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CHAPTER 1

INTRODUCTION, AIMS AND OUTLINE OF THE THESIS

Introduction

According to the ICD-10, dementia is a syndrome due to disease of the
brain, usually of a chronic or progressive nature, in which there is dis-
turbance of multiple higher cortical functions, whereas no disturbances
in consciousness are present. The impairments of cognitive function are
commonly accompanied by deterioration in emotional control, social
behavior, or motivation 1.
The prevalence of dementia is highly age-dependent. Data from the RIVM
(2003) indicate that the prevalence of dementia in The Netherlands is
less than 1% of individuals aged between 60 and 70 years, but 32% for
males and 36% for females aged 85 years or more. Due to ageing of the
population, the prevalence of the syndrome will rise substantially in the
near future and will become a major healthcare problem.
Although no cures for most types of dementia are available and although
pharmaceutical therapies only show modest effects up till now, a correct
diagnosis favors all aspects of care for these patients. Today, the role of
medical imaging in the diagnosis of dementia is limited, but will become
much more important once improved therapies have been developed. In-
vivo imaging procedures, for instance molecular imaging techniques, are
likely to assist increasingly in the differentiation between the various
types of dementia, the evaluation or prediction of treatment response,
or in the development of new pharmaceutical therapies for dementia.
The aims of the present thesis were to explore novel candidate radiotracers
intended for imaging of dementia by means of molecular imaging tech-
niques, and to evaluate the value of existing radiotracers that are cur-
rently being used, or could potentially be used for imaging of dementia.

Types of dementia

Many causes or diseases may underlie the syndrome of dementia, but the
vast majority of dementia cases result from four categories of diseases.
Alzheimer’s dementia or Alzheimer’s disease (AD) is the most common
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type of dementia, accounting for approximately 60% of all dementia cases.
Lewy body disorders such as dementia with Lewy bodies (DLB) and
Parkinson’s disease related dementia (PDD) together account for 15% of
the dementia cases. Vascular dementia is estimated to be the cause of
dementia in approximately 20% of the cases and frontotemporal demen-
tia in 5%, but the latter two will not be discussed in this thesis.

Dementia of the Alzheimer type

The most common type of dementia was first described by the German
psychiatrist Alois Alzheimer in 1906, who performed autopsy on the
brain of one of his former patients, Auguste Deter, who had suffered
from an early type of dementia in the years before here premature death
at the age of 56 2. Alzheimer was the first to describe the neuropatholo-
gical hallmarks of the disease by microscopic examination of the brain.
Although initially described as ‘presenile dementia’, the type of demen-
tia that was referred to by Alois Alzheimer is presently known as
dementia of the Alzheimer type or AD.
This disease is characterized clinically by a deterioration of memory and
cognitive disturbances such as language and visuospatial deficits 3,
which usually is insidious in onset. The condition is progressive and
results in behavioral and functional impairments that interfere increas-
ingly with daily tasks. Other symptoms may include motor and sensory
abnormalities, gait disturbances and seizures, although these symptoms
are usually seen in advanced stages of the disease 4.
The diagnosis of the disease is based on clinical symptoms and patient
history, but a definitive diagnosis can only be made by histology of brain
sections on autopsy. Clinical criteria are provided by the Diagnostic and
Statistical Manual of Mental Disorders 5, or the criteria of the National
Institute of Neurologic and Communicative Disorders and Stroke-
Alzheimer’s Disease and Related Disorders Association (NINCDS-ADR-
DA) 4. The sensitivity and specificity of such criteria are typically less
than 80% for the diagnosis of probable AD.

Histopathologic features of AD

Histopathologically, the diagnosis of AD is obtained from the presence of
cortical amyloid containing neuritic plaques (or senile plaques), cerebro-
vascular plaques and neurofibrillary tangles (NFTs), originally described
by Alois Alzheimer, in at least neocortical areas and medial temporal
lobe structures. The likelihood of AD can be assessed histopathologically
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by either the CERAD (Consortium to Establish a Registry for Alzheimer’s
Disease) score or the Braak and Braak stage 6.

The amyloid cascade hypothesis of AD

Amyloid-β (Aβ), a cleavage product of a larger transmembrane protein
named amyloid precursor protein (APP) which is coded on chromosome
21 7, is the principal component of soluble Aβ-oligomers, cerebrovascular
and neuritic plaques 8. Cleavage of APP is performed by protease enzymes
called secretases (α, β and γ-secretase), which normally is a non-amyloido-
genic event if α- and γ-secretase are involved in the cleavage process 9, and
is referred to as the secretory pathway. Potentially amyloidogenic is the
non-secretory pathway where isoforms of Aβ with a 40-42 amino acid
sequence in length are formed by cleavage of the precursor protein by ini-
tially the β-secretase and subsequently the γ-secretase 9, 10, of which the
latter depends on the presenelin proteins PS1 and PS2 to perform its
actions 11. Normally, degradation and clearance of Aβ in the brain prevent
aggregation of the peptide 9. Mutations in APP 12, PS1 13 and PS2 14 are asso-
ciated with rare hereditary early types of AD, and provide evidence for the
importance of these proteins in the formation of soluble Aβ-oligomers or
plaques. Less rare, and supposedly the most important contributor to
genetic predisposition for sporadic AD 15 is the presence of the apolipopro-
tein 4 ε4 allele 16, coding for ApoE4 and thought to be a dysfunctional iso-
form of the cholesterol transporter ApoE, which is associated with fibrilli-
sation of Aβ into soluble Aβ-oligomers and the formation of plaques 17.
The most common isoforms of Aβ peptide are the 40 and 42 amino acid
isoforms Aβ40 and Aβ42. Of these two, Aβ42 has a tendency to aggre-
gate into soluble oligomers and insoluble amyloid fibrils that give rise
to neuritic plaques, which have long been known to correlate with
severity of dementia 18. Although the Aβ40 isoform has been associated
with cerebrovascular plaques, beneficial effects of this isoform have
been described in that it antagonizes Aβ42 aggregation 19, 20 and thus,
the ratio between concentrations of Aβ42 and Aβ40 seems to be of
importance in plaque formation. Aβ42 may trigger misfolding of other
Aβ isoforms 9, 10 which contributes to plaque formation. The amyloid
cascade hypothesis for AD initially considered the neuritic plaques to
be responsible for disruption of neuronal circuitry due to neurotoxicity,
increased oxidative stress and induction of inflammatory responses, a
process that eventually leads to dementia in the patient 11, 21, 22.
However, more recent evidence suggests that accumulation of soluble
Aβ-oligomers might be of equal importance in this respect 23.

11
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Neurofibrillary tangles

Another observation by Alois Alzheimer in the brain of his patient was
the existence of NFTs. These intra-neuronal tangles are formed by
abnormally processed tau protein 24, and are found also in other neurode-
generative diseases 25. Whether these tangles are a cause or a result of AD
is still under debate 9. Being an axonal protein, tau normally functions as
a stabilizing protein for microtubules but hyperphosphorylation of the
protein causes sequestration of normal tau and other microtubule asso-
ciated microtubule-proteins 9, 24. Hyperphosphorylation is balanced by
dephosphorylation which converts the tau protein back to its normal
state. However, imbalance between hyper- and dephosphorylation may
lead to a compensational neuronal increase of normal tau synthesis and
packaging of the abnormally hyperphosphorylated tau protein into inert
polymers, which in the end may result in the NFT. These cytoplasmic
accumulations lead to disturbances of the axonal transport, neuronal
and synaptic dysfunction and eventually of degeneration of neurons 24

which contributes to the pathogenesis of dementia.

Neurotransmitter systems in AD

Due to the neurodegenerative events in AD, practically all neurotrans-
mitter systems in the central nervous system show disturbances,
although the extent of involvement varies between the several neuro-
transmitter systems. Of particular importance for this thesis is the mus-
carinic system, which will be discussed in detail. The nicotinic system is
being discussed briefly, whereas the glutamatergic system will also be
discussed briefly.

The cholinergic neurotransmitter system

The central cholinergic neurotransmitter system is one of the principal
neurotransmitter systems in the central nervous system. The system is
subdivided in two separate systems known as the nicotinic and mus-
carinic system and hence their name, nicotinic receptors have a high
affinity for nicotine whereas muscarinic receptors have a higher affinity
for muscarine, which is an alkaloid that was originally derived from the
mushroom amanita muscaria. Both receptor systems use acetylcholine
(ACh) as its neurotransmitter, which is deactivated by acetyl-
cholinesterase in the synaptic cleft. The primary focus of this thesis is
on the muscarinic system.

12
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The muscarinic neurotransmitter system

Five distinct types of muscarinic receptors have been identified geneti-
cally (on genes m1-5) and localized in the mammalian brain (expressed as
muscarinic receptor M1-5) 26. Muscarinic receptors belong to the members
of G-protein coupled receptors and have seven transmembrane domains 27.
The M1 receptor is localized predominantly but not exclusively on the
postsynaptic membrane and is the most abundantly expressed mus-
carinic receptor in the mammalian central nervous system. In the cho-
linergic system, the M2 receptor is expressed predominantly but not
exclusively on the membrane of presynaptic muscarinic nerve terminals 28,
although its localization on the synaptic membrane seems to vary
amongst brain structures 29. The M2 receptor is considered to act as an
autoreceptor, thereby modulating the amount of ACh in the synaptic
cleft and is expressed at a density of approximately 25% of M1 receptors
in most areas of the mammalian brain 30, 31, although a relatively high ex-
pression is found in the hippocampus and entorhinal cortex in humans 32,
and the rodent thalamus and cerebellum 30. The M4 subtype, predomi-
nantly localized on the presynaptic nerve terminals 29, is expressed abun-
dantly in cortical brain areas of rodent brain 30. The M3 receptor, located
predominantly postsynaptically 29, has a low rate of expression through-
out the brain 30, as is the case with the M5, which has been localized with
relative high densities in the substantia nigra 26.
Two major groups of cholinergic neurons are generally distinguished with-
in the mammalian brain. The first is the magnocellular basal forebrain
cholinergic system 33-35 which is located in the basal forebrain within the
medial septal nucleus, vertical and horizontal limb nuclei of the diago-
nal band of Broca, and the nucleus basalis magnocellularis (NBM;
referred to as the nucleus basalis of Meynert in the human brain). These
cholinergic neurons innervate the neocortical areas, the cingulate cor-
tex, and hippocampus, amygdala, and the olfactory bulb. The second
group is formed by the brainstem cholinergic neurons, originating from
this brain structure in the region of the pedunculopontine tegmental
nucleus and dorsolateral pontine tegmentum. This group predominantly
innervates the thalamus and substantia nigra 36. Functional aspects of
the basal forebrain cholinergic system include conscious awareness,
attention, working memory, and a number of additional mnemonic pro-
cesses 35. The brainstem cholinergic system has been shown to be involved
in arousal and regulation of the sleep/wake cycle 36.
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The cholinergic hypothesis of AD

The cholinergic hypothesis was formulated approximately 25 years ago 37-40

and linked cholinergic dysfunction in elderly and patients suffering
from dementia to the cognitive decline that is displayed in these groups
of patients 41. Disturbances of the cholinergic neurotransmitter system
have been found consistently in the brains of patients who had suffered
from AD 42-44, especially in the basal forebrain 45, 46 and the NBM 46-48.
These disturbances have been shown to contribute 36, 41, 49 to, and corre-
late with cognitive dysfunction 50, 51. Changes of muscarinic receptor
density in the cortex of AD patients have been a matter of debate ever
since, but there is substantial evidence for a selective decrease of M2
receptor 32, 52-56 whereas the M1 subtype may be preserved, although the
function of the latter has shown to be impaired in AD due to defective
coupling to its G-protein 57. However, the data on muscarinic M2 receptor
decreases in the brain of AD patients is mostly collected from patients
with advanced disease, and it is still not entirely clear whether this also
occurs in early disease 58.
Additionally, the cholinergic hypothesis was supported by earlier per-
formed experiments in which memory deficits were induced by cholin-
ergic antagonists in healthy subjects 59-61, whereas improvements in
memory function could be achieved in aged 62 and demented subjects 63

after administration of cholinergic stimulants such as M1 agonists or
acetylcholinesterase inhibitors (AChEIs). Also, in animal experiments,
many cholinergic antagonists have produced deleterious effects on mem-
ory, while cholinergic agonists have shown opposite effects 64.
In order to compensate biochemically for the loss of ACh in the brain,
cholinergic modulating medication such as AChEIs has been subjected
to many clinical trials 65 which have led to the FDA approval of rivastig-
mine, donepezil and galantamine for therapeutic use in AD. The AChEI
tacrine was also approved, but is used rarely nowadays due to its hepa-
totoxic effects. On average, the effects of such therapies are small and
result in an improvement of approximately 2.7 points in the midrange
of the 70 point Alzheimer Disease Assessment Scale-Cognitive scale
(ADAS-Cog) 65, 66. Importantly, these beneficial effects have only been
proven for patients with mild to moderate AD, although effects on cog-
nition in severe AD have also been described 67. Adverse effects of
AChEIs are relatively common in patients, accounting for discontinua-
tion of such therapies in almost one third of the cases, and include pri-
marily nausea, vomiting and diarrhea 65.
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Interaction between the muscarinic system and Aβ

Many preclinical studies have linked the cholinergic hypothesis to the
amyloid hypothesis 68, 69. Selective stimulation of M1 receptors by ago-
nists has been shown to shift APP cleavage from the non-secretory amy-
loidogenic pathway to the secretory pathway 70, resulting in a decrease
in Aβ42 in a transgenic mouse model of AD. This and other studies also
showed exacerbation of Aβ and tau pathology after administration of
selective M1 antagonists. Likewise, selective stimulation of the M2
receptor subtype has been shown to impair the non-secretory amyloido-
genic pathway 71. On the other hand, AChEIs may have favorable effects
on the APP cleavage process and prevent amyloidogenic events, as was
reported in several studies 72.
Conversely, Aβ has shown to selectively affect the cholinergic neuro-
transmitter system in several ways 68. Interactions have been shown on
the level of ACh synthesis 73, whereas passive immunization by anti-Aβ
antibodies in a transgenic mouse model of AD reversed the decreased
ACh release in the hippocampus of treated mice 74. More direct neuro-
toxic effects on cholinergic neurons have also been reported 75, including
disturbances at the level of muscarinic receptor function or muscarinic
receptor density 68.

The nicotinic neurotransmitter system in AD

Nicotinic receptors in the brain are involved in cognitive processes such
as learning and memory, and dysfunction of the nicotinic neurotrans-
mitter system has been shown in many neuropsychiatric diseases 76.
Additional to the disturbances in the muscarinic neurotransmitter sys-
tem, dysfunction of the nicotinic system is also known to occur in AD 77,
and may occur earlier in the disease than changes in muscarinic receptor
density 78. Of the nicotinic receptors, which act as transmitter-gated
ion-channels, the α4β2 subtype is the most abundantly expressed nico-
tinic receptor in the brain 79. Many autopsy studies have shown decreas-
es in the density of this receptor subtype in AD 80, 81, and the effects of
AChEIs on cognitive impairment or AD may be partially due to their
actions on the nicotinic system 82. In analogy to the muscarinic system,
associations between nicotinic receptors and Aβ plaque formation have
been identified. In this mechanism the α7 nicotinic receptor subtype,
the second most abundantly expressed subtype in the brain, seems to be
of particular interest 83.

