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Abstract

Research on the neural substrates of drug reward, withdrawal and relapse has yet to be translated 

into significant advances in the treatment of addiction. One potential reason is that this research 

has not captured a common feature of human addiction: progressive social exclusion and 

marginalization. We propose that research aimed at understanding the neural mechanisms that link 

these processes to drug seeking and drug taking would help to make addiction neuroscience 

research more clinically relevant.

A large gap exists between the promise of neuroscientific approaches to addiction and what 

they have delivered. Animal models have helped to identify neural substrates of drug 

addiction, including those mediating drug reward and reinforcement, protracted 

withdrawal, craving and relapse1–7. Models in which laboratory animals self-

administer drugs8 are widely regarded as valid because rodents and monkeys learn to self-

administer most drugs abused by humans9. Some medications that are used clinically to treat 

addiction decrease relapse in laboratory animals6,10, showing that animal models of 

addiction can have postdictive validity. There is also recent, although more-limited, 

evidence for the true predictive validity of animal models (BOX 1).

Nevertheless, the humbling truth is that the neuroscience of addiction has yet to have a 

marked impact on clinical treatment11. This can be attributed only in part to practical 
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barriers affecting the treatment of addiction, such as reimbursement issues, inadequate 

knowledge about available medications or ideologically motivated views that addiction 

should not be treated with drugs. The most-effective pharma cotherapies currently available 

for addiction — methadone and buprenorphine maintenance, which are used to treat opioid 

addiction — were discovered in the 1960s12 and 1970s13, an era preceding neuroscientific 

attempts to understand the mechanisms of addiction. For cocaine addiction, the only 

effective treatment to date — contingency management14 — is based on conditioning 

principles that date back to Pavlov and Skinner. This state of affairs has led some in the 

addiction field to question the brain-disease model of addiction15, to suggest that addiction 

research needs to shift away from its current emphasis on neurobiology and to propose that 

issues of harmful substance use should instead be addressed through policy measures16. We 

disagree with this view. In this Opinion article, we propose a way forward and focus on one 

possible reason for the disconnection between addiction neuroscience research and clinical 

advances: the relatively limited extent to which social factors have been integrated into 

neurobiological addiction research.

Social epidemiology has established a strong link between poor social integration and 

behaviours that result in alcohol and drug use17. Although few neuroscientists would negate 

the importance of these social factors in addiction, aspects of social integration — such as 

social inclusion or exclusion — have so far typically not been incorporated into 

neurobiological studies of addiction. We think that the different ways in which social 

interactions — positive and negative — influence addiction can be incorporated into these 

studies, and we predict that doing so will be important for understanding addiction. Below, 

we discuss some aspects of social interactions that we think are important in human 

addiction, as well as some of the attempts to model the effects of these interactions in 

experimental animals, mainly focusing on antagonistic interactions and social exclusion. We 

conclude by proposing that incorporating social factors into animal and human studies of 

neurobiological mechanisms of addiction will be important for discovering new treatments.

Social exclusion and addiction

Decades ago, data such as those from the Alameda County Human Population Laboratory 

Study showed that approximately 35% of men at the low end of the social-integration 

spectrum, but only about 10% at the high end, engaged in behaviours with strong negative 

effects on health, including heavy use of alcohol and drugs17. Conversely, the level of social 

integration has been shown to be associated with decreased relapse risk among treatment-

seeking drug users18. Social interactions have multiple effects that can be hypothesized to 

differentially affect addiction. They can provide many of the healthy, non-drug reinforcers 

that successfully compete with drug rewards and that might also protect against the negative 

consequences of social stressors. Alternatively, social interactions can be highly stressful 

when they are of an antagonistic or excluding nature.

Stress provokes relapse to drug seeking in humans11 and laboratory animals19, but stressors 

typically used in animal models of addiction are discrete, experimenter-imposed events, such 

as footshocks19. By contrast, in drug users, stressful relapse triggers are typically social; 

they include, for example, conflicts in the workplace and the family, lack of social support 
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and problems associated with low socioeconomic status20. Even in individuals who are 

socially well integrated when they start using drugs, continued drug use can often lead to 

social exclusion, which in turn promotes continued drug use. Specifically, during early 

stages of drug use, the drug is typically taken in a recreational, impulsive manner. However, 

as addiction develops, drug use is thought to become increasingly compulsive. As drug use 

escalates and transitions into compulsive drug use, these individuals typically become 

increasingly impaired in their ability to function socially. This results in further social 

marginalization and exclusion — factors that promote further drug use21.

