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Introduction 

Drug abuse, obesity and violence, all behavioral 
disorders arising from dysregulated neurobiological 
functioning, are major issues in modern society with very 
limited success of available treatment strategies. 
Moreover, given their impact on health care, criminal 
justice and political legislation, economic burden of 
these disorders is immense. Drug addiction has been 
estimated to account for more than 40% of financial 
costs created by all neuropsychiatric disorders in the US 
[1]. For obesity, individuals are thought to have 
approximately 30% greater medical costs than their 
normal weight peers [2]. Transcending the substantial 
financial costs to our society, acts of violence account for 
an estimated annual 1.43 million deaths worldwide [3]. 

Unsurprisingly, an enormous amount of effort has 
been made to unravel the underlying mechanisms that 
characterize these disorders.  Although this has led to 
many valuable insights, successful treatment has proven 
to be extremely difficult. Fortunately, recent 
developments in neurobiological research techniques 
created new opportunities for further characterization of 
the neurobiological circuitry of normal and dysfunctional 
brain circuitry. Opto- and chemogenetics allow for highly 
specific manipulations with a spatial and temporal 
sensitivity that was previously impossible [4]. These 
advancements in our understanding are of invaluable 
importance in the development of new treatment 
strategies for disorders that have so far been difficult to 
treat. 

Although resulting in distinct phenotypical 
characteristics, emerging bodies of evidence suggest 
similarities in the underlying neurobiological 
mechanisms for the before mentioned conditions [5,6]. 
All disorders tap into the neuronal mechanisms that 
modulate motivation, impulsivity and inhibition of 
behavior that result in a loss of control over normal drug 
and food intake and offensive aggression. Ideally, 
successfully targeting the defects in these shared neural 
mechanisms would contribute to better treatment in any 
of the disorders. It is therefore of crucial importance to 
further explore this appealing postulation by taking 
advantage of the currently available techniques. 

Extensive literature is available on the food 
addiction hypothesis, stating that compulsive overeating 
and obesity can be regarded as an addiction for highly 
palatable food [7-10]. This essay will discuss 
neurobiological evidence for the food addiction 
hypothesis, extending these ideas into the pathology of 
offensive aggression, i.e. violence. The focus will be on 
the dopaminergic system and recent findings derived 
from opto- and chemogenetic studies, as these provide 
the most detailed picture of the complex overlapping 

neurocircuitry of drug addiction, food addiction and 
violence. First, the neurobiology of acute rewarding 
effects of the reinforcers will be discussed, followed by a 
summary of the processes involved in a transition to 
compulsive reward-seeking behavior. Thereafter, the 
importance of loss of inhibitory control over behavior 
will be discussed, finishing with a section on the 
mechanisms by which negative emotional states can 
contribute to escalation of drugs and food intake and 
offensive aggression.  
 
Acute rewarding properties of drugs, food and 
offensive aggression 

The very first step in the development of every 
addiction to either a recreational drug, food or 
behavioral act is the initial use and the following 
rewarding/pleasant experience mediated by, among 
others, an acute activation of the dopaminergic brain 
reward system (figure 1). Rewarding stimuli, although 
different in underlying mechanisms, all act on the 
reward system by a transient enhancement of dopamine 
(DA) neurotransmission in the nucleus accumbens (NAc) 
[8],[11]. In addition, DA-ergic neurons from the ventral 
tegmental area (VTA) project to the NAc and optogenetic 
activation of these DAergic VTA neurons is sufficient to 
induce a conditioned place preference, suggesting a 
pleasant experience upon stimulation of these neurons 
itself [12]. Together, these two brain structures form the 
core of the brain reward system, and have been 
extensively studied in relation to the acute rewards of 
drugs of abuse [13]. Blocking the dopaminergic system 
decreased the acute rewarding properties of cocaine as 
measured in self-administration and conditioned place 
preference (CPP) paradigms [14,15]. However, specific 

Figure 1 Illustration of the pathways and receptor systems 

involved in the acute rewarding effects of drugs of abuse in a 

sagittal section of a rodent brain. Figure derived from [13]. 



lesions of dopamine in the NAc failed to block heroin and 
ethanol self-administration [16], suggesting dopamine-
independent reinforcement for different drugs of abuse 
at the level of the NAc. Indeed, other opiate (VTA and 
NAc) and GABAA (NAc and amygdala) systems also play 
an important role in the rewarding effects of different 
types of drugs of abuse [13]. 

Interestingly, the rewarding properties of cocaine 
can be surpassed by allowing a choice for sweetened 
water (saccharin), suggesting strong rewarding 
properties of sweet tastings [17]. Moreover, ingestion of 
nutrients such as fats and sugars can trigger addictive-
like behavior in animal models [18,19]. Indeed, upon first 
exposure to a food reward, DAergic VTA neurons start 
firing, resulting in an increase of DA in the NAc [20]. 
However, it is of great importance to note that the 
rewarding properties of food are much more complex 
than solely via the dopaminergic system, as it is 
regulated by a great variety of other neurotransmitters 
and neuropeptides such as orexin, ghrelin, insulin, PYY 
and glucagon-like peptide-1 [21]. Interestingly, these 
neurotransmitters implicated in food reward have also 
been shown to be affected by drugs of abuse [8]. 
Supporting this, animal models of obesity have been 
shown to possess attenuated responses to drug of abuse 
[22][23]. These results strongly suggest an overlap in 
reward mechanisms of drugs of abuse and palatable 
food. 

Extending this reward circuitry towards offensive 
aggression, increasing extracellular DA via METH 
administration increased offensive aggression in mice 
[24], whereas DA antagonists decreased aggression [25]. 
In addition, aggressive encounters were shown to 
upregulate DA levels in the NAc [26], whereas selectively 
blocking D1 and D2 receptors in the NAc decreased 
aggression [27]. Next to the observed effects in the NAc, 
the VTA is also implicated in the rewarding properties of 
aggression, as seen by an increase in c-Fos expressing 
neurons in the VTA in combination with a CPP after 
social interactions [28]. This study also showed that this 
effect was correlated to the amount of 
aggressive/dominance behaviors two months before, 
suggesting that the reward system is more active in 
highly aggressive individuals than in low-aggressive 
conspecifics [28].  

It should be noted that social defeat, an extremely 
aversive and stressful event for rats, also increased 
phasic dopamine transmission in the mesolimbic 
pathway [29]. This finding is in line with a more recent 
view that DA neurons in the VTA differ in functionality 
through different connection networks. Indeed, it has 
been postulated that “Some dopamine neurons encode 
motivational value, supporting brain networks for 
seeking, evaluation, and value learning. Others encode 
motivational salience, supporting brain networks for 
orienting, cognition, and general motivation" [30]. 
However, the neurochemical role of this difference 
should be studied in more detail, as DA neurons in the 
VTA are inhibited by GABA neurons upon a foot shock, a 
different aversive stimulus. Moreover, optogenetic 
activation of these GABA neurons is sufficient to drive 
conditioned place aversion [31]. In addition, optogenetic 
stimulation of VTA DAergic neurons increased inter-male 

aggression in mice [32]. It would therefore be of great 
importance to further elucidate the connecting networks 
of VTA DAergic neurons in relation to offensive 
aggression and social defeat.  

