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Introduction

People suffering from drug addiction have an excessive interest in the acute rewarding effects 
of the drug despite the long term negative, harmful, consequences. This indicates poor decision 
making skills, which might lead to the chronic relapse risk. Therefore, there is a great interest in the 
relationship between addiction and decision making skills, such as impulsivity. Previous research 
identified that patients with cocaine dependence are on average more impulsive than healthy 
controls (e.g. Coffey et al., 2003; Moeller et al., 2002; Monterosso et al., 2001; Verdejo-García et al., 
2007). In addition, there is a high comorbidity between attention deficit hyperactivity disorder 
(ADHD) and drug dependence (van Emmerik-van Oortmerssen et al., 2012) and impulsivity is 
one of the key characteristics of ADHD (American Psychiatric Association, 2013). Notably, until 
now there is no registered pharmacological substance to prevent relapse to cocaine addiction. 
On the other hand, there are registered drugs that alleviate impulsive behavior. For that reason, 
it is of great importance to investigate whether there is a causal relation between impulsive 
behavior and the sensitivity to relapse. Such causal relation would provide an opportunity to 
treat the risk to relapse via a reduction in impulsive behavior. Therefore, the leading question of 
my thesis is: Is impulsivity a treatable risk factor of cocaine addiction?

In this chapter, I will introduce the background and rationale of this question by first giving 
some background knowledge on addictive and impulsive behavior in humans as well as in 
animal models. Then, I will describe the current knowledge on the relationship between 
addictive and impulsive behavior. Finally, I will provide a short overview of my thesis.

Cocaine dependence

Addictive behavior in humans
In the 19th century, addiction was seen as a weakness of the will, linked to moral flaws and 
senseless choices. Therefore, addiction was only of judicial interest. Later, in the beginning 
of the 20th century a more medical view on addiction arose: the addiction expressed itself 
as symptoms of an underlying personality problem. Therefore, the psychoanalytic therapy 
developed by Sigmund Freud was applicable to unravel the underlying problem causing the 
expression of excessive drug taking. By the end of the 20th century a learning theory described 
addiction as inappropriately learned behavior. This was influenced by the conditioning theories 
of Ivan Pavlov. Nowadays, since about the 1990s, addiction is referred to as a brain disorder 
(Leshner, 1997), a concept that is still regularly debated. The current medical diagnosis of 
substance use disorder, based on the DSMV, includes drug tolerance, physical withdrawal and 
uncontrolled drug taking. This uncontrolled drug taking expresses itself as taking more and 
longer than intended, spending too much time on drug seeking and taking, a loss of occupation 
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1and social contacts and drug taking despite knowledge of the harmful consequences (American 
Psychiatric Association, 2013). These descriptions of uncontrolled drug taking sound very 
similar to the definition of the 19th century: the weakness of the will. However, in contrast to 
the 19th century, nowadays uncontrolled drug taking is seen as a medical condition, with ample 
evidence for abnormal brain functioning related to the initiation, the continuation and the 
relapse to drug taking. Interestingly, cocaine-induced abnormalities relate to several cognitive 
processes such as learning (Buchta and Riegel, 2015), impulsive behavior (Contreras-Rodríguez 
et al., 2015) and compulsive drug seeking (Shaham and Hope, 2005). Therefore, this abnormal 
brain functioning can serve as target for treatment. 

Addiction to different drugs of abuse shows a great overlap in symptoms. However, since 
different drugs of abuse have different pharmacological mechanisms of action, there are also 
differences in the abnormalities in brain functioning. In addition, addiction is a result of 
the interaction between the drug, the person and the environment. Consequently, treatment 
should aim to target all these elements (Leshner, 1997). This requires an individually tailored 
treatment program targeting medical, psychiatric and social problems. 

Cocaine dependence
In this thesis, I will focus on the substance cocaine. Cocaine induces physical, psychological 
and social harm to the user. In comparison to other drugs of abuse, crack cocaine causes 
the most harm to the user. Cocaine powder is the fourth harmful drug (Nutt et al., 2010). In 
addition, the harm induced to others, such as crime and health care costs, of crack and powder 
cocaine is very high. Both crack and powder cocaine are within the top 5 of most harmful 
drugs to others (Nutt et al., 2010). Additionally, relapse rates seem to be highest for (mainly 
crack) cocaine. O’Brien states that only 25% of crack cocaine addicts accomplish six months of 
abstinence, while this is achieved by 60% of heroin and 85% of alcohol addicts. Additionally, all 
of the hundreds of crack cocaine addicts treated by O’Brien relapsed at least once (Kolata, 1988). 
Importantly, there are numerous more experiences of harm and reasons to relapse than can be 
summarized in group-based research. Besides, the impact and importance of all factors varies 
across individuals. Therefore, it is of importance to evaluate, improve and develop personalized 
treatment programs.

In the Netherlands about 230.000 (1.7% of the population of 15-64 years old) people have used 
cocaine within the last year. Of these people about 88.000 are in treatment (Trimbos Instituut, 
2017). This indicates that the initial intake of drugs can, but must not, lead to uncontrolled 
drug taking and that periods of abstinence often end in relapse (O’Brien, 2008). Therefore, 
addiction is often defined as a chronic relapsing disorder. This relapse can be induced by 
several situations; mostly grouped in three clusters: the experience of stress (Sinha et al., 
1999), a drug prime such as a small amount of cocaine ( Jaffe et al., 1989) or the presentation 
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of drug-associated stimuli such as the alley in which the drug was bought or the small mirror 
used to align cocaine (Ehrman et al., 1992).

Cocaine is produced from the leaves of the coca plant (Erythroxylon coca). Cocaine 
hydrochloride (powder) can be snorted or dissolved in water and intravenously injected. This 
creates a peak subjective effect 15 minutes (snorted) or 3 minutes (injected) after intake. Base 
cocaine (crack) can be smoked, which creates a faster peak of subjective effects (within 1.5 
minutes) and a stronger subjective ‘high’ (Volkow et al., 2000). Acutely, the use of cocaine 
leads to a euphoric feeling. Additionally, it reduces fatigue and appetite and it increases 
energy levels, self-confidence and alertness. However, this feeling fades and leaves the desire 
to feel euphoric again. With repeated use, and an increasing dose, the acute effects might 
turn dysphoric, like anxious, confused or paranoia. Besides these psychological effects, people 
with a cocaine addiction often suffer from cardiovascular, respiratory, renal, gastrointestinal 
and endocrinal problems (Ciccarone, 2011). In addition to these personal health issues, the 
addiction to cocaine often causes severe social problems. For example, many patients steel, 
act aggressively, loose friends, jobs and homes, families are torn apart and the society pays for 
healthcare (Hammink, 2012; Nutt et al., 2010). 

Within the European Union, a wide range of treatment interventions are used for the treatment 
of cocaine addiction, but scientific evidence is limited and none of them is currently approved 
for clinical practice (Metz et al., 2014). In the Netherlands, several clinics offer different 
treatment approaches, mostly adapted to the needs of the patient (for example related 
to comorbidities) including cognitive behavioral therapy and community reinforcement 
approach. Unfortunately, as stated above, relapse rates are still very high. Therefore, there is 
need for alternative treatment strategies. There is no registered pharmacotherapy to reduce 
subjective feelings of craving and for cocaine there is no effective less harmful substitute 
drug, like methadone for heroin. Several (partial) agonists and euphoria blockers have been 
investigated, but, thus far, none of them showed to be successful (for reviews see e.g. O’Brien, 
2008; Shorter and Kosten, 2011). Nonetheless, there are some promising pharmacotherapies still 
under investigation (e.g. modafinil, disulfiram and the cocaine vaccine). One of the stimulant-
like medications is Modafinil. Modafinil is approved medication to treat sleep disorders such 
as narcolepsy. In addition, it improves intellectual performance in healthy subjects. Modafinil 
increases monoamine and glutamate release and reduces GABA activity (without directly 
interacting with their specific receptors) in several specific brain areas (for review see Mereu 
et al., 2013). Based on the cognitive impairments observed in people with cocaine addiction, 
Modafinil was expected to increase cognitive functioning, which would increase control over 
the urge to take cocaine and thereby reduce relapse to cocaine. The abuse liability of modafinil 
is low, especially in cocaine dependent subjects, and there appears to be no adverse drug 
interaction with cocaine. Modafinil reduces cocaine-induced subjective effects (Dackis et 
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1al., 2005; Hart et al., 2008), but has no effect on abstinence (Dackis et al., 2012). In addition, 
some improvements of cognitive functioning (e.g. working memory) are observed in cocaine 
dependent individuals (Kalechstein et al., 2013). Therefore, modafinil might be specifically 
suitable for the cognitively impaired patients in combination with cognitive therapy to 
enhance the effects of cognitive therapy (Mereu et al., 2013). More research will be necessary 
to investigate this issue.

Another promising drug is dsulfiram, which was discovered long ago, but is still under 
investigation. Disulfiram is known as Antabuse® to treat alcohol dependence. It is an aldehyde 
dehydrogenase inhibitor and thereby reduces the breakdown of alcohol. This causes several 
unpleasant symptoms like nausea, vomiting and headache, which induce adverse associations 
with alcohol. Interestingly, disulfiram also increases negative effects related to cocaine intake, 
such as anxiety, nervousness and paranoia (Gaval-Cruz and Weinshenker, 2009). In relation to 
cocaine dependence, disulfiram shows promising, but small results in several studies, but no or 
even opposing effects in other studies (Pani et al., 2010). Therefore, future research should focus 
on dosage specific effects and define if there are specific groups of patients that benefit most 
from this drug. For example, men (DeVito et al., 2014) and specific genotypes of the ADRA1A 
gene (Shorter et al., 2013) seem to profit more from disulfiram. 

Using a different approach, the cocaine vaccine, TA-CD, has promising effects by creating 
immune complexes with cocaine which are unable to cross the blood brain barrier. This causes 
serious blunting of the subjective effects, such as euphoria and a higher chance to remain 
abstinent (for review see Kosten et al., 2014). Importantly, since this vaccine only works in 
combination with the intake of cocaine, relapse can still occur by taking a higher dose of 
cocaine or use of a different stimulant. Additionally, there is great variability in the antibody 
production and patients with a low production do not profit from the vaccine (Haney et al., 
2010). Therefore, combination with cognitive behavioral therapy seems necessary. Research 
continues and new pharmacotherapies are under investigation, but thus far there is no 
registered medication to reduce relapse to cocaine use.

Animal models of addictive behavior
Addiction is considered a brain disorder and there is a huge scientific effort to identify the brain 
processes and targets underlying it. A great deal of this knowledge can be acquired by studying 
patients suffering from addiction. However, in some cases it is unethical or scientifically less 
valuable to use human subjects. For example, to develop new pharmacological treatments, 
to study the molecular and cellular effects of drugs of abuse or to perform invasive brain 
recordings in humans. Additionally, it is impossible to identify and control the history of 
human subjects to study cause and consequence in its purest form. Therefore, animal models 
are used to control genetic and environmental factors in simplified aspects of the human 
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situation. In addiction research, several animal models exist. These animal models will never 
cover the entire disease profile of addiction. However, animal models can model important 
aspects of the disease (Ahmed, 2010). To this end, the different models, differ in study 
potential and complexity. Altogether, these animal models are an essential tool to identify 
the neurobiology of drug intake, dependence, abstinence and relapse and potential treatment 
targets and regimes. 

To study the effects of cocaine exposure, one can use experimenter-administered study designs. 
In that case, cocaine is dissolved in sterile saline and injected intraperitoneally. Animals, 
oftentimes rats, have no influence on the injections, but the effects of drug intake can be 
observed. Home cage injections are an effective method to study the pharmacological effects 
of the drug. To test behavioral effects of drugs the conditioned place preference (CPP) model 
can be used. In the CPP model rats passively receive cocaine injections in one compartment 
of a chamber and saline injections in another compartment with distinct visual and/or tactile 
cues. Hereby, rats associate a specific environment with cocaine. After a few conditioning 
sessions, the rewarding value of the drug can be determined by giving the rat, in a drug 
free state, the choice between the two compartments. The rat will spend more time in the 
compartment where he received the preferred drug. This preference can be extinguished by 
placing the rat in the cocaine-associated compartment without giving cocaine. Afterwards, 
relapse can be modeled by stressing the animal or injecting it again with cocaine (Tzschentke, 
2007). Using this model one can study conditioned reward, extinction learning and stress 
or drug induced relapse. However, the animal has no control over the amount or frequency 
of intake. Interestingly, there are considerable differences in the neurobiological effects of 
passive and active cocaine administration ( Jacobs et al., 2003; Miszkiel et al., 2014; Stefański 
et al., 2007; Wiskerke et al., 2016). Besides, while passive administration investigates the 
pharmacological and conditioning effects of the drug, active administration also includes 
the cognitive processes involved, including instrumental learning and decision making ( Jacobs 
et al., 2003). Therefore, the self-administration model is the preferred model to study the 
addictive properties of drugs of abuse. 

In the self-administration model (figure 1.1A), the rat is placed in an operant chamber containing 
a response unit, such as a lever or a nosepoke operandum. To receive cocaine, the rat is provided 
with an intravenous catheter and is connected to an infusion pump by a liquid swivel. 
Responses of the rat result in infusions of the drug. In this way, the rat determines its own 
rate of drug taking and has active control over its own drug intake. Several adaptations to this 
model are possible. Thereby, numerous aspects of drug addiction in the human situation can 
be modeled. For example, to determine the motivation for the drug the response requirement 
can be increased (Stafford et al., 1998). Highly motivated rats are willing to perform hundreds 
or even thousands responses to obtain one infusion of cocaine. To differentiate cocaine seeking 
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1from cocaine taking a ‘seeking’ response unit can be added. In that case responses on the first 
lever only lead to the activation of a second lever and responses on this second lever lead to 
drug delivery (Olmstead et al., 2000). The negative consequences of human drug taking can be 
modeled by changing the consequence of responding. In that case, a lever press has a chance 
to either result in drug delivery or result in a foot shock (Pelloux et al., 2007). 

odor

A B

odor

C

Figure 1.1 : Schematic representation of cocaine self-administration, extinction and context-induced 
relapse
Rats are placed in an operant chamber containing a response lever. During self-administra-
tion (A) the rats are connected to a cocaine infusion pump. The context is characterized by 
a specific grid floor, background noise and odor. These contextual cues are removed during 
extinction training (B). During context-induced relapse (C) the cocaine associated contex-
tual cues (floor, noise and odor) are reintroduced to the operant chamber.

In addition to drug taking, extinction learning and the propensity to relapse can also be 
studied with the self-administration model. Generally, with extinction training, the drug 
and the drug associated (contextual) stimuli are removed from the operant chamber (figure 
1.1B). Thereby, the rat learns that responses, previously leading to drug delivery, no longer 
provide drugs. Therefore, lever pressing on the previously active lever will decrease. Once 
responding on this lever is extinguished, relapse can be provoked by, similar to humans, stress, 
a drug prime or drug-associated (contextual) cues (figure 1.1C) (for review see Shaham et al., 
2003). In these models, stress is mostly induced by a mild foot shock (Shaham and Stewart, 
1995) or the pharmacological stressor yohimbine (Shepard et al., 2004). A prime of the self-
administered drug provokes relapse (de Wit and Stewart, 1981), but a different drug can have 
the same behavioral effect. For example, relapse to cocaine seeking can be provoked by a 
priming injection of amphetamine (De Vries et al., 1998; Self and Nestler, 1998). The drug 
associated cues are often lights or sounds that are directly coupled with drug delivery during 
self-administration (de Wit and Stewart, 1981), but it can also be the context of drug taking 
(Crombag et al., 2008). This context is for example characterized by a specific odor, background 
noise, time of the day, type of response units or the texture of the floor or walls of the operant 
chamber. 
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Since patients generally seek treatment to become and remain abstinent, the phase of 
abstinence and relapse is extremely important. In my thesis, I focus on this phase of addiction. 
For that, I used an ABA, contextual renewal, protocol: Rats are placed in an operant chamber 
equipped with an active and an inactive lever for 3 (or 5) hours a day. Every active lever press 
results in the delivery of cocaine, while inactive lever presses are used to monitor learning ant 
to control for activity levels. This self-administration context is characterized by the specific 
noise, odor and floor. After about three to four weeks of drug taking, rats undergo extinction 
training in the extinction context, which is characterized by a different noise, odor and floor. 
Now both lever presses are without consequences, thus the rat has to learn the uncoupling of 
the active lever and infusion of cocaine. After about three weeks of extinction training, the 
contextual cues are reintroduced into the operant chamber. These contextual cues activate 
old memories and trigger the rat to search for cocaine again. Using this model and an outbred 
rat strain, great variation in cocaine taking and thereafter in cocaine seeking is observed. 
Therefore, it is highly suitable to study the individual sensitivity to relapse.

This self-administration model shows important similarities with and differences from the 
human situation. Important limitations of the model are 1) the experimenter-induced restricted 
time limits of drug taking and abstinence, 2) the absence of long term negative consequences 
of (excessive) drug intake, 3) the lack of alternatives within the operant chamber and 4) the 
timing and the natural trigger for relapse differs from the human situation. Nonetheless, there 
are significant similarities with the human situation. Therefore, the self-administration model 
has a strong validity (Ahmed, 2010; Epstein et al., 2006; Haney et al., 2010). Similar to human 
addicts, rats determine their own amount and rate of intake, which indicates a high face 
validity. More importantly, the predictive (or criterion) validity is high since the drugs abused 
by humans are self-administered by rats. Of interest to my thesis, is the fact that relapse can 
be provoked in rats in the same way as it causes relapse in human drug addicts: by stress, a 
drug prime or drug-associated (contextual) cues. Vitally, there is good concordance between 
potential treatment tested in animals and humans (Czoty et al., 2016).

The neurobiology of addiction
There are numerous excellent reviews on the neurobiology of addiction (De Vries and 
Shippenberg, 2002; Everitt et al, 2008; Everitt and Robbins, 2005; Koob and Volkow, 2010; Pierce 
and Kumaresan, 2006; Pierce and Vanderschuren, 2010; Vanderschuren and Everitt, 2005) that 
provide a variety of views on the nature of the disease. The following paragraph entails a 
concise description of the most prominent brain regions and neurotransmitters involved in 
cocaine addiction.

When cocaine enters the brain, it binds to the presynaptic transporter of serotonin, DA and 
norepinephrine and thereby blocks the reuptake of these monoamines from the synaptic cleft. 
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1Although cocaine has the highest affinity for the serotonin transporter, the rewarding effects 
are largely related to its binding to the DA transporter. The increase of extracellular DA is 
crucial for the positive reinforcing effects of cocaine (Ciccarone, 2011). Initial cocaine taking is 
goal directed, flexible and under volitional control of the medial prefrontal cortex (mPFC). The 
coupling of rewarding value to the drug-associated stimuli requires activation of the nucleus 
accumbens core (NACc) and memory of the positive reinforcing effects requires activation of 
the central amygdala and hippocampus (Everitt et al., 2008). When the connection between 
the drug-associated cues or context and the delivery of the drug is broken, extinction learning 
takes place. This active learning process does not replace the memory of drug seeking, but it 
forms a new memory that can inhibit drug seeking. The neurobiology of extinction learning is 
not as thoroughly studied as self-administration or relapse, but the neurobiology of extinction 
of cocaine seeking requires activation of the ventromedial prefrontal cortex (vmPFC), including 
infralimbic and dorsopeduncular cortex, the nucleus accumbens shell (NACs), medial dorsal 
hypothalamus and the connections between these structures (for reviews see Millan et al., 2011; 
Peters et al., 2009, 2013). This role of the vmPFC and NACs is in contrast with the dorsolateral 
PFC and NACc. Since these latter structures play a key role in relapse to cocaine seeking 
(Peters et al., 2009).

After extinction learning relapse can easily be provoked. As described above, relapse can be 
either provoked by stress, a drug prime or drug-associated cues. The high vulnerability to 
relapse is explained by the neuroadaptations induced by drug intake (Nestler, 2001; Shaham 
and Hope, 2005). Chronic intake of cocaine induces several changes in the brain. Some of these 
changes are related to the neurobiology of goal directed behavior, reward processing, stress 
and memory. The role of the mPFC in relapse is independent of the way in which relapse 
is provoked. The mPFC seems to direct behavior based on its general role in goal directed 
behavior (Moorman et al., 2014; Shaham et al., 2003). In addition, the mesolimbic DA circuit 
involved in the acute reinforcing effects of cocaine is very similar to the circuit of cocaine 
priming-induced reinstatement. It mainly requires the dopaminergic and glutamatergic 
activation of the VTA, NACc and ventral pallidum (Koob and Volkow, 2010). On the other hand, 
stress-induced reinstatement mainly activates limbic, emotion related, brain structures: CRF 
and noradrenergic signaling in the VTA, central amygdala, bed nucleus of the stria terminalis 
and the NACs (Koob and Volkow, 2010; Shaham et al., 2003). These structures then activate a 
motor related circuit including the dorsal PFC, NACc and ventral pallidum. Lastly, discrete and 
contextual cocaine-associated stimuli tend to rely mainly on memory related brain structures. 
Discrete cues require dopaminergic activation of both the basolateral and central amygdala 
and activation of the dorsal PFC, the OFC and the NACc (Bossert et al., 2005). Contextual 
cocaine-associated cues induce relapse via glutamatergic and dopaminergic activity in the VTA, 
NACc and shell, both dorsal and ventral hippocampus, basolateral amygdala, ventromedial and 
dorsomedial PFC and the connections in between (Crombag et al., 2008; Marchant et al., 2015). 
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Impulsivity

Impulsive behavior in humans
Impulsivity can be described as action without deliberate forethought. In several situations 
impulsive behavior can be advantageous or even life-saving. However, in several other situations 
it can be disadvantageous or even life threatening. For example, it is useful not to think 
thoroughly and not to evaluate all potential consequence, but act on the first impulse if a ball 
is approaching your head. On the other hand, buying useless, but fancy, gadgets or jumping a 
queue might be disadvantageous. In the current western society, it seems socially acceptable and 
financially advantageous to be less impulsive. Our society requires well evaluated decisions and 
positive long term consequences of behavior. A characteristic experiment, including long term 
follow up measurements, illustrates this elegantly. In this experiment, a preschool child is placed 
in front of a marshmallow and asked not to eat it (see ‘marshmallow test’ on youtube.com for a 
visual illustration). If the child succeeds he earns two marshmallows. The children who are able 
to wait the longest, showed better social and emotional coping styles during adolescence and 
became higher educated, more self-confident adults (Mischel et al., 2011).

The few examples of impulsive behavior presented in the previous paragraph seem to illustrate 
that impulsivity is not a unitary construct. Therefore, impulsivity is often viewed as an umbrella 
term including a range of behaviors. Under this umbrella term there are different categorizations 
of behavior possible (for review see Gullo et al., 2014). One of the categorizations under the 
umbrella is based on flaws in normal decision making (Evenden, 1999b). Proper decision 
making requires three deliberate steps. Prior to the action, sufficient information should be 
gathered about possible consequences of the decision. Positive as well as negative and short 
term as well as long term consequences of all options should be identified. Then, based on this 
information one option should be selected. Finally, the appropriate time and the appropriate 
situation to perform the action should be chosen and used. For example, when choosing 
between cheap and expensive shoes information should be gathered about the need for new 
shoes, the quality of the shoes and the financial situation. Then, this information should be 
used to make the decision and finally the shoes can be purchased directly or after new salary is 
received. These three steps of decision making can all be reduced to impulsive forms. Based on 
the first step, gathering insufficient information is called reflection impulsivity. Based on the 
second step, a strong preference for short term benefits despite long term drawbacks is called 
impulsive decision making. Lastly, waiting for the appropriate time and situation requires low 
levels of impulsive action. Another categorization (Dalley et al., 2011; Robinson et al., 2009), 
differentiates between waiting and stopping impulsivity. Here, waiting impulsivity includes 
difficulties to handle delays, which includes both the inability to define the appropriate time 
to perform an action as well as the inability to evaluate the timing of consequences. Stopping 
impulsivity expresses itself in the inability to stop, once the behavior is initiated.
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1I chose my categories of impulsivity based on the categorization of Evenden (1999b). Looking 
at these three aspects of impulsivity related to addictive behavior, I think that addictive 
behavior hardly involves problems of gathering sufficient information to base the decision 
on (reflection impulsivity). In our society, the risks and consequences of drug use are clearly 
presented to children, youth and adults. Conversely, addictive behavior does involve an 
evaluation of the consequences and a choice to take or not to take the drugs. It mostly involves 
the choice between the acute high and respect of peers with the long-term risks involved 
with the addiction or the long-term expected health and social successes accompanied by 
the acute ignorance or disrespect of peers. However, it might very well be that there is no 
such conscious consideration in drug addicts. In addition, addictive behavior can also involve 
the continuous inhibition of the urge to take drugs. In other words, a suppression of the 
urge to act. Interestingly, several drug-induced neurobiological changes in dopaminergic 
and glutamatergic signaling within the prefrontal cortex and the striatum cause cognitive 
problems such as with learning and memory (Kauer and Malenka, 2007), cognitive flexibility 
(Stalnaker et al., 2009) reward processing and a weakness to resist urges (Volkow et al., 2016). 
These cognitive capacities influence impulsive action and impulsive decision making and are 
therefore interesting to study in relation to cocaine taking and seeking.

Impulsive behavior is measured with questionnaires and neuropsychological tests. 
Questionnaires generally gather information on long-term patterns of behavior, generally 
defined as trait impulsivity. They are independent of the current state of the subject by 
questioning average everyday behavior such as: ‘I plan tasks carefully’ or ‘I act on impulse‘. 
The most commonly used questionnaires are the Barratt Impulsiveness Scale (Patton et al., 
1995) and the Eysenck Impulsiveness Questionnaire (Eysenck et al., 1985). Neuropsychological 
tasks on the other hand are independent of self-report. In addition, these tasks are perfectly 
suitable to measure short term changes in impulsivity, which can be referred to as state 
impulsivity. However, these tests have lower ecological validity, since they are an abstraction 
of the everyday situations. Reflection impulsivity can be measured with the matching familiar 
figures task (Kagan, 1966). In this task, the subject has to decide which of the alternative figures 
matches the example. The subject has to choose between accuracy and speed by comparing 
all or just a few aspects of the figure before deciding which figures are identical. Impulsive 
decision making, also called impulsive choice or delay discounting, can be measured with the 
delay discounting task (Ho et al., 1999). There are several versions including real or fictitious, 
big or small rewards and long or short time intervals, but in general this task resembles the 
marshmallow task for children. It asks the subject to choose between a direct small reward or 
a bigger reward that comes with a delay. Objectively, it is more advantageous to wait for the 
larger reward. High impulsive individuals are unwilling to wait for the larger rewards, while 
low impulsive people choose to wait. 
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Impulsive action, which results from impaired inhibitory control processes, can be measured 
with tasks such as the continuous performance task, the go/no-go task or the stop signal task. 
In the continuous performance task (Rosvold et al., 1956) letters appear on a screen one by one 
and the subject has to respond to a specific sequence of stimuli, for example ‘A’,’X’. This exact 
sequence occurs rarely, but the subject is often seduced to respond by a non-finished sequence, 
in this case the ‘A’ followed by a different letter. These responses to the ‘A’, are counted as 
premature and therefore impulsive responses. Since this task was developed to test sustained 
attention, the number of premature responses is often quite low. Therefore, more complex 
versions of the task, such as the IMT/DMT, have been developed (Dougherty et al., 2002). In 
the go/no-go task (Terman and Terman, 1973) the subject has to respond to go stimuli while 
the subject has to withhold his response when presented with the no-go stimulus. The subject 
is forced into a pattern of responding by presenting mainly go stimuli. Responses to the no-go 
stimulus represent inhibition failures and are therefore counted as impulsive responses. The 
stop signal task (Logan et al., 1997) is cognitively more demanding than the previous tasks since 
it requires action cancellation instead of action restraint. Action restraint requires inhibition 
of the urge to response before the response is initiated, but action cancellation requires the 
inhibition of a response that is already started. In the stop signal task every trial contains the 
go signal, but this can be overruled by a stop signal. The stop signal is presented together with, 
or even after the go signal. The longer the delay between the go and the stop stimulus, the 
harder it is to cancel the already initiated action to respond to the go stimulus. 

These tasks were described along with the categorization of impulsivity proposed by Evenden 
(1999b), including reflection impulsivity, measured with the matching familiar figures task, 
impulsive decision making, measured with the delay discounting task and impulsive action, 
measured with the continuous performance, go/no-go or stop signal tasks. On the other hand, 
using the categorization of impulsive behavior proposed by Robinson et al. (2009) impulsive 
decision making and action restraint, measured with the delay discounting task and the 
continuous performance or go/no-go task would form the category of waiting impulsivity, 
whereas action cancelation, measured with the stop signal task would fall into the category of 
stopping impulsivity. Clearly, there is no uniform consensus on the categorization of impulsive 
behavior. Meanwhile, the general term impulsivity is still in use, without any specification 
of subtype.

Maladaptive levels of impulsive behavior are associated with several psychiatric disorders. 
Impulsivity is one of the criteria mentioned in the DSMV for attention deficit hyperactivity 
disorder (ADHD; American Psychiatric Association, 2013). In addition, impulsivity is a vast 
feature of the manic episodes in bipolar disorder, borderline personality disorder, conduct 
disorder, pathological gambling and drug dependence (Moeller et al., 2001). Fortunately, there 
is pharmacological treatment available to reduce impulsivity levels. The most commonly used, 
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1and most effective drugs are psychostimulants (for reviews see Elia et al., 1999; Heal et al., 2012; 
Kutcher et al., 2004). The psychostimulant amphetamine was discovered first and is still in 
use. As alternative, there is now the DA reuptake inhibitor methylphenidate, the NE reuptake 
inhibitor atomoxetine and alpha2a adrenoceptor agonist guanfacine (Heal et al., 2012). All of 
these drugs are in general equally effective, but the effectiveness may vary between individuals. 
With controlled dosing and intake there seems to be no risk of abuse potential (Elia et al., 1999; 
Heal et al., 2012; Kutcher et al., 2004). 

Animal models of impulsive behavior
Similar to the animal models of addiction, the animal models of impulsivity are very important 
to unravel cause and effect of impulsive behavior, to unravel the underlying neurobiology, to 
determine potential targets to lower impulsivity and to define potential treatment strategies. 
For that reason, there are preclinical parallels developed of several neuropsychological 
impulsivity tasks for human subjects (for reviews see Dalley et al., 2011; Evenden, 1999b; 
Winstanley, 2011). Impulsive decision making behavior is modeled by the delayed reward task 
in rats. Since I used this task in the experiments described in my thesis to determine the level 
of impulsive decision making, I will describe this task in the next section. Impulsive action 
can be measured with the 5-choice serial reaction time task (5-CSRTT; Carli et al., 1983). This 
is the rat parallel of the continuous performance task which I used in my thesis. Therefore, I 
will describe this task below. The other tasks measuring impulsive action behavior are the go/
no-go task (Harrison et al., 1999) and the stop signal task (Feola et al., 2000), which are very 
similar to the human variants. Rats are placed in an operant chamber in which stimulus lights 
and/or tones are presented to the rat as go and no-go or stop signals. Responses can be made 
in nose-poke units or on levers. Correct go responses and successful stop trials are rewarded 
with food and misses of go trials and responses in stop trials are ‘punished’ with a time out 
period during which rats need to wait for a brief period before they can continue in the task. 

Impulsive decision making: the delayed reward task
The delayed reward task designed for rats (Evenden and Ryan, 1996) is based on the delay 
discounting task used in humans (Ho et al., 1999), which is the most commonly used task to 
determine the level of impulsive decision making. Although several versions of the task exist, 
in general subjects choose between immediate small rewards and bigger rewards that come 
with a delay. In humans, the rewards are mostly monetary and the delay to the big reward 
is based on the previous decision. If a subject chooses the big reward the delay is increased, 
while the delay is decreased when the subject chooses the small reward. These fast changes 
in the delay do not match with the cognitive capacity of the rat. Therefore, rats are rewarded 
with food and the delay of the big reward typically increases per block of 10 trials from 0 
to 5, 10, 20 and 40 seconds. In humans as well as in rats, the preference for the big reward 
decreases with increaments of the delay and this behavior can be modeled by a hyperbolic 
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discounting curve (Mazur, 1987). Less impulsive subjects, tolerate longer delays and therefore 
show less steep discounting curves. Importantly, the neurobiology (including neuroanatomy 
as well as neuropharmacology) of the DRT in rats and the DDT in humans shows various 
important similarities. For example, several noradrenergic compounds have shown consistent 
effects between the continuous performance task in humans and the 5-CSRTT in rats. These 
compounds were not tested in the delay discounting task in humans. Nonetheless, most of the 
dopaminergic compounds studied in the delay discounting task in humans and the delayed 
reward task in rats showed consistent effects (for review see Winstanley, 2011). Additionally, 
the ventral striatum and OFC of humans and the NACc and OFC in rats have an important 
role in impulsive decision making (for reviews see Cardinal, 2006; Dalley et al., 2011). Taking 
another example, D2 receptor availability is reduced in humans (Robertson et al., 2015) as well 
as rats (Caprioli et al., 2013; Dalley et al., 2007) showing high levels of impulsive action.
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Figure 1.2 : Schematic representation of the delayed reward task 
The delayed reward task (A) starts with illumination of the left and right cue lights. Responding into 
one of these holes results in the immediate delivery of one food pellet. Thereafter the rat has to wait 
until the start of the next trial. Responding into the other hole results in the delivery of four food pellets 
with an increasing delay over the session (0, 5, 10, 20 or 40 seconds). If the rat does not respond at all 
the trial is counted as an omission. The preference for the big reward (Y-axis) decreases with increasing 
delays (X-axis; B). This discounting curve is steeper in high than in low impulsive animals. Therefore, 
the indifference point, the delay at which the preference for the big reward is 50%, is smaller for high 
than for low impulsive rats.

