
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Development of new neurobiological strategies to treat patients with cocaine
dependence

Crunelle, C.L.

Publication date
2012
Document Version
Final published version

Link to publication

Citation for published version (APA):
Crunelle, C. L. (2012). Development of new neurobiological strategies to treat patients with
cocaine dependence. [Thesis, fully internal, Universiteit van Amsterdam]. Boxpress.

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/development-of-new-neurobiological-strategies-to-treat-patients-with-cocaine-dependence(a01e3609-cca9-47c9-bb7b-8799bb84fdb6).html


Cleo L. Crunelle

Development of new  
neurobiological strategies  

to treat patients  
with cocaine dependence

D
evelopm

ent of new
 neurobiological strategies to treat patients w

ith cocaine dependence 
C

leo L. C
runelle



Development of new neurobiological strategies 

to treat patients with cocaine dependence

Cleo L. Crunelle



Printed & lay-out by: Proefschriftmaken.nl || Printyourthesis.com

Published by: Uitgeverij BOXPress, Oisterwijk 

Cover: Proefschriftmaken.nl || Printyourthesis.com

ISBN: 978-90-8891-417-1

Please cite as: Crunelle, C.L. (2012). Development of new neurobiological strategies to 

treat patients with cocaine dependence (Doctoral Dissertation). Amsterdam: University 

of Amsterdam.

The studies presented in this dissertation were funded by the following grants: 

#31180003 and #31160206 from the ZonMw Addiction program. The trial presented 

later in this dissertation is registered in the Netherlands Trial Register under trial number 

NTR-3127. None of the funders had any role in the design, recruitment, measurements, or 

presentation of the results in the chapters presented in this dissertation.



Development of new neurobiological strategies 

to treat patients with cocaine dependence

ACADEMISCH PROEFSCHRIFT

ter verkrijging van de graad van doctor 

aan de Universiteit van Amsterdam 

op gezag van de Rector Magnificus

Prof. dr. D.C. van den Boom

ten overstaan van een door het college voor promoties

ingestelde commissie,

in het openbaar te verdedigen in de Agnietenkapel

op dinsdag 22 mei 2012, te 14:00 uur

door 

Cleo Lina Crunelle

geboren te Ukkel, België



4

Promotiecommissie:

Promotores:  Prof. dr. J. Booij 

   Prof. dr. W. van den Brink

Overige leden:  Prof. dr. B.L.F. van Eck-Smit 

   Prof. dr. L.J.M.J. Vanderschuren 

   Prof. dr. A.N.M. Schoffelmeer 

   Dr. L. Reneman 

   Dr. H. Rollema

Faculteit der Geneeskunde



5

Contents

Part 1: General introduction

Chapter 1:  Introduction and outline

Part 2: Potential new pharmacotherapies for cocaine dependence

Chapter 2:  The nicotinic acetylcholine receptor partial agonist varenicline and 

the treatment of drug dependence: a review

Chapter 3:  Varenicline increases striatal dopamine D2/3 receptor binding in rats

Chapter 4:  Dose-dependent and sustained effects of varenicline on dopamine D2/3 

receptor availability in rats

Chapter 5:  Varenicline increases in-vivo striatal dopamine D2/3 receptor binding: 

an ultra-high-resolution pinhole [123I]IBZM SPECT study in rats

Chapter 6:  Cannabinoid-1 receptor antagonist rimonabant (SR141716) increases 

striatal dopamine D2/3 receptor availability

Part 3: Comorbidity and pharmacotherapy in ADHD patients with cocaine dependence

Chapter 7:  Prevalence of attention-deficit hyperactivity disorder in substance use 

disorder patients: A meta-analysis and meta-regression analysis

Chapter 8:  Why methylphenidate treatment in ADHD patients with cocaine 

dependence is less effective than in ADHD patients without cocaine 

dependence: a dopamine transporter imaging study

Part 4: Summary, discussion, and conclusions

Chapter 9:  Summary, discussion, and conclusions

References

Appendix:  Nederlandse samenvatting (Summary in Dutch)

 Dankwoord (Acknowledgements)

 List of publications

 About the author





Part 1
  

General introduction





9

Chapter 1 

Introduction and outline



10

Chapter 1

Introduction

Epidemiology

Cocaine dependence is a chronic relapsing disorder characterized by persistent drug-

seeking and drug-taking behaviour, regardless of long-term negative consequences (DSM-

IV-TR; American Psychiatric Association, 2000). In this dissertation the term dependence 

is used interchangebly with the term addiction. Cocaine is the second most commonly 

used illicit drug after cannabis, and the 2011 World Drug Report states that, in Europe 

alone, about 4.5-5 million people have used cocaine (UNODC, 2010). Substance depend-

ence (e.g., cocaine dependence) affects people worldwide and creates an immense fin-

anciel, social and emotional burden on society. Regardless of the motivation to quit and 

the negative consequences, people with cocaine dependence often relapse and retain an 

immense feeling of craving towards the drug. An increasing demand for cocaine depend-

ence treatment has been noticed in Europe (EMCDDA, 2011). A similar development has 

taken place in the Netherlands with currently about 10,000 individuals seeking treatment 

for cocaine dependence (12% of all patients in addiction treatment), of which about 3,500 

have cocaine as their only substance of abuse (Ouwehand et al., 2010).

Neurobiology of addiction

Individual risk factors may influence experimental drug use, drive subsequent use, or 

maintain compulsive use. Regarding vulnerability for first drug use, environmental fac-

tors (including e.g., family conditions, culture, drug availability, and peer pressure) play 

a key role together with genetic factors. For developing drug dependence, genetic factors 

(60-80%), peer pressure and life-events (together 20-30%) are believed to constitute the 

dominant risk factors (Agrawal & Lynskey, 2008; Kendler et al., 2000). This genetic vulner-

ability is translated into a series of biological risk factors, including low sensitivity for 

reward (reward deficiency) and deficits in self-control (disinhibition). 

Low sensitivity for reward (or reward deficiency), mediated by decreased activity 

of the brain reward circuitry and the neurotransmitters dopamine and glutamate, is an 

important risk factor for drug use and the development of drug dependence (Comings 

& Blum, 2000; Volkow et al., 2010). Individuals with decreased sensitivity to rewarding 

stimuli would be especially driven and motivated to obtain reward (and additionally, take 



11

Introduction and outline

more risky decisions) (Hommer et al., 2011; Volkow et al., 2004; 2010). Moreover, in indi-

viduals at increased risk for drug abuse or dependence, frequent and repeated drug use 

may lead to a further decrease in the valuation for natural rewards (anhedonia, reward 

deficiency) (Volkow et al., 2010). In contrast, the presence of inherited increased reward 

sensitivity (higher availability of postsynaptic dopamine receptors) might be a protective 

factor against addictive behaviors (Blum et al., 2010; Volkow et al., 1999a; 2006).

Frequent and repeated drug use can lead to increased valuation of drug stim-

uli relative to natural rewards (increased salience, cue-reactivity) and increased atten-

tion to drug-related stimuli (attentional bias), which correlate with alterations of the 

orbitofrontal cortex, amygdala, and nucleus accumbens mediated by the neurotransmit-

ters dopamine, serotonin and glutamate (Childress et al., 1999; Garavan et al., 2000). 

Increased attentional bias and cue-reactivity towards drug and associated stimuli have 

been proposed to represent one of the core mechanisms of drug dependence that lead to 

compulsive drug seeking, craving and relapse in abstinent drug dependent individuals 

(Franken et al., 2004). Indeed, increased activity of limbic, prefrontal and anterior cingu-

late regions have been repeatedly observed in abstinent cocaine-dependent individuals 

compared to non-drug using individuals during visual drug-related cues (Childress et al., 

1999; Garavan et al., 2000; Maas et al., 1998; Wexler et al., 2001). Finally, frequent and 

repeated drug use can further lead to habit formation and compulsive drug use, which 

are mediated by dopamine in striatal brain regions and is believed to be associated with 

a shift from ventral to more dorsal striatal region involvement (Belin & Everitt, 2008).

Impulsivity constitutes another vulnerability factor for drug use, and individu-

als with poor self-control are more likely to initiate substance use at an early age (Crews 

& Boettiger, 2009; Fergusson et al., 2007; Verdejo-Garcia et al., 2008). In many cases, de-

creased functioning of the inhibitory system and thus poor self-control (dorsolateral pre-

frontal cortex and anterior cingulated cortex hypoactivation, and serotonin, dopamine, 

glutamate and gamma aminobutyric acid (GABA) signaling) is observed in drug depend-

ent individuals (Adinoff et al., 2007; de Wit, 2009; Diekhof et al., 2011; Pavlov et al., 2011). 

During response inhibition tasks, cocaine dependent individuals generally showed lower 

activation of the dorsolateral prefrontal cortex and anterior cingulated cortex compared 

to non-drug using individuals (Hester & Garavan, 2004; Kauffman et al., 2003; Li et al., 

2008; Meade et al., 2011; Crunelle et al., submitted). 

Thus, in many processes related to the development or persistance of drug de-

pendence, including reward sensitivity, impulsivity, salience/craving, and compulsive 

drug seeking, dopamine is one of the neurotransmitters that play an important role. This 

dissertation focuses mainly on dopamine and its role in reward deficiency, a hypothesis 
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that states that inadequate functioning of the reward system (where natural rewards fail 

to activate the dopaminergic reward circuitry adequately and drug use is experienced as 

especially rewarding) leads to the repeated and persistant drug use despite negative con-

sequences (Gould et al., 2011; Hommer et al., 2011). In addition, this thesis looks at the 

role of dopamine transporters (DATs) in the treatment of attention deficit/hyperactivity 

disorder (ADHD) patients with a comorbid diagnosis of cocaine dependence. 

Cocaine dependence

Cocaine intake results in an acute increase of extracellular dopamine in the brain due to 

binding of cocaine to the DAT. The blockage of dopamine reuptake from the synaptic cleft 

and the fast pharmacokinetic characteristics of cocaine are associated with its reinforc-

ing effects (Kuhar et al., 1991; Ritz et al., 1987). Frequent and repeated stimulation of the 

dopaminergic system activates and alters the reward circuitry in the brain, including 

frontal and striatal brain areas (Volkow et al., 1996). Additionally, following repeated use, 

dopamine release also occurs when drug use is expected (Schultz et al., 2000), contrib-

uting to the immense feeling of craving towards cocaine upon repeated use. Finally, it 

is hypothesized that frequent and chronic drug use renders the dopaminergic reward 

system hypoactive (Nader et al., 2006; Nikolaus et al., 2007; Volkow et al., 2007). One of 

the most consistent findings in cocaine dependence is a decreased availability of postsy-

naptic striatal dopamine D2 receptors after repeated drug use probably due to receptor 

down regulation following high synaptic dopamine concentrations (Martinez et al., 2004; 

2009; Thanos et al., 2008; Volkow et al., 1990; 1993). However, some individual recovery 

in dopamine D2 receptor availability was observed following abstinence both in rodents 

and in humans (Nader et al., 2006; Volkow et al., 1990). Also, some evidence suggests that 

the dopamine D2 receptors might be implicated in the perception of the ‘high’ associated 

with cocaine use, and indicates that low levels of dopamine D2 receptors might also be 

required for drugs to be distinguished as specifically reinforcing (Volkow et al., 1999b). 

It should be noted here that there is still discussion on whether decreased dopamine D2 

receptor availability is the cause or the consequence of drug use or both (Agrawal & Lyn-

skey, 2008; Volkow et al., 1999a).

Treatment of cocaine dependene

Several pharmacological compounds targeting different neurotransmitter systems have 

been tested to reduce craving and prevent relapse in cocaine dependent patients (e.g., 

topiramate, vigabatrin, citalopram, aripripazole, cabergoline, methamphetamine, dex-
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amphetamine, modafinil, disulfiram; van den Brink et al., 2011), but have thus far neither 

been very successful nor very popular, and these medications are often associated with 

important side effects or involve the administration of stimulant-like medications (e.g., 

the amphetamines), which may create a dopamine-mediated abuse liability. Thus far, no 

compound has been registered for the indication cocaine dependence (van den Brink et 

al., 2011). It has been proposed, however, that upregulation of the dopamine D2 recep-

tors may result in potentially effective pharmacotherapy for substance use disorders, 

including cocaine dependence and other reward deficiency disorders (Blum et al., 2008a; 

Nader et al., 2006; Thanos et al., 2005; 2008). In this regard, it is of interest that, in rats, 

increasing dopamine D2 receptor availability (by DNA transfer using an adenovirus) in 

the nucleus accumbens resulted in a significant reduction in cocaine self-administration 

(Thanos et al., 2008). 

Varenicline as a new treatment option for cocaine dependence

In this regard, pharmacotherapy with varenicline, an α4β2 nicotinic acetylcholine recep-

tor partial agonist, may be of interest. Varenicline is effective for smoking cessation due to 

its agonist-antagonist profile and probably partly by its indirect effects on the dopamin-

ergic system. Firstly, varenicline functions as an agonist on the nicotinic acetylcholine 

receptors with a relatively low intrinsic activity, thereby maintaining low to moderate 

levels of extracellular dopamine release to decrease withdrawal symptoms after smok-

ing cessation. However, when smoking, varenicline mainly functions as an antagonist of 

nicotine at the nicotinic acetylcholine receptors, thereby reducing smoking satisfaction 

(Cahill et al., 2011; Coe et al., 2005a). Activation of the α4β2 nicotinic acetylcholine recep-

tors activates dopamine release (Rollema et al., 2007), and thus partial blocking of the 

nicotinic receptor could result in upregulation of postsynaptic dopamine receptors by 

decreasing dopamine release. Consequently, although speculatively, a hypothesis would 

be that its efficacy in smoking cessation and the prevention of relapse might be related to 

an increase of striatal dopamine D2 receptor levels. 

Varenicline reduces alcohol seeking in rats (Bito-Onon et al., 2011; Steensland 

et al., 2007; Wouda et al., 2011) and decreases craving in heavy alcohol dependent indi-

viduals (Fucito et al., 2011). Additionally, one recent clinical trial in cocaine dependent 

patients showed that varenicline treatment decreased cocaine use and craving compared 

to placebo (Plebani et al., 2011). Subsequently, one may propose that varenicline or other 

nicotinic partial agonists might be an effective pharmacotherapy for cocaine depend-

ence, possibly by increasing dopamine D2 receptor availability. 
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Cannabinoid receptor antagonists as a new treatment option for 
cocaine dependence

Animal studies have shown an increase in relapse rates following stimulation of the can-

nabinoid system (de Vries et al., 2001), thereby proposing a role for cannabinoid an-

tagonists as potential compounds to reduce relapsing episodes in cocaine dependence 

(De Vries and Schoffelmeer, 2005; Le Foll & Goldberg, 2005). Several preclinical studies 

have been conducted with the cannabinoid CB1 receptor antagonist rimonabant on co-

caine, nicotine, and alcohol seeking and showed reduced drug self-administration and 

reduced motivation for drug intake (Le Foll & Goldberg, 2005; Ward et al., 2009; Yu et al., 

2011). However, while clinical trials have shown that rimonabant has moderate efficacy 

for smoking cessation (Cahill & Ussher, 2011), another cannabinoid receptor antagonist 

(surinabant) has not (Tonstad & Aubin, 2012), and it is unclear whether cannabinoid re-

ceptor antagonists are also effective for alcohol dependence (Soyka et al., 2008; George et 

al., 2010). The cannabinoid system is in close interaction with the dopaminergic system, 

and subsequently rimonabant might (indirectly) excert its effect through dopamine D2 

receptor availability, thereby reducing drug intake and craving. More specifically, stimula-

tion of cannabinoid receptors leads to dopamine release, and blocking the cannabinoid 

CB1 receptor might, therefore, reduce dopamine release resulting in increased dopamine 

D2 receptor availability postsynaptically. 

Treatment of comorbid ADHD in cocaine dependent patients

Psychiatric disorders, including ADHD, often co-occur with cocaine dependence and 

negatively influence treatment outcome in cocaine dependence (Delavenne et al., 2011; 

Fayyad et al., 2007; Kelly et al., 2012; Kessler et al., 1996; Levin et al., 2007). ADHD is 

an important risk factor contributing to cocaine dependence, which can be explained 

largely by the commonalities between both disorders, including genetic predispositions, 

impulsivity, and altered reward sensitivity in ADHD patients (e.g., Bukstein, 2011; Wilens 

and Morrison, 2011). Indeed, impulsivity is a key characteristic of ADHD pathology, and 

ADHD is hypothesized to constitute a subtype of reward deficiency syndromes (Blum et 

al., 2008b). In general, ADHD can be treated successfully by methylphenidate, a com-

pound that, like cocaine, also binds to the DAT, where it blocks the reuptake of dopamine 

from the synaptic cleft. Methylphenidate is, however, less effective in ADHD patients 

with cocaine-dependence than in ADHD patients without a substance use disorder (Levin 

et al., 1998; 2007; Schubiner et al., 2002; Szobot et al., 2008), but the underlying reason 

for this lack of efficacy remains unclear. Differences between ADHD patients with and 
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without cocaine dependence in the availability and occupancy by methylphenidate of 

DATs could be a possible explanation for the low success rates in ADHD patients with a 

comorbid substance use disorder.

Visualization of dopamine receptors and transporters in-vivo

Nuclear imaging techniques such as positron emission tomography (PET) or single pho-

ton emission computed tomography (SPECT), using radiopharmaceuticals that bind 

to the specific receptor of interest, are widely used in clinical settings and allow the 

measurement of receptor availability and receptor occupancy after pharmacotherapy. In 

this regard, the radiopharmaceuticals [123I]IBZM (iodobenzamide) and [123I]FP-CIT (N-ω-

fluoropropyl-2β-carbomethoxy-3β-{4-iodophenyl}nortropane) are well-validated radio-

ligands to assess in-vivo dopamine D2-like receptors and DATs, respectively, and have 

been used frequently in preclinical and clinical studies (Booij et al., 1997; Verhoeff et al., 

1991). 
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Outline of this dissertation

The second part of this dissertation starts with a review on the potential usefulness of 

a partial agonist for nicotinic acetylcholine receptors to treat cocaine dependence (Part 

2: Chapter 2). Subsequently, this dissertation describes a series of preclinical studies on 

the nicotinic partial agonist varenicline (Champix®) (Part 2: Chapters 3-5) and a preclini-

cal study on the effects of the cannabinoid antagonist rimonabant (Accomplia®) (Part 2: 

Chapter 6) using storage phosphor and SPECT imaging. Using the radiotracer [123I]IBZM, 

the hypothesis was tested that chronic treatment with varenicline and rimonabant may 

increase dopamine D2 receptor availability.

The third part of this dissertation starts with a meta-analysis on the prevalence 

of ADHD in treatment seeking substance use disorder patients (Part 3: Chapter 7) and 

is followed by a clinical trial comparing ADHD patients with and without a comorbid 

diagnosis of cocaine dependence and to better understand the lack of effect of meth-

ylphenidate treatment in the comorbid group (Part 3: Chapter 8). More specifically, us-

ing [123I]FP-CIT as a radiotracer, we measured DAT availability and DAT occupancy by 

methyphenidate in ADHD patients with and without comorbid cocaine dependence, to 

test the hypothesis that increased DAT availability and decreased DAT binding by meth-

ylphenidate is responsible for the lack of effectiveness in ADHD patients with comorbid 

cocaine-dependence. 

This dissertation ends with a summary, discussion, and concluding remarks 

(Part 4: Chapter 9).



Part 2
  

Potential new pharmacotherapies 
for cocaine dependence
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The nicotinic acetylcholine 
receptor partial agonist varenicline  

and the treatment of  
drug dependence: a review

From:

Crunelle CL, Miller ML, Booij J, van den Brink W. The nicotinic acetylcholine receptor par-

tial agonist varenicline and the treatment of drug dependence: a review. 

European Neuropsychopharmacology 2010, 20: 69-79.
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Abstract

Drug dependence is a chronic brain disease characterized by recurrent episodes of re-

lapse, even when the person is motivated to quit. Relapse is a major problem and new 

pharmacotherapies are needed to prevent relapse episodes. The nicotinic acetylcholine 

receptor (nAChR) plays an important role in nicotine dependence, alcohol consumption 

and cue-induced cocaine craving. Stimulation of the nAChR has been found to alter and 

modulate cell firing in brain areas important for the maintenance of drug dependence. 

Varenicline, an α4β2 nAChR partial agonist and an α7 nAChR full agonist registered for 

the treatment of nicotine dependence, significantly reduces nicotine craving and pre-

vents relapse. In addition, varenicline reduces alcohol consumption in rats. Based on a 

review of the available literature, we hypothesize a potential role for varenicline in the 

prevention of relapse in patients recovering from drug dependence other than nicotine 

dependence.
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1. Introduction

Drug dependence is a prevalent disorder that creates a variety of social, financial and 

medical problems. Because drug dependence is a chronic relapse disease, there is a criti-

cal need for effective pharmacotherapies to help patients in their efforts to overcome 

the disease. Once abstinent, recovering addicts experience craving episodes triggered by 

environmental cues, stress, or the use of even a small amount of the drug itself (Shaham 

et al., 2003). Craving episodes are often followed by renewed drug-seeking and relapse, 

making it difficult for recovering addicts to remain abstinent. Relapse largely contributes 

to health costs and social problems for the dependent individual as well as for the prob-

lems of society as a whole.

Thus far, several pharmacotherapies were tested to evaluate treatment effects 

in different types of dependence. Although some of the medications were effective, none 

of them showed large effect sizes leaving ample space for improvement. For example, 

proven effective and registered medications are available for the treatment of alcohol 

dependence, but effect sizes are moderate at best with numbers needed to treat (NNT) 

ranging between 7 and 15 depending on the medication and the outcome measure (e.g. 

Rosner et al., 2008). A similar situation exists for opioid dependence with several mode-

rately effective medications registered for the treatment of heroin dependence (Gowing 

et al., 2009; Lobmaier et al., 2008; Mattick et al., 2009; O’Connor et al., 1997; van den 

Brink and Haasen, 2006). In cocaine-dependent patients, a broad range of pharmacologi-

cal compounds were tested to reduce craving and relapse, but no large scale trials were 

conducted and none of the compounds has been registered so far (Kampman, 2008; Karila 

et al., 2008; van den Brink and van Ree, 2003). Recently, the opioid receptor antagonist 

naltrexone was found to be helpful in treating amphetamine dependence, but replication 

studies are needed for a final conclusion (Hill and Sofuoglu, 2007; Jayaram-Lindstrom et 

al., 2008; Rose and Grant, 2008). For cannabis dependence, no large scale clinical trials 

are available thus far (Benyamina et al., 2008; Clapper et al., 2009; Nordstrom and Levin, 

2007). The antidepressant bupropion and nicotine replacement therapies are effective 

and registered for the treatment of nicotine dependence, but effect sizes are small and 

relapse is frequent (Cahill et al., 2008; Stead et al., 2008; Hughes et al., 2007). Recently, 

cytisine (a partial agonist of nicotinic acetylcholine receptors (nAChRs)) and the newer, re-
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lated compound varenicline were introduced, showing substantial reductions in nicotine 

craving and smoking (Cahill et al., 2008). 

Developing effective treatments for patients with a substance-use disorder re-

mains a challenge and it is necessary to continue the search for new pharmacotherapies 

that help recovering addicts overcome craving and relapse. Here, we suggest a role for 

nAChR partial agonists, such as varenicline, in preventing relapse to drugs of abuse. This 

review aims to assemble theoretical and experimental support for a potential role of 

drugs targeting nicotinic receptors in the treatment of drug dependence, with a special 

focus on varenicline.

2. The process of drug dependence  
and the brain

2.1. Phases in development of drug dependence, involved brain 
structures and neurotransmitters

Risk factors can drive and predict initial drug use. These include environmental factors 

such as parental drug use, peergroup relationships, and family, school and/or employ-

ment problems. Additionally, genetics play a role in the onset (Uhl et al., 2008), but do not 

per se lead to drug dependence; it merely increases the risk of developing dependence in 

the presence of environmental risk factors (Crabbe, 2002; Nestler, 2000).

Drugs of abuse act in the brain as rewards, producing activity in the central 

nervous system via neurotransmitters. Important brain structures in acute reward me-

chanisms include the ventral tegmental area (VTA) and nucleus accumbens (NcA), with 

dopamine (DA) as the main neurotransmitter (Koob and Bloom, 1988; Koob and Volkow, 

2009; Volkow et al., 1999). Rewarding effects also occur when drug use is expected, and 

are driven by DA in the thalamus, basal ganglia, occipital cortex, and cerebellum (Schultz 

et al., 2000; Volkow et al., 2003).

When transitioning to frequent drug use, drug induced changes occur in the 

brain: drugs become less rewarding and increasing amounts of the drug are needed to 

obtain the desired effect; this is known as tolerance (Wonnacott et al., 2005). Moreover, 

the hippocampus and amygdala play key roles in associating previous, positive drug ex-

periences with memory (Hyman et al., 2006). Brain areas such as the NcA core, basolateral 
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amygdala, thalamus, and orbitofrontal cortex (OFC) (neurotransmitters DA, dynorphin 

and glutamate) link drug use experiences with environments and other drug-associated 

cues; a process termed conditioning (Belin and Everitt, 2008). Cues that predict use acqui-

re increased motivational significance, and facilitate drug use (Berke and Hyman, 2000; 

Volkow et al., 2006). Furthermore, increased salience is associated with altered drug re-

ward value, modulated by the OFC and the neurotransmitter DA (Volkow et al., 2007b).