Below, we consider some of the neural mechanisms by which social exclusion might 

promote addiction. We are not attempting an exhaustive review; rather, we want to show that 

the study of social factors can be integrated with the predominant neurobiological 

approaches in current addiction research. The need to integrate social factors applies equally 

to animal models that attempt to identify neural and molecular substrates of addiction and to 

human experimental and therapeutic studies.

Neural substrates

Laboratory procedures have been developed that allow the experience of social exclusion to 

be induced in healthy human volunteers, establishing some of the neural correlates of this 

state. Experimentally induced social exclusion activates a brain network that overlaps with 

the pain matrix, which includes the insula22,23. Activity in the insula also correlates with 

the intensity of subjective craving for most addictive drugs in humans, suggesting that this 

region may be involved in both social exclusion and drug addiction24. A mechanistic role of 

insula activation in drug craving is supported by findings that insula lesions caused by 

stroke25 and insula-targeted transcranial magnetic stimulation26 both reduce cigarette 

craving and smoking.

The insula may also have a role in alcoholism. Insula perfusion, as measured by arterial 

spin-labelling MRI, is progressively decreased in alcohol-addicted individuals27, and 

alcoholism is also associated with a loss of insula grey matter28 (FIG. 1). This decrease in 

insula grey matter involves a profound loss of von Economo neurons (FIG. 1), which are 

large projection neurons found mostly in highly social species and thought to be crucial for 

prosocial behaviours29. Finally, insula activity, as measured by functional MRI, is associated 

with important abilities needed for adaptive social behaviours, such as empathy and rational 

decision making under risk30,31. The importance of these observations for addiction is 

suggested in the finding that low insula activity in a risk task predicted increased risk of 

relapse in abstinent methamphetamine users32.

Thus, findings to date point to the insula as a site of overlap for brain responses involved in 

the processing of social inclusion and exclusion, and drug craving. Future research should 

establish whether these two processes are mechanistically linked through insula-related 

circuits. Insula activity has been observed in many tasks that probe multiple, seemingly 

unrelated cognitive and affective functions. However, there have been interesting recent 

attempts to integrate these observations into a unified conceptual framework of insula 

function. These attempts have focused on the handling of risk31 and the attribution of 

salience33 — functions that are of particular relevance in addiction.
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It is unlikely that the insula alone can account for the effects of social exclusion on 

addiction. Striatal dopamine function seems to be critical as well, at least in males. In 

subordinate male monkeys, low availability of striatal dopamine D2/3 receptors (D2/3Rs; 

commonly used imaging agents do not distinguish between these closely related subtypes) is 

associated with increased cocaine self-administration34 (FIG. 2). In a possible human 

correlate, low striatal D2/3R availability is associated with low social status and low 

perceived social support in healthy volunteers35, and low availability of D2/3Rs is a 

consistent observation in drug users, across drug classes36. We speculate that the 

development of drug addiction involves a progressive decrease in D2/3R availability caused 

by both the drug use and the resulting social exclusion.

The findings regarding the role of the insula and striatum in social exclusion might be 

related, as the two structures are anatomically and functionally connected. In non-human 

primates, anterior insular regions project to the ventromedial part of the ventral striatum37. 

In humans, recent evidence shows that connectivity between these structures is functionally 

involved in risk preferences when pursuing rewards. Specifically, activity in the ventral 

striatum and anterior insula inversely predicts risky choices, and individuals with stronger 

anatomical connectivity between the right anterior insula and ventral striatum (measured 

using MRI-based tractography) demonstrated less-risky gambling choices38.

The anterior insula also has extensive reciprocal connections with the amygdala 

complex39,40, and these connections might link social stress with drug seeking as well. 

Amygdala activation is crucial for initiating stress-induced alcohol-seeking behaviour in 

rats41, and reductions in functional connectivity between the insula and the amygdala have 

been reported in alcohol-addicted individuals42.

