intracellular neuropeptide availability aluks not reflect the dynamics of
local AVP release during the display of high or low aggressionréiview see: Landgraf &
Neumann, 2004).

Using intracerebral microdialysis, we recently demonstrated differences in intermale
aggression are accompanied by opposite AVP release patteninstivé lateral septum in rats
bred for low or high anxiety-related behaviour (Beiderbeck et280;7). LAB residents are
generally more aggressive than HAB residents during expostine I test, as indicated by
a shorter attack latency and a higher number of attackddibeick et al., 2007; Veenema et
al., 2007b). The display of substantial aggressive behaviour AB kesidents was
accompanied by a significant decrease in septal AVPseldaring the RI test, whereas the
low-aggressive HAB rats rather show an increase inabépiP release (Beiderbeck al.,
2007). This suggests that AVP release within the septum mtimely associated with the

level of aggression. However, these findings might be unique 8e tharticular rat lines
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selectively bred for differences in innate anxiety for more thalecade (Landgraf & Wigger,
2002).

In the present study, we measured itheivo release of AVP within the lateral septum of
male NAB rats during exposure to the RI test. Additionally,imetuded the BNST, which is
also part of the extrahypothalamic AVP system implicateabgressive behaviour. To reveal
the causal involvement of local AVP release patterns in thelagon of aggression, rats
received a local application of either synthetic AVP or dedire AVP Vla-A
[d(CHy)sTyr(Me)AVP] within the septum or the BNST via retrodialysisiring ongoing

behavioural testing.

Materials and Methods

Animals

Experiments were carried out on male Wistar rats (Chariger R.aboratories, Sulzfeld,
Germany). Rats were housed in groups of 4-5 under standard labomaitions (12:12 h
light/dark cycle with lights on at 6:00 a.m., 21 £+ 1°C, 60 = hidmidity, standard rat chow
and waterad libitum). The experiments were approved by the Committee on AnimdtiHea
and Care of the Government of Oberpfalz and are in accordartt¢heiBuide for the Care

and Use of Laboratory Animals by the National Institute of Health.

Resident-intruder test

Two weeks before the start of the experiments, the 12:12 lighttyaik was switched to
lights off at 13:00 p.m., and each experimental male rat was dthausen observational cage
(40 x 24 x 35 cm) together with a female Wistar rat to steuterritorial behaviour. Male

rats underwent the RI test at the age of 14-16 weeks (bodyw@ifht50 g). The RI test was
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carried out during the beginning of the dark phase (between 13:00 andplft)0and the
experimental resident male was exposed in its home cageslightly smaller (20 — 50 g
lighter) unfamiliar male Wistar rat for ten minutes. Thests were videotaped and the
behavioural scoring was done using Eventlog (version 1.0, October R98fdersen) by a
researcher blinded to the treatment condition. The following peteas related to male
aggression were scored (according to Beiderbeck et al., 20@6k &tency time, number of
attacks, and the duration of lateral threat, clinch, offenspregght and keep down. The latter
four behavioural parameters were summarised as total aggresehaviour. Furthermore,
social behaviour (consisting of investigating opponent, anogeniféihghi exploration and

self grooming were scored.

Elevated plus-maze

To quantify the effects of pharmacological manipulation of thePA8§stem on anxiety-
related behaviour, male resident rats were tested on the ERMEPM consisted of two
opposing open (50 x 10 cm) and two opposing closed (50 x 10 x 40 cm) armes;tedrby a
central area (10 x 10 cm). A raised edge (0.5 cm) on the openpeosmded additional grip
for the rats. The apparatus was made of dark grey plasiitsvas elevated to a height of 80
cm above the floor. Before each trial, the maze wasebtkavith water containing a low
concentration of a detergent. Rats were placed individually ioghtal area facing a closed
arm and were allowed to explore the maze for five minutehaBeur was measured by
means of a video camera mounted above the platform and scoredréiyneal tobserver
pressing preset keys on a PC (Plus-maze version 2.0; E. Fii¢leejollowing parameters of
anxiety-related behaviour were measured: the percentageesgent on the open arms [100

x time on open arms/ (time on open arms + time in closed aamg)jhe percentage of open
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arm entries [100 x open arm entries/ (open + closed arnegtri he number of closed arm

entries was used as a measure of locomotor activity.

Surgery

Male rats were anaesthetized with isoflurane (Forene®, AbGeohbH & Co. KG,
Wiesbaden, Germany), injected with 0.05 ml of an antibiotic tanbe (Tardomyocel®,
Bayer Vital GmbH, Leverkusen, Germany) to prevent infectiomsd mounted on a
stereotaxic frame. The microdialysis probes (self made, mialecut-off 18 kDa, for details
see Neumannret al., 1993) were implanted stereotaxically within the latergbtiem
(coordinates relative to bregma: -0.2 mm caudal, +2.5 memalato the midline, 6.0 mm
beneath the surface of the skull; angle of 20° to avoid damage &agittal sinus; nose: -3.5
mm; Paxinos & Watson, 1998) or the dorsal part of the BNST (-0n2caudal, +2.0 mm
lateral, 6.0 mm deep) (see Fig. 20). For retrodialysis @xgets, unilateral implantations
within the mediolateral septum (+2.0 mm lateral) or bildtenplantations within the BNST
were performed. The probes were flushed and filled withlstRinger’s solution (pH 7.4, B.
Braun Melsungen AG, Melsungen, Germany), and were fixed to thevekultwo jeweller’s
screws and dental cement (Kallocryl, Speiko-Dr. Speier Gmdttenster, Germany). Two
approx. 5 cm long pieces of polyethylene tubing (PE 20, Karmann &, DatlIsfeld,
Germany) filled with Ringer's solution were connected to theomfénd the outflow of the
microdialysis probe and fixed with dental cement. One day aftegery, rats were
familiarized with the experimental procedure to minimize npeeffic stress responses during

the experiment.
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Experimental procedures

Arginine vasopressin release within the septum or bed nucleus of the stria terminalis during
exposure to the resident-intruder test

Two days after surgery, the microdialysis probes of mal@ess rats (septum: n = 14;
BNST, n = 13) were connected to a syringe mounted onto a microinfpsionp via
polyethylene tubing and perfused with sterile Ringer’s solution (3r8ipl pH 7.4) starting
at 11:00 a.m. for two hours before the start of the experineemistablish an equilibrium
between inside and outside of the microdialysis membraneediter, five consecutive 30-
minute dialysates were collected: samples 1 and 2 were takesr undisturbed (basal)
conditions, sample 3 included the exposure to the RI test, and sadnghel 5 after exposure
to the RI test, i.e. again under undisturbed conditions. The micredial/ were collected
directly into Eppendorf tubes containing 10 pl 0.1 M HCI, immediatelyei on dry ice, and
subsequently stored at -20°C until quantification of AVP ldyaianmunoassay.

To verify aggression-specific AVP release patterns, réts avmicrodialysis probe within the
BNST were exposed to forced swimming one day after exposure tdlthtest. Rats
underwent a similar microdialysis procedure as descibed abaeptekat sample 3 included
the exposure to ten minutes of forced swimming in which the rate gently put in a clear
plastic cylinder (30 cm in diameter, 80 cm in height) filledwap water (1%, 60 cm deep).

Thereafter, rats were towel dried for 20 seconds and returrteditdhome cage.

Pharmacological manipulation of arginine vasopressin activity within the septum or the bed
nucleus of the stria terminalis

Four days before surgery, male rats (septum, n = 25, BNST 2%) were pre-tested for
aggressive behaviour in the RI test and subsequently divided inesayg (attack latency <
400 seconds; aggressive behaviour > 10 % of total time) and non-aggessick latency >

550; aggressive behaviour < 3 % of total time) groups. The cawmsalvément of AVP
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release patterns in the regulation of aggression was deggtrhinlocal application of either
synthetic AVP or the selective AVP Vla-A d(@kTyr(Me)AVP (courtesy of Dr. M.
Manning, Toledo, OH, USA) into the mediolateral septum or BN®Tesident male rats
using retrodialysis. Rats underwent the same procedure asbaelstor microdialysis, except
that after the 2-hour perfusion period without sampling microdialysis continued with
either Ringer’s solution (vehicle), Ringer's solution containingg/ml synthetic AVP, or
Ringer's solution containing 1Qug/ml of the V1a-A. During the 1-hour period of
retrodialysis, a total amount of approx. 1 ng of synthetic AVPpprax. 10 ng of V1a-A was
delivered locally into the mediolateral septum or into each sidee BNST (Engelmanat
al., 1992). Thirty minutes after the beginning of the retrodialysiscguiure, the male
residents underwent the RI test. The behaviour of ratsamtficrodialysis probe placed into
the mediolateral septum was monitored during ongoing dialysisaviad behavioural
restrictions, rats with bilateral microdialysis probes pthedgthin the BNST were shortly
disconnected from the tubings during the RI test and reconnectetlydaéter the RI test.
Twenty minutes after the end of the RI test, the microdmlybes were disconnected and
the rats were carried in their home cages to an adjacent foommmediate testing for

anxiety-related behaviour on the EPM.

Histology

At the end of the experiments, rats were decapitated undera@&esthesia, brains were
removed, quickly frozen in pre-chillestmethylbutane on dry ice, and stored at -20°C. To
histologically verify the placement of the probe within thediokateral septum or within the
BNST, brains were cut into 40-um coronal cryostat sections airaedtwith cresyl violet.
Only those rats with correct probe placements (see Fig. 2@ wweluded in the statistical

analysis resulting in the number of rats indicated in paesethin the figures.



Chapter 5 — AVP release in septum and BNST in NAB rats Jukrice on aggression? 113

Radioimmunoassay of arginine vasopressin

AVP content was measured in lyophilised dialysates by a higihhgittve and selective
radioimmunoassay (detection limit: 0.03 pg per sample; crossiviéaof the antiserum with
other related peptides, including oxytocin, was less than 0.7 dxoj¢tails see Landgrat
al., 1995b).To eliminate interassay variation, all samples to be coedpaere measured in

the same assay.

Bregma +0.2 mm Bregma-0.3 mm

Fig. 20: Schematic drawings showing the location of the oda@lysis probes within the lateral sept#) or
the BNST (B) (adapted from Paxinos & Watson, 1998) and the essmtative enlargement of the
photomicrographs of a cresyl violet-stained corasedtion of the rat brain after removal of the rodialysis
probe. The arrows indicate the placement of thefithe microdialysis probe. Scale bar = 1 mm.

Statistical analysis

Behaviour in the RI test and on the EPM was analysed with a apésWOVA. An ANOVA
for repeated measures was used for analysing AVP releader(fime x factor aggression).
When appropriate, ANOVA was followed by an L$Dst hoc test. For all tests, the software
package SPSS (version 16) was used. Data are presemess: SEM. Significance was

accepted gb < 0.05.
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Results

Arginine vasopressin release within the septumnduexposure to the resident-
intruder test

Based on their behaviour during the 10-minute RI test, malewmits classified as either
aggressive (attack latency < 400 sec; aggressive behaviour% dDtotal time) or non-

aggressive (attack latency > 550; aggressive behaviour < & %tal time) (Fig. 21).
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Fig. 21: AVP content in 30-minute microdialysates samplethimi the lateral septum of non-aggressive and
aggressive male rats exposed to the RI test. Matewere divided into non-aggressive and aggreggioeps,
based on their attack latency time and the duraifaggressive behavio@f) during the RI test under ongoing
microdialysis.(B) AVP release within the lateral septum of non-agginee and aggressive male Wistar rats
under basal conditions and during and after exgotuthe Rl test given as percentage of baselir@ysate no.

1 and 2 were taken under basal conditions, noclBided exposure to the RI test, and no. 4 and % waken
after exposure to the RI test under undisturbedlitiams. Data are presented as means = SEM<*0.05, **p

< 0.001 versus non-aggressive residefis,< 0.05 versus samples 1 and 2, ANOVA for repeatedsures

followed by LSDpost hoc test.

Exposure to the RI test induced an aggression-dependent changd’ireldse within the
lateral septum (aggression x times g = 3.51;p < 0.05). Aggressive male rats showed a
significant increase in AVP release during the RI tpst 0.05 versus baseline samples 1 and
2) (Fig. 21). In contrast, local AVP release in non-aggressiales during the RI test did not

differ from baseline samples (Fig. 21). Accordingly, A\d@Pease in the mediolateral septum
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was significantly higher in aggressive versus non-aggresatgeduring the RI testp(<
0.005) (Fig. 21). No difference was found between non-aggressiveaggressive rats for
absolute AVP content under basal conditions (average of samg@ed 2: non-aggressive

rats, 7.3 £ 2.7 pg; aggressive rats, 5.4 + 1.8 pg).

Pharmacological manipulation of arginine vasopresstivity in the lateral

septum

Effects on aggressive behaviour in the resident-intruder test

To study the causal involvement of the AVP release withinsépum in the regulation of
aggression, another set of non-aggressive rats receivest géhicle or synthetic AVP and
another set of aggressive rats received either vehiclheoVla-A into the mediolateral
septum via retrodialysis. Local application of either synth&¥® or the V1a-A did not alter
any parameter of aggressive behaviour (Fig. 22) or any othevimeir in the RI test (data not

shown).

Effects on anxiety-related behaviour on the elevated plus-maze

Application of synthetic AVP into the mediolateral septum of nggressive rats reduced the
percentage of time on the open armps<(0.05) and the percentage entries into the open arms
(p < 0.05) compared with vehicle-treated non-aggressive rags ZER). Local application of

the Vl1a-A into the mediolateral septum of aggressive datsnot change any behavioural

parameter on the EPM (Fig. 22B).
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Fig. 22: Behavioural consequences of manipulation of the AyBtem within the mediolateral septum via
retrodialysis in Rl test (left) and EPM (right) {A) Non-aggressive rats perfused with either Ringsolsition
(VEH) or Ringer’s solution containing synthetic AR pg/ml), and(B) Aggressive rats perfused with either
Ringer’s solution (VEH) or Ringer’s solution comaig the V1a-A (1Qug/ml). Data are presented as means +
SEM. *p < 0.05 vs. VEH, ANOVA.

