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In this thesis, we investigated the roles of dopamine and serotonin in the brain in the 
pathophysiology of cervical dystonia (CD). CD is a debilitating movement disorder that 
is often accompanied by non-motor symptoms like depressive symptoms and anxiety.1 2 
Thus far, the best treatment for CD is local injections with botulinum neurotoxin (BoNT).3 
This treatment mainly focuses on the motor symptoms (dystonia and jerks) and pain. 
When we know more about the pathophysiological mechanism underlying motor and 
non-motor symptoms of dystonia, and more specific the role of neurotransmitters such 
as dopamine and serotonin we might be able to find a pharmacological therapy that 
treats all symptoms of CD.

Neuroimaging has been used to investigate brain regions hypothesized to be involved 
in the pathophysiology of focal dystonia, including CD. In the past, most studies 
investigating patients with CD or other types of focal dystonia have studied one 
particular area using a single imaging technique. This approach was either because 
the authors were interested in a single area or because the used technique was limited 
to a certain region. We give a general overview of different neuroimaging techniques 
used and describe why focal dystonia is considered a network disorder with suggested 
abnormalities mainly in the basal ganglia, thalamus, cerebellum and cortical areas 
(chapter 2). The basal ganglia are hypothesized to play the most important role in this 
network. 

Dopamine, a neurotransmitter which is abundantly present in the basal ganglia, has 
been considered to be one of the most important neurotransmitters involved in the 
pathophysiology of dystonia. Also, dopamine is involved both in motor as well as non-
motor functioning. We therefore, performed a study investigating tracer binding to both 
the presynaptic dopamine transporter (DAT) and postsynaptic dopamine D2/3 receptor 
(D2/3R) in the striatum of patients with CD. In CD, there is an increasing attention over 
the last years for non-motor symptoms, especially psychiatric symptoms like depression 
and anxiety. The current opinion is that these non-motor symptoms are part of the 
phenotype of CD. We therefore, not only correlated the DAT and D2/3R tracer binding 
to motor symptoms, but also to psychiatric, mainly depressive symptoms (chapter 3). 

It is known from the literature that depression and anxiety are related to alterations of the 
serotonergic system. Furthermore, it is known that the dopaminergic and serotonergic 
systems are closely related. We performed the first SPECT study investigating the 
presynaptic serotonin transporter (SERT) in the midbrain of patients with CD (chapter 
4), again in relation to motor and psychiatric symptoms. In addition we performed an 
intervention study with escitalopram, a selective serotonin reuptake inhibitor (SSRI). 
Thus far, the most used treatment for CD is local injections with BoNT. However, this 
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treatment has its limitations and, especially in patients with CD and jerks or tremor of 
the head, it has proven to be difficult to achieve satisfactory results. We aimed to restore 
the hypothesized imbalance between serotonin and dopamine. In this trial the clinical 
effect on motor symptoms (dystonia and jerks) as well as on non-motor symptoms 
(depression and anxiety) was investigated (chapter 5). In a separate article we reported 
the effects of escitalopram and placebo on SERT, DAT and D2/3R binding (chapter 6).

In the remainder of this chapter the results of these articles will be discussed and placed 
in a broader perspective. Hereafter, some suggestions for future research will be given.

Neuroimaging: pathophysiologic changes in the brain in focal dystonia
Using neuroimaging tools in focal dystonia, including CD, abnormalities have been 
found in different brain areas: basal ganglia, thalamus, cerebellum and cortical areas, 
mainly sensorimotor cortex. We wrote an extensive review summarizing the found 
abnormalities. In this review, studies using different MRI, PET and SPECT methods were 
included. Using voxel-based morphometry (VBM), an MRI technique that is commonly 
used to measure the volume of brain regions, a 10% increased volume of the putamen 
was found in patients with several types of focal dystonia compared to controls. Other 
reported abnormalities using VBM were an increased volume of the sensorimotor cortex, 
thalamus and cerebellum, although these were less consistent than the putaminal 
increase. Using diffusion tensor imaging (DTI), abnormalities were found in the white 
matter tracks connecting the basal ganglia, sensorimotor cortex and cerebellum. The 
most consistent finding in DTI studies was increased cellularity in the basal ganglia 
of patients with focal dystonia. One main disadvantage of both VBM and DTI is that 
they are static investigations. In comparison, one of the most used dynamic imaging 
techniques to study patients with focal dystonia is functional MRI (fMRI), which reflects 
brain activity. Using fMRI, brain activity can be compared between patients and controls 
as well as between performing a task and rest session. In dystonia, fMRI has mainly been 
used in patients with writer’s cramp and related forms of task-specific hand dystonia, 
as they can perform tasks in the MRI scanner that will evoke dystonia. During the tasks 
that evoke dystonia, an increase in activation of the primary sensory and motor cortex, 
accessory motor cortices, basal ganglia, thalamus and cerebellum was seen. Tasks 
that do not evoke dystonia lead to a decrease in activation of these same areas. It is 
interesting that a decrease in activation of these brain areas was also found in patients 
with CD, while performing and imagining hand movements. This suggests a common 
pathophysiologic mechanism between different forms of focal dystonia. Similar 
results in brain activity were found using PET and glucose ([18F]fluorodeoxyglucose; 
[18F]FDG) or blood flow [15H2O] tracers. There are different theories about what causes the 
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abnormalities found with fMRI in the brains of patients with focal dystonia. One theory 
is that there is disturbed sensorimotor integration, which means that sensory and motor 
information needed to initiate voluntary movements is combined in a faulty manner, 
leading to dystonic movements.4 5 An interesting finding in fMRI and [18F]FDG PET studies 
to support this theory, which has also been confirmed using magnetoencephalography 
(MEG), is altered representation of the hand and different digits in hand dystonia and 
of the lips in embouchure dystonia. This is of interest since many patients with focal 
dystonia have a sensory trick, where a slight touch of the affected body part leads to 
temporarily diminishing of dystonia. However, such a finding can also be explained 
by the theory of reduced surround inhibition. The hypothesis is that the initiation of 
a voluntary movement leads to activation of a cortical area that is larger than needed, 
which in turn leads to activation of too many muscles and dystonic movements.6 A 
larger activated area on the motor cortex has been found using fMRI in patients with 
writer’s cramp. As mentioned above, found abnormalities in the basal ganglia, thalamus, 
cerebellum and cortical areas are comparable between different types of focal dystonia 
and it is very likely that an abnormality somewhere in this network causes focal dystonia 
by inducing neuroplastic changes in the other brain regions that will lead to excessive 
muscle activation. Dysfunction of the dopaminergic system has been implicated in the 
origin of abnormal plasticity in cortico-striatal transmission, which is why we studied 
this neurotransmitter in more detail.7

The role of dopamine in CD
In most molecular imaging studies, including ours, the non-displaceable binding 
potential (BPND) is used as main outcome measure. This BPND can be calculated using 
a region of interest (ROI) and reference region as [(activity in ROI – activity in reference 
region)/activity in reference region], and this ratio represents the binding potential 
(BPND).8 In our study, we found a trend towards lower D2/3R BPND and normal DAT BPND 
in patients with CD compared to controls. However, the most novel finding was the 
strong correlation between depressive symptoms and a lower BPND to both D2/3R as 
well as DAT, while there was no such correlation for severity of dystonia. The trend 
towards lower D2/3R BPND in CD patients disappeared when we corrected for depressive 
symptoms.

