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Abstract

Aggression is an innate behavior that helps individuals succeed in environments with limited 

resources. Over the past few decades, neurobiologists have identified neural circuits that promote 

and modulate aggression; however, far less is known regarding the motivational processes that 

drive aggression. Recent research suggests that aggression can activate reward centers in the brain 

to promote positive valence. Here, we review major recent findings regarding neural circuits that 

regulate aggression, with an emphasis on those regions involved in the rewarding or reinforcing 

properties of aggressive behavior.
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Introduction

Aggression is an innate social behavior that helps individuals defend their territories, secure 

resources and increase the probability of successful mating. However, inappropriate 

aggressive reactions to provocation, aggression out of context, or insensitivity to non-

threatening social signals can have devastating consequences for individuals and society [1]. 

Excessive irritability or aggression is a common symptom across neuropsychiatric disorders, 

including PTSD, Alzheimer’s disease, depression, schizophrenia and substance abuse, which 

negatively affects the quality of life for patients and their caregivers. Despite the health risk 

that excessive aggressive behavior poses on individuals and society, treatment choices are 

limited and largely ineffective [2–4].

Growing evidence shows that in some cases, aggression is rewarding and hence a self-

perpetuating behavior similar to substance use [5–11]. In fact the term “appetitive 

aggression” has been used to describe aggression as a positive reinforcer for more than 4 

decades [12]. For example, a recent clinical study showed that individuals who demonstrate 

highly aggressive responses to provocation in a behavioral aggression task have greater 
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activity of the nucleus accumbens (NAc), a primary site in the brain mediating reward 

behavior [13]. Another study in adolescents with conduct disorder (CD), which is 

characterized by high levels of aggression, found that while viewing images of people in 

painful situations that normally prompt empathic responses in control participants, CD 

subjects showed increased activity of the NAc [14]. Together these studies highlight a 

potentially important role for motivational processes in aggressive behavior.

To understand the mechanisms underlying the neurobiology of aggression, we depend on 

animal models that recapitulate essential components of aggressive behavior such as 

aggression-seeking, initiation, and reward/reinforcement (see Box 1). For more than a 

century, neurobiologists have investigated brain regions that contribute to the initiation of 

aggressive behavior by employing electrical brain stimulation and lesion-induced 

suppression in animal models [15,16]. However, exploration into the neural circuits that 

modulate the positive valence of aggression and aggression-seeking behavior is relatively 

understudied. Moreover, novel tools that allow for increased spatial and temporal control 

over neural activity have aided our ability to dissect the complex cell types and 

microcircuitry involved in aggression. In this review, we focus on the major recent findings 

regarding brain areas and cell types regulating aggression in rodent models, with special 

attention to neural circuits involved in the positive valence of aggressive behavior in 

aggressive individuals.

Box 1

Behavioral tests to evaluate aggression and aggression-seeking behavior

Resident intruder test (RI)

In this paradigm, experimenters place a conspecific individual (intruder) in the home 

cage of a test animal (resident), which usually instigates a territorial fight if both are 

male, sexually experienced, conspecifics. The resident-intruder interaction is recorded 

and later can be scored for aggressive (attack latency, number of bites, time spend 

attacking, tail rattling, etc.) and non-aggressive (social grooming, licking, sniffing, etc.) 

behaviors.

Aggression Conditioned Place Preference (Figure 2A)

[52,55] Here, animals are exposed to a two-compartment apparatus in which 

compartments are distinguishable through sensory cues such as floor texture and visual 

patterns on walls. Following an initial pre-test for baseline compartment preference, the 

animal is trained (generally for 2 or 3 days) to associate one compartment with an 

intruder conspecific and one compartment with no stimulus through repeated 

conditioning sessions. During the test the animal is free to explore both sides. The 

amount of time spent in a side during this test session is used as a measure of the 

rewarding or aversive salience of the stimulus. This method has been used to measure the 

rewarding properties of aggression in Syrian hamsters, rats, and mice in the laboratory for 

more than 2 decades [44].