It takes about 3 months training before rats show stable performance in the DRT. After 
familiarizing the animal with the location of the food reward, the meaning of cue lights and 
the existence of a delay, the final program of the DRT is started (figure 1.2A). Rats are placed 
in an operant chamber containing a food receptacle in one wall and nose-poke response units 
in the opposing wall. There are stimulus lights inside these nose-poke units. A session is 
divided into 5 blocks of 12 trials. Each block starts with 2 forced choice trials in which only the 
left or the right unit is illuminated. In the next 10 trials, both units are illuminated and the 
animal has a free choice between those two units. A nose poke into one position results in 
the immediate delivery of a small reward (1 food pellet), whereas a nose poke into the other 
position results in the delivery of a large, but delayed, reward (4 food pellets). The delay of 
the large reward progressively increases per block of 12 trials from 0, 5, 10, 20 to 40 s. After 10s 
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1without responding the trial is counted as an omission. Impulsive decision making is defined 
by the relative preference for the large reward as a function of delay and the indifference point. 
This indifference point is the delay at which the preference for the large reward is 50% (figure 
1.2B) and can be determined from the equation of Mazur (formula 1.1; Mazur, 1987). The number 
of omissions can be used as a measure of attention.

𝐴𝐴 =
𝑃𝑃$

1 + 𝑘𝑘 ∗ 𝑑𝑑 

 Formula 1.1: Indifference point 
Where A is the preference for the big reward, P is preference for the big reward when there is no delay, 
k is the steepness of the discounting curve and d the delay. 

Impulsive action: the 5-choice serial reaction time task
The 5-CSRTT is based on the continuous performance task (CPT) and was originally developed 
to measure attention (Carli et al., 1983). However, it is currently the most often used task to 
measure impulsive action in rats. Importantly, the neurobiology (including neuroanatomy as well 
as neuropharmacology) of the 5-CSRTT in rats and commission errors on the CPT in humans 
show important similarities (for review see Winstanley, 2011). In a traditional CPT letters are 
presented to the subject one by one. If an ‘A’ follows the presentation of an ‘X’ the subject has to 
respond. This combination occurs rarely, and the presentation of the X can already trigger a false 
positive, commission error, or premature response. In the 5-CSRTT the rat has to wait during a, 
generally 5 s lasting, inter trial interval before he can make a response. During these 5 s rats tend 
to make several premature responses, which are the measure of impulsive action.

It takes about 2 to 3 months to train animals to stable baseline performance in the 5-CSRTT. 
After familiarizing the animal with the location of the food reward and the meaning of cue 
lights, the final program is started (figure 1.3). Rats are placed in an operant chamber containing 
a food receptacle on one side of the chamber and an array of 5 nose-poke response units in the 
opposing wall. A trial is started by a nose poke in the receptacle. Thereafter, rats are required to 
wait for 5 s (intertrial interval) before one of the response units is illuminated for 1 s. A nose-
poke response in this illuminated hole is rewarded with a food pellet delivered in the food 
receptacle. Every session consists of 100 trials or lasts 30 min, whichever occurs first. Impulsive 
action is defined by the number of premature responses, made during the intertrial interval. 
In addition, attentional performance is defined by the percentage of accurate responses, the 
number of omissions and the reaction times. The motivation for the reward can be inferred 
from the time between the response and the entrance to the receptacle. 
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The neurobiology of impulsivity
As for addiction, there are numerous excellent reviews on the neurobiology of impulsive 
behavior (Cardinal, 2006; Chambers et al., 2009; Dalley and Roiser, 2012; Dalley et al., 2011; Jupp 
et al., 2013; Mitchell and Potenza, 2014a; Pattij and Vanderschuren, 2008; Winstanley et al., 
2006). The following paragraph is a concise description of the most prominent brain regions 
and neurotransmitters involved in impulsive behavior. Since this thesis involves impulsive 
decision making and impulsive action in rodent models, the focus will be on these two aspects 
of impulsive behavior. 
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Figure 1.3 : Schematic representation of the Five choice serial reaction time task
In the five choice serial reaction time task every trial starts with a nose poke in the food receptacle. 
Then, the rat has to wait for five seconds (inter trial interval, ITI) before the five cue lights illuminate. 
If the rat responds within this ITI, the rat makes a premature response and is punished with a 5s time 
out. Once the lights are illuminated, the rat can either make 1) a correct response in the illuminated 
nose poke hole and get rewarded with a food pellet, 2) an incorrect response into a non-illuminated 
nose poke hole and get punished with a 5s time out or 3) no response at all and get punished with a 
5s time out (omission).

The prefrontal cortex (PFC), the nucleus accumbens (NAC) and the strong connection in 
between have a prominent role in impulsive behavior (Winstanley et al., 2006). Within the 
PFC, impulsive decision making, measured with the delayed reward task, seems to rely mainly 
on the orbitofrontal cortex (Winstanley et al., 2004a), while impulsive action, measured with 
the 5-CSRTT, relies more on the infralimbic (Murphy et al., 2012) and cingulate cortex (Muir et 
al., 1996). Within the NAC, both forms of impulsivity require intact functioning of the NACc 
(Cardinal et al., 2001; Christakou et al., 2004), but only impulsive action requires NACs activity 
(Murphy et al., 2008; Pattij et al., 2007). Besides these well-studied structures, lesions of the 
hippocampus (Cheung and Cardinal, 2005) and basolateral amygdala (Winstanley et al., 2004a) 
increase impulsive decision making and lesions of the subthalamic nucleus (Winstanley et al., 
2005) decrease impulsive decision making levels. On the other hand, lesions of the subthalamic 
nucleus (Baunez and Robbins, 1997), habenula (Lecourtier and Kelly, 2005) and medial striatum 
(Rogers et al., 2001) induce an increase in impulsive action behavior. 
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1Within these brain regions there is a central role for DA. For example, a reduced DA D2/D3 
receptor density relates to increased impulsive action behavior in rats (Dalley et al., 2007) and 
increased impulsive decision making in Parkinson patients ( Joutsa et al., 2015). Additionally, 
the DA reactivity in the nerve terminals of high impulsive animals as determined with the 
5-CSRTT is much weaker in de NACc and stronger in the NACs than of low impulsive animals. 
Animals with high levels of impulsive decision making show weaker DA reactivity in mPFC 
and both the NACc and shell (Diergaarde et al., 2008). Amphetamine, which increases DA 
transmission, reduces impulsive decision making and increases impulsive action (e.g. Cole 
and Robbins, 1987; Wade et al., 2000; Wiskerke et al., 2011a). Besides DA, there is a large body 
of evidence on the role of serotonin in impulsive behavior. However, the specific role of this 
system is not completely understood since high levels of impulsive action behavior have 
been linked to high (e.g. Dalley et al., 2002; Puumala and Sirviö, 1998) as well as low (e.g. 
Harrison et al., 1997; Winstanley et al., 2004a) levels of serotonin. Impulsive decision making 
seems unaffected by serotonin depletion (Winstanley et al., 2004b) a 5-HT reuptake inhibitor 
(Baarendse and Vanderschuren, 2012) or an antagonist of the 5-HT1B receptor (van den Bergh 
et al., 2006) and 5-HT2A receptor (Talpos et al., 2006), but impulsive decision making is affected 
by a 5-HT1A agonist or antagonist (Bizot et al., 1988). These inconsistencies might be caused 
by the complexity of this system or the lack of specific pharmacology to study the system (for 
reviews see Dalley and Roiser, 2012; Pattij and Vanderschuren, 2008; Winstanley et al, 2006). 
Other neurotransmitter systems, such as the norepinephrine, the opioid and the cannabinoid 
system, have not been studied as extensively, but all systems studied seem to have some 
role in impulsive behavior. For example, enhanced norepinephrine signaling clearly reduces 
impulsive action, but the results on impulsive decision making are inconsistent (Baarendse 
and Vanderschuren, 2012; Robinson et al., 2008). Increased opioid activity seems to enhance 
both forms of impulsivity (Pattij et al., 2009). The cannabinoid system seems to have a role in 
impulsive action, but not in impulsive decision making (Pattij et al., 2008). More research on 
the possibility to target these neurotransmitter systems can help to develop new and better 
treatment to alleviate impulsivity with fewer side effects and less abuse potential.

Relationship between addiction and impulsivity

Individual differences
There is a broad consensus that cocaine dependence and impulsivity are closely related, 
although whether impulsivity precedes or results from cocaine use is difficult to dissect from 
existing clinical data (for reviews see Mitchell and Potenza, 2014b; Pattij and De Vries, 2013; 
Perry and Carroll, 2008; Stevens et al., 2014; Winstanley et al., 2010; de Wit, 2009). Therefore, 
the question remains whether impulsivity is a promising treatment target to treat cocaine 
addiction. Since I want to investigate whether impulsivity is a treatable risk factor of cocaine 
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addiction, I first have to define if impulsivity is a risk factor. A risk-factor expresses itself before 
the consequence and the individual variation of the risk-factor should be linked to a similar 
or directly opposite variation of the consequence (Field, 2009). If my hypothesis is correct, 
impulsive behavior will express itself before intake of cocaine and low impulsive individuals 
have a low addiction risk, while high impulsive individuals have a high addiction risk. To test 
this, I need to observe pre-existing individual differences in impulsive behavior, the impulsivity 
trait, and individual differences in cocaine addiction. 

Marked individual differences have been observed at the level of impulsive action as well 
as impulsive decision making in outbred rat strains (e.g. Carli et al., 1983; Evenden and Ryan, 
1996; Galtress et al., 2012) and in humans (e.g. Marsh et al., 2002; Mitchell, 1999). Interestingly, 
questioning parents and teachers about impulsive behavior, children showed stable levels of 
impulsivity between 6 and 8 years of age (Olson et al., 1999). Additionally, impulsive decision 
making showed to be stable over one year of time (Kirby, 2009) over the type of reward, being 
hypothetical money, real liquids ( Jimura et al., 2011), food, cigarettes, alcohol or money (Odum, 
2011). Importantly, in rats, both impulsive decision making and impulsive action showed to 
be stable over time (Anker et al., 2009a; Diergaarde et al., 2008). This stability of behavior 
indicates there is an impulsivity trait. In addition to the individual differences in impulsive 
behavior, some people use drugs without abusing and therefore without experiencing any 
harm from using the drug. On the other hand, other people get highly addicted and keep 
abusing drugs until death. A comparable variation is observed in outbred rat strains. Some 
animals show several features of addictive behavior, such as a high motivation to acquire the 
drug or persistence of drug taking while facing the risk of a mild foot-shock, but others show 
none of these behaviors (Deroche-Gamonet et al., 2004). 

These individual differences can be caused by genes, environment or a combination of these 
two (Harzem, 1984). In humans, it is hard to define the relative contribution of genetic and 
environmental variables on behavior, since it is fairly impossible to control the influence 
of the environment. One highly contributing environmental factor is childhood trauma. 
Both impulsive behavior (Lovallo, 2013; Roy, 2005) and addiction risk (Enoch, 2011; Simpson 
and Miller, 2002) are increased by experiencing adverse life events during childhood. Since 
experimental animals are kept under controlled environmental and experimental conditions, 
they are expected to encounter almost identical environmental variables. Therefore, the 
individual differences between experimental animals are expected to be related to genetic 
variables (Harzem, 1984). Several genetic markers of impulsive and addictive behavior have 
been identified (for reviews see Bevilacqua and Goldman, 2013; Kreek et al., 2012; Verdejo-García 
et al., 2008). Interestingly, The A1 Allele of the DRD2 polymorphism and the 7 repeat of the 
DrD4 gene and the Ser of Gly homozygotes of the DRD3 gene seem to be involved in both an 
increased risk of cocaine addiction and high levels of impulsive behavior. 
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1Since I want to investigate whether impulsivity is a treatable risk factor of cocaine addiction, 
I also have to manipulate the risk factor, that is the impulsivity state. Importantly, numerous 
pharmacological manipulations of impulsive action, impulsive decision making (for reviews 
see Jupp et al., 2013; Koffarnus et al., 2013; Pattij and Vanderschuren, 2008) and cocaine relapse 
(for reviews see Crombag et al., 2008; Shaham et al., 2003) have been performed. However, 
none of these studies investigated a causal relationship between manipulations in impulsive 
behaviour and its consequences for addictive behavior. Therefore, I will first define whether the 
impulsivity trait exists before cocaine intake and then if state changes in impulsive behavior 
relate to state changes in addictive behavior. 

Relation between cocaine addiction and impulsivity: behavior
The relationship between impulsivity and cocaine addiction expresses itself in several 
different situations and each of these situations can pinpoint a different characteristic of the 
relation. One of the key manifestations of the relationship between impulsivity and addiction 
is the high comorbidity between ADHD and drug dependence. Almost a quarter of all drug 
dependent patients is also diagnosed with ADHD (for meta-analysis see: van Emmerik-van 
Oortmerssen et al., 2012). Self-medication might be the cause of initial cocaine taking, but there 
are studies in favor (Khantzian, 1985) as well as against (Clure et al., 1999) this theory. Another 
manifestation of the relation between impulsivity and addiction is observed in adolescents. 
Adolescents tend to be in a stage of brain development and social independence which makes 
them vulnerable to being both highly impulsive and extremely sensitive to initiate drug taking 
(Gladwin et al., 2011). This stage of brain development is characterized by the maturation of 
affective and motivational brain regions, such as the striatum and midbrain, before the more 
cognitive control systems, such as the prefrontal cortex (Casey et al., 2008). This stage of social 
independence, spending more time with peers and less with parents and family, drives personal 
educational, career, romantic and sexual decisions (Nelson et al., 2005). Taken together, during 
adolescence, people easily encounter (illicit) drugs because of their social independence and 
the brain is not capable of making balanced decisions. Therefore training cognitive control 
might be of great value to reduce the risk of addiction in adolescents (Gladwin et al., 2011). This 
might prevent both initial intake of the drug and relapse once abstinent.

The relationship between impulsivity and cocaine use or dependence is also evidenced by 
studies comparing cocaine users and abusers with non-using controls. These studies show that 
patients with cocaine dependence are more impulsive than healthy controls on measures of 
impulsive action (Colzato et al., 2007; Fillmore and Rush, 2002) as well as impulsive decision 
making (Coffey et al., 2003; Crunelle et al., 2013). There are important indications that the 
elevated levels of impulsivity precede drug taking. For example, prospective studies in high 
risk children suggest that high levels of impulsive action (Nigg et al., 2006; Tarter et al., 2003) 
during childhood predispose to an earlier onset of drug use, a higher risk of drug use and 
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drug dependence later in life, but not to drug related problems. In addition, the self-reported 
impulsivity level of siblings of stimulant dependent patients is higher than of healthy controls, 
but lower than of their addicted siblings. This difference in impulsivity levels seems to indicate 
that impulsive behavior is both a risk factor and a consequence, since the high impulsive 
siblings have a higher risk for addiction than the healthy controls and the intake of drugs 
made the addicted sibling even more impulsive (Ersche et al., 2010). In favor of the hypothesis 
that drug intake enhances impulsivity levels is the observation that disinhibition is higher in 
current than in ex substance users and lowest in healthy controls (Hopwood et al., 2011). Also, 
self-rated impulsivity was higher in cocaine users than in healthy controls and within this 
group of cocaine dependent patients, increasing intake caused an increase in impulsivity and 
a decrease of intake caused a decrease in impulsivity. This change of self-rated impulsivity 
was not observed on impulsive decision making measured with the delay discounting task 
(Vonmoos et al., 2013). In line with this, there is no difference in delay discounting between 
current and 30 day abstinent cocaine users (Heil et al., 2006).

For cocaine only two studies have investigated the relationship between impulsive behavior 
and abstinence and relapse (Black and Rosen, 2011; Washio et al., 2011). Both studies showed that 
higher levels of impulsive decision making relate to shorter periods of abstinence. Interestingly, 
a money management intervention led to a reduction of both impulsive decision making 
(of hypothetical money) and abstinence duration. This positive relation between treatment 
outcome and impulsive decision making was also shown for nicotine (Krishnan-Sarin et al., 
2007; Sheffer et al., 2012; Yoon et al., 2007), alcohol (MacKillop and Kahler, 2009) and marijuana 
(Stanger et al., 2012). Interestingly, there was no relation between impulsive action behavior 
and treatment retention or abstinence observed in cocaine dependent subjects (Carroll et 
al., 2011; Schmitz et al., 2009). Similarly, such relationship was also not observed in opiate 
dependent subjects (Passetti et al., 2008). However, in smokers, high levels of impulsive action 
relate to stronger nicotine dependence (Billieux et al., 2010) and no effect (Sheffer et al., 2012) 
or a worsening of (Krishnan-Sarin et al., 2007) treatment outcome. Preclinical animal models 
are a perfect tool to elucidate whether the elevated levels of impulsivity predispose or result 
from cocaine use and dependence and more importantly, to investigate whether it is possible 
to improve treatment outcome.

In animal studies the history of the animals is known and equal for all subjects. In addition, 
the animals can be followed before, during and after drug taking. Unfortunately, most animal 
studies have either focused on drug self-administration following the establishment of baseline 
impulsivity levels or on impulsivity levels following drug administration. In these studies 
effects have been found in both directions. Animals showing high levels of impulsive action 
showed an easier escalation of cocaine taking (Belin et al., 2008; Dalley et al., 2007) and cocaine 
intake transiently elevated impulsive action levels (Winstanley et al., 2009). After long access 
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1to cocaine and punishment induced abstinence, high impulsive animals showed a stronger 
relapse response than low impulsive animals (Economidou et al., 2009). On the other hand, in 
rats, poor impulsive decision making related to a stronger escalation of cocaine intake (Anker 
et al., 2009b) and cocaine seeking (Perry et al., 2008). Additionally, large quantities of self-
administered cocaine induced elevations in impulsive choice behavior (Mendez et al., 2010). 
Although these studies give strong clues to the cause-consequence question, a longitudinal 
bidirectional investigation, using a within-subjects comparison would give more information. 
Using a bidirectional design addiction related behavior can be predicted from the pre-existing 
impulsivity trait, but also from the current impulsivity state. There are a few studies that 
monitored the level of impulsivity during more than one stage of cocaine (Dalley et al., 2005a; 
Winstanley et al., 2009), nicotine (Diergaarde et al., 2008) or amphetamine (Dalley et al., 2005b; 
Gipson and Bardo, 2009) taking and seeking. However, thus far, there is no longitudinal study 
continuously monitoring impulsivity levels before, during and after drug taking. 

Taken together, there is still a lack of knowledge on how the different forms of impulsivity 
affect the different phases of cocaine taking and seeking and how cocaine affects distinct 
forms of impulsivity. Further studies are needed to define which phases of addiction and which 
aspects of impulsivity can be targeted for treatment. 

Relation between addiction and impulsivity: neurobiology
There is a great deal of overlap in the neurobiology of addiction and impulsive behavior. 
There are several excellent reviews on the relationship between impulsivity and addiction 
and most of them mention overlapping neurobiology (e.g. Crews and Boettiger, 2009; Dalley 
et al., 2011; Perry and Carroll, 2008; Setlow et al., 2009; Verdejo-García et al., 2008; Winstanley 
et al., 2010). In general, the mesolimbic and mesocortical DA system plays a key role in several 
phases of cocaine addiction and several aspects of impulsivity. However, numerous other 
brain structures and neurotransmitters show overlapping roles in impulsive behavior and 
cocaine taking or seeking. Without giving an extended overview, some examples of this 
neurobiological overlap will be described. 

At first the involvement of the DA D2 receptor in the striatum will be discussed. A decreased 
availability of DA D2 receptors is observed in cocaine abusing patients (e.g. Martinez et al., 
2011; Volkow et al., 1990) and this is still present after months of abstinence (Volkow et al., 
1993). Additionally, ex or current cocaine abusing patients show a blunted DA response in 
the striatum, which is thought to be caused by a decrease in DA release (Martinez et al., 2011; 
Volkow et al., 1997). Interestingly, these changes in the DA system are also observed with 
other drugs of abuse (for review see Trifilieff and Martinez, 2014) whereas DA transporters, the 
primary action site of cocaine, appear unaffected (Wang et al., 1997). This might indicate that 
these deviations of the DA system are not induced by cocaine intake, but characteristics of 
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people who are more vulnerable to become addicted. Related to impulsivity, ADHD patients, 
who were not using drugs, also show a decrease in DA D2 receptor availability and a blunted 
DA response in the striatum (Volkow et al., 2007). Additionally, as previously shown in drug 
naïve rats (Dalley et al., 2007), DA D2 receptor availability in the striatum is predictive of 
impulsive action behavior (Robertson et al., 2015) and self-reported impulsivity (Kim et al., 2014) 
in healthy human subjects. Additionally, in methamphetamine dependent patients, the DA D2 
availability correlated with impulsive decision making (Ballard et al., 2015). Therefore, this low 
DA D2 receptor density might cause high levels of impulsivity, which in turn increase the risk 
to use or abuse cocaine. However, it might also be a premorbid risk factor of both behaviors. 

The role of the orbitofrontal cortex (OFC) is also very indicative of the overlapping neurobiology 
between impulsivity and cocaine addiction. Among several other functions, the OFC plays 
a crucial role in self-regulation, reward valuation and decision making (Krawczyk, 2002). 
Functions that fit in the behavioral profile of both addiction and impulsivity. For impulsive 
behavior this means that, impulsive decision making is altered when the OFC is lesioned 
in rats (Kheramin et al., 2002; Mobini et al., 2002; Rudebeck et al., 2006; Winstanley et al., 
2004c) or damaged by traumatic brain injury in humans (Berlin et al., 2004). With respect 
to impulsive action, action cancellation is affected (Eagle et al., 2008), while action restraint 
remains unaffected (Chudasama et al., 2003) after lesioning the OFC in rats. In cocaine addicts, 
the metabolism of the OFC is increased during early withdrawal and this increase relates 
to increased feelings of craving (Bonson et al., 2002; Volkow, 1991). However, with longer 
withdrawal periods (7 days – 4 months) OFC metabolism was decreased. This decrease related 
to dose and years of cocaine use (Volkow et al., 1992). In line with this, cocaine addicts show 
decreased gray-matter volume in the OFC (Franklin et al., 2002; Matochik et al., 2003). This 
decrease in gray matter related to longer cocaine dependence (Ersche et al., 2011). From these 
studies it is impossible to determine whether these changes are pre-existing or drug induced. 
From animal studies it is clear that changes in the OFC are cocaine induced (Winstanley et 
al., 2007). Lesions to the OFC seem to impair cue-controlled drug seeking and cue-induced 
reinstatement, but have no effect on the rewarding effects of cocaine or cocaine-induced 
reinstatement (Fuchs et al., 2004; Hutcheson and Everitt, 2003). Altogether, the role of the 
OFC in reward valuation and decision making expresses itself clearly in both cocaine abusing 
problems and impulsivity. These and several other abnormalities in the brains of cocaine 
dependent patients and impulsive individuals are possible treatment targets. Treatment could 
either be aimed at recovery of drug induced changes or to overcome pre-existing abnormalities 
in brain functioning. Pharmacological agents which can reduce both impulsivity levels and 
relapse propensity are promising candidates to alleviate the risk to relapse via lowering of 
impulsivity levels (for review see Jupp and Dalley, 2014). 
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1One of these promising candidates is the norepinephrine transporter inhibitor atomoxetine 
(ATO). Acute treatment with ATO in rats enhanced extinction learning ( Janak et al., 2012) 
decreased cue-controlled cocaine seeking and decreased cue-induced reinstatement after 
abstinence (Economidou et al., 2011). Additionally, sub-chronic treatment during adolescence 
decreased cue-induced reinstatement during adulthood in a genetic rat model of ADHD 
( Jordan et al., 2014). Thus far, the few relatively small studies performed with cocaine dependent 
patients showed no adverse effects of ATO, but also no positive effects on cocaine use or 
craving in patients with (Levin et al., 2009) or without (Walsh et al., 2013) comorbid ADHD. 
However, in alcohol dependent patients with comorbid ADHD (Wilens et al., 2008) or a mixed 
sample of drug addicts with comorbid externalizing symptoms (Benegal et al., 2013), ATO did 
improve several outcome measures of addiction. In these alcohol dependent patients and 
several other studies ADHD symptoms did improve significantly by ATO treatment (for review 
see Simpson and Plosker, 2004). In line with that, ATO showed to reduce several forms of 
impulsivity. A single dose of ATO reduced impulsive action in adults with ADHD (Chamberlain 
et al., 2007) and rats (Blondeau and Dellu-Hagedorn, 2007; Navarra et al., 2008; Paterson et 
al., 2011; Robinson et al., 2008), it reduced impulsive decision making in rats (Robinson et 
al., 2008) and it normalized reflection impulsivity in children with ADHD (Nagashima et al., 
2014) and Parkinson patients (Kehagia et al., 2014). Long-term treatment with ATO during 
adolescence decreased impulsive decision making in adulthood (Sun et al., 2012). Altogether, in 
independent studies, ATO treatment reduces both impulsive behavior and aspects of cocaine 
addiction. Importantly, ATO is tolerated safely in combination with cocaine (Cantilena et al., 
2012). In addition to ATO, there are more pharmacological agents showing positive effects on 
impulsivity and cocaine addiction, such as the serotonin 2A receptor antagonist M100907 
(Nic Dhonnchadha et al., 2009; Winstanley et al., 2003). From the aforementioned studies it 
is not clear whether a reduction in cocaine relapse is mediated by a reduction in impulsivity. 
To test this, I used a within-subjects design to investigate whether the changes in impulsive 
decision making and context-induced relapse induced by ATO are interrelated (see chapter 4). 

Aim and outline of this thesis

In my thesis, I aim to elucidate the cause-consequence question of the relation between 
cocaine addiction and different aspects of impulsivity. Since, a causal relation implies the 
opportunity to treat cocaine addiction via a reduction in impulsive behavior, my second 
aim will be to investigate if changes in impulsive behavior induce related changes in relapse 
propensity. 
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Chapter 2: The relationship between impulsive decision making and impulsive action
Impulsivity is broadly defined as behavioral actions without adequate forethought, but there 
is growing evidence that impulsivity is not a unitary construct, but rather is dissociable into 
different aspects reflecting distinct underlying cognitive, emotional, and neural processes. 
Nonetheless, detailed research on the relationship between various aspects of impulsivity is 
still scarce. To date there is, especially in the preclinical animal literature, only limited data 
available on within-subject comparisons of various aspects of impulsivity. Translational, cross-
species approaches combining clinical and preclinical data on impulsivity are particularly 
suited to deepen our understanding of the multidimensional nature thereof and may 
ultimately lead to improved treatment strategies for psychiatric disorders, such as cocaine 
addiction, characterized by maladaptive impulsivity. Therefore, I collaborated with Lianne 
Schmaal from the University of Amsterdam to investigate the relationship between impulsive 
decision making and impulsive action in rats as well as in humans using within-subjects 
designs in both species. I describe the results of this collaborative, translational, study in 
chapter 2.

Chapter 3: Impulsive decision making as risk factor for cocaine seeking
Here I describe a bidirectional investigation of the relationship between impulsive decision 
making and cocaine taking and seeking. Despite the strong association between impulsivity 
and addiction in humans, it is still a matter of debate whether impulsive decision making 
predisposes to, or results from, drug dependence. Experiment 1 was designed to determine 
whether impulsive choice predisposes to cocaine taking or seeking. Rats were selected based 
on trait impulsivity in a delayed reward task and subsequently compared on various stages of 
cocaine self-administration (SA). To examine the consequence of cocaine intake on impulsive 
decision making, impulsivity was monitored once a week throughout various stages of cocaine 
SA. From a clinical and therapeutic perspective, the critical question arises as to whether 
elevated impulsivity can be reduced to promote and support abstinence and reduce the 
propensity to relapse in drug-dependent individuals. To that end, I used a within-subjects 
design to manipulate both impulsive decision making and relapse to cocaine seeking with 
the same pharmacological substances (experiment 2). I choose for the clinically relevant drug 
methylphenidate and for SCH-23390 for the robust behavioral effects on impulsive decision 
making (van Gaalen et al., 2006a).

Chapter 4: Treating the risk factor
Here, I aimed to investigate the treatment potential of relapse to cocaine seeking via a 
reduction of impulsive decision making. To mimic the clinical application of atomoxetine 
(inhibitor of the norepinephrine transporter), I used a sub-chronic treatment protocol. I trained 
the rats to baseline levels of impulsive decision making and subjected them to cocaine SA. 
After SA, during abstinence, rats received daily injections with ATO for 20 days. One and 10 
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1days after treatment cessation, I determined the effects of sub-chronic ATO treatment on 
context-induced reinstatement. As impulsive decision making was monitored throughout the 
entire experiment, I correlated changes induced by atomoxetine in impulsive decision making 
to changes in relapse propensity. 

Chapter 5: Impulsive action and relapse to cocaine seeking
Here, I studied the relationship between impulsive action and cocaine taking and seeking. Trait 
impulsive action was determined with the five-choice serial reaction time task and impulsive 
action was monitored throughout the entire experiment. Once stable impulsivity levels were 
reached, rats were exposed to a cocaine SA protocol, including 3 weeks of cocaine SA (5h 
day), 3 weeks of extinction training and several relapse tests. To investigate whether elevated 
impulsivity can be reduced to promote and support abstinence and reduce the propensity to 
relapse I used a within-subjects design to manipulate both impulsive action and relapse to 
cocaine seeking with the same pharmacological substances, i.e. yohimbine (pharmacological 
stressor) and cocaine. 

Chapter 6: The untreatable risk factor?
In the last chapter of my thesis, I will summarize the results and combine them into a general 
framework. In addition, clinical implications and ideas for future research will be presented.
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Maladaptive impulsivity is a core symptom in various psychiatric disorders. However, there is 
only limited evidence available on whether different measures of impulsivity represent largely 
unrelated aspects or a unitary construct. 

In a cross-species translational study, thirty rats were trained in impulsive decision making 
(delayed reward task) and impulsive action (five-choice serial reaction time task) paradigms. 
The correlation between those measures was assessed during baseline performance and 
after pharmacological manipulations with the psychostimulant amphetamine and the 
norepinephrine reuptake inhibitor atomoxetine. In parallel, to validate the animal data, 
101 human subjects performed analogous measures of impulsive decision making (delay 
discounting task, DDT) and impulsive action (immediate and delayed memory task, IMT/
DMT). Moreover, all subjects completed the Stop Signal Task (SST, as an additional measure of 
impulsive action) and filled out the Barratt impulsiveness scale (BIS-11). Correlations between 
DDT and IMT/DMT were determined and a principal component analysis was performed on 
all human measures of impulsivity. 

In both rats and humans measures of impulsive decision making and impulsive action did not 
correlate. In rats the within-subject pharmacological effects of amphetamine and atomoxetine 
did not correlate between tasks, suggesting distinct underlying neural correlates. Furthermore, 
in humans, principal component analysis identified three independent factors: (1) self-reported 
impulsivity (BIS-11); (2) impulsive action (IMT/DMT and SST); (3) impulsive decision making 
(DDT). 

This is the first study directly comparing aspects of impulsivity using a cross-species 
translational approach. The present data reveal the non-unitary nature of impulsivity on 
a behavioral and pharmacological level. Collectively, this warrants a stronger focus on the 
relative contribution of distinct forms of impulsivity in psychopathology. 

Abstract
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Introduction

Impulsivity is a hallmark and common feature in various psychiatric disorders, including 
substance use disorder, attention deficit hyperactivity disorder (ADHD), conduct disorder, 
bipolar disorder, pathological gambling and personality disorders (Moeller et al., 2001). Although 
impulsivity can be broadly defined as behavioral actions without adequate forethought, there 
is growing evidence that impulsivity is no unitary construct, but rather is dissociable into 
different aspects reflecting distinct underlying cognitive, emotional, and neural processes 
(Evenden, 1999b). Nonetheless, detailed research on the relationship between various aspects 
of impulsivity is still scarce.

Two widely recognized behavioral phenomena of impulsivity are impulsive decision making 
and impulsive action. Impulsive decision making is oftentimes operationalized by impulsive 
decisions resulting from a distorted evaluation of delayed consequences of behavior and an 
increased preference for (smaller) immediate rewards over more beneficial delayed rewards. 
On the other hand, impulsive action reflects the failure to inhibit an inappropriate response to 
prepotent stimuli (Evenden, 1999b; Reynolds et al., 2006; Winstanley et al., 2006).

In addition to self-report measures, impulsive decision making and impulsive action can be 
assessed in different behavioral paradigms. Importantly, for most of these behavioral paradigms 
similar versions exist for humans and laboratory animals. In humans delay discounting 
paradigms are generally used to assess impulsive decision making (Ho et al., 1999). To measure 
impulsive action, the go-no go task, stop signal task, Stroop task, or commission errors during 
a continuous performance task (CPT) are most often utilized in humans (Logan et al., 1997). 
Preclinical laboratory animal researchers have developed translational analogies of these 
neuropsychological tasks such as the delayed reward task (DRT) to study impulsive decision 
making and the go-no go task, stop signal reaction time task and the five-choice serial reaction 
time task (5-CSRTT) to measure impulsive action (for review see Dalley et al., 2011). Translational, 
cross-species approaches combining clinical and preclinical data on impulsivity are particularly 
suited to deepen our understanding of the neurobiological mechanisms underlying impulsivity 
and the multidimensional nature thereof and may ultimately lead to improved treatment 
strategies for psychiatric disorders characterized by maladaptive impulsivity.

