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populations within aggression-related pathways (de 
Almeida et al. 2005; Miczek et al. 2002). Dopamine (DA) 
has long been implicated in the modulation of aggressive 
behaviors. Drugs antagonizing DA receptors are the most 
widely used pharmacological treatment for suppressing 
hyperaggression in clinical settings (Yudofsky et al. 
1987; van Schalkwyk et al. 2018). This review aims to 
summarize many lines of evidence supporting DA’s 
modulation of aggression and to discuss our current 
understanding of the neural circuit mechanisms underlying 
such modulation. We will first introduce the key proteins 
involved in DA synthesis and genetic studies, indicating 
their functions in aggression. Then, we will summarize 

Introduction

Aggression is an innate behavior essential for competing 
for mating opportunities, defending territory, securing 
resources, and protecting oneself and one’s family (Box 
1). It is considered a part of the reproductive behavior 
repertoire and is prevalent across species, including 
humans (Tinbergen 1968; Lischinsky and Lin 2020). 
Given its critical role in individual survival, aggression 
is driven by a developmentally wired subcortical circuit 
(Lischinsky and Lin 2020; Wei et al. 2021; Mei et al. 
2023). This circuit’s activity is further shaped by multiple 
neuromodulators, which influence specific neuronal 
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various pharmacological studies that demonstrate the 
impact of DA signaling on aggression. Lastly, we will 
discuss the aggression circuits that are modulated by DA 
and ultimately influence the behaviors.

Box 1 Different types of aggression and behavioral procedures in mice
Aggressive behavior can be divided into reactive and proactive 
aggression (Golden et al. 2019b). Reactive aggression is a defen-
sive, impulsive response to a perceived threat and represents an 
innate, unconditioned form of aggression. One widely used behav-
ioral procedure to induce reactive aggression in mice is social isola-
tion (Takahashi and Miczek 2014). Male mice are single-housed 
for several weeks before a group-housed conspecific male intruder 
is introduced into the resident’s cage. Under this resident-intruder 
task, most of the resident mice gradually develop aggression and 
initiate attacks toward the intruder male mice after repeated intruder 
exposures. Maternal aggression represents another form of reactive 
aggression. Female mice are generally non-aggressive under normal 
conditions; however, they become highly aggressive during the 
postpartum period, displaying vigorous defensive attacks to protect 
their offspring (Hashikawa et al. 2018). Reactive aggression also 
varies from species to species. More details can be found in our 
previous review (Lischinsky and Lin 2020).
Proactive aggression, by contrast, is a planned and instrumental 
form of aggression characterized by self-motivated aggression seek-
ing. This type of aggression is more commonly observed in humans 
but can also be modeled in mice using Pavlovian and operant-based 
tasks (Golden et al. 2019b; Wrangham 2018). In Pavlovian condi-
tioning procedures, socially isolated aggressive mice are placed in 
a two-chamber setup: one where they can interact with and attack 
an intruder male, and another without an intruder. After repeated 
aggressive encounters, the aggressive mice develop a conditioned 
place preference for the intruder-paired chamber, indicating the 
rewarding nature of aggression (Aleyasin et al. 2018; Golden et al. 
2016). In operant tasks, aggressive mice are trained to perform an 
arbitrary action, such as lever pressing, to gain access to an intruder 
for attack, allowing the isolation of the seeking phase of aggression 
(Falkner et al. 2016; Golden et al. 2019a). A comprehensive review 
of the behavioral procedures used to study proactive aggression in 
mice is available in (Golden et al. 2019b).
Studies have indicated that dopamine (DA) is involved in both 
reactive and proactive forms of aggression. However, the majority 
of research to date has focused on reactive aggression, which will 
be the primary focus of this review. We will briefly discuss the DA 
function in proactive aggression in the neural circuits section.

Systematic studies on DA and aggression

DA metabolic and signaling pathways

DA is primarily synthesized by dopaminergic cells in the 
midbrain and hypothalamus from the amino acid tyrosine 
(Björklund and Dunnett 2007). Tyrosine is first converted 
into L-3,4-dihydroxyphenylalanine (L-DOPA) by the rate-
limiting enzyme tyrosine hydroxylase (TH). L-DOPA is 
then decarboxylated to DA by L-aromatic amino acid decar-
boxylase (AADC), an enzyme also involved in serotonin 
(5-HT) synthesis (Himmelreich et al. 2019; Klein et al. 

2019). Once synthesized, DA is packaged and stored in pre-
synaptic vesicles by the vesicular monoamine transporter 
2 (VMAT2), preparing it for release during neurotransmis-
sion (Klein et al. 2019) (Fig. 1). In addition to dopaminer-
gic cells, DA can also be synthesized in norepinephrinergic 
cells, where it serves as a precursor for norepinephrine (NE) 
through catalyzation of dopamine β-hydroxylase (DBH) 
(Himmelreich et al. 2019). Interestingly, DA can also be 
released from these noradrenaline terminals in regions such 
as the prefrontal cortex and dorsal hippocampus (Devoto et 
al. 2001, 2005; Kempadoo et al. 2016).

Once DA is released in the synaptic cleft, it binds to 
DA receptors and modulates cell excitability through G 
proteins (Fig. 1). DA receptors can be classified into two 
subfamilies: D1-like and D2-like receptors. D1-like recep-
tors, including D1 and D5, are coupled with Gαs/olf subunit 
of G proteins. When DA binds to these receptors, the Gαs/
olf subunit dissociates from Gβγ subunits and leads to the 
activation of adenylyl cyclase, the elevation of cyclic AMP 
(cAMP) levels, and ultimately, the increase of cell excitabil-
ity (Beaulieu and Gainetdinov 2011). In contrast, D2-like 
receptors (D2, D3, and D4) are linked to the Gαi/o subunit, 
which can inhibit adenylyl cyclase activity and decrease the 
excitability of the cells (Beaulieu and Gainetdinov 2011). 
The activation of the D2-like receptor also releases the Gβγ 
subunits of G proteins. These subunits can quickly traffic 
and bind to G protein-gated inwardly rectifying potassium 
(GIRK) channels on the cell membrane, reducing the mem-
brane potential in a few milliseconds through potassium 
influx (Neve et al. 2004) (Fig. 1).

Among all DA receptors, D2 receptors are the ones 
most closely linked to aggression in humans and possess 
some unique features that might be relevant to their roles in 
aggression (Brizer 1988; Yudofsky et al. 1987). D2 recep-
tors are encoded by the Drd2 gene, which contains five 
introns that enable the generation of two splice variants: 
D2-short (D2S) and D2-long (D2L) (Beaulieu and Gainet-
dinov 2011). The D2L isoform includes an additional 29 
amino acids inserted into the third cytoplasmic loop of the 
protein. D2L is predominantly expressed postsynaptically 
in the striatum, whereas D2S mainly functions as an autore-
ceptor located at the presynaptic terminals of dopaminergic 
neurons (Cases et al. 1995; Usiello et al. 2000). Further-
more, D2 receptors are often co-expressed with adenosine 
A2A receptors (A2A) in certain cell types, e.g., medium 
spiny neurons of the striatum (Schiffmann et al. 2007). This 
co-expression has led many studies to utilize A2A-cre trans-
genic mice, which express the Cre recombinase under the 
control of the adenosine A2A receptor promoter, to specifi-
cally target D2R-expressing medium spiny neurons (MSNs) 
in the striatum (Markowitz et al. 2018; Tritsch et al. 2012; 
Zachry et al. 2024), which eliminates the influence from 
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D2R-expressing cholinergic interneurons (Puighermanal et 
al. 2020). A2A receptor activation antagonizes the effects 
of D2 receptors by increasing cAMP levels, thereby fine-
tuning intracellular signaling pathways (Azdad et al. 2009; 
Schiffmann et al. 2007) (Fig. 1).

After DA dissociates from DA receptors, it gets reuptaken 
by dopamine transporter (DAT) at presynaptic terminals or 
nearby microglia for recycling (Meiser et al. 2013). Finally, 
DA is degraded by monoamine oxidase A (MAO-A) and 
catechol-O-methyltransferase (COMT) into homovanillic 
acid, which dissolves in cerebrospinal fluid and is eventu-
ally cleared from the brain (Himmelreich et al. 2019; Meiser 
et al. 2013) (Fig. 1).

In summary, many enzymes are involved in DA metabo-
lism, and DA interacts with various receptors and signal-
ing molecules to modulate cellular activities. The following 
two sections provide a detailed review of genetic and phar-
macological studies, examining how alterations in these 

DA-related pathways influence aggressive behavior in 
human and animal models.

Genetic mutations

DA synthesis and release

Genetic mutations in proteins critical for DA synthesis and 
release, such as TH and VMAT2, result in severe develop-
mental failures in both humans and mice, making aggression 
evaluation difficult (Kobayashi et al. 1995; Zhou et al. 1995; 
Wang et al. 1997; Kim et al. 2000; Caine et al. 2017). For 
example, disrupting the TH gene completely depletes DA 
in mice, leading to severe cardiovascular dysfunction and 
perinatal lethality (Kobayashi et al. 1995; Zhou et al. 1995; 
Zhou and Palmiter 1995). Although administering L-DOPA 
to pregnant females can rescue TH-deficient (TH -/-) mice 

Fig. 1  Schematic Illustration of Dopamine Metabolism in the 
Brain. Tyrosine is converted into L-DOPA by the rate-limiting 
enzyme TH, and L-DOPA is subsequently decarboxylated to DA 
by AADC. DA is then packaged into presynaptic vesicles via 
the VMAT2 and released into the synaptic cleft upon neuronal 
activation. In this schematic, only D2 receptors are depicted. Once 
released, DA binds to postsynaptic D2 receptors and/or presynaptic 
D2 autoreceptors. Activation of these receptors triggers the 
dissociation of the Gαi subunit, which inhibits adenylyl cyclase 
activity and reduces cellular excitability, while the Gβγ subunits 
activate GIRK channels, inducing potassium efflux. Additionally, 

activation of adenosine A2A receptors antagonizes the effects of 
D2 receptor signaling. Finally, DA is either reuptaken by the DAT 
for subsequent release or degradation by metabolic enzymes. TH, 
tyrosine hydroxylase; L-DOPA, L-3,4-dihydroxyphenylalanine; 
AADC, L-aromatic amino acid decarboxylase; VMAT2, vesicular 
monoamine transporter 2; MAO, monoamine oxidase; DOPAC, 
3,4-dihydroxyphenylacetic acid; HVA, homovanillic acid; D2R, 
D2 receptor; DAT, dopamine transporter; GIRK, G protein-gated 
inwardly rectifying potassium; A2AR, adenosine A2A receptors; 
cAMP, cyclic adenosine monophosphate. Figure was created using 
BioRender (https://biorender.com)
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5-HT, and NE) into presynaptic vesicles for release, exhibit 
a dramatic reduction of monoamine concentration in the 
brain and die within days of birth (Wang et al. 1997). Due 
to the critical roles of genes involved in DA synthesis and 
release in development and motor function, investigating 
their potential links to aggression is challenging in these 
models.

D2 Receptors

Among the five subtypes of DA receptors, genetic mutations 
affecting D2 receptor and its related signaling proteins cause 
the most consistent changes in aggressive behaviors in both 
mice and humans (Pavlov et al. 2012; Vukhac et al. 2001) 
(Table 1).

D2 receptors have two isoforms – D2L and D2S – resulting 
from alternative mRNA splicing (Beaulieu and Gainetdinov 
2011). Genetic disruption of D2L in mice does not signifi-
cantly affect overall D2 receptor density due to compensa-
tory upregulation of D2S (Wang et al. 2000). Nevertheless, 

in utero, these mice fail to survive past weaning without 
continued postnatal L-DOPA supplementation (Zhou et al. 
1995; Zhou and Palmiter 1995). Szczypka et al. reported 
that adult male TH-/- mice exhibited shorter attack latencies 
and slightly prolonged attack durations during 10-minute 
resident-intruder tasks (RITs) following two weeks of social 
isolation (Szczypka et al. 1998) (Table 1). However, TH 
-/- mice in this study required daily L-DOPA injections to 
maintain basic physiological functions and normal behav-
iors. L-DOPA itself was found to promote aggression in TH 
-/- mice in their study, making the interpretation of their 
aggressive behavior complicated (Szczypka et al. 1998). In 
humans, only individuals with less severe mutations in the 
TH gene can survive (Nagatsu et al. 2019). However, even 
in these cases, most exhibit a progressive motor dysfunction 
starting shortly after birth or during early childhood, which 
is often accompanied by developmental and intellectual dis-
abilities (Hoffmann et al. 2003; Willemsen et al. 2010).

Similarly, mice with complete loss of VMAT2, which 
is responsible for packaging monoamines (including DA, 

Table 1  Aggression and genetic mutations in DA metabolic pathways
Gene 
Name

Function Subject Behavioral Task Finding about aggression Notes Reference

TH Convert Tyrosine 
to L-DOPA

129 Sv/CPJ X 
C57BL/6 TH-/- 
Male mice

Single-housed for 2 
weeks, treated daily with 
50 mg/kg L-DOPA, RITs 
for 10 mins

DA -/- male with daily L-DOPA sup-
ply showed reduced attack latency and 
increased attack duration, compared with 
wild-type (WT) male mice

Without 
supple-
ment 
of the 
L-DOPA, 
the 
animal 
die after 
brith

Szczypka 
et al., 
1998

D2L Long isoform of 
D2 receptor

129 Sv/CPJ X 
C57BL/6 D2L-/- 
Male mice

Single-housed for 4 
weeks, RITs for 5 mins

Most D2L-/- male failed to attack intrud-
ers over three-day tests

Vukhac et 
al., 2001

Girk GIRK subunit 1 
to form GIRK 
channel that can 
instantaneously 
suppress cellular 
acitivty upon 
D2R activaiton

C57BL/6J Girk1-
/- Male mice

Single-housed for 4-5 
weeks, RITs for 15 mins

A comparable percentage of Girk1-/- male 
mice showed aggression but with longer 
latency and shorter attack duration

Kim et 
al., 2012

A2A Adensosine 
receptor that 
agantonizes 
D2R's function

129 Sv/CP X 
CD1 A2A-/- 
Male and Female 
mice

Single-housed for 4 
weeks, RITs for 5 mins 
once per week

Most A2A -/- male mice showed aggres-
sion with shorter latency, longer duration, 
and more freqeunt tail rattles; No differ-
ence in females

Ledent et 
al., 1997

DAT DA transporter to 
recycle DA from 
synaptic cleft

129 Sv/CPJ X 
C57BL/6 DAT-/- 
Male mice

Single-housed for 2 
weeks, RITs for 10 mins 
for 6 days

Attack frequency was generally higher 
than in WT controls in most of the test 
days.

Rodriguiz 
et al., 
2004

MAO 
A

Degrade DA C3H/HeJ MAO 
A -/- Male mice

Housed with female or 
single-housed for 4 weeks, 
RITs for 10 mins

Latency to first attack in both conditions 
dramatically decreased compared with WT 
control

Cases et 
al., 1995

COMT Degrade DA COMT +/- and 
COMT -/- Male 
mice

Mice from same genotype 
are matched to perfrom 
3-day intermale aggres-
sion tests in a neutral cage 
for 15 min each day

COMT +/- male mice showed the shortest 
latency to attack and the largest number of 
attacks during 15 min RITs compared with 
WT and COMT -/- male.

Gogos et 
al., 1998
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extrastriatal areas (Hirvonen et al. 2009). These findings 
suggest increased aggressive behaviors observed in A1 
allele carriers may arise from enhanced extrastriatal D2 
receptor signaling. Supporting this hypothesis, another 
Drd2 polymorphism, C957T, which increases D2 recep-
tor expression in the striatum but decreases in extrastria-
tal regions (Hirvonen et al. 2004, 2009), does not show 
a consistent correlation with overt aggression in human 
studies (Zai et al. 2012; Della Torre et al. 2018; Halicka-
Masłowska et al. 2021).

D2 receptors are coupled with GIRK channels to facilitate 
rapid inward potassium currents upon binding DA (Beau-
lieu and Gainetdinov 2011). Activation of GIRK channels 
quickly hyperpolarizes the cell membrane, suppressing neu-
ronal activity. This coupling is well known in midbrain DA 
cells, where it plays a key role in regulating presynaptic DA 
release via D2 autoreceptors (Ford 2014). Recent studies 
have identified a similar D2 receptor-GIRK association at 
postsynaptic terminals in the dorsal lateral septum (dLS) of 
mice (Mahadevia et al. 2021; Dai et al. 2025). Interestingly, 
male mice lacking Girk1, a GIRK channel subunit predomi-
nantly expressed in the dLS and cortical areas but not in 
the midbrain or striatum (Lein et al. 2007; Yao et al. 2023), 
become less aggressive in RITs following social isolation 
(Kim et al. 2012) (Table 1). The Girk1 knock-out mice show 
a longer latency to initiate their first attack and a reduced 
attack frequency in the RITs compared with the WT controls 
(Kim et al. 2012). Thus, D2 receptor signaling may facilitate 
aggression by activating GIRK channels.

A2A receptors may influence aggression indirectly 
through their close interactions with D2 receptors. In the 
striatum, A2A receptors are colocalized with D2 recep-
tors in MSNs and can antagonize D2 receptor effects by 
activating Gαq subunits and increasing cAMP production 
(Beaulieu and Gainetdinov 2011). In the LS, A2A recep-
tors are sparsely expressed in roughly 1% of cells (Wang 
et al. 2022, 2023), but can exert strong inhibitory effects 
on surrounding cells, many of which express D2 receptors 
(Mahadevia et al. 2021; Yao et al. 2023; Dai et al. 2025). 
Local infusion of CGS21680, an A2A receptor agonist, in 
the LS enhances this inhibition and significantly reduces 
c-Fos expression (Wang et al. 2023). Thus, A2A receptors 
can antagonize the effect of D2 receptors both intracellu-
larly and intercellularly, indirectly regulating aggression. 
Indeed, knocking out A2A receptors significantly increases 
the aggression in male mice during RITs, while leaving 
females unaffected (Ledent et al. 1997) (Table 1). More 
specifically, four weeks after single housing, 80% of A2A 
-/- males initiated their first attack within 3 min of their 
first social encounter, whereas less than 20% of WT males 
displayed aggression during the entire 5-minute test period.

D2L-deficient (D2L -/-) mice exhibit increased sensitivity to 
quinpirole, a D2-like agonist, and reduced response to halo-
peridol, a D2-like antagonist (Yudofsky et al. 1987; Eilam 
and Szechtman 1989; Usiello et al. 2000; Wang et al. 2000). 
Male D2L -/- mice display reduced social-isolation induced 
aggression (Vukhac et al. 2001) (Table 1). During RITs con-
ducted over three consecutive days, only a minority of D2L 
-/- mice (3/17) exhibited aggressive behavior toward con-
specific intruders, whereas all wild-type (WT) littermates 
(12/12) demonstrated aggression (Vukhac et al. 2001).

In humans, various polymorphisms in the Drd2 gene have 
been identified over the past few decades (Zou et al. 2012). 
While many studies have reported correlations between spe-
cific Drd2 polymorphisms and hyperaggressive phenotypes 
in different populations, the findings often lacked consis-
tency (Beaver et al. 2007; Guo et al. 2007; Zai et al. 2012; 
Butovskaya et al. 2013; Della Torre et al. 2018; 18 et al., 
2018; Halicka-Masłowska et al. 2021) (Table 2). Among 
these, the TaqIA single-nucleotide polymorphism (SNP) of 
the Drd2 gene stands out as a relatively reliable predictor of 
hyperaggression (Guo et al. 2007; Zai et al. 2012; Butovs-
kaya et al. 2013; Beaver et al. 2007; 18 et al., 2018). This 
TaqIA polymorphism is located in the 3′ untranslated region 
of the Drd2 gene. Individuals carrying the A1 allele of this 
polymorphism have a C-to-T point mutation (TCGA to 
TTGA), which leads to a significant reduction in D2 recep-
tor availability in the striatum compared with individuals 
with the A2/A2 genotype (Noble et al. 1991; Thompson et 
al. 1997; Pohjalainen et al. 1998). Several studies across 
diverse populations have consistently found that individu-
als, particularly male adolescents, with the A1/A2 genotype 
are more prone to show aggressive behaviors, such as anger 
and violent delinquency, while the correlation in female 
subjects shows less consistency (Guo et al. 2007; Zai et al. 
2012; Butovskaya et al. 2013).

