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ABSTRACT

The human brain is intricately designed to execute cognitive functions such as 
perception, attention, memory and learning. Deficits in cognitive functions 
accompany major psychiatric disorders such as schizophrenia, attention deficit 
hyperactivity disorder and Parkinson’s disease. The biological underpinnings of 
cognitive functions, is however poorly understood. One of the neurotransmitters 
proposed to play a central role in cognition is dopamine (DA). 

Positron emission tomography (PET) is a non-invasive molecular imaging 
technique by which biomarkers for neurotransmission systems can be examined in the 
human brain in vivo and related to higher brain functions. Development of new tests 
based on advances in cognitive science provides tools to identify basic elements of 
cognition. 

The first aim of the present thesis was to develop improved methodologies, 
both for molecular imaging and cognitive testing. The second aim was to apply these 
methods in a combined fashion with the intention to increase understanding of the 
organization of the DA system in the human brain and its role in cognitive functions. 

In the first study, a new selective radioligand for the dopamine transporter 
(DAT) was developed. [11C]PE2I binding was characterized in four non-human 
primates and in one human control subject, showing better selectivity for the DAT 
when compared to previously developed radioligands. In addition, the distinctive 
contrast of this radioligand demonstrated sufficient signal not only in striatum, but 
also in substantia nigra. 

The relationship between the presynaptic DAT and the mainly postsynaptic 
DA D2 receptor was examined in a double-tracer PET study (Study II). The results 
from 17 human subjects demonstrated a lack of a correlation, suggesting independent 
regulation of the two DA biomarkers in the human striatum. The results suggest that 
these two biomarkers may not be mutually interchangeable when assessing the 
DAergic system in the healthy brain. 

Visuospatial working memory (VSWM) is commonly impaired in patients 
with schizophrenia resulting in disorganization in both thoughts and behavior. In 
Study III, a standard VSWM-test was modified to reduce ceiling effects among 
control subjects, thus allowing for a less biased comparison between patients with 
schizophrenia and controls. In addition, during high WM load the control group 
showed improved performance when the stimulus arrangement invited the use of 
cognitive strategies, as compared to an arrangement with random location of the 
target stimulus. This improvement was not present in the patient group. The results 
indicate that patients with schizophrenia do not make use of, or generate strategies to 
the same extent as control subjects. 

In the final study, the role of the DAT was examined in relation to cognitive 
aging. Cognitive performance was assessed in 12 human subjects, ranging from 34-81 
years of age, and DAT density was quantified using PET. The results indicate that 
DAT may serve as a biomarker of age-related deficits in episodic memory and 
executive function, and that DAT is implicated in cognitive performance irrespective 
of age. 

In conclusion the present thesis, based on a combination of molecular imaging 
and cognitive assessment, corroborates a role for the DA system in higher brain 
functions in man. 
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1. INTRODUCTION AND BACKGROUND 

The human brain activity is based on complex interactions between billions of 
nerve cells, enabling higher brain functions such as perception, attention, memory, 
planning, learning and communication. As a corollary, reduced performance in these 
cognitive functions accompany neuropsychiatric disorders, such as schizophrenia, 
attention deficit hyperactivity disorder (ADHD), Parkinson’s (PD) and Huntington’s 
disease (HD), and may have devastating implications on life quality. In addition, 
several cognitive functions decline as a result of normal aging (Bäckman et al., 1999). 
With increasing life expectancy in today’s society, a deeper understanding of the 
underlying mechanisms for cognitive aging has high priority. 

The biological mechanisms responsible for cognitive functions are far from 
understood. Normal function of the human brain is maintained by the action and 
interaction of at least one hundred neurotransmitters, acting at any of the several 
hundred receptor subtypes in brain. The neurotransmitter dopamine (DA) is one of the 
transmitters believed to play a central role in cognitive functioning. This view is 
partly based on research suggesting that DAergic neurotransmission is implicated in 
the neuropsychiatric disorders mentioned above. 

Positron Emission Tomography (PET) is a molecular imaging technique, 
offering the opportunity for non-invasive examination of biomarkers for 
neurotransmission systems in the human brain. The technique is dependent on the 
development of specific radioligands for receptors, transport proteins, enzymes or 
other biomarkers of interest. 

The rapid development of cognitive neuroscience as a discipline per se has 
facilitated the development of new improved cognitive tests with a potential to 
identify basic elements of cognition. This development provides promise for future 
understanding of the biological basis of cognitive functions. 

The aim of this thesis was to develop and improve methodologies, at both the 
cognitive and the neuronal level, and to apply them in a combined fashion in order to 
further our understanding of the organization of the DA system in the human brain 
and its role in cognitive functions. 

1.1. THE DOPAMINE SYSTEM 

Dopamine is the predominant catecholamine neurotransmitter in the 
mammalian brain, intricately involved in physiological as well as psychological 
functions (Vallone et al., 2000). The DA system has been the focus of much research 
over nearly half a century, partly due to involvement of this neurotransmission system 
in several neurological and psychiatric conditions. 

A series of Swedish discoveries have been fundamental to reveal the role of 
DA. In 1959, Arvid Carlsson proposed that DA could play a key role in motor control 
in the basal ganglia, and that DA depletion in the striatum could be the cause of 
neurological symptoms in Parkinson’s disease. A few years later, using 
immunohistochemistry, Dahlström and Fuxe reported the existence of catecholamine-
containing cell bodies in the midbrain and lower brain stem in rat (Dahlstrom and 
Fuxe, 1964). This was a starting point of subsequent detailed mapping of DA neurons 
in brain (Ungerstedt, 1971). 

Research on the behavioral aspects of DA has to a large degree been driven by 
pharmacology. A majority of the pharmacological treatments for the neuropsychiatric 
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conditions mentioned above act on DA neurotransmission. Classical antipsychotic 
drugs act mainly through blocking of DA receptors (by DA antagonists), relieving 
hallucinations and delusions among patients with schizophrenia. The DA precursor L-
DOPA compensates for the shortage of DA in the nigrostriatal pathway in Parkinson’s 
disease, alleviating the hypokinesia and rigidity characteristics of the disease. For the 
treatment of ADHD, methylphenidate, a drug that increases the intrasynaptic DA 
levels, relieves the hyperactivity and attentional deficits. In addition, DA is intricately 
involved in reward and hedonistic responses, demonstrated by the effects of 
psychostimulant drugs such as cocaine and amphetamine. 

Although the focus of this thesis is on the DA system, cognitive abilities are 
dependent on complex neural networks involving many transmitter systems. 
Behaviors that involve DA are also influenced by other neurotransmitter systems 
(Jackson and Westlind-Danielsson, 1994; Missale et al., 1998). Close interaction 
between DA and norepinephrine, serotonin, gamma-aminobutyric acid (GABA), 
glutamate, acetylcholine, opiates and cholecystokinin (CCK) has been documented 
among others (Vallone et al., 2000).

1.1.1. Dopaminergic Pathways 

The nigrostriatal system is the major DA pathway in brain. In addition to the 
immunohistochemistry mentioned above a new sensitive silver impregnation protocol 
(Fink and Heimer, 1967) facilitated the identification of this system (Moore et al., 
1971). Additional methodological discoveries important for the understanding of the 
DAergic connections and circuits was the horseradish peroxidase (HRP) enzyme, 
which is transported in a retrograde fashion from axon terminals to their parent cell 
bodies (Kristensson and Olsson, 1971). As well as autoradiography and tritium labels 
amino acids which via the anterograde axonal transport could demonstrate the 
termination fields of neuronal projections (Cowan et al., 1972). These techniques 
contributed to the identification of four distinct DA systems (Ungerstedt, 1971; Stahl, 
1996; Missale et al., 1998; Vallone et al., 2000; Di Chiara, 2005) (Figure 1): 

The nigrostriatal pathway 

With cell bodies located in the substantia nigra pars compacta (SNc) in the 
mesencephalon (also defined as the A9 or the ventral tier cell group), projecting to the 
medium spiny neurons in the dorsal striatum (caudate and putamen), the nigrostriatal 
pathway constitutes about 80% of all DAergic projection fibers. When the presynaptic 
nigrostriatal neuron reaches striatum the divergence of release sites is extensive. From 
the animal literature it has been estimated that one presynaptic neuron will result in an 
average of 370 000 connections in the striatum (Oorschot, 1996; Wickens and 
Arbuthnott, 2005). The majority of the receptors in striatum are glutamatergic, and the 
DAergic synapses are estimated to about 10% (Groves et al., 1994). About half of the 
synapses are located at the neck of spines on the medium spiny neurons in striatum. 
This pathway has previously been known to be involved in the regulation of 
movements. 

