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Viewpoints

Animal Models of (or for) Aggression Reward, Addiction,
and Relapse: Behavior and Circuits

Sam A. Golden,!> ®Michelle Jin,! and ““Yavin Shaham!
'Intramural Research Program, National Institute on Drug Abuse, National Institutes of Health, Baltimore, Maryland 21224, and 2University of
Washington, Department of Biological Structure, Seattle, Washington 98195

Inappropriate and pathological aggression plays a leading role in the suffering and death of millions of people, and further places an
untenable strain on the caregivers and families of those afflicted. In some cases, such as addictive drugs, aggression can be highly
rewarding (appetitive) and continually pursued despite short- and long-term negative consequences. Similarly, recidivism (relapse) rates
for repeat violent offenders are as high as relapse rates for drug addicts. Appetitive aggression and relapse to aggression seeking can be
modeled in mice studies using conditioned place preference and self-administration procedures followed by a period of abstinence and
subsequent tests for relapse to aggression preference and aggression seeking. These procedures allow for the study of the mechanisms
that control the appetitive versus the consummatory (attack) phases of aggressive behavior. In this review, we first discuss the behavioral
procedures developed to probe appetitive aggression in mouse models, spanning from Pavlovian to operant tasks, and we also describe
the recently proposed phenomenon of “aggression addiction.” Next, we discuss the pharmacological and circuit mechanisms of aggres-
sion conditioned place preference and aggression self-administration, seeking, and relapse, highlighting mechanistic congruence and
divergence between appetitive and consummatory phases of aggression. We conclude by discussing clinical implications of the studies

reviewed.

Introduction

The past decade has seen a resurgence of preclinical aggression
research using mice as the experimental subjects (Fig. 14,B). In
large part, this is due to the development of optogenetic (Boyden
etal., 2005) and chemogenetic (Armbruster et al., 2007) methods
that can be used in transgenic mice (Gordon et al., 1980) to study
the role of genetically defined neural populations and circuits in
innate and learned aggression (Anderson, 2012). This resurgence
is also due to renewed interest in developing ethologically rele-
vant behavioral procedures (Miczek and O’Donnell, 1978;
Blanchard et al., 2003) that allow researchers to better capture
complex social behaviors (Keifer and Summers, 2016; Garner et
al., 2017; Krakauer et al., 2017). In this regard, different animal
models of (or for per the new National Institute of Mental Health
terminology) human aggression are needed to capture the com-
plex spectrum of this behavior that includes both adaptive reac-
tive and instrumental aggression, as well as appetitive and often
pathological aggression (Moran et al., 2014; de Almeida et al.,
2015; Chester and DeWall, 2016).

Received Jan. 17, 2019; revised Feb. 18, 2019; accepted Feb. 25, 2019.

This work was supported by the Intramural Research Program of National Institute on Drug Abuse to Y.S., and
PRAT 1FI2GM117583-01 and National Institute on Drug Abuse K99 DA045662-01 to S.A.G. We thank Dr. David
Epstein for intellectual contributions to the text of sections Aggression addiction and relapse and Clinical implica-
tions.

The authors declare no competing financial interests.

Correspondence should be addressed to Sam A. Golden at sagolden@uw.edu or Yavin Shaham at
yshaham@intra.nida.nih.gov.

https://doi.org/10.1523/JNEUR0SCI.0151-19.2019
Copyright © 2019 the authors

At the extreme, pathological aggression mimics cardinal features
of drug addiction, such as being highly rewarding and strongly pur-
sued despite immediate or long-term adverse consequences (Porges
and Decety, 2013; Chester and DeWall, 2017). Additionally, relapse
(recidivism) rates of repeat violent offenders are similar to those
observed in drug addicts (Hunt et al., 1971; Sinha, 2011; Durose et
al., 2014). We and others proposed that preclinical rodent
models can recapitulate components of pathological aggres-
sion (Kudryavtseva, 2004; Golden and Shaham, 2018) previ-
ously postulated to be uniquely human (Elbert et al., 2018).

In this review, we first describe behavioral procedures used to
study appetitive aggression. These include aggression condi-
tioned place preference (CPP) (Golden et al., 2016), aggression
self-administration (Fish et al., 2002), relapse to aggression seek-
ing after forced or voluntary (food choice- or punishment-
induced) abstinence (Golden et al., 2017a), and a variation of the
Diagnostic and dtatistical manual of mental disorders, 4th edition
(DSM-1V) rodent addiction model (Deroche-Gamonet et al.,
2004) that we have developed to study compulsive aggression
“addiction” in mice (Golden et al., 2017a). Next, we describe
pharmacological and circuit-related studies on the mechanisms
of aggression CPP and operant aggression self-administration
and seeking. We conclude by describing the implications of the
reviewed studies to pathological aggression in humans. In Table
1, we summarize the main findings of studies using CPP and
operant aggression self-administration methods. Due to space
limitations, we do not describe results from recent studies in
which cell-type and circuit-specific optogenetic and chemoge-
netic methods were used to elicit unconditioned aggressive be-
havior in different brain areas. We refer the readers to excellent
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Trajectory of PubMed citations on aggressive behavior across three model species. Methods were adapted from Blanchard et al. (2003). We found the number of citations in response

tothe search terms “aggressive behavior AND mouse” (or“. . . ANDrat” or“. . . AND hamster”). We binned the number of citation counts every 5 years starting from 1970. 4, The number of cumulative

citations since 1970. B, The number of citations within each 5 year bin.

recent reviews on this topic, which provide overviews summariz-
ing these brain regions and circuits (Miczek et al., 2015; Aleyasin
et al.,, 2018a; Yamaguchi and Lin, 2018; Flanigan and Russo,
2019).

