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Abstract 
 

Is altered dopamine transmission a pre-existing vulnerability trait for addiction? 

Preliminary support for this hypothesis has been provided by recent neuroimaging 

studies. While most effects remain to be replicated, there is now evidence that, compared 

to healthy controls, people at familial risk for substance use disorders exhibit both 

increases and decreases in striatal dopamine function. The following review assesses the 

strength of this evidence, considers explanations for discrepant results, and discusses 

potential implications for understanding pathways to addiction. 
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Introduction 
Is altered dopamine (DA) transmission a pre-existing vulnerability trait for addiction? 
There have been reasons to propose this. In animal models DA transmission increases the 
motivation to engage with reward related stimuli [1-3], promotes forms of motor 
impulsivity [4], and is altered in rodents exhibiting a greater tendency to self-administer 
drugs of abuse [5]. Now, recent neuroimaging studies raise the possibility that, in humans 
too, perturbed DA transmission occurs in those at risk for addictions before the onset of 
the disorder. The strength of this evidence and potential interpretations are considered 
below. 
 

The Dopamine Hypothesis of Addiction 
The primary DA hypothesis of addiction proposes that DA transmission becomes 
disproportionately tied to addiction related events [1-3,5]. This might arise as either an 
absolute or relative increase in DA transmission [6]. In the absolute elevation model, DA 
system reactivity is higher in people at high vs. low-risk for addictions, increasing their 
pursuit of rewards including the likelihood of trying drugs of abuse. In the relative 
elevation model, DA system reactivity is muted such that only quite potent rewards, such 
as drugs and drug-paired cues, can engage it. In both models, a combination of 
conditioning and sensitization ties DA reactivity to the drug-related events, steering 
behavior toward a narrowed repertoire of drug seeking [5]. In both models, the initiation 
of compulsive drug pursuit follows from drug- and cue-induced DA transmission that is 
elevated (absolute or relative) [1,5,6,7]. 
 

Defining Risk for Addictions 
All but one of the studies discussed below defined risk for addictions as having a family 
history of substance use disorders (SUDs). Of note, familial risk is a multifaceted 
concept, including inherited genes and effects of growing up with people who have 
substance use problems. Not surprisingly, the magnitude of risk is related to the density 
of affected relatives. In the studies discussed here, density ranged from a minimum of one 
to multiply affected generations and from one to three affected relatives. Additional risk 
factors included age of onset of substance use (two studies), presence vs. absence of 
stimulant drug use (one study), low sedative responses to a large drink of alcohol (one 
study), and impulsivity related personality traits (one study) (see Tables 1 & 2). Variation 
in these factors might have affected the population sampled and the results obtained. 
Since disentangling the contributions of these factors will require more study, the focus 
here is on the combined influence of familial SUDs. 
 
 
Dopamine Transmission in People at Familial Risk for Addictions 
 Dopamine DR2 availability 
Six positron emission tomography (PET) [11C]raclopride studies measured striatal D2 
receptor availability in people selected for being at risk for addictions (Table 1). Four 
observed no differences between the high and low-risk subjects [8-11], while two found 
evidence of increased striatal D2 receptor availability in the high-risk groups [12,13]. The 
authors of the latter two papers proposed that elevated DRD2 densities could be a 
protective feature. This interpretation reflected two main observations. First, people with 
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a current SUD have decreased striatal D2 receptors [14]. Second, the family history 
positive participants with elevated DRD2 densities [12,13] exhibited little evidence that 
they were progressing to a SUD; i.e., their drug and alcohol use was low (Table 1). 
Although this proposal fits with the larger literature, follow-up studies will be required to 
determine whether differential DRD2 densities predict who develops substance use 
problems.  
 
The mechanism by which increased DRD2 densities would diminish risk for addictions is 
unclear [6]. One possibility is that elevated post-synaptic DA signaling increases the 
salience of, and interest in, diverse goals. In the absence of other risk factors (e.g., 
adverse childhood events; impulsive personality traits; adolescent drug use) this might 
protect against a narrowed focus on a few goals only.  
 
A second possibility is that increased DRD2 densities reflect higher numbers of 
inhibitory autoreceptors. This interpretation finds some support in recent studies 
conducted in laboratory rodents. Whereas upregulation of striatal post-synaptic D2 
receptors had no effect on drug self-administration [15], selective upregulation of D2 
autoreceptors [16] and non-specific DRD2 upregulation [17] decreased substance use. It 
is possible, therefore, that drug-induced DA responses in people with elevated DA 
autoreceptors are curtailed, reducing their susceptibility to pathologically high DA states 
and the development of compulsive behaviors [1,5,7]. The converse implication is that 
those with reduced DA autoreceptors might be at elevated risk for addictions1. There is 
some evidence supporting this proposal. Low striatal D2 receptors have been reported in 
laboratory animals susceptible to cocaine self-administration [18-20]. Although low 
striatal DRD2 densities have yet to be observed in people selected for being at risk for 
addictions, low midbrain D2 receptors (plausibly autoreceptors) have been seen in those 
exhibiting elevated striatal DA release [21,22] and impulsive personality traits [22]. Such 
traits might increase the likelihood of trying drugs of abuse and progressing to an SUD 
[5]. 
 

Insert Tables 1 and 2 near here 
 

 
Dopamine release  

Seven PET [11C]raclopride studies have tested whether people with a family history of 
SUDs exhibit altered striatal DA release (Table 2). Four of these studies identified 
differences between high- and low-risk samples. Elevated DA responses in high-risk 
groups were found in three of the studies, two in response to the presentation of non-
contingent reward cues [11,23] and one following ingestion of an alcoholic beverage 
[10]. The fourth study found evidence of reduced amphetamine-induced DA responses in 

                                                
1 The mechanisms that yield altered DRD2 densities might differ in people resilient to SUDs vs. 

those with an SUD. For example, the up-regulation seen in some people who are resilient to 
SUDs might be a heritable trait [52] or reflect elevated social status [20]; in comparison, the 
DRD2 down-regulation seen in people with SUDs might be heritable [52], an effect of early 
adversity [20], or produced by repeated drug-induced surges in DA release [20,53]. 