The mesolimbic pathway

Originating from the ventral tegmental area (VTA, also defined as the A10- or 
the dorsal tier cell group) in the mesencephalon, the DAergic neurons involved in the 
mesolimbic pathway projects towards several limbic areas in the brain, such as the 
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ventral striatum (nucleus accumbens) and limbic cortical regions. This pathway was 
early proposed to be involved in emotions and motivation. 

The mesocortical pathway 

This pathway also originates from the VTA, and projects to different 
neocortical regions, such as frontal and temporal cortex and anterior cingulate. The 
mesocortical pathway has been proposed to be involved primarily in learning and 
memory.  

The tuberoinfundibular pathway 

Descending from periventricular and arcuate nucei of the hypothalamus this 
pathway terminates in the median eminence of the hypothalamus. Here, DA is 
released into the hypothalamic-hypophysial portal blood circulation and eventually 
reaches the pituitary, where it inhibits prolactin release. 

Figure 1. The major dopaminergic pathways, the nigrostriatal pathway (1), the mesolimbic pathway
(2), the mesocortical pathway (3) and the tuberoinfundibular pathway (4). 
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1.1.2. Circuits Involving the Basal Ganglia 

The dorsal striatum includes the caudate and the putamen, two important 
nuclei of a larger structure called the basal ganglia. This structure also includes the 
globus pallidus (internal and external segment) and the nucleus accumbens. More 
recently also the subthalamic nucleus and substantia nigra have been included in the 
definition of the basal ganglia. 

In a neuroanatomical perspective, the DAergic pathways described in the 
previous section are involved in larger circuits or loops including one or several of the 
structures of the basal ganglia. The traditional view of the basal ganglia has been that 
they are exclusively involved in the planning and the generation of motor commands. 
More recently, neuroscience has also revealed a role for the basal ganglia in cognitive 
and affective behavior (Di Chiara, 2005; Robbins, 2005). With time, it has become 
possible to identify several anatomical loops involved in modulating also non-motor 
aspects of behavior (Figure 2). 

It is important to note that striatum is involved in all loops presented above. 
Research on biochemical biomarkers of the striatal DA system may thus have 
implications and serve as correlate in several directions. 

Interestingly, there seems to be a parallel involvement of motor and cognitive 
regions, which indicates that common mechanisms are involved in the initiation and 
termination of motor, cognitive and emotional processes. 

A caveat is that most research on the organization of the DA system stems 
from rodent work. Translation to the far more complex human brain has thus to be 
made with caution. An evident example of species differences is indeed the striatum. 
In humans and non-human primates the caudate and the putamen are divided into two 
distinct nuclei by the internal capsule. However, the striatum of the rat cannot be 
subdivided into two distinct regions since the bundle of the internal capsule traverse 
the striatum “in the form of a brush, rather than a plate” (Nauta, 1989). 

1.1.3. Synthesis and Degradation of Dopamine 

DA is synthesized in DA neurons where it is stored in vesicles and protected 
from oxidation. The amino acid tyrosine passes the blood-brain-barrier. In 
catecholamine neurons tyrosine is converted into L-3,4-dihydroxylphenylalanine (L-
DOPA) by the enzyme tyrosine hydroxylase (TH), where after L-amino acid 
decarboxylase (AADC) converts L-DOPA into dopamine. The rate-limiting step in 
the synthesis of DA is the TH-activity. 

DA is released into the synaptic cleft and extracellular space in response to an 
action potential. Once released, DA binds to receptors on the postsynaptic neuron as 
well as to autoreceptors on the presynaptic neuron, thereby evoking a cascade of 
intracellular biochemical events. 
Termination of the DA signal is dependent on two major mechanisms, reuptake and 
degradation. The primary mechanism for removing extracellular DA is attributed to 
the membrane bound dopamine transporter (DAT), which allows rapid reuptake in 
DA dense areas such as the striatum. The importance of the DAT is illustrated in DAT 
knock- out mice which exhibit at least 100 times slower clearance of DA, compared 
to control animals (Giros et al., 1996). 
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The additional mechanism for removal of DA relies on two degrading 
enzymes, monoaminoxidase (MAO) and catecholamine O-methyltransferase 
(COMT). These enzymes are especially important in brain regions devoid of DAT. 
The prefrontal cortex is one such region, where the concentration of DAT is minimal. 
Here degradation, in addition to the norepinephrine transporter (NET), account for 
removal of extracellular DA. 

1.1.4. Receptors and Transporter 

The actions of DA are mediated through five distinct DA receptor subtypes: 
D1, D2, D3, D4 and D5, which are members of the seven-trans-membrane G-protein 
coupled receptors (Missale et al., 1998). Based on biochemical and pharmacological 
properties as well as on sequence homology, the five DA receptor subtypes have been 
classified into D1-like (D1 and D5) and D2-like (D2, D3 and D4), (Kebabian and 
Calne, 1979; Stoof and Kebabian, 1984). The D1-like receptors are coupled to a 
stimulatory G-protein, which will cause an increase in the concentration of the 
intracellular 2nd messenger cAMP. The D2-like receptors are coupled to an inhibitory 
G-protein, which in contrast will reduce the concentration of the intracellular 2nd

messenger cAMP. The major target of cAMP is protein kinase A (PKA). These 
intracellular events are starting points for several divergent electrophysiological and 
biochemical intracellular mechanisms. 

The D2 receptor, examined in Study II, is mainly located postsynaptically, 
although about 5% is expressed presynaptically acting as an autoreceptor (Filloux et 
al., 1987; Joyce and Marshall, 1987). The highest densities of the D2-receptor are 
found at the medium-spiny neurons in the striatum, and the nucleus accumbens. With 
the exception of substantia nigra, much lower densities are found in extra-striatal 
regions such as thalamus and throughout cortical regions (Kessler et al., 1993). 

The DAT, examined in Study I, II and IV, is located on the presynaptic neuron 
and is a member of the sodium dependent 12-trans-membrane proteins (Masson et al., 
1999). DAT is not exclusively located in the synaptic cleft region, but is present and 
functional over the whole surface of a DAergic neuron (Nirenberg et al., 1996; Hersch 
et al., 1997; Sotnikova et al., 2006). The highest densities are found in striatum, 
nucleus accumbens and substantia nigra (Staley et al., 1994; Hall et al., 1999). 

Although knowledge about the location of DA biomarkers has increased 
rapidly during the last decades, the functional role of any single receptor at a 
behavioral level is still poorly understood. This highlights a challenging gap between 
molecular biology and behavioral approaches in neuroscience (Missale et al., 1998). 
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1.1.5. Interindividual Variability in Dopamine Marker Levels 

Interindividual variability is a basis for correlative studies, such as those 
included in this thesis. There are three major sources for variability among DA 
markers. 

The most dramatic changes are seen in some of the pathological conditions. A 
classical example is the degeneration of DA neurons in the substantia nigra in 
Parkinson’s disease, where only 30-40% of the DA neurons are spared when the first 
clinical signs are observable, (for review see Lang and Lozano, 1998). 

