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ISABELLE BOILEAU PREFACE

PREFACE

The present dissertation examines the effects of drugs of abuse in
healthy volunteers using positron emission tomography (PET) and the
neuroreceptor ligand [''C]raclopride. I have chosen the option provided in
the “Guidelines for the Thesis Preparation” to present a manuscript
based-dissertation. In compliance with the regulations provided by McGill
Faculty of Graduate Studies and Research, the following text is required to

be sited in full below:

“As an alternative to the traditional thesis format, the dissertation
can consist of a collection of papers of which the student is an author or
co-author. These papers must have a cohesive, unitary character making
them a report of a single program of research. The structure for the

manuscript-based thesis must conform to the following:

Candidates have the option of including, as part of the thesis, the
text of one or more papers submitted, or to be submitted, for publication,
or the clearly-duplicated text (not the reprints) of one or more published
papers. These texts must conform to the "Guidelines for Thesis
Preparation” with respect to font size, line spacing and margin sizes and

must be bound together as an integral part of the thesis. (Reprints of
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ISABELLE BOILEAU PREFACE

published papers can be included in the appendices at the end of the

thesis.)

The thesis must be more than a collection of manuscripts. All
components must be integrated into a cohesive unit with a logical
progression from one chapter to the next. In order to ensure that the thesis
has continuity, connecting texts that provide logical bridges preceding

and following each manuscript are mandatory.

The thesis must conform to all other requirements of the

"Guidelines for Thesis Preparation" in addition to the manuscripts.

As manuscripts for publication are frequently very concise
documents, where appropriate, additional material must be provided
(e.g., in appendices) in sufficient detail to allow a clear and precise
judgment to be made of the importance and originality of the research

reported in the thesis.

In general, when co-authored papers are included in a thesis the
candidate must have made a substantial contribution to all papers
included in the thesis. In addition, the candidate is required to make an

explicit statement in the thesis as to who contributed to such work and to

PAGE 5



ISABELLE BOILEAU PREFACE

what extent. This statement should appear in a single section entitled
"Contributions of Authors" as a preface to the thesis. The supervisor must
attest to the accuracy of this statement at the doctoral oral defense. Since
the task of the examiners is made more difficult in these cases, it is in the
candidate's interest to clearly specify the responsibilities of all the authors

of the co-authored papers.

When previously published copyright material is presented in a
thesis, the candidate must include signed waivers from the publishers and
submit these to the Graduate and Postdoctoral Studies Office with the
final deposition, if not submitted previously. The candidate must also

include signed waivers from any co-authors of unpublished manuscripts.”

This thesis will consist of VII chapters
1. ChapterI

INTRODUCTION I: Dopamine & Drugs of Abuse: Amphetamine &

Alcohol. This chapter will provide an overview of the dopamine
neurotransmission system in mammalian brain, specifically covering
its anatomical organization. The mechanism of drug action

(pharmacology) of addictive drugs (amphetamine and alcohol),

including their similarities and differences will be presented and the
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existing literature regarding the involvement of the dopamine system

in drug and natural reward processes will be briefly reviewed.

2. Chapter II

INTRODUCTION II: Sensitization to psychostimulants. This chapter

reviews the experimental data concerning the phenomenon of
sensitization. Specifically this section provides a brief description of
the defining features of sensitization to amphetamine, which served in

building our model of sensitization in humans.

2. Chapter III

METHODOLOGICAL OVERVIEW: Positron emission tomography &

[*1C]raclopride. Provides a general, introductory, and technically brief
description of the methodological procedures involved using positron
emission tomography research. The focus of this chapter is on the
methods developed to investigate the dopamine system with

[C']raclopride.

3. Chapter IV
RESULTS I: Amphetamine-induced increases in extracellular dopamine,
drug wanting, and novelty seeking: a PET/['1C]raclopride study in healthy

men. This chapter presents results presented in manuscript 1, which
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particularly pertain to the effects of acute amphetamine administration

on dopamine release in the human brain in vivo.

4. Chapter V

RESULTS 1II: Alcohol promotes dopamine release in the human nucleus
accumbens. This chapter presents results presented in manuscript 2,
which particularly pertain to the effects of acute alcohol administration

on dopamine release in the human brain in vivo.

5. Chapter VI

RESULTS III: Modeling Sensitization to Stimulants in Humans: A

["'C]raclopride / PET Study in Healthy Volunteers. This chapter
presents results presented in manuscript 3, which particularly pertain
to the effects of repeated amphetamine administration on dopamine

release in the human brain in vivo.

6. Chapter VII

DISCUSSION: This chapter will briefly discuss the general findings of

the thesis with relation to previous studies and future direction of

research is proposed.
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ISABELLE BOILEAU STATEMENT OF ORIGINALITY

STATEMENT OF ORIGINALITY

The intellectual content of the present thesis, and the research to
which it refers are the product of my own work supervised and assisted
by others (see next section on contribution of authors). Any ideas or
quotations from the work of other people published or otherwise, are fully
acknowledged in accordance with standard referencing practices. Three
(3) distinct papers are included in the present thesis, which have been
published/submitted for publication in refereed scientific journals. The 3
publications included are composed of an abstract, a summary
presentation of the problem, an outline of the goals, a description of the

experimental method as well as result and discussion sections.

1. Leyton M, Boileau |, Benkelfat C, Diksic M, Baker G, Dagher A.
Amphetamine-induced increases in extracellular dopamine, drug wanting,
and novelty seeking: a PET/[''C]raclopride study in healthy men.
Neuropsychopharmacology 2002; 27(6):1027-35.

2. Boileau 1, Assaad JM, Pihl RO, Benkelfat C, Leyton M, Diksic M, et al.
Alcoho! promotes dopamine release in the human nucleus accumbens.
Synapse 2003; 49(4): 226-31.

3. Boileau |, Dagher A, Leyton M, Gunn R, Baker G, Diksic M, Benkelfat C.
Modeling Sensitization to Stimulants in Humans: A ["'C]raclopride / PET
Study in Healthy Volunteers. Archives of General Psychiatry 2006; in

press.
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ISABELLE BOILEAU CONTRIBUTION OF AUTHORS

CONTRIBUTION OF AUTHORS

McGill University requires that in the case where papers in a thesis
have been published an explicit statement be made regarding the

contribution of each author

PUBLICATION 1 describes the effects of amphetamine on the human
dopamine system in vivo using PET and [''C]raclopride. The first author
(M Leyton) contributed equally with the co-author (A Dagher, C
Benkelfat) to the overall concept and design of the study. The first author
(M Leyton) made the initial experiments, which were continued by the
author of the thesis (I Boileau) under the supervision of A Dagher and C
Benkelfat. The analysis of the data, the methodology related to the
computation of the statistical maps, and visualization of the results was
mainly the responsibility of the author of the thesis (I Boileau) under the
supervision of A Dagher and C Benkelfat. For publication, the author of
the thesis (I Boileau) refined the method. The first author has written the
publication the input of the author of the thesis (I Boileau) consisted of

segments of text.

Leyton M, Boileau I, Benkelfat C, Diksic M, Baker G, Dagher A. Amphetamine-induced
increases in extracellular dopamine, drug wanting, and novelty seeking: a

PET/[1C]raclopride study in healthy men. Neuropsychopharmacology 2002; 27(6): 1027-35.
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ISABELLE BOILEAU CONTRIBUTION OF AUTHORS

PUBLICATION 2 describes the effects of alcohol on the human dopamine
system in vivo using PET and [''Clraclopride. The work for this
publication was a joint effort between the departments of Psychology and
Neurology, Neurosurgery and Psychiatry. During a first testing time, the
department of Psychology (JM Assaad, RO Pihl, R Tremblay) tested a
group of subjects drawn from a large cohort of low socio-economic male
francophone (R Tremblay) twice in an alcohol protocol where
physiological responses to alcohol consumption were measured. This
preliminary study enabled to recruit subjects for the PET / ["'C]raclopride
experiments based on heart rate reactivity to alcohol. All co-authors
participated equally in the conception and design of the overall study as
well as in drafting and providing critical revision of the manuscript. The
acquisition, analysis and interpretation of the data were mainly the
responsibility of the author of the thesis (I Boileau) under the supervision

of A Dagher and C Benkelfat. The first author has written the publication.

Boileau I, Assaad JM, Pihl RO, Benkelfat C, Leyton M, Diksic M, Tremblay R, Dagher A.

Alcohol promotes dopamine release in the human nucleus accumbens. Synapse 2003;

49(4): 226-31

PUBLICATION 3 describes the effects of repeated amphetamine on the
human dopamine system in vivo using PET and ['C]raclopride. All co-
authors participated equally with the author of the thesis, in the

conception and design of the overall study. The acquisition, analysis and
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ISABELLE BOILEAU CONTRIBUTION OF AUTHORS

interpretation of the data were mainly the responsibility of the author of
the thesis (I Boileau) under the supervision of A Dagher and C Benkelfat.
The first author has written the publication although all co-authors

participated in drafting and providing critical revision of the manuscript.

Boileau I, Dagher A, Leyton M, Gunn R, Baker G, Diksic M, Benkelfat C. Modeling
Sensitization to Stimulants in Humans: A [YClraclopride / PET Study in Healthy

Volunteers. Archives of General Psychiatry 2006; in press.
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ABBREVIATIONS
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3D
ADHD
AMPT
BDNF
BGO
Bmax

BP
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C2

Cs
CAM-KII
cAMP
Cdk5
CREB
CS

DA
DAT
D1

D23
DOPA
DOPAC
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DP
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Cyclin-dependent kinase-5
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Dopamine transporter
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Field of View
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Gamma-aminobutyric acid
Glucocorticoids

External globus pallidus

Internal globus pallidus

G-protein coupled receptors
Guanine-nucleotide binding protein
Geometric transfer method
Hypothalamus-pituitary-adrenal stress axis
(5)-(-)-3-iodo-2-hydroxy-6-methoxy-N-(1-ethyl-2-
pyrrolidinyl) methylbenzamide
Immediate early genes

Inhibitory post-synaptic potential
Unidirectional blood-brain clearance (mL g-1 min-1)
Brain-blood diffusion rate constant; min-1
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MD
MRI
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STN
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Association rate constant; min-1
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Knock-out

Rate of dissociation
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L-dihydroxyphenylalanine
Long-term potentiation
Mitogen-activated protein kinase
Mediodorsal thalamus

Magnetic resonance imaging
Nucleus accumbens septi
N-methyl-D-aspartate
N-methylspiperone
N-propyl-norapomorphine
Novelty-seeking

Orbitofrontal cortex

Posterior dorsal putamen
propyl-hexahydronaphtho-oxazin
Positron emission tomography
Prefrontal cortex
Pedoculopontine nucleus

Partial volume correction

Partial volume effect

Substantia nigra pars compacta
Substantia nigra pars reticulata
Simplified reference tissue model
Subthalamic nucleus

Tridimensional personality questionnaire

Unconditioned stimuli
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LIST OF FIGURES & TABLES

CHAPTER 1
Table 1 Pharmacology of drugs of abuse (source, NIDA)

Figure 1 Receptor subtype distribution in the human brain.

Figure 2 Schematic of the human (top) and rat brain (bottom)
illustrating main dopaminergic projections from VTA cell group A10
(mesolimbic and mesocortical projections) and from SNc cell group A9
(nigrostriatal projections).

Figure 3 The tripartite anatomofunctional subdivisions of the
striatum (sensorimotor, associative and limbic striata) based on the
pattern of projections received from motor, limbic, and association
cortices.

Figure 4 Schematic of the dopamine synapse illustrating the sites of
action of amphetamine. 1) Amphetamine acts directly on the vesicular
monoamine carriers by a weak base mechanism to exacerbate vesicle
depletion. 2) Amphetamine facilitated outward exchange diffusion and
triggers channel-like dopamine release (10,000 molecules per few
milliseconds) through the pore of the Na* / Cl- -dependent plasma
membrane protein dopamine transporter. 3) Amphetamine is a substrate
for the dopamine transporter, where it acts to prevent re-uptake.

CHAPTER I

Figure 1 Locomotor-activating effects of a challenge dose of
amphetamine (0.5 mg/kg), measured in hemi-parkinsonian rats, 3 (empty
squares), 7 (empty triangles), or 28 days after discontinuation from either
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28 days of withdrawal were hypersensitive (sensitized) to the challenge
dose of amphetamine (Paulson and Robinson 1995)

Figure 2 Box-and-arrow diagram, representing connections between
sub-nuclei of the basal ganglia, limbic system, cerebral cortex and the
thalamus. The primary neurotransmitter content and the major projections
are represented by the colored arrows: blue, GABA; red, glutamate; green,
dopamine. The changes in neurotransmission associated with the
expression of behavioral sensitization are represented by the bold lines:
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decreases in neurotransmission. GPe, external globus pallidus; GPj,
internal globus pallidus; SNc, substantia nigra pars compacta; SNr
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Figure 3 Course of Schizophrenia. Symptom worsening is
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Table 1 List of clinically available ligands for dopamine receptors.
Table 2 Characteristics of raclopride and dopamine as ligands for

dopamine receptors.

Table 3 Changes in [!!CJraclopride binding potential induced by
challenges interfering with dopamine transmission in humans.

Figure 1 Schematic  representation of a Positron Emission
Tomography scan showing the annihilation event from which gamma
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concentration, up-take, transport and clearance in brain tissue. C; blood
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specifically bound ligand; Cs specifically-bound.

Figure 3 From left to right, PET / MRI registration) T1-weighted MRI
linearly fitted to stereotaxic space (Talairach) using a standard brain
template (MRITOTAL; MNI 305 average brain) and aligned with a single
[M1C]raclopride PET image of which the 26-frame data (60 minutes line
graph ) has been collapsed into a single frame (MRITOPET using AIR
algorithm; Collins et al.,, 1994). MRI segmentation) T1-weighted MRI in
Talairach space is corrected for intensity non-uniformity and classified
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Figure 2 Statistically generated t-map of d-amphetamine-induced
changes in [!!C]Jraclopride binding potential superimposed on average
MRI. Right side on right.

Figure 3 Correlations between d-amphetamine-induced increases in
extracellular dopamine and Novelty Seeking and the Novelty Seeking
subscale, Exploratory-Excitability. [!!C]Raclopride BP values were
extracted from two regions, the manually drawn region of interest in
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CHAPTER V
Figure 1 Statistical t-map of the change in ['C]raclopride BP induced
by an acute oral dose of alcohol (1 ml/kg) in healthy volunteers (n=6).

Color clusters superimposed on the average MRI from all subjects depict a
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Figure 2 Study design. The vertical arrows indicate the time points of
blood sampling, subjective mood assessments, and physiological
measurements.

