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Abstract

Dependence to drugs of abuse is closely associated with impulsivity, or the propensity to choose a

lower, but immediate, reward over a delayed, but more valuable outcome. Here, we review clinical

and preclinical studies showing that striatal dopamine signaling and D2 receptor levels – which

have been shown to be decreased in addiction - directly impact impulsivity, which is itself

predictive of drug self-administration. Based on these studies, we propose that the alterations in

D2 receptor binding and dopamine release seen in imaging studies of addiction constitute

neurobiological markers of impulsivity. Recent studies in animals also show that higher striatal

dopamine signaling at the D2 receptor is associated with a greater willingness to expend effort to

reach goals, and we propose that this same relationship applies to humans, particularly with

respect to recovery from addiction.

Introduction

Alcohol consumption is the third largest risk factor for poor health (WHO, 2011) and

globally there are an estimated 40 million problem drug users (UNODC, 2010). However, it

is well known that the likelihood of developing a substance use disorder involves biological

and behavioral factors that can exacerbate or mitigate this risk. Among the behaviors most

closely associated with addiction are alterations in reward-driven behavior and an impaired

ability to sustain goal directed behavior (Groman and Jentsch, 2012; Leyton, 2007). Thus,

addiction is characterized by deficits in inhibitory control, which is an impaired capacity to

appropriately inhibit thoughts or actions that lead to impulsive behaviors (Groman and

Jentsch, 2012).

Impulsivity occurs in a variety of forms, which can be categorized as: 1) choice impulsivity,

or acting to obtain a smaller immediate reward over a larger delayed reward: 2) impulsive

action, the inability to inhibit a behavior once initiated; 3) reflection impulsivity, or action

without sufficiently evaluating information; 4) attention impulsivity, the impaired ability to

© 2013 Elsevier Ltd. All rights reserved.
*Corresponding author, Diana Martinez; 1051 Riverside Drive #32, New York, NY 10032; dm437@columbia.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Neuropharmacology. Author manuscript; available in PMC 2015 January 01.

Published in final edited form as:
Neuropharmacology. 2014 January ; 76(0 0): 498–509. doi:10.1016/j.neuropharm.2013.06.031.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



persist in a relevant behavior and avoid distraction (for review see (Bickel et al., 2012a;

Dalley et al., 2011; de Wit, 2009; Leeman and Potenza, 2012)). Overall, studies in addiction

show that most types of impulsivity are increased in substance use disorders, measured with

impulsiveness scales, neuropsychological batteries, motor-inhibition tasks, and decision-

making tasks (see reviews above and (Bechara et al., 2002; Bickel et al., 2007; Chambers

and Potenza, 2003; Izquierdo and Jentsch, 2012). Although impulsivity occurs in a variety

of manifestations, in this review we focus on choice impulsivity since this has been studied

in conjunction with imaging studies of addiction. Examples of tasks that evaluate choice

impulsivity include the delay discounting task, in which addicted individuals show

preference for smaller, immediate rewards over larger, delayed rewards (Bickel et al.,

2012b; de Wit, 2009) or the Iowa Gambling Task, in which substance abuse is associated

with choices for high immediate gains despite higher future losses (Bechara et al., 2002).

The high degree of overlap between impulsivity and addiction suggest that these processes

rely on overlapping neurobiological mechanisms. Indeed, there is substantial evidence that

the corticostriatal system – and dopaminergic transmission in particular -is a common

neurobiological substrate for these behavioral and cognitive processes. Imaging studies in

human subjects show that addiction is associated with a significant decrease in striatal

dopamine transmission, measured as dopamine D2 receptor binding and pre-synaptic

dopamine release. Given the data in preclinical studies showing that impulsivity is

associated with similar deficits in striatal dopamine signaling, the goal of this review is to

address the question of whether the human imaging studies of addiction reflect the

neurobiology of impulsive behavior, rather than only the effects of chronic drug exposure on

brain dopamine neurotransmission.

This hypothesis is based on the following findings, described in further detail below.

1. Imaging studies in addiction show a decrease in D2 receptors and dopamine release

in the striatum. However, this decrease is seen across addictions, independent of the

substance abused, despite the fact that these drugs have their primary effect of

different receptors and transporters in the brain. In addition, the magnitude of the

decrease is also similar across addictions. Moreover, some non-addiction disorders,

such as attention deficit disorder and obesity, which also have a significant

impulsive component, show the same decrease in dopamine transmission.

2. Increasing data suggests that these biomarkers (low D2 receptor binding and

dopamine release) may occur prior to drug exposure, in parallel with impulsivity,

which then confer a vulnerability to develop addiction. Preclinical studies show

that manipulating striatal dopamine signaling, particularly at the D2 receptor,

evokes impulsive behavior. Furthermore, both impulsivity and low striatal

dopamine transmission are predictive of drug self-administration. Importantly,

these animal models are consistent with the imaging studies investigating striatal

dopamine signaling, impulsivity, and addiction.

3. Although many studies show that addiction is associated with a reduction in striatal

D2 receptors and dopamine release, two recent studies show that there is a

subgroup of addicted individuals who do not express this neurobiological marker.
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This subgroup is distinguished by the fact that they respond to behavioral

treatments for addiction. Thus, when presented with alternatives to drug use, these

subjects shift their behavior away from taking drugs toward other reinforced

behaviors. The fact that this subgroup does not express the biomarker seen so

consistently in addiction may reflect their ability to exert cognitive control, or

suppress impulsive responses, when presented with alternatives to drug use.