How does reduced D2 receptor availability in indi-
viduals with the TaqIA polymorphism contribute to 
hyperaggressive phenotypes? Clinically, hyperaggressive 
patients are often treated with D2 receptor antagonists 
to suppress aggression (McDougle et al. 1998; Volavka 
et al. 2004b), seemingly contradicting the notion that 
reduced D2 receptor availability could drive aggres-
sive behavior. Follow-up studies have partially resolved 
this discrepancy. Positron emission tomography studies 
found that heterozygous carriers of the A1 allele have a 
significantly higher L-DOPA uptake rate in the putamen 
than non-carriers, despite lower D2 receptor availability 
(Thompson et al. 1997; Laakso et al. 2005). This effect 
likely results from reduced D2 autoreceptors, causing 
increased DA synthesis. Additionally, A1 allele carriers 
show slightly increased expression of D2 receptors in 
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and mice (Brunner et al. 1993a, b; Cases et al. 1995; Gogos 
et al. 1998; Rodriguiz et al. 2004; Volavka et al. 2004a). DA 
is primarily degraded by MAOA within the mitochondria 
and COMT in the astrocytes (Meiser et al. 2013) (Fig. 1). 

DA degradation and recycling

Genes involved in DA degradation and recycling are strongly 
associated with hyperaggressive phenotypes in both humans 

Table 2  Human aggression and Drd2 gene polymorphisms
Subject Defination of 

aggression
Gene Reference

A-241G 
(rs1799978)

TaqIA 
(rs1800497)

rs1079598 C957T 
(rs6277)

TaqID 
(rs1800498)

−141C 
Ins/Del 
(rs1799732)

144 children 
from the Greater 
Toronto Area

Above 90th percentile 
on the aggression sub-
scales of both the Child 
Behavior Checklist and 
the Teacher's Report 
Form

G allele is 
associated 
with aggres-
sion. More 
significant if 
only include 
male data

A1/A2 and 
A1/A1 geno-
type are over-
representated 
in aggressive 
children. 
More signifi-
cant if only 
include male 
data

CC geno-
type is 
overrepre-
sented in 
aggressive 
children. 
More 
significant 
if only 
include 
male data

No 
assocation

No 
assocation

No 
assocation

Zai et al., 
2012

Sibling subsample 
of more than 
2,500 participants 
in the National 
Longitudinal 
Study of Adoles-
cent Health. 

Violent delinquency NA The violent 
delinquency 
is more fre-
quent in A1/
A2 genotype 
in male. No 
assocation in 
female.

NA NA NA NA Guo et al., 
2007

138 adult Datoga 
men

Self-rated aggression 
scores were obtained 
using Buss and Perry’s 
Aggression Question-
naire (AQ)52

NA Anger is 
highly associ-
ated with the 
genetype of 
A1/A2 and 
A2/A2.

NA NA NA NA Butovs-
kaya et al., 
2013

872 male par-
ticipants from the 
National Lon-
gitudinal Study 
of Adolescent 
Health

Self-report question-
naires that tapped 
adolescent conduct 
disorder and adult 
antisocial behavior

NA No assoca-
tion, unless 
included the 
gene x gene 
interaction 
with Drd4

NA NA NA NA Beaver at 
al. 2007

820 healthy 
unrelated Hadza 
and Datoga 
individuals 

Self-rated scores of 
aggression were col-
lected using Buss and 
Perry's Aggression 
Questionnaire.

NA No assocation NA NA NA NA Sukhodol-
skaya et al. 
2018

Participants were 
144 adolescents 
with conduct dis-
order recruited at 
the youth socio-
therapy centre.

The Buss-Perry 
Aggression Question-
naire (BPAQ) was 
administered to record 
the level of aggression

NA NA NA No 
assocation

NA NA Halicka-
Masłowska 
et al. 2021.

Children and ado-
lescents between 
8 and 20 years old 
who were clini-
cally followed-up.

Behavioral character-
istics of children and 
adolescents based on an 
inventory of the Child 
Behavior Checklist

No 
assocation

NA NA CT and TT 
genotypes 
are siginif-
cantly asso-
ciated with 
defiant and 
oppositional 
problems.

NA NA Della Torre 
et al. 2018
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AMPT, DA concentrations in the brain hemispheres and 
brainstem were significantly reduced in mice (Serova and 
Naumenko 1996). Behaviorally, 8 out of 9 dominant male 
mice, identified by their victories in RITs prior to treatment, 
displayed significantly fewer attacks and lost their dominant 
status after AMPT administration (Serova and Naumenko 
1996). AMPT treatment also caused a dramatic increase in 
the latency to initiate their first attack compared with vehi-
cle-treated controls. This reduction in aggression was not 
due to compromised general locomotion, as AMPT-treated 
mice exhibited similar motor activity to controls in open-
field tests (Serova and Naumenko 1996).

Pharmacological inhibition of DA release also influences 
intermale aggression. CGS 10746B, a DA release inhibi-
tor, can suppress DA cell firing rates without altering DA 
metabolism or occupying D2 receptors (French and Wit-
kin 1993) (Table 3). i.p. injection of the CGS 10746B, at 
a dose that did not affect general locomotion, effectively 
reduced intermale aggression after social isolation (Felip et 
al. 2001). Interestingly, the anti-aggression effect of CGS 
10746B was much stronger in the mice had longer attack 
latency (> 3 min) compared with those had shorter latency 
(< 2 min) (Felip et al. 2001). Typically, male mice that are 
more aggressive or have more experience with aggression 
exhibit shorter latencies to attack (Yan et al. 2024). These 
results suggest that the aggressiveness level of mice may 
influence the effectiveness of the drug in modulating aggres-
sive behavior.

6-Hydroxydopamine

6-Hydroxydopamine (6-OHDA) is a neurotoxin widely 
used to model Parkinson-like symptoms in rodents due to 
its ability to selectively induce oxidative and metabolic 
stress in DA cells (Simola et al. 2007). Because 6-OHDA 
cannot readily cross the blood-brain barrier, its administra-
tion requires direct intraventricular infusion for widespread 
effects or targeted injection into specific brain regions. Once 
inside the brain, 6-OHDA enters DA cells through DAT, and 
it can rapidly trigger the degradation of DA axons at the 
injection site within a few hours (Stott and Barker 2014). 
However, the 6-OHDA-induced apoptosis of the midbrain 
DA cells is a slower process, taking 1 ~ 2 weeks to reach a 
steady state (Stott and Barker 2014). The progressive loss 
of DA innervation leads to complex effects on aggressive 
behavior in animals (Table 3).

Intraventricular infusion of 6-OHDA in adult animals 
produces biphasic effects on aggressive behaviors (Craw-
ley and Contrera 1976; Ellison 1976; Pöschlová et al. 
1976; Beleslin et al. 1981, 1986). For example, Beleslin 
and colleagues performed daily intraventricular infusions 
of 6-OHDA in group-housed cats and observed a transient 

Deficiency in either gene has been closely linked to overt 
aggressive conduct, particularly in males. For example, 
MAOA was the first gene identified that can directly cause 
impulsive aggression in males (Brunner et al. 1993a, b). 
Brunner and colleagues discovered a point mutation in the 
8th exon of the MAOA gene located on the X chromosome 
in a large Dutch kindred. This SNP caused early termina-
tion of the mRNA translation, resulting in a severe reduction 
of MAOA enzymatic activity (Brunner et al. 1993b). All 
male carriers in this family exhibited markedly increased 
frequency of aggressive and violent behaviors. In mice, 
genetically knocking out MAOA successfully replicates 
the hyperaggressive phenotype observed in humans (Cases 
et al. 1995) (Table 1). These knock-out mice exhibit sig-
nificantly more frequent aggression between cagemates 
than controls and a markedly reduced latency to initiate 
attacks during their first RITs. Additionally, the dopamine 
metabolite, 3,4-dihydroxyphenylacetic acid (DOPAC), is 
decreased drastically in three-month-old knock-out mice, 
accompanied by an increase in extracellular DA concentra-
tion (Cases et al. 1995).

The dopamine transporter (DAT), the primary membrane 
protein responsible for DA reuptake, also profoundly affects 
aggression. In both mice and rats, genetic knock-out of DAT 
dramatically increases basal extracellular DA concentra-
tion by more than 5-fold in DAT -/- animals compared with 
WT controls (Giros et al. 1996; Jones et al. 1998; Leo et 
al. 2018) (Table 1). Interestingly, while striatal DA release 
upon electrical stimulation is reduced substantially in DAT 
-/- rodents, once released, DA remains in the extracellular 
space about 100 times longer than in WT mice. This pro-
longed DA presence likely amplifies DA signaling, con-
tributing to behavioral changes. Male DAT -/- mice exhibit 
increased aggressiveness during RITs after social isolation 
compared with WT controls (Rodriguiz et al. 2004). Addi-
tionally, these mice showed an unstable social rank across 
consecutive days in tube tests, suggesting similar social 
dominance among DAT mutant animals (Rodriguiz et al. 
2004).

Pharmacology

Drugs disrupting DA synthesis and release

Drugs that inhibit DA synthesis can effectively reduce 
aggression in male mice. α-Methyl-p-tyrosine (AMPT) is 
a competitive inhibitor of TH, which can block the conver-
sion of tyrosine to L-DOPA (Table 3). Although it takes 
hours to show an effect, it can effectively reduce the DA 
storage in DA cells (Watanabe et al. 2005). Serova et al. 
reported that 7 h after intraperitoneal (i.p.) injection of 
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Chemical Function Subject Behavioral 
Task

Results Reference

α-Methyl-p-tyrosine TH 
inhibitor

Male mice 
from differ-
ent strains

Single-housed 
for 5 days, RITs 
for 3 hours with 
four 20-min 
observation 
periods

Aggression decrease. Serova 
and Nau-
menko, 
1996

CGS 10746B DA release 
inhibitor

Male OF1 
mice

Single-housed 
for 4 weeks, 
RITs for 
10-min in a 
neutral cage

Aggression decrease. 
Mice with long 
attack latency 
showed a stronger 
response than those 
that had a short 
attack latency

Felip et 
al., 2001

6-OHDA Kill DA 
cells

Cats of both 
sexes

Home cage 
aggression 
and aggres-
sive behavior 
towards human

Aggression increase 
after first several 
doses of 6-OHDA 
infusion, then 
aggression decrease

Beleslin et 
al., 1981, 
1986

6-OHDA Kill DA 
cells

Male CF1 
mice with 
high isola-
tion-induced 
fighting 
tendencies

Single-housed 
or pair-housed 
with a female 
after weaning, 
RITs for 10 
mins

Fighting tendency 
decrease. 

Craw-
ley and 
Contrera, 
1976

6-OHDA Kill DA 
cells

Male albino 
mice

Single-housed 
for 3-5 weeks, 
RITs for 4 
mins with three 
repeats in a 
week

Increase aggression 
in non-aggressive 
mice, but no change 
in experienced 
aggressors

Pöschlová 
et al., 1976

6-OHDA Kill DA 
cells

Male Long 
Evans rats

Social hierachy 
test in big 
cohorts (27 
male for each 
treatment)

6-OHDA treated 
rats started with 
high hierarchy then 
gradually decreased 
to the lowest.

Ellison, 
1976

6-OHDA Kill DA 
cells

Female 
Sprague-
Dawley rats

Shock-induced 
aggression 
and maternal 
aggression. 

Increase both shock-
induced and mater-
nal aggression. 

Sorenson 
and Gor-
don, 1975

6-OHDA Kill DA 
cells

Male Wistar 
rats

Tail-clamp 
induced 
aggression

Increase tail-clamp 
induced aggression.

Mine et 
al., 1981

6-OHDA Kill DA 
cells

Male 
Sprague-
Dawley rats

Shock-induced 
aggression

Increase shock-
induced aggression. 

Eichelman 
et al., 1972

6-OHDA and DA Kill DA 
cells

Male 
Sprague-
Dawley rats

Shock-induced 
aggression

Both 6-OHDA and 
DA increase shock-
induced aggression

Geyer and 
Segal, 
1974

6-OHDA Kill DA 
cells

Male 
Sprague-
Dawley rats

Shock-induced 
aggression

Increase shock-
induced aggression. 

Thoa et 
al., 1972

6-OHDA Kill DA 
cells

Male Wistar 
rats

Shock-induced 
aggression

6-OHDA infusion 
inventral tegmental 
area (VTA) decrease 
shock-induced 
aggression.

Puciłowski 
et al. 1982

6-OHDA Kill DA 
cells

Male Swiss 
mice

6-OHDA 
neontal lesion 
at postnatal day 
5, RITs at post-
natal day 42

6-OHDA infu-
sion at P5 increase 
aggression during 
adolescence (P42) 

Bouchatta 
et al. 2018

Table 3  Aggression and chemi-
cals to reduce DA
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DA cells, which are more relevant to aggressive behaviors 
(Yu et al. 2014; Mahadevia et al. 2021; Dai et al. 2025), 
show greater resilience to 6-OHDA compared with substan-
tia nigra SNc DA cells (Pacelli et al. 2015; Balzano et al. 
2024). A single dose of 6-OHDA is often insufficient to fully 
eliminate VTA DA cells (Bouchatta et al. 2018). Moreover, 
direct infusion of 6-OHDA at the VTA decreases rather than 
increases shock-induced aggression (Puciłowski et al. 1982). 
Taken together, 6-OHDA infusion may induce hyperactiva-
tion of downstream DA receptor-expressing cells, while the 
DA supply related to aggression remains relatively intact. 
This may explain why 6-OHDA induces biphasic effects on 
aggressive behaviors (Crawley and Contrera 1976; Ellison 
1976; Pöschlová et al. 1976; Beleslin et al. 1981, 1986). 
During the early stages of 6-OHDA treatment, DA deple-
tion may enhance aggression due to heightened reactivity 
in downstream circuits. However, as the animal receives 
multiple doses of 6-OHDA and mesolimbic dopaminergic 
cells undergo complete degeneration, aggressive behaviors 
diminish and eventually disappear.

It is important to acknowledge that although the social 
isolation-induced aggression and pain-induced aggression 
are both classified as forms of reactive aggression, they 
may involve distinct neural mechanisms. Social isolation-
induced aggression has been studied extensively over the 
past several decades, resulting in a relatively well-under-
stood set of neural circuits (Lischinsky and Lin 2020; Mei 
et al. 2023). In contrast, the mechanisms underlying pain-
induced aggression remain poorly understood. How painful 
stimuli elicits aggressive behavior and how DA is involved 
in this process require further investigation.

Stimulants

Stimulants, especially amphetamines, increase extracel-
lular DA levels by inhibiting DA reuptake via the DAT. 
Studies consistently show that amphetamines alter aggres-
sion in a dose-dependent manner across different species, 
where amphetamines promote aggression at low doses but 
suppress aggressive behavior at higher doses (Miczek and 
Tidey 1989) (Table 4). In male stumptail macaques, low 
doses of amphetamines increased self-directed aggressive 
behavior, while higher doses decreased it (Peffer-Smith et 
al. 1983). In socially isolated mice and rats, low doses of 
amphetamines increased intermale aggression, whereas 
higher doses caused hyperactivity and decreased aggression 
(Miczek 1974, 1979; Miczek and Tidey 1989). Interest-
ingly, this dose-dependent effect is also observed in healthy 
human subjects without prior drug history (Cherek et al. 
1986). Notably, this phenomenon is distinct from the drug’s 
effects on general locomotion. At doses where aggression 
begins to decrease, voluntary movement continues to either 

increase in spontaneous aggression towards cagemates after 
the first 2–3 infusions (Beleslin et al. 1981, 1986). How-
ever, with repeated administration, aggressive behavior 
typically decreased or disappeared entirely (Beleslin et al. 
1981, 1986). This reduction in aggression was accompanied 
by a gradual decline in general locomotor function. Similar 
biphasic changes in aggression were observed in rats. Elison 
infused saline or 6-OHDA intraventricularly in rats for three 
consecutive days and monitored their behaviors for the fol-
lowing 50 days (Ellison 1976). In the first few days after the 
treatment, the number of violent fighters in the 6-OHDA-
treated groups increased more compared with saline con-
trols. However, within a month, the hierarchy positions of 
the 6-OHDA-treated rats, determined by victories during 
aggressive encounters, declined dramatically and never 
recovered (Ellison 1976). In mice, the effects of 6-OHDA 
on aggression exhibit some differences compared with 
other species (Beleslin et al. 1981; Ellison 1976; Pöschlová 
et al. 1976). 6-OHDA infusion induced aggressive behav-
ior in previously non-aggressive, single-housed male mice 
(Pöschlová et al. 1976). However, in mice that were already 
aggressive, 6-OHDA treatment did not significantly alter 
their overall aggressive behavior (Pöschlová et al. 1976).

In contrast, painful stimuli such as foot shock and 
tail pinch reliably elicit a higher frequency of attacks in 
6-OHDA-treated mice and rats, even several weeks after 
the last 6-OHDA infusion (Eichelman et al. 1972; Thoa 
et al. 1972; Geyer and Segal 1974; Sorenson and Gordon 
1975; Mine et al. 1981). In the foot shock-induced aggres-
sion, rodents typically receive 1–2 doses of 6-OHDA infu-
sion several weeks before the aggression test. During the 
test, 6-OHDA-treated rodents, along with either their cage-
mates or group-housed male intruders, are introduced into a 
foot shock chamber where both animals receive simultane-
ous shocks. The pain stimulus triggers fighting between the 
two animals, and the 6-OHDA-infused rodents consistently 
displays more attacks compared with the saline controls 
(Eichelman et al. 1972; Thoa et al. 1972; Geyer and Segal 
1974).

Why does a neurotoxin that kills DA cells and depletes 
DA in the brain, to some extent, facilitate aggression? 
These observations contradict genetic and pharmacologi-
cal evidence supporting DA’s role in promoting aggression 
(Brizer 1988; Freudenberg et al. 2016; Vukhac et al. 2001). 
One possible explanation is that DA depletion caused by 
intraventricular infusion of 6-OHDA leads to hyperacti-
vation of aggression-related neural circuits. Several stud-
ies have demonstrated that after 6-OHDA lesions, striatal 
D1R-expressing cells show a stronger response to DA, and 
D2R-expressing cells become more reactive to glutamate 
transmission (Feyder et al. 2011; Ryan et al. 2018; Spigolon 
and Fisone 2018; Mariani et al. 2019). Additionally, VTA 
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decreased over repeated encounters. However, in amphet-
amine-treated mice (1–5 mg/kg), although the initial 
attack frequency was lower than saline controls, the 
amphetamine-treated mice maintained social interest in 
the same intruder across subsequent trials, leading to sig-
nificantly higher cumulative attack frequencies (Winslow 
and Miczek 1983).

Second, Dr. Miczek and his team found that prior aggres-
sion experience alters sensitivity to amphetamines in resi-
dent mice (Haney et al. 1990). Low doses of amphetamines 
increased aggressiveness in male mice with no prior fighting 
experience. However, after ten prior fighting experiences, 
the same male mice became hypersensitive to the aggres-
sion-suppressing effects of amphetamines. For instance, 
even a low dose of 0.1 mg/kg, which typically increases 
aggression in naïve male mice, significantly suppressed 
aggressive behavior in experienced aggressors (Haney et al. 
1990). Importantly, this shift in sensitivity to amphetamines 
did not affect motor activity, which remained consistent 
regardless of aggression experience. These findings are one 
of several lines of evidence that show that aggression expe-
rience contributes to how DA modulates male aggression.

increase or remain at elevated levels (Cherek et al. 1986). 
This suggests that the DA pathways regulating aggression 
differ from those controlling general movement. Further-
more, this dose-dependent effect of stimulants appears task-
independent, as similar trends have been observed across 
social isolation-induced and foot shock-induced aggression 
(Crowley 1972; Miczek and Tidey 1989).