In recent years, both animal (for reviews see Dalley et al., 2008; Pattij and Vanderschuren, 
2008; Winstanley et al., 2006) and human (for reviews see Chambers et al., 2009; Peters and 
Büchel, 2011) research has tremendously contributed to an increased understanding of the 
neurobiological mechanisms of impulsivity and has indicated that on a neurobiological 
level there is partial overlap in the neurotransmitter systems and brain regions modulating 
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impulsive decision making and impulsive action. In addition, the involvement of these forms of 
impulsivity in psychopathology, for example ADHD (Solanto et al., 2001) and drug dependence 
(Broos et al., 2012a; Diergaarde et al., 2008; Nigg et al., 2006; Tarter et al., 2003; Verdejo-García 
et al., 2008), show both overlap as well as dissociation.

Despite accumulating evidence further supporting the view that impulsivity is not a unitary 
construct, to date there is, especially in the preclinical animal literature, only limited data 
available on within-subject comparisons of various aspects of impulsivity. This approach is 
particularly suited to examine the multidimensional nature of impulsivity, because, in contrast 
to a between-subjects comparison, potential findings of separable aspects of impulsivity 
cannot be attributed to individual differences that might exist between subjects. Nonetheless, 
to date, most rodent work is conducted in separate groups each performing a single impulsivity 
paradigm and findings from the few rodent studies that have tested both impulsive action and 
choice in the same animals have been inconsistent: It has been demonstrated that animals 
showing high levels of impulsive action, also display steep discounting behavior (Robinson 
et al., 2009), whereas such a relationship is not detected in other studies (Van den Bergh et 
al., 2006; Winstanley et al., 2004a). In healthy volunteers, the studies that employed a within-
subjects design have generally revealed separate factors for impulsive decision making and 
impulsive action (Dougherty et al., 2009; Lane et al., 2003; Meda et al., 2009; Reynolds et al., 
2006, 2008). The inconsistent findings in rodents and the limited number of studies using 
within-subject approaches warrant further investigation of the multidimensional nature of 
impulsivity in rodents and the translational value to human data.

The current study aimed to investigate the interrelationship between impulsive decision making 
and impulsive action in a cross-species translational (rats and humans) design, using multiple 
assessments within the same subjects. To this aim, a cohort of rats was trained in the DRT and 
5-CSRTT paradigm, the most often used behavioral laboratory measures for impulsive decision 
making and impulsive action. In parallel, a cohort of healthy volunteers performed analogous 
impulsivity measures, namely a delay discounting task (DDT) for impulsive decision making 
and immediate and delayed memory task (IMT/DMT, a modified CPT) for impulsive action. 
Additionally, to further delineate the interrelationship between aspects of impulsivity, human 
subjects completed the stop signal task (SST); one of the most frequently used paradigms for 
impulsive action in human studies, and the self-report Barratt Impulsiveness Scale (BIS-11). To 
extend previous neurobiological findings on the various aspects of impulsivity based on between-
subject approaches, pharmacological challenges with the clinically relevant psychostimulant 
amphetamine (AMP) and the norepinephrine reuptake inhibitor atomoxetine (ATO) were 
conducted in the rodent experiment. Using this within-subjects, translational approach, we 
aimed to establish whether impulsive decision making and impulsive action represent separate 
dissociable aspects or a unified construct of impulsivity in rats and humans.
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Methods

Rodent study
Subjects
Thirty male Wistar rats (Harlan, Horst, The Netherlands), initially weighting 240–270 grams, 
were pair-housed in Macrolon cages on a reversed 12 hour day/night cycle (lights on 7 PM) 
in a temperature (21±2°C) and humidity (50±10%) controlled room. Behavioral testing was 
conducted during the dark phase of the day/night cycle. Rats were food restricted (maintained 
at about 85%–90% of their free feeding weight) by feeding them 12 (weekdays) or 14 (weekend) 
gram of regular chow per day per rat. Water was available ad libitum. Experiments were 
approved by the Animal Care committee of the VU University, Amsterdam, The Netherlands 
(protocol number ANW09-10).

Impulsive decision making: Delayed Reward Task (DRT)
Rats were trained in the DRT. Apparatus and procedure were similar to previous studies (van 
Gaalen et al., 2006a), but with levers instead of nose-poke holes, and are described in detail in 
the Methods S1. In short, the final procedure of the DRT was as follows: Rats were placed in an 
operant chamber containing a food receptacle and retractable levers with cue lights above on 
both sides of the receptacle. Left and right cue lights were illuminated, levers extended and a 
lever press at one side resulted in an immediate delivery of 1 food pellet, whereas pressing the 
other lever resulted in a delayed delivery of 4 food pellets. The delay of the larger reward was 
increased within the session from 0, 5, 10, 20 to 40 s, per block of 12 trials. Behavioral outcome 
measures were: preference for the large reward, number of omissions during choice trials and 
the indifference point (Indifference point = Preference at delay 0/(1+k*delay)) (Mazur, 1987). In 
order to allow a direct comparison with the human study, a log transformed k-value was used 
as an additional measure of impulsive decision making.

Impulsive action: 5-choice serial reaction time task (5-CSRTT)
Detailed descriptions of apparatus and procedure were provided previously (van Gaalen et 
al., 2006b) and are included in the Methods S1. In short, the final procedure of the 5-CSRTT 
was as follows: Rats were placed in an operant chamber containing a food receptacle and an 
array of 5 rectangular apertures in the opposing wall. After starting the trial by a nose poke 
in the receptacle, they were required to wait for 5 s (inter-trial interval, ITI) before one of the 
lights within the apertures were illuminated for 1 s. A nose-poke response in this illuminated 
hole was rewarded with one food pellet. Every session consisted of 100 trials or lasted 30 
min, whichever occurred first. Attentional performance was defined by accurate choice, the 
number of omissions and reaction times. Premature responses, made during the ITI, were the 
measure of impulsive action. Besides the regular sessions containing an ITI of 5 s, the ITI was 
lengthened to 7 s in 3 sessions with one week of ITI 5 s sessions in between. These challenge 
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sessions are often performed to increase premature responding and to differentiate between 
high and low impulsive animals (e.g. Dalley et al., 2007).

Drugs
Both amphetamine sulfate (AMP; OPG, Utrecht, The Netherlands) and atomoxetine 
hydrochloride (ATO; Tocris Bioscience, Bristol, UK) were dissolved in sterile saline and injected 
intraperitoneally in a volume of 1 ml/kg body weight. AMP (0.5 mg/kg) and ATO (1 mg/kg) 
were injected 20 and 45 minutes before testing, respectively. These doses were chosen based 
on their robust effect in previous studies employing the same behavioral tasks (e.g. van Gaalen 
et al., 2006b, 2006a; Robinson et al., 2009).

Design
Half of the animals was first trained in the DRT, the other half first in the 5-CSRTT. After 
training in either of the tasks, baseline behavior was calculated as the average behavior of the 
last three sessions of one week. To perform the pharmacological challenges, rats were trained 
on Mondays and Tuesdays in task one, and on Thursdays and Fridays in task two. As soon as 
animals showed stable baseline behavior in both tasks, drugs were tested on Tuesdays and 
Fridays using a latin-square design.

Statistical analysis
Pearson’s correlation analyses were performed between the baseline impulsivity measures and 
the responsivity to the drug challenges (performance under drug – saline) in the DRT and 
5-CSRTT. The impulsivity measure in the DRT was the indifference point and the k-value and in 
the 5-CSRTT the number of premature responses reflected impulsive behavior. Pharmacological 
effects on impulsive decision making in the DRT were analyzed with repeated measures ANOVA, 
with drug (AMP or ATO) and delay (0–40) as within subject factors. Omissions during choice 
trials in the DRT and all parameters of the 5-CSRTT were analyzed using paired samples T-tests 
for AMP and ATO compared to saline. Data were analyzed using the Statistical Package for the 
Social Sciences (SPSS, Chicago, IL, USA) version 16.0 and the significance level was set at p<0.05.

Human study
Subjects
Subjects were 101 healthy students (78 females, 23 males: 21.20 yr (SD = 2.39)), recruited through 
posted advertisements. Exclusion criteria were any medication other than oral contraception 
and presence of a neurological, medical or psychiatric disorder. All subjects were screened for 
the presence of Axis I psychiatric disorders using the Mini International Neuropsychiatric 
Interview plus (MINI-plus) (Sheehan et al., 1998). The study was approved by the Medical Ethical 
Committee of the University of Amsterdam (approval number: METC 10/264 #10.17.2070) and 
written informed consent was obtained from all participants.
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Impulsive decision making: Delayed Discounting Task (DDT)
A DDT was used to measure impulsive decision making (Mitchell, 1999). Several trials were 
presented in which the subject had to choose between a “standard” and an “alternative” 
item. The standard item was €10.00 to be received after a certain delay (0, 7, 30, 90, 180 or 
365 days) and the alternative item was an amount of money (€0.01, €0.25, €0.50, and further 
amounts increasing in 0.50 increments up to €10.50) to be received immediately. All possible 
combinations of six standard and 23 alternative items add up to 138 questions in total. 
However, one question would require subjects to choose between two identical choices. This 
same-items question was excluded, hence subjects answered 137 questions. Standard and 
alternative items were presented in a random order and without replacement. Subjects made 
their choice by clicking the left mouse button on the item they preferred. They were able 
to change their preference by clicking on the other item, before confirming their choice by 
clicking on “next question”. The subjects were asked to make their own personal choice as if 
the rewards were real and informed that there was no right or wrong answer. Standard and 
alternative items were presented at random order and without replacement. The order (first 
or second) in which the standard and alternative items were presented within each question 
was also randomized. Indifference points were derived for each delay, reflecting the point at 
which the preference switched from the larger later reward to the smaller immediate reward. 
In most cases, the indifference point was discrete. However, when it was not, the indifference 
point was defined as the point midway between the lowest value of the alternative at which 
the subject chose the alternative item for two consecutive, descending values and the highest 
value of the standard for which the subject chose the standard item for two consecutive 
ascending values. Indifference points across the delays were analyzed using the hyperbolic 
decay function yielding k-values representing the rate of discounting (referred to as DDT k 
value) (Mazur, 1987). Higher k values reflect greater discounting by delay and therefore indicate 
greater impulsivity.

Impulsive action: Immediate and Delayed Memory Task (IMT/DMT)
The human analogue of the preclinical 5-CSRTT is the Continuous Performance Task 
(CPT). Because the CPT was primarily developed for use with children or severely impaired 
populations, using a standard CPT might result in ceiling effects in the current sample. 
Therefore, we included the IMT/DMT developed by Dougherty and colleagues (2002), which 
is a modified (more demanding) CPT that has been validated to measure impulsive action in 
healthy subjects (Mathias et al., 2002). The IMT/DMT consists of two task components (IMT 
and DMT) that each feature two 5 min blocks. The order of the blocks was the same for each 
subject (ie, IMT/DMT/IMT/DMT) and blocks were separated by a 30 sec rest period, resulting 
in a total test duration of 21.5 min. Both the IMT and DMT consisted of randomly generated 
5-digit numbers (e.g. 27394) displayed on a computer screen in black on a white background. 
In the IMT, these numbers each appear for 500 ms, followed by a blank screen for 500 ms, 
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followed by the next 5-digit numbers. Subjects are required to respond when two identical 
numbers are presented in sequence (target stimuli). In the DMT a distracter stimulus (the 
number 12345, which is to be ignored) appears 3 times between each of the target numbers. 
Responses to targets were recorded as correct detections. Responses to a non-identical number 
were recorded as either a commission error, if the number differed from the target on only 1 
digit (termed a catch), or a filler error, if the number differed from the target on more than one 
digit (termed a filler). The appearance probability for filler stimuli was 34%, and 33% for either 
target or catch stimuli. The primary dependent impulsive action measure for both IMT and 
DMT is the ratio of commission errors to correct detections (IMT or DMT Ratio).

Impulsive action, additional measure: Stop Signal task (SST)
In humans, impulsive action is most often measured using either a stop signal or a go-no go 
paradigm. We therefore included a SST (Logan et al., 1984; Scheres et al., 2001) to investigate 
whether the ratio of commission errors to correct detections on the IMT/DMT and performance 
on the SST measure the same construct, namely impulsive action. The stop signal task 
consisted of 252 randomized trials with a Go/Stop ratio of 80/20 and lasted approximately 12 
min. Before each trial a small cross appeared on the screen for 500 ms to engage attention, 
immediately followed by an airplane (facing to the left or to the right) presented for 1000 ms 
(Go trial). The ITI varied between 1 and 2 s. During the Go trials the subjects had to respond 
by pressing a button with their left or right index fingers when the airplane faced to the 
left or right, respectively. The subjects were instructed to respond as fast and accurate as 
possible. Occasionally (20% of the times), the Go stimulus was followed by a Stop stimulus 
(a cross) projected over the Go stimulus. The subjects were instructed to try to withhold 
the Go response (pressing a button) when seeing the Stop signal. By adjusting the interval 
between the Go stimulus and the Stop stimulus, the Stop Signal Delay (SSD), the difficulty of 
stopping was varied. The SSD varied using a staircase procedure: a failed stop trial reduced the 
SSD, making it easier to inhibit the Go response during the next stop trial. A successful Stop 
increased the subsequent SSD, making it more difficult to succeed in the next Stop trial. This 
staircase procedure converged upon a critical SSD, which represents the time delay required 
for a subject to successfully stop a response on approximately 50% of the Stop trials. The time 
required for the stop signal to be successfully processed, the Stop Signal Reaction Time (SSRT), 
was computed by subtracting the critical SSD from the median Go reaction time (Logan et al., 
1984). The SSRT is the time required for a subject to inhibit his response after seeing the Stop 
Signal corrected for mean reaction time to Go trials. A short SSRT indicates good response 
inhibition and a longer SSRT indicates poorer response inhibition.

Self-report impulsivity: Barratt Impulsiveness Scale (BIS-11)
In order to evaluate the overlap between behavioral and self-report measures of impulsivity, 
a Dutch version of the BIS-11 (Patton et al., 1995) was included, a 30-item questionnaire 
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measuring impulsivity. Each item was measured on a 4-point scale (rarely/never, occasionally, 
often, almost always), with higher scores indicative of greater impulsivity. For factor analysis 
scores on the cognitive, motor and non-planning subscales were used.

Design
During a test session, lasting approximately 2 hours, subjects filled out questionnaires and 
performed all three laboratory measures of impulsivity in a semi-counterbalanced order 
such that the IMT/DMT and Stop tasks were never presented consecutively because of task 
demands. After completing the tasks, subjects were debriefed and reimbursed with 20 Euros.

Statistical analyses
Because the k-values derived from the delay discounting task were not normally distributed, 
k-values were first log-transformed. Similar to the animal study, Pearson’s correlation analysis 
was performed between the impulsivity scores of the DDT and IMT/DMT. The level of 
significance was set at p<0.05 (two-tailed). In addition, principal component analysis using a 
varimax rotation with Kaiser Normalization was performed using all measures of impulsivity. 
Components with eigenvalues ≥1 were retained and component loadings of ≥0.5 within 
identified components were considered relevant. All analyses were performed using SPSS 
(Chicago, IL, USA) version 16.0.

Results

Rodent study
Of all thirty rats, in the DRT, five animals consistently chose the big reward, independent 
of delay and in the 5-CSRTT, three animals showed on average more than 40 omissions per 
session. These animals were therefore excluded from further analyses. Baseline impulsivity in 
the DRT as well as the 5-CSRTT was independent of the order of training: impulsive decision 
making [indifference point: T(20) = −1.32, ns; log K: T(20) = 1.08, ns] and premature responses 
[T(20) = .33, ns].

At baseline, there was no correlation between impulsive action, defined by the number 
of premature responses and impulsive decision making, defined by the indifference point 
[r(22) = −.22, ns] or log k-value [r(22) = .09, ns] (Figure 2.1A and 2.1B). Within the 5-CSRTT, however, 
there was a strong correlation between premature responses made under standard and 
lengthened, 7 s, ITI conditions [r(22) = .77, p<0.001] (Figure 2.1C).
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Figure 2.1:  Correlation between impulsive decision making and impulsive action in rats
In rats (n = 22), there was no correlation between impulsive action, based on premature responses in 
the 5-CSRTT, and impulsive decision making, based on (A) the indifference point (r = −.22) or (B) the log 
k-value (r = .09) in the DRT. Within the 5-CSRTT (C) there was a correlation (r = .77) between impulsive 
action with a standard inter trial interval (ITI 5 s) and lengthened inter trial interval (ITI 7 s).

In the DRT (Figure 2.2A), compared to vehicle, AMP caused a decrease in impulsive decision 
making behavior, reflected in an increased preference for the large delayed reward over 
increasing delays [drug*delay: F(4,84) = 5.84, p<0.001; delays T(21) = 0: .037, 40: −2.00, ns, 5: −3.96, 
10: −3.77, 20: −2.38, p<0.05]. In contrast, ATO increased impulsive decision making, by reducing the 
preference for the large reward at all delays [drug: F(1,20) = 6.95, p<0.05]. Neither AMP [T(21) = −.14, 
ns], nor ATO [T(20) = −.79, ns] had an effect on the number of omissions (table S2.1). In the 
5-CSRTT, as shown in figure 2.2B, impulsive action was increased by AMP [T(21) = −6.83, p<0.001] 
and decreased by ATO [T(20) = 3.27, p<0.05. Neither AMP [T(21) = .39, ns], nor ATO [T(20) = −1.24, ns] 
changed the number of omissions. Accuracy was decreased by AMP [T(21) = 2.92, p<0.05], whereas 
ATO [T(20) = −1.38, ns] had no effect (table S2.2). Correct response latency was not affected by 
AMP [T(21) = 1.66, ns] or ATO [T(20) = −1.63, ns]. Finally, correlation analyses revealed that the 
pharmacological effects (impulsivity under drug – vehicle) of both AMP [ITI-indifference point: 
r(22) = .22, ns; ITI-logK: r(22) = −.29, ns] and ATO [ITI-indifference point: r(22) = .21, ns; ITI-logK: 
r(22) = −.12, ns] on the two measures of impulsivity were not related to each other (Figure 2.3).

Human study
In the human study, one subject was excluded because of a performance below chance level on 
the DMT. The IMT Ratio and DMT Ratio (i.e. the ratio of commission errors to correct detections 
which are indices of impulsive responding in the IMT and DMT), correlated positively with 
each other [r(100) = .64, p<0.001], but, there was no correlation between either the IMT Ratio 
[r(100) = .11, ns] or the DMT Ratio [r(100) = .16, ns] with the DDT k value (obtained by a hyperbolic 
decay function representing discounting rate, Figure 2.4). In addition, the subscales of the 
BIS-11 questionnaire correlated positively with each other (cognitive and motor: r(100) = .42, 
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p<0.001; cognitive and non-planning: r(100) = .34, p<0.001; motor and non-planning: r(100) = .38, 
p<0.001). The DMT Ratio showed a weak but significant positive correlation with impulsive 
responding in the Stop Signal Task reflected by the Stop SSRT [r(100) = .20, p = 0.04]. No other 
correlations between the impulsivity measures were found (table S2.3).

Figure 2.2 : Pharmacological manipulation of impulsive decision making and action in rats 
In rats (n = 22), the preference for the large reward in the DRT decreased with increasing delays (A) and 
amphetamine (0.5 mg/kg) decreased impulsive decision making in rats, whereas atomoxetine (1 mg/
kg) increased impulsive decision making. In the 5-CSRTT (B), amphetamine (AMP) increased prema-
ture responding, whereas atomoxetine (ATO) decreased the number of premature responses. *p<0.05, 
**p<0.001 compared to vehicle (sal).

Figure 2.3: Correlation between impulsive decision making and impulsive action after pharmaco-
logical manipulations in rats
In rats (n = 22), there was no correlation between the effects of (A) amphetamine (0.5 mg/kg, r = .22) 
and (B) atomoxetine (1 mg/kg, r = .21) on the two impulsivity measures: the Δ indifference point ( = drug 
challenge minus vehicle) of the delayed reward task and the Δ premature responses ( = drug challenge 
minus vehicle) in the 5-choice serial reaction time task did not correlate.
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Figure 2.4 : Correlation between impulsive decision making and impulsive action in humans 
In humans (n = 100), there was no correlation between impulsive decision making (log DDT k value) and 
impulsive action measured as the ratio of commission errors to correct detections in (A) IMT (r = .11) and 
(B) DMT (r = .16). Within the IMT/DMT (C) there was a correlation between the ratio of commission 
errors to correct detections in the IMT and DMT (r = .64).

The principal component analysis with all impulsivity measures yielded three principal 
components with eigenvalues ≥1, which together accounted for 65.3% of the variance (Table 
2.1). For the first component, loadings were only significant for the three BIS-11 subscales. The 
second component had significant positive loadings only for the IMT, DMT and the SSRT. The 
third principal component had significant positive loadings only from the DDT and a negative 
loading of the SSRT. The demographics and mean scores on all measures of impulsivity of the 
sample are described in table S2.4.

Table 2.1: Principal component analysis yielding 3 rotated components (N = 100)

Rotated components

1 2 3

Eigenvalues 1.79 1.77 1.07

Variance 25.55% 25.23% 15.33%

DDT k valueª -0.04 0.24 0.74

IMT Ratio b 0.04 0.85 0.07

DMT Ratio b -0.01 0.87 0.10

Stop SSRT 0.03 0.48 -0.55

BIS-11 cognitive impulsivity 0.78 -0.08 -0.24

BIS-11 motor impulsivity 0.79 0.05 -0.05

BIS-11 non-planning impulsivity 0.73 0.09 0.39

DDT: Delay Discounting Task, IMT: Immediate Memory Task, DMT: Delayed Memory Task, SSRT: Stop 
Signal Reaction Time, BIS-11: Barrat Impulsiveness Scale. ak values were obtained by a hyperbolic decay 
function and log transformed. bIMT and DMT scores were calculated as the ratio of commission errors 
to correct detections. Factor loadings >0.5 as significant. 
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Discussion

Using a within-subjects, cross-species translational approach, the current study showed 
that impulsive decision making and impulsive action appear not correlated in both rats 
and humans. Moreover, in rats, behavioral responsivity to pharmacological challenges with 
amphetamine and atomoxetine did not correlate in both paradigms. In addition, in healthy 
volunteers, self-reported impulsivity was not associated with behavioral measures. Likewise, 
impulsive decision making differed from the two measures of impulsive action. Together, these 
findings provide further support for the notion that impulsivity is not a unitary but rather a 
multifaceted construct in both rats and humans.

Impulsive decision making and action are unrelated in rats
The results of our rodent study revealed no correlation between impulsive action, measured in 
the 5-CSRTT, and impulsive decision making, measured in the DRT. Thus, these data underscore 
that impulsive decision making and impulsive action are separable at a behavioral level. To date, 
there are only two earlier reports on the multidimensional aspects of impulsivity using these 
behavioral paradigms in a within-subjects approach. The present results, obtained in Wistar 
rats, are consistent with previous results showing no correlation between impulsive decision 
making, measured with the DRT, and the one-choice visual attention task in Lister Hooded rats 
(Winstanley et al., 2004a). In contrast, in another study (Robinson et al., 2009) Lister Hooded 
rats that displayed high impulsive action also showed a steeper delay discounting curve on 
the DRT compared to low impulsive individuals. Nonetheless, the absence of correlational 
analyses on the two impulsivity measures hampers a direct comparison with the present data.

The observation that impulsive decision making and impulsive action under baseline 
conditions were separable aspects in the present study was corroborated by a comparison 
of drug-induced changes in impulsivity. Importantly, the within-subjects behavioral effects 
of both atomoxetine and amphetamine on impulsivity measures in 5-CSRTT and DRT did 
not correlate. These dissociable pharmacological effects strongly suggest different underlying 
neural correlates of impulsive decision making and impulsive action, similar to previous 
between-subjects studies showing opposing effects of amphetamine on impulsive action 
and impulsive decision making (Cardinal et al., 2000; Cole and Robbins, 1987; Wiskerke et 
al., 2011b). Thus, these findings seem in line with earlier observations showing dissociable 
roles of for example dopamine, glutamate and serotonin in modulating impulsive decision 
making and impulsive action (for reviews see Dalley et al., 2008; Pattij and Vanderschuren, 
2008; Winstanley et al., 2006). The data obtained with atomoxetine in the 5-CSRTT are in line 
with previous preclinical findings (Blondeau and Dellu-Hagedorn, 2007; Paterson et al., 2011; 
Robinson et al., 2008). Surprisingly, in contrast to earlier work showing a decrease (Robinson 
et al., 2008) or null effects (Baarendse and Vanderschuren, 2012) of atomoxetine on impulsive 
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decision making, in the current study, we found that atomoxetine modestly, but significantly, 
increased impulsive decision making. Apart from some methodological differences, only a 
single dose was tested in the present study and therefore future work employing multiple 
doses of atomoxetine should resolve this discrepancy. Collectively, the data obtained from 
the present rat studies strongly indicate that the currently employed measures of impulsive 
decision making and impulsive action are separable both on a behavioral and neurobiological 
level, at least in terms of dopamine and norepinephrine neurotransmission.

In further support of the current pharmacological data, neuroanatomical evidence also reveals 
common as well as distinct neurocircuitries modulating impulsive decision making and 
impulsive action in both rats (for reviews see Dalley et al., 2008; Pattij and Vanderschuren, 
2008; Winstanley et al., 2006) and humans (for reviews see Chambers et al., 2009; Peters and 
Büchel, 2011). Altogether, the data obtained from present and previous rat studies strongly 
indicate that the currently employed measures of impulsive decision making and impulsive 
action are separable both on a behavioral and neurobiological level.

Impulsive decision making and action unrelated in healthy volunteers
Consistent with the rodent data, our results in human volunteers yielded separate constructs 
of impulsive action, impulsive decision making and self-reported impulsivity. These findings 
are consistent with previous human studies investigating which constructs of impulsivity 
can be dissected within subjects using correlation and principal component analyses on 
laboratory behavioral tasks (Dougherty et al., 2009; Lane et al., 2003; Reynolds et al., 2006, 
2008). In these studies, impulsive decision making was measured using delay discounting 
paradigms similar to the current study. However, impulsive action was examined with different 
measures across studies: whereas some studies only used the IMT/DMT or the CPT in order 
to measure impulsive action (Lane et al., 2003), others employed the SST or go-no go tasks 
only (Reynolds et al., 2006) or used both the IMT/DMT or the CPT and the SST or the go-no 
go task (Dougherty et al., 2009; Reynolds et al., 2008). Therefore, we included both the IMT/
DMT and the SST to examine whether these tasks measure the same factor (impulsive action) 
or represent different behavioral outcomes as previously reported (Dougherty et al., 2009; 
Reynolds et al., 2008). In the present study, the IMT and DMT were found to load on a single 
component (impulsive action). The loading of the SST (0.48) almost met the criterion to be 
considered as a relevant loading on this component (>0.5) and we found a significant but 
modest correlation between the DMT and SST measures. Previous work (Dougherty et al., 
2003) investigating multiple aspects of impulsivity in adolescents with disruptive behavior 
disorders yielded similar results in relation to the go-no go task, namely one component 
consisting of delayed reward measures and one component including the IMT and DMT with 
high loadings (>0.80) and a Go/Stop paradigm with a lower loading (around 0.50). It should be 
noted that although both the IMT/DMT and SST are considered measures of impulsive action, 
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these tasks differ in at least one important aspect. In the IMT/DMT, subjects have to refrain 
from responding until the target stimulus is accurately processed in order to prevent impulsive, 
incorrect responses; a type of impulsivity also referred to as ‘action restraint’ (Schachar et 
al., 2007). In the SST, on the other hand, subjects already initiated their response and have 
to cancel this response whenever a stop signal is presented. This type of impulsivity is also 
called ‘action cancelation’ (Schachar et al., 2007). Unexpectedly, we found a negative loading 
of the SST on the impulsive decision making (DDT) factor. Instead of no relation between SST 
and DDT which was expected, the SST and DDT were actually inversely related to each other. 
Clearly, the modest relation between IMT/DMT and SST, and the negative relation between 
SST and DDT suggests that action restraint and action cancellation are more similar to one 
another than to impulsive decision making, but are not identical. Therefore, when selecting 
behavioral measures of impulsivity, it should be taken into account that tasks measuring 
part of the same construct may still have subtle differences and assess different aspects of 
impulsivity. The DDT was found to load on a separate component, which is consistent with 
other studies using within-subjects comparisons to dissect several constructs of impulsivity 
(Dougherty et al., 2009; Lane et al., 2003; Reynolds et al., 2006, 2008). Interestingly, the SST 
showed a negative loading on this component, indicating an inverse impact of the SST on the 
factor of impulsive decision making.

Similar to previous reports (Lane et al., 2003; Mitchell, 1999; Reynolds et al., 2006, 2008), the 
subscales of the BIS-11 were associated with a separate component, indicating that there 
are fundamental differences between self-report measures and behavioral assessments. For 
instance, self-report measures rely on accurate assessments of someone’s own behavior and 
are therefore prone to response bias. On the other hand, self-report questionnaires incorporate 
social aspects of impulsivity. For this reason, generalizability of conclusions from behavioral 
findings to broader behavioral contexts may be limited.

Translational implications
To date, only a few rodent studies have tested both impulsive action and choice in the 
same animals (Robinson et al., 2009; Van den Bergh et al., 2006; Winstanley et al., 2004a) 
and their results have been inconsistent. Human studies using a within-subjects design to 
assess the multidimensional construct of impulsivity have yielded a clearer indication of 
separate constructs of impulsive action and impulsive decision making (Dougherty et al., 
2009; Lane et al., 2003; Meda et al., 2009; Reynolds et al., 2006, 2008). Investigating whether 
similar constructs can be identified in rodents is important, because these model systems 
allow to further elucidate the neurobiological mechanisms underlying (maladaptive) impulsive 
behavior as displayed in humans. The current study revealed that impulsive decision making 
and impulsive action appear not to be correlated in both rats and humans when using similar 
behavioral tasks in both species. The cognitive paradigms employed in the current study were 
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selected to allow direct comparison of measures of impulsive behavior in rats and human 
healthy volunteers. Although the 5-CSRTT was originally developed as an analogue of the 
continuous performance task (Carli et al., 1983), the standard continuous performance task 
readily suffers from ceiling effects in healthy subjects (Dougherty et al., 2002). Therefore, in 
the current study, the IMT/DMT was used, a more demanding paradigm similarly assessing 
impulsive action (Dougherty et al., 2002). With regard to the DRT employed in rats, this task 
is comparable to the DDT used in humans and the discounting curve (including k-value 
and indifference point) can be estimated by the same equation (Mazur, 1987) in both species 
(Killeen, 2009). Interestingly, employing these cross-species analogous measures of impulsivity 
yielded similar results in both our rats and human volunteers, namely a lack of correlation 
between impulsive decision making and impulsive action. Similar results across species are 
in line with these observations. Chamberlain et al. (2011) reviewed the translational value 
of neuropsychological tests of the CANTAB battery related to ADHD and reported similar 
pharmacological effects on both human cognitive tests and their animal counterparts. Thus, 
these findings and the current results provide further support for implementing rodent 
behavioral measures to unravel the underlying neurobiological mechanisms of impulsivity 
and other executive cognitive domains.

Although no data were collected on other aspects of impulsivity (e.g. reflection impulsivity (e.g. 
reflection impulsivity Clark et al., 2006; Kagan, 1966), the current study shows that impulsive 
action and impulsive decision making are dissociable behavioral phenomena of impulsivity. 
This is important to acknowledge when investigating the role of impulsivity in psychiatric 
disorders, which may vary across disorders. For instance, the severity of antisocial personality 
disorder was shown to be strongly associated with maladaptive levels of impulsive action, and 
not impulsive decision making (Swann et al., 2009). Conversely, in many psychiatric disorders 
such as substance dependence, bipolar disorder and ADHD, both impulsive decision making 
and impulsive action coexist. Nonetheless, it is important to note that the involvement of 
various aspects of impulsivity may vary across different stages or clinical manifestations of 
a particular disorder. For example, initial sensitivity to nicotine reward and reinforcement 
is predicted by impulsive action whereas impulsive decision making predicts persistence of 
nicotine seeking and enhanced vulnerability to relapse in both rats and humans (Diergaarde 
et al., 2008; MacKillop and Kahler, 2009; Perkins et al., 2008). Also, children diagnosed with 
ADHD show both increased impulsive decision making and impulsive action, though these 
measures did not correlate within individuals and are associated with different characteristics 
of ADHD (Solanto et al., 2001). This latter finding indicates that impulsive decision making 
and impulsive action are not only unrelated in healthy subjects, but also constitute separate 
constructs in a disease state that is characterized by an overall higher and maladaptive level 
of impulsivity.
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Our results should be viewed in light of some methodological limitations. Although we aimed 
to match the behavioural paradigms in the rodent and human study, caution is required when 
attempting to translate the current findings in rodents to the human data. For example, in 
the human study, hypothetical rewards were presented during the delay discounting task, 
whereas the rats instantly faced the consequence of their choice in the form of food pellets. 
Although there is evidence suggesting that comparable results are obtained in humans when 
using real or hypothetical rewards (e.g. Bickel et al., 2009; Johnson and Bickel, 2002; Lagorio 
and Madden, 2005), one cannot rule out the possibility of different motivational processes 
involved in the animal and human study. In addition, there are obvious differences between 
the human IMT/DMT task and the rodent 5-CSRTT. In the 5-CSRTT, no stimulus is presented 
when a premature response is made, whereas in the IMT/DMT, a premature response is made 
in reaction to a stimulus and these stimuli are designed to be ambiguous. Therefore the stimuli 
in the IMT/DMT exert a higher cognitive load for the human subjects compared to the rodents. 
Notwithstanding these limitations, we believe that the impact of these considerations on the 
main findings is limited. Although the behavioral paradigms were not perfectly matched, the 
animal and the human study, both using a within-subjects design, yielded the same result, 
namely, a lack of correlation between impulsive decision making and impulsive action.