Nevertheless, experiments showing a positive 
relation between aggression and cocaine self-
administration support a shared reward system of the 
two behaviors. Highly aggressive mice were shown to 
self-administer morphine and cocaine at higher doses 
than nonaggressive animals [33]. In addition, Roman 
High Avoidance rats, known for increased rates of 
offensive aggression, also displayed a higher propensity 
to self-administer cocaine [34]. Moreover, dominant rats 
displayed increased motivation for food reward, 
although the authors contribute this finding to increased 
risk-taking behavior in these individuals [35]. In 
conclusion, there is compelling evidence for the 
activation of similar reward circuitry following 
administration of drugs of abuse, intake of palatable 
food, or exhibition of aggressive behavior. This is 
supported on the one hand by separate studies showing 
activation of similar brain areas (particularly the NAc and 
VTA). Other evidence is derived from studies directly 
comparing these behaviors in the same individuals, in 
which animals display consistencies across the different 
rewarding behaviors. 

 
The transition to compulsivity 

The role of DA extends beyond the acute 
reinforcement described in the previous paragraph. Due 
to the strong DA increasing effects of drugs, food and 
aggression, neutral stimuli that are linked to the 
availability of these reinforcers acquire the ability to 
induce a DA increase in the ventral striatum in 
anticipation of the reward. Once this conditioning has 
occurred, DA acts as a predictor of reward, resulting in 
the animal performing behavior that will help to obtain 
the reward eventually [36]. 

There is evidence that conditioning of rewarding 
stimuli co-occurs with a gradual shift of DA increase from 
the ventral striatum (NAc) to the dorsal striatum [37]. 
Simultaneously, the role of the VTA decreases and 
involvement of the substantia nigra (SN) increases [8]. 
The conditioning is further facilitated by extensive 
glutamatergic input to the DAergic neurons from regions 
in the brain involved in sensory input (insula), 
homeostasis (hypothalamus), reward (ventral pallidum 
and NAc), emotion (amygdala and hippocampus) and 
salience attribution (orbitofrontal cortex, OFC) [38].  

Indeed, projections from the amygdala and OFC to 
DAergic neurons and the NAc have been shown to be 
involved in the conditioned responses to food [39]. In 
addition, the basolateral amygdala (BLA) and OFC 
interact in drug context-induced reinstatement of 
cocaine-seeking behavior [40]. Moreover, optogenetic 
stimulation of the glutamatergic fibers from the BLA to 
the NAc in mice resulted in reinforcement when the 
reward was an additional stimulation of this pathway 
[41]. Supporting an important role of this pathway in 
naturally occurring reward, optogenetic inhibition of 
these neurons reduced cue-evoked sucrose intake [41]. 
However, the supporting role of the BLA in 
reinstatement has been studied most extensively in the 



context of cocaine [42] and heroin [43] and experiments 
on reinstatement in food-seeking behavior suggest 
different subregions of the BLA to be involved in reward-
seeking behaviors induced by drug or food related 
stimuli [44]. 

Although the underlying mechanisms of 
compulsive reward-seeking behavior, despite some 
specific differences, appear to be relatively similar, the 
strength of the reinforcer is thought to play an important 
role in the likelihood of reinstatement. Drugs cues are 
more likely to induce reward-seeking behavior after a 
period of abstinence than food cues [45]. In addition, 
stress-induced reinstatement is much more likely to 
occur for drugs of abuse than for food reinforcers [45]. 
On the other hand, other studies show that rats readily 
switched from taking cocaine to saccharin consumption, 
even after prolonged periods of cocaine use, indicating 
that cocaine is low on the value ladder of rats [46]. 
Despite these differences however, the underlying 
mechanisms appear to be similar and the observed 
differences are thought to be a matter of degree rather 
than principle [8]. 

As with drug and palatable food intake, the 
execution of offensive aggression is rewarding and can 
be conditioned. Winning an aggressive encounter 
increases the probability of winning a future fight in an 
individual, a phenomenon known as the winner effect 
[47]. Since aggressive encounters can be rewarding (see 
previous section), mice can be conditioned to nose poke 
for aggressive encounters [48,49]. These changes have 
been associated with increases of DA levels in the NAc 
[50,51]. Unfortunately, the role of different afferents to 
the NAc and SN, such as the BLA and OFC, in conditioned 
aggression has not yet been studied. Future studies 
should aim at elucidating the role of different brain 
regions in facilitating reinstatement following exposure 
to cues that have been linked to the winning of a fight. In 
addition, it would be interesting to directly compare the 
rewarding value of a fight with other reinforcers such as 
drugs of abuse and food. 

Although an important component of addiction 
and addictive-like behavior, the reinforcing properties 
and following conditioned response towards drugs, food 
and fighting alone cannot explain the escalation of these 
behaviors as observed in a subset of individuals. As for 
drugs, the vast majority of individuals experience drugs 
as reinforcing, yet a small proportion of the individuals 
exposed to those drugs develop a fully addicted 
phenotype. Therefore, other brain areas involved in 
inhibitory control over behavior and negative emotional 
states are likely to be involved in the escalation of drug 
intake, food consumption and offensive aggressive 
behavior. 

 
Loss of inhibitory control 

The prefrontal cortex is an important brain region 
involved in cognitive and executive processes such as 
working memory, decision-making, inhibitory response 

control, attentional set-shifting and the temporal 
integration of voluntary behavior [52]. Moreover, 
different subregions of the PFC have been linked to 
these different processes. In addiction, the previously 
described effects of increased cravings for reinforcing 
behavior are accompanied by impairments in inhibitory 
control over behavior. The main region involved in 
inhibitory control is the medial prefrontal cortex (mPFC), 
which has been extensively studied in the context of 
drug addiction. Prolonged cocaine self-administration in 
rats has been shown to decrease cellular excitability in 
prefrontal cortical neurons, suggesting a causal effect of 
cocaine abuse in diminishing PFC functioning [53]. 
Moreover, optogenetic stimulation of mPFC neurons 
inhibited compulsive cocaine seeking as measured by 
persistence of seeking behavior despite delivery of foot 
shocks, whereas optogenetic inhibition increased 
cocaine-seeking behavior [53]. However, in a different 
behavioral paradigm, cue-induced reinstatement of 
cocaine-seeking was decreased after inhibition of mPFC 
neurons [54]. First, this difference highlights the 
importance of the paradigm that is used to study the loss 
of control over behavior. Second, it may indicate a highly 
specific and possibly opposite role of different neurons 
in the PFC regulating the loss of control over behavior 
[10]. This possibility is supported by experiments 
showing that active swimming in a forced swim test was 
unaffected by optogenetic activation of all PFC neurons 
projecting to the dorsal raphe nucleus. In contrast, when 
a specific subset of these neurons was activated, this 
behavior was promoted [55]. Therefore, future 
optogenetic experiments using specific stimulation and 
inhibition of subsets of mPFC neurons are needed to 
further elucidate the role of the mPFC neurons in 
inhibition of behavior. 

Another well-known effect of long-term exposure 
to drugs is a downregulation of striatal dopamine D2 
receptor (D2R) availability [8]. In the striatum, D2Rs are 
involved in the indirect striatal pathway, which is 
involved in the sensitization of repeated drug exposure 
[56]. In drug addicted humans, striatal D2R reduction is 
associated with decreased PFC, OFC, anterior cingulate 
gyrus (ACC) and dorsolateral PFC (dlPFC) functioning [8]. 
These regions are involved in salience attribution, 
inhibition and decision-making, raising the possibility 
that dysregulation of these brain areas via decreased 
D2R signaling underlies the loss of control in drug 
addiction [57]. However, it can also be argued that a 
predisposition for dysfunctional PFC areas in vulnerable 
individuals exists that is aggravated by repeated drug 
use. Human evidence for this is provided by family 
studies showing increased striatal D2R availability and 
normal OFC, ACC and dlPFC metabolism in subjects with 
a positive family history for alcoholism [58]. In addition, 
twin studies revealed that addicted subjects had 
decreased OFC volume compared to their non-addicted 
twins, who showed no difference in OFC size compared 
to controls [59]. 



