
 

  



 

  



 

 

Katholieke Universiteit Leuven 

Group Biomedical Sciences 

Faculty of Medicine 
Department of Medical Diagnostic Sciences 

Division of Nuclear Medicine 
 

 

 

 

 

 

The cerebral type 1 cannabinoid receptor  

as modulator in  

dopaminergic transmission disorders:  

addiction and psychosis 
 

 

 

Jenny CECCARINI 

 

 

 

Jury: 

 

Promotor: Prof. Dr. Koen Van Laere 

Co-promotor: Prof. Dr. Guy Bormans 

Prof. Dr. Stephan Claes 

Chair:  Prof. Dr. Philippe Demaerel 

Jurymembers: Prof. Dr. Dean Wong 

Prof. Dr. Felix Mottaghy 

Prof. Dr. Stefan Sunaert 

Prof. Dr. Jan de Hoon 

 

Leuven, 17.12.2012 
 

Doctoral thesis in Biomedical Sciences 



This thesis was submitted in partial fulfillment of the requirements for the 

degree of “Doctor in Biomedical Sciences”. 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

To my husband Denis and my son Gioele   

 

 

 

 

 

 

 

 

“ Ogni volta ti guardo e capisco il regalo… 
 … sei conquista e traguardo involucro vero 

  
 Tu mi hai preso la mano e mi hai detto proviamo 

  cosa abbiamo da perdere é tutto già scritto 
  io ti ascolto sognare io sono nel sogno 
  é per questo che adesso ti dedico tutto 

  ti dedico tutto” 
 
 

  B. Antonacci – Ti dedico tutto, 2012 

 



 

  



ACKNOWLEDGEMENT | V 

 

 

 

 

 

Acknowledgment 

 
 
“I will not say I failed 1000 times, 
  I will say that I discovered there are 1000 ways that can cause failure” 
  (Thomas Edison) 

 
“Believe you can and you will, never give up” 

 
 

Engineering: the application of scientific and technical knowledge to solve human 

problems. Neuroscience: the science of structure, function, development, genetics, 

biochemistry, physiology, pharmacology and plasticity of the nervous system. From the 

clearness and comprehensible of equations, theorems, and formulas to the complex 

human brain is quite a step up the ladder. Many behavioral scientists are uncomfortable 

reducing brain function to bits and bytes. Not because of errors committed, but because 

the whole is greater than the sum of parts. More than five years ago I decided to make 

this risky jump, diving headfirst into neuroscience and molecular imaging. Completing a 

PhD and earning a PhD title represents something to be proud of it, and I really do. This 

thesis represents the results of years of hard work, effort, time, numerous inner conflicts 

and fighting, which were always accompanied by a continuous devotion and tenacity.  

This project would not have been possible without the support, guidance and close 

collaboration of many people. My sincere gratitude and appreciation go out to all of them, 

who have directly or indirectly supported me along the path of this thesis. 

Firstly, I own deep gratitude to my promotor Prof. Dr. Koen Van Laere, nowadays 

chief of the Nuclear Medicine Department at UZ Gasthuisberg. Koen, thank you for giving 

me the opportunity to start this wonderful adventure in your team. The first contacts 

were made the 20
th

 of July 2007, and from your first email (“I would ask you to make a 

short summary of what according to you the role of the endocannabinoid system is 

regarding nicotine addiction, and how imaging (PET with CB1) might help in elucidating 

the mechanism/application to drug treatment, in a translational (animals/humans) way”), 

it was rather clear that the future path under his supervision would not have been so 

smooth and relaxed :). After only five days, the following email appeared in my mailbox: 

“After internal review with our head of department, it is my pleasure to inform you that I 

accept your candidature for the PhD position on "CB1 PET in addiction”. I am still 

remembering the first ten minutes after receiving this email. Thank you Koen! At that 



ACKNOWLEDGEMENT | VI 

 

 

 

 

 

time, I did not know that the title of my PhD project would be extended so much. But, 

thanks to your network of intra- and interuniversity and industry collaborations, it has 

been possible to work with different international university hospital centers. These 

successful collaborations allowed us to expand enormously our initial CB1-addiction 

research in different directions. I also sincerely appreciated your dedication to this 

research project, your responsiveness in correcting my articles/proposals/presentations 

and all your valuable suggestions for my future work. Koen, your guidance and example 

has taught me so much about being (or at least “trying to be”) a good scientist and your 

open questions have challenged me to continually improve. Moreover, on top on your 

wide experience and knowledge in many different fields, I also deeply appreciated that 

you were always present whenever I needed some encouraging and positive words. Thank 

you for your help! I am also very grateful to Prof. Dr. Luc Mortelmans, the former chief of 

the Nuclear Medicine Department. 

I would like to thank my two co-promotors, Prof. Dr. Guy Bormans and Prof. Dr. 

Stephan Claes. Thank you Guy for your support and for coordinating the development and 

production of the radioligands that were used in this project, in spite of the busy work 

schedule of the radiopharmacy. Thank you Stephan for your support in some of the 

projects described here. 

I am also grateful to the members of my jury, Prof. Dr. Stefan Sunaert, Prof. Dr. Jan 

de Hoon, Prof. Dr. Dean Wong, and Prof. Dr. Felix Motthaghy, for spending time to read 

this thesis, and for their valuable suggestions which improved this work. 

During my doctoral studies, I had the opportunity to enjoy the international and 

interdisciplinary atmosphere created by all the colleagues in the Medical Imaging 

Research Center (MIRC). Firstly, I would like to express my gratitude to all my direct 

“cannabinoid CB1x” colleagues: Cindy, Karolien, Nathalie, Caroline and Rawaha.  

Cindy, the queen of MoSAIC and completely reliable woman. Thank you Cindy for 

constantly supporting me and help me with the preclinical experiments. Thanks to your 

expertise and tenacity, microdialysis was successfully performed. Thank you also for your 

numerous advices you gave me in all critical and unsure moments I had. 

Karolien, a concentrate of supermam and career woman. Thank you Karolien for your help 

and availability from Dutch translation of documents to allowing me to work in your 

office.  

Nathalie, the colleague who taught me my first steps. Thank you Nathalie for all your help 

and courage you gave me in the first period of this deep path. Thank you also for have 

been such a very nice colleague and friend during my first years of my PhD. I shared 

different emotions and important moments with you!  



ACKNOWLEDGEMENT | VII 

 

 

 

 

 

Rawaha, the fashion classmate with whom I am spending every single day in the “Louvre” 

during these last two years. Rawaha, thank you for your friendship, your daily support, 

kindness, and for the many sincere laughs and intimate discussions we had so far. I do 

really like working close to you and I wish you a lot of triumph in everything :)! 

Gil, the latest “team purchase”. Thank you for the nice and quiet atmosphere you brought 

at my right side :). I am sure that, thanks to your seriousness, working hard and 

persistence, you will do a great job!     

To all my colleagues I want to express my gratitude for computing in making the CB1x 

group a pleasant and inspiring environment where to work. You all have something I try to 

learn from, thank you for your example! 

Warm thanks go also to Dieter for his willingness to help out with all the PET 

acquisitions during my maternity leave. Moreover Dieter, you have been an excellent and 

brilliant student during your master thesis. I wish you all the best for your ongoing studies 

and future career as a physician. 

I am very thankful to all the people from the radiopharmacy section, in particular 

Guy, Dominique, Kim, Bert, Tjibbe, Marva, Julie, Ivan, for your dedication to radioligand 

development and flexible productions. In particular I would like to thank Ivan, Marva and 

Tjibbe: you were constantly available to solve all the practical and technical problems with 

HPLC and gamma counter that I encountered. Tjibbe, thanks for repeatedly remembering 

me how to run the program 9 to clean the HPLC!   

I am very much indebted to “my” clinical research technologists (Stijn, Kwinten, and 

Mieke) for their help with all the numerous PET scans. Kwinten and Mieke, you patiently 

and magnificently helped me with all the CB1 and Fallypride PET scans. Thank you for your 

assistance in coordinating all the human studies, and also for the very enjoyable working 

atmosphere I always found entering in “zaal 7”. Also for these reasons some of my 

volunteers wanted to participate in more than one study :). Thank you! Kwinten, thank 

you also for your willingness to help me at any time with the new acquisition and 

reconstruction protocols throughout this last year. I am also very grateful to the 

experimental research technologists Peter and Ann for your help during animal 

experiments and for μPET imaging studies. 

I have also to thank the Medical Imaging and Radiation Physics, Johan, Stefaan, 

Kristof and Andrey, who provided much appreciated support, explanation and willingness 

to help me at any time with my recent entry to the “data management” world.  

A big and deep acknowledgment goes to Michel, an ex-colleague, but still friend :)! 

Michel, you provided an enormous amount support every day, helping me through the 

inner working and successfully implementation of the “Alpert model”. It was a real 



ACKNOWLEDGEMENT | VIII 

 

 

 

 

 

challenge for me, but thanks also to your critical advices, we won! Thank you for have 

challenging me with your curiosity, for your assistance in processing data, and for your 

patience and enthusiasm in correcting my manuscripts. Your humor and good nature 

provided good stress relief. Thank you also for your friendship and company over the past 

five years, and for the nice chatting we had in different occasions!  

Continuing my “to be thanked” list, I have to acknowledge Francine and Nathalie for 

their help with all the administrative support, and for always smiling when somebody 

enters in their office. 

Apart from these people from the Nuclear Medicine department, I would also like to 

express sincere gratitude to the professors, clinicians and PhD students that have worked 

together on one or more projects of this thesis, without whom these studies would not 

have been completed. These include Dr. Anne Verhaeghen and Dr. Titia Hompes for the 

CB1-alcohol studies, Dr. Elske Vrieze for the dopamine-reward activation study, Dr. Marc 

De Heert, Kim Sweers, Dr. Markus Leweke, Dr. Dagmar Koethe for the CB1-schizophrenia 

study, Prof. Jim van Os, Dr. Cécile Henquet and Dr. Rebecca Kuepper for the CB1-cannabis-

dopamine project, Prof. Inez Myin-Germeys, Dr. Johan Lataster and Dr. Dina Collip for the 

dopamine-stress activation study. I am very grateful and honored of having the possibility 

to collaborate with all of you! 

Finally, my deepest thanks go to my friends and to my family. I would like to thank 

first all my friends who, with their friendship and love, have made my stay in Leuven really 

enjoyable. Warm thanks go to Victor, Pawel, Sylwia, Arno, Luis, Lorena, Angel, Mimma, 

Ivan, Steve, Olalla, with whom I shared emotions, important moments and cheerful time 

during these years. A special thank goes to Marco, Giorgia and their little son Mattia: we 

share happiness and sadness, encouraging each other during tough times. Infinitamente 

grazie Amici Miei per tutto quello che mi avete dato in questi anni!  

I would like to immensely thank also the Italians in the Louvre, Federica, Inga, Elena 

and Giovanni for their daily support and the numerous joyful moments we have spent 

together during every workday, making me feel at home anytime. Grazie di cuore a tutti 

voi! I would like to add some more personal words and my sincere thanks to Federica. 

Fede, you have always been with me in difficult times as well as joyful moments, sharing 

worries (e quanti…) and laugh. I thank you for your love and understanding; you have 

cared about my progress and delighted from my achievements and encouraged to work 

harder. I have grown as a person with you! Ti voglio bene! 

To all these people and those who are not explicitly named above were warmly 

thanked. My humblest apologies to some supporting people that I might have forgotten, 

but at this moment my memory might fail me. 



ACKNOWLEDGEMENT | IX 

 

 

 

 

 

Now it is time to thank and express my deep love to my family, the drive behind 

everything. For this, let me speak from my heart in Italian. 

Un Grazie sincero e immenso lo devo ai miei Genitori e al mio fratellone, che sono 

sempre presenti nel mio cuore e vicinissimi nonostante ci dividano molti chilometri. Grazie 

Mamma, Babbo e Andy per tutto l´amore, la forza, e la comprensione che mi avete dato 

fino ad ora. Grazie per essermi stati vicino in qualsiasi momento, dalla partenza per il 

Belgio alla nascita del vostro nipotino. Siete un grande esempio di vita ed é bellissimo 

avervi qui oggi con me! Andy, o meglio “zio Emy :)”, fratellone mio. Ti ringrazio per tutte le 

chiacchierate spensierate su skype, e scusami se non ti ho permesso fino ad ora in qualche 

modo di fare lo zio come vorresti a causa della lontananza (ci rifaremo non ti 

preoccupare)! Grazie anche ai miei suoceri Willer e Mecy per essere sempre cosi affettuosi 

e disponibili, facendomi sempre sentire parte della famiglia. Grazie di cuore! 

Questo traguardo l´ho raggiunto soprattutto grazie alla persona più importante della 

mia vita, mio marito Denis. “Tu sei una persona di quelle che si incontrano quando la vita ti 

decide di fare un regalo” (Charles Dickens), e aggiungerei il più bel regalo! Grazie Amore 

Mio per essermi stato vicino in ogni momento, dandomi quella forza e costanza necessaria 

per arrivare fino a qui. Con la tua sconfinata pazienza, ottimismo e Amore hai fatto della 

mia vita una vera e propria favola culminata con l´arrivo della nostra più immensa gioia, 

Gioele. Questo lavoro é per voi! 

 

 

 

 

Jenny 

 Leuven, December 17, 2012 



 

 

 

 



TABLE OF CONTENTS | XI 

 

 

 

 

 

Table of contents 

 

Acknowledgment          V 

Table of contents                        XI 

List of abbreviations                     XIII 

 

Introduction and Objectives of the Thesis                     1 

CHAPTER I: Introduction         3 

1.1 Drug addiction         3 

1.2 Psychosis          9 

1.3 The Endocannabinoid System (ECS)                    10 

1.4 Cannabinoid-Dopamine interaction in the mesocorticolimbic pathway                12 

1.5 Involvement of the ECS in Drug Addiction and Psychosis                 14 

1.6 Positron Emission Tomography                    17 

1.7 PET imaging of the brain Cannabinoid CB1 Receptor                  20 

1.8 PET imaging of the Dopaminergic System                   22 

1.9 Objectives and Overview of the Thesis                   25 

 

PART 1: CB1R Availability in Alcohol and Cannabis Addiction                  27 

CHAPTER II: Changes in cerebral CB1R Receptor Availability after Acute 
and Chronic Alcohol Abuse and Monitored Abstinence                  29 

CHAPTER III: Transient Changes in the Endocannabinoid System after Acute 
and Chronic Ethanol Exposure in the rat: a combined PET and Microdialysis                57 

CHAPTER IV: Decreased Cannabinoid CB1 Receptor Availability in Chronic Cannabis 
Users and Association with Personality Traits                   79 

 

PART 2: CB1R Availability in Psychosis                 103 

CHAPTER V: Increased Ventral Striatal CB1 Receptor Availability is Related 
to Negative Symptoms in Schizophrenia                 105 
 



TABLE OF CONTENTS | XII 

 

 

 

 

 

PART 3: in vivo Dopamine Release Detection                129 

CHAPTER VI: Optimization of in vivo Dopamine Release Detection using  
[

18
F]fallypride PET                   131 

CHAPTER VII: Psychosocial Stress is Associated with in vivo Dopamine Release 
in Human Ventromedial Prefrontal Cortex: a Positron Emission Tomography  
study using [

18
F]fallypride                   155 

CHAPTER VIII: Delta-9-Tetrahydrocannabinol-Induced Dopamine Release as a 
Function of Psychosis Risk: 

18
F-fallypride Positron Emission Tomography study             177 

 

PART 4: CB1R-Dopamine Release Interactions                195 

CHAPTER IX: Cannabinoid Receptor Availability Regionally Modulates the  
Magnitude of Dopamine Release in vivo                 197 

CHAPTER X: Hippocampal Dopamine Release in Psychosis is Modulated by  

CB1R Availability: a combined [
18

F]MK-9470 and [
18

F]fallypride PET study             215 

 

General Discussion and Conclusion                                             231  

CHAPTER XI: General Discussion and Conclusion                233 

11.1 Main Contributions                  233 

11.2 Cerebral CB1R Availability in Alcohol and Cannabis Addiction              234 

11.3 Cerebral CB1R Availability in Schizophrenia                236 

11.4 Potential Therapeutic Implications                 239 

11.5 Development, Application and Optimization of a Method for in vivo  

Dopamine Release Detection                 242 

11.6 Interaction between CB1R Availability and Dopamine Release              244 

11.7 Methodological Considerations                 247 

11.8 Future Perspectives                  249 

 
 
Summary                    251 

Samenvatting                    255 

Curriculum Vitae                    259 

List of Publications                   261 

Reference List                    267  



LIST OF ABBREVIATIONS | XIII 

 

 

 

 

 

List of abbreviations 

 
11

C   carbon-11 
13

N   nitrogen-13 
14

C   carbon-14 
15

O   oxygen-15 
18

F  fluorine-18 

[
18

F]MK-9470 N-[2-(3-cyano-phenyl)-3-(4-(2-[
18

F]fluorethoxy)phenyl)-1-
methylpropyl]-2-(5-methyl-2-pyridyloxy)-2-methyl proponamide 

[
18

F]Fallypride S)-N-((1-Allil-2-pirrolidinil)metil)-5-(3-[
18

F]fluoropropil)-2,3-
dimetossibenzamide) 

2-AG    2-arachidonoyl glycerol 

3D   3-dimensional 
68

Ge   germanium-68 

ABST   abstinence 

ABST-7   abstinence period of 7 days 

ABST-14   abstinence period of 14 days 

AC   adenylate cyclase 

ACC   anterior cingulate cortex 

ACEA   arachidonyl-2-chloroethylamide 

ACU    acute exposure 

AEA   N-arachidonoyl-ethanolamine, anandamide 

ALC ACU   acute alcohol administration 

ALC ABST   alcohol abstinence condition 

ALC CHR   chronic alcoholic patients 

AMPA    α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

AMPH    amphetamine 

ANOVA   analysis of variance 

ATP   adenosine-5'-triphosphate 

AUC   area under the time-activity curve 

Bmax   total number of available D2/3 receptor sites 



LIST OF ABBREVIATIONS | XIV 

 

 

 

 

 

B′ max   concentration of available D2/3 receptor sites at steady state 

BA   Brodmann area 

BIS-11   Barratt Impulsiveness Scale version 11 

BBB   blood-brain barrier 

BL   baseline  

BPND   nondisplaceable binding potential 

BPRS    Brief Psychiatric Rating Scale 

BrAC   breath alcohol concentration 

BMI   body mass index 

C   radioactivity concentration in a specific binding tissue region 

Cr   radioactivity concentration in the reference region 

CAN   cannabis users 

CAN-PSYC  cannabis users with a diagnosis of psychotic disorder 

CBL   cerebellum 

CBT   cognitive-behavioural therapy 

CB1R   type 1 cannabinoid receptor 

CB2R   type 2 cannabinoid receptor 

CBD   cannabidiol 

CBF   cerebral blood flow 

CC   cingulate cortex 

Cent   central area 

CGI   Clinical Global Impression 

CIDI    Composite International Diagnostic Interview 

CON    control subjects 

CNC   caudate nucleus 

CNS   central nervous system 

COWAT   Controlled Oral World Association Test 

cps   counts per second 

CHR   chronic 

CTP-IP   Continuous Performance Test-Identical Pairs version 

D2/3   dopamine receptors 

DA   dopamine 



LIST OF ABBREVIATIONS | XV 

 

 

 

 

 

dACC   dorsal anterior cingulate cortex 

DA
basal   

baseline dopamine concentration 

DA
peak   

peak height of the gamma variate function that represent a  

dopamine release 

DICOM   Digital Imaging and Communications in Medicine 

DLPFC   dorsolateral prefrontal cortex 

DSE   depolarization induced suppression of excitation 

DSI   depolarization induced suppression of inhibition 

DSM-IV    Diagnostic and Statistical Manual of Mental Disorders, fourth  

edition 

ECG   electrocardiogram 

ECS   endogenous cannabinoid system 

ESM   Experience Sampling Methodology 

EtOH   ethanol 

F   female 

F
DA

(t)   gamma variate function that represent transient dopamine  

release 

FAAH   fatty acid amide hydrolase 

FDG   2-[
18

F]-fluoro-2-deoxy-D-glucose 

Front   frontal cortex 

FUR   fractional uptake rate 

FWE   family-wise error 

FWHM   full-width-at-half-maximum 

GABA   -aminobutyric acid 

GAF    Global Assessment of Functioning 

h(t)   function that describe the rapid change following task initiation  

and dissipation over time 

HIP   hippocampus 

Hipoth   hypothalamus 

HPLC   high-performance liquid chromatography 

LNS-WAIS  Letter-number sequencing subtest of the WAISS-III 

LSRRM    linearized simplified reference region model  



LIST OF ABBREVIATIONS | XVI 

 

 

 

 

 

IQ   intelligence quotient 

Inf   inferior 

ID   injected dose 

IM   injected mass 

IP   intraperitoneal 

IV   intravenous 

K1   plasma to tissue transport rate constant of ligand 

K1r   plasma to tissue transport rate constant of ligand in the  

reference region 

K2   tissue to plasma efflux constant in the tissue region 

K2a   parameter that represents dissociation rate from the receptor 

Kon   receptor-ligand association rate constant 

Koff   receptor-ligand dissociation rate constant 

Kon
DA

   association rate constant for endogenous dopamine at the  

receptor sites 

Koff
DA

   dissociation rate constant for endogenous dopamine at the  

receptor sites 

L   left 

lp-ntPET   linear parametric for neurotransmitter PET 

M   male 

MANOVA  multivariate analysis of variance 

Mesot   mesotemporal lobe 

mGluR   metabotropic glutamate receptor 

MAGL   monoacylglycerol lipase 

MIST   Montreal Imaging Stress Task 

MNI   Montreal Neurological Institute 

mOFC   medial orbitofrontal cortex 

MPRAGE  Magnetization Prepared Rapid Acquisition Gradient Echo 

MRI   magnetic resonance imaging 

MRL   Merck Research Laboratories 

MRM   multiple-reaction-monitoring mode 

MRTM   multilinear reference tissue model 



LIST OF ABBREVIATIONS | XVII 

 

 

 

 

 

mRNA   messenger RNA 

mSUV   modified standardized uptake value (SUV) 

NMDA   N-methyl-D-aspartate 

NuAc    nucleus accumbens 

Occ   occipital cortex 

OFC   orbitofrontal cortex 

OPCRIT   operational criteria checklist checklist for psychotic and  

affective illness 

OSEM   ordered-subset expectation maximization 

PANSS   Positive and Negative Syndrome Scale 

PANSS-P   positive PANSS 

PANSS-N  negative PANSS 

PANSS-G  general PANSS 

PANSS-T   total PANSS 

Pal   globus pallidus 

PAR   parietal cortex 

PCC   posterior cingulate cortex 

PCR   polymerase chain reaction 

PEA   N-palmitoylethanolamide 

PFC   prefrontal cortex 

PGK   phosphoglycerate kinase 

PET   positron emission tomography 

PMT   Prospective Memory Task 

Put   putamen 

PVC   partial volume correction 

R   right 

RAVLT   Rey Auditory Verbal Learning Test 

ROI   regions of interest 

RT   reaction time 

SA   specific activity 

SCID   Structured Clinical Interview for DSM-IV Axis I psychiatric 

disorder 



LIST OF ABBREVIATIONS | XVIII 

 

 

 

 

 

SCL-90    Symptom Checklist-90 

SCZ   schizophrenia 

SCZ-F   patients with schizophrenia without antipsychotic treatment 

SCZ-T   patients with schizophrenia with antipsychotic treatment 

SD   standard deviation 

SDS   Severity of Dependence Scale 

SGAs   second generation antipsychotics 

SN   substantia nigra 

SNR   signal to noise ratio 

SPECT   single photon emission tomography 

SPM   statistical parametric mapping 

SRRM   simplified reference region model 

SRTM   simplified reference tissue model 

SST   Stop Signal Task 

SS-WAIS   Symbol Substitution subtest of the WAISS-III 

STIM   stimulus 

Sup   superior 

SUV   standardized uptake value 

TAC   time activity curve 

T   time indicating task initiation 

TMT   Trial Making Test 

TCI    Cloninger´s Temperament and Character Inventory 

Temp   temporal cortex 

Thal   thalamus 

VAS   visual analogue scale 

VMS-WMS-R  Visual Memory Span Wechsler Memory Scale Revised 

vmPFC   ventromedial prefrontal cortex 

VOI   volume of interest 

VT   total distribution volume 

WAISS-III  Wechsler Adult intelligence Scale III 

WHO   World Health Organization 

WIN   WIN 55,212-2 



LIST OF ABBREVIATIONS | XIX 

 

 

 

 

 


9
-THC   

9
-tetrahydrocannabinol 

γ   parameter that represents the amplitude of the ligand  

displacement 



 

 

 

 

 

 

  



 

 

 

 

 

 

 

 

 

 

 

Introduction and Objectives 



 

 

 

 

 

 

 



CHAPTER I: INTRODUCTION | 3 

 

 

 

 

 

I. Chapter I 

Introduction 
 
 
1.1 Drug addiction 

Drug addiction is a chronically relapsing disorder that is characterized by 1) compulsion to 

seek and take a drug, 2) loss of control in limiting intake, and 3) emergence of a negative 

emotional state (e.g. dysphoria, anxiety, irritability) reflecting a motivational withdrawal 

syndrome when access to the drug is prevented. The latter is defined as Substance 

Dependence by the Diagnostic and Statistical Manual of Mental Disorders, fourth version 

(DSM-IV) of the American Psychiatric Association (1-3). 

The occasional but limited use of an addictive substance (e.g. ethanol, cannabinoids, 

cocaine, opioids, amphetamines and nicotine) is clinically distinct from escalated drug use, 

loss of control over limiting drug intake, and the emergence of chronic compulsive drug-

seeking that characterizes addiction. The critical nature of the distinction between drug 

use, abuse, and dependence has been highlighted by data showing that approximately 

16% of the Western population will go on to engage in nonmedical or illicit drug use at 

some time in their lives, with approximately 3% going on to substance dependence on 

illicit drugs (4,5). 

Theories of addiction have been mainly developed from neurological evidence and data 

from studies of learning behaviour and memory mechanisms (2,3,6). They overlap in some 

aspects and are not mutually exclusive. None of them alone can explain all aspects of 

addiction. Generally, addictive substances can act as positive reinforcers (inducing 

pleasant states as euphoria in the initiation phase) or as negative reinforcers (alleviating 

symptoms of withdrawal or dysphoria). Continued use induces adaptive changes in the 

central nervous system (CNS) that lead to tolerance, physical dependence, sensitization, 

craving, and relapse (3). The main neurotransmitters implicated in these adaptations 

include dopamine. The acute rewarding properties of drugs of abuse have long been 

known to depend on activation of the mesolimbic dopamine system (7). All drugs that can 

lead to addiction increase dopamine in this pathway, which is achieved through their 

interaction with different molecular targets by the various drug classes, including 

stimulant drugs, opioids, nicotine, alcohol and cannabinoids (7). Although much of the 

initial study of the neurobiology of drug addiction focused on the acute impact of drugs of 
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abuse, the focus now is shifting to chronic administration and the acute and long-term 

neuroadaptive changes in the brain that result in relapse.  

Addiction is among the primary preventable causes of major health problems. Addiction is 

the fifth most prevalence brain disorders in Europe with approximately 16 million cases 

(including alcohol and opioid dependence), after headache disorders (153 millions), 

anxiety disorders (69 million), sleep disorders (45 million) and mood disorders (33 million) 

(8). In Figure I-1, the total cost for each brain disorder in Europe is depicted (8). Because of 

their higher prevalence, mood disorders, dementia, psychotic disorders, anxiety disorders 

and addiction, have the highest total costs.  

 
Figure I-1 Absolute cost and type of cost of 19 brain disorders in Europe in 2010 (billion €PPP) (8). 

 

1.1.1 Alcohol dependence 

The alcohol-use disorders consist of alcohol dependence, alcohol abuse (1), and 

dependence or harmful use (9). Alcohol addiction and alcohol abuse or harmful use are 

among the most common complex psychiatric disorders affecting society (10,11), afflicting 

4% of the adult population, and represents the third leading cause of preventable death, 

according to National Institute on Alcohol Abuse (NIAAA) (12). 

Alcohol-use disorders are common in all developed countries, and are more prevalent in 

men than women (11). In any year, between half and two-thirds of individuals who ever 
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drank are likely to consume alcohol; 30–50% of people who drank in the past year 

experience at least one adverse alcohol-related problem during their lifetime, such as 

missing work or school, driving after drinking, or interpersonal problems (11). The lifetime 

risk of alcohol-use disorders for men is more than 20%, with a risk of about 15% for 

alcohol abuse and 10% for alcohol dependence (13,14). The risk of developing an alcohol-

use disorder in the previous year is about 10% overall (13,14). 

Both the 4th Diagnostic and Statistical Manual (DSM-IV) (1) and the 10th International 

Classification of Diseases (ICD-10) (9) describe alcohol dependence as the more severe 

condition, associated with major physiological consequences and life impairment. There 

are no major changes for the criteria of substance use disorders between DSM-IV and the 

current fifth revision of the DSM (DSM-V) (15). In the DSM-V, the proposed changes call 

for combining the two categories of substance use disorders (dependence and abuse) into 

a single diagnosis of "substance use disorder." A patient who meets at least two of the 11 

criteria would be diagnosed with such a disorder. Criteria for diagnosis of alcohol 

dependence according to the DSM-IV are given in Figure I-2. Dependence can be identified 

as repetitive problems, affecting three or more areas of life, and about 80% of people who 

are diagnosed with dependence at any point still have alcohol-related problems when 

assessed a year or more later (16). Alcohol abuse and harmful use, however, have to be 

differentiated from dependence. The DSM-IV defines alcohol abuse as one or more 

problems with functioning in a 12-month period in a person without dependence: failure 

in obligations, alcohol use in hazardous situations, recurrent legal problems, continued 

use despite social or interpersonal problems. People who abuse alcohol drink smaller 

quantities than those with dependence, but the abuse label predicts a risk of about 50% 

for continued problems (1,17,18).  
 

          

Figure I-2 Criteria for diagnosis of alcohol dependence, according to Diagnostic and Statistical Manual (DSM-IV) 
(1).  

 

•  Tolerance to alcohol 

•  Withdrawal syndrome 

• Greater alcohol use than intended (for example, exceeding set limits) 

•  Desire to use alcohol and inability to contol use 

•  Devotion of large proportion of time to getting and using alcohol, and recovering  
from alcohol use 

•  Neglect of social, work, or recreational activities 

•  Continued alcohol use despite physical or psychological problems 

Criteria for diagnosis of alcohol dependence, according to Diagnostic and 
Statistical Manual (DSM-IV) (1). 

* Alcohol dependence is defined as three or more of these criteria in a 12-
month period 
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The effect of chronic alcohol consumption on the CNS has been related to its action on 

several monoamine neuroreceptor systems, via initial action on GABA and glutamate 

receptors, causing neuroadaptive changes (19). However, the exact signaling pathways 

and mechanisms underlying the development of alcohol dependence and the propensity 

to relapse are still unclear. 

Over the last two decades, the few available pharmacotherapeutic interventions 

developed for the treatment of alcohol dependence (12,20), remain unsatisfactory, and 

there is still need to further understand its pathogenesis to improve outcome (21). Three 

drugs are currently approved for treating alcoholism in the United States and Europe: 

disulfiram (Antabuse), naltrexone (blocks opioid receptors in the brain to prevent the 

euphoric effects of alcohol), and acamprosate (thought to suppress hyperactive glutamate 

signaling caused by alcohol dependence). New drugs take aim at a wide variety of 

molecular targets, such as the synaptic ionotropic glutamate receptors (AMPA, α-amino-3-

hydroxy-5-methyl-4-isoxazolepropionic acid; NMDA, N-methyl-D-aspartate), and the 

metabotropic glutamate receptors (mGluRs) (12,22).  

Although a number of pharmacotherapeutic interventions have been suggested for 

alcohol dependence, there are many other options for treatment for alcohol use 

disorders, such as Alcoholics Anonymous (AA) treatment group and cognitive-behavioural 

therapy (CBT). CBT is an alcoholism treatment approach aimed at improving the patients’ 

cognitive and behavioral skills for changing their drinking behavior, particularly in the 

prevention of relapse. In conclusion, treatment is complex and multidisciplinary. 

 

1.1.2 Cannabis use 

Cannabis is the third most-popular produced and consumed recreational drug in the world 

with around 190 million of total cannabis users, followed by amphetamine, ecstasy, 

opiates and cocaine (23,24) (Figure I-3). According to the 2011 World Drug Report, UNODC 

estimates that in 2009, between 2.8% and 4.5% of the world population aged 15-64, 

corresponding to between 125 and 203 million people, had used cannabis at least once in 

the past year (23). 

During the last quarter of the 20th century, consumption and production rose in all 

continents, whereas the age of the first-time cannabis use is decreased: for example in the 

last 15 years, the number of children in Belgium who have started using cannabis by the 

age of 13 doubled (Belgian National report on Drugs, 2009). 
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Figure I-3 Prevalence of cannabis use, 2009, or latest year available (World Drug Report, 2011). 

 

Cannabis is so widely used because its effects are enjoyable. The acute, psychological 

effects of cannabis include being relaxed or “high”, sociability and euphoria but also 

anxiety, panic attacks or paranoia (24,25). There is growing evidence than intensive 

exposure to cannabis increases the risk of adverse health effects, such as impaired 

respiratory and cardiovascular function and a dependence syndrome (26). Although 

epidemiological surveys show that approximately one in nine cannabis users satisfy the 

clinical criteria for dependence on cannabis (27), and although cannabis dependence is 

moderate rather than severe, the number of people requesting treatment for it has been 

rising, animal studies support the idea that cannabis can induce dependence (28-30).  

There have been few attempts to identify criteria associated with levels of dependence 

severity. Proposed DSM-IV criteria measuring withdrawal and persistent desire to cut 

down have been linked to more severe levels of dependence, while continuing cannabis 

use despite problems has linked to mild severity (31). The most commonly reported DSM-

IV dependence symptoms are: a persistent desire, or unsuccessful efforts to moderate use 

and withdrawal symptoms. Users are typically only mildly dependent, meeting a mean of 

1.3 out of the 7 dependence criteria. Alternatively, the lifetime severity of cannabis 

dependence can be established using a standard self-reported questionnaire, Severity of 

Dependence Scale (SDS) (32). The SDS is a five-item questionnaire focusing on the 

psychological aspects of dependence, such as control over cannabis use, anxiety about 

use, and difficulty stopping. The severity of dependence is established by rating each 

answer on a scale from 0 to 3. The range of possible scores on this questionnaire is 

between 0-15 indicating minimum to maximum severity of cannabis dependence 
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respectively. Participants who have never used cannabis are automatically assigned a 

score of zero indicating lack of cannabis dependence. 

 

Cannabis use and the risk of psychosis 

Cannabis use has been consistently associated with an increased risk for the development 

of psychotic disorder, including schizophrenia. Early evidence for a role of cannabis use in 

the emergence of psychosis was provided by a number of experimental studies on the 

acute effects of intravenous synthetic Δ
9
-THC (Δ

9
-tetrahydrocannabinol, the major 

psychoactive component of cannabis) which demonstrated its ability to induce a broad 

range of transient symptoms, behaviors, and cognitive deficits in healthy individuals that 

resemble aspects of endogenous psychoses (33,34). Recent meta-analyses of cross-

sectional as well as prospective cohort studies that have been conducted within the last 

decades corroborate the hypothesized connection between cannabis use und psychotic 

disorders and confirm frequent cannabis use as a risk factor for any psychotic outcome, 

including psychotic symptoms, schizophrenia or schizophreniform disorder, independent 

of factors such as age, gender, socio-economic status, and use of other drugs (35-38). 

However, since the vast majority of cannabis users never develop any psychotic symptoms 

or mental health problems, cannabis use may constitute a component cause of psychotic 

disorder, interacting with other environmental and genetic factors (39).  

Although the epidemiological link between cannabis and psychosis has been examined 

extensively, the neurobiological basis of this association remains poorly understood. 

Enhanced understanding of the effects of chronic cannabis use on the disruption of 

interneuronal signalling and information processing may quantify the extent of the risks of 

long-term use, and open the way to novel interventions, targeting its mediating 

mechanisms (24). 
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1.2 Psychosis 

Psychotic disorders, such as schizophrenia or other non-affective psychosis, are 

characterized by profound problems in the recognition of and interaction with reality (40). 

Psychosis is not exclusive to schizophrenia and occurs in various diagnostic categories of 

psychotic disorder, including non-affective psychotic disorders (e.g. schizophrenia, 

schizoaffective and schizophrenifom disorder), affective psychoses (e.g. bipolar and major 

depressive disorder with psychotic features), substance-induced psychotic disorder and 

psychotic disorder due to a general medical condition (41). The criteria used to distinguish 

between these different categories of psychotic disorder are based on duration, 

dysfunction, associated substance use, bizarreness of delusions, and presence of 

depression or mania. 

According to the DSM-IV (1), the term “psychotic” refers to the presence of a set of 

specific symptoms. However this set of symptoms varies across the diagnostic categories 

described below. In schizophrenia, schizophreniform disorder, schizoaffective disorder, 

brief psychotic disorder, the term “psychotic” refers to delusions, any prominent 

hallucinations, disorganized speech, disorganized or catatonic behaviour (i.e. positive-

symptom dimension). In psychotic disorder, due to a general medical condition and 

substance-induced psychotic disorder, psychotic refers to delusions or only those 

hallucinations that are not accompanied by an insight. Finally, in delusional disorder and 

shared psychotic disorder, psychotic is equivalent to delusional.  

Schizophrenia is one of the most common severe psychiatric disorders with a lifetime 

prevalence of about 1% (41). Schizophrenia is considered as a polygenic 

neurodevelopmental disorder but its pathophysiology is still largely unexplained. The 

involvement of dopamine in the pathophysiology of schizophrenia is still central to 

the understanding of psychosis (42). The classic dopamine hypothesis of schizophrenia 

assumed a hyperfunctioning dopamine system to be the central feature of schizophrenia 

symptomatology, primarily in terms of the positive symptom cluster (43). The 

dopaminergic hypothesis of schizophrenia is strongly supported by the fact that the most 

effective antipsychotics are antidopaminergic compounds, mostly acting upon dopamine 

D2 receptors. Existing antipsychotics, which act mainly on dopamine receptors, are 

generally not very effective in treating negative psychotic symptoms (such as social 

withdrawal, apathy and emotional blunting), and additionally a significant portion of 

patients are refractory to all current treatments (44). Nevertheless, despite the availability 

of treatments that reduce psychotic symptoms, a clear biochemical basis of schizophrenia 

has not been identified yet.  
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1.3 The endocannabinoid system (ECS) 

When the structure of the primary active psychoactive ingredient in cannabis, named as 

delta-9-tetrahydrocannabinol (Δ
9
-THC), was isolated by Raphael Mechoulam in 1964 (45), 

nobody suspected that it would break so many of the established rules for endogenous 

chemical signals. The scientific research on the endocannabinoid system (ECS) only 

accelerated in the 1990s, with the synthesis of potent and selective Δ
9
-THC-analogues, 

which allowed the identification and cloning of the plasma membrane cannabinoid 

receptors, i.e. the type 1 cannabinoid receptor (CB1R) (46) and the type 2 cannabinoid 

receptor (CB2R). Both receptors are coupled to a Gi/o-protein complex and consist of 7 

hydrophobic transmembrane segments (47).  

The CB1R is one of the most abundant neuromodulatory G-protein-coupled receptors 

(GPCR) receptors in the brain with levels of expression greater than 1 pmol/mg tissue (48). 

The density of CB1Rs has been estimated to be more than seven times that of dopamine 

D2 receptors in the striatum (49) and five times that of 5-HT1A receptors in the 

hippocampal region (50). 

The CB1R is mainly expressed presynaptically on all types of neuronal cells, including 

neurons, astrocytes and oligodendrocytes (51). In the central nervous system (CNS), the 

CB1R is particularly highly expressed in the striatum, frontal cortex and posterior cingulate 

cortex, while lower concentrations are found in the thalamus, hippocampus, globus 

pallidum and pons (52). In contrast, in rats the cerebellum, olfactory bulb, hippocampus 

and basal ganglia present the highest CB1R density (53).  

The second cannabinoid receptor, the CB2R, shares 44% protein identity with the CB1R. It 

appears mainly in immune cells and plays an important role in inflammation. Besides 

these two cannabinoid receptors, there is some evidence for the existence of other yet 

unidentified cannabinoid receptors (54). 

After the identification and cloning of the cannabinoid receptors, different classes of lipid 

molecules, named endocannabinoids, were identified as endogenous cannabinoid 

receptor agonists. Of these, N-arachidonoyl-ethanolamine or anandamide (AEA) and 2-

arachidonoyl glycerol (2-AG) are of primary importance. The synthesis of 

endocannabinoids occurs ‘on-demand’ out of phospholipid precursors present in the cell 

membrane upon depolarization of the postsynaptic neuron and consequent rise in 

intracellular Ca
2+

 level. They are immediately released into the synaptic cleft and move 

back to the presynaptic nerve terminal where they activate CB1R. Via a Gi/o-protein 

coupled mechanism, this results in a signal transduction cascade including 1) opening of 

voltage-gated K
+
-channels, 2) closing of voltage-gated Ca

2+
-channels, 3) inhibition of 
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adenylate cyclase (AC) leading to a decreased level of cAMP and 4) phosphorylation of 

kinases, e.g. extracellular signal-regulated kinases (ERKs) (Figure I-4).  
 

 
Figure I-4 Retrograde signalling by endocannabinoids. Postsynaptic depolarization opens voltage-
dependent Ca2+ channels; postsynaptic Ca2+ then activates enzymes that synthesize endocannabinoids 
from lipid precursors. Activation of postsynaptic mGluRs can also generate endocannabinoids, possibly 
by activation of phospholipase C, generating diacylglycerol, which is then cleaved by diacylglycerol 
lipase to yield 2-arachidonylglycerol. Endocannabinoids then leave the postsynaptic cell and activate 
presynaptic CB1 receptors (CB1). G-protein activation liberates Gβγ, which then directly inhibits 
presynaptic Ca2+ influx. This decreases the probability of release of a vesicle of neurotransmitter. 
(source: Wilson, Science 2002; 296: 678-82). 

 

Functionally, this signal transduction cascade implicates a reduction of the level of 

depolarization in the presynaptic neuron, thus inhibiting synaptic release of major 

neurotransmitter systems such as glutamate, gamma-aminobutyric acid (GABA), and 

indirectly also dopamine. Therefore, CB1R activation results in a phenomenon called 

retrograde “depolarization-induced suppression of inhibition” (DSI) on GABAergic neurons 

and “depolarization-induced suppression of excitation” (DSE) on glutamatergic neurons. 

After activation of the CB1R, endocannabinoids are taken up into the pre- or post-synaptic 

nerve terminal and are degraded by specific enzymes: fatty acid amide hydrolase (FAAH) 

for AEA and monoacylglycerol lipase (MAGL) for 2-AG. 

Due to the high density and wide distribution of CB1Rs in the brain, the ECS is considered 

as an important and abundantly present neuromodulatory system in the brain, and is 

involved in numerous processes often related to homeostatic balance but also in 

neuroprotection, motor behaviour, memory regulation, and in neurological, eating and 

psychiatric disorders, such as addiction and psychosis (55,56).  
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1.4 Cannabinoid-Dopamine interactions in the mesocorticolimbic 
pathway  

Mesocorticolimbic dopaminergic pathway (the so called brain reward circuitry) plays a 

regulatory function in the control of cognitive processes, motivated behavior, the central 

stress response, and the pleasure produced by natural (e.g. sex, food) or other types (e.g. 

drugs of abuse) of reinforcers, or by compulsive activities, such as gambling, overeating 

and sex dependence (for review (57,58)). In fact, the neurotransmitter more studied as a 

potential target for the pharmacological effects of habit-forming drugs is dopamine (7). 

This also includes the case of cannabis derivatives (for review (59,60)), which acting 

through cannabinoid receptors, likely the CB1R, are able to alter mesocorticolimbic 

dopamine transmission. Therefore, a first level of interaction between cannabinoids and 

dopamine in corticolimbic structures can be found in processes like brain reward and drug 

abstinence/dysphoric responses (59,61,62). 

It is generally accepted that dopamine transmission is not the first target for the action of 

cannabinoid agonists in the corticolimbic structures, so that endocannabinoids exert an 

indirect modulatory function on dopamine transmission (63,64). CB1Rs do not appear to 

be located on dopaminergic terminals in the major brain regions receiving dopaminergic 

innervation (e.g. caudate-putamen, nucleus accumbens and prefrontal cortex). Through 

indirect mechanisms involving GABA or glutamate neurons however, cannabinoids may 

interact with dopamine transmission in the CNS and this has an important influence in 

various dopamine-related neurobiological processes (e.g., control of movement, 

motivation/reward) and, particularly, on several pathologies affected by these processes 

such as schizophrenia and drug addiction (65-67).  

The dopaminergic neurons of the mesocorticolimbic pathway are controlled by excitatory 

and inhibitory inputs that are modulated by CB1Rs. CB1Rs are present in the different 

regions of the brain reward circuitry, including the ventral tegmental area (VTA) and the 

nucleus accumbens (NAc), and also several areas projecting to limbic forebrain structures 

such as the prefrontal cortex (PFC), the basolateral amygdala (BLA) and hippocampus (HIP) 

(Figure I-5).  
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Figure I-5 Possible sites of endocannabinoids action in modulation of drug rewarding effects. 
EC = endocannabinoids; NAc = nucleus accumbens; PFC = prefrontal cortex; HIP = hippocampus; VTA = 
ventral tegmental area; BLA = basolateral amygdala. Broken red arrows indicate activation of CB1Rs by 
endocannabinoids. (source: Maldonado, TRENDS in Neuroscience 2006; 29(4): 225-32).   

 

Acting as a retrograde messenger, endocannabinoids modulate the glutamatergic 

excitatory and GABAergic inhibitory synaptic inputs into the VTA and the glutamate 

transmission in the NAc. This includes, for example, the demonstration of CB1Rs in 

excitatory projections coming from subcortical structures and reaching the bed nucleus of 

the stria terminalis which, in turn, projects to the VTA (68). 

Thus, the activation of CB1Rs present on axon terminals of GABAergic neurons in the VTA 

would inhibit GABA transmission, removing this inhibitory input on dopaminergic neurons 

(69,70). Glutamate synaptic transmission from neurons of the PFC in the VTA and NAc is 

similarly modulated by the activation of CB1Rs (71,72). 

The final overall effect on the modulation of VTA dopaminergic activity by 

endocannabinoids depends on the functional balance between these inhibitory GABAergic 

and excitatory glutamatergic inputs. Lastly, there is some evidence of colocalization of 

CB1Rs and tyrosine hydroxylase in the VTA (73), where cell bodies of mesocorticolimbic 

dopaminergic neurons are located, which opens the possibility of a direct action of 

cannabinoids on the major substrate for brain reward, motivation/emotionality and other 

limbic processes. 
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1.5 Involvement of the ECS in drug addiction and psychosis 

For decades, dopamine has been proposed as the key neurotransmitter mediating drug 

reward processes, schizophrenia and related-psychoses (7,42); but currently, also the ECS 

is recognized as an important target in the common neural networks underlying addictive 

and psychotic disorders (65-67,74). 

 

1.5.1 ECS and alcohol addiction 

Cannabinoids, alcohol and most other drugs, such as heroin and nicotine, activate a similar 

reward pathway. In particular, the CB1R seems to regulate the reinforcing properties of 

alcohol (75). To date, involvement of the CB1R in the neural circuitry mediating the 

positive reinforcing properties of alcohol is mainly supported by animal and 

pharmacological experiments (see for review (75)). In rats acute administration of CB1R 

agonists (CP55,940 and WIN 55,212-2) induces a significant, dose-dependent increase in 

alcohol intake (76), while the CB1R inverse agonist SR-141716A results in a reduction of 

voluntary alcohol intake, preference and craving, suggesting a decrease in the motivation 

to consume alcohol (77). Similarly, CB1R knockout mice show a reduced preference for 

and intake of alcohol (78,79). 

Preclinical studies of the effects from chronic alcohol exposure are less consistent, with 

some studies reporting increased endocannabinoid levels in reward-related brain areas 

(80-82), whereas others observed either a decrease (83). CB1R expression, density and 

functionality is reported to be either down-regulated and reduced in the hippocampus 

and caudate-putamen of rodents chronically exposed to ethanol (81,84), or unchanged 

(80). Recently, in patients with alcohol addiction, a profound cortical and subcortical loss 

of CB1R availability in vivo has been found that is irreversible after several weeks of 

imposed alcohol abstinence (85).  

The ECS seems to participate in alcohol rewarding properties by modulating its effects on 

the activation of mesolimbic dopamine transmission. In vivo microdialysis studies revealed 

that alcohol did not enhance extracellular levels of dopamine in the NAc in CB1R knockout 

mice (78), in contrast to wild type mice. A similar result was obtained when wild-type mice 

were pretreated with rimonabant before alcohol administration (78). 
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1.5.2 ECS and cannabis addiction  

Cannabinoids were long considered different from other reward-enhancing drugs in 

reward efficacy and in underlying neurobiological substrate activated. However, it is now 

clear that the exogenous activation of the CB1R (by e.g. Δ
9
-THC) is actively involved in the 

dopaminergic mesolimbic brain reward circuit (59), in similar fashion to other reward-

enhancing drugs. Cannabinoids specifically enhance the release of dopamine in the 

nucleus accumbens, an effect due to an enhanced firing of mesolimbic dopaminergic 

neurons (62). 

Preclinical studies of exogenous cannabinoid dependence and tolerance have provided 

evidence that the pharmacological tolerance developed after chronic cannabis exposure 

or cannabinoid receptor agonists results in CB1R down-regulation and desensitization, 

consequently rendering subjects tolerant to the central and peripheral effects of the drug 

(86-88). Decreased CB1R levels as well as impaired G-protein receptor coupling have been 

reported in animals made tolerant to the behavioural effects of cannabinoids (89-94). 

Additional studies suggest that dysregulated protein phosphorylation downstream of the 

CB1R may also contribute to the development of tolerance (95,96). In humans, a post-

mortem investigation of brains from chronic cannabis users found reduction in 

[
3
H]SR141716A binding and decreased CB1R mRNA levels in the caudate nucleus, 

putamen, nucleus accumbens and hippocampal cortex (97). Hirvonen et al. recently found 

reversible and regionally selective downregulation of CB1R in chronic, daily cannabis 

smokers (98). Abstinence in cannabinoid-dependent individuals elicits withdrawal 

symptoms that promote relapse into drug use, suggesting that pharmacological strategies 

aimed at alleviating cannabis withdrawal might prevent relapse and reduce dependence 

(88). 

 

1.5.3 Involvement of the ECS in psychosis 

Over the past few years, a growing body of neurobiological, pharmacological and 

epidemiological studies supports a role for the ECS in the pathogenesis of schizophrenia 

and/or neural circuit dysfunctions responsible for its symptomatology (99,100).  

High rates of cannabis consumption in normal volunteers induce cognitive impairment 

resembling that of SCZ patients (101).
 
In patients with schizophrenia, cannabis use is 

associated with a reduction in age at onset (102). Moreover, several studies have 

suggested that frequent cannabis use is associated with increased risk for psychotic 

disorder and symptoms (103,104). 
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Postmortem binding studies in schizophrenic patients showed an increase of CB1R binding 

in the cingulate cortex and dorsolateral prefrontal cortex (105-108). From postmortem 

immunochemistry and in situ hybridization experiments, conflicting results have been 

found. Reduced CB1R messenger RNA and protein expression were detected in the 

postmortem dorsolateral prefrontal cortex of patients with schizophrenia (109), and 

reduced immunodensity of CB1R was in the prefrontal cortex of antipsychotic-treated 

schizophrenics but not in drug-free patients (110). 

Additional arguments for involvement of the ECS in schizophrenia include peripheral 

studies of anandamide levels in the cerebrospinal fluid of patients with schizophrenia 

(111-113). These levels were inversely correlated with psychotic symptoms and negative 

symptoms in particular and suggest the ECS system, acting through one of its major 

endogenous ligands, represents a protective and counterbalancing system towards 

psychosis (114). Using in vivo CB1R PET imaging with a different radioligand than the one 

employed in the results below, [
11

C]OMAR, it was a suggestion of elevated CB1R binding 

across all the brain regions studied in a group of patients with schizophrenia when age 

was considered vs. healthy controls (115). However these results were preliminary and 

grouped difference in the preliminary study did not yet reach the level of multiple 

comparisons, since the study only consisted of 9 patients with schizophrenia.  
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1.6 Positron Emission Tomography 

Molecular imaging can be broadly defined as the in vivo characterization and 

measurement of biological processes at the cellular and molecular level. It enables the 

visualization and quantification of the cellular function and follow-up of molecular 

processes in living organs without perturbing them. In this manner, molecular imaging 

allows for the visualization of receptor density and occupancy, transporter and enzyme 

activity, gene expression, metabolite concentration, protein-protein interaction, 

transcriptional activity, signal transduction and apoptosis. 

Different imaging modalities are used for noninvasive imaging of neurobiological and 

other organ systems, such as optical imaging, single photon emission tomography (SPECT) 

imaging, positron emission tomography (PET) imaging and ultrasound. PET imaging has a 

particular appeal, as it combines molecular imaging with high target specificity, nanomolar 

sensitivity and absolute quantification possibility. 

 

1.6.1 PET: characteristics and principles 

Positron emission tomography (PET) is a radionuclide imaging method which provides 

relatively noninvasive measurements of the three-dimensional (3D) distribution of 

radiolabeled compounds (i.e. tracers that are labeled with positron-emitting 

radionuclides) in living organisms. The “father of PET” was Michel M. Ter-Pogossian, 

an Armenian-American physicist, which developed the concept of PET for the first time 

(116). A PET scanner visualizes the spatial and temporal distribution of the tracer, thus 

providing information about target localization and density.   

Based on the radiotracer principle developed by George De Hevesy at the beginning of the 

twentieth century, this method conceptually consists on three elements: i) a PET scanner 

that provide 3D and tomographic images of the concentration of radioactivity in the body; 

ii) ligands labeled with radioactive atoms; and iii) mathematical models that describe the 

in vivo behaviour of radioligands and allow the physiological process under study to be 

quantified from the image. 

A PET camera detects collinear pairs of coincident annihilation γ-rays originated from a 

positron-emitting radionuclide. Radionuclides used in PET scanning are typically low 

atomic number nuclides with relatively short half-lives, such as carbon-11 (
11

C), nitrogen-

13 (
13

N), oxygen-15 (
15

O) or fluorine-18 (
18

F). This detection of coincident 511 keV γ-rays 

enables reconstruction of a 3D-image showing the quantitative distribution of the 
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radionuclides in the body. Images of tracer activity in 3D space within the body are then 

reconstructed by filtered backprojection or iterative reconstruction (Figure I-6). 

 

In addition to the non-invasive nature of the technology, this quantitative imaging 

technique provides many advantages. Firstly, PET does not influence the dynamic state of 

the receptor system. The application of PET radioligands relies on “tracer concept”, 

namely the use of negligible mass amounts of radioactive ligands that allow to perform 

receptor binding studies without disturbing the dynamic receptor equilibrium significantly.  

Secondly, PET provides unbiased in vivo measurement of local tracer activity at very high 

sensitivity. The unrivaled advantage of PET-camera unmatched by other imaging 

modalities stems from the ability to track radiolabeled biomarkers with a detection 

sensitivity reaching below the picomolar range for functional imaging. Indeed, although 

both PET and SPECT detect radiotracer distribution, it is the chemical versatility of the 

positron emitters, the ability to measure their concentration quantitatively with relatively 

little attenuation by tissue, the greater sensitivity and the superior spatial resolution of 

PET, which differentiates the two methods. 

 

1.6.2 Characteristics of successful PET radioligands for receptor imaging in the 
CNS 

The development of new radioligands for the CNS is a major challenge in PET research, 

and it is a multidisciplinary process involving several steps and requiring expertise from 

different research areas. An ideal PET radioligand for the CNS should be expected to fulfill 

a number of criteria in order to allow quantitative brain receptor imaging (117-119). These 

required properties are listed in the following Box 1:   

 

 
Figure I-6 A) Unstable nucleus decays by emitting a positron. This positron collides with an electron and 
annihilates, thereby creating a pair of 511 keV photons, emitted in opposite directions. B) The photons are 
detected by coincidence detection in the PET camera. C) This detection enables reconstruction of a 3D-image 
showing the quantitative distribution of the radionuclides in the body. 

-+

-

0

+

0

+

+

0

+

+

0
0

-

-

-

-

-

0

+

+ -

511 KeV

511 KeV

±180°

A B C



CHAPTER I: INTRODUCTION | 19 

 

 

 

 

 

Box 1 Properties of an ideal PET radioligand for the CNS 

 

• The radioligand should cross the blood-brain-barrier (BBB) with high uptake, 
and should not be substrate of any efflux transporters (such as P-
glycoproteins or multidrug-resistance-associated proteins). 

• Favorable molecule characteristic for entering the brain are a low molecular 
mass (< 600 Da), a polar surface area (PSA) less than 90 Å2  and a logD7.4  
between 1 and 3. Lower values of logD7.4 will result in a decreased BBB-
permeability, higher values will cause increased nonspecific binding and 
binding to plasma proteins. However, molecules having a higher logD7.4 and 
good BBB have been described. 

Penetration and high uptake in the brain  

• The radioligand should not have high lipophilicity, which also contributes to 
non-specific binding in the brain. 

Relatively low lipophilicity  

•  The radioligand should have high affinity for its target, preferibly having a Kd 
value in the subnanomolar to low nanomolar range, to display sufficient 
target-to-background ratio for the quantification. 

High affinity  

• In order to facilitate pharmacokinetic modeling, the radioligand should bind 
reversibly from the receptor, allowing it to washout of brain within the scan 
time, an potentially be displaced by another ligand, whether agonist, 
antagonist, or inverse agonist. 

Reversible binding and washout within scan time  

• Once in the brain, the radioligand should bind only to the receptor of 
interest (high selectivity) with sufficient binding affinity. 

High selectivity 

• Once in the brain, the radioligand should have a high signal to noise ratio 
(SNR). 

Low non-specific binding 

• No lipophilic metabolites that can cross the BBB should be formed, nor 
should there be metabolism in the brain, as the presence of radiometabolites 
in the brain will contaminate the specificity of the tracer signal in the CNS and 
hamper accurtate quantification. 

No accumulation of radiometabolites in brain  
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Furthermore, due to the short half-life of PET radioisotopes, the selected molecule should 

be easily and quickly labeled with a positron-emitting isotope, thereby not losing its 

affinity for the selected receptor system. For larger scale preclinical and clinical studies, 
18

F-labelled tracers with a 110 min physical half-life present logistical advantages over 
11

C-

labelled compounds with 20 min physical half-life. 

The radioligand should have also a high concentration of radioactivity (specific activity) to 

avoid significant receptor occupancy and pharmacological effects. 

 

1.7 PET imaging of the brain cannabinoid CB1 receptor 

Until about 2007, only in vitro, animal model, electrophysiological, behavioural and post-

mortem data existed on the ECS. Since 1991, when the first CB1R PET radioligand was 

developed using an 
18

F-labelled Δ
9
-THC (120), several PET radioligands have been 

described. CB1R-tracers, based on the structure of rimonabant (SR147116A), where 

initially hampered by a relativity low affinity and excessive lipophilicity, causing low signal 

to noise ratio (SNR). Although some of these first generation tracers were tested in 

rodents and monkeys, no human studies were carried out (121). 

A second generation of CB1R PET radioligands developed in the past years, showed higher 

affinity and lower lipophilicity, leading to higher specific versus non-specific binding. 

[
11

C]JHU75528, also known as [
11

C]OMAR, is a CB1R antagonist with high affinity and a 

logD7.4 of 3.5 (122,123) (Figure I-7). [
11

C]MePPEP is another rimonabant derivative with a 

good brain uptake in monkeys despite a relatively high lipophilicity (logD7.4 = 4.8), and 

reversible binding in monkeys and in humans, but brain kinetics are slow (124,125) (Figure 

I-7). Starting from this radioligand, novel 
18

F-derivatives are therefore being developed, 

such as [
18

F]FEPEP and [
18

F]FMPEP-d2. [
18

F]FMPEP-d2 was developed as di-deutero 

fluoromethoxy analogue, showing a similar lipophilicity and brain uptake, and a slightly 

higher CB1R selectivity (123) (Figure I-7). Due to its 
18

F label, the slow kinetics are less 

relevant and a more accurate quantification can be done (126).  

