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Violence has been observed in humans and animals alike, indicating its evolutionary/biological
significance. However, violence in animals has often been confounded with functional forms of
aggressive behavior. Currently, violence in animals is identified primarily as either a quantitative
behavior (an escalated, pathological and abnormal form of aggression characterized primarily
by short attack latencies, and prolonged and frequent harm-oriented conflict behaviors) or
a qualitative one (characterized by attack bites aimed at vulnerable parts of the opponent’s
body and context independent attacks regardless of the environment or the sex and type of
the opponent). Identification of an operational definition for violence thus not only helps in
understanding its potential differences from adaptive forms of aggression but also in the selection
of appropriate animal models for both. We address this issue theoretically by drawing parallels
from research on aggression and appeasement in humans and other animals. We also provide
empirical evidences for violence in mice selected for high aggression by comparing our findings
with other currently available potentially violent rodent models. The following violence-specific
features namely (1) Display of low levels of pre-escalatory/ritualistic behaviors. (2) Immediate
and escalated offense durations with low withdrawal rates despite the opponent’s submissive
supine and crouching/defeat postures. (3) Context independent indiscriminate attacks aimed at
familiar/unfamiliar females, anaesthetized males and opponents and in neutral environments.
(4) Orientation of attack-bites toward vulnerable body parts of the opponent resulting in severe
wounding. (5) Low prefrontal serotonin (5-HT) levels upon repeated aggression. (6) Low basal
heart rates and hyporesponsive hypothalamus—pituitary—adrenocortical (HPA) axis were identified
uniguely in the short attack latency (SAL) mice suggesting a qualitative difference between

violence and adaptive aggression in animals.
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INTRODUCTION

Violence is a global concern, with severe implications for health,
capital and the economy (in)directly (Krug et al., 2002). The
World Health Organization (WHO) has defined violence as ‘the
intentional use of physical force or power, threatened or actual,
against oneself, another person, or against a group or community
that either results in or has a high likelihood of injury, death,
psychological harm, mal-development or deprivation’ (Kruget al.,
2002). Incidentally, violence is not restricted to human societies
alone but has also been observed in a variety of other animal spe-
cies, thus rendering animals a useful model for investigating vio-
lence. Research on violence in animals was first carried out in the
last century using feral species, and has been commonly associated
with crippling injury and/or death. This was originally investi-
gated inter-specifically in predator—prey relationships (Southwick,
1970) but later was also observed under unusual environmental
circumstances including captivity (Carpenter, 1934), crowding
(Darling, 1937) or social disorganization of the population intra-
specifically (Zuckerman, 1932; Carpenter, 1942; Calhoun, 1948;
Southwick, 1955; Corbett, 1957; Carrington, 1958; Myers, 1966;
Burns, 1968; Gilbert, 1968; Caras, 1969; Stokes, 1969). Violence
has been documented from field studies in a number of vertebrate
and invertebrate taxa, namely non-human primates, elephants,

tigers, grizzly bears, lizards, social insects and rodents, suggesting
a deep underlying evolutionary basis (Carpenter, 1934; Schaller,
1963; Lorenz, 1966; Southwick, 1970; Huntingford and Turner,
1987; Archer, 1988; Suomi, 2003; de Waal, 2005; Wrangham et al.,
2006). Documentations of animal violence under (semi-)natural
and controlled laboratory conditions have been carried out since
then, primarily using different feline and rodent models. These
studies have indicated additionally, a common biological under-
pinning for violence in humans and animals alike (described
later).

Not withstanding the above, there has been a considerable
awakening recently in the animal literature that violence may be
confounded with naturally occurring, adaptive aggression. Here
we provide several examples to clarify this controversy. We also
propose a few key behavioral features that we believe would not
only help in distinguishing violence from adaptive/functional
aggression in animals, but also in offering ‘face’ validity to animal
models of human violence. We describe several landmark manip-
ulative studies on animals and address their strengths/weaknesses
using our definitions. Further, the potentials and pitfalls of a
particular mouse model, namely the SAL mouse, are assessed by
comparison with other currently available rodent models and with
human ‘violence’, using evidence from multiple disciplines.
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VIOLENCE VERSUS AGGRESSION — OPERATIONAL
DEFINITIONS

Animal violence has been studied through several manipulations
(described later) using the following behavioral measures: attack
latencies; frequency, intensity and duration of attack bouts; and
frequency of attack bites. Violence in animals has been described
as an escalated, pathological and abnormal form of aggression
characterized primarily by early attack latencies, prolonged and
frequent consummate behaviors and attack bites (Miczek et al.,
2003). These parameters thus seem largely quantitative, in that
violence is expected merely to show earlier attack latencies and
higher frequencies and durations of consummatory behavior than
adaptive aggression. Measures of a qualitative nature have been
developed independently, where violence is considered qualita-
tively different from adaptive aggression. Attack bites, for instance,
aimed at vulnerable parts of the opponent’s body are considered
characteristic of abnormal aggression (Haller et al., 2005). A few
additional qualitative facets have been studied, namely lack of
ritualistic behaviors as measured by Attack/Threat (A/T) ratios
(Haller et al., 2005) and context independent attacks (Koolhaas,
1978) aimed at the opponent regardless of its sex or state (free-liv-
ing/anaesthetized/dead) or the environment (home/neutral cage).
Violence can therefore in principle refer to an escalated (hyper-)
aggression (quantitative) or to an abnormal form of aggression
(qualitative), or even to aggression that is both escalated and
abnormal (both), which is unsurprisingly rare (described later in
this section). We provide a few evidences below to illustrate this
ambiguity.

The first line of evidence for a possible difference between vio-
lence and aggression came from neurochemical studies in rodents.
Van der Vegtetal. (2003) and de Boer et al. (2003 ) showed a positive
correlation between 5-hydroxyindoleacetic acid (5-HIAA) levels
and aggression in wild-type Groningen (WTG) rats, in contrast to
human data where low 5-HIAA levels are associated with impulsiv-
ity and suicidal behaviors (Asberg et al., 1976; Brown et al., 1979).
However, upon repeated/trained aggression, these highly aggressive
rats showed a negative correlation between aggression and 5-HIAA
levels, in line with the clinical data (de Boer and Koolhaas, 2005).
The key difference is thus the shift in correlation from positive to
negative, suggesting a possible experience-driven qualitative shift
from adaptive aggression to violence. In line with the qualitative
school of thought, de Boer et al. (2003) also showed absence of
the highly aggressive phenotype in Wistar rats, a laboratory rodent
model currently used for aggression research. These animals are
considered docile by nature (Barnett and Smart, 1975; Ebert, 1976;
Singleton and Hay, 1982). Although genetic information about lab-
oratory rodent strains is abundant, use of docile strains lacking any
appreciable aggression heavily questions their validity as models
of human violence, in that the induced phenotype can be quan-
titatively more aggressive without necessarily being violent. This
concern is heightened by the extensive use of these docile strains in
several gene-knockout studies revealing possible single-gene effects
on aggression and/or even violence (see Miczek et al., 2001 for
review). Thus, the primary stumbling blocks in the understanding
of violence have been the lack of operational definitions of violence
and adaptive aggression in animals and the likely consequent use
of inappropriate animal models.

In addition, in studies on humans, the term ‘violence’ is often
used synonymously with ‘aggression’. Violence/aggression in
humans has been identified primarily as a behavioral anomaly of
social communication. However, studies on animals suggest that
aggression and violence may be distinct phenomena (Haller and
Kruk, 2006), which underlines the importance of clearly defin-
ing these terms, as we described above. Violence or maladaptive/
pathological aggression in a simplistic sense has been defined as an
exaggerated/escalated form of aggression leading to extreme harm
in humans and animals alike. Aggression, on the other hand, has
been defined primarily as a form of social communication, which
is pro-inhibitory and aimed at functional endpoints such as the
acquisition of food, shelter, mates and status (Scott, 1958; Koolhaas
et al.,, 2010). Thus, there is inconsistency in the definition of these
terms as applied to humans and animals.