Thus, the social ‘spiral of distress’ is a complex process, and one that is probably influenced 

by the activity of multiple circuits. On the basis of the observations reviewed above, we 

propose that a circuit including the anterior insula, ventral striatum and parts of the 

amygdala complex may contribute to this process (FIG. 3).

Endogenous opioids

Endogenous opioids, through actions on µ-opioid receptors (MORs), play an important part 

in the reward associated with affiliative behaviours and counteract the aversive consequences 

of social stress; these roles of endogenous opioids are thought to involve the insula, 

amygdala and ventral striatum22,43,44. Mice lacking MORs show profound deficits in 

attachment45. In non-human primates, systemic administration of MOR antagonists 

increases rates of grooming and other affiliative behaviours in what is thought to be an 

attempt to compensate for blockade of MOR function46, whereas low doses of MOR 

agonists dampen or eliminate distress responses to social separation of dog puppies47. In 

addition, functional genetic variation at the locus that encodes the MOR moderates mother–

infant attachment in monkeys48 and in humans49.

In humans, MORs are highly expressed in the insula50, and MORs in this structure have a 

role in social processes. In healthy volunteers, functional genetic MOR variation moderates 

levels of subjective distress and insula activity in response to social-exclusion stress51. A 
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recent positron emission tomography study further showed that social acceptance is 

associated with MOR activation in the anterior insula and the amygdala52. A key role for 

endogenous opioids in the link between addiction and social pain has recently been 

proposed53. In that context, it is interesting that decreased endogenous opioid release was 

found in individuals with pathological gambling disorder, a behavioural addiction in which 

brain changes are not confounded by the pharmacological effects of illicit drug use54.

Combining the neuroanatomical and neurochemical observations above, we propose a set of 

testable hypotheses. If the aversive experience of social rejection and exclusion can be 

buffered by MOR activation, possibly within the insula–amygdala– ventral striatum circuit 

(FIG. 3), then people with impaired endogenous opioid function, exposure to social stress, or 

both will experience relief of distress when taking drugs that directly or indirectly activate 

MORs. Examples of drugs that directly activate MORs are opiates such as heroin and 

oxycodone. Alcohol, which has long been postulated as a self-medication agent for people 

with difficulties in experiencing social attachment55, also increases endogenous opioid levels 

in humans56. Thus, social integration, by restoring normal function of endogenous opioid 

systems, can decrease the need to activate these systems through alcohol or opioid use and 

subsequently can decrease drug use and relapse. Improving the social integration of drug 

users through opportunities for housing, jobs and meaningful relationships is therefore not 

merely a nonspecific intervention but rather a neurobiologically specific and critically 

important way to decrease drug use.

Social cognition

Impairments of cognitive function are both risk factors for and consequences of drug 

use57,58. Cognitive impairments affect functions that may not be viewed as primarily social 

per se but nevertheless have an impact on the ability to function socially. For example, drug 

users tend to make intertemporal choices favouring small, immediate drug rewards over 

more-advantageous but temporally more-distant outcomes59. Indeed, such steep delay 

discounting is an established psychological trait of addicted individuals60 and impedes 

rehabilitation, the ability to comply with social norms and the achievement of healthy 

personal goals. Furthermore, empathy and recognition of emotions in others are impaired in 

drug users61,62, and these deficits pose strong challenges to rehabilitation.

We hypothesize that impaired decision making and social exclusion form the elements of a 

vicious cycle of their own. Homelessness, a social problem strongly associated with drug 

addiction63, represents an extreme of social exclusion and low access to resources. Impaired 

value-based decision making (such as making disadvantageous intertemporal choices) 

contributes to and maintains this condition; consistently choosing to buy drugs today over 

paying rent next week contributes to the risk of homelessness. But a lack of resources that is 

characteristic of homelessness per se promotes disadvantageous decision making of the kind 

commonly observed in drug users64. We know of no research that directly tests whether 

social exclusion contributes to impaired decision making in addiction, but we think that this 

will be important to examine in future studies.
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Animal models of addiction

Animal models have been in use for many years to study neural substrates of addiction, in 

the hope of identifying mechanisms that could be targeted for treatment. The operant drug 

self-administration model has long been a cornerstone of preclinical research on addiction. 