Operant aggression-seeking box (Figure 2B)
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[5,56] Here, an operant conditioning chamber (Skinner box) is equipped with levers or 

nose-poke sensors (or both) is modified to allow an aggressor animal receive a 

submissive conspecific to fight with if properly activate certain mechanisms (or follow 

certain sequence of nose-poking and lever-pressings). In some experimental cases, the 

experimenter sets a fixed ratio of responses (nose pokes or lever presses) to rewards 

(access to the conspecific). To measure the motivation of an animal to engage in 

aggressive behavior, the experimenter can progressively increase the ratio of lever 

presses/nose pokes to access the target animal.

New insights into hypothalamic control of aggression and aggression-

seeking behavior

The involvement of the hypothalamus in the initiation and execution of aggression has been 

shown extensively across multiple mammalian species (For an extensive review on the topic 

see [17]). However, recent investigations utilizing cell-type specific manipulations of 

neurons within the medial hypothalamus have more finely dissected the complex 

microcircuitry of this sexually-dimorphic brain region (Figure 1). Interestingly, these studies 

have revealed a complex network of partially overlapping neuronal ensembles controlling 

aggressive, sexual, and even fear-related behaviors. In the following section, we summarize 

these studies and discuss their implications for our understanding of the role of the medial 

hypothalamus in various aspects of aggression-related behaviors.

Ventromedial hypothalamus-ventrolateral area (VMHvl)

In the interest of space, we will highlight recent advances using new genetic, optogenetic or 

chemogenetic tools to precisely dissect the microcircuitry of the VMHvl in aggression. Lin 

and colleagues previously reported a spatially defined network of neurons in the 

hypothalamic attack area (HAA) within the VMHvl that control aggression [18]. 

Optogenetic stimulation of these cells in male mice initiates immediate attack behavior 

toward social targets including both male and female mice as well as inanimate objects. To 

further define this neuronal population they conducted a follow up study, which showed that 

the estrogen receptor-1 (Ers1)-expressing neurons in this subdivision of hypothalamus are 

both necessary and sufficient to initiate an attack. Interestingly, activation of the same 

neuronal population with relatively lower frequency stimulation triggers mounting behavior 

[19]. This observation shows the subtlety of activation patterns of the same neuronal 

network in modulating aggression and sexual behavior. Despite the established role of 

VMHvl in initiation and execution of attack, it was not clear if this area of the brain is 

involved in reward or reinforcement-related aspects of aggression. In a recent study, Falkner 

at al. used an operant aggression-seeking paradigm (described in Box 1) and in-vivo calcium 

imaging to show that the activity of VMHvl neurons is increased during aggression-seeking 

behavior and that activation of these neurons is both necessary and sufficient to promote 

aggression-seeking behavior [20]. Although this study clearly shows the role of VMHvl 

neurons in aggression-seeking, it remains unclear whether the Ers1+ neuronal population, 

which controls initiation of attack behavior, also regulates aggression-seeking.
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A recent study by Sakurai et al. [21] investigated VMHvl neuronal ensembles that modulate 

fear and aggressive behaviors. In this study they developed and applied a new technique 

known as Capturing Activated Neuronal Ensembles (CANE) by generating a “knock-in” 

transgenic mouse line that upon activation of c-Fos, promotes transient expression of an 

avian specific receptor, dsTVA. The transient expression of dsTVA allows the attachment 

and entry of an engineered EnvAM21-coated-lentiviral vector (CANE-LV) during a short 

time window (1.5–2h). Co-injection of CANE-LV expressing Cre-recombinase (CANE-LV-

Cre), and an AAV vector expressing a Cre-dependent fluorescent protein (AAV-FLEX-GFP) 

1–2h after an aggressive social encounter labels aggression activated neurons. To define fear-

activated neurons, they exposed the same mouse to a fear-inducing social encounter after a 

10–14 day delay. The c-Fos staining of fear-activated neurons reveals that a different 

neuronal ensemble in the VMHvl is activated after a fear-inducing event since there is a 

small overlap (~10–20) between the two labeled group of neurons. The authors were then 

able to delineate a casual role for hypothalamic neuronal ensembles in fear by optogenetic 

stimulation of the neurons activated during fear-inducing social interaction.

