Review Article
https://doi.org/10.1038/s41593-020-00715-2

Neural mechanisms of aggression across species
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Aggression is a social behavior essential for securing resources and defending oneself and family. Thanks to its indispensable function in competition and thus survival, aggression exists widely across animal species, including humans. Classical
works from Tinbergen and Lorenz concluded that instinctive behaviors including aggression are mediated by hardwired brain
circuitries that specialize in processing certain sensory inputs to trigger stereotyped motor outputs. They further suggest that
instinctive behaviors are influenced by an animal’s internal state and past experiences. Following this conceptual framework,
here we review our current understanding regarding the neural substrates underlying aggression generation, highlighting an
evolutionarily conserved ‘core aggression circuit’ composed of four subcortical regions. We further discuss the neural mechanisms that support changes in aggression based on the animal’s internal state. We aim to provide an overview of features of
aggression and the relevant neural substrates across species, highlighting findings in rodents, primates and songbirds.

A

ggression is defined as hostile behaviors toward other animals of the same species1,2. While the exact form of aggression differs widely across species, all aggressive actions share
the common goal of overpowering the opponent, often by inflicting
pain and harm1. Aggression is metabolically costly and potentially
risky. In extreme cases, it is fatal. Yet aggression exists in nearly all
species, ranging from invertebrates to vertebrates, from animals
swimming in the ocean to those soaring in the sky, denoting its
important functionality1 (Box 1).
In humans, a popular framework for understanding aggression
is called the general aggression model (GAM)3. In this model, an
aggression-provoking situation (input) alters the internal state of
the individual (route), which in turn affects appraisal and decision
processes that lead to aggressive or nonaggressive outcomes (outcome). In animals, similar frameworks can be applied to understand the generation of aggression (Fig. 1). Upon detection of an
aggression-provoking stimulus, for example, the intrusion of a conspecific competitor, aggressive arousal—an internal state that favors
the generation of aggression—increases. Aggressive arousal is influenced by many internal and experiential factors, such as circadian
state, stress level, reproductive state and winning and losing experience. When the aggressive arousal reaches a certain threshold, the
animal initiates the motor execution of aggression, for example,
attack. Here we will review the main neural substrates relevant for
each stage of aggression generation.

Aggression-provoking cue detection circuits

The first step in the generation of aggression is the detection of an
aggression-provoking stimulus. For humans, such stimuli can be
in various sensory modalities, ranging from physical acts to verbal insults. For other animals, the aggression-provoking stimuli
are often more stereotypical and conveyed primarily through one
sensory modality. For example, rodents rely heavily on the olfactory cues to determine the sex, age, physical condition, familiarity
and dominance status of an intruder4. Aggression is largely absent
in mice without a functional nose4,5. Two parallel olfactory systems
detect and process olfactory cues in rodents. In the main olfactory
system, the main olfactory epithelium detects volatiles and projects
to the main olfactory bulb (MOB), which then projects to several
areas including piriform cortex and cortical amygdala (CoA)4.

CoA then projects to the medial amygdala (MeA), an essential
region for aggression generation, as detailed below6. In the accessory olfactory system, the vomeronasal organ detects non-volatile
pheromones and projects to the accessory olfactory bulb (AOB),
which then projects directly to MeA4. Thus, MeA is the first brain
region where all olfactory information converges (Fig. 2).
In songbirds, olfaction plays a less important role (but see ref. 7).
Instead, auditory input, specifically the song of another conspecific,
contains pivotal information regarding the identity of the individual
and is an important trigger of aggression8,9. Playing back the song
of an intruder paired to a decoy toy or a caged conspecific is sufficient to result in direct (physical attacks) or indirect (soft song)
aggressive responses9. The auditory pathway in songbirds in the
context of vocal learning and song production is well understood10.
After the song is detected by the inner ear, the auditory information travels to the cochlear nucleus (CN) in the medulla, the dorsal
lateral nucleus of the mesencephalon (MLd; analogous to inferior
colliculus in mammals), the nucleus ovoidalis (Ov) of thalamus
(analogous to auditory thalamus) and eventually reaches song perception and production regions in the forebrain10. While the interactions between the auditory pathway and the aggression circuit
(see next section) are less well understood, tracing studies suggest
that auditory information in songbirds can be relayed to the aggression circuit at the subcortical level. Specifically, nucleus taenia of the
amygdala (Nt; homolog to mammalian MeA) receives inputs from
the ovoidalis shell, a subdivision of avian auditory thalamus11,12
while the ventromedial hypothalamus—an essential hypothalamic
regions for aggression—receives inputs from Ov13 (Fig. 3). Thus, in
animals whose aggression can be triggered by stereotypical stimuli,
there likely exist species-specific and developmentally hardwired
circuits that route this information to the core aggression circuit
(CAC) as proposed and detailed below.

The core aggression circuit

Once the aggression-provoking cue is detected, it is passed onto the
CAC, the activity of which determines the overall aggressive arousal
and likelihood of attack. The proposed CAC is composed of several
interconnected nuclei, including MeA, bed nucleus of stria terminalis (BNST), ventrolateral part of the ventromedial hypothalamus
(VMHvl) and ventral part of the premammilary nucleus (PMv).
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Box 1 | Aggressive actions vary across species

