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General introduction

Smoking cannabis produces a diverse range of acute effects. The best known effect and the 

main reason to use cannabis is the feeling of euphoria, better known as ‘feeling high’ or ‘being 

stoned’. Further, people may have alterations in the perception of their surroundings, or may 

experience episodes of increased laughter and appetite. Cannabis use can also induce acute 

changes in feelings of anxiety, acute impairments in memory, reduced impulse control, and 

mild hallucinatory effects. All these effects are predominantly caused by ∆9-tetrahydrocannabinol 

(THC), the main psychoactive component in cannabis. THC exerts its effects through action 

on the cannabinoid receptors in the brain. However, the main role of these receptors is 

obviously not to facilitate acute effects induced by an exogenous substance such as THC. 

They have an important biological function in binding cannabis-like molecules that are 

produced in our brain.          

Some acute effects of cannabis show overlap with symptoms of psychiatric disorders. For 

example, patients with schizophrenia typically have feelings of anxiety, impairments in memory, 

altered impulse control and hallucinations. This is not only true for schizophrenia, also 

symptoms of depression, attention-deficit hyperactivity disorder (ADHD) or addiction show 

similarities with the effects of cannabis. This suggests that the cannabinoid receptors and the 

cannabis-like molecules in the brain, collectively referred to as the endocannabinoid system, 

could play a role in symptoms of psychiatric disorders. When it is understood if and how the 

endocannabinoid system is involved, new research could focus on the relief of symptoms by 

manipulating this system.  

This chapter describes the general scope of this thesis, provides an introduction on the 

endocannabinoid system, describes the research questions that are addressed in this thesis, 

and explains the neuroimaging techniques that are used to answer these questions. In addition, 

there is an introduction on brain functions in which the role of the endocannabinoid system 

has been assessed, and an outline of the current thesis is given.       

Scope of this thesis

All studies described in this thesis are part of the Pharmacological Imaging of the Cannabinoid 

System (PhICS) project, a comprehensive research project on the role of the endocannabinoid 

system in the regulation of brain function in healthy volunteers and patients with a psychiatric 

disorder. 

The aim of this thesis is to gain novel insights into the role of the endocannabinoid system in 

several human brain functions, including associative memory, working memory, executive 

function and emotional processing. These cognitive functions are also affected in psychiatric 

disorders such as schizophrenia, depression or ADHD. In addition, endocannabinoid 

involvement in regulation of dopamine release in the striatum is addressed, as this is a robust 

pathophysiological feature of both schizophrenia and addiction. 
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The role of the endocannabinoid system in cognitive domains that are associated with 

symptoms of addiction, such as reward processing and response inhibition, is described in a 

related thesis by Erika van Hell, entitled: “Endocannabinoid involvement in reward and 

impulsivity in addiction”. 

All described studies use neuroimaging techniques to measure and visualize brain function, 

in combination with challenging of the endocannabinoid system of healthy volunteers with 

administration of THC. Similarities in brain function between healthy volunteers after THC 

administration and psychiatric patients would provide an argument for possible involvement 

of the endocannabinoid system in symptoms of psychiatric disorders.  

The endocannabinoid system

The endocannabinoid system is ubiquitously present in the brain and is involved in many brain 

functions, such as memory, mood and reward processing. It consists of cannabinoid receptors 

and endocannabinoid ligands that work on these receptors1,2. At least two types of cannabinoid 

receptors have been identified, being the CB1 and CB2 receptor3,4. CB2 receptors are mainly 

found in the peripheral tissue4, whereas CB1 receptors are abundantly present in the central 

nervous system. CB1 receptors are widely distributed throughout the brain with the highest 

densities in the basal ganglia, cerebellum, hippocampus and cortex5,6. Most of the psychoactive 

effects of cannabinoid substances are mediated through activation of CB1 receptors7,8. The 

two most important endocannabinoid ligands binding to these receptors are anandamide and 

2-arachidonylglycerol (2-AG)9-11. They act as retrograde messengers, which means that they 

are synthesized and released postsynaptically and bind to presynaptic receptors, thereby 

regulating the release of both inhibitory and excitatory neurotransmitters (see Figure 1.1). This 

signaling works according to an ‘on-demand’ principle: endocannabinoids are released when 

and where they are needed1,2,12. As such, the endocannabinoid system acts as a ‘fine tuning’ 

system that is involved in the control of learning and memory, emotion, reward, movement 

and pain relief13-18. 

Challenging the endocannabinoid system
In the studies described in this thesis, the endocannabinoid system is challenged using the 

partial CB1 agonist THC. The main reason for using this compound is because other 

pharmacological agents that challenge the endocannabinoid system are either still under 

investigation in preclinical studies (for instance, indirect agonists altering levels of endogenous 

cannabinoids) or withdrawn from the market due to the occurrence of severe side effects (the 

CB1 antagonist rimonabant). A validated method to administer THC in humans is by using an 

intrapulmonary route (inhalation), in which purified THC is dissolved in a small amount of 

alcohol, and vaporized into a balloon with a Volcano® Vaporizer19,20. This produces significant 

and dose-dependent physiological responses, which allows for the use of this method in clinical 

studies. 
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Neuroimaging techniques

The aim of this thesis is to elucidate the role of the endocannabinoid system in human brain 

functions that are relevant for psychiatric disorders. Methods used to address this aim are 

Positron Emission Tomography (PET) and functional Magnetic Resonance Imaging (fMRI). 

We use PET in combination with a pharmacological challenge (Chapter 2), whereas fMRI is 

used with a simultaneous pharmacological and cognitive challenge (Chapter 4 - 7).

Positron Emission Tomography (PET)
The study described in Chapter 2 has used PET to measure striatal dopamine levels. PET is 

a quantitative nuclear medicine imaging technique that visualizes neurophysiological processes 

in the body with the use of radioactive tracers. These tracers are radioactive isotopes that are 

incorporated either into a biologically active molecule such as glucose or water, or into 

molecules that bind to receptors or other sites of drug action. Once introduced into the body, 

positron emission by the tracer induces pairs of gamma rays that are recorded by the PET 

scanner. PET recordings show the total radioactivity concentration in living tissue. For example, 

using this technique, differences in metabolism or receptor density can be investigated between 

groups or scanning sessions21-24. 

  

Functional Magnetic Resonance Imaging (fMRI)
The studies described in Chapter 4 - 7 have used fMRI to measure brain activity. fMRI is a 

non-invasive measurement of brain activity. It is not an absolute measure of brain activity, but 

does provide a reliable measure of acute changes in brain activity with a high spatial resolution. 

C

B

A

Figure 1.1 The human brain from macro- to microscopic level. A, Sagittal view of the brain. B, Two neighboring neurons 
in an arbitrary brain region (adapted from www.dancesafe.org). C, Communication between two neurons. Information 
is transferred from the presynaptic to the postsynaptic neuron through neurotransmitters that cross the synaptic cleft 
(green arrow). The endocannabinoid system controls neurotransmitter release in a retrograde manner: endocannabinoids 
are released postsynaptically and bind to presynaptically located cannabinoid receptors (red arrow) (from Kraft U. 
(2006) Natural high. Scientific American Mind, 17, 60 - 65).   
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fMRI is sensitive to the so-called Blood Oxygenation Level-Dependent (BOLD) contrast25. The 

BOLD contrast is based on changes in blood oxygenation in the brain. This pattern of changes 

in blood oxygenation has good correspondence with underlying changes in neuronal activity26,27. 

It can be reliably reproduced between sessions if averaged over several subjects28. 

fMRI is typically used with a cognitive challenge. A local signal change that is correlated in 

time with the cognitive challenge, for instance with performance of a cognitive task versus 

performance of a control task, is interpreted as an indication that that region of the brain is 

involved in that task. 

When fMRI is used in combination with a pharmacological challenge it is referred to as 

pharmacological fMRI (phMRI). Task-related brain activity changes after administration of a 

certain drug can be compared to those after placebo. Hence phMRI can offer a non-invasive 

technique to assess neurophysiological processes caused by that specific drug29. In particular, 

phMRI is a very useful technique to study the effects of a pharmacological manipulation in a 

specific cognitive domain, as fMRI is often combined with a cognitive task30. This makes this 

technique highly suitable for use in the studies described in this thesis, as the role of the 

endocannabinoid system in specific cognitive domains is investigated through challenging the 

system with THC. 

Due to the complex nature of fMRI data, different approaches are applicable in terms of 

statistical analysis. First, a whole-brain analysis gives information about the experimental 

condition in the entire brain, but, as there are at least 20,000 voxels to be compared to each 

other, a very stringent correction for multiple comparisons is needed to reduce the chance of 

a false positive finding. Second, a region of interest (ROI) analysis can be performed. This 

allows for a more powerful analysis, by only testing hypotheses in brain areas of interest. 

Basically, there are two valid ROI approaches. ROIs can be chosen on the basis of the 

underlying brain function, which is often referred to as ‘functionally defined ROIs’31. The other 

way of performing an ROI analysis is the ‘anatomically defined ROI analysis’, which means 

that there is a specific hypothesis about a particular brain area. In the fMRI studies described 

in this thesis, data are analyzed using an ROI analysis based on functionally defined ROIs, i.e. 

all areas specifically involved in a particular task. The choice for an ROI approach was primarily 

driven by the advantages of this approach with respect to specificity and sensitivity. In addition, 

it allows for calculation and presentation of effect sizes. We chose to perform analyses on 

functionally defined ROIs because of the complexity of the design, and the exploratory and 

broad character of the studies.  
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Brain functions  

Striatal dopamine release

Research Question 1 
Does the endocannabinoid system regulate dopamine release in the human striatum?

A common feature of rewarding experiences in life is that they induce release of dopamine in 

a brain region called the striatum. This is known for food and sex, but also rewarding properties 

of addictive drugs are thought to be mediated by enhancing synaptic dopamine levels in the 

striatum32,33. Using neuroimaging techniques, increased dopamine levels have been found in 

the human striatum after the administration of amphetamine21,34-37, cocaine38, alcohol39, and 

nicotine40,41. In animals, it has been demonstrated that cannabinoid substances such as THC 

enhance neuronal firing of mesolimbic dopamine neurons42-44 and elevate striatal dopamine 

levels45-49, both through activation of cannabinoid CB1 receptors42-44,47,48. 

In addition, increased striatal dopamine function is one of the most robust pathophysiological 

features of schizophrenia. This has been acknowledged for years, as therapeutic effects of 

antipsychotic drugs directly relate to the blockade of striatal dopamine receptors50,51, and 

dopamine enhancing drugs are able to induce direct psychotic effects52,53. Neuroimaging 

studies have consistently shown that baseline levels of synaptic dopamine and striatal dopamine 

release in response to amphetamine are increased in schizophrenia patients34,35,54. This effect 

is directly related to the severity of amphetamine-induced psychotic symptoms and the 

response to subsequent antipsychotic treatment54,55.

Synaptic dopamine levels in the striatum can be measured with the use of PET and the  

[11C]raclopride displacement paradigm. This paradigm provides an indirect measure of in vivo 

synaptic dopamine concentration by quantifying the change in dopamine D2/D3 receptor 

availability to the binding of [11C]raclopride. A reduction in striatal [11C]raclopride binding to 

dopamine D2/D3 receptors will reflect an increase in striatal dopamine levels, which is expected 

after THC administration (see Figure 1.2).   

Enhanced dopamine levels in the human striatum after THC administration would suggest 

endocannabinoid control over striatal dopamine release. This would indicate an important role 

for the endocannabinoid system in psychiatric disorders such as schizophrenia and addiction. 

Chapter 2 describes the effects of THC administration on dopamine release in the striatum 

of healthy volunteers, as measured with PET and the [11C]raclopride displacement 

paradigm.    

Memory encoding and recall 

Research Question 2 
How is the endocannabinoid system involved in memory encoding and recall processes? 

Impairments in long-term memory can be due to insufficiencies in either of two processes 

involved: encoding or recall of information. Both memory processes are thought to rely on 
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functioning of the medial temporal lobe and prefrontal areas56,57, and deficits in memory 

function are associated with various psychiatric and neurological disorders, such as Alzheimer’s 

disease, schizophrenia and mood disorders57,58. 

Evidence for impact of cannabinoid intoxication on human learning and memory performance 

is not univocal. A large number of studies have reported no acute effects of cannabinoid 

administration on learning and memory paradigms59-66. Other studies did indicate memory 

impairments after administration of cannabinoids67-74. However, although these cannabinoid-

induced effects are statistically significant, most of them are relatively small. Interestingly, 

these small effects of cannabinoids on memory are usually reported in the free recall of 

information that is previously learned under the influence of cannabinoids67,68,73, whereas recall 

of items acquired before cannabis use is generally not affected75-77. This suggests that 

cannabinoids influence encoding but not recall of information. 

A valid fMRI paradigm to measure memory encoding and recall processes is a pictorial 

associative memory task78,79. This paradigm involves three different task conditions. First, an 

encoding condition is conducted which requires subjects to remember a specific combination 

of two pictures. In the second phase, single item pictures must be classified, which serves as 

a control task. Finally, in a recall condition subjects have to recognize specific combinations 

of pictures previously presented during the encoding phase. In healthy volunteers, this task 

reliably reveals brain activity in a memory network including (para)hippocampal and prefrontal 

areas78,79.

Effects of THC administration on encoding and recall brain function could further indicate how 

the endocannabinoid system is involved in both memory processes. Chapter 4 shows task 

accuracy and brain activity patterns after THC administration during performance of a pictorial 

associative memory paradigm.      

Baseline Challenge

[11C]raclopride
dopamine

Figure 1.2  Schematic representation of the [11C]raclopride displacement paradigm. Left, At baseline, 
[11C]raclopride binds to available striatal dopamine D2/D3 receptors. Right, A reduction in the binding of 
[11C]raclopride reflects an increase in striatal dopamine levels (adapted from http://droguesetcerveau.
free.fr).        
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Working memory

Research Question 3 
What is the role of the endocannabinoid system in working memory efficiency? 

Working memory is the ability for short term storage and manipulation of information80, and 

depends on functioning of a network of brain regions including the prefrontal and parietal 

cortex56,81. Impairment of working memory has been described for psychiatric disorders such 

as addiction and ADHD82,83, and is considered a core feature of schizophrenia84.      

Working memory can be measured with a Sternberg item-recognition paradigm (SIRP) 

containing increasing levels of difficulty85,86. In the version of the SIRP described in Chapter 
5, participants are instructed to memorize alternating sets of one, three, five, seven or nine 

consonants. After presentation of a memory set, eight single consonants are displayed in 

sequence, and subjects have to indicate whether these probes were present in the preceding 

memory set. 

It has been shown that during SIRP performance, brain activity increases linearly with 

increasing working memory load, tapering off until a maximum is reached (Figure 1.3a)87-89. 

In addition, performance is high until task load causes a gradual increase in errors (Figure 

1.3b). Neuroimaging studies have shown that schizophrenia patients often exhibit a reduced 

load-dependent increase in brain activity, together with enhanced brain activity for tasks with 

low working memory load (Figure 1.3a, gray line)90-94. This has led to the theoretical notion 

that impaired cognitive function in schizophrenia is related to neurophysiologically inefficient 

working memory function95,96. According to this working memory inefficiency hypothesis, both 

brain activity and performance levels that are normally related to a higher working memory 

load will already occur at a lower load (Figure 1.3). 

task level

ac
ti

vi
ty

A. brain activity

easy hard

normal
task level 

pe
rc

en
ta

ge
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or
re

ct

easy hard

B. performance

inefficient
Figure 1.3  Effect of working memory inefficiency on profile of brain activity and performance in a 
parametric design. A, A shift of the load-response curve to the left will effectively reduce the load-
dependent increase in brain activity, while increasing activity for easy tasks. B, A shift of the 
performance curve to the left will effectively cause a drop off in performance at a lower load.
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Inefficiency refers to the disproportionate magnitude of brain activity in relation to workload, 

and compromised performance as a result. Similarities in working memory-related performance 

and brain activity patterns between healthy volunteers after THC administration and patients 

with schizophrenia would provide an argument for involvement of the endocannabinoid system 

in cognitive symptoms of these patients. Chapter 5 shows THC-induced profiles of brain activity 

and SIRP performance in healthy subjects.  

Executive function

Research Question 4
How is the endocannabinoid system involved in executive function?  

The term executive function describes a set of high level cognitive functions that are essential 

for goal-directed behavior. They influence more basic functions such as attention, memory 

and motor skills. Executive function includes the ability to monitor and change behavior as 

needed, and to plan behavior in novel tasks and situations. Impaired executive function is 

considered a fundamental cognitive deficit in neurological and psychiatric disorders such as 

schizophrenia, Alzheimer’s disease and ADHD82,97-100. 

Modulation of the endocannabinoid system by administration of exogenous cannabinoids such 

as THC impairs performance on various executive function paradigms in both animals101,102 

and humans103-110. Two major mechanisms can be distinguished through which the 

endocannabinoid system could influence executive function. First, it may directly affect brain 

processes involved in task performance. These effects are expected to be reflected in activity 

changes in brain regions involved in the central executive system111,112. Second, the 

endocannabinoid system could influence task performance through involvement in regulation 

of activity in a set of brain regions called the default mode network113. It has been shown that 

goal-directed behavior is associated with reduced activity in this network114,115, and that failure 

to reduce default mode activity is related to task errors116-121. 

Executive function can be assessed with the use of a continuous performance task with 

identical pairs (CPT-IP)122-124. Performance of this task requires processing of a continuously 

changing stream of data122,125, and is characterized by a heavy reliance on executive function 

while short-term memory load is relatively small80,126. In this paradigm, participants are 

presented with a series of four-digit numbers, and are instructed to press a button when two 

consecutive numbers are identical. Previous neuroimaging studies using CPT paradigms have 

shown activation of an executive system predominantly consisting of frontal and parietal 

regions123,124.

Determining executive function after THC administration in terms of task performance and 

brain activity in both activated and deactivated networks could further elucidate the role of 

the endocannabinoid system in this cognitive domain. Chapter 6 shows task accuracy and 

brain activity patterns after THC administration during performance of a CPT-IP.     
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Emotional processing

Research Question 5
What is the role of the endocannabinoid system in emotional processing? 

Impaired processing of emotions is an important characteristic of psychiatric disorders such 

as major depression127, bipolar disorder128 and schizophrenia129-131, with significant 

consequences for social functioning and subjective well-being of patients. Although imaging 

studies suggest an important role for the amygdala in emotional processing132-135, it has also 

been posited that the amygdala is part of a large network of brain regions that regulates 

processing of emotions, including orbital frontal cortex, prefrontal cortex, anterior cingulate, 

and occipital and temporal lobes128,136-138. 

There is ample evidence for an important role for the endocannabinoid system in processing 

of emotions. For example, recreational cannabis users describe the euphoriant effect of 

cannabis as a feeling of intoxication with decreased anxiety, alertness, depression and 

tension139-141. In addition, animal studies show that disruption of endocannabinoid-mediated 

synaptic regulation through genetic deletion or pharmacological blockade of cannabinoid 

receptors produces anxiety- or depressive-like states142-147. Administration of low doses of 

cannabinoid agonists or drugs that enhance levels of endogenous cannabinoids reduces 

anxiety-like behavior145,148-154.  

Processing of emotional expressions can be assessed with a widely applied emotional faces 

task155-157. This paradigm consists of two conditions involving processing of fearful and happy 

facial expressions of emotion, respectively. Subjects are instructed to view a trio of unfamiliar 

faces and to select one of the two bottom faces that express the same facial emotion as the 

target face on top. Fearful and happy faces conditions are interspersed with a sensorimotor 

control condition in which subjects have to match simple geometric shapes. This task has 

been shown to reliably and robustly engage a network of brain regions involved in emotional 

processing, including the amygdala155-157.

Effects of THC administration on brain function related to processing of positive and negative 

emotions could further indicate how the endocannabinoid system is involved in emotional 

processing. Furthermore, similarities in brain function between healthy volunteers after THC 

administration and psychiatric patients would indicate involvement of the endocannabinoid 

system in impaired processing of emotions in these patients. Chapter 7 shows THC-induced 

profiles of task performance and brain activity during matching of stimuli with positive and 

negative content. 

Outline of this thesis

The aim of this thesis is to gain novel insights into the role of the endocannabinoid system in 

human brain functions that are relevant for psychiatric disorders. This is achieved by 
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investigating brain function in healthy volunteers after acute administration of 

∆9-tetrahydrocannabinol (THC), a partial agonist of the CB1 receptor. Chapter 2 provides 

results of a PET study in which the effects of THC administration on striatal dopamine release 

were investigated. On the basis of animal studies that showed THC-induced elevated striatal 

dopamine levels, it was hypothesized that THC administration would also cause dopamine 

release in the human striatum. In Chapter 3, the objectives and methods of the Pharmacological 

Imaging of the Cannabinoid System (PhICS) study are described. In addition, behavioral, 

subjective and physiological effects of the THC challenge are shown. PhICS is a comprehensive 

research project aimed at elucidating the role of the endocannabinoid system in symptoms 

of psychiatric disorders in a multidisciplinary manner. Studies addressed in this thesis were 

performed within the framework of PhICS. Chapter 4 shows the role of the endocannabinoid 

system in human encoding and recall memory function. Based on neuropsychological studies 

that suggested impaired encoding of information after THC administration, reductions in 

encoding-related brain activity were expected. In Chapter 5, it is demonstrated how the 

endocannabinoid system is involved in working memory function. Given the ample evidence 

for endocannabinoid involvement in both working memory function in healthy subjects and 

the pathophysiology of schizophrenia, it was hypothesized that working memory function 

between healthy volunteers after THC administration and patients with schizophrenia would 

show similarities. Chapter 6 describes the role of the endocannabinoid system in human 

executive function. Effects of THC administration are shown on task performance and on brain 

activity patterns in regions of both the (activated) central executive network and the (deactivated) 

default mode network. Chapter 7 shows how the endocannabinoid system is involved in the 

processing of emotions. Based on the recreational effects of cannabis and findings in animal 

studies, it was expected that THC administration would have opposite effects on brain function 

related to processing of positive versus negative emotions, with a THC-induced increase in 

activity for positive emotions and a decrease in activity for negative emotions. Finally, in Chapter 
8, the results, conclusions and limitations of the studies presented in the previous chapters 

are discussed, together with their future implications.
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Abstract

The influence of cannabis on mental health receives growing scientific and political attention. 

An increasing demand for treatment of cannabis dependence has refueled the discussion 

about the addictive potential of cannabis. A key feature of all addictive drugs is the ability to 

increase synaptic dopamine levels in the striatum, a mechanism involved in their rewarding 

and motivating effects. However, it is currently unknown if cannabis can stimulate striatal 

dopamine neurotransmission in humans. Here we show that ∆9-tetrahydrocannabinol (THC), 

the main psychoactive component in cannabis, induces dopamine release in the human 

striatum. Using the dopamine D2/D3 receptor tracer [11C]raclopride and positron emission 

tomography in seven healthy subjects, we demonstrate that THC inhalation reduces  

[11C]raclopride binding in the ventral striatum and the precommissural dorsal putamen but 

not in other striatal subregions. This is consistent with an increase in dopamine levels in these 

regions. These results suggest that THC shares a potentially addictive property with other drugs 

of abuse. Further, it implies that the endogenous cannabinoid system is involved in regulating 

striatal dopamine release. This allows new directions in research on the effects of THC in 

neuropsychiatric disorders, such as schizophrenia. 

 

Introduction

The debate whether cannabis can be characterized as an addictive drug has been ongoing 

for many years1. Recently, a substantial increase in the demand for treatment of cannabis 

dependence has intensified this discussion2. The rewarding properties of addictive drugs are 

thought to be mediated by their action on the mesolimbic dopamine system3,4. This dopamine 

system originates in the ventral tegmental area and projects to the ventral striatum, which 

predominantly comprises the nucleus accumbens. Addictive drugs probably induce their 

rewarding effects by enhancement of synaptic dopamine levels in the ventral striatum3,4. In 

the human striatum, increased dopamine levels have been found with the use of neuroimaging 

techniques after the administration of amphetamine5-9, cocaine10, alcohol11 and nicotine12,13. 

In animals, it has been demonstrated that cannabinoid substances such as Δ9-

tetrahydrocannabinol (THC), the main psychoactive component in cannabis14, also stimulate 

striatal dopamine neurotransmission15-17. Cannabinoids enhance neuronal firing of mesolimbic 

dopamine neurons18-20 and elevate striatal dopamine levels21-25, both through activation of 

cannabinoid CB1 receptors18-20,23,24. However, whether THC affects the human striatal dopamine 

system is currently unknown. 

The purpose of the present study was to investigate whether THC can induce dopamine release 

in the striatum of healthy human subjects. This was assessed using positron emission 

tomography (PET) and the dopamine D2/D3 receptor ligand [11C]raclopride. With this method, 

an increase in striatal synaptic dopamine concentrations can be determined by a reduction 

in [11C]raclopride binding6,26. Based on findings from animal studies, our hypothesis was that 
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THC should reduce [11C]raclopride binding in the human striatum, consistent with striatal 

dopamine release.

Materials and methods 

Subjects
Healthy male subjects were recruited through advertisements on the Internet. All subjects had 

a history of mild cannabis use for at least one year, defined as using cannabis more than four 

times a year and at most once a week. In addition, it was required that they never experienced 

psychotic effects after cannabis use and did not meet criteria for “Paranoid Ideation” or 

“Psychoticism” on the self report symptom checklist SCL-9027. Mild cannabis users were 

selected as they a priori could be expected to tolerate the THC challenge used in this experiment 

while not having long-term effects associated with frequent cannabis use. All subjects were 

in good physical health as assessed by medical history, physical examination, electrocardiogram 

and routine laboratory tests. Urine screening for cannabis, amphetamine, cocaine and 

morphine was performed at screening and on both study days. Subjects with a positive drug 

test on other drugs than cannabis were excluded from the study. Subjects with a positive 

cannabis test at screening were tested again, and were required to be negative before the first 

study day. Subjects were excluded from participation in case of history of alcohol or drug abuse 

and in case of major current psychiatric diagnosis. In addition, subjects were excluded if they, 

or a first- or second-degree relative, had a lifetime history of a clinically significant psychiatric 

or neurological illness. Use of medication at the time of the study was not allowed. All volunteers 

gave written informed consent before entry into the study. The study was approved by the 

Medical Research Ethics Committee of the University Medical Center Utrecht, the 

Netherlands. 

 

Design and procedure
In a double-blind, randomized, placebo-controlled, cross-over study, subjects had two PET-

scans after either administration of THC or placebo. Scanning sessions were separated by at 

least two weeks to allow for complete clearance of drug between both occasions. Subjects 

arrived two hours before the start of the scanning procedure at the Department of Nuclear 

Medicine & PET Research of the VU University Medical Center in Amsterdam, the Netherlands, 

having fasted for at least 4 hours prior to their arrival. Subjects refrained from cannabis for at 

least two weeks prior to the first study day until study completion and from alcohol for 24 hours 

before each study day. Caffeine intake and smoking were not allowed on study days. Use of 

drugs of abuse, including cannabis, was checked with urine drug screenings, which had to 

be negative on the day of the PET scans. Use of alcohol, caffeine and nicotine was checked 

by self report. A standard breakfast or lunch was served and venous catheters were placed 

in each arm, one for [11C]raclopride infusion and the other for venous blood sampling.  
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Drugs and administration
Preparation and administration of drugs was performed according to Zuurman et al. (2008)28. 

THC was purified from Cannabis sativa according to GMP-compliant procedures (Farmalyse 

B.V., Zaandam, the Netherlands) and was dissolved in 200 μl 100 vol% alcohol. The solvent 

was used as placebo. Drugs were administered using a Volcano ® vaporizer (Storz-Bickel 

GmbH, Tuttlingen, Germany). Five minutes before administration, 8 mg of THC was vaporized 

into an opaque polythene bag equipped with a valved mouthpiece, preventing the loss of THC 

in between inhalations. Subjects inhaled the volume of this bag in three or four subsequent 

breaths, holding their breath for 10 seconds after each inhalation. They were not allowed to 

speak during the inhalation process, which was practiced at screening using placebo.

Production of [11C]raclopride 
[11C]Raclopride was synthesized via methylation of O-desmethyl raclopride (obtained from 

ABX, Radeberg, Germany) with 11CH3I in dimethylsulfoxide at 80°C for 5 minutes, utilizing a 

Nuclear Interface methylation synthesis module. The resulting product was purified from the 

reaction mixture by HPLC (μbondapak 7.8x300; 0,01M H3PO4/MeCN 70/30 5 ml/min, UV at 

254 nm). The collected fraction containing [11C]raclopride was diluted with 40 ml of 1 mM 

NaOH in water and this mixture was subsequently passed over a tC18 SepPak. After washing 

the SepPak with 20 ml of water for injection, [11C]raclopride was eluted from the SepPak with 

1.2 ml of sterile ethanol and a sterile solution of NaH2PO4 in saline (7.1 mM, pH 5.4). The 

final solution was transferred to a sterile product vial via a sterile 0.22 μm MIllex GV filter, 

yielding a sterile, pyrogen free solution of [11C]raclopride with a (radio)chemical purity of >98% 

while the specific activity ranged from 26 to 104 GBq/μmol at time of injection. The complete 

production procedure was performed in accordance with the EU guideline Eudralex volume 

4: Good Manufacturing Practices and were approved by the Dutch health authorities (license 

nr 107627A).

Positron Emission Tomography
PET scans were performed on an ECAT EXACT HR+ scanner (Siemens/CTI, Knoxville, TN, 

USA), which is located at the Department of Nuclear Medicine & PET Research of the VU 

University Medical Centre in Amsterdam, the Netherlands. This scanner enables the acquisition 

of 63 transaxial planes over a 15.5 cm axial field of view, thus allowing the whole brain to be 

imaged. Five minutes after inhalation of placebo or THC, [11C]raclopride was given as a bolus 

plus constant infusion. [11C]Raclopride was delivered in a 50 ml volume and administered by 

a computer operated infusion pump (Med-Rad, Beek, the Netherlands). First, a bolus dose 

of 28 ml was given over 3.1 minutes, followed by constant infusion of 22 ml at 0.15 ml/hour 

for 88 minutes. Thus, the bolus to infusion ratio (Kbol) was 112 minutes29. A 40 minute scanning 

period with 8 successive frames of 5 minutes was initiated 40 minutes after the start of [11C]

raclopride administration. Finally, a transmission scan of 10 minutes was performed in order 

to correct for photon attenuation. Correction for emission contamination was performed using 

the dwell profile method30.     
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Image reconstruction
All PET sinograms were corrected for dead time, decay, randoms, scatter and tissue attenuation. 

All PET emission scans were reconstructed with FORE + 2D FBP using a 0.5 Hanning filter, 

resulting in a trans-axial spatial resolution of ~7 mm in the centre of the field of view. Images 

were then transferred to workstations (Sun Microsystems, Santa Clara, CA, USA) for further 

analysis.

Behavioral, subjective and physiological measurements 
Behavioral ratings were assessed with the 18-item Brief Psychiatric Rating Scale (BPRS)31. 

This structured interview was performed at baseline and 21 and 102 minutes after THC 

administration. Total BPRS scores were analyzed together with scores for the factors thinking 

disorder (BPRS items conceptual disorganization, hallucinatory behavior and unusual thought 

content), withdrawal-retardation (BPRS items blunted affect and emotional withdrawal), 

anxiety-depression (BPRS items anxiety, guilt feelings and depressive mood) and hostility-

suspiciousness (BPRS items hostility, suspiciousness and uncooperativeness)32.

A rating scale consisting of 16 visual analogue scales was used to determine subjective effects. 

From these analogue scales three factors were calculated, corresponding to alertness, 

contentedness and calmness33. Psychedelic effects were assessed using an adapted version 

of a 13-item visual analogue rating scale, originally described by Bowdle and colleagues28,34. 

The visual analogue scale “Feeling High” was analyzed individually and composite scores of 

“External Perception” and “Internal Perception” were calculated28. Both rating scales were 

performed consecutively at baseline and 7, 12, 17, 32 and 100 minutes after THC 

administration. 

ECG was monitored continuously and blood pressure and heart rate were measured at baseline 

and 6, 11, 15, 19, 34, 49, 64, 79 and 94 minutes after start of THC administration.

Blood sampling
Venous blood samples were collected to determine plasma concentrations of THC and its two 

most important metabolites, 11-OH-THC and 11-nor-9-carboxy-THC. Blood samples were 

withdrawn 5, 10, 20, 35, 55 and 90 minutes after THC administration and processed according 

to Zuurman et al. (2008)28. Additional venous blood samples were withdrawn 40, 60, 70 and 

80 minutes after start of [11C]raclopride administration in order to measure [11C]raclopride 

metabolism. These samples were processed according to Schuit et al. (2007)35. 

Magnetic Resonance Imaging
Magnetic resonance imaging (MRI) of all subjects was performed at the Department of 

Radiology of the University Medical Center in Utrecht, the Netherlands, for anatomical 

definition. MRI scans were acquired using a 1.5T scanner (Philips Gyroscan; Philips Medical 

Systems, Best, the Netherlands). T1-weighted, 3D, fast-field echo scans with 160–180 1.2mm 

contiguous coronal slices (echo time, 4.6 ms; repetition time, 30 ms; flip angle 301; field of 

view 256mm)36 were used. 
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Regions of interest 
All MRI scans were rotated to acquire horizontal lines between anterior and posterior 

commissures (AC-PC line) in the sagittal plane. Then the striatum was divided into five 

anatomical regions of interest (ROI) (see Figure 2.1 and Table 2.1), according to published 

criteria8,37. These ROIs were delineated on MRI scans oriented in the coronal plane using 

DISPLAY. ROIs were defined for ventral striatum, precommissural dorsal caudate, 

precommissural dorsal putamen, postcommisural caudate and postcommissural putamen. 

