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General Introduction and Thesis Outline

RATIONALE
Aggression and violence have always been a burden to public health. The impact
of aggression is seen in all parts of the world. More than a million people each
year lose their lives because of violence, making it one of the leading causes of
death worldwide for middle aged (15-44 yrs.) people [1]. Non-fatal injuries and
psychological impacts, as the result of aggressive conflicts, are less visible and
violence numbers only seem to present the tip of the iceberg. Globally, aggression
in youth (10-24 years of age) appears to have rapidly increased over the last
decades, particularly in males, which is concerning [1]. While aggression can
be considered a natural behaviour, it does not necessarily need to be accepted
as human nature. Over the last decades, researchers, clinicians and governments
have invested in the prevention and impact reduction of aggression. To be able to
better understand and mitigate aggression and violence it is important to obtain
knowledge about the causes and correlates of aggression, risk factors and factors
that could possibly be targeted through interventions. Besides environmental
factors (such as family and peer influence, and childhood trauma) it is thought that
biological and behavioural characteristics could be predictive of youth violence.
For example, hyperactivity, impulsivity, attention problems and poor behavioural
control were found to be risk factors for violence [2]. It is thought that altered
(either reduced or increased) cognitive control could underlie (reactive and goaldirected) aggression [3].
In this thesis, I have investigated cognitive control as well as aggression-related
behaviours in an animal model in order to find predictive biomarkers for
aggression. Below, I will first define aggression and its subtypes. Secondly, I will
describe the behavioural profiles of neuropsychiatric disorders in which aggression
is one of the main phenotypes. Thirdly, I will introduce the neural circuits and
involvement of the neurotransmitter systems that are associated with aggressive
behaviour. Next, I will provide insights into why we need animal models to learn
more about aggression and what kind of animal models have been used in the last
decades. After that, I will introduce the animal model, the BALB/cJ mouse, that
was used for all the studies that are covered in this thesis. I will finish this first
chapter with an overview and outline of the other chapters.
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SUBTYPES OF AGGRESSION
From a natural perspective, aggression is not abnormal behaviour, it is even
thought to be essential for survival, by securing resources and developing social
skills. Every human or animal is likely to act aggressively in some way, and
some succeed more in the control of this behaviour. The knowledge of your
own strengths and skills may provide a good stable life with a high/dominant
position in a hierarchy, whereas lower ranked/submissive subjects may have
to endure life with less comfort. Demographic analyses of youth revealed that
rapid demographic growth (that causes inadequate housing and unemployment)
increases the likelihood of crime and violence [1]. In addition, income inequality
was also found to be strongly linked with homicide rates [4]. Both findings
indicate that the urge for resources is still a possible incentive for violence.
The main classification of aggression has been the reactive versus proactive
subtypes [5]. Reactive aggression can be defined as the hot-headed response to a
provocation, a frustration or threat from the environment with the primary goal
to regain a homeostatic environment. This reaction is often impulse-driven and
fed by frustration, anger and rage [6, 7]. Proactive -also called pre-mediated or
instrumental - aggression is defined by cold-blooded aggression that is planned
with a specific goal (e.g. resources). In this case, aggression is a method to reach a
goal rather than that aggression is the goal in itself and it most often is initiated
by the individual rather than provoked. While both subtypes can co-occur, it is
thought that different neurobiological structures underlie reactive and proactive
aggression and the different subtypes can be identified in distinct neuropsychiatric
disorders [8].

NEUROPSYCHIATRIC DISORDERS
Children and adolescents that display aggressive and non-socialized behaviour
are an increasing societal problem, due to the persistent and repeating nature
of criminal activities and the ignorance of human rights. Heightened levels
of aggression can be found in many different neuropsychiatric disorders,
including autism spectrum disorders [9], borderline personality disorder [10],
schizophrenia [11], Tourette syndrome [12] and post-traumatic stress disorder
[13]. In particular, heightened levels of aggression are found in patients that are
diagnosed with oppositional defiant disorder (ODD), conduct disorder (CD) or
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attention deficit-hyperactivity disorder (ADHD) [14]. Despite clear differences
between these psychopathologies, about 50% of CD patients have comorbid
ADHD, indicating that factors such as impulsivity, inattention, increased anxiety,
abnormal fear processing and hyperactivity may contribute to their behaviour
as well [15-19]. Since so many different behaviours may affect the behavioural
responses of CD and ADHD patients, finding the right pharmacological
treatment(s) remains challenging [20-23] and the need to discover novel neural
and molecular mechanisms to remediate aggression is very pressing.
Conduct disorder
As mentioned above, aggression can be considered as natural behaviour and is
something that we learn to control during our childhood. We develop social skills
and learn how to control our anger by receiving and processing positive and
negative feedback from our caretakers and peers, in such a way that we learn how
to behave according to societal rules and norms. However, some children fail to
socialise and continue to manifest aggressive behaviour and to violate social rules
and are diagnosed with a disruptive behaviour disorder, which could be the more
benign oppositional defiant disorder (ODD) or the more disruptive conduct
disorder (CD) [26]. It is estimated that the prevalence of CD lies between 1.53.4% in children and adolescents of whom the majority is male [24, 25].
One of the reasons why these juveniles have difficulties with compliance to social
rules and norms is because they don’t recognize the impact of their actions and/
or they don’t perceive their actions as wrong. In addition, they have difficulties
with authority, recognizing emotions of others (i.e. reduced empathy) and they
also don’t care about these emotions (callousness) [26]. In addition to antisocial
behaviour, aggression is very prominent in CD patients. Especially, proactive
aggression is often used to force other people to do certain things (e.g. sexual
activity) or to ensure material gain [26].
While it is thought that genetic predisposition influences the behaviour of these
young patients, environmental factors such as early life adversities, trauma,
neglect and harsh parenting contribute as well [14, 27, 28]. Symptoms of ODD
(i.e. negativistic, hostile, defiant behaviour) together with physical fighting are
considered good predictors of CD onset [14, 29]. A large proportion of these
juveniles with CD comes in contact with the police before the age of 10 and end
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up institutionalized in order to prevent health risks for their family members [14].
Sadly, there is a poor prognosis of CD in the long term, as a large proportion of
these children will eventually develop antisocial personality disorder (ASPD) in
adulthood [14].
Within the CD patient population a distinction can be made between those
with and without callous-unemotional (CU) traits. For CU traits to be present,
a child needs to displays two from the followowing four DSM-V criteria: lack
of remorse/guilt, lack of empathy, callousness, shallow or deficient affect for
at least 12 months and in multiple settings [26]. CU traits criteria can be met
outside a CD diagnosis as well (2.9% of the paediatric population) [30, 31], but
in combination with CD, they are associated with more severe conduct problems
and aggression [32] and it is thought that CD with CU traits is more heritable
than CD without CU traits [33, 34]. Moreover, CD with CU traits is associated
with a low state of anxiety as well as fearlessness and these children benefit less
from behavioural treatment [35, 36]. One of the reason why treatment is less
efficient is because of the inability to learn (reduced sensitivity) from negative
feedback [37, 38]. Especially, those with high CU traits will not be able to learn
from the negative consequences of their actions, and these may even trigger them
to take more risks [39].
Attention-deficit / hyperactivity disorder
About 5% of the school-age children worldwide are diagnosed with attentiondeficit/hyperactivity disorder (ADHD) [40]. The main behavioural characteristics
of ADHD are high levels of inattention, impulsivity and hyperactivity, while
25-50% of children with anxiety disorders have comorbid ADHD [19, 4146]. While ADHD is assumed to be a childhood psychiatric disorder, many
patients exhibit behavioural symptoms throughout their whole lives. The high
tendency to act impulsively makes them more vulnerable for substance abuse
and the development of addiction besides a higher risk of social and economic
disadvantages (such as divorce or criminal activities) [47, 48]. Some ADHD
patients eventually get into trouble with the criminal justice system due to their
hyperactive, impulsive nature, which is often accompanied by increased reactive
aggression. A deficiency in top-down self-control is thought to underlie reactive
aggression, which is associated with a dysfunction in specific neural circuits,
which will be evaluated in more detail in the next paragraph.
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NEURAL CIRCUITS AND NEUROTRANSMITTERS
Top-down cortical control
Aggressive behaviour observed in neuropsychiatric disorders is thought to be
caused by an imbalance in top-down cortical control and in the responsiveness
of the amygdala and other parts of the limbic system [49, 50]. Repeated negative
experiences (e.g. early life adversities) can alter the responsiveness of the limbic
system [51]. To put it simply, the circuitry that is mediating reactive aggression
starts with the ventromedial prefrontal cortex (vmPFC) (corresponding to the
orbitofrontal cortex (OFC) in animals) and the anterior cingulate cortex (ACC)
and drives the activity of the amygdala, mainly via the stria terminalis of the bed
nucleus to the medial hypothalamus and the fronto-thalamostriatal circuitries
[3] (see Figure 1). The connection between the vmPFC - medial amygdala and
dorsal half of the periaqueductal gray (PAG) matter has also been referred to as
the circuit involved in acute threat response that is also involved in impulsive/
reactive aggression [8, 52-56].

Figure 1. Brain circuit involved in the top-down cortical control of aggression. The vmPFC and
the ACC control the activity of the amygdala and the hypothalamus. The amygdala can positively
regulate the activity of the hypothalamus, which can activate the PAG. Abbreviations: ACC,
anterior cingulate cortex; OFC, orbitofrontal cortex; vmPFC, ventral medial prefrontal cortex;
PAG, periaqueductal gray.
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It is thought that the vmPFC controls the decision whether to act, which is based
on the expected rewards and punishments [8]. When the decision for aggressive
action is made, the hypothalamus activates the dorsal PAG, which in turn affects
the parasympathetic nervous system [53-56]. Some studies showed reduced
activity of the OFC to be correlated to aggressive traits. However, it is more
commonly thought that the role of the OFC in the pathophysiology of aggression
is not caused by lower functional activity in this brain area, but is rather due to
a dysfunction in the connectivity towards the amygdala [7]. Evidence for this
hypothesis comes from studies that showed a negative correlation between the
activity of the OFC and the amygdala, which indicates functional coupling,
whereas this connection was absent in the aggressive group [57]. While the OFC
is more involved in the perception and valence of stimuli; the ACC is the area
that is responsible for the decision whether to react to the stimuli [7]. Besides
its role in cortical top-down control [3], the ACC plays an important role in
the integration of emotional and cognitive information contribution [58]. It is
thought that the ACC is associated with the ability to learn from mistakes, the
so-called error detection [58-61], and with pain sensitivity [62]. CD patients
are less sensitive to learn from the negative consequences of their acts [39, 63]
and this may derive from a failure to salient aspects of the stimuli [64, 65] or an
altered error detection capacity [37, 38].In addition, recent studies have shown
decreased fMRI activity in the ACC of ADHD patients, which may be related to
their reduced impulse control and attention problems [3, 66] . As stated above,
the ACC drives the activity of the amygdala, which is the area thought to be a
key emotional-regulation centre in the brain. It functions down-stream of the
cognitive control pathway and decision-making process. In ADHD, this brain
area was shown to be over-reactive, which makes ADHD patients very sensitive
to emotional cues. Decreased amygdala activity has been found in reaction
to fearful faces in CD children with CU traits [67]. Instrumental aggression,
often seen in CD patients, is thought to be associated with an impairment in
the capacity to match emotions to the appropriate behaviour, which could
imply a dysfunction and in particular a lower activity of the amygdala [68].
In particular, in youth with high CU traits, hypoactivity in the left amygdala
was found during a task in which the acceptability of causing another person to
experience fear was assessed [69]. Not only the activity, but also the volume of
the amygdala seems to be of importance. A reduced amygdala volume has been
associated with aggression history records and aggressive traits [7]. There is an
increasing awareness that not the amygdala as a whole, but certain subdivisions
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have differential roles in aggression control [70]. In particular, there seems to be
a special function for the dorsal amygdala, as this was found to be significantly
correlated with trait aggression in psychiatric patients [71]. In contrast, in reactive
aggression, amygdala activity is thought to be increased (which is linked to overemotional behaviour). Especially, functional magnetic resonance imaging studies
in humans showed enhanced amygdala activity in reactive aggressive individuals,
which was accompanied by reduced prefrontal activity [72]. This indicates that
reactive aggression is mostly driven by emotional arousal rather than by lack of
prefrontal control, which could be the consequence of reduced cortical control
by the prefrontal cortex. The amygdala gives feedback to the vmPFC about the
expectancy based on previous experiences in order to make a correct decision.
When both the amygdala and vmPFC are dysfunctional, the eventual decision
in individuals with psychopathic traits can gear towards antisocial behaviour and
proactive aggression [73].
Neurotransmitter systems involved in aggression
Top-down control involves multiple hormonal and transmitter systems, such as
serotonin [74-77], catecholamines [78, 79], testosterone [80, 81], cortisol [7]
and the glutamate/gamma-aminobutyric acid (GABA) balance [50, 82-85].
While almost all neurotransmitters and hormones can be linked to behaviour,
we will focus on the main players within the aggression field and those that are
relevant for our research.
Catecholaminergic system
Dopamine responses are associated with the learning ability, maintenance of
working memory, and regulating the stress response and reward processing [86].
It is thought that dopaminergic innervation of the striatum mediates impulsivity
and temperament [87], which may explain the role of dopamine in (reactive)
aggression. Longitudinal twin studies revealed that longer variants in variable
number tandem repeat (9r/9r) of the dopamine transporter DAT1 (other
name: SLC6A3) are associated with externalizing behaviour [88]. However,
this association was not found in men from an population of offenders who
displayed proactive aggression [89]. Furthermore, multiple dopamine receptor
genes, and in particular DRD2 and DRD4, have been associated with both
impulsive and aggressive behaviour [90] [87]. After release into the synaptic cleft,
dopamine is catalysed by the enzymes catechol-O-methyl transferase (COMT)
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and monoamine oxidase-A (MAOA). Both genes that encode these proteins
have been associated with aggression in humans [91, 92]. However, more recent
analyses in the population fail to confirm these candidate genes as being involved
in aggression [93]. Dopamine can be converted into norepinephrine (NE) by
dopamine-β-hydroxylase (DBH), a protein encoded by a gene that has been
strongly related to aggression in rodents [94].
Stress and sex hormones
Hormone release by the hypothalamic-pituitary-adrenal (HPA) axis, which
triggers the stress response, has also been found to be related to aggressive
behaviour. Activation of the HPA axis will ultimately lead to glucocorticoid release
by the adrenal cortex which can influence gene expression in systems involved in
e.g. the immune response and circadian rhythm signalling [87, 95]. Low levels
of cortisol, the main stress hormone released by the HPA axis, are consistently
found in adolescents that display antisocial behaviour [96] and this association
was also found in multiple animal studies [97, 98]. Male ADHD patients
with comorbid CD showed reduced cortisol stress reactivity in the presence of
increased baseline cortisol which was positively related to symptom severity [99].
In contrast, other studies have demonstrated that CU traits are linked to lower
baseline levels of cortisol [100]. In rats, corticosterone deficiency, induced by
adrenalectomy with low level glucocorticoid replacement, increased abnormal
forms of aggression and reduced autonomic responses to social challenges [97,
98]. On the other hand, acute treatment with the corticosterone inhibitor
metyrapone decreased aggressiveness, which was abolished after administration of
corticosterone before the encounter. These aggression-promoting effects were not
affected by the protein synthesis inhibitor cycloheximide, indicating that these
effects are not related to genomic mechanisms [101]. In addition to cortisol and
when increased, testosterone is a sex hormone that is associated with CU traits
[102] and with fear-related aggression [103]. In addition, testosterone has been
implicated in modulating both prefrontal and amygdala responses in approachavoidance behaviour and may hence mediate part of the fight/flight response
[104, 105]. Testosterone levels are found to be associated with fear-processing
circuitry associated with aggression rather than on global affect processing, which
was correlated with amygdala activity [103]. This suggests that testosterone
is mainly involved in reactive aggression, which may overlap with the role of
testosterone in early automatic social threat processing [104, 106]. A systematic
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review, combining 27 studies that investigated the effect of testosterone on
male adolescent mood and behaviour, concluded that longitudinal data of high
methodological quality is currently missing and therefore no solid conclusion can
be drawn [107].
GABAergic system
An inverse relationship was found between human plasma levels of the inhibitory
neurotransmitter GABA and aggression measures, i.e. lower levels of GABA
were associated with higher levels of aggression [108]. The same relationship
was found in a preclinical study in which GABAergic transmission was increased
(by using the GABA agonist muscimol) and, as a result, aggression decreased
[109]. In contrast, a decrease of the main excitatory neurotransmitter glutamate
reduces aggression [85]. Although these studies suggest an inverse but linear
relationship between GABA and aggression, it has been found that positive
allosteric modulators of the GABAA receptor (e.g. benzodiazepines) have bitonic
effects - i.e. low dosages increases and high dosages decreases - on aggression [82,
109]. Full and partial mutations in the genes encoding the 65-kDA respectively
67-kDA isoforms of glutamatic acid decarboxylase (GAD), enzymes essential
for the synthesis of GABA, resulted in decreased aggression in mice [110, 111].
In contrast, increased GAD65 in the hippocampus, caused by overexpression
of neuroligin-2 (a postsynaptic cell adhesion molecule expressed at inhibitory
synapses) also reduced aggression in rats [112]. These studies could, while
contrary, point towards the balance in inhibitory GABA expression and brain
area specificity that is crucial for the behavioural outcome.
Serotonergic system
As reviewed by Berend Olivier, there exists a big dogma about the relationship
between serotonin (5-HT) and aggression in that serotonin would inhibit
aggression [113, 114]. This was driven by older studies that found an inverse
relationship between 5-HT levels in cerebrospinal fluid and aggression in humans
[115], which is more of a correlational measure instead of reflecting direct 5-HT
brain concentrations. However, other studies have found positive relationships as
well [116]. Furthermore, studies have shown that low 5-HT levels are more likely
associated with impulsivity rather than with aggression per se [117]. Genetic
disruption of tryptophan hydroxylase-2, the rate-limiting enzyme in the synthesis
of serotonin that is widely expressed in the brain [118], results in increased

19

1

Chapter 1

aggression in mice [119, 120]. In humans, polymorphisms of the same gene are
associated with antisocial behaviour [121] and enhanced aggressiveness [122].
Other evidence comes from studies investigating postsynaptic 5-HT1A and 1B
receptors [123, 124]. Pharmacological administration of 5-HT1A receptor or
5-HT1B receptor agonists specifically reduces aggression in rodents. However,
the specificity of the effect of the 5-HT1A receptor agonist seems to depend
on whether the drug was a full or partial agonist [125]. Type 2 5-HT receptors
are positive mediators of 5-HT transmission (in contrast to the type 1 receptors
that are involved in negative control) and particularly HTR2A and HTR2B were
found in association with physical and impulsive human aggression, respectively
[126, 127]. The short allele, in contrast to the long allele, of the serotonin reuptake
transporter (5HTT/SLC6A4) gene leads to low expression of the transporter
and high availability of serotonin in the synaptic cleft [128]. This same allele
is associated with increased aggression and impulsivity in children [129] and in
criminal offenders [130].

ANIMAL MODELS
Need for animal models
Decades of studies have shown that human aggression is influenced by many
environmental factors and genetic factors, which makes the interpretation of
the gene-environment interactions more complicated. Functional magnetic
resonance imaging studies in people with a history of aggression revealed clear
differences in brain activity in e.g. the vmPFC and amygdala [6, 131]. However,
the heterogeneous presentation of aggression in these people makes it hard to
draw strong conclusions about the relationships between their brain activity and
behaviour. In addition, studying human aggression (and not just frustration)
in a laboratory setting does not reflect the natural situation and is often not
ethically justifiable. Such types of aggression can be mimicked by the use of
animal models which allows us to investigate abnormal aggression in a controlled
environment [132]. Aggression research in animals has been performed for more
than a century. Nobel prize winner Walter Rudolf Hess was one of the first to
elicit a defensive reaction in cats after electrical stimulation of the ventromedial
hypothalamus [133]. Reactive aggression, either provoked by frustration or
provocation, is a phenomenon that is also demonstrated in animal models. These
studies have shown that the reactive aggressive response to a threat is often graded,
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from freeze to flight to fight as the distance to the opponent or threat decreases
[134]. Territorial aggression is one of the clearest forms of reactive aggression:
territories are constantly threatened by (intruding) animals that want to take over
the resources for their own reproductive success. In case of rats and mice, there is
limited fighting between group members within these territories as long as there is
enough food available. When food is getting scarce aggression increases, and this
even among normally less aggressive female members of the group [135]. When a
male stranger comes into the territory of a dominant rodent male, he will directly
be driven away, unlike females who will be accepted in the group more easily
[136]. Thus, reactive aggression is very useful for the maintenance of a stable
colony and can be seen as an adaptive mechanism [53, 137, 138]. In contrast to
territorial aggression, predatory aggression serves a different purpose and could
be considered more proactive. In this case, aggression serves as a way to provide
food, but eventually contributes to the same goal, i.e., survival of the individual
or the group [139-141]. Besides predatory aggression, other proactive forms of
aggression are less clear to identify in animals. However, we need to recognize
that the aggression seen in neuropsychiatric disorders is mostly characterised by
out of context or abnormal forms of aggression. In this respect, whereas tasks
to discriminate proactive aggression in animals are lacking, abnormal forms of
aggression are more often observed and can be stimulated in an experimental
setting. We define abnormal forms of aggression when one or multiple of the
following events occur [142, 143]:
I.
II.
III.
IV.
V.

Inappropriate response to provocation or ambiguous signals;
Low threshold towards provocation (i.e. short latency to initiate attacks);
High rate of aggression and atypically long bursts;
High intensity of aggression;
Ignorance of social, species-specific rules including:
a.
b.
c.

Lack or decrease of threat behaviour
Attack of females and pups
Attacks directed towards vulnerable body parts (e.g. head, belly,
neck)

VI. Insensitivity towards submissive behaviour of the opponent.
Logically, animal models will not help us to mimic aggression that is related
to higher cognitive functioning (such as verbal aggression or non-verbal
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aggression). That being said, one thing that all species have in common is that
after an aggressive act with a ‘successful’ outcome for the aggressor, the drive to
continue to use aggression the next time again is enhanced. In animal studies,
this is also described as the repeated victory experience [144]. Similarly, a failure
to win has negative consequences for our health status [145]. These repeated
occasions in which the aggressor feels superior and undefeatable can ultimately
change the way aggression is used. The test that is most often used in animal
research to examine aggression is the resident-intruder test. During this test, an
unfamiliar animal (intruder) is put in the territory of another animal (resident)
and this often results in an aggressive conflict [138, 146-148]. Since this test
takes place over multiple consecutive days, the resident (whose confidence grows
through repeated victories) better anticipates an intruder entering his territory
and as a result, the latency to attack reduces and attacks are more often targeted
to vulnerable body parts, which seems more goal-directed. Therefore, we could
argue that repeated aggressive interactions during the resident-intruder test
involve both reactive and proactive/abnormal forms of aggression. More detailed
information about animal aggression can be found in Chapter 2. Below, I have
described a number of animal models that have been used to study aggression.
Alcohol-induced aggression is also a known model in the field, but since this
model is less relevant for the neuropsychiatric disorders that we study, I won’t
focus on this in the thesis [149-152].
Specific brain area-interference models
The most famous ‘lesion study’ is the case of Phineas Gage. In 1848 during a
railway construction work accident, his brain was penetrated by a one meter
long iron rod, which destroyed his left frontal lobe. Remarkably, he survived but
his personality changed dramatically, he started to show more anti-social and
aggressive behaviour [153]. Gage’s case made researchers realize the role of the
brain in the determination of personality. Historical animal studies have also
investigated the effects of brain lesions on aggressive behaviour. For example,
lesions in the OFC [154] and in the lateral septum, medial hypothalamus and
medial accumbens have been shown to elevate aggression [155, 156]. More recent
studies using optogenetics have shown that stimulation of the medial amygdala
[157], the ventromedial hypothalamus [158] and the ventral tegmental area [159]
increase aggression, whereas stimulation of the dorsal and median raphe region
[160] and medial prefrontal cortex (but not the OFC) [161] decrease aggression.
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Hypothalamic-Pituitary-Adrenal axis related models
Aggression is thought to have a basis in states of arousal which is based on the
reactivity of the hypothalamic-pituitary-adrenal (HPA) axis. This physiological
stress system coordinates the physiological and metabolic response to stressful
events and is generally thought to be associated with abnormal aggression when
in a hypo-arousal state, while reactive aggression (driven by fear) is mostly
related to states of hyper-arousal [70]. The mode of action is the following:
corticotropin-releasing hormone (CRH) and arginine vasopressin (AVP) are
released upon activation by the paraventricular nucleus of the hypothalamus. As a
reaction, adrenocorticotropic hormone (ACTH) is produced and released in the
bloodstream by the pituitary. Within the adrenal cortex, ACTH binds to ACTH
receptors and thereby stimulates the production of glucocorticoids, also known
as the primary stress hormones [162]. Glucocorticoids (GCs), with cortisol as the
main human GC and corticosterone as the main animal GC, initiate a negative
feedback reaction to the HPA axis in order to regulate the stress response and
reduce amygdala reactivity [163]. States of hypo-arousal are found in CD patients
with CU traits, which is measured by low production of GCs, low heart rate and
low skin conductance [164, 165]. In animals, adrenalectomy in combination
with low-level GC replacement can be performed in order to mimic reduced
autonomic activation [97, 98]. High levels of aggression were observed together
with decreased threat behaviour and more attacks that were directed towards
vulnerable body parts, which was abolished by corticosterone injections [98].
Other studies selected mice based on their HPA axis responsiveness, which itself
was based on the level of plasma corticosterone after restraint stress. Animals that
had low responsiveness showed more attacks towards intruders than those with
high responsiveness [166]. From other studies we know that early life experiences
can shape the development of the HPA axis. Long-term exposure to stressful
experiences, such as stress during prenatal, postnatal and peri-pubertal phases,
can affect HPA axis reactivity and aggressive behaviour [167]. Most of these
studies indicate that low production of corticosterone and/or low responsiveness
of the HPA axis are associated with higher levels of aggression. However, a recent
review, combining rodent literature about the involvement of the HPA axis in
abnormal aggression, proposes the idea of a U-shape of HPA functioning since
in literature, both high and low HPA axis reactivity were found to be associated
with higher levels of aggression [167]. These differences may be explained by the
subtype of aggression.
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Selective breeding for aggression
Pathological forms of aggression (that fit the criteria stated above) are found
in rodent breeding lines that were specifically selected for high aggression. For
example, short attack latency (SAL) mice, which were caught in the wild in
Groningen (The Netherlands), displayed more abnormal aggression than mice
that were selected based on long attack latency (LAL) [168, 169]. Higher levels
of aggression were accompanied by hypo-arousal symptoms, such as lower heart
rate and GC levels [132]. One of the oldest selective breeding lines for aggression
is the Turku line from 1959 in which Swiss albino outbred mice were selected on
being aggressive (TA) and non-aggressive (TNA) [170]. Outbred ICR (Institute
for Cancer Research) mice have also been selected on their aggressive phenotype
and gave rise to the North Carolina low-aggressive (NC100) and high-aggressive
(NC900) lines [171-173]. While the reported frequency and intensity of
aggression observed within these lines are comparable, only the SAL mouse
would attack (familiar) females. As a common factor, all these lines share blunted
HPA axis reactivity, which indicates a state of hypo-arousal [174]. Combined
weighted gene co-expression network analysis in the prefrontal cortex of all three
of these models has revealed the NF-kB and MAPK pathways (which are both
involved in inflammation) to be associated with aggression [175].
Transgenic models
Transgenic animals (mostly mice and to a lesser extent rats) have been created
to test candidate genes for aggression that are derived from human studies
[176, 177] (an overview of the different transgenic models that have been used
for aggression research can be found in Chapter 2). For example, some classic
aggression genes are MAOA [92, 178, 179], COMT [180, 181], SLC6A4/5HTT
[182], the vasopressin receptor 1a (AVPR1a) [183] and the nuclear receptor 2E1
(NR2E1) [184]. Genetic alteration can relatively easily be modelled in animal
models. For example, the MAOA mutation in impulsive aggressive families [92,
185, 186] has been mimicked in an animal model that presents with high levels
of aggression [187]. In animals, the results of transgenic models are mixed, which
may be due to specific gene-environment interactions [188].
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Our aggression model: BALB/cJ mouse
As stated above, aggression is a natural phenomenon that is also seen in humans and
animals. Therefore, animals can serve as experimental models for neuropsychiatric
disorders [142]. The research that is covered in this thesis provides an overview
of aggression and related behaviours, neurochemical and genetic factors in one
particular mouse strain: the BALB/cJ mouse. We have chosen an inbred mouse
strain for multiple reasons. First, transgenic animal models with single gene
modifications do not reflect the complex interplay between genes that we see in
these neuropsychiatric disorders. Second, we aimed for a model that naturally
showed more aggressive behaviour without being selected specifically for it. The use
of an animal model enabled us to differentiate the genetic and behavioural effects
from the environmental influences. The non-transgenic inbred mouse strain that
we chose was originally bred as the Bagg Albinos by Dr. Halsey Bagg at Memorial
Hospital in New York City [189]. Since they have a low spontaneous incidence of
leukemias, these animals were preferably used for cancer research as they made it
possible to study the leukemogenic properties of viruses (e.g. mammary tumour
virus). The actual inbreeding process happened at Cold Springer Harbor by Dr.
E.C. MacDowell. In 1932, George Snell brought the animals to the Jackson
Laboratory and named them BALB/c mice. In 1938/1939, J. Paul Scott acquired
some of these mice and named them BALB/cJ mice. In 1947, a fire destroyed
the breeding facilities of the Jackson Laboratory and the original BALB/c strain
perished. Since Scott’s mice were in a different building, BALB/cJ mice survived
and were donated back to the Jackson Laboratory. In 1935, George Snell also
provided some BALB/c animals to the National Institute of Health. This colony
was acquired by D.W. Bailey in 1961. He created the substrain BALB/cBy at the
University of California, San Francisco. In 1974, these animals returned to the
Jackson Laboratory and their name changed into BALB/cByJ. In the 1970s, it
became clear that especially BALB/cJ mice display heightened levels of aggression
in comparison to A/J mice [190] and BALB/cN mice [191]. The comparison
between BALB/cJ and BALB/cByJ mice was done in 2010 by dr. Lady Velez,
showing higher aggression levels in BALB/cJ, which could possibly be explained
by one of the eleven copy number variants that were found between BALB/cJ and
BALB/cByJ mice [192]. The relatively few genetic differences between BALB/cJ
and BALB/cByJ make this model a promising one to investigate the neurobiology
of aggression and was therefore chosen for the research that is described in this
thesis.
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AIMS AND THESIS OUTLINE
The overall aim of this thesis is to investigate the neural, genetic and molecular
factors involved in the pathogenesis of aggression in BALB/cJ mice. We have
performed studies that have high construct validity and can be matched with
clinical studies due to the similarity in paradigm and/or methodology. Paradigms
such as cognitive flexibility, (sustained) attention processing and fear extinction
were performed in high-tech touchscreen environments which are translatable to
human CANTAB modules [193-197]. In addition, magnetic resonance imaging
and spectroscopy were focused on brain areas known to be involved in top-down
cortical control processes [3]. These advantages will (eventually) contribute to the
cross-validation and transfer of animal data towards neuropsychiatric disorders
in humans. In Figure 2, we differentiate between three behavioural domains,
namely: aggression (including reactive aggression, abnormal aggression and
social dominance), anxiety (including fear extinction, exploration behaviour,
social interaction/fear) and cognition (including flexibility, extinction learning,
punishment sensitivity and sustained attention). These behavioural aspects may
be related within or between domains and they are altered in ADHD and/or CD.
Aggression

Fear extinction (6)
Exploration behaviour (3,6)
Social interaction (6)

Reactive aggression (3,6)
Abnormal aggression (3,6)
Social dominance (7)

State
of
arousal
Fear
processing

Cognition

Cognitive flexibility (4)
Extinction learning (5)
Punishment sensitivity (4)
Sustained attention (7)

Figure 2. Behavioral domains that were tested in BALB/cJ mice. Different subdomains were
studied in the different chapters as indicated between the parentheses.

To gain more insights into the neurobiology and related behaviours of aggression
as described in Figure 2, we conducted a series of studies that are described in
chapters 3 to 6 of this thesis. As a common factor, we hypothesize that the state of
arousal is crucial for the behavioural outcome in different behavioural domains.
The role of arousal in BALB/cJ mice will be discussed in more detail in chapter 7.
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In Chapter 2, an introduction is provided about the importance of aggression and
the translational aspects from aggression in animals to aggression seen in human.
Animal models have been extensively tested but no overview was available that
would provide information about the contribution of genetic pathways and the
quality control of these experiments. Since many factors confound aggression
outcomes, this is crucial. This chapter reveals how complex the behavioural
phenomenon called aggression is. Eventually, it indicates that fine-tuning of
neurotransmitter release (e.g. GABA and glutamate release) and uptake can
have tremendous effects on the behavioural outcome. In addition, the chapter
provides an overview of all the studies that have tested aggression in transgenic
animals. As the main result, recommendations are given for future studies and
an overview is given of all the molecular pathways that are involved in aggressive
transgenic animals.
Chapter 3 continues on the idea that aggression could be caused by an imbalance
in the fine-tuning of neurotransmitter release which could influence top-down
cortical control [49, 50]. We aimed to investigate whether aggression in BALB/cJ
mice is associated with altered neurotransmitter concentrations (in areas involved
in top-down cortical control) and we tried to identify the underlying molecular
mechanism. A comparison was made between BALB/cJ and BALB/cByJ mice in
respect to behaviour, neurometabolites and gene expression. Both BALB/cJ and
BALB/cByJ mice were extensively phenotyped. Pathway analysis of microarray
mRNA data resulted in the creation of a molecular landscape which predicted
altered GABA signalling to underlie the observed increased aggression. This was
supported by a 40% reduction of 1H-MRS GABA levels and a 20-fold increase
in mRNA of the GABA-degrading enzyme Abat in the ventral ACC of aggressive
BALB/cJ mice compared to BALB/cByJ controls.
Cognitive flexibility is crucial to adapt behaviour swiftly according to changes
or challenges in the environment. The motivation to change behaviour is highly
dependent on the expected consequences (either neutral, positive or negative).
CD patients with CU traits show decreased sensitivity to negative consequences
in the form of a punishment, which means that they do not learn from negative
experiences.
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In Chapter 4, we adapted a touchscreen-based paradigm (based on the classic
reversal learning test) in which we were able to test the effect of punishment and
reward on cognitive flexibility in BALB/cJ and BALB/cByJ mice. In BALB/cJ
mice, we found increased reward sensitivity but, as in CD patients, decreased
sensitivity to punishment, which was based on a higher number of correction
trials and number of trials to criterion.
Moreover, differences in cognitive flexibility and impulse control can be a sign
of dysregulation of executive function and can play a role in the aetiology of
pathological aggression. In the previous chapter, we investigated how well animals
would learn and switch between rules. In Chapter 5, we have evaluated how
quickly animals could unlearn behaviour in an appetitive extinction paradigm.
BALB/cJ mice were faster in the acquisition of a simple task. The group of BALB/
cJ mice could be divided into two subgroups: one in which animals reached
criterion and one in which animals did not. The first group turned out to be more
reward-driven while the second group displayed more impulsive behaviour.
Increased aggression, anxiety and dysfunctional fear processing are observed in
both CD and ADHD patients. Methylphenidate (most common trade name:
Ritalin) treatment in ADHD and CD patients has been shown to be effective in
reducing aggression (effect size: 0.9) [43, 198]. Conflicting results were found
with regard to the effect of methylphenidate on anxiety and fear processing.
Therefore, in Chapter 6, a pharmacological intervention with methylphenidate
was performed in BALB/cJ mice in order to measure the effect on the behavioural
domains described in Figure 1. The results indicate that methylphenidate has a
role in the regulation of anxiety and fear processing and dose-dependently affects
aggression.
In Chapter 7, all findings from the different chapters are integrated and evaluated
in the light of the existing literature and future research directions are provided,
with a particular focus is on the role of arousal within the different behavioural
domains and neurotransmitter systems.
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ABSTRACT
Aggressive behavior is often core or comorbid to psychiatric and neurodegenerative
disorders. Transgenic animal models are commonly used to study the
neurobiological mechanisms underlying aggressive phenotypes and have led
to new insights into aggression. This systematic review critically evaluates all
available literature on transgenic animal models tested for aggression with the
resident-intruder test. By combining all available literature on this topic, we
sought to highlight effective methods for laboratory aggression testing and
provide additional recommendations for its induction and measurement in
rodents that are translational to humans. In addition, a molecular landscape is
presented, which includes all the protein interactions that are found associated
with aggression for our systematic search. The genes, encoding for these proteins,
were used to inform common molecular mechanisms / cascades in aggression
in human and animals. Future efforts should in particular focus on the role of
GPR3, ADRA2A, PRNP and APP/β-amyloid in aggression.
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1. INTRODUCTION
1.1 Natural aspects of aggression
Aggression is a common inherent natural phenomenon that is observed
across species with a high translational value. Human aggression is similar to
aggression in other mammalian species such as mice and rats, such as the basis for
aggressive acts like biting and scratching and many types of aggression. Often,
aggression is referred to as a negative act but aggressive acts can contribute to
the survival of individuals and groups. Within groups, aggression is a form of
social interaction that is necessary for group survival and dynamics. For example,
a hierarchy in which the strongest animal is the leader can only be established
through competition between animals of the group [199, 200]. In humans, this
is reflected in the fact that physical size is positively related to the number of
aggressive interactions [201, 202]. Hence, distinct types of aggression can be
defined in animals: play fighting, offensive aggression, defensive aggression,
maternal aggression and predatory aggression [203]. Whereas offensive, defensive
and maternal aggression share many characteristics, play fighting and predatory
aggression seem distinct. The frequency of play fighting is not predictive for the
state of dominance in adult animals. Adult dominant animals display less play
fighting compared to subordinate animals [203]. Predatory aggression is distinct
in that drug treatments that reduce the other forms of aggression often have no
effect on predation [203]. This systematic literature review focuses on aggression
in rodents and in the next section, different forms of aggression will be discussed.
Aggression and aggressive acts differ between rodents. Therefore, in laboratory
science it is important to take into account how aggression occurs in the natural
environment of the species. Wild rats live in groups in burrows in the ground.
Most often, a group consists of one dominant male, a couple of females and their
offspring. Males are only allowed in the group if they have not reached adulthood
and adult intruder rats are excluded [148, 204]. A colony is constituted of
multiple of these territories and neutral areas where groups avoid each other and
only minimal fighting occurs. Competitive fighting may occur between familiar
animals within the colony and is often motivated by hunger, thirst or frustration
of ongoing activity and appears more in female than in male rats [135]. Stability
within a colony is established by suppressing aggressive conflicts among group
members. However, animals have shown to become more tolerant toward each
other when population densities increase [204]. Aggressive behavior observed
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in rats is highly adaptive and dependent on subtle factors such as time of the
day, the presence of food or recognition of the individual. Lactating females may
show aggressive behavior towards intruders but this decreases when no pups are
present. In contrast, wild mice live in solitary. Male mice have a large territory
compared to female mice, and sometimes the female territory is part of the male
territory. Normally, a male mouse will behave in a sociable way to a female that
comes into this territory, but male intruders will be attacked and driven away
[136].
As described by de Boer (2017) rats and mice kept under laboratory conditions
are highly adaptive in their social behavior and hence, differences exist between
aggressive behavior of wild and laboratory animals. Rats in the wild as well as
in the laboratory show a range of attack and defensive behaviors and both react
defensively when attacked [204]. However, wild rats show defensive behavior
prior to being attacked and are, as a consequence, less successfully assaulted by the
attacker [135, 145, 203, 205, 206]. Importantly, comparing laboratory Wistar
rats to the wild Groninger rat demonstrated that highly aggressive phenotypes are
not present in the Wistar population [147]. In Norway rats, it was demonstrated
that domestication of wild rats leads to higher levels of serotonin (5-HT) in the
brain with a decrease of defensive, but not of predatory aggression [207].
In contrast to their wild, solitary behavior, laboratory mice are often housed
in groups of males which results in less respectively more aggression in certain
mouse strains [208-210]. The latter is e.g. the case for CD1 mice, as they will
stay aggressive even when they are group housed [211]. Further, housing males
with females is shown to increase aggression levels [212]. When comparing wild
mice with Swiss mice it has been shown that while patterns of defensive behavior
are comparable, freezing and flight behavior are decreased in Swiss mice [213].
When exposed to the anti-aggressive drug fluprazine, both wild and Swiss mice
show decreases of aggressive behavior in the same domains [214].
Even though there are substantial differences in the aggressive behavior of wild and
laboratory rats, and less so in mice, studying aggression in a laboratory setting is
a valuable tool for deducing the neurobiology of aggression. It is very interesting
to study why various strains of rats and mice have different aggression levels
under defined conditions. This could provide insight into the neurobiological
mechanisms and genetic background of aggression as a trait.
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1.2 Inducement of aggression in laboratory animals: residentintruder test
Most aggression research is performed in rats, hamsters and mice and utilizes the
aggressive interaction between two animals. Examining more than two animals
in an aggressive reaction is often avoided, as an increase in number can influence
the aggressive behavior [215]. Various paradigms are used to induce and measure
aggression in a laboratory setting. Here, we shortly describe the most common
aggression tests that involve two animals in an interaction.
Pain-elicited aggression is a method that induces aggression by exposing animals
to painful stimuli (e.g. an electric shock). This method induces behavioral
patterns observed in defensive rather than offensive aggression [137]. Offensive
aggression can be measured in food-motivated competition or tube fighting
which was introduced in 1961 by Lindzey [216]. Here, food is placed at the
opposite ends of a single runway tube, the test animals meet in the middle and
the ‘dominant’ animal pushes the ‘subordinate’ animal away. However, it was
found that ‘winning’ a tube fight is poorly related to victories in other dominance
or attack situations and cannot be used as a general measure of dominance or
offensive behavior [137, 217]. However, some more recent studies showed that
animals that won in the social dominance test were also the most aggressive in
the resident-intruder test [218, 219]. Isolation-induced aggression is another
method that has shown to increase general aggressiveness in mice [220, 221].
Although in rats, there was a general tendency for greater aggression, it appears
that aggression is milder and it does not lead to tissue damage [222]. Studies into
predatory aggression are, due to ethical considerations, not common practice
anymore. Mouse killing by rats, or muricide, has often been studied in the past
but the close phylogenetic link between mice and rats makes muricide behavior a
mixture between predation and offensive aggression [137].
The last category of aggression is territorial aggression. This type of aggression
is most often tested with the resident-intruder test, which was first proposed by
Krsiak (1975), and has been extensively described in rats and mice [138, 146-148].
In the resident-intruder test, the resident is provided with an arena in which to
establish its own territory. To determine the level of aggressiveness of the resident,
an intruder will be introduced into the territory of the resident and the animals
are allowed to interact for a certain period of time [138]. The usual pattern of

35

2

Chapter 2

territorial aggression, or offensive aggression, is that the resident moves towards
the intruder and secures a specific area for the intruder [135, 137]. The resident
will aim for a homeostatic environment and successful re-establishment of the
homeostasis will enhance aggressive behavior [148]. As a reaction, the intruder
shows typical defensive aggressive behavior, with the exception of lactating
females that show a combination of offensive and defensive behavior, depending
on the gender of the opponent [135, 223]. While offensive aggression involves
an adaptive response to a change in the environment, defensive aggression can be
assumed a protective mechanism of the bodily integrity. Typical defensive attacks
are targeted towards the snout of the opponent, whereas offensive attacks are
more targeted towards the back and flanks. The proportion of the bites targeted
towards the back of the intruder increases when the interaction area is expanding
due to increased chasing behavior [203]. On other occasions, the resident will
manipulate the position of the intruder so that the resident can attack the
intruder, or the resident will target the closest part of the intruder. Studies with
anaesthetized opponents indicate that specific target areas for offensive aggression
exist independently of the reachability of the particular area [203]. However,
when the defender is unconscious or dead, the snout becomes an additional
target of an offensive attack [203]. Attacking the snout can also be considered as
an attack driven by high levels of motivation and is observed in escalatory forms
of aggression [78, 211, 224].
There are differences in the behavior of rats versus mice in the resident-intruder
test. For example, it is more common that the resident keeps down the intruder.
This is less often seen in mice since they tend to attack the ventrum, and keeping
an opponent down enables attacking of the ventrum [203]. Differences between
mouse strains and amongst rat strains have also been found and, depending on
variations in the resident intruder paradigm, even differences between mice and
rats from the same strains have been identified. In this systematic review, we will
describe these differences between and within strains of rats and mice extensively.
1.3 The translational value of the resident-intruder test
Aggression can be found in psychiatric disorders and clinical syndromes associated
with brain lesions and abnormal forms of aggression [142]. In humans, other
than physical aggression, more forms of aggression exist due to higher cognitive
capacities. The shared component between humans and animals is that offensive
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aggression is an adaptive response to a challenge in the environment. In humans,
this is thought to be mainly driven by the violation of the individual’s sense of
control. Similar to animals, humans pre-evaluate the strength of the opponent
and a failure to win has negative consequences for our state of health [145].
The situation created in the resident-intruder test can be comparable to offensive
aggression in humans, which makes this test attractive for translational research.
These aggressive interactions in the resident-intruder test challenge the adaptive
capabilities of the resident and reduced levels of offensive aggression can sometimes
be explained by a reduction in the adaptive capacity or an enhancement of
defensiveness and/or fearfulness [203]. Interestingly, the cognitive flexibility
needed to swiftly adapt to threatening situations seems to be decreased in highly
aggressive animals, which indicates that proactive coping relies more on routines
compared to environmental stimuli [204]. In light of the above, aggression or
anger in humans could be considered similar to the situation that elicits offensive
attacks in rodents.
The resident-intruder test is also a useful tool for studying clinically pathological
aggression. On the one hand, human aggression in clinical phenotypes can be
reflected in the resident-intruder test in animal models of these disorders. For
example, increased aggression in depression that is observed in humans can also
be found in mice. Chronic mild stress induced depressive-like behavior in mice is
accompanied by higher levels of defensive and offensive aggression [219], while
other studies show decreased levels of aggression upon stressful experiences [225].
Another example is Alzheimer’s disease, in which aggression is often a comorbid
symptom in humans [226]. A transgenic mouse model of Alzheimer’s disease
shows increased aggression in the resident-intruder test in three consecutive tests
[227]. In addition, drugs used to decrease aggression in humans are able to reduce
aggression in the rodent resident-intruder test [228]. On the other hand, genetic
variation linked to aggression in humans can also be found inducing aggression
in the rodent resident-intruder test. A well-known example is a mutation in
MAOA, which has been reported to be associated with increased levels of selfreported human aggression in a number of studies, while familial deficiency of
MAOA was found to be linked to impulsive aggression [92, 185, 186]. In Maoa
knockout mice, increases in aggression in the resident-intruder test have been
reported [187].
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1.4 Genetic contribution to offensive aggression
The exact neurobiology of offensive aggression still remains elusive, yet various
approaches have been taken to find the underlying genetic pathways associated
with the differences in aggression observed within and between strains and many
genes have been linked to aggressive behavior [229]. For example, NF-kB and
MAPK pathways have been implicated in aggression [175] and the serotonin
transporter and MAOA genes are associated with antisocial behavior [182].
In addition, gene-environment interactions play a role in aggressive behavior.
Genetic variation in the serotonin transporter and MAOA genes is thought to
increase the likelihood of escalated aggression induced by environmental factors
[230]. Transgenic animal models provide the opportunity to compare genetic
influence between and within strains in standardized aggression tests such as
the resident- intruder paradigm. For example, mice knockouts of genes that are
known to be linked to aggression in humans (e.g. MAOA) have been generated.
However, while comparing different studies that measure aggression in transgenic
models, aggression can also be affected indirectly by e.g. smell and sound and
hence, we should be careful with the comparison of these studies.
1.5 This systematic review
Despite the large number of published studies into the neurobiology of
aggression, the underlying genetic and epigenetic substrates have not yet been
fully elucidated. This may have been influenced by the high variability between
the studies that performed the resident-intruder test. Already in the early 1980s,
it was clear that subtle factors of the resident-intruder such as place, context,
age of the animals, recognition of the intruder, and time in the dark/light cycle
can influence the results [148]. Furthermore, the way in which aggression is
induced, for example isolation-housing, can affect the outcome. These factors
may explain why some studies that have tested the same animal strains in the
resident-intruder test have contradictory outcomes. This systematic review aims
to answer the questions: (1) how is aggression tested in the resident-intruder test
in laboratory animal models? and (2) what is the effect of genetic modification
on aggressive behavior in laboratory animals as measured in the resident-intruder
test? In addition, this review places genetic animal models and aggression testing
in a new perspective and aims to raise awareness in order to streamline residentintruder tests. In this review, we particularly focused on studies that investigated
aggression in transgenic animal models and not on aggression research done
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in wildtype strains nor on the effects of pharmacological manipulations on
aggression. Genetic variation between inbred strains is highly diverse and hence
it is hard to pinpoint the contribution of specific genes to aggressive behavior,
whereas transgenic animals usually carry only targeted gene manipulation, which
gives more confidence about the contribution of single genes on the aggressive
phenotypes. By choosing to specifically select studies with transgenic animal
models in our review, a molecular landscape of aggression was constructed for the
field to validate. In addition, this review provides a quality control for the already
published articles, and seeks to provide guidance for new studies and create future
perspectives in the aggression field by the establishment of a molecular landscape
of aggression.

2. METHODS
2.1 Literature search and selection approach
A literature search was conducted to identify articles published till 01-01-2016
from PubMed, EMBASE, Web of Science and PsycINFO covering the topic:
the genetic basis of aggression. Separate search strategies (see supplementary
information A.1) were created to find all the studies that have been published
about aggression related to genetic variation. The SYRCLE animal filters for
EMBASE and PubMed were used to specifically find all the animal studies [231,
232]. Animal filters for Web of Science and PsycINFO were constructed based on
these animal filters (see supplementary information A.2 and A.3). Additional
terms were incorporated in order to exclude studies about aggressive cell growth
in cancer. The protocol format for the preparation, registration and publication
of systematic reviews of SYRCLE was used to organize the searching process
[233], see supplementary information A.4. The citations of the articles that were
found in the different databases were collected and duplicates were removed in
EndNote X7.
Subsequently, all unique citations were transferred to Early Review Organizing
Software 3.0. (EROS, Institute of Clinical Effectiveness and Health Policy,
Buenos Aires, Argentina). In EROS, all the references were randomly allocated
to three independent reviewers (A.J, D.M and K.F.). Titles of the articles were
always screened by two of the three reviewers.
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The following inclusion criteria were assessed:
•

•
•

•
•

The article had to report about aggressive behavior, but it did not have to be
the main topic of the article. This definition was used in order to include all
the studies that were purely investigating aggression as well as studies that
studied aggression as part of the phenotyping of a certain animal model.
This included the articles that reported no change in aggression, which were
collected in order to prevent the introduction of bias towards positive results.
The study had to be conducted in animals in an experimental setting and not
in wild animals.
A genetic component had to be described, which meant that all articles that
described specific genes were included, but also articles that reported the
name of the animal strain that was used or the effect of a certain drugs on
gene expression or mono-amines were included. This broad definition was
used to prevent that relevant articles were missed.
Only primary studies were included.
In cases where one of the reviewers was in doubt the publication was included
in the next phase with the label of low/moderate inclusion. The references
that clearly matched the topic of our search were included and got the label
of high inclusion. Disagreement throughout all phases of the screening was
solved by discussion, but when there was no consensus between the two
reviewers the references got the label low/moderate inclusion and these
references were screened again in the title and abstract screening phase. In
this phase all the references were randomly allocated over three independent
reviewers.

The same criteria stated above were used in the title and abstract screening phase.
Articles that fulfilled the criteria were selected for the full text examination. A
couple of additional factors were checked during the full text inclusion:
•
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•

•

•
•

Only studies that used transgenic animals were included. Studies that tested
pharmacology were only included when an experiment was conducted
in which no pharmacology or a vehicle was used in both the control and
transgenic group.
The control animals had to have the same genetic background as the transgenic
animals. Studies that reported that the control group and experimental group
had different genetic background were excluded. Articles not reporting the
backgrounds were included and marked accordingly in supplementary table
A.1.
Articles that were written in non-English language were not included.
Reviews that covered the topic were collected and their reference list used as
an additional source of relevant articles.

2.2 Study characteristics and quality assessment
The articles that fulfilled the criteria of the full text examination were used for the
review and data analysis. The following general information was obtained from
these articles and used in the study characteristics table:
• Species used in the aggression experiments
• Genetic background of both control and transgenic animals
• Gene that was modified in the experimental group (gene names displayed as
presented in Ingenuity IPA software)
• Age of the animals at the time of behavioral testing
• Sex of the animals
• The number of animals used in the aggression tests
• Whether and how aggression was induced
In addition, detailed information about the methods of the resident-intruder
paradigm was collected:
•
•
•
•
•
•

Timing of experimentation in the circadian cycle
Duration of isolation before start of the first session
Intruder animal information (strain/genetic background, sex, age, housing)
Number of resident-intruder sessions
Duration of exposure to the intruder per session
Time interval between subsequent sessions
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Scoring diverse factors related to experimental design and ethical considerations
was used to assess the methodological quality of the collected literature. The
choice of these factors was based on the gold standard publication checklist [231].
Reporting of any measure of blinding of the investigators and randomization
were assessed as a measure of experimental design quality for the resident-intruder
test. Sample size calculation was used an additional quality measure. Temperature
regulation of the housing facility was taken as a measure for the quality of housing
conditions. It was scored whether studies were approved by any organization/
committee that secured animal welfare. In addition, it was scored whether studies
took measures to reduce the suffering of the animals in the resident-intruder test.
Lastly, articles were checked on whether no conflict of interest was reported.
2.3 Bioinformatics-based analyses and molecular landscape
building
Ingenuity pathway analysis (IPA) software was used to perform canonical pathway
enrichment analyses as well as enrichment analyses for ‘biological functions’
and ‘diseases and disorders’. This analysis was performed on a list of 61 genes
including all genes that had a significant effect (either decreased or increased) on
aggression. The gene names mentioned in the articles were converted to mouse
gene names, and only interactions that were experimentally proven were used
in the IPA analysis. Every gene that was present in the list more than once was
included in the IPA analyses with a weighted average that takes into account
the number of times the gene is in the list and the values reported for this gene
each time. P-values were calculated with the right-tailed Fisher’s exact test and
corrected using the Benjamini-Hochberg correction for multiple comparisons.
Through the approach that was previously used for multiple neurodevelopmental
and psychiatric disorders – including, ADHD [234] autism spectrum disorders
[235], obsessive compulsive disorder (OCD) [236], ALS [237] and Parkinson’s
disease [238] - a molecular landscape was then built based on the top findings
from our IPA analyses and an extensive PubMed search for each gene/protein
from the list of 61 genes combined with the search terms brain, nervous system,
neuron, synapse, serotonin and aggression. The figure of the landscape was made
using the drawing program Serif DrawPlus version 4.0 (www.serif.com).
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3. STUDY DESCRIPTION
3.1 Systematic literature search results

Identification

Figure 1 depicts the article selection process in a flowchart. During the database
search, a total of 16,128 articles were found. In the PubMed database 4,460
articles were collected, Web of Science gave 3,101 articles, EMBASE 5,810
articles and PsycINFO 2,757 articles. After duplicate removal, 9,837 unique
citations were used for the title screening. 1,365 articles were selected for the title
and abstract classification, of which 258 passed to the full text screening phase.
After the full text examination, 112 articles were included and were used for data
analyses. Multiple publications described more than one aggression experiment.
In those cases, the experiments were analyzed separately if different animals were
used for the different experiments.
Literature database search in PubMed, Web of
Science, EMBASE and PsycINFO (16128)

Exclusion of duplicates (6291)

Screening

Title screening of unique references in EROS
(9837)
Excluded (8472)

Inclusion

Eligibility

Title + abstract screening in EROS (1365)

Excluded (1107)
No aggressive behavior (50)
No animal study (18)
No laboratory setting (25)
No primary study (112)
No transgenic animal (902)

Articles included for full text examination (258)

Articles included in review and data analysis
(112)

Excluded (146)
Resident intruder test (40)
No primary study (56)
No genetic component (16)
No transgenic animal (14)
Other (e.g. language, retracted)
(30)

Figure 1. Flowchart of selection process. Summary of all the articles that were identified at each
stage of the search and eventually the selection of the articles that were included in the review
and used for data analysis.
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3.2 Quality assessment
In each publication, the quality of the study was assessed as is summarized in
Figure 2. Almost all the studies reported about the housing conditions of the
animals. About 48% of the studies reported the temperature of the housing room
or that the room was temperature controlled. 70% of the studies report ethical
permission by an organization/committee that ensures animal welfare. Only
8% of the studies report that they would stop a resident-intruder interaction
when aggression escalates and there is a high risk of severe injury or death of
the intruder. 41% of the studies report that the investigators were blinded to
genotype. Only in two cases was it reported not to be possible because of the large
difference in body size between the control and experimental groups [239, 240].
In addition, one study reported the rater to be blinded for the genotype in 50%
of the tests [241]. Less than ten percent of the studies report randomization. Most
often this was related to the intruder animals that were randomly chosen to be
the victim of an aggressive interaction, but also randomization of videos during
the scoring procedure is reported. Admittedly, the possibility of randomization
of the animals to experimental groups is limited because the genetic intervention
is inherited, with the exception of studies that used viral constructs or drugs to
change gene expression.
To prevent baseline differences, controls with similar background need to be
used. One study stated that the number in the groups was determined by a power
calculation [187]. Seven percent of the studies reported to have no conflict of
interest.

Figure 2. Quality assessment of the included publications. The color scheme, respectively green
and red, indicates the percentage of studies that did report or did not report certain information.
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4. MAIN STUDY CHARACTERISTICS
In the following sections different aspects of resident-intruder tests are summarized
and evaluated independent of genotype. Meta-analysis of different experimental
factors was not possible due to large variation in experimental approaches between
studies. Therefore, it needs to be considered that aggression outcomes may be
confounded by the actual gene alteration present in the transgenic animal.
4.1 Genetic background and gene manipulation
Resident intruder tests have been performed for several decades, and based on our
extensive literature search, transgenic aggression research including the residentintruder test is largely conducted in mice. While our search terms included
all animal species, all collected studies from the literature were conducted in
mice (97%) or rats (3%). This is probably due to the widespread availability of
transgenic models in mice.
In the literature that we collected, multiple approaches were used to reduce
or increase the expression of target genes in mice and rats. Most of the studies
created recombinant mouse lines, which were backcrossed with other strains
in order to have a mixed genetic background in combination with a specific
heterozygous genotype. Crossings of these heterozygous animals resulted in
wildtype, heterozygous and homozygous animals for the gene alteration. Other
approaches to influence gene expression are by local injections of viruses. In those
cases, the specific brain areas are described in Supplementary Tables A.1 and
A.2. Most of the rat studies in our collection used the albino laboratory rat
strain Wistar, with the exception of one study that used Brattlebor rats [242]. In
general, laboratory rats are not transgenic, since they are relatively more difficult
to genetically alter in comparison to mice. Advancements in biological techniques
have made it possible to clone rats by regulation of oocyte activation, but the
success rates are not very high [243] Therefore, although recently more funding
has become available for the development of transgenic rat models, all transgenic
animal models included in this review are in mice, except for five studies of rat
transgenic models.
In our dataset, the most widely used genetic background for mice is C57BL/6.
The biggest proportion of these studies report the substrain, which is mostly
the BL/6J. Other than C57BL/6, background strains that are often used are
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CD1 mice and mice with a 129S background. For the studies that used mixed
background animals C57BL/6 are also most common. Most experimenters create
a recombinant egg cell in 129S and then cross it with C57BL/6 mice, but also
combinations with CBAxC57BL/6, 129SxCD1 and 129SvxBlack Swiss are used.
One study crossed 129/SvJxC57BL/6 with wild mice (mus musculus castaneus)
to increase natural aggression [244]. In sum, genetic backgrounds vary, but
C57BL/6 mice are the most widely used in both standard and mixed background
studies.
4.2 Age, sex and housing of the animals
The average age of the rats, used in the studies included in our analysis, was
9,73 (± 2,69) weeks (see Table 1A). Less variation was found in the studies that
used mice as their subject. Mice that were used in the aggression studies were on
average 12,86 (± 0,64) weeks old, with 23 days being the youngest [245] and
13 months being the oldest animals [246]. Half of the studies used mice with
an age between 8-14 weeks. Knockdown of the beta-estrogen receptor gene Esr2
indicates the importance of the age of the resident. Increased aggression was only
observed in juveniles and young adults with no apparent aggression in adult mice
[247]. Except two, all studies reported the sex of the transgenic resident. Results
from studies that reported multiple aggression tests with both females and males
were separately if possible and are reported in Table 1 and Supplementary tables
A.1. and B.1. Only in the case of Sry transgenic males, XX and XY- females
served as control resident, so both sexes were used [248]. Regarding the other
studies, 89% used males as residents, whereas 11% investigated aggression in
female subjects.
4.3 Resident-intruder paradigm
Induction of aggression
Most of the studies that were included in the systematic review found an effect
of altered gene expression on aggression. 27% of the studies report decreased
aggression in transgenic animals, while 39% report increased aggressiveness,
regardless of the gene that was altered. A description of the study performed
in this systematic review can be found in Table 1A. The total list of all studies,
transgenic animals and the effect on aggression is show in Table 2. Different
approaches have been taken to induce aggression. 73% of the studies socially
isolated the animals by individual housing (Table 1B). The isolation time

46

Aggressive Behavior in Transgenic Animal Models: A Systematic Review

ranged from several hours to 14 weeks with an average time of 18,68 (± 1,38)
days. Fifteen studies assessed aggression in males that were housed together
with females (and their litter). Seven percent of the studies induced maternal
aggression by letting females live with their litter and introduce the intruder
in their cage. In most studies, the pups were removed from the nest. In the
cases where the pups stayed in the nest, the interaction was stopped when the
intruder attacked the pups [249]. This was reported not to have an influence
on the aggression level of the mum [250]. No studies were found that showed
increased aggression in female using maternal aggression, while 50% of the
studies showed decreased aggression in these females. One percent of the studies
housed the animals in groups. In those cases the subjects were females, with
the exception of one study that housed males in groups [251]. Half of these
studies reported increased aggression, while the other half found no effect on
aggression. Another nine percent of the studies did not induce aggression or
did not report the way aggression was induced. Of those studies, 80% showed
no difference in aggression while seven percent showed decreased aggression in
transgenic animals.
Interaction time
The average time that residents were exposed to intruders was 28,63 (± 3,77)
minutes in the total experiment (Table 1C). Typically, one session lasted 9,93 (±
0,52) minutes on average and most studies tested animals 2-3 times. To elucidate
possible effects of the day-night cycle on aggression, the moment of testing in
the cycle and the outcome of the experiments were compared (Table 1D). The
majority of the studies did not report the timing of the experiment in the daynight cycle (40%). Most of these studies have found increased aggression but
this could not be linked to the cycle because of missing information. Almost an
equal number of reported studies have tested in either the light or the dark cycle
and the distribution of the outcome effects are comparable. Studies that test in
the dark phase use the argument that mice are more behaviorally active since
they are nocturnal animals [249]. Testing in the light phase more often resulted
in increased aggression. Whether this is due to sleep disturbance, the effect of
the gene or their interaction is unclear. The percentage that found a difference
in aggression is similar in the dark phase compared to the studies that were
performed in the light phase. Some studies reported to have tested under dim
light conditions. In 80% of these studies no change or a decrease in aggression
was found.
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Effect of the right intruder
Intruder characteristics are an important factor in the resident-intruder test.
Firstly, the level of aggression shown by resident animals can be influenced by the
size and weight of the intruder animal. Secondly, whether the intruder animal
was group housed or isolated before the interaction can have an influence on
aggression displayed by the intruder; evoking aggression in the resident. Most
of the studies reporting housing conditions keep intruders housed in groups as
shown in Table 1e. 54% of the studies did not report the housing conditions
of intruder mice. C57BL/6 were used as intruders in 22,4% of all cases and
74,3% of the time significant results were reported (Table 1F). Some studies only
report on wildtype animals, which in most cases is C57BL/6. One in six does
not report the intruder strain. 21,1% of the studies matched the weight of the
resident and the intruder. In most cases, it was not described whether the weight
of the intruder was similar to the weight of the resident or whether the resident
was bigger than the intruder (Table 1G). Gonadectomy of intruder animals was
reported in 5% of the studies with most documenting no change in aggression.
Table 1. General and resident-intruder details for the different outcome phenotypes. Presented
descriptions are independent of genotype. Confounding results between groups are not excluded,
since no statistical test could be performed. Values between brackets represent standard error of the
mean.

