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I. INTRODUCTION

GeneRal IntRoDUctIon

OBJECTIVES

This thesis explores the current possibilities in imaging brain function and more in 
particular specific neurotransmitter systems, focusing mainly on the dopamine (DA)system. 
The main objective of my thesis was to assess whether a relatively new imaging modality, 
pharmacological Magnetic Resonance Imaging (phMRI), is able to detect (or visualize) 
deficiencies in monoamine function in humans. In order to achieve this, several different 
imaging modalities have been applied to both healthy volunteers and subjects assumed to 
have a dysfunction of their monoamine systems as a consequence of recreational drug use. 
In these studies, Single Photon Emission Computed Tomography (SPECT) was considered 
the current gold standard. In addition, behavioural assessments were performed to see if 
alterations in monoamine function are associated with functional impairments. We combined 
neuropsychological data with both SPECT and phMRI imaging data to determine any relevant 
correlations in monoaminergic (dys)function. Ultimately, this thesis validates the use of this 
relatively non-invasive phMRI technique in vulnerable populations (such as children). This 
provides a foundation for future work in the assessment of monoaminergic (dys)function in 
the developing brain.

IMAGING BRAIN FUNCTION

Magnetic Resonance Imaging (MRI) was developed in the last century to provide a new 
non-invasive tool to detect disease in the human body. Imaging of the brain started out by 
looking at the basic division between grey and white matter and by examining anatomical 
deviations from the norm, such as tumours and stroke (doyle et al., 1981). Thoughts about 

how brain metabolism and hemodynamics are linked to neuronal activity, have led to the 
development of tools to investigate the functionality of the brain.  The first functional brain 
imaging study was performed with positron emission tomography (PET) imaging using 
15O-labeled water and somatosensory stimulation of the finger pads (Fox and Raichle, 
1986). This study demonstrated that the cerebral blood flow (CBF) and cerebral metabolic 
rate of oxygen (CMRO2) increased in the somatosensory cortex, in response to increased 
neuronal firing caused by the somatosensory stimulation. This knowledge, in combination 
with the development of faster imaging protocols, allowed for the development of a new 
MRI technique in 1992, called Blood Oxygenation Level dependent (BOLd) imaging. BOLd 
imaging also investigates the hemodynamic response induced by brain activity, but in a non-
invasive manner not having to rely on radioactive isotopes, thus adding a valuable new tool 
in the investigation of brain function (Ogawa et al., 1992). Since then we have seen a rise in 
imaging studies trying to discover in short, how the brain works. 
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dOPAMINERGIC phMRI

Pharmacological MRI (phMRI) is a technique that investigates the brains (hemodynamic) 
responses to a pharmacological challenge. The main advantage of phMRI over ‘conventional’ 
fMRI is that by using a drug challenge, brain activity can be objectively manipulated, without 
being dependent on the performance of the subject in the MRI scanner. The first phMRI 
studies looked into the effects of anaesthetics and cardiovascular agents such as caffeine 
and cocaine (reviewed by Tracey (Tracey, 2001)). As these substances are known to cause 
large observable changes in brain hemodynamics, these initial studies first demonstrated 
the feasibility of phMRI (Breiter et al., 1997; Hagino et al., 1998; Kleinschmidt et al., 1999). 
Further development has led to the investigation of new hypotheses involving specific 
aspects of brain function. For example a pharmacological challenge can be administered 
in order to manipulate neurotransmitter systems in the brain (Hagino et al., 1998). When 
a neurotransmitter specific pharmacological challenge is given, this causes changes in the 
firing rate of neurons involved in the neurotransmitter system. This again causes changes 
in neurovascular coupling and subsequent region specific hemodynamic changes. The 
hemodynamic response to the challenge is measured and taken to reflect neuronal activity 
(requiring transport of both oxygen and nutrients) (Jueptner and Weiller, 1995). 