4. Animal studies of motivation, or the willingness to expend effort to obtain a goal,

demonstrate that this behavior can be modulated by dopamine signaling in the

ventral striatum (Salamone et al., 2007). To an extent, motivation can be thought of

as the inverse of impulsivity, as the ability to resist behavior initiation, and exert

greater effort in order to obtain a more valuable outcome. Preclinical studies show

that increased dopamine signaling at the D2 receptor in the nucleus accumbens

enhances motivation, whereas impaired D2 signaling lessens it (Salamone et al.,

2007). This has been less studied in humans, but recent imaging studies suggest

that this same interaction between dopamine signaling at the D2 receptor and

motivation may also apply.

Positron Emission Tomography (PET) imaging

PET radiotracer imaging studies use radioactive ligands, usually agonists or antagonists, that

bind to receptors in the brain. In addiction, most PET studies have imaged the dopamine D2

receptor family (D2, D3, and D4; but referred to as D2 here) of the striatum. PET imaging

can also be used to image the response of the dopamine system to a stimulant challenge

(such as amphetamine or methylphenidate). The method is based on animal microdialysis

studies, where striatal dopamine levels are increased in response to the administration of a

stimulant. Modeling this with PET, D2 receptor availability is obtained before and after the

administration of a stimulant, to increase extracellular dopamine. The increase in

endogenous dopamine results in fewer D2 receptors available to bind to the radiotracer

(shown in figure 1), such that the PET scans provide an indirect measure of the

responsiveness of the dopamine system to a pharmacologic challenge.

Thus, most PET imaging studies in drug and alcohol addiction use two outcome measures:

1) binding potential which is a measure of D2 receptor availability (usually BPND, which is

the specific binding of the radiotracer to the receptor normalized by the non-specific

binding); and 2) the percent decrease in radiotracer binding resulting from increased

endogenous dopamine (ΔBPND), which provides an estimate of pre-synaptic dopamine

release (Laruelle, 2000; Volkow et al., 1994).

Imaging dopamine transmission in drug and alcohol addiction

A consistent finding in imaging studies of addiction is a decrease in striatal D2 receptor

binding, which may be one of the most replicated findings in human imaging research.

These studies show that subjects with substance use disorders, compared to control subjects,

have a decrease in the D2 receptors in the striatum on the order of about 20%. The first

report was in 1990, where a study showed that cocaine abuse was associated with a decrease

in D2 receptor availability in the striatum compared to controls (Volkow et al, 1990), and

has been followed by a series of studies confirming this observation (Martinez et al., 2004;
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Martinez et al., 2011; Martinez et al., 2009; Volkow et al., 1993; Volkow et al., 1997).

However, this finding is not isolated to cocaine dependence. In alcohol dependence, Hietala

et al (Hietala et al., 1994) showed a decrease in D2 receptor availability in the striatum and

this has now been replicated in additional studies (Heinz et al., 2005; Heinz et al., 2004;

Martinez et al., 2005; Volkow et al., 1996; Volkow et al., 2002b; Volkow et al., 2007b),

although some groups report a lack of a difference (shown in table 1). The finding of

decreased D2 receptor binding has also been observed in methamphetamine abuse (Boileau

et al., 2012; Lee et al., 2009; Volkow et al., 2001a; Wang et al., 2012), opiate dependence

(Martinez et al., 2012; Wang et al., 1997b; Zijlstra et al., 2008), and tobacco dependence

(Albrecht et al., 2013a; Brody et al., 2004; Brown et al., 2012; Fehr et al., 2008; Stokes et

al., 2012). Notably, studies of cannabis abuse have not shown this same decrease in D2

receptor binding (Albrecht et al., 2013b; Sevy et al., 2008; Stokes et al., 2012; Urban et al.,

2012).

While fewer imaging studies have measured stimulant-induced dopamine release (ΔBP),

these show a blunted effect in substance use disorders compared to matched controls. Thus,

substance abusers have a lower dopamine response, which most likely reflects decreased

pre-synaptic dopamine release in the striatum (shown in figure 1). This finding has been

shown in cocaine abuse (Malison et al., 1999; Martinez et al., 2011; Martinez et al., 2007;

Volkow et al., 1997), alcohol dependence (Martinez et al., 2005; Volkow et al., 2007b),

opiate dependence (Martinez et al., 2012), methamphetamine abuse (Wang et al., 2012), and

cigarette smoking (Busto et al., 2009) (shown in table 2). PET studies have also shown that

dependence is associated with decreased presynaptic dopamine. Cocaine abuse is associated

with both decreased [18F]DOPA uptake and striatal vesicular monoamine transporter 2

(VMAT2) binding, which provide measures of pre-synaptic dopamine (Narendran et al.,

2012; Wu et al., 1997). In alcohol dependence, imaging studies show a reduction in VMAT2

compared to controls (Gilman et al., 1998) although not of [18F]DOPA uptake (Heinz et al.,

2005; Tiihonen et al., 1998).

PET imaging of the targets of the substance abused

Although the majority of studies imaging in addiction report a decrease in D2 receptor

availability and dopamine release, imaging studies of the target of the substance abused do

not always show a consistent effect. Cocaine acts directly at the dopamine transporter, but

imaging studies of the transporter show little effect (Malison et al., 1998; Volkow et al.,

1996; Wang et al., 1997a). In fact, the dopamine transporter may be upregulated

immediately following abstinence from cocaine, but returns to control levels within a few

days (Malison et al., 1998). On the other hand, the decrease in D2 receptor binding is long

lasting, at least 3–4 months in humans (Volkow et al., 1993) and possibly longer, up to a

year in non-human primates depending on the individual (Nader et al., 2006). Imaging

studies of alcohol dependence do not show a consistent change in the GABAA receptor,

although this receptor is the target for treatment for alcohol withdrawal, and no consistent

changes have been observed in other neurotransmitter systems (such as the serotonin,

opioid, or cannabinoid systems) (for review see (Broft and Martinez, 2012)). One reason for

this lack of consistency in imaging studies of alcohol dependence may be clinical factors,

such as the degree of addiction or the duration of abstinence at the time of scanning.
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However, as with cocaine abuse, the decrease in D2 receptor availability is long lasting (at

least 4 months) (Volkow et al., 2002b), and occurs independent of clinical factors,

suggesting that this may be a marker for a behavioral trait associated with dependence, such

as impaired inhibitory control.