This issue is highlighted by a brief survey of the scientific literature.
A PubMed search with the keywords ‘violence, humans’ or ‘violence,
animals’ or ‘aggression, humans’ or ‘aggression, animals’ yields a stag-
gering 54,964 articles on ‘human violence’ since 1897 (491 articles
per year on average), compared with only 1204 articles on ‘animal
violence’ since 1968 (29 articles per year on average). There have been
21,925 articles on ‘human aggression’ since 1947 (353 articles per year
on average) and 9691 on ‘animal aggression’ since 1962 (206 articles
per year on average). A time-line of these publications from 1985
to 2007 is summarized in Figure 1. It is evident from the figure that
the literature on violence in animals is sparse. In line with the above,
violence has indeed been shown to be relatively rare in wild animal
populations as well as amongst humans, which adds indirectly to
the challenges (Mathews, 1964; Moffitt, 1993; Nagin and Tremblay,
1999; Suomi, 2003; WHO, 2004; Wrangham et al.,2006; de Boer et al.,
2009). However, the publication discrepancy between human and ani-
mal violence could also stem from the lack of an appropriate definition
for violence in animals. The terms ‘violence’ and ‘aggression’ are often
used interchangeably across the human and animal literature without
resolving what, if any, are the constructs or operational definitions
unique to violence and adaptive aggression. Understanding the key
differences between violence and adaptive aggression may thus help
one to bridge the gap between the human and animal literature on
violence (Haller et al., 2006).

BEHAVIORAL SEQUENCE LEADING TO AGGRESSION

OR VIOLENCE

In our opinion, identifying valid animal models for pathologi-
cal aggression first requires an appropriate operational definition
for violence. The focal point of distinction between violence and
adaptive (that is functional) aggression relies on the behavioral
sequence or interaction dynamics between two or more conspecif-
ics in combat. In other words, the sequence of agonistic behaviors
between minimally an aggressor and its opponent that leads pre-
dictably to either adaptive aggression or violence is the key. Ideally,
animal models for violence are not subjected to any inhibitory
control, thus losing any adaptive function in social communication
(Miczek et al., 2004; Haller and Kruk, 2006; Nelson and Trainor,
2007). Here, we outline the behavioral criteria we consider foremost
in identifying intense/injurious aggression that may exceed normal
species-typical levels and patterns. The following sections give a
putative chronological sequence of behavioral components in the

Frontiers in Behavioral Neuroscience

www.frontiersin.org

April 2010 | Volume 4 | Article 9 | 2



Natarajan and Caramaschi

Animal violence demystified

A 3500, Aggression B 3500, Violence -
i i n ‘f/ human
3000 3000 -
2500 — 2500 — =
] ] /
-
_ 2000 - _ 2000 - "y
[} [} /
Q 1 Q 1 o
E 1500 E 1500 !
c c Ll
1000 .i. 1000 ‘-
[
| /" human 1
-
500 /-...... oo0, . I 500 —
] o0 anima ] )
oUseo0000, 000 eeeedNimal
0 T 0 ™
85 87 89 91 93 95 97 99 01 03 05 07 85 87 89 91 93 95 97 99 01 03 05 07
year year
FIGURE 1 | A time-line showing the number of articles published from 1985 to 2007 on aggression (A) and violence (B) in humans (black) and other
animals (red). Note that studies on animal violence lag considerably behind those on human violence.

encounter between a resident male and an intruding conspecific, a
classic conflict situation in many animal species. We examine each
of these components in depth, to arrive at an operational definition
of violence based on the current human and animal literature.

INTENT

To resolve conflicts effectively, animals require well-developed sense
organs and the ability to use sensory information to assess the
opponent and the environment. Encountering a potential oppo-
nent, even at a distance, may involve estimation of the species, sex,
social/reproductive status, fighting ability and motivation of the
opponent via a complex, dynamic array of cues (sights, sounds,
smells and physical contact) and their interaction with the inter-
nal state of the focal animal (Huntingford and Turner, 1987).In a
typical aggressive combat situation under normal conditions, this
estimation process may reveal itself as a series of pauses/move-
ments over a brief time-period. Meloy (1988) has suggested that
predatory behavior in cats (or its equivalent in humans, namely
the instrumental form of violence) may lack this sensory ability to
acquire and process information without any sympathetic arousal.
Thus, violence involves an altered state of intention to attack devoid
of any sensory feedbacks, as seen from short attack latencies.

RITUALIZATION

Most agonistic encounters are stepwise (Archer and Huntingford,
1994), where the processed information leads to actions that do not
involve direct head-on physical contact, regardless of the familiarity
of the opponent (Preuschoft and van Schaik, 2000). These low-
key, transient and energetically cheap (Dawkins and Krebs, 1978)

agonistic actions often increase the apparent size of the animals
concerned and/or expose their weapons. Agonistic encounters
resolved without overt fighting are thus said to be ‘ritualized’
Animals which possess the equipment for offense/defense exhibit
aggressive behavior (Scott, 1958) but fighting amongst conspecif-
ics is minimized by way of such ritualized behaviors, so that fights
never end fatally and are generally no more than trials of strength
followed by disengagement and rapid withdrawal by the weaker
individual (Mathews, 1964). It is likely that violence bypasses the
requirement for such ritualized behaviors, owing to altered motiva-
tions, which may be intentional or unintentional and are predomi-
nantly harm-oriented.

PRE-ESCALATION

Physical contact follows ritualization and often involves pushing,
pulling or tail-beating contests, referred to as threat displays. These
interactions involve the exploration/marking system (activated par-
ticularly by unfamiliar scents), as well as grooming (activated by
secretions on the skin surface). In the wild, the opponents faced
can be formidable and hence the deliberations during pre-escala-
tion could be important even for a dominant animal. Such a rich
behavioral repertoire potentially allows opponents to assess their
relative strength, which may lead to the weaker one giving up before
escalation takes place. This establishes dominance relationships
amongst conspecifics (Huntingford and Turner, 1987). Submission
in many group-living species inhibits aggression and gives rise to
subsequent affiliative interactions (Preuschoft, 1995). Violence
can thus be characterized by a marked lack of information about
the opponent, which is followed by a (species-specific) reductionist
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behavioral repertoire that lacks or displays inadequate threat behav-
iors and displays in general. Consummatory behaviors such as attack
or escalated aggression may supersede ritualistic threat behaviors in
violent individuals.

ESCALATION

In animal aggression, ritualization and pre-escalation are followed
by a stage marked by energetic and potentially dangerous actions
(such as biting, kicking and striking). This progressive increase in
the intensity of the conflict is described as escalation (Huntingford
and Turner, 1987). Conflicts can be resolved by one participant
retreating at any point in the escalation sequence, so that full-scale
physical attack is not a necessary component of all animal fights.
These conflicts are often short, rapid and aimed at delivering the
status of dominance and the ability to acquiring resources in the
group. Violence, however, may entail pronounced escalatory behavior,
characterized by longer or more frequent consummatory actions or
both, targeting an opponent and its vulnerable body parts regardless
of its subordination or submissive status.

An all-out tooth and claw fight may occur in exceptional cir-
cumstances, for example when resources (food/mates/space) are
limited, or when competitors have the same levels of motivation,
or when they are willing to risk their ability or status (as expected
in the declining phase of a population), or when they have imper-
fect information about their power asymmetry (Smith and Parker,
1976). Such conflicts may have consequences for the regulation
of population size, by compromising the reproductive success
of subordinates or affecting mortality, emigration and/or the re-
establishment of dominance hierarchies (van Oortmerssen and
Busser, 1987). Experimental instances of violence in the lab are thus
expected to be relatively rare when the animals are provided with food
(ad libitum), partners and territory and therefore face no substantial
environmental challenges.