While changes develop due to frequent use, drug use evolves from being recrea-

tional to becoming habitual. During the process of habit formation, dorsal striatal subdi-

visions (the putamen and caudate nucleus) become involved through DAergic input (Bar-

nes et al., 2005; Yin and Knowlton, 2006). As seen in animal models of drug dependence, 

drug consumption becomes compulsive (Roberts et al., 2007; Vanderschuren and Everitt, 

2004). In the light of automated actions, the dorsal striatum and DA play an important 

role (Di Chiara, 1998; Everitt and Robbins, 2005; Hyman and Malenka, 2001; Robbins and 

Everitt, 2002; Volkow et al., 2007a).

Unfortunately, some individuals get to a stage where they cannot stop the com-

pulsive use of drugs and become dependent. Even in abstinent persons, drug-related cues 

are able to produce craving (Hyman, 2005; Koob et al., 2004), activate drug seeking and 

reinstate consumption (Hyman and Malenka, 2001; Robinson and Berridge, 2003). More-

over, reactions to cues can occur unconsciously (Childress et al., 2008; Graybiel, 1998), 

making it difficult for abstinent addicts to recognize, anticipate, or prevent relapse. Fur-

thermore, withdrawal symptoms play an important role in relapse during detoxification. 

The locus coeruleus, frontal cortices, NcA and VTA, and neurotransmitters norepinephri-

ne, glutamate, DA and gamma amino butyric acid (GABA) are most importantly involved 

in these processes (Riahi et al., 2009; Koob and Volkow, 2009).

Also important in drug dependence, are the processes of decision making, con-

flict monitoring, and motor inhibition. The brain areas involved in making choices and 

monitoring conflicts include the anterior cingulate cortex (ACC) and the dorsolateral 

prefrontal cortex (DLPFC) respectively (Bechara et al., 2000; Carter and van Veen, 2007). 

These brain areas are not sufficiently active in drug-dependent individuals. Motor inhi-

bition is also decreased in dependent individuals, and subsequent motivational pressure 

easily leads to increased drug intake (Arnsten, 2006). Disruptions in conflict monitoring 

and decision making (both PFC) may partially explain why drug-dependent individuals 

keep taking drugs despite the knowledge of serious negative consequences (Bechara et 

al., 2000).

In summary, drug dependence is a complex process where the brain adapts to 

the continued presence of drugs. Adaptations in the brain lead to behavior that is charac-
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terized by the search for and consumption of more drugs, regardless of negative conse-

quences. When drug-dependent individuals stop using the drug and become abstinent, 

drugrelated cues and stress can recurrently lead to craving and relapse.

Many drugs of abuse, ranging from nicotine to cocaine, share common functions 

at the neurochemical, molecular, and anatomical levels. Similar and enduring neuroadap-

tations occur that far outlast the initial acute effects of the drug. Such adaptations are 

believed to underlie compulsive drug-seeking behavior and the tendency to relapse (Kel-

ley, 2002).

2.2. Role of dopamine in the process of drug dependence

Endogenous DA increases in the VTA, NcA, OFC and thalamus are associated with  re-

ward after administration of stimulant substances of abuse such as nicotine, cocaine and 

methamphetamine (Volkow et al., 1999; for review see Koob and Volkow, 2009). These 

drugs stimulate endogenous DA release more intensely than natural rewards, causing 

drugs to become more salient than natural rewards. The brain DA reward system includes 

the VTA and NcA, wherein associations are formed between drug-related stimuli and be-

havior, i.e., drug-seeking consumption (Schultz, 2006, 2007). These conditioned stimuli or 

cues enhance extracellular DA firing to initiate craving (Schultz, 2006). In drug-dependent 

subjects, cue-elicit craving is correlated with DA release (Volkow et al., 2006; Zijlstra et 

al., 2008). Subsequently, craving is hypothesized to be due to neuroadaptations of the 

mesolimbic DA system (Franken et al., 2005; Koob et al., 2004; Robinson and Berridge, 

1993). Furthermore, the DA system is implicated in attentional bias towards drug-related 

stimuli (Franken et al., 2004) and is associated with the development and storage of 

memory (Volkow et al., 2007a).

Neurochemical events are likely to contribute to longlasting alterations induced 

by addictive drugs. Many drugs of abuse increase release of DA in brain reward areas 

such as the NcA and PFC. However, chronic drug use leads to hypodopaminergic function 

(Nader et al., 2006; Volkow et al., 2008), which may be explained by adaptations at the 

level of postsynaptic DA receptors. After repeated drug use, receptors show down-regu-

lation with a long-term reduction of DA receptor binding (Nikolaus et al., 2007; Volkow 

et al., 1993). DA receptors remain down-regulated after abstinence (Volkow et al., 1993), 

although some rate of recovery was noted in non-human primates (Nader et al., 2006). 

Based on these and other findings, Blum et al. (2008) proposed that upregulation of the 

DA receptors in the NcA by activating rather than blocking DA receptors could result in 

an effective treatment for substance-use disorders.
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In summary, the DA system modulates the aspects of learning, reward and moti-

vation (Hyman, 2005; Wise, 1998) and chronic drug use leads to a decrease in postsynap-

tic DA receptor availability. Therefore, increasing DA receptor availability is a potential 

treatment strategy for drug dependence (Blum et al., 2008; Nader et al., 2006).

3. The role of nicotinic acetylcholine receptors  
in drug dependence

The brain contains different neurotransmitter systems, such as a DAergic, serotonergic, 

GABAergic and glutamatergic system. In addition, an extensive network of connections 

is modulated by acetylcholine (ACh): the cholinergic system. The receptors of the cholin-

ergic system are divided into muscarinic acetylcholine receptors (mAChRs) and nicotinic 

acetylcholine receptors (nAChRs). Because varenicline has a strong affinity to the nAChRs 

and not to the mAChRs, we focus on the nicotinic receptor subtype to assess the potential 

role of varenicline in the treatment of drug dependence. 

Nicotinic AChRs are ionotropic; they form ion-channels in the plasma mem-

brane of the cell that can be opened by ACh and nicotine (Itier and Bertrand, 2001). 

Nicotinic AChRs include 5 subunits, formed by combinations of α-subunits (α2–α10) and 

β-subunits (β2–β4). Combinations result in receptors with different neuronal distribution 

and affinity regarding ligand binding (Changeux et al., 1998). The α4β2 nAChR consists 

of two α4- and three β2-subunits combined to a neuronal nicotinic receptor with high 

affinity for nicotine, which is widely distributed and represented in the rat brain (Flores 

et al., 1992; Wada et al., 1989) and stably expressed in the human brain (Gopalakrishnan 

et al., 1996).The subgroup of α7 nAChRs is widely present in the human central nervous 

system. They are found in the cortex, hippocampus, VTA, and striatum, where they are 

expressed both pre- and post-synaptically on cholinergic neurons as well as on gluta-

mate- and GABA neurons (Jones and Wonnacott, 2004; McGehee and Role, 1996).

Nicotinic AChRs seem to be centrally involved in the neuroadaptations induced 

by exogenous nicotine, amphetamine and cocaine. For example, repeated nicotine expo-

sure results in an increase in functional nAChRs and, more specifically, sensitization of 

the mesolimbic DA response to nicotine (Balfour, 2004). In addition, Schoffelmeer et al. 

(2002) showed that endogenous release of DA following amphetamine and cocaine ad-

ministration and subsequent nAChR activation is a precondition for increased DA release 
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in the NcA and behavioral sensitization. Thus, nAChR activation may be crucial for the 

development of dependence to many drugs of abuse (Schoffelmeer et al., 2002).

3.1. Nicotine and the dopaminergic system

One third of the α4β2 nAChRs are located on DAergic cell bodies in the mesostriatal DA 

system (Clarke and Pert, 1985; Zhou et al., 2003). Subsequently, nicotine enhances DA 

release through presynaptic nAChRs in striatal synapses and is thus characteristic for re-

ward-related signaling (Dani and De Biasi, 2001; Di Chiara, 2000; Pidoplichko et al., 1997; 

Rapier et al., 1988; Rice and Cragg, 2004). When pretreated with a nAChR blocker, no 

increase in DA release was observed after nicotine administration (Giorguieff-Chesselet et 

al., 1979; Imperato et al., 1986). Moreover, knockout mice lacking the nAChR β2-subunit 

show no increased DA levels in dorsal and ventral striatum and fail to maintain nicotine 

self-administration as compared to wild-type siblings (Marubio et al., 2003; Picciotto et 

al., 1998). Additionally, the presence of α4-containing-nAChRs is sufficient for nicotine-

induced reward, tolerance and sensitization (Tapper et al., 2004). In summary, stimula-

tion of the nAChRs results in increases in extracellular DA, an effect that seems to be 

dependent on the presence of α4β2 nAChRs, and is blocked by nAChR blockers such as 

mecamylamine.

3.2. Role of nicotinic acetylcholine receptors in drug dependence

A direct and indirect role for nAChRs in drug dependence have been observed. For exam-

ple, nAChRs are found in the hippocampus, where they directly facilitate the flow of ex-

citatory information through the process of synaptic strengthening or Long-Term Poten-

tiation (LTP) (Cooke and Bliss, 2006; Gray et al., 1996; Jones et al., 1999; Mansvelder and 

McGehee, 2000). LTP is a process contributing to the maintenance of drug dependence 

and relapse through cellular mechanisms important in learning and memory (Changeux 

et al., 1998; Jones et al., 1999). In addition, nAChRs are present in the frontal cortex, 

where they are directly implicated in attention, memory, and associative learning (Levin 

and Simon, 1998; Pepeu and Giovannini, 2004).

Indirectly, nAChR activation influences neurotransmitter systems, such as the 

choline, glutamate, norepinephrine, DA, serotonin, GABA, and endocannabinoid systems, 

and these changes in turn affect cognitive functioning with a role in drug dependence 

(Dani, 2001). For example, the endocannabinoid system is implicated in reward associ-

ation; glutamate projections in the VTA are related with the development of incentive 

sensitization for drug use and play a crucial role in cue-reactivity and relapse; the neu-

rotransmitter serotonin and the serotonin-1A receptor are important in cue-induced lo-
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comotor behavior; and the GABAergic system modulates the efficiency of the reinforcing 

effects of a drug (Arnold, 2005; Kalivas, 2004; Muller et al., 2003; Roberts, 2005). Finally, 

part of the DA signal is modulated by cholinergic input, and DA release associated with 

reward in drug dependence processes could thus be influenced by modulating the nAChR 

(Keath et al., 2007; Pidoplichko et al., 1997; Wonnacott et al., 2000). As mentioned previ-

ously, an increase in extracellular DA in the NcA due to nAChR activation appears to be 

associated with the rewarding and addictive properties not only of nicotine, but also of 

other psychostimulant drugs of abuse, such as cocaine and amphetamine (Kelley, 2002; 

Schoffelmeer et al., 2002). Furthermore, we cannot exclude that different neurotransmit-

ter systems activated through the nAChRs, could themselves activate the DA system. This 

could be executed through intermediate inhibitory GABAergic and excitatory glutamater-

gic synapses (Kalivas, 1993; McGehee et al., 1995; Pidoplichko et al., 1997; Role and Berg, 

1996; Wonnacott et al., 1990, 2000) and would lead to a further regulation of the activity 

of DA cells in the VTA and downstream on the reward system (Di Chiara, 2000). Through 

nAChR activation, nicotine enhances the actions of glutamate and DA, thus providing a 

potential mechanism of action for the addictive properties of the drug.

Different studies provide evidence that modulating nAChRs could play a more 

general role in drug dependence and is not limited to just nicotine dependence. Exposure 

of whole cells to ethanol for only 3h resulted in long-lasting changes in nAChR expres-

sion levels that remained elevated for nearly a week following withdrawal (Dohrman and 

Reiter, 2003). Also, polymorphisms in the β2 subunit gene of the nAChR were found to be 

associated with subjective responses to alcohol (Ehringer et al., 2007). Parish et al. (2005) 

looked at the density and distribution of DA terminal arbors, using α4 subunit knockout 

mice. Cocaine, amphetamine, haloperidol or nicotine was administered for 8 weeks in 

order to assess the role of the α4 nAChR in regulating the arbor size of DAergic neurons. 

The results showed normal functioning of DA D2 receptor signaling in α4 knockout mice, 

but reduced reuptake of DA and an altered profile of the DA transporter (DAT). This study 

provides additional evidence for a role of nAChRs in altering DA response, specifically by 

regulating terminal arbor size of DA neurons (Parish et al., 2005). Additionally, in opiate 

dependence, nAChRs in the VTA seem to be important for modulating morphine-state-

dependent learning (Rezayof et al., 2008).

In summary, nAChRs seem to contribute to the development of drug depen-

dence both directly and indirectly. Nicotinic AChRs contribute to hippocampal LTP im-

portant for learning and memory, processes that are crucial for the development of drug 

dependence.  Indirectly, nAChRs activate the terminal fields of the DA reward system in 

the brain that contribute to persistence of drug dependence.
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3.3. Full nicotinic acetylcholine receptor antagonists, agonists, and 
partial agonists 

Full agonists, such as nicotine replacement therapy (NRT), aim to replace the activation 

induced by nicotine at the nAChRs, therefore reducing withdrawal symptoms during 

nicotine abstinence (Carrozzi et al., 2008). NRT is proven effective in smoking cessation 

(Silagy et al., 2004), although it does not produce complete abstinence because the smok-

er is still physically dependent on the effects of nicotine. Antagonists, such as meca-

mylamine, fully block the nAChRs and indirectly reduce DA release (Lancaster and Stead, 

2000). Therefore, a full antagonist may deactivate the reward circuit and reduce craving. 

However, antagonists are prone to induce withdrawal symptoms (Carrozzi et al., 2008), 

although this was not found in smokers (Eissenberg et al., 1996; Rose et al., 1989).

Modulating nAChRs can be achieved using nAChR agonists, antagonists or 

partial agonists. A nAChR agonist will mimic the effects of nicotine by activating the 

receptor, whereas a full antagonist blocks the signal to the cell. Antagonists compete 

with agonists for occupancy of the receptors, in order to block activation by nicotine or 

another agonist. Partial agonists display the properties of both agonists and antagonists. 

They occupy the receptor but only partially activate it compared to a full agonist. As a 

consequence, the action of a partial agonist is dependent on the current receptor occu-

pancy (Childress and O’Brien, 2000). In the situation of full receptor agonist occupancy, 

the presence of a partial agonist will result in antagonistic pharmacodynamic effects, 

whereas in the situation of low agonist occupancy, the presence of a partial agonist will 

result in a (mild) agonistic pharmacodynamic effect. For example, in a storage phosp-

hor imaging study in drug-naïve rats, 2 week daily injections of varenicline (2 mg/kg 

body weight) increased DA D2/3 receptor availability one day  posttreatment with about 

14% in the dorsal striatum and with about 15% in the NcA compared to rats receiving 

daily saline injections (Crunelle et al., 2009). In cigarette smokers, a partial agonist would 

mostly work as an antagonist after smoking but as an agonist during abstinence or wit-

hdrawal. To sum up, the rewarding effects of smoking would decrease substantially but 

not disappear completely (Coe et al., 2005b; Rollema et al., 2007a), whereas during drug 

abstinence, withdrawal symptoms and craving episodes would occur less frequently due 

to the release of a low amount of DA.
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4. Partial nicotinic acetylcholine receptor 
agonists in smoking cessation studies

Varenicline is an α4β2 nAChR partial agonist and an α7 nAChR full agonist, which is 

currently registered for smoking cessation in adults. As indicated by the most recent 

Cochrane review (Cahill et al., 2008), treatment with cytisine and its derivative vareni-

cline results in decreased craving, decreased withdrawal symptoms, less pleasure when 

smoking and an increased chance for long-term abstinence. The results of a clinical trial 

showed that treatment with 2 mg/day varenicline for 12 consecutive weeks produced an 

abstinence rate 3 times higher than placebo 12 months after treatment. Cytisine, also a 

partial agonist of the α4β2 nAChR and the parent compound of varenicline, showed a 

1.5 times higher abstinence rate compared to placebo. Also in rat studies, both vareni-

cline and cytisine antagonized nicotine’s stimulant effects (Lesage et al., 2009), although 

the effects were less pronounced for cytisine than for varenicline, probably due to the 

greater affinity of varenicline to the α4β2 receptor (Coe et al., 2005b). Additionally, var-

enicline has a longer half-life and better brain permeability than cytisine (Rollema et al., 

2007b). On the other hand, cytisine is less expensive than varenicline (Etter, 2006; Etter 

et al., 2008). The newer compound varenicline with its high selectivity and potency was 

produced as an upgrade for cytisine (Foulds, 2006).  More nicotinic partial agonists were 

tested for their potential aid in nicotine dependence, such as dianicline (SSR591813) and 

lobeline (Cohen et al., 2003; Stead and Hughes, 2000).  Whereas dianicline was effec-

tive (Cohen et al., 2003), lobeline sublingual tablets showed no significant positive effect 

(Stead and Hughes, 2000).

Due to its improved outcome in smoking cessation compared to other nicotinic 

partial agonists, we further focus on varenicline. In a clinical trial, treatment with vare-

nicline 2 mg/day was significantly more effective than bupropion 300 mg/day treatment 

(overall OR 1.66) in reducing craving and withdrawal symptoms. Moreover, smoking sa-

tisfaction was significantly reduced for those who continued smoking during varenicline 

treatment (Gonzales et al., 2006). Furthermore, 12 week treatment with varenicline was 

more effective than 10 week NRT (Aubin et al., 2008). That is, varenicline significantly 

reduced craving, withdrawal symptoms and smoking satisfaction, and significantly more 

participants remained abstinent after 12 months (26% vs. 20%; OR 1.40) than without 

treatment. Here as well, participants who continued smoking reported decreased smo-
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king satisfaction compared to the NRT group, which could reflect the relative antagonis-

tic effect of varenicline at the α4β2 nAChRs (Coe et al., 2005b).

Abuse liability of varenicline was evaluated in smokers and non-smokers (McColl 

et al., 2008). Abuse liability for the highest dose of varenicline (3 mg) was similar to the 

abuse liability of the placebo condition. In general, partial agonists have a lower abuse 

potential compared to full agonists due to their inability to attain maximal agonist res-

ponse (McColl et al., 2008). This would make partial agonists such as varenicline suitable 

for the treatment of drug dependence. 

A full antagonist may also be effective in smoking cessation. However, a full an-

tagonist (such as mecamylamine) may induce more withdrawal symptoms than a partial 

agonist. Surprisingly, mecamylamine did not precipitate withdrawal symptoms in smo-

kers (Eissenberg et al., 1996) and decreased the subjective rewarding effects of smoking 

and decreased the desire to smoke (Rose et al., 1989). However, evidence suggests that 

mecamylamine in combination with NRT is more effective than NRT alone, mecamyla-

mine alone, or placebo in smoking cessation (Lancaster and Stead, 2000). This could be 

due to a functional effect of the agonist NRT (reduction of the withdrawal effects) in 

combination with the effect of the antagonist mecamylamine (attenuation of the rein-

forcing effects of nicotine) (Rollema et al., 2007b; Rose and Levin, 1992; Rose et al., 1994). 

Subsequently, the development of a nicotine partial agonist such as varenicline, which is 

a functional combination of an agonist and an antagonist, is hypothesized to be optimal 

in the treatment of nicotine dependence (Rollema et al., 2007b).

However, the partial agonist varenicline may induce severe side-effects, inclu-

ding suicidal attempts, depression, psychosis, or paranoia (Kasliwal et al., 2009; Kintz et 

al., 2009; Kutscher et al., 2009; Lyon, 2008). Whether these side-effects are due to vareni-

cline itself, withdrawal from nicotine, or comorbid psychiatric disorders, is undetermined 

(Kasliwal et al., 2009). However, the use of varenicline in addicted subjects needs to be 

monitored extensively in future clinical trials for alcohol and cocaine dependences, as the 

side-effects following the use of varenicline in dependent populations is still unknown. 

When using varenicline in combination with alcohol during a human study, however, 

only minimal adverse events (mood and nausea) were observed (McKee et al., 2009).
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5. Varenicline and alcohol dependence

Smoking is strongly correlated with alcohol dependence (DiFranza and Guerrera, 1990; 

Funk et al., 2006). Consequently, a series of studies were performed on the role of nAChRs 

on alcohol abuse and alcohol dependence.

From studies performed in animals and humans, we know that ethanol-induced 

activation of the mesocorticolimbic DA system involves central nAChR stimulation (Blom-

qvist et al., 1993, 1997, 2002, 1996; Chi and de Wit, 2003; Ericson et al., 1998). In fact, 

the rewarding effects of ethanol are dependent on the activation of the nAChRs, which 

in turn activate the brain mesolimbic DA system (Soderpalm et al., 2000); and blocking of 

the nAChRs in the VTA abolishes the alcohol-induced increase in DA release in an indirect 

way (Ericson et al., 2003; Tizabi et al., 2002). Moreover, mecamylamine blocks ethanol-

induced DA release in the rat NcA through nAChRs mainly from the VTA, and results in 

reduced ethanol consumption in rats (Blomqvist et al., 1993, 1997; Ericson et al., 1998).

In human studies, mecamylamine decreases the stimulant-like effects of alcohol 

in social drinkers (Blomqvist et al., 2002). In order to overcome some of the methodologi-

cal limitations of the former study (no control group, only one dose of mecamylamine), 

Chi and de Wit (2003) replicated and extended the study using a double-blind design in-

cluding 14 males and 13 females with either mecamylamine (7.5 mg or 15 mg) or placebo, 

followed by alcohol consumption (0.8 g/kg body weight) or placebo. They found reduced 

self-reported subjective euphoria after alcohol intake and a reduced desire to consume 

more alcohol in the mecamylamine condition. However, Young et al. (2005) found no re-

duction in choice for alcohol in the mecamylamine versus the placebo condition, raising 

questions with regard to the efficacy of full nAChR blockade in the treatment of alcohol 

dependence (Young et al., 2005).

In rats, varenicline inhibited ethanol consumption and ethanol seeking while 

having no effect on sucrose seeking or water consumption, and produced no effect on 

inactive lever pressing of the self-administration chamber (Steensland et al., 2007). Thus, 

varenicline had no effect on locomotor behavior, which suggests that varenicline may 

have a potential role in the selective reduction of alcohol consumption in humans. In a 

microdialysis study in rats, acute administration of an intermediate dose of varenicline 

(1.5 mg/kg body weight) increased  extracellular DA levels in the NcA with 55% of basal 

levels, while 5-day pretreatment with varenicline significantly attenuated increased NcA 
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DA following combined nicotine and  alcohol administration as compared to vehicle-

treated rats (Ericson et al., 2009). 

Recently, a human study in heavy-drinking smokers showed that varenicline 

reduced the number of drinks compared to placebo, and 7 days pretreatment with vare-

nicline decreased alcohol consumption during a 2-h self-administration session (McKee 

et al., 2009). Unfortunately, this is the only human study available on the effect of vareni-

cline on human alcohol consumption.

6. Approaches for nicotinic acetylcholine 
receptor modulation in other drug 

dependences

Until now, no studies were performed to investigate the effect of varenicline in drug 

dependence other than nicotine and alcohol dependence. Only lobeline was studied in 

dependence other than nicotine, suggesting that this partial nAChR agonist could be 

effective in the treatment of stimulant abuse and dependence, e.g. cocaine and metham-

phetamine (Harrod et al., 2001; Miller et al., 2001; Polston et al., 2006).

The effect of mecamylamine on cocaine self-administration was studied in rats. 

After being trained on a self-administration paradigm for cocaine, either saline or meca-

mylamine (1, 2, or 4 mg/kg sc) was administered. Mecamylamine significantly reduced 

cocaine self-administration in rats, without decreasing general behavioral locomotion 

or food intake (Levin et al., 2000). Also, in mice, blocking nAChRs with mecamylamine 

up to 3 mg/kg body weight produced dose-dependent suppression of both cocaine- and 

nicotine selfadministration (Blokhina et al., 2005). Moreover, daily intravenous mecamy-

lamine (70μg/infusion delivered concurrently with each cocaine injection) was able to 

block escalation from moderate to excessive cocaine use in rats (Hansen and Mark, 2007). 

In addition, inactivation of nAChRs (by using β2 knockout mice) significantly attenuated 

place preference as a measure for the rewarding effects of a drug, and provided evidence 

that activation of nAChRs potentiates cocaine reinforcement (Zachariou et al., 2001).

Administration of nicotine antagonists directly into the VTA or NcA alters co-

caine-elicited increases in DA response in opposite ways depending on the type of nA-

ChR targeted. For example, perfusion of methyllycaconitine (an α7 nAChR antagonist) 
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increased, mecamylamine decreased (a relatively selective α3β4 nAChR antagonist), 

and dihydro-β-erythroidine (an antagonist of heteromeric nAChR subtypes) did not al-

ter cocaine-elicited increase of DA perfused levels (Zanetti et al., 2007), thus providing 

evidence that several pathways and nAChR subunits may be involved in cocaine elicited 

DA release. Also cocaine sensitization is shown to be influenced by α7 and β2 subunits 

of the nAChR: inhibition of these receptor subtypes is necessary to prevent development 

of sensitization to cocaine-elicit increases in DA release in the ventral striatum of mice 

(Zanetti et al., 2006).

