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Nucleus Accumbens Drd1-Expressing Neurons Control
Aggression Self-Administration and Aggression Seeking
in Mice

X Sam A. Golden, X Michelle Jin, Conor Heins, X Marco Venniro, X Michael Michaelides, and X Yavin Shaham
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We recently developed a mouse model of appetitive operant aggression and reported that adult male outbred CD-1 mice lever-press for
the opportunity to attack subordinate male mice and relapse to aggression seeking during abstinence. Here we studied the role of nucleus
accumbens (NAc) dopamine receptor (Drd)1- and Drd2-expressing neurons in aggression self-administration and aggression seeking.
We trained CD-1 mice to self-administer intruders (9 d, 12 trials/d) and tested them for aggression self-administration and aggression
seeking on abstinence Day 1. We used immunohistochemistry and in situ hybridization to measure the neuronal activity marker Fos in
the NAc, and cell-type-specific colocalization of Fos with Drd1- and Drd2-expressing neurons. To test the causal role of Drd1- and
Drd2-expressing neurons, we validated a transgenic hybrid breeding strategy crossing inbred Drd1-Cre and Drd2-Cre transgenic mice
with outbred CD-1 mice and used cell-type-specific Cre-DREADD (hM4Di) to inhibit NAc Drd1- and Drd2-expressing neuron activity. We
found that aggression self-administration and aggression seeking induced higher Fos expression in NAc shell than in core, that Fos
colocalized with Drd1 and Drd2 in both subregions, and that chemogenetic inhibition of Drd1-, but not Drd2-, expressing neurons
decreased aggression self-administration and aggression seeking. Results indicate a cell-type-specific role of Drd1-expressing neurons
that is critical for both aggression self-administration and aggression seeking. Our study also validates a simple breeding strategy
between outbred CD-1 mice and inbred C57-based Cre lines that can be used to study cell-type and circuit mechanisms of aggression
reward and relapse.
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Introduction
In humans, aggression is a complex adaptive behavior that spans
a continuum from reactive and instrumental to appetitive or re-

warding aggression (Moran et al., 2014; de Almeida et al., 2015;
Chester and DeWall, 2016). Each variation is associated with its
own behavioral characteristics, functionality, and neural basis
that may transition from adaptive to maladaptive, depending on
genetic and environmental factors (Lacourse et al., 2002; Proven-
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Significance Statement

Aggression is often comorbid with neuropsychiatric diseases, including drug addiction. One form, appetitive aggression, exhibits
symptomatology that mimics that of drug addiction and is hypothesized to be due to dysregulation of addiction-related reward
circuits. However, our mechanistic understanding of the circuitry modulating appetitive operant aggression is limited. Here we
used a novel mouse model of aggression self-administration and relapse, in combination with immunohistochemistry, in situ
hybridization, and chemogenetic manipulations to examine how cell types in the nucleus accumbens are recruited for, and
control, operant aggression self-administration and aggression seeking on abstinence Day 1. We found that one population,
dopamine receptor 1-expressing neurons, act as a critical modulator of operant aggression reward and aggression seeking.
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çal et al., 2015). At the extreme, pathological aggression mimics
cardinal features of drug addiction like being highly rewarding
and robustly pursued despite immediate or long-term adverse
consequences (Porges and Decety, 2013; Chester et al., 2016).
Additionally, relapse (recidivism) rates of aggressive violent offend-
ers are as high as relapse rates observed in drug addicts (Hunt et al.,
1971; Sinha, 2011; Durose et al., 2014). It is hypothesized that path-
ological aggression is a consequence of excessive activation of evolu-
tionarily conserved reward circuits, in a manner like drug addiction
(Golden and Shaham, 2018). However, our mechanistic under-
standing of the reward-related brain regions and circuits guiding
operant aggression-seeking behaviors is limited.

In preclinical studies, investigators have used procedures ini-
tially developed to examine natural and drug reward, self-
administration (Fish et al., 2005; Couppis and Kennedy, 2008;
Falkner et al., 2016; Golden et al., 2017a) and conditioned place
preference (CPP; Golden et al., 2016, 2017b; Aleyasin et al.,
2018b), to demonstrate that aggression can be highly rewarding
in older male mice. More recently, we introduced a high throughput
and standardized operant aggression procedure where aggressive
mice exhibit robust relapse to aggression seeking (operationally de-
fined as persistent lever-pressing under extinction conditions) after
prolonged abstinence or suppression of aggression seeking, whether
the abstinence is forced, punished, or choice-based (Golden et al.,
2017a). Here we used this procedure to study the underlying mech-
anisms of aggression self-administration and aggression seeking
during early abstinence.

We focused on the nucleus accumbens (NAc), which earlier re-
search has implicated in aggression self-administration and CPP
(Couppis and Kennedy, 2008; Golden et al., 2016; Aleyasin et al.,
2018b). There has been a recent interest in the role of the mesolimbic
dopaminergic circuit in controlling aggression reward (Flanigan et
al., 2017; Aleyasin et al., 2018a; Yamaguchi and Lin, 2018), as dopa-
minergic projections from the ventral tegmental area (VTA) to the
NAc modulate both aggression intensity (Yu et al., 2014) and NAc
dopamine levels (van Erp and Miczek, 2000, 2007). Additionally,
local dopamine receptor blockade decreases aggression-reinforced
operant responding (Couppis and Kennedy, 2008).

The NAc’s major projection neurons are GABAergic dopa-
mine receptor (Drd)1- and Drd2-expressing neurons, which
predominantly (Gerfen et al., 1990; Gerfen, 1992), but not exclu-
sively (Kupchik et al., 2015), project along the direct (Drd1) or
indirect (Drd2) pathways. These populations have unique neu-
rochemical signatures (Gerfen et al., 1990) and afferent and ef-
ferent connectivity (Gerfen, 1992; Kupchik et al., 2015). Recent
studies showed that cocaine reward and relapse/reinstatement
(Lobo et al., 2010; Grueter et al., 2013; Heinsbroek et al., 2017)
and social stress (Francis et al., 2015; Fox et al., 2018) are con-
trolled by different Drd1- and Drd2-expressing cell types in NAc.
Most recently, within the context of aggression CPP, a study by
Aleyasin et al. (2018b) explored the cell-type-specific role of the
addiction-associated transcription factor �FosB in NAc, demon-
strating that �FosB expression in Drd1-expressing neurons pro-
motes aggressive behavior.

However, limited data are available on the role of NAc cell
types in operant aggression self-administration and aggression
seeking during abstinence. Here we use immunohistochemistry,
in situ hybridization (ISH), and chemogenetic manipulations to
examine how cell types in the NAc are recruited for, and modu-
late, operant aggression self-administration and aggression seek-
ing. We found that one population, Drd1-expressing neurons,
acts as a critical modulator of both operant aggression self-
administration and aggression seeking during early abstinence.

Materials and Methods
Subjects
For resident mice, we used �40 g 3- to 6-month-old sexually-
experienced male CD-1 [n � 54; Charles River Laboratories (CRL);
IMSR catalog #Crl:CD1(ICR); RRID:IMSR_CRL:22]. For hybrid resi-
dent mice, we used �40 g 3- to 6-month-old sexually-naive male CD-1 �
D1-Cre hybrid mice (n � 79) and CD-1 � D2-Cre hybrid mice (n � 91)
that were positively genotyped for Cre recombinase and bred in-house at
our institute. For Experiment 3, we also used Cre-negative CD-1 � D1-
Cre hybrid mice (n � 14) and CD-1 � D2-Cre hybrid mice (n � 21). We
confirmed with CRL animal facility staff that the sexually-experienced
CD-1 mice had equal access to receptive females. Specifically, CRL begins
pair-housing male CD-1 mice with several females (harem breeding) at
P28, and then continually keep male CD-1 mice group-housed with the
receptive females until they are purchased. Pregnant females are switched
with new non-pregnant females, with no break between cycles. Male
CD-1 mice that do not successfully breed are removed from the breeding
pool and are not made available for purchase. We bred the F1-hybrid
mice by crossing a D1- (MGI ID: 3836633) or D2- (MGI ID: 3836635)
Cre male (on C57BL/6J background) with two CD-1 females (harem
breeding). We genotyped the F1 offspring (Transnetyx) and weaned
them 3– 4 weeks after birth. We used this hybrid breeding strategy to
allow cell-type-specific manipulations in innately aggressive mice. We
validated hybrid mice for resident-intruder aggression, aggression self-
administration, aggression seeking, developmental characteristics, and
DREADD expression.