Medial preoptic area (MPOA) and anteroventral periventricular nucleus (AVPV)

The MPOA is another hypothalamic area that historically has been studied for its pro-

aggressive role and reproductive behavior [22]. More recently, Nakata et al. studied the role 

of estrogen receptor β (ERβ) in MPOA in intermale aggression by using an shRNA knock-

down strategy [23]. They show the necessity of ERb during the prepubertal period in MPOA 

for expression of intermale aggressive behavior in adulthood in mice. McHenry et al. [24] 

showed that ΔFosB, a truncated splice variant of the transcription factor FosB, which is 

known to control natural and drug-induced reward is increased in the MPOA of rats after 

mating. To investigate the functional role of this transcription factor in MPOA in controlling 

mating behavior, the authors expressed an adeno-associated virus encoding ΔFosB (AAV-

ΔFosB) in the MPOA, which impaired copulation and induced female-directed aggression in 

male mice. The anteroventral paraventricular nucleus (AVPV) is another subregion of the 

hypothalamus in mice that is involved in male aggression. Scott et al [25] identified a group 

of tyrosine hydroxylase-expressing (TH+) neurons in this region. Ablation of these neurons 

increases aggressive behavior, whereas optogenetic simulation of them suppresses it. The 

presence of TH in these neurons and their intrinsic electrophysiological properties suggest 

that they are dopaminergic, but it was not directly confirmed in the study. These experiments 

further emphasize the intricacy of hypothalamic neurocircuitry and the role of specific 

neuronal populations in the modulation of aggressive behavior.

Limbic regions involved in aggression

It has been hypothesized that brain structures such as amygdala, and medial prefrontal cortex 

(mPFC) that are historically considered part of the limbic system play a critical role in 

mediating attention to emotionally salient events that allows an organism to respond to threat 

and adapt in a way that ensures survival [26]. Thus, when an organism deems a situation as 

threatening, limbic structures are thought to guide reactive aggression in order to protect 

oneself or its resources [27,28]. Though a large historical literature exists describing a role 

for the limbic system in aggression, below we highlight recent advances that provide new 
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insights into the specific cell types and circuits in limbic brain structures mediating 

aggression (Figure 1).

Medial amygdala (MeA)

MeA neurons receive dense chemosensory cues from the vomeronasal organ [29] and relay 

signals to multiple regions including VMHvl. Furthermore, their activity increases during 

innate social behaviors such as fighting and mating [30]. The MeA contains heterogeneous 

populations of neurons that are glutamatergic and GABAergic. Using optogenetic 

approaches, Hong et al. [31] directly showed that stimulation of MeA GABAergic neurons 

elicits aggressive behavior, whereas stimulation of MeA glutamatergic neurons suppresses 

aggressive behavior. In line with this finding, another recent study [32] showed that 

Aromatase+ neurons within the MeA are necessary for both intermale and maternal 

aggressive behavior in mice. These neurons express GAD1 and thus are purported to be 

inhibitory. However, it is not clear whether these GAD+/aromatase+ are the same 

GABAergic neurons that initiate aggressive behavior via modulating VMHvl.

Prefrontal cortex

The prefrontal cortex plays a modulatory role in aggression and has been shown to inhibit 

aggression in both cats and rodents [33,34]. Further evidence in humans suggests that 

patients suffering from neuropsychiatric conditions marked by loss of frontal control often 

exhibit heightened aggression or irritability [35]. More recent evidence to support this 

hypothesis comes from a study by Takahashi et al. [36] that showed optogenetic stimulation 

of excitatory neurons of the mPFC inhibits the intensity of aggressive behavior in a resident 

intruder test, whereas inhibition of the same cells intensified aggression toward an intruder 

mouse. Another recent study [37] showed that when placed in post-weaning social isolation, 

a model of escalated aggression, rats exhibit structural deficits in the mPFC, including 

reduced thickness, but higher activity in mPFC cells compared to control rats. It has been 

proposed that the mPFC helps with appropriate evaluation and interpretation of threat, and 

these data may suggest that such processes may be ineffective under conditions of chronic 

social isolation. Together, these findings highlight a complex role for the mPFC beyond 

merely inhibiting aggression and that further experiments will be needed to understand the 

dynamic role of mPFC processes in aggressive social behavior.