Behavioral methods to study appetitive aggression in mice
Brief history

The notion of aggression reward is not new in behavioral neuro-
science. In the early 1960s, Thompson et al. (Thompson, 1963;
Thompson and Sturm, 1965a) reported that male Siamese fight-
ing fish (Betta splendens) will perform instrumental responses to
attack visual representations of conspecifics. They also reported
that conditioned stimuli paired with the visual presentations
elicit subsequent operant aggressive behavior (Thompson and
Sturm, 1965b; Thompson, 1966). Operant responding in this
procedure was potentiated by morphine administration (Braud
and Weibel, 1969). Additionally, when the Siamese fighting fish
were given a choice between a live conspecific versus inanimate
model representation, they selected the live target (Craft et al.,
2003). Similar observations were made in both male fighting
cocks (Thompson, 1964) and homing pigeons (Cole and Parker,
1971). However, a limitation of these early pioneering studies is
that the investigators did not include behavioral measures of con-
specific aggressive behavior; that is, there was not any actual
physical contact.

The use of mouse models, where physical attack bouts against
subordinate intruders, rather than visual or model representa-
tions, were used as the reinforcer led to the first clear examples of
what we now term “aggression reward.” An early study estab-
lished that aggressive mice will more readily cross an electric grid
to gain access to a submissive opponent if permitted to fight
before the trial (Lagerspetz, 1964). Because noncontingent elec-
tric shock had already been established as a key aggression-
inducing stimulus (Azrin et al., 1964a, b; Ulrich and Craine,
1964), follow-up experiments used T-maze (Tellegen et al., 1969;
Tellegen and Horn, 1972; Kelsey and Cassidy, 1976; Legrand,
1978) (Fig. 2A) or runway (Legrand, 1970) procedures to study
appetitive aggression seeking. These studies and subsequent
studies showed that physical aggression, in the absence of exter-
nal aversive stimuli, was sufficient to condition mice to prefer
aggression-paired contexts (Potegal, 1979; Taylor, 1979). These

pioneering studies established the utility of mouse models for the
study of appetitive aggression.

After these early studies in the 1960s-1970s, most neurophar-
macological research on aggression used variations of the
resident-intruder (Miczek and O’Donnell, 1978) and sensory
contact (Kudryavtseva et al., 1991) procedures where an intruder
mouse is placed within the home-cage of a resident mouse and
agonistic encounters are recorded (Miczek et al,, 2002; de
Almeidaetal., 2015). However, from the perspective of appetitive
aggression or aggression reward, the resident-intruder and sen-
sory contact procedures are limited by the difficulty in determin-
ing whether the observed behaviors reflect defensive or reactive
aggression, instrumental aggression, or appetitive (rewarding)
aggression (Golden etal., 2017a). [Itis also important to note that
the preclinical aggression procedures described below are de-
signed to minimize harm to both aggressive and nonaggressive
mice; all procedures are immediately ceased at the first sign of
physical harm.] In the section below (Aggression CPP), we de-
scribe Pavlovian (CPP) and operant (self-administration) proce-
dures that have been used to study learned appetitive aggression
in mice.

Aggression CPP

The CPP procedure has been used to study the rewarding effects
of abused drugs for many years (Beach, 1957; Mucha et al., 1982).
In this procedure, one distinct context is paired with drug injec-
tions, whereas another context is paired with vehicle injections.
During a subsequent drug-free test, the laboratory animal
chooses between the drug- and the vehicle-paired contexts. An
increase in preference for the drug-paired context is indicative of
the drug’s rewarding effects (Bardo and Bevins, 2000).

Based on earlier studies in female Syrian hamsters (Meisel and
Joppa, 1994) and male OF-1 mice (Martinez et al., 1995), we
adapted a CPP procedure in combination with the resident-
intruder social defeat procedure (Miczek and O’Donnell, 1978;
Kudryavtseva etal., 1991; Golden et al., 2011) to study aggression
reward in CD-1 mice (Golden et al., 2016) (Fig. 2C). We and
others have selected outbred male mice as experimental subjects due
to their long and consistent categorization as innately aggressive
(Connor, 1975; Jones and Brain, 1987), far more so than commonly
used inbred lines, such as C57BL/6J (Golden et al., 2017b). Such



3998 - J. Neurosci., May 22,2019 - 39(21):3996 — 4008

Golden et al. @ Animal Models of Appetitive Aggression

Table 1. A selected list of published papers on aggression motivation in mice using Pavlovian conditioning and operant-based self-administration/relapse models and their
major findings. The data are based on PubMed research.

Year Citation Behavior Major findings

Historical Papers

1964 (Lagerspetz, 1964) Conflict (electric barrier) Male mice bred for aggressiveness crossed an electric grid to a submissive mouse more readily if permitted to fight
immediately before the trial.

1969  (Tellegen etal., 1969) T-maze Male BALB/cJ mice acquired, extinguished, and reversed a position preference in a T-maze when the opportunity
to attack a submissive mouse was a reinforcer.

1970 (Legrand, 1970) Runway Male BALB/cJ mice ran aross a runway to defeat a submissive mouse as a reinforcer. High aggressiveness ratings
and a brief fight immediately prior facilitated running behavior.

1972 (Tellegen and Horn, 1972) T-maze Male mice from three inbred strains (BALB/cJ, RF/J, and SJL/J) acquired a position preference in a T-maze when

Aggression Conditioned Place Preference (CPP)

1995

2016

2017

2018

2018

2018

(Martinez et al., 1995)

(Golden et al., 2016)

(Golden etal., 2017h)

(Aleyasin et al. (2018b)

(Stagkourakis et al. 2018)

(Flanigan et al. 2018)

Biased CPP

Unbiased CPP

Unbiased CPP

Unbiased CPP

Unbiased CPP

Unbiased CPP

Aggression Self-administration (SA) and Relapse

2002

2005

2007

2008

2008

2009

2016

2017

2018

2019

(Fish et al., 2002)

(Fish et al. 2005)

(Bannai et al., 2007)

(Fish et al., 2008)

(Couppis and Kennedy,
2008)

(May and Kennedy, 2009)

(Falkner et al. 2016)

(Golden et al., 2017a)

(Covington et al. 2018)

(Golden et al., 2019)

SA (FRand FI)

SA (FI)

SA (FI)

SA (FI)

SA (VR)

SA (FR, FI, PR, DRL)

SA (FR, PR)

SA (FR, PR); forced, punished,

voluntary abstinence

SA(FI)

SA (FR), forced relapse

the opportunity to attack a nonaggressive mouse was a reinforcer.

Male OF-1 outbred mice form CPP to an intruder-paired context. However, the analysis for this preference was
carried out in a context biased manner.