These ROIs were classified into three functional subdivisions: limbic striatum (ventral striatum), 

associative striatum (consisting of precommissural dorsal caudate, precommissural dorsal 

putamen and postcommisural caudate), and sensorimotor striatum (postcommissural 

putamen)8,37. Cerebellar hemispheres were also defined on the MRI scans. After reconstruction, 

individual PET frames were co-registered to the first frame in order to correct for motion and 

summed over all frames. These summed PET images were co-registered to the rotated MRI 

scan using VINCI software38. After projection of the ROIs on the co-registered summed PET 

images, activity was calculated for each ROI as the volume weighted average of left and right 
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Figure 2.1 Coronal slices of (left) PET [11C]raclopride and (right) co-registered MRI scans at the level 
of the striatum, (A) anterior and (B) posterior to the AC-plane. Striatal subregions are indicated on 
the MRI scans: ventral striatum (yellow), precommissural dorsal putamen (green), precommissural 
dorsal caudate (red), postcommissural putamen (purple) and postcommissural caudate (blue).
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regions. Activity in associative striatum was derived as the volume weighted average of 

precommissural dorsal caudate, precommissural dorsal putamen and postcommisural caudate, 

whilst activity in striatum as a whole was calculated as the volume weighted average of all five 

ROIs (Table 2.1).  

Outcome measures 
Non-displaceable Binding Potential (BPND)

39 was used as measure of dopamine D2/D3 receptor 

availability. BPND was defined as the distribution volume ratio (DVR) minus 1 40. As scans were 

performed during steady state, DVR could be obtained using the average activity concentration 

in a ROI divided by that of the cerebellum ROI, which was used as reference. In this way, BPND 

was calculated for all ROIs for both scanning sessions. 

Statistical analysis
Group differences in BPND between placebo and THC were analyzed using repeated measures 

ANOVA with ROI and drug as factors. Post-hoc analysis was performed for each ROI using 

paired t-tests. Behavioral, subjective, psychedelic and physiological effects were corrected for 

baseline values and also analyzed using repeated measures ANOVA with drug and time as 

factors. Post-hoc analysis was performed using paired t-tests. Therefore, a mean score was 

calculated for each parameter and compared between placebo and THC. Differences in PET 

scan parameters and [11C]raclopride concentrations were measured using paired t-tests. A 

p-value less than 0.05 was considered statistically significant.       

Results

Subjects
Nine healthy male subjects gave informed consent for this study. Seven volunteers completed 

the study procedure. One subject was excluded due to positive urine drug screening on the 

first study day. Another subject did not complete the second scanning session due to anxiety. 

Mean age of the seven subjects was 21.9 ± 2.7 years (range 20 - 27). Mean height, weight 

and BMI were 183 ± 8 cm (range 172 – 196), 80 ± 9 kg (range 72 – 98) and 23.8 ± 0.9 kg/

m2 (range 22.9 – 25.5), respectively. All subjects were familiar with the effects of cannabis. 

Two subjects used cannabis less than once a month, one subject three times a month, three 

subjects twice a month and one subject used cannabis once a week. They all showed negative 

urine screening at both study days.   

PET scan parameters
Mean injected dose of [11C]raclopride was similar between placebo (770 ± 30 MBq) and THC 

sessions (810 ± 90 MBq) (p = 0.254). In addition, total mass of administered raclopride (6.1 

± 2.3 μmol and 4.6 ± 1.5 μmol for placebo and THC sessions respectively; p = 0.181) was 

not significantly different between sessions. There were no significant changes in equilibrium 
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Figure 2.2 Plasma concentrations of Δ9-tetrahydrocannabinol (THC) and its main metabolites 11-OH-THC and 11-nor-
9-carboxy-THC after inhalation of 8 mg THC (mean ± SEM; n = 7).

Figure 2.3 Effects of Δ9-tetrahydrocannabinol inhalation (8 mg) on [11C]raclopride binding in (left) ventral striatum 
and (right) precommissural dorsal putamen of healthy subjects (n = 7). Data are presented as [11C]raclopride non-
displaceable Binding Potential (BPND), reflecting dopamine D2/D3 receptor availability.  

201163 proefschrift Matthijs Bossong.indd   34 19-12-2011   14:15:02



35

C
h

ap
ter  2  |  TH

C
-induced striatal dopam

ine release 

levels of striatal activity, expressed by percentage change of activity concentration over time, 

between placebo (-0.10 ± 0.16 %/min) and THC (-0.12 ± 0.08 %/min) sessions (p = 0.633). 

In addition, the slope (i.e. change over time during scanning) of the ratio between striatum 

and cerebellum [11C]raclopride concentrations was not significantly different between sessions 

(-0.0011 ± 0.0030 and -0.0010 ± 0.0025 for placebo and THC sessions respectively; p = 

0.967).

Blood sample analysis
THC plasma concentration reached a maximum of 143 ± 91 ng/ml five minutes after inhalation, 

decreasing rapidly thereafter. Plasma concentrations of the main metabolites of THC, 11-OH-

THC and 11-nor-9-carboxy-THC, peaked at ten minutes (6 ± 2 ng/ml) and twenty minutes 

(18 ± 5 ng/ml) after inhalation, respectively (Figure 2.2). [11C]Raclopride concentrations were 

not significantly different between placebo and THC sessions in both whole blood (0.59 ± 0.25 

and 0.61 ± 0.28 kBq/g, respectively; p = 0.717) and plasma (1.02 ± 0.42 and 1.06 ± 0.43 

kBq/g, respectively; p = 0.687), normalized to the effectively injected dose. In addition, the 

fraction of parent [11C]raclopride was not significantly different (p = 0.191) between placebo 

(80.4 ± 5.6%) and THC (77.5 ± 4.3%).    

Dopamine D2/D3 receptor availability
Non-displaceable Binding Potential (BPND) of [11C]raclopride, reflecting dopamine D2/D3 

receptor availability, was significantly reduced in the ventral striatum and the precommissural 

dorsal putamen after inhalation of THC compared to placebo (-3.43 ± 3.70%, p = 0.029 and 

-3.88 ± 4.07%, p = 0.042, respectively) (Figure 2.3). In other subdivisions of the striatum no 

significant differences were found between THC and placebo (Table 2.1).

Behavioral, subjective and physiological measurements 
Analysis of variance revealed a significant drug x time effect on the BPRS total score (F(2,12) 

= 11.28, p = 0.002) and on the BPRS composite score withdrawal-retardation (F(2,12) = 

18.23, p < 0.001). THC induced significant increases in VAS scores of “Feeling High”  

Table 2.1  Effects of Δ9-tetrahydrocannabinol (THC) (8 mg) on [11C]raclopride non-displaceable Binding Potential 
(BPND), reflecting dopamine D2/D3 receptor availability (mean ± SD; n = 7).

Region BPND Placebo BPND THC Difference (%) p-values

Ventral striatum 1.40 ± 0.24 1.35 ± 0.24 -3.43 ± 3.70 0.029 *

Precommissural dorsal caudate 2.18 ± 0.25 2.12 ± 0.13 -2.09 ± 6.44 0.355

Precommissural dorsal putamen 2.75 ± 0.24 2.64 ± 0.16 -3.88 ± 4.07 0.042 *

Postcommissural caudate 1.62 ± 0.19 1.55 ± 0.15 -4.12 ± 7.14 0.157

Postcommissural putamen 2.74 ± 0.29 2.69 ± 0.20 -1.50 ± 4.42 0.329

Striatum 2.28 ± 0.22 2.21 ± 0.12 -2.57 ± 4.42 0.153

Striatum values were calculated as the volume weighted averages of all five regions of interest. * BP significantly different 
between THC and placebo. 
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(F(5,30) = 3.88, p = 0.008), “External Perception” (F(5,30) = 2.91, p = 0.029) and “Calmness” 

(F(5,30) = 3.22, p = 0.019), and a decrease on “Alertness” (F(5,30) = 3.07, p = 0.024). Heart 

rate increased significantly after THC compared with placebo (F(9,54) = 9.36, p < 0.001). 

Behavioral, subjective and physiological measurements are summarized in Table 2.2 and 

Table 2.3. No significant associations between measures of dopamine release and behavioral, 

subjective or physiological effects were demonstrated. 

Table 2.2  Behavioral, subjective, and physiological effects of Δ9-tetrahydrocannabinol (n = 7).

Assessment Drug x time interaction Paired t-test

BPRS Total Score   F(2,12) = 11.28, p = 0.002 * p = 0.008 *

Thinking Disorder - -

Withdrawal - Retardation   F(2,12) = 18.23, p < 0.001 * p < 0.001 *

Anxiety - Depression   F(2,12) = 0.11, p = 0.898 -

Hostility - Suspiciousness   F(2, 12) = 1.64, p = 0.235 -

VAS Alertness   F(5, 30) = 3.07, p = 0.024 * p = 0.038 *

VAS Contentedness   F(5, 30) = 1.73, p = 0.157 -

VAS Calmness   F(5, 30) = 3.22, p = 0.019 * p = 0.458

VAS Feeling High   F(5, 30) = 3.88, p = 0.008 * p = 0.009 *

VAS Internal Perception   F(5, 30) = 2.51, p = 0.052 -

VAS External Perception   F(5, 30) = 2.91, p = 0.029 * p = 0.048 *

Heart Rate   F(9, 54) = 9.36, p < 0.001 * p = 0.040 *

Systolic Blood Pressure   F(9, 54) = 1.38, p = 0.240 -

Diastolic Blood Pressure   F(9, 54) = 0.72, p = 0.689 -

Statistical analysis was performed using repeated measures ANOVA with drug and time as factors. Post-
hoc analysis was performed with paired t-tests. Therefore, a mean score was calculated for each parameter 
and compared between THC and placebo. 
* Significant difference between THC and placebo. BPRS, Brief Psychiatric Rating Scale; VAS, Visual 
Analogue Scale. 

Table 2.3  Post-hoc analysis performed with paired t-tests of the baseline-corrected behavioral, 
subjective, and physiological parameters that demonstrated a significant drug x time effect (see Table 
2.2) (mean ± SD; n = 7).

 Assessment Mean Placebo 
Score

Mean THC Score p-values

BPRS Total Score -0.10 ± 0.16 1.95 ± 1.42  0.008 *

BPRS Withdrawal - Retardation 0.00 ± 0.00 0.62 ± 0.23 < 0.001*

VAS Alertness 0.62 ± 2.23 -6.34 ± 6.31  0.038 *

VAS Calmness 2.11 ± 3.54 4.88 ± 8.63  0.458

VAS Feeling High 0.45 ± 1.50 27.33 ± 17.73  0.009*

VAS External Perception 0.17 ± 0.30 9.77 ± 10.16  0.048*

Heart Rate -4.71 ± 4.38 16.17 ± 19.87  0.040*

For each parameter a mean score was calculated and compared between THC and placebo. 
* Significant difference between THC and placebo. BPRS, Brief Psychiatric Rating Scale; VAS, Visual 
Analogue Scale.  
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Discussion

This study examined the effects of THC inhalation on [11C]raclopride specific binding in seven 

healthy volunteers, finding a reduction in the ventral striatum and precommissural dorsal 

putamen. The reduction in [11C]raclopride specific binding is consistent with an increase in 

dopamine levels in these regions. 

This is the first study demonstrating THC-induced dopamine release in the human striatum. 

This result is in line with animal findings, showing enhanced neuronal firing of mesolimbic 

dopamine neurons after administration of cannabinoids18-20. In addition, it is consistent with 

microdialysis studies demonstrating that cannabinoids induce elevated striatal dopamine 

levels21-25. These effects are dependent on the activation of cannabinoid CB1 

receptors18-20,23,24. 

The ability of THC to induce dopamine release in the human striatum suggests that THC shares 

addictive properties with other drugs of abuse. Dopamine release in the striatum is a key 

feature of all addictive drugs, specifically involved in their rewarding effects and in the formation 

of reward-related associations3,4. However, whereas amphetamine7-9, cocaine10, alcohol11 and 

nicotine12,13 cause reductions in dopamine D2/D3 receptor availability in the range of 10% to 

30%, we found a relatively modest THC-induced decrease of 3.4% and 3.9% in the ventral 

striatum and the precommissural dorsal putamen, respectively. Interestingly, this modest 

decrease in [11C]raclopride binding is consistent with the moderate increase in striatal dopamine 

levels measured after administration of THC in animals21-24. Assuming a ratio between increase 

in dopamine levels and reduction in [11C]raclopride binding of approximately 40:1 6,26, our data 

indicate an increase in dopamine concentrations in the ventral striatum of 136%. This is in 

line with the THC-induced increase in striatal dopamine levels as demonstrated in microdialysis 

studies21-24.          

As THC was dissolved in 100 vol% alcohol and the solvent was used as placebo, we can not 

exclude that the inhalation of alcohol has caused dopamine release. However, this is very 

unlikely, as only 200 μl alcohol was administered. Please note that the placebo scan was 

subtracted from the THC scan and both conditions contained the same amount of alcohol.

THC induced well-known behavioral, subjective and physiological effects41,42 in our subjects, 

replicating effects caused by the highest dose of THC administered in previous research using 

the same vaporizing device28,43. In addition, THC plasma concentrations in this study were 

comparable with or even higher than those obtained after smoking of high-potency cannabis44,45. 

Thus, our results indicate that a relatively high dose of THC induces a moderate degree of 

dopamine release in the human striatum. This effect may be explained by the indirect effects 

of THC on striatal dopamine levels through cannabinoid CB1 receptors on glutamate and GABA 

neurons in the nucleus accumbens and the ventral tegmental area16,46. Other drugs of abuse 

have more direct effects on the dopamine system4,47.     

As the PET scan was performed around 45 - 85 minutes after inhalation of THC it could be 

argued that most of the effect of THC on dopamine release had dissipated at the time of the 

scan. By this time, plasma concentrations of THC were only 2.0 to 4.4% of the maximum 
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concentration. However, pharmacokinetic/pharmacodynamic (PK/PD) models that have been 

described recently indicate that central nervous system effects of THC last much longer than 

suggested by the rapid decline of plasma concentrations43. Application of these PK/PD-models 

to this study showed that 84.5 - 95.9% of the maximum CNS-effects were still present during 

acquisition of the PET scan. These findings suggest that it is unlikely that striatal dopamine 

release immediately after THC administration has been much larger than the modest levels 

of 3.4 - 3.9% that were observed around 45 minutes after administration. Indeed, effects on 

VAS Feeling High that were reported 101 minutes after inhalation were still significant. 

Moreover, it is known that drug-induced effects on dopamine D2/D3 receptor availability last 

longer than changes in synaptic dopamine concentrations6,26. In humans, [11C]raclopride 

Binding Potential was still decreased six hours after amphetamine administration48. This is 

probably due to an internalization of dopamine receptors49, indicating that a drug-induced 

effect on striatal dopamine release can be detected for a long time after administration. 

Our finding of THC-induced release of dopamine in the striatum suggests that human striatal 

dopamine release is under control of the endogenous cannabinoid system. The exact 

mechanism is still unclear, but cannabinoid CB1 receptors on glutamate and GABA terminals 

in both the nucleus accumbens and the ventral tegmental area are involved in the regulation 

of dopamine release in the striatum16,46. Interestingly, it is known that cannabis use increases 

the risk for developing schizophrenia50,51 and worsens its clinical outcome52,53. Schizophrenia 

is an illness that has consistently been related to increased dopamine function in the 

striatum54,55, possibly caused by disinhibition of striatal dopamine transmission5,6. Thus, 

elevated striatal dopamine release after the use of cannabis may explain how cannabis use 

contributes to the development and pathophysiology of schizophrenia.        

In conclusion, we have demonstrated that Δ9-THC, the main psychoactive component of 

cannabis, induces dopamine release in the human striatum. This finding implies that THC 

may share a putatively addictive property with other drugs of abuse and that the endogenous 

cannabinoid system plays a role in regulating striatal dopamine release, possibly explaining 

some of the detrimental effects of THC in neuropsychiatric disorders such as schizophrenia. 
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Abstract

Various lines of (pre)clinical research indicate that cannabinoid agents carry the potential for 

therapeutic application to reduce symptoms in several psychiatric disorders. However, direct 

testing of the involvement of cannabinoid brain systems in psychiatric syndromes is essential 

for further development. In the Pharmacological Imaging of the Cannabinoid System (PhICS) 

study, the involvement of the endocannabinoid system in cognitive brain function is assessed 

by comparing acute effects of the cannabinoid agonist Δ9-tetrahydrocannabinol (THC) on 

brain function between healthy controls and groups of psychiatric patients showing cognitive 

dysfunction. This article describes the objectives and methods of the PhICS study and presents 

preliminary results of the administration procedure on subjective and neurophysiological 

parameters. Core elements in the methodology of PhICS are the administration method (THC 

is administered by inhalation using a vaporizing device) and a comprehensive use of 

pharmacological Magnetic Resonance Imaging (phMRI) combining several types of MRI scans 

including functional MRI, Arterial Spin Labeling to measure brain perfusion, and resting-state 

fMRI. Additional methods like neuropsychological testing further specify the exact role of the 

endocannabinoid system in regulating cognition. Preliminary results presented in this paper 

indicate robust behavioral and subjective effects of THC. In addition, fMRI paradigms 

demonstrate activation of expected networks of brain regions in the cognitive domains of 

interest. The presented administration and assessment protocol provides a basis for further 

research on the involvement of the endocannabionoid systems in behavior and in 

psychopathology, which in turn may lead to development of therapeutic opportunities of 

cannabinoid ligands. 

Introduction

The present paper describes the objectives and methods of a large Dutch pharmacological 

MRI project investigating the neurophysiological role of the brain endocannabinoid (eCB) 

system in cognitive disorders, impulse control and addiction. The current project was designed 

in line with the recommendations of the World Health Organization’s (WHO) Priority Medicines 

project1, which identifies “pharmaceutical gaps”: diseases that pose high burdens to society, 

but where effective pharmacological treatment either does not exist or is inadequate. Against 

this background, Top Institute (TI) Pharma was founded in The Netherlands, in 2006. TI 

Pharma is a public private partnership (PPP) consisting of industrial and academic research 

teams and conducts cross-disciplinary research that addresses a large number of the diseases 

mentioned in the WHO’s Priority Medicines project. Among these diseases are several brain 

diseases, such as cognitive decline in Alzheimer’s disease and several psychiatric disorders 

with a neurobiological basis, including depression, schizophrenia and addiction. One of the 

projects funded by TI Pharma addresses the role of the brain eCB system in the regulation of 

neurotransmission and the therapeutic opportunities of cannabinoid ligands. The presently 
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described Pharmacological Imaging of the Cannabinoid System (PhICS) study is part of this 

broader TI Pharma project on the neurophysiological role of the eCB system. 

The eCB system is ubiquitously present in the brain and is involved in many physiological 

functions, such as pain, food intake, and cognitive processing2-4. It consists of cannabinoid 

receptors and endocannabinoid ligands that work on these receptors. There are at least two 

different cannabinoid receptors, but in the brain CB1 receptors are the most important and 

they are widely distributed throughout the brain (see for extensive reviews on the eCB system 

Ameri, 19995, Wilson and Nicoll, 20026 and Piomelli, 20037). The two most important and 

best studied endogenous cannabinoid ligands are anandamide and 2-arachidonoylglycerol 

(2-AG). Endocannabinoids are synthesized on demand, and act as retrograde messengers, 

which means that when necessary, they are released postsynaptically and work on presynaptic 

receptors, thereby regulating the release of both inhibitory and excitatory neurotransmitters6,7. 

As such, the eCB system acts as a modulating system which is involved in the control of many 

brain functions including learning and memory, emotion and reward2-4. 

Modulation of the eCB system by administering exogenous cannabinoids such as 

∆9-tetrahydrocannabinol (THC), the main psychoactive constituent of cannabis8, produces a 

diverse range of acute effects by activating the CB1 receptor. Apart from the euphoriant effect 

or “high”9-11, THC also induces impairments in working memory9,10,12, episodic memory13 (see 

for a review Ranganathan and D’Souza, 20064), and attention14-16. THC also affects impulse 

control17,18. High-dose intoxication with cannabis can result in acute psychosis, usually of a 

transient nature19,20. THC possesses rewarding properties: it is self-administered by monkeys21 

and enhances striatal dopamine levels in both animals22 and humans11 (see for a review Lupica 

et al., 20042). The cognitive domains that are affected by THC show overlap with domains 

typically impaired in psychiatric disorders. PhICS aims at studying intermediate phenotypes, 

by coupling non-specific cognitive symptoms, i.e. symptoms that go beyond specific disorders, 

to brain function when manipulated with THC administration. For example, working memory 

dysfunction is an established cognitive impairment in schizophrenia, but not selectively so. 

Working memory deficits are also common in substance abuse disorders and obsessive 

compulsive disorder (OCD). For PhICS, we selected five psychiatric disorders where a link has 

been established between the eCB system and cognitive symptoms that characterize these 

disorders, including schizophrenia, addiction, attention deficit hyperactivity disorder (ADHD), 

depression and OCD. Figure 3.1 summarizes the relationship between the eCB system, 

cognitive domains of interest and these psychiatric disorders. 

There is substantial evidence that the eCB system is involved in schizophrenia. First of all, it 

is known that cannabis use increases the risk for developing schizophrenia23,24 and worsens 

its clinical outcome25,26. Further, patients with schizophrenia demonstrate both enhanced CB1 

receptor densities in cortical regions27-29 and increased levels of endogenous cannabinoids in 

cerebral spinal fluid30,31 and plasma32. Finally, there is a substantial body of evidence from 

both preclinical and clinical studies that the eCB system is involved in the cognitive dysfunction 

in schizophrenia, in particular in attention, learning and memory and inhibitory regulatory 

mechanisms (see for reviews Lichtman et al., 200233 and Solowij and Michie, 200734).      
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Figure 3.1 A schematic presentation of the rationale behind the PhICS study. There is evidence for involvement of the 
endocannabinoid (eCB) system in both psychiatric disorders (lower part) and different domains of cognition (upper 
part). Impairments in cognition are significant symptoms in psychiatric disorders (see also Table 3.2). Since psychiatric 
disorders can be considered as a composition of specific symptoms rather than individual disorders, we focus in the 
PhICS study on the role of the eCB system in cognitive symptoms. The colored arrows indicate the cognitive domains 
that are studied in the respective patient groups.   
ADHD, attention deficit hyperactivity disorder; OCD, obsessive compulsive disorder
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The eCB system is involved in different aspects of drug addiction, including reward, withdrawal 

and relapse (see for reviews De Vries and Schoffelmeer, 200535, Maldonado et al., 200636 and 

Fattore et al., 200737). For example, animal studies have shown that addictive properties 

reflected in behaviors such as self-administration or conditioned place preference of opiates, 

nicotine and alcohol are absent or attenuated in cannabinoid CB1 receptor knockout mice and 

after the administration of the CB1 antagonist rimonabant36.  Further, CB1 agonists reinstate 

drug seeking behavior of drugs of abuse, whereas rimonabant blocks this effect35,37. In humans, 

clinical trials are performed to investigate the effect of rimonabant on the cessation of smoking 

nicotine38 and in the reduction of food intake in obesity39.  

Key symptoms of Attention Deficit Hyperactivity Disorder (ADHD) are disturbed impulse 

regulation and attention40. Preclinical studies indicate that the eCB system is involved in 

impulse regulation, since CB1 receptor agonists and antagonists, as well as inhibiting fatty acid 

amide hydrolase (FAAH), the enzyme responsible for the degradation of the endogenous 

cannabinoid anandamide, affect impulsivity41,42. Impaired performance on attention tasks after 

administration of cannabinoids to both animals and humans indicates the involvement of the 

eCB system in attention16,43. The cognitive deficits in ADHD may be caused by a dysregulation 

of dopaminergic frontal-subcortical circuits, also affecting the reward system44,45.         

In depression, the role of the eCB system is less straightforward (see for reviews Witkin et al., 

20053 and Hill and Gorzalka, 200546). Preclinical studies have demonstrated that both 

facilitation47,48 and inhibition49,50 of endocannabinoid signaling can induce antidepressant 

effects. However, this seems at odds with clinical trials testing rimonabant for the treatment 

of obesity that report depressed mood and anxiety as the most common adverse events39.     

In Obsessive Compulsive Disorder (OCD) impairments in working memory, attention and 

impulse regulation are core symptoms51. As mentioned before, there are several indications 

that the eCB system is involved in these symptoms (see for a review Solowij and Michie, 

200734). Interestingly, treatment with THC reduces obsessive compulsive symptoms in patients 

with Gilles de la Tourette-Syndrome52 and OCD53. 

In summary, various lines of preclinical and clinical research indicate that the eCB system 

plays a role in the pathophysiology of cognitive dysfunction in various psychiatric disorders. 

Hence, cannabinoid agents carry the potential to become novel pharmaceutical agents for 

treatment of symptoms of psychiatric disorders. However, direct testing of the involvement of 

cannabinoid brain system in psychiatric symptomatology is essential for further development. 

Most importantly, we need to systematically assess whether the cannabinoid brain system 

indeed affects the cognitive symptoms and associated brain functions that are implied on the 

basis of (pre)clinical research (see Figure 3.1). 

The PhICS study is unique in its multidisciplinarity and the wide array of convergent methods 

used. Core methodology in PhICS involves measuring brain function in humans with a 

neuroimaging technique called pharmacological Magnetic Resonance Imaging (phMRI) (see 

for a review Honey and Bullmore, 200454). PhMRI is a powerful tool to map direct modulation 

of brain function by psychopharmacological agents, in this case the CB1 agonist THC. By 

comparing acute effects of THC administration on brain function between psychiatric patients 
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with specific cognitive impairments and healthy controls, we explore the role of the eCB system 

in the regulation of cognitive brain function in these populations. The purpose of this paper is 

to present the background and methodology of the PhICS study. 

Design

General design of the PhICS study
To unravel the role of the eCB system in cognitive symptoms of psychiatric disorders both 

healthy volunteers and psychiatric patients take part in the PhICS study. Five groups of 

patients with a specific psychiatric disorder, including schizophrenia, depression, ADHD, 

OCD, and addiction, are composed. These patient groups are selected based on 

symptomatology and the indication of involvement of the eCB system in these symptoms 

(see Figure 3.1). Each patient group is compared with a group of matched healthy controls. 

All subjects participate in a double-blind, randomized, placebo-controlled, crossover phMRI 

study and are scanned and tested on two separate study days after the inhalation of either 

placebo or THC. During scanning participants perform cognitive functional MRI (fMRI) tasks. 

Using this approach, brain activity patterns in brain networks can be compared between 

placebo and THC sessions and between healthy controls and psychiatric patients (Latin 

square design). All measurements take place at the University Medical Center Utrecht, The 

Netherlands.

Subjects
For each patient group twelve patients are recruited. We include only males due to expected 

interactions between hormonal cycle and brain activity patterns in women, which will flaw 

the design. In addition, there is evidence for gender differences in the effects of THC55. 

Patients with more than one psychiatric disorder are excluded from the study. Each patient 

group is analyzed separately and is compared to healthy controls matched on age, IQ, socio-

economical status and nicotine and alcohol use. All subjects are current incidental cannabis 

users, defined as having used cannabis more than four times a year and less then once a 

week in the year preceding the first MRI scan. During screening and at the beginning of each 

study day, urine drug screens for cannabis, cocaine, amphetamine, methamphetamine, 

morphine, benzodiazepines and ecstasy are performed. Subjects with a positive drug test on 

other drugs than cannabis are excluded from the study. Subjects with a positive cannabis 

test at screening are tested again, and are required to be negative before the first study day. 

All subjects undergo a physical examination performed by a physician, to establish good 

physical health before entering the study. All volunteers give written informed consent before 

entry into the study and are paid 250 euros for participation. See Table 3.1 for all criteria of 

participation. 
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Procedure
Prior to the first study day subjects are familiarized with the scanner environment using a 

mock scanner, a replica of a standard MRI scanner. The MRI procedure is fully described to 

the subjects and the fMRI tasks are practiced.  

The actual study consists of two test days, separated by at least two weeks to allow for complete 

clearance of drugs between both occasions. Subjects have fasted for at least 4 hours before 

their arrival at the hospital. Subjects need to refrain from cannabis for at least 2 weeks before 

the first study day until study completion and from alcohol for 48 hours before each study day. 

Caffeine intake and smoking is not allowed from the moment of arrival until the end of a study 

day. Use of drugs of abuse, including cannabis, is checked with urine drug screenings and 

use of alcohol, caffeine, and nicotine is checked by self-report. A standard meal is served and 

symptomatology is assessed in patients using a disorder-specific symptom scale. An intravenous 

catheter is placed in the arm for venous blood sampling.  

The scan session includes three functional MRI scans during a cognitive challenge. Sequence 

of the tasks is randomized between subjects, but remains unchanged within subjects across 

sessions. In addition to fMRI, Arterial Spin Labeling (ASL) techniques and resting state fMRI 

Table 3.1  In- and exclusion criteria for participants.

Inclusion criteria

•	 Male

•	 	Current	occasional	cannabis	use	since	at	least	one	year	(<1/week	and	≥ 4/year) without known negative 
implications (e.g. bad trip, cannabis-induced psychosis)

•	 Right-handedness,	assessed	with	the	Edinburgh	Handedness	Inventory

•	 Written	informed	consent	of	the	subject

For patients:

•	 	Diagnosed	with	one	psychiatric	disorder	(1.	schizophrenia;	2.	depression;	3.	ADHD;	4.	addiction	to	nicotine	
(heavy smokers); 5. OCD) according to DSM-IV criteria, axis I

Exclusion criteria

•	 Clinical	significant	abnormalities,	except	for	the	predetermined	psychiatric	disorder

•	 First	degree	relatives	with	a	psychiatric	disorder	according	to	DSM-IV	criteria	(healthy	controls	only)

•	 Impaired	physical	health	evaluated	by	medical	history	and	physical	(including	neurological)	examination

•	 History	of	alcohol	and/or	drug	abuse	(DSM-IV	criteria)	except	for	nicotine	in	the	addiction	group

•	 	Past	but	recent	diagnosis	of	abuse	of	drugs	or	alcohol	other	than	tobacco,	i.e.	within	12	months	preceding	
study inclusion

•	 Body	Mass	Index	(B.M.I.)	<18	kg/m2 or >28 kg/m2

•	 	Any	subject	who	received	any	investigational	medication	within	90	days	prior	to	the	start	of	the	study	or	who	is	
scheduled to receive an investigational drug

•	 	The	use	of	any	medication	within	three	weeks	prior	to	the	start	of	the	study,	except	for	paracetamol	and	
medication for the psychiatric disorder

•	 Blood	donation	within	3	months	before	the	start	of	the	study

•	 Claustrophobia

•	 Metal	objects	in	or	around	the	body	(braces,	pacemaker,	metal	fragments)
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are applied to measure THC-induced effects on cerebral blood flow and default brain activity 

respectively. Finally, the scan protocol includes a 3D-anatomical scan for registration purposes. 

After the scanning session a neuropsychological test battery is performed outside the scanner. 

Subjective and psychedelic effects of THC are measured at fixed intervals during the test day 

using visual analogue scales. Heart rate and respiration are monitored continuously during 

scanning sessions. See Figure 3.2 for a schematic outline of a study day. Subjects are allowed 

to go home when subjective and physiological effects are normalized, and after permission of 

a psychiatrist. 

Drugs and administration 
THC or placebo is administered by inhalation using a Volcano® vaporizer (Storz & Bickel GmbH, 

Tuttlingen, Germany). This is a novel safe, effective and reproducible mode of intrapulmonary 

THC administration56,57. It overcomes disadvantages of other administration methods, such as 

the limited and variable bioavailability of oral administration and the inhalation of toxic 

compounds produced by burning cannabis. In addition, the administration of pure THC 

prevents co-administration of other psychoactive compounds contained in cannabis. Final 

pulmonal uptake, plasma concentrations and subjective effects of THC are similar for smoking 

and vaporizing cannabis56,57, making the Volcano® vaporizer pre-eminently suitable for studies 

investigating the eCB system in humans with a pharmacological challenge.  

THC is purified from Cannabis sativa according to GMP-compliant procedures (Farmalyse BV, 

Zaandam, The Netherlands) and each mg of THC is dissolved in 100 μl 100 vol% alcohol. 

The solvent is used as placebo. Five minutes before administration, THC is vaporized at a 

temperature of 225 °C into an opaque polythene bag equipped with a valved mouthpiece, 

preventing the loss of THC in between inhalations. Subjects inhale the volume of this bag in 

2 - 3 minutes, holding their breath for 10 s after each inhalation. They are not allowed to speak 

during the inhalation process, which is practiced at screening using placebo. 

On study days, subjects receive subsequent doses of THC or placebo. The first THC dose is 

6 mg, followed by four doses of 1 mg each to maintain equal levels of CNS effects. These 

doses are based on pharmacokinetic/pharmacodynamic (PK/PD) modeling of the CNS effects 

induced by THC58. 