15
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The glutamatergic neurotransmitter system in AD

As the principal excitatory neurotransmitter system in the central ner-
vous system, the glutamatergic system has a key role in the processing of
information, synaptic plasticity and thus learning processes and memory
formation. Dysfunction of this system has been shown in AD in which an
enhancement of activity accompanies and induces neuronal death 84.
The most important receptor of the glutamatergic neurotransmitter
system is the N-methyl-D-aspartate (NMDA) receptor, which acts as a
gated ion channel via heterogenic assemblies of various subunits, princi-
pally the NR1 and NR2 subunits 85, 86. Activation of the receptor requires
binding of the neurotransmitter glutamate but also binding of a co-ago-
nist such as glycine 85. Simultaneous binding of these two substances
opens the ion channel, inducing an influx of preferentially Ca2+ ions
into the neuron, until a certain membrane potential is exceeded and a
voltage dependent Mg2+ block closes the channel.
In AD, excessive stimulation of the glutamatergic system may lead to an
excessive neuronal influx of Ca2+ and subsequently excitotoxic neuronal
death. It has been shown that Aβ is able to enhance NMDA receptor ac-
tivity 84. Moreover, activation of the NMDA receptor by agonists has been
shown to promote Aβ production and to induce a shift from the secretory
to the non-secretory amyloidogenic pathway in neuronal cultures 87.
Pharmacologic inhibition of the NMDA receptor, for instance by
memantine, may therefore have neuroprotective effects 88. Indeed, pre-
clinical studies showed neuroprotective effects of this substance 89 and
after successful clinical trials, demonstrating beneficial effects of
memantine on the symptoms of AD patients in all stages of the disease
88, 90, this drug has been approved recently for use in AD.

Other hypotheses of AD

Apart from the amyloid cascade hypothesis and the cholinergic hypothe-
sis for AD, many other hypotheses have been proposed that could con-
tribute to the pathogenesis of the disease 9. These hypotheses include
disturbances in cell cycle regulating proteins, inflammatory processes,
oxidative stress, mitochondrial dysfunction, aluminum toxicity and
brain trauma. Although involvement of each of these mechanisms may
exist, the value is still under debate.

16
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Lewy body disorders

Lewy body disorders, the umbrella term for Parkinson’s disease (PD), PDD
and DLB 91, are characterized primarily by degeneration of the dopamin-
ergic, but also the central cholinergic neurotransmission systems 92.
Parkinson’s Disease is characterized clinically principally by motor dys-
function but cognitive impairment frequently accompanies this disease.
In PD, the cognitive deficits are usually restricted to disturbances in
executive functioning and visuospatial tasks. In up to 60% of these PD
patients, the cognitive decline evolves into a dementia, called PDD 92.
Together, PDD and DLB account for 15% of dementia cases and both
conditions are closely related, the difference being that in PDD parkinso-
nian features are present at least 1 year before the onset of cognitive dys-
function 93. The dementia that is observed in these patients is character-
ized by visual hallucinations, attentional impairments and fluctuations
in cognitive function 94. PDD is usually not difficult to diagnose, as evi-
dent parkinsonian symptoms precede the development of cognitive dis-
orders. However, a definitive diagnosis of DLB can only be established
post-mortem, although recent advances in medical imaging have greatly
facilitated the diagnosis of this disease in the living patient 95.
Differentiation between DLB and AD is of importance since, in contrast
to AD patients, DLB patients are prone to develop serious adverse
effects to neuroleptics (i.e. acute parkinsonian crisis). The discrimina-
tion between AD and DLB also facilitates the prediction of response to
AChEIs, which have shown to be more effective in DLB patients as com-
pared to AD patients 96, and leads to more accurate information to the
patients and caregivers.

Imaging of dementia

The growing prevalence of dementia and its medical, social and economic
impact has increasingly focused attention to these diseases in the last
decades. Although to date, there are no cures available for most underly-
ing diseases, and available therapeutic regimes only show modest
effects, clinicians and caregivers are increasingly aware of the fact that
an accurate diagnosis is essential for optimizing all aspects of care for
these patients 97. Improvements of clinical diagnostic criteria 4, 98-101 have
led to better ante-mortem diagnosis for various forms of dementia, but
sensitivity and specificity of these criteria remain low for most forms of
dementia, with the exception of the diagnosis of probable AD, which
has a sensitivity and specificity of approximately 80%. Biomarkers from
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blood samples would be of great value to assist with diagnosis, but are
not available to date, although some cerebral spinal fluid markers show
promising results 102.

Anatomical imaging in dementia

Imaging studies may also improve the differentiation between the demen-
tias, but today its main clinical use is to exclude secondary and poten-
tially treatable causes 97. Anatomical imaging such as CT or MRI of the
brain may be of value for the differentiation of the diseases by imaging
of regional atrophy or pathological characteristics of specific types of
dementia, such as leukoariosis or vascular lesions, and may also be use-
ful for monitoring of disease progression by morphometric techniques.
Additionally, MR spectroscopy or diffusion tensor imaging may also
have a role in imaging of dementia in the future 97.

Functional imaging in dementia

Non-invasive imaging by nuclear medicine imaging techniques such as
single photon emission computed tomography (SPECT) or positron
emission tomography (PET) is particularly suitable to image physiology
of the brain such as blood flow or metabolism, neurochemistry and in
the future, the basic molecular biology of disease 103.
At present, imaging by means of SPECT or PET is used clinically to eval-
uate brain perfusion and metabolism by compounds such as
[99mTc]HMPAO or [18F]FDG, respectively. The former imaging procedure
may be useful for differentiating AD from normal controls (sensitivity
74% and specificity 91%), but the value in discriminating AD from other
forms of dementia is limited (sensitivity and specificity of approximate-
ly 70-75%) 104. [18F]FDG PET has shown to identify patients with AD
with a sensitivity of 94% but with a specificity of only 73% 105. Perfusion
abnormalities in frontal cerebral cortex that occur in frontotemporal
dementia can be used to discriminate this dementia from AD by means
of [99mTc]HMPAO SPECT, with a sensitivity of 80% and a specificity of
65% 106. SPECT and PET are also used clinically to differentiate DLB
from AD. [123I]FP-CIT, a dopamine transporter tracer, can detect proba-
ble DLB with a sensitivity of 78% and a specificity of 90% by means of
SPECT 107, and similar results have been reported for the PET tracer
[18F]DOPA 108.
Future clinical applications of molecular imaging in dementia will not
only focus on the diagnosis or discrimination of the various forms of
dementia, but also on early detection in pre-symptomatic stages of the
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disease. Moreover, functional imaging of specific aspects of the diseases,
such as dysfunction or degenerative events in specific neurotransmitter
systems, drug interaction with neuroreceptors, or neuropathological
mechanisms such as Aβ formation, are to be targeted. This would allow
the evaluation of experimental pharmaceutical therapies, or the predic-
tion of therapy response.
As a result of the cholinergic hypothesis in AD and the efficacy of
cholinergic drugs in cognitive disorders, considerable effort has been put
in the development of radiotracers that target the cholinergic neuro-
transmitter system 109.

Imaging of the cholinergic neurotransmitter system

One approach to image the cholinergic system is to target its neuroche-
mistry. In this respect, imaging of acetylcholinesterase (AChE) activity
using PET tracers such as [11C]PMP, an in-vivo AChE substrate, showed
decreases in patients suffering from AD as compared to controls 110,
which correlated with the cognitive dysfunction 111.
Alternatively, the decrease of muscarinic receptors in post-mortem
brain specimens of AD 42, 46-48, 50, 112 has been the inspiration for attempts
to synthesize compounds that label these receptors in-vivo. The first
tracers that appeared in the literature were compounds that were able to
bind to muscarinic receptors non-selectively. Later, when several autop-
sy studies had shown differential modulation of muscarinic receptor
subtypes in various neuropsychiatric diseases, including AD 32, 52-56,
development of muscarinic receptor subtype selective radiotracers was
pursued 109.
The first tracer that was used to image muscarinic receptors in humans
was RS 4-[123I]IQNB 113, which was based on the high affinity N-methyl
analogue of quinuclidinyl benzylate (QNB), and was developed after
earlier unsuccessful attempts to map the muscarinic system with radio-
labeled atropine 109. Studies in patients suffering from dementia consis-
tently showed a decrease of tracer binding using RS 4-[123I]IQNB SPECT
114-118, but also e.g. in patients suffering from schizophrenia 119. RS 4-
[123I]IQNB has not demonstrated subtype selectivity 109, although in-
vivo subtype selectivity or differential pharmacokinetics for the M2 sub-
type has been suggested 120. One major disadvantage of the tracer is the
low (<20%) radiochemical yield of the synthesis procedure 58. Other
approaches to image muscarinic receptors non-selectively include the
PET-tracers [N-11C-methyl]-benztropine 121, various analogues of [11C]
labeled N-methyl-4-piperidyl-benzilate or tropanyl benzilate 122-126 and

19

Introduction, aims and outline



[11C]scopolamine 127. Additionally, non-subtype selective imaging of mus-
carinic receptors has also been performed using [123I]Iododexetimide
SPECT 128-130.
Candidate tracers with subtype selectivity for the M2 receptor have also
been synthesized. The most promising and best characterized of these
tracers is [18F]FP-TZTP, a muscarinic agonist intended for use as a PET
radiotracer. Numerous studies including rat, monkey and human studies
have been performed using this tracer. Although selectivity for the M2
receptor as compared to the other muscarinic receptor subtypes was not
evident in-vitro 131, preferential binding to M2 receptors was shown in-
vivo in pharmacological blocking studies in muscarinic receptor knock-
out mice 132 and the reason for this may be a slower dissociation of the
tracer from M2 receptors 131. Human studies in normal controls showed a
positive correlation with age 133 and also higher tracer binding in humans
with the ApoE4 genotype 134, which may be due to decreased competi-
tion by endogenous ACh as compared to young subjects or normal elder-
ly, respectively.
Less promising, but well described radiotracer is [123I]Z-IQNP, a radio-
tracer that has a higher affinity for the muscarinic M2 receptor as com-
pared to the M1 receptor 58, 135, but has only shown to be of value for the
evaluation of M2 receptors in the cerebellum 58. Other attempts to syn-
thesize a radiotracer for the M2 receptor were based on the compound
BIBN 99 136, derived from of AF-DX 116 which is an in-vitro tracer for
the M2 receptor that does not penetrate the blood-brain-barrier, and [18F]
radiofluorinated derivatives of QNB 109. So far, these tracers have shown
either a lack of subtype selectivity or inappropriate tracer kinetics.

Imaging of the nicotinic neurotransmitter system

As for imaging of the muscarinic receptor system, in-vivo mapping of the
nicotinic receptor system has been hampered by the lack or limited
availability of appropriate radiotracers 82. Tracer delivery in the brain of
[11C]nicotine has proved to be mainly determined by cerebral perfusion,
blood-brain-barrier transport or non-specific uptake 137 and did not nec-
essarily correlate with nicotinic receptor availability 82. Recently, [18F],
[11C] and [123I] labeled derivatives of A-85380, a pyridine, were evaluated
as specific radiotracers for the nicotinic α4β2 subtype 138, and have
shown promising results 82, 139, 140. Other approaches for imaging of the
nicotinic neurotransmitter system included radiotracers that are based
on epibatidine 141, 142. One of these is [18F]NCFHEB, which shows a higher
brain uptake, better correlation with nicotinic receptor density and
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faster kinetics than radiofluorinated A-85380 derivatives 82, and this par-
ticular tracer may be suitable for clinical use.

Imaging of the glutamatergic system

The alterations in the glutamatergic system in many neuropsychiatric
diseases have led to the development of several candidate radiotracers
that target in intra-channel PCP or MK-801 site, which include the PET
tracers [18F]MK-801, [11C]ketamine, [18F]AFA, [11C]GMOM and the SPECT
tracer [123I]CNS-1261 143, 144. Although developments in this field are fast,
no tracers that display high in-vivo specificity have been synthesized to
date and human imaging studies using these tracers have shown that
the tracers are either ineffective or not yet fully characterized 144.

Amyloid imaging agents

Another exciting recent development in the field of imaging of dementia
are amyloid tracers, which have shown retention of tracers such as the
thioflavine derivative [N-methyl-11C]Pittsburg Compound B (PIB) or
[18F]FDDNP 145, 146. Of these, the latter binds to both Aβ and NFTs, where-
as the former only labels Aβ in plaques (but not soluble Aβ), which is
considered an advantage as compared to concomitant binding to NFTs.
Although interesting results have been obtained with these tracers, the
in-vivo specificity of such tracers remains questionable 97, since up to
50% of elderly with mild cognitive impairment show high [N-methyl-
11C]PIB binding in the brain 147, 148. Other potential radiotracers that have
been synthesized and evaluated in-vivo include [11C]SB-13, [11C]BF-227
and [11C]MeS-IMPY 149, 150. [18F]-BAY94-9172, which only labels Aβ and
has the practical advantage of being a 18F labeled tracer, which makes it
more suitable for clinical application 151. Although the value of such
tracers has yet to be established, and may be limited for early diagnosis
of dementia, differentiation between AD and other causes of dementia
such as dementia with Lewy bodies or frontotemporal dementia may be
possible using these tracers 148, 151.

Aims and outline of the thesis

The aims of the present thesis were to explore novel candidate radiotracers
intended for imaging of dementia by means of molecular imaging tech-
niques, and to evaluate the value of existing radiotracers that are current-
ly being used, or could potentially be used for imaging of dementia.
The thesis is subdivided in five parts. Part one (this part) includes a gen-
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eral introduction on the epidemiology and neuropathology of various
forms of dementia including the role of dysfunction of the cholinergic
(and glutamate) neurotransmitter system in dementia. Also the present
methods of imaging of dementia using nuclear medicine imaging tech-
niques are described, as well as potential future appliances of PET or
SPECT imaging in dementia. Part two of the thesis describes a series of
in-vitro and related in-vivo experiments that were conducted using
newly synthesized compounds intended as potential SPECT radiotracers
for imaging of the muscarinic M2 receptor in cognitive disorders and
dementia. Part three of the thesis contains in-vivo experiments on exist-
ing radiotracers that bind to neuroreceptors, with the focus on dementia
and cognitive disorders. First, validation of an autoradiographic method,
which is used in two other chapters in this thesis, for use with short-liv-
ing radioisotopes as an alternative method for biodistribution experi-
ments is described. Then the in-vivo binding characteristics of
[123I]CNS-1261, a potential radiotracer for activated NMDA receptors are
reported. The next two chapters evaluate the influence of psychophar-
maceuticals on the binding of previously developed radiotracers for use
in dementia. Another chapter reports on the effects of disruption of the
dopaminergic neurotransmitter system on the binding of the muscarinic
receptor radiotracer [123I]Iododexetimide in the rat brain. In part 4 of
the thesis, a study is presented that covers the differences in binding of
[123I]Iododexetimide in patients suffering from PDD versus PD patients.
In part five of the thesis, a brief summary of the thesis is given and general
conclusions are drawn from the conducted experiments. A more detailed
overview of the experimental sections of the thesis is outlined below.

Chapter 2. In this chapter, the synthesis of a series of iodinated TZTP-
derivatives as potential radiotracers for imaging of muscarinic M2 receptors
using SPECT is described. The compounds were tested in-vitro and the
most promising compound was tested in-vivo in rats. This chapter also
describes the metabolism of the compound that was tested in-vivo and the
effects of different types of anesthesia on the outcome of the in-vivo study.

Chapter 3. Data of in-vitro competitive binding experiments using newly
synthesized candidate tracers for muscarinic receptors are presented in
this chapter. The chapter covers a series of synthesized 6β-ace-
toxynortropane analogues, of which the parent compound was previ-
ously shown to have a very high affinity and selectivity for the mus-
carinic M2 receptor, and the synthesis of the compounds is described.
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Chapter 4. Storage phosphor imaging may be an attractive alternative
for biodistribution studies on short-living neuroreceptor radiotracers in
small animals, and may provide more accurate measurements in small or
complex brain areas as compared to the classical dissection technique.
This chapter describes the experiments that were performed to validate
the storage phosphor imaging technique for use with a series of short-
living radioisotopes, such as 123I. Results of ex-vivo autoradiographic
studies using [123I]FP-CIT on rat brain sections are compared with data
obtained from dissection experiments.