This thesis focuses on using phMRI to image the DA system and also briefly touches 
on the serotonin (5-HT) system. The dAergic system plays a pivotal role in many different 
neurological and neuropsychiatric disorders, such as Parkinson’s disease, schizophrenia and 
attention deficit hyperactivity disorder (ADHD) (for review (Missale et al., 1998)). DAergic 
neurons originate from the ventral tegmental area (VTA), hypothalamus and substantia 
nigra (SN) and project to different parts of the brain. There are three main pathways, the 
nigrostriatal system (from SN into the striatum) the mesocortical (from the VTA into the 

prefrontal cortex (PFC)) and the mesolimbic (from the VTA to the nucleus accumbens, 
amygdala and hippocampus). Communication between neurons in these areas runs by the 
presynaptic neuron releasing dA, which can bind to several proteins: (1) the dA transporter 
(DAT) which is located presynaptically and pumps DA back into the cell; (2) five DA receptors 
(d1/5) which can be divided into two main categories, the type 1 and type 2 dA receptors. 
The d1-like receptors are located postsynaptically and promote activity of the dA system. 
The d2-like receptors can be located both pre- and postsynaptically and, dependant on their 
location and the amount of dA present in the synaptic cleft, can both promote and inhibit 
activity of the system (Missale et al., 1998).

The dA system can be challenged using several different pharmacological agents, 
which can either be stimulated pre-synaptically or have an agonistic function post-synaptically. 
The first of the substances examined by this thesis is dexamphetamine (dAMPH), one 
of the earliest developed amphetamines. It was first used in the treatment of narcolepsy, 
headaches and colds. In the ‘50 it was discovered to be beneficial in children with what 
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was then described as Minimal Brain damage and which is now known as AdHd (Strohl 
2011). It is also commonly used illicitly as a mood-enhancing drug, and is especially liked for 
the feelings of euphoria and wakeful state it causes, allowing for all-night partying. dAMPH 
acts by blocking the dAT, thus preventing the reuptake of dA in the presynaptic neuron 
in addition to actively releasing dA in the synaptic cleft (Kahlig et al., 2005). In addition, 
dAMPH enters the presynaptic neuron and prevents dA from re-entering the monoamine 
vesicle by blocking the vesicle monoamine transporter (Partilla et al., 2006). This causes large 
amounts of dA to be released in dAergic brain regions such as the striatum and prefrontal 
cortex (Castellanos and Tannock, 2002; Volkow et al., 1998a). MPH is structurally very similar 
to dAMPH, but whereas dAMPH causes active release of dA, MPH only blocks the dA 
transporters (dAT) in the brain. Therefore, the increase in intrasynaptic dA in response to 
MPH is more gradual than that caused by dAMPH and therefore MPH is generally not used 
as a mood elevator in a recreational setting (Swanson and Volkow, 2003). 

 dAergic (dys)function has been previously assessed with phMRI by several pre-
clinical studies involving both rats and non-human primates. For instance, Jenkins and co-
workers (Jenkins et al., 2004) have shown that phMRI adequately assesses dA dysfunction, 
using a contrast agent based on iron-nanoparticles. They showed that dAMPH-induced 
hemodynamic changes correlated well with loss of dAT densities measured with PET in 
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-lesioned parkinsonian primates. In 
addition, several studies involving rats demonstrated similar findings using microdialysis to 
correlate dA levels to the hemodynamic response (Chen et al., 2001; Choi et al., 2006). 
Further work was able to imply that specific DA receptor subsets are mainly involved in 
the size of this hemodynamic response (Chen et al., 2005; Chen et al., 2010). In humans, this 
work still needs to be validated using objective measures of dAergic function. Interestingly, 
Martinez and co-workers showed a reduced dAMPH-induced dA release in cocaine users 

using PET (Martinez et al., 2007). In addition several behavioural studies have linked dAergic 
dysfunction to deficits in attention, memory and executive function (for review (Robbins and 
Arnsten, 2009)). It is generally accepted that PET or SPECT imaging of the dA system, when 
combined with measurements of behavioural deficits, can objectivity DAergic dysfunction. 
When phMRI with a dAergic challenge is added to these techniques and compared to 
an average dAergic response, it can be determined how successful this technique is at 
detecting aberrations in the DAergic system. We first determined whether i.v. administration 
of dAMPH leads to a specific, observable response of the DAergic system in humans, as has 
been shown in the pre-clinical work mentioned above. An oral challenge with MPH is less 
invasive and therefore more useful in vulnerable populations. We therefore also investigated 
whether MPH can function as a probe of a dysfunctional dA system, by comparing the 
hemodynamic response of healthy controls to that of dAMPH users. In this study dAMPH 
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users are used as a model for a dysfunctional dAergic system, as they have lower levels of 
dAT binding as observed by SPECT (Reneman et al., 2002). 

