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To Monica and Sven



A hypothesis or theory is clear, decisive, and positive, but it is believed by no one but the
man who created it. Experimental findings, on the other hand, are messy, inexact things,
which are believed by everyone except the man who did that work.

Harlow Shapley (1885-1972)



ABSTRACT

This thesis is based on investigations of central D1-dopamine receptor (D1R) binding in vivo
using positron emission tomography (PET). The aims were 1) to examine the antipsychotic
effect of a D1R antagonist in schizophrenia and ii) to test the dopamine hypothesis of
schizophrenia by comparing D1R binding between patients and healthy subjects.

SCH39166, is the first selective D1R antagonist that was developed both as a PET
radioligand for D1R and as an antipsychotic drug. The D1-receptor occupancy of SCH39166
was determined with PET and [11C]SCH39166 in a dose-response fashion after single oral
doses in healthy volunteers. The D1R occupancy in the putamen was about 70 % after 100
mg. The conclusion was that this dose would be adequate to investigate potential
antipsychotic effect of a D1R antagonist in schizophrenia.

SCH39166 was then given orally in escalating doses to 17 acutely ill drug free schizophrenic
patients (DSM-IIIR) in an open 4-week study. The drug had to be withdrawn prematurely in
ten patients due to deterioration or refusal to take SCH39166. In the nine patients
participating for more than 2 weeks, the drug did not have an apparent antipsychotic effect.
After withdrawal of SCH39166, the patients improved when treated with classical
neuroleptics or clozapine. The result of the study does not support the prediction that
selective D1R antagonism have antipsychotic effect in schizophrenia.

To better inform statistical evaluation of any cross sectional evaluation of D1R binding a test-
retest PET study of the D1R selective radioligand [11C]SCH23390 was performed in fifteen
healthy subjects to compare different methodologies of image analysis. The binding potential
(BP~p ) values were compared following manual and automated delineation of regions of
interest (ROI’s) as well as with and without frame-by-frame realignment. No significant
differences were observed for repeatability using automated and manual delineation methods
whereas frame-by-frame realignment generated higher BPnp values and improved
repeatability. The results suggest that the choice of ROI delineation method is not an
important condition for reliability, whereas thorough movement correction is of importance.

A cohort of 18 first-episode neuroleptic-naive patients with schizophrenia or
schizophreniform psychosis and 17 healthy control subjects were examined with PET and
[11C]SCH23390. The patients had a statistically significant lower DIR BPnp in frontal
cortex with a moderate effect size. This suggests a reduction of prefrontal D1R density in the
pathophysiology of schizophrenia. Study II and IV provides indirect support for the
hypothesis of frontal hypodopaminergia.

The observation of a low D1R-binding in schizophrenia may explain why a D1R-antagonist
(which further reduces the availability of D1R) has no obvious antipsychotic effect. The
findings provide support for current developments of D1R-agonists for the treatment of
schizophrenia.
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1 RATIONAL FOR THIS THESIS

The dopamine hypothesis has since the 1960’s had a central role in schizophrenia research.
The development of Positron Emission Tomography (PET) and molecular neuroimaging in
the early 1980’s allowed for studies of the biochemistry of the dopamine system in the living
human brain. This is a particular advantage in schizophrenia research since the methodology
allows for examination of young drug free first-episode patients. One part of the present
thesis work is methodological and includes the development and evaluation of two
radioligands for brain imaging of the Di-dopamine receptor (Study I, III). The methodology
was then used to examine the hypothesis on the Di-dopamine receptor as a potential target for
the drug treatment of schizophrenia (Study II), and finally, the hypotheses on altered Di-
dopamine receptor expression in young untreated patients with schizophrenia (Study I'V).

The following introduction will position the thesis into the context of schizophrenia research

with primary emphasis on molecular imaging.






2 INTRODUCTION

2.1 SCHIZOPHRENIA

Schizophrenia is a heritable psychiatric disorder affecting about 1 % of the world population
(McGrath et al. 2008, Kahn et al. 2015). The early onset and often lifelong duration of
schizophrenia will accumulate into a considerable burden at the individual, social and

economic levels (Salomon et al. 2010).

Schizophrenia is like all psychiatric disorders a clinical syndrome. In the medical field, a
syndrome is defined as a "term applied to a group of symptoms occurring regularly and thus
constituting a disease to which some particular name is given" (Macpherson, 2004, p. 602).
Several classifications of psychiatric disorders have been developed and fine-tuned since the
19" century and they all rely heavily on expert consensus (Kendler and Solomon 2016). In
research on schizophrenia the most common classification system is the DSM (Diagnostic
and Statistical Manual of Mental Disorders) published by the American Psychiatric
Association since 1952. From the DSM-III edition in 1980 and onwards the psychiatric
diagnoses were grounded in empirical evidence as opposed to previous theory-bound
nosology. The last revision, DSM-5, was published in 2013 (APA 2013).

Schizophrenia is characterized by a wide set of symptoms that can be divided into ‘positive’,
‘negative’ and more recently also ‘cognitive’ categories (for review see (Kahn et al. 2015).
Positive symptoms are behaviors and thoughts that are not normally present, such as
delusions, hallucinations and disorganized speech. Negative symptoms are rather a loss or
diminution of normal functions and include social withdrawal, affective flattening
(diminution of emotional expression), anhedonia (the inability to feel pleasure) and abulia
(diminished initiative and energy). In addition, it has more recently been demonstrated that
impairment of cognitive function is a core feature of schizophrenia, including deficits in
attention, memory, working memory, verbal learning, and executive functions (Saykin et al.
1994, Palmer et al. 1997, Hahn et al. 2012). Of interest is that a recent meta-analysis confirms
that young antipsychotic drug-naive patients with schizophrenia perform more poorly than
healthy controls in all cognitive domains, with effect sizes comparable to that of chronic,
medicated patients (Fatouros-Bergman et al. 2014).

2.2 THE DEVELOPMENT OF THE CONCEPT OF SCHIZOPHRENIA

Historical sources support the view that schizophrenia is not a “new disorder”. Written
documents describing symptoms that are common in schizophrenia can be traced back to the
second millennium B.C. in ancient Egypt. What appears to be mental disorders are described
in the Book of Hearts, a chapter of the Ebers Papyrus dating to circa 1550 BC (Ebers 1875).
Similarly, a Chinese text written around 1000 BC, describe symptoms of insanity, dementia,
and seizures (Ti Nei and Su Wén 1975). Psychotic symptoms were also described in ancient
Greek and Roman literature (Evans et al. 2003). It is also likely that medieval Muslim
physicians identified and treated many cases of schizophrenia (Youssef and Youssef 1996).



In addition and throughout history, demonic or supernatural possession has been implicated
in many cultures as the cause of psychotic behaviors (Littlewood 2004).

The term psychosis was coined in 1845 by the Austrian physician Baron Ernst von
Feuchtersleben, to denote a 'mental disorder which affected the personality as a whole'
(Feuchtersleben 1847). The earliest detailed description of what later became known as

schizophrenia, was of an English patient described in a case-report called “Illustrations of
Madness” (Haslam 1810).

The French physician Bénédict Augustin Morel was the first to use the term démence précoce
(premature dementia) in his text book Etudes cliniques (Morel 1852). Later, Arnold Pick
(1851-1924), professor of psychiatry in Prague, used dementia praecox to specifically label a
deteriorating psychotic disorder from which no one recovered (Pick 1891). Emil Kraepelin, at
the time professor of psychiatry in Heidelberg, elaborated further on the term dementia
praecox (Kraepein 1919). He included the three contemporary concepts of psychosis, i.e.
hebephrenia (bizarre behavior), catatonia (disturbed movements) and paranoia (feeling
persecuted). Kraepelin also divided the complex psychiatric taxonomies of the nineteenth
century into two classes: manic-depressive psychosis, now termed bipolar disorder, and
dementia praecox.

The term ‘schizophrenia’ was coined in 1908 by the Swiss psychiatrist Paul Eugen Bleuler,
and was derived from the Greek words ‘schizo’ (split) and ‘phren’ (mind) (Bleuler 1908).
Bleuler had intended the term to refer to the dissociation or ‘loosening’ of thoughts and
feelings that he had found to be a prominent feature of the illness. The splitting of different
psychological functions “of thinking, feeling, and relation to the external world”, resulting in
a loss of unity of the personality, was the most important sign of the disease in Bleuler’s
conception (Stotz-Ingenlath 2000). Importantly, his term was not meant to convey the idea of
an actual split of the personality (or multiple personalities), a common and rather entrenched
myth regarding schizophrenia that continues to this day.

Several attempts to subcategorize schizophrenia have proven less useful since patients may
change between subcategories over time. Schizophrenia subtypes have been abandoned in the
DSM-5 because of their “limited diagnostic stability, low reliability, and poor validity,” and
they didn’t appear to help with providing better treatment or predicting treatment response
(APA 2013). Worth noting is also that the delineation of schizophrenia by specific symptoms
has proven difficult since none of the symptoms of schizophrenia are pathognomonic (unique
and sufficient symptom for a diagnosis).

2.3 PATHOPHYSIOLOGY OF SCHIZOPHRENIA

Brain diseases with biomarkers, such as the presence of emboli, protein tangles, or unusual
electrical activity patterns, are generally defined as neurological disorders. Most remaining
brain diseases that includes behavioral disturbances are generally defined as psychiatric

disorders. It follows that for all psychiatric disorders, there is no objective diagnostic test or



validated biological marker. By consequence, the existence of a specific brain disease
underlying schizophrenia is a yet an unproven hypothesis (Jablensky 2010).

2.3.1 Early hypotheses of schizophrenia

The biological concept of mental illness has existed since the early days of the establishment
of psychiatry as a medical specialty. It is clear that initial hypotheses for schizophrenia and
other mental disorders were heavily influenced by the development of other disciplines. The
rise of modern medicine in bacteriology, endocrinology and immunology became the basis
for a generation of new organic hypotheses in biological psychiatry (Deecke 1874, Noll
2007). However, the application of these disciplines did not bear on schizophrenia research.

In search for an organic cause, Kraepelin recognized that patients with dementia praecox
share many of the behavioral abnormalities observed in demented patients with lesions of the
frontal lobes (Kraepelin, 1919). However, investigations of brains post mortem of patients
with schizophrenia did not reveal any such lesions or gross structural changes (Noll 2011).

In the absence of morphological abnormalities of the brain, psychodynamic views on the
origin of dementia praecox began appearing in the literature in the early 1900’s following
ideas of Sigmund Freud, Carl Jung and Eugene Bleuler, who attributed the disease to
deficiencies in specific aspects of parenting. These ideas reached a height in the 1960’s with
the concept of the “schizophrenogenic mother” (Laing and Esterson 1964). This thinking has
subsequently been abandoned (Harrington 2012).

2.3.2 Early pharmacological treatment of schizophrenia

The first marketed and widely used sedatives used for patients with schizophrenia were the
barbiturates, of which the first was developed in Germany in 1903. Besides pharmacology,
several somatic treatments were invented such as malariotherapy and lobotomy, which were
awarded the Nobel prize in Physiology or Medicine in 1927 and 1949 respectively. While
these drugs and procedures sedated and calmed the patient they were not really viewed as
treatments (Braslow and Marder 2019). The exception was Electro Convulsive Therapy
(ECT) that from the beginning in the 1930’s was effective in treating some patients with
psychosis (Cerletti and Bini 1938, Endler 1988).

2.3.3 Antipsychotic drugs

The first major antipsychotic drug was chlorpromazine. Phenothiazine, the core molecule of
chlorpromazine, was synthetized in 1883 and produced as a synthetic dye for the textile
industry. Following the early discoveries of neurotransmitters the phenothiazines were in the
1940’s recognized to have antihistamine properties. Shortly after, chlorpromazine was
synthesized by Paul Charpentier in 1951 to be used for anesthetic post-operative purposes. In
the first clinical test the French surgeon Henri Laborit noted a marked calming effect with no
obvious sedation (Laborit et al. 1952). In subsequent clinical investigations at Saint-Anne’s
hospital in Paris it was found that chlorpromazine relieved psychotic symptoms, such as
delusions and hallucinations (Delay and Deniker 1952). They coined the word neuroleptic,



originating from the Greek words for “neuron” and “take hold of”, to denote the clinical
effects of this type of drug (Deniker 1989). Unlike the sedatives and hypnotics,
chlorpromazine was the first drug that psychiatrists believed actually treated mental disorders.
Worth mentioning is that a drug with different chemical structure but similar clinical
properties as chlorpromazine is reserpine, a drug derived from an Indian plant, Rauwola
serpentina. Reserpine was used extensively in the 1950s, but disregarded due to its long onset
of action as well as side effects of hypotension and depression (Healy and Savage 1998).

A more potent group of antipsychotics are the butyrophenones. They were by-products of the
opioid meperidine (pethidine). The most renowned is haloperidol, first synthesized in 1958 in
Belgium (Granger and Albu 2005) and one of the most widely used of the first generation of

antipsychotic drugs.

2.3.4 The dopamine hypothesis of antipsychotic drug action

Spectrophotofluorimetry was a new technique for measuring drugs in the body developed in
Bernard Brodie’s Laboratory at the National Institutes of Health, USA (Costa et al. 1989).
Among Brodie’s coworkers was Arvid Carlsson, who studied reserpine. After returning to
Sweden, his further work with reserpine led to the discovery that dopamine is a
neurotransmitter (Carlsson et al. 1957, Carlsson 2001). A few years later, Carlsson and his
assistant Margit Lindqvist demonstrated that chlorpromazine and haloperidol increases
catecholamine metabolites in the mouse brain (Carlsson and Lindqvist 1963). Based on these
and other findings it was hypothesized that the antipsychotic effect of neuroleptics is
mediated by blocking dopamine receptors (Carlsson and Lindqvist 1963, van Rossum 1966,
Nyback and Sedvall 1968). Besides its pharmacological importance, the discovery that
antipsychotic drugs act by inhibiting dopamine transmission led to intensified research on the

organization and functional role of the dopaminergic neurotransmission systems in brain.

The hypothesis of the mechanism of antipsychotic drug action was further supported by the
advent of radioligand binding studies in the 70’s. It received support from the demonstration
of a correlation between antipsychotic potency and the affinity of antipsychotic drugs to
dopamine receptors in vitro (Seeman et al. 1976)

2.3.5 The dopamine hypothesis of the pathophysiology of schizophrenia

The dopamine hypothesis of schizophrenia is based on several pharmacological and
neurobiological findings where dopamine activity is related to symptoms of schizophrenia.
Drugs stimulating dopamine transmission, such as the dopamine-releasing compound
amphetamine (Conell 1958, Randrup and Munkvad 1967) were found to induce symptoms
that resemble paranoid schizophrenia. Drugs reducing dopamine transmission, such as
neuroleptics, ameliorates psychotic symptoms. Hence, based on the psychotomimetic effect
of dopamine stimulating drugs and the antipsychotic effect of neuroleptics, Jacques van
Rossum postulated the dopamine hypothesis of schizophrenia in 1966 (van Rossum 1966).
He proposed that "overstimulation of dopamine receptors could be part of the etiology".



24 CURRENT UNDERSTANDING OF THE DOPAMINERGIC SYSTEM IN
BRAIN
The dopamine system is the last monoamine system to be laid down in the brain during
ontogeny (development of an organism), which suggests that it may have an important
stabilizing and integrative influence on brain circuits (Grace 2016). Despite dopaminergic
neurons being rare, less than 1/100,000 brain neurons, the dopamine system has shown to be
ubiquitous. Separate populations of dopamine neurons have large axonal arborization
(branching) that each project to a specific brain region. Dopamine is involved in the
regulation of a variety of physiological and brain functions such as voluntary movement,
reward, sleep regulation, feeding, affect, attention, cognition, olfaction, vision, smell,
hormonal regulation, sympathetic regulation, penile erection, as well as immunological,
cardiovascular, renal and gastrointestinal functions (Beaulieu et al. 2015).