For intruders, we used male 8- to 12-week-old sexually-naive subor-
dinate C57BL/6J (C57) mice (Jackson Laboratories; IMSR catalog#JAX:
000664; RRID:IMSR_JAX:000664), primarily because of their well
established ethological characterization as subordinate to CD-1 mice in
chronic social defeat stress (Berton et al., 2006; Krishnan et al., 2007;
Golden et al., 2011). Additionally, aggressive CD-1 residents form a CPP
to C57 intruder-paired contexts where aggression has occurred (Golden
et al., 2016, 2017b; Aleyasin et al., 2018b), and readily self-administer for
aggressive interactions (Golden et al., 2017a).

We gave all mice ad libitum access to standard food chow and water in
all experiments. Following genotyping, we singly-housed all experimen-
tal mice with enrichment (cotton padding only) in standard clear-
polycarbonate cages covered with stainless-steel wire lids and maintained
them on a reverse 12 h light/dark cycle (lights off at 8:00 A.M.). We
group-housed (4 per cage) the non-experimental C57 intruder mice un-
der identical housing conditions as the experimental mice. We per-
formed all experiments in accordance with the Guide for the Care and Use
of Laboratory Animals (Ed 8, 2011), under protocols approved by the
local Animal Care and Use Committee.

Apparatus
We trained and tested all mice in standard Med Associates operant cham-
bers, as previously described (Golden et al., 2017a). Each chamber was
enclosed in a ventilated sound-attenuating cubicle and illuminated by
one of two houselights, each positioned above two retractable levers on
opposite sides of the chamber. These two retractable levers were desig-
nated “active” and a third nonretractable lever was designated “inactive”;
all levers were positioned 2.4 cm above the grid floor. Presses on one
active lever (only extended during food self-administration) resulted in
delivery of 20 mg food pellets and a 2 s light cue (bright yellow LED),
whereas presses on the other, oppositely positioned active lever (only
extended during aggression self-administration) resulted in the delivery
of a subordinate male C57 intruder and a 2 s tone cue (2900 Hz, 20 dB
above background). We presented the intruder through an automatic
guillotine-style door adjacent to the active lever.

To facilitate intruder presentation, we attached a custom-made 3D-
printed two-level intruder chamber to each operant behavior box; the
chamber housed the intruders during self-administration sessions. Each
level within the chamber contained one male subordinate C57 intruder,
such that the intruder on the lower level was always immediately avail-
able to the resident upon successful completion of the operant response.
Upon completion of the reinforcement-schedule requirement and pre-
sentation of the conditioned tone cue, the automatic guillotine door
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opened vertically for 10 s and we guided the lower-level intruder into the
operant box via a sliding rear wall, which also prevented either the resident or
intruder mouse from moving back into the intruder chamber while the
automatic door was open. After the door closed, we loaded the second,
upper-level intruder into the emptied lower level through a sliding floor-
board in preparation for the next trial. We removed the intruder mice from
the operant box through the side door of the main operant chamber.

Immunohistochemistry
Immediately after the behavioral tests (60 min after start of the session),
we anesthetized the mice with isoflurane and perfused them transcardi-
ally with �100 ml of 0.1 M PBS, pH 7.4, followed by �400 ml of 4%
paraformaldehyde (PFA) in PBS. We removed the brains and postfixed
them in 4% PFA for 2 h before transferring them to 30% sucrose in PBS
for 48 h at 4°C. We froze the brains in dry ice and stored them at �80°C.
We cut coronal sections (40 �m) of the ventral striatum using a Leica
cryostat.

For Fos immunolabeling (Experiment 1) and Fos colocalization with
DREADD expression (Experiment 4), we selected series of sections from
approximate bregma levels of �1.70 – 0.98 mm (Franklin and Paxinos,
2013). We rinsed free-floating sections in PBS (3 � 10 min), incubated
for 2 h in 10% normal horse serum (NHS) in 0.5% PBS-Tx, and incu-
bated the sections for 48 h at 4°C with primary antibody in 2% NHS and
0.5% PBS-Tx. For Experiment 1, we used rabbit anti-Fos (1:1000; Cell
Signaling Technology, Phospho-Fos, 5348S; RRID:AB_10013220), and
for Experiment 4, we used rabbit anti-Fos (1:1000; Cell Signaling Tech-
nology, Phospho-Fos, 5348S; RRID:AB_10013220) and mouse anti-
mCherry (1:1000; Living Colors, mCherry Monoclonal Antibody; RRID:
AB_2307319). We rinsed the sections in PBS (3 � 10 min) and incubated
them for 4 h with a secondary antibody in 2% NHS in 0.5% PBS-Tx. For
Experiment 1, we used biotinylated donkey anti-rabbit AlexaFluor 594
(1:500; Jackson Immuno Research, 711-585-152; RRID:AB_2340621).
Note that we show all Fos IHC in green across figures for consistency. For
Experiment 4, we used biotinylated mouse anti-rabbit AlexaFluor 488
(1:500; Jackson ImmunoResearch, 211-545-109; RRID:AB_2339168)
and biotinylated anti-mouse AlexaFluor 594 (1:500, Jackson Immu-
noResearch, 715-585-150; RRID:AB_2340854). We rinsed the sections
three times in PBS (3 � 10 min) and mounted them onto gelatin-coated
glass slides, air-dried, and coverslipped the sections with VECTASHIELD
with DAPI (Vector Laboratories). We used an EXi Aqua camera (QIm-
aging) attached to a Zeiss Axio Scope Imager M2 using iVision (4.0.15
and 4.5.0, BioVision Technologies) to collect and analyze the images. We
captured each image using a 5� (Experiment 1) or a 10� (Experiment 4)
objective. We quantified the total number of Fos-positive cells for the
NAc shell and core subregions. We performed the image-based quanti-
fication in a blind manner (mean inter-rater reliability between S.A.G.
and M.J., r � 0.89).

RNAscope ISH assay
We performed RNAscope ISH for Fos, Drd1, and Drd2 mRNAs as de-
scribed previously (Li et al., 2015; Caprioli et al., 2017; Venniro et al.,
2017). Sixty minutes after the beginning of the test session, we briefly
anesthetized the mice with isoflurane (�30 s) and decapitated them. We
rapidly extracted and froze their brains for 20 s in isopentane at �40°C.
We stored the brains at �80°C until use. We then collected ventral stria-
tum coronal sections (16 �m) directly onto Superfrost Plus slides (Fisher
Scientific). We used an RNAscope Multiplex Fluorescent Reagent Kit
(Advanced Cell Diagnostics) and performed the ISH assay according to
the user manual for fresh-frozen tissue and as described previously (Ru-
bio et al., 2015). On the first day, we fixed the brain slices in 10% neutral
buffered formalin (Fisher Scientific) for 20 min at 4°C. We rinsed the
slices three times in PBS and dehydrated the slices in 50, 70, 100, and
100% ethanol. We stored the slices in fresh 100% ethanol overnight at
�20°C. On the second day, we first dried the slides at room temperature
for 10 min. To limit the spreading of the solutions, we drew a hydropho-
bic barrier on the slides around the brain slices. We then treated the slides
with protease solution (pretreatment 4) at room temperature for 20 min
and then washed it off. We then applied target probes for Fos, Drd1, and

Drd2 to the slides and incubated them at 40°C for 2 h in an HybEZ oven.
Each RNAscope target probe contains a mixture of 20 ZZ oligonucleotide
probes that are bound to the target RNA, as follows: Fos-C3 probe (Gen-
Bank accession NM_022197.2; target nt region, 473-1497), Drd1-C1
probe (GenBank accession NM_012546.2; target nt region, 104-1053),
and Drd2-C2 probe (GenBank accession NM_012547.1; target nt region,
445-1531). Next, we incubated the slides with preamplifier and amplifier
probes (AMP1, 40°C for 30 min; AMP2, 40°C for 15 min; AMP3, 40°C for
30 min). We then incubated the slides with fluorescent-labeled probes by
selecting a specific combination of colors associated with each channel, as
follows: green (AlexaFluor 488 nm), orange (AlexaFluor 550 nm), and far
red (AlexaFluor 647 nm). We used AMP4 Alt4 to detect triplex Fos, Drd1,
and Drd2 in far red, green, and red channels. Finally, we incubated the
slides for 20 s with DAPI. We washed the slides with one washing buffer
two times in between incubations. After air drying the slides, we cover-
slipped them with a VECTASHIELD fluorescent mounting medium (H-
1400, Vector Laboratories). We captured fluorescent images of labeled
cells in NAc shell and core using an ORCA-Flash4.0 Digital camera
(Hamamatsu, C11440-42U30) attached to a Zeiss Axio Scope Imager M2
using Micro-Manager 1.4 software (Open Imaging) using a 20� objec-
tive (Carl Zeiss Microscopy). We performed the image capture and
quantification in a blind manner (inter-rater reliability between M.V.
and M.J., r � 0.88).