Secondly, a decrease in DA markers seems to result from increasing age. The 
concept of neuronal loss as part of normal aging was first demonstrated in the 
nigrostriatal DAergic system by in vitro work which showed a significant age related 
decline in the number of DAergic cell bodies (up to 7% per decade) in the substantia 
nigra (McGeer et al., 1977). Subsequent studies have confirmed this finding (Fearnley 
and Lees, 1991), although the rate of decline may be more modest. At a biochemical 
level there is consistent evidence from the literature that both pre-and postsynaptic 
DA markers decline within the range of 4-10% per decade from the twenties and 
onward (for reviews see Reeves et al., 2002; Bäckman and Farde, 2004). 

The third reason is less well understood. Studies of subjects within a narrow 
age-range have demonstrated a marked interindividual variability (Farde et al., 1995). 
Subsequent studies suggest that both environmental and genetic factors contribute to 
the relatively wide differences between individuals (Pohjalainen et al., 1998; Jonsson 

Figure 3. Localization of dopamine receptors and dopamine transporter in striatum. The postsynaptic
medium spiny neuron receives presynaptic input from nigrostriatal dopamine neurons as well as
corticostriatal and thalamostriatal neurons. Adapted from Wickens and Arbuthnott, 2005. 
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et al., 1999; Pohjalainen et al., 1999; Heinz et al., 2000; Jacobsen et al., 2000; 
Martinez et al., 2001). 

1.2. POSITRON EMISSION TOMOGRAPHY 

Positron Emission Tomography (PET) is a non-invasive imaging technique 
primarily used to quantify and map the distribution of biomarkers as well as 
parameters of metabolism in the body. 

The PET technique utilizes radiotracers labeled with relatively short-lived 
positron emitting radionuclides such as 11C (T1/2  20 min), 15O (T1/2  2 min), or 18F
(T1/2  110 min). The radionuclides are produced in a cyclotron by bombardment of 
an appropriate target with accelerated protons or deuterons. The unstable 
radionuclides decay by emission of a positively charged particle, a positron ( +). 

A molecule labeled with a positron emitting radionuclide, a so-called 
radiotracer or radioligand, is typically injected intravenously and distributed 
throughout the body via the blood stream. A radioligand developed to study 
biomarkers in the brain has to pass the brain-blood-barrier, and thereafter bind to the 
target molecule (see section 1.3. for description of radioligand criteria). When the 
radionuclide decays, the emitted positron will travel 1-2 mm. in tissue until it collides 
with its antiparticle – the electron. The annihilation of these two particles generates 
two high-energy gamma photons ( , 511keV), which are emitted at approximately 180 
degrees from each other (Figure 4).  

The photons are detected by coincidence-detectors surrounding the subject in 
the PET system. Two detection events occurring at the same time are considered 
“coincident events”. A large number of such events are used to reconstruct an image, 
revealing the spatial distribution of radioactivity concentration in different brain 
regions.  

Figure 4. Illustration of the principle of PET 
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The regional activity is corrected for decay and plotted versus time to generate 
time-activity curves (TACs). Mathematical models are then applied to calculate the 
biological parameters describing ligand-protein binding in vivo.

1.3. Selective PET Radioligands for the Dopamine System 

Of the more than 1000 proteins of interest in CNS-research, only about 30 can at 
present be studied using suitable PET-radioligands. The field is under continuous 
development, searching for better and more selective radioligands for biomarkers of 
interest.  

Contributing to the limited number of radioligands present, are the specific 
characteristics required. There are several important criteria to be considered when 
developing a suitable new PET radioligand (Halldin et al., 2001):  

i) Suitable lipophilicity in order to rapidly pass the blood-brain-barrier 
(BBB), and the labeling should be in such a position that lipophilic labeled 
metabolites are avoided. 

ii) High selectivity for the specific biomarker as well as a suitiable affinity.

iii) The chemical structure should allow for rapid labeling with a positron 
emitting radionuclide without changing the pharmacological properties of 
the radioligand.

iv) Relatively short time of preparation is preferred in order to obtain high 
specific radioactivity, having important implications for the possibility to 
inject tracer doses (less than a microgram), thus avoiding psychotropic 
and physiological effects of the drug.

v) An ideal radioligand should reach binding equilibrium within the time-
frame of a PET- measurement, 20-90 minutes.

1.3.1. Radioligands for the D2 Receptor 

In PET-research, the DA system has been the most extensively investigated in 
terms of both pre- and postsynaptic biomarkers.

The first PET-radioligand shown to bind to human D2 receptors in vivo was 
[11C]NMSP (N-methyl-spiperone) (Wagner et al., 1983). However, [11C]NMSP and 
other spiperone derivatives also binds with high affinity to 5HT2 and 1 receptors 
(Leysen et al., 1978; Maziere et al., 1984). With the need of a more selective 
radioligand, [11C]raclopride was developed shortly thereafter (Farde et al., 1986). 
Although [11C]raclopride had a lower affinity to the D2/D3 receptor subtypes 
(Seeman et al., 1989), it had the advantage of being selective (Wagner et al., 1983; 
Lieberman et al., 1987; Farde et al., 1994). [11C]raclopride is currently the most 
widely used radioligand for examination of D2/D3 receptors. 
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1.3.2. Radioligands for the Dopamine Transporter (DAT) 

Interest in the dopamine transporter (DAT) has been stimulated by its 
presynaptic location, serving as a marker in striatum of DA neurons originating from 
the substantia nigra. Clinical aspects, both regarding neurodegenerative disorders, 
such as Parkinson’s disease as well as drug addiction, have encouraged the 
development of tailor made radioligands for this biomarker. 

Several radioligands have indeed been developed for the visualization of the 
DAT (for reviews see Volkow et al., 1996; Verhoeff, 1999). A limitation of many of 
the previous radioligands concerns the selectivity of the compound. Many of the 
ligands have a relatively high affinity for the other monoamine transporters, the 
norepinephrine transporter (NET) and the serotonin transporter (SERT). 

The first DAT radioligand developed for PET was [11C]nomifensine 
(Aquilonius et al., 1987). This ligand binds with high affinity to the norepinephrine 
transporter (NET), making it unsuitable as a tracer for the DAT, although its uptake in 
brain is relatively fast and peak concentrations are achieved approximately 20 min. 
after administration (Salmon et al., 1990). The radio-labeling of cocaine with [11C] 
initiated development of many promising labeled cocaine derivatives (Fowler et al., 
1989), although [11C]cocaine itself is not optimal due to high binding to SERT and 
NET in addition to its low specific-to-nonspecific binding ratio. The cocaine analog 
[123I] -CIT also known as [123I]RTI-55 has high affinity for the DAT and a high 
specific-to-nonspecific binding ratio (Innis et al., 1993). The limitation with this 
radioligand is that binding equilibrium is not reached within the time period of a PET 
experiment using 11C (Farde et al., 1994). [11C]WIN 35,428 also known as [11C] -
CFT, also has the limitation that it does not reach equilibrium conditions during a 
PET measurement (Wong et al., 1993). However, due to its high affinity, [11C]WIN 
35,428 has advantages when examining regions with low DAT densities, or under 
conditions of decreased DAT availability. 

Among the more recently developed radioligands are [11C]CIT-FP (Lundkvist 
et al., 1995) and [11C] -CIT-FE (Halldin et al., 1996). [11C] -CIT-FE has been the 
most promising due to binding equilibrium within the PET examination, however it 
has a drawback of not being highly selective. 

In the series of cocaine analogs, the more recently developed [11C]PE2I is the 
most selective. In vitro, the affinity for DAT is 30 and 60 times higher than for SERT 
and NET, respectively (Hall et al., 1999). 