SEROTONERGIC phMRI

The serotonin (5-HT) system can be similarly challenged by a pharmacological challenge. 
To increase synaptic 5-HT levels, selective serotonin reuptake inhibitor (SSRI) are usually 
administered, increasing 5-HT synaptic concentrations by inhibiting the reuptake of 
5-HT (del-Ben et al., 2005; McKie et al., 2005). A practical drug to use for a challenge is 
citalopram, as it can be administered intravenously giving an instantaneous response. It has 
been used previously in phMRI studies and has been proven an adequate probe of 5-HT 
function (Anderson et al., 2007; Klomp et al., 2012; McKie et al., 2005).  The administration 
of citalopram has been found to cause an increased BOLd signal in 5-HT rich brain areas 
(e.g. amygdala, hippocampus and hypothalamus). Challenges with SSRI’s are also used in 
combination with fMRI tasks involving 5-HT signalling, such as sensorimotor tasks, memory 
tasks and emotional processing tasks (for review Andersen et al. 2008 (Andersen and Teicher, 
2008)). To determine whether citalopram can function as a probe of a dysfunctional 5-HT 
system, we investigated the difference in the hemodynamic response between healthy 
controls and MdMA users, as MdMA users have been found to have lower SERT availability 
in a number of SPECT studies (de Win et al., 2004; de Win et al., 2008b; Reneman et al., 
2001). Indeed, using MdMA users as a model for further validation of 5-HT phMRI, has been 
suggested previously by other groups (Brevard et al., 2006). 

BOLd versus ASL

Two main MRI acquisition techniques are used in phMRI studies, both of which have 
advantages and disadvantages. BOLd imaging is based on the magnetic properties of blood, 
more in particular on that of haemoglobin. deoxyhemoglobin (the form of haemoglobin that 
is not bound to oxygen molecules) is paramagnetic, causing a different transversal relaxation 
of proton spins than that of oxyhemoglobin. Increased neuronal activity causes an increase 
of deoxyhemoglobin and CO2 and subsequently, after a lag of 2-6 seconds, an increase in 
CBF, causing a rapid decrease in deoxyhemoglobin. This shift in oxygenation can be imaged 

using the BOLd signal (Ogawa et al., 1990; Ogawa et al., 1992; Ogawa et al., 1993). However, 
specifically because it uses this shift in oxygenation, rather than the actual oxygenation, the 
BOLD signal is not quantifiable and tends to drift over time. Therefore, BOLD imaging is 
usually combined with a specific task, so that the timing of the task can be related to shifts 
in the BOLd signal. Hereby brain function can be related to the task that is performed. 
Another option is to assess the BOLd signal in the absence of a task, which is called resting 
state fMRI. Hereby, shifts in the signal are related to areas which are thought to be connected 
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functionally. BOLd imaging has been linked to electrophysiological recordings of single cells 
or cell arrays demonstrating that BOLd signal changes are indeed connected to neuronal 
activity and metabolics (Jueptner and Weiller, 1995; Logothetis et al., 2001; Logothetis and 
Wandell, 2004). 

