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Abstract

Rationale Preclinical experimental models of pathological
aggressive behavior are a sorely understudied and difficult
research area.

Objectives How valid, reliable, productive, and informative
are the most frequently used animal models of excessive
aggressive behavior?

Methods The rationale, key methodological features, sup-
porting data, and arguments as well as their disadvantages
and limitations of the most frequently used animal models
for excessive aggressive behavior are summarized and their
validity and reliability are evaluated.

Results Excessive aggressive behavior is validly and reliably
seen in (1) a proportion of feral-derived rats and selectively
bred mice; (2) rats with compromised adrenal function

This research was supported by NIH grants DA031734 and AA013983
to KAM.

Electronic supplementary material The online version of this article
(doi:10.1007/s00213-013-3008-x) contains supplementary material,
which is available to authorized users.

K. A. Miczek (<)

Department of Psychology, Tufts University,
Bacon Hall, 530 Boston Ave,

Medford, MA 02155, USA

e-mail: klaus.miczek@tufts.edu

K. A. Miczek
Departments of Psychiatry, Pharmacology and Neuroscience,
Tufts University School of Medicine, Boston, MA 02110, USA

S. F. de Boer
Department of Behavioral Physiology, University of Groningen,
PO Box 11103, 9700 CC Groningen, The Netherlands

J. Haller
Institute of Experimental Medicine,
1450 Budapest, PO Box 67, Hungary

resulting in a hypoglucocorticoid state; (3) a significant mi-
nority of mice, rats, and monkeys after consumption of a
moderate dose of alcohol; and (4) resident animals of various
species after social instigation. Limitations of these proce-
dures include restrictive animal research regulations, the re-
quirement of expertise in surgical, pharmacological, and
behavioral techniques, and the behaviorally impoverished
mouse strains that are used in molecular genetics research.
Promising recent initiatives for novel experimental models
include aggressive behaviors that are evoked by optogenetic
stimulation and induced by the manipulation of early social
experiences such as isolation rearing or social stress.
Conclusions One of the most significant challenges for
animal models of excessive, potentially abnormal aggres-
sive behavior is the characterization of distinctive neurobi-
ological mechanisms that differ from those governing
species-typical aggressive behavior. Identifying novel targets
for effective intervention requires increased understanding of
the distinctive molecular, cellular, and circuit mechanisms for
each type of abnormal aggressive behavior.

Keywords Aggression - Alcohol - Animal models -
Individual differences - Genetics - Glucocorticoids -
Violence

Introduction

How well do current methods for the study of animal ag-
gression translate to the human condition? This question
interests psychopharmacologists and neuroscientists in gen-
eral because animal models of aggression aim to capture
cardinal features of violent outbursts and callous acts in
humans and to identify targets for treatment. The rationale
for studying animal aggression begins with the Darwinian
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thesis of the evolutionary history of emotional expressions
and conflict resolution. Ethologists have mainly examined
the distal and proximal causes, the ontogenetic and phylo-
genetic origins of aggressive behavior, and characterized the
ultimate adaptive significance of the salient patterns of
different types of aggression (Lorenz 1966; Marler 1976;
Tinbergen 1968). Given the urgent need for rational treat-
ments of pathological aggression (Comai et al. 2012a;
Comai et al. 2012b), we focus here on escalated aggression
that exceeds species-normative levels (i.e., out of proportion
and control) or patterns (i.e., out of context), and examine
the most frequently used and promising methods, primarily
in rodents.

Escalated aggressive behavior is operationally defined by
(1) being readily provoked (i.e., low threshold, short latency),
(2) high rate, (3) intense and tissue-damaging nature, targeting
vulnerable body parts, (4) attacks lacking normal structure
(i.e., deficiency of signaling intentions by threats) and context
(i.e., being unable to identify an opponent according to its
nature, sex, and locale), (5) failure to terminate aggressive
bursts, (6) failure to respond to appeasement signals, and (7)
insensitivity to long-term consequences (Haller and Kruk
2006; Miczek et al. 2004a; Nelson and Trainor 2007).
Excessive aggressive behavior thus differs both quanti-
tatively and qualitatively from normal species-typical adap-
tive aggressive behavior. These operational definitions for
escalated aggressive behavior have so far only been
developed for males, and escalated aggressive behavior
in female models has only begun to be studied (da Veiga et
al. 2011).