In 2007, the preclinical and clinical characterization of the inverse agonist [
18

F]MK-9470 or 

N-[2-(3-cyano-phenyl)-3-(4-(2-[
18

F]fluorethoxy)phenyl)-1-methylpropyl]-2-(5-methyl-2-

pyridyloxy)-2-methyl proponamide, developed at Merck Research Laboratories (MRL), was 

published (52) (Figure I-7). [
18

F]MK-9470 has nanomolar affinity at the human CB1R (IC50 

0.7 nM), and several tenfold selectivity over the human CB2R (selectivity CB1R/CB2R = ~ 

50). It has a moderate lipophilicity (logD7.4 = 4.7) and good brain uptake (about 5% of 

injected activity). Preclinical and clinical studies have demonstrated its potential for 

quantification of CB1R availability. 
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Figure I-7 Chemical structure of second generation radioligands for CB1R PET imaging. 

 

In vivo, the radioligand is displaceable by specific CB1R antagonists such as AM251 and 

MK0364. No metabolites crossing the BBB have been observed (52). In the human brain, 

[
18

F]MK-9470 uptake reached a plateau at 120 min after injection and remained constant 

until 360 min after injection. Full kinetic modelling and quantification data have been 

published in rodents (127) and humans (128). 

The physical-chemical and in vivo imaging properties of the second generation CB1R 

radioligands ([
11

C]OMAR, [
11

C]MePPEP, [
18

F]FMPEP-d2 and [
18

F]MK-9470) are listed in 

Table I-1. 
 

Table I-1 In vitro and in vivo imaging properties of the second generation radioligands for CB1R PET imaging 

 [11C]JHU75528 

In baboon and 
human 

[11C]MePPEP 

In rhesus monkey 
and human 

[18F]FMPEP-d2 

In rhesus monkey 
and human 

[18F]MK-9470 

In rhesus monkey 
and human 

Molecular Weight 
(MW) 

470 489 454 474 

Radiochemical yield  16 ± 5% 2.5 ± 1.1% - 4.6 ± 0.3% 

KI (nM) 0.3 0.6 0.2 0.7 

Selectivity CB1/CB2 250-480g 726 669 44-60 

Lipophilicity (logD7.4) 3.6 4.8 6.0 4.7 

Polar surface area (PSA) 83 84 42 42 

Target-to-non-target ratio 
Putam/Pons=2.5 
Putam/Thal=2.1 

Putam/Pons=2.4 
Putam/Thal=1.9 

Putam/Pons=1.8 
Putam/Pons=1.8 
Putam/Thal=1.9 

Putamen uptake, %SUV 140-240 400-600 500-600 120-160 

Time to reach steady-state 60-80 min >120 min ~90 min 120-180 min 
 

Note: The lipophilicity is expressed by the logD value at pH 7.4. The maximum permeability of CNS drugs is often 
seen if logD7.4 = 0-4. Putam, putamen; Thal, thalamus.  
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1.8 PET imaging of the dopaminergic system 

Molecular imaging with PET and SPECT of the dopaminergic system has been used to 

examine dopamine neurotransmission and its relationship to reward behaviour (129), 

drug reinforcement and addiction (7,130), schizophrenia (131,132), movement (133,134), 

depression (135) and cognition (136) in human subjects. Several SPECT and PET 

radiotracers are available to study the presynaptic (dopamine synthesis, transport and 

storage), postsynaptic (receptor) side and intrasynaptic components of the dopamine 

system (Figure I-8) (137-140). 

 

 

Figure I-8 Schematic illustrating a dopaminergic synapse and related radiotracers 

 

The most widely used analogue for investigating dopamine synthesis is [
18

F]FDOPA (141). 

Presynaptic markers of dopamine neurons include also radioligands of the dopamine 

transporter (DAT), such as [
123

I]FP-CIT, [
18

F]FECT, [
11

C]PE2I, [
99m

Tc]TRODAT (138), and of 

the vesicular monoamine transporters (VMAT), such as [
18

F]AV-133 (142). Postsynaptic 

components of the dopamine system are assessed with D1 and D2 receptor family 

radioligands. Whereas the assessment of D1-like receptors has not gained clinical 

significance, many human investigations have focused on the status of the postsynaptic 

dopamine D2/3 (hereafter referred to as D2) receptor. The first radiotracer for imaging 

human dopamine receptors with PET were the 3-N-[
11

C]methylspiperone ([
11

C]NMSP) 

(143) (specific for D2-like dopamine receptors), and [
11

C]SCH23990 (specific for D1-like 

dopamine receptors) (144).  
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The most widely applied radiotracers for imaging D2 receptors with SPECT are 
123

I-labelled 

IBZM and epidepride (140). For PET, [
11

C]raclopride (145), [
11

C]FLB-457 (146), 

[
18

F]desmethoxyfallypride ([
18

F]DMFP) (147) and [
18

F]fallypride (148) have been the most 

commonly used for imaging D2 receptors. 

PET neuroreceptor imaging can be used not only to measure receptor availability but also 

to detect acute fluctuations in the concentration of endogenous transmitters in the 

vicinity of the receptors. In this context, several radioligands have been developed that 

are able to compete with endogenous neurotransmitters for binding at receptors and 

transporters (149). For example, competition for receptor binding between some D2 

radioligands and endogenous dopamine can be assessed using [
11

C]raclopride, following 

experimental stimulation of dopamine release, such as acute administration of 

amphetamine (150-153) or mental task for reward (such as a video game) (154) (Figure 

I-9). 

 

 

Figure I-9 Competition between radioligand binding to dopamine (DA) D2 receptors and endogenous 
DA can be used to measure DA concentration in vivo. Upper part: presynaptic DA release is depicted on 
the left side (with DA transporters for reuptake). High endogenous DA release blocks a considerable 
amount of postsynaptic D2 receptors (on the right side), which then cannot bind a D2 radioligand, 
resulting in low radioligand binding. Lower part: Reduced DA release (e.g. due to blockade of DA 
synthesis) decreases DA concentration resulting in less binding of endogenous dopamine to D2 
receptors, which can now be marked by D2 radioligands. Alterations in radioligand binding can be 
quantified and reflect changes in endogenous DA concentration. (source: Adinoff and Stein. NeuroPET – 
Neuroimaging in Addiction, Wiley-Blackwell, 2011).   

 

Using these endogenous competition SPECT and PET techniques, several studies have 

reported abnormal dopamine transmission in dopamine-related disorders such as 

LOW
endogenous DA

D2 receptor 
radioligand 

HIGH
endogenous DA

Blockade of radioligand binding by 
endogenous dopamine

D2 receptor 
radioligand 
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schizophrenia (150,155) and addiction (156-158). An important limitation of [
123

I]IBZM and 

[
11

C]raclopride studies is the fact that dopamine release measurements are limited to the 

striatum because of the low affinity of these tracers hence a low signal to noise ratio in 

the extrastriatal areas. 

With the development of high-affinity radioligands for the D2 receptor such as [
11

C]FLB-

457, [
18

F]DMFP and [
18

F]fallypride, it has become possible to noninvasively quantify 

extrastriatal D2 receptor densities during pharmacological (159) and non-pharmacological 

paradigms (160-162). The frontal and temporal cortex, thalamus, and medial temporal 

cortex are areas with D2 receptor densities that are one or two orders of magnitude lower 

than in the striatum (163). 

The quantification of extrastriatal, especially neocortical, D2 receptors remains the 

domain of the high-affinity benzamide ligands [
11

C]FLB-457 or [
18

F]fallypride, the latter 

being an [
18

F]DMFP analog with an affinity for D2-like DA receptors in the picomolar 

range. However, the short time of a PET measurement using [
11

C]FLB-457 (~60 minutes) 

seemed not to be sufficient for reliable determination of the high binding potential in the 

striatum (164). On the other hand, the high-affinity radioligand [
18

F]fallypride is frequently 

used for quantification of both striatal and extrastriatal D2 receptors. Its 110 minutes half-

life allows long scan durations. These are the main reasons why [
18

F]fallypride has been 

employed in this thesis. 
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1.9 Objectives and overview of the thesis 

In view of the above described modulatory role of the endocannabinoid system (ECS) 

towards dopamine neurotransmission, and its likely role in dopamine-related disorders, 

such as addictive disorders (66) and psychotic disorders (100), we have used positron 

emission tomography (PET) to study in vivo cerebral CB1R availability and its relation to 

dopamine release with [
18

F]MK-9470 and [
18

F]fallypride respectively in these pathologies. 

To date, the relevant role of the CB1R in the pharmacological actions in alcohol drinking 

behaviour and addiction is mainly supported by animal and pharmacological experiments 

(165). Because of known interspecies differences and given conflicting data, the first aim 

of this work was to in vivo investigate changes in CB1R availability after acute and chronic 

alcohol abuse and monitored abstinence (Chapter II). To further be able to interpret these 

findings, we evaluated transient changes in the levels of CB1R binding in relation to 

anandamide (AEA) concentration in rats subjected to acute and forced chronic ethanol 

exposure and then abstinence, using a combined microPET and microdialysis study 

(Chapter III). As most pharmacological and behavioural effects of cannabis abuse are 

mediated via the CB1R, second aim was to measure in vivo CB1R availability in chronic 

cannabis users (Chapter IV). We also investigated to what degree regional CB1R 

availability is associated with personality dimensions in alcohol and cannabis users. 

Secondly, several lines of evidence point to a dysregulation of the ECS and its main 

effector, the CB1R, in schizophrenia. The majority of the studies investigating CB1R in 

schizophrenia examined CB1R changes using radioligand binding and quantitative 

autoradiography in animal and post-mortem tissue. Therefore, we also investigated in vivo 

CB1R availability in brains of a large cohort of patients with schizophrenia, with and 

without different antipsychotic treatments, in comparison to healthy controls and in 

relation to severity of psychotic symptoms (Chapter V). 

Despite alterations in CB1R expression have been associated with dopamine-related 

neuropsychiatric disorders like addiction and schizophrenia, a direct relation between 

CB1R availability and dopaminergic transmission is still unclear, and no in vivo human 

studies have been performed yet to elucidate this.  

As a stepping stone, we developed a voxel-based kinetic model (the linearized simplified 

reference region model, LSSRM) to detect and measure in vivo striatal and extrastriatal 

dopamine release using a single [
18

F]fallypride imaging protocol. We analyzed the kinetic 

characteristics of [
18

F]fallypride with variable dopamine stimulus intensity and task timing 

through simulation studies, starting from the experimental observed parameters during a 

monetary reward task (Chapter VI). Next, the LSSRM model was applied to a non-
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pharmacological activation paradigm (psychological stress task) in healthy volunteers 

(Chapter VII).  

In Chapter VIII, using the optimized activation protocol, we aimed to measure striatal 

dopamine release induced by inhalation of Δ
9
-THC as a function of psychosis risk. Using 

[
18

F]fallypride PET and the LSSRM method we analyzed Δ
9
-THC-induced dopamine release 

in healthy cannabis users (average risk psychotic disorder), patients with psychotic 

disorder (high risk psychotic disorder) and first-degree relatives (intermediate risk 

psychotic disorder). 

The last part of the thesis addresses the hypothesis that CB1R is an in vivo functional 

modulator of dopamine release capacity in healthy subjects (normodopaminergic state). 

This was tested using single-blinded amphetamine administration paradigm (Chapter IX). 

Moreover, in cannabis users developing psychosis (considered as a hyperdopaminergic 

state) this was tested after Δ
9
-THC administration (Chapter X). 

The general discussion of this dissertation and its general conclusion and prospects for 

future research are presented in Chapter XI. 
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II. Chapter II 

Changes in Cerebral CB1 Receptor Availability 
after Acute and Chronic Alcohol Abuse and 
Monitored Abstinence 

 

Jenny Ceccarini, Titia Hompes, Anne Verhaeghen, Hendrik Peuskens, Guy Bormans, 

Stephan Claes, Koen Van Laere 

 

Submitted 

 

ABSTRACT 

Objective: Central involvement of the cerebral type 1 cannabinoid receptor (CB1R) in the 

effects of alcohol (ALC) on the brain is supported by animal experiments, but whether in 

vivo CB1R levels are altered in alcoholic patients after chronic abuse and after an episode 

of binge drinking is unknown. 

 

Method: To assess the short-time effects of a binge drinking episode on CB1R availability, 

twenty healthy social drinkers underwent positron emission tomography (PET) with the 

CB1R radiotracer [
18

F]MK-9470 at baseline (BL) and after controlled IV ethanol 

administration (ALC ACU). Twenty-six male alcoholic patients underwent sequential CB1R 

PET after chronic alcohol abuse (ALC CHR) and after one month of confirmed abstinence 

(ALC ABST). Seventeen healthy subjects served as controls (CON). 

 

Results: ALC ACU resulted in a global increase of CB1R availability compared to BL 

(+15.8%). In contrast, a global decreased CB1R availability was found in ALC CHR patients 

(-16.1%) compared to CON, which remained unaltered after abstinence (-17.0%). Voxel-

based analysis showed that ALC CHR patients had reduced CB1R availability especially in 

the cerebellum and parieto-occipital cortex. After abstinence, reduced CB1R availability 

extended also to other areas such as the ventral striatum and the mesotemporal lobe. 
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Conclusions: Whereas the in vivo acute effect of alcohol is an increase in CB1R availability, 

chronic alcohol abuse leads to reduced CB1R availability that is not reversible after a 

period of at least one month of abstinence. Whether this is a chronic compensatory effect 

of repeated endocannabinoid overstimulation, or a trait in alcohol abusers is currently 

unknown. 
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INTRODUCTION 

Alcoholism is among the most common complex psychiatric disorders affecting society, 

and represents a leading cause of morbidity, mortality and socio-economic problems 

(166). Treatment is complex and multidisciplinary, and although a number of 

pharmacotherapeutic interventions have been suggested for alcohol dependence, these 

remain unsatisfactory. This underlines the need to further understand the pathogenesis of 

alcohol dependence and effects of ethanol on the brain, in order to improve outcome. The 

effect of chronic alcohol consumption on the CNS has been related to its action on several 

monoamine neuroreceptor systems, via initial action on GABA and glutamate receptors, 

causing neuroadaptive changes (19). However, the exact signaling pathways and 

mechanisms underlying the development of alcohol dependence and the propensity to 

relapse are still unclear. 

Recently, the endocannabinoid system (ECS) has been recognized as an important target 

in the common neural networks underlying addictive disorders (75). The type 1 

cannabinoid receptor (CB1R) is the most abundant G-protein coupled receptors in the 

CNS. Its presynaptic activation by (endo)cannabinoids results in mainly inhibition of GABA-

ergic and glutamatergic neurotransmission (55). Deficiencies or adaptations of the 

endocannabinoid signaling pathways in the brain may play an important role in the 

vulnerability to or development of alcohol dependence. 

To date, involvement of the CB1R in the neural circuitry mediating the positive reinforcing 

properties of alcohol is mainly supported by animal experiments. In rats acute 

administration of CB1R agonists (CP55,940 and WIN 55,212-2) induces a significant, dose-

dependent increase in alcohol intake (76), while the CB1R inverse agonist SR-141716A 

results in a reduction of voluntary alcohol intake, preference and craving, suggesting a 

decrease in the motivation to consume alcohol (77). Similarly, CB1R knockout mice show a 

reduced preference for and intake of alcohol (78,79). Preclinical studies have 

demonstrated that chronic ethanol exposure consistently shows reduced CB1R mRNA 

expression (84,167), CB1R density and functionality (81,168,169) although conflicting 

results have been found. No alterations in CB1R binding or limited region-dependent CB1R 

alterations were detected in rodents treated chronically with ethanol (170,171). One pilot 

PET study recently found elevated CB1R binding in 8 alcoholic patients after 4 weeks of 

abstinence (172), whereas a profound cortical an subcortical loss of CB1R availability was 

found in alcoholic patients, that was irreversible after several weeks of imposed alcohol 

abstinence (126). 
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Because of known interspecies differences and given the above conflicting data, we used 

CB1R PET to investigate 1/ the acute, short-term effect of ethanol in a cohort of young 

male healthy social drinkers using an activation paradigm comparing IV administration to 

baseline; and 2/ CB1R binding in a prospectively recruited cohort of male patients with 

alcohol dependence at admission for a binge drinking period and after a subsequent 

voluntary period of monitored rehabilitation, and compared this to age-matched controls. 

 

MATERIALS AND METHODS 

Subjects 

For the acute ethanol administration study, twenty male healthy volunteers were included 

(age 21-49 years). Participants were excluded if they met one of the following criteria: 

history of neurological dysfunction, other major psychiatric disorder, current use of 

psychoactive medication or drug abuse. Volunteers were recruited in response to 

advertisements in the departmental homepage. Before entering the study, subjects were 

screened by a trained psychiatrist using the Structured Clinical Interview for DSM-IV Axis I 

psychiatric disorders (SCID) (173). 

Volunteers were excluded if they consumed more than ten alcoholic drinks per week. 

Patients were recruited during hospitalization for an acute binge drinking episode in an 

inpatient university center for psychiatric disorders. They all met criteria for alcohol 

dependence according to the Diagnostic and Statistical Manual of Mental Disorders, 

fourth version (DSM-IV) criteria (1). The SCID questionnaire was taken within a week 

previous to the PET scan. During the psychiatric interview a medical and psychiatric history 

was taken, including detailed alcohol and drug history (including frequency, average 

number of alcoholic drinks and drug amounts per day, type of alcoholic beverages and 

drugs usually consumed, and time period of use). According to the indices calculated from 

the Lifetime Drinking History questionnaire (174), heavy drinking was defined as more 

than 6 drinks per day, where a standard alcoholic drink contains about 10 g ethanol. 

After the first PET-scan, the patients stayed at a specialized withdrawal center to abstain 

from alcohol consumption in a supervised treatment program. Alcohol and drug 

abstention was verified by multiple daily alcohol breath screening and urine drug tests. On 

the day of PET scanning, all subjects underwent blood and urine testing including general 

screening and toxicology for benzodiazepines, neuroleptics, opiates, cocaine and 

metabolites, amphetamines and cannabinoids. 
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For the alcoholic patients study, 26 male alcoholic patients (ALC) after a chronic (CHR) 

alcoholism period (ALC CHR) (duration = 19.1 ± 12.1 years) were recruited. Nineteen of the 

ALC patients abstained from alcohol for an average of 35 days (SD = 5) (abstinence (ABST) 

condition, ALC ABST). A control group consisting of 17 healthy non-alcoholic age-matched 

male subjects was included (CON). Twelve of the control subjects were also included in 

the acute alcohol study and their baseline data were used for this second study. 

Demographic and drinking characteristics are given in Table II-1. 

The study was approved by the local ethics committee and performed according to the 

World Medical Association Declaration of Helsinki. After complete description of the study 

to the subjects, written informed consent was obtained. 

 

Alcohol Administration Paradigm and Alcohol Effects 

For the acute administration study, alcohol was intravenously administered as a 10% w/v 

solution in 5% w/v glucose through an indwelling catheter in a forearm vein for 120 

minutes. The alcohol infusion speed was based on an alcohol breath clamping paradigm 

allowing volunteers to achieve a target level of breath alcohol concentration (BrAC) of 0.7 

g/L and maintain this for an extended period of time (175). To adapt infusion speed, we 

used an electronic BrAC measuring instrument (Dräger Breathalyzer Alcotest 7410
Plus

, 

Germany) at regular time points (see Supplementary Methods). 

The alcohol administration was initiated simultaneously on radiotracer injection. 

Volunteers were required to comment on the momentary subjective effects of alcohol 

using the Visual Analogue Scale (VAS) self-report questionnaire (176) before starting, 

during and at the end of the alcohol administration (see Supplementary Methods). 

 

PET Data Acquisition 

The radioligand [
18

F]MK-9470 is an inverse agonist with a high affinity and specificity for 

CB1R (52). [
18

F]MK-9470 was synthesized as described previously (52) and further details 

are provided in the Supplementary Methods. Briefly, [
18

F]MK-9470 has nanomolar affinity 

at the human CB1R (IC50 0.7 nM), and several tenfold selectivity over the human CB2R 

(selectivity CB1R/CB2R = ~ 50). It has a moderate lipophilicity (logD7.4 = 4.7) and good brain 

uptake (about 5% of injected activity) (52).  
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Table II-1 Demographic and Clinical Characteristics of Healthy Volunteersa and Alcoholic Patientsb 

Variable 

ALC ACU 
Healthy 

Volunteers 
(N = 20) 

 Alcoholic 
Patients 

(CHR) 
(N = 26) 

 ALC CHR-ABST 
Alcoholic 

Patients (ABST) 
(N = 19) 

 Healthy 
Controls 

 
(N = 17c) 

 Mean 
(SD) 

Range 
 Mean 

(SD) 
Range 

 Mean 
(SD) 

Range 
 Mean 

(SD) 
Range 

Age (years) 
31.6 

(10.3) 
21-49  

49.5 
(7.6) 

34-62  
49.4 
(7.5) 

34-62  
41.6 

(15.5) 
22-66 

Weight (kg) 80.6 
(7.4) 

69-97  78.1 
(14.0) 

57-115  81.5 
(14.2) 

57-115  84.1 
(9.4) 

72-108 

Number 
alcoholic drinks 
/day 
 

Beverage Type 
(%): 
 Beer 

 

 Wine 
 

 Liquor 

 

0.7 
(0.4) 

 

0-1.3  19.1 
(6.8) 

 
 
 

57.8 
(42.0) 
31.9 

(37.2) 
22.8 

(38.9) 

8-35 

 
 

0-100 
 

0-100 
 

0-100 

 19.1 
(6.5) 

 
 
 

52.9 
(43.3) 
32.6 

(37.5) 
32.2 

(43.1) 

9-35 

 
 
 

0-100 
 
0-100 

 
0-100 

 0.6 
(0.5) 

0-1.4 

Age at First 
Heavy Drinking 
(years) 

-  

 
30.5 

(13.4) 
15-58  

28.9 
(13.6) 

15-58  -  

Estimated 
Heavy Drinking 
duration (years) 

-  

 
19.1 

(12.1) 
0.1-44 

 
20.3 

(13.0) 
0.6-44 

 

-  

Days of ALC 
Abstinence 
before PET 

 
- 

 
 

 
5.7 

(1.8) 
1-9 

 
34.6 
(4.9) 

25-47 

 

-  

Injected[18F]MK-
9470 (MBq) 

152 
(35.5) 

86-246  154.2 
(55.0)d 

78-379  134.4 
(33.4)e 

82-182  213.2 
(89.5) 

90-342 

 

Abbreviations: ALC ACU, alcohol acute condition; ALC CHR, chronic alcohol condition; ALC ABST, alcohol 
abstinence condition; a Group of healthy volunteers who received acute alcohol challenge. b All alcoholic 
patients met criteria for alcohol disorder. c Data from 12 healthy volunteers who had undergone the 
baseline condition of the ALC ACU study were also included in this control group. d Significant group 
difference between alcoholic patients (CHR) and controls (p = 0.01). e Significant group difference 
between alcoholic patients (ABST) and controls (p = 0.001). 
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For the acute administration study, each volunteer obtained two CB1R PET scans 

on separate days: during a baseline (BL) condition, and during an acute alcohol 

administration (ALC ACU) paradigm 10 ± 5 days later. Due to the nature of the 

study, the design was not blinded, but conditions were randomized. 

For the second substudy, patients were scanned at two time points: 1) within the 

first week (6 ± 2 days) following CHR alcohol consumption with binge drinking 

exacerbation (ALC CHR), and 2) after a month (35 ± 5 days) of alcohol ABST (ALC 

ABST). 

All subjects fasted for at least four hours prior to the PET session. Before each 

[
18

F]MK-9470 administration, subjects were placed with the head placed in a 

vacuum cushion and the body fixed to minimize head movement. PET data were 

acquired on an ECAT EXACT HR+ (Siemens, Germany) camera in three-dimensional 

mode. For each CB1R PET, patients and volunteers received on average 147.3 ± 

37.6 MBq and 151.8 ± 37.5 MBq, respectively, of [
18

F]MK-9470 in slow bolus 

intravenous injection. 

A dynamic PET scan was started 90-min post-injection with 30-min scanning session 

(6 frames of 300 sec). PET images were reconstructed with a standard three-

dimensional filtered backprojection algorithm including scatter and attenuation 

correction (
68

Ge source). Reconstructed images were post-smoothed with a 

Gaussian filter with FWHM (full-width-at-half-maximum) of 4.8 mm. 

Additionally, all subjects underwent magnetic resonance imaging (MRI), both T1-

weighted Magnetization Prepared Rapid Acquisition Gradient Echo (3D-MPRAGE) 

and T2-weighted, to exclude structural brain abnormalities and to anatomically 

coregister with the PET images. MRI was acquired on a 1.5 Tesla Vision Scanner 

(Siemens, Germany). 

 

Image Processing 

The index of CB1R binding was quantified on the basis of previously validated 

quantification method using mSUV (modified standardized uptake value) (128). To 

evaluate whether this method was also applicable in this patient group, as shown 

in neurodegenerative and eating disorders (177-179), the fractional uptake ratio 

(FUR), which is an index strongly proportional to total distribution volume VT of 

[
18

F]MK-9470 (128), was calculated and compared to mSUV values. The parametric 

FUR images were calculated as described in the Supplementary Methods (see 
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paragraph “PET data quantification: validation mSUV”). For the subjects with blood 

sampling, the parametric FUR images were calculated as the ratio of total 

radioactivity concentration in tissue at the end of the scan and the integral of 

metabolite corrected plasma radioactivity from the time of injection to the end of 

the scan. [
18

F]MK-9470 plasma concentration and blood metabolite measurements 

were performed first for a subset (n = 5) of subjects both in the first study at BL and 

ALC ACU conditions, as well as for patients and controls in the second study (see 

Supplementary Text). We found a strong linear relationship between mSUV and 

FUR values (R
2 

= 0.99) for all subgroups, indicating that no tracer peripheral 

clearance and/or metabolization was not different thus allowing the use of the 

mSUV measure (see Supplementary Material and Methods and Supplementary 

Figure II-1). 

Parametric maps of CB1R availability were generated in PMOD v. 2.95 (PMOD 

Technologies, Zurich, Switzerland). For each subject, all PET frames were realigned 

in SPM2 (Statistical Parametric Mapping, Wellcome Department of Imaging 

Neuroscience, London, UK). [
18

F]MK-9470 mSUV and FUR images were then 

coregistered to the subject´s MRI and spatially normalized to a specific CB1R 

template (180) constructed in Montreal Neurological Institute (MNI) space (2 Χ 2 Χ 

2 mm). Before further statistical analyses, normalized PET images were masked 

within the brain 80% isocontour of the CB1R template and smoothed with a full-

width-at-half maximum of 10 mm. We performed also voxel-based morphometry 

(VBM) analysis to assess morphological changes in both grey and white matter 

differences between the ALC and CON groups. Normalized MRIs were segmented 

into grey and white matter maps and a voxelwise comparison of the local grey 

matter and white matter concentration was performed. 

 

PET Data Analyses 

A voxel-based statistical parametric analysis (SPM2 - Wellcome Trust Department 

of Cognitive Neuroscience, London, UK) was conducted. For assessment of absolute 

CB1R availability differences, no proportional scaling was used and a relative grey 

matter analysis threshold of 80% was used to exclude extracerebral activity. To 

prevent false-positive findings, data were explored at a voxel-level pFWE < 0.05 

corrected for multiple comparisons, with a cluster-level pcluster < 0.05 and extent 

threshold Kext > 200 voxels (unless indicated otherwise).  



CHAPTER II: CB1R IN ALCOHOLIC PATIENTS | 37 

 

 

 

 

Voxelwise correlation analysis was performed between CB1R availability and 

drinking parameters for the patients, and subjective response changes for the 

acute administration study (Supplementary Methods). 

Next to the voxel-based analysis, also a predefined volume-of-interest (VOI) 

analysis was performed using an in-house previously created set of VOIs (181). 

Average mSUV values within the VOIs were determined and compared using 

ANOVA and paired t tests, for ALC conditions in patients and social drinkers 

respectively, followed by Bonferroni test (Statistica v. 9.0, Statsoft Inc., USA).  

We performed no partial volume correction, since a voxel-based morphometry 

analysis on all datasets did not detect significant changes in grey and white matter 

concentration between patient and control groups. 

 

RESULTS 

CB1R Availability after Acute Alcohol Administration 

All volunteers completed the study without adverse events. Alcohol clamping 

succeeded for all subjects. On average, a total amount of alcohol of 75.4 g (SD = 

7.2) was given. The average BrAC profile over time and VAS results are described in 

the Supplementary Material. 

Acute alcohol administration resulted in a significant increase in absolute CB1R 

availability compared with BL, throughout all grey matter regions (pheight < 0.001). 

The most significant clusters (pFWE < 0.05) of increased CB1R availability were 

located in the inferior temporal gyrus and the inferior parietal lobule (Figure II-1.C., 

Table II-2.A.). On a grey matter global VOI-basis, the level of increase was on 

average +15.8% (range: 14.1-18.9%; p = 0.014) (Figure II-1.A. and Figure II-1.B.). 

The difference in global mSUV between BL and ALC scans was inversely correlated 

to the routine alcohol-consumption (r = -0.56, p = 0.01), indicating a lower effect in 

subjects with more previous drinking (Supplementary Results and Supplementary 

Figure II-3). Also, the mSUV difference was correlated with “dizziness” in the 

parietal lobe, secondary somatosensory cortex (BA5) and precuneus (BA7), and 

with “floating sensation” in the superior frontal gyrus (BA6, BA8) and 

somatosensory cortex (BA123, BA5) (r ≥ 0.46, p ≤ 0.04) (Supplementary Results). 

 



CHAPTER II: CB1R IN ALCOHOLIC PATIENTS | 38 

 

 

 

 

 
Figure II-1. CB1R Increases in healthy volunteers after acute alcohol administration. 
a Scatter plot of the mean global grey matter mSUV (modified standardized uptake value) in healthy 
volunteers for the baseline condition and after the acute alcohol (Acute ALC) administration. Full circles 
and full lines represent the mean mSUV in each condition. 
b Bar chart of mean regional differences in CB1R availability between baseline and Acute ALC (significant 
differences versus controls are indicated with * p < 0.05, Bonferroni post-hoc correction). Error bars 
represent one SD. 
c Statistical parametric maps (SPM) results showing increases in CB1R availability after Acute ALC in 
social drinkers compared to the baseline condition overlaid on a single-subject rendered representation. 
Clusters are shown at the level of pFWE < 0.05 (corrected) with a cluster extent threshold of 200 voxels (L 
= left, R = right). From top to bottom: anterior – posterior; right – left; inferior – superior (left). Clusters 
of interest are overlaid on a T1 MRI template. Images are in radiological orientation (right). 
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Table II-2 Voxel-based Analysis of CB1R Changes in Healthy Subjects after Acute Alcohol Administrationa 
and in Alcoholic Patients after Chronic Alcohol Abuse and Abstinenceb 

Cluster level 
 

Voxel level 
 Peak voxel MNI 

coordinates 
 Intens 

 Differ  
(%) 

Cluster location 
pcor KEXT  PFWE T  x y z  

1. ALC ACU > Baseline 

0.004 901  0.001 7.3  50 -52 2  +12.1 Inferior temporal gyrus 
(fusiform gyrus), BA37 

   0.002 6.5  48 -46 6  +6.6 Middle temporal gyrus, BA21 

   0.004 6.2  52 -44 -12  +10.4 Inferior temporal gyrus, BA20 

   0.005 6.0  50 -40 32  +12.9 Inferior parietal lobule 
(supramarginal gyrus), BA40 

   0.007 5.8  50 -46 20  +11.6 Transverse temporal gyrus, 
BA41 

   0.019 5.3  70 -44 2  +13.3 Middle temporal gyrus, BA21 

   0.030 5.0  48 -26 -22  +13.9 Inferior temporal gyrus, BA20  

0.016 272  0.002 6.5  40 -62 26  +9.1 Inferior parietal lobule (angular 
gyrus), BA39 

2. CHR Patients < Healthy Controls 

.033 4282  0.010 4.4  50 -52 -34  -25.9 Cerebellum crus I 

   0.015 4.2  52 -56 -32  -25.1 Cerebellum crus I 

.047 2795  0.020 4.1  44 -50 -44  -24.1 Cerebellum crus II 

   0.032 3.9  4 -80 -20  -23.2 Lateral occipital gyrus, BA18 

   0.045 3.8  42 -44 56  -25.9 Inferior parietal lobule, BA40 

   0.048 3.5  38 -42 58  -25.3 Somatosensory cortex, BA2 

   0.050 3.8  -12 -82 38  -24.0 Lateral occipital gyrus, BA19 

   < 0.001 3.7  28 -66 56  -22.4 Superior parietal lobule, BA7 

   < 0.001 3.6  -36 -52 54  -24.3 Inferior parietal lobule, BA40 

3. ABST Patients < Healthy Controls 

<.001 2295
8 

 0.012 4.7  -10 10 10  -21.6 Caudate nucleus 

   0.014 4.6  48 -64 -30  -23.4 Cerebellum crus I 

   0.015 4.6  -2 -82 36  -24.0 Lateral occipital gyrus, BA19 

   0.021 4.4  -8 10 6  -21.7 Caudate nucleus 

   0.022 4.4  -12 2 12  -20.3 Caudate nucleus 

   0.025 4.4  10 12 2  -22.6 Nucleus accumbens 

   0.034 4.2  18 -36 -4  -20.6 Parahippocampal gyrus 

   0.035 4.2  32 20 -26  -17.8 Superior temporal gyrus, BA38 

   0.036 4.2  6 12 -2  -21.5 Nucleus accumbens 

   0.038 4.2  30 2 -24  -18.5 Amygdala extending to 
parahippocampal gyrus 

   0.038 4.2  14 8 8  -20.4 Caudate nucleus 

   0.039 4.2  2 16 -4  -20.4 Subgenual anterior cingulate 
cortex, BA25 
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   0.042 4.1  50 -4 26  -19.3 Precentral gyrus, BA4 

   0.044 4.1  8 16 -2  -21.3 Nucleus accumbens 

   0.045 4.1  38 -22 -16  -19.2 Hippocampus extending to 
parahippocampal gyrus 

   0.045 4.1  40 -48 58  -23.7 Inferior parietal lobule, BA40 

   0.047 4.1  50 -26 26  -18.8 Insula 

   0.047 4.1  -46 -16 -18  -19.0 Inferior temporal gyrus, BA20 

   0.048 4.1  -2 14 -2  -20.6 Caudate nucleus 
 

Abbreviations: CHR = alcoholics, chronic condition; ABST = alcoholics, abstinence condition; ALC ACU = 
acute alcohol condition; MNI = Montreal Neurological Institute; pcor = corrected p value; kEXT = cluster 
size extent (number of voxels); pcor = corrected p value; pheight = significant p threshold; FWE = family-wise 
error (= peak height corrected for multiple voxel comparisons); T = peak voxel t statistic; BA = Brodmann 
area; Intens = intensity, Diff = difference. 
a Significant clusters obtained at a voxel-level pheight < 0.001 corrected with a cluster-level pcluster < 0.05 
corrected and a cluster threshold of 200 voxels. 
b Significant clusters obtained at a voxel-level pheight < 0.001 uncorrected with a cluster-level pcluster < 0.05 
corrected and a cluster threshold of 200 voxels. 
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CB1R Availability after Chronic Alcohol Abuse and Abstinence in Patients 

A widespread decrease in CB1R availability was found in both ALC CHR and ALC 

ABST compared with CON (Figure II-2). SPM analysis found a relatively 

homogeneous grey matter reduction of CB1R availability for both the CHR alcohol 

exposure and the ABST period compared to controls. 

The most significant decreases at the CHR phase were found in the cerebellum and 

in the parieto-occipital cortex (Figure II-2.C., Table II-2.B.). In the ALC ABST 

condition the same clusters were observed, with extension to the bilateral caudate 

nucleus, nucleus accumbens, lateral and mesotemporal cortex precentral frontal 

cortex (Figure II-2.C., Table II-2.C.). 

The secondary VOI analysis showed that, the average grey matter mSUV of ALC 

CHR was 16.1% lower compared to CON (p = 0.003) and for the ALC ABST with 

17.0% compared to CON (p = 0.003). 

On both SPM and VOI analysis, patients did not show any significant CB1R changes 

after the period of ABST compared to CHR (Figure II-2). Figure II-2.B. shows that the 

regional variations of CB1R decrease across cortical and subcortical regions are 

limited as the changes are relatively uniform across cortical and subcortical regions 

(ALC CHR: range -12.9-17.5%; ALC ABST: range -14.8-20.1%). There were no 

statistically significant differences in decrease between regions (p > 0.3). 

There were no significant correlations between drinking history variables (number 

of alcoholic drinks per day, heavy drinking duration from the beginning alcohol 

abuse, period between the first heavy drinking, the worst alcoholic period and age 

of the day of scanning) and CB1R availability. 
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Figure II-2 CB1R decreases in alcoholic patients after chronic alcohol abuse and abstinence.  
a Scatter plot of the mean global grey matter mSUV (modified standardized uptake value) for controls, 
alcoholic patients after the chronic exposure to alcohol (Chronic ALC) and during the alcohol abstinence 
condition (Abstinence ALC). Full circles and full lines represent the mean mSUV in each condition. 
b Bar chart of mean regional differences in CB1R availability between chronic ALC, abstinence ALC and 
controls (significant differences versus controls are indicated with *p < 0.05, Bonferroni post-hoc 
correction; NS = not significant). Error bars on the average regional mSUV values represent one SD. 
c Statistical Parametric Mapping (SPM) results showing decreases in CB1R availability in Chronic ALC 
(left) and in Abstinence ALC (right) conditions compared to controls. The images at the lower row are a 
coronal and sagittal view of the results of group comparisons corresponding to the highest significant 
cluster centered in the striatum. SPM T-maps are overlaid on a T1 MRI template at pheight < 0.001 
(uncorrected) with a cluster-level pcluster < 0.05 corrected and extent and a cluster threshold of 200 voxels 
(L = left, R = right). 
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DISCUSSION 

To our knowledge, this PET study provides the first in vivo evidence that whereas 

acute exposure to alcohol is related to a (presumably) transient increase in CB1R 

availability, chronic long-term alcohol exposure leads to significantly decreased 

CB1R availability, that is not reversible on the short term as observed after about 

one month of abstinence. 

In healthy volunteers, considered as social drinkers, acute alcohol administration 

resulted in a rapid increase of CB1R availability, which was modulated by routine 

alcohol consumption and related to subjective alcohol effects. The increase of CB1R 

availability occurring after the acute alcohol exposure can be linked to different 

biochemical mechanisms by which alcohol acts on the brain. Acute alcohol 

administration will disrupt the balance between inhibitory and excitatory 

neurotransmitter by activating inhibitory GABA-A receptors and inhibiting 

excitatory glutamate receptors, hence affecting many neurochemical and 

endocrine systems. The synthesis of endocannabinoids has been shown to be 

enhanced by acute ethanol administration, possibly through calcium-mediated 

pathways (82,182). Basavarajappa et al. found that a 30 min application of ethanol 

increased endocannabinoid levels in hippocampal cultures, and that this increased 

endocannabinoid tonus resulted in reduced glutamate release (182). However, 

acute ethanol had no effect on CB1R levels in the hippocampal neurons. A 

microdialysis study showed that 30 min self-administration of ethanol increased 

endocannabinoid 2-arachidonoylglycerol (2-AG) levels without a concomitant 

change of the level of the endocannabinoid anandamide (AEA) (82). In contrast, 

administration of a high dose of ethanol decreased AEA in the cerebellum, 

hippocampus and ventral striatum (183), suggesting sensitivity of the ECS to blood 

ethanol concentration. On the receptor level, Romero et al. (184) demonstrated 

that an acute AEA administration resulted in a significant increased CB1R density in 

the hippocampus, providing evidence that moderate activation of CB1R activity can 

result in receptor upregulation. 

Therefore, our findings are in line with increased endocannabinoids content that 

could drive an increased CB1R expression and a rapid upregulation. However, from 

the current experiment, it remains unclear whether changes in receptor binding are 

due to altered receptor density, changes in receptor affinity or in receptor 

trafficking, as they cannot be distinguished with PET. Nevertheless, the increased 

CB1R availability cannot be due to a possible competition effect of endogenous 

cannabinoids with the [
18

F]MK-9470 radioligand. Comparing the affinity of the 
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endocannabinoids (26-209 nM for AEA and even above 10 μM for 2-AG) to the 

nanomolar affinity of [
18

F]MK-9470 (0.7 nM) for the human CB1R, it is rather 

unlikely that endocannabinoids compete with the radioligand [
18

F]MK-9470 for 

binding to the CB1R. To look at the status of a receptor without any influence from 

the endogenous ligand, high affinity radioligands are necessary, as is the case with 

[
18

F]MK-9470. Also, as demonstrated previously for [
11

C]MePPEP (124), current 

high affinity CB1R radioligands are not displaceable in vivo by endogenous agonist 

or synthetic agonists.   

Alternatively, alcohol consumption may have a direct effect on CB1R availability via 

a mechanism not related to altered release of endocannabinoids (185). To further 

investigate the possible mechanism, we are investigating alterations in CB1R 

availability and AEA levels in a rat model of acute and chronic ethanol 

administration using [
18

F]MK-9470 microPET and microdialysis. 

The negative correlation between alcohol-induced increase in CB1R availability and 

the average number of drinks per week (i.e. the more subjects drank, the smaller 

the change in CB1R binding) could indicate that the acute increase in CB1R 

availability is blunted in more regular consuming subjects. This might be a 

sensitization phenomenon where the “response capacity” of the CB1R to alcohol 

insult is reduced. Alternatively, this may be related to the interaction between the 

ECS and the mesocorticolimbic dopaminergic pathway. The involvement of the 

CB1R in the reward pathway arises from microdialysis studies, confirming that 

dopamine release induced by some drugs of abuse including alcohol is CB1R 

dependent (78). 

In the days following chronic and binge drinking alcohol exposure, we found a 

global decreased CB1R availability in grey matter regions of a large group of 

alcohol-dependent patients compared to controls, and this reduction remained 

unaltered after at least one month of alcohol abstinence. 

These findings are consistent with clinical (126) and preclinical studies where a 

decreased CB1R density and CB1R-gene expression was found after chronic alcohol 

administration in several areas such as caudate-putamen, hypothalamus and 

hippocampus (81,84,167-169). In alcohol-dependent patients, chronic alcohol 

consumption has been shown to result in a reduction of CB1R availability, affecting 

the whole brain, and this reduction remained unaltered after a 4-week of 

supervised abstinence from alcohol (126). 

A plausible mechanism could be the persistent over-stimulation of the CB1R by its 

endogenous ligands, as the synthesis of endocannabinoids has been shown to be 
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increased by alcohol administration (186,187). The observed long-term decrease of 

CB1Rs may thus reflect a compensatory downregulation due to chronic stimulation. 

Such neuroadaptation has also been observed for other neurotransmitter systems 

associated with addiction (e.g. decrease in endogenous dopaminergic and opioid 

availability (188)) after 2-4 weeks of abstinence. However, since a month after 

abstinence there was still no adaptation of the CB1R availability globally, the 

decreases in CB1R binding may also be a state condition. Longer follow-up is 

necessary to differentiate this. Studies in rats have shown that chronic ethanol 

treatment followed by abstinence results in changes in CB1R mRNA and protein 

levels that are highly dependent on the duration of abstinence (range from 3 hours 

to 40 days) (75,167). 

In contrast to our findings, a recent pilot CB1R PET study found globally elevated 

CB1R availability in chronic alcohol-dependent patients, after early abstinence of 4 

weeks using [
11

C]OMAR PET (172). Preclinical data suggests that chronic alcohol 

exposure produces an initial down-regulation of CB1R expression lasting for 10-40 

days that is followed by an up-regulation after acute withdrawal symptoms subside 

(75). Differences in drinking history/intensity previous to the abstinence period, not 

clearly specified by Neumeister et al. (172), and the relatively small sample (n=8) 

may explain the discrepancy with our results which were also observed after one 

month of abstinence. Further studies with careful documentation of drinking 

behavior, craving status and episodic changes will be needed to elucidate these 

discrepancies. 

As for regional differences, the most marked clusters of decreased CB1R availability 

were found in the cerebellum, an important nodal structure in the functional 

systems underlying drug addiction (189). The cerebellar cortex has numerous 

molecular targets where alcohol acts and stimulates or inhibits plasticity 

mechanisms and the chronic presence of alcohol leads to hyperexcitability of 

cerebellar neurons. Short- and long-term plasticity in the cerebellum is thought to 

be mediated by glutamate and endocannabinoid-dependent cellular mechanisms. 

Some potential limitations of the study need to be considered. Firstly, patients 

were scanned within the first 6 days of ‘dryness’ following a period of major 

chronic alcohol consumption with a binge drinking exacerbation. This delay was 

necessary in order to have the subjects evaluable on the PET scanner. This means 

that the evaluated condition may correspond to an early abstinence rather than a 

pure stable chronic condition. However, we could not find an influence on the 

number of delay days and reduction of CB1R. 
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Methodologically, the use of mSUV as quantitation measure has been shown to be 

a good index of tracer availability in the absence of metabolisation or input 

differences between groups (52,128). This was also explicitly demonstrated in this 

study (Supplementary Figure II-1). Possible increases in cerebral blood flow (CBF) 

induced by acute ethanol administration could theoretically alter tracer kinetics by 

enhanced influx. Potential effect of changes in CBF on [
18

F]MK-9470 kinetics is 

unlikely as activation studies of similar expected blood flow change have shown no 

measureable effects (128). Pharmacological challenge studies with intravenous 

ethanol administration and full kinetic [
18

F]MK-9470 modelling in healthy rats did 

not show CBF effects on tracer kinetics (127). 

Thirdly, although alcoholic patients received a lower injected tracer activity than 

some of the controls, differences in administered activity are unlikely to have 

influenced the study outcome by definition of the outcome measure. Furthermore, 

injected tracer activity was also included as a nuisance variable in the model, and 

all analyses were conducted with and without this variable resulted in the same 

findings. 

Finally, this study only included male subjects. There is a gender-dependent 

variation of [
18

F]MK-9470 binding between men and women (180). Gender-

dependent differences in CB1R binding and affinity have also been demonstrated in 

rats with higher CB1R binding in males (190). Moreover, the mechanisms 

underlying the gender differences in alcohol drinking behaviour and alcohol´s 

effects are poorly understood and may reflect gender differences in brain 

neurochemistry. Further studies should attempt to investigate whether acute and 

chronic alcohol effects might lead to gender-dependent changes in CB1R 

availability. 

 

Conclusions 

This study indicates that acute alcohol consumption is associated with an increase 

in endocannabinoid signalling, indicated by an increased CB1R availability which is 

related to behavioural effects of alcohol. Secondly, chronic alcohol consumption in 

alcohol-dependent subjects is characterized by reduction in CB1R availability that is 

not reversible after several weeks of imposed alcohol abstinence.  

Together, these findings strongly show that acute and chronic alcohol consumption 

produce relevant in vivo alterations of CB1R availability that deserve further study 

in the light of rational therapeutic strategies envisaging the ECS. 
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SUPPLEMENTARY METHODS 

 

Radiotracer Characteristic and Preparation 

The radiotracer [
18

F]MK-9470 (N-[2-(3-cyano-phenyl)-3-(4-(2-

[18F]fluoroethoxy)phenyl) -1- methylpropyl]-2-[5-methyl-2-pyridyloxy]-2-

methylproponamide) is an inverse agonist with a high affinity and specificity for the 

human CB1R (52). The [
18

F]MK-9470 precursor was obtained from Merck Research 

Laboratories (West Point, PA, USA) and labeling was performed on site with 2-

[
18

F]fluoroethylbromide (52). The final product was obtained after high pressure 

liquid chromatography separation and had a radiochemical purity > 95%. The 

specific radioactivity was higher than 100 GBq/μmol. The tracer was administered 

in a sterile solution of 5 mM sodium acetate buffer with pH 5.5 containing 6% 

ethanol. 

 

PET data quantification: validation mSUV 

The index of CB1R binding was quantified using the modified standard uptake value 

(mSUV): mSUV = [activity concentration (KBq/cc) x (subject´s body weight (Kg) + 70 

/ 2)] / injected dose (MBq) (191). Possible group differences in peripheral 

metabolism that could lead to bias in CB1R availability determination by this index 

were excluded by comparing mSUV to the fractional uptake ratio (FUR) values, an 

index an index already validated by Sanabria-Bohórquez et al. (128) as being 

proportional to the CB1R total volume of distribution. For the subjects with blood 

sampling, the parametric FUR images were calculated as the ratio of total 

radioactivity concentration in tissue at the end of the scan and the integral of 

metabolite corrected plasma radioactivity from the time of injection to the end of 

the scan. 

To evaluate whether this simplified quantification method was also applicable in 

this patient group as shown in neurodegenerative and eating disorders (177-179), 

[
18

F]MK-9470 plasma concentration and blood metabolite measurements were 

performed for a subset of 5 CON, 5 ALC patients and 5 volunteers during both the 

BL and ALC ACU condition between 0-120 min postinjection. 5-ml venous blood 

samples were withdrawn manually at 2, 5, 10, 20, 40, 60, 90 and 120 min after 

injection for the assessment of the [
18

F]MK-9470 plasma concentration, and 

additionally other six venous blood samples were taken at 5, 10, 20, 60, 90 and 120 

min for the assessment of the fraction of unmetabolized [
18

F]MK-9470. 
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In the subgroup of patients where sampling was performed and both FUR and 

mSUV values were obtained, there were no group differences in peripheral 

metabolism and metabolite corrected venous input function that could lead to bias 

in CB1R availability determination by mSUV. No group differences in total plasma 

input function were observed (data not shown). Supplementary Figure II-1.B. shows 

the strong linear relationship between mSUV and FUR values (R
2 

= 0.99) for both 

the CON (n = 5) and ALC patients (n = 5) indicating no difference in the mSUV vs. 

FUR relationship and validation of the use of this simplified measure. The decrease 

in CB1R availability compared to CON was the same as obtained with both FUR and 

mSUV method for all regions of interest, indicating the robustness of the findings 

independent of tracer influx (data not shown). 
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Supplementary Figure II-1 Relationship between mSUV (modified Standardized Uptake Value) and FUR 
(Fractional Uptake Ratio) values for cortical and subcortical grey matter regions of interest in a subset 
(n = 5) of A) healthy controls for acute alcohol (ALC ACU) versus baseline (BL) condition, and B) healthy 
controls and alcoholic patients (ALC patients). Regions defined were cerebellum, pons, thalamus, 
hypothalamus, globus pallidum, striatum, insula, cingulate cortex, frontal cortex, temporal cortex, 
mesotemporal cortex, parietal cortex, occipital cortex and central lobe. Black diamonds = ALC ACU 
condition, grey squares = BL condition (A); black squares = ALC patients, grey triangles = controls (B). 
Error bars indicate the standard error of the mean for both mSUV and FUR determination. The 
difference in linear slope is 1.4 % and 7.1 % for healthy controls (A) and alcoholic patients (B) 
respectively. 

 

As for the alcoholic patients, we excluded possible influence of ALC ACU 

administration on the tracer kinetics by relating mSUV ALC ACU changes to the 

corresponding FUR changes in a subgroup of volunteers. CB1R changes measured 

with mSUV were linearly correlated to CB1R changes measured with FUR (R
2 

= 

0.99), and no difference in the mSUV vs. FUR relationship was present between BL 

and ALC ACU condition (Supplementary Figure II-1.A.). 
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Alcohol Administration Paradigm 

All alcohol infusions were performed at the same time of day (between 14.00 and 

14.30 h) to minimize influences by alcohol sensitivity. Alcohol was intravenously 

administered as a 10% w/v solution in 5% w/v glucose through an indwelling 

catheter in a forearm vein for 120 min. 

The alcohol infusion was based on an alcohol breath clamping paradigm allowing 

subjects to achieve a target level of breath alcohol concentration (BrAC) of 0.7 g/L 

and maintain it for an extended period of time. 

The BrAC clamping method is based upon the theory that for substances with 

marked saturable elimination in the relevant concentration range (like alcohol), an 

approximately linear relationship exists between the applied infusion rate and the 

resulting change in alcohol concentration. When alcohol elimination is fully 

saturated, it is excreted at a constant (g/min) rate, independent of concentration. 

Therefore, when the input (i.e. infusion rate) is changed (g/min), this will result in a 

proportional change in alcohol concentration. The change in alcohol level required 

to achieve the target concentration can then be used to back-extrapolate the 

infusion rate that corresponds to, and should hence lead to this necessary change. 

Following this approach, the pseudo-steady-state alcohol level of 0.7 g/L was 

maintained by continuous assessment of the BrAC to provide online adjustments in 

the intravenous infusion speed of the ethanol solution. 

This alcohol infusion paradigm was originally introduced and described by 

O´Connor (192) and recently adapted by Zoethout (175,193). Following this 

approach, the pseudo-steady-state alcohol level of 0.7 g/L was maintained by 

continuous assessment of the BrAC by serial breathalyzer measurements using an 

electronic hand-held measuring instrument (Dräger Breathalyzer Alcotest 7410
Plus

, 

Luebeck, Germany) to provide online adjustments in the intravenous infusion 

speed of the ethanol solution. BrAC samples measurements were obtained at 

regular time points (each 5 min from the start of the infusion until the PET), and the 

measured BrAC was then entered into a spreadsheet, which calculated the 

corresponding infusion rate to maintain the BrAC at 0.7 g/L. The alcohol infusions 

were given at a constant rate fixed at 720 ml/h, during the first 5 minutes, and at 

600 ml/h, during the second 5 minutes, to achieve the target BrAC. After this fixed 

loading phase, rates were necessarily modified at 10, 15, 20, 25, 30, 40, 50, 60, 70, 

80, 90 and 120 minutes, according to the obtained BrAC samples which were 

measured at the same time points. To verify the alcohol target level achievement, a 
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final BrAC sample was measured when the PET ended (at 120 min). The controlled 

alcohol administration was initiated simultaneously on radiotracer injection.  

 

Subjective alcohol effects 

Participants were required to comment on the momentary subjective effects of 

alcohol using the Visual Analogue Scale (VAS) self-report questionnaire, that was 

originally described for the first time by Norris (194) and then subsequently used to 

quantify subjective effects of a variety of agents (195-197). 

We used VAS for rating the following 15 subjective alcohol effects: ‘bad drug 

effect’, ‘good drug effect’, ‘uncomfortable’, ‘clumsy’, ‘bored’, ‘slurred speech’, 

‘dizziness’, ‘sense of nausea’, ‘confused’, ‘sleepiness’, ‘distorted sense of time’, 

‘floating sensation’, ‘tired’, ‘talkative’ and ‘anxious’. The VAS scales consisted of a 

series of 15 horizontal 100 mm lines, each labeled with the corresponding 

adjective. Zero millimeter on the line corresponded to “not at all”, and 100 mm 

corresponded to “extremely”. This questionnaire was completed by the 

participants before starting (t = 0 min), during (t = 45 min) and at the end of the 

alcohol administration (t = 120 min). Subjects were asked to place a mark on each 

line indicating how they felt at that precise moment. The outcome measure was 

the distance in mm to the marker on each scale. 

 

SUPPLEMENTARY RESULTS 
 

Breath alcohol concentration 

The average BrAC profile over time is presented in Supplementary Figure II-2.A. On 

average, the volunteers reached the pseudo-steady state alcohol concentration 

target level 0.7 ± 0.03 g/L within approximately 66 ± 13.4 min after the start of the 

alcohol infusion. During the pseudo-steady state phase, they maintained an 

average BrAC of 0.73 ± 0.04 g/L, which was quite well maintained between the 

start and the end of PET acquisition. On average, it could be observed that, 

although the alcohol clamping procedure slightly exceeds its BrAC target level by 

5.7% during the plateau phase, the intravenous loading regimen did not produce an 

overshoot. The mean infusion rate needed to maintain the stable BrAC during the 

plateau phase was 200 ± 55 ml/h. The subjects received, an average, a total 

amount of alcohol of 75.4 ± 7.2 g, comparable to 6 beers or 5 glasses of wine or 4 

liquors (174). 
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Supplementary Figure II-2 Breath alcohol concentration (BrAC) profile and subjective responses to 
alcohol. A) Breath alcohol concentration (BrAC) profile with its SDs error bars. Alcohol was infused 
between t = 0 and 120 minutes, and PET was performed between t = 90 and 120 minutes, as indicated 
by the two vertical bars. The target BrAC (0.7 g/L) is marked by the horizontal line. B) Mean scores of 
the Visual Analogue Scale (VAS) changes (mm) used to measure self-reported subjective responses to 
alcohol (ALC) from the start of the ALC treatment (0 min) to the end of ALC administration (120 min). 

  

Subjective effects of alcohol 

All volunteers completed the study without any major adverse events. Regarding 
the drinking behaviour, subjects reported an average number of alcoholic 
consumptions per week equal to 4.8 ± 2.8.  

Subjective VAS results are summarized in the Supplementary Table II.1. 

The group showed a significant increase of the subjective effect for each VAS item 
after the alcohol administration (at 120 min), except for the VAS ‘bored’ and 
‘anxious’. The two VAS items that scored the highest significant alcohol-induced 
increase were the feelings of ‘good drug effect’ (average increase of 47.5 mm, p = 
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0.3·10
-7
), and the feelings of ‘bad drug effect’ (average increase of 41.3 mm, p = 

9.8·10
-7

) (see Supplementary Figure II-2.B.). The mean score for the feelings of 
‘good drug effect’ and ‘bad drug effect’ showed an increase of 27.7% and 22.4% 
between the two time points respectively. The feelings of ‘floating sensation´ and 
‘distorted sense of time’ were also significantly increased by alcohol (average 
increase of 35.3 mm, p = 1.1·10

-5
 and of 31.2 mm, p = 7.0·10

-5
, respectively) (see 

Supplementary Table II.1).  

Additionally, some of the VAS items that scored the highest significant increase 
from baseline were negatively associated with the weekly alcohol consumption 
(‘good drug effect’: rs = -0.53, p=0.017; ‘floating sensation’: rs = -0.73, p < 0.001; 
‘dizziness’: rs = -0.60, p = 0.005; ‘talkative’: rs = -0.64, p = 0.002, and ‘tired’: rs = -
0.46, p = 0.041). 

 

CB1R Availability after Acute Alcohol Administration 

Correlation analysis between PET measures and other variables (documented 

alcohol consumptions, subjective responses and TCI dimensions) was performed 

using the percentage change in mSUV between BL and ALC ACU (ΔmSUV), 

calculated as: 

 mSUV=   
mSUVALC ACU

mSUVBL

  1 x 100% 

Data were first inspected for normality distribution by Kolmogorov-Smirnov testing. 

Pearson and (r) Spearman rank (rs) coefficients were computed for normally and 

non-normally distributed data respectively.  

All results were considered statistically significant at p < 0.05. 

 

Correlations of alcohol consumption with ΔmSUV 

Correlating alcohol-induced changes in CB1R availability (ΔmSUV) with the number 

of documented alcoholic consumptions per week, we found that lower increase of 

ΔmSUV was significantly associated with greater alcoholic consumption per week 

mainly in all the cerebral grey matter areas (r  = -0.56, p = 0.01 for the whole-brain 

VOI, Supplementary Figure II-3). 
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Correlations of subjective alcohol effects with ΔmSUV 

The alcohol-induced increase of CB1R availability (ΔmSUV) was significantly 

correlated with specific subjective alcohol´s effects. Indeed, although we did not 

find any correlations between the total VAS score and ΔmSUV in any region, when 

the VAS items were considered separately, there was a positive relationship 

between ΔmSUV and VAS ‘dizziness’ in some regions of the parietal lobe (rs = 0.52, 

p = 0.018), such as the secondary somatosensory cortex (BA5: rs = 0.48, p = 0.031) 

and precuneus (BA7: rs = 0.53, p = 0.017). As the data for this parameter were not 

normally distributed, correlations were analyzed with the Spearman´s rank order 

coefficient. We found also that ΔmSUV was positively correlated with the VAS 

‘floating sensation’ in regions of the superior frontal gyrus (r = 0.46, p = 0.041; 

supplementary motor area, BA6: r = 0.47, p = 0.035; BA8: r = 0.48, p = 0.031) and in 

the primary (BA123: r = 0.48, p = 0.032) and secondary somatosensory cortex (BA5: 

r = 0.47, p = 0.038). No correlations were found between baseline CB1R availability 

and subjective reports of feelings from alcohol exposure. 