Male CD-1 outbred mice form CPP to an intruder-paired context. GABAergic forebrain projections to the lateral
habenula (LHb) bidirectionally control aggression CPP but do not control unconditioned aggression. Direct LHb
manipulation does the same.

Male CD-1 mice show persistent aggression CPP across time, and non-aggressive mice switch phenotypes. Hybrid
F1 generation transgenic mice show strong unconditioned aggression.

Male (D-1 mice exhibit increased AFosB in NAc Drd1-MSNs after repeated aggressive encounters. In hybrid F1 transgenic
mice induction of AFosB in Drd1-MSNs of the NAc increases aggression severity without effecting CPP. In contrast,
AFosBinduction in Drd2-MSNs reduces aggression CPP without affecting the severity of aggression.

Activation of dopamine transporter-expressing neurons in the hypothalamic ventral premammillary nucleus
(PMvDAT neurons) triggers attack behavior; silencing these neurons interrupts attacks. PMvDAT projections to
the ventrolateral part of the ventromedial hypothalamic and the supramammillary nuclei control attack execu-
tion and aggression reward, respectively.

In (D-1 mice, orexin neurons from the lateral hypothalamus activate a small population of GABAergic interneurons
in the LHb via orexin receptor 2. Stimulation of this projection enhances aggression severity and aggression CPP.

First published study of operant aggression SA in mice. Male CFW outbred mice were maintained on a FR10 or FI10
reinforcement schedule; GABA(A) positive modulator heightened aggression severity and operant responding
in a dose-dependent manner.

In male CFW mice, corticosterone elevations are required for operant responding motivated by aggressive behav-
ior and for escalated aggression that follows this responding. Corticosterone elevations appear to inhibit the
aggression heightening effect of GABA(A) receptor positive modulators.

In male CFW mice, 5-HT(1B) agonists CP-94,253 and CP-93,129 reduced escalated aggression towards the intruder
at doses lower than those required to affect operant responding.

In male CFW mice, 5-HT(1B) agonist CP-94,253 reduced operant responding for aggression, alcohol-induced ag-
gression, drinking, and wheel running. Of these behaviors, alcohol-heightened aggression is the most sensitive
to the 5-HT(1B) receptor agonist.

Male CFW mice were trained on a VRS reinforcement schedule of aggression SA. NAc injections of Drd1 and Drd2
antagonists microinjected inhibited operant responding, but also caused sedative effects at higher doses.

Male CFW mice were trained on FR, FI, PR and DRL reinforcement schedules for aggression SA.

In male CFW mice, VMHvl neurons are active during aggression-seeking and their activity tracks changes in task
learning and extinction. Inactivation of the VMHvl reduced aggression seeking, whereas optogenetic stimula-
tion of the VMHvI accelerated immediate aggression seeking and intensified future attacks.

Male CD-1 mice trained on aggression SA show relapse vulnerability following forced abstinence, punishment-
induced suppression, and choice-based suppression of aggression seeking. Cluster analysis of the operant
aggression measures identified a subset of compulsive aggressors (~19%) that scored higher on aggression
taking and seeking across all operant measures. Using procedures established to model drug addiction, we
showed that a subpopulation of CD-1 mice demonstrate "addiction-like” aggressive behavior, suggesting an
evolutionary origin for compulsive aggression.

Male C57BL/6J inbred mice trained on an Fl reinforcement schedule for aggression SA while receiving daily non-
contingent alcohol injections. Alcohol augmented Fl response rates for aggression SA but suppressed fighting
performance. Systemic injections of NMDA or AMPA receptor antagonists (ketamine, dizocilpine, or NBQX)
during later challenges with alcohol had minimal effect on alcohol-escalated rates of Fl responding.

Inmale CD-1 mice, aggression SA and relapse testing induced higher Fos expression in NAc shell than in core, while Fos colocalized
with Drd1 and Drd2 in both subregions, Chemogeneticinhibition of Drd1-, but not Drd2-, expressing neurons decreased ag-
gression self-administration and relapse. Results indicate a cell-type specific role of Drd1-expressing neurons that s critical for
both aggression self-administration and relapse to aggression seeking.

Abbreviations: CPP, conditioned place preference; CFW , Swiss Webster; SA, self-administration; FR, fixed ratio; Fl, fixed interval; VR, variable ratio; PR, progressive ratio; DRL, differential reinforcement of low rate behavior reinforcement;
LHb, lateral habenula; Drd1, dopamine D1 receptor; Drd2, dopamine D2 receptor; MSN, medium spiny neuron; NAc, nucleus accumbens; PMvDAT, Dopamine transporter-expressing neurons in the hypothalamic ventral premammillary
nucleus; VMHuv, ventrolateral part of the ventromedial hypothalamus.
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Figure2. Schematics of different behavioral procedures to study motivated aggression seeking behavior. 4, In the T-maze test, dominant mice undergo preliminary aggressive experiences with
asubordinate in theirhomecage. On test day, they are placed at the end of the long arm of the T-maze in a start box. At the ends of the short arms are “correct” or “incorrect” goal boxes. A subordinate
mouse is placed at each end of the goal boxes and separated by a partition. Upon choosing the “correct” goal box, the partition separating the subordinate mouse is raised and the dominant mouse
can engage in attack. Upon choosing the “incorrect” goal box, the subordinate mouse is removed before the partition is raised, eliminating the possibility of attack. B, In the partition test, the
behavior of a dominant mouse is assessed when a subordinate mouse is placed at the opposite end of a box separated by a partition. The partition allows for all forms of sensory contact with the
subordinate mouse, except for tactile contact. Approach behaviors and time spentin the “interaction zone” are recorded. €, In the CPP test, dominant mice are conditioned to two different contextual
chambers, with one chamber paired to the presence of a subordinate mouse and the other chamber serving as an unpaired control. On test day, dominant mice are placed in a middle chamber
connecting both contextual chambers. Time spent in the paired chamber compared with the unpaired chamber is measured. D, Operant approach used by Covington et al. (2018). A nose-poke
apparatus is inserted into the dominant mouse’s homecage. Nose-pokes in the active port are reinforced on a fixed-interval schedule (FI) with presentation of an intruder mouse into the homecage.
Anaggression-paired houselight lluminates upon insertion of anintruder. The other port serves as an inactive control. Bottom, A schematic of the Fl trial design. E, Operant approach used by Falkner
etal.(2016). Asin D, a noseport panel containing two ports with infrared detectors is inserted into the dominant mouse’s homecage. However, nose-pokes in the active port are reinforced on a fixed
ratio-1(FR-1) reinforcement schedule. Bottom, A schematic of the FR-1 trial design. F, Operant approach used by Golden et al. (2017a). Behavior is assessed in an operant chamber with an active and
inactive lever. Active lever presses are reinforced on an FR-1 reinforcement schedule. A successful lever press results in sounding of a discriminative tone and opening of an automated guillotine door
housing an intruder on the opposite side. An intruder is then guided into the operant chamber. Bottom, A schematic of the trial design. F, Adapted from Golden et al. (2017a).