Figure 3 Mean [1'C] raclopride BP in the alcohol and control (orange
juice) conditions. The data are extracted from manually drawn ROI on
each subject's MRI. Bonferroni corrected pairwise comparisons;
Differences between alcohol and control, p<0.001. Error bars represent the
standard error of the mean.
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Table 1 Experimental design. PET* no-drug control scan
performed in a counterbalanced order, either before (day 0, n=5) or after
(day 22, n=b) the sensitization regimen. PET: amphetamine PET scan.
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physiological data were gathered at 15-minute intervals. Sham: Subjects
received amphetamine one hour prior to being positioned on the PET
couch; these sessions included all aspects of the PET procedure except
tracer injection.

Figure 1 Behavioral effects of amphetamine. POMS scores (peak
change from baseline; mean + SEM) recorded during the drug-free control
condition and after 0.3 mg/Kg of oral amphetamine (doses 1, 4 and 5). (*)
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Figure 2 Eye-blink rate (blinks per minute change from baseline; A
max + SEM) during control and acute d-amphetamine conditions (doses 1,
4 and 5). (*) Significantly increased compared to dose 1.

Figure 3 t-Statistical maps of ['C]raclopride BP change illustrating a
decrease of [1C]raclopride BP following dose 1 (A), dose 4 (B) and dose 5
(C) amphetamine administrations (0.3 mg/kg p.o.), relative to the drug-
free control condition (x: 28; y:2; z: 0). (D) General linear model with dose
as a regressor illustrating the progressive decrease in [!C]raclopride BP as
a factor of repeated amphetamine doses (x: 9; y:7; z: -6). Colored t-maps
are overlaid on an average T1 MRI of all participants.

Figure 4 (A) Mean (and SEM) [!CJraclopride BP in three sub-
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amphetamine (dose 4) (n = 10), and (B) at one-year follow-up (n=7). VS:
ventral limbic striatum; DC: associative pre-commissural dorsal caudate;
PDP: post-commissural dorsal putamen. (*) Significantly different from
dose 1 (p<0.05), (1) significantly different from dose 4 (p<0.05).

Figure 5 Relationship between novelty seeking personality and
sensitization. A) Scatter plots and B) voxel-wise regression maps
illustrating the relationship between Novelty Seeking personality trait and
sensitization-induced changes in [11C]Jraclopride BP (% decreases from
dose 1) measured during amphetamine doses 4 (x=13, y=15, z=7) and 5
(x=11, y=15, z=15)

CHAPTER VII

Figure 1 Schematic of the internalization of receptors. Loss of surface
receptor number through endocytosis which occurs secondary to agonist
treatment is a mechanism believed to explain changes in ["C]raclopride
binding.

Figure 2 Two-state model of Dy3 receptors affinity illustrating that
D2/3 receptors are divided into two states for agonists (high affinity and
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Under baseline conditions (prior to the challenge), 10% of the sites are
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from (Laruelle, 2000).
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subcircuits which provides a hypothetical model for the preferential effect
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Figure 4 a) Scatter plots and b) voxel-wise regression maps
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changes in ['C]raclopride relative to a control condition (no-pill). In this
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amphetamine was substituted for a placebo pill.

Figure 6 PET ["“Clraclopride measurements of dopamine D?/3
receptor availability obtained in detoxified cocaine users and healthy
control. The reduction in signal in (BP) in cocaine users is presumed to
represent a reduced number of Dy/3 receptors. Adapted from (Volkow,
Fowler et al. 2004).

Figure 7 Scatter plots illustrating the relationship between
exploratory-extraversion  personality (NS1) and [WCJraclopride
measurement of baseline D3 receptor density in a the right ventral
striatum (rVS).
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ABSTRACT

Radioligand to receptor binding assessed with Positron Emission
Tomography (PET) can be used to investigate dopamine (DA)
concentration in vivo. The present dissertation focuses on the use of the
PET DA D3 receptor ligand ["'C]raclopride to study DA release following

the administration of drugs of abuse: amphetamine and alcohol.

A number of experimental animal paradigms have indicated that
DA transmission is generally potently engaged by the acute
administration of addictive drugs (Di Chiara and Imperato 1988; Weiss,
Markou et al. 1992), deficient during drug withdrawal (Markou and Koob
1991; Schulteis, Markou et al. 1995; Epping-Jordan, Watkins et al. 1998)
and facilitated or sensitized when drug use is reinstated after repetitive
exposure (Kalivas 1993; Pierce and Kalivas 1997). Despite the abundance
of data establishing the role of mesolimbic DA in the acute reinforcing
effects of drugs the exact nature of DA’s contribution to reward or

addiction is still a subject of debate.

Studies 1 and II present direct evidence in humans that
amphetamine and alcohol promote DA release (decreased [1C]raclopride

binding) preferentially in the limbic striatum when given acutely by

PAGE 21



ISABELLE BOILEAU ABSTRACT

mouth. Changes in binding correlated with self-reported drug-wanting and
heart rate but not with drug liking or euphoria and were positively related
to the personality trait of novelty seeking a known vulnerability factor in

alcohol and drug dependence (Howard, Kivlahan et al. 1997).

Study III is primarily concerned with alterations in psychological
function and in brain response (DA release) resulting from repeated drug
exposure. In healthy human subjects, re-exposure to amphetamine 14 and
365 days after 3 repeated doses had greater psychomotor effects and a
concomitant reduction of [!!C]raclopride binding compared to an initial
dose. This result is interpreted as sensitization. We found that trait novelty
seeking was a predictor of subsequent drug-induced DA release and of

neurochemical sensitization.

Together our studies indicated that drugs abused by humans
increase DA release in the striatum, and when given repeatedly their
administration may lead to sensitization, expressed in the form of
persistent changes in brain DA neurochemistry. Acute and sensitized DA
responses were related to trait novelty seeking and to the psychomotor
effects of drugs but not to its pleasurable effects; however enjoyment of
the drug-experience seems to alter DA response at subsequent drug-use.

The model provides a framework for analyzing the neurochemical
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alterations associated with repeated drug-use and also provides useful
information regarding the development and triggering of chronic

relapsing disorders such as drug addiction and psychosis.
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RESUME

La tomography par émission de positons (TEP) et le radioligand
["*C]raclopride permettent de mesurer les propriétés des récepteurs
centraux de la dopamine (DA). De cette facon, l'union compétitive entre ce
radioligand et la DA endogéne sert a évaluer in vivo, dans l'espace
synaptique, les variations de concentration de la DA secondaire a une
intervention pharmacologique ou suite a une tdche mentale (cognitive). La
présente dissertation est principalement centrée sur l'investigation de la
libration de DA suite a 'administration aigue et a la prise répétée de

drogues d’abus.

Un ensemble de données de la neurobiologie ont permis de montrer
que la transmission de la DA est amplifiée par les drogues qui déclenchent
une dépendance chez 1'homme (Di Chiara and Imperato 1988; Weiss,
Markou et al. 1992) et que celle-ci est déficiente, apres l'arrét de la
consommation, pendant la période de sevrage (Markou and Koob 1991;
Schulteis, Markou et Al. 1995; Epping-Jordan, Watkins et Al 1998). De
plus, la re-administration de ces substances résulte en une augmentation
progressive de la réponse dopaminergique communément appelé
sensibilisation (Kalivas 1993; Pierce and Kalivas 1997). En dépit du grand

nombre de données corroborant le réle crucial de la DA mesolimbique
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dans le renforcement positif et ’addiction aux drogues, la nature exacte de

ce r6le n’a pas encore été entierement élucidée.

Les études 1 et 2 de cette dissertation présentent des évidences
directes chez I'humain démontrant que l’administration aigue
d ‘amphétamine et d’alcool entraine une augmentation transitoire de DA
dans le striatum limbique. Cette  augmentation  (déplacement du
radioligand) est corrélée au désir pour la drogue (drug-wanting) et a
I'augmentation du rythme cardiaque, et non a la réponse aux propriétés
euphorisantes de la drogue (drug liking / euphoria). Aussi 'augmentation
de DA est corrélée & un trait de personnalité marqué par la recherche de
nouveauté (novelty seeking). Ce trait a été associé au développement des

addictions (Howard, Kivlahan et al. 1997).

Etude 3 de cette dissertation est principalement centrée sur la
réponse a un régime répétée d’amphétamines. Chez le sujet sain, la re-
administration d’amphétamine 14 et 365 jours aprées 3 doses
d’amphétamine, augmente lactivité psychomotrice et le taux de
déplacement du ['C]raclopride dans le striatum. Ce résultat suggere une
sensibilisation aux effets des amphétamines. Aussi le trait de personnalité

novelty-seeking prédit I'apparition de la sensibilisation.
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Nos données suggerent que "administration de drogues d’abus
augmente la DA dans le striatum. Avec une administration répétée, 'effet
des amphétamines se traduit en sensibilisation psychomotrice et
dopaminergique. La réponse aux amphétamines, en aigue et apres
sensibilisation est corrélée au trait de personnalité novelty seeking et aux
effets psychomoteurs de la drogue et non au plaisir associé a la
consommation aigue. Par contre, ce dernier modifie la réponse
dopaminergique au cours d’administrations subséquentes. Ce model
représente un paradigme par lequel nous pouvons étudier le

développement des addictions.
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1.0. OVERVIEW

Since it has been postulated as a chemical neurotransmitter (Von Euler and
Lishajko 1957; Carlsson, Lindqvist et al. 1958), dopamine (DA)’s role in

brain and peripheral functions has been extensively studied. Perturbation of DA
neurotransmission can result in profound neurological, psychiatric, or
physiological signs and symptoms. Therapeutic modulation of DA receptor
function provides the most efficacious therapy for many disorders, including
schizophrenia and Parkinson’s disease. DA research spans nearly a half-century,
spurred by the discovery of chlorpromazine in the early 1950’s (Delay, Deniker et
al. 1952; Carlsson and Lindqvist 1963). DA continues to be of great interest in
present day research, and remains a critical component in the therapy of many of
the most serious psychiatric and neurological disorders. In this regard, positron
emission tomography (PET; see chapter 3) has lead to a renewal of interest on the
nature and involvement of DA neurotransmission in number of functions, in
particular, in reward processing, in drug-reinforcement and in disorders such as

addiction and psychosis.

The DA system is a major target of drugs of abuse and it is considered to
convey the affect-related effects of pharmacologically distinct drug classes.
Although drugs produce their in vivo effects on DA nerve terminals primarily

via different mechanisms, the resulting increase in synaptic levels of DA may
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ultimately result in the same regulatory changes, which might make way to the
complex signs of addiction (craving, sensitization). After describing anatomical
aspects of the dopaminergic system, this chapter will briefly review the
involvement of this neurotransmitter system in natural and drug reward
processing and focus on the mechanism of action of addictive drugs investigated
in this thesis (amphetamine and alcohol). A brief description of theories of

addiction will be provided.

1.1. OVERVIEW OF THE DOPAMINE SYSTEM

1.1.1 THE NEUROTRANSMITTER DOPAMINE

DA is classified chemically as a catecholamine. DA synthesis occurs in
both the cytosol as well as in the presynaptic terminals of DA neurons though a
two-step biosynthetic pathway. The first step is hydroxylation of the essential
amino acid tyrosine, catalyzed by the enzyme tyrosine hydroxylase. Tyrosine is
converted to L-dihydroxyphenylalanine (L-dopa) by the enzyme tyrosine
hydroxylase, a reaction that also requires the tyrosine hydroxylase cofactor 6-
tetrahydrobiopterin. This slower step is generally considered to be rate limiting
for DA synthesis. The second step is the conversion of L-dopa to DA via the
enzymatic action of aromatic amino acid decarboxylase. DA is sequestered into

storage vesicles by vesicular monoamine transporter II (Liu, Peter et al. 1992).
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Pulse-evoked DA release in the synaptic cleft diffuses in the extracellular space;
the clearance rate, and thus the extracellular lifetime of DA is regulated by
transporters located in the plasma membrane via a Na*/Cl- dependent process
(Kuhar, Vaughan et al. 1998; Cragg and Rice 2004). Alternately DA in the
extracellular space can be catabolized by monoamine oxidase (to 3,4,-
dihydroxyphenylacetic acid) or catechol-O-methyltransferase (to  3-
methoxytyramine). These enzymes are major mechanisms for inactivation of
catecholamines. Action by both enzymes results in the formation of homovanillic

acid (3-methoxy-4-hydroxy-phenylacetic acid).

1.1.2 DOPAMINE RECEPTORS

The diverse physiological actions of the neurotransmitter DA are
mediated by the products of five genes, which are seven transmembrane G
protein-coupled DA receptors (Missale, Nash et al. 1998). The receptors are
categorized into two families, Di-like and D»-like, according to their ability to
increase or inhibit the activity of the enzyme adenylcyclase, which generates the
intracellular second messenger cyclic AMP (cAMP) (Kebabian and Greengard
1971). The D»-like family receptors (D2, D3, and Ds) originate from three genes.
They are prototypic G protein-coupled receptors, primarily coupled to Gi / Go

proteins, they inhibit adenylate cyclase, activate K* channels and they have both
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hetero and auto receptor functions. Alternative splicing gives rise to variants of
D2 and Dj; receptors in certain tissues. D2 receptors can be subject to post-
transcriptional processing, such that the final product can be expressed in a
complete form (D2-long), or after cleavage, in a short form (D2-short)
(Guiramand, Montmayeur et al. 1995). The Di-like family (D1 or D1a and Ds or
Dsg) comes from intron-less genes (albeit Ds pseudogenes exist), and the
receptors generally couple to GOLF and Gs protein to activate adenylate cyclase.
1998). G-protein-coupled DA receptors, can occur in different conformations
states that express different affinities for DA and other agonists. The high-affinity
sites (D2 high sites) are G-protein-coupled, whereas the low-affinity sites (D2low
sites) are those uncoupled with G-proteins. DA receptors can convert between
states with high or a low affinity for agonists, while retaining the same affinity
for antagonists (Sibley, Leff et al. 1982). It has been proposed that receptor
affinity might explain why PET competition studies with radiolabeled
antagonists such as [11C]Jraclopride have been unable to show a reduction in
radiotracer binding greater than 40% ie.: a ceiling effect (Laruelle 2000).
Specifically, whereas the antagonist [1!C]raclopride can bind to receptors in both
high and low affinity states, DA bind selectively to the high affinity receptors;
therefore due to the fact that some proportion of the binding sites are entirely
insensitive to DA, complete displacement of antagonist radioligands by DA
cannot be detected in vivo (Hwang, Narendran et al. 2004; Narendran, Hwang et

al. 2004).
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Receptor localization in the central nervous system also differentiates one
receptor subtype from another (Figure 1). The expression territories of the D1
receptor subtype spread over telencephalic area, localized to many, but not all,
brain regions receiving dopaminergic innervation. The highest amount of D
receptor mRNA has been found in the caudate-putamen, the olfactory tubercle,
the piriform and entorhinal cortices and in limbic related regions including,
nucleus accumbens, amygdala, medial prefrontal, infralimbic, prelimbic, anterior
cingulate and in the insula. D; receptors in substantia nigra pars compacta or
pars reticulata are present but sparsely distributed on non-DA containing cells
(interneurons) and on afferent nerve terminals from other brain regions
(Mansour, Meador-Woodruff et al. 1991). D2 receptor mRNAs in the rat brain, as
determined by in situ hybridization, has been found in DA containing neurons
(as auto receptors) and in all associated projection areas: subsantia nigra, VTA,
caudate, putamen, globus pallidus, nucleus accumbens, prefrontal cortex,
cingulate cortex, entorhinal cortex, piriform cortex, septum, amygdala, zona
incerta, hypothalalamus, olfactory bulb (Meador-Woodruff, Mansour et al. 1991).
Within the D> -like receptor class, the D2 receptor is the most highly expressed.
The Dy type overlaps with the D> type however with a more moderate level of
expression in the nucleus accumbens and caudate-putamen (Rivera, Cuellar et al.
2002), whereas the D3 type is found in a more restricted manner, in areas of lower

D2 concentration such as the island of Calleja, the nucleus accumbens and the
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bed nucleus of stria terminalis (Bouthenet, Souil et al. 1991; Sokoloff, Giros et al.