In this model, over 90% of single-housed rodents or monkeys will voluntarily self-

administer opiates or psycho-stimulants8,65. This percentage, which was originally cited as 

evidence that these drugs are highly addictive, was realized over time to reflect a 

shortcoming of the model, because it is about four- to fivefold higher than the percentage of 

human drug users who transition from initial drug use to compulsive use66. Therefore, when 

reassessing the way we have approached animal models, this model should be one of the 

first examined.

Indeed, among humans exposed to addictive drugs such as heroin, cocaine and alcohol, 

transition to addiction is the exception rather than the rule, occurring in about 20% of the 

people exposed to these drugs66. Genetic vulnerability67 and a lack of access to non-drug 

alternatives68 are risk factors for the transition to compulsive use. Furthermore, in animal 

models, addiction cannot be equated with operant drug self-administration as such, because 

all commonly used diagnostic criteria require that there be continued use despite adverse 

consequences. These insights have been incorporated into animal models7,69–71, producing 

results that have led to re-evaluations of earlier results from traditional drug self-

administration7,70.

For example, when rats or monkeys are given unlimited access, 24 hours a day, to 

psychostimulant drugs but no other alternative, competing rewards, most die of overdose 

within several weeks72,73. By contrast, more than 80% of rats given extended daily access to 

cocaine or methamphetamine stop or significantly decrease self-administration when given a 

mutually exclusive choice between the drug and a non-drug reward, such as palatable 

food74,75, or when drug self-administration also results in intermittent footshock 

punishment76,77. This consideration of contingencies — that is, the availability of non-drug 

choices or the adverse consequences of choosing drug — has been a good start to refining 

animal models of addiction. What should come next, we think, is to consider social 

factors78–80.

Modelling social factors

In this Opinion article, we focus on social exclusion, but readers should be aware that animal 

studies of addiction have examined other social phenomena and other stressors, such as 

maternal separation, early social isolation, food restriction, restraint, intermittent footshock 

and social defeat79–82. However, with some exceptions19,80,83, these lines of research 

have not been integrated with research aimed at identifying the underlying neural 

mechanisms of addiction. A probable reason for this is that the effects of many stressors on 

drug self-administration are relatively weak, procedure-dependent and often not 

reproducible across laboratories81,82. For example, a seemingly promising finding was that 

oral morphine intake and preference were markedly higher in single-housed rats than in rats 

housed with conspecifics in a large, enriched environment (known as the ‘Rat Park’)84. 

However, the interpretation of these data turned out to be problematic. Oral morphine, which 
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has a bitter taste, is only a weak reinforcer to rats and is rarely preferred over water85. 

Subsequent attempts to demonstrate the Rat Park or ‘social housing’ effect with intravenous 

opiates, which are stronger reinforcers, were unsuccessful86.

More-robust effects of isolated versus social housing have been seen on home-cage intake of 

alcohol87. The alcohol data also suggest something more subtle: socially housed rats develop 

social ranks and, among these rats, alcohol intake varies according to social rank69. This 

work was part of the background for more-recent studies on the inhibitory effect of 

environmental enrichment on cocaine self-administration and relapse in rats81,88. In social 

animals, low rank (which can be viewed as a correlate of social exclusion78,89) has been 

implicated to be a determinant of drug self-administration. Subordinate male rats and 

monkeys drink more alcohol than their dominant conspecifics, and subordinate rats drink 

more etonitazene (a potent opiate agonist) than their dominant conspecifics87,90–92. 

However, in rats, these social-rank differences in drug intake persisted for only the first few 

months of alcohol or opiate availability; after many months of drug access, all rats, 

independent of social status, consumed high amounts of the drugs87,91.

In animal models of cocaine addiction, the picture is more complicated and there are major 

species differences. In rats, social rank has no effect on cocaine self-administration and 

reinstatement of cocaine seeking93, whereas, in cynomolgus monkeys, subordinate 

males self-administer more cocaine than do their dominant conspecifics34. The differences 

in cocaine self-administration in the monkeys that are related to social rank seem to involve 

striatal D2/3Rs; social housing increased striatal D2/3R availability in dominant but not 

subordinate male monkeys, and this increase seemed to initially protect the dominant male 

monkeys from self-administering high amounts of cocaine (FIG. 2a). These data are 

consistent with findings in humans that a high availability of striatal D2/3Rs confers 

resistance to addiction94.