Dystonia has for long been considered a hyperdopaminergic disorder. There is 
compelling evidence for a role of the basal ganglia (see above) in the pathophysiology 
of dystonia and dopamine as one of the most important neurotransmitters in the basal 
ganglia.9 Dystonia has often been described as a side effect of neuroleptic drugs, which 
mainly block D2Rs.10 Patients with dopa-responsive dystonia have a genetic defect in 
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the synthesis of dopamine and clinically have dystonia that responds well to levodopa.11 
In the past several PET and SPECT studies have been performed to investigate the 
dopaminergic system in patients with different types of dystonia. Overall, most studies 
found decreased binding of tracers to striatal D2/3R, although increased D2/3R has also 
been reported. In the past no abnormalities in tracer binding to the striatal DAT have 
been found. In most studies the presence of a possible correlation between binding and 
severity of dystonia was not tested and when a possible correlation was investigated, 
it was not detected.12-15A correlation between tracer binding and non-motor symptoms 
has not been investigated thus far. 

As stated above, in dystonia most studies found decreased tracer binding to D2/3R, but 
it is unclear whether this effect is caused by decreased expression of either D2R or D3R 
or by increased levels of  synaptic dopamine. [123I]IBZM is the most used SPECT tracer 
to study D2/3R, but it is known that [123I]IBZM binding can be displaced by endogenous 
dopamine and this tracer binds to both D2R and D3R with the same affinity while 
D3R are greatly outnumbered in the striatum by D2R.16 D3R was always thought to be 
predominantly present in the ventral striatum, related to the limbic system. Recently it 
has however been demonstrated that there is a substantial amount of D3R in the dorsal 
striatum, related to the motor system.9 One study used PET and the highly selective 
D2R tracer [18F]NMB in patients with hand and cranial dystonia and found no difference 
in D2R BPND between patients and controls.17 Even though this is only one observation 
and results were not corrected for presence or severity of depression, it may suggest 
that the decreased D2/3R BPND found in most studies is actually a decreased D3R BPND , 
caused either by loss of D3R or by competition between increased levels of synaptic 
dopamine and the radiotracer. D3R has been proven to play an important role in the 
pathophysiology of other basal ganglia disorders, including Parkinson’s disease (PD), 
as well as in major depression. In drug-naïve patients with PD it is known that there is 
mainly downregulation of D3R and not of D2R.18 In patients with major depression, an 
upregulation of D3R was found in the nucleus accumbens of patients after successful 
treatment with either tricyclic antidepressants, selective serotonin reuptake inhibitors 
(SSRIs), monoamine oxidase-B inhibitors (MAO-B inhibitors) and electroconvulsive 
therapy.19-21 Selective D3R tracers have been developed and tested in primates, but 
no studies in patients with dystonia have been performed thus far.9 [11C]PHNO is a 
PET tracer that has been used in human studies before and that is more D3-selective 
than other available D2/3R tracers. Especially in stuctures outside the striatum, such as 
the hypothalamus, substantia nigra, globus pallidus and thalamus, this tracer almost 
exclusively binds to D3R.22 It would be interesting to conduct a study using this tracer 
in patients with CD. Given the size of some of this regions, for example the substantia 
nigra, this should be a study with MRI co-registration. 
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As stated above, CD is associated with depressive symptoms and these symptoms 
often precede the motor symptoms.2 Furthermore, in some genetic forms of dystonia 
such as DYT1, family members with the DYT1 mutation but without dystonia, have an 
increased prevalence of major depression.23 Depressive symptoms are now considered 
part of the dystonia phenotype. Major depression has for long been hypothesized to be 
a serotonergic disorder, but the past years there is increasing evidence that a decrease 
in synaptic dopamine also plays a key role in its pathophysiology.24 Reduced levels of 
homovanillic acid (HVA), which is the main metabolite of dopamine, have been found 
in the cerebrospinal fluid (CSF) of patients with major depression.25 This could indicate 
that in CD there are already changes to the dopamine system causing depressive 
symptoms, before the first motor symptoms occur. These changes to the dopaminergic 
system in CD could resemble the changes found in patients with major depression. 
Molecular imaging studies in patients with major depression can help understand the 
(early) changes in the dopaminergic system of patients with CD. 

Studies towards dopamine receptors in patients with major depression have been 
limited. Overall, no significant difference has been found in striatal D2/3R BPND with 
either tracer.26 Over the years, both PET and SPECT studies have evaluated DAT binding in 
patients with depression using different tracers and results have been conflicting, likely 
due to differences in tracer characteristics and patient selection, as well as comparing 
treated to drug-naïve patients.24 In patients with major depression and high levels of 
anhedonia there is more consistency about a decrease in striatal DAT availability.27 The 
current hypothesis in depression is that there is altered DAT availability, either increased 
or decreased, in the striatum which impairs limbic input to the cortex.24 28 At first, this 
seems to contradict with results found in dystonia, where synaptic concentrations of 
dopamine are hypothesized to be increased. However, it is known that alterations to 
the dopaminergic system are far more complicated than just simple overall increases 
or decreases in the concentration of dopamine. Regional differences in different parts 
of the striatum can lead to different outcomes.29 Neurons originating in the medial part 
of the ventral tegmental area project to the ventral striatum and nucleus accumbens, 
which are mainly related to the reward system. This system is likely to play an important 
role in depression. Neurons originating in the lateral part of the substantia nigra project 
primarily to the dorsomedial striatum, which is more related to the motor system.30 
Therefore if there is increased activation of the dorsal striatal dopamine neurons and 
decreased activation of the ventral striatal dopamine neurons a patient can suffer from 
dystonia and depressive symptoms. A similar finding was described  in patients with 
PD, where depression is also a common symptom. In an [123I]FP-CIT SPECT study it was 
shown that in patients with early PD depressive symptoms were related to DAT loss in 
the caudate nucleus, while motor symptoms were related to DAT loss in the putamen. 
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The hypothesis is that the nigrostriatal dopaminergic projections to the putamen 
degenerate at a different rate compared to the dopaminergic projections from the 
ventral tegmental area to the caudate nucleus.31