Arginine vasopressin release within the bed nuctdudle stria terminalis
during exposure to the resident-intruder test
Based on their behaviour during the 10-minute RI test, masewate classified as either

aggressive (attack latency < 400 sec; aggressive behavi@0r % of total time) or non-

aggressive (attack latency > 550; aggressive behavio®t-of3total time) (Fig. 23).
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Fig. 23: AVP content in 30-minute microdialysates samplethinithe BNST of non-aggressive and aggressive
male rats exposed to the RI test. Male rats wevalelil into non-aggressive and aggressive groupsedan
their attack latency time and the duration of aggiee behaviouA) during the RI test under ongoing
microdialysis. (B) AVP within the BNST of non-aggressive and aggnessinale Wistar rats under basal
conditions and during and after exposure to thaeRi given as percentage of baseline. Dialysatel remd 2
were taken under basal conditions, no. 3 includgubsure to the RI test, and no. 4 and 5 were taiftar
exposure to the RI test under undisturbed conditi@data are presented as means + SEM.<*0.05 versus
aggressive residents, 1¥ < 0.005 versus non-aggressive residehgss 0.05 versus samples 1 and 2, ANOVA

for repeated measures followed by L@t hoc test.

Exposure to the RI test induced an aggression-dependent changd’ireldse within the
BNST (aggression x time: fa4) = 4.70; p < 0.005). Non-aggressive males showed a
significant increase in AVP release during the RI tpst (0.005 versus baseline samples 1
and 2) (Fig. 23). In contrast, in aggressive males, lovd& felease during the RI test did not
differ from baseline samples (Fig. 23). Accordingly, A\dtease during exposure to the RI
test was significantly higher in non-aggressive versus aggeesss p < 0.001) (Fig. 23). No
difference was found between non-aggressive and aggressviorabsolute AVP content
under basal conditions (average of samples 1 and 2: non-aggressivéd1lr8t + 3.1 pg;

aggressive rats, 57.5 + 3.6 pg).

To investigate the behavioural specificity of AVP releasétepas in the BNST, non-
aggressive and aggressive rats were exposed to ten minfibeseaf swimming one day after

exposure to the RI test. Non-aggressive and aggressive ratsgshasimilar increase in AVP
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release within the BNST during forced swimming compared wipeaetive baseline samples

(Fa,44)= 4.26,p < 0.01) (Tab. 5)Post hoc testing did not reveal any further significance.

Tab. 5: AVP release within the BNST of non-aggressive (B)=and aggressive (n = 8) male rats under basal

conditions and during and after exposure to tenutam of forced swimming (FS) given as percentage of

baseline.

Basal 1 Basal 2 FS post-FS 1 p&sRF
Non-aggr rats 10926.8 90.8+ 6.8 119+ 21 104+ 9.0 90.7+ 14
Aggr rats 1024.4 90.2: 4.4 130+ 7.2 106+ 13 80.1+ 7.8

Data are presented as means + SEM.

Pharmacological manipulation of arginine vasopresstivity within the bed

nucleus of the stria terminalis

Effects on aggressive behaviour in the resident-intruder test

Local application of the V1a-A into the BNST of non-aggressive didl not affect any
parameter of aggressive behaviour (Fig. 24A) or any other behawiotire RI test. In
contrast, local application of AVP within the BNST of aggres rats significantly reduced
the level of intermale aggressive behaviqur(0.05) (Fig. 24B). There were no effects of

local AVP on attack latency, number of attacks, or on nomeagiye behaviours.

Effects on anxiety-related behaviour on the elevated plus-maze
Local application of either the V1a-A or synthetic AVP inte BNST of non-aggressive and
aggressive male rats, respectively, did not significantiypgbany behavioural parameter on

the EPM (Fig. 24).
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Fig. 24: Behavioural consequences of manipulation of the AyBtem within the bed nucleus of the stria
terminalis in RI test (left) and EPM (right) {A) Non-aggressive rats perfused with either Ringedhition

(VEH) or Ringer’s solution containing the V1a-A (fu@/ml), and(B) Aggressive male rats perfused with either
Ringer’s solution (VEH) or Ringer’s solution comtaig synthetic AVP (Jug/ml). Data are presented as means

+ SEM. *p < 0.05 vs. VEH, ANOVA.

Discussion

In the present study, distinct local AVP response patterns foered within the lateral
septum and the BNST during the display of intermale aggression inratsulAggressive rats
showed an increase in AVP release within the lateral septimareas non-aggressive rats
showed an increase in AVP release within the BNST when beipgsed to the RI test.
Administration of synthetic AVP or a specific V1a-A into the chodateral septum did not
alter aggressive behaviours, whereas administration of simtA®P into the BNST of

aggressive rats reduced the level of aggression. Furthergyotéetic AVP administered into
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the septum, but not into the BNST, significantly increased anriddted behaviour. These
data suggest that AVP released within the BNST modulateditpay of aggression,
whereas AVP release within the lateral septum may faigliaggression-related behaviours

like for example anxiety.

Role of arginine vasopressin release within ther#dtseptum in intermale

aggression

The suggested role for AVP neurotransmission within the lateralrsejpt the regulation of
intermale aggression is mainly based on three findings. R¥8?, fibre density in the lateral
septum is under strong influence of gonadal steroids and is appior. as high in male
compared with female rats (De Vriesal., 1981; De Vries & Buijs, 1983; de Vries al.,
1984; De Vrieset al., 1985). It has therefore been suggested that AVP within the septum
might underlie male-specific behaviours, most notably aggedsshaviour. Second, several
studies have reported large differences in AVP fibre densitymthe lateral septum between
high- and low-aggressive males of different rodent species, stugg@ correlation between
septal AVP and the display of aggression. Third, local agipdic of AVP within the septum
increased aggressive behaviour in otherwise low-aggressasteated rats (Koolhaas al.,
1991) and increased flank marking (a territorial/aggressiveajisjrh golden hamsters (Irvin
et al., 1990). Although these data seem convincing in demonstrating f@ré®P within the
septum in aggressive behaviour, there are some paradoxical finthogs-or example, the
variation in septal AVP fibre density among males is foundetaslarge as the variation of
septal AVP fibre density between males and females (Kos#tath, 1991; de Vries, 2008).
Moreover, some studies report that those males showing low A density have the
highest level of aggression. Lastly, results obtained byl imgglication of AVP within the

septum of castrated rats and male golden hamsters, both laeaimhg AVP-immunoreactive
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fibres in the septum, may not give an accurate prediction dbewtndogenous function of

AVP within the septum in the regulation of intermale agdoess

To clarify the role of AVP in the septum in the regulation okintale aggression, we
recently measured AVP release within the mediolateralisepf genetically selected Wistar
rats showing different levels of intermale aggression. Heigh-aggressive rats showed a
significant decrease in septal AVP release, while lowesgive rats rather showed an
increase in septal AVP release during exposure to the RIBesdefbeck et al., 2007).
Surprisingly, pharmacological manipulation of AVP neurotransmissi the septum failed to
change the level of aggression in high- as well as in loweagiye rats (Beiderbeck et al.,
2007). As these data were obtained from rats geneticallyforeddifference in anxiety, the

AVP release patterns might be unique to these LAB and HABnes.

We now demonstrate that in Wistar rats, classified asre#thgressive or non-aggressive,
AVP release patterns within the septum are opposite to tioosel in LAB and HAB rats.
Here, aggressive rats showed a significant increagd/ih release within the septum during
exposure to the RI test compared with basal AVP release anghoednwith the AVP release
in non-aggressive rats. Non-aggressive rats did not show aeihaiy/P release within the
septum. These data suggest a positive correlation betweenAséptatlease and the display
of aggression. However, similar to our previous findings in LABd aHAB rats,
pharmacological manipulation of the AVP system within the sejplidnmot change the level
of aggressive behaviour in either aggressive or non-aggeesss. Nevertheless, application
of AVP into the septum of non-aggressive rats induced an ser@a anxiety-related
behaviour as measured on the EPM. The latter finding confirms sitdies demonstrating
an anxiogenic effect of AVP within the septum (Landgeafal., 1995a; Millan, 2003;
Beiderbecket al., 2007). Therefore, we propose that the change in AVP reledlsm \the

septum might be the subsequent result, rather than the cdube, display of aggression.
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Similarly, the septal AVP system has been implicatethénbehavioural stress response as
seen in the forced swim test (Ebmeal., 1999). However, the septal AVP release is stressor-
specific and does not respond to social defeat (Edirar, 2000). Generally, the role for the
lateral septum is at the present seen as a relay point etlenal circuits of complex social
behaviours (Bielsky et al., 2005), and especially aggression¢cimotjeand processing social
information and rather indirectly regulating the behavioural outcddesides its action as
fast neurotransmitter, AVP is known as a neuromodulator (Landgifdé&mann, 2004). As
such, alterations in AVP neurotransmission might have effentsa set of subsequent
behaviours which are relevant in the context of aggression (VeeneMau&ann, 2008).
These behaviours may include anxiety, as demonstrated in thenpr&sidy, but may
comprise social memory as well. Indeed, the septal AVRByseems to play a fundamental
role in the processing of olfactory cues of conspecifics. Adstration of synthetic AVP into
the septum improves social memory, whereas administration\faaA into the septum
abolishes social memory in male rats (Engelmann & Landd@94; Engelmanret al.,

1994).

Role of arginine vasopressin release within the Ibedleus of the stria

terminalis in intermale aggression

The BNST is a sexually dimorphic brain region (del Alatilal., 1987; Han & De Vries,
2003) and is thought to be involved in the regulation of intermale sgjgre (Hines et al.,
1992). The ventral part of the BNST contains AVP-expressing neundreseas the dorsal
part of the BNST contains a high density of AVP Vla receptoes \(Bes & Buijs, 1983;

Caffe et al., 1987). The presence of these receptors suggests that NPaledease could
occur from somata and dendrites, as previously described foragaacellular neurons of

the hypothalamic PVN and supraoptic nucleus (Pow & Morris, 1989; Ludiad, 2002;
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Landgraf & Neumann, 2004). However, in contrast to these hypothalarain regions
(Engelmannet al., 1999; Ebnert al., 2005), there is a sparse evidence for AVP release

within the BNST.

Here, we report for the first time the vivo release of AVP within the BNST of male rats.
Importantly, non-aggressive rats showed an increase in lovd release when being
exposed to the RI test, whereas aggressive rats showed no ama\ge release within the
BNST. This AVP release pattern seems to be associatbdheilevel of aggression based on
the following findings. First, both non-aggressive and aggressie stadwed a similar
increase in AVP release when exposed to ten minutes of forcethsng. Second, bilateral
administration of synthetic AVP into the BNST significantlglueed the level of intermale
aggression in aggressive rats. Finally, bilateral administraof synthetic AVP into the
BNST of aggressive rats did not result in a change in anseédyed behaviour as measured
on the EPM. Together, these findings suggest that AVP releated the dorsal part of the

BNST is negatively associated with the display of insenaggression in Wistar rats.

Our data are in line with some, but not all, studies on theofod/P within the BNST in the

regulation of aggression. For example, a decrease in inteaggtession in prairie voles is
associated with an increase in AVP immunoreactivity in thealdNST but a decrease in
the ventral BNST (Frazier et al., 2006). Moreover, the hi¢desl of aggressive behaviour in
California mice compared with White-footed mice is accompahiedn increased level of
AVP staining within the BNST (Bester-Meredith et al., 1999). Addally, a decrease in RI
aggression in cross-fostered California mice is associatdd avilecrease in ventral AVP
immunoreactivity in the BNST (Bester-Meredith & Marler, 200@)rthermore, an increase
in neuronal activation in the BNST was found in hamsters andnra¢sponse to aggression

(Kollack-Walker & Newman, 1995; Delvillet al., 2000; Veeninget al., 2005) or aggressive
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motivation (Ferris et al., 2008). Finally, injection of AVPdrthe BNST in hamsters leads to

increased flank marking, which is part of aggressive behavidwarmsters (Irvin et al., 1990).

However, an increased neuronal activation does not have to be linkadrorease in AVP
release and the AVP system within the BNST could exert spspexsfic influences on

intermale aggressive behaviour.

In conclusion, we could further substantiate the role of AVP in dlgaelaton of aggression,
demonstrating brain region-specific AVP release patterns duhagRi test and a brain
region-specific behavioural significance of such release.r€auits suggest an indirect effect
of septal AVP in the regulation of aggression. In contrast, A&Pased within the BNST
exerts a direct effect on aggressive behaviour. We proposAWratnight have brain region-
specific effects on diverse behaviours by acting via two diffemdes of action. Exposure
to the RI test may trigger the release of AVP within tiINSB and result in a direct and acute
effect on the level of aggression, whereas RI test-indudedse of AVP may facilitate

behavioural responses including, for example, anxiety and soambryet a later time point.
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1. Summary of results

Violent and escalated aggression, the resulting psychologicatersital injuries as well as

the costs induced thereby are a huge burden for the human socktteAunderstanding of

the mechanisms underlying aggression is essential for novapthdéreatment and prevention
strategies. To this end, animal models are needed, butr,seuftable animal models for

aggressive behaviours are scarce. Therefore, the major aitneopresent thesis was to
investigate, whether two rat lines bred for low or high anxietsted behaviour can be used

as an animal model for research on male aggressive behnswvi

LAB and HAB rats have been selectively bred for low and high anretated behaviour
since 1993. HAB rats show behavioural as well as neurobiological plpeisatyat are related
to some characteristics seen in patients suffering from s&ipre and/or anxiety-related
diseases and are therefore established as an animal modeleser geychopathologies
(Landgraf & Wigger, 2002; 2003; Wigget al., 2004). So far, LAB rats were exclusively
used as an appropriate control, bred and housed under identical conditovesve first
observations of their social behaviour revealed that LAB t@nded to be more aggressive
under basal conditions in group-housed rats as well as in the cagegfressive conspecific
(Hennigeret al., 2000; Franket al., 2006). This was the basis for further experiments on
social, and especially aggressive, behaviours in LAB rats. dwida insights into the
stability of the behavioural phenotypes of LAB and HAB rat lired@pter 2 investigated the
time course of anxiety-related behaviour as measured on the EPModfaadgressive
behaviour as measured during the RI test over a period of six jREmglts show that the line
difference in anxiety-related behaviour has been stable and robushev&year observation
period and that the aggressive behaviour has been unchanged over shégdgionally, a
detailed behavioural profile of the rat lines during the RI west created in LAB, HAB and

NAB rats (the commercially available Wistar rats from ethLAB and HAB rats originate).
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LAB rats were more aggressive than NAB rats, whereas &8 displayed an intermediate
level of aggression. This was reflected by a longer duratiototaf aggressive behaviour,
lateral threat and offensive upright in LAB compared with NésiBs. HAB rats displayed
intermediate levels of total aggressive behaviour and thHerelift elements of aggression.
Moreover, almost 10 % of the LAB rats were highly aggressiee they showed aggressive
behaviour for more than 55 % of the total time of the RI testohtrast, none of the HAB or
NAB rats showed such a high level of aggression. Finally, LABB and NAB rats were
tested for abnormal forms of aggressive behaviour towards g entdenale and a narcotised
male rat. Both LAB and HAB rats showed abnormal forms of agye®ehaviour, including
attacks towards vulnerable body parts of the male intruder aadksttowards harmless
opponents like a female or a narcotised male intruder. Taken ¢éogbtith LAB and HAB
rats showed a higher level and abnormal forms of aggressaviberr compared with NAB

rats.