Intracranial surgeries and histology
We performed surgeries under aseptic conditions. We anesthetized the
mice with isoflurane (Butler Schein; 5% induction, 3% maintenance)
and positioned them into a stereotaxic frame (David Kopf Instruments).
Using 33-gauge syringe needles (Hamilton), we bilaterally injected a
given virus at 100 nl�min �1 for 5 min (500 nl) targeting the NAc shell
(bregma: AP �1.6 ML, 	1.5 ML, �4.4 DV; 10°; Franklin and Paxinos,
2013), and then removed the needle after 5 min. We injected pAAV8-
hSyn-DIO-hM4D(Gi)-mCherry (Addgene 44362-AAV8; Lot v4479;
4.3 � 10 12 GC/ml) or pAAV8-hSyn-DIO-mCherry (Addgene 50459-
AAV8; Lot v4481; 4.1 � 10 12 GC/ml). We allowed the mice to recover for
at least 1 week before aggression self-administration training.

At the completion of the experiments, we deeply anesthetized the mice in
a chamber with isoflurane vapor for 90 s, transcardially perfused them with
10 ml PBS followed by 20 ml of 4% PFA, pH 7.4. We extracted the brains and
fixed them for 24 h in 4% PFA and then transferred them to a 30% sucrose
solution for �2 d. We coronally sectioned the brains (40 �m) on a cryostat
(Leica) and imaged them with an epifluorescent microscope (Axio Imag-
er.M2, Zeiss) using a 5� objective (Carl Zeiss Microscopy).

Drug dose determination and administration
We used a low dose of clozapine (Sigma-Aldrich) as our pharmacological
agent to activate hM4Di. We dissolved clozapine in 100% DMSO and
then brought the solution to the final concentrations (0.0, 0.1, 0.2, or 1.0
mg/ml) by diluting the stock with sterile water until the solution reached
10% DMSO by volume. We used 10% DMSO as the vehicle. We injected
vehicle or clozapine (0.1, 0.2, or 1.0 mg/kg, i.p) 20 min before testing.

We used clozapine instead of clozapine N-oxide (CNO) because a
recent study showed that clozapine, an atypical antipsychotic, is the ac-
tive metabolite of CNO and that CNO is back-converted to clozapine in
vivo before crossing the blood– brain barrier and binding to central
DREADDs (Gomez et al., 2017). We performed a dose–response to find
a behaviorally subthreshold clozapine dose. We tested dosages of 0, 0.1,
0.2, and 1 mg/kg clozapine, and determined that a subthreshold dose of
0.1 mg/kg has no effect on operant responding for aggression self-
administration (see below).

Experimental design
Aggression self-administration
The aggression self-administration procedure is based on our previously
published procedure (Golden et al., 2017a). Briefly, we gave resident
mice three 5 min “magazine” training sessions in their operant chambers
for access to aggression. Each session began with the presentation of the
aggression-paired houselight followed 10 s later by both a 2 s tone cue and

2484 • J. Neurosci., March 27, 2019 • 39(13):2482–2496 Golden et al. • Drd1-Expressing Neurons Control Aggression Reward in Mice

https://scicrunch.org/resolver/AB_10013220
https://scicrunch.org/resolver/AB_10013220
https://scicrunch.org/resolver/AB_2307319
https://scicrunch.org/resolver/AB_2340621
https://scicrunch.org/resolver/AB_2339168
https://scicrunch.org/resolver/AB_2340854
https://www.ncbi.nlm.nih.gov/nuccore/NM_022197.2
https://www.ncbi.nlm.nih.gov/nuccore/NM_012546.2
https://www.ncbi.nlm.nih.gov/nuccore/NM_012547.1


the immediate insertion of a C57 intruder mouse; the houselight re-
mained on for the duration of the session and served as an aggression-
paired discriminative stimulus for the resident mouse. Next, we trained
the resident mice to self-administer access to an intruder during 48 min
daily sessions (see specific experiments in the following sections), using a
discrete-trial design. Each 48 min session included twelve 4 min trials.
The onset of the trials was signaled by the illumination of the aggression-
paired houselight, followed 10 s later by the insertion of the aggression-
paired active lever; we allowed the resident mice a maximum of 60 s to
press the active lever on a fixed ratio 1 (FR1) reinforcement schedule
before the lever automatically retracted.

Successful lever presses resulted in retraction of the active lever, fol-
lowed first by a discrete 2 s tone cue and then the opening of the auto-
matic guillotine door, through which we presented the intruder. The
aggression-paired houselight remained illuminated for 130 s, such that it
terminated 120 s after the insertion of the active lever. We allowed the
resident mice access to the intruder either until the first attack bout was
initiated or until the houselight turned off, at which point we removed
the intruder through the main chamber door. We randomized the in-
truder mice across blocks and days such that no consecutive lever presses
were reinforced with the same intruder. After the termination of the
aggression-paired houselight, a 110 s intertrial interval elapsed before
the start of the next trial. We recorded the number of successful trials, the
number of inactive lever presses, and whether a successful trial culmi-
nated in an attack bout by the resident. We trained two independent
observers to identify attack behavior, using previously operationalized
metrics (Golden et al., 2016, Golden et al., 2017a,b).

Test for aggression seeking
We tested all mice for aggression seeking (operationally defined as active
lever responding under extinction conditions) in 15, 30, or 60 min test
sessions. The aggression-paired houselight (discriminative stimulus) sig-
naled the start of the session. The aggression-paired active lever was
inserted 10 s later. Active lever presses caused the delivery of the
aggression-paired conditioned cue, with a 10 s timeout period between
cue presentations, but no aggression encounter. At the end of the session,
the active lever retracted and the houselight was turned off. We per-
formed the aggression seeking test during early abstinence (Day 1),
because in a previous study we have observed stable responding in non-
reinforced relapse tests during the first 2 weeks of forced or voluntary
abstinence (Golden et al., 2017b).

Food self-administration
The self-administration procedure for food was like the one for aggres-
sion trial training, with the following exceptions, as previously described
(Golden et al., 2017b). First, active lever presses under the FR1 reinforce-
ment schedule led to the delivery of two 20 mg “preferred” palatable food
pellets (Calu et al., 2014; TestDiet, catalog #1811142; 12.7% fat, 66.7%
carbohydrate, and 20.6% protein); we paired pellet deliveries with a 2 s
discrete light cue. Second, before the trial-design training sessions for
food, we gave the mice a 30 min magazine-training session and 1–2
once-daily 1 h sessions in which a single pellet delivery was reinforced
under an FR1, 20 s timeout reinforcement schedule. For magazine train-
ing, we delivered two pellets non-contingently every 120 s, paired with a
2 s discrete light cue. The session began with the illumination of the
food-paired houselight followed 10 s later by the first pellet delivery and
the discrete light cue; the food-paired houselight remained on for the
duration of the session and served as a discriminative stimulus for the
palatable food. At the end of the session, the houselight was turned off.
The sessions began with the illumination of the food-paired houselight
followed 10 s later by the insertion of the food-paired active lever. The
food-paired houselight was turned off and active lever retracted at the
end of the session. We used the preferred TestDiet pellet type, because in
preference tests, both mice (Golden et al., 2017b) and rats (Pickens et al.,
2012; Calu et al., 2014) prefer this pellet over pellets with different
compositions and flavors. Furthermore, rats strongly prefer these
pellets over intravenous methamphetamine or heroin (Caprioli et al.,
2015; Venniro et al., 2017, 2018) and mice will preferentially choose
these pellets over aggression self-administration (Golden et al.,

2017a). These pellets allow for acquisition of food self-administration
without any food deprivation.