In conclusion, in our study abnormalities in striatal DAT and D2/3R binding were 
mainly related to depressive symptoms. The presence of depressive symptoms before 
motor symptoms in patients with dystonia and correlation of major depression with 
alterations in the dopaminergic system, could indicate that in dystonia alterations of the 
dopaminergic system precede motor symptoms, although this has not been investigated 
thus far. This would be an interesting topic for research in the future. Differences in DAT 
binding could variate between different subregions of the striatum that relate either 
to the limbic or to the motor system, as has been shown in PD. With studies using PET 
and selective tracers for DAT, such as [11C]PE2I, it will be possible to investigate smaller 
striatal subregions in the future, especially when co-registration with MRI is performed.32 
Furthermore, results from a singular study using a selective D2R tracer in hand dystonia 
and from studies in patients with PD and major depression indicate a more prominent 
role for the D3R compared to D2R. A study with a D3R-selective tracer, such as 
[11C]PHNO in CD is warranted. 

The role of serotonin in CD
The increased recognition of non-motor symptoms, such as depression, anxiety and 
sleep disorders in CD, stimulated  interest in the role of the serotonergic system in the 
pathophysiology of dystonia. We performed the first SPECT study investigating the 
SERT in midbrain/diencephalon using [123I]FP-CIT SPECT. We did not find a significant 
difference in SERT binding between CD patients and controls, but we did find a trend 
towards lower SERT binding in CD patients with depressive symptoms versus CD 
patients without these symptoms. There are other reasons to hypothesize that serotonin 
plays an important role in the pathophysiology of CD besides the frequently occurring 
depressive symptoms and anxiety. Many case reports of drug-induced dystonia after 
the use of SSRIs have been published, and decreased levels of serotonin metabolites 
have been found in the CSF of patients with dopa-responsive and focal dystonia.33 
Furthermore, jerks/myoclonus and tremor are a frequent symptom in dystonia, 
especially in CD.34 Myoclonus has been hypothesized to be related to abnormalities 
in the serotonin system. Many case reports have been published of myoclonus as a 
side effect of serotonergic drugs. In posthypoxic myoclonus, it is known that there is a 
decrease in serotonin metabolites in the CSF and this type of myoclonus can respond 
well to serotonergic drugs.35 The hypothesis in posthypoxic myoclonus is that there is 
loss of serotonergic neurons at the level of the inferior olive which causes olivary neurons 
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to fire in a rhythmic manner possibly causing myoclonus.36 Even though myoclonus as 
a separate movement disorder has a very broad differential diagnosis and it is unlikely 
that pathophysiology in all cases is the same, this may indicate that the serotonin system 
plays an important role in some subtypes of myoclonus. 

Even though we did not find significant differences in SERT BPND in patients with CD 
in relation to motor symptoms, this does not rule out serotonin as a contributor to the 
pathophysiology of dystonia. First, in our analyses we used a region of interest (ROI) that 
contained multiple midbrain and diencephalic structures including the raphe nuclei. 
Because of the limited spatial resolution, and relatively low BPND in this region when 
using [123I]FP-CIT SPECT, it is not possible to study these structures separately. In this 
regard, it is of interest that in a recent study, using the selective SERT tracer [11C]DASB 
and PET, the binding in the dorsal raphe nucleus correlated significantly with motor 
performance in patients with CD.37 In contrast to this, in patients with major depression 
the ratio between SERT binding in the medial raphe nucleus and its output areas 
including the habenula, amygdala-hippocampus complex and subgenual cingulate 
cortex seems to be related to pathophysiology and expected treatment response.38 A 
small change in the dorsal or medial nuclei can be relevant but remains undetected 
using [123I]FP-CIT SPECT.

Furthermore, in our study, we used the non-selective SERT tracer [123I]FP-CIT because 
we wanted to measure DAT and SERT BPND in the same patients in one scanning session. 
[123I]FP-CIT has a higher affinity for DAT compared to SERT making it impossible to 
measure SERT in the striatum (in the striatum the binding is preferentially to DAT) or 
other brain regions than the midbrain/diencephalon, where there are relatively low 
concentrations of SERT.39 This could be relevant as in patients with major depression 
reduced SERT BPND in the striatum has been found.40 41 It is possible that SERT BPND in the 
striatum is also reduced in patients with CD, especially as reduced SERT BPND has been 
found in several brain regions, including the midbrain, limbic structures and the basal 
ganglia in patients with PD and depression.42 Indeed, a recent SERT PET study showed 
a trend towards lower striatal SERT binding.37 Also, with progression of  PD a reduction 
in SERT BPND was found in the striatum, raphe nuclei and amygdala, possibly reflecting 
loss of SERT.42 To learn more about the role of the SERT in the pathophysiology of CD 
an imaging study would have to be performed with a highly selective PET tracer, such 
as [11C]DASB, and co-registration with MRI in both depressed and non-depressed CD 
patients. In addition, results have to be correlated both to severity of motor and non-
motor symptoms. 
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Besides the SERT that we studied, serotonin receptors can also play a role in the 
pathophysiology of dystonia. In total 14 subtypes of serotonin receptors exist and their 
locations and functions differ. The most evidence has been gathered regarding the role 
of the serotonin 1A receptor in the pathophysiology of major depression. The serotonin 
1A receptor functions as an autoreceptor on the raphe nuclei neurons that produce 
serotonin. When this serotonin 1A autoreceptor is activated the firing rate of the raphe 
nuclei neurons decreases and less serotonin is released. Serotonin 1A receptors are also 
present postsynaptically in different serotonergic projection areas throughout other 
parts of the brain, where they mediate a more excitatory effect.43 In patients with PD-
related depression decreased serotonin 1A receptor binding has been found in the right 
insula, the left hippocampus, the orbitofrontal region and the uncus. The hypothesis is 
that this decrease in binding reflects loss of serotonin 1A receptor, and this may be the 
underlying cause for depression in PD. A lower serotonin 1A receptors expression has 
been confirmed post-mortem in depressed PD patients compared to non-depressed 
PD patients.42 It is not surprising that serotonin 1A receptors play a key role in the 
pathophysiology of depression as this receptor is known to be involved in serotonin 
release. Even though, dystonia is not considered a neurodegenerative disorder a similar, 
subtle loss of serotonin receptors, especially of the serotonin 1A receptors, could play a 
role in the frequent occurrence of depression and anxiety in CD. Consequently, it would 
be of interest to look into this receptor in future studies in CD. 

