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ABSTRACT 
Molecular imaging techniques such as positron emission tomography (PET) 

allow for examination of biochemical markers directly in the living human brain. Such 
imaging studies have over the recent years provided important understanding of the 
functional role of dopaminergic neurotransmission in motor and higher-order brain 
functions.  

The first aim of the present thesis was to examine the dopamine (DA) system in 
Restless Legs Syndrome (RLS). The second aim was to extend current knowledge on 
the physiological role of DA neurotransmission, including involvement in components 
of complex human behaviour.  

Sixteen patients with RLS and sixteen matched control subjects were examined 
with PET. Using the radioligands [11C]raclopride for striatum and [11C]FLB 457 for 
extra-striatal regions in a total of 96 PET examinations, a detailed mapping of D2-
receptor distribution was performed employing both region-of-interest and voxel-based 
methods. In study II-V, only control subjects were included in the analysis.  

In the first study, D2-receptor binding in RLS patients and control subjects was 
compared. Patients showed higher receptor availability in both striatal and extra-striatal 
brain regions. Increased D2 binding may correspond to higher receptor densities or 
lower levels of endogenous DA, and the results are thus consistent with a hypoactive 
DA system in RLS since low DA levels can lead to receptor upregulation.  

In a subsequent study, diurnal effects on D2-receptor availability was examined 
by comparing PET examinations performed AM and PM. Individuals in the lower age 
range showed reduced PM binding while in older subjects binding increased, an effect 
which was statistically significant in limbic and cortical brain regions. The results 
imply a diminished DA release in the evening with increasing age.  

In the third study, striatal D2-receptor binding was examined in relation to 
cognitive performance. Receptor availability in limbic striatum was related to 
performance in tests of episodic memory. By contrast, D2 binding in associative and 
sensorimotor striatum showed associations to the non-episodic tasks verbal fluency and 
general knowledge. These findings provide the first biochemical evidence in man for a 
functional subdivision of the striatum. 

In study four, interregional correlations and individual patterns in D2-receptor 
availability was examined. Significant correlations were found between binding in 
several brain regions, but not all. Specifically, the results do not support the use of 
striatal DA markers as an index of global DA function. Furthermore, it was 
demonstrated that individual binding profiles could be reliably categorized using 
dimension reduction and clustering approaches.  

In the final study, D2-receptor binding was examined in relation to a measure of 
the personality trait social desirability. A negative relationship was shown for 
hippocampus-amygdala, whereas a trend-level correlation in the same direction was 
found for the striatum. The results add to recent evidence in support of a role for the 
DA system in socially desirable behaviour, and extend this research into brain regions 
of relevance for emotional processing and learning.   

In summary, the present work provides new knowledge on the functional roles 
of the DA system in RLS and human behaviour, and supports the rationale of 
performing an anatomically detailed mapping of DA markers in clinical PET studies. 
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1 INTRODUCTION 
 
Molecular imaging techniques such as Positron Emission Tomography (PET) allow for 
quantitative measurements of biochemistry in the living human brain. The methodology 
provides a link between genes, proteins and behaviour in health and disease. In the field 
of neurology, molecular imaging studies have contributed substantially to the 
understanding of pathophysiology, diagnosis and treatment of several major disorders. 
In psychiatry, this line of research is developing rapidly, however a major obstacle of 
progress is a limited understanding of the biochemical underpinnings of human 
behaviour at physiological conditions.  
 
The dopamine (DA) system, which was originally thought to be implicated mainly in 
motor function, has during the last decades been shown to be involved in reward, 
cognition as well as emotion. As a corollary, research has demonstrated a central role 
for dopaminergic neurotransmission in a wide range of brain disorders, showing that 
biology does not respect the traditional boundaries between medical disciplines.  
 
The general aim of this thesis was to extend current knowledge on the functional roles 
of the DA system, by performing a detailed mapping of the DA D2-receptor in the 
human brain using PET. First, the hypothesis of dopaminergic dysfunction in Restless 
Legs Syndrome was investigated by comparing patients and control subjects. In the 
remaining studies, basic aspects of D2-receptor expression as well as relationships to 
behavioural measures were examined in control subjects. The wider objective of this 
second part was to define future approaches in research on psychiatric disorders. 
 
 
1.1 THE BIOLOGICAL BASIS OF BEHAVIOR: HISTORICAL NOTES 

 
1.1.1 The importance of the brain  

The biological basis of human behaviour was recognized already in the beginnings of 
western science. The humoral theory, which was developed by Hippocratic writers, 
stated that temperament and character were dependent on the balance of body fluids, a 
hypothesis which represents one of the first models of body-behaviour relationship. 
However, the role of the brain was for a long period of time disputed. Aristoteles (384-
322 B.C.), who remained the dominant thinker in biology well into the Middle Ages, 
considered the heart to be the central organ, and the seat of emotion and sensation 
(Lindberg, 1992). During the eleventh century, islamic philosopher Avicenna located 
the senses to the ventricles of the brain, and with the advent of detailed body 
dissections by renaissance physicians in Italy, the functional role of the brain emerged 
(Finger, 2000). 
 
1.1.2 Generalized or localized brain function?  

At the end of the eighteenth century, German neuroanatomist Franz Joseph Gall stated 
that all behaviour emanated from the brain, and that specific functions were localized to 
specific brain regions. This was challenged by French physiologist Pierre Flourens, 
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who performed animal experiments where putative functional centers were removed 
from the brain and showed that injury to a specific part of the cerebral hemisphere 
affected all functions equally. He concluded that all parts of the cortex were responsible 
for intelligence, voluntary actions and perception, a view that remained popular well 
into the nineteenth century. However, when French neurologist Pierre Paul Broca 
identified brain regions responsible for speech by performing a series of post-mortem 
studies, Galls original ideas became widely accepted (Finger, 2000). 
 
1.1.3 The pharmacological brain  

In the beginning of the last century, it was assumed that communication between nerve 
cells occurred primarily by electrical impulses. With the discovery of acetylcholine and 
norepinephrine in peripheral tissue, the theory of chemical neurotransmission was 
formed in the 1930s. Aided by the development of techniques such as the 
spectrophotofluorimeter, specific neurotransmitters such as serotonin and 
norepinephrine were identified also in brain (Bogdanski et al., 1956; Brodie and Shore, 
1957). 
 
Dopamine was first discovered as a brain neurotransmitter in a series of experiments by 
Arvid Carlsson in the 1950s (Carlsson et al., 1958; Carlsson and Waldeck, 1958; 
Carlsson, 1959), work which earned him the Nobel Prize in the year 2000. DA was first 
though to be implicated primarily in motor behaviour, but has during the last decades 
shown to be involved in motivation and reward, cognitive behaviour as well as 
emotional regulation. Understanding the role of the DA system as well as other major 
neurotransmission systems remains a major goal in the field of neuroscience.  
 
 
1.2 THE DOPAMINE SYSTEM 

Dopamine is a slow-acting chatechole neurotransmitter exerting its action by binding to 
specific membrane receptors, which belong to the G-coupled family. DA stimulation 
acts via intracellular signalling pathways including biochemical reactions as opposed to 
“fast” neurotransmitters which alter the permeability of ion channels and in turn 
membrane potential. The physiological effects of DA is mediated by neuromodulation 
and long-term regulation, altering the response of neurons depending on their 
functional state (Girault and Greengard, 2004). 
 
1.2.1 Dopaminergic pathways 

Anterograde and retrograde tracing techniques have been used in animal research to 
define four major dopaminergic pathways (Fig. 1) (based on Ungerstedt, 1971; Le 
Moal and Simon, 1991; Vallone et al., 2000):  
 
1. The nigrostriatal pathway originates from A9 cells in substantia nigra pars compacta 
and innervates medium spiny neurons in striatum. This pathway is thought to represent 
approximately 3/4 of all dopaminergic projections fibers. Although the nigrostriatal 
system was primarily thought to modulate motor function, more recent research link 
DA neurotransmission in striatum to several aspects of behaviour, including cognition 
(for review see Bäckman et al., 2006).  
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2. The mesolimbic pathway originates from cells in A10 neurons in the ventral 
tegmental area (VTA), and innervates ventral striatum as well as limbic cortical 
structures such as the amygdala, hippocampus and enthorinal cortex. The mesolimbic 
DA system plays a key role in motivational and emotional processes (Schultz et al., 
1997; Nader and LeDoux, 1999). 
 