A. General
characteristics

Total

Increased
aggression

Decreased
aggression

No change

161

39,0%

27,0%

35,0%

Study descriptive
Number of studies
(in percentage)
Animals used

25,17 (±1,15) 25,64 (±2,09) 26,10 (±1,97) 23,87 (±1,83)

Age (in weeks)
Mice
Rat

12,86 (±0,64) 12,54 (±0,90) 11,25 (±0,52) 14,33 (±1,45)
9,73 (±2,69)

- 14,03 (±0,99)

3,28 (±0.0)

Sex of animals
Males

87,6%

Female
Not reported
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95,2%

79,5%

85,2%

11,2%

4,8%

15,9%

14,8%

1,2%

0,0%

4,5%

0,0%
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Table 1. Continued

B. Induction of
aggression
Isolation

Total

Increased
aggression

Decreased
aggression

No change

72,7%

46,2%

29,9%

23,9%

Housed with female

9,3%

33,3%

20,0%

46,7%

Maternal aggression

6,2%

0,0%

50,0%

50,0%

Not reported

9,3%

13,3%

6,7%

80,0%

Early life stress

1,2%

50,0%

0,0%

50,0%

Group housed

1,2%

50,0%

0,0%

50,0%

Isolation time
(in days)
C. Duration and
frequency test
Total exposure
(in minutes)

18,68 (±1,38) 17,97 (±1,75) 19,96 (±4,01) 18,82 (±2,26)

Total

Increased
aggression

Decreased
aggression

No change

28,63 (±3,77) 31,90 (±8,66) 24,82 (±3,77) 27,98 (±4,16)

Time per session
(in minutes)

9,93 (±0,52)

9,72 (±1,01) 10,41 (±10,41)

9,80 (±0,75)

Number of sessions

2,57 (±0,15)

2,43 (±0,24)

2,61 (±0,32)

2,70 (±0,27)

Total

Increased
aggression

Decreased
aggression

No change

D. Timing in the
dark-light cycle
Dark phase

28,0%

31,0%

36,0%

33,0%

Light phase

29,0%

38,0%

30,0%

32,0%

Dim light
conditions

3,0%

20,0%

40,0%

40,0%

40,0%

47,0%

19,0%

34,0%

Total

Increased
aggression

Decreased
aggression

No change

44,1%

45,1%

26,8%

28,2%

1,9%

33,3%

0,0%

66,7%

54,0%

34,5%

28,7%

36,8%

Not reported
E. Housing of the
intruder animal
Group housed
Isolation housing
Not reported
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Total

Increased
aggression

Decreased
aggression

No change

C57BL/6

22,4%

45,7%

28,6%

25,7%

BALB/c

13,5%

28,6%

33,3%

38,1%

Wildtype

11,5%

55,6%

16,7%

27,8%

7,1%

27,3%

27,3%

45,5%

F. Genetic background
intruder
Intruder strain (mouse)

CD1
Heterozygous genotype

3,8%

33,3%

0,0%

66,7%

Hsd:ICR

3,2%

0,0%

40,0%

60,0%

C3H

3,2%

60,0%

0,0%

40,0%

129/S

3,2%

40,0%

60,0%

0,0%

Mixed genotype

2,6%

0,0%

50,0%

50,0%

FVB/N

2,6%

100,0%

0,0%

0,0%

A/J

2,6%

25,0%

25,0%

50,0%

Similar genotype

1,9%

66,7%

0,0%

33,3%

ICR/JC

1,9%

0,0%

33,3%

66,7%

Swiss Webster

1,3%

50,0%

50,0%

0,0%

Knockout genotype

1,3%

0,0%

50,0%

50,0%

SvEvtac

0,6%

100,0%

0,0%

0,0%

DBA/2

0,6%

0,0%

100,0%

0,0%

A/Sn

0,6%

100,0%

0,0%

0,0%

16,0%

44,0%

24,0%

32,0%

100,0%

0,0%

60,0%

40,0%

Total

Increased
aggression

Decreased
aggression

No change

21,1%

44,1%

29,4%

26,5%

Not reported
Intruder strain (rat)
Wistar
G. Additional
intruder information
characteristics
Weight matched
Age matched

9,3%

46,7%

26,7%

26,7%

Anxiety matched

1,9%

33,3%

0,0%

66,7%

Gonactomized

7,5%

16,7%

33,3%

50,0%

Olfactory bulbomized

8,1%

23,1%

30,8%

46,2%
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5. COMPARISON OF SIMILAR TRANSGENIC
ANIMALS
5.1 Effect of sex
For some specific genes the sex of the transgenic animals is of great importance.
Lowering the expression of Crhbp has only showed to have a negative effect on
females and maternal aggression, while no change was observed in isolation housed
males [252]. A possible sex effect was also found in the studies that investigated
TGF-alpha (Tgfa). Overexpression in socially isolated males increased aggression
while aggression in females was reduced after overexpression of Tgfa [253, 254].
Knockdown of the androgen receptor gene Ar appears to have differential sexspecific effects on aggression. A decrease in isolation-induced aggressiveness was
found in Ar knockout males after a two-week period of individual housing [255,
256]. In female Ar knockouts, an increased aggressive phenotype was observed
also under individual housing conditions [257]. Studies that use conditional Ar
overexpression demonstrate that only changing levels of Ar in all tissues by using
a CMV promoter has an effect on aggression. The same study demonstrated that
the overexpression on Ar in neural tissue, under a Nes promoter, is ineffective
[258]. This raises the possibility that the aggression in these animals is a
consequence of the change of neuroendocrine processes in the periphery and not
caused by changes of Ar expression in the brain. One study shows that when Ar
was knocked down in combination with Esr1 in males this reduces aggression.
That being said, the effect of Ar knockdown cannot be directly related to the
sex of the residents, since a single knockdown of the alpha-Er receptor (Esr1) in
males also reduces aggression [257].
The Esr1 gene has been studied extensively. The oldest study in our collection
dates from 1996, while the most recent one is from 2013. In our analysis five
different publications covering eleven Esr1 knockout experiments were examined.
Three experiments showed decreased aggression in males after social isolation for
more than two weeks [257, 259, 260]. One of these studies used a conditional
knockdown of Esr1 in the ventro-medial nucleus of the hypothalamus in
males [260], but knockdown of Esr1 in the same region in females has no
effect on aggression [245]. Two studies found increased aggression in Esr1
knockout animals, but only when the intruders were either males that had been
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gonactomized, olfactory bulbomized and treated with testosterone propionate,
or gonactomized females treated with estradiol. No effect was found when the
intruders were gonactomized males treated with estradial benzoate [261].
One difference between the studies that found either decreased or increased
aggression in this transgenic model is that the experiments were performed
in a different period of the day-night cycle. The studies that found decreased
aggression tested in the dark weeks [257, 259, 260], while the other study tested
in the last hours of the light phase [261]. No change in aggression has been
documented after regional specific knockout of Esr1 in the medial amygdala, the
medial pre-optic area in males [260] or in the posterodorsal amygdala in females
[245].
5.2 Knockdown and overexpression models
Multiple studies have investigated aggression in transgenic animal models
examining the same genes. In this section, the aggressive outcome measurement
for specific genes and the variables of the resident-intruder are assessed in order
to highlight the importance of certain experimental factors. Some studies use
knockout animals while others overexpress a certain gene. Preferably, when in this
scenario, the effects of the knockdown and overexpression should have opposite
directions (assuming no adaptive changes). Knockdown of Adra2c resulted in
shorter attack latencies, while overexpression of the same gene delayed the first
attack [262]. This effect was not visible in all aggression measures, and no effect
on the number of attacks was found in this study. A similar pattern was found
in a study that used both the knockout and overexpression transgenic mice for
Interleukin-6 (IL6; [263]). In the case of Camk2a, two independent studies
found opposite effects on aggression in knockout and overexpression models
[264, 265].
5.3 Effect of induction method
Different approaches were taken to test aggression in the Cnr1 knockout mouse.
Aggression was decreased in male mice in a single ten minute test, regardless
of individual or group housing conditions [251].The influence of housing
conditions is clearer in a study in glutamate ionotropic receptor AMPA type
subunit 1 (Gria1) transgenic knockout mice. Two different transgenic lines were
used to assess the influence of Gria1 on aggression. Decreased aggression was
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found in both models but only under social isolation conditions, no difference
was found after housing with a female [241]. Three studies have investigated
the effect of the arginine vasopressin receptor 1B gene (Avpr1b) on aggression.
All these studies show a robust decrease in aggression induced by isolation in
males [244, 266], and after maternal aggression in females [267]. In addition
to housing, the timing of the knockdown/overexpression could possibly have an
effect on aggression, however we did not find evidence for this in the studies that
we collected.
5.4 Genes and aggression
Maoa
Seven articles have investigated the role of monoamine oxidase A (Maoa) in
aggression. This gene produces a key enzyme involved in monoamine (including
dopamine) metabolism and has been implicated in Brunner’s Syndrome, a
disorder characterized by high levels of disinhibition and aggression in humans
[92]. One study has demonstrated decreased aggression in Maoa knockout
animals, when males were housed with females and with BALB/c mice as intruders
[268]. However, all the other experimental groups in this study show increased
aggression as do other studies that socially isolate [187, 269-273] and house
Maoa knockouts males with females [268, 269]. Aggression was not reduced
or increased in Maoa knockouts mice that were socially isolated and confronted
with a BALB/c intruder [268]. This example illustrates the effect of the intruder
mouse strain combined with housing conditions on aggression.
Nitric oxidase synthase
The role of the neuronal nitric oxide producer, nitric oxide synthase (encoded
by nNos/Nos1) in aggression is not as clear as for Maoa. One study has reported
increased aggression upon social isolation in Nos1 knockout mice [274], while
another reported decreased maternal aggression in females [275] and two others
found no effect on aggression [276, 277]. Here the induction method of the
aggression could possibly have influenced these findings, although not conclusive
since the two studies that found no difference did not report the induction method.
This gene is actively investigated and two separate laboratories have reported a
decrease in aggression in Nos1 knockout mutants in both mice (A. Reif, personal
communication) and zebrafish (W. Norton, personal communication). The
endothelial form of nitric oxidase (encoded by eNos/Nos3) has also been found to
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be associated with aggression. One study reported decreased aggression in Nos3
knockout mice after social isolation [278]. In contrast, no effect was reported in
relation to Nos3 on maternal aggression [279].
Oxytocin
The hormone oxytocin (Oxt) is thought to play a role in social trust. Some have
speculated that the downregulation of Oxt (with associated upregulation of its
receptor Oxtr) is associated with increased aggression. However, only one study
in Oxtr knockout males and one study in Oxt knockout females [280] have
confirmed this hypothesis. Specific knockdown of Oxtr in the forebrain has no
effect [281], while knockdown of Oxtr in the raphe nucleus decreases aggression
in male animals [282]. Housing conditions (isolation and social housing) do not
appear to influence oxytocin signaling as no change in aggression was documented
in Oxt-/- males in either housing condition [283].
Serotonin
There is extensive literature on the links between serotonin and aggression. The
serotonin receptor 1a (Htr1a), 1b (Htr1b) and the serotonin transporter (Slc6a4)
have key roles in the regulation of serotoninergic cell activity in the raphe nuclei
[113, 114]. Although there is a lot of disagreement, the general consensus is that
low levels of serotonin are associated with increased aggression. This is consistent
with the transgenic animal studies altering serotonergic transmission included in
our systematic review. Overexpression of Htr1a was found to increase aggression
by a chronic reduction of serotonin firing during adulthood after a social isolation
period of 4 weeks [284]. Decreases in Htr1b expression have also been documented
in relation to aggression (especially at the postsynaptic site) by studies in full
knockouts and heterozygous animals [285, 286]. The aggressiveness of Htr1b
knockout animals has been suggested to be related to a diminution of Htr1b
activity in response to stressful situations, such as the resident-intruder test. This
finding is strengthened by the observation that mutant mice showed no increased
aggressive phenotype compared to wildtype when they were group housed, but
only after social isolation [286]. The effects of Htr1b on aggression have been
shown to be brain and more specifically forebrain specific, since knockdown in
that area also increases aggression. No change in aggression has been documented
when the Htr1b autoreceptor (on the pre-synaptic side) is knocked down [287].
Knockdown of tryptophan hydroxylase 2 (Tph2), the enzyme essential for the
synthesis of serotonin, is associated with increased aggression, as measured by
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decreased attack latencies, increased number of attacks [120] and increased attack
duration [119]. While the resident-intruder paradigms look very similar, not all
the results are similar across studies, there is a high degree of variability in studies
with Slc6a4 heterozygous animals. All studies show a trend towards an increase in
attack latency, but only in one study did this reach statistical significance [288].
This decrease in aggressiveness was also confirmed by a reduction in the number
of attacks in the same study. No significant change in attack latency has been
found in the other two studies studying this gene, but one study documented a
moderate increase in the sum of aggressive behavior [289], while the other study
found a non-significant decrease in offensive aggression scores [290].
Amyloid precursor protein
Robust effects are found after altering the expression of amyloid precursor protein
(APP). Four different transgenic models that (over)express human APP, namely
Tg2576, Wt/4, Ld/2, Sw/3, demonstrate increased aggression [227, 291]. In
coherence, although on a different genetic background, the heterozygous APP
knockout model APP23 shows increased levels of aggression as well [292]. The
APP23 transgenic mouse has the same Swedish double mutation as the Sw/3
mouse namely K670N/M671, which is associated with increased risk for familial
Alzheimer’s disease. The presence of a mutated APP protein may underlie the
increase aggression found in all these models.
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Model

A2aR, KO

Alpha-2c AR, KO

Alpha-2c AR, OE

APP (Tg2576), OE

APP (Wt/4), OE

APP (Ld/2), OE

APP (Sw/3), OE

APP23, HET

AR, KO

AR, KO

AR (CMV promoter),
OE

AR (CMV promoter),
OE

AR (Nes promoter),
OE

Gene

Adra2a

Adra2c

Adra2c

App

App

App

App

App

Ar

Ar

Ar

Ar

Ar

-

Decreased number of chasings, decreased number of tumbling
bouts

Decreased attack latency, increased percentage of attacking
animals

Increased attack latency, decreased percentage of animals that
showed aggressive behavior

Increased number of attacks

Decreased attack latency, increased number of attacks

Decreased attack latency, increased number of attacks

Decreased attack latency, increased number of attacks

Decreased attack latency, increased number of attacks

Increased attack latency

Decreased attack latency

Decreased attack latency, increased number of attacks

no change Decreased number of chasings, decreased number of tumbling
bouts

decreased

decreased

increased

decreased

increased

increased

increased

increased

increased

decreased

increased

increased

Direction Reporting on attacks or latencies

[258]

[258]

[258]

[257]

[256]

[292]

[291]

[291]

[291]

[227]

[262]

[262]

[293]

Publication

Table 2. Studies of transgenic animal models and the effect on aggression. Abbreviations: dHC: dorsal hippocampus. HET: heterozygous. HOM:
homozygous. KO: knockout. MepDA: posterodorsal amygdala. MPOA: medial pre-optic area. vHC: ventral hippocampus. VMH: ventromedial
hypothalamic nucleus. VMN: ventromedial nucleus of the hypothalamus. For detailed study descriptions see supplementary tables A1 and A2.
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Model

AR (Nes promoter),
OE

Ar, KO

AR + ER-alpha, KO

Asic3, KO

AVP, KO

AVP, KO

Avpr1a, KO

Avpr1b, KO

V1bR, HET

Avpr1b

BAX, KO

BAX, KO

BChE AAV, OE

BChE, KO

BDNF prenatal (CK),
KO

BDNF postnatal
(NES), KO

Gene

Ar

Ar

Ar, Esr1

Asic3

Avp

Avp

Avpr1a

Avpr1b

Avpr1b

Avpr1b

Bax

Bax

Bche

Bche

Bdnf

Bdnf

Table 2. Continued

Increased attack latency, decreased number of attacks

Increased attack latency, decreased number of attacks

Increased attack latency, decreased number of attacks

Decreased cumulative attack latency

Increased attack latency, decreased number of attacks

Percentage of hard bites decreased

Increased attack latency, decreased number of bites

Increased attack latency, decreased percentage of attacking
animals

Decreased duration of aggressive behavior against knockout
intruder

increased

increased

increased

decreased

Decreased attack latency, increased number of attacks

Decreased attack latency, increased number of attacks

Increased number of attacks

Decreased number of attacks

no change -

no change -

decreased

decreased

decreased

increased

decreased

decreased

decreased

decreased

decreased

no change -

Direction Reporting on attacks or latencies

[297]

[297]

[296]

[296]

[295]

[295]

[249]

[266]

[244]

[267]

[242]

[242]

[294]

[257]

[255]

[258]
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58

Model

BDNF, KO

BDNF, HET

Cav2.2, KO

Alpha-CaMKII, KO

Alpha-CamKII, OE

CgA&B, KO

CgB, KO

CgA, KO

CB1r, KO

CB1r, KO

CB2r, KO

CRF-BP, KO

CRF-BP, KO

CRFR1, KO

CRFR2, KO

Crtc1, KO

CatE, KO

Dbh, KO

Dlgap, KO

Egr3, KO

Gene

Bdnf

Bdnf

Cacna1b

Camk2a

Camk2a

Chga

Chga/b

Chgb

Cnr1

Cnr1

Cnr2

Crhbp

Crhbp

Crhr1

Crhr2

Crtc1

Ctse

Dbh

Dlgap2

Egr3

Table 2. Continued

Decreased attack latency, increased number of attacks

-

Decreased attack latency, increased number of attacks

Decreased attack latency, increased number of attacks

Decreased attack latency, increased number of attacks

-

Decreased number of attacks

Increased number of attacks

Decreased attack latency, increased number of attacks

Increased number of attacks

Increased number of attacks

increased

increased

decreased

increased

increased

Decreased attack latency

Decreased attack latency, increased number of attacks

Decreased ratio of animals that attacked

Decreased attack latency, increased number of attacks

Decreased attack latency, increased number of attacks

no change -

no change -

no change Increased attack latency

decreased

increased

increased

increased

increased

increased

no change -

increased

decreased

increased

increased

increased

Direction Reporting on attacks or latencies

[309]

[308],

[307]

[306]

[305]

[304]

[303]

[252]

[252]

[302]

[251]

[251]

[301]

[301]

[301]

[265]

[264]

[300]

[299]

[298]
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Model

EphA5, KO

Alpha-ER, KO

ER, KO

ER in VMN, KO

ER in medial
amygdala, KO

ER in MPOA, KO

ER-alpha, KO

ER-alpha, KO

ER-alpha, KO

ER-alpha, KO

ER-alpha in VMN,
KO

ER-alpha in MePDA,
KO

Beta-ER, KO

Beta-ER, KO

Beta-ER, KO

Pet-1, KO

Gene

Epha5

Esr1

Esr1

Esr1

Esr1

Esr1

Esr1

Esr1

Esr1

Esr1

Esr1

Esr1

Esr2

Esr2

Esr2

Fev

Table 2. Continued

Increased attack latency, decreased number of attacks

-

Increased attack latency, decreased cumulative duration of
aggressive behavior

Decreased percentage of attacking animals

Increased attack latency, decreased percentage of attacking
animals

Decreased attack latency, increased number of attacks

Decreased attack latency, increased number of attacks

increased

Decreased attack latency, increased number of attacks

no change -

increased

increased

no change -

no change -

decreased

no change Decreased attack latency

no change -

increased

no change Decreased aggressive bouts

no change -

decreased

decreased

no change -

decreased

Direction Reporting on attacks or latencies

[312]

[247]

[247]

[247]

[245]

[245]

[257]

[261]

[261]

[261]

[260]

[260]

[260]

[259]

[311]

[310]
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Model

GABAb in 5-HT, KO

GAD67, HET

GAD65, KO

GHRH, HET

Gnao1

Gγ8, KO

GPR3, KO

GluR-A, KO

GluR-A (R/R), KO

GluR-A, KO

GluR-A (R/R), KO

NR1 Neo, KO

NR1 Neo, KO

NR2b in vHC, KO

NR2b in vHC, KO

Gtf2ird1, KO

Delta H2Mv, KO

Gene

Gabbr1

Gad1

Gad2

Ghrh

Gnao1

Gngt2

Gpr3

Gria1

Gria1

Gria1

Gria1

Grin1

Grin1

Grin2b

Grin2b

Gtf2ird1

H2Mv

Table 2. Continued

Decreased number of attacks

Increased attack latency, decreased number of attacks

-

Increased attack latency, decreased frequency of consummate
aggression

Increased attack latency, decreased frequency of consummate
aggression

Decreased attack latency, increased number of attacks

Increased attack latency, decreased number of attacks

Increased attack latency, decreased number of attacks

Decreased number of attacks
Decreased number of aggressive interactions

no change -

decreased

no change -

decreased

no change -

no change Decreased number of attacks

no change -

no
change

decreased

decreased

increased

decreased

decreased

no change -

decreased

decreased

no change -

Direction Reporting on attacks or latencies

[322]

[321]

[320]

[320]

[319]

[319]

[241]

[241]

[241]

[241]

[318]

[317]

[316]

[240]

[315]

[314]

[313]
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Model

Delta H2Mv, KO

HEsr1, KO

HEsr2, KO

Htr1a, OE

HT1BR (b-actin
promoter), KO

HT1BR (CamKII
promoter), KO

HT1BR (Pet-1
promoter), KO

5-HT1B R, HET

5-HT1b, KO

5-HT3, OE

R6/2, OE

R6/2, OE

IL-6, KO

NSE-hIL-6, OE

IL6 in astrocytes, KO

IL6 in astrocytes, KO

Gene

H2Mv

Hey1

Hey2

Htr1a

Htr1b

Htr1b

Htr1b

Htr1b

Htr1b

Htr3a

Htt

Htt

Il6

Il6

Il6

Il6

Table 2. Continued

Increased duration of aggressive behavior

Increased duration of aggressive behavior

Decreased attack latency, Increased number of attacks

Decreased attack latency, increased number of attacks

Decreased attack latency, increased number of attacks

Decreased attack latency, increased number of attacks
-

no change -

decreased

no change -

increased

no change -

no change -

no change -

increased

increased

no change -

increased

increased

increased

no change -

no change -

no change -

Direction Reporting on attacks or latencies

[325]

[325]

[263]

[263]

[239]

[239]

[324]

[286]

[285]

[287]

[287]

[287]

[284]

[323]

[323]

[322]
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62

Model

IL6 receptor in
astrocytes, KO

Act-betaE, OE

MAO-A (A863T),
KO

MAO-A (A863T),
KO

MAO-A (Tg8), KO

MAO-A (Tg8), KO

MAO A, KO

MAO A in forebrain,
KO

MAO-A, KO, neo

MAOA (A863T), KO

MAO A (tg8), KO

MAO A (tg8), KO

MAO A (tg8), KO

MAO A (tg8), KO

MeCP2 in
hypothalamus, KO

Gene

Il6

Inhbe

Maoa

Maoa

Maoa

Maoa

Maoa

Maoa

Maoa

Maoa

Maoa

Maoa

Maoa

Maoa

Mecp2

Table 2. Continued

Increased duration of aggressive behavior

Decreased attack latency

Decreased attack latency

Decreased attack latency

Decreased attack latency

-

Decreased number of attacks

Decreased attack latency, increased fighting bouts

Increased fighting bouts

increased

Increased number of attacks

no change -

no change Decreased attack latency, increased number of attacks

decreased

increased

increased

increased

no change -

increased

increased

increased

increased

increased

no change -

no change Increased attack latency, decreased number of attacks

Direction Reporting on attacks or latencies

[327]

[268]

[268]

[268]

[268]

[271]

[273]

[270]

[270]

[269]

[269]

[272]

[187]

[326]

[325]
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Model

NCAM in forebrain
neurons, KO

NCAM in forebrain,
KO

p75NTR in Purkinje
cells, KO

Nlgn2 in dHC, OE

Nlgn2 in
hippocampus, OE

Nlgn2 in
hippocampus, KO

NL3, KO

nNOS, KO

nNOS, KO

nNOS, KO

nNOS, KO

eNOS, KO

eNOS, KO

NPSR, KO

TLX, HOM

Gene

Ncam1

Ncam1

Ngfr

Nlgn2

Nlgn2

Nlgn2

Nlgn3

Nos1

Nos1

Nos1

Nos1

Nos3

Nos3

Npsr1

Nr2e1

Table 2. Continued

Increased number of attacks

Increased attack latency, decreased number of attacks

Decreased number of attacks

Decreased attack latency, increased number of attacks

Increased number of attacks

Increased total time attacking

no change -

increased

no change -

decreased

no change -

no change -

decreased

increased

increased

no change -

increased

decreased

no change -

no change -

no change -

Direction Reporting on attacks or latencies

[333]

[332]

[279]

[278]

[276]

[277]

[275]

[274]

[331]

[330]

[330]

[112]

[329]

[246]

[328]
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64

SF-1, KO

NRG1b1(tg 7), KO

NRG1b1(tg 5), KO

OT, HET

Oxtr, KO

Oxtr in forebrain, KO

OT, KO

OT, KO

OT, KO

Oxtr in raphe nucleus, decreased
KO

Oxtr in raphe nucleus, no change KO

ENK, KO

PR, HET

Prpc, KO

Pten, KO

Nrg1

Nrg1

Oxt

Oxt

Oxt

Oxt

Oxt

Oxt

Oxtr

Oxtr

Penk

Pgr

Prnp

Pten

-

Decreased attack latency towards female intruders

Decreased attack latency, increased number of attacks
Increased number of aggressive acts

Decreased attack latency, increased number of attacks

decreased

decreased

Increased attack latency, decreased number of attacks

Increased attack latency, increased number of attacks, no change
in number of bites

no change -

increased

Increased attack latency

no change -

no change -

increased

no change -

increased

no change Increased attack latency, decreased number of attacks

no change Increased number of attacks

increased

increased

Decreased attack latency towards female intruders, increased
number of attacks against males

Nr5a1

increased

SF-1, KO

Nr5a1

Direction Reporting on attacks or latencies

Model

Gene

Table 2. Continued

[340]

[339]

[338]

[337]

[282]

[282]

[283]

[283]

[280]

[281]

[281]

[336]

[335]

[335]

[334]

[334]
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Model

Vglut2 in SF-1 VMH
neurons, KO

5-HTT, HET

HTT-5, HET

5-HTT, HET

XY- Sry, KO

STX (ST8SiaII), KO

PST (ST8SiaIV), KO

NK1, KO

TGF alpha, OE

TGF alpha, OE

TGF alpha, OE

TNF R1/R2, KO

ROSA22, KO

Tph2, HET, KO

Tph2, HET

Trpc2, KO

TRP2, HET

Gene

Slc17a

Slc6a4

Slc6a4

Slc6a4

Sry

St8sia2

St8sia4

Tacr1

Tgfa

Tgfa

Tgfa

Tnfrsf1a/b

Tpgs1

Tph2

Tph2

Trpc2

Trpc2

Table 2. Continued

Increased sum of aggressive behavior per minute

Increased attack latency, decreased number of attacks

Decreased number of attacks

Decreased attack latency, increased number of attacks

decreased

decreased

increased

increased

decreased

decreased

decreased

increased

increased

increased

[349]

[348]

Increased attack latency, decreased time of aggressive behavior
-

[120]

[347]

[346]

[345]

[254]

[254]

[344]

[343]

[342]

[342]

[248]

[290]

[289]

[288]

[341]

Publication

Decreased attack latency, increased number of attacks

Decreased attack latency, increased attack duration

Decreased percentage of attacking animals

Decreased number of attack bouts

Decreased time of aggressive behavior

Increased time of aggressive behavior

Increased cumulative duration of attacks

Decreased attack latency, decreased number of attacks

no change -

increased

no change -

no change -

increased

decreased

decreased

Direction Reporting on attacks or latencies
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6. BIOINFORMATICS-BASED ANALYSES AND
MOLECULAR LANDSCAPE OF AGGRESSION
A list of 61 genes was created based on the conclusions of resident-intruder
experiments described in Table 2. All studies that reported increased or decreased
aggression in a transgenic animal model were included in the Ingenuity analysis in
order to show the common pathways that are possibly associated with aggression.
G-protein coupled receptor signaling was the most significantly enriched canonical
pathway with a BH-corrected p-value of 5.43E-7 (with Adra2a, Adra2c, Avpr1a,
Avpr1b, Camk2a, Cnr1, Cnr2, Gnao1, Htr1a, Htr1b being the genes from our list
that encode proteins in this pathway, see Table 3). The second most significantly
enriched pathway was cAMP-mediated signaling with a corrected p-value of 1.79E5, followed by serotonin receptor signaling (p=2.58E-5), Gαi signaling (p=5.72E-5)
and neuropathic pain signaling in dorsal horn neurons (p=4.04E-4).
As for the enrichment of ‘biological functions’ in the Ingenuity analyses, emotional
behavior (p=4.07E-51, with 38 genes) and aggressive behavior (p=2.03E-42, with
26 genes) were most significantly enriched in the first list of genes. In addition,
low p-values in both lists were found for the functions anxiety and learning. Lastly,
the ‘diseases and disorders’ depressive disorder, mood disorders, anxiety disorders,
substance-related disorders and tauopathy were enriched in the list, with p-values
ranging from 2.41E-27 to 4.68E-17.

66

Aggressive Behavior in Transgenic Animal Models: A Systematic Review
Table 3. Ingenuity analysis. Prediction of canonical pathways (A), biological systems (B) and
disorders and disorders (C) related to aggression for genes reported to be related to an aggressive
phenotype.

A. Canonical Pathways

B-H
p-value

Genes

G-Protein Coupled
Receptor Signaling

5.43E-7

Adra2a, Adra2c, Avpr1a, Avpr1b, Camk2a,
Cnr1, Cnr2, Gnao1, Htr1a, Htr1b

cAMP-mediated
signaling

1.79E-5

Adra2a, Adra2c, Camk2a, Cnr1, Cnr2, Gnao1,
Htr1a, Htr1b

Serotonin Receptor
Signaling

2.58E-5

Htr1a, Htr1b, Maoa, Slc6a4, Tph2

Gαi Signaling

5.72E-5

Adra2a, Adra2c, Cnr1, Cnr2, Htr1a, Htr1b

Neuropathic Pain
Signaling In Dorsal
Horn Neurons

4.04E-4

Bdnf, Camk2a, Gria1, Grin2b, Tacr1

B. Biological Functions B-H
p-value

Genes

Emotional behavior

4.07E-51

Adra2a, Adra2c, App, Ar, Avp, Avpr1a, Avpr1b,
Bche, Bdnf, Cacna1b, Camk2a, Cnr1, Cnr2,
Dbh, Egr3, Esr1, Esr2, Fev, Gad2, Gnao1,
Gria1, Grin2b, Gtf2ird1, Htr1a, Htr1b, Il6,
Maoa, Mecp2, Nos1, Npsr1, Oxt, Oxtr, Penk,
Slc6a4, Slc17a6, Tacr1, Tph2, Trpc

Aggressive behavior

1.19E-46

Ar, Avpr1b, Bche, Bdnf, Cacna1b, Camk2a,
Cnr1, Egr3, Esr1, Esr2, Fev, Gad2, Gnao1,
Gria1, Gtf2ird1, Htr1a, Htr1b, Il6, Maoa,
Nos1, Oxt, Oxtr, Slc6a4, Tacr1, Tph2, Trpc2

Learning

1.87E-33

Adra2a, Adra2c, App, Avp, Avpr1a, Bche, Bdnf,
Camk2a, Cnr1, Crhbp, Crtc1, Dbh, Esr1,
Esr2, Gria1, Grin2b, Htr1a, Htr1b, Il6, Maoa,
Mecp2, Nlgn3, Nos1, Nos3, Nrg1, Oxt, Oxtr,
Pten, Slc6a4, St8sia2, Tacr1, Tnfrsf1a, Tnfrsf1b

Anxiety

1.45E-32

Adra2a, App, Avp, Avpr1a, Bdnf, Camk2a,
Cnr1, Cnr2, Crhbp, Dbh, Esr2, Fev, Gad2,
Gria1, Grin2b, Gtf2ird1, Htr1a, Htr1b, Il6,
Mecp2, Nos1, Nos3, Oxt, Penk, Slc6a4, Tacr1

Conditioning

1.85E-26

App, Bdnf, Camk2a, Cnr1, Dbh, Esr1, Esr2,
Fev, Gad2, Gria1, Grin2b, Gtf2ird1, Htr1b,
Mecp2, Nlgn3, Nos1, Nos3, Oxt, Penk, Slc6a4,
Slc17a6, St8sia2, Tacr1
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Table 3. Continued

C. Diseases and
disorders

B-H
p-value

Genes

Depressive disorder

2.41E-27

Adra2a, Adra2c, App, Ar, Avp, Avpr1a, Bdnf,
Camk2a, Chga, Cnr2, Dbh, Esr1, Esr2, Gad2,
Gria1, Grin2b, Htr1a, Maoa, Nos1, Nrg1,
Oxt, Oxtr, Slc6a4, Tacr1, Tph2

Mood Disorders

1.85E-26

Adra2a, Adra2c, App, Ar, Avp, Avpr1a, Bdnf,
Camk2a, Chga, Cnr2, Crhbp, Dbh, Esr1, Esr2,
Gad1, Gad2, Gria1, Grin2b, Htr1a, Htr1b,
Maoa, Nos1, Nrg1, Oxt, Oxtr, Slc6a4, Tacr1,
Tph2

Anxiety Disorders

9.03E-23

Adra2a, Adra2c, Bdnf, Cnr1, Cnr2, Dbh, Esr1,
Esr2, Gad2, Grin2b, Htr1a, Htr1b, Maoa,
Oxt, Oxtr, Slc6a4, Tph2

Substance-Related
Disorders

9.44E-18

Adra2a, Adra2c, Ar, Avpr1a, Cacna1b, Cnr1,
Cnr2, Dbh, Esr1, Gad1, Gad2, Grin2b, Htr1a,
Maoa, Oxt, Slc6a4

Tauopathy

4.68E-17

Adra2a, Adra2c, App, Ar, Bche, Bdnf, Camk2a,
Cnr1, Cnr2, Dlgap2, Esr1, Esr2, Gad2,
Grin2b, Htr1a, Htr1b, Il6, Nos1, Nos3, Penk,
Prnp, Pten, Slc6a4

As indicated in the methods, based on the results of the Ingenuity analyses and
an extensive literature review for all genes (and their encoded proteins) from the
list of 61 genes, a molecular landscape of aggression was built that contained
functionally interacting proteins encoded by 55 of the 61 genes (90 %) as well as
a number of other proteins encoded by genes for which no resident-intruder data
are available but that have been implicated in (animal and/or human) aggression
through other (genetic, expression and/or functional) evidence.
The molecular landscape, in Figure 3 shows the functional interactions between
the proteins encoded by the different genes and hence the (common) molecular
mechanisms that may underlie aggressive behavior. In the Supplementary
Information B.1, a detailed description of all protein interactions and signaling
cascades in the landscape is included. Furthermore, we suggest a few proteins
from the landscape that may be further studied as promising drug targets for
aggression.
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Figure 3. Genetic landscape of aggression. Proteins encoded by genes from transgenic animal
models that have been reported to show increased or decreased aggression compared to control
animals were integrated into a protein interaction landscape. An elaborate description of all protein
interactions is provided in Supplementary Information B.1.
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7. CONCLUSIONS
This systematic review was performed to answer how aggression is tested through
the resident-intruder paradigm in laboratory animal models. In addition, we
wanted to find out what the effect is of genetic modification on aggressive behavior
in laboratory animals. By collecting all literature that captured this information,
we were able to make assumptions in order to answer these questions. In the
following paragraphs, we will discuss how quality control measures can possibly
influence the outcome of resident-intruder experiments and we will use this
information to provide recommendations to increase the standardization of test
protocols and their reproducibility (see Table 4). Almost all the protein encoded
by the genes from the literature could be integrated into a molecular landscape of
aggression, which provides an overview of all the molecular pathways associated
with aggression and the common mechanisms underlying aggression observed in
transgenic animal models. Lastly, the landscape may provide useful information
to inform drug discovery efforts to reduce aggressive behavior.
Table 4. Recommendations and considerations described in the conclusion section.

Nr.

Recommendations/considerations

Section

#1

Protocol standardization may improve the reliability of the results

7.1

#2

Translational aspect may improve by using methods for escalatory
aggression

7.2

#3

More randomization and less matching of ages and weight.

7.3

#4

Power calculations should become common practice

7.3

#5

Housing conditions can be have diverse effect in different
transgenic models

7.4

#6

Evaluate the choice of intruder: strain, weight, age, housing
conditions

7.3

#7

Check for the effect of early life events on the initial behavior of
the resident

7.4

#8

Blinding should be implemented as a standard procedure

7.4

#9

Scoring multiple aggression measure is more adequate

7.5

#10

Number of attack and attack latencies are the most often reported
measures

7.5

#11

It is highly recommended not to rely on single aggressive events

7.5
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Table 4. Continued

Nr.

Recommendations/considerations

Section

#12

Report more qualitative and quantitative measures

7.5

#13

Single gene modifications can alter multiple aggression-related
gene cascades

7.6

7.1. Relevance of this systematic review
The extensive search performed in this systematic review resulted in 112 articles
detailing 161 resident-intruder experiments. Most of these studies documented
either increased or decreased aggression when transgenic animals were compared
to non-mutant, genetically similar controls. We systematically evaluated the
methods of the studies in Section 4. Subsequently, comparisons were made
between studies that investigated a transgenic animal model with a similar
gene modification. In this respect, it needs to be considered that many other
study characteristics, which are not or sparsely reported, can have an effect on
the behavioral outcome. In recent years, more knowledge about the factors
influencing aggressive behavior has been gathered and it seems that even having
different experimenters and the gender of the experimenter can influence the
outcome [350, 351]. Additionally, the transport of the animals by the supplier,
early-life experiences (e.g. maternal neglect) and the laboratory environment
can all add to the behavioral profile of the tested animals [352-356]. In this
view, infanticide and poor maternal care are important factors that are often
associated with breeding of genetically modified animals. For example, partial
Tph2 knockout dams display impaired maternal care, resulting in poor survival
of their pups [357]. This is a well-known limitation of breeding programs of
genetically modified mice. Poor maternal care can have long-term effects on
transgenic animals. For example, by producing heightened anxiety-like behavior
in partial 5-HTT null mutants, which behave normally under good maternal
conditions [358].
Since many factors differ between the studies, one could argue that clustering of
genes in one overview is not valid. However, this only strengthens the importance
of having a systematic review of the transgenic animal model aggression data. In
this regard, the finding of common molecular substrates across transgenic models
is of value. It is not the case, that this approach will only find gene expression
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differences dependent on which transgenic models are inputted. The goal is to
also validate these mechanisms in models beyond their original transgenic model.
Our systematic search demonstrates that many groups are investigating the same
transgenic model in different ways (with sometimes conflicting results) and raises
the issue that in order to be conclusive about the contribution of a particular gene
on aggressive behavior, studies need to be replicated in animals with different
backgrounds and in different labs. Secondly, our review provides an overview of
all models that are available and may decrease the chance that animals are utilized
for poor experiments. Standardization of the methods will probably improve
the reliability of the results, and can help reduce replication problems. However,
most behavioral scientists have different opinions about the procedural details
of how to test aggression. Nevertheless, it is important that scientists within
the aggression research field keep collaborating and communicating about all
the aspects that can have an impact on measuring aggressive behavior in animal
models. Below, we will summarize some of our findings from the systematic
search and add recommendations from other literature on aggression testing.
7.2. Towards increasing the translational value of aggression
research
As discussed in the introduction, Section 1.3, aggression in humans is mainly
comparable to offensive aggression observed in rodents. In some psychiatric
disorders and clinical syndromes associated with brain lesions, abnormal
forms of aggression occur [142]. In these disorders, aggression is one of the
symptoms. This is seen in clinical psychiatric syndromes as diverse as major
depression, borderline personality disorder, autism, ADHD, and conduct and
antisocial personality disorders [359-363]. Neurological conditions including
neurodegenerative disorders such as Alzheimer’s disease are also associated with
increased aggression [226]. During our IPA analysis of the genes - reported to be
related to an aggressive phenotype in rodent models - we found a relationship
between aggressive behavior and psychiatric disorders. In the category ‘diseases
and disorders’ genes in our dataset were most significantly associated with
depressive disorder, mood disorders and anxiety disorders, followed by substancerelated disorder and tauopathy. This suggests that aggressive behavior observed
in the resident-intruder test share the same genetic pathways that are involved in
these psychiatric disorders in human.
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Ideally, laboratory animal models would mimic the aggression-related disorder
more fully than beyond one symptom but increasingly a trait-based rather than
disease-based approach is being successfully deployed. Altered levels of aggression
may not reflect a pathological phenomenon but may be more indicative of the
adaptive capabilities of an animal with a certain gene modification [142]. In
turn, this may provide insights into the control of aggressive behavior that will
influence the survival of the individual. Additional studies have distinguished
between specific forms of aggression, i.e. species-typical forms of aggression versus
abnormal/escalatory/pathological aggression. The latter forms of aggression may
more translatable to aggression observed in human aggression-related disorders
but both are relevant in terms of psychiatry. Difficulties in modeling these human
disorders in animal models have been recently discussed by Haller [364]. In short,
abnormal aggression that exceeds species-typical levels can be seen in rodents
after ‘instigation’ or ‘frustration’ or after repeated victory experiences [142, 365,
366]. Abnormal aggression can be induced in several ways. Repeated victory
experiences, mentioned above, will ensure a better position in social hierarchies
and increase the level of aggression measured by an increase in duration and attack
frequency with concurrent decreased attack latencies. In this way, it was shown
that having winner experiences, against mildly sedated and smaller animals,
significantly increased the probability of winning against an intruder that was
bigger than the resident [367]. In addition, excessive alcohol administration can
results in heightened levels of aggression in 20-30% of laboratory rats and mice
[78]. Furthermore, it has been shown that short time exposure to the intruder,
prior to the actual confrontation, increases aggressiveness in hamsters and rats by
preparing the resident for the upcoming interaction [368]. In addition, frustration
can induce abnormal forms of aggression [78]. Rule-breaking behavior by the
resident (e.g. decreased signaling of intentions, attacking females or younger
animals, attacking vulnerable body parts) or insensitivity to social signals from
the intruder are frequently observed in addition to a general mismatch between
provocation and response [142]. Resident-intruder interactions between males
and females and between males and juveniles are often used as indicators of
abnormal forms of aggression. In order to reduce energy loss and prevent injuries
(or death), aggressiveness is strongly inhibited after submission of the intruder
and attacking females and offspring will limit the individual survival. This rulebreaking aspect is translational to humans as it is one of the main symptoms of
conduct disorder in juveniles and antisocial personality disorder in adults [142].
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7.3. The effect of the ‘right’ intruder
This review highlights that the choice and behavior of the intruder can have a
large effect on the outcome of the aggressive behavioral interaction. As discussed
by Koolhaas (1980), the type of opponent in the resident-intruder test can have
a tremendous effect on the aggression displayed by the resident [148]. Lesions
in the ventral medial hypothalamus of rats caused high levels of aggression
towards subordinate male opponents, whereas no increased aggression was found
against dominant male intruders. Stimulation of the lateral hypothalamus in
rats resulted in aggression towards subordinate males as well as estrous females.
Status, strength or the challenging attitude of the intruder may influence the
triggered aggression [369]. Specific gene alterations could also influence the
capability to adapt to a certain type of intruder and can result in altered offensive
or defensive aggression. This will make it hard to impossible to relate the effect of
a single gene modification to another [211, 356]. Solutions for this problem can
be found by using inanimate objects or non-aggressive intruders (e.g. castrated,
olfactory bulbectomized or anaesthesized animals) [369]. However, it is highly
questionable whether these interactions can be readily translated to the human
situation. The behavior of intruders should be monitored closely since severe
social defeat stress can have a dramatic effect on the psychosocial state of the
animals and, as a consequence, change the behavior of the resident [370-372].
Studies that did not report randomization of the intruders often report that the
intruders were matched for age and weight. We would recommend not matching
intruders based on weight because this can cause positive bias. In 44% of the
experiments, intruders were group-housed animals in which the most dominant
animal is typically the heaviest. It was found that residents that are lighter in weight
compared to intruders spent less time in aggressive encounters and showed more
defensive behaviors, whereas those residents with lighter intruders were involved
in aggressive behavior for a longer time [373]. One option would be to match
the weight of the whole intruder group to the weight of the residents as a group,
and then randomize the intruders. In the mouse studies that were included in
this review, the age range was between 8 and 14 weeks. Gene modification may
have a different effect at different ages. More than fifty years ago, it was already
discovered that mice would start fighting with an intruder between 32 and 36
days of age, expect for mice that were reared in the same litter and that displayed
aggression at a later age (around 55 days) as reviewed by Scott (1966) [374]. In
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rats, play fighting will start around 21 days and will reach its maximum level
around 266 days in males and 368 days in females [374]. Studies that compared
the effect of age on aggression in C57BU6 mice have shown that shock-induced
aggression increases from week 16 onwards and reaches its highest level at 20
weeks of age. The same study shows that an age dependent increase was absent
in other strains such as the BALB/c and DBN2 mice [375]. However, it has been
shown that social isolation induces a clear age-dependent effect on aggression in
these mouse strains but not in C57BU6 mice [375].
Furthermore, only one study reported to have determined the group size by
power analysis. We observed that the studies that report significant differences
in general tend to use larger groups of animals. Therefore, we would recommend
more studies to include power calculations in order to accurately estimate the
number of animals needed for a designated effect size and avoid any potential bias
or over-use of animals needlessly. In addition, while not scored systematically, we
noticed that most of the studies do not report on the initial social traits of the
animals before entering the resident-intruder test. These initial social traits may
have a big effect on the outcome of the aggression paradigm and therefore it
seems worthwhile to report on this.
7.4. Other factors influencing aggression outcomes
91% of the studies, gathered in this systemic review, employed strategies to
induce aggression, of which 73% isolated the animals for an average of 19 days.
Male animals have been employed in the majority of the studies but studies in
female subjects also report clear results in relation to aggression. While 15% of the
studies in females were not able to show a difference in aggression, this does not
mitigate against using female animals as test subjects. Approximately half of the
studies that housed males together with females showed no aggressive phenotype,
while housing females together with their litter was associated with a decrease in
maternal aggression in transgenic animals. While some transgenic animal models
are aggressive under both isolation and group housing conditions, as is e.g. the
case for Cnr1 transgenic animals [251], others only find an aggressive phenotype
under isolation conditions [241]. Decreased aggression was found in Avpr1b
knockout males that were isolation-housed and Avpr1b females that have lived
with their offspring [244, 249, 266]. In summary, isolation-induced aggression
appears to give robust results. Caution is needed here since a proportion of
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male mice is shown to develop isolation-induced timidity after isolation and
may respond defensively toward an intruder. In addition, abnormal forms of
aggression may be present in the so-called ‘isolation syndrome’. Some transgenic
animals are more sensitive to stress and isolation housing than corresponding
controls [219], which may be a confounding factor. In wild mice, dominant
males are behaviorally isolated and their aggression is of the adaptive kind in
order to increase survival of the individual (as reviewed by [211]). In addition,
initial trait differences specific for particular background strains can confound
these results so caution is needed when comparing studies manipulating the same
genes. No effect was found of testing either in the light or dark phase, although
testing in dim light conditions seems to be less effective in eliciting aggressive
phenotypes.
Furthermore, clear effects of sex on aggression have been shown in Crhbp, Tgfa
and Esr1 transgenic animals [252-254]. For the majority of genes studied, no sex
specific effect was reported. This indicates that sex x gene interaction appears to
be gene-specific.
In 70% of the studies, ethical permission by an organization that ensures animal
welfare was reported. We recommend reporting this as a standard part of the
method sections. Additional care should be given to the harm done to the
intruder animals, which is important ethically. Blinding of the groups has been
reported in 41% of the cases. However, all these studies had control groups with
similar genetic background as the experimental group, and therefore, it should be
possible to implement blinding as a standard procedure in many studies.
7.5. Quantitative and qualitative measures of aggression
Many researchers in the aggression field state that single measures of aggression
are not adequate [203, 211]. Scoring the latency to attacks is shown to correlate
well with winning events and establishing hierarchies. However, the number of
bites/attacks are more important for the prediction of dominance and seems to
be an unequivocally measure of aggression. More suggestions for quantitative
analyses of aggression tests are provided by [211]. In the majority of the studies
included in this systematic review, the total exposure of residents to intruders
is ±30 minutes, divided over 2-3 sessions of ±10 minutes. Standardizing the
interaction time to allow for a correct comparison of overexpression and knock-
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down/-out of the same gene seems prudent. It is highly recommended not to rely
on single aggressive events, but to test animals repeatedly until a stable level of
aggression is present as aggression levels of transgenic and control subjects can
become similar over time [211, 376]. We wouldn’t have come to this conclusion
if the researchers had tested once. In addition, multiple tests performed on
one day is shown to result in lower levels of aggression due to habituation to
the test [211]. Therefore, it can be argued that the number of interactions is
of more importance than the duration of the interaction. However, it needs to
be considered that quantitative measures of aggression cannot reveal abnormal
aggression per se. Additional measures (e.g. sequences of specific behaviors)
provide more knowledge as aggression is only a single aspect of social behavior
and needs to be understood in the light of the whole behavioral repertoire in
a variety of relevant situations [369]. This has already been shown by Berend
Olivier in 1977 [377] but others more recently have demonstrated that valuable
information can be obtained by looking more broadly at the interaction between
the two animals [144].
7.6. Insights from the bioinformatics-based analyses and the
molecular landscape of aggression
The articles collected through the systematic search conducted in this study
provide valuable information about the interactions of the proteins encoded by
genes related to aggressive behavior. Aggressive and emotional behaviors were
the most significantly enriched biological functions in both gene lists, which is
logical as most of the transgenic animal models were chosen based on the existing
association with aggressive behavior. This is also reflected in the most enriched
‘diseases and disorders’, i.e. mood disorders, depressive disorder and anxiety disorders
that often have co-morbid aggression or dysregulation of emotional processing
[359, 361, 378].
As for the molecular landscape that we built based on the bioinformatics findings
and an extensive literature review, most protein interactions and cascades in
this landscape converge on neurotransmitter synthesis, release and signaling in
a tripartite synapse, consisting of pre- and postsynaptic neurons as well as an
astrocyte. In short, the main cascades in the postsynaptic neuron are involved
in downstream effects of glutamate and serotonin receptors and/or converge on
regulation of APP/amyloid-β signaling. In the astrocyte, similar sex hormone-
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related mechanisms operate while the other main cascades in this cell type are
involved in vasopressin/oxytocin and cannaboid signaling. In the presynaptic
neuron, the pathways and cascades regulate the synthesis, degradation and/
or release/re-uptake of the amine neurotransmitters, serotonin, dopamine and
noradrenaline, as well as glutamate and GABA. Furthermore, the extracellular
growth factor BDNF and a number of circulating cytokines (such as IL6 and
TNFalpha) regulate the activity and/or expression of multiple proteins in all
parts of the tripartite synapse. As is clear from Figure 3, some genes/proteins
are involved in multiple signaling cascades in the landscape, indicating that by
changing only a single gene, multiple aggression-related cascades can be affected.
In this respect, it should be noted that, in a similar way, the effects seen in
transgenic animal models can be caused by the downstream effects from other
genes/proteins in the same pathway. In the end, it all seems to depend on the
balance between the different neurotransmitters, and thus on the balance between
excitation and inhibition in - most probably - specific brain areas. Additionally,
the effect on aggression could be caused indirectly by affecting the sight, hearing
of smell caused by the genetic modifications.
Although the links to neurotransmitter signaling are not completely novel, we
believe that by constructing the molecular landscape, we provide a valuable
overview that gives insight in the different and common mechanisms that are
associated with aggressive behavior. In addition, the landscape summarizes what
has already been done in the field and what still can be done in order to reveal key
regulatory genes and/or protein interactions. As we were able to fit approximately
90 % of the proteins encoded by the genes from the aggression models, the current
molecular landscape provides additional insights into how aggressive behavior is
regulated at the molecular level. For example, three landscape proteins, GPR3,
ADRA2A and PRNP, are indirectly involved in regulating the processing of
APP, with e.g. higher plasma levels of APP and lower levels of β-amyloid being
associated with aggression with children [379], through the β- and γ-secretases.
In this respect, future studies could investigate whether drugs that are aimed
at inhibiting β- or γ-secretases (that have been in trials for Alzheimer’s disease)
have an effect on reducing aggressive behavior. Other examples of putative drug
targets in the landscape are the receptors for female and male sex hormones
(estradiol and testosterone), i.e. ESR1/2 and AR, respectively. As is clear from
the molecular landscape, the binding of estradiol and/or testosterone to these
receptors regulates the expression and function of multiple aggression-linked
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proteins. These hormone targets have been discussed extensively in the literature,
but more recent data suggests roles for testosterone in mediating social approach /
avoidance and estradiol in reducing the development of aggressive behavior [104,
380]. Revisiting these well-established targets as well as investigating newer ones
such as GPR3, ADRA2A, PRNP and β-amyloid processing may prove useful in
further understanding aggression.
This review captures a complete set of literature of all transgenic animal models
that have been reported to differ in their level of aggression. These studies were
found by an extensive systematic search in four different databases. We have
assessed the quality of these studies and hope that by reporting the characteristics
of all studies, this review will add to the reproducibility and quality of animal
research and thereby reduce the amount of animals used and the discomfort
that the animals experience. Furthermore, a low number of studies reported
power calculations, randomization and blinding of experimental groups, factors
crucial to prevent bias towards positive results. By identifying this, we urge to
report more qualitative and quantitative measures so that aggression research will
improve. Additionally, this review includes a molecular landscape of aggression
based on the findings from the reviewed studies of transgenic models, which
contains a number of distinct molecular signaling cascades and provides clues
for potential drug targets that could be further developed as modulators of the
aggressive phenotype.
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Con: CBA/C57BL6
Exp: CBA/C57BL6
Con: CBA/C57BL6
Exp: CBA/C57BL6
Con:129S6/
SvEvTac;C57BL/6;CBA
Exp:129S6/
SvEvTac;C57BL/6;CBA
Con: 129S6
Exp: 129S6

Mice

Breuillaud et al.,
2012

Mice

Bortolato et al.,
2012
Brandewiede et
al., 2014

Mice

Mice

Mice

Bortolato et al.,
2011

Mice

Con: C57BL/6N
Exp: C57BL/6N

Con: 129S6
Exp: 129S6
Con: C57BL/6J
Exp: C57BL/6J

Con: C57/B6//SJL mix

Mice

Alexander et al.,
2010
Alleva et al.,
1998
Alleva et al.,
1998
Audero et al.,
2013

Mice

Species Strain or genetic
background

First author,
year

Table A.1. General information studies

Supplementary Materials

MAO-A
(A863T), KO
MAO-A (neo),
KO
MAO-A
(A863T), KO
NCAM in
postmigratory
forebrain
neurons, KO
Crtc1, KO

Htr1a, OE

NSE-hIL-6, OE

APP (Tg2576),
OE
IL-6, KO

Transgenic line

Crtc1

Ncam1

Maoa

Maoa

Htr1a

Il6

Il6

App

Gene
name

CREB regulated
transcription
coactivator 1

Monoamine
oxidase A
Neural cell
adhesion
molecule 1

5-hydroxy
tryptamine
receptor 1A, G
protein coupled
Monoamine
oxidase A

Interleukin-6

Amyloid
precursor gene
Interleukin-6

Entrez name

Sex
animals

N.R.

3-4
months
>3.5
months

2-3
months

60 days

52 days

52 days

Male

Male

Male

Male

Male

Male

Male

7 months Male

Age
animals

N.R.

Yes

Yes

N.R.

N.R.

N.R.

N.R.

Yes

Experimenters
blinded

14/18

17/18

N.R.

15/15

9/12

11/11

12/12

11/11

N Con/
Exp

Isolation

Isolation

Isolation

Isolation

Isolation

Isolation

Isolation

N.R.
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Mice

Mice

Caldwell et al.,
2009

Campbell et al.,
2002

Cases et al., 1995 Mice

Mice

Calandreau et
al., 2010

Mice

Mice

Mice

Büdefeld et al.,
2014
Burrows et al.,
2015
Calandreau et
al., 2010

Con:129/SvJ and
C57BL/6 (mix) x Mus
musculus castaneus
Exp: 129/SvJ and
C57BL/6 (mix) x Mus
musculus castaneus
Con: C57BL/6 x
C57BL6/129S5
Exp: C57BL/6 x
C57BL6/129S5
Con: C3H/HeJ
Exp: C3H/HeJ

Con: C57BL/6J
Exp: C57BL/6J

Con: C57BL/6J
Exp: C57BL/6J
Con: Sv129/C57BL6
Exp: Sv129/C57BL6
Con: C57BL/6J
Exp: C57BL/6J

Species Strain or genetic
background

First author,
year

Table A.1. Continued

MAO-A (Tg8),
KO

ROSA22, KO
ROSA22, HET

Avpr1b, KO

PST (ST8SiaIV),
KO

STX (ST8SiaII),
KO

NL3, KO

Prpc, KO

Transgenic line

Maoa

Tpgs1

Avpr1b

St8sia4

St8sia2

Nlgn3

Prnp

Gene
name

N.R.

6-13
months

6-13
months

10-14
weeks
10 weeks

Age
animals

Male

Male

Male

Male

Male

Sex
animals

Tubulin
N.R.
Male
polyglutamylase
complex subunit
1
Monoamine
6 months Male
oxidase A

ST8 alphaN-acetylneuraminide
alpha-2,8sialyltransferase 2
ST8 alphaN-acetylneuraminide
alpha-2,8sialyltransferase 4
Arginine
vasopressin
receptor 1B

Neuroligin 3

Prion protein

Entrez name

N.R.

N.R.

Yes

N.R.

N.R.

Yes

Yes

Experimenters
blinded

Aggression
induced by
Isolation
Isolation
Isolation

Isolation

Isolation

Isolation

Isolation

N Con/
Exp
7/11
12/11
18/10

18/8

7/7

6/9/7

20/20
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Con: mixed background
Exp: mixed background

Con: C57BL/6JNarl
Exp: C57BL/6JNarl

Chan et al., 2006 Mice

Mice

Mice

Chang et al.,
2015

Chang et al.,
2015

Con: C57BL/6JNarl
Exp: C57BL/6JNarl

Con: mixed background
Exp: mixed background

Mice

Chan et al., 2006 Mice

Chamero et al.,
2011

Con: C3H/HeJ
Exp: C3H/HeJ
Con:C57BL/6
Exp:C57BL/6

Species Strain or genetic
background

Cases et al., 1995 Mice

First author,
year

Table A.1. Continued

NR2b in ventral
hippocampus,
KO

NR2b in ventral
hippocampus,
KO

BDNF postnatal
(NES), KO

BDNF prenatal
(CK), KO

MAO-A (Tg8),
KO
Gnao1, KO

Transgenic line

Grin2b

Grin2b

Bdnf

Bdnf

Gnao1

Maoa

Gene
name
Monoamine
oxidase A
Guanine
nucleotide
binding protein
, alpha activating
activity
polypeptide O
Brain-derived
neurotrophic
factor
Brain-derived
neurotrophic
factor
Glutamate
receptor,
ionotropic,
N-methyl
D-aspartate 2B
Glutamate
receptor,
ionotropic,
N-methyl
D-aspartate 2B

Entrez name

Sex
animals

11-12
weeks

11-12
weeks

3-5
months

3-5
months

8-12
weeks

Male

Male

Male

Male

Male

6 months Male

Age
animals

N.R.

N.R.

N.R.

N.R.

N.R.

N.R.

Experimenters
blinded

5/5

5/5

6-7/ 6-7

6-7/6-7

22/19

30/30

N Con/
Exp

Group
housing

Isolation

Isolation

Isolation

Housed
with female
Isolation

Aggression
induced by

Chapter 2

Con: C57B/6J
Exp: C57B/6J

Mice

Mice

Cheung et al.,
2015

Chiavegatto et
al., 2001

Clipperton-Allen Mice
and Page 2015
De Felipe et al., Mice
1998

Chen et al., 2015 Mice

Chen et al., 2015 Mice

Con: C57BL/6J
Exp: C57BL/6J
Con: C57BL/6
Exp: C57BL/6

Con: CH3 strain
Exp: CH3 strain
Con: CH3 strain
Exp: CH3 strain
Con: BALB/c
Exp: BALB/c
Con: C57BL6
Exp: C57BL6
Con: C57BL/6
Exp: C57BL/6

Chen et al., 2007 Mice

Chen et al., 2007 Mice

Con: C57B6/JX x 129/
OU x BALB/c
Exp: C57B6/JX x 129/
OU x BALB/c

Species Strain or genetic
background

Chen et al., 1994 Mice

First author,
year

Table A.1. Continued

Pten
Tacr1

NK1, KO

Nos1

Slc17a

Bche

Bche

Maoa

Maoa

Camk2a

Gene
name

Pten, KO

nNOS, KO

Vglut2 in SF-1
VMH neurons,
KO

BChE, KO

MAO A in
forebrain, KO
BChE AAV, OE

MAO A, KO

alpha-CaMKII,
KO alphaCaMKII, HET

Transgenic line

Calcium/
calmodulindependent
protein kinase II
alpha
Monoamine
oxidase A
Monoamine
oxidase A
Butyrylcholinesterase
Butyrylcholinesterase
Solute carrier
family 17
(vesicular
glutamate
transporter),
member 6
Nitric oxide
synthase 1
(neuronal)
Phosphatase and
tensin homolog
Tachykinin
receptor 1

Entrez name

N.R.

Sex
animals

8-16
weeks

N.R.

3-5
months

N.R.

Male

Male

Male

Male

3 months Male

1-4
Male
months
1-4
Male
months
3 months Male

N.R.

Age
animals

N.R.

N.R.

Yes

Yes

N.R.

N.R.

N.R.

N.R.

Yes

Experimenters
blinded

Isolation

Isolation
Isolation
Housed
with female
Housed
with female
Isolation

Isolation

Isolation
Isolation

8/8/8

10/12
10/20
18/7

10/14

9/9

11/11
8/8

18/9
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N Con/
Exp
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Mice

Mice

De Vries et al.,
1997

Dhakar et al.,
2012
Dhakar et al.,
2012
Duncan et al.,
2009

Mice

Mice

Mice

Duncan et al.,
2009

Erta et al., 2015

Erta et al., 2015

Mice

Mice

Mice

Demas et al.,
1999

Con: C57BL/6J (WT
and flox)
Exp: C57BL/6J
Con: C57BL/6J (WT
and lox/lox)
Exp: C57BL/6J

Con:mixed 129/SvEv,
C57BL/6, DBA/2
Exp: mixed 129/SvEv,
C57BL/6, DBA/2

Con: 88% C57B6/6J
Exp: 88% C57B6/6J
Con: 81% C57B6/6J
Exp: 81% C57B6/6J
Con:mixed 129/SvEv,
C57BL/6, DBA/2
Exp: mixed 129/SvEv,
C57BL/6, DBA/2

Con: C57B/6
Exp: C57B/6

Con: C57/B16
Exp: C57/B16

Species Strain or genetic
background

First author,
year

Table A.1. Continued

Oxtr

Oxt

Nos3

Gene
name

IL6 in astrocytes,
KO

IL6 in astrocytes,
KO

NR1 Neo, KO

Il6

Il6

Grin1

Oxtr in forebrain, Oxtr
KO
NR1 Neo, KO
Grin1

Oxtr, KO

OT, HET
OT, KO

eNOS, KO

Transgenic line

Interleukin-6

Nitric oxide
synthase 3
(endothelial cell)
Oxytocin/
neurophysin I
prepropeptide
Oxytocin
receptor
Oxytocin
receptor
Glutamate
receptor,
ionotropic,
N-methyl
D-aspartate 1
Glutamate
receptor,
ionotropic,
N-methyl
D-aspartate 1
Interleukin-6

Entrez name

Male

Female

Male

Male

Male

Male

Male

Sex
animals

9 months Male

10 weeks

7-8
months

3-6
months
3-6
months
7-8
months

4-6
months

4-6
months

Age
animals

Yes

Yes

N.R.