strain differences are also observed between inbred mice (Miczeket ~ one of those contexts, creating two distinct contexts: intruder-
al., 2001); therefore, strain selections are a critical aspect of preclini- ~ paired and intruder-unpaired. One day after CPP training, we
cal aggression experimental design. The genetic basis for aggression  tested the CD-1 mice for aggression CPP by giving them access to
has been a focus of many studies and falls outside the scope of this ~ both contexts. We found that CD-1 mice that initially exhibited
review (Sluyter et al., 1996; Nelson and Chiavegatto, 2000; Anholt ~ unconditioned attacks on the C57BL/6] mouse during the
and Mackay, 2012; Takahashi and Miczek, 2014; Thomas et al,  screening phase (~70% of the mice) developed aggression CPP,

2015). whereas those that did not attack during screening (~30%) did
In our initial study, we first used the resident-intruder proce-  not (Golden et al., 2016).
dure to characterize unconditioned aggression of dominant In the study described above (Golden et al., 2016), we focused

CD-1 adult male mice toward adolescent submissive C57BL/6] ~ on mice categorized as “aggressors” or “nonaggressors” in the
male mice during daily sessions. Next, we performed aggression  resident-intruder procedure. In actuality, aggression falls along a
CPP training by repeatedly placing the CD-1 mice in both con-  continuum in mice, and based on this notion, we further charac-
texts of the CPP apparatus and introducing a C57BL/6] mouse to  terized individual differences in aggression CPP by testing a third
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phenotype, termed “variable aggressors,” composed of mice that
performed inconsistently when repeatedly tested in the resident-
intruder procedure (Golden et al., 2017b). Like the aggressive
mice, the variable aggressive mice exhibited significant, although
weaker, aggression CPP. This observation suggests that repeated
unconditioned aggression experiences can transform nonre-
warding aggressive encounters into a subsequently rewarding
experience. To test this idea, we exposed a large cohort of nonag-
gressive CD-1 mice to 10 d of repeated resident-intruder sessions
and then tested them for aggression CPP. We found that a subset
(~50%) of the nonaggressive mice began to exhibit uncondi-
tioned aggression in the resident-intruder test, which increased
in severity over time. This subset of mice also showed aggression
CPP that was similar in magnitude to those of the innately aggres-
sive mice who immediately attack during all resident-intruder
sessions (Golden et al., 2017b).

These findings are reminiscent of the “winner effect” phenome-
non, the observation that once aggression results in a victorious so-
cial encounter, the winner mice are more likely to continue
successful aggressive bouts (Ginsburg and Allee, 1942; Kudryavtseva
et al., 2004; Oyegbile and Marler, 2005). This phenomenon is con-
served across many species, invertebrate to vertebrate (Hsu et al.,
2006), and is closely linked with the establishment of social domi-
nance and subordinate hierarchies (Zhou et al., 2018). As such, there
is a strong adaptive component to the winner effect (Ghosal et al.,
2019), as social hierarchies determine access to resources, territory,
and reproductive partners.

In our study, we also examined whether aggression CPP
progressively increases or “incubates” after CPP training
(Golden etal., 2017b). This research question was inspired by two
incubation-related phenomena termed “incubation of drug crav-
ing” and the “fighting deprivation effect.” The first phenomenon
refers to the time-dependent increase in drug seeking after with-
drawal from drug self-administration in rat models (Grimm et
al., 2001; Venniro et al., 2016). The second refers to the behavior
of aggressive mice who increase their aggressive behavior toward
previously defeated intruder mice after periods of separation
(Kudryavtseva, 2004; Kudryavtseva et al., 2011). However, while
we found persistent aggression CPP for up to 18 d after CPP
training in both the aggressive and variable aggressive mice, there
was no evidence for incubation of learned aggression preference
in the CPP model (Golden et al., 2017b).

Aggression self-administration
The Miczek group was the first to develop the mouse aggression
self-administration model. They designed a modular operant
conditioning panel that includes active and inactive nose-poke
devices and introduced the panel into the homecage of aggressive
resident outbred CFW mice (Fig. 2D). Using this operant system,
they showed that mice will nose-poke to gain access to attack
subordinate intruder mice under both fixed-ratio (up to fixed-
ratio 10) and fixed-interval (up to fixed-interval 10 min) rein-
forcement schedules (Fish et al., 2002, 2005; Bannai et al., 2007).
These findings were replicated and extended by Kennedy and
colleagues (Couppis and Kennedy, 2008; May and Kennedy,
2009) who reported reliable operant aggression self-administration in
mice under progressive ratio, differential reinforcement of low
rate behavior, and variable ratio reinforcement schedules. To-
gether, these early studies established reliable operant aggression
self-administration procedures in mice.

More recently, Falkner et al. (2016) adopted and optimized a
self-initiated aggression task based on the method developed by
the Miczek group (Fig. 2E). In this variation, the resident mouse
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selects a “social” or “null” nose-poke port to initiate each self-
administration trial at its own pace during each 35 min training
trial over 6-10 d. Notably, when nonsubmissive intruder mice
were presented contingently after nose-pokes, the resident mice
rapidly decreased nose-poking and only resumed the operant
response after subsequent presentations of subordinate intrud-
ers. These data support the notion that winning an aggressive
encounter is a critical component of aggression reward.