Resident-intruder test
Each screening session consisted of placing one intruder into the home
cage of a resident mouse for 5 min under dim light conditions. In the
social defeat literature (Kudryavtseva et al., 1991; Berton et al., 2006;
Krishnan et al., 2007) and in our own experience (Golden et al., 2011,
2016), younger smaller subordinate intruders do not aggress back on
larger residents. In Experiment 3, we paired younger 6- to 8-week-old
C57BL/6J intruders with 16-week-old larger D1-Cre(�) and D1-Cre(�)
residents and performed the resident-intruder assay for 5 consecutive
days. In Experiment 4, we paired a 12-week-old smaller D1-Cre(�) and
D2-Cre(�) F1 hybrid intruders with larger 4- to 6-month-old CD-1
resident during a single acute resident-intruder session. In Experiment 3, we
manually recorded the latencies to the first attack bout. In the absence of an
attack, we scored latency as 300 s (maximum duration of the session).

Specific experiments
Experiment 1: effect of aggression self-administration and
aggression seeking on Fos expression in the NAc core and shell
The purpose of Experiment 1 was to assess the expression of the imme-
diate early gene marker Fos, a neural activity marker (Morgan and Cur-
ran, 1991; Cruz et al., 2013), in the NAc shell and core subregions
following aggression self-administration and aggression seeking. We
used an experimental design that included the between-subjects factor of
Group: self-administration test, aggression seeking test, no-test control.
We trained 18 CD-1 mice for aggression self-administration for 9 d. We
excluded three “non-aggressive” mice (data not shown) that either did
not attack during magazine training or attacked on-average �2 times per
session during the self-administration training period. We then sepa-
rated the mice into the experimental groups (self-administration test,
n � 5; aggression-seeking test, n � 5; no-test control, n � 5). After
training, we tested the self-administration group for aggression self-
administration and perfused the mice 60 min after the start of the session.
We then tested the control and aggression seeking groups on abstinence
Day 1. We perfused the aggression seeking group mice 60 min after the
start of testing and, on the next day, we perfused no-test control mice
immediately from their home cages. Following tissue slicing and prepa-
ration, we immunohistochemically stained for Fos.

Experiment 2: effect of aggression self-administration and
aggression seeking on Fos colocalization with Drd1 and Drd2
mRNA expression in the NAc core and shell
The purpose of Experiment 2 was to compare Fos colabeling with Drd1-
and Drd2-expressing neurons in the NAc shell and core subregions with
ISH after aggression self-administration and aggression seeking. We used
an experimental design that included the between-subjects factor of ex-
perimental group: self-administration test, aggression seeking test, and
no-test control. We first separated no-test controls (n � 5) from a cohort
of 24 CD-1 mice. We then trained the remaining 19 CD-1 mice for
aggression self-administration for 9 d. We excluded nine non-aggressive
mice that either did not attack during magazine training or attacked
on-average �2 times per session during the self-administration training
period. We separated the remaining mice to two experimental groups
(self-administration test, n � 5; aggression-seeking test, n � 5). During
Day 9 of training, we perfused the self-administration group mice 60 min
after the start of the session. The following day, we tested the aggression-
seeking group mice for and perfused them 60 min after the start of
testing. We perfused the no-test control mice immediately from their
home cages.

Experiment 3: validation of transgenic F1 hybrid breeding strategy
and chemogenetic DREADD approach
The purpose of Experiment 3 was to validate the developmental and behav-
ioral phenotypes relevant to operant aggression self-administration and ag-
gression seeking in our transgenic F1 hybrid mice. We followed weekly
weight trajectories of CD-1 (n � 12), C57 (n � 12), D1-Cre(�) hybrid (n �
20), D1-Cre(�) hybrid (n � 14), D2-Cre(�) hybrid (n � 24), and D2-
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Cre(�) hybrid (n � 21) mice from ages 6–12 weeks. In the same D1-Cre(�)
(n � 17) and D1-Cre(�) (n � 14), we assessed for changes in attack
latency in repeated resident-intruder assays over 5 d. We excluded 3
D1-Cre(�) non-aggressive mice that did not attack once throughout
the resident-intruder assays. We then trained the same mice on ag-
gression self-administration for 7 d. We excluded 4 D1-Cre(�) (n �
13) and 3 D1-Cre(�) (n � 11) non-aggressive mice that either did not
attack during magazine training or attacked on-average �2 times per
session during the self-administration training period.

We also validated sustained aggression-self administration behavior
following our intracranial surgical procedure. After self-administration
training, we injected the D1-Cre(�) mice with AAV8-DIO-hM4Di-
mCherry. After surgical recovery, we retrained mice (n � 12) for 6 d for
aggression self-administration and tested for aggression seeking.

Finally, we performed within-subjects dose–response assay to
find a behaviorally subthreshold clozapine dose in mice. After self-
administration training, we tested the D1-Cre(�) mice (n � 11) after
injections of 0, 0.1, 0.2 mg/kg clozapine 20 min before the aggression
self-administration sessions. We also tested a dose of 1.0 mg/kg with a
subset of six mice but did not inject this dose to the other mice because of
obvious sedative effects.

Experiment 4: validation of DREADD efficacy in D1- and D2-Cre
F1 hybrids with Fos labeling
The purpose of Experiment 4 was to validate effectiveness of the AAV8-
DIO-hM4Di-mCherry virus at inhibiting neural activity in NAc D1- and
D2-expressing neurons of our transgenic F1 hybrid mice using a cloza-
pine dose of 0.1 mg/kg. For both D1-Cre and D2-Cre hybrid mice, we
used a 2 � 2 mixed factorial design that included the between-subjects
factor of clozapine dose (0, 0.1 mg/kg, i.p.) and the within-subjects factor
of virus (mCherry, hM4Di). We intracranially injected 12 D1-Cre(�)
hybrid and 11 D2-Cre(�) mice with both AAV8-hSyn-DIO-mCherry
(mCherry) and AAV8-hSyn-DIO-h4MDi-mCherry (h4MDi) into the
NAc. We counterbalanced the hemisphere of the virus injections. After
histological analysis, we excluded one D1-Cre(�) mouse and two
D2-Cre(�) mice due to off-target virus injections. Four weeks after
viral injections, we used the F1 hybrid mice as intruders against larger
4- to 6-month-old male CD-1 residents in a single 5 min resident-
intruder assay, a behavioral assay that robustly increases Fos expres-
sion in the NAc (Nehrenberg et al., 2013). We injected vehicle or
clozapine (0.1 mg/kg) to D1-Cre(�) (n � 5– 6 per dose) or D2-
Cre(�) (n � 4 –5 per dose) mice 20 min before the resident-intruder
assay. We perfused all mice 60 min after the start of testing. Following
tissue slicing and preparation, we immunohistochemically stained for
Fos and mCherry.

Experiment 5: effect of inhibition of Drd1-expressing MSNs in
NAc on aggression self-administration and aggression seeking
The purpose of Experiment 5 was to determine whether DREADD-
mediated inhibition of Drd1-expressing neurons in the NAc would
decrease aggression self-administration and aggression seeking after
1 d of abstinence. We used a 2 � 2 mixed factorial design that in-
cluded the between-subjects factor of Virus condition (mCherry,
hM4Di) and the within-subjects factor of clozapine dose (0, 0.1 mg/
kg, i.p.). On test days, we injected vehicle or clozapine 20 min before
the sessions. This experiment was our first use of combining our
transgenic hybrid breeding strategy with the DREADD-clozapine
procedure. Therefore, to ensure reproducibility, we first tested two
independent cohorts of mice that we injected with hM4Di into the
NAc and ran at different times. We collapsed the two cohorts (total
n � 20) for the statistical analysis and data presentation, resulting in
uneven group size between the hM4Di group and the mCherry group,
where we used a typical sample size for control conditions in viral
delivery behavioral studies of n � 8.

We trained 67 D1-Cre(�) hybrid mice for aggression self-
administration for 5 d. A subset of these mice were from the D1-Cre(�)
group in Experiment 4. We excluded 37 non-aggressive mice that either
did not attack during magazine training or attacked on-average �2 times
per session during the self-administration training period. We intracra-

nially injected the remaining mice with hM4Di or mCherry, then re-
trained them on aggression self-administration for 3 d following at least
1 week of recovery. We retrained a subset of D1-hM4Di mice (n � 11) for
food self-administration for 4 d. Using a repeated measures design that
included the within-subjects factor of Clozapine dose (0, 0.1 mg/kg, i.p.),
we then tested the D1-hM4Di mice for food self-administration and food
seeking (extinction conditions). Due to a technical error with the active
lever, we excluded one mouse from the aggression seeking test; we also
excluded 3 mice due to off-target virus injections.

Effect of clozapine on aggression self-administration. We tested two
groups of mice (D1-mCherry n � 8; D1-hM4Di n � 19) using aggression
self-administration procedures identical to those used during training.
The order of clozapine dose (0, 0.1 mg/kg, i.p.) was counterbalanced
between self-administration test days. We performed 1 d of retraining for
aggression self-administration between test days.