The role of striatal D2R availability in the 
reinforcing properties of drugs is relatively well-
understood. The reinforcing effects of dopamine depend 
on striatal neurons that receive dopaminergic input from 
midbrain structures. These striatal neurons are mainly 
medium spiny neurons. The dopamine D2 receptor is 
expressed on indirect pathway medium spiny neurons 
(iMSNs), whereas the direct pathway neurons (dMSNs) 
express the dopamine D1 receptor [60][61] (see figure 2) 
. The dopamine D2 receptor is an inhibitory Gi coupled 
receptor, and dopamine inhibits iMSNs [62]. Direct 
optogenetic stimulation of these iMSNs indeed 
promotes aversion [63] and reduces self-administration 
of cocaine [64]. In addition, chemogenetic inhibition of 
iMSNs increased the reward of amphetamine and 
cocaine [56,64]. One hypothesis by which reduced 
striatal D2R availability may contribute to the escalation 
of drug use, is through compensation of a blunted 
dopamine response, i.e. an individual increases its intake 
to achieve a similar rewarding effect. 

These mechanisms may be in play for food 
addiction as well, as obesity is also associated with 
impairments in executive function, working memory and 
attention [65,66] and structural abnormalities in the 
frontal brain regions of obese individuals [67,68]. In 
addition, obese individuals also exhibit decreased striatal 
D2R availability, which is associated with decreased PFC 
and ACC activity [69]. Moreover, striatal D2R availability 
is negatively correlated with BMI in both healthy and 
obese individuals [70,71]. Preclinical evidence supports 
these findings, showing a reduced preference for 
palatable food upon D2R agonist administration [72]. 
These results suggest that the loss of control over food 
intake may result from similar dysfunctions as seen in 
drug addiction, although detailed preclinical studies into 
these mechanisms are needed to elucidate the specific 
role of different mPFC neurons in inhibitory control over 
food intake as well. 

Providing some insight into this question, 
optogenetic inhibition of the dorsal mPFC attenuated 
stress-induced reinstatement of food-seeking behavior 

in female rats [73]. These results were remarkably 
similar to the previously described optogenetic inhibition 
in relation to cue-induced reinstatement of cocaine [54]. 
However, again, it highlights the importance of 
elucidating the specificity of certain subsets of prefrontal 
neurons and their role in food reinstatement. This idea is 
further supported by evidence showing that, following 
food and stress reinstatement activated PFC neurons 
exhibit unique synaptic alterations compared to non-
activated neurons [74]. 

Unsurprisingly, it is well known that the mPFC and 
OFC are linked to the inhibition of aggression as well. 
Aggressive encounters in rats have been shown to 
activate, among several other areas, mostly 
glutamatinergic pyramidal mPFC neurons [75,76]. In 
addition, electrical stimulation of the mPFC in cats 
inhibited aggression [77], whereas bilateral lesions of the 
mPFC or OFC increased aggression in rats [78,79]. These 
early findings have been extended using novel 
techniques like optogenetically stimulating or inhibiting 
excitatory mPFC neurons in rats, resulting in decreased 
or increased aggression, respectively [80]. On the other 
hand, enhancement of glutamatergic AMPA current in 
the mPFC increased social rank in mice, whereas 
inhibition decreased social status [81]. These results 
suggest modulation of several forms of aggression and 
an important role of the mPFC in regulating a balance 
between adaptive and maladaptive aggression [6]. 

Although striatal D2R availability plays an 
important role in the sensitization of drugs and food, its 
role in aggression remains a matter of debate. For 
instance, striatal D2R availability appears to be involved 
in stress-suppressed aggression and was upregulated 
upon repeated passive exposure to aggressive 
encounters in this study [82]. In contrast, a more recent 
study reported decreased striatal D2R availability upon 
repeated passive exposure to aggression [83]. The 
authors contribute this difference to the learned 
development of aggression, instead of a stress-induced 
mechanism [83]. Therefore, the mechanisms appear to 
be similar to the learned effects of food and drugs. 
However, it is important to note that these studies use 
passive aggression, rather than direct exposure to 
aggressive encounters. It would therefore be of great 
importance to further elucidate the role of striatal D2R 
availability in inhibition of learned aggression. 

Thus, all three disorders are not only characterized 
by increased reward sensitivity, but also by decreased 
inhibitory mechanisms via, among others, reduced mPFC 
functioning and reduced striatal D2R availability. 
Targeting these networks appears to be a promising line 
of research for future therapeutics designed to regain 
control over drug and food intake and aggressive 
eruptions, although further studies are needed to 
elucidate the overlaps in specific mPFC neuron 
functionality. 

 
Negative emotional states 

Cravings for the reinforcers and the inability to 
control them often emerge during periods of stress or 
emotional stress. Negative emotional states such as 
anxiety and depression are important factors in the drive 
to use drugs, eat beyond the homeostatic need or 

Figure 2. Intrinsic and extrinsic circuitry of the Nucleus 

Accumbens. MSNs projects to either the VP (D2R expressing) or 

the VTA/Sn (D1R expressing) and MSN activity is modulated by 

GABAergic and Cholinergic interneurons. These projections 

receive input from the mPFC, BLA, hippocampus, thalamus and 

VTA. Figure derived from [61]. 



initiate a fight. This can create a vicious circle, as relapse 
is most likely to occur during periods of stress and 
emotional distress, and drugs themselves or withdrawal 
from them can promote these stressful situations [84]. 
Similar patterns can be observed in over-eating [85] and 
aggression [86]. Obese animals exhibit increased levels 
of anxiety compared to non-obese individuals, 
suggesting a similar role of highly palatable food and 
drugs in contributing to these states. A comparable 
effect on anxiety was observed after repeated winning in 
low-aggressive mice [87] and rats [88]. In contrast, high-
aggressive Wild and Swiss-CD1 mice exhibited lower 
levels of anxiety in a free-exploratory paradigm [89]. 
However, highly aggressive dominant Swiss male mice 
displayed increased levels of anxiety in the elevated-plus 
maze (EPM), once again indicating the importance of the 
used paradigm in interpretation of the results [90]. It is 
important to note that the effects are likely to be caused 
by the winning itself, as anxiety scores in the EPM before 
exposure to aggression are unrelated to aggression 
scores in WTG rats [91]. Altogether, these results 
indicate that drugs, food and aggression may contribute 
to a negative emotional state, and that this state can 
increase expression of the behavior itself. 

 Several neuromolecular mechanisms may 
contribute to these effects. As mentioned before, striatal 
D2R function is reduced in drug addicts, obese 
individuals and possibly following repeated aggressive 
encounters. Since the dopamine D2 receptor is a Gi 
coupled receptor, this may be predicted to elevate 
activity in iMSNs in these individuals, an effect known to 
induce aversion in mice [63]. As dopamine inhibits 
iMSNs, it is possible that individuals consume drugs, 
food or fight to induce an increase in dopamine in order 
to escape from the pervasive negative emotional state 
resulting from reduced striatal D2R availability [10]. 

A negative emotional state can, next to reduced 
striatal D2R availability, also emerge from alterations in 
dopamine producing neurons in the VTA. Highlighting 
the importance of specific synaptic connectivity in this 
network, inputs from the laterodorsal tegmentum and 
lateral habenula contribute to positive and negative 
states in mice, respectively [92,93]. In addition, selective 
inhibition of VTA DAergic neurons increased depressive-
like behaviors in mice, whereas stimulation of these 
neurons rescued stress-induced depressive-like behavior 
in these animals [94]. Instead, experiments testing for 
susceptibility as oppose to resilience of these behaviors 
showed that optogenetic induction of phasic, but not 
tonic, VTA DAergic neurons promoted depression-
related behaviors in mice that were previously resilient 
to repeated social-defeat stress [95]. Again, these results 
suggest that functional encoding of VTA DAergic for 
stress and reward (see acute rewarding effects section) 
is firing-pattern selective and highly context-dependent 
[95]. Moreover, the effects are dependent on the 
severity of stress and are projection-pathway specific 
[96]. Altogether, the VTA networks encoding for 
negative emotional states and increased reward 
sensitivity are extremely complex. In order to identify a 
reliable link between repeated reward-seeking and 
negative emotional states, future studies directly 
comparing the two behaviors are needed. 