A second aim of the thesis was to investigate neurobiological amdoamElocrine
mechanisms involved in the regulation of aggressive and abnaggedssive behaviour. A
better understanding of the regulation of aggression is the loagtsefdevelopment of drugs
for the treatment of aggressive outbursts and violent betwavn humans. Differences
between aggressive and non-aggressive rats in endocrine, nesmottar or neuromodulator
systems can be helpful to find targets for therapeutical dnugsduce escalated aggressive
and violent behaviours. In this thesis, | concentrated on the frokee serotonin system, the
HPA axis and the AVP system, as these three systemth@urght to be involved in the

regulation of aggression.

Thus, in chapter 2, the role of the serotonin system in agjgeebehaviour was studied in

LAB rats, which were chosen, because they showed the higivestof aggression. A single
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systemic injection of the preferential serotonpdutoreceptor agonist S-15535, resulting in
an acute decrease in serotonin release in brain regionvingcserotonergic projections
(mainly originating from the dorsal raphe nuclei), selectivelguced the number of attacks
towards a conscious or narcotised male intruder rat without mifetite total duration of
aggressive behaviour displayed by the LAB resident rats. Tigigests the involvement of
the serotonin system in particular in the attack component oésgjge as well as abnormal

aggressive behaviour in LAB rats.

In chapter 3, line differences in the reactivity of the H&Atem in response to the RI test
were investigated, as changes in the HPA system gdtigite been associated with enhanced
aggression. Higher plasma ACTH concentrations were found in ¢#Bpared with HAB
rats in response to the RI test. In both LAB and HAB rats, expdsute RI test induced a
significant increase in plasma corticosterone concentrationsyeas in NAB rats no such

increase in corticosterone was found.

Additionally, in chapter 3, the neuronal activation within selkchbrain regions upon
exposure to the RI test was determined in LAB and HAB ratadgsuring the expression of
the immediate-early gene-fos. LAB rats showed a higher neuronal activation of the
parvocellular part of the PVN in response to the RI testhEtmore, a tendency towards a
higher activation in response to the RI test was found in theat@mid medial amygdala as

well as in the hypothalamic attack area in LAB rats caegbavith HAB rats.

In chapters 4 and 5, the involvement of the brain AVP system irethdation of aggressive
behaviour was studied, measuring the in vivo AVP release witleidateral septum and the
BNST during the RI test. A higher level of aggressive bigha, as seen in LAB rats, was

accompanied by a decrease of septal AVP release. In supgpsryds accompanied by a
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lower neuronal activation within the septum in response to thedRlIn contrast, HAB rats
showed an increase in local AVP release. Application of stint#/P into the lateral

septum of LAB rats did not affect the level of aggressiveakmur, but resulted in an
increase in anxiety as measured on the EPM. Moreover, blockingliheeceptors by the
selective AVP Vil1a-A d(ChsTyr(Me)AVP in the septum of HAB rats did not affect

aggressive behaviour, but reduced the duration of social igagsh during the RI test.

In chapter 5, | extended the studies on the AVP-mediated regulasgyession by studying
the involvement of the AVP system in the lateral septum artteiBNST in the regulation of
aggressive behaviour in male NAB rats using microdialysisB X#s were chosen in order to
be able to draw general conclusions on the role of AVP releaisieith the septum or BNST
on aggression also in non-selected rats purchased from €Haner Laboratories. In
addition to the lateral septum, the BNST seems to be involvibe iregulation of aggression.
The BNST contains a high density of V1a receptors and sends A¥Regjections to the
lateral septum. NAB rats were classified as either aggre or non-aggressive according to
their performance in the RI test. The aggressive fadsved a significant increase in AVP
release within the septum in response to the RI test cothpaile non-aggressive rats, which
showed no change in septal AVP release. Application of eithe¥iheA into the lateral
septum of aggressive rats, or synthetic AVP into the laseaium of non-aggressive rats did
not result in a change in aggressive behaviour. However, ajppmiicaf synthetic AVP into
the septum of non-aggressive rats induced an increase inyaasimeasured on the EPM.

In another set of aggressive and non-aggressive male NABAMP release was measured in
the BNST. In contrast to the AVP release patterns in tlezalaseptum, AVP release in
response to the RI test remained unchanged in aggressivehiateas a significant increase
in AVP release within the BNST was found in non-aggressive rhatgortantly,

administration of synthetic AVP into the BNST of aggressive rasulted in a significant
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reduction in the level of aggressive behaviour. Taken togethtermale aggression was
found to be associated with distinct AVP release patteitisnathe lateral septum and the
BNST. Pharmacological manipulation of the AVP system in the BNigctly affected the

display of aggressive behaviour, whereas no effect on aggmessis found in the septum. |
hypothesize that the observed change in AVP release withirefitens during exposure to
the RI test may rather be the consequence of the displaygréssion and modulate

behaviours associated with aggression, such as socialigatest and anxiety.

2. Animal models for excessive and abnormal aggresa

2.1 LAB rats

LAB rats have been selectively bred for low anxiety-relatdthb®ur measured on the EPM
since 1993 as described in chapter 2. The low anxiety profile e@sm@anied by a high
expression of aggression in comparison with HAB and NAB rategfiected by higher levels
of several elements of aggressive behaviour, including thratatal threat, and offensive
upright (see Fig. 7). Among these, lateral threat was thet mmsninent element of
aggression comprising more than half of the total aggression limpartantly, lateral threat
is considered the most important aggressive behaviour which mierdes an attack. Of all
LAB rats tested for aggression during the last 5-year periathstl80 % showed aggressive
behaviour for more than 15 % during the 10-minute RI test andagegorised as medium-
aggressive (see Fig. 8). Moreover, almost 10 % of LAB shtsv aggressive behaviour for
more than 55 % of the time and are considered highly aggressigentrast to LAB rats,
more than half of the NAB rats showed less than 15 % aggeebghaviour and were
classified as low-aggressive. Medium-aggressive individwai® found in NAB (45 %) as
well as in HAB (80 %) rats, but highly aggressive individwedse exclusively found in LAB

rats (see chapter 2).
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LAB rats further showed forms of abnormal aggression as assesskiflerent tests (see
chapter 2). During confrontation with an unknown, slightly smalléruder male in the
regular RI test, the majority of attacks are normallyedied towards less vulnerable body
parts, i.e. the back and the flanks of the intruder. Indeed, MwBdirected more than 90 %
of the attacks towards these body parts. In contrast, LARIn&sted more than 50 % of the
attacks towards vulnerable body parts of the intruder, suchaas tieoat and belly (see Fig.
9B). In line with this, the latency to attack a vulnerable bodywas significantly shorter in
LAB rats (see Fig. 9A). Interestingly, HAB rats also skdva high number (50 %) of attacks
towards vulnerable body parts (see Fig. 9B), but with a longends (see Fig. 9A). In
another test, residents were confronted with a non-oestrusefentailder rat which should
not elicit aggressive behaviour in males. Indeed, whereas &#%BNAB rarely attacked the
female intruder, LAB rats attacked the female signifisafatster and more often (see Fig. 9).
In a third test, a narcotised male intruder was found to bekattdny LAB, HAB as well as
by NAB rats, but LAB rats had the shortest attack lateseg Fig. 9A). Moreover, LAB rats
showed a high number of attacks directed towards the head of thesgious intruder (see
Fig. 9B).

These results clearly indicate that LAB and, to a lesgeng also HAB rats display not only
high, but also abnormal forms of aggression. Haller and Kruk (2006) sadgkse following
criteria for abnormal aggression: (i) Mismatch between provocatind response, (i)
disregarding species-specific rules (e.g. attacking fespalttacking vulnerable body parts),
(i) insensitivity towards the social signals of the opponeng.(ignoring submissiveness by
continuing attacking). By showing intense attacks towards the dfeacharcotised rat, LAB
rats clearly showed a mismatch between provocation and respAnseinconscious
conspecific represents no threat for the resident’s territbhge same is true for female
intruders. Moreover, attacking females is additionally a &grdisregard of species-specific

rules. There is no biological reason for a naive male &xlat female rat, because it could
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provide the possibility for reproductive success. Concerning the thietion for abnormal
aggression, data are missing for LAB rats. However, imsethat LAB rats continue with
severe attacks even if the male intruder shows defensivelssibenbehaviour, e.g., lying on
its back. Additional screening of the behavioural patterns AB lats during the RI test
would be needed to quantify attacks conducted after submissivdssgnthe opponent.
Taken together, LAB rats show clear signs of abnormalesggyn in different situations.
Besides the high level and abnormal forms of aggressios,inieresting to note that LAB
rats also show a reduced level of non-aggressive socialtigatsn during the RI test
compared with HAB and NAB rats (see Figs. 7A, 12C, 16) irisigaa general impairment of
social interactions. In support, LAB males preferred to explonewel environment in the
modified hole board test, whereas HAB males preferred tockiag to their cage mates (Ohl
et al., 2001). | suggest that these findings may indicatestitél contact is stressful for LAB
rats. This is supported by the observation that LAB rats genesalbyv a higher HPA
response when exposed to a social stimulus, i.e. both as antdsike Fig. 14) or as intruder
(Frank et al., 2006) in the RI test. Interestingly, in anodmdémal model for high-aggressive
behaviour, namely the SAL and LAL mice selected for short anddtiagk latency, there are
also line differences in HPA axis responsiveness. The aggeeS#iL mice show a lower
corticosterone response to a non-social stimulus (Veenema @0@Bb) comparable with
LAB rats, whereas SAL mice also show a lower response twial stressor compared with
the less aggressive conspecifics (Veenema et al., 2005b)isTimdine with the fact that
exaggerated aggression in humans can be linked to both a state efdngéiypo-arousal,
which is characterised amongst others by high and low levelsicbgbrticoids, respectively
(Haller & Kruk, 2006). These results suggest a different uniderignechanism for the high
level of aggression shown in LAB rats and SAL mice. In LABsrdhe high amount of
aggression could be linked to some kind of social anxiety or soleeddia. The high amount

of aggression and abnormal aggression displayed against a emadde for unconscious male
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rat together with their low amount of non-aggressive sdmhlaviour, such as approaching
and investigating the conspecific, suggests LAB ratsnaanamal model for aggressive and

abnormal aggressive behaviour as well as for antisocial lmehrav

2.2 HAB rats

HAB rats have been selectively bred for high anxiety-rel@ihaviour (less than 10 % of
time spent on the open arms of the EPM) since 1993 (see chapietezgstingly, this
selection based on anxiety led to a higher aggressive behadampared with NAB rats.
HAB rats show a higher level of total aggression than NAB aad they spend almost 50 %
of the total aggression time with lateral threat, whichhe most important display of
aggression (see Fig. 7). Furthermore, almost 80 % of the t#fsBhad a level of aggression
between 15 and 55 % and were therefore categorized as madgressive (see Fig. 8).

HAB rats further showed abnormal aggression, consisting atkatttowards vulnerable body
parts of the intruder in the RI test. Compared with NAB (8t3 + 5.3 %), HAB rats (47.5 =
8.7 %) showed a higher percentage of attacks directed towartsraflle body parts of the
intruder (see Fig. 9B). Thus, HAB rats showed a higher levelggfession compared with
NAB rats, and they additionally showed signs of abnormal aggeebghaviour. Therefore,
they could be a suitable animal model for research on aggresspegialy linked with a

high level of trait anxiety.

2.3 Robustness of the behavioural profiles

Behavioural data of LAB, HAB and NAB rats have been coltt@rd evaluated over six
years. The bidirectional selective breeding resulted in a rdmestdifference in anxiety-
related behaviour between low anxious LAB and high anxious HAB riswise, the level
of aggressive behaviour shown during a standard RI test did not cbaeg¢he years in

HAB rats. However, LAB and NAB rats showed a reduction giregsion in 2005/2006. This
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drop in aggressive behaviour in LAB rats could be explained byatttethat all LAB rats
tested in the RI test in this time period have been testedgdwinter, where | found a
significant decrease of aggression in dependence of season imat#\Brhis explanation is
not applicable for NAB rats as they were tested in diffesggisons in the respective time
period. Additionally, NAB rats did not show a seasonal effect gnesgion. Although NAB
rats are an outbred rat line, it cannot completely be egdltitht there are natural fluctuations
or even a drift in such a complex behaviour like aggression. [@edmse influences, LAB
rats are more aggressive than NAB rats, independent of sdasoghout the years. HAB
rats mostly show an intermediate level of aggression belowothaAB rats (see Figs. 5B, 7,
12, 16, Tab. 3), but above that of NAB rats (see Fig. 7).

Behavioural data collected from different seasons reveakshsonal effect in LAB rats for
both anxiety-related and aggressive behaviour. Anxiety was found tortber reduced in
LAB rats during summer, whereas aggressive behaviour is rediweadg winter time.
Neither HAB nor NAB rats showed influences of season on gngreaggression.

In contrast to HAB and NAB rats, the behavioural profile ofBLAats shows parallels with
the profile of wild-type rats that were caught from the wild amd bred since several
generations at the University of Groningen, The Netherland# BAB and wild-type rats
show a great variability in aggressive behaviour, including lIed5 (% aggression), medium-
(between 15 and 55 % aggression) and high-aggressive (>55 %saggyendividuals. High-
aggressive rats have not been found in the HAB or NAB raesdielsuit they were existent in
the LAB breeding line (see Fig. 8). However, the variabiiitythe level of aggression is
bigger in wild-type rats as they include rats showing mora 8% aggression, which has
not been seen in LAB rats. In contrast, the amount of rats sgdaiv aggression is actually
lower in LAB (13.2 %) compared with wild-type (30.4 %) raturthermore, in the
laboratory-bred wild-type rats, a reduced aggression during waridrsummer has been

found (de Boer et al., 2003). Although this second trough of aggressisammer was
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missing in LAB rats, these results support the assumptiodBfriats being more “wild-type-
like” than HAB or NAB rats. It is not yet clear, why thessasonal effects on anxiety and
aggression are only seen in LAB, but not in HAB or NAB r&obably, olfactory stimuli
lead to a seasonal change of circulating hormones exclusivelAB rats resulting in
reduced anxiety or aggression. Interestingly, a seasonal rhytheggression can also be
found in species without a breeding season such as monkeys guatf, ialso in humans
(Michael & Zumpe, 1981; Maest al., 1993). Although seasonal rhythms of serotonin and
androgens have often correlated with such rhythmic changes insaggrethe regulation
must be more complex (Miczek et al., 2002). For examplee&sing experience with
aggressive encounters leads to a reduced influence of androgensdisplag of aggression
(Scott & Fredericson, 1951) and the correlation between sgjgre and androgens can
disappear depending on the social context (Wallen, 1996). Theseswgiest that seasonal
variations in circulating hormones together with the genetic baadkgr of the selectively
bred LAB rats lead to seasonal behavioural changes.