In this Review, we define aggression as actions to overpower a
conspecific opponent, which include both physical attacks and
non-physical threats. As aggression exists in nearly all species, its
form of expression varies widely with species-specific anatomical
features. Here we discuss aggressive behaviors in mice, songbirds
and humans.
Mice
Aggression is readily observed in laboratory male mice using a
resident–intruder assay. In this assay, a strange male is introduced
into the home cage of a singly-housed ‘resident’ male mouse.
Upon detecting the intruder, the resident often initiates aggressive
actions, including both threat display and physical attack. Tail
rattling, a rapid vibration of the tail, is the most noticeable form of
threat display132, and biting is the main component of the physical
attack. The specific pattern of biting varies with the relative
strength of the animals: strong and offending animals tend to bite
on the back of the opponent, whereas weak and defending animals
tend to bite on the ventral surfaces and head49. Other movements,
such as lunging and chasing, are common tactics to gain access to
the preferred biting targets.
Songbirds
There are approximately 5,000 songbird species, many of which
are migratory133. When a male songbird arrives at the breeding
grounds, it competes, by singing, to obtain the most valuable
resource: a territory. A high-quality territory is a guarantee of
reproductive success, as it attracts females and provides nesting
areas and food. A male songbird will choose a centrally located
perch and sing loudly and repeatedly to advertise its presence
to both its competitors and potential mates. Once a territory is
established, the males will also sing at the territorial borders to
ascertain their ownership133.
If a male stranger ignores the singing and enters the territory,
the resident will escalate its aggressive acts. Paradoxically, resident
songbird will sing ‘soft songs’ to signal its intent to attack133. The
resident will also ‘puff ’ its feathers and quiver its wings, followed
by arduously pecking on a near-by object. If the intruder refuses
It partially overlaps with the ‘social behavior network’ (SBN) that
was initially proposed by Sarah Newman in mammals14 and later
expanded to large vertebrate species by James Goodson15 (Box 2).
Medial amygdala. In mice, MeA is the major downstream of AOB
and also receives inputs indirectly from MOB through CoA4,6.
Correspondingly, cells in this region are strongly activated by olfactory cues from conspecifics4,16. Recent studies further demonstrate
its direct role in driving aggression. Activating GABAergic cells in
the posterodorsal part of MeA (MeApd) is sufficient to evoke attack
in male mice17. Conversely, inactivating this area suppresses both
male and female aggression17–19. In songbirds, MeA is among the
regions showing increased immediate early gene (IEG) expression after aggressive encounters, but its functional role remains
unclear20,21. In primates, imaging and lesion studies indicate that the
amygdala plays a role in aggression, but these studies generally do
not consider specific amygdala subregions22,23.
Bed nucleus of the stria terminalis. Studies in rodents showed that
the posterior part of the BNST (BNSTp) also receives inputs from
the AOB4 and has dense, bidirectional connections to the MeA24.
Padilla et al. showed that optogenetic activation of axon terminals of
MeA NPY-expressing cells in the BNST increased the overall attack
duration in mice within a 10-min testing period19. Another study
demonstrated that acute inhibition or ablation of aromatase1318

to leave, the final resort is to exert physical attacks in which the
resident will fly over the intruder, chase it and eventually pounce
or vigorously peck its head or body9. During the non-breeding
season, many songbird species do not maintain territories, but
instead form a flock with a hierarchical order. Physical fighting
will occur during hierarchy formation but is rare afterwards133.
In laboratory settings, the majority of the studies on songbird
aggression use a paradigm mimicking territorial intrusion. The
procedure involves placing a decoy intruder (for example, a
painted model of a bird or a live bird in a cage) into the territory
of a male songbird, paired with a conspecific song played through
a speaker. The resident’s responses, such as approaching, singing,
wing quivers and flights directed at the decoy, are quantified to
indicate the level of aggression133.
Human primates
Human aggression is complex and can be expressed in numerous
ways. Non-physical aggression can be expressed verbally, through
gestures or in writing, whereas physical aggression can include
punching, kicking, biting, etc. Human aggression also has several
features that are largely absent in other species. First, humans can
employ weapons to overpower their opponents, and the winner
of a fight is thus not necessarily determined by physical strength.
Second, human aggression can sometimes be self-directed, with
suicide at its extreme134. Third, any form of physical aggression,
from school bullying to domestic violence, is generally considered
bad behavior and condemned by our moral and justice systems.
Lastly, humans show proactive aggression much more than any
other species. Aggression can be classified as reactive or proactive
(instrumental) based on the motive behind the actions. The former
is unplanned aggression in response to an immediate trigger,
whereas the latter is a planned action involving a seeking phase to
gain access to the victim135. Although laboratory studies suggest
that animals can show simple aggression-seeking behaviors54,
reactive aggression is far more common naturally. Humans are
the only species that show proactive aggression with extreme
sophistication, with war as an ultimate example.
expressing cells in the BNST suppresses inter-male aggression but
does not affect maternal aggression in mice25. Recording of BNST
aromatase cells in mice showed transient activation of the cells
upon male introduction but not during subsequent attacks, suggesting that BNST might be important for aggressive arousal but not
moment-to-moment attack25. Functional studies regarding a role
of BNST in birds remain lacking, although studies in several avian
species reported an increase in IEG expression in BNST after
aggressive encounters21.
Ventrolateral portion of the ventromedial hypothalamus. The
VMHvl is perhaps the best studied region for aggression in recent
years, with the vast majority of the studies done in mice26. This subnucleus of the medial hypothalamus receives direct inputs from both
BNSTp and MeA27,28. In male and female mice, optogenetic activation of VMHvl cells, especially those expressing estrogen receptor
alpha (Esr1), elicited time-locked attack toward both natural and
suboptimal targets29–32. Pharmacogenetic activation of the VMHvl
cells expressing progesterone receptor (PR), which overlaps substantially with Esr1, can enhance aggression in male mice regardless of their social status, housing condition or testing context33.
Inactivating or ablating VMHvl cells abolishes natural inter-male
aggression and maternal aggression in mice29–32,34. In vivo recording
and imaging studies have revealed detailed response patterns of the
VMHvl cells during agonistic encounters in male mice29,31,32,35,36.
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Fig. 1 | A common process that generates aggression in mice, songbirds and humans. Across species, detection of aggression-provoking cues increases
aggressive arousal, which is also subject to modulation by other internal states and prior knowledge (for example, social status of an opponent or legal
consequence of an assault). A heightened aggressive arousal promotes the motor execution of aggressive actions. While the general process is similar,
species differ in the sensory trigger, motor expression and the extent of cognitive control over the behavioral output, i.e., the aggressive act. The strength of
cognitive control is denoted by the width of the red lines.
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Fig. 2 | Neuroanatomical pathways of aggression in mice. In mice, olfactory sensory information is processed by the accessory and main olfactory bulbs
and relayed to the CAC for integration. Hip–LS and mPFC can modulate aggression through their interaction with the CAC. The CAC mediates innate
attack through its projection to the PAG and may also facilitate the activation of striatum via its projection to VTA dopamine neurons. Yellow indicates
regions for processing sensory inputs; orange indicates regions belonging to CAC; red indicates regions relevant for motor output; purple indicates
regions for top-down control and lilac indicates regions where dopamine neurons reside. AOB, accessory olfactory bulb; MOB, main olfactory bulb;
CoAp, posterior cortical amygdala nucleus; Hyp, hypothalamus; MPOA, medial preoptic area; Hip, hippocampus; Str, striatum.