3. Neocortical brain regions such as the frontal and temporal cortices receive DA 
innervation via the mesocortical DA system, also originating from A10 cells in VTA. 
This system has been shown to be involved in cognitive functions (Sawaguchi and 
Goldman-Rakic, 1991; Abi-Dargham et al., 2002) 
  
4. The tuberoinfundibular pathway originates from the walls of the third ventricles, and 
innervates hypothalamus. DA is released into the hypothalamic-hypophyseal portal 
system, inhibiting the release of prolactin from the anterior pituitary (Vallone et al., 
2000).  

 
Figure 1. (a) Sagittal drawing of rodent brain, showing mesolimbic and nigrostriatal 
DA pathways. Adapted from Ungerstedt, 1971. (b) Dopaminergic pathways in the 
human brain. Courtesy of The Nobel Foundation. For legends, see text. 
 
 
Recently, detailed studies in macaque monkeys and human tissue post-mortem have 
provided new information on the dopaminergic innervation of the thalamus, suggesting 
the existence of a separate thalamic DA neurotransmission system (Sanchez-Gonzalez 
et al., 2005; Garcia-Cabezas et al., 2007).  
 
1.2.2 Dopaminergic transmission  

Dopamine is synthesized in DA neurons in the midbrain and stored in vesicles prior to 
release. First, the essential amino acid tyrosine is converted to L-dihydroxy-
phenylalanine (L-DOPA) by the enzyme tyrosine hydroxylase. This is the rate-limiting 
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step in the DA synthesis process. L-DOPA is then converted into DA by L-amino-acid 
decarboxylase (Molinoff and Axelrod, 1971). 
 
According to the phasic/tonic hypothesis, DA is released in both a transient and tonic 
fashion (Goto et al., 2007). The high-amplitude transient release, also known as burst 
firing, is related to action potentials of DA neurons and is terminated by rapid removal 
from the synaptic cleft. Tonic firing refers to spontaneously occurring baseline activity, 
which is driven by pace-maker like membrane-currents in DA neurons. These modes of 
release have different functional implications. For instance, burst firing in ventral 
striatum occurs in response to unexpected reward signals, while the omission of 
expected reward inhibits tonic firing (Schultz et al., 1997). Furthermore, tonic DA 
release is thought to act in prefrontal brain regions to promote sustained attention, 
whereas phasic DA signalling mediate adaptive behaviour and cognitive flexibility 
(Bilder et al., 2004).  
 
In striatum, DA signalling is terminated by uptake through the dopamine transporter 
protein (DAT) and degradation by monoamine oxidase (MAO). In low-density regions 
such as the frontal cortex, termination of DA neurotransmission occurs mainly via 
intrasynaptic enzymatic degradation by catechol-O-methyltransferase (COMT) 
(Molinoff and Axelrod, 1971; Bilder et al., 2004).  
 
1.2.2.1 Diurnal pattern 

Animal studies have shown that dopaminergic neurotransmission follows a circadian 
pattern (Khaldy et al., 2002; Castaneda et al., 2004; Akhisaroglu et al., 2005), 
suggesting an involvement of the DA system also in the regulation of behaviour over 
the day-night cycle. The most consistent finding is a reduced DA release in the dark 
phase compared to the light phase, as demonstrated by Khaldy and colleagues (2002). 
In this study, the pattern was abolished after pinealectomy, and reinstated after 
melatonin administration, strongly suggesting a melatonin-dependent diurnal variation 
in DA levels. Despite these findings, diurnal variations in the DA system had not been 
investigated in human subjects at the starting-point of this thesis.  
 
1.2.3 Receptor subtypes  

There are five subtypes of dopamine receptors, divided in two families of D1-like (D1, 
D5) and D2-like  (D2, D3 and D4) receptors based on structural homology and 
biochemical properties (Vallone et al., 2000; Girault and Greengard, 2004). Stimulation 
of D1-like receptors leads to increases in the activity of adenylyl-cyclase (cAMP), 
while stimulation of D2-like receptors inhibit cAMP. A major effect of cAMP is to 
activate a protein kinase (PKA) which in turn phosphorylates several protein substrates. 
DARPP-32, which is the most studied of these, is enriched in striatal neurons and exerts 
different effects on signalling pathways depending on the state of phosphorylation 
(Girault and Greengard, 2004).  In the striatum, D1-receptors are mainly expressed on 
neurons that are part of the direct nigrostriatal pathway, while D2-receptors are found 
primarily in indirect pathways that include interneurons (Gerfen et al., 1995; Hersch et 
al., 1995). This enables a synergistic effect on DA neurotransmission, despite opposing 
intracellular signalling pathways for these two receptor subtypes.  
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1.2.3.1 Brain distribution of dopamine D2/D3-receptors 

The D2 receptor, which is the focus of the present thesis, was identified in 1984 
(Kebabian and Calne, 1979). The D3 receptor (Sokoloff et al., 1990) show great 
similarity to the D2-receptor, and most ligands have affinity for both types. Human 
post-mortem studies show that D2 receptors are abundant in the striatum, with an 
increasing D2-receptor density along the rostro-caudal axis (Hall et al., 1994; Piggott et 
al., 1999). D2-receptors are also found throughout neocortex, where densities vary from 
0.2-1.5% of striatal receptor density, with highest concentrations in thalamus and the 
temporal lobe (Kessler et al., 1993; Hall et al., 1996a). D3-receptors are found mainly 
in the ventral striatum as well as in the islands of Calleja in the basal forebrain, but not 
in neocortical regions (Hall et al., 1996b).   
 
 
1.3 POSITRON EMISSION TOMOGRAPHY 

Positron emission tomography (PET) is a nuclear medicine imaging technique 
measuring the spatial distribution of radiolabelled compounds. In a clinical context, 
PET was originally used to estimate blood flow using radiolabeled water, or 
metabolism using a derivative of glucose (FDG). Functional Magnetic Resonance 
Imaging (fMRI), which provides an indirect measure of blood flow based on magnetic 
information, has largely replaced PET for measuring brain activity in functional 
studies. PET has however a unique advantage in enabling in vivo quantification of 
molecular low density targets such as receptors and transporter proteins.  
 
1.3.1 Image acquisition 

For molecular imaging studies, a drug (ligand) binding selectively to the target of 
interest is labelled with a positron-emitting radionuclide. The most commonly used 
radionuclide for neuroreceptor studies is [11C], having a suitable half-life (20.4 minutes) 
for the time course of a PET measurement. Importantly, the substitution of naturally 
occurring [12C] with [11C] does not change the characteristics of the ligand (Farde, 
1996). A prerequisite of PET is an effective radiolabelling process, which provides a 
radioligand where the ratio of radiolabelled to unlabeled molecules is high. This 
permits the use of “tracer” doses in the g range, which do not induce pharmacological 
effects. 
 
During a brain PET measurement, the positron-emitting radioligand is introduced into 
the body, after which it passes the blood-brain barrier and binds to target molecules. 
The emitted positrons collide with an electron, resulting in annihilation whereby two 
511 keV -particles (photons) are emitted in 180±0.25 direction from each other (Fig. 
2). These photons are registered as coinciding events by the PET detectors, enabling the 
system to estimate where the annihilation occurred. Following data acquisition, a 
sequence of images is reconstructed showing the spatial distribution of radioactivity 
over time (Eriksson et al., 1990). 
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Figure 2. Schematic illustration representing acquisition and reconstruction of PET 
images.  
 