N.R.

Yes

Yes

N.R.

N.R.

Experimenters
blinded

7-11/711/7-11

7-11/711/7-11

5/4

4/4

11/8

10/10

9/11/10

12/12

N Con/
Exp

Isolation

Isolation

Isolation

Isolation

Isolation

Isolation

N.R.

Isolation
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Mice

Mice

Gammie et al.,
2005

Gammie et al.,
2006

Con: C57BL/6J
Exp: C57BL/6J

Con: C57BL/6
Exp: C57BL/6

Con: C57BL/6J
Exp: C57BL/6J

Con: C57BL/6J
Exp: C57BL/6J

Mice

Mice

Con: C57BL/6
Exp: C57BL/6

Mice

Gammie et al.,
2000

GallitanoMendel et al.,
2008
Gammie et al.,
1999

Rats
Fodor et al.,
201411
Rats
Fodor et al.,
201411
Fyffe et al., 2008 Mice

Mice

Erta et al., 2015

Con: C57BL/6 (lox/lox)
Exp: C57BL/6
Con: Brattlebor
Exp: Brattlebor
Con: Brattlebor
Exp: Brattlebor
Con: 129 Sv/Ev x FVB
Exp: 129 Sv/Ev x FVB

Species Strain or genetic
background

First author,
year

Table A.1. Continued

Mecp2

MeCP2 in
hypothalamus,
KO
Egr3, KO

CRFR1, KO

CRFR2, KO

eNOS, KO

nNOS, KO

Avp

AVP, KO

Crhr1

Crhr2

Nos3

Nos1

Egr3

Avp

Il6

Gene
name

IL6 receptor in
astrocytes, KO
AVP, KO

Transgenic line

Nitric oxide
synthase 1
(neuronal)
Nitric oxide
synthase 3
(endothelial cell)
Corticotropin
releasing
hormone
receptor 2
Corticotropin
releasing
hormone
receptor 1

Arginine
vasopressin
Arginine
vasopressin
Methyl CpG
binding protein
2
Early growth
response 3

Interleukin-6

Entrez name

Sex
animals

Male

Female

Female

Male

Male

50 days
Male
and older

50 days
old

N.R.

N.R.

N.R.

42 weeks

3 months Female

3-4
Male
months
3 months Male

Age
animals

Yes

N.R.

N.R.

N.R.

N.R.

N.R.

Yes

Yes

Yes

Experimenters
blinded

Isolation
N.A.
Maternal
aggression
Isolation

Isolation

Maternal
aggression
Maternal
aggression
Isolation

Isolation

5-8/5-8
10/10
10/10

7/6

13/9

6/6

15/9

21/19

8/8

Aggression
induced by

N Con/
Exp
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Mice

Mice

Mice

Mice

Mice

Gammie et al.,
2008

Gatewood et al.,
2006

Godar et al.,
2014

Grgurevic et al.,
2008

Grgurevic et al.,
2008

Gutknecht et al., Mice
2015

Mice

Gammie et al.,
2008

CRF-BP, KO

CRF-BP, KO

Transgenic line

Con: C57BL/6
Exp: C57BL/6

Con: C57BL/6J (GE)
Exp: C57BL/6J

Tph2, HET
Tph2, KO

SF-1, KO

Con: C57BL/6J Females: XY- Sry, KO
XX, XY-Males: XX Sry
Exp: C57BL/6J
Con: 129S6
MAO-A, KO
Exp: 129S6
MAO-A (neo),
KO
Con: C57BL/6J (GE))
SF-1, KO
Exp: C57BL/6J

Con: C57BL/6J
Exp: C57BL/6J

Con: C57BL/6J
Exp: C57BL/6J

Species Strain or genetic
background

First author,
year

Table A.1. Continued

Tph2

Nr5a1

Nr5a1

Maoa

Sry

Crhbp

Crhbp

Gene
name

3-5
months

N.R.

N.R.

N.R.

Age
animals

Nuclear receptor 10-14
subfamily
weeks
5, group A,
member 1
Nuclear receptor 10-14
subfamily
weeks
5, group A,
member 1
Tryptophan
N.R.
hydroxylase 2

Monoamine
oxidase A

Corticotropin
releasing
hormone
binding protein
Corticotropin
releasing
hormone
binding protein
Sex determining
region Y

Entrez name

Male

Female

Male

Male
and
female
Male

Female

Male

Sex
animals

N.R.

N.R.

N.R.

Yes

N.R.

N.R.

N.R.

Experimenters
blinded

8/8/8

4/7

10-20/
10-20/
10-20
4/7

13/13/
14/10

28/28

29/28

N Con/
Exp

N.R.

Isolation

Isolation

Isolation

N.R.

Maternal
aggression

Isolation

Aggression
induced by

Chapter 2

Mice

Mice

Hasen et al.,
2009

Hendricks et al.,
2003
Hilakivi et al.,
1993

Mice

Mice

Mice

Mice

Hilakivi, 1994

Hilakivi, 1994

Holmes et al.,
2002

Holmes et al.,
2011

Mice

Mice

Hasegawa et al.,
2009

Con: C57BL/6J
Exp: C57BL/6J

Con: C57BL/6J
Exp: C57BL/6J

Con: CD-1
Exp: CD-1

Con: CD-1
Exp: CD-1

Con: C57BL/6J x 129
Exp: C57BL/6J x 129
Con: CD-1
Exp: CD-1

Con: Hsd:icr (87%) x
C57BL6J
Exp: Hsd:icr (87%) x
C57BL6J

Con: C57BL/6N
Exp: C57BL/6N

Species Strain or genetic
background

First author,
year

Table A.1. Continued

BAX, KO

5-HTT, HET
5-HTT, HOM

TGF alpha, OE

TGF alpha, OE

TGF alpha, OE

Pet-1, KO

Trpc2, KO

Alpha-CamKII,
OE

Transgenic line

Bax

Slc6a4

Tgfa

Tgfa

Tgfa

Fev

Trpc2

Camk2a

Gene
name
Calcium/
calmodulindependent
protein kinase II
alpha
Transient
receptor
potential
cation channel,
subfamily C,
member 2
FEV (ETS
oncogene family)
Transforming
growth factor,
alpha
Transforming
growth factor,
alpha
Transforming
growth factor,
alpha
Solute carrier
family 6,
member 4
BCL2-associated
X protein

Entrez name

14 weeks

14-16
weeks

8-20
weeks

8-20
weeks

17-21
weeks
8 weeks

N.R.

>8 weeks

Age
animals

Male

Male

Female

Male

Male

Male

Female

Male

Sex
animals

Yes

Yes

N.R.

N.R.

N.R.

Yes

Yes

Yes

Experimenters
blinded

Aggression
induced by
Isolation

Maternal
aggression

Isolation
Isolation

Isolation

Isolation

Isolation

N.R.

N Con/
Exp
10/10

24/20

10/9
12/16

16/18

12/12

17/19/
20
12/12
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Con: C57BL/6J (HET)
Exp: C57BL/6J

Mice

Mice

Juárez et al.,
20132

Kanno et al.,
2014

Con: C57BL/129Svj
Exp: C57BL/129Svj

Con: C57BL/6
Exp: C57BL/6

Mice

Jiang-Xie et al.,
2014

Hesr1, KO

TLX, HOM

Dlgap2, KO

HTT-5, HET
HTT-5, HOM

Con: C57BL/6J
Exp: C57BL/6J

Mice

Jansen et al.,
20111

Mice

Con: C57BL/6J
BAX, KO
Exp: C57BL/6J
Con: C57BL/6J x 129S6 BDNF, KO
Exp: C57BL/6J x 129S6

Mice

Holmes et al.,
2011
Ito et al., 2011

Transgenic line

Species Strain or genetic
background

First author,
year

Table A.1. Continued

Hey1

Nr2e1

Dlgap2

Slc6a4

Bdnf

Bax

Gene
name
BCL2-associated
X protein
Brain-derived
neurotrophic
factor
Solute carrier
family 6,
member 4
Discs, large
(Drosophila)
homologassociated
protein 2
Nuclear receptor
subfamily
2, group E,
member 1
Hes-related
family bHLH
transcription
factor with
YRPW motif 1

Entrez name

8-16
weeks

N.R.

8 weeks

80 days

2-4
months

14 weeks

Age
animals

Male

Male

Male

Male

Male

Female

Sex
animals

N.R.

N.R.

Yes

N.R.

Yes

Yes

Experimenters
blinded

18/22

5/5

7/8

36/38/
40

34/34

11/9

N Con/
Exp

N.R.

Isolation

Isolation

Isolation

Isolation

N.R.

Aggression
induced by

Chapter 2

Con:Wistar
Exp:Wistar

Mice

Rats

Kohl et al.,
2013a

Kohl et al.,
2013b4

Kohl et al., 2015 Mice

Con:C57BL/6J
Exp:C57BL/6J

Mice

Kloke et al.,
20113

Con: C57Bl/6
Exp: C57Bl/6

Con: C57BL/6J
Exp: C57BL/6J

Mice

Con: C57BL6NCr
Exp: C57BL6NCr
Con: C57BL6NCr
Exp: C57BL6NCr
Con:C57BL/6J X
129S4/SvJa
Exp:C57BL/6J X 129S4/
SvJa

Kim et al., 2009

Kato et al., 2010 Mice

Kato et al., 2010 Mice

Mice

Kanno et al.,
2014

Con: C57BL/129Svj
Exp: C57BL/129Svj

Species Strain or genetic
background

First author,
year

Table A.1. Continued

Nlgn2 in dorsal
hippocampus,
OE
Nlgn 2 in
hippocampus,
OE

NCAM in
forebrain, KO

5-HTT, HET
5-HTT, HOM

NRG1b1(tg 5),
KO
NRG1b1(tg 5),
KO
Cav2.2, KO

Hesr2, KO

Transgenic line

Nlgn2

Nlgn2

Ncam1

Slc6a4

Cacna1b

Nrg1

Nrg1

Hey2

Gene
name
8-16
weeks

Age
animals

Neuroligin 2

17-18
weeks

56–84
days
Neuregulin 1
56–84
days
Calcium
10-15
channel, voltage- weeks
dependent, N
type, alpha 1B
subunit
Solute carrier
N.R.
family 6,
member 4
Neural cell
13-15
adhesion
months
molecule 1
Neuroligin 2
16 weeks

Hes-related
family bHLH
transcription
factor with
YRPW motif 2
Neuregulin 1

Entrez name

Male

Male

Male

Male

Male

Male

Male

Male

Sex
animals

Yes

N.R.

Yes

Yes

Yes

Yes

Yes

N.R.

Experimenters
blinded

Aggression
induced by
N.R.

Isolation
Isolation
Isolation

Isolation

N.R.

Housed
with female
Early life
stress

N Con/
Exp
12/15

10/11
7/7
11/12

12/12/
12
8/12

10/10

14/14
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Mice

Mamiya et al.,
2008
Marie-Luce et
al., 2013

Mice

Mice

Mice

Mice

Mice

Mice

Mice

Lyons et al.,
1999

Ledent et al.,
1997
Leinders-Zufall
et al., 2014
Leinders-Zufall
et al., 2014
Lotta et al., 2014

Con: 129SV
Exp: 129SV
Con: C57BL/6J (GE)
Exp: C57BL/6J (GE)

Con:C57BL/6J
Exp:C57BL/6J

Con:129/Sv X CD1
Exp:129/Sv X CD1
Con: 129/Sv
Exp: 129/Sv
Con: 129/Sv
Exp: 129/Sv
Con: C57Bl6J (WT and
Cre)
Exp:C57Bl6J

Con:n.a.
Exp:n.a.
Con:C57BL/6J
Exp:C57BL/6J

König et al.,
19965
Kriegsfeld et al.,
1997

Mice

Con: C57Bl/6
Exp: C57Bl/6

Species Strain or genetic
background

Kohl et al., 2015 Mice

First author,
year

Table A.1. Continued

Adra2a

Nos1

Penk

Nlgn2

Gene
name

AR, KO

EphA5, KO

p75NTR in
cerebellar
Purkinje cells,
KO
BDNF, HET

Ar

Epha5

Bdnf

Ngfr

Delta H2Mv, KO H2Mv

Delta H2Mv, KO H2Mv

A2aR, KO

nNOS, KO

Nlgn 2 in
hippocampus,
KO
ENK, KO

Transgenic line

8-12
weeks
8-12
weeks
6 weeks

14 weeks

8-16
weeks
3-6
months

17-18
weeks

Age
animals

Androgen
receptor

2.5-3.5
months

Brain-derived
2.5-4.5
neurotrophic
months
factor
EPH receptor A5 N.R.

Nerve growth
factor receptor

-

Nitric oxide
synthase 1
(neuronal)
Adrenoceptor
alpha 2A
-

Proenkephalin

Neuroligin 2

Entrez name

Male

N.R.

Male

Male

Male

Female

Male

Male

Male

Male

Sex
animals

N.R.

Yes

N.R.

Yes

Yes

Yes

N.R.

Yes

Yes

Yes

Experimenters
blinded

6/6

11/12

8/12

9/3/3

10/12

13/9

20/20

N.R.

21/20

14/13

N Con/
Exp

Isolation

Isolation

Isolation

N.R.

Maternal
aggression
Isolation

Isolation

N.R.

Isolation

Early life
stress

Aggression
induced by

Chapter 2

Mice

Mice

Mice

Moechars et al.,
1998

Montani et al.,
2013

Mosienko et al.,
2012

Mice

Con: C57BL/6
Exp: C57BL/6

Con: FVB/N
Exp: FVB/N

Con: FVB/N
Exp: FVB/N

Con: FVB/N
Exp: FVB/N

Con: FVB/N
Exp: FVB/N

Mice

McKenzie
- Quirk et al.,
2005
Moechars et al.,
1998

Mice

Con: 129/SvEv x
C57Bl6/J (HET)
Exp: 129/SvEv x
C57Bl6/J
Con: B6SJL/F2
Exp: B6SJL/F2

Mice

Marino et al.,
2005

Moechars et al.,
1998

Species Strain or genetic
background

First author,
year

Table A.1. Continued

Tph2, HET
Tph2, HOM

Gγ8, KO

APP (Sw/3), OE

APP (Ld/2), OE

APP (Wt/4), OE

5-HT3, OE

Dbh, KO

Transgenic line

Tph2

Gngt2

App

App

App

5-Htr3

Dbh

Gene
name

5-Hydroxytryptamine
receptor 3
Amyloid
precursor,
protein
Amyloid
precursor,
protein
Amyloid
precursor,
protein
Guanine
nucleotide
binding
protein, gamma
transducing
activity
polypeptide 2
Tryptophan
hydroxylase 2

Dopamine betahydroxylase

Entrez name

Male

Male

Male

Male

Male

Sex
animals

18-22
weeks

Male

3 months Male

10-12
weeks

10-12
weeks

10-12
weeks

N.R.

3-6
months

Age
animals

Yes

N.R.

N.R.

N.R.

N.R.

N.R.

Yes

Experimenters
blinded

Aggression
induced by
Isolation

Housed
with female
Isolation

Isolation

Isolation

Isolation

Isolation

N Con/
Exp
13/11

8/11

19/6

19/7

19/8

16/20

9/8/7
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Mice

Mice

Mice

Mice

Nautiyal et al.,
2015

Nautiyal et al.,
2015

Nelson et al.,
1995

Nomura et al.,
2002
Nomura et al.,
2002
Nomura et al.,
2002
Nomura et al.,
2006

Mice

Mice

Mice

Mice

Nautiyal et al.,
2015

Con:C57BL/6J and SvEv
129
Exp:C57BL/6J and
SvEv 12
Con: C57BL/6J x 129
Exp: C57BL/6J x 129
Con: C57BL/6J x 129
Exp: C57BL/6J x 129
Con: C57BL/6J x 129
Exp: C57BL/6J x 129
Con: C57BL/6J x 129
(GE)
Exp: C57BL/6J x 129

Con: 129S6/SvEv
Exp: 129S6/SvEv

Con: 129S6/SvEv
Exp: 129S6/SvEv

Con: 129S6/SvEv
Exp: 129S6/SvEv

Species Strain or genetic
background

First author,
year

Table A.1. Continued

Htr1b

Gene
name

Alpha-ER, KO

Beta-ER, KO

Beta-ER, KO

Beta-ER, KO

nNOS, KO

Esr1

Esr2

Esr2

Esr2

Nos1

HT1BR
Htr1b
autoreceptor (Pet1 promoter), KO

HT1BR forebrain Htr1b
(CamKII
promoter), KO

HT1BR whole
brain (beta-actin
promoter), KO

Transgenic line

Estrogen
receptor 2
Estrogen
receptor 2
Estrogen
receptor 2
Estrogen
receptor 1

5-hydroxytryptamine
receptor 1B, G
protein-coupled
5-hydroxytryptamine
receptor 1B, G
protein-coupled
5-hydroxytryptamine
receptor 1B, G
protein-coupled
Nitric oxide
synthase 1
(neuronal)

Entrez name

5.09
weeks
11.79
weeks
18.83
weeks
N.R.

4-6
months

13-15
weeks

13-15
weeks

13-15
weeks

Age
animals

Male

Male

Male

Male

Male

Male

Male

Male

Sex
animals

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Experimenters
blinded

35/47

15/13

11/17

17/13

8/8

8/7

11/14

6/6

N Con/
Exp

Isolation

Isolation

Isolation

Isolation

N.R.

Housed
with female

Housed
with female

Housed
with female

Aggression
induced by

Chapter 2

Con: C57BL/6J
Exp: C57BL/6J
Con: C57BL/6J
Exp: C57BL/6J
Con: C57BL/6J
Exp: C57BL/6J
Con:mixed 129/Sv Black
Swiss outbred
Exp:mixed 129/Sv Black
Swiss outbred

Mice

Mice

Mice

Mice

Pereda et al.,
2015
Pereda et al.,
2015
Pereda et al.,
2015
Ragnauth et al.,
2005

Con: C57BL/6J
Exp: C57BL/6J

Con:129S
Exp:129S

Mice

Patel et al., 2010 Mice

Pagani et al.,
2015

Mice

Mice

Ogawa et al.,
1996
Pagani et al.,
2015

Con: C57BL/6J
Exp: C57BL/6J
Con: C57BL/6J
Exp: C57BL/6J

Species Strain or genetic
background

First author,
year

Table A.1. Continued

Esr1

Gene
name

OT, KO

CgA&B, KO

CgB, KO

CgA, KO

Chga
Chgb
Oxt

Chgb

Chga

Oxtr in raphe
Oxtr
nucleus, HET
Oxtr in raphe
nucleus, KO
Oxtr in raphe
Oxtr
nucleus, HET
Oxtr in raphe
nucleus, KO
TNF R1/R2, KO Tnfrsf1a
Tnfrsf1b

ER, KO

Transgenic line

80-120
days

16-22
weeks
89-212
days

Age
animals

Female

Male

Male

Sex
animals

Chromogranin A 4 months Male
and B
Oxytocin/
8 weeks
Female
neurophysin I
prepropeptide

Chromogranin B 4 months Male

Tumor necrosis
PND 60 Male
factor receptor
superfamily,
member 1A and
1B
Chromogranin A 4 months Male

Oxytocin
receptor

Estrogen
receptor 1
Oxytocin
receptor

Entrez name

Yes

Yes

Yes

Yes

N.R.

N.R.

N.R.

N.R.

Experimenters
blinded

Aggression
induced by
Isolation
Isolation

Maternal
aggression

Isolation

Isolation
Isolation
Isolation
Isolation

N Con/
Exp
N.R.
8/6/5

6/4/7

6/6

10/10
10/10
10/10
6/6
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Mice

Mice

Mice

Rodriguez-Arias
et al., 2013

Rodrigues-Arias
et al., 2015

Ruzza et al.,
2015
Sagazio et al.,
2011

Sallinen et al.,
1998
Sallinen et al.,
1998
Sandhu et al.,
2014

Mice

Rodriguez-Arias
et al., 2013

Mice

Mice

Mice

Mice

Mice

Ramboz et al.,
1995

Con: C57BL/6
Exp: C57BL/6
Con: FVB/N
Exp: FVB/N
Con: C57Bl/6Ola
Exp: C57Bl/6Ola

Con: CD-1
Exp: CD-1
Con: C57BL6 x 129SV
(HET)
Exp: C57BL6 x 129SV

Con: C57BL/6J
Exp: C57BL/6J

Con: CD1
Exp: CD1

Con: CD1
Exp: CD1

Con:129/Sv-ter
Exp:129/Sv-ter

Species Strain or genetic
background

First author,
year

Table A.1. Continued
Gene
name

Ghrh

Npsr1

Cnr2

Cnr1

Cnr1

GAD67, HET

Gad1

Alpha-2c AR, OE Adra2c

Alpha-2c AR, KO Adra2c

GHRH, HET
GHRH, KO

NPSR, KO

CB2r, KO

CB1r, KO

CB1r, KO

5-HT1B R, HET Htr1b
5-HT1B R, KO

Transgenic line

5-hydroxytryptamine
receptor 1B, G
protein-coupled
Cannabinoid
receptor 1
(brain)
Cannabinoid
receptor 1
(brain)
Cannabinoid
receptor 2
(macrophage)
Neuropeptide S
receptor 1
Growth
hormone
releasing
hormone
Adrenoceptor
alpha 2C
Adrenoceptor
alpha 2C
Glutamate
decarboxylase 1
(brain, 67kDa)

Entrez name

8-17
weeks
8-17
weeks
14-16
weeks

10 weeks

16 weeks

42 days

42 days

42 days

12-14
weeks

Age
animals

Male

Male

Male

Male

Male

Male

Male

Male

Male

Sex
animals

Yes

Yes

Yes

No

N.R.

N.R.

N.R.

N.R.

N.R.

Experimenters
blinded

10/8

15/14

18/17

10/30

13/13

17/15

N.R.

N.R.

12/16/
14

N Con/
Exp

Isolation

Isolation

Isolation

Isolation

Isolation

Isolation

Group
housed

Isolation

Isolation

Aggression
induced by

Chapter 2

Con: 1 129/Sv-ter
Exp: 1 129/Sv-ter

Con:C57BL/6
Exp: C57BL/6
Con:C57BL/6J
Exp:C57BL/6J
Con:C57BL/6J
Exp:C57BL/6J
Con:C57BL/6J
Exp:C57BL/6J
Con: C57BL/6J (GE)
Exp: C57BL/6J (GE)
Con: C57BL/6J (GE)
Exp: C57BL/6J (GE)

Mice

Mice

Saudou et al.,
1994

Schneider et al.,
20036
Scordalakes et
al., 2003
Scordalakes et
al., 2003
Scordalakes et
al., 2003
Scordalakes et
al., 2004
Scordalakes et
al., 2004

Mice

Mice

Mice

Mice

Mice

Sano et al., 2013 Mice

Sano et al., 2013 Mice

Con:ICR/JCL
Exp:ICR/JCL
Con:ICR/JCL
Exp:ICR/JCL
Con:ICR/JCL
Exp:ICR/JCL

Species Strain or genetic
background

Sano et al., 2013 Mice

First author,
year

Table A.1. Continued

ER-alpha, KO

AR, KO

ER-alpha, KO

ER-alpha, KO

PR, HET
PR, KO
ER-alpha, KO

ER in medial
amygdala, KO
ER in medial preoptic area, KO
ER in ventromedial nucleus
of the hypothalamus, KO
5-HT1b

Transgenic line

Esr1

Ar

Esr1

Esr1

Esr1

Pgr

Htr1b

Esr1

Esr1

Esr1

Gene
name

5-hydroxytryptamine
receptor 1B, G
protein-coupled
Progesterone
receptor
Estrogen
receptor 1
Estrogen
receptor 1
Estrogen
receptor 1
Androgen
receptor
Estrogen
receptor 1

Estrogen
receptor 1
Estrogen
receptor 1
Estrogen
receptor 1

Entrez name

>74 days

>74 days

N.R.

N.R.

8-22
weeks
N.R.

N.R.

17-18
weeks
17-18
weeks
17-18
weeks

Age
animals

Male

Female

Male

Male

Males

Male

Male

Male

Male

Male

Sex
animals

Yes

Yes

N.R.

N.R.

N.R.

Yes

N.R.

Yes

Yes

Yes

Experimenters
blinded

Aggression
induced by
Isolation
Isolation
Isolation

Isolation

Isolation
Isolation
Isolation
Isolation
Isolation
Isolation

N Con/
Exp
10/11
15/19
14/19

12/16/
14

6/16/10
8/8
8/8
8/8
9/7
7/8
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Mice

Mice

Swift-Gallant et
al., 201512

Mice

Rats

Rats

Mice

Mice

Stowers et al.,
2002

Sekiyama et al.,
2009
Shigematsu et
al., 2008
Spiteri et al.,
2010
Spiteri et al.,
2010
Stork et al., 2000

Scott et al., 2008 Mice

Mice

Scordalakes et
al., 2004

Con: C57BL/6
Exp: C57BL/6

Con:129/SvEvTac
Exp:129/SvEvTac
Con:C57BL/6
Exp:C57BL/6
Con:C57BL/6
Exp:C57BL/6
Con: Wistar (GE)
Exp: Wistar (GE)
Con: Wistar (GE)
Exp: Wistar (GE)
Con: C57B/6 x CBA2
Exp: C57B/6 x CBA2
Con:mixed 129/Sv and
C57Bl/6J
Exp:mixed 129/Sv and
C57Bl/6J

Con: C57BL/6J (GE)
Exp: C57BL/6J (GE)

Species Strain or genetic
background

First author,
year

Table A.1. Continued

Ar
Esr1

Gene
name

Trpc2

Gad2

Esr1

Esr1

Ctse

AR in all tissue
Ar
(CMV promoter),
OE

ER-alpha in
VMN, KO
ER-alpha in
MePDA, KO
GAD65, HET
GAD65, KO
TRP2, HET
TRP2, KO

CatE, KO

MAOA (A863T), Maoa
KO
Act-betaE, OE
Inhbe

AR + ER-alpha,
KO

Transgenic line

Estrogen
receptor 1
Estrogen
receptor 1
Glutamate
decarboxylase 2
Transient
receptor
potential
cation channel,
subfamily C,
member 2
Androgen
receptor

Cathepsin E

Androgen
receptor +
estrogen receptor
1
Monoamine
oxidase A
Inhibin, beta E

Entrez name

2-4
months

>3
months
>12
weeks
8-10
weeks
23-26
days
23-26
days
10-14
weeks
Sexual
maturity

>74 days

Age
animals

Male

Male

Male

Female

Female

Male

Male

Male

Male

Sex
animals

N.R.

N.R.

Yes

N.R.

N.R.

N.R.

N.R.

N.R.

Yes

Experimenters
blinded

14/12

12/15/
12
17/25/
27

N.R.

N.R.

3/3

11/11

6/6

7/9

N Con/
Exp

Isolation

Pheromones,
Isolation

Maternal
aggression
Maternal
aggression
Isolation

Isolation

Isolation

Isolation

Isolation

Aggression
induced by

Chapter 2

Con: C57BL/6
Exp: C57BL/6

Con: C57BL/6
Exp: C57BL/6

Con: C57BL/6J
Exp: C57BL/6J

Con: C57BL/6J
Exp: C57BL/6J
Con: CD1
Exp: CD1

Con: 129 1/SvJ x
C57BL/6J
Exp: 129 1/SvJ
x C57BL/6J with
C57BL/6J

Mice

Mice

Mice

Mice

Mice

Swift-Gallant et
al., 201512

Swift-Gallant et
al., 201512

Takahashi et al.,
2015

Toda et al.,
20017
Valverde et al.,
2009

Vekovischeva et
al., 20048

Con: C57BL/6
Exp: C57BL/6

Mice

Swift-Gallant et
al., 201512

Mice

Species Strain or genetic
background

First author,
year

Table A.1. Continued

GluR-A, KO

GPR3, KO

AR in all tissue
(CMV promoter),
OE
AR in neural
tissue (Nes
promoter), OE
AR in neural
tissue (Nes
promoter), OE
GABAB1
receptor in
serotonergic
neurons, KO
Ar, KO

Transgenic line

Gria1

Gpr3

Ar

Gabbr1

Ar

Ar

Ar

Gene
name

Gammaaminobutyric
acid (GABA) B
receptor, 1
Androgen
receptor
G proteincoupled receptor
3
Glutamate
receptor,
ionotropic,
AMPA

Androgen
receptor

Androgen
receptor

Androgen
receptor

Entrez name

3-5
months

2-6
months

N.R.

9-11
weeks

2-4
months

2-4
months

2-4
months

Age
animals

Male

Male

Male

Male

Female

Male

Female

Sex
animals

Partial

Yes

N.R.

N.R.

N.R.

N.R.

N.R.

Experimenters
blinded

Aggression
induced by
Isolation

Isolation

Isolation

Housed
with female

Isolation
Isolation

Isolation

N Con/
Exp
11/12

14/12

11/10

11/12

N.R.
13/12

11/11
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Mice

Mice

Vekovischeva et
al., 20048

Vekovischeva et
al., 20048

Vishnivetskaya et Mice
al., 2007

Vishnivetskaya et Mice
al., 2007

Mice

Vekovischeva et
al., 20048

Con: C3H/He
Exp: C3H/He

Con: 129 1/SvJ x
C57BL/6J
Exp: 129 1/SvJ
x C57BL/6J with
C57BL/6J
Con: 129 1/SvJ x
C57BL/6J
Exp: 129 1/SvJ
x C57BL/6J with
C57BL/6J
Con: 129 1/SvJ x
C57BL/6J
Exp: 129 1/SvJ
x C57BL/6J with
C57BL/6J
Con: C3H/He
Exp: C3H/He

Species Strain or genetic
background

First author,
year

Table A.1. Continued

MAO A (tg8),
KO

MAO A (tg8),
KO

GluR-A (R/R),
KO

GluR-A, KO

GluR-A (R/R),
KO

Transgenic line

Maoa

Maoa

Gria1

Gria1

Gria1

Gene
name

Monoamine
oxidase A

Monoamine
oxidase A

Glutamate
receptor,
ionotropic,
AMPA

Glutamate
receptor,
ionotropic,
AMPA

Glutamate
receptor,
ionotropic,
AMPA

Entrez name

2-3
months

2-3
months

3-5
months

3-5
months

3-5
months

Age
animals

Male

Male

Male

Male

Male

Sex
animals

N.R.

N.R.

Partial

Partial

Partial

Experimenters
blinded

11/11

10/10

9/9

7/7

8/8

N Con/
Exp

Housed
with
females in
group
Housed
with
females in
group

Housed
with female

Housed
with female

Isolation

Aggression
induced by

Chapter 2

Con: BL/6J x 129/SvJ
Exp: BL/6J x 129/SvJ

Con: C57BL/6J x
129X1/SvJ
Exp: C57BL/6J x
129X1/SvJ
Con: 129SvEv x
C57BL/6J
Exp: 129SvEv x
C57BL/6J
Con: 129SvEv x
C57BL/6J
Exp: 129SvEv x
C57BL/6J

Mice

Mice

Mice

Mice

Wersinger et al.,
2007b9

Winslow et al.,
200010

Winslow et al.,
200010

Con: C3H/He
Exp: C3H/He
Con: C57BL/6J
Exp: C57BL/6J
Con: C57Bl/6 x 129/SvJ
Exp: C57Bl/6 x 129/SvJ

Vishnivetskaya et Mice
al., 2007
Vloeberghs et al., Mice
2006
Wersinger et al., Mice
2002

Wersinger et al.,
2007a9

Con: C3H/He
Exp: C3H/He

Species Strain or genetic
background

Vishnivetskaya et Mice
al., 2007

First author,
year

Table A.1. Continued

OT, KO

OT, KO

Avpr1b, KO

Avpr1a, KO

V1bR, HET
V1bR, KO

MAO A (tg8),
KO
APP23, HET

MAO A (tg8),
KO

Transgenic line

Oxt

Oxt

Avpr1b

Avpr1a

Avpr1b

App

Maoa

Maoa

Gene
name

Oxytocin/
neurophysin I
prepropeptide

Oxytocin/
neurophysin I
prepropeptide

Monoamine
oxidase A
Amyloid
precursor protein
Arginine
vasopressin
receptor 1B
Arginine
vasopressin
receptor 1A
Arginine
vasopressin
receptor 1B

Monoamine
oxidase A

Entrez name

Male

Sex
animals

>50 days

>50 days

60-100
days

60-90
days

60-90
days

Male

Male

Female

Male

Male

2-3
Male
months
6 months Male

2-3
months

Age
animals

N.R.

N.R.

N.R.

N.R.

N.R.

Yes

N.R.

N.R.

Experimenters
blinded

Housed
with
females in
group
Isolation
Isolation
Isolation

Isolation

Maternal
aggression

Isolation

Housed
with female

10/10

15/15
8/8

10/10

10/10

15/12

8/8

5/9

Aggression
induced by

N Con/
Exp
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Mice

Mice

Mice

Mice

Wood et al.,
2015

Wood et al.,
2015

Wu et al., 2010

Young et al.,
2008

Gtf2ird1, HET
Gtf2ird1, KO

Asic3, KO

R6/2 (CAG
repeat length
of 266±2), OE

R6/2 (CAG
repeat length
of 266±2), OE

Transgenic line

Gtf2ird1

Asic3

Htt

Htt

Gene
name

Acid sensing
(proton gated)
ion channel 3
GTF2I repeat
domain
containing 1

Huntingtin

Huntingtin

Entrez name

3-9
months

8-12
weeks

16 weeks

16 weeks

Age
animals

Male

Male

Male

Male

Sex
animals

N.R.

Not
possible
at older
age
Not
possible
at older
age
N.R.

Experimenters
blinded

17/10/
18

9/9

12/12

12/12

N Con/
Exp

Isolation

Isolation

N.R.

N.R.

Aggression
induced by

3

1

only took data in which they used the approach of fighting in the homecage of the residents. 2 only the results of the fights without drugs or with vehicle are used.
only took the results from the group without previous experience was used to be able to compare. 4 only took the results that were under non-stress conditions
5
only looked at session 1. 6 only data of standardized resident intruder. 7 only took results with wildtype intruder. 8 only in homecage and with sexual experience.
9
only in homecage. 10 only nonobligate litters. 11 only the sexual inexperienced males. 12 data of first interaction with male intruder.

Con: CD1
Exp: CD1

Con: CD1
Exp: CD1

Con: CBA x C57BL6N
Exp: CBA x C57BL6N

Con:CBAxC57BL6N
Exp: CBAxC57BL6N

Species Strain or genetic
background

First author,
year

Table A.1. Continued

Chapter 2

Gene
name

App

Il6

Il6

Htr1a

Maoa

Maoa

First author,
year

Alexander et
al., 2010

Alleva et al.,
1998

Alleva et al.,
1998

Audero et al.,
2013

Bortolato et
al., 2011

Bortolato et
al., 2012

MAO-A
(A863T), KO
MAO-A (neo),
KO
MAO-A
(A863T), KO

Htr1a, OE

NSE-hIL-6, OE

IL-6, KO

APP (Tg2576),
OE

Transgenic line

3th-6th
hour of
the light
phase
N.R.

N.R.

N.R.

N.R.

3th-6th
hour of
the dark
phase

14 days

2 weeks

4 weeks

24 days

24 days

N.A.

Day/night Time of
cycle
isolation

Table A.2. Resident-intruder characteristics studies

Wild-type,
AM

Wild-type,
AM

Balb/c mice,
isolated
housing for
24 days
Balb/c mice,
isolated
housing for
24 days
wild-type
C57BL/6J,
GH

A/J mice,
Male, 5
months old,
GH

Intruder
animal

1 x 5 min

1 x N.R.
min

N.R.

N.R.

3 x 15 min 1 week

5 x 15 min 1 day

5 x 15 min 1 day

3 x 10 min 2 days

N.R.

Session 1 Con: 2.5, Exp:
8, P<0.001
Session 2 Con:3, Exp: 7,
P<0.01
Session 3 Con: 2.5, Exp:
7.5, P<0.01
Session 1 Con: 15, Exp:
23
Session 5 Con:7, Exp:30,
p<0.02
Session 1 Con: 32, Exp:
22 p=n.s.
Session 5 Con: 24, Exp:
32 p=n.s.
Session1 Con: 2, Exp:
10, p<0.01
Session2 Con: 16, Exp:
4, p<0.01
Session 3 Con: 18, Exp:
5,p<0.05
N.R.

Frequency Interval Nr of bites and attacks
and
per session (Con, Exp,
duration
p value)

Session 1 Con: 330s,
Exp: 60s, P<0.01
Session 2 Con: 160s,
Exp: 55s
Session 3 Con: 110s,
Exp: 60s
Session 1 Con: 63s, Exp:
51s
Session 5 Con:53s,
Exp:21s, p<0.05
Session 1 Con: 20s, Exp:
27s p=n.s.
Session 5 Con: 50s, Exp:
43s p=n.s.
Session1 Con: 860s, Exp:
380s, p<0.001
Session2 Con: 750s, Exp:
310s, p<0.01
Session 3 Con: 600s,
Exp: 250s, p<0.05
Con: 140s, neo: 100s
KO: 40s, KOvsneo
p<0.01, KOvsWT
p<0.001
Con: 260s, Exp: 55s,
p<0.001

Latency of bites and
attacks per session
(Con, Exp, p value)
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Ncam1

Crtc1

Brandewiede
et al., 2014

Breuillaud et
al., 2012

Büdefeld et al., Prnp
2014

Gene
name

First author,
year

Table A.2. Continued

Prpc, KO

NCAM in
postmigratory
forebrain
neurons, KO
Crtc1, KO

Transgenic line

Last two
hours of
the light
phase.

Dark
phase

Dark
phase
(10-18h )

Intruder
animal

24 hours

2 weeks

C57BL/6J
wild-type,
AM, GH
C57BL/6J,
male, adult,
AM, WM,
OFB

> 2 weeks C57BL/6J,
male

Day/night Time of
cycle
isolation

5 x 10 min 1 day

1 x 15 min N.R.

1 x 10 min N.A.

Bites Session 1 Con:0,
KO: 0.9, p=n.s.
Session 2 Con: 0.9, KO:
3.2, p=n.s.
Sesson 3 Con: 3.2, KO:
3.2, p=n.s.
Session 4 Con: 3.0, KO:
3.8, p=n.s.
Session 5 Con: 6.0, KO:
5.2, p=n.s.

Attacks Session 1 Con:
0.0, KO: 2.0, p=<0.05
Session 2 Con: 1.6, KO:
4.5, p=<0.05
Session 3 Con: 2.0, KO:
4.0, p=n.s.
Session 4 Con: 2.0, KO:
3.5, p=n.s.
Session 5 Con: 3.8, KO:
4.5, p=n.s.

Attacks Con: 2.5, KO:
5, p=n.s.
Bites Con: 1.8, KO: 3.5,
p=n.s.
Con: 4, Exp: 18, p<0.01

Frequency Interval Nr of bites and attacks
and
per session (Con, Exp,
duration
p value)

Session 1 Con: 340s,
KO: 530s, p=<0.05
Session 2 Con: 160s,
KO: 330s, p=<0.05
Session 3 Con: 150s,
KO: 325s, p=<0.05
Session 4 Con: 180s,
KO: 350s, p=<0.05
Session 5 Con: 130s,
KO: 240s, p=<0.05

Con: 620s, Exp: 295s,
p<0.05

Con: 486s, KO: 534s,
p=n.s.

Latency of bites and
attacks per session
(Con, Exp, p value)

Chapter 2

Light
phase
Dark
phase

ROSA22, KO
ROSA22, HET

Tpgs1

Maoa

Campbell et
al., 2002

Cases et al.,
1995

MAO-A (Tg8),
KO

Avpr1b, KO

N.R.

N.R.

Individually
housed
time
N.R.
5 weeks

2nd of the 14 days
dark phase

10 days

10 days

1 week

Day/night Time of
cycle
isolation

PST (ST8SiaIV), Dark
KO
phase

Caldwell et al., Avpr1b
2009

St8sia4

STX (ST8SiaII),
KO

St8sia2

Calandreau et
al., 2010

NL3, KO

Nlgn3

Burrows et al.,
2015
Calandreau et
al., 2010

Transgenic line

Gene
name

First author,
year

Table A.2. Continued

Session1:
C3H, 2
months old,
GH
Session2:
2-month-old
BALB/cJ

BALB/c
Males, 10
weeks old,
GH
C57BL/6
(B6) adult
Males, GH

BALB/c,
Male,

1x 3 min,
1x 10 min

20 min or
until fight
occurred

3 x 2 min
after first
attack

1
month

N.A.

1 day

2 x 10 min 2 min

N.R.

Percentage of animals
attacks
Con: 100%, HET:
100%, KO: 0%

Con: 3.3, KO: 8.3,
p=<0.05
Session 1 Con: 0.1, KO:
5.5 p=<0.05
Session 2 Con: 0.5, KO:
6.5 p=<0.05
Session 1 Con: 0.1, KO:
0.5 p=n.s.
Session 2 Con: 0.5, KO:
1.2 p=n.s.
Session 1 Con: 8.5,
KO:1.25
Total 3 sessions: p=0.036

Frequency Interval Nr of bites and attacks
and
per session (Con, Exp,
duration
p value)

C57BL/6,
4 x 5 min 1 day
male, 8 weeks
BALB/c,
2 x 10 min 2 min
Male,

Intruder
animal

Session 1 Con: 172±4s,
KO: 110±12s p=<0.0001
Session 2 Con: 252±35s,
KO: 27±6s p=<0.0001

N.R.

Session 1 Con: 600s,
KO: 380s, p=<0.05
Session2 Con: 600s,
KO: 310s, p=<0.05
Session 1 Con: 600s,
KO: 550s p=n.s. Session2
Con: 600s, KO: 540s
p=n.s.
Session 1 Con: 138s,
KO:240s
Total 3 sessions: p=0.005

N.R.

Latency of bites and
attacks per session
(Con, Exp, p value)

Aggressive Behavior in Transgenic Animal Models: A Systematic Review

2

103

104

Maoa

Gnao1

Bdnf

Cases et al.,
1995

Chamero et
al., 2011

Chan et al.,
2006
Chan et al.,
2006
Chang et al.,
2015

Grin2b

Camk2a

Maoa

Chang et al.,
2015

Chen et al.,
1994

Chen et al.,
2007

Grin2b

Bdnf

Gene
name

First author,
year

Table A.2. Continued

BDNF prenatal
(CK), KO
BDNF postnatal
(NES), KO
NR2b in ventral
hippocampus,
KO
NR2b in ventral
hippocampus,
KO
alphaCaMKII, KO
alpha-CaMKII,
HET
MAO A, KO

Gnao1

MAO-A (Tg8),
KO

Transgenic line

N.R.

N.R.

N.R.

N.R.

N.R.

N.R.

N.R.

N.R.

Intruder
animal

>1 week

4 weeks

1 day

8 weeks

Same strain,
AM, WM

BALB/c,
mice, 19–25
g, GH
BALB/c,
mice, 19–25
g, GH
Wild type,
WM, GH

>1 month Wild type

C3H, 2
months old,
GH
10 days
Male,
castrated,
PBS on back
>1 month Wild type

N.A.

Day/night Time of
cycle
isolation

10 min
after the
first attack

3 x 5 min

15 min

15 min

5 min

5 min

3 x 8 min

10 min

2 days

N.R.

N.A.

N.A.

N.A

N.A

N.R.

N.A.

Duration of aggressive
behavior
Con: 52±7s, KO:
125±19s, p=<0.01

Con: 35, HET: 50,
KO:2, p=N.R.

Con: 2, KO: 1, p=n.s.

Attacks Con: 5, KO: 12
p=0.05
Attacks Con: 5, KO: 22
p=0.0002
Con: 95, KO: 3,
p=<0.001

Attacks Con:6.0, KO:
1.75 p=<0.0001

N.R.

Frequency Interval Nr of bites and attacks
and
per session (Con, Exp,
duration
p value)

N.R.

N.R.

N.R.

Con: 270s, KO: 100s
p=0.003
Con: 270s, KO: 110s
p=0.008
N.R.

Con: 355s, KO: 530s
p=<0.0001

Con: 237±18s KO:
74±10s p=<0.0001

Latency of bites and
attacks per session
(Con, Exp, p value)

Chapter 2

Gene
name

Maoa

Bche

First author,
year

Chen et al.,
2007

Chen et al.,
2015

Table A.2. Continued

BChE AAV, OE

MAO A in
forebrain, KO

Transgenic line

>1 week

Last hour N.A.
of the
light phase
(17hr)

N.R.

Day/night Time of
cycle
isolation

BALB/c,
male

Same strain,
AM, WM

Intruder
animal

9 x 5 min

10 min
after the
first attack
3
sessions
per
week

2 days

Latency of bites and
attacks per session
(Con, Exp, p value)

Duration of aggressive
N.R.
behavior
Con: 52±7s, KO: 30±7s,
p=n.s.
Session 1 Con: 2.5, OE: N.R.
0.0
Session 2 Con: 3.5, OE:
3.5
Session 3 Con: 8.0, OE:
1.0
Session 4 Con: 9.0, OE:
2.5
Session 5 Con: 17.0,
OE: 0.0
Session 6 Con: 15.0,
OE: 4.0
Session 7 Con: 16.0, OE:
12.5
Session 8 Con: 17.0,
OE: 8.5
Session 9 Con: 15.0, OE:
10.5
Overall p=<0.001

Frequency Interval Nr of bites and attacks
and
per session (Con, Exp,
duration
p value)
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Bche

Slc17a

Chen et al.,
2015

Cheung et al.,
2015

ClippertonPten
Allen and Page
2015

Chiavegatto et Nos1
al., 2001

Gene
name

First author,
year

Table A.2. Continued

Pten, KO

Vglut2 in SF-1
VMH neurons,
KO
nNOS, KO

BChE, KO

Transgenic line

Light
1 week
phase (911hr)
6th-12th
3-4 weeks
hour of
light phase
Dark
1 week
phase

Last hour N.A.
of the
light phase
(17hr)

Day/night Time of
cycle
isolation

15 min

9 x 5 min

N.A.

3
sessions
per
week

Session 1 Con: 1.5, KO:
4.0
Session 2 Con: 6.0, KO:
8.5
Session 3 Con: 6.0, KO:
17.5
Session 4 Con: 6.5, KO:
20.0
Session 5 Con: 3.5, KO:
13.5
Session 6 Con: 2.5, KO:
12.5
Session 7 Con: 4.5, KO:
13.5
Session 8 Con: 3.0, KO:
7.5
Session 9 Con: 2.5, KO:
10.0
Overall p=<0.001
Con: 12.5, KO: 4.0,
p=<0.05

Frequency Interval Nr of bites and attacks
and
per session (Con, Exp,
duration
p value)

N.R.

N.R.

Latency of bites and
attacks per session
(Con, Exp, p value)

Male, Pten
+/+, 60-90
days old

15 min

N.A.

Con: 50, KO:0, p=<0.01

Con: 650s, KO: 875s,
p=<0.01

CD-1 mouse, 4 x 15 min 3 day
Con: 1, KO: 22, p<0.001 Con: 900s, KO: 300s,
Male, GH
intervals
p<0.001

Male, GH

C57BL/6,
male

Intruder
animal

Chapter 2

NR1 Neo, KO

NR1 Neo, KO

Oxtr

Grin1

Grin1

Dhakar et al.,
2012

Duncan et al.,
2009
Duncan et al.,
2009

Oxtr in
forebrain, KO

Oxtr, KO

Oxtr

eNOS, KO

Dhakar et al.,
2012

Nos3

Demas et al.,
1999

NK1, KO

OT, HET
OT, KO

Tacr1

De Felipe et
al., 1998

Transgenic line

De Vries et al., Oxt
1997

Gene
name

First author,
year

Table A.2. Continued

28 days

N.R.

N.R.

N.R.
7-8 days

7-8 days

2nd hour 14 days
of the dark
phase

2nd hour 14 days
of the dark
phase

N.R.

8th-10th
Since
hour of
weaning
light phase

N.R.

Day/night Time of
cycle
isolation

3 x 2 min
after first
attack

3 x 2 min
after first
attack

2 x 5 min

3 x 5 min

2 x 5 min

N.A.

N.A.

3 days

Both
sessions
in the
same
day
1
session
each
day
1
session
each
day
3 days

Latency of bites and
attacks per session
(Con, Exp, p value)

Con: 0±0; KO: 0±0

Con: 5.5±3.2 KO: 0±0

Session 1 Con: 0, KO: 5
p=<0.05
Session 2 Con: 0.5, KO:
7 p=<0.05
Session 3 Con: 7, KO: 14
p=<0.05
Cumulative of three
sessions Con:14, KO:7.5
p=n.s.

Aggressive encounters
Con:28; HET:28.5,
KO:18 p=n.s.

N.R.

Session 1 Con: 300s,
KO: 250s p=<0.05
Session 2 Con: 270s,
KO: 170s p=<0.05
Session 3 Con: 170s,
KO: 125s p=<0.05
Cumulative of three
sessions
Con: 450s, KO: 460s
p=n.s.
N.R.

Con: 89s, HET: 80s,
KO: 98s p=n.s.

Con: 15, Exp: 1,
Increased in KO, exact
p<0.001
values N.R, p <0.001
Cumulative of all sessions Cumulative of all sessions

Con: 8, KO:1, p<0.001
Con: 250s, KO: 50s,
Cumulative of all sessions p<0.001
Cumulative of all sessions

Frequency Interval Nr of bites and attacks
and
per session (Con, Exp,
duration
p value)

Male, same
15 min
genotype
Female, same 15 min
genotype

Balb/c Male,
2-5 months
old

Balb/c Male,
2-5 months
old

CF1 Male,
adult

Male, adult

Male, GH

Intruder
animal
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Mecp2

Egr3

Fyffe et al.,
2008

GallitanoMendel et al.,
2008

Gammie et al., Nos1
1999

nNOS, KO

MeCP2 in
hypothalamus,
KO
Egr3, KO

AVP, KO

Avp

Fodor et al.,
201411

Il6

Il6

Avp

Il6

Erta et al.,
2015
Erta et al.,
2015
Erta et al.,
2015
Fodor et al.,
2014

Transgenic line

IL6 in astrocytes,
KO
IL6 in astrocytes,
KO
IL6 receptor in
astrocytes, KO
AVP, KO

Gene
name

First author,
year

Table A.2. Continued

10 days

2 weeks

N.A.

N.A.

15 days

15 days

15 days

Light
N.A.
phase,
between
8am-12pm

N.R.

Early
hours of
the dark
phase
N.R.

2:006:00pm
2:006:00pm
2:006:00pm
Early
hours of
the dark
phase

Day/night Time of
cycle
isolation

Male,
C57BL/6J or
CD1, GH

C57BL/6,
Male, GH

C57BL/6
mouse, GH

Wistar, male,
250-300
grams

CD1, male, 3
months
CD1, male, 3
months
CD1, male, 3
months
Wistar, male,
250-300
grams

Intruder
animal

N.A.

N.A.

N.A.

N.A.

N.R.

Session 1 Con: 30, KO:
17, p=<0.05
Session 2 Con: 18, KO:
5, p=<0.05
Con: 0, Exp: 3.5, P<0.01

Con: 6.5, lox/lox: 7.0,
KO: 6.0, p=n.s.
Con: 11.0, lox/lox: 6.5,
KO: 7.5, p=n.s.
Con: 7.5, KO: 2.5,
p=<0.001
Con: 3.5, KO: 3.0, p=n.s.
Percentage of hard
bites was significantly
decreased in KO

7 x 10 min 1 day

Con: 6.4, KO:1.5,
p=<0.01

2 x 10 min 3-7 days N.R.

10 min

2 x 10 min 12-14
days

20 min

5 min

5 min

5 min

Frequency Interval Nr of bites and attacks
and
per session (Con, Exp,
duration
p value)

Session1 Con: 480s, KO:
100s, p=0.001
Session 2 Con: 510s,
KO: 100s, p=0.002
N.R.

Session 1 Con: 30s, KO:
75s, p=<0.05
Session 2 Con: 105s,
KO: 300s, p=<0.05
N.R.

Con: 175s, lox/lox: 170s,
KO: 187s, p=n.s.
Con: 95s, lox/lox: 125s,
KO: 112s, p=n.s.
Con: 100s, KO: 265s,
p=<0.05
Con: 400s, KO: 375s,
p=n.s.

Latency of bites and
attacks per session
(Con, Exp, p value)

Chapter 2

CRFR2, KO

CRFR1, KO

CRF-BP, KO

CRF-BP, KO

Gammie et al., Crhr2
2005

Gammie et al., Crhr1
2006

Gammie et al., Crhbp
2008

Gammie et al., Crhbp
2008

Transgenic line

eNOS, KO

Gene
name

Gammie et al., Nos3
2000

First author,
year

Table A.2. Continued

4th-9th
N.A.
hour of
light phase

4th-9th
30 days
hour of
light phase

3th-7th
4 weeks
hour of
light phase

3th-7th
4 weeks
hour of
light phase

Light
N.A.
phase,
between
8am-12pm

Day/night Time of
cycle
isolation

Hsd:ICR,
male, GH

Hsd:ICR,
male, 2
months old,
GH
Hsd:ICR,
male, GH

Hsd:ICR,
male, 2
months old,
GH

Male, CD1,
GH

Intruder
animal

3x 5 min

3x 5 min

2 x 5 min

1 day

1 day

1 day

3 x 10 min 1 day

4 x 10 min 2 days

Session 1 Con:10, KO:6
p=n.s.
Session 2 Con:16.5,
KO:14 p=n.s.
Session 1 Con:2.1,
KO:1.0 p=n.s.
Session 2 Con:6.5,
KO:7.6 p=n.s.
Session 3 Con:9.8,
KO:9.3 p=n.s.
Session 1 Con:17.5,
KO:11.0 p=n.s.
Session 2 Con:16.5,
KO:8.8 p=n.s
Session 3 Con:8.0, KO:
5.0 p=n.s.

Session 1 Con: 6, KO: 2
p= n.s.
Session 2 Con: 5, KO:8
p=n.s.
Session 3 Con: 8, KO:
4 p=n.s

Con:5.6±2.3,
KO:11.1±4.7, p=n.s.

Frequency Interval Nr of bites and attacks
and
per session (Con, Exp,
duration
p value)

Session 1 Con:118s,
KO:126s p=n.s.
Session 2 Con:45s,
KO:21s p=n.s.
Session 1 Con:237s,
KO:262s p=n.s.
Session 2 Con:150s,
KO:112s p=n.s.
Session 3 Con:77s,
KO:76s p=n.s.
Session 1 Con:74s
KO:136s p=<0.05
Session 2 Con:63s
KO:137s p=<0.05
Session 3 Con:130s KO:
211s p=n.s.

Session 1 Con: 410s,
KO: 450s p=n.s.
Session 2 Con: 300s,
KO: 300s p=n.s.
Session 3 Con: 250s,
KO: 350s p=n.s.

N.R.

Latency of bites and
attacks per session
(Con, Exp, p value)
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Gene
name

Sry

Maoa

Nr5a1

First author,
year

Gatewood et
al., 2006

Godar et al.,
2014

Grgurevic et
al., 2008

Table A.2. Continued

MAO-A, KO
MAO-A (neo),
KO
SF-1, KO

XY- Sry, KO

Transgenic line

Individually
housed
time
N.R.

Light
14 days
phase (124pm)
First 6
>7 weeks
hours of
dark phase

Between
8am-12pm
in room
light

Day/night Time of
cycle
isolation

C57BL/6J,
male, sexually
experienced
C57BL/6J,
female, GE

WT, male

C57BL/6J,
male,
individually
housed,
gonad intact,
OFB

Intruder
animal

4x 45 min
against
males, 4x
45 against
females,
2 sessions
per day

10 min

3 x max 6
min

N.R.

Fighting bouts Con: 6.5,
KO Neo: 7.5, KO: 16,
Con vs KO p=<0.05
30 min Males against males
between Con:8±5.1, KO:
tests
14.3±5.5
per day. overall p=n.s.
All test
spread
over 2-4
weeks

N.A.

1 day

Frequency Interval Nr of bites and attacks
and
per session (Con, Exp,
duration
p value)

Males against females
Con: 2010s±192s
KO:1146s±156s
p=0.01

Session1 XX:338s XY-:
188s, XX Sry:231s XYSry:212s
Session 2 XX:323s XY-:
188s, XX Sry:175s XYSry:185s
Session 3 XX:328s XY-:
163s, XX Sry:136s XYSry:138s
only difference between
XX and other groups, no
gene effect
Con: 225s, KO Neo: 75s,
KO: 120s, p=n.s.

Latency of bites and
attacks per session
(Con, Exp, p value)

Chapter 2

Nr5a1

Tph2

Camk2a

Grgurevic et
al., 2008

Gutknecht et
al., 2015

Hasegawa et
al., 2009
Hasen et al.,
2009

Fev

Tgfa

Hendricks et
al., 2003

Hilakivi et al.,
1993

Trpc2

Gene
name

First author,
year

Table A.2. Continued

TGF alpha, OE

Pet-1, KO

Alpha-CamKII,
OE
Trpc2, KO

Tph2, HET
Tph2, KO

SF-1, KO

Transgenic line

N.R.

N.R.

Light
phase
Light
phase

N.R.

C57BL/6J,
male, sexually
experienced
C57BL/6J,
female, GE

Intruder
animal
4x against
males, 4x
against
females,
45 min,
2 sessions
per day

4 weeks

4 weeks

CD-1, GH

C57BL/6J,
male, 6-7
months, GH

Con:1.8, OE: 8.0

Attack duration Con:
4s, HET: 4s, KO: 60s,
p=<0.001

Females against males
Con: 0.6±0.1,
KO:17.3±4.8
overall p=n.s.

Time aggressive behavior
Con: 36s, KO: 2s,
p=<0.001
3 x 10 min 1-4 days Session 1 Con: 2, KO:
22, p=0.005
Session 2 Con: 18, KO:
33, p=0.04
Session 3 Con: 16, KO:
20, p=0.56
4 x 5 min 4-5 days Cumulative duration
Con: 15s,
OE: 120s, p=<0.01

1 day

N.A.

30 min
between
tests
per day.
All test
spread
over 2-4
weeks
N.A.

Frequency Interval Nr of bites and attacks
and
per session (Con, Exp,
duration
p value)

Individu- Male
10 min
al housing time
N.R.
4 weeks
WT, male,
3 min
GH
N.R.
Hsd:icr, male, 2 x 7 min
GH

First 6
>7 weeks
hours of
dark phase

Day/night Time of
cycle
isolation

Session 1 Con: 470s,
KO: 225s, p=0.006
Session 2 Con: 238s,
KO: 13s, p=0.008
Session 3 Con: 212s,
KO: 9s, p=0.002
N.R.

Con: 161s, OE: 82s,
p=<0.05
Con:95s, KO:387s,
p=<0.001

Con: 575s, HET: 585s,
KO: 210s, p=<0.001

Females against females
Con:2580s±90s
KO:1122s±156s
p=<0.01

Latency of bites and
attacks per session
(Con, Exp, p value)
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Tgfa

Tgfa

Slc6a4

Bax

Bax

Hilakivi et al.,
1994

Hilakivi et al.,
1994

Holmes et al.,
2002

Holmes et al.,
2011

Holmes et al.,
2011

Ito et al., 2011 Bdnf

Gene
name

First author,
year

Table A.2. Continued

BDNF, KO

BAX, KO

BAX, KO

5-HTT, HET
5-HTT, HOM

TGF alpha, OE

TGF alpha, OE

Transgenic line

N.R.

Light
phase

Light
phase

Light
phase

N.R.

N.R.

Singly
housed
but time
N.R.

N.R.

N.R.

14 weeks

7 days

7 days

Day/night Time of
cycle
isolation

Heterozygous
BAX, male,
6-7 weeks,
gonads intact
Heterozygous
BAX, male,
6-7 weeks,
gonads intact
C57BL/6J,
male, 8
weeks, GH,
smaller than
residents

Male, GH,
nontransgenic,
WM
Female,
GH, nontransgenic,
WM
DBA/2J,
male, 8-12
weeks, GH

Intruder
animal

N.A.

N.A.

10 min

3 x max 6
min

3 x max 6
min

N.A.

1 day

1 day

2 x 15 min 1 week

8 min

8 min

Latency of bites and
attacks per session
(Con, Exp, p value)

Con:6, KO:9, p=<0.05

N.R.

Session 1 Con:8, HET:
1.8, HOM:0.5 Con vs
HET/HOM p=<0.05
Session 2 Con:17.5,
HET:7, HOM:4 Con vs
HET/HOM p=<0.05
N.R.

Aggressive behavior
Con: 11.1±2.7s ,
OE:7.6±2.1s p=0.0025

Con: 305s, KO: 160s,
p=<0.01

No females attacked

Session 1 Con: 600s,
HET: 760s, HOM:850s,
Con vs HOM p=<0.05
Session 2 Con: 400s,
HET: 550s, HOM:840s,
Con vs HOM p=<0.01
Males con: 299s±25s,
KO: 316s±31s p=n.s.

N.R.

Aggressive behavior
N.R.
Con: 33.6±10.7s,
OE:70.1±15.4s p=0.0008

Frequency Interval Nr of bites and attacks
and
per session (Con, Exp,
duration
p value)

Chapter 2

TLX, HOM

Nr2e1

1th and
2nd hour
of light
phase

Slc6a4

Kloke et al.,
20113

5-HTT, HET
5-HTT, HOM

N.R.

Cacna1b Cav2.2, KO

Light
phase

Kim et al.,
2009

NRG1b1(tg 5),
KO

Nrg1

NRG1b1(tg7),
KO

Hers2, KO

Hey2

Light
phase
Light
phase
Light
phase

Nrg1

Hers1, KO

Hey1

N.R.

N.R.

1th and
2nd hour
of light
phase
Male, WM

C3H, >75
days old,
GH,

Intruder
animal

During
C57BL6/J
the tests
During
C57BL6/J
the tests
One week C57BL/6
NCr, Male,
AM
One week C57BL/6
NCr, Male,
AM
> 4 weeks C57BL/6J,
Male, 5-6
weeks, GH
From
C3H, Male,
PND
60 days, GH
61+/- 3
on

From P35 C57BL/6J,
on
GH

3 weeks

18-22
days

Day/night Time of
cycle
isolation

Kato et al.,
2010

Kanno et al.,
2014
Kanno et al.,
2014
Kato et al.,
2010

Dlgap, KO

Dlgap2

Jiang-Xie et
al., 2014
Juárez et al.,
20132

HTT-5, HET
HTT-5, HOM

Slc6a4

Jansen et al.,
20111

Transgenic line

Gene
name

First author,
year

Table A.2. Continued

N.A.

N.A.

N.R.

3 x 10 min 1 day

15 min

1 x 10 min N.R.

1 x 10 min N.R.

15 min

15 min

3 x 10 min 3 days

3 sessions, 4 days
but only
one in
homecage,
10 min
5 min
N.A.

Number of bites,
Con:1.5, KO: 11,
p=<0.01
Offensive aggression
scores sum/min
Con:2.4,HET:2.1,
HOM:1.9,p=n.s.

Con: 0.70, KO: 1.90
p=<0.01

Con: 5.0, KO: 11.0,
p=<0.05
Duration of aggression
Con: N.R., HET: 65s,
HOM:45s,p=n.s.
Con: 1.6±1.4, KO:
1.7±1.0, p=n.s.
Con: 4.8±2.9, KO:
0.4±0.3, p=n.s.
Con: 0.5, KO: 0.25
p=n.s.

Sum of aggressive
behaviour/min
Con:1.3, HET:3.0,
HOM:2.0, p=0.035

Frequency Interval Nr of bites and attacks
and
per session (Con, Exp,
duration
p value)

Con: 320s, HET:425s,
HOM:390s, p=n.s.