The clinical relevance of escalated aggressive behavior in
experimental animals under controlled laboratory conditions
is initially evaluated according to long established criteria
for all animal models of psychopathologies (Kornetsky
1989; McKinney 1989). The most valuable models achieve
homology between the experimental preparation and car-
dinal symptoms of the clinical condition in terms of
phylogenetic and ontogenetic origins (construct validity),
phenomenology (face validity), and response to clinically
established treatments using clearly understood neurobiolog-
ical mechanisms (predictive validity). In addition to these
criteria, animal models need to be evaluated in terms of their
stability and the reproducibility within and between laborato-
ries (reliability). Current models refrain from claiming homol-
ogy and restrict the focus on certain isomorphic signs and
symptoms (Geyer and Markou 2002). In the case of excessive
aggression, the phylogenetic and ontogenetic origins in
humans and non-humans remain a matter of inference and
mostly speculation (Kravitz and Huber 2003; Marler 1976).
Analogous models of aggressive behavior are often val-
idated by circular logic, namely the positive response to
the very treatments that are unsatisfactory and in need
of replacement.
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Escalated aggressive behavior in unselected feral
animals and selective breeding for escalated aggression

a. Background. Although often considered an exclusively
human proclivity, escalated and violent forms of aggres-
sion during social conflict have been documented con-
sistently in a number of field studies in several vertebrate
and invertebrate animal species (see Natarajan and
Caramaschi 2010). However, reports of violent outbursts
in animals under controlled laboratory conditions have
been rather limited. This is consistent with epidemiolog-
ical evidence that, in human and other primate popula-
tions, only a small fraction of individuals develop and
express this abnormal and pathological behavior rarely,
i.e., violence is a low frequency but high impact behavior.

To further impede the preclinical evaluation of aggres-
sive behavior, most laboratory rodent strains are very
placid and docile compared to their wild ancestors. In
virtually all commercially available laboratory mouse
(>500) and rat (>250) strains today, the aggressive behav-
ioral traits, including the putatively underlying molecular
genetic components, are greatly compromised in terms of
absolute level and variation. Most likely, this is the result
of artificial selection for tame and tractable behavior dur-
ing the century-long domestication process of these wild-
caught animals, being kept, reared, and bred in captivity
(Bamett 1963; Boice 1973; de Boer et al. 2003; King
1939; Plyusnina et al. 2011). A classic example of this is
the maintenance of docile characteristics long after selec-
tion for tameness in wild silver foxes even though selec-
tion is no longer applied, indicating that alleles that
predispose to aggression have been removed from the
population (Belyaev 1979). Consequently, to obtain ap-
preciable levels of offensive aggression in these constitu-
tionally placid laboratory strains, several procedural
manipulations (see de Boer et al. 2009; Natarajan and
Caramaschi 2010) have to be employed in order to en-
hance their tendency to display offensive aggressive be-
havior. Obviously, and validly so, some of these
procedures have been adopted with the intent to mimic
the conditions under which violent behavior in humans
occurs. While these experimentally heightened levels of
aggressive behavior may seem to resemble more intense
forms when compared to the already low species-typical
rates of aggression, they mostly still fall into the normative
range when compared to the patterns and levels of their
wild ancestors. Indeed, as shown in Fig. 1, much higher
levels and a broader range of innate and normal adaptive
offensive aggression are displayed by feral or semi-natural
populations of rats and mice compared to their highly
domesticated laboratory-bred conspecifics. Interestingly,
however, clear escalated aggressive and violent char-
acteristics, as defined above, can be engendered in
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Fig. 1 Frequency distribution of offensive resident—intruder aggres-
sion in a population of unselected feral wild-type Groningen rats (a)

and in standard Wistar laboratory rats (b) as well as in a population of
unselected feral house mice (¢). The two rat strains differ considerably
in the number of animals that will show aggressive behavior at all; note
that the highly aggressive phenotype is absent in the domesticated rat
strain. Note also that in the feral rodent populations, animals with an
extreme high- or low-aggressive behavioral phenotype do not only
coexist but are also encountered at a much higher rate than expected

by chance, i.e., a bi- or tri-modally distributed pattern. This is in sharp

contrast with the usually encountered normal distribution patterns for
most behavioral phenotypes in laboratory animals (adapted from van

Oortmerssen and Bakker 1981)

approximately 10 % of medium to highly aggressive
wild-derived rats that experience repeated victorious
episodes of aggression (i.e., by permitting them to
physically dominate other conspecifics).

Like humans, most individual rats respond to these
repetitive social conflicts with appropriate and well-
controlled functional forms of aggressive behavior, while
only a small fraction demonstrate escalated aggression
and become violently destructive. Much of the individual
variation in aggressive behavior can be attributed to ge-
netic variation. Heritability estimates for people are gen-
erally high, ranging between 35 and 70 % (Hudziak et al.
2003; Rhee and Waldman 2002). Similar high heritability
estimates for aggressive behavior have also been observed
for several other species, including rodents (van
Oortmerssen and Bakker 1981). Consequently, the re-
sponse to artificial selection for either increased or de-
creased aggression is generally rapid in rodents, within
three to four generations. Obviously, artificial selection
represents a forward genetic approach that is limited
mainly by the existing variation in the starting population.