 
The distance travelled by the positron before annihilation (1.6 mm for [11C]) and the 
divergence from the 180 line constitutes the physical limits for the spatial resolution of 
PET. Spatial resolution refers to the minimum distance at which two separate points 
can be discriminated. The representation of a perfect point source in a PET image can 
be approximated by a Gaussian function, and the resolution of a PET system is 
commonly defined as the distance where the signal intensity is half of the maximal 
value (FWHM) (Fig. 3). For instance, the ECAT Exact HR 47 system used in the 
present thesis has a resolution of 3.8 mm FWHM. 
 

 
 
 

 
 

 

 
Figure 3. Curves describing 
point spread functions of the 
PET signal from two 
separate objects. Imax = 
maximum image intensity; 
FWHM = Full Widh at Half 
Maximum.
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1.3.2 Quantification of radioligand binding 

 
Radioligand distribution over time can be described by a model of communicating 
pharmacological compartments. Mathematical equations based on this model are 
applied to the data to calculate biological parameters describing ligand-receptor 
interaction in vivo. The most common parameter of interest is binding potential (BP). 
In the context of classical receptor-ligand terminology, BP represents the product of 
receptor density (Bmax), apparent affinity (1/Kd) and the free fraction of free and non-
specific bound ligand (ƒ2). (Mintun et al., 1984).  
 
1.3.2.1 ROI- and voxel-based approaches 

The most common method for anatomical definition of radioligand binding, is to define 
regions of interest (ROIs) on a structural MR image.  These ROIs are then transferred 
to the series of PET images to generate time-activity curves. During recent years, 
methods for determining binding at the voxel level have been developed, yielding 
three-dimensional maps of binding for the entire brain volume (Fig. 4). Using this 
approach, a detailed quantitative analysis independent of ROI definition can be 
performed. (Cselenyi et al., 2002; Cselenyi et al., 2006).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1.3.3 Radioligands for the dopamine system 

Several radioligands have been developed for PET studies of different components of 
the DA system. Presynaptic DA markers include radioligands for the dopamine 
transporter (Halldin et al., 1996; Halldin et al., 2003) and measurements of [18F]L-dopa 
uptake (Garnett et al., 1983), which provides an indirect measure of DA synthesis. DA 
receptors constitute primarily postsynaptic markers, and radioligands have been 
developed both for the D1 and D2-receptor families (Halldin et al., 1998). 
 
1.3.2.1 Radioligands for the D2-receptor 

In 1983, dopamine receptors was first visualized in PET experiments, using the 
radioligand [11C]-NMSP for the D2-receptor (Wagner et al., 1983). However, this 
radioligand was later demonstrated to have affinity also for serotonin and noradrenergic 
receptors. [11C]raclopride is a salicylamid developed shortly thereafter, with selectivity 

Figure 4. Volume rendering of D2-
receptor binding in a healthy control 
subject. Courtesy of Zsolt Cselényi. 
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for D2-receptors (Farde et al., 1985), and has become the most widely used radioligand 
for neuroreceptor PET studies.  
 
The moderate affinity of [11C]raclopride for the D2-receptor only allows for 
measurements in striatum, a region receiving dense DA innervation. However, 
dopaminergic neurotransmission in brain regions outside of the striatum is implicated 
in both psychiatric and neurologic disorders. The last decade has seen the development 
of high-affinity radioligands such as [11C]FLB 457 (Halldin et al., 1995; Farde et al., 
1997b) and [18F]fallypride (Mukherjee et al., 1997). [11C]FLB 457, which is used in the 
present thesis, has the very high affinity of 20 pM for the dopamine D2-receptor in 
vitro, compared to 1-2 nM for [11C]raclopride (Hall et al., 1994; Halldin et al., 1995), 
enabling the quantification of receptor population in regions with low receptor densities 
(Olsson et al., 1999; Olsson et al., 2004). In contrast, D2-receptor availability in 
striatum can not be reliably determined with this radioligand, since binding equilibrium 
is not reached during the time-course of a PET examination.  
 
The high affinity of [11C]FLB 457 presents a specific challenge for radiochemistry, 
since also low masses of injected ligand can approach binding saturation and reduce 
radioligand binding. In simulation studies, an injected mass of 0.5 g resulted in a 
radioligand occupancy of 5%, a limit which was suggested to be acceptable for applied 
and clinical studies (Olsson et al., 2004).  
 
1.3.4 Accuracy of PET measurements 

Accuracy of PET measurements depends on sensitivity and resolution of the PET 
system. The spatial resolution of the PET system used in the present thesis enables the 
measurement of brain regions with a volume as small as around 1cm3 (Hoffman et al., 
1979; Kessler et al., 1984). However, detailed mapping of radioligand binding is also 
dependent upon accurate anatomical delineation. During recent years, automatic 
procedures for anatomical matching of PET images to structural MR images have been 
developed and implemented (Myers, 2002), thereby improving accuracy of regional 
binding estimates in PET. Further improvement in accuracy and level of detail of PET 
measurements comes in the form of a new generation of HRRT systems (Wienhard et 
al., 2002), where a resolution approaching the positron range can be achieved using 
sophisticated reconstruction approaches (Panin et al., 2006). 
 
 
1.4 IMAGING DOPAMINE IN MOVEMENT DISORDERS 

 
Movement disorders represent a field in neurology where molecular imaging has 
provided important insights. An example is Parkinson’s disease (PD), a syndrome 
characterized by bradykinesia, rigidity and tremor. Post-mortem studies show loss of 
nigrostriatal dopaminergic neurons, with reduced DA innervation primarily in putamen 
in early stages of disease (Kish et al., 1988), as has been verified in vivo (Morrish et al., 
1995). Imaging of DA biomarkers can be used as a diagnostic test, prognostic tool or to 
evaluate treatment effects in PD (for reviews see Brooks, 1998; Brooks et al., 2003; 
Ravina et al., 2005).  
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1.4.1 Restless Legs Syndrome 

Restless Legs Syndrome (RLS) is a sensorimotor disorder characterized by unpleasant 
leg sensations and an irresistible urge to move the legs (Ekbom, 1945). Symptoms are 
worsened at rest and in the evening, interfering with sleep and causing daytime 
sleepiness. The prevalence of RLS has been estimated to 7-8 % in large 
epidemiological studies (Allen et al., 2005; Tison et al., 2005).  
 
The etiology and pathophysiology of RLS is largely unknown. However, clinical and 
pharmacological observations point to a role for the dopamine system. Treatment with 
DA agonists show a positive effect as demonstrated by controlled clinical trials 
(Montplaisir et al., 2006; Oertel et al., 2006; Trenkwalder et al., 2007). In contrast, DA 
antagonists worsen symptoms or may even elicit RLS (Kraus et al., 1999; Wetter et al., 
2002; Pinninti et al., 2005). Indirect support for a role of the dopamine system is also 
provided by the observation that akathisia, which show similarities with RLS 
symptoms, is a common side-effect of treatment with anti-psychotic drugs that are all 
dopamine antagonists (Farde et al., 1988; Barnes, 1989). Although RLS symptoms can 
be prevalent in later stages of PD, an ethiologic link between RLS and PD has not been 
demonstrated (Tan, 2006).  
 
At the starting point of this thesis project, several molecular imaging studies of the 
striatal dopamine system in RLS had been performed. The results were however 
inconclusive. Two PET studies have shown reduced uptake of [18F]dopa in the striatum 
(Turjanski et al., 1999; Ruottinen et al., 2000) while one study showed no difference 
(Trenkwalder et al., 1999). In SPECT studies, no difference in binding to the dopamine 
transporter has been found (Eisensehr et al., 2001; Michaud et al., 2002; Tribl et al., 
2002; Linke et al., 2004; Mrowka et al., 2005). Studies on the dopamine D2-receptor 
have also yielded discrepant findings. One PET study using [11C]raclopride and two 
SPECT studies have shown reduced binding (Staedt et al., 1995; Turjanski et al., 1999; 
Michaud et al., 2002) whereas three other SPECT studies showed no difference 
(Eisensehr et al., 2001; Tribl et al., 2002; Tribl et al., 2004).  
 