 



 5 

the high-risk participants [9]. In two of these studies the largest differences in DA release 
were in those with an early age of substance use onset, a behavioral marker of high risk 
for addictions [9,11]. 
 
Three studies did not find a difference in striatal DA release when comparing high- vs. 
low-risk samples. The first negative study was conducted in those with a family history 
of alcohol use disorders (AUDs) [8]. While the approach was innovative, there was some 
question as to whether the participants with familial alcoholism were genuinely at 
elevated risk since their alcohol ingestion levels were modest (i.e., 4 drinks per week). 
Moreover, when this same group extended their sample size, they continued to see no 
difference in DA release yet, as noted above, did observe increased DRD2 resting state 
availability [13], the opposite of what has been seen in people with a current SUD [14]. 
This finding suggested to the authors that they had recruited family members carrying a 
resiliency feature rather than the expected vulnerability trait.  
 
The second negative study compared the effects of three challenges: contingent alcohol 
cues, an intravenous ethanol injection, and ethanol plus cues combined [24]. While each 
of these conditions produced evidence of striatal DA release, and the combined ethanol 
plus cue condition produced an additive effect, an effect of family history was not seen. 
The authors attributed the lack of statistical significance to two features: (i) having a 
small sample size (Table 2), and (ii) differential effects of alcohol cues that are presented 
unexpectedly (non-contingently) vs. those that arrive contingent upon a behavior (Box 1). 
 

Insert Box 1 near here 
 

 
Perhaps more surprising is that one of the studies found evidence of marked decreases in 
DA release in the high-risk group [9]. This was not accounted for by past substance use 
in and of itself. The study included a control group with no family history of SUDs 
matched to the high-risk participants on their personal drug use histories, yet only the 
group with a dense, multigenerational family history of addiction problems exhibited 
lower DA responses than the stimulant drug-naïve healthy controls.  
 
At least three interpretations of the opposite effects seem possible. First, high-risk 
individuals might have elevated DA responses to alcohol [10], a substance that activates 
DA transmission through actions in the cell body region, yet decreased DA responses to 
drugs such as amphetamine that act at the terminal region [9]. Second, it is possible that 
many impulsive individuals at risk for addictions are highly responsive to the presence vs. 
absence of reward-related cues [5]. Third, multiple pathways to addiction are likely: some 
might be associated with increased DA reactivity, others with decreased reactivity. These 
interpretations are addressed below. 
 

Alcohol vs. Amphetamine 
As noted, there are now reports that people at risk for addictions exhibit elevated DA 
responses to a drink of alcohol [10] yet a diminished response to amphetamine [9]. This 
could reflect the different mechanisms by which they activate DA cells. However, while 
plausible, there is some evidence that this is not a sufficient explanation. For example, 
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people with minimal histories of substance use yet histories of pathological gambling 
exhibit elevated striatal DA responses to an amphetamine challenge [25], suggesting that 
individuals with overlapping vulnerability traits can exhibit hyper-reactive responses to a 
stimulant drug. 
 

Presence vs. Absence of Drug Related Cues 
We recently proposed that, compared to healthy controls, at least some individuals at risk 
for addictions exhibit high DA cell reactivity to potent reward-related events [5]. With 
progressively greater drug use, these DA responses can become pathologically tied to 
drug-related cues. Through a combination of sensitization and conditioning, motivated 
behaviors are thereby steered progressively more toward drugs and drug-related stimuli 
and away from non-drug related goals. Replicated evidence is now available for both 
conditioned [26-30] and sensitized [31-33] DA responses in humans.  
 
Studies in laboratory animals also find that the presence vs. absence of drug related cues 
can affect the magnitude of responses to other events. For example, when drug 
availability is explicitly paired with a particular context, behavioral activation [34,35] and 
DA cell reactivity [36-38] are both elevated in the drug-paired environment. When 
animals are tested in environments that have been paired with the absence of drug 
delivery, behavioral activation [34,35] and DA cell reactivity [36-38] are diminished. 
While the hypothesis awaits explicit testing in humans, the studies of striatal DA release 
reviewed here are at least not inconsistent. Young adults at familial risk for SUDs 
exhibited elevated striatal DA responses to alcohol cues [23], a drink of alcohol [10], and 
monetary rewards [11], plausibly reflecting the continued ability of money to be a high-
value incentive. In comparison, high-risk youth exhibited smaller DA responses when 
they were tested in the absence of reward-related cues; i.e., administered amphetamine 
tablets hidden inside a non-descript gelcap [9]. Evidence of inhibitory effects has been 
described in smokers also. When tobacco smokers smoke a cigarette, it increases striatal 
responses to reward prediction errors; in comparison, the (incorrect) belief that the 
smoked cigarette is denicotinized reduces the striatal response to reward prediction errors 
and alters choice behavior on a reward task [39]. 
 