1.3.3. Radioligand Competition with Endogenous Dopamine 

Endogenous dopamine competes with certain radioligands at the binding site 
of the receptor. The first human study where this was directly addressed showed that 
an oral dose of amphetamine decreased [11C]raclopride binding (Volkow et al., 1994). 
A number of studies have now proven that pharmacological challenge of the DA 
system will effect [11C]raclopride binding (Laruelle, 2000). Another approach to alter 
endogenous DA concentration is by behavioral stimuli, which was done in the often 
cited study by Koepp et al. (1998) reporting that [11C]raclopride binding was reduced 
more than 10% compared to baseline, when the test subjects were engaged in a 
videogame. The authors interpreted the results by the rewarding/arousing aspects of 
the videogame causing release of endogenous DA, which occupied a proportion of the 
binding sites for [11C]raclopride. Additional studies using the competition properties 
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of ligand and endogenous DA have reported DA release during both verbal and 
monetary reward (Pappata et al., 2002), a working memory task (Aalto et al., 2005),
but also during pure motor behavior such as limb movement (Ouchi et al., 2002). 

An effect of endogenous DA on DAT binding has not been consistently 
demonstrated (Gatley et al., 1995). It thus seems as if DAT binding is less sensitive to 
endogenous DA when compared to D2 receptor binding. The concentration of DAT is 
about 10-fold higher than that of the D2 receptor in the human brain. It is plausible 
that this high density indicates “spare capacity” and that the DA occupancy at the 
DAT is much lower than at the D2 receptor, at physiological conditions. The PET 
methodology may not be sufficiently sensitive to detect changes at such low 
occupancy levels. 

1.4. SCHIZOPHRENIA 

The symptoms of schizophrenia often predispose for a lifetime of disability. 
For diagnostic purposes, the symptoms are divided into positive and negative 
symptoms. The positive symptoms are characterized by the addition of symptoms that 
were not present before the onset of the disorder such as the presence of 
hallucinations, delusions, disorganized speech and thoughts. The negative symptoms 
on the other hand, represent loss of functions such as emotional flattening, anhedonia, 
social withdrawal and apathy. The cognitive deficits associated with the disease are 
sometimes discussed as a tentative basis for the negative symptoms.

Still, after decades of intense research, the underlying causes of schizophrenia 
are not fully understood (Gottesman and Bertelsen, 1989; Carpenter and Buchanan, 
1994). The complexity of the disorder, where both a multi-allelic genetic component 
and environmental factors are involved, contribute to the enigma of schizophrenia. 
The diversity of symptoms suggests that multiple brain regions might be involved, 
with different underlying factors causing various symptoms. Perhaps schizophrenia 
should be viewed as a composite of several subgroups, which today, are lumped under 
the same term. 

There are several different lines of research, trying to understand and explain 
the symptoms and the causes of schizophrenia. The following four hypotheses have 
had significant impact on schizophrenia research today: 

The neurodevelopmental hypothesis 

According to this hypothesis, an individual will develop schizophrenia as a 
result of altered early development of the nervous system. There is evidence for 
abnormal cell migration, cell disorientation and displacement, as well as abnormal 
pruning has been observed in post mortem brains of patients with schizophrenia (for 
review see Harrison, 1999). These disturbances of neural development, which may 
occur already during fetal life, have implications for optimal establishment of 
neuronal connections (Selemon et al., 1995; Glantz and Lewis, 1997; Hultman and 
Öhman, 1998). 

Anomalies of neural development could be caused by both genetic factors 
(Duan et al., in press) and also prenatal exposure to viruses or stress, which are known 
to increases the risk to later develop the disorder. Studies during early childhood have 
reported increased frequency of physical anomalies (Walker et al., 1994) supporting 
that the vulnerability to a subsequent development of schizophrenia is established at 
an early stage in life. 
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The original dopamine hypothesis 

An abnormal organization and wiring of the nervous system might in turn lead 
to dysregulation of various neurotransmitter systems (Andreasen, 1997). The original 
DA hypothesis for schizophrenia (Carlsson and Lindqvist, 1963) postulated that 
schizophrenia is related to a hyperdopaminergic state. Two lines of evidence provided 
support for this hypothesis. The first relies on that classical antipsychotic drugs acts 
by blocking of DA receptors (DA antagonists), relieving positive symptoms such as 
delusions and hallucinations. A second line of evidence stems from the observation 
that psychostimulants, displaying their action via the DA system (amphetamine, 
cocaine), can induce psychotic-like behavior in healthy subjects. These effects 
respond to treatment with antipsychotic drugs. In addition, amphetamine has been 
shown to exacerbate psychotic symptoms in patients with schizophrenia, even in 
small doses (Lieberman et al., 1987). 

The dopamine dysregulation hypothesis 

More recent animal and human research suggests a more elaborate 
involvement of DA in the pathophysiology of schizophrenia. A dysregulation of 
prefrontal and mesolimbic DA transmission has been proposed. The hypothesis is 
partly based on experimental studies suggesting that prefrontal DA is responsible for 
inhibiting subcortical DA activity. In schizophrenia, abnormally low prefrontal DA 
activity (resulting in negative symptoms/cognitive deficits) would lead to excessive 
DA activity in mesolimbic regions (causing positive symptoms). The possible co-
occurrence of both too high and too low regional DA activity in schizophrenia has 
implications for the discussion on the concurrent presence of positive and negative 
symptoms, including cognitive deficits. 

The glutamate hypothesis 

The glutamate hypothesis is based on the observation that antagonism at the 
glutamate NMDA receptor in healthy individuals causes a syndrome very similar to 
schizophrenia, including both positive and negative symptoms (Krystal et al., 1994). 
Moreover, in patients with schizophrenia, NMDA receptor antagonists exacerbate the 
psychosis, reproducing symptoms identical to the ones experienced in the active phase 
of the disease (Lahti et al., 1995). 

A more recent model (Carlsson et al., 1999; Carlsson et al., 2000; Laruelle et 
al., 2003) proposed that the interaction between glutamate and DA is involved in the 
underlying pathophysiology of schizophrenia. This model includes a feedback loop, in 
which a brake and an accelerator regulate the concentrations of glutamate and DA, 
thus protecting the cortex against elevated concentrations of any neurotransmitter. In 
the case of altered transmission (such as enhancement of DA by amphetamine), a 
negative regulatory feedback loop is activated to counter act the excess release. In 
patients with schizophrenia, the “break” which counteracts the excess DA, is 
supposedly not functioning sufficiently, causing the symptoms characteristic for the 
disorder. 
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1.5. COGNITIVE FUNCTIONS 

Cognition, which literally means “the process by which we come to know the 
world”, can be defined as the psychological result of perception, learning and 
reasoning. The cognitive functions investigated in the present thesis include different 
aspects of episodic memory as well as executive functions. These cognitive domains 
are selected based on two criteria: first, an apparent sensitivity to normal aging (Craik, 
1977; Poon, 1985; Hultsch and Dixon, 1990; Smith, 1996) and second, a presumed 
relation to DA neurotransmission. 

Episodic memory is by definition centered on personal experience, a memory 
system for faces, events and places. It involves traveling back in time to remember 
personally experienced events through processes of conscious recollection (Bäckman 
et al., 2001). 

Executive functions are defined as the ability to initiate and stop actions, to 
monitor and adapt behavior as needed, to anticipate outcomes and to plan future 
behavior when faced with novel tasks and situations. Executive functions partly 
overlap the active short-term memory system: working memory.

1.5.1. Working memory 

A critical component of cognition is the ability to hold information in memory 
over a time-scale of seconds. Working memory (WM) is responsible for this short-
term storage and “online” manipulation of information. This system is thought to 
participate significantly in functions such as thinking, planning, reasoning, problem-
solving and language comprehension (Baddeley, 1986) and provides continuity 
between past experience and present actions (Goldman-Rakic, 1994). 