Chapter 5. Excessive activation of NMDA receptors may play a critical
role in the neurodegenerative events in diseases such as AD or Lewy body
disorders. Imaging of the NMDA receptor may help to diagnose patients
that are suffering from neurodegenerative diseases, evaluate disease
activity and may help to select patients that may respond to NMDA
receptor inhibitors. In this chapter, the ex-vivo binding of the recently
developed radiotracer [123I]CNS-1261 to NMDA receptors in the rat brain
is evaluated using the storage phosphor imaging technique. Specific
binding of the radiotracer is demonstrated by blocking of the intra-
channel binding site using MK801 and an attempt was made to increase
binding by co-activation of the receptor by injection with D-serine.

Chapter 6. The dopamine transporter radiotracer DaTSCAN ([123I]FP-CIT)
has proven to be a valuable diagnostic tool to discriminate Lewy body
dementia from Alzheimer’s dementia, and was recently approved for this
indication. Many patients that are referred for such scans already use
acetylcholinesterase inhibitors, but the effects of such medication on the
binding of the radiotracer to dopamine transporters in the living brain are
unknown. In this chapter, the effects of single intravenous administra-
tion and single or subchronic administration of the acetylcholinesterase
inhibitors rivastigmine and donepezil on striatal [123I]FP-CIT binding in
rats are evaluated using the classical dissection technique.

Chapter 7. In-vivo muscarinic receptor SPECT, using non-selective
muscarinic radiotracers such as [123I]Iododexetimide, may be of value to
select cognitively compromised patients that could benefit from acetyl-
cholinesterase inhibitors. However, many patients will already use neu-
roleptics when such imaging procedures will be performed. These neu-
roleptics may influence the binding of muscarinic receptor tracers in the
brain. This chapter reports on the effects of repeated administration of
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the neuroleptics olanzapine and risperidone on the biodistribution of
[123I]Iododexetimide in the rat brain.

Chapter 8. Cholinergic disturbances attribute to the cognitive distur-
bances that are present in the Lewy body disorders PD, PDD and DLB.
Disruption of the dopaminergic system is thought to induce hyperacti-
vation of the cholinergic neurotransmitter system and this may be
detected by in-vivo imaging using [123I]Iododexetimide as a radiotracer.
In this chapter, the effects of a unilateral hypodopaminergic state of the
brain, resulting from a unilateral 6-hydroxydopamine lesion (an animal
model for PD) on the biodistribution of [123I]Iododexetimide are reported.

Chapter 9. Cognitive impairment in Parkinson’s disease (PD) and Parkin-
son’s disease related dementia (PDD) are associated with deficiencies in
the cholinergic neurotransmitter system. In chapter 9, we present data
from a human brain SPECT study that compares the distribution of
[123I]Iododexetimide in PDD patients to the distribution in PD patients.
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CHAPTER 2

SYNTHESIS AND EVALUATION OF IODINATED
TZTP-DERIVATIVES AS POTENTIAL RADIOLIGANDS FOR
IMAGING OF MUSCARINIC M2 RECEPTORS WITH SPECT
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Abstract
A series of iodinated thiadiazolyltetrahydro-1-methyl-pyridine (TZTP) compounds was syn-
thesized and evaluated in-vitro and in-vivo as potential radioligands for imaging of the
muscarinic M2 receptor subtype with SPECT. One of these compounds, 5-(E)-iodopen-
tenylthio-TZTP, has high in-vitro affinity (Ki=4.9nM) and moderate selectivity for the mus-
carinic M2 receptor subtype. Although the uptake pattern in the biodistribution studies
in rats is consistent with muscarinic M2 receptor distribution, specific in-vivo binding to
these receptors could not be demonstrated. The usefulness of this tracer in human
SPECT imaging may therefore be limited.
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Introduction

Neurodegeneration and imbalance of several neurotransmitter systems
are characteristics of the neuropathology in Alzheimer’s disease 1-5. Loss of
perikarya is present in regions of the neocortex and subcortical brain
regions, such as the nucleus basalis of Meynert, and as a consequence
neurotransmitter-specific brain structures are affected also 6-10. In this
disease, presynaptic markers of the muscarinic neurotransmitter system
such as choline acetyltransferase (ChAT) and acetylcholine (ACh) synthe-
sis, are diminished while synapse density decreases 11-13 which correlates
with the degree of cognitive impairment 14, 15. A loss of presynaptic mus-
carinic receptors of the M2 subtype accompanies the presynaptic choliner-
gic defect 16, 17. The use of acetylcholinesterase-inhibitors, a current thera-
peutic strategy for Alzheimer’s disease, is based on increasing the concen-
tration of ACh in the synaptic cleft by inhibition of its breakdown 18-20.
The muscarinic M2 receptor subtype plays a role as an autoreceptor in
regulation of ACh release into the synaptic cleft and is located predomi-
nantly, but not exclusively, on the plasma membrane of the presynaptic
muscarinic nerve terminal 16, 21-23. In-vivo visualization and quantifica-
tion of muscarinic M2 receptor subtypes in the human brain by means of
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positron emission tomography (PET) or single photon emission comput-
ed tomography (SPECT) may therefore be used to monitor disease pro-
gression and effectiveness of experimental therapeutic interventions in
early stages of Alzheimer’s disease.
In earlier studies, a number of 5-[(4-alkylthio)-1,2,5-thiadiazol-3-yl]-1,2,
3,6-tetrahydro-1-methylpyridines (TZTPs) was prepared by Sauerberg
et al. 24. Some of these were potent ligands for muscarinic receptors.
These compounds displayed subtype selectivity and agonist/antagonist
characteristics depending notably on the length of the alkyl side chain 24, 25.
The 3-fluoropropyl derivative was found to be an M2 selective agonist,
and the 18F-labeled analogue was proposed for imaging these receptors
with PET 24-27. This compound showed nanomolar binding affinity
(Ki=2.2nM) and a moderate selectivity for the muscarinic M2 receptor
subtype in-vitro and in-vivo 25, 28. PET studies with healthy subjects have
been performed and show promising results 29. However, adequate radio-
tracers for SPECT imaging of the muscarinic M2 receptor are not avail-
able yet.
Therefore, the goal of this study was to synthesize and evaluate the
binding characteristics of five iodinated TZTP-derivatives as potential
SPECT tracers.

Binding affinity and in-vitro selectivity was determined by competitive
binding assays using human muscarinic receptor subtypes that were
cloned in Chinese hamster ovary cells. Additionally, we investigated the
in-vivo binding characteristics of the 123I-radiolabeled form of a particu-
lar TZTP (5-(E)-iodopentenylthio-TZTP) by means of biodistribution
and blocking experiments in rats. To study the metabolism of the radio-
iodinated TZTP-derivative, we also performed thin layer chromatography
of rat serum. Finally, we compared the influence of different types of
anesthesia on the results of the biodistribution of this TZTP-derivative.

Material and methods
Chemical synthesis of iodoalkenylthio-TZTP compounds

Thin layer chromatography was performed with Merck 60 F254 silica gel
plates and compounds were visualized with UV and iodine vapor. Column
chromatography was performed on Merck silica gel 60. Melting points
were determined on a Büchi melting point apparatus and are uncorrected.
1H NMR spectra were measured in CDCl3 on a Varian Gemini (300MHz)
or on a Varian Mercury (400MHz). Proton chemical shifts (δ) are reported
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in ppm downfield from tetramethylsilane (TMS). GC analyses were per-
formed on a Shimadzu GC/MS-QP5000 using a Zebron ZB-35 column.

METHOD A

Synthesis of 5-[4-((5-TRIBUTYLSTANNYL-4Z-PENTENYL)THIO)-1,2,5-THIADIA-
ZOL-3-YL]-1,2,3,6-TETRAHYDRO-1-METHYLPYRIDINE (Z-4c)

A mixture of Li2S (30.0mg; 0.65mmol) and 5-(4-chloro-1,2,5-thiadiazol-
3-yl)-1,2,3,6-tetrahydro-1-methylpyridine (Figure 2.1.) (108mg;
0.50mmol) in DMF (2mL) was kept at 61ºC in an argon atmosphere for
1.5h. Then at room temperature a solution of 5-tributylstannyl-4E-pen-
tenyl chloride Z-3c (166mg; 0.42mmol) in DMF (2mL) was added. The
mixture was stirred for 18h at ambient temperature. Water (15mL) and
ether (15mL) were added to the red suspension. The layers were separat-
ed and the water layer was extracted with ether (2x10mL). The com-
bined ether layers were washed with 15mL of a 10% NaCl solution and
with saturated brine (6mL), dried over Na2SO4, filtered and concentrat-
ed in vacuo. The residue was purified by column chromatography with
hexane/EtOAc/Et3N (100/25/0.6) to yield a colourless oil of Z-4c (168
mg; Yield 70 %). Rf=0.48 (t-BuOMe/NH3 (7M) in MeOH=40/1). 1H
NMR (400MHz, CDCl3): δ 0.8-1.0 (m, 15H), 1.2-1.4 (m, 6H), 1.4-1.6 (m,
6H), 1.9 (m,2H), 2.2 (m, 2H), 2.4 (m, 5H), 2.6 (t, J 5.7 Hz, 2H), 3.3 (m,
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Figure 2.1. Synthesis of iodoalkenylthio-TZTP-derivatives.

2H), 3.4 (m,2H), 5.8 (d, J 12.1 Hz, 1H), 6.5 (dt, J 7.0 and 12.5Hz, 1H),
6.8 (m, 1H).

5-[4-((5-TRIBUTYLSTANNYL-4E-PENTENYL)THIO)-1,2,5-THIADIAZOL-3-YL]-
1,2,3,6-TETRAHYDRO-1-METHYLPYRIDINE (E-4c)

This compound was prepared as described in Method A, using 5-trib-
utylstannyl-4E-pentenyl chloride (E-3c). 1H NMR (400MHz, CDCl3): δ
0.8-1.0 (m, 15H), 1.2-1.4 (m, 6H), 1.4-1.6 (m, 6H), 1.9 (m, 2H), 2.2 (m,
2H), 2.4 (m, 5H), 2.6 (t, J 5.7 Hz, 2H), 3.3 (m, 2H), 3.4 (m,2H), 5.9 (m,
2H), 6.8 (m, 1H).

5-[4-((3-TRIBUTYLSTANNYL-2E-PROPENYL)THIO)-1,2,5-THIADIAZOL-3-YL]-
1,2,3,6-TETRAHYDRO-1-METHYLPYRIDINE (E-4a)

This compound was prepared as described in Method A, using E-3a.
Yield: 74 %. Rf=0.53 (EtOAc/NH3 (7M) in MeOH=40/1). 1H NMR
(300MHz, CDCl3): δ 0.8-1.0 (m, 15H), 1.2-1.4 (m, 6H), 1.4-1.6 (m, 6H),
2.4 (m, 5H), 2.6 (t, J 5.6 Hz, 2H), 3.4 (d, J 2.5 Hz, 2H), 4.0 (d, J 6.3 Hz,
2H), 6.1 (dt, J 6.1 and 18.7 Hz, 1H), 6.3 (d, J 18.7 Hz, 1H), 6.8 (m, 1H).

5-[4-((3-TRIBUTYLSTANNYL-2Z-PROPENYL)THIO)-1,2,5-THIADIAZOL-3-YL]-
1,2,3,6-TETRAHYDRO-1-METHYLPYRIDINE (Z-4a)

This compound was prepared as described in Method A, using Z-3a.
Yield: 87 %. Rf=0.47 (hexane/EtOAc/ NH3 (7M) in MeOH=20/20/1).
1H NMR (400MHz, CDCl3): δ 0.8-0.9 (t, J 7.3 Hz, 9H), 0.9-1.0 (m, 6H),
1.2-1.4 (m, 6H), 1.4-1.6 (m, 6H), 2.4 (m, 5H), 2.6 (t, J 5.7 Hz, 2H), 3.4
(m, 2H), 3.9 (d, J 7.7 Hz, 2H), 6.1 (d, J 12.5 Hz, 1H), 6.3 (dt, J 7.3 and
12.5 Hz, 1H), 6.7 (m, 1H).

5-[4-((4-TRIUTYLSTANNYL-3E-BUTENYL)THIO)-1,2,5-THIADIAZOL-3-YL]-
1,2,3,6-TETRAHYDRO-1-METHYLPYRIDINE (E-5b)

This compound was prepared as described in Method A, using E-3b as
starting material. Yield: 79 %. Rf=0.59 (t-BuOMe/NH3 (7M) in
MeOH=40/1). 1H NMR (400MHz, CDCl3): δ 0.8-1.0 (m, 15H), 1.2-1.4
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(m, 6H), 1.4-1.6 (m, 6H), 2.4 (m, 5H), 2.6 (m, 4H), 3.4 (t, J 7.3 Hz, 2H),
3.4 (s, 2H), 6.0 (m, 2H), 6.8 (m, 1H).

5-[4-((4-TRIBUTYLSTANNYL-3Z-BUTENYL)THIO)-1,2,5-THIADIAZOL-3-YL]-
1,2,3,6-TETRAHYDRO-1-METHYLPYRIDINE (Z-5b)

This compound was prepared as described in Method A, using Z-3b as
starting material. Yield: 70 %. Rf=0.57 (t-BuOMe/NH3 (7M) in
MeOH=40/1). 1H NMR (400MHz, CDCl3): δ 0.8-1.0 (m, 15H), 1.2-1.4
(m, 6H), 1.4-1.6 (m, 6H), 2.4 (m, 5H), 2.5 (q, J 7.3 Hz, 2H), 2.6 (t, J 5.6
Hz, 2H), 3.3 (t, J 7.3 Hz, 2H), 3.4 (s, 2H), 5.9 (d, J 12.6 Hz, 1H), 6.5 (dt, J
7.0 and 12.6 Hz, 1H), 6.8 (m, 1H).

METHOD B:

Synthesis of 5-[4-((5-IODO-4Z-PENTENYL)THIO)-1,2,5-THIADIAZOL-3-YL]-
1,2,3,6-TETRAHYDRO-1-METHYLPYRIDINE (Z-5c)

To a stirred solution of Z-4c (150mg; 0.26mmol) in MeOH (4.5mL) was
added in 6h a solution of I2 in MeOH (5.3mL; 0.05M). During the first
0.5h of this period an acetate buffer (4.5mL; 0.1M; pH 5.5) was added
dropwise. After the addition of the iodine solution the reaction mixture
remained slightly yellow. Then an aqueous KF solution (4mL; 0.1M) and
Na2SO3 (0.1mL; 0.1M) were added. The methanol was evaporated and
to the residue Et2O (15mL) was added, saturated NaHCO3 (5mL) and water
(15mL). The layers were separated and the water layer was extracted
with Et2O (2x15mL). The combined ether layers were washed subse-
quently with water (10mL) and brine (8mL), dried (Na2SO4) and con-
centrated in vacuo. The residue was chromatographed with pen-
tane/EtOAc/Et3N (250/175/2) to yield a colourless oil of 5c (91mg;
85%). Rf=0.47 (t-BuOMe/NH3 (7M) in MeOH=40/1). GC>90% (10%
E-isomer). 1H NMR (400MHz, CDCl3): δ 1.8-2.0 (m, 2H), 2.3 (m, 2H),
2.4-2.5 (m, 5H), 2.6 ( m, 2H), 3.3 (m, 2H), 3.4 (m, 2H), 6.2 (dt, J 6.6 and
6.9 Hz, 1H), 6.3 (d, 6.7 Hz, 1H), 6.8 (m, 1H). MS (EI): 407 (M+, 15%),
280 (17%), 240 (22%), 155 (12%), 121 (18%), 94 (18%), 82 (13%), 67
(27%), 42 (100%).