Dopamine is a neurotransmitter that belongs to the group of catecholamines (dopamine,
norepinephrine and epinephrine). Dopamine is derived from the amino acid tyrosine, which
in turn is derived from dietary sources as well as synthesis from the amino acid L-

phenylalanine. (Fig. 1).

Dopamine neuron

0 0: HO 2 co:
o A T 2 e
NH TH HO F NH; AADC HO 7

L-Tyrosine L-DOPA Dopamine

Figure 1. Synthesis of dopamine in the axon terminal of a neuron. In the first rate-
determining step, tyrosine is converted into L-DOPA by the enzyme tyrosine hydroxylase
(TH). In the second step, L-DOPA is converted into dopamine by the enzyme aromatic L-
amino acid decarboxylase (AADC).

2.4.1 Dopamine pathways

Mapping the functional organization of the catecholamine neurons and their pathways in the
brain started in the early 1960s with the invention of the fluorescence histochemical method,
a.k.a. the Falck-Hillarp method (Falck et al. 1982, Fuxe et al. 2007). The toolbox of
molecular imaging techniques has since then expanded with immunocytochemistry, receptor
autoradiography and in vivo imaging by Positron Emission Tomography (PET).



The majority of dopamine molecules are synthesized in dopaminergic neurons in the
mesencephalon, a.k.a. the midbrain, i.e the upper part of the brainstem (Fig. 2). From there,
the three major projections are the nigrostriatal (substantia nigra to dorsal striatum), the
mesolimbic (ventral tegmental area (VTA) to the ventral striatum), and the mesocortical
(VTA to the prefrontal cortex) (Dahlstroem and Fuxe 1964, Ungerstedt 1973, Bjorklund and
Dunnett 2007).

Dopamine Pathways

Pathway Function
Nigrostriatal Motor
Prefrontal .
Dorsal Striatum
Cortex Ventral
Striatum
\ Mesocortical Cognition

Midbrain

Tuberoinfundibular Prolactin

Figure 2. Illustration of a central sagittal section of the brain showing the major dopamine
pathways.

Substantia nigra contains the largest dopamine cell group. It is subdivided into pars compacta,
composed of motor-related neurons projecting to the dorsal striatum (caudate and putamen),
termed the mesostriatal pathway, and pars reticulata, composed of reward-related neurons to
the ventral striatum (nucleus accumbens) termed the mesolimbic pathway (Iversen and
Iversen 2007).

2.4.2 Dopamine receptor subtypes

In general, neurotransmitters like DA are released from a neuron projection (axon) into a
space (synaptic cleft) linked to the target neutron projection (dendrite) (Fig. 3). The
neurotransmitter binds specifically to molecules, neuroreceptors, located in the cell
membrane pre-, post- or extra synaptically. The binding activates or inhibits signaling in the
target neuron. In addition to synaptic signaling, it is proposed that DA and other

neurotransmitters in the CNS participate in volume transmission, i.e. via the transmitter



concentration in the extracellular fluid binding to extrasynaptical receptors (Agnati and Fuxe
2014).

Synaptic Dopamine Signaling

Component Function

\é\\' Axon Dopamine
) release

Dopamine Binds to receptor

Dopamine Activate or inhibit
receptor signaling

Dendrite Propgate signal

Figure 3. Illustration of components of synaptic dopamine transmission.

Five mammalian dopamine receptor(DR) subtypes (D1 to Ds) have been identified and
characterized (for review see (Missale et al. 1998, Beaulieu et al. 2015). They are grouped in
two families based on biochemical, pharmacological and molecular characteristics, the D1-
like (D1 and Ds) and D»-like (D2, D3, and D4) family. For simplicity, the present introduction
uses the terms D1R and D2R for the DI1R- and D2R-like family, respectively.

The original classification of DR was based on biochemical observations where DA modulate
adenylyl cyclase (AC) activity through G proteins, the DR — cAMP cascade (Kebabian et al.
1972). Receptors that activate G proteins (G protein coupled receptors (GPCR)) constitute a
large family of several hundred receptors in brain.

The D1R and D2R have different distribution in the human brain. The D1R is more abundant
than the D2R because of its higher concentration throughout the neocortex (Lidow et al.
1991, Hall et al. 1994). The highest concentrations of D1R and D2R are in the basal ganglia
where they have similar concentration levels (Hall et al. 1994).

At a subtype level messengerRNA (mRNA) for the D1-subtype has been found in the
striatum, the neocortex, and all limbic regions of the human brain (Meador-Woodruff et al.
1996). The D5-subtype mRNA levels are generally lower throughout the brain and very low
in the striatum (Beischlag et al. 1995).



In the striatum, D1R and D2R are expressed on inhibitory GABAergic medium-sized spiny
neurons (MSN) (inhibiting neurons) constituting 75 % of the striatal neurons (Perez-Costas et
al. 2010). The MSN are about 15 microns in diameter with large dendritic arborization about
0,5 mm in diameter. Most dendrites express either D1R or D2R whereas a few express both
(Lester et al. 1993, Aizman et al. 2000). D1R is exclusively post-synaptic. In contrast D2R is
expressed both post- and pre-synaptically (Sokoloff et al. 2006, Rankin et al. 2010).

However, the DR may in addition form heterocomplexes (combine with other types of
receptors). For instance, a subpopulation of medium spiny neurons contains both DIR and
D2R forming a heterodimeric protein complex (Lee et al. 2004). The D1-D2 heterodimer has
a unique pharmacological and signaling profile distinct from its constituent monomer
receptors. It has been suggested that these differences may have impact on the affinity for
antipsychotic drugs and functional implications for neuropsychiatric disorders including
schizophrenia (Hasbi et al. 2020). Besides the basal ganglia, D1-D2 heterodimer expression
has been found in several cortical regions including the prefrontal cortex (Hasbi et al. 2020).

2.4.3 Dopamine and the prefrontal cortex

Of the many brain regions innervated by dopaminergic neurons, the dorsolateral prefrontal
cortex (DLPFC) has attracted considerable interest in schizophrenia research. As the most
recently developed brain region, in both phylogeny and ontogeny, the DLPFC has been
proposed as the predominant site of mental disorders overall (Ghika 2008).

The DLPFC contains a large number of DR and is highly sensitive to inputs from midbrain
dopaminergic neurons (Robbins 2000). The DA innervation of the DLPFC likely arises from
salient DA neurons in the midbrain, that increase their firing to aversive as well as rewarding
events (Bromberg-Martin et al. 2010, Kodama et al. 2014). This mesocortical input is part of
a circuitry of neuronal connections between the cortex, the basal ganglia, the thalamus, and
back to the cortex that comprises feedback loops that are of relevance for cognitive function
(Fettes et al. 2017).

At a functional level it has been shown that D1R in the DLPFC has a role specifically in
working memory (WM), which is the ability to hold mental representations for task solving
and abstract thought (Goldman-Rakic 1992). This was early demonstrated in nonhuman
primates (NHP) (Brozoski et al. 1979). Depletion of DA from the DLPFC was as detrimental
to cognition as removing the cortex itself. These early experimental observations in animals
stimulated discussions on the implications for schizophrenia research. Ken Davis and
coworkers hypothesized that negative symptoms of schizophrenia results from frontal
hypodopaminergia (Davis et al. 1991), This was partly based on the similarities between the
behavior exhibited both by animals and humans with frontal lobe lesions and negative
symptoms of schizophrenia (Brozoski et al. 1979). Moreover, it was demonstrated that the
deficits could be reversed by L-dopa and apomorphine, a non-selective dopamine agonist.
Later the findings were reproduced by local injections of selective D1R antagonists in the
PFC, indicating that PFC working memory functions are mediated by D1R (Sawaguchi and
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Goldman-Rakic 1991). Other experimental studies showed that DIR agonists reverse
impaired cognitive function induced by DA depletion in the PFC or by DA antagonists
(Murphy et al. 1996). More recent electrophysiological studies in healthy humans further
demonstrate that blocking of prefrontal D1R compromises dopamine signals essential for
learning and motivation (Gorelova et al. 2002, Hamid et al. 2016) Similarly, impaired
working memory in nonhuman primates has been demonstrated by excessive DI1R
stimulation, e.g. with local DIR agonist infusion into DLPFC (Gamo et al. 2015), or during
stress exposure when high levels of DA are released (Murphy et al. 1996), Hence, stimulation
of D1Rs in DLPFC produces an ‘inverted-U’ dose-response on working memory whereby

either too little or too much stimulation appears to impair cognitive performance.

DA acts at both DIR and D2R in the DLPFC, but DIR is the most prominent, especially in
superficial layers of the brain cortex (Lidow et al. 1991, Smiley et al. 1994) where the
receptor is expressed on the distal dendrites of excitatory pyramidal cortico-striatal projection
neurons (motor neurons extending to the spinal cord). Modulation via D receptors can
influence both excitatory and disinhibitory microcircuits in the PFC (Anastasiades et al.
2019). DIR in layer 3 are preferentially expressed on a subset of spines (neuronal
protrusions) of pyramidal cells (Smiley et al. 1994, Paspalas et al. 2013, Arnsten et al. 2015,
Gamo et al. 2015). Spine density in patients with schizophrenia is lower in pyramidal neurons
located in layer 3, a major site for cortico—cortico and thalamo-cortical integration (Glausier
and Lewis 2018). Working memory depends on the activity of excitatory pyramidal cells in
DLPEFC layer 3 (Goldman-Rakic 1995).

Radiological investigations of the brain in patients with schizophrenia have consistently
shown structural abnormalities such as enlarged ventricles, smaller whole-brain and frontal
lobe volumes, due to gray matter loss (Lawrie and Abukmeil 1998, Steen et al. 2006, Levitt et
al. 2010, Haukvik et al. 2013). Evidence suggests that the anatomical abnormalities are
present before the onset of schizophrenia (Lawrie et al. 2001, Pantelis et al. 2003). Moreover,
postmortem studies demonstrate that the frontal gray matter loss is not due to neuronal loss
but reduced dendritic spine density, primarily in layer 3 pyramidal cells where D1R are
abundant (Glantz and Lewis 2000, Thune et al. 2001).

The importance of DIR for negative and cognitive functions suggest that the anatomical and
cellular changes in the DLPFC may be neural substrates for impaired DIR signaling in
schizophrenia. Hence, at initiation of the present thesis work, it was hypothesized that
impaired D1R transmission may underlie the negative and cognitive symptoms in

schizophrenia.

2.5 PET STUDIES ON THE DOPAMINE HYPOTHESIS OF SCHIZOPHRENIA

The dopamine hypothesis of schizophrenia has in numerous studies been investigated in vivo
with PET at both the presynaptic and postsynaptic level. One approach has been to study
radioligand binding to the striatal dopamine transporter protein (DAT), serving as an index of
the density of dopaminergic neurons. However a quantitative meta-analysis of 13 Single
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Photon Emission Tomography (SPECT) and PET studies of DAT, gave no support for a
significant difference between patients and controls (Fusar-Poli and Meyer-Lindenberg
2013).

Another early approach is to use [''C/!8F]-DOPA to measure the pre-synaptic dopamine
synthesis rate and storage in striatal dopamine neurons (Hietala et al. 1995). Here, two
quantitative meta-analyses of 15 and 11 studies respectively supports a significant increase in
patients compared to controls (d = 0.79 and Hedges' g = 0.867 respectively) (Howes et al.
2012, Fusar-Poli and Meyer-Lindenberg 2013).

The function of the presynaptic dopaminergic neuron has also been studied with SPECT and
PET by measuring the reduction in a D2R radioligand binding following administration of
amphetamine that releases dopamine from the neuron and elevates the concentration in the
synaptic cleft. Four out of five studies using this approach found evidence of higher
radioligand displacement in patients with schizophrenia compared with controls, three in the
striatum (Laruelle et al. 1996, Breier et al. 1997, Abi-Dargham et al. 1998) and one in the
DLPFC (Slifstein et al. 2015). One study using a D2R agonist radioligand did not find any
such difference in the striatum (Frankle et al. 2018). Increased striatal dopamine transmission
has also been supported by a dopamine depletion study, showing increased striatal baseline
occupancy of dopamine at D2R in patients compared to controls (Abi-Dargham et al. 2000,
Kegeles et al. 2010). Taken together, the findings of increased striatal dopamine synthesis
capacity, release and baseline occupancy supports the dopamine hypothesis of a
hyperdopaminergic state in the striatum in patients with schizophrenia.

At the postsynaptic level the D2R availability in the striatum has been examined in numerous
studies, providing some evidence for a small increase in patients compared with controls (for
review see (Howes et al. 2012). However, after controlling for antipsychotic treatment with
D2R blocking drugs, the increase was not significant, but similar effect sizes suggest

insufficient statistical power.

There were no PET-studies on D1R binding in patients with schizophrenia published at
initiation of the present thesis work in the early 1990s. In an early PET-study in Japan low
frontal D1R binding was reported in drug free patients with schizophrenia (Okubo et al.
1997). However, shortly thereafter a study was published showing elevated D1R binding in
the DLPFC in patients with schizophrenia (Abi-Dargham et al. 2002). Moreover, the
increased DLPFC D1R binding was a strong predictor of poor performance of working
memory. In our first study (not included in the present thesis), we found no change in DIR in
a small sample of antipsychotic naive patients (Karlsson et al. 2002). The previous PET
studies on frontal DIR are discussed in relation to study IV of the present thesis.

2.6 PET STUDIES ON THE DOPAMINE HYPOTHESIS OF ANTIPSYCHOTIC
DRUG ACTION

Molecular imaging is not used in psychiatric practice in general since no imaging marker for
any psychiatric disorder has been consistently demonstrated. However, PET has benefitted
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the psychiatric practice of psychopharmacology by using well characterized selective PET
radioligands showing target engagement and receptor occupancy in drug treated patients
(Farde et al. 1988), for review see (Halldin et al. 2001). PET measurement of patients treated
with clinically effective doses of antipsychotic drugs and low risk of extrapyramidal side
effects (EPS) has consistently shown 75-80 % D2R occupancy (for review see (Ginovart and
Kapur 2012). Subsequently, the traditional dosing of older antipsychotics like haloperidol
was markedly reduced which has improved treatment compliance and outcome measures by

reducing debilitating side effects without diminishing the specific antipsychotic effects.

Subsequently, drug development has benefitted from PET imaging by providing guidance on
the optimal dose to be used in clinical trials (Halldin et al. 2001). The plasma concentration
corresponding to 50 % occupancy (Ki-plasma), can be calculated from the “plasma
concentration — receptor occupancy relationship” in a PET study and implemented to suggest
the optimal dose in clinical trials. The present thesis applied this methodology to determine
the dosing of the D1R antagonist SCH39166 (Study 1) in a clinical trial (Study II).

2.7 THE ROLE OF THE D1 DOPAMINE RECEPTORS IN ANTIPSYCHOTIC
DRUG TREATMENT

Even though all antipsychotic drugs are antagonists or partial antagonists at the D2R subtype
(Farde et al. 1988, Yokoi et al. 2002), D1R occupancy has also been reported in patients
treated with some antipsychotic drugs such as clozapine or flupentixol (Farde et al. 1992).
Clozapine is the prototype for atypical antipsychotic drugs, defined as not causing the typical
motor side effects of neuroleptics (Essali et al. 2009). The D1R-occupancy of clozapine at
clinical treatment is relatively high when compared to other antipsychotic drugs whereas the
D2R occupancy is lower (Farde et al. 1992). The mechanism of action of clozapine is not
fully understood since this drug binds to a number of other receptors. However, based on the
PET-findings mentioned above and an extensive literature on experimental studies (Creese
and Chen 1985, Chipkin et al. 1988, Coffin et al. 1989, Farde 1992, Bourne 2001, Salmi et al.
2004, Jardemark et al. 2010, Arnsten et al. 2017), it has been suggested that D1R could be a
drug target for antipsychotic effect.