Clearly, the current study suggests that the development of more efficient treatment 
strategies will benefit from taking into account the multidimensional nature of impulsivity 
as demonstrated here in a cross-species within-subjects approach. Examining the relative 
contribution of separate aspects of impulsivity to different stages or clinical manifestations 
of psychiatric disorders and the neurobiology underlying these distinct aspects of impulsivity 
could in future lead to the development of more specific and tailored pharmacotherapies to 
treat maladaptive impulsivity.
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Supporting information chapter 2

The dependent measures of the DRT in rats
Indifference points were increased by AMP and decreased by ATO. Omissions remained 
unchanged.

Table S2.1: Delayed Reward Task (N=22)

Indifference point Percentage omissions

Mean SEM Mean SEM

Baseline 21.5 ± 4.2 3.6 ± .84

Saline 18.6 ± 3.7 2.1 ± .78

AMP 29.6 °° ± 4.0 2.2 ± .70

ATO 12.8 ° ± 3.2 2.7 ± 1.1

Description of performance in the delayed reward task. Mean ± SEM; °p<0.05, °°p<0.001 vs saline.

The dependent measures of the 5-CSRTT in rats 
Lengthening the inter trial interval (from 5 to 7 s) increased the number of premature responses 
and decreased accuracy. AMP increased the number of premature responses and decreased 
accuracy. ATO decreased the number of premature responses. The other dependent measures 
remained unchanged.

Table S2.2: Five choice serial reaction time task (N=22)

Premature Omissions Accuracy Latency correct Perseverative 

Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM

ITI5 14.5 ± 2.3 13.6 ± 1.9 81.0 ± 1.5 .34 ± .01 6.8 ± .92

ITI 7 57.4 ± 4.1 12.4 ± 1.6 74.8 ± 1.4 .32 ± .01 5.6 ± .81

Sal 19.8 ± 3.2 11.0 ± 1.6 81.0 ± 1.8 .35 ± .01 10.7 ± 2.0

AMP 79.4 ± 8.7 10.1 ± 1.9 74.5 ± 2.1 .33 ± .02 10.2 ± 2.0

ATO 10.6 ± 1.6 16.0 ± 3.6 84.1 ± 1.9 .38 ± .02 10.2 ± 2.2

Description of performance in the five-choice serial reaction time task. Mean ± SEM; 57.4 and 74.8: 
p<0.001 vs ITI 5;  74.5 and 10.6 p<0.05, 79.4: p<0.001 vs saline.

The correlation between the various impulsivity measures in humans 
The subscales of the BIS-11 correlated significantly with each other. In addition, there was a 
significant correlation between the IMT Ratio and DMT Ratio and between the DMT Ratio 
and Stop SSRT.
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Table S2.3: Correlations between impulsivity measures (N=100)

Correlation matrix

IMT 
Ratiob

DMT 
Ratiob

Stop
SSRT

BIS-11
Cognitive

BIS-11 
motor

BIS-11 
non-planning

DDT k valueª 0.11 0.16 0.04 -0.11 -0.02  0.13

IMT Ratiob 0.64** 0.17 -0.07  0.11  0.09

DMT Ratiob 0.20* -0.04 -0.02  0.12

Stop SSRT  0.07  0.05 -0.06

BIS-11 cognitive imp  0.42**  0.34**

BIS-11 motor imp  0.38**

DDT: Delay Discounting Task, IMT: Immediate Memory Task, DMT: Delayed Memory Task, SSRT: Stop 
Signal Reaction Time, BIS-11: Barratt Impulsiveness Scale. ª k values were obtained by a hyperbolic decay 
function and log transformed, b IMT and DMT scores were calculated as the ratio of commission errors 
to correct detections, * Significance p<0.05, ** Significance p<0.001

The demographic characteristics and the impulsivity scores in humans
There were no differences between males and females on any of the measures, indicating that 
gender had no influence on the correlation and factor analyses.

Table S2.4: Demographics and impulsivity scores (N=100)

Females (N=78) Males (N=22)

Mean SEM Mean SEM

Age  21.18 ± 0.28  21.09 ± 0.45

Cigarettes/week  3.04 ± 1.56  2.18 ± 1.92

Alcohol in units/week  4.39 ± 0.49  6.52 ± 1.49

DDT k valueª -5.34 ± 0.20 -6.07 ± 0.36

IMT Ratio b  0.34 ± 0.02  0.28 ± 0.03

DMT Ratio b  0.29 ± 0.02  0.26 ± 0.03

Stop SSRT  285.00 ± 5.12  274.25 ± 6.00

BIS-11 total score  61.44 ± 0.99  60.36 ± 1.93

BIS-11 cognitive impulsivity  16.59 ± 0.45  17.09 ± 0.88

BIS-11 motor impulsivity  21.68 ± 0.46  21.27 ± 0.87

BIS-11 non-planning impulsivity  23.17 ± 0.41  22.00 ± 0.79

DDT: Delay Discounting Task, IMT: Immediate Memory Task, DMT: Delayed Memory Task, SSRT: Stop 
Signal Reaction Time, BIS-11: Barratt Impulsiveness Scale. ª k values were obtained by a hyperbolic 
decay function and log transformed. b IMT and DMT scores were calculated as the ratio of commission 
errors to correct detections. 
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Despite the strong association between impulsivity and addiction in humans, it is still a 
matter of debate whether impulsive decision making predisposes to, or results from, drug 
dependence. Furthermore, it is unknown whether treating impulsivity can protect against 
relapse propensity. Therefore, this study explored the bidirectional relationship between 
impulsive decision making and cocaine taking and seeking in rat behavioral models. 

In experiment 1, to determine whether impulsive decision making predisposes to cocaine 
taking or seeking, rats were selected based on trait impulsivity in a delayed reward task and 
subsequently compared on various stages of cocaine self-administration (SA). To examine the 
consequence of cocaine intake on impulsive decision making, impulsivity was monitored once 
a week throughout various stages of cocaine SA. To determine whether treating impulsive 
decision making can protect against relapse propensity, in experiment 2, impulsive decision 
making was manipulated by pharmacological interventions and cocaine-associated contextual 
cues. 

Trait impulsive decision making as determined in experiment 1 predicted high extinction 
resistance and enhanced propensity to context-induced relapse in the cocaine SA model, 
whereas cocaine intake did not alter impulsive decision making. Furthermore, acute changes 
in impulsive decision making were not related to rates of context-induced relapse. 

Taken together, the current data indicate that trait impulsive decision making predicts 
persistent cocaine seeking during extinction and enhanced propensity to relapse, whereas 
acute manipulations of impulsive decision making had no favorable outcomes on relapse 
measures. These observations suggest that trait impulsivity can be used as a predictive factor 
for addiction liability, but treating this impulsivity does not necessarily protect against relapse.

Abstract
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Introduction

There is a broad consensus that drug dependence and impulsivity are closely related, although 
whether impulsivity precedes or results from chronic drug use is difficult to dissect from 
existing clinical data (Perry and Carroll, 2008; Setlow et al., 2009; Winstanley et al., 2010; 
de Wit, 2009). An important implication of the hypothesis that impulsivity predisposes to 
drug dependence ( Jentsch and Taylor, 1999; Winstanley et al., 2010) is that pharmacotherapies 
ameliorating impulsivity might be a promising treatment strategy in drug dependence. In 
this study, we aim to (1) gain further insights into the interrelationship between cocaine 
seeking and trait impulsivity and (2) explore whether manipulation of impulsivity through 
pharmacological treatment can affect relapse to cocaine seeking.

Impulsivity, although widely viewed as action without foresight, is multifaceted in nature and 
consists of distinct behavioral modalities. Thus, impulsive behavior might arise from deficient 
inhibitory response control (impulsive action) and/or from difficulties evaluating long-term 
behavioral consequences and delay aversion (impulsive decision making) (for reviews see 
Evenden, 1999b; Winstanley et al., 2006). Prospective human studies have revealed that 
deficient inhibitory response control during childhood predicts alcohol and illicit drug use 
later in life (Nigg et al., 2006; Tarter et al., 2003; Wong et al., 2006), and that trait impulsivity 
predicts stimulant abuse (Ersche et al., 2010) and treatment outcome in a smoking cessation 
program (Krishnan-Sarin et al., 2007). Interestingly, preclinical animal studies have indicated 
that pre-existing levels of impulsive action mainly predict volitional cocaine (Belin et al., 2008; 
Dalley et al., 2007) and nicotine consumption (Diergaarde et al., 2008), whereas impulsive 
decision making may predict persistent drug seeking during extinction and the enhanced 
vulnerability to reinstate drug seeking (Diergaarde et al., 2008; Perry et al., 2008). From a clinical 
perspective, treatment interventions that maintain abstinence and prevent relapse are most 
relevant; therefore, this study focused on trait impulsive decision making.

Until now, most preclinical studies on the relationship between impulsivity and drug 
addiction have either focused on drug self-administration (SA) after establishment of baseline 
impulsivity levels or on impulsivity levels after drug administration (for reviews see Perry and 
Carroll, 2008; Setlow et al., 2009; Winstanley et al., 2010). Only a few studies have determined 
impulsivity levels at various stages of volitional drug SA (Dalley et al., 2005a, 2005b; Diergaarde 
et al., 2008; Gipson and Bardo, 2009; Winstanley et al., 2009). Taken together, these studies 
revealed that trait impulsivity may predict drug taking and/or seeking and that (passive) 
drug intake can (transiently) increase impulsive behavior. Thus far, only a single study has 
monitored impulsive action levels throughout cocaine-taking and cocaine-seeking episodes 
(Winstanley et al., 2009), and whether impulsive decision making is affected during episodes 
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of cocaine SA has not been examined before. To address whether impulsive decision making 
represents a risk factor for cocaine taking or seeking, we characterized rats as high or low in 
trait impulsive decision making using a delayed reward paradigm and subsequently subjected 
these individuals to volitional cocaine SA, extinction, and reinstatement. To assess whether 
impulsive decision making changed during cocaine SA, impulsivity levels were continuously 
monitored throughout the course of cocaine taking and seeking.

From a clinical and therapeutic perspective, the critical question arises as to whether elevated 
impulsivity can be reduced to promote and support abstinence and reduce the propensity to 
relapse in drug-dependent individuals. In this respect, previous studies have demonstrated 
beneficial effects of the clinically used norepinephrine transporter inhibitor atomoxetine on 
impulsivity (Blondeau and Dellu-Hagedorn, 2007; Chamberlain et al., 2007; Paterson et al., 2011; 
Robinson et al., 2008) and drug taking or seeking (Economidou et al., 2011; Wilens et al., 2008), 
supporting this notion. Nonetheless, it remains unclear whether the observed attenuation in 
drug seeking is actually related to the reduction in impulsivity. This study further explored 
this interrelationship by pharmacologically manipulating both impulsive decision making 
and context-induced reinstatement. First, impulsive decision making was either reduced with 
the clinically relevant drug methylphenidate or increased with the dopamine D1 receptor 
antagonist SCH-23390 as shown previously (e.g. van Gaalen et al., 2006a), and subsequently, 
these drug effects were assessed on context-induced reinstatement within the same individuals. 
Second, as drug-associated contextual stimuli are very powerful in reinstating drug seeking, we 
determined whether exposure to cocaine-associated contextual stimuli would affect impulsive 
decision making. Collectively, these manipulations might provide further insights into the 
directionality of the relationship between impulsive-choice cocaine-seeking behavior.

Methods

General procedures
Animals
Male Wistar rats (Harlan, Horst, The Netherlands), initially weighing 240–270 g, were housed 
in standard Macrolon cages on a reversed 12-h day/night cycle (lights on at 1900 hours) in a 
temperature (21±2°C)- and humidity (50±10%)-controlled room. Rats were housed in pairs until 
surgery, and individually afterwards. Behavioral testing was conducted during the dark phase 
of the day/night cycle. During the entire experiment, rats were food restricted, and maintained 
at about 85–90% of their free-feeding weight, by providing them with 14–18 g of chow at the 
end of each day. Water was available ad libitum. Experiments were approved by the Animal 
Care Committee of the Free University of Amsterdam (The Netherlands).
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Delayed reward task
Detailed descriptions of apparatus and training procedures were provided previously (van 
Gaalen et al., 2006a) and in Supplementary Methods. In brief, during the final stages of 
training, a session was divided into 5 blocks of 12 trials; each block started with 2 forced 
choice trials. Each rat received a left forced and a right forced trial. The order of these was 
counterbalanced between subjects. In the next 10 trials, animals had a free choice and both the 
left and right units were illuminated. Poking into one position resulted in immediate delivery 
of a small reinforcer (one food pellet), whereas a nose poke into the other position resulted 
in delivery of a large, but delayed, reinforcer (four food pellets). If an animal did not make a 
response during this choice phase within 10 s, an intertrial interval was initiated and the trial 
was counted as an omission. The position associated with the small and large reinforcers was 
always the same for each individual, and counterbalanced for the group of rats. Delays for the 
large reinforcer progressively increased within a session per block of 12 trials as follows: 0, 5, 
10, 20 and 40 s. Responding into non-illuminated units during the test was recorded, but had 
no further programmed consequences. The behavioral measure to assess task performance, 
ie, the percentage preference for the large reinforcer as a function of delay, was calculated 
as the number of choices for the large reinforcer/(number choices large+small reinforcers) 
× 100. Furthermore, we calculated the number of omitted choice trials per block of 10 trials 
within a session and the indifference point. This indifference point, defines the delay at which 
animals have a 50% preference for the large reward and was based on the equation proposed by 
Mazur (1987), where preference big reward=preference at delay 0/(1+k × delay), and parameter 
k represents the steepness of the discounting curve.

Cocaine self-administration
Rats were prepared for i.v. catheter surgery by providing ad libitum access to food for at least 
3 days before surgery. Intravenous silicon catheters (outer diameter: 0.78 mm, inner diameter: 
0.5 mm) were surgically implanted in the right jugular vein under gas anesthesia (isoflurane). 
The catheter was secured to the vein with two sutures and passed subcutaneously to the top 
of the skull. The distal end of the catheter was attached to a connector pedestal (Plastics One, 
Dusseldorf, Germany) anchored to the skull using four surgical screws and dental cement. Rats 
received 0.5 ml/kg of the analgesic Ketofen (1%; Merial) and 0.3 ml/kg of the antibiotic Baytril 
(2.5%; Bayer) at the end of surgery. Catheter patency was maintained by daily infusion of 0.1 ml 
of sterile saline solution containing heparin (47.5 IU/ml) and gentamicin (0.08 mg/ml). After 
surgery, animals were housed individually and had ad libitum access to food for at least 5 days 
before retraining in the DRT.

Training of rats occurred in 32 rat two-lever operant chambers (Med Associates, St Albans, 
VT, USA). All chambers were equipped with a red house light, a white noise generator (ENV-
225SM, Med Associates), and a liquid swivel connecting rats to an infusion pump (PHM-100, 
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Med Associates, total volume of 42.52 μl delivered over 2 s). Rats were randomly assigned to 
one of two different contexts used for either cocaine or saline SA. These contexts differed in (1) 
white noise (70 dB), either continuous or interval (5 s on, 5 s off), (2) odor, either lemon-scented 
or almond-scented, and (3) the chamber floor, a flat PVC surface with either holes or straight 
grooves. The cocaine-taking and cocaine-seeking paradigm included the following stages:

SA, FR1: Acquisition of cocaine (Cocaine-HCl, OPG, Utrecht, The Netherlands) and saline 
responding occurred according to a fixed ratio 1 schedule of reinforcement. In daily 3-h sessions, 
active lever presses resulted in an infusion of sterile saline or cocaine. Rats received 250 μg/kg 
per infusion of cocaine during the first 5 sessions, followed by 500 μg/kg per infusion for the 
remaining sessions. To prevent overdosing in inexperienced rats, the maximum number of 
rewards was set at 40 for the first three and at 100 for the next two sessions. After this, animals 
could earn an unlimited number of infusions. There was a non-signaled time out of 15 s after 
every infusion. Inactive lever presses were registered, but without consequences.

Dose-response curve: On three consecutive days, rats received two 1-h sessions per day (with 
1 h in between) on a fixed ratio 1 schedule (adapted from Dalley et al., 2007). The sensitivity 
to respond for cocaine was determined over these 6 sessions, in a descending dose order in 
all rats with doses of 500, 250, 125, 62.5, 31.25 and 15.625 μg/kg cocaine. Sterile saline infusions 
were unchanged for all sessions.

Progressive ratio: The motivation to self-administer cocaine was determined in three identical 
sessions on three consecutive days (only the last two days were used for analysis). Sessions 
ended after 4 h or after 1 h without earning a reward, whichever occurred first. The number of 
active responses leading to one infusion was increased along the following equation: response 
ratio=5 × e(0.2 × infusion number)−5, rounded to the nearest integer.

Extinction: Extinction training consisted of daily, 1-h sessions in a neutral context. The house 
light was illuminated, but there was no odor induced, white noise was absent, and there was 
a grid floor. Active and inactive responses were registered, but without consequences.

Context-induced reinstatement: Context-induced reinstatement was performed by reintroduction 
of the cocaine- or saline-associated context into the operant chamber (white noise, odor, and 
PVC floor). During the 30-min session, active and inactive responses were registered, but 
without consequences.

Context extinction: Conditions were similar to those used during the context-induced 
reinstatement test, with the only exception that sessions lasted 1 h per day. In this phase, 
differences in extinction responding in the cocaine context are determined and this precedes 
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cocaine- and stress-induced reinstatement tests. Previous work has indicated that cocaine- 
and stress-induced reinstatement is more robust in the presence of previously extinguished 
drug-associated cues. All lever responses were registered, but without consequences.

Cocaine-induced reinstatement: Cocaine-induced reinstatement was performed under context 
extinction conditions, but lasted 30 min per session. Twenty minutes before the test, all rats 
received intraperitoneal injections of saline (1 ml/kg) on the first test day and cocaine (10 mg/
kg) on the next test day.

Stress-induced reinstatement: After five additional context extinction sessions, a stress-induced 
reinstatement test was performed. In a 30-min session, under context extinction conditions, 
stress was induced with the α2-adrenoceptor antagonist yohimbine (1.25 mg/kg, yohimbine-
HCl, Sigma, St Louis, MI), which has previously been shown to provoke similar effects as foot 
shock-induced stress (Shepard et al., 2004). Rats were first injected with sterile water (1 ml/
kg) and the next day with yohimbine (1.25 mg/kg) 45 min before testing.

Experiment 1: Risk factor or consequence
Experiment 1 was performed to determine whether impulsive decision making predisposes 
or results from cocaine taking and seeking. For this purpose, 96 rats were trained in the DRT 
(Figure 3.1A). Upon stable baseline performance, upper (high impulsive, HI) and lower (low 
impulsive, LI) quartiles were selected based on their indifference points and equipped with 
jugular catheters. After re-establishment of stable DRT performance, rats were subjected to 
all of the above-mentioned behavioral stages of drug taking and seeking. Half of the rats were 
trained to self-administer cocaine (14 HI and 14 LI) and the other half saline (12 HI and 12 LI) 
according to the following schedule: SA on FR1 schedule (13 sessions), dose-response curve, 
progressive ratio, extinction (16 sessions), context-induced reinstatement, context extinction 
(14 sessions), cocaine- and stress-induced reinstatement. To determine the consequence of 
cocaine intake on impulsivity, rats were tested once weekly in the DRT during the entire course 
of cocaine or saline taking and seeking. Two LI animals did not complete the experiment (one 
because of catheter failure and one because of disturbed DRT behavior after surgery), and were 
therefore excluded from all analyses.

Experiment 2: Treatment potential
This experiment was designed to explore the treatment potential of impulsivity as a risk 
factor for relapse. To that end, we compared manipulations of impulsive decision making and 
context-induced reinstatement in the same animals using a counterbalanced within subjects 
design. As this experiment involved correlation analyses, no pre-selection on high and low 
impulsivity was performed. A new cohort of 32 rats was trained in the DRT (Figure 3.1B) and 
upon stable baseline performance equipped with jugular catheters. Upon re-establishment of 
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stable DRT performance, all rats were trained to self-administer cocaine and saline in different 
contexts. To strengthen differentiation between the cocaine and saline context, saline SA 
started after rats showed a clear preference for the active lever on cocaine SA (seven sessions). 
Rats were then trained to self-administer 0.9% physiological saline in the mornings, along 
with cocaine in the afternoon (12 days). Upon stable drug intake, the effect of the cocaine- 
and the saline-associated context on impulsive decision making was measured (DRT context 
test). In this test, the cocaine and saline contextual cues (white noise, odor and grid floor) 
were introduced into the DRT operant chamber. Each animal was tested under the cocaine 
and saline context in a counterbalanced design. After this, all rats were subjected to a 15-day 
extinction period (2 sessions per day) in a neutral context, followed by another DRT context 
test. Hereafter, context-induced reinstatement tests were performed 10 min after subcutaneous 
injections of either saline or SCH-23390 (R(+)-SCH-23390 HCl, Sigma, 10 μg/kg) in the cocaine 
SA context in a counterbalanced, within-subjects manner. In between reinstatement tests 
lapsed 1 week of further extinction training. During the next 3 weeks, the effects of SCH-23390 
and the monoamine transporter inhibitor methylphenidate (0.5 and 1.0 mg/kg intraperitoneal) 
on impulsive decision making were tested. This was followed by the final context-induced 
reinstatement tests, 10 min after intraperitoneal injections of saline or methylphenidate (1 mg/
kg) in the cocaine SA context, performed in a counterbalanced, within-subjects manner. In 
between both context-induced reinstatement tests lapsed 1 week of context extinction. During 
the entire cocaine SA paradigm, rats were trained in the DRT once weekly. In total, eight 
animals did not complete the experiment (two because of instable DRT performance, four 
because of catheter failure, and two because of disturbed DRT behavior following the cocaine 
SA protocol) and were therefore excluded from all analyses.

Statistical analyses
Data were analyzed using repeated-measures analysis of variance (ANOVA) and were adjusted 
for violation of homogeneity of variances using Huyn–Feldt ε. For SA data, sessions and lever 
(active vs inactive) served as within-subjects variables. The SA drug (saline or cocaine) served 
as between-subjects factor in experiment 1 and as within-subjects variable in experiment 2. 
Moreover, in experiment 1, the pre-existing level of impulsivity was an additional between-
subjects factor. Dependent variables were the number of active and inactive responses. For the 
DRT data, dependent variables were preference for the large reward, and number of omitted 
choice trials, and within-subjects variables were delay to the large reward and drug treatment. 
Only for experiment 1, the between-subjects factor impulsivity (high vs low) was included. 
Pearson’s correlation analyses were used to test whether reactivity to the SA-associated 
context and drug challenges in the DRT (SCH-23390 and methylphenidate) related to reactivity 
in reinstatement tests. Data were analyzed using the Statistical Package for the Social Sciences 
version 15.0 (SPSS, Chicago, IL, USA), and the significance level was set at p<0.05.
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Figure 3.1 : Schematic diagram depicting the experimental design
Experimental design of experiments 1 (A) and 2 (B). Fill colors identify the correspondence in contexts. 
DRT, delayed reward task; HI, high impulsive; LI, low impulsive; SA, self-administration.

Results

Experiment 1: Trait impulsivity and cocaine seeking
Impulsive decision making throughout distinct stages of cocaine taking and seeking 
Selection of HI and LI animals was based on indifference points and occurred following stable 
baseline levels of impulsive decision making, which took 28 sessions in the final training 
stage. The pre-existing indifference point of HI rats (12.6±1.7 s) was lower than that of LI rats 
(44.9±3.9 s) (impulsivity: F(1, 49)=59.2, p<0.001), with no difference between cocaine and saline 
SA groups. Moreover, groups did not differ in terms of the number of omissions (HI: 2.0±0.6 
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and LI: 1.9±0.4 per block of 10 trials) during the choice phase.

During the entire SA procedure, indifference points remained constant (Figure 3.2A). HI rats had 
lower indifference points than did LI rats (impulsivity: F(1, 34)=17.18, p<0.001) with no difference 
between cocaine and saline SA subgroups. Stable levels of impulsive decision making (0.90) 
and omissions (0.79) were confirmed by high test–retest reliability (Cronbach’s α) over all 10 
sessions. Further in-depth analysis of cocaine SA animals revealed that indifference points of 
LI animals taking on average >30 mg/kg per session (n=8), decreased (reflecting an increase 
in impulsivity) during SA, which returned to baseline during extinction (session: F(11, 77)=6.13, 
p<0.001)). These animals also omitted fewer trials during cocaine SA and extinction (omissions: 
F(1, 10)=9.71, p<0.05). Conversely, both indifference points and omissions of HI animals remained 
stable during the course of the experiment. In all animals, HI and LI, impulsive decision making 
levels at the end of the experiment were not different from the pre-existing levels.

Trait impulsive decision making predicts cocaine seeking 
As the saline SA control group did not show a preference for the active lever, and inactive 
responding remained constant over the entire experiment in both groups, these results were 
not presented. Over the first five acquisition sessions, active lever responding for cocaine 
increased (Supplementary figure 3.3A, session: F(5, 125)=17.89, p<0.001, ε=0.4), but there was no 
difference between HI and LI rats. After acquisition, cocaine intake was stable over the eight 
unlimited cocaine-taking sessions and equal for LI and HI rats. The dose-response curve for 
cocaine followed an inverted U shape (session: F(5, 125)=28.68, p<0.001, ε=0.7), but there was 
no difference between HI and LI rats (Supplementary figure 3.3B). During the progressive 
ratio sessions, HI (1206±235) and LI rats (827±208) made a comparable amount of active lever 
responses for cocaine (Supplementary Figure 3.3C).

HI rats showed a stronger resistance to extinction of cocaine seeking than did LI rats (Figure 
3.3A, session*impulsivity: F(15, 375)=3.63, p<0.05, ε=0.3). Nonetheless, both in HI (F(15, 195)=9.18, 
p<0.001) and in LI (F(15, 180)=3.67, p<0.001), animals active lever responding decreased over the 
course of extinction sessions. After extinction, re-exposure to the cocaine-associated context 
induced an increase in active responding in both HI (F(1, 11)=45.56, p<0.001) and LI (F(1, 10)=26.41, 
p<0.001) animals. Nonetheless, the context-induced reinstatement response was stronger in HI 
than in LI rats (Figure 3.3B, session*impulsivity: F(1, 21)=9.59, p<0.05). The difference between 
HI and LI animals was evident within the first 5 min of the reinstatement test (impulsivity: 
F(1, 22)=7.22, p<0.05), implying that this effect is not caused by differences in extinction 
resistance, but by higher cue reactivity in the HI group. Similar to the extinction phase 
described earlier, during context-extinction sessions, active lever responding extinguished 
(Supplementary Figure 3.3D, session: F(13, 325)=34.06, p<0.001), with HI animals showing 
more active lever responses than LI animals (impulsivity: F(1, 25)=5.21, p<0.05). HI and LI rats 
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showed a comparable drug-induced reinstatement response to the cocaine prime (10 mg/kg), 
compared with the saline injection (Figure 3.3C, session: F(1, 25)=37.85, p<0.001). In addition, the 
stress-induced reinstatement response to the pharmacological challenge with the preferential 
α2-adrenoceptor antagonist yohimbine (1.25 mg/kg) was also similar for HI and LI rats (Figure 
3.3D, session: F(1, 25)=10.50, p<0.05).

Figure 3.2 : Impulsive decision making during distinct phases of cocaine taking and seeking
Indifference points remained stable over weekly DRT sessions (A), with a high test–retest reliability 
(Cronbach’s α: 0.9). High-impulsive (HI) animals remained more impulsive than low-impulsive (LI) ani-
mals and there was no overall group difference between cocaine and saline SA. **p<0.001 LI vs HI animals. 
Within the cocaine SA animals (B), depending on the intake impulsive decision making transiently 
changed in subgroups of rats and in particular LI animals with high intake (on average >30 mg/kg per 
session) became more impulsive compared with LI low-intake animals (intake, within LI group: #p<0.05).
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Figure 3.3: Extinction (A) and reinstatement (B,C,D) of cocaine seeking in experiment 1 

During extinction (A), high-impulsive (HI) rats were more resistant to extinction than were low-impul-
sive (LI) rats (session*impulsivity: #p<0.05). However, in both HI and LI animals, active lever responding 
decreased over sessions (session: **p<0.001). Both HI and LI animals showed a context-induced reinstate-
ment response (session: **p<0.001) and this was stronger in HI than in LI animals (B, session*impulsivity: 
#p<0.05). Both cocaine (C, 10 mg/kg) and yohimbine (D, 1.25 mg/kg) induced reinstatement of cocaine 
seeking, but these effects did not differ between HI and LI animals (session: *p<0.05, **p<0.001).

Experiment 2: Transient changes in impulsivity and cocaine seeking
Cocaine SA paradigm
During the first seven cocaine SA sessions, rats developed a preference for the active lever 
(session*lever: F(6, 72)=4.64, p<0.05, ε=0.6). The following 12 days, rats self-administered 
both cocaine and saline and showed a preference for cocaine (Supplementary figure 3.4A, 
session*drug: F(11, 187)=7.61, p<0.001). During the extinction phase, both the ratio of active-
to-inactive lever responses (session*lever: F(14, 350)=5.59, p<0.001, ε=0.6), and responding for 
cocaine to saline (session*drug: F(14, 350)=4.03, p<0.001, ε=0.6) decreased within 16 sessions 
(Supplementary Figure 3.4B). After extinction, cocaine seeking was reinstated by the cocaine-
associated context (session: F(1, 23)=43.40, p<0.001). Furthermore, as shown in Figure 3.4, 
reinstatement of cocaine seeking was attenuated by the preferential dopamine D1 receptor 
antagonist SCH-23390 (treatment: F(1, 23)=23.59, p<0.001), whereas the monoamine transporter 
inhibitor methylphenidate potentiated reinstatement of cocaine-seeking behavior (treatment: 
F(1, 23)=27.33, p<0.001).

Impulsive decision making throughout cocaine SA and extinction
During the course of cocaine SA and extinction, both impulsive decision making (indifference 
point) and omissions remained stable (Cronbach’s α indifference points: 0.80, omissions: 0.81). 
Pharmacological challenges with SCH-23390 increased impulsive decision making (Figure 
3.5A, treatment: F(4, 84)=5.63, p<0.05, ε=0.7) and slightly increased the number of omissions 
(Supplementary figure 3.2, omissions: F(1, 23)=23.04, p<0.05). In contrast to the effects of SCH-
23390, impulsive decision making was decreased by both doses of methylphenidate (Figure 
3.5B, delay*treatment: F(8, 148)=2.80, p<0.05). Moreover, methylphenidate decreased the number 
of omissions (treatment: F(2, 46)=3.41, p<0.05) and this occurred only at the low dose.
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Figure 3.4 : Reinstatement of cocaine seeking
The context-induced reinstatement of cocaine seeking was blocked by the preferential dopamine D1 
receptor antagonist SCH-23390 (SCH; 10 μg/kg) and potentiated by the monoamine transporter inhibitor 
and stimulant methylphenidate (MPH; 1 mg/kg). *p<0.05 and **p<0.001 compared with extinction; #p<0.05 
compared with saline injection.

In the DRT, exposure to the cocaine-associated context strongly enhanced the number of 
omissions in a subgroup of n=7 animals (in comparison with the saline-associated context). As 
no reliable delay discounting curve could be determined in these animals, they were excluded 
from further analyses. The remaining 17 animals displayed equal amounts of omissions in both 
contexts (cocaine: 15±2.8%, saline 16±0.3%). In these 17 animals, impulsive decision making was 
decreased in the cocaine context than in the saline context (Figure 3.5C, context: F(4, 60)=3.40, 
p<0.05). These effects of cocaine-associated contextual cues on impulsive decision making and 
omissions were observed on the first days of abstinence, but not in a second test, which was 
performed after 3 weeks of extinction training.

Figure 3.5: Transient manipulations of impulsive decision making
Significant changes in impulsive decision making were observed after acute challenges with SCH-23390 
(A), methylphenidate (B), or exposure to the cocaine-associated context (C). *p<0.05 compared with 
saline injections (panels a and b) or saline context (panel c).
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Correlation analyses of transient changes in impulsivity as predictors of context-induced reinstatement 
of cocaine seeking
As described above, the cocaine-associated context induced reinstatement of cocaine 
seeking and at the same time decreased impulsive decision making in the DRT. Importantly, 
these effects on cocaine seeking and impulsive decision making were not correlated (r=0.30, 
NS). Similarly, although acute drug challenges with methylphenidate decreased impulsive 
decision making, this same manipulation potentiated context-induced reinstatement. 
Notably, these drug effects were also not correlated (r=0.22, NS). Opposite to the effects of 
methylphenidate, drug challenges with SCH-23390 increased impulsive decision making and 
decreased context-induced reinstatement with no correlation between these drug effects 
(r=0.15, NS).