Effect of clozapine on aggression seeking. We retrained hybrid mice for
1 d after aggression self-administration testing and then returned the
mice to their home cages for 24 h of abstinence. We counterbalanced the
order of clozapine dose (0, 0.1 mg/kg, i.p.). We performed 1 d of retrain-
ing on aggression self-administration between the test days. The duration
of the test session (15 min) in Experiments 5 and 6 was shorter than in the
other experiments to minimize carryover effect because of extinction
learning from the first to the second test.

Effect of clozapine on food self-administration and food seeking. We
trained a subset of D1-hM4Di mice (n � 11) for food self-administration
for 4 d before food self-administration testing. We counterbalanced the
dose of clozapine (0, 0.1 mg/kg, i.p.). After the food self-administration
tests, we returned the D1-hM4Di mice (n � 10) to their home cages for
24 h of abstinence from food and then tested them for food seeking. We
counterbalanced the dose of clozapine (0, 0.1 mg/kg, i.p.).

Experiment 6: effect of inhibition of Drd2-expressing MSNs in
NAc on aggression self-administration and aggression seeking
The purpose of Experiment 6 was to determine whether DREADD-
mediated inhibition of Drd2-expressing neurons in the NAc would de-
crease aggression self-administration and aggression seeking after 1 d of
abstinence. The experimental design for Experiment 6 was identical to
that of Experiment 5, except that we used D2-Cre(�) hybrid mice to
target Drd2-expressing neurons in the NAc for DREADD-mediated
inhibition. We trained 67 D2-hybrid mice for aggression self-
administration for 5 d. We excluded 34 non-aggressive mice that either
did not attack during magazine training or attacked on-average �2 times
per session during the self-administration training period. We intracra-
nially injected the remaining mice with hM4Di or-mCherry, and then
retrained them for aggression self-administration for 3 d after at least 1
week of recovery. We tested two groups of mice (D2-mCherry, n � 12;
D2-hM4Di, n � 14) using the aggression self-administration and aggres-
sion seeking test procedures described for Experiment 5. We excluded
seven mice because of off-target virus injections.

Statistical analysis
We used factorial ANOVAs using SPSS (GLM procedure) or Prism.
When we obtained significant main effects or interaction effects ( p �
0.05, two-tailed), we followed them up with post hoc univariate ANOVAs
and Fisher PLSD tests. Because our multifactorial ANOVAs yielded mul-
tiple main and interaction effects, we only report significant effects that
are critical for data interpretation. We indicate results of post hoc analyses
by asterisks in the figures but do not describe them in the Results section.
We indicate p values �0.001 as p � 0.001 and provide exact p values for
those 
0.001. In Table 1-1 (available at https://doi.org/10.1523/
JNEUROSCI.2409-18.2019.t1-1), we present the complete statistical
analyses and summary statistics of the study.

Results
Experiment 1: effect of aggression self-administration and
aggression seeking on Fos expression in the NAc core and shell
In Experiment 1, we used Fos immunohistochemistry to com-
pare the pattern of neural activity in the NAc shell and core
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subregions after tests for aggression self-administration and ag-
gression seeking on abstinence Day 1 (Fig. 1A,B).

Self-administration training and aggression seeking
CD-1 mice (n � 15) increased their self-administration over the
9 d training period based on number of rewarded trials per ses-
sion (F(8,112) � 62.7, p � 0.001) and the number of attack trials,
where an attack was made on an intruder (F(8,112) � 7.2, p �
0.001). The mice in the aggression seeking and control groups
(total n � 10) significantly pressed more on the active lever than
on the inactive lever (F(1,9) � 25.2, p � 0.001; Fig. 1C–E).

Fos quantification
Exposure to both aggression self-administration and aggression
seeking testing increased Fos expression in NAc shell but not core.
The statistical analysis, which included the between-subjects factor
of experimental group (self-administration test, aggression seeking
test, no-test control) and the within-subjects factor of NAc subre-

gion (core, shell) showed a significant interaction between the two
factors (F(2,12) � 21.8, p � 0.001). Post hoc one-way ANOVAs
showed a significant group effect for the shell (F(2,12) � 26.7, p �
0.001) but not core (F(2,12) � 2.2, p � 0.15; Fig. 1F).

Experiment 2: effect of aggression self-administration and
aggression seeking on Fos colocalization with Drd1- and
Drd2-MSNs in the NAc core and shell
In Experiment 2, we used RNAscope ISH to characterize Fos colo-
calization with Drd1 and Drd2 in NAc core and shell (Fig. 2A).

Self-administration training and aggression seeking
CD-1 mice (n � 10) increased their self-administration over the
9 d training period based on number of rewarded trials per ses-
sion (F(8,72) � 7.0, p � 0.001). However, they did not increase
number of attack trials, where an attack was made on an intruder
(F(8,72) � 1.1, p � 0.40). The mice in the aggression-seeking

Figure 1. Aggression self-administration and aggression seeking caused higher Fos expression in NAc shell than core. A, Timeline of Experiment 1. B, A schematic of a single self-administration
trial. Vertical red lines within the “lever extended” and “intruder” bars indicate an active lever press and removal of an intruder after an attack bout, respectively, relative to total possible durations.
C, Number of rewarded and attack trials over 9 d (48 min session/d) of aggression self-administration under an FR1 reinforcement schedule in CD-1 mice (n � 15). Data are combined from all
experimental groups (self-administration test, aggression seeking test, and control). D, Number of reward and attack responses on the final day of training for the subset of mice that were included
in the self-administration group during the self-administration test session (n � 5). E, Number of active and inactive lever presses during a 60 min non-reinforced aggression seeking test (n � 10).
F, Fos-labeled cells (counts/mm 2) in the NAc core and shell subregions across experimental groups (self-administration test, aggression seeking test, and control). G, Representative images of the
NAc shell and core stained for Fos with DAPI (left). Representative images of Fos in the NAc shell or core across experimental groups (right). Data are mean 	 SEM. *Different from the control group,
p � 0.01. aca, Anterior commissure; LS, lateral septum.
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group (n � 5) pressed significantly more on the active lever than
on the inactive lever (F(1,4) � 30.8, p � 0.005; Fig. 2B–D).

Fos: RNAscope
As in Experiment 1, exposure to aggression self-administration
and aggression seeking testing caused higher Fos induction in
NAc shell than in core. But unlike Experiment 1, both manipu-
lations also increased Fos expression in the core. The statistical
analysis, which included the between-subjects factor of Group
(aggression self-administration, aggression seeking, no-test con-
trol) and the within-subjects factor of NAc subregion (core,
shell) showed a significant interaction between the two factors

(F(2,12) � 28.6, p � 0.001). Post hoc one-way ANOVAs showed a
significant group effect for both shell (F(2,12) � 89.3, p � 0.001)
and core (F(2,12) � 7.8, p � 0.007; Fig. 2E–G).

Colocalization of Fos with Drd1 and Drd2
Exposure to aggression self-administration and aggression seek-
ing testing increased Fos in both Drd1- and Drd2-expressing neu-
rons in NAc core and shell. The statistical analysis of Fos, which
included the between-subjects factor of experimental group (ag-
gression self-administration test, aggression seeking test, no-test
control), and the within-subjects factors of NAc subregion and
cell-type (Drd1, Drd2) showed a significant interaction between

Figure 2. Aggression self-administration and aggression seeking increased Fos expression in the NAc core and shell Drd1- and Drd2-expressing neurons. A, Timeline of Experiment 2. B, Number
of rewarded and attack trials over 9 d (48 min session/d) of aggression self-administration under an FR1 reinforcement schedule in CD-1 mice (n � 10). Data are combined from aggression
self-administration and aggression seeking experimental groups. C, Number of reward and attack responses on the final day of training for the subset of mice that were included in the
self-administration group during the self-administration test (n � 5). D, Number of active and inactive lever presses during a 60 min aggression seeking test in the aggression-seeking group (n �
5). E, Representative images of the NAc shell and core stained for DAPI (top), Drd1, and Drd2 mRNA (bottom) using ISH. F, Representative images of the NAc shell or core, stained for Fos, Drd1, Drd2
mRNA, and DAPI across experimental groups (self-administration test, aggression-seeking test, and no-test control). G, Fos-labeled cells (cells/mm 2) in the NAc core and shell subregions across
experimental groups. H, Counts of cells colabeled with Fos � Drd1 or Fos � Drd2 in the NAc core and shell across experimental groups. Data are mean 	 SEM. *Different from the no-test control
group, p � 0.05. aca, Anterior commissure; LS, lateral septum.
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group and NAc subregion (F(2,12) � 13.5, p � 0.001) and between
NAc subregion and cell type (F(1,12) � 6.6, p � 0.024). However,
there were no significant effects of cell type or additional interac-
tions between cell type and the other two factors (p values 
 0.05;
Fig. 2H).