Con: 700s,
KO:310s,p=<0.01

N.R.

Con: 782.1±79.2s, KO:
817.5±47.2s, p=n.s.
Con: 726.0±91.2s, KO:
846.0±36.9s, p=n.s.
N.R.

Con: 250s, KO: 100s,
p=<0.001
Con: N.R., HET: 175s,
HOM: 290s, p=n.s.

Con: 300s, HET: 275s,
HOM: 350s, p=n.s.

Latency of bites and
attacks per session
(Con, Exp, p value)
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A2aR, KO

Delta H2Mv,
KO

Ncam1

Nlgn2

Nlgn2

Penk

Nos1

Adra2a

H2Mv

Kohl et al.,
2013b4

Kohl et al.,
2015

Kohl et al.,
2015

König et al.,
19965

Kriegsfeld et
al., 1997

Ledent et al.,
1997
LeindersZufall et al.,
2014

nNOS, KO

Nlgn2 in
hippocampus,
OE
Nlgn2 in
hippocampus,
KO
ENK, KO

Nlgn2 in dorsal
hippocampus,
OE
NCAM in
forebrain, KO

Nlgn2

Kohl et al.,
2013a

Transgenic line

Gene
name

First author,
year

Table A.2. Continued

N.R.

N.R.

N.R.

N.R.

Dark
phase

Dark
phase

1 week

4 weeks

N.R.

4 weeks

N.R.

N.R.

Starting
N.R.
1st hour of
dark phase
Starting
N.R.
1st hour of
dark phase

Day/night Time of
cycle
isolation
N.R.

2x
training,
2x test of
4 min
3 x 15 min

Con: 23.0, KO: 20.0,
p=n.s.

Con: 11.0, OE: 22.0,
p=<0.05

Offensive behavior Con:
20%,
KO: 10%, p=n.s.

Con:10.9, OE:1.44
p=<0.05

N.R.

N.R.

N.R.

Con: 689.0s, OE:
1332.06s, p=<0.05

Latency of bites and
attacks per session
(Con, Exp, p value)

1 day

Total aggressive
encounters
Con: 14, KO: 16, p=n.s.
Attacks Con:0.2, KO:8.9,
p=<0.0001
Con: 3.5, KO: 3.7, p=n.s.

Con: 275s, KO: 125s,
p=<0.0001
Con: 380s, KO: 375s,
p=n.s.

N.R.

A
Total fighting scores Con: Con:125s, KO:65s,
couple 2.5, KO: 5
p=<0.01
of hours p=<0.05

2 x 10 min 2 min

2 x 10 min 2 min

2 x 10 min 2 min

30 min,
WM

Frequency Interval Nr of bites and attacks
and
per session (Con, Exp,
duration
p value)

CD1, Male, 2 x 5 min 1 week
8 weeks, GH
C57BL/6,
3 x 30 min N.A.
male, sexually
experienced

Wildtype,
Male, adult

Mouse,
BALB c, WM
and anxiety
measures
matched
Balb/c, WM,
anxiety
matched
Balb/c, WM,
anxiety
matched
Wildtype,
similar age,
GH

Rat, Wistar,
Male,

Intruder
animal

Chapter 2

Bdnf

Epha5

Mamiya et al.,
2008

EphA5, KO

p75NTR in
cerebellar
Purkinje cells,
KO
BDNF, HET

Ngfr

Lyons et al.,
1999

Delta H2Mv,
KO

H2Mv

LeindersZufall et al.,
2014
Lotta et al.,
2014

Transgenic line

Gene
name

First author,
year

Table A.2. Continued

N.R.

N.R.

N.R.

N.R.

Male,
castrated,
PBS on back
N.R.

Intruder
animal

4-6 weeks CD1

> 4 weeks C57BL/6J,
WM, GH

24 hours

10 days

Day/night Time of
cycle
isolation

6 sessions,
max 15
min

5 x 5 min

5 min

1 day

1 day

N.A.

3 x 10 min N.A.

Latency of bites and
attacks per session
(Con, Exp, p value)

Sideway offensive count/
min
Con: 3.2, Cre: 2.6, KO:
1.4, p=n.s.
Bite attacks
Session 1 Con:1.5,
Exp:5.8
Session 2 Con:1.9,
Exp:11.7
Session 3 Con:2.2,
Exp:10.1
Session 4 Con:0.7,
Exp:10.0
Session 5 Con:4.8,
Exp:8.5
p=<0.01
Session 1 Con: 20,
Exp:18, p=n.s.
Overall results p=<0.05

Session 1 Con:400s,
Exp:705s, p=<0.05
Overall results, p=<0.05

Session 1 Con: 262s,
Exp: 172s
Session 2 Con:255s,
Exp:135s
Session 3 Con:262s,
Exp: 90s
Session 4 Con:285s,
Exp:70s
Session 5 Con:202s,
Exp:45s
p=<0.005

N.R.

Con: 1.2, KO: 0.2, p=n.s. Con: 550s, KO: 575s,
p=n.s.

Frequency Interval Nr of bites and attacks
and
per session (Con, Exp,
duration
p value)
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App

App

APP (Wt/4), OE N.R.

5-Htr3

McKenzie
- Quirk et al.,
2005
Moechars et
al., 1998

Moechars et
al., 1998

5-HT3, OE

Dbh

APP (Ld/2), OE

Dbh, KO

N.R.

N.R.

Light
phase

2nd hour
of dark
phase

Marino et al.,
2005

AR, KO

Ar

4 weeks

4 weeks

N.R.

> 1 week

2 weeks

Day/night Time of
cycle
isolation

Marie-Luce et
al., 2013

Transgenic line

Gene
name

First author,
year

Table A.2. Continued

FVB/N,
Male, 8-10
weeks, GH

FVB/N,
Male, 8-10
weeks, GH

AJ/, Male,
GH

C57BL/6J,
Male

AJ mice

Intruder
animal

2 x 3 min

2 x 3 min

One
week

One
week

Session 1 Con: 1, KO: 11
p=<0.05
Session 2 Con: 6, KO: 23
p=<0.05
Session 1 Con: 1, KO:6.5
p=<0.05
Session 2 Con:6,, KO:25
p=<0.05

Percentage of animals
aggressive behavior
Session 1 Con: 83%,
Exp: 16%
Session 2 Con: 100%,
Exp: 33%
p=<0.05
2 x 5 min 2-3 days Ratio of animals that
attacked
Con:6/13, KO: 1/11
Overall Con:11/13, KO:
1/11
p=<0.0001
5 min after 2-3 days Bites Con: 25, KO: 18.5,
first attack
p=n.s.

2 x 10 min 1 day

Frequency Interval Nr of bites and attacks
and
per session (Con, Exp,
duration
p value)

Session 1 Con: 170s,
KO: 121s p=<0.05
Session 2 Con: 140s,
KO: 40s p=<0.05
Session 1 Con: 170s,
KO: 100s p=<0.05
Session 2 Con: 140s,
KO: 23s p=<0.05

N.R.

N.R.

Session 1 Con: 250s,
Exp: 600s, p=<0.001
Session 2 Con: 50s, Exp:
500s, p=<0.001

Latency of bites and
attacks per session
(Con, Exp, p value)

Chapter 2

Tph2, HET
Tph2, HOM

HT1BR
forebrain
(CamKII
promoter), KO
HT1BR
autoreceptor
(Pet-1
promoter), KO

Nautiyal et al., Htr1b
2015

Nautiyal et al., Htr1b
2015

HT1BR whole
brain (beta-actin
promoter), KO

Nautiyal et al., Htr1b
2015

Tph2

Mosienko et
al., 2012

APP (Sw/3), OE

Gγ8, KO

App

Moechars et
al., 1998

Transgenic line

Montani et al., Gngt2
2013

Gene
name

First author,
year

Table A.2. Continued

Light
phase

Light
phase

Light
phase

Light
phase

N.R.

N.R.

N.A.

N.A.

From
10-12
weeks on
for KO,
others >4
weeks
N.A.

6 days

4 weeks

Day/night Time of
cycle
isolation

Same
genotype,
male

Same
genotype,
male

Same
genotype,
male

FVB/N ,
Male, 23-25
gram, GH

Male, adult

FVB/N,
Male, 8-10
weeks, GH

Intruder
animal

N.R.

N.R.

One
week

Session 1 Con: 1, KO:10
p=<0.05
Session 2 Con:6, KO:15,
p=<0.05
Bites Con:35.5,Exp:12.5,
p=<0.005
Attacks Con: 21.5,
Exp:12, p=<0.05
Con:3.5, HET:10,
HOM:28
p=<0.001

3 x 10 min 5-7 days Duration of aggressive
behaviour
Con: 3s, KO: 82s,
p=<0.05
3 x 10 min 5-7 days Duration of aggressive
behaviour
Con: 13s, KO: 45s,
p=<0.05
3 x 10 min 5-7 days Duration of aggressive
behaviour
Con: 50s, KO: 35s,
p=n.s.

10 min

10 min

2 x 3 min

Frequency Interval Nr of bites and attacks
and
per session (Con, Exp,
duration
p value)

N.R.

N.R.

N.R.

Con:485s, HET:335s,
HOM:70s, p=<0.01

Session 1 Con: 170s,
KO: 119s, p=<0.05
Session 2 Con: 140s,
KO: 90s p=<0.05
Con:100s, Exp:300s,
p=<0.001

Latency of bites and
attacks per session
(Con, Exp, p value)
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Beta-ER, KO

Alpha-ER, KO

ER, KO

Nomura et al., Esr2
2002

Nomura et al., Esr1
2006

Esr1

Oxtr

Ogawa et al.,
1996

Pagani et al.,
2015

Oxtr in raphe
nucleus, KO

Beta-ER, KO

Nomura et al., Esr2
2002

nNOS, KO

Beta-ER, KO

Nos1

Nelson et al.,
1995

Transgenic line

Nomura et al., Esr2
2002

Gene
name

First author,
year

Table A.2. Continued

Throughout
whole
study

7 days

7 days

7 days

N.R.

beta-ER
heterozygous,
male, OFB,
WM, GH
beta-ER
heterozygous,
male, OFB,
WM, GH
beta-ER
heterozygous,
male, OFB,
WM, GH
alpha-ER
heterozygous,
male, OFB,
WM, GH

Wildtype

Intruder
animal
1 day

3 days

Latency of bites and
attacks per session
(Con, Exp, p value)

Number of aggressive
bouts
Con:4.5, KO:8.5
p=<0.01
Number of aggressive
bouts
Con:9, KO:11,p=n.s.

Con: 4.3±0.9, HET:
4.6±0.9, KO: 4.0, p=n.s.

Con: 326.0±8.0s, HET:
328±9.0, KO: 789s,
p=<0.05

Con: 260.93s, KO:
805.07s, p=<0.001

N.R.

Con:425s,KO:400s,
p=n.s.

Con:550s, KO:290s,
p=<0.01

Combined over 3 sessions Combined over 3 sessions
Con:3, KO:10.5, p=n.s. Con:150s, KO:147s,
p=n.s.
Number of aggressive
Con:600s,
bouts
KO:220s,p=<0.01
Con:5, KO:15,p=<0.01

6 x 15 min 3-4 days Cumulative duration
aggressive bouts (sec in
log)
Con: 0.23s, KO: 0.34s,
p=n.s.
2 sessions N.R.
Cumulative duration
x 15 min
Con: 91.8s, KO: 0.93s,
p=<0.01

3 x 15 min 1 day

3 x 15 min 1 day

3 x 15 min 1 day

3 x 5 min

Frequency Interval Nr of bites and attacks
and
per session (Con, Exp,
duration
p value)

> 14 days Swiss
Webster,
male, OFB,
GH
Light
2 weeks
Balb/cJ, GH, 3 x max 5
phase (10WM
min
15hr)

Dark
phase

From 2nd
hour of
dark phase
on
From 2nd
hour of
dark phase
on
From 2nd
hour of
dark phase
on
From 2nd
hour of
dark phase
on

15:0017:00

Day/night Time of
cycle
isolation

Chapter 2

Cnr1

CgA&B, KO

Chga
Chgb
Oxt

RodriguezArias et al.,
2013

CgB, KO

Chgb

Htr1b

CgA, KO

Chga

Pereda et al.,
2015
Pereda et al.,
2015
Pereda et al.,
2015
Ragnauth et
al., 2005

Ramboz et al.,
1995

Tnfrsf1a TNF R1/R2,
Tnfrsf1b KO

Patel et al.,
2010

5-HT1B
R, HET
5-HT1B R, KO
CB1r, KO

OT, KO

Oxtr in raphe
nucleus, KO

Oxtr

Pagani et al.,
2015

Transgenic line

Gene
name

First author,
year

Table A.2. Continued

3-9 hour
of light
phase
N.R.

Light
phase (1015hr)
9th hour
of light
phase
Dark
phase
Dark
phase
Dark
phase
dark phase

4 weeks

4 weeks

4 weeks

15 days

15 days

15 days

1 week

N.A.

Day/night Time of
cycle
isolation

129/Sv-ter,
Male, 8
weeks, GH
Anosmic by
intranasal
lavage with
a 4% zinc
sulfate
solution

C57BL/6J,
WM
C57BL/6J,
WM
C57BL/6J,
WM
Male

BALB c

10 min

Two x 3
min

8 x 30
min-3
hours

10 min

10 min

10 min

15 min

N.R.

1 week

1 day

N.A

N.A

N.A

N.R.

> 1 day

Con: 0.2, KO: 4.0,
p=<0.01
Con: 0.2, KO: 6.5,
p=<0.01
Number of all aggressive
acts day 1
Con:29, KO:45, p=<0.05
Overall p=<0.0006
Session 1 Con:0.6,
HET:1.9, KO:5.6,
p=<0.01
Con:1 KO:0.7, p=<0.001

Con: 17.1±11.5,
HET: 14.5±15.4, KO:
18.0±11.4, p=n.s.
Number of bouts Con:7,
KO:0
p=<0.005
Con: 0.2, KO: 0.3, p=n.s.

Frequency Interval Nr of bites and attacks
and
per session (Con, Exp,
duration
p value)

Balb/cJ, GH, 2 x 5 min
WM

Intruder
animal

Session 1 Con:160s,
HET:138s, KO:88s,
p=<0.01
Con:162s, KO:88s,
p=n.s.

N.R.

N.R.

N.R.

N.R.

Con: 135±168s,
HET: 316±269s, KO:
154±157s, p=n.s.
N.R.

Latency of bites and
attacks per session
(Con, Exp, p value)
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Gene
name

Cnr1

Cnr2

Npsr1

Ghrh

First author,
year

RodriguezArias et al.,
2013

RodriguesArias et al.,
2015

Ruzza et al.,
2015

Sagazio et al.,
2011

Table A.2. Continued

120

GHRH, HET
GHRH, KO

NPSR, KO

CB2r, KO

CB1r, KO

Transgenic line

Light
phase
(9am1pm)
N.R.

N.R.

N.R.

Resp. 0
weeks, 2
weeks, 4
weeks

7 days

10 days

N.A.

Day/night Time of
cycle
isolation

GH

Anosmic by
intranasal
lavage with
a 4% zinc
sulfate
solution
Anosmic by
internasal
lavage 4%
zinc sulfate
solution,
WM, AM,
GH
8 weeks, 2530 grams

Intruder
animal
N.R.

3 sessions
(resp.
neutral,
short
isolation,
longer
isolation)
of 10 min

2 weeks

2 x 10 min 3 days

4 x 5 min 1 day
(2 per day)

10 min

Con: 81±21s, KO:
113±38s, p=n.s.

Con:300s, KO:86s,
p=<0.001

Latency of bites and
attacks per session
(Con, Exp, p value)

Attacks: Con: 22, KO:
N.R.
26, p=n.s.
Total time attacking Con:
95s, KO: 162s, p=<0.05
Aggression scores
N.R.
Homecage longer
isolation
Con:0.17, KO: 0.24,
p=n.s.

Con: 12±2.3, KO:
20±5.3, p=<0.01

Con:0, KO:0.9,
p=<0.001

Frequency Interval Nr of bites and attacks
and
per session (Con, Exp,
duration
p value)

Chapter 2

Gene
name

Adra2c

Adra2c

Gad1

Esr1

Esr1

Esr1

First author,
year

Sallinen et al.,
1998

Sallinen et al.,
1998

Sandhu et al.,
2014

Sano et al.,
2013

Sano et al.,
2013

Sano et al.,
2013

Table A.2. Continued

ER in ventromedial nucleus
of the hypothalamus, KO

ER in medial
pre-optic area,
KO

ER in medial
amygdala, KO

GAD67, HET

Alpha-2c AR,
OE

Alpha-2c AR,
KO

Transgenic line

2nd hour
of dark
phase

2nd hour
of dark
phase

Light
phase
between
8.30am4pm
Light
phase
between
8.30am4pm
Dark
phase (1016hr)
2nd hour
of dark
phase

2 weeks

2 weeks

2 weeks

4 weeks

6 weeks

6 weeks

Day/night Time of
cycle
isolation

ICR/JC,
male, OFB,
GH

ICR/JC,
male, OFB,
GH

C57BL/6,
male, GH,
WM, AM
ICR/JC,
male, OFB,
GH

BALB/c,
male

BALB/c,
male

Intruder
animal

9 session
of 15 min

9 session
of 15 min

9 session
of 15 min

10 min

10 min

10 min

3 Consecutive
days biweekly
3 Consecutive
days biweekly
3 Consecutive
days biweekly

N.A.

N.A.

N.A.

Con: 275s, HET: 600s,
p=<0.001

Con: 66s±22s, OE:
155s±21s p=0.0078

Con: 81s+17s, KO:
28s±8s p=0.0070

Latency of bites and
attacks per session
(Con, Exp, p value)

Aggressive bouts (average N.R.
3 sessions)
Con: 5.7;4.7;2.6,
KO:5.0;2.8.2.1, p=n.s.
Aggressive bouts (average N.R.
3 sessions)
Con:3.8;3.3;4.0
KO:4.0;4.0;3.0, p=n.s
Aggressive bouts (average N.R
3 sessions)
Con:2.0;1.5;1.5,
KO:0.4;0.4;0.3, p=<0.01

Con: 2.5, KO: 0,
p=<0.001

Con:22±6, KO:21±6
p=n.s

Con:16±3, KO:22±3
p=n.s

Frequency Interval Nr of bites and attacks
and
per session (Con, Exp,
duration
p value)
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Gene
name

Htr1b

Pgr

Esr1

Esr1

Esr1

First author,
year

Saudou et al.,
1994

Schneider et
al., 20036

Scordalakes et
al., 2003

Scordalakes et
al., 2003

Scordalakes et
al., 2003

Table A.2. Continued

122

ER-alpha, KO

ER-alpha, KO

ER-alpha, KO

PR, HET
PR, KO

5-HT1b

Transgenic line

4 weeks

Last 3-5
After 18hours of
20 days
light phase of age

Last 3-5
After 18hours of
20 days
light phase of age

Last 3-5
After 18hours of
20 days
light phase of age

4th-8th
At
hour of
weaning
dark phase

N.R.

Day/night Time of
cycle
isolation

C57BL/6,
male, olfactory bulbectomized, GH
Males,
castrates,
OFB,
Testosterone
propionate
treated
Males,
castrates,
OFB,
estradiol
benzoate
treated
Females,
OVX,
estradiol
treated

129/Sv-ter,
Male, GH

Intruder
animal
1 week

2 x 6 min

2 x 6 min

2 x 6 min

Session 1: Con: 0.6,
HET: 1.9,
KO: 5.5, p=<0.01
Session 2: Con: 3.1,
HET: 3.0,
KO: 6.9, p=<0.02
Duration Con:268.3s,
ISO:143.6s,
KO:107s, p=n.s.

Con:305s,KO:238s
p=n.s.

Con:145s,KO:202s
p=n.s.

Session 1: Con:160s,
HET:140s, KO:80s,
p=<0.01
Session 2: Con:120s,
HET:120s, KO:55s,
p=<0.05
Con: 143.2s, ISO: 400s,
KO: 305s, p=n.s.

Latency of bites and
attacks per session
(Con, Exp, p value)

5-7 days Percentage of animal
Con:360s, KO:250s
attacks
p=<0.05
Con:2%, KO:23% p=n.s.

5-7 days N.R.

5-7 days Percentage of animal
attacks
Con:90%, KO:38%
p=<0.05

2 x 15 min 1 day

2 x 3 min

Frequency Interval Nr of bites and attacks
and
per session (Con, Exp,
duration
p value)

Chapter 2

Gene
name

Ar

Esr1

Ar
Esr1

Maoa

Inhbe

Ctse

First author,
year

Scordalakes et
al., 2004

Scordalakes et
al., 2004

Scordalakes et
al., 2004

Scott et al.,
2008

Sekiyama et
al., 2009

Shigematsu et
al., 2008

Table A.2. Continued

CatE, KO

Act-betaE, OE

MAOA
(A863T), KO

AR + ER-alpha,
KO

ER-alpha, KO

AR, KO

Transgenic line

1.30pm4.30pm
light
phase.
N.R.

Between
1pm-3pm

4 weeks

>3 weeks

10 days

3th-5th
After 18hour of
20 days
dark phase of age

3th-5th
After 18hour of
20 days
dark phase of age

3th-5th
After 18hour of
20 days
dark phase of age

Day/night Time of
cycle
isolation

N.R.

N.R.

2 x 10 min 3 days

5 min

Max 6 min N.A.

Max 6 min N.A.

Max 6 min N.A.

Percentage of animals
biting
Con:0%, OE:27.3%,
p=0.0624
Con:6.5, KO:15.8
p=<0.01

Percentage of animals
attacks
Con: 0%, KO: 100%
p=<0.002
Percentage of animals
attacks
Con males: 70%, KO:
0% p=<0.002
Percentage of animals
attacks
Con: 70%, KO: 0%
p=<0.002
Fighting bouts Con:2.0,
KO:3.5, p=<0.05

Frequency Interval Nr of bites and attacks
and
per session (Con, Exp,
duration
p value)

Males
10 min
of either
genotype,
agematched,GH

C57BL/6J,
male, adult,
WM, gonad
intact
C57BL/6J,
male, adult,
WM, gonad
intact
C57BL/6J,
male, adult,
WM, gonad
intact
SvEvTac,
male, age and
WM
A/J mouse,
Male 8–9
weeks

Intruder
animal

Con:263s, KO:93s,
p=<0.001

N.R.

Con:275.5s, KO:30.5s,
p=<0.01

Con: 158s, KO: 600s
p=<0.002

Con:158s, KO: 600s
p=<0.002

Con: 600s, KO: 90s
p=<0.002

Latency of bites and
attacks per session
(Con, Exp, p value)
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Gene
name

Esr1

Esr1

Gad2

Trpc2

First author,
year

Spiteri et al.,
2010

Spiteri et al.,
2010

Stork et al.,
2000

Stowers et al.,
2002

Table A.2. Continued

124

TRP2, HET
TRP2, KO

GAD65, HET
GAD65, KO

ER-alpha in
MePDA, KO

ER-alpha in
VMN, KO

Transgenic line

4 weeks

1 hour

1 hour

57B / 6J,
Male, 12
weeks

Males,
Wistar,
castrated

Males,
Wistar,
castrated

Intruder
animal

Last three 7-10 days Male,
hours of
castrated
light phase

N.R.

Dark
phase

Dark
phase

Day/night Time of
cycle
isolation

N.R.

N.A.

N.A.

2 x 10 min N.R.

15 min

10 min

10 min

Total attack duration
Session 1 Con:5s,
HET:9s, KO:0s
Session 2 Con:83s,
HET:44s,KO:0s

Attacks
Session 1 Con:2.6,
HET:3.1, KO:0.0
Session 2 Con:11.9,
HET:6.7,KO:0.0,
p=N.R.

Number of aggressive
behaviors
Con: 4.5±2.9, KO:
2.7±1.2 p=n.s.
Number of aggressive
behaviors
Con: 3.5±1.7,
KO:2.4±1.4 p=n.s.
Con:8.8,
HET:2.5,p=<0.05
KO:1.2, p=<0.01

Frequency Interval Nr of bites and attacks
and
per session (Con, Exp,
duration
p value)

Latencies for the first
attack remained
unchanged between
genotypes (values N.R)
N.R.

N.R.

N.R.

Latency of bites and
attacks per session
(Con, Exp, p value)

Chapter 2

AR in all
tissue (CMV
promoter), OE

AR in all
tissue (CMV
promoter), OE

AR in neural
tissue (Nes
promoter), OE

AR in neural
tissue (Nes
promoter), OE

Ar

Ar

Ar

Ar

Swift-Gallant
et al., 201512

Swift-Gallant
et al., 201512

Swift-Gallant
et al., 201512

Swift-Gallant
et al., 201512

Transgenic line

Gene
name

First author,
year

Table A.2. Continued

Dark
phase

Dark
phase

Dark
phase

Dark
phase

Intruder
animal

1-2 weeks Male,
castrates (3
sessions,
first session)
Female,
intact
1-2 weeks Male,
castrates (3
sessions,
first session)
Female,
intact
1-2 weeks Male,
castrates (3
sessions,
first session)
Female,
intact
1-2 weeks Male,
castrates (3
sessions,
first session)
Female,
intact

Day/night Time of
cycle
isolation

6 x 10 min 2 days

6 x 10 min 2 days

6 x 10 min 2 days

6 x 10 min 2 days

Latency of bites and
attacks per session
(Con, Exp, p value)

Number of chasings Con: N.R.
5.7, KO: 0.4, overall
p=0.009
Number of tumbling
bouts Con: 5.5, KO: 1.6,
overall p=0.069
No aggression in both
No aggression in both
groups
groups

Number of chasings Con: N.R.
5.7, KO: 1.50, overall
p=0.001
Number of tumbling
bouts Con: 5.5, KO:
2.00, overall p=0.021
No aggression in both
No aggression in both
groups
groups

Frequency Interval Nr of bites and attacks
and
per session (Con, Exp,
duration
p value)
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Gabbr1

Ar

Takahashi et
al., 2015

Toda et al.,
20017

Valverde et al., Gpr3
2009

Gene
name

First author,
year

Table A.2. Continued

GPR3, KO

Ar, KO

light phase 10 weeks

6pm -8pm 2 weeks
dimly-lit

N.A.

Day/night Time of
cycle
isolation

GABAb receptor Dark
in serotonergic
phase
neurons, KO

Transgenic line

15 min

age and WM, 2 training
GH
and 2
session 4
min

ArKO KO,
Male

Session 1 Con: 2, KO: 6
Session 2 Con: 8, KO: 10
Session 3 Con: 11, KO:
11
Session 4 Con: 12.5,
KO: 12
Session 5 Con: 13, KO:
13
Session 6 Con: 16.5, KO:
15.5
Session 7 Con: 14.5,
KO: 18
Session 8 Con: 20.5,
KO: 20
p=n.s.
N.A.
Duration of aggressive
behaviour (against
ArKO) Con:90s, KO:0s
p=<0.0001
a couple Aggression score
of hours Session 1: Con:22,
KO:45, p=<0.01
Session 2:Con:40,
KO:53, p=<0.05

N.A.

Frequency Interval Nr of bites and attacks
and
per session (Con, Exp,
duration
p value)

C57BL/6JJcI, 8 x 5 min
male, 7-9
weeks

Intruder
animal

Con:45s, KO: 11s,
p=<0.05

N.R.

N.R.

Latency of bites and
attacks per session
(Con, Exp, p value)

Chapter 2

GluR-A, KO

GluR-A (R/R),
KO

GluR-A, KO

GluR-A (R/R),
KO

MAO A (tg8),
KO

Gria1

Gria1

Gria1

Gria1

Vekovischeva
et al., 20048

Vekovischeva
et al., 20048

Vekovischeva
et al., 20048

Vekovischeva
et al., 20048

Vishnivetskaya Maoa
et al., 2007

Transgenic line

Gene
name

First author,
year

Table A.2. Continued

2pm-4pm
dimly lit

N.R.

N.R.

N.R.

N.R.

3 days

N.R.

N.R.

3 weeks

3 weeks

Day/night Time of
cycle
isolation

BALB/c,
male, AM,
WM, GH

mixed 129
1/SvJ with
C57BL/6J,
GH

mixed 129
1/SvJ with
C57BL/6J,
GH

mixed 129
1/SvJ with
C57BL/6J,
GH

mixed 129
1/SvJ with
C57BL/6J,
GH

Intruder
animal
3 sessions
(on day
1 of
isolation,
day 5 and
day 21) of
4 min
3 sessions
(on day
1 of
isolation,
day 5 and
day 21) of
4 min
4 min on
day 1 of
isolation,
day 5 and
day 21
4 min on
day 1 of
isolation,
day 5 and
day 21
10 min
N.A.

respect.
4 and
16 days

respect.
4 and
16 days

respect.
4 and
16 days

respect.
4 and
16 days

Con:5.8, KO:3.1,
p=<0.05

Consummate aggression
duration
Con:20.6s, KO:9.8s,
p=n.s.

Consummate aggression
duration
Con:15.1s,
KO:5.0s,p=n.s.

Frequency of
Consummate aggression
Con:10;14;11, KO:1;3;3
p=<0.05 (first session
only)

Frequency of
Consummate aggression
Con: 7; 5; 12,
KO:0.1;0.3;0.2, p=<0.05
(first session only)

Frequency Interval Nr of bites and attacks
and
per session (Con, Exp,
duration
p value)

Con:255.6s, KO:191.2s,
p=n.s.

N.R.

N.R.

3 sessions
Con:104s;96s;130s,
Con:220s;215s;206s,
p=<0.05

3 sessions
Con:148s; 155s; 122s,
KO:232s; 213;230s,
p=<0.05

Latency of bites and
attacks per session
(Con, Exp, p value)
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128

MAO A (tg8),
KO

MAO A (tg8),
KO

APP23, HET

V1bR, HET
V1bR, KO

Avpr1a, KO

Vishnivetskaya Maoa
et al., 2007

Vishnivetskaya Maoa
et al., 2007

App

Avpr1b

Avpr1a

Vloeberghs et
al., 2006

Wersinger et
al., 2002

Wersinger et
al., 2007a9

Transgenic line

MAO A (tg8),
KO

Gene
name

Vishnivetskaya Maoa
et al., 2007

First author,
year

Table A.2. Continued

6 weeks

3 days

3 days

2 sessions,
10 min

10 min

10 min

10 min

3 x 7 min

3 days

3 days

6
months

N.A.

N.A.

N.A.

Session 1: Con: 0.6,HET:
4.1,p=0.012
Session 2: Con:0.1,
HET:3.7,p=0.035
Con:14.0; HET:17.0;
KO:2.2;p=<0.01
Bites
Con:9.4; KO:0.8
Session 1 Con:0.6, KO:
2.4,p=n.s.
Session 2 Con:3.7,KO:
4.8, p=n.s.
Session 3 Con:11.1,
KO:5.8,p=<0.05
Cumulative Con:15,
KO:14, p=n.s.

N.R.

Con:0, KO:2.6, p=<0.05

Con:7.0, KO:4.6, p=n.s.

Frequency Interval Nr of bites and attacks
and
per session (Con, Exp,
duration
p value)

129/Sv, Male, 3 x 3 min
adult, WM

C3H, male,
AM, WM,
GH
A/Sn, male,
AM, WM,
GH
BALB/c,
male, AM,
WM, GH
Swiss, Male,
16.7 weeks,
GH

Intruder
animal

first
> 2 weeks BALB/c,
30min-5
Male, adult,
hours of
WM
dark phase

dark phase >2 weeks

6th-10th
3 weeks
hour of
light phase

2pm-4pm
dimly lit

2pm-4pm
dimly lit

2pm-4pm
dimly lit

Day/night Time of
cycle
isolation

Session 1 Con:281s, KO:
211s,p=n.s.
Session 2 Con:152s, KO:
95s, p=n.s.
Session 3 Con:46s,
KO:38s, p=n.s.
Cumulative Con:407s,
KO:268s, p=<0.05

Session 1: Con:571s,
HET:384s, p=0.010
Session 2: Con:583s,
HET:510s, p=n.s.
Con:298s; KO:702s;
p=<0.01

Con:134.4s, KO: 14.3s,
p=N.R.

Con:>600s, KO:68.4s,
p=<0.05

Con:162.7s, KO:209.2s,
p=n.s.

Latency of bites and
attacks per session
(Con, Exp, p value)
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OT, KO

R6/2, OE

R6/2, OE

Asic3, KO

Winslow et al., Oxt
200010

Htt

Htt

Asic3

Wood et
al.,2015
Wood et
al.,2015
Wu et al.,
2010

Avpr1b

OT, KO

Avpr1b

Wersinger et
al., 2007b9

Transgenic line

Winslow et al., Oxt
200010

Gene
name

First author,
year

Table A.2. Continued

N.R.

N.R.

2 weeks
prior to
test
N.A.

N.R.

5.5th 4 weeks
9.5th hour
of light
phase

N.R.

N.R.

N.R.

N.R.

Dark
phase

Day/night Time of
cycle
isolation

129S2/
SvPasCrlf,
Male, 8-12
weeks

Wildtype
mice
R6/2 mice
15 min

5 min

5 min

Con: 4.7±0.9, KO:
0.7±0.5, p=<0.05

2-3 days Number of attack and
threat
Con:2.3, KO:1.75, p=n.s.
2-3 days Number of attack and
threat
Con:5.95, KO:11.91,
p=n.s.
N.A.
Aggressive episodes Con:
4.5, OE: 4.2, p=n.s.
N.A.
Aggressive episodes Con:
4.0, OE: 3.3±0.5, p=n.s.
N.A.
Bites Con:38.5, KO:7.5,
p=0.0188

1 day

Frequency Interval Nr of bites and attacks
and
per session (Con, Exp,
duration
p value)

129X1/SvJ,
3 x 5 min
male, adult,
gonads intact
CD-1,Male, 3 x 5 min
>40 days old,
GH
CD-1,Male, 3 x 5 min
>40 days old,
GH

Intruder
animal

Con:430s,
KO:705s,p=0.0114

N.R.

N.R.

N.R.

Con: 163.4s±84.5s,
KO:749.9s±101.0s
p=<0.05
N.R.

Latency of bites and
attacks per session
(Con, Exp, p value)

Aggressive Behavior in Transgenic Animal Models: A Systematic Review

2

129

130
light phase 1 week
from 9am5pm

Day/night Time of
cycle
isolation

Frequency Interval Nr of bites and attacks
and
per session (Con, Exp,
duration
p value)

C57BL/6J,
3 x 10 min A
Number of aggressive
Male, age and
couple interactions
WM, GH
of hours Con:4.0, HET:2.0,
p=<0.05
KO:1.4,p=<0.01

Intruder
animal
N.R.

Latency of bites and
attacks per session
(Con, Exp, p value)

3

1

only took data in which they used the approach of fighting in the homecage of the residents. 2 only the results of the fights without drugs or with vehicle are used.
only took the results from the group without previous experience was used to be able to compare. 4 only took the results that were under non-stress conditions
5
only looked at session 1. 6 only data of standardized resident intruder. 7 only took results with wildtype intruder. 8 only in homecage and with sexual experience.
9
only in homecage. 10 only nonobligate litters. 11 only the sexual inexperienced males. 12 data of first interaction with male intruder.

Gtf2ird1 Gtf2ird1, HET
Gtf2ird1, KO

Young et al.,
2008

Transgenic line

Gene
name

First author,
year

Table A.2. Continued
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Information A.1. Search terms
PubMed
((((aggression[MeSH] OR violence[MeSH] OR aggression[tiab] OR
aggressive[tiab] OR violence[tiab] OR violent[tiab] OR antiaggression[tiab] OR
antiaggressive[tiab] OR counteraggression[tiab] OR counteraggressive[tiab] OR
preaggression[tiab] OR preaggressive[tiab] OR anti-aggression[tiab] OR antiaggressive[tiab] OR counter-aggression[tiab] OR counter-aggressive[tiab] OR preaggression[tiab] OR pre-aggressive[tiab] OR attacking[tiab] OR peacefulness[tiab]
OR peaceful[tiab] OR aggressiveness[tiab] OR offense[tiab] OR hostility[tiab]
OR bellicosity[tiab] OR animosity[tiab] OR agonistic behavior[tiab] OR agonistic
behaviour[tiab] OR agonistic behaviors[tiab] OR agonistic behaviours[tiab] OR
bully[tiab] OR bullying[tiab] OR offensive[tiab] OR antiaggressiveness[tiab] OR
counteraggressiveness[tiab] OR pre-aggressiveness[tiab] OR offensiveness[tiab]
OR resident intruder[tiab] OR social defeat[tiab] OR intruder model[tiab]
OR (predatory[tiab] AND aggression[tiab]) OR isolation-induced[tiab] OR
resident-intruder[tiab] OR intruder-model[tiab] OR playfighting[tiab] OR playfighting[tiab] OR (long latency[tiab] AND attack[tiab]) OR (short latency[tiab]
AND attack[tiab]) OR (long latency[tiab] AND attacks[tiab]) OR (short
latency[tiab] AND attacks[tiab]) OR hostilities[tiab] OR aggressions[tiab]
OR violences[tiab] OR antiaggressions[tiab] OR antiaggressives[tiab] OR
counteraggressions[tiab] OR counteraggressives[tiab] OR preaggressions[tiab]
OR preaggressives[tiab] OR pre-aggressions[tiab] OR pre-aggressives[tiab] OR
offenses[tiab] OR bellicosities[tiab] OR animosities[tiab] OR bullies[tiab] OR
resident intruders[tiab] OR social defeats[tiab] OR intruder models[tiab]))
AND (genetics [MeSH] OR polymorphism [MeSH] OR genomics [tiab] OR
genomic [tiab] OR DNA [tiab] OR polymorphisms [tiab] OR polymorphism
[tiab] OR genetics [tiab] OR knockout [tiab] OR knock-out[tiab] OR transgenic
[tiab] OR knockouts [tiab] OR knock-outs [tiab] OR transgenics [tiab] OR
outbred [tiab] OR inbred [tiab] OR outbreds [tiab] OR inbreds [tiab] OR knockin
[tiab] OR knock-in [tiab] OR knockdown [tiab] OR knockins [tiab] OR knockins[tiab] OR knock-down[tiab] OR knockdowns [tiab] OR knock-downs [tiab]
OR genetic [tiab] OR genetica [tiab] OR epigenomics [tiab] OR epigenomic
[tiab] OR metagenomics [tiab] OR nutrigenomics [tiab] OR proteomics [tiab]
OR immunogenetics [tiab] OR pharmacogenetics [tiab] OR metagenomic [tiab]
OR nutrigenomic [tiab] OR proteomic [tiab] OR immunogenetic [tiab] OR
pharmacogenetic [tiab] OR TPH2 [tiab] OR MAO [tiab] OR NOS [tiab] OR
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serotonin [tiab] OR serotonergic [tiab] OR serotonine [tiab] OR serotonins
[tiab] OR nitric oxide synthase [tiab] OR eNOS[tiab] OR nNOS [tiab] OR
calcium calmodulin kinase [tiab] OR calcium-calmodulin kinase [tiab] OR
CAMKII [tiab] OR 5HT [tiab] OR 5-HT [tiab] OR tryptophan hydroxylase
[tiab] OR TPH [tiab] OR calcium calmodulin kinases [tiab] OR MAOA [tiab]
OR monoamine [tiab] OR monoamines [tiab] OR catecholamine [tiab] OR
catecholamines [tiab] OR gene [tiab] OR genes [tiab] OR COMT[tiab] OR
catechol-O-methyltransferase [tiab] OR catechol O methyltransferase [tiab] OR
(genetic AND loci [tiab]) OR (genetic AND locus [tiab])
NOT (“aggressive cell”[tiab] OR “aggressive cells” [tiab] OR neoplasm[MeSH]
OR neoplasm [tiab] OR neoplasms [tiab] OR neoplasma [tiab] OR tumor [tiab]
OR tumors [tiab] OR tumour [tiab] OR tumours [tiab] OR neoplasia [tiab]
OR neoplasias [tiab] OR cancer [tiab] OR cancers [tiab] OR cysts [tiab] OR
branchioma [tiab] OR chalazion [tiab] OR lymphocele [tiab] OR branchiomas
[tiab] OR chalazions [tiab] OR lymphoceles [tiab] OR mucocele [tiab] OR
mucoceles [tiab] OR pilonidal sinus [tiab] OR pilonidal sinuses [tiab] OR ranula
[tiab] OR ranulas [tiab] OR Pallister-Hall [tiab] OR tuberous sclerosis [tiab] OR
histiocytic disorder [tiab] OR histiocytic disorders [tiab] OR leukemia [tiab] OR
leukemias [tiab] OR lymphoma [tiab] OR lymphom [tiab] OR lymphome [tiab]
OR melanomas [tiab] OR melanoma [tiab] OR carcinoma [tiab] OR carcinomas
[tiab] OR sarcoma [tiab] OR sarcomas [tiab] OR neoplastic [tiab] OR anaplasia
[tiab] OR anaplastic [tiab] OR carcinogenesis [tiab] OR adenoma [tiab] OR
adenomas [tiab] OR basal cell nevus [tiab] OR birt-hogg-dube [tiab] OR birt
hogg dube [tiab] OR dysplastic [tiab] OR dysplasia [tiab] OR exostoses [tiab] OR
exostose [tiab] OR li-fraumeni [tiab] OR li fraumeni [tiab] OR neurofibromatosis
[tiab] OR neurofibromatose [tiab] OR fibromatose [tiab] OR fibromatoses [tiab]
OR neurofibromatoses [tiab] OR fibromatosis [tiab] OR peutz-jeghers [tiab] OR
peutz jeghers [tiab] OR wilms [tiab] OR paraneoplastic [tiab] OR paraneoplasia
[tiab] OR precancerous [tiab] OR aberrant crypt foci [tiab] OR aberrant crypt
focus [tiab] OR erythroplasia [tiab] OR erythroplastic [tiab] OR keratosis
[tiab] OR keratosia [tiab] OR leukoplakia [tiab] OR leukoplaktosis [tiab] OR
granulomatosis [tiab] OR granulomatosia [tiab] OR preleukemia [tiab] OR
preleukemias [tiab] OR xeroderma [tiab] OR xerodermus [tiab] OR leukosis
[tiab] OR Epstein-barr virus [tiab] OR Epstein barr virus [tiab] OR Marek [tiab]
OR warts [tiab]
AND experimental animal filter
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Embase
(Exp aggression/ OR exp violence/ OR (aggression or violence or aggressive
or violent or antiaggression or antiaggressive or counteraggression or
counteraggressive or preaggression or preaggressive or anti-aggression or antiaggressive or counter-aggression or counter-aggressive or pre-aggression or preaggressive or attacking or peacefulness or peaceful or aggressiveness or offense or
hostility or bellicosity or animosity or agonistic behavior or agonistic behaviour
OR agonistic behaviors OR agonistic behaviours OR bully OR bullying OR
offensive OR antiaggressiveness OR counteraggressiveness OR pre-aggressiveness
OR offensiveness OR resident intruder OR social defeat OR intruder model OR
(predatory AND aggression) OR isolation-induced OR resident-intruder OR
intruder-model OR playfighting OR play-fighting OR hostilities OR aggressions
OR violences OR antiaggressions OR antiaggressives OR counteraggressions
OR counteraggressives OR preaggressions OR preaggressives OR pre-aggressions
OR pre-aggressives OR offenses OR bellicosities OR animosities OR bullies
OR resident intruders OR social defeats OR intruder models).ti,ab.) AND
(exp genetics/ OR exp genetic polymorphism/ OR (genetics OR polymorphism
OR genomics OR genomic OR DNA OR polymorphisms OR polymorphism
OR genetics OR knockout OR knock-out OR transgenic OR knockouts OR
knock-outs OR transgenics OR outbred OR inbred OR outbreds OR inbreds
OR knockin OR knock-in OR knockdown OR knockins OR knock-ins OR
knock-down OR knockdowns OR knock-downs OR genetic OR genetica
OR epigenomics OR epigenomic OR metagenomics OR nutrigenomics OR
proteomics OR immunogenetics OR pharmacogenetics OR metagenomic OR
nutrigenomic OR proteomic OR immunogenetic OR pharmacogenetic OR
TPH2 OR MAO OR NOS OR serotonin OR serotonins OR serotonergic
OR serotonine OR nitric oxide synthase OR eNOS OR nNOS OR calcium
calmodulin kinase OR calcium-calmodulin kinase OR CAMKII OR 5HT OR
5-HT OR tryptophan hydroxylase OR TPH OR calcium calmodulin kinases OR
MAOA OR monoamine OR monoamines OR catecholamine OR catecholamines
OR gene OR genes OR COMT OR catechol-O-methyltransferase OR catechol
O methyltransferase OR genetic loci OR genetic locus).ti,ab.)
NOT (exp neoplasm/ OR (neoplasm OR aggressive cell OR aggressive cells OR
neoplasms OR neoplasma OR tumor OR tumors OR tumour OR tumours OR
neoplasia OR neoplasias OR cancer OR cancers OR cysts OR branchioma OR
chalazion OR lymphocele OR branchiomas OR chalazions OR lymphoceles OR
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mucocele OR mucoceles OR pilonidal sinus OR pilonidal sinuses OR ranula
OR ranulas OR Pallister-Hall OR tuberous sclerosis OR histiocytic disorder OR
histiocytic disorders OR leukemia OR leukemias OR lymphoma OR lymphom
OR lymphome OR melanomas OR melanoma OR carcinoma OR carcinomas
OR sarcoma OR sarcomas OR neoplastic OR anaplasia OR anaplastic OR
carcinogenesis OR adenoma OR adenomas OR basal cell nevus OR birt-hoggdube OR birt hogg dube OR dysplastic OR dysplasia OR exostoses OR exostose
OR li-fraumeni OR li fraumeni OR neurofibromatosis OR neurofibromatose OR
fibromatose OR fibromatoses OR neurofibromatoses OR fibromatosis OR peutzjeghers OR peutz jeghers OR wilms OR paraneoplastic OR paraneoplasia OR
precancerous OR aberrant crypt foci OR aberrant crypt focus OR erythroplasia
OR erythroplastic OR keratosis OR keratosia OR leukoplakia OR leukoplaktosis
OR granulomatosis OR granulomatosia OR preleukemia OR preleukemias OR
xeroderma OR xerodermus OR leukosis OR Epstein-barr virus OR Epstein barr
virus OR Marek OR warts OR wart).ti,ab.)
AND experimental animal filter
PsycINFO
(Exp aggressive behavior / OR exp Aggressiveness/ OR (aggression or violence
or aggressive or violent or antiaggression or antiaggressive or counteraggression
or counteraggressive or preaggression or preaggressive or anti-aggression or antiaggressive or counter-aggression or counter-aggressive or pre-aggression or preaggressive or attacking or peacefulness or peaceful or aggressiveness or offense or
hostility or bellicosity or animosity or agonistic behavior or agonistic behaviour
OR agonistic behaviors OR agonistic behaviours OR bully OR bullying OR
offensive OR antiaggressiveness OR counteraggressiveness OR pre-aggressiveness
OR offensiveness OR resident intruder OR social defeat OR intruder model OR
(predatory AND aggression) OR isolation-induced OR resident-intruder OR
intruder-model OR playfighting OR play-fighting OR hostilities OR aggressions
OR violences OR antiaggressions OR antiaggressives OR counteraggressions
OR counteraggressives OR preaggressions OR preaggressives OR pre-aggressions
OR pre-aggressives OR offenses OR bellicosities OR animosities OR bullies
OR resident intruders OR social defeats OR intruder models).ti,ab.) AND (exp
genetics OR (genetics OR polymorphism OR genomics OR genomic OR DNA
OR polymorphisms OR polymorphism OR genetics OR knockout OR knockout OR transgenic OR knockouts OR knock-outs OR transgenics OR outbred
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OR inbred OR outbreds OR inbreds OR knockin OR knock-in OR knockdown
OR knockins OR knock-ins OR knock-down OR knockdowns OR knock-downs
OR genetic OR genetica OR epigenomics OR epigenomic OR metagenomics
OR nutrigenomics OR proteomics OR immunogenetics OR pharmacogenetics
OR metagenomic OR nutrigenomic OR proteomic OR immunogenetic OR
pharmacogenetic OR TPH2 OR MAO OR NOS OR serotonin OR serotonins
OR serotonergic OR serotonine OR nitric oxide synthase OR eNOS OR nNOS
OR calcium calmodulin kinase OR calcium-calmodulin kinase OR CAMKII OR
5HT OR 5-HT OR tryptophan hydroxylase OR TPH OR calcium calmodulin
kinases OR MAOA OR monoamine OR monoamines OR catecholamine OR
catecholamines OR gene OR genes OR COMT OR catechol-O-methyltransferase
OR catechol O methyltransferase OR genetic loci OR genetic locus).ti,ab.) AND
NOT (exp neoplasms/ OR (neoplasm OR aggressive cell OR aggressive cells OR
neoplasms OR neoplasma OR tumor OR tumors OR tumour OR tumours OR
neoplasia OR neoplasias OR cancer OR cancers OR cysts OR branchioma OR
chalazion OR lymphocele OR branchiomas OR chalazions OR lymphoceles OR
mucocele OR mucoceles OR pilonidal sinus OR pilonidal sinuses OR ranula
OR ranulas OR Pallister-Hall OR tuberous sclerosis OR histiocytic disorder OR
histiocytic disorders OR leukemia OR leukemias OR lymphoma OR lymphom
OR lymphome OR melanomas OR melanoma OR carcinoma OR carcinomas
OR sarcoma OR sarcomas OR neoplastic OR anaplasia OR anaplastic OR
carcinogenesis OR adenoma OR adenomas OR basal cell nevus OR birt-hoggdube OR birt hogg dube OR dysplastic OR dysplasia OR exostoses OR exostose
OR li-fraumeni OR li fraumeni OR neurofibromatosis OR neurofibromatose OR
fibromatose OR fibromatoses OR neurofibromatoses OR fibromatosis OR peutzjeghers OR peutz jeghers OR wilms OR paraneoplastic OR paraneoplasia OR
precancerous OR aberrant crypt foci OR aberrant crypt focus OR erythroplasia
OR erythroplastic OR keratosis OR keratosia OR leukoplakia OR leukoplaktosis
OR granulomatosis OR granulomatosia OR preleukemia OR preleukemias OR
xeroderma OR xerodermus OR leukosis OR Epstein-barr virus OR Epstein barr
virus OR Marek OR warts OR wart).ti,ab.)
AND experimental animal filter
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Web of Science
TOPIC: TS=(aggression OR violence OR aggression OR aggressive OR violence
OR violent OR antiaggression OR antiaggressive OR counteraggression OR
counteraggressive OR preaggression OR preaggressive OR anti-aggression OR antiaggressive OR counter-aggression OR counter-aggressive OR pre-aggression OR
pre-aggressive OR attacking OR peacefulness OR peaceful OR aggressiveness OR
offense OR hostility OR bellicosity OR animosity OR (“agonistic behaviour”) OR
(” agonistic behavior”) OR (“agonistic behaviors”) OR (“agonist behaviours”) OR
bully OR bullying OR offensive OR antiaggressiveness OR counteraggressiveness
OR pre-aggressiveness OR offensiveness OR (“resident intruder”) OR (“social
defeat”) OR (“intruder model”) OR (“predatory aggression”) OR isolationinduced OR (“resident-intruder”) OR (“intruder-model”) OR playfighting OR
play-fighting OR (“long latency attack”) OR (“short latency attack”) OR (“long
latency attacks”) OR (“short latency attacks”) OR hostilities OR aggressions OR
violences OR antiaggressions OR antiaggressives OR counteraggressions OR
counteraggressives OR preaggressions OR preaggressives OR pre-aggressions
OR pre-aggressives OR offenses OR bellicosities OR animosities OR bullies OR
(“resident intruders”) OR (“social defeats”) OR (“intruder models”))
TOPIC: (Genetics OR polymorphism OR genetic phenomena OR genetic
phenomenon OR genetic variation OR genomics OR genomic structural variation
OR DNA copy number variations OR polymorphisms OR polymorphism
OR genetics OR genetic OR genetica OR epigenomics OR epigenomic OR
metagenomics OR nutrigenomics OR proteomics OR immunogenetics OR
pharmacogenetics OR metagenomic OR nutrigenomics OR proteomic OR
immunogenetic OR pharmacogenetic )
NOT TOPIC: TS=((“aggressive cell”) OR (“aggressive cells”) OR neoplasm OR
neoplasm OR neoplasms OR neoplasma OR tumor OR tumors OR tumour
OR tumours OR neoplasia OR neoplasias OR cancer OR cancers OR cysts OR
branchioma OR chalazion OR lymphocele OR branchiomas OR chalazions
OR lymphoceles OR mucocele OR mucoceles OR pilonidal sinus OR pilonidal
sinuses OR ranula OR ranulas OR Pallister-Hall OR tuberous sclerosis OR
histiocytic disorder OR histiocytic disorders OR leukemia OR leukemias OR
lymphoma OR lymphom OR lymphome OR melanomas OR melanoma OR
carcinoma OR carcinomas OR sarcoma OR sarcomas OR neoplastic OR anaplasia
OR anaplastic OR carcinogenesis OR adenoma OR adenomas OR basal cell
nevus OR birt-hogg-dube OR birt hogg dube OR dysplastic OR dysplasia OR
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exostoses OR exostose OR li-fraumeni OR li fraumeni OR neurofibromatosis OR
neurofibromatose OR fibromatose OR fibromatoses OR neurofibromatoses OR
fibromatosis OR peutz-jeghers OR peutz jeghers OR wilms OR paraneoplastic
OR paraneoplasia OR precancerous OR aberrant crypt foci OR aberrant crypt
focus OR erythroplasia OR erythroplastic OR keratosis OR keratosia OR
leukoplakia OR leukoplaktosis OR granulomatosis OR granulomatosia OR
preleukemia OR preleukemias OR xeroderma OR xerodermus OR leukosis OR
Epstein-barr virus OR Epstein barr virus OR Marek OR warts OR wart)
AND experimental animal filter
Information A.2. PsycINFO Animal filter
(exp animal models/ or exp animals/ OR animal OR chordata OR vertebrate OR
tetrapod OR fish OR amniote OR amphibia OR mammal OR reptile OR therian
OR monotremate OR placental mammals OR marsupial OR Euarchontoglires
OR Afrotheria OR Boreoeutheria OR Laurasiatheria OR Xenarthra OR primate
OR Dermoptera OR Glires OR Scandentia OR Haplorhini OR prosimian OR
simian OR tarsiiform OR Catarrhini OR Platyrrhini OR ape OR Cercopithecidae
OR hominid OR hylobatidae OR chimpanzee OR gorilla OR orang utan OR
(animal OR animals OR pisces OR fish OR fishes OR catfish OR catfishes OR
sheatfish OR silurus OR arius OR heteropneustes OR clarias OR gariepinus
OR fathead minnow OR fathead minnows OR pimephales OR promelas OR
cichlidae OR trout OR trouts OR char OR chars OR salvelinus OR salmo OR
oncorhynchus OR guppy OR guppies OR millionfish OR poecilia OR goldfish
OR goldfishes OR carassius OR auratus OR mullet OR mullets OR mugil OR
curema OR shark OR sharks OR cod OR cods OR gadus OR morhua OR carp
OR carps OR cyprinus OR carpio OR killifish OR eel OR eels OR anguilla
OR zander OR sander OR lucioperca OR stizostedion OR turbot OR turbots
OR psetta OR flatfish OR flatfishes OR plaice OR pleuronectes OR platessa
OR tilapia OR tilapias OR oreochromis OR sarotherodon OR common sole
OR dover sole OR solea OR zebrafish OR zebrafishes OR danio OR rerio OR
seabass OR dicentrarchus OR labrax OR morone OR lamprey OR lampreys OR
petromyzon OR pumpkinseed OR pumpkinseeds OR lepomis OR gibbosus OR
herring OR clupea OR harengus OR amphibia OR amphibian OR amphibians
OR anura OR salientia OR frog OR frogs OR rana OR toad OR toads OR bufo
OR xenopus OR laevis OR bombina OR epidalea OR calamita OR salamander
OR salamanders OR newt OR newts OR triturus OR reptilia OR reptile OR
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reptiles OR bearded dragon OR pogona OR vitticeps OR iguana OR iguanas
OR lizard OR lizards OR anguis fragilis OR turtle OR turtles OR snakes OR
snake OR aves OR bird OR birds OR quail OR quails OR coturnix OR bobwhite
OR colinus OR virginianus OR poultry OR poultries OR fowl OR fowls OR
chicken OR chickens OR gallus OR zebra finch OR taeniopygia OR guttata
OR canary OR canaries OR serinus OR canaria OR parakeet OR parakeets OR
grasskeet OR parrot OR parrots OR psittacine OR psittacines OR shelduck OR
tadorna OR goose OR geese OR branta OR leucopsis OR woodlark OR lullula
OR flycatcher OR ficedula OR hypoleuca OR dove OR doves OR geopelia OR
cuneata OR duck OR ducks OR greylag OR graylag OR anser OR harrier OR
circus pygargus OR red knot OR great knot OR calidris OR canutus OR godwit
OR limosa OR lapponica OR meleagris OR gallopavo OR jackdaw OR corvus
OR monedula OR ruff OR philomachus OR pugnax OR lapwing OR peewit
OR plover OR vanellus OR swan OR cygnus OR columbianus OR bewickii
OR gull OR chroicocephalus OR ridibundus OR albifrons OR great tit OR
parus OR aythya OR fuligula OR streptopelia OR risoria OR spoonbill OR
platalea OR leucorodia OR blackbird OR turdus OR merula OR blue tit OR
cyanistes OR pigeon OR pigeons OR columba OR pintail OR anas OR starling
OR sturnus OR owl OR athene noctua OR pochard OR ferina OR cockatiel
OR nymphicus OR hollandicus OR skylark OR alauda OR tern OR sterna OR
teal OR crecca OR oystercatcher OR haematopus OR ostralegus OR shrew OR
shrews OR sorex OR araneus OR crocidura OR russula OR european mole OR
talpa OR chiroptera OR bat OR bats OR eptesicus OR serotinus OR myotis
OR dasycneme OR daubentonii OR pipistrelle OR pipistrellus OR cat OR cats
OR felis OR catus OR feline OR dog OR dogs OR canis OR canine OR canines
OR otter OR otters OR lutra OR badger OR badgers OR meles OR fitchew OR
fitch OR foumart or foulmart OR ferrets OR ferret OR polecat OR polecats OR
mustela OR putorius OR weasel OR weasels OR fox OR foxes OR vulpes OR
common seal OR phoca OR vitulina OR grey seal OR halichoerus OR horse OR
horses OR equus OR equine OR equidae OR donkey OR donkeys OR mule
OR mules OR pig OR pigs OR swine OR swines OR hog OR hogs OR boar
OR boars OR porcine OR piglet OR piglets OR sus OR scrofa OR llama OR
llamas OR lama OR glama OR deer OR deers OR cervus OR elaphus OR cow
OR cows OR bos taurus OR bos indicus OR bovine OR bull OR bulls OR cattle
OR bison OR bisons OR sheep OR sheeps OR ovis aries OR ovine OR lamb
OR lambs OR mouflon OR mouflons OR goat OR goats OR capra OR caprine
OR chamois OR rupicapra OR leporidae OR lagomorpha OR lagomorph OR
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rabbit OR rabbits OR oryctolagus OR cuniculus OR laprine OR hares OR lepus
OR rodentia OR rodent OR rodents OR murinae OR mouse OR mice OR mus
OR musculus OR murine OR woodmouse OR apodemus OR rat OR rats OR
rattus OR norvegicus OR guinea pig OR guinea pigs OR cavia OR porcellus OR
hamster OR hamsters OR mesocricetus OR cricetulus OR cricetus OR gerbil OR
gerbils OR jird OR jirds OR meriones OR unguiculatus OR jerboa OR jerboas
OR jaculus OR chinchilla OR chinchillas OR beaver OR beavers OR castor
fiber OR castor canadensis OR sciuridae OR squirrel OR squirrels OR sciurus
OR chipmunk OR chipmunks OR marmot OR marmots OR marmota OR
suslik OR susliks OR spermophilus OR cynomys OR cottonrat OR cottonrats
OR sigmodon OR vole OR voles OR microtus OR myodes OR glareolus OR
primate OR primates OR prosimian OR prosimians OR lemur OR lemurs OR
lemuridae OR loris OR bush baby OR bush babies OR bushbaby OR bushbabies
OR galago OR galagos OR anthropoidea OR anthropoids OR simian OR
simians OR monkey OR monkeys OR marmoset OR marmosets OR callithrix
OR cebuella OR tamarin OR tamarins OR saguinus OR leontopithecus OR
squirrel monkey OR squirrel monkeys OR saimiri OR night monkey OR night
monkeys OR owl monkey OR owl monkeys OR douroucoulis OR aotus OR
spider monkey OR spider monkeys OR ateles OR baboon OR baboons OR
papio OR rhesus monkey OR macaque OR macaca OR mulatta OR cynomolgus
OR fascicularis OR green monkey OR green monkeys OR chlorocebus OR
vervet OR vervets OR pygerythrus OR hominoidea OR ape OR apes OR
hylobatidae OR gibbon OR gibbons OR siamang OR siamangs OR nomascus
OR symphalangus OR hominidae OR orangutan OR orangutans OR pongo OR
chimpanzee OR chimpanzees OR pan troglodytes OR bonobo OR bonobos OR
pan paniscus OR gorilla OR gorillas OR troglodytes).ti,ab.)
Information A.3. Web of Science Animal Filter
TOPIC= (animal experimentation OR “models, animal” OR “invertebrates”
OR “Animals” OR “animal population groups” OR “chordata” OR “chordata,
nonvertebrate” OR “vertebrates” OR “amphibians” OR “birds” OR “fishes” OR
“reptiles” OR “mammals” OR “primates” OR “artiodactyla” OR “carnivora” OR
“cetacea” OR “chiroptera” OR “elephants” OR “hyraxes” OR “insectivora” OR
“lagomorpha” OR “marsupialia” OR “monotremata” OR “perissodactyla” OR
“rodentia” OR “scandentia” OR “sirenia” OR “xenarthra” OR “haplorhini” OR
“strepsirhini” OR “platyrrhini” OR “tarsii” OR “catarrhini” OR “cercopithecidae”
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OR “hylobatidae” OR “hominidae” OR “gorilla gorilla” OR “pan paniscus” OR
“pan troglodytes” OR “pongo pygmaeus” OR animals OR animal OR mice OR
mus OR mouse OR murine OR woodmouse OR rats OR rat OR murinae OR
muridae OR cottonrat OR cottonrats OR hamster OR hamsters OR cricetinae
OR rodentia OR rodent OR rodents OR pigs OR pig OR swine OR swines OR
piglets OR piglet OR boar OR boars OR “sus scrofa” OR ferrets OR ferret OR
polecat OR polecats OR “mustela putorius” OR “guinea pigs” OR “guinea pig”
OR cavia OR callithrix OR marmoset OR marmosets OR cebuella OR hapale
OR octodon OR chinchilla OR chinchillas OR gerbillinae OR gerbil OR gerbils
OR jird OR jirds OR merione OR meriones OR rabbits OR rabbit OR hares OR
hare OR diptera OR flies OR fly OR dipteral OR drosphila OR drosophilidae
OR cats OR cat OR carus OR felis OR nematoda OR nematode OR nematoda
OR nematode OR nematodes OR sipunculida OR dogs OR dog OR canine
OR canines OR canis OR sheep OR sheeps OR mouflon OR mouflons OR
ovis OR goats OR goat OR capra OR capras OR rupicapra OR chamois OR
haplorhini OR monkey OR monkeys OR anthropoidea OR anthropoids OR
saguinus OR tamarin OR tamarins OR leontopithecus OR hominidae OR ape
OR apes OR pan OR paniscus OR “pan paniscus” OR bonobo OR bonobos
OR troglodytes OR “pan troglodytes” OR gibbon OR gibbons OR siamang OR
siamangs OR nomascus OR symphalangus OR chimpanzee OR chimpanzees
OR prosimians OR “bush baby” OR prosimian OR bush babies OR galagos
OR galago OR pongidae OR gorilla OR gorillas OR pongo OR pygmaeus OR
“pongo pygmaeus” OR orangutans OR pygmaeus OR lemur OR lemurs OR
lemuridae OR horse OR horses OR pongo OR equus OR cow OR calf OR bull
OR chicken OR chickens OR gallus OR quail OR bird OR birds OR quails OR
poultry OR poultries OR fowl OR fowls OR reptile OR reptilia OR reptiles
OR snakes OR snake OR lizard OR lizards OR alligator OR alligators OR
crocodile OR crocodiles OR turtle OR turtles OR amphibian OR amphibians
OR amphibia OR frog OR frogs OR bombina OR salientia OR toad OR toads
OR “epidalea calamita” OR salamander OR salamanders OR eel OR eels OR
fish OR fishes OR pisces OR catfish OR catfishes OR siluriformes OR arius OR
heteropneustes OR sheatfish OR perch OR perches OR percidae OR perca OR
trout OR trouts OR char OR chars OR salvelinus OR “fathead minnow” OR
minnow OR cyprinidae OR carps OR carp OR zebrafish OR zebrafishes OR
goldfish OR goldfishes OR guppy OR guppies OR chub OR chubs OR tinca OR
barbels OR barbus OR pimephales OR promelas OR “poecilia reticulata” OR
mullet OR mullets OR seahorse OR seahorses OR mugil curema OR atlantic cod
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OR shark OR sharks OR catshark OR anguilla OR salmonid OR salmonids OR
whitefish OR whitefishes OR salmon OR salmons OR sole OR solea OR “sea
lamprey” OR lamprey OR lampreys OR pumpkinseed OR sunfish OR sunfishes
OR tilapia OR tilapias OR turbot OR turbots OR flatfish OR flatfishes OR
sciuridae OR squirrel OR squirrels OR chipmunk OR chipmunks OR suslik OR
susliks OR vole OR voles OR lemming OR lemmings OR muskrat OR muskrats
OR lemmus OR otter OR otters OR marten OR martens OR martes OR weasel
OR badger OR badgers OR ermine OR mink OR minks OR sable OR sables
OR gulo OR gulos OR wolverine OR wolverines OR minks OR mustela OR
llama OR llamas OR alpaca OR alpacas OR camelid OR camelids OR guanaco
OR guanacos OR chiroptera OR chiropteras OR bat OR bats OR fox OR foxes
OR iguana OR iguanas OR xenopus laevis OR parakeet OR parakeets OR parrot
OR parrots OR donkey OR donkeys OR mule OR mules OR zebra OR zebras
OR shrew OR shrews OR bison OR bisons OR buffalo OR buffaloes OR deer
OR deers OR bear OR bears OR panda OR pandas OR “wild hog” OR “wild
boar” OR fitchew OR fitch OR beaver OR beavers OR jerboa OR jerboas OR
capybara OR capybaras)
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Information A.4. Systematic Review Protocol For Animal
Intervention Studies
SYSTEMATIC REVIEW PROTOCOL FOR ANIMAL INTERVENTION STUDIES
BY SYRCLE (WWW.SYRCLE.NL)
VERSION 1.0 (JULY 2013)
Item
Section/topic
#

Description

General
1.