Discussion

This study examined the direction of the relationship between impulsive decision making 
and the propensity to take and seek cocaine. These experiments revealed that trait levels 
of impulsive decision making predict both resistance to extinction and vulnerability to 
context-induced relapse to cocaine seeking. In contrast, cocaine intake patterns, including 
the sensitivity and motivation to self-administer cocaine, as well as drug- or ‘stress’-induced 
relapse were not related to trait impulsive decision making. Vice versa, daily SA of cocaine 
marginally and transiently increased impulsive decision making under drug-free conditions, 
whereas exposure to the cocaine-associated context cues surprisingly reduced impulsive 
decision making. Interestingly, pharmacological manipulation of impulsive decision making 
by the dopamine D1 receptor antagonist SCH-23390 or the monoamine transporter inhibitor 
methylphenidate did not predict corresponding changes in the propensity to context-induced 
relapse.

Trait impulsive decision making predicts cocaine seeking
The pre-existing level of impulsive decision making predicted resistance to extinction of 
cocaine seeking. Thus, compared with LI animals, HI rats displayed prolonged cocaine seeking 
both during extinction in a neutral context and in the cocaine-associated context. When 
responding was fully extinguished in both groups, context-induced relapse to cocaine seeking 
was much more pronounced in HI animals. These observations are strikingly similar to those 
obtained in HI and LI animals after nicotine SA (Diergaarde et al., 2008). In that study, nicotine 
cues consisted of light-tone combinations directly paired with drug infusion (discrete cues). 
In this study, we show that enhanced propensity to relapse in HI animals is observed after 
re-exposure to the cocaine-associated context. Therefore, high levels of impulsive decision 
making relate to an enhanced sensitivity to stimulant-paired discrete and contextual cues 
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to drive relapse. Nonetheless, in contrast to these observations, recent work indicates that 
impulsive decision making does not predict different aspects of heroin taking and seeking 
(Schippers et al., 2011). Thus, these discrepant findings suggest that, impulsive decision making 
does not predict the sensitivity to reward-related cues in general, but rather selectively predicts 
sensitivity to stimulant-related drug-paired cues.

Trait impulsive decision making did not predict the sensitivity to ‘stress’-induced reinstatement 
of cocaine seeking as assessed upon a drug challenge with the preferential α2-adrenoceptor 
antagonist yohimbine (Shepard et al., 2004). Although it should be noted that only a single dose 
of yohimbine was used, the differential effects on context- vs stress-induced reinstatement 
observed here are consistent with the idea that the neurocircuitry mediating these processes 
(partially) differ. Thus, although there appears to be a final common pathway involved in 
relapse behavior (prefrontal accumbens), stress-induced, unlike context-induced cocaine 
seeking, depends on the integrity of the bed nucleus of stria terminalis. On the other hand, 
the hippocampus and basolateral amygdala have a more important role in context-induced 
reinstatement (for reviews see Bossert et al., 2005; Shaham et al., 2003).

Reinstatement induced by a cocaine-priming injection was not different between HI and LI 
animals. Although we only tested a single dose, these data are in agreement with the study by 
(Perry et al., 2008), showing that HI female, but not male rats, displayed more robust cocaine-
induced reinstatement (although only for the highest, 15 mg/kg, dose of cocaine). Taken together, 
these data indicate that the sensitivity to cocaine-induced relapse is not influenced by premorbid 
impulsivity levels, but that gender differences are an important consideration in this assessment. 
It is possible that, similar to stress-induced reinstatement, the observed differential effects of 
context- and drug-induced reinstatement in HI rats are explained by the underlying neural 
circuits. The prefrontal accumbens pathway is considered as the final common pathway involved 
in all forms of reinstatement, but the ventral pallidum, seems to be specifically involved in drug-
induced reinstatement (for reviews see Bossert et al., 2005; Shaham et al., 2003).

This divergence in neurocircuitry might help to explain the specific relationship between 
impulsive decision making and context-induced reinstatement, as both of these behaviors are, 
at least in part, dependent on the integrity of the hippocampus (Cheung and Cardinal, 2005; 
Fuchs et al., 2005) and the basolateral amygdala (Park et al., 2002; Winstanley et al., 2004c). 
Moreover, the basolateral amygdala also has an important role in regulating extinction of 
cocaine seeking (Fuchs et al., 2006a), on which HI and LI animals also differed in this study 
and previously regarding nicotine seeking (Diergaarde et al., 2008).
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Trait impulsive decision making does not predict measures of cocaine taking
Trait impulsive decision making did not predict cocaine intake, the sensitivity to cocaine, or 
the motivation to work for cocaine under a progressive ratio schedule. This is largely in line 
with previous observations in male and female rats, demonstrating no profound predictive 
potential of impulsive decision making on cocaine intake during continuous and progressive 
ratio reinforcement schedules (Anker et al., 2009b; Perry et al., 2008).

Interestingly, some earlier studies have shown that a different form of impulsivity, that is 
impulsive action as measured with the five-choice serial reaction time task, seemed much more 
predictive of cocaine and nicotine drug intake patterns and the motivation to self-administer 
these drugs (Belin et al., 2008; Dalley et al., 2007; Diergaarde et al., 2008). Taken together, this 
may indicate that impulsive action is mainly predictive of drug intake, escalation, motivation, 
and sensitivity to drugs, whereas drug seeking under extinction conditions, including relapse, 
may be more related to impulsive decision making. In support of this and as outlined before, 
there is considerable neuroanatomical, neurochemical, and pharmacological evidence that 
impulsivity is not unitary (for reviews see Evenden, 1999b; Pattij and Vanderschuren, 2008; 
Winstanley et al., 2006). However, this distinction does not seem unambiguous. For instance, 
it was recently shown that impulsive action was associated with certain aspects of cocaine 
seeking, such as the resistance to punishment after prolonged cocaine SA (Belin et al., 2008), 
as well as increased sensitivity to reinstate cocaine-seeking under punishment (Economidou 
et al., 2009). Further research is required to elucidate the commonalities and relationships 
between impulsive action and choice.

Effect of cocaine history on impulsive decision making
During the course of the entire cocaine SA protocol, rats were trained in the DRT once a 
week, thereby allowing the assessment of shifts in baseline impulsive decision making. When 
averaged across all animals, impulsive decision making did not shift at any point during or 
after different phases of cocaine SA. Furthermore, an acute challenge with cocaine in this study 
(supplementary material and supplementary figure 3.1) reduced impulsive decision making 
in the DRT in HI and LI animals similarly, and this was not different in saline or cocaine SA 
rats. Finally, there was no difference in the effect of SCH-23390 on impulsive decision making 
before and after cocaine SA (see Supplementary Material). Collectively, these findings imply 
that the frequently observed elevated levels of impulsive behavior in cocaine-dependent 
individuals (Coffey et al., 2003; Kirby and Petry, 2004; Verdejo-García and Pérez-García, 2007) 
are a pre-existing personality trait, and not merely a resultant from prolonged cocaine use. 
This observation is confirmed by a steeper discounting rate in both former and current cocaine 
users, in comparison with healthy controls (Heil et al., 2006).
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In contrast to volitional cocaine SA in this study, forced cocaine administration has been 
reported to increase impulsive decision making in laboratory animals (Paine et al., 2003; Roesch 
et al., 2007; Simon et al., 2007). Nevertheless, in this study, only a small subset of individuals, that 
is, LI animals with high cocaine intake (>30 mg/kg cocaine per session), temporarily became 
more impulsive, and this shift in impulsive decision making was particularly evident during 
the cocaine SA phase under continuous reinforcement. In HI animals, this change in impulsive 
decision making was not observed, possibly due to a floor effect of the indifference point. 
Thus, the former finding suggests that volitional cocaine intake is associated with changes 
in impulsive behavior in LI animals, but only when drug intake is high. This is supported by 
recent work demonstrating that rats trained to self-administer 30 mg/kg cocaine per day for 2 
weeks indeed were more impulsive in a comparable DRT when tested 3 weeks after withdrawal 
(Mendez et al., 2010). The contrasting results between forced administration and our volitional 
cocaine SA approach could perhaps be attributed to differential neuroadaptations in these 
different administration methods ( Jacobs et al., 2003; Winstanley et al., 2007).

Effects of cocaine context on impulsive decision making
We observed that exposure to the cocaine-associated context, and not the neutral, saline-
paired context, reduced impulsive decision making. As cocaine by itself reduces impulsivity 
in this task (this study; Winstanley et al., 2007), it is possible that rats anticipated cocaine and 
showed an acute cocaine-like response to the context. This reduction of impulsive decision 
making, induced by the cocaine context, was only observed in the first test immediately after 
the last cocaine SA session, and not in a re-test after long term (3 weeks) abstinence. The 
transient nature of this effect is puzzling and warrants further investigation. This observation 
is particularly interesting in view of observations that the propensity of cocaine-associated 
cues to provoke relapse increases over time, a phenomenon referred to as incubation of craving 
(Grimm et al., 2001, 2002). This may not hold true for the effects of these cues on impulsivity, 
suggesting that different neurobiological substrates are involved in these processes.

Pharmacologically induced changes in impulsive decision making and its repercussions 
for cocaine relapse
To further examine the bidirectionality between impulsive decision making and the propensity to 
reinstate cocaine-seeking behavior, and to investigate the treatment potential of relapse through 
a reduction of impulsivity, we directly compared the effects of different drugs known to modulate 
both phenomena in a within-subjects approach. Acute challenges with the clinically relevant 
drug, methylphenidate clearly decreased impulsive decision making in the DRT. However, in 
the same individuals, methylphenidate robustly potentiated context-induced reinstatement of 
cocaine seeking. This latter observation is consistent with previous work demonstrating that 
methylphenidate reinstates cocaine-seeking behavior in a SA paradigm(Schenk and Partridge, 
1999). In contrast to methylphenidate, the preferential dopamine D1 receptor antagonist SCH-
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23390 was found to increase impulsive decision making, in line with earlier data (van Gaalen 
et al., 2006a; Zeeb et al., 2010). In the same individuals, SCH-23390 attenuated context-induced 
cocaine seeking contrasting its effects on impulsive decision making. Further correlation 
analyses revealed that these pharmacologically induced behavioral changes in each paradigm 
did not correlate. Interestingly, the effects of methylphenidate (Navarra et al., 2008), SCH-23390 
(van Gaalen et al., 2006b), the serotonin2A receptor antagonist M100907 (Winstanley et al., 
2003), and the clinically prescribed noradrenaline reuptake inhibitor atomoxetine (Robinson et 
al., 2008) on impulsive action do match the directionality of their effects on reinstatement of 
cocaine seeking (this study; Economidou et al., 2011; Nic Dhonnchadha et al., 2009). Therefore, 
it would be interesting to determine to what extent these drug effects on impulsive action 
and reinstatement to cocaine seeking would correlate in a similar approach adopted here. The 
current findings suggest that these behavioral phenomena are under differential neurobiological 
control, inasmuch as studied here with SCH-23390 and methylphenidate. Notably, in this study, 
only acute challenges with these drugs were investigated. Thus, in follow-up studies, it would 
be important to verify whether more prolonged administration of these drugs would affect 
the directionality of the effects. Nevertheless, our findings do imply that cocaine-dependent 
individuals may not benefit from methylphenidate to maintain abstinence and prevent relapse. 
This notion is supported clinically, as methylphenidate does improve measures of inhibitory 
control in cocaine-dependent individuals (Goldstein and Volkow, 2011; Li et al., 2010), despite 
the observation that the clinical effects of methylphenidate on treatment retention in cocaine 
dependence are less pronounced (Castells et al., 2010).

Human implications and concluding remarks
The current observations demonstrate that trait levels of impulsive decision making 
predict extinction resistance and the propensity to relapse, whereas transient changes in 
impulsivity do not correlate with relapse vulnerability. These observations are in line with 
the finding that ADHD and drug dependence often co-occur (Lynskey and Hall, 2001), and 
that methylphenidate, improving clinical signs of ADHD, does not concurrently reduce drug 
craving or relapse to cocaine use (Schubiner et al., 2002). The differences observed between 
trait impulsive decision making and the acute treatment of impulsive decision making further 
emphasize the importance of investigating the treatment potential of risk factors for drug 
dependence. Furthermore, these data suggest that rehabilitation programs aimed at acute, 
short-term, reduction of impulsivity will not suffice to maintain treatment retention.
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Supplementary methods

Acute challenges in DRT
As part of experiment 1, the effect of acute cocaine injections on impulsive choice were tested. 
In between context-induced reinstatement and context extinction, all animals underwent one 
week of daily DRT training. On the Wednesday and Friday of this week rats received an injection 
of either cocaine (7.5 mg/kg) or saline in counterbalanced order, in a volume of 1 ml/kg. This 
challenge was performed to investigate whether cocaine intake would differentially affect the 
sensitivity towards an acute challenge of cocaine in high and low impulsive rats. In addition, 
these changes in impulsive choice and cocaine-induced reinstatement could be related. 

In experiment 2, the acute challenge with SCH-23390 in the DRT was performed before and after 
SA in order to determine whether cocaine intake would change the effect of the preferential 
dopamine D1 antagonist SCH-23390 on impulsive choice. The challenge after cocaine SA was 
described in the main text of this paper. The challenge before cocaine SA was performed after 
establishment of stable baseline performance, but before catheter placement. Within one week of 
daily DRT training rats received on Wednesday and Friday in counterbalanced order an injection 
of either SCH-23390 (10 μg/kg) or saline, subcutaneously in a volume of 1 mg/kg bodyweight.

Supplementary Results

Acute cocaine challenge in DRT
Compared to acute injections of saline, the acute challenge with cocaine (7.5 mg/kg) decreased 
impulsive decision making in both HI [F(1,24)=4.70, p<0.05] and LI rats [F(1,22)=6.48, p<0.05], 
with no difference between saline or cocaine SA pre-treatment (supplementary figure 3.1). 
Moreover, this acute cocaine challenge did not change the number of omissions, indicating 
that cocaine intake did not influence the sensitivity to an acute challenge of cocaine. Moreover, 
the reduction in impulsive decision making induced by the acute challenge of cocaine was 
not correlated with the cocaine-induced reinstatement test, the latter being described in the 
main text of the paper [r=-.06 , ns].

Acute SCH-23390 challenge in DRT
As shown in supplementary figure 3.2, the pharmacological challenges with SCH-23390 increased 
impulsive decision making both before [F(4,100)=8.46, p<0.001] and following the cocaine SA 
paradigm (see main text). SCH-23390 did not alter the number of omissions before, but increased 
the number of omissions after the cocaine SA (see main text). There was, however, no difference 
in the number of omissions of the two tests [F(1,23)=2.55, ns]. These results indicate that cocaine 
intake did not change the sensitivity to an acute challenge with SCH-23390.
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Supplementary figures 

Suppementary figure 3.1: Effects of acute cocaine challenge on impulsive decision making 
Acute challenges with 7.5 mg/kg cocaine decreased impulsive decision making to an equal extent for 
both high (HI) and low impulsive (LI) animals after cocaine (A) or saline self-administration (B). *p<0.05 
compared to respective saline challenge.

Suppementary figure 3.2: Effects of acute SCH-23390 challenge on impulsive decision making 
The acute challenge with 0.01 mg/kg SCH-23390 increased impulsive decision making to an equal 
extent before or after cocaine self-administration (A). The number of omissions was only increased 
after cocaine SA (B). *p<0.05 compared to saline challenge.
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Suppementary figure 3.3: The acquisition, motivation, sensitivity to self-administer cocaine and 
context extinction from experiment 1 
The number of active and inactive responses during 13 FR1 sessions in the acquisition phase (A). The 
first 5 sessions delivered 0.25 and the remaining 8 sessions 0.5 mg/kg/infusion cocaine. Over sessions 
there was an increasing preference for the active over the inactive lever (*p<0.05). Motivation to self-ad-
minister cocaine was measured during 3 progressive ratio sessions (B). The number of active responses 
leading to one infusion was increased along the following equation: response ratio = 5 * e(0.2*infusion number) 
– 5. There was no significant difference between HI and LI animals. In the cocaine dose response curve 
(C), the number of active responses during six 1 hour sessions with doses decreasing over sessions from 
500 to 250, 125, 62.5, 31.25 and 15.625 μg/kg cocaine. The inverted U-shape of responding was not differ-
ent between HI and LI animals. **p<0.001, main effect of cocaine dose. The number of active responses 
during context extinction decreased over sessions and HI animals were more resistant **p<0.001, main 
session effect and #p<0.05 HI vs LI.
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Suppementary figure 3.4: The acquisition and extinction curves from experiment 2
Number of active and inactive responses during 19 FR1 sessions (A). The first 5 sessions delivered 0.25 
and the remaining 14 sessions 0.5 mg/kg/infusion cocaine. The first 7 days only afternoon cocaine 
self-administration (SA) sessions were taken, the remaining 12 days consisted of morning saline SA and 
afternoon cocaine SA sessions. Over sessions there was an increasing preference for the active over the 
inactive lever and for cocaine over saline. **p<0.001, main effect of lever and ##p<0.001, main effect of SA 
drug. The number of active and inactive responses during 16 extinction sessions (B). Active responding 
for cocaine decreased over the first six sessions. **p<0.001 main effect lever, within cocaine SA.
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Previous work has established a robust relationship between impulsivity and addiction, and 
revealed that impulsive decision making predisposes the vulnerability to cocaine-seeking 
behavior in rats. An important next step is to assess whether elevated relapse vulnerability 
can be treated via the reduction of impulsive decision making. Therefore, this study explored 
whether subchronic atomoxetine treatment can reduce relapse vulnerability by reducing 
impulsive decision making. 

Rats were trained in the delayed reward task and were subjected to 3 weeks of cocaine 
self-administration. Following drug self-administration, animals were divided to different 
experimental groups and received the noradrenaline transporter inhibitor and attention-
deficit/hyperactivity disorder drug atomoxetine or vehicle subchronically for 20 days. On 
days 1 and 10 after treatment cessation, a context-induced reinstatement test was performed. 
Throughout the entire experiment, changes in impulsive decision making were continuously 
monitored. 

Subchronic treatment with atomoxetine reduced context-induced reinstatement both 1 and 10 
days after treatment cessation, only in animals receiving no extinction training. Interestingly, 
neither subchronic nor acute atomoxetine treatments affected impulsive decision making. 

Our data indicate that the enduring reduction in relapse sensitivity by atomoxetine occured 
independent of a reduction in impulsive decision making. Nonetheless, repeated atomoxetine 
administration seems a promising pharmacotherapeutical strategy to prevent relapse to 
cocaine seeking in abstinent drug-dependent subjects.

Abstract
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Introduction

Cocaine dependence has been associated with severe physical and social problems (Nutt et 
al., 2007). Moreover, cocaine abuse is often accompanied by several cognitive disturbances 
(van Holst and Schilt, 2011), and in particular, impulsivity (Pattij and De Vries, 2013; Perry and 
Carroll, 2008; Verdejo-García et al., 2008; Winstanley et al., 2010; de Wit, 2009).

Impulsivity is widely viewed as action without foresight, but it consists of dissociable behavioral 
modalities (Broos et al., 2012b; Evenden, 1999b; Winstanley et al., 2006). These dissociable 
modalities of impulsivity show distinct relationships with various stages of the drug addiction 
cycle (for recent review see Winstanley et al., 2010). One of these modalities, impulsive 
decision making, arises from difficulties evaluating long-term behavioral consequences and 
delay aversion. Previous work in rodents has shown that elevated levels of impulsive decision 
making predispose to persistent drug seeking during extinction and to enhanced vulnerability 
to relapse into nicotine (Diergaarde et al., 2008) as well as cocaine (Broos et al., 2012a; Perry et 
al., 2008), but not heroin seeking (Schippers et al., 2012). These findings are in accordance with 
earlier clinical observations indicating that decision-making disturbances predict treatment 
outcome in methamphethamine dependence (Paulus et al., 2005) and nicotine dependence 
(Krishnan-Sarin et al., 2007).

Currently, the available pharmacological treatment options for cocaine dependence are limited 
and low in efficacy (van den Brink, 2012). In view of the interrelationship mentioned earlier 
between impulsive decision making and drug seeking, the question arises as to whether 
improving the former pharmacologically could promote and support abstinence and reduce 
the risk to relapse in cocaine-dependent individuals. Indeed, the norepinephrine transporter 
(NET) inhibitor atomoxetine that has been shown to reduce impulsivity in attention deficit 
hyperactivity disorder (ADHD) patients (Chamberlain et al., 2007; Wehmeier et al., 2011) as 
well as laboratory rats (Blondeau and Dellu-Hagedorn, 2007; Paterson et al., 2011; Robinson et 
al., 2008) and appeared to acutely reduce cocaine-seeking behavior in rats (Economidou et al., 
2009, 2011; Janak et al., 2012). Moreover, atomoxetine treatment reduced the number of heavy 
drinking days in ADHD subjects with co-morbid alcohol dependence (Wilens et al., 2008). 
However, whether these beneficial effects of atomoxetine on drug consumption and drug-
seeking behavior are in fact mediated via reductions in impulsivity has, to our knowledge, 
not been studied thus far.

Therefore, the aim of the current study was to determine, using a within-subject design, whether 
a reduction in cocaine relapse vulnerability by atomoxetine treatment is intercorrelated with a 
reduction in impulsive decision making. To mimic clinical application of atomoxetine, which 
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involves daily drug intake (Bushe and Savill, 2014), in the current experiment, a subchronic 
treatment regimen with atomoxetine was applied. For this purpose, animals were trained to 
baseline levels of impulsive decision making in a delayed reward task (DRT) and were then 
subjected to cocaine self-administration (SA). After SA, during abstinence, animals received 
daily injections with atomoxetine for 20 days. One and 10 days after treatment cessation, the 
effects on context-induced reinstatement were determined. As impulsive decision making was 
monitored throughout the entire experiment, changes induced by atomoxetine in impulsive 
decision making were correlated to changes in relapse propensity.

Methods

Except for the current treatment protocol, most materials and methods were adopted from 
our previous study (Broos et al., 2012a). Therefore, methods are described briefly here and in 
detail in the Supporting Information S4.

Animals
Male Wistar rats (Harlan, Horst, The Netherlands), initially weighing 250–270 g, were housed in 
standard Macrolon cages on a reversed 12-hour day/night cycle. Rats were housed in pairs until 
surgery, and individually afterwards. During the entire experiment rats were food restricted 
and maintained at about 85–90% of their free-feeding weight. Experiments were approved by 
the Animal Care committee of the Free University of Amsterdam (The Netherlands).

Delayed Reward Task
Rats were placed in operant chambers containing a food receptacle in one wall and nose-poke 
units in the opposing wall. A session was divided into five blocks of 12 trials. Each block started 
with two forced-choice trials in which only the left or the right response unit was illuminated. 
In the next 10 trials, the animals had a free choice between the left and right response unit. 
Responses in one position resulted in the immediate delivery of a small reinforcer (one food 
pellet), whereas responses into the other position resulted in the delivery of a large, but 
delayed, reinforcer (four food pellets). Delays for the large reinforcer progressively increased 
per block of 12 trials as follows: 0, 5, 10, 20 and 40 seconds. If an animal did not respond within 
10 seconds, the trial was counted as an omission. Impulsive decision making was defined by 
the indifference point (the delay at which the preference for the large reward is 50%) and was 
calculated according to the equation of Mazur (1987).

Cocaine Self-administration
Training occurred in two-lever operant chambers equipped with a liquid swivel connecting 
rats to an infusion pump. Rats were randomly assigned to one of two different contexts to 
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self-administer cocaine. These SA contexts differed in (1) white noise (70 dB), either on or off; 
(2) odor, either lemon-scented or almond-scented; and (3) the chamber floor, a flat polyvinyl 
chloride surface with either holes or straight grooves. There were no discrete cues coupled 
with cocaine infusion.

SA took place in 15 daily 3-hour sessions. Presses on the active lever resulted in an infusion of 
cocaine, according to a fixed ratio 1 schedule of reinforcement. During the first five sessions 
exposure to cocaine was limited by restricting the number of infusions (first three sessions 
40, next two sessions 100 infusions) as well as the infusion dose (250 μg/kg) over a period of 3 
hours. However, in the remaining 10 sessions, rats could earn an unlimited number of infusions 
of 500 μg/kg cocaine over a period of 3 hours.

Extinction training
During extinction, animals switched contexts, i.e. animals self-administering cocaine in 
context A were extinguished in context B and vice versa. Operant extinction training consisted 
of 14 daily 1-hour sessions over a total period of 20 days (no training during weekends). Previous 
work form our laboratory has indicated that this period is sufficient for most animals to induce 
full extinction of operant responding and subsequently optimal reinstatement of cocaine 
seeking (e.g. Broos et al., 2012a; De Vries et al., 1998, 2001).

Context-induced reinstatement
Relapse tests were performed at two timepoints, namely 1 and 10 days after treatment cessation. 
For this purpose, rats were exposed to the cocaine-associated context for 30 minutes. Active 
and inactive responses were recorded, but had no programmed consequences, and moreover, 
active lever responses did not result in cocaine infusion. After the second test, these sessions 
continued and were lengthened to 1 hour and performed daily to observe extinction of context.

Drugs
Cocaine (cocaine-HCl, OPG, Utrecht, The Netherlands) was dissolved in sterile saline and 
infused intravenously at a rate of 21 μl/s. Atomoxetine (tomoxetine hydrochloride, Tocris 
Bioscience, Bristol, UK) was dissolved in sterile saline and injected intraperitoneally in a dose 
of 1 mg/kg and a volume of 1 ml/kg. This dose and route of administration has previously been 
shown to effectively increase norepinephrine and dopamine levels in the prefrontal cortex 
of rats (Bymaster et al., 2002). Moreover, both acute challenges (Robinson et al., 2008) and 
14-day treatment with this dose (Sun et al., 2012) have been shown to promote self-controlled 
choice in the DRT.
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Design
Forty-eight rats were trained in the DRT (Figure 4.1) and after stable baseline performance 
equipped with jugular catheters. Following reestablishment of stable DRT performance, all rats 
were subjected to 15 sessions of cocaine SA. After this, rats were equally divided to four groups 
based on both fixed ratio 1 responding and their indifference point. To determine the effect of 
atomoxetine, half of the animals received 20 daily injections of 1 mg/kg atomoxetine and the 
other half saline. Each day, injections were given after training procedures and were completed 
at 4:00 p.m. in the afternoon (DRT training sessions on Mondays, Wednesdays and Fridays from 
8:30 a.m. to 12:15 p.m.; extinction sessions from 12:00 p.m. to 2:00 p.m.). To differentiate potential 
effects on reinstatement from effects on extinction, half of the animals underwent operant 
extinction training during 14 extinctions sessions (over a total period of 20 days), whereas the 
other half remained in abstinence. In total, there were four experimental groups: (1) atomoxetine–
extinction; (2) saline–extinction; (3) atomoxetine–abstinence; and (4) saline–abstinence. One 
day after the last injection, all animals were subjected to a context-induced reinstatement test. 
To determine possible long-term effects of 1 mg/kg atomoxetine treatment on reinstatement, 
this test was repeated 10 days later, with extinction training (groups 1 and 2) or abstinence 
(groups 3 and 4) given in between. After this, all animals underwent 10 sessions of context 
extinction. Furthermore, rats were tested in the DRT during the entire course of cocaine taking 
and seeking on Mondays, Wednesdays and Fridays in the morning from 8:30 a.m. to 12:15 p.m. 
As atomoxetine treatment did not induce any changes in impulsive decision making, the DRT 
on treatment day 12 was performed 45 minutes after injection. Therefore, only on this day, were 
animals not trained in the morning, but late in the afternoon in the DRT. Ten animals were 
excluded from all analyses: three because of disturbed DRT behavior following surgery, four 
because of catheter failure and three animals (one from every group except from the abst–
sal group) that did neither made any active responses nor any inactive responses during both 
context-induced reinstatement tests (with the exception of one individual that made in total 
two inactive responses during the second reinstatement test only).

Statistical analyses
Data were analyzed using repeated measures ANOVA. The homogeneity of variance across 
groups was determined using Mauchly’s tests for equal variances and in case of violation 
of homogeneity, Huynh–Feldt epsilon (ε) adjusted degrees of freedom were applied and 
the resulting more conservative probability values were depicted. For SA data, sessions and 
lever served as within-subjects variables and treatment group as between-subjects factor. 
Dependent variables were the number of active and inactive responses. For DRT data, 
dependent variables were the indifference point and percentage of omitted choice trials. The 
between-subjects factor was treatment group. Pearson’s correlation analyses were used to 
assess the interrelationship between atomoxetine-induced changes in impulsive decision 
making and context-induced reinstatement of cocaine seeking. Atomoxetine-induced changes 
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in the indifference point were calculated using the data from the final DRT session before 
atomoxetine treatment and the last session during treatment. Data were analyzed using the 
Statistical Package for the Social Sciences (SPSS) version 20.0 (SPSS, Inc., Chicago, IL, USA) 
and the significance level was set at P < 0.05.
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Figure 4.1 : Experimental design of the study
The first column describes the number of days in the corresponding phase of the study.

Results

Baseline behavior in DRT and cocaine SA
After 56 days of DRT training, rats were individually housed a week before surgery. Both 
housing [F(1,37) = 1.87, not significant (NS)] and surgery [F(1,37) = 1.32, NS] did not affect impulsive 
decision making (indifference point), or the number of omissions [Supporting figure 4.1, 
housing: F(1,37) = 0.67, NS; surgery: F(1,37) = 0.50, NS]. Importantly, there was no difference 
between the four groups on indifference points [F(3,34) = 0.64, NS] or omissions [F(3,34) = 0.77, 
NS] at the start of SA.

During the first five cocaine SA sessions, rats developed a preference for the active lever 
[session × lever: F(4,148) = 23.97, P < 0.001, ε = 0.6]. Active responding increased [F(4,148) = 61.74, 
P < 0.001, ε = 0.6], whereas inactive responding fluctuated over sessions [F(4,148) = 2.74, P < 0.05, 
ε = 0.7]. In the following 10 sessions, responding remained stable [F(9,306) = 0.93, NS], with a 
clear preference for the active lever [lever: F(1,34) = 221.76, P < 0.001] and no difference between 
the four groups [Supporting figure 4.2, F(3,34) = 0.58, NS].
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Performance in the DRT was monitored throughout the 3 weeks of cocaine SA. Three animals 
were excluded for omitting all trials in the DRT from the second week of SA onward, because 
no indifference point can be determined in these animals. The number of omissions increased 
over time [F(7,217) = 4.41, P < 0.001, ε = 0.7] in an equal pattern for all groups [F(3,31) = 0.18, NS]. As 
observed previously (Broos et al., 2012a), over the 3 weeks of cocaine SA, the indifference point 
remained stable [Supporting figure 4.3, F(7,217) = 0.83, NS] and there was no difference among 
the four groups [F(3,31) = 0.51, NS].

Effect of subchronic atomoxetine on impulsive decision making
After 15 days of SA, with an average intake of 22.09 (±0.7) mg/kg cocaine, subchronic 
treatment with atomoxetine did not affect the level of impulsive decision making [Figure 4.2, 
F(1,31) = 0.91, NS] and there was no difference between animals undergoing extinction training 
or abstinence [F(1,31) = 0.004, NS]. As subchronic treatment might need time to induce effects, 
we also analyzed only the last week of atomoxetine treatment, and this analysis revealed no 
effect on impulsive decision making [treatment: F(1,31) = 0.48, NS; extinction: F(1,31) = 0.32, NS]. 
The number of omissions remained stable during cocaine withdrawal [F(8,248) = 0.83, NS], and 
there was no effect of atomoxetine [F(1,31) = 0.08, NS] or extinction training [F(1,31) = 0.08, NS].

Figure 4.2 : Impulsive decision making during cocaine withdrawal and daily atomoxetine treatment 
During extinction training (ext) or abstinence (abst) the indifference point remained stable. Sub-chronic 
atomoxetine (ato) treatment, given at the end of each day, did not affect the indifference point in the 
delayed reward paradigm.
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Effect of acute atomoxetine on impulsive decision making
As there was no effect of chronic atomoxetine treatment on impulsive decision making, we 
tested the acute effects of atomoxetine in these animals (Supporting figure 4.4). Therefore, on 
treatment day 12, the DRT was performed 45 minutes following injection of atomoxetine or 
saline. Hence, the DRT was not performed in the morning, but in the afternoon. There was no 
effect of atomoxetine on indifference point [F(1,33) = 0.76, NS] or omissions [F(1,33) = 0.001, NS] 
compared with the animals receiving saline injections. In addition, there was no difference 
between this session (acute after injection) and the previous DRT session (about 17 hours after 
the last injection) on indifference points [F(1,33) = 1.49, NS] and omissions [F(1,33) = 0.36, NS].

Effect of subchronic atomoxetine on operant extinction training
The decrease in responding over operant extinction sessions was stronger for active, than 
for inactive responding [Supporting figure 4.5; session × lever: F(13,208) = 2.79, P < 0.05, ε = 0.3] 
and there was no difference between saline- and atomoxetine-treated rats for both active 
[F(1,16) = 2.63, NS] and inactive responding [F(1,16) = 0.99, NS]. Analysis of only the first three or 
the last three sessions did not change the results (data not shown).

Effect of subchronic atomoxetine on context-induced relapse
The first day after treatment and 10 days later, the animals were placed in the cocaine SA 
context (Figure 4.3). Within the animals that received extinction training, there was no 
effect of atomoxetine treatment on context-induced reinstatement neither on the first 
day after treatment [active: F(1,16) = 0.09, NS; inactive: F(1,16) = 1.02, NS], nor 10 days later 
[active: F(1,16) = 1.27, NS; inactive: F(1,16) = 0.39, NS]. Interestingly, in the animals treated 
during abstinence, atomoxetine reduced active responding 1 day after treatment [active: 
F(1,17) = 10.19, P < 0.05; inactive: F(1,17) = 0.48, NS] and 10 days later [active: F(1,17) = 5.91, P < 0.05; 
inactive: F(1,17) = 3.71, NS]. During the five extinction sessions in between the two relapse tests 
responding was stable [F(4,64) = 2.45, NS] with no difference between the active and inactive 
lever [F(1,16) = 0.18, NS] and saline- or atomoxetine-treated rats [F(1,16) = 0.63, NS].