Taken together, these studies could not clearly confirm the hypothesis of a hypoactive 
DA system in RLS. Furthermore, none of the studies examined extrastriatal regions, 
and the diurnal component of the disorder had not been taken into account. Finally, 
there were some limitations, such as the lack of control for head movement during 
measurements, inadequate age-matching in some cases as well as studies where not all 
patients were naïve to drugs affecting the DA system. 
 
 
1.5 IMAGING DOPAMINE IN COGNITION 

The dopaminergic system was initially thought to be primarily involved in motor 
functions. Over the years, lesion studies in animals as well as pharmacological and 
genetic studies in humans have demonstrated a role for DA also in higher order brain 
functions, such as cognition (for review see Bäckman et al., 2006). Molecular imaging 
studies have during recent years provided additional support for this view, by 
demonstrating relationships between interindividual variability in DA marker density 
and cognitive performance (Bäckman et al., 2006; Cropley et al., 2006). 
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1.5.1 Presynaptic markers 

Studies of the dopamine transporter have shown positive correlations with striatal 
binding and performance in tests of mental flexibility, verbal learning, attention and 
episodic memory (Muller et al., 2000; Mozley et al., 2001; Duchesne et al., 2002; 
Erixon-Lindroth et al., 2005). Studies on [18F]DOPA uptake, primarily in patients with 
Parkinson’s disease, have shown associations in the same direction in both striatal and 
extrastriatal regions to tests of mental flexibility, attention, verbal fluency and different 
forms of memory (Rinne et al., 2000; Bruck et al., 2001; Bruck et al., 2005; Jokinen et 
al., 2008; van Beilen et al., 2008).  
 
1.5.2 Postsynaptic markers 

Molecular imaging studies of striatal D1- and D2-receptors have shown positive 
correlations for mental flexibility, attention, episodic memory and working memory, in 
patients and healthy control subjects (Lawrence et al., 1998; Wang et al., 1998; Volkow 
et al., 1998; Bäckman et al., 2000; Yang et al., 2004; Reeves et al., 2005). For D1-
receptors, a similar relationship has been demonstrated in patient groups also for 
binding in frontal cortex in relation to working memory (Okubo et al., 1997; Lawrence 
et al., 1998; Abi-Dargham et al., 2002). A recent study with [11C]FLB 457 has shown 
associations between D2 binding in extrastriatal brain regions and cognitive 
performance (Takahashi et al., 2007).  
 
1.5.3 Dopamine release 

Dopamine D2-receptor binding as measured with [11C]raclopride and [11C]FLB 457 has 
shown to be sensitive to levels of endogenous DA (Laruelle, 2000; Montgomery et al., 
2007). Recently, studies designed to take advantage of this effect have shown decreased 
radioligand binding both in striatum and prefrontal cortical regions while performing 
tasks assessing executive function during PET measurements (Aalto et al., 2005; 
Monchi et al., 2006). These findings were interpreted as task-dependent increases in 
DA release.  
 
1.5.4 Generalized effect of DA on cognitive performance? 

Taken together, molecular imaging studies support a role for DA in a wide range of 
cognitive domains, in both striatal and extra-striatal brain regions. Furthermore, 
correlations between DA biomarkers and cognitive performance have been in the 
positive direction with very few exceptions. This pattern may suggest that DA effects 
on cognition are of a general nature rather than anatomically or functionally specific. 
With regard to the striatum, anatomical studies in animals show that this structure is 
part of a system of distinct cortico-striatal circuits (Alexander et al., 1986; Parent, 
1990), which suggest that different subregions of the striatum may have differential 
importance for different cognitive domains. However, at the starting point of this thesis, 
the relationship between DA markers and cognitive performance had not been 
examined in functional subregions of the striatum.  
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1.6 DOPAMINERGIC MARKERS IN RELATION TO PERSONALITY 
TRAITS 

 
Personality traits describe patterns of behaviour which are stable in different situations 
during life as well as across the lifespan. Furthermore, personality traits vary 
considerable between individuals. Personality traits may be viewed as vulnerability 
factors for disease (Malmberg et al., 1998; Hettema et al., 2004; Kendler et al., 2004), 
and research on the biological underpinning of personality may thus aid in clarifying 
the interaction between genetic disposition and environment in the genesis of 
psychiatric disorders.  
 
A decade ago, a pioneering study reported an association between the personality trait 
detachment and D2-receptor density in striatum (Farde et al., 1997a). Individuals 
scoring high on the detachment scale have a tendency to avoid involvement with other 
people, and can describe themselves as cold or withdrawn. Interestingly, emotional 
distance and social isolation is included in what is termed negative symptoms in 
patients with schizophrenia, a disorder where altered DA neurotransmission has been 
implicated. This finding has since been independently replicated (Breier et al., 1998), 
and further studies using PET and SPECT have shown correlations between biomarkers 
for the dopamine system also for other dimensions of personality, such as novelty 
seeking as well as anxiety traits (Table 1).  
 

 
 
1.6.1 Social desirability 

Animal research supports a role for the dopamine system in social behaviour. DA 
neurotransmission has been demonstrated to be involved in displays of social 
dominance and social submission (Grant et al., 1998; Morgan et al., 2002) as well as 
aggressive confrontation (Tidey and Miczek, 1996; van Erp and Miczek, 2000). In two 

Personality Trait Marker Subjects Region r Study

Detachment (KSP) D2 HC striatum - Farde et al., 1997a; Breier et al., 1998
DAT HC striatum - Laakso et al., 2000

Novelty Seeking (TCI) D2 HC r insula - Suhara et al., 2001
D2 PD insula - Kaasinen et al., 2004

DAT Alc striatum + Laine et al., 2001
Anxiety, irritability (KSP) DOPA HC striatum - Laakso et al., 2003
Neuroticism (MPI) D2 HC striatum - Lee et al., 2005
Depression (NEO-PI-R) D2 HC striatum + Kestler et al., 2000
Harm avoidance (TCI) DOPA PD striatum + Kaasinen et al., 2001
Lie scale (MPI, EPQ-R) D2 HC striatum - Huang et al., 2006; Reeves et al., 2007

Table 1. Molecular imaging studies of the dopamine system in relation to 
personality traits. 

KSP = Karolinska Scales of Personality; TCI = Temperament and Character inventory; MPI = 
Maudsley Personality Inventory; EPQ-R = Eysenck Personality Questionnaire Revised; D2 = 
Dopamine D2 receptors; DAT = Dopamine transporter; DOPA = L-Dopa uptake; HC = Healthy 
control subjects; PD = Parkinson's disease, Alc = Alcohol addiction; r = right
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recent SPECT and PET studies, these observations have been extended to man by 
showing a relationship between striatal D2-receptor binding and socially desirable 
responding (Huang et al., 2006; Reeves et al., 2007). The scale used in these studies 
was originally constructed to control for subjects underreporting negative aspects of 
behaviour (Eysenck and Eysenck, 1975; Nederhof, 1985), however social desirability 
can also be viewed as a personality trait in itself, representing social adjustment in order 
to gain approval or acceptance (McCrae and Costa, 1983).  
 
In the personality trait social desirability, emotional processing as well as different 
aspects of learning and memory may be viewed as components at a behavioural level. 
These are functions engaging cortical as well as subcortical regions of the brain, in 
particular limbic structures such as hippocampus and amygdala (Nyberg et al., 1996; 
Vargha-Khadem et al., 1997; Garcia et al., 1999; Öhman, 2005). However, DA 
biomarkers in extrastriatal brain regions have hitherto not been examined in relation to 
social desirability.  
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2 AIMS 
 
The general objective of the present thesis was to examine functional roles of the 
dopamine system, by performing a detailed regional mapping of D2-receptor binding in 
the human brain using PET. Specifically, we aimed to examine:  
 

 The hypothesis of dopaminergic dysfunction in Restless Legs Syndrome (study 
I) 

 
 Diurnal effects on dopamine D2-receptor binding (study II) 

 
 D2-receptor binding in subregions of striatum in relation to cognitive function 

(study III) 
 

 Interregional correlations and individual patterns in D2-receptor availability 
(study IV) 

 
 Striatal and extrastriatal D2-receptor binding in relation to the personality trait 

social desirability (study V) 
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3 MATERIALS AND METHODS 
 
This thesis work is based on data collected within the framework of a clinical study on 
D2-receptor binding in Restless Legs syndrome (RLS), including 96 PET examinations 
as well as behavioural measures. In study I, we compared RLS patients and healthy 
control subjects. In studies II-V, only the control subjects were included in the analysis. 
 