Dopamine-serotonin imbalance in CD
An imbalance between the amounts of dopamine and serotonin present in the brain 
is an attractive hypothesis in the pathophysiology of dystonia. A similar imbalance has 
been demonstrated in PD: PD patients with relatively intact serotonin systems are more 
likely to develop levodopa-induced dyskinesias (LIDs).44 Using the data from our SPECT 
study, we demonstrated a similar feature in CD patients. There was a significant and 
positive correlation between striatal DAT and midbrain SERT BPND in CD patients with 
jerks that was absent in CD patients without jerks. This might indicate that CD patients 
with jerks also have more intact serotonergic nerve terminals and that the balance 
between the levels of dopamine and serotonin determines whether a CD patient 
develops jerks or not.

In our medication trial, we treated patients with CD and jerks with escitalopram, an SSRI, 
and placebo both for a period of 6 weeks. Unfortunately, we did not find a statistically 
significant improvement in motor or non-motor symptoms compared to placebo. This 
was especially surprising as we did find adequate occupancy of SERT. In studies in 
patients with major depression an occupancy of the SERT of >80% was needed to achieve 
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a good treatment response.45 In our study we found an occupancy of approximately 
65% but scans were performed 24 hours after the last dosage of medication meaning 
that both plasma levels as well as occupancy were diminishing. When considering 
the pharmacodynamics of escitalopram it is very likely that the SERT occupancy was 
>80% shortly after ingestion of escitalopram.46 There are a few possible explanations as 
to why we did not find a treatment response. The most simple explanation is that the 
treatment period was too short. In most SSRI trials in patients with major depression, 
patients are treated during 10-24 weeks, since treatment effect is usually more 
prominent after a longer treatment despite a steady-state blood concentration after 
1 week.47 The hypothesis is that after administration of an SSRI intrasynaptic levels of 
serotonin in projection areas immediately increase, which induces a decrease in firing 
rate in the raphe nuclei by activation of inhibiting serotonin 1A autoreceptors and thus 
downregulation of serotonin release. After several weeks these serotonin 1A receptors 
desensitize and the firing rate in the raphe nuclei increases leading to an increase in 
serotonin release and increased intrasynaptic levels of serotonin in projection areas. 
Only at this point a clinical effect will be measurable, even though adequate plasma 
levels and SERT occupancy are measureable sooner.48 It is interesting that in mice it has 
been shown that the amount of serotonin 1A autoreceptors determines the treatment 
effect of SSRI. Mice with lower levels of serotonin 1A receptors were more responsive 
to SSRIs than mice with high levels of serotonin 1A receptors.43 It is not yet established 
if a similar mechanism applies to humans as well, but if it does this could also explain 
the lack of a treatment effect in our patients. If CD is associated with increased levels 
of serotonin 1A autoreceptors in the raphe nuclei, treatment effect of SSRIs might 
be limited. In this case a serotonin 1A receptor agonist might be more suitable. The 
difficulty is that thus far it has not been proven possible to manufacture serotonin 1A 
receptor agonists that are selective to only the autoreceptors in the raphe nuclei. When 
activating both the autoreceptors in the raphe nuclei and the postsynaptic serotonin 1A 
receptors in projection areas, effects may counteract each other.43

Another possible explanation is that there is either a relative loss or change in configuration 
of SERT in CD reducing the efficacy of SSRIs. A similar situation has been demonstrated 
in patients with PD where SSRIs have been used to treat fatigue and depression. In both 
cases reduced tracer binding to SERT was demonstrated and for PD-related depression 
a good clinical response to SSRIs was found.49 However, when SSRIs were prescribed 
for PD-related fatigue there was no clinical effect.50 The hypothesis for the lack of effect 
is that there was loss of SERTs in the limbic system and striatum. In CD patients, we 
did not find a loss of SERTs in the midbrain, but we were unable to examine important 
projection areas such as the striatum and limbic system. A third possible explanation is 
that SERT in patients with CD is not the proper point of engagement. Again, as stated 
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above CD with jerks in ways resembles the LIDs patients with PD experience. In PD 
patients with LIDs a positive effect of SSRIs on the severity or duration of LIDs has never 
been described. In animal studies a positive effect of SSRIs was found for intravenously 
administered SSRIs, but timing relative to levodopa administration was crucial and SSRIs 
diminished the levodopa effect.51 Animal studies, as well as the first human trial, with 
serotonin 1A and 1B agonists such as eltoprazine however showed promising results 
with a severe reduction in dyskinesias.52 There are still concerns about the reduction of 
levodopa effect and phase 4 trials assessing safety have not been published yet. While 
these results are awaited, more selective compounds are being developed, hopefully 
limiting the chance on side effects.53 It would be interesting to perform imaging studies 
directed at the serotonin 1A receptors, especially the autoreceptors in the raphe nuclei, 
as well as a trial with one of these serotonin agonists in CD patients. 

Other considerations in the pathophysiology of CD 

 - Other neurotransmitter systems

It is far too simple to believe that dopamine and serotonin are the only neurotransmitters 
involved in the pathophysiology of dystonia, especially since all neurotransmitter 
systems are related to each other. The past years there is also increasing interest for the 
role of acetylcholine in the pathophysiology of dystonia. One of the main arguments 
is that the most often used medication for generalized dystonia is trihexyphenidyl, 
which is a muscarinic M1 receptor antagonist.54 Considering that trihexyphenidyl is 
already used in the treatment of dystonia for over 30 years it is surprising that there 
are no data available on the level of muscarinic receptors in patients with dystonia. 
There are 5 known subtypes of muscarinic receptors labeled M1 till M5, of which 
M1 and M4 are most commonly present in the striatum. Both M1 and M4 receptor are 
present on postsynaptically located striatopallidal and striatonigral projection neurons. 
Activation of either one of these receptors leads to an increase in acetylcholine, as 
well as an increase in dopamine.55 In a mouse model of DYT1 dystonia an elevation 
of striatal cholinergic tone, as well as abnormal coupling between cholinergic and 
dopaminergic signaling in the striatum was shown. Normally, an increase in synaptic 
dopamine leads to an increase in activity of cholinergic neurons, which in turn inhibits 
dopamine release. This mechanism is lost in DYT1 knockout mice.  In these mice, using 
in vitro recordings of striatal cells it was shown that there was an increased long-term 
potentiation hypothesized to reflect increased cholinergic tone, which is hypothesized 
to facilitate neuroplastic changes. This long-term potentiation could be reduced by 
trihexyphenidyl.7 In another animal model for dystonia, the dystonic hamster which 
is a naturally occurring type of dystonia in hamsters, a positive treatment effect of 
local striatal injections of the M4 receptor antagonist tropicamide has been shown.55 
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The results from studies in these DYT1 mice and dystonic hamsters suggest a role for 
the cholinergic system in the pathophysiology, however these results have not been 
confirmed in other animal models or in patients with dystonia thus far. In this light, 
it is interesting that recently a new SPECT tracer, named [123I]iododexetimide, was 
characterized that binds preferentially to muscarinic M1 and M4 receptors.56 It would be 
interesting to perform a study using this tracer in patients with dystonia.