 

 
Supplementary Figure II-3 Correlations between the percentage change of the global CB1R availability 
between alcohol (ALC) and baseline (BL) condition (ΔmSUV) in relation to the number of alcoholic 
consumptions per week. Solid lines represent linear regression curve and dotted lines represent 95% 
confidence interval. 
 

r = -0.56, p = 0.01
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Supplementary Table II-1 Summary of average subjective alcohol effects (VAS scores) changes (mm) 
compared with baseline (BL) measured during (45 minutes) and after the alcohol administration (120 
minutes). 

 VAS 45min: 
change 
(mm)  

from BL 

p 95% CI 

VAS 120min: 
change  
(mm)  

from BL 

p 95% CI VAS scores 

Bad drug effect 33.8 2.8·10-7 # (22.8,44.7) 41.3 9.8·10-7 # (27.0,55.6) 

Good drug effect 37.2 0.2·10-7 # (26.6,47.7) 47.5 0.3·10-7 # (33.7,61.2) 

Uncomfortable 9.4 0.04* (0.2,18.6) 13.8 0.02* (2.4,25.2) 

Clumsy 11.0 0.02* (1.5,20.4) 18.1 0.002* (7.1,29.1) 

Bored 3.6 0.51 (-7.4,14.5) 6.5 0.33 (-6.7,19.7) 

Slurred speech 9.7 0.006* (2.9,16.5) 17.9 0.0007* (8.0,27.7) 

Dizziness 21.1 0.0001* (11.2,30.9) 29.9 0.0002* (14.9,44.9) 

Sense of nausea 5.0 0.06 (-0.2,10.2) 12.5 0.004* (4.2,20.8) 

Confused 7.6 0.0001* (4.0,11.1) 17.5 0.0004* (8.4,26.6) 

Sleepiness 16.4 0.004* (5.7,27.0) 26.6 5.3·10-5 # (14.7,38.4) 

Distorted sense of 
time 15.5 0.001* (6.7,24.3) 31.2 7.0·10-5 # (17.0,45.4) 

Floating sensation 33.4 2.0·10-6 # (21.4,45.4) 35.3 1.1·10-5 # (21.2,49.3) 

Tired 14.6 0.014* (3.2,26.0) 21.6 0.0003* (10.4,32.7) 

Talkative 10.0 0.045* (0.2,19.7) 15.9 0.033* (1.3,30.5) 

Anxious -0.4 0.63 (-2.1,1.3) 2.3 0.17 (-1.0,5.5) 

 

VAS = visual analogue scale; BL = baseline condition (immediately before the infusion); CI = confidence 
interval; # p < 0.0001; * p < 0.05 

 



 

 

 

 

 

  



CHAPTER III: CHANGES IN ECS IN ACUTE AND CHRONIC ETOH-EXPOSED RATS | 57 

 

 

 

III. Chapter III 

Transient Changes in the 
Endocannabinoid System after Acute 
and Chronic Ethanol Exposure in the rat: 
a combined PET and Microdialysis study 
 

Jenny Ceccarini*, Cindy Casteels*, Michel Koole, Guy Bormans, Koen Van Laere 
 

* JC and CC contributed equally to this work 

 

Submitted 

 

ABSTRACT 

Objective and Methods: Recent biochemical and post-mortem evidence suggest 

involvement of the endocannabinoid system (ECS) in alcohol drinking behavior and 

dependence. Using [
18

F]MK-9470 small-animal PET imaging, our primary objective 

was to evaluate in vivo type 1 cannabinoid receptor (CB1R) availability changes in 

rats subjected to several conditions: at baseline, after acute administration of 

ethanol (4g/kg intraperitoneal) or saline, and by longitudinal PET at 7-days of 

forced chronic ethanol consumption, and after 7 and 14-days of abstinence. 

Secondly, levels of brain anandamide (AEA) in the NAcc were investigated in the 

same animals using in vivo microdialysis and correlated to the changes in CB1R 

availability. 

Results: Acute ethanol administration increased relative CB1R availability in the 

NAcc that positively correlated to the change in AEA level of that region. Chronic 

ethanol exposure decreased relative CB1R availability in the hippocampus and 

caudate-putamen, whereas same regions were increased after 7 and 14-days of 

abstinence compared to baseline. After 7-14 days of abstinence, relative CB1R 

availability additionally decreased in the orbitofrontal cortex. The magnitude of the 

hippocampal and frontal changes was highly correlated to daily ethanol intake. 
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Conclusion: This study provides in vivo evidence that acute ethanol consumption is 

associated with an enhanced endocannabinoid signaling in the NAcc, indicated by 

an increased CB1R availability and AEA content. In addition, chronic ethanol 

exposure points to regional dysfunctions in CB1R levels, incorporating 

hippocampus and caudate-putamen that are reversible within two weeks in this 

animal model.  
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INTRODUCTION 

The isolation of the principal psychoactive ingredient of cannabis, Δ
9
-

tetrahydrocannabinol (Δ
9
-THC) led to the identification of the endocannabinoid 

system (ECS). The ECS is a neuromodulatory system that comprises of a family of 

naturally occurring lipids, the endocannabinoids, of which anandamide (AEA) and 

2-arachidonoylglycerol (2-AG) are the best characterized. It also comprises 

transport and degradation proteins and two types of cannabinoid receptors (55). 

Type 1 cannabinoid receptor (CB1R) is abundantly expressed throughout the brain, 

especially in those brain areas involved in drug addiction, such as striatum, 

hippocampus, cerebellum and cortex (66). Acting through the activation of Gi 

proteins, CB1R stimulation is thought to modulate glutamatergic and GABA-ergic 

neurotransmitter release (55).  

Recent biochemical and post-mortem evidence suggest involvement of the ECS in 

alcohol drinking behavior and dependence (for review see (75)). Acute and short-

term exposure to ethanol affects levels of AEA in reward- and motor-related 

regions of the rat brain (183,198,199). Decreases in the rat brain CB1R gene 

expression and binding of the caudate-putamen, amygdala and prefrontal cortex 

have been observed (200,201). Effects from chronic alcohol exposure are less 

consistent, with some studies have reported increased endocannabinoid levels in 

reward-related brain areas (80-82), whereas others observed either a decrease 

(80,202) or no change (82,202). In line with these, CB1R expression, density and 

functionality were shown to be either down-regulated and reduced in the 

hippocampus and caudate-putamen of rodents chronically exposed to ethanol 

(81,84), or unchanged (170). 

In alcoholic patients, a profound cortical and subcortical loss of CB1R availability in 

vivo is found that is irreversible after several weeks of imposed alcohol abstinence 

((126); J. Ceccarini et al., submitted), while acute ethanol administration in healthy 

volunteers resulted in a whole-brain increase in CB1R availability (J. Ceccarini et al., 

submitted).  

So far, only in vitro and ex vivo data on the ECS exist in experimental ethanol 

drinking behavior and dependence (75). Studies of ECS changes in experimental 

alcoholic conditions have focused on the striatum, cortex and cerebellum, but have 

not assessed other brain regions. PET imaging allows assessment of whole-brain 

evaluation of ECS components in vivo, while simultaneous microdialysis enables 

relation between endogenous neurotransmitter changes to observed receptor 

availability status.  
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In vivo imaging of CB1Rs in the rat brain has recently become feasible due to the 

development of selective radioligands, among which [
18

F]MK-9470 (52,127). Our 

primary objective was to evaluate CB1R binding changes in vivo in a forced ethanol 

administration model in rats, and in abstinence. Secondly levels of brain AEA in the 

NAcc was investigated in the same animals using in vivo microdialysis and 

correlated to the changes in regional CB1R availability. 

 

MATERIALS AND METHODS 

Animals 

In total, thirty-one male Wistar rats (body weight at the start of the experiments 

330 ± 21 g; Charles River Laboratories, France) were used at adult age and were 

housed in individual cages with food and water freely accessible in a 12-h light/dark 

cycle under controlled conditions of temperature and humidity. All experiments 

were approved by the local Animal Ethics Committee and conducted according to 

European Ethics Committee guidelines (decree 86/609/EEC). 

 

Ethanol treatments 

Effects of acute exposure (ACU) to ethanol on CB1R availability in vivo were 

evaluated in twelve rats using an acute ethanol administration paradigm as 

previously described (183). Ethanol was dissolved in sterile 0.9% (w/v) saline (NaCl) 

to obtain a 15% (w/v) ethanol solution and administered intraperitoneally (IP) at a 

dose of 4 g/kg of body mass 90 min prior to tracer injection (n = 6). 

To avoid possible confounding effects of the IP administration on the CB1R 

availability, control rats were included receiving a similar volume of a 0.9% saline 

solution IP (n = 6). The dose and timing of ethanol administration was previously 

shown to affect the endocannabinoid levels and CB1R-related neurotransmission 

(183,198). 

Effects of chronic exposure to ethanol on CB1R availability in vivo was further 

evaluated in twelve other rats, subjected to consecutive phases of alcoholization, 

i.e. forced chronic ethanol administration (CHR) and ethanol deprivation 

(abstinence, ABST) as previously described (202). For chronic exposure to ethanol, 

rats were housed individually and allowed to drink ethanol (7.2% v/v) in the liquid 

diet for a 7-day period. 
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Liquid diets were prepared daily and presented always at the same time of the day 

(between 9 and 10 am). Animals had access to the liquid diet during the whole day. 

To assess effects of ethanol ABST on CB1R availability in vivo, six of these animals 

were passed to drink water alone on day 8 and monitored for a 2-week period. The 

body weight of the rats and liquid intake (expressed as ml/g body weight) was 

recorded daily. 

 

Small-animal PET imaging 

Brain CB1R imaging was done using the radioligand [
18

F]MK-9470 (N-[2-(3-cyano-

phenyl)-3-(4-(2-[
18

F]fluoroethoxy) phenyl)-1-methylpropyl]-2-(5-methyl-2-

pyridyloxy)-2-methyl proponamide), which is characterized by high specificity and 

high affinity for the CB1R (rat IC50 0.9 nM) (127). The precursor for [
18

F]MK-9470 

was obtained from Merck Research Laboratories (MRL, West Point, USA) and 

labelling was performed by alkylation of the precursor with 2-

[
18

F]fluoroethylbromide. Tracer preparation and characteristics have been 

described previously (52). The final product was obtained after HPLC purification 

and had a radiochemical purity > 95%. 

Rats used for assessment of ACU ethanol effects were imaged on day 0 in baseline 

condition and on day 7 upon acute exposure to ethanol or saline. Acquisitions in 

the CHR ethanol condition were performed on day 7, whereas ABST ethanol effects 

were monitored after a 7-day (ABST-7) and a 14-day abstinence period to ethanol 

in the same animals (ABST-14). 

Prior to small-animal PET imaging, rats were anesthetized using 2.5% isoflurane in 

2.0 L/min oxygen for all conditions. On average 12.0 ± 3.7 MBq of [
18

F]MK-9470 

(specific activity range: 95-253 GBq/µmol) was injected into the tail vein using an 

infusion needle set. [
18

F]MK-9470 was diluted with saline to obtain a 5% ethanol 

solution and injected in a total volume of approximately 500 µL. Body 

temperatures were maintained between 36.5 and 37°C with a heating pad during 

acquisitioning. After overnight fasting, [
18

F]MK-9470 measurements were acquired 

for 20 minutes, starting 1 hour post-injection (203). 

Small-animal PET imaging was performed using an LSO detector-based FOCUS-220 

tomograph (Siemens/Concorde Microsystems, Knoxville, TN), which has a 

transaxial resolution of 1.35 mm full-width at half-maximum. Data were acquired in 

a 128x128x95 matrix with a pixel width of 0.475 mm and a slice thickness of 0.815 

mm. Sinograms were reconstructed using filtered backprojection (FBP). 
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In vivo microdialysis 

After small-animal PET imaging, rats of the different ethanol conditions, i.e. ACU, 

CHR and ABST-14, were subjected to in vivo microdialysis of the brain in order to 

obtain quantitative measurements of the endogenous level of AEA in the NAcc and 

to correlate this concentration to regional CB1R availability. Microdialysis was 

performed 4-day after small-animal PET imaging. Rats of the CHR and ABST ethanol 

group were therefore kept in their condition for four extra days. Prior to study 

setup, we verified that CB1R availability did not significantly differ between a 

longer exposure period and the 7-day period of CHR ethanol consumption used for 

small-animal PET imaging, in order to avoid potential time-dependent confounders 

(global CB1R7-day = 1.1 ± 0.2 SUV; global CB1R14-day = 1.1 ± 0.1 SUV; not significant; n 

= 4). 

For microdialysis, rats were anesthetized using a ketamine (60 mg/kg IP Ketalar®, 

Pfizer, Belgium) and medetomidine (0.4 mg/kg, Dormitor®, Pfizer) mixture and 

placed on a stereotaxic frame. The skull was exposed and a burr hole was drilled to 

implant a guide cannula (MAB 2/6/9.14.IC, Microbiotech/se AB, Stockholm, 

Sweden) above the right NAcc according to the atlas of Paxinos & Watson (204). 

The coordinates used relative to bregma are: lateral: -0.8 mm, anterior: +1.6 mm 

and ventral -5.7 mm. These coordinates are the same as those previously used to 

evaluate the effect of an ethanol challenge injection (198), of drug self-

administration (82) and of the acute administration of ethanol (183) on interstitial 

endocannabinoids levels of the NAcc. 

After surgery, a probe (MAB 6.14.2, Microbiotech/se AB) with a membrane length 

of 2 mm and a molecular weight cut-off value of 15 kDA was introduced via the 

cannula. The probe was perfused with Ringer’s solution containing 147 mM NaCl, 4 

mM KCl, 1.1 mM CaCl2 and 10% (w/v) hydroxypropyl-β-cyclodextrin (HB-β-CD) at a 

constant flow rate of 0.6 µL/min. Inclusion of HB-β-CD in the perfusate has proven 

to substantially increase the dialysis recovery of endocannabinoids 

(82,183,198,205,206). Animals were allowed to recover from surgery overnight and 

dialysate collection was started the next day. Samples were collected every 20 

minutes, yielding 12 µL dialysates. 

Rats used for assessment of ACU effects were sampled over a baseline period of 

120 minutes and for 240 minutes following an ACU IP administration of 4 g of 

ethanol/kg of body mass. Rats used for assessment of the CHR and ABST ethanol 

effects were both monitored for a period of 120 minutes without any intervention. 

Dialysate samples were frozen immediately following collection and stored at −80 
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:C until analysis for AEA content using HPLC with tandem mass spectrometry 

(MS/MS) detection as described below. 

Before injection on HPLC, 4 µL of an internal standard solution, containing 2.5.10
-8

 

M D8-AEA, was added to each sample. Calibrators and quality control samples 

were prepared in the same way as the collected samples. Samples were injected 

into the HPLC system by an automated sample injector (SIL-30ADvp, Shimadzu, 

Japan). Chromatographic separation was performed on a GL Sciences Intersil Ph3.0 

100 x 2.1 mm (3.0 µm particle size) held at a temperature of 45°C. Components 

were separated using a gradient of A: 0.2% ACN in 99.8% MilliQ + 0.1% formic acid 

and B: 90% ACN in 10% MilliQ + 0.1% formic acid at a total flow rate of 0.25 

mL/min. MS analysis was performed using an API 5000 MS/MS system consisting of 

an API 5000 MS/MS detector and a Turbo Ion Spray interface. The acquisitions 

were performed in positive ionization mode, with ionization spray voltage set at 

5.5 kV and a probe temperature of 500 °C. The instrument was operated in 

multiple-reaction-monitoring (MRM) mode. 

Calibration curves (peak area ratio of analyte/internal standard concentration) 

were fitted using weighted (1/x) regression, and the sample concentrations were 

determined using the calibration curves. Calibrators at the following 

concentrations were used: 0.01, 0.02, 0.05, 0.10, 0.20, 0.50, 1.00, 2.00, 5.00, 10.0 

and 15.0 nM. Accuracy was verified by quality control samples after each sample 

series. Concentrations of the quality control samples were: 0.15, 1.5 and 12 nM. All 

sample concentrations were calculated with AnalystTM data system (Applied 

Biosystems, version 1.4.2, the Netherlands) and average over the acquisition 

interval. 

 

PET image processing and analysis 

Parametric images of [
18

F]MK-9470 binding based on standard uptake values (SUV 

= activity concentration (MBq/ml) x body mass (g) / injected dose (MBq)) were 

generated as measure of absolute CB1R availability. SUV was previously validated 

to give estimates of total receptor volume of distribution as determined by full 

kinetic modeling in rats (127). We investigated relative [
18

F]MK-9470 binding as 

well when no absolute changes were noted by normalization on global cerebral 

SUV. 

To obtain maximal use of information without a priori knowledge, PET data were 

analyzed voxel-wise using SPM8 (Statistical Parametric Mapping, Welcome 

Department of Cognitive Neurology, London, UK). For spatial normalization, 
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individual PET data were normalized to custom-made rat brain templates in 

Paxinos stereotactic space (207). This methodology allows reporting results in 

coordinates directly corresponding to the Paxinos coordinate system for the rat 

brain. 

For SPM analysis, data were smoothed with an isotropic Gaussian kernel of 1.2 mm 

and analyzed in a multisubject x multifactor design using treatment (ethanol vs. 

saline) x conditions (baseline vs. ACU) for assessment of ACU ethanol effects, and in 

a multisubject design alone for the evaluation of CHR and ABST ethanol conditions. 

For statistical analysis, T-maps were interrogated at a peak voxel level of pheight = 

0.005 (uncorrected) and extent threshold kE > 200 voxels. Only significant clusters 

with pcluster < 0.05 (corrected for multiple comparisons) were retained, in 

combination with sufficient localizing power (pheight < 0.005, uncorrected for 

multiple comparisons), as described previously (203,208). Exceptions on pcluster 

were made for clusters which were both neurobiologically plausible and relevant in 

the light of other findings in this study, and explicitly mentioned. For analysis of 

relative CB1R availability, proportional scaling to the mean voxel value was used 

and an analysis threshold of 0.8 of the mean image intensity was applied. 

In addition, a voxel-based correlation analysis between relative CB1R availability 

and the following covariates was performed within the ethanol-treated groups: (1) 

AEA content in the NAcc and (2) daily ethanol consumption. 

 

Statistical analysis 

Conventional statistics were carried out using GraphPad Prism v5.0 (San Diego, CA, 

USA). Reported values are given as the mean ± SD. Significance was defined at the 

95% probability level (p < 0.05). Body weight, liquid intake and AEA content were 

analyzed using non-parametric Kruskal-Wallis and Wilcoxon signed rank test for 

assessment of ACU and CHR ethanol effects, respectively. The Dunn test was used 

for post hoc comparisons. 

  



CHAPTER III: CHANGES IN ECS IN ACUTE AND CHRONIC ETOH-EXPOSED RATS | 65 

 

 

 

RESULTS 

 

Ethanol consumption 

Total liquid consumption over a 7-day period prior to the PET scan did not 

significantly differ between both CHR ethanol-exposed and ethanol-withdrawn 

(ABST) rats as compared to baseline. The voluntary daily liquid intake (mean ± SD) 

was 102 ± 18, 122 ± 17 and 117 ± 15 mL/g for CHR ethanol-exposed rats, and for 

rats upon a 7-day (ABST-7) and a 14-day ABST period (ABST-14), respectively, while 

baseline animals had an average daily water consumption of 114 ± 5.8 mL/g. Total 

liquid intake over a 7-day period prior to the PET scan did also not differ between 

the different conditions. 

The amounts of liquid diet resulted for the CHR ethanol-exposed rats in a mean 

value equivalent of ~4.5 g/kg weight. No clear behavioral effects or signs of 

intoxication were observed in these animals. 

In contrast, compared to baseline condition, body weight at the start of the scan 

was significantly higher in the ABST-7 and ABST-14 groups, because of the longer 

follow-up period (370 ± 27 g and 402 ± 30 g vs. 321 ± 22 g, respectively; p < 0.05 

Dunn’s post hoc test).  

Liquid intake measurements and body weights are shown over the different 

conditions in Table III-1. 

 
Table III-1 Liquid intake and body weight measured in rats with forced access to 7.2% ethanol (v/v) or 
water 

 BASELINE 
(n=12) 

ACUTE 
(n=12) 

CHRONIC 
7-day (n=12) 

ABSTINENCE 
7-day (n=6) 

ABSTINENCE 
14-day (n=6) 

Liquid diet water - ethanol water water 

Body weight (g) 321 ± 22 350 ± 28 340 ± 14 370 ± 27 * 402 ± 30 * 

Daily liquid intake 
(ml/g) 

114 ± 5.8 a - 102 ± 18 122 ± 17 117 ± 15 

Cumulative liquid 
intake (ml/g) 

685 ± 79 a - 717 ± 78 733 ± 74 704 ± 71 

 

Data were analyzed using non-parametric Kruskal-Wallis test with Dunn post hoc test. Data are 
expressed as mean ± SD; body weight was measured at the start of the PET scan; cumulative and daily 
liquid intake was measured over a 7-day period prior to PET 
*p < 0.05, compared to baseline condition. a n = 6. 
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Effects of acute and chronic ethanol administration and ethanol abstinence on 

CB1R availability 

ACU ethanol administration at a dose of 4g/kg of body mass IP did not result in 

absolute changes but resulted in a significant increase in relative CB1R availability 

in the NAcc bilaterally as compared to controls with saline treatment. 

The level of increase at the Paxinos coordinate peak maximum (x, y, z) = (1.4; 2.0; -

8.4) was 7.7 ± 1.5% (pheight = 4.5.10
-6

; Figure III-1.A.; Table III-2). No other areas of 

significant CB1R availability changes were found. 

 

 

Figure III-1 Left: Statistical parametric maps of (A) the difference in relative [18F]MK-9470 binding in the 
bilateral NuAc (nucleus accumbens) of healthy rats upon acute exposure to ethanol as compared to 
saline treatment, and of (C) relative [18F]MK-9470 binding correlated to AEA content in the NuAc. 
Differences for the brain-regions have been color-coded and are superimposed on the MRI template in 
three orthogonal planes (L, left; R, right). The colored bars on the right express T-score levels. 
Right: (B) Change in AEA content in the NuAc upon acute (ACU), chronic ethanol exposure (CHR), and a 
14-day abstinence period from ethanol (ABST-14), as compared to baseline condition (BL). (D) Scatter 
plot of relative [18F]MK-9470 binding at the maximal peak location of the NuAc in relation to AEA change 
upon ACU ethanol exposure. * p < 0.05, Wilcoxon signed rank test. 
 

In contrast, CHR exposure to ethanol resulted in a significant decrease in relative 

CB1R availability compared to baseline condition in the right hippocampus (-5.2 ± 

3.1%; pheight = 1.0.10
-4

) and in a cluster covering right caudate-putamen, insular 

cortex and primary sensory cortex (-5.7 ± 3.2%; pheight = 7.3.10
-5

). When comparing 
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relative CB1R availability at ABST-7 and ABST-14 to baseline condition, same 

regions were involved, although the CB1R changes were more pronounced in those 

rats that had abstained longer from consuming ethanol. Relative CB1R availability 

increased in the bilateral hippocampus and caudate-putamen by +8.9% (SD 1.5%; 

pheight = 2.4.10
-5

) and +14.2% (SD 1.6%; pheight = 1.6.10
-6

) at the Paxinos coordinate 

peak maximum for ABST-7 and ABST-14, respectively, when compared to baseline. 

Relative CB1R availability also decreased in these conditions in a clusters 

comprising the bilateral frontal and orbital cortex by -20.1% (SD 1.3%; pheight = 

6.0.10
-6

) and -34.3% (SD 1.2%; pheight = 4.2.10
-6

) (Figure III-2; Table III-2).  

Note that similar findings of increased availability in the caudate-putamen and 

hippocampus were observed when comparing ABST-14 to chronic exposure (+7.2 ± 

3.5%; pheight = 2.8.10
-5

). Detailed cluster peak locations and p-values of the relative 

voxel-based analyses are shown in Table III-2. Analysis of absolute CB1R availability 

values in CHR and ABST did not reveal any significant difference in regional SUVs 

upon chronic ethanol consumption compared to baseline, whereas they confirmed 

above relative differences in the hippocampus and caudate-putamen during ABST-

14 (+33.3 ± 3.9%; pheight = 8.7 .10
-5

). Also, absolute CB1R availability did not 

significantly differ between ABST-7 and baseline. 

 

Effects of acute, chronic ethanol administration and ethanol abstinence on AEA 

levels 

The measured baseline level of AEA in the NAcc was 0.24 ± 0.16 nM (range: 0.10 - 

0.55 nM). Intraperitoneal ACU ethanol administration at a dose of 4g/kg of body 

mass led to a significant increase in AEA levels (0.43 ± 0.20 nM; +102 ± 71%; paired 

t-test p = 0.03). In contrast, compared to baseline condition, AEA levels in the NAcc 

were not significantly different in the CHR ethanol exposure condition (0.18 ± 0.08 

nM; p > 0.05) or a 14-day ABST period (0.21 ± 0.08 nM; p > 0.05). 

The effects of ACU, CHR ethanol and ABST conditions on AEA levels in the NAcc are 

also shown in Figure III-1.B. 

 

Correlation between ethanol-induced changes in AEA levels and CB1R availability 

Based on the fact that ACU ethanol administration led to an increase in relative 

CB1R availability in the NAcc bilaterally, we correlated these receptor changes to 

the AEA levels measured in that region. 

Voxel-based correlation analyses showed a positive relation between change in 

AEA level upon ACU ethanol administration and relative CB1R availability, after 
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small volume correction for the NAcc (sphere of 2 mm at (x,y,z) = (-1.6; 1.4; -7.0) 

this cluster reached significance (r = 0.99; pheight = 1.9.10
-5

; Figure III-1.D.; Table 

III-3). 

 

 

 
Figure III-2 Coronal brain sections showing overlays on the regions where a statistically significant 
increase (red) and decrease (blue) in relative [18F]MK-9470 binding was observed upon chronic ethanol 
administration (CHR) and a 7-day abstinence period (ABST-7) and a 14-day abstinence period (ABST-14), 
respectively, as compared to baseline (figure given at pheight < 0.005 uncorrected). Significance is shown 
with a T statistic color scale, which corresponds to the level of significance at the voxel-level. The 
distance between the sections is 1.00 mm with the position relative to Bregma (positive values for 
sections anterior to Bregma) on top of the sections in the left corner. Images are oriented in 
neurological convention. 
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Table III-2 Peak locations for the clusters in the group comparisons of relative CB1R availability 

 
Cluster 

level 
 

Voxel 
level 

 
Structure Name 

 pcorr kE  T puncorr 
 Intens

Diff  
(%) 

 x y z 
 

BL vs. ACU 

∆(BL- ACUEtOH) 
> ∆(BL- ACUsaline) 

0.001 2379  5.0 <0.001  +9.3  1.4 2.0 -8.4 BL NuAc 

    4.8 <0.001    -2.4 1.4 -8.8  
    4.2 <0.001    -1.8 1.2 -10.0  

BL vs. CHR 

CHR < BL 0.013 1771  4.6 <0.001  -5.7  -5.2 0.0 -5.0 R caudate-
putamen, 
insular cx 

and 
primary 

sensory cx 
    4.4 <0.001    -3.5 0.4 -2.4  
 0.362 598  3.7 <0.001  -5.2  -5.8 -5.6 -4.4 R Hpc 
    3.4 <0.001    -3.8 -5.8 -3.2  
    3.3 <0.001    -4.2 -6.0 -5.0  

BL vs. ABST 

ABST-7 < BL <0.001 2788  8.0 <0.001  -20.1  0.4 2.8 -6.6 BL Front cx 
and orbital 
cx (ventral 

part) 
    7.7 <0.001    1.4 4.2 -5.0  
    7.7 <0.001    -0.8 4.8 -5.0  

ABST-7 > BL 0.004 1521  6.8 <0.001  +8.9  -3.4 -3.0 -3.6 BL Hpc 
    6.3 <0.001    -2.2 -3.0 -2.4  
    5.8 <0.001    0.5 -2.5 -2.5  

 0.170 612  6.5 <0.001  +5.0  -1.2 0.4 -3.4 
R caudate-
putamen 

ABST-14 < BL 0.003 1618  9.0 <0.001  -34.3  1.8 4.8 -5.6 BL 
prefrontal 

cx and 
orbital cx 
(lateral 
part) 

    6.7 <0.001    -0.8 5.2 -5.2  
    5.7 <0.001    1.0 5.6 -6.6  
ABST-14 > BL <0.001 7900  10.1 <0.001  +14.2  2.0 0.8 -4.8 BL caudate-

putamen 
and Hpc 

    7.5 <0.001    3.8 -2.4 -3.8  
    7.3 <0.001    -1.8 -3.0 -3.0  

 

 

T-maps were interrogated at a peak voxel level of pheight = 0.005 (uncorrected) and extent threshold kE > 
200 voxels. pcorr at cluster level: the chance (p) of finding a cluster with this or a greater size (kE), 
corrected for search volume; kE = cluster extent; T = measure of the statistical significance; puncorr at voxel 
level: the chance (p) of finding (under the null hypothesis) a voxel with this or a greater height (T-
statistic), uncorrected for search volume; Intens = intensity; Diff = difference; % = intensity difference at 
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the voxel level in comparison to controls; x = lateral distance in mm from the midline (negative values to 
the right side); y = anteroposterior location relative to Bregma (negative values: posterior to Bregma); z = 
dorsoventral position (based upon the Paxinos stereotactic atlas); BL = bilateral; R = right; NuAc = 
nucleus accumbens; cx = cortex; Hpc = hippocampus;   
∆(BL- ACUEtOH) = difference in relative [18F]MK-9470 binding upon acute exposure to ethanol as 
compared to baseline condition;  
∆(BL- ACUsaline) = difference in relative [18F]MK-9470 binding upon acute exposure to saline as 
compared to baseline condition;  
BL = baseline condition; ACU = acute exposure to ethanol; CHR = chronic exposure to ethanol; 
ABST = ethanol abstinence; ABST-7 = a 7-day abstinence from ethanol;  
ABST-14 = a 14-day abstinence from ethanol.
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Correlation between ethanol consumption and CB1R availability 

We further assessed correlations between CB1R availability and ethanol 

consumption. After CHR ethanol exposure, no significant correlations between 

ethanol drinking parameters and CB1R availability were observed. When CB1R 

availability was correlated with previous ethanol consumption at the ABST 

condition, significant correlations between ethanol intake and CB1R availability in 

frontal cortex and hippocampus emerged, as shown in Figure III-3. 

 

 
Figure III-3 Results of voxel-based correlation analyses of the average daily ethanol consumption with 
the difference in relative [18F]MK-9470 binding after (A) a 7-day abstinence period from ethanol (ABST-
7), and (C) a 14-day abstinence period from ethanol (ABST-14), compared to baseline condition. Images 
are oriented in neurological convention. Significance is shown with a T statistic color scale, which 
corresponds to the level of significance at the voxel-level. (B) Scatter plot of difference in relative 
[18F]MK-9470 binding at the maximal peak location in the frontal cortex and (D) hippocampus in relation 
to the average daily ethanol consumption. 

 

 

Particularly, a negative relation between daily ethanol consumption and the 

difference in relative CB1R availability at ABST-7, in comparison to baseline 
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condition, was found in the right frontal cortex, indicating a higher CB1R availability 

decrease in rats with more previous ethanol intake at that time point (r = -0.99; 

pheight = 1.2.10
-5

; Figure III-3.A-B). Additionally, daily ethanol intake positively 

correlated to the difference in relative CB1R availability at ABST-14, in comparison 

to baseline condition in the left hippocampus (r = 0.99; pheight = 2.3.10
-5

; Figure 

III-3.C-D). Detailed cluster peak locations and p-values of the voxel-based analyses 

are shown in Table III-3. 
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Table III-3 Peak locations for the clusters in the correlation analysis of relative CB1R availability with AEA 
content in the nucleus accumbens (NuAc) and ethanol intake. 

 
Cluster 

level 
 Voxel 

level 
 

Structure Name 

 pcorr kE  T puncorr  x y z  

 
∆(BL-ACUEtOH):  
positive correlation 
with %AEA 
(small volume cor) 
 

 
0.046 

 
513 

  
2.6 

 
0.005 

  
-1.6 

 
1.4 

 
-7.0 

 
NuAc 

ABST-7:  
negative correlation 
with ethanol intake 

0.021 616  22.5 <0.001  -3.4 3.6 -3.0 R frontal cx 
(association part) and 

primary sensory cx 

    21.5 <0.001  -4.2 4.0 -2.8  

    10.2 <0.001  -4.2 2.8 -3.4  

ABST-14:  
positive correlation 
with ethanol intake 

0.034 692  19.0 <0.001  6.8 -7.4 -6.4 L Hpc 
and ectorinal cx 

    13.1 <0.001  4.4 -5.4 -5.5  

    12.8 <0.001  5.0 -5.2 -5.2  
 

T-maps were interrogated at a peak voxel level of pheight = 0.005 (uncorrected) and extent threshold kE > 
200 voxels. pcorr at cluster level: the chance (p) of finding a cluster with this or a greater size (kE), 
corrected for search volume, kE = cluster extent; T = measure of the statistical significance; puncorr at 
voxel level: the chance (p) of finding (under the null hypothesis) a voxel with this or a greater height (T-
statistic), uncorrected for search volume; % = intensity difference at the voxel level in comparison to 
controls; x = lateral distance in mm from the midline (negative values to the right side); y = 
anteroposterior location relative to Bregma (negative values: posterior to Bregma); z = dorsoventral 
position (based upon the Paxinos stereotactic atlas) 
∆(BL- ACUEtOH) = difference in relative [18F]MK-9470 binding upon acute exposure to ethanol as 
compared to baseline condition; %AEA = percentage change in anandamide content in the nucleus 
accumbens (NuAc); ABST-7 =  a 7-day abstinence from ethanol; ABST-14 = a 14-day abstinence from 
ethanol; NuAc = nucleus accumbens; R = right; Hpc = hippocampus; cx = cortex; cor= correction. 
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DISCUSSION 

In the present study, we provide preclinical in vivo evidence that acute exposure to 

ethanol is related to an increase in CB1R availability in the NAcc that is correlated 

to an increase in AEA levels of that region. Additionally, 1-week of chronic ethanol 

exposure leads to decreased CB1R availability in the caudate-putamen and 

hippocampus, that is reversible in the short-term as observed after 1-2 weeks of 

ethanol abstinence. Also, after 1-2 weeks of ethanol abstinence, frontal CB1R 

availability was decreased. The magnitude of these latter changes in the 

hippocampus and frontal cortex were related to history of daily ethanol 

consumption. 

Acute ethanol-induced increased CB1R availability in the nucleus accumbens is 

related to increased AEA levels  

 

Compared to the acute administration of saline, ethanol-injected rats showed an in 

vivo increase in relative CB1R availability of the bilateral NAcc that was correlated 

to the change in AEA content of that region upon injection. This finding indicates 

that an increased AEA content predominantly drives the initial increased CB1R 

expression. However, from the current experiments, it remains unclear whether 

changes in receptor availability are due to altered receptor density, changes in 

receptor affinity or in receptor trafficking, as they cannot be distinguished with 

PET. 

The current finding of increased levels of CB1R availability upon acute ethanol is 

consistent with findings in humans (J. Ceccarini, T. Hompes, A. Verhaeghen, H. 

Peuskens, G. Bormans, S. Claes, K. Van Laere, submitted). Also, Romero et al. (184) 

demonstrated that an acute AEA administration resulted in a significant increase in 

CB1R density of the hippocampus. In contrast, other studies have reported no 

change in the NAcc and decreased CB1R gene expression in the caudate-putamen, 

amygdala and hypothalamic nucleus within 2-hours upon a single intragastric 

administration of 3 g/kg of ethanol (200). The AEA content in the NAcc of rats was 

decreased within 60-90 min upon 2 g/kg and 4 g/kg of ethanol IP, respectively 

(183,198), while ethanol self-administration for 24-hours did not induce any 

change (82). 

The mechanism by which ethanol can promote increased AEA levels in the NAcc on 

a short-term basis may be related the inhibitory action of ethanol on glutamate 

release (209), one of the main triggers for AEA formation (210). Within the nucleus 

accumbens, CB1Rs are presynaptically located on excitatory glutamatergic inputs, 
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thereby modulating GABA-ergic neurons projecting from the nucleus accumbens to 

dopaminergic ones of the ventral-tegmental area (VTA) (59,71,72). It has been 

reported that an inhibition of GABA release by AEA, via these presynaptic CB1Rs, 

would indirectly increase the activity of dopaminergic neurons (211). In line with 

this, Hungund et al., showed that alcohol administration at a dose of 1.5 g/kg IP to 

wild-type mice increased dopamine levels in dialysates of the nucleus accumbens, 

while this effect was lacking in CB1R knock-out animals (78). 

 

Hippocampal, striatal and frontal CB1R availability changes upon chronic ethanol 

administration and abstinence 

Upon 7-day of forced chronic ethanol exposure, we found a decreased CB1R 

availability in the hippocampus, caudate-putamen and insular and primary sensory 

cortex as compared to the baseline condition. The hippocampal and caudate-

putamen decrease was reversible on the short-term as observed after a 7-day and 

14-day abstinence period, and recovered to even above normal levels. 

Reductions in CB1R availability of the hippocampus and caudate-putamen after 

chronic administration are in line with previous ex vivo work, demonstrating 

decreased CB1R density, -gene expression and -functionality in these regions, but 

also in the hypothalamus, cortex and cerebellum upon 3 days and 52 days of 

ethanol consumption, as measured using [
3
H]CP55,940 autoradiography, in situ 

hybridization- and [
35

S]GTP-ɣS binding assays (81,84). Basavarajappa et al., 

additionally reported that these decreases in CB1R levels occurred without any 

changes in receptor affinity (168). Their recovery upon withdrawal to levels above 

normal have so far only been demonstrated ex vivo within the hippocampus for 

CB1R gene expression and its signal transduction efficiency, whereas protein levels 

of this region reached baseline values only (81,167). Also, in line with our work, 

Mitrirattanakul et al. showed that the reported hippocampal CB1Rs up-regulation 

is highly dependent on its duration (167). Here, recovery effects of the caudate-

putamen and hippocampus were also higher at 14-day abstinence as compared to 

the 7-day time point, i.e. +14% vs. +7%. 

Abovementioned findings are supported by the model Pava and Woodward 

recently proposed on ECS changes across different stages of alcohol addiction (75). 

They stated that chronic ethanol treatment is in most brain structures associated 

with reductions in CB1R expression that are paralleled by increased concentrations 

of AEA (182,212). A hyper-excitability associated with the initial phase of 

withdrawal and abstinence (few/couple of days) results in a large increase in 

endocannabinoid release and concomitant reductions in CB1R expression.  
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Over time endocannabinoid levels may be persistently increased during several 

weeks of abstinence, and CB1R expression is up-regulated over time to allow the 

ECS to respond to phasic changes. Although in the present study we did not 

quantify AEA levels in these regions, it seems from above findings as if of all brain 

regions CB1R signaling specifically in the hippocampus and caudate-putamen play 

key roles in ethanol addiction. 

Also in alcohol-dependent patients, chronic alcohol consumption has been shown 

to result in a reduction of CB1R availability, affecting the whole brain, although this 

reduction remained unaltered after a 4-week of supervised abstinence from 

alcohol ((126); J. Ceccarini, T. Hompes, A. Verhaeghen, H. Peuskens, G. Bormans, S. 

Claes, K. Van Laere, submitted). Nevertheless, recovery to normal levels have also 

been reported to occur in chronically cannabis users upon cannabis abstinence 

using [
18

F]FMPEP-d2 (98). 

In the current study, withdrawal of ethanol resulted additionally in decreased CB1R 

availability in the frontal cortex and in the orbitofrontal cortex as compared to 

baseline condition. It has previously been demonstrated that endocannabinoid- 

and endovanilloid systems interact within the rat prefrontal cortex to control 

anxiety-like behavior that is elicited by withdrawal of ethanol (213). Blockade of 

the CB1R, either systemically or locally administered to the amygdala-prefrontal 

cortical pathway, strongly attenuated anxiogenic traits (214,215). Rubio et al., 

suggested that this effect occurs through restoration of GABA/glutamate 

imbalances within the prefrontal cortex, primarily by modifying GABA-ergic 

transmission (214). In this perspective, it seems conceivable that our decrease in 

CB1R availability within the same region could be an endogenous compensatory 

response. Of special interest, CB1R-deficient mice appear to suffer no signs of 

withdrawal upon alcohol discontinuation (216).  

However, results on the relationship between anxiety levels and alcohol drinking 

are still ambiguous, neither did we measure behavioral aspects of withdrawal in 

this study (217). In human studies, decreased neuronal activity in the prefrontal, 

especially orbitofrontal, cortex during detoxification was demonstrated using fMRI 

and [
18

F]FDG PET as well (218). 

 

Regional changes in CB1R availability during early abstinence are related to 

history of ethanol consumption 

Interestingly, we demonstrated that the frontal decrease in CB1R availability after a 

7-day abstinence period is inversely related to the history of daily ethanol 

consumption, indicating a greater decrease in those rats with more previous 
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ethanol intake. We also found that chronic ethanol exposure decreased CB1R 

availability in the hippocampus that showed to be reversible after 1-2 weeks of 

abstinence. The magnitude of this effect was at 2 weeks of abstinence positively 

correlated with the average daily consumption of ethanol, suggesting a higher 

reversible effect with more previous drinking. It is worth mentioning that the 

positive correlation between ethanol consumption and CB1R availability in the 

hippocampus was also detectable at ABST-7 and that the negative correlation 

between both variables within the frontal cortex was also seen at ABST-14, albeit 

for both time points at a lower significance level than presented in this work (pheight 

< 0.01, kext = 200). 

Both the frontal cortex and hippocampus operate in parallel and interact with each 

other in addictive behavior (219,220). The activation of hippocampal circuits in 

association with a drug-related context activates the prefrontal cortex in 

expectation of the drug reinforcer. Specifically, the attribution of salience to a 

given stimulus, which is a function of the frontal cortex, depends on the relative 

value of a reinforcer compared to simultaneously available reinforcers (221). This 

requires knowledge on the strength of the stimulus as a reinforcer, which depends 

on the hippocampus. Additionally, preclinical studies also showed that CB1Rs play a 

critical role in modulating stress responses also through actions in both the 

hippocampus and prefrontal cortex (222). 

Finally, it is known that isoflurane anesthesia may significantly change in vivo 

uptake of [
18

F]MK-9470 (223). It has been reported that isoflurane induces changes 

in relative [
18

F]MK-9470 binding values in the cortex and cerebellum in rodents, but 

so do other anesthetics such as pentobarbital (223). As only relative [
18

F]MK-9470 

measurements were discussed and all the animal groups underwent exactly the 

same procedure, we have assumed that possible differential effects of anesthesia 

could be neglected. 

 

CONCLUSIONS 

This combined in vivo small-animal PET and microdialysis study indicates that acute 

ethanol consumption is associated with an enhanced endocannabinoid signaling in 

the NAcc, indicated by an increased CB1R availability and AEA content in that 

particular brain area. In addition, chronic forced exposure to ethanol indicates 

further regional dysfunctions in CB1R levels, incorporating the hippocampus and 

caudate-putamen. These changes are reversible within weeks of abstinence. Also, 

during abstinence, frontal CB1R availability was decreased. The magnitude of these 
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findings in brain areas important for the processing of reward and learning related 

to addictive behavior are correlated to the history of ethanol consumption.  

Taken together, our findings show that acute and chronic ethanol consumption 

produce relevant in vivo alterations in CB1R levels that deserve further study in the 

light of rational therapeutic strategies for alcohol dependence and abstinence 

targetting the ECS. 
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ABSTRACT 

Objective: Δ
9
-tetrahydrocannabinol (Δ

9
-THC), the main psychoactive component of 

cannabis, exerts its central effects through activation of the cerebral type 1 

cannabinoid receptor (CB1R). Chronic exposure to cannabis has been linked to 

decreased CB1R availability and this is thought to be a component underlying drug 

tolerance and dependence. Furthermore, impulsivity, neurocognitive alterations 

and certain personality traits are associated with addictive behaviours. The aim of 

this study was twofold: to measure in vivo CB1R availability in chronic cannabis 

users, and to investigate to what degree regional CB1R binding is associated with 

behaviour, cognition and personality dimensions in cannabis users. 

Method: Ten chronic cannabis users and 10 healthy control subjects were 

investigated with positron emission tomography (PET) and the CB1R radioligand 

[
18

F]MK-9470. Measures of impulsivity, neurocognitive function and personality 

traits were associated with CB1R availability. 

Results: Compared to controls, cannabis users had a global decrease in CB1R 

availability, which was most pronounced in the nucleus accumbens, cingulate 

cortex, insula and temporal lobe. In the cannabis group only, self-directedness and 

cooperativeness were positively correlated with CB1R availability, with the most 

significant correlation in the caudate nucleus (r = 0.94, p < 0.0001) and in the 

mesotemporal lobe (r = 0.83, p = 0.003). 
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Conclusions: This study confirms that CB1R availability is reduced after chronic 

cannabis use and this interacts with personality traits involved in addictive 

behaviour. This may imply that chronic cannabis use alters specific aspects of 

personality through neuroadaptive changes in CB1R availability or vice versa, 

opening the way for the examination of specific CB1R-personality interactions 

which may predict future cannabis-related behaviours and treatment outcome.  
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INTRODUCTION 

Cannabis is the most commonly produced and consumed illicit drug worldwide. 

According to the 2011 World Drug Report, the annual cannabis consumption is 

estimated between 2.8 and 4.5% of the world’s population aged 15-64 years (23). 

There is growing evidence than intensive exposure to cannabis increases the risk of 

adverse health effects, such as impaired respiratory and cardiovascular function, 

psychotic disorders and a dependence syndrome (26,39). In light of these negative 

effects, enhanced understanding of the effects of chronic cannabis use on the 

disruption of interneuronal signalling and information processing may quantify the 

extent of the risks of long-term use, and open the way to novel interventions 

targeting mediating mechanisms (24). 

The main psychoactive component of cannabis is Δ
9
-tetrahydrocannabinol (Δ

9
-THC)  

(224) which exerts its known central effects through the activation of the type 1 

cannabinoid receptor (CB1R) (225). In rodents and humans, CB1Rs are highly 

concentrated in the basal ganglia, hippocampus, cingulate cortex, cerebellum and 

neocortex (226), consistent with the major psychological and motor effects of Δ
9
-

THC (24). The CB1R expression in the mesocorticolimbic pathway probably 

contributes to the reinforcing effects of cannabinoids and modulation of 

reinforcement produced by other psychoactive drugs (67). The major mechanism 

of CB1R action is an inhibiting modulation of synaptic transmission, by presynaptic 

action on the release of other transmitters, mainly glutamate, gamma-amino 

butyric acid (GABA) and dopamine (54). 

Preclinical studies of cannabinoid dependence and tolerance have provided 

evidence that the pharmacological tolerance developed after chronic cannabis 

exposure or cannabinoid receptor agonists results in CB1R down-regulation and 

desensitization, consequently rendering subjects tolerant to the central and 

peripheral effects of the drug (86-88). Decreased CB1R levels as well as impaired G-

protein receptor coupling have been reported in animals made tolerant to the 

behavioural effects of cannabinoids (89-94). Additional studies suggest that 

dysregulated protein phosphorylation downstream of the CB1R may also 

contribute to the development of tolerance (95,96). In humans, a post-mortem 

investigation of brains from chronic cannabis users found reduction in 

[
3
H]SR141716A binding and decreased CB1R mRNA levels in the caudate nucleus, 

putamen, nucleus accumbens and hippocampal cortex (97). 

Using [
18

F]FMPEP-d2, Hirvonen et al. found reversible and regionally selective 

downregulation of CB1R in chronic, daily cannabis smokers. In their study, CB1R 
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decreases correlated with years of cannabis smoking and returned to normal levels 

after 4 weeks of monitored abstinence from cannabis (98). Changes in CB1R 

expression and binding have also been described in other forms of addiction, such 

as to alcohol (126), but the exact role of the CB1R in the development of 

dependence and tolerance in humans is still poorly understood. 

There is growing interest in the relationship between down- or upregulation of 

specific receptor systems in the context of drug use, and alterations in behavioural 

and cognitive traits that may mediate addictive behaviour. Personality traits such 

as novelty-seeking, persistence, self-directedness and cooperativeness have been 

associated with addictive behaviour and other risky behaviours (227-231). Poor 

cognitive functioning is also a risk factor for regular cannabis use (232), and 

impulsivity, with multiple components including delay discounting, behavioural 

inhibition and poor attention, is believed to play a role in risk-taking behaviour, 

including illicit drug taking (233). We previously reported that low CB1R availability 

was associated with a high novelty-seeking personality (234), suggesting a 

functional role of CB1R in mediating the association between personality risk traits 

and addiction outcomes (227). Therefore, to investigate further whether CB1R 

availability is associated with personality risk traits, impulsivity and cognitive 

performance, initial observational evidence on these relationships may be obtained 

in chronic cannabis users. The aim of this study was therefore to investigate 

changes in CB1R availability in chronic cannabis users and to study such alterations 

in relation to personality traits, impulsive behaviour and neurocognitive function. 

 

MATERIALS AND METHODS 

Participants 

The study was approved by the local ethics committee and was conducted in full 

accordance with the World Medical Association Declaration of Helsinki. All 

participants provided written informed consent. 

Ten chronic cannabis users (age: mean ± SD, 26.0 ± 4.1 years) with regular cannabis 

use (at least once a day, and for at least four years), and ten healthy cannabis-naïve 

controls (age: 23.0 ± 2.9 years) were scanned with [
18

F]MK-9470 PET. Demographic 

data are given in Table IV-1. 

Cannabis users were recruited from coffee shops in Maastricht (The Netherlands) 

or via word of mouth advertising, and controls were recruited in response to 

advertisements in the departmental homepage and local community newspapers. 
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Controls were healthy, according to their histories and results of physical 

examinations, psychiatric screening interviews and routine blood and urine 

analyses.  

Cannabis users and controls were excluded if they experienced a history of any 

major somatic disease or severe mental disorder (meeting Diagnostic and 

Statistical Manual of Mental Disorder (DSM-IV) criteria (1) for psychotic disorder, 

bipolar disorder or any other mental disorder requiring treatment by mental health 

services and/or use of psychotropic medications such as anti-depressants, lithium 

or antipsychotics), a recent history of alcohol abuse (> 5 alcoholic units/day in the 

past 30 days), use of any illicit drugs other than cannabis (for cannabis users), 

severe head trauma, family history of psychotic or bipolar disorder according to 

DSM-IV criteria. Moreover, cannabis users had not experienced negative effects 

(i.e. bad trip) secondary to cannabis use. Participants were asked to abstain from 

alcohol for 48 hours before PET imaging. Volunteers who were also current tobacco 

cigarette smokers had a last smoke at least six hours before PET.  

In addition to the psychiatric evaluation, on the day of PET scanning, blood 

pressure and heart rate were monitored prior to the scanning sessions. Use of 

amphetamine, barbiturates, benzodiazepines, cocaine, ecstasy, 

methamphetamine, morphine, methadone, tricyclic antidepressants, and cannabis 

were also tested prior to the PET-scan by urinalysis (MultiDip-Drug Control Screen, 

Ultimed Products, Ahrensburg, Germany). All investigations were evaluated by 

board-certified specialists (N.S. and S.A.). 

 

Behavioural Assessment Instruments 

Before scanning, all participants were interviewed by a psychiatrist who recorded 

drug and cannabis consumption parameters (frequency, dose, age of first use) 

using the Composite International Diagnostic Interview (CIDI) - lifetime section on 

substance use (version 1.1) (235). In addition, the following instruments were used 

to evaluate psychopathology, personality and neurocognitive function in the two 

groups: 

- Brief Psychiatric Rating Scale (BPRS) (236). This scale comprises 28 items rated 

from 1 (not present) to 7 (extremely severe) and includes symptoms such as 

somatic concern, anxiety, depressive mood, hostility and hallucinations to measure 

positive symptoms, general psychopathology and affective symptoms. 
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- Symptom Checklist-90 (SCL-90) (237), a symptom self-report inventory containing 

90 items. 

- Cloninger’s Temperament and Character Inventory (TCI) (227). The Dutch 

translation of the TCI (version 1.3; Datec, Eiderdorp, the Netherlands), a self-report 

questionnaire consisting of 240 true-false items, was used to assess personality, 

indexing four temperament dimensions of novelty-seeking, harm avoidance, 

reward dependence, and persistence, and three character dimensions of self-

directedness, cooperativeness, and self-transcendence. 

- Barratt Impulsiveness Scale version 11 (BIS-11) (238). This 30-item self-report 

questionnaire assesses dimensions of impulsivity, taking into account the 

multifactorial nature of the construct. Items are scored on a four point scale 

ranging from rarely/never to almost always/always. There are six first-order factors 

(attention, cognitive complexity, cognitive instability, motor impulsiveness, 

perseverance and self-control) and three second-order factors (attentional 

impulsiveness, motor impulsiveness and non-planning impulsiveness). All are 

positively correlated with impulsivity.  

- Stop Signal Task (SST); this task was used to investigate the behavioural processes 

of motor response inhibition (239). 

- Prospective Memory Task (PMT); this task was used to assess prospective 

memory, the aspect of memory that involves remembering to perform a planned 

action or intention at the appropriate time (240). 

- Symbol Substitution (SS-WAIS); this task consisted of the subtest of the Wechsler 

Adult Intelligence Scale III (WAIS-III) assessing processing speed and working 

memory respectively (241). 

 

PET Data Acquisition 

The radiotracer [
18

F]MK-9470 is an inverse agonist with a high affinity and 

specificity for the human CB1R (52). [
18

F]MK-9470 was prepared as previously 

described (52) and had a radiochemical purity >95% and a specific radioactivity of 

150.4 ± 61.5 GBq/μmol. 

Cannabis users did not smoke cannabis for on average 4 days (4.0 ± 1.7; range 1-6) 

prior to the scanning session to avoid acute effects. All subjects fasted for at least 

four hours prior to the PET. Before each [
18

F]MK-9470 administration, subjects 

were placed with the head placed in a vacuum cushion and the body fixed to 
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minimize head movement. PET data were acquired on a HiRez Biograph 16-slice 

PET/CT camera (Siemens, Knoxville, TN, USA). Subjects received on average 146.8 ± 

6.7 MBq of [
18

F]MK-9470 (Table IV-1) in slow bolus intravenous injection. Images 

were acquired for 60 min (six 10-min frames) starting 120 min after radioligand 

injection. PET images were reconstructed with 3D OSEM (ordered-subset 

expectation maximization) iterative reconstruction including scatter and 

attenuation correction with a final spatial resolution of 4 mm. 

Additionally, structural brain abnormalities were also evaluated by a standard 

magnetic resonance imaging (MRI) scan (1.5 Tesla Vision Scanner, Siemens, 

Germany), both T1-weighted Magnetization Prepared Rapid Acquisition Gradient 

Echo (3D-MPRAGE) and T2-weighted. 

 

Image Processing and Statistical Analysis 

The PET data analysis was performed with PMOD v. 2.95 (PMOD Technologies, 

Zurich, Switzerland) (242). For each subjects, all PET frames were first realigned for 

motion correction. Parametric maps of [
18

F]MK-9470 binding were expressed on 

the basis of previously validated quantification method using the modified 

standardized uptake value (mSUV) (128,177-179). The mSUV index has been shown 

to be an index for [
18

F]MK-9470 binding, and was shown to be strongly 

independent of blood flow (128). mSUV quantification normalizes radioactivity 

concentration at each voxel with injected radioactivity dose and subject’s weight: 

mSUV = [activity concentration (kBq/cc) Χ (subject’s body weight (kg)+70) / 2)] / 

injected dose (MBq) (191). No differences in [
18

F]MK-9470 plasma concentration 

and metabolization was found between a subgroup (n = 4) of cannabis users that 

underwent full arterial sampling and controls (see Supplementary Methods and 

Supplementary Figure IV-1). Therefore, we excluded possible group differences in 

peripheral metabolism or metabolite corrected plasma activity input functions that 

could lead to bias in CB1R availability determination by the simplified 

quantification.   

The motion-corrected [
18

F]MK-9470 mSUV individual images were coregistered 

(rigid body transformation) to the corresponding subject´s MRI with a mutual 

information algorithm, and were then spatially normalized to a specific CB1R 

template (180) constructed in Montreal Neurological Institute (MNI) space (2 Χ 2 Χ 

2 mm) using nonlinear warping. A predefined volume-of-interest (VOI) analysis was 

performed using an in-house previously created set of VOIs defined on the CB1R 

template representing cortical Brodmann areas (BAs) and subcortical grey matter 
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structures (181). Additionally, individual adjustments were made for the subcortical 

brain areas by delineating these regions manually on the transverse slices of the 

normalized MRI images. The personalized VOI map was then loaded on the 

corresponding coregistered and normalized mSUV image, and the average mSUV 

values within each VOI were then determined using PMOD. mSUV values of cortical 

BAs were then grouped into larger anatomical brain regions on the base of the 

number of voxels, and compared between cannabis users and controls using 

analyses of variance (ANOVA) and Bonferroni post-hoc tests (p < 0.05), by use of 

Statistica version 9.1 (Statsoft Inc., Tulsa OK, USA). 

A voxel-based statistical parametric analysis (SPM2 - Wellcome Trust Department 

of Cognitive Neuroscience, London, UK) was also conducted comparing cannabis 

users and controls in a categorical subject design. Data were first smoothed with 10 

mm FWHM. For statistical assessment of CB1R availability, non-proportional scaling 

was used and a relative grey matter analysis threshold of 80% of the mean was 

adopted to exclude extracerebral activity. Data were explored at a voxel-level pheight 

= 0.005 (uncorrected) and extent threshold Kext > 50 voxels, unless specified 

otherwise. Group comparisons on personality and neuropsychological variables 

were conducted with ANOVA and Bonferroni post-hoc tests. In addition, 

correlations between neuropsychological variables and CB1R availability were 

performed with both VOI- (using Pearson correlation coefficients and Bonferroni 

correction) and SPM-based methods (pheight < 0.005 uncorrected, unless specified 

otherwise; Kext > 50 voxels). Only significant clusters pcluster < 0.05 (corrected for 

multiple comparisons) were retained. 
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RESULTS 

Subjects 

Demographic characteristics of the cannabis users and controls are shown in Table 

IV-1.  
 

Table IV-1 Demographic and Drug Use Characteristics for Cannabis Users and Controls. 
 

 Cannabis users Controls p 

Number of subjects 10 10 - 

Sex 8 M, 2 F 7 M, 3 F > 0.01 

Age (years) 26.0 ± 4.1 23.0 ± 2.9 0.07 

BMI 22.4 ± 2.7 22.9 ± 3.5 0.91 

Cannabis use    

Age of onset of cannabis use (years) 15.8 ± 2.5 - - 

Duration of cannabis use (years) 10.2 ± 4.6 - - 

Amount of cannabis (joints/day) 2.7 ± 2.4 - - 

Frequency of cannabis use a (n)    

    - Heavy 6 -  

    - Moderate 3 -  

    - Low 1 -  

Tobacco use    

Tobacco smokers / non smokers (n) 6 / 4 0 / 10 0.03 

Number of cigarettes /day 6.3 ± 5.3 - - 

Alcohol use    

Number of alcoholic units / day 1.8 ± 1.5 0.9 ± 0.5 0.08 

Other previous drug use b(n)    

Amphetamines 3 0 - 

Cocaine 1 0 - 

Ecstasy 2 0 - 

Hallucinogens 0 0 - 

Heroin 0 0 - 

Other hypnotics and opiates 1 0 - 

 

Data represent mean ± SD; M = male; F = female; BMI = body mass index; 
a Frequency of cannabis use in the last 12 months assessed by Composite International Diagnostic 
Interview (CIDI):“heavy use”=several times/day), “moderate use” = from once a day to 3-4 times/week, 
“low use” = from 2-3 times/month or less). 
b Number of subjects who reported using a given class of drugs between 10-99 times in their lives. 
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There were no large of significant differences between the two groups in age, sex, 

BMI, injected dose, injected mass and specific activity. Table IV-1 also shows the 

characteristics of cannabis consumption. 