 
3.1 SUBJECTS 

Sixteen patients with idiopathic RLS (8 males, 8 females) and sixteen age- and sex-
matched control subjects were recruited by advertising in daily newspapers. The age 
was 55 ± 7 years (mean ± sd) for patients and 56 ± 8 years for controls. Subjects had no 
history of psychiatric or somatic illness as determined by clinical interview, MRI 
examination, blood and urine tests and ECG. None of the subjects were nicotine users, 
and they were required to abstain from products containing caffeine or alcohol during 
days of PET examinations.  
 
RLS patients were examined by a clinical neurologist who confirmed the diagnosis 
according the International RLS Study Group (IRLSSG) diagnostic criteria (Allen et 
al., 2003). All patients were naïve to dopaminergic drugs as well as opioid agonists. 
The symptom duration was 27 ± 12 years and heritability for RLS, defined as at least 
one first-order relative being affected, was observed in 9 cases. In order to confirm 
study eligibility, RLS symptoms were rated on the day of the first PET examination 
using the IRLSSG severity rating scale (Walters et al., 2003). The average rating was 
18.5 ± 4.  
 
All subjects gave verbal and written consent after receiving complete description of the 
study, and the study was approved by the Ethics and Radiation Safety Committees of 
Karolinska Institutet.  
 
 
3.2 MRI EXAMINATIONS 

All subjects performed MRI examinations prior to inclusion in the study. T1 and T2 
weighted images were acquired using a 1.5 TE Signa system (Milwaukee, WI). T2 
images were examined for structural pathology at subject inclusion. T1 images were 
reconstructed into a 256x256x256 matrix with a resolution of 1.02 x 1.02 x 1 mm3 and 
were used for subsequent data analysis. To allow for the same head positioning in all 
examinations and to minimize head movement, a plaster helmet was made for each 
subject individually and used during both PET and MRI examinations (Bergstrom et 
al., 1981).  
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3.3 PET EXAMINATIONS  

 
3.3.1 Study design 

D2-receptor binding was determined in striatum using the radioligand [11C]raclopride 
and in extrastriatal brain regions with [11C]FLB 457. Since RLS symptoms show a 
diurnal pattern with increasing severity in the evening, all subjects underwent PET 
measurements with each of the two radioligands in the evening (starting at 18:00 h) on 
two separate days. The examination days were <16 days apart (except for one patient 
and one control subjects where this was extended to 34 and 19 days, respectively due to 
technical reasons).  
 
A secondary objective of study I was to examine group differences in diurnal variation 
of radioligand binding. In eight RLS patients and eight control subjects a morning 
[11C]raclopride examination (starting between 10:00 and 12:00 h) was made on the 
same day as the evening [11C]raclopride was performed. In the remaining eight RLS 
patients and eight control subjects, a morning measurement with [11C]FLB 457 was 
made on the same day as the evening [11C]FLB 457 examination. To avoid any order 
effects, subject pairs were randomized into four different sequences (Table 2). 
 

 
 
3.3.2 Examination procedure 

PET measurements were performed using an ECAT Exact HR 47 (CTI/Siemens, 
Knoxville, TN) run in 3D mode (Wienhard et al., 1994). The transaxial resolution is 3.8 
mm full width at half-maximum (FWHM) at the centre of the field of view, 4.5 mm 
FWHM tangentially, and 7.4 mm radially at 20 cm from the centre. Prior to each 
emission scan a transmission scan of 10 minutes was performed using three rotating 
68Ge-68Ga sources.  
 
[11C]Raclopride and [11C]FLB 457 were prepared from [11C]methyl triflate as described 
previously (Langer et al., 1999; Sandell et al., 2000). Subjects were placed recumbent 
with the head in the PET system. A sterile physiological buffer solution containing the 
radioligand was injected as a rapid bolus into a cannula inserted into the antecubital 

Table 2. Study design. 
Group AM PM

Day 1 [11C]Raclopride [11C]Raclopride
Day 2 - [11C]FLB 457

Day 1 - [11C]FLB 457
Day 2 [11C]Raclopride [11C]Raclopride

Day 1 - [11C]Raclopride
Day 2 [11C]FLB 457 [11C]FLB 457

Day 1 [11C]FLB 457 [11C]FLB 457
Day 2 - [11C]Raclopride

A

B

C

D
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vein. The cannula was the immediately flushed with 10 ml saline. Radioactivity in 
brain was measured during 51 minutes for [11C]raclopride and 87 minutes for [11C]FLB 
457 by a consecutive sequence of frames (3 x 1, 4 x 3, 6 x 6/12 x 6 minutes).  
 
For study I, a video capture of head movement was collected during PET examinations, 
in order to control for this potential confounding factor in the comparison between RLS 
patients and control subjects (Fig. 5). Furthermore, observed leg movement was 
recorded by the investigator (S.C.).  
 

 
 
 
3.4 IMAGE PROCESSING 

After correction for attenuation, random and scattered events, images were 
reconstructed using a Hann filter (2 mm FWHM). The reconstructed volume was 
displayed as 47 horizontal with a centre-to-centre distance of 3.125 mm and a pixel size 
of 2.02 x 2.02 mm2.  
 
For study I, PET and MR images were stripped of any information identifying the 
subjects, and file names were coded. This rendered the investigator (S.C) blind to the 
diagnostic status of the subjects during the image analysis.  
 
MR images were realigned to the plane of the anterior-posterior commissure using 
SPM2 software (www.fil.ion.ucl.ac.uk/spm) and resliced to a resolution of 2 x 2 x 2 
mm3. For each subject, all three summated PET images were coregistered to the MR 
image using the normalized mutual information method implemented in SPM2 (West 
et al., 1997), and the parameters derived were applied to the dynamic series of PET 
images. During the process of reslicing, PET images were resampled to MRI resolution 
in order to facilitate PET-MRI matching while minimizing loss of information.  
 
 
3.5 REGIONS OF INTEREST 

For determination of regional radioligand binding, regions of interest (ROIs) were 
manually delineated on each individual MR image using the Human Brain Atlas 
software (Roland et al., 1994).  

 
 
 
 
 
 
 
Figure 5. PET measurement in the 
ECAT Exact HR 47 system. Image 
shows video capture arrangement.  
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For [11C]raclopride examinations, ROIs were for striatum included both caudate and 
putamen. In study I and III, a detailed subregional analysis was performed, according to 
a method described previously (Mawlawi et al., 2001; Martinez et al., 2003) yielding 
ROIs for limbic, associative, and sensorimotor striatum.  
 
[11C]FLB 457 was used to determine D2-receptor binding in regions outside of the 
striatum. In study I, the selection of ROIs was guided by the literature on neuronal 
pathways for processing of sensory information and included thalamus, insula and the 
anterior cingulate cortex (ACC). For study II, ROIs for dorsolateral prefrontal cortex 
(DLPFC), medial prefrontal cortex (MFC), hippocampus and amygdala were added. In 
study V, measurements of [11C]FLB 457 binding was performed in brain regions of 
relevance for emotional regulation and learning, and the selected ROIs were ACC, 
DLPFC, MFC, orbitofrontal cortex, hippocampus and amygdala. For the analysis on 
regional binding patterns in study IV, all of the above were included. Definition of all 
extra-striatal ROIs were based on published guidelines (Buchsbaum et al., 1996; 
Crespo-Facorro et al., 2000b; Crespo-Facorro et al., 2000a; Pruessner et al., 2000; 
Gilbert et al., 2001; Abi-Dargham et al., 2002; Ballmaier et al., 2004; Yasuno et al., 
2004).  