1992).
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Figure 1 Receptor subtype distribution in the human brain.

1.1.3. ANATOMICAL ORGANIZATION
1.1.8.1. THE MESENCEPHALON DOPAMINE CELLS

Central nervous system DA neurons are for the most part gathered as a
single continuous group of cells in the midbrain. In both rodents and primates
(Figure 2) these mesencephalic DA cells have been compartmentally 6rgam’zed

into three distinct cytoarchitectonic subdivisions: the A8 cell group roughly
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corresponds to the reticulata retrorubral area; the A9 cells (the nigrostriatal
dopaminergic system) are primarily gathered within the SNc with some cells
found in the substantia nigra pars reticulata (SNr) and the A10 cell group (the
mesolimbic and mesocortical dopaminergic systems) lies medial to the SNc in the
VTA (Dahlstrom and Fuxe 1964). Retrograde tracing techniques have enabled
neuroanatomists to identify the output topography of these cells, thus leading to
their delineation into a dorsal and a ventral tier. The dorsal (and mediodorsal)
part of the VT A and SNc(A 10) represents the dorsal tier (calcium-binding protein
or calbindin-positive cells) and topographically innervates the ventrally located
structures of the limbic striatum (matrix compartment) including the nucleus
accumbens (NAS) (shell), septum, olfactory tubercle, piriform cortex and
amygdala as well as the medial prefrontal, cingulate, perirhinal, and entorhinal
cortices, whereas the ventral part of the VTA and SNc (A 9) composes the ventral
tier (calbindin-negative cells) which primarily directs axons to the more dorsal
neostriatum (lateral SNc to motor striatum and medial SNC and VTA to
associative striatum; patch compartment) (Gerfen, Baimbridge et al. 1987).
However, some neurons occupying the medial densocellular zone of the ventral
tier have been recognized to have projections to the ventral striatum. The A8 cell
group or retrorubral field innervates all striatal sub-coinpartments (for review
see Fallon and Laughlin 1995). 85% of the VTA NAS projections contain DA

(Swanson 1982). The non-dopaminergic part of the projection from the VTA to
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the NAS and striatum is GABAergic and appears to terminate on cholinergic

interneurons which in turn input to medium-size spiny neurons.

PREFRONTAL CORTEX
STRIATUM

NUCLEUS
ACCUMBENS

AMYGDALA
SNC A9 NIGROSTRIATAL]

A10: MESOLIMBIC
7/ MESOCORTICAL.

OLFACTORY TUBERCLE '

Figure 2 Schematic of the human (top) and rat brain (bottom) illustrating
main dopaminergic projections from VTA cell group A10 (mesolimbic and
mesocortical projections) and from SNc cell group A9 (nigrostriatal projections).

1.1.3.2. THE CORPUS STRIATUM

The striatum is a nuclear complex within the basal ganglia and a major
recipient of DA input. Understanding the organization of the connections

between the DA mesencephalic cells and the striatum is essential for unraveling
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the role of DA in normal and pathological states such as schizophrenia, drug
abuse and Parkinson’s disease. The striatum is divided into three components. It
includes the caudate nucleus, the putamen and the globus pallidus. The caudate
and putamen together comprise the neostriatum which has a stripy appearance
due to bands of white matter and is sometimes simply abbreviated dorsal striatum
(Figure 3). The ventral (limbic) striatum (rostroventral caudate / putamen and
nucleus accumbens) together with the ventral part of the pallidum (globus
pallidus ventral to the anterior commissure) are recognized as forming part of a
functional circuit distinct from the dorsal striatum. This classification is based on
inputs received from the amygdala and cortical areas mediating emotion and

motivation (cingulate, orbital, and superior temporal cortices) (Haber and

McFarland 1999).

Neo(dorsal)Striatum
Caudate nucleus
Associative striatum

Putamen
Sensorimotor striatum

Ventral striatum

nucleus accumbens
Limbic striatum

Figure 3 The tripartite anatomofunctional subdivisions of the striatum
(sensorimotor, associative and limbic striata) based on the pattern of projections
received from motor, limbic, and association cortices.
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Most (90%) of the neurons composing the striatum have spiny dendrites
and have a receptive/outflow (projection) function. They contain the inhibitory
neurotransmitter gamma-aminobutyric acid (GABA). Other neurons have
dendrites that lack spines and serve an associative or interneuronal function.
They use the transmitter acetylcholine (Ach) and are excitatory. All neurons also
contain various neuropeptides (enkephalin, substance P, neuropeptide Y) that

are co-released with the neurotransmitters.

1.1.3.3. STRIATAL CONNECTIONS

Afferent connections to the striatum form the basis for its function. The
major source of input to the striatum emerges from the cortex, particularly the
frontal lobes projections (minor projections also arise from the intralaminar
nuclei of the thalamus and from the pedoculopontine nucleus). Projections from
the cortex to the striatum are excitatory, mediated by the neurotransmitter
glutamate. The primary motor, premotor, supplementary motor and
somatosensory areas of cortex project mainly to the putamen whereas the
association cortex of the prefrontal and parietal lobes project to the caudate
preferentially. These pathways contribute to control of rhovement speed and
posture as well as to regulation and the organization of higher motor behavior

and cognitive processes. The ventral striatum including the nucleus accumbens
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receives input from areas that do not project to the dorsal striatum (motor and
sensory areas of the frontal and parietal lobes), notably temporal cortex including
the hippocampal formation, limbic, and orbitofrontal cortical areas as well as the
basolateral amygdala (Figure 3). Its location at the interface of descending limbic
projections from the amygdala, the hippocampus and the prefrontal cortex and
of ascending DA fibers arising from the midbrain confers an important role for
this region in integrating emotional (limbic) and motor information (“limbic-
motor interface”). The striatum receives important dopaminergic (Figure 2)
afferent projections from the SNC. The nigrostriatal tract are involved in the fine-
tuning of movement. The breakdown of neurons in this pathway is associated
with the tremors, rigidity, and slowness of movement characteristic of

Parkinson's disease.

The major outflow from the striatum originates from the globus pallidus
internal segment (GPi). Efferents from the GPi use GABA as a transmitter and
are inhibitory and project to specific thalamic nuclei, which in turn outputs on
and probably excite the primary motor, premotor and supplementary motor
areas of the frontal lobe cortex. Conversely, the ventral striatum conveys
information to the cingulate, orbitofrontal and prefrontal cortex and to the
ventral tegmental area of the brainstem via projections through the ventral

pallidum to dorsomedial and ventral anterior nuclei of the thalamus.
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1.2. WHAT IS THE ROLE OF DOPAMINE?

1.2.1. DOPAMINE AND REWARD MOTIVATED BEHAVIOR

Olds and Milner incidental finding that in rats, electrical stimulation of
DA fibers (medial forebrain bundle extending from the lateral hypothalamus to
the VTA) reinforce arbitrary selected operant responses despite the absence of
biological needs (Olds and Milner 1954). This finding has lead to the suggestion
that meso-corticolimbic DA is a center for appetitive motivation and reward
processes. Elucidating the role of DA in reward can provide insight into a
number of psychopathologies, including depression, drug addiction, obsessive-
compulsive and eating disorders. Presently, several lines of evidence from
electrophysiological, microdialysis, or voltammetric studies in animals and
recently PET studies in humans support the involvement of DA in a wide variety
of adaptive (appetitive) behavioral actions including goal-directed locomotor
activity, feeding (Mark, Smith et al. 1994; Kiyatkin 1995; Richardson and Gratton
1996, Small, Jones-Gotman et al. 2003), drinking (Young, Joseph et al. 1992),
sexual (Pfaus, Damsma et al. 1995) and maternal behaviors (Stern and Lonstein
2001; Silva, Bernardi et al. 2003) as well as non-adaptive behaviors such as drug
reinforcement (Di Chiara and Imperato 1988) (see 1.2), and brain-stimulation
reward (Yokel and Wise 1976). However, precisely what role DA plays in sensing
and responding to reward, both natural and drug-related, is still a matter of

investigation (Berridge and Robinson 1998).
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Wise initially introduced the anhedonia hypothesis to explain the reduction
of reward-directed actions after pharmacological blockade of DA receptors (Wise
and Bozarth 1982). Today, the idea that DA carries the pleasure or hedonic signal
associated with reward has been replaced by views suggesting an anticipatory,
attentional, learning, appetitive role for DA (i.e.: approach behavior as opposed
to the consummatory behavior). In this regard, a series of recording studies in
higher non-human primates (Schultz 1998) revealed that DA neurons within
both the ventral tegmental area (VTA) and substantia nigra pars compacta (SNc)
respond with burst firing to unexpected primary rewards (drops of juice) and to
stimuli predictive of reward but not to primary rewards whose delivery is
expected, due to being signaled by prior cues (Mirenowicz and Schultz 1994).
These findings form the basis of the prediction error theory. This theory suggests
that activity changes in DA neurons encode an error in the prediction of the time
and amount of immediate and future rewards - thus contributing to learning
(Schultz 1998). Increased dopaminergic activity is hypothesized to indicate that
immediate or future reward is expected, while decreased dopaminergic activity
signals the converse (Montague, Dayan et al. 1996). This formulation has been
refined in a number of influential computational models (such as the temporal
difference learning algorithm) believed to correspond to DA neurotransmission
(Sutton and Barto 1981; Egelman, Person et al. 1998; Schultz 1998; McClure, Daw

et al. 2003; Montague, Hyman et al. 2004).
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In their formulation of the incentive salience hypothesis of dopaminergic
function, Robinson and Berridge have proposed that DA release assigns
incentive, or motivational, value (salience) to otherwise neutral objects or
behavioral acts. In other words their hypothesis suggests that DA mediates the
motivational rather than affective component of reward, i.e.: the wanting but not
the liking (Robinson and Berridge 1993). In line with this, blockade of DA
receptor function has been shown to inhibit the ability to use actions aimed at
acquiring rewards, ie. instrumental responding to drug-associated cues,
without influencing the behavioral measures of affective reactions to rewards
(Robinson and Berridge 1993; Salamone, Cousins et al. 1997; Ikemoto and
Panksepp 1999; Wyvell and Berridge 2001; Salamone, Correa et al. 2003). The
latter has been proposed to involve opioid neurotransmission onto GABAergic
spiny neurons within the shell region of the nucleus accumbens, since
microinjections of opioid agonists into this region increase affective or hedonic
facial responses to rewarding food (highly palatable sugars and fats) (Kelley,

Bakshi et al. 2002).

1.2.2. SELF-ADMINISTERED DRUGS

Experimental disruption of DA transmission by discrete lesions and local

intracerebral infusion of DA antagonists (especially in the shell region of the
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nucleus accumbens) reduces approach towards biologically meaningful - and
rewarding - stimuli or events. The general hypothesis that DA is involved in
some aspect of reward and reinforcement has also built on the fact that a number
of addictive drugs (e.g. amphetamine, alcohol, cocaine, morphine) seem to exert
their primary action on the DA system through some combination of promoting
release, preventing the transmitter’s reuptake or mimicking its action in the brain
(Di Chiara and Imperato 1988; Koob 1992). There is an overwhelming amount of
data supporting the involvement of DA in psychostimulant reinforcement (Koob,
Sanna et al. 1998). DA receptor blockers given during pairing of the drug with a
specific environment impair conditioned place-preference, elicit an extinction-
like increase of responding in trained animals and prevent acquisition of
instrumental responding in untrained animals (Di Chiara 1995). The knock-out
(KO) mice technology, although limited by a number of caveats (i.e.: phenotypic
alterations due to adaptive changes) as also reinforced existing hypothesis
regarding the role of DA in drug-induced reward and reward-related behaviors.
Consistent with the effects of DA antagonist treatment on response to reward
(Wise and Rompre 1989), deletion of DA receptors (D1, Dz/3) either eliminates or
markedly attenuates the voluntary consumption of drugs and conditioned place
preference and operant responding for drugs (for review see (Holmes,
Lachowicz et al. 2004). Neuroimaging techniques have provided clinical data,
which favors the role of DA in the reinforcing effects of psychostimulants. For

example, amphetamine-induced euphoria measurements in healthy humans
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correlate with the reduced-binding (in the ventral striatum) of the DA receptor
PET ligand [CM]raclopride (Drevets, Gautier et al. 2001) (see chapter 3). In
another PET study, DA transporter occupancy or blockade provoked by a single
dose administration of cocaine in cocaine users was significantly associated with
the magnitude of self-reported high (Volkow, Wang et al. 1997). Functional
magnetic resonance imaging (fMRI) studies have also shown that the
administration of cocaine to cocaine-addicted subjects increased drug-related

rush together with regional cerebral activity in the VTA (BOLD signal).