The selective DIR antagonist SCH39166 was synthesized and developed as an antipsychotic
drug by Schering-Plough, New Jersey (Chipkin et al. 1988). Preclinical tests in vitro and in
vivo indicated potential antipsychotic effect similar to that of D2R antagonists but with
reduced liability to produce EPS (Chipkin et al. 1988). The present thesis work was initiated
at the time of the initial drug trials with SCH39166 in human subjects. The aim was to use
SCH39166 as a test drug to examine the hypothesis that antipsychotic effect can be mediated
by DI1R blockade.
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3 RESEARCH AIMS

The first aim of the present thesis was to use PET to facilitate the development of the
potential antipsychotic drug SCH39166 in the human brain. SCH39166 was radiolabeled
with carbon-11 and the binding was examined in humans. DIR occupancy of orally
administered SCH39166 was estimated in healthy subjects. Finally, the antipsychotic effect
and safety of SCH39166 was evaluated in an open study in acutely hospitalized patients with
psychosis.

The second aim was to determine the repeatability of [11C]SCH23390 binding parameters in
a methodological study using different methods of image analysis.

The third aim was to test aspects of the dopamine hypothesis of schizophrenia by comparison
of regional DIR binding between healthy subjects and acutely ill antipsychotic drug-naive
patients with schizophrenia.

15



16



4 MATERIALS AND METHODS

41 ETHICAL CONSIDERATIONS

Ethical considerations served to identify and ameliorate study related risk factors that could
compromise the participants physical and personal integrity. Physical safety issues of the
experimental procedures were radiation exposure, pharmacodynamics, cannulation of blood
vessels, immobilization, claustrophobia and compliance to the procedures. Personal integrity
issues were competence of informed consent, dealing with possible deviant health
parameters, collection of sensitive personal information. Amelioration was by weighing the
issues against scientific quality of study design and resources. The Guidelines for Good
Clinical Practice (GCP) by the European Medicines Agency was used ((ICH E6 (R2) Good
clinical practice), which is an international ethical and scientific quality standard for
designing, conducting, recording and reporting trials that involve the participation of human
subjects.

4.2 PARTICIPANTS

The studies were approved by the Regional Ethical Board. The collection of arterial blood in
study 1 was approved by the Stockholm County Council Biobank. The clinical trial with
SCH39166 was approved by the Swedish Medical Products Agency. All use of the
radioligands was approved by the Radiation Safety Committee at the Karolinska University
Hospital.

A total of 41 healthy control subjects were included in study 1, 3 and 4. A total of 35 patients
with first episode of schizophreniform psychosis were included in study 2 and 4.

All subjects were physically healthy according to history, physical examination, blood and
urine chemistry, ECG and MRI or CT examination of the brain. Exclusion criteria were
previous intake of any antipsychotic drug, history of drug allergy, alcoholism or drug
addiction or significant somatic disorder. Further exclusion criteria for the healthy volunteers
were history or presence of any psychiatric disorder and history of a psychiatric disorder in a
first-degree relative.

4.3 CLINICAL RATINGS

Patients’ clinical symptoms were rated by using the 18-item Brief Psychiatric Rating Scale
(BPRS) (each item rated on a 0—6 scale) (Overall and Gorham 1962, Kolakowska 1976). The
overall total rating and scores on positive and negative symptom clusters were used (Bech et
al. 1986). The positive symptom cluster consists of conceptual disorganization,
suspiciousness, hallucinatory behavior, and unusual thought content (BPRS items 4, 11, 12,
and 15). The negative symptom cluster consists of emotional withdrawal, motor retardation,
and blunted affect (BPRS items 3, 13 and 16).
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4.4 POSITRON EMISSION TOMOGRAPHY (PET)

PET is the cornerstone methodology utilized in study I, IIT and I'V. It is an in vivo imaging
technique that after intravenous injection measure molecules labelled with positron emitting
nuclides (radioligands) in the body. An elaborate infrastructure is required to produce a
radioligand and conduct the PET measurement (Fig. 4).

Positron Emission Tomography - infrastructure

Formu*ation
Sterilization

<« Quality control

PET acquisition Dose dispensing

Figure 4. The equipment and procedures required to generate a PET-measurement.

4.4.1 Brief description of principles for PET-imaging

The technology is based on the radiophysical properties of positron-emitting radionuclides.
Such radionuclides do not occur naturally and has to be produced in a cyclotron (Fig. 4).
Commonly used radionuclides are carbon-11 having a decay half-life of 20.3 min and fluor-
18 with a half-life of 110 min.

Following production in a cyclotron the radionuclide is used to radiolabel a molecule of
interest. In order to reduce the total mass and avoid pharmacological effects, a high
proportion of the molecules are labelled with the radionuclide, termed high specific
radioactivity or high molar activity. After quality control the radioligand is injected
intravenously and transported via the blood stream to the brain (Fig. 5).
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Radioligand delivery and receptor binding

Component Function

Arterial blood vessel Radioligand

delivery
Ligand Binds to receptor
Nuclide None emitting

Dopamine receptor Reach equilibrium
of radioligand
binding
Concentrated to
gray matter where
regional binding
may be quantified

Neuron

Figure 5. Delivery and binding of a radioligand to a neuroreceptor.
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At decay the radionuclide emits a positron which travels a short distance in tissue until it
combines with an electron. The two particles annihilate, producing two 511 keV gamma rays
that are emitted 180° apart (Fig. 6 A).

(A) Positron (B+ emission and annihilation with an electron (B-)

«

B+ emitting isotope

Gamma rayf \\\\,\!\ 1|Wl}/.}

Scintillation sj’ Al D :
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/ ' -
% 4 é;/’"I// \\\
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(B) Acquisition by PET (C) PET image
Figure 6. A-C Position emission and annihilation (A). Detectors co-registering gamma rays
(B). Reconstructed PET image (C).

A PET system is based on a large number of gamma ray sensitive scintillators which are
mounted in rings (Fig. 6 B). The subject, whether human or animal, is positioned in the
gantry in the middle of the ring system. The pair of photons produced from a single
annihilation will register almost simultaneously on opposing pairs of scintillation detectors as
a “coincidence event.”

The rings of scintillation detectors register thousands of coincidence events per second
(Phelps and Mazziotta 1985, Cherry 2001). The multitude of events are then reconstructed in
3D, rendering a volume where each picture element (pixel) has a numerical value for the
radioactivity concentration (nCi/cc or kBg/ml) (Fig. 6 C).

The PET images are segmented into anatomical or functional regions of interests (ROI)
manually or by the aid of an anatomical atlas, based on information from structural magnetic
resonance (MR) images (Fig. 7). In addition to co-registration the processing may entail
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movement correction, gray and white matter segmentation, anatomical landmarks and
surface-based reconstruction and smoothing.

Coronal Horizontal

Figure 7. Color coded pixels extracted from Regions of interests (ROI’s) of the striatum,
superimposed on MRI images. Three orthogonal projections show pixels from manual (red)

superimposed on automated (yellow) generated ROI’s.

4.4.2 PET - molecular neuroimaging

Molecular neuroimaging is based on the availability of suitable radiolabeled molecules
(radioligands) that after i.v. injection rapidly enters the brain and bind to the protein of
interests. The target could for instance be a neurotransmitter receptor, a transport protein or

an enzyme.

Over the years, several neurotransmitter systems have been studied in animals, healthy
subjects and patient populations with psychiatric disorders using PET. The dopaminergic
system has been the most extensively investigated in terms of both pre-synaptic and post-
synaptic biological markers (Fig. 8) (Halldin et al. 2001).

21



[MC]SCH23390 [IC|FLB 457 [MC|PE2I

Dopamine D1 Dopamine D2 Dopamine
Transporter

[MCIWAY-100635 ["C|MDL 100907 ["C|MADAM

-4
5-HT,, ' Serotonin
Iransporter

5-H1

1A

Figure 8. Color coded trans axial PET images of the brain of healthy volunteers showing
regional distribution of different radioligands developed at Karolinska Institutet.

The key radioligand used in the present thesis work is [!!C]SCH23390. A widely used
reference radioligand for neuroreceptor imaging of DIR originally developed (Halldin et al.
1986) and subsequently applied in clinical studies at Karolinska Institutet (Farde et al. 1987,
Farde et al. 1989, Wiesel et al. 1990, Farde 1992, Farde et al. 1992, Sedvall et al. 1994,
Karlsson et al. 1995, Nordstrom et al. 1995, Ginovart et al. 1997, Karlsson et al. 2002,
McNab et al. 2009, Jucaite et al. 2010). The thesis work also includes radiolabeling and PET
examination of the potential antipsychotic drug SCH39166 (Chipkin et al. 1988, Halldin et al.
1991).

22



4.4.3 MR and PET image processing

The processing of the MRI and PET images are described in detail in the PET studies of the
thesis. The image processing has developed considerably during the thesis work particularly
from manual to automated procedures. A manual procedure was used in Study I whereas
automated procedures were used in Study III and IV.

Both the manual and automated methods had the T1-weighted MR images pre-processed to
have the brain oriented in a standardized symmetrical manner. In brief, the MR images were
reoriented to have the line defined by the anterior and posterior commissures (nerve bundles
connecting the brain hemispheres), termed the AC-PC line, parallel to the horizontal plane
(divides the brain top and bottom) and the sagittal plane (divides the brain left and right). The
MR images were then co-registered to the summation PET image (9-51 min) using SPM5
(Wellcome Department of Imaging Neuroscience, London, UK) using the Normalized
Mutual Information algorithm (Studholme et al. 1998) and the default 7x7 FWHM smoothing
of the 256x256 joint histogram.

Manual ROI’s (study I and IIT): The MR images were used to delineate regions of interest
(ROI’s) such as the caudate nucleus (CAU), the putamen (PUT), the dorsolateral prefrontal
cortex (DLPFC) and the cerebellum (CER). The regions were chosen to represent regions of
central interest in schizophrenia research. An in-house software, HBA (Roland et al. 1994),
was used where the pre-processed MRI images were loaded for manual delineation of the
ROI’s on any of the three orthogonal projections. The manual delineation was performed by
the author. The CAU and PUT were delineated as described by Mawlawi et al. (Mawlawi et
al. 2001), with the modification that the sagittal planes were used instead of the coronal
(divides the brain front to back). The DLPFC was traced on all the coronal planes anterior to
the genu of the corpus callosum (nerve bundles connecting the brain hemispheres). The
cerebellum was drawn on the central six transaxial images of the cerebellum about 1 cm
distant from the subarachnoidal space (a liquid filled space surrounding the brain). The ROI’s
were translated into the PET study space using the inter-modality coregistration matrices.

Automated ROI’s (study 111, IV): The automated definition of target ROI’s was performed
using FreeSurfer (FS, version 5.0.0, http://surfer.nmr.mgh.harvard.edu/) (Fischl 2012) to
obtain subject-specific anatomical delineation by reconstruction of the cortex and
segmentation of subcortical structures as described elsewhere (Dale et al. 1999, Fischl et al.
1999). The FreeSurfer morphometric procedures have been shown to exhibit good
reproducibility across scanner manufacturers and across different field strengths (Han et al.
2006, Reuter et al. 2012), and have been validated against histological (Rosas et al. 2002) as
well as manual measurements (Kuperberg et al. 2003). In addition, the cortical structures are

divided based on individual cortical folding patterns to match cortical geometry across
subjects (Fischl et al. 1999).
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Time activity curves: The ROI data sets (manual and automated) were applied to extract
regional time—activity curves (TAC’s) of the radioactivity concentration from the PET

images.

Calculation of binding potential values (studies I, III, IV): The regional binding potential
(BP) values for radioligand binding to D1R were calculated with the equilibrium method
(study I) (Farde et al. 1989) and with the Simplified Reference Tissue Model using the
cerebellum curve as estimate for non-specifically bound radioligand (Lammertsma and Hume
1996). Both methods of calculation require TAC’s of sufficient duration in order to reach
equilibrium, i.e. when the rates of binding and releasing of the radioligand receptor complex
is equal. This allows for assumptions needed for the methods to be valid based on the law of
mass action (definition). Most radioligands require between 20 and 60 minutes to reach
equilibrium. This means that a PET measurement is considerably longer than any radiological

investigation.
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5 RESULTS

51 STUDYI

Background and methods: SCH39166 was the first selective D1-dopamine receptor
antagonist developed for clinical trials in schizophrenia. In the present study, SCH39166 and
its enantiomer SCH39165 were radiolabeled with ''C and [''C]SCH39166 was evaluated as a
radioligand for PET. In addition, D1R occupancy was estimated after single oral doses in
healthy subjects.

Results: After intravenous injection of [''C]SCH39166 the distribution of radioactivity in
brain grossly reflected D1R density (Fig. 1 B). The putamen to cerebellum ratio at
equilibrium was low (1.54 £0.18 SD)..

['"C]SCH 23390 [''C]SCH 39166

Figure 1. A-E Horizontal PET images at the level of striatum (upper panels) and cerebellum
(lower panels) in healthy males after IV injection of [ C]SCH23390 (A), [['C]SCH39166
high (B) (subject 5) and low (C) (subject 5) specific radioactivity, [!'CJSCH 39165 (D)
(subject 5). In E a corresponding MR image is shown. PET images show accumulated

radioactivity 9-63 minutes normalized to injected dose of radioactivity.

Saturability of specific binding was demonstrated after IV injection of [''C]SCH39166 with
low specific radioactivity (Fig. 2). Stereospecificity of binding was confirmed using the
stereoisomer [''C]SCH39165.
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Figure 2. Time activity curves in brain regions and plasma after i.v. injection
[1'C]SCH39166 with high (A) and low (B) specific radioactivity in a healthy subject (no. 5).
Radioactivity in B is normalized to cerebellum in A (AUC 9-45 min).

D1-Receptor occupancy was demonstrated with [''C]SCH39166 after simultaneous
administration of intravenous low doses of SCH39166 to six subjects and 2 h after single oral
doses of SCH39166 to each of three healthy subjects (25, 100 and 400 mg) (Fig. 3). There
was a substantial reduction of specific ['!C]SCH39166 uptake in the putamen after all doses.

Placebo 22m 100 mg 400 mg

Figure 3. Horizontal PET images of the brain at the level of striatum (upper panels) and
cerebellum (lower panels) after i.v. injection [!'C]SCH39166 before and after single oral
doses of SCH39166 (25, 100 and 400 mg) in a healthy man (no. 8). PET images show

accumulated radioactivity 9-63 min normalized to unchanged [ C]SCH39166 in plasma.
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Single oral doses of 100 mg induced approximately 70 % D1-dopamine receptor occupancy
in the putamen (Table 1),

Table 1. DIR occupancy in the putamen, mean plasma concentration and inhibition constant
Ki(plasma) after oral doses of SCH39166. Ki(plasma) was estimated using the calculated D1-
dopaminereceptor occupancy value and the corresponding plasma concentration of
SCH39166.