Figure 6. Striatal and extrastriatal ROIs delineated on MR image in the coronal 
projection, from anterior (a) to posterior (d). 1 = dorsolateral prefrontal cortex; 2 = 
medial prefrontal cortex; 3 = orbitofrontal cortex; 4 = anterior cingulate cortex; 5 = 
insula; 6 = dorsal striatum; 7 = limbic striatum; 8 = thalamus; 9 = hippocampus.  
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3.6 QUANTIFICATION OF RADIOLIGAND BINDING 

ROIs were transferred to the series of PET images to generate decay-corrected time-
activity curves (TACs). Binding potential (BP), which was the parameter of interest, 
was calculated using the Simplified Reference Tissue Model with cerebellum as 
reference region, an approach which has previously shown to be suitable for 
[11C]raclopride and [11C]FLB 457 (Lammertsma and Hume, 1996; Olsson et al., 1999). 
In SRTM, the TAC for a reference region devoid of receptors is used as an indirect 
approximation of the plasma input function (CP). The model is based on two main 
assumptions. First, radioligand concentrations in the unspecific and free compartments 
are assumed to equilibrate rapidly, forming one effective compartment corresponding 
to non-displaceable radioligand (CND). Second, the level of non-displaceable binding in 
the reference and target regions is regarded as similar (Fig. 7, equation 1). A constant is 
introduced to control for differences in K1 between target tissue and the reference 
region (equation 2). The resulting equation (equation 3) is solved in a convolution 
manner and fitted to the TAC data in a least squares sense, yielding binding parameters 
including BP.         

 
Figure 7. Multicompartment model. C refers to radioligand concentration in defined 
compartments:  CP= plasma; CF=free; CNS= non-specifically bound; CB=specifically 
bound; CND=nondisplaceable. K1-k6 refer to rate constants.   
 
 
(1) C'ND = CND = CR 
(2) R1 = K'1/K1   

 
(3) C
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Throughout the thesis, BP refers to BPND which represents the ratio at equilibrium of 
specifically bound radioligand to that of nondisplaceable radioligand in tissue (Innis et 
al., 2007).  
 
For all regions, TACs for right and left sides were used both separately and as a 
spatially averaged TAC. The small ROI volumes of hippocampus and amygdala and 
their proximity to cerebrospinal fluid render the analysis in these regions particularly 
prone to partial volume effects, head movement and coregistration inaccuracy. To 
improve ROI statistics, TACs for hippocampus and amygdala were pooled into one.  
 
 
3.6.1 Cerebellum as reference region 

The SRTM assumes that the reference region is devoid of D2-receptors. Human post-
mortem studies have shown D2-receptor density in the cerebellum to be negligible 
(Hall et al., 1996a). However, since PET studies as well as one animal ex-vivo study 
have indicated that the high-affinity radioligand [11C]FLB 457 is sensitive to minute 
receptor populations in cerebellum (Olsson et al., 2004; Ahmad et al., 2006; Asselin et 
al., 2006), it cannot be excluded that a few percent of the activity in cerebellum may 
represent specific binding to dopamine D2-receptors.  
 
 
3.7 PARAMETRIC ANALYSIS 

In study I, III, IV and V, a voxel-based analysis was performed in order to confirm 
ROI-based findings. Parametric images of radioligand binding were created using the 
wavelet approach (Cselenyi et al., 2002; Cselenyi et al., 2006). Briefly, PET images 
were transformed to the wavelet space using a 3D wavelet transform. The kernel length 
was 26 and the depth of decomposition was 1 for [11C]raclopride images (study III) and 
2 for [11C]FLB 457 (study I, IV, V). The resulting parameters were analyzed using the 
reference region version of Logans linear graphical estimation (Logan et al., 1996), 
yielding a parametric wavelet transform describing the distribution volume ratio 
(DVR). The same cerebellar reference regions as in the ROI-based analysis were used. 
In the next step, a wavelet reconstruction was applied, resulting in 3D DVR images in 
normal space. The images were then normalized to the MNI template before 
performing voxel-based statistical calculations using SPM2. For [11C]FLB 457 
parametric images, a mask was created to exclude striatal regions from the analysis, 
since  D2-receptor binding in the striatum can not be measured reliably with this 
radioligand. 
 
 
3.8 COGNITIVE ASSESSMENT (STUDY III) 

For study III, a battery of five cognitive tests was used, of which three assessed 
episodic memory in order to specifically address the hypothesized relationship between 
binding in limbic striatum and this form of memory. Cognitive assessment took place 
around 2:00 pm, to control for potential diurnal variations in cognitive function. In the 
data analysis, cognitive measures for the control subjects only were included.  
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3.8.1 Non-verbal episodic memory 

Non-verbal episodic memory was assessed using two tests from the computerized 
CANTAB test battery (Fray and Robbins, 1996). In Paired Associate Learning 
(Lawrence et al., 1998), subjects were required to memorize and recall the spatial 
location of visual patterns presented serially on a computer screen. Performance was 
measured as the number of patterns correctly located in the first trial, summed across all 
stages completed (range = 0-26). In Delayed Pattern Recognition Memory, visual 
patterns were shown one at a time on the computer screen. In the recall phase, which 
was administered after approximately 30 minutes of testing, subjects were asked to 
recognize the target patterns and distinguish these from control patterns. The test was 
performed in two blocks with 12 patterns in each. The results are presented as the total 
percentage of correctly recognized patterns.  
 
3.8.2 Verbal episodic memory 

Verbal episodic memory was assessed by a Word Recognition test. Sixteen words were 
presented auditorily and visually at a rate of five seconds/word. At test, the 16 target 
words were re-presented along with 16 new words, for yes-no recognition judgments 
(Bäckman and Forsell, 1994). The performance measure used was the total number of 
words correctly recognized minus false alarms.  
 
3.8.3 General knowledge 

General knowledge was assessed using the Information subtest from the Wechsler 
Adult Intelligence Scale-Revised, administered according to standard procedures 
(Wechsler, 1981).  
 
3.8.4 Verbal fluency 

In the test Category Fluency, subjects were asked to produce as many words as possible 
belonging to a defined category during 1 minute. Two tests with different categories 
(animals and occupations) were administered. The outcome measure was the average 
number of items produced across these two categories.  
 
 
3.9 DIMENSION REDUCTION AND CLUSTERING (STUDY IV) 

In study IV, regional D2-receptor BP values for all regions were normalized in order to 
create individual profiles of binding. These profiles were used as input in a principal 
component analysis (PCA). This method constructs a low-dimensional representation 
of the data, while describing as much of the variance in the data as possible. The data is 
transformed to a new coordinate system where the greatest variance by a projection of 
the data lies on the first coordinate (PC1), the second greatest variance on the second 
coordinate (PC2), and so on (Bhaskar et al., 2006; van der Maaten et al., 2008). Based 
on the first two components of the PCA, individuals were then grouped into clusters 
using k-means and Ward linkage (Bowman et al., 2004; Dimitriadou et al., 2004). For 
both these analyses, a cluster number of four was arbitrarily chosen, to allow for a 
meaningful number of subjects in each group.  
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The normalized binding profiles were also analyzed using the self-organizing map 
(SOM) algorithm (Kohonen, 1997). This algorithm sorts individuals based on 
similarity, where binding in each region constitutes an independent dimension. The 
data is represented as a map, where topographical properties are preserved. Clustering 
was done in two separate steps into one and two dimensions.  
 
All dimension reduction and clustering procedures were performed in Matlab (The 
Mathworks, Inc.) version 7.3.  
 
 
3.10 PERSONALITY ASSESSMENT (STUDY V) 

The personality trait of social desirability was assessed using the Swedish Universities 
Scales of Personality (SSP) inventory (Gustavsson et al., 2000). Subjects were given 
SSP questionnaires to fill out in their own time between PET experiments. SSP is a 
revision of the Karolinska Scales of Personality (Schalling et al., 1987), and consists of 
91 items which are rated from 1 (“does not apply at all”) to 4 (“applies completely”). 
The SSP social desirability scale contains 7 items, which have been adapted from the 
Marlowe-Crowne Social Desirability Scale (Crowne and Marlowe, 1960).  
 