1.3. PHARMACOLGY OF DRUGS OF ABUSE

The different molecular targets for almost every major drug of abuse have
been identified (see table 1). Although drugs have a widely different repertoire of
effects, which undoubtedly have different mechanisms and call into play
different neurotransmitter systems, all drug targets identified are proteins that
are involved in synaptic transmission and have a direct or indirect action on DA.
This thesis is partly concerned with visualizing DA release following the acute
administration of two of the most widely used and abused psychoactive
substances: amphetamine and alcohol. The next sections will review the
neuropharmacolgy of those drugs with regards to their acute mechanism of

action on the DA system.
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DRUG

INITIAL TARGET

Alcohol

Amphetamine and derivatives
Cocaine

Opiates

Nicotine

Cannabinoids

Phencyclidine

Hallucinogens

Inhalants

Facilitates GABAA and inhibits NMDA
glutamate receptor function

Dopamine transporters (DAT, VMAT)
Dopamine transporters

Agonist at 1, O, K opioid peptide receptors
Agonist at nicotinic acetylcholine receptors
Agonist at cannabinoid receptors CB, and CB,
Antagonist at NMDA glutamate receptors
Partial agonist at 5-HTa receptors

Unknown

Table 1 Pharmacology of drugs of abuse (websource, NIDA)

1.3.1. ALCOHOL

A variety of animal taxa consume alcohol on a regular basis through their
fruit-based diet. In some cases drunkenness in wild elephants, primates,
warthogs, birds and butterflies has been reported since ethanol content in sweet
rotting fruits has been shown to be as high as 12% (although this represents an
environmental extreme) (Dudley 2000; Dudley 2002). In this perspective, one can
hypothesize that alcohol use or misuse in modern humans probably dates back
to the nutritional behaviors of ancestral primates. Alcohol is considereci to be a
most reinforcing drug and hold an important dependence liability. Psychiatric
epidemiological surveys reveal that alcohol abuse and dependency represent one

of the most, if not the most, prevalent of psychiatric problems over one's lifetime.
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Approximately 30% of young people get drunk regularly (consume more than 5

drinks of alcohol in a row at least every month) and 5% fit DSM IV criteria for

alcohol abuse (httg:( /www niaaa.nih.gov/databases/).

Although the net effect of alcohol in humans is to produce sedation,
anxiolytic and intoxicating effects similar to the effects seen with barbiturates
and benzodiazepines, acute consumption of alcohol (depending on the dose)
stimulates locomotor activity and produces a sense of well-being and mild
euphoria (Charness, Simon et al. 1989). The acute effects of alcohol are subject to
large inter-individual variability (heart rate, mood), the neurobiochemical basis
of which has been suggested to reside in the functioning of DA mediated

appetitive motivational system (Pihl and Peterson 1995).

1.3.1.1. ALCOHOL-INDUCED DA RELEASE MECHANISM

Several lines of evidence suggest a prominent role of the mesolimbic DA
pathway in the acute reinforcing action of alcohol. For example rats self-
administer ethanol in the VTA; a response shown to be modulated by the
presence of DA agonist and antagonist in a direction that confirms the role of DA
in ethanol reinforcement (Gatto, McBride et al. 1994). In vivo electrochemistry

and microdialysis studies in un-anesthetized rats have indicated that acute
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ethanol administration increases in a dose-dependent manner the dialysate level
of striatal-DA. Furthermore, consistent with the topographic specificity of DA
release observed during psychostimulants-induced reward, alcohol-induced DA
release is preferential in the nucleus accumbens and the bed nucleus of the stria

terminalis (Di Chiara and Imperato 1988; Carboni, Silvagni et al. 2000).

Many mechanisms are known to interact in alcohol-induced excitation of
the mesolimbic reward system. On the one hand ethanol influences DA cell firing
rate directly through its action on ion channels on membranes, particularly
calcium and chloride (Brodie, Pesold et al. 1999). In particular, it inhibits calcium
entry through voltage gated-channels thus inhibiting transmitter release.
(Tabakoff and Hoffman 1996). On the other hand ethanol acts on DA
neurotransmission through the indirect action of multiple neurotransmitter
systems: opiatergic (x & p receptors), serotonergic (5-HTs) and glutamatergic,
acethylcholinergic (Nevo and Hamon 1995). In general, alcohol inhibits receptors
for excitatory neurotransmitters and augments activity at receptors for inhibitory
neurotransmitters. For example, similar to the action of benzodiazepine, alcohol
is believed to affect brain function primarily by enhancing the function of GABA
(GABAA4 receptors) (Koob 1992). Furthermore alcohol acts on NMDA receptors,
inhibiting their functions and thereby diminishing glutamate-mediated
neurotransmission (Rossetti, Hmaidan et al. 1992). A large body of studies has

demonstrated that alcohol potentiates GABA inhibitory interneurons at synapses
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leading to downstream release from tonic inhibition of DA containing neurons.
Specifically, it reduces the firing rate of neurons in the substantia nigra pars
reticulata which in turn is believed to causes a net increase in DA cell firing, and
increased DA release in the striatum and nucleus accumbens (Mereu and Gessa
1985; Di Chiara and Imperato 1988). This action stimulates glutamatergic
neurons that further excite DA cells burst firing (Gessa, Muntoni et al. 1985;

Grace 2000).

1.8.2. AMPHETAMINE

Stimulant drugs such as the amphetamines are among the most widely
used and abused of the many psychoactive compounds available. This class of
drug is also referred to as sympathomimetic to indicate their potency to innervate
the sympathetic nervous system. Their use to decrease fatigue and to heighten
physical and mental abilities dates back to ancient China where people use to
drink tea made with plants containing ephedrine (Ephedra sinica) called Ma
huang which translates into ““looking for trouble” (Sulzer, Sonders et al. 2005). Its
medical use in Canada is restricted to the management of attention deficit
hyperactivity disorder (ADHD), sleep-disorder (narcolepsy) and weight control.
Nevertheless, illicit amphetamine is still widely available and extensively used

for its stimulant and euphorigenic effects. Worldwide statistics indicate that 24
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million people use amphetamine-type-stimulants for recreational use and the
expansion of the amphetamine market is continuing

(http: //www.unodc.org/unodc/elobal illicit drug_trends.html).

Experimental models in animals have typically investigated the neural
substrates that mediate the behavioral expression of stimulant action through
measurements of locomotor activity. In humans, the main effects of
amphetamine have been measured in locomotor and stereotyped activity, self-
reported euphoria and excitements, appetite and mental function. Briefly, in
animals and humans amphetamine initial produces hyperactivity, which at
higher doses expresses itself as intense stereotyped behavior. Most often this
period (of binge) is followed by a period of inactivity or crash. Continuous
amphetamine treatment (at least 3 days in rats) at higher doses (48 mg/kg in
rats) has been shown to be neurotoxic (Ricaurte, Seiden et al. 1984) and
accompanied by hallucinatory-like behavior. This amphetamine neurotoxicity
syndrome is believed to be different than amphetamine-induced psychosis
(Ellison and Eison 1983). In this regard, amphetamine is known to be a potent
psychotomimetic. This is based on the observation that their use in some patients
with schizophrenia can intensify or precipitate psychotic symptoms (see chapter

2 and discussion).
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1.3.2.1. AMPHETAMINE-INDUCED DA RELEASE MECHANISM

Amphetamine is a highly addictive psychostimulant, which promotes the
release of DA, norepinephrine and serotonin. This drug crosses plasma
rﬁembranes via lipophilic diffusion (Mack and Bonisch 1979). Once inside the
cells, it can displace DA from secretory vesicles into the neuronal cytoplasm
(Sulzer and Rayport 1990) and induce DA overflow into the synaptic cleft by
facilitating outward exchange diffusion and triggering channel-like DA release
(10,000 molecules per few milliseconds) through the pore of the Na* / Cl- -
dependent plasma membrane protein DAT (Staal, Mosharov et al. 2004).
Although both synaptic vesicle and cytosolic DA pools contribute to the amount
of DA released following amphetamine, the DA previously residing in the
synaptic vesicles (vs DA in the cytosolic pool) represents the larger portion of
amphetamine-mediated release (Jones, Gainetdinov et al. 1998). Like cocaine,
amphetamine is also a substrate for the DA transporter (DAT) where it acts to
inhibit DA up-take (Liang and Rutledge 1982) (Figure 4). This reversal (and
blocking) of the uptake mechanism increases extracellular DA concentration
thereby promoting D23 autoreceptors activation which, through feedback
mechanisms decreases DA cell firing (Bunney, Walters et al. 1973; Shi, Pun et al.
2000). For example decreased excitability of DA neurons has been recorded
following the systemic intravenous administration of amphetamine at doses
ranging from 0.25 to 5.0 mg/kg, (Groves, Fenster et al. 1981). In presence of D3

autoreceptors blockers the amphetamine-induced inhibition of DA cell firing is
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replaced by an excitation mediated in part through adrenergic ol receptors (Shi,
Pun et al. 2000). Amphetamine mediated DA neuron excitation is also believed to
occur through the inhibition of metabotropic glutamate receptor-mediated IPSPs
(Paladini, Fiorillo et al. 2001). However, under normal conditions DA release
after amphetamine is impulse-independent and relies only to a small extend on
calcium (Hurd and Ungerstedt 1989). DA-mediated feedback inhibition has been
shown to be altered after chronic treatment and might play an important role in
the development of behaviors associated with the abuse of these drugs (Wolf,
White et al. 1993). Amphetamine derivatives are competitive inhibitors of MAO.
Their inhibitory action on this enzyme increases DA available for release (Sulzer,
Sonders et al. 2005). Amphetamine has also been noted to have an effect on
tyrosine hydroxylase activity enhancing DA synthesis (Costa, Groppetti et al.

1972).

Figure 4 Schematic of the DA
synapse illustrating the sites of action
of amphetamine. 1) Amphetamine acts
directly on the vesicular monoamine
carriers by a weak base mechanism to
exacerbate  vesicle depletion. 2)
L Amphetamine facilitated outward
wmorm | exchange  diffusion and  triggers
channel-like DA  release (10,000
molecules per few ms) through the
pore of the Na* / CI- -dependent
plasma membrane protein DAT. 3)
Amphetamine is a substrate for the
DAT, where it acts to prevent re-
uptake.
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1.4. DOPAMINE HYPOTHESES OF ADDICTION

Although drugs of abuse typically activate DA neural networks and
neuroadaptations (including tolerance, withdrawal and sensitization: see chapter
2) induced by chronic administration, have been shown to occur downstream of
DA receptors, it is unclear what neurophysiologic processes are critical for the
transition from casual to addictive drug use. Addiction can be defined as
overwhelming involvement with the use of a drug (compulsive use) and the loss
of control over drug taking, despite adverse medical, relational or social
consequences (APA 1994). A number of hypotheses have been formulated to
describe how drugs of abuse, through their action on DA, might lead to
addiction; most account for only some specific aspects of the whole process of
addiction. A large amount of experimental models have been studied with the
purpose of clarifying the link between DA and addiction, but a detailed account
of the specific literature is beyond the scope of this thesis chapter. The reader is
referred to the following reviews (Di Chiara 1999; Robbins and Everitt 1999;
Hyman and Malenka 2001). The next paragraph briefly reviews some of the most

influential theories.
Abstinence from chronic exposure to addictive drugs reduces in vivo DA
transmission and induces a state of anhedonia that is expressed by a disinterest

in normally rewarding stimuli (decreased sucrose consumption, ability to
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associate rewards with a distinctive environment, and sensitivity to rewarding
electrical brain stimulation) (Koob and Le Moal 1997). In line with this, early
theories have suggested that withdrawal-induced anhedonia (physical /
psychological dependence) fuels drug self-administration and addiction by a
negative reinforcing mechanism i.e.: people use drugs to avoid the unpleasant
withdrawal symptoms. This theory has been refined into the idea that the
development of addiction involves counteradaptive mechanisms which change
the hedonic set-point (allostasis) for reward (Solomon and Corbit 1973; Koob and
Le Moal 2001). Others have argued that the excessive drive to take drugs results
from an aberrant learning process (Tiffany 1990; Di Chiara 1998; Berke and
Hyman 2000; Hyman and Malenka 2001). This is based on the observation that
both normal learning and addiction involve some of the same mechanisms (long
term potentiation; (Overton, Richards et al. 1999), molecular events (transcription
factors such as AFosB and CREB; (Nestler 2001) and neurotransmitter systems
(dopamine projections from the VTA and SNc to the nucleus accumbens and
striatum, as well as glutamate inputs from the prefrontal cortex, amygdala and
hippocampus). The power of drug-related cues (environment, priming dose of
drug or stress) to induce a return to drug (relapse) is an example of the excessive
strength of association between stimulus and response (and stimulus-reward)
expressed in addiction (addiction memory)(Di Chiara 1998; Boening 2001).
Furthermore, as contextual cues become associated and strengthened through

repeated drug use, the neurocircuitry involved in emotional memory (obsessive

PAGE 52



ISABELLE BOILEAU CHAPTER I: DOPAMINE AND DRUGS OF ABUSE

thoughts) and executive function (decision making and behavioral inhibition)
become deficient. Indeed chronic exposure to drugs has been shown to impair
functions of the prefrontal cortex and decrease frontocortical blood flow, glucose
utilization and volume (Liu, Matochik et al. 1998)(for review see (Jentsch and
Taylor 1999; Davidson, Putnam et al. 2000; Volkow 2004). In their incentive
sensitization view of addiction Robinson and Berridge propose that the
progression from initial drug use to addiction may evolve as repeated activation
of the mesocorticolimbic pathway associated with repeated drug use promote an
abnormal incentive state (abnormal wanting) which remain engaged even in the
absence of ongoing drug use (Robinson and Berridge 2001). In a model that
integrates findings from brain imaging and molecular studies, Volkow and her
colleagues have suggested that in addiction while mesolimbic DA transmission
is deficient, reducing responding for natural rewards, it is hyper responsive to
drug-associated stimuli (increased D; signaling, glutamate on the PFC). This
effect which would lead to an unmanageable motivation to seek drugs is though
to result from cellular adaptations in the glutamatergic projection from the PFC
to the NAS (Kalivas, Volkow et al. 2005). Clearly the entire scope of the

addiction experience cannot be explained in one theory
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2.0. SENSITIZATION OVERVIEW

ﬁ ltered dopamine (DA) neurotransmission is thought to play

a critical role in the pathophysiology of psychotic states and
addiction. However, the mechanism responsible for a dysregulated DA
neurotransmission remain poorly understood. Sensitization is one such
purported mechanism; by which repeated exposure to stimulants or stress
would progressively result in heightened behavioural responsiveness,
following re-exposure to stress or drug. This increased behavioural
response is possibly related to increased dopaminergic neurotransmission.
The study of sensitization in humans offers a novel perspective on the
understanding of the neurobiology of the triggering and relapse of
psychotic states, as well as the phenomenon of drug craving / drug
seeking behaviour, consistent with several clinical observations: (1) ability
of psychostimulants to induce psychosis in normal individuals and
stimulant abusers, (2) ability of psychostimulants or environmental
stressors to elicit disease exacerbation or relapse in stable patients with
schizophrenia or bipolar affective disorder, (Lieberman, Sheitman et al.
1997; Laruelle 2000) (3) ability of environmental stressors to elicit relapse
in abstinent drug users, (4) ability of drug-related cues to similarly elicit

relapse. In the presented thesis we have tested the specific hypothesis that
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sensitization, in healthy volunteers, as a result of repeated exposure to
amphetamine, is associated with an increased DA release in the
mesolimbic dopaminergic system. The present chapter provides a
description of the phenomenon of sensitization along with core features
and presents the theories that suggest that sensitization might play a role

in chronic-relapsing disorders such as addiction and psychosis.