Dr. Klaus Miczek and his colleagues provided further 
insights into the complexity of amphetamine’s effects 
on aggression, extending their studies beyond simple 
dose-dependency using mouse models (Winslow and 
Miczek 1983; Haney et al. 1990). First, they evaluated 
how amphetamines influence the habituation of aggres-
sion during repeated social exposure to the same intrud-
ers (Winslow and Miczek 1983). They found that, while 
high doses of amphetamine decreased the attack duration 
during the initial social encounter, they also disrupted the 
habituation-induced aggression level decrease in later 
sessions. In this procedure, aggressive male mice were 
exposed to the same intruder in ten consecutive 5-minute 
RITs with 5-minute rest intervals. In saline-treated con-
trols, attack frequency and sideway threats exponentially 

Chemical Function Subject Behavioral Task Results Reference
Amphetamines DAT 

blocker
Male 
Sprague 
Dawley 
rats

Single-house, RITs 
for 15 mins

Increase aggression at 
a low dose, decrease at 
a higher dose

Miczek, 
1974

Amphetamines DAT 
blocker

Male 
Long 
Evans 
rats

Group-housed, 
RITs for 5 mins 
after the first attack

Increase aggression at 
a low dose, decrease at 
a higher dose

Miczek, 
1979

Amphetamines DAT 
blocker

Male 
stumptail 
macaque

Self-aggression Increase self-directed 
aggression at a low 
dose, decrease at a 
higher dose

Peffer-
Smith et 
al. 1983

Amphetamines DAT 
blocker

Human 
males

Aggression 
response test

Increase aggression 
response at a low dose, 
decrease at a higher 
dose

Cherek et 
al. 1986

Methamphetamine DAT 
blocker

Male 
Sprague 
Dawley 
rats

Shock-induced 
aggression

Increase aggression at 
a low dose, decrease at 
a higher dose

Crowley, 
1972; 
Miczek 
and Tidey, 
1989

Amphetamines DAT 
blocker

Male 
CFW 
mice

Aggression habitu-
ation task: 5-min 
RITs followed by 
a 5-min rest period 
for ten repetitions. 

High dose decreases 
aggression in the first 
encounter, but main-
tains the aggressive-
ness for the later ones

Winslow 
and 
Miczek, 
1983

Amphetamines DAT 
blocker

Male 
Swiss 
Webster 
mice

Pair-housed with 
female, subjects 
underwent zero, 
one, or ten aggres-
sive experience 
and then ran RITs 
for 5 mins 

Experienced aggressor 
is more sensitive to the 
suppressive effect of 
amphetamines.

Haney et 
al., 1990

Table 4  Aggression and 
stimulants
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positively to risperidone. Of these responders, two-thirds 
maintained the positive effects six months after treatment 
(McCracken et al., 2002). Note that children with aggres-
sive behavior issues may be considered novice aggressors. 
In contrast, the effectiveness of antipsychotics in address-
ing chronic, long-term aggression in adults appears limited 
and may primarily reflect a general suppression of arousal 
systems (Khushu and Powney 2016; van Schalkwyk et al. 
2018). These clinical findings highlight the critical role of 
prior aggression experience in determining the effectiveness 
of antipsychotic treatments. They also suggest that the early 
stages of aggression development may represent the most 
effective window for intervention.

In addition to D2 receptor antagonists, the D2 receptor 
agonists have also been implicated in aggression, although 
the findings are controversial. Some D2 receptor agonists, 
such as apomorphine and bromocriptine, increase aggres-
sion in both foot-shock and isolation-induced aggressions 
(McKenzie 1971; Benus et al. 1991; Nikulina and Kapralova 
1992). However, other D2 receptor agonists, like quinpirole, 
have been shown in multiple studies to robustly suppress 
aggression in male mice (Baggio and Ferrari 1980; Tidey 
and Miczek 1992; Gao and Cutler 1993; Gendreau et al. 
1998). One hypothesis suggests that different D2 receptor 
agonists may exhibit selectivity for specific subtypes of D2 
receptors. For example, quinpirole preferentially activates 
presynaptic D2S autoreceptors, suppressing presynaptic DA 
release and downstream D2 receptor signaling (Wang et al. 
2000; Usiello et al. 2000). But whether that is the case or not 
requires further investigation.

Beyond D2 receptors, other D2-like receptors appear to 
play a minimal role in aggression modulation. A highly spe-
cific D3 receptor antagonist, U-99,194 A, has been shown to 
decrease intermale aggression following systemic adminis-
tration, but only at high doses that also suppress spontaneous 
motor activity (Rodríguez-Arias et al. 1999). L-741,741, a 
selective D4 receptor antagonist, did not demonstrate any 
anti-aggressive effects (Navarro et al. 2003), suggesting that 
D3 receptor, but not D4 receptor, is involved in aggression 
modulation.

The evidence regarding D1 receptors is relatively lim-
ited. Some studies have found that D1 receptor agonists 
and antagonists are ineffective in suppressing aggression 
(Nikulina and Kapralova 1992; Tidey and Miczek 1992; 
Rodrı́guez-Arias et al. 1998; Bondar’ and Kudryavtseva 
2005). However, other studies suggest D1 receptor antag-
onist may play a role in proactive aggression. Systemic 
injection of SCH 23,390 blocked both aggression self-
administration and winning-induced aggression increase 
(Couppis and Kennedy 2008; Becker and Marler 2015). 
These findings imply that D1 and D2 receptors may have 
distinct functions in different types of aggression.

DA receptor agonists and antagonists

DA receptor antagonists, especially D2 receptor antagonists, 
are among the most frequently prescribed drugs to suppress 
human aggression (Brizer 1988) (Table 5). For example, 
both the typical antipsychotic haloperidol and the atypi-
cal antipsychotic risperidone have been used for decades 
to manage aggression in patients with psychosis and other 
conditions such as bipolar disorder and autism (Thoa et al. 
1972; Carlyle et al. 1993; McDougle et al. 1998; Cousins 
et al. 2009; Calver et al. 2015). Despite their widespread 
use, debates persist about the mechanisms underlying their 
efficacy. Recent systematic reviews suggest that the aggres-
sion-suppressing effects of these drugs may be secondary to 
their sedative effects on general locomotion (Khushu and 
Powney 2016; van Schalkwyk et al. 2018).

Decades of animal studies on D2 receptor antagonists 
and their effects on aggression provide valuable insights 
into the debate (Table 5). Both older and newly developed 
D2 receptor antagonists, such as haloperidol, risperidone, 
(−)-OSU6162, and Tiapride, have been shown to effectively 
suppress social-isolation induced aggression in male mice 
and rats at doses that do not impair locomotion (Redolat 
et al. 1991; Ferrari and Giuliani 1995; Navarro and Man-
zaneque 1997; Kudryavtseva et al. 1999; Fragoso et al. 2016; 
Studer et al. 2016). These findings strongly support the role 
of D2 receptor antagonists in managing aggression. How-
ever, some studies suggest that the effectiveness of these 
drugs in suppressing aggression depends on the mice’s prior 
aggression experience (McMillen et al. 1989; Kudryavt-
seva et al. 1999). For example, McMillen et al. showed that 
D2 receptor antagonists fail to suppress aggression unless 
administered at doses that impair locomotion when mice 
are extensively trained for aggression—eight sessions over 
two weeks—before testing (McMillen et al. 1989). Another 
study, conducted by Kudryavtseva et al., carefully examined 
the impact of aggression experience on the efficacy of D2 
receptor antagonist haloperidol (Kudryavtseva et al. 1999). 
In novice aggressors, mice new to aggression, haloperidol 
dose-dependently increased the latency to first attack and 
decreased total attacking duration 30 min and 24 h after 
injection. However, neither dose significantly affected any 
measure of aggressive behavior in the experienced winners, 
who had been victorious in 20 daily aggressive confronta-
tions (Kudryavtseva et al. 1999).

Similar phenomena have been observed in humans. Anti-
psychotics, including D2 receptor antagonists, are widely 
used to manage aggression in psychiatric conditions, such as 
conduct disorders and autism spectrum disorders (ASD), in 
pediatric populations (Anderson et al. 1984; McCracken et 
al., 2002). In a large-scale study of ASD children with severe 
behavioral problems, nearly 70% of patients responded 
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Table 5  Aggression and DA receport agonists and antagonists
Chemical Function Subject Behavioral Task Results Reference
Sulpride D2 

Receptor 
antagonist

Male mice from 
various strains 

Shock-induced and isola-
tion-induced aggression 

Decrease both shock-induced 
and isolation-induced aggression; 
block winning-induced aggression 
elevation

Redolat et al., 1991; 
Nikulina and Kapralova, 
1992; Couppis and Ken-
nedy, 2008

(−)-OSU6162 D2 
Receptor 
antagonist

Male CD-1 mice 
and female Wis-
tar rats

Single-housed for 7 
days, RITs for 15 mins

Decrease both isolation-induced 
aggression in male mice and estrous 
cycle-dependent aggression in 
female rats

Studer et al., 2016

Tiapride D2 
Receptor 
antagonist

Male OF1 mice Single-housed for 30 
days, RITs for 10 mins in 
a neutral cage

Decrease aggression at a dose that 
does not affect locomotion.

Navarro and Man-
zaneque, 1997

Haloperidol D2 
Receptor 
antagonist

Male C57BL/6J 
or Swiss Webster 
mice and human

Mice: RITs after singly-
housed; Human: behav-
ioral evaluation

Decrease aggression in subjects that 
are new to aggression, but lost its 
efficacy in well-experienced ones

Kudryavtseva et 
al.,1999; Vukhac et 
al., 2001; Khushu and 
Powney, 2016; Volavka 
et al., 2004b; Fragoso et 
al., 2016

(-)eticlopride D2 
Receptor 
antagonist

Male albino 
Swiss mice

Single-housed for 30 
days, RITs for 5 mins

Decrease aggression at a dose that 
does not affect locomotion.

Ferrari and Giuliani, 
1995

Risperidone D2 
Receptor 
antagonist

Male OF1 or 
Swiss Webster 
mice and human

Mice: RITs after singly-
housed; Human: behav-
ioral evaluation

Decrease aggressive conducts in 
both rodents and humans

Rodrı́guez-Arias et al., 
1998; Fragoso et al., 
2016; McDougle et al., 
1998; Volavka et al., 
2004b; McCracken et 
al. 2002

Apomorphine, 
bromocriptine

D1/D2 
Receptor 
agonist

Male mice from 
various strains 

Shock-induced 
aggression

Increase aggression Nikulina and Kapralova, 
1992

PNU91356A D2 receptor 
agonist

Male A/J and 
C57BL/6J mice

Single-housed after 
22 days of age, RITs 
for 5 mins in a neutral 
chamber

Decrease aggression, increase 
non-locomotor forms of defensive 
behavior (e.g. freezing). 

Gendreau et al., 2000

Quinpirole D2 Recep-
tor agonist

Male Swiss Web-
ster and DBA/2 
mice

RITs after pair-
housed with female or 
singly-housed

Decrease both locomotor and 
aggression

Gao and Cutler, 1993; 
Tidey and Miczek, 
1992.

U-99194A D3 
Receptor 
antagonist

Male OF1 mice Single-housed for 30 
days, RITs for 10 mins in 
a neutral cage

Increase social investigation, 
decrease aggression at high dose that 
also suppresses spontaneous motor 
activity

Rodríguez-Arias et al., 
1999

7-OH-DPAT and 
PD 128907

D3 Recep-
tor agonist

Male A/J and 
C57BL/6J mice

Single-housed after 
22days of age, RITs for 5 
mins in a neutral cage

Decrease aggression, increase 
non-locomotor forms of defensive 
behavior and increase the locomotor 
forms of defensive behavior (e.g. 
escape, jump) at high doses. 

Gendreau et al., 2000

SKF 38393 D1 Recep-
tor agonist

Male mice from 
various strains 

Shock-induced and isola-
tion-induced aggression 

Little or no effect to aggression at a 
dose that does not affect locomotion

Nikulina and Kapralova, 
1992; Tidey and Mic-
zek, 1992.

SCH23309 D1 
Receptor 
antagonist

Male mice from 
various strains 

Shock-induced and isola-
tion-induced aggression 

Little or no effect to aggression at a 
dose that does not affect locomotion; 
block winning-induced aggression 
elevation

Nikulina and Kapralova, 
1992; Couppis and Ken-
nedy, 2008; Bondar’ and 
Kudryavtseva, 2005

L-741741 D4 receptor 
antagonist

Male OF1 mice Single-housed for 30 
days, RITs for 10 mins in 
a neutral cage

Little or no effect to aggression Navarro et al., 2003
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In our recent study, we employed chemogenetic tech-
niques to bidirectionally manipulate VTA DA cells and 
investigate their role in aggression using DREADDs (Roth 
2016) and DATIRESCre transgenic mice (Dai et al. 2025). We 
showed that activating VTA DA cells significantly increased 
intermale aggression, while inhibiting these cells markedly 
suppressed aggressive behaviors. These results are con-
sistent with previous findings and provide additional evi-
dence for the necessity and sufficiency of VTA DA cells 
in modulating aggression in male mice (Yu et al. 2014; 
Mahadevia et al. 2021). In addition, we found that activa-
tion of VTA DA neurons has a limited or negative impact on 
maternal aggression in females (Dai et al. 2025). Inspired 
by previous studies (McMillen et al. 1989; Haney et al. 
1990, 1990; Kudryavtseva et al. 1999; Felip et al. 2001), 
we asked whether aggression experience would influence 
how DA modulates aggression. We found that the effects 
of chemogenetic manipulation were only robust in novice 
aggressors (with less than three days of aggression expe-
rience) but not in expert aggressors (with more than eight 
days of aggression experience) (Dai et al. 2025). We then 
assessed the necessity of DA in the emergence of aggression 
by conditionally mutating TH in VTA DA cells. Naive male 
mice with VTA TH mutagenesis failed to show consistent 
attack across 8 days of repeated RITs. In contrast, control 
mice displayed escalated aggression and maintained a con-
sistently high level in subsequent testing days. Interestingly, 
in expert aggressors, the loss of TH in VTA DA cells did 
not negatively impact aggression; both TH-KO and control 
mice continue to show high levels of aggression (Dai et al. 
2025). These findings highlight the critical role of DA in the 
emergence of aggression and emphasize how fighting expe-
rience shapes DA’s role in modulating aggression.

VTA DA cells are a highly heterogeneous population 
where molecularly differentiable subpopulations form dis-
tinct projections to downstream areas (Beier et al. 2015; 
Poulin et al. 2018). In the following sections, we will sum-
marize the current knowledge of each brain region inner-
vated by VTA DA cells, detailing their roles in aggressive 
behavior and discussing their potential mechanisms.

Lateral septum

LS is one of the downstream targets of VTA DA cells and 
receives moderate DA inputs (Beier et al. 2015; Poulin et 
al. 2018). It plays an important yet complex role in regu-
lating aggressive behavior. Previous studies have demon-
strated that the dorsal (dLS) and ventral (vLS) subdivisions 
of LS work in coordination to modulate intermale aggres-
sion (Wong et al. 2016; Leroy et al. 2018; Guo et al. 2023). 
The dLS receives aggression-related social information 
from the CA2 subregion of the hippocampus and sends 

Neural circuit studies of DA in aggression

Recent technological advancements have significantly 
improved our ability to investigate DA’s effects on aggres-
sion at both cellular and circuit levels. Tools such as opto-
genetics and chemogenetics now enable researchers to 
precisely manipulate dopaminergic cells and their down-
stream targets, allowing for detailed dissection of their roles 
in aggressive behaviors (Campbell and Marchant 2018; 
Emiliani et al. 2022).

Moreover, the development of state-of-the-art DA sen-
sors has revolutionized our understanding of DA dynamics 
(Sun et al. 2018, 2020; Patriarchi et al. 2018, 2020; Zhuo et 
al. 2024). These advanced tools allow researchers to moni-
tor DA release in real-time, shedding light on how DA sig-
naling downstream of DA cells influences aggression. These 
technologies provide invaluable insights into the cellular 
and circuit mechanisms underlying DA’s role in aggression, 
paving the way for more targeted and effective therapeutic 
interventions.

Ventral tegmental area

DA cells in VTA are a major source of DA in the brain and 
are famous for their functions in reward learning, reinforce-
ment, and motivation (Fields et al. 2007; Bromberg-Martin 
et al. 2010; Pignatelli and Bonci 2015). Pioneering work 
by Dr. Mark Ansorge’s lab revealed the role of VTA DA 
cells in modulating aggression (Yu et al. 2014; Mahadevia 
et al. 2021). In their study published in 2014, they discov-
ered that blocking the DAT during the peri-adolescence 
period (P22–41) significantly increased aggressive behav-
iors in adult male mice due to hypersensitivity of their DA 
system (Yu et al. 2014). They hypothesized that this altera-
tion in aggression might involve VTA DA cells. To test this 
hypothesis, they used double transgenic mice (DATIRESCre: 
ai32) that conditionally express channelrhodopsin-2 (ChR2) 
in all DAT-expressing cells, which captures nearly all the 
DA cells in the brain. Then, they implanted optical fibers to 
specifically target and stimulate VTA DA cells. Optogenetic 
activation of VTA DA cells in untreated adult mice success-
fully promoted social isolation-induced aggressive behav-
iors across all measures, including mounting, tail rattling, 
and biting (Yu et al. 2014). This is the first direct evidence 
supporting VTA DA cells’ role in modulating aggression in 
male mice. In a subsequent publication, they further demon-
strated that neighboring DA cells in the substantia nigra pars 
compacta (SNc) do not contribute to aggressive behavior 
(Mahadevia et al. 2021). Optogenetic activation of SNc DA 
cells failed to mimic the effects observed with VTA DA cell 
activation, highlighting the specific role of VTA DA cells in 
aggression (Yu et al. 2014; Mahadevia et al. 2021).
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in the ventral LS rather than the dLS (Yao et al. 2023). 
This suggests a more complex circuit mechanism that may 
underlie the downregulation of Drd2 expression in the dLS.

Compared with the dense expression of DA receptors, 
the known DA inputs to the LS appear relatively limited. In 
our TH staining, we observed sparse tyrosine hydroxylase 
(TH)-positive terminals in the LS regions, e.g., vLS, that 
receive no VTA projection (Dai et al. 2025). The origin of 
these projections and their roles remains unclear. Do they 
modulate aggression-related circuits directly, or are they 
involved in other behavioral or physiological processes? 
Further studies are needed to identify the source of these 
projections and explore their functional significance in the 
vLS, particularly in the context of aggression.

Nucleus accumbens

In the quest to understand DA’s role in aggression, the 
nucleus accumbens (NAc) has drawn extensive attention 
due to its dense dopaminergic innervation and its critical 
role in motivation and reinforcement (Fields et al. 2007; 
Bromberg-Martin et al. 2010; Beier et al. 2015; Poulin et al. 
2018). The NAc can be divided into core and medial shell, 
each receiving DA inputs from largely non-overlapping 
VTA DA cells and implicated in different aggression-related 
functions (Jong et al. 2019).

DA release in NAc core encodes the valence of social 
experiences. Our previous study demonstrated that positive 
and negative social experiences evoke opposite DA activ-
ity patterns in the NAc core (Dai et al. 2022). Specifically, 
attacking and winning a social encounter induced a stable 
increase in DA signals, while being attacked and losing a 
fight caused a significant decrease in DA levels. We found 
that optogenetic activation of VTA DA terminals in the 
NAc core during social defeat alleviated defeat-induced 
social avoidance (Dai et al. 2022). Willmore et al. selec-
tively stimulated VTA DA terminals in the NAc core dur-
ing social defeat and reported that the likelihood of fighting 
back while being attacked significantly increased in the 
ChR2-expressed mice (Willmore et al. 2022). However, this 
increase did not depend on the temporal coupling of defeat 
or fighting with the stimulation, arguing against the role of 
DA in moment-to-moment action reinforcement, as shown 
in the dorsal striatum (Willmore et al. 2022; Markowitz et 
al. 2023). These results collectively suggest that DA release 
in the NAc core encodes the valence of social experiences, 
which alters animals’ behavioral reactions to the relevant 
opponent. Notably, there is little direct evidence supporting 
the role of NAc core DA in directly promoting attacks.

DA release at the NAc medial shell is seemingly not 
related to the expression of intermale aggression. Our 
results, together with a recent report, found that optogenetic 

direct inhibition to the vLS, which in turn disinhibits neu-
rons in the ventrolateral part of ventromedial hypothalamus 
(VMHvl), a region known to promote aggressive behaviors 
(Lin et al. 2011; Wong et al. 2016; Leroy et al. 2018). Fiber 
photometry recording showed that both pyramidal cells in 
CA2 and their terminals projecting to the dLS are activated 
during attack (Leroy et al. 2018). Furthermore, our recent 
findings revealed that attacking male intruders robustly 
increase GCaMP6 signals in dLS cells, supporting its active 
role in facilitating intermale aggression (Dai et al. 2025).