 
3.11 STATISTICAL ANALYSIS 

In studies I and II, repeated measures analyses of variance (ANOVAs) were used to test 
for group differences and diurnal effects on D2-receptor binding, respectively. In 
studies III and V, associations between regional binding and behavioural measures 
were analyzed using product-moment correlations. Pair-wise product moment 
correlations were used also in study IV to examine inter-relationship between regional 
BP values. In study III, a backward regression analysis was performed to further 
investigate the relative effect of subregional D2 BP values on each cognitive measure. 
For these tests, an alpha level of 0.05 was chosen as statistical threshold.  
 
In study I, a voxel-based paired t-test was performed in SPM2, using an unrestricted 
search volume. For studies III and V, the search was limited by using a mask for 
striatum and hippocampus-amygdala, respectively. In these studies, correlations 
between voxel-based binding and behavioural measures was calculated using simple 
regression analyses for each factor separately. 
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4 RESULTS AND COMMENTS 
 
4.1 STUDY I: ELEVATED D2-RECEPTOR BINDING IN RLS 

 
In this study, the hypothesis of a dopaminergic dysfunction in Restless Legs Syndrome 
(RLS) was examined. D2-receptor binding was determined in sixteen RLS patients 
naïve to DA drugs and sixteen matched control subjects using PET. Examinations were 
performed both in the morning (starting between 10-12) and evening (starting at 18).  
 
In the striatum, patients had significantly higher [11C]raclopride binding potential (BP) 
values than control subjects (2.79 ± 0.22 versus 2.61 ± 0.17, p = 0.029). In extrastriatal 
brain regions, [11C]FLB 457 BP was higher in patients than controls, and in the regional 
analysis the difference was statistically significant in subregions of thalamus and the 
anterior cingulate cortex (Fig. 8). For [11C]]FLB 457 examinations, the difference was 
demonstrated using both region-of-interest and voxelbased approaches (Fig. 9). The 
diurnal variability in BP with both radioligands were within previously reported test-
retest reproducibility values.  

 
Fig 8. Comparison of extrastriatal D2-receptor binding between RLS patients and 
controls. Patients show higher binding in extrastriatal regions. The regions are lateral 
(lat), medial (med), and posterior (post) thalamus; insula; caudal (caud) and rostral 
(rost) anterior cingulate cortex (ACC).  
 
 
The study supports involvement of the dopamine system in both striatal and 
extrastriatal brain regions in the pathophysiology of RLS. The brain regions where 
differences in D2-receptor binding were shown are implicated in the regulation of 
affective and motivational aspects of sensory processing. Taken together, the findings 
suggest a possible pathway for sensory symptoms in RLS.  
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Increased D2-receptor availability in RLS may correspond to higher receptor densities 
or lower levels of endogenous DA. Both interpretations are consistent with the 
hypothesis of hypoactive DA neurotransmission in RLS, as increased receptor levels 
can be owing to receptor upregulation in response to low levels of endogenous DA.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9. Voxelbased analysis showing all clusters where D2-receptor binding was 
significantly higher in RLS patients (p<0.005). Results are projected on the transparent 
glass brain in SPM2, shown in the neurological convention (right is right). Red arrow 
indicates right rostral anterior cingulate cortex.  
 
 
4.2 STUDY II: AGE-RELATED DIURNAL EFFECT ON D2-RECEPTOR 

BINDING  

 
In order to specifically examine diurnal effects on dopaminergic neurotransmission, 
D2-receptor binding in striatal and extrastriatal brain regions in the morning and 
evening was further compared in a following study including only healthy control 
subjects. An extended set of regions-of-interest were used compared to study I. The 
average difference between morning and evening examinations did not indicate a 
diurnal effect on D2-receptor binding. However, when age was taken into account in 
the analysis, a pattern emerged where individuals in the lower age range showed 
reduced evening [11C]FLB 457 binding in extrastriatal brain regions while in older 
subjects binding potential increased. The correlation between morning-evening change 
and age was statistically significant in insula, medial frontal cortex and rostral anterior 
cingulate (Fig. 10).  
 
The findings have direct relevance for applied PET studies where two or more 
measurements of D2-receptor binding are performed in the same individual, as the 
comparison between baseline measurements and pharmacological or behavioural 
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challenges could be affected by the combination of sample age and timing of 
examinations.  

Figure 10. Relationships between AM-PM differences in D2-receptor binding and age 
for (a) insula, (b) medial frontal cortex (c) anterior cingulate cortex, (d) rostral 
anterior cingulate cortex. Product-moment correlation coefficients with two-tailed p-
values are shown.  
 
 
Furthermore, the findings imply an insufficient maintenance of DA levels over the day 
with increasing age, thus providing clues as to the biochemical underpinnings of the 
observation of an age-related decline in cognitive endurance (Lieberman et al., 1989; 
Czeisler et al., 1999; Munch et al., 2005). 
 
 
4.3 STUDY III: SUBREGIONAL D2 BINDING IN THE STRIATUM AND 

COGNITION 

 
Based on animal studies, a functional compartmentalization of the striatal complex has 
been proposed but not demonstrated in human subjects. Most functions ascribed to the 
striatum have been linked to its dense dopaminergic innervation, making the DA 
system a suitable probe for striatal function. In this study, D2-receptor binding in 
functional subregions of the striatum as estimated using PET and [11C]raclopride was 
examined in relation to cognitive performance, in healthy control subjects. 
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D2-receptor availability in limbic striatum was related to performance in tests of 
episodic memory, but not to tests of verbal fluency and general knowledge. By contrast, 
D2 binding in associative and sensorimotor striatum was less strongly related to 
episodic memory, but showed associations to the non-episodic tasks (Table 3). This 
pattern of correlations was confirmed by an independent voxel-based analysis (Fig. 11), 
and corroborates a hypothesized relationship between D2-receptor availability in limbic 
striatum and episodic memory (Setlow, 1997; Wittmann et al., 2005; Adcock et al., 
2006). 
 
The study provides biochemical evidence of a functional compartmentalization of the 
striatum and paves the way for a more detailed investigation of striatal biomarkers in 
the normal brain as well as in neurologic and psychiatric disorders.  
 
A note is ventral striatum has a high concentration of D3-receptors. Since 
[11C]raclopride has affinity also for this receptor subtype, it can not be excluded that the 
differential relationship observed is driven by differences in D3-receptor availability. 
This issue could be clarified using selective radioligands for the D3-receptor (Sovago et 
al., 2004; Sovago et al., 2005).  
 

 
Figure 11. Voxels where [11C] raclopride BP was positively correlated to cognitive 
performance (p<0.05, uncorrected). Results are displayed on coronal sections of the 
MNI single subjects template, (right is right), from anterior (y=+14) to posterior (y=-
12) striatum.     = Paired Associate Learning;     = Category Fluency;  

r p r p r p r p r p

Limbic 0.67 0.003 0.56 0.02 0.47 0.038 0.33 0.11 0.42 0.06

Associative 0.66 0.004 0.44 0.049 0.39 0.078 0.59 0.01 0.69 0.002

Sensorimotor 0.5 0.03 0.29 0.15 0.24 0.2 0.48 0.036 0.72 0.001
r = age-corrected product-moment correlation coefficients. P-values shown are one-tailed. 

Category 

Fluency

Table 3. Relationships between D2-receptor binding in striatal subregions and 
cognitive performance. 

Paired Associate 

Learning

Word 

Recognition

Delayed Pattern 

Recognition 

Information

= overlapping voxels
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BINDING 

 
In clinical molecular imaging studies, striatal dopamine receptor binding has often been 
regarded as an index of global DA function. This is based on an underlying assumption 
of common regulatory mechanisms of receptor expression across brain regions. 
However, the relationship between dopamine receptor densities in different brain 
regions has not been quantitatively examined in human subjects.  
 