2.1. SENSITIZATION DEFINITION

Repeated exposure to drug (of abuse) often leads to a decreased
reaction to their effects such that a larger dose is eventually required to
achieve the same effect. This response known as tolerance is believed to
results from the organism’s effort to oppose the effect of the drug and
maintain a homeostatic state. In some situations, reverse-folerance or an
increased sensitivity, i.e.: sensitization to the effects of drugs (or noxious
stimuli) can occur. Sensitization has been defined as an experience-
dependent type-plasticity, whereby repeated exposure to dependence-
producing pharmacological challenge (or to a noxious stimulus) primarily
functions to increase behavioural output; a simple example of this has
been derived from the investigation of the gill and siphon withdrawal

reflex of the Aplysia following repeated electrical stimulation (Kandel and
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Schwartz 1982). An overwhelming amount of experiments have been
conducted in animals to investigate the conditions that lead to
behavioural sensitization. Landmark rodent models of stimulant
sensitization have used intermittent moderate doses of cocaine or
amphetamine pre-treatment followed by testing with a single dose in a
(paired or unpaired) testing environment (Ungerstedt, Ljungberg et al.
1975; Post, Kopanda et al. 1976; Stripling and Ellinwood 1977; Post, Weiss
et al. 1988; Vezina and Stewart 1989; Stewart and Badiani 1993; Vezina
1993). These early experiments have shown that behavioral sensitization
to the locomotor activating and stereotypic effects of repeated stimulant

administration is a replicable finding.

2.2. SENSITIZATION CORE FEATURES

The core features of sensitization are as follows (Robinson and
Berridge 2000). (1) Sensitization results from the repeated administration
of DA elevating drugs, though it has also been observed after a single
dose administration (Grignaschi, Burbassi et al. 2004) and it cannot be
explained by a change in the disposition of the drug (metabolism,
accumulation in adipose tissue). Drugs able to induce sensitization

primarily include psychostimulants, amphetamine and cocaine (Downs
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and Eddy 1932; Robinson and Becker 1986; Kalivas and Stewart 1991), D
dopamine receptor agonists (Hoffman and Wise 1992; Mattingly, Rowlett
et al. 1993), p-opioids (Kalivas and Duffy 1987; Vezina, Kalivas et al. 1987;
Kalivas and Stewart 1991), NMDA receptor antagonists (Wolf and Khansa
1991) but also nicotine (Johnson, Blomqvist et al. 1995; Cadoni and Di
Chiara 2000; Miller, Wilkins et al. 2001; Shim, Javaid et al. 2001), cannabis,
(Cadoni, Pisanu et al. 2001; Lamarque, Taghzouti et al. 2001) alcohol
(Phillips, Roberts et al. 1997; Lessov and Phillips 1998; Correa, Arizzi et al.

2003) and caffeine (Cauli, Pinna et al. 2003).
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Figure 1 Locomotor-activating effects of a challenge dose of
amphetamine (0.5 mg/kg), measured in hemiparkinsonian rats, 3 (empty
squares), 7 (empty triangles), or 28 days after discontinuation from either
saline (blue) or escalating-doses of amphetamine (red). Animals tested
after 28 days of withdrawal were hypersensitive (sensitized) to the
challenge dose of amphetamine (Paulson and Robinson 1995)
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(2) Secondly, sensitization is characterized by an increased
magnitude of behavioural response to subsequent exposure as well as a
lower threshold for response triggering (ex: the progressive enhancement
in rotational behaviour in rats). Explicitly the dose-response curve for

behavioural effects is shifted to the left (Figure 1).

(3) Thirdly, sensitization is believed to be an enduring
phenomenon; this defining feature of sensitization is mainly derived from
the observation that chronic methamphetamine users remain
hypersensitive to the psychotomimetic effects of amphetamine after years
of abstinence (Sato, Chen et al. 1983). Behavioural sensitization to
amphetamine persists undiminished for at least 12 months in rodents
(Paulson, Camp et al. 1991), 28 months in non-human primates (Castner
and Goldman-Rakic 1999). Behavioral changes have been associated with
enduring (3.5 months), though perhaps reversible, structural
reorganization of dendritic spines on medium spiny neurons of the
nucleus accumbens and on pyramidal cells of the medial prefrontal cortex

(Robinson and Kolb 1997; Li, Kolb et al. 2003; Li, Acerbo et al. 2004).

(4) Fourthly, sensitization is influenced by environmental context

and conditioning; whereby, the exclusive repeated pairing of drug
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administration with a novel environment facilitates the expression of

sensitization (see section 2.6).

(5) Fifth, sensitization is dependent on dose and temporal pattern
of drug treatment. In particular, robust sensitization is achieved by
repeated intermittent low doses of pharmaceutical agents, rather than

escalating or continuous doses (Vanderschuren, Tjon et al. 1997).

(6) Additionally, the phenomenon of sensitization is subject to
cross-sensitization with stress. It is well established that repeated stress
(maternal separation, social defeat stress, foot shock, tail-pinch, restraint)
can induce heightened sensitivity to low doses of drugs (locomotor
activation and drug self administration as well as neuroendocrine arousal
and DA release) and inversely repeated drug exposure modify the stress
response (Pani, Porcella et al. 2000; Stewart 2000; Barr, Hofmann et al.
2002; Nikulina, Covington et al. 2004; Kikusui, Faccidomo et al. 2005). The
neurobiological substrate mediating cross-sensitization between stress and
psychostimulants is thought to reside in the interaction between
hypothalamus-pituitary-adrenal stress axis (HPA) and mesencephalic DA

projections (Marinelli and Piazza 2002).
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(7) Another characteristic of this phenomenon is the substantial
inter-individual variability in the vulnerability to sensitize (see section
2.6). Typically, the magnitude of behavioural sensitization is greater in
rats identified based on their locomotor responsiveness to a novel

environment.

(8) Lastly, withdrawal plays an essential role in its development.
Specifically, in the rodent the expression of neurochemical sensitization
does not reach asymptote until at least two-weeks post-treatment (Paulson

and Robinson 1995) (See section 2.4.2).

2.3. BEHAVIORAL CHARACTERISTICS

2.3.1. SENSITIZATION IN ANIMALS

In experimental animals, the most commonly studied drug
responses showing sensitization are different forms of motor activation
such as stereotyped and rotational behaviour, intra-cranial self-
stimulation, and acoustic startle reflex at subsequent exposures to the
same dose (Post and Kopanda 1976; Wolf and Khansa 1991; Pierce and

Kalivas 1997; Tzschentke 2001).
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Using alternate paradigms, a number of investigations have
attempted to demonstrate sensitization to the reinforcing effects of drugs
(and natural rewards) with repeated exposures. Specifically sensitization
through repeated exposure to stress or psychostimulants, potentiates
reward seeking behaviour: it increases instrumental responding for food,
ethanol and sex (Cailhol and Mormede 2000; Wyvell and Berridge 2001), it
enhances the acquisition of cue-driven (Pavlovian conditioned)
amphetamine and cocaine self-administration (Woolverton, Cervo et al.
1984; Piazza, Deminiere et al. 1989; Horger, Shelton et al. 1990; Piazza,
Deminiere et al. 1990; Horger, Giles et al. 1992; Robinson and Berridge
1993; Piazza and Le Moal 1996), it facilitates learning preference for places
associated with drug administration (Lett 1989) and increases the
breakpoint (amount of work an animal is willing to do to obtain reward)
achieved on a progressive ratio schedule (Mendrek, Blaha et al. 1998;
Lorrain, Arnold et al. 2000; Vezina, Lorrain et al. 2002). This and other
evidence form the basis for the incentive-sensitization theory of addiction,
suggesting that sensitization induced by drugs results in excessive "drug
wanting" in face of reward cues, hence triggering “compulsive drug pursuit”
transmission salient and wanted (Robinson and Berridge 1993; Robinson

and Berridge 2001).
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Behavioural sensitization has also been noted in nonhuman
primate models, which might provide insight into the neural substrates of
both drug-induced and idiopathic psychosis. In monkeys, a sensitizing
regimen of amphetamine has been shown to enhance many amphetamine-
induced behaviours and progressively induce hyper-vigilance, abnormal
eye-tracking, grasping, and checking the environment for stimuli that are
not observable to the experimenter (paranoid-like). Together these
behaviours have been referred to has psychotomimetic or hallucinatory-
like (Ellinwood, Sudilovsky et al. 1973; Snyder 1973; Ellison, Nielsen et al.
1981; Castner and Goldman-Rakic 1999; Castner, al-Tikriti et al. 2000;
Castner, Goldman-Rakic et al. 2003). Thus far, these models have
supported the role of sensitization in generating psychostimulant-induced

psychosis.

2.3.2. SENSITIZATION IN HUMANS

Experimental evidence supporting the occurrence of sensitization in
humans is limited (Szechtman, Cleghorn et al. 1988; Strakowski and Sax
1998). The most compelling is derived from longitudinal observations of
methamphetamine abusers; following long periods of abstinence or

remission from psychostimulants-induced psychosis, re-exposure to
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methamphetamine (or stress) induces an increased behavioural response
including re-occurrence of psychosis, even in lower doses than initially

used (Sato, Chen et al. 1983; Yui, Goto et al. 1999).

There have been very few controlled experimental studies
investigating the behavioural consequences of repeated psychostimulant
exposure. Strakowski and colleagues have documented that in healthy
volunteers, small oral doses of amphetamine (0.25 mg/Kg) repeated two
or three times elicit a progressive increase in magnitude and duration of
psychostimulants-induced eye-blink rate, motor activity and mood effects
(Strakowski, Sax et al. 1996; Strakowski and Sax 1998). The observation of
sensitization of the mood response to amphetamine was independently
replicated by the same group in female healthy volunteers (Strakowski,
Sax et al. 2001). As evidence of sensitization in humans, it was also
proposed that PET / SPECT derived findings of enhanced DA release
response to a single-dose of amphetamine reported in patients with
schizophrenia could, in part, reflect endogenous sensitization (Breier, Su et

al. 1997; Laruelle, Abi-Dargham et al. 1999).
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2.4. NEURAL AND FUNCTIONAL CORRELATES

Although the process of sensitization is believed to include changes
occurring over a wide network of brain areas, neuroadaptations of the
mesoaccumbens DA system most likely underlie the emergence of
locomotor sensitization following the repeated intermittent systemic
administration of amphetamine. Sensitization involves an induction (see
section 2.4.1) phase and an expression (see section 2.4.3) phase separated by
a period of re-setting or withdrawal (see section 2.4.2) (Kalivas and Duffy

1993).

2.4.1. INDUCTION

Induction requires the stimulation of DA cell bodies in the ventral
tegmental area (VTA) (A10 and/or A9 DA cell groups). In this regard,
microinjection studies have shown that direct injections of
psychostimulants (or opioids) in the VTA induce sensitization upon
subsequent drug challenges, whereas injections at the level of DA cell
terminal fields, the striatum or frontal cortex, do not (Kalivas and Stewart
1991; Hooks, Colvin et al. 1992; Kalivas and Duffy 1993; Kalivas, Sorg et al.

1993). DA receptor blockers, most consistently D; antagonists (Vezina and
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Stewart 1989; Stewart and Druhan 1993) but also D> antagonists (Meng,
Feldpaush et al. 1998), NMDA blockade (Karler, Calder et al. 1991; Karler,
Turkanis et al. 1991; Karler, Finnegan et al. 1993; Stewart and Druhan
1993; Ranaldi, Munn et al. 2000) basic fibroblast growth factor (bFGF)
antibody in the ventral tegmental area (VTA) (Flores, Samaha et al. 2000;
Flores and Stewart 2000), removal of circulating corticosterone (Deroche,

Marinelli et al. 1995) prevent the induction of sensitization.

Induction of sensitization is characterized by a post-receptor
signalling cascade of molecular events, which includes protein
phosphorylation and turnover, RNA translation and gene transcription.
This stage, which starts at the site of action of the drug, is believed to
ultimately result in the phenotype of structural changes associated with
sensitization. For example, repeated treatment with psychostimulants,
such as cocaine and amphetamine, are known to change the morphology
of medium spiny neurons in the NAS, increasing the density and the
number of branched spines on these neurons (and synaptic efficacy)
(Robinson and Kolb 1997; Li, Kolb et al. 2003). The activation of several
intracellular cascades is believed to be an instrumental mechanism of
sensitization. Specifically, the downstream signalling of the cAMP-PKA
pathway through G-protein coupled DA receptor stimulation, the Ca2+

calmodulin dependent kinase (CaM-K) cascade initiated by activation of
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NMDA receptors and the Ras/mitogen-activated protein kinase (MAP)
signal transduction cascade triggered by the transmitter brain derived
neurotrophic factor (BDNF). In turn, these cascades activate programs of
gene expression by inducing immediate early genes (IEG), c-Fos for
example, and by up-regulating several transcription factors including
cAMP response element binding protein (CREB) and AFosB (Nestler
2001). The induction of AFosB is particularly significant because it
mediates stimulation of cyclin-dependent kinase-5 (Cdk5), which appears
to be involved in the increased density of dendritic spines on NAS

neurons after chronic cocaine exposure (Bibb, Chen et al. 2001).

2.4.2. WITHDRAWAL

The expression of sensitization is a delayed phenomenon, only
becoming apparent during re-exposure to the stimulus, after a period of
discontinuation (Paulson and Robinson 1995). Indeed, the most
appropriate period for studying sensitization is long after acute
withdrawal signs have dissipated. In fact, relative to short-term
withdrawal, prolonged withdrawal periods are associated with an
intensified drug reaction (Robinson and Becker 1986; Kalivas and Stewart

1991; Paulson and Robinson 1995).
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Withdrawal may be considered as a sequence of phases beginning
with a period of acute crash upon drug discontinuation and ending with
long-term withdrawal; together the evolving stages of withdrawal
encompass residual, transient as well as enduring behavioural and
neurochemical signs. After psychostimulant binge depressive symptoms
combined with irritability, anxiety and anhedonia have been noted

(Gawin and Kleber 1986).