Starting 50 years ago, three major independent selec-
tion experiments were conducted, resulting in three dif-
ferent strains of high- and low-aggressive mice (Miczek et
al. 2001): (1) the Turku aggressive (TA) and Turku non-
aggressive (TNA) lines originated from an outbred colony
of Swiss albino laboratory mice (Lagerspetz 1964;
Nyberg et al. 2004), (2) the aggressive short attack latency
(SAL) and low-aggressive long attack latency (LAL) mice
originated from a population of wild-trapped feral house
mice (Sluyter et al. 2003; van Oortmerssen and Bakker
1981), and (3) the high-aggressive NC900 and low-
aggressive NC100 mice derived from an ICR (Institute
of Cancer Research) laboratory Swiss-Webster outbred
stock (Cairns et al. 1983). Although these lines came from
different genetic backgrounds and different laboratories
with their own housing idiosyncrasies, and although se-
lection criteria differed in terms of testing environment,
type of test, and type of opponent, the offensive aggres-
sion levels of these strains are generally comparable. In
recent experiments, Caramaschi et al. (2007) and
Natarajan et al. (2009a; 2009b) evaluated males of all
three strains in the same laboratory against the same type
of opponent and found that the time spent on aggressive
behavior was nearly similar across the different strains.
The aggressive lines spent on average 3040 % of their
time on attack, threat, and chase, whereas the non-
aggressive lines—with the exception of the TNA line—
showed either no or only very few aggressive acts.
However, the quality of the heightened aggressive behav-
ior in SAL, TA, and NC900 mice is not the same
(Natarajan et al. 2009b); only SAL males displayed ab-
normal and pathological forms of attack. For instance,
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they attacked vulnerable body parts, females, immobi-
lized intruders, and they disregarded submissive signals
from their opponents (Natarajan et al. 2009b; Sluyter et al.
2003).

In addition to these behavioral features of escalated
aggression, a number of ‘violent-specific’ autonomic, en-
docrine, and neurobiological alterations including low
heart rates, low glucocorticoids, low brain serotonin lev-
els, high 5-HT, 5 autoreceptor activity, and low serotonin
reuptake transporter activity were observed in SAL mice
but are not present in the other high-aggression mouse
lines (Natarajan and Caramaschi 2010). Given the paral-
lels between male SAL mice and humans who exhibit
persistent and pervasive antisocial aggressive behavior,
these artificially selected SAL mice are an informative
mouse model for investigations in the genetics, develop-
ment, and neuromolecular architecture of this problematic
behavioral trait. The fact that only the artificially selected
SAL mouse line, derived from wild-trapped animals,
exhibits clear signs of escalated and violent aggressive
behavior suggests the presence of alleles that predispose
to escalated aggression in this strain of feral mice that have
been lost in inbred and outbred strains of domesticated
laboratory strains of mice.

In rats, artificial selection for high- or low-offensive
aggressive behavior has not been executed so far.
However, lines of tame and aggressive rats were developed
by long-term selection of wild-derived gray rats for elim-
ination and enhancement of defensive aggressiveness to-
wards humans (Belyaev and Borodin 1982). Interestingly,
when these lines of animals were tested for offensive
aggression in a resident—intruder paradigm, the domesti-
cated and tame line hardly displayed offensive aggression
towards Wistar intruders, whereas in the aggressive line
the levels of offensive aggression directed at conspecifics
remained unchanged compared to the unselected animals
(Naumenko et al. 1989; Plyusnina et al. 2011).

Selecting for particular behavioral or physiological
responses may also result in indirect selection of other
linked traits or response strategies. For example, Wistar
rats selected for extremes in anxiety-related behavior in the
elevated-plus maze test or in locomotor exploratory be-
havior in the open field test also exhibited considerable
differences in offensive aggression in the resident—intruder
aggression test (Neumann et al. 2010; Kerman et al. 2011).
Key methodological features. Most preclinical aggression
research is conducted in territorial male resident rats or
mice confronting a naive intruder conspecific, the so-
called resident—intruder paradigm (Blanchard et al.
1977; Koolhaas et al. 1980; Miczek 1979; Miczek and
O’Donnell 1978). This paradigm is based on the fact that
an adult male will establish, and subsequently defend, a
territory when given sufficient living space. Animals are
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therefore housed as residents in somewhat larger experi-
mental observation cages (rats, 90x 55 x50 cm; mice,75 %
30%25 cm) than the standard plastic laboratory cages to
allow proper display of species-typical offensive acts and
postures directed toward unfamiliar conspecific intruder
males. Territoriality is strongly enhanced in the presence
of females or by accruing sexual experiences (Barnett et
al. 1968). The intruder rats are standardized as much as
possible in terms of strain, age, and weight. In general,
rats of a non-aggressive laboratory strain (e.g., Wistar) or
slightly smaller rats from the same feral wild-type strain
as the resident male are used as intruders.

By recording the frequencies, durations, latencies, and
temporal and sequential patterns of all the salient behav-
ioral acts and postures displayed by the combatants during
these confrontations, detailed quantitative and qualitative
analyses (ethograms) of resident’s offensive aggressive
behavior are obtained (Koolhaas et al. 1980; Miczek and
de Boer 2005). After repeated resident—intruder confron-
tations, additional behavioral tests, analyses, and criteria
are conducted to delineate deviant from adaptive forms of
aggression such as (1) steadily decreasing attack latencies
(i.e., falling below 30 s) and increasing levels of persistent
aggressive displays with repeated testing are a first indi-
cator of uncontrolled and escalated aggressive tendencies;
(2) gradually disappearing sequences of investigatory acts
and threatening postures before the consummatory clinch
and biting attacks, as well as a concomitantly increasing
ratio of vulnerable/non-vulnerable body region attacks are
reliable indicators of out of control aggression; (3) the
appearance of out of context aggression like attacking un-
familiar (estrus) female intruders, attacking anesthetized
male intruders, and/or attacking male intruders in a novel
environment with almost the same intensity as within their
own home cage. Figure 2 depicts these normal and “violent”
behavioral characteristics in resident feral rats and mice.