Title of the review

Aggressive Behavior in Transgenic Animal Models
Jager, A., Radboud University Medical Center, Nijmegen,
The Netherlands, Initiator and reviewer of literature,
paper writing
Maas, DA., Radboud University Medical Center, Nijmegen,
The Netherlands, Reviewer of literature, paper writing

2.

Authors (name, affiliation,
contribution)

SYRCLE, Radboud University Medical Center, Nijmegen,
The Netherlands, Guidance in systematic review process
Poelmans, G., Radboud University, Nijmegen, The
Netherlands, modelling of molecular landscape, paper
writing
Glennon, JC., Radboud University Medical Center,
Nijmegen, The Netherlands, paper writing

3.

Other contributors (name, affiliation,
contribution)

Fricke, K., Radboud University Medical Center, Nijmegen,
The Netherlands, Reviewer of literature,

4.

Contact person + e‐mail address

Amanda Jager, Amanda.Jager@radboudumc.nl

5.

Date of protocol registration
Background

6.

What is already known about this
disease/ model/ intervention? Why is
it important to do this review?

Aggression is a phenomenon often observed in human
mental disorders. The basics of aggressiveness are
investigated in many animal models but no clear overview
is present today

Objectives of this SR
7.

Specify the disease / health problem
of interest

Aggression is a phenomenon often observed in human
mental disorders e.g. ADHD, conduct disorder, aggression
and alcohol‐addiction.

8.

Specify the population /species
studied

Transgenic animal models

9.

Specify the intervention/exposure

Aggression paradigms (e.g. resident‐intruder test)

10.

Specify the control population

Non‐transgenic animal models
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Check for
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11.

Specify the outcome measures

All measures of aggression as long as they are compared
to controls

12.

State your research question (based
on point 7‐11)

What is the effect of genetic modification on aggressive
behavior in laboratory animals as measured in the
resident‐intruder test?

Methods:
Search and study identification

13.

14.

Identify literature databases to search
(e.g. Pubmed, Embase, Web of
science)

Pubmed

Web of Science

EMBASE

Other, namely [type here]

Specific journal(s), namely [type here]

Define electronic search strategies
Please add a supplementary file containing your search
(e.g. use the step by step search guide
strategy:
Supplementary Information A.1.
[1] and animals search filters [2, 3])
Reference lists of included studies

15.

Books

Reference lists of relevant reviews

Identify other sources for study
identification

Conference proceedings, namely [type here]
Contacting authors/ organisations, namely
namely [type here]

16.

2

SCOPUS

Other,

References from reviews that describe articles that tested
Define search strategy for these other
aggression in transgenic animals will be screened for the
sources
same criteria as used for the other papers.
Study selection procedure

17.

Define screening phases (e.g. pre‐
screening based on title/abstract, full
text screening, both)

18.

Specify number of observers per
screening phase

1. Title screening
2. Abstract screening
3. Full text screening
2

Study selection criteria. Define all
inclusion and exclusion criteria based
on:
Inclusion criteria: Experimental paper

19.

Type of study (design)

20.

Inclusion criteria: transgenic animal models
Type of animals/ population (e.g. age,
Exclusion criteria: aggressive model induced by medication
gender, disease model)
or substance abuse

21.

Type of intervention (e.g. dosage,
timing, frequency)

Exclusion criteria: Review

Inclusion criteria: aggressive read‐out (resident intruder
test)
Exclusion criteria: non‐aggressive read‐out
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22.

Outcome measures

23.

Language restrictions

24.

Publication date restrictions

25.

Other

Inclusion criteria: aggression measures
Exclusion criteria: no description about aggression
Inclusion criteria: English
Exclusion criteria: Non‐English
Inclusion criteria: All dates
Exclusion criteria: No exclusion of dates
Inclusion criteria: information about genetic background;
and how this model is developed
Exclusion criteria: no information about genetic
background
Selection phase Title Screening
1.
2.
3.
4.
5.

Aggressive behaviour
Animal model
Primary study
Genetic component
Laboratory/experiment setting

Selection phase Abstract Screening

26.

Sort and prioritize your exclusion
criteria per selection phase

1.
2.
3.
4.
5.
6.
7.

Aggressive behaviour
Animal model
Primary study
Genetic component
Laboratory/experiment setting
Transgenic model
Control strain

Selection phase Full Text Screening
1.
2.
3.
4.
5.
6.
7.
8.

Aggressive behaviour
Animal model
Primary study
Genetic component
Laboratory/experiment setting
Transgenic model
Control strain
Resident‐intruder test

Study characteristics to be extracted
(for assessment of external validity,
reporting quality)
27.

Study ID (e.g. authors, year)

Authors and year

28.

Study design characteristics (e.g.
experimental groups, number of
animals)

Number of animals
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29.

Animal model characteristics (e.g.
species, gender, disease induction)

Species, strain/genetic background, transgenic line, gene
name, entrez name, age animals, sex animals

30.

Intervention characteristics (e.g.
intervention, timing, duration)

Aggression induced by, day/night cycle, time of isolation,
intruder animal, frequency and duration, interval

31.

Outcome measures

Nr of bites and attack per session, latency of bites and
attack per session

32.

Other (e.g. drop‐outs)

Not applicable.

2

Risk of bias assessment (internal
validity)
By use of SYRCLE Risk of Bias tool

33.

By use of SYRCLE Risk of Bias tool, adapted as
Define criteria to assess the internal
follows: [type here]
validity of included studies (e.g.
selection, performance, detection and
other, namely no conflict of interest, ethical
attrition bias)
consideration resident‐intruder, ethical legislation,
temperature regulation, randomization, sample size
calculation, blinding.
Data collection

34.

35.

For each outcome measure, define
the type of data to be extracted (e.g.
continuous/ dichotomous, unit of
measurement)

Bites/attacks or comparable measures (continuous in
numbers)
Attack latencies (continuous in seconds)

Methods for data extraction/ retrieval
Data is extracted from text or from graphs. ImageJ will be
(e.g. extraction from graphs,
used to evaluate the graphs.
contacting authors)
Data analysis/ synthesis

36.

Specify how you are planning to
combine the data (e.g. descriptive
summary, meta‐analysis)

Data will be combined into a molecular landscape using
IPA ingenuity. We plan to take attack latency ratios and
number of attack ratios and compare these between
transgenic animal models.

37.

Specify how the decision as to
whether a meta‐analysis is
appropriate will be made

n.a.

If a meta‐analysis seems feasible:
38.

Specify the effect measure to be used
(e.g. mean difference, standardized
n.a.
mean difference, risk ratio, odds ratio)

39.

Specify which study characteristics
will be examined as potential source
of heterogeneity (sensitivity analysis)

40.

Specify subgroups and comparisons of
n.a.
interest

n.a.
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41.

Specify method of analysis (e.g.
random or fixed effects model)

n.a.

42.

Specify the method for assessment of
risk of publication bias

n.a.

Other

43.

Describe any expected limitations of
your systematic review

Final approval by (names, affiliations):
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Our systematic review is only focused on transgenic
animals. A broader picture can be found when also inbred
strains and pharmacological studies would be included.
However, we already have a very high number of studies
to screen and by including all studies the number of
studies would not be doable.

Date 31/12/2013
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Supplementary Information B.1. Landscape description
In the description below, all proteins that are encoded by genes from transgenic
animal models of aggression - with resident intruder and if available also
attack latency data - and all proteins and molecules implicated in aggression
through other - genetic, expression or functional - evidence are indicated in
bold. Signalling in the landscape takes place in the tripartite synapse, with
involvement of pre- and postsynaptic neurons as well as astrocytes. Below, we
have described all protein interactions depicted in the landscape, ordered by cell
type.
Postsynaptic neuron
Glutamate-induced signalling is a central pathway in the postsynaptic membrane.
Binding of glutamate (G) activates influx of magnesium (Mg3+) and calcium
(Ca2+) ions through the GRIN2B receptor [381]. In turn, Ca2+ influx triggers
translocation of the kinase CAMK2A to the synapse [381], where it binds and
interacts with GRIN2B [382, 383]. Further, G binds and activates the GRIA1
receptor that functions as an ion transporter of Ca2+, Na+ and K+, while
CAMK2A also activates GRIA1 [384]. CAMK2A is involved in upregulating the
expression of BDNF [385], which itself activates CAMK2A [386]. In addition,
(intracellular) nitric oxide (NO) regulates CAMK2A activity [387] and the
peripheral membrane protein DLGAP2 binds and interacts with GRIN2B [388].
Another important signalling cascade in the postsynaptic membrane centers
around the amyloid precursor protein (APP) and its extracellular cleavage
product, amyloid-β (Aβ). The expression of GRIA1 is upregulated downstream
of Aβ signalling [389] while cleavage of APP into Aβ is indirectly achieved by the
GPR3 receptor, involving the y-secretase enzyme [390], and the noradrenaline
(NA) receptor (see below) ADRA2A, involving the β-secretase enzyme [391].
Further, β-secretase-mediated cleavage of APP is inhibited by the prion protein
PRNP [392]. PRNP is both membrane-bound (not shown) and cytoplasmic, and
its expression is stimulated by NO [393], which is synthesized by the cytoplasmic
NOS1 and NOS3 enzymes [394, 395]. NO also negatively regulates the function
of ADRA2A [396]. Another protein involved in APP signalling is BCHE, an
extracellular enzyme that regulates Aβ polymerization [397]. Furthermore, APP
indirectly regulates the activity of BDNF, an extracellular factor with multiple roles
in the landscape (see below) [398] while Aβ regulates the function of TNFα [399],
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an extracellular cytokine that binds and activates the TNF1- and 2-receptors TNFR1 and TNFR2 - which bind and functionally interact with each other
[400]. IL6, another important cytokine within the landscape, downregulates
the expression of TNFα [401] whereas TNFα is involved in upregulating IL6
expression [402]. In addition, IL6 is involved in the degradation of Aβ [403],
while conversely, Aβ increases the expression of IL6 [404]. Moreover, BDNF
and IL6 upregulate each other's expression [405, 406]. Lastly, the cytoplasmic
domain of APP interacts with GNAO1, a peripheral membrane protein that
itself binds with and regulates the activation of ADRA2A [407]. Further, through
binding, APP and GNAO1 inhibit each other [408, 409]
The postsynaptic membrane also contains the serotonin (S) receptors HTR1A
and HTR1B, and in addition to activating HTR1A and HTR1B - which are
both upregulated by the transciption factor FEV [410, 411] - S also binds and
hence regulates the activity of the sodium (Na+) channel ASIC3 [412, 413].
Further, the S-HTR1A complex is involved in downregulating the expression of
NOS1 [414]. HTR1A also negatively regulates the function of GRIN2B through
decreasing its localization to the cell membrane [415] while HTR1A is inhibited
by GTF2IRD1, a transcription factor that can also be localized and have a
regulatory function in the cytoplasm [416]. HTR1A function is also negatively
regulated through a signalling cascade involving the membrane-located cell
adhesion molecule NCAM1 [417] and knocking out the Ncam1 gene leads to
extremely aggressive behaviour in mice [246, 418]. Moreover, the Golgi-located
enzyme STX regulates the function of NCAM1 through sialation [419].
In addition to the signalling cascades described above, a number of interactions
in the landscape emerge from or converge towards the nucleus of postsynaptic
neurons. First, BDNF is involved in upregulating the expression of the nuclear
transcription factor EGR3 [420], the extracellular signalling protein NRG1
[421], and the cytoplasmic phosphatase PTEN [422]. In turn, BDNF expression
is upregulated by the transcription function CRTC1 [423] and the nuclear
hormone receptors ESR1 and ESR2 that are activated upon binding their natural
ligand, the female sex hormone estradiol (E) [424]. In addition, NRG1 positively
regulates the function of EGR3 [425] and PTEN is involved in upregulating the
expression of ESR1 [426]. PTEN also inhibits the expression of the extracellular
growth factor TGFα and of IL6 [427] - which is itself upregulated by TGFα
[428] - and it activates NOS3 [429]. EGR3 also downregulates the expression
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of IL6 (not shown) [430]. In addition, the E-ESR1 complex upregulates the
expression of NOS3 [431] while it downregulates IL6 expression [432]. ESR1
binds and interacts with the androgen receptor (AR) [433] which, after being
bound and activated by its natural ligand, the male sex hormone testosterone
(T), upregulates the expression of ESR2 [434]. Moreover, IL6 activates AR [435,
436] and ESR1 [437] while it inhibits the activation of NOS3 [438]. Lastly, the
transcription factor NR5A1 upregulates the expression of NOS1 [439].
Astrocyte
After being activated through binding extracellular vasopressin (V), the
membrane receptors AVPR1A and AVRP1B positively regulate the release of
G by astroytes [440]. Conversely, G re-uptake by astrocytes occurs through
the aggression-linked G transporter SLC1A2 [441], the expression of which
is upregulated by TGFα [442]. In addition, the expression of V is upregulated
through signalling involving IL6 and TNFα [443]. Another group of proteins
in the astrocytic membrane are the cannabinoid (CAN) receptors CNR1 and
CNR2. CAN-activated CNR1 upregulates the expression of IL6 [444] and
BDNF [445] while it downregulates the expression of the extracellular signalling
molecule proenkephalin-A (PENK) [446]. BDNF also upregulates CNR1
expression [447].
CNR2 and TNFα upregulate each other’s expression [448, 449] whereas GNAO1
binds and functionally interacts with CNR1 [450]. In addition, CNR1 inhibits
NOS1 [451]while NO activates CNR2 [452].
In and around the astrocytic nucleus, the interactions involving AR, ESR1,
ESR2 and NOS3 already described above also occur. Furthermore, the nuclear
epigenetic modulator MECP2 regulates the activity of ESR1 [453]. The E-ESR2
complex upregulates the expression of oxytocin (O) [454] (see below) and IL6
upregulates the expression of ESR2 [455].
Presynaptic neuron
The presynaptic part of the landscape centers around the synthesis, degradation
and release of neurotransmitters. The most prominent group of neurotransmitters
in the landscape are those of the amine family. NA is synthesized from dopamine
(DA) by the enzyme dopamine beta-hydroxylase (DBH) [456], while S
is synthesized from tryptophan (TR) by TPH2 [457] and DDC [458]. The
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transciption factor FEV upregulates the expression of both DDC and TPH2
[410] while MECP2 (up)regulates the expression of DBH [459]. DA, NA and
S are pumped into presynaptic vesicles by the aggression-linked transporter
VMAT2 [460]. Binding of DA and NA to ADRA2A and ADRA2C activates
these receptors, which in turn leads to the inhibition of presynaptic DA and NA
release [461]. Presynaptic NA release is also inhibited by the extracellular proteins
CHGA and CHGB which bind and interact with each other [462]. The activity
of CHGB is also regulated by IL6 [463]. After S release, this monoamine can bind
and activate postsynaptic HTR1A and HTR1B (see above) or be taken up into
the presynaptic neuron again by the transporter 5HTT (encoded by the SLC6A4
gene), the expression of which is upregulated by FEV [410] and downregulated
by IL6 [464]. All three monoamines - DA, NA and S - are degraded by the
mitochondrial membrane-located enzyme MAOA [465].
The other main neurotransmitter system present in the landscape is the G
system. The membrane proteins NLGN2 and NLGN3 are located both pre-and
postsynaptically [466, 467]. In the postsynaptic neuron, NLGN3 is involved in
increasing the expression of GRIN2B [466] whereas presynaptically, NLGN2
upregulates the expression of the enzyme GAD65 [468]. Together with GAD67,
GAD65 converts G into the inhibitory neurotransmitter gamma-aminobutyric
acid (GABA), and BDNF increases GAD65 expression [469, 470]. Furthermore,
the production of G is stimulated by the membrane-located kinase EPHA5 [471]
and the uptake of G into presynaptic vesicles occurs through the transporter
VGLUT2 [472], the expression of which is upregulated by BDNF [473]. The
presynaptic release of G is regulated by the O-bound/activated oxytocin receptor
(OXTR) [474] - the expression of which is downregulated by IL6 [475] - and
by cytoplasmic Ca2+ that is pumped into the presynaptic neuron by transporters
such as CACNA1B [476].
Note: The proteins encoded by six genes from our review of transgenic animal
models of aggression - i.e. CRHBP, CTSE, NPSR1, TACR1, TPGS1 and TRPC2
do not directly fit within our molecular landscape (yet).
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ABSTRACT
Reduced top-down control by cortical areas is assumed to underlie pathological
forms of aggression. While the precise underlying molecular mechanisms are still
elusive, it seems that balancing the excitatory and inhibitory tones of cortical brain
areas has a role in aggression control. The molecular mechanisms underpinning
aggression control were examined in the BALB/cJ mouse model. First, these mice
were extensively phenotyped for aggression and anxiety in comparison to BALB/
cByJ controls. Microarray data was then used to construct a molecular landscape,
based on the mRNAs that were differentially expressed in the brains of BALB/
cJ mice. Subsequently, we provided corroborating evidence for the key findings
from the landscape through 1H-magnetic resonance imaging and quantitative
polymerase chain reactions, specifically in the anterior cingulate cortex (ACC).
The molecular landscape predicted that altered GABA signalling may underlie the
observed increased aggression and anxiety in BALB/cJ mice. This was supported
by a 40% reduction of 1H-MRS GABA levels and a 20-fold increase of the
GABA-degrading enzyme Abat in the ventral ACC. As a possible compensation,
Kcc2, a potassium-chloride channel involved in GABA-A receptor signalling, was
found increased. Moreover, we observed aggressive behaviour that could be linked
to altered expression of neuroligin-2, a membrane-bound cell adhesion protein
that mediates synaptogenesis of mainly inhibitory synapses. In conclusion, Abat
and Kcc2 seem to be involved in modulating aggressive and anxious behaviours
observed in BALB/cJ mice through affecting GABA signalling in the ACC.
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INTRODUCTION
Pathological aggressive behaviour has a high societal impact, and aggression
towards people is one of the leading causes of death worldwide [477]. An
imbalance between top-down cortical control and the responsiveness of the
amygdala and other limbic areas is assumed to underlie the aggressive behaviour
observed in psychiatric disorders [49, 50]. Repeated negative experiences can
alter the responsiveness of the limbic area. Top-down control by the cortical areas
normally modulates limbic responses so that the behavioural outcome is adaptive
and not harmful to the individual. In addition, these cortical areas are sensitive to
reward and punishment expectancies and as a result can adapt to social cues [51].
An imbalance in top-down control can play a role in aggression, and this not only
in humans but also in animals. The top-down circuitry that mediates reactive
aggression in animals starts with the “control” by the orbitofrontal cortex (OFC)
and the anterior cingulate cortex (ACC) and ventral medial prefrontal cortex as
the “drivers” of the amygdala, mainly via the stria terminalis of the bed nucleus
to the medial hypothalamus and the fronto-thalamostriatal circuitries [3].
Subsequently, the hypothalamus activates the dorsal periaqueductal grey matter,
which in turn affects parasympathetic outflow [53, 54, 56, 478]. This circuitry is
assumed to be similar to what is driving reactive aggression in humans [3, 479].
Examination of twelve animal models of aggression has suggested a role for
increased activity of the mediobasal hypothalamus in association with reactive
aggression as well as altered serotonin and vasopressin signalling [480]. In contrast,
hyperactivation of the lateral hypothalamus is associated with pathological
aggression, but no clear associated changes in neurotransmitter signalling have
been found [480]. As opposed to reactive aggression, pathological forms become
apparent when aggression escalates and are characterized by e.g. an abnormal
bite pattern, the absence of threat behaviour or attacks towards smaller or female
animals [481, 482].
Multiple hormonal and transmitter systems have previously been implicated
in top-down control, such as serotonin [74-77], catecholamines [78, 79],
testosterone [80, 81] and the glutamate/GABA pathways [50, 82-85]. Positive
allosteric modulators of the GABAA receptor, such as benzodiazepines, were
shown to have bitonic effects, where low dosages increase aggression and high
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dosages decrease aggression [109]. Both in humans and animals, the studies
that implicate hypo-and hyper-GABAergic tone in increased aggression have
reinforced the idea that the excitatory/inhibitory balance across this prefrontal
control mechanism is crucial [109].
The goal of the present study was to identify the molecular mechanisms
underpinning top-down control of aggression in BALB/cJ mice. Originally,
BALB/c mice derived from the Bagg albino strain, and specifically the BALB/
cJ substrain has been used to study neuropsychiatric disorders because of their
anxious phenotype and sensitivity to antidepressant treatment [483]. Extensive
phenotyping demonstrated that this strain is also characterized by increased
aggression compared to other BALB/c substrains, notably the BALB/cByJ [484]
and BALB/cN substrains [191]. Morphological studies have revealed differences
in organ and brain (structure) size (e.g. smaller heart, larger brain, smaller corpus
callosum) of BALB/cJ compared to BALB/cByJ mice [483]. In particular, the
finding of a smaller corpus callosum was associated with low sociability when
compared to C57BL/6J mice [485]. Genetically speaking, BALB/cJ mice
carry thirty copy number variations that are not found in BALB/cByJ mice.
In addition, genetic variation between both strains has been found in twenty
genomic regions but only the variation in the gene coding for Glyoxalase 1 was
replicated [484, 486]. This enzyme converts methylglyoxal and glutathione to
S-lactoyl-glutathione and has previously been associated with autism and affective
disorders [487].
In this study, we have identified reduced GABA signalling as a possible mechanism
underlying the top-down regulation of aggression in the ACC. To come to this
result, we have used a novel combination of multidisciplinary experimental
techniques: behavioural phenotyping, mRNA expression data analysis and
validation, and proton magnetic resonance spectroscopy. This research adds to
our knowledge about the top-down control of aggression in animals, and in this
way, it provides clues towards new drug targets in humans.
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EXPERIMENTAL PROCEDURES
Animals
The experimental group involved male 10-11 week-old BALB/cJ (Charles
River, UK), 10-11 week-old BALB/cByJ (Charles River, France) and 8-weekold C57BL/6J mice (Charles River, France). BALB/c mice (22-30g) were singlehoused after arrival. C57BL/6J mice (20-26g) were housed in groups of five. Only
male mice were used in order to prevent possible oestrous cycle interferences.
Mice were maintained on a 12h light/dark cycle (60 lux light intensity). Food
and water were provided ad libitum. All experiments were carried out in the darkphase under red light conditions with the exception of the elevated plus maze test
(200 lux light intensity). No experiment was carried out within the first hour after
the transition between light and dark cycles. All experimental procedures were
approved by the Committee of Animal Experiments of the Radboud University
Medical Centre (project number: DEC2013-235), Nijmegen, The Netherlands.
Behavioural experiments
Cohort 1: Animals (n=10 per substrain) were tested for different behavioural
aspects. The animals were tested in two separate sub-cohorts (1a and 1b), each
containing five animals per substrain. The resident-intruder test was performed on
days 7-11. Twelve days later, all animals were scanned in the magnetic resonance
scanner. Directly after the scanning, brains of cohort 1a were frozen on dry ice
and stored for later mRNA analyses while the brains of cohort 1b were collected
in 10% formalin in 0.1M PBS.
Cohort 2: Animals (n=10 per substrain) were tested in the resident-intruder test
on days 7-11. Three days later, day 14, anxiety was assessed in the open field test.
On day 16, animals were tested on the elevated plus maze.
Resident-intruder test
In order to assess the level of aggression in BALB/c mice, the resident-intruder
test was conducted in the home cage of the resident. All residents were housed
individually for one week during which the cages were not cleaned. Animals were
brought to the experimental room one hour prior to the test. C57BL/6J mice
were randomly assigned to being the intruder of the BALB/cJ or BALB/cByJ.
At the start of the experiment, the intruder animal was placed in the home cage
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of the BALB/c mouse separated by a Plexiglas transparent screen that allowed
visual, auditory and olfactory perception. After a period of five minutes, the
screen was removed and social interaction was enabled for a maximum period of
10 minutes or five minutes following the first attack. This test was repeated for
five consecutive days and every day, a new unfamiliar intruder was encountered.
Videos of the interactions were acquired with an infra-red high-speed camera
(GigE, Basler AG, Ahrensburg, Germany) with a frame rate of 25 frames per
second. Attack latencies were determined for all testing days whereas only the
fifth day was assessed for detailed behavioural analyses, since aggression levels
were found stable at that stage. Animals that did not attack received an attack
latency score of 600 seconds. Aggressive behaviour (e.g. number and positioning
of bites, number of attacks) was examined using The Observer XT (Noldus,
Wageningen, The Netherlands). Only clear individual bite events were scored.
The whole repertoire of aggressive behaviours (e.g. bites, attacks, lateral threats,
tail rattles) was scored in addition to the position of bites (examples can be found
in Figure S1). Aggression scores of one BALB/cJ mouse were more than two
times the standard deviation lower than the average and were excluded from the
analysis as a behavioural outlier.
Open field test
To investigate whether aggression is linked to anxiety behaviour, an open field
test was performed. Locomotion activity was quantified using a 55 x 55 x 36
cm activity chamber (made by our laboratory). Animals (n=10 per group) were
brought to the experimental room in darkness one-by-one, and were placed in the
centre of the field (27.5 x 27.5 cm) where locomotion activity was then recorded
for five minutes. The arena was divided in four quadrants in which the connected
centre points of all quadrants formed the centre of the field. The total time in the
centre zone, outside the centre and time spend near the walls was measured as
well as the frequency of centre visits. The latency to leave the centre was used as an
indication of non-explorative behaviour (immobility). Reduced velocity, distance
travelled and frequency of centre visits were used as indications of locomotor
activity and anxiety behaviour. The arena was cleaned with 70% alcohol between
tests. Videotapes of the locomotion activity were examined using Ethovision XT9
(Noldus, Wageningen, The Netherlands).
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Elevated plus maze test
In addition to the open field test, the elevated plus maze was used as measure
of anxiety. Animals (n=10 per group) were brought to the experimental room
in darkness and one-by-one. The elevated plus maze (Noldus, Wageningen, The
Netherlands) consisted out of two open (36 cm x 6 cm (lxw)) arms and two
closed (36 cm x 6 cm (lxw), modelled with 15 cm high walls) arms emanating
from a common central platform (6 cm x 6 cm (lxw)) was placed 60 cm above the
ground. Animals were placed in the centre of the maze with the head facing the
closed arms and activity was recorded for five minutes. The maze was cleaned with
70% ethanol between tests. Videotapes of the locomotor activity were examined
using Ethovision XT9 (Noldus, Wageningen, The Netherlands). The times spent
in the open and closed arms were examined as a time ratio. The time ratio (RT)
is the time spent on the open arms (TO) / total time spent on both closed (TC)
and open arms (TO). RT=TO/(TO+TC). In addition, also the frequency of
transition between the arms, the total distance travelled and the velocity were
measured. One BALB/cJ that froze throughout the whole experiment in the
centre of the maze was excluded from the analysis.
mRNA expression data analysis and molecular landscape
building
In order to investigate the genetic differences behind the behavioural phenotypes
of BALB/cJ and BALB/cByJ mice, we analysed publically available microarray
expression data (Affymetrix mouse genome 430 2.0 array). Data that derived from
samples of whole brain of 10-12 week old naïve male BALB/cJ (n=4) and BALB/
cByJ (n=5) mice from the dataset “Public Inbred Mice” (dated 09/12/2007)
was obtained from PhenoGen Informatics (https://phenogen.ucdenver.edu/
PhenoGen) University of Colorado, Colorado, USA). No pooling of the samples
occurred and quality control was completed. Expression data was processed with
GeneSifter and Bonferroni-corrected for multiple comparisons. Through the
approach that was previously used for a number of neurodevelopmental disorders
[234-236], we then used Ingenuity Pathway Analysis (QIAGEN Bioinformatics,
Redwood City, California, USA) and an extensive literature search to construct a
molecular landscape of the mRNAs that were found to be differentially expressed
in the brains of BALB/cJ mice (see Table S1). The landscape was made using the
drawing program Serif DrawPlus version 4.0.
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RNA isolation and quantitative polymerase chain reactions
(qPCRs)
We aimed to confirm the findings from the microarray data in our own
behaviourally phenotyped cohort of animals. Therefore, we sliced frozen brains
of mice (n=5 per substrain) from cohort 1 in sections of 150 µm with a cryostat
(LEICA Biosystems, Nussloch, Germany). Punches from OFC (bregma 3.08 –
2.10), ventral ACC (vACC; area 24) (bregma 1.10-0.26), and dorsal ACC (dACC;
areas 24’) (bregma 0.26--0.94) and DMS (bregma 1.54--0.10) were collected in
RNAlater (Thermo Fisher Scientific Inc, Waltham, Massachusetts, USA). The
RNeasy kit (QIAGEN, Germantown, Maryland, USA) was used to isolate total
RNA from the punches. cDNA was created according to the manufacturers’
manual (BIOLINE SensiFAST, London, UK) and diluted 10 times with RNase
free water. Primers for housekeeping genes (Thermo Fisher Scientific, Eindhoven,
The Netherlands) and genes specifically chosen to confirm findings from the
microarray analysis and molecular landscape (Integrated DNA Technologies,
Leuven, Belgium) (Table S2). All primers, used in our experiments, have a high
level of purity and quality, and their validity is guaranteed by both companies for
the conditions in which we used them experimentally. These primers were used
for the qPCR analysis (Rotorgene, QIAGEN, Germantown, USA) using SYBR
green (BIOLINE SensiFAST, London, UK) according to the manufacturers’
guidelines. Normalization of the data was performed according to the delta ctmethod, using the formula 2^-dct, with GAPDH and beta-actin as housekeeping
genes, as the expression of these genes was tested using GeNorm with a M < 1.5,
meaning expression was stable.
Proton magnetic resonance spectroscopy
Magnetic resonance (MR) experiments were performed a week after the last
resident-intruder test. The experiments were performed using an 11.7T BioSpec
Avance III small animal MR system (Bruker BioSpin, Ettlingen, Germany)
equipped with an actively shielded gradient set (600 mT/m) and Paravision 5.1
software. Animals were anesthetized by isoflurane (3.5% for inductions and 2%
for maintenance) and placed in a stereotactic device in order to immobilize the
head. Breathing frequency was monitored throughout the MR experiment and
body temperature was maintained at 37.5°C using a continuous warm air flow
(SA Instruments, Inc., Sunny Brook, NY, USA). A circular polarized volume
resonator and an actively decoupled mouse brain quadrature surface coil were
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employed as transmit and receive coils, respectively. Gradient echo (GE) T2*weighted images covering the entire mouse brain were acquired in three orthogonal
directions to serve as anatomical references for spectroscopy voxel localization.
Metabolite concentrations in the ACC, DMS and OFC were quantified by single
voxel 1H MRS using PRESS sequence (TR/TE=2500/11.6ms, 400 acquisitions,
TA≈17min) with a voxel size of 2.74µL for ACC and OFC and a size of 3.37µL
for DMS. Variable pulse power and optimized relaxation delays (VAPOR)
were employed for suppressing water signal. For all spectra, a water spectrum
was acquired in the same voxel (without suppressing water signal) to serve as a
reference. Metabolite concentrations were calculated using LCModel software in
which a Cramer-Rao lower bound (CRLB) <20% was considered as acceptable
quality. Metabolite concentrations are reported as ratios to total creatine (tCre)
levels, as these levels were found to be identical in our animal models.
Statistics
The data is presented as mean ± standard error of the mean. Calculations were
performed using IBM SPSS Statistics 23. Normality of data was determined with
the Kolmogorov-Smirnov test. Normal distributed variables were evaluated with
independent student t-tests, while Mann-Whitney U-tests for two independent
samples were used for the non-normally distributed variables. Expression data
was Bonferroni-corrected for multiple comparisons. Attack latencies over five
days were assessed with the repeated measures ANOVA, without additional posthoc testing. All used tests were two-tailed tests or one-tailed in the case of a clear
expectancy. In order to reveal the relationships between the factors underlying
aggression, we utilized Pearson correlations. Microarray expression data was
processed with GeneSifter and Bonferroni-corrected for multiple comparisons.
Graphs were created with GraphPad Prism 5.03.
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RESULTS
Increased aggressive and antisocial behaviours
After a week of individual housing, aggression was examined in BALB/cJ and
BALB/cByJ mice, through the resident-intruder test. On the first day, more
BALB/cJ mice (17 out of 19) attacked than BALB/cByJ mice (8 out of 20). On
the fifth day, all BALB/cJ mice attacked and the majority of BALB/cByJ (13
out of 20) did this as well. Throughout the entire test period of 5 days, attack
latencies were shorter in BALB/cJ as compared to BALB/cByJ mice (F1,37=9.938,
p=0.003, Figure 1A).
Attack latencies on the first day were significantly lower in the BALB/cJ mice,
indicating higher reactive aggression (U37=110.5, p=.022). This pattern continued
until the last day. BALB/cJ mice attacked approximately twice as often as BALB/
cByJ (t37=2.318, p=.007), and displayed less threat behaviour (U37=87.0, p=.049,
n=39) (Figure 1B, Table 1). However, the frequency of distal threat behaviour,
defined as tail rattles, was increased in BALB/cJ compared to BALB/cByJ mice
(U37=103.5, p=.013, Table 1).
Significantly more bite events occurred in interactions with the BALB/cJ mice
(t37=4.579, p<.001, Table 1). The majority of the bites by both strains were
directed to the back of the intruder animals but 1/4 bites of the BALB/cJ on
the intruder were in aberrant places (U37=37.5, p< .001, Figure 1C). In 22%
of the bites, BALB/cJ mice targeted the belly, which happened mostly during
submissive upright postures of the intruders, while BALB/cByJ mice targeted the
belly in only 9% of the bite events.
The exploratory behaviour of these animals was assessed in the open field test.
BALB/cJ mice showed a longer period of immobility in the centre of the field
(U18=22.0, p=.035). Some animals did not leave the centre of the field and
displayed a vigilant posture for the whole testing period (Figure 1D, E). Unlike
BALB/cJ mice, BALB/cByJ animals did not show immobility and explored the
whole field. BALB/cByJ returned frequently to the centre of the field (t18=-6.903,
p<.001) and spent more time in the centre (t18=-3.954, p< .001, while BALB/cJ
rarely returned to the centre and spent only a shorter time in that zone (Table 1).
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A - Attack latency

B - Threat / Bites

C - Bite positions

D - Open field test

3

E - Freezing in center

Figure 1. Aggressive and anxiety-related behaviour (A) Attack latencies were shorter in BALB/cJ
mice during all five days of resident-intruder testing (B) The ratio of bites that were accompanied
with threat behaviour was found lower in BALB/cJ mice. (C) The positions of the bites were
expressed as a percentage of the total number of bites per individual animal. BALB/cJ mice attacks
targeted more often vulnerable body parts (neck, face, belly). (D) Open field locomotor tracings
show decreased exploratory behaviour in BALB/cJ mice (E) The time spent immobile in the centre
of the open field was ±1.5 minute for BALB/cJ mice. Error bars represent SEM. *p < .05, **p <
.01, ***p < 0.001.
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In addition, BALB/cJ mice travelled less (t18=-4.045, p<.001, Table 1) with a
lower velocity (t18=-3.941, p<.001, Table 1). Furthermore, a negative correlation
was found when the number of bites in the resident-intruder was plotted against
the distance travelled in the open field, indicating that the most aggressive animals
were the least exploratory (r=-0.69, p<.001). No difference was found in the time
spent in the periphery between the two substrains. To rule out possible effects of
the order of testing, i.e. aggression prior to anxiety test, the opposite order was
assessed in an independent cohort. In this cohort, BALB/cJ mice behaved similar
as in the cohort that was tested on aggression prior to the anxiety test.
However, it seems that BALB/cByJ mice explore more when they are tested on
anxiety before aggression, creating an even bigger difference between the two
substrains (Figure S2A-C). On the elevated plus maze, BALB/cJ mice spent 90%
of the time in the closed arms (U17=8.0, p=.003, Table 1). No difference was
found between the two strains in the total distance travelled through the maze
and the number of transitions between open and closed arms (Table 1).
Table 1. Additional behavioural differences between BALB/cJ and BALB/cByJ mice

Substrain

BALB/cJ

BALB/cByJ

Latency to first attack (s)

41.42 ± 11.70*

243.0 ± 14.87

Number of bites

25.68 ± 3.088***

9.10 ± 1.965

Number of tail rattles

6.474 ± 1.099*

2.950 ± 0.9907

Number of attacks

13.42 ± 1.632**

7.65 ± 1.867

Centre visits in open field

9.2 ± 2.38***

35.9 ± 3.05

Time spent in centre (s)

27.35 ± 10.06***

78.21 ± 8.02

Aggressive behaviour

Open field measures

Distance travelled in open field (cm) 1108 ± 205.98***

2076 ± 121.92

Velocity in open field (cm/s)

14.16 ± 0.83
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Table 1. Continued

Substrain

BALB/cJ

BALB/cByJ

Distance travelled on elevated plus
maze (cm)

1249 ± 39.23

1110 ± 11.98

Velocity on elevated plus maze
(cm/s)

4.34 ± 1.12

3.77 ± 0.132

Ratio time spend on open arms

0.108 ± 0.032**

0.445 ± 0.081

Time present in closed arms (s)

253.87 ± 9.89**

155.62 ± 23.24

Transition between open and closed
arms

10.33 ± 3.98

13.0 ± 1.80

Elevated plus maze measures

3

Data for each behaviour are mean ± SEM. *p < .05; **p < .01; ***p < .001

Altered GABA signalling underlying aggression
In order to uncover the molecular pathways/signalling cascades that are
underlying aggression, a hypothesis-free approach was followed through the
analysis of publically available mRNA expression data from the brains of BALB/
cJ and BALB/cByJ mice. Thirty-three unique mRNAs with a Bonferronicorrected p< .05 were found differentially expressed between whole brain samples
of the strains (see Table S1). Solute carrier family 12, member 5, Kcc2 (also
known as Slc12a5), was the most upregulated mRNA (22.43-fold) in BALB/cJ
mice. Among the downregulated mRNAs, glutamate decarboxylase 2 (Gad2),
a GABA-synthesizing enzyme, had the lowest p-value. Canonical pathway
analysis of the list of differentially expressed mRNAs with Ingenuity Pathway
Analysis revealed Glutamate Dependent Acid Resistance, Glycerol-3-phosphate
shuttle and GABA receptor Signaling to be the three most significantly enriched
pathways (Table S3) and GAD2 was present in all three pathways. Within the
‘Physiological Systems Development and Function’ category, enrichments with
the lowest p-values were found for Nervous System Development and Function.
In the category ‘Molecular and Cellular Functions’, Molecular Transport was
most enriched. The top three upstream regulators of our list were Neuroligin
2 (NLGN2), ST8 alpha-N-acetyl-neuraminide alpha-2,8-sialyltransferase 2
(ST8SIA2), and A kinase (PRKA) anchor protein 5 (AKAP5). Based on the IPA
findings and an extensive literature search, we constructed a molecular landscape
that contains 22 of the 33 differentially expressed mRNAs/proteins from our list.
This landscape is shown in Figure 2.
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Figure 2. Molecular landscape based on publically available microarray mRNA expression
data and mRNAs validated through qPCR. Signalling in the landscape takes place in the tripartite
synapse, with involvement of pre- and postsynaptic neurons and astrocytes. GABA synthesis,
trafficking and release is the main signalling cascade in the presynaptic neuron. An elaborate
description of all protein interactions in this landscape is provided in Supplementary Information
S1.

In short, signalling in the landscape takes place in the tripartite synapse, with
involvement of pre- and postsynaptic neurons and astrocytes. GABA synthesis,
trafficking and release is the main signalling cascade in the presynaptic neuron.
Glutamate (GLUT) is converted into GABA by GAD2 (see above). Vesicular
GABA Transporter (VGAT) transports GABA into presynaptic vesicle and
potassium voltage-gated channel subfamily Q member 2 (KCNQ2) upregulates
its expression. Synaptotagmin II (SYT2) and protein tyrosine phosphatase,
receptor type, S (PTPRS) are located in the presynaptic vesicle membrane and
promote vesicle trafficking and fusion to the membrane where after GABA is
released into the synaptic cleft. GABA in the synaptic cleft binds to GABAA
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receptors (GABA ARs) at the postsynaptic membrane. Activation of GABA ARs
is indirectly promoted by G protein-coupled receptor 39 (GPR39) as zinc (Zn2+)
molecules bind to this membrane-located receptor, which results in the activation
of KCC2, a chloride and potassium pump, which is upregulated by NLGN2 and
in turn activates the GABA ARs. In addition, GABA from the synaptic cleft is
taken up by the GABA transporter (GAT), into astrocytes and neurons. In the
mitochondria of astrocytes (and neurons, not shown), GABA is then degraded to
succinate semialdehyde (SSA) by 4-aminobutyrate aminotransferase (ABAT). An
elaborate description of all protein interactions in this landscape is provided in
Supplementary Information S1.
Local decrease in GABA caused by increased degradation in the
ACC
Based on the molecular landscape described above, we hypothesized that GABA
signalling would be altered in the brains of BALB/cJ mice. We tested this
hypothesis in two ways. First, 1H-MRS was performed in three brain areas that
are involved in the top-down control of aggression, namely the OFC, ACC and
DMS. Locally in the ACC, a 40% decrease in GABA metabolite concentration
was found in the BALB/cJ mice (t10=-3.298, p= .008, Figure 3A). In the OFC and
DMS, no differences in GABA concentrations were found between substrains.
Metabolite concentrations for glutamate and glutamine did not change in the
three brain areas (Figure 3B, C).
A

B

C
Figure
3. Magnetic resonance spectroscopy (A) GABA metabolite concentrations were found
40% lower in the ACC of BALB/cJ mice. (B)
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C

Figure 3. Continued (C) glutamine levels were similar between substrains in the ACC, DMS and
OFC. Error bars represent SEM. *p < .05. Abbreviations: ACC, anterior cingulate cortex; DMS,
dorsal medial striatum; OFC, orbitofrontal cortex.

Second, following the 1H-MRS experiment, brains were isolated and the same
three brain areas were evaluated for gene expression changes by quantitative
polymerase chain reaction (qPCR) in order to confirm that the observed decrease
in GABA metabolite concentration in the ACC corresponds to gene expression
changes that are only present in the ACC as well. As, due to technical limitations,
we couldn’t distinguish between the ventral ACC (vACC) and dorsal ACC
(dACC) in the MR approach, we decided to make this distinction in the qpCR
experiments, i.e. we punched and isolated RNA from both the vACC and dACC
separately, as depicted in Figure 4A.
Based on the microarray data (showing Gad2 as the most significantly
downregulated mRNA, see above) we first tested whether expression of Gad2 was
indeed downregulated in the ACC but not in the OFC and DMS. Quantitative
PCR revealed no differences between BALB/cJ and BALB/cByJ mice in the
amount of Gad2 mRNA in the vACC, DMS or OFC, but a trend towards
increased Gad2 expression was found in the dACC (t7=2.294, p=.083) (Figure
S3A). Subsequently, we hypothesized that the observed, ACC-specific decrease
in GABA metabolite concentration could be the result of a downregulation of
the other GABA synthezing enzyme (that was not found among the significantly
differentially expressed mRNAs in the microarray data), i.e. Glutamate
decarboxylase 1 (Gad1). However, qPCR revealed no differences between BALB/
cJ and BALB/cByJ mice in the amount of Gad1 mRNA in all three areas (Figure
S3B). As we did not find a significantly downregulated expression of Gad2 and
Gad1 in the ACC (nor the DMS and OFC), we subsequently hypothesized that
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an increase of the GABA-degrading enzyme (Abat) would result in a reduced
concentration of GABA (metabolites) in the ACC. Indeed, we found a 20-fold
increase of Abat expression in the vACC (t5=7.273, p=.001) while the 5-fold
increased expression of Abat in the dACC did not reach significance (t7=2.154,
p=0.102) (Figure 4B).
As the animals from cohort 1a that we used to perform the qPCR experiments
were sacrificed shortly having been exposed to anaesthesia - which can have an
effect on mRNA expression [488] - we repeated the qPCR of Abat expression in
independent cohorts of BALB/cJ and BALB/cByJ that had not been exposed to
anaesthesia and we were able to confirm the upregulation of Abat expression in
the vACC of BALB/cJ mice (p<.05; Figure S4).
Postsynaptic increase of Kcc2 and possibly regulatory role of
Nlgn2
As indicated above, we found additional evidence for the main finding from our
microarray data-based molecular landscape, i.e. that GABA signalling is altered
in the brains of BALB/cJ mice, and more specifically that the reduced GABA
metabolite concentration in the vACC of these mice is due to a markedly increased
expression of the GABA-degrading enzyme Abat. Furthermore, the molecular
landscape points towards a possible postsynaptic compensatory mechanism for
this decrease in GABA signalling in that the expression of Kcc2 - a chloride
and potassium pump that activates GABA A Receptors (which would provide
compensation for the reduced GABA levels at the synapse) - was found be 22fold increased in the brains of BALB/cJ mice. Therefore, we performed a qPCR
of Kcc2 expression in the ACC to ascertain whether this mechanism actually
compensates for the observed decrease in GABA metabolite levels. We found that
Kcc2 mRNA expression was 2.2-fold increased in the vACC in BALB/cJ mice
(t6=2.497, p=.047) but not in the dACC (Figure 4C).
Lastly, the upstream regulator analysis of the differentially expressed mRNAs that
we performed (see above) suggested a regulatory role for NLGN2. Therefore,
we hypothesized that an altered expression of Nlgn2 in BALB/cJ mice could
provide a (partial) explanation for the observed differences in expression of the
mRNAs that it regulates. We observed decreased Nlgn2 expression in the dACC
of BALB/cJ mice (t7=-2.722, p= .030) (Figure 4D). Further, a trend was found in
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the negative correlation between Nlgn2 mRNA expression in the dACC and the
number of attacks (r=-0.56, p=0.059), i.e. the lower the expression of Nlgn2, the
higher the number of attacks (and vice versa). This is in keeping with the literature
in that it has been reported that overexpression of Nlgn2 reduces aggression in rats
[330, 500] and further suggest a role for Nlgn2 in the modulation of aggression.
A

D

C

B

D

#

Figure 4. mRNA expression levels of Abat, Kcc2 and Nlgn2 in the anterior cingulate cortex.
(A) Quantitative polymerase chain reactions were performed on RNA obtained from animals that
were tested for aggression in the vACC and dACC. (B) Abat mRNA expression was higher in
vACC of BALB/cJ mice. (C) mRNA expression of Kcc2 was higher in BALB/cJ mice in the vACC.
(D) A trend towards decreased Nlgn2 mRNA was found in the dACC of BALB/cJ mice. Error
bars represent SEM. # p < .10, *p < .05, **p < .01. Abbreviations: vACC, ventral anterior cingulate
cortex; dACC, dorsal anterior cingulate cortex.
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DISCUSSION
This study aimed to identify the molecular mechanisms underlying the cortical
control of aggressive behaviour in the BALB/cJ mouse model and by combining
multidisciplinary techniques. We constructed a molecular landscape based on
publically available mRNA expression data and we attempted to confirm the
main findings from this landscape in a separate and independent cohort of BALB/
cJ and control, BALB/cByJ animals. A disturbed balance between excitation and
inhibition in the ACC or OFC was hypothesized to underlie aggressive behaviour
[479] and we found supportive evidence for this in BALB/cJ mice. BALB/cJ mice
display an aberrant pattern of aggression, i.e. ignorance of submissive behaviour
of the intruder mice (with an increased number of belly targeted bite events as the
outcome), directing attacks to vulnerable body parts of the intruder and attacking
despite lack of threat behaviour before the bite attack.
We continued aggression testing until stable levels of aggression were observed
and we found that a larger proportion of BALB/cJ mice showed initial aggressive
behaviour compared to BALB/cByJ mice. Therefore, it needs to be considered
that BALB/cJ mice were more experienced in aggressive interactions, which
could have influenced their aggressive phenotype due to a repeated victory
effect [144]. This pathological behaviour was associated with a decreased GABA
concentration, specifically in the ACC of BALB/cJ mice. This is in coherence with
other studies that used positive allosteric modulators, such as benzodiazepine,
allopregnanolone and alcohol, which consistently found an inverse correlation
between brain levels of GABA and aggression in several species (as reviewed by
[489]. A more recent study in female patients with attention-deficit hyperactivity
disorder (ADHD) investigated the relation between GABA and aggression in
the anterior cingulate cortex using 1H magnetic resonance [490]. Interestingly,
similar to what we found in BALB/cJ mice, reduced levels of ACC GABA were
found, that were negatively correlated with aggression scores.
Furthermore, in the same ADHD patients these lower ACC GABA levels were
also strongly associated with high inattention scores, which indicates an important
role for the regulation of attention in addition to control of anger [490]. Since
the ACC has a profound function in the regulation of attention processing, this
may also be altered in BALB/cJ mice. In this respect, preliminary research done
by our group revealed an attentional deficit in BALB/cJ mice in the five-choice-
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serial-reaction-time-task measured by increased omissions [491]. That being said,
whether inattention is (partially) driving aggression in BALB/cJ mice needs to be
investigated further.
It could be hypothesized that a disinhibition of the ACC, by lower local GABA
levels, would reduce the control of other brain areas involved in top-down
control of aggression, i.e. the amygdala, hypothalamus and the periaqueductal
gray matter [3]. As a possible result, decreased sensitivity to reinforcement signals
(e.g. error detection) in BALB/cJ mice may have influenced decision making
and thereby control of aggressive behaviour. On the other hand, disinhibition of
the ACC may have caused an overly responsive basic threat circuitry (amygdala
– hypothalamus – periaqueductal gray matter), which may have influenced the
likelihood of BALB/cJ mice to respond to a threat with aggressive behaviour, as is
found in youth with conduct problems and low callous-unemotional traits when
presented a fearful face [67]. Whether these brain areas are also affected in their
activity in BALB/cJ mice still needs to be investigated. Additionally, it needs to
be considered that a change in GABA signaling can have an effect on multiple
other neurotransmitters, e.g. the dopaminergic and serotoninergic pathways
[109]. For example, GABAergic interneurons commonly express dopamine D2
receptors and GABA is also involved in the innervation of magnocellular arginine
vasopressin neurons [492, 493]. Thereby, it was found that GABAergic neurons
and dopamine D2 receptors interact in the lateral anterior hypothalamus of
hamsters in relation to aggression control [494].
The observed lower levels of GABA in the ACC of BALB/cJ mice could possibly
be explained by an increased degradation of GABA by Abat [495]. High Abat
expression was particularly detected in the vACC but also in the dACC. The
vACC is mainly involved in reward expectation and affective decision making
based on reward and punishment [496]. In contrast, the dACC is involved
in pain sensitivity and in error detection [59-62]. Correct error detection will
provide sensitivity to social feedback and seems to be altered in BALB/cJ mice.
Interestingly, reduced pain sensitivity was found in BALB/cJ mice, suggesting
that GABA signalling in the ACC is also affecting this behavioural output [491].
Furthermore, the dACC is involved in skeletomotor control during fear tasks
and avoidance and may play a role in the immobility observed in the open field
test. In addition, we found a negative correlation between the number of bites
in the resident-intruder test and the distance travelled in the open field, i.e.
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the most aggressive animals were the least exploratory (p < .001). This may
indicate that heightened aggression observed in BALB/cJ mice may be related
to anxiety. Whether there is a causal relationship still needs to be investigated
further. Interestingly, an article by Neumann et al., 2010 stated there was
impressive evidence for an overlap in the regulating systems of aggression and
anxiety on neuroendocrine and neurochemical level, and therefore a strong
correlation between aggression and anxiety behaviors [497]. Altogether, altered
GABA signalling in the ACC can possibly cause weak or poor error detection and
affective decision making in the BALB/cJ mice resulting in increased aggressive
behaviour.
In addition to decreased GABA concentrations, the observed increased Kcc2
expression in the same brain area may result in neuronal hyperpolarization by
activating GABAA receptor responses [498]. We predicted that Ngln2 would be
the main regulator that would influence this cascade. Ngln2 has been linked
to aggression before, i.e. decreased levels of Ngln2 in the hippocampus were
found in aggressive mice and rats [468, 499, 500]. Moreover, overexpression of
Ngln2 by viral hippocampal injection decreased the level of aggressive behaviour
significantly [468]. We found a trend towards an inverse correlation between
Nlgn2 mRNA expression in the dACC with the number of attacks by the BALB/
cJ mice, which may add to a role of Nlgn2 in aggression modulation. Although
we were able to construct a molecular landscape based on the mRNAs that are
differentially expressed between BALB/cJ and BALB/cByJ mice, not all mRNA
expression changes could be confirmed through qPCR. In this respect, it needs
to be considered that these data were obtained from a public database containing
mRNA expression of whole brain tissue. Therefore, it may well be that other
brain areas that are known to express high levels of Gad2 (e.g. the olfactory bulb,
hypothalamus – Allen brain atlas: brain-map.org) would better reflect these
expression changes than the areas tested in our experiments. Another explanation
could be that the animals used for the microarray RNA expression analysis were
naïve whereas our animals were subjected to the behavioural tasks, which may
have altered gene expression as well. Both ABAT and KCC2 were not previously
identified as significantly associated candidate genes in two independent human
genome wide association studies (GWASs) of aggression (or related disorders)
[501, 502]. One reason may be that these GWASs used biological material
obtained from blood or saliva while our findings may be brain (area)-specific.
Interestingly, a preliminary re-evaluation of the GWAS data [502]by our group
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showed that, rs16831128, a SNP located approximately 30kb upstream of GPR39
yielded a p-value of 5.46E-06 for association with conduct disorder, which is
considered significant in this context. Activity dependent zinc receptor signalling
by the G-protein coupled receptor GPR39 is shown to directly enhance KCC2
activity [503, 504], suggesting that the mechanisms we found in the BALB/cJ
mouse may be implicated in the aetiology of human aggression as well.
In this study, we investigated the involvement of areas responsible for the control
of emotional processing in aggression. We generated and found supporting
evidence for a novel GABA signalling-centred molecular landscape underlying
aggression in animals. Follow-up experiments should be performed to extend this
exploration to other areas. New experiments may also be undertaken in order to
explain the observed large increases in Kcc2 and Abat expression. In addition,
new pharmacological treatments targeting either KCC2 or ABAT could be
developed and tested, since both proteins represent excellent novel drug targets
for aggression. For example, inhibition of Abat by gamma-vinyl GABA (GVG)
and valproate acid has been shown to reduce aggression in isolation-housed rats
after injection in the olfactory bulb [505]. Further, it would be worthwhile to
examine the expression of Abat and Kcc2 in the ACC in other animal models
of aggression in which GABA signalling is altered, such as the escalated alcoholheightened aggression model [506].
In this study, we have used a multidisciplinary approach utilizing diverse
experimental techniques (e.g. MRS, microarray expression data, molecular
landscape building, behavioural analyses and qPCR) to provide evidence that
the top-down regulation of aggression in BALB/cJ mice may involve losses of
inhibitory GABAergic control, in part mediated by increased GABA catabolism.
Future studies should investigate if inhibition of Abat exerts anti-aggressive
actions.
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SUPPLEMENTARY MATERIALS
Supplementary tables
Table S1. Identified genes from microarray data with a corrected p-value <. 05.

Transcript

Mouse gene

FC

P

Corr P

1425337_at

Slc12a5 (Kcc2)

22.42

3.45E-07

1.55E-02

1429859_a_at

Arl2bp (Bart)

13.39

1.61E-08

7.25E-04

1421181_at

Nptxr (Npr)

9.96

1.08E-07

4.88E-03

1436571_at

Otud3

5.61

3.34E-09

1.51E-04

1438363_at

Pnmal2

5.22

6.24E-07

2.81E-02

1451795_at

Tom1l2

4.76

4.64E-07

2.09E-02

1425659_at

Tom1l2

4.6

1.08E-06

4.85E-02

1450451_at

Spock2

4.39

6.12E-10

2.76E-05

1421368_at

Scrt1

4.29

9.22E-07

4.16E-02

1417112_at

Arl2bp (Bart)

4

1.64E-07

7.38E-03

1416204_at

Gpd1

3.81

7.05E-07

3.18E-02

1429894_a_at

Mtap7 (Map7)

3.57

7.32E-07

3.30E-02

1420418_at

Syt2

3.56

8.43E-07

3.80E-02

1438686_at

Eif4g1 (Eif4g)

3.52

4.33E-07

1.95E-02

1425748_at

Diras1

3.34

2.50E-08

1.13E-03

1417238_at

Ewsr1

3.31

3.47E-07

1.57E-02

1438309_at

Acvr1c (Alk7)

2.94

1.67E-07

7.54E-03

1451457_at

Sc5d

2.87

7.25E-07

3.27E-02

1424564_at

Rtfdc1

2.86

2.95E-07

1.33E-02

1421980_at

Kcnc3

2.78

4.38E-07

1.97E-02

1426795_at

Ptprs

2.46

3.48E-07

1.57E-02

1452526_a_at

Pax6

2.19

1.36E-07

6.12E-03

1417882_at

Slc39a3 (Zip3)

2.07

1.04E-06

4.68E-02

1417427_at

Rnaseh2c

1.85

6.16E-07

2.78E-02

1417000_at

Abtb1

1.66

7.92E-07

3.57E-02

1426335_at

Kcnq2

1.5

6.12E-07

2.76E-02

1439197_at

Pi4kb

1.46

2.28E-07

1.03E-02
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Transcript

Mouse gene

FC

P

Corr P

1430382_at

4833413G10Rik

-1.23

5.67E-07

2.56E-02

1419353_at

Dpm1

-1.29

9.25E-07

4.17E-02

1419121_at

Tpmt

-1.41

3.87E-07

1.75E-02

1460701_a_at

Mrpl52

-1.45

3.37E-07

1.52E-02

1429589_at

Gad2

-1.47

1.56E-08

7.06E-04

1455074_at

Efcab1

-1.49

6.14E-07

2.77E-02

1417814_at

Pla2g5

-2.19

1.09E-06

4.90E-02

1424594_at

Samd4a (Samd4)

-2.23

1.04E-06

4.70E-02

Table S2. Primerlist

Gene name

Forward primer

Reverse primer

Gapdh

gtgtgaaccacgagaaata

gttgtcatggatgacctt

β-actin

cgtgaaaagatgacccagatca

agacgcatacagggacaacaca

Gad1

tacaacctttggctgcatgt

tgagtttgtggcgatgctt

Gad2

tcttggctgtagctgacatctg

cgagacatcagtaaccctcca

Nlgn2

ccaaagtgggctgtgacc

ccaaaggcaatgtggtagc

Kcc2

agcgtgtgtccgtgtgcgagtg

ttgttgagcatggtggctgcgc

Abat

ccttcatgggtgctttcca

caaaggaagggatgtcaatcttg

Table S3. Prediction of (a) upstream regulators, (b) canonical pathways, (c) physiological systems
development and function, (d) molecular and cellular functions, based on the list of genes presented
in Table S1.

a. Top Upstream Regulators

p-value

Target gene

NLGN2

1.40E-03

GAD2

ST8SIA2

2.80E-03

PAX6

AKAP5

4.20E-03

KCNQ2

b. Top Canonical Pathways

p-value

Genes

Glutamate Dependent Acid Resistance

2.98E-03

GAD2

Glycerol-3-Phosphate Shuttle

4.47E-03

GPD1

GABA Receptor Signaling

4.49E-03

GAD2, KCNQ2

176

Anterior Cingulate Cortex GABA is Associated with Aggression
Table S3. Continued

c. Physiological Systems
Development and Function

p-value

Molecules

Nervous System Development
and Function

6.62E-04

KCNC3, KCNQ2, KCC2, TPMT,
ZIP3, GAD2, SYT2, PLA2G5, PI4KB

Skeletal and Muscular
Development and Function

6.62E-04

KCNC3, PAX6, KCC2, SC5D

Tissue Morphology

1.17E-03

PTPRS, SC5D, PAX6, ALK7,
PLA2G5, MAP7, TPMT, GAD2

d. Molecular and Cellular
Functions

p-value

Target gene

Molecular Transport

5.67E-04

KCNC3, KCNQ2, KCC2, TPMT,
ZIP3, GAD2, SYT2, PLA2G5,PI4KB,
PAX6

Cell Cycle

1.49E-03

PAX6, Ewsr1

Cell Morphology

4.20E-03

PAX6, ALK7, MAP7, DIRAS1, SC5D,
GAD2, EIF4G1, PTPRS
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Supplementary Figures
Neck bite

Back bite
Ear of intruder

Back of intruder

Back of intruder
Belly bite
Face of intruder

Belly of intruder
Figure S1. Example of bite positions in resident-intruder test. From upper left to upper right to
bottom left: neck bite, back bite, belly bite.
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Figure S2. Open field test in independent cohort. Anxiety was assessed in an independent cohort
prior to aggression testing (A) The frequency of centre visits was reduced in BALB/cJ mice in
comparison to BALB/cByJ mice. (B) BALB/cJ mice spent a longer time immobile in the centre of
the field compared to BALB/cByJ mice. (C) More distance was traveled by BALB/cByJ mice than
by BALB/cJ mice. Error bars represent SEM. *p < .05, ***p < .001.

Figure S3. mRNA expression levels of Gad2 and Gad1. Quantitative polymerase chain reactions
for Gad2 (A) and Gad1 (B) were performed on RNA obtained from animals that were tested for
aggression in the vACC, dACC, DMS and OFC. No difference was found in the expression in all
tested areas. Error bars represent SEM. Abbreviations: vACC, ventral anterior cingulate cortex;
dACC, dorsal anterior cingulate cortex; DMS, dorsal medial striatum; OFC, orbitofrontal cortex.