Most recently, we customized a standard Med Associates
chamber to introduce a high throughput and less labor-intensive
method for operant aggression self-administration (Fig. 2F). Us-
ing this apparatus, we showed robust operant self-administration
in a subpopulation (~60%-70%) of adult male CD-1 mice that
lever pressed to attack an adolescent subordinate C57 mouse, and
further used the apparatus to study “aggression addiction” and
relapse (Golden et al., 2017a), as described below.

Aggression addiction and relapse

As mentioned above, pathological aggression in humans is often
highly rewarding and pursued despite adverse consequences, and
relapse (recidivism) rates among violent offenders are very high;
these observations mimic cardinal features of drug addiction
(Sinha, 2011; Porges and Decety, 2013; Durose et al., 2014). Ad-
ditionally, like drug addiction, which develops in only ~20% of
people who have experience with addictive drugs (Anthony et al.,
1994), pathological aggression develops only in a minority of
people who engage in aggressive encounters during their lifetime
(Lacourse et al., 2002; Provengal et al., 2015). Based on these
observations and inspired by the DSM-IV rat addiction model
(Deroche-Gamonet et al., 2004; Piazza and Deroche-Gamonet,
2013) and our studies on relapse to drug seeking in rats (Venniro
et al, 2016), we have used our custom-made operant self-
administration apparatus to determine whether a subpopulation
of CD-1 male mice demonstrate “aggression addiction” (Golden
etal., 2017a).

We first combined aggression self-administration with models of
relapse after homecage forced abstinence (Pickens et al., 2011),
punishment-induced abstinence (Krasnova et al., 2014; Marchant et
al., 2019), and food choice-induced voluntary abstinence (Caprioli
et al., 2015) procedures. In each case, we observed that ~70% of
adult sexually experienced outbred CD-1 mice acquired robust ag-
gression self-administration when given the opportunity to lever
press for a younger subordinate male C57BL/6] intruder. These ag-
gressive mice also showed persistent time-independent relapse to
aggression seeking after forced abstinence (Fig. 3A,D) and food
choice-induced voluntary abstinence (Fig. 3B,E), as well as time-
dependent resumption of relapse to aggression seeking after
punishment-induced abstinence (Fig. 3C,F).

Next, we used an experimental procedure inspired by a DSM-
IV-based rat model of addiction (Deroche-Gamonet et al., 2004;
Piazza and Deroche-Gamonet, 2013). We trained a large cohort
of male CD-1 mice for aggression self-administration, and then
tested them for choice-based voluntary suppression, relapse to
aggression seeking, responding under a progressive ratio rein-
forcement schedule, and aggression self-administration despite
adverse consequences (punishment). This provided five dimen-
sions for cluster analysis (Fig. 4A): (1) attacks, (2) relapse, (3)
aggression choice, (4) aggression progressive ratio, and (5) pun-
ishment resilience ratio. We used unsupervised cluster analyses
to obtain an unbiased estimate of the number of aggression-
seeking phenotypes within the population, and to classify indi-
vidual aggressive mice into the identified subpopulations. We
used two algorithms: a proprietary SPSS classification procedure
(TwoStep clustering) to determine the number of clusters in the
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Figure 3.  Operant assessment of aggression self-administration, aggression suppression, and relapse to aggression seeking. A, Upward trajectory of reward and attack trials over 9 d of
self-administration training on an FR-1 reinforcement schedule. B, Voluntary food-choice suppression during 10 d of mutually exclusive choice sessions for food or aggression. €, Decrease of reward
and attack trials over 10 d of punishment-imposed suppression of aggression. Mice received response-contingent shocks on 50% of reinforced lever presses. D, Aggression-seeking (relapse) test after
forced abstinence in the homecage. During the relapse test, lever presses were recorded after mice were returned to the self-administration chamber and reexposed to the contextual cues associated
with aggression self-administration. E, Aggression-seeking test after food choice-imposed suppression of aggression self-administration. F, Aggression seeking test after punishment-imposed
suppression of aggression self-administration. Data are from Golden et al. (2017a). *p << 0.05.

A Aggression taking and seeking measures: Individual data

Measure 1: Measure 2: Measure 3: Measure 4: Measure 5:
Attacks Relapse Choice Progressive ratio Punishment
[0]
P S S IEYRRS 4 IS D T
g B §9) e 56] oo SEUSEEE g5 S
5104 .8 5 2007 °goo® G 4 2% 8 S104 2% S 107 ogase
£ oo8° g 100 8 2 Sooe® 22 5{ oco0 7 051 E5%
< 5 e L 3 5 ] 4 <s L & ool omo
0 20 0 0.0
B cluster projection C Cluster assignment D Comparison of compulsive
and typical aggressors
@ Compulsive aggressor B Compulsive aggressor Attacks Relapse Choice
© Typical aggressor @ Typical aggressor ® 207 . § 400 - 8
= Non-aggressor 21578 g * % 300 : T . .% g6
$ 10 32001 o 0904
o} > D0
£ 5 2 100 2
(%] = > [
2 ° c <o g o < 0
[ap]
8 0 Progressive ratio Punishment
2 20 220
2 SE g . o <
a2 %'g 15 8 1.5 H .
2 0 20 8 210 € 101,
PC1 39 5 = 05
<o 3
0 g 00

Figure4. Cluster analysis of operant aggression-related behaviors reveals that a subset of the population are compulsive aggressors. A, Distributions of individual responses for the five operant
aggression measures used for cluster analysis: attacks, relapse, choice, progressive ratio (PR), and punishment. B, Unbiased clustering of operant aggression behavior resulted in two phenotypic
clusters: compulsive aggressors and typical aggressors. Shown is a 3D representation of clusters using projection data of the first three principal components of the five measures. C, Pie chart showing
phenotypic assignments following cluster analysis. Included are nonaggressors that did not acquire operant aggression. D, Comparison of compulsive and typical aggressor clusters of the measures
in A. *Different from the typical aggression group, p << 0.05. PC, Principal component. Data are from Golden et al. (2017a).