Support for the model

* The broad individual variation in aggressive behav-
ior and the unambiguous identification of an esca-
lated aggressive phenotype in a relatively small
proportion of these feral rats has a considerable
degree of face validity to human violence and un-
controlled aggression.

* Some construct validity of this model is achieved by
the fact that the pathological aggressive phenotype
is obtained in a minor fraction of genetically predis-
posed individuals upon positively reinforcing social
experiences. Humans and various animal species
demonstrate enhanced aggressive responding fol-
lowing previous victory and winning experiences
(i.e., the so-called winner effect).



Psychopharmacology (2013) 226:445-458 449
Fig. 2 a Normal and violent 800 - [l Low-aggressive rats (n=32) - 1 I I Non-aggressive LAL mice (n=21)
aggressive behavioral @ (] Normal medium-high aggressive rats (n=64) 350 EI ] Attacking LAL mice n=13}
TS 600 I “Violent"aggressive rats (n=16) L I “Violent” aggressive SAL mice (n=28) |
characteristics in low- s 1 .
aggressive and medium-high- 400 4 L. 300 4 — .
i |
aggressive WTG' rats. after 200 ] L 1
multiple (>10) victorious 1 1 250 1
experiences. b Generally g, 120 - &
similar violent aggressive g 1 & 200
characteristics are observed g 100 + -10 § |
in artificially selected & 1 b E 150 471 L
high-aggressive SAL mice after 5 80 1 s 5 q
only four repetitive winning - [ e =
experiences. * indicates D 60+ ! -6 B a
significant differences from = [ g
the other two groups E 40 | L4 =
= % N
I L2
=
i
| -0

As in humans and other primate species, only the
highly aggressive and violent feral subjects exhibit
dysfunctional brain serotonergic neurotransmission.
The strong link between brain serotonergic dysfunc-
tion and impulsive aggressive and violent behaviors
is one of the most frequently reported findings in
biological psychiatry. Capturing this neurobiologi-
cal hallmark of pathological aggression adds to the
face validity and possibly to the construct validity of
the model. In vivo microdialysis methods have begun
to delineate whether these serotonergic dysfunctions
are predisposing as antecedents to escalated aggres-
sion or are the consequences (van Erp and Miczek
2000).

d. Disadvantages and limitations

As a result of laboratory animal housing rules and
specific hygiene conditions, the use of unconven-
tionally housed and wild-derived rodent strains is
difficult to implement. This seriously constrains the
inter-laboratory reliability of the model.

Ethical and animal welfare issues regarding the
harm and injury inflicted on the defeated intruder
animals may seriously constrain the acceptance and
adoption of this and other escalated aggression
models.

While a range of pharmacological compounds ef-
fectively reduces aggressive behavior in wild-type
rats that show adaptive levels of offensive aggres-
sive behavior, the specific effectiveness of these
compounds has not been demonstrated in patholog-
ical and escalated aggressive individuals.

Excessive aggression as a result of hypoglucocorticoid
status

Background. The development of the hypoglucocorti-
coid model was prompted by the discovery that violence
in patients with antisocial personality disorder is accom-
panied by a marked hypoarousal in terms of glucocorti-
coid production, heart rate, and skin conductance
(Dolan et al. 2001; Raine and Mednick 1989;
Virkkunen 1985). As glucocorticoids are genomically
active steroid hormones with considerably constitutive
activity (De Kloet et al. 1993), we hypothesized that the
deficient functioning of this gene-controlling factor
results in neural changes that contribute to the expres-
sion of violence (Haller et al. 2001). The involvement of
genomic glucocorticoid mechanisms was indirectly sup-
ported by findings showing that conduct disorder-
associated aggression was predicted by consistently
low glucocorticoid levels, as measured over 2 years
(McBurnett et al. 2000).