Arterial Spin Labelling (ASL) is a relatively new technique which measures cerebral 
blood flow (CBF) which was first proposed by Williams and colleagues (Williams et al., 1992). 
The ASL signal is obtained by directly labelling hydrogen protons by applying a radiofrequency 
pulse causing inversion of the arterial spins. Usually a labelling plain located at the level of the 
carotid arteries is chosen and subsequently the arterial blood flowing into the brain tissue 
contains labelled protons. After subtracting control volumes from the volumes containing 
labelled protons, an image remains that only contains information on CBF. Thus, the ASL 
signal is different from BOLd data, which is dependent on CBV, CBF, oxygenation and brain 
metabolism together (Tjandra et al., 2005). Although more research needs to be done before 
definite conclusions can be drawn, ASL seems to be a better reproducible and more precise 
measure of metabolic need and thereby function (Khalili-Mahani et al., 2012). In support 
of this, an early study by Fox & Raichle already demonstrated that CBF and CMRO2 are 
uncoupled when brain metabolism increases (Fox and Raichle, 1986). They concluded that 
CBF is linked to neuronal firing, although independent from the metabolic oxygenation rate. 
Still, it remains an indirect measure and CBF is probably dependent on more than metabolic 
need alone and can be greatly influenced by systemic cardiovascular disturbances. 

THE dEVELOPING BRAIN

When children age, their brains change considerably. Valuable connections are strengthened, 
where redundant connections are pruned under the influence of several brain monoamines 
(for review Lipton & Kater 1989 (Lipton and Kater, 1989)). In this field, MRI has also been 
of great value in determining the timing and extent of these changes. Several studies have 
investigated the development of white and grey matter tracts during development, as well 
as the effect of developmental disorders such as AdHd upon these processes (Giedd, 2008; 
Shaw et al., 2006; Shaw et al., 2007; Wilke et al., 2007). In general, grey matter initially increases 
and later on decreases in volume, whereas white matter continually increases. The greatest 
changes in white matter occur around eight to ten years of age, with a more gradual plateau 
starting at ten years of age (Ben et al., 2005).

Brain development can also be influenced by external factors, such as maternal 
drug use during pregnancy (Swaab and Mirmiran, 1986). However, it is not entirely clear 
what the effects of psychotropic medications commonly prescribed to children, such as 
methylphenidate and amphetamine salts, are on the development of their brain architecture 
and function.
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Recent animal studies have demonstrated that the effect of MPH on dAergic 
functioning in the brain differs between young and adult rats, indicative of an age effect of 
treatment. For instance, early treatment with MPH leads to a considerable (-50%) reduction 
of dAT in the striatum and other dA-rich regions of adolescent rats when compared to 
non-treated animals, whereas in adult animals consistently no effects have been observed 
(Grund et al., 2006; Moll et al., 2000). Also, in young animals MPH induces immediate early 
gene activation consistent with long-term brain plasticity and reorganization (Adriani et 
al., 2006; Brandon et al., 2003; Chase et al., 2005; Penner et al., 2002). It has also been 
shown that MPH produces oxidative damage in the frontal cortex of young, but not adult 
rats (Martins et al., 2006). MPH attenuates adult hippocampal neurogenesis only in young 
rats (Lagace et al., 2006) and MPH treatment in adolescence increases rCBV in adulthood 
(Andersen et al., 2008). These alterations in the dA system are likely linked to behavioral 
abnormalities. For example, young rats treated with MPH show more anxiety and depression 
related behavior than adult rats (Bolanos et al., 2003; Gray et al., 2007). Also in children 
randomly assigned to 14-month treatments in the NIMH Collaborative Multisite Multimodal 
Treatment Study of Children With Attention-Deficit/Hyperactivity Disorder (MTA; N = 436) 
6 to 8 years previously, the children who received behavioral therapy had a lower rate of 
diagnoses of anxiety or depression (4.3%) than the children in the combined (17.7%) or 
medication treatment group (19.1%) (Molina et al., 2009). In addition, pre-clinical and clinical 
studies show a decreased sensitivity to the development of substance abuse disorders 
when exposed to MPH during a period of brain development, when compared to adult 
life (Andersen et al., 2002; Bolanos et al., 2003; Wilens, 2003). For example, Andersen and 
colleagues demonstrated that rats treated with MPH in a pre-adolescent period showed 
aversive responses to cocaine in adulthood, where this aversive response was much smaller 
in animals treated during late adolescence/early adulthood (Andersen et al., 2002)