5-[4-((5-IODO-4E-PENTENYL)THIO)-1,2,5-THIADIAZOL-3-YL]-1,2,3,6-TETRA-
HYDRO-1-METHYLPYRIDINE (E-5c):

This compound was prepared as described in Method B, using E-4c as
starting material. Yield: 88 %. GC>95%. 1H NMR (400MHz, CDCl3): δ
1.8-2.0 (m, 2H), 2.2 (m, 2H), 2.4-2.5 (m, 5H), 2.6 (t, J 5.7 Hz, 2H), 3.3
(m, 2H), 3.4 (m, 2H), 6.1 (dt, J 1.5 and 14.6 Hz, 1H), 6.5 (dt, 7.2 and 14.3
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Hz, 1H), 6.7 (m, 1H). MS (EI): 407 (M+, 17%), 280 (20%), 240 (21%),
212 (13%),121 (20%), 94 (18%), 82 (14%), 67 (28%), 53 (17%), 42
(100%).

5-[4-((3-IODO-2E-PROPENYL)THIO)-1,2,5-THIADIAZOL-3-YL]-1,2,3,6-TETRA-
HYDRO-1-METHYLPYRIDINE (E-5a)

This compound was prepared as described in Method B, using E-4a as
starting material. Yield: 77 %. Rf=0.37 (hexane/EtOAc/Et3N=20/20/1).
GC>98 %. 1H NMR (300MHz, CDCl3): δ 2.4-2.5 (m, 5H), 2.6 (t, J 5.4
Hz, 2H), 3.4 (dd, J 2.5 and 4.5 Hz, 2H), 3.9 (d, J 7.2 Hz, 2H), 6.5 (d, J
14.6 Hz, 1H), 6.7 (m, 2H). MS (EI): 379 (M+, 3%), 252 (44%), 212 (32%),
169 (52%), 121 (18%), 94 (17%), 42 (100%).

5-[4-((3-IODO-2Z-PROPENYL)THIO)-1,2,5-THIADIAZOL-3-YL]-1,2,3,6-TETRA-
HYDRO-1-METHYLPYRIDINE (Z-5a)

This compound was prepared as described in Method B, using Z-4a as
starting material. Yield: 89 %. Rf=0.40 (hexane/EtOAc/Et3N=20/20/1).
GC >98 %. 1H NMR (400MHz, CDCl3): δ 2.4-2.5 (m, 5H), 2.6 (t, J 5.6
Hz, 2H), 3.4 (dd, J 2.6 and 4.5 Hz, 2H), 4.0 (d, J 7.0 Hz, 2H), 6,4 (d, J 6.8
Hz, 1H), 6.5 (dt, J 6.4 and 7.0 Hz, 1H), 6.7 (m, 1H). MS (EI): 379 (M+,
2%), 252 (44%), 212 (29%), 169 (52%), 121 (17%), 94 (17%), 42 (100%).
5-[4-((4-IODO-3E-BUTENYL)THIO)-1,2,5-THIADIAZOL-3-YL]-1,2,3,6-TETRAHY-
DRO-1-METHYLPYRIDINE (E-5b)

This compound was prepared as described in Method B, using E-4b as
starting material. Yield: 86%. Rf=0.35 (hexane/EtOAc/NH3 (7M) in
MeOH=20/20/1). GC>84 % (16% Z-isomer). 1H NMR (400MHz,
CDCl3): δ 2.4-2.7 (m, 9H), 3.3-3.5 (m, 4H), 6.1 (dt, J 1.5 and 14.6 Hz,
1H), 6.6 (dt, J 7.2 and 14.6 Hz, 1H), 6.7 (m, 1H). MS (EI): 393 (M+, 6%),
266 (17%), 213 (40%), 180 (11%), 148 (16%), 121 (20%), 94 (18%), 82
(26%), 53 (37%), 42 (100%).

5-[4-((4-IODO-3Z-BUTENYL)THIO)-1,2,5-THIADIAZOL-3-YL]-1,2,3,6-TETRAHY-
DRO-1-METHYLPYRIDINE (Z-5b)

This compound was prepared as described in Method B, using Z-4b as
starting material. Yield: 91 %. Rf=0.45 (hexane/EtOAc/Et3N=20/20/1).
GC>98 %. 1H NMR (400MHz, CDCl3): δ 2.4-2.5 (m, 5H), 2.5-2.7 (m,
4H), 3.3-3.5 (m, 4H), 6.3-6.4 (m, 2H), 6.7 (m, 1H). MS (EI): 393 (M+,
7%), 266 (9%), 213 (45%), 180 (11%), 148 (17%), 121 (20%), 94 (19%), 82
(27%), 53 (43%), 42 (100%).
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5-[4-(4-IODOBENZYLTHIO)-1,2,5-THIADIAZOL-3-YL]-1,2,3,6-TETRAHYDRO-1-
METHYLPYRIDINE (6)

This compound was prepared as described in Method A, using 4-
Iodobenzyl bromide. Mp 130-131ºC. GC>98%. 1H NMR (400MHz,
CDCl3): δ 2.4 (s, 5H), 2.6 (t, J 5.9 Hz, 2H), 3.4 (m, 2H), 4.4 (s, 2H), 6.7
(m, 1H), 7.2 (d, J 8.0 Hz, 2H), 7.6 (d, J 8.4 Hz, 2H). MS (EI): 429 (M+,
30%), 396 (9%), 217 (51%), 212 (63%), 169 (19%), 121 (24%), 90 (46%),
42 (100%).

In-vitro competitive binding assays

Relative binding affinity and selectivity ratios of the various TZTP-deri-
vatives for the three tested muscarinic receptor subtypes, were deter-
mined in competitive binding assays using [3H]N-methyl scopolamine
([3H]NMS, NEN Lifesciences, Boston, USA) as a reference. The newly
synthesized TZTP-derivatives were used as competitors. Membrane sus-
pensions from CHO-cells expressing either the recombinant human mus-
carinic M1, M2 or the M3 receptor subtype, were obtained from Packard
BioScience (Zellik, Belgium). Protein concentrations varied between the
receptor subtype suspensions with M1 (1.2mg/mL), M2 (4.3mg/mL) and
M3 (1.5-2.0mg/mL).
We used the protocol that was provided by the manufacturer of the
receptors. In short, multiple (3-5) aliquots of diluted membranes (factor
1:100) expressing either the M1 or M2 receptor subtypes, were incubated
for 60 min. Aliquots (n=3-5) of diluted membranes (factor 1:100) expres-
sing the M3 receptor subtype were incubated for 120 min. Incubations
were performed at 27ºC in a total volume of 540µL containing 500µL
diluted membranes, 20µL [3H]NMS, and 20µL competitor in increasing
concentrations. The incubation buffer contained 50mM TRIS-HCl,
10mM MgCl2 and 1mM EDTA (pH 7.4 at 4ºC). The [3H]NMS was used
in a final concentration of 0.2nM for the M1 and M2 assays and 0.09nM
for the M3 assays. The equilibrium dissociation constants in nM of
[3H]NMS for the three receptor subtypes, provided by the manufacturer,
were; 0.15 (M1), 0.20 (M2) and 0.07 (M3). Final competitor concentra-
tions ranged from 1.0·10-11M to 1.0·10-3M. Non-specific binding was
determined using atropine as a competitor in a concentration of 1µM.
After an incubation period of 60 (M1, M2) or 120 min (M3), the reaction
was rapidly terminated by vacuum filtration over GF/C glass fiber fil-
ters, presoaked in 0.3% polyethylenimine (Sigma-Aldrich, Munich,
Germany), and washed 5 times with 1mL of ice-cold buffer. Filters were
placed in vials with 10mL of scintillation fluid (Ultima Gold, Packard
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BioScience, Zellik, Belgium) and counted in a liquid scintillation counter
with cpm to dpm conversion (Tri-Carb 2900 TR Liquid Scintillation
Analyzer, Packard. Software version: 3100).
For each competitor, the inhibition constant (Ki) was calculated from the
EC50 for the muscarinic M1, M2 and M3 subtype with non-linear regres-
sion curve fitting using the computer program Graphpad Prism® (ver-
sion 3.02). Calculations for each receptor subtype were based on the Kd
of [3H]NMS as provided by the manufacturer. The selectivity ratios
were calculated from these inhibition constants of the tested derivatives
for the three receptor subtypes.

Radiosynthesis of [123I]5-(E)-iodopentenylthio-TZTP

The tributyltin precursors 4 were radiolabeled with 123I by electrophilic
substitution. Typically, the following procedure was used: 123I iodide
(740MBq, specific activity 185 MBq/nmol) in 250mL 0.05M NaOH was
added to 400mL of ammonium acetate buffer solution (pH 4). A solution
of 240mg (0.42mmol) of tributyltin precursor (4c) in 80mL ethanol and
50mL of oxydant (30% w/w hydrogen peroxide) was added. Finally,
25mL of 4M sulfuric acid solution was added to the reaction mixture.
After 10 min at ambient temperature the product was isolated on a RP-
18 Solid Phase Extraction (SPE) cartridge from which it was eluted in
ethanol. The product was purified by HPLC (RP-18, ammonium acetate
buffer, 0.15M (pH 9.3)/ethanol=35/65). Complete separation of E- and
Z-isomers was achieved. The radiotracer was finally isolated on a RP-18
SPE cartridge, and from this eluted with 0.7mL ethanol. After evapora-
tion of solvent, the product was dissolved in ethanol plus isotonic sodi-
um acetate buffer (pH 4.7, 6-9% ethanol) and dispensed via sterile filtra-
tion. The radiochemical purity was typically >98%, and the overall
radiochemical yield was about 45%.

In-vivo biodistribution studies

To investigate the in-vivo biodistribution of HPLC-purified 5-(E)-iodo-
pentenylthio-TZTP, male Wistar rats (Harlan, Horst, The Netherlands)
received an injection of about 3.7MBq [123I]5-(E)-iodopentenylthio-
TZTP/0.5mL buffer (acetate-buffer pH 4.8, with 6-7% ethanol) into a
lateral tail vein under i.m. ketamine/xylazine (2:1) anesthesia.
Groups of rats (n=3 per group, body weight 250-300g) were sacrificed at
different time points (15 and 30 min, 1, 2, 4, 6 and 24h) after injection
of [123I]5-(E)-iodopentenylthio-TZTP. Rats were sacrificed by bleeding
via heart puncture under ketamine/xylazine (2:1) anesthesia. Blood, fat,
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muscle, organs
and various
brain struc-
tures were
rapidly excised
and weighed
separately at
each time
point. The 123I
radioactivity
of each struc-
ture was
assayed in a
gamma
counter
(Minaxi γ
A5530,
Packard). The
data were cor-
rected for
radioactive
decay and the

radioactivity was expressed as a percentage of the injected dose, multi-
plied by the body weight in grams per gram tissue or blood (% ID x g/g)
30 and the SEM.
In order to estimate a possible effect of anesthesia on our results, we
compared the radioactive uptake in the ketamine/xylazine anesthetized
rats with the uptake in Hypnorm (fentanyl/fluanisone)/midazolam/
H2O (1:1:2) or isoflurane anesthetized rats at the early time point of 30
min and the later time point of 1.5h after injection of [123I]5-(E)-iodo-
pentenylthio-TZTP (n=4 per group). Unfortunately, the animal ethics
committee did not provide approval to perform experiments with awake
animals. Biodistribution data of the various groups were therefore com-
pared with the ketamine/xylazine group. The same protocol was used as
described above, except for the anesthesia.

In-vivo blocking experiments

Five min prior to injection of [123I]5-(E)-iodopentenylthio-TZTP, groups
of ketamine/xylazine anesthetized rats (n=5 per group, body weight
250-300g) received an i.v. injection with an excess of blocker in 0.5mL
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buffer for the following receptor systems: muscarinic (scopolamine 5mg/
kg), nicotinic (nicotine 5mg/kg), dopaminergic (haloperidol 3.75mg/kg)
and serotonergic (ketanserin 5mg/kg) system. A control group (n=5)
received an injection of 0.5mL buffer, also 5 min prior to injection of the
radioligand. The rats were sacrificed at an early time point (15 min) and a
later time point (1.5h) after injection of [123I]5-(E)-iodopentenylthio-TZTP.
In a second blocking study, groups of rats (n=3-5) received an i.v. injec-
tion with cold iodinated 5-(E)-iodopentenylthio-TZTP (5mg/kg in
0.5mL buffer), 5 min prior to injection of the radioligand. In this experi-
ment, rats were sacrificed at the early time point of 30 min p.i. and at a
later time point of 1.5h p.i.
General experimental conditions and data handling were as stated in the
in-vivo biodistribution section. Additionally, we excised the left atrium
in the blocking experiments separately because of its high expression of
muscarinic M2 receptor subtypes in rodents 31.
Based on the results of the biodistribution study performed in isoflu-
rane-anesthetized rats, we also decided to conduct a blocking experi-
ment with this type of anesthesia, using scopolamine (5mg/kg) in 0.5mL
buffer in order to block the muscarinic system. Rats (n=4 per group)
were sacrificed at both an early time point (30 min) and a later time
point (1.5h) after injection of [123I]5-(E)-iodopentenylthio-TZTP. Data
were expressed as stated in the biodistribution section.

Metabolism of the radioligand

To evaluate in-vivo metabolism of the radioactive ligand, the technique
described by Carson and co-workers 32 was adapted. Briefly, 0.3mL
serum was obtained from rats at 30 min and 1.5h after injection of
[123I]5-(E)-iodopentenylthio-TZTP and added to 0.3mL acetonitrile, vor-
texed for 15 sec and clarified by centrifugation at 13000g for 3 min. For
chromatography, 10µl of each supernatant was spotted on a Whatman
LK5DF silica gel. The plate was developed with CHCl3:MeOH:NH4OH
(90:9:1) for 1h and subsequently exposed to a Fuji BAS-SR imaging plate
for 72h and scanned with a Fuji BAS-2500 Phosphorimager (Fuji Medical
Systems, Stamford, CT, USA). The images were analyzed using AIDA
image analysis software (Version 3.20.007, Raytest Isotopenmeßgeräte
GmbH, Straubenhardt, Germany).

All performed experiments are in agreement with The Dutch Experiments
on Animals Act (1977) and were approved by the Animal Ethics
Committee (AMC, Amsterdam, The Netherlands).