On the other hand, no effect of nAChR blockage by mecamylamine was found 

on cocaine-or methamphetamine induced locomotor behavior in mice known to be extre-

mely sensitive to locomotor effects of psychostimulants (Kamens and Phillips, 2008). It is 

possible that the dosages of mecamylamine (although up to 6 mg/kg body weight) were 

not high enough to induce their blocking effects in these mice. Interestingly, the dosage 

seemed to block ethanol-induced locomotor behavior, although ethanol locomotor beha-

vior might not be as persistent as cocaine-induced locomotor behavior. Another explana-

tion might be that different pathways are involved in ethanol and cocaine sensitizations.

In a double-blind clinical study, 20 patients with a history of crack cocaine smo-

king (all cigarette smokers) were given 22 mg nicotine or placebo patches, and subse-

quently exposed to crack cocaine-related environmental cues. Patients were assessed on 

craving, anxiety, skin conductance and temperature. Nicotine administration was signifi-

cantly enhanced following crack cocaine-cue exposure in the absence of tobacco-smoking 

related cues, suggesting that nicotine exposure by itself enhances cocaine craving (Reid 

et al., 1998).  Subsequently, Reid et al. (1999) tested mecamylamine for its effects on cue-

induced cocaine craving in 23 cocaine-dependent subjects in a double-blind, randomized, 

counterbalanced design. Mecamylamine reduced craving for cocaine induced by cocaine-

cue exposure by approximately 50% during the active testing day, suggesting a potential 

role for nAChR modulation in craving and relapse prevention for abused drugs such as 

cocaine. Also desire to use cocaine was significantly reduced by mecamylamine (Reid et 

al., 1999). The work by Reid et al. (1998, 1999) is important in showing that it is possible 

to modulate conditioned cocaine craving using a nicotinic drug. 

Nicotinic AChR modulation also shows promising results for amphetamine de-

pendence (Miller and Segert, 2005; Hiranita et al., 2004). Pre-treating rats with mecamy-

lamine attenuated the hyperactivity and sensitization produced by repeated ephedrine 

10 mg/kg injections, indicating the mediating role of nAChRs in amphetamine depen-

dence (Miller and Segert, 2005). Contradictory effects were found on methamphetamine-

seeking behavior in rats where nicotine administration unexpectedly attenuated met-
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hamphetamine- seeking behavior, and mecamylamine attenuated this effect, suggesting 

that nAChR-activating compounds could be used for relapse prevention (Hiranita et al., 

2004).

Unfortunately, thus far, no animal or human studies were performed to assess 

the effect of varenicline on drug craving or drug consumption.

7. Discussion

In this review, we have focused on the interconnection between DA and the central cho-

linergic system in areas critically important for the development and persistence of ad-

dictive behaviors: locomotor activation, craving, and drug seeking. Nicotinic AChRs in-

fluence a variety of cognitive processes important in drug dependence and are able to 

modulate non-cholinergic neurotransmitter systems indirectly. Most importantly, nAChRs 

are necessary for DA release in the VTA and striatum, which are important areas respon-

sible for reward in drug dependence. Partial agonists are unique because they adapt to 

the current (basal) neurotransmitter concentration in the system, and nAChR partial ago-

nists could therefore be considered extremely beneficial for treating substance-use disor-

ders by modulating the availability of DA receptors. Varenicline, a nAChR partial agonist, 

is a highly effective treatment of nicotine dependence. Varenicline significantly reduces 

craving in nicotine dependence, probably by stabilizing DA release in the brain. Similar 

results were found in animal models of alcohol dependence, suggesting a broader role for 

varenicline in the treatment of drug dependence.

Partial nAChR agonists are more effective in smoking cessation than full nA-

ChR antagonists. One explanation could be that full antagonists cause more withdrawal 

symptoms, which could significantly increase the risk for relapse. Unexpectedly, this was 

not the case for mecamylamine. However, the combination of antagonist (mecamyla-

mine) and agonist (NRT) treatment seemed to be more effective in decreasing nicotine 

craving than a full agonist or a full antagonist alone (Lancaster and Stead, 2000). This 

gives reason to believe that a compound that combines agonist and antagonist functions 

would be the most effective strategy in the treatment of drug dependence. We, therefore, 

believe that varenicline is a good candidate to effectively reduce cue-reactivity and cra-

ving through partial blockage of DA release in brain areas responsible for the rewarding 

effects of drugs, while still releasing enough DA to prevent anhedonia due to low DA 
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release until the brain adapts again.  Continued use of varenicline may induce upregula-

tion of DA D2 receptors (Crunelle et al., 2009), which would lead to reduced drug-seeking 

behavior, and a reduction in relapse episodes on the longer term.

Drug addicted individuals are well-known for their low retention rates and their 

limited adherence regarding medication intake. Fortunately, varenicline treatment for ni-

cotine dependence (2 mg/day) during only 12 weeks has shown to remain effective for a 

minimum of 40 weeks post-treatment (Cahill et al., 2008). Therefore, varenicline seems 

to be a realistic candidate in preventing relapse episodes in detoxified drug addicts. Mo-

reover, varenicline is not very likely to be abused (McColl et al., 2008), yet another reason 

for the use of a partial agonist.

However, VTA DA neurons express different types on nAChRs (Yang et al., 2009) 

and varenicline also has affinity for other receptor subunits, including the alpha7, the 

alpha3beta4, the alpha3beta2 and the alpha6 containing subunit (Mihalak et al., 2006).  

Different nAChR subunits may be involved in the reward mechanisms of different drugs, 

and, in this regard, a study by Larsson et al. (2002) contradicts the involvement of alpha-

4beta2 receptors in alcohol-mediated behavior in a mice study. Therefore, varenicline 

might also decrease alcohol consumption, for example, through interaction with other 

subunits than alpha4beta2. Future work might give more understanding on this negative 

finding on alpha4beta2 receptor modulation for alcohol consumption.

Thus far, no human studies were performed on the working mechanism or on 

the efficacy of varenicline in drug dependence other than nicotine and alcohol depen-

dence. Some studies have focused on full nAChR antagonists and their role in cocaine 

dependence but no studies thus far have studied the effect of a partial agonist. Future 

clinical studies, however, plan to assess the potential effectiveness of varenicline in alco-

hol dependent individuals (Löf and Söderpalm; Plebani; www.clinicaltrials.gov), cocaine-

dependent individuals (Plebani; www.clinicaltrials.gov), and the safety of varenicline in 

amphetamine-dependent volunteers (London; www.clinicaltrials.gov). Our group plans 

further research on the role of varenicline for reducing craving in cocaine detoxified pa-

tients using imaging techniques.





37

Chapter 3

Varenicline increases striatal 
dopamine D2/3 receptor 

binding in rats

From:

Crunelle CL, Miller ML, de Bruin K, van den Brink W, Booij J. Varenicline increases striatal 

dopamine D2/3 receptor binding in rats. 

Addiction Biology 2009, 14: 500-502.
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Abstract

Increasing dopamine D2/3 receptor availability is postulated to be a treatment for drug 

addiction. Varenicline, an α4β2-nicotinic partial agonist, is effective for nicotine depen-

dence. We hypothesize that varenicline increases dopamine D2/3 receptor availability. 

Twenty male drug-naïve rats were randomized to varenicline (2 mg/kg) or placebo for 14 

days, and then injected with the dopamine D2/3 radiotracer [123I]IBZM. We found signifi-

cantly higher striatum-to-cerebellum binding ratios in both dorsal and ventral striatum 

for the varenicline group compared with placebo. Varenicline increases dopamine D2/3 

receptor availability in drug-naïve rats. Therefore, varenicline may be an effective treat-

ment for addictions other than smoking.
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Introduction

Varenicline (7,8,9,10- tetrahydro-6,10-methano-6Hpyrazino-(2,3-h)(3)-benzazepine) is a 

high-affinity α4β2 nicotinic acetylcholine receptor partial agonist registered and effec-

tive for the treatment of nicotine dependence (Eisenberg et al. 2008). Low dopamine (DA) 

D2/3 receptor availability increases the risk for developing drug addiction in non-human 

primates (Nader et al. 2006). High DA D2/3 availability correlates with unpleasant effects 

of stimulants in humans (Volkow et al. 1999) and decreases cocaine and alcohol self-

administration in rats (Thanos et al. 2005, 2008). Finally, α4-nicotinic receptor knockout 

mice show higher DA D2 receptor availability compared with wild types, although not 

significant (Parish et al. 2005). We, therefore, hypothesize that DA D2/3 receptor availability 

can be increased by modulating nicotine receptors using varenicline. This is important 

because pharmacologically increasing DA D2/3 receptor availability in brain areas such as 

the striatum might be an effective approach for treating drug addiction (Thanos et al. 

2005, 2008; Nader et al. 2006). In the current study, we examine the effect of varenicline 

on DA D2/3 receptor availability in the drug-naive rat striatum using [123I]IBZM ex-vivo stor-

age phosphor imaging. We hypothesize that sustained administration of the nicotinic 

receptor partial agonist varenicline leads to up-regulation of striatal D2/3 receptors.

Materials and methods

Male Wistar rats were randomized to either s.c. injections of saline (n = 10) or 2 mg/

kg varenicline (n = 10) for 14 consecutive days at approximately the same time each 

morning. One day later, rats were anesthetized and administered 0.3 ml ± 0.1 ml [123I]

IBZM (37.7 MBq ± 2.8 MBq) i.v. through the tail. Ninety minutes later (Verhoeff et al. 

1991), rats were sacrificed by bleeding through heart puncture under anesthesia. Brains 

were removed and sliced into 50 mm slices. Storage phosphor imaging was performed 

as described earlier (Knol et al. 2008).We exposed the plates with tissue sections for an 

average of 16.7 ± 1.2 hours. Regions of interest were drawn accordingly to standard rat 

brain atlas (Paxinos & Watson 1986) and analyzed using AIDA image analysis (Fig. 1).We 
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selected eight consecutive slices with highest binding (expressed as photostimulated lu-

minescence) for both left and right dorsal striatum of each rat. For the ventral striatum, 

two consecutive slices were selected. For the cerebellum, seven consecutive slices with 

highest binding were selected as area of non-specific binding (Verhoeff et al. 1993). Ratios 

of striatum-to-cerebellum binding were obtained by using the averaged uptake of left 

and right parts and were calculated as follows: [((left + right) striatum / 2) / cerebellum]. 

Varenicline (1 mg film-coated tablets, Pfizer Limited, Kent, UK) was dissolved 

in ethanol and extended with 0.9% natriumchloride solution. The obtained 0.1 ml/100 g 

weight solution was refrigerated during the experiment. [123I]IBZM (GE Healthcare, Eind-

hoven, the Netherlands) had a specific activity of 550 MBq/mol and a radiochemical pu-

rity of > 95%. Anesthesia contained a 2 : 1 ketamine/xylazine mix. 

Outcomes were analyzed using SPSS 15 (SPSS Inc, Chicago, IL, USA). Data were 

normally distributed and t-tests were used to assess within- and between-group differen-

ces with a probability value of 0.05. All procedures were approved by the Animal Ethics 

Committee (AMC, Amsterdam, the Netherlands).

Figure 1: Storage phosphor image of a control rat. Binding of [123I]IBZM (expressed as photostimulated lumi-

nescence) to dopamine D2/3 receptors in the dorsal striatum (a) and regions of interest positions of right and left 

dorsal striatum and cerebellum (b).
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Results

One animal was excluded from analysis because of premature death during [123I]IBZM 

injection. For the dorsal striatum, we found mean specific ratios of 4.8 ± 0.5 (average 

± standard deviation) for the placebo group, and binding ratios of 5.5 ± 0.5 for the 

varenicline group. This corresponds to a relative increase of 13.9% in D2/3 binding ratios 

significant at P = 0.014 (95% CI: 3.2%; 24.6%; Fig. 2). For the nucleus accumbens (ventral 

striatum), we found specific striatum-to-cerebellum ratios of 3.0 ± 0.4 for the placebo-

treated group and 3.4 ± 0.2 for the varenicline-treated group. This represents a relative 

increase of 14.7% in varenicline- compared with placebo-treated rats at P = 0.009 (95% 

CI: 4.1%; 25.3%; Fig. 2).

Figure 2: Dorsal and ventral mean striatum to cerebellum [123I]IBZM binding ratios for saline-and varenicline-

treated rats. All data represent means ± SD, *p<0.05.
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Conclusions

Rats treated with varenicline daily for 14 consecutive days with 2 mg/kg had significantly 

increased levels of DA D2/3 receptor availability in both dorsal (13.9%) and ventral striatum 

(14.7%). Several studies point out that addiction treatment studies should focus on en-

hancing D2 availability (Thanos et al. 2005; Nader et al. 2006; Thanos et al. 2008). 

Discussion

The current experiment shows the ability of a nicotinic acetylcholine receptor partial 

agonist to increase striatal DA D2-like receptor density. This supports the role of non-do-

paminergic drugs in enhancing DA receptor availability in the striatum by manipulating 

α4β2 nicotinic acetylcholine receptors using the partial agonist varenicline. Here, rats 

were not previously exposed to addictive drugs. Consequently, it is likely to find effects 

of varenicline on DA D2 receptor availability larger than 15% in rats previously exposed 

to drugs. 

There were several limitations to the current study; future studies should use 

several dosages, variable treatment duration and variable post-treatment interval assess-

ments. This would enable assessment of dose dependency, effect of treatment duration 

and longevity of increased DA receptor availability after varenicline administration. In 

the current study, rats were anesthetized prior to [123I]IBZM injection. Possible changes in-

duced by the mix of anaesthetics would, however, have occurred in both varenicline- and 

saline-treated groups, and would not have affected varenicline-treated rats differently 

compared with saline-treated rats. Furthermore, it might be more cogent to use base 

material rather than crushing the tablets. Our method, however, is a good representation 

of the human situation. In conclusion, in the current experiment, 2 mg/kg s.c. varenicline 

injections for 14 consecutive days produces a significant increase in D2/3 availability. The-

refore, varenicline is not only an effective drug for the treatment of nicotine dependence, 

but it may also become an effective treatment for other drug addictions.



43

Chapter 4

Dose-dependent and sustained 
effects of varenicline on dopamine 

D2/3 receptor availability in rats 

From:

Crunelle CL, Schulz S, de Bruin K, Miller ML, van den Brink W, Booij J. Dose-dependent and sus-

tained effects of varenicline on dopamine D2/3 receptor availability in rats.

European Neuropsychopharmacology 2011, 21: 205-210.
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Abstract

Imaging studies in drug-dependent subjects show reduced striatal dopamine D2/3 receptor 

(DRD2/3) availability, and it is hypothesized that increasing DRD2/3 availability is a prom-

ising strategy to treat drug dependence. We recently showed that rats treated for two 

weeks with 2mg/kg/day varenicline (a partial agonist at α4β2 nicotinic acetylcholine re-

ceptors) showed higher striatal DRD2/3 availability compared to control rats. The present 

study examined the effects of lower varenicline doses as well as the duration of the effect 

after treatment discontinuation. DRD2/3 availability in striatal areas was studied in 80 

rats following two-week treatment with 0.5, 1 or 2mg/kg/day varenicline or vehicle and 

survival of the effects of varenicline on DRD2/3 availability up to 2 weeks after treatment 

discontinuation using [123I]IBZM storage phosphor imaging. For all varenicline doses, va-

renicline treated rats showed a comparable significantly higher DRD2/3 availability in the 

ventral striatum of approximately 11% compared to control rats, while only the rats 

treated with 1 and 2mg/kg/day dose showed significantly higher DRD2/3 availability in the 

dorsal striatum by 12.5% and 13.2% compared to control rats, respectively. Two weeks 

after discontinuation of the active treatment with 2mg/kg/day varenicline, DRD2/3 bind-

ing in ventral, but not dorsal, striatum was still significantly higher (11.7%) compared 

to vehicle. Varenicline induces dose-dependent and sustained increases in striatal DRD2/3 

in rats, particularly in the ventral striatum. These observations suggest that increased 

DRD2/3 availability may contribute to varenicline’s efficacy for smoking cessation and 

show promise for varenicline as a treatment of other types of drug dependence.
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1. Introduction

A consistent finding in human imaging studies in drug dependence, including nicotine 

dependence, is a lower receptor density of striatal dopamine (DA) D2/3 receptors (DRD2/3) 

(Beukers et al., 2009; Fehr et al., 2008; Martinez et al., 2004). For example, in cocaine-

dependent patients, Martinez et al. found a 15% reduction in striatal DRD2/3 availability 

compared to healthy subjects (Martinez et al., 2004), a finding that wasreplicated in an-

other cohort (Martinez et al., 2009). In addition, acute dopaminergic depletion induced 

by alpha-methyl-paratyrosine (AMPT) administration showed lower occupancy of striatal 

DRD2/3 by endogenous dopamine. Therefore, reduction in DRD2/3 could not be attributed 

to higher levels of endogenous DA in the striatal regions of cocaine-dependent patients 

during PET imaging (Martinez et al., 2009). 

Varenicline is a registered aid for smoking cessation and clinically results in re-

duced pleasurewhile smoking, decreased craving, and an increased probability of long-

term abstinence (Cahill et al., 2008). Varenicline is a high affinity partial agonist at α4β2 

nicotinic acetylcholine receptors (nAChR) with a much lower binding affinity for other 

nAChR subtypes at which it either acts as a partial agonist (e.g. α3β4) or as a full agonist 

(α7) (Mihalak et al., 2006; Rollema et al., 2007, 2010). Interestingly, preclinical studies 

have shown that varenicline indirectly interacts with the DAergic system and seems to re-

sult in increased DRD2/3 availability in the striatum (for a review, see Crunelle et al., 2010). 

Indeed, about one third of α4β2 nAChRs are localized on DAergic cell bodies of the meso-

limbic DA reward circuitry (Zhou et al., 2003) and (β2-containing) nAChRs are believed to 

modulate and enhance DA cell firing in the ventral tegmental area (VTA), characteristic 

for reward-related signaling (Dani, 2001; Reperant et al., 2010; Rice and Cragg, 2004; Tang 

and Dani, 2009). Moreover, in a previous study we observed that rats treated with vareni-

cline (2 mg/kg/day injected for 14 consecutive days) showed a significantly higher striatal 

DRD2/3 availability than control rats (Crunelle et al., 2009). However, this experiment had 

several limitations: it was performed with one relatively high dose of varenicline and did 

not examine the sustained effects of varenicline on DRD2/3 availability after discontinu-

ation of treatment. Together, these findings raise the possibility that varenicline could 

also be an effective treatment for addictions other than nicotine dependence (Chatterjee 

and Barlett, 2010; Crunelle et al., 2010; McKee et al., 2010), because previous studies have 
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suggested that upregulation of the DRD2/3 is a promising strategy for the treatment of 

addiction in general (Nader et al., 2006; Blum et al., 2008).

In the current study, we examined the effects of two week treatment with three 

doses of varenicline on DRD2/3 availability in striatal regions of rats and whether the ef-

fect of two-week treatment with the highest dose of varenicline on DRD2/3 availability was 

sustained in striatal regions up to two weeks after the last injection with varenicline.

2. Experimental procedures

2.1. Animals

Eighty male Wistar rats (Harlan, The Netherlands), weighing 250 - 300 g at the start of 

the experiment, were housed in groups of five in a temperature- and humidity-controlled 

room under a 12/12 h light cycle (lights on at 07:00 am). Rats were given one week to 

acclimatize before the experiments. Food and water were available ad libitum and body 

weight was recorded daily throughout the experiment. All experimental procedures were 

approved by the Animal Ethics Committee (AMC, Amsterdam, the Netherlands).

2.2. Dosing regimen

To assess the effects of several doses of varenicline on DRD2/3 availability, rats were ran-

domized to varenicline or vehicle (0.9% saline). Varenicline was administered subcutane-

ously (s.c.) twice daily (BID), because of its short half-life of 4 h in rats (Obach et al., 2006), 

at 8:00–9:00 am and 3:00–4:00 pm. Control rats (n=10) were administered vehicle for 14 

consecutive days, at times similar to those of the varenicline administrations, twice per 

day. One day after the last injection, ex-vivo measurement of DRD2/3 availability was per-

formed using storage phosphor imaging (Knol et al., 2008; Crunelle et al., 2009).

The sustained effects of varenicline on DRD2/3 availability after treatment discon-

tinuation were studied in rats that were randomized to either varenicline 2 mg/kg/day 

BID or vehicle BID for 14 consecutive days. DRD2/3 availability was assessed using ex-vivo 

storage phosphor imaging at one week and at two weeks after the last injection with 

either varenicline or vehicle (n= 10 and n=10).
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2.3. Ex-vivo storage phosphor imaging

The imaging method used to assess DRD2/3 availability has been described in detail be-

fore (Crunelle et al, 2009; Knol et al, 2008). Briefly, rats were anesthetized and 0.20 ml ± 

0.05 ml of the selective DRD2/3 radiotracer [123I]IBZM (37.7 MBq ± 2.8 MBq) was given i.v. 

through the tail vein. Ninety minutes after IBZM injection (Verhoeff et al, 1999), brains 

were removed and sliced into 50 μm slices. Every fourth brain slice was stored on phos-

phor imaging plates for 16 h ± 1 h. Regions of interest (ROIs) were drawn around the 

left and right striatum and the cerebellum (devoid of DRD2/3) for each rat according to a 

standard rat brain atlas (Paxinos and Watson, 1986), as earlier described (Crunelle et al, 

2009). Subsequently, IBZM binding in ROIs (expressed as photostimulated luminescence) 

was analyzed using AIDA imaging software. 

For both right and left dorsal striatum, 13 consecutive slices with highest bind-

ing were selected for each rat. For the ventral striatum (nucleus accumbens), two con-

secutive slices with the highest binding for both left and right hemispheres were se-

lected. Non-specific binding was determined by selecting nine consecutive slices of the 

cerebellum with the highest binding. Ratios of striatal-to-cerebellar binding were then 

calculated using the following equation: [(left + right) striatum / 2] / cerebellum. These 

ratios were interpreted as a measure for DRD2/3 availability.

2.4. Study medication

Varenicline (7,8,9,10-tetrahydro- 6,10-methano-6H-pyrazino (2,3-h) (3)-benzazepine) tar-

trate was kindly provided by Pfizer Global Research and Development (Groton, CT, USA), 

and dissolved in 0.9% sodium chloride to obtain an injectable solution. In all experiments 

doses are expressed as the active compound (base). Solutions were made fresh twice a 

week, and were kept refrigerated during the experiment. The radiotracer [123I]IBZM was 

commercially produced by GE Healthcare (Eindhoven, The Netherlands) with a specific 

activity of 550 MBq/mol and a radiochemical purity of >95%. Anesthesia was performed 

with a 2:1 mix of ketamine and xylazine.

2.5. Statistical analyses

Data were analyzed with SPSS 17 (SPSS Inc, Chicago, IL, USA), using a probability value of 

0.05 as significant. All data were normally distributed and a one-way ANOVA was used to 

assess between-group differences. Post-hoc analyses were performed using independent 

ssample T-tests for non-repeated measures and assuming equal variances. To assess dif-

ferences between right and left striatum, a dependent-sample T-test was used.
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3. Results

Data from 4 rats were excluded from the analyses due to premature death following anes-

thesia and [123I]IBZM injection (2 rats) or due to data acquisition failures (2 rats).

Since there were no differences between binding ratios in left and right striatum 

(paired differences ± SD: 0.01 ± 0.09; p = 0.79 for the dorsal striatum, and 0.03 ± 0.09; 

p = 0.43 for the ventral striatum) all data are presented as the mean binding ratio of left 

and right sides. Furthermore, all data were normally distributed (Shapiro–Wilk test; p = 

0.60 – 0.90).

3.1. Experiment 1: Effect of several doses of varenicline on DRD2/3 

availability

Rats treated with the lowest dose of varenicline (0.5 mg/kg/day; n = 9) showed a signifi-

cant 11.1% higher binding ratio in the ventral striatum compared to vehicle-treated rats 

(p = 0.015; 95% CI = 2.5%–19.7%, n = 9), but no statistically significant difference in 

binding ratios in the dorsal striatum (p = 0.590; NS) was found (Fig. 1). At 1 mg/kg/day, 

rats treated with varenicline showed a significantly higher DRD2/3 availability by 11.1% 

in the ventral striatum (p = 0.009; 95% CI = 3.1%–19.1%, n = 10) and by 12.5% in the 

dorsal striatum (p = 0.048; 95% CI = 0.2%–24.9%) compared to vehicle (n = 9) (see Fig. 

Figure 1: Effects of 14 days s.c. varenicline treatment in rats on [123I]IBZM binding ratios in the dorsal striatum 

(A) and the ventral striatum (B) using ex-vivo storage phosphor imaging. Bars represent striatal-to-cerebellar 

binding ratios expressed as mean ± SD. *p<0.05 vs. vehicle-treatment.
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1). Finally, rats treated with the highest dose of varenicline (2 mg/kg/day; n = 10) showed 

significant higher binding ratios in both ventral striatum (11.1% increase; p = 0.036, 95% 

CI = 0.8%–21.4%) and dorsal striatum (13.2% increase; p = 0.030, 95% CI = 1.4%–25.0%) 

compared to vehicle-treated rats (n = 9) (see Fig. 1).