Upon male-intruder introduction, VMHvl cells show an elevation in baseline activity, which is sustained throughout the duration of the intruder’s presence and minutes after removal of the
intruder26,29,35,36. During male–male investigation and attack, VMHvl
activity increases further, and then returns to the elevated baseline
at the offset of the behavioral episode29,31,32,35. Thus, the VMHvl

cells appear to carry information regarding aggressive arousal state,
aggression-provoking sensory cues and the motor execution of
attacks. Furthermore, VMHvl cell activity is flexible. While in naive
male mice VMHvl Esr1+ cell responses to males and females overlap
substantially, the responses become more distinct after sexual experience35. When the mouse learns to associate an arbitrary motor
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in human aggression. In patients showing extreme aggression
(including self-directed), deep brain stimulation-induced inhibition
of posterior medial hypothalamus reportedly suppressed or eliminated aggression43 (Fig. 4). Thus, VMHvl is a key node for aggression likely across all vertebrate species.
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Fig. 3 | Neuroanatomical pathway of aggression in songbirds. In
songbirds, auditory information from an intruder’s song is relayed to the
CAC (MeA and hypothalamus) via CN–MLd–Ov. CAC then promotes
the dopamine outputs from the VTA and GCt which in turn project to the
song production system to promote singing. CAC also projects to ICo to
potentially promote innate vocalization. Hip–LS is the major controller of
CAC and aggressive behaviors. Yellow indicates regions for processing
sensory inputs; orange indicates regions belonging to CAC; red indicates
regions relevant for motor output; purple indicates regions for top down
control and lilac indicates regions where dopamine neurons reside. Arrows
indicate established connections. CN, cochlear nucleus; MLd, dorsal lateral
nucleus of the mesencephalon; Ov, ovoidalis; Field L, fields L1, L2 and L3;
HVC, a letter-based name; RA, the robust nucleus of the arcopallium;
Nt, nucleus taenia (homolog to MeA in rodents); GCt, midbrain central
gray (homolog to PAG, in this case excluding the ICo); ICo, intercollicular
nucleus (homolog to dorsal PAG in rodents); Area X, area X of the striatum;
Hip, hippocampus; Hyp, hypothalamus.

action, for example, nose poke, with future opportunities to attack,
VMHvl cells start to increase activity before poking31. Notably,
VMHvl can be divided into functionally distinct compartments.
While the posterior VMHvl is primarily involved in aggression, the
anterior VMHvl mediates conspecific self-defense and social fear37.
In female mice, the posterior VMHvl contains medial and lateral
compartments that are relevant for aggression and sexual behaviors,
respectively32. Most recently, single-cell RNA sequencing revealed
the diverse molecular make-up of mouse VMHvl cells. Specifically,
there are three major clusters, characterized by the expression of
Esr1, Dlk1 or Satb2, respectively. Based on IEG expression, male
aggression largely activates the Esr1+ population, while mating
activates Dlk+ cells38. Future recordings from specific molecularly
defined subpopulations will help elucidate the relationship between
gene expression and functions of VMHvl cells.
There is also much evidence supporting a role of VMHvl in
aggression in other species. Electrical stimulation or pharmacological manipulation in the VMHvl can elicit aggression in cats, chickens, opossums and monkeys39–42. When a male songbird is exposed
to a male conspecific, VMHvl shows an increase in IEG expression,
and this increase is higher in territorial finches than in gregarious
species, consistent with its function in driving aggression21. Due
to the small size of the VMHvl in humans, it has been difficult to
examine its activity pattern during aggression. Nevertheless, several
case reports provide a glimpse of the medial hypothalamus function
1320

Ventral premammilary nucleus. Posterior to the VMHvl is a small
hypothalamic region, the ventral premammilary nucleus (PMv).
It provides strong excitatory projections to the VMHvl and shows
a consistent increase in IEG expression after aggressive encounters in mice29,44,45. Lesioning the PMv in female rats abolished
aggression-provoking cue-induced IEG expression in the VMHvl,
indicating that activation of VMHvl is dependent on the PMv
input44. Additionally, optogenetic activation revealed a causal role
of PMv dopamine transporter (DAT)-expressing cells in inter-male
aggression46. Notably, PMv DAT-expressing cells were quiescent and
hyperpolarized in nonaggressive mice and became spontaneously
active and depolarized in aggressive mice46. This finding suggests
that the aggressiveness of an animal may be encoded by the biophysical properties of cells in the aggression circuit. In birds, PMv
cells are photosensitive and relevant for the day-length-induced
seasonal rhythms of endocrine and metabolic events47. As the overall aggression level of seasonal breeders increases at the onset of
the breeding season, PMv may play a role in adjusting an animal’s
aggressiveness according to seasonal cues.
Summary of the core aggression circuit. Unlike the sensorydetection regions, regions in the core aggression circuit are more
specialized for aggression: activating any of those regions evokes
attack, often in a time-locked manner, while inactivating any of
those regions impairs or even abolishes natural aggression. The
fact that aggression can be triggered as well as blocked from each
of those regions supports the idea that these regions form one integrated circuit. Indeed, MeA, BNST, VMHvl and PMv are highly
interconnected, with the former two providing more projections to
the latter two regions than the other way around27,28,45,48. It is worth
noting that aggression is often sexually dimorphic due to the higher
reproduction-selection pressure in males (Box 3). However, the core
aggression circuit appears to be largely similar in males and females,
based on recent studies in mice49. Finally, much of our knowledge
regarding this CAC was gained in the last 10 years thanks to the
fast development of precise functional manipulation, tracing and
recording tools. It is likely that new members of the CAC will continue to emerge based on future studies.