Latral septum (LS)

Lesions of the LS have been associated with increased aggressive behavior, a phenomenon 

known as “septal rage” in most mammalian species. In a recent study, Wong et al [38] 

showed that projections from LS to VMHvl modulate aggression such that optogenetic 

stimulation of GABAergic neurons of the LS to the VMHvl suppresses attack behavior. 

These findings suggest that LS exerts an inhibitory influence on neurons of VMHvl that 

mediate initiation of aggressive behavior. On a microcircuit level, the authors used in vivo 
single-unit recording in VMHvl to grouped neuronal ensembles according to their responses 

during aggression. They found groups of neurons that show excitation during attack (attack-

excitation) and groups that show inhibition during attack (attack-inhibition). Stimulation of 

GABAergic input from the LS changes the balance of excitation within the VMHvl in favor 

of attack-inhibited cells. This study provides the most detailed mechanistic explanation for 
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the inhibitory role of LS on aggression and helps to further explain the phenomena of “septal 

rage”.

Brainstem regions involved in aggression

Dorsal raphe nucleus (DRN)

The role of the serotonergic system in aggression has long been established both in animal 

models and clinical studies [39], but perhaps the most direct evidence for its involvement in 

aggression comes from a recent study by Niederkofler et al [40] that suppressed release of 

serotonin (5HT) from serotonergic terminals by cell-type specific expression of tetanus 

toxin, which increased inter-male aggression. Further characterization of these DRN cells 

showed that at least two sub-populations of 5HT neurons modulate aggressive behavior; 

dopamine receptor type 1 (Drd1) and type 2 (Drd2) expressing serotonergic neurons. 

Silencing both of these populations results in increased aggressive behavior. Notably, 

however, these two sub-populations differentially project to distinct areas of the brain play 

distinct roles in shaping aggressive social behavior (predominantly Drd1) or processing 

sensory stimuli (predominantly Drd2). Drd1-expressing 5HT neurons project mostly into 

rostral areas such as NAc (shell), hippocampus, and ventromedial hypothalamus; while 

Drd2-expressing 5HT neurons project largely to more caudal regions such as dorsolateral 

geniculate nucleus, lateral lemniscus, and superior olivary complex. Both subtypes innervate 

VTA, lateral hypothalamus, medial septum and preoptic area.

Another recent study by Nautiyal and colleagues [41] cleverly investigated the necessity of 

serotonin receptor 5HT1-B in forebrain neurons for aggressive behavior throughout 

development. Using a tetracycline-controlled-transcriptional activation system, this study 

showed that: 1) knocking down of 5-HT-1B receptors in the whole brain induces highly 

aggressive behavior in mice, especially during early-life period (p0–p60). This aggressive 

phenotype cannot be rescued by expression of the receptor in adulthood (p60 and above). 2) 

Permanent lifelong conditional knock down of the 5HT-1B postsynaptic receptors in the 

forebrain produces a similar aggressive phenotype, while 3) conditional knock out of the 

5HT1-B presynaptic receptors in DRN does produce the highly aggressive phenotype. These 

findings clearly show the necessity of 5HT-1B receptors in forebrain structures for 

modulating aggressive behavior in response to serotonin input during the development.