3.2. Experiment 2: Sustained effects of varenicline treatment on DRD2/3 

availability

One week after discontinuation of treatment with 2 mg/kg/day varenicline for 14 days, 

the increase in binding ratios was still significantly higher in the ventral striatum (12.8% 

increase; p = 0.018; 95% CI: 2.5%–23.1%, n = 9) compared to vehicle treatment one 

week after discontinuation of vehicle injections (n = 10), but not in the dorsal striatum 

(6.4% increase, p = 0.287) (see Fig. 2). Similar changes were observed one week later, i.e. 

at two weeks after varenicline treatment, with statistically higher binding ratios in the 

ventral striatum (11.7% increase; p = 0.015; 95% CI: 2.6%–20.8%, n = 10), but not in the 

dorsal striatum (8.2% increase, p = 0.09) compared to vehicle treatment two weeks after 

discontinuation of vehicle injections (n = 9) (see Fig. 2). 

Figure 2: Effects of post-treatment time of varenicline in rats (treated for 14 days, s.c.) on [123I]IBZM binding 

ratios in the dorsal striatum (A) and ventral striatum (B) using ex-vivo storage phosphor imaging. Bars represent 

striatal-to-cerebellar binding ratios and are represented as mean ± SD. *p<0.05 vs. vehicle.
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4. Discussion

Rats treated with varenicline 2 mg/kg/day for 14 consecutive days had significantly high-

er DRD2/3 availabilities in the dorsal striatum (13.2%) and the ventral striatum (11.1%) 

compared to vehicle-treated rats, which is a close replication of results from a previ-

ous study using the same varenicline treatment that found higher DRD2/3 availabilities 

of 14.7% and 13.9% in dorsal and ventral striatum compared to controls, respectively 

(Crunelle et al., 2009). The present study also examined the effects of two lower doses 

of varenicline and found that one day after 2-week treatment with 0.5 and 1 mg/kg/day 

varenicline, DRD2/3 availability was higher in the ventral striatum by 11.1% for both doses 

compared to controls, and that only the 1 mg/kg/day dose showed a significantly higher 

DRD2/3 availability in the dorsal striatum by 12.5% compared to controls. In addition, up 

to two weeks after the last injection of 14 consecutive days treatment with 2 mg/kg/day 

varenicline, DRD2/3 availability was still significantly higher than controls in the ventral 

striatum (12.8%), but not in the dorsal striatum.

The present design and results do not allow us to advocate a specific mecha-

nism of action by which varenicline increases striatal DRD2/3 availability in the rat stri-

atum. Varenicline acts at α4β2 nAChRs and has a partial agonist effect in the absence 

of nicotine, reducing withdrawal during a quit attempt, and an antagonist effect when 

actively smoking, blocking the rewarding effects of nicotine by competing for nAChRs 

(Rollema et al., 2007). It is known that about one third of α4β2 nAChRs in the brain are 

localized on DAergic cell  bodies of the mesostriatal neurons (Zhou et al., 2003) and that 

β2-containing nAChRs are believed to enhance DA cell firing and DA release (Dani, 2001; 

Reperant et al., 2010; Rice and Cragg, 2004; Tang and Dani, 2009). Preclinical studies 

have indeed shown that acute administration of both nicotine and varenicline increases 

DA release and turnover with a smaller maximal effect in varenicline (~150% increase) 

compared to nicotine (~180%) (Rollema et al., 2007; Ericson et al., 2009). Recently, it was 

demonstrated that this effect of  varenicline, similar to nicotine-induced mesolimbic DA 

increases, is most likely mediated via α4β2 nAChRs in the ventral tegmental area (VTA), 

which contains dopaminergic neurons that project predominantly to the ventral striatum 

(Reperant et al., 2010). It is, however, unlikely that varenicline-evoked DA release would 

induce the presently observed increase in striatal DRD2/3 availability for a number of rea-

sons. First, smoking a regular cigarette, which induces acute dopamine release, resulted 
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in a significant decrease of striatal DRD2/3 receptors particularly in ventral parts of the 

striatum (Brody et al., 2006). Second, the present study showed that increase in striatal 

DRD2/3 availability persists up to 2 weeks after varenicline discontinuation. Third, the stu-

dies by Ericson et al. (2009) and Rollema et al. (2007) measured DA release extracellular 

using in-vivo microdialysis, while ex-vivo storage phosphor imaging measures DRD2/3 

binding at the synaptic level (Schiffer et al., 2006). Finally, rats treated with several doses 

of varenicline had similar effects on DRD2/3 binding in the dorsal and ventral striatum 

while it was recently demonstrated that the effects of varenicline and smoking on the 

dopaminergic system are most likely mediated predominantly via α4β2 nAChRs in the 

VTA (Brody et al., 2006; Reperant et al., 2010). Instead, it is conceivable that long-term 

exposure to varenicline could cause reduced functioning of the DAergic system, leading to 

a decrease in synaptic DA and consequently to an upregulation of striatal DRD2/3, which 

are located predominantly postsynaptically. Alternatively, but speculative, the increase in 

DRD2/3 availability after chronic varenicline treatment might be due to effects of vareni-

cline on possible molecular pathways involved directly in the expression of DRD2/3. Like 

most G-protein-coupled receptors, DRD2/3 expression is regulated by kinases and arrestins 

(Ito et al., 1999; Kim et al., 2001). However, to the best of our knowledge, the effects of 

varenicline on such kinases and arrestins have not yet been studied. 

We were not able to show dose-dependent effects of varenicline. This might be 

due to   ceiling effect from the doses chosen, and therefore, experiments with doses up 

to 0.5 mg/kg/day should be performed to further assess dosedependency. Additionally, in 

the present study, experiments were performed in rats not exposed to nicotine. Since ex-

posure to nicotine may induce dopaminergic hypersensitivity (Novak et al., 2010), future 

studies on the effects of varenicline on DRD2/3 receptor availability in nicotine-dependent 

and nicotine-abstinent rats may be relevant to test if one may generalize our present 

findings.

In humans, acute administration of varenicline does not alter smoking behavi-

our at peak-plasma levels (Williams et al., 2007), indicating the importance of studying 

the effects of a longer treatment with varenicline as was done in the current experiments. 

The current study showed a clear sustained effect of varenicline on DRD2/3 availability in 

the ventral striatum with similar increases at 1 day (11%), 1 week (13%), and 2 weeks 

(12%) following treatment discontinuation. This observation indicates that chronic admi-

nistration of varenicline may lead to upregulation of striatal DRD2/3 through neuroadap-

tation (vide infra).

The main strengths of the present study are that several dosages of varenicline 

were tested, the large variation in post-treatment duration before DRD2/3 availability as-
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sessment, and the use of a well-validated assessment procedure. A limitation of the study 

with respect of its translational value is BID administration of varenicline that has a half-

life in rats of about 4 h (Obach et al., 2006). For instance, peak levels in rat plasma after 

a single dose of 1 mg/kg s.c. (Rollema et al., 2009) will be an order of magnitude higher 

than steady state human plasma levels after 1 mg BID (Faessel et al., 2006), while trough 

levels at night will be below therapeutic human plasma levels. Another limitation is that 

the radioligand IBZM binds with equal affinity to DRD2 and DRD3 (Videbaek et al., 2000). 

The ventral striatum expresses more DRD3 compared to DRD2 than the dorsal striatum, 

which is true both for rat and human brain (Booze and Wallace, 1995; Murray et al., 

1994). Since we presently show different temporal and dosing effects of varenicline for 

the dorsal and more ventral parts of the striatum, it is tempting to speculate that vare-

nicline may induce different effects on the expression of DRD2 vs DRD3. However, further 

studies using selective tracers for DRD2 and DRD3 are necessary to test this hypothesis. 

Finally, we would like to note that imaging studies in drug dependent subjects 

have shown a decrease of about 15% in striatal DRD2/3 receptor binding in cocaine-depen-

dent patients compared to controls (Martinez et al., 2004, 2009). As varenicline resulted 

in a higher DRD2/3 receptor availability by about 13% in dorsal and 11% in nucleus ac-

cumbens in rats compared to control rats, and it may have the potential to normalize de-

creased DRD2/3 availability in drug or nicotine dependence. Therefore, we propose future 

studies in drug-addicted rats or mice addressing the potential of varenicline to normalize 

DRD2/3 availability in drug-addicted study populations. Moreover, the present study was 

performed in genetically identical rats. The study by Noble et al. (1991) showed decreased 

DRD2 receptors in brains of alcoholics only when carrying the DRD2 A1 allele. Therefore, 

further human studies on the mechanisms of action of varenicline should take into ac-

count potential effects of genes for DRD2/3 receptors.

In conclusion, administration of varenicline resulted in a significantly higher 

striatal DRD2/3 availability in rats compared to control rats and these effects are long-

lasting. Our findings support the potential of partial nAChR agonists, such as varenicline, 

in the treatment of populations with low DRD2/3 availability, including drug-dependent 

patients other than smokers, possibly extending to other reward deficiency syndromes 

like obesity and other impulsive and compulsive behaviours.
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From:

Crunelle CL, de Wit TC, de Bruin K, Ramakers RM, van der Have F, Beekman FJ, van den 

Brink W, Booij J. Varenicline increases in-vivo striatal dopamine D2/3 receptor binding: an 

ultra-high-resolution pinhole [123I]IBZM SPECT study in rats. 

Nuclear Medicine and Biology, 2012 [Epub ahead of print].
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Abstract

Introduction: Ex-vivo storage phosphor imaging rat studies reported increased brain 

dopamine D2/3 receptor (DRD2/3) availability following treatment with varenicline, a nic-

otinergic drug. However, ex-vivo studies can only be performed using cross-sectional 

designs. Small-animal imaging offers the opportunity to perform serial assessments. We 

evaluated whether high-resolution pinhole SPECT imaging in rats was able to reproduce 

previous ex-vivo findings.

Methods: Rats were imaged for baseline striatal DRD2/3 availability using ultra-high-res-

olution pinhole SPECT (U-SPECT-II) and [123I]IBZM as a radiotracer, and randomized to 

varenicline (n=7; 2 mg/kg) or saline (n=7). Following two weeks treatment, a second 

scan was acquired. 

Results: Significantly increased striatal DRD2/3 availability was found following varenicline 

treatment compared to saline (time*treatment effect): post-treatment difference in bind-

ing potential (BPND) between groups corrected for initial baseline differences was 2.039 (p 

= 0.022), indicating a large effect size (d = 1.48).

Conclusions: Ultra-high-resolution pinhole SPECT can be used to assess varenicline-in-

duced changes in DRD2/3 availability in small laboratory animals over time. Future small-

animal studies should include imaging techniques to enable repeated within-subjects 

measurements and reduce the amount of animals.
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1. Introduction

Important advances are made in small animal imaging, including the introduction of 

submillimeter resolution pinhole SPECT (Branderhorst et al., 2010, Van der Have et al., 

2009). An example is the U-SPECT-II system (Van der Have et al., 2009). Compared to ex-

vivo/in-vitro assessments, imaging offers the possibility to measure receptor availability 

repeatedly, resulting in smaller numbers of animals needed. The U-SPECT-II system uses 

multiple focussing pinholes, resulting in high reconstructed image resolution (Van der 

Have et al., 2009). Moreover, due to its high sensitivity and stationary detectors, rela-

tively short acquisition time frames can be used to acquire images. Indeed, a recent study 

reported on its use in monitoring tracer dynamics for occupancy of dopamine (DA) trans-

porters by cocaine in mice (Vastenhouw et al., 2007).

Varenicline is a partial α4β2 nicotinic acetylcholine receptor agonist currently 

used for the treatment of nicotine dependence (Cahill et al., 2011). Previous rat studies 

performed by our group, using ex-vivo storage phosphor imaging with the selective DA 

D2/3 receptor (DRD2/3) antagonist [123I]IBZM, have shown downstream effects of varenicline 

treatment on the DAergic system (Crunelle et al., 2009; 2011). More specific, two weeks 

treatment with 2 mg/kg varenicline led to approximately 14% higher striatal DRD2/3 avai-

lability compared to saline-treated rats (Crunelle et al., 2009; 2011). 

Given the clear advantages of repeated imaging, the goal of the present study 

was to evaluate whether pinhole SPECT is able to show similar effects of varenicline on 

in-vivo DRD2/3 availability in rats. 

2. Methods and materials

Fourteen male Wistar rats (Charles River, The Netherlands), weighing 317 ± 16 g, were 

randomised to varenicline treatment (n=7; 2 mg/kg body weight) or saline (n=7). Base-

line DRD2/3 availability was measured using U-SPECT-II with the validated radiotracer [123I]

IBZM. Starting the morning after the baseline scan, study medication (0.50 ± 0.05 mg 

varenicline in 0.40 ± 0.05 ml solution, or 0.40 ± 0.05 ml saline) was injected subcutane-
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ously once a day (between 09:00 am and 11:00 am) for fourteen consecutive days, after 

which a second IBZM SPECT scan was acquired on the evening of the 14th day (between 

5:00 pm and 8:00 pm). All experimental procedures were carried out in accordance with 

the Dutch Law on Protection of Animals and were approved by the Animal Ethics Com-

mittee of the University Medical Center Utrecht, where imaging was conducted. 

The 2 mg/kg body weight dose for 14 consecutive days was chosen in correspon-

dence with previous papers (Crunelle et al., 2009; 2011) that showed a significant effect 

on ex-vivo striatal D2/3 binding following varenicline treatment. Additionally, nicotine self-

administration in rats is still suppressed dose-dependently until 3 mg/kg doses (O’Connor 

et al., 2010).

The radiotracer [123I]IBZM (specific activity: 448 ± 82 MBq/nmol; radiochemi-

cal purity >95 %; GE Healthcare, Eindhoven, The Netherlands) was injected as a bolus 

(58.01 ± 3.99 MBq, in a 0.30 ± 0.05 ml solution; mass: 0.06 ± 0.01 μg) in the tail vein, 

and scanning started 90 minutes later (Scherfler et al., 2005; Jongen et al., 2008). Rats 

were anesthetized by intra-peritoneal injection of a mixture of ketamine (75 mg/kg), me-

detomidine (0.5 mg/kg) and atropine (0.04 mg/kg) starting just prior to the [123I]IBZM 

injection, and were not allowed to wake up between injection and scanning. All animal 

received gas anaesthesia (isoflurane 2%) as additional anaesthesia during scanning in 

order not to wake up during scanning. In order to wake up quickly after anaesthesia, 0.5 

mg/kg antisedan (i.p.) was administered immediately after the scanning procedure. After 

completion of the second scan, rats were euthanized by i.p. injection with an overdose 

(2.5 ml) of pentobarbital. 

For imaging, the U-SPECT-II system (MILabs B.V., Utrecht, the Netherlands) was 

used, with a cylindrical collimator containing 75 pinholes (each with an aperture of 1.0 

mm) as described earlier (Van der Have et al., 2009). During scanning, rats were fixed in a 

horizontally positioned plastic bed with tight-fitting head holder. Temperature and respi-

ration rate were measured with BioVet Physiological monitoring system (M2M imaging, 

Newark USA). Two bed positions were used with a SPECT acquisition of 15 minutes per 

position. Photopeak and background energy windows were selected around 159 keV ± 

7.5% and 186 keV ± 7.5%, respectively. Images were reconstructed on a 0.375 x 0.375 x 

0.375 mm voxel grid using a pixel-based accelerated iterative ordered subset algorithm 

(POSEM, Branderhorst et al., 2010) based on maximum-likelihood expectation maximi-

zation. Images were reconstructed using a pre-calculated matrix (van der Have et al., 

2008) with 6 iterations using 16 subsets. Post-reconstruction images were blurred using 

Gaussian smoothing on the PMOD software package (version 3.0, PMOD Technologies 

Ltd.) and volumes of interest (VOIs) were drawn for the rat striatum in both hemispheres 
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using isocontour lines (counts per pixel) at a 50% threshold (Figure 1). VOI statistics were 

read on the noisy (non-blurred) images. The striatum as a whole was analysed and mean 

counts per pixel were calculated for combined right and left striatal regions in the by 

PMOD-selected VOI. VOIs of the cerebellum as region of non-specific binding were drawn 

using a standard cube sphere in the cerebellar region of 0.32 cm³ in all rats. As the out-

come measure, the binding potential (BPND: Innis et al., 2007) was calculated as follows: 

(total striatal [123I]IBZM binding minus cerebellar binding)/cerebellar binding). 

2.1. Statistics

Baseline differences in [123I]IBZM BPND were tested with the t-test for independent sam-

ples. Treatment effects were assessed with linear regression analyses with change in [123I]

IBZM BPND between baseline and post-treatment as the dependent variable, and treat-

ment and [123I]IBZM BPND at baseline as independent variables. In this model the regres-

sion coefficient for treatment equals the difference in [123I]IBZM BPND change between 

treatment groups adjusted for baseline differences. Statistical analysis were performed 

Figure 1: A typical smoothed post-reconstruction image with volumes of interest (VOIs) drawn for the rat 

striatum in left (A) and right (B) hemispheres using isocontour lines at a 50% threshold. VOIs of the cerebellum 

(C) were drawn using a standard cube sphere in the cerebellar region. Images were acquired 90 minutes after 

injection of 60.75 MBq [123I]IBZM in a 0.30 ml solution (mass: 0.06 μg). Anaesthesia included a mix of ketamine 

(75 mg/kg), medetomidine (0.5 mg/kg) and atropine (0.04 mg/kg) prior to scanning, and isoflurane 2% during 

scanning. Images were acquired using two bed positions with an acquisition time of 15 minutes per position. 

Uptake in the Harderian glands (Hg) is also noticeable.
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with SPSS version 18 (SPSS Inc, Chicago, IL, USA) using the t-test and general linear model 

modules. Additionally, standardized effect size was calculated as the difference between 

the means of the varenicline and saline conditions and divided by the pooled standard 

deviation of the difference (Cohen’s d). All tests were done using a 2-sided alpha of 0.05. 

All descriptive data are presented as mean ± the standard deviation.

3. Results

Due to paravasal injection of the radioligand in one rat, analyses were performed on data 

from 7 animals in the saline-treated group and 6 animals in the varenicline-treated group. 

As expected, IBZM binding was clearly and symmetrically visualized in the striatum of 

all animals and cerebellar binding was much lower but could be delineated accurately 

(Figure 2). 

Figure 2: High resolution in-vivo imaging of [123I]IBZM binding to striatal DRD2/3 recep-

tors in rat, with the U-SPECT-II system, scanned 90 minutes after injection of 58.13 MBq 

in a 0.30 ml solution (mass: 0.06 μg) using anaesthesia by intra-peritoneal injection of 

ketamine (75 mg/kg), medetomidine (0.5 mg/kg) and atropine (0.04 mg/kg) prior to the 

radiotracer injection, and isoflurane 2% during scanning. Images were obtained using 

two bed positions with a SPECT acquisition time of 15 minutes per position. Shown are 

coronal (left panel), sagittal (mid panel), and horizontal slices (right panel). A cross is 

positioned at the level of the striatum. Also non-specific uptake of the radiotracer in the 

Harderian glands is clearly visualized.
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Baseline striatal DRD2/3 BPND did not differ significantly between saline and var-

enicline treated animals (saline 4.94 ± 2.03 vs. varenicline 3.92 ± 1.13; d = 0.62; p = 

0.30). Following treatment, varenicline-treated animals showed statistically significantly 

greater changes in striatal DRD2/3 BPND (post-treatment BPND: 6.14 ± 1.44; 57% higher than 

baseline) compared to saline-treated rats (4.14 ± 1.01; 16% lower than baseline). The 

post-treatment difference in BPND between groups corrected for initial baseline differen-

ces was 2.039 (SE = 0.752, t = -2.713, p = 0.022; 95% CI 0.36-3.72) (Figure 3), indicating 

a large effect size (d = 1.48). 

4. Discussion

Using ultra-high resolution pinhole SPECT we were able to measure in-vivo significant 

changes in striatal DRD2/3 availability after 2 weeks varenicline treatment compared to 

saline treatment in a within-subject design. 

Acute varenicline administration increases in-vivo dopamine release in mice and 

rats (Rollema et al., 2007; Reperant et al., 2010), and one may therefore expect a down-

regulation of DRD2/3 receptors, which are localised predominantly postsynaptically. Ho-

wever, the effects of sustained administration of varenicline on in-vivo dopamine release 

have, to our knowledge, not yet been determined. Sustained administration might cause 

the DAergic system to respond with decreased cell-firing to DAergic cell bodies presynap-

Figure 3: Specific striatal to non-specific [123I]IBZM BPND following injection of [123I]IBZM at baseline and after 14 

days s.c. saline (A) or varenicline (B) treatment in rats. Both baseline and post-treatment ratios are presented as 

mean ± SD. *p < 0.05.
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tically (mainly located in the ventral tegmental area, projecting to the ventral striatum), 

thereby inducing upregulating of the postsynaptic DRD2/3 receptors (for a more detailed 

hypothesis on the working mechanism of varenicline treatment on DRD2/3 upregulation, 

see refs. Crunelle et al., 2010; 2011).

The results of the present study are in line with previous studies using storage 

phosphor imaging, in which we reported significantly higher striatal DRD2/3 BPND after 

two weeks of varenicline treatment as compared to saline treatment in rats (Crunelle et 

al., 2009; Crunelle et al., 2011). More specific, our ex-vivo studies found significant incre-

ases after varenicline administration of 14% (95% CI: 3-25%) and 13% (95% CI: 1-25%) 

in the first (Crunelle et al., 2009) and second study (Crunelle et al., 2011), respectively. 

When we look more closely into the present data, and compare the results of only the 

post-treatment scans between the two groups under study, we still found a statistically 

significant (p = 0.020; F = 0.44; t = 2.85; df = 8.80) difference of 48% (95% CI: 12% - 

84%) in striatal DRD2/3 availability between treatment groups. It should be noted that this 

difference looks rather big (48% vs 14% and 13%), but the observed differences in the pre-

vious studies are still within the 95% CI of the current study (12-85%). A possible explana-

tion may be the relatively low baseline BPND in the saline condition in the current study, 

whereas the relatively broad 95% CI of the difference in BPND between the two treatment 

conditions in the current study may be related to the relatively large variation of the data 

(SDs approximately 29% in our current SPECT study, compared to SDs of approximately 

10% in the storage phosphor imaging studies (Crunelle et al., 2009; 2011). The larger SD 

in the current study compared to the previous ex-vivo studies could be attributed either 

to smaller number of animals in the current study compared to the ex-vivo studies, or to 

the more reliable assessment of striatal DRD2/3 binding with storage phosphor imaging 

(e.g., no partial volume artefacts). Additionally, in our current study, the saline group 

decreases (although not statistically significantly) in DRD2/3 binding over time while the 

varenicline-treated group showed an opposite effect, an effect that can not been shown 

using a cross-sectional study (Crunelle et al., 2009; 2011). Nevertheless, compared with 

a cross-sectional study design, a repeated imaging study design commonly enables the 

detection of statistically significant changes between groups with a lower number of 

animals per group. 

Our previous storage phosphor studies and the current study show similarities 

by using same dosages of medication, identical rat strains and IBZM from the same sup-

plier. However, in contrast with the former studies, animals were subjected to injections 

for 14 days followed by anaesthesia and sacrificed, and rats might have been more stres-

sed due to the baseline scanning and waking up before starting the injections for 14 days. 
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Additionally, while ex-vivo storage phosphor imaging was performed 24 h following the 

last injection of varenicline/saline, SPECT imaging occurred on the same day of the last in-

jection (approximately 8 h following the last injection), which may have led to an greater 

difference in DRD2/3 binding between groups. Also, the acquired SPECT images did not al-

low us to assess reliably DRD2/3 binding in dorsal versus ventral striatal regions. Moreover, 

we did only measure BPND. In future studies it may be of interest to account for possible 

changes in metabolism of IBZM by measuring parent compound in plasma in rats, and to 

calculate BPP. However, theoretically it is not likely that varenicline will influence the me-

tabolism of IBZM. Also, we did not measure the total numbers (Bmax) of DRD2/3 receptors 

in the rat brain in this or previous studies (Crunelle et al., 2009; 2011), which might have 

been interesting to test whether the presently observed increased IBZM binding reflects 

upregulation of DA receptors. Finally, the radiotracer was injected as a 0.3 ml solution. 

The variability of the injected mass and the time lapse between injections of the first and 

last animal might also have affected, even simply, the variability in the data. Also, several 

anaesthesia were used which are known to affect D2 binding. However, all animals were 

given the same amount of anaesthesia in an identical time lapse in both groups and over 

both sessions, such that possible changes in receptor binding induced by anaesthesia 

would not have affected varenicline-treated rats differently compared to saline-treated 

rats nor between scanning sessions. We acquired static images at one time-point after 

injection. In future studies it would be of interest to acquire dynamic images to opti-

mize the quantification (e.g., using the reference tissue method). However, previous pin-

hole-SPECT studies have shown that in rodents specific striatal IBZM binding ratios are 

reached 80-90 min post-injection (Scherfler et al., 2005; Jongen et al., 2008) and remains 

stable up to at least 120 min post-injection. Nevertheless, it is not addressed yet whether 

the presently calculated binding potential (BPND) under transient equilibrium conditions 

is in agreement with the calculation under true equilibrium conditions. 