There are thus solid indications that the developing brain responds differently to 
psychotropic drugs such as MPH when compared to the adult brain (Andersen and Navalta, 
2004; Bachrach, 2004). despite the fact that these alterations in the developing brain have not 
been well studied in children and adolescents, children receive psychotropic medication such 
as MPH on a large scale. In fact, prescription rates have doubled in the Netherlands over the 
past five years (stichting farmaceutische kengetallen). Strikingly, review of the literature has 
shown that up to 66% of those treated with stimulants for AdHd do not meet the criteria 
for this disorder (Rey and Sawyer, 2003). At school, teachers may even require that a child is 
being treated to improve the performance at school (Zembla september 2010). The above 
mentioned findings not only implicate the critical role DA plays in the maturation of the 
brain, but also raise serious concern and call for further investigation of possible short and 
long-term effects of MPH on brain structure and function in the human brain. 
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In order to examine the effects of MPH on brain structure, several imaging tools 
are available, such as anatomical scans which are used to determine brain volumes and 
cortical thickness and diffusion tensor imaging (dTI), which gives a measure of white matter 
integrity.  Indeed dTI and cortical thickness measurements have been used in the evaluation 
of normal brain development as well as AdHd and. Effects of psychotropic drugs on the 
brain have also been imaged previously using dTI, for example, decreased white matter 
integrity has been described in subjects with METH dependency ((Alicata et al., 2009; Chung 
et al., 2007; Salo et al., 2009). For the measurement of neurotransmitter specific functional 
alterations, phMRI seems to be the preferred tool, as it is minimally invasive (as PET or 
SPECT imaging are dependent on radiation), especially when combined with an oral rather 
than an intravenous pharmacological challenge. However, before this technique can be used 
in children, we need to test whether phMRI is sensitive enough to measure alterations in 
the monoaminergic system in adults. The recreational use of specific psychotropic drugs has 
been shown to induce changes in behavior, as well affecting the monoaminergic system in 
such a way that the effects can be imaged using PET, SPECT and task-based fMRI (Beck et 
al., 2009; de Win et al., 2004; de Win et al., 2008b; Reneman et al., 2001; van Holst and Schilt, 
2011; Volkow et al., 2001a). Therefore, several studies in this thesis use recreational users of 
psychotropic drugs, such as MdMA and dAMPH, as a model of altered monoamine systems, 
presumably caused by neuroadaptive or even neurotoxic processes.

EPIdEMIOLOGY OF ILLICIT PSYCHOTROPIC dRUG USE

Besides providing a model to evaluate the use of phMRI in the imaging of alterations in 
monoaminergic function, the studies in this thesis may also shed more light on the 
consequences of recreational psychotropic drug use. In the Netherlands, hard drug use is 
not highly prevalent, but still a significant amount of people have used psychotropic drugs at 
some point in their life. Research in secondary school populations shows that approximately 
2 % of boys and 1% of girls in this populations use drugs and 2-3 times as many have tried 
some type of psychotropic at one time or another (Peilstationsonderzoek scholieren 2011). 
This number only increases when older populations are examined. In addition, a substantial 
part of this population develops problematic drug use and seeks treatment for a substance 
use disorder. By increasing our knowledge on the effects of psychotropic drug use on the 
brain, a more informed choice can be made when considering drug use, especially in the 
probably more vulnerable population of under aged youngsters. Furthermore, it may lead to 
new theories on the development and possible treatment of substance use disorders.
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PATHOPHYSIOLOGY OF NEUROTOXICITY

Extensive work has been performed into the adverse effects of several amphetamines, such 
as dAMPH, METH and MdMA. Some of the earliest work demonstrating adverse effects of 
psychostimulants on the neurotransmitter system was performed in the early ‘80. Pre-clinical 
work in dAMPH-treated vervet monkey showed significant depletions of DA, NA and 5-HT 
in the striatum (Ridley et al., 1982). Monoamine turnover was also found to be reduced, 
when assessing monoamine metabolites using high-performance liquid chromatography. 
These findings were interpreted as evidence of monoamine neuron destruction, mainly 
involving the dAergic system. The role of dA depletion in these neurotoxic effects of dAMPH 
was confirmed by work of Ricaurte and colleagues, showing again monoamine depletions 
and fibre degeneration even with lower dosages of dAMPH, in addition to showing that 
prevention of DA caused by dAMPH also prevents fibre degeneration (Ricaurte et al., 1984). 