Finally, the amygdala is a brain region that has 
been linked to a large variety of emotional processes, 
among which anxiety-disorders [97] and craving for 
cocaine [98] and alcohol [99], but not for food [100]. In 
addition, an important role for the amygdala has been 
suggested in the drive for aggression [3]. Optogenetic 
studies on this brain structure have helped the 
understanding of distinct parts of the amygdala 
regulating anxiety [101], fear [102] and reward-seeking 
via projections of the BLA to the NAc [103]. However, 
the exact role of different neurons in the amygdala in 
determining the emotional significance of environmental 
stimuli remains elusive, as similar activation patterns in 
the amygdala were observed for appetitive and aversive 
stimuli [104]. Therefore, future optogenetic studies that 
allow for more specific manipulation of distinct synaptic 
and cellular patterns should help our understanding of 
the link between amygdala subpopulations and negative 
emotional states leading to the drive for drugs and 
violence.  

 
Discussion 

The experiments reviewed here highlight the 
multiple overlaps in neurobiological processes 
underlying drug addiction, food addiction and escalated 
offensive aggression, i.e. violence. Shared mechanisms 
can be observed in the dopaminergic reward circuitry, 
both for acute rewarding properties of the reinforcers as 
well as the transition to compulsive reward-seeking 
behaviors due to conditioning. In addition, the loss of 
control over behavior that could be aggravated by 
negative emotional states appears to arise from similar 
dysfunctionalities in the mPFC and mesolimbic system. 

It should be noted that the work summarized here 
focuses primarily on the dopaminergic system. As 
mentioned before, a large variety of other 
neurotransmitters and peptides play a major role in drug 
addiction and food intake [8]. Among these, the 
neurotransmitter that is known for a primary role in the 
regulation of aggression and violence is serotonine (5-
HT)[105],[106]. The serotonergic system is involved in 
virtually every central process that requires a sensory-
driven response [107]. Unsurprisingly, serotonin circuitry 
has also been implicated in psychostimulant addiction 
[108] and food intake [109]. However, due to a large 
variety in 5-HT receptor families and subtypes with 
opposing effects [110],[111], the serotonergic system is 
extremely complex and exceeds the scope of this essay. 
Nevertheless, the effects of dopamine and serotonin 
have been proposed to be consequences of a single root 
mechanism [112] and it is therefore likely that targeting 
any of the two neurotransmitters can affect addiction-
related behaviors such as decision-making and 
reinforcement learning. Future studies into the 
serotonergic circuitry may therefore be effective in 
situations where dopaminergic manipulation is not. 

Next to different neurotransmitter systems in the 
brain, another brain area that has been associated with 
drugs, food and aggression is the hypothalamus. As the 
hypothalamus is the link between the central nervous 
system and the endocrine system, it is no surprise that it 
serves a crucial role in food intake [113]. In addition, 
similar activation patterns of the lateral hypothalamus 



were observed in food intake and drug addiction [114]. 
Novel optogenetic techniques greatly contributed to our 
understanding of the role of different subregions of the 
hypothalamus in aggression as well (figure 3). In 
particular, the ventrolateral subdivision of the ventral 
medial hypothalamus (VMHvl) seems to be an important 
node in the neural circuitry that controls aggressive 
attacks. Optogenetic stimulation of specific neurons 
within this region robustly triggers offensive attacks 
towards intruder males, females and inanimate objects 
[115]. More specifically, manipulation of neurons co-
expressing the estrogen-receptor alpha (ER-α) in this 
region triggered or suppressed fighting upon stimulation 
or inhibition, respectively [116]. Another hypothalamic 
nucleus that has been extensively studied in the context 
of aggressive behavior is the medial preoptic area 
(MPOA), in which optogenetic stimulation of galanin 
neurons inhibited inter-male aggression and shifted 
infanticidal attacks toward offspring to paternal care 
[117]. These results show the great specificity of 
different neurons in subregions of the hypothalamus. 
However, these studies showed acute effects of these 
neurons in regulating aggression, and their role in 
animals that have been repeatedly exposed to winning 
aggressive encounters remains to be investigated. 
Moreover, their role in drug addiction and food intake is 
unknown. Future studies using these highly specific 
manipulations to test for overlapping functionality in 
different behaviors are essential for our understanding 
of the role of hypothalamic neuronal subpopulations in 
drug and food intake. 

An often-overlooked or neglected aspect in 
preclinical research on drug and food addiction and 
offensive aggression is the large individual variability 
observed in the human population. Indeed, only 15-20% 
of the individuals exposed to drugs of abuse develop an 
addiction [118]. Moreover, every person must eat, yet a 
small proportion of individuals become obese, although 
this number is increasing alarmingly [119]. Fortunately, 
several labs acknowledged this gap between human data 
and preclinical animal models and developed techniques 
to study individual vulnerability in these disorders. 

For drug addiction, two different approaches have 
been developed to study individual vulnerability. The 
first paradigm is based on the DSM-IV criteria for drug 
addiction and tests rats in a series of cocaine self-
administration related behaviors. Animals are exposed 
to a period of self-administration of cocaine and 

thereafter tested for (i) persistence of cocaine-seeking 
despite non-availability, (ii) increased motivation to take 
the drug measured in a progressive-ratio schedule, and 
(iii) continued use despite negative consequences 
(electrical shock). Animals that present the highest 
scores (top 33%) in all three addiction-like behaviors are 
considered compulsive-like cocaine users [120,121]. 
Interestingly, the percentage of rats that show a high 
score in all three addiction-like criteria is 17%, similar to 
the human cocaine users diagnosed as addicts [120]. 

Another approach takes advantage of the 
observation that the vast majority of rats that have been 
trained to self-administer cocaine for prolonged periods 
rapidly switch to saccharin when this choice is available 
[17,46],[122,123]. A small proportion of animals 
continued to choose cocaine over saccharin and was 
considered vulnerable to addictive-like behavior, as 
opposed to resilient animals that switched to saccharin 
intake. An advantage of this approach is that no fixed 
percentage of animals is considered compulsive cocaine 
users, although the average proportion again seems to 
map well with the human population [46,122]. 

As in drug addiction, there are large individual 
differences in the susceptibility for metabolic disorders 
such as obesity and type 2 diabetes. In animals, the 
previously mentioned Roman High- (RHA) and Low 
Avoidance (RLA) strains have been related to differences 
in energy balance and are thought to be helpful in 
modeling metabolic disorders. These strains, originally 
selected for high and low responsiveness in a two way 
active avoidance test, indeed show differences in blood 
pressure, insulin response, meal patterns and visceral fat 
[124]. Passive animals (RLA) exhibit hypertension, insulin 
resistance and visceral adiposity, making it a non-obese 
animal model for the metabolic syndrome [125]. 
However, RHA animals display larger amounts of 
cumulative food intake of normal chow [124], 
highlighting that increased food intake does not lead to 
obesity per se. RHA rats are also known for increased 
levels of cocaine self-administration and offensive 
aggression [34]. However, when animals were exposed 
to a high-fat diet, RLA showed increased weight gain 
compared to RHA animals [126]. These results show that 
RLA rats are a valuable animal model for studying 
metabolic disorders, although they contradict increased 
reward sensitivity to be the underlying cause for weight 
gain. 