Subj. SCH 39166 oral D1R occupancy Plasma conc. K;piasma)

no. dose (mg) (%) (ng/ml) (ng/ml)
7 25 60 6.5 4.3

100 65 25 13

400 69 110 49

8 25 49 9.8 10
100 78 28 7.8

400 78 167 47
9 25 51 9.1 8.8

100 73 33 12

400 60 71 48

5.2 STUDYII

Background and aims: SCH39166 is a D1R antagonist with potential as an antipsychotic
drug and has previously been examined in healthy subjects. In this first clinical study the
potential antipsychotic effect, tolerability and safety of SCH39166 was examined,

Methods: SCH39166 was given orally to 17 acutely ill drug free patients with schizophrenia
(DSM-IIIR) in an open 4-week study (Table 1). Doses were escalated from 10 to 100 mg
b.i.d. according to a fixed schedule over 17 days and remained at 100 mg b.i.d. for another 11
days.
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Table 1 Demographic data for 17 patients with schizophrenia or schizophreniform psychosis participating in an open clinical study of

SCH 39166
Patient Age Sex Subtype Duration Treatment Neuroleptic free
(years) (M/T) at admission before study before study
l 26 M Paranoid <6 months? naive
2 47 M Paranoid 31 years perphenazine 6 months
K. 20 M Undiff. <6 months naive
4 28 M Catatonic 2 years naive
5 26 M Paranoid 1 year haloperidol 10 months
6 30 M Paranoid 9 years remoxipride 6 months
7 24 M Paranoid 2 years haloperidol | year
8 38 M Paranoid 14 years fluphenazine 11 years
9 36 M Paranoid 10 years haloperidol 4 months
10 28 M Paranoid 3 years haloperidol | year
11 31 M Undiff. 0 years melperone 4 days
12 28 M Disorganized 6 years perphenazine 8 days
13 29 M Paranoid | year naive
14 26 M Undiff. 2 years remoxipride 4 days
15 26 M Disorganized <6 months? naive
16 27 M Paranoid <6 months® naive
17 56 F Disorganized 36 years clozapine 5 days

a Schizoaffective at follow-up
b Schizophrenia at follow-up
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Results: The drug was withdrawn prematurely in ten patients because of deterioration or
refusal to take SCH39166. In the nine patients participating for more than 2 weeks, none had
an apparent reduction of BPRS or CGI scores (Fig. 1 and Table 2 respectively). Side effects
were agitation, akathisia and emesis in single patients. After withdrawal of SCH39166 the
patients improved clinically when treated with classical neuroleptics or clozapine.

70

——1
-2
60 ——3
4
§ ——5
g S0 —5—6
2 —T
©®
- e §
(75} 4 01 iy
@ ... i ——
@ Ty
; el L
< -
5 30 ~@=-11
@ ’ -i--12
z -
o ’ ---13
s 204
é 4 BPRS score 18 = healthy control value ~h=-14
1 -y~=15
1 0'-1 ,,,,,, 16
1 o--17
o
o L4 L] L] l RJ L L 4 I . L L l . L L '
0 7 14 21 28

Time (days)

Figure 1. Total BPRS score of 17 acutely ill schizophrenic, schizophreniform or
schizoaffective patients before and during oral treatments with SCH39166.
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Table 2. Clinical Global Impression scores in patients treated with SCH39166. Last assessment during the SCH39166 study was made at the last
day of treatment. Assessment after the study was made at discharge from the hospital, 0 not assessed, / normal, 2 borderline mentally ill, 3 mildly
ill, 4 moderately ill, 5 markedly ill, 6 severely ill, 7 extremely ill.

Patient CGI score (illness severity)

Baseline SCH 39166 treatment Treatment after

1w 2w 3w 4w SCH 39166 At discharge

haloperidol+Li
perphenazine
zuclopenthixol
5 haloperidol
5 haloperidol
haloperidol
zuclopenthixol
5 5 thioridazine
haloperidol
haloperidol
5 5 5 flupentixol dec
thioridazine
5 remoxipride
clozapine
5 haloperidol
perphenazine
clozapine

RV, RV, RV N
W A\
)

(S N R R R e WV R e WP RN SN
i

U uwu Ut
W B W
(OIS SN

(SN ST S TR B S S S O R N O O R N S O

P ok otttk k. ek
NN B WV OWOW IO WA W —

nnhhw i

30




5.3 STUDY Il

Background and aims: The DIR radioligand [!'C]SCH23390 has been frequently used in
PET studies. In drug-naive patients with schizophrenia, the findings have been inconsistent,
with decreases, increases, and no change in the frontal cortex DIR (Cervenka 2018). While
these discrepancies are likely primarily due to a lack of statistical power in these studies, we
speculated that an additional explanation may be the differences due to methods of image
analysis between studies, affecting reliability as well as bias between groups.

Methods: Fifteen healthy subjects underwent two PET measurements with ['!C]SCH23390
on the same day. The binding potential (BPxp) was compared using a 95 % confidence
interval following manual and automated delineation of a region of interest (ROI) as well as

with and without frame-by-frame realignment.

Results: Automated target region delineation produced lower BPnp values, while automated
delineation of the reference region yielded higher BPnp values (Table). However, no
significant differences were observed for repeatability using automated and manual
delineation methods. Frame-by-frame realignment generated higher BPnp values and
improved repeatability.
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Table. ROI volumes and binding potential (BPxp) values for [1!C]SCH23390 binding obtained by two repeated PET measurements analyzed
by three different comparisons of methods: (1) ROI method (manual (Man)/FreeSurfer (FS)), (2) movement correction (no realignment/
realignment), and (3) definition of the cerebellum as reference region (manual/modified FSL).

CAU PUT DLPFC INS CBL
ROI volume by ROl method (mL) Man FS Man FS Man FS Man FS Man FSL
Median 6.5 9.5 84 13.0 393 537 108 166 76 8.1
Interquartile range 5.7-88 8.8-9.9 8.0-94 124-138 374-434 492-572 100-11.1 164-182 63-83 69-10.1
CoV % 164 89 129 84 15.8 100 9.1 80 19.2 21.1
Mean diff (Cl 95%) —3.1(-34,-28)° —-45(-50,-39)° —-12(-159,-98)° -6.7 (—74,-60)° -10 (=20, -04)°
BPno by ROI method Man FS Man FS Man FS Man FS
Median 1.65 1.39 1.85 162 032 0.26 0.55 0.53
Interquartile range 143-176  1.14-152 1.72-188 149-168 026-033 021-029 0.50-058 0.50-0.57
CoV% 16.1 209 70 89 17.0 194 8.8 84

Mean diff (Cl 95%)
BP\p by realignment

Median

Interquartile range

CoV %

Mean diff (Cl 95%)

BP\p by reference region

Median
Interquartile range
CoV %
Mean diff (Cl 95%)

0.28 (0.24, 0.31)°

No realign Realign

146 157
124-163 133-165
22.1 147
-0.10 (- 0.16, — 0.05)°
Man CBL  FSL CBL
149 1.53
126-162 131-167
187 176

- 0.04 (- 0.06, —0.03)°

0.20 (0.17,0.23)°

No realign Realign

1.74 1.73
161-181 161-1.75
9.0 9.7

0.00 (- 0.03, 0.03)
Man CBL  FSL CBL
1.70 1.77
1.58-1.76  1.63-1.80
83 73

-0.05 (- 0.06, — 0.03)°

0.05 (0.04, 0.06)

No realign Realign

027 0.30
021-029 0.26-032
212 154

- 004 (- 005, -0.02)°
Man CBL  FSL CBL
028 0.29
022-030 0.25-031
188 169

-0.02 (- 0.03, -001)°

0.01 (0.01, 0.02)

No realign Realign

0.54 0.53
0.50-0.58  0.50-0.58
88 8.2

0.00 (- 0.01, 0.01)
Man CBL  FSL CBL
0.52 0.55
049-0.57 0.51-0.58
88 83

-003 (- 0.03, - 001)°

The values were obtained from four brain regions in 15 subjects, each value represents the mean of the eight values for that measurement or part of the analysis.
Interquartile range = 25th to 75th percent

CoV coefficient of variation, CI confidence interval
a The confidence interval does not contain zero
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5.4 STUDYIV

Background and aims: PET studies examining differences in D1-dopamine receptor binding
between control subjects and patients with schizophrenia have been inconsistent, reporting
higher, lower, and no difference in the frontal cortex (Cervenka 2018). Exposure to
antipsychotic medication has been suggested to be a likely source of this heterogeneity. We
hypothesized higher DLPFC DI1R availability in patients compared with controls based on
the previous literature on D1R in psychosis showing higher frontal D1R primarily in drug-
naive patients and individuals at high risk in the majority of studies (Abi-Dargham et al.
2002, Hirvonen et al. 2006, Abi-Dargham et al. 2012). Hence, there is a need for studies of
patients at early stages of the disorder who have not been exposed to such drugs.

Methods: Here, we compared 17 healthy control subjects and 18 first-episode neuroleptic
naive patients with schizophrenia or schizophreniform psychosis (Table 1) using positron
emission tomography and the D1-dopamine receptor radioligand ['!C]SCH23390. The brain
regions selected a priori for comparisons were the striatum and the DLPFC since these
regions are frequently implicated in the literature on central D1R and schizophrenia.
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Table 1. Demographic characteristics and BPRS scores for 18 patients with schizophrenia or schizoaffective disorder.

BPRS BPRS positive BPRS negative Diagnosis at 1-year
Patient no Age (y) Sex total score symptoms score symptoms score follow-up
1 28 F 48 18 9 Schizophrenia
2 21 M 46 15 15 Schizophrenia
3 35 F 52 17 7 Schizoaffective disorder
4 19 F 37 15 10 Schizophrenia
5 22 M 26 11 4 Schizophrenia
6 32 M 50 19 12 Schizoaffective disorder
7 22 M 41 15 11 Schizophrenia
8 39 M 60 24 9 Schizophrenia
9 35 M 59 24 9 Schizophrenia
10 33 F 36 14 9 Schizophrenia
11 32 M 33 16 3 Schizophrenia
12 41 M 27 11 5 Schizophrenia
13 41 M 31 14 5 Schizophrenia
14 36 F 33 18 3 Schizophrenia
15 21 M 41 16 10 Schizophrenia
16 49 M 41 14 13 Schizophrenia
17 51 F 58 24 15 Schizophrenia
18 22 F 35 7 3 Schizophrenia
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Results: We observed a statistically significant difference in the dorsolateral prefrontal cortex

(Table 2 and 3). Contrary to our expectations, patients had less D1-dopamine receptor

availability with a moderate effect size.

Table 2. Group means and SD of BPxp for all presented regions

Region Control Patient Analysis
STR 1.61 (0.24) 1.53 (0.21) A Priori
DLPFC 0.34 (0.075) 0.28 (0.061) A Priori
ACC 0.40 (0.067) 0.39 (0.089) Exploratory
TC 0.41 (0.078) 0.36 (0.063) Exploratory
MPFC 0.37 (0.076) 0.36 (0.098) Exploratory
OFC 0.40 (0.089) 0.37 (0.090) Exploratory

These are the raw BP, values without any correction for age.

In a Bayesian analysis, we show that the data are over 50 times more likely to have occurred

under the decrease as opposed to the increase hypothesis (Table 3). This effect was not

global, as our analysis showed that the null hypothesis was preferred over either hypothesis in

the striatum.

Table 3. Bayes factors comparing each hypothesis (Rows) against each other hypothesis

(Columns) for the test of differences in BPnp between psychosis patients and controls.

Model Increase Decrease Null
DLPFC

Increase 1 0.02 0.07
Decrease 55.25 1 3.69
Null 14.97 0.27 1
Striatum

Increase 1 0.41 0.12
Decrease 2.46 1 0.3
Null 8.11 3.29 1
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6 DISCUSSION AND CONCLUSIONS

6.1 STUDYI

[M'C]SCH39166 binds is a saturable and stereoselective manner to DIR in the human brain.
However, the low contrast makes [!C]SCH39166 less suitable for detailed regional mapping
of DIR. An oral dose of 100 mg should be appropriate to investigate the antipsychotic
potential of D1R antagonism in clinical studies.

The DIR occupancy after the oral doses did not increase with the increased doses as
expected. Hence, the Ki-plasma values increased several folds after 400 mg compared to that
after 25mg. Theoretically, this could be due to specific binding in the cerebellum, which in
figure 2 of one of the subjects seems to be somewhat reduced with the increasing doses.
Radioactivity in blood was measured in the experiments with high and low specific
radioactivity (Fig. 1 and 2). After low specific radioactivity, the cerebellum to plasma ratio
changed on average by -0.2 % (-25 to +29 %, mean range) compared to that after high
specific radioactivity. However, the doses in the IV experiments were relatively low so that
the subsequent Ki-plasma values were more similar among the doses. Hence, most likely the
DIR occupancy values after the higher oral doses were underestimated due to specific
binding in the cerebellum. Based on the Ki for the low dose the high dose D1R occupancy
should have been close to 90 %.

6.2 STUDYII

The result of the study does not support the prediction that selective D1R antagonism will
produce antipsychotic effects in schizophrenia. This was an open study but Schering-Plough
viewed the results as sufficiently conclusive to withdraw SCH39166 from further
development in treating schizophrenia. However, clinical trials with SCH39166 in other
disorders with dopamine dysfunction such as Tourette’s syndrome, Restless Legs Syndrome,
stuttering and gambling disorder, has shown favorable results (Grant et al. 2014, Maguire et
al. 2019, Billnitzer and Jankovic 2020, Ondo and Olubajo 2020). D1R active drugs continue
to be engaged in both academia and the pharmaceutical industry in order to be translated into
clinical practice in schizophrenia (for review see (Arnsten et al. 2017).

6.3 STUDY Il

The results suggest that the choice of ROI delineation method is not an important factor for
reliability, whereas the improved repeatability following movement correction confirm its
importance in PET image analysis. Realignment is therefore especially important for
measurements in patient populations such as schizophrenia or Parkinson's disease, where

motion artifacts may be more prevalent.

6.4 STUDYIV

This investigation represents the largest single sample of neuroleptic-naive patients
examined for D1-dopamine receptor availability using PET and suggests a reduction of
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prefrontal D1-dopamine receptor density in the pathophysiology of schizophrenia. However,

further work will be required to reach a consensus.

The comparison of DIR showed considerable overlap. As comparison subjects are defined as
“normal” based biomarkers that may have high interindividual variability, a hypothesized
pathophysiology may overlap considerably between a group of healthy individuals and
patients. Hence, the present results suggest that any differences in D1R binding may only be
detectable at the group level and not be useful for individual diagnostic purposes.

Children who eventually develop schizophrenia show negative and cognitive symptoms
before overt psychosis such as disturbances in attention and social behavior (Carpenter et al.
1988, Davies et al. 1998, Walker et al. 1999). Such observations have stimulated research on
prodromal symptoms of schizophrenia including neurological soft signs (Bachmann et al.
2014). Hence, the postulated D1R dependence of negative symptoms suggest the present
reduced frontal D1R binding to be a trait defect in schizophrenia.

A number of early brain imaging studies of patients with schizophrenia suggest that
hypofunction of the prefrontal cortex contributes to the cognitive deficits (Ingvar and Franzen
1974, Buchsbaum et al. 1982, Farkas et al. 1984, Liddle et al. 1992). The hypofrontality
hypothesis of schizophrenia was coined in the 1970s based on early imaging studies showing
reduced frontal blood flow in patients (Ingvar and Franzen 1974). More recent studies in
patients with schizophrenia performing working memory tasks has shown reduced DLPFC
activation, as measured by functional magnetic resonance imaging (Glahn et al. 2005,
Minzenberg et al. 2009, Shimodera et al. 2012, Fryer et al. 2015) and electroencephalography
(Minzenberg et al. 2010, Senkowski and Gallinat 2015), as well as reduced cerebral blood
flow as measured by PET (Davidson and Heinrichs 2003, Park et al. 2006, Dreher et al.
2012). The occurrence of reduced frontal perfusion and metabolism is seen both during
activation and at rest, which indicates a trait defect in schizophrenia (Hill et al. 2004). A
recent review of neuroimaging studies on the effects of cognitive remediation therapies in
patients with schizophrenia highlights that enhanced brain activation in prefrontal and
thalamic regions may be in agreement with the hypofrontality hypothesis (Penades et al.
2017).