Multiple Pathways to Addiction 
Multiple pathways to addictions have been proposed based on epidemiological studies 
[40,41], motivational processes [42], and neuropharmacology [43]. These studies suggest 
that most SUDs are related to a behavioral cluster of ‘externalizing’ traits, while others 
are distinguished by ‘internalizing’ traits [41]. Recent functional magnetic resonance 
imaging (fMRI) studies have identified plausible neurobiological features of these two 
pathways [44,45]. For example, in a large sample of undergraduates, problem drinking 
was associated with two distinct patterns of brain reactivity: 1) high ventral striatal 
responses to positive feedback combined with low amygdala responses to threat vs. 2) 
low ventral striatal responses to positive feedback and high amygdala responses to threat. 
The high ventral striatal responses were mediated by impulsivity, the high amygdala 
responses by anxious-depressive traits [44,45]. The present review raises the possibility 
that differential sub-cortical DA reactivity contributes to these groups, but this has yet to 
be tested directly.  
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Origins: What Might Account for Individual Differences in Dopamine Transmission? 
Familial risk for SUDs could reflect the influence of inherited genes, greater exposure to 
adverse early life experiences, or susceptibility to initiate drug use at an earlier age. Each 
of these factors can affect DA. For example, in a PET [18F]DOPA twin study, high 
heritability scores for DA synthesis capacity were found in the bilateral sensorimotor 
striatum (h2 = 0.51 to 0.64) while heritability scores in the ventral limbic striatum were 
low (h2 = 0.0 to 0.21) with synthesis capacity variation more influenced by unique life 
experiences [46]. The relevant life experiences could include adverse events. Indeed, 
there is recent evidence that higher striatal DA synthesis capacity is associated with 
greater early life adversity [47]. Enduring effects on striatal DA function can also be 
produced by drug use, and there is now evidence that repeated amphetamine 
administration leads to greater drug- and stress-induced striatal DA release [31-33]. 
While these studies of sensitization and cross-sensitization tested no more than the effects 
of five doses of d-amphetamine, correlational analyses in non-dependent cocaine users 
raise the possibility that the augmented DA responses continue to grow for up to 200 
exposures [48].  
 
At least three neurobiological features have been identified that appear to influence 
individual differences in the magnitude of striatal DA responses in humans. First, striatal 
DA release is related to differences in the density of midbrain D2 receptors: the lower the 
midbrain DRD2 – plausibly autoreceptors – the higher the striatal DA response to 
amphetamine [22] and drug related cues [21]. Second, striatal DA release co-varies with 
frontal cortical thickness: the thinner the cortex, the greater the amphetamine-induced DA 
response [49]. Third, cocaine-induced striatal DA responses are augmented by lowered 
serotonergic tone [50].  
 
Variations in DA reactivity are also related to differences in impulsive personality traits. 
Indeed, high novelty seeking scores and other impulsive personality traits co-vary with 
greater amphetamine-induced DA release within the ventral limbic striatum [22,51]. 
These highly heritable behavioral traits are strongly predictive of susceptibility to 
substance misuse [40-42].  
 
 
Summary & Conclusions 
The literature on individual differences in DA function and its relation to susceptibility to 
SUDs in humans remains in its infancy. Most core findings await replication, there is 
variability in the definitions of risk and the test challenges employed, and the findings 
might have the most relevance for stimulant drug and alcohol problems associated with 
early onset of use and high externalizing behavioral traits. This noted, the studies as a 
whole make it no longer incautious to propose that altered striatal DA reactivity might 
well contribute to risk for SUDs. Individual differences in these tendencies might reflect 
both heritable and acquired features, and be related to impulsive personality traits, early 
life adversity, D2 autoreceptors, serotonergic tone, cortical thickness, and enduring 
effects of initial drug use itself.  
 



 8 

 
 
Acknowledgements 
The author thanks Drs. Sylvia Cox and Natalia Jaworska for helpful feedback on an 
earlier version of this paper. Funding for cited studies by the author came from the 
Canadian Institutes of Health Research (# 37421, # 36429). 
  



 9 

References (* Special interest  ** Outstanding interest, published in last two years) 
[1]    Robinson TE, Berridge KC: The incentive sensitization theory of addiction: 

some current issues. Philos Trans R Soc Lond B Biol Sci 2008, 363:3137-3146. 
[2]    Stewart J: Psychological and neural mechanisms of relapse. Philos Trans R Soc 

Lond B Biol Sci 2008, 363:3147-3158. 
[3]    Salamone JD, Yohn SE, López-Cruz L, San Miguel N, Correa M: Activational and 

effort-related aspects of motivation: neural mechanisms and implications for 
psychopathology. Brain 2016, 139:1325-1347. 

[4]    D’Amour-Horvat V, Leyton M: Impulsive actions and choices in laboratory 
animals and humans: Effects of high vs. low dopamine states produced by 
systemic treatments given to neurologically intact subjects. Front Behav 
Neurosci 2014, 8:432 doi: 10.3389/fnbeh.2014.00432 

[5]    Leyton M, Vezina P: Dopamine ups and downs in vulnerability to addictions: a 
neurodevelopmental model. TiPS 2014, 35:268-276. 

[6]   Leyton M: What’s deficient in reward deficiency? J Psychiatry Neurosci 2014, 
39:291-293. 

[7] *Everitt BJ, Robbins TW: Drug addiction: updating actions to habits to 
compulsions ten years on. Annu Rev Psych 2016, 67:23-50. 

Elegant summary of research investigating the neurobiology underlying goal-directed 
behaviors vs. habits and compulsions. 
[8]    Munro CA, McCaul ME, Oswald LM, Wong DF, Zhou Y, Brasic J, Kuwabara H, 

Kumar A, Alexander M, Ye W, Wand GS. Striatal dopamine release and family 
history of alcoholism. Alc: Clin Exp Res 2006, 30:1143-1151. 

[9]**Casey KF, Benkelfat C, Cherkasova MV, Baker GB, Dagher A, Leyton M: 
Reduced dopamine response to amphetamine in subjects at ultra high risk for 
addiction. Biol Psychiatry 2014, 76:23-30. 

The first evidence of altered stimulant drug-induced striatal dopamine release in people 
at high-risk for addictions well prior to the onset of a substance use disorder. 
[10]  **Setiawan E, Pihl RO, Dagher A, Schlagintweit H, Casey KF, Benkelfat C, Leyton 

M: Differential striatal dopamine responses following oral alcohol in 
individuals at varying risk for dependence. Alc: Clin Exp Res 2014, 38:126-134. 