Almost all cannabis users had used cannabis on a daily basis, starting from 

adolescence. The average age at first cannabis use was 15.8 ± 2.5 years and the 

mean duration of cannabis use was 10.2 ± 4.6 years. For the cannabis consumption, 

all participants had used cannabis for at least four years prior to screening. The 

frequency of lifetime cannabis use was categorized into “heavy use” (several times 

a day; n = 6), “moderate use” (from once a day to 3-4 times a week; n = 3), and 

“low use” (from 2-3 times a month or less; n = 1), according to the CIDI (Table IV-1). 

Although urine screening for cannabinoids was not positive for all cannabis users 

(positive for 80%), urine cannabinoids results did not have any effect on the change 

of the CB1R availability between cannabis users and controls (F = 1.39, p = 0.27; see 

Supplementary Figure IV-2). 

None of the controls had lifetime use of cannabis or any other illicit substance. The 

number of chronic cannabis users who had used illicit drugs between 10-99 times 

in their lifetime was low; the great majority of cannabis users (70%) were sporadic 

users of other drugs (Table IV-1). Furthermore, no cannabis user had consumed 

another drug in the past 15 days, as confirmed by blood and urine testing. Alcohol 

consumption was comparable between the two groups (Table IV-1). 

 

Psychopathology, Personality and Neurocognitive Results 

Table IV-2 shows mean scores and group statistics of the measures of 

psychopathology, personality and neurocognition. Cannabis users had a higher 

BPRS total score as well as higher SCL-90 scores. Cannabis users scored higher on 

TCI novelty-seeking compared to controls, and controls scored higher on TCI 

persistence compared to cannabis users. The two groups did not differ with regard 

to the other TCI dimensions. Cannabis users had a higher BIS-11 total score 

compared to controls. On the different first-order BIS-11 factors, cannabis users 

scored higher on “attention” and “cognitive instability”, resulting in a higher 

second-order BIS-11 “attentional impulsiveness” score for cannabis users versus 

controls (Table IV-2). Additionally, cannabis users and controls did not differ in 

reaction time, accuracy and processing speed. 
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Table IV-2 Psychopathology, Personality and Neurocognitive measures in Cannabis Users and Controls 

 Cannabis users Controls p 

Psychopathology measures    

BPRS Total 29.6 ± 1.8 28.0 ± 0.0 0.034* 

SCL-90 Total 128.1 ± 30.0 99.6 ± 4.6 0.018* 

Personality measures    

TCI Temperament dimensions (z score)    

- Novelty seeking (NS) 1.17 ± 0.76 0.28 ± 1.10 0.048* 

- Harm avoidance (HA) -0.70 ± 0.80 -0.03 ± 1.17 0.15 

- Reward dependence (RD) 0.11 ± 1.03 -0.27 ± 1.08 0.43 

- Persistence (P) -0.25 ± 0.97 1.10 ± 0.59 0.001* 

TCI Character dimensions (z score)    

- Self-directedness (SD) -0.12 ± 0.91 -0.06 ± 1.00 0.89 

- Cooperativeness (C) -0.28 ± 0.86 -0.40 ± 0.64 0.72 

- Self-transcendence (ST) 0.14 ± 1.13 -0.80 ± 0.90 0.05 

BSI-11    

- Attention 10.7 ± 1.3 8.3 ± 1.6 0.002* 

- Motor 13.7 ± 3.2 12.6 ± 2.5 0.45 

- Self-control 12.7 ± 2.2 11.0 ± 2.6 0.15 

- Cognitive complexity 13.1 ± 1.5 11.4 ± 1.8 0.05 

- Perseverance 7.8 ± 1.8 7.3 ± 1.5 0.50 

- Cognitive instability 7.3 ± 0.9 5.4 ± 1.4 0.003* 

- Attentional impulsiveness 18.0 ± 2.1 13.6 ± 2.4 0.0007* 

- Motor impulsiveness 21.6 ± 3.0 19.3 ± 3.5 0.15 

- Non planning impulsiveness 25.8 ± 2.2 22.4 ± 3.7 0.03* 

BSI-11 Total    

Neurocognitive tasks    

SST - accuracy 0.72 ± 0.19 0.76 ± 0.15 0.61 

SST - RT 517.3 ± 90.7 488.4 ± 76.7 0.48 

PMT - accuracy 0.90 ± 0.06 0.96 ± 0.03 0.05 

PMT - RT 922.7 ± 195.7 912.11 ± 168.2 0.91 

SS-WAIS 10.1 ± 1.1 11.0 ± 1.1 0.10 

Data represent mean ± SD; BPRS = Brief Psychiatric Rating Scale; SCL-90 = Symptom Checklist-90; TCI = 
Cloninger´s Temperament and Character Inventory; BIS-11 = Barratt Impulsiveness Scale version 11; SST 
= Stop Signal Task; RT = Reaction Time; PMT = Prospective Memory Task; SS-WAIS = Symbol Substitution 
subtest of the Wechsler Adult Intelligence Scale III (‡ number of correct symbols drawn within 120 s, 
scaled score). *significant at p <  0.05 (ANOVA and Bonferroni post-hoc tests). 
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CB1R Availability Group Comparisons 

Compared to controls, there was a global decrease of CB1R availability in the 

cannabis group (-11.7%; mSUVCANNABIS: 1.21 ± 0.09; mSUVCONTROLS: 1.37 ±0 .24; p = 

0.06). Regional VOI-based analysis demonstrated that the CB1R decrease was 

significant in the temporal lobe (-12.7%, p = 0.04), anterior (aCC) and posterior 

cingulate cortex (pCC) (for aCC: -12.6%, p = 0.04; for pCC: -13.5%; p = 0.04), and 

nucleus accumbens (-11.2%, p = 0.04) (Figure IV-1 and Supplementary Table IV-1). 

Decreased CB1R availability was found also across other cortical regions, such as 

the frontal lobe, occipital lobe, central lobe and insula. These differences were at 

the limit of conventional statistical significance (range p-values 0.05-0.06). 

 

 

Figure IV-1 Regional differences in CB1R availability between controls (n = 10) and cannabis users (n = 
10). Error bars represent one SD. Abbreviations: Front, frontal cortex; Temp, temporal cortex; Mesot, 
mesotemporal lobe; Par, parietal cortex; Occ, occipital cortex; Cent, central area; Insula, insula; aCC, 
anterior cingulate cortex; pCC, posterior cingulate cortex; Put, putamen; Pal, globus pallidus; CN, 
caudate nucleus; NuAc, nucleus accumbens; Thal, thalamus; CBL, cerebellum. * p < 0.05 ANOVA and 
Bonferroni post-hoc tests. 

 

SPM voxel-based analysis confirmed this bilateral decrease and regional pattern in 

CB1R availability in chronic cannabis users (Figure IV-2). 

In the cannabis users group, there were no associations between CB1R and the 

duration of cannabis use, age of onset of cannabis use and the level of cannabis 

consumption. 
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Figure IV-2 Statistical parametric mapping (SPM) results of the absolute decrease in CB1R availability in 
chronic cannabis users (n = 10) compared to the controls (n = 10) in transverse, coronal, sagittal sections 
overlaid on a T1-weighted MRI template (pheight < 0.005 uncorrected, kext > 50). The color bar expresses T-
score levels. 

 

Associations between Neurocognition, Personality and CB1R Availability 

CB1R availability did not show correlations with BIS-11, BPRS, SCL-90 scores or with 

neurocognition in either controls or cannabis users. 

Concerning the TCI personality traits, both SPM and VOI-based Pearson correlation 

analyses showed that the two character dimensions self-directedness and 

cooperativeness were strongly correlated with CB1R availability in striatal and 

mesotemporal regions of the cannabis users only. The SPM correlation analysis 

revealed a positive correlation between the self-directedness and the CB1R 

availability in two significant clusters located at the left caudate nucleus, extending 

to the left putamen, and at the right putamen, although at a lower significance 

level. Only after small volume correction of 10 mm did these clusters reach 

significance (t > 3.8; pcluster < 0.03 corrected for multiple comparisons) (Figure 

IV-3.A.). 

Additionally, the cooperativeness dimension was also positively correlated with 

CB1R availability in the mesotemporal lobe (r = 0.83, p = 0.003; see Supplementary 

Table IV-2), including amygdala (BA28; r = 0.79, p = 0.007) and parahippocampal 

gyrus (BA35, r = 0.85, p = 0.002; BA36, r = 0.83, p = 0.003). However, at a very 

stringent uncorrected threshold of pheight < 0.001 level, a single significant cluster 

was found at the left parahippocampal gyrus (t = 7.3; pcluster = 0.02 corrected for 

multiple comparisons) (Figure IV-3.B.). Peak T locations for these correlation 

designs with self-directedness and cooperativeness are given in Supplementary 

Table IV-3. Supplementary Table IV-2 gives the partial correlation coefficients for 
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regional CB1R availability versus the TCI dimensions for the cannabis and control 

groups. These data confirmed that the strength of the correlation for self-

directedness is strongest in the caudate nucleus (r = 0.94, p < 0.0001) (Figure 

IV-3.A.), whereas for cooperativeness is strongest in the mesotemporal lobe (r = 

0.83, p = 0.003) (Figure IV-3.B.). No correlations emerged with other TCI 

dimensions for the cannabis group. 

 

 

Figure IV-3 Positive correlations of CB1R availability and (A) the character self-directedness (SD) 
dimension of Cloninger´s Temperament and Character Inventory (TCI) in the caudate nucleus (r = 0.94, 
p < 0.001, Bonferroni corrected), and (B) the character cooperativeness (C) dimension in the 
mesotemporal lobe (Bonferroni corrected) for the cannabis group. 
The cluster hotspots are located in the left caudate nucleus (x = -14, y = 16, z = 20; pcluster = 0.034 
corrected for multiple comparisons, kext = 212) (A) and in the left parahippocampal gyrus (x = -24, y = -
22, z = -18; pcluster = 0.024 corrected for multiple comparisons, kext = 388) (B). 
Solid lines represent linear regression curve and dotted lines represent 95% confidence interval. 
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DISCUSSION 

Preclinical, pharmacological and epidemiological evidence has implicated the CB1R 

in regulating several Δ
9
-THC-induced behavioural effects such as reward, subjective 

effects, and the positive and negative reinforcing cannabis effects (243). Therefore, 

the CB1R has been suggested as a target for treatment of cannabis dependence 

(88,243). So far, one recent PET study has investigated CB1R availability in chronic 

cannabis users only (98). 

Here, we found a global CB1R availability reduction in chronic cannabis users 

compared to controls. The decrease of CB1R availability was significant in the 

temporal lobe, cingulate cortex and nucleus accumbens, and it was close to 

significance in other cortical areas. These results are in line with Hirvonen and 

colleagues (98) who found lower [
18

F]FMPEP-d2 distribution volume in 30 chronic 

cannabis smokers in cortical, but not in subcortical brain regions. Our findings 

confirm that chronic cannabis consumption decreases CB1R availability in cortical 

regions but also the nucleus accumbens, a key structure for reward and drug 

reinforcement (67). 

Rodent studies have shown that long-term cannabinoid administration produces an 

attenuation of both CB1R availability (down-regulation) and CB1R agonist-

stimulated G-protein activation (desensitization) which are believed to contribute 

to tolerance to cannabinoid-mediated effects (91,93,94,244,245). Decreased CB1R 

availability and receptor-mediated G-protein activation occur throughout the brain, 

although the magnitude of change varies among regions (93,94,245). The finding of 

a close regional and temporal correlation between decreases in CB1R availability 

sites and decreases in G-protein activation (91,94) suggests that these two 

adaptive responses share a common mechanism, such as internalization and 

degradation of CB1R. However, the mechanism by which long-term cannabinoid 

administration attenuates CB1R function in the brain has not been resolved. Animal 

and human studies reported that the decreased CB1R availability recovered after 

cannabis abstinence of at least few weeks (98,246). Considering the similar 

demographic and cannabis history characteristics of the cannabis users group 

analyzed in the current study with the one investigated by Hirvonen et al. (98), and 

considering that after 4 weeks of continuously monitored abstinence from 

cannabis CB1R density returned to normal levels (98), decreased CB1R availability 

may reflects a state condition. 
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In addition, age at onset of smoking, number of joints per day or duration of 

cannabis use did not correlate with CB1R availability in our study. One possible 

reason could be the small variance in these variables for the current population 

that might have obscured some of the possible correlations. However, it needs to 

be noted that, although cannabis consumption did not influence the decreased 

CB1R availability observed in cannabis users compared to controls (F = 1.29, p = 

0.33; see Supplementary Figure IV-3), low cannabis consumption did not produce 

similar CB1R downregulation: the subject with a lowest cannabis use showed the 

smallest global CB1R decrease (-5.8%) compared to the cannabis users with a 

moderate and/or heavy use (-15.8%). Moreover, our cannabis users who smoked 

an average of 3 joints/day showed a smaller global CB1R decrease (~12%) in 

comparison to that (~20%) observed in cannabis users who smoked an average of 

10 joints/day (98), where there was a relationship between the decrease of CB1R 

and years of cannabis smoking. Considering that subjects who occasionally smoke 

cannabis do not develop tolerance to the level that heavy chronic daily smokers do 

(243), and that occasional cannabis users likely differ in term of CB1R 

downregulation, we could therefore assume that CB1R downregulation contributes 

to the development of tolerance of cannabis. Further studies need to address this 

issue by comparing CB1R availability in heavy, moderate and occasional cannabis 

smoking. 

In the cannabis group only, we found that self-directedness and cooperativeness 

scores were significantly lower in cannabis users with a lower striatal and 

mesotemporal CB1R availability respectively. We found no correlation for any of 

the other dimensions. 

Self-directedness refers to the ability of an individual to control, regulate, and 

adapt behaviour to fit the situation in accord with individually chosen goals and 

values (227). Generally, low self-directedness has been linked to immature, weak, 

fragile and ineffective behavior as well as to unreliability and purposelessness 

(227). On the other hand, low cooperativeness reveals poor inclination towards 

social tolerance, empathy, friendliness, altruism and respect for others. According 

to Cloninger´s hypothesis, low self-directedness and cooperativeness indicate a 

higher probability of personality disorder with immature character development 

(227), particularly among substance users (230,247). These two character 

dimensions have been strongly associated with the occurrence and severity of 

personality disorder in alcohol-dependent patients (229). Moreover, lower self-

directedness scores have been shown to be a characteristic also of different types 

of addictive behaviors, such as eating disorders and pathological gambling (248). 
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TCI has also been used in a number of studies for its predictive value in substance-

dependent populations. For example, Arnau and colleagues (228) noted that higher 

scores on the personality scales of persistence, self-directedness and 

cooperativeness predict a better therapeutic evolution, especially with regard to 

adherence during outpatient treatment after alcohol detoxification (228). 

Moreover, good cooperation skills (cooperation, assertion, and self-control) during 

early adolescence have been associated with a reduced risk of lifetime cannabis 

use and a reduced risk of using cannabis on a regular basis (249). 

The positive correlation between CB1R and self-directedness and cooperativeness 

found in the striatum and in the mesotemporal lobe, confirms the importance of 

these cerebral regions in the addiction-related behaviours. The striatum is one of 

the brain areas more sensitive to the development of tolerance (92), whereas the 

hippocampus is broadly view as important in contextual conditioning, namely in 

the processing of contextual cues by which memories can be accessed and 

retrieved (2). In fact, declarative memory has been long recognized to be involved 

in learning and the linking of affective conditions or circumstances with drug-taking 

experiences. The CB1R is of primary importance for cannabis addiction (243). In 

particular, research has revealed decreased striatal endocannabinoid contents of 

Δ
9
-THC-tolerant rats (250), decreased CB1R availability and mRNA expression, as 

well as decreased agonist-stimulated G-protein activity in the striatum and basal 

ganglia after prolonged cannabinoid exposure (89,92,93,97,251,252). 

Overall, the fact that those cannabis users with lower self-directedness and 

cooperativeness show lower limbic CB1R availability could suggest that decreased 

CB1R availability may reflect the impact of state of tolerance of cannabis and may 

be linked to specific personality traits through neuroadaptive changes, which might 

promote cannabis tolerance and addiction. This is one of the mechanisms that have 

been proposed regarding personality and addiction referred as “the 

neuropharmacological hypothesis”. Such a hypothesis would be testable, for 

example, by longitudinal studies measuring changes in the self-directedness and 

cooperativeness dimensions and changes in CB1R availability in cannabis users 

during a long-term abstinence period and after a good outcome as well.  

Our findings should be interpreted considering some potential limitations. First, 

cannabis users were scanned on average after 5 days of cannabis abstinence to 

avoid acute intoxication. This is different from Hirvonen et al. (98) where cannabis 

smokers were imaged on the day following the last cannabis consumption to 

maximize the effect size of the hypothesized CB1R downregulation. Thus, a 

potential abstinence effect due to short-term deprivation of cannabis cannot be 
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fully excluded. However, as results are very similar to Hirvonen et al, such effect 

seems to be modest at most. Second, 60% of the cannabis users were also tobacco 

smokers. Tobacco is unlikely to significantly confound the main finding on the 

observed CB1R differences as repeated measures ANOVA analyses did not show a 

main effect of tobacco (F = 0.66, p = 0.42) or a tobacco x region interaction (F = 

0.84, p = 0.62). Also, chronic nicotine administration in a rodent model did not 

influence [
18

F]MK-9470 binding (253). Third, for quantification of CB1R availability, 

the simplified mSUV measure was used. Modeling of tracer kinetics indicated that 

the use of mSUV as quantification measure is a index of CB1R availability related to 

distribution volume VT (128). Moreover, it has been recently demonstrated that 

this approach allows a more practical acquisition protocol in patients and is a valid 

simplified quantification providing an index of tracer binding, given that no group 

differences in peripheral metabolization are present (177-179). The latter was also 

explicitly demonstrated for the subjects in this study. Finally, due to the small 

sample size limited to 10 cannabis users, the direct correlations between 

personality characteristics and CB1R availability in cannabis users from the current 

study should be considered as exploratory and should be independently replicated 

in a larger sample. 

 

In conclusion, the results presented here provide further in vivo evidence that 

chronic cannabis use downregulates CB1R availability in mainly neocortical regions. 

Moreover, we demonstrate that downregulation of CB1R in striatal and 

mesotemporal regions is correlated to specific character traits as self-directedness 

and cooperativeness. We propose that chronic cannabis use may alter specific 

aspects of personality through neuroadaptive changes in CB1R availability or vice 

versa, providing a new way to search for specific CB1R-personality interactions 

which may predict future cannabis-related behaviours and therapeutic evolution. 

Future studies should focus on longitudinal CB1R and personality evaluation after 

episodes of cannabis deprivation in order to understand these correlations. 
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SUPPLEMENTARY MATERIAL 

 

PET data quantification: validation mSUV 

The index of CB1R availability was quantified using the modified standard uptake 

value (mSUV): mSUV = [activity concentration (KBq/cc) x (subject´s body weight 

(Kg) + 70 / 2)] / injected dose (MBq) (191). It has been recently demonstrated that 

this approach allows a more practical acquisition protocol in patients and is a valid 

simplified quantification providing an index of tracer binding, provided no group 

differences in peripheral metabolization is present (128,177-179).  

To obtain the metabolite-corrected plasma activity input curve, [
18

F]MK-9470 

plasma concentration and [
18

F]MK-9470 percentage fractions were measured for a 

subgroup (n = 4) of cannabis users and controls with venous sampling between the 

time of injection (t = 0 minutes) and the end of the scan (t = 180 minutes 

postinjection). 

This procedure and [
18

F]MK-9470 metabolite determination were performed as 

described by in Sanabria et al. (128). Briefly, 5-ml venous blood samples were 

withdrawn manually at 2, 5, 10, 20, 40, 60, 90 and 120 minutes after injection for 

the assessment of the [
18

F]MK-9470 plasma concentration, and additionally other 

six blood samples were taken at 5, 10, 20, 60, 90 and 120 minutes for the [
18

F]MK-

9470 metabolite determination. 

There were no differences in metabolization over time between both subgroups 

(see Supplementary Figure IV-1.A.). Additionally, no group differences in total 

plasma input function corrected for metabolites were found (see Supplementary 

Figure IV-1.B.). Therefore, we excluded possible group differences in peripheral 

metabolism that could lead to bias in CB1R availability determination by the 

simplified quantification mSUV. 
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Supplementary Figure IV-1. Comparison of tracer metabolisation and metabolite corrected arterial 
input function between controls and cannabis users. 
Note: There is no significant difference of the average [18F]MK-9470 percentage fraction in venous 
plasma (Supplementary Fig. IV-1.A.) and on the plasma input curve derived from venous samples and 
corrected for metabolites (Supplementary Fig. IV-1.B.) in a subgroup of cannabis users (cannabis; n = 4) 
and controls (control; n = 4). 
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Supplementary Figure IV-2 Global grey matter decrease of CB1R availability in cannabis users (CAN) 
compared to controls (CON) versus urine cannabinoids results. 
Note: There was no significant difference between cannabis users (CAN) compared to controls (CON) 
independent of urinalysis (F = 1.39, p = 0.27). 

 

 
Supplementary Figure IV-3 Global grey matter decrease of CB1R availability in cannabis users (CAN) 
compared to controls (CON) versus cannabis consumption. Cannabis consumption did not influence the 
decreased CB1R availability in cannabis users (CAN) compared to controls (CON) (F = 1.29, p = 0.33).The 
frequency of lifetime cannabis use was categorized into “low use” (from 2-3 times a month or less, n = 
1), “moderate use” (from once a day to 3-4 times a week, n = 3), and “heavy use” (several times a day, 
n = 6). 
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Supplementary Table IV-1 Regional CB1R Availability (mSUV) for cannabis users versus controls 

 Cannabis users Controls p 

Frontal 1.24 ± 0.09 1.41 ± 0.26 0.06 

Temporal 1.25 ± 0.09 1.43 ± 0.25 0.04* 

Mesotemporal 1.04 ± 0.07 1.15 ± 0.20 0.10 

Parietal 1.25 ± 0.01 1.42 ± 0.26 0.08 

Occipital 1.23 ± 0.01 1.42 ± 0.26 0.05 

Central 1.19 ± 0.08 1.34 ± 0.23 0.06 

Insula 1.20 ± 0.08 1.36 ± 0.22 0.05 

Anterior cingulate cortex (aCC) 1.34 ± 0.10 1.53 ± 0.27 0.04* 

Posterior cingulate cortex (pCC) 1.35 ± 0.12 1.56 ± 0.27 0.04* 

Putamen 1.44 ± 0.14 1.60 ± 0.25 0.10 

Globus pallidus 1.22 ± 0.10 1.35 ± 0.22 0.12 

Caudate nucleus 1.23 ± 0.08 1.42 ± 0.20 0.13 

Nucleus accumbens 1.11 ± 0.11 1.22 ± 0.21 0.04* 

Thalamus 0.91 ± 0.08 1.00 ± 0.18 0.17 

Pons 0.79 ± 0.05 0.86 ± 0.13 0.11 

Cerebellum 1.14 ± 0.10 1.25 ± 0.20 0.16 

 

Data represent mean ± SD; mSUV, modified standardized uptake value, * p < 0.05 (ANOVA with 
Bonferroni post-hoc correction testing). 

 
Supplementary Table IV-2 Correlations between regional CB1R availability (mSUV) and personality traits 
(TCI) 

TCI Groups 
Regional CB1R Availability 

Mesotemporal 
lobe 

Insula 
Globus 
pallidus 

Caudate 
nucleus 

Self-Directedness 

(SD) 

Cannabis R = 0.59 
p = 0.07 

R = 0.68 
p  = 0.03* 

R = 0.67 
p = 0.03* 

R = 0.94 
p < 0.001** 

Controls R = -0.03 
p = 0.93 

R = -0.02 
p = 0.95 

R = 0.09 
p = 0.81 

R = -0.06 
p = 0.88 

Cooperativeness 

(C) 

Cannabis R = 0.83 
p = 0.003** 

R = 0.71 
p = 0.02* 

R = 0.48 
p = 0.16 

R = 0.65 
p = 0.04* 

Controls R = 0.02 
p = 0.95 

R = 0.07 
p = 0.84 

R = 0.03 
p = 0.93 

R = -0.21 
p = 0.56 

 

Abbreviations: CB1R, Type 1 cannabinoid receptor; mSUV, modified standardized uptake value; TCI, 
Temperament and Character Inventory. * p < 0.05; ** p < 0.05 (Bonferroni correction) 
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Supplementary Table IV-3 Peak locations for the positive correlations between CB1R availability (mSUV) 
and the character dimensions self-directedness and cooperativeness in cannabis users. 

Cluster-level Voxel-level 
Peak voxel Talairach 

Coordinate Cluster location 

Pcor kEXT Puncor T score x y z Anatomical region 

Positive Correlation : Self-Directedness (SD) a 

0.034 212 0.002 3.91 -14 6 20 Left caudate nucleus 

  0.002 3.85 -20 10 12 Left Putamen 

0.017 207 0.001 4.32 24 -6 12 Right Putamen 

Positive Correlation : Cooperativeness (C) b 

0.024 388 4.23∙10-5 7.29 -24 -22 -18 
Left parahippocampal 

gyrus 

  0.001 5.02 -26 -8 -30  

 

Abbreviations: Pcor , corrected for multiple cluster comparisons; Puncor , uncorrected for multiple voxel 
comparisons; kEXT, cluster size extent (No. of voxels). 
a Includes results from SPM correlation analysis of CB1R availability of cannabis users on a significant 
threshold of Pheight level of puncor < 0.005, kEXT > 200 voxels, and after small volume correction of 10 mm 
sphere at (x, y, z) = (-14; 6; 20) and at (x, y, z) = (24; -6; 12). 
b Includes results from SPM correlation analysis of CB1R availability of cannabis users on a significant 
threshold of Pheight level of puncor < 0.001 and kEXT > 200 voxels. 



 

 

 

 



 

 

 

 

 

 

 
 

Part 1 
 

CB1R in Psychosis 



 

 

 

 

  



CHAPTER V: CB1R IN SCHIZOPHRENIA | 105 

 

 

 

V. Chapter V  

Increased Ventral Striatal CB1 Receptor 
Availability is Related to Negative Symptoms 
in Schizophrenia 
 

Jenny Ceccarini, Marc De Hert, Ruud Van Winkel, Joseph Peuskens, Guy Bormans, 

Laura Kranaster, Frank Enning, Dagmar Koethe, F. Markus Leweke, Koen Van Laere  

 

Submitted 

 

ABSTRACT 

Objective: Increasing animal genetic, post-mortem and pharmacological evidence 

supports a role for the cerebral type 1 cannabinoid receptor (CB1R) in the 

pathogenesis of schizophrenia (SCZ) and/or neural circuit dysfunctions responsible 

for its symptomatology. Moreover, since important interspecies differences are 

present in CB1R expression, in vivo human data are of direct interest. 

Method: We investigated in vivo CB1R expression in sixty-seven patients with SCZ, 

with (SCZ-T, n = 51) and without (SCZ-F, n = 16) antipsychotic treatment, and 12 age 

and gender-matched healthy controls (CON) using positron emission tomography 

(PET) and the selective high-affinity radioligand [
18

F]MK-9470. Parametric modified 

standardized uptake value (mSUV) images, reflecting CB1R availability, were 

compared and related to psychopathological symptoms. 

Results: Compared to CON, there was a significant increase of CB1R availability in 

SCZ patients in the nucleus accumbens, insula, cingulate cortex, inferior frontal 

cortex, parietal and mediotemporal lobe. In the SCZ-F group only, CB1R availability 

was negatively correlated to negative symptoms and to depression scores, 

especially in the nucleus accumbens. 

Conclusions: Present findings strongly support that CB1R availability is altered in 

the mesocorticolimbic circuitry of both SCZ-T and SCZ-F patients, especially in the 

nucleus accumbens. In SCZ-F patients, it is associated with negative symptoms and 

depression scores  
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INTRODUCTION 

 
Schizophrenia (SCZ) is one of the most common severe psychiatric disorders with a 

lifetime prevalence of about 1% (41). Existing antipsychotics reduce psychotic 

symptoms but are generally not very effective in treating negative symptoms, and 

a significant portion of patients are refractory to all current treatments. Despite the 

availability of treatments that reduce psychotic symptoms, a clear biochemical 

basis of SCZ has not been identified yet. 

Several neurobiological, pharmacological and epidemiological studies support an 

association between SCZ and the endogenous endocannabinoid system (ECS) (254). 

The ECS mediates the psychotomimetic effects of Δ
9
-tetrahydrocannabinol (Δ

9
-

THC), the major psychoactive ingredient of cannabis sativa, by activation of the 

type 1 cannabinoid receptor (CB1R). CB1R activation modulates synaptic release of 

other transmitters such as glutamate, dopamine, and γ-aminobutyric acid (GABA) 

(54).
 

High rates of cannabis consumption in normal volunteers induce cognitive 

impairment resembling that of SCZ patients (255).
 
In SCZ patients, cannabis use is 

associated with a reduction in age at onset (256). Moreover, several studies have 

suggested that frequent cannabis use is associated with increased risk for psychotic 

disorder and symptoms (38,257). Postmortem binding studies in SCZ patients 

showed an increase of CB1R availability in the posterior and anterior cingulate 

cortex (ACC) (258,259). [
3
H]CP-55940 binding was also increased in the dorsolateral 

prefrontal cortex (DLPFC) in SCZ patients, whereas no changes in CB1R availability 

were found in the striatum or temporal lobe (107). This was confirmed in a recent 

postmortem human tissue study that reported a 22% increase in [
3
H]CP-55940 

binding in the DLPFC in paranoid schizophrenic patients (108). From postmortem 

immunochemistry and in situ hybridization experiments, conflicting results have 

been found. Reduced CB1R messenger RNA and protein expression were detected 

in the postmortem DLPFC of SCZ patients (260), and reduced immunodensity of 

CB1R was in the PFC of antipsychotic-treated schizophrenics but not in drug-free 

patients (261). Additional arguments for involvement of the ECS in SCZ include 

endogenous ligand studies where elevated anandamide levels were demonstrated 

in the cerebrospinal fluid of SCZ patients (262-264). These were inversely correlated 

with psychotic symptoms and negative symptoms in particular and suggest the ECS 

system, acting through one of its major endogenous ligands, represents a 

protective and counterbalancing system towards psychosis (265). 
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Several radioligands for in vivo imaging of the CB1R have been developed recently 

that can be used for quantitative positron emission tomography (PET). Berding et 

al. (266) showed the feasibility of CB1R imaging with [
124

I]AM281 PET in a SCZ 

patient; however, the poor signal-to-noise ratio and the high radiation burden of 

the ligand constituted a major difficulty to extend the investigation to a larger 

number of subjects. Using [
11

C]OMAR in 9 treated SCZ patients, Wong et al.  (115) 

demonstrated elevated CB1R availability across all the brain regions studied. 

Furthermore significant correlations between the ratio of positive versus negative 

symptoms and CB1R availability were found. 

Since SCZ is a heterogeneous disorder and antipsychotic treatment can lead to bias 

in observed findings, we have investigated cerebral CB1R availability of 67 SCZ 

patients using the selective CB1R radioligand [
18

F]MK-9470 (52) and PET. As most of 

the post-mortem and in vivo studies showed an increase in CB1R availability as 

outlined above, the primary outcome was to test the hypothesis that in vivo CB1R 

availability is increased in antipsychotic-free and/or SCZ patients on antipsychotic 

monotherapy in comparison to healthy controls. As a second objective, we tested 

the hypothesis that regional CB1R availability was related to the severity of SCZ 

symptoms. 

 

 
MATERIALS AND METHODS 

Participants 

A total of 67 patients with schizophrenia (SCZ) (age: 36.7 ± 9.2 years) were 

recruited in a prospective study: an antipsychotic-free group (SCZ-F, n = 16), 

consisting of first-episode antipsychotic-naïve patients (n = 10) and patients after 

treatment washout (n = 6; duration of the washout period = 9.4 ± 4.0 months), as 

well as five groups of patients treated (SCZ-T, n = 51) under stable treatment with 

one among the five different second generation antipsychotics (SGAs): amisulpride 

(n = 11), risperidone (n = 10), clozapine (n = 10), olanzapine (n = 10), and 

aripiprazole (n = 10) (Table V-1). These drugs were selected because they not only 

represent commonly prescribed SGAs but also cover the range of pharmacological 

profiles for such compounds. 

Patients with SCZ were recruited from the clinic of the Department of Psychiatry at 

U.C. St. Jozef of Kortenberg (Belgium), the Department of Psychiatry and 

Psychotherapy of the University of Cologne, and the Department of Psychiatry and 
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Psychotherapy of the Central Institute of Mental Health of Mannheim (both 

Germany). Patient scans were all performed at the UZ Leuven (Belgium). All SCZ 

patients fulfilled the diagnostic criteria from the Diagnostic and Statistical Manual 

of Mental Disorders, fourth edition (DSM-IV) (1), by consensus of at least two 

board-certified psychiatrists. All SCZ patients, except the SCZ-F antipsychotic-free 

patients, had psychotic symptoms for at least a year. SCZ-T patients were clinically 

stable and were maintained on stable dose of antipsychotic monotherapy for at 

least 3 months prior to screening. 

Exclusion criteria for SCZ patients included: history of neurological dysfunction, 

other major psychiatric or internal disorders; history of serious suicide attempt(s) 

or clinically significant suicidal ideation were excluded; or current or recent (3 

months) drug abuse, including cannabis. Because of the low likelihood that tobacco 

smoking interferes with CB1R availability as demonstrated in animal studies (253), 

and no changes in anandamide were found in CSF (267), current tobacco smoking 

was not considered an exclusion criterion. 

A population of 12 cannabis-naïve healthy subjects matched by age, gender and 

educational level, was used as control group (CON) (Table V-1). These subjects 

were recruited in response to advertisements in the departmental homepage and 

local community newspapers, and they were selected randomly from different 

previous PET studies (128,180). All volunteers were free of diagnosable 

psychopathology according to DSM-IV criteria and inclusion and exclusion criteria 

were as described previously (180). 

All patients and healthy subjects gave written informed consent according to the 

World Medical Association Declaration of Helsinki. The study was approved by the 

local ethics committees. 

Absence of any drug use at the time of PET scanning was confirmed by blood and 

urine testing included general screening and toxicology for benzodiazepines, 

neuroleptics, opiates, cocaine and metabolites, amphetamines and cannabinoids 

on the same day as the PET scan in all SCZ patients and controls. 

Additionally, in order to exclude any structural brain abnormalities and to 

anatomically coregister with the PET data, each subject received a standard 

magnetic resonance imaging (MRI) scan, both T1-weighted Magnetization Prepared 

Rapid Acquisition Gradient Echo (3D-MPRAGE) and T2-weighted. MRI was acquired 

on a 1.5 Tesla Vision Scanner (Siemens, Germany). 
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Table V-1 Demographic and Clinical Characteristics of the Subjects 

 

CON 

SCZ-T SCZ-F 

Amisu Aripipra Clozapi Risperi Olanza 
Drug-

Washout 
Drug 
Naïve 

Subjects, No. 12 11 10 10 10 10 6 10 

Gender, M/F, No. 8/4 8/3 6/4 5/5 8/2 8/2 3/3 5/5 

Age, mean (SD), y 37 (14) 39 (8) 39 (10) 40 (12) 39 (9) 38 (7) 28 (7) 31 (7) 

Weight, mean (SD), 
kg 

78 (13) 86 (18) 79 (17) 87 (13) 87 (15) 83 (10) 67 (15) 71 (14) 

Disease duration, 
mean (SD), y 

- 13 (9) 12 (6) 14 (9) 25 (7) 6 (4) 5 (11) < 1 

Injected dose, 
mean (SD), MBq 

280 
(80) 

297 (54) 336 (38) 320 (41) 321 (53) 293 (52) 280 (63) 285 (13) 

Current smoking 
status, Y/N, No. 

none 8/3 7/3 6/4 7/3 6/4 5/1 3/7 

Past cannabis use, 
Y/N, No. 

none 5/6 9/1 5/5 4/6 3/7 5/1 4/6 

Clinical measures, mean (SD)  

PANSS-P - 10 (3) 13 (5) 12 (4) 12 (5) 12 (4) 10 (3) 23 (8)h 

PANSS-N - 13 (5) 14 (6) 16 (7) 13 (4) 13 (4) 11 (4) 21 (9)h 

PANSS-G - 26 (5) 32 (9) 30 (5) 27 (7) 27 (9) 24 (9) 48 (12)h 

PANSS-T - 49 (12) 58 (16) 59 (14) 52 (13) 51 (16) 45 (14) 92 (26)h 

CGI score - 3 (1) 3 (1) 4 (1) 3 (1) 4 (1) 4 (1) 5 (1)h 

GAF score - 71 (8) 66 (10) 66 (9) 66 (10) 59 (13) 66 (9) 41 (13)h 

Cognitive tests 

RAVLTa - 54 (8) 48 (13) 45 (12)i 45 (16) 47 (6)i 45 (21) NA 

TMTb - 30 (11) 28 (7) 38 (18) 38 (19) 30 (13) 32 (18) NA 

VMS-WMS-Rc - 120 (43) 76 (38)i 116 (35) 94 (53) 115 (48) 94 (60) NA 

COWATd - 65 (15) 69 (15) 59 (29) 60 (15) 79 (24) 72 (14) NA 

SS-WAISe - 8 (3) 7 (2) 8 (4) 6 (4) 8 (4) 8 (1) NA 

LNS-WAISf - 13 (3) 10 (3)i 9 (3)i 7.8 (4.0)i 11 (3) 10 (3) NA 

CPT-IPg - 1.5 (0.8) 0.8 (0.5) 0.7 (0.8) 0.7 (1.0) 1.1 (0.9) 1.1 (0.6) NA 

 

Note: CON, controls; SCZ-T, schizophrenic patients treated with antipsychotics; SCZ-F, schizophrenic 
patients antipsychotic-free; Amisu, schizophrenic patients treated with Amisulpride; Aripipra, 
schizophrenic patients treated with Aripiprazole; Clozapi, schizophrenic patients treated with Clozapine; 
Risperi, schizophrenic patients treated with Risperidone; Olanza, schizophrenic patients treated with 
Olanzapine; M, male; F, female; y, years; Y, yes; N, no; PANSS, Positive And Negative Symptom Scales; 
PANSS-P, positive PANSS; PANSS-N, negative PANSS; PANSS-G, general PANSS; PANSS-T, total PANSS; 
CGI, Clinical Global Impression; GAF, Global Assessment of Functioning; RAVLT, Rey Auditory Verbal 
Learning Test; TMT, Trial Making Test; VMS-WMS-R, Visual Memory Span Wechsler Memory Scale 
Revised; COWAT, Controlled Oral World Association Test; SS-WAIS, Symbol Substitution Wechsler Adult 
Intelligence Scale; LNS-WAIS, Letter-number sequencing-Wechsler Adult Intelligence Scale; CTP-IP, 
Continuous Performance Test-Identical Pairs version; NA, not applicable. 
a Indicates the total number of word correctly recalled on RAVLT trials I-V. 
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b Indicates the seconds required to complete the TMT. 
c 

Indicates the percentile equivalents for the VMS-WMS-R. 
d Indicates the total number of words created after three COWAT trials. 
e Indicates the number of correct symbols drawn within 120 s (scaled score) S-WAIS. 
f Indicates the total correct answers (scaled score) LNS-WAIS. 
g Indicates d-prime and omission error totals from the CTP-IP. 
h Results surviving Bonferroni correction for multiple comparisons (p <0 .05) for the comparison SCZ-F 
Drug Naïve > any other SCZ-T group are indicated in boldface. 
I Results surviving independent-samples t tests (p < 0.05) for the comparison Amisulpride-treated SCZ-T 
> any other SCZ-T group are indicated in boldface. 
Data represent means and standard deviations.  
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Psychiatric and Neurocognitive Assessment 

The severity of psychotic symptoms in SCZ patients was evaluated using the 

Positive and Negative Syndrome Scale (PANSS) (268). A neurocognitive test battery 

was used with national validated versions of the tests to assess memory 

functioning, psychomotor and processing speed, attention and vigilance. Further 

details are provided in the supplemental material. The test battery was not used 

for SCZ-F antipsychotic-naïve given the potential confounding effects of acute 

symptomatology and conceptual disorganization on test performance, and for CON 

because they were screened for previous PET studies, which did not require the 

same neurocognitive evaluation. The remaining 57 SCZ patients completed mainly 

all the tests (n = 54), or at least 5 of the 7 neurocognitive tests (n = 3). 

 

PET Imaging 

The radiotracer [
18

F]MK-9470 is an inverse agonist with a high-affinity and 

specificity for the human CB1R. Its synthesis is described in the supplemental 

material. All subjects were fasted for at least 4 hours prior to the PET acquisition. 

PET scans were acquired on a ECAT EXACT HR+ (Siemens, Erlangen, Germany) in 

three-dimensional mode. Subjects received on average 301.8 ± 54.0 MBq of 

[
18

F]MK-9470 in slow bolus intravenous injection. Before the dynamic PET emission 

scan, the subject was positioned in the scanner with the head fixed in a vacuum 

cushion to minimize head motions during the imaging acquisition. Dynamic PET 

scans were started 120 min after radioligand injection with 60-min scanning 

session (twelve 5-min frames). 

PET images were reconstructed using the three-dimensional filtered backprojection 

algorithm correcting for attenuation (attenuation scan performed using a 
68

Ge 

source) and scatter. The spatial resolution of the reconstructed images was 4 mm 

full-width at half-maximum. 

 

Image processing 

The index of CB1R availability was quantified using the modified standard uptake 

value (mSUV), a non-invasive simplified quantification method also used in 

previous human [
18

F]MK-9470 studies (52,128,177-179,234). mSUV images were 

obtained by summation of the activity concentration between 120-180 min 

postinjection, corrected for tracer injected and subject´s body weight (191). It has 

been recently demonstrated that this approach allows a more practical acquisition 

protocol in patients and is a valid simplified quantification providing an index of 
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tracer binding, provided no group differences in peripheral metabolization is 

present (177-179). In order to assess whether the mSUV method was also 

appropriate in the SCZ group, the fractional uptake ratio (FUR), which is an index 

strongly proportional to total distribution volume VT of [
18

F]MK-9470 (128), was 

calculated and compared to mSUV values. Validation and further quantification 

details are given as Supplemental Material (Supplementary Figure V-1 and 

Supplementary Figure V-2). 

Parametric mSUV images were generated using PMOD v. 2.9 (PMOD Technologies, 

Zurich, Switzerland). For each subject, PET frames were realigned and coregistered 

to the individual MRI using SPM2 (Statistical Parametric Mapping, Wellcome 

Department of Imaging Neuroscience, London, UK). The coregistered [
18

F]MK-9470 

mSUV images were then spatially normalized to a specific in-house created CB1R 

template  constructed in Montreal Neurological Institute (MNI) space 2Χ2Χ2 mm) 

in SPM2 using nonlinear warping. A predefined volume-of-interest (VOI) analysis 

was performed using an in-house previously created set of VOIs defined on the 

CB1R template (180). Additionally, subcortical brain areas (caudate nucleus, 

putamen, nucleus accumbens, pallidum, thalamus, and hypothalamus) were 

individually adjusted by delineating these regions manually on the transverse slices 

of T1 images. The personalized VOI map was then loaded on the corresponding 

normalized mSUV PET image, and the average mSUV values within the VOIs were 

then determined using PMOD. CB1R availability values of cortical Brodmann areas 

(BA) were also grouped into larger anatomical regions on the base of the number 

of voxels. 

 

PET Data Analysis and Statistics 

For VOI-based analysis, the average mSUV values were compared using analyses of 

variance (ANOVAs and MANOVAs) and LSD post-hoc tests. A SPM analysis was 

additionally performed comparing the SCZ-T and SCZ-F groups to CON. Before 

performing statistical SPM analysis, spatially normalized mSUV PET images were 

masked within the brain 80% isocontour of the CB1R template and smoothed with 

a full-width-at-half maximum of 10 mm. A proportional scaling was used and a 

relative grey matter analysis threshold of 80% of the mean was adopted to exclude 

extracerebral activity. Data were explored at a cluster-level pcluster < 0.05 (corrected 

for multiple comparisons) and voxel-level pheight < 0.001 (uncorrected for multiple 

comparisons). The extent threshold kext was set at 50 voxels (approximately 0.4 

cm
3
) to reduce the chance of false-positive clusters. To exclude influence of 
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confounders such as smoking and cannabis use, analyses were done with and 

without these parameters as nuisance variables. 

Group comparisons on clinical symptoms were assessed with ANOVA and 

Bonferroni post-hoc tests. Correlations between clinical measures and cognitive 

scores were calculated using Pearson correlation coefficients and Bonferroni 

correction. The significance threshold was set at p < 0.05. Statistical analyses were 

conducted using Statistica version 9.0 (Statsoft Inc., Tulsa Oklahoma, USA). 

 

RESULTS 

Clinical Characteristics and Treatment Effects 

Table V-1 presents clinical characteristics and neurocognitive performances of SCZ 

patients and controls. Significant differences were present between SCZ-T and SCZ-

F antipsychotic-naïve on all psychopathological symptoms (p from 0.01 to 10
-7

). 

Globally, SCZ-F antipsychotic-naïve had the highest PANSS total score (PANSS-T) 

among all SCZ subgroups. Within the SCZ-T group, ANOVA revealed no differential 

effect of antipsychotic treatment on symptom domains. Moreover, no difference in 

clinical symptoms was found among the five SCZ-T groups and the SCZ-F drug-

washout group. The mean scores for neurocognitive performances for each 

individual SCZ group are reported in Table V-1. Additional results on behavioral and 

neurocognitive performance are given in the supplemental material. 

 

CB1R group comparison 

Compared to CON, there was a global grey-matter increase of CB1R availability in 

the SCZ-F group (+10.1%), which was also present but less pronounced in the SCZ-T 

group (+5.5%) (mSUVSCZ-T = 1.14 ± 0.16; mSUVSCZ-F = 1.19 ± 0.20; mSUVCON = 1.08 ± 

0.17). VOI-based analysis demonstrated that regional [
18

F]MK-9470 binding values 

in SCZ (both SCZ-F and SCZ-T) were higher in all brain regions, in comparison to 

CON (Figure V-1 and Figure V-2). The increased CB1R availability found across 

cortical and subcortical grey matter regions was higher for SCZ-F, especially in the 

NuAc (+15.5%, p = 0.02) and parietal cortex (+10.4%, p < 0.001). In addition, CB1R 

change was also significant in the insula (+6.6%, p = 0.04) and inferior frontal gyrus 

(+12.0%, p = 0.01). In SCZ-T, this increase was significant in the NuAc (+12.9%, p = 

0.02), insula (+7.7%, p = 0.01), and in larger anatomical regions such as cingulate 

cortex (+6.1%, p = 0.002), mesotemporal lobe (+6.7%, p = 0.03), and parietal cortex 

(+4.3%, p < 0.001) (Figure V-2). 
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Figure V-1 Average modified standard uptake value mSUV parametric images of global CB1R availability 
for controls (CON), treated (SCZ-T) and antipsychotic-free (SCZ-F) patients. The color bar indicates 
[18F]MK-9470 binding (mSUV) index. 

 
 

 
Figure V-2 Regional differences in CB1R availability between treated (SCZ-T) and antipsychotic-free 
(SCZ-F) patients and controls (CON). Sup Fr = Superior Frontal; Inf Fr = Inferior Frontal; Tp = Temporal 
cortex; Mtp = Mesotemporal lobe; Pa = Parietal cortex; Oc = Occipital cortex; Ins=Insula; CC = Cingulate 
Cortex; Pu = Putamen; CN = Caudate Nucleus; NuAc = Nucleus Accumbens; Th=Thalamus; Cbl = 
Cerebellum.  
*P < 0.05 versus CON (post-hoc tests). Error bars represent one SD. 
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As secondary analysis, we explored also possible effect of type of antipsychotic 

drug on the CB1R availability (see Supplemental Material). No treatment-specific 

changes in absolute [
18

F]MK-9470 binding were detected between SCZ-T and SCZ-F 

group versus CON. However, comparing relative [
18

F]MK-9470 binding normalized 

to the average brain binding, antipsychotic monotherapy significantly altered CB1R 

availability in the mesocorticolimbic circuitry (Figure V-3; Supplementary Table 

V-2). These results remained when analysis with past cannabis use and current 

tobacco smoking as nuisance variables was done. 

 

 

Figure V-3 Statistical parametric maps (SPM) results showing relative increases in CB1R availability in 
SCZ-T (left) and in SCZ-F (right) patients compared to controls. Contrasts are shown for pcluster < 0.05 
(corrected for multiple comparisons) and peak thresholds pheight < 0.001 (uncorrected for multiple 
comparisons) and kext > 50 voxels. The color bar expresses T-score levels. 

 

Correlation between Clinical Measures and CB1R Availability 

In the whole SCZ group, we found no correlations between CB1R and PANSS, CGI 

and GAF scores. However, modest inverse correlations were observed between 

CB1R availability and PANSS subscales for negative and general symptoms in SCZ-F, 

but no significant correlations were present for SCZ-T. 

We found that, in SCZ-F patients, CB1R availability was negatively correlated with 

the negative PANSS items “social withdrawal” (PANSS-N4) and “stereotyped 

thinking” (PANSS-N7), and with the two general PANSS items “depression” (PANSS-

G6) and “active social avoidance” (PANSS-G16). Supplementary Table V-3 gives the 

correlation coefficients for a whole-brain VOI, lobar areas, and NuAc VOI. These 

indicate that, although the strength of the correlation is strongest in the nucleus 

accumbens, the observed correlations are mainly global. Individual data for the 

NuAc are shown in Figure V-4 (PANSS-N4: r = -0.63, p = 0.009; PANSS-N7: r = -0.56, 

p = 0.02; PANSS-G6: r = -0.58, p = 0.02; PANSS-G16: r = -0.60, p = 0.01). There were 
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no significant relationships between CB1R availability and PANSS-N and PANSS-G 

total score, although total PANSS-N showed a trend toward significance in the 

NuAc (r = -0.48, p = 0.06; Supplementary Table V-3). 

 

 

Figure V-4 Correlations between CB1R availability in the NuAc (nucleus accumbens) of patients 
antipsychotic-free SCZ-F and psychotic symptoms PANSS subscales (A) “social withdrawal” (PANSS-N4); 
(B) “stereotyped thinking” (PANSS-N7) (open circles); (C) “depression” (PANSS-G6) and (D) “active social 
avoidance” (PANSS-G16) (closed triangles). Solid lines represent linear regression curve and dotted lines 
represent 95% confidence interval. 

 

 

Effects of Past Cannabis Use on CB1R Availability 

Overall, 52.0% of the SCZ patients consumed cannabis at least once in their life 

(Table V-1). The lifetime history of cannabis use was comparable between SCZ-T 

(51.0%) and SCZ-F (56.3%). The last cannabis consumption dated back to at least six 

months before the PET investigation (SCZ-T: 7.0 ± 6.1 years; SCZ-F: 6.0 ± 4.8 years). 
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SCZ patients were classified as “heavy cannabis users” when the frequency of past 

cannabis use during the period of heaviest cannabis consumption was several 

times a day, according to CIDI definitions. Cannabis dose, duration of the period of 

most intensive use, and age of the first cannabis exposure were not correlated to 

any psychotic symptoms. SCZ patients with a history of heavy cannabis exposure 

did not show different CB1R availability from SCZ patients with moderate (p = 

0.16), low (p = 0.38) or an absence of lifetime exposure to cannabis (p = 0.60) 

(Supplementary Figure V-3), suggesting that the lifetime cannabis use did not have 

a significant effect on CB1R availability. 

 

DISCUSSION 

Several lines of experimental evidence point to a dysregulation of the functions of 

the CB1R in SCZ. The majority of the studies investigating CB1R in SCZ examined 

CB1R changes using radioligand binding and quantitative autoradiography in 

postmortem tissue (107,258-261). Concerning in vivo investigations, few 

quantitative CB1R PET studies in the brain of SCZ patients have been carried out 

either using first-generation CB1R radiotracer in only one patient (266) or involving 

a low number of patients (115). We have investigated the CB1R availability in SCZ 

patients both with and without different antipsychotic treatments, which has not 

been reported before. Moreover, we have correlated the CB1R changes with the 

severity of symptoms. 

Compared to controls, we found a widespread moderate increase in CB1R 

availability in the whole group of SCZ patients. This may suggest that the CB1R is 

involved in the pathophysiology of SCZ and/or in the neural mechanisms underlying 

its symptoms (107,258,259). The upregulation of the CB1R availability was 

statistically significant in the parietal and mesotemporal lobe, inferior frontal gyrus, 

and especially in selected mesocorticolimbic brain areas such as the NuAc, insula 

and ACC. The NuAc is an important key region of the mesolimbic system involved in 

both psychosis and substance use disorders (269). It has been suggested that 

dopamine release in the NuAc caused by cannabinoids and other drugs used by 

patients, is a final common mechanism for the reinforcing effects of 

psychostimulants and other drugs (270).
 
Nevertheless, it is of interest that the 

antipsychotic effects of the CB1R inverse agonist rimonabant in animal models are 

due to changes in glutamatergic transmission in the NuAc, without dopaminergic 

participation (271). Additionally, we found a relevant CB1R alteration in the ACC of 

SCZ patients. Based on its rich interconnections with prefrontal, limbic and 
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dopaminergic brain areas, the ACC region is involved in normal cognition, 

particularly in relation to attention and motivation. Impairments of cognitive 

functioning in these areas have been seen in long-term cannabis users (232) and 

similar cognitive impairments also resemble core negative/cognitive symptoms of 

SCZ. Therefore, changes in CB1R in the ACC may be of relevance in SCZ, principally 

in relation to negative/cognitive symptoms. 

Our findings are in line with previous reports that in SCZ an increased CB1R 

availability is observed, either by autoradiography, especially in the cingulate 

cortex and DLPFC (107,108,258,259), or in vivo where significant elevated CB1R 

availability of 
11

C-OMAR was found in the pons of SCZ patients (115). At odds with 

these results, Eggan et al. (260) found a reduced CB1R mRNA and 

immunocytochemical receptor protein expression in the DLPFC of SCZ patients, and 

another immunohistochemical study showed no alteration of density of CB1R 

immunopositive cells in the ACC of SCZ patients (272). Also, Urigüen et al. (261) and 

Dalton et al. (108) reported unchanged CB1R mRNA expression in the DLPFC of 

drug-free SCZ patients post-mortem. The discrepancy between ligand binding and 

immunocytochemistry approaches to CB1R protein measurement might be due to 

post-mortem tissue changes, to differences between cell surface receptor 

availability and total CB1R protein because there is a large intracellular reserve in 

CB1R protein (273), or methodological differences, such as reported by Dalton et 

al. (108), as CB1R antibodies may not qualitatively or quantitatively stain receptors 

in all cell types or subcellular compartments. 

We also investigated whether different antipsychotic treatments could alter CB1R 

density. Although D2 receptors are the main target of antipsychotics, the increased 

CB1R availability found in SCZ was modulated by antipsychotics. These findings 

represent a further indirect evidence regarding the functional complexes that 

dopamine receptors form with CB1Rs (274), and may point to interactional linkage 

between the cannabinoid receptor systems in relation to psychotic symptoms 

(254). Indeed, the dopamine hypothesis of SCZ, postulating that increased brain 

dopaminergic activity causes psychotic symptoms of SCZ, may lead to or be a 

consequence of the overactivity of the ECS. The exaggerated dopamine release 

onto postsynaptic D2-like receptors in SCZ might trigger release of anandamide, 

which then acts as a retrograde messenger to induce a CB1R-mediated attenuation 

of dopamine release. This hypothesis is supported by Giuffrida et al. (262) who 

proposed a model on dopamine-endocannabinoid interaction in SCZ, where 

(over)activation of D2 receptors were associated with an (increased) release of 

anandamide, counterbalancing dopamine-mediated psychotic symptoms by 
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strengthening the endogenous adaptive feedback loop, through CB1R activation. 

This model is further supported by the fact that higher values of cerebrospinal 

anandamide levels are associated with lower negative symptoms and the fact that 

SCZ patients treated primarily with a selective D2 receptors antagonist show 

markedly lower anandamide levels in CSF than SCZ patients treated with 

antipsychotics targeting multiple receptor systems including D2/3 and serotonin 

receptors. However, the differences found in the CB1R availability between 

patients treated with antipsychotics and antipsychotic-free patients might be an 

indirect treatment effect due to the antipsychotic medication, but might also be an 

effect of the ongoing disease itself, or a combination of both. 

Our second aim was to investigate the relation between CB1R availability and 

severity of clinical symptoms. In antipsychotic-free schizophrenic patients, we 

found that elevated [
18

F]MK-9470 binding was inversely correlated with negative 

and general symptoms, but we did not found such correlations in patients under 

monotherapy. Overall, looking at PANSS scores over the groups, only the SCZ-F 

antipsychotic-naïve patients were more severely ill than the other groups. In the 

SCZ-T groups, which were stable, there does not seem to be a great variance in 

symptomatology, and this lack of variance might have obscured some of the 

possible correlations. The inverse correlation with negative symptoms is consistent 

with the trend level found in Wong et al. (115) for some cortical areas and the 

deduction made from the relationship found between CB1R availability and the 

ratio of Brief Psychiatric Rating Score (BPRS) positive symptoms versus negative 

symptoms, suggesting that it might be possible to characterize the CB1R availability 

as it relates to severity of schizophrenic symptoms. The more pronounced 

psychopathology was clearly dominated by positive and negative symptoms. The 

majority of the SCZ patients (87%) had a depression severity ranging from absent to 

mild, although 50% of the SCZ-F antipsychotic-naïve patients scored in the 

moderate/severe range. However, the negative correlations observed between 

increased CB1R availability and psychotic symptoms is clearly in line with previous 

findings by Giuffrida et al. (262) and Leweke et al. (267) indicating that an increased 

activation of the ECS is associated with less pronounced symptoms. Given our 

findings, it may be possible that the entire ECS is region specifically upregulated in 

acute schizophrenia serving an adaptive if not protective role towards psychotic 

symptoms. 

Further studies may clarify the mechanism by which the results discussed here are 

linked to limbic hyperdopaminergic or prefrontal hypodopaminergic activity and 

involvement of the glutamatergic system. In particular, they might investigate 



CHAPTER V: CB1R IN SCHIZOPHRENIA | 120 

 

 

 

whether the reported upregulation of CB1Rs in the mesocorticolimbic regions in 

SCZ reflects a primary pathology or a compensatory homeostatic adaptation of the 

ECS to other neurotransmitter imbalances. 

Cannabis consumption is an important confounding variable in this population, 

therefore we investigated the lifetime cannabis consumption on CB1R availability 

in SCZ patients, since it was reported that in patients with high-frequency cannabis 

use, cerebrospinal anandamide levels were more than tenfold lower than in 

patients with low-frequency use (267), even though more than 20 times of lifetime 

cannabis use were already suggested “high frequency”. However, our data showed 

that the lifetime cannabis use did not affect CB1R density since no difference in 

CB1R availability was observed between the SCZ patients with frequent and no 

exposure to cannabis (Supplementary Figure V-3). 

Given the demonstrated role for the CB1R in the pathology of SCZ (264), and the 

results of the most recent treatment trial targeting the ECS (275,276), the 

cannabinoid hypothesis of SCZ deserves further investigation, to gain further 

insight in the role of the ECS in this complex disorder and to provide additional 

proof-of-mechanism for cannabinoid-related therapy. 

Some limitations should be considered in the interpretation of our findings. First, 

due to the small cohort of SCZ-F patients compared to the SCZ-T group, the inverse 

correlation between the ventral striatal CB1R availability and negative symptoms in 

antipyschotic-free SCZ from the current study needs independent replication in a 

larger SCZ-F sample. Second, the lack of a control group with a lifetime history of 

cannabis use might complicate the delineation of the effects of diagnosis and 

history of cannabis use on the observed group differences in CB1R availability. 

However, a major impact on this study is not expected, as we did not see any CB1R 

difference between patients with and without past lifetime cannabis use. 

In conclusion, both medicated and antipsychotic-free patients show increased 

CB1R availability compared to controls, particularly pronounced in the NuAc, 

cingulate and insular cortex. Moreover the increased CB1R availability is negatively 

associated with negative symptoms and depression in antipsychotic-free patients. 