The cortical-basal ganglia-thalamic-cortical circuit integrate information across reward,
cognitive, and motor functions (for review see (Haber 2016). In 1991, Davis and colleagues
postulated that the striatal hyperdopaminergia, causing positive symptoms, is secondary to a
frontal hypodopaminergia, causing negative symptoms (Davis et al. 1991). This view is based
on preclinical data where lesions in the PFC cortex of rats increased levels of dopamine in the
striatum (Haroutunian et al. 1988). The opposite has also been demonstrated, namely that an
increased striatal D2R signaling induce cortical hypodopaminergia (Simpson et al. 2010).
Transgenic mice selectively overexpressing striatal D2R have persistent abnormalities in
prefrontal cortex function and deficits in executive function and working memory, deficits
that are often found in experimental schizophrenia models (for review see (Beaulieu et al.

2015). In vivo evidence of skewed striatal-cortical dopamine levels in schizophrenia are
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supported by the increased striatal 6-fluorodopa uptake in the striatum and deficient WCST-
related activation in PFC (Meyer-Lindenberg et al. 2002). The results in Study II and IV in
the present thesis of lack of antipsychotic effect of D1R antagonism and reduced D1R
binding in the DLPFC support current versions of the dopamine hypothesis in schizophrenia,
i.e. a combination of frontal hypodopaminergia and striatal hyperdopaminergia (Howes et al.
2012, Terrillion et al. 2017, Rao et al. 2018, McCutcheon et al. 2019, Li et al. 2020).
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7 FUTURE PERSPECTIVES

The present observation of reduced frontal D1R binding contradicts parts of the previous
literature on D1R in psychosis showing higher cortical D1R primarily in drug-naive patients
and individuals at high risk. To reach consensus a possibility is to perform a meta-analysis of
the seven studies on DIR binding in schizophrenia reported so far (Okubo et al. 1997, Abi-
Dargham et al. 2002, Karlsson et al. 2002, Hirvonen et al. 2006, Kosaka et al. 2010, Abi-
Dargham et al. 2012, Stenkrona et al. 2019). However, the total number of drug naive
patients in these studies are likely too few for a rigorous analysis.

The reduced DLPC D1R reported in this thesis may be an underlying neurochemical
mechanism for cognitive deficits and mood related symptoms such as the apathy and negative
symptoms observed in patients with schizophrenia. This observation is in line with
suggestions that D1R agonists may have beneficial effect in schizophrenia (Sedvall and Farde
1995, Arnsten et al. 2017). Preclinical studies showing reversal of dopamine depletion
induced cognitive deficits by D1R agonists has inspired the development of selective D1R
agonists for the treatment of schizophrenia (Arnsten et al. 2017, Bruns et al. 2018, Hall et al.
2019).

However, efforts to develop DIR agonists have been hampered due to poor drug-like
properties, tachyphylaxis, and possibly also inverted U-shaped dose-response curves,
whereby increasing doses of D1R agonists may impair cognition, e.g., as occurs with very
high levels of endogenous DA release during uncontrollable stress (Zahrt et al. 1997, Arnsten
and Goldman-Rakic 1998, Arnsten et al. 2017). An initial clinical trial failed to demonstrate
improved cognition in patients with schizophrenia by the full selective D1R agonist DAR-
0100A, which may have been due to low dosing and consequently also low DIR occupancy
(Girgis et al. 2016). Recently a combined haloperidol and levodopa administration, to achieve
high selective D1R agonist effect, was found to improve working memory related brain
activation in humans (van Ruitenbeek et al. 2018). Hence, improved D1R agonists which
achieve higher levels of DIR occupancy are needed to test the efficacy of this putative

mechanism for cognitive enhancement in schizophrenia.

A different approach to orthosteric acting drugs would be to develop a positive allosteric
potentiator (PAM) of the D1R that should amplify the response to endogenous dopamine,
thus increasing D1R tone when and where dopamine is released (Foster and Conn 2017,
Bruns et al. 2018). This mode of action is in contrast to a D1R agonist, which will activate all
DIR to which it has access for as long as it is present. Very recently, a placebo controlled
clinical trial of DIR PAM suggested improvement in psychomotor function, visual attention
and information processing in patients with schizophrenia (Desai et al. 2020).

Additional avenues for D1R drug development are compounds targeting several neuro
receptors simultaneously. A recent drug candidate, lumateperone, currently undergoing
clinical trials, have a combined DIR and glutamate activating effects that may more
effectively ameliorate cognitive impairments in schizophrenia (Vyas et al. 2020).

41



42



8 ACKNOWLEDGEMENTS

The journey to this thesis was made possible only through the collaboration with a host of
people at the Karolinska Institutet and Stockholm County Council. I would like to
acknowledge the following present and formed collaborators.

8.1 PRESENT COLLABORATORS

Professor Lars Farde, my supervisor.

For taking me as a doctoral student based on a short visit and a meager CV. For tutoring me
with great patience and calmness. For his ability of honing in on seemingly incoherent data,
and with neurosurgical precision extract the relevant results and draw informative
conclusions. For pruning and tending to my rough and sprawling drafts and turn them into
tidy and streamlined publications. For keeping me from getting lost on longwinded tangents.
For sharing interesting historical facts in psychiatry research.

Professor Christer Halldin, my boss.

For directing the PET Centre with a steady hand. For his ability to keep me attentive to the
task at hand. For role modeling on how to cater to potential collaborators. For reminding me
on important deadlines. For putting trust in me to handle budgets and contracts, which taught
me how to negotiate financial and contractual issues. For his energetic style of leadership that
I which to emulate.

Andrea Varrone, assistant professor and likely future executive in big pharma, currently at
Lundbeck headquarters in Copenhagen. My alter ego in awareness to details. For clear-
sighted discussions on scientific and regulatory matters. For his cool headed way of
extinguishing logistical and technical fires.

Johan Lundberg, my 10th cousin on my father’s side, a former fellow doctoral student,
currently assistant professor and office roommate. For being an online reference book on
psychiatry research. For the collaboration in a clinical PET trial on vortioxetin and letting me
be the lead author. For valiantly promoting and defending psychiatry in the public domain.
For keeping the Gullik bloodline alive.

Simon Cervenka, a former fellow doctoral student, recently appointed professor of
psychiatry at Uppsala University. For co-authoring study III and I'V in this thesis. For his
encouraging support on finishing the present thesis. For taking the lead and initiative in
several schizophrenia research projects. In professor Cervenka, Uppsala University has
gained a considerable amount scientific currency that will certainly accrue schizophrenia
research.

Granville Matheson, a former fellow doctoral student, currently a postdoc at Copenhagen
University. For his pivotal role in competing this thesis by enthusiastically taking on the
daunting and seemingly incoherent set of D1R PET data collected during many years. For his
innovative analysis of the data. For his fruitful application of Bayesian statistical analysis that
was crucial in the publication of Study IV in this thesis.

Pontus Plavén Sigray, a former fellow doctoral student, currently a postdoc at Copenhagen
University. For his innovative and progressive tackling of large data sets. For his enthusiastic
marketing of statistical analysis. For his contagious energy.

43



Jacqueline Borg, a former fellow doctoral student, currently manager of autism research at
the PET Centre. For cognitive testing of research persons in the DIR PET studies. For
stimulating discussions on individual patients. For encouraging words on my thesis journey.

Anton Forsberg Morén, PET analyst and project manager. For hands on tutoring on the
PET analysis pipeline. For willfully sharing the burden of managing the clinical PET projects.

Zhisheng Jia (Cheng), radiochemist. For reliable deliveries of the [!!C]SCH23390 batches.
For gentle reminders on dispensing and injecting the radioligand on time.

Vladimir Stepanov, radiochemist and rival in mountain biking, currently with a tie score.
For his timely deliveries of radioligands. For, pending the injections, his captivating
execution of stand-up comedy.

Amir Arsalan, radiochemist and QC. For his relentless adherence to the QA protocol. For
ungrudgingly digging up archived [''C]SCH23390 batch protocols.

Johan Ulin, radiochemist and Head of Production. For flexibility in providing needed slots
for PET investigations. For proactively addressing issues with the radioligand productions.

Sangram Nag, radiochemist and Head of Radiochemistry R&D. For his realistic and
optimistic timelines for the radioligands getting through the CMC process in time for the PET
studies.

Guennadi Jogolev (Gena), radiochemist and QC. For his ability to handle issues and
documentation of QC. For applying his cheerful and serious demeanor in accordance to the
circumstance.

Urban Hansson, [T-support and fellow Apple Computer activist. For online IT-support with
a minuscule of turnaround time. Proactively attending to overfull hard-drives and IT warfare
attacks.

Ida Andersson, Financial officer. For service minded support on contracts and budget issues.
For her angel like ability of preventing red figures from raising my blood pressure.

The AstraZeneca Dream Team, Aurelija Jucaite, Magnus Schou, Peter Johnstrom and
Zsolt Cselenyi. For their seamless interaction with the PET Centre. For Zsolt’s masterful
creation of the PET analysis pipeline with complementary around-the-clock support.

8.2 FORMER COLLABORATORS

Goran Sedvall, retired professor of psychiatry and Head of the PET Centre. For his positive
management style. For boosting my self-confidence in order to submit abstracts to several
high profile meetings. For conveying a sense of connection to psychiatry research of an
earlier era.

Kjerstin Lind, retired research nurse and acclaimed matriarch of the KI PET Centre. For her
unwavering attention to the logistics and procedures of the PET investigations. For her social
and professional skills in managing the patients and making them feel comfortable.

Gabriella Oxenstierna, retired senior psychiatrist at the Karolinska Hospital Psychiatry
Clinic. Head of Ward no. 3 during my clinical training and of recruitment of patients for
Study II and I'V. For her firm tutoring on the clinical work, particularly on the documentation
of the patients and their treatments.

44



Fritz- Axel Wiesel, late professor of psychiatry at Uppsala University. For the recruitment
and the investigation of 7 of the 17 patients in Study II in this thesis. For his generosity in
letting me be the lead author of the subsequent paper.

Anna-Lena Nordstrom, a former fellow doctoral student, currently Principal International
Medical Director at Roche in Basel. For including me as co-investigator in several clinical
PET investigations. For her kind and sophisticated nature, which added bit of flair to the
otherwise male dominated bunker like atmosphere.

Eric Jonsson, a former fellow doctoral student, currently professor at the Psychosis Research
Centre at Oslo University. For the timely handling of the biobank applications. For
summoning to the KI PET running team for the yearly relay race, Bellmansloppet. For
showing interest in my thesis work each time we met.

Goran Rosengqpvist, retired physicist and IT specialist. For his wizard like managing of both
soft- and hardware issues. Watching his fingers rattling the keyboard accompanied by
affirmations on the computer screen was magical.

Karin Zabhir, retired secretary at the PET Centre. For her kindness and ability to keep track
of everything, and patience with my asking for anything.

Hans Olsson, former fellow doctoral student, currently a senior psychiatrist in Jonkdping.
For his steady stream of innovative simulations on PET data modelling. Always cheerful and
creating a joyful atmosphere.

Akihiro Takano, former co-worker and PET analyst. Recently returned to Japan. For his
professional analysis of large sets of PET data and have it presented in a clear way in reports
and publications. For his pleasant personality and Japanese sense of responsibility and
moderation.

Ryosuke Arakawa, former co-worker and PET analyst. Recently returned to Japan. For his
meticulous handling and oversight of large data sets all the way to reports and publications.
For his pleasant personality and Japanese sense of responsibility and moderation.

Tetsuya Suhara, a former guest researcher, recently retired from heading the Chiba PET
Centre outside Tokyo, Japan. For his generous support and insightful comments during my
early excursions in the PET field.

Mirjam Lotfi, the late and former fellow doctoral student and director of Internship in
psychiatry. For encouraging me to turn in the application for specialty in psychiatry. For this,
I will esteem her name for the rest of my life.

Svante Nyberg, a former fellow doctoral student and office roommate. Currently Head of
Psychiatry of the Stockholm South Region. For his contagious ability to excel in Excel. For
being a role model during my early days both clinically and scientifically.

Bengt Andrée, a former fellow doctoral student and college in psychiatry practice, currently
at the Crisis and Disaster Psychology Unit (CKK) at the Stockholm County Council. For his
calm and relaxed nature. For sharing his clinical expertise.

Stefan Pauli, a former co-worker, physician and physicist, now retired. For sharing his deep
understanding of the fundamentals of PET data analysis in a non-intimidating way. For his
approach in solving issues by drilling though the crust all the way down to the magma of the
issue. For being a friend and showing interest in my developments.

45



I addition want to acknowledge legions of other co-workers, both present and former, that
has passed through the PET Centre leaving critical foot prints in my thesis.

I owe gratitude to a total of 41 healthy subjects and 35 patients in the studies of this thesis
for their participation and compliance to the study protocols. Their fate in life has deepened
the appreciation for my fortunate circumstances.

I want to acknowledge my mother Monica and late father Sven for their meeting as students
at Uppsala University in 1959 thereby triggering the chain of events that led to this thesis. I
love and honor them.

Last but not least, I acknowledge the love and encouragement from my wonderful wife Erica
and from our three beautiful children Axel, Arne and Agnes. I love them and treasure our
relationships.

46



9 REFERENCES

Abi-Dargham, A., R. Gil, J. Krystal, R. M. Baldwin, J. P. Seibyl, M. Bowers, C. H. van
Dyck, D. S. Charney, R. B. Innis and M. Laruelle (1998). "Increased striatal dopamine
transmission in schizophrenia: confirmation in a second cohort." Am J Psychiatry 155(6):
761-767. 9619147

Abi-Dargham, A., O. Mawlawi, I. Lombardo, R. Gil, D. Martinez, Y. Huang, D. R. Hwang,
J. Keilp, L. Kochan, R. Van Heertum, J. M. Gorman and M. Laruelle (2002). "Prefrontal

dopamine D1 receptors and working memory in schizophrenia." J Neurosci 22(9): 3708-
3719. 11978847

Abi-Dargham, A., J. Rodenhiser, D. Printz, Y. Zea-Ponce, R. Gil, L. S. Kegeles, R. Weiss, T.
B. Cooper, J. J. Mann, R. L. Van Heertum, J. M. Gorman and M. Laruelle (2000). "Increased

baseline occupancy of D2 receptors by dopamine in schizophrenia." Proc Natl Acad Sci U S
A 97(14): 8104-8109. 10884434

Abi-Dargham, A., X. Xu, J. L. Thompson, R. Gil, L. S. Kegeles, N. Urban, R. Narendran, D.
R. Hwang, M. Laruelle and M. Slifstein (2012). "Increased prefrontal cortical D(1) receptors
in drug naive patients with schizophrenia: a PET study with [11C]NNC112." J
Psychopharmacol 26(6): 794-805. 21768159

Agnati, L. F. and K. Fuxe (2014). "Extracellular-vesicle type of volume transmission and
tunnelling-nanotube type of wiring transmission add a new dimension to brain neuro-glial
networks." Philos Trans R Soc Lond B Biol Sci 369(1652). 25135966

Aizman, O., H. Brismar, P. Uhlen, E. Zettergren, A. I. Levey, H. Forssberg, P. Greengard and
A. Aperia (2000). "Anatomical and physiological evidence for D1 and D2 dopamine receptor
colocalization in neostriatal neurons." Nat Neurosci 3(3): 226-230. 10700253

Anastasiades, P. G., C. Boada and A. G. Carter (2019). "Cell-Type-Specific D1 Dopamine
Receptor Modulation of Projection Neurons and Interneurons in the Prefrontal Cortex."
Cereb Cortex 29(7): 3224-3242. 30566584

APA (2013). Diagnostic and statistical manual of mental disorders. Arlington, VA, American
Psychiatric Publishing.