179

Chapter 3

Figure S4. mRNA expression level of Abat in independent cohort. Quantitative polymerase
chain reactions were performed on RNA obtained from animals, that were tested for aggression,
without exposure to anaesthesia, in the vACC. Higher levels of Abat mRNA expression was found
in BALB/cJ mice compared to BALB/cByJ mice. Error bars represent SEM. *p < .05. Abbreviations:
vACC, ventral anterior cingulate cortex.
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Supplementary information S1: Molecular landscape description
In the description below, all proteins corresponding to the mRNAs that are
differentially expressed between BALB/cJ and BALB/cByJ mice (publically
available microarray data, PhenoGen Informatics (University of Colorado, USA)
are indicated in bold. These mRNAs/proteins are blue in Figure 2, and they have
a coloured border to indicate whether they are upregulated (green border) or
downregulated (red border) in the brains of BALB/cJ mice. Proteins/molecules
that have been previously linked to aggression but do not appear in our list of
differentially expressed mRNAs are orange in Figure 2 and also indicated in bold
in the description below. Signalling in the landscape takes place in the tripartite
synapse, with involvement of pre- and postsynaptic neurons and astrocytes.
Below, we have described all protein interactions depicted in the landscape,
ordered by cell type.
Presynaptic neuron
GABA synthesis, trafficking and release is the main signalling cascade in the
presynaptic neuron. Glutamate (GLUT) is converted into GABA by GAD2
[663]. NLGN2 indirectly activates GABA production by upregulating GAD2
expression [468]. VGAT transports GABA into presynaptic vesicle and KCNQ2
upregulates its expression [664, 665]. SYT2 and PTPRS are located in the
presynaptic vesicle membrane and promote vesicle trafficking [666, 667]. Further,
PTPRS activates NFKB that in turn upregulates GAD2 expression and also
regulates the expression of TPMT, a drug-metabolizing enzyme [668-670]. The
presynaptic vesicles are further transported to the neuronal membrane through
TOM1L2 that is bound to the clathrin-coating on the surface of the vesicles
[671]. With the help of SYT2, the vesicles then fuse with the membrane and
GABA is released into the synaptic cleft [672].
Postsynaptic neuron
The main signalling cascade in the postsynaptic neuron centers around GABA
signalling. GABA from the synaptic cleft binds to GABAA receptors (GABA
ARs). The activation of GABA ARs is indirectly promoted by GPR39 as zinc
(Zn2+) molecules bind to this membrane-located receptor, which results in the
activation of KCC2 [503]. KCC2, a chloride and potassium pump, is upregulated
by NLGN2 and activates the GABA ARs [498, 673]. KCC2 also activates the
GLUT receptor GRIA1 [674] that is involved in regulating synaptic plasticity
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through binding and interacting with NPR in the membrane of postsynaptic
neurons [675].The extracellular growth factor BDNF regulates GABA AR
activity and inhibits KCC2 [676, 677]. Molecular transport of Zn2+ and K+ ions
outside of the neuron is achieved by ZIP3 and KCNC3 (see below), respectively
[678, 679]. In the cytoplasm, the PTEN kinase activates ABTB1 [680] but
inhibits GABA AR, cytoplasmic STAT3 and the nuclear transcription factor
HNF4A [681-683]. In turn, HNF4A (up)regulates RTFDC1 in the nucleus,
the cytoplasmic proteins EWSR1, MAP7 and PI4KB, and the membrane
transporter KCNC3 [684]. The membrane protein ALK7 activates cytoplasmic
SMAD3, which then translocates to the nucleus where it binds STAT3, after
which the SMAD3-STAT3 complex activates HNF4A and inhibits PAX6 [685692]. In addition, the ion channel BART increases tyrosine phosphorylation and
hence activation of STAT3 [693]. Lastly, cytoplasmic SAMD4 activates 4EBP1
which in turn inhibits the translation initiation factor EIF4G through protein
cleavage [694-697].
Astrocyte
GABA from the synaptic cleft is taken up (again) by its transporter, GAT, into
astrocytes and neurons [698]. In the mitochondria of astrocytes (and neurons,
not shown), GABA is then degraded to succinate semialdehyde (SSA) by ABAT
[699, 700].
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ABSTRACT
Cognitive flexibility is needed to react swiftly to constantly changing environments
and demands and the motivation to change behavior is highly dependent on the
expectancy of a reward or punishment. Decreased sensitivity to negative feedback
and increased reward seeking is often found in individuals with conduct disorder
(CD) with high callous unemotional traits, which may result in increased risktaking and poor decision-making. Previous studies have modelled traits associated
with CD (i.e. heightened aggression and anti-social behavior) in BALB/cJ mice
in comparison to the inbred substrain, the BALB/cByJ mouse. Based on these
findings, we hypothesized reduced negative feedback-related cognitive flexibility
to be present in BALB/cJ mice.
The effect of negative feedback and reward sensitivity on cognitive flexibility of
BALB/cJ and BALB/cByJ mice was examined in a reversal learning paradigm.
BALB/cJ mice were more flexible in the acquisition of new contingencies under
rewarding conditions compared to BALB/cByJ mice, while the presence of an
aversive punishing stimulus decreased their learning performance. Additionally,
BALB/cJ mice needed a higher amount of correction trials to reach criterion
which was accompanied by a higher rate of perseverance, which could be a sign
of impaired error detection. The addition of a second punishment seemed to
enhance punishment sensitivity in BALB/cJ mice. In contrast, the performance
of the BALB/cByJ mice, was not affected by negative feedback.
These results support the view that BALB/cJ mice can be considered to be less
sensitive to learn from negative feedback. This animal model provides an excellent
opportunity for the discovery of novel neural and molecular mechanisms to
remediate negative feedback insensitivity in CD patients.
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INTRODUCTION
Cognitive flexibility is crucial for adapting to a changing environment and
constantly switching demands. Impairments in executive functions such as
flexibility are found in many psychiatric disorders such as psychopathy [39,
63]; conduct disorder (CD) [507]; obsessive-compulsive disorder [508, 509];
schizophrenia [510, 511], autism spectrum disorder [512] and bipolar disorder
[513, 514]. The motivation to adapt behavior when the environment changes can
either be driven by the expectation of a rewarding situation or by the threat of a
possible negative experience (e.g. punishment). Differential sensitivity towards
rewarding and punishing cues have been found in youth with high levels of
callous and unemotional (CU) traits [63]. These youth have an altered rewarddelay gradient on gambling tasks and make quicker decisions, particularly after
punishment, compared to participants with lower CU traits [39]. In risk-taking
tasks, youth with CU traits exhibit an increased tendency to choose immediate
rewards despite the possibility of receiving a punishment [63]. Assessment of
sensitivity to negative feedback is relevant to the utility of punishment-strategies
in efforts to rehabilitate juvenile and adult criminal offenders.
An increasing number of rodent studies have deployed touchscreen-based systems
for operant behavior in order to model cognitive flexibility [193-197, 515]. Here,
a classic visual discrimination test can be equipped in order to conditionally
reinforce a simple rule (one correct stimulus (S+) and an incorrect stimulus (S-)
[194, 516, 517]. After acquiring this simple rule, the contingency is reversed,
making the old S- stimulus the new S+ and vice versa. The rate and the speed
with which the subject can switch from the pre-reversal to the post-reversal rule
is an indication of cognitive flexibility and its maintenance is indicative of habitformation. In order to test the effect of negative feedback-related and rewardbased learning, some studies have utilized the probabilistic form of the reversal
learning task [518, 519]. Correct responses in rodents are punished based on a
certain probability factor (e.g. in the form of a time-out period), which enables the
estimation of sensitivity to negative feedback. In some human studies incorrect
responses are rewarded as well. However, in mice feedback in the probabilistic
reversal learning task is often exclusively given in the form of punishing correct
responses and not by rewarding incorrect responses [520].
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We have modeled aspects of CD and CU traits in an animal model, namely the
inbred BALB/cJ mouse. Our previous data established that these mice display
higher levels of aggressive and antisocial behavior, including rule breaking,
compared to closely related inbred sub-strain, the BALB/cByJ mouse [191, 484,
521]. These albino strains, originating from the BALB/c mice, were separated in
1935 and have since been inbred to near isogenic, but different substrains. BALB/
cJ mice show aggressive and anxious behavior, and are sensitive to certain chronic
antidepressant treatments [483]. Since impaired punishment or also called
negative feedback-related learning is a clear phenotype associated with CU traits,
we sought to investigate this in the BALB/cJ and BALB/cByJ mice substrains. To
evaluate negative feedback-related learning, a mild aversive condition, in the form
of a loud tone or a tone in combination with a glaring white bright screen, was
added to the touchscreen reversal learning paradigm originally described [196].
This enables the study of both reward and negative feedback in a touchscreenbased task of cognitive flexibility. By examining this in two genetically related
mouse strains we aimed to test the hypothesis that negative feedback -related
learning is impaired in BALB/cJ mice, by answering the following research
questions 1) if there is a difference in how cognitive flexibility (as measured by the
number of trials to criterion) is influenced by negative feedback-related learning
and reward between BALB/cJ and BALB/cByJ mice? 2) will negative feedbackrelated learning affect error detection (as measured by the number of correction
trials) in BALB/cJ and BALB/cByJ mice? An answer to these questions would
open up new avenues for the study of the neural and molecular mechanisms that
underline reward and negative feedback-related learning.
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MATERIALS AND METHODS
Animals
This experiment used two substrains of the inbred BALB/c mice strain: BALB/
cJ and BALB/cByJ mice (The Jackson Laboratory, USA). From each substrain
16 male animals were used. Mice were 8 weeks old and weighed between 22 and
29 g upon arrival and were maintained at 90-95% of the free-feeding weight
throughout the experiment. Water was available ad libitum and sawdust bedding
was provided including some nesting material and an igloo as enrichment.
Animals were housed individually inside a scantainer (Scanbur Technology,
Karlslunde, Denmark) under a reversed light-dark cycle (lights off at 07:30 h).
The temperature was controlled and maintained at +/- 23°C. The experiments
reported herein were performed in compliance with the ethical guidelines of the
Dutch Ministry of Agriculture (DEC2013-235).
Behavioral apparatus
Behavioral testing for the reversal learning was conducted in eight Bussey-Saksida
mouse touchscreen operant chambers enclosed with Sound Attenuation Cubicles
(SAC) (Campden Instruments LTD, Leicestershire, United Kingdom). Chambers
were controlled by WhiskerServer® and ABET II software.
Reversal Learning
The investigator was blinded to which animals belonged to either the BALB/
cJ or BALB/cByJ substrain. The physical appearance (age, color, posture, size,
average weight) was similar between BALB/cJ and BALB/cByJ, therefore the
investigator could not distinguish between the two substrains. Reversal learning
was assessed in two steps. First, the animals were pre-trained during which they
learnt that touching the touchscreen results in a reward according as previously
described by Horner et al, 2013 [195]. The pre-training started with a series
of habituation sessions in which the mice learned to collect the food reward
(20µl condensed strawberry flavored milk). Next, animals were taught the
relationship between offset of a visual stimulus and the delivery of reward in the
“initial touch” phase. A reward was given after touching the stimulus or after
a time period of 30s, accompanied with illumination of the reward magazine.
After reaching criterion, which was for all pre-training stages 30 trials within 60
minutes, animals moved to the “must touch” phase. In this phase, stimulus offset
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was dependent on the mouse touching the screen. The stimulus remained on
the screen until it was touched. After reaching the mentioned criterion, animals
moved to the next phase, which was the “initiate must touch” phase. In addition
to the previous phase, now animals had to initiate a trial by nose poking into the
reward magazine. The pre-training also included a “punish incorrect” phase. In
this phase, when touching the blank location, a 5-second time out with lightson ‘aversive’ stimulus was presented to all animals, to prevent the development
of a side-bias in the chamber. These sessions continued until the mice collected
all rewards. Animals had five sessions per week with 30 trials or a maximum
time of one hour per session. After animals had completed pre-training, mice
were moved to the actual task, which is shown schematically in Figure 1A. This
consisted of the acquisition of a visual discrimination paradigm as following: one
of the stimuli was designated as correct (S+), whereas the other was incorrect (S−).
Horizontal and vertical gratings were randomly assigned as being S+ or S- and the
location was pseudorandomly presented for each trial. The stimuli (see Figure
1B) were not displayed in the same location for more than three consecutive
trials. After a correct response, both stimuli were removed, and a liquid reward
was delivered in the illuminated magazine. After the collection of the reward, a
20s inter-trial-interval (ITI) was initiated.
An incorrect response was followed by lighting of the house light; removal of
both stimuli and a time-out period of 5s in all animals. In addition, the mice
had to perform correction trials in which the same position of the two stimuli
was repeated until the correct stimulus (S+) was chosen. These correction trials
did not add to the total trial number. New trials were initiated by a nose-poke
accompanied with illumination of the reward magazine.
After all animals reached criterion (≥ 80% correct) on two consecutive days,
reward contingencies reversed and reacquisition of the new associations was
started, making the old S- stimulus the new S+ and vice versa. In contrast to
the acquisition phase, half of the group per strain (n=8) was randomly assigned
to receive additional mild negative feedback (from now on referred to as:
punishment) after an incorrect response. The mild punishment consisted of a
2kHz (~85 dB) loud noise for five seconds in the first reversal phase. In the
second reversal a bright white screen (75-100 lux) was added to the 2kHz loud
noise as a further aversive stimulus. The number of trials to reach criterion were
used to provide information on the ability to learn and thus as a measure for
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cognitive flexibility [522].The amount of correction trials was analyzed and used
a measure for error detection . In addition, this measure was used to calculate
the perseveration index (measure for correction errors) by dividing the number
of correction trials by the total number of incorrect responses [196, 516]. The
reward collection latency was retrieved in order to assess motivation. Latencies
to correct and incorrect stimuli were retrieved as a measure for speed of decision
making [196]. The total set of sessions to reach criterion and the sessions needed
to reach 50% accuracy (early phase) and 80% accuracy (late phase) of both the
first and second reversal were analyzed separately.
Statistical Analysis
Based on a power analysis, given an estimated effect size of 1.5, (α= 0.05, β=0.20),
we decided to use 8 animals per substrain per testing condition (either regular or
punishment). Two BALB/cJ mice that were tested under regular conditions, died
during the pre-training and were excluded from the analysis. During the second
reversal, three animals died and were excluded from the analysis of the second
reversal. Normality of all variables examined was assessed using the KolmogorovSmirnov test. Normally distributed data were analyzed with Analysis of Variance
(ANOVA), whereas non-normally distributed were analyzed with nonparametric
Mann-Whitney U-tests and Wilcoxon Signed Ranks Z-tests using SPSS (IBM,
version 22.0). We analyzed all dependent variables with a two factorial ANOVA
design, with substrain and test condition (regular vs punishment) as independent
variable. Post-hoc testing was done with Tukey’s honest significant difference test.
All statistical tests were two-sided. All graphs were created using GraphPad Prism
(version 5.03).
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RESULTS
Here we report if there is a difference in how cognitive flexibility (as measured
by the number of trials to criterion) is influenced by negative feedback-related
learning and reward, and if negative feedback-related learning affected error
detection (as measured by the number of correction trials) in BALB/cJ and
BALB/cByJ mice. All data of the acquisition phase can be found in Table S1 and
an overview of the accuracy over the acquisition phase and the two reversal phases
of the test are depicted for BALB/cJ (Supplementary Figure 1A) and BALB/
cByJ (Supplementary Figure 1B) under regular and punishment conditions.
Acquisition of visual discrimination paradigm
Before the actual start of the reversal learning phase, we investigated during the
acquisition phase whether both strains would be capable of learning the task.
As is shown in Figure 1C both strains showed to be able to learn the visual
discrimination paradigm and distinguished between a rewarded (S+) and a nonrewarded (S-) stimulus.
Animals reached criterion when their score was >80% on two consecutive days
and there was also no difference between the BALB/cJ and BALB/cByJ mice in
accuracy over a maximum of 33 sessions (F(1,28)=0.109; p=0.744; Figure 1C). The
amount of total trials that were needed to reach criteria also showed equal scores
(F(1,28)=0.022; p=0.883). After an incorrect response, the mice had to perform
correction trials in which the same position of the two stimuli was repeated until
the correct stimulus (S+) was chosen. The number of these correction trials for the
two strains showed no differences in this measurement (F(1,28)=0.035; p=0.853).
For both BALB/cJ and BALB/cByJ mice the perseveration index was comparable
during the acquisition phase (F(1,28)=0.030; p=0.865). There was no difference
in the response latency during correct trials between the strains (F(1,28)=1.022;
p=0.321) nor in the latency during incorrect responses (F(1,28)=1.362; p=0.253).
However, the latency to collect the reward after a correct response was significantly
shorter in BALB/cJ mice than in BALB/cByJ mice (F(1,28)=30.954; p<0.001;
Figure 1D). These results indicate that both substrains are able to acquire the task
equally when checking the amount of total trials and correction trials, though the
BALB/cJ mice collected the reward faster.
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Figure 1. Acquisition of visual discrimination paradigm (A) Schematic representation of trials
during the acquisition, first and second reversal phases (B) Horizontal and vertical stripe patterns
were used as the stimuli for the task. (C) Substrains performed similar in the acquisition of the task
as is depicted by the percentage of mice performing sub-criterion over the number of sessions. (D)
BALB/cJ mice were faster in the collection of the liquid reward. *** p < 0.001
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Effect of punishment on cognitive flexibility
After all animals reached criterion, with the maximum of 33 sessions, the
contingencies were reversed and the reversal learning phase started. To test
whether cognitive flexibility is influenced by negative feedback-related learning
and reward, both BALB/cJ and BALB/cByJ mice were trained on the reversal
learning test until criterion (≥ 50% for early phase effects and ≥ 80% accuracy for
late phase effects) at which point they had reached a stable level of performance.
During the first and second reversal, half of the group was punished for incorrect
responses in addition to receiving appetitive reward for correct responding. No
difference was found on the average in accuracy between the test condition and
substrains.
We found an interaction effect between test condition and substrain for the
number of trials to criterion (interaction test condition x substrain: F(1,23)=5.772,
p=0.025). This was caused by a significant higher number of trials to criterion
found in BALB/cJ mice under punishment conditions compared to BALB/cByJ
under regular (p=0.005) and punishment conditions (p=0.013) (Figure 2A) In
contrast to the early reversal phase of the first reversal, BALB/cJ mice needed less
trials than BALB/cByJ mice to reach 80% accuracy (substrain effect: F(1,25)=9.163,
p=0.006), while the average accuracy was higher in BALB/cByJ mice (substrain
effect: F(1,26)=6.234, p=0.019) (Figure 2B).
In general, animals of both substrains that were tested under punishment
conditions needed more trials to reach criterion (test condition effect: F(1,25)=7.329,
p=0.012). In contrast to the first reversal, no difference in the early phase of
the second reversal (Figure 2C). In the second reversal, BALB/cJ needed less
trials to compared to BALB/cByJ (substrain effect: F(1,22)=7.687, p=0.011), in
particular under the regular condition (p=0.042) (Figure 2D). Reward collection
latencies during the first reversal were not different between the test conditions,
however a trend was found towards a difference between the substrains in which
BALB/cJ mice were faster in the collection of the reward (substrain effect:
F(1,21)=3.611, p=0.071). In the second reversal phase, BALB/cJ mice had a shorter
reward collection latency (substrain effect: F(1,23)=8.364, p=0.008) than BALB/
cByJ in particular under regular conditions (p=0.024) (Supplementary Figure
2B). Response latencies in correct and incorrect trials did not differ between the
groups.

194

Modulation of Cognitive Flexibility by Reward and Punishment

Figure 2. Trials to criterion for the early and late phase of the two reversals (A) BALB/cJ mice
under punishment conditions needed more trials to criterion compared to all other groups in the
early phase of the first reversal (B) BALB/cJ mice in general needed less trials than BALB/cByJ mice
in the late phase of the first reversal. In particular BALB/cJ mice under regular conditions needed
less trials than BALB/cByJ mice under punishment conditions (C) No differences were found in
the number of trials to criterion in the early phase of the second reversal (D) BALB/cJ mice in
general needed less trials than BALB/cByJ mice in the late phase of the first reversal. In particular
BALB/cJ mice under regular conditions needed less trials than BALB/cByJ mice under regular
conditions. * p < 0.05; ** p < 0.01

Negative feedback-related learning affects error detection in
BALB/cJ mice
In the early phase of the first reversal, an interaction effect between substrain
and test condition was found for the number of correction trials needed to reach
criterion (interaction test condition x substrain: F(1,25)=5.846, p=0.023). BALB/
cJ mice under punishment conditions needed significantly more correction trials
compared to BALB/cByJ under regular (p=0.001) and punishment conditions
(p=0.001), while BALB/cJ mice under regular condition performed similar as
both BALB/cByJ groups (Figure 3A).
Only a test condition effect was found in the late phase i.e. the addition of the
punishment factor during this reversal learning phase resulted in a significant
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increase in the number of correction trials (test condition effect: F(1,26)=8.231,
p=0.008), in particular in BALB/cJ mice (p=0.048) (Figure 3B). No differences
in the number of correction trials were observed in both the early (Figure 3C)
and late phase (Figure 3D) of the second reversal.

Figure 3. Number of correction trials for the early and late phase of the two reversals (A) BALB/
cJ mice needed a higher number of correction trials to reach criterion in the early phase of the first
reversal. BALB/cJ mice under punishment conditions needed significantly more trials than all other
groups. (B) BALB/cJ mice under punishment conditions needed more correction trials compared
to BALB/cJ mice under regular conditions in the late phase of the second reversal. Although not
reported in this graph, mice tested under punishment conditions needed more correction trials in
general. (C) No differences were found in the number of correction trials in the early phase of the
second reversal (D) No differences were found in the number of correction trials in the late phase
of the second reversal. * p < 0.05; ** p < 0.01.

No difference in the perseveration index was found in early phase of the first
reversal (Figure 4A), while in the late phase there was a clear difference between
substrains. The perseveration index was the highest in BALB/cJ mice (substrain
effect: F(1,26)=7.682, p=0.010, Figure 4B), in particular under punishment
conditions (p=0.046). A trend towards a substrain effect was found in the early
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phase of the second reversal (p=0.051, Figure 4C), which became significant
in the late phase (Figure 4D). An interaction effect between substrain and test
condition was found for the perseveration index (interaction test condition x
substrain: F(1,22)=5.009, p=0.036) in the late phase of the second reversal. BALB/
cJ mice under regular conditions had a higher perseveration index than in the
punishment condition while the perseveration index of BALB/cByJ was lowest in
the regular condition compared to the punishment condition (p=0.048).

4

Figure 4. The perseveration index for the early and late phase of the two reversals (A) no
differences were found between the groups in the early phase of the first reversal. (B) BALB/cJ mice
had a higher perseveration index (correction trials/incorrect responses) than BALB/cByJ in the late
phase of the first reversal. In particular BALB/cJ mice under punishment conditions had a higher
score than BALB/cByJ mice under the same conditions (C) A trend was found towards a higher
perseveration index in BALB/cJ mice in the early phase of the second reversal. (D) An interaction
effect was found between test condition and substrain for the perseveration index in the late phase
of the second reversal. BALB/cJ mice had a higher perseveration index under regular conditions,
while BALB/cByJ mice had a higher score under punishment conditions. In general, BALB/cJ mice
had a higher perseveration index. BALB/cJ mice under regular conditions had a significantly higher
perseveration index than BALB/cByJ mice under the same conditions. * p < 0.05; ** p < 0.01; #
p < 0.10.
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DISCUSSION
In the current study, we tested negative feedback-related learning in a reversal
learning paradigm combined with an aversive punishment condition in the
inbred BALB/cJ mouse. This model is known to display high levels of aggressive
and antisocial behavior [484, 521] and we sought to investigate punishment
sensitivity of BALB/cJ and related low-aggressive substrain BALB/cByJ mice in a
reversal learning paradigm combined with an aversive punishment condition. We
aimed to answer 1) if there is a difference in how cognitive flexibility (as measured
by the number of trials to criterion) is influenced by negative feedback-related
learning and reward between BALB/cJ and BALB/cByJ mice? 2) will negative
feedback-related learning affect error detection (as measured by the number of
correction trials) in BALB/cJ and BALB/cByJ mice?
Early phase cognitive flexibility in BALB/cJ mice is influenced by
negative feedback
In general, when comparing the performance in the late phase of both reversals,
BALB/cJ mice needed less trials to reach criterion, indicating a higher level of
cognitive flexibility compared to BALB/cByJ mice. Further, we found evidence
for reduced negative feedback-related learning in BALB/cJ mice, but not in
BALB/cByJ mice. The addition of a mild ‘punishment’, in the form of a loud
2kHz noise, reduced the performance of BALB/cJ, as indicated by an increased
number of trials and correction trials. Since BALB/cJ mice perform less good
in the presence of the punishment, we could argue that they are less sensitive to
learn from punishment (i.e. increased sensitivity to punishment learning would
suggest that animals would perform (at least) better when they would be at risk of
a possible punishment) [39]. In contrast, no effect of the mild ‘punishment’ was
observed in BALB/cByJ mice, indicating that the punishment has no effect on
their performance and that these animals can change behavior adequately under
punishment conditions. These results point towards a difference in cognitive
flexibility due to differential sensitivity to negative feedback between the two
BALB/c substrains. Note that these differences between the two substrains
discussed above appear not to be due to differences in the ability to learn the
task given a similar number of trials and similar accuracy in the acquisition
phase. BALB/cJ mice tested under punishment conditions needed more trials to
criterion compared to all the other groups in the early phase of the first reversal.
However, this difference was absent in the late phase of the same reversal. This
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could mean that BALB/cJ mice struggled more with the newly introduced
punishment condition in the beginning of the first reversal phase and that the
punishment challenged their cognitive flexibility which they overcame along
the sessions. BALB/cJ mice were faster in the collection of the reward in the
acquisition, but also in both reversal phases, which indicates that they were more
motivated for the reward. The presence of the punishment did not affect the
motivation for the reward in both substrains.
Error detection impairment in BALB/cJ mice
To assess whether negative feedback-related learning affects error detection we
compared the correction errors and the ratio of correction trials to correction
errors, also called the perseveration index [516]. A higher number of correction
trials was measured for BALB/cJ mice under punishment conditions compared to
all the other groups. In particular, the number of correction trials was significantly
higher than the same substrain under regular conditions in both the early and late
phase of the first reversal, suggesting that error detection may be impaired under
punishment conditions. Although BALB/cJ mice still need more correction trials
under punishment compared to BALB/cJ mice under regular conditions, this
effect was not significant in the second reversal. The perseveration index was
higher for BALB/cJ mice compared to BALB/cByJ mice under both reward and
punishment conditions for all phases of both reversals, expect the early phase of
the first reversal. No difference was found between BALB/cJ mice tested under
regular and punishment conditions, which could indicate that the punishment
itself did not affect perseverative responses. However, while we did not observe a
significant difference in the number of correction trials between BALB/cJ mice
under punishment conditions and regular conditions in the second reversal phase,
we still find an interaction effect is found for the perseveration index between
substrain and test condition. Apparently, in this particular phase, BALB/cJ have
less perseverative responses in the presence of the punishment. This may indicate
that the addition of the second punishment, the bright light, may have enhanced
punishment sensitivity in BALB/cJ mice.
Other studies have employed a probabilistic reversal learning paradigm to test
sensitivity to negative feedback and reward [518, 519]. In our study, we choose
to use clear phases of reversal and not reverse the contingency in a probabilistic
manner; as we sought to ascertain the effect of increasing the number and type

199

4

Chapter 4

of negative feedback between the first and second reversals. In the first reversal a
loud 2kHz noise was introduced, and an additional glaring bright screen during
the second reversal phase. By using these methods as negative feedback, we did
not observe anxiety-related freezing under both reward and aversive conditions
in the touchscreen chambers, which we previously observed in BALB/cJ mice in
the open field [521] and as a reaction to air puffs in the tube test (unpublished
data). Besides that, we observed that the reward motivation was not affected by
the punishment, which was what we aimed for. We choose these stimuli based
on a number of studies that have documented that both light [523, 524] and
loud tone [525] stimuli are aversive in mice. One possible reason why BALB/
cByJ mice react differently to negative feedback may be that the value of reward
and punishment is differentially valued than in BALB/cJ mice. The inter-strain
variance in negative feedback-related learning may be influenced by differences
in the perception and value of the aversive stimulus itself. The data on the
perseveration index has provided evidence that BALB/cJ mice are more sensitive
to visual than to auditory feedback, while BALB/cByJ mice maintain a stable
performance. In addition, given that animals under punishment conditions were
just as motivated for the reward as under regular conditions, we don’t see any
indication that fear has driven the response and that we made a proper choice
of punishers for these mouse substrains. However, it needs to be considered that
the “punishers” could also have worked as distracting stimuli in the first and
second reversal. BALB/cJ mice have been found to be less attentive compared
to BALB/cByJ mice in the 5-choice serial reaction time task [491]. Though, no
differences were found between BALB/cByJ mice under the two different test
conditions, indicating that there is no general distraction effect by the mild
aversive stimulus, at least in BALB/cByJ mice. Thereby, one would expect that
the addition of the glaring bright screen would be even more distracting to the
mice. This was not observed in BALB/cJ mice, as their perseveration index even
decreased in the second reversal phase. However, this decrease could also be
caused by a motivation to withhold the response because of the aversive nature of
the combined punishment, which would mean that the combination of the two
stimuli would increase punishment sensitivity. Interestingly, similar to humans,
mice that are more cognitively flexible, are also more prone to the effect of
distractors [526].
Here, we have sought to clarify some of the neurobiological substrates underlying
the ability to learn from punishment-like cues in BALB/cJ mice, though
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previously we have documented that BALB/cJ mice compared to BALB/cByJ
mice show altered behaviour in response to their environment (Jager et al. 2017).
In particular, BALB/cJ mice show increased anxiety in the elevated plus maze
and our observation is that BALB/cJ mice are very defensive in social interactions
(reduced time spent in social zone in the three-chamber task and increased tail
rattles in response to an intruder during the resident intruder task. Taken together,
this may suggest that aspects of the hypothalamic-pituitary-adrenal (HPA) axis
in mediating stress-related responses to the environment may be altered in
BALB/cJ mice. Our data support this in that BALB/cJ mice show a lower blood
corticosterone tone compared to BALB/cByJ mice [491]. Furthermore, the ability
to learn from new contexts depends on both hippocampal and cingulate cortical
processing. BALB/cJ mice show reduced cingulate cortical inhibitory control as
observed by decreased 1H-MRS anterior cingulate GABA levels accompanied by
an up-regulation of GABA catabolism in the same region compared to BALB/
cByJ mice. Interestingly, the cingulate cortex is known to be involved in positive
and negative feedback expectation and affective decision-making [496]. Altered
prefrontal inhibitory control may impact on processing between cingulate cortex,
the amygdala and the HPA axis leading to changes in the ability of BALB/cJ
mice to learn or implement behavioural strategies accompanied by negative
feedback reinforcers. To further examine whether the effects on cognitive
flexibility and the increase in the number of correction trials and perseveration
index are caused by a deficient in error detection in BALB/cJ mice, we performed
the continuous performance task (CPT) in BALB/cJ and BALB/cByJ mice
(publication in preparation). Interestingly, low dose methylphenidate enhanced
the false discovery rate as a metric of error detection in BALB/cJ. Whether
differences in error detection between BALB/c strains would be apparent if the
CPT was performed under punishment conditions is unknown and may merit
investigation. Moreover, it should be acknowledged that biases (side, response
and stimulus) can play a role in influencing the increased number of correction
trials in BALB/cJ mice under punishment conditions but these were controlled
for as far as possible in the current study.
BALB/cJ mice perform worse under punishment conditions (i.e. need more
trials to criterion and need more correction trials) and can be considered to
be less sensitive to (auditory) negative feedback-learning. In human, reduced
negative feedback-related learning is observed in youth with CU traits that may
derive from a failure to orient to the affectively salient aspects of stimuli [64,
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65]. Additionally, CU traits in human patients tend to be positively correlated
with decreased sensitivity to aversive cues, whereas intact reward processing is
observed [37, 63]. Therefore, an analysis of whether CU traits are dimensionally
associated with graded changes in negative feedback sensitivity would be useful
in the human literature. The decreased reward collection latencies in BALB/cJ
mice may represent increased reward sensitivity, activation and motivation in
this substrain relative to BALB/cByJ mice. Interestingly, analogous findings that
those juveniles with conduct disorder with callous unemotional traits are more
reward sensitive similar to that observed in the BALB/cJ mice assessed here offers
an interesting translational perspective [39]. Future studies should focus on the
value of both reward and negative feedback in BALB/cJ and BALB/cByJ mice,
for example, in the progressive ratio test with conditioned punishment as well as
reward to examine the motivation to obtain rewards / avoid punishments. In our
study, we have provided a platform to test strategies to alter negative feedback
conditioning, which may model similar insensitivities in those with high CU
traits. In addition, the reward sensitivity and addiction liability observed in CD
and ADHD is also modeled by the assessment of reward learning in the same
task. The further dissection of the substrates underlying negative feedback-related
learning in BALB/cJ mice may be important for the discovery of novel neural
and molecular mechanisms to remediate negative feedback-related learning in
juveniles with high CU traits and adults with psychopathy.
This study investigated the effects of inter-strain sensitivity to negative feedback
and reward on cognitive flexibility. We found that BALB/cJ mice, previously
reported to share aspects of CD and CU traits (i.e. high aggression, antisocial
behavior), show reduced negative feedback-related cognitive flexibility as
measured by an increased number of total and correction trials in both phases of
the reversal learning. The increased number of correction trials in combination
with a higher perseveration index, indicates reduced error detection in BALB/
cJ mice. The addition of a glaring bright screen to the punishment condition
in the second reversal seemed the enhance punishment sensitivity, specifically
in BALB/cJ mice. Furthermore, increased reward-seeking behavior is found
in BALB/cJ mice indicated by shorter reward collection latencies. In contrast,
the addition of aversive stimuli to the reversal learning paradigm did not affect
the performance of related substrain BALB/cByJ. These results point towards
a difference in cognitive flexibility due to inter-strain variation in sensitivity to
negative feedback.
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SUPPLEMENTARY MATERIALS
Supplementary Table
Table S1. Descriptive of the acquisition phase of the reversal learning for BALB/cJ and BALB/
cByJ mice

BALB/cJ

BALB/cByJ

Accuracy (% correct)

69.78 ± 7.72

69.0 ± 5.22

Number of trials

494.43 ± 268.08

508.69 ± 255.24

Number of correction trials

376.21 ± 259.08

360.56 ± 198.20

Correct response latency

1.71 ± 0.63

1.93 ± 0.57

Incorrect response latency

1.79 ± 0.86

2.22 ± 1.10

Reward collection latency

0.69 ± 0.08

0.90 ± 0.12

Perseveration index

1.73 ± 0.31

1.71 ± 0.20

Values represent mean with standard deviations

Supplementary Figures

4

Supplementary Figure 1. Accuracy curves for all stages (A) Percentage of correct trials of BALB/
cJ mice under regular and under punishment conditions during the sessions of the acquisition
phase (F(1,12) = 1.633 p = 0.225, interaction treatment x substrain: p = 0.277), the first reversal phase
(F(1,12) = 3.108, p = 0.103, interaction treatment x substrain: p = 0.171) and the second reversal
phase (F(1,10) = 1.196, p = 0.300, interaction treatment x substrain: p = 0.244)
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Supplementary Figure 1. Continued (B) Percentage of correct trials of BALB/cByJ mice under
regular and under punishment conditions during the sessions of the acquisition phase (F(1,14) =
2.819, p = 0.115), the first reversal phase (F(1,14) = 2.050 p = 0.174) and the second reversal phase
(F(1,13) = 1.421, p = 0.255), n.s. = not significant

Supplementary Figure 2. Reward collection latency (A) A trend towards a longer reward latency
was found in the late phase of the first reversal for BALB/cByJ mice (B) BALB/cByJ mice had
a longer reward latency than BALB/cJ mice in the late phase of the second reversal. BALB/cJ
mice under regular conditions had a shorter reward latency than BALB/cByJ mice under the same
conditions. * p < 0.05; ** p < 0.01; # p < 0.10.
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ABSTRACT
Dysregulation of executive function (EF) involves alterations in cognitive
flexibility/control and is underscored by learning impairments in
neurodevelopmental disorders. Here, we examine cognitive inflexibility in BALB/
cJ mice (a mouse model showing diminished sociability, increased anxiety and
inattentive behaviour) and closely related “reference” BALB/cByJ mice. We used
an appetitive extinction paradigm to investigate if cognitive flexibility measures
are different between learning acquisition and extinction. The two BALB/c substrains learned to respond to a stimulus in a touchscreen operant chamber, after
which the reward was removed and responses should be inhibited. Both mice
sub-strains showed a different rate of learning while acquiring the task, in which
the BALB/cJ mice were faster learners compared to the BALB/cByJ mice. This
was not observed during the extinction phase, in which the BALB/cJ mice were
able to extinguish responding to unrewarded stimuli equally. Within the BALB/
cJ sub-strain, variation in the ability to inhibit a learnt response was observed
when comparing them to similar grouped BALB/cByJ mice: BALB/cJ animals
that reached the criterion were more reward driven, while BALB/cJ mice failing
to reach the set criterion during extinction processing make more mistakes.
Additionally, the changes observed during acquisition, were driven by animals
not reaching the extinction criterion. Our results suggest that the BALB/c mice
sub-strains may use different strategies to learn during appetitive extinction. This
may be useful in the phenotypic dissection of cognitive flexibility in BALB/c
sub-strains and their mapping on genetic variance revealed by next-generation
sequencing in future studies.
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INTRODUCTION
Executive function (EF) comprises a set of cognitive control processes, mainly
supported by the prefrontal cortex, which regulates lower level processes
(e.g., perception, motor responses). It enables self-regulation and self-directed
behaviour toward a goal, allowing us to select, update and plan motor sequences,
withholding and/or stopping of actions [527]. Furthermore it is also involved in
monitoring and changing behaviour where appropriate; and dividing, switching
and sustaining attention [528]. Dysfunctions in EF are associated with a variety
of psychiatric and neurological disorders and therefore has been shown to be a
promising neuropsychological trait for the understanding of the pathophysiology
of neurodevelopmental disorders, such as autism spectrum disorder (ASD) and
attention-deficit hyperactivity disorder (ADHD)[527]. While the core symptoms
of these disorders seem very different, ADHD and ASD share overlapping
features that co-occur. This co-occurrence of symptoms is supported by clinical,
epidemiological, genetic, neurobiological, and environmental risk factors i.e.
prenatal exposures, familial history and environmental contaminants [529-535].
Moreover, ASD and ADHD also share a dysfunction of top-down inhibitory
control regulating impulsivity and compulsivity [531, 532, 536-539].
Studying inhibitory control has the advantage of dealing with a relatively simple
and straightforward process: the over-riding of a planned or already initiated
action [540]. Deficient inhibitory processes profoundly affect everyday life,
causing cognitive inflexibility/rigidity which is generally detrimental for the
individual as seen in patients with the above mentioned disorders. For example,
failing to inhibit one’s urge to physically harm another person, is not only
detrimental for oneself (i.e. one might end up in prison) but also for the other
person (i.e. sustaining injuries). One way to investigate deficiencies in inhibitory
control and cognitive flexibility in a laboratory setting is the use of an extinction
paradigm [541]. In principle, during the task a behaviour that has previously
been reinforced will no longer be reinforced. This procedure makes the behaviour
ineffective such that it should occur less and less until it eventually stops altogether
(complete inhibition)[196, 542, 543].
Animal models not only allow for investigating cognitive flexibility, but also the
underlying neural substrates. A number of animal models, especially mouse and
rat models, have been tested on cognitive flexibility with discrete differences
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reported [540]. Extending the paradigm to rodents, one can use the appetitive
extinction paradigm, which includes an acquisition phase in which the rodents
are trained to respond to a stimulus followed by the extinction phase, where the
reward will be stopped and inhibition of the behaviour should appear [196]. The
speed and degree of inhibition of the learnt response over time is a measure of
rigidity [196, 544]. It can also provide insight in the decision strategies used to
learn and stop responding to the stimulus.
An interesting model to study this extinction behaviour are the two BALB/c
inbred mice sub-strains: the BALB/cJ and BALB/cByJ. These genetically related
but phenotypically distinct sub-strains show behavioural profiles that resemble
ASD and ADHD symptoms (e.g. social withdrawal and repetitive behaviour
[485, 545-549]. The degree of these behavioural abnormalities differs, however,
between the sub-strains, namely: BALB/cJ mice show higher levels of anxiety
[546, 548, 550] and aggression [192,521,701], and lower social approach and
direct interaction [485, 546, 551-554]. BALB/cJ mice are more reward focused
and unable to learn from mistakes during a visual discrimination task compared
to the BALB/cByJ mice [194, 555]. In addition, BALB/cJ mice demonstrate clear
within sub-strain differences in sociability and empathy-like behaviour [556].
While the mentioned stereotypy and performances on learning in cognitive tasks
have been documented for BALB/c sub-strains, data on extinction behaviour
during an appetitive extinction learning task in these sub-strains has not yet been
characterised.
The touchscreen extinction assay used in this study utilises an appetitive extinction
paradigm from the computerized Cambridge Neuropsychological Test Automated
Battery (CANTAB). The CANTAB utilizes a touchscreen computer interface
rodent paradigm [195, 196, 557] that translates directly to well established
monkey and human touch models [193, 558]. The mechanisms behind extinction
are intricate, its expression presumably contains numerous factors and underlying
processes (e.g., generalization decrement, response inhibition, Pavlovian and/ or
instrumental learning mechanisms) [559], and the interpretation of the results is
complex. Care must be taken as performance during the task has been noted to
be highly dependent on context, making an animal’s distant and recent learning
history influencing the learning and ‘unlearning’ [196]. The ability to learn may
underlie deficits in EF measures. In the context of appetitive extinction, this is
relevant to both the task acquisition and the ability to suppress a previously learnt
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response. The investigation of learning ability in influencing BALB/c extinction
performance may be useful to add to the fuller understanding of the behavioural
repertoire within and between these sub-strains.
In the current study, we sought to compare two BALB/c sub-strains (BALB/cJ
and BALB/cByJ mice) as it is clear that these differ in their social, anxiety and
aggressive phenotype. The ability to learn, process, implement and change rules
is dependent on rule-learning based strategies and requires cognitive flexibility.
Here, we investigated differential effects in these substrains using a reward
based rule-learning task called visual appetitive extinction learning in operant
touchscreens, which also assesses the ability to inhibit non-rewarded behaviour.
We previously observed phenotypical differences within BALB/cJ and BALB/
cByJ sub-strains [549], and hypothesized that changes in the ability to learn and
inhibit rules may in part contribute to within-strain behavioural differences.
Therefore, we also assessed task performance in appetitive extinction between
animals that successfully reached the learning criterion and those that did not
during the extinction phase.
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EXPERIMENTAL PROCEDURES
Subjects
Thirty two male animals, sixteen BALB/cJ and sixteen BALB/cByJ mice (The
Jackson Laboratory, USA), were trained to perform the appetitive extinction
paradigm, of which five died before finishing the experiment (four BALB/cJ, one
BALB/cByJ). Prior to the extinction paradigm, the animals performed a reversal
learning with and without punishment during the task. This prior experience did
not influence the outcome of the extinction paradigm, demonstrated by equal
performance between BALB/c sub-strains at the start of the acquisition phase
(Supplementary Figure 1).
The mice were 8 months old and between 23.5 and 29g body weight when
starting the appetitive extinction paradigm. Their weight was maintained at 9095% of the free-feeding weight throughout the experiment in order to provide
a motivational stimulus to work for the liquid food reward used in operant
conditioning. Water was available ad libitum and corncob bedding (Bio Services
B.V. Uden; The Netherlands) was provided including some nesting material and
an igloo as enrichment. Inside a scantainer, the animals were housed individually
(Scanbur Technology, Karlslunde, Denmark) under a 12h/12h reversed lightdark cycle (lights off at 07:30 h; lights on at 19:30 h). The temperature was
controlled and maintained at +/- 23°C. The experiments reported herein were
performed in compliance with the ethical guidelines of the Dutch Ministry of
Agriculture (Dutch Ethical Committee (DEC) licence number 2013-235).
Behavioural apparatus and training
Apparatus
Behavioural testing for the appetitive extinction learning was conducted in eight
Bussey-Saksida mouse touchscreen operant chambers enclosed with Sound
Attenuation Cubicles (SAC) (Campden Instruments Ltd., United Kingdom
(UK)). The Bussey-Saksida chamber has a unique trapezoidal wall shape to focus
the animal’s attention towards the touchscreen. In front of the touch screen a
mask was positioned with three holes. The reward tray, positioned 2 cm above
the bar floor located opposite to the response holes, was attached to an external
food dispenser equipped to deliver a drop of strawberry milkshake (20 µl) to the
magazine. A stimulus was shown on the screen at the back of the middle mask
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hole. Also, a light was situated within the food magazine. Nosepoke responses
onto the screen and food magazine aperture were detected by a horizontal infrared
beam. Chambers could be illuminated by a houselight, and were controlled by
WhiskerServer® and ABET II software from Lafayette Instruments neuroscience.
Both the chambers and programs used in these experiments originate from
Prof. Bussey and Dr. Saksida, Dept. of Experimental Psychology, University of
Cambridge, UK and licenced to Campden Instruments Ltd., UK.
Appetitive Extinction Learning (AEL)
Acquisition phase
The touchscreen task performed by the animals is the appetitive extinction task
[196]. Animals were first habituated to the touchscreen box as described in the
mentioned article. Then the animals were trained to acquire a simple visually
guided response in order to earn a reward (Figure 1A). During this response
acquisition phase, sessions began with a free reward delivery to the magazine
together with magazine light illumination, indicating that a trial may be initiated.
Trials were initiated by the animal’s head entry into the magazine (turning off
the magazine light and activating a 0.2-s auditory click), in which subsequent
head withdrawal from the magazine initiates presentation of a single, solid white
square stimulus at the central hole on the touchscreen mask. When the animal
touched the stimulus (response), this was removed from the screen, a reward
was delivered and the magazine light and a 1-s tone were turned on. Following
reward collection, the magazine light was turned off and a 5-s Inter-Trial-Interval
(ITI) commences after which a new trial begins. When the animals reached a
criterion of 30 responses out of 30 trials (100% responses) in 12.5 minutes for
five consecutive days, the animals started the extinction phase.
Extinction phase
In the extinction phase, each session contained 30 trials. Each trial began with
a 10-s ITI, after which the single, solid white square stimulus was presented on
the touchscreen (same shape and size as in the acquisition phase; Figure 1B). The
animal did not have to initiate the trial by entering its head into the magazine. The
stimulus was removed either when the animal touched the stimulus (response) or
did not touch the stimulus within a 10-s duration (omission).

213

5

Chapter 5

No rewards or conditioned reinforcers (e.g., tray light or tone associated with
reward delivery) were delivered during this extinction phase. In this phase the
animal was reaching criterion when having ≥23 omissions out of the 30 trials
(≥75% omissions) for two consecutive days. All animals performed 15 sessions
of extinction.

Figure 1. Flowchart of the acquisition and extinction phase. (A) In the acquisition phase the
animal needs to initiate the trial and when touching the stimulus a reward is provided. Picking up
the reward will lead to an inter-trial-interval (ITI) of 5 seconds before the next trial can be initiated.
(B) In contrast, during the extinction phase the trials start automatic and when the animal is
touching the stimulus there is no reward provided. Instead an ITI of 10 seconds will start before
the next trial starts. Created based on the protocol used from [196].

Measures
The primary measures for the acquisition and extinction phase are (i) the number of
sessions and responses to reach criterion which provide information on the ability
to learn and ‘unlearn’ or inhibit responding, respectively [196]. In addition, (ii)
the number of blank touches required to reach criterion and (iii) mean response
rate were examined to provide information on the learning in the acquisition
phase and the amount of inhibition, and therefore the level of flexibility in the
extinction phase. Three latencies were included as an index of reward sensitivity
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and motivation, which likely interacts with rigid behaviour. These latencies are:
(iv) the time to respond to the stimulus (response latency), v) the time to touch
the screen where no stimulus was presented (blank touch latency), (vi) the time
to check the tray for the reward (acquisition phase) or check the food magazine
without reward being delivered (extinction phase) (reward latency). For each of
these latencies the data of the first and final day of acquisition and extinction
were compared as well within and between the two strains to gain insight in the
changes over time in the reward sensitivity and motivation.
For analysis of the acquisition and extinction phase of the appetitive extinction
paradigm, sessions were analyzed (a) within and between sub-strains and (b)
within and between the BALB/c sub-strains that are able to reach (>75% omissions
or <25% responses) and not reach (<75% omissions) the criterion during the
extinction phase. Additionally, these subgroups from the extinction phase
(reaching and not-reaching) were used to analyze data from the acquisition phase
to assess possible effects of the learning ability on extinction (see Supplementary
Table 4, Supplementary Results and Supplementary Figure 6 and 7). This was
examined both between and within the subgroups and sub-strains.
Statistical Analysis
All outcome measures were checked for normality using the Shapiro-Wilks’ test
and a visual inspection of their boxplots. The normally distributed variables
were analysed using independent and dependent Student T-tests. Not normally
distributed data were analyzed with non-parametric Mann-Whitney U-tests
(independent samples) and Wilcoxon Signed Ranks Tests (paired-samples).
Animals that died during the experiment and outliers (±1.5* Interquartile range)
were removed before performing the statistical analysis and FDR correction was
applied for multiple comparisons. All analyses were done using SPSS (IBM,
version 22.0). All boxplots were created using interquartile range (IQR) and both
the boxplots and line graphs were visualized with GraphPad Prism (version 5.03).
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RESULTS
Here we report whether cognitive flexibility is altered in the acquisition and
extinction of a visual appetitive extinction paradigm in BALB/cJ and BALB/
cByJ mice. We further assess if the ability to learn influences underlying impulse
control and appetitive extinction in these sub-strains.
Acquisition: sub-strain performance comparison
The data of the acquisition phase of the touchscreen task can be found in
Supplementary Table 1, starting with our primary measures: number of sessions
(containing maximum 30 trials each) and trials required to reach criterion.
BALB/cJ mice showed a significantly lower total number of sessions (U=49.5;
p=0.020; n=26) as well as total number of responses (trials) to reach the set
criterion (U=50; p=0.039; n=26; Figure 2A). In addition, the BALB/cJ mice
had a lower number of blank touches compared to the BALB/cByJ to reach the
5-day criterion (U=42.5; p=0.033; n=26; Figure 2B), while the mean response
rate between the BALB/c sub-strains was not different (t23=-0.46; p=0.647;
Figure 2C). The lower number of sessions, responses to reach criterion and blank
touches indicates that the BALB/cJ mice learn the task faster and make less errors.
Both sub-strains are able to acquire the task equally well (as seen by the fact that
the response rate is similar).

Figure 2. Acquisition phase of Appetitive Extinction learning comparing BALB/cJ to BALB/
cByJ mice. (A) The total number of responses to reach the criterion of having 30 responses to the
stimulus within 12.5 minutes for 5 consecutive days. (B) The total number of touches on screen
until reaching criterion where no stimulus was present. (C) The mean response rate measured as
the number of response per minute until reaching criterion. Data are presented as medians with
corresponding IQR; *p<0.05.
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Mean latencies (response, reward and blank touch) were examined as measures
of reward sensitivity and motivation in the acquisition phase (Supplementary
Figure 2). For all three latency measures, the BALB/cJ mice showed lower values
compared to BALB/cByJ mice, meaning that they touched faster (response
latency: U=29; p=0.008; n=25), pick up the reward faster (reward latency U=9;
p<0.001, n=24) and touch the screen faster on the locations where no stimulus
is presented (blank touch latency U=36; p=0.025, n=25). These differences were
also observed at day 1 (response latency: t20.36=3.738; FDR adjusted p=0.003,
reward latency: U=4; FDR adjusted p<0.001; n=25, and blank touch latency:
U=15; FDR adjusted p=0.004; n=23) and on the final day of the acquisition
(response latency: U=28; FDR adjusted p=0.022; n=23, reward latency: U=5;
FDR adjusted p<0.001; n=25 and blank touch latency: U=46.5; FDR adjusted
p=0.094; n=25; Figure 3).

5

Figure 3. Latencies during acquisition phase of Appetitive Extinction learning comparing
BALB/cJ to BALB/cByJ mice. For both the first and final day of acquisition when criterion was
reached it shows: 1) The latency to correctly touch the stimulus on the first and final day. 2) The
latency to retrieve the reward after a correct was made. 3) The latency for blank touches. Data are
presented as medians with corresponding IQR; *p<0.05; **p<0.01; ***p<0.001.
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The comparison between the first and final day of acquisition showed that the
BALB/c sub-strains had significant shorter latencies (response latency: Z22=4.107; p<0.001; reward latency: Z23=-3.559; p<0.001; blank touch latency: Z21=3.875; p<0.001 (Figure 3)) by the final day compared to first.
Extinction: sub-strain performance comparison
During the extinction phase, both of the BALB/c sub-strains tested inhibited their
responses and had more omissions over time. This was observed in general over
the course of the 15 sessions accompanied by increases in the number of blank
touches per session (Supplementary Figure 3A and B and Supplementary Table
2). For the primary and additional measures, the data shows that the number of
sessions (U=86; p=0.836; n=27), responses (t24=-0.497; p=0.624; Figure 4A),
blank touches (t25=0.508; p=0.616; Figure 4B) and the response rate (U=77;
p=0.719; n=26; Figure 4C) to reach criterion were not significantly different
between the BALB/cJs and BALB/cByJs. These results indicate that both substrains are able to inhibit the response to the stimulus equally when adjusting for
the number of sessions each animal successfully had.

Figure 4. Ability to ‘unlearn’ during extinction phase of Appetitive Extinction learning
comparing BALB/cJ to BALB/cByJ mice. (A) The number of responses made to reach criterion.
(B) The number of touches on screen were no stimulus was present. (C) The mean response rate
measured as the number of response per minute until reaching criterion. Data are presented as
medians with corresponding IQR.

Similar to the acquisition phase, the mean latencies were analysed as measures
of reward sensitivity and motivation for the extinction phase (Figure 5). The
reward latency showed a significant decrease in the BALB/cJ compared to the
BALB/cByJ (t25=2.965; p=0.007). No differences were found in the other two
latency measures (response latency: t25=0.995; p=0.329 and blank touch latency
t25=1.231; p=0.230).
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Figure 5. Comparison of mean latencies of BALB/cJ and BALB/cByJ mice during extinction
until reaching criterion with a maximum of 15 sessions. From left to right: 1) The mean latency
to respond to stimulus. 2) The latency to check the tray for reward after responding. 3) The latency
for blank touches. Data are presented as medians with corresponding IQR; *p<0.05; **p<0.01;
***p≤0.001.

The latencies on the first day of the extinction phase showed that only the
response latency was different between the sub-strains (response latency: U=19;
FDR adjusted p=0.002; n=26; reward latency: t25=0.177; FDR adjusted p=0.861;
blank touch latency; t24=-0.005; FDR adjusted p=0.996, Figure 6). For the
latencies on the final day (Figure 6), the reward latency showed a significant
decrease (U=38; FDR adjusted p=0.022; n=27), while the response- and blank
touch latency did not differ (U=81; FDR adjusted p=0.877; n=26, t25=1.343;
FDR adjusted p=0.382, respectively). The latencies of the first and last day of the
extinction were compared to see if changes in the extinction phase were observed
over time. All latencies increased during the response inhibition process during
extinction (response latency: Z=-2.704; p=0.007; n=25; reward latency: Z=4.300; p<0.001; n=27; blank touch latency: Z=-3.365; p=0.001; n=26).
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Figure 6. Latencies during extinction phase of Appetitive Extinction learning comparing
BALB/cJ to BALB/cByJ. For both the first and final day of extinction (day 15) it shows: (1) The
latency to touch the stimulus on the first and final day. (2) The latency to check for a reward. (3)
The latency for blank touches. Data are presented as medians with corresponding IQR; *p <0.05;
**p<0.01; ***p<0.001.

Extinction: sub-strain performance comparison based on reaching criterion
During the extinction phase only half of the animals reached the criterion. We
investigated the performance of the animals that reached criterion with the
ones that did not reach it using the data until reaching criteria (for the reaching
group) or of all 15 sessions per animal (for the non-reaching group). The results
of this analysis can be found in Supplementary Table 3. Briefly, we did not
find differences between the sub-strains for the reaching group nor for the not
reaching group (Figure 7).
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Figure 7. Comparison of BALB/cJ and BALB/cByJ mice that reached or not reached the
extinction criterion during extinction phase of Appetitive Extinction learning. (A) The number
of responses made to reach criterion for reaching and not reaching group. (B)The number of
touches on screen were no stimulus was present for the reaching and not reaching group. (C) The
mean response rate measured as the number of response per minute until reaching criterion for the
reaching and not reaching group. Data are presented as medians with corresponding IQR.