The first evidence of altered alcohol-induced striatal dopamine release in people at 
elevated risk for alcohol use disorders. 
[11] *Weiland BJ, Zucker RA, Zubieta J-K, Heitzeg MM: Striatal dopaminergic 

reward response relates to age of first drunkenness and feedback response in 
at-risk youth. Addict Biol 2016; Jan 5. doi: 10.1111/adb.12341. [Epub ahead of 
print] 

The first evidence of increased striatal dopamine responsivity to monetary reward in 
people at elevated risk for alcohol use disorders. 
[12]   Volkow ND, Wang GJ, Begleiter H, Porjesz B, Fowler JS, Telang F, Wong C, Ma 

Y, Logan J, Goldstein R, et al: High levels of dopamine D2 receptors in 
unaffected members of alcoholic families: possible protective factors. Arch Gen 
Psychiatry 2006, 63:999-1008. 

[13] *Alvanzo AA, Wand GS, Kuwabara H, Wong DF, Xu X, McCaul ME: Family 
history of alcoholism is related to increased D2/D3 receptor binding potential: a 



 10 

marker of resilience or risk? Addict Biology 2015; Sep 29. doi: 
10.1111/adb.12300. [Epub ahead of print] 

In a large sample (N=84) the authors provided compelling evidence that healthy non-
alcohol abusing individuals with familial alcohol use disorders have elevated striatal D2 
receptor availability potentially reflecting a resiliency trait.  
[14]  Volkow ND, Wang G-J, Fowler JS, Tomasi D: Addiction circuitry in the human 

brain. Annu Rev Pharmacol Toxicol 2012, 52:321-336. 
[15]  Gallo EF, Salling MC, Feng B, Morón JA, Harrison NL, Javitch JA, Kellendonk C: 

Upregulation of dopamine D2 receptors in the nucleus accumbens indirect 
pathway increases locomotion but does not reduce alcohol consumption. 
Neuropsychopharmacol 2015, 40:1609-1618. 

[16]  de Jong JW, Roelofs TJM, Mol FMU, Hillen AEJ, Meijboom KE, Luijendijk MCM, 
van der Eerden HAM, Garner KM, Vanderschuren LJMJ, Adan RA: Reducing 
ventral tegmental area D2 receptor expression selectively boosts incentive 
motivation. Neuropsychopharmacol 2015, 40:2085-2095. 

[17]  Thanos PK, Michaelides M, Umegaki H, Volkow ND: D2R DNA transfer into the 
nucleus accumbens attenuates cocaine self-administration in rats. Synapse 
2008, 62:481-486. 

[18]   Nader MA, Morgan D, Gage HD, Nader SH, Calhoun TL, Buchheimer N, 
Ehrenkaufer R, Mach RH: PET imaging of dopamine D2 receptors during 
chronic cocaine self-administration in monkeys. Nat Neurosci 2006, 9:1050-
1056. 

[19]  Dalley JW, Fryer TD, Brichard L, Robinson ESJ, Theobald DEH, Lääne K, Pena Y, 
Murphy ER, Shah Y, Probst K, et al: Nucleus accumbens D2/3 receptors predict 
trait impulsivity and cocaine reinforcement. Science 2007, 315:1267-1270. 

[20]   Nader MA, Czoty PW. PET imaging of dopamine D2 receptors in monkey 
models of cocaine abuse: genetic predisposition versus environmental 
modulation. Am J Psychiatry 2005, 162:1473-1482. 

[21]  Milella MS, Fotros A, Gravel P, Casey KF, Larcher K, Verhaeghe JAJ, Cox SM, 
Reader AJ, Dagher A, Benkelfat C, Leyton M: Cocaine cue-induced dopamine 
release in the human prefrontal cortex. J Psychiatry Neurosci 2016, 41:322-330. 

[22]  Buckholtz JW, Treadway MT, Cowan RL, Woodward ND, Li R, Ansari MS, 
Baldwin RM, Schwartzman AN, Shelby ES, Smith CE, et al: Dopaminergic 
network differences in human impulsivity. Science 2010, 329:532. 

[23]  Oberlin BG, Dzemidzic M, Tran SM, Soeurt CM, Albrecht DS, Yoder KK, Kareken 
DA: Beer flavor provokes striatal dopamine release in male drinkers: 
mediation by family history of alcoholism. Neuropsychopharmacol 2013, 
38:1617-1624. 

[24]  Oberlin BG, Dzemidzic M, Tran SM, Soeurt CM, O’Conner SJ, Yoder KK, 
Kareken DA: Beer self-administration provokes lateralized nucleus accumbens 
dopamine release in male heavy drinkers. Psychopharmacology 2015, 232:861-
865. 

[25] *Boileau I, Payer D, Chugani B, Lobo DS, Houle S, Wilson AA, Warsh J, Kish SJ, 
Zack M: In vivo evidence for greater amphetamine-induced dopamine release 
in pathological gambling: a positron emission tomography study with [(11)C]-
(+)-PHNO. Mol Psychiatry 2014, 19:1305-1313. 



 11 

The first evidence of increased stimulant drug-induced dopamine release in people with 
an addiction. 
[26]   Volkow ND, Wang GJ, Telang F, Fowler JS, Logan J, Childress AR, Jayne M, Ma 

Y, Wong C: Cocaine cues and dopamine in dorsal striatum: mechanism of 
craving in cocaine addiction. J Neurosci 2006, 26:6583-6588. 

[27]  Wong DF, Kuwabara H, Schretlen DJ, Bonson KR, Zhou Y, Nandi A, Brasic JR, 
Kimes AS, Maris MA, Kumar A, et al: Increased occupancy of dopamine 
receptors in human striatum during cue-elicited cocaine craving. 
Neuropsychopharmacol 2006, 31:2716-2727. 

[28]  Boileau I, Dagher A, Leyton M, Welfeld K, Booij L, Diksic M, Benkelfat C: 
Conditioned dopamine release in humans: A PET [11C]raclopride study with 
amphetamine. J Neurosci 2007, 27:3998-4003. 

[29]  Fotros A, Casey KF, Larcher K, Verhaeghe JAJ, Cox SM, Gravel P, Reader AJ, 
Dagher A, Benkelfat C, Leyton M: Cocaine cue-induced dopamine release in the 
amygdala and hippocampus: a high-resolution PET [18F]fallypride study in 
cocaine dependent participants. Neuropsychopharmacol 2013, 38:1780-1788. 