Key methodological features. The experimental proto-
col typically begins with adrenalectomy to chronically
reduce glucocorticoid production, followed by low level
glucocorticoid replacement (ADXr; Haller et al. 2001).
The adrenal gland is removed undamaged and in its
entirety, to avoid the proliferation of tissue fragments
and partial restoration of glucocorticoid production.
Corticosterone replacement is achieved by implanting
corticosterone pellets (100 mg, containing 25 % corti-
costerone and 75 % cholesterol compressed without
additives) subcutaneously into the dorsal region of the
rat’s neck. Behavioral testing in rats is performed in
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large cages (60x40x50 cm) starting 1 week after sur-
gery. Autonomic activity is evaluated by the biotelemet-
ric measurement of heart rate during basal conditions
and aggressive confrontations. The critical behavioral
measures are attack targeting and the behavioral context
of attacks, which are assessed separately from measure-
ments of the behavioral repertoire during the attack
episodes (Fig. 3). This analysis requires the repeated
replay of the digital record at various speeds to identify
the target of the attack bite and the behavior preceding the

attack (i.e., the behavioral context; see Videos 1 and 2).
Attack targets considered vulnerable include the head,
throat, abdomen, and paws, while the back and flanks
are considered non-vulnerable. Attacks are considered
“out of context” when preceded by resting, exploring,
grooming, or sniffing, and are categorized as “signaled”
when preceded by offensive threats. In many studies, we
characterized intention signaling by calculating the
attack/offense ratio (Halasz et al. 2002; Haller et al.
2001; Haller et al. 2004; Haller et al. 2007); more recently,
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and the neural background of = 100 - (5(5 A= 10 - é’
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we have specified the behavior that immediately preceded  d. Disadvantages and limitations

the attack (Toth et al. 2011; Toth et al. 2012).
Support for the model.

e At present, this is the only laboratory model
where abnormal manifestations of aggression
are associated with marked hypoarousal. Its rel-
evance is supported by the recent recognition in
the DSM-5 (American Psychiatric Association
Diagnostic and Statistical Manual of Mental
Disorders, 5th edition) of the “callous-unemo-
tional” specifier for Conduct Disorder (“child-
hood form” of antisocial personality disorder)
and by recurring reports of hypoarousal in vio-
lent antisocial adults (see above).

e The behavioral dysfunctions in ADXr rats can
be considered analogous to several basic symp-
toms of violent antisocial personality disorder:
callousness and rule breaking (dysfunctional at-
tack targeting and absence of social signaling),
unemotionality (reduced autonomic activation),
and social deficits (behavior in the social inter-
action test).

* Intriguingly, aggression in this model is associated
with the marked activation of predation-related
brain structures (Tulogdi et al. 2010). So-called
unemotional aggression is frequently referred to as
“predatory” in the psychiatric literature.

* The etiological factor of behavioral dysfunctions
is similar to that believed to underlie violence
in conduct and antisocial personality disorders,
namely a marked deficit in glucocorticoid
production.

¢ The effects of ADXr are consistent, robust, and
durable and tolerate additional manipulations, e.g.,
surgeries for systemic or local brain injections or the
implantation of biotelemetry emitters. This feature
makes the model suitable for studies of the brain
mechanisms of abnormal aggression, including
optogenetic experiments.

e This model differs profoundly from hyper-emotional
aggression. Post-weaning social isolation, a putative
laboratory model of social neglect-induced emotional
problems, can lead to abnormal aggression that devel-
ops in conjunction with markedly increased autonom-
ic, glucocorticoid, and behavioral activation (Toth et
al. 2011). The neural background of hypo- and
hyperarousal-associated aggression showed qualita-
tive differences (Toth et al. 2012). Thus, the two
models may be used in tandem to decipher the impact
of emotionality on aggression per se, and on its neural
background.

* The model requires surgery, which is its major
limitation. Although deficient glucocorticoid se-
cretion is typical of individuals with violent
antisocial disorder, in humans the deficit is not
the result of surgical intervention. Thus, con-
struct validity is questionable, even if the face
validity of the model appears ensured, and sev-
eral findings suggest predictive validity as well
(Haller et al. 2007). Furthermore, the inter-
laboratory reliability of the model is not yet
known because the model has hardly been adop-
ted or evaluated in other laboratories.

* In humans, multiple forms of early maltreatment
lead to glucocorticoid deficits and aggression in
adulthood (Gunnar and Vazquez 2001); it remains
to be seen whether this can be modeled in laboratory
rodents and whether the behavioral symptoms and
neural background of such interventions will be
similar to those seen in ADXr rats.

* The model is relatively easy to employ, but one
needs skills in three areas: endocrinology, surgery,
and behavioral observation—a combination that is
not universally available.

* Violence in antisocial personality disorder is often
instrumental. This key feature has not yet been
investigated in ADXr rats.

* The model has not been tested in mice.

Alcohol-heightened aggression

Background. Two thirds of all incidences of violence
involve alcohol consumption, either by the perpetrator
or the victim (Roizen 1997). After decades of inconsis-
tent studies reporting increases or decreases in aggres-
sive behavior or no effect after treatment with alcohol
(Brain 1986), reliable and reproducible methods have
been developed to study escalated aggression after con-
sumption of alcohol in a significant subgroup of indi-
vidual mice, rats, and monkeys (Fig. 4; Miczek et al.
1997; Miczek et al. 2004b).