However, an opposite pattern emerges in female monkeys: dominant females will learn to 

self-administer cocaine at lower doses than do subordinates, suggesting that the dominant 

females are more sensitive to the reinforcing effects of cocaine. This occurs despite higher 

striatal D2/3R availability in dominant female monkeys than in subordinates, similar to what 

had been observed in male monkeys95 (FIG. 2b). These findings suggest that social rank has 

different effects on cocaine self-administration in males and females, and that striatal D2/3R 

expression (and, by implication, function) has a minimal role in female self-administration 

of cocaine78. Given the increasing awareness that sex differences need to be considered for 

most human behaviours96, these findings are of considerable interest.

Conclusions and implications

Confrontational and punitive attitudes to drug addiction remain widespread. We hope that, at 

a minimum, neurobiological insights into the mechanisms through which social exclusion 

promotes addiction can foster an understanding that such attitudes are counter productive. 

This, in turn, should help to reduce the stigma of addiction and promote better-informed 

policies. In addition, we hope that incorporating the considerations that we have discussed 

can stimulate research, ultimately resulting in improved treatments.
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In the search for biological mechanisms that could be targeted by novel treatments, addiction 

needs to be defined as a pattern of self-administration that is dysfunctional and that occurs in 

spite of adverse consequences and/or of the availability of non-drug reinforcers. Social 

functioning needs to be assessed as both a determinant of this behaviour and as a variable 

affected by it. Critical species differences in social behaviour, as well as individual 

differences within species — including sex differences — need to be considered. Potential 

treatments need to be assessed for their ability to influence the ‘addictive’ behaviour in the 

vulnerable laboratory animals that display it. Combining all of this into any single study is a 

lot to ask, but incorporating more than one of these components into modern neuroscience 

studies of addiction in animal models is an achievable goal7,97.

To maximize chances of success, preclinical research needs to work in concert with 

translational studies on social exclusion in drug users. Several of the methodologies that 

have been successfully used in healthy volunteers can be used in addiction research, and 

some of these lend themselves to being combined with functional brain imaging, whereby 

the neural underpinnings of processes linking social factors to addictive behaviours can be 

mapped98. Pharmacological manipulations targeting opioid systems could initially help to 

clarify causal links between social exclusion, distress reactions and drug use. Eventually, 

this line of research could help to evaluate candidate treatments99 and, most importantly, 

bring forward novel treatments.

For clinicians, it is hard to spend a day with patients who struggle with addictive disorders 

without being struck by the impaired social interactions and lack of access to resources that 

frequently become the dominant themes of their lives. The central role of these factors in 

clinical addiction needs to be reflected in both basic and clinical addiction neuroscience. 

Despite ambitious attempts to elucidate some of these processes in animal models80,97, our 

understanding of their neural and molecular mechanisms remains vastly insufficient.
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Glossary

Compulsive drug use
Continued use of a drug despite (known) adverse consequences

Contingency management
A treatment based on systematic reinforcement of a desired, clinically beneficial behaviour

Craving
The subjective experience of a strong desire to consume a particular substance, to experience 

its effects or to avoid the symptoms of its withdrawal
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Drug addiction
A clinical condition in which an individual knowingly continues to pursue and consume a 

chemical substance in a manner that is harmful to that individual or to others

Pain matrix
A term proposed for a set of brain structures, including the anterior insula and the dorsal 

anterior cingulate cortex, that are consistently shown by functional MRI to be activated 

during physical pain

Postdictive validity
The ability to retrospectively demonstrate an established human phenomenon in an animal 

model

Predictive validity
In the context of medications development, the extent to which a drug effect in laboratory 

animals prospectively predicts therapeutic effects of the same drug in humans

Protracted withdrawal
The affective symptoms of drug withdrawal — including low mood, elevated anxiety and 

increased sensitivity to stress — that persist beyond the time frame of acute physical 

withdrawal (which typically does not last beyond 3–7 days).