In contrast to the seasonal influence on aggressive behaviaerjshet much known about
the influence of seasons on anxiety. However, there are samiessthat show seasonal
influences on anxiety in mental disordered patients (Mareiotl., 1994; de Graaét al.,
2005; Ohtankt al., 2006). To my knowledge, studies in laboratory animals dealitig this

issue are lacking so far.

Taken together, the behavioural differences between LAB, A& NAB rats in anxiety-
related behaviour and aggression are robust. Thus, both LAB and H&\Barabe applied as
an interesting new animal model for the research on aggrebsivaviour as well as on

abnormal aggression, especially in the context of diffdemagls of innate anxiety.
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3. Anxiety and aggression

Continuous breeding for low and high anxiety-related behaviour, regpgctresulted in a
robust difference in this behavioural dimension accompanied by amatede level of
aggressive behaviour in both the LAB and HAB breeding line.éfbeg, one cannot speak of
a co-selection of high anxiety and low aggression and vice .vAgardingly, statistical
analysis revealed a U-shaped correlation between anxiety aressigg in LAB, HAB and
NAB rats with LAB and HAB rats showing a high level of agggion accompanied by a low
or high level of anxiety, respectively. NAB rats showed anriméeliate level of anxiety as
well as relatively low levels of aggression (see FH@). In chapter 3, a negative linear
correlation between anxiety and intermale aggression has begibedsbut this was largely
due to the large individual variance in both behaviours within the k#B. Additionally
these data are not totally comparable. Data collected oveashe/ears and presented in
chapter 2 were obtained from untreated animals tested duringrthphdese of the light/dark
cycle, wherease those in the experiments of chapter 3 havedstet during the light phase
using animals that were equipped with a jugular vein cathiet@ortantly, also under these
conditions, LAB rats showed the highest level of aggressiongeWAB rats were the lowest
aggressive line, HAB rats displayed an intermediate levalggfession, thus confirming the
results presented in chapter 2.

Taken together, these results point against a direct lineselatoon of high anxiety-related
behaviour with low aggression and vice versa. In the literatbesfindings concerning the
correlation between anxiety and aggression are conflicting. Tuik® were selectively bred
for low- and high-aggressive behaviour. Interestingly, in thesese lines, selection for low
aggression resulted in mice with high anxiety and vice versdgigyet al., 2003). In
contrast, SAL and LAL mouse lines do not show differences in gnxe the EPM
(Veenema et al., 2003a) or in the light-dark box (Heiggl., 2000). Additionally, there is no

correlation between anxiety and aggressive behaviour in wildfggsekept and bred in the
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laboratory (de Boeet al., 2003). Thus, a robust correlation between low anxiety and high
aggression or vice versa is generally lacking. Howevena# to be considered that there
might be different forms of anxiety. Most findings in the literatare based on the
measurement of anxiety in a non-social context, such as the EPM lagttt-dark box, which
elicit a stronger stress response and a high level of gmelketted in HAB compared with
LAB rats (Landgraf et al., 1999). As shown in chapter 2 (Fig.th@ type of anxiety is not
linked in a linear manner to aggressive behaviour. On the other themel,is anxiety related
to social contexts as seen in patients suffering from sowiaty disorder which is the most
common anxiety disorder (Stein & Stein, 2008). A similar behaal phenotype can
experimentally be induced in mice. Repeatedly defeated micéogesvdéong-lasting aversion
to social contact (Berton et al., 2006). Aggressive behaviosr vea investigated in these
mice, allowing no conclusion concerning the link of social anxiaty aggression. However,
in a social preference test which consists of measuring ithe tthe experimental animal
spends in contact with a caged male rat versus the time thalapends with an empty cage,
LAB rats do not show social preference, whereas both HAB and MN#Bdo (Lukas et al.,
2008). Additionally, social stressors, such as the RI téseéreas resident (chapter 3) or as
intruder (Frank et al., 2006), induced a higher stress response incbABared with HAB
rats. Taken together, these findings could be interpretechlasightened level of social
anxiety in LAB rats. Therefore, | hypothesise that in theBLa&nd HAB rats the high level of
aggression is linked to a high level of anxiety in a socia @ non-social context,
respectively. In contrast, in the highly aggressive SAtema social stressor did not induce
an elevated stress response as seen in LAB rats (Veateha2005b) indicating that social
anxiety is probably not underlying the high levels of aggressionayisgl by SAL mice.
Thus, a robust correlation between anxiety neither in a non-sociah mogocial context and

anxiety can be found.



Chapter 6 - General Discussion 139

To further investigate the relationship between anxiety andeagign, | manipulated the
level of anxiety pharmacologically. Substances affecting @®BAergic system like
pentylenetetrazole (PTZ) and diazepam (DIA) have been showvimctease (Anseloni &
Brandao, 1997) or decrease (Liebsch et al., 1998a) anxietyerddataviour. Here, PTZ and
DIA were used to assess whether pharmacological manipulatiomx@étya via GABAs
receptors is accompanied by changes in the level of intermggiession. Therefore, rats were
injected with PTZ (25 mg/kg body weight dissolved in 0.9 % salipe Sigma) or DIA (2
mg/kg body weight dissolved in 0.9 % saline; i.p.; Sigma) angestdd to the RI test as
resident 30 minutes later. As no further anxiolytic effedDbA was found in LAB rats, they
only received PTZ. Liebsch et al. (1998a) showed an incredke percentage of time spent
on the open arms of the EPM in LABs, but this could be due toelifféesting conditions
(light/dark phase) and to the relatively low level of open erploration in control LAB rats
(20 % time on open arms in comparision to 45 % in my experimemjla8y, in HAB rats,
treatment with the anxiogenic substance PTZ did not further iserdeeir level of anxiety,
which could be due to a ceiling-effect. Consequently, HAB ratg waly treated with DIA.
Groups of NAB rats, which display an intermediate level of ayiefated behaviour,
received either PTZ or DIA. All controls were given an atien with 0.9 % saline (vehicle;
i.p.; 1 ml/kg body weight). In LAB rats, PTZ significantlgduced the level of aggression
(ANOVA: F(122)= 35.7;p < 0.001; Tab. 6), in particular the display of lateral th{€atz,) =
16.5;p < 0.01), offensive upright (F22)= 11.4;p < 0.01), keep down (F>2 = 4.82;p < 0.01)
and threat (fr22) = 15.8;p < 0.01). Additionally, the number of attacks decreasegh4f=
16.0;p < 0.01) and the attack latency was longef = 13.3;p < 0.001) after treatment
with PTZ. It has to be mentioned that PTZ-treated LAB shiswved more immobility than

vehicle-treated controls @2 = 5.39;p < 0.05; Tab. 6).
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Tab. 6: Behavioural parameters of male LAB and HAB ratsirduthe Rl test 30 minutes
after an acute injection of PTZ (LAB), DIA (HAB),rovehicle (= VEH). Aggressive
behaviour, social investigation, exploration andriability were calculated as percentage of

time.

LAB
VEH PTZ
(n=11) (n=12)

HAB
VEH DIA
(n=12) (n=12)

Aggressive behaviour 20#83.4 1.0+ 0.5 11.2+ 3.5 19.2+ 3.5

Attack latency (sec) 29857 556+ 44* 404+ 61 220+ 53*
Social investigation 1523.0 7.2+ 1.4* 18.0+ 1.5 16.3+1.4
Exploration 46.5 2.7 68.8+ 3.3 479+ 4.5 46.8+ 2.3
Immobility 35+0.7 9.3+ 2.3* 3.0+ 0.8 9.2+ 2.5%

Data are presented as meansSEM. ANOVA for treatment effects, p < 0.05 versus

respective vehicle, # p < 0.001 versus respective vehicle.

These results could implicate that the reduction in aggeesstaviour after PTZ was due to
a possible sedative drug effect. However, this is rathekelplas LAB rats treated with PTZ
also showed a significantly higher amount of explorative behaviounglutie RI test
compared with controls (Fx2)= 27.1;p < 0.001; Tab. 6). Together with the finding that PTZ-
treated LAB rats show a lower level of social investigat{R,, .2 = 6.16;p < 0.05; Tab. 6),
this leads to the assumption that all forms of social behaviaggréssion, social
investigation) have been reduced by PTZ. Indeed, LAB residentregited with PTZ tended
to squeak and to avoid contact when the intruder rat approachedw8ldget al. (2003)
showed that four different anxiogenics, including FG-7142 which acts oGA®Aergic
system, increase the neuronal activation in the central daitgygBNST, lateral septum, PVN,
and other brain regions. As the lateral septum is an importantdegion for non-aggressive
social behaviours (chapter 4, Danteeal., 1988; Engelmann & Landgraf, 1994; Landgeaf
al., 1995a; Landgraét al., 2003), changes in neuronal activation could directly affect social
approach or social investigation as seen in PTZ-treated LAB@at the other hand, DIA has

been shown to increase social contact during the social interdéesioim NAB rats, whereas
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treatment with an anxiogenic substangeté-chlorophenylpiperazine) resulted in a reduction
of social interaction (Rex et al., 1996). This is in lineéhwthe reduced non-aggressive social

behaviour seen in PTZ-treated LAB rats.

Activation of GABA receptors by DIA resulted in a significaincrease in keep down
(ANOVA: F@,23)= 5.05;p < 0.05) and a decrease in attack latengy.¢—= 5.21;p < 0.05;
Tab. 6) in HAB rats. The total level of aggressive betaviwas not influenced by DIA.
Treatment with DIA induced an increase in immobility, 6k = 5.63;p < 0.05) and a
decrease in mounting @hs) = 5.00;p < 0.05) and self grooming @3 = 8.91;p < 0.01; Tab.
6). The reduction in self grooming suggests that DIA decreasegetieral arousal state in
HAB rats, as self grooming is thought to reflect high aro(sa Erpet al., 1994). Although
increased immobility in DIA-treated HAB rats could reflgeneral sedation, the amount of
exploratory behaviour was not affected. This finding together \kighobservation of partly
increased aggressive behaviour after DIA-treatment sppagkast a general sedative effect of

DIA.

Tab. 7: Behavioural parameters of male NAB rats during Rietest 30 minutes after an
acute injection of PTZ, DIA, or vehicle (0.9 % s&j VEH). Aggressive behaviour, social

investigation, exploration and immobility were aalited as percentage of time.

VEH PTZ DIA 2of/P
(n=18) (n=7) (n=28)
Aggressive behaviour 683.9 0.0+ 0.0 0.9+ 0.7 2.01/0.16
Attack latency (sec) 52851 600+ 0 600+ 0 2.16/0.14
Social investigation  18.22.2 9.5+ 1.7 18.3+ 2.9 4.34/0.03
Exploration 51.8 4.6 75.6t 2.2* 49.1+ 2.2 18.3/<0.001
Immobility 82+3.8 6.1+ 1.3 12.6: 4.2 0.89/0.43

Data are presented as meanSEM. ANOVA for treatment effects, p < 0.05 versus

vehicle,” p = 0.055 versus vehicle, Bonferrgrost hoc test.
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In NAB rats, application of neither PTZ nor DIA changed tlagjgressive behaviour (Tab. 7).
Importantly, NAB rats showed an overall low level of aggressiothis experiment, which
could explain the absence of an effect of PTZ on aggression. tNelesss, overall treatment
effects were found for explorative behaviour (ANOVA; f) = 18.3;p < 0.001) and for
social investigation (20 = 4.34; p < 0.05). Here, PTZ induced an increase in cage
exploration (Bonferronpost-hoc test:p < 0.001; Tab. 7), but reduced social investigats (
0.055; Tab. 7). These findings are in line with those seen in k&8 and with results
obtained with another anxiogenic substance resulting in a decresas&d investigation
during the social investigation test (Rex et al., 1996).

In NAB rats, there was no effect of DIA in any of the bebax measured. So far,
pharmacological manipulation of anxiety has been shown in a non-socitdxt as, for
example, the EPM (Millan, 2003) or in the social interactiort (Ede & Seth, 2003).
However, further studies are needed with varying doses or tirtonggtend the results of the
present thesis dealing with the effects of DIA on the biebawf NAB rats during the RI test.
Taken together, pharmacologically altered anxiety is inversehgdl to aggressive behaviour
only in LAB and HAB rats. Increase of anxiety by PTZ ledgduced aggression and social
investigation in LAB rats. Vice versa, reduction of anxiéty DIA resulted in a partly

increase in aggressive behaviour in HAB rats.

4. Role of testosterone in aggression

To investigate line differences in testosterone levels ipomese to aggressive behaviour,
LAB, HAB and NAB rats were implanted a jugular vein cathated subjected to the RI test
(see chapter 3). Basal samples taken under undisturbed conditions ditfandietween the
lines. Sixty minutes after the onset of the RI test, arease in plasma testosterone was seen
in LAB and NAB rats, whereas there was no change in HAB (see Fig. 14). Male

aggression has been related to testosterone levels in sepexes, including humans
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(Dijkstra et al., 1992; Banks & Dabbs, 1996; Luciehal., 1996; Wingfieldet al., 2001). In
rats, castration induces a reduction of aggressive behawbich can be rescued by
testosterone administration. Furthermore, it has been shown te$i@isterone treatment
results in a higher aggressiveness in rats — even towandalds (McGinnist al., 2002;
Farrell & McGinnis, 2004; Cunningham & McGinnis, 2007). However, tHationship
between testosterone and aggression is not that clear. Foplexan humans, aggression
correlates with elevated levels of testosterone only in acleiésnen (Mattssoat al., 1980;
Dabbset al., 1991), but not in prepubertal males (Susmsaal., 1987; Constantinet al.,
1993). Furthermore, in hamsters kept under short-day conditions, exegative correlation
between testosterone and aggressive behaviour has been showw (@aahp2000) and
castration in rats does not lead to a complete loss of aggressicastrated resident rats are
still able to defeat an intruder (Christie & Barfield, 1979). the present study, both
aggressive LAB rats as well as non-aggressive NAB rats esthoan increased plasma
testosterone level after being exposed to the RI test as mesideerefore, a direct link

between aggressive behaviour and the plasma testosteronis lgnigtely.