[30]  Cox SML, Yau Y, Larcher K, Durand F, Kolivakis T, Delaney JS, Dagher A, 
Benkelfat C, Leyton M: Cocaine cue-induced dopamine release in recreational 
cocaine users. American College of Neuropsychopharmacology Hollywood, FL, 5-
10 December 2015 

[31]  Boileau I, Dagher A, Leyton M, Gunn RN, Baker GB, Diksic M, Benkelfat C: 
Modeling sensitization to stimulants in humans: A [11C]raclopride/PET study 
in healthy volunteers. Arch Gen Psychiatry 2006, 63:1386-1395. 

[32]  *Weidenauer A: Effects of d-amphetamine in sensitization and schizophrenia: 
evidence from [11C]-(+)-PHNO PET imaging. Dopamine 2016, 8 September 
2016, Vienna, Austria 

The first replication of drug-induced dopamine sensitization in human brain. 
[33] *Booij L, Welfeld K, Leyton M, Dagher A, Boileau I, Sibon I, Baker GB, Diksic M, 

Soucy JP, Pruessner JC, Cawley-Fiset E, Casey KF, Benkelfat C: Dopamine cross-
sensitization between psychostimulant drugs and stress in healthy male 
volunteers. Transl Psychiatry 2016 Feb 23;6:e740 

The first evidence of drug-stress dopamine cross-sensitization in human brain. 
[34]  Vezina P, Giovino AA, Wise RA, Stewart J: Environment-specific cross-

sensitization between the locomotor activating effects of morphine and 
amphetamine. Pharmacol Biochem Behav 1989, 32:581-584. 

[35]  Crombag HS, Badiani A, Maren S, Robinson TE: The role of contextual versus 
discrete drug-associated cues in promoting the induction of psychomotor 
sensitization to intravenous amphetamine. Behav Brain Res 2000, 116:1-22. 

[36]  Gerrits MAFM, Petromilli P, Westenberg HGM, Di Chiara G, van Ree JM: 
Decrease in basal dopamine levels in the nucleus accumbens shell during daily 
drug-seeking behaviour in rats. Brain Res 2002, 924:141-150. 

[37]  Guillory AM, Suto N, You Z, Vezina P: Effects of conditioned inhibition on 
neurotransmitter overflow in the nucleus accumbens. Soc Neurosci Abstr 2006, 
32:483.3 

[38]   Wheeler RA, Aragona BJ, Fuhrmann KA, Jones JL, Day JJ, Cacciapaglia F, 
Wightman RM, Carelli RM: Cocaine cues drive opposing context-dependent 



 12 

shifts in reward processing and emotional state. Biol Psychiatry 2011, 69:1067-
1074. 

[39]   Gu X, Lohrenz T, Salas R, Baldwin PR, Soltani A, Kirk U, Cincirioini PM, 
Montage PR: Belief about nicotine selectively modulates value and reward 
prediction error signals in smokers. PNAS 2015, 112:2539-2544. 

[40]  Krueger RF, Markon KE, Patrick CJ, Benning SD, Kramer MD: Linking antisocial 
behavior, substance use, and personality: an integrative quantitative model of 
the adult externalizing spectrum. J Ab Psychology 2007, 116:645-666. 

[41]  Dawson DA, Goldstein RB, Moss HB, Li TK, Grant BF: Gender differences in the 
relationship of internalizing and externalizing psychopathology to alcohol 
dependence: likelihood, expression and course. Drug Alc Depend 2010, 112:9-17. 

[42]  Conrod PJ, Pihl RO, Stewart SH, Dongier M: Validation of a system of classifying 
female substance abusers on the basis of personality and motivational risk 
factors for substance abuse. Psychol Addict Behav 2000, 14:243-256. 

[43]  Badiani A, Belin D, Epstein D, Calu D, Shaham Y: Opiate versus 
psychostimulant addiction: the differences do matter. Nat Rev: Neurosci 2011, 
12:685-700. 

[44]  Shakra MA, Dagher A, Leyton M, Pruessner JC, Pihl RO: Sensation-seeking and 
anxiety-sensitivity: distinct typologies for alcoholism as revealed by fMRI. 
Association for Psychological Science Chicago, IL USA, 24 – 27 May 2012 

[45] **Nikolova YS, Knodt AR, Radtke SR, Hariri AR: Divergent responses of the 
amygdala and ventral striatum predict stress-related problem drinking in 
young adults: possible differential markers of affective and impulsive 
pathways of risk for alcohol use disorder. Mol Psychiatry 2016, 21:348-356. 

This impressive study in 759 undergraduates identified two brain response patterns that 
predict problem drinking: (1) high striatal responses to reward coupled with low 
amygdala responses to threat, and (2) low striatal responses to reward coupled with high 
amygdala responses to threat. The former high-risk brain pattern was mediated by a form 
of elevated impulsivity, poor performance on a temporal discounting task, the latter by 
symptoms of anxiety and depression. 
[46]   Stokes PR, Shotbolt P, Mehta MA, Turkheimer E, Benecke A, Copeland C, 

Turkheimer FE, Lingford-Hughes AR, Howes OD: Nature or nurture? 
Determining the heritability of human striatal dopamine function: an [18F]-
DOPA PET study. Neuropsychopharmacol 2013, 38:485-491. 

[47]  Egerton A, Valmaggia LR, Howes OD, Day F, Chaddock CA, Allen P, Winton-
Brown TT, Bloomfield MAP, Bhattacharyya S, Chilcott J, et al: Adversity in 
childhood linked to elevated striatal dopamine function in adulthood. Schiz Res 
2016, 176:171-176. 

[48]  Cox SML, Benkelfat C, Dagher A, Delaney JS, Durand F, McKenzie SA, Kolivakis 
T, Casey KF, Leyton M: Striatal dopamine responses to intranasal cocaine self-
administration in humans. Biol Psychiatry 2009, 65:846-850. 