Alternatively, studies in methamphetamine abusers show a consistent and long lasting

decrease in the dopamine transporter, which is the main target of this drug (Chou et al.,

2007; Johanson et al., 2006; McCann et al., 1998; McCann et al., 2008; Sekine et al., 2001;

Volkow et al., 2001b). Imaging studies of nicotine abuse report upregulation of the nicotinic

receptor (Cosgrove et al., 2009; Mukhin et al., 2008; Staley et al., 2006; Wullner et al.,

2008) and an imaging study of opiate abusers showed upregulation of the mu receptor

(Zubieta et al., 2000). Thus, depending on the substance abused, some studies do report

alterations in the primary neurotransmitter system that is targeted by the drug of abuse.

Nonetheless, the fact that D2 receptors and dopamine release are consistently seen across

addictions, and to a similar extent, suggests that this may be a biomarker for a persistent

underlying behavior that is common across addictions.

Imaging dopamine transmission in other disorders

In addition to studies in addiction, low D2 receptor binding and low dopamine release have

been reported in other disorders. For example, both obesity and attention deficit disorder are

associated with high impulsivity, measured with tasks similar to those used in addiction

(Bickel et al., 2012b; Carr and Epstein, 2011; Malloy-Diniz et al., 2007). Obesity has been

shown to be associated with low D2 receptor binding, and morbidly obese individuals with

the lowest D2 values had the largest body mass index (de Weijer et al., 2011; Volkow et al.,

2008; Wang et al., 2001), although this was not seen in one study (Steele et al., 2010). In

addition, Volkow et al. (Volkow et al., 2008) showed that low striatal D2 receptor binding

correlates with metabolism in prefrontal regions that are implicated in inhibitory control, and

this group hypothesized that the association between D2 receptors and impulsivity is

mediated partly by dopamine’s modulation of prefrontal regions. This group has also

previously reported that D2 receptor availability in the striatum of healthy controls

modulates eating behavior, where low D2 receptor binding correlated with a greater

tendency to eat when exposed to stress (Volkow et al., 2003). Studies of bulimia, which is

also associated with poor inhibitory control (Waxman, 2009), show that this disorder may

also be associated with decrease D2 receptor binding and dopamine release (Broft et al.,

2012), although increased dopamine release in response to a food cue in obese food bingers

was reported in one study (Wang et al., 2011). Together, these findings suggest that

impulsive eating and addiction share this neurobiological marker, in addition to the inability

to restrain the behavior despite awareness of its negative effects (Volkow et al., 2008).

Attention deficit disorder has also been shown to be associated with a decrease in both D2

receptor binding and stimulant-induced dopamine release (Volkow et al., 2007a), and

blunted dopamine release was associated with both greater symptoms of inattention and with

greater drug liking (Volkow et al., 2007a; although see Rosa-Neto et al., 2005). A

subsequent study of ADHD subjects showed the same finding of reduced D2 receptor

binding in the ventral striatum and caudate (Volkow et al., 2009), which correlated inversely
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with attention. Based on these results, this group hypothesized that decreased dopamine

transmission plays a role in the motivation and reward deficits seen in ADHD, which are

characterized by poor response inhibition and preference for small immediate rewards over

larger delayed rewards (Volkow et al., 2009). Consistent with this, recent fMRI studies

report decreased activation of the ventral striatum for both immediate and delayed rewards

and in adult and adolescent participants with ADHD compared with controls (Plichta et al.,

2009; Scheres et al., 2007).

However, it should be noted that decreases in D2 receptor binding are not seen in

pathological gamblers compared to control subjects, which also has a significant impulsive

component (Boileau et al., 2013; Clark et al., 2012; Joutsa et al., 2012; Linnet et al., 2011).

Nonetheless, two of these studies (Boileau et al., 2013; Clark et al., 2012) did show that low

D2 binding correlated with greater impulsivity within the group of gamblers. Imaging

studies of impulsive behavior in healthy controls report mixed results. While some studies

found an inverse relationship between measures of impulsivity or response inhibition and D2

BPND and delta BPND, other studies showed the opposite (Buckholtz et al., 2010;

Ghahremani et al., 2012; Oswald et al., 2007; Reeves et al., 2012). One reason for this

discrepancy may be explained by the “inverted U” model, which proposes that optimal

dopamine transmission, which is neither too low nor too high, is required for optimal

response inhibition (Cools and D'Esposito, 2011; Gjedde et al., 2010; Leyton, 2007).

Taken together, these studies suggest that addiction and psychiatric disorders that are

associated with impulsivity and a lack of inhibitory control share partially overlapping

neurobiological mechanisms, such as low D2 receptor binding and dopamine release in the

striatum.

Measures of impulsivity and dopamine transmission in addiction

Imaging studies in addiction also show that deficits in dopamine transmission correlate with

increased impulsivity. Methamphetamine abuse is associated with lower D2 receptor binding

compared to controls, and higher levels of impulsivity, measured with the Barratt

Impulsiveness Scale (Lee et al., 2009). In addition, greater impulsivity in the

methamphetamine abusers correlated with lower D2 receptor binding in the caudate and

nucleus accumbens (Lee et al., 2009).