The current in vivo data strengthens the hypothesis that the endogenous 

cannabinoid system of the brain is involved in the pathology of SCZ.  
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SUPPLEMENTARY METHODS 
 

Psychiatric and Neurocognitive Assessment 

The severity of psychotic symptoms in SCZ patients was evaluated using the 

Positive and Negative Syndrome Scale (PANSS) (268). Moreover, the Clinical Global 

Impressions-Severity of Illness (CGI) (277) and Global Assessment of Functioning 

(GAF) (278) were also administered to provide additional information on level of 

functioning. A neurocognitive test battery was used with national validated 

versions of the tests. The following neurocognitive tests were carried out: the Rey 

Auditory Verbal Learning Test (RAVLT) for short-term verbal memory functioning 

(279), Trial Making Test Part A (TMT) for psychomotor speed and attention (280), 

the Visual Memory Span (VSM-WMS-R) forward and backward, subtest of the 

Wechsler Memory Scale Revised (WMS-R) for visual memory span and visual 

working memory functioning respectively , the Controlled Oral World Association 

Test (COWAT) problem solving (281), the Symbol Substitution (SS-WAIS) and the 

Letter-Number Sequencing (LNS-WAIS) subtests of the Wechsler Adult Intelligence 

Scale III (WAIS-III) for processing speed and working memory respectively (241), 

and the Continuous Performance Test-Identical Pairs version (CPT-IP) for 

attention/vigilance (282).
 

 

Tracer preparation 

The radiotracer [
18

F]MK-9470 (N-[2-(3-cyano-phenyl)-3-(4-(2-

[
18

F]fluoroethoxy)phenyl) -1-methylpropyl]-2-[5-methyl-2-pyridyloxy]-2-

methylproponamide) is an inverse agonist with a high-affinity and specificity for the 

human CB1R (52). The precursor for the synthesis of [
18

F]MK-9470 was obtained 

from Merck Research Laboratories (West Point, Pennsylvania) and labeling was 

performed on site with 2-[
18

F]fluoroethylbromide as previously described (52).The 

final product was obtained after high pressure liquid chromatography (HPLC) 

separation and had a radiochemical purity >95%. The specific radioactivity was 

higher than 100 GBq/μmol at time of injection. The tracer was administered in a 

sterile solution of 5 mM sodium acetate buffer with pH 5.5 containing 6% ethanol. 
 

PET data quantification: validation mSUV 

The index of CB1R availability was quantified using the modified standard uptake 

value (mSUV): mSUV = [activity concentration (KBq/cc) x (subject´s body weight 

(Kg) + 70 / 2)] / injected dose (MBq) (191). In order to assess whether the mSUV 

method was also appropriate in the group of SCZ patients, the fractional uptake 

ratio (FUR), which is an index strongly proportional to total distribution volume VT 
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of [
18

F]MK-9470, were calculated as the ratio of tracer concentration in tissue at 

the end of the scan to the integral of metabolite-corrected plasma activity from 

time of injection to the end of the scan (128). To obtain the metabolite-corrected 

input curve, [
18

F]MK-9470 plasma concentration and [
18

F]MK-9470 percentage 

fractions were measured for a subgroup of CON (n = 5) and for the first SCZ 

patients (n = 6) with venous sampling between 0 and 180 minutes postinjection. 

This procedure and [
18

F]MK-9470 metabolite determination were performed as 

described by in Sanabria et al. (128). We excluded possible group differences in 

peripheral metabolism that could lead to bias in CB1R availability determination by 

the simplified quantification mSUV by comparing the [
18

F]MK-9470 percentage 

fraction in plasma over time in a subgroup of SCZ patients and controls (see 

Supplementary Figure V-1.A.). 
 

 
Supplementary Figure V-1 Comparison of tracer metabolisation and metabolite corrected arterial 
input function between schizophrenic patients (SCZ) and controls (CON). 
Note: There is no significant difference of the average [18F]MK-9470 percentage fraction in venous 
plasma (Supplementary Figure V-1.A) and on the plasma input curve derived from venous samples and 
corrected for metabolites (Supplementary Figure V-1.B) in a subgroup of schizophrenic patients (SCZ; n 
= 6) and controls (CON; n = 5). 
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There were no differences in metabolization over time between both subgroups. 

Additionally, no group differences in total plasma input function corrected for 

metabolites were found (see Supplementary Figure V-1.B.). 

The direct relation between regional mSUV and FUR values in the brain showed a 

highly correlated relationship (r = 0.99) (see Supplementary Figure V-2), indicating 

that between SCZ patients and CON no significant bias in the mSUV vs. FUR 

relationship was present, and mSUV can be used as reliable indicator of VT. A 

similar highly linear correlation between mSUV and FUR values has been 

demonstrated in several human CB1R studies such as in Parkinson disease (177), 

Huntington disease (178), and eating disorders (179). 

 

Supplementary Figure V-2 Relationship between [18F]MK-9470 FUR (Fractional Uptake Ratio) values 
and mSUV (modified Standard Uptake Values) in a subgroup of schizophrenic patients (SCZ) and 
controls (CON). 

 

SUPPLEMENTARY RESULTS 

 

Correlations between clinical measures and neurocognitive performance 

Results of the correlation analyses are shown in Supplementary Table V-1. PANSS 

scores produced no significant relationships with cognitive functioning after 

Bonferroni correction for multiple comparisons. However, performance on 
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memory functioning and processing speed were correlated with overall symptom 

severity and global functioning assessed through CGI and GAF measures. 

 

Supplementary Table V-1 Relationship Between Clinical Assessments and Neurocognitive Performancea 

Test 

Clinical assessments 

PANSS-P PANSS-N PANSS-G PANSS-T CGI GAF 

RAVLT r = -0.25 
p = 0.06 

r = -0.24 
p = 0.08 

r = -0.11 
p = 0.43 

r = -0.22 
p = 0.11 

r = -0.42 
p = 0.001* 

r = 0.40 
p = 0.002* 

TMT r = 0.22 
p = 0.10 

r = 0.09 
p = 0.50 

r = -0.004 
p = .98 

r = 0.10 
p = 0.48 

r = 0.19 
p = 0.15 

r = -0.32 
p =0 .017* 

VMS-WMS-R r = -0.01 
p = 0.93 

r = 0.29 
p = 0.03* 

r = 0.08 
p = .57 

r = 0.14 
p = 0.29 

r = -0.10 
p = 0.59 

r = 0.07 
p = 0.59 

COWAT r = -0.06 
p = 0.66 

r = -0.07 
p = 0.61 

r = 0.004 
p = 0.98 

r = -0.04 
p = 0.77 

r = -0.17 
p = 0.22 

r = 0.13 
p = 0.36 

SS-WAIS r = -0.26 
p = .06 

r = -0.21 
p = 0.11 

r = -0.16 
p = 0.25 

r = -0.23 
p = 0.08 

r = -0.40 
p = 0.002* 

r = 0.37 
p = 0.005* 

LNS-WAIS  r = -0.24 
p = .07 

r = -0.15 
p = 0.28 

r = -0.22 
p = 0.10 

r = -0.24 
p = 0.08 

r = -0.17 
p = 0.22 

r = 0.13 
p = 0.33 

CPT-IP r = 0.28 
p = .038* 

r = 0.03 
p = 0.80 

r = 0.22 
p = 0.10 

r = 0.21 
p = 0.12 

r = -0.07 
p = 0.62 

r = -0.16 
p = 0.24 

 

Note: PANSS, Positive And Negative Symptom Scales; PANSS-P, positive PANSS total score; PANSS-N, 
negative PANSS total score; PANSS-G, general PANSS total score; PANSS-T, total PANSS; CGI, Clinical 
Global Impression; GAF, Global Assessment of Functioning; RAVLT, Rey Auditory Verbal Learning Test; 
TMT, Trial Making Test; VMS-WMS-R, Visual Memory Span Wechsler Memory Scale Revised; COWAT, 
Controlled Oral World Association Test; SS-WAIS, Symbol Substitution Wechsler Adult Intelligence Scale; 
LNS-WAIS, Letter-number sequencing-Wechsler Adult Intelligence Scale; CTP-IP, Continuous 
Performance Test-Identical Pairs version. 
*p values surviving Bonferroni correction for multiple comparisons are indicated in boldface. 

 

 

Effect of antipsychotics on neurocognitive performance 

The antipsychotic treatments did not show significant differential effect on 

psychomotor and processing speed performance, on fluency phonetic performance 

or on attention performance. SCZ-T patients receiving the amisulpride showed 

generally better memory performance in comparison with the four SCZ-T groups 

treated with the other SGAs (aripiprazole, clozapine, risperidone and olanzapine), 

and with the SCZ-F drug-washout group. In particular, amisulpride-treated patients 

displayed in general superior verbal and spatial memory functioning (assessed by 
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RAVLT, WMS-R and LNS-WAIS) than patients treated with the other four 

medications (p from 0.049 to 0.007). 

 

Differential effects of antipsychotic drugs on CB1R availability 

As secondary analysis, also the effect of antipsychotic drug differences was 

analyzed. Voxel-based analysis did not detect treatment-specific changes in 

absolute [
18

F]MK-9470 binding between any SCZ-T group versus CON. Multivariate 

analysis of variance (MANOVA) also did not reveal an effect of the antipsychotic 

treatment on absolute CB1R availability for any region, as well as formal between-

group SPM comparison across SCZ-T antipsychotic groups. 

 

Effects of tobacco use on CB1R availability 

The consumption of tobacco/cigarettes was not an exclusion criteria for the SCZ 

patients as it is known that many SCZ patients consume tobacco. Among the 67 

patients included in the study, 42 (62.7%) were active smokers. This was similar 

between the SCZ-T medication-treated (34/51 were smokers, i.e. 66.7%) and SCZ-F 

medication-free (8/16 were smokers, i.e. 50.0%) group. 

In the SCZ-T treated group, there was no significant difference in CB1R availability 

between smoking and non-smoking SCZ-T (mean ± SD, global mSUV = 1.14 ± 0.17 

and 1.09 ± 0.24, for smoking SCZ-T and non-smoking SCZ-T, p = 0.44). The smoking 

status did not have any effect on CB1R availability in the SCZ-F group as well (global 

mSUV = 1.17 ± 0.24 and 1.20 ± 0.18, for smoking SCZ-F and non-smoking SCZ-F, p = 

0.79). Also regionally, no differences were found. 

Additionally, since no matching for tobacco consumption has been applied for the 

CON group, we have compared CB1R availability of both smoking and non-smoking 

SCZ groups versus non-smoking CON, but we did not find any significant difference 

(p > 0.3) between the three groups (global mSUV = 1.14 ± 0.18, 1.13 ± 0.23 and 

1.08 ± 0.17, for smoking SCZ, non-smoking SCZ and CON, respectively). In 

conclusion tobacco use had any effect on CB1R availability of SCZ in comparison to 

CON. We have re-analyzed the data with tobacco use as additional nuisance 

variables, but this did not change the results. 
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CB1R group comparison 

Supplementary Table V-2 SPM analysis cluster peak locations for the contrast of relative [18F]MK-9470 
availability between SCZ-T and SCZ-F versus controlsa 

Cluster level 
 

Voxel level 
 Peak voxel 

Talairach 
coordinates 

 
Cluster location 

pcor KEXT  PFWE T  x y z  Anatomical region 

SCZ-T > CON 

2.10-4 1130  8.10-6 7.11  12 8 48  R dorsal anterior cingulate cortex  
(BA 32) 

   2.10-7 5.64  10 -6 52 R premotor cortex (BA 6) 

3.10-6 1979  10.10-8 5.86  -30 10 -14 L insula (BA 48) 

   9.10-6 4.66  -10 8 -14 L subgenual cortex (BA 25)  

4.10-4 1037  4.10-6 4.89  44 0 -4 R insula (BA 48) 

   1.10-5 4.59  52 -32 -4 R middle temporal gyrus (BA 21) 

   3.10-4 3.65  56 -12 -14 R inferior temporal gyrus (BA 20) 

SCZ-F > CON 

3.10-5 984  4.10-8 7.36  -44 22 0  L inferior orbitofrontal gyrus (BA 47) 

   3.10-5 4.84  -36 2 -2 L insula (BA 48) 

   1.10-4 4.29  -32 12 -18 L temporopolar area (BA 38) 

5.10-4 670  1.10-6 5.99  14 12 50  R dorsal anterior cingulate cortex  
(BA 32)  

0.004 466  2.10-5 4.91  12 -80 -14  R inferior occipital lobe (BA 18) 
 

Note: CON, Controls; SCZ-T, antipsychotic-treated schizophrenic patients; SCZ-F, antipsychotic-free 

schizophrenic patients; kEXT, cluster size extent (No. of voxels); BA, Brodmann area. 
a 

Includes results 

from statistical parametric mapping comparisons of relative (i.e. normalized on individual whole-brain 
availability) CB1R availability of CON with different groups of schizophrenia patients treated with 
different groups of antipsychotics (SCZ-T) on a significant threshold of pheight cluster-level of pcluster < 0.05 
(corrected for multiple comparisons) and voxel-level pheight < 0.001 (uncorrected for multiple 
comparisons), with kext > 50 voxels.  
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Correlation between Clinical Measures and CB1R Availability 

Supplementary Table V-3 Correlations between regional CB1R availability (mSUV) and PANSS scoresa in 
the antipsychotic-free SCZ-F group 

 

PANSS-N4 PANSS-N7 PANSS-G6 PANSS-G16 
TOT  

PANSS-N 
TOT  

PANSS-G 

r  p  r  p  r  p  r  p  r  p  r  p  

Global gray 
matter VOI 

-0.57 .02 -0.49 .05 -0.56 .02 -0.53 .03 -0.40 .13 -0.37 .16 

Frontal -0.55 .03 -0.48 .06 -0.59 .02 -0.51 .04 -0.40 .13 -0.37 .15 

Tmp -0.55 .03 -0.49 .06 -0.53 .04 -0.51 .04 -0.39 .14 -0.35 .18 

Mesotmp -0.51 .04 -0.45 .08 -0.56 .02 -0.45 .08 -0.40 .12 -0.37 .16 

Pariet -0.52 .04 -0.50 .05 -0.61 .01 -0.52 .04 -0.39 .13 -0.40 .13 

Occ -0.58 .02 -0.47 .07 -0.54 .03 -0.51 .04 -0.39 .13 -0.36 .17 

Insula -0.56 .02 -0.50 .05 -0.50 .05 -0.54 .03 -0.37 .17 -0.30 .27 

Cingulate 
Cortex 

-0.56 .02 -0.43 .09 -0.44 .09 -0.52 .04 -0.37 .16 -0.25 .36 

Dorsal 
striatum 

-0.64 .008 -0.51 .04 -0.49 .06 -0.57 .02 -0.39 .14 -0.31 .24 

NuAc -0.63 .009 -0.56 .02 -0.58 .02 -0.60 .01 -0.48 .06 -0.43 .09 

Cbl -0.56 .02 -0.44 .09 -0.48 .06 -0.51 .04 -0.33 .21 -0.30 .25 
 

a 
Only negative and general PANSS subscales that were significantly correlated with CB1R availability. 

Note: CB1R, type 1 cannabinoid receptor; mSUV, modified standardized uptake value; PANSS, positive 
and negative symptom scale; SCZ-F, antipsychotic-free schizophrenic patients; PANSS-N4, negative 
PANSS subscale “social withdrawal”; PANSS-N7, negative PANSS subscale “stereotyped thinking”; 
PANSS-G6, general PANSS subscale “depression”; PANSS-G16, general PANSS subscale “active social 
avoidance”; VOI, volume of interest; TOT PANSS-N, negative PANSS total score; TOT PANSS-G, general 
PANSS total score; NuAc, nucleus accumbens; Tmp, temporal cortex; Mesotmp, mesotemporal cortex; 
Pariet, parietal cortex; Occ, occipital cortex; Cbl, cerebellum. 
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Effects of cannabis use on CB1R availability 

 

 
Supplementary Figure V-3 Global grey matter CB1R availability in SCZ patients versus cannabis 
frequency* and compared to controls (CON). 

 
Note: Global grey matter CB1R availability in SCZ patients versus cannabis frequency and compared to 

controls (CON). The frequency of lifetime cannabis use was categorized into heavy use (several times a 

day; n = 15), moderate use (from once a day to 3-4 times a week; n = 5), low use (from 2-3 times a 

month to once a month or less; n = 15) and none (n = 32). Error bars represent one SD. 
* To investigate past cannabis use, all patients were assessed by Composite International Diagnostic 

Interview (CIDI) – lifetime section on substance abuse (version 1.1). (Smeets R. and Dingemans P. 

Composite International Diagnostic Interview (CIDI) version 1.1. 1993. World Health Organization, 

Amsterdam/Geneva). 
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ABSTRACT 

Objective: The high-affinity D2/3 PET radioligand 
18

F-fallypride offers the possibility 

of measuring both striatal/extrastriatal dopamine (DA) release during activation 

paradigms. When a single 
18

F-fallypride scanning protocol is used, task timing is 

critical for the ability to explore both striatal and extrastriatal DA release 

simultaneously. We evaluated the sensitivity and optimal timing of task 

administration for a single 
18

F-fallypride PET protocol and the linearized simplified 

reference region model (LSSRM) kinetic model in detecting both striatal and 

extrastriatal reward-induced DA release, using human and simulation studies. 

Method: Ten healthy volunteers underwent a single bolus 
18

F-fallypride PET 

protocol. A reward responsiveness learning task was initiated at 100 min after 

injection. PET data were analyzed using the LSSRM, which accounts for time-

dependent changes in 
18

F-fallypride displacement. Voxel-based statistical maps, 

reflecting task-induced D2/3 ligand displacement, and volume-of-interest (VOI)-

based analysis were performed to localize areas with increased ligand 

displacement after task initiation, thought to be proportional to changes in 

endogenous DA release (γ parameter). Simulated time-activity curves for baseline 

and hypothetical DA release functions (F
DA

) (different peak height of F
DA

 (DA
peak

) 

and task timing (T)) were generated using the enhanced receptor-binding kinetic 

model to investigate γ as function of DA
peak 

and T. 
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Results: The reward task induced increased ligand displacement in extrastriatal 

regions of the reward circuit, including the medial orbitofrontal cortex, 

ventromedial prefrontal cortex and dorsal anterior cingulate cortex. For T = 100 

min, ligand displacement was found for the striatum only when DA
peak

 was >240 

nM, whereas for frontal regions, γ was always positive for all T and DA
peak

. 

Simulation results for DA
peak 

= 200 nM showed that an effect of striatal ligand 

displacement can only be detected for T > 120 min. 

Conclusions: The prefrontal and anterior cingulate cortices are involved in reward 

responsiveness that can be measured using 
18

F-fallypride PET in a single scanning 

session. To measure both striatal and extrastriatal DA release, the height of DA 

released and task timing need to be considered in designing activation studies 

depending on regional D2/3 density.  
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INTRODUCTION 

 
The mesolimbic pathway where dopaminergic neurons projects from the ventral 

tegmental area to the nucleus accumbens, has been viewed as the core neuronal 

circuitry involved in the reward processing (283). Reward capacity serves to elicit 

approach and consummatory behaviours, maintains and prevents their extinction 

and induces subjective feelings of pleasure including reinforcement and incentive 

(284). 

Multiple sources of evidence have shown alterations in mesolimbic dopaminergic 

neurotransmission when reward functions are impaired (285). Until now, the 

majority of PET experiments on dopamine (DA) D2/3 neurotransmission have used 

the specific DA benzamide antagonist 
11

C-raclopride (286). Due to its low affinity 

and hence limited capacity to measure extrastriatal D2/3 receptors, the role of 

extrastriatal DA release in the mechanism of responses to reinforcing stimuli has 

received much less attention. Such role has however been suggested by various 

studies showing that the reward value, the expected reward value (287) and other 

reinforcers have also representations in the orbitofrontal cortex (288) and in the 

anterior cingulate cortex (289). Furthermore, reward expectation and reward 

prediction errors are attributed to prefrontal and cingulate dopaminergic signalling 

(290). 

With the development of high-affinity radioligands for the D2/3 receptor such as 
11

C-

FLB-457, 
18

F-desmethoxyfallypride (DMFP) and especially 
18

F-fallypride, it has 

become possible to noninvasively quantify extrastriatal D2/3 receptor densities 

during pharmacological (291) and non-pharmacological paradigms (292-294). Even 

in regions such as the cortex and thalamus where D2/3 receptor densities are one or 

two orders of magnitude lower than in the striatum, it is possible to measure 

changes in the nondisplaceable binding potential BPND (295). However, the 

relatively slow kinetics of 
18

F-fallypride and the difference in receptor density and 

hence uptake/washout kinetics in various brain regions (e.g. slower in the striatum 

compared to cortex), lead to the observation that when using a single scanning 

session task timing is critical for assessing striatal and extrastriatal DA release 

simultaneously. The influence of the task timing on the kinetics of the ligand has 

not systematically been studied based on actual observed parameters and might 

be considered as a real challenge (293). 

The aim of this study was to evaluate the sensitivity of a single 
18

F-fallypride PET 

protocol and the linearized simplified reference region model (LSSRM) kinetic 
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modeling approach (296) based on observations in experimental designs such as 

reward task performance correlated to self-report measures of anhedonia (297). 

We have quantitatively estimated the ability of the LSSRM model to detect DA 

release simultaneously in both extrastriatal and striatal regions by analyzing the 

kinetic characteristics of 
18

F-fallypride with variable heights of DA released and 

timing of task initiation through simulation studies. 

 

 

MATERIALS AND METHODS 

Participants 

Ten healthy right-handed, medication-free female volunteers (age 33.3 ± 8.2 years) 

were enrolled in the human imaging study. In light of gender differences in DA 

release (298), in this study only female volunteers were included. Additionally, we 

chose female subjects also because we are currently using the same 
18

F-fallypride 

protocol in a depression study where female preponderance is expected. All 

participants were examined to exclude current or past neuropsychiatric diseases, 

especially mood disorders and substance addiction. All subjects underwent blood 

and urine analysis and they were fasted for at least four hours before PET.  

Informed consent was obtained from all participants prior to investigations. The 

study was approved by the local ethics committee and performed according to the 

latest World Medical Association Declaration of Helsinki. 

 

Reward Task 

The task used to elicit DA release was a validated computerized signal-detection 

reward-based paradigm involving monetary gains (297,299). The reward task 

required identifying two difficult-to-discriminate visual stimuli, a long (13 mm) or 

short (11.5 mm) mouth, displayed for 100 ms on a cartoon face on a computer 

screen by pressing a button. During the task, 6 blocks of 100 trials each were 

presented and within each block the two stimuli were displayed with equal 

frequency. In each block, volunteers received immediately monetary reward 

feedback after approximately 40 correct answers. The task is described in more 

detail in the Supplementary Material. 
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Imaging Procedures 

Tracer preparation is described in the Supplementary Material. Before 
18

F-

fallypride injection, volunteers were placed with the head restrained using a 

vacuum cushion to minimize movement during PET acquisition. 

Subjects received, on average, 179 ± 17 MBq of 
18

F-fallypride in a slow intravenous 

10-second bolus injection. PET dynamic emission was initiated simultaneously on 

injection and was acquired in 3-dimensional (3D) mode on an HR+ PET (Siemens, 

Germany). Data were acquired in 60 s frames during the first 6 min and in 120 s 

frames thereafter. 

PET emission was acquired in two blocks, following a previously reported one-day 

PET protocol (293,294). The first block, with a duration of 64 min, represented the 

baseline 
18

F-fallypride kinetics. After a short break, the second emission data set 

was collected for another 70 min, where the first 20 min represented an extension 

of the baseline scan and, at 100 min postinjection, the reward task was initiated 

and performed for the remaining 50 min (total scan duration 150 min). 

Images were reconstructed using a standard 3D filtered backprojection algorithm, 

including scatter and measured attenuation correction (
68

Ge source). 

A volumetric T1-weighted and standard transverse T2 brain magnetic resonance 

imaging (MRI) scan was obtained from each volunteer to exclude structural brain 

abnormalities and for coregistration purposes (1.5 Tesla Vision Scanner, Siemens, 

Germany). 

 

Data Processing and Kinetic Model 

For each subject, the dynamic reconstructed images were realigned using a rigid 

transformation to correct for potential effects of head movement and then 

coregistered to the corresponding MRI. All individual image data were then 

spatially normalized to a specific T1-weighted template in Montreal Neurological 

Institute (MNI) space. These calculations were done using SPM2 (Statistical 

Parametric Mapping, Wellcome Trust Centre for Neuroimaging, UK). 

The normalized images were smoothed with a 3D gaussian filter (4-mm full width 

at half maximum) (293). For each subject, two binary masks were defined on the 

corresponding normalized MRI, using an inhouse created set of volume-of-interests 

(VOI), defined according to Brodmann areas (BA) on the basis of the Talairach Atlas 

and constructed using the PMOD software VOI tool (PMOD Inc., Zurich, 
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Switzerland); one mask was created to include all cerebral regions to be analyzed 

and a second mask was defined on the cerebellum. 

Kinetic parameters were estimated by the linearized simplified reference region 

model (LSSRM) (292-294,296), implemented in-house in Matlab (Mathworks Inc). 

The LSSRM accounts for time-dependent changes in radiotracer binding, influx, and 

clearance, induced by cognitive/drug effects in a single scan session with the 

inclusion of a baseline and an activation condition. The LSSRM assumes that the 

physiological steady state is not maintained throughout the paradigm, but allows 

the dissociation rate of ligand k2a (k2a = k2 / [1+BPND]), where k2 is the tissue to 

plasma efflux constant in the tissue region, to change over time in response to local 

dopamine concentration fluctuations. A detailed description of the functional 

equations describing the LSSRM with the parameter definitions are given in the 

Supplementary Material. 

The DA-radioligand competition at the receptor sites is reflected by a temporal 

change of k2a, which is accounted for by a time-dependent parameter k2a + γ·h(t), 

where γ represents the amplitude of the ligand displacement and the function h(t) 

(h(t) = exp*−τ(t−T)+) describes the rapid change following task onset and dissipation 

over time, where τ controls the rate at which activation effects die away and T 

indicates the task initiation (T = 100 min). The residual sum of the squares was 

examined for different τ values (0.02 - 0.05), which was minimal for τ = 0.03 min
-1

. 

The same value was taken in previous publications (293,294). An increased k2a 

therefore reflects a decreased BPND for D2/3 receptors which can be ascribed to an 

increased DA release, which will result in a positive value of γ. 

The cerebellum was used as reference region because of the negligible density of 

DA D2/3 receptors in this region (300). 

For each subject, quantitative parametric maps of R (= K1/K1r (reference region)), k2, 

k2a, BPND and γ were computed. A VOI analysis was additionally performed by 

estimating the parameters R, K2, K2a, BPND and γ using the LSSRM and the PET time-

activity curves (TACs) over the regions displaying prominent DA release. 

 

Statistics 

The LSSRM uses weighted linear least squares analysis for parameter estimation, 

providing an estimate of the covariance matrix of the parameters. Using the 

estimated covariance matrix, statistical significance was assessed computing 

individual statistical voxel-wise t maps of the γ parameter (t = γ / sd(γ), where sd(γ) 

is the standard deviation parametric value for γ). This t statistic was then used to 
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determine if the time varying parameter, γ, yielded a significant improvement in 

the model (i.e., rejection of the null hypothesis), similar to the method described 

by Alpert et al. (296). Based on the degrees of freedom (293), we used a threshold 

of t > 5, which corresponds to p < 0.000005 (one-tailed), or a Bonferroni-corrected 

p < 0.05 (0.05/average total number of voxels analyzed per subject (=11000)). Next, 

the spatial extent of the estimated task-induced DA release was presented as 

percentage of voxels exceeding a threshold within each VOI, similar to prior studies 

(293). 

 

Simulation Studies 

To corroborate our results obtained with the current experimental design and to 

estimate quantitatively the ability of the LSSRM to detect DA release 

simultaneously in both extrastriatal and striatal regions, we analyzed the kinetic 

characteristics of 
18

F-fallypride with variable peak heights of DA released and T 

through simulation studies, starting from the experimental observed parameters. 

Since DA release highly depends on the dynamics of free radioligand in the tissue 

when the task is initiated, finding the optimum baseline scan duration reflecting on 

T, may increase the ability of the LSSRM to detect DA release simultaneously in 

regions with low (extrastriatal) and high (striatal) D2/3 concentration (293,301). To 

investigate the influence of task timing on LSSRM results, we firstly generated 

noiseless simulations of 
18

F-fallypride TACs under baseline (BL TAC) and stimulus 

condition (STIM TAC, created with DA release functions (i.e. DA perturbations)). 

The simulations were performed using an extension of the standard 

compartmental model commonly used in tracer kinetic PET analysis (302,303). The 

enhanced receptor-binding model considers both the time-varying fluctuating 

levels of the DA concentration and its competition with the radiotracer for the 

available D2/3 binding sites. 

This allowed us to investigate directly the process of DA elevation, including time 

and amplitude information, within the activation detection studies. The plasma 

input function of tracer concentration was modeled as a biexponential decay 

function. TACs simulations of the DA perturbations were created by fixing the 

necessary kinetic constants of 
18

F-fallypride, Bmax (the total number of D2/3 receptor 

sites), and DA binding kinetics for the D2/3 receptor to realistic values obtained from 

previous kinetic analyses. The rate constants of 
18

F-fallypride were based on 

Christian et al. (304): for striatum, K1 = 0.17mL/min/g, k2 = 0.2min
−1

, kon = 
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0.04[pmol/mL][min]
-1

, koff = 0.043min
−1

, B'max = 54pmol/mL and for the frontal 

cortex, K1 = 0.21mL/min/g, k2 = 0.24min
−1

, kon = 0.22[pmol/mL][min]
-1

, koff = 

0.043min
−1

, B'max = 0.3pmol/mL were used. The association and dissociation rate 

constants for endogenous DA at the D2/3 receptors were fixed as kon
DA 

= 

0.25[pmol/mL][min]
-1

 and koff
DA 

= 25min
−1

 (305). By assuming that Bmax = 54 

pmol/mL and that 50% of total receptors are occupied by endogenous DA at steady 

state, we implicitly assumed that B′max = 27pmol/mL (the available receptor 

concentration at steady state), in agreement with the parameter estimates by 

Christian et al. (304).  

Kinetic parameters were quantitatively close to the parameter values determined 

by the human 
18

F-fallypride TACs obtained from the experimental results. 

To simulate 
18

F-fallypride STIM TACs, hypothetical DA perturbations (F
DA

) were 

generated according to Morris et al. (303): 

 

F
DA

(t) = DA
basa l 

+ G(t-T)
α 

exp*−β(t-T)+;        t ≥ T 

 

DA
basal

 is the baseline DA concentration (set at 100 nM (305)), G is a leading 

coefficient, α and β control the change of DA level and T is the timing of task 

initiation. We have assumed that the time delay of the onset of the function 

(named td, (303,306)) was zero, thus hypothesizing that the peak height of F
DA

 

would occur at a peak time t = α/β.  

Because for a specific stimulus condition the appropriate corresponding DA level is 

not known, different G were used to determine the sensitivity to a particular 

endogenous concentration. The following settings were used to generate F
DA 

curves 

that peaked at the same time but differed with respect to G, and hence different 

peak height of F
DA

 (DA
peak

): α = 2.7, β = 0.4 and G = 0.008, 0.025, 0.042, 0.058, 

0.076, 0.092, 0.109. This choice of α and β was obtained from simulations in order 

to achieve DA
peak

 of 120 - 370 nM, which represents values up to four times DA
basal

, 

which is within the expected values for cognitive and reward processes (305). 

The observed TAC effects in our experimental reward task were within this 

simulated DA
peak

 range (160 - 200 nM). Moreover, each F
DA 

curve was simulated 

with defined values of T ranging from 80 to 220 min with a 10-min step. To apply 

our experimental design to the simulation paradigm, for each T, F
DA

 was simulated 

each 3 s (approximately the duration of a single trial) for 50 min. In this way, similar 

timing of task-induced DA perturbations was hypothetically obtained. 
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Each simulated condition was evaluated by quantifying the estimated γ value and 

the maximal percentage difference between STIM TACs and BL TAC at different 

DA
peak

 and T. Simulated TACs were constituted in 1 min time intervals and were 

implemented using a simulator previously developed for the kinetic competition 

model (307). 

Secondly, to better approximate the real experimental setting, additional 

simulations of noisy data were also computed. Simulations of noisy data were 

computed by adding Gaussian random noise with SD proportional to Cm∙e
λt

/dt, 

similar to the noise model described by Alpert et al. (296). The proportionality 

factor with the real data Cm was obtained from the 
18

F-fallypride human scans and 

estimated over the last 20 min of the acquisition, and λ denotes the decay constant 

for 
18

F. All parameters of the model were also estimated taking into account the 

noise. 

 

 

RESULTS 

Reward-Induced Extrastriatal Dopamine Release 

Globally, the reward task produced the intended behavioural effects because 

participants developed response bias in favour of the more frequently rewarded 

rich stimulus (297). 

Figure VI-1 shows a representative example of voxel-based parametric images of 

the kinetic parameters.  

The LSSRM was directly used to fit all voxels within the binary mask, estimating 

parametric images for k2, k2a, R and γ. In addition the BPND image (calculated as 

BPND = [(k2/k2a) - 1]), the covariance image (sd(γ)), and the statistic t map for γ were 

generated for each subject.  

The reward task induced a significant bilateral decrease in 
18

F-fallypride binding in 

the medial orbitofrontal cortex (mOFC), ventromedial prefrontal cortex (vmPFC), 

and the dorsal anterior cingulate cortex, (dACC) (Figure VI-2). The location of the 

maximum DA release is given in stereotactic Talairach coordinates, that are for 

mOFC [x,y,z] = [-2, 37, -25] (t = 6.4), for vmPFC [x,y,z] = [-11, 66, 6] (t  = 5.6), and for 

dACC [x,y,z] = [-2, 49, 13] (t = 5.1). 
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Figure VI-1 Example of k2, k2a, BPND, R, γ and sd(γ) parametric images calculated by LSSRM for subject 9. 
For each parametric map, the respective color bar is shown on the right side. 

 

 

Figure VI-2 Average statistical parametric t map of γ in transverse, coronal, and sagittal sections 
overlaid on a T1-weighted MRI template, showing the significant bilateral reward-induced 18F-fallypride 
displacement in the medial orbitofrontal cortex, ventromedial prefrontal cortex and dorsal anterior 
cingulate cortex. 

 

 

Table VI.1 shows the individual size (in percentage) of significant (t > 5) voxels in 

these activated areas. For all regions, no significant difference between the left and 

the right hemisphere was observed. 

  

4.4

6.6

t score

R L
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Table VI.1 Task-induced dopamine release presented by the percentage of voxels exceeding the 
threshold of t within each activated region. 

% significant voxels (t > 5) 

Subj BA11 L BA11 R BA10 L BA10 R BA32 L BA32 R 

1 46% 56% 18% 10% 11% 8% 

2 29% 21% 16% 9% 6% 9% 

3 8% 7% 30% 14% 20% 35% 

4 8% 4% 7% 16% 4% 21% 

5 12% 9% 23% 18% 20% 8% 

6 57% 50% 26% 29% 22% 10% 

7 70% 64% 30% 35% 30% 20% 

8 37% 41% 12% 24% 31% 20% 

9 26% 17% 66% 72% 90% 88% 

10 8% 12% 41% 23% 48% 30% 
 

Subj = subject; BA11 = medial orbitofrontal cortex; BA10 = ventromedial prefrontal cortex; BA32 = 

dorsal anterior cingulate cortex; L = left; R = right. 

 

Dynamic TACs were then extracted over the extrastriatal regions showing 

significantly increased radioligand displacement and fitted with the LSSRM, giving 

estimates for the kinetic parameter. Figure VI.3.A. shows an example of dynamic 

TAC fit, which is generated from one VOI covering the left mOFC of subject 7. 

Compared to other subjects, this participant revealed the largest measured effect 

in this region. As can be seen from this figure, the LSSRM fit shows a marked 

decrease in 
18

F-fallypride concentration soon after the task was initiated, indicating 

prompt task-induced DA release. Normalized residuals for fitting the data with and 

without γ are plotted in Figure VI.3.B, demonstrating the improvement in the 

quality of the LSSRM fit when the “activation” γ term was included. For each 

activated region, the estimates for the kinetic parameters are given in Table VI.2. 

As described elsewhere in full detail, the extent of task-induced DA release was 

also correlated with reward task performance and self-report measures of 

anhedonia (297). 
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Figure VI-3 Example of 18F-fallypride displacement after the task initiation (T = 100 min, vertical line) in 
the “activated” left medial orbitofrontal cortex (mOFC) for subject 7 (t = 8.25), compared to cerebellum 
(CBL) (A). Improvement of the LSSRM model fit to data including γ (B). 

 
Table VI.2 Kinetic parameter estimates 

 BA11 BA10 BA32 

Subj K2 K2a BP R γ K2 K2a BP R γ K2 K2a BP R γ 

1 .08 .06 .29 .92 .012 .06 .05 .11 .93 .005 .07 .05 .37 1.12 .004 

2 .09 .06 .44 .86 .002 .08 .06 .30 .97 .003 .08 .06 .43 1.07 .004 

3 .08 .06 .32 .92 .001 .09 .08 .19 .89 .009 .10 .07 .34 1.05 .013 

4 .08 .05 .47 .92 .002 .08 .06 .34 .93 .001 .08 .06 .49 1.01 .002 

5 .08 .06 .36 .88 .003 .08 .07 .22 .89 .007 .09 .07 .41 1.02 .009 

6 .11 .08 .35 .83 .015 .11 .09 .20 .95 .010 .11 .09 .31 1.07 .006 

7 .08 .06 .30 .66 .090 .09 .08 .23 .93 .015 .09 .06 .40 1.05 .020 

8 .08 .05 .48 .85 .004 .10 .07 .31 .91 .004 .11 .07 .50 1.10 .011 

9 .11 .06 .63 .97 .001 .12 .08 .52 1.02 .019 .12 .07 .67 1.14 .024 

10 .08 .05 .64 .87 .008 .10 .07 .33 .94 .019 .07 .03 .98 .94 .000 

Mean 
± 

SD 

.09 
± 

.01 

.06 
± 

.01 

.43 
± 

.13 

.87 
± 

.08 

.014 
± 

.027 

.09 
± 

.02 

.07 
± 

.01 

.28 
± 

.11 

.93 
± 

.04 

.009 
± 

.006 

.09 
± 

.02 

.06 
± 

.01 

.49 
± 

.20 

1.06 
± 

.06 

.009 
± 

.008 
 

Subj = subject; BA11 = medial orbitofrontal cortex; BA10 = ventromedial prefrontal cortex; BA32 = 
dorsal anterior cingulate cortex.  
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Simulations of Dopamine Release 

Influence of Task Timing and DA Level on γ Estimation 

Figure VI-4 presents the simulation results of the γ estimates for the striatum 

Figure VI-4 and the frontal cortex Figure VI-4, based on 
18

F-fallypride TACs obtained 

applying dopamine perturbations characterized by increasing DA
peak

 (from 120 to 

370 nM) and T (from 80 to 220 min).  

 
Figure VI-4  Evolution of the γ parameter over time corresponding to different DA peak heights (DApeak) 
and timing of task initiation (T) simulated for the putamen (A) and for the frontal region (B). The 
vertical line at T = 100 min indicates the task initiation of the experimental protocol. 

 

This clearly shows that both DA
peak

 and T have a high impact on the value of γ. 

When considering γ values for T = 100 min (as in the experimental protocol), 

positive γ values are obtained for the putamen only when DA
peak 

exceeds 245 nM 

(Figure VI-4.A.), whereas for the frontal cortex, γ is always positive for all DA
peak

 and 

T (Figure VI-4.B.). This means that the sensitivity of the utilized protocol may have 

been suboptimal to detect low or modest changes in DA release in the striatum and 
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later activation time points T are needed for this region, and that it was more 

optimized for the frontal cortex. This issue will be addressed further in the 

Discussion section. 

 

Influence of DA Level on Striatal 
18

F-fallypride Binding 

Figure VI-5 shows the effect of different DA
peak

 on the simulated 
18

F-fallypride 

activities in the striatum. Figure VI-5.A. displays hypothesized F
DA 

curves beginning 

at T = 100 min of the simulated scans for the following 50 min. DA
peak

 ranged from 

120 to 370 nM and, since all F
DA

 curves were characterized by the same temporal 

parameters, each F
DA

 curve peaks at the same time. 

The effect of these F
DA 

curves on the striatal 
18

F-fallypride TAC is shown in Figure 

VI-5.B. Figure VI-5.C. shows the plot of the maximal percentage difference between 

the predicted BL and STIM TAC during the activation condition versus increasing 

DA
peak

. When considering DA
peak

 below 120 nM, the difference is nearly zero since 

DA
basal

 was set at 100 nM. This near-linear dependence suggests that the effect of 

activation on the 
18

F-fallypride TACs, and thus DA detectability, is higher if the 

DA
peak

 is higher. 

 

 

Figure VI-5 (A) Hypothesized DA perturbations with identical DA peak times used in simulated 18F-fallypride 
STIM TAC and different DA peak heights (DApeak). The black line at 100 nM indicates DAbasal. BL TAC and STIM 
TACs (B) and maximal percentage differences between BL TAC and STIM TACs during the activation condition 
(C) in the putamen, corresponding to different DApeak for each DA perturbation shown in A. 

 

 

Influence of Added Noise on the Simulations 

Figure VI-6 shows an example of the LSSRM fit to noisy BL TAC and STIM TAC data 

for a DA
peak

 of 245 nM induced by a task beginning at T = 190 min. 
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The simulation analysis revealed that the uncertainty intervals of the simulated γ 

parameter (SD(γ)) were not significantly dependent by T (Figure VI-6.B.), albeit with 

slightly higher variability for lower DA
peak

.  

 
Figure VI-6 (A) Effect of noise on 18F-fallypride kinetics. The solid line is the fit to the noisy BL TAC data 
(grey circles) and the dotted line is the fit to the noisy STIM TAC data obtained for a timing of task 
initiation T = 190 min and DApeak = 245 nM (black triangles). (B) Evolution of γ parameter estimates over 
time corresponding to different DApeak and T simulated for the putamen, obtained with noisy and 
noise-free data. Error bars indicate 1 SD. (C) Percentage differences between γ estimates obtained with 
noisy (γ plus noise) and noise-free (γ) data for different DApeak. 
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For the lowest DA
peak 

(DA
peak 

= 120 nM) the difference between γ estimates 

obtained with noisy and noise-free data was 2.0 ± 3.4%, whereas for the highest 

DA
peak

 (DA
peak 

= 370 nM) the difference was only 0.5 ± 0.5% (Figure VI-6.C.). 

Therefore, even when considering realistic noise levels with a stimulus application 

at 190-220 min, there would only be a small bias for the estimated γ values. 

Therefore, these simulations with noisy data similar in amplitude to that observed 

by experiment, demonstrate that noise does not represent a possible confounding 

factor or bias for the findings. 

 

 

DISCUSSION 

Extending the research on the reward circuit that until recently focused on striatal 

changes, we explored in vivo extrastriatal endogenous DA release in healthy 

humans while they were performing a validated learning reward task. We found 

that 
18

F-fallypride can be successfully displaced from extrastriatal D2/3 receptors in 

detectable amounts even if these are low-binding regions, supporting the 

hypothesis that prefrontal and cingulate regions are critically involved in reward 

processing. Immediately after task initiation, 
18

F-fallypride binding significantly 

decreased in the mOFC, vmPFC and dACC. The BPND values estimated using LSSRM 

are supported by the D2/3 binding profiles in the frontal regions as found in 

previous studies, which reported that BPND ranged between 0.2 and 0.4 (308). 

These results are consistent with current neurocognitive models that implicate 

these regions as important network components in reward processing. Neurons in 

the primate OFC have shown three forms of reward-related activity during the 

performance of delayed response tasks (221). Also, goals and decision values have 

been correlated to OFC activity using a decision-making paradigm (309). The dACC 

has been implicated in a variety of higher cognitive processes, such as detecting 

and predicting errors and monitoring conflicting behavioral responses. Single-unit 

recording studies suggest a relevant role of the ACC in action-reward combinations 

and goal-based action selection (290). The vmPFC is implicated in the learning of 

contingencies based on the outcome of a rewarding situation. It has been observed 

that the vmPFC becomes more active by presentation of reward outcomes than by 

presentation of non-reward outcomes (310) and that the vmPFC receives 

information based on the expectancy of reinforcement, which is used for adaptive 

decision making (287). 
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Because it is known that both prefrontal and striatal regions may be involved in 

mediating the response to rewarding stimuli, we also investigated whether a single 
18

F-fallypride session and corresponding kinetic modeling analysis would be able to 

detect both extrastriatal and striatal changes in DA levels. Using a kinetic 

competition model, we investigated the dependency of the γ parameter in the 

LSSRM on timing of task initiation and DA release levels. 

First, we found that the possible assessment of an increase in ligand displacement 

in response to DA release in the task condition could be significantly enhanced 

through delay of task initiation. When the lowest DA
peak

 is considered, simulations 

indeed show that the predicted effect of striatal DA release could be detected if 

the activation task were to start around 190-200 min after injection. Contrary to 

frontal regions with a low D2/3 concentration, for which we estimated positive γ-

values for all DA
peak

, the detectability of increased rate of ligand displacement for 

regions with high binding thus highly depends on the task-induced DA
peak

. These 

findings may explain the lack of detection of striatal DA release when the task was 

initiated at 100 min after injection. This would mean that the task-induced DA
peak

 is 

certainly lower than 240 nM, and is consistent with previous suggestions (305). 

Such a finding is in accordance with 
18

F-fallypride kinetic behavior, which shows a 

marked effect of D2/3 receptor concentration on the equilibrium time of the 

radioligand and hence on the corresponding BPND estimation (301,311). It takes 

longer to reach equilibrium in the D2/3 receptor-rich regions and therefore to obtain 

a reliable estimate for BPND. From our simulations (Figure VI-5.B.) and in 

accordance with Christian et al. (311), a task activation time point of at least 120 

min is needed for the D2/3-rich regions corresponding to a DA
peak

 of 200 nM, 

whereas the extrastriatal regions with a significantly lower D2/3 concentration 

equilibrate much more rapidly. Therefore, if the DA perturbation is applied early 

during the neurotransmitter-radioligand competition, the 
18

F-fallypride occupancy 

would not be at the equilibrium situation in D2/3-rich regions yet, thus reflecting an 

underestimation of binding change. On the other hand, if the activation paradigm 

is applied at a later time point once the plateau is reached, more time would be 

available to achieve the equilibrium before the stimulus application, and 

subsequently LSSRM might insure parameter stability and reliability. 

When the effect of DA
peak

 on the difference between STIM and BL TACs was 

examined, a positive near-linear correlation was observed between the maximal 

STIM and BL TACs difference and DA release. It has been shown that such a linear 

correlation, which could also be described by a change in BPND, appears to be 



CHAPTER VI: OPTIMIZED DETECTION OF DOPAMINE RELEASE | 148 

 

 

 

confined to a narrow range of DA release (306). Nevertheless, because the 15-25% 

difference between simulated TACs for DA
peak

 ranged from 245 to 370 nM, it is 

reasonable to conclude that striatal endogenous DA activation could be detected. 

Some limitations require consideration. First, the results of our simulations have to 

be interpreted in light of the assumptions we made, such as for the time course 

and shape of the dopamine response patterns. We assumed that changes in model 

parameters occurred immediately after activation was initiated. Second, using 

LSSRM, we assumed not only that the activation effect diminished with time but 

also that the decrease in effect was exponential. Alternatively, models such as the 

recent lp-ntPET model, a basis function augmentation of the LSSRM method (312), 

could be used, because the lp-ntPET technique also permits temporal 

characterization of neurotransmitter fluctuations, including estimation of the 

response onset, peak time, and sharpness. Therefore, lp-ntPET simulations might 

further increase sensitivity for estimation of neurotransmitter dynamics from PET 

data. Moreover, although LSSRM has several advantages by virtue of its requiring 

only single-day scanning, the model implies that time-dependent alterations in 

regional cerebral blood flow may not be fully accounted for. However, as shown by 

previous simulation studies (293,296), it is unlikely that regional cerebral blood 

flow-related changes would add major perturbations in ligand displacement studies 

using cognitive and reward activation paradigms. 

 

 

Conclusions 

The prefrontal and anterior cingulate cortices are involved in reward 

responsiveness showed by dopamine release in vivo. Furthermore, on the basis of 

simulation studies performed over a range of timing and heights of released DA, 

we have shown that a single 
18

F-fallypride imaging protocol and LSSRM analysis can 

be used for simultaneous measurement of extrastriatal and striatal DA release. 

Improvements in the experimental design, such as a postponement of task 

initiation, should increase the relative detection sensitivity of striatal DA release, 

and 120-190 min after injection are needed to evaluate both. 
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SUPPLEMENTARY MATERIAL 

 

Radiotracer Preparation 

The precursor for tracer synthesis was obtained from ABX (Radeberg, Germany) 

and labeling was performed on-site using a Raytest Synchrom R&D synthesis 

module (Raytest, Straubenhardt, Germany). The final product was obtained after 

reverse-phase high performance liquid chromatographic (HPLC) purification using a 

Waters XTerra
TM

 RP18 5 µm 7.8 mm x 150 mm column and sodium acetate 0.05M 

pH5.5/Ethanol 70:30 V/V as mobile phase at a flow rate of 1.5 ml/min. 
18

F-

fallypride eluted after 18 min. The collected peak (2 ml) was diluted with 8 ml of 

NaCl 0.9% and sterile filtered over a Millipore Cathivex-GS 0.22 µm filter. 

The final product was administered as a sterile solution of 7 mM sodium acetate 

buffer pH 5.5, NaCl 0.72% and 6% ethanol. The specific radioactivity at the time of 

injection was ≥37 GBq/μmol and radiochemical purity was >95%. 

 

Reward Task 

The subjects were first placed in the PET scanner gantry for a brief training session 

of the reward task (approximately 5 min) and were then allowed a brief resting 

period (approximately 5 min) prior to the initiation of the PET scan. 

 The task was a computerized probabilistic reward task in which correct 

identifications of two difficult-to-discriminate stimuli were differentially rewarded 

(299). The task consisted of 600 trials, divided in six blocks of 100 trials, separated 

by five short breaks (30 sec). Each trial started with a fixation point, shown for 500 

msec in the middle of the screen, which was replaced by a mouthless cartoon face. 

After 500 msec, a short (11.5 mm) or long (13 mm) mouth appeared for 100 msec. 

The participants´ task was to determine, as quickly and accurately as possible, 

whether the short or long mouth had been presented by pressing a corresponding 

key on the mouse. The subject´s task was to press on the right button for a long 

mouth target and the left button for a short mouth target. 

In each of the six blocks, both stimuli were shown an equal number of times. In 

each block, a monetary reward feedback was given to approximately 40 correct 

answers. To induce a response bias, an asymmetrical reinforcer schedule was used, 

such as correct responses for one mouth (referred to as the ‘‘rich stimulus’’) were 

rewarded three times more frequently (30 vs. 10) than correct responses of the 
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other mouth (referred to as the ‘‘lean stimulus’’). Due to this unequal frequency of 

reward feedback, participants with high reward responsiveness were expected to 

develop a response bias in favor of the rich stimulus. Subjects with low reward 

responsiveness, such as subjects with elevated depressive (particularly anhedonic) 

symptoms, were expected to develop a smaller or no bias, consistent with prior 

findings (299,313). 

During the whole experiment, subjects had to visually fixate on a dot 

corresponding to the middle of the screen, which was replaced by a mouthless 

cartoon face. 

The subject was positioned in the lying, supine position within the gantry of the PET 

scanner. A 17” LCD monitor interfaced to a PC was mounted on a swivel arm on top 

of the scanner gantry and positioned approximately 18” (50 cm) from the subjects 

head during the execution of the task.  

Before the PET scan, participants were told that the goal of the task was to win as 

much money as possible, and that they would receive the total amount of 

accumulated money at the end of the experiment. Moreover, they were informed 

that not all correct responses would result in a monetary reward. However, it was 

emphasized that more correct identifications would result in more reward 

feedback. 

 

Kinetic Model 

The estimation of kinetic parameters utilized the linearized simplified reference 

region model (LSSRM). Using the notation of Alpert et al. (296), the functional 

equations (in matrix form) describing the in vivo kinetics of radioligand are time-

dependent, changing form following the initiation of the task (at time T):  

0 < t < T (prior to task) 

                   

 
 
 
 
 
 

     

        
 

 

       
 

  
 
 
 
 
 

                                                                                                 

t > T (following initiation of task) 
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       Eq. 2 

 

C and Cr are instantaneous quantities denoting radioactivity concentration in a 

specific binding tissue region and reference region respectively. The subscript r 

refers to the reference region parameters. R is the ratio of the delivery rate 

constants in the tissue and reference regions (K1a/K1r), k2 is the tissue to plasma 

efflux constant in the tissue region, and k2a represents k2/(1+BP) including 

information about dissociation from the receptor. The activation state is 

parameterized as R+α∙h(t), k2+β∙h(t) and k2a+γ∙h(t), where we assume a common 

time dependence for the activated state described by h(t) (Eq. 3), where T 

represents the starting of the activation (i.e. task) and τ controls the rate at which 

activation effects die away. 

 

      
                     

                
                                                                                                                      

 

The coefficients α, β, and γ are linear terms in the model (Eq. 2) providing weight to 

the time-dependent function h(t). The observance of endogenous neurotransmitter 

competition with the radioligand at the receptor sites would be reflected by a 

temporal change of k2a which is represented by k2a+γ∙h(t). Through the linearization 

of this model, a change in BP due to endogenous ligand competition would be 

reflected in the γ parameter. The γ parameter represents the amplitude of 

transient effects (see Supplementary Table VII.1)  

Alpert and colleagues further demonstrated that with their application, there is a 

lack of parameter identifiability for the full model described in Eq. 2 (6 parameters) 

and implementation was best suited for estimation of 4 parameters at one time. 

An attempt to estimate more than 4 parameters will result in a large covariance 

between the time-dependent parameters (α, β, γ), translating into unreliable 

estimates. For this work, parameter estimates were obtained by fixing α = β = 0 and 
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estimating the others (R, k2, k2a, γ). Therefore, the solution of the differential 

equations describing the model for the instantaneous concentration history of the 

ligand has the following form:  

 

                        
 

 

           
 

 

                      
 

 

        

 

The α and β parameters reflect time-dependent alterations in regional cerebral 

blood flow (rCBF) and the consequences of setting them to zero have the potential 

of biasing the γ estimate. However, this issue has been tested by previous 

simulations used to explore the properties of the LSSRM with regard to 

confounding effects of rCBF-related changes, investigating for example the effects 

of transient changes in rCBF, respectively increases in K1 alone, K1 and k2 (with 

constant K1/k2), and k2 alone (293). Similar to the 
11

C-raclopride results (296), it has 

been shown that the only possible confounding circumstance causing a positive 

measurement of γ due to blood flow alterations would be an exclusive increase in 

K2. However, the simulations reveal that a significant positive γ was found in only 

2% of the trials (n = 10,000) for a 10% increase in k2. Such a change in k2 would 

correspond to a blood flow increase of approximately 25% and is greater than we 

would expect to observe for a reward task. 

These findings suggest that the present findings are not artifacts of nonreceptor-

related effects such as regional flow changes and that the increased radioligand 

washout k2a in response to stimulation actually reflects reduced BP detecting the 

presence of neurotransmission. 
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Supplementary Table VI-1 List of symbols 

Symbol Units Description 

DA Unitless Dopamine 

LSSRM Unitless Linearized simplified reference region model 

C pmol/ml Radioactivity concentration in a specific binding tissue region 

Cr pmol/ml Radioactivity concentration in the reference region 

R Unitless Ratio of the delivery rate constants in the tissue and reference regions 

K1 1/min/g Plasma to tissue transport rate constant of ligand 

K1r 1/min Plasma to tissue transport rate constant of ligand in the reference region 

k2 1/min Tissue to plasma efflux constant in the tissue region 

k2a 1/min Parameter that represents dissociation rate from the receptor 

γ Unitless Parameter that represents the amplitude of the ligand displacement 

h(t) Unitless 
Function that describe the rapid change following task initiation and 
dissipation over time 

τ min-1 Parameter that controls the rate at which activation effects die away 

T min Time indicating task initiation 

kon ml/(pmol min) Receptor-ligand association rate constant 

koff 1/min Receptor-ligand dissociation rate constant 

kon
DA ml/min Association rate constant for endogenous dopamine at the receptor sites 

koff
DA 1/min Dissociation  rate constant for endogenous dopamine at the receptor sites 

Bmax pmol/ml Total number of available D2/3 receptor sites 

B′max pmol/ml Concentration of available D2/3 receptor sites at steady state 

BPND Unitless Nondisplaceable binding potential  

FDA(t) nM Gamma variate function that represent transient dopamine release 

DAbasal nM Baseline dopamine concentration 

DApeack nM 
Peak height of the gamma variate function that represent a dopamine 
release 

G Unitless Leading coefficient of the gamma variate function FDA 

α Unitless 
Parameter that controls the rise and fall times of the gamma variate 
function FDA 

β Unitless 
Parameter that controls the rise and fall times of the gamma variate 
function FDA 

td min 
Time delay of the onset of the function relative to the time indicating the 
task activation 

λ 1/min Radioactive decay constant 
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ABSTRACT 

Objective: Rodent studies suggest that prefrontal dopamine neurotransmission 

plays an important role in the neural processing of psychosocial stress. Human 

studies investigating stress-induced changes in dopamine levels, however, have 

focused solely on striatal dopamine transmission. The aim of this study was to 

investigate in vivo dopamine release in the human prefrontal cortex in response to 

a psychosocial stress challenge, using the highly selective dopamine D2/3 PET 

radioligand [
18

F]fallypride in healthy subjects. 

Method: Twelve healthy subjects (age (y): 39.8; SD = 15.8) underwent a single 

dynamic Positron Emission Tomography (PET) scanning session after intravenous 

administration of 185.2 (SD = 10.2) MBq [
18

F]fallypride. Psychosocial stress was 

initiated at 100 minutes postinjection. PET data were analyzed using the linearized 

simplified reference region model (LSRRM), which accounts for time-dependent 

changes in [
18

F]fallypride displacement. Voxel-based statistical maps, representing 

specific D2/3 binding changes, were computed to localize areas with increased 

ligand displacement after task initiation, reflecting dopamine release. 
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Results: The psychosocial stress challenge induced detectable amounts of 

dopamine release throughout the prefrontal cortex, with dopaminergic activity in 

bilateral ventromedial prefrontal cortex being associated with subjectively rated 

experiences of psychosocial stress. 

Conclusions: The novel finding that a mild psychosocial stress in humans induces 

increased levels of endogenous dopamine in the PFC indicates that the dynamics of 

the dopamine-related stress response cannot be interpreted by focusing on 

mesolimbic brain regions alone.  
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INTRODUCTION 

The experience of psychosocial stress has been linked to dopaminergic 

neurotransmission, both in animals and in humans (314,315), involving both 

frontocortical and mesolimbic structures (316). In rodents, exposure to both 

physical (317) and psychosocial (318) stress has been associated with an increase in 

extracellular dopamine levels predominantly in prefrontal cortex (PFC), and to a 

lesser extent in mesolimbic areas. Moreover, rodent studies have shown that 

depletion of dopamine in the PFC increases stress-induced dopamine release in the 

mesolimbic system (316,319,320), leading to the hypothesis that prefrontal 

dopamine transmission attenuates mesolimbic dopamine release, thereby 

controlling for the adverse consequences of stress on the brain.  

The proposed influence of prefrontal dopamine in regulating mesolimbic dopamine 

release under stressful conditions is of clinical interest since disturbance of 

mesolimbic dopamine transmission has been implicated in various stress-related 

psychopathologies across the anxiety (321), depression (322,323) and psychosis 

(324) spectra. The attenuating function of the PFC may be impaired in these 

pathologies, a hypothesis that is partly supported by evidence of prefrontal 

dysfunction in posttraumatic stress disorder (325), depression (323), and 

schizophrenia (326). 

In vivo human studies investigating stress-induced changes in dopamine levels are 

scarce, however, and have focused almost exclusively on mesolimbic striatal 

dopamine transmission (315,327,328). Findings from these studies seem to suggest 

that there is no evidence for stress being associated with increased striatal 

dopamine levels in healthy humans, but that the effects of stress on striatal 

dopamine might be restricted to subjects with psychometric abnormalities.  