POST-ESCALATION

Given the long-lasting negative consequences of conflicts in gen-
eral, the post-escalation phase is integral in individuals of many
group-living species regardless of their familiarity. Establishment
of stable hierarchical societies or family groups is feasible only due
to post-conflict affiliative behaviors (Preuschoft and van Schaik,
2000). Conflict resolution often occurs through affiliative contacts
like gentle touching, as seen in humans, rhesus monkeys and horses
(Drescher et al., 1980, 1982; Feh and de Mazieres, 1993), and allo-
grooming, as seen in monkeys (Boccia et al., 1989; Aureli et al.,
1999). Violence typically lacks any post-conflict appeasement behav-
iors. Submission by a weaker opponent may not be pro-inhibitory, but
in fact may provoke further violence. In other words, withdrawal
behaviors might be disproportionately lower to the observed con-
summatory behaviors in a violent conflict.

CONTEXT DEPENDENCY

Agonistic interactions are often modulated by the environment
(e.g.,known/unknown territory; home/neutral environments) and
by the opponent’s status, sex (e.g., male—male agonistic encoun-
ters are more common than inter-sexual conflicts) and familiarity.
Escalated fighting is less frequent among familiar individuals than
strangers (Karavanich and Atema, 1998), allowing the former to

save the time and risks associated with assessment and escalation.
These benefits may help to stabilize associations among many
group-living or territorial animals, including those that are sub-
missive (Preuschoft, 1995). Context-independent attacks are often
seen in mammals in that they aim human habitats when their own
habitats are threatened (Corbett, 1957). Violent human offenders
are also known to attack and indulge in unaccepted norms and
practices including sexual/vocal/physical abuses that are inappro-
priate and context-independent (Agnew, 1998). Violence may be
context-independent, i.e., incapable of discriminating between oppo-
nents or environmental contexts.

In summary, adaptive aggression seems to be a functional,
dynamic, flexible yet structured behavior within certain limits,
achieved by a pattern of constrained actions, reactions and social
signals between the opponents in conflict. As such, it appears to
involve strong inhibition against causing harm, unless strictly nec-
essary. Violence, on the other hand, seems highly disinhibited and
indiscriminate to a conspecific. Violence can therefore be consid-
ered an aggressive behavior that is out of control (uninhibited), out
of content (pattern and structure of the agonistic combat) and out
of context, making it qualitatively different from other forms of
aggression. Inclusion of these criteria in aggression models will add
to their validity, thereby expanding our knowledge of the underly-
ing neurobiological correlates of pathological and violent forms of
human aggression.

ANIMAL MODELS OF VIOLENCE

Now that we have defined violence and adaptive aggression, we
move on to consider some of the more important animal models in
detail and describe how they have contributed to our understand-
ing of violence. Replication of feral violence (as described in the
introduction) in the lab has been a multidisciplinary effort, in that
much of the information about violence and aggression has come
from manipulative studies at neurophysiological, environmental,
neuropharmacological and genetic levels. We describe some of these
studies below.

NEUROPHYSIOLOGICAL MANIPULATIONS

Neurophysiological manipulations, involving electrical stimula-
tions and lesions of the brain, were the preliminary experimental
methodologies for studying the brain mechanisms of aggression
in the early 19th century. Several methodological techniques were
used, from gross regional ablations (e.g., decerebration) to focal
lesions and electric stimulations of several brain regions in cats,
monkeys, dogs and rats. Siegel (2004) provides an excellent review
of these approaches. In particular, identification of classic defensive
rage responses and predatory attack behavior models in cats con-
tributed significantly to the understanding of the neural control
of aggressive attack in the last century. The rage response has been
shown to share physiological (sympathetic arousal, e.g., increase in
heart rate and blood pressure) and behavioral (repertoire limited
in time or to events of short duration; ritualized behavioral pos-
tures prior to the consummation act) features with the impulsive
or unplanned human violence seen in intermittent explosive dis-
order (Meloy, 1988). The predatory attack model seems to over-
lap with human psychopathy in that it was not sympathetically
mediated, positively reinforcing to the self and hence compulsive,
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planned with precise and intense delivery to the victim, and with
no apparent threat in the vicinity (Meloy, 1988). The human coun-
terpart also involves focusing on the target by filtering out sensory
information, in much the same way as a cat does when focusing
on its prey (Meloy, 1988).

Electric stimulation of specific brain regions were also carried
out subsequently in rats, triggering biting attacks on the neck, head
or back (Woodworth, 1971; Koolhaas, 1978) coupled with paw kicks
to the flank, clinch fights and attack jumps (Kruk et al., 1979; van der
Poel et al., 1982; Lammers et al., 1988). The electrical brain-stimu-
lated (hypothalamic activated attack, HAA) rat model of aggression
and the glucocorticoid-deficient rat model (described later on) has
also helped in identifying additional behavioral parameters that
include differential contexts, such as the resident’s response to the
opponent’s status (dominant/subordinate; anaesthetized/dead) and
sex (male/female).

Thus, neurophysiological studies in cats and rodents laid the
foundations for the analysis of offensive and defensive components
of violence and aggression with some clinical validity to human
violence. These neurophysiological manipulations additionally also
paved the way to the discovery of several neuroanatomical sub-
strates of violence and aggression in the brain, amongst which the
prefrontal cortex, hypothalamus and periaqueductal gray (PAG)
deserve special attention.

Neural substrates of violence/aggression

The prefrontal cortex has been identified as a primary inhibitory
center of aggression and violence in both humans and animals.
The earliest reports on its role as a modulator came from Gage’s
accidental prefrontal lobotomy leading to uninhibited child-like
behavior in the intellectual abilities and passions of a strong man
(Harlow, 1848, 1868). Stimulation of medial/lateral (orbital) pre-
frontal cortex for instance, caused profound suppression of preda-
tory attack and defensive rage by increasing the latencies to attack
(Siegel et al., 1974, 1975). In rats, bilateral thermal lesions in the
ventrolateral prefrontal cortex increase the duration of lateral
threats (de Bruin et al., 1983; de Bruin, 1990). Recently, PET studies
have confirmed the prevalence of prefrontal cortex malfunctioning
in highly aggressive people (Enserink, 2000; Raine et al., 2000; Lee
and Coccaro, 2001).

The classic rage response described earlier has been shown
to be elicited by electric activation of the medial hypothalamus,
ventral tegmentum, stria terminalis, and PAG in the cat (Siegel,
2004). Predatory attack behavior or quiet attack (Wasman and
Flynn, 1962) can be elicited by electric stimulation of the lateral
hypothalamus/midbrain. This has also been shown in rats that
have been electrically stimulated in the hypothalamus (Koolhaas,
1978; Kruk et al., 1979; Kruk, 1991; Haller et al., 2001; Halasz
et al., 2002). Several neurological disorders in humans implicate
the involvement of hypothalamus, PAG and other limbic structures
in the control of aggression and rage (Siegel and Victoroff, 2009).
These include temporal lobe epilepsy, sclerosis of the temporal
lobe, and tumors of the temporal lobe, hypothalamus and other
limbic structures. At a pre-clinical level, defensive rage in cats has
been proposed to be mediated by a glutamatergic neurotransmit-
ter pathway from the amygdala and hypothalamus to the PAG,
which in turn leads to an exaggerated response to stimulation

(Siegeletal., 1999; Yao et al., 1999). However, these models require
further behavioral validation to ascertain the pathological nature
of aggression.

ENVIRONMENTAL MANIPULATIONS

Early lab studies in rodents were primarily non-physiological,
non-ecological manipulations including social isolation, electric-
shock-induced attack, and tube restraint attack (Brain, 1989). Later,
manipulations used ecologically more relevant human contexts
including repeated winning or losing experiences (Andrade et al.,
1989) and several other aggression-inducing or stressful condi-
tions such as frustration, social instigation and mild uncontrol-
lable stress. Stressful experiences, especially in early life, have been
strongly associated with violence and anti-social behaviors in
humans (Deater-Deckard and Plomin, 1999; Kendler et al., 2003)
and macaques (described under Section ‘Genetic Manipulations’).
Since the 1970s, extensive environmental manipulations have been
carried out to induce or enhance aggressive behavior, particularly
in rodents. These are described below.