In conclusion, we provide evidence that ultra-high-resolution [123I]IBZM SPECT 

can detect changes in brain DRD2/3 availability induced by varenicline. Future studies 

should include imaging techniques in experiments in small animals to enable repeated 

within-subjects measurements, which may reduce consequently the amount of animals 

needed, although reproducibility studies are needed to calculate the power of this ap-

proach.  
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Abstract

The cannabinoid 1 receptor antagonist rimonabant (SR141716) alters rewarding proper-

ties and intake of food and drugs. Additionally, striatal dopamine D2 receptor (DRD2) avail-

ability has been implicated in reward function. This study shows that chronic treatment 

of rats with rimonabant (1.0 and 3.0 mg/kg/day) dose-dependently increased DRD2 avail-

ability in the dorsal striatum (14 and 23%) compared with vehicle. High-dose rimonabant 

also increased DRD2 availability in the ventral striatum (12%) and reduced weight gain. 

Thus, up-regulation of striatal DRD2 by chronic rimonabant administration may be an 

underlying mechanism of action and confirms the interactions of the endocannabinoid 

and dopaminergic systems.
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Introduction

The cannabinoid 1 (CB1) receptor antagonist/reverse agonist rimonabant (SR141716) was 

developed for the treatment of obesity. It has shown to decrease intake of and responding 

towards food and drug stimuli, which has been related to its effect on reward processing 

(for review, see Solinas, Goldberg & Piomelli 2008). Indeed, the mesolimbic dopaminergic 

(DAergic) reward system and the cannabinoid system are strongly interconnected (So-

linas et al. 2008). Pre-clinical and clinical research have shown that striatal dopamine 

(DA) D2 receptor (DRD2) availability is decreased in obesity (Johnson & Kenny 2010) and 

drug dependence (Nader et al. 2006), which has led to the hypothesis of reward defi-

ciency in obesity and drug addiction. An increase in DRD2 availability might, therefore, 

be beneficial in these disorders (Nader et al. 2006). Interestingly, knockout mice for the 

CB1 receptor have an increased number of DRD2 (Houchi et al. 2005), and acute treatment 

with rimonabant reduces DA release in the nucleus accumbens (NAcc) after food or drug 

intake (Cohen et al. 2002; Melis et al. 2007). However, the effects of sustained rimonabant 

treatment on the striatal DAergic system have not yet been studied. Therefore, we tested 

our hypothesis that sustained rimonabant treatment may lead to an increase of striatal 

DRD2 availability.

Materials and Methods

Adult male Wistar rats (Harlan, Horst, the Netherlands) were housed in a temperature- 

and humidity-controlled room with a 12-hour light/dark cycle (lights on 7:00 am–7:00 

pm) with food and water ad libitum. All procedures were approved by the Animal Ethics 

Committee (AMC, Amsterdam, the Netherlands) and conducted in agreement with Euro-

pean regulations (Guideline 86/609/EEC). 

Following a 7-day habituation period, animals were randomized to daily intra-

peritoneal injections of either vehicle (n = 16), 1.0 mg/kg rimonabant (n = 16) or 3.0 mg/

kg rimonabant (n = 16) for 13 consecutive days. 
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Rimonabant (SR141716) was kindly provided by the National Institute of Mental 

Health Chemical Synthesis and Drug Supply Program (Bethesda, MD, USA). It was dis-

solved daily prior to usage in ethanol (96% EtOH), Tween-80 and saline (0.9% NaCl) in 

a 1:1:18 ratio, which was also used as vehicle. Body weight was measured on days 1, 

3, 6, 8, 11 and 14. On day 14, rats were anesthetized with ketamine–xylazine (ratio 2:1) 

and intravenously injected with approximately 37 MBq 123I-iodobenzamide (IBZM; GE He-

althcare, Eindhoven, the Netherlands), a selective and well-validated DRD2 tracer (binds 

to both DA D2 and D3 receptors). Rats were sacrificed 90 minutes following [123I]-IBZM 

injection by bleeding via heart puncture, and their brains were removed. Next, storage 

phosphor imaging was used, as described previously (Crunelle et al. 2009), to determine 

DRD2 availability as ratios of ventral or dorsal striatum-to-cerebellum binding (Fig. 2a).

Statistical analyses were performed with SPSS 16.0 (SPSS Inc., Chicago, IL, USA) 

using analyses of variance withTukey’s post hoc tests for normally distributed weight 

data (oneway for bodyweight at start; repeated measures for weight gain) and Kruskal–

Wallis with post hoc Mann–Whitney U-tests for non-parametric DRD2 availability data. A 

probability value of P < 0.05 was considered significant.

Results

Six animals were excluded from analyses due to death during anaesthesia (two) or data 

acquisition failure (four), leaving group sizes of 12 for vehicle, 14 for rimonabant 1.0 mg/

kg and 16 for rimonabant 3.0 mg/kg. Body weights did not differ between groups at treat-

ment start on day 1 [vehicle (mean ± standard deviation): 296.8 ± 19.0 g, rimonabant 

1.0 mg/kg: 293.5 ± 13.1 g, rimonabant 3.0 mg/kg: 298.5 ±19.6 g]. However, weight 

gain during treatment differed between groups (F = 7.35, P = 0.002), as the 3.0 mg/kg 

rimonabant-treated animals gained significantly less weight (38.9 ± 9.8 g) than the ve-

hicle group (52.3 ± 12.3 g; P = 0.002) and the rimonabant 1.0 mg/kg group (49.4 ± 13.9 

g; P = 0.030) (Fig. 1).

DRD2 availability in the dorsal striatum differed between groups (H = 15.75, P 

< 0.001; Fig. 2b) with significantly higher availability in the 3.0 mg/kg rimonabant group 

(median: 5.31, interquartile range (iqr): 0.55) compared with the vehicle (median: 4.32, 

iqr: 0.41, Z = -3.34, P = 0.001, difference 23%) and with the 1.0 mg/kg rimonabant group 

(median: 4.91, iqr: 0.45, Z = -2.41, P = 0.016). Moreover, the 1.0 mg/kg rimonabant group 
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Figure 1: Cumulative weight gain curves. Means + standard error of the mean.

Figure 2: (a) Examples of regions of interest for 

dorsal striatum (A) and ventral striatum (B), and 

cerebellum (C). (b) D2 receptor (DRD2) availability in 

dorsal striatum following rimonabant treatment. 

Median + interquartile range. *p < 0.05, **p < 

0.01. (c) DRD2 availability in ventral striatum fol-

lowing rimonabant treatment. Median + inter-

quartile range. *p < 0.05, **p < 0.01.
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had significantly higher DRD2 availability in the dorsal striatum compared with vehicle 

(Z = -2.75, P = 0.006, difference 14%). In the ventral striatum, there was a trend for dif-

ferent DRD2 availability between groups (H = 5.37, P = 0.068, Fig. 2c) with post hoc tests, 

revealing that DRD2 availability of the 3.0 mg/kg rimonabant group (median: 3.22, iqr: 

0.61) was 12% higher compared with the vehicle (median: 2.87, iqr: 0.55, Z = -2.41, P = 

0.016). Ventral striatal DRD2 availability for the 1.0 mg/kg group (median: 3.21, iqr: 0.48) 

was not different from the other groups. 

Discussion and conclusions

In summary, administration of rimonabant for 13 consecutive days dose-dependently 

increased DRD2 availability in the dorsal striatum and high-dose rimonabant (3.0 mg/kg/

day) increased DRD2 availability in the ventral striatum. Additionally, weight gain during 

the experiment was significantly decreased in the 3.0 mg/kg/day group compared with 

vehicle, which is in line with the well-known effect of rimonabant to reduce body weight. 

The increase of striatal DRD2 availability forms possibly part of the underlying 

mechanism of action of rimonabant to normalize aberrant reward-related behaviour. Si-

milarly, CB1 receptor knockout mice display reduced ethanol-induced conditioned place 

preference in combination with increased striatal DRD2 (Houchi et al. 2005). It has indeed 

been hypothesized that up-regulation of striatal DRD2 could reduce drug administration 

(Nader et al. 2006). Interestingly, DRD2 availability was increased in the ventral striatum, 

which plays a primary role in motivation and reward. However, the effect of rimonabant 

on DRD2 availability was largest in the dorsal striatum. This region has been implicated 

in different forms of instrumental responding for food and habit formation. The latter 

is impaired by CB1 receptor blockade (Hilario et al. 2007), suggesting that rimonabant 

leads to less habitual food intake, which might be related to increased DRD2 availability 

in the dorsal striatum. Alternatively, it may be that the effects of rimonabant are larger 

on DRD2 than on DRD3, because the ratio of DRD2 versus DRD3 is larger in dorsal than in 

ventral striatum. 

The underlying mechanism of the reported effect is possibly mediated via anta-

gonism of CB1 receptors in the ventral tegmental area and substantia nigra. They were 

found to modulate indirectly, i.e. via glutamatergic axons, and possibly also directly, the 

inhibitory gamma aminobutergic acid (GABA)ergic inputs to DAergic neurons that project 
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to the striatum, therewith leading to lower levels of extracellular DA (Lupica & Riegel 

2005). This could result in a subsequent up-regulation of striatal DRD2. This proposed 

mechanism is supported by the ability of acute rimonabant administration to decrease 

DA release in the NAcc by food or drug intake, therewith reducing the rewarding effect of 

food/drugs (Cohen et al. 2002; Melis et al. 2007).

A limitation of the study is that the 13 days of treatment may not have been 

long enough to detect a significant increase of DRD2 availability in the ventral striatum 

for the 1.0 mg/kg/day dose. The results for the dorsal striatum suggest a dose-dependent 

effect of rimonabant on DRD2 availability, though. Future studies should consider diffe-

rent dosages and treatment durations, and administration of rimonabant in the active 

‘dark’ cycle for possible larger effects. In addition, the hour of sacrifice of the rats might 

be important, as it has been shown that endocannabinoid and CB1 receptor levels in the 

rat brain are modulated by the light/dark cycle (Martinez-Vargas et al. 2003). Further, 

this study does not provide direct evidence that increased DRD2 availability is related to 

reduced food intake. We can also not exclude that reduced caloric intake by rimonabant 

administration has had a direct effect on DRD2 availability. Future studies should consider 

measuring locomotor activity and food intake for a correlation with (changes in) striatal 

DRD2 availability, and might introduce a group with food restriction as a control. Finally, 

a systematic effect of the anaesthetic ketamine on DRD2 availability cannot be excluded. 

In conclusion, we found that chronic treatment with rimonabant significantly 

increased DRD2 receptor availability in dorsal and ventral striatum of rats. It demon-

strates how the endocannabinoid system interacts with the striatal DAergic system and 

supports its important role in reward-related disorders. Although rimonabant has been 

removed from the market because of psychiatric side effects, insight in the mechanisms 

of the cannabinoid system may yield new implications for the pharmacological treatment 

of individuals with eating disorders, drug abuse and other reward-deficiency disorders.
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Abstract

Context: Substance use disorders (SUD) are a major public health problem. Attention defi-

cit hyperactivity disorder (ADHD) is a comorbid condition associated with both onset and 

prognosis of SUD. Prevalence estimates of ADHD in SUD vary significantly.

Objective: To obtain a best estimate of the prevalence of ADHD in SUD populations.

Data sources: A literature search was conducted using MEDLINE, PsycINFO and EMBASE. 

Search terms were ADHD, substance-related disorders, addiction, drug abuse, drug de-

pendence, alcohol abuse, alcoholism, comorbidity, and prevalence. Results were limited 

to the English language.

Study selection: After assessing the quality of the retrieved studies, 29 studies were se-

lected. Studies in which nicotine was the primary drug of abuse were not included.

Data extraction: All relevant data were extracted and analysed in a meta-analysis. A se-

ries of metaregression analyses was performed to evaluate the effect of age, primary 

substance of abuse, setting and assessment procedure on the prevalence of ADHD in a 

variety of SUD populations.

Data synthesis: Overall, 23.1% (CI: 19.4–27.2%) of all SUD subjects met DSM-criteria for 

comorbid ADHD. Cocaine dependence was associated with lower ADHD prevalence than 

alcohol dependence, opioid dependence and other addictions. Studies using the DICA or 

the SADS-L for the diagnosis of ADHD showed significantly higher comorbidity rates than 

studies using the KSADS, DISC, DIS or other assessment instruments.

Conclusions: ADHD is present in almost one out of every four patients with SUD. The 

prevalence estimate is dependent on substance of abuse and assessment instrument.
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1. Introduction

Substance use disorders (SUD) are a major public health problem. The Epidemiologic 

Catchment Area Study reports a lifetime prevalence for alcohol use disorders of 13.5% 

and for other drug use disorders of 6.1% (Regier et al., 1990), and in the Netherlands 

Mental Health Survey and Incidence Study-2 a lifetime prevalence of 19.1% for any sub-

stance use disorder was found (de Graaf et al., 2011). Patients with SUD constitute a large 

proportion of mental health service users, and are overrepresented in general medical 

care (Cherpitel and Ye, 2008).

Attention Deficit Hyperactivity Disorder (ADHD) is a major risk factor for the 

development of substance use disorders (Biederman et al., 1995; Lee et al., 2011; Charach 

et al., 2011), either directly (Szobot et al., 2007) or mediated by conduct disorder (Fergus-

son et al., 2007). Comorbid ADHD has a negative effect on the course of SUD. Patients 

with both ADHD and SUD become addicted at a younger age, use more substances and 

are hospitalized more often than SUD patients without ADHD (Arias et al., 2008). ADHD 

is also associated with higher relapse rates after successful addiction treatment (Carroll 

and Rounsaville, 1993). Moreover, treatment studies have consistently shown that phar-

macological treatment of ADHD with methylphenidate or atomoxetine is not as effective 

in ADHD patients with SUD compared to those without this Comorbidity (Carpentier et 

al., 2005; Levin et al., 2006, 2007; Konstenius et al., 2010; Castells et al., 2011; Wilens et 

al., 2008a,b; Thurstone et al., 2010). Only one study reported a decrease in self-reported 

ADHD symptoms after treatment in SUD patients (Schubiner et al., 2002). Other treat-

ment strategies such as cognitive behavioural therapy (Safren et al., 2010) have not been 

studied in this population.

In order to develop optimal treatment programs for patients with ADHD and 

SUD, it is important to adequately recognize and diagnose these disorders. This may be 

complicated by overlapping symptoms, such as effects of drug intoxication or withdra-

wal (Levin, 2007). While the prevalence of ADHD among children in the general popula-

tion is approximately 5% (Polanczyk and Rohde, 2007), and in adults around 4% (Kessler 

et al., 2006), it is often assumed that the ADHD prevalence in SUD patients is higher. 

However, prevalence estimates in the literature vary considerably and range from 2% in 

a study by Hannesdottir and colleagues (Hannesdottir et al., 2001) to 83% in a study by 

Matsumoto and colleagues (Matsumoto et al., 2005). It is currently unclear whether dif-
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ferences in substance of abuse, in ADHD or SUD assessment, or between SUD populations 

may explain this variation in prevalence estimates. The current study aims to establish a 

best estimate of the prevalence of comorbid ADHD in adolescents and adults with SUD, 

using data from high quality studies in a statistical meta- and meta-regression analysis. 

Differences between studies in terms of patient population, primary substance of abuse, 

setting and assessment procedure are taken into account. A meta-analytic review of the 

existing studies to date is important to obtain a more accurate estimate of the comorbi-

dity of ADHD and SUD, as a first step in developing adequate diagnostic and treatment 

programs for this patient population.

2. Methods

2.1. Data sources

We conducted a systematic literature search to identify studies reporting on the preva-

lence of comorbid ADHD in SUD populations using MEDLINE, PsycINFO and EMBASE. Key 

words for the search were: ADHD, substance-related disorders (Mesh term MEDLINE), 

addiction (subject heading in EMBASE), drug abuse, drug dependence, alcohol abuse, 

alcoholism (key words PsycINFO), comorbidity, and prevalence. English language and hu-

man studies were used as limits. Databases were searched from 1966 until January 2010. 

In addition, cross-references of the retrieved articles were checked.

2.2. Study selection

Titles and, if needed, abstracts were screened. All articles reporting on the prevalence of 

comorbid ADHD within a substance use disorder population were fully assessed by two 

authors independently (KvE-vO, GvdG) in order to assess eligibility. Differences between 

these authors were resolved by discussion with the last author (RAS). The following crite-

ria for inclusion in this meta-analysis were used:

• Studies reporting on the prevalence of comorbid ADHD in a SUD population. 

Articles with a different focus, but providing information from which the preva-

lence of ADHD in a SUD population could be extracted, were also included.

• A SUD diagnosis is made in all subjects by means of a validated diagnostic in-

strument, such as the SCID-I. If specific information on diagnostic procedures 
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for SUD was not available, but the study involved a sample of patients from an 

addiction treatment centre, we assumed that these patients would qualify for a 

SUD diagnosis on clinical grounds.

• We included all types of substance use disorders (for example abuse or depen-

dence of alcohol, cocaine, opiates, cannabis, or polysubstance disorders). How-

ever, studies reporting on subjects with nicotine dependence as the primary 

substance of abuse were not included.

• The presence of ADHD was established by means of a (semi) structured diagnos-

tic instrument or a systematic DSM-based clinical interview. Self-report ques-

tionnaires were not considered to be sufficient for this purpose. Studies were 

only selected if a clear diagnostic procedure for ADHD was described, and diag-

noses were made according to DSM-III or DSM-IV criteria. A lifetime diagnosis 

of ADHD thus includes a retrospective childhood diagnosis (symptoms starting 

before age 7), irrespective of symptoms in adulthood. A current diagnosis of 

ADHD implies a childhood onset ADHD with persisting symptoms in adulthood 

that currently meet DSM-criteria. Studies in which the age of onset criterion for 

ADHD was not available were not included.

• Studies on both adults and adolescents were included. Studies on inpatients and 

outpatients of addiction treatment centres were included (treatment seeking 

samples), as well as studies based upon community samples (currently not in 

treatment for addiction problems).

The following exclusion criteria were used:

• Studies reporting on juvenile offenders, as this is a distinct group of adolescents 

characterised by delinquent behaviour, which in turn is associated with ADHD 

(Sevecke et al., 2009; Mannuzza et al., 2008a,b; Foley et al., 1996).

• Studies involving patients in treatment for a psychiatric disorder who had co-

morbid SUD were also excluded for reasons of sample selection.

• Studies that included different members of the same family, because subjects are 

not independent in these samples.

• Studies using imputation techniques to estimate the ADHD prevalence.

• Studies lacking information necessary for our analysis.
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MEDLINE 
598 records 

PsycINFO 
163 records 

EMBASE 
650 records 

Records after removing 
duplicates 
n = 1040 

Screening titles and, if necessary, 
abstracts 

Full-text articles 
n = 59 Articles retrieved by cross-

references 
n = 9 

Full-text articles 
assessed for 

eligibility 
n = 68 

Studies included in this meta-analysis 
n = 29 

Articles excluded because diagnostic procedure 
for ADHD was not sufficient (n = 18) 

Articles excluded because the sample was 
inadequate (e.g. juvenile offenders) (n = 9) 

Articles excluded because prevalence data were 
not available (n = 6) 

Articles excluded because SUD criterium was 
not met (n = 3) 

Articles excluded because lack of information 
which was necessary for our research question 
(e.g. the size of the SUD population was not 
reported) (n = 3) 

Figure 1: Flow diagram study selection.
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2.3. Data extraction

The following data were extracted from the included studies: sample size, primary sub-

stance of abuse, diagnostic procedure for ADHD and SUD, timeframe of ADHD diagno-

sis (retrospective childhood diagnosis or current diagnosis with persisting symptoms), 

information on recruitment of the sample, setting and demographic characteristics of 

the sample, period of abstinence before diagnostic assessment, availability of other in-

formant (for example parent) in ADHD assessment, and information on the prevalence 

of ADHD.

2.4. Data synthesis and statistical analysis

The variable of interest was the prevalence of ADHD in SUD populations. Data on this 

outcome measure were analysed using Comprehensive Meta-analysis software Version 2.

We expected the results to be quite heterogeneous as we included studies 

with different demographic characteristics, settings, primary substances of abuse, time 

frame, and assessment procedure. A test of heterogeneity (Q test) was used to determine 

whether the differences in prevalence estimates across studies were indeed larger than 

expected by chance. Heterogeneity was also assessed by the I2 metric, i.e. the percentage 

of between study variance due to systematic heterogeneity rather than chance (Higgins 

et al., 2003). A random-effects model was used for the meta-analysis, as a fixed effect 

model is likely to produce misleading results in the presence of significant heterogeneity 

(Higgins and Thompson, 2004). In addition, heterogeneity was further explored using 

a series of meta-regression analyses, in which we evaluated the effect of age, primary 

substance of abuse, setting and assessment procedure on the prevalence of ADHD in the 

various SUD populations. These metaregression analyses were performed using SPSS 17 

software with macros provided by Lipsey and Wilson (Lipsey and Wilson, 2001).

The following a priori defined variables were used for meta-regression: percen-

tage males in the sample, mean age of the sample, setting (treatment seeking versus 

community), primary substance of abuse, recruitment of the sample (random/consecu-

tive inclusion versus unknown way of inclusion), length of abstinence before diagnosing 

ADHD (at least 4 days of abstinence or less/unknown), type of adult ADHD diagnosis 

(lifetime or current), ethnicity (percentage Caucasians in sample), type of diagnostic in-

strument for ADHD (KSADS, DISC, DICA, systematic clinical interview using DSM criteria, 

SADSL, DIS or other instrument; abbreviations are explained at the bottom of Table 1), 

and age group of sample (adolescents versus adults). For primary substance of abuse, we 

created dummy variables for cocaine, alcohol and opioids, as studies on these substances 
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were the most frequent. If a study sample consisted of for example subjects with can-

nabis addiction, or a mixed group of SUD patients, the sample was classified as ‘other 

substance’ and was used as the reference category relative to the three dummies for co-

caine, alcohol and opioids. Dummy variables were also used for the instrument that was 

used for ADHD diagnosis. The KSADS, DISC, DICA, DSM-list, SADSL and DIS were used as 

dummy variables for this purpose, with any other instrument as the reference category. 

Subsequently, a back-step procedure was employed, in which the least significant varia-

ble was deleted after every step. Finally, the remaining statistically significant (p < .05) 

variables were retained in the regression model.

3. Results

3.1. Results of literature search

Figure 1 shows the process of identifying and selecting relevant articles. Searches in MED-

LINE, PsycINFO and EMBASE yielded a total of 1040 non-duplicate articles. After screening 

of titles and abstracts, 59 articles were fully studied by two authors on eligibility, and 

an additional nine studies were added for eligibility assessment from cross-references. A 

total of 39 of the 68 studies were excluded for various reasons, which resulted in a final 

inclusion of 29 articles. A more detailed list of the excluded studies and reasons for exclu-

sion can be obtained from the first author.

Table 1 gives an overview of all selected studies. A total of 29 studies are in-

cluded, involving 6689 subjects (4054 adolescents and 2635 adults) from 6 countries. 26 

studies involved treatment seeking samples. In terms of primary substance of abuse, 5 

studies concerned alcohol dependent subjects, 6 studies described cocaine dependent 

subjects, 3 studies opioid dependent subjects, 1 study involved a cannabis dependent 

sample, and 14 studies included subjects with various types of SUD (not restricted to one 

specific substance). Different instruments were used to make ADHD and SUD diagnoses. 

For the ADHD diagnosis, the K-SADS was the most frequently used diagnostic instrument. 

For the SUD diagnosis, 9 of the 29 studies did not report the use of a specific instrument, 

but reported that a diagnosis was made based on a clinical interview using DSM criteria. 

Among the studies that used a diagnostic instrument for the SUD diagnosis, the SCID was 

most frequently used. Four studies (14%) reported no specific diagnostic instrument but 

concerned patients from an addiction treatment centre.
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ADHD prevalence rates in the included studies ranged from 8% (Stowell and 

Estroff, 1992) to 44.3% (Szobot et al., 2007) in the adolescent populations and from 9.9% 

(Falck et al., 2004) to 54.1% (Ohlmeier et al., 2008) in adult populations. The study by Car-

roll and Rounsaville (Carroll and Rounsaville, 1993) reported on two subgroups: a sample 

of 298 treatment-seeking cocaine abusers (in- and outpatients from a drug abuse clinic), 

and a community sample of 101 cocaine abusers. The same treatment seeking sample 

was also reported in the article by Rounsaville and colleagues (Rounsaville et al., 1991). 

Therefore, from Carroll’s article we only used the community sample (n = 101) in our 

analysis. The study by Ohlmeier (Ohlmeier et al., 2008) also reports on two samples: 

91 alcohol-dependent inpatients, and 61 substance-dependent inpatients. In our review, 

these samples are indicated with A and B respectively. This splitting results in 30 entries 

instead of 29 entries (reported in the flow chart) in Table 1. Subramaniam and colleagues 

(Subramaniam and Stitzer, 2009; Subramaniam et al., 2009) studied several samples of 

substance abusing patients, and reported on the prevalence of ADHD and other disorders. 