The neurochemical basis of withdrawal involves at least in part,
mesocorticolimbic DA. A considerable body of evidence indicates that
acute withdrawal from DA-elevating drugs disturbs compensatory
processes geared at restoring steady baseline-state of DA (DA tone) (Grace
2000). Thought the spontaneous activity of VTA DA neurons does not
seem to be altered during amphetamine withdrawal (Lee and Ellinwood
1989), a reduction of extracellular DA levels in the NAS as been estimated
by microdialysis (Rossetti et al., 1992). In this respect, DA autoreceptor
sensitivity is known to undergo time dependent changes during
withdrawal; specifically, after short withdrawal somatodendritic D>
autoreceptor regulation of impulse generation is believed to be
desensitized (Kalivas and Stewart 1991). Withdrawal from repeated

psychostimulant treatment has also been found to induce changes in DAT
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mRNA and protein levels (Kuhar and Pilotte 1996). Again, these reported
changes have been inconsistent. Activations of the HPA axis during
withdrawal has also been shown to a be a key player in the resetting of
biological parameters, priming the organism to sensitization (Deroche,

Marinelli et al. 1995; Deroche, Marinelli et al. 1997).

2.4.3. EXPRESSION

The anatomical substrates for the expression of sensitization
consists of changes at multiple sites, occurring over an entire circuit of
interconnected cortical and sub cortical structures, deemed critical for the
translation of biologically salient stimuli, into adapted motor and non-
motor outputs (Pierce and Kalivas 1997). DA is a critical player of this
system, and its projections to NAS and the prefrontal cortex (PFC) have
been recognized as key neural substrates of behavioural sensitization (Le
Moal and Simon 1991; Koob 1992; Pierce and Kalivas 1997). One general
hypothesis is that sensitization is related to a progressively developing
change in the balance of neurotransmitters within these systems such that
the magnitude and threshold of a behavioural response is shifted (Pierce
and Kalivas 1997). Sensitization-related changes in pre and postsynaptic
neurotransmission include increased excitatory glutamatergic input from

PFC and reduced GABAergic inhibition from NAS and ventral pallidum
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to the cells of the VTA, both of which could contribute to increased DA

release at the level of the NAS and striatum.

Sensitization Circuit Model
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Figure 2 Box-and-arrow diagram, representing connections between

sub-nuclei of the basal ganglia, limbic system, cerebral cortex and the
thalamus. The primary neurotransmitter content and the major projections
are represented by the colored arrows: blue, GABA; red, glutamate; green,
DA. The changes in neurotransmission associated with the expression of
behavioral sensitization are represented by the bold lines: continuous lines
indicating increases, while dotted lines represent decreases in
neurotransmission. GPe, external globus pallidus; GPi, internal globus
pallidus; SNc, substantia nigra pars compacta; SNr substantia nigra pars
reticulata; STN, subthalamic nucleus; VTA, ventral tegmental area; OFC,
orbitofrontal cortex; PPN, pedoculopontine nucleus; VL, ventro-lateral,
MD, mediodorsal thalamus; NAS, Nucleus accumbens.
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2.4.4. DOPAMINERGIC MECHANISMS

One of the most common neurochemical correlates of sensitization
is enhanced DA transmission at the level of the NAS upon re-exposure to
a depolarizing or pharmacological challenge (for review see: (Pierce and
Kalivas 1997) (Robinson and Becker 1986; Wolf 1998; Vanderschuren and
Kalivas 2000) (Post, Weiss et al. 1988; Vezina 2004). Studies reveal that DA
neurotransmission in the NAS has a time course characterized by reduced
activity upon drug discontinuation, but hyper responsiveness following
re-exposure to psychostimulants, after a week of withdrawal (Kolta,

Shreve et al. 1985).

Different pre and post-synaptic events are thought to mediate the
augmented DA transmission during the expression of sensitization. The
sensitization-induced increase of DA release has, in part, been attributed
to adaptive changes in DA transporter 1) kinetics and 2) expression
(Izenwasser and Cox 1990; Benmansour, Tejani-Butt et al. 1992; Giros,
Jaber et al. 1996) Findings show DAT upregulation upon withdrawal of
psychostimulants, followed by a selective reduction following a longer
drug-free period in the shell of the NAS (Kuhar and Pilotte 1996; Pilotte,
Sharpe et al. 1996). Changes occurring in 3) DA autoreceptor sensitivity

and 4) DA synthesis have also been reported, though less consistently
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(Kalivas and Duffy 1988; Gifford and Johnson 1992). Changes in 5)
calcium conductance involving activation of calcium-calmodulin kinase
(CAM-KII) have been reported. Findings suggest that repeated
amphetamine administration leads to the emergence of a novel calcium-
dependent mechanism for DA release because sensitized, but not acute
DA responses to amphetamine are abolished when CAM-KII is blocked
(Pierce and Kalivas 1997). CAM-KII-related mechanisms induced by
amphetamine-sensitization include phosphorylation of synapsin I (Iwata,
Ito et al. 1999). This mechanism is thought to have a role in augmenting
the pool of DA-containing vesicles available for exocytosis. 6) Long-term
potentiation-like mechanisms thought to facilitate DA transmission
(Overton, Richards et al. 1999), via increases in glutamate efflux on

midbrain DA neurons, have been invoked.

Finally, although stimulation of post-synaptic receptors in the NAS
is necessary for the expression of sensitization, the bulk of evidence
suggests that neither the development nor expression of sensitization
entails changes in D1, D2, DA receptor density (Kleven, Perry et al. 1990;
Henry and White 1991; Farfel, Kleven et al. 1992; King, Ellinwood et al.
1994; Bonhomme, Cador et al. 1995; Zhang, Walsh et al. 2000) however Ds

over-expression has been reported (Guillin, Diaz et al. 2001). In addition,
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affinity changes in sensitization have been reported by some (Seeman,

Tallerico et al. 2002) but not others (Pierce and Kalivas 1997).

2.5. CONTEXT AND CONDITIONING

Conditioned stimuli, or secondary reinforcers (CS; discret cues or
envrironmental / contextual cues) are stimuli with formerly
motivationally neutral properties that gain incentive properties by their
predictive association with primary reinforcers. Both human and non-
human primates studies have shown the implication of the DA system in
conditioning and reward prediction (Schultz, Dayan et al. 1997) (de la
Fuente-Fernandez, Phillips et al. 2002). When drug administration
(unconditioned stimuli, US) is paired with a distinct environmental
context (CS) or a discrete cue the later acquire the ability to elicit
conditional responses including drug-like psychomotor effects (Pavlov
1923; Pavlov 1927). By the same bias, repeated psychomotor stimulant
treatment, in addition to producing sensitization to the psychomotor-
activating effects of drugs, increases response (neurochemical and
behavioral / motivational) to their associated cues (Robinson, Browman et
al. 1998). Whether sensitization simply reflects the addition of the
conditioned response to a stable unconditioned pharmacological response

has been a subject of debate. There is considerable evidence showing that
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the context in which drugs are administered largely impact on their ability
to induce psychomotor sensitization (Badiani, Camp et al. 1997; Crombag,
Badiani et al. 2000; Crombag, Badiani et al. 2001). Indeed several studies
have shown that the expression of sensitization can be entirely context-
specific i.e.: absent in an environment previously not paired with drug
administration, even after treatment that induces robust sensitization
(Stewart and Vezina 1991, Anagnostaras and Robinson 1996; Battisti,
Uretsky et al. 2000). However, different paradigms geared at dissociating
associative vs non-associative (non context-specific) sensitization have
shown that the CS alone does not promote locomotor sensitization but
rather other environmental properties would act to facilitate sensitization
through mechanisms independent of associative learning. In this regard
studies have shown that a distinct and relatively novel environment (not
the home cage) potentiates sensitization even in specific conditions that
degrade the ability of contextual stimuli to acquire CS properties i.e.: after
habituation. The mechanism proposed for this facilitation might reside in
that exposure to a novel environment activates the HPA axis, increasing

the release of corticosterone (Badiani, Browman et al. 1995).

There is some evidence that the expression of sensitization depends

on context, however there is also evidence for mnon-associative

sensitization i.e.: an increased in the unconditioned response to the drug.
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This is based on the findings that sensitization measured as increased DA
release is observed in vitro from slices preparation (Robinson and Becker
1982), in rats anesthetized with chloral hydrate during pretreatment and
in animals continuously housed in the test chambers (Segal and Kuczenski

1997).

2.6. INDIVIDUAL DIFFERENCES

From a large number of individuals who use psychostimulants
only a few will ever develop addiction or drug-induced psychosis, hence
the need to identify reliable predictors of individual response to drug and
vulnerability to sensitization. There is a great deal of evidence to indicate
that personality factors play an important part in understanding patterns
of addiction. A number research has lead to evidence of a relationship
between personality factors, and alcohol and drug addiction (de Wit and
Richards 2004). Personality factors that appear to be central to this

relationship are novelty seeking and impulsivity.

In animals, response to a novel environment is the most used
experimental paradigm to distinguish high responders to drugs: highly

reactive rats, as rated by their locomotor behavior when placed in a novel
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environment, consistently show a greater propensity for drug self-
administration, are more sensitive to reward by food, have a higher level
of DA activity in the NAS under basal condition and demonstrate an
increased and prolonged secretion of glucocorticoids (GC) in response to
stress; unlike low reactive rats, high reactive rats show pronounced
sensitization to locomotor properties of stimulants (Piazza et al., 1990,
1991; Dellu et al., 1996; Rouge-Pont et al., 1993, Hooks et al., 1991). Some
of these biobehavioural markers in rats have been compared to Novelty
Seeking (NS) personality traits in humans, characterized by a “tendency
toward the activation of behavior” such as exploratory behavior in
response to novelty and/or “impulsive decision making, extravagance in
the approach to cues of reward, and quick loss of temper” (Dellu et al.,

1996).

In  humans, the Cloninger Tridimensional Personality
Questionnaire (TPQ; Cloninger, 1987, 1988; Cloninger et al., 1991), the
Eysenck Extroversion and Psychotism scale (EEP; Eysenck, 1953, 1990),
and the Zuckerman’s Sensation-Seeking Inventory (SSI; Zuckerman, 1994)
are some of the most common psychometric instruments used to measure
individual differences in response to novelty. Despite some subtle
terminological and conceptual differences [the TPQ uses four novelty

seeking subscales: [1] Exploratory-Excitability vs. Stoic-Reserve, [2]
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Impulsiveness vs. Reflection, [3] Extravagance vs. Reserve, and [4]
Disorderliness vs. Regimentation; the SSI, four axes: [1] Thrill and
adventure-seeking, [2] Experience-seeking and [3] Disinhibition; the EEP
three axes: [1] Extraversion, [2] Psychoticism, [2] Neuroticism], all three
instruments are believed to refer to a common temperament, related to
investigatory behaviour and sensitivity to novelty (Jaffee and Archer,
1987). Healthy volunteers scoring high on Novelty Seeking are prone to
sensitization of the mood response to amphetamine (Sax and Strakowski
1998); likewise, detoxified alcoholics who score high on novelty seeking
are more susceptible to relapse (Meszaros et al, 1999). Conversally,
novelty seeking, in the absence of other risk factors, does not predict
response to the reinforcing-effects of amphetamine (Corr and Kumari,
2000). It has been suggested that novelty seeking [Impulsivity /
Exploratory-extraversion] might be related, in some significant part, to
DA neurotransmission (Gerra et al. 2000): differences in novelty seeking
would reflect interindividual variability in DA neurotransmission, hence a
distinct disposition to engage in behaviors motivated by positive incentive
and/or reward (Depue and Collins, 1999; Koob et al., 1993; Panksepp,

1986; Stewart et al., 1984, Bardo et al., 1996).

In vivo brain imaging studies have recently started to investigate

the association between biological factors and personality traits. These
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studies have mostly been interested in looking at the association between
levels of D dopamine receptor (and dopamine transporter) and
personality. The main findings of these studies is that low levels of in vivo
D: receptor binding in the striatum is associated with high detachment
scores (high aloufness, social irritability) (Farde, Gustavsson et al. 1997;
Laakso, Vilkman et al. 2000) as rated by the Karolinska Scales of

Personality (Schalling, Asberg et al. 1987).

In the present studies (study 1, 2, 3), we have used the NS / TPQ
subscore as a possible predictor of acute and sensitized DA responses to
amphetamine. Using exploratory analyses, we examined the relationship
between specific drug induced D; binding and personality traits from the

Tridimensional Personality Questionnaire.

2.7. RELEVANCE TO CHRONIC-RELAPSING
DISORDERS

It has been postulated that pathological forms of behavioral and
neurochemical plasticity, i.e.: sensitization, might be a factor contributing
to chronic relapsing disorders such as addiction, psychosis, post-traumatic

stress-disorder - to name a few. Particularly, sensitization is believed to be
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a vulnerability factor in the development of addictions (Robinson and
Berridge 2001). In humans, some aspects of sensitization may increase
craving for drugs even if, as a result of tolerance, the actual enjoyment of
drugs is diminished. Another form of sensitization observed both in
humans and in non-human primates is a syndrome of amphetamine-
induced paranoia. The involvement of the DA neurotransmitter system in
both the reinforcing effects of drugs of abuse (see chapter 1) and in
psychosis and schizophrenia (see 2.7.1) has been demonstrated.
Dopaminergic transmission sensitization presumably resulting from
repeated drug (or stress) -induced DA stimulation may therefore underlie
the development of both these disorders. We have presented the incentive
sensitization view of addiction in chapter 1. The next section will serve to
introduce the concept of endogenous sensitization as a model of psychosis

development by first presenting the DA hypothesis of psychosis.