53

Evaluation of TZTP derivatives as M2 radiotracers



54

Ta
b

le
2
.3

.
Bi

o
d

is
tr

ib
u

ti
o

n
o

f
1

2
3
Ir

ad
io

ac
ti

vi
ty

o
f

[1
2

3
I]

-5
-(

E)
-i

o
d

o
p

en
te

n
yl

th
io

-T
ZT

P
in

m
at

u
re

m
al

e
ra

ts
u

n
d

er
ke

ta
m

in
e/

xy
la

zi
n

e.
H

yp
n

o
rm

/m
id

az
o

la
m

o
r

is
o

fl
u

ra
n

e
an

es
th

es
ia

1

K
et

am
in

e/
K
et

am
in

e/
H

yp
n
o
rm

/
H

yp
n
o
rm

/
Is

o
fl

u
ra

n
e

Is
o
fl

u
ra

n
e

xy
la

zi
n
e

xy
la

zi
n
e

m
id

az
o
la

m
m

id
az

o
la

m
3
0

m
in

1
.5

h
3
0

m
in

1
.5

h
3
0

m
in

1
.5

h

Bl
o

o
d

5
1

.8
±

7
.4

9
9

.6
±

8
.9

5
0

.1
±

1
.7

7
3

.7
±

5
.7

5
9

.8
±

3
.5

1
0

6
.4

±
1

0
.2

Fa
t

2
8

.3
±

1
.8

3
4

.1
±

4
.7

2
4

.5
±

2
.5

2
6

.0
±

0
.8

2
9

.0
±

6
.1

3
9

.6
±

8
.1

M
u

sc
le

2
9

.7
±

3
.3

4
2

.9
±

3
.6

3
5

.4
±

2
.0

2
8

.7
±

1
.7

*
4

0
.6

±
2

.8
3

7
.9

±
1

.4
Le

ft
at

ri
u

m
6

3
.7

±
6

.0
7

6
.5

±
7

.4
6

1
.6

±
1

.5
5

1
.2

±
2

.1
9

4
.2

±
1

0
.7

7
1

.3
±

4
.0

H
ea

rt
5

3
.8

±
2

.6
5

7
.7

±
1

.4
5

9
.5

±
2

.3
4

5
.8

±
3

.1
6

9
.8

±
7

.1
5

1
.6

±
2

.9
Lu

n
g

1
8

6
.1

±
2

2
.5

1
5

6
.8

±
7

.9
2

5
0

.0
±

6
3

.0
1

2
7

.6
±

6
.8

2
8

3
.3

±
4

3
.6

1
4

4
.6

±
6

.1
Li

ve
r

1
3

0
9

.1
±

1
5

9
.2

1
0

9
3

.6
±

1
1

8
.7

1
2

2
1

.4
±

1
3

4
.8

1
2

0
1

.3
±

1
6

6
.8

1
0

1
1

.1
±

3
3

.8
7

7
0

.4
±

9
2

.0
Sp

le
en

1
1

1
.0

±
3

0
.7

7
9

.3
±

0
.1

9
1

.1
±

3
.4

6
3

.1
±

3
.9

2
0

6
.9

±
2

2
.4

1
0

9
.0

±
8

.0
*

K
id

n
ey

7
3

1
.6

±
6

9
.0

3
9

5
.1

±
3

0
.9

1
1

6
1

.0
±

6
6

.9
*

4
7

6
.3

±
1

0
8

.3
6

8
8

.0
±

3
0

.7
3

0
8

.0
±

1
3

.9
Pi

tu
it

ar
y

1
3

7
.9

±
1

0
.8

8
1

.3
±

6
.2

1
7

5
.5

±
2

4
.4

6
9

.0
±

6
.7

2
0

9
.1

±
1

3
.3

1
0

6
.7

±
7

.8
*

Tu
b

er
cu

lu
m

o
lf

.
1

0
5

.2
±

3
7

.7
4

3
.1

±
2

.4
7

2
.4

±
5

.9
3

7
.5

±
1

.2
1

6
7

.0
±

1
3

.9
9

3
.7

±
7

.0
*

Fr
o

n
ta

lc
o

rt
ex

6
4

.2
±

1
1

.3
4

0
.5

±
1

.7
8

5
.8

±
9

.8
5

1
.9

±
2

.6
1

7
7

.1
±

1
2

.9
*

1
1

6
.2

±
9

.2
*

St
ri

at
u

m
7

6
.7

±
6

.2
5

2
.5

±
3

.0
7

7
.8

±
7

.7
5

0
.0

±
2

.9
1

4
8

.0
±

5
.9

*
8

9
.1

±
6

.8
*

H
yp

o
th

al
am

u
s

5
9

.3
±

5
.9

4
0

.6
±

3
.7

5
7

.2
±

3
.1

3
3

.5
±

0
.9

1
5

8
.8

±
1

7
.0

*
9

5
.0

±
4

.7
*

A
m

yg
d

al
a

6
3

.3
±

6
.6

4
6

.7
±

2
.1

7
1

.1
±

8
.4

4
8

.4
±

2
.2

1
4

4
.8

±
8

.5
*

9
8

.7
±

7
.7

*
Th

al
am

u
s

7
4

.1
±

1
1

.6
4

2
.0

±
2

.0
7

0
.3

±
7

.4
3

3
.7

±
2

.3
1

8
2

.3
±

1
6

.6
*

1
0

1
.5

±
6

.1
*

H
ip

p
o

ca
m

p
u

s
6

0
.7

±
4

.4
4

7
.4

±
3

.1
7

1
.2

±
8

.0
4

5
.7

±
2

.4
1

3
4

.0
±

5
.0

*
8

8
.6

±
5

.8
*

O
cc

ip
it

al
co

rt
ex

6
0

.8
±

4
.7

4
0

.9
±

2
.4

9
0

.9
±

1
1

.8
5

0
.7

±
3

.3
1

8
5

.5
±

1
2

.4
*

1
0

6
.7

±
6

.7
*

Po
n

s/
m

ed
u

lla
4

9
.2

±
2

.0
3

5
.5

±
1

.1
5

7
.5

±
5

.9
2

7
.6

±
1

.6
1

5
4

.6
±

9
.2

*
1

1
0

.2
±

7
.8

*
C

er
eb

el
lu

m
4

7
.8

±
1

.7
3

2
.9

±
1

.6
5

7
.2

±
8

.0
2

5
.2

±
2

.2
1

3
4

.4
±

8
.3

*
8

4
.8

±
6

.3
*

1
D

at
a

ar
e

g
iv

en
as

%
ID

x
g

/g
an

d
re

p
re

se
n

t
th

e
m

ea
n

s
+

/-
SE

M
o

f
3

-4
ra

ts
.

*
St

at
is

ti
ca

lly
d

if
fe

re
n

t
fr

o
m

th
e

ke
ta

m
in

e/
xy

la
zi

n
e

g
ro

u
p

(P
<

0
.0

5
)

PART 2, CHAPTER 2



Statistical analysis

Differences between groups in the blocking experiments were analyzed
by analysis of variance (oneway ANOVA with a Dunnet post-hoc test
when appropriate) using SPSS 10.0.7. Probability values <0.05 were
considered significant.
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Table 2.4. Blockade of 123I radioactivity uptake by scopolamine, ketanserine, nicotine or haloperidol in
various peripheral tissues and brain structures at 15 min after intravenous injection of [123I]5-(E)-
iodopentenylthio-TZTP in mature male rats under ketamine/xylazine anesthesia1

Control Scopolamine Ketanserine Nicotine Haloperidol

Blood 58.8 ± 3.0 59.1 ± 1.3 53.6 ± 2.7 56.0 ± 3.7 50.0 ± 2.7
Fat 28.1 ± 2.3 25.2 ± 1.2 22.2 ± 1.9 25.6 ± 1.3 26.6 ± 4.5
Muscle 39.6 ± 2.5 34.5 ± 3.1 34.9 ± 1.5 34.7 ± 2.9 30.5 ± 2.4*
Left atrium 69.4 ± 4.6 64.1 ± 3.9 69.3 ± 3.3 72.2 ± 1.9 69.1 ± 6.4
Heart 64.1 ± 3.4 57.0 ± 4.5 66.5 ± 3.1 62.6 ± 3.3 68.2 ± 5.4
Lung 218.7 ± 16.9 171.0 ± 25.9 237.3 ±23.7 242.7 ± 2.9 254.8 ±31.1
Liver 1281.2 ±467.1 1125.5 ± 89.2 1237.1 ±90.3 1319.8 ±56.0 1235.9 ±111.0*
Spleen 82.5 ± 10.8 83.1 ± 6.5 97.2 ± 2.5 98.3 ± 4.7 89.3 ± 8.7
Kidney 699.9 ±152.7 819.0 ± 66.9 940.6 ±55.9 885.9 ±47.0 1026.6 ±96.4*
Pituitary 123.4 ± 11.5 105.8 ± 7.0 123.2 ± 7.3 128.5 ± 7.9 121.0 ±10.8
Tuberculum olf. 72.9 ± 4.7 53.2 ± 5.0 69.9 ± 4.1 78.8 ± 7.3 69.3 ± 8.7
Frontal cortex 80.6 ± 6.6 54.5 ± 4.1 73.4 ± 5.4 87.4 ± 7.0 68.6 ± 7.2
Striatum 74.0 ± 4.9 57.3 ± 5.9 75.2 ± 5.0 92.7 ±12.4 73.0 ± 8.0
Hypothalamus 61.7 ± 3.5 49.2 ± 5.0 61.0 ± 2.3 74.4 ± 9.4 58.3 ± 6.1
Amygdala 69.8 ± 4.3 53.9 ± 7.4 70.0 ± 3.4 79.3 ± 6.6 63.4 ± 7.1
Thalamus 70.8 ± 3.9 53.9 ± 6.1 68.3 ± 2.8 87.9 ±10.5 68.1 ± 7.7
Hippocampus 74.0 ± 3.9 54.4 ± 7.1* 73.1 ± 4.3 79.2 ± 2.6 68.7 ± 7.4
Occipital cortex 77.5 ± 6.8 52.8 ± 4.3 72.2 ± 6.7 89.4 ± 2.4 68.0 ± 7.9
Pons/medulla 61.0 ± 2.8 52.8 ± 5.0 63.7 ± 3.8 73.3 ± 8.1 59.9 ± 6.0
Cerebellum 57.9 ± 3.2 49.5 ± 5.4 60.8 ± 4.1 76.3 ± 8.0 59.8 ± 6.0

1 Data are given as the %ID x g/g and represent the means +/- SEM of 5 rats. In blocking experiments,
the drugs were injected i.v. 5 min before injection of the radioligand and radioactivity was measured
at 15 min post-injection

* Statistically significant different from controls (P<0.05)



Results
Chemical synthesis of iodoalkenylthio-TZTP compounds

To obtain radioligands that are potentially suitable for SPECT imaging,
we prepared iodoalkenylthio-TZTP compounds. The synthetic steps are
depicted in Figure 2.1. The key intermediate is 5-(4-chloro-1,2,5-thiadia-
zol-3-yl)-1,2,3,6-tetrahydro-1-methylpyridine (1).
The tributylstannylalkenols (2) were prepared, according to of Jung and
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Table 2.5. Blockade of 123I radioactivity uptake by scopolamine, ketanserine, nicotine or haloperidol
in various peripheral tissues and brain structures at 1.5h after intravenous injection of [123I]5-(E)-
iodopentenylthio-TZTP in mature male rats under ketamine/xylazine anesthesia1

Control Scopolamine Ketanserine Nicotine Haloperidol

Blood 74.6 ± 4.1 67.2 ± 2.8 75.9 ± 3.8 84.1 ± 3.6 58.5 ± 3.2
Fat 32.7 ± 1.9 28.1 ± 1.0 33.9 ± 1.4 33.0 ± 1.9 29.7 ± 2.2
Muscle 38.0 ± 2.7 32.9 ± 2.0 37.9 ± 0.6 34.3 ± 1.6 31.6 ± 1.1
Left atrium 63.1 ± 4.1 55.8 ± 2.1 63.0 ± 2.5 73.6 ± 1.9 54.8 ± 3.1
Heart 51.9 ± 1.5 49.9 ± 2.0 55.0 ± 0.8 52.9 ± 1.9 50.2 ± 2.1
Lung 150.7 ± 7.2 153.6 ± 14.2 168.6 ± 9.1 161.8 ± 4.2 151.8 ± 8.3
Liver 1263.6 ± 45.0 1379.8 ± 84.9 1423.3 ± 73.4 1307.0 ±30.0 1461.6 ±95.4*
Spleen 70.2 ± 1.7 63.9 ± 4.0 71.2 ± 1.2 71.2 ± 3.0 60.9 ± 2.9
Kidney 427.9 ± 19.5 436.0 ± 23.4 514.5 ± 36.7 420.5 ±14.4 601.6 ±48.3*
Pituitary 101.5 ± 4.3 93.6 ± 9.0 94.2 ± 3.6 102.4 ± 7.1 82.3 ± 5.0
Tuberculum olf. 38.1 ± 1.6 36.4 ± 3.2 41.4 ± 1.5 50.0 ± 3.5* 36.5 ± 2.5
Frontal cortex 37.7 ± 2.0 34.5 ± 3.2 40.8 ± 2.1 49.1 ±12.7* 37.6 ± 3.0
Striatum 43.7 ± 1.4 45.4 ± 4.6 48.7 ± 2.2 73.9 ± 8.2* 50.5 ± 4.2
Hypothalamus 37.9 ± 1.3 38.4 ± 3.7 44.4 ± 2.4 54.9 ± 4.5* 41.3 ± 3.0
Amygdala 41.7 ± 1.2 38.2 ± 3.9 46.0 ± 1.1 63.2 ± 6.1* 44.1 ± 3.2
Thalamus 35.6 ± 1.5 37.3 ± 4.1 41.1 ± 2.7 62.7 ± 6.3* 40.0 ± 4.1
Hippocampus 43.3 ± 1.6 42.4 ± 4.1 48.4 ± 1.6 66.5 ± 5.1* 51.2 ± 4.1*
Occipital cortex 37.7 ± 1.7 36.9 ± 3.2 42.6 ± 2.1 59.7 ± 7.4* 40.2 ± 4.1
Pons/medulla 32.3 ± 1.3 32.3 ± 2.5 36.8 ± 1.8 52.1 ± 4.2* 34.3 ± 3.1
Cerebellum 29.8 ± 1.0 29.7 ± 2.2 34.5 ± 3.1 48.3 ± 3.9* 34.4 ± 3.1

1 Data are given as the %ID x g/g and represent the means +/- SEM of 5 rats. In blocking experi-
ments, the drugs were injected i.v. 5 min before injection of the radioligand and radioactivity was
measured at 1.5h post-injection

* Statistically significant different from controls (P<0.05)



Light 33, by heating the alkynols with tributyltin hydride in toluene in
the presence of the catalyst azobisisobutyronitril (AIBN). The E/Z iso-
mers of the alkenols 2 were partially separated by column chromatogra-
phy. Conversion into the tributylstannylalkenyl chlorides (3) was
achieved by heating the tributylstannylalkenols in a solution of triph-
enylphosphine in carbontetrachloride 34.
Substitution of the OH-group by a chloro-atom was conducted by heating
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Table 2.6. Blockade of 123I radioactivity uptake by cold iodinated 5(E)-iodopentenylthio-TZTP in vari-
ous peripheral tissues and brain structures at 30 min and 1.5h after intravenous injection of [123I]5-
(E)-iodopentenylthio-TZTP in mature male rats under ketamine/xylazine anesthesia1,2,3