In this study, inter-regional correlations between D2-receptor binding was explored 
using both region-of-interest and voxel-based approaches. Patterns were observed to 
show a considerable interindividual variation. High levels of correlation were shown 
between several brain regions, but not all. Specifically, regions representing targets for 
the nigrostriatal, mesolimbic and mesocortical dopaminergic pathways showed low 
levels of intercorrelation. Thus, the present analysis does not support the use of striatal 
DA markers as an index of global DA function. 

 
Figure 12. Analysis of normalized individual D2-receptor binding profiles using the 
self-organizing map (SOM) algorithm. Individuals represented with a number from 1-
16 are sorted based on similarity in profile and represented on a two-dimensional map. 
Clusters found using principal component analysis and k-means are indicated, showing 
that the two approaches grouped individuals in a similar way.  
 
 

4.4   STUDY  IV:   PATTERN   ANALYSIS   IN   REGIONAL   D2-RECEPTOR
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Secondly, subjects could be reliably categorized based on their individual patterns of 
regional D2-receptor binding, or “receptor fingerprints”, using a set of dimension 
reduction and clustering approaches (Fig. 12). These methods could be used in clinical 
research to investigate models or hypotheses which take a higher level of data 
complexity in account.  
  
 
4.5 STUDY V: THE MESOLIMBIC DA SYSTEM AND SOCIAL 

DESIRABILITY 

 
The dopamine system is involved in the expression of social behaviour and personality, 
as demonstrated by animal research and molecular imaging studies in human subjects. 
Recent studies employing PET and SPECT have shown a negative correlation between 
striatal D2-receptor binding and socially desirable responding. However, the emotional 
and cognitive aspects of social behaviour suggest involvement also of limbic brain 
regions. We examined associations between striatal and extra-striatal D2-receptor 
binding and the personality trait social desirability in the inventory Swedish universities 
Scales of Personality (SSP). D2-receptor binding in the hippocampal-amygdala 
complex showed statistically significant negative correlations to social desirability, 
whereas a trend-level association in the same direction was found for the striatum. The 
results were demonstrated using both region-of-interest based and voxel-based 
approaches (Fig. 13).  

 
Figure 13. (a) Sagittal summation image of [11C]FLB 457 uptake in a control subject, 
showing binding in the hippocampus. (b) SPM analysis demonstrating voxel-based 
negative correlations between social desirability and D2-receptor binding in 
hippocampus. (c) Relationship between ROI-based hippocampus-amygdala binding 
and social desirability. Age-and education-corrected correlation coefficient is shown, 
and two-tailed p-value.  
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The findings and add to previous evidence in support of a role for the DA system in 
socially desirable behaviour, and extend this research into brain regions of relevance to 
emotional processing and learning.  
 
Patients with social phobia experience fear of negative judgement  - a disposition which 
could be underlying also the personality trait of social desirability. SPECT studies have 
shown reduced striatal D2-receptor binding in patients with social phobia (Schneier et 
al., 2000; Schneier et al., 2008) suggesting common neurobiological pathways for this 
personality trait and specific psychiatric disorder. fMRI studies have confirmed a role 
for hippocampus and amygdala in social phobia (Birbaumer et al., 1998; Furmark et al., 
2002; Stein et al., 2002) however the molecular underpinnings for this involvement are 
unclear. Taken together, these observations motive a detailed mapping of D2-receptor 
binding in clinical samples such as social phobia.  
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5 METHODOLOGICAL CONSIDERATIONS 
 
Binding potential represents the product of receptor density and apparent affinity 
(Mintun et al., 1984). It is not possible to differentiate between these parameters in a 
single PET experiment. For [11C]raclopride, the apparent affinity has shown to be 
sensitive to endogenous dopamine levels (Laruelle, 2000). Recently, studies have 
indicated that [11C]FLB 457 measurements are also sensitive to endogenous dopamine 
levels (Hagelberg et al., 2004; Aalto et al., 2005; Montgomery et al., 2007). 
Consequently, although receptor density has shown to account for most of the 
interindividual variability in BP for both radioligands (Farde et al., 1995; Olsson et al., 
2004), the present findings can theoretically be attributed also to differences in 
endogenous DA levels. A note is that for [11C]raclopride, a subregional difference in 
the effect of pharmacologically induced DA release has been demonstrated (Martinez et 
al., 2003). It can not be excluded that effects of endogenous DA levels have differential 
importance in different brain regions also for [11C]FLB 457 measurements.  
 
In study II,  age-related diurnal variations in D2-receptor binding are demonstrated in 
prefrontal regions and insula. Since only evening examinations were included in study 
III-V, diurnal effects could be a confounding factor in these studies. In the associations 
between D2 binding and behaviour in study III and V, findings were localized to 
striatum and hippocampus-amygdala, regions where this diurnal effect could not be 
demonstrated. A further note is that in most previous PET studies on the relationships 
between behaviour and DA markers, time of the day has not been controlled for. In 
study IV, which included a large number of ROIs, diurnal effects could theoretically 
have been taken into account in the analysis as a further dimension in the data, however 
this would require a considerably larger study sample than used in the present study.   
 
In study IV, a comparatively high coefficient of variance was observed in low-BP brain 
regions such as the dorsolateral prefrontal cortex. Although increased relative 
variability may have a biological source, limitations in reliable estimations due to poor 
signal-to-noise ratio can not be excluded. As noted in the manuscript, this could have 
an influence on the analysis of D2-receptor binding profiles, since regions were not 
weighted in this analysis. Findings in study I, II and V were localized mainly to brain 
regions with intermediate BP levels. However, it can not be excluded that lack of group 
differences or associations in low-density regions such as the frontal cortices could be 
due to methodological limitations related to low signal to noise ratio. 
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6 CONCLUSION AND FUTURE PERSPECTIVES 
 
In summary, the present thesis work indicates that individual differences in dopamine 
D2-receptor distribution are not maintained in all brain regions containing this 
biomarker. Consequently, associations to D2 binding are demonstrated in different 
regions of the brain, depending on the behavioural correlate examined. Thus, the 
findings support the rationale of performing a detailed mapping of DA markers in 
clinical studies, including the use of methods for analyzing individual patterns of 
regional biomarker expression.  
 
Molecular imaging studies of the dopamine system in clinical and basic research suffers 
from a lack of understanding of the mechanisms that regulate the density of DA 
biomarkers. Although environmental factors play a role, several lines of evidence 
indicate also a genetically determined component. In particular, PET has been 
employed to study associations between genetic polymorphisms and in vivo DA-
receptor binding (Pohjalainen et al., 1998; Jönsson et al., 1999; Hirvonen et al., 2004; 
Slifstein et al., 2008). However, the heritability of DA biomarker expression remains to 
be conclusively demonstrated. A powerful means of addressing this issue is to use a 
twin design, including both monozygotic and dizygotic twins (Pinborg et al., 2008). 
  
Dopaminergic neurotransmission has shown to be involved in a wide range of brain 
functions, of which only some have been investigated using molecular imaging 
techniques. Motor learning, creative behaviour and olfaction represent new areas where 
research is ongoing. In these and other studies on associations between DA markers 
and behavioural measures, analysing binding patterns as well as taking genetic 
polymorphisms for the DA system into account allow for examining gene-protein-
behaviour relationships at several levels of complexity.  
 
Psychiatric disorders show high prevalence and morbidity, causing considerable 
suffering for the individual and high costs for society. However, the pathophysiological 
mechanisms involved are often poorly understood, and further research is thus urgently 
needed. Techniques such as PET have the potential to identify biomarkers for disease, 
targets for treatment, as well as providing a means of evaluating new drugs at the 
biochemical level. A new avenue of research would be to examine the effect of non-
pharmacological interventions, such as psychotherapy, on brain neurotransmission 
systems. Such studies could address the question to what extent biomarkers constitute 
vulnerability factors or represent state markers for a specific disorder, without directly 
interfering with the neurotransmission system studied.  
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