Within the reaching group the reward latency was lower in the BALB/cJ mice
compared to the BALB/cByJ mice (t12=-2.826; p=0.015), while the response
latency was decreased in the not reaching BALB/cJ sub-strain (t11=-2.880;
p=0.015). The other latencies did not show any differences (reached: response
t12=0.499; p=0.627, blank touch t12=-0.957; p=0.358, not reached: reward t11=1.387; p=0.193; blank touch t11=-0.704; p=0.496) (Supplementary Figure 4).
The comparison between day 1 and either the reaching day or day 15 can be
found in Supplementary Figure 5 and the Supplementary Results.
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DISCUSSION
The current study investigated the ability to stop responding to a
previously reinforced stimulus in BALB/cJ and BALB/cByJ mice substrains during an appetitive extinction paradigm, in order to examine
the learning (acquisition) of new rewarded behaviour and the ability to
inhibit it (extinction) when the stimulus-reward association is broken.
Our results demonstrate that both sub-strains are able to acquire the task, though
with possible different learning strategies. The speed of acquisition is faster in
BALB/cJ mice compared to BALB/cByJ mice, without a reduction in response
rate to reach criterion. In addition, the latency to respond to the stimulus, collect
the reward and touch the screen on locations where no stimulus was presented,
was shorter in the BALB/cJ sub-strain during acquisition overall and measures
on the first and final day. This confirms and extends our data that BALB/cJ
mice are more sensitive to rewards than BALB/cByJ mice, not only in reversal
learning [555], but also during acquisition of appetitive extinction learning. The
number of blank touches was also lower in BALB/cJ compared to BALB/cByJ
mice in general (including reaching the criterion). This could be interpreted as
a reduced number of mistakes made by the BALB/cJ mice (compared to BALB/
cByJ sub-strains). Together with the shorter latencies, the source of the decreased
number of blank touches may indicate improved error detection, increased cue
sensitivity or salience to the rewarded cue, or decreased impulsivity in BALB/cJ
mice when acquiring the task. The BALB/cByJ sub-strain is, on the other hand,
more perseverative as they have more blank touches throughout the acquisition
phase, i.e. they touch the screen more often where no stimulus is presented.
The BALB/cJ and BALB/cByJ sub-strains showed no difference during the
extinction phase: the performance in response inhibition was equal among all
animals. Both strains increased the number of omissions and blank touches, and
performed with higher latencies over the course of the 15 sessions of extinction.
The same holds for the performance until criterion in the primary and additional
measures. However, the BALB/cJ animals were faster when checking for a reward
(overall and in the last session), which was observed in the acquisition phase
as well. Therefore, it seems that these animals are more reward driven even
though no rewards are provided at all during the extinction phase, meaning
this reward sensitivity of BALB/cJ mice persists over time and in the absence of
reward. Whether this is independent of the reward, reward type or magnitude
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will require additional studies. Interestingly, on the first day the BALB/cJ mice
responded faster to the stimulus, though this difference disappeared over time.
Therefore, the difference in response latency on day one is likely to be caused by
the performance during the acquisition, as a lower response latency was present
in BALB/cJ mice throughout the acquisition phase and disappeared as inhibition
occurred during the extinction phase.
Within the 15 sessions of the extinction phase, approximately (only) half of the
animals per sub-strain reached the criterion. Separating each sub-strain in groups
based on their performance showed that the reward latency difference observed
in the extinction phase was due to the mice reaching criterion (reached <75%
omissions for two consecutive days): the BALB/cJ mice checked for a reward
faster than the BALB/cByJ mice that reached criterion. On the other hand, in
the group that did not reach criterion, the BALB/cJ mice had a shorter session
compared to the BALB/cByJ due to significant faster responses on the first day
and throughout the extinction phase overall (Supplementary Table 3). Taking
these results together, it seems that there are subgroups within the BALB/cJ mice:
BALB/cJ mice that reached criterion are more reward driven, whereas the BALB/
cJ mice that did not reach the criterion, make more mistakes during extinction
compared to BALB/cByJ. Whether this represents an improved ability to stop
responding to previously acquired stimulus-reward associations within the
BALB/cJ mice or the adoption of a different behavioural strategy compared to
the BALB/cByJ mice remains to be clarified.
We have also retrospectively tested whether those reaching the extinction
criterion were different not only during extinction but also during acquisition
in the existing BALB/cJ and BALB/cByJ extinction performance groups
(Supplementary Table 4; Supplementary Figures 6 & 7). In the between
strain (BALB/cJ vs. BALB/cByJ mice) comparison, BALB/cJ mice not reaching
the extinction criterion, were fast learners, made less errors (or made those
errors faster on the first day) and respond faster (both on the first day and
subsequently) when compared to matching BALB/cByJ datasets. In both those
reaching and not reaching the extinction criterion, BALB/cJ mice were clearly
more reward sensitive independent of their ability to inhibit the learnt strategy
in the extinction phase when comparing them to the BALB/cByJ mice. BALB/
cJ mice respond faster to not only reward but also to blank touches. This leads
to the question: is this decrease in latency to respond related to adopting a more
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‘automatic’ strategy where they do not carefully consider their response? It would
be interesting to compare the late phase of reversal learning (which may reflect
habitual responding) between BALB/cJ and BALB/cByJ to evaluate this further.
Taken together, it appears that the non-reaching BALB/c mice drive the observed
effects in the analysis of acquisition data without sub-groups.
In the within strain comparison of the same data, we also compared the acquisition
data of those BALB/cJ mice reaching and not reaching the learning criterion
at the extinction phase. There is a decrease in time to respond (reduced mean
response and reward latencies) in those BALB/cJ mice not reaching the criterion,
which may suggest that they don’t have the ability to inhibit their response due to
the (overly) rapid responses. In contrast, the BALB/cByJ mice that do not reach
the extinction criterion learn slower (as measured by the increase of the number
of sessions and trials needed to reach criterion and the increased amount of time
required per session), i.e. they can learn the strategy but are slower to learn this but
also retain the ability to inhibit these responses. Whether the speed of information
acquisition affects the quality of learning would be worth investigating further.
Examining this in a longer protocol design with more sessions might provide the
opportunity for these BALB/cByJ mice to learn to inhibit these responses.
Our data demonstrate that there are distinctions in learning and extinction
strategies of the BALB/c sub-strains. Our results on extinction add to previous
reports on positively reinforced reversal learning and demonstrate the presence
of behavioural subgroups within the BALB/cJ strain based on their performance
[194]. Many studies to date have reported differential effects in terms of persistent
responding after changes in rules (perseveration) between animals tested in both
reversal learning and extinction [560-564], which is confirmed by our extinction
results. Whether this suggests that these tasks measure different kinds of cognitive
flexibility, which is differentially regulated by other neural / molecular substrates,
has been investigated by others but not completely elucidated [516, 565, 566]. A
possible explanation for the difference between the performance during the tasks
can be that both implement different dynamic adjustments in the occurrence of
reward. Both tasks involve metrics related to response inhibition or inhibitory
control: during reversal learning, two stimuli are involved and subjects must
suppress one response while engaging actively in another to obtain reward. As
a consequence, there remains a strong motivational impulse to respond post
reversal (selective response inhibition or behavioural switching). In extinction,
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however, the subject may simply inhibit the conditional response to a single
stimulus, reflecting the importance of conserving energy when actions no longer
result in reward (general behavioural inhibition) [516, 566].
Deficits with inhibition during an extinction paradigm have been reported in
clinical ADHD and ASD cases [567-569], aspects of which are modelled by
BALB/c sub-strains. Our earlier studies suggest that BALB/cJ and BALB/cByJ
mice perform differently in reversal learning [555], and fear extinction [570,
571]. More specifically, our previous observations were that the BALB/cJ mice
(in contrast to the BALB/cByJ), show perseveration in reversal learning associated
with punishment [555] and this is extended to the appetitive extinction in this
study. Furthermore, results from us and others also show that the BALB/cJ, but
not BALB/cByJ mice, demonstrate reduced social interaction [546, 548, 572].
In the context of our current findings, it may suggest that BALB/cJ mice are
more sensitive to their environment and changes within it. Together with other
unpublished data sets in our laboratory (social conditioned place preference and
three chamber task) and other research, this suggest that the BALB/cJ mouse
model demonstrates some features relevant to autism-related traits [484].
In the current study, data regarding reward latency in the acquisition and extinction
phase was utilized as a metric both of impulsivity and reward sensitivity. This
metric is differentially interpreted by a number of researchers as indicating (i)
the willingness to access the reward and therefore in part reflects how motivated
the animal is for the reward, (ii) the sensitivity of the animal for the reward
cue and (iii) an index of activation. A more thorough dissection of impulsivity,
motivation and reward sensitivity in these strains would be useful. To this end, we
have already tested BALB/cJ and BALB/cByJ mice in the 5-choice serial reaction
time task. No strain-difference in premature responses (an index of impulsivity)
is observed, though decreased reward latencies in BALB/cJ mice persist across
tasks. Assessment of motivation would therefore be a useful next step e.g. in the
progressive ratio schedule task linked to reward. Additionally, while the underlying
molecular substrates of the difference in extinction learning between the BALB/c
sub-strains is unknown, it may be useful to investigate the genetic differences
between them. The breeding of the BALB/c strain into two separate sub-strains
(BALB/cJ and BALB/cByJ), may have introduced errors by producing new alleles
and/or spontaneous mutations. This may underlie the phenotypic differences of
BALB/c sub-strains that are relevant to ASD and ADHD [484]. As such, next
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generation sequencing of the BALB/cJ and BALB/cByJ sub-strains (but not
those tested in operant chambers) has now been performed in collaboration with
others, to identify genetic substrates which underlie the behavioural differences
between BALB/c sub-strains.
In conclusion, we demonstrate that both BALB/cJ and BALB/cByJ mice are
able to learn the association between stimulus and response in the acquisition
of the appetitive extinction task. The strategy used to learn the association by
each of the BALB/c sub-strains may differ, as the BALB/cJ mice acquire this
task more rapidly than BALB/cByJ mice and seem to be more reward driven.
The ability to extinguish a learnt response was comparable between the substrains, but there are variations in their ability to do this within the BALB/cJ
sub-strain. BALB/cJ animals that reached the criterion were more reward driven.
In contrast, BALB/cJ mice failing to reach the set criterion during extinction
show more erroneous behaviour compared to those BALB/cByJ mice that also
fail to reach criterion. Additionally, the animals that did not reach the criterion in
the extinction phase, are driving the changes observed during acquisition. Taken
together, we demonstrate that the ability to learn, as defined by reaching criterion,
influences extinction performance and cognitive flexibility in BALB/c mice.
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SUPPLEMENTARY MATERIALS
Supplementary Tables
Table S1. Descriptive of the acquisition phase of the reversal learning for BALB/cJ and BALB/
cByJ mice

BALB/cJ

BALB/cByJ

Number of sessions*

5.0±0.0 (11)

5.53±0.19 (15)

Number of responses*

150.00±0.0 (10)

165.87±22.4 (15)

Number of blank touches*

7.29±5.7 (12)

12.58±7.2 (14)

Mean response rate

4.92±0.93 (12)

4.78±0.57 (13)

Mean response latency**

2.62±0.94 (12)

3.85±0.98 (13)

Mean reward latency***

0.73±0.09 (12)

0.97±0.15 (12)

Mean blank touch latency*

2.91±1.7 (11)

4.47±1.7 (14)

Day 1 response latency**

5.00±2.1 (11)

10.21±4.8 (15)

Day 1 reward latency***

0.79±0.09 (12)

1.13±0.19 (13)

Day 1 blank touch latency**

3.71±2.1 (10)

8.08±3.4 (13)

Reaching day response latency*

1.41±0.35 (10)

2.17±0.83 (13)

Reaching day reward latency***

0.62±0.08 (11)

0.99±0.32 (14)

Reaching day blank touch latency

1.11±0.89 (11)

2.06±1.34 (14)

Values represent mean with standard deviations. Measures of time and latency are shown in seconds.
Number in brackets represent the sample size. *p<0.05; **p<0.01; *** p≤0.001.
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Table S2. Descriptive of the extinction phase of the appetitive extinction learning for all
BALB/cJ and BALB/cByJ mice

BALB/cJ

BALB/cByJ

Number of sessions*

11.67±3.6 (12)

12.33±3.4 (15)

Number of responses*

180.08±83.9 (12)

166.79±50.9 (14)

Number of blank touches*

27.13±9.2 (11)

28.88±6.1 (15)

Mean response rate

1.8±0.53 (12)

1.6±0.15 (14)

Mean response latency**

4.34±0.4 (12)

4.54±0.3 (15)

Mean reward latency***

11.05±4.8 (11)

13.68±5.1 (15)

Mean blank touch latency*

3.42±0.6 (12)

3.58±0.4 (15)

Day 1 response latency**

2.99±0.4 (11)

3.92±0.7 (15)

Day 1 reward latency***

2.18±0.9 (12)

2.24±0.9 (15)

Day 1 blank touch latency**

2.64±0.8 (11)

2.64±1.1 (15)

Reaching day response latency*

4.50±0.6 (11)

4.26±0.7 (13)

Reaching day reward latency***

8.83±5.8 (11)

18.56±13.1 (15)

Reaching day blank touch latency

3.55±0.9 (12)

3.63±0.8 (15)

Values represent mean with standard deviations. Measures of time and latency are shown in seconds.
Number in brackets represent the sample size. *p<0.05; **p<0.01; *** p≤0.001.
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Table S3. Descriptive of the extinction phase of the appetitive extinction learning for the
BALB/cJ and BALB/cByJ mice that reached versus the mice that did not reach the criterion

BALB/cJ
reached

BALB/cByJ
reached

BALB/cJ notreached

BALB/cByJ
not-reached

Number of
sessions

8.33±1.0 (6)

10.00±3.2 (8)

15.0±0.0 (6)

15.0±0.0 (7)

Number of
responses

111.5±21.2 (6) 136.5±44.3 (8) 248.7±61.4 (6) 207.2±23.8 (6)

Number of
blank touches

255.3±137.5
(6)

268.9±144.3
(8)

403.8±121.8
(6)

462.7±92.4 (7)

Mean response
rate

1.56±0.4 (6)

1.61±0.1 (8)

2.05±0.6 (6)

1.59±0.2 (7)

Mean response
latency

4.52±0.4 (6)

4.39±0.5 (8)

4.06±0.3 (6)*

4.51±0.3 (7)

Mean reward
latency

8.01±3.9 (6)*

14.1±4.0 (8)

8.34±3.5 (6)

12.20±6.0 (7)

Mean blank
touch latency

3.38±0.7 (6)

3.66±0.4 (8)

3.27±0.4 (6)

3.40±0.2 (7)

Day 1 response
latency

3.01±0.3 (5)

3.87±0.8 (8)

2.92±0.4 (6)*

3.97±0.7 (7)

Day 1 reward
latency

2.29±1.1 (6)

2.06±0.9 (8)

2.08±0.8 (6)

2.45±0.9 (7)

Day 1 blank
touch latency

2.52±0.5 (5)

2.51±1.1 (8)

2.76±1.0 (6)

2.80±1.1 (7)

Reaching
day response
latency

4.64±1.1 (6)

4.40±1.2 (7)

4.14±0.3 (6)

4.42±0.9 (7)

Reaching day
reward latency

8.36±12.6 (6)

22.02±13.3 (8) 13.11±11.2 (6) 18.91±9.3 (7)

Reaching day
blank touch
latency

3.71±0.6 (6)

4.48±0.8 (8)

3.26±0.9 (6)

3.34±0.8 (7)

Values represent mean with standard deviations. Measures of time and latency are shown in seconds.
Number in brackets represent the sample size. *p<0.05; **p<0.01; *** p≤0.001.
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Table S4. Descriptive of the acquisition phase of the appetitive extinction learning for the
BALB/cJ and BALB/cByJ mice that reached versus the mice that did not reach the criterion
during the extinction phase

BALB/cJ
reached

BALB/cByJ
reached

BALB/cJ notreached

BALB/cByJ
not-reached

Number of
sessions

5.00±0.0 (5)

5.13±0.35 (8)

5.0±0.0 (6)*

6.00±0.8 (7)

Number of
responses

150.00±0.0 (5) 153.63±10.7
(8)

149.50±1.2
(6)*

180.00±24.5
(7)

Number of
blank touches

43.50±34.1 (6) 54.14±37.2 (7) 28.33±23.2 (6) 71.86±39.8 (7)

Mean response
rate

4.72±1.15 (6)

4.91±0.4 (7)

5.12±0.7 (6)

4.62±0.7 (6)

Mean response
latency

3.23±0.8 (6)

3.66±0.9 (7)

2.01±0.7 (6)**

4.07±1.1 (6)

Mean reward
latency

0.80±0.1 (6)**

1.01±0.1 (7)

0.66±0.04
(6)**

0.92±0.2 (5)

Mean blank
touch latency

3.69±1.9 (5)

4.54±1.7 (7)

2.27±1.2 (6)

4.41±1.8 (7)

Day 1 response
latency

6.32±1.4 (5)

9.22±3.1 (8)

3.90±2.01 (6)* 11.35±6.3 (7)

Day 1 reward
latency

0.81±0.1 (6)**

1.09±0.2 (7)

0.77±0.1 (6)**

1.17±0.2 (6)

Day 1 blank
touch latency

4.51±2.6 (4)

6.58±3.1 (6)

3.19±1.8 (6)**

9.37±3.4 (7)

Reaching
day response
latency

1.50±0.4 (4)

2.40±1.0 (7)

1.35±0.4 (6)

1.90±0.6 (6)

Reaching day
reward latency

0.65±0.1 (5)**

1.00±0.3 (8)

0.61±0.1 (6)**

0.99±0.4 (6)

Reaching day
blank touch
latency

1.39±1.0 (5)

2.11±1.4 (8)

0.89±0.8 (6)

1.99±1.6 (6)

Values represent mean with standard deviations. Measures of time and latency are shown in seconds.
Number in brackets represent the sample size. *p<0.05; **p<0.01; *** p≤0.001.
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Supplementary Figures

Supplementary Figure 1. Survival curve of the percentage of animals in the acquisition phase in
the Appetitive Extinction Learning based on the groups used in the Reversal Learning that was
performed before the Appetitive Extinction Learning. Data are presented as percentages.
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Supplementary Figure 2. Comparison of mean latencies of BALB/cJ and BALB/cByJ mice
over all sessions of acquisition until reaching criterion. From left to right: 1) The mean latency
to respond to stimulus. 2) The latency to check the tray for reward after responding. 3) The latency
for blank touches. Data are presented as medians with corresponding IQR; *p<0.05; **p<0.01;
***p≤0.001.
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Supplementary Figure 3. Comparison of BALB/cJ and BALB/cByJ mice over all sessions of
extinction. (A) The number of omissions per session. (B) The number of blank touches per session.
Data are presented as means with corresponding SEM.
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Supplementary Figure 4. Comparison of mean latencies of BALB/cJ and BALB/cByJ mice
separating them into the mice that reached criterion (A) and the mice that did not reached
criterion (B) during extinction. From left to right: 1) The mean latency to respond to stimulus. 2)
The latency to check the tray for reward after responding. 3) The latency for blank touches. Data
are presented as medians with corresponding IQR; *p<0.05; **p<0.01; ***p≤0.001.
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Supplementary Figure 5. Latencies during extinction phase of Appetitive Extinction learning
comparing BALB/cJ to BALB/cByJ separating them into the mice that reached criterion (A)
and the mice that did not reached criterion (B) during extinction. For both the first and final day
of extinction (reaching day or day 15). From left to right: (1) The latency to touch the stimulus on
the first and final day. (2) The latency to check for a reward. (3) The latency for blank touches. Data
are presented as medians with corresponding IQR; *p<0.05.
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Supplementary Figure 6. Comparison of BALB/cJ and BALB/cByJ mice that reached or not
reached the extinction criterion during acquisition phase of Appetitive Extinction learning
(A) The number of responses made to reach criterion. (B) The number of touches on screen were
no stimulus was present. (C) The mean response rate measured as the number of response per
minute until reaching criterion. Data are presented as medians with corresponding IQR; *p<0.05;
**p<0.01; ***p≤0.001.

235

Chapter 5

A

Latencies Reaching Animals
10

**

time (sec)

8

6

4

2

BALB/cJ
BALB/cByJ

0

Response

B

Blank Touch

Latencies Not Reaching Animals
8

6

time (sec)

Reward

**

**

4

2

0

Response

Reward

Blank Touch

Supplementary Figure 7. Comparison of mean latencies of BALB/cJ and BALB/cByJ mice
in acquisition separating them into the mice that reached criterion (A) and the mice that did
not reached criterion. (B) during extinction. From left to right: 1) The mean latency to respond
to stimulus. 2) The latency to check the tray for reward after responding. 3) The latency for blank
touches. Data are presented as medians with corresponding IQR; *p<0.05; **p<0.01; ***p≤0.001.
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Supplementary Results
Extinction: sub-strain comparison timepoints
The comparison between the BALB/cJ and BALB/cByJ sub-strains during
different time points of the extinction phase day 1 and either the reaching day or
day 15 are shown in Supplementary Figure 5. For the animals that reached the
set criterion, none of the latencies differed (response latency: U=7; FDR adjusted
p=0.114; n=13, reward latency: t12=-0.451; FDR adjusted p=0.660; blank touch
latency: t11=-0.010; FDR adjusted p=0.992). The reward latency on the final day
showed a strong decrease compared to the first day (reward latency: U=7; FDR
adjusted p=0.056; n=14, blank; Supplementary Figure 5A). Overall, comparing
the latencies between the first and reaching day, for the animals that reached
the criterion, showed significant increases for two of the latencies during the
extinction (reward latency: Z=-2.982; p=0.003; n=14; blank touch latency: Z=3.180; p=0.001; n=13), while the response latency was not significantly increased
over time (Z=-1.490; p=0.136; n=12).
Within the group of animals that did not reach the criterion (Supplementary
Figure 5B) the latencies during different time points of the extinction phase
(first day and last day) were compared between the sub-strains. On the first day,
the response latency was significantly higher for the BALB/cByJ sub-strain (U=3;
FDR adjusted p=0.020; n=13). The other measures for the first day (reward
latency: t11=-0.815; FDR adjusted p=0.432; blank touch latency: t11=-0.070;
FDR adjusted p=0.946), and final day latencies (response latency: U=18; FDR
adjusted p=0.668; n=13, reward latency: U=9; FDR adjusted p=0.397; n=13,
blank touch latency: t11=-0.177; FDR adjusted p=0.946) were not different
between the sub-strains in the not reaching group of animals. For these groups
also two latencies were significantly increased when comparing the performance
on the first and final day: response latency (Z=-2.272; p=0.023) and reward
latency (Z=-3.110; p=0.002). The third latency (blank touch) did not increase
significantly (Z=-1.153; p=0.249).
Acquisition: sub-strain performance comparison based on reaching criterion in
extinction
The same subgroups from extinction (reached and not reached) were used to
retrospectively see if there are differences between BALB/c sub-strains during
acquisition. The results of this analysis can be found in Supplementary Table
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4, Supplementary Figure 6 and 7. Firstly, the animals that did not reach the
criterion during extinction, showed the same significant differences as mentioned
in the main text in Acquisition: sub-strain performance comparison. The
BALB/cJ mice that did not reach the criterion during the extinction, needed
less sessions and trials to reach the acquisition criterion (U=6; p=0.035, U=5;
p=0.022, respectively) and a tendency to make less errors was observed, measured
by the amount of blank touches (U=7; p=0.051) compared to the BALB/cByJ.
Furthermore, the BALB/cJ sub-strain showed a decreased mean response latency
(U=2; p=0.009) as well as decreased response latency on the first day (U=5;
p=0.022) and blank touch latency on the first day (U=2; p=0.005), when they
did not reach the extinction criterion. Additionally, the BALB/cJ mice showed
shorter reward latencies on the first and last day and as an overall measure during
acquisition in both the reaching and not reaching group (reached: first day U=2;
p=0.005, last day U=2; p=0.006; overall U=1; p=0.002, not reached: first day
U=0; p=0.002, last day U=0; p=0.002; overall U=0; p=0.004) compared to the
BALB/cByJ.
Within subgroup comparisons during acquisition and extinction
The BALB/cJ mice that reached the criterion during extinction, showed a
significant increase in the mean response latency (U=3; p=0.015) and reward
latency (U=1; p=0.004) in the acquisition phase. There was also a trend towards
significance for a higher blank touch latency (U=5; p=0.082). This means that
the BALB/cJ mice that did not reach the criterion during extinction have faster
responses, pick up the reward faster and make faster errors, as measured by the
blank touches, during acquisition. Within the BALB/cByJ strain, no differences
were found in latencies between the mice that reached the criterion during
extinction and the ones that don’t reach that criterion. However, the BALB/
cByJ mice that reached the criterion during extinction also needed less sessions
(U=10.5; p=0.040) and trials (U=9.5; p=0.029) during the acquisition phase to
reach the criterion of this phase.
The within sub-strain comparison of the extinction phase show that besides
the scores used to determine the reaching of criterion (and related variables:
e.g. number of sessions, trials and responses), also some other variables were
significantly different in both sub-strains. Within the BALB/cJ comparison,
the animals that reached the criterion revealed a lower response rate on day 15
of extinction (U=2; p=0.017) and an increased mean response latency (U=2;
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p=0.009). Furthermore, these animals had a higher response latency on day 15
(U=3; p=0.030) and a similar trend was observed for this measure on the day of
reaching criterion (U=7; p=0.093). Finally, a number of trends were observed
for the BALB/cJ mice that reached criterion: they showed a higher latency to
check the tray (where previously rewards were provided; U=4; p=0.052) and
they touched the screen less where no stimulus was presented (U=6; p=0.065).
For the BALB/cByJ mice only two measures related to the blank touches show
significant differences. The first was the total number of blank touches. This
measure was lower in the animals that reached the criterion (U=7; p=0.014). The
second measure was the blank touch latency on the day that the mice reached the
criterion (or the scores over the 15 days; U=p; p=0.029). This was higher in the
BALB/cByJ animals that reached the extinction criterion.
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ABSTRACT
Overt aggression, increased anxiety and dysfunctional fear processing are often
observed in individuals with conduct disorder (CD) and attention-deficit
hyperactivity disorder (ADHD). Methylphenidate (MPH), a psychostimulant
increasing dopamine and noradrenaline tone, is effective in reducing aggression
in both CD and ADHD individuals. However, it is unclear to which extent these
effects of MPH are dose-dependent. Here, the effects of acute intraperitoneal MPH
(3 and 10 mg/kg) on aggression, anxiety, social behavior and fear extinction were
investigated in BALB/cJ mice. Previous studies in BALB/cJ mice have revealed
high levels of aggression and anxiety that are associated with reduced top-down
cortical control. Administration of 3 mg/kg MPH prolonged the attack latency
and prevented escalation of aggression over time compared to vehicle treated
mice, while 10 mg/kg MPH increased number of bites and attacks. In addition,
3 mg/kg MPH decreased social interaction slightly. A strong anxiolytic effect
was found after administration of both the 3 mg/kg and 10 mg/kg doses in the
elevated plus maze and the open field test. In addition, while vehicle-treated
BALB/cJ animals showed intact freezing, both doses of MPH decreased freezing
to the unconditioned stimulus in a fear-conditioning paradigm. A long-lasting
effect on fear extinction was visible after treatment with the 10 mg/kg dose. The
data support a role for MPH in the regulation of anxiety, fear processing and
aggression in BALB/cJ mice, with the latter effect in a dose-dependent manner.
The findings provide a further context for examining the effects of MPH in
clinical disorders as ADHD and CD.
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INTRODUCTION
Children and adolescents showing aggressive and antisocial behavior is an
increasing socioeconomic and societal problem, mainly due to the persistent
and repeating nature of offences. In particular, heightened levels of aggression
are found in children diagnosed with conduct disorder (CD), whether or not
in combination with attention-deficit hyperactivity disorder (ADHD) [14].
In addition to aggression, these juveniles suffer often from attention deficits,
hyperactivity, impulsivity, increased anxiety and abnormal fear processing [1518]. Finding the right pharmacotherapy remains challenging [20-23].
Current ADHD treatment guidelines recommend the use of methylphenidate
(MPH) as the first-line pharmacological treatment [573, 574]. Reviews and metaanalyses indicated that MPH has moderate to large effects (effect size between
0.69 and 0.9) on aggression in ADHD and CD patients [198, 575]. Conduct
symptoms and aggression observed in young CD patients with co-occurring
ADHD, significantly improve after treatment with MPH, independently of the
severity of ADHD symptoms [576]. Increased aggression can however also be
an adverse effect of psychostimulant treatment, and it is unclear whether this
is dose-dependent [577]. Furthermore, studies addressing the effect of MPH
on anxiety are mixed and may depend on the state anxiety of the individual
[578-581]. In both human and animal studies the dose of MPH appeared to
be related to the behavioral outcome. Inverted U-shape effects were seen after
stimulant treatment in ADHD children, i.e. the low dose improved memory
tests whereas the high dose significantly decreased the performance on the task
[582]. In mice, similarly, a low dose of MPH enhanced fear memory, whereas a
high dose impaired memory [583]. Other studies have shown a positive doseresponse pattern on attention and hyperactivity in children with ADHD [584].
However, this was only in a subgroup of ADHD patients, as it is reported that
children with ADHD without hyperactivity respond better to a low MPH dose,
whereas those without hyperactivity but with higher inattention respond better
to a higher dose [584, 585]. Baseline severity of aggression, anxiety and abnormal
fear processing may play an important role in the modulation of the behavioral
outcome observed in children diagnosed with these disorders.
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Animal models enable us to study the effect of pharmacological interventions
on a range of behaviors in a controlled environment. Most preclinical studies
have shown no effect, some others anti-aggressive effects of MPH [586-588]
and other studies observed anxiolytic effects of MPH [586]. In addition, MPH
was found to improve fear extinction when administered before or immediately
following extinction of contextual fear [589]. However, no preclinical study has
investigated the effect of MPH dose on aggression, anxiety and fear processing/
extinction in the same animal model.
Previous research by our group has focused on the BALB/cJ mouse, an animal
model that shares phenotypic traits similar to those seen in ADHD and CD,
including inattention, increased aggression and reduced social behavior [192,
485, 521]. Furthermore, reversal learning with conditioned punishment revealed
increased reward motivation and decreased punishment sensitivity to be present
in BALB/cJ mice, which could point towards altered DA signaling as well (Jager
et al., submitted). The present study was designed to examine the effect of two
doses of acute MPH administration (3 mg/kg and 10 mg/kg intraperitoneal (i.p.))
on the behavior of BALB/cJ mice in order to answer the following questions:
1) Does MPH affect anxiety and fear extinction? 2) Does MPH affect social
behavior and aggression, and if so, is this dose-dependent? The answers to these
questions will provide insights into the regulation of monoamine tone in the
brain and its influences on anxiety and aggression.

METHODS
Animals
Eight-week-old male BALB/cJ mice (n = 36) (The Jackson Laboratory, United
States of America) and six-week-old C57BL/6J male mice (n = 36) (Charles
River, Germany) were used in this study. Exclusively male mice were used in
order to eliminate possible variation caused by the estrous cycle of female mice.
Upon entry, all mice were provided with a unique tail number. All mice were
housed at the institutional animal facility in an individually ventilated cage (type
2L, TECNIPLAST S.p.A., Buguggiate, Italy) with an igloo as environmental
enrichment and had ad libitum access to water and food. BALB/cJ mice were
housed individually and C57BL/6J in groups of six mice under a reversed light/
dark cycle (12/12h) in a ventilated cabinet, Scantainer (Scanbur, Karlslunde,
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Denmark) with sunset at 7.00 am at a constant temperature of 24±1˚C. All
experimental procedures were approved by the Committee of Animal Experiments
of the Radboud University Medical Centre (project number: DEC2013-235),
Nijmegen, The Netherlands.
Drug administration
Methylphenidate (MPH) (Brocacef, Maarssen, The Netherlands) was prepared
freshly every morning of the testing and dissolved in 0.9% saline. MPH (3 mg/
kg or 10 mg/kg body weight) or vehicle (0.9% saline) was delivered to BALB/
cJ mice (n=12 per condition) 20 minutes prior to testing by intraperitoneal
injection (i.p.). Animals were returned to their housing case until the time of
testing. Injections sides were alternated in order to reduce tissue damage. The
dosage of MPH administered to the mice was based on previous animal studies
that have investigated locomotor activity and cognition in rodents (in details
explained by Pillidge et al., 2016 [590]). The dose of 3 mg/kg resembles the
therapeutic window of treatment of ADHD in humans, while the 10 mg/kg dose
may reflect more the recreational use of MPH [591, 592]. Drug administration
was randomized and experimenters were blinded to the test conditions. The
blinding code was broken after the completion of the data analysis.
Behavioral tests
All behavioral tests were carried out in the same experimental room. The
experimental schedule can be found in Figure 1. Animals were transported in
their cage to the room one hour prior to testing. The order of testing of the
mice was randomized for each of the behavioral experiments. All experiments
were performed in the dark phase under red light conditions, with the exception
of the elevated plus maze, which was performed in the dark phase under dim
light conditions. No experiments were performed within the first hour after the
light/dark transition. To enable testing within the first hours of darkness, the
experiments were performed in three cohorts (3 x n=4 per treatment group).
Only the last cohort (n=4 per treatment group) was tested in the circular corridor.
All animals were given one week to acclimatize to the animal housing facility
prior to behavioral testing.
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Figure 1. Schedule of experimental testing. Timeline of the different experiment using BALB/
cJ mice treated with 3 mg/kg methylphenidate (MPH) i.p., 10 mg/kg MPH i.p. or vehicle (n=12
per group). Experiments were performed in three cohorts of four animals per condition in order to
keep testing within the first hours after darkness. Drug injections were given 20 minutes prior to
the test and are indicated by stars. During the resident-intruder test, animals were injected on day
1 and day 5, whereas during fear conditioning animals were only injected on day 2.

Social cognition test
The effect of methylphenidate on social behavior was assessed in the social
cognition test on day 1 of the experiment. Two wire-mesh cylinders with large
open ventilation holes (lxwxh 10x10x11 cm) were placed upside-down in a clear
observation cage (dimensions 43x50cm) with corn bedding material on the floor,
as shown in Figure S1, An unfamiliar C57BL/6J mouse was placed under a
randomly assigned cylinder. Subsequently, a BALB/cJ mouse was placed in the
middle of the cage and behavior was recorded for five minutes using a high-speed
infrared camera (GigE, Basler AG, Ahrensburg, Germany). Media Recorder
(Noldus, Wageningen, The Netherlands) was used to record these movies. Time
spent in the social zone, which contained the cylinder with the C57BL/6J mouse,
was compared to the time spent in the non-social zone. The frequency and time
that the animals spent sniffing the social and non-social cylinder were analyzed
as well. These behaviors were manually scored with Observer XT (Noldus,
Wageningen, The Netherlands).
Open field
To assess the effect of methylphenidate on anxiety, an open field test was
performed on day 6. Locomotion activity was quantified in a 55 x 55 x 36 cm
activity chamber (made by our laboratory). The animals (n=12 per group) were
placed in the center of the field where locomotion activity was then recorded for
five minutes. The arena was divided into four quadrants in which the connected
center points of all quadrants formed the center of the field and measured 27.5 x
27.5 cm. The total time in the center zone, outside the center and time spent near
the walls was measured as well as the frequency of center visits. In addition, the
latency to leave the center was used as an indication of non-explorative behavior
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(immobility). Reduced frequency of center visits, velocity and distance travelled
were used as indications of locomotor activity and anxiety behavior. The arena was
cleaned with 70% alcohol between tests. Videotapes of the locomotion activity
were examined using Ethovision XT9 (Noldus, Wageningen, The Netherlands).
Elevated plus maze
Anxiety and explorative behavior was assessed in the elevated plus maze 20
minutes after drug administration on day 9. The elevated plus maze (Noldus,
Wageningen, The Netherlands) consisted of two open (36 cm x 6 cm) arms and
two closed (36 cm x 6 cm, modelled with 15 cm high walls.) arms emanating
from a common central platform (6 cm x 6 cm) and was placed 60 cm above the
ground. At the start, animals were placed at the junction of the open and closed
arms with the head facing the closed arms. The behavioral test was performed
in the dark phase under dim light conditions and exploratory behavior was
videotaped with a high-speed camera (25 frames per second) (GigE, Basler AG,
Ahrensburg, Germany) for five minutes. Ethovision XT9 software (Noldus,
Wageningen, The Netherlands) was used to track the activity patterns. The times
spent in the open and closed arms were examined as a time ratio. The time ratio
(RT) is the time spent in the open arms (TO) / total time spent in both closed
(TC) and open arms (TO). RT=TO/(TO+TC). In addition, the frequency of
transition between the arms, the total distance travelled and the velocity was
measured. Between each animal, the maze was cleaned with 70% ethanol and
dried before testing the next animal.
Resident-intruder paradigm
The resident-intruder paradigm was performed in order to assess territorial
aggression on five consecutive days. The experiment started on day 13 and lasted
until day 17 and testing took place in the housing cages of BALB/cJ mice that
had not been cleaned after arrival. On each testing day, an unfamiliar C57BL/6J
intruder mouse was encountered, which was randomly assigned to a resident
for each interaction. All animals, both resident and intruder, were tested once a
day. The housing cage of the resident was used as the interaction area, which was
placed in front of an infrared high-speed camera (25 frames per second) (GigE,
Basler AG, Ahrensburg, Germany). A transparent Plexiglas screen was placed
in the middle of the cage, to prevent direct interaction between animals but to
enable visual, auditory and olfactory perception. The intruder mouse was placed
at the other side of the plastic screen for a period of five minutes. Hereafter, the
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screen was removed and the interaction was videotaped for five minutes. After
the test, the intruder was removed from the cage and both animals were weighed
and checked for wounds. Treatment with vehicle or MPH was given 20 minutes
prior testing, but only on the first and last day of the resident-intruder paradigm.
The frequency of attacks, bites and the latency to the first attack was analyzed
manually for all interaction days. A broader range of the behavioral repertoire
(e.g. bites, attacks, lateral threats, tail rattles as described by Koolhaas[138, 593]
was scored on the MPH treated days (day 1 and day 5). An attack latency of 300
seconds was taken in case no attack occurred within the five-minute interaction
window.
Mixed-cue fear-conditioning
Fear conditioning was performed in Bussey-Saksida Mouse Touch Screen
Chambers (Campden Instruments Ltd, Loughborough, UK) on day 20-22. An
Aversion Stimulus Dual Shocker (Kinder Scientific, Poway, California, USA)
connected to the chambers was used to provide manual shocks to the animals
via a grid floor. On the first day, in the ‘cue conditioning’ phase, animals were
placed individually into the fear-conditioning arena and were habituated for
three minutes. After habituation, the cue conditioning started with an acoustic
conditioned stimulus (CS) (2 KHz), which lasted for 30 seconds, which was
accompanied by an unconditioned (US) electric foot shock (0.7mA) during the
last two seconds of the CS. This cue conditioning was repeated three times with
an inter-trial-interval of 95 seconds.
On the second day, in the ‘cue extinction’ phase, animals were injected with
either MPH or vehicle 20 minutes prior to the test. Mice were placed in the same
box as the day before and were again habituated for three minutes before the
trials started. 15 trials were given, with exclusively the CS, with duration of 30
seconds and an inter-trial-interval of 10 seconds between them. No US stimulus
was given in the cue extinction. On the third day, the protocol of the second day
was repeated, only without drug administration. Between and after each test, the
fear-conditioning area was cleaned with 70% ethanol. Freezing during the 15
cue extinction trials was quantified manually by Observer XT software (Noldus,
Wageningen, The Netherlands). As an additional measure, the amount of beam
breaks during the habituation on all three days and the beam breaks during the 15
cue extinction trials (on day 2 and day 3) were analyzed with ABET II Software
for Touch Screens (Lafayette Instruments Company, Lafayette, Indiana, USA).
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Circular corridor
Locomotor activity of the animals after treatment with MPH or vehicle (n=4 per
group) was measured in the circular corridor test. In order to keep testing within
the first hours after darkness, only three animals were tested per morning session
and animals were randomly assigned to the testing days either on day 27, 28, 30
or 36. This setup consists out of two Plexiglas cylinders, the outer cylinder had a
diameter of 24 cm and was 20 cm in height, the inner cylinder had a diameter of
11.5 cm and was 15 cm in height, which creates a corridor of 6.25 cm in width.
Each animal was free to explore the circular corridor for 60 minutes, without prior
habituation, 20 minutes after the injection. The exploration pattern was recorded
with a high-speed infrared camera (25 frames per second) (GigE, Basler AG,
Ahrensburg, Germany) was placed above the setup. After each BALB/cJ the setup
was cleaned with 70% ethanol. Ethovision XT9 software (Noldus, Wageningen,
The Netherlands) was used to analyze the distance that was travelled within the
total testing period and within the first 15 minutes, which was thought to be
the most effective period of MPH, since the DA increase by MPH decreases 40
minutes after the i.p. injection [591]
Data analysis and statistics
An a priori power analysis was conducted with an expected effect size of 0.60, an α
of 0.05 and β of 0.80, which predicted that a minimum of 10 mice per condition
was required. Based on prior experience, we predicted that approximately 20
percent of the animals had to be excluded from further analysis due to behavioral
reasons or other complications caused by the injections. For these reasons, we
used 12 animals per treatment group. All data were analyzed using IMB SPSS
Statistics (version 24.0, Chicago, USA). Normality of the data was assessed with
the Kolmogorov-Smirnov test. Data that was normally distributed were analyzed
by Paired Student T-tests or (repeated measures) analysis of variance (ANOVA),
followed by Bonferonni corrected post hoc t-tests. Nonparametric MannWhitney tests, Wilcoxon Signed ranks tests and Kruskal-Wallis tests were used for
non-normally distributed data. Dunn post hoc method was performed to correct
for multiple nonparametric comparisons. Relationships within the data (elevated
plus maze: ratio open/closed arms; open field: number of center visits; residentintruder test: number of bites, number of attacks; social interaction test: time
spent near social cylinder; mixed-cue fear conditioning test: time spent freezing;
total number of beam breaks; circular corridor: total distance travelled) were
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assessed using Pearson correlations. Outliers in the data were excluded by Tukey’s
method, namely when diverging more than 1.5 * interquartile range different
from the median [594]. All statistical tests were two-sided with a significance
level of p< 0.05 indicating statistical significance. GraphPad PRISM (version
5.03, GraphPad Software Inc., La Jolla, US) software was used to output data
into images.

RESULTS
Methylphenidate suppresses anxiety-related behavior
The open field test and the elevated plus maze were performed in order to assess
the effect of methylphenidate (MPH) on anxiety and explorative behavior in
BALB/cJ mice. Similar as to previously reported, BALB/cJ mice treated with
vehicle exhibit a long period of immobility in the starting position, which was
the center of the field [521]. Both 3 mg/kg and 10 mg/kg i.p. MPH increased the
frequency of visits to the center (H2=15.121, p=0.001, VEH vs MPH3: p=0.016;
VEH vs MPH10: p<0.001) (Figure 2a, b). Additionally, the distance travelled
and the velocity increased significantly compared to vehicle-treated animals
(Figure 2c, d).
Similar findings were observed in the elevated plus maze, where, as shown in
Figure 3a,b, a significant difference was found in the ratio between the duration
spent in the open and closed arms of the maze between vehicle and MPH treated
groups. After administration with either dosage of MPH, mice spent significantly
more time in the open arms compared to mice treated with vehicle (H2=0.407,
p=0.816; VEH vs MPH3 p=0.038; VEH vs MPH10 p=0.040; MPH3 vs
MPH10 p=n.s.). BALB/cJ mice treated with vehicle spent more time on the
central platform of the maze compared to mice treated with MPH (F(2,33)=4.4506,
p=0.019; VEH vs MPH3 p=n.s.; VEH vs MPH10 p=0.015, MPH3 vs MPH10
p=n.s.) (Figure 3c). To examine anxiolytic effects of MPH, the duration spent
in the distal open arms was examined, as a gauge for their exploratory/anxiety
behavior. MPH significantly increased the time spent in the distal open arms of
the elevated plus maze, in both treatment groups compared to the vehicle group
(H2=10.619, p=0.005; VEH vs MPH3 p=0.026; VEH vs MPH10 p=0.002,
Figure 3d).
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(a)

(b)

VEH
(c)

MPH3
(d)

MPH10
Figure 2. Open field experiment. (a) typical representations of exploratory patterns of BALB/
cJ mice in open field. While the vehicle remains most of the time at the start position, the
methylphenidate (MPH) treated animals explore the whole field (b) MPH increased the number of
centre visits and (c) the distance travelled as well as (d) the velocity. Abbreviations: VEH, vehicle;
MPH3, 3 mg/kg i.p. methylphenidate; MPH10, 10 mg/kg i.p. methylphenidate. N=12 per group,
* p < 0.05, *** p < 0.001.
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(a)

(b)

VEH
(c)

MPH3
(d)

MPH10
Figure 3. Elevated plus maze (a) typical representations of exploratory patterns of BALB/cJ mice
on the elevated plus maze. While the vehicle remains in the closed arms for most of the time, the
methylphenidate (MPH) treated animals explore the open arms (b) MPH increased the time spent
on the open arms as a ratio of the time spent on both the closed and open arms (c) the vehicletreated animals stay in the centre of the maze (d) the MPH-treated animals spent more time in the
distal parts of the open arms. Abbreviations: VEH, vehicle; MPH3, 3 mg/kg i.p. methylphenidate;
MPH10, 10 mg/kg i.p. methylphenidate. N=12 per group, * p < 0.05, *** p < 0.001.
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Additionally, the velocity and distance moved was significantly different between
all three treatment groups. Compared to vehicle, administration of MPH
increased the velocity (F(2,33)=10.12, p<0.001; VEH vs MPH3 p=0.037; VEH
vs MPH10 p<0.001; MPH3 vs MPH10 p=n.s.), Figure S2a) and the distance
travelled in a dose-dependent manner (F(2,33)=10.209, p<0.001; VEH vs MPH3
p=0.040; VEH vs MPH10 p<0.001, MPH3 vs MPH10 p=n.s., Figure S2b).
Previous studies showed increased locomotor activity by administration of MPH
[595]. To examine the possibility that the increased distance travelled, in both the
open field test and the elevated plus maze, was the result of hyperactivity caused
by MPH administration a circular corridor test was performed. Locomotor
activity was measured during the first 15 minutes as a measure of treatment
reactivity to the novel environment. A significant difference has been found in
the travelled distance between the 10 mg/kg MPH and vehicle treatment group
(F(2,8)=5.519, p=0.031; VEH vs MPH3 p=n.s.; VEH vs MPH10 p=0.040; MPH3
vs MPH10 p=n.s., Figure S3). While the 3 mg/kg MPH treated group did not
differ in explorative behavior with the vehicle group, we cannot completely rule
out a hyperactivity effect on the anxiety measures given the limited number of
observations.
Improved fear-extinction learning by methylphenidate
Extinction of conditioned fear was based on the reduction in the response
according to the repetitive presentation of a tone (conditioned stimulus) in the
absence of the foot shock (unconditioned stimulus). We assessed the effect of
MPH on mixed cue fear conditioning in BALB/cJ mice. Drug treatment was
given prior to fear extinction learning as depicted in Figure 4a. During extinction
learning, administration of MPH decreased the freezing time in mice treated
with 3 mg/kg and 10 mg/kg MPH compared to vehicle (F(2,33)=17.275, p<0.001;
VEH vs MPH3 p=0.059; VEH vs MPH10 p <0.001; MPH3 vs MPH10
p=0.005), Figure 4b). As an additional measure of activity, we measured the
number of infrared beams, located at the front and the back of the chamber, that
were crossed by the animals. No significant differences were found in the activity
during the habituation phase before conditioning between the treatment groups,
indicating no prior group differences in anxiety or locomotor activity (Figure
S4). During extinction learning, a significant difference in baseline locomotor
activity was found between the highest dose of MPH and the other groups
(F(2,33)=14.41, p<0.0001; VEH vs MPH3 p=0.866; VEH vs MPH10 p<0.0001;
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(a)

3 x 30s

15 x 30s

3 x 2s 0.7mA

i.p. injection

day 1: Fear conditioning

day 2: Extinction learning

15 x 30s

day 3: Extinction test

(b)

(c)

(d) 4. Mixed cue fear conditioning test (a) overview of test procedure. On the first day (fear
Figure
conditioning) animals received three sessions of 30 seconds an auditory cue of which the last two
seconds were paired with 0.7mA footshock. On day 2, the extinction learning, the auditory cue was
presented during 15 trials of 30 seconds without the shock being present. Animals were injected
with either MPH or vehicle 20 minutes before this task. On the third day, the extinction test, the
auditory cue was presented during 15 trials of 30 seconds each. (b) The time spent freezing on the
extinction learning day decreased which MPH dose. (c) The number of beam breaks are presented
during the habituation phases (CS-) of the fear conditioning (FC) and extinction learning (EL) and
during the presentation of the auditory cue (CS+) during EL.
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day 1: Fear conditioning
2: Extinction learning
3: Extinction test
MPH3
vs MPH10 p=0.001), inday
which
the animals treated day
with
10 mg/kg MPH
demonstrated an increased number of beam breaks (Figures 4e, S4).
(b)
The vehicle group (t24=2.934, p=0.014) and the 3mg/kg MPH group (t18=3.624,
p=0.007) showed a reduction in the number of beam breaks when comparing
activity during the habituation phase of the conditioning and extinction phase,
while in the 10 mg/kg MPH group an increased number in bream breaks was
found (t24=-4.983, p<0.001) (Figures 4e, S4). In addition, during extinction
learning, only the vehicle group showed significantly reduced activity when the
conditioned stimulus was presented (t24=3.970, p=0.002), as is shown in Figure
4c. A long-lasting effect of the fear conditioning was seen during the extinction
test in the vehicle-treated animals, in which the number of beam breaks was still
significantly reduced when compared to the habituation phase of the conditioning
(c)
day (t24=2.382, p=0.036), this was not observed in the MPH treated mice (Figure
4d). In addition, administration of 10 mg/kg of MPH increased the total number
of beam breaks over 15 CS+ sessions significantly during both extinction learning
(F(2,33)=16.880, p< 0.001; VEH vs MPH3 p=n.s.; VEH vs MPH10 p< 0.001;
MPH3 vs MPH10 p=0.001, Figure 4e) and the extinction test (F(2,33)=3.702,
p=0.035; VEH vs MPH3 p=n.s.; VEH vs MPH10 p=0.031, MPH3 vs MPH10
p=n.s., Figure 4f) compared to vehicle, indicating a long-lasting effect of MPH
on fear-extinction.

(d)

6
Figure
(e) 4. Continued (d) The number of beam breaks of the habituation phases are compared
between all three testing days.
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(e)

(f )

Figure 4. Continued (e) The graph represents the cumulative number of beam breaks on the
extinction learning day and (f ) extinction test day. Abbreviations: FC, fear conditioning; EL,
extinction learning, i.p., intraperitoneal; CS-, conditioned stimulus absent; CS+, conditioned
stimulus present; VEH, vehicle; MPH3, 3 mg/kg i.p. methylphenidate; MPH10, 10 mg/kg i.p.
methylphenidate. N=12 per group, # p < 0.010; * p < 0.05; ** p < 0.01; *** p < 0.001.
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Methylphenidate affects social interest dose-dependently
Previous observations have indicated decreased social interaction in BALB/cJ
compared to C57BL6J [485]. Therefore, we have investigated whether MPH
has an effect on social behaviour using the social cognition test and the residentintruder paradigm. The social cognition test showed that all groups have increased
interest for the zone without the unfamiliar animal, the so-called non-social zone
(VEH t11=-2.258, p=0.045; MPH3 t10=-5.561, p<0.001; MPH10 t11=-1.168,
p=0.267 (Figure 5a).
However, if we focus on the time that the animals have investigated the cylinder
itself, there is no difference between the time spent near the social and non-social
cylinder for the vehicle-treated animals (t11=0.479, p=0.641) and animals treated
with 10 mg/kg MPH (t10=0.340, p=0.741). In contrast, animals treated with 3
mg/kg MPH have a preference for the non-social cylinder (t9 =-2.722, p=0.024)
(Figure 5b).
In addition, the vehicle-treated animals spend more time per interaction with
the social cylinder in comparison to the non-social cylinder (Figure 5c). In
addition, it was found that the time per interaction with the social cylinder
was also decreased for the animals that received MPH in contrast to animals
that received vehicle (F(2,33)=3.189, p=0.055, VEH vs MPH3 p=0.065; VEH vs
MPH10 p=0.214) (Figure 5c). While both the vehicle group and the 10 mg/
kg MPH group spent a longer time per interaction with the social cylinder in
comparison to the non-social cylinder, this was not found in the mice treated
with 3 mg/kg MPH (Figure 5c).
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(a)

(b)

(c)

Figure 5. Social cognition test. (a) BALB/cJ mice treated with vehicle and 3 mg/kg i.p. MPH
show a preference for the non-social zone (b) 3 mg/kg i.p. MPH increased the preference for the
non-social cylinder in comparison to the social cylinder and the vehicle treated mice (c) both
the vehicle and 10 mg/kg i.p. MPH treated mice show a longer interaction time with the social
cylinder, while this is not the case for the 3 mg/kg group. Abbreviations: VEH, vehicle; MPH3,
3 mg/kg i.p. methylphenidate; MPH10, 10 mg/kg i.p. methylphenidate. N=12 per group, # p <
0.10; * p < 0.05; *** p < 0.001.

Methylphenidate dose-dependently produces opposing effects
on aggression
The resident-intruder paradigm was performed to assess aggression in BALB/
cJ mice treated with MPH or vehicle. The test was performed for five successive
days, in which BALB/cJ mice were only treated the first- and last day of the test
with MPH or vehicle 20 minutes prior testing (see Figure 1).
As displayed in Figure 6a, no significant difference was found between the
attack latencies of BALB/cJ of the different treatment groups. For all groups,
attack latencies decreased on the second day of the resident-intruder paradigm
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compared to the first day, which is considered as normal behavioral response and
aggression is stabilized after three days [138]. Although there was no significant
difference between groups when each day was compared separately, it was found
that the average attack latency of the last three days was longer for the 3mg/kg
treated animals (H2=6.273, p=0.043) (Figure 6b).

(a)

(b)

(c) 6. Resident-intruder test. (a) the attack latency over the five testing days did not
Figure
significantly differ between the treatment groups (b) the average attack latency over the last three
days is significantly higher in the 3 mg/kg MPH treated group
Figure 6c shows the number of bites on both injection days (day 1 and day
5). Whereas we see an increase in the number of bites from day 1 to 5 in the
vehicle treated animals (t18=-3.091, p=0.013), the level of aggression stays at the
level of day 1 for the 3 mg/kg MPH (t16=0.555, p=0.594) and 10 mg/kg MPH
(t22=0.263, p=0.798) treated animals. An increased number of bites is observed in
the 10 mg/kg MPH on day 1 (F(2,30)=6.789, p=0.004, VEH vs MPH10 p=0.006,
MPH3 vs MPH10 p=0,024) in comparison to the other groups (Figure 6c).

(d)
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(c)

(d)

(e)

Figure 6. Continued (c) the number of bites increased after administration of 10 mg/kg MPH
on the first day. While the number of bites increased over time for the vehicle treated BALB/cJ
mice, the number of bites remained low for the group treated with 3 mg/kg MPH. (d) 10 mg/kg
MPH increased the number of attacks on day 1 and on day 5 in comparison to the 3 mg/kg MPH
treated group (e) threat behaviour significantly reduced in the group treated with 3 mg/kg MPH,
while this increased for the vehicle-treated group. Abbreviations: VEH, vehicle; MPH3, 3 mg/kg
i.p. methylphenidate; MPH10, 10 mg/kg i.p. methylphenidate. N=12 per group, # p < 0.10; * p <
0.05; ** p < 0.01; *** p < 0.001.
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On day 5, both the vehicle treated animals and the 10 mg/kg MPH treated
animals have a higher number of bites in comparison to the group treated with
3 mg/kg (F(2,31)=3.474, p=0.044, VEH vs MPH3 p=0.117, MPH3 vs MPH10
p=0.061) (Figure 6c). A similar pattern is found for the number of attacks, as is
shown in Figure 6d.
This number of attacks increases for the vehicle group (t20=-2,691, p=0.023),
whereas it remains at the level of day 1 for both the 10 mg/kg MPH (high number
of attacks) and the 3 mg/kg MPH (low number of attacks). Interestingly, in the
3 mg/kg MPH group, the number of threats reduced over time (Z24=-2.491,
p=0.013), while the number of threats increased for the vehicle treated animals
(Z24=-2.357, p=0.018) (Figure 6e). On day 5, the number of threats in the 3
mg/kg MPH group is significantly lower (H2=14.650, p=0.001) than the vehicle
group (p=0.002) and the 10 mg/kg MPH group (p=0.008) on day 5. At the first
day of the resident-intruder test, there is no significant difference between the
number of threats observed in all three groups, which indicates that the elevated
level of aggression seen in the 10 mg/kg MPH group is accompanied by relatively
less threat behavior.
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DISCUSSION
The current study assessed the effect of MPH on anxiety, fear extinction and
aggressive behavior in the BALB/cJ mouse, as a model for these behavioral
characteristics in relation to ADHD and CD. Our previous research has shown
that BALB/cJ mice exhibit increased aggression, increased anxiety and antisocial
behavior [192, 485, 521], which makes this mouse strain an ideal model to
answer the following questions: 1) Does MPH affect anxiety and fear extinction?
2) Does MPH affect social behavior and aggression, and if so, is this dosedependent? A clear overview of the behavioral outcome can be found in Table 1.
Table 1. Behavioural effects of different dosages of methylphenidate in BALB/cJ mice
Drug

Behaviour

Methylphenidate
dose

Locomotion

Anxiety

Social
interest

Fear
extinction

Aggression

Low
(3mg/kg)

-

↓

↓

↑

↓

High
(10mg/kg)

↑

↓

-

↑↑

↑

Anxiolytic and fear extinction improving effects of methylphenidate in a dose-dependent manner
In BALB/cJ mice, treatment with both the 3 and 10 mg/kg dose had an anxiolytic
action in the open field and in the elevated plus maze. This may reflect changes in
state anxiety. Opposite results were obtained in a study in C57BL/6J mice, which
became more anxious after MPH treatment [596, 597]. C57BL/6J mice are in
general less anxious than BALB/cJ mice [598], so this result may indicate that
MPH can have different effects in different (high and low anxious) rodent strains
which may be a consequence of differential drug-genetic background effects.
Administration of 2.7 mg/kg MPH i.p. to Wistar rats exposed to unpredictable
chronic stress decreased the immobility compared to saline-injected rats after fear
conditioning [599]. Similarly, we found that administration of 3 and 10 mg/kg
i.p. MPH reduced immobility upon the unconditioned stimulus and improved
extinction, measured by the number of beam breaks and the time spent freezing.
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Improved extinction learning was even visible 24 hours after the actual injection
of 10 mg/kg i.p. was given (extinction test phase), indicating a long-lasting
effect of MPH on fear retrieval, which suggest changes in trait anxiety and fear
processing. In agreement with our findings, a study in C57BL/6 mice showed that
administration of MPH before or immediately following extinction of contextual
fear, enhances extinction retention, with also long-lasting effect of the 10 mg/kg
i.p. dose [589]. Still it needs to be considered that these long-lasting effects of
MPH may also be due to changes related to the circadian rhythm of the subjects.
We have repeatedly administered methylphenidate to the animals and to prevent
accumulation of the drug we scheduled a minimum of three days between
injections. However, we cannot be certain that the effect of the drug from
preceding administration did not induce some longer lasting biological change,
e.g. gene expression that may affected subsequent tests.
It was found that administration of MPH after the extinction learning was
effective, indicating that the timing of the injection has a large influence on the
behavioral outcome [589, 600]. Given the highly anxious phenotype of BALB/
cJ mice [521], we could argue that MPH reduced both the state and trait anxiety
during fear extinction and prevented fear retrieval. Since we observed long-lasting
effects of the 10 mg/kg i.p. dose, this may indicate that the initial association
between the conditioned and unconditioned stimuli has been diminished and
may reflect an alteration of the underlying trait. The clinical implications of
MPH utility on fear processing need to be more fully explored but may involve
complex interactions with genotype and environmental triggers so caution should
be taken in extrapolating the ability of MPH to reduce immobility / freezing
and improve fear extinction processing in this model. Moreover, while reducing
anxiety may play a part of the anti-aggressive response of low dose MPH, it is
not the only possible explanation; especially as both doses reduce anxiety but
only the lower dose is anti-aggressive. The role of anxiety in regulating aggression
in BALB/ cJ mice is worth following up in directed studies. We have previously
published that GABAergic inhibition is diminished in the anterior cingulate
cortex (ACC) of these mice (relative to BALB/cByJ mice) [521], a brain region
also implicated in anxiety so anti-anxiety effects of MPH in this model should
not be fully discounted as it may reduce defensive behavior. Investigation of the
effects of MPH on GABAergic transmission in the ACC of BALB/c substrains
would be useful to ascertain a mechanism of action for the behavioral effects
reported here.

263

6

Chapter 6

We observed that MPH increased locomotor activity in both the open field and
elevated plus maze. While there was no difference between the distance travelled
between the 3 mg/kg and 10 mg/kg i.p. MPH treated BALB/cJ mice in the open
field, a dose-dependent effect was observed in the elevated plus maze. Additional
testing to clarify any locomotion related effect demonstrated that in the circular
corridor paradigm, only the higher 10 mg/kg dose of MPH was associated with
hyperactivity in BALB/cJ mice. While no difference was observed between
the vehicle treated animals and those administered 3 mg/kg MPH, we cannot
completely rule out an effect caused by hyperactivity in the animals treated
with the 3 mg/kg MPH because of the low sample size used in this paradigm.
Previous studies that administered MPH to rodents also showed a dose-response
dependent increased locomotor activity in which the effect was clearest in the
high dose group [587, 601, 602]. However, in our experimental setting it needs
to be considered that the fear conditioning test, a week prior to the corridor test,
may have influenced the behavioral outcome in the test.
While it is clear that both the low and high dose of MPH increase motor activity
in the elevated plus maze, this is not correlated with the anxiety metrics in the
elevated plus maze nor was this effect observed in the open field test. The correct
interpretation of any MPH-induced hyperactivity is important as it can confound
the interpretation of other behavioral results. Since anti-aggressive effects were
observed at 3 mg/kg i.p. and increased aggression at the 10 mg/kg i.p. dose
of MPH, it cannot be concluded that any effect on locomotion at these doses
altered outcome on aggression. Follow-up experiments should test dosages lower
than 3 mg/kg i.p. that still have aggression reducing effects without increasing
locomotor activity. Furthermore, we demonstrate that the high dose of MPH 24h
later continues to exert a restoration of fear extinction (in the absence of MPH),
without altering locomotion. In this way, a purely anxiolytic effect is observed
compared to vehicle independent of motor function.
U-shape dose effects of methylphenidate on aggressive behavior
While most of the preclinical literature reports no effect and others show an antiaggressive effect of MPH [586-588], our experimental settings enabled us to see
the effects of MPH in an U-shape manner. We observed an aggression reducing
effect of MPH when administered in a 3 mg/kg i.p. dose (i.e. the number of
bites, attacks and threats significantly reduced over time and the attack latency
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got longer as well when compared to the vehicle and especially compared to
the 10 mg/kg i.p. dose). On the first injection day, no clear differences were
observed between vehicle and the 3 mg/kg i.p. dose. However, while aggression
increased over time for the vehicle group, the level of aggression for the 3 mg/
kg i.p. MPH treated group remained more similar between testing days with
regard to bites and attacks and even reduced for the number of observed threats
indicating a long-lasting effect of MPH. The 10 mg/kg i.p. MPH dose directly
increased aggression on the first day and this level remained the same on the last
day, which was comparable to the level of aggression seen in the vehicle-treated
group. Therefore, it can be argued that the 10 mg/kg i.p. dose increases aggression
during the first resident-intruder interaction and appears to have no additional
effect on aggression on the fifth day. While the 3 mg/kg i.p. dose does not have a
direct effect on day 1, it is associated with a prolonged effect on attack latencies
later on. The average attack latency of the last three interactions were significantly
longer for the animals treated with 3 mg/kg MPH in comparison to both vehicle
and 10 mg/kg i.p. MPH treated animals. Moreover, the number of attacks and
threats were reduced in the animals treated with 3 mg/kg i.p. MPH on the last
interaction day. This decrease in aggression could be caused by a reduction in social
interest (or an increase in social trust) that we found in the social interaction test
in BALB/cJ mice treated with 3 mg/kg MPH. Whether this is related to the state
of anxiety remains unclear and needs to be investigated in more detail. While
an increase in aggressiveness is not often reported as a consequence of MPH
administration in rodents, an increase of aggressive behavior has been reported
in humans as one of the side effects of MPH when it is administrated above
the therapeutic window, probably as a result of inducing excessive increases in
dopamine (DA) and noradrenaline (NA) levels [577, 603]. Excessive dopamine
and norepinephrine tone could bind to a larger population of dopamine and
norepinephrine receptors, could increase the burden on monoamine reuptake
transporters and may even have spill-over effects via volume transmission.Use
of MPH outside the therapeutic window, due to therapeutic errors, accidental
mis-dosage, misuse or abuse may cause adverse effects that include irritability and
agitation in a dose-dependent manner [604, 605]. However, these adverse effects
may be context dependent [606]. While these effects are often observed in the
clinic, they are rarely described in the literature [607]. Therefore, we may assume
the 10 mg/kg dose, that was given to BALB/cJ mice in our study, is outside the
therapeutic window.
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The U-shape dose-response curve on aggression that we observed after
administration of MPH may be related to differential effects on both DA and
NA. In humans, MPH has a 50-fold lower effective dose for the noradrenaline
transporter than for the DA transporter [608]. A low dose of MPH (2.0 mg/kg
p.o.; 0.25-1.0 mg/kg i.p.) has been shown to increase prefrontal cortex-dependent
cognitive functioning, by increasing both NA and DA efflux, without increasing
locomotion. However, outside the PFC these small doses had minimal impact
on NA and DA release [609]. With regard to NA, it is thought that the level
of NA release determines which type of adrenoreceptor is activated. Moderate
levels are thought to bind to high-affinity alpha-2a adrenergic receptors, whereas
higher levels could also engage the lower affinity alpha-1 and beta-1 adrenergic
receptors [610]. Studies that tested atomoxetine, a non-stimulant drug and
selective NA reuptake inhibitor, show decreased anxiety (effect size 1.51[611])
and decreased aggression (effect size 0.52-1.10 [612, 613]) after treatment in
children with ADHD and comorbid disorders (e.g. anxiety disorder; oppositional
defiant disorder [614, 615]. NA reuptake inhibitors (such as atomoxetine) have
been demonstrated to increase DA levels in the PFC but not in the striatum
and nucleus accumbens [616], while MPH administration increased DA levels
in all these areas [617, 618]. This may indicate that the aggression and anxiety
reducing effects of MPH may be associated with the increase of NA or DA release
specifically in the PFC.
We observed that administration of 10 mg/kg i.p. MPH causes the opposite
effect (increased aggression), and excessive levels of DA and NA, caused by this
higher dose of MPH, could have potentially driven the animal to a hyper-arousal
state [582, 610, 619]. In addition, the high dose may also have activated other
lower affinity targets (e.g. the serotonin transporter [620], that may have nonspecific effects on the behavioral outcome by altering non-noradrenergic / nondopaminergic mechanisms. It may be that MPH improves anxiety symptoms
via the improvement of other ADHD symptoms such as attention [621] which
together impact on aggression by changing social attention. While an inverted
U-shape response of stimulant treatment has been demonstrated on attentional
and working memory measures in both animals [622, 623] and humans [624],
no preclinical study has shown an U-shape dose effect of MPH on aggression
before. Dissecting out the relative contribution of DA and NA receptor subtypes
to the behavioral profiles of the 3 and 10 mg/kg i.p. MPH dose in BALB/cJ mice
may be a useful next step.
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Conclusions
This study has investigated the effect of MPH on anxiety, fear extinction, and
social behaviors including aggression in the BALB/cJ mouse. Independent of the
dose, MPH reduced anxiety, whereas its effect on conditioned fear (decreased)
was dose-dependent. In addition, we found a differential effect of MPH on
aggression in a dose-dependent manner. Specifically, administration of 3 mg/
kg MPH i.p. prevented aggression escalation over time, while the 10 mg/kg i.p.
dose increased the levels of aggression. This research may contribute to a better
understanding of the efficacy of MPH administration and assist in understanding
its potential impact in the clinical management of conduct problems and callous
unemotional traits.
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SUPPLEMENTARY MATERIALS
Supplementary Figures

Figure S1. Social interaction test. Representation of testing arena. Two wire-mesh cylinders with
large open ventilation holes (lxwxh 10x10x11 cm) were placed upside-down in a clear observation
cage (dimensions 43x50cm) with corn bedding material on the floor. An unfamiliar C57BL/6J
mouse was placed under a randomly assigned cylinder. Subsequently, a BALB/cJ mouse was placed
in the middle of the cage and behaviour was recorded for five minutes using a high-speed infrared
camera.
(a)

(b)

Figure S2. Elevated plus maze (a) distance travelled was dose-dependently increased after MPH
administration. (b) Dose-dependent increase in velocity was observed after MPH administration.
Abbreviations: VEH, vehicle; MPH3, 3 mg/kg i.p. methylphenidate; MPH10, 10 mg/kg i.p.
methylphenidate. N=12 per group, * p < 0.05, *** p < 0.001.
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Figure S3. Circular corridor test. Distance travelled in the first 15 minutes in the circular corridor
test. Increased locomotor activity was observed in the group treated with 10 mg/kg i.p. MPH.
Abbreviations: VEH, vehicle; MPH3, 3 mg/kg i.p. methylphenidate; MPH10, 10 mg/kg i.p.
methylphenidate. N=4 per group, * p < 0.05.

Figure S4. Mixed cue fear conditioning test. The number of beam breaks are presented during the
habituation phases of the fear conditioning, extinction learning and extinction test. Abbreviations:
VEH, vehicle; MPH3, 3 mg/kg i.p. methylphenidate; MPH10, 10 mg/kg i.p. methylphenidate.
N=12 per group, ** p < 0.01; *** p < 0.001.
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The overall aim of this thesis was to investigate the neurobiology underlying
aggressive behaviour using animal models for aggression. In this final chapter,
I will first give an overview of the results that were obtained in the different
chapters. After that, I will discuss the findings in the context of the existing
literature with particular focus on neural mechanisms and arousal levels that
underpin aggression. To provide a complete picture, I included non-published
data that fits within this story but has not been finalised for submission yet.
Altogether, this will provide input for the last paragraphs about the implications
of this study and the future directions for the field.