 - Neuroinflammation

When considering the results above, it is very likely that abnormalities in neurotransmitter 
systems play an important role in the pathophysiology of CD. However, thus far it is 
unknown why patients develop these abnormalities. It could be that neuroinflammatory 
processes are involved. From clinical experience we know that many patients report 
a relatively mild car accident prior to first motor symptoms. Although, no cohort 
studies have investigated if there is an association, this could be important as trauma is 
related to alterations in the dopaminergic system. Even after seemingly mild traumatic 
head injury, many patients report symptoms like memory loss, difficulty focusing 
and depressive symptoms. These symptoms are related to alterations in both the 
nigrostriatal and mesocorticolimbic dopaminergic pathways. In patients who suffered a 
mild head trauma and have post-traumatic symptoms like memory loss, increased levels 
of cytokines in CSF were found, which are a marker of neuroinflammation.57 Similar 
increases in pro-inflammatory cytokines were also found in patients suffering from 
major depression.58 59 Using PET, it has been shown that there is microglial activation 
in the brains of patients with depression.60 The hypothesis is that pro-inflammatory 
cytokines in serotonin-rich areas, activate indoleamine-2,3-dioxygenase (IDO). IDO 
catabolizes tryptophan, which is a serotonin precursor. Activation of IDO decreases the 
amount of tryptophan available to convert to serotonin, and thus indirectly lowers the 
release of serotonin.60 Besides this indirect effect an increased level of interleukine-1B, 
which is also a pro-inflammatory cytokine, has been shown to decrease the firing rate 
of serotonergic neurons in the dorsal raphe nucleus directly.61 It is especially interesting 
that these inflammatory changes are mainly found in patients with stress-related forms 
of mood disorders and that these stress-related disorders are more common in women 
than in men, especially during times when estrogen levels are low.60 62 Most forms of 
focal dystonia, including CD, are also more common in women than in men and the 
median age at diagnosis is approximately 50 years, which is around the age most women 
become menopausal.63 A hypothesis in CD and other forms of focal dystonia could be 
that there is an underlying susceptibility to develop dystonia and that a relative mild 
(car) accident triggers alterations in the dopaminergic , serotonergic and possibly also 
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cholinergic pathways a neuroinflammatory response that together lead to neuroplastic 
changes and thus dystonia. This is however just a theory and no studies regarding 
neuroinflammation have been conducted in dystonia thus far. 

Future directions for research 
Neuroimaging will hopefully continue to learn us more about the pathophysiology 
of dystonia. Even though the network between cortex-basal ganglia-thalamus-
cerebellum has been identified, it is not known which abnormalities are the cause and 
which the consequence of dystonia. It would be particularly interesting to perform 
larger longitudinal imaging studies in families with genetic forms of dystonia, e.g. 
DYT1 dystonia. DYT1 is an autosomal dominant mutation with limited penetrance: 
approximately 30% of genetic carriers develop dystonia and the rest are considered 
asymptomatic carriers even though they do have an increased risk to develop 
depressive symptoms and anxiety. It would be interesting to perform serial imaging 
studies in these families at young age and compare the family members that develop 
dystonia to the family members that do not develop dystonia. Since DYT1 dystonia 
usually debuts during childhood this could raise some important ethical questions. The 
past years there have also been several genes discovered in families with focal dystonia, 
which usually develops after 30 years of age. These families might be more suitable to 
investigate, especially when PET or SPECT is being used, but the prevalence of these 
genetic mutation is low as far as we know yet. It could be that there are already subtle 
changes in the dopaminergic and serotonin systems of asymptomatic carriers that are 
not yet associated with neuroplastic changes and that studies in these asymptomatic 
carriers show these changes that might precede motor symptoms.

Another important question regards the precise role of the dopamine system and 
more specifically the dopamine D3R. Thus far, PET and SPECT tracers have been used 
that bind to both D2R and D3R. The D3R may play a larger role in the pathophysiology 
of dystonia compared to the D2R. For example, D3R appears to be more important 
than D2R both in depression and PD. It would be interesting to perform a PET study 
with [3H]WC10, which in animal studies has proven to be a highly selective D3 tracer, 
or with [11C]PHNO which has been tested in humans and is more D3R selective than 
other available PET tracers.64 Similar studies can be done with PET and the selective 
DAT tracer [11C]PE2I. Co-registration with MRI can help to investigate small regions. 
It might even be possible to perform fMRI studies to identify important areas of the 
network involved in individual patients (using paradigms that induced dystonic signs), 
and use these functionally defined ROIs or VOIs instead of anatomic ROIs/VOIs. A similar 
study has been performed in patients with schizophrenia, in which dopamine release 
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was examined using functional brain areas of interest.65 In any future study, we feel it is 
important to correlate the findings both to motor and non-motor symptoms, since we 
found that both DAT as well as D2/3R binding correlated with depression in CD patients. 
Considering the finding of a 10% increase in putaminal volume found in MRI studies 
using VBM in patients with focal dystonia, results might also have to be corrected for 
putaminal volume. In molecular imaging studies that do not correct for putaminal 
volume, this could lead to an underestimation of a possible decreased D2/3R binding. 

Furthermore, considering the relation of dopaminergic, serotonergic and cholinergic 
systems to stress and neuroinflammatory changes it would be interesting to investigate 
the immune system in patients with CD. This can be done in several manners. Levels of 
cytokines can be measured both in blood and CSF. To investigate microglial activation, 
[11C](R)-PK11195 PET can be used. It would again be interesting to perform these studies 
in patients with focal dystonia and family members that are at risk to develop dystonia, 
e.g. asymptomatic gene carriers. 