However, despite its possible vital role in stress-regulation, no single study has, 

thus far and to the best of our knowledge, investigated stress-induced dopamine 

release in the human PFC. This is mainly due to methodological restrictions. All 

studies, thus far, have investigated the dopaminergic stress system using Positron 

Emission Tomography (PET) with the radioligand [
11

C]raclopride (315,327,328). The 

relatively low affinity of [
11

C]raclopride for D2/3 receptors has limited exploration of 

dopaminergic transmission to brain regions with high D2 receptor density, primarily 

the striatum.  
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Recent development of high affinity D2/3 radioligands, among which [
18

F]fallypride, 

offers possibilities for exploration of extrastriatal dopamine sites such as the 

prefrontal cortex (292,293,298,308,308,308,329). 

Due to the role of the PFC in stress regulation (308,330-332), the question of 

dopamine activity in the PFC under stress is a very pertinent one. 

The present study is the first to use the high affinity D2/3 receptor ligand 

[
18

F]fallypride to examine in vivo dopamine release in the human PFC in response 

to a psychosocial stress challenge developed and previously used by Pruessner et 

al. (315). Given the suggested attenuating function of the PFC, and observations of 

increased dopamine levels in rodent PFC in response to stress (317,318), the 

experience of psychosocial stress was hypothesized to be associated with 

dopamine release in human PFC, reflected by increased [
18

F]fallypride ligand 

displacement. 

 

 
MATERIALS AND METHODS 

Subjects 

Healthy subjects were recruited through flyers and advertisements in newspapers. 

Inclusion criteria were (i) age 18-60 years; (ii) sufficient command of the Dutch 

language to understand instructions and informed consent.  

Exclusion criteria were (i) intellectual impairment (ii) head trauma with loss of 

consciousness or central neurological disorder; (iii) endocrine disorder; (iv) 

cardiovascular disorder; (v) present or history of psychiatric illness according to the 

explicit diagnostic criteria of the DSM-IV-TR (2000), generated with the OPCRIT 

computer program (333); (vi) current use of psychotropic medication; (vii) current 

or previous use of illicit drugs; (viii) use of alcohol in excess of five standard units 

per day; (ix) presence of metal elements in the body; (x) previous experience of 

claustrophobia; (xi) pregnancy or lactation (women only). 

The study was approved by the standing medical ethics committee; subjects signed 

informed consent after complete description of the study.  

Drug and medication use were assessed at the day of scanning by urinalysis 

(MultiTest © 1990-2010 SureScreen Diagnostics Ltd.) in order to ensure that 

subjects were drug free at the moment of scanning. In addition, pregnancy tests 

(Clearblue © 2008 Swiss Precision Diagnostics) were carried out in female subjects, 

in order to exclude pregnancy at the moment of scanning. 
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Psychosocial stress task  

Psychosocial stress was induced in the PET-scanner using the Montreal Imaging 

Stress Task (MIST), the psychosocial stress paradigm developed by Pruessner et al. 

(see Pruessner et al. and Dedovic et al. for a detailed description of the task 

(315,334)). The experiment consisted of a control and stress condition, 

administered consecutively during a single-day PET scan protocol. In the control 

condition, subjects performed 6-minute blocks of mental arithmetic on a computer 

screen with no time constraints or performance feedback, resulting in an average 

performance of 90% correct responses. In the stress condition, subjects performed 

similar mental arithmetic as in the control condition, with the addition of 

information about the total number of errors, expected average number of errors, 

time spent on the current problem, and performance feedback (correct, incorrect, 

timeout), displayed on the computer screen. In addition, a time constraint, slightly 

below the time needed according to the subject’s ability, was set for solving each 

problem. The constraint was automatically adjusted by the computer algorithm for 

each individual subject, based on the average time needed to solve a problem 

during a test session before start of the PET scan. Moreover, a tone rising in 

frequency indicated the remaining time for the subject to solve each problem. 

Subjects were informed that an average performance of 80-90% correct answers 

was expected. However, due to the manipulation of the time constraint, subjects 

achieved, on average, only 20-30% correct answers. In addition, psychosocial stress 

was induced through negative verbal feedback from a confederate investigator, 

who commented upon subjects’ performance and emphasized that they needed to 

achieve at least minimal performance requirements. 

An extensive debriefing session took place at the end of the experiment, in which 

subjects were told that the task was specifically designed to be out of reach of their 

mental capacity, and that in reality it did not assess their ability to perform mental 

arithmetic. 

 

Behavioral measures and analysis  

Subjective perceptions of stress were assessed every twelve minutes, with six 

stress-related items, rated on 7-point Likert scales (ranging from not at all [=1] to 

very [=7]), adapted from Experience Sampling Methodology (ESM; (335)). Items 

were presented on the same computer screen that was used for the psychosocial 

stress task, and subjects responded by selecting a number with a computer mouse. 
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All scores were recoded such that an increase in scores corresponded to increased 

feelings of stress, respectively. Averages of the (recoded) scores on the items “I feel 

relaxed”, “I’m in control”, “I feel pressured”, “I feel comfortable among these 

people”, “I feel judged by these people”, and “I do not live up to expectations” 

constituted the subjective stress scale (Cronbach’s alpha = .81). 

In order to investigate whether the stress-task induced stress at the behavioral 

level, a one-sided, paired t-test was performed, comparing average scores on the 

subjective stress scale between the control and stress conditions of the MIST. In 

addition, linear regression analysis was used to investigate associations between 

task-induced changes in subjective perceptions of stress and task-induced changes 

in [
18

F]fallypride ligand displacement. All significance tests were performed in 

STATA version 10.0 (© 1985-2007 StataCorp. LP). 

 

Cortisol sampling and analysis  

Five millilitre blood samples were drawn from each subject into free-anticoagulant 

vacuum tubes. Blood samples were taken every 10 to 12 minutes during the scan, 

resulting in a total number of 12 samples. Immediately after the experiment was 

completed, blood samples were delivered to the laboratory for assaying. Intra-

assey and inter-assay variability were ≤5.8% and ≤9.2%, respectively. The area 

under the curve (AUC; cortisol in nanomoles per liter by time in minutes) was 

computed with the trapezoid formula as described by Pruessner et al. (336). 

A one-sided, paired t-test was performed to compare the AUC of cortisol between 

the control and stress condition of the MIST. In addition, linear regression analysis 

was used to investigate whether task-induced changes in cortisol levels were 

associated with task-induced changes in subjective perceptions of stress. 

 

Radiotracer preparation 

The fluorinated substituted benzamide [
18

F]fallypride (337) is a high affinity 

dopamine D2/3 receptor antagonist radiotracer previously used to visualize and 

estimate both striatal and extrastriatal dopamine levels (308,337). The precursor 

for tracer synthesis was obtained from ABX (Radeberg, Germany) and labeling was 

performed on-site using a Raytest Synchrom R&D synthesis module (Raytest, 

Straubenhardt, Germany). The final product was obtained after reverse-phase high 

performance liquid chromatographic (HPLC) purification using a Waters XTerra
TM

 

RP18 5 µm 7.8 mm x 150 mm column and sodium acetate 0.05M pH5.5 / Ethanol 
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70:30 V/V as mobile phase at a flow rate of 1.5 ml/min. The [
18

F]fallypride eluted 

after 18 minutes. The collected peak (2 ml) was diluted with 8 ml of NaCl 0.9% and 

sterile filtered over a Millipore Cathivex-GS 0.22 µm filter. The final product of the 

radioligand was administered as a sterile solution of 7 mM sodium acetate buffer 

pH 5.5, 0.72% NaCl 0.72% and 6% ethanol. The specific activity at the time of 

injection was ≥ 37 GBq/μmol (1000 Ci/mmol). The radiochemical purity was > 95%. 

 

PET acquisition 

In order to minimize contamination of task-induced stress with PET procedure-

induced stress, the catheter used for ligand injection and blood sampling was 

placed three hours before the actual experiment took place. For the same reason, 

subjects were familiarized with the test setup and briefly placed in the scanner 

three hours before the actual scan to complete the test session of the psychosocial 

stress task. 

An example of the psychosocial stress task was presented on the computer screen 

and the positions of the mouse and computer monitor were adjusted for 

comfortable viewing (outside the field of view of the scanner). After completing the 

test session (duration approximately 5 minutes), subjects were removed from the 

scanner, awaiting the actual PET experiment, taking place approximately three 

hours later. 

For the actual experimental PET session, subjects were again installed on the 

scanner bed with their head fixated using a vacuum pillow and foam inserts. If 

needed, the positions of the mouse and computer monitor were once more 

adjusted to allow for optimal comfort. Subjects received 185.2 (SD = 10.2) MBq of 

[
18

F]fallypride in a slow intravenous bolus injection through a catheter in the left or 

right antecubital vein, depending on subject handedness. Simultaneously upon 

radiotracer injection, dynamic emission scans were initiated in three-dimensional 

mode using a HiRez Biograph 16 PET/CT camera (Siemens Medical Solutions, Inc.). 

Data were obtained in 60 s frames during the first 6 minutes and in 120 s frames 

thereafter. 

PET emission was performed conform the one-day PET imaging protocol for 

[
18

F]fallypride described and used previously by Christian et al. (293). Emission data 

were collected in two segments, one during the control condition and one during 

the stress condition of the MIST psychosocial stress task. Given the use of an 

“activation” parameter in the kinetic model used for analyses (Alpert et al. (296), 

discussed below), representing presence or absence of additional dopamine 
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release, and the hypothesis of stress being associated with increased dopaminergic 

activity, the stress condition of the MIST was always presented after the control 

condition.  

The first PET segment, with a duration of 70 minutes, thus represented the 

[
18

F]fallypride kinetics during the control condition, in which subjects performed 6-

minute blocks of mental arithmetic without time constraints or performance 

feedback. The control session was followed by a brief break period of 10 minutes, 

after which subjects were, if necessary, repositioned on the scanner bed and the 

second PET emission data were collected for another 86 minutes in total. In order 

to ensure that “activation” (i.e. ligand displacement) was not a result of 

repositioning or the simple act of getting up from the scanner for a break in the 

experiment, no task was presented during the first 20 minutes of this second 

emission scan. This, additionally, minimized risk of carry-over effects from the 

control condition into the stress condition, and maximized psychological impact of 

the stressor. 

At 100 minutes postinjection, the psychosocial stress task was initiated and 

performed for the remaining 66 minutes of dynamic imaging. Cortisol sampling 

took place every twelve minutes during control and stress conditions, 

simultaneously with assessment of subjective ratings of emotions and stress. To 

correct for attenuation, a low-dose (80 kV tube potential, 11 mA·s) CT scan without 

contrast agent was conducted at the beginning of each PET segment (immediately 

before tracer injection and at 80 minutes postinjection) and at the end of emission 

scan. 

Images were reconstructed using a 3D OSEM (ordered-subset expectation 

maximization) iterative reconstruction including model-based scatter as well as 

attenuation correction based on a measured attenuation map acquired by the CT, 

with a final spatial resolution of 4 mm. 

Additionally, in order to exclude structural brain abnormalities and perform 

anatomical coregistration, all subjects received a volumetric T1-weighted and 

standard transverse T2 brain magnetic resonance image (MRI; 1.5 Tesla Vision 

Scanner, Siemens, Germany). Parameters for the T1 3D Magnetization Prepared 

Rapid Acquisition Gradient Echo sequence were: TR = 0 ms, TE = 4 ms, flip angle = 

12°, inversion time 300 ms, matrix 256 × 256, 160 sagittal contiguous slices of 1 

mm. 

To guarantee the consistency of [
18

F]fallypride metabolism among scans and to 

minimize potential changes in dopamine or cortisol levels, all subjects fasted two 
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hours prior to radiotracer injection and abstained from nicotine, medication, and 

alcohol- or caffeine-containing drinks on the day of scanning. All PET acquisitions 

were conducted at the same time of day (14:30 ± 00:30) in order to keep diurnal 

patterns of cortisol comparable for all subjects. 

 

PET data reduction and statistical analysis  

For each subject, brain reconstructed PET data were transferred in DICOM (Digital 

Imaging and Communications in Medicine) and converted to Analyze using PMOD 

software v 2.95 (PMOD Inc., Zurich, Switzerland). 

To minimize effects of head movement during the scan, all [
18

F]fallypride frames 

for each PET were realigned, coregistered to the subject´s MRI and then spatially 

normalized to a specific T1-weighted template constructed in MNI (Montreal 

Neurological Institute) stereotaxic space using SPM8 (Statistical Parametric 

Mapping, The Wellcome Department of Cognitive Neurology, London, UK). To 

increase signal to noise ratio, the normalized images were then smoothed with a 

3D gaussian filter (4-mm full width at half maximum) before applying the kinetic 

model. 

For each subject, volume-of-interest (VOI) analysis was performed by estimating 

the kinetic parameters using the LSRRM kinetic model (discussed below) and the 

PET time-activity curves (TACs) for all VOIs. The cerebellum was used as a reference 

region for [
18

F]fallypride representing a cerebral area with a paucity of dopamine 

D2/3 receptors (300). 

For each subject, two binary masks were created based on the corresponding 

normalized MRI, using an inhouse created set of VOIs, defined according to 

prefrontal Brodmann areas (BA) with the aid of the Talairach atlas (338). One 

binary mask image was designed to include all brain regions of interest (BA9 / BA46 

= dorsolateral prefrontal cortex; BA10 = ventromedial prefrontal cortex; BA11 = 

medial orbitofrontal cortex; BA24 = ventral anterior cingulate cortex; BA32 = dorsal 

anterior cingulate cortex; BA44 = inferior frontal gyrus, pars opercularis; BA45 = 

inferior frontal gyrus, pars triangularis; BA47 = inferior frontal gyrus, pars orbitalis, 

resp.), and a second mask was drawn only on the cerebellum. 

 

The kinetic model 

Conform previous work (292,293,296), estimation of kinetic parameters was 

performed by applying the linearized simplified reference region model (LSRRM) 
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(296), an extension of the simplified reference region model (SRRM; (339,340)), 

modified to include time-dependent parameters and linearized for all estimated 

parameters (341). A detailed description of the LSRRM kinetic model can be found 

in earlier publications (293,296). 

As previously described (292,293,296), the LSRRM takes into account temporal 

perturbations in ligand specific binding by assuming that the steady physiological 

state is not maintained, making it suitable for assessing task-related ligand 

displacement in an experimental design that involves a change of task condition 

from control to a dopamine activation paradigm during one single scan session. 

The LSRRM therefore allows the dissociation rate of ligand from the receptor, k2a, 

to change through the paradigm in response to fluctuating levels of dopamine (k2a = 

k2/[1+BPND]), where k2 is the tissue to plasma efflux constant in the tissue region 

and BPND is the nondisplaceable binding potential (295). Changes in BPND in 

activation studies are usually assumed to reflect changes in the concentration of 

available neuroreceptor sites (Bavail), and a decrease in BPND is assumed to reflect 

increased dopamine release. The temporal change of k2a (via a change in BPND) is 

obtained by introducing the additional term γ·h(t), where γ represents the 

amplitude of the ligand displacement and the function h(t) describes a rapid 

change following task onset and dissipation over time. The exponential decay 

function h(t) = exp*−τ(t−T)+ accounts for temporal variation in the model 

parameters, where τ controls the rate at which activation effects die away (set to τ 

= 0.03 min
-1

, conform Christian et al., (293)) and T indicates the task initiation time 

(T = 100 minutes postinjection). 

It follows that, through linearization of the simplified reference region model 

(SRRM), an increased k2a reflected in a decreased BPND for dopamine receptors, due 

to increased dopamine release, would result in a positive value of γ. The LSSRM 

model uses weighted linear least squares analysis for parameter estimation (296). 

 

Main analysis 

For the voxel-based analysis, the same binary mask image used for VOI analysis was 

applied, including only prefrontal regions (BA9; BA10; BA11; BA24; BA32; BA44; 

BA45; BA46; BA47, resp.) to limit the volume for calculation of the parametric 

images. 

A voxel-wise t-statistic map was computed to localize those areas for which the 

time varying parameter, γ, yielded a significant improvement in the model (i.e. 

rejection of the null hypothesis; (293,296)), representing increased dopamine 
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release after initiation of the stress condition. These statistic t-maps were 

generated as t = γ /sd(γ), the standard deviation parametric image of γ being 

created based on the estimated covariance matrix (293,296). The false discovery 

rate (FDR; (342)) correction was utilized to control statistical significance thresholds 

in the context of multiple (n = 28832) comparisons at the voxel level (343), 

interpreting ordered p(i)-values within the FDR-constraint of p(i) ≤ 0.05i/28832. 

In order to identify the spatial extent of the neuromodulation, the number of 

voxels satisfying the FDR-constraint (hereafter: exceeding the FDR corrected 

significance threshold of p(α(FDR)=5%) ≤ 0.05) was determined for each volume of 

interest. Finally, conform previous work (293), linear regression analysis was 

performed in order to identify those brain regions for which the spatial extent of 

task-induced dopamine release was predictive for task-induced increases in scores 

on the subjective stress scale and cortisol levels. 

All analyses were a priori corrected for age, gender, nicotine use (continuous: 

number of cigarettes / day), and alcohol consumption (continuous: grams of 

alcohol / week). 
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RESULTS 

 

Sample characteristics 

The sample consisted of 13 healthy subjects. One subject was excluded from 

analyses because of excessive movement during the scan, yielding uncorrectable 

movement artifacts in the functional imaging data. Sociodemographic 

characteristics of the 12 remaining subjects, and alcohol consumption, nicotine 

use, and contraceptive-, and psychotropic medication use are summarized in Table 

VII-1. 

 

Behavioral and cortisol stress measures  

For one subject, data on the subjective stress scale were missing due to a technical 

(i.e. computer) failure. Consequently, behavioral analyses were performed in the 

remaining sample of 11 subjects. 

The stress condition was experienced as significantly more stressful compared to 

the control condition, reflected by higher scores on the subjective stress scale 

(Meancontrol = 2.97 (SD = 0.49); Meanstress = 4.21 (SD = 0.93); t(df=10) = 5.03; p = 

0.0003). Task-induced changes in scores on the subjective stress scale were not 

associated with age (Adjusted R
2

(df=10) = -0.03; β = -0.02; p = 0.416), gender 

(Adjusted R
2

(df=10) = -0.10; β = 0.22; p = 0.769), nicotine use (Adjusted R
2

(df=10) = -0.02; 

β = 0.02; p = 0.399), or alcohol consumption (Adjusted R
2

(df=10) = -0.003; β = 0.06; p = 

0.350). Overall cortisol concentrations were not associated with age (Adjusted 

R
2

(df=11) = 0.14; β = 0.06; p = 0.129), gender (Adjusted R
2

(df=11) = -0.07; β = -0.33; p = 

0.614), nicotine use (Adjusted R
2

(df=11) = -0.05; β = -0.04; p = 0.515), or alcohol 

consumption (Adjusted R
2

(df=11) = -0.01; β = 0.05; p = 0.367). One subject displayed 

very high mean AUC cortisol throughout the experiment (610.4 (nmol/l)/min) and 

was excluded from AUC cortisol analyses based on Grubbs’ test for outliers  (Z12 = 

3.04; Zcritical (α = 5%) = 2.41). Analysis on data from the remaining subjects revealed 

a significant difference between the AUC ((nmol/l)min) of cortisol between the 

stress and the control condition (Meancontrol = 221.6 (SD = 45.0); Meanstress = 279.3 

(SD = 76.4); t(df=10) = 1.89; p = 0.04), with higher levels of AUC cortisol during the 

stress condition. Linear regression analysis revealed a significant association 

between task-induced changes in AUC cortisol and task-induced changes in scores 

on the subjective stress scale (Adjusted R
2

(df=9) = 0.57; β = 0.007; p = 0.031; 

corrected for age, gender, nicotine use, and alcohol consumption), higher cortisol 

levels being associated with increased feelings of subjectively experienced stress. 
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This association remained significant with inclusion of the outlying subject in the 

analysis (Adjusted R
2

(df=10) = 0.62; β = 0.006; p = 0.016; corrected for age, gender, 

nicotine use, and alcohol consumption). 

 
Table VII-1 Sample characteristics 

 (n = 12) 

Age (SD) 39.8 (15.8) (range 23-60) 

Gender, n (%)  

    Male 8 (67%) 

    Female 4 (33%) 

Education level, n (%)A  

    Secondary education 1 (8%) 

    Bachelor degree 7 (58%) 

    Master degree 4 (33%) 

 Work situation, n (%)A  

    Household 0 

    School / education 2 (17%) 

    Regular job (fulltime) 6 (50%) 

    Regular job (parttime) 2 (17%) 

    Other activities 2 (17%) 

Marital status, n (%)  

    Married or cohabitating 6 (50%) 

    Divorced 1 (8%) 

    Never married 5 (42%) 

Nicotine use (cigarettes/day), n (%)A  

    0 10 (83%) 

    1-10 1 (8%) 

    10-20 1 (8%) 

Alcohol consumption (grams/week) B, n (%)  

    0-50 6 (50%) 

    50-100 2 (17%) 

    100-150 4 (33%) 

Contraceptive use, n (%)  

    Yes 0 

    No 12 (100%) 

Psychotropic medication use, n (%)  

    Yes 3 (25%)C 

    No 9 (75%) 
 
A Percentages do not total 100 because of rounding. 
B Standard drink / unit size in the Netherlands contains 9.9 grams of ethanol. 
C Three subjects sporadically used acetaminophen (paracetamol) to relieve headaches. 
All subjects abstained from nicotine, alcohol and medication use on the day of scanning.  
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In vivo dopamine release in response to the psychosocial stress condition 

The psychosocial stress task induced detectable amounts of [
18

F]fallypride ligand 

displacement throughout prefrontal cortex (see Figure VII-1). Age, gender, alcohol 

consumption, and nicotine use were not associated with task-induced ligand 

displacement in any of the prefrontal regions of interest. 

Linear regression analysis, corrected for age, gender, nicotine use, and alcohol 

consumption, revealed significant associations between task-induced changes in 

ligand displacement – quantified as the number of voxels within a region, 

exceeding the FDR corrected significance threshold of p(α(FDR)=5%) ≤ 0.05 – and task-

induced changes in scores on the subjective stress scale for the left (Adjusted 

R
2

(df=9) = 0.94; β = 0.03; p = 0.002) and right (Adjusted R
2

(df=9) = 0.95; β = 0.04; p = 

0.001) ventromedial prefrontal cortex (vmPFC; BA10; see Table VII-2; significance 

interpreted in light of the Simes-Hochberg correction for multiple comparisons 

(344,345)).  

 

 
Figure VII-1 Mean statistical parametric t map of  in coronal (a), sagittal (b), and transverse (c) 
sections overlaid on a T1-weighted MRI template, showing task-induced [18F]fallypride ligand 
displacement throughout prefrontal cortex in response to the psychosocial stress task. Image is 
thresholded for visualization purposes. 
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Table VII-2 Associations between task-induced dopamine release, quantified as the number of voxels 
showing significant ligand displacement within each activated region, and task-induced changes in 
scores on the subjective stress scale. 

 

No voxels with  

significantA task-induced 

ligand displacement 

 Association with  

task-induced changes in scores  

on the subjective stress scale 

Brodmann area Mean, n (%)B SD  Adjusted R2 β p 

BA9 L 619 (36%) 378  0.67 0.03 0.048 

BA9 R 704 (41%) 377  0.78 0.03 0.020 

BA10 L 1319 (50%) 580  0.94 0.03 0.002C 

BA10 R 1365 (53%) 567  0.95 0.04 0.001C 

BA11 L 794 (41%) 387  0.23 -0.03 0.355 

BA11 R 763 (40%) 439  0.16 -0.01 0.460 

BA24 L 437 (45%) 23  0.42 0.02 0.174 

BA24 R 398 (41%) 20  0.67 0.03 0.049 

BA32 L 566 (60%) 21  0.44 0.02 0.160 

BA32 R 590 (58%) 20  0.90 0.04 0.004 

BA44 L 257 (25%) 17  0.47 0.04 0.140 

BA44 R 336 (32%) 23  0.24 0.02 0.335 

BA45 L 117 (38%) 25  0.34 0.02 0.235 

BA45 R 113 (48%) 24  0.58 0.02 0.082 

BA46 L 782 (46%) 25  0.57 0.03 0.092 

BA46 R 858 (49%) 24  0.77 0.03 0.022 

BA47 L 337 (26%) 20  0.57 0.02 0.085 

BA47 R 315 (26%) 19  0.75 0.04 0.027 
 

BA9 & BA46 = dorsolateral prefrontal cortex; BA10 = ventromedial prefrontal cortex; BA11 = medial 
orbitofrontal cortex; BA24 = ventral anterior cingulate cortex; BA32=dorsal anterior cingulate cortex; 
BA44 = inferior frontal gyrus, pars opercularis; BA45 = inferior frontal gyrus, pars triangularis; BA47 = 
inferior frontal gyrus, pars orbitalis; BP = binding potential; R = right; L = left. Mask used for analysis 
contained an average total volume of 28832 voxels. A Exceeding significance threshold of p(α(FDR) = 5%) 
≤ 0.05. B Percentages reflect the number of significant voxels relative to the total number of voxels 
within the mask of the respective brain region. C Exceeding significance threshold of p(corrected) ≤ 0.05 
according to Simes-Hochberg correction for multiple comparisons. 

 

 

More ligand displacement in these prefrontal brain regions was associated with 

increased feelings of subjectively experienced stress (see Table VII-3; Figure VII-2; 

one subject not included in regression due to missing data on subjective stress 

scale during stress condition; another subject was identified as an outlier based on 

Cook’s distance test for influential cases (346) (Di(threshold)=4/[n-k-1]) and was 

excluded from regression analyses).  
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Table VII-3 Stress-induced dopamine displacement of [18F]fallypride in left and right ventromedial 
prefrontal cortex (BA10; see also Figure VII-2). 

 No voxels with significantA task-induced ligand displacement 
Task-induced changes in 

scores on the subjective 

stress scale 
Subject  

Left ventromedial 

prefrontal cortex 

(BA10L)B 

Right ventromedial 

prefrontal cortex 

(BA10R)C  

#1  1522 1531  0.98 

#2  1213 1080  0.54 

#3  1155 1560  1.70 

#4D  976 970  2.82 

#5  1862 1776  1.75 

#6  1160 1455  0.71 

#7  2343 2404  2.08 

#8  1547 1737  1.11 

#9  1137 1585  0.62 

#10  529 456  0.26 

#11  385 345  0.04 

#12E  2101 1547  - 

 

A Exceeding significance threshold of p(α B Left vmPFC mask contained an average 
volume of 2638 voxels. C Right vmPFC mask contained an average volume of 2576 voxels. 
D Subject was identified as outlier based on Cook’s distance test for influential cases and excluded from 
regression analyses. E Subject not included in regression analyses due to missing data on stress scale 
during stress condition. 

 

 

 

Figure VII-2 Significant associations between task-induced feelings of subjective stress and task-induced 
ligand displacement in left and right ventromedial prefrontal cortex, increased feelings of subjective 
stress being associated with increased ligand displacement. 
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For illustrative purposes, following Christian et al. , Figure VII-3 shows an example 
of a dynamic PET time-activity curve obtained from the volume of interest drawn 
on the left vmPFC of one subject, for which model fit improved with inclusion of 
the γ parameter.  

No significant associations were found between task-induced ligand displacement 

and task-induced changes in AUC cortisol levels for any of the prefrontal regions of 

interest (corrected for age, gender, alcohol consumption, and nicotine use; 

significance interpreted in light of the Simes-Hochberg correction for multiple 

comparisons (344,345)). 

 

 

 
Figure VII-3 Top row – example of PET dynamic data from one of the subjects scanned, black dots (●) 
representing data taken from the volume of interest drawn on the ventromedial prefrontal cortex 
(vmPFC) and (x) symbol representing data from the cerebellar reference region. Model fit to the data is 
represented by the solid line. Stress condition was initiated at T=100 min.  
Bottom row – normalized residuals of the model fit with the γ parameter (+) and with γ fixed to zero (O). 
The graph illustrates the improvement in the quality of the model fit for this particular volume of 
interest when γ is included. 
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DISCUSSION 

The results of this study indicate that the Montreal Imaging Stress Task (MIST) 

induces detectable amounts of dopamine release throughout the prefrontal cortex, 

with dopaminergic activity in bilateral ventromedial prefrontal cortex being 

associated with subjectively rated experiences of psychosocial stress. Furthermore, 

as expected from previous findings (315), the MIST stress paradigm resulted in 

significant increases in cortisol secretion. Although animal studies (316-318), and 

Functional Magnetic Resonance Imaging (fMRI) studies in humans (330-332,347) 

have repeatedly implicated a role for PFC neurons in stress regulation, this is, to 

our knowledge, the first in vivo human imaging study showing prefrontal dopamine 

release in response to a psychosocial stressor. 

 

Stress-induced dopamine release in the ventromedial prefrontal cortex 

The current findings suggest direct involvement of vmPFC dopamine in the human 

stress response, given that dopaminergic activity in this region was highly 

correlated with subjective ratings of stress. The vmPFC is strongly connected to the 

amygdala, ventral striatum, and hypothalamus (348-352), and is suggested to be 

involved in emotion regulation (353), impulse control (354), self-control (355), and 

fear extinction (356).  

The infralimbic prefrontal cortex, which is considered the rat homologue of the 

human vmPFC (357), inhibits fear responses in rats when stimulated (358). 

Furthermore, the loss of top-down control by the vmPFC is implicated in mood and 

anxiety disorders (350,359-361), supporting a role for the vmPFC as emotion 

control centre. Although projections from the vmPFC to subcortical structures are 

largely glutamatergic (348-352), there is substantial evidence of dopamine-

glutamate interactions in the PFC (362-365). Although the current study provides 

evidence for vmPFC dopamine activity constituting part of the neurochemical 

response to stress, the exact neural mechanisms involved in the human stress 

response and the role of possible neurotransmitter interactions herein remain 

unclear. 

 

The role of the PFC in the stress response: possible mechanisms 

Due to a scarcity of in vivo human studies investigating stress-induced changes in 

prefrontal dopamine levels, little is known about the role of prefrontal dopamine in 

the regulation of stress in humans, thus far. Rodent studies have indicated that 
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depletion of dopamine in the PFC increases stress-induced dopamine release in the 

mesolimbic system (316,319,320). This has led to the hypothesis that prefrontal 

dopamine transmission attenuates stress-induced mesolimbic dopamine release. 

As suggested by Pascucci et al. (366), the prefrontal dopamine system may not only 

constrain, but also determine mesolimbic dopamine activity in response to stress. 

A possible function of this mechanism could be to protect the organism for the 

adverse consequences of stress on the brain. This is supported by the observation 

that stress-related psychopathologies are associated with disturbed mesolimbic 

dopamine transmission (321-324) and prefrontal dysfunctions (323,325,326). 

Our finding that healthy subjects respond to a mild psychosocial stressor with 

increased levels of endogenous dopamine in the PFC, whereas a similar stressor in 

previous studies did not necessarily induce dopamine release in mesolimbic brain 

regions (315,327,328), supports the hypothesis that the organism may benefit from 

such a stress-reducing mechanism, with a suggested attenuating role of the 

prefrontal dopamine system, in line with reports of medial prefrontal cortex 

damage being associated with heightened self-reported stress responses to the 

Trier Social Stress Test (367).  

It appears unlikely, however, that a loss of control of the PFC dopamine system 

over subcortical dopaminergic neurotransmission can solely and exclusively explain 

the diverse range of affective, psychotic and neurotic symptoms observed across 

the spectrum of stress-pathology, particularly given the broad variety and, to some 

extent, paradoxality of dopamine anomalies observed across various stress-related 

disorders (321,322,325,368,369). Rather, a range of complex and diverse neural 

(patho)dynamics, involving multiple interacting neurotransmitter systems 

(321,325,365,368,370-373) that are functionally shaped by unique genetic, 

neurodevelopmental and social environmental factors, direct the individual 

towards a specific behavioral phenotype.  

Although impaired attenuation of mesolimbic dopamine by the PFC dopamine 

system may represent one important stress-vulnerability mechanism, future 

imaging studies are challenged with the daunting task of unraveling the 

neurochemical dynamics of stress processing in healthy humans and 

psychopathological populations that are characterized by disturbances in stress 

regulation. 
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Strengths and limitations 

The findings reported in this study result from significant advances made in the 

field of neuroimaging and show, for the first time, human in vivo PFC dopamine 

release in response to a psychological stressor. 

The development of highly selective dopamine D2/3 PET radioligands such as 

[
18

F]fallypride opens up avenues for the investigation of extrastriatal dopamine 

neurotransmission, and the current study is the first to successfully implement this 

technology in stress research. Further strengths of the study lie in the use of a 

laboratory stressor that attempts to emulate real-world social interactions and 

succeeds in eliciting stress not only at a physiological level, but also at the level of 

subjective experience. 

Some limitations require consideration. First, the study design did not permit 

simultaneous and additional investigation of subcortical dopamine release. 

Subcortical dopamine regions, primarily striatal areas, are relatively high in 

dopamine D2/3 receptor density and require, for that reason, a longer scan duration 

in order to reach a similar proportion of receptors to be occupied by the dopamine-

competing ligand fallypride than is the case in low density dopamine D2/3 regions 

such as the PFC (311). Consequently, assessing dopamine transmission 

simultaneously in two regions that differ in terms of receptor density is not 

feasible, since the timing of task-initiation has to be adjusted for each region in 

such a way that the proportional distribution of radioligand is optimized, i.e. 

regions which are low in dopamine D2/3 receptor density would require earlier 

onset of task initiation than regions with higher dopamine D2/3 receptor density. A 

compromising solution, with intermittent task initiation timing will, at best, result 

in overestimation of dopamine release in relatively low dopamine D2/3 receptor 

dense structures and underestimation of dopamine release in relatively high D2/3 

receptor dense structures (293). 

Second, although application of the LSRRM has several practical advantages, such 

as the requirement for only one single radiochemical synthesis and administration 

and avoidance of session effects, practical implementation of the model implies 

that time-dependent alterations in regional cerebral blood flow (rCBF) are not fully 

accounted for. However, as argued by Christian et al. (293), using a single injection 

protocol in combination with the in vivo kinetics of [
18

F]fallypride minimizes the 

possible confounds of changing rCBF under psychological task paradigm conditions. 

Third, no performance measure was implemented in the psychosocial stress 

paradigm. We can, therefore, not ascertain that the findings are not confounded by 
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variations in task performance. However, as argued by Pruessner et al. (315), 

controlling for task performance would be redundant, since manipulation of the 

time constraint yields an average proportion of 20-30% correct answers in the 

stress condition for each individual subject. Furthermore, the strong correlation 

between subjectively experienced feelings of stress and [
18

F]fallypride ligand 

displacement in ventromedial PFC in the current study suggests that neural activity 

in this region is unlikely to be related purely to cognition. 

Fourth, consequential to the one-day scanning protocol utilized in the current 

study, the stress and control conditions of the MIST were consistently administered 

in the same sequence, i.e. the control condition preceded the stress condition for 

each subject. This increases risk of carry-over effects from the control condition 

into the stress condition. Although it was attempted to minimize these effects by 

separating the two conditions by a baseline condition, it cannot be ascertained that 

the outcome measures were not affected by carry-over effects. However, a two-

scan protocol, with counterbalanced administration of stress and control 

conditions, would have meant that the extensive and important debriefing session, 

in which subjects were told that the task was specifically designed to be out of 

reach of their mental capacity, and that it did not assess their ability to perform 

mental arithmetic, could only take place after the second scan, which was 

considered to be ethically problematic. Furthermore, a one-day scan protocol has 

an advantage in avoiding session effects. 

Fifth, the actual scanning procedure might have been perceived as stressful, 

possibly interfering with the task-specific stress measures. The amount of 

interference was minimized by placing the catheter used for ligand injection and 

blood sampling three hours before the actual experiment took place. For the same 

reason, subjects were familiarized with the test setup and placed in the scanner 

three hours before the actual scan. 

Sixth, although unobserved heterogeneity is particularly important in non-linear 

regression analysis – unlike in linear regression models as utilized in the current 

study – the possibility of unobserved heterogeneity (e.g. due to unmeasured, yet 

outcome-relevant variations among subjects) may have biased results and calls for 

careful interpretation and replication of the current findings. Finally, it should be 

noted that our results do not imply causality and the specific function of each brain 

region in the human stress response remains an important subject for further 

investigation. 
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ABSTRACT 

Objective: Cannabis use is associated with psychosis, particularly in those with 

expression of, or vulnerability for, psychotic illness. The biological underpinnings of 

these differential associations, however, remain largely unknown. We used 

Positron Emission Tomography and 
18

F-fallypride to test the hypothesis that Δ
9
-THC 

(delta-9-tetrahydrocannabinol, the main psychoactive ingredient of cannabis) 

provokes psychotic experiences by differential induction of striatal dopamine 

release. 

Method: Striatal dopamine release after pulmonary administration of Δ
9
-THC was 

measured in 10 healthy cannabis users (average risk psychotic disorder), 10 

patients with psychotic disorder (high risk psychotic disorder) and 10 first-degree 

relatives (intermediate risk psychotic disorder). PET data were analyzed applying 

the linear extension of the simplified reference region model (LSRRM). 

Results: While Δ
9
-THC was not associated with increased dopamine release in the 

control group, significant ligand displacement induced by Δ
9
-THC in striatal 

subregions, indicative of dopamine release, was detected in both patients and 

relatives. This was most pronounced in caudate nucleus. 
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Conclusions: The results indicate that dopamine may mediate the psychotogenic 

effects of Δ
9
-THC, particularly in individuals already at risk for dopamine 

dysregulation.  
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INTRODUCTION 

 
The use of cannabis has long been associated with an increased risk of developing 

psychotic symptoms in healthy individuals, and with poor outcome in patients with 

psychotic disorder (38,374). Yet very little is known about the biological 

underpinnings of this association (375).  

Long-term heavy cannabis use, in particular when started during early adolescence, 

is associated with structural brain changes such as impaired structural integrity of 

the corpus callosum (376), alterations in white and gray matter (377), and 

decreased hippocampal and amygdala volumes (378). However, it has been argued 

that the use of cannabis is unlikely to increase the risk of psychosis by mechanisms 

that manifest themselves as major structural brain changes (7). Alternatively, 

neurochemical interactions between cannabis and neurotransmitters such as 

dopamine (DA) may constitute a biological link between cannabis and psychosis 

(375).  

In the human brain, delta-9-tetrahydrocannabinol (Δ
9
-THC, the main psychoactive 

constituent of cannabis) activates the type 1 cannabinoid receptor (CB1R), one of 

the most abundant expressed G-coupled protein receptors in the brain (54). 

Activation of CB1Rs pre-synaptically inhibits release of neurotransmitters, including 

γ-aminobutyric acid (GABA), glutamate and DA (54). DA is thought to play a role in 

schizophrenia pathophysiology (42) and animal studies suggest that Δ
9
-THC affects 

DA neurotransmission in several regions of the brain including prefrontal cortex 

(PFC) and mesolimbic regions (30,379). However, direct evidence for interaction 

between Δ
9
-THC and DA in the human brain to date remains scarce. First insights 

came from a single case report study with Single Photon Emission Computed 

Tomography (SPECT) and 
123

I-IBZM. In this study, a 20% decrease in striatal D2 

receptor binding ratio was observed, indicating increased synaptic DA release, in a 

medication-free patient with schizophrenia just after using cannabis (380). Three 

subsequent studies used neurochemical brain imaging to examine the effects of Δ
9
-

THC on DA release in healthy human volunteers. Bossong and colleagues (381) 

included seven healthy male recreational cannabis users and investigated the 

effects of Δ
9
-THC on DA release with Positron Emission Tomography (PET) and 

11
C-

raclopride. The authors observed small (around 3.5%) but significant decreases in 

D2 receptor binding in two subregions of the striatum, the ventral striatum and the 

precommissural dorsal putamen after Δ
9
-THC inhalation (381). The PET study by 

Stokes et al. (382) failed to find significant changes in D2 receptor binding after oral 
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administration of Δ
9
-THC in thirteen healthy male volunteers. Similarly, Barkus and 

colleagues (383) did not observe DA release after intravenous Δ
9
-THC studied with 

SPECT and 
123

I-IBZM (383).  

The present study aimed to shed light on these inconsistencies. Moreover, patients 

with psychotic disorder have been shown to be more sensitive to the behavioral 

and cognitive effects of cannabis (43,384) and individual differences in sensitivity to 

cannabis are in part mediated by genetic risk for psychotic disorder, siblings 

displaying more sensitivity than well controls (385). Therefore, we investigated Δ
9
-

THC-induced DA release using PET and the high affinity D2/3 radioligand 
18

F-

fallypride (148) in a group of healthy cannabis users and two groups with 

demonstrated increased sensitivity to Δ
9
-THC: patients with psychotic disorder and 

unaffected first-degree relatives, hypothesizing that inconsistencies in previous 

studies may be related to differential inclusion of individuals with increased 

sensitivity to Δ
9
-THC, in addition to differences in Δ

9
-THC administration routes. 

 

 
MATERIALS AND METHODS 

Participants 

A total of 30 volunteers (10 patients with psychotic disorder, 10 first-degree 

unrelated relatives of patients with psychotic disorder, and 10 healthy controls) 

agreed to participate in the study. Participants were recruited through flyers in 

local coffee shops (cafes where cannabis is sold and consumed legally), newspaper 

advertisements and through in- and outpatient mental health service facilities in 

South Limburg, The Netherlands. Inclusion criteria were i) age 18-60 years, ii) 

sufficient command of the Dutch language, iii) no intellectual impairment (i.e. IQ > 

80) as ensured by the Dutch version of the Wechsler Adult Intelligence Scale (241), 

iv) having smoked cannabis at least once in the past 12 months, v) patients only: a 

diagnosis of psychotic disorder according to the Diagnostic and Statistical Manual 

of Mental Disorders (DSM-IV) (1), and vi) relatives only: having a first degree 

relative with a diagnosis of psychotic disorder. Exclusion criteria were i) head 

trauma with loss of consciousness or neurological disorder, ii) endocrine or 

cardiovascular disorder, iii) a positive family history of psychotic disorder (controls 

only), iv) current use of psychotropic medication, v) current use of illicit drugs other 

than cannabis, vi) current use of alcohol in excess of 5 standard units per day, vii) 

presence of metal elements in the body, viii) pregnancy or lactation, and ix) a 

history of claustrophobia.  
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The study was carried out in accordance with the World Medical Association’s 

declaration of Helsinki and approved by the standing ethics committee of 

Maastricht University Medical Center. Written informed consent was obtained 

from all participants. 

 

Design and procedure 

The study made use of a single-blind placebo-controlled. This design requires only a 

single radiochemical synthesis and administration, thereby avoiding session effects 

and minimizing the amount of radiation exposure. In a screening session, inclusion 

and exclusion criteria were confirmed and baseline clinical measures were taken. 

During the testing session participants received both 8 mg of Δ
9
-THC and placebo in 

a single-blind manner: participants first received the vaporized vehicle as placebo, 

followed by the active drug (separated by approximately 2 hours), but, in order to 

avoid expectation bias, were told that the order of administration was random. 

Participants abstained from cannabis at least 5 days prior to the testing session and 

from caffeine and nicotine 4 hours prior to the testing session. At the beginning of 

the testing session, participants received a standardized meal and a caffeine-free 

beverage. Urinalysis was carried out to verify drug and medication abstinence and 

a pregnancy test was done to rule out pregnancy in the female participants. 

Additionally, abstinence from recent use of alcohol was assured by means of a 

breathalyzer. Finally, the inhalation procedure was practiced, upon which the PET 

scan started. At the end of each session, blood pressure and heart rate was 

measured. All participants stayed under psychological observation until the acute 

effects of the Δ
9
-THC had faded and it was safe for the participants to return home. 

 

Baseline clinical measures 

Diagnoses in the patient group were confirmed using the Operational Criteria 

Checklist and associated OPCRIT computer program (333). Presence and severity of 

psychotic symptoms during the past two weeks was assessed in all participants 

with the Positive and Negative Syndrome Scale (PANSS) (268). Cannabis and other 

drug use in the past 12 months was assessed using the appropriate sections of the 

WHO Composite International Diagnostic Interview (386) and the Structured 

Clinical Interview for DSM Disorders (387).  
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Δ
9
-THC preparation and administration  

Preparation and administration of Δ
9
-THC was performed according to Zuurman et 

al. (388). Δ
9
-THC was purified from Cannabis sativa by Farmalyse BV, Zaandam, The 

Netherlands, in agreement with GMP guidelines, and was dissolved in 200µl 100 

vol% alcohol. The solvent was used as placebo. Drugs were administered by means 

of a vaporizer (Volcano
®
, Storz-Bickel GmbH, Tuttlingen, Germany), a technology 

designed to safely and effectively deliver Δ9-THC while avoiding the respiratory 

hazards of smoking (389). Approximately 5 minutes before administration, Δ
9
-THC 

and placebo, respectively, was vaporized and stored in an opaque polythene bag 

equipped with a valved mouthpiece preventing the loss of Δ
9
-THC in-between 

inhalations. As practiced at the beginning of the testing session, subjects were 

instructed to inhale the volume of the bag in 3-5 subsequent inhalations, holding 

their breath for 10 seconds after each inhalation and without speaking during the 

inhalation process. 

 

Blood sampling 

Venous blood samples were taken at baseline and 5, 10, 15, and 75 minutes after 

Δ
9
-THC administration to determine plasma concentrations of Δ

9
-THC and its two 

main metabolites 11-OH-THC and 11-nor-9-carboxy-THC, as indicated by Zuurman 

et al. (388). To prevent un-blinding of participants, sham samples were taken at 

baseline and 5, 10, 15 and 75 minutes after placebo administration.  

 

Visual Analogue Scales 

For experimental validation a total of 13 Visual Analogue Scales (VAS) (390) were 

applied inside the scanner to assess subjective changes in perception induced by 

Δ
9
-THC. These included measures of feeling ‘high’ (1 scale), external perception (5 

scales) and internal perception (7 scales).  

 

PET data acquisition and processing 

Radiotracer preparation 

The fluorinated substituted benzamide 
18

F-fallypride is a high-affinity antagonist 

radiotracer used to visualize and estimate both striatal and extrastriatal D2/3 

receptors (148,308). The precursor for tracer synthesis was obtained from ABX 
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(Radeberg, Germany) and labeling was performed on-site using a Raytest Synchrom 

R&D synthesis module (Raytest, Straubenhardt, Germany). The final product was 

obtained after reverse-phase high performance liquid chromatographic (HLPC) 

purification using a Waters XTerra
TM 

RP18 5 µm 7.8 mm x 150 mm column and 

sodium acetate 0.05M pH5.5/ethanol 70:30 V/V as mobile phase at a flow rate of 

1.5 ml/min. The 
18

F-fallypride eluted after 18 minutes. The collected peak (2ml) 

was diluted with 8ml of NaCl 0.9% and sterile filtered over a Millipore Cathivex-GS 

0.22 µm filter. The final product of the radioligand was administered as a sterile 

solution of 7mM sodium acetate buffer pH 5.5, 0.72% and 6% ethanol. The specific 

radioactivity at the time of injection was greater than 37 GBq/µmol (1000 

Ci/mmol). Radiochemical purity was > 95%. 

 

PET data acquisition and processing 

Subjects were placed on the scanner bed with their head restraint using a vacuum 

cushion and the body strapped to the bed to avoid movement during PET 

acquisition. Positions of the monitor and response box were adjusted to allow for 

optimal comfort. Subjects received on average 185 MBq of 
18

F-fallypride (for 

radiotracer preparation see supplementary material) in a slow intravenous 10-

second bolus injection through a catheter in the left antecubital vein. Upon tracer 

injection, dynamic emission scans were initiated in three-dimensional mode (3D) 

using a PET/CT scanner (Philips, Eindhoven, The Netherlands). Data were acquired 

in frames of 60 seconds during the first 6 minutes and in frames of 120 seconds 

thereafter. PET emission protocol was based on a previously reported one-day 
18

F-

fallypride PET imaging protocol (293), modified according to simulation studies 

showing possible improvements in the experiment design that can increase the 

detection sensitivity of striatal DA release (391). Emission data were acquired in 

four segments (total scan duration 220 minutes), separated by a total of three 

breaks (15 minutes each). Given the use of an “activation” parameter in the kinetic 

model used for analysis (296), representing presence of significant increase in the 

rate of 
18

F-fallypride displacement induced by the stimulus, and the hypothesis of 

Δ
9
-THC administration being associated with increased DA activity, the Δ

9
-THC 

condition was always presented after the placebo condition. Administration of 

placebo occurred between the first and the second segment. Δ
9
-THC was 

administered at 220 minutes post-injection, followed by the last PET segment with 

duration of 50 minutes. The timing of Δ
9
-THC administration was chosen such that 
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the radioligand binding would be at the equilibrium condition, and thus optimized 

for striatal brain regions (391). 

The procedures used for analysis of PET data were essentially those used in 

previous non- pharmacological DA paradigms (294,297) and involved the following 

steps: the dynamic reconstructed PET data were first realigned using a rigid 

transformation to correct for potential effects of head movement, then 

coregistered to the subject´s MRI, and were finally spatially normalized to a specific 

T1-weighted template constructed in Montreal Neurological Institute (MNI) 

stereotaxic space using SPM2 (Statistical Parametric Mapping, Wellcome Trust 

Centre for Neuroimaging, London, UK). To increase signal to noise ratio, the 

normalized images were then smoothed with a 3D gaussian filter (4 mm full width 

at half maximum) before applying the kinetic model. 

Reconstructed PET data were first realigned using a rigid transformation to correct 

for potential effects of head movement, then coregistered to the subject’s MRI and 

finally spatially normalized to a specific T1-weighted template constructed in MNI 

(Montreal Neurological Institute) stereotaxic space using SPM2 (Statistical 

Parametric Mapping, The Wellcome Trust Centre for Neuroimaging, London, UK). 

To increase signal to noise ratio, the normalized images were then smoothed with 

a 3D gaussian filter (4mm full width at half maximum) before applying the 

pharmacokinetic model. 

 

Kinetic modeling and statistical analysis 

To estimate Δ
9
-THC-induced DA release, PET data were analyzed applying the linear 

extension of the simplified reference region model (LSRRM) (296), a kinetic model 

previously used in various functional neurotransmitter 
18

F-fallypride PET studies 

(293,294,297). The LSRRM accounts for temporal perturbations in the ligand 

specific binding induced by pharmacological or non-pharmacological effects during 

a single-scan 
18

F-fallypride session including a baseline condition and an activation 

paradigm. The LSRRM assumes that a steady physiological state is disturbed 

throughout the experiment, by introducing a term γ· exp[-τ(t-T)] in the dissociation 

parameter (k2a=k2/[1+BPND]) of the simplified reference region model (SRRM), 

where k2 is the tissue to plasma efflux constant in the tissue region and BPND is the 

non-displaceable binding potential. γ represents the amplitude of the ligand 

displacement and the function h(t) describes a rapid change following activation 

onset and dissipation over time, where τ controls the rate at which activation 

effects die away; t denotes the measurement time and T is activation initiation 
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time. The DA-radioligand competition at the D2/3 receptor sites is reflected by a 

temporal change of k2a (via the change in BPND), which is accounted for by a time-

dependent parameter k2a+γ·h(t). Changes in BPND in activation studies are usually 

assumed to reflect changes in the concentration of available receptor sites, and a 

decrease in BPND is assumed to reflect increased neurotransmitter release. An 

increased k2a therefore reflects a decreased BPND for D2/3 receptors, which will 

result in a positive value of γ. The cerebellum, representing an area with negligible 

density of D2/3 receptors, was used as reference region (300).  

For each subject, two binary masks were created based on the corresponding 

normalized MRI, using an in-house created set of volumes-of-interests (VOIs) based 

on the Talairach atlas (338). One binary mask contained all brain regions of interest 

(i.e. caudate nucleus, putamen, pallidum and nucleus accumbens), and a second 

mask was drawn only on the cerebellum. For each subject, parametric maps of the 

receptor binding parameters (R [=K1/K1r(reference region)], k2, k2a, BPND and γ) were 

computed.  

A voxel-wise t-statistic map of the γ parameters was computed to localize those 

areas with increased ligand displacement during Δ
9
-THC administration, thought to 

be proportional to an increased DA release. These statistic t maps were generated 

as t = γ/sd(γ), where the standard deviation parametric image of γ (sd[γ]) was 

created based on the estimated covariance matrix, consistent with previous work 

(293,294,297). A threshold of t > 2.4 was used to represent p < 0.01, for a one 

tailed t test. The relevant presence of activation-induced DA release was then 

presented by the percentage of significant voxels exceeding the threshold of t 

within each VOI. Additionally, a VOI analysis was performed by estimating the 

receptor binding parameters using the LSRRM and the PET time-activity curves 

(TACs) over the VOIs.  

Group differences in the spatial extent of Δ
9
-THC-induced DA release were then 

tested using regression models within STATA. Inspection of residuals from the 

regression models indicated substantial heteroscedasticity of the error variances 

across the three groups. To account for this, we used a regression model that 

allowed the error variances to differ between groups.  

Given hierarchical clustering of the behavioral (VAS) data, each person contributing 

more than one observation, VAS data were analyzed using multilevel random 

regression analysis in Stata using the XTREG routine, examining the effects of 

condition (placebo versus Δ
9
-THC) on subjective experience. All analyses were a 

priori adjusted for age (in years), sex, nicotine use (continuous: number of 
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cigarettes per day), alcohol use (continuous: grams of alcohol per week) and use of 

other medication (dichotomous: yes versus no). 

 

RESULTS 

 

Participants 

Two patients and one relative were excluded due to protocol violation in terms of 

use of antipsychotic medication and use of other drugs. In addition, two individuals 

(one relative and one control subject) were excluded due to excessive movement 

during the scan, yielding uncorrectable movement artifacts in the PET data. The 

resulting final sample thus consisted of 8 medication-free patients, 8 first-degree 

unrelated relatives and 9 healthy controls. Of the patients, five individuals fulfilled 

criteria for non-affective psychotic disorder and three individuals fulfilled criteria 

for affective psychotic disorder. There were not suggestive differences between 

the three groups with regard to mean age, male/female ratio, mean intellectual 

functioning as indexed by IQ, and cannabis use (see Table VIII-1). Patients had 

higher scores on the positive syndrome dimension of the PANSS. All participants 

had used cannabis during the past 12 months (Table VIII-1).  

 

Drug screening 

Urinalysis was positive for Δ
9
-THC in 18 participants (6 patients, 6 relatives and 6 

controls). Since the majority of the sample reported daily use of cannabis, 

urinalysis can be expected to reveal traceable amounts of Δ
9
-THC; all participants 

indicated compliance with the protocol and gave verbal confirmation of abstention 

from cannabis minimally 5 days before testing. 

 

Blood sample analysis 

The concentration of Δ
9
-THC in plasma reached a maximum of 37.3 ± 19.3 ng/ml at 

5 minutes post inhalation and decreased subsequently. The two main metabolites 

11-OH-THC and THC-COOH reached a maximum concentration of 1.6 ± 1.5 ng/ml 

and 25.2 ± 22.4 ng/ml at 5 and 15 minutes post-inhalation, respectively. Plasma 

concentrations were not associated with group.  
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Visual Analogue Scales 

From the 13 VAS composite scores on ‘external perception’ (5 scales) and ‘internal 

perception’ (7 scales) were calculated. The scale on ‘feeling high’ was analyzed 

separately. As expected, Δ
9
-THC induced significant increases in ‘feeling high’ (β = 

11.74, 95% CI: 6.90-16.59, p < 0.001), ‘external perception’ (β = 2.16, 95% CI: 0.84-

3.47, p = 0.001) and ‘internal perception’ (β = 1.19, 95% CI: 0.01-2.38, p = 0.049). 

There was no evidence for interaction between condition (placebo versus Δ
9
-THC) 

and group (controls, relatives and patients), indicating that the effects of Δ
9
-THC on 

subjective experience were comparable across groups. 

 
Table VIII-1 Participant characteristics 

 

 

Controls  

(n = 9) 

Relatives  

(n = 8) 

Patients  

(n = 8) 

Mean Age (SD) 31.4 (11.4) 36.1 (12.0) 31.1 (8.9) 

Percentage male (n) 55.6 (5) 62.5 (5) 75.0 (6) 

Mean IQ (SD) 102.8 (14.0) 105.5 (11.8) 102.7 (15.6) 

Cannabis use % (n)*    

Monthly or less 33.3 (3) 25.0 (2) 25.0 (2) 

Weekly  11.1 (1) 12.5 (1) 12.5 (1) 

Daily 55.6 (5) 62.5 (5) 62.5 (5) 

Mean PANSS score (SD)    

Positive 1.0 (0.0) 1.0 (0.1) 1.5 (0.7) 

Negative 1.0 (0.0) 1.0 (0.1) 1.1 (0.2) 

Global  1.2 (0.1) 1.1 (0.1) 1.2 (0.2) 

Total 1.0 (0.0) 1.0 (0.1) 1.1 (0.1) 

Nicotine usea % (n)    

0 44.4 (4) 25.0 (2) 25 (2) 

1 - 10 22.2 (2) 37.5 (3) 25 (2) 

11 – 20  33.3 (3) 37.5 (3) 37.5 (3) 

> 20  0.0 (0) 0.0 (0) 12.5 (1) 

Alcohol useb % (n)    

0 – 50 66.7 (6) 50.0 (4) 62.5 (5) 

50 – 150 33.3 (3) 37.5 (3) 0.0 (0) 

150 - 350 0.0 (0) 12.5 (1) 37.5 (3) 

Other medication use % (n)    

Yes  0.0 (0) 12.5 (1) 25.0 (2) 

No  100.0 (9) 87.5 (7) 75.0 (6) 

Use of contraceptives % (n)    

Yes 22.2 (2) 12.5 (1) 0.0 (0) 

No 77.8 (7) 87.5 (7) 100.0 (8) 
 

Note. Percentages do not always total 100 due to rounding.  
* Refers to cannabis use in the last 12 month. 
a Refers to number of cigarettes per day. 
b Refers to grams per week. Standard drink/unit size in the Netherlands contains 9.9 g of ethanol.  
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In vivo DA release in response to Δ
9
-THC administration 

Due to methodological anomalies in form of non-physiological values, one subject 

(a relative) was excluded from the analyses. Δ
9
-THC induced significant 

18
F-

fallypride displacement, indicative of DA release, throughout the striatum in both 

patients and relatives, but not in controls (see Figure VIII-1 and Figure VIII-2 and 

Table VIII-2).  

On average, γ was positive (indicating DA release) for all striatal subregions in the 

patient group and for the caudate nucleus in the relatives (see Table VIII-3 for 

mean estimates of the kinetic parameters). Significant differences between the 

three groups with regard to the amount of ligand displacement were found in right 

and left caudate nucleus, left putamen, and right pallidum (see Table VIII-2 for 

group statistics).  

 

 

Figure VIII-1 Mean statistical parametric t map of γ in sagittal (left) and coronal (right) sections overlaid 
on a MRI template, showing Δ9-THC-induced 18F-fallypride displacement at the level of the striatum (x = 
0, y = 11, z = -4) for controls (top row, n = 9), relatives (middle row, n = 8) and patients (bottom row, n 
= 7, one subject was excluded from this analysis due to anomalous (non)physiological values). 
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Post hoc pairwise comparisons showed that the amount of ligand displacement 

was significantly larger for patients and relatives versus controls, respectively, in 

left caudate nucleus (Bpatients = 0.18, p = 0.002, Brelatives = 0.18, p = 0.021), left 

putamen (Bpatients = 0.13, p = 0.018, Brelatives = 0.12, p = 0.047) and left pallidum 

(Bpatients = 0.19, p = 0.032, Brelatives = 0.07, p = 0.020). In the right caudate nucleus, 

the only group difference was between patients and controls (B = 0.18, p = 0.032). 

No differences were observed between patients and relatives in any of the 

subregions. Ligand displacement was independent of age, gender, alcohol use, and 

nicotine use. 

 

 
Figure VIII-2 Percentage of voxels with significant Δ9-THC-induced dopamine release in the caudate 
nucleus, putamen (top row), globus pallidus and nucleus accumbens (bottom row) for controls (n = 9), 
relatives (n = 8) and patients (n = 7, one subject was excluded from this analysis due to anomalous 
(non)physiological values). Horizontal lines indicate the mean value for each group. 
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Table VIII-2 Spatial extent of estimated dopamine release induced by Δ9-THC within striatal subregions. 