SUMMARY OF OUR APPROACH AND MAIN
FINDINGS
In the systematic review in Chapter 2, we have combined all the available
literature on transgenic animal models that have been tested on aggression with
the resident-intruder test. We started our selection process with 16,128 articles
based on our search criteria, from which 9,837 articles were unique. Eventually,
112 articles covering 161 experiments were included and used for the review. We
have highlighted the effective methods for laboratory aggression testing including
protocol standardization, which may positively affect the reliability of the results.
The study design may become more reliable when more randomization of
resident-intruder pairs (which was applied in less than ten percent of the studies)
and less matching of the resident to the intruder was performed, preferably in
combination with power calculations (done in only one study) to optimize group
size numbers.
We recommended researchers to perform multiple aggression tests and not rely
on a single resident-intruder interaction as aggression can become stable, escalate
or sometimes become more similar between transgenic and control subjects, over
time [211, 376]. During these interactions, not only quantitative measures (e.g.
number of bites) should be taken into account, but also qualitative measures (e.g.
bite position, strength of bite) should be taken into consideration since these
aspects can provide valuable information about the type of aggression that is
observed (e.g. proactive or reactive aggression) and the presence/absence of rulebreaking behaviours. Therefore, it should always be recognized that aggression is
only a single aspect of a complete behavioural repertoire and should be assessed in
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the light of the entire behavioural phenotype of both the aggressor and the victim
[144, 369, 377]. In addition to this, the choice for the intruder characteristics
can have a large influence on the aggressive phenotype of the transgenic animal.
Residents that were paired with smaller intruders were more involved in aggressive
encounters which lasted for a longer period compared to those matched with
heavier and bigger intruders [373]. Also the strain of intruder may influence
the outcome, since not all resident strains can adapt to a certain type of intruder
[369]. This was also observed in our laboratory when we tested Tph2 transgenic
mice on a C57BL6 background against C57BL6J and DBA intruders. While
aggression was mild in Tph2 +/+ mice against C57BL6J intruders, a confrontation
with DBA/2 intruders escalated the aggression and this experiment was therefore
untimely aborted (data not published).
Lastly, we have combined all the transgenic data into a molecular landscape of
aggression, which included the interactions between the proteins and molecular
pathways. This molecular landscape indicates that fine-tuning of gene expression,
in particular genes involved in neurotransmitter release (e.g. GABA and glutamate
release) and uptake, can have tremendous effects on the behavioural outcome.
In Chapter 3, we have examined whether aggression in BALB/cJ mice is
influenced by an imbalance in neurotransmitter release, as was indicated by the
molecular landscape we constructed in chapter 2. Aggressive BALB/cJ mice were
compared with the related non-aggression substrain, the BALB/cByJ. First, mice
were extensively phenotyped for aggression and anxiety. Genetic data from a
freely available microarray dataset, which matched the origin and age of our own
animals, was used to build a molecular landscape containing genes that were
found to be differentially expressed between BALB/cJ and BALB/cByJ mice. This
analysis pointed towards decreased inhibitory GABA production and release by the
synapses in BALB/cJ mice. By using magnetic resonance spectroscopy, we found
a consistent 40% decrease in GABA metabolite concentration in the anterior
cingulate cortex (ACC), a brain area involved in top-down control of aggression
[3]. mRNA obtained from ACC brain samples revealed a 20-fold increase in
the expression of the GABA-degrading enzyme Abat in the ventral ACC, which
could underlie increased GABA degradation and the resultant observed decrease
in GABA metabolite concentration. Furthermore, we validated other genes from
the molecular landscape that have a known role in aggression. For example, Kcc2,
a potassium-chloride channel that acts directly on GABA-A receptor signalling
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[625] was found to be increased as well, which could be a potential compensatory
mechanism. Through using a multidisciplinary approach, this study has shown
that top-down regulation of aggression in BALB/cJ mice may involve loss of
inhibitory GABAergic control.
Punishment insensitivity is a feature that is often observed in children with
conduct disorder with callous unemotional traits and is associated with increased
risk-taking and a decreased capability of learning from negative events [39,
63]. In Chapter 4, we investigated whether aggressive BALB/cJ mice have a
different value of reward and punishment. In order to do this, we adapted the
classic reversal learning paradigm [194, 516, 517] by including an aversive (mild
punishment) condition (loud noise and bright screen) for a particular subset
of animals. Cognitive flexibility (under rewarding and punishing conditions)
was tested in BALB/cJ and BALB/cByJ mice. The performance of BALB/cByJ
mice was not affected by the punishment. In contrast, BALB/cJ mice performed
better under rewarding conditions (compared to BALB/cByJ mice) and worse
under the punishment condition significantly increase in the number of mistakes
(as measured by correction trials) and the number of trials needed to learn the
task to a set performance level. A higher rate of perseverance together with an
increased number of correction trials under punishing conditions could point
towards an inability to learn from mistakes and may thus imply a reduction in
error detection. The addition of a second punishment in the form of a glaring
bright screen enhanced punishment sensitivity in BALB/cJ mice. The overall
motivation for the reward was not affected by negative feedback. Therefore,
we could conclude that negative-feedback related learning impairs punishment
sensitivity in BALB/cJ mice.
In Chapter 5, we assessed whether executive functioning is dysregulated in
BALB/cJ mice by using an appetitive extinction paradigm. Executive functioning
is supported by the prefrontal cortex and enables goal-directed behaviour by the
capability to inhibit certain responses to a single stimulus [626]. In contrast to
chapter 4, where we examined the abilities to learn a task, we now tested the
ability of BALB/cJ mice to inhibit learnt behaviour. BALB/cJ mice were faster in
acquiring the new simple rule, but this was not observed during the extinction
phase in which the animals were no longer rewarded for their response. Within
the BALB/cJ animals, increased variation was found in the ability to inhibit
a learnt response when compared to similarly grouped BALB/cByJ mice. The
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subgroup of BALB/cJ mice that reached criterion was more reward-driven, while
the other group of BALB/cJ mice (not reaching criterion) made more errors.
These data point towards different extinction learning strategies among the
BALB/cJ population. Future research should focus on the genetic distinctions
between the different subgroups. In addition, it would be interesting to assess
aggression levels in these subgroups as it has been found that within the BALB/cJ
population animals, subgroups with low and high empathy-like behaviour exist
in which low empathy-like behaviour was associated with sociability, impaired
memory and reduced HPA reactivity to external stressors [627]. In summary, we
have demonstrated that the ability to successfully learn, as defined by reaching
criterion, influences the performance on extinction learning and cognitive
flexibility in BALB/cJ mice.
Finally, in Chapter 6, we sought to rescue the aggressive phenotype that was
observed (and described in the previous chapters - and particularly in chapter
3 - by intraperitoneal administration of the clinically utilized psychostimulant
methylphenidate. This drug is known for its attention-increasing and aggressiondecreasing actions in children with respectively ADHD and conduct disorder
[198, 575]. We have investigated to what extent the effects of methylphenidate
are dose-dependent and which behaviours (e.g. aggression, anxiety, fear
processing) are affected most strongly by this drug. BALB/cJ mice that received
acute intraperitoneal administration of 3 mg/kg methylphenidate displayed
less aggressive behaviours (reduced attack latency and the absence of escalation
over time) when compared to animals that received vehicle or 10 mg/kg
methylphenidate. In contrast, the 10 mg/kg dose increased the levels of aggression.
Strong anxiolytic effects were observed in both treatments groups in the open
field and elevated plus maze tests. Dose-dependent effects on fear processing were
observed in a fear-conditioning paradigm, which could possibly be influenced
by the hyperactivity that was observed in the animals treated with 10 mg/kg
methylphenidate. Interestingly, the effects on fear-conditioning were still visible
24 hours after the injection. These data support a role for methylphenidate in
the regulation of anxiety, fear processing and this in a linear dose-dependent
manner, while the effect on aggression seems to be U-shaped. This knowledge
may contribute to our further understanding of the potential impact, efficacy and
side-effects of methylphenidate in the clinical management of conduct problems.
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INTERPRETATION IN THE CONTEXT OF EXISTING
LITERATURE
Previous research has provided insight into the complexity of neurodevelopmental
psychiatric disorders. While many disorders share characteristics or symptoms,
most of them have some unique features that make them different from the other
disorders. For example, aggression could be a sign of maladaptation to social rules
and norms and is evident in many disorders such as conduct disorder, ADHD,
autism spectrum disorders, dementia, bipolar disorder and depression [14] [628,
629]. In the majority of these disorders, other behaviours such as increased
anxiety and fear processing difficulties are also present [15-18]. How aggression
is influenced by these behaviours and vice versa is still not clear for these disorders
but this emphasizes the importance of treating aggression while taking these other
comorbid behaviours into consideration. Below, we have placed our own findings
about these behaviours within the context of the existing literature on aggression.
Sensory and behavioural sensitivity
All research described in this thesis is focused on the neurobiology of aggression
and associated behaviours. We found a clear aggressive phenotype in BALB/cJ
mice in comparison to related substrain BALB/cByJ mice that was associated
with reduced cortical control through reduced GABAergic inhibition in the
anterior cingulate cortex. Furthermore, BALB/cJ mice displayed high levels of
anxiety in the open field test (constant freezing) and the elevated plus maze (less
time spent in the open arms) in comparison to BALB/cByJ mice, as was reported
in Chapter 3. In addition, we observed that BALB/cJ mice did not habituate to
the open field but continued with freezing, which was observed after repeated
introduction of the mice to the open field arena (data not reported). These
animals would continue to keep a vigilant posture, which could imply altered
sensorimotor gating, i.e. the ability to filter irrelevant from relevant information
during information processing. In humans, sensorimotor gating is reflected by
measurements of prepulse inhibition (PPI; [630]. The reflex’s amplitude is thought
to represent salience and the absence of potentiation to negative stimuli reflects
diminished amygdala activity [631]. A reduced startle magnitude was found in
juvenile psychopaths with high CU traits compared to controls [632] whereas
in veterans with anger and aggression problems, increased startle responses
were found to probes (but not prepulse trials) compared to controls. Responses
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were positively predicted by state anger, while negatively related to trait anger
[633]. This contrast between startle reaction and aggression may be caused by
the subtype of aggression that is present. It is thought that subjects with high
impulsive aggression display exaggerated defensiveness (thus high reactivity),
while individuals with high proactive aggression show lower startle reactivity
[631]. Administration of methylphenidate significantly improved baseline PPI in
an ADHD subgroup with a lower PPI compared to controls [634]. PPI testing
in BALB/cJ mice yielded a reduced startle magnitude compared to BALB/cByJ
mice, but no difference in PPI [192]. From these findings, we became interested
in how well BALB/cJ mice would habituate to negative and neutral stimuli.
Therefore, we tested the extinction of negative stimuli (electric shocks) in the
presence and absence of methylphenidate in BALB/cJ mice in the mixed-cue
fear-conditioning test (Chapter 6). Interestingly, extinction (measured by activity
based on the number of broken beam breaks) was enhanced after administration
of methylphenidate. While it could be argued that this effect could be mediated
by hyperactivity in the animals that received 10 mg/kg methylphenidate, this
was not the case for the 3 mg/kg group. This points toward a dopamine-driven
facilitation of extinction learning. We also examined the habituation of BALB/
cJ and BALB/cByJ mice to neutral stimuli in the appetitive extinction paradigm.
Only a particular subset of BALB/cJ mice, those that reached criterion, showed
extinction of learnt behaviour. Whether this group of animals was also the least
anxious and aggressive is unfortunately not known. It would be interesting to
investigate whether extinction of neutral stimuli (e.g. the appetitive extinction
paradigm) would also be enhanced after methylphenidate administration.
Social learning and attention processing
In the resident-intruder test, we observed a robust increase in the number of
attacks, bites and a decreased attack latency over the course of testing in BALB/cJ
mice. This so-called escalatory effect is typical for animals that have experienced
multiple victories [144]. Abnormal forms of aggression may appear after multiple
aggressive encounters, which is characterized by one or more of the following
behaviours: inappropriate response to provocation or ambiguous signals,
ignorance of social species-specific rules (including lack or decrease of threat
behaviour, attack of females or pups, and attacks directed towards vulnerable
body parts), and insensitivity towards submissive behaviour of the opponent as
described by Haller and Kruk [142]. Abnormal forms of aggression may have
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serious physical and mental consequences for the intruder, as we have experienced
in our own social defeat experiment in which we compared C57BL6J mice that
were defeated by either BALB/cJ or BALB/cByJ residents. The first group, which
suffered severe social defeat, showed more weight loss after five interactions,
more anxiety in the open field test and spent less time on self-care (manuscript
in preparation). In addition, immunohistochemical analyses demonstrated a
reduction in the proliferation of newborn cells in the dentate gyrus as opposed
to mildly defeated animals. Magnetic resonance spectroscopy of the dentate
gyrus revealed increased levels of taurine, accompanied by increased MRI-DTI
(magnetic resonance imaging - diffusion tensor imaging) fractional anisotropy
in the same area, indicating less white matter connectivity as the result of severe
social stress (manuscript in preparation). Our observations indicated that BALB/
cByJ mice tend to pay more attention to the behaviour of the intruder and use
aggression as a strategy to show dominance (which was based on scoring mating
behaviour performed by these animals). On the other hand, BALB/cJ continued
to attack without paying attention to submissive signals from the intruder and to
bite in the body part that was closest in proximity. The absence of social learning
may indicate impaired error detection of their abnormal and pathological
behaviours. This could be influenced by a global attention deficit that we found
in BALB/cJ mice. A 40% omission rate was found during the five choice serial
reaction time task, while no difference was found in the overall performance
and impulsivity factors [491]. In contrast, in the continuous performance task
(manuscript in preparation), no difference was observed in sustained attention
between BALB/cJ and BALB/cByJ mice. On the other hand, we observed that
the administration of 3 mg/kg methylphenidate increased the sensitivity of
sustained attention in BALB/cJ mice during baseline sessions and 10 mg/kg
methylphenidate prolonged the correct response latencies and the reward retrieval
latencies during baseline sessions, which possibly indicates that the attention of
these mice is reduced or that their reward expectancy or motivation is affected
by the high dose. Variable stimulus durations of 3 and 7 seconds made it clear
that methylphenidate increased sensitivity by inhibiting false alarm responses
and not by increasing hit rates. The combination of altered sensitivity to the
environment, coupled to an attention deficit, heightened anxiety and reduced
error detection could increase the risk of inappropriate aggression (particularly
in situations where aggression is not warranted e.g. after submissive behaviour of
the intruder). Therefore, these factors may be of crucial importance to cortical
top-down control of aggression.
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Reactive and proactive aggression
Dominance was not a clear factor in the aggression observed in BALB/cJ mice.
An automated tube test, that was used to assess dominance, did not reveal a clear
difference in dominance between BALB/cJ and BALB/cByJ mice. Interactions
that were won by BALB/cJ mice lasted longer, which was often associated with
the freezing of the BALB/cJ mice inside the tunnel which would cause the other
mouse to withdraw. For the same reason, interactions between BALB/cJ and
BALB/cJ mice in the tube lasted significantly longer than interactions between
BALB/cByJ and BALB/cByJ mice (not published).
During resident-intruder interactions we also observed that BALB/cByJ mice
spent more time on mating behaviour, which is an indication of dominance
(manuscript in preparation). BALB/cJ mice would use aggression to keep a
homeostatic environment, as is shown in Figure 1.

Figure 1. Environmental homeostasis under the control of aggression by BALB/cJ mice.
BALB/cJ mice (white mouse) aim to keep a homeostatic environment in which the intruder (black
mouse) is in a fixed and controllable position. Sudden decrease of the physical distance would elicit
an aggressive response in order to keep the homeostasis intact. The actual aggressive response (i.e. of
threatening origin or an attack) is dependent on the physical distance. BALB/cJ mice would avoid
any unnecessary (or unproductive) (a)social contact. Crossing the so-called ‘point of no return’
would elicit an instant attack often without prior threat signals and would stop only when the
intruder is back in a fixed position.
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BALB/cJ mice at first avoid all contact by presenting tail rattles to warn the other
animal not to approach. However, their amount of threating behaviour increases
when the physical distance is decreasing, with more tail rattles at larger distance
and lateral threats when the intruder comes closer. When the distance becomes
too small and violates the territorial integrity of the BALB/cJ mouse, they would
instantly attack. When the distance has passed a so-called ‘point of no return’,
these attack very often start without warning or additional threats (these stages
are skipped), with a larger distance, and thus reinstatement of the environmental
homeostasis, between the intruder and resident as the result. Some BALB/cJ
mice will continue with surveillance (i.e. circling around in the cage) in order to
keep the intruder in a fixed place. Sudden movement of the intruder will directly
initiate an attack.
Repeated victories are known to have a boosting effect on the self-confidence of
the intruder and will increase aggression levels even more [144]. Since aggressive
behaviour by BALB/cJ mice serves the goal to successfully keep a safe distance
between the intruder and resident (in order to establish a new homeostatic
environment) and this can become the new social rule for BALB/cJ mice.
Therefore, since this approach appears to be successful, BALB/cJ mice start to
use it quicker every time and more often, while intruder mice will try to avoid
them even more. In Chapter 4, we have raised the hypothesis that BALB/cJ
mice have a different value of reward and punishment, which could be caused
by hostile bias towards their environment. This is often seen in patients with
antisocial personality disorder in whom maladaptive anger regulation turns into
aggression [52]. These patients display altered perception of interpersonal threat
cues and show altered sensitivity towards ambiguous intentions. These intentions
are perceived as being hostile and predispose towards an aggressive reaction.
When we translate this to BALB/cJ mice, we could say that the ignorance of the
submissive behaviour of the resident together with the escalatory aggression over
time may reflect hostile bias.
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NEURAL MECHANISMS
Brain areas that have repeatedly been associated with aggression mainly concern
the prefrontal areas and limbic structures (including the hypothalamic pituitary
axis) In Chapter 3, we found a decreased concentration of a metabolite of the
inhibitory neurotransmitter Gamma-aminobutyric acid (GABA) in the ACC of
BALB/cJ mice. Since the ACC has a pronounced function in cortical top-down
control of downstream limbic areas [3], reduced inhibitory action could potentially
release the brake on the control system which could e.g. result in hyperactivation
of the amygdala and increased vigilance to environmental (perceived) threats.
Besides its role in cortical top-down control, the ACC plays an important role
in the integration of emotional and cognitive information contributing to e.g.
error detection and attention processing [58]. Impaired error detection could
contribute to the abnormal forms of aggression seen in the resident-intruder test.
Furthermore, dysfunctional ACC activity measured by functional MRI has been
demonstrated in CD patients in relation to aggression and antisocial behaviour
[3, 66] but reduced right ACC volumes have also been found to be associated with
increased aggression. A recent animal study by our group investigated the volume
of the ACC in relation to the aggressive phenotype of BALB/cJ mice and found
that an increased ACC volume is associated with and predictive of heightened
aggression [635]. It could be that ACC volume is linked to a particular subtype
of aggression, but this needs to be examined in more detail. Altered prefrontal
inhibitory control may impact on processing between the cingulate cortex, the
amygdala and the HPA axis, leading to changes in the ability of BALB/cJ mice
to learn or implement behavioural strategies accompanied by negative feedback
reinforcers. As described above, reduced concentrations of GABA could affect the
functionality of the top-down control system. In the following, sections we will
elaborate more on our findings in the view of different neurotransmitter systems.
GABA and aggression
GABA-ergic neurons make up a large percentage of the whole neuronal
population and therefore, it is not surprising that GABA acts on many different
cognitive processes. We found increased GABA metabolite levels in the ACC of
aggressive BALB/cJ mice compared to non-aggressive BALB/cByJ mice, which
was accompanied by a 20-fold increased level of Abat, the enzyme responsible for
the degradation of GABA. Lower local GABA levels in the ACC could affect topdown control of the amygdala, hypothalamus and periaqueductal gray matter [3],
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which in turn could alter threat sensitivity. In human plasma samples, an inverse
relationship was found between GABA and aggression measures [108]. Magnetic
resonance spectroscopy in female ADHD patients also revealed reduced GABA
metabolite concentrations in the ACC, which was negatively correlated with
aggression and impulsivity measures [363]. In addition, low ACC GABA levels
were strongly associated with high inattention but not with hyperactivity scores.
Increasing GABA activity by pharmacological manipulations of GABAergic
transmission (e.g. by the GABA agonist muscimol) inhibit aggressive behaviour
[109]. Similarly, post-mortem assessment of GABA levels in rodents revealed
a negative correlation between GABA as well as the GABA synthetic enzyme
glutamatic acid decarboxylase and aggression. In animals, benzodiazepines and
allopregnanolone, positive allosteric modulators of the GABAA receptor have been
shown to produce bitonic effects on aggression (i.e. high doses reduce aggression
while low doses increase aggression) [82, 109]. On the other hand, glutamatergic
inhibition reduces aggression [85], which indicates that an imbalance between
excitatory glutamatergic and inhibitory GABAergic activity may contribute
to the aggressive phenotype [83]. Whether the top-down control of amygdala
activity is affected as a reaction to the excitatory/inhibitory imbalance in the ACC
of BALB/c mice still needs to be investigated in more detail.
Serotonin and aggression
The serotonergic system is one of the best-studied neurotransmitter systems in the
aggression field. 5-HTergic antagonists as well as 5-HT depletion have been shown
to reduce isolation-induced aggression. Selective serotonin reuptake inhibitors
(SSRIs), often used as antidepressants, also have an anti-aggressive effect in patients
with personality disorders, which is accompanied by an increase in the relative
metabolic rate of the orbitofrontal cortex [74, 636, 637]. Preclinical studies have
shown that tryptophan hydroxylase-2 (Tph2), the rate-limiting enzyme required
to convert L-tryptophan into L-5 hydroxytryptophan, mediates aggression as
well. Full deletion of both Tph2 genes in mice results in an aggressive phenotype
accompanied by low levels of anxiety [120]. However, research done in our own
laboratory with Tph2 transgenic mice showed that the aggressive effect is mainly
based on the behavioural characteristics of the intruder (i.e. Tph2 knockout
mice reacted more aggressively towards C57BL6J than to DBA2 intruders)
(manuscript in preparation), which indicates that the contribution of genes to
aggression is often context-based. In human, polymorphisms of Tph2 were found
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in people with anger-related personality disorders and are related to structural
and functional neuroanatomic differences [638]. Altered 5-HT synthesis is also
thought to be present in BALB/cJ mice, since they carry a loss-of-function single
nucleotide polymorphism (SNP; C1437G) in the Tph2 gene, which reduces the
enzyme activity of Tph2 by approximately 50% [639-641]. Most of these studies
compared BALB/cJ mice with C57BL6 mice and not with their related substrain,
the BALB/cByJ mice. BALB/cByJ mice carry the same SNP and both BALB/c
strains react positively to SSRI treatment [642]. Therefore, we can conclude that
the difference in aggressive phenotype between these BALB/c strains is probably
not related to 5-HT.
Dopamine and aggression
While it is known that the dopaminergic (DA) system is involved in motivation,
reward and decision making, less is known about the role of DA in aggression.
Alterations in the DRD4 receptor gene are found in ADHD [643] and in
schizophrenic patients [644]. Interestingly, only a connection between proactive
aggression and the 7-repeat DRD4 polymorphism was found and not with other
forms of aggression. In addition, trait aggression in those with the 7-repeat DRD4
polymorphism seems to be associated with prenatal stress [645]. A positron
emission tomography study in humans using 18F-FDOPA, the precursor for DA,
was negatively correlated with aggressive responses in healthy men in the striatum
and midbrain [646]. These data suggest that higher DA levels reduce aggression,
which corresponds to our own findings in BALB/cJ mice. Methylphenidate
(MPH), the most recommended and often prescribed psychostimulant in the
pharmacological treatment of ADHD [573, 574], is known to increase both
DA and NE levels. We have shown that 3 mg/kg dose MPH reduces aggression
in a long-lasting manner, as was indicated by a longer attack latency and the
absence of escalatory aggression (chapter 6). Studies that have investigated the
role of catechol-O-methyltransferase (COMT), an enzyme involved in DA and
norepinephrine (NE) catabolism, indicate a relationship between aggression and
the Val158Met polymorphism in COMT [91]. The lower activity Met allele
results in higher basal DA levels and is associated with higher levels of aggression
in schizophrenic patients [647]. Cheon et al., 2008 [648] has reported doseresponse effects of MPH based on the genotype of the COMT gene. Children
carrying the Val allele responded better to MPH treatment than children with the
Val/Met or Met/Met genotypes. This could indicate that the inverted U-shape
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of MPH action we found is genetically determined [649]. The examination of
MPH and genotype interactions is warranted given the differential effect on
behaviour across different mouse strains. An inverted U-shape in prefrontal
cortical dopamine concentration has been reported to be associated with the
ability to learn [650] suggesting that modulation of dopamine tone by MPH
could also influence the ability to learn in BALB/cJ mice.
Similar to ADHD patients, decreased mesocorticolimbic DA levels were observed
in aggressive BALB/cJ mice compared to non-aggressive A/J mice using high
performance liquid chromatography and quantitative receptor autoradiography
[651]. A lower DA utilization was also found in the nucleus accumbens and
prefrontal cortex, as well as lower D1 receptor expression in the rostral pole of
the accumbens, while D2 receptor expression was found to be higher throughout
the accumbens. However, it is still unclear how levels of NA in BALB/cJ mice
compare to other strains. Besides increasing attention [652], MPH has been
shown to effectively decrease anxiety [611] and aggression [612, 613] in children
with ADHD and comorbid disorders (e.g. anxiety disorder; oppositional defiant
disorder [614, 615]. The U-shape dose response curve on aggression that we
observed indicates the essential fine-tuning of the neurotransmitter balance, as
it is also known that a high dose of MPH may activate low-affinity targets such
as the serotonin transporter [620]. Normalised error detection may also have
contributed to the lowered level of anxiety that was observed after administration
of the 3 mg/kg methylphenidate. These data point towards a dysregulation
of dopamine concentration that is normalised after administration of 3 mg/
kg methylphenidate but not after administration of 10 mg/kg in an inverted
U-shaped curve manner.
Corticosterone and testosterone
Both these steroid hormones have been associated with aggression before.
Especially the ratio between testosterone and corticosterone seems to be of
importance. However, this interaction seems to be more complex than the high
testosterone/low corticosterone finding, probably caused by gender effects and
clinical status [7]. In BALB/cJ mice, we observed a decrease in corticosterone
levels after the resident intruder task when compared to BALB/cByJ mice and
reduced basal autonomic functions (e.g. heartrate, body temperature) (manuscript
in preparation). Environmental enrichment has been shown to increase
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corticosterone levels and decrease aggression in female BALB/c mice [653].
Whether BALB/cJ mice have lower basal corticosterone and testosterone levels
compared to BALB/cByJ mice needs to be further examined but unpublished
data from our laboratory suggests a 3-fold increased gene expression of the
testosterone site of action, the androgen receptor in the ACC (but not in the
amygdala or insula) of BALB/cJ mice compared to BALB/cByJ controls.
Hypo- and hyperarousal
A number of studies investigated the state of arousal of patients with CD and
ADHD. A state of hypo-arousal is often accompanied by increased vigilance,
lower heart rate, reduced stress hormone release and reduced skin conductance
responses [174, 654, 655] and was found in response to induced frustration in
children with Oppositional Defiant Disorder (ODD), often a precursor of CD
[165]. Interestingly, a lower basal heart rate measured in three-year-olds was
predictive of the development of conduct problems at age 11 [164]. We found
signs of a hypo-arousal state in BALB/cJ mice. 96-hours in vivo monitoring with
wireless telemetric equipment in BALB/cJ and BALB/cByJ mice revealed a lower
basal heart rate to be present in BALB/cJ mice (manuscript in preparation). In
addition, a clear difference was found in the basal body temperature that was
significantly lower in BALB/cJ mice than BALB/cByJ mice, which could mean
that BALB/cJ mice are more efficient in their energy balance, in turn allowing these
mice to rapidly increase their activity when needed. Reduced sensitivity to pain is
also a feature of hypo-arousal that is found among youth with psychopathic traits.
We found similar features in BALB/cJ mice in the hotplate analgesia test [491].
BALB/cJ mice could stand significantly longer on a 55 degrees Celsius hotplate
before showing signs of discomfort compared to BALB/cByJ mice. A particular
subset of BALB/cJ mice is also less sensitive/empathy-like to seeing other animals
in pain [627]. It was thought that this subgroup of animals corresponded to a
higher score on CU traits in humans. However, only low aggression was observed
in this experiment, which prevented the analysis of the aggressive characteristics
of the subsets. In youth with psychopathic traits, functional magnetic resonance
imaging studies revealed a reduced activity of brain areas involved in pain
sensation (e.g. the amygdala and the ACC) and in which pain intensity negatively
correlated with the severity of psychopathic traits [656].
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This could possibly imply that the reduced GABA concentrations we found in
the ACC have a relation with pain sensitivity as well. A study in which boys with
ADHD with comorbid CD were compared to boys with ADHD alone revealed
that the level of CU traits was negatively predicting pain sensitivity, whereas
ADHD severity positively predicted pain sensitivity [657]. Moreover, recent
studies suggest common regulation of both emotional and physical pain from
ACC regions projecting to key pain regulatory regions such as the peri-aquaductal
gray (PAG) matter [658]. The PAG is an important regulate autonomic arousal
mechanisms which prepare the animal for the fight/flight response.
We hypothesize that BALB/cJ mice are hypo-aroused based on the following
findings:
I.
II.
III.
IV.

Reduced perception of ambiguous intentions of the intruder (Chapter 3);
Low corticosterone levels after an aggressive encounter [491];
Reduced pain sensitivity in hotplate analgesia test [491];
Lower resting heart rate and baseline temperature (manuscript in
preparation).

One hypothesis in CD and comorbid disorder is that aggression associated with
a hypo-arousal state is caused by the deficiency of DA and NE [654, 659]. In
our study, administration of 3 mg/kg i.p. MPH may have increased the levels of
DA and NE to moderate levels in the brain and thereby have optimally increased
prefrontal cortical processing [582], especially since both DA and NE have arousal
promoting actions that are closely related to cognitive functioning [619]. This
strengthens the idea that 3 mg/kg i.p. MPH could have supported the cognitive
control functions and therefore, possibly, lead to behavioural improvement.
Given the inverted U-shape dose-response of MPH in our aggression data,
we note that administration of 10 mg/kg i.p. MPH causes the opposite effect
(increased aggression), and could potentially have driven the animal to a hyperarousal state caused by excessive levels of DA and NE [582]. Assessments of brain
corticosterone and monoamine tone are needed to substantiate these hypotheses.
While anxiety is more present in BALB/cJ compared to BALB/cByJ mice and
improves after MPH treatment, we believe that this factor is not of major
influence on aggression seen in these animals. As depicted in Figure 2, there is a
linear relationship between MPH and anxiety, whereas the relationship between
MPH and aggression is U-shaped.
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It may be that the effect on aggression is more ACC-related and the anxiety effect
is more related to amygdala functioning, which is dependent on the correct finetuning of ACC expression. We have provided evidence for the role of DA, NE
and GABA in social, non-social and fear-cued learning. We are still investigating
whether MPH acts as an anti-aggressive agent by altering GABA levels in the
ACC as well. The detailed behavioural profile of BALB/cJ mice, linked to the
state of arousal, is depicted in Figure 3.

Figure 2. Dose-response of methylphenidate and behaviour in BALB/cJ mice. Low levels of
dopamine and norepinephrine are associated with high levels of aggression, low levels of error
detection and high levels of anxiety. Intermediate levels of dopamine and norepinephrine are
associated with low levels of aggression, high levels of error detection and intermediate levels of
anxiety. High concentrations of dopamine and norepinephrine are associated with low levels of
anxiety, high levels of aggression and a low level of error detection.
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Figure 3. Arousal profiles of BALB/cJ mice. (a) We assume that BALB/cJ mice, under nonpharmacological circumstances, are in a state of hypo-arousal. This is accompanied by high levels
of aggression (compared to BALB/cByJ mice), decreased attention and punishment sensitivity and
reduced fear processing. (b) Administration of 3 mg/kg intraperitoneal methylphenidate brings
BALB/cJ mice to a state of ‘normalized’ arousal. Aggression is still present, but is reduced, sustained
attention and fear processing are improved. (c) BALB/cJ mice will switch to a state of hyper-arousal
upon administration of 10 mg/kg intraperitoneal methylphenidate. Aggression is increased in
comparison to the ‘normalized’ state, but sustained attention is dramatically decreased. Therefore,
finding the right balance in arousal seems to be important for the control of aggression.
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CONCLUSIONS AND IMPLICATIONS
The research that is described in this thesis provides an overview of the neurobiology
underlying aggressive behaviour based on findings in the BALB/cJ mouse model.
We have shown that the BALB/cJ mouse is an excellent model to test behavioural
aspects of CD and ADHD. While aggression is meant to be a natural mechanism
to protect the resources of the individual, we think aggression seen in BALB/
cJ mice is of a different kind. In BALB/cJ mice, we believe that reactive and
abnormal aggression is a consequence that is initiated by a misperception of social
cues and internal processing of these cues (as illustrated in a simplified manner
in Figure 4). This thesis provides evidence for the role of attention processing,
hyposensitivity, hostile bias, arousal and error detection in the complex interplay
with aggression.

Figure 4. Simplified scheme of aggression in BALB/cJ mice. Reduced attention processing
makes BALB/cJ mice hyposensitive to environmental and social cues. This will eventually lead to
reduced error detection and hostile bias, in which ambiguous cues are misperceived. The aggressive
act resulting from this bias can lead to a victory experience, especially since it is not that difficult
to beat an opponent that has already surrendered. The experience of a victory will boost antisocial
learning which will rely even less on attention processing. This will eventually lead to increased
abnormal and escalatory forms of aggression in which cues are ignored even more.
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As stated before, aggression is not a behaviour that stands alone. Especially in
reactive aggression, there is always a motivation to use aggression, which could
be e.g. provocation, miscommunication, dominance or misperception of social
and environmental cues. Escalatory aggression in mice could be the result of
enhanced antisocial learning which is caused by positive feedback from victories.
The inability to change negative behaviour in combination with altered perception
of ambiguous cues could boost this behaviour even more.
Future research
In this thesis we had a research interest in the main brain areas that are involved
in the top-down control of aggression. In chapter 3, we have measured metabolite
concentrations and RNA expression in the orbitofrontal cortex, dorsal striatum
and anterior (and medial) cingulate cortex. While we acquired functional
magnetic resonance imaging recordings of the whole brain, we did not finalize the
analysis of the imaging data yet. Other brain areas more downstream, such as the
different parts of the amygdala, hypothalamus and periaqueductal gray matter,
would also be of interest to investigate further. In addition, vagal innervation
by the brain would be interesting to investigate, since we found differences in
autonomic responses (heart rate and body temperature), which suggest a role for
the autonomic nervous system.
Further, it would be of interest to investigate the neurotransmitter systems in
more detail, e.g. measure dopamine with microdialysis during rest and aggressive
interactions but also measure oxytocin and GABA levels during behaviour using
microdialysis. We accept that microdialysis suffers from low time resolution
and may not adequately resolve the biochemistry of complex bheaviours such
as aggression. Simultaneous blood sampling of the same chemical marker
and behavioural testing would enable the search for biomarkers of aggressive
behaviour. Future research should also investigate whether MPH affects GABA
metabolite concentrations in the ACC. We found increased Kcc2 RNA expression
in the ACC, which could be a possible compensatory mechanism for the reduced
GABA concentration. Studies to evaluate the pharmaceutical actions of Kcc2
or Abat would be a promising next step. One question that kept on appearing
in our research is the value interpretation of reward and punishment by BALB/
cJ mice. In order to investigate this, one should perform a progressive ratio test
and continuous performance test under punishment conditions. In humans, an
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analysis of whether CU traits are associated with graded changes in punishment
sensitivity would also be useful [39]. The specific contribution of DA and NE
receptor subtypes should also be investigated in more detail in order to reveal the
exact molecular mechanism that mediates negative-feedback learning. While we
didn’t find a clear association between anxiety and aggression, anxiety seems to be
very prominent in our animal model. Therefore, it is worthwhile to follow up the
state of anxiety and the effect of MPH on anxiety. In the last paragraphs, we have
hypothesized that states of hypo- and hyperarousal influence aggression and are
changed by MPH intervention. It would be a logical next step to measure hypoarousal functions (such as heart rate, stress hormone levels and pain sensitivity)
after (acute and chronic) treatment with MPH. These future studies may provide
more insight into the factors associated with arousal and its remediation by MPH
in humans.
Hyposensitivity (to social cues and negative events such as punishment) and
emotional dysregulation are factors that we can identify in both BALB/cJ
mice and CD patients. Altogether, it seems that by increasing sensitivity to the
environment, error detection improves and aggression decreases. This mechanism
could well be translated to the human situation and provides new treatment
perspectives for the clinic. Ideally, pharmacological treatment would be combined
with attentional training to improve error detection. We have seen in BALB/cJ
mice that acute treatment with MPH can boost the performance during attention
training (manuscript in preparation). Improved sustained attention and error
detection will prevent the misconception of social cues and may as a consequence
decrease anxiety and improve fear perception. When the subjects would become
more sensitive to the environment, hostile bias would become less and aggression
(and antisocial learning) could go down as well.
We have found evidence for the crucial role of state of arousal and the effect
on the behavioural outcome. The data that we gathered suggests that efficient
control of autonomic functioning (e.g. heart rate) may be involved in cognitive
processes. In addition, human studies have found a link between e.g. lower basal
heart rate and aggressive behaviour, in which a lower heart rate is associated with
higher aggression scores in children [660]. Resting heart rate at the age of three
even has a predictive value on the development of aggression at age 11 [164].
Thereby, it is thought that the autonomic nervous system modulates arousal and
dysregulation may cause inattention and behavioural disinhibition in ADHD
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[661]. The vagus nerve, that connects the medulla oblongata with the cardiac
plexus of the heart, is known for its efferent parasympathic actions, such as the
regulation of heart rate [662]. The vagus nerve can adjust the heart rate depending
on the favourable behavioural response (e.g. fight or flight response). In the case
of attentional processing, the heart rate could be kept lower. Therefore, it is likely
that the vagus nerve is involved in dysfunctional threat responses to ambiguous
cues, such as those seen in BALB/cJ mice. It would be interesting to evaluate
the connection between the brain and the autonomic system in more detail and
to study the effect on emotional (dys)regulation. This will enable us to interfere
with cognitive functioning using a multidisciplinary approach by e.g. providing
neuro/biofeedback and/or pharmacological treatment focusing on the autonomic
system (e.g. beta-blockers). These studies can inspire us to bring the brain outside
of its unique and isolated position and investigate the functioning of the body
and the mind as a whole.
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NEURALE MECHANISMEN ONDERLIGGEND AAN
DE CONTROLE VAN AGRESSIEF GEDRAG
De aanleiding
Elke dag vormen agressie en geweld een bedreiging voor de samenleving.
Meer dan een miljoen mensen per jaar vinden de dood door geweld of door
de consequenties hiervan, maar nog veel meer mensen ondervinden langdurige
psychische klachten door geweld dat hen wordt aangedaan. Desondanks kan
agressie beschouwd worden als natuurlijk (menselijk) gedrag. Dit wordt gelijk
duidelijk wanneer we naar kleine kinderen kijken. Kinderen laten van nature
agressief gedrag zien en de taak van de opvoeders is dan om sociaal wenselijk
gedrag te stimuleren en agressie te verminderen in situaties waarin dit niet gepast is.
Kinderen met attention-deficit hyperactivity disorder (ADHD) of een antisociale
gedragsstoornis (CD) vertonen in veel gevallen ongewenst agressief gedrag,
bijvoorbeeld seksueel geweld tegen klasgenoten, opstandigheid tegen opvoeders
en doding of mishandeling van dieren. Omgevingsfactoren zoals jeugdtrauma’s,
slechte invloeden van leeftijdgenoten of verwaarlozing kunnen bijdragen aan de
ontwikkeling van dit antisociaal gedrag. Daarnaast hebben biologische factoren
ook invloed op het risico om dit te ontwikkelen en kan de aanwezigheid van
bepaalde karaktereigenschappen het risico verhogen (bijvoorbeeld hyperactiviteit
dat agressie kan opwekken). Een vermindering van controle van het gedrag
lijkt een groot aandeel te hebben in het ontstaan van agressief gedrag, maar
hoe deze controle precies in het brein is geregeld is nog niet bekend. Vandaar
dat ik in dit proefschrift heb onderzocht welke mechanismen (zowel biologisch
als op gedragsniveau) kunnen bijdragen aan agressie en dus hoe controle over
agressief gedrag werkt. Dit heb ik gedaan in een diermodel (de BALB/cJ muis)
dat karakteristieken vertoont van zowel CD als ADHD.
Systematisch overzicht agressie studies
Agressief gedrag is een veelvoorkomend symptoom in velerlei psychiatrische en
neurodegeneratieve aandoeningen. Om het mechanisme hiervan te onderzoeken
kunnen transgene diermodellen gebruikt worden waarbij het DNA opzettelijk
is veranderd waardoor er een of meerdere eiwitten in een andere hoeveelheid
aanwezig zijn. Een voorbeeld hiervan is het gen coderend voor het eiwit Amyloïd
Precursor Protein (APP), het voorlopereiwit voor β-amyloïde dat zich ophoopt in
plaques in de ziekte van Alzheimer. Verschillende mutaties van dit gen zijn getest
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in diermodellen en deze waren allemaal geassocieerd met verhoogd agressief
gedrag. Er zijn ook studies die agressief gedrag hebben getest als onderdeel van
een groter onderzoek en dus niet de primaire focus op agressie leggen. Dat maakt
het lastig om deze studies te vinden en zo kunnen deze onderzoeksresultaten
gemakkelijk over het hoofd worden gezien. Een systematisch overzicht van alle
studies die transgene diermodellen hebben gebruikt heeft dan ook als doel om
onderzoekers te informeren over de al bekende studies en methoden die zijn
toegepast. Dit om te stimuleren dat proefdieronderzoeken niet dubbel worden
uitgevoerd en de methodologie van een hogere kwaliteit zal zijn die beter naar
de mens vertaalbaar is. Daarnaast kan het rapporteren van de methodologie en
valkuilen het aantal benodigde proefdieren reduceren, maar ook het welzijn van
de dieren verhogen.
In Hoofdstuk 2 beschrijf ik mijn systematische onderzoek naar agressie studies
in transgene dieren. Ik heb de informatie van 161 experimenten verzameld en
geanalyseerd hoe de agressie tests werden uitgevoerd en ook wat de uitkomst van
de studies is geweest. Hieruit voort komen aanbevelingen voor het uitvoeren van
agressie testen bijvoorbeeld het testen op meerdere dagen en randomisatie van
interactie partners. Daarnaast heb ik in het systematische onderzoek een visueel
landschap gecreëerd van alle genen die geassocieerd zijn met agressief gedrag. Zo
word inzichtelijk hoe de genen zich tot elkaar verhouden en welke mechanismen
er interessant zijn voor vervolgstudies.
Top-down control van agressie in het brein
Er zijn aanwijzingen dat ongewenst agressief gedrag voorkomt uit verminderde
controle in het brein. Een verstoorde balans tussen stimulatie en inhibitie van
bepaalde gebieden in het brein lijkt hieraan ten grondslag te liggen, maar het
exacte mechanisme is nog niet bekend. Dit mechanisme heb ik onderzocht in
de BALB/cJ muis in Hoofdstuk 3. Dit deed ik door dit muizenras te vergelijken
met een zeer verwant ras, namelijk de BALB/cByJ muis. Deze muizen zijn minder
agressief en ook minder angstig, terwijl ze genetisch relatief niet veel verschillen.
De hypothese was dat het verschil in de genetica zou kunnen verklaren waarom de
dieren ander gedrag vertoonden. Al deze genetische verschillen zijn gebruikt om
een moleculair landschap te creëren dat impliceerde dat er verminderde expressie
zou zijn van Gamma-aminoboterzuur (GABA), de voornaamste inhibitoire
neurotransmitter in ons brein. Om dit te onderzoeken hebben we een GABA
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concentratie meting gedaan door middel van magnetic resonance spectroscopy
(MRS). Dit wees uit dat er een 40% reductie was in GABA concentratie in
de anterior cingulate cortex (ACC), een hersengebied dat betrokken is bij de
corticale controle van agressief gedrag, maar ook bij attentie en besluitvorming
en een gebied dat de controle heeft over andere hersengebieden die betrokken zijn
bij emotionele regulatie. De aanwezigheid van GABA wordt gereguleerd door
enzymen die deze neurotransmitter kunnen maken of afbreken. De hoeveelheid
van deze enzymen heb ik bepaald door te kijken naar de hoeveelheid transcripten
van de stukken DNA die coderen voor deze enzymen. Ik vond dat het gen
coderend voor het enzym dat GABA afbreekt 20x meer aanwezig was in BALB/
cJ muizen dan in BALB/cByJ muizen in de ACC. Verhoogde afbraak van GABA
door dit enzym kan de reden zijn waarom er minder GABA aanwezig is in de
ACC. Aangezien GABA een remmende functie heeft op de corticale controle
kan een vermindering van GABA hebben geresulteerd in de aanwezigheid van
meer agressief gedrag. Ook andere genen die mogelijk compenseren voor deze
verminderde remming zijn veranderd in expressie. Dit onderzoek geeft inzicht in
de controle van agressief gedrag door de GABA balans in de ACC. Dieper gelegen
hersengebieden, waarover de ACC controle heeft (bijvoorbeeld de limbische
gebieden die betrokken zijn bij emotionele regulatie), kunnen hierdoor anders
gaan functioneren.
Leren van negatieve feedback
Om op een correcte manier te reageren in onverwachte situaties is het essentieel
om je gedrag soepel aan te kunnen passen aan de omstandigheden. Dit wordt
ook wel cognitieve flexibiliteit genoemd en wordt vooral gedreven door de
verwachting van een beloning of van een negatieve consequentie. Een voorbeeld
is dat het stoplicht ineens op rood springt terwijl jij aan komt fietsen. Het is
sociaal wenselijk dat je dan stopt. Stel nu dat er ook nog eens een flitspaal bij staat
die registreert of jij door rood fietst. Nu ben je helemaal gemotiveerd om op tijd
te stoppen. Jongeren met een antisociale gedragsstoornis zijn vaak verminderd
gevoelig voor negatieve feedback (bijvoorbeeld straf of een boete) en zijn geneigd
om meer risico’s te nemen ondanks de negatieve consequenties. In Hoofdstuk
4 heb ik onderzocht of BALB/cJ muizen ook verminderd gevoelig zijn voor
negatieve feedback of juist beter presteren onder belonende omstandigheden. Dit
heb ik gedaan in een touchscreen omgeving waarin de muizen een simpele taak
moesten leren. Hierbij was één stimulus correct en werd beloond en één incorrect
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die niet werd beloond. Nadat de muizen deze taak hadden geleerd werden de
regels omgedraaid, waardoor de voorheen correcte stimulus ineens de incorrecte
werd (alsof je ineens bij een groen licht moet stoppen). Een groep dieren kreeg
daarbij extra negatieve feedback in de vorm van een zeer luide toon en een
verblindend scherm. BALB/cJ muizen presteerde minder goed onder negatieve
feedback condities, ze waren meer vasthoudend in het herhaaldelijk maken van
foute responsen, terwijl de controle dieren (BALB/cByJ muizen) gemakkelijker
hun gedrag aanpaste. Dit resultaat wijst erop dat BALB/cJ muizen minder goed
leren van fouten en dus minder gevoelig zijn voor negatieve feedback, net zoals
jongeren met een antisociale gedragsstoornis. Deze bevinding kan bijdragen aan
het onderzoek naar de mechanismen onderliggend aan verminderde sensitiviteit
voor negatieve feedback in mensen met een antisociale gedragsstoornis.
Geleerd gedrag afleren
Een afwijking in de cognitieve flexibiliteit kan een indicatie zijn voor een
vermindering van de zelfcontrole en kan daardoor lijden tot het ontstaan van
pathologische agressie. Waar het in het vorige hoofdstuk ging over het leren van
regels en het switchen daartussen, gaat het in Hoofdstuk 5 over het afleren van
regels. Dit heb ik getest in een extinctie test in de touchscreen omgeving. Eerst
leerde de dieren een simpele taak waarbij er een stimulus werd gepresenteerd
die moest worden aangeraakt. Op een gegeven moment kwam er geen beloning
meer nadat de stimulus werd aangeraakt en werd er gemeten hoe vaak de dieren
de stimulus bleven aanraken totdat ze uiteindelijk stopte met reageren. In het
algemeen leerde BALB/cJ muizen de taak sneller dan BALB/cByJ muizen. Er
werd geen verschil gevonden tussen de muizenrassen voor het afleren van de
taak. Alhoewel, binnen de groep van BALB/cJ muizen waren wel verschillen te
ontdekken. Er werden namelijk twee subgroepen geïdentificeerd. De subgroup
die meer succesvol was in het aanleren van de regel werd meer gedreven door de
beloning en was ook beter in het afleren van de regel. De andere groep die meer
moeite had bij het aanleren van de taak, maakte ook meer fouten tijdens het
afleren van de taak en vertoonde meer impulsief gedrag. Vervolgonderzoek naar
de genetische verschillen tussen de twee groepen zal meer duidelijk maken over
het mechanisme dat hieraan ten grondslag ligt.
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Interventie met methylfenidaat
Verhoogde agressie en angst komen frequent voor in CD en ADHD patiënten.
Medicatie om dit te reduceren is vooral gebaseerd op de klassieke ADHD
behandeling. Het meest voorgeschreven medicijn voor ADHD is methylfenidaat
(ook bekend onder de merknaam Ritalin). Naast het verhogen van de attentie
is ook gebleken dat dit medicijn agressie kan verminderen. Het effect van
methylfenidaat op angst en de verwerking hiervan is minder direct en kan eveneens
beïnvloedt worden door de aanwezigheid van agressief gedrag. Vandaar dat ik
in Hoofdstuk 6 heb onderzocht hoe het effect van methylfenidaat op agressie,
angst en angstverwerking zich tot elkaar verhoudt. In dit hoofdstuk komen veel
aspecten van de andere onderzoeken samen, waarbij ik heb geprobeerd deze te
manipuleren door toediening van methylfenidaat. Ik heb onderzocht hoe de
verschillende gedragingen (angst, angstverwerking, agressie en sociaal gedrag)
worden beïnvloed door verschillende doseringen van methylfenidaat. De lagere
dosis (3 mg/kg intraperitonaal) verminderde agressie significant terwijl de hogere
dosering (10 mg/kg intraperitonaal) agressie verhoogde. Beide doseringen hadden
een sterk verminderend effect op angst in een open veld en in een plusvormige
arena. Het verwerken van angst heb ik onderzocht door de dieren bloot te stellen
aan een aantal elektrische schokken die gepaard gingen met een luide toon. De
twee opvolgende dag kregen de dieren wederom de toon te horen, maar zonder
de schok en werd er gekeken in hoeverre de dieren angstig reageerden op de toon.
Dieren die methylfenidaat hadden gekregen leerden sneller dat er geen schok
meer kwam, waarbij de dieren die de hoogste dosering kregen dit het snelste
deden. Deze resultaten lijden tot de conclusie dat methylfenidaat agressie kan
verminderen bij een lage concentratie en verhogen bij hoge concentratie. Een
lineair verband werd gevonden tussen het verwerken van angst en de dosering van
methylfenidaat, waarbij de lage concentratie verminderd reageerde op de tonen
en de hoogste concentratie dit nog minder deden. Deze kennis kan bijdragen
aan de impact, effectiviteit en bijwerkingen van verschillende doseringen van
methylfenidaat en geeft meer inzicht in hoe verschillende gedragingen zich tot
elkaar verhouden.
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Conclusies
Het onderzoek dat is beschreven in dit proefschrift is gericht op de neurobiologische
mechanismen die ten grondslag liggen aan agressief gedrag. BALB/cJ muizen
vertonen agressief gedrag dat is geassocieerd met verminderde corticale controle
(door verminderde inhibitie door GABA) in de anterior cingulate cortex. Daarnaast
vertonen deze dieren ook verhoogde angst, verminderde attentie en verminderde
gevoeligheid voor negatieve feedback. Op cognitief niveau blijken de dieren goed
in staat te zijn om regels te leren, maar hebben ze meer moeite met het switchen
tussen regels wanneer ze negatieve feedback krijgen, wat overeenkomt met
patiënten met CD. Daarnaast bestaat er binnen de populatie BALB/cJ muizen
een subgroep die meer moeite heeft met het afleren van gedrag en herhaaldelijk
fouten blijft maken. Er zijn aanwijzingen dat, naast deze overeenkomsten met
CD en ADHD, BALB/cJ muizen ook een attentie gebrek hebben. Hierdoor ben
ik van mening dat abnormale agressie in BALB/cJ muizen een consequentie is van
zowel het verkeerd interpreteren van sociale signalen (door verminderde attentie
en sensitiviteit) als ook verhoogde angst. Hierdoor wordt er op een antisociale
manier gereageerd op de omgeving. Aangezien de BALB/cJ muizen erg angstig
zijn wordt elk contact met een onbekende indringer vermeden. Agressie wordt
gebruikt om de indringer op een plek in de kooi te fixeren. Zodra de indringer
de afstand tot de BALB/cJ muis verkleint, zal dit een agressieve reactie oproepen.
Aangezien de agressie succesvol werkt in het positioneren van de indringer, heeft
dit een versterkend effect en zal de agressie alleen maar toenemen. De BALB/
cJ muis is dus minder in staat om zijn gedrag aan te passen zelfs al heeft het
negatieve consequenties (bijvoorbeeld gewond raken door een gevecht).
Een aantal studies in het verleden hebben het verband gelegd tussen het hebben
van een lage hartslag bij rust en het ontwikkelen van agressief gedrag. Ook
patiënten met CD lijken een verlaagde basale hartslag te hebben. Dit kan een
teken zijn van verminderde emotionele opwinding (ENG: hypo-arousal). Deze
staat van opwinding gaat vaak gepaard met het hebben van een lage stress respons
door verminderde afgifte van stresshormonen. Agressie die gepaard gaat met een
verhoogde stress respons en meer emotionele opwinding (ENG: hyper-arousal)
wordt vaker waargenomen in ADHD patiënten. Op deze manier kan er een
tweedeling worden gemaakt tussen zogenaamd ‘hot’ en ‘cold’ agressie, met elk
een eigen neurobiologisch mechanisme. Deze aspecten heb ik onderzocht in
BALB/cJ en BALB/cByJ muizen.
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In BALB/cJ muizen vonden we naast een verlaagde basale hartslag en verminderde
afgifte van stresshormonen ook nog meer tekenen van verminderde emotionele
opwinding, namelijk een verlaagde lichaamstemperatuur en een verhoogde
pijngrens. Ook deze aspecten zijn bekend in patiënten met CD. Al deze studies
samen laten zien dat de BALB/cJ muis een waardevol model is voor het bestuderen
van neurobiologische processen die voorkomen in CD, maar ook zeker in ADHD
aangezien deze dieren ook nog een attentiegebrek hebben. De bevindingen
rondom de emotionele opwinding geven aan hoe belangrijk de interactie tussen
het brein en het autonome zenuwstelsel (bijvoorbeeld de regulatie van de
hartfunctie) is. Het is dan ook interessant om te onderzoeken of het verhogen van
de basale hartslag of lichaamstemperatuur een effect kan hebben op gedrag. Vice
versa zal vervolgonderzoek naar de effecten van methylfenidaat op het autonome
zenuwstelsel een veelbetekenende volgende stap zijn. Dit onderzoek benadrukt
dat het brein niet de motor van het lichaam is dat op zichzelf staat, maar dat het
hele lichaam met elkaar in synergie moet zijn. Afwijkingen van deze synergie
leiden tot ongewenst en onaangepast gedrag.
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DANKWOORD
Zoals mijn directe collega’s weten ben ik een ontzettende dierenvriend en heb ik
het werk dat beschreven staat in dit proefschrift met veel respect voor de dieren
uitgevoerd. Daarom lijkt het mij op z’n plaats om te beginnen met een bijzonder
woord voor deze dieren. Jullie hebben me geïnspireerd, vaak laten lachen en ook
op momenten laten huilen. Veel frustratie heb ik ervaren als een artikel weer eens
werd afgewezen, omdat ik vond dat jullie leven gerechtvaardigd moest worden
en de bevindingen daarom kenbaar gemaakt moesten worden. Middels mijn
“Systematic Review” hoop ik ten diepste dat (agressie) onderzoek met dieren op
een ethisch verantwoorde manier wordt uitgevoerd met zo min mogelijk dieren
en minimale discomfort.
Ik heb veel mensen die ik wil bedanken en ik zal uiteraard een aantal mensen
vergeten, alvast mijn excuses daarvoor. I would like to thank my promoters Jan
and Tamas for their commitment and sharing their perspective of research and
life. A PhD is a tough journey and you both guided me successfully through
this. Armaz thank you for your unconditional support and reliance. You have
inspired me to continue with a PhD, in which you have been directly involved
in the beginning. Uren heb ik op het kantoor bij Geert gezeten en elke keer als
ik wegging hadden we weer grote stappen vooruit gezet. Bedankt voor al je hulp
en voor de mogelijkheid om mijn PhD frustraties te bespreken als ik weer eens
razend op je gang stond.
Then Jeff, we have had a complicated relationship and I dare to say that we are
opposites in many ways. Where you have a helicopter view and the capability of
linking everything together with the sky as the limit, I sometimes thought your
plans were impossible and you went way to fast in drawing conclusions. On
the other hand, there was me, a person always focusing on all the little details,
possibilities but also limitations, and I was, probably in your eyes, slowing things
down. While we had our difficult moments, most of the time this combination
was a key to success. We have accomplished so many things together with great
results and I’m proud that nowadays more and more students are continuing my
work on the BALB mouse and in the aggression field.
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Vrij direct na de start van mijn PhD ben ik langs geweest in Groningen bij dr.
Sietse de Boer en dr. Bauke Buwalda en heb ik meegekeken hoe het agressie
onderzoek eraan toe gaat en waar erop gelet moet worden. Hierna ben ik ook nog
in Boston geweest bij prof.dr. Klaus Miczek en ook daar heb ik veel geleerd. De
hartslag telemetrie methode en operatie heb ik geleerd van dr. Olivier Stiedl en
verfijnd door prof.dr. Renée Remie. Ik wil jullie bedanken voor het delen van
jullie decennia aan kennis.
Nikkie en Aron, bij jullie mocht ik mijn afstudeerstage lopen. Bedankt voor
het wegwijs maken in het team en voor alles wat jullie mij geleerd hebben. Ik
kon hierdoor een vliegende start in mijn PhD maken. Ilse, Peter, Shaha, Sarita
en Martha voor al die gezellige uren die wij verstopt hebben gezeten in de
koffiekamer van PRIME, onofficieel ons tweede kantoor/ huis. Het was de ideale
schuilplaats en al zagen we op die dagen weinig zon, het was de plek waar ik me
het meest prettig voelde.
Shaha, jij bent als een zus voor mij. We hebben zoveel lol gehad en veel samen
meegemaakt en gedeeld. Het kon vaak niet gek en grof genoeg, maar we
hebben ook genoeg tranen samen gelaten. Samen met Sarita heb ik veel in het
touchscreen kamertje (± 4m2) in PRIME gezeten. We hebben mooie artikelen
samen geschreven en jij was nooit te beroerd te bij te springen als er hulp nodig
was. Ik ben trots dat jullie vandaag mijn paranimfen willen zijn!
Maar ik wil ook mijn andere collega’s bedanken: Koen, Teun, Natalia, Joanna,
Yanfen, Kasia, Houshang, Charlotte. Ik zal de borrels met jullie nooit vergeten,
variërend van paycheck-cocktails, paycheck-beers tot superhero- en piratenborrels.
Support heb ik ook gekregen van mijn ‘oude’ vrienden van de bachelor
Biomedische wetenschappen. In het bijzonder, Anja en Dymph. Samen konden
we onze frustraties rondom onze PhDs bespreken en jullie hebben me ook
gemotiveerd om door te gaan.
Mijn werk was onmogelijk geweest zonder de hulp van de dierverzorgers in
PRIME. Met in het bijzonder Nicole, Wilma, Bianca, Iris, Henk, Michael en
Kitty. Jullie hebben me heel veel geleerd en jullie dachten altijd super mee met de
experimenten, de benodigdheden (waaronder zelfs het maken van tussenschotjes
voor de resident-intruder test) en de verzorging van de dieren. Zonder Wilma
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was hoofdstuk 6 compleet mislukt, want dankzij jouw speurtocht kregen we net
op tijd de methylfenidaat binnen. Jullie hebben hart voor de dieren en voor de
mensen die op de afdeling rond lopen. Het was prettig om met jullie samen te
werken
Een heel hartelijk dankwoord voor de (toenmalige) bachelor- en masterstudenten
die ik geheel of deels heb mogen begeleiden: Doranda, Stevie, Pauline,
Chantal, Petra, Iris, Femke, Yarick, Joao en Karina. De persoonlijke groei die
jullie allemaal lieten zien heeft mij gemotiveerd om op mijn huidige functie te
solliciteren, jullie waren fascinerend en elk op zijn eigen manier fantastisch. Twee
bijzondere studenten wil ik nog even uitlichten namelijk Sabrina en Floriana.
Met beiden heb ik een artikel gepubliceerd en zij mochten later ook nog eens
mijn collega’s worden en doorgaan met het BALB onderzoek.
Ook mijn ouders en mijn broers wil bedanken. Mijn ouders hebben altijd in
mij geloofd en al was mijn onderzoek best ingewikkeld voor ze, het interesseerde
ze zeker.
Ik had dit proefschrift nooit afgeschreven als ik niet een geweldige man achter
me had staan. Lieve schat, Ronald, jij was mijn motivatie en mijn rem als ik dat
nodig had. Geïnteresseerd in mijn onderzoek ben je nooit geweest. Als iemand
jou vroeg wat ik voor een werk deed zei je altijd: “Iets met hersenen..”. Je was in
iets veel belangrijkers geïnteresseerd, namelijk in het welzijn van jouw meisje.
Soms moest je streng tegen me zijn als ik over mijn grenzen heen ging en andere
momenten moest je me naar zolder sturen om ‘dat proefschrift’ af te maken.
Nu heb je zelfs geholpen om het te ontwerpen en in elkaar te zetten. Samen
hebben we drie geweldige kinderen, Annelieke, Julian en recentelijk Félien. Tot
ons verdriet, hebben wij het meest verschrikkelijke moeten meemaken, namelijk
het verlies van onze zoon Julian kort na zijn geboorte. Toch zijn we vanaf het
begin strijdbaar geweest en ook dit proefschrift is daar een teken van. We zijn een
geweldig team en ik hou van jou!
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DONDERS GRADUATE SCHOOL FOR COGNITIVE
NEUROSCIENCE
For a successful research Institute, it is vital to train the next generation of young
scientists. To achieve this goal, the Donders Institute for Brain, Cognition and
Behaviour established the Donders Graduate School for Cognitive Neuroscience
(DGCN), which was officially recognised as a national graduate school in 2009.
The Graduate School covers training at both Master’s and PhD level and provides
an excellent educational context fully aligned with the research programme of the
Donders Institute.
The school successfully attracts highly talented national and international students
in biology, physics, psycholinguistics, psychology, behavioral science, medicine
and related disciplines. Selective admission and assessment centers guarantee the
enrolment of the best and most motivated students.
The DGCN tracks the career of PhD graduates carefully. More than 50% of
PhD alumni show a continuation in academia with postdoc positions at top
institutes worldwide, e.g. Stanford University, University of Oxford, University
of Cambridge, UCL London, MPI Leipzig, Hanyang University in South Korea,
NTNU Norway, University of Illinois, North Western University, Northeastern
University in Boston, ETH Zürich, University of Vienna etc.. Positions
outside academia spread among the following sectors: specialists in a medical
environment, mainly in genetics, geriatrics, psychiatry and neurology. Specialists
in a psychological environment, e.g. as specialist in neuropsychology, psychological
diagnostics or therapy. Positions in higher education as coordinators or lecturers.
A smaller percentage enters business as research consultants, analysts or head of
research and development. Fewer graduates stay in a research environment as
lab coordinators, technical support or policy advisors. Upcoming possibilities are
positions in the IT sector and management position in pharmaceutical industry.
In general, the PhDs graduates almost invariably continue with high-quality
positions that play an important role in our knowledge economy.
For more information on the DGCN as well as past and upcoming defenses
please visit: http://www.ru.nl/donders/graduate-school/phd/
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