The final question concerns the optimal treatment for CD. For the past years, local 
injections with BoNT were the most used treatment. Even though BoNT has proven to 
be effective, it is a locally acting neurotoxin that is only treating the motor symptoms 
of CD. It would be more elegant to find a therapy that is able to alter the underlying 
neuroplastic changes in the brain. The most logical choice is an agent that restores 
neurotransmitter levels, more specifically dopamine and serotonin and possibly also 
acetylcholine, in the brain. This could be a therapy that is effective for all symptoms 
of dystonia, including the non-motor symptoms. To find something that works it is 
important that more trials in patients with (cervical) dystonia are conducted. 

Future directions in the care for patients with CD
As we have shown in our medication trial and was shown previously in many studies, 
the occurrence of psychiatric symptoms, such as depression and anxiety, is high in CD. 
Most patients with CD and other types of focal dystonia are seen once every 3 months 
in the outpatient clinic where they have a 10-20 minute appointment to receive their 
BoNT injections. During this appointment the main focus is on the motor symptoms, 
while it is well known that the quality of life is mainly influenced by depression, anxiety 
and pain. We believe it is time that the treating physicians also pay more attention to 
psychiatric symptoms in dystonia. If there are severe symptoms of depression and/
or anxiety these should be treated, either by medication or by referring a patient to a 
psychiatrist for therapy. Based on the results of our escitalopram trial, thus far there is no 
reason to withhold patients treatment with an SSRI for depression or anxiety. 
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CONCLUSIONS
In conclusion, we found that abnormal tracer binding to striatal dopamine D2/3 receptors 
and dopamine transporters and midbrain/diencephalon serotonin transporters in 
cervical dystonia is mainly related to depressive symptoms and not to motor symptoms. 
The correlation between tracer binding to DAT and SERT did relate to motor phenotype: 
in CD patients with jerks there was a significant, positive correlation between striatal 
DAT and midbrain SERT BPND that was absent in CD patients without jerks. It is possible 
that the relative balance between the amounts of available dopamine and serotonin 
influences whether a patient develops jerks, but this has to be further evaluated. 

Secondly, a 6-week treatment course with escitalopram does not improve motor or 
non-motor symptoms more than treatment with placebo does, even though there is 
adequate occupancy of SERT. BoNT injections are currently the best treatment option 
for focal dystonia, but a treatment with focus on the pathophysiology is needed. A 
trial with a longer treatment period of an SSRI or medication with another point of 
engagement is warranted. 

15056-zoons-layout.indd   140 02/01/2018   20:31



141

General discussion

7

REFERENCES
1. Slawek J, Friedman A, Potulska A, et al. Factors affecting the health-related quality of life of 

patients with cervical dystonia and the impact of botulinum toxin type A injections. Funct 
Neurol 2007;22(2):95-100. doi: 2287 [pii]

2. Smit M, Kuiper A, Han V, et al. Psychiatric co-morbidity is highly prevalent in idiopathic 
cervical dystonia and significantly influences health-related quality of life: Results of a 
controlled study. Parkinsonism Relat Disord 2016 doi: 10.1016/j.parkreldis.2016.06.004

3. Contarino MF, Van Den Dool J, Balash Y, et al. Clinical Practice: Evidence-Based 
Recommendations for the Treatment of Cervical Dystonia with Botulinum Toxin. Front Neurol 
2017;8:35. doi: 10.3389/fneur.2017.00035

4. Butterworth S, Francis S, Kelly E, et al. Abnormal cortical sensory activation in dystonia: an 
fMRI study. Mov Disord 2003;18(6):673-82. doi: 10.1002/mds.10416 [doi]

5. Nelson AJ, Blake DT, Chen R. Digit-specific aberrations in the primary somatosensory cortex 
in Writer's cramp. Ann Neurol 2009;66(2):146-54. doi: 10.1002/ana.21626 [doi]

6. Islam T, Kupsch A, Bruhn H, et al. Decreased bilateral cortical representation patterns in writer's 
cramp: a functional magnetic resonance imaging study at 3.0 T. Neurol Sci 2009;30(3):219-26. 
doi: 10.1007/s10072-009-0045-7 [doi]

7. Deffains M, Bergman H. Striatal cholinergic interneurons and cortico-striatal synaptic 
plasticity in health and disease. Mov Disord 2015;30(8):1014-25. doi: 10.1002/mds.26300

8. Innis RB, Cunningham VJ, Delforge J, et al. Consensus nomenclature for in vivo imaging of 
reversibly binding radioligands. J Cereb Blood Flow Metab 2007;27(9):1533-9. doi: 10.1038/
sj.jcbfm.9600493

9. Karimi M, Perlmutter JS. The role of dopamine and dopaminergic pathways in dystonia: 
insights from neuroimaging. Tremor Other Hyperkinet Mov (N Y) 2015;5:280. doi: 10.7916/
D8J101XV

10. Meyer JM. Forgotten but not gone: new developments in the understanding and treatment 
of tardive dyskinesia. CNS Spectr 2016;21(S1):13-24. doi: 10.1017/S1092852916000730

11. Wijemanne S, Jankovic J. Dopa-responsive dystonia--clinical and genetic heterogeneity. Nat 
Rev Neurol 2015;11(7):414-24. doi: 10.1038/nrneurol.2015.86

12. Berger HJ, van der Werf SP, Horstink CA, et al. Writer's cramp: restoration of striatal D2-
binding after successful biofeedback-based sensorimotor training. Parkinsonism Relat Disord 
2007;13(3):170-73. doi: S1353-8020(06)00224-0 [pii];10.1016/j.parkreldis.2006.09.003 [doi]

13. Beukers RJ, Booij J, Weisscher N, et al. Reduced striatal D2 receptor binding in myoclonus-
dystonia. Eur J Nucl Med Mol Imaging 2009;36(2):269-74. doi: 10.1007/s00259-008-0924-9 
[doi]

15056-zoons-layout.indd   141 02/01/2018   20:31



142

Chapter 7

14. Horstink CA, Praamstra P, Horstink MW, et al. Low striatal D2 receptor binding as assessed 
by [123I]IBZM SPECT in patients with writer's cramp. J Neurol Neurosurg Psychiatry 
1997;62(6):672-73.