Motor output circuit to execute aggression

Depending on the species, the motor execution of attack can
be composed of innate and stereotypical actions such as biting,
or learned skilled actions such as singing (Box 1). A key site for
expressing innate aggressive actions is the periaqueductal gray
(PAG) in the midbrain (Fig. 2). Across species, PAG receives massive inputs from the hypothalamus, especially VMHvl34,48, and
projects to motor-control neurons in the spinal cord50. Our recent
study in mice showed that PAG cells project to jaw muscles used
for biting and increase spiking activity immediately before biting
during attacks51. When the PAG is inhibited pharmacologically in
male mice, the mice appear to remain intensely interested in the
opponent and sometimes show lunge-like behavior, but fail to bite
the opponent. In addition to biting, various innate vocalizations,
including threatening calls, can be elicited from PAG in rodents and
primates52,53, indicating a conserved role of PAG in driving innate
aggressive actions.
Although attacks in mice are innate, mice can learn to perform arbitrary motor actions, for example, nose poking or lever
pressing, that lead to the opportunity to attack54. This learned
aggression-seeking behavior is the key to distinguish reactive

Nature Neuroscience | VOL 23 | November 2020 | 1317–1328 | www.nature.com/natureneuroscience

Review Article

NATure NeurosCienCe
Box 2 | The social behavior network and the core aggression circuitry

In 1999, Sarah Newman proposed the existence of a social behavior network (SBN) that mediates innate social behaviors in mammals14. The SBN includes six subcortical areas: medial extended
amygdala (MeA and BNST), medial preoptic area (MPOA), anterior hypothalamus (AH), LS, VMH, and midbrain (PAG and
tegmentum). These regions were selected based on three criteria:
(i) all areas are implicated in one or more social behaviors; (ii) all
areas are enriched in gonadal hormone receptors; (iii) all areas are
reciprocally connected14.
How does the SBN encode diverse social behaviors?
Newman suggested that each node of SBN responds to a variety
of social stimuli, and the relative activities of these seven areas
determine the exact type of social behavior to be displayed. For
example, sexual behavior is associated with a pattern of high activity
in MPOA, BNST and MeA and relatively low activity in other
nodes, whereas aggressive behavior is associated with moderate
activation of all nodes exHcept MPOA14. She also suggested that
changes in the levels of gonadal hormones, principally estradiol,
across regions shape the circuitry during both development
and adulthood.
In 2005, James Goodson extended this network to
non-mammalian vertebrate species based on his studies in birds and
teleost (bony) fish15. Through a series of IEG mapping, anatomical
tracing, histochemistry and lesion studies15, he concluded that a
homologous SBN exists in non-mammalian vertebrate species.
Similar to the mammalian SBN, regions of the non-mammalian
SBN express high levels of sex hormone receptors, are activated
by various social behaviors and are reciprocally connected. James
further noted that neuropeptide distribution in the mammalian
and non-mammalian SBN is conserved and could play similarly
important roles in generating species-specific social behaviors.
For example, the distinct oxytocin and vasopressin signaling in
prairie voles and montane voles have been linked to the widely
different affiliative behaviors of these two species136. James found
that injecting vasotocin (AVT), an avian homolog to vasopressin
and oxytocin, into the LS elicited opposing changes in aggression
in territorial vs gregarious songbird species91,137.
a

Lauren O’Connel and Hans Hoffman further proposed a
vertebrate social decision-making network (SDM) composed
of SBN and the mesolimbic reward systems138. They compared
gene expression profiles related to dopamine systems, sex
steroid signaling and nonapeptide systems across 88 species and
concluded that the neurochemical profiles of the SDM network
have been remarkably conserved throughout vertebrate evolution.
MPOA appears to be the most conserved region with identical
neurochemical profiles across all species, while small differences
in neurochemical distributions are found in other nodes of the
SDM. These studies collectively suggest that social behaviors are
mediated by a highly ancient and conserved set of brain regions
and that subtle tweaks in neurochemical systems may lead to a
large change in social behaviors among closely-related species138.
Our proposed CAC could be considered as a subnetwork of
the SBN that is specialized for aggression (Box Figure). Based
on studies mainly in rodents, we suggest that CAC includes the
MeA, VMHvl, PMv and BNST. Considering that the SBN is highly
conserved across vertebrate lineages, we expect that the same CAC
will exist in songbirds and primates, although detailed functional
evidence for some regions remains lacking. All CAC regions
except PMv are included in the SBN. The PMv might have been
overlooked by earlier researchers due to its relatively small size. LS
is a part of the SBN, but here we consider it a top-down modulatory
region rather than a core aggression-generating region. PAG is
also a part of the SBN, but is in this Review considered a premotor
region for aggressive actions51. It is important to note that unlike
regions in the CAC, PAG is highly heterogeneous and mediates
the motor execution of a wide range of social and nonsocial
behaviors139. MPOA is not included in the CAC, as its primary
function is for parental care and sexual behaviors5,57. Lastly,
although earlier studies in hamsters suggested a role for AHN in
aggression140,141, later IEG mapping, circuit tracing and functional
experiments in other rodent species support it being a part of
the predator-defense circuit142,143. It is likely that AHN contains
functionally heterogeneous populations, and future studies will
help elucidate its role in aggression.
b
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aggression from proactive aggression (Box 1). Our recent study
suggests that the VMHvl is an important site for mediating learned
aggression-seeking actions, as inactivation of VMHvl reduced
nose poking rate leading to attack opportunity31. In vivo electrophysiology recordings revealed a ramped-up activity of VMHvl

preceding nose poking, although the origin of this signal remains
unclear31. Other studies pointed to dopamine signaling in the striatum as an essential player for learned aggression-seeking actions.
In well-trained mice, blocking D1 or D2 receptors in the nucleus
accumbens (NAc) reduced nose-poking rate at dosages that did
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inputs to Area X causes a reduction in female-directed but not
undirected songs67. When juvenile finches are learning songs,
dopaminergic cells in GCt are activated by songs from a live tutor,
causing a dopamine increase in the HVC; this process is required
for song copying68. Thus, during socially motivated situations, such
as defending territory, the CAC likely increases activity in striatal
motor circuit to promote singing through its inputs to the midbrain
dopaminergic cells.
Based on the evidence from both rodents and songbirds, we
propose that two parallel pathways transform aggressive arousal
to aggressive actions (Fig. 5). In the direct pathway, the CAC—
mainly the VMHvl and to a lesser extent other regions—projects
to the midbrain premotor areas to drive innate aggressive acti
ons27,28,45,48. In the indirect pathway, the CAC energizes the striatal
motor circuit and promotes learned aggressive actions by activating the midbrain neuromodulatory systems. While dopamine is
the best studied so far, other neuromodulators, for example, norepinephrine, may also play a role in this ‘bottom up’ modulation62.
Considering that human aggression can be expressed diversely,
the indirect pathway may be particularly important for enacting
aggression in humans.
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Fig. 4 | Neuroanatomical pathways of aggression in human primates.
In humans, multisensory inputs from the environment are processed by
the thalamus and then reach CAC to promote aggressive actions via its
influence on the basal ganglia circuit. The prefrontal cortex projections to
multiple CAC regions play an important role in controlling the CAC activity
and aggressive actions. Yellow indicates regions for processing sensory
inputs; orange indicates regions belonging to CAC; red indicates regions
relevant for motor output; purple indicates regions for top down control
and lilac indicates regions where dopamine neurons reside. Arrows indicate
established connections. Amy, amygdala; Hyp, hypothalamus; Str, striatum;
Thal, thalamus; OFC, orbitofrontal cortex; ACC, anterior cingulate cortex.