Aggression induced by social isolation

Abnormal behaviors seen in adolescents and adults are considered
to be causally related to disruption of early attachment (Bowlby,
1969, 1988; Ainsworth et al., 1978; Kraemer, 1992), a theory sup-
ported by studies in rhesus monkeys (Harlow et al., 1971). Similarly,
seclusion in prison inmates and asylum patients is associated with
pathological behaviors (Farrell and Dares, 1996). Social isolation
was one of the earliest and most frequently used methodologi-
cal approaches to induce or enhance fighting in animals as well
(Brain, 1989). Male rodents were isolated for 2—8 weeks or even
longer, and subsequently confronted with a group-housed con-
specific in an unfamiliar test arena or in the isolate’s home cage
(Vekovischeva et al., 2007). Isolated subjects were found to display
enhanced and prolonged aggression (Brain, 1989). Expression of
inappropriate adult aggressiveness is also observed in a wide vari-
ety of animal species after maternal separation or early-life social
isolation (Veenema, 2009).

Aggression induced by provocation

Prior exposure to a myriad of acute or chronically applied stress-
ful stimuli is known to induce aggression in humans (Craig, 2007;
Herrenkohl et al., 2007), as well as in experimental animals when
tested during a subsequent resident-intruder interaction (Haller
et al.,2004). Acute provocation strategies have been used in rodents,
for example by applying intensely noxious and/or painful stimuli
like electric shocks just before or during a brief social confrontation
(Brain, 1989). More recently, the exposure of mice to an unpredict-
able chronic mild stress protocol for several weeks was reported to
enhance levels of aggression (Mineur et al., 2003).

Frustrative non-reward represents a procedure with exceptional
effectiveness in provoking very high levels of aggressive behavior
in fish, birds, rodents, pigs, monkeys and humans (Dollard et al.,
1939; Azrin et al., 1966; Thompson and Bloom, 1966; Cherek and
Pickens, 1970; Arnone and Dantzer, 1980; Miczek et al., 2002, 2003;
Leary et al., 2006). Organizational and management research has
focused on (mal)adaptive work behaviors and implicates organi-
zational aggression as a counter-response to frustration (Fox and
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Spector, 1999). Frustration (especially when unjustified) has also
been shown to trigger aggressive behavior in college students (Dill
and Anderson, 1995). Aggressive driving is considered a syndrome
of frustration-driven behaviors (Shinar, 1998), while video games
involving intense competition often lead to frustration and aggres-
sion (Anderson and Ford, 1986).

The sudden and unpredictable omission of reinforcement just
before confrontation with an opponent enhances aggressive behav-
ior in animals. One of the first studies was carried out by Pavlov
(1927), who conditioned dogs to associate the arrival/withholding
of food with a specific geometrical shape. However, when the dif-
ferent shapes presented were manipulated to look alike, the sub-
ject became confused and eventually aggressive, apparently out of
frustration. A resident animal can also be provoked by placing an
instigator or opponent into its home cage behind a protective screen
for a short time prior to the actual physical confrontation. This is
known to accelerate and/or enhance aggressive attacks. This so-
called social instigation/provocation or priming procedure has been
successfully demonstrated in mice (Fish et al., 1999), rats (Potegal,
1992) and hamsters (Potegal et al., 1993).

Aggression heightened by anticipation or experience
This procedure is based on the induction and learning of aggressive
behavior upon repeated stimuli that can reinforce operant respond-
ing in humans and other animals (Thompson, 1964; Connor, 1974;
Potegal and Einon, 1989; McSweeney and Swindell, 2002). Berkowitz
(1984, 1989, 1993) has proposed a ‘cognitive neoassociation model
of aggression’ in which, when people are repeatedly exposed to
aggressive situations (for instance, video games, Dill and Dill, 1998),
detailed and inter-connected aggressive thought networks are cre-
ated. These authors proposes that playing violent video games leads
to the learning of violent behaviors as an acceptable way of solving
problems and may desensitize the participants to violence.
Similarly, animals are motivated to perform an operant (nose-
poke or lever-press response) where the opportunity to get access to
an opponent and display aggressive behavior serves as the reinforcer
(Miczek et al., 2002). This indicates that, even though aggressive
confrontations may be extremely stressful or anxiogenic, the per-
formance of aggression can function as a potent positive reinforc-
ing event (Miczek et al., 2002, 2004; Couppis and Kennedy, 2008).
Providing an animal with repeated positive (i.e., winning) aggres-
sive experiences in its home cage generally leads to an increase in
aggressiveness (Kudryatseva, 2000; Kudryatseva et al., 2000). After
extended repeated winning experiences, certain individuals may
start to attack with very short latency, high intensity and high fre-
quency and without regard to signals of submission, often leading
to severe wounding of the opponent (Hsu et al., 2006).

NEUROPHARMACOLOGICAL MANIPULATIONS

Scientists began to identify the neurochemical substrates behind
violence since the 1960’s. Low concentrations of the brain neuro-
transmitter serotonin (5-HT) were linked with high aggression
in mice; 5-HT turnover to the metabolite 5-HIAA (as indicated
by low levels in the cerebrospinal fluid) were linked to violence
in humans (Maas, 1962; Garattini et al., 1967; Asberg et al., 1976;
Brown et al., 1979; Linnoila and Virukkunen, 1992). In particular,
low 5-HIAA levels have been found to predict explosive aggression

and impulsive violence in conduct-disordered boys and have been
associated with social incompetence (Siever and Trestman, 1993).
This neurochemical condition has also been reported in arsonists
and has been shown to be associated with high rates of criminality,
alcohol dependence and premature death due to murder (Lewis,
1991; Berman and Coccaro, 1998). Reduced blood platelet 5-HT
binding or blood tryptophan levels have also been linked with a life
history of violent behavior (Brown et al., 1979; Linnoila et al., 1983;
Maes et al., 1993). Primates, including the rhesus macaques men-
tioned earlier, have also been shown to display anti-social behavior
patterns with deleterious impulse-control deficits of demonstra-
ble trait-like stability throughout life, associated with low 5-HIAA
levels (Higley et al., 1991). Other behaviors found to be associated
with low 5-HIAA levels include unrestrained aggression, impul-
sive risk-taking, excessive alcohol intake and most severe forms of
violence leading to trauma and early death. More recently, several
pharmacological manipulations have been used, both centrally and
peripherally, to study various neurotransmitter systems including
5-HT and other related neurochemical circuitries. A few selected
studies are described below.

Aggression induced by serotonin depletion

Many studies have sought to identify a causal relationship between
low 5-HT levels and aggression, using a variety of manipulations
including dietary restriction of the 5-HT precursor amino acid
tryptophan, inhibition of 5-HT synthesis by administration of the
tryptophan hydroxylase (TPH) inhibitor p-chlorophenylalanine
(PCPA), and destruction of serotonergic neurons by adminis-
tration of the serotonin neurotoxin 5,7-dihydroxytryptamine
(5,7-DHT). Chronic tryptophan deletion in rats increased shock-
induced aggression (Kantak et al., 1980a,b) and muricidal behavior
(Gibbons et al., 1978). Aggression was also acutely increased in
human male subjects, particularly those with high trait aggres-
sion, when they were administered tryptophan-free amino-acid
mixture (Chamberlain et al., 1987; Cleare and Bond, 1995; Pihl
etal., 1995; Bjork et al., 2000; McCloskey et al., 2009). This was
also observed in rodents (Bell et al., 2001). Rats in which serotonin
neurons were lesioned with 5,7-DHT, showed more shock-elicited
aggression and muricidal behavior (Breese and Cooper, 1975; Hole
et al., 1977; Kantak, 1981; Kantak et al., 1981; Vergnes et al., 1988).
An increase in muricide and offensive aggression was also observed
when rodents were injected with PCPA (Miczek et al., 1975; Paxinos
et al., 1977; Gibbons et al., 1978; Valzelli et al., 1981; Sewell et al.,
1982; Albert et al., 1985; Ieni and Thurmond, 1985; Molla-Hosseini,
1985; Vergnes et al., 1988; Keele, 2001).