15. Naumann M, Pirker W, Reiners K, et al. Imaging the pre- and postsynaptic side of striatal 
dopaminergic synapses in idiopathic cervical dystonia: a SPECT study using [123I] epidepride 
and [123I] beta-CIT. Mov Disord 1998;13(2):319-23. doi: 10.1002/mds.870130219 [doi]

16. Videbaek C, Toska K, Scheideler MA, et al. SPECT tracer [(123)I]IBZM has similar 
affinity to dopamine D2 and D3 receptors. Synapse 2000;38(3):338-42. doi: 
10.1002/1098-2396(20001201)38:3<338::AID-SYN13>3.0.CO;2-N

17. Karimi M, Moerlein SM, Videen TO, et al. Decreased striatal dopamine receptor binding 
in primary focal dystonia: a D2 or D3 defect? Mov Disord 2011;26(1):100-6. doi: 10.1002/
mds.23401

18. Boileau I, Guttman M, Rusjan P, et al. Decreased binding of the D3 dopamine receptor-
preferring ligand [11C]-(+)-PHNO in drug-naive Parkinson's disease. Brain 2009;132(Pt 
5):1366-75. doi: 10.1093/brain/awn337

19. Lammers CH, Diaz J, Schwartz JC, et al. Dopamine D3 receptor gene expression in the shell 
of nucleus accumbens is increased by chronic antidepressant treatment. Mol Psychiatry 
2000;5(3):229.

20. Maj J, Dziedzicka-Wasylewska M, Rogoz R, et al. Effect of antidepressant drugs administered 
repeatedly on the dopamine D3 receptors in the rat brain. Eur J Pharmacol 1998;351(1):31-7.

21. Sokoloff P, Le Foll B. The dopamine D3 receptor, a quarter century later. Eur J Neurosci 
2017;45(1):2-19. doi: 10.1111/ejn.13390

22. Tziortzi AC, Searle GE, Tzimopoulou S, et al. Imaging dopamine receptors in humans with 
[11C]-(+)-PHNO: dissection of D3 signal and anatomy. Neuroimage 2011;54(1):264-77. doi: 
10.1016/j.neuroimage.2010.06.044

23. Heiman GA, Ottman R, Saunders-Pullman RJ, et al. Increased risk for recurrent major 
depression in DYT1 dystonia mutation carriers. Neurology 2004;63(4):631-37. doi: 63/4/631 
[pii]

24. Camardese G, De Risio L, Di Nicola M, et al. Changes of dopamine transporter availability 
in depressed patients with and without anhedonia: a 123I-N-omega-fluoropropyl-
carbomethoxy-3beta- (4-Iodophenyl)tropane SPECT study. Neuropsychobiology 
2014;70(4):235-43. doi: 10.1159/000368117

25. Bowers MB, Jr., Heninger GR, Gerbode F. Cerebrospinal fluid 5-hydroxyindoleactiic acid and 
homovanillic acid in psychiatric patients. Int J Neuropharmacol 1969;8(3):255-62.

26. Savitz JB, Drevets WC. Neuroreceptor imaging in depression. Neurobiol Dis 2013;52:49-65. 
doi: 10.1016/j.nbd.2012.06.001

27. Sarchiapone M, Carli V, Camardese G, et al. Dopamine transporter binding in 
depressed patients with anhedonia. Psychiatry Res 2006;147(2-3):243-8. doi: 10.1016/j.
pscychresns.2006.03.001

15056-zoons-layout.indd   142 02/01/2018   20:31



143

General discussion

7

28. Drevets WC. Neuroimaging studies of mood disorders. Biol Psychiatry 2000;48(8):813-29.

29. Voon V, Napier TC, Frank MJ, et al. Impulse control disorders and levodopa-induced 
dyskinesias in Parkinson's disease: an update. Lancet Neurol 2017;16(3):238-50. doi: 10.1016/
S1474-4422(17)30004-2

30. Grace AA. Dysregulation of the dopamine system in the pathophysiology of schizophrenia 
and depression. Nat Rev Neurosci 2016;17(8):524-32. doi: 10.1038/nrn.2016.57

31. Vriend C, Nordbeck AH, Booij J, et al. Reduced dopamine transporter binding predates 
impulse control disorders in Parkinson's disease. Mov Disord 2014;29(7):904-11. doi: 10.1002/
mds.25886

32. Sonni I, Fazio P, Schain M, et al. Optimal Acquisition Time Window and Simplified Quantification 
of Dopamine Transporter Availability Using 18F-FE-PE2I in Healthy Controls and Parkinson 
Disease Patients. J Nucl Med 2016;57(10):1529-34. doi: 10.2967/jnumed.115.171231

33. Leo RJ. Movement disorders associated with the serotonin selective reuptake inhibitors. J 
Clin Psychiatry 1996;57(10):449-54.

34. Rubio-Agusti I, Parees I, Kojovic M, et al. Tremulous cervical dystonia is likely to be familial: 
clinical characteristics of a large cohort. Parkinsonism Relat Disord 2013;19(6):634-8. doi: 
10.1016/j.parkreldis.2013.02.017

35. Caviness JN. Pathophysiology and treatment of myoclonus. Neurol Clin 2009;27(3):757-77, 
vii. doi: 10.1016/j.ncl.2009.04.002

36. Welsh JP, Placantonakis DG, Warsetsky SI, et al. The serotonin hypothesis of myoclonus from 
the perspective of neuronal rhythmicity. Adv Neurol 2002;89:307-29.

37. Smit M. Motor and non-motor symptoms in cervical dystonia - a serotonergic perspective. 
Rijksuniversiteit Groningen, 2017.

38. Lanzenberger R, Kranz GS, Haeusler D, et al. Prediction of SSRI treatment response in major 
depression based on serotonin transporter interplay between median raphe nucleus and 
projection areas. Neuroimage 2012;63(2):874-81. doi: 10.1016/j.neuroimage.2012.07.023

39. Ziebell M, Holm-Hansen S, Thomsen G, et al. Serotonin transporters in dopamine transporter 
imaging: a head-to-head comparison of dopamine transporter SPECT radioligands 123I-FP-
CIT and 123I-PE2I. J Nucl Med 2010;51(12):1885-91. doi: 10.2967/jnumed.110.078337

40. Newberg AB, Amsterdam JD, Wintering N, et al. Low brain serotonin transporter 
binding in major depressive disorder. Psychiatry Res 2012;202(2):161-7. doi: 10.1016/j.
pscychresns.2011.12.015

41. Nye JA, Purselle D, Plisson C, et al. Decreased brainstem and putamen SERT binding 
potential in depressed suicide attempters using [11C]-zient PET imaging. Depress Anxiety 
2013;30(10):902-7. doi: 10.1002/da.22049

42. Politis M, Niccolini F. Serotonin in Parkinson's disease. Behav Brain Res 2015;277:136-45. doi: 
10.1016/j.bbr.2014.07.037