In the article indicated with A, the authors report on a prescription opioids and heroin 

using sample. In another article, indicated with B, the authors report on the same opioid 

dependent sample but also on alcohol and cannabis dependent patients. From the lat-

ter article, we only used data from the alcohol and/or cannabis dependent patients to 

prevent double counting. Finally, the study by Falck (Falck et al., 2004) reports on a com-

munity sample of crack-cocaine abusers. Diagnostic procedures to confirm dependence or 

abuse were not available in this study, but crack use was confirmed by urine tests.

3.2. Results of the meta-analysis

Data on ADHD prevalence in the 29 included studies were pooled, yielding an overall 

prevalence estimate of 23.1% (C.I. 19.4–27.2%) with I2 = 92.2%, Q = 372.6; df = 29; p < 

.05, indicating substantial heterogeneity (see Figure 2).

Analyses were also performed for adolescents and adults separately. Results 

showed that overall ADHD prevalence in adolescents was 25.3% (C.I. 20.0–31.4%, I2 = 

93.2%), and that overall ADHD prevalence in adults was 21.0% (C.I. 15.9–27.2%, I2 = 

91.3%) with I2 parameters still indicating substantial heterogeneity. We also analysed 

subgroups of treatment seeking and community samples in adolescent and adult popula-

tions. In adolescent populations, only one study used a community sample (Szobot et al., 

2007); in this study a prevalence of 44.3% was found (C.I. 32.4–56.9%). All the other stu-

dies on adolescents used treatment seeking samples; pooling of these studies resulted in 

an ADHD prevalence of 24.2% (C.I. 19.0–30.4%). In adult populations, 2 studies had been 

performed with community samples, resulting in a pooled ADHD prevalence estimate of 
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15.5% (C.I. 6.2–33.8%). Twelve studies focussed on treatment seeking patients, and the 

ADHD prevalence in this subgroup was 23.3% (C.I. 17.7–30.1%).

3.3. Results of additional analyses

A sensitivity analysis was performed to assess how the results were influenced if one 

study was omitted at a time. The resulting prevalence estimates ranged from 22.3% (C.I. 

18.7–26.3%) if the study by Ohlmeier (Ohlmeier et al., 2008) (part B) was omitted, to 

23.8% (C.I. 20.1–28.0%) if the study by Stowell and Estroff (1992) was omitted, indicating 

no disturbing effects on the overall prevalence estimate of any one study.

We also ran the analysis using only the 14 studies specifically reporting a ran-

dom sample or consecutive inclusion for the ADHD prevalence diagnostic procedure. The 

other 15 studies did not report on how inclusion of their sample was realized. Possibly, 

this could have led to selecting subjects with a high risk of ADHD, resulting in overes-

timating ADHD prevalence. However, ADHD prevalence in this analysis remained 23.1% 

(C.I. 17.8–29.3%, I2 = 94.4%). 

Finally, we performed an analysis including only the 14 studies in which the 

diagnostic procedure was performed after a period of at least 4 days of abstinence. Again, 

overall ADHD prevalence in this subgroup was very similar to the overall estimate for all 

studies: 22.6% (C.I. 17.2–29.1%, I2 = 90.0%).

3.4. Results of the meta-regression analysis

We performed a series of meta-regression analyses to evaluate the effect of age, gender, 

setting, primary substance of abuse, recruitment method, abstinence duration, time-

frame, ethnicity, and assessment procedure on the prevalence of ADHD in SUD popula-

tions. An initial association with the prevalence of ADHD was observed for cocaine as the 

primary substance of abuse, and for assessment of ADHD with the SADSL. After a back-

step procedure, in which the least significant variable was deleted after every step, three 

statistically significant variables were retained in the regression model: ADHD assess-

ment with the DICA, ADHD with SADS-L (both resulting in higher rates of comorbid ADHD 

than assessment with other ADHD interviews), and cocaine as the primary substance of 

abuse (resulting in a lower rate of ADHD than in subjects with other primary substances 

of abuse).  These three variables together explained 38.0% of the total variance between 

studies (see Table 2). After adjustment for these variables, the overall ADHD prevalence 

remained unchanged (23.1%), but the confidence interval became narrower and ranged 

from 19.9% to 26.7%. 
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B SE -95% CI +95% CI Z P Beta

Constant

Cocaine

DICA

SADS-L

-1.2240

 -.9734

.5355

1.4084

.1134

.3061

.2682

.3968

-1.4462

-1.5735

.0098

.6306

-1.0017

-.3734

1.0613

2.1861

-10.7929

-3.1797

1.9965

3.5492

.0000

.0015

.0459

.0004

.0000

-.6166

.2889

.6798

Table 2: Meta-regression analysis of study variables significantly associated with ADHD prevalence in SUD popu-

lations (N = 30). Mean ES =−1.2015, R2 = .3800. DICA: Diagnostic Interview for Children and Adolescents. 

SADS-L: Schedule for Affective Disorders and Schizophrenia – Lifetime Version.

4. Discussion

In this statistical meta-analysis, we provide a best estimate of ADHD prevalence in SUD 

populations, based upon all currently available studies of sufficient quality and adjusted 

for a  range of variables potentially affecting prevalence. Results indicate that the overall 

prevalence is approximately 23%, irrespective of age and gender, ethnicity, duration of 

abstinence, time-frame, and setting. A series of meta-regression analyses showed that 

the prevalence of ADHD is significantly lower in subjects with cocaine as their primary 

substance of abuse, whereas the prevalence is higher in studies with a diagnosis of ADHD 

based on the DICA or the SADS-L.

To our knowledge, this is the first meta-analytic review on the subject. We were 

able to include as many as 29 studies and a total of 6689 subjects. Sensitivity analyses 

showed that the results were stable when omitting one study at a time. Also, results were 

not altered when analysing a subgroup of studies that considered a period of abstinence 

before the ADHD assessment, or when analysing a subgroup of studies that provided 

more detailed information on their sampling procedure.

The results that we found are relevant for the treatment of addiction and its 

psychiatric comorbidities. As almost one in every four SUD patients also meets ADHD 

diagnostic criteria, it is important to implement adequate screening and case-finding pro-

cedures to identify those patients. Moreover, the need for developing effective treatment 

programs for patients with SUD and comorbid ADHD is emphasized by these results.

Interestingly, we did not observe a significant association between clinical varia-

bles such as proportion of males in the sample, mean age of the sample, or study setting 

and the prevalence of comorbid ADHD, so the wide variation in prevalence estimates that 
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we found in the literature does not seem to be explained by the differences in patient 

populations. Only diagnostic instrument and cocaine as primary substance of abuse ap-

peared to be related to the prevalence estimate in our analyses. It should be noted that in 

community samples both SUD and ADHD are more frequently diagnosed in males than in 

females. However, within a SUD population, ADHD seems to be equally prevalent among 

males and females. Although tentative, one might suggest that ADHD and SUD represent 

the outcome of a final common pathway with an important overlap in risk factors such as 

genetic vulnerability (Young et al., 2000) and maternal smoking during pregnancy (Linnet 

et al., 2003; Brennan et al., 2002) in both males and females.

Another interesting finding is that a primary cocaine use disorder was associa-

ted with lower ADHD prevalence. Although it has been reported that patients with ADHD 

are likely to choose cocaine to self-medicate symptoms of ADHD (Khantzian, 1985), sever-

al other studies did not find a preference of cocaine in ADHD patients (Clure et al., 1999; 

Biederman et al., 1995). A possible explanation for our finding could be that sedating 

substances like alcohol and cannabis are more effective in alleviating ADHD symptoms. 

It should be noted that all the studies in which cocaine was the primary drug of abuse 

were conducted in adult populations. In general population studies, ADHD prevalences 

are usually lower in adults than in adolescents (Biederman et al., 2000). The lower ADHD 

prevalence in cocaine abusing populations could thus be a function of age. Still, this age 

difference was not found in our pooled data on SUD patients so this seems unlikely. Fur-

thermore, although we consider it useful to group studies according to primary drug of 

abuse, we realize that in practice patients may use more drugs at the same time.

A final variable explaining some of the heterogeneity in the prevalence of ADHD 

in SUD populations is the assessment procedure and instrument used for the diagnosis 

of ADHD. Although only studies with adequate diagnostic instruments were included in 

this meta-analysis, information on the timing of the ADHD assessment was often limited. 

Timing of diagnostics can be crucial, as symptoms of substance intoxication or withdra-

wal can be easily misinterpreted as ADHD symptoms. An adequate period of abstinence 

before diagnostic assessment is therefore considered to be of major importance. In our 

analysis, the ADHD prevalence in subjects with SUD was not altered when we restricted 

the analyses to the 14 studies which explicitly stated that they had performed the ADHD 

diagnostic procedure after a period of at least 4 days of abstinence.

We found higher rates of ADHD in studies using the SADS-L in adults or the DICA 

in adolescents. Due to the absence of direct comparisons, it is not possible to say whether 

studies using the SADS-L or the DICA overestimate the prevalence of ADHD or whether 

studies using other instruments underestimate the prevalence of ADHD. The only indica-
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tion for the validity of the DICA we found in the literature is a high agreement between 

trained lay interviewers and child psychiatrists using the DICA in a general population 

sample (Boyle et al., 1993).

The current study has both strengths and limitations. The most important 

strengths are the large number of included studies and subjects, the strict inclusion cri-

teria, and the state-of-the-art analysis of the data using meta-regression. There are also 

limitations that must be considered when interpreting the results. First, studies among 

different groups of clinical patients, such as adults and adolescents and patients with 

different types of SUD, were included in this review. However, this clinical heterogen-

eity was accommodated for by using a random-effects model for meta-analysis and by 

incorporating these variables in meta-regression analyses. Using this strategy, 38.0% of 

the variance between studies could be accounted for. Second, different instruments were 

used to evaluate ADHD, and 6 studies used a DSM-IV based clinical interview instead of 

a semi-structured instrument. This heterogeneity was also explored in meta-regression 

analyses. Using a clinical interview for diagnosing ADHD was not associated with statis-

tically significant differences in prevalence in meta-regression. Repeating the random-

effects meta-analysis without these 6 studies, we found the same prevalence, albeit with 

a slightly wider confidence interval. Third, only studies meeting DSM criteria for ADHD 

were included, i.e. a minimum of 6 symptoms is required as well as having symptoms be-

fore the age of 7. These criteria, especially age at onset, are subject of debate (Faraone et 

al., 2006, 2007). It is argued that early age of onset may not be necessary for a diagnosis 

of adult ADHD, and this criterion is likely to be adjusted in DSM5 (http://dsm5.org). As an 

accurate ADHD diagnosis is more challenging in the presence of SUD-related symptoms 

such as restlessness, impulsivity and concentration problems, we choose to hold on to 

the current DSM-IV criterion of early onset. Due to this relatively conservative strategy 

the rates provided in this study are accurate but may provide an underestimation rather 

than an overestimation of the actual ADHD prevalence in SUD patients. The fact that 

information from family members was not always part of the assessment procedure may 

have led to underestimation of the presence of ADHD symptoms as well, especially in 

the studies with adolescents who tend to have relatively poor insight into their ADHD 

symptoms and typically underreport their symptoms (Adler and Newcorn, 2011). Also in 

the included studies with adults, information of a family member was often not availa-

ble. A study by Murphy and Schachar (Murphy and Schachar, 2000) examined this issue 

and found high correlations between subject and observer (parent and partner) ratings 

of ADHD symptoms in adults. 
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It is interesting to know if treatment of ADHD influences SUD symptoms. In a 

study by Biederman and colleagues (Biederman et al., 2008) in which children with ADHD 

were followed up into young adulthood, no evidence was found that stimulant treatment 

affects the risk of subsequent SUD, but in two other prospective studies (Mannuzza et 

al., 2008a,b; Wilens et al., 2008a,b), beneficial effects were found of an early start of 

methylphenidate treatment of children with ADHD in terms of reducing the risk of sub-

sequent SUD. Little is known about the effect of ADHD treatment on adult patients who 

already developed SUD, but in the medication trials that have been performed until now, 

no clear effect of medication treatment on substance use was shown (Levin et al., 2006; 

Wilens et al., 2008a,b; Konstenius et al., 2010; Thurstone et al., 2010). The only exception 

to this was a study among cocaine dependent ADHD patients receiving methylphenidate 

(Levin et al., 2007), in which a reduction of ADHD symptoms through medication was as-

sociated with a reduction in cocaine use.

Overall, this meta-analysis may contribute to the awareness that ADHD comor-

bidity is frequently present in substance-abusing populations, irrespective of age, gender, 

ethnicity and setting. Given the clinical importance and the limited efficacy of current 

treatment approaches, both recognition and further study of interventions for this type 

of comorbidity are urgently needed.
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Abstract

Background: Methylphenidate (MPH) occupies brain striatal dopamine transporters (DATs) 

and is an effective treatment for attention deficit/hyperactivity disorder (ADHD). How-

ever, patients with ADHD and comorbid cocaine dependence do not benefit significantly 

from treatment with MPH. To better understand the neurobiology of this phenomenon, 

we examined DAT availability and the effects of MPH treatment on DAT occupancy in 

ADHD patients with and without cocaine dependence. 

Methods: ADHD patients with cocaine dependence (N=8) and ADHD patients (N=16) were 

imaged at baseline and after two weeks treatment with slow-release MPH using single 

photon emission computed tomography (SPECT) and the DAT tracer [123I]FP-CIT. Changes 

in ADHD symptoms were measured with the ADHD symptom rating scale (ASRS). 

Results: At baseline, we observed lower striatal DAT availability in ADHD patients with 

cocaine dependence. Following MPH treatment, MPH occupied significantly less striatal 

DATs in cocaine-dependent than in non-cocaine dependent ADHD. There were no signifi-

cant correlations between baseline DAT availability, or DAT occupancy by MPH, and ADHD 

symptom improvement (ASRS scores). However, we did find significant correlations be-

tween DAT occupancy by MPH and decreases in impulsivity scores.

Conclusions: The findings of this study suggest that fewer striatal DATs and less occu-

pancy by MPH are possible explanations for the finding that MPH treatment in ADHD pa-

tients with cocaine dependence is less effective than in patients with ADHD only. There-

fore, ADHD patients with cocaine dependence may benefit from medications directed at 

other pharmacological targets.

This trial is registered at the Dutch Trial Register, www.trialregister.nl, under Trial ID 

number NTR3127.
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Introduction

Attention deficit/hyperactivity disorder (ADHD) is a developmental disorder character-

ized by symptoms of inattention, impulsivity, and hyperactivity. In some patients, ADHD 

symptoms wane by natural ageing, but in other patients symptoms may persist into 

adulthood. ADHD probably plays a role in the etiology and pathogenesis of substance use 

disorders (SUDs) (Bukstein, 2011; Kollins, 2008), although its relationship to substance 

abuse is not yet fully understood. It is estimated that 10-33% of treatment-seeking SUD 

patients meet criteria of adult ADHD (Levin et al., 1998a; Levin, 2007). In a recent meta-

analysis, the best estimate for a comorbid diagnosis of adult ADHD in treatment seeking 

SUD patients was 23% (van Emmerik-van Oortmerssen et al., 2011).

The most effective pharmacotherapy for ADHD consists of medications that oc-

cupy the dopamine transporter (DAT), such as methylphenidate (MPH) (Dresel et al., 2000; 

Vles et al., 2003; Volkow et al., 1998). However, in ADHD patients with comorbid cocaine 

dependence, controlled studies have shown little to no effect of MPH treatment in redu-

cing symptoms of ADHD or cocaine use (Levin et al., 1998b; 2007; Schubiner et al., 2002; 

Somoza et al., 2004; Szobot et al., 2008a). One possible explanation could be that ADHD 

patients with cocaine dependence differ in their DAT availability from ADHD patients 

without cocaine dependence or that MPH results in different DAT occupancy in ADHD 

patients with and without cocaine dependence.

In vivo imaging studies have reported inconsistent findings regarding DAT avai-

lability in ADHD patients compared to healthy controls (Hesse et al., 2009; Krause, 2008; 

van Dyck et al., 2002) but MPH treatment in ADHD patients without comorbid SUD has 

generally resulted in significant blockage of striatal DATs (Krause, 2008). So far, only one 

imaging study examined the effect of MPH in adolescent ADHD patients with comorbid 

substance use dependence (Szobot et al., 2008b). The study reported a clinically signifi-

cant reduction of ADHD symptoms and 52% occupancy of striatal DATs following three 

weeks of MPH treatment. Although the study did not include a comparison group of 

ADHD patients without SUD, the authors concluded that the magnitude of DAT blockade 

induced by MPH in this population was similar to those found in ADHD patients without 

SUD comorbidity. Finally, post-mortem and imaging studies in cocaine dependent pa-

tients have found increased striatal DAT binding sites (Little et al., 1998; 1999; Malison 

et al., 1998).
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In the current study, we compare DAT availability and ADHD symptom severity 

in a group of adult ADHD patients with, and a group of adult ADHD patients without, co-

caine dependence before and after two weeks treatment with MPH using [123I]FP-CIT sin-

gle photon emission computed tomography (SPECT) and the ADHD symptom rating scale 

(ASRS). We hypothesized that (#1) ADHD patients with comorbid cocaine dependence 

have higher baseline striatal DAT availability as compared to ADHD patients without co-

morbid cocaine dependence, that (#2) MPH treatment results in a lower DAT occupancy 

in ADHD patients with cocaine dependence than in ADHD patients without comorbid 

cocaine dependence, that (#3) ADHD symptom reduction following MPH treatment is 

smaller in ADHD patients with comorbid cocaine dependence than in patients without 

comorbid cocaine dependence, and finally, that (#4) changes in DAT occupancy during 

MPH treatment are associated with changes in ADHD symptom severity.

Material and methods

Subjects

A total of 18 adult ADHD patients without cocaine dependence (ADHD) and 11 adult 

ADHD patients with comorbid cocaine dependence (ADHD+COC) were recruited by expe-

rienced specialists from Dutch ADHD and addiction treatment centers. Only male patients 

between 18 and 60 years with a DSM-IV diagnosis of adult ADHD, using a structured 

assessment procedure (CAADID), were included. Additionally, ADHD+COC met DSM-IV 

criteria for cocaine dependence, and were abstinent from alcohol and drugs for at least 

two weeks in order to prevent direct pharmacological effects of current drug use on 

striatal DAT availability. Patients were excluded if dependent on any other substance than 

cocaine or nicotine, when having a neurological or psychiatric disorder (e.g. psychosis, 

bipolar disorder, Parkinson’s disease), when having serious medical illness, when using 

medications that may influence binding to DATs (e.g. antipsychotics, MPH, buproprion; 

Booij & Kemp, 2008) within 30 days prior to entering treatment, when having clinically 

significant abnormal laboratory values (> 3x normal) or any disease of the gastrointes-

tinal system, liver or kidneys, or when testing positive on a drug urine test on the study 

days. 
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The study was approved by the Ethical Committee of the Academic Medical Centre of the 

University of Amsterdam, where the study was conducted. Subjects were fully informed 

and gave written informed consent.

Study design

After an extensive diagnostic intake procedure (MINI, CAADID, WURS; see below), the first 

SPECT scan was performed at baseline (before the first dose of MPH) to assess medication-

naïve DAT availability. In addition, a structural high-resolution T1-weighted MRI scan of 

the brain was acquired for co-registration purposes and a questionnaire was presented 

to register baseline ADHD symptom severity (ASRS; see below). Starting the next day, 

slow-release MPH (Concerta, 54 mg) was prescribed for two weeks. Five hours after intake 

of the last MPH tablet, patients received a second SPECT scan to assess DAT occupancy. 

The last MPH tablet was taken under supervision. In addition, a follow-up assessment 

of ADHD symptom severity was performed (ASRS). Blood samples were obtained on the 

first and last treatment day, at several time points, to assess MPH plasma concentration 

(Figure 1). To test for the use of illicit drugs (i.e. cocaine, (meth)amphetamines, cannabis, 

cocaine, and heroin), a urine sample was taken on both study days. 

Figure 1: Study timeline. On both study days (orange areas), blood samples were drawn to assess methylpheni-

date levels in plasma on baseline day (first light blue arrow) and at 0, 2, 4, and 5 hours following methylpheni-

date intake on the second scanning day (subsequent light blue arrows). SPECT scans were performed on both 

study days (dark blue arrows). The red mark and arrow indicate supervised methylphenidate intake on the final 

treatment/second scanning day, immediately following MPH blood sample collection 0.  Abbreviations: MPH, 

methylphenidate; SPECT, single photon emission computer tomography.



96

Chapter 8

Clinical assessments

Before inclusion, all eligible patients were interviewed by trained professionals to assess 

the presence of DSM-IV diagnoses: Conners’ Adult ADHD Diagnostic Interview for DSM-IV 

(CAADID; Connors et al., 1999) was used to assess the DSM-IV diagnosis of adult ADHD 

and the Mini International Neuropsychiatric Interview (MINI; Sheehan et al., 1998) was 

used to exclude the presence of other DSM-IV neuropsychiatric disorders with the excep-

tion of cocaine dependence in the ADHD+COC group. 

At intake, childhood ADHD symptoms were assessed using the Wender Utah 

Rating Scale (WURS) with a cut-off value of 36 on a 25-item scale (Ward et al., 1993) in all 

participants. IQ was estimated using the Dutch version of the National Adult Reading Test 

(DART; Schmand et al., 1991). 

At baseline and at the end of treatment, current ADHD symptoms were assessed 

using the ADHD Symptom Rating Scale (ASRS; Kooij et al., 2005). In addition, at baseline 

and at the end of treatment, the Barratt Impulsivity Scale (BIS-11; Patton et al., 1995) and 

the Beck Depression Inventory (BDI; Beck & Steer, 1987) were used to measure impulsivity 

and depression, respectively. Finally, the Fagerström Test for Nicotine Dependence (FTND; 

Heatherton et al., 1991) was used to assess nicotine dependency at baseline and at the 

end of treatment. 

In ADHD+COC patients, drug craving was assessed using the Desire for Drug 

Questionnaire, the Obsessive Compulsive Drug use Scale, and a 100-mm Visual Analogue 

Scale (DDQ and OCDUS; Franken et al., 2002).

SPECT and magnetic resonance imaging (MRI)

A brain-dedicated 12-detector single-slice scanner (Neurofocus) was used to assess DAT 

availability at baseline and following 2 weeks of MPH treatment to determine DAT oc-

cupancy. Scanning started 3 hours post-injection of an intravenous bolus injection of 110 

MBq [123I]FP-CIT, a well validated radioligand for imaging of DATs (Booij et al., 2007). [123I]

FP-CIT had a specific activity of ≥ 185 MBq/nmol and a radiochemical purity of > 98%. 

Before radiotracer injection, subjects were given a potassium iodide tablet (100 mg) to 

block uptake of radioactive iodide in the thyroid. Acquisition parameters were used as 

described earlier (Booij et al., 1997a). Attenuation correction was performed on all images 

and images were reconstructed to 3D mode as earlier described (Booij et al., 1997a). 

A T1-weighted MRI scan (3.0-T Intera full-body scanner, Philips Medical Systems, 

Best, the Netherlands) was made for each individual for anatomic reference. 
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Co-registration, Regions of Interest (ROIs) and Specific Binding ratios 
(BPND)

SPECT scans were co-registered with their individual MRI scan using Worldmatch soft-

ware (van Herk et al., 2000) (Figure 2). In two subjects, no accurate MRI scan was avail-

able due to head motion artifacts or unavailability of the MRI scanner on the scanning 

day. Only for these two patients, SPECT scans were co-registered with a standard MNI 

template brain. 

Using the same software, regions of interest (ROIs) were drawn on the MRI scan 

and DAT availability in those ROIs was identified on both SPECT scans together. ROIs 

included the DAT-rich caudate nucleus (bilaterally) and putamen (bilaterally). In addition, 

standard ROIs were drawn in the occipital cortex to assess non-specific binding. Specific 

binding ratios (BPND; Innis et al., 2007) were then calculated following the equation: BPND 

= (activity in ROI) – (activity in occipital cortex) / (activity in occipital cortex). DAT occu-

pancies by MPH were calculated relative to untreated baseline scan using the following 

equation: OCCDAT = [BPND(baseline) – BPND(MPH scan) / BPND(baseline)] (Ruhé et al., 2009).

It should be noted that [123I]FP-CIT  binds with high affinity to DATs, but also 

with lower affinity to extra-striatal serotonin transporters (SERTs) (Booij et al., 2007). We, 

therefore, also delineated ROIs in the thalamus and the midbrain area (see Figure 2), and 

calculated BPND in a similar way as described previously for DAT in the striatum in order 

to control for binding of the radiotracer to extra-striatal SERT.