In contrast to long-term memory systems, WM constitutes an active 
workspace, which has a limited capacity (Baddeley, 1986). Due to the active
component, WM is particularly sensitive to attentional distraction, both in the sense of 
external stimuli (e.g. a sensory cue) and internal stimuli (e.g. spontaneous thoughts), 
which must be ignored (Olesen, 2005). 

The most widely used model for this system is the multi-component model put 
forward by Alan Baddeley, in which three memory storing “slave” components are 
guided and coordinated by a supervising “central executive” (Baddeley and Hitch, 
1974; Baddeley, 1986; Baddeley, 2000). The three slave components includes the 
visuospatial sketchpad, involved with processing visuospatial information, the 
phonological loop concerned with speech and language material and the episodic 
buffer involved with integrating information from a variety of sources, including long-
term memory, into episodic representations. The central executive is viewed as having 
attentional capacities, and is capable of selecting and operating control processes or 
strategies in order to supervise the performance of the three slave components. 

Assessment of visuospatial working memory by the “delayed response task” 

The present thesis focuses on visuospatial WM (VSWM), which is commonly 
assessed by delayed response tasks (for review see Funahashi, 2006). Extensive 
research with monkeys trained to perform VSWM tasks has contributed to the 
understanding of the biological mechanisms of VSWM. The standard test procedure 
in monkeys is illustrated in Figure 5. 
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The monkey is trained to keep its eyes on a fixation point in the middle of a 
computer screen until it disappears. While staring at the fixation point, a very brief 
visual stimulus (target) is presented elsewhere on the screen. The main task is to, after 
a delay, remember the location where this target was presented. The disappearance of 
the fixation point is the cue for the monkey to look at the location where the target 
was presented. The delay period, during which the monkey keeps an active 
representation of the location in mind, varies between 3 and 10 sec. Performance is 
measured using eye movement monitoring. 

In the human version of this VSWM task, an active distraction task is 
performed during the delay period, which usually ranges between 5 and 30 sec. The 
main purpose of the distraction task is to avoid sub-vocal rehearsal of the target 
position. Typically the distraction task consists of a word categorization or a digit 
subtraction task. The cognitive process of maintaining information from a primary 
task “in mind” while conducting a secondary task is the core of working memory 
functioning. 

Biological basis for working memory

Various methods searching the neurobiological mechanisms providing a basis 
for WM function point towards the involvement of the dorsolateral prefrontal cortex 
(DLPFC) and DA function. 

Early lesion studies demonstrated the importance of the prefrontal cortex in 
working memory functions in both primates and rodents (Goldman and Rosvold, 
1970; Shaw and Aggleton, 1993; Granon et al., 1994; Shimamura, 1995). Further it 
was reported that selective lesions of catecholaminergic cells in the prefrontal cortex, 
using 6-hydroxy-dopamine (6-OHDA), resulted in impaired performance on a spatial 
working memory task to the same degree as ablation of the same cortical region 
(Brozoski et al., 1979). More recently it has been shown that selective lesions in the 

Figure 5. Delayed response tasks are often used to assess visuospatial working memory. 
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caudate DA system, also by 6-OHDA infusion, causes WM deficits (Collins et al., 
2000). 

Studies using intracellular recordings from the DLPFC of monkeys trained on 
performing VSWM tasks (see figure 5) demonstrate distinct neurons becoming active 
and having sustained activity during the delay period, as well as other distinct neurons 
becoming active only during the response period (Fuster and Alexander, 1971; Chafee 
and Goldman-Rakic, 1998).  

The involvement of DA in WM function has been demonstrated by increased 
extracellular DA concentration in the DLPFC (but not in other frontal regions) while 
monkeys are performing WM tasks, but not during control tasks. Pharmacological 
manipulation of DA by local injection of selective D1 or D2 antagonists into the 
DLPFC impairs performance on WM tasks in a precise dose-dependent manner 
(Sawaguchi and Goldman-Rakic, 1994; Von Huben et al., 2006). More recently, it has 
been demonstrated that D1 receptors are involved in the activity of the “delay” 
neurons, whereas D2 receptors are involved in the activity of the “response” neurons 
(Wang et al., 2004). 

Consistent with the results from intracellular studies in the primate DLPFC, 
functional imaging studies in both healthy subjects (Jonides et al., 1993; Cohen et al., 
1997; Smith and Jonides, 1999) and patients with schizophrenia (Perlstein et al., 
2001; Park et al., 2004; Keedy et al., 2006) show the involvement of the DLPFC in 
WM function. Besides from other cortical areas involved, depending on the nature of 
the WM task, the DLPFC was consistently activated in various studies. Reduced 
activation of the DLPFC is associated with reduced WM performance within the 
patient group (Weinberger et al., 1986; Perlstein et al., 2001). Interestingly, training-
related improvements of WM in healthy control subjects are correlated with increased 
activity in the DLPFC (Olesen et al., 2004). 

In conclusion, DA and DLPFC both seem to be involved in mediating WM 
function, however, they should be viewed as involved in a wider network of structures 
and transmitter systems, and not as isolated entities. Evidence points towards the 
involvement of other cortical and subcortical regions, such as the thalamic and striatal 
regions in these circuits (see section 1.1.2.). 

1.5.2. Cognitive Deficits in Patients with Schizophrenia 

Cognitive deficits were early considered central to schizophrenia. Recognition 
of the potential importance of cognitive dysfunction dates back to Kraepelin, who 
described the symptoms and course of a disease, which he called “dementia praecox” 
(Kraepelin, 1896) as a progressive deterioration of intellectual functioning caused by 
organic changes in the brain. However with time, the negative and the more dramatic 
positive symptoms were dominating as the diagnostic criteria of the disease. At the 
time when the first antipsychotic drugs were discovered, the more indistinct cognitive 
functions were partly neglected, due to the dramatic effects these drugs had on 
restraining hallucinations and delusions. More recently, the cognitive deficits have 
come to focus again (Green, 1998), and are sometimes considered being the 
underlying cause of the negative symptoms. 

The cognitive deficits seem to be involved in the primary pathology of the 
disease, and not exclusively caused by treatments on brain functions or by the 
psychosis itself. This is supported by the findings that cognitive impairments are 
found throughout the life span of individuals, including during childhood and 
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adolescence (Davidson et al., 1999), and at onset of psychosis (Saykin et al., 1994). In 
addition, unaffected relatives of patients with schizophrenia may also show similar, 
although milder, cognitive deficits (Park et al., 1995a; Sitskoorn et al., 2004). 
Cognitive impairment has also been reported among a group of college students 
scoring high on schizotopy (Park et al., 1995b). 
The cognitive deficits are demonstrated in particular in attention, memory and 
executive functions (for reviews see Weinberger and Berman, 1996; Andreasen, 1997; 
Green, 1998; Harvey et al., 2001). 

Categorized as being a test of executive function, the Wisconsin Card Sorting 
Test (WCST) has received by far more attention than any other cognitive test in the 
field of schizophrenia research. Early studies demonstrated that patients with 
schizophrenia had difficulties adapting to the changing conditions of “sorting”, 
characteristic for the test (Goldberg et al., 1987). Imaging studies demonstrated that 
reduced performance on the test was associated with reduced recruitment of the 
DLPFC (Weinberger, 1987). It has also been shown that the density of DA D1 
receptors in the prefrontal cortex of patients with schizophrenia, correlated with 
results on the WCST (Okubo et al., 1997). The test has been extensively used and 
provides interesting information about mental flexibility as well as the ability to adapt 
to changing conditions and has shown to be sensitive both for schizophrenia and 
acquired damage of the frontal lobe. However, the test is not a selective WM test, as 
is sometimes implied, since it involves many more aspects of cognitive functions 
(Keefe, 2000). 

Working memory deficits in schizophrenia

A large number of studies have demonstrated that WM functions are impaired 
in patients with schizophrenia seen as a group (Park and Holzman, 1992; Keefe et al., 
1995; Carter et al., 1996; Keefe et al., 1997; Spindler et al., 1997; Salame et al., 
1998). The WM deficits seem to be a central feature of schizophrenia and it has been 
proposed that a reduced WM capacity may contribute to other cognitive deficits 
(Goldman-Rakic, 1994).  