 

 Controls 
(n = 9) 

Relatives 
(n = 8) 

Patients 
(n = 7a) 

Group statistics* 

Caudate Nucleus     

Right 3.5 (5.6) 13.7 (20.0) 15.3 (19.7) B = 0.10; p = 0.011 

Left 2.5 (3.0) 21.3 (19.6) 16.2 (16.9) B = 0.12; p = 0.001 

Average 3.0 (3.2) 17.5 (18.3) 15.9 (15.1) B = 0.11; p = 0.001 

Putamen      

Right 1.4 (1.5) 10.8 (18.2) 16.2 (19.8) B = 0.07; p = 0.065 

Left 2.4 (4.3) 16.4 (16.9) 13.7 (12.7) B = 0.08; p = 0.008 

Average 1.9 (2.5) 13.7 (15.3) 14.9 (15.5) B = 0.08; p = 0.011 

Pallidum     

Right 1.5 (2.7) 5.7 (7.3) 16.4 (21.8) B = 0.07; p = 0.008 

Left 3.3 (5.6) 17.6 (29.2) 11.6 (17.1) B = 0.02; p = 0.671 

Average 2.3 (2.8) 11.0 (16.6) 14.4 (15.6) B = 0.07; p = 0.029 

N. Accumbens      

Right 2.2 (5.7) 3.8 (7.7) 10.9 (16.1) B = 0.04; p = 0.191 

Left 1.2 (2.9) 12.8 (23.5) 4.5 (6.4) B = 0.02; p = 0.109 

Average 1.7 (3.1) 8.4 (15.6) 7.7 (7.1) B = 0.04; p = 0.027 
 

Note. Numbers are percentages (SD) of voxels within a region exceeding the significance threshold of t > 
2.4, relative to the total number of voxels within the mask of the respective region. 
a One subject was excluded from this analysis due to anomalous (non)physiological values.  
*Adjusted for age, gender, alcohol use, nicotine use and use of other medication. 

 

 
Table VIII-3 Mean parameter estimates per region of interest (average left/right) and group 

 

 BPND (SD) R (SD) k2 (SD) k2a (SD) γ (SD) 

Controls (n = 9)      

Caudate nucleus 14.41 (2.59) 1.49 (0.37) 0.16 (0.02) 0.011 (0.002) -0.0019 (0.0014) 

Putamen 18.97 (4.06) 1.70 (0.37) 0.19 (0.02) 0.010 (0.002) -0.0015 (0.0010) 

Pallidum 12.03 (2.05) 1.30 (0.25) 0.12 (0.01) 0.010 (0.002) -0.0014 (0.0019) 

N. Accumbens 13.88 (2.58) 1.56 (0.36) 0.16 (0.03) 0.011 (0.002) -0.0025 (0.0025) 

Relatives (n = 8)      

Caudate nucleus 13.32 (3.98) 1.29 (0.21) 0.15 (0.03) 0.012 (0.004) 0.0004 (0.0017) 

Putamen 17.99 (4.62) 1.42 (0.21) 0.18 (0.03) 0.010 (0.003) 0.0000 (0.0020) 

Pallidum 9.24 (3.18) 1.08 (0.14) 0.11 (0.02) 0.012 (0.004) -0.0004 (0.0034) 

N. Accumbens 13.18 (3.08) 1.25 (0.19) 0.15 (0.02) 0.011 (0.003) -0.0021 (0.0042) 

Patients (n = 7a)      

Caudate nucleus 11.85 (3.88) 1.49 (0.34) 0.12 (0.03) 0.010 (0.002) 0.0009 (0.0034) 

Putamen 16.79 (5.03) 1.74 (0.45) 0.16 (0.03) 0.009 (0.002) 0.0003 (0.0030) 

Pallidum 10.89 (1.74) 1.40 (0.42) 0.11 (0.03) 0.010 (0.002) 0.0002 (0.0022) 

N. Accumbens 10.13 (5.67) 1.44 (0.40) 0.11 (0.05) 0.009 (0.005) 0.0001 (0.0049) 
 
a One subject was excluded from this analysis due to anomalous (non)physiological values  
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DISCUSSION 

The present study revealed the novel finding of striatal DA release following 

inhalation of Δ
9
-THC in a group of patients with psychotic disorder and unaffected 

relatives. Consistent with most previous work, no DA release was detected in 

healthy control participants.  

 

Δ
9
-THC-induced dopamine release: the mechanism behind cannabis-induced 

psychosis? 

Numerous animal studies suggest that exogenous cannabinoids such as Δ
9
-THC 

stimulate burst firing of midbrain DA neurons and, as a consequence, facilitate 

striatal DA release through activation of CB1Rs, e.g. (392,393). In humans however, 

evidence that DA may mediate acute effects of Δ
9
-THC is scarce, and whether or 

not DA mediates in part the psychotogenic effects of cannabis remains unclear 

(375). The results of previous imaging studies investigating acute Δ
9
-THC-induced 

striatal dopamine release in healthy men are inconsistent. While Bossong et al. 

(381) report a small, but significant increase in striatal DA, more recent work by 

Stokes et al. (382) as well as Barkus et al. (383) did not observe such an effect. Our 

present study agrees with the most recent studies, as no Δ
9
-THC-induced DA 

release was detected in healthy controls. However, in both patients and unaffected 

relatives, pulmonary administration of Δ
9
-THC was associated with a subsequent 

increase in striatal DA release. This is in line with epidemiological and experimental 

work, demonstrating that patients with a psychotic disorder as well as individuals 

at risk for psychosis show increased vulnerability to the psychosis-inducing effects 

of cannabis at the behavioral level (43,385). Thus, our findings suggest that in 

individuals at risk for psychotic disorder, increased sensitivity to the acute effects 

of cannabis may be mediated by striatal DA. Notably, in both patients and relatives, 

DA release was most pronounced in the caudate nucleus, and dopaminergic 

hyperactivity in this particular region is thought to play an important role in the 

pathophysiology of psychotic symptoms (394). The apparent discrepancy in the 

findings presented by Bossong et al. (381) may thus be explained by sample 

admixture of individuals with higher than average liability for psychotic disorder, or 

by the fact that they used a more sustained repeated administration of Δ
9
-THC. 

The present findings fit with animal work demonstrating interaction between the 

endocannabinoid and the dopaminergic system, in particular with regard to 

regulation of mesolimbic DA transmission. However, it has also been shown that 
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part of the signaling activity mediated by the endocannabinoid system actually 

takes place downstream of DA neurotransmission in terms of D2 receptor 

activation, and DA may conversely regulate endocannabinoid function (393,395). In 

line with this, elevated levels of the endocannabinoid anandamide in cerebrospinal 

fluid (CSF) were found in antipsychotic-naïve patients with acute psychosis, which 

is thought to be characterized by dopaminergic hyperactivity in striatal brain 

regions. The same elevation was found in patients treated with atypical 

antipsychotics, but absent in those treated with typical antipsychotics (262). 

Moreover, elevated levels of anandamide may be present in patients in the 

prodromal phase of psychotic disorder (263). In addition, a recent PET study has 

revealed elevated CB1R binding in schizophrenia patients (115). Together, these 

observations suggest an important role of the endocannabinoid system in the 

pathophysiology of schizophrenia and may furthermore explain our finding that 

exogenous cannabinoids such as Δ
9
-THC affect DA neurotransmission particularly in 

individuals at risk for DA dysregulation, such as patients with psychotic disorder 

and first degree relatives.  

Taken together, the results of the present study are in line with earlier studies 

demonstrating that Δ
9
-THC does not significantly increase striatal DA in healthy 

volunteers. However, the novel finding that Δ
9
-THC induces DA release as a 

function of psychosis risk, may explain previous discrepancies. DA thus may 

mediate in part the acute psychosis-inducing effects of cannabis, conditional on 

additional risk of DA dysregulation.  

 

Limitations  

Some limitations have to be acknowledged. The use of the LSRRM has several 

practical advantages, such as the requirement for only a single radiochemical 

synthesis and administration and single scanning session avoiding possible session 

effects. Additionally, since the model generates voxel-wise parametric calculations 

of the time-dependent kinetic parameters, it allows direct comparisons of DA 

release between subjects populations within a specific region if interest.  

However, practical implementation of the model implies that possible alterations in 

regional cerebral blood flow (rCBF) are not fully accounted for. Still, as argued by 

Christian et al. (31), using a single injection protocol in combination with the in vivo 

kinetics of 
18

F-fallypride may minimize the possible confounds of changing rCBF 

associated with drug administration. In addition, although schizophrenia patients 

might differ from healthy controls in both baseline as well as task-induced changes 
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in rCBF, there is no evidence that Δ
9
-THC differentially affects rCBF in healthy 

controls and unaffected first-degree relatives. 

Second, due to the constraint of a one-day protocol, the order of drug 

administration was single-blind and not random. However, since individuals were 

told that the order of administration would occur randomly, expectation bias 

seems unlikely and would not explain differential effects across the three groups. 

Third, compliance with the study protocol (i.e. abstinence from cannabis during the 

5 days prior to scanning) could only be confirmed by interview and urinalysis was 

positive for 18 participants (75%). Yet, this is not surprising given that our sample 

included frequent cannabis users, of whom the majority used daily. 

Fourth, it might be hypothesized that differences in cannabis use frequency 

between individuals could impact on the acute effects of Δ
9
-THC. However, while 

within groups there was indeed variability in cannabis use frequency there were no 

differences in cannabis use frequency between groups. In addition, cannabis use 

frequency was not associated with Δ
9
-THC-induced DA release in our current 

sample. 

Finally, the present finding of a group difference in ligand displacement in several 

subregions of the striatum has to be interpreted in light of rather low power (0.6). 

Replication in a larger group is therefore imperative. 
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IX. Chapter IX  

Cannabinoid Receptor Availability Regionally 
Modulates the Magnitude of Dopamine 
Release in vivo 
 

Jenny Ceccarini, Michel Koole, Koen Van Laere 

In preparation 

 

ABSTRACT 

Interactions between cannabinoid and dopamine (DA) neurotransmission may 

have a relevant influence in various dopamine-related neurobiological processes 

like basal ganglia disorders, drug addiction and psychosis. The activation of the 

cerebral type 1 cannabinoid receptor (CB1R) modulates other major 

neurotransmitter systems, including DA transmission, likely in an indirect fashion 

through GABA and glutamate. Despite ample evidence for a number of functional 

CB1R-DA interactions from animal studies, the relation between in vivo human 

CB1R availability and DA release capacity has not been investigated so far. 

Here we show that the magnitude of regional DA release, following amphetamine 

(AMPH) administration, is modulated by CB1R availability in healthy subjects, using 

[
18

F]MK-9470 and [
18

F]fallypride PET imaging. We found that the magnitude of 

AMPH-induced DA release in the dorsal sensorimotor striatum and 

parahippocampal gyrus was correlated with CB1R availability in the medial 

orbitofrontal cortex (mOFC) and the anterior cingulate cortex (aCC) respectively. As 

shown in the main current integrative model of addiction circuitry, crucial 

behavioural processes mediate the ‘switches’ between drug reinforcement, drug 

abuse and drug addiction, such as processing of conditioned reinforcement and 

delays, goal-directed actions, habits, executive control, drug craving and reinforcing 

effects of drugs involve interactions between the control network (prefrontal 

regions) and the incentive reward and motivation network (striatum, anterior 

cingulate cortex and insula) 



CHAPTER IX: CB1R-DOPAMINE RELEASE INTERACTIONS | 198 

 

 

 

Our results represent the first direct demonstration that CB1R system is a 

determinant of DA release in vivo. The findings are shown in a group of healthy 

controls, and warrant further investigation in pathological conditions characterized 

by either hypo- or hyper-excitability of DA release (e.g., addiction or psychosis) in 

relation to CB1R availability.  
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INTRODUCTION 

 
The type 1 cannabinoid receptor (CB1R) is among the most abundant G-protein 

coupled receptors in the human brain, predominantly located presynaptically and 

highly concentrated in the hippocampus, amygdala, basal ganglia, and prefrontal 

cortex (54).  

CB1R activation modulates synaptic release of major neurotransmitter systems 

such as glutamate, gamma-aminobutyric acid (GABA), and also indirectly 

modulates dopamine (DA) transmission (55). Thus, CB1R pathways may have an 

important influence on various DA-related neurobiological processes (e.g. control 

of movement, reward and psychosis) and on the neurobiology of disorders affected 

by these processes, such as drug addiction, parkinsonism and schizophrenia 

(65,67). 

Despite the proven alterations in CB1R binding associated with neuropsychiatric 

disorders related to DA transmission (65,67) and despite the ample evidence for 

functional CB1R-DA interactions from animal studies (396-399), to date no human 

studies have been performed. Thus, also the magnitude and significance of possible 

in vivo functional interactions between CB1R availability and DA release capacity 

remain essentially unknown. 

To investigate this interaction, a multitracer positron emission tomography (PET) 

study was performed, aiming to relating striatal and extrastriatal DA release 

induced by amphetamine administration to regional CB1R availability in healthy 

volunteers. 

 

 
MATERIALS AND METHODS 

Subjects 

Ten physically and psychiatrically healthy male subjects (mean age = 24.8 years, 

range = 19.8-30.0) participated in the study (see Table IX-1). 

Written informed consent was obtained from all participants prior to 

investigations. The study was approved by the local ethics committee. 

Prior to participating to each PET scan, all subjects received a clinical examination, 

including ECG, blood chemistries, urine analysis and urine drug screening. 

Additionally, to exclude any structural brain abnormalities, each subject received a 

standard magnetic resonance imaging (MRI) scan on a 1.5 Tesla Vision Scanner 
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(Siemens, Germany). Exclusion criteria included a history of any major psychiatric 

or neurological disorder, a history of severe past or current medical illness, 

borderline elevated blood pressure, abnormal results on ECG, positive finding on 

urine drug-screening, any psychotropic treatment for the last 6 months, a current 

use of tobacco, lifetime use of cocaine or amphetamines, any illicit drug use within 

the 60 days before participation or a history of substance abuse and dependence, 

an alcohol intake greater than five alcoholic units per week. 

 

Table IX-1 Demographic Characteristics of the Study Sample 

 

N, number; M, male; F, female; BMI, body mass index; PET, positron emission tomography; MBq, 
megabequerel; µg, microgram; SA, specific activity; Ci/mmol, curie per millimole. 
a No significant between-condition differences (ID, p = 0.27; IM, p = 0.22; SA, p = 0.55) 

 

Study Design 

Subjects were scanned on three separate days, once with the selective CB1R 

radioligand [
18

F]MK-9470 , and twice with [
18

F]Fallypride, a D2/3 selective ligand that 

labels striatal and extrastriatal DA D2/3 receptors (148) (overall period 18.0 ± 9.2 

days, mean ± s.d). [
18

F]Fallypride activity was measured after placebo 

administration and after oral administration of 30 mg dexamfetamine sulfate 

(AMPH) with placebo values (two day, single-blind protocol). The two 

[
18

F]Fallypride scans occurred 3 hours after oral administration of identical-

appearing opaque gelatine capsules containing either oral AMPH (30 mg) or 

  Mean Range    

N  10 -    

Gender (M / F)  10 M -    

Age (years)  24.8 19.8 - 30.0    

BMI  24.2 20.5 - 28.9    

Smokers / non smokers (N)  0 / 10 -    

Number of alcoholic units/wk  2.8 0.0 - 4.5    

   [18F]MK-9470 

    - Injected Activity (MBq)  146.7 139.5 - 151.9  -  

    - Injected Mass (µg)  4.0 2.0 - 5.6  -  

    - SA (Ci/mmol)  4215.9 1897.3 - 7086.5  -  

   [18F]Fallypridea   Placebo  AMPH 

  Mean Range  Mean Range 

    - Injected Activity (MBq)  156.8 148.0 - 164.0  154.5 149.4 - 162.7 

    - Injected Mass (µg)  2.9 1.6 - 4.3  3.6 2.1 - 6.6 

    - SA (Ci/mmol)  2050.1 820.8 - 4127.6  2335.5 994.3 - 4297.0 
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placebo. This AMPH dose was used because it has been previously shown to 

produce measurable changes in D2/3 availability (291,329). 

 

PET data acquisition 

All PET scans were performed on the HiRez Biograph 16 slice PET/CT camera 

(Siemens Inc, Erlangen, Germany) in three-dimensional mode. Before each dynamic 

PET emission scan, the subject was positioned in the scanner with the head fixed in 

a vacuum cushion to minimize head motions during the imaging acquisition. 

 

CB1R PET scans 

The radiotracer [
18

F]MK-9470 is an inverse agonist with a high-affinity and 

specificity for the human CB1R (52). [
18

F]MK-9470 was synthesized as described 

previously (52) (see Supplementary Methods). Subjects received on average 146.7 

MBq of [
18

F]MK-9470 (range = 139.5-151.9 MBq) in slow bolus intravenous 

injection (Table IX-1). Dynamic PET scans were started 120 minutes after [
18

F]MK-

9470 injection with 60-minutes scanning session. PET images were reconstructed 

with three-dimensional OSEM (ordered-subset expectation maximization) iterative 

reconstruction. 

 

D2/3 PET scans 

The radiotracer [
18

F]Fallypride (148) allows stable estimates of D2/3 binding in both 

striatal and extrastriatal regions (for its preparation see Supplementary Methods).  

Protocols for [
18

F]Fallypride PET acquisition were derived from previous AMPH 

challenge studies (291,400,401). PET scans were started simultaneously with the 

intravenous [
18

F]Fallypride injection (injected dose: mean 155.7 MBq, range = 

148.0-164.0 MBq, Table IX-1) and were obtained for 3.5 hours with two 20-minute 

breaks for subject comfort. Briefly, the initial serial scan of increasing duration was 

acquired for 60 minutes following radiotracer injection. After a 20 minutes break, a 

second scan of 50 minutes was obtained. The subject was then allowed a second 

20 minutes break, and a third final scan lasting 60 minutes was obtained. 

 

PET data analysis 

CB1R PET scans 

The index of CB1R availability was quantified using the fractional uptake ratio (FUR) 

values, which is an index strongly proportional to total distribution volume VT of 
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[
18

F]MK-9470 (128). The parametric FUR images were calculated as the ratio of 

total radioactivity concentration in tissue at the end of the scan and the integral of 

metabolite corrected plasma radioactivity from the time of injection to the end of 

the scan (128). 

To obtain FUR values, venous blood samples were withdrawn manually at 2, 5, 10, 

20, 40, 60, 90 and 120 minutes after injection for the assessment of the [
18

F]MK-

9470 plasma concentration, and additionally other six blood samples were taken at 

5, 10, 20, 60, 90 and 120 minutes for the assessment of the fraction of 

unmetabolized [
18

F]MK-9470 (128). Parametric FUR images were generated using 

PMOD v. 3.1 (PMOD Technologies, Zurich, Switzerland).  

For each subject, PET frames were corrected for motion between frames and 

coregistered to the individual MRI using SPM (Statistical Parametric Mapping, 

London, UK). The coregistered CB1R FUR images were then spatially normalized to 

a specific in-house created CB1R template (180) constructed in Montreal 

Neurological Institute (MNI) space in SPM2 using nonlinear warping.  

Before further statistical analyses, normalized PET images were masked within the 

brain 80% isocontour of the CB1R template. 

 

D2/3 PET scans 

Each subject´s serial [
18

F]Fallypride PET scans were first corrected for motion 

correction, using a summed PET image of the first 15 frames (5 minutes) as 

reference image for the realignment. PET data were then coregistered to each 

individual´s MRI scan and were spatially normalized into MNI template applying the 

same spatial transformation matrices used for CB1R images. 

[
18

F]Fallypride displacement following AMPH has mostly been assessed using 

reference region methods such as the standard simplified reference tissue model 

(SRTM) (300), using cerebellum as reference region because of its relative lack of 

D2/3 receptors (402). 

In this study, parametric images of D2/3 binding potential nondisplaceable (BPND) 

(295) were calculated on a voxelwise basis using the multilinear reference tissue 

model 2 (MRTM2) (403), with the cerebellum as the reference region. The MRTM2 

is an adapted version of Ichise´s initial multilinear reference tissue model (MRTM) 

(403) reducing the numbers of parameters to two by fixing the efflux rate constant 

of the ligand from the reference region (k2´) in all regions to the individual k2´ value 

gained from a preceding MRTM analysis of regions with low noise (i.e. high BPND). 
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This way voxelwise parameter estimation is less prone to bias due to the noise in 

the data. As suggested by Ichise et al. (403), we determined a priori k2´ as the 

average of k2´ determined with MRTM in several regions with high BP (i.e. side-

averaged putamen, globus pallidus, caudate nucleus and nucleus accumbens). This 

k2´ values was then used for the voxelwise MRTM2 analysis. 

A personalized volume of interest (VOI) map was created using an in-house 

previously created set of VOIs defined on the CB1R template (181). From these 

VOIs, for, subcortical brain areas (putamen, globus pallidus, caudate nucleus, 

nucleus accumbens, thalamus, hypothalamus, insula and cerebellum) individual 

adjustments were done by delineating these regions manually on the transverse 

slices of T1 images. The personalized VOI map was then loaded on the 

corresponding BPND map, and average BPND estimates within the VOIs were then 

determined using PMOD version 3.1. [
18

F]Fallypride BPND values of cortical 

Brodmann areas (BA) were also grouped into larger anatomical regions on the base 

of the number of voxels. 

 

Statistical Data Analysis 

The effect of AMPH on D2/3 binding was calculated by the change in BPND on a 

voxel-by-voxel basis using a paired t-test (Pheight < 0.005 uncorrected, cluster 

threshold kext > 50 voxels).  

Voxel-based correlation analyses of regional significant ΔBPND changes following 

AMPH (i.e. ΔBPND = [(BPND-AMPH / BPND-PLAC) -1)] x 100% which was used to estimate 

percent change in DA release) with parametric images of CB1R availability were 

performed.  

Data were standard interrogated at a voxel-level Pheight < 0.005 (uncorrected) and 

cluster-level Pcluster < 0.05 (corrected) with a cluster size extent of 50 (approximately 

0.4 cm
3
). 
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RESULTS 

Statistical parametric mapping (SPM) analysis was used to compare BPND 

parametric maps obtained for placebo and AMPH by using a paired t-test. 

Decreases in [
18

F]Fallypride binding after AMPH indicate endogenous DA release 

after AMPH administration. An illustrative example is given in Figure IX-1.a. 

Voxel-based comparison of AMPH and placebo BPND images revealed significant 

decrease in [
18

F]Fallypride binding in four significant clusters located at the right 

putamen (peak maximum *x, y, z+ = *26, 6, −2+, t = 12.10), left retrosplenial cortex 

(Brodmann area (BA) 30; peak maximum [x, y, z] = [-10, -24, -16], t = 7.36), left 

globus pallidus (extending to the left putamen and right caudate nucleus; peak 

maximum [x, y, z] = [-16, 8, 2], t = 6.79), and right parahippocampal gyrus (BA 35; 

peak maximum [x, y, z] = [14, -8, −18+, t = 3.38) (Figure IX-1.b.).  

 

 
Figure IX-1 Effect of amphetamine on DA release in the human brain. a) Parametric images of 
[18F]Fallypride BPND at placebo and post-amphetamine (AMPH) conditions for a representative subject. 
b) statistical parametric map results showing the significant decrease of AMPH-induced BPND (i.e. DA 
release) in the dorsal striatum (peak maximum [x, y, z]=[26, 6, -2] located at the right putamen) and 
parahippocampal gyrus (peak maximum [x, y, z]=[14, -8, -18]) visualized by performing a paired t-test. L 
= left, R = right. Color bar indicates t-statistic value. 

 

Cluster peak locations and P-values of SPM analysis are shown in Table IX-2. We 

additionally performed a VOI-based analysis where we compared placebo vs AMPH 

BPND in each VOI.  
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Table IX-2 Statistical parametric mapping analysis cluster peak locations for the contrast of D2/3 BPND 
between AMPH versus placebo conditions (AMPH < placebo)a. 

Cluster level Voxel level 
 Peak voxel 

Talairach 
coordinates 

 
Cluster location 

pcor KEXT  PFWE T  x y z  Anatomical region 

0.04

5 

121  3.59∙10-7 12.1

0 

 26 6 -2 

 

R putamen 

   5.05∙10-5 6.59  30 -2 -2 R putamen 

   0.003 3.66  18 8 -8 R putamen 

0.03

5 

127  2.13∙10-5 7.36  -10 -24 -16 L retrosplenial cx (BA30) 

   0.001 4.17  -10 -34 -18 L retrosplenial cx (BA30) 

0.01

7 

143  3.99∙10-5 6.79  -16 8 2 L globus pallidus 

   4.79∙10-5 6.63  -30 -8 -2 L putamen 

   1.23∙10-4 5.85  -18 0 6 R caudate nucleus 

0.05

1 

118  3.65∙10-4 5.01  14 -8 -18 R parahipc gyrus (BA35) 

   0.001 4.22  8 -14 -16 R parahipc gyrus (BA35) 

 

Abbreviations: AMPH, dexamfetamine sulfate; Pcor, corrected; kEXT, cluster size extent (No. of voxels); 
PFWE, family-wise-error corrected; BA, Brodmann area; R, right; L, left; cx, cortex; parahipc, 
parahippocampal. 
a Includes results from statistical parametric mapping (SPM) comparisons of healthy subjects (n = 10) at 
placebo and after oral administration of 30 mg AMPH on a significant threshold of Pheight level of p < 
0.005 (uncorrected) and cluster size extent KEXT greater than 50 (approximately 0.4 cm3). 

 

Consistent with the voxel-based analysis, we found a significant AMPH effect in the 

dorsal striatum (mean ΔBPND = -7.8%, range : -21.9-11.6%; p = 0.03, two-tailed 

paired t-test), including the putamen (p = 0.004) and globus pallidus (p = 0.01), in 

the hypothalamus (p = 0.01), and in the mesotemporal lobe (mean ΔBPND = -5.6%, 

range : -18.9-3.9%; p = 0.03), including the amygdala (p = 0.05), and a trend level 

change in the parahippocampal gyrus (BA 35, p = 0.09; BA 36, p = 0.08). An 

overview of the percentage regional changes in ΔBPND is given in Table IX-3. 

To examine whether the magnitude of DA release was modulated by CB1R 

availability, we performed a voxel-based correlation analysis between the 

parametric maps of the CB1R availability and the percentage change in 

[
18

F]Fallypride BPND between placebo and AMPH (ΔBPND = [(BPND-AMPH / BPND-PLAC) -

1)] x 100%) for those VOIs showing significant voxel-based AMPH-induced DA 

release. 
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Table IX-3 AMPH-induced Percentage Changes of [18F+Fallypride displacement (% ΔBPND) for each 
subject. 

Sub 

Regions of Interest of Interest 

PUT GP CNC NuAc Thal Hyp FRO CC STR MST TMP PAR OC 

# 1 -6.5 -6.5 -13.0 5.0 -6.0 -6.8 -9.6 -9.9 -9.0 -7.5 -6.4 -8.9 -7.4 

# 2 -9.1 -4.4 -27.3 18.7 5.9 -3.5 10.5 5.6 -16.2 -5.8 2.5 16.1 16.0 

# 3 -12.3 -3.7 -9.2 -13.7 -1.9 -3.5 3.5 -5.8 -11.1 1.1 -6.3 -0.9 0.5 

# 4 -1.2 -11.9 4.9 -14.9 -11.0 -9.9 -3.6 -9.8 1.1 -18.9 -9.5 -8.1 -3.6 

# 5 -18.2 -22.3 -27.7 -1.3 -7.0 -6.6 -7.3 -7.3 -21.9 0.6 -4.4 -8.4 -4.4 

# 6 -6.1 1.2 16.3 -23.1 -6.4 -6.6 -11.7 -9.9 1.6 -9.6 -7.5 -14.1 -8.3 

# 7 -11.0 -14.2 -3.4 -10.5 -3.2 3.7 34.3 25.3 -8.0 -0.2 17.7 31.7 25.5 

# 8 6.4 -5.0 21.6 -10.6 1.8 1.5 6.3 1.3 11.5 -8.7 5.5 14.5 11.7 

# 9 -10.0 -14.9 -13.1 -10.9 0.8 -2.6 14.3 3.3 -11.1 -10.9 6.5 21.3 5.0 

# 10 -11.7 -0.9 -21.3 3.0 -0.4 -6.8 -8.1 -10.8 -15.5 3.8 -12.0 -11.7 -12.6 

Mean -7.9* -8.3* -7.2 -5.8 -2.8 -4.1* 2.7 -1.8 -7.8* -5.6* -1.4 3.1 2.2 

min -18.2 -22.3 -27.7 -23.1 -11.0 -9.9 -11.7 -10.8 -21.9 -18.9 -12.0 -14.1 -12.6 

max 6.4 1.2 21.6 18.7 5.9 3.7 34.3 23.5 11.6 3.9 17.7 31.7 25.5 
 

% Changes [18F+Fallypride displacement (% ΔBPND) induced by AMPH. Abbreviations: Sub, subject; PUT, 
putamen; GP, globus pallidus; CNC, caudate nucleus; NuAc, nucleus accumbens; Thal, thalamus; Hyp, 
hypothalamus; FRO, frontal lobe; CC, cingulate cortex; STR, dorsal striatum; MST, mesotemporal lobe; 
TMP, temporal lobe; PAR, parietal lobe; OC, occipital lobe. 
* Regions which showed significant amphetamine-induced BPND change (PUT, p = 0.004; GP, p = 0.01; 
Hyp, p = 0.01; STR, p = 0.03; MST, p = 0.03; two-tailed paired t-test).  
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Correlation analyses between DA release and CB1R availability demonstrated that 

the magnitude of DA release was correlated with CB1R availability in specific 

cerebral regions. 

SPM analysis revealed that striatal ΔBPND was inversely correlated with CB1R 

availability in a cluster located at the right medial orbitofrontal cortex (mOFC) (BA 

11; peak maximum *x, y, z+ = *26, 30, −28+, t = 7.48, at voxel-level p = 3.54∙10
-5 

uncorrected, R = 0.93) at Pheight < 0.005 uncorrected (Figure IX-2 and Supplementary 

Figure IX-1).  

 

 

Figure IX-2 Correlation between CB1R availability in the right medial orbitofrontal cortex (mOFC, BA 
11) and DA release in the dorsal striatum. a) statistical parametric maps and b) individual correlation 
scatterplot showing the direct correlation of the AMPH-induced DA release in the dorsal striatum with 
CB1R availability in the right mOFC (puncor = 0.003; t = 7.48; Kext = 131; [x, y, z] = [26, 30, -28]). 

 

For extrastriatal regions, such as mesotemporal regions, where AMPH had a 

significant effect on BPND, a positive correlation was observed between AMPH 

induced ΔBPND in the right parahippocampal gyrus (BA 35) and CB1R availability in a 

cluster located at the dorsal anterior cingulate cortex (dACC, BA 32) bilaterally 
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(peak maximum [x, y, z] = [12, 34, 16], t = 6.80, at cluster-level p = 0.001
 

uncorrected; Figure IX-3 and Supplementary Figure IX-2). 

 

 

Figure IX-3 Correlation between CB1R availability in the left dorsal anterior cingulate cortex and DA 
release in the right parahippocampal gyrus. a) statistical parametric maps and b) individual correlation 
scatterplot showing the direct correlation of the AMPH-induced DA release in the right 
parahippocampal gyrus with CB1R availability in the left dorsal anterior cingulate cortex (dACC; puncor = 
0.001; t = 6.80; Kext = 351; [x, y, z] = [12, 34, 16]). 
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DISCUSSION 

Consistent with previous AMPH studies (291,404), we found that AMPH 

significantly reduced [
18

F]Fallypride binding to D2 receptors in both striatal and 

limbic extrastriatal regions.  

The highest decrease in BPND (range: 5.8-8.3%) was detected in the striatum, 

followed by mesotemporal lobe (5.6%) and hypothalamus (4.6%). Smaller 

displacements were observed in the thalamus, cingulate cortex and temporal 

cortex (range: 1.4-2.8%). Such difference in magnitude of DA release between 

striatal and extrastriatal regions is in agreement with microdialysis studies 

reporting a lower level of baseline extracellular DA and a lower increase of 

extracellular DAergic transmission following AMPH administration in the cortex and 

amygdala than in the striatum (405,406). 

Secondly, we found relations between the level of DA release and CB1R availability. 

There is little evidence supporting that DAergic neurons in the basal ganglia and 

limbic structures contain CB1Rs. Cannabinoid effects on DA transmission are 

frequently indirect and exerted by either postsynaptic or presynaptic mechanisms 

(67,407). The abundance of CB1Rs in GABAergic and glutamatergic projections 

located in the closest vicinity of DAergic neurons, facilitates such indirect action. 

Therefore, CB1R expression is critical for the regulation of the DAergic activity in 

the mesolimbic DA pathway (DA cells in VTA projecting into NuAc), mesostriatal DA 

pathway (DA cells in substantia nigra projecting into dorsal striatum) and 

mecortical DA pathway (DA cells in VTA). 

In the dorsal sensorimotor striatum that mediates habitual drug seeking, DA 

increases were directly associated with CB1R availability in the mOFC, a region 

involved with salience attribution, motivation, decision making, sensory 

integration, reward (408), hedonic experience (288) and therefore also implicated 

in compulsive and addictive behaviors (218). CB1R activation in this region reduces 

the negative feedback of striatal DA neural activity presumably by influencing the 

GABAergic transmission directly. Indeed, cortical CB1Rs are located in superficial 

and deep layers, presumably onto GABAergic interneurons (409). This positive 

correlation might indicate that an enhanced CB1R expression in mOFC might play 

an important role in the balance between the motivation/drive circuit (including 

mOFC for attribution of saliency and evaluating reward of stimuli) and the 

mesostriatal DA pathway (DA cells in substantia nigra projecting in dorsal striatum) 

involved in consolidating stimulus-reaction patterns and habit formation (i.e. 

conditioning/habits function).  
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In the parahippocampal gyrus, where CB1Rs are mainly located in the excitatory 

glutamatergic inputs (410), the magnitude of DA release was lower in those 

subjects with higher CB1R availability in the anterior cingulate cortex. The 

hippocampus and parahippocampal regions are involved in processing context 

information (memory circuit), whereas the anterior cingulate in regulating 

cognitive control over goal-directed behaviour and ongoing behavioural adaptation 

(411) (inhibitory control). Chronic drug use is thought to produce increased 

glutamatergic status tone from medial prefrontal cortex and memory circuit, but 

reduced tone form inhibiting centers with a reciprocal decrease in DA reactivity 

(412), which might be induced by an increased CB1R expression in frontal brain 

regions implicated in inhibitory control, such as anterior cingulate cortex.  

An important aspect to remark is that, in both cases– CB1Rs located in GABAergic 

or glutamatergic neurons– the activation of these receptors would depend on the 

release of endocannabinoids by dopaminergic neurons, a fact associated with the 

increase in the activity of these neurons provoked by abused drugs (64). According 

to these authors (64), the release of endocannabinoids and the subsequent 

activation of presynaptic CB1Rs by these signaling lipids may represent a common 

phenomenon associated with the action of a wide variety of habit-forming drugs. 

In conclusion, our results represent the first direct demonstration that CB1R 

availability is a determinant of DA transmission in mesocorticolimbic structures in 

vivo. These findings, although are shown in a small group of healthy controls, they 

warrant further investigation in pathological conditions characterized by either 

hypo- or hyper-excitability of DA release (e.g., addiction or psychosis) in relation to 

CB1R availability. As shown in the main current integrative model of addiction 

circuitry (7), crucial behavioural processes mediate the ‘switches’ between drug 

reinforcement, drug abuse and drug addiction, such as processing of conditioned 

reinforcement and delays, goal-directed actions, habits, executive control, drug 

craving and reinforcing effects of drugs involve interactions between the control 

network (prefrontal regions) and the incentive reward and motivation network 

(striatum, anterior cingulate cortex and insula) (7). Moreover, there are multiple 

lines of research relating cannabinoids to dopamine transmission in these brain 

structures involved in the pathogenesis of schizophrenia (limbic area and prefrontal 

cortex). These structures are densely innervated by dopaminergic terminal, and 

contain also a moderate but significant density of CB1Rs (65). 

Therefore, the capability of the cannabinoid system to influence dopamine 

transmission in this specific network of interacting circuits underlying addiction and 
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psychosis supports that the pharmacological management of this system might 

have therapeutic value in those diseases involving anomalies of mesocorticolimbic 

dopamine transmission, among them, addictive and psychotic states. The working 

hypothesis is that normalizing dopamine transmission, with either cannabinoid 

agonists or antagonists depending on the type of dysfunction, would result in 

reducing addictive processes or producing antypsychotic effects. 
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SUPPLEMENTARY METHODS 

 

PET imaging: Tracers preparation 
 

[
18

F]MK-9470 preparation 

The radiotracer [
18

F]MK-9470 (N-[2-(3-cyano-phenyl)-3-(4-(2-

[18F]fluoroethoxy)phenyl) -1-methylpropyl]-2-[5-methyl-2-pyridyloxy]-2-

methylproponamide) is an inverse agonist with a high-affinity and specificity for the 

human CB1R. The precursor for the synthesis of [
18

F]MK-9470 was obtained from 

Merck Research Laboratories (West Point, Pennsylvania) and labeling was 

performed on site with 2-[
18

F]fluoroethylbromide as previously described (52). The 

final product was obtained after high pressure liquid chromatography (HPLC) 

separation and had a radiochemical purity > 95%. The specific radioactivity was 

higher than 100 GBq/μmol at time of injection. The tracer was administered in a 

sterile solution of 5 mM sodium acetate buffer with pH 5.5 containing 6% ethanol. 

 

[
18

F]Fallypride preparation 

All D2/3 PET images were acquired using [
18

F]Fallypride, a substituted benzamide 

with very high affinity for D2/3 receptors (148). The precursor for tracer synthesis 

was obtained from ABX (Radeberg, Germany) and labeling was performed on-site 

using a Raytest Synchrom R&D synthesis module (Raytest, Straubenhardt, 

Germany). The final product was obtained after reverse-phase high performance 

liquid chromatographic (HPLC) purification using a Waters XTerra
TM

 RP18 5 µm 7.8 

mm x 150 mm column and sodium acetate 0.05M pH5.5/Ethanol 70:30 V/V as 

mobile phase at a flow rate of 1.5 ml/min. 
18

F-fallypride eluted after 18 minutes. 

The collected peak (2 ml) was diluted with 8 ml of NaCl 0.9% and sterile filtered 

over a Millipore Cathivex-GS 0.22 µm filter. The final product was administered as a 

sterile solution of 7 mM sodium acetate buffer pH 5.5, NaCl 0.72% and 6% ethanol. 

The specific radioactivity at the time of injection was ≥ 2000 Ci/mmol and 

radiochemical purity was > 95%.  
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CB1R-DA interactions  

 
Supplementary Figure IX-1 Negative correlation between CB1R availability in the right medial 
orbitofrontal gyrus (mOFC, BA 11) with DA release in the a), right putamen and b), caudate nucleus.  
a) Cluster peak location [x, y, z] =  [30, 30, -24], t = 5.4, punc (voxel-level) = 3.24∙10-4, punc (cluster-level) = 
0.01. b) Cluster peak location [x, y, z] = [26, 38, -28], t = 9.56, punc (voxel-level) = 5.93∙10-6, punc (cluster-
level) = 0.02. 
 

 
Supplementary Figure IX-2 Correlation between CB1R availability in the right dorsal anterior cingulate 
cortex (dACC) and DA release in the right parahippocampal gyrus (puncor = 0.001; t = 6.8; Kext = 351; [x, y, 
z] = [12, 34, 16]). 
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ABSTRACT 

Objective: Dysregulation of the endocannabinoid and dopaminergic system has 
been implicated in the emergence and experience of psychotic symptoms. 
Accordingly, neurochemical interactions between dopamine and Δ

9
-THC (delta-9-

tetrahydrocannabinol, the main psychoactive ingredient of cannabis) might 
constitute a biological link between cannabis and psychosis.  

Method: Ten healthy control cannabis users (CAN) and five cannabis users with a 
clinical diagnosis of psychotic disorder (CAN-PSYC) were investigated with PET and 
the CB1R radioligand [

18
F]MK-9470. A subgroup of CAN and CAN-PSYC received 

both a CB1R PET scan and a D2 [
18

F]fallypride PET scan during a pulmonary Δ
9
-THC 

administration.  

Results: Compared to CAN, CAN-PSYC had an increased CB1R availability in 
parahippocampal, perirhinal cortex, insula, temporopolar area and dorsal anterior 
cingulate cortex. CAN-PSYC had both a lower Δ

9
-THC-induced dopamine release 

and higher CB1R availability in the parahippocampal complex, although no 
significant correlations were found. 

Conclusions: Hypothetically, our findings suggest that hippocampal Δ
9
-THC-induced 

dopaminergic activity might be modulated in vivo by hippocampal CB1R availability. 
Thus, an increased CB1R expression in the parahippocampal cortex might restore 
the hippocampal dysregulation of dopamine system function. 

  



CHAPTER X: CB1R-DA RELEASE IN PSYCHOSIS | 216 

 

 

 

INTRODUCTION 

 
Besides tobacco and ethanol, cannabis (cannabis sativa) is the most commonly 

used drug in the world (23). Cannabis use has been consistently associated with an 

increased risk for the development of psychotic disorder, including schizophrenia. 

Early evidence for a role of cannabis use in the emergence of psychosis was 

provided by a number of experimental studies on the acute effects of intravenous 

synthetic Δ
9
-THC (Δ

9
-tetrahydrocannabinol, the major psychoactive component of 

cannabis) which demonstrated its ability to induce a broad range of transient 

symptoms, behaviors, and cognitive deficits in healthy individuals that resemble 

aspects of endogenous psychosis (33,34).  

Recent meta-analyses of cross-sectional as well as prospective cohort studies that 

have been conducted within the last decades corroborate the hypothesized 

connection between cannabis use und psychotic disorders and confirm frequent 

cannabis use as a risk factor for any psychotic outcome, including psychotic 

symptoms, schizophrenia or schizophreniform disorder, independent of factors 

such as age, gender, socio-economic status, and use of other drugs (36-38,255). 

However, since the vast majority of cannabis users never develop any psychotic 

symptoms or mental health problems, cannabis use may constitute a component 

cause of psychotic disorder, interacting with other neurobiological, environmental 

and genetic factors (39).  

Although the epidemiological link between cannabis and psychosis has been 

examined extensively, the neurobiological basis of this association remains poorly 

understood.  

Dysregulation of the dopaminergic system has been implicated in the emergence 

and experience of psychotic symptoms for many years (42). Accordingly, 

neurochemical interactions between dopamine and exogenous cannabinoids such 

as Δ
9
-THC might constitute a biological link between cannabis and psychosis (375). 

Δ
9
-THC exerts its known central effects through the activation of the type 1 

cannabinoid receptor (CB1R) (225). The CB1R is among the most abundant G-

protein coupled receptor in the human brain, where it is located predominantly 

presynaptically and distributed with particularly high densities in basal ganglia, 

hippocampus, amygdala, and prefrontal cortex (52,413). CB1R activation 

modulates presynaptic neurotransmitter release (GABA and glutamate), and 

indirectly modulates dopamine release (54,219). 
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From studies with PET ligands with only affinity for the striatum, it has been 

suggested that the psychosis-inducing effects of cannabis are mediated by 

increased dopaminergic neurotransmission in striatal regions of the brain (380). 

Animal studies demonstrated that systemic administration of Δ
9
-THC, through 

activation of CB1Rs, increases extracellular levels of dopamine also in in prefrontal 

and mesolimbic regions (61,62,414). In healthy humans, neurochemical imaging 

studies examining the acute effects of Δ
9
-THC on striatal dopamine 

neurotransmission produced inconsistent results. Increased striatal dopamine 

release following the acute administration of Δ
9
-THC has been described (381), but 

two other studies failed to detect such an effect (382,383). Recently, we used 

[
18

F]fallypride PET to investigate striatal dopamine release in response to Δ
9
-THC in 

patients with psychotic disorder, first-degree relatives and healthy controls 

(Kuepper, Ceccarini et al., under review); significant striatal dopamine release was 

detected in both patients and relatives, but not in controls. These results may 

indicate that dopamine partly mediates the psychotogenic effects of Δ
9
-THC, 

conditional on underlying genetic risk for psychosis.  

Furthermore, given the functional relation between CB1R activation and 

dopaminergic neurotransmission, Δ
9
-THC-induced dopamine release may be 

additionally influenced by variation in CB1R density. So far, such relationship has 

not been investigated in cannabis users with and without psychotic disorder.  

Using Positron Emission Tomography (PET) and the inverse CB1R agonist 

radiotracer [
18

F]MK9470 (52), the current study therefore investigated in vivo, 

whether cannabis users with and without psychotic illness differ in CB1R availability 

in striatal and extrastriatal regions. In a subset of these individuals additional PET 

scans were obtained using the high-affinity D2/3 radiotracer [
18

F]fallypride (308) 

after experimental administration of Δ
9
-THC to investigate whether CB1R 

availability is related to the magnitude of Δ
9
-THC-induced dopamine release. 
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MATERIALS AND METHODS 

Participants 

The study was approved by the local ethical committee of University Hospital 

Gasthuisberg, Leuven (Belgium) and Maastricht University Medical Center (The 

Netherlands), and is in agreement with the principles outlined in the World Medical 

Association Declaration of Helsinki. Written informed consent was obtained from 

all participants.  

A total of 15 volunteers (5 cannabis users with a clinical diagnosis of psychotic 

disorder, CAN-PSYC, 3 medication-naïve and 2 medication-free, and 10 healthy 

control cannabis users, CAN) participated in the study and underwent CB1R PET 

scanning at University Hospital Gasthuisberg, Leuven. A subset of this study 

population (4 CAN-PSYC and 5 CAN) additionally underwent PET scanning with 

[
18

F]fallypride at Maastricht University Medical Center.  

Demographic data are given in Table X-1. Participants were recruited through flyers 

in local coffee shops (cafes where cannabis is sold and consumed legally), 

newspaper advertisements and through in- and outpatient mental health service 

facilities in South Limburg, The Netherlands. 

Inclusion criteria were i) age 18-60 years, ii) sufficient command of the Dutch 

language, iii) no intellectual impairment (i.e. IQ > 80) as ensured by the Dutch 

version of the Wechsler Adult Intelligence Scale (281), iv) having smoked cannabis 

at least once in the past 12 months, v) psychotic patients only: a clinical diagnosis 

of non-affective schizophrenia or psychotic disorder according to the Diagnostic 

and Statistical Manual of Mental Disorders (DSM-IV) (1), and vi) controls only: life-

time use of cannabis without having experienced negative effects (e.g. bad trip, 

toxic psychosis).  

Exclusion criteria were i) head trauma with loss of consciousness or neurological 

disorder, ii) endocrine or cardiovascular disorder, iii) CAN controls only: a positive 

personal or family history of psychotic disorder, iv) current use of psychotropic 

medication, v) psychotic patients only: any other psychiatric comorbidity, vi) 

current use of illicit drugs other than cannabis, vii) current use of alcohol in excess 

of 5 standard units per day, viii) presence of metal elements in the body, ix) 

pregnancy or lactation, and x) a history of claustrophobia.  



CHAPTER X: CB1R-DA RELEASE IN PSYCHOSIS | 219 

 

 

 

Participants abstained from cannabis at least 5 days prior to the testing session, 

from caffeine and nicotine 4 hours prior to the testing session, and from alcohol for 

48 hours before PET imaging. 

Table X-1 Demographic and drug use characteristics for control cannabis users (CAN) and cannabis users 
with psychosis (CAN-PSYC) 

 Control 
Cannabis users 
(CAN, n = 10) 

Cannabis users 
with psychosis 

(CAN-PSYC, n = 5) 

Sex 8 M, 2 F 3 M, 2 F 

Age (years) 26.0 ± 4.1 34.6 ± 6.7 

BMI 22.4 ± 2.7 24.2 ± 5.5 

Cannabis use   

Age of onset of cannabis use (years) 15.8 ± 2.5 16.3 ± 3.7 

Duration of cannabis use (years) 10.2 ± 4.6 18.2 ± 9.0 

Amount of cannabis (joints/day) 2.7 ± 2.4 1.6 ± 1.5 

Frequency of cannabis use a % (n)   

    - Heavy 60 (6) 60 (3) 

    - Moderate 30 (3) 0 

    - Low 10 (1) 40 (2) 

Tobacco and Alcohol use   

Tobacco use % (n) 60 (4) 60 (3) 

Number of cigarettes /day 6.3 ± 5.3 5.3 ± 7.1 

Number of alcoholic units / day 1.8 ± 1.5 2.7 ± 2.7 

Other previous drug use b %(n)   

Amphetamines 30 (3) 20 (1) 

Cocaine 10 (1) 25 (2) 

Ecstasy 20 (2) 20 (1) 

Hallucinogens 0 0 

Heroin 0 0 

Other hypnotics and opiates 10 (1) 0 

PET tracer activity (MBq)   

  [18F]MK-9470 145.6 ± 6.0 145.7 ± 7.4 

  [18F]fallypride 188.6 ± 8.0 c 187.5 ± 4.3 d 
 

Data represent mean ± SD; M = male; F = female; BMI = body mass index. 
a Frequency of cannabis use in the last 12 months assessed by Composite International Diagnostic 
Interview (CIDI), categorized into “heavy use” (several times a day), “moderate use” (from once a day to 
3-4 times a week), and “low use” (from 2-3 times a month or less). 
b Number of subjects who reported using a given class of drugs between 10-99 times in their lives. 
c Five control cannabis users and d four cannabis users with psychosis received both [18F]MK-9470 and 
[18F]fallypride PET scans.  
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Baseline Measures  

Diagnoses in the patient group were confirmed using the Operational Criteria 

Checklist and associated OPCRIT computer program (333). Presence and severity of 

psychotic symptoms during the past two weeks was assessed in all participants 

with the Positive and Negative Syndrome Scale (PANSS) (268). Cannabis and other 

drug use in the past 12 months was assessed using the appropriate sections of the 

WHO Composite International Diagnostic Interview (CIDI) (415) and the Structured 

Clinical Interview for DSM Disorders (387).  

In addition to the psychiatric evaluation, absence of any drug use and medication 

at the time of PET scanning was confirmed by blood and urine testing, which 

included general screening and toxicology for amphetamine, barbiturates, 

benzodiazepines, cocaine, ecstasy, methamphetamine, morphine, methadone, 

tricyclic antidepressants, and cannabis use (MultiDip-Drug Control Screen, Ultimed 

Products, Ahrensburg, Germany) in all controls and patients. Abstinence from 

recent use of alcohol was assured by means of a breathalyzer. Moreover, heart 

rate and blood pressure analyses were performed before each scanning session.  

Possible structural brain abnormalities were evaluated through a standard 

magnetic resonance imaging (MRI) scan (1.5 Tesla Vision Scanner, Siemens, 

Germany), both T1-weighted Magnetization Prepared Rapid Acquisition Gradient 

Echo (3D-MPRAGE) and T2-weighted. 

 

Study Design and Procedures 

CB1R PET scanning was performed in the Division of Nuclear Medicine of the 

University Hospital Gasthuisberg in Leuven, Belgium. CB1R PET scans were acquired 

using the radiotracer [
18

F]MK-9470, an inverse agonist with a high-affinity and 

specificity for the human CB1R (52). [
18

F]MK-9470 was prepared as described 

previously (52). All PET scans were performed on the HiRez Biograph 16-slice 

PET/CT camera (Siemens, Knoxville, TN, USA) in 3D mode.  

All participants attended a screening session during which in- and exclusion criteria 

were confirmed and baseline clinical measures were taken. At the beginning of the 

actual scanning session, participants received a standardized meal and a caffeine-

free beverage. Further, drug, alcohol and medication abstinence was confirmed by 

blood and urine analysis and the use of a breathalyzer. Additionally, blood pressure 

and heart were measured and a pregnancy test was carried out in the female 

participants to rule out pregnancy. Each subject was then positioned in the scanner 
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with the head fixed in a vacuum cushion to minimize head motions during the 

imaging acquisition. Subjects received on average 145.7 ± 6.7 MBq of [
18

F]MK-9470 

(Table X-1) in slow bolus intravenous injection. Images were acquired for 60 min 

starting 120 min after radioligand injection. 

PET images were reconstructed with 3D OSEM (ordered-subset expectation 

maximization) iterative reconstruction including scatter and attenuation correction 

with a final spatial resolution of 4 mm.  

In order to relate CB1R availability to the acute Δ
9
-THC-induced effects on 

dopamine release, additional PET scanning was performed using the high-affinity 

D2/3 radiotracer [
18

F]fallypride in a subset of the study population, after 

experimental administration of Δ
9
-THC. These scans were conducted in the Division 

of Nuclear Medicine, Maastricht University Medical Center, The Netherlands.  

Of the ten CAN and five CAN-PSYC who received a CB1R scan, five CAN and four 

CAN-PSYC additionally received a [
18

F]fallypride PET scan (308) during Δ
9
-THC 

inhalation. [
18

F]fallypride is a selective radioligand that allows to explore both 

striatal and extrastriatal dopamine release during activation paradigms and using a 

single [
18

F]fallypride scanning protocol (391).  

In short, in a single-blind, placebo-controlled study, subjects underwent a single 

D2/3 [
18

F]fallypride scan and received both 8 mg of Δ
9
-THC and placebo via 

pulmonary uptake. Preparation and administration of Δ
9
-THC was performed 

according to Zuurman et al. (388) as previously described in Kuepper et al. (under 

review). Subjects received on average 188.0 ± 6.1 MBq of [
18

F]fallypride in a slow 

intravenous bolus injection through a catheter in the left antecubital vein (Table 

X-1). Simultaneously upon tracer injection, dynamic emission scans were initiated 

in 3D mode using a PET/CT scanner (Philips, Eindhoven, The Netherlands). Data 

were acquired in four segments (total scan duration 220 min), separated by three 

breaks (15 min each). Administration of placebo occurred between the first and the 

second segment. Δ
9
-THC was administered at 220 min post-injection, followed by 

the last PET segment with duration of 50 min. A more detailed outline of the study 

design and procedure has been described elsewhere (Kuepper, Ceccarini et al., 

under review). The current experimental PET protocol was based on a previously 

reported one-day [
18

F]fallypride PET imaging protocol (391), based on simulation 

studies showing possible improvements in the imaging protocol that can increase 

the simultaneous detection sensitivity of striatal and extrastriatal dopamine release 

(391). 
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CB1R PET data processing and analysis  

The index of CB1R availability was quantified using the fractional uptake ratio (FUR) 

values, which is an index strongly proportional to total distribution volume of 

[
18

F]MK-9470 (128). The parametric FUR images were calculated as the ratio of 

total radioactivity concentration in tissue at the end of the scan and the integral of 

metabolite corrected plasma radioactivity from the time of injection to the end of 

the scan (128). To obtain FUR values, venous blood samples were withdrawn 

manually at 2, 5, 10, 20, 40, 60, 90 and 120 min after injection for the assessment 

of the [
18

F]MK-9470 plasma concentration, and additionally other six blood samples 

were taken at 5, 10, 20, 60, 90 and 120 min for the assessment of the fraction of 

unmetabolized [
18

F]MK-9470 (128). 

Parametric FUR images were generated using PMOD v. 3.0 (PMOD Technologies, 

Zurich, Switzerland). For each subject, PET frames were corrected for motion 

between frames and coregistered to the individual MRI using SPM (Statistical 

Parametric Mapping, London, UK). The coregistered CB1R FUR images were then 

spatially normalized to a specific in-house created CB1R template (180) constructed 

in Montreal Neurological Institute (MNI) space in SPM2 using nonlinear warping. 

For the analysis, a predefined volume-of-interest (VOI) analysis was performed 

using an in-house previously created set of VOIs defined on the CB1R template 

representing cortical Brodmann areas (BAs) and subcortical grey matter structures 

(181). Additionally, individual adjustments were made for the subcortical brain 

areas by delineating these regions manually on the transverse slices of the 

normalized MRI images. The personalized VOI map was then loaded on the 

corresponding coregistered and normalized CB1R FUR image, and the average FUR 

values within each VOI were then determined using PMOD. FUR values of cortical 

BAs were then grouped into larger anatomical brain regions on the base of the 

number of voxels.  

 

D2/3 PET data processing and analysis 

The procedures used to estimate dopamine release induced by Δ
9
-THC inhalation 

were essentially those used in previous [
18

F]fallypride PET studies (294,297,391). 

For each participant, PET data (e.g. kinetic parameters estimation) were analyzed 

applying the linear simplified reference region model (LSSRM) (296,391). The 

LSRRM is based on a single scanning session with a baseline and an activation 

(pharmacological or non-pharmacological) condition, and it accounts for time-

dependent changes in the ligand displacement induced by the activation paradigm 
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assuming that the steady state is not maintained during the activation condition by 

introducing a term γ · exp[-τ(t-T)] in the dissociation parameter (k2a = k2/[1+BPND]) 

of the simplified reference region model (SRRM), where k2 is the tissue to plasma 

efflux constant in the tissue region, BPND is the non-displaceable binding potential 

and T is the activation initiation time. The LSRRM yields statistical parametric voxel-

wise t-maps of the “activation” parameter γ (t = γ/sd[γ], where sd[γ] is the standard 

deviation parametric value for γ). Therefore, using LSRRM, we performed a voxel-

based individual estimation of the kinetic parameters, including individual γ 

parametric images. A covariance image of γ (sd[γ]) was calculated to generate a 

statistic t-map for γ [γ/sd(γ)], which allowed us to visualize regions with significant 

Δ
9
-THC-induced ligand displacement. Subsequently, the spatial extent of the 

estimated Δ
9
-THC-induced ligand displacement was presented as percentage of 

voxels within a given VOI exceeding a threshold t > 5.4, which corresponds to p < 

0.0000004 one-tailed, or a Bonferroni-corrected p < 0.05 (0.05/average total 

number of voxels analyzed per subject (294,297,391). 

 

Statistical analysis 

Conventional statistics were carried out using Statistica version 9.1 (Statsoft Inc., 

Tulsa OK, USA). Reported values are given as the mean ± SD. Significant was 

defined at the 95% probability level (p < 0.05). CB1R FUR values were compared 

between CAN and CAN-PSYC using analyses of variance (ANOVA) and Bonferroni 

post-hoc tests. Non-parametric Mann-Whitney U Test was used to analyse 

differences in CB1R availability and dopamine release for the CAN and CAN-PSYC 

sub-samples who received both CB1R and D2/3 PET scans. Pearson correlations 

were computed between regional CB1R availability and percentage of statistically 

significant activated voxels.   

 

RESULTS 

Participants 

Demographic characteristics of the participants are shown in Table X-1. The two 

groups did not differ in terms of sex, BMI, injected activity, or cannabis, tobacco 

and alcohol use. However, compared to the cannabis users with psychosis (CAN-

PSYC), control cannabis users (CAN) were slightly younger (p = 0.03). All subjects 

had consumed cannabis during the past 12 months. Drug screening for 

cannabinoids was positive for 80% of the CAN and for 60% of the CAN-PSYC. The 

number of participants who had used illicit drugs between 10-99 times in their life 
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was low (see Table X-1). However, urine screening for amphetamine was positive 

for one CAN and one CAN-PSYC. Of the CAN-PSYC, n = 2 individuals fulfilled criteria 

for schizoaffective disorder and n = 3 individuals fulfilled criteria for psychotic 

disorder not otherwise specified.  

 

CB1R in Cannabis Users with and without Psychosis 

Control cannabis users (CAN) and cannabis users with psychosis (CAN-PSYC) did not 

differ in absolute CB1R availability. In a secondary analysis of regional relative 

differences, CAN-PSYC displayed an increase in relative CB1R availability in the 

parahippocampal cortex (BA 36; +9.8%, p = 0.000001), perirhinal cortex (BA 35; 

+7.5%, p = 0.0002), insular cortex (+6.6%, p = 0.006), temporopolar area (BA 38; 

+7.9%, p = 0.01) and dorsal anterior cingulate cortex (BA 32; +2.8%, p = 0.04), as 

shown in Figure X-1.A. CAN-PSYC showed lower relative CB1R availability in the 

fusiform gyrus (BA 37; -6.1%, p = 0.00003) and secondary auditory cortex (BA 42; -

3.0%, p = 0.006) (see Figure X-1.B.). 

 

 
Figure X-1 Differences in relative CB1R availability between control cannabis users (CAN) and cannabis 
users with psychosis (CAN-PSYC). 
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Δ
9
-THC-induced dopamine release in cannabis users with and without psychosis 

Globally, Δ
9
-THC induced ligand displacement (measured as the average 

percentage of significant voxels exceeding the significance threshold of t > 5.4) in 

both striatal and extrastriatal regions, most pronounced in the dorsal striatum 

(caudate nucleus: 15.4 ± 9.2 %; putamen: 5.8 ± 2.9 %), temporal (18.6 ± 16.0 %) and 

mesotemporal lobe [(8.6 ± 5.9 %), including amygdala (26.2 ± 12.1 %) and 

parahippocampal gyrus (9.6 ± 6.7 %)], cingulate cortex (6.8 ± 12.1 %) and frontal 

cortex (3.4 ± 5.7 %).  