Control 30 min TZTP 30 min Control 1.5 h TZTP 1.5 h

Blood 51.8 ± 7.4 64.3 ± 9.6 99.6 ± 8.9 84.8 ± 15.6
Fat 28.3 ± 1.8 23.4 ± 4.7 34.1 ± 4.7 32.8 ± 8.1
Muscle 29.7 ± 3.3 28.1 ± 6.2 42.9 ± 3.6 36.7 ± 6.6
Left atrium 63.7 ± 6.0 58.0 ± 6.0 76.5 ± 7.4 65.8 ± 13.3
Heart 53.8 ± 2.6 54.9 ± 4.5 57.7 ± 1.4 53.5 ± 8.0
Lung 186.1 ± 22.5 167.4 ± 21.2 156.8 ± 7.9 142.7 ± 13.8
Liver 1309.1 ±159.2 1097.1 ± 264.8 1093.6 ±118.7 1045.6 ± 36.9
Spleen 111.0 ± 30.7 72.0 ± 5.5 79.3 ± 0.1 72.8 ± 7.7
Kidney 731.6 ± 69.0 534.1 ± 149.2 395.1 ± 30.9 399.1 ± 56.6
Pituitary 137.9 ± 10.8 81.4 ± 8.2 81.3 ± 6.2 87.6 ± 4.2
Tuberculum olf. 105.2 ± 37.7 52.3 ± 11.6 43.1 ± 2.4 43.4 ± 5.0
Frontal cortex 64.2 ± 11.3 56.3 ± 13.2 40.5 ± 1.7 46.5 ± 7.4
Striatum 76.7 ± 6.2 58.4 ± 14.4 52.5 ± 3.0 49.5 ± 4.0
Hypothalamus 59.3 ± 5.9 48.1 ± 11.8 40.6 ± 3.7 40.1 ± 4.3
Amygdala 63.3 ± 6.6 55.8 ± 15.6 46.7 ± 2.1 44.5 ± 2.2
Thalamus 74.1 ± 11.6 54.2 ± 12.7 42.0 ± 2.0 37.3 ± 2.0
Hippocampus 60.7 ± 4.4 58.6 ± 14.6 47.4 ± 3.1 50.6 ± 5.2
Occipital cortex 60.8 ± 4.7 58.7 ± 15.6 40.9 ± 2.4 39.6 ± 3.3
Pons/medulla 49.2 ± 2.0 45.9 ± 10.7 35.5 ± 1.1 35.2 ± 2.3
Cerebellum 47.8 ± 1.7 43.9 ± 10.0 32.9 ± 1.6 33.0 ± 1.4

1 Data are given as the %ID x g/g and represent the means +/- SEM of 3-4 rats. Cold iodinated 5-(E)-
iodopentenylthio-TZTP was injected i.v. 5 min before injection of the radioligand and radioactivity
was measured at 30 min and 1.5h post-injection

2 Note that the control group data are the same as the data in Table 3
3 No significant differences from control groups were detected



these substances with triphenylphosphine in carbontetrachloride giving
compounds 3 (n=1,2,3). Coupling of 1 with the chlorides 3 (n=1,2,3)
was effected by heating 1 with Li2S in DMF at 60°C, followed by reaction
with 3 at room temperature, giving the tributylstannyl compounds 4 25.
Treatment of these intermediates with iodine produced the final
iodoalkenylthio-TZTP-derivatives 5. In a similar way we prepared the
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Table 2.7. Blockade of 123I radioactivity uptake by scopolamine. measured at 30 min
and 1.5h after intravenous injection of [123I]-5-(E)-iodopentenylthio-TZTP in mature male
rats under isoflurane anesthesia1

Controls Blocked Controls Blocked
(30 min) (30 min) (1.5h) (1.5h)

Blood 68.3 ± 5.4 60.4 ± 3.3 81.6 ± 2.0 84.8 ± 8.5
Fat 26.6 ± 3.3 31.9 ± 3.4 35.1 ± 2.1 34.1 ± 2.2
Muscle 39.4 ± 3.9 41.9 ± 1.5 34.4 ± 2.5 35.5 ± 1.3
Left atrium 93.0 ± 2.7 86.2 ± 8.1 68.6 ± 6.7 82.3 ± 5.8
Heart 75.5 ± 7.3 70.2 ± 2.8 48.9 ± 2.1 51.7 ± 1.7
Lung 320.6 ± 46.6 306.5 ± 26.2 161.8 ± 15.2 152.7 ± 6.5
Liver 948.7 ± 50.9 1066.3 ± 77.4 783.1 ± 47.9 956.2 ±194.9
Spleen 237.9 ± 14.8 214.9 ± 16.7 106.4 ± 3.6 129.1 ± 6.6*
Kidney 613.9 ± 98.5 666.5 ± 34.0 266.7 ± 16.7 319.5 ± 28.4
Pituitary 211.2 ± 31.2 221.1 ± 14.9 143.4 ± 24.3 247.6 ± 71.1
Tuberculum olf. 254.9 ± 75.5 205.9 ± 38.9 112.5 ± 9.4 114.4 ± 3.0
Frontal cortex 205.1 ± 15.2 211.3 ± 25.2 125.0 ± 6.7 137.5 ± 3.5
Striatum 177.4 ± 16.0 156.9 ± 15.9 99.3 ± 7.7 111.3 ± 7.3
Hypothalamus 170.0 ± 14.1 199.0 ± 23.9 115.1 ± 8.2 122.8 ± 5.3
Amygdala 165.1 ± 4.9 163.6 ± 16.4 126.3 ± 18.3 98.2 ± 4.1
Thalamus 212.0 ± 17.6 198.8 ± 15.2 121.4 ± 8.9 122.6 ± 7.5
Hippocampus 153.1 ± 6.8 159.4 ± 16.0 97.8 ± 5.0 100.0 ± 6.5
Occipital cortex 200.5 ± 12.6 186.1 ± 20.2 117.9 ± 4.5 109.9 ± 8.4
Pons/medulla 193.4 ± 6.2 220.8 ± 21.9 126.9 ± 4.1 138.7 ± 9.5
Cerebellum 170.6 ± 3.7 204.1 ± 20.0 92.0 ± 6.1 100.2 ± 7.3

1 Data are given as the %ID x g/g and represent the means +/- SEM of 4 rats. In blocking
experiments, scopolamine was injected 5 min before injection of the radioligand and
radioactivity was measured at 30 min and 1.5h post-injection

* Statistically different from controls (P<0.05)



p-iodobenzylthio-TZTP-derivative. All compounds synthesized were
purified by column chromatogaphy. This also afforded partial separa-
tion of E- and Z-isomers (70-90%).
Initially the E- and Z-isomers of iodoallylthio-, iodobutenylthio- and
iodopentenylthio-TZTP-derivatives were tested as E:Z=1:1 mixtures for
their binding properties to M1, M2 and M3 receptors.

In-vitro competitive binding assays

The outcomes of the in-vitro competitive binding assays, with [3H]NMS
as a reference, are summarized in Table 2.1. Of the tested iodoalkenyl-
TZTP compounds, the 1:1 mixture of 5-(E)- and 5-(Z)-iodopentenylthio-
TZTP showed the most favorable binding characteristics for the mus-
carinic M2 receptor subtype (Ki=7nM). Partially separated E- and
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Table 2.8. Thin layer chromatography of acetonitrile treated rat serum obtained at
30 min and 1.5h after intravenous injection of [123I]-5-(E)-iodopentenylthio-TZTP1

30 min 1.5 h

Peak Rf % of total intensity Rf % of total intensity

1 0.19 43.4 ± 0.6 0.19 49.2 ± 1.7
2 0.30 3.3 ± 0.6 0.30 4.3 ± 0.4
3 0.36 20.8 ± 0.4 0.36 13.7 ± 0.8
4 0.61 1.9 ± 0.1 0.63 1.9 ± 0.1
5 0.72 3.9 ± 0.1 0.73 8.4 ± 0.5
6 0.86 7.4 ± 0.4 0.88 3.6 ± 0.6
7 0.96 12.9 ± 0.5 0.96 12.8 ± 0.7

1 Data are expressed as the background-corrected integral of peaks as a percent-
age of the total background-corrected integral and represent the means of 3
measurements +/- SEM



Figure 2.2. Competition curves of 5-(E)-iodopentenylthio-TZTP and atropine as a
reference for the binding of [3H]NMS to cloned human muscarinic receptor sub-
types, expressed on CHO-cells. Data are expressed as means ± SEM from 5 assays.

Z-isomers of the pentenyl derivative were therefore examined each and
the results are shown in Table 2.1. 5-(E)-iodopentenylthio-TZTP showed
the highest binding affinity for the muscarinic M2 receptor subtype with
an inhibition constant in the low nanomolar range (=4.9nM). The com-
petition curves of 5-(E)-iodopentenylthio-TZTP are plotted in Figure 2.2.
Although showing slightly lower affinity for the M2 receptor subtype
than 5-(E)-iodopentenylthio-TZTP, the iodinated allylthio-, butenylthio-
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and the 5-(Z)-iodopentenylthio-TZTP-derivatives also showed affinity
in the low nanomolar range (Ki=111 to 19.8nM). The p-iodobenzylthio-
TZTP-derivate showed affinity for the M2 receptor subtype in the
micromolar range (1.3µM). The 5-(E)-iodopentenylthio-TZTP-deriva-
tive was approximately two times more selective for the M2 than for the
M1 receptor subtype and nine times more selective for the M2 than for
the M3 receptor subtype. The other tested derivatives, or isomer mix-
tures, had selectivity ratios for M2 over M1 or M3 ranging from 1 to 5.

In-vivo biodistribution in rats

The biodistribution of radioactivity after intravenous injection of [123I]5-
(E)-iodopentenylthio-TZTP in rats is shown in Table 2.2. Until 30 min
post-injection (p.i.), there was a higher uptake of the radioligand in brain
than that in blood. Compared to the other brain structures, a significant
higher absolute uptake in the pituitary gland was seen in the first 6h
after injection. In contrast, no significant difference in uptake could be
detected between the other brain areas, although a slightly lower uptake
was present in the cerebellum. Radioactive uptake gradually declined in
the 24h after injection, with a stable phase between 1 and 2h p.i.
Radioactivity gradually accumulated in the blood until 2h p.i., and sta-
bilized for at least 6h. There was a stable uptake in fat and muscle tissue
in the first 6h of the experiment. Rapid and high absolute accumulation
was seen in the liver and kidneys. Until 30 min p.i., the heart contained
a higher concentration of radioactive compound than blood. In the
lungs, radioactivity was higher than in blood at least up to 6h p.i.. In
the liver, uptake declined gradually after 2h p.i. In the kidneys, lungs
and spleen, a sharp decline after 15 min and a gradual decline in the fol-
lowing hour was detected. All peripheral organs showed a stable phase
in decline between 1 and 2h p.i.
No significant differences were observed in the uptake of [123I]5-(E)-iodo-
pentenylthio-TZTP between the ketamine/xylazine and Hypnorm/
midazolam subgroups in the brain, both at 30 min and 1.5h after injec-
tion (Table 2.3). An M2 receptor mediated binding pattern was seen in
both groups. In contrast, isoflurane anesthetized rats showed a signifi-
cantly (P<0.05) higher uptake in almost all brain areas at both 30 min
and 1.5h after injection of [123I]5-(E)-iodopentenylthio-TZTP as com-
pared to the ketamine/xylazine-subgroup. An M2 receptor mediated
binding pattern was not detected in the 1.5h group. A significantly
higher radioactive uptake was not observed in peripheral organs, except
for uptake in the spleen at 1.5h p.i.
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In-vivo blocking experiments in rats

Based on the data of the biodistribution study, we studied competitive
in-vivo effects of blockers on [123I]5-(E)-iodopentenylthio-TZTP binding
at an early time point (15 min) and a later time point (1.5h) after injec-
tion of the radioligand (Tables 2.4. and 2.5.). Distribution of radioactivity
in the control groups resembled that of the 15 min, 1h or 2h groups
obtained from the initial biodistribution experiment.
In comparison to control data, pre-injection of the muscarinic blocker
scopolamine resulted in a decreased uptake at 15 min after injection of
the radiotracer in all studied brain structures, reaching statistical signif-
icance only in the hippocampus (Table 2.4.). Such a decrease was not
observed 1.5h p.i. (Table 2.5.). Pre-injection of nicotine resulted in a sig-
nificant enhanced uptake in all brain structures 1.5h p.i., except for the
pituitary gland (Table 2.5.). Pre-injection of ketanserine or haloperidol
did not affect uptake of the radiotracer significantly. This was true both
for the 15 min and the 1.5h p.i. data (Tables 2.4. and 2.5.).
There was a significant higher uptake of radioactivity in muscle tissue at
15 min p.i., and in the liver as well as in kidneys at 15 min and 1.5h after
pre-injection with haloperidol. The other peripheral organs and tissues did
not show significant differences in uptake between blocking and control
groups (Tables 2.4. and 2.5.). Although not statistically significant, the
heart (including the left atrium), and lungs clearly showed a small decrease
in radioactive uptake at 15 min after blocking with scopolamine.

Compared to control data, pre-injection with cold iodinated 5-(E)-iodo-
pentenylthio-TZTP also resulted in a slightly lower uptake of radioac-
tivity in most brain areas, both at 30 min and 1.5 h after injection of
[123I]5-(E)-iodopentenylthio-TZTP (Table 2.6.), but no statistically sig-
nificant differences could be detected.
Blocking experiments in isoflurane anesthetized rats were performed
also at two time points (30 min and 1.5h after injection of the radiotracer).
Pre-injection of scopolamine 5 min prior to injection of [123I]5-(E)-iodo-
pentenylthio-TZTP did not result in a significant decrease of radioactivity
in the brain at both 30 min and 1h (Table 2.7.). In peripheral organs,
only the spleen showed a slight, but significant increase of radioactive
uptake at 1.5h after injection.

Metabolism of the radioligand
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Thin layer chromatography of rat serum obtained at 30 min and 1.5h after
injection of [123I]5-(E)-iodopentenylthio-TZTP, revealed several peaks in
the chromatograms (Figure 2.3.). The background-corrected integrals of
the peaks are shown as percentages of the background-corrected integral
of the entire chromatogram in Table 2.8. In this table, peak 7 represents
the parent compound and/or metabolites as identified by co-migration
with unmetabolized [123I]5-(E)-iodopentenylthio-TZTP in a control lane
(control chromatogram not shown).

Figure 2.3. Chromatograms of [123I]-5-(E)-iodopentenylthio-TZTP and metabo-
lites in rat serum at 30 min (A) and 1.5h (B) after injection of the radioligand.
Retardation factors represent the means of 3 measurements. Peak 7 represents
the parent compound.