Much of the work investigating impairment in the VSWM domain has 
followed some form of delayed response task. Park and Holzman used a version of 
this test, demonstrating impairment in VSWM among patients with schizophrenia 
(1992). 

Based on the neurodevelopmental hypothesis for schizophrenia, disrupted 
wiring of the circuits could very well cause a distorted signal transmission along these 
circuits resulting in a lack of recruitment of the DLPFC during WM tasks. The link 
between WM and schizophrenia may be the consequence of prefrontal malfunction 
giving origin to both diminished ability to maintain information in memory and a host 
of other cognitive distortions. 

1.5.3. Cognitive Functions and Aging 

Over the course of the human lifespan several cognitive functions decline with 
age (Bäckman et al., 1999). Although compensated for, by a lifetime of gathered 
experience, our episodic memory commonly declines with increasing age. Also our 
WM is often affected negatively by increasing age (Bäckman et al., 2001). In 
addition, older adults may be disadvantaged in novel situations in which fast and 
efficient processing is required. The ability to solve problems and understand 
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relationships in novel situations, independent of prior knowledge, so called “fluid 
intelligence”, has been shown to deteriorate with increasing age (Cavanaugh and 
Blanchard-Fields, 2006). By contrast, “crystallized intelligence”, namely to use 
preexisting knowledge, skills and experience is relatively preserved during the aging 
process (Kausler, 1991; Salthouse, 1992; Lövdén and Lindenberger, 2005). 

1.5.4. Human Studies on Dopamine and Cognitive Function 

Consistent with rodent and non-human primate research an expanding line of 
evidence point towards a role of DA in cognitive functions.  

Drugs acting on the DA system in healthy volunteers have been shown to 
influence performance on cognitive tests. DA agonists may facilitate cognitive 
performance (Luciana et al., 1992; Luciana and Collins, 1997; Kimberg and 
D'Esposito, 2003) whereas DA antagonists may impair performance (Luciana and 
Collins, 1997; Ramaekers et al., 1999) on different executive and working memory 
tasks. Interestingly, there seems to be an optimal range for DA concentration to 
maintain function in the PFC (Cai and Arnsten, 1997), resulting in optimal cognitive 
performance. Studies have demonstrated that both too high and too low stimulation of 
D1 receptors lead to impaired WM functions (Arnsten, 1997; Zahrt et al., 1997). This 
could have important implication in neuropsychological conditions where DA 
transmission is altered. Rodent studies show that animals with poor performance on 
attentional tasks significantly improve their performance after D1 agonist 
administration into the PFC, whereas performance was impaired in animals that had 
higher baseline attentional skills (Granon et al., 2000). These results can be illustrated 
by the Yerkes-Dodson principle, which is based on an inverted U-shaped function, 
describing the relationship between DA-activity and performance. 

Adding to the understanding of DA’s involvement in cognition are the 
relatively few molecular imaging studies, demonstrating relationships between DA 
markers and cognitive performance in human subjects. PET studies of D1 and D2 
receptors, as well as a SPECT study of the DAT have shown significant positive 
correlations with psychomotor and/or cognitive functions and DA marker density 
(Volkow et al., 1998; Wang et al., 1998; Bäckman et al., 2000; Mozley et al., 2001; 
Yang et al., 2003). 

The studies mentioned above, all measured the cognitive variables outside the 
imaging system. Studies aiming at measuring DA release during the actual 
performance of a cognitive task, have demonstrated DA release in striatum during 
engagement in a motivating video-game (Koepp et al., 1998) as well as in the frontal 
cortex and the medial temporal lobe during WM performance (Aalto et al., 2005). 
These studies have utilized the fact that endogenous DA competes with radioligands, 
such as [11C]raclopride and [11C]FLB 457, at the receptor level (as described in 
section 1.3.3.). 

Yet another way to measure DA release in the brain of human subjects in vivo
is the unique study by Fried et al. (2001), in which they, by using microdialysis in the 
human amygdala, could demonstrate dose-dependent DA release during cognitive 
performance.  

Finally, we should remember that DA is involved in several parallel circuits 
engaged in motor, reward/reinforcement and cognitive aspects of behavior. These 
circuits are probably inter-related, even with some anatomical regions shared. Our 
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current understanding of DA’s involvement in isolated behavioral aspects is limited 
and the order of causation has not been scrutinized. 
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2. AIMS 

The two main aims with the thesis were: 

I. To develop new improved methodologies to be used in molecular 

imaging studies of cognitive functioning: 

- develop [11C]PE2I as a potential PET radioligand for quantification of the 
dopamine transporter (Study I). 

- develop an improved test to measure visuospatial working memory (Study 
III). 

II. To apply the new methodologies in studies of: 

- the relation between densities of pre- and postsynaptic DA markers in 
striatum (Study II). 

- age-related losses in dopamine transporter density in relation to age-related 
deficits in cognitive functions (Study IV). 

3. MATERIALS AND METHODS 

3.1. SUBJECTS
Altogether the results from four cynomolgus monkeys and 84 human subjects 

were included in the present thesis. 

3.1.1. Cynomolgus Monkeys 

Four cynomolgus monkeys weighing about 4 kg each participated in 11 PET 
examinations (Study I). They were supplied from the National Institute for Infectious 
Diseases, Solna, Stockholm. The measurements in monkey (Study I) were covered by 
animal ethical committee approvals for pharmacological PET studies on animals. 

3.1.2. Human Subjects 

Eighty-four human subjects participated after given written and oral informed 
consent. All studies were performed after approval from the Ethics Committee of the 
Karolinska Hospital, in agreement with the Declaration of Helsinki. Studies I, II and 
IV were also approved by the Radiation Safety Committee of the Karolinska Hospital.  

Subject included in PET experiments 
Thirty control subjects (20 men, 10 women), ranging from 20-81 years of age, 

participated in a total of 47 PET examinations. They were all healthy according to 
history of psychiatric/neurological disorder and/or psychostimulant drug abuse, 
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physical examination, blood and urine analysis, and magnetic resonance imaging 
(MRI) of the brain. 

Subject included in working memory test assessment 
Fifty-six control subjects (34 men, 22 women), ranging from 20-81 years of 

age and 25 patients with schizophrenia (18 men, 7 women) ranging from 19-49 years 
of age. An experienced psychiatrist diagnosed the patients according to DSM IV 
criteria for schizophrenia.  

3.2. PET EXAMINATION 

The examinations included in this thesis were performed using the PET-
system Siemens ECAT Exact HR 47, with an in-plane and axial resolution of 
approximately 3.8 mm, Full Width at Half Maximum (Wienhard et al., 1994).  

In each PET measurement, the subject was placed recumbent with the head in 
the PET system. A cannula was inserted into the antebrachial vein on both arms. A 
sterile physiological phosphate buffer solution (pH = 7.4) containing the radioligand 
was injected intravenously as a bolus during 2 seconds, after which the cannula was 
immediately flushed with 10 ml saline. Brain radioactivity was measured in a series of 
consecutive time frames up to 68 min. in humans and 118 min. in monkeys. 

In Study I, the equilibrium-ratio model was used for calculation of binding 
potential. In Studies II and IV, the simplified reference tissue model (SRTM) was 
used for calculation of binding potential. With both models, the cerebellum was used 
as a reference region assuming that the regional radioactivity in this region 
corresponded to free radioligand concentration and non-specific binding. 

In Study I, baseline PET studies were performed in order to obtain information 
about the regional distribution of radioactivity in the brain. Further, to determine the 
selectivity of the radioligand, pretreatment experiments using selective unlabelled 
substances were performed. Displacement experiments, using reference compounds 
known to bind to the DAT, demonstrated the specificity and reversibility of the 
radioligand binding. 