not compromise locomotion or attack itself55. A recent study further showed that inhibiting the D1 receptor-expressing cells in the
NAc reduced the rate of lever pressing leading to attack56. Does
the CAC connect to striatum in any way? Tracing studies revealed
that VMHvl project to the ventral tegmental area (VTA), the major
source of dopamine in NAc, both directly and indirectly through
the medial preoptic nucleus (MPN)48,57.
Songbirds, unsurprisingly, primarily use songs to signal aggression (Box 1). How does the aggressive arousal promote singing, a
highly skilled and learned motor action? In a simple scenario, the
CAC may provide direct inputs to the song-production system.
Tracing studies reveal that ventromedial hypothalamus (VMH)
projects densely to intercollicular nucleus (ICo), the midbrain vocal
center13,58,59 (Fig. 2). Although this pathway may drive simple calls,
it is unlikely to be sufficient for producing elaborate songs, which
requires the participation of forebrain regions58. As in rodents, the
dopaminergic cells appear to be the key link between CAC and
brain regions mediating learned aggressive action, in this case,
singing. Tracing studies revealed that the VMH projects to two
dopamine-producing regions—VTA and dorsomedial nucleus of
the GCt (equivalent to a subregion of the PAG)—either directly
or indirectly via MPN13,59,60; VTA and GCt (mesencephalic central gray) in turn project to HVC (the songbird premotor region
for singing), RA (robust nucleus of the arcopallium) and Area X
(the songbird striatum), three key regions for song production61–63
(Fig. 2). Several lines of evidence support a role for dopaminergic
cells in aggression-driven, and more broadly socially driven, song
production. After a simulated territorial intrusion, the number
of IEG-positive dopaminergic cells correlates with the number of
male-directed songs64. Furthermore, when males sing to females,
VTA dopamine cells increase spiking activity, resulting in elevation
in dopamine levels in Area X65,66. Unilateral damage of dopaminergic
1322

A circuit for aggression-mediated associative learning

Mice can learn to perform arbitrary actions for the sole purpose
of obtaining an opportunity to attack, and they develop a preference for the cues that are associated with winning54. Thus, like other
innate social behaviors, such as sexual behaviors and maternal
behaviors, the successful execution of aggressive behaviors is intrinsically rewarding and can serve as an unconditional stimulus for
associative learning.
VTA dopamine cells are key to reward-based associative learning69. Recent studies suggest that winning-mediated associative
learning also involve these cells70. First, NAc dopamine levels
increase following repeated aggression71, possibly through the
VMHvl–VTA–NAc pathway, as discussed earlier. Second, a recent
study showed that overexpressing ∆FosB, encoded by a key gene
for brain plasticity, in NAc D2 receptor-expressing cells prevented
the development of preference for the aggression-paired context72.
Third, Golden et al. demonstrated that artificial inactivation of the
lateral habenula (LHb) blocks the preference for winning-associated
context73. Since LHb strongly suppresses VTA dopaminergic cells,
this manipulation likely results in reduced dopaminergic signaling
in the NAc74. How does the aggression-driven dopamine release
in the NAc facilitate associative learning? This is likely achieved
through dopamine-mediated synaptic plasticity75. A burst of dopamine and glutamate activate D1 and NMDA receptors which in turn
activate the G-protein-coupled receptor (GPCR) signaling pathway
and alter the glutamatergic synaptic strength76. When a neutral
stimulus, for example, a context, is paired with winning-induced
dopamine release, the glutamate synapses carrying the contextual
information to the NAc could be strengthened and result in a preference for the context in subsequent encounters.
In addition to supporting associate learning, winning also
reinforces aggression itself, a phenomenon referred to as the winner effect. Dopamine may also play an important role in the
self-reinforcing nature of winning. In California mice, blocking
dopamine signaling after winning abolishes increases in aggression77, whereas increasing synaptic dopamine levels through
injection of methamphetamine (a dopamine reuptake inhibitor)
increases aggression even 20 h later, suggesting that a high level
of dopamine is sufficient to induce a long-term shift in aggression
level78. However, it remains unclear whether the NAc is the key site
for dopamine action in reinforcing aggression. Additionally, winning a fight is accompanied by a surge of testosterone79 that is likely
to impact all regions in the CAC and thus enhance aggression in
future encounters (see more details below).
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Box 3 | Sexual dimorphism of aggression

In many species, males typically exhibit higher levels of aggression than females and often have larger body sizes; some males
have even developed specialized ‘weaponry’ body parts to increase
their attacking power144. This male-biased dimorphism is considered to be a result of sexual selection. Due to the imbalance in
reproduction cost and parental investment between sexes, females
are the limiting resource for reproduction. Thus, males who have
better fighting ability and compete more aggressively for healthy
and fertile females prevail144. According to this theory, the degree
of sexual selection pressure should correlate with the extent of
male aggressiveness. Consistent with this hypothesis, males in polygamous species are under higher sexual selection pressure and
are generally larger and more aggressive than females. In contrast, sexual selection pressure is largely absent in monogamous
species, and males and females in those species often have
similar body size and aggression levels144. For example, laboratory mice (Mus musculus) are polygamous, with males weighing
approximately 13% more than females and expressing higher
levels of aggression145, whereas California mice (Peromyscus californicus) are strictly monogamous, and males and females weigh
similarly and express similar levels of aggression toward an
intruder146.
Evidence of sexual selection is also prevalent in primate species.
Male rhesus macaques weigh approximately 40% more than
females and possess large and sharp canine teeth that can inflict
severe injuries to their opponents144. Among primate species,
humans show the least degree of sexual dimorphism in terms of
body size differences (human average male/female: 1.07; primate
average male/female: 1.28), indicating that sexual selection
pressure decreased over our evolution144. Nevertheless, human

Taken together, these findings suggest that dopamine signaling
in the striatal circuit serves dual functions. First, it promotes the
expression of learned motor actions that signal or lead to aggression, for example, singing and nose poking. Second, it reinforces
actions and cues associated with the successful execution of aggression, likely through synaptic plasticity.