Reinstatement
In the context of addiction research, the resumption of drug seeking after extinction of the 

drug-reinforced responding, induced by exposure to priming doses of drug, drug cues or 

stressors

Relapse
Resumption of drug taking after achieving abstinence

Social defeat
A type of social stress used in laboratory-animal studies that is typically induced by placing 

a rodent in a cage with an unfamiliar rodent that is expected to attack and defeat the intruder, 

owing to increased strength, aggression or established dominance

Social integration
A central concept of sociology, developed by the French sociologist Émile Durkheim, that 

refers to the web of relationships and interactions — family, kinship groups, traditions or 

economic activity — through which individuals are connected to each other to form a 

societysocial exclusion is defined as a failure of this process.
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Box 1

Translational studies in addiction

Some data are available to support postdictive validity of commonly used animal models 

in addiction. For instance, several medications that have established clinical efficacy in 

addiction have been found to decrease drug seeking in the reinstatement model, an 

animal model of drug relapse and craving100. These include naltrexone and acamprosate 

for alcoholism, methadone and buprenorphine for opiate addiction, and varenicline for 

nicotine addiction6,10.

There are also some recent indications for the potential predictive validity of animal 

models. For example, the α2-adrenergic agonist clonidine decreased stress-induced 

reinstatement of heroin and cocaine seeking in rats101. These observations led to human 

studies showing that clonidine decreased stress-induced cocaine craving in a human 

laboratory setting102 and also modestly decreased heroin lapse in a clinical trial103. 

Similarly, the observation that the glucocorticoid receptor antagonist mifepristone 

decreased alcohol dependence-induced increases in alcohol intake in rats104 led to a 

clinical study showing that the antagonist decreased both cue-induced alcohol craving 

and alcohol intake in alcohol-addicted patients105. There is also evidence that an 

unexpected behavioural phenomenon identified in a rat model — time-dependent 

increases in cue-induced drug seeking after withdrawal, termed ‘incubation’ of drug 

craving106 — generalizes to human addiction107. Recent data also suggest that rats given 

access to both heroin and cocaine express a preference for intravenous heroin in the home 

environment and cocaine outside the home environment, and this observation 

prospectively generalized to human drug users108. Finally, exposure to the memory 

retrieval-extinction procedure decreased conditioned drug effects and drug seeking in rat 

models of relapse, as well as drug craving in abstinent heroin users109.

However, these recent ‘translational’ advances, as well as numerous other preclinical 

studies aimed at identifying novel treatments of addiction, are yet to result in any US 

Food and Drug Administration (FDA)-approved pharmacotherapies for addiction. The 

‘positive’ translational advances mentioned above are also the exception rather than the 

rule in the addiction field; drug targets identified in animal models110 often do not 

translate to successful clinical trials111. Most notably, since the 1970s65, neurobiological 

addiction research and theory have concentrated on the role of dopamine transmission 

within the mesocorticolimbic dopamine reward system5,112,113. This line of research 

seemed to point to targets for rational, mechanistically based addiction therapies. 

However, pharmacological interventions targeting the mesocorticolimbic dopamine 

system have so far yielded disappointing results in clinical trials114,115. These results and 

other evidence from human studies have led some to question the prevailing dogma that 

dopamine has a critical role in addiction across drug classes116,117.

More recently, the focus in preclinical addiction research shifted to the role of drug-

induced alterations in glutamate transmission within the mesocorticolimbic dopamine 

system in drug craving and relapse118,119. However, results from a recent translational, 

double-blind, placebo-controlled study using N-acetylcysteine — a drug that normalizes 
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cocaine-induced changes in glutamatergic transmission in the nucleus accumbens and 

decreases relapse and reinstatement of drug seeking in many preclinical studies4 — were 

negative120.

Similarly, based on rodent studies on the effects of corticotropin-releasing factor receptor 

1 (CRFR1) antagonists on dependence-induced alcohol intake, alcohol-withdrawal 

symptoms and stress-induced reinstatement of alcohol seeking2,121, blockade of this 

receptor was thought to hold great promise as an anti-stress mechanism for alcoholism 

treatment2,11,19,41,121. However, when it recently became possible to evaluate this 

mechanism clinically, CRFR1 blockade was shown to be ineffective against stress-

induced craving in human alcoholics, despite painstaking efforts to ensure target 

engagement122,123. These negative results probably represent a ‘mechanism failure’ 

rather than a ‘molecule failure’, as several CRFR1 antagonists also failed in development 

for other stress-related psychiatric disorders in which they had strong preclinical 