In cocaine abuse, low pre-synaptic dopamine release in the ventral striatum is associated

with the choice to self-administer cocaine (Martinez et al., 2007). In this study, cocaine

abusers were given the choice between smoked cocaine and money, presented as an

alternative reinforcer to cocaine. The amount of money was higher than the street value of

the dose of cocaine, and the dose of cocaine was very low, with minimal positive subjective

effects. The results showed that low dopamine release in the ventral striatum was predictive

of the choice for cocaine over money, despite the weighting towards the money. Thus, the

subjects with low dopamine release made the more impulsive choice, and chose a smaller,

immediate reward over a larger, delayed reward (subjects received and could spend the

money only after study completion).
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Dopamine transmission in addiction: association with the prefrontal cortex

Dopamine signaling in the striatum is part of a larger system that mediates impulsive

behavior, which includes the prefrontal cortex (Cools, 2008; Dalley et al., 2011; George and

Koob, 2010; Groman and Jentsch, 2012). Both preclinical and human imaging studies

implicate these brain regions - in addition to striatum - in mediating impulsive behavior and

cognitive control. Imaging studies of cocaine and methamphetamine abuse have shown that

low D2 receptor binding in the striatum is associated with reduced glucose metabolism in the

prefrontal cortex, including the orbito-frontal cortex and cingulate gyrus, which play a key

role in impulsivity (Volkow et al., 2001a; Volkow et al., 1993). In healthy controls,

dopamine depletion impairs fronto-striatal functional connectivity during set-shifting,

suggesting that low dopamine may impair the control that the prefrontal cortex exhibits over

the striatum in governing cognitive flexibility (Nagano-Saito et al., 2008). Given the role

that these pre-frontal cortical brain regions play in modulating inhibitory control these

findings suggest that dysregulation of striatal dopamine transmission affects the prefrontal

cortical circuits, which act together to modulate drive and impulsivity (Dalley et al., 2011;

Groman and Jentsch, 2012).

Taken together, these studies in addiction suggest that low D2 receptor availability and

dopamine release in the striatum are neurobiological markers of increased impulsivity. This

hypothesis is supported by various animal studies, where manipulating striatal dopamine

transmission and D2 receptor signaling directly impacts impulsive behavior.

Impulsivity and vulnerability to addiction: preclinical studies

Similarly to humans, cognitive deficits have been described in animals chronically exposed

to drugs of abuse (Crean et al., 2011; Porter et al., 2011) indicating that these impairments

may be due to chronic drug use. In particular, exposure to drugs of abuse has been reported

to produce an enhancement in impulsive-like responding in animals (Dallery and Locey,

2005; Richards et al., 1999) and in humans (de Wit, 2009). Although there are evidence that

drug exposure could reduce some forms of impulsivity (Caprioli et al., 2013), animal studies

aimed at identifying vulnerability factors for the development of addiction consistently

reveal that impulsivity itself may influence the development of drug dependence.

Animal studies show that high impulsivity predicts the tendency to escalate drug intake. In

rats, high impulsivity – measured by delay discounting – is a vulnerability factor for both

alcohol (Poulos et al., 1995) and cocaine (Perry and Carroll, 2008; Perry et al., 2005) self-

administration. Dalley et al. (Dalley et al., 2007) showed that excessive impulsive

responding in the 5-choice Serial Reaction Time Task (5CSRTT) predicts marked escalation

of cocaine self-administration compared with non-impulsive controls.

Using a similar approach, Belin et al. (Belin et al., 2008) further showed that high

impulsivity predicts the development of compulsive drug-taking, whereas high reactivity to

novelty predicts the propensity to initiate cocaine self-administration.

Impulsivity in animals not only confers predisposition to escalate drug self-administration

but also increases vulnerability to relapse since, after a period of abstinence, impulsive

animals showed enhanced reinstatement of drug-seeking responses (Everitt et al., 2008b).
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Similarly, enhanced impulsive responding in the 5CSRTT is predictive of enhanced nicotine

self-administration and resistance to extinction (Diergaarde et al., 2008). Together, these

data strongly support the view that impulsivity is an endophenotype predictive for addiction

potential (Dalley et al., 2011).

Common neurobiological impairments in impulsivity and addiction

The high degree of overlap between impulsivity and addiction suggests that these processes

share similar neurobiological mechanisms. In accordance, animal studies provide substantial

evidence that the corticostriatal system – and dopaminergic transmission in particular - is a

common neurobiological substrate.

Abnormalities in the structure and function of striatal and prefrontal regions in animals are

associated with greater impulsivity (Dalley et al., 2011; Groman and Jentsch, 2012). Lesions

of the orbitofrontal cortex promote perseverative responding, whereas lesions of the

infralimbic cortex enhance premature responding (Chudasama et al., 2003). Lesions of the

medial striatum, a main projection area, produce both of these behavioral changes (Rogers et

al., 2001). Impulsive behavior, characterized by a persistent deficit in the animals’ ability to

choose a large delayed reward over a smaller immediate one, have been described after

lesions of the nucleus accumbens core (Cardinal et al., 2001).

Corticostriatal function highly relies on dopaminergic transmission from mesencephalic

dopaminergic neurons. Cognitive control deficits are often associated with alterations in

dopamine transmission in prefrontal cortex and striatum (Arnsten et al., 1994; Cai and

Arnsten, 1997; Cools, 2008; Cools and D'Esposito, 2011; Landau et al., 2009; Vernaleken et

al., 2007) and dopamine depletion in those brain areas impairs cognitive control (Clarke et

al., 2011; Collins et al., 2000; Crofts et al., 2001; O'Neill and Brown, 2007). More

specifically, preclinical studies indicate that alterations in dopamine transmission in the

striatum mediate impulsivity, at least in part, since the amphetamine-induced increase in

impulsivity is attenuated by local depletion of dopamine in the striatum (Baunez and

Robbins, 1999; Cole and Robbins, 1989).