Key methodological features. A prerequisite for studying
alcohol-heightened aggression is the consistent display of
stable levels of aggressive behavior in a common species
of laboratory animals. Since most laboratory animals are
placid and are gentled by repeated handling, it is essential
to create conditions under which purpose-bred laboratory
rodents reliably display species-typical aggressive behav-
ior (Miczek and de Boer 2005). These conditions com-
prise the selection of a well-characterized strain and
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Fig. 4 Histogram representing
the proportion and individual
magnitude of alcohol-heightened
aggression after gavage (a) or
operant self-administration (b) of
1.0 g/kg alcohol. Dark vertical
bars represent outbred CFW
mice whose average frequency
of attack bites after 1 g/kg
alcohol exceeds their baseline
levels of aggression by >2 SD
(alcohol-heightened aggression,
or AHA). Gray vertical bars
represent mice whose aggressive
behavior is not significantly
altered by 1 g/kg alcohol
(alcohol non-heightened
aggression, or ANA), and white
vertical bars represent mice
whose aggressive behavior after
1 g/kg alcohol is reduced

by >2 SD (alcohol-suppressed
aggression, or ASA). Dotted
horizontal lines represent a 95 %
confidence interval, +2SD from
average baseline

Attack Bites (A SD from Baseline)

a Gavage 1.0 g/kg EtOH
31% AHA, 59% ANA, 10% ASA

20 -

b Operant Self-Ad 1.0 g/kg EtOH
37% AHA, 62% ANA, <1% ASA

Individual Mice

species of rodents and housing animals in a species-
appropriate environment that promotes territorial marking
and pheromonal communication, preferably in a breeding
pair. Baseline levels of aggressive behavior are typically
established by repeated confrontations between the exper-
imental animal and smaller intruders with no prior history
of aggressive encounters. In mice and rats, the highest
levels of aggressive behavior are seen when the confron-
tation occurs in the resident animal’s home cage.

The key experimental manipulation consists of the
administration of a moderate dose of ethanol such as
1 g/kg to an animal with a demonstrated capacity to
display aggressive behavior. Initially, the resident mouse
or rat self-administers a precise dose of ethanol according
to the body weight of the animal. Self-administration of
ethanol via the oral route is preferable over experimenter-
administered alcohol on account of its superior face va-
lidity. Under appropriate conditions, most laboratory mice
and rats will self-administer ethanol in a 6 % w/v alcohol
concentration and achieve a moderate dose (e.g., 1 g/kg)
within less than 5 min.

The measurements are based on the precise analysis of
video recordings of the salient acts of aggressive behavior
in an experimentally controlled confrontation, typically a
resident—intruder test conducted during the dark phase
when these nocturnal species are most active (Video 3).
Establishing the requisite degree of inter- and intra-

@ Springer

observer reliability requires familiarity with the species-
typical pattern of the strain and species under investigation.

Support for the model

e Consumption of a moderate dose of alcohol can
escalate aggressive behavior far beyond the norma-
tive levels for the species, although the abnormal
nature of this behavior has not been adequately
characterized.

* Individual differences in the propensity to engage in
alcohol-heightened aggressive behavior are readily
captured in common laboratory rodent and non-
human primate species, with good intra- and inter-
laboratory replication.

e Alcohol-heightened aggressive behavior is system-
atically dependent on dose and follows an orderly
time course.

* The oral route for alcohol consumption is an effec-
tive way to introduce the precise, individually ad-
justed amount of drug rapidly into the organism.

*  Voluntary and preferential alcohol self-administration
in a brief bout can engender escalated aggressive
behavior in an ensuing confrontation.

e Quantitative analysis of alcohol-heightened aggres-
sive behavior has revealed a failure to terminate
aggressive bouts.
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e Alcohol-heightened aggression requires intact im-
pulse flow and receptor regulation in the serotonin
system which has been implicated in the neurobiolo-
gy of impulsive aggressive behavior. Somatodendritic
autoreceptors, pre- and post-synaptic receptors, and
transporter sites are targets for effective reduction of
alcohol-heightened aggression.

Disadvantages and limitations

* Specific methods of inducing alcohol consumption
are required to engender voluntary alcohol con-
sumption in significant amounts. Methods of forced
alcohol exposure do not translate readily to the
human condition.

e So far, no biomarkers have been identified that
predict which individuals will engage in alcohol-
heightened aggressive behavior and which will
not. Neither top-down nor bottom-up genetic strat-
egies have successfully targeted a specific mecha-
nism for alcohol-heightened aggression.

* Some strains of mice, such as the C57BL/6, readily
drink large amounts of alcohol, but exhibit low or
inconsistent amounts of aggressive behavior in res-
ident—intruder confrontations. It is unclear whether or
not they engage in unambiguous alcohol-heightened
aggression.

* Current molecular biology techniques are being ap-
plied to mouse strains that do not consume alcohol in
significant amounts and that display only remnants of
species-typical aggressive behavior if any at all.