Internal states modulate the aggression circuit

Tinbergen argued that behavioral decisions are not solely determined by extrinsic stimuli, but are also influenced by the animals’
internal state2. Indeed, an individual’s tendency to aggress can be
affected by stress level, reproduction state, energy state and circadian state, among others. Any state could affect aggression through
its impact on any node along the sensorimotor circuit that generates the behavior, although modulating the CAC will be the most
specific and effective way. As different states vary at different time
scales (for example, energy state varies over hours while reproductive state varies over days or months), it is likely that several mechanisms are employed to modulate aggression. The slow-varying
states likely induce long-lasting changes in the aggression circuit to cause a change in ‘aggressiveness’, a trait independent of
moment-to-moment aggression, whereas the fast-varying states
likely induce more transient changes in the circuit. Here we discuss
how the fast- and slow-varying internal states may modulate the
CAC to alter the propensities of the behavior output.
Aggression modulation by energy state. Aggression, as a critical
means to secure resources, is modulated by the energy state
of the animal. Across species, aggression levels were found to
increase when the animals are in an energy-deficient state, such as

males are on average taller and heavier than females and express
higher levels of aggression147. Males commit most of the violent
acts in the world and constitute approximately 85–90% of the
prison population148. In addition, males and females differ in their
means to express aggression. Males commonly resort to physical
aggression, whereas females are more prone to non-physical
aggression149.
In songbirds, although the majority of the species are
monogamous, male-biased aggression is common for songbirds
in temperate climates like North America and Europe133. This is
because males in these species are responsible for establishing
territories, a process that requires good fighting ability. Since
only males with high-quality territories can attract females and
propagate their genes, more-aggressive males are evolutionarily
favored. As singing is a major means of expressing aggression in
songbirds, males are the primary if not exclusive singers in many
temperate songbird species133. Like humans, male songbirds are
also more likely to carry out physical attacks than females133. In
contrast, in tropical rainforests and Australia, songbirds maintain
their territory year-round, and it is common for both female and
male songbirds to sing in response to territorial intrusions150.
Taken together, sexual selection has created a wide range of sexual
dimorphism in physical traits and aggressive acts to best suit the
competition needs of each species.
Although the extent of aggression differs between sexes, the
CAC appears to be qualitatively similar in males and females—all
regions relevant for male aggression are found to be relevant for
female aggression in mice. However, the detailed organization and
the number of aggression-related cells in each region could differ
between sexes, as reviewed in detail recently49.

hunger80–82. During hunger, the empty stomach releases the gastric
peptide ghrelin, while the low levels of blood glucose and lipids
block the release of insulin and leptin from pancreas and fat cells,
respectively. Although the main function of these hormones is to
modulate feeding through their actions on the feeding-related hypothalamic regions, for example, arcuate nucleus (Arc), they can also
affect the activity of the CAC. In particular, both VMHvl and PMv
are enriched in various receptors detecting these energy-signaling
peptides83,84. In vitro electrophysiology recordings demonstrated
that the hunger hormone ghrelin can directly activate VMH cells,
whereas insulin inhibits VMH activity85,86. Consistent with an effect
of ghrelin in activating the aggression circuit, central infusion of
ghrelin promotes inter-male attack87. Furthermore, VMH is one the
few brain regions that contains glucose-sensing neurons88. In fact,
all VMHvl Esr1+ cells are responsive to glucose, with approximately
60% inhibited by glucose and 40% excited by glucose88. Lastly, hunger signals may also be relayed to the CAC through the feeding circuit: AGRP-expressing cells in the Arc project to the MeA, which in
turn projects to the BNST to modulate aggression19. Thus, the CAC
is well equipped to detect the energy state and can adjust its own
output accordingly.
Aggression modulated by circadian clock. Throughout the day,
the propensity of aggression fluctuates. In rodents, the aggression level is the highest at the beginning of the night and the lowest at the onset of daytime89. In patients with Alzheimer’s disease,
20% show increases in aggression and anxiety in the early evening
hours, a phenomenon known as ‘sundowning’90. The master controller of the brain’s circadian state is the suprachiasmatic nucleus
(SCN), a small hypothalamic region that shows genetically based
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Direct motor pathway
Midbrain:
PAG (mouse)
ICo (songbirds)

Aggressionprovoking cues

Sensory detection regions

Core aggression circuit (CAC)
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aggressive
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Indirect motor pathway
Midbrain:
VTA

Striatum

Learned
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Fig. 5 | Direct and indirect pathways for aggressive motor outputs. We propose the existence of two parallel pathways for generating aggressive actions in
vertebrates. In both pathways, aggression-provoking cues are processed by sensory detection regions (yellow) and passed to the CAC (orange). Then, through
the direct pathway, CAC sends the information to the midbrain (red) to generate innate aggressive actions. Simultaneously, through the indirect pathway, CAC
activates the dopaminergic cells in the VTA which in turn facilitate the activation of the striatum (purple) to promote learned aggressive actions.