Experiment 3: validation of transgenic F1 hybrid breeding
strategy and chemogenetic DREADD approach
Developmental weights
We measured the weekly weights of CD-1 (n � 12) and C57 mice
(n � 12) from ages 6 to 12 weeks old. Mice of both strains gained
weight consistently over this time period and there was a signifi-
cant difference in weights between CD-1 and C57 mice (F(1,22) �
28.3, p � 0.001). We also measured weights of D1-Cre(�), D1-
Cre(�), D2-Cre(�), and D2-Cre(�) F1 hybrid mice. The mice
gained weight consistently over time and there were no differ-
ences in weight trajectory based on Cre genotype, positive or
negative (week � Cre, F(6,450) � 0.3, p � 0.95) or based on do-

pamine receptor transgene strain, D1 or D2 (week � dopamine
receptor subtype, F(6,450) � 1.7, p � 0.12; Fig. 3A–C).

D1-Cre(�) and D1-Cre(�) resident-intruder latencies
In the same D1-Cre(�) (n � 17) and D1-Cre(�) (n � 14) mice,
we measured attack latency during repeated resident-intruder
tests across 5 d. We analyzed latencies from Days 3–5 and found
no differences in attack latency between the Cre genotypes
(F(1,29) � 0.3, p � 0.59; Fig. 3D).

D1-Cre(�) and D1-Cre(�) self-administration training
We then trained the same D1-Cre(�) (n � 13) and D1-Cre(�)
(n � 11) mice for aggression self-administration for 7 d. The mice
significantly increased their self-administration behavior over
the 7 d training period based on number of rewarded trials per
session (F(6,132) � 13.9, p � 0.001) and the number of attack
trials, where an attack was made on an intruder (F(6,132) � 3.3,
p � 0.004). There were no differences between the Cre genotypes

Figure 3. Validation of transgenic F1 hybrid breeding strategy and chemogenetic DREADD approach. A, A schematic of the breeding approach used to generate D1-Cre or D2-Cre F1 hybrid mice.
B, Timeline of Experiment 3. C, Weekly developmental weights (g) of CD-1 (n � 12) and C57 (n � 12) mice from 6 to 12 weeks old (left). Weekly developmental weights of D1-Cre(�) hybrid (n �
14), D1-Cre(�) hybrid (n � 20), D2-Cre(�) hybrid (n � 21), and D2-Cre(�) hybrid (n � 24) mice (right). D, Latency to attack (s) during the last 3 d of resident-intruder testing in D1-Cre(�) (n �
14) and D1-Cre(�) (n � 17) mice. Mice were screened in resident-intruder assays over five consecutive days. E, Number of rewarded and attack trials over 9 d (48 min session/d) of aggression
self-administration under an FR1 reinforcement schedule in D1-Cre(�) (n � 11) and D1-Cre(�) (n � 13) mice. F, Number of rewarded and attack trials over 6 d of aggression self-administration
retraining in D1-Cre(�) mice (n � 12) following intracranial surgery. G, Number of active and inactive lever presses during a 30 min aggression seeking test in in D1-Cre(�) mice (n � 12) retrained
for aggression self-administration. H, Number of rewarded and attack trials during aggression self-administration tests after injection of 0.0, 0.1 or 0.2 mg/kg clozapine in D1-Cre(�) mice (n � 11).
Baseline rewards and attacks were averaged from the last 3 d of training. Data are mean 	 SEM. *Different from the inactive lever, p � 0.05.
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for the number of rewards (F(1,22) � 1.1, p � 0.31) or attacks
(F(1,22) � 3.1, p � 0.09; Fig. 3E).

D1-Cre(�) postsurgery self-administration retraining and
aggression seeking
We assessed aggression self-administration for 6 d after intracra-
nially injecting trained D1-Cre(�) mice (n � 12) with hM4Di.
The mice acquired aggression self-administration based on num-
ber of rewards (F(5,55) � 3.7, p � 0.006) and attacks (F(5,55) � 2.5,
p � 0.038). In the aggression seeking test, the mice also pressed
significantly more on the active lever than the inactive lever
(F(1,11) � 76.0, p � 0.001; Fig. 3F,G).

D1-Cre(�) clozapine dose–response
Using the same trained D1-Cre(�) mice, we performed a dose–
response assay on clozapine doses of 0, 0.1, and 0.2 mg/kg and
compared the number of rewards and attacks against baseline
responding. We found no significant differences in responses of
either rewards (F(3,30) � 1.8, p � 0.16) or attacks (F(3,30) � 0.4,
p � 0.75) across these doses from baseline. We conservatively

chose 0.1 mg/kg as our behaviorally subthreshold clozapine dose
for the subsequent DREADD experiments (Fig. 3H).

Experiment 4: validation of DREADD virus efficacy in D1-
and D2-Cre F1 hybrids with Fos labeling
Fos and virus quantification in D1-Cre hybrid mice
Injections of clozapine selectively decreased Fos expression in the
hM4Di but not mCherry-injected hemisphere (Fig. 4A,B). The
statistical analysis of total Fos (Fig. 4B, top), which included
the between-subjects factor of clozapine dose (0, 0.1 mg/kg, i.p.)
and the within-subjects factor of virus type (mCherry, hM4Di),
showed significant effects of clozapine dose (F(1,9) � 14.7, p �
0.004), virus type F(1,9) � 19.6, p � 0.002), and interaction of
between the two factors (F(1,9) � 17.1, p � 0.003). A similar
analysis restricted to Fos colabeled with mCherry or hM4Di (Fig.
4B, middle) showed significant effects of clozapine dose (F(1,9) �
18.8, p � 0.002) and virus type (F(1,9) � 17.6, p � 0.002), but no
significant interaction between the two factors (F(1,9) � 2.2, p �

Figure 4. Validation of DREADD efficacy in D1- and D2-Cre F1 hybrids with Fos labeling. A, Representative images of Fos expression (right) and AAV8-DIO-hM4Di-mCherry and AAV8-DIO-mCherry
viral infections (middle-right) in the NAc of D1-Cre and D2-Cre hybrid mice. Fos and mCherry images were merged (middle-left) and overlaid with DAPI (left). Mice underwent a single 5 min
resident-intruder test before brain extraction. B, Density counts (cells/mm 2) of Fos (top), double-labeled Fos-virus cells (middle), and virus-positive cells (bottom) in the NAc of AAV8-DIO-hM4Di-
mCherry or AAV8-DIO-mCherry hemispheres of D1-Cre mice. Mice were injected with vehicle (n � 5) or 0.1 mg/kg clozapine (n � 6). C, Density counts (cells/mm 2) of Fos (top), double-labeled
Fos-virus cells (middle) and virus-positive cells (bottom) in the NAc of AAV8-DIO-hM4Di-mCherry or AAV8-DIO-mCherry hemispheres of D2-Cre mice. Mice were injected with vehicle (n � 5) or 0.1
mg/kg clozapine (n � 4). Data are mean 	 SEM. *Different from the other experimental conditions, p � 0.05.
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0.17). There was no significant difference in viral infection (Fig.
4B, bottom).

Fos and virus quantification in D2-Cre hybrid mice
Injections of clozapine selectively decreased Fos expression in the
hM4Di but not mCherry-injected hemisphere (Fig. 4A,C). The
statistical analysis of total Fos (Fig. 4C, top), which included
the between-subjects factor of clozapine dose and within-subjects
factor of virus type, showed a significant interaction of between
the two factors (F(1,7) � 11.7, p � 0.011). A similar analysis re-
stricted to Fos colabeled with mCherry or hM4Di (Fig. 4C, mid-
dle) showed significant effects of virus type (F(1,7) � 22.9, p �
0.002) and an interaction between virus type and clozapine dose
(F(1,7) � 5.8, p � 0.047). There was no significant difference in
viral infection (Fig. 4C, bottom).