Social instigation and escalated aggression

Background. Impulsively violent patients are often char-
acterized by their excessive aggressive response to a
perceived provocation (Haspel 1995; Volavka 2002).
As a matter of fact, the appearance of an unfamiliar
individual may trigger aggressive acts and postures,
attributed to fear of the unfamiliar or stranger, termed
aggressive xenophobia (Holloway 1974; Marler 1976).
In field work and experimental studies, the increase in
aggressive arousal or “attack readiness” has been ob-
served just prior to the introduction of an intruder into a
resident’s cage. This type of arousal has been claimed to
be specific to aggressive confrontations (Berkowitz
1993; Lorenz 1966) and is not reflected as increased
locomotion, feeding, or sexual behavior (Lagerspetz and
Hautojarvi 1967; Potegal and Tenbrink 1984). The in-
stigation effect persists for some time, even after the
instigating stimulus has been removed. Clinically, reduc-
ing aggressive arousal in patients with various psychiatric

diagnoses by beta-blockers has proven successful and
provides some pharmacological validation (Elliott 1977;
Haspel 1995; Ratey et al. 1992; Yudofsky et al. 1990).
Key methodological features. Briefly exposing an adult
male or female animal to a potential rival that is nearby
but inaccessible for a limited time prior to an unrestrict-
ed confrontation engenders aggressive behavior at high
intensity and frequency (Fig. 5), as originally described
in mice (Lagerspetz 1969; Tellegen and Horn 1972).
The social instigation protocol consists of two phases:
First, the experimental subject, usually a resident
mouse, rat, or hamster, is confronted with a breeding
opponent in its home cage behind a protective screen.
The resident can hear, see, and smell the instigator or
provocateur, but cannot actively defend his territory and
expel the rival mouse, rat, or hamster (de Almeida et al.
2005; Potegal 1991). The precise duration of this initial
phase depends on the species and strain of animals. In
mice, rats, or hamsters, the instigation phase is usually
5 min in duration, at the end of which the instigator is
removed. Second, after a short interval of typically 1—
5 min, the resident confronts an intruder in its home
cage without any protective screen, as described above.
The video recordings of these confrontations are ana-
lyzed in the same fashion as detailed for the other types
of aggressive behavior, with a quantitative assessment
of all salient acts and postures. The instigation effect is
evident with the very first parameter, the significantly
shortened latency to the first attack, followed by a very
high frequency of attack bites and threats and lengthened
bouts of aggressive behavior (Fig. 5; de Almeida and
Miczek 2002; Fish et al. 1999; Potegal 1991). The social
instigation protocol has been applied with success in
hamsters, rats, mice, and fish (Centenaro et al. 2008; de
Almeida and Miczek 2002; Fish et al. 1999; Heiligenberg
1974; Newman et al. 2012; Potegal and Tenbrink 1984). It
also has been extended from male residents confronting
male instigators and intruders to female rats (da Veiga et
al. 2011; Veiga et al. 2007; Veiga et al. 2011).

Support for the model

» The social instigation procedure is relatively easy to
implement, requiring no special equipment and no
genetic, pharmacological, or neurochemical
manipulations.

* Aggressive arousal as a result of social instigation
has been readily quantified by measurement of sa-
lient autonomic and behavioral indices in clinical
and preclinical settings.

» The social instigation effect is seen in animal species
that are commonly used in experimental laboratory
research. The largest and most reliable effects have been
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Fig. 5 Aggression heightened by social instigation. For 5 min, a
resident male mouse is exposed to an intruder male that is protected
by a screen through which olfactory and visual cues are still available.
After an interval, the resident attacks an unprotected intruder with

0-15 min

reported in hamsters and outbred mice (de Almeida and
Miczek 2002; Fish et al. 1999; Potegal 1991).

» Escalated aggressive behavior is seen in socially in-
stigated animals in locales other than their home cage.

» Serotonergic compounds, particularly those acting
on the 5-HT;4 and 5-HT;p receptors, effectively
reduce aggressive behavior that is escalated as a
result of social instigation.

d. Disadvantages and limitations

e It remains to be determined whether or not socially
instigated animals display aggressive behavior that
is not only quantitatively escalated, but shows also
the characteristic features of abnormal aggression.

* In order to obtain a significant social instigation
effect, it is necessary to adjust the parameters to
the species and strain of animals with considerable
care. The social instigation effect seems to follow a
biphasic function, with short, moderately intensive
exposures resulting in a strong escalation of aggres-
sive behavior, whereas prolonged and highly intense
instigation produces exhaustion.

* The neurobiology and psychopharmacology of
instigation-induced aggressive arousal as distinct
from other types of arousal await characterization.

All preclinical models of aggression-related psychopathol-
ogies as described in the DSM-IV are characterized by the out-
of-proportion and out-of context nature of aggressive behav-
ior. For example, irritability and uncontrollable outbursts of
aggression are diagnostic criteria for a number of disorders
such as antisocial personality, borderline personality, depres-
sive, intermittent explosive, oppositional-defiant, and post-
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greater frequency. Bars represent the median attack bites and vertical
lines represent the inter-quartile range after control (light gray) and
instigated (dark gray) conditions (from Miczek et al. 2007b)