5. Role of the hypothalamic-pituitary-adrenal axisin aggression

HPA axis responses in LAB, HAB and NAB male rats exposededr| test as resident were
assessed using jugular vein catheterisation, blood samplingutaséquent quantification of
the plasma ACTH and corticosterone levels by radioimmunoassay dfsapter 3). Basal
ACTH concentrations did not differ between the lines, whereaalllevels of corticosterone
were higher in LAB compared with HAB rats (see Fig. 14). iCéihstudies showed a link
between high basal cortisol levels and the level of aggressi@adolescent males (van
Bokhovenet al., 2005b). However, there are also clinical and preclinical stigtie®ing that
low basal levels of glucocorticoids are linked with a high lexfehggression (McBurnett

al., 2000; Halleret al., 2001; Shoatt al., 2003; Hallert al., 2004). Thus, alterations of basal
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glucocorticoid levels in either direction can result in exaggérapgressive behaviour. It has
to be mentioned that basal differences in corticosterone lexgts not found in other studies
using LAB and HAB rats (Landgrat al., 1999; Franlet al., 2006). This could be explained
by differences in the experimental conditions, in partictilartime point of blood sampling.
To assess the plasma ACTH and corticosterone levels in resfitise RI, plasma samples
were taken 15 minutes after the beginning of the RI tesigdifieantly higher rise of the
plasma ACTH level was found in LAB compared with HAB ratsasponse to the RI test,
whereas no rise was seen in NAB rats. There was no lifezadite in corticosterone levels in
response to the RI test as LAB, HAB and NAB rats showed@ease. Thus, the display of
aggressive behaviour was accompanied by an elevated HPA #xity aonfirming former
clinical studies (Gerra et al., 1997; McBurnett et al., 2005) elder, aggressive behaviour in
rodents can be increased by acute glucocorticoid treatment (Kalk @004; Mikics et al.,
2004). Finally, circadian rhythms of glucocorticoids and aggressiveavieur are linked
resulting in a peak of glucocorticoids and aggression during thedzak phase (Haller et al.,

2000b).

Fig. 25: Plasma corticosterone
200 - EHNAB BHAB U LAB concentrations in male NAB,
HAB and LAB rats measured in
400 - trunk blood of rats killed either
under basal conditions (control
300 - group) or 30 minutes after the
beginning of the RI testt p <
0.05 versus respective contrbp
200 4 < 0.001 versus respective control,
two way ANOVA (factor line x

factor aggression) followed by

Plasma corticosterone (ng/ml)

Bonferroni post hoc test.

Numbers in parenthesis indicate

Basal RI test group size.
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The results of the experiments in chapter 3 were obtaineatsniested during the light phase
of the light/dark cycle. In order to increase the level of eggjon, a similar experiment was
performed in the dark phase showing no change in basal levels of derboesin trunk
blood of rats killed either under basal (undisturbed) conditions or 20tesimfter the end of
the RI test. Due to the diurnal rhythm, the corticosteroneldewere found elevated in all
three groups during the early dark phase compared with those frofighihephase. The
results showed that exposure to the RI test increases ptastitasterone in HAB and LAB
rats (Fig. 25). In contrast, there was only a tendency ai@ease in NAB rats. Additionally,
it has to be mentioned that in this particular set of thesdifference in aggressive behaviour
between the lines was not significant, but the trend toward$esated aggression in LAB
rats compared with NAB rats and an intermediate level in HAB was present. Thus,
although basal line differences were not consistent betweersttitkes, the display of
aggressive behaviour was accompanied by an elevated HPA spisise, especially in LAB
and HAB rats which showed higher levels of aggression ceedpaith NAB rats.

To investigate the effect of pharmacological manipulation of3ABA receptors on plasma
corticosterone levels in response to the RI test, LAB, Ha#x®®l NAB rats treated with
PTZ/DIA (like described above) were included in this expemnim@ significant treatment
effect was found in NAB rats (ANOVA: f19) = 4.78;p < 0.05) resulting in an elevated
plasma corticosterone level in PTZ-treated rats compared tmt(fig. 26). Similar results
were found in LAB rats (Student'stest: p < 0.05; Fig. 26). DIA did not alter plasma
corticosterone levels in NAB or HAB rats that underwentRaest (Fig. 26). Although an
increase in plasma corticosterone was found in LAB rats in resptinghe display of
aggressive behaviour, a further increase in corticosteronts lev@TZ-treated LAB rats did
not lead to an increase in aggression. Thus, to a certain eatemgcrease in HPA axis
activity results in an increase of aggressive behaviour, ddditional amounts of

corticosterone like seen after treatment with PTZ in LABd NAB rats, rather block
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aggressive behaviour. These data suggest that the displggression in LAB rats requires a
rise in corticosterone, and that a shift towards higher or ldeeels lead to reduced
aggressive behaviour. However, there are data in the literainiowing no correlation
between the HPA axis reactivity and aggression. For examplayild-type rats, the

intermediate-aggressive group of rats showed the highest lewertafosterone in response
to a social stressor, whereas high- and low-aggressivedichtsot differ in corticosterone

response (Sgoifo et al., 1996). One has to take into account éisat résults were obtained
when the experimental rat was placed as intruder into the loamge of an aggressive
conspecific and are therefore not directly comparable to theasitrone levels measured in

this study which were assessed in response to the experimarialng the resident in the RI

test.

OVEH BDIA BPTZ

Plasma corticosterone (ng/ml)

Fig. 26: Effects on plasma corticosterone concentrationsamf acute
injection of DIA or PTZ. Controls received vehic{6.9 % saline; VEH).
Rats were killed 30 minutes after the beginninghef RI test (= 60 minutes
after injection),* p < 0.05 versus vehicle (VEH); NAB: ANOVA followed
by Bonferroni post hoc test, HAB/LAB: Student'st-test. Numbers in
parenthesis indicate group size.
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Taken together, the higher amount of aggressive behaviour shown ceiRj test in LAB
and HAB rats is accompanied by an elevated HPA axis respongeai@mwith the low-
aggressive NAB rats. Preclinical and clinical studiesehsivown that changes in the HPA
axis can lead to exaggerated aggressiveness. Hyper-arousal-ddggeession, which is
associated with high autonomic and HPA axis responses, can be gegiemts with mood
disorders, such as depression (Mazur, 1994; Cahemd., 1996; Haller & Kruk, 2006).
Furthermore, elevated aggressive behaviour in combination vétate of hyper-arousal has
also been found in animals (Hayden-Hixson & Ferris, 1991; de Alm&itidiczek, 2002;
Kruk et al., 2004; Mikicset al., 2004). In line with this, being exposed to a social stressor,
such as the RI test either as resident (see chapteal)iotruder (Frankt al., 2006), leads to
a higher HPA axis response in LAB rats. Thus, the hyperregctiithe HPA axis in LAB
rats is dependent on the quality of stressor — being a non-socabkocial stressor. When
exposed to non-social stressors, such as a novel environment, b&B show a lower HPA
axis response compared with HAB rats (Landgtafl., 1999; Salomet al., 2004; Neumann
et al.,, 2005b). In contrast, the high level of aggression seen in LASBisdinked to a high
HPA axis response.

Why does a further elevation of corticosterone by PTZ-treatmanead to a further increase
in aggressive behaviour in LAB rats? First, it is possithlet this is due to a ceiling-effect.
When all receptors are occupied by corticosterone, no furtheratotivof this pathway is
possible. Corticosterone present in high concentrations could induceitepptiscts by
unspecific binding and activating alternative neuronal pathwalsnathe brain. Second, the
aggression-promoting effect of corticosterone induced by PTZ coul8ldeked by the
simultaneous increase in anxiety. Although a certain amount oétgirvéther could induce
aggression, | hypothesize that a very high level of panic-lbk&ety does block any kind of
non-aggressive social or aggressive behaviour as seen inréd&et LAB rats during the RI

test.
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As shown in chapter 3 and figure 25, HAB rats also show an increagdasma

corticosterone in response to the RI test. However, treatofid¢hAB rats with DIA resulted

in an increase in aggressive behaviour without affectingaoh@gcosterone level.

Taken together, this leads to the conclusion that the HPA agrtly involved in the

regulation of aggression, but other neuronal systems might pleora important role

depending on the breeding line or on the experimental conditions. Furtiearale will be

needed to gain insight in the complex interplay of aggression @tidasterone or the other

levels of the transmitters of the HPA axis.

6. Brain regions activated by aggressive behaviour

The aggression-induced activation of different brain regions iB lakhd HAB rats was
investigated by means of c-Fos immunocytochemistry (see chaptand 4). Neuronal
activation was higher in the parvocellular part of the PVNhim high-aggressive LAB rats
compared with the less-aggressive HAB rats (see Tab. 4)tiéallly, there was a tendency
towards a higher activation in the hypothalamic attack area rarnlei central and medial
amygdala in LAB rats compared with HAB rats (see Tablmtontrast, reduced neuronal
activation was found in the lateral septum of the high-aggedsAB compared with the
less-aggressive HAB rats (see Fig. 17B).

An additional experiment was performed investigating the expressiohree different
immediate-early genesarc, c-fos, zif268) in response to the RI test and under basal
conditions (control) as this represents the first measurememewbnal activation in brain
slices. Therefore, LAB and NAB rats, which show high versus dggression, were killed
either under undisturbed conditions or 30 minutes after the ongké &®l test. The brains
were taken out, immediately frozen in pre-chilledhethylbutane on dry ice, and stored at -
20°C. Cryo-cut 16-um brain sections were usedriaitu hybridisations. The hybridisation

protocol was adopted from De Vriegt al. (1994). The expression of three different
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immediate-early genes arc, c-fos andzif268 — was investigated using highly specitiS-
labelled oligonucleotide probesc-fos: 5-CAG-CGG-GAG-GAT-GAC-GCC-TCG-TAG-
TCC-GCG-TTG-AAA-CCC-GAG-AAC-ATC-3',arc: 5-CTT-GGT-TGC-CCA-TCC-TCA-
CCT-GGC-ACC-CAA-GAC-TGG-TAT-TGC-TGA-3", 1zif268: 5 -TTCAG-TTG-GTC-
AGA-CCG-ATG-TCC-ATC-ACA-TTC-TCT-GTA-GCC-ATC-3"; MWG Ibtech, Ebers-
berg, Germany) in a variety of brain regions (Tab. 8) that Haeen suggested to be
implicated in the regulation of aggression. The display of agyeesehaviour induced
differences in neuronal activation patterns in LAB comparetd WAB resident rats (Tab. 8).
Regions including the prelimbic cortex, the primary and secondargrroottex, the nucleus
accumbens core, the dorsal BNST, the CA3 region and the dgptateof the hippocampus
are activated in the aggressive LAB rats compared to the goressive NAB rats as well as
to basal conditions. This suggests that they are implicated enrdbulation of the
enheightened aggressive behaviour in LAB rats and is in linepsgtfious findings showing
a higher level of C-Fos protein in response to the display of a&ignes the prelimbic
cortex, nucleus accumbens, BNST, and hippocampus (Helesdz 2002; de Boegt al.,
2003; Veeninget al., 2005; Halaszt al., 2006). The higher neuronal activation in the motor
cortex is probably based on the fact that LAB rats showed nggeession and accordingly
were more active than NAB rats.

Importantly, the use of three different immediate-earlpegerevealed specific expression
patterns within some of the brain regions investigated. Immeegtg genes are expressed
immediately in response to extracellular stimuli and can afésgnal transduction and
transcription of genes. C-Fos was the first marker of neuratiabtion used to study effects
of diverse stimuli on living animals (Morgan et al., 1987; é8agt al., 1988). The protein
products of most immediate-early genes are transcription fat@rexert a direct regulatory
effect on transcription of other genes. In contrast, some imibeeelly genes code for

proteins that are involved in distinct cell functions via nenamic pathways (Steward &
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Worley, 2002). For exampl@yc (activity-regulated cytoskeleton-associated protein) encodes
a protein that is associated to actin and involved in synapstigitga and learning (Steward
et al., 1998; Guzowsket al., 2000; Guzowsket al., 2001; Mogeet al., 2004). In contrast-
fos andzif268 (also known a&rox-24, egr-1, TIS8, NGFI-A or zenk) encode for transcription
factors (Tischmeyer & Grimm, 1999). Similar &oc, zif268 has been implicated in memory
consolidation (Jones et al., 2001). A previous study comparing thessxpreatterns cdrc,
c-fos and zif268 revealed that, while these immediate-early genes ardoprinantly co-
localised, they display differences in activation followingpatial learning task, witlrc
being most responsive (Guzowski et al., 2001). The former is iitmethe results in LAB
rats, showing an increase in expression of all three immeelgalg-genes investigated in the
prelimbic and orbitofrontal cortex. In contrast, there are bragions like for example the
cingulate cortex4f268), the primary motor cortexafc) or the dentate gyrus-fos), where a
gene-specific activation was found. By wusinigp situ hybridisation instead of
immunocytochemistry and, additionally ¢dos, addingarc andzif268 as further indicators of
neuronal activation, | extended earlier studies on c-Fos immund@yrtostry in the context
of aggression in rats and mice. Halasz et al. (2002; 2006) igatsti c-Fos-
immunoreactivity in untreated or glucocorticoid-deficient Wists subjected to the RI test
as residents. Haller et al. (2006) compared the neuronal tamtivaf high-aggressive SAL
and low-aggressive LAL mice, whereas Veening et al. (208%eld for neuronal activation
patterns in wild-type rats in response to an aggressivaueter.

Combining these studies with the results of the presenstBkseivs that especially the BNST
showed a strong activation in response to aggressive behaviour sevesal experimental
conditions in rats and mice. The c-Fos protein level in the BWN&s increased in Wistar rats
and wild-type rats in response to exposure to an intruder in the faayaeotthe experimental
rat (Halasz et al., 2002; Veening et al., 2005). Similar tesutre found in mice selected for

high and low levels of aggression with the aggressive SAL shosving a higher neuronal
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activation in the BNST compared with their low-aggressive pecifics (Haller et al., 2006).
Additionally, the LAB residents had a higher levelosfos mRNA in the BNST than NAB
residents (Tab. 8). There are also studies in hamstatssiiow neuronal activation in the

BNST in response to aggression (Kollack-Walker & Newnmi&®95; Delvilleet al., 2000).