Dopaminergic dysfunction has been largely proposed to be a main factor for the

development of addiction. The dopamine pathway strongly modulates the reinforcing and

motivational properties of rewards and the motivational aspects of behavior (Berridge, 2007;

Salamone and Correa, 2012; Schultz, 2006; Wise, 2008) and is implicated in disorders that

involve abnormal reward seeking and taking. Dopamine levels are decreased in animals

chronically exposed to drugs of abuse (Castner et al., 2000; Kirkland Henry et al., 2009; Lee

et al., 2011; Maisonneuve et al., 1995; Melega et al., 2008; Segal and Kuczenski, 1992; Sorg

et al., 1997). Even though chronic exposure to drugs can decrease dopamine, lower

dopamine transmission before drug use could be a vulnerability factor for the further

development of addiction. Indeed, alcohol-naïve mice (George et al., 1995) or rats

(Gongwer et al., 1989; Quintanilla et al., 2007) selectively bred to prefer ethanol display

decreased basal dopamine levels in the nucleus accumbens, and alcohol preference in these

animals is reversed by direct dopamine receptor activation (George et al., 1995).
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D2 receptor-dependent dopamine transmission in animals is involved in a range of cognitive

processes that are impaired in addiction, such as motivation (Salamone and Correa, 2012)

and behavioral flexibility (Groman and Jentsch, 2012). Similarly, impulsivity in animals

correlates with reduced D2 receptor availability in the striatum. Using PET and

autoradiography, previous studies have shown that D2 receptor availability is reduced in the

nucleus accumbens of impulsive rats (Dalley et al., 2007; Jupp et al., 2013; Caprioli et al.,

2013). In monkeys, D2 receptor availability is inversely correlated with impulsive responses

(Czoty et al., 2010). Strikingly, animals with low D2 receptor levels in the striatum prior to

drug or alcohol exposure subsequently display greater cocaine or alcohol self-administration

(Czoty et al., 2004; Dalley et al., 2007; McBride et al., 1993; Morgan et al., 2002; Nader et

al., 2006; Stefanini et al., 1992). Besson et al. (Besson et al., 2013) recently provided

evidence that the decrease in striatal D2 receptor binding in impulsive animals is related to

decreased mRNA expression in the nucleus accumbens shell as well as in the VTA.

Moreover, peripheral administration of D2 receptor antagonist increases impulsivity (Wade

et al., 2000) as does intra-accumbens shell administration (Besson et al., 2010). Finally,

knock-down of D2 receptor in the striatum produces addiction-like, compulsive eating in

mice (Johnson and Kenny, 2010), whereas its overexpression attenuates alcohol

consumption and cocaine self-administration (Thanos et al., 2008; Thanos et al., 2005;

Thanos et al., 2004; Thanos et al., 2001). Importantly, similarly to dopamine transmission,

drug exposure worsens the decrease in D2 receptor mRNA levels throughout the striatum in

both high and low impulsive animals (Besson et al., 2013).

These data support the idea that dysfunction of the D2 receptor dependent transmission in

the striatum represents a common mechanism underlying impulsivity and addiction, and that

these neurobiological alterations are - at least in part - predictive of the development of

addiction. To an extent, studies in humans are in agreement. Imaging studies of non-

addicted individuals show that low striatal D2 receptor availability is predictive of a

pleasurable response to intravenous stimulant administration, while high binding was

associated with an aversive experience (Volkow et al., 1999; Volkow et al., 2002a). Insofar

as pleasurable experience with a drug is a potential risk for addiction (Davidson et al., 1993;

Volkow et al., 2002a), these results suggest that low D2 receptor binding may confer

vulnerability. Similar results were seen in a study of subjects with a family history of

alcohol or cocaine abuse who have higher D2 receptor availability compared to those

without this risk factor, suggesting that high D2 receptor binding may serve as a marker for

resilience (Volkow et al., 2006a; Volkow et al., 2006b). More recently, Casey et al. (Casey

et al., In Revision) showed that non-dependent young adults at high risk for addiction

(family history of addiction and experience with drugs of abuse) have lower presynaptic

dopamine release compared to controls, suggesting that this may be associated with an

increased risk of future addiction. Similar results have been reported in the IMAGEN trial,

which showed that adolescents with the potential for problematic substance use display

greater risk taking and lower striatal activation (in response to the monetary incentive delay

reward task) relative to comparison subjects (Schneider et al., 2012). Another IMAGEN

study using the same fMRI task showed that activation of the ventral striatum in response to

reward anticipation was lower in adolescent smokers compared to controls, even in subjects

who had smoked less than 10 occasions, suggesting that blunted activation occurs beyond an
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effect that could be attributed just to nicotine exposure (Peters et al., 2011). Since the

monetary incentive delay task has been proposed to depend - at least in part - on striatal

dopamine function (Knutson and Gibbs, 2007; Schott et al., 2008), these findings suggest

that low striatal dopamine signaling is associated with an increased risk of addiction.

Overall, these studies in animals and humans indicate that low D2 receptor levels and low

dopamine signaling correspond with impulsive behavior, which leads to a preference for

small immediate rewards and increased drug self-administration. However, as described

above, animal studies have also shown that drug exposure itself can both further increase

impulsive behavior and decrease dopamine release and D2 receptor binding, suggesting that

a feedback loop may exist where low striatal dopamine provokes impulsivity and increased

drug-taking, which in turn further reduces dopamine signaling and response inhibition. This

model is depicted in figure 2.

Dopamine transmission and incentive motivation

As opposed to impulsivity, increasing striatal dopamine release and D2 receptor levels in the

nucleus accumbens in particular, facilitates incentive motivation, or the “willingness to

expend effort to reach a goal” (Salamone and Correa, 2012; Salamone et al., 2007). The

mesoaccumbens dopamine pathway mediates a variety of rewarding properties of

reinforcers including the modulation of motivation (Schultz, 2006; Wise, 2008). There is

substantial evidence that mesoaccumbens dopamine directly modulates effort expenditure

based upon a cost/benefit computation (Salamone and Correa, 2012; Salamone et al., 2007).