It is thought that this apparent neurotoxicity is caused by a series of mechanisms 
described in a review by Fleckenstein and colleagues (Fleckenstein et al., 2007). First, both 
dAMPH and METH occupy both the dAT as well as the vesicle monoamine transporter 
(VMAT), responsible for the transport of dA from storage vesicles to the cell’s cytoplasma. 
On the short term this seems to cause a redistribution of VMAT and internalisation of dAT. 
However, especially occupation of VMAT causes cytoplasmic dA to start to accumulate, 
causing the formation of reactive oxygen species. This again most likely leads to more 
permanent damage of nerve terminals as was demonstrated in clinically relevant dosages of 
dAMPH given to non-human primates (Ricaurte et al., 2005). 

Repeated dAMPH administration not only damages the synaptic terminal of dAergic 
neurons in animals, but dA synthesis also appears to be affected. Melega and colleagues 
treated vervet monkeys with increasing dosages of dAMPH over a 10-day period (Melega 

et al., 1996a). Using FDOPA-PET scan, they showed persistent decreases in FDOPA influx, 
representing diminished capacity for dA synthesis. In another group of animals, treated 
according to the same regimen, dA concentrations in the striatum were decreased by 
-95% 1-2 weeks after treatment. They also demonstrated that after 5-6 months the dA 
synthesis capacity recovered slightly, although still remaining at -53% relative to levels before 
treatment. Post-synaptic changes were also observed in two monkey chronically treated 
with dAMPH using a [11C]raclopride PET study (Ginovart et al., 1999). After abstinence 
a greater affinity to the D2 was observed, indicating larger levels of synaptic dA, as well 
as decreased binding potential indicating lower levels of d2. In addition, in rats chronically 
treated with dAMPH, levels of two neuronal growth factors, nerve growth factor (NGF) 
and brain derived neurotrophic factor (BdNF) were found to be reduced (Angelucci et al., 
2007). These growth factors are associated with cell survival and plasticity, NGF specifically 
in memory formation in the hippocampus, indicating that chronic dAMPH treatment may 
influence normal brain survival and learning in a negative way.
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Behavioural data in human dAMPH users seems to substantiate these preclinical 
findings. A common finding in occasional or former amphetamine users is a deficit in verbal 
learning or memory (Rapeli et al., 2005a; Reske et al., 2011). In addition to (verbal) memory, 
dAMPH users and METH users also performed significantly worse on tasks pertaining to 
motor and executive function (Ornstein et al., 2000; Volkow et al., 2001c). These behavioural 
findings are linked to alterations in the DA system, as a decrease in DAT binding was 
observed using [11C]d-threo-methylphenidate in the study by Volkow and colleagues with a 
significant correlation to the motor deficits. Although similar findings in dAMPH users have 
only been demonstrated once before in a group of combined MdMA and dAMPH users 
(Reneman et al., 2002), given the preclinical work, it seems likely that dAMPH use also leads 
to alterations in the dAergic system in humans. However, with current techniques it cannot 
be definitively determined whether chronic low dosages of dAMPH in humans will lead to 
internalisation of the dAT and redistribution of the VMAT or whether neurons are damaged 
in a more permanent manner. 

dTI studies seem to suggest that effects of the dAMPH derivative methamphetamine 
(METH) may be more permanent (Alicata et al., 2009; Chung et al., 2007; Salo et al., 2009). 
For example, fractional anisotropy (FA) values are a measure of white matter integrity and 
are lowered when white matter is disrupted, swollen from oedema or disorganised (Mori 
and Zhang, 2006). METH users were found to have lower FA values compared to healthy 
controls in the genu of the corpus callosum (Salo et al., 2009) and right frontal white matter 
(Alicata 2009, Chung 2007). A dose dependency was also observed, as well as a association 
with age of initiation of drug use, and lifetime accumulative dose (Alicata et al., 2009). Again 
a correlation was found with anatomical findings and behavioural data, with METH users 
showing more total, perseveration and non-perseveration errors in a task testing executive 
function when compared to healthy controls (Chung et al., 2007). Future research will show 

whether similar effects may be observed in dAMPH users. 
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oUtlIne of tHe tHesIs