Aggression heightened by alcohol

Alcohol ingestion has also been shown to induce aggressive behav-
ior in humans. In the United States between 1993 and 1998, 30—40%
of crimes committed involved an offender who had consumed alco-
hol prior to the crime (Greenfield and Henneberg, 2000). Cross-
cultural studies have shown a greater-than-chance involvement of
alcohol in homicide and violent crime (Murdoch et al., 1990). A
meta-analysis of experimental research on alcohol and aggression
suggests a general increase in aggression after consuming alco-
hol, especially for men (Bushman and Cooper, 1990; Bushman,
1997). Not only is alcohol associated with an increase in aggressive
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behavior, there is also some evidence to suggest that the effects of
alcohol consumption may contribute to the escalation of conflict
and increased risk of injury when aggression does occur (Martin
and Bachman, 1997; Sharps et al., 2001; Brecklin and Ullman,
2002). Alcohol-heightened aggression (AHA) has been modeled
in alcohol-treated rodents, which show frequent attack bites com-
pared to controls (Fish et al., 1999; Miczek et al., 2004).

Aggression induced by low glucocorticoids
Glucocorticoid hypofunction has also been associated with abnor-
mal aggression and violence. Habitually violent offenders with
anti-social personalities show lower levels of plasma glucocorti-
coids than healthy subjects and non-habitual violent offenders
(Virkkunen, 1985). It has also been shown that plasma glucocor-
ticoid levels are inversely associated with aggressiveness in children
with conduct disorder (McBurnett et al.,2000). Low basal levels and
hyporesponsiveness of plasma glucocorticoids are associated with
persistent aggression in humans (Pajer et al., 2001; Kariyawasam
etal., 2002) and this finding has also been documented in dogs
and rainbow trout (Hennessy et al., 2001; Pottinger and Carrick,
2001).Haller et al. (2001) generated adrenalectomized (ADxR) rats
supplemented with subcutaneous glucocorticoid pellets to ensure
a low and constant level of glucocorticoids in the plasma. These
rats showed several of the salient features described in the sections
earlier, including attacks aimed at vulnerable parts of the intruder’s
body, high A/T ratios and poor social exploration, supportive of a
qualitative difference between violence and adaptive aggression.
From the above manipulations (environmental/pharmaco-
logical), one can infer that many factors promoting aggression in
humans (psychological, alcohol-induced, low glucocorticoid lev-
els) have similar effects in animals, which is suggestive of shared
underlying biological mechanisms.

GENETIC MANIPULATIONS

Acute (emotional) stress and social subordination has been shown
to induce an interplay of ‘gene’ X ‘environment’ interaction in
heightening aggression, primarily via the 5-HT system. This is
translated as a downregulation of the activity and expression of
specific 5-HT components, namely monoamine oxidase A and
B (MAO A, B) and serotonin transporter (SERT). Brunner et al.
(1993) showed the segregation of a complex behavioral syndrome
(including impulsive aggression and dysfunctional sexual attitude)
with a nonsense mutation resulting in null activity of the enzyme
MAO A in males from a Dutch pedigree. Possession of a low-activ-
ity allele of the MAO genotype was associated with anti-social
behavior upon maltreatment (Caspi et al., 2002). Maladaptive
social behaviors, such as those seen in schizophrenia, suicidal
depression, cluster-B personality disorders and attention deficit/
hyperactivity disorder (ADHD), are associated with impulsivity
and with the SERT gene-linked polymorphic region (5-HTTLPR
allele) — the short/short (SS), short/long (SL) genotypes, and are
only exacerbated by environmental adversities and individual
life-history experiences (Retz and Rosler, 2009). Recently a ‘bot-
tom-up’ molecular genetic approach (i.e., single-gene knock-out
and transgenic over-expression) was used to assess the polygenic
nature of aggression and violence. This approach has so far identi-
fied at least 75 genes as playing a role, including the nitric oxide

synthase (NOS-I) gene (Reif et al., 2009), Dopamine receptors D,
gene variants and Dopamine transporter (Guo et al., 2007). For
detailed reviews, see Miczek et al. (2001), Nelson and Chiavegatto
(2001), and Retz and Rosler (2009).

The earliest evidence regarding the genetic basis for violence
came from heritability studies (Blonigen and Krueger, 2006).
Breeders selected either for docility or for a strong tendency to
attack, as seen for example with dogs and chickens. These infor-
mal observations and a few systematic studies of the patterns of
inheritance for violence and aggression carried out earlier (Yerkes,
1913; Utsurikawa, 1917; Coburn, 1922) indicate that this complex
behavioral trait is influenced genetically. The alternative, classic
‘top-down approach’ genetic approach focused on selective breed-
ing for aggression in rodents, as in the Turku Aggressive (TA) and
Turku Non-Aggressive (TNA) mice (Lagerspetz, 1961), SAL and
long attack latency (LAL) mice (van Oortmerssen and Bakker,
1981), and the North Carolina Aggressive (NC900) and North
Carolina Non-Aggressive (NC100) mice (Sandnabba, 1986). Box
1 offers a detailed description of the selection of these mice. In
particular, the SAL mice, selectively bred from a wild population
from Groningen, the Netherlands, have been strongly associated
with violence over the years (discussed below in Section ‘SAL Mice
as an Animal model for Violence’).

Despite the availability of several approaches and manipula-
tions in animals (as described above), most of these studies have
failed to tackle the controversial issue of defining violence and its
delineation from adaptive aggression. Their focus has primarily
been on documenting the different types of violence or aggression
displayed. For instance, as mentioned earlier, feline models have
revealed different forms of violence, namely predatory attack or
instrumental violence and defensive rage or affective aggression.
Rodent models focus on specific physiological aspects of violence
(basal heart rate and glucocorticoid response to stress) leading
to the identification of hypo- and hyper-arousal-driven forms of
aggression. Several studies define offensive and defensive forms of
aggression but none of these models helps to elucidate the possible
distinction between violence and aggression. Several of the phar-
macological models aimed at 5-HT depletion have often proved
contradictory, in that the aggression outcomes were inconsistent.
For a few other models of induced aggression (e.g., frustration,
social instigation and other pharmacological manipulations aimed
at 5-HT and other neurotransmitters), it is highly questionable
whether this induced aggression is pathological or not. Thus, there
is a pressing need to identify those animal manipulations that offer
face (symptomatological), construct (etiological and neurobiologi-
cal) and predictive (pharmacological) validities to human violence.
de Boer et al. (2009) have argued that most of the manipulations
described above lack face validity, owing to controversies regarding
the operational definition of violence and its distinction from other
forms of animal aggression.

SAL MICE AS AN ANIMAL MODEL FOR VIOLENCE

Differences between violence and adaptive aggression were recently
established using SAL, TA and NC900 mice, genetically selected
for high aggression (see Box 1 for details). The males from these
mouse lines were compared for their agonistic behaviors when sub-
jected to a resident-intruder paradigm based primarily on social
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BOX 1

TA/TNA: Lagerspetz (1961) developed the Turku aggressive (TA) and
the Turku Non-aggressive (TNA) lines from an out-bred colony of Swiss
albino mice in Turku, Finland. The mice from each line were kept in
different rooms, weaned at 21 days of age and individually housed.
At 60 days of age, males were tested for aggression in a standard
7-min dyadic test in a neutral arena (clean glass container) against
standard opponents (pretested nonaggressive animals). The aggres-
sive behavior was rated on a 7-point scale. Males with high aggres-
sion scores were used for breeding together with females, sisters of
high-scoring males, avoiding brother—sister mating (Lagerspetz and
Lagerspetz, 1971). The selection produced an aggressive line in the
11th generation, while the other line was already non-aggressive in
the first generation. However, mice that showed some aggression
were always present in the TNA line.