Task 3

Placebo / 
1 mg THC

Task 2

Placebo / 
1 mg THC

Neuropsy     chology

Placebo / 
1 mg THC

Task 1

Placebo / 
6 mg THC

Placebo / 
1 mg THC

ASLAnat ASL RestSt Rest

Figure 3.2 Outline of a study day. The scanning session comprises three functional MRI scans during a cognitive 
challenge. In addition, an anatomical scan, a resting state scan and Arterial Spin Labeling (ASL) scans are acquired. 
Subjects receive subsequent doses of THC or placebo. The first THC dose is 6 mg, followed by four doses of 1 mg 
each to maintain equal levels of CNS effects. After the scanning session a neuropsychological test battery is performed 
outside the scanner.
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Assessments

Symptomatology, IQ and personality
Since differences in severity of psychiatric symptoms may affect brain activity patterns, 

symptomatology of patients is assessed on both study days. We determine this using validated 

disorder-specific symptom scales. For schizophrenia patients, the Positive and Negative 

Syndrome Scale (PANSS) is used59. For OCD patients the Y-BOX questionnaire is used. The 

ADHD rating scale is used for assessing symptomatology in ADHD patients60, the Beck 

Depression Inventory for depressive patients61, and the Fägerstrom Test for Nicotine 

Dependence (FTND) for smokers62. An estimate of verbal IQ is obtained by the Dutch version 

of the National Adult Reading Test (DART). Personality questionnaires (the Sensation Seeking 

Scale (SSS)63 and the Behavioral Inhibition Scale / Behavioral Activation Scale (BIS/BAS)64 are 

administered to improve interpretation of fMRI results.

Brain scans

Functional MRI
Image acquisition is performed on a Philips Achieva 3.0 Tesla MR scanner with a Quasar dual 

gradient set. A 3D-PRESTO-SENSE scan protocol is used for all fMRI tasks, as well as the 

resting state scan65 (scan parameters: TR 22.5 ms; TE 33.2 ms; flip angle = 10°; FOV 

224×256×160; matrix 56× 64×40; voxel size 4.0 mm isotropic; scan time 0.6075 s; 40 slices; 

sagittal orientation). A high-resolution volume with a flip angle of 27° (FA27) is scanned after 

each task for registration purposes. Before the functional imaging runs, a high-resolution whole 

brain anatomical image is performed (scan parameters: TR 9.4 ms; TE 4.7 ms; flip angle = 

8°; FOV 220.8x240x159.6; matrix 368×400×113; voxel size 0.6x0.6x0.6 mm, 266 slices; 

sagittal orientation). 

fMRI data are preprocessed and analyzed using SPM5 (Wellcome Trust Centre for 

Neuroimaging, London, UK). Preprocessing of data includes realignment of functional images 

and coregistration with the anatomical scan using the high-resolution volume. Subsequently, 

functional scans are normalized into standard MNI space and smoothed (FWHM = 8 mm). 

Statistical analysis is performed for every fMRI task separately using a General Linear Model 

repeated measures model, implemented in SPM5.

All subjects perform three fMRI tasks activating different networks of brain regions. These 

tasks differ between the psychiatric patient groups. For each group of patients and matched 

controls three relevant fMRI tasks are selected based on the cognitive domains impaired in a 

specific psychiatric disorder. For example, since impairments in attention, impulse regulation 

and reward are associated with ADHD40,44, these patients perform fMRI tasks known to activate 

brain networks underlying these cognitive domains. Table 3.2 shows the impaired cognitive 

domains in each of the psychiatric disorders and the fMRI tasks that are performed. Below 

are descriptions of the different fMRI tasks that are used in the PhICS study.  
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Working memory Working memory is assessed using a modified version of the Sternberg 

recognition task66. The task involves memorizing sets of consonants and deciding whether 

subsequently presented letters belong to the set or not. The number of consonants will vary 

between memory sets (1, 3, 5, 7, and 9 consonants respectively) to create different levels of 

working memory load. Cognitive processing during this task consistently activates a well-

defined fronto-parietal network of brain regions67-69.

 

Reward To activate reward circuitry an adapted version of the monetary incentive delay task 

as developed by Knutson and colleagues is used70. In this task, subjects need to press a button 

as fast as possible on seeing a target stimulus. Depending on both the cue that precedes the 

Table 3.2  Overview of the psychiatric patient groups involved in the PhICS study, together with the cognitive domains 
impaired in the respective disorder and the functional MRI and neuropsychological tasks performed to study the 
cognitive domains. 

Psychiatric 
disorder

Cognitive impairment fMRI task CANTAB/ neuropsychological test

Screening test Motor Screening

ADHD Impulse regulation
Attention
Reward 
Working memory

Associative memory

Stop Signal Task
Attention Task
Monetary Reward Task

Stop Signal Task
Simple and 5-choice Reaction Time Task
Cambridge Gambling Task 
One Touch Stockings of Cambridge + 
Spatial Working Memory
Paired Associates Learning

OCD Impulse regulation
Working Memory

Reward

Stop Signal Task
Working Memory Task

Monetary Reward Task

Stop Signal Task
One Touch Stockings of Cambridge + 
Spatial Working Memory
Cambridge Gambling Task

Schizophrenia Impulse regulation
Working memory

Emotion 
Attention 
Associative memory

Stop Signal Task
Working Memory Task

Emotional Faces Task

Stop Signal Task
One Touch Stockings of Cambridge + 
Spatial Working Memory
Affective Go-Nogo Task
Simple and 5-choice Reaction Time Task
Paired Associates Learning

Addiction Impulse regulation
Reward
Working memory

Emotion
Associative memory

Stop Signal Task
Monetary Reward Task
Working Memory Task

Stop Signal Task
Cambridge Gambling Task
One Touch Stockings of Cambridge + 
Spatial Working Memory
Affective Go-Nogo Task
Paired Associates Learning

Depression Reward
Emotion
Associative memory
Attention

Monetary Reward Task
Emotional Faces Task
Associative Memory Task

Cambridge Gambling Task
Affective Go-Nogo Task
Paired Associates Learning
Simple and 5-choice Reaction Time Task

Abbreviations: ADHD, attention deficit hyperactivity disorder; OCD, obsessive compulsive disorder 
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target stimulus and reaction time, subjects can either win or lose a certain amount of money. 

Brain activity of both anticipation and outcome of reward and loss is assessed.  

Attention Sustained attention is measured with a continuous performance task, using an 

identical pairs paradigm. This task is adapted from Strakowski et al. (2004)71 and consists of 

a continuous stream of four-digit numerals presented every 0.75 sec. Subjects are instructed 

to press a button whenever the same four-digit numeral appears twice in succession during 

the sequence. In healthy volunteers this paradigm activates networks of brain regions including 

both anterior structures involved in attentional processes (prefrontal cortex, anterior cingulate 

cortex and insula) and posterior structures involved in integrating sensory information (temporal 

cortex, parietal cortex and fusiform gyrus)71,72.

Impulse regulation As a measure of impulsivity, brain activity underlying inhibitory motor control 

is assessed with a stop signal task73,74. In this task, subjects need to press a button when they 

are presented with a visual stimulus. On a subset of trials this go signal is followed by a stop 

signal, which instructs participants to cancel or withdraw their ongoing response on that 

particular trial. This inhibition of a response is shown to rely on frontal and striatal brain 

activation73-75. 

Emotion Brain activity involved in processing of emotion is assessed with a task adapted from 

Hariri and colleagues, measuring the neural response to happy and fearful faces76. Subjects 

are presented with a trio of faces and select one of the two bottom faces that express the same 

emotion as the target face on top. The target and congruent probe face display either a fearful 

or happy expression and the other probe face always displays a neutral expression. Fearful 

and happy faces are presented in different blocks, interleaved with a control task in which 

geometric shapes are shown. This task has been shown to reliably and robustly engage a 

network involved in emotional processing including the amygdala76,77.  

Associative memory Associative memory is assessed with a pictorial task involving three 

different task conditions. First, an associative learning phase is conducted which requires 

subjects to remember a specific combination of pictures and to establish a meaningful 

connection between the two pictures. In the next phase simple pictures have to be judged, 

which serves as a control task. Finally, in a retrieval phase subjects have to retrieve specific 

combinations previously presented during associative learning. In healthy volunteers this task 

reliably reveals brain activity in the hippocampus and the (para)hippocampal gyrus bilaterally, 

especially during the associative learning condition78,79.

Arterial Spin Labeling
Since functional MRI measures the BOLD (blood oxygen level dependent) signal, THC-

induced global changes in cerebral blood flow may affect the fMRI findings. Arterial Spin 

Labeling (ASL) permits the non-invasive quantification of global and regional brain perfusion 
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(see for a review Petersen et al., 200680). As such, ASL provides additional physiological 

data, that facilitate interpretation of fMRI findings and enables us to correct for THC-induced 

effects on blood flow. 

ASL scans are acquired before and after administration of both placebo and THC. Pseudo-

continuous labeling is performed by employing a train of Hanning-shaped RF pulses (tip angle 

18°, duration 0.5 ms) with an interpulse pause of 0.5 ms in combination with a balanced 

gradient scheme. The duration of labeling is 1650 ms. The control situation is achieved by 

adding 180° to the phase of every other RF pulse. ASL imaging is performed combined with 

background suppression (a saturation pulse immediately before labeling and inversion pulses 

at 1680 and 2830 ms after the saturation pulse). We use single-shot echo planar imaging 

(EPI) in combination with parallel imaging (SENSE factor 2.5). In total, 17 slices of 7 mm slice 

thickness are acquired in ascending fashion with an in-plane resolution of 3*3 mm2. Imaging 

is performed 1525 ms after labeling stops. The total scan time for a pair of control and label 

images is 8 sec. For measurement of the magnetization of arterial blood (M0) and also for 

segmentation purposes, an inversion recovery sequence is acquired with the same geometry 

and resolution as the ASL sequence (inversion times 100–1900 ms with 200-ms intervals, 

preceded by a saturation pulse at ~1680 ms)81.

  

Resting State fMRI
Obviously, the brain is not inactive during rest, and a resting state network has been identified 

representing the state of the human brain in the absence of goal-directed neuronal action or 

external input82. Effects of THC on this resting state activity may affect the fMRI findings. We obtain 

resting state fMRI data to assess if and how THC affects brain activity patterns during rest. 

Subjective effects 
Subjective and psychedelic effects are measured regularly throughout study days. A rating 

scale consisting of 16 visual analogue scales is used to determine subjective effects. From 

these analogue scales three factors are calculated, corresponding to alertness, contentedness 

and calmness83. Psychedelic effects are assessed using an adapted version of a 13-item visual 

analogue rating scale, originally described by Bowdle and colleagues84,85. The visual analogue 

scales “Feeling High” is analyzed individually and composite scores of “External Perception” 

and “Internal Perception” are calculated. Changes in external perception reflect a misperception 

of an external stimulus or a change in the awareness of the subject’s surroundings. Internal 

perception reflects inner feelings that do not correspond with reality85.  

A computerized version of both rating scales is performed consecutively.

Physiological measurements
Heart rate and respiration are monitored continuously during scanning. Before and after 

scanning blood pressure and heart rate are measured regularly at fixed intervals.  
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Pharmacokinetics
Venous blood samples are collected to determine plasma concentrations of THC and its two 

most important metabolites, 11-OH-THC and 11-nor-9-carboxy-THC. Blood samples are 

processed according to Zuurman et al. (2008)85.

Neuropsychological tests
After scanning, neuropsychological tests are applied to measure the acute behavioral effects 

of THC on cognitive task performance. The results of these tests are related to the fMRI results. 

This provides insight in the behavioral correlates of brain activity findings and improves our 

understanding of the neurophysiological basis of the CB1-mediated behavioral effects of THC. 

Testing is done using a comprehensive set of eight subtests of the Cambridge Neuropsychological 

Test Automated Battery (CANTAB®), including motor screening (MOT), spatial working memory 

(SWM), paired associative learning (PAL), one touch stockings of Cambridge (OTS), reaction 

time (RTI), stop-signal-task (SST), Cambridge gambling task (CGT) and an affective go-nogo 

task (AGN) (for details on task formats see www.cantab.com). Each patient group and matched 

healthy control group perform those neuropsychological tests that match the cognitive domains 

of the fMRI tasks they have performed (see Table 3.2).

Statistics

Power analysis
In fMRI studies, a sample size of 12 subjects is considered to be sufficient for reliable 

measurement of cognition-related functional brain activity patterns86. Previous studies with 

THC administration show significant effects between THC and placebo on response inhibition 

and emotional processing with groups of 15 and 16 subjects, respectively77,87. However, in 

these studies THC was administered orally. Since THC plasma concentrations are much higher 

after intrapulmonary compared to oral administration11,85, we expect to detect the same degree 

of THC-induced effects with a sample size of twelve subjects. In addition, groups of twelve 

subjects provide ample power to demonstrate significant subjective and psychedelic effects 

of THC11,85 and to detect differences in cerebral blood flow between patients and healthy 

controls using ASL88. To ensure a minimum sample size of 12 subjects per group, inclusion 

will continue until 12 complete and qualitatively good datasets per group have been acquired 

(i.e. patient drop-out or data loss due to movement and/or technical malfunction will not affect 

eventual sample size). 

Statistical analyses
All obtained parameters are compared between psychiatric patient groups and matched 

healthy controls using analysis of variance (ANOVA) with group (patient versus control) and 

drug manipulation (THC versus placebo) as within-subject factors. Post hoc t-tests are 

performed for further exploration of significant effects.        
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Analysis of fMRI data consists of three steps (see Table 3.3). First, in functional MRI paradigms 

a specific cognitive process is switched on and off within minutes: periods involving the 

cognitive process of interest alternate with periods of rest and/or a control task. Using a 

subtraction method, contrasting activation during task performance with activation during rest 

(on versus off) results in a measure of brain activity that reflects the pattern of activity specific 

for the cognitive process of interest. For each subject, both the pattern and the magnitude of 

brain activity during the cognitive process under investigation are computed. Second, this on 

versus off contrast is compared between THC and placebo sessions to determine the effect 

of THC administration on brain activity. Third, the effect of THC is compared between patients 

and healthy controls. 

Ethical considerations

The PhICS study is approved by the Medical Ethics Committee of the University Medical Center 

Utrecht, The Netherlands. To rule out any suggestion that we approve or stimulate the use of 

cannabis, the consent form, which patients and healthy volunteers have to sign, states that 

participation is voluntary, that cannabis is potentially harmful and that the researchers do not 

have the intention to stimulate the use of cannabis. To minimize the risk of an adverse reaction 

to THC-administration, we only include subjects with previous experience with cannabis 

(incidental users), who have not experienced negative effects (e.g. bad trip, panic attack, 

cannabis-induced psychosis) (see Table 3.1). 

According to Good Clinical Practice guidelines, data monitoring is performed by an independent 

monitor. In addition, an independent psychiatrist acts as a patient safety monitor, and evaluates 

the safety of both patients and healthy controls.

Results

We present data supporting proof of concept of the PhICS study in terms of the effect of the 

THC challenge procedure on physiological and subjective measures. Results from the involved 

patient groups and their matched controls will be published in due time in peer-reviewed 

Table 3.3  The three steps of functional MRI data analysis in the PhICS study. For each 
subject, brain activation during a cognitive process is compared with a period of rest. Then, 
brain activity after placebo administration is contrasted with that after THC administration. 
Finally, the effect of THC administration on brain activation during a cognitive process is 
compared between patients and controls.    

What effect? Comes from? What is compared?

1. Effect of cognitive process fMRI paradigm On vs. Off

2. Effect of THC THC administration THC vs. Placebo

3. Effect on symptom Psychiatric disorders Patient vs. Control
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international journals. The effects of the THC challenge indicate robust effects on the central 

nervous system level. In addition, imaging results from placebo sessions in healthy volunteers 

display the (expected) networks of brain areas involved in three (out of six) fMRI task paradigms 

applied in PhICS. 

Physiological and subjective effects 
This paragraph describes THC-induced physiological and subjective effects in a group of 13 

healthy subjects (all male, age 21.6 ± 2.1 (SD)).

THC plasma concentrations 
THC plasma concentration reached a maximum of 58.1 ± 31.3 (standard error of the mean 

(SEM)) ng/ml 5 min after inhalation of 6 mg THC and decreased rapidly thereafter. Subsequent 

doses of 1 mg THC induced peaks in THC plasma concentration of 13.7 ± 7.7, 13.0 ± 3.8 

and 13.8 ± 6.0 ng/ml 5 min after each respective dose. 11-nor-9-carboxy-THC showed a 

stable plasma concentration over time with a maximum of 5.4 ± 1.8 ng/ml 87 min after the 

first THC administration. Plasma concentration of 11-OH-THC peaked at 5 min after the first 

inhalation (2.8 ± 3.0 ng/ml) (see Figure 3.3).

Heart rate
Heart rate was measured at 20 time points during the test days. Per subject, heart rate scores 

(beats per minute (bpm)) were mean corrected, for placebo and THC sessions separately. 

Figure 3.4 depicts average mean corrected heart rate curves (± standard error of mean (SEM); 

N=13) over time during placebo and THC sessions. GLM repeated measures analysis showed 

that heart rate was significantly increased in response to the THC-challenge compared to 

placebo (F(1,11) = 10.2, p < 0.01). 

Subjective effects (Visual Analogue Scales)
As expected, THC administration induced a significant increase in the psychedelic effect 

modality ‘Feeling High’ (F(1,12) = 12.6, p < 0.01) (see Figure 3.5). Administration of subsequent 

doses of THC with 30 minutes intervals maintained equal levels of CNS effects, as indicated 

by an absence of a significant effect of time on VAS ‘Feeling High’ across the three functional 

MRI sessions (p = 0.25). No effect was found in the psychedelic modality Internal Perception 

(reflecting inner feelings that do not correspond with reality). External Perception (reflecting 

misperception of external stimuli or changes in the awareness of the environment) showed a 

marginal increase after THC administration compared to placebo (F(1,12) = 3.4, p = 0.091). 

Also, as expected ‘Alertness’ was significantly reduced after THC (F(1,12) = 6.9, p < 0.05) and 

showed an interaction effect of drug*time (F(2,11) = 4.0, p = 0.05), indicating subjects were 

feeling less alert throughout the scanning procedure under the influence of THC. Contentedness 

and Calmness did not show significant effects of THC administration. Together, the subjective 

effects indicate a robust effect of THC administration on subjects feeling intoxicated, but not 

to an extent that they were no longer able to perform the cognitive tasks. 
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Figure 3.5 Mean corrected VAS scores 
of Feeling High over time in minutes. 
Error bars denote standard errors of 
mean (SEM). At the X-axis vertical 
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figure indicate time blocks when fMRI 
tasks were administered in randomized 
order.
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Figure 3.4 Mean corrected heart rate in 
beats per minute (bpm) over time. Error 
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indicate the time points of THC 
administration. The task blocks in the 
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Figure 3.3 Plasma concentrations of 
∆9-tetrahydrocannabinol (THC) and its 
main metabolites 11-OH-THC and 
11-nor-9-carboxy-THC after inhalation 
of 6, 1, 1 and 1 mg THC with 30 
minutes intervals (mean ± standard 
error of mean (SEM); n = 13). At the 
X-axis vertical arrows indicate the time 
points of THC administration. The task 
blocks in the figure indicate time blocks 
when fMRI tasks were administered in 
randomized order.
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Imaging data 
Figure 3.6 displays an overview of brain regions activated in healthy volunteers during placebo 

sessions for the associative memory task (N=13), the working memory task (N=19) and the 

stop signal task (N=11) respectively. 

For associative memory (upper panel Figure 3.6), activated areas were based on group 

activation maps (thresholded at T = 4.5, p < 0.05, corrected for multiple comparisons) in the 

associative learning condition. The network activated (not all areas shown in Figure 3.6) 

comprised areas in the cerebellum, fusiform and parahippocampal gyrus, lingual gyrus, middle 

occipital gyrus, the inferior frontal gyrus and insula (all bilateral), and in the left supplementary 

motor area and the right putamen. These regions corresponded to the network we expected 

to be activated during this task, and were similar to the network of brain regions found in 

previous fMRI studies from our lab using the same task paradigm in different groups of 

subjects79,89,90. 

For working memory, the network of activated regions shown (middle panel Figure 3.6) was 

based on group activation contrast maps (threshold value T = 4.5, p < 0.05, corrected for 

multiple comparisons), contrasting brain activation during a high working memory load 

(memory set of 7 consonants) with activity during the control condition (memory set of 1 

consonant; no working memory load). This yielded a network including areas in the dorsolateral 

prefrontal cortex, the inferior parietal cortex, the insula (all bilateral) and the anterior cingulate 

cortex. These areas are well known to play a role in working memory brain function using 

similar task paradigms, as has been shown in previous studies68,69,91.

Brain activity during the stop signal task (measuring inhibition and impulse regulation) was 

defined as brain activation during go trials contrasted with activity during successful stop trials. 

Group activation contrast maps (threshold value T = 4.5, p < 0.05, corrected for multiple 

comparisons) yielded a network of regions including the dorsolateral prefrontal cortex, the 

orbitofrontal cortex, and the insula bilaterally (see Figure 3.6, lower part). These regions have 

been shown to be critically involved in aspects of impulse regulation73,92. 

Discussion

The PhICS study is a randomized, double-blind, crossover, placebo-controlled phMRI study 

that investigates the involvement of the eCB system in cognitive brain function and whether 

alterations in endocannabinoid signaling may be involved in cognitive dysfunction in patients 

with a psychiatric disorder. 

In the present methodological manuscript results are reported on the physiological and 

subjective effects of a pharmacological challenge with THC (initial dose 6 mg, followed by 

three upload doses of 1 mg each, with 30 minute intervals) in healthy volunteers. Our findings 

of THC-induced effects on heart rate and subjective effects like ‘feeling high’ confirm the 

validity of the applied pharmacological manipulation of the endocannabinoid system. Brain 

imaging data of the placebo sessions demonstrate that brain activation during specified 
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regulation as measured with the task paradigms used in PhICS. All activation maps reflect suprathreshold (T > 
4.5, p < 0.05, corrected for multiple comparisons) group brain activity during placebo conditions. Maps are 
presented in neurological orientation (left side is left hemisphere). Upper panel: Group activation map (N=13) of 
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Occ = occipital gyrus. Middle panel: Group activation map of the Working Memory Task, contrasting working 
memory load 7 (memory set of 7 consonants) with load 1. DLPFC = dorsolateral prefrontal cortex, ACC = anterior 
cingulate cortex, IPG = inferior parietal cortex. Lower panel: Group activation map of the Stop Signal Task, contrasting 
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cognitive challenges can be adequately assessed using the proposed paradigms. The PhICS 

study will progress investigating the effects of a THC challenge on brain activation patterns 

related to cognitive domains of interest in groups of psychiatric patients showing cognitive 

dysfunction in one or more domains, as well as in matched healthy volunteers. 

Psychiatric disorders are selected based on evidence for a link between the eCB system and 

cognitive symptomatology and include schizophrenia, depression, OCD, ADHD, and addiction. 

Brain activity is measured during tasks that cover six different cognitive domains, including 

working memory, associative memory, reward, attention, emotion, and response inhibition. 

Brain activity is also measured in rest, and the influence of THC on brain perfusion is assessed. 

To investigate the effects of THC on behavioral measures, a neuropsychological test battery is 

performed. 

The PhICS study fits within the recommended research areas for brain disorders, as reported 

in WHO’s Priority Medicines project, and is embedded in the Dutch public private partnership 

initiative TI Pharma. PhICS is part of a consortium project consisting of industrial and academic 

research teams that addresses the role of the brain eCB system in the regulation of brain 

functions implicated in psychopathological syndromes. The project involves both preclinical 

and clinical research and combines technologies ranging from in-vitro approaches to behavioral 

models matched between animals and humans. It is expected this multidisciplinary approach 

will lead to an integrated systems model on the neurophysiological role of the eCB system. An 

important challenge within the consortium is translating animal findings on eCB functioning 

in models that can be applied in humans and vice versa. The PhICS study is designed in such 

a way that findings can be linked to ongoing or future animal work. For example, phMRI 

measures the effects of THC, a pharmacological agent, on the BOLD signal - which is a 

meaningful but indirect measure of brain activity. Knowledge on molecular, electrophysiological 

and neurochemical mechanisms of action of cannabinoids obtained from animal studies, adds 

to a meaningful interpretation of phMRI findings in humans. In addition, human pharmacological 

functional MRI studies face the challenge to interpret observed alterations in brain activity and 

explain their functional relevance. Brain activity as measured with BOLD fMRI is affected by 

physiological processes, e.g. direct effects of the administered drug on brain vasculature, 

perfusion, oxygen saturation, heart rate and blood pressure. These effects, either in isolation 

or synergistically, may also induce changes in the BOLD signal. An important strength of the 

multidisciplinary study design of PhICS is the measurement of many other physiological 

functions besides changes in brain activity. These data will guide the interpretation of potentially 

increased or decreased brain activity during cognitive processing under the influence of THC, 

and helps determining its functional relevance. Apart from it strengths, the design and 

methodology of PhICS as presented in this paper has some limitations as well. For one, all 

subjects will be occasional cannabis users. The choice for incidental cannabis users, as 

opposed to non-users, is primarily driven by ethical constraints pertaining to patients in that 

research suggests a role for cannabis use in, for instance, schizophrenia. Even though there 

is no direct evidence for a causal relationship, it is prudent to limit inclusion for THC 

administration studies to subjects who have already used cannabis in a recreational context. 
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Additional motivation for inclusion of incidental cannabis users as opposed to cannabis-naïve 

subjects is that they can be expected to tolerate the THC challenge used in this experiment 

with a minimal risk for adverse reactions. The risk of chronic neuroadaptation due to infrequent 

use, which would limit generalizability of findings to the population at large, can in our opinion 

be considered as minimal given the ethical constraints, but needs to be kept in mind. A second 

limiting factor is that, in the presented study design, the effects of the pharmacological 

challenge (THC) likely provide feedback that undermines blinding, and may cause expectancy 

effects in participants. We try to minimize the influence of expectancy by the use of a 

randomized crossover design. All subjects receive both THC and placebo on two separate 

sessions. By randomizing the order of administration of the psychoactive drug and placebo 

between subjects (50% of the subjects receive THC first, 50% placebo first), expectancy 

effects will be balanced across sessions. Still, we cannot exclude that expectancy effects may 

affect the results of the study to some extent and we will report on this in future papers. 

Patient groups participating in the PhICS study are selected based on symptomatology and 

the supposed involvement of the eCB system in these symptoms (see Figure 3.1), with a focus 

on “intermediate phenotypes”93. That is, we focus on the role of the eCB system in cognitive 

symptoms present in psychiatric disorders rather than on the role of this system in the disorders 

themselves. This is based on the notion that psychiatric disorders are a composition of specific 

symptoms instead of individual disorders. Where cognitive symptoms overlap, the involved 

brain systems may share common ground as well. For example, the impaired ability to process 

emotions is present in both schizophrenia and depression. In both disorders, dysfunction of 

the limbic areas, amygdala and prefrontal cortex has been postulated94,95 and in both disorders 

there is tentative evidence for the involvement of the eCB system in emotional deregulation. 

With PhICS, we are the first to systematically explore the effects of a THC-challenge on cognitive 

brain function both in healthy volunteers and patients with a psychiatric disorder. We search 

beyond the disorder itself to find a general deficit which may be related to a malfunctioning 

endocannabinoid system. 

Examples of the type of questions that can be asked and the type of answers that could be 

expected from PhICS, thanks to the multidisciplinary approach and use of convergent methods, 

include the following. We expect that the THC challenge has differential effects on brain 

activation, depending on the patient population and the cognitive domain. If we assume that 

cognitive brain function ranges from normal (in healthy controls) to abnormal (in patients) on 

a gradual scale, THC-induced effects may vary both in degree and in direction. Regarding the 

direction of the effect, one option is that THC induces a shift in brain activity in healthy controls 

in the direction of patients, thus resulting in patient-like abnormalities in cognitive brain 

function. At the behavioral level, this phenomenon has been observed in healthy volunteers 

who can experience (temporary) psychotic-like symptoms after use of high doses of cannabis9. 

A similar effect may occur for brain activation. For the patients, a THC-challenge may further 

aggravate cognitive dysfunction, both at the behavioral and the neurophysiological level. This 

has already been observed at the behavioral level, as we know that chronic cannabis use can 

trigger more severe psychotic symptoms and relapse in schizophrenic patients26,96. THC may 
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also be beneficial in a specific patient group for a specific symptom, meaning that the patients 

become more similar to healthy controls. For example, at the behavioral level there is some 

support that use of cannabis does, at least in the short-term, diminish negative symptoms 

associated with schizophrenia, such as anhedonia, apathy and social withdrawal97. 

Expanding our knowledge of the eCB system is highly relevant both from a fundamental 

scientific perspective as well as from a clinical point of view, because dysfunction of the eCB 

system may be one of the factors that can explain specific cognitive symptoms in psychiatric 

and neurological disorders. When we know how the eCB system is involved, the next step may 

be development of medication influencing this system to relief these symptoms. Thus, the 

results from the PhICS study are likely of great interest for research and development 

departments of pharmaceutical companies. Other future research directions include 

confirmation of and expanding the findings of the PhICS study via converging methods. For 

example, future pharmacological study designs could be applied in humans using direct of 

indirect eCB antagonist. In addition, blocking the degradation of endocannabinoids in humans 

with a fatty acid amide hydrolase (FAAH) inhibitor (FAAH is the enzyme that breaks down 

endocannabinoids once they are released) would be an interesting step forward, since the 

eCB system can then be challenged locally and only when it is activated. Finally, with regard 

to potential differences in eCB neurochemistry between psychiatric patients and healthy 

volunteers, an interesting question regarding cause or consequence arises. Has the system 

been altered by the illness, or has the illness been altered by the system? It is a challenge to 

assess these questions, but future studies may consider more longitudinal follow-up designs 

or (epi)genetics to target research questions like these.
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Abstract

Deficits in memory function are an incapacitating aspect of various psychiatric and neurological 

disorders. Animal studies have recently provided strong evidence for involvement of the 

endocannabinoid (eCB) system in memory function. Neuropsychological studies in humans have 

shown less convincing evidence, but suggest that administration of cannabinoid substances affects 

encoding rather than recall of information. In this study we examined the effects of perturbation of 

the eCB system on memory function during both encoding and recall. We performed a 

pharmacological magnetic resonance imaging (MRI) study with a placebo-controlled, cross-over 

design, investigating effects of ∆9-tetrahydrocannabinol (THC) inhalation on associative memory-

related brain function in 13 healthy volunteers. Performance and brain activation during associative 

memory were assessed using a pictorial memory task, consisting of separate encoding and recall 

conditions. Administration of THC caused reductions in activity during encoding in right insula, 

right inferior frontal gyrus and left middle occipital gyrus, and a network-wide increase in activity 

during recall, which was most prominent in bilateral cuneus and precuneus. THC administration 

did not affect task performance, but while during placebo recall activity significantly explained 

variance in performance, this effect disappeared after THC. These findings suggest eCB involvement 

in encoding of pictorial information. Increased precuneus activity could reflect impaired recall 

function, but the absence of THC effects on task performance suggests a compensatory mechanism. 

These results further emphasize the eCB system as a potential novel target for treatment of memory 

disorders, and a promising target for development of new therapies to reduce memory deficits in 

humans.

Introduction

Learning and memory are critical in our daily lives. Deficits in memory function are associated 

with various psychiatric and neurological disorders, such as Alzheimer’s disease, schizophrenia 

and mood disorders, and can be severely incapacitating. 

Recently, animal studies have provided strong evidence for the involvement of the 

endocannabinoid (eCB) system in memory1-7. The eCB system, consisting of cannabinoid 

receptors and accompanying endogenous ligands, is a retrograde messenger system that 

regulates both excitatory and inhibitory neurotransmission8,9. As such, the eCB system may 

act to ‘fine tune’ the control of important brain functions, including learning and memory10. 

Modulation of the eCB system by systemic administration of exogenous cannabinoids, such 

as ∆9-tetrahydrocannabinol (THC), the main psychoactive component in cannabis and partial 

agonist of the CB1 receptor, impairs performance on various learning and memory paradigms 

in animals1-7. This suggests that the eCB system may be an important target for the development 

of novel therapies for memory dysfunction in psychiatric disorders. However, animal findings 

may not translate directly to humans, and there is a need to study the specific role of the eCB 

system in humans. In humans, cannabinoids produce a diverse range of acute effects11, with 
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increases in heart rate and subjective effects such as ‘feeling high’ as the strongest and most 

consistently reported measures12. Despite the consistent findings of memory impairments in 

animals after cannabinoid administration and the robust cannabinoid-induced human 

subjective and physiological effects, the evidence for impact of cannabinoid intoxication on 

learning and memory performance is less convincing. A large number of neuropsychological 

studies have reported no acute effects of cannabinoid administration on learning and memory 

paradigms12-19. Recall of items acquired before cannabis use is also generally not affected20-22. 

Effects of cannabinoids on memory performance have, however, been reported in the free 

recall of information that is previously learned under the influence of cannabinoids23-25. This 

suggests that cannabinoids influence encoding but not recall of information. Notwithstanding 

reported effects on memory in humans, the effect size is typically surprisingly small. 

Assuming that the eCB system does play an important role in memory in both humans and 

animals, neuropsychology results may be affected by the ability of the human brain to reduce 

the effects of perturbations of the eCB system on behavior by functional compensation. A 

more effective method to measure the role of eCB in memory function in humans can be 

provided by direct visualization of brain activity during performance of a memory task in a 

pharmacological functional Magnetic Resonance Imaging (fMRI) study. 