Consistent with this view, dopamine release in the nucleus accumbens increases during

instrumental performance (Ostlund et al., 2011; Segovia et al., 2011). Moreover, increases in

dopamine release facilitate operant responding, whereas dopamine depletion impairs operant

responding in reinforcement schedules with high work requirements (Palmiter, 2008;

Salamone et al., 2007). Moreover, dopamine antagonism in the nucleus accumbens shifts

choice away from more effortful toward less effortful reward-seeking behavior (Salamone et

al., 2007).

D2 dependent dopamine signaling in particular has been shown to play a major role in goal-

directed behaviors. Genetic deletion (Tran et al., 2002) or pharmacologic blockade

(Salamone et al., 2007) of D2 receptors impair operant responding, in particular the

willingness to work for a reward. In addition, we have recently shown that D2 receptor

overexpression in the ventral – but not dorsal - striatum selectively enhances willingness to

expend effort to obtain a preferred outcome over a smaller, but less effortful reward

(Trifilieff et al., 2013). In other words, higher dopamine transmission and D2-dependent

dopamine signaling in the nucleus accumbens are associated with greater willingness to

work for larger but more effortful rewards, while lower dopamine and D2 receptor activity

shifts animal’s choice towards less effortful and smaller immediate rewards (Figure 2).

These findings are consistent with studies showing that the potentiation and inhibition of

dopamine signaling alters cost/benefit decision making in human volunteers. In a PET study

of control subjects, Treadway et al (Treadway et al., 2012) showed a positive association

between striatal dopamine release (left caudate) and the willingness to expend effort to

obtain a larger reward over a smaller reward. Moreover, experimentally-induced decrease in
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dopamine transmission reduces effort expenditure for drug-rewards (Barrett et al., 2008;

Venugopalan et al., 2011).

In attention deficit disorder, deficits in motivation are associated with lower D2 dopamine

receptors in the ventral striatum measured with PET (Volkow et al., 2011). In this study,

trait motivation was assessed using the Achievement scale, which measures characteristics

such as drive and persistence, and the level of D2 receptors in the nucleus accumbens of

ADHD subjects positively correlated with trait motivation (Volkow et al., 2011). Similarly,

Tomer et al. (Tomer et al., 2008) showed that higher D2 receptor availability in the left

striatum is associated with greater positive incentive motivation in healthy controls.

Incentive Motivation and treatment response in addiction

As described above, when presented with the choice to obtain money or self-administer

cocaine, cocaine-abusing subjects with blunted dopamine release chose the immediate, but

smaller reward over the larger but delayed reward (Martinez et al., 2007). Similar results

have been shown with respect to motivation, where treatment-seeking cocaine dependent

subjects underwent PET scans prior to behavioral treatment (Martinez et al., 2011). The

treatment used positive reinforcement (monetary vouchers) as incentive for abstinence from

cocaine (contingency management) (Higgins et al., 2003). The results showed that the

cocaine-abusing subjects with higher D2 receptor levels and higher dopamine release in the

ventral striatum responded to treatment, while those with lower levels did not (Martinez et

al., 2011). Similar results were seen in a study of methamphetamine abusers, where subjects

were scanned with [11C]raclopride to obtain BPND and delta BPND, prior to enrollment in

treatment. The results showed that the methamphetamine-abusing subjects who successfully

maintained abstinence had higher values for both D2 receptor binding and dopamine release,

compared to methamphetamine abusers who did not respond to treatment (Wang et al.,

2012).

Thus in both studies, the subjects with the higher D2 binding in the striatum and higher

dopamine release showed less impulsive behavior and chose the larger, delayed reward

(money and/or treatment) over a smaller, immediate reward (drug). Importantly, in both

studies the subjects who responded to treatment did not differ from the control group in

measures of D2 receptors levels or dopamine release. In other words, substance dependent

subjects with intact dopamine transmission were able to expend effort to obtain a larger

goal, which was their pursuit of recovery from addiction. Moreover, in the study of cocaine

abusers, the subjects who responded to treatment had a higher socioeconomic status

compared to those who relapsed (Barratt Simplified Measure of Social Status: treatment

responders 34.1 ± 9.2; non-responders 27.1 ± 4.5, p = 0.01), and actually did not differ from

the control group (34.8 ± 7.9, p = 0.8). This suggests that the cocaine dependent subjects

who respond to treatment have better psychosocial function compared to those who relapse,

and may have a greater ability, or motivation, to obtain certain non-drug rewards (such as

education and employment).
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Increasing signaling at the D2 receptor as a potential target for treatment?

We have reviewed the human and animal data showing that low striatal dopamine

transmission, measured as low D2 receptor binding and low pre-synaptic dopamine release,

is associated with increased choice impulsivity, which correlates with a preference for small

immediate rewards over larger rewards requiring greater effort. These factors may precede

addiction, and could serve as a risk factor for substance use disorders. However, animal

studies also show that drug exposure itself can increase impulsivity and decrease D2 receptor

binding and dopamine release. Thus, we propose a model where low D2 receptor signaling

coincides with impulsivity, both of which can be exacerbated by drug exposure, with a

progressive increase in further drug use. Alternatively, incentive motivation, or the

willingness to exert greater effort to obtain a more valuable outcome correlates with

increased signaling at the D2 receptor (Martinez et al., 2011; Trifilieff et al., 2013) (Figure

2).

From these studies we suggest that low D2 receptor signaling in the ventral striatum serves

as a neurobiological correlate of impulsive and motivated behavior, and that increased

impulsivity is generally accompanied by impaired incentive motivation. Thus, we propose

that increasing D2 receptor signaling in the ventral striatum may serve as a treatment

strategy for addiction, perhaps by reducing choice impulsivity and enhancing motivation.