Effect of subchronic atomoxetine on context extinction training
The beneficial effect of 20 days of atomoxetine treatment on context-induced relapse following 
abstinence persisted throughout the subsequent context extinction training (Figure 4.4). As for 
context-induced reinstatement, atomoxetine had no effect on context extinction in animals 
that underwent extinction training during atomoxetine treatment [F(1,16) = 0.03, NS]. However, 
these animals did show a reduction in responding over the sessions [F(9,144) = 8.00, P < 0.001, 
ε = 0.3]. Overall, animals made more active than inactive responses [F(1,16) = 23.17, P < 0.001]. In 
the abstinence group, there was an interaction between session and treatment [F(9,153) = 2.46, 
P < 0.05, ε = 0.5]. Therefore, the analysis was split on the first and last five sessions. During the 
first five sessions, active responding decreased for both saline- and atomoxetine-treated rats 
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[F(4,68) = 13.71, P < 0.001, ε = 0.5]. However, active response rates were lower for atomoxetine-
treated animals [F(1,17) = 9.97, P < 0.05]. Active responding remained stable over the last five 
sessions [F(4,68) = 1.49, NS], and the difference between atomoxetine- and saline-treated 
animals was no longer observed [F(1,17) = 2.50, NS].

Figure 4.3 : Context-induced reinstatement 
Exposure to the drug-associated context increased active lever responding after extinction training 
without any effect of subchronic atomoxetine treatment (A). In contrast, following a period of absti-
nence, subchronic atomoxetine significantly reduced active lever responding during context-induced 
reinstatement (B). **P < 0.001 and #P < 0.05

Figure 4.4 : context extinction 
Active lever responding reduced over sessions in groups that received extinction training (a) or absti-
nence (b). Subchronic atomoxetine treatment did not affect context extinction after extinction training. 
Nonetheless, following abstinence, active lever responding was reduced in atomoxetine-treated animals. 
**P < 0.001 and #P < 0.05

No correlation between impulsive decision making and context-induced reinstatement
As mentioned earlier, subchronic atomoxetine had no effect on impulsive decision making, 
whereas at the same time, this treatment regimen decreased context-induced relapse. 
Additionally, atomoxetine-induced changes in the level of impulsive decision making from 
the start toward the end of atomoxetine treatment were not related to the number of active 
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responses during context-induced relapse 1 day after treatment cessation (Figure 4.5A). More 
specifically, there was neither a correlation between these behavioral measures in the entire 
group of animals [r = −0.013, NS], nor in rats that were treated with either atomoxetine or 
saline [r = 0.23, NS and r = −0.19, NS, respectively]. Nonetheless, active lever responding during 
the relapse test directly following treatment and 10 days later did correlate in all groups 
[Figure 4.5B; entire group: r = 0.81, p < 0.001; abstinence group: r = 0.85, p < 0.001; extinction group: 
r = 0.71, p = 0.001; saline group: r = 0.83, p < 0.001; atomoxetine group: r = 0.81, p < 0.001].

Figure 4.5: correlations 
Atomoxetine-induced or vehicle-induced changes in impulsive decision making after completion of 
atomoxetine treatment as indicated by the indifference point were not related to the number of active 
responses during the first context-induced reinstatement test (T1). Note that negative values on the 
x-axis indicate a reduction in impulsive decision making following treatment (A). The level of active 
lever responding during the first context-induced reinstatement test did correlate with active lever 
responding during the context-induced reinstatement test 10 days later (T10; B)

Discussion

The present study aimed to investigate whether subchronic atomoxetine treatment can reduce 
impulsive decision making and relapse propensity, and whether both behavioral readouts 
would be intercorrelated. To that end, a within-subjects design was used to compare the 
effect of atomoxetine on impulsive decision making assessed in a delayed reward paradigm 
and context-induced cocaine seeking. Current results showed that atomoxetine treatment 
during abstinence strongly reduced the sensitivity to relapse induced by cocaine-associated 
contextual stimuli, and that this effect lasted beyond 10 days after treatment cessation. 
Interestingly, the beneficial effect of atomoxetine treatment on cocaine seeking occurred 
independently of an effect on impulsive decision making.



90

Effects of subchronic atomoxetine on impulsive decision making
The current experiment showed that subchronic atomoxetine treatment had no effect on 
impulsive decision making in adult rats with a cocaine history, neither during atomoxetine 
pretreatment in the afternoon with DRT training in the morning, nor on pretreatment day 
12 when rats were injected shortly prior to DRT training. Previously, we reported that acute 
challenges with a similar dose of atomoxetine were found to decrease the preference for 
the large reward in the DRT (Broos et al., 2012b), a finding that appeared at odds with an 
earlier study demonstrating beneficial effects of atomoxetine on impulsive decision making 
(Robinson et al., 2008). Nonetheless, later studies failed to replicate either of these findings 
mentioned earlier and demonstrated null effects of acute challenges with atomoxetine on 
impulsive decision making (Baarendse and Vanderschuren, 2012; Sun et al., 2012). Thus, the 
available evidence regarding acute effects of atomoxetine on impulsive decision making 
appears rather variable and is possibly explained by e.g. pharmacokinetic differences of 
atomoxetine in the employed rat strains (Long Evans, Lister Hooded or Wistar rats) or subtle 
differences in drug history. More relevant to the current data is the observation that 14 days of 
treatment with atomoxetine did decrease impulsive decision making in rats (Sun et al., 2012). 
Yet, in that particular study, animals were pretreated with atomoxetine during adolescence, 
which resulted in a marked decrease in impulsive decision making in adulthood. These long-
lasting beneficial effects of atomoxetine may be explained by developmental changes in gene 
expression profiles of, for instance, NET in the orbitofrontal cortex (Sun et al., 2012). Another 
important factor to consider is that in the present study, rats were treated with atomoxetine 
following a prolonged period of cocaine SA. This cocaine exposure may have interacted 
with the effects of atomoxetine. Indeed, postmortem studies have demonstrated increased 
NET expression in cocaine-dependent subjects (Mash et al., 2005). In accordance with this 
observation, both prolonged cocaine SA in monkeys (Macey et al., 2003) and an acute challenge 
with cocaine in rats (Mannangatti et al., 2011) were shown to upregulate NET expression. 
Therefore, it is possible that increased norepinephrine uptake by cocaine-induced upregulation 
of NET explains the lack of effect of the employed dose of atomoxetine (1 mg/kg) on impulsive 
decision making in the current study. In that case, a higher dose of atomoxetine than 1 mg/
kg might be required in animals with a cocaine history compared with drug-naive animals. 
Clinical data support this notion, in that an open trial in cocaine-dependent subjects with 
co-morbid ADHD showed that atomoxetine did reduce ADHD symptoms in this population 
(Levin et al., 2009), whereas these beneficial effects of atomoxetine were not superior to a 
historical placebo control group in a comparable population (Levin et al., 2007).

Subchronic atomoxetine reduced relapse to cocaine seeking after abstinence
Despite its lack of effect on impulsive decision making, subchronic treatment with 
atomoxetine during abstinence strongly reduced relapse to cocaine seeking induced by the 
cocaine-associated context. Importantly, these suppressive effects of atomoxetine on relapse 
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lasted over 10 days without further treatment, thereby indicating long-lasting effects of 
atomoxetine in cocaine-exposed animals. Moreover, the reduction in active lever responding 
lasted throughout the subsequent context extinction training sessions. As the slopes of the 
context–extinction curves of the atomoxetine and saline groups were similar, this effect was 
probably not caused by a difference in extinction learning of the context. It seems more likely 
to be a continued lower sensitivity to the cocaine-associated context.

To further differentiate the effects of atomoxetine on relapse propensity from effects on 
extinction learning, we included a group receiving behavioral extinction training during 
treatment. Starting atomoxetine treatment 2 days before the onset of extinction induced no 
effect on extinction learning. Also, subchronic treatment with atomoxetine during extinction 
training did not further reduce context-induced reinstatement of cocaine seeking. The 
observation that atomoxetine treatment was not effective in animals receiving extinction 
training might be explained by the fact that a different neurobiological circuit appears to be 
involved in relapse to drug seeking after extinction versus abstinence. For instance, previous 
work showed that cue-induced relapse after abstinence, in contrast to that after operant 
extinction, seems to rely on habit-related brain areas such as the dorsal striatum and ventral 
tegmental area (Fuchs et al., 2006b).

Our results extend previous observations showing that acute treatment with atomoxetine 
reduced discrete cue-induced reinstatement (Economidou et al., 2009, 2011) and spontaneous 
recovery of cocaine seeking ( Janak et al., 2012). We now show that a more clinically relevant 
subchronic dose regimen of atomoxetine offers prolonged beneficial effects on the propensity 
to relapse. As to where in the brain atomoxetine exerts its enduring effect on cocaine seeking 
remains speculative. Atomoxetine was found to increase levels of NE and DA and expression 
of c-Fos in prefrontal, but not striatal brain areas (Bymaster et al., 2002; Koda et al., 2010; Sun 
et al., 2012). Therefore, the positive effects of atomoxetine might be induced by an increase in 
activity of the prefrontal cortex. Future studies using intracranial drug administration should 
further clarify this.

Thus far, two clinical trials on the effects of atomoxetine on cocaine addiction have been 
performed. One of these was an open-label trial including patients with co-morbid ADHD 
and cocaine dependence (Levin et al., 2009). Of the 20 patients entering the study, only five 
completed the entire 12 weeks of treatment. Nonetheless, there was a significant decrease 
in ADHD symptoms observed, but only a very mild, far from significant, decrease in cocaine 
use. The other study was a randomized, placebo-controlled, double-blind study ending up 
with 12 atomoxetine-compliant patients (Walsh et al., 2013). In this study, there was no effect 
of atomoxetine on cocaine use in these patients. More clinical research is needed to verify 
whether the positive pre-clinical observations can be translated to the clinic.
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No relation between relapse sensitivity and impulsive decision making
Subchronic atomoxetine reduced the sensitivity to relapse and to respond on the previously 
cocaine-associated operandum without affecting impulsive decision making. Although in the 
current study, group sizes were small, a correlational analysis further supported this notion and 
indicated that atomoxetine-induced changes in impulsive decision making did not correlate 
with the magnitude of context-induced relapse to cocaine seeking. These observations are 
to some extent in agreement with our previous study, in which we reported that an acute, 
transient, pharmacologically induced change in impulsive decision making was unrelated to a 
change in context-induced reinstatement (Broos et al., 2012a). Together, these results suggest 
that although enhanced vulnerability to relapse is often observed in rats with heightened 
impulsive decision making (Broos et al., 2012a; Diergaarde et al., 2008; Perry et al., 2008), these 
behavioral processes are not necessarily causally related. Nonetheless, in the present study, 
group sizes were small and therefore, it remains to be investigated whether atomoxetine 
simultaneously reduces impulsive decision making and suppresses cocaine-seeking behavior 
in high-impulsive individuals.

In favor of the interrelationship between both behavioral processes, are the findings that 
there is substantial overlap in the neuroanatomical circuits of context-induced reinstatement 
and impulsive decision making, such as fronto-striatal connectivity (Shaham et al., 2003; 
Winstanley et al., 2006), and there are shared risk factors including, for instance, genetic 
vulnerability (Kreek et al., 2005; Verdejo-García et al., 2008). Furthermore, we have previously 
demonstrated alterations in prefrontal dopamine functioning in trait high-impulsive rats 
versus low-impulsive rats (Diergaarde et al., 2008). Given the importance of prefrontal 
dopamine in modulating reinstatement of cocaine-seeking behavior (e.g. McFarland and 
Kalivas, 2001; Parsegian and See, 2014; Sun and Rebec, 2005) differential reactivity of dopamine 
functioning in corticostriatal circuits might also underlie the interrelationship between 
impulsive decision-making and drug-seeking behavior.

Whereas, the current data suggest that these processes appear functionally segregated, it is 
important to note that higher doses of atomoxetine were not tested in the present study. 
This precludes a solid conclusion about the null effects of atomoxetine on impulsive decision 
making. Regardless, recent trials with atomoxetine in ADHD patients with co-morbid 
substance use disorder further support this notion. For instance, whereas atomoxetine has been 
demonstrated to reduce ADHD symptoms and to suppress alcohol consumption and craving 
(Wilens et al., 2008, 2011), these effects did not appear to be correlated (Wilens et al., 2011). As 
mentioned earlier, similar findings have been obtained in ADHD patients with co-morbid 
cocaine dependence in whom subchronic atomoxetine ameliorated ADHD symptoms, without 
affecting cocaine consumption (Levin et al., 2009), and such observations have been recently 
extended to ADHD with co-morbid marijuana dependence (McRae-Clark et al., 2010).
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Concluding remarks

Here we demonstrated that a chronic dose regimen of 1 mg/kg of atomoxetine results in a 
profound reduction of context-induced relapse to cocaine seeking. The relapse-attenuating 
effects of atomoxetine were not accompanied by changes in impulsive decision making 
in these animals. As such, the a priori assumption that ADHD medication by improving 
impulsive decision making could reduce the propensity to relapse could not be directly 
tested and therefore our results should not be taken as evidence against the hypothesis that 
pharmacologic reduction of impulsive decision making prevents relapse to cocaine seeking in 
rats. Regardless, as subchronic treatment of atomoxetine clearly reduced relapse propensity 
in animals with a history of cocaine SA, atomoxetine seems a promising drug to endure 
abstinence and prevent relapse in cocaine-dependent patients.
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Supplementary figures

Supplementary figure 4.1: Effect of housing and surgery on impulsive decision making and omis-
sions. 
Both the preference for the large reward (A) and the percentage omissions (B) were not influenced by 
housing (paired or single) or surgery (before or after iv catheter placement).

Supplementary figure 4.2: Cocaine self-administration 
Active responding increased over the first 5 sessions (* p<0.05) and remained stable over the remaining 
10 sessions. There was no difference between treatment groups. 
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Over the weeks of cocaine self-administration, the number of omissions in the delayed reward task 
increased (A), whereas the indifference point was not affected by cocaine intake (B). * p<0.05

Supplementary figure 4.4: Effect of acute atomoxetine on impulsive decision making and omissions 
An acute challenge with 1 mg/kg atomoxetine had no effect on the preference for the large reward (A) or 
the percentage of omissions (B) in animals with a cocaine self-administration history. There was no dif-
ference across treatment groups [indifference point: F(3,34)=.528, p=.666; omissions: F(3,34)=1.015, p=.399].
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Supplementary figure 4.5: Extinction of cocaine seeking behavior 
Active lever responding decreased over sessions during extinction and subchronic atomoxetine treat-
ment (given in parallel with extinction training) did not affect extinction learning. * p<0.05
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A strong association has been demonstrated between various forms of impulsivity and 
addiction-like behavior in both humans and rats. In this study, we investigated how impulsive 
action, as measured in the 5-choice serial reaction time task (5-CSRTT), is affected during 
various stages of cocaine taking and seeking and by relapse-provoking stimuli in animals that 
were trained both in an intravenous cocaine self-administration paradigm and in the 5-CSRTT. 

Rats were concurrently trained in the 5-CSRTT and cocaine self-administration protocol and 
subsequently effects of cocaine (7.5 mg/kg) and the pharmacological stressor yohimbine (1.25 
mg/kg) were tested in both paradigms. 

Cocaine self-administration (5 h/day) transiently altered impulsive action and increased errors 
of omission in the 5-CSRTT. Pharmacological challenges with cocaine and yohimbine induced 
increments in impulsive action and reinstated cocaine seeking responses within the same 
animals. Further analyses revealed that the effects of cocaine and yohimbine on impulsive 
action did not correlate with their effects on reinstatement of cocaine seeking. 

These data suggest that although impulsive action and relapse can be pharmacologically 
modulated in the same direction within individuals, these effects appear not to be directly 
coupled. 

Abstract
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Introduction

There is broad consensus that drug dependence and impulsivity are closely related. For 
instance, clinically there is high comorbidity between Attention-Deficit/Hyperactivity 
Disorder (ADHD) and substance use disorders (van Emmerik-van Oortmerssen et al., 2012). 
Maladaptive impulsivity is a key symptom in ADHD (Moeller et al., 2001) and, moreover, 
elevated impulsivity is also frequently observed in substance dependence, including cocaine 
dependence (for reviews see Pattij and De Vries, 2013; Verdejo-García et al., 2008; de Wit, 2009). 
Additionally, preclinical animal studies have unequivocally demonstrated that impulsive rats 
are more vulnerable to several measures of addiction-like behavior (Belin et al., 2008; Broos 
et al., 2015; Dalley et al., 2007; Diergaarde et al., 2008; Jupp et al., 2013; Perry and Carroll, 2008; 
Winstanley et al., 2010).

Impulsivity is widely viewed as action without adequate forethought and consists of 
dissociable behavioral modalities (Broos et al., 2012b; Evenden, 1999b; Winstanley et al., 2004a). 
These dissociable modalities of impulsivity show distinct relationships with various phases of 
drug addiction (for reviews see Pattij and De Vries, 2013; Winstanley et al., 2010). One of these 
modalities, impulsive action, arises from deficient inhibitory response control and relates to 
an elevated risk to the escalation of compulsive cocaine intake (Belin et al., 2008; Dalley et al., 
2007). In addition, high levels of impulsive action are associated with a stronger cue-induced 
reinstatement response after punishment-induced abstinence (Economidou et al., 2009). 
Together these studies highlight that impulsivity co-exists with high risk to addictive-like 
behavior, yet do not necessarily imply that impulsivity mediates this risk. 

One important mediator of relapse in drug dependence is stress and over the last two 
decades, translational models have tremendously contributed to our understanding of the 
neural correlates of stress-induced relapse (fore recent review see Mantsch et al., 2016). A 
variety of stressors are able to reinstate drug seeking, among which the pharmacological 
stressor yohimbine (Charney et al., 1984; Shepard et al., 2004). Besides cues and stress, relapse 
to cocaine seeking can be reliably provoked by priming injections of cocaine (for review see 
Bossert et al., 2005). Interestingly, cocaine and yohimbine have also been demonstrated to 
induce an increase in impulsive action (van Gaalen et al., 2006b; Schippers et al., 2016; Sun 
et al., 2010; Torregrossa et al., 2012; Winstanley et al., 2007). Despite the fact that yohimbine 
and cocaine have similar effects on relapse propensity and impulsive action, it remains to be 
studied whether overlapping mechanisms are responsible for this, or whether independent 
mechanisms underlie these effects. 
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The present study aims to explore the interrelationship between impulsive action and cocaine 
relapse by continuous monitoring of impulsivity levels during various stages of long-access 
cocaine taking and seeking. Additionally, the acute effects of cocaine and yohimbine on 
impulsive action and reinstatement of cocaine seeking were directly compared using a within-
subject design.

Methods

Animals
Male Wistar rats (Harlan, Horst, The Netherlands), initially weighing 250-270 grams, were 
housed in standard Macrolon cages on a reversed 12-hour day/night cycle (lights on 7 PM) in a 
temperature (21 ±2oC) and humidity (50 ±10%) controlled room. Rats were housed in pairs until 
surgery, and individually afterwards. Behavioral testing was conducted during the dark phase 
of the day/night cycle. During the entire experiment rats were food restricted, and maintained 
at about 85%-90% of their free-feeding weight, by providing them with 14-18 grams of chow 
at the end of each day. Water was available ad libitum. Experiments were approved by the 
Animal Care committee of the VU University and VU University medical center, Amsterdam, 
The Netherlands.

Five choice serial reaction time task (5-CSRTT)
Detailed descriptions of apparatus and training procedures have been provided previously 
(van Gaalen et al., 2006b). In short, the final procedure of the 5-CSRTT was as follows: rats 
were placed in an operant chamber containing a food receptacle and an array of 5 rectangular 
apertures in the opposing wall. After starting the trial by a nose poke in the receptacle, they 
were required to wait for 5 s (inter-trial interval, ITI) before one of the stimulus lights within 
the apertures was illuminated for 1 s. A nose-poke response into this illuminated hole was 
rewarded with one food pellet. Every session consisted of 100 trials or lasted 30 min, whichever 
occurred first. The following behavioral measures were recorded to assess task performance: 
1) accurate choice, i.e. percentage correct responses calculated as [number correct trials/
(correct+incorrect trials)]*100 as a measure of visuospatial attention; 2) premature responses 
as a measure of impulsive action, i.e. number of responses into any of the holes during the ITI 
period and before stimulus onset; 3) number of omissions, i.e. number of omitted trials during 
a session as a measure of motivation and/or motor performance; 4) perseverative responses 
after correct choice, as a measure of inhibition related to compulsive-like response patterns; 5) 
correct response latency, i.e. the mean time between stimulus onset and a correct response as 
a measure of speed of responding and/or motor performance; 6) feeder latency, i.e. the latency 
to collect a pellet following correct choice as a measure of motivation.
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Cocaine self-sdministration
Detailed description of apparatus and training procedures has been provided previously (Broos 
et al., 2012a). Briefly, operant two-lever chambers were equipped with a red house light, a white 
noise generator and a liquid swivel connecting rats to an infusion pump (total volume of 42.52 
μl delivered over 2 s). Rats were randomly assigned to one of two different contexts. These 
contexts differed in 1) white noise (70 dB), either continuous or interval, 2) odor, either lemon-
scented or almond-scented and 3) the chamber floor, a flat PVC surface with either holes or 
straight grooves. The employed cocaine taking and seeking paradigm started with acquisition 
of cocaine (Cocaine-HCl, OPG, Utrecht, The Netherlands) self-administration under a fixed-
ratio 1 (FR1) schedule of reinforcement and occurred in daily 5h sessions in the designated 
context. To reduce the anxiogenic effects of cocaine, rats received 250 μg/kg/infusion of 
cocaine during the first 5 sessions, followed by 500 μg/kg/infusion for the remaining sessions. 
To prevent overdosing in inexperienced rats, the maximum number of rewards was set to 40 
rewards for the first 3 sessions and to 100 rewards for the next 2 sessions. After this, animals 
could earn an unlimited number of infusions. There was a non-signaled time-out of 15 s after 
every infusion. Inactive lever presses were registered, but without consequences. Subsequently, 
following acquisition, responding under a progressive ratio schedule of reinforcement was 
assessed in 4 subsequent identical 4h sessions to assess the motivation to self-administer 
cocaine. During progressive ratio responding for cocaine the response ratio requirement 
and number of active responses resulting in a cocaine infusion was progressively increased 
between infusions following the equation: response ratio=5×e(0.2×infusion number)–5, rounded to the 
nearest integer.

Extinction of cocaine self-administration was measured in two different types of 
extinction procedures. First, to test the effects of exposure to the drug-associated context 
on reinstatement of cocaine seeking, operant extinction training took place to extinguish 
responses on the active lever. This extinction procedure consisted of daily 1h sessions in a 
context different from the cocaine SA context, in which no odor was introduced, white noise 
was absent and there was a grid floor. During operant extinction training all responses were 
registered, but without programmed consequences. Following operant extinction, a context-
induced reinstatement test was conducted by exposing animals to the cocaine-associated 
context to determine whether this would elicit drug-seeking responses. Subsequently, a 
second extinction procedure was followed by subjecting the animals to context-extinction 
to allow assessment of the effects of cocaine and yohimbine on reinstatement of drug-seeking 
responses. During context extinction sessions which lasted 1 h, the cocaine-associated context 
was re-introduced into the operant chamber (white noise, odor and PVC-floor). All responses 
were registered, but without consequences. Following context-extinction, a cocaine-induced 
reinstatement test was performed under context extinction conditions, that lasted 30 min. 
During this reinstatement test, 20 min prior to testing all rats received intraperitoneal 
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injections of saline (1 ml/kg bodyweight) on the first test day and cocaine (7.5 mg/kg) on 
the following test day. Subsequently, five additional context extinction sessions were given 
followed by a stress-induced reinstatement test using yohimbine as a pharmacological stressor. 
For this, rats received an acute challenge with the α2-adrenoceptor antagonist yohimbine (1.25 
mg/kg, intraperitoneal, 1 ml/kg bodyweight; Sigma, St Louis, Missouri) 45 min prior to the 
reinstatement test. Rats received sterile water (1 ml/kg bodyweight) on the first test day and 
yohimbine on the following test day. 

Design
The current experiment was designed to explore whether the co-occurrence between 
impulsive action and relapse to cocaine seeking is due to interrelated phenomena. To that 
end, we compared direct manipulations of impulsive action with direct manipulations of 
reinstatement to drug-seeking in the same animals using a within-subject design (Figure 5.1). 
A cohort of 32 rats was trained in the 5-CSRTT and upon stable baseline performance equipped 
with jugular catheters. Upon re-establishment of stable 5-CSRTT performance, all rats were 
trained in the afternoon to self-administer cocaine under long-access (5hrs) conditions. The 
following behavioral stages of cocaine taking and cocaine seeking were studied: 1) cocaine 
self-administration on FR1 schedule (16 sessions); 2) progressive ratio responding (4 sessions); 
3) operant extinction (17 sessions); 4) context-induced reinstatement; 5) context extinction 
(14 sessions) and 6) cocaine- and yohimbine-induced reinstatement. Subsequently, one week 
following these tests the effects of acute cocaine and yohimbine challenges on on 5-CSRTT 
performance (including impulsive action) were tested. First, acute effects of cocaine/ saline 
were tested and a week later acute effects of yohimbine/water were tested. In the 5-CSRTT the 
drugs and their respective vehicles were tested in counterbalanced fashion within individuals 
across both testing days which were Tuesdays and Thursdays with baseline training sessions 
on other weekdays. Dosing and timing of injections were identical to the reinstatement tests. 
During the entire cocaine SA paradigm, rats were trained in the 5-CSRTT every morning on 
weekdays and the presented data of concurrent 5-CSRTT sessions show the performance 
averaged per week similar to previous work (Winstanley et al., 2009). Due to the loss of catheter 
patency in the course of the experiments n=9 animals were excluded leaving n=23 animals in 
all analyses unless stated otherwise.

Statistical analyses
Data were analyzed using repeated measures analysis of variance (ANOVA) and in case of the 
pharmacological challenges a two-way repeated measures ANOVA with dose (vehicle or dose) 
and drug (cocaine or yohimbine) as within-subjects variable. For ANOVAs the homogeneity 
of variance was determined using Mauchly’s tests for equal variances and in case of violation 
of homogeneity, Huynh-Feldt epsilon (ε) adjusted degrees of freedom and resulting more 
conservative probability values were depicted and used for subsequent analyses. For SA data, 
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sessions and lever (active vs inactive) served as within-subjects variables and the number of 
active and inactive responses were dependent variables. For the 5-CSRTT data, dependent 
variables were number of premature responses, accuracy, number of omissions, perseverative 
responses and correct response and feeder latencies. Pearson’s correlation analyses were used 
to test whether reactivity to cocaine and yohimbine compared to their respective vehicle in the 
5-CSRTT and reinstatement paradigms were related. Data were analyzed using the Statistical 
Package for the Social Sciences version 20.0 (SPSS, Chicago, IL, USA) and the significance 
level was set at p<0.05. 

5-CSRTT training: 56d

SA, FR1, 5h: 16d

progressive ratio: 4d

FR1: 2d

Extinction: 17d

context reinstatement

D
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 5

-C
SR
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ng

Context extinction: 14d

Cocaine reinstatement

Yohimbine reinstatement

5-CSRTT 
cocaine/yohimbine

Context extinction: 5d

Figure 5.1 : Schematic diagram depicting the design and order of the experiments.

Results

Cocaine self-administration paradigm
All rats readily acquired cocaine self-administration over the course of 16 sessions by 
increments in active lever responding to the level of approximately 80 cocaine infusions per 
session, whereas responding on the inactive lever did not significantly change [Figure 5.2A; 
active responses: F(15,330)=29.95, p<0.001, ε=0.36; inactive responses: F(15,330)=1.96, ε=0.50, NS]. 
Following this, responding for cocaine under a progressive ratio schedule of reinforcement 
increased levels of active responding and not inactive responding over the different ratios 
during 4 subsequent days [Figure 5.2B; active responses: F(3,66)=3.92, ε=0.54, p=0.037; inactive 
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responses: F(3,66)=1.17, ε=0.68, NS]. After progressive ratio responding animals were subjected 
to two additional FR1 sessions (data not shown), and thereafter during 17 subsequent sessions, 
operant responding for cocaine was extinguished in a neutral context and all rats rapidly 
decreased responding on both the active lever and inactive lever [Figure 5.2C; active responses: 
F(16,352)=13.90, ε=0.20, p<0.001; inactive responses: F(16,352)=4.03, ε=0.50, p<0.001] in the absence 
of cocaine. Exposure of the rats to the cocaine-associated context reinstated responding on 
the active lever that subsequently decreased over 14 sessions of context extinction training to 
the cocaine-associated context [Figure 5.2D; active responses: F(13,286)=11.49, ε=0.42, p<0.001; 
inactive responses: F(16,352)=4.03, ε=0.50, p<0.001].

Figure 5.2 : Measures of cocaine taking and seeking behavior in all included n=23 animals. 
(A) number of cocaine infusions/responses during cocaine self-administration under an FR1 schedule 
of reinforcement; (B) number of responses under progressive ratio responding for cocaine; (C) number 
of responses during operant extinction of cocaine seeking; (D) number of responses during context 
extinction of cocaine seeking in the cocaine-associated context. ** P<0.001 active responses over ses-
sions, ## p<0.001 inactive responses over sessions
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Figure 5.3 : Concurrent training in the 5-CSRTT during cocaine taking and seeking behavior.
Impulsive action (A) and the number of perseverative responses (B) decreased during cocaine self-ad-
ministration and increased during operant extinction training. Visuospatial attention is not affected 
during cocaine self-administration and extinction learning (C), whereas both omissions (D) and 
response latencies (E) increase during cocaine self-administration and decrease during operant extinc-
tion training. Feeder latencies (F) are not affected during cocaine self-administration and extinction 
training. P1 and P2 indicate baseline performance levels prior to intravenous catheter surgery (P1) and 
before cocaine self-administration (P2), respectively. SA + PR indicate self-administration (SA, during 
all sessions in week 1-3) and progressive ratio responding (PR, based on 4 PR sessions during week 4). 
*p<0.05.
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5-CSRTT performance during the cocaine self-administration paradigm
Concurrent training in the 5-CSRTT during cocaine SA revealed that during acquisition 
and progressive ratio responding for cocaine rats became less impulsive in the last two 
weeks of self-administration compared to the first week [Figure 5.3A; F(3,66)=3.53, ε=0.80, 
p=0.029]. In contrast, over the course of operant extinction learning premature responses 
significantly increased during week 4 compared to the other three weeks of the operant 
extinction procedure [F(3,66)=3.89, ε=0.72, p=0.025], whereas during context extinction 
premature responding did not change [F(2,44)=1.70, NS]. Likewise, perseverative responding 
after correct choice also significantly decreased during week 3 of cocaine SA compared to 
the first week [Figure 5.3B; F(3,66)=3.1, ε=0.73, p=0.048] and increased during week 3 and 
week 4 of operant extinction learning compared to week 1 [F(3,66)=5.84, ε=0.76, p=0.004], 
yet did not change over the course of context extinction [F(2,44)=3.27, ε=0.77, NS]. Levels of 
accurate choice were neither affected during acquisition and PR responding for cocaine SA 
[Figure 5.3C; [F(3,66)=1.53, ε=0.59, NS], nor during operant extinction learning [F(3,60)=0.94, 
ε=0.42, NS] and context extinction learning [F(2,42)=1.10, NS]. Importantly, n=2 animals 
consistently omitted all trials within a 5-CSRTT session over the entire operant extinction 
learning period. Of these n=2 animals, one animal maintained omitting all trials over the 
context extinction period. The number of omitted trials, significantly increased during week 
2 and week 3 compared to week 1 of cocaine SA and progressive ratio responding [Figure 
5.3D; F(3,66)=5.08, ε=0.82, p=0.006], whereas during operant extinction learning the number 
of omissions significantly decreased over weeks [F(3,66)=12.62, ε=0.46, p<0.001], which 
remained stable over context extinction learning [F(2,44)=0.93, NS]. Response latencies were 
shortened in week 4 compared to week 2 and week 3 during cocaine SA and progressive 
ratio responding [Figure 5.3E; F(3,66)=4.92, ε=0.80, p=0.008], and also during weeks 3 and 
4 of operant extinction learning response latencies were shortened compared to the first 
week of extinction [F(3,60)=3.18, ε=0.71, p=0.049] and were lengthened during the final 
week of context extinction compared to the first week [F(2,42)=3.78, p=0.031]. Finally, feeder 
latencies were neither altered during cocaine SA and progressive ratio responding [Figure 
5.3F; F(3,60)=2.33, ε=0.38, NS], nor during operant extinction learning [F(3,60)=2.96, ε=0.37, 
NS] and context extinction learning [F(2,44)=0.37, ε=0.69, NS].