In this study we applied this approach, and measured the effect of THC administration on 

encoding and recall brain function in an fMRI study. Based on neuropsychological findings, 

we tested the hypothesis that THC administration affects encoding, resulting in reduced 

encoding-related brain activity in a memory network including (para)hippocampal and 

prefrontal areas26,27. In addition, in line with neuropsychological findings, we did not expect 

direct effects of THC on recall processes, although compensatory mechanisms for the affected 

encoding function may lead to increases in activity during recall. These hypotheses were tested 

in an fMRI study with a double-blind, randomized, placebo-controlled, crossover design, using 

a pictorial associative memory task, containing separate encoding and recall conditions26,27. 

Materials and methods

This study is part of the Pharmacological Imaging of the Cannabinoid System (PhICS) study, 

of which design and objectives are provided in a methods paper28. 

Subjects
Fourteen healthy male right-handed subjects were recruited through advertisements on the 

Internet and in local newspapers. All subjects used cannabis on an incidental basis, defined 

as having used cannabis at least four times but at most once a week in the year before inclusion 

in the study. All subjects were in good physical health as assessed by medical history, physical 

examination, electrocardiogram (ECG), and routine laboratory tests. Subjects were asked to 

refrain from cannabis for at least two weeks before the first study day until study completion. 

A maximum use of five cigarettes per day was allowed. Illicit drug use other than cannabis 
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was restricted to a maximum of five times lifetime and not within six months prior to inclusion. 

Urine screening for cannabis, cocaine, amphetamine, methamphetamine, 3,4-methylenedioxy-

methamphetamine (MDMA), morphine, methadone, tricyclic antidepressants (TCA), 

barbiturates and benzodiazepines was performed at screening and on both study days. 

Subjects with a positive drug test were excluded from the study. Subjects were also asked to 

abstain from alcohol for 48 hours before each study day. Smoking was not allowed from the 

moment of arrival until the end of a study day. Alcohol and nicotine use was assessed by self-

report. Subjects were asked to fast for at least four hours before arrival. On the beginning of each 

test day, they were served a standard meal. For further details on inclusion and exclusion criteria 

we refer to Van Hell et al. (2011)28. All volunteers gave written informed consent before entry into 

the study and were compensated for their participation. The study was approved by the 

Independent Ethics Committee of the University Medical Center Utrecht, the Netherlands. Results 

are reported on thirteen out of the fourteen included subjects. One subject did not complete the 

second scanning session due to anxiety. See for subject characteristics Table 4.1.

Design and procedure
In a double-blind, randomized, placebo-controlled, crossover pharmacological MRI study, 

subjects underwent two scanning sessions after either administration of placebo or THC. Study 

days were scheduled two weeks apart to allow for complete clearance of drugs. Two weeks 

before the first study day, participants were familiarized with the scanner environment using 

a mock scanner. Verbal intelligence was estimated with the Dutch Adult Reading Test (DART), 

the Dutch version of the National Adult Reading Test29. 

Table 4.1 Subject characteristics (n = 13)

Characteristic Mean ± SD Range

Age (years) 21.6 ± 2.1 18 - 27

IQ 104.8 ± 5.6 94 - 111

Height (cm) 185.9 ± 5.3 176 - 196

Weight (kg) 78.7 ± 9.1 64 - 96

BMI (kg/m2)  22.7 ± 2.3 18.6 – 27.8

Cannabis use (Occasions / year) 17.0 ± 12.4 5 – 52

Tobacco smoking (Cigarettes / week)  2.7 ± 7.7 0 - 28

Alcohol consumption (Units / week)  16.7 ± 8.7 2 - 30

Coffee consumption (Units / week)  11.2 ± 9.9 0 - 28

Illicit drug use (Occasions lifetime) 1.3 ± 1.6 0 - 4

Use of cannabis, tobacco, alcohol and coffee was given for the year before inclusion in the 
study. Subjects refrained from cannabis for at least two weeks before the first study day until 
study completion and from alcohol for 48 hours before each study day. Caffeine intake and 
smoking were not allowed from the moment of arrival until the end of a study day. Illicit drug 
use other than cannabis was at least more than six months before the first study day. All subjects 
showed negative urine screening at both study days.
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At the beginning of each study day, a catheter was placed percutaneously in the left arm for 

the withdrawal of blood samples. Subsequently, subjects performed three cognitive paradigms, 

during which functional MRI scans were obtained. One of these paradigms was the associative 

memory task. Paradigm sequence was randomized between subjects, but remained unchanged 

within subjects across sessions. Results of the other two paradigms are reported elsewhere. 

On study days, subjects received subsequent doses of THC or placebo with 30 minutes 

intervals. Drugs were administered before each fMRI task using a Volcano ® vaporizer (Storz–

Bickel GmbH, Tuttlingen, Germany) according to a method described earlier30-32. The first THC 

dose was 6 mg, followed by three doses of 1 mg each to maintain stable levels of CNS effects 

throughout the scanning procedure. Doses were based on pharmacokinetic/pharmacodynamic 

(PK/PD) modeling of CNS effects induced by THC33. See Van Hell et al. (2011)28 for detailed 

study procedures.  

Drug levels and behavioral measurements 
Venous blood samples were collected to determine plasma concentrations of THC and its two 

most important metabolites, 11-OH-THC and 11-nor-9-carboxy-THC. Blood samples were 

processed according to Zuurman et al. (2008)31. Subjective and psychedelic effects were 

determined with two sets of visual analogue scales (VAS)34,35. Both rating scales were performed 

consecutively at baseline and before and after performance of the associative memory task. 

Visual analogue scales were analyzed as described previously31. Correlations between THC 

peak concentration and behavioral changes (THC versus placebo) were determined using 

Pearson’s correlation coefficient. Heart rate and respiration were monitored continuously during 

scanning, as described by Van Buuren et al. (2009)36. Mean heart rate was calculated by 

dividing the total number of heart beat trigger signals by the duration of the associative memory 

task. Data were corrected for baseline values and analyzed with paired t-tests. 

Task paradigm
Associative memory was assessed with a pictorial memory task (denoted as PMT) involving 

three different task conditions (Figure 4.1)26,27. First, an encoding condition (EN) was conducted 

in which subjects were presented with two pictures, one of a person and one of a house. 

Subjects were asked to decide whether the person might either be an inhabitant or a visitor 

of the house and to memorize the combination of pictures. There was no correct or incorrect 

answer. The purpose of the instruction was to engage subjects in a semantic evaluation of the 

two pictures which was expected to lead to a deep level of encoding of the paired pictures, 

irrespective of the decision. In the second condition, single item pictures had to be classified 

(denoted as SC). Two identical pictures were shown and subjects had to indicate whether a 

house or a person was presented. This condition was chosen as a control task. SC requires 

identical amount of perceptual processing and motor response as the two experimental 

conditions, but without a memory component. The third condition was a recall task (RE) which 

required subjects to recognize specific combinations of pictures previously presented during 

EN. Half of the stimuli were new combinations and half were combinations previously presented 
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during EN. For all conditions, subjects were instructed to press one of two buttons according 

to the instruction in the respective task condition, with emphasis on accuracy without stressing 

speed of response.

Each task condition was presented in an epoch consisting of an instruction slide of 4000 ms 

followed by 6 stimuli. Each stimulus contained two pictures on a white background and was 

presented for 4000 ms, followed by an 850 ms fixation cross. Rest periods of half the epoch 

duration were also included. Altogether, a fixed order sequence of all task conditions was 

repeated four times, resulting in total task duration of 9 minutes. The PMT task contained 

different stimuli on both study days. Performance accuracy was assessed for SC and RE and 

was calculated as the mean percentage of correctly identified stimuli.

Image Acquisition
Image acquisition was performed on a Philips Achieva 3.0 Tesla scanner (Philips Medical 

Systems, Best, the Netherlands). Functional images were obtained using a 3D PRESTO-SENSE 

pulse sequence37 with shimmed background and the following parameters: TR 22.5 ms; TE 

33.2 ms; flip angle = 10°; FOV 224×256×160; matrix 56× 64×40; voxel size 4 mm isotropic; 

scan time 0.6075 s; 40 slices (sagittal orientation). A total of 900 functional images were 

acquired. Immediately after the PMT task, one volume with a flip angle of 27° was acquired 

for image co-registration. A T1-weighted structural image was obtained for anatomical 

registration with the following parameters: TR 9.5 ms; TE 4.7 ms; flip angle = 8°; FOV 

220.8x240x159.6; matrix 368×400×266; voxel size 0.6 mm isotropic, 266 slices (sagittal 

orientation).

SEQUENCE REPEATED 4x

REST

ENCODING

SIMPLE CLASSIFICATION

RECALL

REST

6x

6x

6x

3x

3x

Figure 4.1 Schematic outline of the 
pictorial memory task (PMT) used to 
assess associative memory. First, an 
encoding condition (‘ENCODING’) was 
conducted in which subjects were 
presented with two pictures, one of a 
person and one of a house. In the second 
condition, identical pictures had to be 
classified as a house or a person (‘SIMPLE 
CLASSIFICATION’). This condition was 
the control condition. The third condition 
was a recall task (‘RECALL’) required 
subjects to recognize specific 
combinations of pictures previously 
presented during ENCODING. Half of the 
stimuli were new combinations and half 
were combinat ions previously 
presented.
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Functional MRI analysis
After reconstruction, imaging data were preprocessed and analyzed using SPM5 (Wellcome 

Trust Centre for Neuroimaging, London, UK). Preprocessing of data included realignment of 

functional images and co-registration with the anatomical scan using the volume with a flip 

angle of 27°. Subsequently, functional scans were spatially normalized into MNI-space38 and 

smoothed (FWHM = 8 mm). For each individual subject, regression coefficients for each voxel 

(b-values) were obtained from a general linear model regression analysis using a factor matrix 

that contained factors modeling the EN, SC and RE condition (four blocks each) as well as 

the instructions that were presented during the task. To correct for drifts in the signal, a high-

pass filter with a cut-off frequency of 0.005 Hz was applied to the data. 

We chose to perform Region of Interest (ROI) analyses including areas that were involved in 

the task, as this analysis provides a good balance between power and information and allows 

for calculation and presentation of effect sizes39,40. Group activation maps were created for the 

contrasts EN-SC and RE-SC, for both the placebo and THC condition. All four maps were 

thresholded (t = 4.5, p < 0.05, corrected for multiple comparisons) and placebo and THC 

maps were pooled, resulting in two group activation maps (EN-SC and RE-SC). For both the 

EN-SC and RE-SC contrast, clusters of at least ten neighboring voxels were defined as ROIs, 

thus resulting in two sets of ROIs. Constructing the ROIs based on the highest values in either 

the THC or the placebo session prevents bias towards either the placebo or THC session40,41. 

Mean signal change for each ROI, each subject and each session (placebo and THC) was 

based on regression coefficients (b-values) averaged over voxels in each ROI, extracted using 

Marsbar42.

To measure THC effects on encoding, a repeated-measures MANOVA was performed on ROIs 

based on the EN-SC contrast with drug (two levels: THC and placebo), condition (two levels: 

EN and SC) and ROI (ten levels) as within-subjects factors. Post hoc paired t-test analyses 

were performed in comparison to SC to further investigate effects in individual ROIs. To 

measure effects of THC on recall activity, a repeated-measures MANOVA was performed on 

ROIs based on the RE-SC contrast with drug (two levels), condition (two levels: RE and SC), 

and ROI (seven levels) as within-subjects factors. Follow-up paired t-test analyses were again 

performed for every ROI. 

To assess relationships between brain activity and performance and to determine whether 

activity patterns within involved networks predicted performance, regression analyses were 

conducted with ROIs as independent variables and accuracy as dependent variable. This was 

done for each set of ROIs (encoding and recall), and for each session (placebo, THC). If the 

overall GLM model was significant, individual follow-up correlation analyses were performed 

between performance and ROIs. 

Post-hoc paired t-tests were not corrected for multiple comparisons if the main MANOVA effect 

was significant, as they were considered as a further exploration of an already significant effect. 

All hypothesis tests were performed using SPSS 17.

201163 proefschrift Matthijs Bossong.indd   75 19-12-2011   14:15:06



76

Results

Drug levels and behavioral measurements 
THC plasma concentration reached a maximum of 58.1 ± 31.3 ng/ml 5 min after inhalation 

of 6 mg THC and decreased rapidly thereafter. Subsequent doses of 1 mg THC induced peaks 

in THC plasma concentration of 13.7 ± 7.7, 13.0 ± 3.8 and 13.8 ± 6.0 ng/ml 5 min after each 

respective dose. Analysis of subjective and psychedelic effects before and after performance 

of PMT revealed a significant THC-induced increase in VAS score of ‘feeling high’ (F(1,12) = 

9.98, p = 0.008) and a decrease on ‘alertness’ (F(1,12) = 13.95, p = 0.003) compared to 

placebo. In addition, THC caused a trend towards both increased internal perception (reflecting 

inner feelings that do not correspond with reality) and external perception (reflecting 

misperception of external stimuli or changes in the awareness of the environment) (F(1,12) 

= 3.79, p = 0.075 and F(1,12) = 3.46, p = 0.087, respectively). Subjective and psychedelic 

effects are summarized in Table 4.2. Peak THC concentration was positively correlated with 

alterations (THC versus placebo) in ‘feeling high’ (r = 0.620; p = 0.031) and negatively with 

changes in ‘alertness’ (r = -0.746; p = 0.005). Heart rate increased significantly after THC 

compared with placebo (8.5 ± 10.2 and 2.1 ± 4.9 bpm increase compared to baseline, 

respectively; p = 0.046). For a more detailed description of drug levels and behavioral 

measurements following THC see Van Hell et al. (2011)28. 

Task performance
Performance accuracy on the PMT task did not differ between THC and placebo sessions for 

both SC (99.4 ± 0.4% for both sessions; p = 1.000) and RE (91.4 ± 3.3 and 89.4 ± 2.5%, 

respectively; p = 0.430) (Figure 4.2). 
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Figure 4.2 Performance accuracy on the PMT 
task during simple classification (left) and 
recall (right) in placebo session (white bars) 
and THC session (black bars). There was no 
significant difference in performance between 
sessions (n = 13; mean ± SEM). 
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Selection of regions of interest 
The EN-SC contrast yielded a network of ten brain regions, comprising bilateral fusiform gyrus 

/ parahippocampal gyrus, inferior frontal gyrus, insula and middle occipital gyrus, right putamen 

and left supplementary motor area (Table 4.3). The RE-SC contrast showed a network of seven 

regions, comprising bilateral fusiform / parahippocampal gyrus, cuneus / precuneus, middle 

occipital gyrus and left superior parietal gyrus (Table 4.4). 

 

Effects of THC on encoding activity
For the ten encoding ROIs, a significant interaction effect was found between condition, drug 

and ROI (F(9,108) = 2.20; p = 0.028). This indicates that THC induced a change in the pattern 

of activity during encoding. There was a trend towards a significant effect of drug (F(1,12) = 

4.15; p = 0.064), but no significant difference in the effect of THC on conditions (drug * 

condition, F(1,12) = 2.47; p = 0.142). To elucidate which ROI(s) were involved in the significant 

interaction, post hoc analyses (not corrected for multiple comparisons) were performed on 

each ROI. These demonstrated significantly reduced brain activity after THC administration 

(relative to placebo) in the right insula (from 0.53 ± 0.07 to 0.33 ± 0.06, p = 0.019), right 

inferior frontal gyrus (from 0.54 ± 0.09 to 0.22 ± 0.17, p = 0.031) and left middle occipital 

gyrus (from 0.54 ± 0.06 to 0.39 ± 0.07, p = 0.033). The mean b-values are shown in Figure 

4.3. 

Effects of THC on recall activity
Repeated measures analysis showed no significant effect of drug (F(1,12) = 1.14; p = 0.306) 

in the seven recall ROIs, but THC affected the RE and SC conditions significantly different  

(drug * condition, F(1,12) = 5.92; p = 0.032). A significant interaction effect between condition, 

drug and ROI (F(6,72) = 3.02; p = 0.011) indicated that these drug by condition effects 

differed between ROIs. Post hoc analysis (not corrected for multiple comparisons) showed a 

significant THC-induced increase in brain activity relative to placebo in the left (from 0.37 ± 

0.11 to 0.76 ± 0.09, p = 0.014) and right precuneus (from 0.33 ± 0.09 to 0.78 ± 0.10, p = 

0.004) (mean b-values, see Figure 4.4). 

Table 4.2  Subjective and psychedelic effects of ∆9-tetrahydrocannabinol (THC) (n = 13)

Assessment Drug effect Mean placebo score (± SD) Mean THC score (± SD)

VAS Feeling High F(1, 12) = 9.98, p = 0.008* 0.38 ± 1.39 17.31 ± 19.16

VAS Internal Perception F(1, 12) = 3.79, p = 0.075 -0.35 ± 1.41 1.69 ± 3.78

VAS External Perception F(1, 12) = 3.46, p = 0.087 0.35 ± 0.72  6.76 ± 12.43

VAS Alertness F(1, 12) = 13.95, p = 0.003* -2.09 ± 7.00 -13.57 ± 9.38

VAS Contentedness F(1, 12) = 1.09, p = 0.318 -2.77 ± 3.64 -4.85 ± 6.69

VAS Calmness F(1, 12) = 2.44, p = 0.144 3.56 ± 8.97 -2.21 ± 11.12

 Statistical analysis was performed with baseline corrected values using repeated measures ANOVA with drug and time 
as factors. * Significant difference between placebo and THC. VAS, Visual Analogue Scale. 
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Brain activity versus performance
Overall THC administration did not affect performance. To assess whether activity patterns 

within involved networks predicted performance, regression analyses were conducted with 

ROIs as independent variables and accuracy as dependent variable for each set of ROIs 

(encoding and recall), and for each session (placebo, THC). This revealed that during the 

placebo session a significant part of the variance in performance was explained by recall 

activity (F = 17.37; p = 0.003), but not during the THC session (F = 0.65; p = 0.71). Encoding 

activity patterns contained no predictive value for performance during placebo (F = 0.54; p = 

0.79) or THC (F = 0.90; p = 0.63). 
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Figure 4.3 Brain activity during encoding (EN-SC). 
A, group activation maps after (top) placebo and 
(bottom) THC administration (n = 13; T > 4.5, p < 
0.05, corrected for multiple comparisons, clusters 
≥ 10 voxels). L = left, R = right. B, effect of THC 
administration on brain activity in the right insula, 
right inferior frontal gyrus and left middle occipital 
gyrus (mean ± SEM). (* p < 0.05; a.u. = arbitrary 
units).  
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A closer look at individual recall ROIs for the placebo session indicated that 3 of 7 were 

negatively correlated with performance: left fusiform / parahippocampal gyrus (r = -0.83, p < 

0.001) and left and right middle occipital gyrus (r = -0.63, p = 0.02 and r = -0.82, p = 0.001, 

respectively) (Figure 4.5). This shows that under normal circumstances good performance is 

associated with low activity in these regions during recall, while this association disappears 

after THC.

Table 4.3 Significantly activated brain regions during encoding (n = 13)

Encoding – Simple Classification 

Activated brain regions Brodmann area Number of voxels X Y Z Maximum t-value

Fusiform / Parahippocampal 
gyrus L

37 291 -28 -52 -12 13.10

Fusiform / Parahippocampal 
gyrus R

37 330 36 -60 -20 15.44

Inferior frontal gyrus L 44 13 -56 24 28 5.30

Inferior frontal gyrus R 48 19 40 16 28 5.97

Insula L 47 28 -32 28 -4 6.25

Insula R 47 22 40 24 -4 7.45

Middle occipital gyrus L 19 271 -28 -80 16 11.96

Middle occipital gyrus R 39 244 40 -80 24 9.82

Putamen R 48 17 20 8 16 5.57

Supplementary motor area L 6 37 4 16 52 6.25

Group activation maps for placebo and THC were thresholded at t = 4.5, p < 0.05, corrected for multiple comparisons, 
cluster size ≥ 10 voxels. X, Y and Z are MNI coordinates and represent the highest t-value in a cluster. Brodmann 
areas are obtained from the location in the AAL atlas indicated by the MNI coordinates. L, left; R, right.   

Table 4.4 Significantly activated brain regions during recall (n = 13)

Recall – Simple Classification

Activated brain regions Brodmann area Number of voxels X Y Z Maximum t-value

Cuneus / Precuneus L 19 182 -12 -72 40 11.21

Cuneus / Precuneus R 23 167 12 -68 24 8.27

Fusiform / Parahippocampal 
gyrus L

37 180 -32 -44 -12 10.83

Fusiform / Parahippocampal 
gyrus R

37 210 40 -56 -20 8.54

Middle occipital gyrus L 19 14 -28 -84 24 6.12

Middle occipital gyrus R 19 94 32 -72 20 7.90

Superior parietal gyrus L 19 179 -12 -72 40 11.21

Group activation maps for placebo and THC were thresholded at t = 4.5, p < 0.05, corrected for multiple comparisons, 
cluster size ≥ 10 voxels. X, Y and Z are MNI coordinates and represent the highest t-value in a cluster. Brodmann 
areas are obtained from the location in the AAL atlas indicated by the MNI coordinates. L, left; R, right.
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Figure 4.5 Correlation between recall brain activity and performance accuracy during placebo (A) and THC (B). The 
left fusiform / parahippocampal and bilateral middle occipital gyrus showed a significant inverse correlation with 
performance in the placebo session (p < 0.05), while there was no significant correlation with performance in the THC 
session, nor in any of the other ROIs. 
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Figure 4.4 Brain activity during recall (RE-SC). A, group activation maps after (top) placebo and (bottom) THC 
administration (n = 13; T > 4.5, p < 0.05, corrected for multiple comparisons, cluster size ≥ 10 voxels). L = left, R = 
right. B, effect of THC administration on brain activity in the bilateral cuneus / precuneus (mean ± SEM). (* p < 0.05; 
a.u. = arbitrary units).
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Discussion

This study tested the hypothesis that a cannabinoid challenge affects associative memory 

processes in humans. Activity in the network of regions involved in encoding of paired pictorial 

stimuli was significantly affected by THC administration, with reduced levels of activity in the 

right insula, right inferior frontal gyrus and left middle occipital gyrus. During recall, THC 

administration was associated with a network wide increase in activity, which was strongest 

in a bilateral region comprising cuneus and precuneus. Recall performance was not affected 

by THC administration. However, during the placebo session recall activity significantly 

explained variance in performance, with a strong inverse correlation in fusiform / 

parahippocampal and middle occipital gyrus, indicating that good performance was associated 

with low activity. This association disappeared after THC. Our interpretation is that under 

normal circumstances some subjects were able to use a very efficient recognition strategy for 

recall, if information was sufficiently deep encoded. After THC, these subjects were most 

affected, as they could not apply this efficient recall strategy anymore. Hence, the inverse 

correlation between performance and recall activity disappeared after THC, although average 

performance itself was not reduced. 

Although the design of the study does not provide conclusive evidence concerning the stage 

of memory processing that is most affected by THC, several arguments can be made for 

encoding as being more directly affected by THC, while the changes during recall are more 

likely to reflect a form of compensation for the affected encoding. First, THC induced opposite 

activity changes in encoding and recall. The interpretation that THC reduced encoding depth, 

indicated by less activity, while subjects could compensate during recall, at the expense of 

more activity, fits these differential effects. Second, behavioral studies in humans have indicated 

impairments in the free recall of information that is previously learned under the influence of 

cannabinoids23-25, but recall of items acquired before cannabis use is generally not affected20-22, 

which indicates that cannabinoids influence encoding but not recall of information. Third, as 

task performance did not reach a ceiling during placebo, it was optimally sensitive to detect 

any changes in performance. Still, no performance effects were found, which suggests that 

subjects were able to compensate for the effects of THC. An alternative explanation could be 

that THC did also directly affect the recall process, for instance by disturbing the retrieval 

process of previously encoded information. However, this interpretation would be in contrast 

with the mentioned previous findings that have indicated that THC does not affect recall of 

material encoded before drug intake.

In the absence of effects of THC on associative memory performance, it could be argued that 

the reported effects of THC may not be related to associative memory, but are rather caused 

by non-specific effects of THC intoxication. There are however several reasons to argue that 

the effects are indeed related to associative memory. First, as mentioned earlier, the opposite 

effect of THC on encoding and recall activity suggests differential effects of THC that are 

specific for each process, and not task-independent. Second, the reduced correlation between 

performance and recall activity after THC indicates a direct effect of THC on the association 
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between brain activity and task performance. Third, the reported effects of THC on brain 

activity reflect differences between the control and experimental task. These differences lie 

predominantly in the addition of an associative memory component in the experimental task. 

Thus, the effects of THC on brain activity are most likely associated with processes that directly 

or indirectly affect associative memory. Intoxicating, task-independent effects of THC can be 

expected to be present in both the control and experimental task. 

Several fMRI studies have suggested important roles for some of the brain regions implicated 

in memory encoding in the current study43-45. The insula has been implicated in the process 

of selecting relevant item information, whereas the inferior frontal gyrus has been implicated 

in the organization of multiple pieces of information, possibly by building associations among 

items46-49. The middle occipital gyrus may not only be involved in the visual processing of to-

be-remembered stimuli50, but also in maintenance and imagery of visual information51. As all 

these functions include attentional processes, and the right insula and inferior frontal gyrus 

are part of the ventral attention network52,53, the decrease in activity in these brain areas after 

THC administration may be related to disturbed attentional processes, which is in line with 

the reported THC-induced reduction in alertness. A possible alternative interpretation for the 

reduced encoding activity after THC would be that encoding was performed more efficiently 

under the influence of THC. However, both animal and human behavioral studies argue against 

this, as previous studies have not indicated increased efficiency of encoding after THC, only 

impairments1-7,23-25. A potential mechanism underlying the THC-induced decreases in brain 

activity may be found in the regulatory role of the eCB system in neurotransmitter release. As 

shown in electrophysiological animal studies, activation of cannabinoid receptors reduces both 

GABA and glutamate release from presynaptic terminals9,54. This eCB-mediated inhibition of 

synaptic transmission is critically involved in learning and memory processes54, and has been 

demonstrated in the prefrontal cortex55, among other brain regions. 

In our study we found an increase in activity in bilateral precuneus after THC during recall. 

Previous imaging studies have suggested a pivotal role for the bilateral cuneus and precuneus 

in recall memory56-64. It is suggested that the (pre)cuneus is particularly involved in recall of 

context-rich memories, such as memories entailing specific contextual associations58-60,62,63. 

Increased involvement of the precuneus has been demonstrated when subjects claimed to 

recognize items based on conscious recollection of contextual details rather than on feelings 

of familiarity60,64,65. More specifically, it may signal whether context information should be used 

to recognize an item correctly66. The enhanced precuneus activity found in the current study 

after THC administration thus could be related to a change in retrieval strategy, with increased 

utilization of contextual associations to accurately recall information. One mechanism would 

be that after THC administration recall relies more on processing of individual features of to-

be-remembered items, such as the color of a person’s shirt, than on the recognition of the 

complete composition of the picture, which can be expected to be more efficient. Importantly, 

increases in precuneus activity during recall memory have also been associated with 

compensatory mechanisms in individuals with and at risk for mild cognitive impairment or 

Alzheimer’s disease67-69. 
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To date, only one other functional MRI study has been published that investigated the acute 

effects of THC administration on learning and memory70. A normal linear decrease in activity 

in the parahippocampal gyrus present over repeated encoding blocks was no longer evident 

after oral THC administration. As in the current study, task performance was unaffected. 

Because Bhattacharyya and colleagues presented the same stimuli during four blocks of 

encoding, thereby investigating the effect of THC on learning activity, only the imaging results 

for the first presentation of stimuli are comparable to our study. These findings are in line with 

our results in that a THC-induced reduction in encoding activity was found. However, 

differences in recall activity in the first session were not reported70. 

This study has several limitations. First, the sample size was relatively small. We therefore 

cannot exclude the possibility that subtle effects of THC on brain activity have been missed. 

Second, inclusion of incidental cannabis users, as opposed to non-users, may have hampered 

interpretation of the results as previous cannabis use may have affected the endocannabinoid 

system. The choice for incidental cannabis users was based on ethical grounds28. Third, 

absence of significant differences between placebo and THC in performance accuracy may 

suggest that the memory task used in this study was not an appropriate task to assess memory 

function. However, we have previously shown that performance on this task correlates inversely 

with the amount of cannabis used in the year prior to testing, in heavy cannabis users27, 

indicating that the task is sensitive to impairment. Finally, non-specific THC-induced changes 

on cerebral blood flow may have confounded our results71. However, we have designed our 

study to minimize the influence of this effect by comparing brain activity between task-specific 

conditions and a closely matched control condition, as the non-specific effect of THC on blood 

flow can be expected to be present in all conditions. Further, as we found both significant 

decreases and increases in activity after THC administration, it is highly unlikely that our 

findings can be explained by such non-specific effects. 

In conclusion, findings reported in this paper contribute to the growing body of evidence that 

suggests the involvement of the eCB system in learning and memory processes. Our results 

further emphasize the eCB system as a potential novel target for treatment of memory disorders, 

encouraging further research into novel, eCB-targeting compounds. 
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Abstract 

Background
Schizophrenia patients often exhibit reduced load sensitivity in working memory (WM) brain 

activity, together with reduced task performance at high loads, commonly referred to as 

inefficient WM function. Furthermore, evidence indicates involvement of the endocannabinoid 

(eCB) system in both pathophysiology of schizophrenia and WM function. In the present study, 

we examined eCB involvement in schizophrenia WM deficits by testing if perturbation of the 

eCB system induces WM inefficiency in healthy subjects, resembling that of schizophrenia 

patients.

Methods
A pharmacological functional magnetic resonance imaging (fMRI) study was conducted with 

a placebo-controlled, cross-over design, investigating effects of the eCB agonist 

∆9-tetrahydrocannabinol (THC) on WM function in 17 healthy volunteers. Performance and 

brain activity during WM were assessed using a parametric Sternberg item-recognition 

paradigm (SIRP) with five difficulty levels.  

Results
Performance accuracy was significantly reduced after THC. In the placebo condition, brain 

activity increased linearly with rising WM load. THC administration enhanced activity for low 

WM loads, and reduced the linear relationship between WM load and activity in the WM system 

as a whole, and in left dorsolateral prefrontal cortex, inferior temporal gyrus, inferior parietal 

gyrus and cerebellum in particular. 

Conclusions
THC affected the response to increasing WM load in terms of task performance and brain 

activity in the WM system. This profile of performance and brain activity corresponds with 

current concepts of WM inefficiency, and resembles that of schizophrenia patients. These 

results provide compelling support for eCB involvement in WM function and indirect evidence 

for involvement in cognitive deficits in schizophrenia. 

Introduction

Impairment of cognitive function is currently considered a core feature of schizophrenia1. 

Working memory (WM), the ability for short term storage and manipulation of information, is 

a central component of cognitive function. Current information provided by functional imaging 

studies has indicated that patients with schizophrenia often exhibit a reduced load sensitivity 

of brain activity with increasing WM load, which is also often combined with enhanced 

prefrontal brain activity for tasks with low WM load2-6. This has led to the theoretical notion 
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that impaired cognitive function in schizophrenia is related to neurophysiologically inefficient 

WM function7,8. According to this WM inefficiency hypothesis, both brain activity and 

performance level that are normally related to a higher WM load will already occur at a lower 

load (see Figure 5.1). Inefficiency refers to the disproportionate magnitude of brain activity in 

relation to workload, and compromised performance as a result. Although the notion of 

inefficient WM in schizophrenia is equivocal and ambiguous results have been reported9-11, it 

has unique value in its explanatory power of load-dependent results found in schizophrenia. 

Evidence is accumulating for involvement of the endocannabinoid (eCB) system in the 

pathophysiology of schizophrenia. For instance, schizophrenia patients exhibit enhanced levels 

of endogenous cannabinoids in cerebrospinal fluid12, and altered post mortem cannabinoid 

CB1 receptor densities in the brain13,14. Epidemiological studies indicate that the use of 

cannabis increases the risk for developing schizophrenia15. Also, in patients, cannabis use 

has been associated with higher relapse rates, poor treatment outcome and increased severity 

of symptoms16, as well as accelerated loss of grey matter volume17. In healthy subjects, 

administration of exogenous cannabinoids such as Δ9-tetrahydrocannabinol (THC), the main 

psychoactive component in cannabis and a partial agonist of the CB1 receptor, impairs 

performance on various WM paradigms18-20, indicating that the eCB system may play a role in 

WM.

With these considerations, the goal of this study was to examine the possibility that the eCB 

system is involved in WM inefficiency as observed in schizophrenia patients. If our study results 

support this hypothesis, it could be cause to target the eCB system for medical treatment of 

cognitive impairment in the illness. Direct testing of the hypothesis would require administration 

of an eCB antagonist to schizophrenia patients, but that is currently not possible due to the 

fact that the only antagonist available for human use (rimonabant) has been withdrawn from 

the market as there is reason to believe it may increase the risk of suicide21. As an alternative 

approach, we investigated the effect of the partial eCB agonist THC on WM performance and 

brain function in healthy subjects, and assessed whether perturbation of the eCB system would 

induce inefficient WM function similar to what has been reported for schizophrenia. 

The hypothesis was tested in an fMRI study with a placebo-controlled, cross-over design, 

using a parametric Sternberg item-recognition paradigm (SIRP)3,22,23 with five difficulty levels 

to establish a reliable activity and performance profile. This paradigm is well suited to test 

the hypothesis, as it has been shown to induce a gradual WM load increase with increasing 

memory size, while keeping subjects engaged in the task even at high WM load22,24,25. For 

a SIRP, it has been shown that brain activity increases linearly with increasing WM load, 

tapering off until a maximum is reached (Figure 5.1a)24-27. In addition, performance is high 

until task load causes a gradual increase in errors (Figure 5.1b). Following the WM inefficiency 

hypothesis, two important characteristics that can be expected after THC administration are 

a reduced load-dependent increase in brain activity, as well as increased activity at low 

loads. In addition, it is hypothesized that the decline in performance starts at a lower level 

(Figure 5.1).
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Methods and materials

This study is part of the Pharmacological Imaging of the Cannabinoid System (PhICS) study, 

of which design and objectives are provided in a methods paper28. 