DA release into the dLS is critical for intermale aggres-
sion. Studies by Dr. Mark Ansorge’s lab and our lab dem-
onstrated that optogenetic activation of VTA DA terminals 
in the dLS promotes aggressive behaviors (Mahadevia et al. 
2021; Dai et al. 2025). In contrast, optogenetic inhibition 
of VTA DA terminals in the dLS, or ablating these termi-
nals using 6-OHDA, significantly diminishes aggressive 
behaviors in rookie aggressors (Mahadevia et al. 2021; Dai 
et al. 2025). Interestingly, after animals gain enough aggres-
sion experience, we found that the DA modulation in dLS 
becomes less effective. Using the third-generation fluores-
cent DA sensor, GRABDA3h, we showed that DA release in 
the dLS is highly responsive when intruders are present to 
rookie aggressors. However, as aggression experience accu-
mulates, DA release in the dLS becomes progressively lim-
ited (Dai et al. 2025).

Our slice physiology experiments revealed that DA 
release in the dLS plays a permissive role in aggression 
by facilitating the flow of aggression-related information 
through the inhibitory network within the dLS. Under rest-
ing conditions, the dLS cells form a dense inhibitory local 
network that primarily restricts information flow from the 
hippocampus to downstream areas. DA acts on the densely 
expressed D2 receptors in the dLS, weakening this mutual 
inhibition by decreasing presynaptic vesicle release, 
enabling signals from the hippocampus to pass. In expert 
aggressors, the mutual inhibition within the dLS is naturally 
weakened, making the DA assistance less essential (Dai et 
al. 2025) (Fig. 2).

Many questions remain unanswered regarding the 
mechanisms underlying DA modulation of aggression. 
One pressing question is how the experience of aggression 
downregulates Drd2 mRNA and D2 receptor expression in 
the dLS. In our study, we observed a significant reduction 
in Drd2 mRNA expression in the dLS of expert aggressors 
compared with rookie aggressors (Dai et al. 2025). Interest-
ingly, one study reported that repeated estradiol exposure 
can decrease Drd2 expression in the striatum (Lammers et 
al. 1999). However, this effect likely does not directly act 
on Drd2-expressing striatal cells, as estradiol fails to reduce 
Drd2 expression in cultured cells. In the case of the LS, the 
estrogen receptor alpha (Esr1) is predominantly expressed 
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D2R-expressing cells in the NAc medial shell. Chemoge-
netic inhibition of D1R cells, but not D2R cells, reduced 
the frequency of lever pressing (Golden et al. 2019a), sug-
gesting that D1R cell activity in NAc shell is required for 
aggression seeking. In a related study, Aleyasin et al. found 
that ΔFosB, a transcription factor known to regulate reward 
and motivated behaviors, was selectively increased in D1R-
expressing cells in the NAc medial shell and core follow-
ing repeated aggressive encounters (Aleyasin et al. 2018). 
Genetic manipulation of ΔFosB expression in D1R cells at 
NAc altered intermale aggression without affecting aggres-
sion-induced conditioned place preference (CPP). These 

activation of VTA DA terminals at Nac medial shell did not 
promote intermale aggression in novice mice (Mahadevia 
et al. 2021; Dai et al. 2025). In addition, 6-OHDA lesion of 
NAc medial shell DA terminals did not affect the emergence 
of aggression in naïve males (Dai et al. 2025). However, 
the downstream D1R- and D2R-expressing cells in the NAc 
medial shell have been implicated in aggression seeking 
and in the rewarding properties of aggression. Golden et 
al. trained the aggressive CD-1 mice to lever press for the 
opportunity to access and attack a weaker opponent (Golden 
et al. 2019a). In their study, both aggression self-administra-
tion and seeking tasks increased Fos expression in D1R- and 

Fig. 2  VTA-LS DA facilitates the emergence of male aggression. In 
naive mice, dLS cells form a strong mutual inhibition network that 
blocks excitatory hippocampal inputs from reaching downstream 
regions, thereby preventing the initiation of aggressive behavior. Over 
male–male interactions, increased DA release in the dLS weakens this 
local inhibition through the activation of D2 receptors, allowing hip-
pocampal information to pass through and facilitate aggression. As 
the aggression emerges, the animals are considered novice aggressors. 

With repeated fighting, the local inhibitory network in the dLS gradu-
ally weakens, enabling hippocampal inputs to propagate even without 
additional DA facilitation. In expert aggressors, DA release during 
male-male interaction as well as dLS cell responses to DA decrease. 
dLS: dorsal lateral septum; vLS: ventral lateral septum; LHA: lateral 
hypothalamus; ANH: anterior hypothalamus. Figure was created using 
BioRender (https://biorender.com)
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actions as the animal establishes dominance —rather than 
moment-to-moment attack.

Within the PFC, both D1 and D2 receptors are present, 
but D1 receptor expression is much denser than that of D2 
receptors (Yao et al. 2023). Studies have suggested that 
these receptor populations have distinct functions in social 
behaviors: for example, D1 receptor-expressing cells are 
essential for maintaining social rank in tube tests, whereas 
inhibition of these cells in dominant animals can lower their 
social status (Xing et al. 2022; Chen et al. 2024). In contrast, 
direct activation of the Gi signaling pathway in D2 receptor-
expressing cells markedly reduces social interaction (Chen 
et al. 2024). Thus, DA could affect the complex role of PFC 
in social cognition, such as social interest, learning, recogni-
tion, and decision making, although further investigation is 
needed to clarify the precise role of DA in the PFC.

Future directions for treating 
hyperaggression

A key step in treating hyperaggression is to identify effec-
tive molecular targets. In our recent study, we found that 
aggression experience diminishes the role of DA in mod-
ulating aggressive behaviors, reducing the efficacy of D2 
receptor antagonists in suppressing the behavior (Dai et al. 
2025). These observations align with clinical findings sug-
gesting that D2 receptor antagonists may be less effective 
in hyperaggressive patients with a long history of aggres-
sion (Anderson et al. 1984; McCracken et al., 2002; Khushu 
and Powney 2016; van Schalkwyk et al. 2017, 2018). In 
this patient population, the aggression-suppressing effect 
of antipsychotics may be largely due to their impact on the 
motor system. Atypical antipsychotics, which also antago-
nize 5-HT2A receptors, appear to suppress aggression with 
fewer side effects on movement (Ichikawa et al. 2001; 
Pierre 2005; Sykes et al. 2017). Furthermore, some human 
studies indicate an association between 5-HT2A receptor 
expression and high-aggression traits, suggesting a potential 
causal role in aggression suppression via 5HT2A antago-
nism (Giegling et al. 2006; Braccagni et al. 2023). However, 
how serotonin and different 5HT receptors affect aggression 
requires more investigation.

Efficiently delivering medication to the brain without sys-
temic side effects is another important goal. D2 and 5-HT2A 
receptors are also expressed outside the brain, such as in 
immune cells (Herr et al. 2017; Penedo et al. 2021). Conse-
quently, antipsychotics like risperidone and clozapine can 
suppress immune function, increasing the risk of infections. 
Orally taken medicines for mental disorders must have the 
ability to penetrate the blood-brain barrier and will inevita-
bly circulate in the body, affecting many organs beyond the 

findings highlight the complex role of the NAc medial shell 
in aggression modulation. Rather than acutely controlling 
the expression of aggressive behavior, DA release in the 
NAc medial shell may exert long-lasting effects that influ-
ence the motivational and reward-related components of 
aggression through its downstream signaling.

Medial amygdala

DA signaling in the medial amygdala (MeA), particularly 
within its posteroventral subdivision (MeApv), plays a role 
in modulating aggression by balancing social approach and 
predator avoidance behaviors (Miller et al. 2019). VTA 
DA cells project to the MeApv, where Drd1 expression 
is enriched and highly colocalized with excitatory Vglut2 
(slc17a6)-expressing populations (Yao et al. 2023). Miller 
et al. demonstrated that DA inputs to the MeApv regulate 
approach and avoidance by differentially modulating dis-
tinct downstream circuits (Miller et al. 2019). MeApv cells 
projecting to the bed nucleus of the stria terminalis (BNST) 
promote social approach, whereas cells projecting to the 
ventromedial hypothalamus (VMH) facilitate predator 
avoidance. Activating D1 receptors in the MeApv selec-
tively increases the firing rates of BNST-projecting cells 
while suppressing the activity of VMH-projecting cells, 
effectively biasing the system towards social approach and 
enhancing intermale aggression. Thus, DA input to the 
MeApv may facilitate social approach preceding attack.

Prefrontal cortex

The prefrontal cortex (PFC) is crucial for higher-order cog-
nitive functions and is thought to exert top-down control 
over aggressive behaviors (Lischinsky and Lin 2020; Menon 
and D’Esposito 2022). A well-known case illustrating this is 
Phineas Gage, a 19th-century railroad worker who survived 
a severe injury that damaged his frontal lobes (Damasio et 
al. 1994). Post-accident, Gage exhibited increased irritabil-
ity and aggression, illustrating the PFC’s role in restraining 
such behaviors. In rodent studies, optogenetic activation of 
excitatory neurons in the PFC has been shown to reduce 
intermale aggression, further supporting its inhibitory role 
(Takahashi et al. 2014).

The PFC receives relatively sparse DA inputs from 
VTA DA cells with high basal firing rate and high bursting 
properties (Vander Weele et al. 2019). Microdialysis stud-
ies have reported that DA concentrations in the PFC rise 
to approximately 120% following confrontations (Erp and 
Miczek 2000). Due to its relatively slow dynamics, DA 
release at PFC may modulate the aggression state — acting 
as a slow-acting brake that gradually diminishes aggressive 
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modulation of aggression are starting to emerge and are 
complex. These understandings will provide critical guid-
ance for designing more patient population-appropriate 
aggression treatment strategies.

Supplementary Information  The online version contains supplementary 
material available at ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​0​​0​2​1​3​-​0​2​5​-​0​6​8​9​3​-​w.

Acknowledgements  We thank P. O'Neill, X. Fu, and X. Dai for proof-
reading. Figures 1 and 2 were created with BioRender ​(​​​h​t​t​p​s​:​/​/​b​i​o​r​e​n​d​
e​r​.​c​o​m​​​​​)​. This research was supported by NIH grants R01MH101377, 
R01MH124927, U19NS107616, U01NS11335 (D.L.), and by the Vul-
nerable Brain Project (D.L.). 

Author contributions  Bing Dai: Conceptualization, Investigation, 
Writing – original draft, Writing – review & editing. Dayu Lin: Con-
ceptualization, Funding acquisition, Investigation, Writing – review & 
editing.

Funding  Open Access funding provided by the MIT Libraries. This re-
search was supported by NIH grants R01MH101377, R01MH124927, 
U19NS107616, U01NS11335 (D.L.), and by the Vulnerable Brain 
Project (D.L.).

Data availability  Not applicable.

Declarations

Ethical approval  Not applicable.

Consent to publish  Not applicable.

Consent to participate  Not applicable.

Competing interests  The authors declare no competing interests.

Open Access   This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and 
indicate if changes were made. The images or other third party mate-
rial in this article are included in the article’s Creative Commons 
licence, unless indicated otherwise in a credit line to the material. If 
material is not included in the article’s Creative Commons licence 
and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission 
directly from the copyright holder. To view a copy of this licence, 
visit ​h​t​t​p​​:​/​/​​c​r​e​a​​t​i​​v​e​c​​o​m​m​o​​n​s​.​​o​r​g​​/​l​i​c​e​n​s​e​s​/​b​y​/​4​.​0​/.

References

Aleyasin H, Flanigan ME, Golden SA, Takahashi A, Menard C, Pfau 
ML, Multer J, Pina J, McCabe KA, Bhatti N, Hodes GE, Hesh-
mati M, Neve RL, Nestler EJ, Heller EA, Russo SJ (2018) Cell-
Type-Specific role of ∆fosb in nucleus accumbens in modulating 
intermale aggression. J Neurosci 38:5913–5924. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​
0​.​1​​5​2​3​​/​J​N​​E​U​R​​O​S​C​​I​.​0​2​​9​6​​-​1​8​.​2​0​1​8

Anderson LT, Campbell M, Grega DM, Perry R, Small AM, Green 
WH (1984) Haloperidol in the treatment of infantile autism: 

brain. Developing more precise drug delivery methods is 
crucial for next-generation hyperaggression treatments.

The inherent complexity of the brain poses additional 
challenges for effective treatment. It is common for the 
same receptor to be expressed in different brain regions and 
to be involved in diverse behaviors. For example, D2 recep-
tors are expressed in both the LS and striatum (Yao et al. 
2023). Inhibiting D2 receptors in the LS to suppress aggres-
sion inevitably also affects D2 receptor-expressing cells in 
the striatum, leading to compromised movements. In recent 
years, our understanding of the neural circuits underlying 
aggressive behaviors has advanced rapidly (Hashikawa et 
al. 2018; Lischinsky and Lin 2020; Mei et al. 2023). How-
ever, identifying non-invasive strategies to selectively target 
aggression-related regions remains a significant challenge 
in the field. While enhancer-driven viral strategies have 
shown promise in achieving high specificity for targeting 
distinct cell populations (Vormstein-Schneider et al. 2020; 
Graybuck et al. 2021), implementing permanent interven-
tions like viral infection raises important clinical and ethical 
concerns. These strategies require careful evaluation to bal-
ance potential therapeutic benefits with the long-term impli-
cations of irreversible interventions.

Sexual dimorphism of aggression adds another layer of 
complexity. In many species, males typically show higher 
levels of aggression than females, a male-biased pattern 
largely attributed to sexual selection (Lischinsky and 
Lin 2020). Consequently, rodent studies on aggression, 
especially those assessing the effectiveness of various 
anti-aggression medications, have predominantly used 
males as subjects (Navarro and Manzaneque 1997; Miczek 
and Tidey 1989; Kudryavtseva et al. 1999; Gendreau et 
al. 2000). However, recent research indicates that neural 
circuits generating and modulating aggression are sexually 
dimorphic (Hashikawa et al. 2018), suggesting that 
current pharmacological interventions may have different 
efficacies in treating male and female hyperaggression. 
Indeed, studies on Drd2 gene polymorphisms have shown 
that correlations between specific genetic variants and 
aggression are often stronger in boys than in girls (Guo et 
al. 2007; Zai et al. 2012). Moreover, our studies in mice 
found that female aggression elicits lower DA release in 
the NAc core, and activation of VTA DA cells has no or 
even a slightly inhibitory effect on female aggression, 
contrary to their aggression-promoting roles in males (Dai 
et al. 2022, 2025). These results highlight the pressing 
need to identify effective therapeutic targets specifically 
for female aggression.

Genetic, pharmacological, and recent animal circuit 
studies strongly link DA and aggression. Clinically, the 
D2 receptor has been a common target for treating hyper-
aggression. The neural mechanisms underlying the DA 

1 3

https://doi.org/10.1007/s00213-025-06893-w
https://biorender.com
https://biorender.com
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1523/JNEUROSCI.0296-18.2018
https://doi.org/10.1523/JNEUROSCI.0296-18.2018


Psychopharmacology

Bromberg-Martin ES, Matsumoto M, Hikosaka O (2010) Dopamine in 
motivational control: rewarding, aversive, and alerting. Neuron 
68:815–834. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​n​e​u​r​o​n​.​2​0​1​0​.​1​1​.​0​2​2

Brunner HG, Nelen M, Breakefield XO, Ropers HH, van Oost BA 
(1993a) Abnormal behavior associated with a point mutation in 
the structural gene for monoamine oxidase A. Science 262:578–
580. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​2​6​​/​s​c​​i​e​n​c​e​.​8​2​1​1​1​8​6

Brunner HG, Nelen MR, van Zandvoort P, Abeling NG, van Gen-
nip AH, Wolters EC, Kuiper MA, Ropers HH, van Oost BA 
(1993b) X-linked borderline mental retardation with prominent 
behavioral disturbance: phenotype, genetic localization, and evi-
dence for disturbed monoamine metabolism. Am J Hum Genet 
52:1032–1039

Butovskaya ML, Vasilyev VA, Lazebny OE, Suchodolskaya EM, 
Shibalev DV, Kulikov AM, Karelin DV, Burkova VN, Mabulla A, 
Ryskov AP (2013) Aggression and polymorphisms in AR, DAT1, 
DRD2 and COMT genes in Datoga pastoralists of Tanzania. Sci 
Rep 3:3148. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​s​r​​e​p​0​3​1​4​8

Caine C, Shohat M, Kim J-K, Nakanishi K, Homma S, Mosharov 
EV, Monani UR (2017) A pathogenic S250F missense mutation 
results in a mouse model of mild aromatic l-amino acid decarbox-
ylase (AADC) deficiency. Hum Mol Genet 26:4406–4415. ​h​t​t​p​​s​:​
/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​9​3​​/​h​m​​g​/​d​d​x​3​2​6

Calver L, Drinkwater V, Gupta R, Page CB, Isbister GK (2015) Dro-
peridol v. haloperidol for sedation of aggressive behaviour in 
acute mental health: randomised controlled trial. Br J Psychiatry 
206:223–228. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​9​2​​/​b​j​​p​.​b​p​.​1​1​4​.​1​5​0​2​2​7

Campbell EJ, Marchant NJ (2018) The use of chemogenetics in behav-
ioural neuroscience: receptor variants, targeting approaches and 
caveats. Br J Pharmacol 175:994–1003. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​/​
b​p​​h​.​1​4​1​4​6

Carlyle W, Ancill RJ, Sheldon L (1993) Aggression in the demented 
patient: a double-blind study of loxapine versus haloperidol. Int 
Clin Psychopharmacol 8:103–108. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​9​7​​/​0​0​​0​0​4​​
8​5​0​​-​1​9​9​​3​0​​0​8​2​0​-​0​0​0​0​4

Cases O, Seif I, Grimsby J, Gaspar P, Chen K, Pournin S, Müller U, 
Aguet M, Babinet C, Shih JC (1995) Aggressive behavior and 
altered amounts of brain serotonin and norepinephrine in mice 
lacking MAOA. Science 268:1763–1766. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​2​
6​​/​s​c​​i​e​n​c​e​.​7​7​9​2​6​0​2

Chen H, Xiong X-X, Jin S-Y, He X-Y, Li X-W, Yang J-M, Gao T-M, 
Chen Y-H (2024) Dopamine D2 receptors in pyramidal neurons 
in the medial prefrontal cortex regulate social behavior. Pharma-
col Res 199:107042. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​p​h​r​s​.​2​0​2​3​.​1​0​7​0​4​2

Cherek DR, Steinberg JL, Kelly TH, Robinson DE (1986) Effects of 
d-amphetamine on human aggressive behavior. Psychopharma-
cology 88:381–386. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​B​F​​0​0​1​8​0​8​4​2

Couppis MH, Kennedy CH (2008) The rewarding effect of aggression 
is reduced by nucleus accumbens dopamine receptor antagonism 
in mice. Psychopharmacology 197:449–456. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​
0​0​7​​/​s​0​​0​2​1​3​-​0​0​7​-​1​0​5​4​-​y

Cousins DA, Butts K, Young AH (2009) The role of dopamine in bipo-
lar disorder. Bipolar Disord 11:787–806. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​/​j​
.​​1​3​9​​9​-​5​​6​1​8​.​​2​0​​0​9​.​0​0​7​6​0​.​x

Crawley JN, Contrera JF (1976) Intraventricular 6-hydroxydopamine 
lowers isolation-induced fighting behavior in male mice. Pharma-
col Biochem Behav 4:381–384. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​0​0​​9​1​-​3​0​
5​7​(​7​6​)​9​0​0​5​1​-​4

Crowley TJ (1972) Dose-dependent facilitation or supression of rat 
fighting by methamphetamine, phenobarbital, or Imipramine. 
Psychopharmacologia 27:213–222. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​B​F​​0​
0​4​2​2​8​0​1

Dai B, Sun F, Tong X, Ding Y, Kuang A, Osakada T, Li Y, Lin D 
(2022) Responses and functions of dopamine in nucleus accum-
bens core during social behaviors. Cell Rep 40. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​
0​.​1​​0​1​6​​/​j​.​​c​e​l​r​e​p​.​2​0​2​2​.​1​1​1​2​4​6

effects on learning and behavioral symptoms. Am J Psychiatry 
141:1195–1202. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​7​6​​/​a​j​​p​.​1​4​1​.​1​0​.​1​1​9​5