SAL/LAL: The second independent selection was carried out in a
colony randomly bred from wild house mice (Mus musculus) trapped
in a mansion near Groningen, the Netherlands in the winter of 1971
(van Oortmerssen and Bakker, 1981). Four males and three females
(founder members) were caught about 6 months after a crash of the
wild population, which is usually marked by high mortality/dispersal
conditions and poor physical health in the residents (Busser et al.,
1974; van Oortmerssen and Bakker, 1981). The selection started from
descendents of these founder members in the summer of 1973,
which marked the transition from increase to peak phase of both
aggression and the mice population in a parallel semi-natural popu-
lation study. To breed the short attack latency (SAL) and long attack
latency (LAL) lines, mice were kept after weaning (3-4 weeks) in
unisexual litters until sexual maturity (7-9 weeks), at which point they

were male—female paired in small cages. At the age of 14 weeks,
each male mouse was tested for aggression in a resident-intruder test
carried out in a large cage. The experimental animal was the resident
and was tested with a naive albino intruder (MAS-Gro). The attack
latency, i.e., the latency to first attack by the resident, was recorded.
Later studies confirmed that this parameter correlates negatively
with other parameters of aggression (Benus et al., 1991). The final
score used to define a SAL or a LAL mouse was the attack latency
score (ALS), i.e., the average of the attack latency times measured
over three consecutive days of testing. When an animal attacked as
soon as the partition was removed, it was considered to be short
attack latency (SAL) mouse. When the mouse did not attack within
600 s, it was considered long attack latency (LAL) mouse, and the
test was stopped.

NC900/NC100: Cairns et al. (1983) selected a base population of
out-bred NCR mice in North Carolina, USA, using a dual criterion,
namely increased attack and heightened reactivity to stimulation.
A highly aggressive line and an immobile line were created (l-lines).
A second attempt focused only on aggression as a selection criterion
and this selection generated the NC900 and NC100 lines. The testing
procedure was as follows: after weaning at 21 days, the mice were
housed in relative isolation. At 45 days of age, aggressiveness was
measured in a standard 10-min dyadic test carried out in a neutral
Plexiglas box, after 5 min of adaptation in which no physical contact
was allowed. The attack frequency (in 5-s intervals) and the attack
latency were measured and combined with 31 other variables to
give a scoring system up to 900. The result was the selection of an
aggressive line, NC900, and a non-aggressive line, NC100.

instigation and experience-dependent aggression (as described under
‘Environmental Manipulation’ section). The resident-intruder
paradigm with no escape routes is an artificial situation, aimed
at increasing aggression levels in these mouse lines. We applied
Markov Chain analysis to analyze the behavioral sequence of the
agonistic repertoire displayed by the resident, both when it was
alone and when it was with the docile intruder. The frequency of
transitions from one behavior to another (exclusively the residents
or the resident-intruder behavioral exchanges) was used owing
to their high occurrences in the highly aggressive mice. Similar
studies have been carried out in characterizing alcohol-induced
heightened aggression in rats (Miczek etal., 1992). Behavioral
testing has been described in detail elsewhere (Caramaschi et al.,
2008a; Natarajan et al., 2009a).

SAL IS QUALITATIVELY DIFFERENT FROM TA AND NC900 MICE

Several behavioral features of SAL, TA and NC900 mouse lines
were derived with reference to the criteria described in section
‘Behavioral Sequence Leading to Aggression or Violence. Most of
our understanding of violence and its delineation from aggression
has stemmed from male—male interaction studies carried out in
these mice.

Intent

All the high-aggressive mouse lines displayed consistently low laten-
cies of attack, while the low-aggressive lines displayed high attack
latencies (Caramaschi et al., 2008a; Natarajan et al., 2009a). In par-
ticular, the SAL mice had the lowest attack latencies right from day 1

when compared to the TA or NC900 mice lines. However, repeated
winning experiences lowered the attack latencies in TA and NC900
mice subsequently (Caramaschi et al., 2008a).

Ritualization and pre-escalation

Using behavioral kinetograms, Natarajan et al. (2009a) showed
that the SAL mice investigate their opponents less readily than
TA, NC900 or the low-aggressive mouse lines (Figure 2). Earlier,
Halasz et al. (2002) reported heightened A/T ratios in the ADxR
rats (2002), suggestive of immediate consummatory action with-
out appropriate ritualistic/pre-escalatory behaviors. High A/T
ratios were also shown in SAL mice (Caramaschi et al., 2008a).
Natarajan et al. (2009a) modified A/T ratios to incorporate
‘chase’ behaviors as part of the consummatory process as the
threat/(attack + chase) [T/(A + C)] ratio. Low T/(A + C) ratios
were observed in SAL mice, suggesting a similar lack of ritual-
istic/pre-escalatory behaviors (Natarajan et al., 2009a). Despite
showing lower attack latencies, TA and NC900 mice still displayed
ritualistic and pre-escalatory behaviors and were inhibited by the
opponent’s submissive behavior, as shown by a higher magni-
tude of their own transitions to non-social exploratory behaviors
(Figure 2, right half).

Escalation

The measures of offense used for all three high-aggressive mouse
lines were duration and frequency of attack, chase and threat behav-
iors. Interestingly, the lines did not differ significantly for any of
these behaviors. This confirms the idea that offense is a measure of
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FIGURE 2 | Behavioral kinetograms of the short attack latency (SAL)

(A) and NC900 (B) mice. The thickness of the arrows depict the degree of the
probability. Thick arrows represent the highest probability. Thin arrows represent
the lowest probability. AW stands for approach withdrawal. W stands for
withdrawal. The top panel describes the resident male's agonistic behavior while
the bottom panel describes its interaction with an opponent. Note that the SAL
mice (left half) display a predominant offense-oriented locked-in attack = ( chase
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transition. The NC900 mice (right half) display an equal propensity of almost all
behavioral transitions suggestive of a rich, inhibitory and opponent-sensitive
adaptive aggression. The numbers within the box represent the frequency of
occurrence of the behavior concerned while the numbers over the arrows
represent the frequency of occurrence of the behavioral transitions concerned.
The size of the boxes increases with the frequency and vice-versa. Adapted
from Caramaschi et al. (2008a) and Natarajan et al. (2009a).

hyper-aggression at least in these mice (Natarajan et al., 2009a). The
SAL mice were, however, shown to possess a stable and diverse display
of extremely offensive behavioral transitions across three successive
days of agonistic combat, in comparison to the moderate and stable
NC900 line and the declining TA line (Natarajan et al., 2009b). An
increased frequency and duration of offensive behaviors was also
salient in rodents that showed AHA and those that were modeled for
social instigation, frustration as well as in those that were adminis-
tered midozolam (Miczek et al., 2003, 2004; Fish et al., 2005).

SAL mice failed to respond to the inhibitors’ submissive behavior,
as seen by the locked-in attack-chase offensive interplay when com-
pared to TA and NC900 mice. SAL mice also showed more attack-
chase behavioral transitions than NC900 (refer Figures 2A,B) and
the least withdrawal behavior, and hence showed a high ratio of
withdrawal to offense rates (O/W, Natarajan et al., 2009a). Earlier,
Haller et al. (2006) showed that a third of SAL attacks targeted the
vulnerable parts of the opponent’s body, compared to the low-
aggressive counterpart LAL, pointing to the potentially lethal nature
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of their attack strategies. This is similar to the HAA rats (Kruk et al.,
1990) and ADxR rats, which attacked the head of the opponent.
The latter were also shown to preferentially attack vulnerable parts
(head, throat and belly) of their opponents, up to 70% of the total
number of attacks. Such attacks were rare in control rats (only
between 3—10%, Haller et al., 2004).