traumatic stress disorders. The currently discussed preclinical
models comprise behaviors that are analogous to those shown
by patients. Proximate causes may be identified, and their
neurobiological mechanisms can be studied in the “frustra-
tion” and “alcohol” models (see above). Similarly, the likeli-
hood of a subgroup of feral animals to show abnormal
aggression after winning experiences and the aggressive be-
havior of genetically selected mouse lines may help to under-
stand the etiological factors and genetic mechanisms leading
to this condition. The putative model of early social neglect-
induced pathological aggression may serve the same purpose.
The human relevance of hypoglucocorticoid model corre-
sponds in part to particular symptoms of aggression in
DSM-IV disorders and the callous-unemotional specifier of
conduct disorder in DSM-V. Aggression associated with a
restricted range of affect such as in post-traumatic stress
disorder, physical cruelty to people (conduct disorder), and
reckless disregard for safety of self or others (antisocial per-
sonality disorder) are examples of such DSM-IV symptoms,
while the delivery of attacks on vulnerable targets under
conditions of low arousal may be considered behavioral ana-
logs of callous-unemotional aggression as introduced by
DSM-V. 1t is clear that none of the models discussed here
are “disorder models” but each is potentially able to provide
insights into the mechanisms of psychopathologies that in-
clude aggressive behavior as described in the DSM.

Promising developments

* Transgenic mice have emerged as a most instructive
research tool in psychopharmacology (Crawley et al.
1997). Specifically, newly developed techniques allow
for brain region-specific induction or suppression of
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gene expression at specific time periods in the life of the
mouse. A most promising novel method is to selectively
silence the gene encoding the estrogen receptor alpha
protein in the medial preoptic area of females resulting
in decreased sexual behavior and intact aggressive behav-
ior (Ribeiro et al. 2012). These genetic manipulations will
be most useful to learn about the significance of specific
gene products in the expression of excessive aggressive
behavior. A prerequisite is the development of methods
that engender excessive aggressive behavior in mouse
strains that are most frequently used as the background
for genetic mutations (e.g., 129Sv, C57BL/6).

* The recently developed technique to genetically express
light wavelength-sensitive membrane channels (opsins)
in neurons and to subsequently activate them by light
pulses (optogenetics) provides a novel tool for establish-
ing a causal relationship between neural activity and
various features of aggressive behavior. Optogenetic
stimulation of the ventrolateral subdivision of the ven-
tromedial hypothalamus has been reported to evoke
biting attacks in mice (Lin et al. 2011). Previously,
electrical stimulation of analogous hypothalamic struc-
tures has proven effective in eliciting attacks in cats and
rats (Siegel et al. 1999). Electric and optogenetic stimu-
lation differ in several important ways; (1) electric stim-
ulation readily evokes attacks in rats and cats, but not in
mice; (2) mice do attack inanimate objects upon opto-
genetic stimulation; and (3) the effective area of opto-
genetic stimulation is surprisingly restricted in mice,
especially considering that the anterior hypothalamus,
ventrolateral hypothalamus, the tuber cinereum, and the
lateral hypothalamus are significant in the neural control
of mouse aggression (Duncan et al. 2009; Haller et al.
2006; Hasen and Gammie 2006; Trainor et al. 2006).
Although these species- or technique-related differences
are difficult to reconcile at present, optogenetic stimula-
tion per se and its combination with transgenic technol-
ogies promises to greatly enhance our understanding of
brain mechanisms underlying species-typical and abnormal
aggressive behavior.

*  One new animal model that mimics etiological factors of
aggression-related psychopathologies relies on post-
weaning social isolation. This putative model of early
social neglect-induced pathological aggression results in
high levels of aggression, attacks on vulnerable targets,
sudden attacks, and ambivalence between offensive and
defensive behavior (Toth et al. 2008). Like humans, rats
show exacerbated autonomic and glucocorticoid stress
responses in this model (Toth et al. 2011). Such models
based on etiological factors await the exploration of
therapeutic interventions.

» Several experimental protocols can engender excessive
aggression in animal species that are less commonly

studied under experimentally controlled conditions in
the psychopharmacology laboratory. These species are
mostly studied only in the laboratory of the model’s
originator. For example, hamsters, voles, fish, and fruit
flies offer important advantages in the neurobiological
and pharmacological study of social and aggressive
behavior (Delville et al. 2000; Ferris et al. 1997,
Gobrogge et al. 2009; Miczek et al. 2007a; Ricci et al.
2005; Summers et al. 2005), but currently only begin to
be characterized pharmacologically.

» Epigenetic mechanisms. The lasting effects of winning
experience in feral rats, as well as those of hypogluco-
corticoid status, and post-weaning social isolation
among the emerging models suggest that the underlying
mechanisms involve neuronal plasticity associated with
or caused by epigenetic changes. This assumption is
supported by the impact of social status, adrenalectomy,
and social environments on DNA methylation and/or
histone acetylation (Azmitia and Liao 1994; Bountra et
al. 2011; Thayer and Kuzawa 2011; Tung et al. 2012).
Moreover, growing up in aggressive social environ-
ments and frequent engagement in aggressive conflicts
also induce epigenetic changes (Simmons et al. 2012;
Tung et al. 2012) which may add to the pre-existing
genetic differences seen in genetic lines selected for
aggression.
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