Parametric t-maps across the two groups are shown in Figure X-2. 

 

 

Figure X-2 Mean statistical parametric t map of γ showing dopamine release in response to Δ9-THC 
inhalation in control cannabis users (CAN) and cannabis users with psychosis (CAN-PSYC).  

 

Comparing the percentages of significant activated voxels within each regions of 

interest for CAN and CAN-PSYC, dopamine release induced by Δ
9
-THC was 

regionally comparable, except for parahippocampal regions. Yet, none of the group 

differences reached statistical significance for the striatal regions. 

Compare to CAN, CAN-PSYC revealed lower Δ
9
-THC-induced changes in ligand 

displacement in the mesotemporal lobe, especially in specific parahippocampal 

regions such as the perirhinal cortex (BA 35) and the parahippocampal (BA 36), 

indicating different intensity of endogenous dopamine release in these regions 

among the two groups (p ≤ 0.06; Mann-Whitney U Test) (see Figure X-3). 
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Figure X-3 Mean statistical parametric t map of γ in transversal (left) and sagittal (right) sections 
overlaid on a T1-weighted MRI template, showing significant group differences in [18F]fallypride 
displacement (e.g. dopamine release) in response to Δ9-THC throughout the parahippocampal gyrus  
between healthy cannabis users (CAN) and cannabis users with psychosis (CAN-PSYC). Images are 
thresholded for visualization purposes and centered in [x, y, z]  = [32, -18, -30] (parahippocampal 
cortex, BA 36). 

 

CB1R availability in relation to Δ
9
-THC-induced dopamine release 

Five CAN and four CAN-PSYC received both a CB1R [
18

F]MK-9470 PET and a D2/3 

[
18

F+fallypride PET during Δ
9
-THC inhalation. Comparing CB1R availability in these 

two subgroup of cannabis users, CAN-PSYC showed a significant decreased relative 

CB1R availability in the fusiform gyrus (BA37; -6.7%, p = 0.02), and a significant 

increased relative CB1R availability in the parahippocampal cortex and perirhinal 

cortex (BA 36: +8.8%, BA 35: +7.6%, p = 0.02) (see Figure X-4.A.). No other areas of 

significant CB1R differences were found in these subgroups.  

Regarding dopamine release, these two regions (BA35 and BA36) only showed a 

trend for a group effect (p = 0.06). Figure X-4.B. shows the parahippocampal 

differences found in the percentage of significant voxels (t > 5.4) activated by Δ
9
-

THC between the two groups.   
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Figure X-4 Differences in A) relative CB1R availability and B) percentage of statistically significant  voxels 
activated by Δ9-THC in the perirhinal cortex (BA35) and parahippocampal cortex (BA36) between the 
sub-sample of control cannabis users (CAN) and cannabis users with psychosis (CAN-PSYC) who received 
both CB1R and D2/3 PET scans.  

 

 

DISCUSSIONS 

To our knowledge, this is the first in vivo PET imaging study investigating CB1R 

availability in cannabis users with and without psychotic disorder, where the CB1R 

availability has been correlated to dopamine release induced by Δ
9
-THC 

administration. 

Previous studies in psychotic patients mostly imaged the CB1R post-mortem, 

without clearly considering the cannabis consumption of the subjects. Since high 

prevalence of cannabis use was reported among schizophrenic patients, and since 

several animal studies found a downregulation of CB1R binding sites after chronic 

cannabis exposure, the previous findings on CB1R availability may likely be biased. 

By including both psychotic patients and healthy control cannabis users, we 

assume that our results are not biased by consumption of this exogenous ligand for 

the CB1R. 
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Compared to cannabis user controls, we have found significant in vivo differences 

in relative CB1R availability in cannabis-users with psychosis. This CB1R 

dysregulation is in accordance with previous results of in vivo and post-mortem 

studies, which already suggested a role of the ECS in psychotic disorders. So far, 

there have been only few studies published on CB1R density in patients with 

psychotic disorder, with conflicting results. Three post-mortem studies revealed 

increased CB1R density in several brain regions, including dorsolateral prefrontal 

cortex (107), anterior cingulate cortex (259) and posterior cingulate cortex (258). In 

contrast, other post-mortem studies reported either no change in CB1R 

distribution between patients and controls (272) or a decrease in the patient group 

(260). One study revealed decreased CB1R density only in patients treated with 

antipsychotic medication (261). The only published in vivo study reported increased 

CB1R availability in patients with schizophrenia (115). However, sample size in this 

study was limited. Recently, using PET and [
18

F]MK9470, we also demonstrated 

increased absolute CB1R binding in patients (both treated and untreated) with 

schizophrenia (n = 67) and healthy controls (see CHAPTER V). In this study it was 

furthermore indicated that CB1R upregulation was more pronounced in the 

antipsychotic-free and -naïve patients compared to the treated patients. Taken 

together the existing evidence, it seems likely that schizophrenia is associated with 

an upregulation of CB1R’s in several brain regions, independent of antipsychotic 

medication and cannabis use.  

No study so far has investigated CB1R availability in patients with psychotic 

disorder in frequent cannabis users. Compared to controls, CB1R availability was 

increased in cannabis users with psychotic disorder in several regions of the brain, 

including parahippocampal cortex, perirhinal cortex, insular cortex, dorsal anterior 

cingulate cortex and temporopolar area. Of note, CB1R availability was decreased 

in fusiform gyrus and secondary auditory cortex in patients compared to controls. 

The middle temporal gyrus, located on the lateral surface of the temporal 

neocortex, is involved in cognitive functions such as language and memory (416). 

One SPECT study, using [
123

I]epidepride as radioligand for the D2 receptor, revealed 

an extremely low D2 binding among schizophrenic patients in the temporal cortex. 

This low levels of D2 binding, which are indicative for high endogenous dopamine 

transmission, had a negative correlation with the negative and cognitive symptoms 

of psychosis (417). Therefore, the current observed decrease in CB1R binding in 

this region can possibly explain this increased dopaminergic state, contributing to 

the resulting negative/cognitive symptoms. 
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Comparing the percentages of significant activated voxels within each regions of 

interest for controls and patients, dopamine release induced by Δ
9
-THC was 

regionally comparable, except for parahippocampal regions. Yet, none of the group 

differences reached statistical significance for the striatal regions, likely due to 

small group sizes and consequently lack of power. 

Interestingly, in the same patients and controls who underwent both a CB1R PET 

and a [
18

F]fallypride PET following an experimental Δ
9
-THC inhalation, we found 

that, compared to controls, patients may reveal a combination of lower Δ
9
-THC-

induced dopamine release and an higher CB1R availability in the parahippocampal 

complex. For decades, the predominant hypothesis of schizophrenia centered on 

dysfunctions of the dopamine system. However, recent evidence suggests that the 

dopamine system may be “normal” in its configuration, but instead is regulated 

abnormally by modulatory processes. Convergent studies in animals and in humans 

have focused on the hippocampus as a central component in the generation of 

psychosis and possibly other symptom states in schizophrenia (418-421). Thus, 

activity in the hippocampus has been shown to regulate dopamine neuron 

responsivity by controlling the number of dopamine neurons that can be phasically 

activated by stimuli. In this way, this structure determines the gain of the 

dopamine signal in response to stimuli. However, in schizophrenia, the 

hippocampus appears to be hyperactive, possibly due to attenuation of function of 

inhibitory interneurons. As a result, the dopamine system is driven into an overly 

responsive state.  

However, our findings suggest that this hippocampal dopaminergic activity in 

patients seems to be modulated by hippocampal CB1R availability, acting possibly 

through inhibitory effects of glutamatergic transmission. Thus, our results point to 

the hypothesis that an increased CB1R availability in the parahippocampal cortex 

could restore the hippocampal dysregulation of dopamine system function. 

In conclusion, we have shown that cannabis users with psychosis had an increased 

CB1R availability in parahippocampal, perirhinal cortex, insula, temporopolar area 

and dorsal anterior cingulate cortex, compared to cannabis users without 

psychosis. Moreover, cannabis users with psychosis had both a lower Δ
9
-THC-

induced dopamine release and higher CB1R availability in the parahippocampal 

complex. Hypothetically, our findings suggest that hippocampal Δ
9
-THC-induced 

dopaminergic activity might be modulated in vivo by hippocampal CB1R availability. 
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XI. Chapter XI 

 

General discussion and conclusion 

For decades, dopamine has been proposed as the key neurotransmitter in 

mediating drug reward processes and psychosis (7,42). Currently, the 

endocannabinoid system (ECS) has also been recognized as an important target in 

the common neural networks underlying addictive and psychotic disorders (65-

67,74). Endocannabinoids and their receptors, mainly the CB1R, function as a 

retrograde signaling system in many synapses within the CNS, playing consequently 

a modulatory function on dopaminergic neurotransmission. This has an important 

influence on different pathologies affecting dopamine-related neurobiological 

processes like drug addiction and schizophrenia (65-67). 

 

11.1 Main contributions 

The most important contributions of this work can be subdivided into four main 

topics: 

 First, we investigated the relevant role of the CB1R in alcohol addiction 

(showing how the acute and chronic alcohol exposure and abstinence alter the 

CB1R), and in cannabis addiction (see section 11.2). 

 Second, we examined in vivo CB1R changes in schizophrenia using an extensive 

sample size and addressing both drug-free and treated patients (see section 

11.3).  

        Potential therapeutic implications are discussed in section 11.4.  

 Thirdly, we developed, applied and optimized an advanced and sensitive voxel-

based method for in vivo striatal and extrastriatal dopamine release detection. 

This topic is elaborated in more detail in section 11.5.  

 Lastly, we investigated the hypothesis that CB1R is a functional modulator of 

dopamine release capacity in humans, both in a normodopaminergic and 

hyperdopaminergic state (section 11.6). This actually represents a starting 

point for future studies on dopaminergic transmission disorders.  
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11.2 Cerebral CB1R availability in alcohol and cannabis addiction 

To date, involvement of the CB1R in the neural circuitry mediating the positive 

reinforcing properties of alcohol and cannabis is mainly supported by animal and 

pharmacological experiments (75,86).  

In this work, we demonstrated that the ECS and more specifically the type 1 

cannabinoid receptor (CB1R) is involved in both alcohol (CHAPTER II and III) and 

cannabis addiction (CHAPTER IV). 

We first investigate the in vivo changes in CB1R availability after chronic alcohol 

abuse and monitored abstinence in alcoholic patients, and after an acute alcohol 

administration in a cohort of healthy social drinkers (CHAPTER II). Whereas acute 

exposure to alcohol is related to a (presumably) transient increase in CB1R 

availability, chronic long-term alcohol abuse leads to a significantly decreased CB1R 

availability that is not reversible on the short term as observed after one month of 

monitored abstinence. A plausible mechanism could be the persistent over-

stimulation of the CB1R by its endogenous ligands, as the synthesis of 

endocannabinoids has been shown to be increased by alcohol administration. The 

observed long-term decrease of CB1Rs may thus reflect a compensatory 

downregulation due to chronic stimulation. However, since a month after 

abstinence there was still no adaptation of the CB1R availability globally, the 

decreases in CB1R availability may also be a state condition. Longitudinal follow-up 

of these patients seems crucial to gain further insight in this mechanism. 

The increased CB1R availability occurring after the acute alcohol exposure can be 

linked to different biochemical mechanisms by which alcohol acts on the brain, 

disrupting the balance between inhibitory and excitatory neurotransmitter, hence 

affecting many neurochemical systems including endocannabinoid levels. To 

further investigate and elucidate how central CB1R availability relates to 

endocannabinoid levels, we investigated alterations in CB1R availability and AEA 

levels in a rat model of acute and forced chronic ethanol administration using 

[
18

F]MK-9470 microPET and microdialysis (CHAPTER III). While PET imaging allows 

assessment of whole-brain evaluation of ECS components in vivo, microdialysis is a 

technique offering possibilities to measure in vivo levels of endocannabinoids 

enabling relations between endogenous neurotransmitter changes to observed 

receptor binding status. Our translational and combined preclinical research 

indicates that the acute ethanol-induced increased CB1R availability is related to 

increased AEA levels in the nucleus accumbens. This finding indicates that an 

increased AEA content predominantly drives the initial increased CB1R levels, 
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providing evidence that (moderate) activation of CB1R activity can result in 

receptor regulation. 

Our findings are supported by a tentative model recently proposed on ECS changes 

across different stage of alcohol addiction ((75); Figure XI-1). To begin, a consistent 

finding has been that ethanol interacts with the ECS (enhanced ECS signaling) to 

produce its acute, reinforcing effects which may drive further drug-seeking. On the 

other hand, chronic ethanol treatment is associated with reductions in CB1R 

expression and FAAH activity that are paralleled by increased concentrations of 

AEA. These changes normalize as the duration of chronic treatment is extended. 

The hyper-excitability associated with the initial phase of withdrawal and 

abstinence results in a large increase in endocannabinoid release and concomitant 

reductions in CB1R expression. Over time endocannabinoid levels remain elevated 

and CB1R expression is up-regulated over time to allow the ECS to respond to 

phasic changes. In our clinical findings, a month after abstinence there was still no 

adaptation of the CB1R availability globally. However, preclinical data suggest that 

chronic alcohol exposure produce an initial down-regulation of CB1R expression 

lasting for 10-40 days that is followed by an up-regulation after acute withdrawal 

subside (75). 

 

 
Figure XI-1 Summary of ethanol-induced alterations in the EC system observed in different stages of 
chronic alcoholization (source: Pava and Woodward, Alcohol 2012; 46(3):185-204). 

 

Besides investigating alcohol effects on CB1R, we also demonstrated that chronic 

cannabis use downregulates CB1R availability in mainly neocortical regions and this 

interacts with personality traits involved in addictive behaviour (CHAPTER IV). 

Rodent studies have shown that long-term cannabinoid administration produces an 

attenuation of both CB1R availability (down-regulation) and CB1R agonist-
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stimulated G-protein activation (desensitization) which are believed to contribute 

to tolerance to cannabinoid-mediated effects (91,93,94,244,245). However, the 

mechanism by which long-term cannabinoid administration attenuates CB1R 

function in the brain has not been resolved. Animal and human studies reported 

that the decreased CB1R availability recovered after cannabis abstinence of at least 

few weeks (98,246), suggesting that decreased CB1R availability may reflects a 

state condition, contrary to the irreversible CB1R downregulation found in subjects 

who chronically abuse alcohol. This could suggest a more persistent neuroadaptive 

change in CB1Rs or a trait-related condition in alcohol dependence. Moreover, the 

fact that those cannabis users with lower self-directedness and cooperativeness 

show lower limbic CB1R availability could suggest that decreased CB1R availability 

may reflect the impact of state of tolerance of cannabis and may be linked to 

specific personality traits through neuroadaptive changes, which might promote 

cannabis tolerance and addiction. We propose that chronic cannabis use may alter 

specific aspects of personality through neuroadaptive changes in CB1R availability 

or vice versa, providing a new way to search for specific CB1R-personality 

interactions which may predict future cannabis-related behaviours and therapeutic 

evolution. Future studies should focus on longitudinal CB1R and personality 

evaluation after episodes of cannabis deprivation in order to understand these 

correlations and state versus trait differences. 

 

11.3 Cerebral CB1R availability in schizophrenia 

Several neurobiological, pharmacological and epidemiological studies support a 

relevant association between schizophrenia (SCZ) and the ECS. Because Δ
9
-THC and 

other direct-acting cannabinoid agonists can induce psychotic symptoms both in 

healthy volunteers (33,264,422) and SCZ patients (43,255), it has been suggested 

that hyperactivity of the ECS might contribute to psychotic states. The majority of 

the studies focusing on CB1R availability are mainly post-mortem binding and 

immunochemistry studies. Concerning in vivo CB1R investigations, so far only one 

quantitative CB1R PET study has been carried out in the brain of nine SCZ patients 

(115).  

In this thesis, we report one of the first large scale studies where in vivo CB1R 

availability has been investigated in an extensive sample of SCZ patients (n = 67) 

both with and without different antipsychotic treatments, and correlated with the 

severity of symptoms (CHAPTER V). Compared to controls, we found a widespread 

moderate increase in CB1R availability in the whole group of SCZ patients. 
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Interestingly, the increased CB1R availability found in SCZ was modulated by 

antipsychotics. Although dopamine D2 receptors are the main target of 

antipsychotics, these findings represent a further indirect evidence regarding the 

functional complexes that D2 receptors form with CB1Rs (274), and may point to 

interactional linkage between the cannabinoid receptor systems in relation to 

psychotic symptoms (254). In line with this hypothesis, we found that the increased 

CB1R availability was negatively associated with negative psychotic symptoms in 

antipsychotic-free patients. 

Overall, our findings are in line with the model suggested by Giuffrida et al. (262) 

and supported by Leweke et al. (254), on dopamine-endocannabinoid interaction 

in SCZ (Figure XI-2), where the activation of CB1R by AEA serves as a feedback loop 

for D2 receptor-mediated psychotic symptoms (262). 

 

 
Figure XI-2 Model of the proposed dopamine-endocannabinoid interaction in schizophrenia. DA, 
dopamine; AEA, anandamide; CB1R, type 1 cannabinoid receptor. (source: adapted from Leweke and 
Koethe, Addiction Biology 2008; 13(2):264-275). 

 

The dopamine hypothesis of SCZ, postulating that increased brain dopaminergic 

activity causes psychotic symptoms of SCZ, may lead to or be a consequence of the 

overactivity of the ECS. The exaggerated dopamine release onto postsynaptic D2-

like receptors in SCZ might trigger release of AEA, which then acts as a retrograde 

messenger to induce a CB1R-mediated attenuation of dopamine release. This 

hypothesis is supported by the model of Giuffrida et al. (262) (see Figure XI-2), 

where (over)activation of D2 receptors were associated with an (increased) release 
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of AEA, counterbalancing dopamine-mediated psychotic symptoms by 

strengthening the endogenous adaptive feedback loop, through CB1R activation, 

suggesting that the ECS represents a protective and counterbalancing system 

toward psychosis.  

Given the demonstrated role for the CB1R in the pathology of SCZ and the results 

of the most recent treatment trial targeting the ECS (275,276), the cannabinoid 

hypothesis of SCZ deserves further investigation, to gain further insight in the role 

of the ECS in this complex disorder and to provide additional proof-of-mechanism 

for cannabinoid-related therapy. 
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11.4 Potential therapeutic implications 

 

Pharmacological modulation of ECS in alcohol-related behaviour 

A wide variety of reports have demonstrated that the pharmacological modulation 

of the ECS, by cannabinoid agonists, antagonists, FAAH inhibitors or AEA 

transporter inhibitors, alters the ethanol-related behavior in rodents (summarized 

in Table XI-1; (423)). First of all, cannabinoid agonist WIN 55,212-2 and CP 55,940, 

have been shown to increase alcohol consumption, preference and relapse during 

a period of alcohol deprivation in rats. Conversely, the administration of the 

cannabinoid antagonists rimonabant (SR141716) and surinabant (SR147778) dose-

dependently reduces alcohol-related behavior and consumption. Recently, it has 

been reported that another CB1R antagonist, SLV330, was effective in reducing 

alcohol self-administration and reinstatement of alcohol seeking in rats (see Table 

XI-1). The indirect activation of the ECS has also been studied in regard to alcohol 

dependence. Thus, FAAH inhibitor URB597 administration increased operant 

alcohol self-administration in rats, and similarly produced an increase in alcohol 

preference and consumption in mice in a two-bottle choice paradigm. On the other 

hand, the acute administration of AM404, an inhibitor of the putative AEA 

transporter, reduced alcohol self-administration in rats (see Table XI-1). 

Despite rimonabant was an efficacious remedy in different animal models, two 

Phase II clinical studies which have been conducted in human alcoholics to study its 

possible utility in alcohol dependence apparently were unsuccessful (424,425). 

Authors suggest that the lack of improvement of rimonabant over placebo might 

be explained, firstly, by a very high beneficial response rate in the placebo group, 

secondly, by the short duration of the treatment (2-week and 12-week), and 

thirdly, by a low daily dose (20 mg). The dose of rimonabant used in these clinical 

studies causes incomplete blockade of CB1Rs (426). High CB1R occupancy levels 

(>65%) were required to detect relevant neurobiological effects (427). In contrast, 

the higher doses used in animal studies (3-10 mg/kg), which resulted in reduced 

alcohol intake, caused near-complete receptor occupancy. Therefore, it is possible 

that at a higher dose, rimonabant may significantly reduce the desire to drink. 

Unfortunately, the psychiatric profile of rimonabant makes the use of higher doses 

problematic in humans and its commercialization has been recently discontinued. 
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Table XI-1 Behavioral evidence about the involvement of the ECS in alcohol dependence after 
pharmacological manipulation of the system (source: adapted from Erdozain et al. Drug and Alcohol 
Dependence 2011; 117(2-3): 102-110). 

ECS Modulation Results Reference 

Agonists   

CP 55,940 ↑ Motivation for consuming beer in rats Gallate (1999) 

WIN 55,212-2 and CP 55,940 ↑ EtOH intake in alcohol preferring rats Colombo (2002) 

WIN 55,212-2 ↑ Alcohol relapse during a period of alcohol deprivation Allen (2008) 

Antagonists   

Rimonabant (SR141716) ↓ EtOH intake in alcohol-preferring mice Arnone (1997) 

 ↓ EtOH intake in alcohol-preferring rats Colombo (1998) 

 ↓ the motivation for consuming beer in rats Gallate (1999) 

 ↓ EtOH self-administration in alcohol dependent rats 
Rodriguez de Fons. 

(1999) 

 ↓ EtOH preference after chronic alcoholization in rats Lallemand (2001) 

 ↓ EtOH seeking and consumption in rats Freedland (2001) 

 
Prevented acquisition of drinking behavior in alcohol-
preferring rats 

Serra (2001) 

 Abolished the alcohol deprivation effect in alcohol-preferring 
rats 

Serra (2002) 

 Abolished motivational properties of alcohol in alcohol-
preferring rats 

Colombo (2004) 

 
↓ EtOH self-administration and conditioned reinstatement of 
EtOH-seeking in both alcohol-preferring and non-preferring 
rats 

Cippitelli (2005) 

 
↓ EtOH ethanol self-administration in alcohol-preferring rats 
when administered systemically or locally into the prefrontal 
cortex 

Hansson (2007) 

 ↓ EtOH intake in mice and rats Rinaldi (2004) 

Surinabant (SR147778) ↓ EtOH intake and motivational prop. in EtOH-preferring rats Gessa (2005) 

 ↓ EtOH preference after chronic alcoholization in rats Lallemande (2006) 

SLV330 ↓ EtOH self-administration in rats De Bruin (2001) 

FAAH inhibitors   

URB597 ↑ EtOH self-administration in rats Hansson (2007) 

 ↑ EtOH preference and consumption in mice Blednov (2007) 

 ↑ EtOH preference in mice Vinod (2008) 

AEA transporter inhibitors   

AM404 ↓ EtOH self-administration in rats Cippitelli (2007) 

 

Briefly, rimonabant and other inverse agonists such as taranabant were designed 

for the treatment of obesity. However, since they have been linked to increase risk 

of anxiety, depression and suicidality, development programs of these agents as 

anti-obesity drugs have been halted (428) and its commercialization has been 

recently discontinued. Therefore, reconsidering several limiting factors of the 

previous research and investigating new options for future research may be of 

interest. 
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Pharmacological modulation of ECS in schizophrenia 

In the last few years a large amount of experimental work has been done to clarify 

the importance effect of pharmacological modulation of CB1R with agonists, 

indirect agonists or antagonists on the different psychotic symptoms (100). So far, 

the experimental findings are still controversial, often with different effects 

depending for example on the drug and the dose. Considering all these limitations, 

the idea that that hyperactivity of the ECS might contribute to psychotic states has 

fueled two large-scale clinical trials with CB1R antagonists (SR141716 and 

AVE1625) in SCZ, which yielded, however negative results (276,429). Recent 

comprehensive reviews indicate that cannabidiol (CBD) is one of the most 

promising candidates for therapeutic use in a wide range of disorders, including 

neuropsychiatric. CBD is the main non-psychotropic component of the Cannabis 

Sativa with a low affinity for both CB1R and CB2R (430). Biochemical studies 

indicate that CBD may enhance AEA signalling indirectly, by inhibiting the 

degradation of the endocannabinoid catalyzed by the FAAH (431). Laboratory 

rodents and human studies have shown that CBD is able to prevent psychotic-like 

symptoms induced by high doses of ∆
9
-THC and it has antipsychotic effects as 

observed using animal models and in healthy volunteers (432). Preclinical clinical 

trials on CBD suggest CBD treatment as a promising compound alleviating psychotic 

symptoms (432,433). A recent double-blind, randomized clinical trial of CBD vs a 

current antipsychotic amisulpride, has been performed in acute schizophrenia to 

evaluate the clinical relevance of the abovementioned findings (275). Either 

treatment was safe and led to significant clinical improvement, but CBD displayed a 

markedly superior side effect profile. Moreover, CBD treatment was accompanied 

by a significant increase in serum AEA levels, which was significantly associated 

with clinical improvement (275), suggesting that part of its effect seems to depend 

on facilitation of endocannabinoid-mediated neurotransmission. Therefore, the 

ability of CBD to inhibit the FAAH activity and enhance intrinsic AEA signaling might 

be a functionally relevant component of its antipsychotic properties, providing a 

rationale for additional clinical testing of selective FAAH inhibitors in SCZ. 

Additionally, using endocannabinoid degradation blockers such as FAAH and MAGL 

inhibitors is an attractive possibility. Especially the role of 2-AG in psychiatric 

disorders should then be further investigated (434), as 2-AG may be more direct 

and efficient effector on the CB1R compared to AEA (55).  
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11.5 Development, application and optimization of a method for in 
vivo dopamine release detection 

As a stepping stone to prove in vivo a direct relation between CB1R and 

dopaminergic transmission, we wanted to develop and apply an advanced and 

efficient voxel-based kinetic model for in vivo striatal and extrastriatal dopamine 

release detection during an activation study. 

 Development and applications of a method for in vivo dopamine release 

detection: Using LSSRM model, we were able to measure striatal and 

extrastriatal dopamine release using a single [
18

F]fallypride imaging protocol 

during both non-pharmacological (i.e. learning reward task and psychological 

stress task; CHAPTER VI and VII) and pharmacological (i.e. pulmonary 

administration of Δ
9
-THC; CHAPTER VIII and X) activation paradigms in human 

subjects.  

 Optimization of the method: To estimate quantitatively the ability of the 

LSRRM model to detect dopamine transmission simultaneously in both 

extrastriatal and striatal regions, we analyzed the kinetic characteristics of 

[
18

F]fallypride with variable dopamine stimulus intensity and task timing 

through simulation studies, starting from the experimental observed 

parameters (CHAPTER VI). 

 

Until now, most PET experiments on dopamine neurotransmission measurements 

in response to a pharmacological manipulation or during a behavioural task are 

obtained calculating the percentage changes in dopamine D2/3 receptor binding 

potential BPND (ΔBPND), measured under dual scanning conditions (control and an 

activation condition) (154,291,435,436). This design has the advantage that the 

quantitative index of dopamine release, BPND, is obtained by straightforwardly 

applying standard techniques such as the simplified reference tissue model (SSRM) 

(300). However BPND measurement in the activated condition assumes that the 

subject is in steady-state during activation. The need for two separate BPND 

measurements and noisy subtraction of two low BPND values in extrastriatal 

regions, may reduce the sensitivity of the design (296), and may have influenced 

studies which failed to detect significant amphetamine-induced ΔBPND decreases in 

cortical regions (291,404,436,437). Simulations demonstrated also that ΔBPND has 

an inherent sensitivity to timing of dopamine perturbations and could incorrectly 

infer the relative amounts of dopamine released between experimental conditions 

(306).  
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The application of the LSSRM has several practical advantages, such as the 

requirement for only one single radiochemical synthesis and administration and 

single scanning session avoiding possible session effects. Fundamentally, it is based 

on a kinetic model of the stimulus-induced physiological phenomenon involved, 

where non-steady-state effects are considered by making the parameters time-

dependent. The presence of significant dopamine-induced transient changes in 

ligand displacement after the stimulus initiation is estimated by fitting the model to 

data from individual subjects, therefore facilitating the detection of relatively small 

differences in dopamine release also in areas with low signal-to-noise ratio. 

Moreover, since the model generates voxel-wise parametric calculations of the 

time-dependent parameters, it allows direct comparisons of dopamine release 

between subject populations within a specific region of interest (306). On the other 

hand, in the LSRRM approach, possible alterations in regional cerebral blood flow 

(rCBF) are not fully considered into the model. As shown by previous simulation 

studies (293,296), it is unlikely that rCBF-related changes would add major 

perturbations in ligand displacement using behavioural activation paradigm. 

Alternatively, models such as the recent lp-ntPET model, a basis function 

augmentation of the LSSRM method (312), could be used, because the lp-ntPET 

technique also permits temporal characterization of neurotransmitter fluctuations, 

including estimation of the response onset, peak time, and sharpness.  

Finally, improvements in the experimental design, such as a postponement of the 

activation paradigm, could allow to investigate striatal dopamine release 

simultaneously, as task timing is dependent on regional D2/3 density (CHAPTER VI) 

and high D2/3 receptor density in the striatal regions require a longer baseline scan 

duration (2-3 hours) in order to reach a similar proportion of receptors to be 

occupied by the dopamine-competing [
18

F]fallypride ligand hence sensitivity for 

detection (CHAPTER VI; (301)). 
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11.6  Interaction between CB1R availability and dopamine release 

In this project, after having demonstrated the central key effector role of the CB1R 

both in the commons substrate of alcohol and cannabis addiction and in 

schizophrenia, we wanted to prove that the CB1R is an in vivo functional modulator 

of dopaminergic neurotransmission. For that reason, we have investigated the 

hypothesis of CB1R as functional modulator of dopamine release capacity in 

normodopaminergic state in healthy subjects (CHAPTER IX), and in 

hyperdopaminergic state in cannabis (psychotic) users (CHAPTER X).  

In normodopaminergic state, the magnitude of regional dopamine release, 

following a controlled amphetamine administration, was regionally modulated by 

CB1R availability (CHAPTER IX). Particularly, amphetamine-induced dopamine 

increases in the dorsal sensorimotor striatum and parahippocampal gyrus were 

associated with CB1R availability in the medial orbitofrontal and anterior cingulate 

cortex respectively. These regions are key structures of corticostriatal circuitry 

which mediates the processes leading first to drug reinforcement, drug abuse and 

then to addiction (2,6) (see Figure XI-3). Dorsal striatum is involved in consolidating 

stimulus-reaction patterns and habit formation, hippocampus and 

parahippocampal regions in processing context information, orbitofrontal cortex in 

evaluating reward of stimuli, and anterior cingulate cortex in attention and 

memory processes and encoding the motivational value of stimuli.  

 

 
Figure XI-3 Illustration of brain regions involved in drug addiction with key connectivities (Green/blue 
arrows, glutamatergic projections; orange arrows, dopaminergic projections; pink arrows, GABAergic 
projections; AMG, amygdala; GP, globus pallidus (D, dorsal; V, ventral); Hipp, hippocampus; mPFC, 
medial prefrontal cortex; AC, anterior cingulate cortex; OFC, orbitofrontal cortex; VS, ventral striatum; 
DS, dorsal striatum; Thal, thalamus.) (source: Everitt and Robbins. Nat Neurosci 2005; 8: 1481-89). 
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Overall, it has been hypothesized that the transition from voluntary goal-directed 

actions (governed mainly by their consequences) to more habitual modes of 

responding in drug seeking behavior represents a transition from prefrontal cortical 

to striatal control over responding, and from ventral to more dorsal striatal 

subregions (6). Overall, crucial behavioural processes mediate the ‘switches’ 

between drug reinforcement, drug abuse and drug addiction, such as processing of 

conditioned reinforcement and delays, goal-directed actions, habits, executive 

control, drug craving and reinforcing effects of drugs involve interactions between 

the control network (prefrontal regions) and the incentive reward and motivation 

network (striatum, anterior cingulate cortex and insula) (7).  

 

Our results represent the first direct demonstration that CB1R system is a 

determinant of dopamine release in vivo. However, these findings are shown in a 

small group of subjects, they warrant further investigation in pathological 

dopaminergic transmission disorders, such as addiction or psychosis. Indeed, the 

capability of the cannabinoid system to influence dopamine transmission in 

corticolimbic structures supports that the pharmacological management of this 

system might have therapeutic value in those diseases involving anomalies of 

mesocorticolimbic dopamine transmission, among them, addictive states, and 

schizophrenia and other psychosis. The working hypothesis is that normalizing 

dopamine transmission, with either cannabinoid agonists or antagonists depending 

on the type of dysfunction, would result in reducing addictive processes or 

producing antipsychotic effects.  
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The integration of the ECS with the dopaminergic hypothesis of Schizophrenia 

Schizophrenic symptoms are attributed principally to a hyperdopaminergic state in 

the mesolimbic system together with a prefrontal hypodopaminergic tone. The 

dopaminergic hypothesis of schizophrenia is strongly supported by the fact that the 

most effective antipsychotics are antidopaminergic compounds, mostly acting 

upon D2 receptors. Exogenous or endogenous cannabinoids could participate in the 

dysregulation of the mesocorticolimbic dopaminergic activity in schizophrenia 

because the ECS is a feedback mechanism negatively regulating dopamine release 

(Figure XI-4).  

 

Figure XI-4 Cannabis abuse/endocannabinoid excess, and the dopaminergic system in SCZ. DA, 
dopamine. (source: Fernandez-Espejo E. Psychopharmacology 2009; 206: 531-49). 

 

Cannabis abuse or endocannabinoids excess (as detected in schizophrenia), acting 

through the CB1R, mediates different dopaminergic effects that are mentioned in 

the dopamine hypothesis of schizophrenia, such as a limbic dopaminergic 

hyperactivity (through inhibition of GABA neurons of the ventral tegmental area), 

and prefrontal hypodopaminergia (due to increased CB1R density in schizophrenics 

combined with a higher endocannabinoid tone which would reduce dopamine 

release at a presynaptic level). Finally, high stimulation of CB1Rs may also lead to 

desensitization of these receptors, for instance in the nucleus accumbens. 

Normally, activation of D2 in limbic regions induces a decrease in cAMP content. 

However, when dopamine is enhanced, as detected in schizophrenia, D2 

stimulation enhances cAMP levels. In this case stimulation of the CB1R, which leads 

to a decrease in cAMP levels, may oppose this cAMP augmentation. However 

desensitization, due to prolonged Δ
9
-THC abuse, would block antagonistic 

properties between CB1R and D2 facilitating hyperdopaminergic effects.  
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11.7 Methodological considerations 

In this work, for CB1R PET data quantification, [
18

F]MK-9470 specific binding was 

determined using (m)SUV and Fractional Uptake Ratio (FUR) values. In CHAPTER III, 

we used SUV as index of CB1R availability in rats; SUV has been preclinically 

validated to give estimates of CB1R total distribution volume (VT - the ratio at 

equilibrium of radioactivity in the brain to the concentration of parent radioligand 

in plasma (295)) as determined by full kinetic modeling (127). For all the human 

CB1R studies, initially mSUV (CHAPTER II, IV and V) and for the chronologically later 

studies, FUR (CHAPTER IX and X) parameters were used as index for CB1R 

availability.  

In humans, cerebral [
18

F]MK-9470 radioactivity increased up to about 120 min after 

tracer injection and concentrations of radioactivity did not appear to decline, even 

though [
18

F]MK-9470 plasma concentration decreased throughout the length of the 

scan (52). Despite the favorable properties of [
18

F]MK-9470 for imaging brain CB1R 

(e.g. good brain uptake and low non-specific binding), assessment of [
18

F]MK-9470 

quantification using the macro parameters such as VT cannot be obtained due to its 

slow kinetics (128). Therefore, [
18

F]MK-9470 PET studies in humans were evaluated 

using a pharmacokinetic model for irreversible radioligands (438), which allows the 

use of simplified methods of quantification such as the use of the area-under-the-

curve when measurements have reached steady-state. In humans, modeling of 

tracer kinetics indicated that the mSUV provides a good index of CB1R availability 

(128), and that FUR, taking into account also the input function, is the parameter of 

choice since it is highly correlated to VT for [
18

F]MK-9470. Indeed, [
18

F]MK-9470 

FUR values were excellently correlated with Ki estimates using kinetic analysis. 

When using data up to 180 min, the individual slopes for the linear regression (Ki 

vs. FUR) were between 0.91 and 1.04 (r
2
>0.99). Thus, the linear relationship 

between Ki and VT-2C or VNDk3 values demonstrated that the Ki, and thus FUR, values 

provide reliable CB1R availability information. 

Furthermore, changes in CB1R availability resulted in similar changes in brain 

uptake (90 to 120 min after tracer administration) due to the linear relationship 

between FUR values and tracer brain uptake (128). Thus, the use of tracer 

concentration in tissue at the end of the scan expressed in (m)SUV as an index of 

tracer binding was always evaluated. Following this work, we have evaluated the 

relationship between mSUV and FUR in each study and have found that this leads 

to a better index compared to the SUV. Aside from the studies described in the 

manuscript, the high linear correlation between mSUV and FUR values has been 
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demonstrated in several human CB1R studies in Parkinson disease (177), 

Huntington disease (178) and in eating disorders (179). 

Also in the current work (in CHAPTER II, IV and V), possible group differences in 

peripheral metabolism that could lead to bias in CB1R availability determination by 

the simplified quantification mSUV index were excluded by comparing the [
18

F]MK-

9470 percentage fraction in plasma over time. In each subgroup of subjects (e.g. 

alcoholic patients, patients with schizophrenia and cannabis users) where blood 

sampling was performed, there were no differences in peripheral metabolism and 

metabolite corrected venous input function that could lead to bias in CB1R 

availability determination by mSUV, compared to control groups. Moreover, In 

agreement with previous findings regarding the mSUV validation for specific 

disease entities, we empirically demonstrated that mSUV values are strongly and 

linearly correlated to the FUR values also in these groups. Thus, the direct relation 

between regional mSUV and FUR values in the brain indicated that no significant 

bias in the mSUV vs. FUR relationship is expected and by deduction thus also mSUV 

can be used as an indicator of VT for the populations under study. As additional 

proof, in alcohol-dependent patients very similar CB1R changes have been found 

using VT (126) compared to mSUV index used in our study. 

It was shown for [
11

C]MePPEP (125), that the use of the tracer brain uptake, and 

thus the simple activity concentration determinations (mSUV), can lead to 

increased sensitivity and precision. In contrast to [
18

F]MK-9470, the brain uptake of 

the CB1R tracers [
11

C]MePPEP (125) and [
18

F]FMPEP-d2 (123) may underestimate 

both increases and decreases in receptor density. 

Although there is a risk that for irreversibly behaving tracers, their uptake is 

confounded by blood changes, this was explicitly also demonstrated not the case 

for [
18

F]MK-9470. Possible confounding effects of changes in blood flow on brain 

tracer uptake have been addressed by a challenge study using IV acetazolamide in 

rats on the one hand (unpublished observations), and with a visual activation study 

in healthy volunteers on the other hand, both showing only very minor effects on 

(m)SUV values (128). 
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11. 8 Future perspectives 

As already mentioned in the manuscript and above, several lines of research can be 

proposed to continue investigating the ECS in drug addiction and psychosis. 

Regarding alcohol drinking behaviour and addiction, in alcoholic patients there was 

still no adaptation of the CB1R availability globally a month after abstinence. It 

remains to be elucidated whether alterations in CB1R availability reflect either a 

primary pathology and persists after recovery or if these are reversible adaptations, 

possibly to changes in other neurotransmitter systems. For this state vs. trait 

differentiation, longer and longitudinal follow-up studies in group of patients 

fulfilling criteria of recovery or relapse is necessary to differentiate this. Moreover, 

gender-dependent differences in CB1R availability have been demonstrated in both 

humans and rats. The mechanisms underlying the gender differences in alcohol 

drinking behaviour and alcohol´s effects are poorly understood and may reflect 

gender differences in brain neurochemistry. Further studies should attempt to 

investigate whether acute and chronic alcohol effects might lead to gender-

dependent changes in CB1R availability. Moreover, results on the relationship 

between anxiety levels, craving and alcohol drinking are still ambiguous, neither 

did we measure behavioral aspects of withdrawal in this study. Future experiments 

can be thought of to clarify these crucial aspects in alcohol relapse.  

In chronic cannabis users, although we provided evidence that chronic cannabis 

use downregulates CB1R availability, we did not investigate possible CB1R changes 

after an abstinence period. It would be really interesting measuring by longitudinal 

studies changes in CB1R availability in cannabis users during a long-term 

abstinence period and after a good outcome as well. Additionally, to test the 

hypothesis that lower limbic CB1R availability may reflect the impact of state of 

cannabis tolerance and considering that subjects who occasionally smoke cannabis 

do not develop tolerance to the level that heavy chronic daily smokers do and that 

occasional cannabis users likely differ in term of CB1R downregulation, further 

studies need to address this issue by comparing CB1R availability in heavy, 

moderate and occasional cannabis smoking.  

In patients with schizophrenia, further studies may clarify the mechanism by which 

the abovementioned results are linked to limbic hyperdopaminergic or prefrontal 

hypodopaminergic activity and involvement of the glutamatergic system. In 

particular, they might investigate whether the reported upregulation of CB1Rs in 

the mesocorticolimbic regions in SCZ reflects a primary pathology or a 

compensatory homeostatic adaptation of the ECS to other neurotransmitter 
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imbalances. Association of multitracer studies with markers for the glutamatergic 

systems can lead to further insight (e.g. mGluR2, mGluR5, NMDA) (439-441). 

Finally, despite the proven alterations in CB1R expression associated with 

neuropsychiatric disorders related to dopamine transmission, little is known about 

the in vivo cannabinoid-dopamine interaction and the magnitude and significance 

of possible functional interactions between CB1R and dopamine release capacity 

remain essentially unknown. To the best of our knowledge, we reported for the 

first time preliminary in vivo CB1R-dopamine human studies. It would be of great 

interest to investigate cannabinoid-dopamine interaction in the pathological 

dopaminergic transmission disorders, such as addiction or psychosis, for example 

performing CB1R-D2-dopamine release imaging in animal models of drug addiction 

and schizophrenia.  
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Summary 
 

he endocannabinoid system (ECS) is a widespread neuromodulatory 

system in the brain. The ECS consists mainly of cannabinoid receptors, 

their endogenous ligands (endocannabinoids) of which anandamide and 

2-arachidonoylglycerol (2-AG) are the best characterized examples, and 

transport and degradation proteins. Endocannabinoids are lipids 

synthesized and released ‘on-demand’ in dendrites subjected to membrane 

depolarization. In contrast to classic neurotransmitters, endocannabinoids are not 

stored in vesicles but immediately released after synthesis. They move back to the 

presynaptic nerve terminal where they bind to the type 1 cannabinoid receptor 

(CB1R) and activate it. The CB1R is predominantly presynaptically located and 

distributed in high concentration in the frontal neocortex, especially the anterior 

cingulate and orbitofrontal cortex, in the neostriatum and in the posterior 

cingulate and precuneus. CB1R activation modulates synaptic release of major 

neurotransmitter systems such as glutamate, gamma-aminobutyric acid (GABA), 

and indirectly also dopamine. Modulating activity of the major neurotransmitters, 

CB1R may interact with dopamine neurotransmission in the CNS and this has an 

important influence in various dopamine-related neurobiological processes (e.g. 

control of movement, motivation/reward) and, particularly, on different 

pathologies affecting these processes like drug addiction and psychosis. 

For decades, dopamine has been proposed as the key neurotransmitter in 

mediating drug reward processes and schizophrenia and related-psychoses. On the 

one hand, chronic drug abuse leads to a complex cascade of adaptive 

neurochemical alterations that induce dependence and tolerance, which is related 

to decreased dopaminergic function. However, the exact signaling pathways and 

mechanisms underlying the development of drug dependence and the propensity 

to relapse are still unclear, and the few available pharmacotherapeutic 

interventions developed for the treatment of drug dependence remain 

unsatisfactory. On the other hand, overactivity of mesocorticolimbic dopaminergic 

pathways can result in schizophrenia. Existing antipsychotics, which act mainly on 

dopamine and serotonin receptors, are generally not very effective in treating 

negative symptoms, and additionally a significant portion of patients are refractory 

to all current treatments. For this reason, there is still a demand for new targets 

with potential pharmacotherapeutic application potential.  

Currently, the ECS has been recognized as an important target in the common 

neural networks underlying addictive and psychiatric disorders. In this work, we 

T  
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use positron emission tomography (PET) to study in vivo human cerebral CB1R 

availability and dopamine release using the [
18

F]MK-9470 and [
18

F]fallypride tracers 

respectively. 

In this thesis, we first demonstrate the in vivo central key effector role of the 

CB1R in the common substrate of two of the most frequent forms of addiction in 

humans, alcohol and cannabis. Since the relevant role of the CB1R in the 

pharmacological actions in alcohol drinking behaviour and addiction is mainly 

supported by animal and pharmacological experiments, in Chapter II we 

investigated changes in CB1R availability after chronic alcohol abuse and monitored 

abstinence in alcoholic patients, and after an acute alcohol administration in 

healthy social drinkers. We found that, whereas acute exposure to alcohol is 

related to a (presumably) transient increase in CB1R availability, chronic long-term 

alcohol abuse leads to a significantly decreased CB1R availability that is not 

reversible on the short term as observed after one month of monitored abstinence. 

Subsequently, to further investigate and elucidate how central CB1R availability 

relates to endocannabinoid levels, we evaluated parallel transient changes in the 

levels of CB1R availability and endocannabinoid anandamide (AEA) levels in rats 

subjected to acute and forced chronic ethanol exposure and then abstinence, using 

a combined microPET and microdialysis study (Chapter III). This study provided in 

vivo evidence that acute ethanol consumption is associated with an enhanced 

endocannabinoid signaling in the nucleus accumbens, indicated by an increased 

CB1R availability and AEA content. In addition, chronic ethanol exposure points to 

regional dysfunctions in CB1R levels, incorporating hippocampus and caudate-

putamen that are reversible within two weeks in this animal model. Next, in 

Chapter IV, we demonstrated that also chronic cannabis use downregulates CB1R 

availability in mainly neocortical regions and this interacts with personality traits 

involved in addictive behaviour. 

Secondly, we investigated in vivo CB1R availability in an extensive sample of 

patients with schizophrenia (SCZ), with and without different antipsychotic 

treatments, and in relation to severity of psychotic symptoms (Chapter V). 

Compared to controls, both medicated and antipsychotic-free patients show 

increased CB1R availability, particularly pronounced in the nucleus accumbens, 

cingulate and insular cortex. Moreover the increased CB1R availability was 

negatively associated with negative symptoms and depression in antipsychotic-free 

patients, especially in the nucleus accumbens. The current in vivo data strengthens 

the hypothesis that the ECS is involved in the pathology of SCZ. 

Thirdly, as a stepping stone to study the hypothesis that CB1R expression is 

related to dopaminergic transmission, we developed, applied and optimized an 
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advanced and efficient voxel-based kinetic model (the linearized simplified 

reference region model [LSRRM]) to detect in vivo striatal and extrastriatal 

dopamine release using a single [
18

F]fallypride imaging protocol during non-

pharmacological and pharmacological activation paradigms in human subjects. 

Using the LSSRM, we measured for the first time in vivo extrastriatal endogenous 

dopamine release in healthy humans while they were performing a learning reward 

task and a validated stress task (Chapter VI and Chapter VII). Next, to estimate the 

ability of the LSRRM model to quantitate dopamine release simultaneously in both 

extrastriatal and striatal regions, we analyzed the kinetic characteristics of 

[
18

F]fallypride with variable dopamine stimulus intensity and task timing through 

simulation studies, starting from the experimental observed parameters during a 

monetary reward task (Chapter VI). We found that improvements in the 

experimental design, such as a postponement of task initiation, should increase the 

relative detection sensitivity of striatal dopamine release, and 120-190 min after 

injection are needed to evaluate both extrastriatal and striatal dopamine release. 

In addition, using the LSRRM method and the [
18

F]fallypride imaging protocol 

modified according to simulation studies, we wanted to test the hypothesis that Δ
9
-

THC increases the risk of developing psychotic symptoms by stimulating striatal 

dopamine neurotransmission (Chapter VIII). Our results revealed significant striatal 

dopamine release associated with administration of Δ
9
-THC in both cannabis users 

with psychotic disorder and first-degree relatives, supporting a dopaminergic 

mechanism of cannabis-induced psychosis in individuals already at risk for 

psychosis. 

The last part of the work focuses on the hypothesis of CB1R as in vivo 

functional modulator of dopamine release capacity in healthy subjects 

(normodopaminergic state) after a controlled amphetamine administration 

paradigm (Chapter IX), and in cannabis (psychotic) users (hyperdopaminergic state) 

after Δ
9
-THC administration (Chapter X). In the last chapter, we additionally 

investigated whether CB1R alterations are present in cannabis users with and 

without psychotic illness. Although the latter results are preliminary, these data 

represent the first direct demonstration that CB1R is a determinant of dopamine 

release and they warrant further investigation in dopamine-related transmission 

disorders, such as addiction or psychosis. 

Chapter XI critically summarized the findings of this work and tried to provide 

a coherent interpretation of the overall work, as well as methodological evaluation 

and suggestions for future work. This work provides new insights on the CB1R in 

dopamine-related psychiatric disorders such as drug addiction and psychosis, and it 

may lay the basis for novel potential therapeutic strategies that directly or 
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indirectly target the endocannabinoid pathways to modify the process of drug 

addiction as well as to treat psychotic symptoms. 
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Samenvatting 
 

et endocannabinoïd systeem (ECS) is een wijdverspreid 

neuromodulatorisch systeem in de hersenen. Het ECS bestaat uit 

cannabinoïd receptoren, hun endogene liganden (de 

endocannabinoïden) waarvan anandamide en 2-arachidonoylglycerol 

(2-AG) het best gekarakteriseerd zijn, en transport- en 

afbraakproteïnes. Endocannabinoïden worden ‘op aanvraag’ gesynthetiseerd en 

vrijgezet door dendrieten onderworpen aan membraandepolarisatie. In 

tegenstelling tot de klassieke neurotransmitters worden endocannabinoïden niet 

opgeslagen in vesikels maar na synthese onmiddellijk vrijgezet in de synaptische 

spleet waarna ze zicht terug bewegen naar het presynaptische zenuwuiteinde, 

waar ze binden aan de type 1 cannabinoïd receptor (CB1R) en deze activeren. De 

CB1R komt in hoge concentratie voor in de frontale neocortex, voornamelijk in het 

anterieure cingulum en de orbitofrontale cortex, in het neostriatum en in het 

posterieure cingulum en de precuneus. Activatie van de presynaptische CB1R 

moduleert de synaptische vrijzetting van voorname neurotransmitters, zoals 

glutamaat, gamma-amino boterzuur (GABA), en indirect ook dopamine. Via de 

modulerende activiteit van deze neurotransmitter systemen kan de CB1R ook 

interageren met de dopaminerge neurotransmissie in het centrale zenuwstelsel en 

heeft hij een belangrijke invloed op meerdere dopamine-gerelateerde 

neurobiologische processen, zoals controle van beweging, motivatie en beloning. 

Daarenboven is het ECS ook betrokken bij verscheidene pathologieën die deze 

processen beïnvloeden, zoals drugsverslaving en psychose. 

Dopamine wordt sinds vele jaren voorgesteld als de fundamentele 

neurotransmitter voor het mediëren van processen van beloning na drugs, 

schizofrenie en gerelateerde psychosen. Chronisch drugsgebruik leidt tot een 

complexe cascade van adaptieve neurochemische veranderingen die 

afhankelijkheid en tolerantie induceren, die op hun plaats verbonden zijn aan een 

gedaalde dopaminerge functie. De precieze signaaltransductie cascades en 

mechanismes die de ontwikkeling van afhankelijkheid van drugs en de 

voorbestemdheid tot herval veroorzaken zijn echter nog niet volledig gekend. De 

weinige beschikbare farmacotherapeutische interventies voor de behandeling van 

afhankelijkheid van drugs zijn eveneens ontoereikend. Daarnaast kan overactiviteit 

van de mesocorticolimbische dopaminerge banen leiden tot schizofrenie. 

Bestaande antipsychotica, die voornamelijk inwerken op dopaminerge en 

H  
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serotoninerge receptoren, zijn over het algemeen niet erg effectief in de 

behandeling van de negatieve symptomen van psychose. Daarnaast is een 

belangrijk deel van de patiënten refractair aan alle huidige therapieën. Om deze 

redenen is er een blijvende nood aan nieuwe nieuwe doelwitten met potentiële 

farmacotherapeutische toepassing. 

Op heden wordt het ECS erkend als een belangrijk doelwit in de 

gemeenschappelijke neurale netwerken die onderliggend zijn bij addictieve en 

psychiatrische aandoeningen. In dit werk hebben we positron emissie tomografie 

(PET) gebruikt om in vivo de humane cerebrale CB1R beschikbaarheid en dopamine 

vrijzetting te bestuderen, gebruikmakend van [
18

F]MK-9470 en [
18

F]fallypride als 

tracers. 

Ten eerste tonen we in deze thesis aan dat de CB1R een sleutelrol heeft in 

vivo als gemeenschappelijk substraat in twee van de meest voorkomende vormen 

van verslaving bij de mens: alcohol- en cannabisverslaving. Aangezien de relevante 

rol van de CB1R in de farmacologische acties van het gedrag van 

alcoholconsumptie en alcoholverslaving vooral ondersteund wordt door 

dierproeven en farmacologische experimenten, bestudeerden we in Hoofdstuk II 

de veranderingen in de CB1R beschikbaarheid na chronisch alcoholmisbruik en 

gemonitorde abstinentie bij patiënten met alcoholverslaving en na acute 

toediening van alcohol bij gezonde sociale drinkers. We ontdekten dat, waar acute 

blootstelling aan alcohol gerelateerd is aan een (vermoedelijk) transiënte toename 

van de CB1R beschikbaarheid, langdurig chronisch alcoholmisbruik leidt tot een 

significante daling van de CB1R beschikbaarheid die niet omkeerbaar is na 1 maand 

van gemonitorde abstinentie. Om verder te bestuderen hoe veranderingen in de 

centrale CB1R beschikbaarheid relateren tot niveaus van endocannabinoïden, 

evalueerden we daaropvolgend parallelle transiënte veranderingen in de CB1R 

binding en de concentratie van anandamide (AEA) in ratten die onderworpen 

worden aan acute en geforceerde chronische blootstelling aan alcohol en daarna 

abstinentie, gebruikmakend van microPET en microdialyse (Hoofdstuk III). Deze 

studie leverde in vivo bewijs dat acute ethanolconsumptie geassocieerd is met een 

verhoogde endocannabinoïde signaaltransductie in de nucleus accumbens, 

hetgeen aangetoond werd door een gecombineerde toename van CB1R binding en 

AEA niveau. Daarnaast waren er na chronische blootstelling aan ethanol regionale 

dysfuncties in CB1R levels in de hippocampus en het striatum die omkeerbaar 

waren binnen 2 weken in dit diermodel. Vervolgens toonden we aan (Hoofdstuk 

IV) dat ook chronisch gebruik van cannabis een daling van de CB1R beschikbaarheid 
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veroorzaakt in voornamelijk neocorticale regio’s en dat deze daling interageert met 

persoonlijkheidskernmerken betrokken bij addictie. 

Ten tweede bestudeerden we de CB1R beschikbaarheid in vivo bij een 

uitgebreide groep patiënten met schizofrenie (SCZ), al dan niet behandeld met 

verschillende antipsychotica, en in relatie tot de ernst van hun psychotische 

symptomen (Hoofdstuk V). In vergelijking met gezonde vrijwilligers tonen 

patiënten zowel met als zonder behandeling met antipsychotica een toegenomen 

CB1R beschikbaarheid die in het bijzonder verhoogd was in de nucleus accumbens, 

het cingulum en de insula. De CB1R beschikbaarheid was daarenboven negatief 

gecorreleerd met negatieve symptomen en depressie in patiënten zonder 

antipsychotische therapie en dit vooral in de nucleus accumbens. De huidige in vivo 

data versterken de hypothese dat het ECS betrokken is in de pathologie van SCZ. 

Om de hypothese dat CB1R expressie gerelateerd is aan dopaminerge 

neurotransmissie te kunnen bestuderen, hebben we, ten derde, een geavanceerd 

en efficiënt voxel-gebaseerd kinetisch model (linearized simplified reference region 

model [LSRRM]) ontwikkeld, toegepast en geoptimaliseerd dat ons toelaat om de 

striatale en extrastriatale dopaminevrijzetting in vivo te bepalen, gebruikmakend 

van een eenmalig [
18

F]fallypride beeldvormingsprotocol tijdens niet-

farmacologische en farmacologische activatieparadigma’s bij de mens. Met het 

LSSRM hebben we de in vivo extrastriatale endogene dopaminevrijzetting kunnen 

meten, en dit voor het eerst bij de mens, tijdens een leer-beloningstaak en een 

gevalideerde stress taak (Hoofdstuk VI en Hoofdstuk VII). Om vervolgens het 

vermogen van het LSRRM model om dopaminevrijzetting transmissie simultaan te 

kwantificeren in zowel extrastriatale als striatale regio’s, analyseerden we de 

kinetische karakteristieken van [
18

F]fallypride met variabele intensiteit van de 

dopamine stimulus en taak timing via simulatiestudies, uitgaande van de 

geobserveerde experimentele parameters tijdens de geld-gerelateerde 

beloningstaak (Hoofdstuk VI). Zo vonden we dat verbeteringen in het 

experimentele ontwerp, zoals een uitstel van de taakinitiatie, de relatieve 

detectiegevoeligheid van de striatale dopaminevrijzetting zouden verhogen en dat 

een scanduur van 120-190 minuten na injectie nodig is voor de evaluatie van beide. 

Bijkomend wilden we de hypothese testen dat Δ
9
-THC het risico verhoogt voor de 

ontwikkeling van psychotische symptomen door stimulatie van de striatale 

dopaminerge neurotransmissie. Dit werd getest met het LSRRM model en het 

[
18

F]fallypride beeldvormingsprotocol aangepast volgens de resultaten van de 

simulatiestudies (Hoofdstuk VIII). Er was een significante striatale 

dopaminevrijzetting geassocieerd aan toediening van Δ
9
-THC bij zowel 

cannabisgebruikes met psychotische stoornis en hun eerste-graadsverwanten, wat 
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wijst op een dopamine-gemedieerd mechanisme van cannabis-geïnduceerde 

psychose bij individuen die reeds een verhoogd risico hebben op psychose. 

In het laatste deel van dit werk werd de hypothese bestudeert van de CB1R 

als in vivo functionele modulator van de capaciteit tot dopaminevrijzetting bij 

gezonde vrijwilligers (normodopaminerge status) na gecontrolleerde toediening 

van amphetamine (Hoofdstuk IX) en bij (al dan niet psychotische) 

cannabisgebruikers (hyperdopaminerge status) na toediening van Δ
9
-THC 

(Hoofdstuk X). In dit laatste hoofdstuk onderzochten we tevens of er 

veranderingen in de CB1R beschikbaarheid voorkomen bij cannabisgebruikers met 

en zonde psychotische stoornis. Hoewel deze resultaten nog preliminair zijn, 

vormen deze data het eerste rechtstreekse bewijs dat CB1R bepalend is voor de 

vrijzetting van dopamine en verantwoorden ze verdere studies bij aandoening 

gerelateerd aan een verstoorde dopaminerge transmissie, zoals addictie en 

psychose. 

Hoofdstuk XI vat ten slotte alle bevindingen van dit werk kritisch samen en 

tracht een coherente interpretatie te geven van het volledige werk, naast een 

methodologische evaluatie en suggesties voor toekomstig werk. Dit werk bezorgt 

nieuwe inzichten in de rol van de CB1R bij dopamine-gerelateerde psychiatrische 

aandoeningen, zoals drugsverslaving en psychose en het kan de basis vormen voor 

nieuwe potentiële therapeutische strategieën met het ECS als direct of indirect 

doelwit om zo het proces van drugsverslaving te beïnvloeden alsook om 

psychotische symptomen te behandelen. 
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