3.3. COGNITIVE ASSESSMENT 

Subjects included in Study III were tested with the visuospatial working 
memory test (description provided below). In Experiment I, two versions were 
compared and presented in a counterbalanced order. In Experiment II, subjects only 
performed the Random-version of the test. 

Subjects included in Study IV were assessed with a battery of cognitive tests 
(description provided below). Tests were performed 1-2 day after the PET 
examination.  

3.3.1. Episodic Memory 

Three tests of episodic memory were included, covering both verbal and non-
verbal material, as well as both recall and recognition as retrieval conditions. 
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Word recall 
A list of 20 words from different taxonomic categories was presented 

bimodally at a rate of 5 seconds/word (Wahlin et al., 1995). The words were 
presented visually in a booklet, and the experimenter read the words aloud 
simultaneously. Subjects were instructed to remember as many words as possible for 
a subsequent recall test. Following presentation of the last word in the series, subjects 
were given an oral free recall test in which the experimenter recorded the responses. 
Three minutes were allowed for the recall test. No subject reported requiring more 
time for task completion. The maximum score for this task was 20. 

Figure recall 
Rey–Osterrieth’s Complex Figure (R-OCF) was used to assess figure recall 

(Rey, 1941; Osterrieth, 1944). Subjects were given a blank sheet of paper and another 
sheet of paper on which the R-OCF was printed. They were first asked to copy the 
figure on the blank sheet of paper as accurately as possible, with no time restrictions. 
Following completion of this task, the experimenter removed both the original and the 
copied figure. After a retention interval of 4 minutes during which time the verbal 
fluency test (see below) was completed, subjects were again given a blank sheet of 
paper and asked to reproduce the R-OCF from memory. The task was self-paced. The 
R-OCF was scored according to standardized criteria (Lezak, 1983), and the 
maximum score was 36. 

Face recognition 
Twenty-four black-and-white pictures portraying unfamiliar faces were 

presented consecutively in a booklet for purposes of later recognition (Bäckman, 
1991). Each picture was presented for 5 seconds. No faces with unusual hairstyles or 
jewelry were included. After presentation of the last face, a self-paced yes–no 
recognition test was given, in which the 24 target faces were presented along with 24 
new faces randomly intermixed at a rate of 5 seconds/face. Subjects responded orally 
by saying “yes” to the target faces and “no” to the lures, and the experimenter 
recorded the responses. A standard measure of discrimination accuracy, d’, was used 
to index face recognition performance (Hochhaus, 1972). This measure is based on 
the proportions of hits and false alarms and ranges from –4.64 to +4.64, with chance 
level being represented as 0. 

3.3.2. Executive Functions 

Two tests of executive functioning were included, a test of visuospatial 
working memory and a test of verbal fluency. 

Visuospatial working memory test 
Research subjects were seated in front of a computer screen. A trial started 

with the presentation of a fixation point in the center of the screen. Shortly after, a 
stimulus (a black target) was displayed elsewhere on the screen, after which the 
fixation point disappeared. The location of the target varied randomly from trial to 
trial.  

In the original Circle-version the target appeared in one of eight possible 
locations, each separated by 45o angular slices, on the circumference of an imaginary 
circle. In the Random-version the target appeared randomly on the screen. 
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While keeping the target position in mind the test subject performed a 
distraction task, which was presented on the screen. The distraction task prevented 
rehearsal and also ensured that the subjects continued to keep their eyes fixated on the 
middle of the screen. The computer counted down in steps of two, displaying a new 
number every 1 or 1.5 second (e.g. 273, 271, 269 etc). However, for 30% of the trials, 
the number appearing on the screen did not differ from the preceding number by two 
units (e.g. 273, 271, 270). The subjects’ task was to detect such deviations from the 
typical sequence.  

Number processing was terminated after either 5 or 30 seconds by the 
appearance of eight empty circles, one of which represented the position where the 
target had appeared. The subject was asked to place the marker at the correct position 
and click to confirm the answer and continue the test. The 5- and 30-seconds delays 
were each repeated eight times/version, randomly distributed. A new number was 
displayed between 208 and 280 times/version. A correct response on the distraction 
task was registered for trials where subjects did not click the mouse when the 
computer counted down in steps of two, and for trials where subjects clicked the 
mouse in case of a deviation from the typical counting-down sequence. 

The two delay periods were randomized with eight 5-second delays and eight 
30-second delays. The subjects were allowed to rest between each test. The subjects 
were first introduced to the test by a training session, and the test was not started until 
it was evident that the subject understood the instructions. In some cases it was 
evident that the distraction task was too complicated, in which an easier version, with 
a new number presented every 1.5 sec was selected.  

The outcome measure for remembering the position of the target was 
computed by dividing the total number of correct responses by the total number of 
presented targets for each condition. The outcome measure for responding correctly 
on the distraction task was computed by dividing the total number of correct 
responses by the total number of times a new number was displayed. 

Verbal fluency 
The Controlled Oral Association Test (Benton and Hamsher, 1989) was used 

to assess verbal fluency. In this test, subjects are asked to produce as many words as 
possible, beginning with the letters F, A, and S, respectively, with the exception of 
proper names, numbers, and words with the same suffix. One minute was allowed for 
each letter. Subjects responded orally, and the experimenter recorded the responses. 
The number of words produced for each letter was combined into an overall verbal 
fluency score. 

3.3.3. Crystallized Intelligence 

A measure of crystallized intelligence, the general knowledge subtest (Information) in 
the WAIS-R (Wechsler, 1981), was included as a test known to have minimal effect 
of aging. 

Information 
The Information test involves 29 general knowledge questions (e.g., What is 

the capital of Italy? Which person is associated with the theory of relativity?). The test 
was administered according to standard procedures. Questions were answered orally 
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in free-recall format, and the experimenter recorded the responses. The maximum 
score was 29. 
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4. RESULTS AND COMMENTS 

4.1. Study I: [
11

C]PE2I: a highly selective radioligand for PET examination of the 

dopamine transporter in monkey and human brain.

The new selective dopamine transporter compound, [11C]PE2I, was explored 
as a potential PET radioligand. The binding was characterized, both in non-human 
primates and in one human control subject. The regional distribution of radioactivity 
was in accordance with the known distribution of DAT in vitro, with highest density 
in the striatum, a lower density in the substantia nigra and neocortical regions, and a 
much lower density in the cerebellum. The striatum to cerebellum ratio of about 10 
was higher than previously reported for other commonly used DAT radioligands. In 
addition the signal obtained from the substantia nigra was high compared to previous 
DAT radioligands, with a ratio of 1.8 to cerebellum. The percentage of total 
radioactivity in plasma representing unchanged [11C]PE2I in both monkey and human 
was 15-20% at 40 min after injection. All labelled metabolites were more polar than 
the parent compound. Displacement and pretreatment measurements in monkey brain, 
using unlabelled -CIT, cocaine, GBR 12909, citalopram and maprotiline confirmed 
that [11C]PE2I binds selectively to the DAT. 

The characterization of binding in monkey and one human control subject 
suggested that [11C]PE2I is a potential PET radioligand for quantitative studies of the 
DAT binding in human brain. As a highly selective DAT radioligand, [11C]PE2I has 
advantages when examining mesencephalic DAT in neuropsychiatric disorders such 
as ADHD (Jucaite et al., 2005) and models of PD (Nagai et al., 2007). 

4.2. Study II: Density of pre- and postsynaptic dopaminergic markers in striatum 

are  regulated by independent mechanisms – a PET study in human subjects.