4002 - J. Neurosci., May 22, 2019 - 39(21):3996 — 4008

dataset and to assign every mouse to a cluster, followed by an
agglomerative hierarchical algorithm (Ward’s method) to vali-
date the initial results (Fig. 4B). This resulted in the identification
of two clusters: one that we termed typical aggression seeking
(52%) and the second that we termed compulsive aggression
seeking (19%) (Fig. 4C). Using the TwoStep assignments, subse-
quent comparison of the cluster means confirmed that mice
classified as “compulsive aggression seeking” were significantly
higher on all five aggression-seeking measures (Fig. 4D).
Overall, our study identified a subset of mice that exhibited
“addiction-like” aggressive behavior characterized by intense
operant-reinforced attack behavior, decreased likelihood to
select an alternative food reward over aggression, heightened
relapse vulnerability and progressive ratio responding, and resil-
ience to punishment-induced suppression of aggression self-
administration. Based on these results, we proposed that
preclinical addiction models can be used to identify neural mech-
anisms controlling appetitive aggression and relapse, as well as
pathological or compulsive manifestations of aggression.

Conclusions

Aggression can be a learned rewarding experience in subpopula-
tions of male mice of certain strains and can be studied using
experimental methods, such as Pavlovian CPP and operant self-
administration, which have been used for many years to study
learning factors and circuits controlling the rewarding effects of
addictive drugs and nondrug rewards. Additionally, behavioral
procedures traditionally used to study compulsive drug use and
relapse in rodents in the addiction field can be used in mice as
models of (or for) pathological aggression seeking in humans,
and to study underlying mechanisms.

Neuropharmacological and neuroanatomical mechanisms of
appetitive aggression

Systemic neuropharmacological manipulations of
neurotransmitters and hormones

GABA(A) receptors. Positive modulators of the GABA(A) recep-
tor complex increase aggressive behavior in both animal models
(Miczek, 1974; Fish et al., 2001) and humans (Bond and Lader,
1988). These compounds also increase operant aggression self-
administration. Fish et al. (2002) reported that, in CFW mice
trained under a fixed interval reinforcement schedule, a low dose
of the GABA(A)-positive modulator allopregnanolone increases
nose-poke responding for access to aggressive interactions with-
out changing the severity of aggression bouts. In contrast, a
higher dose has an opposite effect, increasing aggressive severity
but not operant responding. These data suggest that appetitive
aggression seeking is mechanistically dissociable from the con-
summatory component of aggression.

Corticosterone. Fish et al. (2005) showed that aggression self-
administration increases plasma corticosterone levels and stud-
ied whether this stress hormone interacts with the effects of
allopregnanolone and midazolam (another GABA(A)-positive
modulator) on aggression self-administration using the cortico-
sterone synthesis inhibitor metyrapone (Jenkins et al., 1958).
Metyrapone injections decreased both operant responding and
aggression bouts. However, although midazolam had no effect on
aggression self-administration, combined injections of me-
tyrapone and midazolam increased aggression. Additionally,
metyrapone did not prevent the aggression-escalating effect of
allopregnanolone. Together, these data suggest that corticoste-
rone contributes to operant aggression, but that aggression-
induced elevation of corticosterone inhibits the proaggressive
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effect of GABA(A) positive modulators. However, these data
should be interpreted with caution because of metyrapone’s
off-target (corticosterone-independent) effects (Jain et al., 1993;
Rotllant et al., 2002).

5-HT1B receptors. Systemic injections of 5-HT1B agonists
(Miczek and de Almeida, 2001; De Almeida et al., 2006) decrease
alcohol-induced potentiation of unconditioned aggression in ro-
dents and primates (Miczek et al., 1984, 1993). Similarly, Fish et
al. (2008) showed that the 5-HT1B agonist CP-94,253 decreases
both aggression self-administration and number of attack bouts,
with a stronger inhibitory effect on aggression bouts. In a
follow-up study, Bannai et al. (2007) confirmed these results with
CP-94,253, and also reported that injections of a different
5-HT1B agonist (CP93,129) into the dorsal raphe nucleus (DRN)
decrease both operant self-administration and aggression bouts.
These results implicate dorsal raphe serotonin as a critical mod-
ulator of both learned aggression self-administration and uncon-
ditioned aggression.

Glutamate receptors. Covington et al. (2018) tested the effect of
the NMDA receptor antagonists, ketamine and MK801, and the
AMPA receptor antagonist NBQX on escalated aggression self-
administration induced by repeated noncontingent alcohol ex-
posure (1.8 and 2.2 mg/kg) and subsequent challenge injection of
a lower alcohol dose (1 mg/kg) that causes long-lasting (up to 1
month) sensitization of aggressive behavior. While all three drugs
decreased aggression bouts, only ketamine decreased alcohol-
induced escalated operant aggression. These results provide ad-
ditional evidence that the mechanisms of appetitive operant
aggression seeking and the consummatory phase of aggression
(attack bouts) are partially dissociable.

Neuroanatomical mechanisms

NAc. The NAc is a key hub in the limbic system, and there is
evidence that this brain region plays a role in aggressive behav-
iors. The NAc major projection neurons are GABAergic and ex-
press dopamine receptor 1 and/or dopamine receptor 2 (Drd1
and Drd2), which predominantly (Gerfen, 1992), but not exclu-
sively (Kupchik et al., 2015), project along the direct (Drd1) or
indirect (Drd2) pathways and generally exert opposite effects on
target brain regions. Inbred mice selected for high aggression
(NC900 line) show elevated c-Fos immunoreactivity in the NAc
(Nehrenberg et al., 2013). In dominant rats, both aggressive be-
havior and exposure to aggression-associated contexts increase
extracellular dopamine levels in the NAc (van Erp and Miczek,
2000; Ferrari et al., 2003). This is presumably driven by dopami-
nergic VTA projections, as optogenetic activation of the VTA
increases the severity of aggressive attacks (Yu etal., 2014). Meth-
amphetamine (a dopamine reuptake blocker and releaser) in-
creases aggression in rodents (Miczek, 1974; Miczek and Haney,
1994), whereas systemic injections of Drd1- or Drd2-family an-
tagonists decrease aggression in resident-intruder procedures
(Kudryavtseva et al., 1999; Fragoso et al., 2016). In California
mice, systemic injections of Drd1- and Drd2-family antagonists
delay the emergence of a resident-intruder winner during re-
peated agonistic encounters (Becker and Marler, 2015).