Subjects
Twenty-five healthy male right-handed subjects were recruited through flyers, posters and 

internet advertisements. All subjects were incidental cannabis users, defined as having used 

cannabis at least four times but at most once a week in the year before inclusion in the study. 

All subjects were in good physical health as assessed by medical history, physical examination, 

electrocardiogram (ECG), and routine laboratory tests. A maximum use of five cigarettes per 

day was allowed. Illicit drug use other than cannabis was restricted to a maximum of five times 

lifetime and not within six months prior to inclusion. Subjects were asked to refrain from 

cannabis for at least two weeks before the first study day until study completion. Compliance 

was tested by means of a urine sample at the beginning of each test day. In- and exclusion 

criteria are described in further detail in van Hell et al. (2011)28. After complete description of 

the study to the subjects, written informed content was obtained. The study was approved by 

the Independent Ethics Committee of the University Medical Center Utrecht, the Netherlands. 

Four subjects did not complete the study procedure due to a strong disruptive response to 

THC. They experienced a brief period of elevated anxiety which vanished rapidly. Four other 

subjects were excluded because of technical malfunction or movement-related errors. Results 

are reported on seventeen out of the twenty-five included subjects. See Table 5.1 for subject 

characteristics. 

task level
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normal
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Figure 5.1 Effect of WM inefficiency on profile of brain activity and performance in a parametric design. A, A shift of 
the load-response curve to the left will effectively reduce the load-dependent increase in brain activity, while increasing 
activity for easy tasks. B, A shift of the performance curve to the left will effectively cause a drop off in performance at 
a lower load.
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Design and procedure
In a double-blind, randomized, placebo-controlled, crossover pharmacological MRI study, 

subjects underwent scanning sessions after administration of placebo and of THC. Study days 

were scheduled two weeks apart to allow for complete clearance of drugs. On each study day, 

subjects performed three cognitive paradigms, during which functional MRI scans were 

obtained. One of these paradigms was the SIRP. Paradigm sequence was randomized between 

subjects, but remained unchanged within subjects across sessions. Results of other 

assessments are reported elsewhere28,29. On study days, subjects received subsequent doses 

of THC or placebo with 30 minutes intervals. Drugs were administered before each functional 

MRI task using a Volcano ® vaporizer (Storz–Bickel GmbH, Tuttlingen, Germany) according to 

a method described earlier30,31. The first THC dose was 6 mg, followed by three doses of 1 mg 

each to maintain stable levels of CNS effects. See Van Hell et al. (2011)28 for detailed study 

procedures.  

Drug levels and behavioral measurements 
Venous blood samples were collected to determine plasma concentrations of THC and its two 

main metabolites, 11-OH-THC and 11-nor-9-carboxy-THC. Blood samples were processed 

according to Zuurman et al. (2008)31. Subjective effects were determined with two sets of 

visual analogue scales32,33. Both rating scales were performed consecutively at baseline and 

before and after WM task performance, and were analyzed as described previously30,31.  

Correlations between THC peak concentration and behavioral changes (THC versus placebo) 

were determined using Pearson’s correlation coefficient. Heart rate and respiration were 

monitored continuously during scanning34. Data were corrected for baseline values and 

analyzed with paired t-tests. 

Table 5.1 Subject characteristics (n = 17).

Characteristic Mean ± SD Range

Age (years) 21.4 ± 2.1 18 - 27

IQ 105.4 ± 5.4 94 - 113

Height (cm) 183.6 ± 4.5 176 - 191

Weight (kg) 75.6 ± 7.5 64 - 91

BMI (kg/m2) 22.4 ± 2.0 18.6 - 27.8

Cannabis use (Occasions / year) 18.1 ± 12.2 4 - 52

Tobacco smoking (Cigarettes / week) 2.5 ± 6.9 0 - 28

Alcohol consumption (Units / week) 14.9 ± 8.8 2 - 30

Coffee consumption (Units / week) 11.2 ± 10.2 0 - 28

Illicit drug use (Occasions lifetime) 1.5 ± 2.0 0 - 5

Use of cannabis, tobacco, alcohol and coffee was given for the year before inclusion in the study. Subjects refrained 
from cannabis for at least two weeks before the first study day until study completion and from alcohol for 48 hours 
before each study day. Caffeine intake and smoking were not allowed from the moment of arrival until the end of a 
study day. Illicit drug use other than cannabis was at least more than six months before the first study day. All subjects 
showed negative urine screening at both study days.
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Task paradigm
WM function was assessed with a Sternberg item-recognition paradigm22 (denoted SIRP) 

(Figure 5.2). Participants were instructed to memorize alternating sets of one, three, five, seven 

or nine uppercase consonants, respectively denoted as load1, load3, load5, load7, load9. 

Each letter set was presented for 6600 ms followed by a fixation cross of 600 ms. After 

presentation of this memory set, eight single consonants were displayed in sequence for 1500 

ms each, separated by a fixation cross of 900 ms. Subjects were instructed to press a button 

as quickly as possible if the probe was present in the preceding memory set (‘target’). No 

action was required if the probe was not part of the memory set (‘non-target‘). Four blocks for 

each level were presented, resulting in a total of 20 task blocks, together with four rest blocks. 

The order of blocks was counterbalanced. The number of targets per block varied from three 

to seven, with an average of five targets per block. Total task duration was 11 minutes. Memory 

sets differed for both study days for all subjects. 

Outcome measures included accuracy and reaction time (RT), for each load condition. 

Accuracy was calculated as the mean percentage of correctly identified targets (% hits) and 

correctly rejected non-targets (100% - % false alarms). Accuracy and reaction time were 

tested for an effect of THC through a repeated measures ANOVA with factors drug (placebo, 

THC) and load (five levels, load1 to load9).  

Image Acquisition
Image acquisition was performed on a Philips Achieva 3.0 Tesla scanner (Philips Medical 

Systems, Best, the Netherlands). Functional images were obtained using a PRESTO-SENSE 

pulse sequence35 (parameters: TR 22.5 ms; TE 33.2 ms; flip angle = 10°; FOV 224×256×160; 

matrix 56× 64×40; voxel size 4 mm isotropic; scan time 0.6075 s; 40 slices (sagittal orientation); 

1055 volumes). A high contrast volume with a flip angle of 27° (FA27) was scanned for 

registration purposes. A T1-weighted structural image was obtained for anatomical registration 

(parameters: TR 9.5 ms; TE 4.7 ms; flip angle = 8°; FOV 220.8x240x159.6; matrix 

368×400×266; voxel size 0.6 mm isotropic, 266 slices (sagittal orientation)).

Memory set: 1, 3, 5, 7 or 9 letters
6600 ms

FGMPT

8 stimuli / run
Stimulus 1500 ms

Non-target

Target
Button press

Target
Button press

G

V

P

Figure 5.2 Schematic outline of the 
Sternberg item-recognition paradigm 
(SIRP) used to assess WM. Each task 
block starts with the presentation of a 
memory set consisting of 1, 3, 5, 7 or 9 
consonants and is followed by eight 
stimuli, each separated by a fixation 
cross of 900 ms. Subjects have to press 
a button as quickly as possible if the 
stimulus belongs to the target set. See 
for detailed information the Methods 
and Materials section. 
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Functional MRI analysis
Functional MRI data were preprocessed and analyzed using SPM5 (Wellcome Trust Centre 

for Neuroimaging, London, UK). Preprocessing included realignment of functional images, 

and co-registration with the anatomical volume using the FA27 volume. Anatomical volumes 

were used to calculate parameters for spatially normalization of the functional scans into 

standard MNI space. After spatial normalization, functional volumes were spatially smoothed 

(FWHM = 8 mm) to reduce the effect of between-subject spatial variability in activation.

First level single subject analysis included a general linear model regression analysis that 

contained factors modeling the response period for each level, the memory set presentation 

period, as well as factors to correct for slow drifts in the signal up to 0.007 Hz. Load1 was 

used as a baseline condition constituting minimal WM load to control for any global effects of 

THC on task activity that were not related to WM. Individual as well as group activity maps 

were generated for the contrasts load3 – load1, load5 – load1, load7 – load1 and load9 – load1, 

both for placebo and THC. 

Regions of Interest (ROIs) were determined using an independent sample of 46 healthy 

controls from a separate study36 to avoid bias in ROI definition37. ROIs were based on clusters 

of neighboring voxels (cluster size ≥ 10 voxels) showing a significant signal increase in the 

load5 (the highest level measured in that study) compared to load1 (threshold: t = 4.5,  

p < 0.05, corrected for multiple comparisons) resulting in twelve ROIs (Table 5.2 and Figure 

5.3). Regression coefficients (b-values) for the response period were averaged per ROI for all 

contrasts for both the placebo and THC session, thus resulting in eight b-values per ROI. 

Effects of THC were determined using a repeated measures ANOVA with linear contrast for 

load (SPSS) over all twelve ROIs (factors: drug (two levels, THC or placebo), load (four levels, 

load3-load1 to load9-load1) and ROI (12 levels, all included regions), as well as for each 

separate ROI with factors drug (placebo, THC) and load (four levels). Post-hoc paired t-tests 

were performed for the lowest (load3-load1) and highest (load9-load1) contrast to test for 

occurrence of hypo- or hyperactivity. 
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Figure 5.3 Regions of interest (ROIs) used to assess effects of THC administration on brain activity. ROIs were 
determined using an independent sample of 46 healthy controls and included regions showing activity in a group 
activity map calculated for the contrast load5 – load1 (thresholded at T = 4.5, p < 0.05, corrected for multiple 
comparisons, cluster size ≥ 10 voxels). Numbers above slices indicate MNI z coordinates. ROI numbers correspond 
to those shown in Table 5.2 and Table 5.4. 
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Results

Drug levels and behavioral measurements 
Plasma concentrations of THC and its main metabolites were 70.0 ± 40.6 ng/ml (THC), 2.5 

± 1.6 ng/ml (11-nor-9-carboxy-THC) and 2.6 ± 2.5 ng/ml (11-OH-THC), 5 min after inhalation 

of 6 mg THC. Analysis of subjective effects revealed a significant THC-induced increase in 

VAS score of ‘feeling high’ (F(1,15) = 16.95, p = 0.001) and external perception (reflecting 

misperception of external stimuli or changes in the awareness of the environment) (F(1,15) 

= 8.16, p = 0.012) compared to placebo. In addition, THC significantly reduced ‘alertness’ 

Table 5.2 Regions of interest: significantly activated brain regions for load5 – load1 in an independent sample of 46 
subjects.

ROI 
number

Activated brain regions Brodmann 
area

Number 
of voxels

X Y Z

1 Cerebellum L - 76 -16 -84 -36

2 Cerebellum R - 21 40 -68 -36

3 Inferior temporal gyrus L 37 88 -48 -52 -8

4 Insula / Inferior frontal gyrus L 47 64 -32 28 -8

5 Insula / Inferior frontal gyrus R 47 94 36 28 -4

6 Dorsolateral prefrontal cortex L 9 / 46 441 -44 12 24

7 Caudate L - 29 -16 -8 20

8 Dorsolateral prefrontal cortex R 9 / 46 107 44 20 28

9 Inferior parietal gyrus L 7 179 -28 -68 44

10 Precuneus R 7 15 12 -76 44

11 Inferior parietal gyrus R 7 49 36 -60 44

12 Anterior cingulate cortex 8 19 -8 20 56

Group activity maps were thresholded at t = 4.5, p < 0.05, corrected for multiple comparisons, cluster size ≥ 10 voxels. 
X, Y and Z are MNI coordinates and represent the highest t-value in a cluster. ROI numbers correspond to those shown 
in Figure 5.3. ROI, region of interest; L, left; R, right

Table 5.3 . Subjective and psychotropic effects of Δ9-tetrahydrocannabinol (THC) (n = 17).

Assessment Drug effect Mean placebo score 
(± SD)

Mean THC score 
(± SD)

VAS Feeling High F(1, 15) = 16.95, p = 0.001* 0.88 ± 2.15 15.88 ± 14.14 

VAS Internal Perception F(1, 15) = 1.40, p = 0.254 -0.12 ± 1.23 0.71 ± 1.24 

VAS External Perception F(1, 15) = 8.16, p = 0.012* 0.74 ± 1.26 3.75 ± 3.62 

VAS Alertness F(1, 16) = 10.29, p = 0.005*  -2.79 ± 5.65 -11.39 ± 8.89 

VAS Contentedness F(1, 16) = 4.81, p = 0.043* -2.09 ± 4.43 -5.97 ± 6.89 

VAS Calmness F(1, 16) = 0.14, p = 0.718 -3.46 ± 6.04 -2.35 ± 10.96 

Statistical analysis was performed with baseline corrected values using repeated measures ANOVA with drug and time 
as factors. * Significant difference between placebo and THC (p < 0.05). VAS, Visual Analogue Scale.
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(F(1,16) = 10.29, p = 0.005) and ‘contentedness’ (F(1,16) = 4.81, p = 0.043). Subjective 

effects are summarized in Table 5.3. Peak THC concentration was negatively correlated with 

changes in ‘alertness’ (r = -0.699; p = 0.003). Heart rate increased significantly after THC 

compared with placebo (15.6 ± 16.4 and 2.9 ± 8.1 bpm increase compared to baseline, 

respectively; p = 0.005). For a more detailed description of drug levels and behavioral 

measurements following THC see Van Hell et al. (2011)28.

Task performance
Reaction times increased with rising WM load (F(1,64) = 342.9, p < 0.001) and were significantly 

longer after THC administration compared to placebo (F(1,16) = 17.48, p = 0.001). There was 

no significant linear drug by load interaction (F = 0.56, p = 0.47) (Figure 5.4a).

Accuracy decreased with rising WM load (F(1,16) = 54.35, p < 0.001) and was significantly 

reduced by THC (F(1,16) = 17.91, p = 0.001). There was a trend for an interaction between 

load and drug for accuracy (F = 3.14, p = 0.09) (Figure 5.4b).  

Brain activity  
Group activity maps yielded a commonly reported WM network of activated brain regions (see 

for illustration Figure 5.5). The linear interaction effect between drug and load was assessed 

directly, to test the hypothesis. Analysis of activity in the WM network as a whole revealed a 

linear difference in load response between placebo and THC, as indicated by a significant 

linear interaction effect between drug and load (F(1,16) = 9.39; p = 0.007). As Figure 5.6a 

shows, this reflects that the load-dependent increase in activity in the placebo condition was 

reduced after THC administration. Activity in the WM network showed a significant THC-

induced increase for the load3 – load1 condition specifically (from 0.32 ± 0.09 to 0.57 ± 0.08; 

p = 0.047) (Table 5.4 and Figure 5.6a).  
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Figure 5.4 SIRP task performance. A, Reaction times of correct responses after placebo and THC administration. B, 
Performance accuracy as percentage of correct responses after placebo and THC administration (n = 17; mean ± 
SEM). ** Significant difference (p < 0.05) and * trend towards significant difference (p < 0.10) between THC and 
placebo.
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Analysis of individual ROIs revealed a significant linear difference in load response between 

placebo and THC in the left dorsolateral prefrontal cortex (F(1,16) = 9.65; p = 0.007), left 

inferior temporal gyrus (F(1,16) = 5.27; p = 0.036), left inferior parietal gyrus (F(1,16) = 4.98; 

p = 0.040) and cerebellum (F(1,16) = 4.84; p = 0.043). This indicates that also in these 

specific ROIs, THC attenuated the load-dependent rise in activity that was present after placebo 

administration. In these ROIs, THC administration significantly increased activity for the load3 

– load1 condition in the left inferior parietal gyrus (from 0.23 ± 0.12 to 0.72 ± 0.13; p = 0.012) 

and left inferior temporal gyrus (from 0.15 ± 0.07 to 0.44 ± 0.11; p = 0.028). ROI results are 

summarized in Table 5.4 and Figure 5.6b. 

DLPFCInsula

4.5

10

t-value

Anterior Cingulate Cortex

THC0

4.5

10

t-value

Parietal Gyrus

RL 4232

Placebo

Figure 5.5 Group activity maps for 
load9 – load1 after (top) placebo and 
(bottom) THC administration (n = 17;  
T > 4.5, p < 0.05, corrected for multiple 
comparisons, cluster size ≥ 10 voxels). 
Numbers above slices indicate MNI z 
coordinates. DLPFC, dorsolateral 
prefrontal cortex; L, left; R, right.

Table 5.4 Effects of Δ9-tetrahydrocannabinol (THC) on activity in regions of interest (n = 17).  

ROI Activated brain region
Linear effects (F(1,16)) Load effects

Drug Load Drug * load Load3-1 Load9-1

WM network 0.025, p = 0.88 17.31, p = 0.001* 9.39, p = 0.007 * p = 0.047 * p = 0.913

1 Cerebellum L 0.05, p = 0.85 0.051, p = 0.82 4.84, p = 0.043 * p = 0.238 p = 0.617

2 Cerebellum R 1.16, p = 0.30 1.93 p = 0.18 2.39, p = 0.142 p = 0.629 p = 0.228

3 Inferior temporal gyrus L 2.35. p = 0.14 0.47 p = 0.50 5.27, p = 0.036 * p = 0.028 * p = 0.305

4 Insula / Inferior frontal gyrus L 0.07, p = 0.80 0.12, p = 0.74 3.84, p = 0.068 p = 0.344 p = 0.512

5 Insula / Inferior frontal gyrus R 0.95, p = 0.34 0.36, p = 0.56 1.02, p = 0.328 p = 0.109 p = 0.367

6 Dorsolateral prefrontal cortex L 0.22, p = 0.65 4.86, p = 0.04* 9.65, p = 0.007 * p = 0.329 p = 0.201

7 Caudate L 1.98, p = 0.18 2.35, p = 0.15 2.76, p = 0.116 p = 0.128 p = 0.662

8 Dorsolateral prefrontal cortex R 0.002, p = 0.97 1.09, p = 0.31 0.19, p = 0.671 p = 0.672 p = 0.949

9 Inferior parietal gyrus L 5.05, p = 0.04 3.23, p = 0.91 4.98, p = 0.040 * p = 0.012 * p = 0.154

10 Precuneus R 4.55, p = 0.049 0.45, p = 0.51 3.18, p = 0.094 p = 0.030 * p = 0.161

11 Inferior parietal gyrus R 4.58, p  =0.048 1.82, p = 0.20 3.40, p = 0.084 p = 0.028 * p = 0.221

12 Anterior cingulate cortex 0.051, p = 0.82 14.02, p = 0.002* 1.58, p = 0.226 p = 0.519 p = 0.867

Linear effects were determined with repeated measures linear contrast ANOVA, with drug and load as factors. Load 
effects were assessed with paired t-tests. ROI numbers correspond to those shown in Figure 5.3. See Table 5.2 for 
details on ROIs. * Significant effect (p < 0.05); ROI = region of interest; WM = working memory; L = left; R = right
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Figure 5.6 SIRP brain activity for increasing WM loads after placebo and THC 
administration in A, the entire WM network, and B, ROIs showing a significant linear 
interaction effect between drug and load (p < 0.05) (n = 17, mean ± SEM). ** 
Significant difference (p < 0.05) and * trend towards significant difference (p < 0.10) 
between THC and placebo. For detailed information on statistical results see Table 
5.4. a.u., arbitrary units; DLPFC, dorsolateral prefrontal cortex.
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Discussion 

An fMRI study with a THC challenge was performed in healthy volunteers to test the hypothesis 

that perturbation of the eCB system can induce neurophysiological inefficiency in WM function 

in healthy subjects, similar to that observed in schizophrenia. In the placebo condition, brain 

activity in the WM network increased linearly with rising WM load, in accordance with previous 

findings24-27 and confirming that the parametric manipulation of WM load was effective. THC 

administration reduced this linear relationship between WM load and WM network activity, 

and induced hyperactivity at a low WM load. In addition, performance started to decline at a 

lower load after THC administration. This effect of THC administration on WM brain function 

and performance is similar to the WM deficits reported in schizophrenia2-6  and sheds some 

light on the concept of neurophysiological WM inefficiency7,8.

Our results indicate involvement of the eCB system in WM function. To our knowledge, no 

other functional imaging studies have examined the effect of THC on WM function so far. The 

present findings are in line with several previously published electroencephalography (EEG) 

studies that assessed the effects of cannabis on WM function. A decline in EEG theta power 

has been reported after acute cannabis intake during WM task performance18,19. Another study 

demonstrated that the cannabis-induced decrease in resting state theta power after performing 

a WM task was correlated with decline of WM accuracy on the task20. Given that EEG theta 

power is associated with the maintenance of multiple WM items38, these findings are consistent 

with those in the current study, indicating WM deficits after administration of cannabinoids.

Functional imaging studies have also demonstrated reduced activity of the prefrontal cortex 

in schizophrenia patients during cognitive task performance2,9-11, which suggests that cognitive 

problems of schizophrenia patients may be related to hypofrontality39. Although the hypothesis 

of WM efficiency predominantly predicts reduced sensitivity for WM load, as well as an increase 

in activity for low loads, it does not exclude hypofrontality. It is possible that in addition to lower 

load sensitivity, the highest level of activity may be reduced in schizophrenia. However, 

hypofrontality may not always be a reflection of brain function, but may also be an artefact of 

task design. For instance, n-back tasks are essentially all-or-nothing tasks, where performance 

drops rapidly with loads that exceed capacity, promoting disengagement of the participant. 

Task disengagement will result in a strong decline in brain activity. The SIRP differs in that 

subjects can still perform moderately well with memory sets that exceed their capacity, allowing 

for continued engagement, and a more linear degradation in performance. Indeed, in the 

current study there was no indication of reduction of activity for high load compared to 

intermediate load either after placebo or THC, as has been hypothesized previously7,8. Both 

reaction time and accuracy results did not indicate disengagement for the THC session. 

A mechanism that may be involved in both the increase in activity at low levels of WM load 

and reduced accuracy as a result of eCB perturbation is automatization of task performance. 

Typically, brain activity is reduced and accuracy is improved if a WM task, or parts of a WM 

task, can be automated23,40,41. For the Sternberg paradigm, it has been shown that particularly 

maintenance of a fixed memory set, which contributes largely to its activation pattern, is 
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sensitive for automatization at very short time periods41. Thus, our results could be explained 

by a reduced capacity to automate within each block, as these had fixed memory sets. 

Interestingly, this notion corresponds with a recent study with medication-naïve schizophrenia 

patients, who were shown to benefit less from automatization of a Sternberg WM task in terms 

of brain activity reduction42. 

Alternatively, inefficient WM function after THC administration may be related to a THC-induced 

reduction in alertness, as reported by the subjects in the current study. Subjects may have 

been impaired in directing attention to task-specific stimuli, which is a key process of WM43. 

The effects of THC may have lead to an increase in effort to keep task performance on par, 

which may be associated with the hyperactivity in the WM network for lower WM loads. 

Importantly, impaired attention is considered a fundamental cognitive deficit of schizophrenia 

patients44. 

This study has several limitations. First, inclusion of incidental cannabis users, as opposed to 

non-users, may hamper interpretation of the results, as previous cannabis use may have 

affected the eCB system. The choice for incidental cannabis users was based on ethical 

grounds28. Second, non-specific THC-induced changes on cerebral blood flow may have 

confounded our results45. However, we have designed our study to minimize the influence of 

this effect by comparing brain activity between task-specific conditions and a closely matched 

control condition (load1), as the non-specific effects of THC on blood flow can be expected 

to be present in all conditions. Third, it may be possible that the effects of THC may be specific 

for either maintenance of the memory set or response selection processes. The blocked fMRI 

design we used in the current study however does not allow for investigation of function-specific 

changes in brain activity.  

In conclusion, this study shows that THC administration induces changes in the relationship 

between WM load, brain activity and task performance. These changes are strikingly similar 

to the relationships reported in schizophrenia, reflecting diminished neurophysiological 

efficiency of WM function. The findings provide indirect but compelling support for the notion 

that endocannabinoid brain systems play a role in working memory deficits in 

schizophrenia. 
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Abstract 

There is increasing evidence for involvement of the endocannabinoid (eCB) system in psychiatric 

disorders. Impaired executive function is an important symptom among a broad range of 

neurological and psychiatric disorders, suggesting the possibility of a common underlying brain 

system that may have been affected. Behavioral evidence indicates that perturbation of the 

eCB system can impair performance on executive function paradigms. The default mode 

network (DMN) is associated with goal-oriented behavior independent of the specific task. In 

order to examine a possible role of DMN in executive function deficits related to the eCB system, 

a placebo-controlled, crossover functional MRI experiment with ∆9-tetrahydrocannabinol (THC) 

administration was performed. Effects of THC on brain function and task performance were 

assessed in twenty healthy volunteers, using a continuous performance task with identical pairs 

(CPT-IP). Task performance was impaired after THC administration, reflected in both an increase 

in false alarms and a reduction in detected targets. This was associated with elevated activity 

in a set of brain regions that has been linked to the DMN, including posterior cingulate cortex 

and angular gyrus. Level of deactivation in DMN was anti-correlated with performance after 

THC administration. Regions that were activated by the CPT-IP, notably bilateral prefrontal and 

parietal cortex, did not show effects of THC. These results suggest that the eCB system may 

play an important role in executive function, through modulation of the DMN. These results 

indicate possible involvement of both the DMN and the eCB system in impaired executive 

function in psychiatric and neurological disorders.

Introduction

The endocannabinoid (eCB) system, consisting of cannabinoid receptors and accompanying 

endogenous ligands, is a retrograde messenger system that regulates both excitatory and 

inhibitory neurotransmission1-3. Recently, the eCB system has been emerging as a potential 

candidate for pharmacological targeting of psychiatric syndromes. Animal studies have shown 

that blocking cannabinoid CB1 receptors with the eCB antagonist rimonabant prevents self-

administration of several drugs of abuse4,5, while relapse to cocaine, nicotine and ethanol is 

reduced in abstinent animals pre-treated with rimonabant6,7. In humans, the eCB system has 

been studied by administration of Δ9-tetrahydrocannabinol (THC), the main psychoactive 

component in cannabis and a partial agonist of the CB1 receptor, as well as rimonabant and 

the cannabinoid agent cannabidiol (CBD). CBD has been shown to block psychotic effects 

induced by THC administration in healthy volunteers8, while preliminary results indicate that 

CBD may decrease psychotic symptoms in patients with schizophrenia with few side effects9. 

In addition, results from clinical trials suggest that rimonabant facilitates smoking cessation10. 

Modulation of the eCB system by administration of THC has been shown to impair performance 

on various executive function paradigms which target high level cognitive functions that are 

essential for goal-directed behavior11-19. 
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A vast body of research papers has shown that goal-oriented behavior is associated with 

reduced activity in the default mode network (DMN)20-22. Moreover, failure to reduce DMN 

activity is related to errors in goal-oriented behavior23-28. Given the previous considerations, 

the DMN emerges as a promising candidate brain system to be involved in executive function 

deficits. Goal of this study is to examine involvement of the DMN in executive function deficits 

related to eCB perturbation after administration of THC.

A pharmacological fMRI challenge study was performed with THC, using a placebo-controlled, 

cross-over design and a continuous performance task paradigm with identical pairs (CPT-IP)29 

in healthy subjects. The CPT-IP requires processing of a continuously changing stream of 

data, and is characterized by a heavy reliance on executive function while short-term memory 

load is relatively small30,31. Previous imaging studies using CPT-IP paradigms have shown 

activation of an executive system predominantly consisting of frontal and parietal regions32,33. 

We compared performance on the CPT-IP task after placebo and after THC administration, 

and assessed the role of the DMN and the executive system in the effect of THC.

Materials and Methods

This study is part of the Pharmacological Imaging of the Cannabinoid System (PhICS) project, 

a comprehensive research project on the role of the eCB system in the regulation of cognitive 

brain function in healthy volunteers and patients with psychiatric disorders. Methods of the 

entire study are reported in detail in a methodological paper34. This study is registered in both 

the EudraCT database (2007-004247-30) and the Dutch Trial Register (NTR1787).  

Subjects
Twenty-three healthy male right-handed subjects were recruited through flyers, posters and 

internet advertisements. All subjects used cannabis on an incidental basis, defined as having 

used cannabis at least four times but at most once a week in the year before inclusion in the 

study. All subjects were in good physical health as assessed by medical history and physical 

examination, and were screened for axis I psychiatric disorders using the Dutch version of the 

Mini International Neuropsychiatric Interview for DSM-IV clinical disorders35. Subjects were 

asked to refrain from cannabis for at least two weeks before the first study day until study 

completion. Illicit drug use other than cannabis was not within six months prior to inclusion. 

Urine screening for cannabis, cocaine, amphetamine, methamphetamine, 

3,4-methylenedioxymethamphetamine (MDMA), morphine, methadone, tricyclic 

antidepressants (TCA), barbiturates and benzodiazepines was performed at screening and on 

both study days. Subjects with a positive drug test were excluded from the study. Subjects 

were also asked to abstain from alcohol for 48 hours before each study day. Smoking was not 

allowed from the moment of arrival until the end of a study day. Alcohol and nicotine use was 

assessed by self-report. Subjects were asked to fast for at least four hours before arrival. On 

the beginning of each test day, they were served a standard meal. For further details on 
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inclusion and exclusion criteria we refer to Van Hell et al. (2011)34. All volunteers gave written 

informed consent before entry into the study and were compensated for their participation. 

The study was approved by the Independent Ethics Committee of the University Medical Center 

Utrecht, the Netherlands, in accordance to the Declaration of Helsinki 2008. 

Results are reported on twenty out of the twenty-three included subjects. One subject did not 

complete the study procedure due to the exceeding of acceptable blood pressure levels. Two 

other subjects were excluded because of an absence of detectable THC plasma levels and 

technical malfunction during scanning, respectively. Subject characteristics are summarized 

in Table 6.1. All subjects showed negative urine screening at both study days.

Design and procedure
Subjects underwent two scanning sessions of which one with administration of placebo and 

one with THC in random sequence. Study days were scheduled two weeks apart to allow 

for complete clearance of drugs. Two weeks before the first study day, participants were 

familiarized with the scanner environment using a mock scanner. Verbal intelligence was 

estimated with the Dutch Adult Reading Test (DART), the Dutch version of the National Adult 

Reading Test36. 

At the beginning of each study day, a catheter was placed percutaneously in the left arm for 

the withdrawal of blood samples. Subsequently, subjects performed three cognitive paradigms, 

during which functional MRI scans were obtained. One of these paradigms was the CPT-IP. 

Paradigm sequence was randomized between subjects, but remained unchanged within 

subjects across sessions. Results of other assessments are reported elsewhere34,37. 

Table 6.1 Subject characteristics (n = 20).

Characteristic Mean ± SD Range

Age (years) 22.9 ± 4.9 18 - 40

IQ 105.6 ± 5.6 97 - 114

Height (cm) 185.9 ± 7.9 175 - 201

Weight (kg) 77.0 ± 11.3 60 - 110

BMI (kg/m2)  22.2 ± 2.1 18.5 - 27.2

Cannabis use (Occasions / year) 22.5 ± 15.2 4 - 52

Tobacco smoking (Cigarettes / week)  57.6 ± 60.8 0 - 140

Alcohol consumption (Units / week)  12.5 ± 7.8 2 - 30

Coffee consumption (Units / week)  17.4 ± 12.4 0 - 40

Illicit drug use (Occasions lifetime) 2.0 ± 4.0 0 - 17

Use of cannabis, tobacco, alcohol and coffee was given for the year before inclusion 
in the study. Subjects refrained from cannabis for at least two weeks before the first 
study day until study completion and from alcohol for 48 hours before each study 
day. Caffeine intake and smoking were not allowed from the moment of arrival until 
the end of a study day. Illicit drug use other than cannabis was at least more than 
six months before the first study day. All subjects showed negative urine screening 
at both study days.
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On study days, subjects received subsequent doses of THC or placebo with 30 minutes 

intervals. Drugs were administered before each fMRI task using a Volcano ® vaporizer (Storz–

Bickel GmbH, Tuttlingen, Germany) according to a method described earlier38,39. The first THC 

dose was 6 mg, followed by three doses of 1 mg each to maintain stable levels of CNS effects. 

Doses were based on pharmacokinetic/pharmacodynamic (PK/PD) modeling of CNS effects 

induced by THC40. See Van Hell et al. (2011) for detailed study procedures34.  

Drug levels and behavioral measurements 
Venous blood samples were collected to determine plasma concentrations of THC and its two 

most important metabolites, 11-OH-THC and 11-nor-9-carboxy-THC. Blood samples were 

processed according to Zuurman et al. (2008)39. Subjective effects were determined with two 

sets of visual analogue scales41,42. Both rating scales were performed consecutively at baseline 

and before and after performance of the CPT-IP. Visual analogue scales were analyzed as 

described previously38,39. Heart rate and respiration were monitored continuously during 

scanning, as described by van Buuren et al. (2009)43. Mean heart rate was computed by 

dividing the total number of heart beat trigger signals by the duration of the CPT-IP. Data were 

corrected for baseline values and analyzed with paired t-tests. 