Azdad K, Gall D, Woods AS, Ledent C, Ferré S, Schiffmann SN (2009) 
Dopamine D2 and adenosine A2A receptors regulate NMDA-
Mediated excitation in accumbens neurons through A2A–D2 
receptor heteromerization. Neuropsychopharmacol 34:972–986. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​n​p​​p​.​2​0​0​8​.​1​4​4

Baggio G, Ferrari F (1980) Role of brain dopaminergic mechanisms in 
rodent aggressive behavior: influence of (±)N-n-propyl-norapo-
morphine on three experimental models. Psychopharmacology 
70:63–68. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​B​F​​0​0​4​3​2​3​7​1

Balzano T, del Rey NL-G, Esteban-García N, Reinares-Sebastián 
A, Pineda-Pardo JA, Trigo-Damas I, Obeso JA, Blesa J (2024) 
Neurovascular and immune factors of vulnerability of substan-
tia Nigra dopaminergic neurons in non-human primates. Npj 
Parkinsons Dis 10:1–11. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​s​4​​1​5​3​1​-​0​2​4​-​0​
0​7​3​5​-​w

Beaulieu J-M, Gainetdinov RR (2011) The physiology, signaling, and 
Pharmacology of dopamine receptors. Pharmacol Rev 63:182–
217. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​2​4​​/​p​r​​.​1​1​0​.​0​0​2​6​4​2

Beaver KM, Wright JP, DeLisi M, Walsh A, Vaughn MG, Boisvert D, 
Vaske J (2007) A gene × gene interaction between DRD2 and 
DRD4 is associated with conduct disorder and antisocial behavior 
in males. Behav Brain Funct 3:1–8. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​8​6​​/​1​7​​4​
4​-​9​0​8​1​-​3​-​3​0

Becker EA, Marler CA (2015) Postcontest Blockade of dopamine 
receptors inhibits development of the winner effect in the Califor-
nia mouse (Peromyscus californicus). Behav Neurosci 129:205–
213. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​7​​/​b​n​​e​0​0​0​0​0​4​3

Beier KT, Steinberg EE, DeLoach KE, Xie S, Miyamichi K, Schwarz 
L, Gao XJ, Kremer EJ, Malenka RC, Luo L (2015) Circuit archi-
tecture of VTA dopamine neurons revealed by systematic Input–
Output mapping. Cell 162:622–634. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​c​e​l​
l​.​2​0​1​5​.​0​7​.​0​1​5

Beleslin DB, Samardžić R, Krstić SK (1986) 6-Hydroxydopamine-
induced aggression in cats: effects of various drugs. Pharmacol 
Biochem Behav 24:1821–1823. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​0​0​​9​1​-​3​0​
5​7​(​8​6​)​9​0​5​3​0​-​7

Beleslin DB, Samardžić R, Stefanović-Denić K (1981) 6-Hydroxy-
dopamine and aggression in cats. Pharmacol Biochem Behav 
14:29–32. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​S​0​​0​9​1​-​3​0​5​7​(​8​1​)​8​0​0​0​7​-​X

Benus RF, Bohus B, Koolhaas JM, van Oortmerssen GA (1991) 
Behavioural differences between artificially selected aggressive 
and non-aggressive mice: response to apomorphine. Behav Brain 
Res 43:203–208. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​S​0​​1​6​6​-​4​3​2​8​(​0​5​)​8​0​0​7​
2​-​5

Björklund A, Dunnett SB (2007) Dopamine neuron systems in the 
brain: an update. Trends Neurosci 30:194–202. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​
0​.​1​​0​1​6​​/​j​.​​t​i​n​s​.​2​0​0​7​.​0​3​.​0​0​6

Bondar’ NP, Kudryavtseva NN (2005) The effects of the D1 recep-
tor antagonist SCH-23390 on individual and aggressive behavior 
in male mice with different experience of aggression. Neurosci 
Behav Physiol 35:221–227. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​1​0​5​5​-​0​0​
5​-​0​0​1​7​-​1

Bouchatta O, Manouze H, Bouali-benazzouz R, Kerekes N, Ba-
M’hamed S, Fossat P, Landry M, Bennis M (2018) Neonatal 
6-OHDA lesion model in mouse induces Attention-Deficit/ 
hyperactivity disorder (ADHD)-like behaviour. Sci Rep 8:15349. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​s​4​​1​5​9​8​-​0​1​8​-​3​3​7​7​8​-​0

Braccagni G, Scheggi S, Bortolato M (2023) Elevated levels of sero-
tonin 5-HT2A receptors in the orbitofrontal cortex of antisocial 
individuals. Eur Arch Psychiatry Clin Neurosci 273:411–425. ​h​t​t​
p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​0​​0​4​0​6​-​0​2​2​-​0​1​4​8​0​-​y

Brizer DA (1988) Psychopharmacology and the management of vio-
lent patients. Psychiatric clinics of North America. Violent Patient 
11:551–568. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​S​0​​1​9​3​-​9​5​3​X​(​1​8​)​3​0​4​6​9​-​6

1 3

https://doi.org/10.1016/j.neuron.2010.11.022
https://doi.org/10.1126/science.8211186
https://doi.org/10.1038/srep03148
https://doi.org/10.1093/hmg/ddx326
https://doi.org/10.1093/hmg/ddx326
https://doi.org/10.1192/bjp.bp.114.150227
https://doi.org/10.1111/bph.14146
https://doi.org/10.1111/bph.14146
https://doi.org/10.1097/00004850-199300820-00004
https://doi.org/10.1097/00004850-199300820-00004
https://doi.org/10.1126/science.7792602
https://doi.org/10.1126/science.7792602
https://doi.org/10.1016/j.phrs.2023.107042
https://doi.org/10.1007/BF00180842
https://doi.org/10.1007/s00213-007-1054-y
https://doi.org/10.1007/s00213-007-1054-y
https://doi.org/10.1111/j.1399-5618.2009.00760.x
https://doi.org/10.1111/j.1399-5618.2009.00760.x
https://doi.org/10.1016/0091-3057(76)90051-4
https://doi.org/10.1016/0091-3057(76)90051-4
https://doi.org/10.1007/BF00422801
https://doi.org/10.1007/BF00422801
https://doi.org/10.1016/j.celrep.2022.111246
https://doi.org/10.1016/j.celrep.2022.111246
https://doi.org/10.1176/ajp.141.10.1195
https://doi.org/10.1038/npp.2008.144
https://doi.org/10.1038/npp.2008.144
https://doi.org/10.1007/BF00432371
https://doi.org/10.1038/s41531-024-00735-w
https://doi.org/10.1038/s41531-024-00735-w
https://doi.org/10.1124/pr.110.002642
https://doi.org/10.1186/1744-9081-3-30
https://doi.org/10.1186/1744-9081-3-30
https://doi.org/10.1037/bne0000043
https://doi.org/10.1016/j.cell.2015.07.015
https://doi.org/10.1016/j.cell.2015.07.015
https://doi.org/10.1016/0091-3057(86)90530-7
https://doi.org/10.1016/0091-3057(86)90530-7
https://doi.org/10.1016/S0091-3057(81)80007-X
https://doi.org/10.1016/S0166-4328(05)80072-5
https://doi.org/10.1016/S0166-4328(05)80072-5
https://doi.org/10.1016/j.tins.2007.03.006
https://doi.org/10.1016/j.tins.2007.03.006
https://doi.org/10.1007/s11055-005-0017-1
https://doi.org/10.1007/s11055-005-0017-1
https://doi.org/10.1038/s41598-018-33778-0
https://doi.org/10.1038/s41598-018-33778-0
https://doi.org/10.1007/s00406-022-01480-y
https://doi.org/10.1007/s00406-022-01480-y
https://doi.org/10.1016/S0193-953X(18)30469-6


Psychopharmacology

Fragoso VMdaS, Hoppe LY, de Araújo-Jorge TC, de Azevedo MJ, 
Campos JD, de Cortez S, Oliveira CM (2016) Use of haloperi-
dol and Risperidone in highly aggressive Swiss Webster mice by 
applying the model of spontaneous aggression (MSA). Behav 
Brain Res 301:110–118. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​b​b​r​.​2​0​1​5​.​1​2​.​0​
1​0. de

French D, Witkin JM (1993) Effects of the dopamine release inhibi-
tor, CGS 10746B, on the locomotor stimulant and discriminative 
stimulus effects of cocaine and methamphetamine. Pharmacol 
Biochem Behav 46:989–993. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​0​0​​9​1​-​3​0​5​7​
(​9​3​)​9​0​2​3​3​-​J

Freudenberg F, Carreño Gutierrez H, Post AM, Reif A, Norton WHJ 
(2016) Aggression in non-human vertebrates: genetic mecha-
nisms and molecular pathways. Am J Med Genet Part B: Neu-
ropsychiatric Genet 171:603–640. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​2​​/​a​j​​m​g​.​
b​.​3​2​3​5​8

Gao B, Cutler MG (1993) Effects of Quinpirole on the behaviour 
shown by mice in the light-dark box and during social interac-
tions. Neuropharmacology 32:93–100. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​0​
0​​2​8​-​3​9​0​8​(​9​3​)​9​0​1​3​4​-​O

Gendreau PL, Petitto JM, Gariépy J-L, Lewis MH (1998) D2-Like 
dopamine receptor mediation of Social-Emotional reactivity in a 
mouse model of anxiety: strain and experience effects. Neuropsy-
chopharmacol 18:210–221. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​S​0​​8​9​3​-​1​3​3​X​
(​9​7​)​0​0​1​3​1​-​0

Gendreau PL, Petitto JM, Petrova A, Gariépy J-L, Lewis MH (2000) 
D3 and D2 dopamine receptor agonists differentially modulate 
isolation-induced social-emotional reactivity in mice. Behav 
Brain Res 114:107–117. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​S​0​​1​6​6​-​4​3​2​8​(​0​0​
)​0​0​1​9​3​-​5

Geyer MA, Segal DS (1974) Shock-induced aggression: opposite 
effects of intraventricularly infused dopamine and norepineph-
rine. Behav Biology 10:99–104. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​S​0​​0​9​1​-​6​
7​7​3​(​7​4​)​9​1​7​0​4​-​0

Giegling I, Hartmann AM, Möller H-J, Rujescu D (2006) Anger- and 
aggression-related traits are associated with polymorphisms in 
the 5-HT-2A gene. J Affect Disord 96:75–81. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​
1​​0​1​6​​/​j​.​​j​a​d​.​2​0​0​6​.​0​5​.​0​1​6

Giros B, Jaber M, Jones SR, Wightman RM, Caron MG (1996) Hyper-
locomotion and indifference to cocaine and amphetamine in mice 
lacking the dopamine transporter. Nature 379:606–612. ​h​t​t​p​​s​:​/​​/​d​o​
i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​3​7​​9​6​0​6​a​0

Gogos JA, Morgan M, Luine V, Santha M, Ogawa S, Pfaff D, Karay-
iorgou M (1998) Catechol-O-methyltransferase-deficient mice 
exhibit sexually dimorphic changes in catecholamine levels and 
behavior. Proc Natl Acad Sci USA 95:9991. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​
7​3​​/​p​n​​a​s​.​9​5​.​1​7​.​9​9​9​1

Golden SA, Heshmati M, Flanigan M, Christoffel DJ, Guise K, Pfau 
ML, Aleyasin H, Menard C, Zhang H, Hodes GE, Bregman D, 
Khibnik L, Tai J, Rebusi N, Krawitz B, Chaudhury D, Walsh JJ, 
Han M-H, Shapiro ML, Russo SJ (2016) Basal forebrain projec-
tions to the lateral Habenula modulate aggression reward. Nature 
534:688–692. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​n​a​​t​u​r​e​1​8​6​0​1

Golden SA, Jin M, Heins C, Venniro M, Michaelides M, Shaham Y 
(2019a) Nucleus accumbens Drd1-Expressing neurons control 
aggression Self-Administration and aggression seeking in mice. 
J Neurosci 39:2482–2496. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​5​2​3​​/​J​N​​E​U​R​​O​S​C​​I​.​
2​4​​0​9​​-​1​8​.​2​0​1​9

Golden SA, Jin M, Shaham Y (2019b) Animal models of (or for) 
aggression reward, addiction, and relapse: behavior and circuits. 
J Neurosci 39:3996–4008. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​5​2​3​​/​J​N​​E​U​R​​O​S​C​​I​.​
0​1​​5​1​​-​1​9​.​2​0​1​9

Graybuck LT, Daigle TL, Sedeño-Cortés AE, Walker M, Kalmbach 
B, Lenz GH, Morin E, Nguyen TN, Garren E, Bendrick JL, Kim 
TK, Zhou T, Mortrud M, Yao S, Siverts LA, Larsen R, Gore BB, 
Szelenyi ER, Trader C, Balaram P, van Velthoven CTJ, Chiang 

Dai B, Zheng B, Dai X, Cui X, Yin L, Cai J, Zhuo Y, Tritsch NX, 
Zweifel LS, Li Y, Lin D (2025) Experience-dependent dopamine 
modulation of male aggression. Nature 639:430–437. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​
o​​r​g​/​​1​0​.​1​​0​3​8​​/​s​4​​1​5​8​6​-​0​2​4​-​0​8​4​5​9​-​w

Damasio H, Grabowski T, Frank R, Galaburda AM, Damasio AR 
(1994) The return of Phineas gage: clues about the brain from the 
skull of a famous patient. Science 264:1102–1105. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​
/​​1​0​.​1​​1​2​6​​/​s​c​​i​e​n​c​e​.​8​1​7​8​1​6​8

de Almeida RMM, Ferrari PF, Parmigiani S, Miczek KA (2005) Esca-
lated aggressive behavior: dopamine, serotonin and GABA. Eur J 
Pharmacol Neuropsychopharmacol Aggress Addict 526:51–64. ​h​
t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​e​j​p​h​a​r​.​2​0​0​5​.​1​0​.​0​0​4

Kempadoo KA, Mosharov EV, Choi SJ, Sulzer D, Kandel ER (2016) 
Dopamine release from the locus coeruleus to the dorsal hip-
pocampus promotes Spatial learning and memory. Proc Natl 
Acad Sci 113:14835–14840. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​7​3​​/​p​n​​a​s​.​1​6​1​
6​5​1​5​1​1​4

de Jong JW, Afjei SA, Dorocic IP, Peck JR, Liu C, Kim CK, Tian L, 
Deisseroth K, Lammel S (2019) A neural circuit mechanism for 
encoding aversive stimuli in the mesolimbic dopamine system. 
Neuron 101:133–151e7. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​n​e​u​r​o​n​.​2​0​1​8​.​1​
1​.​0​0​5

Della Torre OH, Paes LA, Henriques TB, de Mello MP, Celeri EHRV, 
Dalgalarrondo P, Guerra-Júnior G, Santos-Júnior A, dos (2018) 
Dopamine D2 receptor gene polymorphisms and externalizing 
behaviors in children and adolescents. BMC Med Genet 19:65. ​h​
t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​8​6​​/​s​1​​2​8​8​1​-​0​1​8​-​0​5​8​6​-​9

Devoto P, Flore G, Pani L, Gessa GL (2001) Evidence for co-release 
of noradrenaline and dopamine from noradrenergic neurons in the 
cerebral cortex. Mol Psychiatry 6:657–664. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​
3​8​​/​s​j​​.​m​p​.​4​0​0​0​9​0​4

Devoto P, Flore G, Saba P, Fà M, Gessa GL (2005) Co-release of nor-
adrenaline and dopamine in the cerebral cortex elicited by single 
train and repeated train stimulation of the locus coeruleus. BMC 
Neurosci 6:31. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​8​6​​/​1​4​​7​1​-​2​2​0​2​-​6​-​3​1

Eichelman BS, Nguyen B, Thoa, Ng KY (1972) Facilitated aggression 
in the rat following 6-hydroxydopamine administration. Physiol 
Behav 8:1–3. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​0​0​​3​1​-​9​3​8​4​(​7​2​)​9​0​1​1​9​-​9

Eilam D, Szechtman H (1989) Biphasic effect of D-2 agonist Quin-
pirole on locomotion and movements. Eur J Pharmacol 161:151–
157. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​0​0​​1​4​-​2​9​9​9​(​8​9​)​9​0​8​3​7​-​6

Ellison G (1976) Monoamine neurotoxins: selective and delayed 
effects on behavior in colonies of laboratory rats. Brain Res 
103:81–92. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​0​0​​0​6​-​8​9​9​3​(​7​6​)​9​0​6​8​8​-​0

Falkner AL, Grosenick L, Davidson TJ, Deisseroth K, Lin D (2016) 
Hypothalamic control of male aggression-seeking behavior. Nat 
Neurosci 19:596–604. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​n​n​​.​4​2​6​4

Felip Cm, Rodríguez-Arias M, Aguilar Ma, Miñarro J (2001) Anti-
aggressive and motor effects of the DA release inhibitor CGS 
10746B. Aggressive Behav 27:382–390. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​2​​
/​a​b​​.​1​0​2​3

Ferrari F, Giuliani D (1995) Behavioural assessment in rats of the anti-
psychotic potential of the potent dopamine D2 receptor antago-
nist, (-)eticlopride. Pharmacol Res 31:261–267. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​
.​1​​0​1​6​​/​1​0​​4​3​-​6​6​1​8​(​9​5​)​8​0​0​3​0​-​1

Feyder M, Bonito Oliva A, Fisone G (2011) L-DOPA-Induced dyski-
nesia and abnormal signaling in striatal medium spiny neurons: 
focus on dopamine D1 Receptor-Mediated transmission. Front 
Behav Neurosci 5. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​8​9​​/​f​n​​b​e​h​.​2​0​1​1​.​0​0​0​7​1

Fields HL, Hjelmstad GO, Margolis EB, Nicola SM (2007) Ventral 
tegmental area neurons in learned appetitive behavior and posi-
tive reinforcement. Annu Rev Neurosci 30:289–316. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​
r​g​/​​1​0​.​1​​1​4​6​​/​a​n​​n​u​r​​e​v​.​​n​e​u​r​​o​.​​3​0​.​0​5​1​6​0​6​.​0​9​4​3​4​1

Ford CP (2014) The role of D2-Autoreceptors in regulating dopamine 
neuron activity and transmission. Neuroscience 282:13–22. ​h​t​t​p​​s​
:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​n​e​u​​r​o​s​​c​i​e​n​​c​e​​.​2​0​1​4​.​0​1​.​0​2​5

1 3

https://doi.org/10.1016/j.bbr.2015.12.010
https://doi.org/10.1016/j.bbr.2015.12.010
https://doi.org/10.1016/0091-3057(93)90233-J
https://doi.org/10.1016/0091-3057(93)90233-J
https://doi.org/10.1002/ajmg.b.32358
https://doi.org/10.1002/ajmg.b.32358
https://doi.org/10.1016/0028-3908(93)90134-O
https://doi.org/10.1016/0028-3908(93)90134-O
https://doi.org/10.1016/S0893-133X(97)00131-0
https://doi.org/10.1016/S0893-133X(97)00131-0
https://doi.org/10.1016/S0166-4328(00)00193-5
https://doi.org/10.1016/S0166-4328(00)00193-5
https://doi.org/10.1016/S0091-6773(74)91704-0
https://doi.org/10.1016/S0091-6773(74)91704-0
https://doi.org/10.1016/j.jad.2006.05.016
https://doi.org/10.1016/j.jad.2006.05.016
https://doi.org/10.1038/379606a0
https://doi.org/10.1038/379606a0
https://doi.org/10.1073/pnas.95.17.9991
https://doi.org/10.1073/pnas.95.17.9991
https://doi.org/10.1038/nature18601
https://doi.org/10.1523/JNEUROSCI.2409-18.2019
https://doi.org/10.1523/JNEUROSCI.2409-18.2019
https://doi.org/10.1523/JNEUROSCI.0151-19.2019
https://doi.org/10.1523/JNEUROSCI.0151-19.2019
https://doi.org/10.1038/s41586-024-08459-w
https://doi.org/10.1038/s41586-024-08459-w
https://doi.org/10.1126/science.8178168
https://doi.org/10.1126/science.8178168
https://doi.org/10.1016/j.ejphar.2005.10.004
https://doi.org/10.1016/j.ejphar.2005.10.004
https://doi.org/10.1073/pnas.1616515114
https://doi.org/10.1073/pnas.1616515114
https://doi.org/10.1016/j.neuron.2018.11.005
https://doi.org/10.1016/j.neuron.2018.11.005
https://doi.org/10.1186/s12881-018-0586-9
https://doi.org/10.1186/s12881-018-0586-9
https://doi.org/10.1038/sj.mp.4000904
https://doi.org/10.1038/sj.mp.4000904
https://doi.org/10.1186/1471-2202-6-31
https://doi.org/10.1016/0031-9384(72)90119-9
https://doi.org/10.1016/0014-2999(89)90837-6
https://doi.org/10.1016/0006-8993(76)90688-0
https://doi.org/10.1038/nn.4264
https://doi.org/10.1002/ab.1023
https://doi.org/10.1002/ab.1023
https://doi.org/10.1016/1043-6618(95)80030-1
https://doi.org/10.1016/1043-6618(95)80030-1
https://doi.org/10.3389/fnbeh.2011.00071
https://doi.org/10.1146/annurev.neuro.30.051606.094341
https://doi.org/10.1146/annurev.neuro.30.051606.094341
https://doi.org/10.1016/j.neuroscience.2014.01.025
https://doi.org/10.1016/j.neuroscience.2014.01.025