[49]   Casey KF, Cherkasova MV, Larker K, Evans AC, Baker GB, Dagher A, Benkelfat 
C, Leyton M: Individual differences in frontal cortical thickness correlate with 
the d-amphetamine induced striatal dopamine response in humans. J Neurosci 
2013, 33:15285-15294. 



 13 

[50]  Cox SML, Benkelfat C, Dagher A, Delaney JS, Durand F, Kolivakis T, Casey KF, 
Leyton M. Effects of lowered serotonin transmission on cocaine-induced 
striatal dopamine response: a PET [11C]raclopride study in humans. Brit J 
Psychiatry 2011, 199:391-397. 

[51]  Leyton M, Boileau I, Benkelfat C, Diksic M, Baker GB, Dagher A: Amphetamine-
induced increases in extracellular dopamine, drug wanting, and novelty 
seeking: A PET/[11C]raclopride study in healthy men. Neuropsychopharmacol 
2002, 27:1027-1035. 

[52]  Rogaeva A, Ou XM, Jafar-Nejad H, Lemonde S, Albert PR: Differential 
repression by Freud-1/CC2D1A at a polymorphic site in the dopamine-D2 
receptor gene. J Biol Chem 2007, 282:20897-20905. 

[53]  Moore RJ, Vinsant SL, Nader MA, Porrino LJ, Friedman DP: Effect of cocaine 
self-administration on striatal dopamine D2 receptors in rhesus monkeys. 
Synapse 1998, 30:881-896. 

[54]   Saunders BT, Robinson TE: Individual differences in resisting temptation: 
implications for addiction. Neurosci Biobehav Rev 2013, 37:1955-1975. 

[55]  Vezina P, Leyton M: Conditioned cues and the expression of sensitization in 
animals and humans. Neuropharmacol 2009, 56(Suppl 1):160-168. 

[56]  Cavallo JS, Mayo LM, de Wit H: Acquisition of conditioning between 
methamphetamine and cues in healthy humans. PLoS ONE 2016, 11:e0161541. 

[57]  Mayo LM, de Wit H: Acquisition of conditioned responses to a novel alcohol-
paired cue in social drinkers. JSAD 2016, 77:317-326. 

[58]  Burgeno L, Murray N, Willuhn I, Phillips P: Phasic dopamine release elicited by 
unexpected presentation of drug-paired cues increases with protracted drug-
access. Abstract # W212, 54th meeting of the American College of 
Neuropsychopharmacology Hollywood, FL, 6 – 10 December 2014 

[59]  Willuhn I, Burgeno LM, Groblewski PA, Phillips PEM: Excessive cocaine use 
results from decreased dopamine signaling in the striatum. Nat Neurosci 2014, 
17: 704-709. 

[60]   Leyton M, Casey KF, Delaney JS, Kolivakis T, Benkelfat C: Cocaine craving, 
euphoria, and self-administration: A preliminary study of the effect of 
catecholamine precursor depletion. Behav Neurosci 2005, 119:1619-1627. 

[61]  Casey KF, Benkelfat C, Young SN, Leyton M: Lack of effect of dopamine 
precursor depletion in nicotine-dependent smokers. Eur Neuropsychopharmacol 
2006, 16:512-520. 

[62]  Barrett SP, Pihl RO, Benkelfat C, Brunelle C, Young SN, Leyton M: The role of 
dopamine in alcohol self-administration in humans: Individual differences. 
Eur Neuropsychopharmacol 2008, 18:439-447. 

[63]  Venugopalan VV, Casey KF, O’Hara C, O’Loughlin J, Benkelfat C, Fellows LK, 
Leyton M: Acute phenylalanine / tyrosine depletion reduces motivation to 
smoke across stages of addiction. Neuropsychopharmacol 2011, 36:2468-2476.  

[64]  Cawley EI, Park S, aan het Rot M, Sancton K, Benkelfat C, Young SN, Boivin DB, 
Leyton M: Dopamine and light: Dissecting effects on mood and motivational 
states in women with sub-syndromal seasonal affective disorder. J Psychiatry 
Neurosci 2013, 38:388-397. 

  



 14 

Box 1. Multiple effects of reward related cues. 
Cues paired with reward availability can produce multiple effects. They can elicit 
approach, reinforce novel actions, invigorate responding for other rewards, and increase 
DA transmission [54]. Cues paired with the absence of rewards can produce the converse 
responses [55]. Some of these effects are now well demonstrated in humans. For 
example, evidence of conditioned attentional biases to alcohol and methamphetamine 
ingestion has been reported to develop in healthy volunteers [56,57]. Drug cue-induced 
striatal DA release has been observed in healthy volunteers exposed to a repeated 
amphetamine regimen [28], in recreational cocaine users [24], and in participants with 
moderate to severe cocaine use disorders [25,27,29].  
 
The exact locus of striatal responses to conditioned cues can vary depending upon the 
stimulus features. In rodents, the non-contingent presentation of drug-related cues leads 
to DA responses in the ventral striatum, and these responses become progressively larger 
as the number of pairings increase [7,58]. In comparison, DA responses to behaviorally 
contingent cues begin in the ventral striatum and then emerge in the dorsal striatum as 
animals transition from flexible goal-directed approach to stimulus-response habits 
[7,59]. Following even more extensive exposure to ad lib cocaine availability, these DA 
responses appear to decrease [66], raising the possibility that compulsive responses to 
freely available drug reward become independent of striatal DA bursts.  
 
Preliminary evidence of these shifts in the locus of conditioned DA responses have also 
been reported in humans. In healthy volunteers exposed to a brief laboratory d-
amphetamine regimen (3 x 0.3mg/kg, po), re-exposure to a placebo capsule and the drug-
paired PET environment leads to striatal DA release with the largest effects in the ventral 
limbic region [28]. In comparison, in those with more extensive substance use histories, 
the largest effects appear in the dorsal somatosensory striatum [26,27,29], and this 
includes recreational cocaine users without an SUD [30]. Finally, as seen in laboratory 
animals [3], decreasing DA transmission does not affect the ingestion of freely available 
drugs in experienced users [60,61] but does lower the motivation to exert effort to obtain 
rewards, such as alcohol [62], tobacco [63], and money [64].  
 