Task paradigm
Executive function was assessed with a CPT with identical pairs (CPT-IP) consisting of two 

different task conditions (Figure 6.1)29,32,33. In the experimental condition (CPT-IP), participants 

were presented with a series of four-digit numbers, and were instructed to press a button as 

quickly as possible when two consecutive numbers were identical. In a control task (CT), 

subjects were always presented with the same stimulus (‘1234’), and were instructed to watch 

the stimuli, but not to respond. This task was designed to control for the simple visual 

components of watching flashing numbers. The CPT-IP and CT tasks were given in alternating 

blocks of 30 s each. Six blocks of each task were presented, together with six rest blocks. The 

order of blocks was counterbalanced. A total of 40 numbers per block was presented. Every 

number appeared for 700 ms, followed by a fixation cross of 50 ms. The number of targets 

per block varied from seven to nine, with an average of eight targets per block. 

####

9753

Button press

####

7591

####

7591
Target

700 ms

50 ms
40 stimuli / block

700 ms

50 ms

50 ms
####

1234

####

1234

####

1234

CPTControl

Figure 6.1 Schematic outline of the task used to 
assess executive function. The task consists of a 
control (CT, left) and an experimental condition 
(CPT-IP, right), during which four-digit numbers 
are presented in sequence. In the experimental 
condition, subjects have to press a button as 
quickly as possible when two consecutive numbers 
are identical. No response is required for the 
control condition. See for detailed information the 
Materials and Methods section. 
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In addition, each block contained eight distracters, defined as numbers consisting of similar 

digits as the preceding number, but presented in another order. Total task duration was 11 

minutes. Numbers differed for both study days for all subjects.

Outcome measures included reaction time for hits (RT), the mean percentage of correctly 

identified targets (% hits), and the mean percentage of incorrectly identified targets (% false 

alarms). The ability to discriminate targets from non-targets (d’) was calculated as described 

by Rutschmann et al. (1977)44. Group differences in RT and performance accuracy between 

placebo and THC were analyzed with paired t-tests.  

Image Acquisition
Image acquisition was performed on a Philips Achieva 3.0 Tesla scanner (Philips Medical 

Systems, Best, the Netherlands). Functional images were obtained using a 3D PRESTO-SENSE 

pulse sequence45 (parameters: TR 22.5 ms; TE 33.2 ms; flip angle = 10°; FOV 224×256×160; 

matrix 56× 64×40; voxel size 4 mm isotropic; scan time 0.6075 s; 40 slices (sagittal 

orientation)). A total of 1105 functional images were acquired. One functional volume with a 

flip angle of 27° (FA27) was acquired for image co-registration. A T1-weighted structural image 

was obtained for anatomical registration (parameters: TR 9.5 ms; TE 4.7 ms; flip angle = 8°; 

FOV 220.8x240x159.6; matrix 368×400×266; voxel size 0.6 mm isotropic, 266 slices (sagittal 

orientation)).

Functional MRI analysis
After reconstruction, scan volumes were preprocessed and analyzed using SPM5 (Wellcome 

Trust Centre for Neuroimaging, London, UK). The FA27 functional was co-registered to the 

high resolution anatomical scan. Subsequently, the anatomical scan was normalized to 

standard MNI space46, to calculate parameters for spatial normalization. Functional data were 

realigned to the FA27 volume, followed by spatial normalization into MNI space, and spatial 

smoothing (FWHM = 8 mm). First level single subject analysis included a general linear model 

regression analysis using a factor matrix with factors for the CPT-IP and CT condition, as well 

as the instructions that were presented during the task. To correct for drifts in the signal, 

cosine-based regressors were added to the model, corresponding to a high-pass filter with 

cut-off frequency of 0.004 Hz. Group activity maps were created for both the placebo and 

THC session for the CPT-IP minus CT contrast. In order to increase power of hypothesis testing 

in regard to a whole brain voxel wise analysis, we preselected ‘task’ voxels that showed 

significant signal changes associated with the experimental paradigm (thresholded at t > |4.6|, 

p < 0.0001). To prevent session bias in voxel selection, voxels were included if they were either 

active either in the placebo or in the THC session. ROIs were identified by clustering groups 

of at least ten neighboring active voxels. According to the direction of the signal change, ROIs 

were grouped in two networks: ROIs showing task-related increases are from here on referred 

to as task-induced activation (‘TIA’) ROIs. ROIs based on voxels showing signal decrease are 

from here on referred to as task-induced deactivation (’TID’) ROIs.
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For hypothesis testing, mean regression coefficients (b-values) for the CPT-IP condition were 

extracted from each ROI and for both the placebo and THC condition, using the Marsbar SPM 

tool. Effects of THC on signal changes in the two networks of ROIs were determined in SPSS 

using repeated measures MANOVA with drug and ROI as within-subjects factors. Effects of 

THC on activity in ROIs were assessed with paired t-tests, with Bonferroni correction for 

multiple comparisons when THC did not induce a significant effect of drug in the network 

analysis.   

To directly compare effects of THC in TIA and TID networks, mean regression coefficients for 

the CPT-IP condition were averaged over all included voxels for either network, for both the 

placebo and THC condition. Effects of THC were determined in SPSS using repeated measures 

MANOVA with drug and network as factors. For further understanding of the involvement of 

eCB in executive function, we correlated TIA and TID network activity with task performance 

(percentage of correct responses) after placebo and after THC (Pearson’s r).

Results

Drug levels and behavioral measurements
Plasma concentrations of THC and its main metabolites were 78.4 ± 27.0 ng/ml (THC), 3.9 

± 4.6 ng/ml (11-nor-9-carboxy-THC) and 2.5 ± 2.0 ng/ml (11-OH-THC), 5 min after inhalation 

of 6 mg THC. Analysis of subjective effects before and after performance of CPT-IP revealed 

a significant THC-induced increase in VAS score of ‘feeling high’ (F(1,19) = 19.10, p < 0.001) 

and ‘external perception’ (reflecting misperception of external stimuli or changes in the 

awareness of the environment) (F(1,19) = 11.03, p = 0.004) compared to placebo. In addition, 

THC significantly reduced ‘alertness’ (F(1,19) = 9.24, p = 0.007), ‘contentedness’ (F(1,19) = 

10.03, p = 0.005), and ‘calmness’ (F(1,19) = 10.10, p = 0.005). THC caused a trend towards 

increased ‘internal perception’ (reflecting inner feelings that do not correspond with reality) 

(F(1,19) = 3.42, p = 0.080). Subjective effects are summarized in Table 6.2. Heart rate 

increased significantly after THC compared with placebo (22.2 ± 14.5 and -1.5 ± 7.8 bpm 

increase compared to baseline, respectively; p < 0.001). For a more detailed description of 

drug levels and behavioral measurements following THC see Van Hell et al. (2011)34.

Task performance
THC administration significantly decreased the percentage of correctly identified targets (from 

83.7 ± 13.3% to 74.7 ± 19.5%, p = 0.016) and enhanced the percentage of false alarms (from 

3.5 ± 3.4% to 5.7 ± 4.3%, p = 0.001) compared to placebo. The ability to discriminate targets 

from non-targets as indexed by d’ was reduced after THC administration (from 3.1 ± 0.9 to 2.5 

± 1.0, p = 0.002). Reaction times on the CPT-IP did not differ between placebo and THC 

sessions (538.5 ± 32.7 and 552.0 ± 50.3 ms, respectively; p = 0.296) (see Figure 6.2).     
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Selection of regions of interest
Task activity was measured in a set of regions showing task-induced deactivation (TID) and a 

set of regions showing task-induced activation (TIA). TID showed a network of four regions, 

comprising posterior cingulate cortex, left inferior temporal gyrus, right cerebellum and left 

angular gyrus (Table 6.3 and Figure 6.3A). TIA yielded a network of 15 brain regions, comprising 

bilateral prefrontal cortex, parietal cortex, precentral gyrus, visual cortex, and thalamus, as 

well as anterior cingulate cortex, mid cingulate gyrus, vermis, and right middle temporal cortex 

(Table 6.4 and Figure 6.3B). 

Effects of THC on task-induced deactivation
Activity in TID regions was significantly increased after THC administration compared to 

placebo (F = 13.20; p = 0.002). There was no significant difference in the effect of THC on 

TID ROIs (drug * ROI interaction, F = 0.06, p = 0.98) (Table 6.5 and Figure 6.4). 
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Figure 6.2 Task performance, with (left) the mean percentage of correctly identified targets, (middle) the mean 
percentage of false alarms, and (right) reaction times of correct responses after placebo and THC administration (n = 
20; mean ± SEM). * Significant difference between THC and placebo (p < 0.05).

Table 6.2 Subjective effects of Δ9-tetrahydrocannabinol (THC) (n = 20).

VAS Assessment Drug effect (F(1,19)) Mean placebo score 
(± SD)

Mean THC score 
(± SD)

Feeling High 19.10, p < 0.001* 2.63 ± 6.41 27.00 ± 25.99

Internal Perception 3.42, p = 0.080 0.15 ± 0.63 3.15 ± 7.06

External Perception 11.03, p = 0.004* 0.98 ± 2.24 9.15 ± 10.29

Alertness 9.24, p = 0.007* -7.44 ± 7.68 -17.03 ± 12.72

Contentedness 10.03, p = 0.005* -3.60 ± 8.05 -11.68 ± 9.73

Calmness 10.10, p = 0.005* 4.94 ± 12.82 -9.63 ± 18.20

Statistical analysis was performed with baseline corrected values using repeated measures ANOVA with drug and time 
as factors. * Significant difference between placebo and THC (p < 0.05). VAS, Visual Analogue Scale. 
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Analysis of individual ROIs revealed a significant THC-induced increase in activity in three out 

of four ROIs, namely the posterior cingulate gyrus (t = -2.84; p = 0.01), left inferior temporal 

cortex (t = -2.25; p = 0.04) and left angular gyrus (t = -2.21; p = 0.04) (see Table 6.3, Figure 

6.5 and Figure 6.6).  

Effects of THC on task-induced activation
Brain activity in TIA regions was not affected by THC administration compared to placebo  

(F = 0.02; p = 0.90), indicating that THC did not induce a change in the pattern of TIA activity 

during CPT-IP. There was no significant difference in the effect of THC on TIA ROIs (drug * 

ROI interaction, F = 0.72, p = 0.71) (Table 6.5 and Figure 6.4). Follow up analysis in individual 

TIA ROIs showed that THC administration increased activity in one region (mid cingulate gyrus, 

t = -2.18; p = 0.04). This effect did not survive correction for multiple comparisons for number 

of TIA ROIs (see Table 6.4, Figure 6.6 and Figure 6.7).

1 2 3 4

L R

A

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

L R

B

Figure 6.3 Regions of interest (ROIs) used to assess effects of THC administration on A, task-induced deactivation 
(TID), and B, task-induced activation (TIA). ROIs are defined in CPT-IP minus CT group activity maps, pooled over 
placebo and THC (n = 20; t > |4.6|, p < 0.0001 uncorrected, clusters ≥ 10 voxels). ROI numbers correspond to those 
shown in Table 6.3 and Table 6.4, respectively. L, left; R, right.  

Table 6.3 Effect of Δ9-tetrahydrocannabinol (THC) on TID ROIs (n = 20). 

ROI Activated brain region Abbreviation Cluster 
size (mm3)

t value p value

1 Posterior cingulate cortex PPC 7616 -2.84 0.01 *

2 Inferior temporal cortex L lITC 1024 -2.25 0.04 *

3 Cerebellum R rCB 768 -1.47 0.16

4 Angular gyrus L lAG 640 -2.21 0.04 *

Group activity maps for placebo and THC were thresholded at t < -4.6, p < 0.0001 uncorrected, 
cluster size ≥ 10 voxels. ROI numbers correspond to those shown in Figure 6.3A. Statistical 
analysis was performed with paired t-tests. * Significant difference between placebo and THC 
(p < 0.05); TID, task-induced deactivation; ROI, region of interest; L, left; R, right.
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Task-induced activation vs task-induced deactivation
A direct comparison of the network effect of THC on the absolute value of change in TIA and 

TID activity, using the network average of all ROIs in TID and TIA, revealed a significant 

interaction effect between drug and network (F = 6.97; p = 0.02), reflecting that the TID 

network was more sensitive to the effects of THC then the TIA network (see Table 6.5 and 

Figure 6.4). A spatial illustration of the effect of THC administration on TID and TIA activity is 

shown in Figure 6.8. The upper graph demonstrates the consistent reduction of deactivation 

in the TID network after THC administration, while the lower graph shows that activity in TIA 

ROIs is virtually unchanged after THC. 

Table 6.4 Effect of Δ9-tetrahydrocannabinol (THC) on TIA ROIs (n = 20).

ROI Activated brain region Abbreviation Cluster 
size (mm3)

t value p value

1 Prefrontal cortex R rPFC 95616 -0.75 0.46

2 Prefrontal cortex L lPFC 34048 -0.27 0.79

3 Anterior cingulate cortex ACC 30528 0.02 0.99

4 Parietal cortex R rPC 27520 0.34 0.74

5 Visual cortex L lVC 31040 1.27 0.22

6 Visual cortex R rVC 31424 1.89 0.07

7 Precentral gyrus L lPrCG1 10560 -1.54 0.14

8 Parietal cortex L lPC 17856 0.19 0.85

9 Precentral gyrus L lPrCG2 8768 1.25 0.23

10 Precentral gyrus R rPrCG 11584 -1.62 0.12

11 Vermis VM 9088 0.72 0.48

12 Thalamus R rTHAL 9344 -0.56 0.58

13 Mid cingulate gyrus MCG 2560 -2.18 0.04 *

14 Thalamus L lTHAL 1408 -1.26 0.22

15 Middle temporal cortex R rMTC 896 0.41 0.69

Group activity maps for placebo and THC were thresholded at t > 4.6, p < 0.0001 uncorrected, 
cluster size ≥ 10 voxels. ROI numbers correspond to those shown in Figure 6.3B. Statistical 
analysis was performed with paired t-tests. * Significant difference between placebo and THC 
(p < 0.05). TIA, task-induced activation; ROI, region of interest; L, left; R, right.
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Figure 6.4 Brain activity in the TIA (left) and TID 
network (right, all voxels combined), after administration 
of placebo (white) and THC (black) (n = 20; mean ± 
SEM). A significant interaction effect between drug and 
network indicates that THC had a different effect on 
activity in the TID than in the TIA network. See also 
Table 6.5. * Significant effect (p < 0.05). TIA, task-
induced activation; TID, task-induced deactivation; 
a.u., arbitrary units. 

201163 proefschrift Matthijs Bossong.indd   116 19-12-2011   14:15:11



117

C
h

ap
ter  6  |  D

M
N

 im
plicated in effects of TH

C
 on executive function  

Table 6.5 Effect of Δ9-tetrahydrocannabinol (THC) on TIA and TID set of 
regions (n = 20). 

Effect F value p value

drug * network (TIA, TID) a 6.97 0.02 *

drug (TIA) b 0.02 0.90

drug * region (TIA) b 0.72 0.71

drug (TID) b 13.20 0.002 **

drug * region (TID) b 0.06 0.98

Statistical analysis was performed using repeated measures ANOVA with a drug 
and network and b drug and ROI as factors. See also Figure 6.4. * Significant 
at p < 0.05; ** Significant at p < 0.01. TIA, task-induced activation; TID, task-
induced deactivation. 
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Figure 6.5 Brain activity in TID regions, after administration of placebo (white) and THC (black) (n = 20; mean ± SEM). 
Three regions showed a significantly reduced inhibition after THC administration, if not corrected for multiple 
comparisons. * Significant effect (p < 0.05). Abbreviations are given in Table 6.3. a.u., arbitrary units.

A 

B 

Figure 6.6 Activity patterns during performance of CPT-IP (baseline: rest) after administration of A, placebo, and B, 
THC (n = 20; t > |4.6|, p < 0.0001 uncorrected, clusters ≥ 10 voxels). 
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Correlations between performance and task-induced deactivation
In a follow-up analysis we examined if activity in the TID network was related to performance 

across subjects (percent correct responses). Activity in TID after THC showed a significant 

negative correlation with performance (r = -0.43, p = 0.03) (Figure 6.9A). Follow up analysis 

in the four TID ROIs indicated a significant negative correlation in posterior cingulate cortex 

(r = -0.38, p = 0.049), right cerebellum (r = -0.44, p = 0.026) and left angular gyrus (r = 

-0.53, p = 0.008). No significant correlation was found between performance and TID after 

placebo (r = -0.04; p = 0.85) (see Figure 6.9).
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Figure 6.7 Brain activity in TIA regions, after administration of placebo (white) and THC (black) (n = 20; mean ± SEM). 
One region (mid cingulate cortex) showed a significant increase after THC administration, if not corrected for multiple 
comparisons. * Significant effect (p < 0.05). Abbreviations are given in Table 6.4. a.u., arbitrary units.

Figure 6.8 Activity over time in the TID (upper graph) and TIA network (lower graph) during performance of the CPT-
IP after placebo (blue) and THC (green) administration (n = 20; mean ± SEM). TIA, task-induced activation; TID, 
task-induced deactivation; au, arbitrary units. 
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Discussion

The role of the eCB system in executive function was studied in an fMRI study with a THC 

challenge, focusing on DMN. After administration of THC, subjects showed impaired task 

performance, reflected in both an increase in false alarms and a reduction in detected targets, 

indicating a small but consistent deficit in executive function. The set of regions that were 

deactivated during the task showed less deactivation after THC administration than after 

placebo. In addition, it was found that after THC administration, task performance was 

negatively correlated with activity in the deactivated brain regions. There was no correlation 

between performance and deactivation after placebo. In contrast, the set of regions that were 

positively activated by the task did not change activity after THC administration. Together, 

these results indicate that the involvement of the eCB system in executive function is linked 

to the DMN. In our study, effects of THC on DMN activity were predominantly found in the 

posterior cingulate cortex (PCC) and angular gyrus. While both regions are routinely identified 

C. posterior cingulate D. right cerebellum E. right angular gyrus
r = -0.44 (p = 0.026) r = -0.53 (p = 0.008) r = -0.38 (p = 0.049) 
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Figure 6.9 Graphs illustrating correlations between performance (percentage correct responses) and activity in A, the 
TID network, B, the TIA network, C, posterior cingulate cortex, D, right cerebellum, and E, right angular gyrus. TIA, 
task-induced activation; TID, task-induced deactivation; a.u., arbitrary units. 
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as part of the DMN21, specifically the PCC has been recognized as a pivotal integrating node 

in the DMN47-50. 

A possible role of DMN in executive function is addressed by the default mode interference 

hypothesis as proposed by Sonuga-Barke and Castellanos (2007)51. The interference theory 

states that functions that are performed by the DMN interfere with successful goal-oriented 

performance. In the context of a normally functioning brain, the DMN component is attenuated 

during goal-directed action, and the level of attenuation is independent of task content. 

Neuroimaging studies support this notion, as several studies have linked reduced activity in 

DMN with successful task execution23-28. In addition, is has been shown that the level of 

reduction in DMN activity reflects the relative resources that need to be allocated to task 

execution52-54. How exactly interference occurs is largely unknown, but a possibility is that 

DMN functions use similar resources as needed for goal-oriented behavior. Possible functions 

of the DMN include conscious processes that occur in the absence of goal- oriented behavior, 

such as self-referential mental processing55-57, mind-wandering58, and mental explorations and 

simulations47. 

The THC-induced effects on DMN activity as demonstrated in the current study suggest a role 

for the eCB system in regulation of default mode activity. A potential neurobiological explanation 

for the changes in DMN activity after THC administration may be found in the modulating role 

of the eCB system in neurotransmitter release. The eCB system is a retrograde messenger 

system that regulates both GABA and glutamate neurotransmission according to an ‘on-

demand’ principle: endocannabinoids are released when and where they are needed1-3. This 

eCB-mediated regulation of synaptic transmission is a widespread phenomenon in the brain, 

and is thought to play an important role in higher cognitive functions2,3. It has been shown 

that THC administration can disrupt this function of the eCB system59,60. Recent studies 

indicate that negative BOLD responses are tightly coupled to reductions in neuronal activity61,62, 

most likely mediated by increased GABA transmission in the DMN63. Importantly, increasing 

cognitive load was associated with more DMN deactivation and higher GABA concentrations63. 

This suggests that THC administration may affect DMN activity through disruption of eCB-

mediated GABA neurotransmission.   

Our results may have implications for understanding impairment in executive function related 

to psychiatric and neurological disorders. Executive function impairments are associated with 

various psychiatric and neurological disorders, including schizophrenia, attention-deficit 

hyperactivity disorder (ADHD), obsessive-compulsive disorder, depression, Alzheimer’s disease 

and Tourette’s syndrome64-67. The presence of a similar symptom in such a wide range of 

disorders suggests the possibility of a common underlying mechanism. Evidence is 

accumulating for a role of DMN in executive function impairment in patients with schizophrenia, 

as several studies have shown reduced deactivation in DMN during various tasks in patients 

with schizophrenia68-71. In addition, reduced connectivity of PCC with other DMN nodes was 

demonstrated in schizophrenia patients during task execution72. Reduced deactivation in DMN 

during task performance has also been identified in other patient groups such as youth with 

ADHD73,74 and patients with Alzheimer’s disease75,76. Our results suggest the possibility that 

201163 proefschrift Matthijs Bossong.indd   120 19-12-2011   14:15:15



121

C
h

ap
ter  6  |  D

M
N

 im
plicated in effects of TH

C
 on executive function  

abnormal involvement of the eCB system may be a factor in the abnormal DMN activity 

associated with aforementioned disorders. As such, the eCB system could be involved in 

cognitive deficits in these disorders. 

The current study demonstrated, as expected, an extensive set of regions that were positively 

activated by the task, both after placebo and after THC administration. Previous imaging 

studies using executive function paradigms have shown activation of a similar network of brain 

areas, predominantly consisting of (right) frontal and parietal regions32,33,77,78. Activation of this 

network, also referred to as the Central Executive System (CES)79,80, has been associated with 

several functions necessary for successful executive function, such as selection of sensory 

stimuli and the subsequent linking of stimuli to appropriate motor responses81,82, detecting of 

visual stimuli83-86, preparation of a specific response87, and linking of relevant stimuli to 

responses, as it is modulated when people change their motor plan according to a stimulus88. 

In the present study, THC did not affect activity in the CES, in spite of clear effects on 

performance. Previous studies have reported reduced activity in the CES in psychiatric 

disorders such as ADHD89-91 and schizophrenia92-97, an effect that is likely related to impaired 

task performance95,98. One explanation for this apparent discrepancy could be that performance 

deficits as shown in our study after THC administration are moderate compared to those of 

psychiatric patients. For example, decreased CES activity in schizophrenia patients in the 

study of Salgado-Pineda et al. (2004) was associated with a 33% reduction in the mean 

percentage of correctly identified targets93. This view is further supported by studies in which 

CES activity of schizophrenia patients was not reduced during adequate performance of 

moderately difficult central executive tasks99-103. 

To our knowledge, there are no previous imaging studies addressing the role of the eCB system 

in executive function. However, one related PET study with a dichotic listening task showed 

that smoking of cannabis caused decreased blood flow in visual and auditory cortices104. These 

changes appeared to be task-independent, and thus were interpreted to reflect direct effects 

of cannabis on the brain. The study did not show effects of cannabis on task-related 

deactivation, which may be related to the absence of any task performance effects after 

smoking of cannabis. 

An increasing number of imaging studies use a pharmacological challenge to study effects on 

cognition. For instance, the dopamine transporter inhibitor modafinil has been shown to 

increase DMN deactivation during a simple visuomotor task. The modafinil effect in the 

ventromedial prefrontal cortex was significantly correlated with reaction time105. Treatment with 

methylphenidate has been shown to normalize DMN activity in off-methylphenidate patients 

with ADHD who showed attenuated DMN activity during low incentive conditions106.  

These studies provide converging evidence for an important role of DMN in cognitive 

performance. Several limitations have to be taken into account in interpreting the results of 

this study. First, inclusion of incidental cannabis users, as opposed to non-users, may have 

affected interpretation of the results as previous cannabis use may have affected the eCB 

system. The choice for incidental cannabis users was based on ethical grounds34. Second, 

non-specific THC-induced changes on cerebral blood flow may have confounded our results107.  
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However, the fact that the reduced deactivation in DMN after THC is correlated with performance 

indicates that the effect is specifically related to task execution. Finally, although the study 

was designed to be double-blind, THC induced behavioral effects that were identified by most 

subjects, possibly causing expectancy effects across sessions. The influence of expectancy 

was minimized by using a randomized crossover design, thus balancing the effects of 

expectancy across study days. Still, it cannot be excluded that expectancy effects may have 

affected our results to some extent.

In conclusion, this study shows specific reduction of DMN activity related to THC administration, 

which was associated with reduced task performance. These results suggest an important 

role for the eCB system in both DMN modulation and executive function. The association of 

the eCB system with DMN modulation may be relevant for psychiatric disorders associated 

with executive function deficits, such as schizophrenia and ADHD, as well as for neurological 

disorders such as Alzheimer’s disease. 
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Abstract 

Introduction
Processing of emotions is affected in psychiatric disorders such as major depression. Behavioral 

evidence suggests that modulation of the endocannabinoid (eCB) system with administration 

of cannabinoid substances changes emotional responses. This may be mediated by functional 

alterations in a network of brain regions associated with emotional processing. In the present 

study we examined eCB involvement in human brain function related to processing of positive 

and negative emotions.

Methods
A pharmacological magnetic resonance imaging (MRI) study was conducted with a placebo-

controlled, cross-over design, investigating effects of the eCB agonist ∆9-tetrahydrocannabinol 

(THC) on brain function related to emotional processing in 11 healthy volunteers. Performance 

and brain activity during emotional processing were assessed using an emotional faces task 

consisting of stimuli with either negative or positive emotional content.    

Results
After THC administration, performance accuracy was decreased for matching stimuli with 

negative but not positive emotional content. Processing of emotions activated a network of 

brain regions mainly consisting of amygdala, orbital frontal gyrus, hippocampus, superior 

parietal gyrus, prefrontal cortex, and regions in the occipital cortex. THC had distinct effects 

on brain activity in this network, in that it reduced activity for negative emotions, while activity 

related to positive emotions was unaffected.   

Conclusion
THC administration reduced both task performance and brain activity for negative emotions, 

without effects on processing of positive emotions. This indicates that THC administration 

changed emotional bias in healthy subjects, mainly reflected in decreased reactivity towards 

negative stimuli. These results provide compelling support for involvement of the eCB system 

in emotional processing.  

Introduction

Abnormalities in emotional processing are among the most important characteristics of 

psychiatric disorders such as major depression1, bipolar disorder2 and schizophrenia3-5, with 

significant consequences for social functioning and subjective well-being of patients.

Evidence is accumulating for involvement of the endocannabinoid (eCB) system in emotional 

processing6-8. The eCB system, consisting of cannabinoid receptors and accompanying 

endogenous ligands, is a retrograde messenger system that regulates both excitatory and 
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inhibitory neurotransmission9-11. For example, the most common reason for the recreational 

use of cannabis is that it produces a euphoriant effect. This ‘high’ includes a feeling of 

intoxication, with decreased anxiety, alertness, depression and tension12-14. In addition, animal 

studies show that disruption of eCB-mediated synaptic regulation through genetic deletion or 

pharmacological blockade of cannabinoid receptors produces anxiety- or depressive-like 

states15-20. Administration of low doses of cannabinoid agonists or drugs that enhance levels 

of endogenous cannabinoids reduces anxiety-like behavior17,21-27. Converging models posit 

that distinct neural systems are involved in different aspects of emotional processing2,32-34. For 

instance, occipital and temporal lobes, including the fusiform gyrus, have been implicated in 

the perceptual processing of emotional stimuli such as facial expressions, while the amygdala 

and orbital frontal cortex are involved in emotion recognition and generation of (automatic) 

emotional reactions in response to a stimulus. The anterior cingulate and prefrontal cortex are 

associated with the (voluntary) regulation of emotional reactions2,32-34. Cannabinoid receptors 

are highly expressed in many of these key regions for emotional processing35-37. So far, the 

role of the eCB system in human emotional processing has been investigated in two functional 

neuroimaging studies with administration of THC38,39. Both studies have focused on brain 

activity related to processing of emotional faces, but came to different conclusions. Only 

examining the effects of THC in the amygdala region, Phan et al. (2008) found reduced 

amygdala reactivity for processing of both fearful and happy faces38. Fusar-Poli et al. (2009) 

noticed THC-induced decreases in activity in frontal and parietal brain regions when subjects 

viewed fearful faces, but showed no significant effects of THC administration on the amygdala 

response39. The purpose of the present study was to further elucidate involvement of the eCB 

system in human emotional processing. This was examined in a functional MRI (fMRI) study 

with healthy volunteers, measuring the effects of THC administration on brain function related 

to stimuli with either negative or positive emotional content. Brain activity was assessed in the 

network of regions involved in emotional processing, providing the opportunity to restrict 

analysis to brain areas of interest, and to calculate and present effect sizes. Based on previous 

neuroimaging studies with emotional stimuli, we expected that processing of facial expressions 

would activate a network of brain regions consisting of amygdala, orbital frontal gyrus, 

hippocampus, prefrontal cortex, and regions in the parietal and occipital cortex. Based on the 

studies of Phan et al. (2008)38 and Fusar-Poli et al. (2009)39, it was hypothesized that inhalation 

of THC would induce a decrease in brain activity underlying processing of negative emotions. 

THC administration may enhance brain activity for positive emotions, as part of the reported 

reductions in anxiety- or depressive-like responses in both humans and animals12-14,17,21-27. 

Materials and Methods 

This study is part of the Pharmacological Imaging of the Cannabinoid System (PhICS) project, 

a comprehensive research project on the role of the eCB system in the regulation of cognitive 

brain function in healthy volunteers and patients with psychiatric disorders. Methods of the 
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entire study are reported in detail in a methodological paper40. This study is registered in both 

the EudraCT database (2007-004247-30) and the Dutch Trial Register (NTR1787).  

Subjects
Fourteen healthy male right-handed subjects were recruited through flyers, posters and inter-

net advertisements. All subjects used cannabis on an incidental basis, defined as having used 

cannabis at least four times but at most once a week in the year before inclusion in the study. 

All subjects were in good physical health as assessed by medical history and physical ex-

amination, and were screened for axis I psychiatric disorders using the Dutch version of the 

Mini International Neuropsychiatric Interview for DSM-IV clinical disorders41. Subjects were 

asked to refrain from cannabis for at least two weeks before the first study day until study 

completion. Illicit drug use other than cannabis was not within six months prior to inclusion. 

Urine screening for cannabis, cocaine, amphetamine, methamphetamine, 3,4-methylenedi-

oxymethamphetamine (MDMA), morphine, methadone, tricyclic antidepressants (TCA),  

barbiturates and benzodiazepines was performed at screening and on both study days.  

Subjects with a positive drug test were excluded from the study. Subjects were also asked to 

abstain from alcohol for 48 hours before each study day. Smoking was not allowed from the 

moment of arrival until the end of a study day. Alcohol and nicotine use was assessed by self-

report. Subjects were asked to fast for at least four hours before arrival. On the beginning of 

each test day, they were served a standard meal. For further details on inclusion and exclusion 

criteria we refer to Van Hell et al. (2011)40. All volunteers gave written informed consent before 

entry into the study and were compensated for their participation. The study was approved 

by the Independent Ethics Committee of the University Medical Center Utrecht, the Nether-

Table 7.1 Subject characteristics (n = 11). 

Characteristic Mean ± SD Range

Age (years) 21.5 ± 2.5 18 - 26

IQ 105.2 ± 5.5 98 - 113

Height (cm) 183.4 ± 6.5 175 - 195

Weight (kg) 74.1 ± 7.6 65 - 87

BMI (kg/m2)  22.0 ± 1.2 20.1 - 23.6

Cannabis use (Occasions / year) 20.0 ± 9.4 4 - 30

Tobacco smoking (Cigarettes / week)  0.3 ± 0.7 0 - 2

Alcohol consumption (Units / week) 12.0 ± 5.9 5 - 20

Coffee consumption (Units / week)  12.7 ± 11.6 0 - 35

Illicit drug use (Occasions lifetime) 1.0 ± 1.8 0 - 5

Use of cannabis, tobacco, alcohol and coffee was given for the year before 
inclusion in the study. Subjects refrained from cannabis for at least two weeks 
before the first study day until study completion and from alcohol for 48 hours 
before each study day. Caffeine intake and smoking were not allowed from the 
moment of arrival until the end of a study day. Illicit drug use other than cannabis 
was at least more than six months before the first study day. All subjects showed 
negative urine screening at both study days.
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lands, in accordance to the Declaration of Helsinki 2008. Results are reported on eleven out 

of the fourteen included subjects. One subject did not complete the study procedure due to 

strong feelings of anxiety during one of the scanning sessions. Two other subjects were ex-

cluded because of an absence of detectable THC plasma levels and movement-related errors 

during scanning, respectively. Subject characteristics are summarized in Table 7.1. All subjects 

showed negative urine screening at both study days. 