validation124,125 or have in fact been found to exacerbate rather than attenuate fear 

responses in healthy human subjects126.
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Figure 1. Structural changes in the insula in alcoholics
Reduced anterior insula (AI) volumes (measured by structural MRI after 3–4 weeks of 

abstinence) and a pronounced, selective loss of von Economo neurons (measured by 

histological analysis in post-mortem brains) are observed in alcohol-addicted individuals 

compared with healthy volunteers (controls). a | Whole-brain normalized volumes (mean ± 

s.e.m.) of the left and right AI in alcohol-addicted and healthy individuals. The two magnetic 

resonance (MR) images on the right of the panel show, in two different planes, the location 

of the measured AI. Dashed white lines indicate a coronal plane through the anterior 

commissure with y = 0, which represents the estimated border between the AI and posterior 

insular (PI) divisions. b | An MR image depicting the region (white rectangle) sampled in 

post-mortem analyses in panel c and panel d. c | Quantitative analysis showing a reduction in 

the number of von Economo neurons in alcohol-addicted patients compared with healthy 

controls (mean ± s.e.m.). d | In contrast to the number of von Economo neurons, counts of 

all (Nissl-stained) neurons in the AI did not differ between groups. *Different from controls; 

P < 0.05. Adapted from REF. 28, Senatorov, V. V. et al. Reduced anterior insula, enlarged 

amygdala in alcoholism and associated depleted von Economo neurons. Brain 2015 138 (1): 

69–79, by permission of Oxford University Press.
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Figure 2. Sex differences in the effects of social hierarchy on cocaine self-administration in non-
human primates
a | Effects of social hierarchy on the striatal availability of dopamine D2/3 receptors 

(D2/3Rs) and on cocaine self-administration in socially housed male cynomolgus monkeys. 

Positron emission tomography (PET) images (transverse plane) were obtained with the 

D2/3R–imaging agent [18F]fluoroclebopride, and cocaine self-administration was 

maintained under a schedule of reinforcement in which every 30 lever presses led to the 

delivery of cocaine infusion (fixed-ratio 30). Subordinate males have lower D2/3R 

availability and show higher rates of cocaine self-administration than do dominant males, as 

observed in the dose–response curves. Brighter and lighter colours in the scan images on the 

left represent increased binding of [18F]fluoroclebopride, suggesting higher D2/3R 

availability. b | In a separate experiment, it was shown that social hierarchy resulted in 

social-rank-related differences in D2/3R availability (as assessed using PET) but did not 

affect maintenance of cocaine self-administration in female cynomolgus monkeys, with 

similar levels of self-administration being observed in subordinate and dominant monkeys 

(see dose– response curves; the number of infusions per session in the females was limited 
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to 30). Data are depicted as mean ± s.e.m. Panel a is adapted from REF. 34, Nature 

Publishing Group. Panel b is adapted with permission from REF. 95, Elsevier.
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Figure 3. Schematic representation of hypothesized core circuitry linking social exclusion to drug 
seeking
Drug seeking is a complex behaviour, and multiple circuits are likely to have a role in the 

ability of social and drug-associated cues and contexts to gain access to the affective and 

motivational processes involved in addiction. The insula and its afferent and efferent 

projections play a key part in integrating the motivational relevance of salient interoceptive 

and visceromotorstimuli and executing appropriate (adaptive) behaviours based on this 

integration33. A network including the insula seemsto be involved in responsesto social 

exclusion22,24. Established connections among the anterior insula, the amygdala complex 
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and the ventral striatum suggest that these structures form an important circuit in linking 

social exclusion to drug seeking. The anterior insula (green), a key element of the so-called 

social pain matrix, is closely interconnected with the amygdala (red) and the ventral striatum 

(purple)33,37,39,40. We propose that these connections form a networkthat is important for 

linking social stimuli to the affective and motivational aspects of drug seeking and drug 

taking. In the early stages of addiction, activity of the anterior insula that is induced by 

social exclusion may directly promote drug craving. Overtime, drug-induced changes in 

insula function are hypothesized to result in an impaired ability to appropriately attribute 

salience to social versus drug-related cues and contexts24,28,32,127. Figure is adapted from an 

image provided courtesy of S. N. Haber, University of Rochester, New York, USA.
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