Psychopharmacology

Kim DS, Szczypka MS, Palmiter RD (2000) Dopamine-deficient mice 
are hypersensitive to dopamine receptor agonists. J Neurosci 
20:4405–4413. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​5​2​3​​/​J​N​​E​U​R​​O​S​C​​I​.​2​0​​-​1​​2​-​0​4​4​
0​5​.​2​0​0​0

Kim S, Ma L, Jensen KL, Kim MM, Bond CT, Adelman JP, Yu CR 
(2012) Paradoxical contribution of SK3 and GIRK channels 
to the activation of mouse vomeronasal organ. Nat Neurosci 
15:1236–1244. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​n​n​​.​3​1​7​3

Klein MO, Battagello DS, Cardoso AR, Hauser DN, Bittencourt JC, 
Correa RG (2019) Dopamine: functions, signaling, and associa-
tion with neurological diseases. Cell Mol Neurobiol 39:31–59. ​h​t​
t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​0​5​7​1​-​0​1​8​-​0​6​3​2​-​3

Kobayashi K, Morita S, Sawada H, Mizuguchi T, Yamada K, Nagatsu 
I, Hata T, Watanabe Y, Fujita K, Nagatsu T (1995) Targeted dis-
ruption of the tyrosine hydroxylase locus results in severe cat-
echolamine depletion and perinatal lethality in mice (*). J Biol 
Chem 270:27235–27243. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​7​4​​/​j​b​​c​.​2​7​0​.​4​5​.​2​7​2​
3​5

Kudryavtseva NN, Lipina TV, Koryakina LA (1999) Effects of halo-
peridol on communicative and aggressive behavior in male mice 
with different experiences of aggression. Pharmacol Biochem 
Behav 63:229–236. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​S​0​​0​9​1​-​3​0​5​7​(​9​8​)​0​0​2​
2​7​-​5

Laakso A, Pohjalainen T, Bergman J, Kajander J, Haaparanta M, Solin 
O, Syvälahti E, Hietala J (2005) The A1 allele of the human D2 
dopamine receptor gene is associated with increased activity of 
striatal L-amino acid decarboxylase in healthy subjects. Pharma-
cogenet Genomics 15:387

Lammers C-H, D’Souza U, Qin Z-H, Lee S-H, Yajima S, Mouradian 
MM (1999) Regulation of striatal dopamine receptors by Estro-
gen. Synapse 34:222–227. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​1​0​.​1​0​0​2​/​(​S​I​C​I​)​1​0​9​8​-​2​3​
9​6​(​1​9​9​9​1​2​0​1​)​3​4​:​3​%​3​C​;​2​2​2​:​:​A​I​D​-​S​Y​N​6​%​3​E​;​3​.​0​.​C​O​;​2​-​J

Ledent C, Vaugeois J-M, Schiffmann SN, Pedrazzini T, Yacoubi ME, 
Vanderhaeghen J-J, Costentin J, Heath JK, Vassart G, Parmentier 
M (1997) Aggressiveness, hypoalgesia and high blood pressure 
in mice lacking the adenosine A2a receptor. Nature 388:674–678. 
https://doi.org/10.1038/41771

Lein ES, Hawrylycz MJ, Ao N, Ayres M, Bensinger A, Bernard A, Boe 
AF, Boguski MS, Brockway KS, Byrnes EJ, Chen, Lin, Chen, Li, 
Chen T-M, Chi Chin M, Chong J, Crook BE, Czaplinska A, Dang 
CN, Datta S, Dee NR, Desaki AL, Desta T, Diep E, Dolbeare TA, 
Donelan MJ, Dong H-W, Dougherty JG, Duncan BJ, Ebbert AJ, 
Eichele G, Estin LK, Faber C, Facer BA, Fields R, Fischer SR, 
Fliss TP, Frensley C, Gates SN, Glattfelder KJ, Halverson KR, 
Hart MR, Hohmann JG, Howell MP, Jeung DP, Johnson RA, Karr 
PT, Kawal R, Kidney JM, Knapik RH, Kuan CL, Lake JH, Lara-
mee AR, Larsen KD, Lau C, Lemon TA, Liang AJ, Liu Y, Luong 
LT, Michaels J, Morgan JJ, Morgan RJ, Mortrud MT, Mosqueda 
NF, Ng LL, Ng R, Orta GJ, Overly CC, Pak TH, Parry SE, Pathak 
SD, Pearson OC, Puchalski RB, Riley ZL, Rockett HR, Rowland 
SA, Royall JJ, Ruiz MJ, Sarno NR, Schaffnit K, Shapovalova NV, 
Sivisay T, Slaughterbeck CR, Smith SC, Smith KA, Smith BI, 
Sodt AJ, Stewart NN, Stumpf K-R, Sunkin SM, Sutram M, Tam 
A, Teemer CD, Thaller C, Thompson CL, Varnam LR, Visel A, 
Whitlock RM, Wohnoutka PE, Wolkey CK, Wong VY, Wood M, 
Yaylaoglu MB, Young RC, Youngstrom BL (2007) Feng Yuan, 
X., Zhang, B., Zwingman, T.A., Jones, A.R., Genome-wide atlas 
of gene expression in the adult mouse brain. Nature 445:168–176. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​n​a​​t​u​r​e​0​5​4​5​3

Leo D, Sukhanov I, Zoratto F, Illiano P, Caffino L, Sanna F, Messa G, 
Emanuele M, Esposito A, Dorofeikova M, Budygin EA, Mus L, 
Efimova EV, Niello M, Espinoza S, Sotnikova TD, Hoener MC, 
Laviola G, Fumagalli F, Adriani W, Gainetdinov RR (2018) Pro-
nounced hyperactivity, cognitive dysfunctions, and BDNF dys-
regulation in dopamine transporter Knock-out rats. J Neurosci 

M, Mich JK, Dee N, Goldy J, Cetin AH, Smith K, Way SW, 
Esposito L, Yao Z, Gradinaru V, Sunkin SM, Lein E, Levi BP, 
Ting JT, Zeng H, Tasic B (2021) Enhancer viruses for combinato-
rial cell-subclass-specific labeling. Neuron 109:1449–1464e13. ​h​
t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​n​e​u​r​o​n​.​2​0​2​1​.​0​3​.​0​1​1

Guo G, Roettger ME, Shih JC (2007) Contributions of the DAT1 and 
DRD2 genes to serious and violent delinquency among adoles-
cents and young adults. Hum Genet 121:125–136. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​
/​​1​0​.​1​​0​0​7​​/​s​0​​0​4​3​9​-​0​0​6​-​0​2​4​4​-​8

Guo Z, Yin L, Diaz V, Dai B, Osakada T, Lischinsky JE, Chien J, 
Yamaguchi T, Urtecho A, Tong X, Chen ZS, Lin D (2023) Neu-
ral dynamics in the limbic system during male social behaviors. 
Neuron 111:3288–3306e4. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​n​e​u​r​o​n​.​2​0​2​3​
.​0​7​.​0​1​1

Halicka-Masłowska J, Szewczuk-Bogusławska M, Pawlak-Adamska 
E, Adamska A, Misiak B (2021) Effects of variation in dopami-
nergic genes on the level of aggression and emotional intelligence 
in adolescents with conduct disorder. Archives Psychiatry Psy-
chother 23:15–23

Haney M, Noda K, Kream R, Miczek KA (1990) Regional serotonin 
and dopamine activity: sensitivity to amphetamine and aggressive 
behavior in mice. Aggressive Behav 16:259–270. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​
1​0​.​1​​0​0​2​​/​1​0​​9​8​-​2​3​3​7​(​1​9​9​0​)​1​6​:​3​/​4​%​3​C​;​2​5​9​:​:​A​I​D​-​A​B​2​4​8​0​1​6​0​3​1​1​
%​3​E​;​3​.​0​.​C​O​;​2​-​Z

Hashikawa K, Hashikawa Y, Lischinsky J, Lin D (2018) The neural 
mechanisms of sexually dimorphic aggressive behaviors. Trends 
Genet 34:755–776. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​t​i​g​.​2​0​1​8​.​0​7​.​0​0​1

Herr N, Bode C, Duerschmied D (2017) The effects of serotonin in 
immune cells. Front Cardiovasc Med 4. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​8​9​​
/​f​c​​v​m​.​2​0​1​7​.​0​0​0​4​8

Himmelreich N, Montioli R, Bertoldi M, Carducci C, Leuzzi V, Gem-
perle C, Berner T, Hyland K, Thöny B, Hoffmann GF, Voltattorni 
CB, Blau N (2019) Aromatic amino acid decarboxylase defi-
ciency: molecular and metabolic basis and therapeutic outlook. 
Mol Genet Metab 127:12–22. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​y​m​g​m​e​.​2​
0​1​9​.​0​3​.​0​0​9

Hirvonen M, Laakso A, Någren K, Rinne JO, Pohjalainen T, Hietala 
J (2004) C957T polymorphism of the dopamine D2 receptor 
(DRD2) gene affects striatal DRD2 availability in vivo. Mol Psy-
chiatry 9:1060–1061. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​s​j​​.​m​p​.​4​0​0​1​5​6​1

Hirvonen MM, Lumme V, Hirvonen J, Pesonen U, Någren K, Vahl-
berg T, Scheinin H, Hietala J (2009) C957T polymorphism of the 
human dopamine D2 receptor gene predicts extrastriatal dopa-
mine receptor availability in vivo. Prog Neuropsychopharmacol 
Biol Psychiatry 33:630–636. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​p​n​p​b​p​.​2​0​0​
9​.​0​2​.​0​2​1

Hoffmann GF, Assmann B, Bräutigam C, Dionisi-Vici C, Häussler M, 
De Klerk JBC, Naumann M, Steenbergen-Spanjers GCH, Stras-
sburg H-M, Wevers RA (2003) Tyrosine hydroxylase deficiency 
causes progressive encephalopathy and dopa-nonresponsive dys-
tonia. Ann Neurol 54:S56–S65. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​2​​/​a​n​​a​.​1​0​6​3​
2

Ichikawa J, Ishii H, Bonaccorso S, Fowler WL, O’Laughlin IA, Melt-
zer HY (2001) 5-HT(2A) and D(2) receptor Blockade increases 
cortical DA release via 5-HT(1A) receptor activation: a possible 
mechanism of atypical antipsychotic-induced cortical dopamine 
release. J Neurochem 76:1521–1531. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​4​6​​/​j​.​​1​
4​7​​1​-​4​​1​5​9​.​​2​0​​0​1​.​0​0​1​5​4​.​x

Jones SR, Gainetdinov RR, Jaber M, Giros B, Wightman RM, Caron 
MG (1998) Profound neuronal plasticity in response to inacti-
vation of the dopamine transporter. Proc Natl Acad Sci U S A 
95:4029–4034. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​7​3​​/​p​n​​a​s​.​9​5​.​7​.​4​0​2​9

Khushu A, Powney MJ (2016) Haloperidol for long-term aggression in 
psychosis. Cochrane Database Syst Rev 2016(CD009830). ​h​t​t​p​​s​:​/​​
/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​2​​/​1​4​​6​5​1​​8​5​8​​.​C​D​0​​0​9​​8​3​0​.​p​u​b​2

1 3

https://doi.org/10.1523/JNEUROSCI.20-12-04405.2000
https://doi.org/10.1523/JNEUROSCI.20-12-04405.2000
https://doi.org/10.1038/nn.3173
https://doi.org/10.1007/s10571-018-0632-3
https://doi.org/10.1007/s10571-018-0632-3
https://doi.org/10.1074/jbc.270.45.27235
https://doi.org/10.1074/jbc.270.45.27235
https://doi.org/10.1016/S0091-3057(98)00227-5
https://doi.org/10.1016/S0091-3057(98)00227-5
https://doi.org/10.1002/(SICI)1098-2396(19991201)34:3%3C;222::AID-SYN6%3E;3.0.CO;2-J
https://doi.org/10.1002/(SICI)1098-2396(19991201)34:3%3C;222::AID-SYN6%3E;3.0.CO;2-J
https://doi.org/10.1038/41771
https://doi.org/10.1038/nature05453
https://doi.org/10.1038/nature05453
https://doi.org/10.1016/j.neuron.2021.03.011
https://doi.org/10.1016/j.neuron.2021.03.011
https://doi.org/10.1007/s00439-006-0244-8
https://doi.org/10.1007/s00439-006-0244-8
https://doi.org/10.1016/j.neuron.2023.07.011
https://doi.org/10.1016/j.neuron.2023.07.011
https://doi.org/10.1002/1098-2337(1990)16:3/4%3C;259::AID-AB2480160311%3E;3.0.CO;2-Z
https://doi.org/10.1002/1098-2337(1990)16:3/4%3C;259::AID-AB2480160311%3E;3.0.CO;2-Z
https://doi.org/10.1002/1098-2337(1990)16:3/4%3C;259::AID-AB2480160311%3E;3.0.CO;2-Z
https://doi.org/10.1016/j.tig.2018.07.001
https://doi.org/10.3389/fcvm.2017.00048
https://doi.org/10.3389/fcvm.2017.00048
https://doi.org/10.1016/j.ymgme.2019.03.009
https://doi.org/10.1016/j.ymgme.2019.03.009
https://doi.org/10.1038/sj.mp.4001561
https://doi.org/10.1016/j.pnpbp.2009.02.021
https://doi.org/10.1016/j.pnpbp.2009.02.021
https://doi.org/10.1002/ana.10632
https://doi.org/10.1002/ana.10632
https://doi.org/10.1046/j.1471-4159.2001.00154.x
https://doi.org/10.1046/j.1471-4159.2001.00154.x
https://doi.org/10.1073/pnas.95.7.4029
https://doi.org/10.1002/14651858.CD009830.pub2
https://doi.org/10.1002/14651858.CD009830.pub2


Psychopharmacology

Miczek KA, Tidey JW (1989) Amphetamines: aggressive and social 
behavior. NIDA Res Monogr 94:68–100

Miczek KA (1979) A new test for aggression in rats without aversive 
stimulation: differential effects of d-amphetamine and cocaine. 
Psychopharmacology 60:253–259. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​B​F​​0​0​
4​2​6​6​6​4

Miller SM, Marcotulli D, Shen A, Zweifel LS (2019) Divergent medial 
amygdala projections regulate approach–avoidance conflict 
behavior. Nat Neurosci 22:565–575. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​s​4​​1​
5​9​3​-​0​1​9​-​0​3​3​7​-​z

Miczek KA, Fish EW, de Bold JF, de Almeida RM (2002) Social and 
neural determinants of aggressive behavior: pharmacotherapeutic 
targets at serotonin, dopamine and γ-aminobutyric acid systems. 
Psychopharmacology 163:434–458. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​0​​0​2​
1​3​-​0​0​2​-​1​1​3​9​-​6

Mine K, Nakagawa T, Fujiwara M, Ito Y, Kataoka Y, Watanabe S, Ueki 
S (1981) A new experimental model of stress ulcers employing 
aggressive behavior in 6-OHDA-treated rats. Physiol Behav 
27:715–721. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​0​0​​3​1​-​9​3​8​4​(​8​1​)​9​0​2​4​5​-​6

Nagatsu T, Nakashima A, Ichinose H, Kobayashi K (2019) Human 
tyrosine hydroxylase in parkinson’s disease and in related disor-
ders. J Neural Transm 126:397–409. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​0​​0​
7​0​2​-​0​1​8​-​1​9​0​3​-​3

Navarro JF, Manzaneque JM (1997) Acute and subchronic effects of 
Tiapride on Isolation-Induced aggression in male mice. Pharma-
col Biochem Behav 58:255–259. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​S​0​​0​9​1​
-​3​0​5​7​(​9​6​)​0​0​5​4​1​-​2

Neve KA, Seamans JK, Trantham-Davidson H (2004) Dopamine 
receptor signaling. J Recept Signal Transduct Res 24:165–205. ​h​
t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​8​1​​/​r​r​​s​-​2​0​0​0​2​9​9​8​1

Navarro Jf, Luna G, Pedraza C (2003) Behavioral profile of L–741,741, 
a selective D4 dopamine receptor antagonist, in social encounters 
between male mice. Aggressive Behav 29:552–557. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​
r​g​/​​1​0​.​1​​0​0​2​​/​a​b​​.​1​0​0​4​0

Nikulina ÉM, Kapralova NS (1992) Role of dopamine receptors in 
the regulation of aggression in mice; relationship to genotype. 
Neurosci Behav Physiol 22:364–369. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​B​
F​​0​1​1​8​6​6​2​7

Noble EP, Blum K, Ritchie T, Montgomery A, Sheridan PJ (1991) Allelic 
association of the D2 dopamine receptor gene with receptor-bind-
ing characteristics in alcoholism. Arch Gen Psychiatry 48:648–654. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​1​​/​a​r​​c​h​p​​s​y​c​​.​1​9​9​​1​.​​0​1​8​1​0​3​1​0​0​6​6​0​1​2

Pacelli C, Giguère N, Bourque M-J, Lévesque M, Slack RS, Trudeau 
L-É (2015) Elevated mitochondrial bioenergetics and axonal 
arborization size are key contributors to the vulnerability of dopa-
mine neurons. Curr Biol 25:2349–2360. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​
j​.​​c​u​b​.​2​0​1​5​.​0​7​.​0​5​0

Patriarchi T, Cho JR, Merten K, Howe MW, Marley A, Xiong W-H, 
Folk RW, Broussard GJ, Liang R, Jang MJ, Zhong H, Dombeck 
D, von Zastrow M, Nimmerjahn A, Gradinaru V, Williams JT, 
Tian L (2018) Ultrafast neuronal imaging of dopamine dynamics 
with designed genetically encoded sensors. Science 360:eaat4422. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​2​6​​/​s​c​​i​e​n​c​e​.​a​a​t​4​4​2​2

Patriarchi T, Mohebi A, Sun J, Marley A, Liang R, Dong C, Puhger 
K, Mizuno GO, Davis CM, Wiltgen B, von Zastrow M, Berke 
JD, Tian L (2020) An expanded palette of dopamine sensors for 
multiplex imaging in vivo. Nat Methods 17:1147–1155. ​h​t​t​p​​s​:​/​​/​d​
o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​s​4​​1​5​9​2​-​0​2​0​-​0​9​3​6​-​3

Pavlov KA, Chistiakov DA, Chekhonin VP (2012) Genetic determi-
nants of aggression and impulsivity in humans. J Appl Genet 
53:61–82. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​3​3​5​3​-​0​1​1​-​0​0​6​9​-​6

Peffer-Smith PG, Smith EO, Byrd LD (1983) Effects of d-amphet-
amine on self-aggression and posturing in stumptail macaques. 
J Exp Anal Behav 40:313–320. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​9​0​1​​/​j​e​​a​b​.​1​
9​8​3​.​4​0​-​3​1​3

38:1959–1972. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​5​2​3​​/​J​N​​E​U​R​​O​S​C​​I​.​1​9​​3​1​​-​1​7​.​2​
0​1​8