Finally, large individual differences in the level of 
offensive aggression have been observed in an outbred 
strain of rats, the Wild-type Groningen (WTG) rats. These 
differences have been linked to a variety of other 
behaviors, suggesting that this is an indication of an 
individual’s trait-like behavioral response pattern, i.e. 
coping style [91]. Repeated exposure to an unfamiliar 
intruder in the home cage results in the development of 
escalated, persistent, indiscriminating and injurious 
offensive aggression in a subset (8-12%) of individuals 
[106]. These animals provide a valuable line of research 
into the neurobiology of violence. As mentioned before, 
different coping styles have been linked to differences in 
cocaine self-administration [33], although this has not 
been studied in relation to animals that were trained to 
become violent. 

Figure 3. Brain areas that are involved in inter-male aggression in 

mice. Brain areas that either increased (orange) or decreased (blue) 

aggression upon optogenetic stimulation. Gray areas have also 

been reported to be involved in aggressive behavior by c-Fos 

immunohistochemistry [6]. 



All these models share the finding that some 
individuals display vulnerability to develop the escalated 
behavior, whereas others appear to be resilient. It would 
be of major interest to compare drug intake, food intake 
and escalated aggression in the same individuals more 
directly. In doing so, it should become clear whether 
individuals that are prone to escalate behavior in one 
aspect are also likely to lose inhibitory control over the 
other. In addition, the incredible detail of optogenetic 
studies could be used in studies on these vulnerable and 
resilient animals in a similar manner as applied in mice 
previously resilient to development of depressive-like 
symptoms [95]. Moreover, this technique can also be 
used in attempting to inhibit escalation of the behaviors 
specifically in vulnerable individuals. As we gain 
understanding of the specific neurons, 
neurotransmitters and receptors involved, it should 
become clear whether the apparent similarities on the 
structural level also apply to the deeper molecular 
mechanisms that underlie escalation of drug- and food 
intake and violence. 

 
References 
 

[1] Uhl GR, Grow RW. (2004) The burden of complex 
genetics in brain disorders Arch Gen Psychiatry 
;61(3):223-229.  

[2] Withrow D, Alter D. (2011) The economic burden of 
obesity worldwide: a systematic review of the direct 
costs of obesity. Obesity reviews ;12(2):131-141.  

[3] Siever LJ. (2008) Neurobiology of aggression and 
violence. Am J Psychiatry ;165(4):429-442.  

[4] Whittle AJ, Walsh J, de Lecea L. (2014) Light and 
chemical control of neuronal circuits: possible 
applications in neurotherapy. Expert Rev Neurother 
;14(9):1007-1017.  

[5] Volkow ND, Wise RA. (2005) How can drug addiction 
help us understand obesity? Nat Neurosci ;8(5):555-
560.  

[6] Miczek KA, Takahashi A, Gobrogge KL, Hwa LS, de 
Almeida RM. (2015) Escalated aggression in animal 
models: shedding new light on mesocorticolimbic 
circuits. Current opinion in behavioral sciences ;3:90-
95.  

[7] Volkow ND, Wang GJ, Fowler JS, Telang F. (2008) 
Overlapping neuronal circuits in addiction and 
obesity: evidence of systems pathology. Philos Trans 
R Soc Lond B Biol Sci ;363(1507):3191-3200.  

[8] Volkow ND, Wang G, Tomasi D, Baler RD. (2013) 
Obesity and addiction: neurobiological overlaps. 
Obesity Reviews ;14(1):2-18.  

[9] Gearhardt AN, Yokum S, Orr PT, Stice E, Corbin WR, 
Brownell KD. (2011) Neural correlates of food 
addiction. Arch Gen Psychiatry ;68(8):808-816.  

[10] Krashes MJ, Kravitz AV. (2014) Optogenetic and 
chemogenetic insights into the food addiction 
hypothesis. Frontiers in behavioral neuroscience ;8.  

[11] Berridge KC. (2007) The debate over dopamine’s role 
in reward: the case for incentive salience. 
Psychopharmacology (Berl ) ;191(3):391-431.  

[12] Tsai HC, Zhang F, Adamantidis A, Stuber GD, Bonci A, 
de Lecea L, et al. (2009) Phasic firing in dopaminergic 
neurons is sufficient for behavioral conditioning. 
Science ;324(5930):1080-1084.  

[13] Koob GF, Volkow ND. (2010) Neurocircuitry of 
addiction. Neuropsychopharmacology ;35(1):217-
238.  

[14] Chen R, Tilley MR, Wei H, Zhou F, Zhou FM, Ching S, 
et al. (2006) Abolished cocaine reward in mice with a 
cocaine-insensitive dopamine transporter. Proc Natl 
Acad Sci U S A ;103(24):9333-9338.  

[15] Caine SB, Thomsen M, Gabriel KI, Berkowitz JS, Gold 
LH, Koob GF, et al. (2007) Lack of self-administration 
of cocaine in dopamine D1 receptor knock-out mice. 
J Neurosci ;27(48):13140-13150.  

[16] Koob G, Le Moal M. (2006) Neurobiology of 
Addiction Academic Press: San Diego.  

[17] Lenoir M, Serre F, Cantin L, Ahmed S. (2007) Intense 
Sweetness Surpasses Cocaine Reward. PLoS ONE 
;2(8):e698.  

[18] Avena NM, Rada P, Hoebel BG. (2009) Sugar and fat 
bingeing have notable differences in addictive-like 
behavior. J Nutr ;139(3):623-628.  

[19] Avena NM, Rada P, Hoebel BG. (2008) Evidence for 
sugar addiction: behavioral and neurochemical 
effects of intermittent, excessive sugar intake. 
Neuroscience & Biobehavioral Reviews ;32(1):20-39.  

[20] Norgren R, Hajnal A, Mungarndee S. (2006) 
Gustatory reward and the nucleus accumbens. 
Physiol Behav ;89(4):531-535.  

[21] Cota D, Tschöp MH, Horvath TL, Levine AS. (2006) 
Cannabinoids, opioids and eating behavior: the 
molecular face of hedonism? Brain Res Rev 
;51(1):85-107.  

[22] Davis JF, Tracy AL, Schurdak JD, Tschöp MH, Lipton 
JW, Clegg DJ, et al. (2008) Exposure to elevated 
levels of dietary fat attenuates psychostimulant 
reward and mesolimbic dopamine turnover in the 
rat. Behav Neurosci ;122(6):1257.  

[23] Wellman PJ, Nation JR, Davis KW. (2007) Impairment 
of acquisition of cocaine self-administration in rats 
maintained on a high-fat diet. Pharmacology 
Biochemistry and Behavior ;88(1):89-93.  

[24] Sokolov BP, Cadet JL. (2006) Methamphetamine 
causes alterations in the MAP kinase-related 
pathways in the brains of mice that display increased 
aggressiveness. Neuropsychopharmacology 
;31(5):956-966.  

[25] Kudryavtseva NN, Lipina TV, Koryakina LA. (1999) 
Effects of haloperidol on communicative and 
aggressive behavior in male mice with different 
experiences of aggression. Pharmacology 
Biochemistry and Behavior ;63(2):229-236.  

[26] Van Erp AM, Miczek KA. (2007) Increased accumbal 
dopamine during daily alcohol consumption and 
subsequent aggressive behavior in rats. 
Psychopharmacology (Berl ) ;191(3):679-688.  

[27] Couppis MH, Kennedy CH. (2008) The rewarding 
effect of aggression is reduced by nucleus 
accumbens dopamine receptor antagonism in mice. 
Psychopharmacology (Berl ) ;197(3):449-456.  