Tab. 8: Neuronal activation in different brain regionsL#fB and NAB rats 20 minutes after exposure to the R
test. Neuronal activation was measured by quantifghe mRNA expression of the immediate-early gemes
c-fos and zif268. Data were analysed by two way ANOVA (factor limefactor aggression), followed by
Bonferronipost-hoc test when appropriaté increased neuronalaitin

LABRI vs. basal LABRI vs. NAB RI
arc c-fos zif268 are c-fos zif268

Prefrontal cortex
Prelimbic cortex
Infralimbic cortex
Ventral orbital cortex
Agranular insular cortex 4
Cingulate cortex I
Cingulate cortex II
Primary motor cortex

- - -
- = -
- -

- -
-
-

Secondary motor cortex

Basal ganglia
Caudate putamen dorsal

- =

Nucleus accunibens core

Nucleus accumbens shell

- -

Septum dorsal
Septum ventral
BNST dorsal 4 )

Medial preoptic area 4 4
Ventral pallidum 4

- | > >

Hypothalamic regions
Amnterior hypothalamus
PVN

- =

Hippocampus
CAl
CAZ
CA3
Dentate gyrus

- -

- > > >
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In general, especially the AVP system within the BNST ptojgdo the lateral septum has
been implicated in the regulation of aggressive behaviour (Des \&iBuijs, 1983; Irvinet
al., 1990; Koolhaast al., 1991; Hinest al., 1992; Compaast al., 1993; Ferris & Delville,
1994; Bester-Meredithkt al., 1999; Everts & Koolhaas, 1999). Supporting this hypothesis, |
could confirm a direct influence of the AVP system in the BNfBTthe level of aggressive
behaviour shown during the RI test by using reverse microdialgsigharmacologically
manipulate the AVP system locally within the BNST (seapter 5, and page 152ff).

Besides the BNST, the nucleus accumbens was alsotedtivaLAB rats in response to the
RI test both compared to basal conditions and low-aggressive Bi&Bvhich is in line with
earlier findings of an increase in neuronal activation in théemgaccumbens after display of
aggression (de Boer et al., 2003). Furthermore, a study by iFetral. (2003) showed an
increase in dopamine release within the nucleus accumbenssinnranticipation of an
aggressive encounter. The nucleus accumbens receives skgiotoaerd dopaminergic
projections from the dorsal raphe nuclei and the ventral tegiremeta respectively (Azmitia
& Segal, 1978; Molliver, 1987; Heimet al., 1991). An important role in motivation, reward,
emotion and integration of complex behaviours has been suggestedriackmes accumbens
(Le Moal & Simon, 1991; Kirbyet al., 1997; Wise, 2002) and it has been suggested to be a
key regulator of aggression and impulsive behaviour (Miczedd., 1994; Cardinakt al.,
2001). Could the high level of aggression in LAB rats be fatéld by an activated neuronal
reward/motivation circuitry? To test this hypothesis, | inigeged the influence of local
injections of an anaesthetic (Lidocaine, Sigma) into theewmgchccumbens on intermale
aggressive behaviour in LAB rats. Therefore, adult LAB ve¢se bilaterally implanted with
guide cannulas directed at the nucleus accumbens [sterect@axdinates relative to bregma
were: -1.7 mm caudal, + 1.6 mm lateral to the midline, 4.6 Ipemeath the surface of the
skull; nose: -3.5 mm; according to: Paxinos and Watson (1998)]. Thevesits handled

several times before the start of the experiment to redtress effects. Two days after
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surgery, the LAB rats were bilaterally injected with lofilidocaine (20 mg/ml) dissolved in
0.9 % saline and directly returned to their home cage. Contlreatived 1 pl of 0.9 %
saline. Five minutes after the injection, the experimenmtis were confronted with a male

intruder rat in their home cage for ten minutes.

Fig. 27: Effects of bilateral

inhibition of the nucleus accum- A

bens on aggressive behaviour b 45

local injection of lidocaine in A

LAB rats. Controls received
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Behavioural scoring revealed a significant reduction of aggredehaviour in the lidocaine-
treated LAB rats (Fig. 27). Bilateral inhibition of the aeus accumbens resulted in a
decrease in aggressive behaviour (Studdrtest:p < 0.005), and in its elements thrept<(
0.005), lateral threap(< 0.05), offensive uprighp(< 0.05), and keep dowp € 0.05) as well
as in a decrease in the number of attapks ©.01). In addition, injection of lidocaine into the
nucleus accumbens induced a longer attack latgmey(.01), and increased the amount of
mounting (3.6 % + 1.3 %) and self grooming (11.8 % + 2.4 %) vershgle-treated LAB
rats (mounting: 0.1 % + 0.03 %; self grooming: 4.4 % + 1.2 %k [Atter could be due to a
higher level of arousal as for example the dopaminergic systdnm the nucleus accumbens
is implicated in general arousal (Paredes & Agmo, 2004). | stiglgat increased mounting,
similar to increased self grooming, constitutes a displaneraetivity to cope with the
stressful situation.

Taken together, both the BNST and the nucleus accumbens seem tmlaninin regulating
aggressive behaviour. Additionally, the patterns of the immediatly gene activation in
LAB and NAB rats suggests the prefrontal cortex for further stodythe neuronal
mechanisms underlying aggressive behaviour, as there wasreaseen mMRNA level across
the different immediate-early genes in several partseopthfrontal cortex. Prefrontal cortical
brain regions like, for example, the prelimbic cortex have been showe tactivated in
response to aggression in a previous study investigating c-Fos préaais et al., 2006). In
humans, prefrontal deficits have been linked to violent behaviour suggest inhibitory
role for these brain regions in aggression (Damasial., 1994; Critchleyet al., 2000;
Hawkins & Trobst, 2000; Bassarath, 2001; Blair, 2004). Animal ssudigported these
findings (de Bruin et al., 1983; De Bruin, 1990), but there were stisdies showing an
increased c-Fos activation within the prefrontal cortex of mselected for a high level of
aggressive behaviour (Halasz et al., 2006). Accordingly, inedeastivity in prefrontal

regions can also be related to high aggression in humans (Harmon&&mgalman, 2001;



Chapter 6 - General Discussion 155

Doughertyet al., 2004; Sandeket al., 2005) as, for example, the ventromedial prefrontal
cortex is activated when the subject attacks an opponentidea game (King et al., 2006).
However, the same activation is seen in the context of coropassibehaviour in a video
game (King et al., 2006). These conflicting data clearly icapg the prefrontal cortex in the
regulation of emotion-related behaviours, and especially aggmestut the detailed

underlying neuronal mechanisms need further clarification.

7. Role of arginine vasopressin release within seph and bed

nucleus of the stria terminalis in aggression

AVP is thought to be an important regulator of aggressive behaimoseveral species,
including rodents and humans. The AVP system originating in theaimadiygdala and
projecting to the BNST and the lateral septum is androgen-deperéniore pronounced in
males than in females. Castration leads to a decreaséenhale aggression in rats that is
accompanied by a reduction in the number of AVP-immunoreactgils within the BNST
and the medial amygdala as well as in the density of AVRdilrithin the lateral septum.
(De Vries et al., 1992). Especially AVP within the septum aN&B has been implicated in
the regulation of aggression. AVP-immunoreactive staining@nBNST and the number of
AVP Vla receptors in the lateral septum were higher in snafethe aggressive California
mice compared with the less-aggressive white-footed miestéB-Meredith et al., 1999).
Furthermore, a local injection of AVP into the lateral septed to an increase in offensive
aggression in castrated male rats (Koolhaas et al., 1991), andsed flank marking which
is part of the aggressive behaviour in golden hamsters gFe&riDelville, 1994).
Contradictory results were obtained from studies in wild-tyges and wild house mice.
Aggressive wild-type rats had a lower level of AVP and a loaeP fibre density in the

lateral septum than their less-aggressive conspecliesris et al., 1997). Accordingly, high-
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aggressive wild house mice had fewer AVP-immunoreactive itetlse BNST as well as a
lower AVP-immunoreactive staining in the lateral septum coegpavith low-aggressive wild
house mice (Compaan et al.,, 1993). Moreover, the mating-inducecdticedin aggressive
behaviour in male prairie voles is accompanied by a reduction irdensity of AVP-
immunoreactive fibres in the lateral septum (Bamshad e1394; Insel et al., 1995). Taken
together, data on the role of AVP within the septum and theTBN&e inconsistent and
mostly relied on indirect parameters measured, such as AMB density or AVP-
immunoreactive cells. Based on this information, no finalchmions about the amount of
effectively released AVP in response to aggression could be didenefore, in the present
thesis, the AVP release in response to the RI test wasimdaand depending on the results,
the AVP system within the lateral septum (see Chapters &yadd BNST (see Chapter 5)
was manipulated pharmacologically.

Both brain regions showed specific AVP release patterns in respgonshe RI test in
aggressive versus low-/non-aggressive rats. Compared tde$iseaggressive HAB rats
showing rather an increase, LAB resident rats had a decieaseptal AVP release in
response to the RI test (see Fig. 17A). In contrast, aggeeNsi3 rats (selected according to
their attack latency time and the percentage of aggee$&haviour shown during an initial
RI test) showed a higher AVP release in response to thesRihian non-aggressive NAB rats
(see Fig. 21). Pharmacological manipulation of the septal Ay$?em by using reverse
microdialysis of synthetic AVP in LAB (see Fig. 18A) and nonfaggive NAB (see Fig.
22A) rats or the V1a-A in HAB (see Fig. 19A) and aggressivdBNgee Fig. 22B) rats did
not affect aggressive behaviour. These results implicatetliraseptal AVP system is not
directly involved in the regulation of aggression in eitherhaf kines. However, effects on
anxiety-related and non-aggressive social behaviours were foumdasimg the amount of
AVP in the septum resulted in a higher level of anxiety-relatthviour in both LAB (see

Fig. 18B) and non-aggressive NAB (see Fig. 22A) rats, wkebdacking the AVP Vila
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receptors by reverse microdialysis in HAB rats led to aadesa in social investigation (see
Fig. 19A), thereby confirming the adequacy of the reverse malysi$ procedure. In a
follow-up experiment, the AVP release within the BNST in respoto the RI test was
investigated in aggressive and non-aggressive NAB rapodtire to the RI test resulted in an
increase in AVP release within the BNST in non-aggressit® mhereas there was no
increase in aggressive NAB rats (see Fig. 23). AVPasglgatterns measured one day later
during forced swimming showed no differences between aggressiveam-aggressive NAB
rats (see Tab. 5). Thus, the AVP release within the BMSdlearly context-specific. To
assess the behavioural relevance of the AVP release withiBNIST, reverse microdialysis
of AVP in aggressive and of V1a-A in non-aggressive NAB rats pesBormed within the
BNST. Increasing the level of AVP in the BNST in aggressate resulted in a decrease of
total aggressive behaviour without affecting the attack latetheynumber of attacks, non-
aggressive social behaviour during the RI test or anxiety asurezhon the EPM (see Fig.
24B). In contrast, blocking the AVP V1la receptors in non-agiye$$AB rats had no effect
on either behaviour in the RI or EPM test (see Fig. 24A). Tabgether, these data suggest
that AVP release within the BNST is implicated in thgulation of aggression, whereas AVP
released within the septum does not seem to exert directsetiacaggressive behaviour.
However, indirect effects of AVP within the septum on anxietsttesl or non-aggressive
social behaviours could also influence aggressive behaviour.

Although distinct AVP release patterns were found in thedatsaptum of aggressive versus
non-aggressive rats, manipulation of the AVP system withis brain region did not affect
aggressive behaviour suggesting no direct link between septal ak\MPthe display of
aggression. The discrepancy between this result and the findinip¢hainjections of AVP
into the lateral septum facilitates aggressive behaviouasirated male rats and in hamsters
could be due to the relatively low amount of AVP fibres in thewsepdf hamsters and

castrated rats (Koolhaasal., 1991; Ferris & Delville, 1994; Ferreg al., 1995). | predict that
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the AVP system in the lateral septum is only implicatedhie regulation of aggressive
behaviour in a state of a chronically low AVP system. Althoughstegal AVP release in
response to the RI test was reduced in aggressive LABcoapared with HAB rats, there
was no difference between the lines under basal condition<(sgger 4). Similarly, basal
AVP release within the septum did not differ between aggressand non-aggressive NAB
rats (see Chapter 5).

In contrast to septal AVP, our data show that the AVP sysiihin the BNST exerts a direct
effect on the display of aggressive behaviour. However, AVdased in response to the RI
test within the lateral septum, which receives AVP prapestfrom the BNST, is not directly
implicated in the regulation of aggression. | hypothesisectmatges in the release of septal
AVP are rather the consequence than the cause of the displaggmdssive behaviour.
Aggression-induced changes in septal AVP release could theraexéator even long-lasting
effects on other, aggression-related behaviours, such as aaxiétyon-aggressive social
behaviours. As AVP within the septum is also released in respofiseed swimming and is
implicated in the behavioural response to this stressor (Ebakr 1999), septal AVP could
serve to cope with stressful situations. However, the sé&\M& release is stressor-specific
and was not elevated in response to social defeat (Ebaler2000).

Septal AVP is known to be implicated in anxiety-related and noreagge social
behaviours (Landgraét al., 1995a; Engelmanat al., 1996; Landgrakt al., 2003; Millan,
2003) which was confirmed by the experiments of the present thesi{sapters 4 and 5).
Several studies showed that septal AVP plays an importantrsiecial memory. Tests such
as the social recognition or social discrimination paradigmusexl to investigate social
memory in rodents. Decrease of the AVP Vla receptors by Iofigdion of an antisense
oligodeoxynucleotide within the lateral septum recuced the soaahary ability in rats
(Landgraf et al., 1995a), whereas overexpression of AVP Vdepters in the septum by

means of an adenoviral vector increased social memoryiebidis well as social interaction
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in male rats (Landgraf et al., 2003). Repeated encounters sfgfainale hamsters showed a
reduction in aggression over the time. This implicates tloatak memory enables the
hamsters to remember their respective social status wipased to the same opponent again
(Ferris, 1992). Could the distinct release patterns of sept® Batween aggressive and non-
aggressive rats be associated with differences inlsoeiaory abilities?