Leroy F, Park J, Asok A, Brann DH, Meira T, Boyle LM, Buss EW, 
Kandel ER, Siegelbaum SA (2018) A circuit from hippocam-
pal CA2 to lateral septum disinhibits social aggression. Nature 
564:213–218. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​s​4​​1​5​8​6​-​0​1​8​-​0​7​7​2​-​0

Lin D, Boyle MP, Dollar P, Lee H, Lein ES, Perona P, Anderson DJ 
(2011) Functional identification of an aggression locus in the 
mouse hypothalamus. Nature 470:221–226. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​
0​3​8​​/​n​a​​t​u​r​e​0​9​7​3​6

Lischinsky JE, Lin D (2020) Neural mechanisms of aggression across 
species. Nat Neurosci 23:1317–1328. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​s​4​​1​
5​9​3​-​0​2​0​-​0​0​7​1​5​-​2

Mahadevia D, Saha R, Manganaro A, Chuhma N, Ziolkowski-Blake 
A, Morgan AA, Dumitriu D, Rayport S, Ansorge MS (2021) 
Dopamine promotes aggression in mice via ventral tegmental 
area to lateral septum projections. Nat Commun 12:6796. ​h​t​t​p​​s​:​/​​/​
d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​s​4​​1​4​6​7​-​0​2​1​-​2​7​0​9​2​-​z

Mariani L-L, Longueville S, Girault J-A, Hervé D, Gervasi N (2019) 
Differential enhancement of ERK, PKA and Ca2 + signaling in 
direct and indirect striatal neurons of parkinsonian mice. Neuro-
biol Dis 130:104506. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​n​b​d​.​2​0​1​9​.​1​0​4​5​0​6

Markowitz JE, Gillis WF, Beron CC, Neufeld SQ, Robertson K, Bha-
gat ND, Peterson RE, Peterson E, Hyun M, Linderman SW, Saba-
tini BL, Datta SR (2018) The striatum organizes 3D behavior via 
Moment-to-Moment action selection. Cell 174:44–58e17. ​h​t​t​p​​s​:​/​​/​
d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​c​e​l​l​.​2​0​1​8​.​0​4​.​0​1​9

Markowitz JE, Gillis WF, Jay M, Wood J, Harris RW, Cieszkowski 
R, Scott R, Brann D, Koveal D, Kula T, Weinreb C, Osman 
MAM, Pinto SR, Uchida N, Linderman SW, Sabatini BL, Datta 
SR (2023) Spontaneous behaviour is structured by reinforcement 
without explicit reward. Nature 614:108–117. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​
0​3​8​​/​s​4​​1​5​8​6​-​0​2​2​-​0​5​6​1​1​-​2

McCracken JT, McGough J, Shah B, Cronin P, Hong D, Aman MG, 
Arnold LE, Lindsay R, Nash P, Hollway J, McDougle CJ, Posey 
D, Swiezy N, Kohn A, Scahill L, Martin A, Koenig K, Volkmar F, 
Carroll D, Lancor A, Tierney E, Ghuman J, Gonzalez NM, Gra-
dos M, Vitiello B, Ritz L, Davies M, Robinson J, McMahon D 
Research units on pediatric psychopharmacology autism network 
(2002) Risperidone in children with autism and serious behav-
ioral problems. N Engl J Med 347:314–321. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​
0​5​6​​/​N​E​​J​M​o​a​0​1​3​1​7​1

McDougle CJ, Holmes JP, Carlson DC, Pelton GH, Cohen DJ, Price 
LH (1998) A Double-blind, Placebo-Controlled study of Risperi-
done in adults with autistic disorder and other pervasive develop-
mental disorders. Arch Gen Psychiatry 55:633–641. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​1​​0​0​1​​/​a​r​​c​h​p​s​y​c​.​5​5​.​7​.​6​3​3

McKenzie GM (1971) Apomorphine-induced aggression in the rat. 
Brain Res 34:323–330. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​0​0​​0​6​-​8​9​9​3​(​7​1​)​9​
0​2​8​4​-​8

McMillen BA, Da Vanzo EA, Song AH, Scott SM, Rodriguez ME 
(1989) Effects of classical and atypical antipsychotic drugs on 
isolation-induced aggression in male mice. Eur J Pharmacol 
160:149–153. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​0​0​​1​4​-​2​9​9​9​(​8​9​)​9​0​6​6​4​-​X

Mei L, Osakada T, Lin D (2023) Hypothalamic control of innate social 
behaviors. Science. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​2​6​​/​s​c​​i​e​n​c​e​.​a​d​h​8​4​8​9

Meiser J, Weindl D, Hiller K (2013) Complexity of dopamine metabo-
lism. Cell Commun Signal 11:34. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​8​6​​/​1​4​​7​8​-​8​
1​1​X​-​1​1​-​3​4

Menon V, D’Esposito M (2022) The role of PFC networks in cognitive 
control and executive function. Neuropsychopharmacol 47:90–
103. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​s​4​​1​3​8​6​-​0​2​1​-​0​1​1​5​2​-​w

Miczek KA (1974) Intraspecies aggression in rats: effects of d-amphet-
amine and chlordiazepoxide. Psychopharmacologia 39:275–301. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​B​F​​0​0​4​2​2​9​6​8

1 3

https://doi.org/10.1007/BF00426664
https://doi.org/10.1007/BF00426664
https://doi.org/10.1038/s41593-019-0337-z
https://doi.org/10.1038/s41593-019-0337-z
https://doi.org/10.1007/s00213-002-1139-6
https://doi.org/10.1007/s00213-002-1139-6
https://doi.org/10.1016/0031-9384(81)90245-6
https://doi.org/10.1007/s00702-018-1903-3
https://doi.org/10.1007/s00702-018-1903-3
https://doi.org/10.1016/S0091-3057(96)00541-2
https://doi.org/10.1016/S0091-3057(96)00541-2
https://doi.org/10.1081/rrs-200029981
https://doi.org/10.1081/rrs-200029981
https://doi.org/10.1002/ab.10040
https://doi.org/10.1002/ab.10040
https://doi.org/10.1007/BF01186627
https://doi.org/10.1007/BF01186627
https://doi.org/10.1001/archpsyc.1991.01810310066012
https://doi.org/10.1001/archpsyc.1991.01810310066012
https://doi.org/10.1016/j.cub.2015.07.050
https://doi.org/10.1016/j.cub.2015.07.050
https://doi.org/10.1126/science.aat4422
https://doi.org/10.1126/science.aat4422
https://doi.org/10.1038/s41592-020-0936-3
https://doi.org/10.1038/s41592-020-0936-3
https://doi.org/10.1007/s13353-011-0069-6
https://doi.org/10.1901/jeab.1983.40-313
https://doi.org/10.1901/jeab.1983.40-313
https://doi.org/10.1523/JNEUROSCI.1931-17.2018
https://doi.org/10.1523/JNEUROSCI.1931-17.2018
https://doi.org/10.1038/s41586-018-0772-0
https://doi.org/10.1038/nature09736
https://doi.org/10.1038/nature09736
https://doi.org/10.1038/s41593-020-00715-2
https://doi.org/10.1038/s41593-020-00715-2
https://doi.org/10.1038/s41467-021-27092-z
https://doi.org/10.1038/s41467-021-27092-z
https://doi.org/10.1016/j.nbd.2019.104506
https://doi.org/10.1016/j.cell.2018.04.019
https://doi.org/10.1016/j.cell.2018.04.019
https://doi.org/10.1038/s41586-022-05611-2
https://doi.org/10.1038/s41586-022-05611-2
https://doi.org/10.1056/NEJMoa013171
https://doi.org/10.1056/NEJMoa013171
https://doi.org/10.1001/archpsyc.55.7.633
https://doi.org/10.1001/archpsyc.55.7.633
https://doi.org/10.1016/0006-8993(71)90284-8
https://doi.org/10.1016/0006-8993(71)90284-8
https://doi.org/10.1016/0014-2999(89)90664-X
https://doi.org/10.1126/science.adh8489
https://doi.org/10.1186/1478-811X-11-34
https://doi.org/10.1186/1478-811X-11-34
https://doi.org/10.1038/s41386-021-01152-w
https://doi.org/10.1007/BF00422968
https://doi.org/10.1007/BF00422968


Psychopharmacology

Pharmacol Biochem Behav 53:285–290. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​
/​0​0​​9​1​-​3​0​5​7​(​9​5​)​0​2​0​2​2​-​5

Simola N, Morelli M, Carta AR (2007) The 6-Hydroxydopamine 
model of parkinson’s disease. Neurotox Res 11:151–167. ​h​t​t​p​​s​:​/​​/​
d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​B​F​​0​3​0​3​3​5​6​5

Sorenson CA, Gordon M (1975) Effects of 6-hydroxydopamine on 
shock-elicited aggression, emotionality and maternal behavior in 
female rats. Pharmacol Biochem Behav 3:331–335. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​1​​0​1​6​​/​0​0​​9​1​-​3​0​5​7​(​7​5​)​9​0​0​3​9​-​8

Spigolon G, Fisone G (2018) Signal transduction in L-DOPA-induced 
dyskinesia: from receptor sensitization to abnormal gene expres-
sion. J Neural Transm (Vienna) 125:1171–1186. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​
0​.​1​​0​0​7​​/​s​0​​0​7​0​2​-​0​1​8​-​1​8​4​7​-​7

Stott SRW, Barker RA (2014) Time course of dopamine neuron loss 
and glial response in the 6-OHDA striatal mouse model of par-
kinson’s disease. Eur J Neurosci 39:1042–1056. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​
1​0​.​1​​1​1​1​​/​e​j​​n​.​1​2​4​5​9

Studer E, Näslund J, Westman A, Carlsson A, Eriksson E (2016) The 
effects of the dopamine stabilizer (–)-OSU6162 on aggressive 
and sexual behavior in rodents. Transl Psychiatry 6:e762–e762. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​t​p​​.​2​0​1​6​.​1​2

Sukhodolskaya EM, Fehretdinova DI, Shibalev DV, Lazebny OE, 
Mabulla AZ, Butovskaya ML, Ryskov AP, Vasilyev VV (2018) 
Polymorphisms of dopamine receptor genes DRD2 and DRD4 
in African populations of Hadza and Datoga differing in the level 
of culturally permitted aggression. Annals of human genetics 
82(6):407–414

Sun F, Zeng J, Jing M, Zhou J, Feng J, Owen SF, Luo Y, Li F, Wang 
H, Yamaguchi T, Yong Z, Gao Y, Peng W, Wang L, Zhang S, Du 
J, Lin D, Xu M, Kreitzer AC, Cui G, Li Y (2018) A genetically 
encoded fluorescent sensor enables rapid and specific detection of 
dopamine in flies, fish, and mice. Cell 174:481–496e19. ​h​t​t​p​​s​:​/​​/​d​o​
i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​c​e​l​l​.​2​0​1​8​.​0​6​.​0​4​2

Sun F, Zhou J, Dai B, Qian T, Zeng J, Li X, Zhuo Y, Zhang Y, Wang Y, 
Qian C, Tan K, Feng J, Dong H, Lin D, Cui G, Li Y (2020) Next-
generation GRAB sensors for monitoring dopaminergic activity 
in vivo. Nat Methods 17:1156–1166. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​s​4​​1​
5​9​2​-​0​2​0​-​0​0​9​8​1​-​9

Sykes DA, Moore H, Stott L, Holliday N, Javitch JA, Lane JR, Charl-
ton SJ (2017) Extrapyramidal side effects of antipsychotics are 
linked to their association kinetics at dopamine D2 receptors. Nat 
Commun 8:763. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​s​4​​1​4​6​7​-​0​1​7​-​0​0​7​1​6​-​z

Szczypka MS, Zhou Q, Palmiter RD (1998) Dopamine-stimulated sex-
ual behavior is testosterone dependent in mice. Behav Neurosci 
112:1229–1235. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​7​​/​0​7​​3​5​-​7​0​4​4​.​1​1​2​.​5​.​1​2​2​9

Takahashi A, Miczek KA (2014) Neurogenetics of aggressive Behav-
ior – Studies in rodents. Curr Top Behav Neurosci 17:3–44. ​h​t​t​p​​s​
:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​7​8​​5​4​_​2​0​1​3​_​2​6​3

Takahashi A, Nagayasu K, Nishitani N, Kaneko S, Koide T (2014) 
Control of intermale aggression by medial prefrontal cortex acti-
vation in the mouse. PLoS ONE 9:e94657. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​3​7​
1​​/​j​o​​u​r​n​a​l​.​p​o​n​e​.​0​0​9​4​6​5​7

Thoa NB, Eichelman B, Ng LKY (1972) Shock-induced aggression: 
effects of 6-hydroxydopamine and other Pharmacological agents. 
Brain Res 43:467–475. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​0​0​​0​6​-​8​9​9​3​(​7​2​)​9​0​
4​0​1​-​5

Thompson J, Thomas N, Singleton A, Piggot M, Lloyd S, Perry EK, 
Morris CM, Perry RH, Ferrier IN, Court JA (1997) D2 dopamine 
receptor gene (DRD2) Taql A polymorphism: reduced dopamine 
D2 receptor binding in the human striatum associated with the A1 
allele. Pharmacogenet Genomics 7:479

Tidey JW, Miczek KA (1992) Effects of SKF 38393 and Quinpirole 
on aggressive, motor and schedule-controlled behaviors in mice. 
Behav Pharmacol 3:553

Tinbergen N (1968) On war and peace. Anim Man Sci 160:1411–1418. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​2​6​​/​s​c​​i​e​n​​c​e​.​​1​6​0​.​​3​8​​3​5​.​1​4​1​1

Penedo MA, Rivera-Baltanás T, Pérez-Rodríguez D, Allen J, Borrajo 
A, Alonso-Crespo D, Fernández-Pereira C, Nieto-Araujo M, 
Ramos-García S, Barreiro-Villar C, Caruncho HJ, Olivares JM, 
Agís-Balboa RC (2021) The role of dopamine receptors in lym-
phocytes and their changes in schizophrenia. Brain Behav Immun 
- Health 12:100199. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​b​b​i​h​.​2​0​2​1​.​1​0​0​1​9​9

Pierre JM (2005) Extrapyramidal symptoms with atypical antipsychot-
ics. Drug-Safety 28:191–208. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​2​​1​6​5​​/​0​0​​0​0​2​​0​1​8​​-​
2​0​0​​5​2​​8​0​3​0​-​0​0​0​0​2

Pignatelli M, Bonci A (2015) Role of dopamine neurons in reward 
and aversion: A synaptic plasticity perspective. Neuron 86:1145–
1157. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​n​e​u​r​o​n​.​2​0​1​5​.​0​4​.​0​1​5

Pohjalainen T, Rinne JO, Någren K, Lehikoinen P, Anttila K, Syvälahti 
EKG, Hietala J (1998) The A1 allele of the human D2 dopamine 
receptor gene predicts low D2 receptor availability in healthy vol-
unteers. Mol Psychiatry 3:256–260. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​s​j​​.​m​p​
.​4​0​0​0​3​5​0

Pöschlová N, Mašek K, Kršiak M (1976) Facilitated intermale aggres-
sion in the mouse after 6-hydroxydopamine administration. Neu-
ropharmacology 15:403–407. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​0​0​​2​8​-​3​9​0​8​
(​7​6​)​9​0​1​1​7​-​9

Poulin J-F, Caronia G, Hofer C, Cui Q, Helm B, Ramakrishnan C, 
Chan CS, Dombeck DA, Deisseroth K, Awatramani R (2018) 
Mapping projections of molecularly defined dopamine neuron 
subtypes using intersectional genetic approaches. Nat Neurosci 
21:1260–1271. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​s​4​​1​5​9​3​-​0​1​8​-​0​2​0​3​-​4

Puciłowski O, Kostowski W, Bidziński A, Hauptmann M (1982) 
Effect of 6-hydroxydopamine-induced lesions of A10 dopaminer-
gic neurons on aggressive behavior in rats. Pharmacol Biochem 
Behav 16:547–551. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​0​0​​9​1​-​3​0​5​7​(​8​2​)​9​0​4​1​
2​-​9

Puighermanal E, Castell L, Esteve-Codina A, Melser S, Kaganovsky 
K, Zussy C, Boubaker-Vitre J, Gut M, Rialle S, Kellendonk C, 
Sanz E, Quintana A, Marsicano G, Martin M, Rubinstein M, 
Girault J-A, Ding JB, Valjent E (2020) Functional and molecu-
lar heterogeneity of D2R neurons along dorsal ventral axis in the 
striatum. Nat Commun 11:1957. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​s​4​​1​4​6​7​
-​0​2​0​-​1​5​7​1​6​-​9

Redolat R, Brain PF, Simon VM (1991) Sulpiride has an antiaggres-
sive effect in mice without markedly depressing motor activity. 
Neuropharmacology 30:41–46. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​0​0​​2​8​-​3​9​0​
8​(​9​1​)​9​0​0​4​0​-​I

Rodríguez-Arias M, Felip CM, Broseta I, Miñarro J (1999) The dopa-
mine D3 antagonist U-99194A maleate increases social behaviors 
of isolation-induced aggressive male mice. Psychopharmacology 
144:90–94. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​0​​0​2​1​3​0​0​5​0​9​8​1

Rodriguiz RM, Chu R, Caron MG, Wetsel WC (2004) Aberrant 
responses in social interaction of dopamine transporter knockout 
mice. Behav Brain Res 148:185–198. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​S​0​​
1​6​6​-​4​3​2​8​(​0​3​)​0​0​1​8​7​-​6

Rodrı́guez-Arias M, Miñarro J, Aguilar MA, Pinazo J, Simón VM 
(1998) Effects of Risperidone and SCH 23390 on isolation-
induced aggression in male mice. Eur Neuropsychopharmacol 
8:95–103. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​S​0​​9​2​4​-​9​7​7​X​(​9​7​)​0​0​0​5​1​-​5

Roth BL (2016) DREADDs for neuroscientists. Neuron 89:683–694. ​h​
t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​n​e​u​r​o​n​.​2​0​1​6​.​0​1​.​0​4​0

Ryan MB, Bair-Marshall C, Nelson AB (2018) Aberrant striatal activ-
ity in parkinsonism and Levodopa-Induced dyskinesia. Cell Rep 
23:3438–3446e5. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​c​e​l​r​e​p​.​2​0​1​8​.​0​5​.​0​5​9

Schiffmann SN, Fisone G, Moresco R, Cunha RA, Ferré S (2007) Ade-
nosine A2A receptors and basal ganglia physiology. Progress in 
neurobiology, targeting adenosine A2A receptors in parkinson’s 
disease and other CNS disorders. 83:277–292. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​
1​​0​1​6​​/​j​.​​p​n​e​​u​r​o​​b​i​o​.​​2​0​​0​7​.​0​5​.​0​0​1

Serova LI, Naumenko EV (1996) Involvement of the brain cat-
echolaminergic system in the regulation of dominant behavior. 