2.7.1. THE DA HYPOTHESIS OF PSYCHOSIS

For many decades the predominant biological theory has been that
DA hyperactivity in the brain is the underlying cause of schizophrenia
(Carlsson and Lindqvist 1963). This idea has been supported by indirect

pharmacological evidence: the root of the hypothesis residing in the
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discovery that the DA antagonist chlorpromazine reverses the symptoms
of schizophrenia (Delay, Deniker et al. 1952). Since then several similar
antipsychotic compounds have been produced all sharing the ability to
antagonize D; receptors; in fact the potency of antipsychotic runs parallel
to activity on D2 receptors (Seeman and Lee 1975). The ability of drugs to
induce psychosis by increasing dopaminergic tone constitutes a second
line of evidence supporting the DA hypothesis of schizophrenia.
Amphetamine, which release DA in the brain, can induce some psychosis-
like symptoms in otherwise healthy individuals and trigger positive
symptoms and relapse in remitting patients with schizophrenia (Angrist,
Corwin et al. 1987); as well Parkinson’s patients treated chronically with
the precursor of DA L-dopa have been observed to exhibit periods of
psychotic symptoms (Cummings 1992). Imaging studies have also
contributed evidence in support of the DA hypothesis of psychosis. For
one, studies investigating presynaptic DA metabolism with PET have
shown that schizophrenia (drug-free) is associated with abnormal patterns
of L-[1'C]dopa utilization in corticostriatal systems (Elkashef, Doudet et al.
2000; Gefvert, Lindstrom et al. 2003); specifically results indicate that the
synthesis of DA is elevated within the striatum and parts of medial
prefrontal cortex in schizophrenia (Lindstrom, Gefvert et al. 1999). PET
studies using [!'CJraclopride have also shown an exaggerated

amphetamine-provoked DA release along with positive symptom
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exacerbation in schizophrenia (Laruelle, Abi-Dargham et al. 1996; Breier,
Su et al. 1997; Abi-Dargham, Gil et al. 1998; Laruelle, Abi-Dargham et al.
1999). An extension to the DA hypothesis of schizophrenia has emerged to
explain the negative symptoms of schizophrenia: hypofrontality lack of
goal directed behaviors, aloofness, impaired cognitive function (working
memory). This theory is based on the premise that schizophrenia is
associated with a deficit in dorsolateral prefrontal cortex (DLPFC) DA
function, presumably of neurodevelopmental origin (Weinberger 1987;
Davis, Kahn et al. 1991; Friedman, Temporini et al. 1999). Indirect
evidence has accumulated to support the involvement of altered
prefrontal DA function in the pathophysiology of cognitive impairments
associated with schizophrenia, including: decreased perfusion in frontal
regions (Weinberger, Berman et al. 1992; Malaspina, Harkavy-Friedman et
al. 2004), reduced tyrosine hydroxylase and length of DA transporter
positive fibers (Akil, Pierri et al. 1999), upregulation of D: receptors
correlating with poor working memory (Abi-Dargham, Mawlawi et al.
2002). In addition to possible contributions to negative symptoms and
cognitive impairment, a deficit in prefrontal DA innervation in
schizophrenia has been suggested to contribute to the disinhibition of
subcortical DA (Laruelle, Abi-Dargham et al. 1996; Breier, Su et al. 1997;

Abi-Dargham, Gil et al. 1998) through a negative feedback on VTA
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activity (Pycock, Kerwin et al. 1980; Deutch 1990; Bubser and Koch 1994;

Thompson and Moss 1995).

2.7.2. ENDOGENOUS SENSITIZATION

It has been postulated that one of the etiopathogenic processes
involved in the emergence of positive symptoms of schizophrenia is a
pathological form of neural plasticity. This pathophysiological model of
schizophrenia, defined as endogenous sensitization has been put forth in a
comprehensive review (Lieberman, Sheitman et al. 1997). This model
builds upon the neurodevelopmental (genetic and epigenetic) theory of
schizophrenia, which postulates that the disease is the consequence of a
pathological process occurring in utero or early in development (perinatal)
and proposes neurochemical sensitization has a mechanism explaining the
late onset (early adulthood), the longitudinal course as well as the
relapsing-remitting expression of the illness. Specifically, the illness would
unfold in a series of stages. (1) Neuromaturational abnormalities (fetal
development) in synaptic connectivity in the cortex are believed to be at the
origin of the process of endogenous sensitization. These abnormalities
would translate into cortico-subcortical connectivity deficiency and in a

failure of the cortex (prefrontal glutamate hyofunction) to regulate DA
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firing. In turn, this disconnectivity would lead to an excess of subcortical
DA, which would result in sustained hyper stimulation of D, receptors
making the system vulnerable to the development of sensitization. (2)
Through the repeated failure of normal homeostatic and buffering
mechanism, a deficient cellular adaptation to physiological events (stress)
would occur during the prodromal phase. In other words, during this
phase in adolescence the consequences of the disrupted neuronal system
and of its repeated failure to inhibit DA release would progress from
silent vulnerability to overt symptomatology (ie: the emergence of
psychosis). (3) During the end phase the sensitization process has become
self-perpetuating leading to the development of a neurotoxic residual

illness state.
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CHAPTER III: Methodological overview

Positron emission tomography & ['Clraclopride.
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3.0. POSITRION EMISSION TOMOGRAPHY &
['C]JRACLOPRIDE

Positron Emission Tomography (PET) produces three-

dimensional (3D) images of a biochemical process in vivo by
combining computed tomography with the tracer kinetic assay method
(Phelps 1991). Essentially, PET allows visualizing the distribution and
time-course of positron-emitting radioisotopes (tissue activity time
course); among the most commonly used positron-emitting nuclides in
PET are Carbon, 3Nitrogen, °Oxygen and 8Fluorine. This technology
makes use of biologically active compounds (eg.: receptor ligands) bearing
short-lived positron-emitting isotopes, known as radiotracers and of
appropriate mathematical models that describe the radiotracer’s kinetics.
The use of PET radiotracers has provided tremendous promise when
probing processes such as membrane transport, metabolism,
neurotransmitter synthesis and ligand-receptor interactions. PET has
proven to be a powerful research, drug development and clinical tool, that
can be wused to elucidate the neurochemical underpinning of
pathophysiological states, to provide diagnostic or prognostic information
about disorders ranging from dementia and movement disorders to

schizophrenia and drug abuse and to determine the principle of action
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(drug kinetic, affinity and occupancy) and the efficacy of new

pharmacotherapies.

This chapter will introduce the basic theoretical concepts of 3D PET
imaging with a primary focus on the use of PET for imaging the dopamine
(DA) neurotransmitter systems (which has been described in chapter 1) to

probe the mysteries of how drugs such as stimulants affect the brain.

3.1. RADIOTRACER PRODUCTION

The first step in a PET experiment is the production of a radioactive
isotope (radioisotope) by means of a particle accelerator known as a
cyclotron. This machine creates radioactivity by disturbing the natural
balance between neutrons and protons in the atomic nucleus. For
example, the overall effect of bombarding carbon atoms with deuterons
(ions of the stable hydrogen isotope, ZH) in the cyclotron is to transform a
stable isotope to a neutron-deficient element, which undergoes nuclear
decay by spontaneously emitting a positron (a particle of equal mass and
opposite charge to that of the electron: or anti-electron). Essentially the
energy emitted from the nuclear decay is the signal that is recorded by the

PET camera. The radioisotope is synthetically introduced into a

PAGE 86



ISABELLE BOILEAU CHAPTER I11: POSITRON EMISSION
TOMOGRAFPHY & [''CJRACLOPRIDE

biologically relevant precursor molecule by means of a biosynthesizer; this
operation produces what is called a radiopharmaceuticals.
Radiopharmaceuticals with high selectivity for a specific class of

neuroreceptors are conventionally called radioligands.

3.2. PROPERTIES OF AN IN VIVO RADIOLIGAND

A certain number of considerations need to be addressed before
initiating research with a new radioligand. The standard in defining the
suitability of a new radioligand resides not only in its selectivity for a
receptor protein (pharmacological specificity) but also in a number of
other requirements which, when appropriately combined insures that the
specific physiological or pharmacological process of interest is adequately
and safely measured. First amongst desirable properties is the tracer’s
brain penetrance. A radioligand must have a low molecular weigh (less
then 400-600 Dalton) and a high degree of lipophilicity in order to pass the
blood-brain-barrier. However excessive lipopilicity increases binding to
plasma protein therefore reducing both brain up-take and the intra-
cerebral ratio of tracer specifically bound to the receptor pool versus that
which is bound to non-specific proteins. Thirdly, the affinity of the ligand

should combine tight specific binding with fast clearance from the
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receptor compartment. In other words, optimal affinity should allow
equilibrium between the rate of association (Kon) and the rate of
dissociation (Kof) from receptors during the physical half-life of the
radioisotope (Innis 2002). Fourthly, a PET ligand must have good specific
activity: high radioactive yield and small mass (usually < 0.01 pg/kg).
Typically, but without clear consensus, the mass dose of a radioligand
should occupancy no less then 5%, (ideally around 1%) of the receptor
pool to be considered an appropriate tracer, meaning one which does not
have pharmacological effects. Lastly a good PET ligand should have a
high chemical purity. Table 1 lists examples of DA-related radioligands

that have presently reached the clinical state; this list is not an exhaustive

list.
Table 1 List of clinically available ligands for DA receptors
Isotope Ligand Receptor z’fl;zgnacologlcal

nc N-propyl-norapomorphine D23 Agonist
nuc Raclopride D2/3 Antagonist
1C /18F  Fallypride D23 Antagonist
UC/18F  Spiperon Methyl-spiperone Dyya Antagonist
nc Pimozide D23 Antagonist
Hne SKF 82957 Dy Agonist
1uc SCH 23390 Dy Antagonist
uc NNC 112 9756 D1 Antagonist
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3.3. RECORDING POSITRON EMISSION

In clinical applications, PET radioligand studies require that a very
small amount, or a tracer dose of a radiopharmaceutical be introduced
into the subject, usually by intravenous injection. As mentioned,
radioisotopes are unstable and decay by a process involving positron
emission. Briefly, positrons emitted from a decaying nucleus travels a
short distance in the surrounding tissue before encountering a free
electron, The two particles combine in a matter-antimatter annihilation
from which gamma rays (511 keV each) of opposite directions emerge.
The tomograph’s highly sensitive scintillation detectors made of dense
crystalline materials (bismuth germanium oxide, BGO) captures the
source of annihilation based on the external detection of coincidence rays
between two detectors on opposite sides of the scanner. The angular and
linear positions of the coincidence events are measured and stored into a
sinogram (or matrix). Sophisticated algorithms are then wused to
reconstruct the sinogram data to an image that depicts the localization and
concentration of the positron-emitting radioisotope. Only a fraction of
gamma rays actually reach the external detectors; some are absorbed as
they interact with head tissues of different density. Therefore, a
transmission scan is performed to accurately compensate for attenuated

photons. This static scan yields a map of the density that is then used to
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correct the emission recording for attenuation. Figure 1 is a schematic of a

PET experiment.

All experiments that compose this thesis were performed on a
CTI/Siemens ECAT HR + PET (Knoxville, TN) camera with lead septa
removed to allow for 3D acquisition. This high-resolution tomography
with intrinsic resolution 4.8 X 4.8 X 5.6 mm FWHM provides 47
contiguous trans-axial slices. For all studies data acquisition is started at
tracer injection after a 10-minute transmission scan. Images are
reconstructed using a 128 X 128 matrix by applying a Hanning filter with

cut off frequency of 0.4 cycles per pixel.

Figure 1 Schematic representation of a Positron Emission Tomography scan
showing the annjhilation event from which gamma rays (511 keV each) emerge, and the
detection of the signal by scintillation detectors located 180° from each other.
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3.4. KINETIC MODELS

Ultimately a full determination of the quantitative information
available from the PET image requires a bio-mathematical kinetic model,
which  describes the different components in which the
radiopharmaceutical participates and that contribute to the externally
detected total signal. The analysis of a ligand’s kinetics is understood
under the theoretical framework of tissue compartments. A tissue
compartment is a physiological space in which the tracer concentration is
assumed to be homogeneous at all times. For instance, a three-
compartment configuration has been described for brain-tissue: a blood
compartment (CI), an intracerebral compartment in which the tracer is
free or nonspecifically bound (C2), and a specifically bound compartment
(C3). The tracer’s transport between compartments is described as a series

of rate constants (Ki-K¢) (Figure 2).

ki 'tl
O -,
G —t G —F G
K, k.
Figure 2 Compartmental descriptions of a radioactive tracer’s concentration, up-

take, transport and clearance in brain tissue. C, blood compartment; C; displaceable
compartment composed of free and non-specifically bound ligand; C; specifically-bound
compartment. K; rate constant from blood to tissue; K; rate constants; Kz bimolecular
associationrate constants (Kon); K4 dissociation rate constants (Kof).
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Analysis of reversible radioligand binding is based on a simple
model, called the law of mass action. The later assumes a theoretical
relationship between occupancy and ligand concentration where the rate
of binding is proportional to the product of the concentration of receptors
and ligand. The change in tracer concentration in any given compartment
can be expressed in mathematical terms as the amount of tracer entering
and leaving per unit time. For reversible ligands i.e.: that do not form a
covalent bounds with the receptor (like the antagonist raclopride), the
relationship between the specifically bound and the free and non-
specifically bound tracer satisfies the Michaelis-Menten equation. Transfer
between the bound and free compartments are expressed by the rate
constants of association (kon) and dissociation (ko). The plot of the
Michaelis-Menten equation illustrates that at receptor saturation the
bound ligand is equal to the maximum number of available receptor (Bmax)
and the receptor dissociation constant (K4) is equal to the free ligand
concentration at 50% of maximal binding. It is therefore assumed that
tissue tracer concentration is related to the number of receptors to which
the radiotracer ligand binds selectively. However, methods are required to
distill from images of radioactivity the parameter which reflects purely the
process under study ie.: the binding potential of the ligand to the receptor.
The term “binding potential” (defined as the ratio between Bmax and Ka)

was introduced as a PET outcome measure of the capacity of a given
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tissue for ligand-binding site interaction, since Bmax and K4 are inseparable

in a single PET experiment (Mintun, Raichle et al. 1984).

3.4.1. SIMPLIFIED REFERENCE TISSUE MODEL

For experiments performed at tracer doses (high specific activity),
the binding potential (BP) or equilibrium volume of distribution in the
bound compartment (Cs) equals the product of receptor density and

affinity (Bmax/Kb). This can be expressed as:

Bmafo/Klt)ﬁ"'Nf/KgJ

Where Bmax is the total concentration of D; binding sites, f,the free

fraction of radioligand in tissue, K}, the equilibrium dissociation constant

of the radioligand, N /the concentration of free dopamine in tissue, and

K 1‘§ the equilibrium dissociation constant of dopamine at the D2 receptor
(Lammertsma and Hume 1996; Gunn, Lammertsma et al. 1997). As
mentioned above (see section 3.4) quantification of receptor kinetics have
to be derived from the total tissue equilibrium volume of distribution (C;
= C + Cs; free + bound) and requires information from an input function.

The input from arterial blood (arterial function) can be used, however one
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robust approach, which circumvents arterial cannulation, relies on the use
of a reference region with a negligible presence of binding sites. This
reference-tissue model makes the assumption that the volume distribution
in the free compartment (Cz) is constant across the brain therefore
allowing the reduction of parameter (rate constants). Given this, the
outcome measures (Cs) can be computed indirectly by subtracting C: of a
reference region from C; in regions of interest. The simplified reference
tissue method (SRTM), frequently referred to as the Lammertsma method,
is well documented as a robust and stable reference tissue method for the
estimation of ['C]raclopride’s binding to D23 receptors after a bolus
injection (Lammertsma and Hume 1996). In contrast to the original
reference tissue model Lammertsma’s one-tissue compartment method

allows additional parameter reduction (3 parameters rather than 4).