To test this hypothesis, NAB rats were subjected to theeRl tb assess their level of
aggression. Performance of the social discrimination tesaledethat both aggressive and
intermediate-aggressive rats were able to discriminateeeet a novel and a known juvenile

rat two hours after the first exposure, whereas non-aggeessiy were not (Fig. 28).
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Fig. 28: Social discrimination with an interexposure intdrgbtwo hours performed in non-aggressive (n = 7),
intermediate-aggressive (n = 8) and aggressive (hmabe NAB rats. The time male NAB rats spent smiff
the juvenile is shown. During the first exposurgragle juvenile rat (3-4 weeks of age) was placed the home
cage of the adult male for four minutes. Two hdatsr, the same juvenile together with a novel pilewas
placed into the home cage of the NAB rat for founutes. The time sniffing the same and the novetiile
was measured. A longer sniffing-time for the nojelenile indicates social memory. Studenttest; *p <

0.05. Insertion: Adult male resident rat showinggenital sniffing towards a juvenile rat
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Together with the finding that aggressive NAB rats hadgaédri septal AVP release during
the RI, this could indicate that the activated AVP sysigthin the septum enhances social
memory ability. However, it is not clear, whether aggres$AB rats also show a higher
septal AVP release when confronted with a juvenile rat thats dwt elicit aggressive
behaviour. Therefore, future experiments using microdialysis coultséa to measure the
vivo release of AVP within the lateral septum during socaaitact with a juvenile stimulus

rat in aggressive and non-aggressive rats.

Taken together, the AVP system in the BNST seems to exdireet effect on aggressive
behaviour, whereas septal AVP is rather implicated in aggmneselated behaviours such as
anxiety-related behaviour and social memory, although detailezthanessms need to be

revealed.

8. Role of serotonin in aggression

For a long time, the serotonin-deficiency-theory of aggoeskas been dominant: a low level
of serotonin in the brain leads to exaggerated aggressive behavimiiof the basic studies
in humans showed that excessive aggression and impulsive pers@ssidgiated with
reduced levels of the serotonin metabolite 5-hydroxyindoleacetit iacihe cerebrospinal
fluid (Berman et al., 1997; Kavoussi et al., 1997). Further ecelederived by studies
showing that substances pharmacologically activating serotoniis lreceptors or
antagonizing serotonim# receptors are capable of reducing aggressive behaviouriausar
species, including humans (Lindgren & Kantak, 1987; Blanceiaat, 1988; Coccaret al.,
1990; Bell & Hobson, 1994; Olivieet al., 1995; Joppeet al., 1997; Sperryet al., 2003;
Olivier, 2004). However, it has to be mentioned, that in meses this reduction of
aggressive behaviour is accompanied by sedation or motor inactwityh suggests a rather

unspecific effect on aggression. Furthermore, both serotanamd % receptors can be found
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as inhibitory autoreceptors on serotonergic neurons on the soma andedemdtite raphe
nuclei and as inhibitory postsynaptic heteroreceptors in severa tagions such as the
nucleus accumbens or the hippocampus (Pineyro & Blier, 1999). dreerdie pathways via
which serotonin agonists and antagonists exert their effectoaiodear. An agonist acting on
autoreceptors will lead to an inhibition of serotonin release redseacting on postsynaptic
sites has the opposite effect.

To distinguish between activation and inactivation of the cengrat@nin system, a highly
selective serotonin Al receptor agonist (S-15535 = 4-(benzodioxan-5-yl)1-(indan-2-
yl)piperazine) was used. S-15535 acts as agonist on serointdreceptors and, in part,
also as antagonist at postsynaptic serotopireteptors (Millan et al., 1993). Administration
of S-15535 resulted in a reduction of aggressive behaviour in midetywe rats without
having an effect on non-aggressive motor behaviours or inducing sedaie Boer &
Koolhaas, 2005). These results suggest a facilitating effect acute serotonin
neurotransmission on aggressive behaviour. Combined with earlieestslkowing a link
between low levels of serotonin and escalated and violent fofmggression (Olivieet al.,
1995; Bermaret al., 1997; Millanet al., 1997; de Boeet al., 1999; 2000), these data suggest
that prolonged low levels of serotonin facilitate abnormal aggras whereas the actual
display of adapted forms of aggression is linked to an acute eetddsrain serotonin. To
asses the influence of the serotonin system on aggressiv@baormal aggressive behaviour
in resident LAB rats, they were injected s.c. with S-15B8g/kg; kindly provided by Dr.
S. F. de Boer) 30 minutes before being confronted with a maledertrat placed into their
home cage. Administration of S-15535 reduced the display of lateedttand offensive
upright as well as the number of attacks towards a male intratleThree days later, the
resident LAB rats were treated the same but were confrontédawiarcotised male intruder
30 minutes after the injection. S-15535 also reduced the numberasksattowards a

narcotised male intruder rat. Other elements of aggrebsiaviour have rarely been shown
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by resident LAB rats when a narcotised rat was placedlieio home cage. The total amount
of aggression was not changed after treatment with S-15535 neithardsow male nor

towards a narcotised male intruder rat. These results shaiv.ah acute reduction of the
serotonin release in the brain in LAB rats selectively redubesattack component of

aggressive behaviour.

9. Concluding remarks

LAB rats are characterised by a high level of aggredsseaviour which is accompanied by a
high HPA axis response and an enhanced neuronal activation of theTRNuggests that
aggression in LAB rats is linked to an increased stresstivég. In general, social
interactions were more stressfull for LAB rats than forBHAats, and LAB rats showed a
reduced level of non-aggressive social behaviour, i.e. sos@siigation. Additionally, LAB
rats met several criteria of abnormal aggressive behabipattacking vulnerable body parts
of a smaller male intruder as well as by attacking femalegspecially the head of a
narcotised male intruder. Taken together, LAB rats are amestteg animal model for
antisocial behaviours, including high and abnormal forms of aggressmbined with a low
level of non-aggressive social behaviour.

HAB rats displayed an intermediate level of aggression wiwels accompanied by an
elevated HPA axis response compared with NAB rats. Furthefrii#B rats showed a high
level of attacks directed to vulnerable body parts of a smalikerder which is considered to
be abnormal aggressive behaviour. Therefore HAB rats anéable animal model to study
the underlying neurobiological mechanisms of high and abnormal aggrespreciatly with
regard to their background of high anxiety-related behaviour.

As both LAB and HAB rats showed a higher level of aggressiam li#B rats accompanied
by an either low or high level of anxiety measured on the BRMinear correlation between

anxiety and aggression was found. Instead, a U-shaped comelats found between anxiety
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and aggression in LAB, HAB and NAB rats. However, theaase in HPA axis reactivity in
response to social stressors combined with the low amount afl soeestigation seen in
LAB rats suggests a high level of anxiety in response to Isstcéssors. Thus, the high level
of intermale aggression in LAB rats could be linked to a higkllef social anxiety. Further
studies are needed to gain more insight in the relationship betvese complex social and
anxiety-related behaviours and the underlying neurobiologicahamesms.

Specific AVP release patterns have been found in the latgalm in response to the RI test
in LAB, HAB and NAB rats, but pharmacological manipulationte# septal AVP system did
not affect aggressive behaviour in either of the breeding.limesontrast, anxiety-related
behaviour and non-aggressive social behaviour were influencedbpuhations of the AVP
system within the septum. These results suggest that teectiffAVP release patterns within
the lateral septum rather are a consequence than the reaste fdisplay of aggression.
However, AVP released within the lateral septum modulaggseasion-related behaviours,
such as anxiety and social investigation, and can thereby indiraéitience aggressive
behaviour.

The AVP release within the BNST showed an aggression-spetiifierence between
aggressive and non-aggressive NAB rats. Furthermore, phawgaadlmanipulation of the
AVP system within this brain region resulted in a direct éftecthe display of aggression,
implicating a direct regulatory effect of AVP releaseithim the BNST.

A high level of aggression was linked to an elevated HPA @sgponse in LAB and HAB
rats. However, the relationship between HPA axis response aressiggr does not seem to
be linear as treatment with an anxiogenic substance elevateohat activation within the
PVN as well as plasma corticosterone levels, but simwtaste reduced aggression in LAB
rats. The detailed mechanisms remain to be investigated.

Pharmacological manipulation of the serotonergic neurotransmisslo®B rats resulted in a

decrease in the amount of attacks towards a male or a nadcotae intruder rat. As the total
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level of aggression remained unchanged, serotonin specificallyemces the attack

component of aggressive behaviour in LAB rats.

In conclusion, the results of the present thesis show that bothan®BHAB male rats are a
suitable animal model to extend the findings of the presentstlmasithe neurobiological

mechanisms underlying high and abnormal aggression.
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Summary in German — Zusammenfassung auf Deutsch

Adaptive Formen von Aggressionsverhalten gehéren zum normalen Verhephiemnsire der
meisten Tierarten. Sie dienen dem Erwerb und der VerteidigangNahrung, Territorium
sowie Fortpflanzungspartnern und unterliegen artspezifischen Régmlormale Aggression
hingegen verst63t gegen diese Regeln und kann zu schlimmenzifegieh zum Teil mit
Todesfolge fuhren. In der menschlichen Gesellschaft au3ernabimbrmale Formen von
Aggression in gewalttatigen Ubergriffen und eskalierenden Auseéaraetzungen und fiihren
zu psychischen und physischen Verletzungen bei den Opfern. Zusatastéhen dadurch
Kosten fur die Behandlung der Opfer. Folglich stellen abnormaggesgion und die daraus
resultierenden Gewalttaten in vielerlei Hinsicht eine immeeBslastung fur die Gesellschaft
dar. Eine intensive Erforschung der Mechanismen, die Agoresgrhalten regulieren, ist
unabdingbar fir die Entwicklung neuer Therapieansatze, Behandlungsmethoden s
vorbeugender Mallnahmen. Um dies bewerkstelligen zu kénnen, wardéaohst adaquate
Tiermodelle fur die Erforschung der neurobiologischen und molekularen Rieguizon
Aggressionen bendtigt, von denen es im Moment nur sehr wenige geegibetdas
hauptséchliche Ziel der vorliegenden Arbeit war es daher, zagemitinien, die selektiv auf
niedrige (Jow anxiety-related behaviour* = LAB) bzw. hohe (high anxiety-related
behaviour® = HAB) Angstlichkeit geziichtet wurden, als Tiermodell ZEnforschung von

mannlichem Aggressionsverhalten zu etablieren.

LAB- und HAB-Ratten werden seit 1993 auf niedrige bzw. hohe Awh&sit geziichtet.
HAB-Ratten zeigen sowohl neurobiologische Merkmale als auch Venisaterkmale, die
gleichermal3en bei Patienten beobachtet werden, die an Deprassiomé/oder
Angsterkrankungen leiden, und sind daher seit einigen Jahren ein &tabli@mrmodell fur

diese Arten von psychischen Erkrankungen. Bislang wurden die LABrRatigschliel3lich
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als Kontrollzuchtlinie verwendet, die unter identischen Bedingungeiicgést und gehalten
wird. Erste Beobachtungen zeigten jedoch, dass LAB-Ratteressjger sind als HAB-
Ratten, da es bei dieser Zuchtlinie in Gruppenhaltung unter haBatiingungen tendenziell
zu mehr aggressiven Interaktionen zwischen den Kafigbewohnern IkameiaHAB-Ratten.
Zudem reagierten LAB-Ratten auch aggressiver, wenn sieEialdringling (= intruder)
wahrend eines sogesident-intruder (RI) Tests in den Kéfig einer grol3eren mannlichen Ratte
(= resident) gesetzt wurden. Dies stellte den Ausgangspunkt fir dirdetiung des Sozial-
und insbesondere des Aggressionsverhaltens von LAB-Ratten dain&rAussage tber die
Bestandigkeit der Verhaltensmerkmale der LAB- und HAB-Ratteifen zu kbnnen, wurde
in Kapitel 2 ein Zeitverlauf Uber die letzten sechs Jabveokl des Angstverhaltens, das auf
der sog.Elevated plus-maze (EPM) gemessen wird, sowie des Aggressionsverhaltenditerste
Das Aggressionsverhalten wurde dabei mittels des RI Testsnbés bei welchem die
Versuchstiere alsesident zehn Minuten lang mit einem kleineren unbekannten mannlichen
Eindringling in ihrem Territorium konfrontiert wurden. Die Ergebeisigen, dass sich der
Unterschied im Angstverhalten zwischen LAB- und HAB-Ratten attdinelig erwies und
dass sich auch das Ausmald des Aggressionsverhaltens Ubetziie Dahre nicht geandert
hat. Zusatzlich wurde aus den gesammelten Daten der RIstestdl fur LAB- und HAB-
Ratten als auch fur unselektierte Wistar-Rattemorg;selected anxiety-related behaviour® =
NAB), die die Ausgangsrasse fur die Zucht der LAB- und HAB-Rmatbildeten, ein
detailliertes Verhaltensprofil angefertigt. LAB-Ratten g&sen sich als aggressiver als NAB-
Ratten, wahrend HAB-Ratten bezliglich des Aggressionsverhaitenseermediare Stellung
einnehmen. Dies aul3erte sich in einem insgesamt erh6hten Ma@gaessionsverhalten,
sowie gesteigertem seitlichelatéral threat) und aufrechtenoffensive upright) Drohen bei
LAB-Ratten im Vergleich zu NAB-Ratten. HAB-Ratten zeigtjeweils mittlere Werte.
Weiterhin wurde festgestellt, dass nahezu 10 % der LAB-Ra&kér aggressiv waren, d.h.

dass sie mehr als 55 % der gesamten Zeit des RI TestssiggseVerhalten zeigten. Im
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Gegensatz dazu wurde ein so hohes MalR an Aggression weder beindéBbei NAB-

Ratten gefunden. AbschlieBend wurden LAB-, HAB- und NAB-Ratten einer

abgewandelten Form des RI Tests auf abnormale Aggression gegeimidmrmannlichen,
einem weiblichen sowie einem narkotisierten ménnlichen Eindringktestet. Sowohl LAB-
als auch HAB-Ratten zeigten abnormales Aggressionsverhalesnsich in Angriffen auf
verletzliche Kdorperteile des ménnlichen Gegners sowie in Hagrigegentber harmlosen
Gegnern, wie z.B. einer weiblichen oder einer narkotisiermannlichen Ratte,
widerspiegelte. Zusammenfassend bedeutet dies, dass sowohhlsA8ich HAB-Ratten im
Vergleich zu NAB-Ratten ein erhdhtes Ausmald an Aggression unenzadeh abnormale

Formen von Aggression zeigten.