Mesolimbic reward circuitry and motivational aspects of aggression

To date, most published studies on aggression have focused on attack initiation models 

described above. However, it is clear from both human and rodent models of aggression that 

there is a motivational component to aggression whereby some individuals actually seem to 

enjoy subordinating or “bullying” others [10,42]. Thus, recent studies have begun to 

interrogate neural circuits classically involved in control of drug and natural reward 

behaviors to determine whether they play a role in aggression (Figure 1). In this section, we 

will highlight a few recent manuscripts that provide novel insights into how reward-related 

brain regions control aggressive behavior.
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Ventral Tegmental area

Dopaminergic neurons of the VTA comprise the mesolimbic dopamine system that is 

implicated in motivation and reward behavior [43]. More than 20 years ago, increased 

activity of dopaminergic neurons of the VTA was shown to be associated with aggression in 

female Syrian hamsters [44]. Moreover, these highly aggressive animals showed increased 

preference for an intruder-paired context compared to non-aggressive animals, suggesting 

that they find aggression rewarding to some degree. Only recently, Yu et al [45] provided 

more direct evidence for the involvement of dopaminergic neurons of the VTA in aggressive 

behavior. They showed that optogenetic stimulation of dopaminergic neurons of the VTA 

increased aggressive behavior in male mice interacting with another male. However, this 

finding does not explain whether dopaminergic activity affects the motivation to exhibit 
aggressive behavior. Future studies utilizing cell-type specific optogenetic approaches can 

determine whether dopaminergic neurons of VTA control the rewarding effects of 

aggression.

Nucleus accumbens

Dopaminergic neurons of the VTA project to the NAc, a major hub within the brain reward 

system that integrates positive and negative stimuli [46]. Several imaging studies show 

activation of NAc during aggression-provoking tasks in human subjects [13,27,47]. Using c-

Fos mapping as a surrogate measure of neuronal activity, Nehrenberg et al. [48] showed 

greater activity following aggressive social interactions in the NAc of an aggressive resident 

mouse. A similar study in rats showed higher c-Fos immunoreactivity and greater release of 

dopamine in the NAc following aggression, which were blocked by administration of the 

Dopamine D2 receptor antagonist, haloperidol [49]. While these studies confirmed a 

functional role for NAc in mediating aggression, they did not address the role of the NAc in 

the motivation to exhibit aggressive behavior. Earlier work by Couppis and Kennedy [50] 

demonstrated that pharmacological blockade of dopaminergic D1 and D2 receptors in the 

NAc reduces operant responding for access to an intruder that can be attacked. Expression of 

ΔFosB in the NAc has been widely associated with rewarding properties of drugs of abuse 

and mating behavior [51]. More recently our group showed that ΔFosB, is increased in the 

NAc of aggressive mice compared to non-aggressive mice suggesting it may play a role in 

aggression reward (H. Aleyasin, S. Golden, et al: Abstract No. 67.05, 2016 San Diego, CA: 

Society for Neuroscience, 2016). Further studies are needed to test this hypothesis. In 

addition, 95% of the neurons in the NAc are GABAergic medium spiny neurons (MSN), 

which express either D1 or D2 dopamine receptors, however, they play opposing roles in the 

control of positive and negative reward. It will be important to determine how D1 versus D2 

NAc MSNs control aggression intensity and aggression-seeking behavior.

Lateral habenula

The lateral habenula is a major hub connecting key nodes within the reward circuit to signal 

positive and negative valence. Although little is known about its role in aggressive behavior, 

a recent study by our group confirmed GABAergic neurons from basal forebrain regions 

including the NAc, lateral septum and diagonal band project directly to LHb [52]. Utilizing 

optogenetic strategies, we found that stimulation of these GABAergic terminals suppresses 
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LHb firing and increases the intensity of aggressive behavior, whereas optogenetic inhibition 

attenuates aggressive behavior. Moreover, to study the role of these projection neurons in the 

rewarding component of aggressive behavior, we utilize a modified conditioned place 

preference protocol, described in Box 1, to measures the valence of inter-male social 

interaction. Activation of basal forebrain projections to the LHb during the test session 

increases preference for the aggression-associated context in non-aggressive mice, which 

naturally avoid such context, whereas inhibition of these neurons during the test reduces 

preference or promotes aversion in aggressor mice. These studies provided the first direct 

evidence that LHb neurons modulate the valence of aggressive social interactions and 

aggression-seeking behavior. Further analysis using fiber photometry to monitor neuronal 

activity of the LHb in real-time shows a sharp decrease in activity when the aggressor 

subordinates the intruder. Moreover, the intensity of the initial intruder-evoked neuronal 

activity decreases in aggressors as they successively win in an RI test. This seems to parallel 

the increase in the intensity of attack observed across days (M Flanigan, H Aleyasin, et al: 