1 3

https://doi.org/10.1016/0091-3057(95)02022-5
https://doi.org/10.1016/0091-3057(95)02022-5
https://doi.org/10.1007/BF03033565
https://doi.org/10.1007/BF03033565
https://doi.org/10.1016/0091-3057(75)90039-8
https://doi.org/10.1016/0091-3057(75)90039-8
https://doi.org/10.1007/s00702-018-1847-7
https://doi.org/10.1007/s00702-018-1847-7
https://doi.org/10.1111/ejn.12459
https://doi.org/10.1111/ejn.12459
https://doi.org/10.1038/tp.2016.12
https://doi.org/10.1038/tp.2016.12
https://doi.org/10.1016/j.cell.2018.06.042
https://doi.org/10.1016/j.cell.2018.06.042
https://doi.org/10.1038/s41592-020-00981-9
https://doi.org/10.1038/s41592-020-00981-9
https://doi.org/10.1038/s41467-017-00716-z
https://doi.org/10.1037/0735-7044.112.5.1229
https://doi.org/10.1007/7854_2013_263
https://doi.org/10.1007/7854_2013_263
https://doi.org/10.1371/journal.pone.0094657
https://doi.org/10.1371/journal.pone.0094657
https://doi.org/10.1016/0006-8993(72)90401-5
https://doi.org/10.1016/0006-8993(72)90401-5
https://doi.org/10.1126/science.160.3835.1411
https://doi.org/10.1126/science.160.3835.1411
https://doi.org/10.1016/j.bbih.2021.100199
https://doi.org/10.2165/00002018-200528030-00002
https://doi.org/10.2165/00002018-200528030-00002
https://doi.org/10.1016/j.neuron.2015.04.015
https://doi.org/10.1038/sj.mp.4000350
https://doi.org/10.1038/sj.mp.4000350
https://doi.org/10.1016/0028-3908(76)90117-9
https://doi.org/10.1016/0028-3908(76)90117-9
https://doi.org/10.1038/s41593-018-0203-4
https://doi.org/10.1016/0091-3057(82)90412-9
https://doi.org/10.1016/0091-3057(82)90412-9
https://doi.org/10.1038/s41467-020-15716-9
https://doi.org/10.1038/s41467-020-15716-9
https://doi.org/10.1016/0028-3908(91)90040-I
https://doi.org/10.1016/0028-3908(91)90040-I
https://doi.org/10.1007/s002130050981
https://doi.org/10.1016/S0166-4328(03)00187-6
https://doi.org/10.1016/S0166-4328(03)00187-6
https://doi.org/10.1016/S0924-977X(97)00051-5
https://doi.org/10.1016/j.neuron.2016.01.040
https://doi.org/10.1016/j.neuron.2016.01.040
https://doi.org/10.1016/j.celrep.2018.05.059
https://doi.org/10.1016/j.pneurobio.2007.05.001
https://doi.org/10.1016/j.pneurobio.2007.05.001


Psychopharmacology

Wang Y-M, Gainetdinov RR, Fumagalli F, Xu F, Jones SR, Bock 
CB, Miller GW, Wightman RM, Caron MG (1997) Knockout 
of the vesicular monoamine transporter 2 gene results in neo-
natal death and supersensitivity to cocaine and amphetamine. 
Neuron 19:1285–1296. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​S​0​​8​9​6​-​6​2​7​3​(​0​0​
)​8​0​4​1​9​-​5

Watanabe S, Fusa K, Takada K, Aono Y, Saigusa T, Koshikawa N, 
Cools AR (2005) Effects of alpha-methyl-p-tyrosine on extracel-
lular dopamine levels in the nucleus accumbens and the dorsal 
striatum of freely moving rats. J Oral Sci 47:185–190. ​h​t​t​p​​s​:​/​​/​d​o​i​​
.​o​​r​g​/​​1​0​.​2​​3​3​4​​/​j​o​​s​n​u​s​d​.​4​7​.​1​8​5

Wei D, Talwar V, Lin D (2021) Neural circuits of social behaviors: 
innate yet flexible. Neuron 109:1600–1620. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​
1​6​​/​j​.​​n​e​u​r​o​n​.​2​0​2​1​.​0​2​.​0​1​2

Willemsen MA, Verbeek MM, Kamsteeg E-J, de Rijk-van Andel JF, 
Aeby A, Blau N, Burlina A, Donati MA, Geurtz B, Grattan-
Smith PJ, Haeussler M, Hoffmann GF, Jung H, de Klerk JB, van 
der Knaap MS, Kok F, Leuzzi V, de Lonlay P, Megarbane A, 
Monaghan H, Renier WO, Rondot P, Ryan MM, Seeger J, Smei-
tink JA, Steenbergen-Spanjers GC, Wassmer E, Weschke B, Wij-
burg FA, Wilcken B, Zafeiriou DI, Wevers RA (2010) Tyrosine 
hydroxylase deficiency: a treatable disorder of brain catechol-
amine biosynthesis. Brain 133:1810–1822. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​
9​3​​/​b​r​​a​i​n​/​a​w​q​0​8​7

Willmore L, Cameron C, Yang J, Witten IB, Falkner AL (2022) 
Behavioural and dopaminergic signatures of resilience. Nature 
611:124–132. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​s​4​​1​5​8​6​-​0​2​2​-​0​5​3​2​8​-​2

Winslow JT, Miczek KA (1983) Habituation of aggression in mice: 
Pharmacological evidence of catecholaminergic and serotonergic 
mediation. Psychopharmacology 81:286–291. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​
1​​0​0​7​​/​B​F​​0​0​4​2​7​5​6​4

Wong LC, Wang L, D’Amour JA, Yumita T, Chen G, Yamaguchi T, 
Chang BC, Bernstein H, You X, Feng JE, Froemke RC, Lin D 
(2016) Effective modulation of male aggression through lateral 
septum to medial hypothalamus projection. Curr Biol 26:593–
604. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​c​u​b​.​2​0​1​5​.​1​2​.​0​6​5

Wrangham RW (2018) Two types of aggression in human evolution. 
Proc Natl Acad Sci U S A 115:245–253. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​7​3​​/​
p​n​​a​s​.​1​7​1​3​6​1​1​1​1​5

Xing B, Mack NR, Zhang Y-X, McEachern EP, Gao W-J (2022) Dis-
tinct roles for prefrontal dopamine D1 and D2 neurons in social 
hierarchy. J Neurosci 42:313–324. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​5​2​3​​/​J​N​​E​U​
R​​O​S​C​​I​.​0​7​​4​1​​-​2​1​.​2​0​2​1

Yan R, Wei D, Varshneya A, Shan L, Dai B, Asencio HJ, Gollamudi A, 
Lin D (2024) The multi-stage plasticity in the aggression circuit 
underlying the winner effect. Cell 0. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​c​e​
l​l​.​2​0​2​4​.​0​9​.​0​3​0

Yao Z, van Velthoven CTJ, Kunst M, Zhang M, McMillen D, Lee 
C, Jung W, Goldy J, Abdelhak A, Aitken M, Baker K, Baker P, 
Barkan E, Bertagnolli D, Bhandiwad A, Bielstein C, Bishwa-
karma P, Campos J, Carey D, Casper T, Chakka AB, Chakrab-
arty R, Chavan S, Chen M, Clark M, Close J, Crichton K, 
Daniel S, DiValentin P, Dolbeare T, Ellingwood L, Fiabane E, 
Fliss T, Gee J, Gerstenberger J, Glandon A, Gloe J, Gould J, 
Gray J, Guilford N, Guzman J, Hirschstein D, Ho W, Hooper 
M, Huang M, Hupp M, Jin K, Kroll M, Lathia K, Leon A, Li S, 
Long B, Madigan Z, Malloy J, Malone J, Maltzer Z, Martin N, 
McCue R, McGinty R, Mei N, Melchor J, Meyerdierks E, Mol-
lenkopf T, Moonsman S, Nguyen TN, Otto S, Pham T, Rimorin 
C, Ruiz A, Sanchez R, Sawyer L, Shapovalova N, Shepard N, 
Slaughterbeck C, Sulc J, Tieu M, Torkelson A, Tung H, Cuevas 
V, Vance N, Wadhwani S, Ward K, Levi K, Farrell B, Young 
C, Staats R, Wang B, Thompson M-QM, Mufti CL, Pagan 
S, Kruse CM, Dee L, Sunkin N, Esposito SM, Hawrylycz L, 
Waters MJ, Ng J, Smith L, Tasic K, Zhuang B, Zeng X (2023) 
H., A high-resolution transcriptomic and spatial atlas of cell 

Tritsch NX, Ding JB, Sabatini BL (2012) Dopaminergic neurons 
inhibit striatal output through non-canonical release of GABA. 
Nature 490:262–266. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​n​a​​t​u​r​e​1​1​4​6​6

Usiello A, Baik J-H, Rougé-Pont F, Picetti R, Dierich A, LeMeur M, 
Piazza PV, Borrelli E (2000) Distinct functions of the two iso-
forms of dopamine D2 receptors. Nature 408:199–203. ​h​t​t​p​​s​:​/​​/​d​o​
i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​3​5​​0​4​1​5​7​2

van Erp AMM, Miczek KA (2000) Aggressive behavior, increased 
accumbal dopamine, and decreased cortical serotonin in rats. J 
Neurosci 20:9320–9325. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​5​2​3​​/​J​N​​E​U​R​​O​S​C​​I​.​2​
0​​-​2​​4​-​0​9​3​2​0​.​2​0​0​0

Emiliani V, Entcheva E, Hedrich R, Hegemann P, Konrad KR, 
Lüscher C, Mahn M, Pan Z-H, Sims RR, Vierock J, Yizhar O 
(2022) Optogenetics for light control of biological systems. Nat 
Rev Methods Primers 2:1–25. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​s​4​​3​5​8​6​-​
0​2​2​-​0​0​1​3​6​-​4

van Schalkwyk GI, Beyer C, Johnson J, Deal M, Bloch MH (2018) 
Antipsychotics for aggression in adults: A meta-analysis. Prog 
Neuropsychopharmacol Biol Psychiatry 81:452–458. ​h​t​t​p​​s​:​/​​/​d​o​i​​
.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​p​n​p​b​p​.​2​0​1​7​.​0​7​.​0​1​9

van Schalkwyk GI, Lewis AS, Beyer C, Johnson J, van Rensburg 
S, Bloch MH (2017) Efficacy of antipsychotics for irritability 
and aggression in children: a meta-analysis. Expert Rev Neu-
rother 17:1045–1053. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​8​0​​/​1​4​​7​3​7​​1​7​5​​.​2​0​1​​7​.​​
1​3​7​1​0​1​2

Vander Weele CM, Siciliano CA, Tye KM (2019) Dopamine tunes 
prefrontal outputs to orchestrate aversive processing. Brain Res 
1713:16–31. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​b​r​a​​i​n​r​​e​s​.​2​​0​1​​8​.​1​1​.​0​4​4

Volavka J, Bilder R, Nolan K (2004a) Catecholamines and aggression: 
the role of COMT and MAO polymorphisms. Ann N Y Acad Sci 
1036:393–398. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​9​6​​/​a​n​​n​a​l​s​.​1​3​3​0​.​0​2​3

Volavka J, Czobor P, Nolan K, Sheitman B, Lindenmayer J-P, Citrome 
L, McEvoy JP, Cooper TB, Lieberman JA (2004b) Overt aggres-
sion and psychotic symptoms in patients with schizophrenia 
treated with clozapine, olanzapine, risperidone, or haloperidol. J 
Clin Psychopharmacol 24:225. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​9​7​​/​0​1​​.​j​c​​p​.​0​​0​
0​0​1​​1​7​​4​2​4​.​0​5​7​0​3​.​2​9

Vormstein-Schneider D, Lin JD, Pelkey KA, Chittajallu R, Guo B, 
Arias-Garcia MA, Allaway K, Sakopoulos S, Schneider G, Ste-
venson O, Vergara J, Sharma J, Zhang Q, Franken TP, Smith J, 
Ibrahim LA, astro M, Sabri KJ, Huang E, Favuzzi S, Burbridge 
E, Xu T, Guo Q, Vogel L, Sanchez I, Saldi V, Gorissen GA, 
Yuan BL, Zaghloul X, Devinsky KA, Sabatini O, Batista-Brito 
BL, Reynolds R, Feng J, Fu G, McBain Z, Fishell CJ, Dimid-
schstein G, J (2020) Viral manipulation of functionally distinct 
interneurons in mice, non-human primates and humans. Nat 
Neurosci 23:1629–1636. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​s​4​​1​5​9​3​-​0​2​0​-​0​
6​9​2​-​9

Vukhac K-L, Sankoorikal E-B, Wang Y (2001) Dopamine D2L recep-
tor- and age-related reduction in offensive aggression. NeuroRe-
port 12:1035

Wang M, Li P, Li Z, da Silva BS, Zheng W, Xiang Z, He Y, Xu T, 
Cordeiro C, Deng L, Dai Y, Ye M, Lin Z, Zhou J, Zhou X, Ye 
F, Cunha RA, Chen J, Guo W (2023) Lateral septum adenosine 
A2A receptors control stress-induced depressive-like behaviors 
via signaling to the hypothalamus and Habenula. Nat Commun 
14:1880. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​s​4​​1​4​6​7​-​0​2​3​-​3​7​6​0​1​-​x

Wang M, Li Z, Song Y, Sun Q, Deng L, Lin Z, Zeng Y, Qiu C, Lin J, 
Guo H, Chen J, Guo W (2022) Genetic tagging of the adenos-
ine A2A receptor reveals its heterogeneous expression in brain 
regions. Front Neuroanat 16. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​8​9​​/​f​n​​a​n​a​.​2​0​2​2​
.​9​7​8​6​4​1

Wang Y, Xu R, Sasaoka T, Tonegawa S, Kung M-P, Sankoorikal E-B 
(2000) Dopamine D2 long Receptor-Deficient mice display alter-
ations in Striatum-Dependent functions. J Neurosci 20:8305–
8314. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​5​2​3​​/​J​N​​E​U​R​​O​S​C​​I​.​2​0​​-​2​​2​-​0​8​3​0​5​.​2​0​0​0

1 3

https://doi.org/10.1016/S0896-6273(00)80419-5
https://doi.org/10.1016/S0896-6273(00)80419-5
https://doi.org/10.2334/josnusd.47.185
https://doi.org/10.2334/josnusd.47.185
https://doi.org/10.1016/j.neuron.2021.02.012
https://doi.org/10.1016/j.neuron.2021.02.012
https://doi.org/10.1093/brain/awq087
https://doi.org/10.1093/brain/awq087
https://doi.org/10.1038/s41586-022-05328-2
https://doi.org/10.1007/BF00427564
https://doi.org/10.1007/BF00427564
https://doi.org/10.1016/j.cub.2015.12.065
https://doi.org/10.1073/pnas.1713611115
https://doi.org/10.1073/pnas.1713611115
https://doi.org/10.1523/JNEUROSCI.0741-21.2021
https://doi.org/10.1523/JNEUROSCI.0741-21.2021
https://doi.org/10.1016/j.cell.2024.09.030
https://doi.org/10.1016/j.cell.2024.09.030
https://doi.org/10.1038/nature11466
https://doi.org/10.1038/35041572
https://doi.org/10.1038/35041572
https://doi.org/10.1523/JNEUROSCI.20-24-09320.2000
https://doi.org/10.1523/JNEUROSCI.20-24-09320.2000
https://doi.org/10.1038/s43586-022-00136-4
https://doi.org/10.1038/s43586-022-00136-4
https://doi.org/10.1016/j.pnpbp.2017.07.019
https://doi.org/10.1016/j.pnpbp.2017.07.019
https://doi.org/10.1080/14737175.2017.1371012
https://doi.org/10.1080/14737175.2017.1371012
https://doi.org/10.1016/j.brainres.2018.11.044
https://doi.org/10.1196/annals.1330.023
https://doi.org/10.1097/01.jcp.0000117424.05703.29
https://doi.org/10.1097/01.jcp.0000117424.05703.29
https://doi.org/10.1038/s41593-020-0692-9
https://doi.org/10.1038/s41593-020-0692-9
https://doi.org/10.1038/s41467-023-37601-x
https://doi.org/10.3389/fnana.2022.978641
https://doi.org/10.3389/fnana.2022.978641
https://doi.org/10.1523/JNEUROSCI.20-22-08305.2000


Psychopharmacology

Zhou Q-Y, Palmiter RD (1995) Dopamine-deficient mice are severely 
hypoactive, adipsic, and aphagic. Cell 83:1197–1209. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​
o​​r​g​/​​1​0​.​1​​0​1​6​​/​0​0​​9​2​-​8​6​7​4​(​9​5​)​9​0​1​4​5​-​0

Zhou Q-Y, Quaife CJ, Palmiter RD (1995) Targeted disruption of 
the tyrosine hydroxylase gene reveals that catecholamines are 
required for mouse fetal development. Nature 374:640–643. ​h​t​t​
p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​3​7​​4​6​4​0​a​0

Zhuo Y, Luo B, Yi X, Dong H, Miao X, Wan J, Williams JT, 
Campbell MG, Cai R, Qian T, Li F, Weber SJ, Wang L, Li 
B, Wei Y, Li G, Wang H, Zheng Y, Zhao Y, Wolf ME, Zhu 
Y, Watabe-Uchida M, Li Y (2024) Improved green and red 
GRAB sensors for monitoring dopaminergic activity in vivo. 
Nat Methods 21:680–691. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​s​4​​1​5​9​2​-​0​2​
3​-​0​2​1​0​0​-​w

Zou Y-F, Wang F, Feng X-L, Li W-F, Tian Y-H, Tao J-H, Pan F-M, 
Huang F (2012) Association of DRD2 gene polymorphisms with 
mood disorders: A meta-analysis. J Affect Disord 136:229–237. ​h​
t​t​p​s​:​​​/​​/​d​o​​i​.​o​​r​​g​​/​​1​0​​.​1​0​​​1​​6​​/​j​.​​j​a​d​.​​2​0​1​​0​.​1​1​.​0​1​2

Publisher’s note  Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

types in the whole mouse brain. Nature 624:317–332. ​h​t​t​p​​s​:​/​​/​d​
o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​s​4​​1​5​8​6​-​0​2​3​-​0​6​8​1​2​-​z

Yu Q, Teixeira CM, Mahadevia D, Huang Y, Balsam D, Mann JJ, 
Gingrich JA, Ansorge MS (2014) Dopamine and serotonin sig-
naling during two sensitive developmental periods differentially 
impact adult aggressive and affective behaviors in mice. Mol 
Psychiatry 19:688–698. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​8​​/​m​p​​.​2​0​1​4​.​1​0

Yudofsky SC, Silver JM, Schneider SE (1987) Pharmacologic treat-
ment of aggression. Psychiatric Annals 17:397–407. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​
r​g​/​​1​0​.​3​​9​2​8​​/​0​0​​4​8​-​​5​7​1​​3​-​1​9​​8​7​​0​6​0​1​-​1​1

Zachry JE, Kutlu MG, Yoon HJ, Leonard MZ, Chevée M, Patel DD, 
Gaidici A, Kondev V, Thibeault KC, Bethi R, Tat J, Melugin 
PR, Isiktas AU, Joffe ME, Cai DJ, Conn PJ, Grueter BA, Cali-
pari ES (2024) D1 and D2 medium spiny neurons in the nucleus 
accumbens core have distinct and valence-independent roles in 
learning. Neuron 112:835–849e7. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​n​e​u​
r​o​n​.​2​0​2​3​.​1​1​.​0​2​3

Zai CC, Ehtesham S, Choi E, Nowrouzi B, de Luca V, Stankovich 
L, Davidge K, Freeman N, King N, Kennedy JL, Beitchman JH 
(2012) Dopaminergic system genes in childhood aggression: pos-
sible role for DRD2. World J Biol Psychiatry 13:65–74. ​h​t​t​p​​s​:​/​​/​d​
o​i​​.​o​​r​g​/​​1​0​.​3​​1​0​9​​/​1​5​​6​2​2​9​7​5​.​2​0​1​0​.​5​4​3​4​3​1

1 3

https://doi.org/10.1016/0092-8674(95)90145-0
https://doi.org/10.1016/0092-8674(95)90145-0
https://doi.org/10.1038/374640a0
https://doi.org/10.1038/374640a0
https://doi.org/10.1038/s41592-023-02100-w
https://doi.org/10.1038/s41592-023-02100-w
https://doi.org/10.1016/j.jad.2010.11.012
https://doi.org/10.1016/j.jad.2010.11.012
https://doi.org/10.1038/s41586-023-06812-z
https://doi.org/10.1038/s41586-023-06812-z
https://doi.org/10.1038/mp.2014.10
https://doi.org/10.3928/0048-5713-19870601-11
https://doi.org/10.3928/0048-5713-19870601-11
https://doi.org/10.1016/j.neuron.2023.11.023
https://doi.org/10.1016/j.neuron.2023.11.023
https://doi.org/10.3109/15622975.2010.543431
https://doi.org/10.3109/15622975.2010.543431

	﻿Dopamine modulation of aggression
	﻿Abstract
	﻿Introduction
	﻿Systematic studies on DA and aggression
	﻿DA metabolic and signaling pathways

	﻿Genetic mutations
	﻿DA synthesis and release
	﻿D2 Receptors
	﻿DA degradation and recycling

	﻿Pharmacology
	﻿Drugs disrupting DA synthesis and release
	﻿6-Hydroxydopamine
	﻿Stimulants
	﻿DA receptor agonists and antagonists

	﻿Neural circuit studies of DA in aggression
	﻿Ventral tegmental area
	﻿Lateral septum
	﻿Nucleus accumbens
	﻿Medial amygdala
	﻿Prefrontal cortex

	﻿Future directions for treating hyperaggression
	﻿References