Blood samples

To control for possible differences in MPH uptake, metabolism and excretion between 

ADHD patients with and without comorbid cocaine dependence, MPH and ritalinic acid 

plasma levels were determined. MPH plasma levels are a good indicator of MPH delivery 

to the brain (Dresel et al., 2000). Blood samples were collected at baseline (MPH-naïve), 

immediate before the intake of the last MPH tablet (0), at 2 (+2) and 4 (+4) hours follow-

ing intake of the last MPH tablet, and immediately before scanning (5 hours after intake 

of the last MPH tablet; +5) (Figure 1). Blood samples were collected and centrifuged 15 

min later at 2700g for 10 min at room temperature, after which plasma was stored at 

-80°C until analysis was performed by the Department of Pharmacy of the Academic 

Medical Center of the University of Amsterdam, the Netherlands using liquid chromatog-

raphy - mass spectrometry (Supplement 1).
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Statistical analyses

Within groups, paired sample t-tests were used to assess changes in questionnaire scores 

and right-left differences in BPND between respective ROIs. Between groups, baseline dif-

ferences were tested using a t-test for independent samples. Effect of treatment between 

groups (group*treatment effect) was analyzed using repeated measurements ANOVA 

(general linear model-repeated), a specific variant of mixed model analysis used for con-

Figure 2: An example of the co-registration between an individual MRI T1-3D scan and a baseline SPECT scan 

(upper row, red scaling represents intensity of radiotracer uptake) and a SPECT scan following two weeks MPH 

treatment (second row, green scaling represents intensity of radiotracer uptake). The third row represents the 

following ROIs: caudate nucleus (light blue, black), putamen (dark blue, fuchsia), thalamus (dark green, lime 

green), midbrain (olive green) and occipital cortex (yellow). From left to right: axial, sagittal and coronal slices.
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tinuous normally-distributed dependent data taken on specific and fixed time points in 

all patients. Statistical analyses were performed with SPSS version 18 (SPSS Inc, Chicago, 

IL, USA) with a 2-sided alpha of 0.05. Data are represented as mean ± standard deviation 

(SD). 

Results

We present data from 16 of the 18 recruited ADHD and 8 of the 11 recruited ADHD+COC 

patients who completed the study. Exclusions were due to withdrawal of informed con-

sent (N=2) or to discontinuation of the medication due to side-effects (N=3). An addi-

tional two patients did not fully comply with the medication protocol (one patient used 

only 7 of the 14 tablets and one patient used only 9 of the 14 tablets), but were not ex-

cluded from the analyses. All 24 patients used their MPH on the last day of treatment five 

hours before the second scan session (Figure 1). A subgroup analysis of the 22 patients 

who fully complied with the MPH treatment protocol is presented separately.

ADHD ADHD+COC

 n=16 n=8

Age (years; mean, SD) 33 ± 7 35 ± 5

DART (IQ; mean, SD) 105 ± 4 104 ± 6

Years of education (years; mean, SD) 11 ± 4 9 ± 4

ADHD subtype in adulthood *

          Hyperactive N (%) 0 / 16 (0%) 1 / 8 (12.5%)

          Inattentive N (%) 9 / 16 (56%) 1 / 8 (12.5%)

          Combined N (%) 7 / 16 (44%) 6 / 8 (75%)

WURS score (mean, SD)* 40 ± 16 57 ± 10

Smokers N (%) 7 / 16 (44%) 4 / 8 (50%)

Cocaine use:

          Years of cocaine use (mean, SD) - 12.3 ± 6.4

          Days since last cocaine use (mean, SD) - 536 ± 250

          Number of relapses (mean, SD) - 1.0 ± 0.6
Table 1: Clinical characteristics of ADHD patients without cocaine dependence (ADHD) and with cocaine de-

pendence (ADHD+COC). Abbreviations: DART, Dutch Adult Reading Test; WURS, Wender Utah Rating Scale. * 

Differences between groups p<0.05.
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Clinical characteristics

Table 1 summarizes the clinical characteristics of the ADHD and ADHD+COC groups. 

Groups did not differ significantly in age, IQ, or years of education. However, the vast 

majority in the ADHD+COC group was diagnosed with a hyperactive or combined ADHD 

subtype in adulthood (87.5%), whereas all ADHD patients were diagnosed with an inat-

tentive or combined subtype (100%). The ADHD+COC group used cocaine for an average 

of 12.3 years and was abstinent from cocaine for about 1.5 years (536 days) (Table 1). 

Childhood ADHD symptoms (WURS scores) were significantly higher in the ADHD+COC 

compared to the ADHD group (F = 1.53; df = 22; t = 2.69; p = 0.01). All patients had neg-

ative drug urine screens for cocaine, (meth)amphetamines, cannabis, cocaine and heroin.

DAT availability at baseline and DAT occupancy after MPH treatment

No significant BPND differences were found between right and left ROIs, and therefore 

data are presented as the mean of right-left values. 

Table 2 shows that ADHD+COC patients had significantly lower baseline DAT 

availability compared to ADHD patients in both the caudate nucleus (25% difference; 95% 

CI: 11% - 39%; p = 0.002; F = 0.85; t = 3.66; df = 22) and putamen (24% difference; 95% 

CI: 5% - 42%; p = 0.02; F = 1.56; t = 0.23; df = 22). BPND in the thalamus and midbrain 

regions did not differ significantly between groups at baseline. 

Following MPH treatment, BPND significantly decreased in the group of ADHD 

patients with 44% in the caudate nucleus (p < 0.001; 95% CI: 36% - 52%; t = 6.96; df = 

15) and with 36% in the putamen (95% CI: 25% - 47%), indicating substantial DAT occu-

pancy by MPH. In the group of ADHD+COC patients, DAT occupancy of MPH was 34% in 

the caudate nucleus (95% CI: 27% - 46%) and 31% in the putamen (95% CI: 19% - 47%). 

Only in the caudate nucleus, the change in DAT occupancy after MPH treatment was sig-

ADHD ADHD+COC

N=16 N=8

BPND baseline after MPH difference baseline after MPH difference

caudate nucleus  
(mean ± SD) 3.6 ± 0.6 2.0 ± 0.5 1.6 ± 0.5 # 2.7 ± 0.4 * 1.7 ± 0.4 1.0 ± 0.3 #

putamen (mean ± SD) 4.2 ± 0.9 2.7 ± 0.5 1.5 ± 0.9 # 3.2 ± 0.6 * 2.2 ± 0.5 1.0 ± 0.6 #

thalamus (mean ± SD) 0.6 ± 0.2 0.5 ± 0.3 0.1 ± 0.2 0.5 ± 0.2 0.3 ± 0.2 0.2 ± 0.3

midbrain (mean ± SD) 0.4 ± 0.3 0.4 ± 0.2 0.0 ± 0.2 0.4 ± 0.2 0.3 ± 0.2 0.1 ± 0.1

Table 2: Baseline [123I]FP-CIT BPND and post-treatment [123I]FP-CIT BPND in ADHD patients without cocaine depend-

ence (ADHD) and with cocaine dependence (ADHD+COC). * Significant difference (p<0.05) between groups at 

baseline; # Significant difference (p<0.05) before and after MPH treatment within groups.
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nificantly smaller in the ADHD+COC compared to the ADHD group (p = 0.008; F = 8.67; 

df = 22; group*treatment effect) (Figure 2).

In thalamus and midbrain, no significantly changes in SERT availability occur-

red after MPH treatment and no significant differences in SERT occupancy after MPH 

treatment were observed between ADHD and ADHD+COC patients, suggesting that MPH 

seems to mainly occupy DAT in-vivo.

MPH blood values

In order to control for possible differences in MPH uptake and metabolism between the 

groups, MPH plasma concentrations are presented for 15 ADHD and 5 ADHD+COC pa-

tients (data from 4 patients are missing due to blood sampling failures). At baseline just 

before the first SPECT scan, in all patients MPH levels were below detection level (MPH 

<1 μg/l and ritalinic acid (its major metabolite) < 4 μg/l). Figure 4 (A) shows that just 

before the second SPECT scan (five hours after the last tablet of MPH), MPH plasma levels 

were very similar in the ADHD and the ADHD+COC groups (5.7 μg/l ± 1.8 μg/l vs. 5.5 

μg/l ± 1.1 μg/l; p = 0.74; F = 0.64; t = 0.34; df = 17). Figure 4B shows that the same 

was true for the MPH metabolite ritalinic acid plasma concentration in the ADHD and the 

ADHD+COC group (256.9 μg/l ± 57.4 μg/l vs. 268.7 μg/l ± 74.0 μg/l; p = 0.74; F = 0.46; 

t = 0.35; df = 17).

Figure 3: Decreases in BPND following methylphenidate intake between ADHD patient without (ADHD, blue) and 

ADHD patients with cocaine dependence (ADHD+COC, green). Data are represented for mean BPND values in the 

nucleus caudate, putamen, thalamus, and midbrain. 
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Clinical outcomes

Table 3 provides an overview of questionnaire scores before and after treatment. At base-

line, current ADHD symptoms (ASRS scores) were significantly higher in the ADHD+COC 

group compared to the ADHD group (p = 0.03; F = 1.13; t = 2.31; df = 22). Follow-

ing treatment, significant symptom improvement was found in the ADHD group (56% 

symptom improvement, p < 0.01; 95% CI: 39% - 73%) and also, but to a lesser extent, 

in the ADHD+COC group (34% symptom improvement, p = 0.04; 95% CI: 2% - 66%), 

but no significant differences were found in MPH treatment effect between groups 

(group*treatment effect; p = 0.1; F = 0.46; df = 22). A similar picture emerged when 

treatment response (reduction of at least 50% of baseline ASRS scores) was taken as a clin-

ically relevant measure of effect: 12 out of 16 ADHD patients responded to MPH treatment 

(75%) and only 3 out of 8 ADHD+COC responded to MPH treatment (38%), but again this 

difference was not statistically significant (p = 0.23; F = 1.59; df = 13). Finally, we would 

like to note that the combination of higher baseline ADHD symptom severity and lower 

nominal treatment response in the ADHD+COC group resulted in ASRS scores after MPH 

treatment in this group that were almost as high as the ASRS scores of the ADHD group 

at baseline, i.e., before MPH treatment. 

At baseline, FTND scores were significantly higher in the ADHD+COC group 

compared to ADHD group (p = 0.03; F = 5.25; t = 3.63; df = 3.25), but no significant dif-

ference in effect of MPH treatment was found on FTND scores. 

At baseline, impulsivity scores were significantly higher for the ADHD+COC 

groups compared to the ADHD groups on three of the nine BIS subscores: self-control (p = 

Figure 4: Mean MPH (A) and ritalinic acid (B) plasma levels on the second scanning day: just before supervised 

MPH intake (0), 2 hours after  MPH intake (+ 2), 4 hours after MPH intake (+ 4), and just before the acquisition 

of the final SPECT scan, 5 hours after MPH intake (+ 5) for ADHD and ADHD+COC patients. Mean MPH and 

ritalinic acid plasma values are presented in μg/l as mean ± SD.
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0.002; F = 0.34; t = 3.45; df = 22), non-planning impulsiveness (p = 0.01; F = 1.00; t = 

2,95; df = 22), and attention (p = 0.02; F = 1.08; t = 2.47; df = 22). However, no signifi-

cant differences in effects of MPH treatment on impulsivity scores were found between 

the groups. BDI scores did not significantly differ at baseline between groups and no 

treatment by group effect was found. 

Within the ADHD+COC group, the DDQ subscore control significantly increased 

following MPH treatment (p = 0.03; mean = 1.5; t = 2.86; df = 7).

Correlations between DAT occupancy by MPH and symptom 
improvement

No significant correlations were found between DAT occupancy by MPH and ADHD symp-

tom improvement within each of the two groups (N=16 and N=8) or within the two 

groups taken together (N=24). However, there was a significant positive correlation be-

tween changes in BPND in the putamen and changes in the BIS self-control score (Pearson’s 

r = 0.43, p = 0.035), indicating that higher DAT occupancy was associated with more 

improvement in self control. Also, a statistically significant and strong correlation was 

found between changes in BPND in the putamen and improvements in DDQ control scores 

in the ADHD+COC group (Pearson’s r = 0.83, p = 0.01), indicating that higher DAT oc-

cupancy in ADHD patients with comorbid cocaine dependence was associated with im-

proved feelings of control over cocaine use.

Subgroup analyses on patients with full medication compliance  
(14 days intake of MPH)

In a separate series of analyses excluding the two patients (both ADHD) that did not 

comply fully with the medication protocol, very similar DAT availability and occupancy 

results were obtained: baseline differences in BPND in caudate nucleus and putamen re-

mained significant between groups (caudate nucleus: p = 0.001; F = 0.55; t = 3.84; df = 

20; putamen: p = 0.02; F = 2.17; t = 2.61; df = 20), and the difference in changes in DAT 

occupancy between groups remained statistically significant for the caudate nucleus (p = 

0.009; F = 1.48; t = 2.87; df = 20). On questionnaires scores, however, no significant dif-

ferences were found on baseline ASRS scores (p = 0.05; F = 1.56;  t = 2.08; df = 20), but 

differences remained on baseline FTND scores (p = 0.03; F = 5.25; t = 4.78; df = 3.25), 

and BIS self-control (p = 0.004; F = 0.76; t = 3.23; df = 20), attention (p = 0.02; F = 1.73; t 

= 2.48; df = 20), and non-planning impulsiveness subscores (p = 0.01; F = 1.75; t = 2.71; 

df = 20). In this subgroup analyses, the correlations of changes in DAT availability in the 
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putamen with changes in some of the impulsivity and craving measures remained sig-

nificant: changes in BPND (putamen) – changes in BIS self-control (Pearson’s r = 0.41, p = 

0.05) and changes in BPND (putamen) – changes in DDQ control in the ADHD+COC group 

(Pearson’s r = 0.83, p = 0.01).

Discussion

In this study, we found about 25% lower baseline striatal DAT availability in ADHD pa-

tients with cocaine dependence compared to ADHD patients without cocaine dependence. 

In addition, in the caudate nucleus, methylphenidate treatment resulted in lower DAT oc-

cupancy in ADHD patients with comorbid cocaine dependence compared to patient with 

ADHD only, an effect that was not dependent on MPH plasma levels. ADHD symptom 

severity (ASRS) was significantly higher in the ADHD+COC than in the ADHD group. Fol-

lowing MPH treatment, ADHD symptom severity improved significantly in both groups: 

about 34% in the ADHD+COC group and about 56% in the ADHD group. However, this 

difference in treatment effect between the two groups was not statistically significant. 

No correlation was found between baseline DAT availability or DAT occupancy by MPH 

and ADHD symptom improvement according to the ASRS. However, increased DAT oc-

cupancy by MPH in the putamen was significantly correlated with increased changes in 

BIS self-control subscores. Finally, in the ADHD+COC group, no improvement was found 

on craving following MPH treatment except on the DDQ subscale control, which increased 

significantly following MPH treatment and was positively correlated with DAT occupancy 

by MPH in the putamen. 

The finding of lower baseline DAT availability in ADHD+COC patients compared 

to ADHD patients is the opposite of what was hypothesize based on the existing litera-

ture, i.e., higher DAT availability in the ADHD+COC group compared to the ADHD group 

at baseline. It should be noted, however, that previous studies reporting increased stri-

atal DAT binding sites in cocaine dependence were performed either following cocaine 

exposure or following acute abstinence (Daws et al., 2002; Little et al., 1993; 1998; 1999; 

Malison et al., 1998; Staley et al., 1994; Wilson et al., 1996). Instead, previous studies 

in chronic cocaine users have found decreased DAT binding sites compared to non-drug 

using controls and, additionally, DAT availability in striatal areas (caudate nucleus and 

putamen) were negatively correlated with days since last cocaine use (Crits-Christoph et 
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al., 2008; Wilson et al., 1996). In summary, it seems that DAT binding sites increase im-

mediately following cocaine intake (as a compensation for the blockage of existing DATs 

by cocaine and in an attempt to remove DA from the synaptic cleft), and subsequently 

DAT binding sites decrease to lower-than-baseline levels in an attempt to compensate for 

synaptic DA depletion following a drug-free stage in chronic cocaine dependent patients 

(Little et al., 1999). In the current study, ADHD patients with cocaine dependence where 

abstinent for approximately 1.5 years, and this might be an explanation why baseline 

DAT availability was reduced in our sample of cocaine dependent ADHD patients compa-

red to patients without cocaine dependence. 

As predicted, MPH treatment resulted in lower DAT occupancy in ADHD+COC 

patients compared to ADHD patients. This effect was unrelated to MPH and ritalinic acid 

plasma concentrations and, therefore, it is unlikely that differences in MPH metabolism 

are responsible for the lower DAT occupancy in ADHD patients with cocaine depen-

dence and for the lower success rates of MPH in these patients. Differences in baseline 

DAT availability could be another explanation for the relatively lower DAT occupancy 

in ADHD+COC compared to ADHD patients. Previous studies have suggested that high 

DAT availability before treatment is associated with higher rates of DAT occupancy by 

MPH (6). This might explain why in the current study ADHD+COC patients (with lower 

baseline DAT availability) had lower rates of DAT occupancy by MPH than ADHD patients. 

However, we found no significant correlations between baseline DAT availability and 

DAT occupancy (%) following MPH treatment (correlations not provided). Another pos-

sible explanation might be that medication leaks away through the blood-brain barrier 

in ADHD patients with cocaine dependence due to alterations of the blood-brain barrier 

from previous cocaine use (Buch et al., 2011; Sharma et al., 2009).

As expected, MPH treatment responses were nominally lower in the ADHD+COC 

compared to the ADHD group (34% vs. 56% symptom reduction; 38% vs. 75% treatment 

responders), but the differences were not statistically significant probably due to the 

relatively small sample size. These findings are consistent with a series of controlled stu-

dies showing only small and generally non-significant effects of MPH in ADHD patients 

with cocaine dependence (Levin et al., 1998b; Schubiner et al., 2002; Somoza et al., 2004; 

Szobot et al., 2008a).

Unexpectedly, changes in DAT occupancy following treatment were not associ-

ated with changes in ADHD symptom severity and we were thus unable to replicate the 

findings of a relation between baseline DAT availability or DAT occupancy by MPH and cli-

nical response (Krause et al., 2005; la Fougère et al., 2006). Subsequently, within subgroup 

analyses were performed (within ADHD and within ADHD+COC; within responders and 
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within non-responders), but no indications were found for a substantial correlation bet-

ween changes in DAT occupancy and changes in ADHD symptom severity (data not pre-

sented). If the sample size is to be enlarged, additional analyses should be performed to 

study genetic differences between the groups as possible moderating factors of the rela-

tionship in between changes in DAT occupancy and changes in ADHD symptom severity. 

Such a study should be focused on the combination of the 7-repeat allele of the DA D4 

receptor gen (DRD4) and 10-allele of the DAT (Froehlich et al., 2011; Szobot et al., 2011).

 Changes in DAT occupancy by MPH in the putamen were associated with self-

reported impulsivity scores (BIS self-control). Increased impulsivity is characteristic for 

both ADHD and cocaine dependent patients (Brewer & Potenza, 2008) and is directly rela-

ted to the DAergic system (Baarendse & Vanderschuren, 2012), but studies regarding DATs 

in impulse control disorders show contradicting results (Vallelunga et al., 2011). Our re-

sults point towards a relation between DAT occupancy and changes in certain impulsivity 

scores. Subsequently, improvement on impulsivity/self control scores could still indicate 

an improvement in ADHD symptoms, but a type of impulsivity that is not adequately 

covered by the 18-item ASRS questionnaire. On the other hand, it cannot be excluded that 

the observed correlation is a chance finding due to multiple testing. More studies with 

larger sample sizes are needed to reach final conclusions on this important issue.

The current study has both strengths and limitations. The most important 

strengths are the use of two groups of well characterized and medication-naive patients 

(including a group of ADHD patients with comorbid cocaine dependence but no other se-

rious addiction or other mental disorder), control for MPH and ritalinic acid plasma levels, 

and the use of two SPECT scans to directly measure DAT availability at baseline and DAT 

occupancy by MPH. Moreover, patients could only enter the study when they were absti-

nent of cocaine for at least two weeks, in order to prevent possible confounding effects of 

(acute) cocaine intake. Unfortunately, we were not able to match smokers in both groups 

on FTND scores and ADHD+COC smokers smoked significantly more than ADHD smo-

kers, which could have affected our results since smokers were previously found to have 

lower DAT availability compared to non-smokers (Yang et al., 2008). Another limitation 

is the use of the radiotracer [123I]FP-CIT, which has affinity to DATs, but also (to a lesser 

extent) to serotonin transporters (SERTs). However, we previously showed that striatal 

[123I]FP-CIT binding is predominantly to DATs (Booij et al., 1997b). Moreover in the present 

study MPH did not change extrastriatal SERT availability, and there were no differences in 

SERT occupancy between the two groups, indicating that MPH mainly occupancies DATs 

in-vivo. Other limitations of our study include the relatively small sample size of ADHD 
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patients with cocaine dependence (ADHD+COC: N = 8), the lack of full medication com-

pliance in two patients in the ADHD group, and the lack of matching on ADHD subtypes. 

In conclusion, our study provides evidence that ADHD patients with and wit-

hout cocaine dependence are neurobiological different with a lower baseline DAT availa-

bility and an attenuated DAT occupancy by MPH in ADHD patients with comorbid cocaine 

dependence compared to ADHD patients without cocaine dependence. These findings 

may (partly) explain why ADHD patients with a comorbid diagnosis of cocaine depen-

dence do not respond as well to MPH as ADHD patients without cocaine dependence (or 

other substance use disorders) and suggest that ADHD patients with cocaine dependence 

may benefit from medications directed at other pharmacological targets.
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Supplemental information

Blood plasma methylphenidate analysis

Methylphenidate (MPH), MPH ritalinic acid (MPA) and the internal standard MPH-d9, were 

analyzed using Liquid Chromatography – Mass Spectrometry (LC-MS/MS) in the positive 

ionisation mode on a Thermo Scientific (Waltham, USA) Surveyor LC coupled to a Thermo 

Scientific Quantum Access MS. To 100 μl of patients plasma, 750μl acetonitril/methanol 

84:16 (v%/v%) containing 10 μg/l MPH-d9  as internal standard was added to precipitate 

proteins. Samples were vortexed, stored at -20°C for 30 minutes, vortexed again and 

centrifuged. Of the supernatant, 5 μl was injected onto a Merck ZeQuant ZIC-HILIC (50 

x 2.1 mm, 3 μm) column. An isocratic chromatographic method was applied using 95% 

acetonitril and 5 % of formic acid (2%) in water with a total runtime of 1 minute. The flow 

was 1000 μl/min and column-oven temperature was 30°C. MPH, MPA and MPH-d9 were 

measured as [M+H]+, using the mass transitions 234.1/84.1, 220.1/84.1 and 243.1/93.1, 

respectively. The method was validated over a range of 1 – 100 μg/L for MPH an 4 - 400 

μg/L for MPA following FDA guidelines. The accuracies ranged from 96.3% to 109.9%% 

and the precisions were better than 16.6%. 





111

Part 4
  

Summary, discussion,  
and conclusions





113

Chapter 9:

Summary, discussion  
and conclusions



114

Chapter 9

Summary

Dopamine is a key neurotransmitter in the pathophysiology of substance dependence and 

low striatal dopamine D2 receptor availability is probably both a risk factor for and a con-

sequence of repeated drug use. It was, therefore, hypothesized that increasing dopamine 

D2 receptor avalaibility is a promising strategy to treat drug dependence (Part 1: Chap-

ter 1). Varenicline (an α4β2 nicotinic partial agonist registered for smoking cessation) 

and rimonabant (a cannabinoid CB1 receptor antagonist previously registered for obesity 

treatment) seem good candidates for further investigation as potential treatments of co-

caine dependence, because our studies showed that both compounds increase dopamine 

D2/3 receptor availability in striatal brain regions of drug-naïve rats as measured by stor-

age phosphor and SPECT imaging (Part 2: Chapters 2-6).

Approximately one out of every four patients with a substance use disorder 

has a comorbid attention-deficit/hyperactivity disorder (ADHD) (Part 3: Chapter 7). This 

comorbidity significantly worsens treatment outcome and has a negative influence on 

the pharmacotherapeutic effectiveness of methylphenidate in the treatment of ADHD. 

Our study showed that this may be attributed to lower availability of striatal dopamine 

transporters (DATs) and decreased DAT occupancy by methylphenidate in ADHD patients 

with cocaine dependence compared to ADHD patients without cocaine dependence (Part 

3: Chapter 8). However, ADHD treatment response was not associated with DAT availa-

bility at baseline or DAT occupancy by methylphenidate, suggesting that higher doses 

of methylphenidate are not very likely to result in better outcomes and that other types 

of medication should be tested in ADHD patients with cocaine dependence such as the 

selective noradrenaline re-uptake inhibitor atomoxetine or the dopamine and noradrena-

line releaser (lis)dexamphetamine.
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Discussion, Clinical Relevance and Future Studies

In the next paragraphs, we discusss our findings and their clinical relevance and describe 

some proposals for future studies.

Varenicline increases dopamine D2 receptor availability in drug-naïve 
rats

Discussion

In our first experiments (Part 2: Chapters 3-5), we assessed the effects on striatal dopa-

mine D2/3 receptor availability following chronic administration of the nicotinic partial 

agonist varenicline. These experiments compared the effects of chronic varenicline treat-

ment directly with chronic saline administration in two groups of rats (varenicline- and 

saline-treated groups). In these experiments, we found an increase of dopamine D2/3 re-

ceptor levels in varenicline treated rats. 