While non-selective dopamine agonists have, at best, limited efficacy for cocaine addiction

(Amato et al., 2011; Perez-Mana et al., 2011), a recent study showed that levodopa/

carbidopa was most effective when combined with a behavioral treatment that uses positive

reinforcement to shift behavior (Schmitz et al., 2008), suggesting that the pharmacologic

increase in dopamine signaling is most effective when combined with treatment that

addresses impulsivity and motivation. Alternatively, future treatments that selectively

activate the postsynaptic D2 receptor of the ventral striatum might be required. Given the

generally opposing effects of pharmacological compounds on presynaptic and postsynaptic

D2 receptors, this would require a functionally-selective compound that simultaneously

antagonizes presynaptic D2 receptors while acting as an agonist post-synaptically. The

development of such functionally-selective compounds has been proven to be feasible

(Mottola et al., 2002) and is therefore a promising strategy for the treatment of addiction.

A question raised by this model is the issue of whether increasing motivation in addicted

individuals would increase their motivation to obtain more drug vs motivation for alternative

non-drug rewards. To our knowledge, this question remains unknown, and it would be

important for future studies in addiction to address this question. This hypothesis could be

tested in animals previously exposed to drug self-administration using a competing

behavioral approach in which the animal is given the choice between low dose drug

consumption and alternative non-drug reward – such as intense sweetness (Lenoir et al.

2007; 2013), which has been hypothesized to be highly relevant to model addiction in

animals (Ahmed, 2005; Ahmed et al., 2013). We hypothesize that increasing D2 receptor

signaling in the nucleus accumbens of animals with a history of drug self-administration

could shift their behavior away from dug use and towards non-drug reward.
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Limitations

There are various limitations to this hypothesis. Some of these will require further studies in

both human and animal subjects. The limitations include more precise determination of the

types of impulsivity that are affected in addiction, the effects of enhancing incentive

motivation on addictive behaviors, the bidirectional effect of manipulating striatal dopamine

on impulsivity, and a better understanding of the roles of the different striatal subdivisions in

addiction. These are each summarized below.

1. We have used “impulsivity” to largely mean “acting to obtain a smaller, immediate

reward over expending effort to obtain a larger, delayed reward”. However, while

there are different forms of impulsive behaviors (Bickel et al., 2012a; Dalley et al.,

2011; de Wit, 2009; Leeman and Potenza, 2012), we included various types in the

term impulsivity, particularly in discussing the human studies. The main reason for

this is that subtypes of impulsive behaviors altered in the context of addiction are

not as clearly defined in human imaging studies as they are in other studies.

Additionally, we did not specifically address the role of compulsive behavior in

drug-taking, since the human studies were not fully designed to separate impulsive

and compulsive drug taking. As stated by Izquierdo and Jentsch (Izquierdo and

Jentsch, 2012), controlled decision-making requires inhibitory control over the

automatic response system, which may reflect either impulsive or compulsive

behavior. Future studies in substance abusing humans should investigate these

components of decision-making, as it has been done in animal models (Everitt et

al., 2008a; Izquierdo and Jentsch, 2012). In addition, previous authors have

proposed that impulsivity results from impaired higher cognitive processes that rely

on the integrity of brain regions, such as the prefrontal cortex, in addition to the

striatum (Dalley et al., 2011; Groman and Jentsch, 2012). In this review, we have

focused on impulsivity and dopamine signaling in the striatum, since most studies

of addiction have imaged this particular neurotransmitter system. While other

receptor systems also mediate aspects of impulsive behavior and likely play a role

in addiction, such as the D1 receptor or serotonin system, which plays a crucial role

in impulsive action, these have been discussed elsewhere and should be considered

in future studies (Dalley and Roiser, 2012; Kirby et al., 2011).

2. In this review we have only briefly addressed the likelihood that dopamine

transmission in the striatum has an inverted U effect, where increasing dopamine

benefits individuals with low dopamine transmission, but can aggravate impulsive

behaviors in individuals with high dopamine function (Leyton, 2007). A two factor

model has been proposed by Leyton (Leyton, 2007) which asserts that low

dopamine correlates with an inability to sustain goal directed behavior, a preference

for small immediate rewards, and impaired decision making. This model also

proposes that abnormally high dopamine is associated with novelty seeking,

premature responding and behavioral disinhibition. The data presented here are in

agreement with this model. However, we have only focused on the behavioral

correlates of low dopamine, and refer the reader to the review of Leyton (Leyton,

2007) for full discussion of the two factor model.
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3. Throughout this review we have mainly focused on dopamine signaling in the

ventral striatum due to the imaging data in addiction implicating this brain region.

In addition, preclinical studies largely show that impulsive behavior correlates

closely with dopamine signaling at the D2 receptor in this striatal subdivision.

However, these preclinical studies also show that drug-induced neuroadaptations

initially involve the ventral striatum, but that long-term drug exposure

progressively involves the more dorsal regions of the striatum (Belin et al., 2009;

Everitt et al., 2008b; Porrino et al., 2004). As extensively described by previous

authors, these alterations might reflect a progression from ventral to dorsal domains

of the striatum that accompanies the switch from controlled to compulsive drug

seeking and drug-taking behaviors (Belin et al., 2009; Everitt et al., 2008b;

Izquierdo and Jentsch, 2012). Imaging studies support this theory, and show

increasing involvement of ventral-to-dorsal striatum in addiction and that reversal

learning, which measures flexibility of a response, is closely associated with D2

receptor signaling in the dorsal striatum (Izquierdo and Jentsch, 2012).

Furthermore, recent studies in stimulant dependent individuals show that these

subjects make more perseverative errors compared to both controls and subjects

with obsessive compulsive disorder, and that dopamine agonist administration

normalized perseverative responding in these subjects (Ersche et al., 2011; Ersche

et al., 2008). This topic has been reviewed in detail previously and the reader is

referred to these publications (Belin et al., 2009; Everitt et al., 2008a; Groman and

Jentsch, 2012; Izquierdo and Jentsch, 2012).