[28] Gil M, Nguyen N, McDonald M, Albers HE. (2013) 
Social reward: interactions with social status, social 
communication, aggression, and associated neural 
activation in the ventral tegmental area. Eur J 
Neurosci ;38(2):2308-2318.  

[29] Anstrom KK, Miczek KA, Budygin EA. (2009) 
Increased phasic dopamine signaling in the 
mesolimbic pathway during social defeat in rats. 
Neuroscience ;161(1):3-12.  

[30] Bromberg-Martin ES, Matsumoto M, Hikosaka O. 
(2010) Dopamine in motivational control: rewarding, 
aversive, and alerting. Neuron ;68(5):815-834.  

[31] Tan KR, Yvon C, Turiault M, Mirzabekov JJ, Doehner J, 
Labouèbe G, et al. (2012) GABA neurons of the VTA 
drive conditioned place aversion. Neuron 
;73(6):1173-1183.  



[32] Yu Q, Teixeira CM, Mahadevia D, Huang Y, Balsam D, 
Mann JJ, et al. (2014) Dopamine and serotonin 
signaling during two sensitive developmental periods 
differentially impact adult aggressive and affective 
behaviors in mice. Mol Psychiatry ;19(6):688-698.  

[33] Vekovischeva OY, Semenova SG, Verbitskaya EV, 
Zvartau EE. (2004) Effects of morphine and cocaine 
in mice with stable high aggressive and 
nonaggressive behavioral strategy. Pharmacology 
Biochemistry and Behavior ;77(2):235-243.  

[34] Fattore L, Piras G, Corda MG, Giorgi O. (2009) The 
Roman high-and low-avoidance rat lines differ in the 
acquisition, maintenance, extinction, and 
reinstatement of intravenous cocaine self-
administration. Neuropsychopharmacology 
;34(5):1091-1101.  

[35] Davis J, Krause E, Melhorn S, Sakai R, Benoit S. (2009) 
Dominant rats are natural risk takers and display 
increased motivation for food reward. Neuroscience 
;162(1):23-30.  

[36] Fleary SA, Heffer RW, McKyer EL, Newman DA. 
(2010) Dopamine signals for reward value and risk: 
Basic and recent data. Behavioral and Brain 
Functions .  

[37] Robbins TW, Cador M, Taylor JR, Everitt BJ. (1989) 
Limbic-striatal interactions in reward-related 
processes. Neuroscience & Biobehavioral Reviews 
;13(2–3):155-162.  

[38] Geisler S, Wise RA. (2008) Functional implications of 
glutamatergic projections to the ventral tegmental 
area. Rev Neurosci ;19(4-5):227-244.  

[39] Petrovich GD. (2011) Forebrain circuits and control 
of feeding by learned cues. Neurobiol Learn Mem 
;95(2):152-158.  

[40] Lasseter HC, Wells AM, Xie X, Fuchs RA. (2011) 
Interaction of the basolateral amygdala and 
orbitofrontal cortex is critical for drug context-
induced reinstatement of cocaine-seeking behavior 
in rats. Neuropsychopharmacology ;36(3):711-720.  

[41] Stuber GD, Sparta DR, Stamatakis AM, van Leeuwen 
WA, Hardjoprajitno JE, Cho S, et al. (2011) Excitatory 
transmission from the amygdala to nucleus 
accumbens facilitates reward seeking. Nature 
;475(7356):377-380.  

[42] See RE. (2005) Neural substrates of cocaine-cue 
associations that trigger relapse. Eur J Pharmacol 
;526(1):140-146.  

[43] Fuchs RA, See RE. (2002) Basolateral amygdala 
inactivation abolishes conditioned stimulus-and 
heroin-induced reinstatement of extinguished 
heroin-seeking behavior in rats. 
Psychopharmacology (Berl ) ;160(4):425-433.  

[44] McLaughlin RJ, Floresco SB. (2007) The role of 
different subregions of the basolateral amygdala in 
cue-induced reinstatement and extinction of food-
seeking behavior. Neuroscience ;146(4):1484-1494.  

[45] Kearns DN, Gomez-Serrano MA, Tunstall BJ. (2011) A 
review of preclinical research demonstrating that 
drug and non-drug reinforcers differentially affect 
behavior. Curr Drug Abuse Rev ;4(4):261-269.  

[46] Cantin L, Lenoir M, Augier E, Vanhille N, Dubreucq S, 
Serre F, et al. (2010) Cocaine is low on the value 
ladder of rats: possible evidence for resilience to 
addiction.  

[47] Dugatkin LA. (1997) Winner and loser effects and the 
structure of dominance hierarchies. Behav Ecol 
;8(6):583-587.  

[48] Fish EW, DeBold JF, Miczek KA. (2005) Escalated 
aggression as a reward: corticosterone and GABAA 
receptor positive modulators in mice. 
Psychopharmacology (Berl ) ;182(1):116-127.  

[49] May ME, Kennedy CH. (2009) Aggression as positive 
reinforcement in mice under various ratio‐and time‐
based reinforcement schedules. J Exp Anal Behav 
;91(2):185-196.  

[50] Ferrari P, Van Erp A, Tornatzky W, Miczek K. (2003) 
Accumbal dopamine and serotonin in anticipation of 
the next aggressive episode in rats. Eur J Neurosci 
;17(2):371-378.  

[51] van Erp AM, Miczek KA. (2000) Aggressive behavior, 
increased accumbal dopamine, and decreased 
cortical serotonin in rats. J Neurosci ;20(24):9320-
9325.  

[52] Dalley JW, Cardinal RN, Robbins TW. (2004) 
Prefrontal executive and cognitive functions in 
rodents: neural and neurochemical substrates. 
Neuroscience & Biobehavioral Reviews ;28(7):771-
784.  

[53] Chen BT, Yau H, Hatch C, Kusumoto-Yoshida I, Cho 
SL, Hopf FW, et al. (2013) Rescuing cocaine-induced 
prefrontal cortex hypoactivity prevents compulsive 
cocaine seeking. Nature ;496(7445):359-362.  

[54] Stefanik MT, Moussawi K, Kupchik YM, Smith KC, 
Miller RL, Huff ML, et al. (2013) Optogenetic 
inhibition of cocaine seeking in rats. Addict Biol 
;18(1):50-53.  

[55] Warden MR, Selimbeyoglu A, Mirzabekov JJ, Lo M, 
Thompson KR, Kim S, et al. (2012) A prefrontal 
cortex-brainstem neuronal projection that controls 
response to behavioural challenge. Nature 
;492(7429):428-432.  

[56] Ferguson SM, Eskenazi D, Ishikawa M, Wanat MJ, 
Phillips PE, Dong Y, et al. (2011) Transient neuronal 
inhibition reveals opposing roles of indirect and 
direct pathways in sensitization. Nat Neurosci 
;14(1):22-24.  

[57] Volkow ND, Fowler JS. (2000) Addiction, a disease of 
compulsion and drive: involvement of the 
orbitofrontal cortex. Cereb Cortex ;10(3):318-325.  

[58] Volkow ND, Wang G, Begleiter H, Porjesz B, Fowler 
JS, Telang F, et al. (2006) High levels of dopamine D2 
receptors in unaffected members of alcoholic 
families: possible protective factors. Arch Gen 
Psychiatry ;63(9):999-1008.  

[59] Parvaz MA, Maloney T, Moeller SJ, Woicik PA, Alia-
Klein N, Telang F, et al. (2012) Sensitivity to 
monetary reward is most severely compromised in 
recently abstaining cocaine addicted individuals: a 
cross-sectional ERP study. Psychiatry Research: 
Neuroimaging ;203(1):75-82.  