Design and procedure
In a double-blind, randomized, placebo-controlled, crossover pharmacological MRI study, 

subjects underwent two scanning sessions after administration of placebo and of THC. Study 

days were two weeks apart to allow for complete clearance of drugs. Two weeks before the 

first study day, participants were familiarized with the scanner environment using a mock 

scanner. On the beginning of each study day, a catheter was placed percutaneously in the left 

arm for the withdrawal of blood samples. Subsequently, subjects performed three cognitive 

paradigms, during which functional MRI scans were obtained. Paradigm sequence was 

randomized between subjects, but remained unchanged within subjects across sessions. Here 

we report on the results of the emotional faces task. Results of other assessments are reported 

elsewhere40,42,43. On study days, subjects received subsequent doses of THC or placebo with 

30 minutes intervals. Drugs were administered before each fMRI task using a Volcano ® 

vaporizer (Storz–Bickel GmbH, Tuttlingen, Germany) according to a method described 

earlier44-46. The first THC dose was 6 mg, followed by three doses of 1 mg each to maintain 

stable levels of CNS effects. Doses were based on pharmacokinetic/pharmacodynamic (PK/

PD) modeling of CNS effects induced by THC47. See Van Hell et al. (2011) for detailed study 

procedures40.  

Drug levels and behavioral measurements 
Venous blood samples were collected to determine plasma concentrations of THC and its two 

most important metabolites, 11-OH-THC and 11-nor-9-carboxy-THC. Blood samples were 

processed according to Zuurman et al. (2008)45. Subjective effects were determined with two 

sets of visual analogue scales48,49. Both rating scales were performed consecutively at baseline 

and before and after performance of the emotional faces task. Visual analogue scales were 

analyzed as described previously45,46. Heart rate and respiration were monitored continuously 

during scanning, as described by van Buuren et al. (2009)50. Mean heart rate was computed 

by dividing the total number of heart beat trigger signals by the duration of the task. Data were 

corrected for baseline values and analyzed with paired t-tests. 

Task paradigm
Emotional processing was assessed with an emotional faces task consisting of two conditions 

involving processing of facial expressions of emotion (fearful (‘FF’) and happy faces (‘HF’), 

respectively) and a sensorimotor control condition (‘CT’) (Figure 7.1)38,51. During FF and HF, 

subjects viewed a trio of unfamiliar faces and selected one of the two bottom faces that 
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expressed the same facial emotion as the target face on top. The target and congruent probe 

face displayed either a fearful or happy expression, while the incongruent probe face displayed 

a neutral expression. The identity of all three faces was always different. FF and HF were 

interspersed with a sensorimotor control condition in which subjects viewed a trio of simple 

geometric shapes (circles, vertical and horizontal ellipses) and selected one of the two bottom 

shapes identical to the target shape on top. Subjects responded by pressing one of two buttons 

with their right thumb.

The emotional faces task consisted of 17 experimental blocks of 24 s: four each for FF and 

HF, interleaved with 9 control blocks, for a total task length of 7 min. The order of blocks was 

counterbalanced. All blocks were preceded by a 4 s instruction (in Dutch): “Match Faces” or 

“Match Shapes”, followed by four different trios of images presented sequentially for 5 s each, 

randomized for all conditions. Trios of faces were balanced for gender. All facial images were 

derived from a standard set of pictures of facial affect52. 

Outcome measures included reaction time for correct responses and the mean percentage 

of correctly identified targets. Group differences in reaction time and performance accuracy 

between placebo and THC were analyzed using repeated measures ANOVA (Huynh-Feldt 

correction) with drug (two levels) and condition (two levels) as factors. Post hoc paired t-tests 

were performed to further investigate effects of THC on individual task conditions. 

Image Acquisition
Image acquisition was performed on a Philips Achieva 3.0 Tesla scanner (Philips Medical 

Systems, Best, the Netherlands). Functional images were obtained using a 3D PRESTO-SENSE 

pulse sequence53 with the following parameters: TR 22.5 ms; TE 33.2 ms; flip angle = 10°; 

FOV 224×256×160; matrix 56× 64×40; voxel size 4 mm isotropic; scan time 0.6075 s; 40 

fearful faces happy faces control

Figure 7.1 Schematic outline of the task used to assess effects of THC on processing of facial 
expressions of emotion. The task consists of two experimental conditions (fearful faces (left) and 
happy faces (middle), respectively), during which subjects viewed a trio of unfamiliar faces and 
selected one of the two bottom faces that expressed the same facial emotion as the target face on 
top. Experimental conditions were interspersed with a sensorimotor control condition (right), during 
which subjects viewed a trio of simple geometric shapes (circles, vertical and horizontal ellipses) and 
selected one of the two bottom shapes identical to the target shape on top. Each block consisted of 
four different trios of images presented sequentially for 5 s each. See for detailed information the 
Materials and methods section. 
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slices (sagittal orientation). A total of 700 functional images were acquired. Immediately after 

the emotional faces task, one volume with a flip angle of 27° was acquired for image co-

registration. A T1-weighted structural image was obtained for anatomical registration with the 

following parameters: TR 9.5 ms; TE 4.7 ms; flip angle = 8°; FOV 220.8x240x159.6; matrix 

368×400×266; voxel size 0.6 mm isotropic, 266 slices (sagittal orientation).

Functional MRI analysis
After reconstruction, scan volumes were preprocessed and analyzed using SPM5 (Wellcome 

Trust Centre for Neuroimaging, London, UK). Preprocessing of data included realignment of 

functional images to the first image and co-registration with the anatomical scan using the 

volume with a flip angle of 27°. Subsequently, the anatomical scan was normalized to standard 

MNI space54, and the transformation parameters were used to normalize the functional scans. 

After normalization, functional scans were smoothed (FWHM = 8 mm).

For a first level single subject analysis, regression coefficients for each voxel (b-values) were 

obtained from a general linear model regression analysis using a factor matrix that contained 

factors modeling FF and HF (four blocks each) as well as the instructions that were presented 

before each block. To correct for drifts in the signal, cosine-based regressors were added to 

the model, corresponding to a cut-off frequency of 0.006 Hz. Group activity maps were created 

for the contrasts FF-CT and HF-CT, for both the placebo and THC condition. Voxels were 

selected that reached an activity threshold (t = 4.1, p < 0.001, uncorrected for multiple 

comparisons) in at least one of these four maps, thereby including voxels without bias for 

effects of interest. Clusters with a minimum of ten neighboring voxels were defined as regions 

of interest (ROIs). Mean regression coefficients (b-values) for each ROI were extracted using 

Marsbar55, for both contrasts and for both the placebo and THC session, thus resulting in four 

b-values per ROI per subject. 

Effects of THC on activity in the network of ROIs were determined using repeated measures 

ANOVA (Huynh-Feldt correction) with drug (two levels), condition (two levels: FF-CT and HF-

CT) and ROI (twelve levels) as within-subjects factors. Post hoc paired t-test analyses were 

performed to further investigate effects of THC on individual task conditions. 

Effects of THC on activity in individual ROIs were assessed using repeated measures ANOVA 

with drug and condition as within-subjects factors. All hypothesis tests were performed using 

SPSS 17.

Results 

Drug levels and behavioral measurements
Plasma concentrations of THC and its main metabolites were 82.3 ± 45.9 ng/ml (THC), 4.4 

± 5.5 ng/ml (11-nor-9-carboxy-THC) and 2.6 ± 1.3 ng/ml (11-OH-THC), 5 min after inhalation 

of 6 mg THC. Analysis of subjective effects before and after performance of the emotional 

faces task revealed a significant THC-induced increase in VAS score of ‘feeling high’ (F(1,10) 
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= 11.06, p = 0.008), ‘internal perception’ (reflecting inner feelings that do not correspond with 

reality) (F(1,10) = 6.21, p = 0.032), and ‘external perception’ (reflecting misperception of 

external stimuli or changes in the awareness of the environment) (F(1,10) = 11.97, p = 0.006) 

compared to placebo. In addition, THC significantly reduced ‘alertness’ (F(1,10) = 8.19, p = 

0.017), ‘contentedness’ (F(1,10) = 6.96, p = 0.025), and ‘calmness’ (F(1,10) = 7.72, p = 

0.020). THC caused a trend towards a significant increase in VAS score of ‘anxiety’ (F(1,10) 

= 3.60, p = 0.087). Subjective effects are summarized in Table 7.2. Heart rate increased 

significantly after THC compared with placebo (16.0 ± 13.9 and -1.5 ± 9.9 bpm increase 

compared to baseline, respectively; p < 0.001). For a more detailed description of drug levels 

and behavioral measurements following THC see Van Hell et al. (2011)40.

Task performance
The effect of THC administration on performance accuracy was significantly different between 

the two experimental conditions (drug * condition, F(1,10) = 7.11; p = 0.024), with a THC-

induced decrease in the mean percentage of correctly identified emotions for FF only (from 

99.4 ± 1.9% to 93.8 ± 7.4%, p = 0.024). Reaction times differed significantly between 

conditions (condition, F(1,10) = 17.53; p = 0.002), with the longest response time for FF, but 

showed no effects of THC administration (drug, F(1,10) = 2.59; p = 0.139) (see Figure 7.2). 

Selection of regions of interest
Processing of facial expressions of emotion (pooled FF-CT and HF-CT group activity maps) 

yielded a network of twelve brain regions, comprising vermis, bilateral prefrontal cortex, 

hippocampus and occipital cortex, and right amygdala / parahippocampal gyrus, inferior orbital 

frontal gyrus, supplementary motor area, superior parietal gyrus and middle frontal gyrus 

(Table 7.3 and Figure 7.3).  

         

Table 7.2 Subjective effects of Δ9-tetrahydrocannabinol (THC) (n = 11).  

Assessment Drug effect 
(F(1,10))

Mean placebo score 
(± SD)

Mean THC score 
(± SD)

VAS Feeling High 11.06, p = 0.008 ** 1.14 ± 4.79 34.77 ± 32.76 

VAS Internal Perception 6.21, p = 0.032 ** -0.32 ± 1.06 5.14 ± 6.86 

VAS External Perception 11.97, p = 0.006 ** 0.68 ± 2.25 10.23 ± 7.93 

VAS Alertness 8.19, p = 0.017 ** -5.63 ± 3.80 -18.86 ± 14.30 

VAS Contentedness 6.96, p = 0.025 ** -2.36 ± 6.19 -9.73 ± 10.38

VAS Calmness 7.72, p = 0.020 ** 5.11 ± 10.90 -11.25 ± 20.23 

VAS Anxiety 3.60, p = 0.087 * -1.59 ± 3.92 7.50 ± 13.69

Statistical analysis was performed with baseline corrected values using repeated measures ANOVA with drug and time 
as factors. ** Significant difference (p < 0.05) and * trend towards significant difference (p < 0.10) between placebo 
and THC. VAS, Visual Analogue Scale. 

201163 proefschrift Matthijs Bossong.indd   136 19-12-2011   14:15:16



137

C
h

ap
ter  7  |  R

ole of the eC
B

 system
 in em

otional processing 

Brain activity
Brain activity in the network of ROIs showed a significant interaction effect between drug and 

condition (F(1,10)= 6.66; p = 0.027), indicating that THC administration had a different effect 

on the processing of FF and HF. There was no significant effect of drug (F(1,10) = 0.14, p = 

0.718), and no difference in the effect of THC between ROIs (drug * condition * ROI interaction, 

Table 7.3 Effects of Δ9-tetrahydrocannabinol (THC) on brain activity involved in matching of facial expressions of 
emotion (n = 11; mean ± SEM).  

ROI 
number

Activated brain region Cluster size Drug effect 
(F(1,10))

Drug * condition 
effect (F(1,10))

Network 2433 0.14, p = 0.718 6.66, p = 0.027 *

1 Vermis 13 0.40, p = 0.544 13.70, p = 0.004 *

2 Occipital cortex L 923 0.56, p = 0.472 10.12, p = 0.010 *

3 Occipital cortex R 1164 1.14, p = 0.312 5.79, p = 0.037 *

4 Amygdala / Parahippocampal gyrus R 14 0.84, p = 0.382 0.14, p = 0.716

5 Inferior orbital frontal gyrus R 46 2.93, p = 0.118 3.18, p = 0.105

6 Hippocampus L 27 0.16, p = 0.698 8.06, p = 0.018 *

7 Hippocampus R 34 3.46, p = 0.092 2.87, p = 0.121

8 Prefrontal cortex L 24 0.55, p = 0.477 4.64, p = 0.057 

9 Prefrontal cortex R 131 0.01, p = 0.932 5.26, p = 0.045 *

10 Superior parietal gyrus R 22 2.47, p = 0.147 7.94, p = 0.018 *

11 Middle frontal gyrus R 15 2.56, p = 0.141 2.69, p = 0.132

12 Supplementary motor area R 20 4.09, p = 0.071 6.52, p = 0.029 *

Group activity maps for placebo and THC were thresholded at t = 4.1, p < 0.001, uncorrected for multiple comparisons, 
cluster size ≥ 10 voxels. ROI numbers correspond to those shown in Figure 7.3. Statistical analysis was performed 
with repeated measures ANOVA (Huynh-Feldt corrected). * Significant effect (p < 0.05). ROI, region of interest; L, left; 
R, right.
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Figure 7.2 Task performance. A, Performance accuracy as mean percentage of correctly identified targets after placebo 
and THC administration. B, Reaction times of correct responses after placebo and THC administration (n = 11; mean 
± SEM). * Significant difference between placebo and THC (p < 0.05). ms, milliseconds. 
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F(6,64)= 1.69, p = 0.133). Post hoc analysis revealed a significant THC-induced decrease in 

FF activity (p = 0.017), while HF activity was unaffected (p = 0.285). This suggests that the 

significant interaction effect between drug and condition is mainly reflected in decreased 

processing of FF (Table 7.3 and Figure 7.4).  

Analysis of individual ROIs showed a significant interaction effect between drug and condition 

in the vermis (F(1,10) = 13.70; p = 0.004), left occipital cortex (F(1,10) = 10.12; p = 0.010), 

right occipital cortex (F(1,10) = 5.79; p = 0.037), left hippocampus (F(1,10) = 8.06; p = 

0.018), right prefrontal cortex (F(1,10) = 5.26; p = 0.045), right superior parietal gyrus (F(1,10) 

= 7.94; p = 0.018), and right supplementary motor area (F(1,10) = 6.52; p = 0.029) (not 

corrected for multiple comparisons). No significant effects of drug were demonstrated in 

individual ROIs. ROI results are summarized in Table 7.3 and Figure 7.5.
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Figure 7.3 Regions of interest (ROIs) used to assess effects of THC administration on brain activity. ROIs are defined 
in group activity maps that were pooled for the placebo and THC condition of both the contrasts FF-CT and HF-CT  
(n = 11; t > 4.1, p < 0.001, uncorrected for multiple comparisons, clusters ≥ 10 voxels). Numbers above slices indicate 
MNI z coordinates. ROI numbers correspond to those shown in Table 7.3. L, left; R, right.  
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Discussion

An fMRI study with a THC challenge was performed in healthy volunteers to study involvement 

of the eCB system in emotional processing. After THC administration, performance accuracy 

was decreased for matching stimuli with negative but not positive emotional content. THC had 

distinct effects on brain activity related to positive versus negative emotions in a network of 

brain regions mainly consisting of amygdala, orbital frontal gyrus, hippocampus, superior 

parietal gyrus, prefrontal cortex, and regions in the occipital cortex, in that THC administration 

reduced activity for negative emotions, whereas activity related to positive emotions was 

unaffected.  

THC administration reduced both task performance and brain activity for negative emotions, 

without effects on processing of positive emotions. These results indicate that THC 

administration changed emotional bias in healthy subjects, mainly reflected in decreased 

reactivity towards negative stimuli. This view is supported by the commonly reported acute 
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Figure 7.4 Activity in the network of ROIs during matching of negative and positive emotions (n = 11). A, Mean network 
activity after placebo and THC administration (mean ± SEM). B, Network activity after placebo and THC administration 
presented for individual subjects. * Significant difference between placebo and THC (p < 0.05). a.u., arbitrary units.
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behavioral effects of cannabis. The main feature of the recreational use of cannabis is that it 

produces a euphoriant effect. This ‘high’ includes a feeling of intoxication, with decreased 

anxiety, alertness, depression and tension12. Importantly, these effects of cannabis are the 

most common reasons for using the drug13,14. This is also consistent with animal studies that 

demonstrated reduced anxiety-like behavior after administration of either low doses of 

exogenous cannabinoid agonists including THC or drugs that enhance levels of endogenous 

cannabinoids17,21-27. 

A potential mechanism underlying the effects of THC administration on brain activity may be 

found in the regulatory role of the eCB system in neurotransmitter release. The eCB system 

is a retrograde messenger system that regulates both excitatory and inhibitory neurotransmission 

according to an ‘on-demand’ principle: endocannabinoids are released when and where they 

are needed9-11. This eCB-mediated regulation of synaptic transmission is a widespread 

phenomenon in the brain, and is thought to play an important role in higher brain functions, 

including emotional processing10,56. In line with our result that administration of the eCB agonist 

THC reduces reactivity towards negative stimuli, it has been demonstrated that elimination of 

eCB-mediated synaptic transmission through genetic deletion or pharmacological blockade 

of cannabinoid receptors produces anxiety- or depressive-like states in animals6,15-20,57. This 

is also consistent with human clinical trials testing the eCB antagonist rimonabant and inverse 

agonist taranabant for treatment of obesity, which showed depressed mood and anxiety as 

the most common adverse events58-61.   
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Figure 7.5 Brain activity during matching of negative and positive emotions in ROIs that demonstrated a significant 
interaction effect between drug and condition (n = 11; mean ± SEM). a.u., arbitrary units; L, left; R, right.   
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THC plasma concentrations and reported subjective effects in our study indicate that a 

moderate high dose of THC was used62,63. In line with behavioral animal studies that used high 

doses of THC17,22,24-26, subjective ratings in the present study are more in the direction of 

anxiety-like effects, with a trend towards a significant THC-induced increase in the VAS score 

of ‘anxiety’, and significantly reduced measures of ‘contentedness’ and ‘calmness’. These 

behavioral findings seem to contradict brain activity effects of THC. One possibility may be 

that a temporary change in self-reported subjective states is not reflected in brain activity 

related to emotional processing. The circumstances of the experiment may have interacted 

with effects of THC to increase feelings of anxiety after THC, while processing of emotional 

stimuli was only affected by THC itself. 

In addition, the impact of subjective effects of THC on brain activity related to emotional 

processing may differ between regions. Possibly, the subjective anxiety-like effects of THC 

administration may have specifically masked THC-induced effects on the response of the 

amygdala, as it has been shown that particularly amygdala activity may be involved in the 

subjective response to pharmacologically induced anxiety64. This view is supported by results 

of two previous fMRI studies that investigated eCB involvement in emotional processing with 

administration of THC38,39. Fusar-Poli et al. (2009) showed THC-induced decreases in activity 

in frontal and parietal brain regions when subjects viewed fearful faces, but no significant 

effects of THC administration on the amygdala response39. These brain activity findings were 

accompanied by strong subjective anxiety-like effects of THC39. On the other hand, only 

studying effects of THC in the amygdala region, Phan et al. (2008) found reduced amygdala 

reactivity for processing of both fearful and happy faces38. In this study, no THC-induced 

changes in subjective ratings were reported38. Therefore, anxiety-like subjective effects as 

reported in the current study after THC administration may have affected amygdala activity 

related to emotional processing. 

In the present study, THC administration reduced both task performance and brain activity 

for negative emotions, whereas processing of positive emotions was unaffected. The absence 

of effects on processing of positive emotional stimuli was not in line with our hypothesis, as 

we expected a THC-induced increase in activity for positive emotions as part of the reported 

reductions in anxiety- or depressive-like responses in both humans and animals12-14,17,21-27. 

However, effects of THC on human reactivity towards positive facial emotions may be more 

comparable to results of animal studies that investigate eCB involvement in social behavior65,66. 

These studies showed that administration of a direct cannabinoid agonist (WIN55,212-2) 

reduced social interaction, whereas some (URB597, VDM11) but not all (AM404) compounds 

that augment levels of endogenous cannabinoids enhanced this behavior65,66.  This complex 

role of the eCB system in social interaction may explain the absence of effects of THC on 

reactivity towards positive emotions. 

Findings in the current study indicate potential for eCB-mediated medication in the treatment 

of symptoms of depression. Individuals diagnosed with major depressive disorder exhibit an 

attentional bias towards negative emotional cues and a bias away from positive emotional 

cues67,68, together with increased neural activity in response to negative emotions and 
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diminished neural activity in response to positive emotions in brain structures related to 

emotional processing69-71. Administration of antidepressant medication reduces this bias in 

patients69,70,72, and appears to induce a comparable shift in emotional bias in healthy volunteers 

as did THC in the current study73,74. 

Some limitations have to be taken into account in interpreting the results of this study. First, 

the sample size was relatively small. We therefore cannot exclude the possibility that subtle 

effects of THC on brain activity have been missed. Second, inclusion of incidental cannabis 

users, as opposed to non-users, may affect interpretation of the results, as previous cannabis 

use may have influenced the eCB system. The choice for incidental cannabis users was based 

on ethical grounds40. 

In conclusion, this study shows that THC induces a shift in emotional bias, which is mainly 

reflected in decreased processing of negative emotions. Our results further emphasize the 

eCB system as a potential novel target for treatment of symptoms of depression. 
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The focus of this thesis is the role of the endocannabinoid system in a number of cognitive 

domains that are typically affected in psychiatric disorders, including memory encoding and 

recall, working memory, executive function and emotional processing. In addition, 

endocannabinoid involvement in regulation of dopamine release in the striatum is addressed, 

as this is a robust pathophysiological feature of psychiatric disorders such as schizophrenia 

and addiction. This is all studied with the use of neuroimaging techniques after challenging 

the endocannabinoid system of healthy volunteers with administration of THC, a partial agonist 

of the CB1 receptor. 

This final chapter provides a general discussion of the findings presented in this thesis. In 

addition, some limitations and directions for future research are discussed. 

General discussion

The endocannabinoid system and higher cognitive functions
Chapter 4 - 6 describe results of fMRI studies on the role of the endocannabinoid system in 

higher cognitive functions such as encoding and recall memory processes, working memory 

and executive function. Both animal studies and human neuropsychological studies with 

administration of cannabinoid substances have already provided ample evidence for 

involvement of the endocannabinoid system in cognition. However, administration of THC in 

combination with neuroimaging techniques provides the unique opportunity to demonstrate 

how the endocannabinoid system is involved in human brain function. For example, our studies 

show that the effects of THC on brain activity related to memory processes are stronger than 

previous neuropsychological studies would suggest. In the absence of changes in memory 

task performance, more delicate effects of THC on the brain are present, which suggest that 

the human brain can compensate for (small) disturbances in memory (Chapter 4). In addition, 

after THC administration, a profile of task performance, working memory load and brain activity 

is demonstrated that suggests working memory inefficiency (Chapter 5). Another example of 

the added value of neuroimaging studies is the association between a THC-induced decrease 

in performance on an executive function paradigm and reduced deactivation of the default 

mode network (Chapter 6). This provides a strong indication of how the endocannabinoid 

system is involved in executive function.    

Domains described in Chapter 4 - 6 show great overlap in the cognitive processes involved. 

For example, performance of a memory task comprises processes of executive function, 

memory and attention1. A comparison of the results presented in these chapters may provide 

a further explanation of the role of the endocannabinoid system in human cognition. Most 

likely, the endocannabinoid system is not involved in modulation of the central executive 

system, as suggested by findings shown in Chapter 6. This would imply that the effects of 

THC on associative and working memory (Chapter 4 and Chapter 5) are related with memory 

processes rather than impairments in executive function. Our findings also show that impaired 

executive task performance after THC administration is associated with reduced deactivation 
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of the default mode network (Chapter 6). As the level of deactivation of this network may 

reflect the relative resources that need to be allocated to task performance2-4, this suggests 

that subjects may have been impaired in directing attention to task-specific stimuli after THC 

administration. This is further supported by the significant THC-induced decrease in the 

subjective measure of alertness, which is present in all fMRI studies described in this thesis. 

Reduced alertness may also be associated with brain activity changes related to encoding and 

recall memory processes and working memory. This is suggested by reductions in activity in 

encoding-related brain regions, as affected regions have been implicated in attentional 

processes5,6 (Chapter 4). In addition, decreases in alertness after THC may have led to an 

increase in effort to keep task performance on par, which may be associated with the 

hyperactivity for lower working memory loads (Chapter 5). 

Human neuropsychological studies with continuous performance paradigms can shed more 

light on the role of the endocannabinoid system in memory and attentional processes. These 

paradigms typically require central executive function, which is the constant reorganization or 

updating of information, maintenance, the ability to temporarily keep information in mind7,8, 

and the allocation of attention to a continuous stream of data, demonstrated by response to 

specific target stimuli9. A number of neuropsychological studies have reported no effects of 

smoking of cannabis or administration of THC on continuous performance paradigms10-15. 

Importantly, tasks used in these studies are easy cognitive tasks with a high memory component, 

mostly relying on maintenance of information. Most likely, subjects are able to compensate 

for effects of THC in simple cognitive tasks with increased recruitment of neural resources, as 

has been suggested in Chapter 4. Decreased performance after acute administration of 

cannabinoids has, however, been reported on more challenging continuous performance 

paradigms16,17. Tasks used in these studies are difficult cognitive tasks with a low memory 

component, typically relying on fast processing of information. In these difficult tasks, 

compensational neural mechanisms may not be able to overcome the effects of THC intoxication 

on performance accuracy. As demonstrated in Chapter 6, reduced performance on these 

tasks after THC administration may be associated with reduced deactivation of the default 

mode network rather than effects on activity in the central executive system. This may be due 

to a THC-induced decrease in attention that is directed towards task performance. Taken 

together, as higher cognitive demands induce stronger deactivation of the default mode system 

activity2-4, this suggests that the acute effects of THC only interfere with deactivation of the 

default mode system when a certain level of deactivation is required, possibly resulting in 

impaired task performance.  

As explained in Chapter 1, the overall role of the endocannabinoid system is to maintain 

normal homeostasis of neurotransmission. The endocannabinoid system is a retrograde 

messenger system that controls both inhibitory and excitatory neurotransmission according 

to an ‘on-demand’ principle: it is activated when and where it is needed (see Figure 1.1)18-21. 

This endocannabinoid-mediated modulation of synaptic transmission is a widespread 

phenomenon in the brain, and is thought to play an important role in higher cognitive 

functions20,21. It has been shown that THC administration can disrupt this function of the 
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endocannabinoid system22,23. Neurophysiological inefficient working memory function after 

THC administration as shown in Chapter 5 may therefore well be a reflection of the synaptic 

inefficiency that is induced by disruption of endocannabinoid-mediated neurotransmission. 

Effects of THC administration on deactivation of the default mode network as demonstrated 

in Chapter 6 also suggest a role for the endocannabinoid system in regulation of default mode 

activity. Recent studies indicate that negative BOLD responses are tightly coupled to reductions 

in neuronal activity24,25, most likely mediated by increased GABA transmission in the default 

mode network26. Importantly, increasing cognitive load was associated with more deactivation 

of the default mode network and higher GABA concentrations26. This suggests that THC 

administration may affect default mode activity through disruption of endocannabinoid-

mediated GABA neurotransmission.

In all studies described in this thesis, THC administration induced strong subjective and 

physiological effects. Based on these findings, one might have expected more robust THC-

induced effects on brain function. However, results of the fMRI studies described in Chapter 
4 - 7 revealed that strong intoxicating effects are not necessarily reflected in cognitive brain 

function. Overall, a pattern of subtle THC effects on task performance was demonstrated 

associated with task-specific alterations in brain activity.   

One explanation may be that intoxicating effects of THC are predominantly task-independent. 

As for all fMRI paradigms brain activity was compared between task-specific conditions and 

a closely matched control condition, reported effects of THC on brain activity reflect processes 

that directly or indirectly affect cognition. Task-independent effects of THC can be expected 

to be present in all conditions, and therefore should not show up as effects in the fMRI studies. 

An alternative explanation could be that the human brain possesses the capability to 

compensate for functional disturbances as induced by THC administration, in order to maintain 

normal levels of task performance. This is suggested by the results presented in Chapter 4.

The endocannabinoid system and striatal dopamine release
Chapter 2 showed results of a PET study in which the effects of THC administration on striatal 

dopamine release were investigated. THC reduced [11C]raclopride binding in the ventral 

striatum and precommissural dorsal putamen, which is consistent with an increase in dopamine 

levels in these regions. These results suggest endocannabinoid control over striatal dopamine 

release, which indicates an important role for the endocannabinoid system in psychiatric 

disorders such as schizophrenia and addiction. 

Recent studies have shed new light on our finding of increased dopamine levels in the human 

striatum after THC administration. Whereas we showed a moderate but significant THC-

induced increase in dopamine transmission in subregions of the striatum, two other 

neuroimaging studies did not demonstrate effects of THC administration on striatal dopamine 

concentrations27,28. Although at first sight results of these three studies may appear contradictory, 

animal and human findings on striatal dopamine levels after THC administration seem to point 

into the same direction: THC induces strong behavioral and physiological effects27-29, which 

are not associated with a large magnitude of dopamine release in the striatum27-33. This suggests 
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that it is unlikely that the robust behavioral effects of THC are exclusively mediated by the 

striatal dopamine system. Possibly, these effects of THC may be partially mediated via direct 

activation of the endocannabinoid system. Notwithstanding our finding of a modest degree of 

THC-induced striatal dopamine release, this would even further emphasize the endocannabinoid 

system as a novel target in the treatment of psychiatric disorders such as schizophrenia and 

addiction. 

Implications for psychiatric disorders 
Chapter 7 described effects of THC administration on processing of negative and positive 

emotions. THC administration reduced both task performance and brain activity for negative 

emotions, whereas processing of positive emotions was unaffected. This suggests that THC 

administration altered emotional bias in healthy subjects, mainly reflected in decreased 

reactivity towards negative stimuli. THC administration to healthy volunteers induces a 

comparable change in emotional bias as shown with antidepressant medication in both healthy 

subjects34,35 and patients with major depression36,37. This suggests involvement of the 

endocannabinoid system in impaired emotional processing of these patients. Recent animal 

studies also strongly suggest endocannabinoid involvement in depression, as pharmacological 

augmentation of levels of endogenous cannabinoids has been shown to unequivocally reduce 

anxiety- or depressive-like behavior38-40. Hence, it seems that the endocannabinoid system 

may be a fruitful target for new treatment, but it will be a challenge to develop agonistic 

compounds that are devoid of dependence-creating properties.

Results described in this thesis suggest that the endocannabinoid system is involved in both 

the release of dopamine in the human striatum (Chapter 2) as well as in working memory 

efficiency (Chapter 5). Importantly, deficits in both domains have been implicated in 

schizophrenia41-43. In addition, strong similarities are shown in the profile of performance and 

brain activity in the working memory system between healthy subjects after THC administration 

and schizophrenia patients44-48 (Chapter 5). Altogether, these findings contribute to the growing 

body of evidence that suggests the involvement of the endocannabinoid system in 

schizophrenia49-59, and further emphasize this system as a potential novel target for treatment 

of schizophrenia symptoms. 

Limitations

Several limitations have to be taken into account in interpreting the results of the studies 

described in this thesis. First, although this thesis focused on the role of the endocannabinoid 

system in domains that are relevant for psychiatric disorders, no studies with psychiatric 

patients have been performed. As an alternative approach, we investigated the role of the 

endocannabinoid system in symptoms of psychiatric disorders by assessing the effects of the 

partial CB1 agonist THC on brain function in healthy volunteers. Similarities in brain function 

between healthy volunteers after THC administration and psychiatric patients provide indirect 
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evidence for endocannabinoid involvement in symptoms of these patients. Second, all subjects 

who participated in these studies were incidental cannabis users. Previous cannabis use may 

have caused a priori adaptations in the functioning of the endocannabinoid system, and thus 

may have affected interpretation of the results. The choice for incidental cannabis users was 

based on ethical grounds, as THC administration to cannabis naïve subjects was considered 

an eminent risk for developing drug dependence. Third, although the study was designed to 

be double-blind, THC induced behavioral effects that were identified by most subjects, possibly 

causing expectancy effects across sessions. The influence of expectancy was minimized by 

using a randomized crossover design, thus balancing the effects of expectancy across study 

days. Still, it cannot be excluded that expectancy effects may have affected our results to some 

extent. Fourth, task-independent effects of THC administration on baseline brain activity or 

cerebral blood flow may have affected our results60,61. However, there are several reasons to 

argue that it is highly unlikely that our findings can be explained by these effects. All studies 

were designed to minimize the influence of task-independent effects of THC by comparing 

brain activity between task-specific conditions and a closely matched control condition, as the 

non-specific effects of THC can be expected to be present in all conditions. In addition, 

changes in correlations between brain activity and task performance after THC administration 

indicate task-specific effects of THC. Finally, we found both significant decreases and increases 

in activity after THC administration, which also suggest that effects of THC are specific for 

particular cognitive processes. 

Future perspectives

The growing indication that the endocannabinoid system plays a role in brain functions that 

are implicated in psychiatric disorders encourages research with psychiatric patients. As 

discussed, the endocannabinoid system is in particular a promising target in the treatment of 

symptoms of schizophrenia and depression.  

With regard to schizophrenia, results presented in Chapter 2 and Chapter 5 are of specific 

interest, as the two most robust pathophysiological features of schizophrenia are increased 

dopamine function in the striatum42,43 and altered functioning of the prefrontal cortex during 

performance of complex cognitive tasks62,63. We have demonstrated that these features of 

schizophrenia are under control of the endocannabinoid system, as administration of THC to 

healthy volunteers increases striatal dopamine levels (Chapter 2) and alters prefrontal brain 

activity patterns similar to what has been shown in schizophrenia patients (Chapter 5). This 

suggests that administration of a cannabinoid antagonist to schizophrenia patients may 

normalize these functions. At present, however, such cannabinoid compounds are not yet 

available for this type of studies. The cannabinoid antagonist rimonabant had been withdrawn 

from the market as there was reason to believe it may induce depression and suicide64-66. 