near 24-h rhythms. Recently, Todd and colleagues found, in mice,
that the diurnal variation in aggression is mediated by a circuit linking SCN to VMHvl. SCN neurons expressing vasoactive intestinal
polypeptide (VIP) project to subparaventricular zone (SPZ), which
in turn send inhibitory projections to VMH89. Since SPZ cells are
most active during the beginning of the daytime, they provide the
strongest inhibitory control of VMH cells and reduce the level of
aggression at that time. Eliminating the GABAergic transmission of
the SPZ cells abolished the diurnal variation of aggression propensity. In this study, it remained undetermined whether VIP is the key
signal between the SCN and SPZ, in other words, whether the diurnal variation of aggression is ultimately caused by fluctuations of
VIP release in the SCN. Interestingly, studies in birds identified VIP
as an important regulator of aggression91,92. Infusions of VIP into
the anterior hypothalamus (AHN), a region adjacent to the VMHvl,
in violet-eared waxbill finches, facilitates male aggression91, while
blocking the production of VIP abolishes aggression92. Whether the
natural function of VIP in avian aggression modulation is related to
circadian rhythm remains to be addressed in future studies.
Aggression modulated by reproductive state. Aggression is also
strongly influenced by the animal’s reproductive state. For seasonal
breeders, male aggression level dramatically increases during the
mating season and plummets during the non-breeding season93.
According to the ‘challenge hypothesis’, male testosterone levels
are low during the non-breeding season, increase at the beginning
of the breeding season as a result of external cues (for example,
changes in day length)—which results in the development of secondary sex characteristics and expression of reproductive behaviors—and further increase in response to challenges from other
conspecific males over territory and mates so as to promote aggression and success in competition93. The important role of testosterone in eliciting long-term increases of aggression is also manifested
in the winner effect. Repeated winning causes an increase in aggressiveness across a wide range of species and is critically dependent on
a post-winning testosterone surge79. While female aggression is generally lower than that of males, lactating females show a dramatic
increase in aggression for the purpose of protecting their young, a
widespread phenomenon termed ‘maternal aggression’. The hormonal mechanisms underlying maternal aggression are not yet fully
understood, but the orchestrated waves of sex steroids, including
estrogen and progestogen, are likely to be critical for the onset of
maternal aggression49.
How do sex steroids modulate the aggression circuit? This occurs
presumably through activation of the sex hormone receptors, such as
1324

androgen receptors, estrogen receptors and progesterone receptors.
All sex steroid receptors are nuclear receptors that can directly bind
to DNA and regulate gene expression. Thus, changes in the levels of
sex hormones could alter the protein composition of a cell, which in
turn could control cell morphologies and electrophysiological properties94. Indeed, numerous studies in rodents have found impacts
of sex hormones on VMHvl cell spiking activity and morphology
within the context of female sexual behavior, a behavior for which
the VMHvl is known to be relevant5. In songbirds, the effects of sex
hormones on seasonal changes of the song control nuclei (SCNuc)
are well understood. The volume of the entire SCNuc dramatically
increases during the breeding season to support song production,
and these volumetric changes require increases in plasma testosterone levels. Testosterone or estrogen administration can mimic
seasonal growth of SCNuc, including increases in neuronal size,
dendritic length and cell numbers95, whereas blocking aromatase
prevents this seasonal growth96. As the CAC is enriched in androgen, estrogen and progesterone receptors, sex hormones should
readily adjust the responsiveness and communications of neurons
in the circuit and induce a long-lasting increase in aggression during mating season or lactating period.

Forebrain control of the aggression circuit

Aggression is costly and risky and thus its expression is tightly
controlled. Early experiments in cats found that when the hypothalamus was dissociated from its anterior structures, the animals
showed spontaneous rage, such as hissing and paw strike, without
any provocation, suggesting that forebrain regions tonically suppress the hypothalamus to block aggression97. Since then, numerous
functional and imaging studies have been conducted to identify the
‘top-down’ controllers. Two important regions, medial prefrontal
cortex (mPFC) and lateral septum (LS), have emerged as potential
key sites for controlling aggression (Figs. 2, 3 and 4).
Prefrontal control of aggression. The prefrontal cortex (PFC)
is the most studied region for top-down control of aggression in
humans and possibly also in rodents, although rodents only have
mPFC, which includes prelimbic cortex (PL), infralimbic cortex
(IL) and anterior cingulate cortex (ACC)98.
At least four lines of evidence indicate a role for mPFC in aggression control in humans. First, humans with frontal brain injury
show increased levels of aggression99,100. A widely cited example is
Phineas Gage, a railroad constructor who, after his frontal lobe was
injured by an iron rod, radically changed from “the most efficient
and capable foreman” to “capricious, hostile and irresponsible”100.
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Furthermore, patients suffering from psychiatric disorders with
a history of violence have a smaller PFC or show a blunted PFC
response to emotionally salient stimuli such as angry faces101,102.
Second, increasing mPFC activity is sufficient to suppress aggression. In humans, bilateral transcranial direct-current stimulation
(tDCS) of PFC decreases self-reported aggressiveness in imprisoned
violent offenders103. Third, imaging studies in humans have demonstrated a positive correlation between PFC activity and self-imposed
emotional control; for example, when study participants were
instructed to reappraise highly negative arousing images, PFC activation correlated with the decrease in negative affect104,105. Lastly,
PFC function has also been studied in the context of serotonin,
which is considered a key inhibitor of aggression since the initial
reports of a low level serotonin metabolite in suicidal individuals106.
While serotonins’ influence on the brain is extremely complex, given
its 14 different and widely expressed receptors, mPFC has emerged
as a key site for the inhibitory effect of serotonin on aggression. For
example, patients with exaggerated aggression showed reduced prefrontal activation when challenged with d,l-fenfluramine, a drug
that induces serotonin release, suggesting a deficiency in serotonin
signaling in the mPFC107.
mPFC has also been shown to modulate aggression in rodents.
Optogenetic inhibition of the mPFC is sufficient to increase aggression in mice108, whereas optogenetic activation of mPFC reduces
inter-male aggression108 (but see ref. 109). Serotonin levels in the
mPFC decreases after both acute attack and repeated victories71,110,
and agonizing the 5HT1B or 5HT1A receptors in the mPFC suppresses both male and female mouse aggression111,112.
Thus, there is clear evidence for a role of mPFC in modulating
aggression in mammals. However, many questions remain. What
kind of information is encoded in the mPFC in the context of aggression? When does mPFC exert its top-down control? Through which
pathway does mPFC modulate aggression? Here, we attempt to offer
some speculations, based on the role of mPFC outside aggression
contexts. In 2011, Alexander et al. proposed an action–outcome
predictor model in which the key function of mPFC is learning to
anticipate the various possible outcomes of an action and represent
them with corresponding probabilities113. If the outcome violates
the initial prediction, mPFC updates the probability of outcomes
for future actions.
This is a particularly attractive model given that aggression is
highly consequential. For animals, the cost of losing a fight could
be hefty; it is thus essential to determine the likelihood of a win
or a loss before a fight. In humans, in addition to the immediate
outcomes of an aggressive action, there are also consequences
imposed by our moral and legal systems (Fig. 1). These consequences are uniformly negative and discourage the expression of
aggressive actions. In people with blunted activity of the mPFC,
the ability to properly evaluate the action–outcome relationship
could be compromised and lead to disinhibition of aggression114.
Although it remains unknown whether and how the anticipated
outcomes of aggression are encoded in the mPFC, recent studies
in mice reveal that mPFC neurons carry information regarding the
social status of a conspecific opponent. Specifically, mPFC neurons
in male mice represent the behaviors of dominant animals more
so than those of subordinate animals115. Social ranking information is essential for estimating the outcomes of a fight and so likely
influences the decision to attack. As an example, when 12 male
mice are housed together in a laboratory setting, they form a linear
hierarchy and each animal primarily initiates attacks toward others
that are below but not above its own ranking116. Remarkably, when
the synaptic strength in the mPFC cells was artificially enhanced
or when the mPFC was optogenetically activated in male mice, the
manipulated animals rose in their social ranking, as measured by
the probability of winning a staged competition, for example, competing for a warm spot in a cold room or going through a narrow