Arnsten, A. F., R. R. Girgis, D. L. Gray and R. B. Mailman (2017). "Novel Dopamine
Therapeutics for Cognitive Deficits in Schizophrenia." Biol Psychiatry 81(1): 67-77.
26946382

Arnsten, A. F. and P. S. Goldman-Rakic (1998). "Noise stress impairs prefrontal cortical
cognitive function in monkeys: evidence for a hyperdopaminergic mechanism." Arch Gen
Psychiatry 55(4): 362-368. 9554432

Arnsten, A. F., M. Wang and C. D. Paspalas (2015). "Dopamine's Actions in Primate
Prefrontal Cortex: Challenges for Treating Cognitive Disorders." Pharmacol Rev 67(3): 681-
696. 26106146

Bachmann, S., C. Degen, F. J. Geider and J. Schroder (2014). "Neurological soft signs in the
clinical course of schizophrenia: results of a meta-analysis." Front Psychiatry 5: 185.
25566104

Beaulieu, J. M., S. Espinoza and R. R. Gainetdinov (2015). "Dopamine receptors - [UPHAR
Review 13." Br J Pharmacol 172(1): 1-23. 25671228

47



Bech, P., M. Kastrup and O. J. Rafaelsen (1986). "Mini-compendium of rating scales for
states of anxiety depression mania schizophrenia with corresponding DSM-III syndromes."
Acta Psychiatrica Scandinavica, Supplementum 326: 1-37.

Beischlag, T. V., A. Marchese, J. H. Meador-Woodruff, S. P. Damask, B. F. O'Dowd, R. F.
Tyndale, H. H. van Tol, P. Seeman and H. B. Niznik (1995). "The human dopamine D5
receptor gene: cloning and characterization of the 5'-flanking and promoter region."
Biochemistry 34(17): 5960-5970.

Billnitzer, A. and J. Jankovic (2020). "Current Management of Tics and Tourette Syndrome:
Behavioral, Pharmacologic, and Surgical Treatments." Neurotherapeutics. 32856174

Bjorklund, A. and S. B. Dunnett (2007). "Dopamine neuron systems in the brain: an update."
Trends Neurosci 30(5): 194-202. 17408759

Bleuler, E. (1908). "Die Prognose der Dementia praecox (Schizophreniegruppe)."
Allgemeine Zeitschrift fiir Psychiatrie und psychischgerichtliche Medizin 65: 436-464.

Bourne, J. A. (2001). "SCH 23390: the first selective dopamine D1-like receptor antagonist."
CNS Drug Rev 7(4): 399-414. 11830757

Braslow, J. T. and S. R. Marder (2019). "History of Psychopharmacology." Annu Rev Clin
Psychol 15: 25-50. 30786241

Breier, A., T. P. Su, R. Saunders, R. E. Carson, B. S. Kolachana, A. de Bartolomeis, D. R.
Weinberger, N. Weisenfeld, A. K. Malhotra, W. C. Eckelman and D. Pickar (1997).
"Schizophrenia is associated with elevated amphetamine-induced synaptic dopamine

concentrations: evidence from a novel positron emission tomography method." Proceedings
of the National Academy of Sciences of the United States of America 94(6): 2569-2574.

Bromberg-Martin, E. S., M. Matsumoto and O. Hikosaka (2010). "Dopamine in motivational
control: rewarding, aversive, and alerting." Neuron 68(5): 815-834. 21144997

Brozoski, T. J., R. M. Brown, H. E. Rosvold and P. S. Goldman (1979). "Cognitive deficit
caused by regional depletion of dopamine in prefrontal cortex of rhesus monkey." Science
205(4409): 929-932. 112679

Bruns, R. F., S. N. Mitchell, K. A. Wafford, A. J. Harper, E. A. Shanks, G. Carter, M. J.
O'Neill, T. K. Murray, B. J. Eastwood, J. M. Schaus, J. P. Beck, J. Hao, J. M. Witkin, X. Li,
E. Chernet, J. S. Katner, H. Wang, J. W. Ryder, M. E. Masquelin, L. K. Thompson, P. L.
Love, D. L. Maren, J. F. Falcone, M. M. Menezes, L. Zhang, C. R. Yang and K. A. Svensson
(2018). "Preclinical profile of a dopamine D1 potentiator suggests therapeutic utility in
neurological and psychiatric disorders." Neuropharmacology 128: 351-365. 29102759

Buchsbaum, M. S., D. H. Ingvar, R. Kessler, R. N. Waters, J. Cappelletti, D. P. van Kammen,
A. C. King, J. L. Johnson, R. G. Manning, R. W. Flynn, L. S. Mann, W. E. Bunney, Jr. and L.
Sokoloff (1982). "Cerebral glucography with positron tomography. Use in normal subjects
and in patients with schizophrenia." Archives of General Psychiatry 39(3): 251-259.

Carlsson, A. (2001). "A paradigm shift in brain research." Science 294(5544): 1021-1024.
11691978

Carlsson, A., M. Lindquist and T. Magnusson (1957). "3,4-Dihydroxyphenylalanine and 5-
hydroxytryptophan as reserpine antagonists." Nature 180(4596): 1200.

Carlsson, A. and M. Lindqvist (1963). "Effect of chlorpromazine or haloperidol on formation
of 3-methoxytyramine and normetanephrine in mouse brain." Acta Pharmacol Toxicol 20:
140-144.

48



Carpenter, W. T., Jr., D. W. Heinrichs and A. M. Wagman (1988). "Deficit and nondeficit
forms of schizophrenia: the concept." Am J Psychiatry 145(5): 578-583. 3358462

Cerletti, U. and L. Bini (1938). "Un nuovo metodo di shockterapia: I’elettroshock." Bullettino
Attidella R. Accademia medica di Roma 16: 136—138.

Cervenka, S. (2018). "PET radioligands for the dopamine D1-receptor: Application in
psychiatric disorders." Neurosci Lett. 29518542

Cherry, S. R. (2001). "Fundamentals of positron emission tomography and applications in
preclinical drug development." J Clin Pharmacol 41(5): 482-491. 11361044

Chipkin, R. E., L. C. ITorio, V. L. Coffin, R. D. McQuade, J. G. Berger and A. Barnett (1988).
"Pharmacological profile of SCH39166: a dopamine D1 selective benzonaphthazepine with

potential antipsychotic activity." Journal of Pharmacology & Experimental Therapeutics
247(3): 1093-1102.

Coffin, V. L., M. B. Latranyi and R. E. Chipkin (1989). "Acute extrapyramidal syndrome in
Cebus monkeys: development mediated by dopamine D2 but not D1 receptors." J Pharmacol
Exp Ther 249(3): 769-774. 2567351

Conell, P. H. (1958). Amphetamine Psychosis. London, England, Chapman & Hall.

Costa, E., A. G. Karczmar and E. S. Vesell (1989). "Bernard B. Brodie and the rise of
chemical pharmacology." Annu Rev Pharmacol Toxicol 29: 1-21. 2658766

Creese, I. and A. Chen (1985). "Selective D-1 dopamine receptor increase following chronic
treatment with SCH 23390." Eur J Pharmacol 109(1): 127-128. 2859993

Dahlstroem, A. and K. Fuxe (1964). "Evidence for the Existence of Monoamine-Containing
Neurons in the Central Nervous System. I. Demonstration of Monoamines in the Cell Bodies
of Brain Stem Neurons." Acta Physiol Scand Suppl: SUPPL 232:231-255. 14229500

Dale, A. M., B. Fischl and M. I. Sereno (1999). "Cortical surface-based analysis. 1.
Segmentation and surface reconstruction.”" Neuroimage 9(2): 179-194. 9931268

Davidson, L. L. and R. W. Heinrichs (2003). "Quantification of frontal and temporal lobe
brain-imaging findings in schizophrenia: a meta-analysis." Psychiatry Res 122(2): 69-87.
12714172

Davies, N., A. Russell, P. Jones and R. M. Murray (1998). "Which characteristics of
schizophrenia predate psychosis?" J Psychiatr Res 32(3-4): 121-131. 9793865

Davis, K. L., R. S. Kahn, G. Ko and M. Davidson (1991). "Dopamine in schizophrenia: a
review and reconceptualization." Am J Psychiatry 148(11): 1474-1486. 1681750

Deecke, T. (1874). "On the germ-theory of disease." American Journal of Insanity 24: 443—
463.

Delay, J. and P. Deniker (1952). Trente-huit cas de psychoses traitees par la cure prolongee et
continue de 4560 RP. Le Congres des Medicins Alienistes et Neurologistes. de Langue
France, Masson et Cie, Paris.

Deniker, P. (1989). "From chlorpromazine to tardive dyskinesia (brief history of the
neuroleptics)." Psychiatr J Univ Ott 14(1): 253-259. 2566183

Desai, A., L. Benner, R. Wu, L. Gertsik, P. Maruff, G. A. Light, T. Uz, G. J. Marek and T.
Zhu (2020). "Phase 1 randomized study on the safety, tolerability, and pharmacodynamic

49



cognitive and electrophysiological effects of a dopamine D1 receptor positive allosteric
modulator in patients with schizophrenia." Neuropsychopharmacology. 33203954

Dreher, J. C., P. Koch, P. Kohn, J. Apud, D. R. Weinberger and K. F. Berman (2012).
"Common and differential pathophysiological features accompany comparable cognitive
impairments in medication-free patients with schizophrenia and in healthy aging subjects."
Biol Psychiatry 71(10): 890-897. 22341369

Ebers, G. (1875). Papyros Ebers: Das Hermetische Buch iiber die Arzneimittel der alten
Agypter in hieratischer Schrift (Band 1): Einleitung und Text. Leipzig, Verlag von Wilhelm
Engelmann.

Endler, N. S. (1988). "The Origins of Electroconvulsive Therapy (ECT)." Convuls Ther 4(1):
5-23. 11940939

Essali, A., N. Al-Haj Haasan, C. Li and J. Rathbone (2009). "Clozapine versus typical
neuroleptic medication for schizophrenia." Cochrane Database Syst Rev(1): CD000059.
19160174

Evans, K., J. McGrath and R. Milns (2003). "Searching for schizophrenia in ancient Greek
and Roman literature: a systematic review." Acta Psychiatr Scand 107(5): 323-330. 12752027

Falck, B., N. A. Hillarp, G. Thieme and A. Torp (1982). "Fluorescence of catechol amines
and related compounds condensed with formaldehyde." Brain Res Bull 9(1-6): xi-xv.
7172023

Farde, L. (1992). "Selective D1- and D2-dopamine receptor blockade both induces akathisia
in humans--a PET study with [11C]SCH 23390 and [ 11C]raclopride." Psychopharmacology
107(1): 23-29.

Farde, L., L. Eriksson, G. Blomquist and C. Halldin (1989). "Kinetic analysis of central
[11C]raclopride binding to D2-dopamine receptors studied by PET--a comparison to the
equilibrium analysis." Journal of Cerebral Blood Flow & Metabolism 9(5): 696-708.

Farde, L., C. Halldin, S. Stone-Elander and G. Sedvall (1987). "PET analysis of human
dopamine receptor subtypes using 11C-SCH 23390 and 11C-raclopride."
Psychopharmacology 92(3): 278-284.

Farde, L., A. L. Nordstrom, F. A. Wiesel, S. Pauli, C. Halldin and G. Sedvall (1992).
"Positron emission tomographic analysis of central D1 and D2 dopamine receptor occupancy
in patients treated with classical neuroleptics and clozapine. Relation to extrapyramidal side
effects." Archives of General Psychiatry 49(7): 538-544.

Farde, L., F. A. Wiesel, C. Halldin and G. Sedvall (1988). "Central D2-dopamine receptor
occupancy in schizophrenic patients treated with antipsychotic drugs." Archives of General
Psychiatry 45(1): 71-76.

Farde, L., F. A. Wiesel, A. L. Nordstrom and G. Sedvall (1989). "D1- and D2-dopamine
receptor occupancy during treatment with conventional and atypical neuroleptics."
Psychopharmacology 99(Suppl): S28-31.

Farkas, T., A. P. Wolf, J. Jaeger, J. D. Brodie, D. R. Christman and J. S. Fowler (1984).
"Regional brain glucose metabolism in chronic schizophrenia. A positron emission transaxial
tomographic study." Archives of General Psychiatry 41(3): 293-300.

Fatouros-Bergman, H., S. Cervenka, L. Flyckt, G. Edman and L. Farde (2014). "Meta-
analysis of cognitive performance in drug-naive patients with schizophrenia." Schizophr Res
158(1-3): 156-162. 25086658

50



Fettes, P., L. Schulze and J. Downar (2017). "Cortico-Striatal-Thalamic Loop Circuits of the
Orbitofrontal Cortex: Promising Therapeutic Targets in Psychiatric Illness." Front Syst
Neurosci 11: 25. 28496402

Feuchtersleben, E. (1847). The principles of medical psychology, being the outlines of a
course of lectures. London, Sydenham Society.

Fischl, B. (2012). "FreeSurfer." Neuroimage 62(2): 774-781. 22248573

Fischl, B., M. 1. Sereno and A. M. Dale (1999). "Cortical surface-based analysis. II: Inflation,
flattening, and a surface-based coordinate system." Neuroimage 9(2): 195-207. 9931269

Fischl, B., M. 1. Sereno, R. B. Tootell and A. M. Dale (1999). "High-resolution intersubject
averaging and a coordinate system for the cortical surface." Hum Brain Mapp 8(4): 272-284.
10619420

Foster, D. J. and P. J. Conn (2017). "Allosteric Modulation of GPCRs: New Insights and
Potential Utility for Treatment of Schizophrenia and Other CNS Disorders." Neuron 94(3):
431-446. 28472649

Frankle, W. G., J. Paris, M. Himes, N. S. Mason, C. A. Mathis and R. Narendran (2018).
"Amphetamine-Induced Striatal Dopamine Release Measured With an Agonist Radiotracer in
Schizophrenia." Biol Psychiatry 83(8): 707-714. 29325847

Fryer, S. L., B. J. Roach, J. M. Ford, J. A. Turner, T. G. van Erp, J. Voyvodic, A. Preda, A.
Belger, J. Bustillo, D. O'Leary, B. A. Mueller, K. O. Lim, S. C. McEwen, V. D. Calhoun, M.
Diaz, G. Glover, D. Greve, C. G. Wible, J. Vaidya, S. G. Potkin and D. H. Mathalon (2015).
"Relating Intrinsic Low-Frequency BOLD Cortical Oscillations to Cognition in
Schizophrenia." Neuropsychopharmacology 40(12): 2705-2714. 25944410

Fusar-Poli, P. and A. Meyer-Lindenberg (2013). "Striatal presynaptic dopamine in
schizophrenia, Part I: meta-analysis of dopamine active transporter (DAT) density."
Schizophr Bull 39(1): 22-32. 22282456

Fusar-Poli, P. and A. Meyer-Lindenberg (2013). "Striatal presynaptic dopamine in
schizophrenia, part II: meta-analysis of [(18)F/(11)C]-DOPA PET studies." Schizophr Bull
39(1): 33-42. 22282454

Fuxe, K., A. Dahlstrom, M. Hoistad, D. Marcellino, A. Jansson, A. Rivera, Z. Diaz-Cabiale,
K. Jacobsen, B. Tinner-Staines, B. Hagman, G. Leo, W. Staines, D. Guidolin, J. Kehr, S.
Genedani, N. Belluardo and L. F. Agnati (2007). "From the Golgi-Cajal mapping to the
transmitter-based characterization of the neuronal networks leading to two modes of brain
communication: wiring and volume transmission." Brain Res Rev 55(1): 17-54. 17433836

Gamo, N. J., G. Lur, M. J. Higley, M. Wang, C. D. Paspalas, S. Vijayraghavan, Y. Yang, B.
P. Ramos, K. Peng, A. Kata, L. Boven, F. Lin, L. Roman, D. Lee and A. F. Arnsten (2015).
"Stress Impairs Prefrontal Cortical Function via D1 Dopamine Receptor Interactions With
Hyperpolarization-Activated Cyclic Nucleotide-Gated Channels." Biol Psychiatry 78(12):
860-870. 25731884

Ghika, J. (2008). "Paleoneurology: neurodegenerative diseases are age-related diseases of
specific brain regions recently developed by Homo sapiens." Med Hypotheses 71(5): 788-
801. 18703290

Ginovart, N. and S. Kapur (2012). "Role of dopamine D(2) receptors for antipsychotic
activity." Handb Exp Pharmacol(212): 27-52. 23129327

51



Ginovart, N., A. Lundin, L. Farde, C. Halldin, L. Backman, C. G. Swahn, S. Pauli and G.
Sedvall (1997). "PET study of the pre- and post-synaptic dopaminergic markers for the
neurodegenerative process in Huntington's disease." Brain 120(Pt 3): 503-514.