Abstract No. 453.02, 2016. San Diego, CA: Society for Neuroscience, 2016). These studies 

clearly implicate LHb activity in aggressive behavior (For an extensive review on the topic 

please see Flanigan et al [53]). It is also known that LHb neurons send dense projections 

throughout the reward circuit including midbrain monoaminergic nuclei involved in reward 

and motivation, such as VTA and DRN, that have not been studied in the context of 

aggression yet (shown in dashed lines in figure 1). Future studies are required to elucidate 

the role of LHb and its outputs to monoaminergic nuclei to modulate aggression-associated 

reward.

Conclusion

While aggression has evolved to protect resources and resolve competition, excessive or 

pathological aggression poses serious negative risks to society. Despite this, aggression 

remains relatively understudied compared to other innate and emotional behaviors like fear 

and reward [54]. Classic lesion and electrical stimulation methods have informed us of the 

broad importance of various brain nuclei in promoting aggression, but these studies have 

been limited by poor spatial resolution. The recent emergence of cell-type and circuit-

specific manipulations, viral tracing, and in vivo recording methods has allowed for a more 

precise dissection the neuronal ensembles controlling aggressive behavior. Using methods 

such as optogenetics, chemogenetics, virus-mediated tracing, and fiber photometry, 

researchers have delineated neuronal subtypes in the hypothalamus, the limbic system, and 

the mesolimbic reward system that play roles in distinct behavioral processes like aggression 

initiation, defensive behavior, and aggression-seeking. The continued development and 

application of methods to parse translationally relevant aspects of aggression is particularly 

important for deriving a basic understanding of the mechanisms involved in human 

psychopathology involving excessive violence and aggression. Ultimately, it is critical that 

we move beyond frontline treatment strategies aimed largely at patient containment to 

develop rationally designed treatments that target true disease mechanisms underlying 

aggression.
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Summary

Here we present a summary of various studies that show how brain reward regions, 

including the NAc, promotes aggression-seeking behavior via negative modulation of the 

activity of the LHb. We also provide a description of how emotion-regulating brain areas 

such as lateral septum and medial amygdala influence VMHvl, the hypothalamic attack area, 

to modulate initiation and execution of aggressive behavior. Our evolving understanding of 

the cell-type specific neuronal activity within key microcircuits of the brain’s reward regions 

is helping to shed new light on how aggression is controlled in a range of social and 

emotional contexts.
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Figure 1. Neural Circuitry of Aggression
Schematic map of the brain areas and their neuronal connection that are involved in 

aggressive behavior in mice reviewed in this paper. Areas that stimulate aggression are 

shaded in “pink” and areas that suppress aggression are shaded in “blue”. Medial amygdala 

(MeA) is shaded in “violet” and since it can both stimulate and suppress aggression 

depending on neuronal output that is optogenetically stimulated. AVPV: anteroventral 

periventricular nucleus of hypothalamus. DRN: dorsal raphe nucleus. LHb: lateral habenula. 

MeA: Medial amygdala. MPOA: medial preoptic area. NAc: nucleus accumbens. VMHvl: 

ventrolateral area of ventromedial hypothalamus. VTA: ventral tegmental area. (Dashed line 

denotes neuronal pathways that have been identified but not studied in the context of 

aggression or aggression-seeking behavior. The question mark [?] reflects the fact that 

although highly possible, dopaminergic nature of these neurons yet to be proven).
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Figure 2. 
Behavioral tests to evaluate aggression-seeking behavior: A: Aggression conditioned place 

preference apparatus. B: Operant aggression-seeking box (Courtesy of Dr Sam Golden and 

Dr. Yavin Shaham, NIH).
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