15056-zoons-layout.indd   143 02/01/2018   20:31



144

Chapter 7

43. Yohn CN, Gergues MM, Samuels BA. The role of 5-HT receptors in depression. Mol Brain 
2017;10(1):28. doi: 10.1186/s13041-017-0306-y

44. Munoz A, Li Q, Gardoni F, et al. Combined 5-HT1A and 5-HT1B receptor agonists for the 
treatment of L-DOPA-induced dyskinesia. Brain 2008;131(Pt 12):3380-94. doi: 10.1093/brain/
awn235

45. Catafau AM, Perez V, Plaza P, et al. Serotonin transporter occupancy induced by paroxetine 
in patients with major depression disorder: a 123I-ADAM SPECT study. Psychopharmacology 
(Berl) 2006;189(2):145-53. doi: 10.1007/s00213-006-0540-y [doi]

46. Klein N, Sacher J, Geiss-Granadia T, et al. Higher serotonin transporter occupancy after 
multiple dose administration of escitalopram compared to citalopram: an [123I]ADAM 
SPECT study. Psychopharmacology (Berl) 2007;191(2):333-9. doi: 10.1007/s00213-006-0666-y

47. Sanchez C, Reines EH, Montgomery SA. A comparative review of escitalopram, paroxetine, 
and sertraline: Are they all alike? Int Clin Psychopharmacol 2014;29(4):185-96. doi: 10.1097/
YIC.0000000000000023

48. Gray NA, Milak MS, DeLorenzo C, et al. Antidepressant treatment reduces serotonin-1A 
autoreceptor binding in major depressive disorder. Biol Psychiatry 2013;74(1):26-31. doi: 
10.1016/j.biopsych.2012.11.012

49. Bomasang-Layno E, Fadlon I, Murray AN, et al. Antidepressive treatments for Parkinson's 
disease: A systematic review and meta-analysis. Parkinsonism Relat Disord 2015;21(8):833-
42; discussion 33. doi: 10.1016/j.parkreldis.2015.04.018

50. Pavese N, Metta V, Bose SK, et al. Fatigue in Parkinson's disease is linked to striatal and limbic 
serotonergic dysfunction. Brain 2010;133(11):3434-43. doi: 10.1093/brain/awq268

51. Fidalgo C, Ko WK, Tronci E, et al. Effect of serotonin transporter blockade on L-DOPA-induced 
dyskinesia in animal models of Parkinson's disease. Neuroscience 2015;298:389-96. doi: 
10.1016/j.neuroscience.2015.04.027

52. Svenningsson P, Rosenblad C, Af Edholm Arvidsson K, et al. Eltoprazine counteracts l-DOPA-
induced dyskinesias in Parkinson's disease: a dose-finding study. Brain 2015;138(Pt 4):963-
73. doi: 10.1093/brain/awu409

53. Meadows SM, Chambers NE, Conti MM, et al. Characterizing the differential roles of striatal 
5-HT1A auto- and hetero-receptors in the reduction of l-DOPA-induced dyskinesia. Exp 
Neurol 2017;292:168-78. doi: 10.1016/j.expneurol.2017.03.013

54. Thenganatt MA, Jankovic J. Treatment of dystonia. Neurotherapeutics 2014;11(1):139-52. doi: 
10.1007/s13311-013-0231-4

55. Hamann M, Plank J, Richter F, et al. Alterations of M1 and M4 acetylcholine receptors in 
the genetically dystonic (dtsz) hamster and moderate antidystonic efficacy of M1 and M4 
anticholinergics. Neuroscience 2017;357:84-98. doi: 10.1016/j.neuroscience.2017.05.051

56. Bakker G, Vingerhoets WA, van Wieringen JP, et al. 123I-iododexetimide preferentially binds 
to the muscarinic receptor subtype M1 in vivo. J Nucl Med 2015;56(2):317-22. doi: 10.2967/
jnumed.114.147488

15056-zoons-layout.indd   144 02/01/2018   20:31



145

General discussion

7

57. Chen YH, Huang EY, Kuo TT, et al. Impact of traumatic brain injury on dopaminergic 
transmission. Cell Transplant 2017 doi: 10.3727/096368917X694787

58. Devorak J, Torres-Platas SG, Davoli MA, et al. Cellular and Molecular Inflammatory Profile 
of the Choroid Plexus in Depression and Suicide. Front Psychiatry 2015;6:138. doi: 10.3389/
fpsyt.2015.00138

59. Kern S, Skoog I, Borjesson-Hanson A, et al. Higher CSF interleukin-6 and CSF interleukin-8 in 
current depression in older women. Results from a population-based sample. Brain Behav 
Immun 2014;41:55-8. doi: 10.1016/j.bbi.2014.05.006

60. Finnell JE, Wood SK. Neuroinflammation at the interface of depression and cardiovascular 
disease: Evidence from rodent models of social stress. Neurobiol Stress 2016;4:1-14. doi: 
10.1016/j.ynstr.2016.04.001

61. Brambilla D, Franciosi S, Opp MR, et al. Interleukin-1 inhibits firing of serotonergic neurons in 
the dorsal raphe nucleus and enhances GABAergic inhibitory post-synaptic potentials. Eur J 
Neurosci 2007;26(7):1862-9. doi: 10.1111/j.1460-9568.2007.05796.x

62. Andrade T, Silva J, Batistela MF, et al. Interaction between estradiol and 5-HT1A receptors 
in the median raphe nucleus on acquisition of aversive information and association to the 
context in ovariectomized rats. Neurobiol Stress 2017;7:80-88. doi: 10.1016/j.ynstr.2017.05.003

63. Williams L, McGovern E, Kimmich O, et al. Epidemiological, clinical and genetic aspects of 
adult onset isolated focal dystonia in Ireland. Eur J Neurol 2017;24(1):73-81. doi: 10.1111/
ene.13133

64. Xu J, Hassanzadeh B, Chu W, et al. [3H]4-(dimethylamino)-N-(4-(4-(2-methoxyphenyl)
piperazin-1-yl) butyl)benzamide: a selective radioligand for dopamine D(3) receptors. 
II. Quantitative analysis of dopamine D(3) and D(2) receptor density ratio in the caudate-
putamen. Synapse 2010;64(6):449-59. doi: 10.1002/syn.20748

65. Slifstein M, van de Giessen E, Van Snellenberg J, et al. Deficits in prefrontal cortical and 
extrastriatal dopamine release in schizophrenia: a positron emission tomographic functional 
magnetic resonance imaging study. JAMA Psychiatry 2015;72(4):316-24. doi: 10.1001/
jamapsychiatry.2014.2414

15056-zoons-layout.indd   145 02/01/2018   20:31