Varenicline is a partial agonist and its effect in the brain is dependent on the 

baseline level of nicotinic receptor occupation. Because we imaged drug-naïve rats, with 

no previous additional nicotinic/acetylcholinergic stimulation, varenicline may have ac-

ted as an agonist on the nicotinic acetylcholine receptors, thereby possibly enhancing sy-

naptic dopamine levels. An elevation of dopamine levels would logically result in a decre-

ase of postsynaptic dopamine D2 receptor availability (due to down-regulation following 

the continuous presence of extracellular dopamine), but, instead, we found increased 

availability of dopamine D2 receptors after varenicline treatment. There are several post 

hoc explanations for the fact that chronic treatment of varenicline increased dopamine D2 

receptor availability in drug-naïve rats. Firstly, acute varenicline administration in drug-

naïve rats enhances striatal extracellular dopamine levels (Rollema et al., 2007), but the 

effects of chronic varenicline administration have not yet been investigated. Hypotheti-

cally, varenicline may have a blunted effect on dopamine release during chronic admini-

stration, subsequently resulting in increased dopamine D2 receptor availability. To test 

this hypothesis, it is important to evaluate the effects of chronic varencline treatment on 

dopamine release (e.g., using microdialysis). Secondly, chronic varenicline administration 

may modulate dopamine signaling through glutamate and GABA interneurons, as nicoti-

nic receptors are present on glutamate and GABA neurons in dopamine-rich brain areas 

including the striatum (Jones & Wonnacott, 2004). Varenicline might stimulate GABAergic 

neurons and/or block glutamatergic neurons, two effects that have shown to decrease 

nicotine self-administration in rats (Markou et al., 2004). Finally, varenicline may have (di-

rect) effects on genes or regulatory proteins associated with the expression of dopamine 
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D2 receptors (e.g., Ito et al., 1999; Kim et al., 2001). This may lead to dopamine D2 receptor 

upregulation that is not primarely dependent on dopamine signaling. 

It should be noted here that varenicline was also shown to be effective in re-

ducing alcohol-seeking and alcohol intake in rats (Chatterjee et al., 2011; Steensland et 

al., 2007). By elucidating the mechanism of action for increased dopamine D2 receptors 

following chronic varenicline administration in drug-naïve rats, one may also find a pos-

sible explanation for the efficacy of varenicline in alcohol dependence and in reducing 

alcohol-seeking or other drugs of abuse in rats. 

Clinical relevance

The clinical relevance of the presented studies on varenicline in small laboratory animals 

is not straightforward and clinical studies on the effects of varenicline on dopamine D2 

receptor availability have not been performed yet. If one wants to extrapolate these find-

ings to the human situation, several questions arise. For example, since cocaine depen-

dent patients are commonly also smokers, varenicline might work as an antagonist and 

consequently our results in non-smoking drug-naive rats may not be generalisable to 

smoking cocaine abusers. 

Also, in individuals with cocaine dependence, altered functionality of the pre-

frontal cortex, anterior cingulated cortex, and amygdala have been observed related to 

craving (Childress et al., 1999; Garavan et al., 2000; Maas et al., 1998; Wexler et al., 2001; 

Crunelle et al. submitted). However, the effects of varenicline on dopamine receptor avai-

lability in other brain regions associated with craving, including the frontal cortex, cingu-

lated cortex, and amygdala, have not been assessed in the present animal studies, partly 

because of the properties of the used radiotracer. [123I]IBZM binds to both dopamine D2 

and D3 receptors with affinities in the low nanomolar range (Videbaek et al., 2000). The-

refore, this tracer can be used to assess receptor binding adequately in brain areas that 

express these receptors extensively (i.e., basal ganglia). However, in extrastriatal brain re-

gions, dopamine D2 receptors are present at a much lower density and can only be measu-

red in-vivo accurately using D2/3 radiotracers with a very high affinity for these receptors 

(picomolar range) such as the PET ligand [18F]fallypride, the SPECT ligand [123I]epidepride 

and the PET ligand [11C]FLB 457 (Janowsky et al., 1992; Kegeles et al., 2008; Olsson et al., 

2004). Increasing dopamine D2 receptor availability in extrastriatal brain regions may 

have an effect on how drug-related stimuli are processed in drug-dependent individuals. 

Speculatively, in humans, varenicline may have a specific effect on the prefrontal cortex, 

and this might directly relate to impulsivity rather than craving, making varenicline pos-

sibly effective on reducing drug consumption through decreasing impulsive behavior. 
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Although the α4β2 receptor subtype is predominantly present on dopaminergic cell bo-

dies in striatal brain regions (Clark & Pert, 1985; Zhou et al., 2003), recent imaging studies 

support the concept that striatal dopamine function can not be regarded as an index of 

global dopamine brain function, since D2 receptor availability in striatum and extrastri-

atal brain areas may not be correlated (Cervenka et al., 2010). This further highlights the 

need to study the effects of varenicline on extrastriatal D2 receptors. 

Molecular imaging studies in cocaine dependent individuals showed 11-15% lo-

wer striatal dopamine D2 receptor availability compared to healthy controls (Martinez 

et al., 2004; Volkow et al., 1997). In drug-naïve rats, varenicline treatment resulted in 

13-14% (Crunelle et al., 2009; 2011) and 48% (Crunelle et al., 2012) increases in striatal 

dopamine D2 receptor availability (Part 2: Chapters 3-5). Interestingly, the observed incre-

ases on striatal dopamine D2/3 receptor availability following varenicline treatment are in 

the same range as the range of decrease in dopamine D2 receptor availability reported 

in human cocaine dependent patients. Therefore, a small increase in dopamine D2 trans-

porter availability of 10-15% might be enough to normalize the decreased dopamine D2 

receptor availability found in drug addiction, but this should be investigated further in 

clinical trials. 

The findings of sustained dopamine D2/3 receptor availability upon treatment 

discontinuation might be another important attribute of varenicline in the treatment 

of cocaine dependence, since cocaine dependent patients tend to have a relatively low 

adherence for medication intake related to substance abuse (Velligan et al, 2010). Low ad-

herence rates in substance use dependent patients may be related to the relatively longer 

time period necessary to induce treatment effect, whereas drug intake provides an imme-

diate effect. Moreover, the possible confounding effects of medication use (adverse effects 

when combining medication use with drug use; or decreased effect of drug ‘high’ during 

treatment) would add to the low treatment compliance in drug abusing populations. The 

fact that varenicline induces an increase of dopamine D2/3 receptor availability following 

two week treatment, and that the effect of varenicline lasted for at least two weeks 

after treatment discontinuation, provides another argument for the use of varenicline 

in the treatment of cocaine dependence. This is also consistent with findings from clini-

cal studies on the effect of varenicline in nicotine-dependent populations, where it was 

shown that significantly more participants remained abstinent from smoking 28 weeks 

following (24 week) treatment discontinuation than when patients where randomized 

to placebo (Aubin et al., 2008). Of course, these interpretations are purely speculative be-

cause the studies presented in this dissertation were all performed in rats, and we have 

no evidence for an effect on dopamine release in our studies. 
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Future studies

Previous studies have shown that varenicline can reduce alcohol use in rodents (Chat-

terjee et al., 2011; Steensland et al., 2007). However, no data are available on the effect 

of varenicline on dopamine D2 receptor availability and drug use in rodents. Therefore, 

future animal studies should investigate the potential of chronic varenicline administra-

tion to reduce drug self-administration (cocaine or other drugs of abuse) to see whether 

reductions in self-administration are related to the increase of dopamine D2 receptor 

availability. Regarding the mode of action of varenicline (agonistic versus antagonistic), it 

would be of interest not only to study drug-naïve rats but also nicotine-pretreated rats. 

Additionally, to better understand the underlying pharmacological mechanism leading 

to increased dopamine D2 receptor availability, one may investigate how varenicline in-

creases dopamine D2 receptor availability in drug-naïve rats, e.g., by a (relative) reduction 

of dopamine release, which can be assessed with in-vivo microdialysis. Although initial 

experiments showed a significant increase in dopamine release following acute vareni-

cline administration in rats (Rollema et al., 2007), it is not known whether this is also the 

case after chronic administration. 

Additionally, one should further investigate the effects of varenicline on pre-

frontal and amygdalar brain regions, more specifically by investigating the effects on 

dopamine release (using e.g., in-vivo microdialysis; Rollema et al., 2009; 2011) and on 

extrastriatal dopamine D2 receptor availability (using e.g., [18F]fallypride PET, [11C]FLB 457 

PET, or [123I]epidepride SPECT). 

If we can show an increase of dopamine D2 receptors in the proposed studies in 

drug-habituated animals, this may support the start of human trials. More specifically, 

randomized clinical trials may assess the efficacy of varenicline in reducing relapse and 

cue-induced craving in cocaine dependent patients, while imaging the effects of vareni-

cline on cue-induced reactivity (fMRI) and on striatal dopamine D2 receptor availability 

in cocaine dependent patients (SPECT or PET). Thus far, two studies reported that the 

use of varenicline was safe in cocaine dependent patients (Plebani et al., 2011; Poling et 

al., 2010). One study reported lower odds of cocaine use (Plebani et al., 2011), while the 

other failed to find difference in cocaine use between varenicline and placebo (Poling et 

al., 2010). These discrepant findings may be due to the small number (N = 31: 18 in the 

placebogroup and 13 in the varenicline group) of very complex patients (cocaine patients 

maintained on methadone) in the Poling et al. (2010) study. Moreover, the study design 

was very complex with the initiation of methadone treatment and the treatment with 

varenicline spearated only by one week. Finally, Poling and colleagues (2010) did not as-

sess cocaine craving per se, and the study was primarely aimed at reducing nicotine use. 
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In contrast, the study by Plebani et al. (2011) was conducted in a homogeneous sample of 

37 cocaine dependent patients (without heroine dependence comorbidity) and was solely 

directed at the reduction of cocaine use by varenicline administration in combination 

with contingency management in order to enhance treatment ccompliance. In this study, 

varenicline treated patients had fewer cocaine positive urines and reported lower levels 

of subjective cocaine reward. Varenicline might, therefore, mainly reduce cocaine reward 

and cocaine use in cocaine dependent patients without polydrug use and simultaneously 

treated with contingency management to improve compliance. Additionally, imaging of 

striatal dopamine D2 receptor availability following varenicline treatment could also be 

performed in smokers and non-smokers to assess whether increasing dopamine D2 re-

ceptor availability is directly related to the efficacy of varenicline in smoking cessation. 

Finally, using radiotracers that bind with high affinity to α4β2 nicotine acetylcholine 

receptors (e.g., [123I]-5-IA-85380, Staley et al., 2005), one could image whether the occu-

pancy of nicotinic receptors by varenicline is related to treatment efficacy or reduction in 

craving in cocaine dependent and/or nicotine dependent individuals.

Rimonabant increases dopamine D2 receptor availability in drug-naïve 
rats

Discussion

Rimonabant, like varenicline, also increased dopamine D2/3 receptor availability (Part 2: 

Chapter 6). The most direct explanation for an increase in striatal dopamine D2 recep-

tor availability is an upregulation of these receptors postsynaptically as an adaptation 

mechanism following reduced synaptic dopamine release. Reduced dopamine release 

could occur following blockage of cannabinoid signaling (using a cannabinoid receptor 

blocker, e.g., rimonabant), e.g., due to direct blockage of cannabinoid signaling on dopa-

mine terminals. Reducing cannabinoid signaling would subsequently reduce dopamine 

signaling, which would result in increased dopamine D2 receptor levels post-synaptically. 

Alternatively, other mechanisms might be involved, including glutamate and GABA sig-

naling. Cannabinoid receptors located on inhibitory and excitatory nerve terminals tar-

getting dopamine neurons modulate dopamine release (Lupica & Riegel, 2005; Van der 

Stelt & Di Marzo, 2003). Therefore, cannabinoid CB1 blockage could also result in altered 

glutamate and GABA signaling and a subsequent reduction of dopamine release (decreas-

ing synaptic dopamine levels) and increasing dopamine D2 receptor availability. Finally, 

cannabinoid CB1 receptor antagonists might also have an effect on regulatory proteins 

or transcription genes that (directly) upregulate dopamine receptor availability, e.g., by 
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decreasing kinase proteins (leading to increased sequestration of D2 receptors; Ito et al., 

1999), by decreasing dynamin availability (leading to reduced internatization of D2 recep-

tors; Kim et al., 2001), or by altering kinases activity (leading to receptor phosphorylation 

and subsequent activation or deactivation of proteins; Kim et al., 2001), but the effects of 

cannabinoids here have not previously been investigated. These latter options could rep-

resent a common mechanism of action with varenicline to increase dopamine D2 receptor 

availability, regardless of altered dopamine signaling. 

Clinical relevance

Rimonabant was (until recently) registered for the treatment of obesity, a condition that 

has been associated with decreased dopamine D2 receptor availability in humans (Fehr et 

al., 2008; Wang et al., 2001; de Weijer et al., 2012). Additionally, obesity involves brain cir-

cuitries that overlap with other reward deficiency disorders, characterized by decreased 

D2 receptor availability, like substance dependence (Volkow et al., 2011). Furthermore, 

there is evidence that rimonabant is also effective for smoking cessation (Cahill & Ussher, 

2011), although the cannabinoid receptor antagonist surinabant is probably not effective 

for smoking cessation (Tonstad & Aubin, 2012), but it is not clear if this is also the case 

for alcohol dependence (Soyka et al., 2008; George et al., 2010). Therefore, one might hy-

pothesize that the efficacy of rimonabant in reducing food and/or drug intake and the de-

creasing reward associated with food and/or drug are associated with increases in striatal 

dopamine D2 receptor availability. Our study (Part 2: Chapter 6) support this hypothesis 

by providing evidence that, in drug-naïve rats, one can increase striatal dopamine D2 

receptor availability by chronic administration of rimonabant. 

Future studies

Rimonabant was taken off the market due to post-marketing reports of adverse events, in-

cluding depressed mood and suicidality. Subsequently, clinical trials should be performed 

using cannabinoid antagonists other than rimonabant in obese or drug-dependent pa-

tients, to assess whether an increase in dopamine D2 receptor availability is related with 

reduced food or drug intake or reduced subjective reward effects for these stimuli. Of 

course, these studies will have to pay serious attention to the possible occurence of mood 

problems and suicidal ideation. Thus far, no other cannabinoid CB1 receptor antagonists 

have been licensed for clinical use. Our study, however, provides support for the further 

investigation of cannabinoid receptor antagonists as possible effective treatments for 

reward-like disorders, such as obesity and drug addiction.



121

Summary, discussion, and conclusions

Additionally, using new specific radiotracers, it is now feasible to measure can-

nabinoid CB1 receptor availability in-vivo in humans (Burns et al., 2007), and it would be 

interesting to measure cannabinoid receptor occupancy following rimonabant treatment, 

and assess whether baseline receptor availability or occupancy by pharmacological treat-

ment is related to treatment response. Indeed, a recent study showed that CB1 availiblity 

is related to novelty-seeking, a risk factor for developing addictive behaviours (van Laere 

et al., 2009).

Lower treatment efficacy by methylphenidate in ADHD and cocaine 
dependence

Discussion

In part 3, we provide evidence of lower baseline striatal dopamine transporter (DAT) 

availability and lower DAT occupancy by methylphenidate in cocaine dependent patients 

with comorbid ADHD compared to ADHD patients without comorbid cocaine dependency. 

However, there were no correlations between baseline DAT or DAT occupancy by methyl-

phenidate and ADHD symptom improvement. These results suggest that other differenc-

es than DAT occupancy by methylphenidate might be responsible for the reduced effec-

tiveness of methylphenidate in patients with ADHD and comorbid cocaine dependence. 

It should be noted, however, that this dissertation primarily focused on the dopaminergic 

system and that other neurotransmitter systems are also important in drug dependence, 

including serotonin, noradrenaline and glutamate (e.g., Cox et al., 2011; Nonkes et al., 

2011; Schmaal et al., 2011). For example, glutamate transmission is associated with re-

lapse in cocaine addiction (Cornish & Kalivas, 2000), and N-acetylcysteine was found to 

reduce cocaine-seeking in rats (Zhou and Kalivas, 2008) and reduced subjective reward 

following nicotine smoking (Schmaal et al., 2011). Many other neurotransmitter systems 

are also currently investigated for their potential in the treatment of cocaine dependence 

(Shorter & Kosten, 2011; van den Brink et al., 2011). Subsequently, it is possible that avail-

ability and/or occupancy of other neurotransmitter systems might be more indicative for 

the decreased treatment response in ADHD patients with comorbid cocaine dependence, 

e.g., the noradrenaline transporter system and occupancy of noradrenaline transport-

ers by methylphenidate. Indeed, methylphenidate also binds to noradrenaline transport-

ers (Hannestad et al., 2010). However, we did not investigate noradrenaline transporter 

availability and/or occupancy by methylphenidate in ADHD patients with and without 

cocaine dependence. 
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Clinical relevance

Abstinent cocaine dependent patients with comorbid ADHD might benefit from medica-

tions directed at non-dopaminergic pharmacological targets, such as the selective nor-

adrenaline reuptake inhibitor atomoxetine. Atomoxetine alleviates symptoms of ADHD, 

and increases noradrenaline and dopamine levels in prefrontal cortex, without elevating 

extracellular dopamine levels in striatal brain regions or in the nucleus accumbens (By-

master et al., 2002). Increasing signaling in the frontal cortex would reduce impulsivity 

levels (beneficial in both ADHD and cocaine dependence), without increasing dopamine 

activation in limbic brain regions (related to craving, and abuse potential). In cocaine 

dependence, atomoxetine reduced cue-illicit cocaine seeking and enhanced the long-term 

extinction of cocaine seeking in rats, resulting in a reduction of relapse (Janak et al., 2011; 

Economidou et al., 2011), and in a 12-week open trial in cocaine abusing ADHD patients, 

atomoxetine reduced ADHD symptoms in cocaine dependent patients (3 out of every 4 

patients had over 30% improvement in ADHD symptom reduction), but it did not reduce 

cocaine use (Levin et al., 2009).

Another possibility in the treatment of ADHD patients with cocaine dependence 

is dexamphetamine (and its prodrug lisdexamphetamine), a dopamine and noradrena-

line releaser used for the treatment of ADHD. Dexamphetamine is often prescribed in 

ADHD patients that do not respond to methylphenidate treatment, and might therefore 

be another possibility for the treatment of ADHD patients with comorbid cocaine depen-

dence. In chapter 1, we have pointed at possible abuse liability when using stimulants 

in the treatment of subpopulations of drug dependent individuals. However, lisdexamp-

hetamine is more difficult to abuse due to the need for conversion of the prodrug to 

the active drug. Only following oral administration, the l-lysine unit is cleaved from the 

parent compound via enzymatic biotransformation in the intestines and liver. In cocaine-

dependent patients and in animal studies, chronic treatment with dexamphetamine re-

duced cocaine use and cocaine reinforcement (Czoty et al., 2010; Grabowski et al., 2001; 

Negus & Mello 2003; Shearer et al., 2003), and also showed effectiveness of long-acting 

stimulants (including methylphenidate and dextroamphetamine) in ADHD patients with 

comorbid cocaine dependence (Castaneda et al., 1999).

In summary, treatment strategies oriented at combined dopaminergic and nor-

adrenergic stimulation (lisdexamphetamine and atomoxetine) might be more effective 

for the treatment of ADHD in cocaine dependent patients than (high doses of) methylphe-

nidate.
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Future studies

In cocaine dependent patients with comorbid ADHD, we propose randomized clinical tri-

als that assess the efficacy of medications as atomoxetine and dexamphetamine, in the 

specific subpopulation of cocaine-dependent ADHD patients. Future studies might also 

look at the possible reduced binding of methylphenidate to noradrenaline transporters 

(Hannestad et al., 2010), to assess whether treatments oriented mainly at noradrenaline 

transporter blockage might be more effective in ADHD populations with comorbid co-

caine dependence.

Additionally, a recommendation for future studies is the combination of mo-

lecular imaging techniques like SPECT or PET and magnetic resonance imaging (MRI) 

techniques, which would provide simultaneous structural, functional, and biochemical 

information on the neurobiological bases of the treatment response in cocaine dependent 

individuals.

Finally, it should be noted that this dissertation does not provide a full overview 

of neurobiological strategies to treat cocaine dependence and that it would be of interest 

if future studies would also focus on the role of other neurotransmitter systems in relapse 

prevention. More specifically, several treatments aimed at e.g., serotonin, noradrenaline, 

GABA or glutamate systems have been investigated in cocaine dependence (van den Brink 

et al., 2011), but it is not yet clear whether the efficacy of serotonin, noradrenaline, GABA 

or glutamate treatments are directly related to their interaction with the dopaminergic 

system (e.g., Nutt, 2011). Perhaps, alterations of the serotonin, noradrenaline, GABA or 

glutamate systems can also reduce relapse without a main effect on dopaminergic signa-

ling and this should be investigated more closely in future studies.
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Summary in Dutch

Nederlandse samenvatting

Er zijn in Nederland meer dan 10.000 patiënten in behandeling voor een cocaïnever-

slaving, maar tot op heden is er voor de behandeling van deze aandoening nog geen 

geneesmiddel geregistreerd. Eén van de effecten van het gebruik van cocaïne is blokkade 

van de presynaptische dopaminetransporters wat leidt tot een verhoging van de dopam-

ineconcentratie in de synaps. Dopamine is ook een belangrijke neurotransmitter bij het 

ontstaan en het in stand houden van verslaving, waaronder ook cocaïneverslaving. Een 

consistente bevinding van beeldvormend onderzoek bij cocaïneverslaafden is een ver-

laagde beschikbaarheid van striatale dopamine D2 receptoren in de hersenen (Martinez 

et al., 2004; Volkow et al., 1993). Daarom wordt verondersteld dat het verhogen van de 

beschikbaarheid van striatale dopamine D2 receptoren een mogelijke strategie is bij het 

behandelen van cocaïneverslaving (deel 1: hoofdstuk 1). 

De nicotinerge partiële agonist varenicline (Champix ®) is momenteel geregi-

streerd als geneesmiddel ter ondersteuning van de behandelingen die gericht zijn op het 

stoppen met roken of terugval te voorkomen. Stimulatie of blokkeren van het nicotinerge 

systeem zorgt voor effecten op het dopaminesysteem, waardoor varenicline mogelijk de 

beschikbaarheid van striatale dopamine D2 receptoren zou kunnen verhogen en wellicht 

een nieuwe farmacotherapie zou kunnen zijn bij de behandeling van cocaïneverslaving 

(deel 2: hoofdstuk 2). Middels storage phosphor en SPECT imaging met de radiotracer 

[123I]IBZM wordt in dit proefschrift aangetoond dat varenicline de beschikbaarheid van 

striatale dopamine D2 receptoren kan verhogen (deel 2: hoofdstukken 3-5). Hierdoor is 

varenicline een interessant geneesmiddel om zijn effectiviteit en werkingsmechanisme 

te evalueren in humaan vervolgonderzoek bij de behandeling van cocaïneverslaving. On-

dertussen is een eerste klinische studie verschenen waarin deze hypothese bevestigd 

lijkt te worden (Plebani et al., 2012).

Bij ratten leidt antagonisme van de cannabinoïd-1 receptor (CB1) tot een ver-

mindering van de cocaïne inname en voorkomt het terugval (De Vries & Schoffelmeer, 

2005). Daarom kunnen inverse agonisten/antagonisten voor de CB1 receptor mogelijk als 

farmacotherapie worden gebruikt om het risico van terugval te verminderen bij de be-

handeling van cocaïneverslaving (Le Foll & Goldberg, 2005). Blokkeren van de CB1 receptor 
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leidt tot het verminderen van dopamine release, wat uiteindelijk eveneens kan leiden 

tot het verhogen van de beschikbaarheid van striatale dopamine D2 receptoren. In dit 

proefschrift hebben wij middels storage phosphor imaging met de radiotracer [123I]IBZM 

aangetoond dat toediening van de inverse CB1 agonist rimonabant (Acomplia ®) de be-

schikbaarheid van striatale dopamine D2 receptoren kan verhogen (deel 2: hoofdstuk 6).

In een door ons uitgevoerde meta-analyse van de bestaande literatuur blijkt dat 

ongeveer 1 op elke 4 patiënten met een drugsverslaving ook een attention deficit/hyper-

activity disorder (ADHD) heeft (deel 3: hoofdstuk 7). Deze comorbiditeit lijkt bovendien 

gerelateerd te zijn aan een verminderde werkzaamheid van medicamenteuze behande-

lingen. Zo is bijvoorbeeld bekend dat cocaïne-verslaafde ADHD patiënten minder baat 

hebben van een behandeling met het geneesmiddel methylfenidaat (Ritalin ®, Concerta 

®) dan ADHD patiënten zonder verslaving (Levin et al., 2007; Schubiner et al., 2002). Dit 

zou veroorzaakt kunnen worden door een verminderde beschikbaarheid van de dopa-

mine transporter (DAT) en/of een lagere DAT bezetting door methylphenidaat in ADHD 

patiënten met cocaïne verslaving in vergelijking tot ADHD patiënten zonder verslaving. 

In dit proefschrift vonden we echter geen verband tussen de bezetting van de DAT door 

methylfenidaat en verbetering van de ADHD symptomen (deel 3: hoofdstuk 8). Dit geeft 

aan dat hogere doseringen methylfenidaat waarschijnlijk niet effectief zullen zijn om 

de behandeling van ADHD in cocaïne-verslaafde patiënten alsnog te verbeteren. Het ligt 

meer voor de hand om de werkzaamheid van geneesmiddelen, die niet primair op de 

dopaminetransporter aangrijpen te evalueren bij cocaïne-verslaafde ADHD patiënten, zo-

als atomoxetine (remt de reuptake van noradrenaline) of de dopamine en noradrenaline 

releaser (lis)dexamfetamine.
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