Post-escalation

Although none of these high-aggressive mouse lines were shown
to groom their male opponent after a conflict, it was evident that
TA and NC900 lines resorted to innocuous cage exploration after
a brief period of escalatory behaviors (Figure 2, right half). The
SAL mice showed more transitions from offensive behaviors to
immobility, which is suggestive of physical exhaustion (Figure 2, left
half) rather than sensitivity to the attacked opponents (Natarajan
et al., 2009a). Unlike SAL, TA and NC900 interactions with the
intruder were further characterized by a rich repertoire of sub-
missive and moving-away behaviors (Caramaschi et al., 2008a;
Figure 2, bottom panel).

Context-dependency

The SAL mice failed to discriminate between anaesthetized mice,
free-moving mice, and female partners regardless of their famili-
arity or estrous status (Caramaschi et al., 2008a; Natarajan et al.,
2009a), as has also been observed in HAA (Kruk et al., 1990) and
ADxR rats (Haller et al., 2004). The partner offense behavior in
particular has been observed to worsen with age in SAL mice, but
not in TA and NC900 mice (personal observations).

In summary, the aggressive behavior displayed by SAL mice isin
line with the definitions of violence put forth in Section ‘Behavioral
Sequence Leading to Aggression or Violence’. The above findings
are also suggestive of a ‘qualitative’ behavioral difference between
violence and adaptive aggression. de Boer et al. (2009) found a
similar pattern in the WTG rats, characterized by early attack fre-
quency, long and frequent consummatory behaviors, and indis-
criminate attacks on female conspecific partners and anesthetized
male intruders. WTG rats were also shown to focus their attacks
primarily on the vulnerable parts of the opponent’s body, as with
the SAL mice and the ADxR rats. It is also apparent that conven-
tional comparison of the behavior of the SAL mice with the LAL
mice (their low- or non-aggressive counterpart) failed to reveal
the violent dispositions of the former. Thus, the identification of
violence is most appropriate when the test animal shows appreci-
able levels of aggression. The high-aggressive mice were shown to
display a 15-40% aggression levels by both duration and frequency
(Natarajan et al., 2009a).

BIOLOGICAL VALIDATION OF VIOLENCE IN SAL MICE

In the above section, we have described how SAL mice are behavio-
rally violent. However, we require not only behavioral characteriza-
tion but also evidence from several other disciplines to support the
construct validity of violence in the SAL mice. Below we compare
specific findings on violence in the SAL mice with other rodent
models. In particular, we consider 5-HT neurochemistry, neural
correlates of human violence and HPA-axis reactivity, given their
pivotal role in understanding human violence in the last 3—4 dec-
ades (as described in Section ‘Animal Models of Violence’).

5-HT Neurochemistry

Brain 5-HT levels were assessed in these mice both when naive
and after repeated agonistic interactions. Under naive, non-fight-
ing conditions, low 5-HT levels were not a consistent feature of the
high-aggressive lines (Caramaschi et al., 2008a; Natarajan et al.,
2009¢). After repeated agonistic encounters, however, the tissue lev-
els of forebrain 5-HT and its metabolite were generally lower in the
high-aggressive lines than in the non-aggressive lines (Lagerspetz
et al., 1968; Olivier et al., 1990; Veenema et al., 2005). The low-
est prefrontal cortical 5-HT levels were characteristic of SAL mice
when their aggression levels were saturated to the highest limit
(Caramaschi et al., 2008a). This finding is in line with the human
data on violence as well as with the 5-HT data from the WTG rats
(Section ‘Animal Models of Violence’).

However, the expected lowered 5-HIAA levels and 5-HT turno-
ver (due to repeated agonistic interactions) were not restricted to
SAL mice alone. Similar declines were also observed in the other
mouse lines, regardless of their aggressive tendencies (Caramaschi
et al., 2008a). This difference from the human data can be attrib-
uted to three possible reasons. First, regulation of intra/extra-
cellular 5-HT levels is not straightforward and is often seen as
an interplay between several mediating proteins and enzymes,
including TPH (enzyme that synthesizes 5-HT), MAO (enzyme
that degrades 5-HT), 5-HT receptors, SERT (5-HTT, transporter
protein that helps in 5-HT uptake from extracellular to intracel-
lular milieu) and vesicular-matrix-associated transporter (VMAT,
transporter protein that helps in sequestering 5-HT in vesicles
within the 5-HT neurons). It is possible that one or more of these
players are differentially regulated, which might mask the oth-
erwise violence-related hypo-serotonergic condition. The func-
tional activities of these serotonergic candidates have just begun
to be assessed for their likely role as neurochemical correlates of
violence in the SAL mice (e.g., 5-HT,,, 5-HTT, TPH, MAO). An
enhanced sensitivity of the 5-HT,, autoreceptor seems to be one
of the plausible causative mechanisms of maladaptive aggression
(Caramaschi et al., 2007). The low serotonin levels in SAL mice
are associated with enhanced sensitivity of the presynaptic and
postsynaptic 5-HT |, receptor and its expression in cortico-limbic
structures (Korte et al., 1996; van der Vegt et al., 2001; Feldker et al.,
2003; Veenema et al., 2005; Caramaschi et al., 2007). The enhanced
5-HT,, receptor functionality may result in inhibited tonic release
of 5-HT. The consequence is probably an impaired serotonergic
neuromodulation in key areas of behavioral inhibition control,
such as the prefrontal cortex, leading to impulsivity. Secondly,
CSF 5-HIAA levels, measured in humans and other primates, indi-
cate the leftovers in the extracellular compartments, and are not
directly comparable to the 5-HIAA levels or 5-HT turnover in the
intracellular compartment of cortical neurons measured in mice
and rats; thus posing a methodological challenge. Finally, certain
environment/experience effects can also contribute to specifically
lowering 5-HIAA levels (as seen in violent humans). This needs
to be modeled in the SAL mice.

Functional neuroanatomy

The neural activation patterns of SAL mice associated with their
exaggerated aggressive behavior have been scrutinized by Haller et al.
(2001) using c-Fos immunocytochemistry. Agonistic encounters in
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the SAL mice were found to strongly activate the following brain
regions: medial prefrontal cortex (infralimbic and prelimbic subdi-
visions), central amygdala, lateral/ventrolateral PAG, lateral septum,
bed nucleus of stria terminalis and locus ceruleus.

Central amygdala activation was also observed in rats that were
electrically stimulated at the HAA as well as ADxR rats (Haller
et al., 2006). Adrenalectomized rats showed an additional activa-
tion of the paraventricular nucleus of the hypothalamus (involved
in the control of the HPA axis) when compared to controls (Haller
et al., 2005). Activation of the lateral/ventrolateral PAG and bed
nucleus of stria terminalis has been observed during predatory
aggression in cats. Predatory attack behavior or quiet attack
(Wasman and Flynn, 1962), elicited by electric stimulation of the
lateral hypothalamus/midbrain, led to strong bites typically at the
back of the victim’s neck (Wasman and Flynn, 1962; Flynn, 1976).
The cat was often seen to lunge at the rat, striking it and placing
a paw on it to position the victim, as well as positioning itself to
bite the rat. The cat’s pupils were usually dilated and moderate
piloerection was observed. Vocalization and initial stalking of the
prey were absent. As described earlier, predatory attack behavior
in animals seems to overlap with human psychopathy where it is
not sympathetically mediated (Meloy, 1988).