[60] Gerfen CR, Engber TM, Mahan LC, Susel Z, Chase TN, 
Monsma FJ,Jr, et al. (1990) D1 and D2 dopamine 
receptor-regulated gene expression of striatonigral 
and striatopallidal neurons. Science ;250(4986):1429-
1432.  

[61] Stuber GD, Britt JP, Bonci A. (2012) Optogenetic 
Modulation of Neural Circuits that Underlie Reward 
Seeking. Biol Psychiatry ;71(12):1061-1067.  

[62] Planert H, Berger TK, Silberberg G. (2013) Membrane 
properties of striatal direct and indirect pathway 
neurons in mouse and rat slices and their 
modulation by dopamine. PloS one ;8(3):e57054.  

[63] Kravitz AV, Tye LD, Kreitzer AC. (2012) Distinct roles 
for direct and indirect pathway striatal neurons in 
reinforcement. Nat Neurosci ;15(6):816-818.  

[64] Bock R, Shin JH, Kaplan AR, Dobi A, Markey E, Kramer 
PF, et al. (2013) Strengthening the accumbal indirect 
pathway promotes resilience to compulsive cocaine 
use. Nat Neurosci ;16(5):632-638.  

[65] Gunstad J, Paul RH, Cohen RA, Tate DF, Spitznagel 
MB, Gordon E. (2007) Elevated body mass index is 



associated with executive dysfunction in otherwise 
healthy adults. Compr Psychiatry ;48(1):57-61.  

[66] Bruehl H, Wolf OT, Sweat V, Tirsi A, Richardson S, 
Convit A. (2009) Modifiers of cognitive function and 
brain structure in middle-aged and elderly 
individuals with type 2 diabetes mellitus. Brain Res 
;1280:186-194.  

[67] Le DS, Pannacciulli N, Chen K, Del Parigi A, Salbe AD, 
Reiman EM, et al. (2006) Less activation of the left 
dorsolateral prefrontal cortex in response to a meal: 
a feature of obesity. Am J Clin Nutr ;84(4):725-731.  

[68] Volkow ND, Wang G, Telang F, Fowler JS, Goldstein 
RZ, Alia‐Klein N, et al. (2009) Inverse association 
between BMI and prefrontal metabolic activity in 
healthy adults. Obesity ;17(1):60-65.  

[69] Volkow ND, Wang G, Telang F, Fowler JS, Thanos PK, 
Logan J, et al. (2008) Low dopamine striatal D2 
receptors are associated with prefrontal metabolism 
in obese subjects: possible contributing factors. 
Neuroimage ;42(4):1537-1543.  

[70] Wang G, Volkow ND, Logan J, Pappas NR, Wong CT, 
Zhu W, et al. (2001) Brain dopamine and obesity. The 
Lancet ;357(9253):354-357.  

[71] Haltia LT, Rinne JO, Merisaari H, Maguire RP, 
Savontaus E, Helin S, et al. (2007) Effects of 
intravenous glucose on dopaminergic function in the 
human brain in vivo. Synapse ;61(9):748-756.  

[72] Cooper S, Al-Naser H. (2006) Dopaminergic control 
of food choice: contrasting effects of SKF 38393 and 
quinpirole on high-palatability food preference in the 
rat. Neuropharmacology ;50(8):953-963.  

[73] Calu DJ, Kawa AB, Marchant NJ, Navarre BM, 
Henderson MJ, Chen B, et al. (2013) Optogenetic 
inhibition of dorsal medial prefrontal cortex 
attenuates stress-induced reinstatement of palatable 
food seeking in female rats. J Neurosci ;33(1):214-
226.  

[74] Cifani C, Koya E, Navarre BM, Calu DJ, Baumann MH, 
Marchant NJ, et al. (2012) Medial prefrontal cortex 
neuronal activation and synaptic alterations after 
stress-induced reinstatement of palatable food 
seeking: a study using c-fos-GFP transgenic female 
rats. J Neurosci ;32(25):8480-8490.  

[75] Halász J, Tóth M, Kalló I, Liposits Z, Haller J. (2006) 
The activation of prefrontal cortical neurons in 
aggression—A double labeling study. Behav Brain 
Res ;175(1):166-175.  

[76] Wall VL, Fischer EK, Bland ST. (2012) Isolation rearing 
attenuates social interaction-induced expression of 
immediate early gene protein products in the medial 
prefrontal cortex of male and female rats. Physiol 
Behav ;107(3):440-450.  

[77] Siegel A, Edinger H, Dotto M. (1975) Effects of 
electrical stimulation of the lateral aspect of the 
prefrontal cortex upon attack behavior in cats. Brain 
Res ;93(3):473-484.  

[78] Kolb B, Nonneman AJ. (1974) Frontolimbic lesions 
and social behavior in the rat. Physiol Behav 
;13(5):637-643.  

[79] De Bruin JP, Van Oyen HG, Van De Poll N. (1983) 
Behavioural changes following lesions of the orbital 
prefrontal cortex in male rats. Behav Brain Res 
;10(2):209-232.  

[80] Takahashi A, Nagayasu K, Nishitani N, Kaneko S, 
Koide T. (2014) Control of intermale aggression by 
medial prefrontal cortex activation in the mouse 
PLoS One ;9(4):e94657.  

[81] Wang F, Zhu J, Zhu H, Zhang Q, Lin Z, Hu H. (2011) 
Bidirectional control of social hierarchy by synaptic 
efficacy in medial prefrontal cortex. Science 
;334(6056):693-697.  

[82] Yohe LR, Suzuki H, Lucas LR. (2012) Aggression is 
suppressed by acute stress but induced by chronic 
stress: Immobilization effects on aggression, 
hormones, and cortical 5-HT1B/striatal dopamine D2 
receptor density. Cognitive, Affective, & Behavioral 
Neuroscience ;12(3):446-459.  

[83] Suzuki H, Han SD, Lucas LR. (2010) Chronic passive 
exposure to aggression decreases D 2 and 5-HT 1B 
receptor densities. Physiol Behav ;99(5):562-570.  

[84] Koob GF. (2008) A role for brain stress systems in 
addiction. Neuron ;59(1):11-34.  

[85] Parylak SL, Koob GF, Zorrilla EP. (2011) The dark side 
of food addiction. Physiol Behav ;104(1):149-156.  

[86] Swann AC. (2003) Neuroreceptor mechanisms of 
aggression and its treatment. J Clin Psychiatry ;64 
Suppl 4:26-35.  

[87] Kudryavtseva NN, Bondar NP, Avgustinovich DF. 
(2002) Association between experience of aggression 
and anxiety in male mice. Behav Brain Res 
;133(1):83-93.  

[88] Haller J, Halasz J. (2000) Anxiolytic effects of 
repeated victory in male Wistar rats. Aggressive 
Behav ;26(3):257-261.  

[89] Parmigiani S, Palanza P, Rodgers J, Ferrari PF. (1999) 
Selection, evolution of behavior and animal models 
in behavioral neuroscience. Neuroscience & 
Biobehavioral Reviews ;23(7):957-970.  

[90] Ferrari P, Palanza P, Parmigiani S, Rodgers R. (1998) 
Interindividual variability in Swiss male mice: 
relationship between social factors, aggression, and 
anxiety. Physiol Behav ;63(5):821-827.  

[91] de Boer SF, van der Vegt BJ, Koolhaas JM. (2003) 
Individual variation in aggression of feral rodent 
strains: a standard for the genetics of aggression and 
violence? Behav Genet ;33(5):485-501.  

[92] Lammel S, Lim BK, Ran C, Huang KW, Betley MJ, Tye 
KM, et al. (2012) Input-specific control of reward and 
aversion in the ventral tegmental area. Nature 
;491(7423):212-217.  