The goal of this thesis was to validate phMRI to assess human monoamine systems, with 
a focus on the dAergic system. We examined the hemodynamic response to several 
pharmacological challenges in different human ‘models’ of monoamine depletion: dAMPH 
and MdMA users. In addition, we compared the effects of ASL based phMRI to monoamine 
SPECT measures, task-related fMRI, and behavioural changes.

PART I – INTROdUCTION

Chapter 1 provides an overview of the thesis, in addition to a general introduction on the 
subject of radiological imaging of monoaminergic function. It introduces the main imaging 
technique used in this paper, pharmacological MRI, and how it is used in dAergic and 5-HTergic 
imaging. The current knowledge on the effects of dAMPH use on the dAergic system is 
discussed in more detail. Chapter 1 also includes a brief discussion on the developing brain 
and the potential implications for patient populations receiving psychotropic medication. 

PART II – IMAGING THE dOPAMINERGIC SYSTEM USING phMRI

The first step in imaging the DAergic system was to use known (pre)clinical DAergic challenges 
in phMRI in healthy volunteers. In chapter 2 we therefore examined the relationship between 
the effects of an intravenous challenge with dAMPH on CBF as measured with ASL in healthy 
human subjects. Because agonism of d2/d3 receptors play an important role in the brain 
hemodynamic response we also examined the association between the hemodynamic signal 
and d2/d3 receptor availability as measured with IBZM SPECT. Subsequently, in chapter 
3 we also investigated changes in the BOLd signal in response to i.v. dAMPH in order to 

determine whether a similar effect is observable. In addition, this chapter examines the 
effects of this challenge on the functional connectivity of several dAergic brain regions.

In chapter 4 we examine whether phMRI is a useful in determining alterations 
of the dAergic system using a non-invasive pharmacological challenge with oral MPH. We 
therefore studied the hemodynamic response to MPH in recreational users of dAMPH to 
determine whether ASL-based phMRI was able to detect deficiencies in DAergic functioning. 
We also measured dAT availability with FP-CIT SPECT as well as collecting behavioural 
data, in order to investigate associations between the hemodynamic response and other 
measures of dAergic function. 

PART III – IMAGING THE dOPAMINERGIC SYSTEM USING fMRI

Chapters 5,6 and 7 discuss the findings of several fMRI studies obtained in the same a 
group of d-amphetamine users as well as the previously used healthy control subjects. Both 
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dAergic and serotonergic tasks were performed by these subjects before and after an acute 
pharmacological challenge with either MPH or dAMPH. These studies examined whether 
the use of a specific task gives more information on DAergic function, and are of additional 
use in determining monoaminergic dysfunction.

PART IV – IMAGING THE SEROTONERGIC SYSTEM USING phMRI

Chapter 8 focuses on the effects of MdMA use on the 5-HTergic system. A 5-HTergic 
challenge (citalopram) was used to assess the hemodynamic response in users of MdMA 
and a healthy control group using ASL based phMRI. We related these data to additional 
measurements of 5-HT transporter availability using SPECT imaging and the behavioural 
response to the challenge in order to determine whether ASL-based phMRI was able to 
detect deficiencies in 5-HT function. In chapter 9 we examined hippocampal volume in the 
same group using structural MRI scans, thus determining whether MdMA use can be tied to 
anatomical differences.

PART V – FUTURE dIRECTIONS

Finally, in chapter 10 we present a study in which the phMRI is used to study the effects 
of psychotropic medication on both the dAergic and 5-HTergic systems in the developing 
brain.

PART VI – SUMMARY, dISCUSSION ANd CONCLUSIONS

The most important findings will be summarized and discussed in chapter 11, as well as the 
conclusions and recommendations following from this work. A dutch summary of the main 
findings will be presented in chapter 12. 