In addition to these brain areas, the medial amygdala was
also activated in the SAL mice, which is the case during affective
aggression in cats. Classic rage response/defensive rage behavior
was elicited due to activation of the medial hypothalamus, ventral
tegmentum, stria terminalis, and PAG in the cat (Siegel, 2004).
The associated changes include sympathetic responses, namely an
increase in heart rate and blood pressure, and behavioral responses
such as hissing, retraction of the lips, laying back of the ears, arching
of the back and marked piloerection (Magoun et al., 1937; Ranson
and Magoun, 1939; Hess and Akert, 1955; Hunsperger, 1956, 1959,
1969; Layhausen, 1979).

The SAL mice thus seem to show neurobiological activation
typical of both reactive and predatory/instrumental aggression,
as seen in anti-socially disordered patients (Haller et al., 2005).
Brain areas typical of territorial aggression, such as the dorsola-
teral PAG and lateral septum, were not activated in the SAL mice,
suggesting a lack of territorial aggression in this model. Further
investigations are required to resolve the neurobiological correlates
in SAL mice pertinent to either instrumental or reactive violence.
Comparative studies with TA and NC900 mouse models might
offer this possibility.

Stress physiology

From an endocrine/physiological perspective, violence has been
identified predominantly as either the reactive, hostile, emo-
tional aggression or the instrumental or cold-blooded aggression
as described in Section ‘Animal Models of Violence’ While the
former is consequential upon high stress reactivity in the sym-
patho-adrenomedullary system and/or in the HPA axis (anger and
high emotional response), the latter is observed without any emo-
tional arousal.

In line with the above findings, Caramaschi et al. (2008b) have
shown alow resting heart rate in the SAL mice compared to TA or
NC900, suggesting an imbalance in sympathetic/parasympathetic
cardiovascular regulation shifted toward the low sympathetic

or high parasympathetic (or both). In addition, the SAL mice
showed a hyporesponsive HPA axis in comparison with the LAL
mice (Veenema et al., 2003a). The response of the main rodent
glucocorticoid hormone, corticosterone, to ACTH was signifi-
cantly lower in SAL than in LAL mice. Chronic psychosocial
stress induced long-lasting corticosterone increase in LAL mice
compared to SAL mice. The dark-phase-related rise in corticos-
terone was also found to be less marked in SAL than in LAL
mice (Veenema et al., 2003b). A similar observation was made
with the ADxR rats, which increased their corticosterone levels
by less than a half when under social stress. These rats were thus
shown to display autonomic hypoarousal in addition to attacking
the vulnerable parts of the opponent’s body, as described earlier.
They also showed social deficits in the social interaction test,
similar to SAL mice (Figure 2, left half). This observation did
not appear to result from a general increase in anxiety, as the rats
failed to show signs of anxiety in other tests (elevated plus-maze
and light/dark tests, Haller et al., 2005). Thus, the SAL mice can
be considered to be stress hypo-reactive, like the ADxR rats with
respect to heart rate and glucocorticoid production (Haller et al.,
2001; Veenema et al., 2003a,b).

DOES ANIMAL VIOLENCE TRANSLATE TO HUMAN VIOLENCE?

In the previous section, we attempted to delineate violence from
adaptive aggression in mice and assess its significance in various
rodent models that are currently available. As a logical follow-up,
one would like to confirm the validity of SAL violence as a model
of human violence. Sluyter et al. (2003) envisaged SAL mice as a
potentially valid model of human anti-social behavior, based on
a number of measures including predisposition to alcohol, lit-
ter size and personality. A comparison of these rodent models is
presented in relation to human violence in Table 1. Considering
the behavioral criteria of violence outlined in Section ‘Behavioral
Sequence Leading to Aggression or Violence’, we may conclude
that the SAL model has a considerable degree of face validity to
human violence. For instance, a lack of sensory processing (as
described in Section ‘Violence Versus Aggression — Operational
Definitions’ under pre-escalatory behaviors) has been attributed
to a deficiency in processing negative stimuli (specifically sad or
fearful facial expressions or vocals) in human subjects with psy-
chopathy and its dispositions (Sommer et al., 2006). Individuals
who frequently engage in anti-social behavior using instrumental
aggression have been shown to display a reduced sympathetic
baseline tone and low HPA axis tone and activation (Virkkunen,
1985; Raine et al., 1990, 2000; Scarpa and Raine, 1997; Raine,
2002a,b; Popma et al., 2006). Violent offenders with an abusive
history have also been shown to mistreat animals in their early
childhood, suggestive of context independency (Agnew, 1998).
We attribute this to a combination of consistent harm-oriented
behaviors with low attack latencies and context independency,
alike in both humans and SAL mice alike. Considering the crite-
ria of construct validity, it seems that the SAL model reflects the
neurobiological and physiological characteristics of instrumental
violence in humans. This holds in particular for the low 5-HT lev-
els, low basal heart rates and low glucocorticoid responses in the
SAL mice (Section ‘SAL Mice as an Animal Model for Violence’).
In view of this, we would argue that understanding the etiology
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Table 1| Similarities between human violence and potential rodent models of aggressive behavior from multiple disciplines. The potential models
compared include SAL mice, wild-type Groningen (WTG) rats, adrenalectomized (ADxR) glucocorticoid-deficient rats and instigation/frustration induced
aggression and alcohol-heightened aggression (AHA) in CFW mice.

Measures Humans SAL mice WTG rats ADXxR rats Instigation, frustration induced, AHA
mice
BEHAVIORAL
Pre-escalation Impulsive High A/T, low Low threat/ High A/T ratio ?
T/(A + C) ratios clinch attack
Escalation/ Frequent Long, frequent Long, Attack bites at Frequent attack bites, early bite latency
consummatory attacks attacks, attack bites frequent vulnerable body and attack bites, high temporal peak
Behavior at vulnerable body attacks, parts density of aggressive behaviors (AHA
parts intense males), frequent sideways threat, high
attack bites bite frequency (instigation, frustration)
Post-escalation Remorseful/ Exhaustion ? ? ?
callousness
Context dependency Low Low Low Low High (instigated mice)
NEUROBIOLOGY
[5-HT] in prefrontal Low Low upon repeated Low ? ?
cortex experience
5-HT, * function ? High ? ? ?
MAO* activity Low ? ? ? ?
SERT" activity Low ? ? ? ?
AUTONOMIC/ENDOCRINE
HPA-axis reactivity High (reactive')/ Low ? Low ?
low
(instrumental?)
Sympathetic tone High (reactive')/ Low ? Low High
low
(instrumental?)
BEHAVIORAL DISORDERS
Alcohol preference High High ? ? High (AHA mice)
Reproduction/litter size High High ? ? ?
Anxiety/depression High (reactive)/ ? ? ? ?
low
(instrumental)
Personality Highly Highly aggressive Highly Highly Highly aggressive
aggressive aggressive aggressive

#Serotonin receptor 1-A protein, *Monoamine oxidase enzyme, *Serotonin transporter protein; 'Reactive forms of aggression display high HPA axis reactivity and
sympathetic tone while ?instrumental forms of aggression display relatively low HPA axis and sympathetic tone.

of violence, its prevention and treatment might profit from a
mutual scientific exchange between human and rodent studies
of aggression and violence in general.

GENERAL CONCLUSIONS

Through a comparative behavioral analysis of agonistic behaviors
in the high-aggressive mouse lines SAL, TA and NC900, we have
now identified an operational definition for violence. Differences
between violence and adaptive aggression are qualitative, as estab-
lished unanimously by studies using these rodents. The TA and
NC900 lines are ‘hyper-aggressive’ strains that have proven useful
as behavioral controls in the identification of the deviant forms

of aggressive behavior in SAL mice. This comparison becomes
especially important given the lack of similar behavioral features
in toto in other rodent models. We therefore conclude that the
SAL mice can be considered a reasonably valid animal model for
human violence based on extensive similarities in the underlying
behavioral and physiological symptomatology, etiology and puta-
tive neurobiological mechanisms.
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