These severe adverse events are also reported in clinical trials testing the cannabinoid inverse 

agonist taranabant for treatment of obesity66,67. Currently, the most promising cannabinoid 
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compound for development as an antipsychotic drug is the plant-derived cannabinoid agent 

cannabidiol (CBD). Although the mode of action of CBD is not fully understood, there are 

indications that it acts as a cannabinoid CB1/CB2 receptor inverse agonist68, and that it inhibits 

the uptake and metabolism of anandamide69, thereby enhancing levels of endogenous 

cannabinoids. Studies with administration of CBD to healthy volunteers do not show any 

significant increases on measures of psychotic symptoms, sedation, negative schizophrenia-

like symptoms or intoxication70-72. However, CBD has been shown to block THC-induced 

psychotic symptoms in healthy volunteers73 and to inhibit L-DOPA-elicited psychosis in 

Parkinson’s disease74. Interestingly, studies in cannabis users show that smoking of cannabis 

with a high CBD content is associated with fewer psychotic-like symptoms75,76. A preliminary 

report of a controlled clinical trial suggests that CBD decreases psychotic symptoms in 

schizophrenia to a similar extent as the conventional antipsychotic amisulpride, but with 

significantly fewer side effects77. Therefore, one future neuroimaging study could be to compare 

the effects of CBD administration between schizophrenia patients and healthy controls. This 

could either be a single dose of CDB or a multi day treatment. Effects could be examined on 

behavioral symptoms, striatal dopamine function (PET) or prefrontal brain activity patterns 

(fMRI). Alternatively, people at ultra high risk for developing of schizophrenia could be included 

to investigate the potential of CBD to reduce prodromal schizophrenia symptoms. Assessment 

of all parameters in the same subjects provides the opportunity to correlate findings and to 

enhance interpretation of results.

With regard to depression, results presented in Chapter 7 are of particular interest. Individuals 

diagnosed with major depressive disorder exhibit an attentional bias towards negative emotional 

cues and a bias away from positive emotional cues78,79, together with increased neural activity 

in response to negative emotions and diminished neural activity in response to positive emotions 

in brain structures related to emotional processing36,80,81. As demonstrated in Chapter 7, 

administration of THC induces a comparable change in emotional bias as shown with 

antidepressant medication in both healthy subjects34,35 and patients with major depression36,37. 

This suggests that targeting the endocannabinoid system of depressive patients with a 

cannabinoid agonist may reduce their symptoms. However, apart from the possible addictive 

properties of cannabinoid agonists (Chapter 2), results from studies on the effects of THC-like 

compounds on anxiety are not consistent, showing both anxiolytic as well as anxiogenic 

effects39,72,82. A possible explanation could be that direct stimulation of the CB1 receptor by 

systemic administration of an exogenous cannabinoid agonist does not implicitly mimic the 

physiological function of the endocannabinoid system. Obviously, this approach lacks the 

‘on-demand’ requirement that characterizes endocannabinoid functioning. Drugs that can 

enhance levels of endogenous cannabinoids by inhibiting their reuptake or degradation 

(indirect agonists) do exhibit this feature, and would therefore be a promising alternative to 

investigate functioning of the endocannabinoid system in patients with major depression. This 

view is supported by the decrease in anxiety- or depressive-like behavior of animals after 

administration of cannabinoid inverse agonists such as AM404 and URB59738-40. However, 

these compounds are not yet available for human research. From this human clinical 
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perspective, the cannabinoid compound CBD may also be a potential treatment in the domain 

of depression, possibly through its indirect agonistic properties69. In healthy volunteers, 

administration of CBD has been shown to decrease measures of anxiety83, both the amygdala 

response and skin conductance fluctuation associated with processing of negative emotions72, 

and THC-induced elevations in anxiety scores84,85. Furthermore, CBD reduced anxiety caused 

by simulated public speaking in social phobia patients86, and subjective anxiety of patients 

with generalized social anxiety disorder87. Thus, another future neuroimaging study could be 

to compare the effects of CBD administration between depression patients and healthy controls 

on brain function related to the processing of emotions.    

Besides setting up new studies to investigate endocannabinoid involvement in psychiatric 

patients, another possibility is to further explore the role of the endocannabinoid system in 

healthy volunteers in the cognitive domains described in this thesis. First, performance of 

connectivity analyses provides the opportunity to study the effects of THC on the relationship 

between brain areas. Basically, the fMRI data analysis package SPM has two options: psycho-

physiological interaction (PPI) and dynamic causal modeling (DCM). With PPI, a seed region 

is defined and connectivity between this region and all voxels in the brain is tested. Possible 

seed regions could be the prefrontal cortex in the context of working memory (Chapter 5) or 

the posterior cingulate cortex during performance of a central executive task (Chapter 6). 

DCM tests the connectivity in a pre-defined network, which could be networks of ‘functionally 

defined ROIs’ for the different fMRI paradigms. Second, as all subjects that participated in 

the PhICS project have performed three fMRI tasks, activity patterns for separate cognitive 

paradigms could be correlated. For example, it would be interesting to assess relationships 

between effects of THC on network-wide activity during recall memory, working memory and 

central executive functions.    

Conclusion

In this thesis, we have investigated the effect of THC on brain function in several domains 

implicated in psychiatric disorders. Together, these results provide support for endocannabinoid 

involvement in the control of different cognitive functions as well as dopamine release in the 

striatum. Findings also provide indirect evidence for possible involvement of the endocannabinoid 

system in psychiatric disorders. With these results, the endocannabinoid system becomes a 

promising candidate for novel therapies to target symptoms in psychiatric disorders such as 

schizophrenia or depression.
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2-AG 2-arachidonoylglycerol

AC-PC anterior commissure-posterior commissure

ADHD attention-deficit hyperactivity disorder

ANOVA analysis of variance

ASL arterial spin labeling

a.u. arbitrary units

BA brodmann area

BAS behavioral activation scale 

BIS behavioral inhibition scale

BMI body mass index

BOLD blood oxygenated level-dependent

bpm beats per minute

BPRS brief psychiatric rating scale

BPND non-displaceable binding potential

CB cannabinoid 

CBD cannabidiol 

CBF cerebral blood flow

CES central executive system

CNS central nervous system

CPT continuous performance task

CPT-IP continuous performance task with identical pairs

CT control task

DART Dutch adult reading test

DCM dynamic causal modeling

DMN default mode network

DSM-IV diagnostic statistic manual IV

DVR distribution volume ratio

eCB endocannabinoid

ECG electrocardiogram

EEG electroencephalography

EN encoding 

FA flip angle

FAAH fatty acid amide hydrolase

FF fearful faces

fMRI functional magnetic resonance imaging

FTND Fägerstrom test for nicotine dependence

FOV field of view

FWHM full width at half maximum

GABA γ-aminobutyric acid

GLM general linear model
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GMP good manufacturing practice

HF happy faces

HR high resolution

Hz hertz

IQ intelligence quotient

L left

Kbol bolus to infusion ratio

MANOVA multivariate analysis of variance

MBq megabecquerel 

MDMA 3,4-methylenedioxymethamphetamine

MNI Montréal neurological institute

MRI magnetic resonance imaging

mg milligram

ms milliseconds

n.a. not applicable

OCD obsessive compulsive disorder

PANSS positive and negative syndrome scale

PCC posterior cingulate cortex

PET positron emission tomography

PhICS pharmacological imaging of the cannabinoid system

phMRI pharmacological magnetic resonance imaging

PMT pictorial memory task

PK/PD pharmacokinetic/pharmacodynamic

PPI psycho-physiological interaction

PPP public private partnership

PRESTO principle of echo shifting with a train of observations

R right

RE recall

RF radio frequency

ROI region of interest

RT reaction time

SC single classification

SCL-90 symptom checklist 90

SD standard deviation

s / sec seconds

SEM standard error of the mean

SENSE sensitivity encoding

SIRP Sternberg item-recognition paradigm

SPM statistical parametric mapping

SSS sensation seeking scale

List of abbreviations 
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TCA tricyclic antidepressants

TE echo time

THC ∆9-tetrahydrocannabinol

TI top institute

TIA task-induced activation

TID task-induced deactivation

TR repetition time

VAS visual analogue scale

VINCI volume imaging in neurological research

WHO world health organization

WM working memory
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Inleiding

Het roken van cannabis veroorzaakt een breed scala aan acute effecten. Het meest bekende 

effect en de voornaamste reden om cannabis te gebruiken is het gevoel van euforie, beter 

bekend als je ‘high’ of ‘stoned’ voelen. Verder kunnen mensen hun omgeving anders 

waarnemen of zogenaamde eet- of lachkicks ervaren. Cannabisgebruik kan ook leiden tot 

acute angstgevoelens, geheugenstoornissen, milde hallucinaties en verminderde impulscontrole. 

Dit alles wordt voornamelijk veroorzaakt door Δ9-tetrahydrocannabinol (THC), het belangrijkste 

psychoactieve bestanddeel van cannabis. THC oefent zijn effecten uit door aan te grijpen op 

cannabisreceptoren in de hersenen. Echter, de rol van deze receptoren is uiteraard niet het 

veroorzaken van acute effecten van een lichaamsvreemde stof als THC. Cannabisreceptoren 

hebben een belangrijke biologische functie in het binden van cannabisachtige stoffen die onze 

hersenen zelf aanmaken. 

Sommige acute effecten van cannabis zijn vergelijkbaar met symptomen van patiënten met 

een psychiatrische aandoening. Patiënten met schizofrenie hebben bijvoorbeeld vaak 

geheugenstoornissen, hallucinaties, angstgevoelens en een veranderde impulscontrole. Ook 

symptomen van depressie, ADHD of verslaving vertonen gelijkenissen met sommige acute 

effecten van cannabis. Dit suggereert dat de cannabisreceptoren en de cannabisachtige stoffen 

in de hersenen, gezamenlijk aangeduid als het lichaamseigen cannabissysteem, een rol 

kunnen spelen bij de symptomen van psychiatrische stoornissen. Het onderzoeken van deze 

rol van het lichaamseigen cannabissysteem kan een eerste stap zijn in de ontwikkeling van 

medicatie die werkt via beïnvloeding van dit systeem. 

 

Doel van het proefschrift

Het doel van dit proefschrift is om nieuwe inzichten te verkrijgen in de rol van het lichaamseigen 

cannabissysteem in verschillende humane hersenfuncties, waaronder leren, geheugen, 

informatieverwerking en het verwerken van emoties. Dit zijn cognitieve functies die vaak ook 

aangedaan zijn bij psychiatrische ziektebeelden zoals schizofrenie, depressie of ADHD. Verder 

is de rol van het lichaamseigen cannabissysteem bij de regulatie van dopamine-afgifte in het 

striatum onderzocht, omdat een verstoring van deze functie een belangrijk pathofysiologisch 

kenmerk is van zowel schizofrenie als verslaving. 

De studies die in dit proefschrift beschreven worden maken gebruik van hersenscantechnieken 

om hersenfuncties te meten en in beeld te brengen. Dit gebeurt in combinatie met toediening 

van THC aan gezonde vrijwilligers. THC bindt aan cannabisreceptoren in de hersenen, en kan 

zo de normale functie van het lichaamseigen cannabissysteem verstoren. Een overeenkomst 

in hersenfunctie tussen gezonde vrijwilligers na THC toediening en patiënten met een 

psychiatrische aandoening is een indicatie dat het lichaamseigen cannabissysteem mogelijk 

betrokken is bij symptomen van deze patiënten.
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Hersenscantechnieken

De hersenscantechnieken die gebruikt zijn om hersenfunctie te meten zijn Positron Emissie 

Tomografie (PET) en functionele Magnetische Resonantie Imaging (fMRI). PET is een 

techniek waarmee fysiologische processen in het lichaam zichtbaar gemaakt kunnen worden 

door gebruik te maken van radioactieve tracers. In Hoofdstuk 2 is bijvoorbeeld de hoeveelheid 

dopamine in het striatum gemeten met behulp van PET en de radioactieve tracer  

[11C]raclopride. Onderzocht is of THC toediening de hoeveelheid dopamine verhoogt.  

Omdat zowel dopamine als [11C]raclopride binden aan dopamine receptoren in het striatum, 

zal verhoging van de hoeveelheid dopamine in het striatum leiden tot een verlaging van  

[11C]raclopride: dopamine verdringt [11C]raclopride van de dopamine receptoren.  

De verlaagde hoeveelheid radioactiviteit die nu gemeten wordt door de PET scanner is dus 

een indicatie voor een verhoogde hoeveelheid dopamine in het striatum (zie Figuur 1.2). 

Functionele MRI is een techniek die met behulp van een sterke magneet hersenactiviteit 

zichtbaar maakt door indirect het zuurstofverbruik in de hersenen te meten. Proefpersonen 

maken in de scanner een cognitieve taak (bijvoorbeeld een geheugen- of een aandachtstaak), 

waardoor onderzocht kan worden welke hersengebieden betrokken zijn bij het uitvoeren 

van een specifieke taak. De rol van het lichaamseigen cannabissysteem in verschillende 

cognitieve hersenfuncties is onderzocht door hersenactiviteit twee keer te meten: één keer 

na toediening van THC en één keer na toediening van placebo, een niet-werkend middel. 

Het vergelijken van patronen van hersenactiviteit tussen beide sessies geeft een indicatie 

hoe het lichaamseigen cannabissysteem betrokken is bij het aansturen van humane 

cognitieve hersenfuncties. In de studies beschreven in Hoofdstuk 3 - 7 is gebruik gemaakt 

van fMRI om hersenactiviteit te meten. 

Samenvatting 

In Hoofdstuk 2 is met behulp van PET en de radioactieve tracer [11C]raclopride  onderzocht 

of toediening van THC leidt tot verhoging van afgifte van de neurotransmitter dopamine in 

het striatum. Dopamine-afgifte in dit hersengebied speelt een belangrijke rol in het ervaren 

van genot, zoals dat kan voorkomen bij lekker eten of seks, maar ook na gebruik van 

verslavende stoffen als nicotine of cocaïne. Tevens is een verhoogd functioneren van het 

dopaminesysteem in het striatum een belangrijk pathofysiologisch kenmerk van schizofrenie. 

Resultaten in dit hoofdstuk laten zien dat THC toediening leidt tot een verlaagde binding 

van [11C]raclopride in bepaalde subgebieden van het striatum. Dit betekent dat de 

hoeveelheid dopamine in deze gebieden verhoogd is. Het humane lichaamseigen 

cannabissysteem lijkt dus betrokken te zijn bij de regulatie van dopamine-afgifte in het 

striatum. Dit suggereert een rol voor dit systeem in psychiatrische aandoeningen als 

verslaving en schizofrenie.   
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De studies die in dit proefschrift beschreven worden maken deel uit van het groter opgezette 

PhICS project (‘Pharmacological Imaging of the Cannabinoid System’). In Hoofdstuk 3 

worden de doelstellingen en de onderzoeksmethoden van PhICS beschreven. PhICS behelst 

een omvangrijk onderzoek naar de rol van het lichaamseigen cannabissysteem in de regulatie 

van cognitieve hersenfuncties van gezonde vrijwilligers en patiënten met een psychiatrische 

aandoening. Dit is onderzocht met functionele MRI in combinatie met THC toediening, voor 

zes verschillende cognitieve hersenfuncties: associatief geheugen, werkgeheugen, aandacht, 

verwerking van emoties, verwerking van beloning en respons inhibitie. Dit hoofdstuk laat de 

effecten van THC toediening zien op gedragsmatige, subjectieve en fysiologische parameters 

zoals THC plasmaconcentraties, hartslag en het gevoel van ‘high’. Verder zijn de fMRI taken 

gevalideerd, en wordt het PhICS project in een breder kader besproken.   

In Hoofdstuk 4 is de rol van het lichaamseigen cannabissysteem onderzocht in geheugen-

processen van gezonde vrijwilligers. Dit is gedaan met behulp van een geheugentaak bestaande 

uit afzonderlijke condities van geheugen: leren en terughalen van informatie (zie Figuur 4.1). 

Toediening van THC veroorzaakt een vermindering van hersenactiviteit tijdens het leren van 

informatie in de rechter insula, rechter inferieure frontale cortex en linker occipitale cortex. 

Dit zijn gebieden die eerder in verband zijn gebracht met processen als aandacht en het 

selecteren van relevante informatie. Hersenactiviteit neemt juist toe bij het terughalen van 

informatie, voornamelijk in de bilaterale cuneus en precuneus. Deze gebieden lijken een 

belangrijke rol te spelen in het inpassen van context en associaties in geheugenprocessen. 

THC toediening heeft geen invloed op de taakprestatie. Deze bevindingen wijzen op 

betrokkenheid van het lichaamseigen cannabissysteem bij het leren van informatie. De 

verhoogde activiteit in de precuneus suggereert dat proefpersonen na THC toediening mogelijk 

een andere strategie gebruiken om de taak goed uit te voeren. Ze maken bijvoorbeeld meer 

gebruik van typische kenmerken of associaties (de man met het rode shirt hoort bij het interieur 

met de staande lamp).  

Hoofdstuk 5 laat de resultaten zien van een onderzoek naar de rol van het lichaamseigen 

cannabissysteem in werkgeheugen. Proefpersonen hebben een taak gemaakt waarbij ze 

lettersets van toenemende lengte moesten onthouden (1, 3, 5, 7 of 9 letters, zie Figuur 5.2). 

De taakprestatie neemt af naarmate de taak moeilijker wordt, maar na THC toediening 

verslechtert de prestatie eerder (bij het onthouden van 5 letters) dan na placebo (7 letters). 

Hersenactiviteit neemt lineair toe met de stijgende moeilijkheidsgraad van de taak wanneer 

placebo wordt toegediend. THC toediening verhoogt de activiteit voor de makkelijke taken, en 

vermindert de lineaire relatie tussen moeilijkheidsgraad en hersenactiviteit. Dit gebeurt zowel 

in het netwerk van hersengebieden dat betrokken is bij werkgeheugen als in een aantal 

belangrijke afzonderlijke gebieden zoals de dorsolaterale prefrontale cortex en de inferieure 

pariëtale gyrus. Dit profiel van moeilijkheidsgraad van de taak, taakprestatie en hersenactiviteit 

laat zien dat het werkgeheugen inefficiënt functioneert na THC toediening. Immers, om de 

makkelijke taken goed uit te voeren is er na THC meer activiteit nodig dan na placebo (net 

zoals een inefficiënte auto meer brandstof verbruikt). Bovendien lijkt het werkgeheugenprofiel 

na THC toediening sterk op het profiel dat is aangetoond in patiënten met schizofrenie. Deze 
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resultaten laten zien dat het lichaamseigen cannabissysteem betrokken is bij werkgeheugen. 

Ook vormen ze een aanwijzing voor een rol van dit systeem in de cognitieve symptomen van 

patiënten met schizofrenie. 

In Hoofdstuk 6 is gekeken naar de betrokkenheid van het lichaamseigen cannabissysteem 

bij het verwerken van informatie. Hiervoor hebben proefpersonen een taak uitgevoerd waarbij 

ze in een hoog tempo getallen moesten verwerken (zie Figuur 6.1). THC toediening verslechtert 

de prestatie op deze taak. Dit gaat gepaard met een verhoogde activiteit in hersengebieden 

die deel uitmaken van het zogenaamde default mode netwerk. Activiteit in dit netwerk wordt 

tijdens het maken van moeilijke taken normaal gesproken onderdrukt, omdat het waarschijnlijk 

betrokken is bij hersenfuncties die voor een goede taakprestatie ‘uitgeschakeld’ moeten worden 

(zoals dagdromen). Een verminderde onderdrukking van hersenactiviteit na THC toediening 

hangt inderdaad samen met een slechtere taakprestatie. Hersengebieden die specifiek 

betrokken zijn bij de uitvoering van de taak laten geen effecten van THC zien. Deze resultaten 

suggereren dat het lichaamseigen cannabissysteem betrokken is bij informatieverwerking door 

beïnvloeding van het default mode netwerk. Omdat een afname in informatieverwerking een 

belangrijk symptoom is van veel psychiatrische en neurologische aandoeningen kunnen deze 

resultaten wijzen op een mogelijke rol van zowel het default mode netwerk als het lichaamseigen 

cannabissysteem in de cognitieve symptomen van bijvoorbeeld schizofrenie, ADHD of de 

ziekte van Alzheimer. 

Hoofdstuk 7 laat de resultaten zien van een onderzoek naar de rol van het lichaamseigen 

cannabissysteem in het verwerken van emoties. Dit is gedaan met behulp van een taak waarbij 

proefpersonen gezichten met positieve en negatieve emoties moesten verwerken (zie Figuur 

7.1). THC toediening verslechtert de taakprestatie voor het vergelijken van negatieve, maar 

niet van positieve emoties. Verwerking van emoties activeert een netwerk van hersengebieden, 

waaronder de amygdala, orbitale frontale gyrus, hippocampus en prefrontale cortex. THC 

toediening verlaagt de activiteit in dit netwerk van hersengebieden tijdens het verwerken van 

negatieve emoties, maar heeft geen effect op de activiteit voor positieve emoties. Dit geeft aan 

dat onder invloed van THC het belang van emoties verandert, wat vooral tot uiting komt in een 

verlaagde respons op negatieve stimuli. Deze resultaten laten zien dat het lichaamseigen 

cannabissysteem een rol speelt in het verwerken van emoties. Een overeenkomst in 

hersenfunctie na toediening van THC aan gezonde vrijwilligers en antidepressiva aan patiënten 

met depressie wijst bovendien op mogelijkheden voor beïnvloeding van het lichaamseigen 

cannabissysteem in de behandeling van symptomen van depressie. 

Conclusie 

In dit proefschrift zijn onderzoeken beschreven naar de effecten van THC toediening op 

hersenfuncties die aangedaan zijn bij psychiatrische ziektebeelden. De resultaten laten zien 

dat het lichaamseigen cannabissysteem een rol speelt in het aansturen van zowel verschillende 

cognitieve functies als de afgifte van dopamine in het striatum. De bevindingen leveren 
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bovendien indirect bewijs voor mogelijke betrokkenheid van het lichaamseigen cannabissysteem 

bij psychiatrische aandoeningen. Dit systeem is daarom een veelbelovend aangrijpingspunt 

voor nieuwe medicatie ter behandeling van symptomen van psychiatrische ziektebeelden zoals 

schizofrenie of depressie.
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Na vijf jaar hard werken is het af! Ik wil iedereen die heeft bijgedragen aan het tot stand komen 

van mijn proefschrift heel erg bedanken. 

Nick, enorm bedankt voor de begeleiding de afgelopen jaren. Ik wilde een uitdagend 

promotietraject, en dat is zeker gelukt. De ‘THC challenge’ heeft in de loop van de jaren toch 

een heel andere betekenis gekregen. Ik heb heel veel van je geleerd. Datasets binnenstebuiten 

keren, het heft in eigen hand nemen, iets meer geduld tonen in het schrijfproces (al blijft dat 

lastig). Ik hoop dat je mailbox vanaf nu minder snel vol raakt door e-mails van reflecterende 

AIO’s die het niet meer zien zitten. 

René, we hebben in het eerste deel van mijn promotie meer met elkaar te maken gehad dan 

in het tweede. Jij gaf me het vertrouwen en de mogelijkheid om aan de gang te gaan met 

onderzoek naar het cannabinoïde systeem. Ik heb je directheid en je benadering van 

wetenschap heel erg gewaardeerd. 

Gerry, ik heb altijd het idee gehad dat wij vanaf het eerste moment op één lijn zaten. Dingen 

bij de naam noemen, kennis halen waar ie te halen is, je plus- en minpunten kennen. Met je 

verhuizing naar Wageningen heb je zeker niet de makkelijkste weg gekozen, maar wel een 

weg die heel goed bij je past! Dank voor de begeleiding van het eerste uur, het doen van 

venapunctie 3 t/m 6 bij dezelfde proefpersoon, en de fantastische verhalen over je psychiatrische 

katten. 

Martijn, van jou heb ik de afgelopen jaren echt enorm veel geleerd, zowel op wetenschappelijk 

als op persoonlijk vlak. En dat is best bijzonder, want één van onze eerste overleggen ontaardde 

al bijna in ruzie met slaande deuren. Juist de verschillen tussen ons hebben me van heel veel 

bewust gemaakt. Ik heb het gewaardeerd dat je zaken ter sprake bracht die je dwars zaten. 

En eindelijk iemand in de groep die iets van voetbal wist! 

Erika, wat hebben we veel meegemaakt zeg, de afgelopen jaren. En wat ben ik blij dat het zo 

goed klikte! Heel erg bedankt voor het ondergaan van mijn lang-niet-altijd-even-positieve 

analyses van het AIO-schap. Maar daar tegenover staat de lol die we samen gehad hebben: 

vrijdagavonden in de Phoenix, de hardrock-karaoke bar in Wenen, nep-Adidasbroeken kopen 

in Istanbul, flyeren in onze knalgroene cannabisshirts, ik ga het niet snel vergeten. Ik zal je 

missen volgend jaar op eerste en tweede Paasdag. 

Cees, de twee dingen die ik aan jou het meest waardeer: je kritische kijk op de 

(wetenschappelijke) wereld en je gebrek aan nuance. Tezamen zorgt dat nogal eens voor 

heerlijk botte uitspraken, maar ik weet wie het zegt. Bedankt voor de relativerende gesprekken 

onder het genot van een al dan niet zelf gebrouwen glas bier. 

En dan wil ik een drietal mensen bedanken dat me wegwijs heeft gemaakt in de wetenschap. 
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Bart, onder jouw begeleiding heb ik mijn eerste stappen gezet in neuroimaging onderzoek. 

De eerste schizofreniepatiënten, de eerste PANSS interviews, de eerste PET scans, ik vond 

het fantastisch. Dat kon dus óók in neuroscience onderzoek. Een directere manier van 

communiceren dan de jouwe is er niet. Ik kan het wel waarderen. Raymond, of ons artikel 

ooit net zo gewaardeerd gaat worden als het werk van Darwin, dat durf ik te betwijfelen, maar 

ons speurwerk naar de rol van het cannabinoïde systeem in schizofrenie is uiteindelijk wel de 

basis geweest voor dit proefschrift! Arend Jan, door het stellen van de juiste vraag heb je me 

vaak aan het denken gezet. Mijn C&E achtergrond is meer dan eens van waarde geweest de 

afgelopen jaren. 

Ik wil alle FIX-stagiaires heel erg bedanken voor de inzet en de leuke scandagen. Annelies, 

Erik, Emi (je trekt maar aan mijn mouw, he), Joep en Kim: het gaat jullie goed. 

Anniemiek, jij heel erg bedankt voor de administratieve ondersteuning! Wat moet een afdeling 

zonder spil in het web? Alle collega’s van RIBS: Gert, Floor, Dora, Joost, Mathijs, Martin, 

Mariska, Erik, Vincent, Tom, Wouter, Jeroen, Natalia, Pieter, Niek, Floris, Estrella, Peter, David, 

enorm bedankt voor de wetenschappelijke raad, kritische blikken, data-analyse-ondersteuning, 

brainstormsessies, en natuurlijk de gezelligheid! Ook veel dank aan alle collega’s van 

Psychiatrie: Matthijs, Bas, Bram, Mariët, Tjerk, Kelly, Antoin, Tamar, Daan, Chris, Willemijn, 

Sarah, Marieke, Janna, Neeltje, Cédric, Martijn, Thalia, Geartsje, Maartje, Jiska, Thomas. 

Een aantal hoofdstukken in dit proefschrift was niet tot stand gekomen zonder hulp van 

mensen buiten het UMC Utrecht. Joop, Lineke en Linda, heel erg bedankt voor het leren van 

de THC toediening en het me wegwijs maken in Good Clinical Practice. Adriaan, Ronald en 

Robert, dank voor alle hulp met de uitvoering en analyse van de PET studie. My London 

colleagues from the CNS building: Mitul, Owen&Lisa, Steve, Dave, Fernando. What great 

summers I had in London! Thanks very much for the opportunity to absorb all your neuroimaging 

knowledge, but most of all for the hospitality, the curry comparisons, and the Friday nights at 

the Phoenix. I’ll be seeing you around! De jongens van het DIMS: Tibor, Peter en Sander. Wát 

een tijd heb ik gehad bij het DIMS. Groen als gras kwam ik binnen, ik wist niet eens hoe het 

Mitsubishi logo eruit zag. De samenwerking en chemie binnen het team heb ik altijd heel 

bijzonder gevonden. Ik kan over die 3,5 jaar wel een boek vol anekdotes schrijven, van zéér 

schaars geklede dames bij Darkraver tot borrels bij Vermeulen en nachtbraken bij ACU. Ik 

vond het een moeilijke beslissing om weg te gaan, maar zie hier het resultaat! Tibor, alvast 

veel succes met jouw verdediging in maart. I would like to thank my new colleagues at the 

Institute of Psychiatry for the very warm welcome in the group. I’m looking forward to working 

with you the coming years.   

En dan natuurlijk iedereen buiten het werk om. Allereerst de mannetjes! Sader, Lukas, 

Timo&Steph, Bas&Linda, Tjon&Daan, Renée&Lars, Gijs, Sies, Bart, Tammie, jullie echt enorm 

bedankt voor alle schik en alle steun de afgelopen jaren. Jullie hebben van heel dichtbij de 
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pieken en dalen meegemaakt. Gelukkig waren er genoeg momenten om de werkstress even 

te vergeten. Met veel plezier heb ik menig keer deel uit mogen maken van het meest 

veelbelovende beschonken punkrock-zanggezelschap met zachte G (I woooonder how long 

can you keep your heaaaaad under water). Sader, wat moest ik toch zonder jouw heerlijke 

relativeringsvermogen (“Bossong, bek houden”). Tjon, bedankt voor het zijn van mijn allereerste 

proefpersoon van wie ik zelf het infuus heb verwijderd (gaat sneller dan je denkt). Timo, nu 

mijn proefschrift af is komt het er misschien écht weer eens van om het oefenhok in te duiken. 

Bas, enorm bedankt voor het ontwerpen van de kaft, ik vind ‘m echt heel vet! Lukas, ik mis 

die spontane Tivoli de Helling avonden toch wel. Renée, grote mond, klein hartje, geniet van 

je family! Sies, al zoveel meegemaakt, but still going strong! True friends will always be 

there! 

Apen, en in het bijzonder Miel&Sosja, Joan&Martha, Claartje&Michel en Chris&Sabien, heel 

erg bedankt voor alle fantastische borrels, weekendjes Lelystad, voetbalwedstrijden op 

Hemelvaartsdag, en ga zo maar door. Joan, die pot monopoly maken we nog een keer af. 

Michiel, Antoine&Saskia, Marco, Tom&Alma, bedankt voor de gezelligheid in Kafé België, 

Ledig Erf, De Zotte, of een andere willekeurige kroeg in Utrecht of Amsterdam (of Parijs!).

Jos, Doortje & Tom, ik kom alweer heel wat jaren bij jullie over de vloer. Jullie hebben me de 

dingen bijgebracht die we bij ons thuis niet kenden. Ik voel me echt een deel van het gezin, 

en ik denk al bijna als een Smits: “o ja toen, toen we die lekkere parelhoenfilet met cranberrysaus 

hadden gegeten”. Dank je wel!  

Josine&Jos, jullie hebben het goed voor elkaar samen. Pien, ik ben heel blij om te zien dat 

het nu zo goed met je gaat. Jullie zijn van harte welkom om een keer langs te komen in 

Londen! 

Renée&Died, ik wil gullie bedanken voor de Brabantse hartelijkheid en de gezelligheid tot in 

de vroege uurtjes. Minimini, jouw scherpe vermogen om personen en situaties te lezen is 

geweldig (al laat het je soms in de steek op de zaterdagavond). Het is gek om te zien hoeveel 

je op iemand kunt lijken, we hebben zelfs dezelfde lillukke blik. Sjef, van samen bootjes 

verhuren tot zwager, het kan raar lopen in het leven. Heel erg bedankt voor het klussen en 

verhuizen, ik hoop dat je nog lang mee-gourmet op Kerstavond.      

Ouwelui, pa&ma, Ad&Net, zonder jullie fantastische opvoeding had dit boekje er nooit gelegen. 

“Niets is vanzelfsprekend”, ik denk dat ik het daarmee het beste samenvat. De waarden die 

jullie me bijgebracht hebben, de openheid die er thuis altijd is geweest. Ik heb maar geluk 

gehad. Ook nu nog laten jullie zien hoe je samen op je ouwe dag verschrikkelijk veel plezier 

kunt hebben. Dank je wel!
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Lieve Anke, jou moet ik natuurlijk het meest bedanken van iedereen. Jij hebt van het dichtst 

bij de pieken en dalen meegemaakt. De pieken waren het probleem niet, die waren altijd erg 

leuk, maar die dálen. Gelukkig heb ik van mezelf een heel positieve kijk op het leven en heb 

je me in die vijf jaar geen één keer uit de put hoeven trekken. Heel erg bedankt voor je steun, 

je weerwoord, je oplossingen, je knuffels, en natuurlijk ook de lol die we samen gehad hebben. 

Ik kijk met heel veel plezier vooruit naar alle avonturen die nog komen gaan en die we samen 

gaan beleven. Waf joe! 
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(Maurick College, Vught) in 1998. In that same year he moved to Utrecht to study Biomedical 

Sciences at Utrecht University. This is where he became interested in the research field of 
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In January 2006, he started as research assistant at the Department of Psychiatry, UMC 
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