Girgis, R. R, J. X. Van Snellenberg, A. Glass, L. S. Kegeles, J. L. Thompson, M. Wall, R. Y.
Cho, C. S. Carter, M. Slifstein, A. Abi-Dargham and J. A. Lieberman (2016). "A proof-of-
concept, randomized controlled trial of DAR-0100A, a dopamine-1 receptor agonist, for
cognitive enhancement in schizophrenia." J Psychopharmacol 30(5): 428-435. 26966119

Glahn, D. C., J. D. Ragland, A. Abramoff, J. Barrett, A. R. Laird, C. E. Bearden and D. L.
Velligan (2005). "Beyond hypofrontality: a quantitative meta-analysis of functional
neuroimaging studies of working memory in schizophrenia." Hum Brain Mapp 25(1): 60-69.
15846819

Glantz, L. A. and D. A. Lewis (2000). "Decreased dendritic spine density on prefrontal
cortical pyramidal neurons in schizophrenia." Arch Gen Psychiatry 57(1): 65-73. 10632234

Glausier, J. R. and D. A. Lewis (2018). "Mapping pathologic circuitry in schizophrenia."
Handb Clin Neurol 150: 389-417. 29496154

Goldman-Rakic, P. S. (1992). "Working memory and the mind." Scientific American 267(3):
110-117.

Goldman-Rakic, P. S. (1995). "Cellular basis of working memory." Neuron 14(3): 477-485.
7695894

Gorelova, N., J. K. Seamans and C. R. Yang (2002). "Mechanisms of dopamine activation of
fast-spiking interneurons that exert inhibition in rat prefrontal cortex." J Neurophysiol 88(6):
3150-3166. 12466437

Grace, A. A. (2016). "Dysregulation of the dopamine system in the pathophysiology of
schizophrenia and depression." Nat Rev Neurosci 17(8): 524-532. 27256556

Granger, B. and S. Albu (2005). "The haloperidol story." Ann Clin Psychiatry 17(3): 137-
140. 16433054

Grant, J. E., B. L. Odlaug, D. W. Black, T. Fong, M. Davtian, R. Chipkin and S. W. Kim
(2014). "A single-blind study of 'as-needed' ecopipam for gambling disorder." Ann Clin
Psychiatry 26(3): 179-186. 25166480

Haber, S. N. (2016). "Corticostriatal circuitry." Dialogues Clin Neurosci 18(1): 7-21.
27069376

Hahn, B., B. M. Robinson, S. T. Kaiser, T. M. Matveeva, A. N. Harvey, S. J. Luck and J. M.
Gold (2012). "Kraepelin and Bleuler had it right: people with schizophrenia have deficits
sustaining attention over time." J Abnorm Psychol 121(3): 641-648. 22686867

Hall, A., L. Provins and A. Valade (2019). "Novel Strategies To Activate the Dopamine D1
Receptor: Recent Advances in Orthosteric Agonism and Positive Allosteric Modulation." J
Med Chem 62(1): 128-140. 30525590

Hall, H., G. Sedvall, O. Magnusson, J. Kopp, C. Halldin and L. Farde (1994). "Distribution of
D1- and D2-dopamine receptors, and dopamine and its metabolites in the human brain."
Neuropsychopharmacology 11(4): 245-256.

Halldin, C., L. Farde, A. Barnett and G. Sedvall (1991). "Synthesis of carbon-11 labelled
SCH 39166, a new selective dopamine D-1 receptor ligand, and preliminary PET
investigations." International Journal of Radiation Applications & Instrumentation - Part A,
Applied Radiation & Isotopes 42(5): 451-455.

52



Halldin, C., B. Gulyas and L. Farde (2001). "PET studies with carbon-11 radioligands in
neuropsychopharmacological drug development." Curr Pharm Des 7(18): 1907-1929.
11772357

Halldin, C., B. Gulyas, O. Langer and L. Farde (2001). "Brain radioligands--state of the art
and new trends." Q J Nucl Med 45(2): 139-152. 11476163

Halldin, C., S. Stone-Elander, L. Farde, E. Ehrin, K. J. Fasth, B. Langstrom and G. Sedvall
(1986). "Preparation of 11C-labelled SCH 23390 for the in vivo study of dopamine D-1
receptors using positron emission tomography." International Journal of Radiation
Applications & Instrumentation - Part A, Applied Radiation & Isotopes 37(10): 1039-1043.

Hamid, A. A., J. R. Pettibone, O. S. Mabrouk, V. L. Hetrick, R. Schmidt, C. M. Vander
Weele, R. T. Kennedy, B. J. Aragona and J. D. Berke (2016). "Mesolimbic dopamine signals
the value of work." Nat Neurosci 19(1): 117-126. 26595651

Han, X., J. Jovicich, D. Salat, A. van der Kouwe, B. Quinn, S. Czanner, E. Busa, J. Pacheco,
M. Albert, R. Killiany, P. Maguire, D. Rosas, N. Makris, A. Dale, B. Dickerson and B. Fischl
(2006). "Reliability of MRI-derived measurements of human cerebral cortical thickness: the
effects of field strength, scanner upgrade and manufacturer." Neuroimage 32(1): 180-194.
16651008

Haroutunian, V., P. Knott and K. L. Davis (1988). "Effects of mesocortical dopaminergic
lesions upon subcortical dopaminergic function." Psychopharmacol Bull 24(3): 341-344.
3153491

Harrington, A. (2012). "The fall of the schizophrenogenic mother." Lancet 379(9823): 1292-
1293. 22489328

Hasbi, A., M. Sivasubramanian, M. Milenkovic, K. Komarek, B. K. Madras and S. R. George
(2020). "Dopamine D1-D2 receptor heteromer expression in key brain regions of rat and
higher species: Upregulation in rat striatum after cocaine administration." Neurobiol Dis 143:
105017. 32679312

Haslam, J. (1810). Illustrations of Madness: Exhibiting a Singular Case of Insanity, and a No
Less Remarkable Difference in Medical Opinion: Developing the Nature of Assailment, and
the Manner of Working Events; With a Description of the Tortures Experienced by Bomb-
Bursting, Lobster-Cracking, and Lengthening the Brain. Embellished with a Curious Plate.
London, G. Hayden for Rivingtons, etc.

Haukvik, U. K., C. B. Hartberg and 1. Agartz (2013). "Schizophrenia--what does structural
MRI show?" Tidsskr Nor Laegeforen 133(8): 850-853. 23612107

Healy, D. and M. Savage (1998). "Reserpine exhumed." Br J Psychiatry 172: 376-378.
9747395

Hietala, J., E. Syvalahti, K. Vuorio, V. Rakkolainen, J. Bergman, M. Haaparanta, O. Solin,
M. Kuoppamaki, O. Kirvela, U. Ruotsalainen and et al. (1995). "Presynaptic dopamine
function in striatum of neuroleptic-naive schizophrenic patients." Lancet 346(8983): 1130-
1131.

Hill, K., L. Mann, K. R. Laws, C. M. Stephenson, I. Nimmo-Smith and P. J. McKenna
(2004). "Hypofrontality in schizophrenia: a meta-analysis of functional imaging studies."
Acta Psychiatr Scand 110(4): 243-256. 15352925

Hirvonen, J., T. G. van Erp, J. Huttunen, S. Aalto, K. Nagren, M. Huttunen, J. Lonnqvist, J.
Kaprio, T. D. Cannon and J. Hietala (2006). "Brain dopamine d1 receptors in twins
discordant for schizophrenia." Am J Psychiatry 163(10): 1747-1753. 17012685

53



Howes, O. D., J. Kambeitz, E. Kim, D. Stahl, M. Slifstein, A. Abi-Dargham and S. Kapur
(2012). "The nature of dopamine dysfunction in schizophrenia and what this means for
treatment." Arch Gen Psychiatry 69(8): 776-786. 22474070

Ingvar, D. H. and G. Franzen (1974). "Abnormalities of cerebral blood flow distribution in
patients with chronic schizophrenia." Acta Psychiatrica Scandinavica 50(4): 425-462.

Iversen, S. D. and L. L. Iversen (2007). "Dopamine: 50 years in perspective." Trends
Neurosci 30(5): 188-193. 17368565

Jablensky, A. (2010). "The diagnostic concept of schizophrenia: its history, evolution, and
future prospects." Dialogues Clin Neurosci 12(3): 271-287. 20954425

Jardemark, K., M. M. Marcus, M. Shahid and T. H. Svensson (2010). "Effects of asenapine
on prefrontal N-methyl-D-aspartate receptor-mediated transmission: involvement of
dopamine D1 receptors." Synapse 64(11): 870-874. 20842721

Jucaite, A., H. Forssberg, P. Karlsson, C. Halldin and L. Farde (2010). "Age-related reduction
in dopamine D1 receptors in the human brain: from late childhood to adulthood, a positron
emission tomography study." Neuroscience 167(1): 104-110. 20109534

Kahn, R. S., I. E. Sommer, R. M. Murray, A. Meyer-Lindenberg, D. R. Weinberger, T. D.
Cannon, M. O'Donovan, C. U. Correll, J. M. Kane, J. van Os and T. R. Insel (2015).
"Schizophrenia." Nat Rev Dis Primers 1: 15067. 27189524

Karlsson, P., L. Farde, C. Halldin and G. Sedvall (2002). "PET study of D(1) dopamine
receptor binding in neuroleptic-naive patients with schizophrenia." Am J Psychiatry 159(5):
761-767. 11986129

Karlsson, P., L. Farde, C. Halldin, G. Sedvall, L. Ynddal and M. Sloth-Nielsen (1995). "Oral
administration of NNC 756--a placebo controlled PET study of D1-dopamine receptor
occupancy and pharmacodynamics in man." Psychopharmacology (Berl) 119(1): 1-8.
7675940

Kebabian, J. W., G. L. Petzold and P. Greengard (1972). "Dopamine-sensitive adenylate
cyclase in caudate nucleus of rat brain, and its similarity to the "dopamine receptor"." Proc
Natl Acad Sci U S A 69(8): 2145-2149. 4403305

Kegeles, L. S., A. Abi-Dargham, W. G. Frankle, R. Gil, T. B. Cooper, M. Slifstein, D. R.
Hwang, Y. Huang, S. N. Haber and M. Laruelle (2010). "Increased synaptic dopamine
function in associative regions of the striatum in schizophrenia." Arch Gen Psychiatry 67(3):
231-239.20194823

Kendler, K. S. and M. Solomon (2016). "Expert consensus v. evidence-based approaches in
the revision of the DSM." Psychol Med 46(11): 2255-2262. 27071528

Kodama, T., K. Hikosaka, Y. Honda, T. Kojima and M. Watanabe (2014). "Higher dopamine
release induced by less rather than more preferred reward during a working memory task in
the primate prefrontal cortex." Behav Brain Res 266: 104-107. 24556206

Kolakowska, T. (1976). Brief psychiatric rating scale: Glossary and rating instructions.
Oxford, Oxford University Press.

Kosaka, J., H. Takahashi, H. Ito, A. Takano, Y. Fujimura, R. Matsumoto, S. Nozaki, F.
Yasuno, Y. Okubo, T. Kishimoto and T. Suhara (2010). "Decreased binding of
[I1CINNCI112 and [11C]SCH23390 in patients with chronic schizophrenia." Life Sci 86(21-
22): 814-818. 20361984

Kraepein, E. (1919). Dementia Praccox and Paraphrenia. Edinburgh, UK, E. & S. Livingston.

54



Kuperberg, G. R., M. R. Broome, P. K. McGuire, A. S. David, M. Eddy, F. Ozawa, D. Goff,
W. C. West, S. C. Williams, A. J. van der Kouwe, D. H. Salat, A. M. Dale and B. Fischl
(2003). "Regionally localized thinning of the cerebral cortex in schizophrenia." Arch Gen
Psychiatry 60(9): 878-888. 12963669

Laborit, H., P. Huguenard and R. Alluaume (1952). "Un noveau stabilisateur végétatif." La
Presse Médicale (le 4560 RP) 60: 206-208.

Laing, R. D. and A. Esterson (1964). Sanity, madness and the family. London, Tavistock
Publications.

Lammertsma, A. A. and S. P. Hume (1996). "Simplified reference tissue model for PET
receptor studies." Neuroimage 4(3 Pt 1): 153-158.

Laruelle, M., A. Abi-Dargham, C. H. van Dyck, R. Gil, C. D. D'Souza, J. Erdos, E. McCance,
W. Rosenblatt, C. Fingado, S. S. Zoghbi, R. M. Baldwin, J. P. Seibyl, J. H. Krystal, D. S.
Charney and R. B. Innis (1996). "Single photon emission computerized tomography imaging
of amphetamine-induced dopamine release in drug-free schizophrenic subjects." Proceedings
of the National Academy of Sciences of the United States of America 93(17): 9235-9240.

Lawrie, S. M. and S. S. Abukmeil (1998). "Brain abnormality in schizophrenia. A systematic
and quantitative review of volumetric magnetic resonance imaging studies." British Journal
of Psychiatry 172: 110-120.

Lawrie, S. M., M. Byrne, P. Miller, A. Hodges, R. A. Clafferty, D. G. Cunningham Owens
and E. C. Johnstone (2001). "Neurodevelopmental indices and the development of psychotic
symptoms in subjects at high risk of schizophrenia." Br J Psychiatry 178: 524-530. 11388968

Lee, S. P., C. H. So, A. J. Rashid, G. Varghese, R. Cheng, A. J. Lanca, B. F. O'Dowd and S.
R. George (2004). "Dopamine D1 and D2 receptor Co-activation generates a novel
phospholipase C-mediated calcium signal." J Biol Chem 279(34): 35671-35678. 15159403

Lester, J., S. Fink, N. Aronin and M. DiFiglia (1993). "Colocalization of D1 and D2
dopamine receptor mRNAs in striatal neurons." Brain Res 621(1): 106-110. 8221060

Levitt, J. J., L. Bobrow, D. Lucia and P. Srinivasan (2010). "A selective review of volumetric
and morphometric imaging in schizophrenia." Curr Top Behav Neurosci 4: 243-28]1.
21312403

Li, A., A. Zalesky, W. Yue, O. Howes, H. Yan, Y. Liu, L. Fan, K. J. Whitaker, K. Xu, G.
Rao, J. Li, S. Liu, M. Wang, Y. Sun, M. Song, P. Li, J. Chen, Y. Chen, H. Wang, W. Liu, Z.
Li, Y. Yang, H. Guo, P. Wan, L. Lv, L. Lu, J. Yan, Y. Song, H. Wang, H. Zhang, H. Wu, Y.
Ning, Y. Du, Y. Cheng, J. Xu, X. Xu, D. Zhang, X. Wang, T. Jiang and B. Liu (2020). "A
neuroimaging biomarker for striatal dysfunction in schizophrenia." Nat Med 26(4): 558-565.
32251404

Liddle, P. F., K. J. Friston, C. D. Frith, S. R. Hirsch, T. Jones and R. S. Frackowiak (1992).
"Patterns of cerebral blood flow in schizophrenia." British Journal of Psychiatry 160: 179-
186.

Lidow, M. S., P. S. Goldman-Rakic, D. W. Gallager and P. Rakic (1991). "Distribution of
dopaminergic receptors in the primate cerebral cortex: quantitative autoradiographic analysis
using [3H]raclopride, [3H]spiperone and [3H]SCH23390." Neuroscience 40(3): 657-671.
2062437

Littlewood, R. (2004). "Possession states." Psychiatry 3(8): 8-10.