 



Table 1. Striatal [11C]raclopride binding values (DRD2 receptor availability) in people at high vs. low risk for substance use disorders. 
 
 Munro et 

al 2006 [7] 
Casey  
et al 2014 [8] 

Setiawan et 
al 2014 [9] 

Weiland et 
al 2016 [10] 

Volkow et 
al 2006 [11] 

Alvanzo et 
al 2015 [12] 

Primary result No group 
differences 

No group 
differences 

No group 
differences 

No group 
differences 

Elevated 
DRD2 in FHP 

Elevated 
DRD2 in FHP 

Participants FHN: n=30 
FHP: n=11 

FHN1: n=17 
FHN2: n=15 
FHP: n=16 

Low risk: n=13 
High risk: n=13 

FHN: n=11 
FHP low-risk: 
n=24 
FHP: high-
risk: n=9 

FHN: n=16 
FHP: n=15 

FHN: n=60 
FHP: n=24 

Age FHN: 21.9±3 
FHP: 21.7±3 

FHN1: 20.5±2 
FHN2: 22.1±2 
FHP: 21.3±2 

Low risk: 
21.5±3 
High-risk: 
21.1±3 

FHN: 20.6±3 
FHP low-risk: 
22.0±3 
FHP high-risk: 
24.2±3 

FHN: 26±4 
FHP: 24±3 

FHN: 22.7±3 
FHP: 23.1±3 

Sex (M/F) FHN: 20/10 
FHP: 7/4 

FHN1: 10/7 
FHN2: 9/6 
FHP: 6/10 

Low-risk: 10/3 
High-risk: 8/5 

FHN: 11/0 
FHP low-risk: 
24/0 
FHP: high-
risk: 9/0 

FHN: 14/1 
FHP: 14/2 

FHN: 38/22 
FHP: 13/11 

Family history 
of SUDs* 

AUDs only 
FHN: 0.2 
FHP: 1.8 

FHN1: 0±0 
FHN2: 0±0 
FHP: 3.1±0.7 

Low risk: 0.19 
High risk: 1.04 

AUDs only 
FHN: 0.04 
FHP low-risk: 
1.4 
FHP: high-
risk: 1.1 

AUDs only 
FHN: 0.0 
FHP: ≥2.0 

AUDs only 
FHN: 0.0 
FHP: 2.3 

Age of onset Not reported First alcohol 
intoxication 
FHN1: 15.7±1 
FHN2: 14.6±1.9 
FHP: 15.7±3 
First 
intoxication any 
drug: 
FHN1: 15.7±1 
FHN2: 14.1±1 
FHP: 13.1±2 

First alcohol 
intoxication 
Low-risk: 
15.5±2 
High-risk: 
15.2±2 

First alcohol 
intoxication 
FHN: 17.8±1 
FHP low-risk: 
18.1±2 
FHP: high-
risk: 13.9±1 

Not reported Not reported 

Drug and 
alcohol use 

FHN: 1.5 
drinks / week 
FHP: 4.3 
drinks / week 

Lifetime 
cocaine use 
FHN1: 0±0 
FHN2: 12±24 

Low risk: 8±9 
drinks / week 
High-risk: 13±9 
drinks / week 

FHN: 3±4 
drinks / week 
FHP low-risk: 
1±2 drinks / 

FHN: 2 
current 
smokers 
FHP: 3 current 

FHN: 6 drinks 
/ week 
FHP: 11 
drinks / week 



FHP: 30±47 
Lifetime 
amphetamine 
use 
FHN1: 0±0 
FHN2: 17±24 
FHP: 11±13 

week 
FHP: high-
risk: 12±23 
drinks / week 

smokers 

Impulsive 
traits 

NEO-PI 
Extraversion 
FHN: 49.7±7 
FHP: 51.9±6 

TPQ Novelty 
Seeking  
FHN1: 17.8±4 
FHN2: 21.6±2 
FHP: 22.5±5 
TPQ 
Impulsivity 
FHN1: 2.8±2 
FHN2: 3.6±2 
FHP: 4.7±2 

TPQ Novelty 
Seeking  
Low-risk: 
15.7±4 
High-risk: 
19.0±5 
TPQ 
Impulsivity 
Low-risk: 
1.6±0.4 
High-risk: 
2.9±0.6 

Zuckerman 
Sensation 
Seeking 
FHN: 6.1±2 
FHP low-risk: 
6.1±3 
FHP high-risk: 
8.7±2 

MMPI 
Constraint 
FHN: 52.9±9 
FHP: 44.0±14 
MMPI Self-
Control 
FHN: 17.7±5 
FHP: 13.4±5 

Not reported 

 
* Family history of substance use disorders (SUDs): An affected 1st degree relative equals 1. An affected 2nd degree relative equals 0.5. DA: 
dopamine. FHN1: Stimulant drug-naïve healthy volunteers without a FH of SUDs. FHN2: Stimulant drug users without a FH of SUDs. FHP 
low-risk: late onset FH positive drinkers. FHP high-risk: early onset FH positive drinkers. MMPI: Minnesota Multiphasic Personality 
Inventory. 
 
  



Table 2. Striatal [11C]raclopride displacement in people at high vs. low risk for substance use disorders. 
 