Conclusion

We have suggested that increased impulsivity is characterized by a decrease in D2 receptor

signaling in the ventral striatum and generally accompanied by impaired incentive

motivation, or a reduced willingness to expend effort for larger but more effortful reward,

which, in the context of human addiction, would be a non-drug goal. The data from animal

models of impulsive behavior and incentive motivation are remarkably consistent with the

human data with respect to striatal dopamine signaling. Preclinical studies have shown that

overexpressing postsynaptic D2 receptors in the ventral striatum increases incentive

motivation, in particular the willingness to work for more effortful reward over smaller but

immediate outcome (Trifilieff et al., 2013). Notably, a similar manipulation results in

decreased drug intake (Thanos et al., 2008; Thanos et al., 2005; Thanos et al., 2004; Thanos

et al., 2001) and, as mentioned above, cocaine-abusing subjects with higher D2 receptor

levels in the ventral striatum showed better response to treatment (Martinez et al., 2011;

Wang et al., 2012). These findings suggest that increasing D2 receptor signaling may both

reduce drug-self-administration and increase an individual’s willingness to work for a non-

drug reinforcer and therefore facilitate treatment. However, to date, this has not been shown

in animal models of substance abuse and will require further investigation.
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Highlights

Dependence to drugs of abuse is associated with impulsivity.

We review studies showing that dopamine and D2 receptor levels impact impulsivity.

Alterations in dopamine and D2 signaling in addiction are markers of impulsivity.

Striatal dopamine signaling at the D2 receptor is associated with treatment response.
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Figure 1.
PET scans in healthy controls and drug (heroin) dependent subjects The comparison of

panels A and B (pre- and post-stimulant administration) in the healthy controls shows that

radiotracer ([11C]raclopride) binding is reduced in the striatum following methylphenidate

administration.

The heroin dependent subjects have lower D2 receptors (BPND) compared to controls in the

baseline condition (panel A vs C). This group also has less radiotracer displacement (Δ

BPND) following methylphenidate (panels C vs D show less change than panels A vs B).
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PET imaging studies of dependence to other drugs of abuse shows a similar pattern where

both D2 receptor binding (BPND) and dopamine release (Δ BPND) are blunted compared to

controls.
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Figure 2.
Theoretical model based on human and animal data. Low D2 receptor levels and dopamine

transmission in the ventral striatum (left) lead to impulsive behavior, including the choice

for smaller, immediate rewards over larger, but delayed or more effortful, rewards, which

may represent an underlying behavioral pattern seen in addiction. In contrast, higher D2

receptor levels and increased dopamine transmission in the ventral striatum (right) correlate

with increased incentive motivation, which could shift the choice towards more effortful but

bigger outcomes – such as successful treatment – over smaller, immediate reward – such as

drug consumption. In accordance with this hypothesis, imaging studies in humans show that

subjects that respond to treatment have higher transmission at the D2 receptor compared to

those who continue to take drugs.
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Studies in animals show that drug exposure itself can also impact on impulsivity as well as

D2 receptor levels and dopamine transmission, suggesting that the decrease in dopamine

transmission and D2 receptor levels in addiction can be both a predictor and a consequence

of drug use. Thus, continued drug exposure could further diminish D2 receptor signaling and

increase. Whether drug self-administration impairs incentive motivation is not currently

known.
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Table 1

Imaging studies measuring dopamine D2 receptor binding in addiction. Most studies use Positron Emission

Tomography (PET) and some used Single Photon Emission Tomography (SPET), which is indicated with an

asterisk. Although the SPET studies showed no change in D2 receptor availability compared to controls,

differences in imaging methodology are unlikely to explain these differences.

Drug abused Studies showing
decreased striatal D2

receptor binding

Studies showing no
difference in striatal D2

receptor binding

Cocaine (Volkow et al., 1990); (Volkow et al., 1993); (Volkow et al., 1997); (Martinez et al.,
2004); (Martinez et al., 2009); (Martinez et al., 2011)

(Malison et al., 1999)*

Alcohol (Hietala et al., 1994); (Volkow et al., 1996); (Volkow et al., 2002); (Heinz et al., 2004);
(Heinz et al., 2005); (Martinez et al., 2005); (Volkow et al., 2007); (Rominger et al., 2012)

(seen only with voxel-based - not region of interest - analysis)

(Repo et al., 1999) *;
(Guardia et al., 2000) *;

Opiates (Wang et al., 1997); (Zijlstra et al., 2008); (Martinez et al., 2012) (Daglish et al., 2008)

Methamphetamine (Volkow et al., 2001); (Lee et al., 2009); (Wang et al., 2012); (Boileau et al., 2012)

Nicotine (Brody et al., 2004); (Fehr et al., 2008); (Brown et al., 2012) (males only; no difference
females); (Stokes et al., 2012) (Albrecht et al., 2013)
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Table 2

Imaging studies measuring the percent decrease in radiotracer binding following a stimulant challenge

(ΔBPND), which provides an indirect measure of pre-synaptic dopamine release. One study used Single

Photon Emission Tomography (SPET), which is indicated with an asterisk. To date, no studies have shown

that ΔBPND is similar to that of matched controls using a stimulant challenge to increase extracellular

dopamine.

Drug abused Studies showing decreased
dopamine release

Cocaine (Volkow et al., 1997); (Malison et al., 1999)*; (Martinez et al., 2007); Martinez, 2011 #7360}

Alcohol (Martinez et al., 2005); (Volkow et al., 2007);

Opiates (Martinez et al., 2012)

Methamphetamine (Wang et al., 2012)
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