Examination of the relationship between the presynaptically located dopamine 
transporter (DAT) and the mainly postsynaptically located D2 receptor suggest an 
independent regulation of the two dopaminergic biomarkers in human brain. 
17 subjects were examined with the D2 receptor binding ligand [11C]raclopride, as 
well as one of two ligands for the DAT, [11C] -CIT-FE (n=8) or [11C]PE2I (n=9). The 
two independent samples both lack statistical support for a correlation between the 
DAT and the D2 receptor. This was true for both striatal regions, the caudate and the 
putamen. On the other hand, a strong correlation between the striatal regions was 
observed for the D2 receptor. Also the DAT showed strong correlation coefficients 
between the regions, although it did not reach significance. 

Over the last decade, an increasing literature of correlative studies has 
emerged, where various cognitive functions and personality traits are studied in 
relation to markers of the DA system. Common biomarkers for the DA system are the 
DAT and the D2 receptor. Due to the rather separate localization of these markers, the 
question has been raised wheather these two are mutually interchangeable. 
The results suggest that correlative studies with markers of the DA system might be 
marker-specific. The results also have implications when studying neurodegenerative 
disorders, where a selective degeneration in either pre- or postsynaptic DA markers is 
characteristic for the disease. 
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4.3 Study III: An improved method for testing visuospatial working memory in 

patients with schizophrenia.

Visuospatial working memory (VSWM), a multicomponent memory system 
dependent on dopamine functions in the prefrontal cortex, is often impaired in 
patients with schizophrenia. In this study, we modified a widely used visuospatial 
delayed reponse task in order to achieve a test that was optimized for both healthy 
controls and patients with schizophrenia, without ceiling effects. We also wanted to 
examine the group differences in potential generation and use of strategies. The 
modifications of the test, where the positions to be remembered were displayed in a 
random rather than a regular geometric display, prompted less use of verbal recoding 
strategies to assist performance. The results confirmed the VSWM deficits among 
patients with schizophrenia. In addition, the new version showed a dissociation 
between the patient and the control group: after a high VSWM load, the control group 
showed improved correct responses in the strategy friendly circular presentation, as 
compared to the random presentation of the stimulus. This improvement was not 
present in the patient group. The results indicate that the groups might differ in 
generating and/or using a strategy. 

4.4 Study IV: The role of the striatal dopamine transporter in cognitive aging 

Many cognitive functions deteriorate with advancing age. Knowledge about 
the mechanisms resulting in cognitive aging is however limited. Gradual age-related 
losses of biomarkers for the DA system have been widely demonstrated (Reeves et 
al., 2002; Bäckman and Farde, 2004), which incited this study, where we examined 
the correlation between the striatal dopamine transporter and cognitive aging. 
Results showed clear age-related reduction of the DAT, examined with the 
radioligand [11C] -CIT-FE using positron emission tomography (PET) in 12 control 
subjects, ranging from 34-81 years of age. Also a marked deterioration in episodic 
memory and executive functioning with advancing age was observed. The measures 
of episodic memory covered both verbal and non-verbal, and variation in retrieval 
conditions, recall vs. recognition. The tests on executive functions covered 
visuospatial working memory and verbal fluency. 

The age-related cognitive deficits were mediated by reductions of DAT 
binding, whereas DAT binding added systematic cognitive variance after controlling 
for age. Further, interindividual differences in DAT binding were related to 
performance in a test of crystallized intelligence, which showed no reliable age 
variation.  

A test of crystallized intelligence, the information subtest from the Wechsler 
Adult Intelligence Scale-Revised, which is known to show minimal variation with 
age, correlated with the individual differences in DAT densities. 

This pattern of results indicate that DAT may serve as a biomarker of age-
related deficits in episodic memory and executive function, and that DAT is 
implicated in cognitive performance irrespective of age. 
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5. SUMMARY OF FINDINGS 

Study I demonstrated that 11C]PE2I binds with high affinity, selectivity and 
reversibility to the DAT in monkey and human brain. The high signal-to-noise 
ratio demonstrated unique properties of not only obtaining a signal from the 
striatum, but also from the substantia nigra. The new radioligand demonstrated 
favorable characteristics compared to previous PET radioligands for the DAT, 
and may contribute to further elucidate neuropsychiatric conditions such as 
ADHD and PD.

Study II suggested that the relationship between the presynaptically located 
DAT and the mainly postsynaptically located D2 receptor is not fixed. No 
correlation was found between the two biomarkers in 17 human subjects, 
using PET. The results suggest that the DAT and D2 receptors are regulated 
by independent mechanisms. When examining each DA marker separately, a 
correlation was found (indicated) between the two striatal regions, caudate and 
putamen, justifying the construction of a composite of these two regions, 
frequently seen in the literature. 

  In Study III we improved a cognitive test used to measure visuospatial 
working memory in human subjects, by reducing the ceiling effects present in 
the previous version. In the applied part of the study, the test demonstrated 
reduced performance in a group of patients with schizophrenia, compared to a 
control group. In addition, during the high WM load, the control group 
showed improved performance in the strategy-friendly circular presentation, 
compared to the random presentation of the stimulus. This improvement was 
not present in the patient group. The results indicate that patients with 
schizophrenia do not generate and/or use a strategy to the same extent as 
control subjects. 

Study IV demonstrated a correlative triad among age, in vivo DAT binding in 
the striatum, and performance in tasks assessing episodic memory and 
executive function. The results suggest that DAT density is a powerful 
mediator of age-related cognitive changes as well as of cognitive functioning 
in general. 
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6. LIMITATIONS AND FUTURE PROSPECTS 

Limitations 

Molecular imaging studies generally deal with the limitation of small number 
of subjects. This is unfortunate, although the high costs associated with these studies 
limit the experimenter to this fact. 

In Study I, ketamine was used to anesthetize the monkeys. It cannot be 
excluded that ketamine has an effect on endogenous DA in the monkey brain. The 
PET-center now provides a number of methods, and the choice of anesthesia can be 
targeted for the study. However, at the time of Study I, ketamine was the only choice.  

A limitation in Study II is that [11C]raclopride binding can be sensitive to 
endogenous DA. The measurable changes reported in the literature are usually during 
profound engagement in a reward or cognitive task (Koepp et al., 1998; Aalto et al., 
2005). When I have examined the subjects in the PET system, the lights were 
dimmed, auditory and visual stimuli were limited. However, endogenous competition 
has also been reported in relation to limb movement (Ouchi et al., 2002), which is 
something we did not control for during the PET examination (at least not fine motor 
movements). 

A limitation in Study III is that the controls and the patients were not 
cognitively matched. The matching-issue is however problematic, due to the fact that 
WM is closely related to intelligence (Conway et al., 2003; Kane et al., 2005; 
Oberauer et al., 2005), patients tend to be below the population norms on intelligence 
tests (Green, 1998) and most cognitive tests involve WM. 

Future prospects 

The new DAT radioligand [11C]PE2I has since this paper was published 
already proven to be of importance in research of the neuropathology in ADHD 
(Jucaite et al., 2005), epilepsy (Ciumas et al., submitted) and in models of PD (Nagai 
et al., 2007). Due to the favourable characteristics of obtaining a reliable signal from 
both striatum and the substantia nigra, this radioligand is apt to increase the 
understanding of neuropsychiatric disorders.  

Studying the relation between cognition and DA in a future perspective a 
number of factors can be considered: 
 - Larger groups 

- Selecting a group of subjects with a wide spread in cognitive functions, 
preferably within a narrow age range 
- Several biomarkers could be examined in order to include more brain areas, 
thus allowing to study networks or circuits 
- Better resolution of the PET system, which will be possible with the new 
HRRT-PET 

A future fMRI study designed to reveal the brain regions/networks activated 
during the two different versions of the VSWM-test would add to our understanding 
about the cognitive deficits among patients with schizophrenia, and the 
subcomponents of VSWM in general.  

When the studies included in this thesis were planned, the DAT 
polymorphisms were not known. Relating allelic variants to functional as well as 
behavioral measures is a highly relevant issue, which will most likely be explored in 
the near future. 
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