Discussion

We have synthesized and studied the in-vitro and in-vivo binding char-
acteristics of five TZTP-derivatives as potential SPECT agents for the
muscarinic M2 receptor subtype. Several of these compounds showed a
high affinity for this receptor within the nanomolar range in displace-
ment experiments with the subtype nonselective antagonist [3H]N-
methyl scopolamine. One of these compounds, 5-(E)-iodopentenylthio-
TZTP, showed an affinity in the low nanomolar range (4.9nM) for the
M2 receptor with an in-vitro selectivity of approximately 2 and 9 for M2
over M1 and M2 over M3, respectively. In-vivo biodistribution studies
with this compound showed that, after crossing the blood brain barrier,
it distributes with a M2 pattern of localization within the brain up to 30
min p.i. 35. The present data showed that the uptake of the radiotracer
could be decreased by the muscarinic antagonist scopolamine, reaching
statistical significance only in the hippocampus 15 min after injection
of the radiotracer. No blocking effects of scopolamine were found at
1.5h after injection of the radiotracer.
The presently observed high affinity of newly synthesized iodoalkenyl-
thio-TZTP-derivatives for the M2 receptor is in line with earlier studies
on (fluoro)alkylthio-TZTP compounds. For example, Kiesewetter and
co-workers 25 found that FP-TZTP had a high affinity (Ki 2.2nM for the
M2 receptor) and selectivity for the muscarinic M2 receptor subtype
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(selectivity ratio to M1 receptor: 3, ratio to M3 receptor: 36).
In our study, the inhibition constants of the E:Z (1:1) mixtures for binding
to the M2 receptor of the iodoallylthio-TZTP, iodobutenylthio-TZTP
and iodopentenylthio-TZTP were 16, 11 and 7nM, respectively. The
mixture with the lowest Ki in displacing N-methyl scopolamine, 5-(E)-
and 5-(Z)-iodopentenylthio-TZTP, was selected for further evaluation
after partial separation of E- and Z-isomers. Of these, the 5-(E)-iodopen-
tenylthio-TZTP had the most favorable in-vitro binding characteristics
for the muscarinic M2 receptor subtype (Ki=4.9nM, selectivity ratio for
M2 to M1: 2, ratio to M3: 9). In comparison to these two tracers, p-
iodobenzylthio-TZTP showed a much lower affinity to the M2 receptor
(Ki=1270nM).
The results of the competitive binding studies performed with the isomer
mixtures suggest that by increasing the alkenyl-chain, the affinity for
the M2 receptor may be increased (Table 2.1.). On the other hand,
increasing the length of the alkenyl-chain will result in more lipophilic
tracers, likely displaying more non-specific binding.
In this study, we assessed the affinity of the various agonistic deriva-
tives for three muscarinic receptors by competition with the antagonist
[3H]N-methyl scopolamine. No competition with an agonist could be
achieved on muscarinic M1 and M3 receptor subtypes (data not shown).
This phenomenon was also observed by Sauerberg et al. 27. Competition
studies with the agonist [3H]Oxotremorine-M as a reference, revealed a
Ki of 2.5nM of 5-(E)-iodopentenylthio-TZTP for the M2 receptor (simi-
lar to FP-TZTP 25, data not shown in results section).
The results of our biodistribution experiment clearly showed uptake of
radiolabeled 5-(E)-iodopentenylthio-TZTP in rat brain, since the per-
centage of radioligand per g brain tissue was higher than in blood up to
30 min p.i. This indicates permeability of the blood brain barrier for the
derivative. Permeability of the blood brain barrier has also been clearly
shown for other TZTP-derivatives 25, 36.
Several studies in rat brain showed a higher density of M2 receptors in
the cortex, thalamus and pons/medulla than in the cerebellum 35, 37. Up
to 30 min after injection, we also observed such an M2-like pattern in
the brain of rats with a clearly higher uptake in the cortex, thalamus
and pons/medulla than in cerebellum. Such a pattern has also been
shown at 60 min after injection of radiofluorinated FP-TZTP in rats 38.
No significant differences in radioactive uptake between the various
brain structures were seen after this particular time point.
We presently observed more radioactivity in heart than in blood in the
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first 30 min after injection. Indeed, a high density of muscarinic M2
receptors in the left atrium has been reported in rodents 31. Similarly, the
intense uptake in lung tissue indicates the high density of muscarinic
receptors 39. The biodistribution study showed intense radioactivity in
the liver. The temporary decrease of radioactivity in blood (at 30 min
p.i.), followed by an increase of activity, is probably the result of re-
uptake of metabolites from the gut. These present observations are in
agreement with previous studies with TZTP-derivatives that were per-
formed by Kiesewetter and co-workers 26. For FP-TZTP, his group
showed that 15 min after injection of the radiotracer only 10 percent of
the parent compound was detectable in blood. The percentage of parent
compound in the brain declined from 90% at 15 min to 65% at 45 min
after injection, which may indicate fast metabolism or clearance of the
parent compound.
[123I]5-(E)-iodopentenylthio-TZTP showed a pattern of binding in the
brain consistent with the M2 receptor mediated binding up to 30 min
after injection, since the uptake was higher in brain areas with a high
concentration of M2 receptors versus areas with a low concentration of
these receptors such as the cerebellum. We showed the competitive
effects of [3H]N-methyl scopolamine on the binding of TZTPs to mus-
carinic receptors in-vitro. In agreement with this, in in-vivo experi-
ments, pre-injection with the muscarinic blocker N-methyl scopolamine
resulted in a reduction of radioactive uptake in all brain areas, reaching
statistical significance only in the hippocampus (this is true in rats
under ketamine/xylazine anesthesia, Table 2.4.). Thus, the antagonist
N-methyl scopolamine is able to compete with the binding of 5-(E)-
iodopentenylthio-TZTP to muscarinic receptors in-vitro and in-vivo.
Pre-injection of the cold iodinated TZTP-derivative also resulted in a
slightly decreased uptake of radioactivity in most brain areas, and mus-
carinic receptor-rich peripheral organs at the time point of 30 min and
1.5h p.i., however this was not significant.
All in-vivo blocking experiment data together show a clear tendency for
specific binding to muscarinic M2 receptors of the tracer. However,
since we were not able to show statistically significant differences (only
in the hippocampus at 15 min p.i. by using scopolamine as a blocker),
specific in-vivo binding of the radiotracer cannot be claimed. It can
therefore be assumed that there is a substantial amount of non-specific
binding which could either be induced by high lipophilicity of the trac-
er, or uptake of lipophilic radioactive metabolites. Interestingly,
Eckelman 36 reported the formation of such a radioactive metabolite of
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[18F]FP-TZTP in rats, but this metabolite represented less than 5% of the
radioactive uptake in the brain at 30 min p.i. As expected, our thin layer
chromatography indicates that already 30 min after injection, a sub-
stantial part of the parent compound has been metabolized. As shown
in Figure 2.3., formation of radioactive metabolites in serum is observed
with lipophilicity less than the parent compound. Finally, formation of
metabolites with lipophilicity higher or in the range of the parent com-
pound cannot be excluded.
Replacement of a fluoropropyl- by an iodopentenyl-moiety is expected
to increase lipophilicity by at least one log P unit 40. This may well
explain the degree of nonspecific binding to be substantially higher than
about 35% as reported for FP-TZTP 26. The presently reported biodistri-
bution study also showed that beyond 30 min after injection of the
radiotracer, binding with a M2 pattern of localization was not observed
anymore. In fact, only a non-specific binding pattern was found from
that moment on. In agreement with this, pre-injection of scopolamine
did not result in any blockage 1.5h after injection of the radiotracer. As
expected, ketanserine, haloperidol, nor nicotine was able to block
uptake of the radiotracer significantly both at 15 min and at 1.5h after
injection. Interestingly, administration of nicotine resulted in a unex-
pected higher uptake of radioactivity in all studied brain structures.
This may be due to a pharmacological effect on blood flow.
To study effects of different types of anesthesia on the biodistribution
of [123I]5-(E)-iodopentenylthio-TZTP, three types of anesthesia were
used. No significant differences were seen between Hypnorm/midazo-
lam and ketamine/xylazine anesthesia, both at 30 min and 1.5h p.i. At
both time points, the distribution of radioactivity in the brain resem-
bled the distribution of M2 receptors in the brain. However, compared
to ketamine/xylazine anesthetized rats, isoflurane induced a signifi-
cantly higher radioactive uptake in almost all brain areas, but not in
peripheral organs at 30 min or 1.5h p.i. At 30 min p.i., an M2-like bind-
ing pattern was detected in the brain of isoflurane anesthetized rats.
Importantly, blockage of the muscarinic system by scopolamine in
isoflurane anesthetized rats, did not significantly decrease the radioac-
tive uptake in the brain. The high uptake in the brain of isoflurane anes-
thetized rats might be the result of an increased cerebral blood flow 41, 42.
Unfortunately, without data from biodistribution studies in awake rats,
this cannot be proven.
The present data suggest high non-specific uptake of [123I]5-(E)-iodopen-
tenylthio-TZTP. For optimal SPECT imaging of receptors, a stable phase
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of relatively high specific binding to the receptor is required. In general,
such a stable phase of high specific binding cannot be reached within the
first hour after injection of the tracer due to the initial high non-specific
uptake.
Although the in-vivo [123I]5-(E)-iodopentenylthio-TZTP uptake pattern
is consistent with muscarinic M2 receptor distribution, blocking studies
were unsuccessful. Moreover, the present results show high non-specific
binding which may be due to high lipophilicity, rapid metabolism
and/or suboptimal in-vitro binding characteristics. Therefore, the newly
synthesized radiotracer may be of limited value in human studies.
Future studies on the development of tracers for imaging of the M2
receptor with SPECT, should therefore focus on less lipophilic radiotrac-
ers than our presently studied compound. In addition, since the concen-
tration of muscarinic M2 receptors in the central nervous system, as
compared to other muscarinic receptors, is relatively low, the affinity as
well as selectivity for the M2 receptor should be high. Nevertheless, our
data provide a good starting point for future studies on M2 receptor
imaging with SPECT.
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Abstract
Disturbances of the cholinergic neurotransmitter system are present in the brain in
many neurodegenerative disorders, such as dementia. In-vivo imaging by means of
SPECT or PET, using radiotracers that selectively target muscarinic receptor subtypes may
be of value for diagnosing or monitoring of such conditions.

6β-acetoxynortropane, a tropane alkaloid and potent muscarinic M2 receptor agonist, was
synthesized previously and has demonstrated nanomolar affinity and high selectivity for
the muscarinic M2 receptor. Based on this compound, we synthesized four nortropane
derivatives, each containing an iodophenyl or phenyl moiety and therefore potentially
suitable for radioiodination and consequently SPECT imaging of the muscarinic M2

receptor. 6β-acetoxynortropane and the newly synthesized derivatives were tested in-vit-
ro for affinity to the muscarinic M1-3 receptor subtypes by competitive binding studies
on cloned human receptors on membranes of transfected cells, using [3H]N-methyl
scopolamine as a competitor.

The original 6β-acetoxynortropane displayed a high, sub-nanomolar affinity (Ki=70-90nM)
for the muscarinic M2 receptor in two separate experiments and showed good selectiv-
ity ratios to the M1 (65-fold ratio) and the M3 (70-fold ratio) receptor. The synthesized
derivatives all showed relatively low affinity to the M2 subtype and subtype selectivity
proved to be lost.

From the present results, it is concluded that the newly synthesized derivatives have low
affinity and selectivity for the muscarinic M2 receptor subtype, as compared to 6β-ace-
toxynortropane, and are therefore not suitable for human SPECT imaging.

Introduction

Central cholinergic disturbances are present in many neuropsychiatric and
neurodegenerative diseases. In various forms of dementia, such as
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Alzheimer’s dementia (AD) or Lewy body dementia, cholinergic deficits
in the brain 1, 2 are associated with cognitive decline 3-5 and are thought
to precede clinical symptoms.
The majority of the cholinergic deficits in these diseases arise from degen-
erative events in basal forebrain regions such as the nucleus basalis of
Meynert 6, 7, which provides the cholinergic input of the cerebral cortex.
In degenerative diseases such as AD, disruption of basal cholinergic fore-
brain projections leads to a presynaptic cholinergic defect in cortical
brain areas 1, 8. Being part of a family of five muscarinic receptor subtypes,
the muscarinic M2 receptor is located predominantly presynaptically 9

and is consequently a potential target for the evaluation of the integrity
of the cholinergic neurotransmitter system by molecular imaging.
In-vivo assessment of the central cholinergic system in patients suffer-
ing from dementia by means of positron emission tomography (PET) or
single photon emission computed tomography (SPECT), may be of value
for early diagnosis or monitoring of such diseases, to predict response to
cholinergic therapies (such as acetylcholinesterase inhibitors) or to eval-
uate effects of experimental drugs. Molecular imaging of the cholinergic
system of the brain requires radiotracers that ideally selectively target
specific neuroreceptors of this neurotransmitter system, such as the
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Figure 3.2. Competition curves of 6β-acetoxynortropane (5a) and the 6β-4’-
iodobenzyl ether (5b) and 6β-4’-iodobenzoate ester (5c) of 6β-nortropinol, 3β-
phenyl-6β-acetoxynortropane (10a) and 3α-hydroxy-3β-phenyl-6β-acetoxy-
nortropane (10b) to the binding of [3H]NMS to the muscarinic receptor subtypes
M1-M3. In the upper curves (derivatives 5a, 5b, 5c), data are expressed as means
± SEM from 3 samples in a range of 1.0·10-1M to 1.0·10-4 M of competitor con-
centrations. In the lower curves (derivatives 5a, 10a, 10b), data are expressed as
means ± SEM from 4 samples in a range of 1.0·10-10M to 1.0·10-5M of competitor
concentrations. Atropine curves are also displayed as a reference.



muscarinic M2 receptor.
Many attempts have been made to develop muscarinic receptor subtype
selective radiotracers 10-12. Currently, amongst the most promising of
these potential tracers is [18F]FP-TZTP 10, 13, 14, which has selectivity for
the muscarinic M2 receptor 15 and has been studied successfully in sever-
al human PET studies 16, 17. However, radioiodinated analogues of the
tracer, intended for SPECT imaging, so far have demonstrated disap-
pointing results in-vivo 18. Radioiodinated Z-IQNP is another compound
that has recently been evaluated for imaging of the muscarinic M2
receptor 12, 19, although the muscarinic subtype selectivity of this com-
pound for the M2 receptor subtype is limited.
Recently, 6β-acetoxynortropane, a tropane alkaloid, was reported to be
a potent and highly selective agonist for muscarinic M2 receptors 20 and
radiolabeled derivatives of this compound may thus be of value for in-
vivo imaging of these receptors.
Based on 6β-acetoxynortropane, we synthesized four derivatives as
potential radiotracers for use in SPECT imaging. The four synthesized
nortropane derivatives were tested for affinity to cloned human musca-
rinic M1-M3 receptor subtypes on membrane fractions of Chinese ham-
ster ovary (CHO) cells by in-vitro competitive binding assays.

Material and Methods

Two nortropane analogues with an iodine containing moiety on the 6β-
position have been synthesized. The tropane skeleton was formed in a
single step multicomponent reaction in analogy to the classical Robinson
tropinone synthesis 21, 22, as displayed in Figure 3.1. The resulting tropinone
was reduced under Wolff-Kishner conditions to give 6-hydroxy-N-ben-
zylnortropane (3). Alkylation or acylation of the hydroxyl function of 3
resulted in 4a-c, which were debenzylated in two steps 23, 24 to provide
the previously described 6β-acetoxynortropane (5a), and its iodinated
analogues, the 6β-4’-iodobenzyl ether (5b) or the 6β-4’-iodobenzoate
ester (5c) of 6β-nortropinol, respectively.
Accordingly, a bromophenyl ring was introduced at the 3β-position. First,
the 6-hydroxyfunction of tropinone (2) was protected as tert-butyldi-
methylsilylether. With a Grignard reaction 4-bromophenyl was intro-
duced at the C3 of the tropane. According to the signal of the C6α-H in
the proton NMR spectrum, only the isomer with the 4-bromophenyl in
the equatorial position had been formed. Desilylation followed by acetyla-
tion yielded 3β-(4-bromophenyl)-6β-acetoxy-N-benzylnortropane (9).
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The benzyl group was removed by hydrogenation, but simultaneously
also the bromo-substituent was removed to result in 3α-hydroxy-3β-
phenyl-6β-acetoxy-nortropane (10b). In one occasion also the 3β-phenyl-
6β-acetoxy-nortropane (10a) was isolated, presumably due to the pres-
ence of a small amount of acid.
Relative binding affinity and selectivity ratios of the various nortropane
derivatives for the M1-M3, were determined by competitive binding
assays against [3H]N-methylscopolamine ([3H]NMS, Perkin Elmer,
Waltham, USA). Assays were performed on membrane suspensions from
CHO-cells expressing either the recombinant human muscarinic M1,
M2, or the M3 receptor subtype (Perkin Elmer, Waltham, USA) 18.
In the competitive binding assays, incubation buffer contained 50mM
TRIS-HCl, 10mM MgCl2 and 1mM EDTA (pH 7.4 at 4ºC). The assays
were incubated during 60 min (M1 or M2 receptor subtypes) or 120 min
(M3 receptor subtypes) at 27ºC. Non-specific binding was determined
using atropine as a competitor in a concentration of 1µM.
In the first series of competitive binding assays, the 6β-4’-iodobenzyl
Figure 3.1. Reagents and conditions: (i) NH2NH2, NaOH; (ii) Ac2O, pyridine; (iii) 4-
Iodobenzylbromide, DMF; (iv) 4-Iodobenzoylchloride, DMAP, Et3N, CH2Cl2; (v) α-
chloroethylchloroformiate, Toluene; (vi) MeOH; (vii) TBDMSCl, DMAP, Et3N, DMF;
(viii) Mg, 1,4-dibromobenzene, THF; (ix) HCl (2M), THF, EtOH (1/1/1); (x) Ac2O, pyri-
dine; (xi) H2, Pd/C.