3.5. PARAMETRIC MAPPING

One way to retain spatial information in the data is to apply the
pharmacokinetic model (such as the SRTM described above) at the finest
spatial scale, determined by the image digitization matrix - the pixel. By
estimating a parameter at each pixel a map of the parameter spatial

distribution, or parametric map can be made (Gunn, Lammertsma et al.
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1997). The parametric image then contains the most complete yet succinct
summary of the data. Parametric images can be investigated with
statistical techniques to test the spatial difference in parameter
distribution between conditions. A voxel-wise statistical mapping method
using the SRTM model has been developed for dual scan subtraction
studies (activation vs baseline). This method applies nonlinear least-
squares theory on the scan’s dynamic information to estimate the
parameters of the kinetic model (SRTM) and utilizes the residuals to
calculate their associated variance; thereby increasing the number of
degrees of freedom and providing a better estimate of the (voxel-wise)

standard deviation (Aston, Gunn et al. 2000) (figure 3).

3.6. ANATOMICAL DEFINITION

Anatomical areas cannot readily be identified on PET images. In
order to make PET-derived data (parametric BP map) anatomically
relevant, a structural (MRI) scan from individual subjects is used and
aligned with each subject functional PET study using computer-assisted
image co-registration techniques such as the one developed by Collins et
al., (1994) (Collins, Neelin et al. 1994). Each subject participating in the

studies that compose this thesis underwent a whole brain high-resolution
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T1-weighted MRI using a gradient echo pulse sequence (TR 9.7 ms, TE 4
ms, flip angle 12°, FOV 250, matrix 256 X 256). MR images were
corrected for image intensity non-uniformity this adjustment eliminates
anatomy-dependent field inhomogeneity or what is called the shading
artifact (Sled, Zijdenbos et al. 1998). Images where then linearly and non-
linearly resampled to an average MRI template (MNI average 305) in
stereotactic space a process called spatial normalization. Images are
automatically classified into labels of tissue type (gray matter, white
matter, CSF, or background) and segmented into labels representing
structural and functional anatomy (Collins DL 1995; Collins, Zijdenbos et
al. 1999). These binary representations of anatomical and functional

structures can then be matched to PET data.

3.7. PARTIAL VOLUME EFFECT

The degree of spatial diffusion of imaged radioactivity is such that
each point source appears spread-out, distributed over a Gaussian curve.
In the center of the Field of View (FOV), the spatial resolution of a multi-
ring (16 rings of bismuth germanate oxide detectors) commercial PET

scanner such as the HR+ camera (Siemens/CTI, Knoxville, TN) is 4mm
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PET/MRI registration |MRI segmentation Parametric map t-map

G

Baseline

Classified Labelized

MRITOPET

> 4.2; p<0.05

Activation

ROI

MRITOTAL

Figure 3 From left to right, PET / MRI registration) T1-weighted MRI
linearly fitted to stereotaxic space (Talairach) using a standard brain
template (MRITOTAL; MNI 305 average brain) and aligned with a single
[''C]raclopride PET image of which the 26-frame data (60 minutes line
graph ) has been collapsed into a single frame (MRITOPET using AIR
algorithm; Collins et al., 1994). MRI segmentation) Ti1-weighted MRI in
Talairach space is corrected for intensity non-uniformity and classified
into white matter, grey matter and cerebrospinal fluid. After the
classification, the image is segmented into anatomical labels (ANIMAL).
Next, the labelized image is manually reworked into specific ROI using
predefined criteria. Parametric map) Voxel-by-voxel application of the
SRTM yielding BP map with SDBP maps which can be transformed to a
common space (Talairach) in view of statistical analysis. t-map) Voxel-
wise t-statistic illustrating differences in radioligand binding between
baseline and activation scans can be thresholded to statistically significant
level and overlaid an average MRL
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full-width-at-half-maximum (FWHM) when operating in 3D acquisition
mode; where FWHM indicates the distance at which two discrete point
sources begin to be distinguishable (at half peak activity). Due to the
limited resolution of the tomograph the measured voxel intensity in the
PET image is the sum of the true activity at that voxel weighted by its
regional spread function i.e.: by the loss of signal from the structure and
contamination from adjacent brain regions (spill-over and tissue fraction
effect). This point-spread artifact, which results in an over or under
estimation of the true tracer activity, is called partial volume effect (PVE).
Correction for the effect of partial volume is a crucial step to a better
estimation of true local tissue concentration of radioactivity. The
geometric transfer method (GTM) is an efficient and well-validated MRI-
based algorithm, which assumes homogeneous true activity across
anatomical domains and uses binary representation of anatomical
structures to correct for the regional spread effect (Rousset, Ma et al. 1998;
Aston, Cunningham et al. 2002). We used a partial volume correction
(PVC) model, which can be directly applied to the parametric image
(Aston, Cunningham et al. 2002). This method uses a more accurate noise
model] that includes correlated and uncorrelated components, as well as
error estimates (obtained from background) used for weighting in the

subsequent kinetic fitting.
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3.8. DIRECT MEASUREMENT OF DOPAMINE IN

HUMANS

The progression from ex vivo receptor binding methods (e.g.
autoradiography) as means of exploring dopaminergic neurotransmission
(REF), to the in vivo PET approach occurred two decades ago when the
radiolabeled neuroleptic 3-N-[11C]methylspiperone ([''CINMSP) was used
for the first time to visualize the distribution of dopamine and serotonin
receptors in brain (Wagner, Burns et al. 1983). The imaging of neuroleptic
drug binding in vivo therefore presented the interesting possibility of
measuring competitive binding with endogenous neurotransmitter

‘ present as ligands (Friedman, DeJesus et al. 1984). Since then this non-
invasive imaging modality has allowed investigating dopaminergic
transmission at the level of plasma membrane receptors with 1) Dy
receptor antagonists including SCH-23390 and NNC (112 & 756) (Billard,
Ruperto et al. 1984; Andersen, Gronvald et al. 1992); with 2) D25 receptor
antagonists such as the butyrophenone [*H]spiperone and its methylated
analog [MM"C]NMSP (Leysen, Gommeren et al. 1978; Wagner, Burns et al.
1983; Lyon, Titeler et al. 1986), the benzamide [!'C]raclopride (Ehrin,
Farde et al. 1985; Kohler, Hall et al. 1985), the high-affinity antagonist
ligand ['8F]fallypride (Mukherjee, Yang et al. 1997; Mukherjee, Yang et al.

1999); with 3) the D1 receptor agonist SKF-82957 (Zhou, Katki et al. 1991)
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and with 4) D2 receptor agonists, N-[11C]propyl-norapomorphine (NPA)
and apomorphine (Seeman, Watanabe et al. 1985; Zijlstra, van der Worp et
al. 1993). Several tracers also exist to map non-receptor proteins such as
dopamine up-take sites (['1C]Cocaine, b-['2I|CIT, FE-['2I]CIT, ['2I]/[*¥F]/
[MC]FP-CIT, ['8F]/[MC]CFT, [21]/[''C]Altropane, [*2I]/[''C]PE2], and
[''C]methylphenidate; (Aquilonius, Bergstrom et al. 1987; Kilbourn,
DaSilva et al. 1993; Stoess] and Ruth 1998; Bergstrom, Tupala et al. 2001)
and enzymes, [\8F]DOPA (Gjedde, Reith et al. 1991; Cumming and Gjedde
1998). The development of these DA system ligands have made it possible
to directly study disorders such as schizophrenia (Wong, Wagner et al.
1986; Laruelle, Abi-Dargham et al. 1996; Abi-Dargham, Gil et al. 1998; Abi-
Dargham, Rodenhiser et al. 2000), Parkinson’s disease (Brooks 1997),
Tourette’s syndrome (Wong, Ricaurte et al. 1998), drug addiction
(Lindsey, Gatley et al. 2003), ADHD (Rosa Neto, Lou et al. 2002; Krause,
Dresel et al. 2003; Jucaite, Fernell et al. 2005). It has allowed to investigate
the response to pain (Pertovaara, Martikainen et al. 2004; Martikainen,
Hagelberg et al. 2005), the neurochemical basis of personality (Breier,
Kestler et al. 1998; Laakso, Vilkman et al. 2000) and the role of DA in
behaviors such as feeding (Small, Jones-Gotman et al. 2003; Volkow, Wang
et al. 2003) gambling (Zald, Boileau et al. 2004) and playing a video game
(Koepp, Gunn et al. 1998). Table 3 provides a list of findings that have

emerged from using radiotracers of the DA system in human.

PAGE 100



ISABELLE BOILEAU CHAPTER [1I: POSITRON EMISSION
TOMOGRAPHY & [''CIRACLOPRIDE

Of particular interest to the focus of this thesis is the suitability of
the substituted benzamide neuroleptic [lC]raclopride to measure
pharmacological and behavioral modulation of dopamine release in the

intrasynaptic cleft (for review see (Laruelle 2000).

This agent is a Dz/3-like DA receptor antagonist, which has high
affinity and selectivity for those receptors, in low and high receptor
affinity states. In high receptor density regions (the striatum)
[IC]raclopride has been shown to provide an accurate and reliable
estimate of the D23 receptor density. Due to its low nanomolar receptor
affinity and fast dissociation rate, [1'C]raclopride is highly sensitive to
competition from endogenous DA within the synapse (Kp = 1.2 nM)
(Kohler, Hall et al. 1985; Seeman, Guan et al. 1989) Table 2. This antagonist
ligand competes with endogenous DA for overlapping sites on D23
receptors; specifically the agonist (DA) binds in a pocket composed of the
receptors transmembrane helices 3, 4, 5, and 6, whereas the antagonist
binds in the same pocket but with minimal contact with transmembrane
helix 5 (Javitch, Shi et al. 2000). Because DA shows selectivity for the
activated receptor state and [!C]raclopride does not, the competition
between the ligand and the endogenous neurotransmitter is measured at

the level of receptors in high-affinity state (Laruelle 2000). In principle, the
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competition model assumes that changes in endogenous DA synaptic

levels are translated into changes in the availability of binding sites or

binding potential (BP) for the exogenous radioligand [''C]raclopride.

Table 2 Characteristics of Raclopride and Dopamine as ligands for DA receptors
Raclopride Specificity MW  Affinity Lipophilicity Reference
i o (Nm) (Log P)
a A A (Kohler,
nh D2/3 497 Hall et al.
) o /P Antagonist 1.2 13 1985)
Dopamine
NH, (Lidow,
D1 and Dyys - Goldman-
Agonist 133 4 Hydrophilic Rakic et al.
o 1989)
H

This model has been supported by a variety of protocols using
[l1C]Jraclopride. For example, when a tracer dose of ['C]raclopride is
administered conjointly or following an experimental procedure that
elevates DA, be it a pharmacological challenge with amphetamine
(Dewey, Smith et al. 1993), cocaine (Schlaepfer, Pearlson et al. 1997),
methylphenidate (Volkow, Wang et al. 1994), nicotine(Brody, Olmstead et
al. 2004), ketamine (Vollenweider, Vontobel et al. 2000; Kegeles, Martinez
et al. 2002), psilocybin (Vollenweider, Vontobel et al. 1999), an

experimental stress challenge (Pruessner, Champagne et al. 2004)(Trier
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mathematical challenge test, (Kirschbaum, Pirke et al. 1993) a cognitive
task (video game) (Koepp, Gunn et al. 1998) or expectation of reward (de
la Fuente-Fernandez, Ruth et al. 2001; de la Fuente-Fernandez, Phillips et
al. 2002), measurements of tracer receptor occupancy reveal a reduction in
receptor BP, relative to baseline. Conversely, depleting endogenous DA
(o-methyl-para-tyrosine (AMPT), B-hydroxybutyrate, reserpine, acute
dietary phenylalanine-tyrosine depletion) leaves more receptors available
for tracer binding (Ginovart, Farde et al. 1997; Leyton, Dagher et al. 2003;
Montgomery, McTavish et al. 2003; Verhoeff, Christensen et al. 2003).
Sfability and reproducibility of [C]raclopride have been addressed
through test retest studies. Both long-term stability of baseline
[''C]raclopride BP (11 months) (Hietala, Nagren et al. 1999) and within-
subject reproducibility of amphetamine-induced decrease in ligand
binding (Kegeles, Zea-Ponce et al. 1999) have been reliably found. Table 3
summarizes finding obtained from competition studies using

[MC]raclopride in humans.
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Table 3

Changes in ["'C]raclopride binding potential induced by

challenges interfering with dopamine transmission in humans

Subjects ROI Effect on Reference
n SRTM-derived
Challenge ["'C]raclopride
BP
Amphetamine 14 Ventral 17.8 +13.8% (Martinez, Slifstein
1.v. 0.3 mg /kg Healthy controls Striatum ’ ’ et al. 2003)
16 L Ventral (Oswald, Wong et
Amphetamine Healthy controls Striatum -10.6+51% al. 2005)
iv. 0.3 mg kg R Ventral 927+£56%
Striatum

Amphetamine 7 Ventral 148+ 11.5% (Drevets, Gautier
i.v. 0.3 mg /kg Healthy controls Striatum ) o etal. 2001)
Amphetamine 12 Ventral 13% 5 % (Cardenas, Houle
p.0.03 mg /kg Healthy controls Striatum et al. 2004)
6 hours post- 12 Ventral (Cardenas, Houle
Amphetamine Healthy controls Striatum -18% =6 % et al. 2004)
p-0. 0.3 mg /kg
Methylphenidate 7 Ventral 184 +8.7 % (Wang, Volkow et
iv. 0.5 mg /kg Healthy controls Striatum ) ) al. 1999)
Cocaine .1 1 Ventral (Schlaepfer,
. Cocaine users Striatum N.R. Pearlson et al.
1.v48 mg. 1997)
Nicotine 20 Ventral (Brody, Olmstead
1 cigarette/ 1.1 mg Smokers Striatum 2007010 —36.6% et};l. 2004)
Nicotine 10 Caudate Barrett, Boileau
3-6 cigarettes Smokers —21.21017% ( et al. 2004)

. . 7 L Caudate 0 (Vollenweider,
;’?;?o(;ggﬂrlng/kg Healthy controls R Caudate :igg i 2302 Vontlo;)gegl)et al.
Ketamine 9 Ventral (Breier, Adler et
i.v.bolus 0.12 Healthy controls Striatum al. 1998)
mg/kg -11.2+8.9%
+0.65 mg/kg 1h
constant infusion
Phenylalanine 8 Ventral (Leyton, Dagher et
Tyrosine dep%etion Healthy controls Striatum 1.8+ 11.9% al. 2003)

+ Amphetamine

0.3 mgkgp.o.

Alpha-methyl- 6 Ventral (Verhoeff,
ara-tyrosine Healthy controls Striatum Christensen et al.

(32'3'}32 50 mg 13.3+£59% 2000)
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