Ein weiteres Ziel der vorliegenden Arbeit war die Untersuchdeigneurobiologischen und
neuroendokrinen Mechanismen, die Aggressionsverhalten und dessen abrieomads
regulieren. Ein besseres Verstandnis der Regulation von Asjgmestellt die Basis fur die
Entwicklung von Medikamenten zur Behandlung von aggressiven Ausbrichbtebscthen
dar. Unterschiede zwischen aggressiven und nicht-aggressivem Ratéglich endokriner
Systeme oder Neurotransmitter- bzw. Neuromodulator-Systemen baite Mdglichkeit,
Ansatzpunkten fir therapeutische Substanzen zu finden, die fir diendbgihg von
Menschen mit eskalierendem Aggressionsverhalten eingesetdenv konnen. In der
vorliegenden Arbeit habe ich mich auf das Serotonin-System, dipotkalamus-
Hypophysen-Nebennierenrindenachs$gpéthalamic-pituitary-adrenal axis = HPA-Achse)
und das Arginin-Vasopressin (AVP)-System konzentriert, da Hiremassliegen, dass diese

bei der Regulation von Aggression eine Rolle spielen.

In Kapitel 2 wurde daher die Rolle des Serotonin-Systems beiRégulation von

Aggressionsverhalten bei LAB-Ratten untersucht, da diese anteméiggressionsverhalten



Summary in German— Zusammenfassung auf Deutsch 171

und abnormale Aggression zeigten. Die Auswirkung einer einmaligépheren Injektion
des vorrangig am Serotonin-Autorezeptor wirkenden Serotonin-Agonisten S-15535 auf
Aggression und abnormale Aggression bei LAB-Ratten wurde unterssd§535 fuhrt zu
einer akuten Reduktion der Serotonin-Freisetzung in Gehirnregionenseratonerger
Innervierung v.a. aus den Raphe-Kernen fihrt. Die Behandlung ntis3s1bewirkte eine
selektive Reduktion der Angriffe sowohl auf eine mannliche alé awé eine narkotisierte
mannliche Ratte, ohne jedoch die gesamte Menge an Aggressiongrethabeeinflussen.
Dies weist auf eine Beteiligung des Serotonin-Systems alam an der Angriffs-
Komponente des Aggressionsverhaltens bei normaler und abnormaler Aggriesi LAB-

Ratten hin.

In Kapitel 3 wurde untersucht, ob es Unterschiede bezlglich der A&tBsen-Antwort auf
den RI Test zwischen den Rattenlinien gibt, da VerdnderungsnH&&-Systems mit
erhohter Aggression in Zusammenhang gebracht wurden. Eine durch desstRérhohte
Plasmakonzentration von adrenocorticotropem Hormon (ACTH) wurde B-RAtten im
Vergleich mit HAB-Ratten nachgewiesen. Sowohl bei LAB-aalsh bei HAB-Ratten kam es
durch den RI Test zu einem signifikanten Anstieg der Corticmstenzentration im Plasma,

wéahrend dies bei NAB-Ratten nicht der Fall war.

Des Weiteren wurde in Kapitel 3 die durch den RI Test ausgelési®nale Aktivierung in
Gehirnen von LAB- und HAB-Ratten bestimmt. Dazu wurde die Expasdes Gens-fos
gemessen,welches zu den sognmediate-early genes gehort. Diese Gene weisen in einer
Zelle bereits kurz nach einem auf3eren Stimulus eine erhdhteexlatig auf und lassen daher
Ruckschlisse auf die Gehirnregionen zu, die eine Rolle bei d#kti®e auf bestimmte
Stimuli und der Regulation des zugehorigen Verhaltens, wie mB.diesem Fall

Aggressionsverhalten, spielen kdnnen. LAB-Ratten zeigten eim@hter Aktivierung im



172 Summary in German Zusammenfassung auf Deutsch

hypothalamischen paraventrikularen Nucleus (PVN) und eine Tendenzneu heéheren

Aktivierung in der zentralen und medialen Amygdala sowigerhypothalamic attack area.

In den Kapiteln 4 und 5 wurde der Einfluss des AVP-Systems aulgizressionsverhalten
in zwei Gehirnregionen mit androgenabhangigen AVP-Fasern bzw. rZalersucht,
namlich im lateralen Septum und iped nucleus of the stria terminalis (BNST), die an der
Regulation des Aggressionsverhaltens beteiligt sind. Das MafRlean Aggressionsverhalten
bei LAB-Ratten ging einher mit einer erniedrigten Freisetz von AVP sowie einer
geringeren neuronalen Aktivierung im lateralen Septum. Im Gegedsau zeigten HAB-
Ratten eher einen Anstieg bezuglich der septalen AVPdtreisg. Eine Verabreichung von
synthetischem AVP in das laterale Septum von LAB-Ratteigte keinen Einfluss auf das
Aggressionsverhalten, resultierte aber in einem gesteigArigstverhalten auf der EPM. Bei
HAB-Ratten wurde das Aggressionsverhalten durch eine Bloclderder AVP-Vla-
Rezeptoren mit Hilfe des selektiven AVP-V1a-Rezeptor-Antagemid(CH)sTyr(Me)AVP
ebenfalls nicht beeinflusst, wéahrend sich jedoch die Zeitngarte, die die Ratten mit nicht-

aggressivem Sozialverhalten, d.h. mit dem Beschniiffelfrelmden Ratte, verbrachten.

In Kapitel 5 wurde der Einfluss des AVP-Systems im later&leptum sowie im BNST auf
die Regulation von Aggressionsverhalten bei méannlichen NAB-Rattethilfeni von
Mikrodialyse untersucht. Die Wahl fiel hierbei auf die nichekgv gezichtete, oft
verwendete Wistar-Rattenlinie, um eine generellere Ausdbgedie Rolle des AVP-Systems
in den beiden oben genannten Gehirnregionen treffen zu kdnnen. Die vasepgess
Fasern, die ins laterale Septum ziehen, entstammen zurdene@iBNST, in dem zudem eine
gro3e Anzahl an AVP-Vl1a-Rezeptoren lokalisiert ist. Hinweigse verschiedenen Studien
deuten auf eine regulatorische Rolle von AVP im BNST augrégsion hin. Zunachst

wurden méannliche NAB-Ratten gemal ihres Verhaltens im RI ifiestjgressiv und nicht-
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aggressiv eingeteilt. Anschlieende Mikrodialyse-Versuchgterei dass aggressive Ratten
einen signifikanten Anstieg der AVP-Freisetzung durch den Ri ified/ergleich zu nicht-
aggressiven Ratten zeigten. Weder die Verabreichung dés\AM-Rezeptor-Antagonisten
ins laterale Septum aggressiver Ratten noch die des synthetisbtis ins laterale Septum
nicht-aggressiver Ratten fuhrte zu einer Verdnderung im Aggresgrhalten. Jedoch
resultierte die Verabreichung von synthetischem AVP ins lateGeptum von nicht-
aggressiven Ratten in einer Erhdhung der auf der EPM gemasSegstlichkeit.

In einem weiteren Versuch wurde die AVP-Freisetzung im BN&T aggressiven und nicht-
aggressiven NAB-Ratten wahrend des RI Tests bestimmGdgensatz zu den Ergebnissen
im lateralen Septum trat ein durch den RI Test verursacsitgrifikanter Anstieg der AVP-
Freisetzung im BNST bei nicht-aggressiven Ratten auf, waltenkbkale AVP-Freisetzung
bei aggressiven Ratten in dieser Gehirnregion nicht durch dere®lbeeinflusst wurde.
Interessanterweise flhrte die Verabreichung von synthetischer® AV den BNST
aggressiver Ratten zu einer signifikanten Reduktion des Aggressibatens.
Zusammenfassend legen diese Ergebnise nahe, dass mannlichessibggrerhalten mit
deutlichen Unterschieden in der AVP-Freisetzung in beiden untgesudGehirnregionen
zwischen aggressiven und wenig oder nicht-aggressiven Ratiahergeht. Die
pharmakologische Manipulation des AVP-Systems im BNST hatteneidirekten
regulatorischen Einfluss auf das Aggressionsverhalten zugeFavahrend kein Einfluss
diesbezuglich im lateralen Septum festgestellt werden konnterBaheint der beobachtete
Unterschied in der AVP-Freisetzung im lateralen Septum wéhrendggressionstests eher
eine Folge des gezeigten Aggressionsverhaltens zu sein und ¥eshaisen wie zum
Beispiel soziales Erkundungsverhalten oder Angst zu beeinflusseim dieisammenhang

mit Aggression stehen.
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Zusammenfassend lasst sich sagen, dass LAB-Ratten ein hohes Mggressionsverhalten
zeigten, das einherging mit einer erhéhten HPA-Achsen-Antwawies einer vermehrten
neuronalen Aktivierung des PVNs. Dies lasst darauf schlieffess Aggression bei LAB-
Ratten mit einer erhohten Stressantwort in Verbindung steht. r@engaren soziale
Interaktionen bei LAB-Ratten mit einer héheren Stress-Achsewét verbunden als bei
HAB-Ratten. Zudem zeigten LAB-Ratten ein geringeres Mafd récht-aggressivem
Sozialverhalten, d.h. soziales Erkundungsverhalten. UberdigerrLAB-Ratten mehrere
Kriterien abnormaler Aggression, da sie Angriffe auf velielhe Korperteile eines kleineren
Eindringlings zeigen, und Weibchen oder insbesondere den Kopfbenmegshrarkotisierten
méannlichen Eindringlings angreifen. Daher stellen LAB-Rattenirggressantes Tiermodell
zur Erforschung von antisozialem Verhalten dar, das hohes sowie a@morm
Aggressionsverhalten in Kombination mit einem geringen Mal} an -agdressivem
Sozialverhalten einschlief3t.

HAB-Ratten wiesen ein intermediares MalR an Aggressionhalten auf, das mit einer
erhohten HPA-Achsen-Antwort im Vergleich zu NAB-Ratten in Viedoing steht. Auf3erdem
zeigten HAB-Ratten einen hohen Prozentsatz an Angriffen awdtziche Korperteile eines
kleineren mannlichen Eindringlings, was als abnormales Aggressidradten eingestuft
wird. Daher stellen HAB-Ratten ein adaquates Tiermodell diar,die neurobiologischen
Mechanismen zu erforschen, die erhéhtem und abnormalem Aggresdiatisre
insbesondere vor dem Hintergrund ihrer hohen angeborenen Angstlicingrindeliegen.
Sowohl LAB- als auch HAB-Ratten waren aggressiver als NRslten, aber wiesen den
durch die Selektion herausgeziichteten Unterschied im Angstvertmiteder EPM auf.
Daher wurde keine lineare Korrelation zwischen Angst und Aggressistgettellt.
Stattdessen wiesen Angst und Aggression bei LAB-, HAB- und NAB:R&ine U-férmige
Korrelation auf. Allerdings weist der in LAB-Ratten beobatitanstieg der durch soziale

Stressoren ausgeldste HPA-Achsen-Aktivitat in Kombination rarh dhiedrigen Mal3 an
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sozialem Erkundungsverhalten auf ein erhdhtes Mal3 an Angst vateso8tressoren hin.
Folglich kénnte das hohe MalR an Aggressionsverhalten in LAB-Ratterimeir erhdhten
sozialen Angst in Verbindung stehen. Weiterfihrende Studien sind ndétigginen tieferen
Einblick in die Beziehung zwischen diesen komplexen Verhaltensweisgmnen zugrunde

liegenden neurobiologischen Mechanismen zu erhalten.

Spezifische Unterschiede in der AVP-Freisetzung im dger Septum durch den RI Test
wurden bei LAB-, HAB- und NAB-Ratten festgestellt, jedoch teeigine pharmakologische
Manipulation des AVP-Systems im lateralen Septum bei keinerRdgtenlinien einen
Einfluss auf das Aggressionsverhalten. Im Gegensatz dazu konnténdiese Behandlung
sowohl das Angstverhalten als auch das nicht-aggressive \&ohelten beeinflusst werden.
Diese Ergebnisse weisen darauf hin, dass die spezifischegrstimede in der AVP-
Freisetzung im lateralen Septum eher die Folge von als diehdrdar Aggressionsverhalten
sind. Dennoch kénnte im lateralen Septum freigesetztes AVP dndifekte Effekte auf
Angst- oder nicht-aggressives Sozialverhalten Aggressiongientzeeinflussen.

Die AVP-Freisetzung im BNST wies spezifisch durch Aggressiermalten verursachte
Unterschiede zwischen aggressiven und nicht-aggressiven NABrRRauif. Dartiberhinaus
fihrte eine pharmakologische Manipulation des AVP-Systems irBTBRU einer direkten
Beeinflussung des Aggressionsverhaltens, was auf eine dirgktataische Wirkung von
AVP im BNST hinweist.

Ein hohes Ausmal an Aggressionsverhalten stand im Zusammenhangenieiohten
HPA-Achsen-Antwort bei LAB- und HAB-Ratten. Trotzdem bestahscheinend keine
lineare Beziehung zwischen HPA-Achse und Aggressionsverhaltezineld8ehandlung mit
einer anxiogenen Substanz bei LAB-Ratten zu einer erh6hten neurdvdietat im PVN

sowie zu einer erhdéhten Plasma-Corticosteronkonzentration fiuhrt, algeich das
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Aggressionsverhalten hemmte. Die genauen zugrunde liegendemmisnkn sind noch zu
erforschen.

Die pharmakologische Manipulation des Serotonin-Systems bei LABRdtatte eine
Verringerung der Angriffe gegenuber einem mannlichen oder eimarkotisierten
mannlichen Eindringling zur Folge. Da die Gesamtmenge des Amgnsserhaltens
unbeeinflusst blieb, wirkt das Serotonin-System bei LAB-Ratfrifisch auf die Angriffs-

Komponente des Aggressionsverhaltens.

AbschlieRend l&sst sich feststellen, dass die Ergebniss@udiegenden Dissertation zeigen,
dass sich sowohl LAB- als auch HAB-Ratten als Tiermodelhaexig um die in der
vorliegenden Dissertation gewonnenen Ergebnisse bezlglich der neurisioioéog
Mechanismen der Regulation von hohem und abnormalem Aggressionsverizalte

erweitern.
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Abbreviations

ACTH Adrenocorticotropic hormone

ANOVA Analysis of variance

AVP Arginine vasopressin

BNST Bed nucleus of the stria terminalis
CRH Corticotropin releasing hormone
DIA Diazepam

EPM Elevated plus-maze

GABA y-aminobutyric acid

HAB High anxiety-related behaviour
HPA Hypothalamic-pituitary-adrenal
I.p. Intraperitoneally

LAB Low anxiety-related behaviour
LAL Long attack latency

MAOA Monoamine oxidase A

MRNA Messenger ribonucleic acid

NAB Non-selected Wistar

PTZ Pentylenetetrazole

PVN Paraventricular nucleus of the hypothalamus
RI Resident-intruder

SAL Short attack latency

s.C. Subcutaneously

SEM Standard error of the mean

Vla-A Arginine vasopressin V1a receptor antagonist
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