NAc dopamine also plays a critical role in aggression self-
administration. Couppis et al. (2008) reported that NAc injec-
tions of Drdl- or Drd2-family antagonists (SCH23390 or
sulpiride) decrease aggression self-administration. SCH23390
decreased operant responding but minimally affected attack be-
havior, whereas sulpiride decreased both measures, albeit with
off-target effects on locomotor activity. More recently, using ag-
gression CPP, Aleyasin et al. (2018b) reported that repeated ag-
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gression exposure in the resident-intruder procedure selectively
elevates AFosB in Drd1-expressing neurons. AFosB is a truncated
splice product of the FosB gene that is highly stable (Carle et al.,
2007) and accumulates in NAc after repeated exposure to drugs,
stress, and social environments (Robison and Nestler, 2011; Nes-
tler, 2015). To test the causal role of AFosB in aggression reward,
Aleyasin et al. (2018b) used a hybrid breeding strategy (Golden et
al., 2017b) where transgenic inbred lines of interest (DrdI- and
Drd2-Cre) are crossed with outbred CD-1 mice (Fig. 54) and
then the aggressive hybrid DI1-Cre and D2-Cre X CD-1 FI1 gen-
eration is used as the subjects (Fig. 5B). Viral overexpression of
AFosB in Drdl-expressing neurons increased unconditioned
aggression in the resident-intruder task, but had no effect on
aggression CPP. In contrast, overexpression of AFosB in Drd2-
expressing neurons (which do not exhibit elevated AFosB levels
after aggression exposure) had no effect on unconditioned ag-
gression but decreased aggression CPP.

To determine whether this cell-type specificity is relevant to op-
erant aggression and aggression seeking (relapse), we recently used
the same breeding approach in conjunction with aggression self-
administration and relapse procedures (Golden et al., 2019). We
found that aggression self-administration and relapse (nonrein-
forced aggression seeking on abstinence day 1) induced c-Fos im-
munoreactivity NAc core and shell. Using in situ hybridization, we
observed similar distributions of Drdl- and Drd2-expressing
neurons colocalized with c-Fos. Using cell-type-specific chemo-
genetic manipulations, we inhibited Drd1- and Drd2-expressing
neurons using clozapine, the back-converted metabolite of CNO
that after systemic injections activate neurons infected with
hM4Di or hM3Dq in the CNS (Gomez et al., 2017). We found
that Drdi-, but not Drd2-expressing, neurons are required for
both operant aggression self-administration and aggression seek-
ing (Fig. 5C-F). These data demonstrate a selective role of NAc

Drdl1-expressing neurons in aggression self-administration and
relapse.

Lateral habenula (LHb). The LHb is comprised predomi-
nantly of glutamatergic neurons projecting to the VTA/substan-
tia nigra, the rostromedial tegmental nucleus, and the dorsal and
median raphe nuclei (Hikosaka, 2010). While the outputs of the
LHD are relatively few and well defined, the inputs are more
diverse. These include GABAergic neurons from basal forebrain
(BF), diagonal band, ventral pallidum, entopeduncular nucleus,
and midbrain ventral tegmental neurons (Shabel et al., 2012; Sta-
matakis et al., 2013; Golden et al., 2016; Meye et al., 2016), and
glutamatergic neurons from lateral hypothalamus, anterior cin-
gulate, medial PFC, and entopeduncular nucleus (Li et al., 2011;
Poller et al., 2013; Stamatakis et al., 2016). The diverse organiza-
tion of LHb efferent and afferent projections allows control over
dopaminergic and serotonergic tone, and therefore robust regu-
lation of aggressive behavior (Flanigan et al., 2017).

Several studies implicate the LHD in aggression reward. We
recently used the aggression CPP procedure to identify a critical
GABAergic projection from the BF to LHb that bidirectionally
controls aggression motivation in male CD-1 mice (Golden et al.,
2016). Specifically, circuit-specific optogenetic silencing of BF
GABAergic terminals in the LHB of aggressive mice increased
LHDb neuronal firing and decreased aggression CPP. Conversely,
optogenetic activation of GABAergic terminals in nonaggressive
mice promoted aggression CPP. Direct optogenetic manipula-
tion of cell bodies within the LHb recapitulated the previous BF-
LHD circuit-specific results. Notably, these manipulations did not
initiate aggressive bouts but did bidirectionally modulate the severity
of attack bouts that were self-initiated by the aggressive mice.

Extending these findings, Flanigan et al. (2018) reported that
orexinergic neurons within the lateral hypothalamus project to a
small population of GABAergic interneurons within the LHb and
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activate them via orexin receptor 2 to promote both uncondi-
tioned aggression and aggression CPP. Using fiber photometry
(Gunaydin et al., 2014) to monitor fluorescence changes of the
calcium indicator GCaMP6 in the LHD of aggressive mice, they
found time-locked decreases in neuronal population activity
when a submissive intruder was attacked during resident-
intruder testing. Similarly, the expression of aggression CPP was
associated with decreased neuronal activity in the LHD of aggres-
sive mice. However, both during aggressive bouts in the resident-
intruder test and during aggression CPP, a small population of
GAD2-expressing GABAergic neurons showed robust activation.
Although the LHb is predominately composed of glutamatergic
neurons, the medial aspect of the LHb contains a small popula-
tion of local GABAergic inhibitory interneurons (Smith et al.,
1987; Zhangetal., 2016, 2018). Flanigan et al. (2018) showed that
this LHb GABAergic interneuron population expresses orexin
receptor-2 and inhibits LHb glutamatergic projection neurons
via the action of lateral hypothalamic orexinergic projections.