 Munro et 

al 2006 [7] 
Alvanzo et 
al 2015 [12] 

Oberlin et al 
2015 [17] 

Casey  
et al 2014 [8] 

Oberlin 
et al 2013 [16] 

Setiawan et al 
2014 [9] 

Weiland et 
al 2016 [10] 

Primary result No group 
difference in 
response to d-
amphetamine 
(0.3 mg/kg, iv) 

No group 
difference in 
response to d-
amphetamine 
(0.3 mg/kg, iv) 
in FHP vs. 
FHN 

No group 
difference in 
response to beer 
flavor spray, 
ethanol injection 
(0.6g/dL, iv), or 
spray + injection 

Smaller DA 
response in 
ventral striatum to 
d-amphetamine 
(0.3 mg/kg, po) in 
FHP vs. FHN1 + 
FHN2 

Greater DA 
response in 
ventral striatum to 
beer flavor spray 
in FHP vs. FHN 

Greater DA 
response in 
ventral and dorsal 
striatum to a drink 
of alcohol 
(0.75g/kg, po) in 
FHP- vs. FHN 

Greater DA 
response in 
ventral 
striatum to 
monetary 
reward in FHP 
vs. FHN 

Participants FHN: n=11 
FHP: n=30 

FHN: n=60 
FHP: n=24 
{Includes 
participants 
from Munro et 
al 2006} 

Total sample: 
n=26 
Sub-group data 
not provided  

FHN1: n=17 
FHN2: n=15 
FHP: n=16 

FHN: n= 19 
FHA: n=18 
FHP: n=12 

Low risk: n=13 
High risk: n=13 

FHN: n=11 
FHP low-risk: 
n=24 
FHP: high-
risk: n=9 

Age FHN: 21.9±3 
FHP: 21.7±3 

FHN: 
22.7±3.2 
FHP: 23.1±3.0 

Total sample: 
23.1±3.3 
Sub-group data 
not provided  

FHN1: 20.5±2 
FHN2: 22.1±2 
FHP: 21.3±2 

FHN: 24.8±3.2 
FHA: 24.7±3.9 
FHP: 24.6±3.8 

Low risk: 21.5±3 
High-risk: 21.1±3 

FHN: 
20.6±2.7 
FHP low-risk: 
22.0±2.8 
FHP high-risk: 
24.2±2.9 

Sex (M/F) FHN: 20/10 
FHP: 7/4 

FHN: 38/22 
FHP: 13/11 

Total sample: 
26/0 
Sub-group data 
not provided  

FHN1: 10/7 
FHN2: 9/6 
FHP: 6/10 

FHN: 19/0 
FHA: 18/0 
FHP: 12/0 

Low risk: 10/3 
High risk: 8/5 

FHN: 11/0 
FHP low-risk: 
24/0 
FHP: high-
risk: 9/0 

Family history 
of SUDs* 

AUDs only 
FHN: 0.2 
FHP: 1.8 

AUDs only 
FHN: 0.0 
FHP: 2.3 

Not provided FHN1: 0±0 
FHN2: 0±0 
FHP: 3.1±0.7 

AUDs only** 
FHN: 0.0±0.0 
FHA: 1.3±0.6 
FHP: 2.2±1.3 

Low risk: 0.19 
High risk: 1.04 

AUDs only 
FHN: 0.04 
FHP low-risk: 
1.4 
FHP: high-
risk: 1.1 

Age of onset Not reported Not reported Total sample: 
16.4±2.2 
Sub-group data 
not provided 
 

First alcohol 
intoxication 
FHN1: 15.7±1 
FHN2: 14.6±1.9 
FHP: 15.7±3 
First intoxication 
any drug: 
FHN1: 15.7±1 

Not reported First alcohol 
intoxication 
Low-risk: 
15.5±2.1 
High-risk: 
15.2±2.2 

First alcohol 
intoxication 
FHN: 17.8±1 
FHP low-risk: 
18.1±2 
FHP: high-
risk: 13.9±1 



FHN2: 14.1±1 
FHP: 13.1±2 

Drug and 
alcohol use 

FHN: 1.5 
drinks / week 
FHP: 4.3 
drinks / week 

FHN: 6 drinks 
/ week 
FHP: 11 
drinks / week 

Total sample: 
23.0±12.0 drinks 
per week  
Sub-group data 
not provided 
 

Lifetime cocaine 
use 
FHN1: 0±0 
FHN2: 12±24 
FHP: 30±47 
Lifetime 
amphetamine use 
FHN1: 0±0 
FHN2: 17±24 
FHP: 11±13 

FHN: 13.4±12 
FHA: 16.9±9.5 
FHP: 20.8±12.1 

Low risk: 8±9 
drinks / week 
High-risk: 13±9 
drinks / week 

FHN: 3±4 
drinks / week 
FHP low-risk: 
1±2 drinks / 
week 
FHP: high-
risk: 12± 22 
drinks / week 

Impulsive 
traits 

NEO-PI 
Extraversion 
FHN: 49.7±7 
FHP: 51.9±6 

Not reported Not reported TPQ Novelty 
Seeking  
FHN1: 17.8±4 
FHN2: 21.6±2 
FHP: 22.5±5 
TPQ Impulsivity 
FHN1: 2.8±2 
FHN2: 3.6±2 
FHP: 4.7±2 

Not reported TPQ Novelty 
Seeking  
Low-risk: 15.7±4 
High-risk: 19.0±5 
TPQ Impulsivity 
Low-risk: 1.6±0.4 
High-risk: 2.9±0.6 

Zuckerman 
Sensation 
Seeking 
FHN: 6.1±2 
FHP low-risk: 
6.1±3 
FHP high-risk: 
8.7±2 

 
* Family history of substance use disorders (SUDs): An affected 1st degree relative equals 1. An affected 2nd degree relative equals 0.5. ** 
Did not differentiate between first and second-degree relatives. DA: dopamine. FHN1: Stimulant drug-naïve healthy volunteers without a FH 
of SUDs. FHN2: Stimulant drug users without a FH of SUDs. FHP low-risk: late onset FH positive drinkers. FHP high-risk: early onset FH 
positive drinkers. TPQ: Tridimensional Personality Questionnaire. NEO-PI: Neo-five factor Personality Inventory. 
 


	Manuscript_rev_final_post edit_e
	Tables