Experiment 5: effect of inhibition of Drd1-expressing neurons
in NAc on aggression self-administration and aggression
seeking
In Experiment 5, we examined whether DREADD-mediated in-
hibition of Drd1-expressing neurons in the NAc would decrease
aggression self-administration and aggression seeking on absti-
nence Day 1 (Fig. 5A).

Self-administration training
The D1-hybrid mice (D1-mCherry n � 8; D1-hM4Di n � 19)
increased their self-administration over the training period based
on number of rewarded trials per session (F(10,250) � 25.8, p �
0.001) and the number of attack trials, where an attack was made
on an intruder (F(10,250) � 7.2, p � 0.001). There was no signifi-
cant difference in acquisition of aggression self-administration
between D1-mCherry and D1-hM4Di groups based on number
of rewarded trials (virus type � session, F(10,250) � 0.4, p � 0.92)
and attack trials (virus type � session, F(10,250) � 0.6, p � 0.79;
Fig. 5B).

Effect of clozapine on aggression self-administration
We intracranially injected the mice with either hM4Di or mCherry,
then retrained mice for 3 d for aggression self-administration until
lever-pressing returned to its pre-surgery baseline. Clozapine signif-
icantly decreased aggression self-administration in hM4Di but not
mCherry-injected mice. The statistical analysis, which included the
between-subject factor of virus type and the within-subjects factor of
clozapine dose showed a significant interaction between the two
factors for both the number of rewarded trials (F(1,25) � 11.5, p �
0.002) and number of attack trials (F(1,25) �29.1, p�0.001; Fig. 5C).

Effect of clozapine on aggression seeking
After 1 d of retraining and after 24 h of abstinence in their home
cages, we tested the mice for aggression seeking. Clozapine signifi-
cantly decreased aggression seeking in hM4Di but not mCherry-
injected mice. The statistical analysis, which included the between-
subjects factor of virus type and the within-subjects factors of
clozapine dose and lever (active, inactive) showed a significant inter-
action between the three factors (F(1,25) � 7.5, p � 0.011). The triple
interaction is because of a selective effect of clozapine on active ver-
sus inactive lever presses in the hM4Di-injected mice (Fig. 5D).

Effect of clozapine on food self-administration and food seeking
The D1-hM4Di mice (n � 11) increased their self-administration
over the training period based on number of rewarded pellets per
session (F(3,30) � 3.9, p � 0.018) and showed a strong preference
for the active food-paired lever over the inactive lever (F(1,10) �
90.5, p � 0.001). Clozapine had no effect on either food self-
administration or food seeking after 1 abstinence day. For self-

administration, there was no significant effect of clozapine on
number of lever presses (F(1,10) � 0.06, p � 0.82) or number of
rewarded pellets (F(1,10) � 0.07, p � 0.80). For food-seeking test-
ing, clozapine had no effect on non-reinforced lever presses
(F(1,9) � 0.4, p � 0.53; Fig. 5F,G).

Experiment 6: effect of inhibition of Drd2-expressing neurons
in NAc on aggression self-administration and aggression
seeking
In Experiment 6, we examined whether DREADD-mediated in-
hibition of Drd2-expressing neurons in the NAc would decrease
aggression self-administration and aggression seeking (Fig. 6A).

Self-administration training
The mice (D2-mCherry n � 12; D2-hM4Di n � 14) increased
their self-administration over the training period based on num-
ber of rewarded trials per session (F(10,240) � 16.9, p � 0.001) and
the number of attack trials, where an attack was made on an
intruder (F(10,240) � 7.8, p � 0.001). There were no significant
differences in acquisition of aggression self-administration be-
tween the two groups based on number of rewarded trials (virus
type � session, F(10,240) � 1.2, p � 0.28) and attack trials (virus
type � session, F(10,240) � 1.6, p � 0.121; Fig. 6B).

Effect of clozapine on aggression self-administration
We intracranially injected the mice with either hM4Di or
mCherry and then retrained them for 3 d on aggression self-
administration until lever-pressing returned to its pre-surgery
baseline. Clozapine had no effect on aggression self-administration.
The statistical analyses showed no significant interaction between
virus and clozapine dose for the number of rewarded trials (F(1,24) �
0.3, p � 0.59) or the number of attack trials (F(1,24) � 0.02, p � 0.90;
Fig. 6C).

Effect of clozapine on aggression seeking
After 1 d of retraining and after 24 h of abstinence in their home
cages, we tested the mice for aggression seeking. Clozapine had no
effect on aggression seeking, as indicated by lack of significant inter-
action between virus type � clozapine dose � lever (F(1,24) � 0.03,
p � 0.86; Fig. 6D).

Discussion
We studied the role of NAc Drd1- and Drd2-expressing neurons
in aggression self-administration and aggression seeking. We
found that inhibition of NAc Drd1- but not Drd2-expressing
neurons decreased aggression self-administration and seeking.
Aggression self-administration and seeking increased Fos expres-
sion to a greater degree in NAc shell than core and these manip-
ulations induced Fos in Drd1- and Drd2-expressing neurons. We
also validated a breeding strategy between outbred CD-1 mice
and inbred C57-based Cre lines and a clozapine-based DREADD
procedure that can be used to study cell-type mechanisms of
aggression-seeking behaviors.

Appetitive aggression reward in rodents
There are eight publications on aggression self-administration in
mice (Fish et al., 2002, 2005; Bannai et al., 2007; Couppis and Ken-
nedy, 2008; May and Kennedy, 2009; Falkner et al., 2016; Golden et
al., 2017a; Covington et al., 2018). Studies of the Miczek laboratory
highlighted the complexity of GABAergic signaling by showing
dose-dependent effects of the GABA(A)-positive modulator allo-
pregnanolone: low doses increase operant responding with no effect
on aggression severity, whereas higher doses have no effect on oper-
ant responding but increases aggression severity (Fish et al., 2002).
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Figure 5. Inhibition of Drd1-expressing MSNs in NAc decreases aggression self-administration and aggression seeking. A, Timeline of Experiment 5. B, Number of rewarded (left) and attack
(right) trials over 11 d (pre-surgery, postsurgery, test retrain; 48 min session/d) of aggression self-administration under an FR1 reinforcement schedule in D1-hM4Di (n � 19) and D1-mCherry (n �
8) mice. C, Number of rewarded (left) and attack (right) trials during self-administration tests in D1-hM4Di and D1-mCherry mice. Mice were tested with both vehicle and 0.1 mg/kg of clozapine. D,
Number of active and inactive lever presses during 15 min aggression seeking tests in D1-hM4Di and D1-mCherry mice. Mice were tested with both vehicle and clozapine. E, Representative image
of the NAc in a D1-Cre mouse infected with AAV8-DIO-hM4Di-mCherry (with DAPI; left). Approximate placements of virus injections targeting the NAc and infection spread (right) in D1-hM4Di mice
and D1-mCherry mice (mm from bregma; Franklin and Paxinos, 2013). F, A subset of D1-hM4Di mice (n � 11) were trained for food self-administration. Number of food rewards, active and inactive
lever presses for 4 d (60 min session/d) of food self-administration under an FR1 reinforcement schedule (left). Mice tested with both vehicle and clozapine during food self-administration (right).
G, Number of active lever and inactive lever presses during 60 min food seeking tests in the D1-hM4Di mice. Data are mean 	 SEM. *Different from vehicle, p � 0.05.
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Aggression self-administration is also decreased by inhibition of cor-
ticosterone synthesis (Fish et al., 2005). These studies established that
dissociative mechanisms can control learned operant aggression
self-administration versus unconditioned aggression (attack).

Couppis et al. (2008) showed that NAc injections of Drd1- or
Drd2-family antagonists (SCH23390 or sulpiride) decrease ag-
gression self-administration. SCH23390 decreased operant re-
sponding but had a minimal effect on attack behavior, while
sulpiride decreased both measures. However, the interpretation
of these data is not straightforward, because local injections of
sulpiride also decreased locomotor activity. Additionally,
sulpiride binds to Drd3, Drd4, and �-2 adrenoceptors (Boyajian
and Leslie, 1987; Tang et al., 1994; Lawler et al., 1999), whereas
SCH23390 binds to 5-HTR2c and 5-HTR2a (Briggs et al., 1991;
Porter et al., 1999; Millan et al., 2001; Neumeyer et al., 2003). In
this regard, NAc serotonin plays a role in social behavior (Dölen
et al., 2013; Walsh et al., 2018) and reactive aggression (Nautiyal
et al., 2015). Together, it cannot be ruled out that the results of
Couppis et al. (2008) are because of sulpiride’s effects on Drd3,

Drd4, or �-2 adrenoceptors, or that SCH23390 effects are be-
cause of its effects on serotonin receptors.