The importance of the LHb in aggression motivation has also
been identified in other species, from zebrafish to humans. Using
an aquatic variation of the winner effect, Chou et al. (2016) found
that the zebrafish ventral habenula, a heavily evolutionarily con-
served homolog of the mammalian LHb (Amo et al., 2010), is
critical to the resolution of aggressive conflict behavior. Using an
elegant transgenic strategy to express Tetanus neurotoxin within
selective habenular subregions, they found that Tetanus neu-
rotoxin-mediated inhibition of ventral habenula terminals
projecting to the median raphe resulted in continued aggres-
sive behavior in zebrafish that had previously lost and should no
longer exhibit aggression. Although not a direct assay of aggres-
sion motivation, in combination with the previously results,
these findings support the role of the habenular complex in
controlling aggression-related social behaviors. Similarly, in a
preliminary pilot study of men diagnosed with severe inter-
mittent-explosive disorder, resting-state fMRI results suggest
that high levels of trait aggression are linked to lower global effi-
ciency of the left habenula (Gan et al., 2018). Additionally, lower
resting-state functional connectivity was observed between the
left habenula and the left ventrolateral PFC, a region involved in
inhibitory control. This association suggests that the habenula
exerts inhibitory control during the expression of extreme reac-
tive aggression, and that heightened habenula activity or integra-
tion may be needed to lower aggression severity.

Hypothalamic nuclei. The hypothalamus is strongly linked
with aggression, due to the depth of cross-species experiments
and pan-methodological approaches repeatedly attributing the
initiation of aggression to its subnuclei. Termed the hypotha-
lamic attack area, this region classically spans the lateral through
ventromedial hypothalamus, and has been the focus of aggres-
sion research for decades (Siegel et al., 1999; Hashikawa et al.,
2017b; Yamaguchi and Lin, 2018). Recent work by Lin and col-
leagues (Lin et al., 2011; Falkner et al., 2014; Hashikawa et al.,
2017a) has more selectively identified Esr1™ neurons within
the ventrolateral portion of the ventromedial hypothalamus
(VMHVI) as the critical population controlling the initiation of
aggression in both male and female mice. They also reported
that the VMHVI contributes to aggression self-administration
(Falkner et al., 2016). Specifically, using operant aggression pro-
cedures in combination with single-unit electrophysiological re-
cordings in awake, freely behaving mice, they found that activity
in nearly one-third of recorded VMHvI neurons was significantly
correlated with aggression self-administration. These same neu-
rons were also more active during an actual fighting epoch. Using
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fiber photometry, the authors found that neuronal population
activity increased as mice learned to successfully self-administer
an intruder, whereas mice that failed to acquire self-admi-
nistration showed no change in activity. During extinction ses-
sions, VMHVI activity decreased and chemogenetic inactivation
and optogenetic activation of VMHvI neurons decreased or in-
creased operant aggression self-administration, respectively.
Together, these data suggest that a subpopulation of VMHvl neu-
rons is critical to both the initiation of unconditioned aggression
and learned aggression reward.

More recently, other hypothalamic nuclei have been impli-
cated in aggression reward. Using the aggression CPP procedure
(Golden et al., 2016), Stagkourakis et al. (2018) demonstrated
dissociable roles of glutamatergic projections from the hypotha-
lamic ventral premammillary nucleus (PMv) to the VMHVI or
supramammillary nucleus (SuM) in unconditioned aggression
and aggression CPP. Activation of PMv terminals in VMHVI se-
lectively initiated attack behavior, whereas activation of PMv ter-
minals in the SuM selectively modulated aggression CPP. Like
observations in LHb (Golden et al., 2016), the ability of the PMv-
SUM projections to modulate reward was not limited to aggres-
sion, as cocaine CPP was also modulated by manipulation of the
projections. Finally, using optogenetic methods, Stagkourakis et
al. (2018) showed that the PMv-SUM projections are also critical
to the development and maintenance of social dominance hier-
archies in male mice, suggesting a more general role of this pro-
jection in social behavior.

Conclusions

We reviewed studies on neuropharmacological and circuit mech-
anisms of aggression reward, as assessed in the aggression CPP
and self-administration procedures. The results of the studies
reviewed implicate several neurotransmitter and hormonal sys-
tems, including GABA, dopamine, serotonin, and corticosterone.
These studies have also identified several critical brain systems,
including NAc, LHb, DRN, and varying hypothalamic nuclei. An
emerging conclusion from these studies is that the mechanisms of
reactive unconditioned aggression and learned appetitive aggres-
sion are partially dissociable. To illustrate the circuitry that has
been associated with appetitive aggression in mice using aggres-
sion CPP or self-administration procedures, Figure 6 integrates
findings across the NAc, BF, LHb, hypothalamic nuclei, and
DRN. A question for future research is the convergence and di-
vergence of the circuit controlling unconditioned “consumma-
tory” aggression versus the circuit controlling learned appetitive
aggression.

Clinical implications

Aggression is the direct cause of suffering and death for millions
of people around the world (Sumner et al., 2015). Like addictive
drugs, aggression can be highly rewarding, pursued despite ad-
verse consequences (Chester and DeWall, 2016; Gan et al., 2016),
and sought anew after lengthy enforced abstinence (Durose et al.,
2014). Yet, excessive aggression is not viewed by either the med-
ical profession or the public as “addictive” in nature (Golden et
al., 2017a; Golden and Shaham, 2018). Indeed, in the recent for-
mulation of Research Domain Criteria of National Institute of
Mental Health, the term “aggression” does not appear under any of
the research domains. Not surprisingly, over the last decades, little
progress has been made in the treatment of pathological aggression.
During this time period, the standard treatment for inappropriate or
maladaptive aggression has been based on neuroleptic dopamine
antagonists, such as haloperidol (Ostinelli et al., 2017), although the
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efficacy of such treatments is often due to the neuroleptic’s sedative
effects (Calver et al., 2015). The failure to identify and bring to the
clinic novel therapeutic strategies for the treatment of aggression
negatively affects the well-being of both the people who suffer
from comorbid psychiatric disorders with aggression and their
treatment providers. In this regard, we believe that using behav-
ioral approaches for the study of aggression reward in animal
models, and their better incorporation into the already rich clin-
ical literature on this topic, is an important step in the right
direction. Itis incumbent for preclinical aggression researchers to
step out from the overbearing shadow of reactive/defensive ag-
gression and use behavioral procedures that cover the full spec-
trum of ethologically relevant aggressive behaviors, which
include both reactive and instrumental aggression, as well as ap-
petitive and pathological aggression. We propose that doing so
will greatly enhance the utility and translation of ongoing pre-
clinical aggression research.
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