tube117,118. Does an increase in mPFC activity alter the assessment
of the relative strength of oneself and one’s opponent? Can this
falsely perceived strength change the action–outcome prediction
and increase the willingness to fight? Answers to these questions
remain unclear and will require a better understanding of social
information encoded in the mPFC.
How does the mPFC interact with the CAC to control aggression? In rodents, mPFC sends projections mainly to the basolateral amygdala complex and lateral hypothalamus, whereas direct
inputs to aggression-related hypothalamic and amygdalar regions
are scarce (Fig. 2)119. By contrast, the primate mPFC—especially
area 25 (equivalent to infralimbic area in rodents)—provides dense
inputs to the medial hypothalamus, including VMHvl, and moderate inputs to the MeA120,121. Although the functional importance of
this primate-specific hypothalamic projection remains unclear, it
raises an intriguing possibility that mPFC may exert greater control
on aggression through its hypothalamic projection in primates than
in rodents (Fig. 1).
Another potential node through which the mPFC could control aggression is the PAG. In both rodents and primates there is
a moderate and topographically organized connection between
the mPFC and PAG122,123. A recent study using channelrhodopsin
(ChR2)-assisted circuit mapping revealed that mPFC axons projecting to PAG exclusively target glutamatergic cells124. Surprisingly,
although only a small fraction of glutamatergic cells in PAG receive
monosynaptic inputs from the mPFC, activating mPFC axons
induced a long-lasting decrease in excitatory post-synaptic current
(EPSC) frequency in the majority of glutamatergic cells in PAG124.
These results suggest that mPFC activation can reduce the excitatory drive onto the PAG, decreasing PAG cell spiking activity and
ultimately blocking attack. Importantly, as PAG mainly controls the
motor execution of aggression, blocking PAG activity will likely
leave the aggressive arousal unaltered.
Septal control of aggression. The septum is a midline structure
composed of a middle and lateral part, namely the medial septum
and LS, respectively98. Studies in mice125, rats126 and songbirds127
have shown that lesions or chemical perturbation of the LS cause
a dramatic increase in aggression, a phenomenon termed ‘septal
rage’. A study in songbirds showed an inverse correlation between
the number of IEG-positive cells in the LS and aggression levels,
suggesting an inhibitory role of the LS in aggression20. In mice, LS
can suppress aggression through its strong monosynaptic inhibitory
inputs to the VMHvl glutamatergic cells125, and optogenetic activation of this pathway effectively terminates ongoing attacks125.
What kind of aggression-relevant information is encoded in the
LS? Answers to this question remain elusive. LS receives the densest
inputs from hippocampus and thus is well positioned to relay experiential and contextual information to the hypothalamus128. Indeed,
a recent study showed that CA2 pyramidal neurons project to the
dorsal LS, which inhibits the ventral LS, resulting in disinhibition of
the VMHvl to promote aggression129. As CA2 is a key site for encoding social memory130, an intriguing hypothesis is that memories of
social interactions may influence future decisions to attack through
the CA2–LS–VMHvl pathway129.
There is limited evidence regarding LS modulation of aggression
in humans131. Tumors of the septum pellucidum (a fiber track dorsal
to the septum) have been associated with irritability and, in some
instances, violent and angry outbursts, but it is unclear whether the
septum itself was affected by such tumors131. Imaging studies similarly provide no clues regarding a role of LS in human aggression,
possibly due to its small size, odd shape and awkward position. We
speculate that in animals with rudimental or no PFC, hippocampal–
septal systems are likely to play a major role in aggression control,
and that in primates the top-down control of aggression might be
largely carried out by mPFC.
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Concluding remarks

20.

The past decade has seen significant advances in our understanding of the neural mechanisms underlying the generation of aggression. A conserved subcortical CAC emerges as the core substrate for
encoding aggressive arousal and promoting aggressive actions across
species. On the sensory end, species-specific pathways carry the
aggression-provoking sensory cues to the CAC. On the motor end,
the CAC promotes stereotypical innate aggressive actions through
its projections to the midbrain premotor area and simultaneously
promotes learned, aggression-relevant motor actions by energizing
the striatum through activating dopaminergic cells. Given the high
cost of aggression, CAC is under tight top-down control. A hippocampus–LS pathway and the mPFC are likely the two key controlling systems, with mPFC playing a more important role in primates
than in rodents. Various internal-state variables could also influence
aggression output by modulating the responsiveness and communication efficiency of the CAC. Much work remains to be done to validate and elaborate this general framework. It is worth noting that
aggression is a prevalent social behavior but differs widely across
species. Adopting a cross-species comparative approach will be central to revealing the general principles underlying the generation of
aggression, as well as the neural mechanisms that enable its unprecedented complexity in humans.
Received: 24 November 2019; Accepted: 31 August 2020;
Published online: 12 October 2020
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