Cocaine and yohimbine effects on reinstatement to cocaine seeking and 5-CSRTT 
performance
Following the context-induced reinstatement test and extinction of the cocaine-associated 
context, acute effects of 7.5 mg/kg cocaine and 1.25 mg/kg yohimbine were tested on 
reinstatement of cocaine seeking. During these tests, both cocaine as well as yohimbine 
strongly increased the number of active lever responses [Figure 5.4A; dose: F(1,22)=20.85, 
p<0.001; drug: F(1,22)=3.84, NS; drug x dose: F(1,22)=2.37, NS]. In addition, the number of inactive 
responses during reinstatement were also increased by cocaine from 1.9 (±0.5) to 4.3 (±1.6) 
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responses and by yohimbine from 2.1 (±0.7) to 8.0 (±2.5) responses [data not shown; dose: 
F(1,22)=12.21, p=0.002; drug: F(1,22)=1.23, NS; drug x dose: F(1,22)=1.42, NS].

Following reinstatement tests, in the 5-CSRTT acute challenges with 7.5 mg/kg cocaine and 
1.25 mg/kg yohimbine both strongly increased the number of premature responses compared 
to their respective vehicles with higher response rates in the cocaine experiments [Figure 5.4B; 
dose: F(1,22)=28.43, p<0.001; drug: F(1,22)=9.41, p=0.006; drug x dose: F(1,22)=1.42, NS]. Whereas 
cocaine increased the number of omissions, this measure was not affected by yohimbine [Figure 
5.4C; dose: F(1,22)=3.71, NS; drug: F(1,22)=4.08, NS; drug x dose: F(1,22)=6.14, p=0.021]. Levels of 
accurate choice were reduced by both cocaine and yohimbine [Figure 5.4D; dose: F(1,22)=6.93, 
p=0.015; drug: F(1,22)=2.92, NS; drug x dose: F(1,22)=0.29, NS]. Lastly, although the effect size 
was small, response latencies were reduced from 0.61 (±0.03) sec to 0.56 (±0.04) sec by cocaine 
and from 0.60 (±0.03) to 0.59 (±0.03) sec by yohimbine [data not shown; dose: F(1,22)=4.49, 
p=0.046; drug: F(1,22)=0.31, NS; drug x dose: F(1,22)=1.98, NS]. Other measures reflecting task 
performance in the 5-CSRTT, namely perseverative responses and feeder latencies, were not 
altered by cocaine or yohimbine [data not shown; all F’s<1.13, NS].

Figure 5.4: Acute effects of cocaine and yohimbine on reinstatement to cocaine seeking and on 
5-CSRTT performance. 
Both cocaine (coc, 7.5 mg/kg) and yohimbine (yoh, 1.25 mg/kg) induced reinstatement of cocaine seeking 
(A) and increased impulsive action in the 5-CSRTT (B). In contrast, only cocaine increased the number of 
omissions in the 5-CSRTT (C), whereas only yohimbine reduced visuospatial attention in the 5-CSRTT 
(D). *p<0.05, and **p<0.005 compared to respective vehicle.

Correlation analyses of the reactivity to cocaine and yohimbine in the 5-CSRTT and cocaine 
reinstatement
All correlations between the effects of cocaine and yohimbine on the behavioral measures in 
the 5-CSRTT and reinstatement of cocaine seeking are depicted in Table 5.1. Whereas cocaine 
increased both the number of premature responses in the 5-CSRTT and active responses during 
the reinstatement test, these effects were not correlated within individuals [Table 5.1, Figure 
5.5A; r=-0.046, NS]. However, the reductions in accurate choice induced by cocaine correlated 
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with its effects on active cocaine seeking responses in the reinstatement test [r=-0.46, p=0.028]. 
Also, the increase in the number of omissions in the 5-CSRTT correlated with active cocaine 
seeking responses during reinstatement [r=0.62, p=0.002]. Moreover, the effects of cocaine on 
speeding reaction times correlated with active responding in the reinstatement test [R=-0.48, 
p=0.021]. Similar to cocaine, yohimbine-induced premature responding in the 5-CSRTT did 
neither correlate with its effects on reinstatement of cocaine seeking [Table 5.1, Figure 5.5B; 
r=0.058, NS], nor did any of the other 5-CSRTT parameters. 

Table 5.1 : correlations

 Δcocaine ΔYohimbine

active inactive active inactive

ΔPremature responses −0.046 −0.13 0.058 0.22

ΔPerseverative responses −0.22 0.38 −0.048 −0.12

ΔAccurate choice −0.46* −0.052 −0.070 −0.10

ΔOmissions 0.62* 0.034 0.13 0.34

ΔCorrect latency −0.48* 0.040 −0.11 0.098

ΔFeeder latency −0.21 0.10 0.20 0.35

Correlation between cocaine- and yohimbine-induced behavioral effects compared to their respective 
vehicle on 5-CSRTT performance and reinstatement of cocaine seeking. Indicated are R values, *p < 0.05

Figure 5.5 : Correlation between reactivity to cocaine and yohimbine compared to their respective 
vehicle on impulsive action in the 5-CSRTT and reinstatement to cocaine seeking. 
There was no correlation between the effects of both cocaine (A) and yohimbine (B) on the number of 
premature responses in the 5-CSRTT and the number of active cocaine-seeking responses. 
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Discussion

The present data show that daily intake of cocaine transiently alters impulsive action and 
measures of attention in the 5-CSRTT. Furthermore, acute challenges with both cocaine and 
the pharmacological stressor yohimbine were found to enhance impulsive action as well as 
relapse to cocaine seeking, yet these effects showed no individual correlations.

During the course of the entire cocaine SA protocol, rats were concurrently trained in the 
5-CSRTT, thereby allowing the assessment of shifts in baseline impulsive action and attentional 
functioning. Importantly, 5-CSRTT training took place in the mornings about one hour prior 
to cocaine SA training and thus impulsive action was measured under drug free conditions. 

In the present study, long 5h access to cocaine induced a transient change in impulsive action 
with a decrement in the number of premature responses over the weeks of cocaine self-
administration. Vice versa, during extinction training premature responding increased, yet 
only during the last week of extinction training. As such, the current findings extend previous 
observations. In this respect, Winstanley and co-workers showed that rats developed a rapid 
tolerance to the cocaine-induced enhancing effects on premature responding in the 5-CSRTT, 
whereas withdrawal from cocaine SA resulted in a rapid increase in premature responding 
(Winstanley et al., 2009). In contrast, no alterations of premature responding were reported 
earlier during periods of withdrawal in between periods of chronic cocaine self-administration 
(Dalley et al., 2005a). An explanation for these discrepancies might lie in the amount of daily 
cocaine intake. In the study by Dalley and co-workers, cocaine intake was the highest (8h 
sessions, 0.25 mg/infusion), compared to 2h sessions and 0.5 mg/kg/infusion in the study 
of Winstanley et al. (2009). Our study, with 5 h sessions and 0.5 mg/kg/infusion would lead 
to a daily cocaine intake somewhere in between. This would explain the rapid (Winstanley), 
delayed (present study) and absence of increase in premature responding in the task (Dalley; 
not detectable during the 7-day withdrawal test phase).

In the current study, some measures in the 5-CSRTT, reflecting attentional performance and 
motivation (omissions and latencies, but not accurate choice) showed a clear deterioration 
over the weeks of cocaine SA which recovered to baseline performance during the extinction 
period. The previous observations that 2h cocaine access only mildly affected omission rate 
(Winstanley et al., 2009), whereas abstinence from longer (5h and 8h) access to cocaine 
more severely increased omission rates (Dalley et al., 2005a) may again indicate that cocaine 
exposure transiently deteriorates behavioral performance depending on the intake levels of 
cocaine, which is restored following abstinence.
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We found that within the same individuals, acute injections of both cocaine and yohimbine 
induced an increase in impulsive action as well as an increase in cocaine-seeking responses 
in the reinstatement tests. However, these drug effects on both behaviors did not correlate 
with each other within individuals. Thus, although cocaine and yohimbine both induced 
an increase in impulsive action and drug-seeking behavior, the lack of correlation suggests 
that the pharmacological effects of stress and a cocaine prime on relapse to cocaine seeking 
appear not mediated via alterations in ‘state’ impulsive action. Although we did not study 
the underlying neural mechanisms of cocaine and yohimbine, the current data indicate 
a different mechanism of action of both cocaine and yohimbine in impulsive action and 
relapse to cocaine seeking. This notion is supported by previous work. For example, it has 
been shown that the effects of yohimbine on impulsive action in the 5-CSRTT are primarily 
mediated via the orbitofrontal cortex and not medial prefrontal cortex or nucleus accumbens 
(Sun et al., 2010). In contrast, the medial prefrontal cortex and nucleus accumbens do play 
an important role in stress-induced reinstatement to drug-seeking behavior (for review see 
Shaham et al., 2003). In addition, both cocaine-induced increments in impulsive action as 
well as cocaine-primed reinstatement of drug-seeking can be attenuated by a serotonin 2A 
antagonist suggesting a common mechanism for this receptor subtype, yet blocking serotonin 
2C receptors differentially affected these behavioral processes (Fletcher et al., 2002, 2011). 
Together, such observations question the viability of ameliorating relapse vulnerability via 
a reduction of impulsive action and these data extend our previous work on the relationship 
between impulsive decision making, a different modality of impulsivity, and cocaine seeking 
(Broos et al., 2012a). In that study, both impulsive decision making (delayed reward task) and 
relapse propensity (context-induced relapse) were manipulated with the clinically-relevant 
drug methylphenidate and the dopamine D1 receptor antagonist SCH-23390. Similar to the 
current observations, we also found no correlation between the changes in impulsive decision 
making and relapse propensity (Broos et al., 2012a). Thus, whereas acute pharmacological 
challenges modulate both impulsive action and impulsive decision making as well as relapse 
propensity, the current preclinical evidence suggest that these effects are not correlated within 
individuals.  

These preclinical data are in line with the observed high comorbidity of ADHD and drug 
dependence in humans, yet unclear role of ADHD (and its symptomatology) in the aetiology of 
drug dependence (Lynskey and Hall, 2001). Moreover, medication improving ADHD symptoms 
such as, for instance, methylphenidate does not concurrently attenuate drug craving or relapse 
to cocaine consumption (fore review see Pattij and De Vries, 2013; Schubiner et al., 2002). 
This might implicate that rehabilitation programs aimed at acute, short term, reduction of 
impulsivity will not suffice to maintain treatment retention. 
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In conclusion, the current observations demonstrate that a history of cocaine consumption 
alters impulsive action and measures of attention. Importantly, drug-induced increments in 
state impulsive action appear not to be associated with increments in relapse propensity 
within the same individuals. Collectively, this may imply that the treatment potential of 
promoting abstinence via reducing state impulsivity is not straightforward and warrants 
further investigation. 





CHAPTER 6
General Discussion
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In this last chapter of my thesis, I will summarize the results and combine them into a general 
framework. In addition, clinical implications and ideas for future research will be presented.

Dissociation between impulsive action 
and impulsive decision making

As described in chapter 2, impulsivity is a key feature of various psychiatric disorders, including 
substance use disorder, attention deficit hyperactivity disorder (ADHD), conduct disorder, 
bipolar disorder, pathological gambling and personality disorders. Therefore, successful 
interventions to alleviate impulsivity should be incorporated into the treatment programs of 
these disorders (Moeller et al., 2001). Impulsivity is dissociable into separate aspects reflecting 
separate underlying cognitive, emotional and neural processes (chapter 2; Evenden, 1999). As 
such, it is possible that (pharmacological) treatments improve impulsive behavior on one 
aspect, while they worsen impulsive behavior on another aspect (for reviews see Dalley and 
Roiser, 2012; Jupp et al., 2013; Mitchell and Potenza, 2014; Pattij and Vanderschuren, 2008) and 
it may be crucial to define which aspect of impulsivity plays a role in (which aspect) of the 
psychiatric disorder. For example, patients with ADHD (Solanto et al., 2001) or obsessive-
compulsive disorder (Sohn et al., 2014) show increased impulsive behavior on the SSRTT as 
well as the DRT. However, within individuals there is no correlation between these measures of 
impulsive action and impulsive decision making (Sohn et al., 2014) and these two measures are 
associated with different characteristics of ADHD (Solanto et al., 2001). Additionally, patients 
with an antisocial personality disorder show high levels of impulsive action (immediate 
memory task), but not of impulsive decision making (DRT) (Swann et al., 2009). 

In addition to the categorization based on neurocognitive tasks, a dissociation between 
behavioral measures and self-report measures of impulsivity has been observed (chapter 2; 
Mitchell, 1999; Reynolds et al., 2006). Part of this differentiation can be explained by procedural 
and task differences. Self-reported impulsivity measures mainly question common everyday 
situations, which the participant experiences on an average day in an average week. Therefore, 
self-report measures are generally very stable over time and especially suitable to determine 
trait impulsivity. On the other hand, behavioral tasks measure the current status of actual 
behavior, which is easily affected by the emotional and cognitive state of the subject. As 
such, behavioral tasks are more variable over time and especially suitable to determine state 
impulsivity. In addition, self-report measures often incorporate social situations and require 
accurate self-perception relative to other individuals. This self-perception might not always 
reflect actual behavior. On the other hand, behavioral tasks are objective and relatively 
insensitive to biased self-perception (Reynolds et al., 2006). 
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In line with this behavioral distinction in impulsivity, there is great deal of evidence showing 
at least a partial distinction in neurobiology of impulsive behavior. In my experiments (chapter 
2), I found no correlation between the behavioral responsivity to pharmacological challenges 
with amphetamine and ATO on impulsive action and impulsive decision making. These 
results, obtained in a within-subjects design, are in line with previous results (obtained in 
separate experiments) showing partly dissociable neurobiology of impulsive decision making 
and impulsive action (for reviews see Bari and Robbins, 2013; Jupp et al., 2013; Pattij and 
Vanderschuren, 2008; Winstanley et al., 2006). 

The hippocampus, for instance, appears to play a dissociable role in different forms of 
impulsivity which might be related to the cognitive load required in the different behavioral 
tasks of impulsivity. Performing the 5-CSRTT requires little reasoning, but mainly an inhibition 
of action. On the other hand, the DRT requires the ability of proper reasoning, since the 
subject has to discriminate between small and big rewards, to remember which response 
unit is coupled to which reward and to be flexible in choosing the big reward with small 
delays and the small reward with long delays. Nonetheless, both tasks require interest in the 
desirable reward, which can be seen as an emotional component of the task (Evenden, 1999; 
Winstanley et al., 2006). Within the hippocampus, the dorsal hippocampus appears mainly 
involved in cognitive functions, whereas the ventral hippocampus appears merely involved 
in emotional functions (Fanselow and Dong, 2010; Moser and Moser, 1998). Lesioning of the 
ventral hippocampus induces impulsive action, while lesioning of the dorsal hippocampus has 
no effect in this task (Abela et al., 2013). On the other hand, lesioning of both the ventral and 
the dorsal hippocampus causes an increase in impulsive decision making (McHugh et al., 2008).

Robinson et al (2009) were the first to differentiate between waiting and stopping impulsivity. 
In these categories, waiting impulsivity includes both premature responses in the 5-CSRTT and 
impulsive decision making (DRT). Indeed, both the 5-CSRTT and the DRT require the capacity 
to wait for a reward. Nonetheless, in the 5-CSRTT the subject has to wait before responding, 
while the reward is obtained immediately. In contrast, in the DRT the subject can respond 
immediately, but has to wait for the reward. Thus, there is a difference in awaiting the right 
time to respond (impulsive action) or awaiting a valued reward (impulsive decision making). 
Additionally, only the DRT incorporates a difference in reward magnitude and (subjective) 
reward value. There is evidence that these different processes are mediated by separate 
neurobiological substrates. Fluctuations in the delay of a reward (with constant magnitude) 
induce enhanced expression of Fos in both the NACc and the OFC, whereas fluctuations in 
the magnitude of the reward induce enhanced Fos expression in the NACc, but not the OFC 
(da Costa Araújo et al., 2010). As described in chapter 1, the OFC plays a key role in the DRT 
(Kheramin et al., 2002; Mobini et al., 2002; Rudebeck et al., 2006; Winstanley et al., 2004), but 
not in the 5-CSRTT (Chudasama et al., 2003), whereas the NACc plays an important role in 
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both impulsivity paradigms (Caprioli et al., 2014; Donnelly et al., 2014; Pothuizen et al., 2005; 
Tan et al., 2015). Altogether it seems that impulsive action and impulsive decision making are 
dissociable but related behaviors. Therefore, in order to describe the relationship between 
impulsivity and cocaine dependence, or other psychiatric disorders, it is of importance to take 
into account the different forms of impulsivity.

Impulsivity in cocaine dependence 

A few important observations boosted interest in impulsivity as a potential treatment target to 
reduce the risk of relapse. At first, impulsive behavior and cocaine dependence often co-occur 
(e.g. Perry and Carroll, 2008; de Wit, 2009). Secondly, some of the key characteristics of addiction 
(American Psychiatric Association, 2013) closely resemble the definitions of impulsive behavior 
(Evenden, 1999). For example, taking drugs more and longer than intended resembles inhibition 
problems and taking drugs despite knowledge of the harmful consequences resembles 
problems in evaluation of the acute and long-term consequences. Thirdly, although there are 
no effective pharmacological agents to reduce the risk of relapse to cocaine dependence (van 
den Brink, 2012), there are effective, registered, drugs that alleviate impulsive behavior, such 
as stimulants, methylphenidate and atomoxetine (Heal et al., 2012). 

Impulsive action and cocaine taking
In general, impulsive action seems more related to (compulsive) cocaine taking than to cocaine 
seeking during abstinence. Compared to healthy controls, cocaine dependent patients show 
increased levels of impulsive action (e.g. Fillmore and Rush, 2002; Li et al., 2006; Verdejo-
García et al., 2007). The current medical diagnosis of substance use disorder, based on the 
DSM V, includes drug tolerance, physical withdrawal and uncontrolled drug taking. This 
uncontrolled drug taking expresses itself as taking more and longer than intended, spending 
too much time on drug seeking and taking, a loss of occupation and social contacts and drug 
taking despite knowledge of the harmful consequences (American Psychiatric Association, 
2013). This uncontrolled or compulsive drug taking was nicely modelled by Deroche-Gamonet 
and colleagues (2004) in a preclinical rat model. They identified rats meeting 3 criteria of 
compulsive drug consumption: In a rat self-administration model, the inability to control drug-
seeking was measured by the responses on the cocaine-associated lever in drug free periods, 
the motivation to take drugs was measured with a progressive ratio schedule of reinforcement 
and the insensitivity to negative consequences was measured with a combination of drug and 
punishment as reinforcement (Deroche-Gamonet et al., 2004). Interestingly, other studies in 
rats determined that pre-existing levels of impulsive action have no effect on the intake of 
cocaine under a fixed ratio 1 schedule (Caprioli et al., 2013). However, rats meeting all three 
criteria are more impulsive (measured with 5-CSRTT) than rats meeting less criteria (Belin 
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et al., 2008). Finally, highly impulsive rats show stronger escalation of cocaine intake during 
long-access self-administration sessions (Dalley et al., 2007a). Increased sensitivity to reinstate 
cocaine-seeking under punishment conditions (Economidou et al., 2009), measures that are 
thought to reflect aspects of compulsive behavior. 

Cocaine intake transiently alters impulsive action during cocaine taking and early abstinence 
and this alteration recovers or even drops below baseline levels within a week of abstinence 
(chapter 5; Caprioli et al., 2013; Dalley et al., 2005; Winstanley et al., 2009). Interestingly, in 
cocaine dependent patients, the level of impulsive action determined at the start of treatment 
was not predictive of treatment outcome (Carroll et al., 2011; Schmitz et al., 2009). Based on 
chapter 5 and above mentioned studies, I conclude that a) impulsive action is a transient 
consequence of cocaine consumption and b) pre-existing levels may increase the risk to 
transition to compulsive use.

Impulsive decision making and cocaine seeking
In general, impulsive decision making seems more related to cocaine seeking during abstinence 
than to cocaine taking. Cocaine dependent patients display relatively high levels of impulsive 
decision making (Coffey et al., 2003; Kirby and Petry, 2004; Moeller et al., 2002; Monterosso et al., 
2001), yet the level of impulsive decision making does not differ between current cocaine users 
and patients that are abstinent for one month (Heil et al., 2006). Additionally, although several 
cognitive deficits observed in cocaine users deteriorate by increasing cocaine consumption and 
improve by reducing consumption, this is not the case for impulsive decision making (Hulka et 
al., 2015; Vonmoos et al., 2014). These results seem to indicate that impulsive decision making is 
a pre-existing vulnerability factor, which is not affected by cocaine consumption. However, it is 
also possible that cocaine consumption has long lasting effects on impulsive decision making 
that do not recover with abstinence. My experiments described in chapter 3 suggest the former 
explanation: Elevated impulsive decision making is a very stable trait which predated the 
intake of cocaine. Only very large amounts of cocaine induced an elevation of impulsivity, but 
this recovered within 3 weeks of abstinence. These pre-existing levels of impulsive decision 
making did not predict cocaine consumption (chapter 3), but predicted cocaine seeking during 
abstinence and the propensity to relapse (chapter 3; Perry et al., 2008a). In concordance with 
these results, in humans, impulsive decision making during puberty does not predict drug 
dependence during adolescence (Isen et al., 2014). However, the level of impulsive decision 
making at the start of a cocaine abstinence treatment program does predict the chance to 
relapse to cocaine taking (Black and Rosen, 2011; Stevens et al., 2015; Washio et al., 2011). 

Impulsive decision making is also associated with certain aspects of drug consumption. I 
showed in chapter 3 that there is no difference between high and low impulsive animals on 
cocaine consumption. However, impulsive decision making might determine the speed of 
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learning to self-administer cocaine (Perry et al., 2008a). In this thesis I limited the number of 
rewards in the first 5 sessions to prevent overdosing in inexperienced rats (chapter 3, 4, 5). Since 
the majority of animals in these experiments, both high and low impulsive rats, reached this 
limit it was not possible to observe a learning effect during self-administration. This difference 
in speed of acquisition of drug self-administration (Perry et al., 2008a) is also observed in 
human smokers: the level of impulsive decision making in drug naïve adolescents predicts 
the progression of smoking frequency (Audrain-McGovern et al., 2009). Based on chapter 3 
and above mentioned studies, I conclude that the self-administration of cocaine hardly affects 
impulsive decision making. making, but that pre-existing levels of impulsive decision making 
predict the risk to relapse. 

Impulsive behavior and other classes of drugs of abuse
Alterations in impulsive behavior are associated with the use of several drugs of abuse. To 
start with impulsive action, metamphetamine dependent (Monterosso et al., 2005), alcohol 
dependent (Bjork et al., 2004; Kamarajan et al., 2005) and ecstasy dependent (Quednow et al., 
2007), but not heroin dependent (Verdejo-García et al., 2007) or cannabis dependent (Quednow 
et al., 2007) patients show increased levels of impulsive action. Moreover, in rodents, impulsive 
action is predictive of volational nicotine (Diergaarde et al., 2008) and alcohol (Radwanska and 
Kaczmarek, 2012) self-administration. Also in rodents, MDMA and methamphetamine intake 
induced transient changes in impulsive action as well as attention in the 5-CSRTT (Bird and 
Schenk, 2013; Dalley et al., 2007b). Interestingly, similar to cocaine (Carroll et al., 2011; Schmitz 
et al., 2009) also with respect to heroin and nicotine, impulsive action does not relate to 
treatment retention and abstinence. To be precise, three month abstinent and non-abstinent 
heroin addicts show equal levels of impulsive action at the start of abstinence (Passetti et al., 
2008, 2011). In addition, impulsive action at the start of abstinence does not predict relapse 
to nicotine seeking within a month (Sheffer et al., 2012). However, patients who remained 
abstinent for four weeks have lower levels of impulsive action a few days before smoking 
cessation (Krishnan-Sarin et al., 2007). In line with these clinical results, rodent experiments 
also suggest that impulsive action does not predict nicotine extinction or cue-induced 
reinstatement (Diergaarde et al., 2008). Nonetheless, impulsive action co-occurs with alcohol 
induced relapse to alcohol seeking. However, in contrast to most reinstatement procedures in 
rodents, these mice did receive alcohol during this relapse test (Radwanska and Kaczmarek, 
2012). This seems to confirm that impulsive action does not relate to the vulnerability to 
relapse, but rather with actual relapse once drug taking is resumed.

Related to impulsive decision making, across different drug classes including metamphetamine 
dependent (Hoffman et al., 2006), nicotine dependent (Bickel et al., 1999), alcohol dependent 
(Vuchinich and Simpson, 1998) and heroin dependent (Kirby and Petry, 2004) subjects show 
increased levels of impulsive decision making. Interestingly, performance on the delayed 
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reward task (impulsive decision making) also strongly predicts success in smoking cessation 
(Dallery and Raiff, 2007; Krishnan-Sarin et al., 2007; MacKillop and Kahler, 2009; Mueller et 
al., 2009; Sheffer et al., 2012; Yoon et al., 2007) as well as succesful abstinence from heroin use 
(Passetti et al., 2011). Furthermore, in marijuana dependent patients, impulsive decision making 
does predict abstinence duration in adolescents (Stanger et al., 2012), but not in adults (Peters 
et al., 2013). In this regard, it is of relevance that preclinical observations in rodents also suggest 
that impulsive decision making might be a vulnerability factor for drug relapse. For instance, 
it has been reported that pre-existing levels of impulsive decision making predict nicotine 
extinction learning and cue-induced reinstatement of nicotine seeking in rats (Diergaarde 
et al., 2008). In contrast, impulsive decision making does not predict self-administration 
of nicotine (Diergaarde et al., 2008) or heroin (Schippers et al., 2012) and the acquisition of 
methylphenidate self-administration (Marusich and Bardo, 2009). 

In chapter 3, I showed that large amounts of cocaine consumption can induce transient 
elevations of impulsive decision making. In line with this, sub-chronic injections of high, 
doses of amphetamine (4 mg/kg) increase impulsive decision making (Richards et al., 1999). 
Additionally, long access to amphetamine self-administration, in comparison to short access, 
induce a transient increase in impulsive decision making (Gipson and Bardo, 2009). Taken 
together, most studies indicate that the level of impulsive decision making is predictive of 
drug seeking responses and abstinence, whereas the level of impulsive action primarily relates 
to drug consumption and not to drug seeking responses or abstinence.

Treating cocaine dependence

Promoting abstinence and preventing relapse is extremely important in the search for 
successful treatment strategies for drug dependence. Here, I will discuss whether targeting 
impulsivity can help to reduce the risk to relapse. 

Alterations in impulsive decision making and relapse to cocaine seeking are unrelated
In chapter 3 and 4, I used a within-subjects design to determine whether identical manipulations 
of impulsive decision making and cocaine relapse would correlate. At first, I used a non-
pharmacological challenge to test whether contextual cues known to reinstate cocaine seeking 
(Crombag et al., 2008) would also modulate impulsive decision making (chapter 3). As expected, 
cocaine-associated contextual cues induced relapse to cocaine seeking. However, these cocaine-
associated contextual cues improved impulsive decision making. Importantly, these effects did 
not correlate with each other. The effect of the cocaine-associated context on impulsive decision 
making resembled the effect of acute cocaine in this task (chapter 3; Winstanley et al., 2007). 
Thus, both a cocaine prime and a cocaine-associated context induced a reduction in impulsive 
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decision making and an increase in relapse propensity. This indicates that during the relapse 
test, the animal is in a state of reduced impulsivity. As such, these data then suggest that the 
induction of relapse by contextual cues is not mediated via impulsive decision making.
Supporting this idea, is the observation that cocaine associated contextual cues only reduced 
impulsive decision making immediately after cocaine self-administration and not 3 weeks 
later, after operant extinction training (chapter 3). However, after these 3 weeks there is still 
a strong context-induced reinstatement response (chapter 3). 

Subsequently, I showed that pharmacological agents with known strong and robust effects 
on impulsive decision making in the DRT had opposing and non-related effects on context-
induced reinstatement (chapter 3). Both the clinically-relevant drug methylphenidate and the 
preferential DA D1 receptor antagonist SCH-23390 have previously shown strong and robust 
effects on impulsive decision making, that is a reduction in impulsivity by methylphenidate 
and an elevation in impulsivity by SCH-23390 (van Gaalen et al., 2006a; Pietras et al., 2003; 
Zeeb et al., 2010). As predicted, methylphenidate reduced impulsive decision making, yet in the 
same animals caused an increase in cocaine relapse propensity. On the other hand, SCH-23390 
increased impulsive decision making and caused a decrease in the sensitivity to relapse to 
cocaine seeking in the same animals. Importantly, for both the non-pharmacological and the 
pharmacological challenges, there was no correlation between the magnitudes of the changes 
in impulsivity and relapse propensity in individual animals. Therefore, these findings suggest 
that state impulsive decision making is not causally linked to relapse propensity for cocaine.

In chapter 4, a subchronic treatment protocol with ATO was used with the intention to induce 
a long-lasting reduction in impulsive decision making. Nonetheless, in adult rats with a cocaine 
history, daily ATO during abstinence from cocaine did not reduce impulsive decision making 
as measured with the DRT. As mentioned in chapter 4, this might be caused by the cocaine 
induced upregulation of NET (Mannangatti et al., 2011; Mash et al., 2005). At the same time, in 
these animals, this sub-chronic treatment protocol with ATO during cocaine abstinence did 
reduce the propensity to relapse. Again, similar to the acute drug challenges, the reinstatement 
response was independent of the level of impulsive decision making. Altogether this seems to 
indicate, that a reduction in impulsive decision making will not directly lead to a reduction in 
the risk to relapse to cocaine seeking induced by contextual cues.

Alterations of impulsive action and relapse to cocaine seeking are unrelated
In chapter 5 I showed that cocaine consumption transiently alters impulsive action. This altered 
state of impulsive action might be predictive of the risk to relapse to cocaine seeking. In line 
with this idea, there are several pharmacological agents that alleviate both impulsive action 
behavior and cocaine relapse propensity. For example, the effects of methylphenidate (Navarra 
et al., 2008) and ATO (Robinson et al., 2008), the dopamine D1 receptor antagonist SCH-23390 



123

G
eneral discussion

6

(van Gaalen et al., 2006b) and the serotonin2A receptor antagonist M100907 (Winstanley 
et al., 2003) on impulsive action are in the same direction as the effects of these ligands on 
reinstatement of cocaine seeking (chapter 3; Economidou et al., 2011; Nic Dhonnchadha et al., 
2009). In chapter 5, a within-subjects approach was used to examine if stress-induced relapse 
(using the pharmacological stressor yohimbine; Shepard et al., 2004) and cocaine primed 
relapse was mediated via elevated impulsive action. 

I observed that both cocaine and yohimbine increased impulsive action as well as cocaine 
reinstatement. However, the increase in relapse responding was not related to the increase 
in impulsive action, suggesting independent phenomena. In line with these results, also in 
humans reductions of impulsive behavior do not automatically lead to reductions in addictive 
behavior. For example, it was found that in ADHD patients with comorbid cocaine or nicotine 
dependence, methylphenidate improves the clinical signs of ADHD, but has no effect on 
cocaine or nicotine use or craving (Schubiner et al., 2002; Winhusen et al., 2010). In addition, 
in alcohol dependent patients, atomoxetine improves ADHD symptoms, but has no effect on 
time-to-relapse (Wilens et al., 2008). Altogether, these data indicate that, in humans as well 
as in rats, temporary changes in impulsivity do not directly relate to changes in addictive 
behavior.

Given that impulsive action primarily relates to compulsive cocaine intake rather than 
abstinence and relapse, reducing impulsive action might reduce the risk to start taking drugs 
or the risk to transit from regular and recreational drug user to a drug dependent subject. 
As such, impulsive action might be considered as a target to prevent such transition. Since 
only a small proportion of the high impulsive individuals will try, use and abuse drugs it is a 
large investment to treat all adolescents that are at risk. However, given the large number of 
psychiatric problems that relate to impulsive behavior the positive impact might be broader 
then only the prevention of drug addiction. Still, personally, I would not consider giving 
psychoactive drugs to adolescents who do not experience any problems. Instead, cognitive 
or behavioral interventions aimed at improving impulse control would be less controversial 
and of more value.

Interestingly, personality-targeted prevention programs in adolescents, aimed at ameliorating 
impulsivity (or sensation seeking, anxiety sensitivity or hopelessness) showed positive effects 
in reducing (binge) alcohol consumption and reduced the chance of taking up the use of 
cannabis and cocaine (for review see Conrod, 2016). In addition to the reduction in addiction-
related behavior, personality-targeted prevention reduced risk-taking behavior in impulsive 
adolescents (Castellanos and Conrod, 2006). In the context of the findings in this thesis 
it might be wise to specify this program into targeting impulsive action whilst still drug 
naïve and to focus on impulsive decision making once problematic drug use occurs during 
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adolescence. In addition to these prevention programs, future research can try to induce long 
term reductions in trait impulsive action to observe their potential beneficial effects on cocaine 
taking and seeking, since work in this thesis suggests that changes in state impulsive action 
may be insufficient for this purpose.

Reducing trait impulsivity to reduce relapse to cocaine seeking
Based on the results discussed above it would be valuable to induce long lasting changes in 
trait impulsivity. However, to my knowledge, thus far, there are no drugs known to induce a 
lasting decrease in trait impulsivity. Chronic treatment with methylphenidate (MPH) (Slezak 
and Anderson, 2011) or d-amphetamine (Huskinson et al., 2012) both induce a decrease of 
impulsive decision making, yet this normalizes to baseline levels after treatment cessation. 
Thus far, there are no studies measuring lasting effects of ATO and clinical studies use self-
report measures of impulsivity or do not take impulsivity measurements after treatment 
cessation.