Additional evidence for NAc dopamine’s role in aggression re-
ward is that in dominant rats, winning or anticipating aggressive
encounters increases local extracellular dopamine levels (van Erp
and Miczek, 2000; Ferrari et al., 2003). Furthermore, optogenetic
stimulation of VTA, presumably leading to increased NAc dopa-
mine release, increases aggressive bout severity in mice (Yu et al.,
2014). Additionally, the dopamine agonist methamphetamine in-
creases aggressive behavior in rodents (Miczek, 1974; Miczek and
Haney, 1994; Yu et al., 2014), whereas systemic injections of Drd1-
or Drd2-family antagonists decrease reactive 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 dur-
ing repeated antagonistic encounters (Becker and Marler, 2015).
These data indicate a role for both Drd1 and Drd2 in reactive aggres-
sion. We speculate that the discrepancy between these data and our
data on the selective role of NAc Drd1 but not Drd2 in appetitive

Figure 6. Inhibition of Drd2-receptor-expressing MSNs in NAc had no effect on aggression self-administration or aggression seeking. A, Timeline of Experiment 6. B, Number of rewarded (left)
and attack (right) trials over 11 d (pre-surgery, postsurgery, test retrain; 48 min session/d) of aggression self-administration under an FR1 reinforcement schedule in D2-hM4Di (n � 14) and
D2-mCherry (n � 12) mice. C, Number of rewarded (left) and attack (right) trials during self-administration tests in D2-hM4Di and D2-mCherry mice. Mice were tested with both vehicle and
clozapine. D, Number of active and inactive lever presses during 15 min aggression seeking tests in D2-hM4Di mice and D2-mCherry mice. Mice were tested with both vehicle and clozapine. E,
Approximate placements of virus injections targeting the NAc and infection spread in D2-hM4Di and D2-mCherry mice (mm from bregma; Franklin and Paxinos, 2013). Data are mean 	 SEM.
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aggression are because of the use of systemic pharmacology versus
region- and cell-type-specific manipulations and mechanistic differ-
ences between reactive versus appetitive aggression.

Our present data and results from a recent study using aggres-
sion CPP, indicate differential involvement of NAc Drd1- and
Drd2-expressing neurons in aggression reward. Aleyasin et al.
(2018b) showed that �FosB selectively accumulates in Drd1-
expressing neurons after repeated aggressive encounters. �FosB
is a truncated splice product of the FosB gene that is highly stable
(Carle et al., 2007) and accumulates in NAc after repeated expo-
sure to drugs, stress, and social environments (Robison and Nes-
tler, 2011; Nestler, 2015). However, accumulation of �FosB in
Drd1-expressing neurons promotes unconditioned reactive ag-
gression in the resident-intruder task but not learned aggression
CPP (Aleyasin et al., 2018b). In contrast, “artificial” (non-
physiological) �FosB overexpression in Drd2-expressing neu-
rons has no effect on unconditioned aggression but reduces
aggression CPP. To determine whether such a cell-type-specific
dichotomy is relevant to operant aggression and aggression seek-
ing, we performed ISH for colocalization of Fos with Drd1- and
Drd2-expressing neurons following both behaviors. In contract
to �FosB, we observed significant colocalization of Fos with
both Drd1- and Drd2-expressing neurons under both experi-
mental conditions. However, like the cell-type-specific role of
�FosB in aggression CPP, we observed that Drd1- but not
Drd2-expressing neurons are required for both operant ag-
gression self-administration and aggression seeking.

Finally, recent studies reported roles of other cell-type-
specific circuits in aggression reward, as assessed in the self-
administration and CPP procedures (Aleyasin et al., 2018a;
Yamaguchi and Lin, 2018). These include estrogen-receptor �1-
expressing neurons of ventromedial hypothalamus (Falkner et
al., 2016), dopamine transporter-expressing neurons of hypotha-
lamic ventral premammillary nucleus projecting to supramam-
millary nuclei (Stagkourakis et al., 2018), and GABAergic
projections from basal forebrain to lateral habenula (Golden et
al., 2016). The mechanistic connection between these dopamine-
independent findings and our results on the selective role of NAc
Drd1-expressing neurons is a subject for future research. Another
question for future research is whether NAc Drd1 role in aggres-
sion reward and aggression seeking identified in our study is
mediated by Drd1-expressing neurons in core, shell, or both sub-
regions. These subregions play different roles in different forms
of motivated behaviors (Kelley and Berridge, 2002; Berridge and
Kringelbach, 2015), including drug reward and relapse (Bossert
et al., 2013; Scofield et al., 2016).

Methodological and experimental considerations
To test causal roles of NAc-cell types in aggression self-
administration and aggression seeking, we validated a previously
introduced hybrid breeding strategy that we and others used in
the resident-intruder (Golden et al., 2017b) and aggression CPP
(Aleyasin et al., 2018b) procedures. With this strategy, we breed
transgenic inbred lines of interest (Drd1- and Drd2-Cre) with
outbred CD-1 mice and use the aggressive hybrid D1-Cre and
D2-Cre � CD-1 F1 generation as the subjects. In agreement with
our previous findings with outbred CD-1 mice (Golden et al.,
2017a), we observed individual differences with �30–50% of the F1
hybrids do not acquire operant aggression self-administration. The
neurobiological mechanisms of these individual differences varia-
tion are unknown and are an important topic for future studies.

We use this breeding approach because we observed low level
of aggressive behavior in the traditional C57-based transgenic

mice, which show minimal aggressive behavior in the resident-
intruder task (Golden et al., 2017b) and fail to acquire aggression
self-administration in our procedure (unpublished data). It is
possible to instigate unconditioned aggressive behavior in inbred
mice by exposing them to different stressors (e.g., footshock, early
life isolation, or repeated instigation; Kudryavtseva et al., 2014).
However, these manipulations often require weeks of repeated insti-
gated resident-intruder pairings, which induces severe stress re-
sponses (Kudryavtseva et al., 2004), making it difficult to
differentiate between appetitive and reactive aggression.

We combined the above breeding procedure using low-dose clo-
zapine as a ligand for DREADD activation. We used a behaviorally
subthreshold clozapine dose, because it was recently shown that
CNO, the “standard” DREADD ligand, is not behaviorally inert
(MacLaren et al., 2016), does not cross the blood–brain-barrier
(BBB), and after systemic injections, its behavioral and physiological
effects are mediated via retro-converted clozapine, which crosses the
BBB, and binds at high affinity to hM4Di and hM3Dq (Gomez et al.,
2017). We observed that a 0.1 mg/kg clozapine dose has no sedative
effects on operant responding in well trained CD-1 mice but signif-
icantly reduced Fos expression in the NAc of hM4Di-infected, but
not mCherry-infected, Drd1- and Drd2-Cre F1 hybrids. Thus, it is
unlikely that under our experimental condition the observed behav-
ioral effects are mediated by clozapine’s effects on non-hM4Di-
infected cells in NAc or other regions.

Finally, NAc dopamine is known to play a role in food reward
(Wise, 2004), and from this perspective the observation that hM4Di
inhibition of local Drd1- or Drd2-expressing neurons has no effect
on food self-administration and seeking is unexpected. However, in
our study we trained our mice under low effort (FR1) reinforcement
schedule and under these training conditions, we and others found
that NAc injections of SCH23390 have no effect on food self-
administration in rats (Bossert et al., 2007; Marchant and Ka-
ganovsky, 2015). Our negative food data using a chemogenetic
approach in mice and the previous negative data mentioned above
using intracranial drug injections agree with Salamone’s (2016) no-
tion of the selective role of NAc dopamine in controlling high-effort
but not low-effort food-reinforced responding.

Concluding remarks and 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 immediate or
long-term adverse consequences (Gan et al., 2016; Chester and De-
Wall, 2017), and sought anew after lengthy enforced abstinence
(Durose et al., 2014). As such, it is not surprising that aggression is
commonly comorbid with other neuropsychiatric disorders (An-
derson, 2012; Beck et al., 2014). Clinically, the most common phar-
macotherapeutic approach to treating aggression is the use of
neuroleptic dopamine antagonists, like haloperidol (Ostinelli et al.,
2017), although the efficacy of such treatments is often because of the
neuroleptic’s sedative effects (Calver et al., 2015). Our results suggest
that for some maladaptive appetitive aggression, targeting brain
Drd1-expressing neurons offers an alternative approach.
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