55



Maguire, G. A., L. LaSalle, D. Hoffmeyer, M. Nelson, J. D. Lochhead, K. Davis, A. Burris
and J. S. Yaruss (2019). "Ecopipam as a pharmacologic treatment of stuttering." Ann Clin
Psychiatry 31(3): 164-168. 31369655

Mawlawi, O., D. Martinez, M. Slifstein, A. Broft, R. Chatterjee, D. R. Hwang, Y. Huang, N.
Simpson, K. Ngo, R. Van Heertum and M. Laruelle (2001). "Imaging human mesolimbic
dopamine transmission with positron emission tomography: I. Accuracy and precision of

D(2) receptor parameter measurements in ventral striatum." J Cereb Blood Flow Metab
21(9): 1034-1057. 11524609

McCutcheon, R. A., A. Abi-Dargham and O. D. Howes (2019). "Schizophrenia, Dopamine
and the Striatum: From Biology to Symptoms." Trends Neurosci 42(3): 205-220. 30621912

McGrath, J., S. Saha, D. Chant and J. Welham (2008). "Schizophrenia: a concise overview of
incidence, prevalence, and mortality." Epidemiol Rev 30: 67-76. 18480098

McNab, F., A. Varrone, L. Farde, A. Jucaite, P. Bystritsky, H. Forssberg and T. Klingberg
(2009). "Changes in cortical dopamine D1 receptor binding associated with cognitive
training." Science 323(5915): 800-802. 19197069

Meador-Woodruff, J. H., S. P. Damask, J. Wang, V. Haroutunian, K. L. Davis and S. J.
Watson (1996). "Dopamine receptor mRNA expression in human striatum and neocortex."
Neuropsychopharmacology 15(1): 17-29.

Meyer-Lindenberg, A., R. S. Miletich, P. D. Kohn, G. Esposito, R. E. Carson, M. Quarantelli,
D. R. Weinberger and K. F. Berman (2002). "Reduced prefrontal activity predicts
exaggerated striatal dopaminergic function in schizophrenia." Nat Neurosci 5(3): 267-271.
11865311

Minzenberg, M. J., A. J. Firl, J. H. Yoon, G. C. Gomes, C. Reinking and C. S. Carter (2010).
"Gamma oscillatory power is impaired during cognitive control independent of medication
status in first-episode schizophrenia." Neuropsychopharmacology 35(13): 2590-2599.
20827271

Minzenberg, M. J., A. R. Laird, S. Thelen, C. S. Carter and D. C. Glahn (2009). "Meta-
analysis of 41 functional neuroimaging studies of executive function in schizophrenia." Arch
Gen Psychiatry 66(8): 811-822. 19652121

Missale, C., S. R. Nash, S. W. Robinson, M. Jaber and M. G. Caron (1998). "Dopamine
receptors: from structure to function." Physiological Reviews 78(1): 189-225.

Morel, B. A. (1852). Etudes cliniques: traité, théorique et pratique des maladies mentales.
Nancy.

Murphy, B. L., A. F. Arnsten, J. D. Jentsch and R. H. Roth (1996). "Dopamine and spatial
working memory in rats and monkeys: pharmacological reversal of stress-induced
impairment." J Neurosci 16(23): 7768-7775. 8922432

Noll, R. (2007). "Kraepelin's 'lost biological psychiatry'? Autointoxication, organotherapy
and surgery for dementia praecox." Hist Psychiatry 18(71 Pt 3): 301-320. 18175634

Noll, R. (2011). American Madness : The Rise and Fall of Dementia Praecox. Cumberland,
Harvard University Press.

Nordstrom, A. L., L. Farde, S. Nyberg, P. Karlsson, C. Halldin and G. Sedvall (1995). "D1,
D2, and 5-HT2 receptor occupancy in relation to clozapine serum concentration: a PET study
of schizophrenic patients." Am J Psychiatry 152(10): 1444-1449. 7573582

56



Nyback, H. and G. Sedvall (1968). "Effect of chlorpromazine on accumulation and
disappearance of catecholamines formed from tyrosine-C14 in brain." J Pharmacol Exp Ther
162(2): 294-301. 5666984

Okubo, Y., T. Suhara, K. Suzuki, K. Kobayashi, O. Inoue, O. Terasaki, Y. Someya, T. Sassa,
Y. Sudo, E. Matsushima, M. Iyo, Y. Tateno and M. Toru (1997). "Decreased prefrontal
dopamine D1 receptors in schizophrenia revealed by PET." Nature 385(6617): 634-636.

Ondo, W. G. and T. Olubajo (2020). "Exploratory cross-over, trial of augmented RLS with
the dopamine receptor 1/5 antagonist ecopipam D1/DS5 antagonist ecopipam for augmented
RLS." Int J Neurosci: 1-5. 33066723

Overall, J. E. and D. R. Gorham (1962). "The brief psychiatric rating scale." Psychol Report
10: 799-812.

Palmer, B. W., R. K. Heaton, J. S. Paulsen, J. Kuck, D. Braff, M. J. Harris, S. Zisook and D.
V. Jeste (1997). "Is it possible to be schizophrenic yet neuropsychologically normal?"
Neuropsychology 11(3): 437-446. 9223148

Pantelis, C., D. Velakoulis, P. D. McGorry, S. J. Wood, J. Suckling, L. J. Phillips, A. R.
Yung, E. T. Bullmore, W. Brewer, B. Soulsby, P. Desmond and P. K. McGuire (2003).

"Neuroanatomical abnormalities before and after onset of psychosis: a cross-sectional and
longitudinal MRI comparison." Lancet 361(9354): 281-288. 12559861

Park, H. J., J. D. Lee, J. W. Chun, J. H. Seok, M. Yun, M. K. Oh and J. J. Kim (2006).
"Cortical surface-based analysis of 18F-FDG PET: measured metabolic abnormalities in
schizophrenia are affected by cortical structural abnormalities." Neuroimage 31(4): 1434-
1444. 16540349

Paspalas, C. D., M. Wang and A. F. Arnsten (2013). "Constellation of HCN channels and
cAMP regulating proteins in dendritic spines of the primate prefrontal cortex: potential
substrate for working memory deficits in schizophrenia." Cereb Cortex 23(7): 1643-1654.
22693343

Penades, R., A. Gonzalez-Rodriguez, R. Catalan, B. Segura, M. Bernardo and C. Junque
(2017). "Neuroimaging studies of cognitive remediation in schizophrenia: A systematic and
critical review." World J Psychiatry 7(1): 34-43. 28401047

Perez-Costas, E., M. Melendez-Ferro and R. C. Roberts (2010). "Basal ganglia pathology in
schizophrenia: dopamine connections and anomalies." J Neurochem 113(2): 287-302.
20089137

Phelps, M. E. and J. C. Mazziotta (1985). "Positron emission tomography: human brain
function and biochemistry." Science 228(4701): 799-809. 2860723

Pick, A. (1891). "Ueber primére chronische Demenz (so. Dementia praecox) im jugendlichen
Alter." Prager medicinischeWochenschrift 16: 312-315.

Randrup, A. and I. Munkvad (1967). "Stereotyped activities produced by amphetamine in
several animal species and man." Psychopharmacology 11: 300-310.

Rankin, M. L., L. A. Hazelwood, R. B. Free, Y. Namkung, E. B. Rex, R. A. Roof and D. R.
Sibley (2010). Molecular pharmacology of the dopamine receptors. New York, Oxford
University Press.

Rao, N., G. Northoff, A. Tagore, P. Rusjan, M. Kenk, A. Wilson, S. Houle, A. Strafella, G.
Remington and R. Mizrahi (2018). "Impaired Prefrontal Cortical Dopamine Release in

57



Schizophrenia During a Cognitive Task: A [11C]FLB 457 Positron Emission Tomography
Study." Schizophr Bull. 29878197

Reuter, M., N. J. Schmansky, H. D. Rosas and B. Fischl (2012). "Within-subject template
estimation for unbiased longitudinal image analysis." Neuroimage 61(4): 1402-1418.
22430496

Robbins, T. W. (2000). "Chemical neuromodulation of frontal-executive functions in humans
and other animals." Exp Brain Res 133(1): 130-138. 10933217

Roland, P. E., C. J. Graufelds, L. Wéhlin, L. Ingelman, M. Andersson, A. Ledberg, J.
Pedersen, S. Akerman, A. Dabringhaus and K. Zilles (1994). "Human Brain Atlas: For High-
Resolution Functionel and Anatomical Mapping." Human Brain Mapping 1: 173-184.

Rosas, H. D., A. K. Liu, S. Hersch, M. Glessner, R. J. Ferrante, D. H. Salat, A. van der
Kouwe, B. G. Jenkins, A. M. Dale and B. Fischl (2002). "Regional and progressive thinning
of the cortical ribbon in Huntington's disease." Neurology 58(5): 695-701. 11889230

Salmi, P., R. Isacson and B. Kull (2004). "Dihydrexidine--the first full dopamine D1 receptor
agonist." CNS Drug Rev 10(3): 230-242. 15492773

Sawaguchi, T. and P. S. Goldman-Rakic (1991). "D1 dopamine receptors in prefrontal cortex:
involvement in working memory." Science 251(4996): 947-950.

Saykin, A. J., D. L. Shtasel, R. E. Gur, D. B. Kester, L. H. Mozley, P. Stafiniak and R. C. Gur
(1994). "Neuropsychological deficits in neuroleptic naive patients with first-episode
schizophrenia." Arch Gen Psychiatry 51(2): 124-131. 7905258

Sedvall, G. and L. Farde (1995). "Chemical brain anatomy in schizophrenia." Lancet
346(8977): 743-749.

Sedvall, G., P. Karlsson, A. Lundin, M. Anvret, T. Suhara, C. Halldin and L. Farde (1994).
"Dopamine D1 receptor number--a sensitive PET marker for early brain degeneration in
Huntington's disease." Eur Arch Psychiatry Clin Neurosci 243(5): 249-255. 8172940

Seeman, P., T. Lee, M. Chau-Wong and K. Wong (1976). "Antipsychotic drug doses and
neuroleptic/dopamine receptors." Nature 261(5562): 717-719.

Senkowski, D. and J. Gallinat (2015). "Dysfunctional prefrontal gamma-band oscillations
reflect working memory and other cognitive deficits in schizophrenia." Biol Psychiatry
77(12): 1010-1019. 25847179

Shimodera, S., Y. Imai, N. Kamimura, I. Morokuma, H. Fujita, S. Inoue and T. A. Furukawa
(2012). "Mapping hypofrontality during letter fluency task in schizophrenia: a multi-channel
near-infrared spectroscopy study." Schizophr Res 136(1-3): 63-69. 22330179

Simpson, E. H., C. Kellendonk and E. Kandel (2010). "A possible role for the striatum in the
pathogenesis of the cognitive symptoms of schizophrenia." Neuron 65(5): 585-596.
20223196

Slifstein, M., E. van de Giessen, J. Van Snellenberg, J. L. Thompson, R. Narendran, R. Gil,
E. Hackett, R. Girgis, N. Ojeil, H. Moore, D. D'Souza, R. T. Malison, Y. Huang, K. Lim, N.
Nabulsi, R. E. Carson, J. A. Lieberman and A. Abi-Dargham (2015). "Deficits in prefrontal
cortical and extrastriatal dopamine release in schizophrenia: a positron emission tomographic
functional magnetic resonance imaging study." JAMA Psychiatry 72(4): 316-324. 25651194

Smiley, J. F., A. L. Levey, B. J. Ciliax and P. S. Goldman-Rakic (1994). "D1 dopamine
receptor immunoreactivity in human and monkey cerebral cortex: predominant and

58



extrasynaptic localization in dendritic spines." Proceedings of the National Academy of
Sciences of the United States of America 91(12): 5720-5724.

Sokoloff, P., J. Diaz, B. Le Foll, O. Guillin, L. Leriche, E. Bezard and C. Gross (2006). "The
dopamine D3 receptor: a therapeutic target for the treatment of neuropsychiatric disorders."
CNS Neurol Disord Drug Targets 5(1): 25-43. 16613552

Steen, R. G., C. Mull, R. McClure, R. M. Hamer and J. A. Lieberman (2006). "Brain volume
in first-episode schizophrenia: systematic review and meta-analysis of magnetic resonance
imaging studies." Br J Psychiatry 188: 510-518. 16738340

Stenkrona, P., G. J. Matheson, C. Halldin, S. Cervenka and L. Farde (2019). "D1-Dopamine
Receptor Availability in First-Episode Neuroleptic Naive Psychosis Patients." Int J
Neuropsychopharmacol 22(7): 415-425. 30958880

Stotz-Ingenlath, G. (2000). "Epistemological aspects of Eugen Bleuler's conception of
schizophrenia in 1911." Med Health Care Philos 3(2): 153-159. 11079343

Studholme, C., D. Hill and D. J. Hawkes (1998). Normalized entropy measure of 3-D
medical image alignment. Medical Imaging 1998, San Diego, CA.

Terrillion, C. E., D. T. Dao, R. Cachope, M. K. Lobo, A. C. Puche, J. F. Cheer and T. D.
Gould (2017). "Reduced levels of Cacnalc attenuate mesolimbic dopamine system function."
Genes Brain Behav 16(5): 495-505. 28186690

Thune, J. J., H. B. Uylings and B. Pakkenberg (2001). "No deficit in total number of neurons
in the prefrontal cortex in schizophrenics." J Psychiatr Res 35(1): 15-21. 11287052

Ti Nei, H. and C. Su Wén (1975). The Yellow Emperor's Classic of Internal Medicine,
University of California Press.

Ungerstedt, U. (1973). "Selective lesions of central catecholamine pathways: application in
functional studies." Neurosci Res (N Y) 5(0): 73-96. 4600813

van Rossum, J. M. (1966). "The significance of dopamine receptor blockade for the
mechanism of action of neuroleptic drugs." Arch Int Pharmacodyn Ther 160(2): 492-494.

van Ruitenbeek, P., D. Hernaus and M. A. Mehta (2018). "A proof-of-principle study of the
effect of combined haloperidol and levodopa administration on working memory-related
brain activation in humans." Hum Psychopharmacol 33(5): €2675. 30306671

Vyas, P., B. J. Hwang and J. R. Brasic (2020). "An evaluation of lumateperone tosylate for
the treatment of schizophrenia." Expert Opin Pharmacother 21(2): 139-145. 31790322

Walker, E. F., D. Diforio and K. Baum (1999). "Developmental neuropathology and the
precursors of schizophrenia." Acta Psychiatr Scand Suppl 395: 12-19. 10225328

Wiesel, F. A., L. Farde, A. L. Nordstrom and G. Sedvall (1990). "Central D1- and D2-
receptor occupancy during antipsychotic drug treatment." Progress in Neuro-
Psychopharmacology & Biological Psychiatry 14(5): 759-767.

Yokoi, F., G. Grunder, K. Biziere, M. Stephane, A. S. Dogan, R. F. Dannals, H. Ravert, A.
Suri, S. Bramer and D. F. Wong (2002). "Dopamine D2 and D3 receptor occupancy in
normal humans treated with the antipsychotic drug aripiprazole (OPC 14597): a study using
positron emission tomography and [11C]raclopride." Neuropsychopharmacology 27(2): 248-
259. 12093598

Youssef, H. A. and F. A. Youssef (1996). "Evidence for the existence of schizophrenia in
medieval Islamic society." Hist Psychiatry 7(25): 55-62. 11609215

59



Zahrt, J., J. R. Taylor, R. G. Mathew and A. F. Arnsten (1997). "Supranormal stimulation of
D1 dopamine receptors in the rodent prefrontal cortex impairs spatial working memory
performance." J Neurosci 17(21): 8528-8535. 9334425

60