[93] Stamatakis AM, Stuber GD. (2012) Activation of 
lateral habenula inputs to the ventral midbrain 
promotes behavioral avoidance. Nat Neurosci 
;15(8):1105-1107.  

[94] Tye KM, Mirzabekov JJ, Warden MR, Ferenczi EA, 
Tsai H, Finkelstein J, et al. (2013) Dopamine neurons 
modulate neural encoding and expression of 
depression-related behaviour. Nature 
;493(7433):537-541.  

[95] Chaudhury D, Walsh JJ, Friedman AK, Juarez B, Ku 
SM, Koo JW, et al. (2013) Rapid regulation of 
depression-related behaviours by control of 
midbrain dopamine neurons. Nature ;493(7433):532-
536.  

[96] Lammel S, Ion DI, Roeper J, Malenka RC. (2011) 
Projection-specific modulation of dopamine neuron 
synapses by aversive and rewarding stimuli. Neuron 
;70(5):855-862.  

[97] Etkin A, Prater KE, Schatzberg AF, Menon V, Greicius 
MD. (2009) Disrupted amygdalar subregion 
functional connectivity and evidence of a 
compensatory network in generalized anxiety 
disorder. Arch Gen Psychiatry ;66(12):1361-1372.  

[98] Childress AR, Mozley PD, McElgin W, Fitzgerald J, 
Reivich M, O'Brien CP. (1999) Limbic activation 
during cue-induced cocaine craving. Am J Psychiatry 
;156(1):11-18.  

[99] Wrase J, Makris N, Braus DF, Mann K, Smolka MN, 
Kennedy DN, et al. (2008) Amygdala volume 
associated with alcohol abuse relapse and craving. 
Am J Psychiatry ;165(9):1179-1184.  



[100] Pelchat ML, Johnson A, Chan R, Valdez J, Ragland JD. 
(2004) Images of desire: food-craving activation 
during fMRI. Neuroimage ;23(4):1486-1493.  

[101] Tye KM, Prakash R, Kim S, Fenno LE, Grosenick L, 
Zarabi H, et al. (2011) Amygdala circuitry mediating 
reversible and bidirectional control of anxiety. 
Nature ;471(7338):358-362.  

[102] Johansen JP, Hamanaka H, Monfils MH, Behnia R, 
Deisseroth K, Blair HT, et al. (2010) Optical activation 
of lateral amygdala pyramidal cells instructs 
associative fear learning. Proc Natl Acad Sci U S A 
;107(28):12692-12697.  

[103] Britt JP, Benaliouad F, McDevitt RA, Stuber GD, Wise 
RA, Bonci A. (2012) Synaptic and behavioral profile 
of multiple glutamatergic inputs to the nucleus 
accumbens. Neuron ;76(4):790-803.  

[104] Shabel SJ, Janak PH. (2009) Substantial similarity in 
amygdala neuronal activity during conditioned 
appetitive and aversive emotional arousal. Proc Natl 
Acad Sci U S A ;106(35):15031-15036.  

[105] de Boer S, Olivier B, Veening J, Koolhaas J. (2015) The 
neurobiology of offensive aggression: Revealing a 
modular view. Physiol Behav ;146:111-127.  

[106] de Boer SF, Caramaschi D, Natarajan D, Koolhaas JM. 
(2009) The vicious cycle towards violence: focus on 
the negative feedback mechanisms of brain 
serotonin neurotransmission Front Behav Neurosci 
;3:52.  

[107] Perrier J, Cotel F. (2015) Serotonergic modulation of 
spinal motor control. Curr Opin Neurobiol ;33:1-7.  

[108] Müller CP, Carey RJ, Huston JP, Silva, Maria A De 
Souza. (2007) Serotonin and psychostimulant 
addiction: focus on 5-HT 1A-receptors. Prog 
Neurobiol ;81(3):133-178.  

[109] Schwartz MW, Woods SC, Porte D, Seeley RJ, Baskin 
DG. (2000) Central nervous system control of food 
intake. Nature ;404(6778):661-671.  

[110] Araneda R, Andrade R. (1991) 5-Hydroxytryptamine 
2 and 5-hydroxytryptamine 1A receptors mediate 
opposing responses on membrane excitability in rat 
association cortex. Neuroscience ;40(2):399-412.  

[111] Winstanley CA, Theobald DE, Dalley JW, Glennon JC, 
Robbins TW. (2004) 5-HT2A and 5-HT2C receptor 
antagonists have opposing effects on a measure of 
impulsivity: interactions with global 5-HT depletion. 
Psychopharmacology (Berl ) ;176(3-4):376-385.  

[112] Cools R, Nakamura K, Daw ND. (2011) Serotonin and 
dopamine: unifying affective, activational, and 
decision functions. Neuropsychopharmacology 
;36(1):98-113.  

[113] ANAND BK, BROBECK JR. (1951) Hypothalamic 
control of food intake in rats and cats. Yale J Biol 
Med ;24(2):123-140.  

[114] DiLeone RJ, Georgescu D, Nestler EJ. (2003) Lateral 
hypothalamic neuropeptides in reward and drug 
addiction. Life Sci ;73(6):759-768.  

[115] Lin D, Boyle MP, Dollar P, Lee H, Lein E, Perona P, et 
al. (2011) Functional identification of an aggression 
locus in the mouse hypothalamus. Nature 
;470(7333):221-226.  

[116] Lee H, Kim D, Remedios R, Anthony TE, Chang A, 
Madisen L, et al. (2014) Scalable control of mounting 
and attack by Esr1 neurons in the ventromedial 
hypothalamus. Nature ;509(7502):627-632.  

[117] Wu Z, Autry AE, Bergan JF, Watabe-Uchida M, Dulac 
CG. (2014) Galanin neurons in the medial preoptic 
area govern parental behaviour. Nature 
;509(7500):325-330.  

[118] Anthony JC, Warner LA, Kessler RC. (1994) 
Comparative epidemiology of dependence on 
tobacco, alcohol, controlled substances, and 

inhalants: basic findings from the National 
Comorbidity Survey. Exp Clin Psychopharmacol 
;2(3):244.  

[119] Wang Y, Beydoun MA, Liang L, Caballero B, 
Kumanyika SK. (2008) Will all Americans become 
overweight or obese? Estimating the progression 
and cost of the US obesity epidemic. Obesity 
;16(10):2323-2330.  

[120] Deroche-Gamonet V, Belin D, Piazza PV. (2004) 
Evidence for addiction-like behavior in the rat. 
Science ;305(5686):1014-1017.  

[121] Belin D, Mar AC, Dalley JW, Robbins TW, Everitt BJ. 
(2008) High impulsivity predicts the switch to 
compulsive cocaine-taking. Science ;320(5881):1352-
1355.  

[122] Ahmed S. (2012) The science of making drug-
addicted animals. Neuroscience ;211:107-125.  

[123] Ahmed SH. (2010) Validation crisis in animal models 
of drug addiction: beyond non-disordered drug use 
toward drug addiction. Neuroscience & 
Biobehavioral Reviews ;35(2):172-184.  

[124] Boersma GJ, Benthem L, van Dijk G, Scheurink AJ. 
(2011) Individual variation in the (patho) physiology 
of energy balance. Physiol Behav ;103(1):89-97.  

[125] Boersma GJ, Scheurink AJW, Wielinga PY, Steimer TJ, 
Benthem L. (2009) The passive coping Roman Low 
Avoidance rat, a non-obese rat model for insulin 
resistance Physiol Behav ;97(3-4):353 <last_page> 
358.  

[126] Evers SS. (2015)The a-typical effects of olanzapine on 
body weight regulation .  

 