As an alternative approach, behavioral interventions known to modify trait impulsivity 
might reduce the risk to relapse. For example, environmental enrichment has positive effects 
and reduces measures of impulsivity and addiction related behavior. Rearing in an enriched 
environment causes lower levels of impulsive decision making (Kirkpatrick et al., 2013; Perry 
et al., 2008b) and impulsive action (Ough et al., 1972; Wood et al., 2006) later in life. Yet, it is 
unknown whether this environmental enrichment can reduce the level of impulsivity in adult 
rats. Importantly, drug taking as well as the motivation for the drug, the rate of extinction 
and relapse propensity are all reduced in rats living in an enriched environment compared 
to rats living in a standard or even deprived environment (for reviews see Solinas et al., 2010; 
Stairs and Bardo, 2009). Therefore, enriching the environment, for example by stimulating 
social interaction and providing opportunities to be physically active, can induce lower 
levels of impulsivity and a lower risk to become drug dependent. It will be very interesting to 
investigate whether impulsivity is the mediating factor between environmental enrichment 
and drug addiction. 

In addition to environmental enrichment, cognitive interventions can reduce impulsivity 
and addiction-related behavior. For example, training of working memory during abstinence 
of stimulant drug use improves delay discounting (Bickel et al., 2011) and reduces overall trait 
impulsivity measured with the BIS (Brooks et al., 2017). Interestingly, working memory training 
also reduces alcohol intake in problem drinkers (Houben et al., 2011) and emotional eating in 
overweight people even a month after training (Houben et al., 2016). In these studies there 
were no long-term follow up measurements. However, in other studies the effect of working 
memory training did last at least 6 or 8 months after training (e.g. Bigorra et al., 2016; Hovik et 
al., 2013). Since working memory training is relatively easy and successful, it is important to 
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investigate the long-term effects on delay discounting and addiction related behavior.
Another cognitive intervention is cognitive control training in high impulsive individuals. 
Thus far, this has not been investigated for cocaine addiction. However, the negative 
implicit association with alcohol can be induced by consistently pairing alcohol-related cues 
with negative stimuli in a training task. Importantly, in subjects receiving such a training 
alcohol intake is reduced in the week following training (Houben et al., 2010). In addition, 
the unconscious avoidance bias of alcohol can be created by virtually pushing away alcohol-
related stimuli with a joystick in a computerized task. Importantly, one year after training, 
these patients still show decreased craving for alcohol and as such, this trained avoidance bias 
causes a reduction in the probability to relapse (Wiers et al., 2011). These studies indicate that 
it might be possible to reduce the automatic impulse to like or approach a drug and to increase 
the focus on goal-related information like a healthy and social life. Although attentional biases 
are also observed in cocaine dependence, thus far there are no studies aiming to reduce these 
biases (Leeman et al., 2014). Therefore, in future research it will be important to see if these 
interventions also help to become and remain abstinent from cocaine and other drugs of abuse.

Similar to psychiatric illnesses, trait impulsivity results from genotype, the environment and 
the interaction between genotype and environment (Kahn et al., 2003; Kendler and Eaves, 1986; 
Lesch and Merschdorf, 2000). Interestingly, there are common genetic as well as environmental 
factors influencing both impulsive and addictive behavior. For example, genetic markers 
playing an important role in both impulsive and addictive behavior are the A1 allele of the 
DRD2 Taq1A locus. This gene is associated with reduced dopamine D2 receptor availability 
in the striatum (Pohjalainen et al., 1998) and this striatal reduction of dopamine D2 receptor 
binding is a clear characteristic of cocaine dependence (Volkow et al., 1993). In this respect, 
Dalley and colleagues (2007a) show that trait impulsive rats (measured with the 5-CSRTT) have 
decreased D2/3 receptor availability in the striatum and a greater tendency for the escalation 
of cocaine intake. Remarkably, during withdrawal from cocaine taking trait impulsive animals 
become less impulsive and the D2/3 receptor availability increases. This increase is inversely 
related to baseline D2/3 availability (Caprioli et al., 2013). 

In addition, A1 carrying healthy subjects show increased impulsive decision making (Eisenberg 
et al., 2007) and increased impulsive action (Rodríguez-Jiménez et al., 2006) in comparison to 
people without the A1 allele of the DRD2 Taq1A locus. Interestingly, although this A1 allele is 
associated with increased levels of reflection impulsivity and increased substance use severity 
in humans, there is no correlation between reflection impulsivity and substance use severity 
(Conner et al., 2005). In line with the DRD2 results, the 7 repeat allele of the DRD4 gene and 
the Ser or Gly homozygotes of the DRD3 genes seem to be related to increased addiction risks 
and increased levels of impulsivity (for review see Verdejo-García et al., 2008).
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In addition to common genetic vulnerability factors, there are overlapping environmental risk 
factors such as adverse childhood life experiences. These adverse childhood life experiences 
can induce several neurobiological changes in brain areas involved in both impulsivity and 
addiction, such as the mesolimbic dopamine system, the prefrontal cortex, nucleus accumbens, 
ventral tegmental area, amygdala and hippocampus (for reviews see Roth and Sweatt, 2011; 
Sinha, 2008). In line with these neurobiological findings, childhood trauma relates to increased 
impulsive decision making (Lovallo et al., 2013) and increased risk of substance dependence 
for cocaine and several other drugs of abuse (for reviews see Enoch, 2011; Simpson and Miller, 
2002). In cocaine dependent women, childhood trauma was found to predict relapse propensity 
(Hyman et al., 2008). Evidently, it will be of great value to prevent childhood trauma and 
thereby possibly reduce both the level of impulsive behavior and risk of addiction-prone 
behavior. Additionally, in some patients experiencing childhood trauma it might be valuable 
to be trained beforehand to cope with potential impulses and to avoid situations at high risk 
of drug use. Moreover, it will be very interesting to investigate whether it is possible to rescue 
the neurobiological changes induced by adverse life experiences and thereby reduce the risk 
for impulse control disorders and addiction. 

Reducing the risk to relapse with atomoxetine
In chapter 4 I observed that ATO reduced context-induced reinstatement. In this study, 
sub-chronic treatment with ATO did not affect impulsive decision making and there was 
no relation between the effect of ATO on impulsivity and context-induced reinstatement. 
Nonetheless, ATO did reduce the sensitivity to relapse to cocaine seeking. More specifically, 
sub-chronic treatment with ATO during abstinence had comparable effects to extinction 
training. The context-induced reinstatement response was reduced 20h and 10 days after 
treatment cessation. These results are in line with previous studies using an acute treatment 
protocol to reduce cue-induced cocaine seeking (Economidou et al., 2009, 2011) or spontaneous 
recovery to cocaine seeking ( Janak et al., 2012). Therefore, ATO seems to be a promising drug 
to treat relapse propensity.

The role of NE in stress-induced reinstatement has been studied quite thoroughly. Consequently, 
the role of NE in addiction and relapse is mostly linked to withdrawal-related stress and 
anxiety (for reviews see Erb, 2010; Mantsch et al., 2014, 2016; Smith and Aston-Jones, 2008). 
However, there are no previous studies on the role of NE in context-induced reinstatement. 
Interestingly, intraperitoneal injections of NE can induce reinstatement of cocaine seeking 
(Brown et al., 2009). ATO can induce region specific effects on monoamine release: acute 
(Bymaster et al., 2002) as well as sub-chronic (Koda et al., 2010) intraperitoneal ATO injections 
increase NE and DA, but not serotonin, levels in prefrontal, but not in striatal regions. In 
addition, these intraperitoneal ATO injections cause an increase of c-Fos expression in 
prefrontal, but not striatal brain areas (Bymaster et al., 2002; Koda et al., 2010; Sun et al., 2012). 
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Thus, ATO primarily seems to affect and increase NE transmission in brain regions involved 
in cognitive (control) processes, but not those involved in habitual responding and reward 
processing (Bari and Robbins, 2013). 

Alternatively, given that the effects of subchronic ATO are long-lasting (over 10 days) and 
the effect is comparable to the effect of extinction training (chapter 4) it is interesting to 
speculate about the role of brain-derived neurotrophic factor (BDNF) in this respect. An 
increased availability of NE can enhance expression of BDNF (Chen et al., 2007). BDNF is 
an important mediator of synaptic plasticity and is thought to play a key role in memory 
consolidation. Interestingly, after cocaine SA, a single infusion of BDNF in the prefrontal cortex 
decreases the reinstatement response induced by cues or cocaine (Berglind et al., 2007). A pilot 
study performed after the experiments described in chapter 4 indicated that intraperitoneal 
co-administration of 100 μg/kg of k-252a (antagonist of the TrkB, BDNF receptor; Berg et al., 
1992) tended to block the acute effect of ATO on context-induced reinstatement (Figure 6.1). 
Importantly, since statistical evidence was lacking, a bigger sample and a drug-naive group of 
animals will be needed to investigate whether or not the relapse-reducing properties of ATO 
are mediated via BDNF-dependent mechanisms. Taken together it seems valuable to further 
investigate the clinical utility of ATO in cocaine dependence.

Figure 6.1 : Pilot experiment on the effect of co-administration of the TrkB receptor antagonist 
k-252a and atomoxetine (ATO). 
Presented are the number of active and inactive responses during the 30 minutes of context-induced 
reinstatement. ATO seemed to reduce the number of active responses (veh+veh – ato+veh: p=.11) and 
this effect seemed to be blocked by k-252a (ato+veh – ato+k-252a: p=.19).
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General conclusion

The differential roles of impulsive action and impulsive decision making in drug addiction 
and other psychiatric diseases and the differential pharmacological manipulation of these 
varieties of impulsivity stress the importance of proper identification of patients in clinical 
practice and of personalized treatment. 

Impulsivity and drug addiction share several risk factors, protective factors, neurobiological 
substrates and treatment options. Due to these commonalities, relationships between 
impulsive and addictive behavior are often observed. Nonetheless, in this thesis I observed 
a lack of correlation between manipulations of impulsivity and relapse behavior within 
individuals. Therefore, I conclude that the relationship between impulsivity and cocaine 
addiction is not a causal one and that reduction of impulsive behavior will not automatically 
reduce relapse propensity. 

Notably, in the current thesis I was unable to induce changes in trait impulsivity. It will 
be valuable to investigate whether long term reductions in impulsive action can prevent 
compulsive drug taking and whether long term reductions in impulsive decision making can 
prolong abstinence and prevent relapse. 

Importantly, the overlapping neurobiological substrates, the shared vulnerability factors and 
shared protective factors suggest a proximal relationship between impulsivity and addiction. 
I hypothesize this relation to be a ‘common-cause’ relationship. Meaning that these factors 
cause someone to be both highly impulsive as well as at risk to become addicted to drugs. 
Therefore, the fields of addiction research and impulsivity research can reciprocally profit 
from their main findings. For example, hypothetically, drug dependent subjects suffering from 
maladaptive levels of impulsivity might profit from atomoxetine treatment, even though 
the effects of atomoxetine on measures of craving and abstinence do not correlate with its 
effects on impulsivity. Additionally, one can also imagine that individuals with high levels of 
impulsivity or individuals at risk for drug abuse (for example caused by genetic vulnerability 
or childhood trauma) can both profit from the cognitive training described above (working 
memory or cognitive control). Taken together, although it is of high interest for scientific 
progress to unravel potential causal links between impulsivity and addiction-related behaviors, 
drug dependent subjects might benefit from any commonality that is observed between these 
behavioral processes.
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People suffering from cocaine dependence have an excessive interest in the acute rewarding 
effects of the drug despite the long term harmful personal as well as social consequences. 
This indicates poor decision making skills and this might lead to the high and chronic risk to 
relapse. Therefore, there is a great interest in the relationship between cocaine addiction and 
decision making skills, such as impulsivity. Previous research identified that patients with 
cocaine dependence are on average more impulsive than healthy controls. Notably, until now 
there is no registered (pharmacological) treatment to prevent relapse to cocaine addiction. On 
the other hand, there are clinically approved drugs that alleviate impulsive behavior. Therefore, 
it is of great interest to investigate whether there is a causal relation between impulsive 
behavior and the sensitivity to relapse. Causality could imply the opportunity to treat the risk 
to relapse via a reduction in impulsive behavior. Therefore, the leading question of my thesis 
is: Is impulsivity a treatable risk factor of cocaine addiction?

In chapter 2, I showed that impulsivity is not a unitary construct, but can be viewed as an 
umbrella term including a range of seperate behavioral phenomena. In the current thesis, I 
focus on impulsive decision making and impulsive action. Impulsive decision making refers 
to the extreme preference for the short term benefits despite long term drawbacks. Impulsive 
action refers to the inability to await the appropriate time and situation to act. Using a cross-
species translational and within-subjects approach, I showed that impulsive decision making 
and impulsive action were unrelated both in humans and in rats. Additionally, in humans 
a self-report measure of impulsivity was not related to any of the behavioral measures of 
impulsivity. In rats, the pharmacological effects of amphetamine and atomoxetine (ATO) 
on the two impulsivity paradigms were not related. Based on these observations the role 
of impulsive decision making and impulsive action in cocaine intake and cocaine seeking 
during abstinence was investigated in separate experiments. Additionally, these results stress 
the importance of clearly defining the seperate aspects of impulsive behavior in psychiatric 
disorders.

Cocaine dependent patients display relatively high levels of impulsive decision making. 
Interestingly, the level of impulsive decision making does not differ between current cocaine 
users and users that are abstinent for one month. Additionally, although several cognitive 
deficits observed in cocaine users deteriorate by increasing cocaine consumption and improve 
by reducing consumption, this is not the case for impulsive decision making. These results 
seem to indicate that impulsive decision making is a pre-existing vulnerability factor, which 
is not affected by cocaine consumption. However, it is also possible that cocaine consumption 
has long-lasting effects on impulsive decision making that do not recover with abstinence. My 
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experiments described in chapter 3 suggest the former explanation: Impulsive decision making 
appeared to be a highly stable trait since it was not affected by cocaine taking or seeking 
and impulsive decision making did not predict cocaine taking. Nonetheless, trait impulsive 
decision making strongly predicted cocaine seeking during abstinence and the sensitivity to 
context-induced relapse. Consequently, an acute pharmacological treatment protocol was used 
in a within-subjects design, using the same drug challenge in both the impulsive decision 
making and the relapse model. The clinically-relevant drug, methylphenidate, and the DA D1 
antagonist, SCH-23390, showed opposing effects in these two tasks: Methylphenidate decreased 
impulsive decision making and increased relapse responding. On the other hand, SCH-23390 
increased impulsive decision making and decreased relapse responding. Importantly, the 
change in impulsivity was unrelated to the change in relapse propensity. Thus, this suggests 
that temporary impulsive decision making state did not alter cocaine seeking. However, since 
trait impulsivity was found to predict the risk to relapse, it might be possible to prevent relapse 
by reducing trait impulsivity.

In chapter 4, I used a sub-chronic ATO treatment protocol to induce a long-lasting change 
in impulsive decision making. After acquiring stable levels of impulsive decision making and 
three weeks of cocaine self-administration, animals were treated daily for 20 days with the 
norepinephrine (NE) reuptake inhibitor ATO or its vehicle (saline) during abstinence from 
cocaine self-administration. I observed that sub-chronic treatment with ATO clearly reduced 
context-induced reinstatement. However, ATO had no additional effect on reinstatement 
of cocaine-seeking behavior when it was combined with extinction training. In contrast 
to the predictions, impulsive decision making was not affected by daily injections of ATO. 
Importantly, although ATO did not reduce impulsive decision making in animals with a 
cocaine history, it seems a promising drug to prevent relapse of cocaine seeking. 

Cocaine dependent patients show increased levels of impulsive action. Additionally, preclinical 
studies in rats have determined that trait impulsive action has no effect on basal cocaine 
intake, but does predict compulsive cocaine taking. However, from these observations it is 
difficult to determine whether the elevation of impulsive action is a pre-existing vulnerability 
factor or a drug-induced consequence.  In chapter 5, I showed that impulsive action was 
transiently altered by the intake of cocaine. Subsequently, when animals were challenged with 
acute injections of cocaine and the pharmacological stressor yohimbine, both drugs increased 
impulsive action and relapse propensity. Yet, the magnitude of these effects did not correlate. 
Therefore, in line with the results on impulsive decision making (chapter 3), this observation 
suggests that although impulsive action and relapse can be modulated in the same direction 
within individuals, these effects appear not to be directly coupled. This is in line with clinical 
studies showing that the level of impulsive action determined at the start of treatment is not 
predictive of treatment outcome in cocaine dependent subjects. In addition, in ADHD patients 



155

Sum
m

ary

S

suffering from cocaine or nicotine dependence, methylphenidate improves clinical symptoms 
of ADHD, but has no effect on cocaine or nicotine use or craving. Given that impulsive action 
primarily relates to compulsive cocaine intake rather than abstinence and relapse, reducing 
impulsive action might reduce the risk to start taking drugs or the transition from regular 
drug use to addiction.

To conclude, the current studies show a clear relationship between impulsivity and cocaine 
taking and seeking. However, alterations of impulsive behavior did not relate to alterations in 
cocaine seeking. In my opinion this indicates that the relationship between impulsivity and 
cocaine addiction is not causal, but there is a common cause of both behaviors. For example, 
there are several overlapping genetic markers and environmental risk factors, such as childhood 
trauma, playing an important role in both impulsive and addictive behavior. In addition, 
environmental enrichment and cognitive interventions, such as training of working memory 
or cognitive control, have positive effects on impulsivity as well as addiction. Therefore, it 
might be valuable to train high risk individuals beforehand to cope with potential impulses 
and to avoid situations at high risk of drug use. Further research into the neurobiological 
basis of and the psychological and social influences on impulsivity and addiction remains of 
great importance.
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Mensen die verslaafd zijn aan cocaïne hebben een enorme behoefte aan de acute positieve 
effecten van cocaïne ondanks de schadelijke persoonlijke en sociale consequenties op de 
lange termijn. Hieruit blijkt een probleem in het nemen van beslissingen en dit zou wel eens 
de oorzaak kunnen zijn van de hoge en chronische kans op terugval. Er is dan ook grote 
interesse in de relatie tussen cocaïne verslaving en de vaardigheden om beslissingen te nemen. 
Impulscontrole speelt hierbij een belangrijke rol. Eerder onderzoek toonde aan dat mensen 
die verslaafd zijn aan cocaïne gemiddeld genomen impulsiever zijn dan gezonde mensen. 
Tot nu toe zijn er geen geregistreerde (farmacologische) behandeling om terugval in cocaïne 
verslaving te voorkomen. Echter, er zijn wel geregistreerde medicijnen om impulsiviteit te 
verlagen. Het is dan ook van belang  om te onderzoeken of er een oorzakelijke relatie is tussen 
impulsiviteit en cocaïne verslaving. Een dergelijke oorzakelijke relatie zou het mogelijk kunnen 
maken om de kans op terugval te verlagen door een verlaging van impulsiviteit. Daarom is 
de hoofdvraag van dit proefschrift: Is impulsiviteit een behandelbare risicofactor van cocaïne 
verslaving?

In hoofdstuk 2 heb ik laten zien dat impulsiviteit niet één construct is, maar beter kan worden 
omschreven als een overkoepelende term voor vele verschillende gedragingen. In dit proefschrift 
focus ik op impulsieve besluitvorming en impulsieve acties. Impulsieve besluitvorming 
beschrijft de extreme voorkeur voor voordelen op de korte termijn ondanks nadelen op de 
lange termijn. Impulsieve actie beschrijft de moeite met het wachten op het juiste moment om 
te handelen. In hoofdstuk 2 hebben zowel ratten als mensen taken uitgevoerd die deze vormen 
van impulsiviteit meten. Ik heb aangetoond dat in zowel ratten als mensen er geen correlatie 
is tussen impulsieve besluitvorming en impulsieve acties. Daarnaast was er in mensen geen 
relatie tussen de gedragstaken en de zelfrapportage van impulsiviteit. Bovendien waren de 
effecten van zowel amfetamine als atomoxetine (ATO) op de twee vormen van impulsiviteit 
niet aan elkaar gerelateerd. Op basis van deze resultaten is de relatie tussen impulsiviteit 
en cocaïne inname en zoekgedrag onderzocht in aparte experimenten; eerst impulsieve 
besluitvorming en daarna impulsieve acties. Bovendien benadrukken deze resultaten dat het 
heel belangrijk is om de verschillende vormen van impulsiviteit in psychiatrische stoornissen 
heel nauwkeurig te beschrijven.

Mensen met een cocaïneverslaving vertonen vaak impulsieve besluitvorming. Er is hierbij 
geen verschil tussen huidige gebruikers en mensen die al een maand abstinent zijn. Er 
zijn veel cognitieve processen die verslechteren door langdurige inname van cocaïne en 
verbeteren bij een vermindering van inname, maar dit blijkt niet het geval te zijn bij impulsieve 
besluitvorming. Deze resultaten lijken erop te wijzen dat de impulsieve besluitvorming al 
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aanwezig is voordat iemand cocaïne gaat gebruiken of misbruiken. Daarom kan impulsieve 
besluitvorming worden gezien als risicofactor van cocaïne verslaving. Echter, cocaïne zou ook 
een langdurig effect kunnen hebben op de impulsieve besluitvorming. Een effect dat niet 
hersteld kan worden door abstinentie. Met de experimenten uit hoofdstuk 3 heb ik aangetoond 
dat impulsieve besluitvorming een zeer stabiele karaktertrek is, welke niet wordt beïnvloed 
door cocaïne inname of abstinentie. Deze stabiele karaktertrek was een sterke voorspeller van 
het cocaïne zoekgedrag tijdens abstinentie en de gevoeligheid voor terugval door blootstelling 
aan contextuele stimuli. Daarentegen, kon impulsieve besluitvorming de inname van cocaïne 
niet voorspellen. Op basis van de relatie tussen impulsieve besluitvorming en de gevoeligheid 
voor terugval heb ik verschillende manipulaties uitgevoerd om het effect op zowel impulsieve 
besluitvorming als terugval te bekijken. De klinisch relevante stof methylfenidaat en de 
dopamine D1 antagonist, SCH-23390, lieten tegenovergestelde effecten zien in de twee taken: 
methylfenidaat verlaagde impulsieve besluitvorming en verhoogde de gevoeligheid om terug 
te vallen. SCH-23390 daarentegen verhoogde impulsieve besluitvorming en verlaagde de 
gevoeligheid om terug te vallen. Opvallend genoeg bleek er geen correlatie te bestaan tussen 
de effecten op impulsieve besluitvorming en terugvalgevoeligheid. Dit suggereert dat de 
tijdelijke verandering in impulsieve besluitvorming geen effect heeft op cocaïne zoekgedrag. 
Echter, aangezien de stabiele karaktertrek wel voorspellend blijkt is het misschien mogelijk 
om terugval te voorkomen door deze impulsieve karaktertrek te verlagen.

In hoofdstuk 4, heb ik een sub-chronische behandeling gebruikt om een langdurige 
verandering in impulsieve besluitvorming te induceren. Nadat de dieren stabiele impulsieve 
besluitvorming lieten zien en drie weken cocaïne tot zich hadden genomen werden ze, tijdens 
abstinentie, twintig dagen lang behandeld met ATO. Deze behandeling veroorzaakte een 
langurige verlaging in de terugvalgevoeligheid. Echter, er was geen effect van ATO op terugval 
zichtbaar in dieren die extinctietraining ontvingen. In tegenstelling tot de verwachting had 
ATO geen effect op impulsieve besluitvorming. Hoewel ATO geen effect liet zien op impulsieve 
besluitvorming lijkt het een waardevol medicijn om terugval in cocaïne gebruik tegen te gaan.
Mensen met een cocaïne verslaving vertonen meer impulsieve acties. Daarnaast hebben 
preklinische studies in ratten aangetoond dat deze impulsieve karaktertrek geen effect heeft 
op de inname van cocaïne onder eenvoudige omstandigheden, maar wel op compulsieve 
inname. Hieruit is echter slecht af te leiden of de impulsieve actie een risicofactor voor of 
een consequentie van de cocaïne inname is. In hoofdstuk 5 heb ik aangetoond dat cocaïne 
inname een tijdelijk effect heeft op impulsieve actie. Ook in dit hoofdstuk heb ik manipulaties 
uitgevoerd om zowel impulsiviteit als terugvalgedrag te beïnvloeden. Een acute injectie van 
zowel cocaïne als de farmacologische stressor yohimbine zorgden voor een verhoging van 
zowel terugvalgevoeligheid als impulsieve acties. Toch was de sterkte van dit effect niet 
gecorreleerd. In lijn met de gedachte uit hoofdstuk 3 over impulsieve besluitvorming, lijken 
ook impulsieve acties en terugvalgevoeligheid niet rechtstreeks aan elkaar gekoppeld. Dit sluit 
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aan bij klinische observaties die laten zien dat terugval in cocaïne verslaving niet kon worden 
voorspeld aan de hand van de impulsieve acties aan het begin van de behandeling. Bovendien 
heeft methylfenidaat in patiënten met zowel ADHD als een comorbide verslaving wel effect 
op ADHD symptomen, maar niet op de drang naar cocaïne of nicotine. Gezien het feit dat 
impulsieve actie meer gelinkt is aan compulsieve inname van cocaïne dan aan abstinentie 
en terugval, is het wellicht waardevol om impulsiviteit te verlagen ter voorkoming van de 
omschakeling van cocaïne gebruik naar cocaïne verslaving. 

Concluderend, de in dit proefschrift beschreven studies tonen een duidelijke relatie aan tussen 
impulsiviteit en cocaïne inname en zoekgedrag. Toch zijn veranderingen in impulsiviteit niet 
direct gelinkt aan veranderingen in cocaïne zoekgedrag. Dit duidt er mijns inziens op dat 
er geen causale relatie is tussen impulsiviteit en verslaving, maar dat er een gezamenlijke 
oorzaak ten grondslag ligt aan zowel impulsiviteit als cocaïne verslaving. Er zijn bijvoorbeeld 
verschillende genen en omgevingsfactoren (o.a. kindertrauma’s) betrokken bij zowel 
impulsiviteit als verslaving. Ook is aangetoond dat een verrijkte omgeving en cognitieve 
interventies, zoals training van werkgeheugen of cognitieve controle, positieve effecten 
hebben op zowel impulsiviteit als verslaving. Het kan daarom van grote waarde zijn om 
mensen met een verhoogd risico te trainen om controle te houden over hun impulsen en 
drugs-rijke situaties te vermijden. Verder onderzoek naar de neurobiologische substraten van 
en de psychologische en sociale invloeden op impulsiviteit en verslaving blijft daarom van 
groot belang.
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Een cadeau van God.

De laatste loodjes wegen het zwaarst en zwaarder dan deze heb ik ze nog niet ervaren. Toch 
is er ook aan dit proefschrift een einde gekomen. Een proefschrift waar ik uitermate blij 
mee ben en een einde waar ik uitermate gelukkig van wordt. Aangezien de totstandkoming 
van dit proefschrift bijna 10 jaar geduurd heeft zijn er heel veel mensen die daaraan hebben 
bijgedragen. Zowel de inhoudelijke als de emotionele steun zijn onbeschrijflijk waardevol 
geweest. Bedankt!

Ton, Taco en Tommy, direct vanaf het sollicitatiegesprek voelde ik mij op mijn gemak op 
onze afdeling. Hartelijk dank dat ik deel mocht worden van dit fantastische team. Ik voelde 
mij gewaardeerd. Hartelijk dank voor het meedenken en meeschrijven aan de verschillende 
experimenten en hoofdstukken uit dit proefschrift. Jullie waren altijd beschikbaar en zetten 
mij altijd goed aan het denken. Super fijn! Het is moeilijk te verwoorden waar ik jullie dankbaar 
voor ben, maar zeker is: zonder jullie was dit proefschrift er nooit gekomen!

De leescommissie ben ik zeer dankbaar voor de tijd die jullie hebben willen vrijmaken om 
dit proefschrift te lezen. Dankzij jullie snelheid heb ik voor het eerst sinds jaren een waarlijk 
vrije zomervakantie.

Joost en Jelte, jullie waren de ervaringsdeskundige AIO’s waar ik van begin tot eind gevraagd 
en ongevraagd advies van kreeg. Ons bezoekje aan Joshua Tree National Park zal ik nooit 
vergeten. Hartelijk dank voor jullie voorbeeld, advies en gezelligheid. Yvar, Rob, Mathijs† en 
Dustin, jullie hebben waanzinnig veel praktisch werk verricht voor mijn dieren. Zonder jullie 
waren ze niet geopereerd, hadden ze allen verstopte canules en hadden ze hele hongerige 
weekenden. Mijn hartelijke dank voor jullie hulp. 

Rolinka, mijn roomie op verschillende congressen. Er zijn veel nachten korter geworden dan 
verstandig was… maar dat was de gezelligheid zeker waard. Dankjewel voor alle gezelligheid, 
het delen van onze ervaringen en je advies. Roeland, sinds jij bij ons op de kamer kwam was 
er van ’s ochtends vroeg tot ’s avonds laat iemand om even mee te kletsen. Al moest dat dan 
wel regelmatig in de stallen… Ook jij nog succes met het afronden van je proefschrift. Ooit 
is het af! Leontien, bedankt voor je vrouwelijke touch in onze groep. Gelukkig hebben we 2 
oren… Lianne en Leen, het was heel fijn om via jullie door de ratten de mens te blijven zien. 
Ik ben erg jaloers geweest op jullie snelle afronding, maar meer nog trots op jullie fantastische 
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resultaten! Wim, Geert, Dick, Bernhard en Anneke hartelijk dank voor jullie meedenken en 
kritische vragen en voor de gezellige etentjes in Antwerpen. Alle collega’s van de VU waren 
super en de lunchgroep erg gezellig. Ik had niet gedacht ergens weer zo’n fijne groep collega’s 
te treffen, maar… 

Lieve Jerry, jij hebt echt talent voor het vinden van fantastische collega’s. Ik heb echt 
waanzinnig genoten van mijn werk en mijn collega’s als docent academische vaardigheden. 
Juist dit plezier in deze baan maakte het soms erg moeilijk het proefschrift nog af te maken, 
maar de verhalen en voorbeelden van jullie (bijna) promoties hebben mij ook gemotiveerd 
het af te willen maken. Heerlijk om de ervaringen met jonge mama’s te delen, want je krijgt 
er zoveel voor terug… Heel veel dank voor de gezelligheid! Ik lees nog altijd met weemoed de 
SPgezellig app. Ook in Leiden, bij Bio-Pharmceutical Sciences werd ik gemotiveerd om het 
af te maken. Dank voor jullie geloof en vertrouwen in mij. Op advies van studieadviseur Hans 
heb ik geen planning meer gemaakt, maar heel veel avonden even een uurtje gezeten. Ook al 
wilde ik niet luisteren, de studieadviseur heeft altijd gelijk! En alle tutoren uit Rotterdam: het 
is heerlijk om zo’n gezellige werkvloer te hebben. Kom en vier het feest met mij.

Mijn vrienden hebben vooral een belangrijke rol in het doorzettingsvermogen. Ik heb heel 
vaak geprobeerd de handdoek in de ring te gooien, maar die werd altijd weer afgepakt of 
opgevangen voor hij de grond raakte. Lieve Henrike, heel fijn om ervaringen met elkaar te 
kunnen delen! Door bij jou paranimf te zijn wilde ik ook weer. Lieve Mieke, dank voor het 
luisteren. Lieve Andre, dank voor je begrip. Lieve Gea, dank voor je rust en relativering. Lieve 
Marleen, Marjolein, Janneke en Henrike, bedankt voor de waanzinnige lol ter compensatie 
van deze spanning. Lieve Mosterdzaadje na de maaltijd, hartelijk dank voor jullie medeleven 
en gebed. Donar dames 1, hartelijk dank voor de mogelijkheid tot afreageren! Heerlijk. Lieve 
schoonfamilie, bij jullie is altijd rust om gewoon jezelf te zijn. Er voor elkaar te zijn als het 
nodig is, niets te moeten, maar alles te mogen.

Lieve papa en mama, ik wilde de vraag niet meer horen… In 2012 werd er vaak gevraagd 
en langzaam aan steeds minder. Ik heb het altijd gewild, maar ik kon het niet. Ik ben jullie 
waanzinnig dankbaar voor jullie steun, vertrouwen en geloof in mij, jullie onvoorwaardelijke 
liefde. Het is bijzonder om te merken dat jullie altijd achter me staan! Lieve Ellen, Lucie en 
Douwe, ik ben erg gelukkig met jullie als mijn zussen en broer. We kunnen alles delen en zijn 
altijd trots op elkaar. Het voelt heel fijn om onafhankelijk van prestaties altijd van elkaar te 
houden. Jullie zullen altijd mijn voorbeeld blijven. 

Allerliefste Hugo, je hebt behoorlijk wat moeten doorstaan gedurende de weg naar dit 
eindresultaat. Ik heb bij jou kunnen janken en juichen en voelde mij altijd gesteund. Ik 
hou van jou! Nu proefschrift is veranderd van molensteen aan mijin nek naar pronkstuk in 
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onze boekenkast wil ik nog meer van ons en ons gezin genieten. Voor altijd samen, Amen. 
Allerliefste Mees en Teun, aangezien het heerlijk is om tijd met jullie door te brengen, was 
het erg moeilijk vrije tijd aan dit proefschrift te geven. Ik ben dolgelukkig dat ik nu nooit meer 
hoef te overwegen jullie bij opvang of oppas te brengen om te moeten schrijven… Ik hou van 
jullie. Jullie zijn het mooiste cadeau van God!

Ik wil dit proefschrift graag beëindigen zoals de verdediging geopend wordt: Onze hulp is 
van de Here die hemel en aarde gemaakt heeft. Die trouw houdt tot in eeuwigheid en nooit 
loslaat wat zijn hand begon.

Alle eer aan God.