ether (5b) and the 6β-4’-iodobenzoate ester (5c) of 6β-nortropinol, as
well as the lead compound 6β-acetoxynortropane (5a) were tested.
Protein concentrations for undiluted receptor subtype suspensions were
1.2mg/mL (M1), 4.3mg/mL (M2) and 2.0 mg/mL (M3). Aliquots (n=3) of
diluted membranes (factor 1:100) containing the M1-M3 receptor sub-
types were incubated in a total volume of 540µL containing 500µL dilut-
ed membranes, 20µL [3H]NMS, and 20µL of the nortropanes in increas-
ing concentrations. The [3H]NMS was used in a final concentration of
0.2nM for the M1 and M2 assays and 0.09nM for the M3 assays. The
equilibrium dissociation constants in nM of [3H]NMS for the three
receptor subtypes, provided by the manufacturer, were; 0.15 (M1), 0.19
(M2) and 0.08 (M3). Final competitor concentrations ranged from 1.0·10-10M
to 1.0·10-4M. After incubation, the reaction was rapidly terminated by
vacuum filtration over GF/C glass fiber filters, presoaked in 0.3%
polyethylenimine (Sigma-Aldrich, Munich, Germany), and washed 5
times with 1mL of ice-cold buffer. Filters were placed in vials with 10mL
of scintillation fluid (Ultima Gold, Perkin Elmer, Waltham, USA) and
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counted in a liquid scintillation counter (Tri-Carb 2900 TR Liquid
Scintillation Analyzer, Packard. Software version: 3100).
In the second series of competitive binding assays, derivative 10a and
10b and the lead compound 6β-acetoxynortropane (5a) were tested. In
this series, the protein concentrations for undiluted receptor subtype
suspensions were 0.6mg/mL (M1), 7.5mg/mL (M2) and 1.5mg/mL (M3).
Aliquots (n=4) of diluted membranes (factor 1:30) containing the M1,
M2 or M3 receptor subtype were incubated on a microplate in volumes
of 190µL containing 150µL diluted membranes, 20µL [3H]NMS, and
20µL of the nortropanes in increasing concentrations. In these assays,
the [3H]NMS was used in a final concentration of 0.1nM for the M1 and
M2 assays and 0.065nM for the M3 assays. The Kd in nM of [3H]NMS for
the three receptor subtypes, provided by the manufacturer, were; 0.15
(M1), 0.19 (M2) and 0.08 (M3). Final competitor concentrations ranged
from 1.0·10-10M to 1.0·10-5M. After incubation, the assays were filtrated
over UniFilter 96 GF/C filter plates, presoaked in 0.3% polyethylen-
imine (Sigma-Aldrich, Munich, Germany), and washed 9 times with
200µL of ice-cold buffer. 30µL of scintillation fluid (MicroScint, Perkin
Elmer, Waltham, USA) was added and the filter plates were counted in a
liquid scintillation counter (TopCount 5.0 Liquid Scintillation Analyzer,
Perkin Elmer, Waltham, USA). For each competitor, the inhibition con-
stant (Ki) was calculated from the EC50 for the muscarinic M1, M2 and
M3 subtype with non-linear regression curve fitting using Graphpad
Prism® (version 3.02), relative to the Kd of [3H]NMS as provided by the
manufacturer.

Results

In Figure 3.2., the results of the competitive binding experiments are dis-
played. The inhibition constant of 6β-acetoxynortropane (5a), relative
to [3H]NMS, for the muscarinic M2 receptor subtype proved to be high
in both experiments. In the first experiment the Ki of 6β-acetoxynortro-
pane was determined as 88.1±23.8nM (average±SD; n=3) and in the
second experiment as 71.6±4.8nM (average±SD; n=4). In our experi-
ments, selectivity ratios of the compound for the M2 over M1 or M3
receptor subtype proved to be approximately 65 and 70, respectively.
The 6β-4’-iodobenzyl ether of 6β-nortropinol (5b) performed substan-
tially less than 6β-acetoxynortropane and displayed a Ki of only
3.04±0.7µM, while selectivity for the M2 receptor was lost. The selec-
tivity ratios of this derivative for the M2 over the M1 and M3 receptors
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of the compound were determined as 0.8 and 0.2, respectively.
The 6β-4’-iodobenzoate ester of 6β-nortropinol (5c) also performed less
than 6β-acetoxynortropane and a Ki of 6.82±1.51µM was estimated for
the M2 receptor, while selectivity ratios over the M1 and M3 receptor were
determined as 0.6 and 2.0, respectively.
The second series of experiments (Figure 3.2.), using 3β-phenyl-6β-ace-
toxynortropane (10a) and 3α-hydroxy-3β-phenyl-6β-acetoxynortropane
(10b) as competitors, likewise showed weak affinity for muscarinic
receptors, and small competitive effects to the binding of [3H]NMS were
only detected at the highest concentration of the tested range. The
affinity for the muscarinic receptors could therefore not be assessed for
these two derivatives.

Discussion

In the present study, we have synthesized derivatives that are based on
6β-acetoxynortropane, a tropane alkaloid described by Pei and co-work-
ers, which was shown to be a muscarinic agonist with high affinity to
muscarinic M2 receptor subtypes, but lower affinity to other muscarinic
receptor subtypes 20. Due to the apparent selectivity of 6β-acetoxynor-
tropane for the M2 receptor, the compound may be of interest for use as
a muscarinic receptor radiotracer.
Two analogues of the tracer were synthesized in which the acetylester
moiety on the 6β-position was replaced by either 4’-iodobenzyl ether
(5b) or a 4’-iodobenzoate ester (5c). The competitive binding assays
demonstrated that the substitution on the 6β-position of the tropane
skeleton had shifted the affinity from the nanomolar range to the micro-
molar range and that the selectivity of the alkaloid for the M2 receptor
subtype was lost. Therefore, two other analogues were synthesized
retaining the 6β-acetoxy function, with substitution of a phenyl moiety
on the 3β-position of the tropane skeleton; 3β-phenyl-6β-acetoxynor-
tropane (10a) and 3α-hydroxy-3β-phenyl-6β-acetoxynortropane (10b).
Unfortunately, these derivatives demonstrated even less favorable affin-
ity for the three tested muscarinic receptor subtypes.
The challenge of the present study was to create a derivative of 6β-ace-
toxynortropane that is suitable for (radio)iodination, while preserving
the affinity for the M2 receptor, optimizing lipophilicity to allow opti-
mal blood-brain-barrier (BBB) penetration and to limit non-specific
uptake, maintaining the size of the molecule as small as possible, while
not compromising metabolic stability.

78

PART 2, CHAPTER 3



In an earlier study, our group evaluated the potential M2 receptor tracer
E-iodopentenyl-thio-TZTP, which showed moderate selectivity for the
muscarinic M2 receptor over the M1 and M3 receptor in-vitro 18, although
selectivity for M2 receptors was less than the original FP-TZTP 10, 14.
However, in-vivo experiments using the TZTP-derivative proved to be
unsuccessful due to high lipophilicity of the tracer and very rapid
metabolism of the parent compound 10, 14. The 6β-acetoxynortropane
derivatives that were synthesized and evaluated in the present study
have several advantages over the earlier tested TZTP-derivative(s). The
lipophilicity of derivative 5b and 5c or iodinated analogues of 10a en 10b
is less than that of the earlier synthesized TZTPs, being within the esti-
mated logP (P=partition coefficient in octanol-buffer at pH 7.4) range
between 1 and 2 (data not shown), which is considered to be optimal for
penetration of the BBB. Incorporation of an ester-function such as in
the 6β-4’-iodobenzoate ester of 6β-nortropinol (5c), 3β-phenyl-6β-ace-
toxynortropane (10a) or an additional hydroxyl-group in 3α-hydroxy-
3β-phenyl-6β-acetoxynortropane (10b) contributes to the reduction in
lipophilicity as compared to the earlier reported TZTPs, which should
theoretically limit non-specific uptake of these potential tracers in the
brain. Another advantage over the earlier tested TZTP derivatives is the
position of the iodine atom. Although the previous TZTP-derivatives
also contained a sp2 carbon bound iodine, this was substituted on the
alkenyl side chain, whereas in the present 6β-4’-iodobenzyl ether (5b)
and 6β-iodobenzoate ester of 6β-nortropinol (5c), the iodine is bound to
an aromatic sp2 carbon atom, which favors the in-vivo stability and pre-
vents rapid deiodination. Although we did not test iodinated versions of
3β-phenyl-6β-acetoxynortropane (10a) and 3α-hydroxy-3β-phenyl-6β-
acetoxynortropane (10b),the phenyl ring would also be the appropriate
location for coupling of the iodine atom in these two compounds.
Moreover, unlike the earlier described and apparently metabolically
unstable TZTP-derivatives 18, the 3β-phenyl-6β-acetoxynortropane
(10a) and 3α-hydroxy-3β-phenyl-6β-acetoxynortropane (10b) should be
more metabolically stable due to the direct substitution of the phenyl
ring to the tropane skeleton, which is known to have favorable effects
on the in-vivo stability of tropane-derived radiotracers such as [123I]FP-
CIT 25, 26 or [123I]β-CIT 27.
In our competitive binding experiments, the inhibition constant of the
original compound 6β-acetoxynortropane (5a) was substantially higher
than the Ki that was described by Pei and co-workers 20. Reasons for this
may include differences in the reference tracer, which was [3H]NMS in
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the present experiments, whereas Pei et al. used [3H]quinuclidinyl ben-
zilate (QNB), as well as a difference between rat and human muscarinic
receptors. Pei demonstrated a Ki of 2.6nM for 6β-acetoxynortropane at
the muscarinic M2 receptor, and very high selectivity ratios over either
M1 or M3 receptors using the tritiated antagonist. In the same study, an
even lower inhibition constant was reported by Pei et al. when using the
muscarinic agonist [3H]oxotremorine as a reference. In our study, using
only [3H]NMS but not [3H]oxotremorine as a reference, we calculated Ki
values to the M2 receptor of 71 and 88nM, in two separate series of com-
petitive binding experiments using different protocols, and lower selec-
tivity ratios to M1 and M3 receptors of 65 and 70, respectively.
Nevertheless, such selectivity ratios would be very adequate for imaging
of muscarinic M2 receptors in-vivo. However, the iodinated analogues
that were tested (5b and 5c) only showed weak affinity for all three
tested muscarinic receptor subtypes, whereas the Ki of either 3β-phenyl-
6β-acetoxynortropane (10a) or 3α-hydroxy-3β-phenyl-6β-ace-
toxynortropane (10b) could not be assessed, but proved to be above the
micromolar range. We tested the derivatives at a maximal concentration
of 10-5M, which may be a limitation of the present study, but Ki values
in the micromolar range or higher were not considered of interest for
our purposes. However, it can not be excluded that iodination of deriva-
tive 10a and 10b would result in improved affinities for muscarinic
receptors. Also, substitution of the phenyl group at the 3α-positition,
which is known to have bulk tolerance in tropane-derived radiotracers
(and muscarinic receptor antagonists such as atropine, NMS and benz-
tropine), may improve the in-vitro binding characteristics.
In conclusion, we synthesized a series of analogues to 6β-acetoxynor-
tropane, potentially being of interest for use as radiotracers for in-vivo
imaging of the muscarinic M2 receptor subtype in neurodegenerative or
neuropsychiatric diseases. However, changing the original molecule on
the 6β- or the 3β-position by substitution of a iodophenyl or phenyl
ring, severely reduced both the affinity and selectivity of the nortropane
for the muscarinic M2 receptor subtype and therefore, the synthesized
analogues are not suitable for use in human SPECT imaging.

References
1. Mash DC, Flynn DD, Potter LT. Loss of M2 muscarine receptors in the cerebral cortex

in Alzheimer’s disease and experimental cholinergic denervation. Science.

80

PART 2



1985;228:1115-7.

2. Tiraboschi P, Hansen LA, Alford M, Sabbagh MN, Schoos B, Masliah E, et al. Cholinergic
dysfunction in diseases with Lewy bodies. Neurology. 2000;54:407-11.

3. Baskin DS, Browning JL, Pirozzolo FJ, Korporaal S, Baskin JA, Appel SH. Brain choline
acetyltransferase and mental function in Alzheimer disease. Arch Neurol.
1999;56:1121-3.

4. Bosboom JL, Stoffers D, Wolters E. Cognitive dysfunction and dementia in Parkinson’s
disease. J Neural Transm. 2004;111:1303-15.

5. Perry EK, Curtis M, Dick DJ, Candy JM, Atack JR, Bloxham CA, et al. Cholinergic cor-
relates of cognitive impairment in Parkinson’s disease: comparisons with Alzheimer’s
disease. J Neurol Neurosurg Psychiatry. 1985;48:413-21.

6. Candy JM, Perry RH, Perry EK, Irving D, Blessed G, Fairbairn AF, et al. Pathological
changes in the nucleus of Meynert in Alzheimer’s and Parkinson’s diseases. J Neurol
Sci. 1983;59:277-89.

7. Coyle JT, Price DL, DeLong MR. Alzheimer’s disease: a disorder of cortical choliner-
gic innervation. Science. 1983;219:1184-90.

8. Aubert I, Araujo DM, Cecyre D, Robitaille Y, Gauthier S, Quirion R. Comparative alter-
ations of nicotinic and muscarinic binding sites in Alzheimer’s and Parkinson’s
diseases. J Neurochem. 1992;58:529-41.

9. Rouse ST, Edmunds SM, Yi H, Gilmor ML, Levey AI. Localization of M2 muscarinic
acetylcholine receptor protein in cholinergic and non-cholinergic terminals in rat hip-
pocampus. Neurosci Lett. 2000;284:182-6.

10. Kiesewetter DO, Lee J, Lang L, Park SG, Paik CH, Eckelman WC. Preparation of 18F-
labeled muscarinic agonist with M2 selectivity. J Med Chem. 1995;38:5-8.

11. Maziere M. Cholinergic neurotransmission studied in vivo using positron emission
tomography or single photon emission computerized tomography. Pharmacol Ther.
1995;66:83-101.

12. McPherson DW, DeHaven-Hudkins DL, Callahan AP, Knapp FF, Jr. Synthesis and
biodistribution of iodine-125-labeled 1-azabicyclo[2.2.2]oct-3-yl alpha-hydroxy-
alpha-(1-iodo-1-propen-3-yl)-alpha-phenylacetate. A new ligand for the potential
imaging of muscarinic receptors by single photon emission computed tomography.
J Med Chem. 1993;36:848-54.

13. Kiesewetter DO, Carson RE, Jagoda EM, Herscovitch P, Eckelman WC. Using single
photon emission tomography (SPECT) and positron emission tomography (PET) to
trace the distribution of muscarinic acetylcholine receptor (mAChR) binding radi-
oligands. Life Sci. 1999;64:511-8.

14. Sauerberg P, Olesen PH, Nielsen S, Treppendahl S, Sheardown MJ, Honore T, et al.
Novel functional M1 selective muscarinic agonists. Synthesis and structure-activity
relationships of 3-(1,2,5-thiadiazolyl)-1,2,5,6-tetrahydro-1-methylpyridines. J Med

81



Chem. 1992;35:2274-83.

15. Ravasi L, Kiesewetter DO, Shimoji K, Lucignani G, Eckelman WC. Why does the
agonist [18F]FP-TZTP bind preferentially to the M2 muscarinic receptor? Eur J Nucl Med
Mol Imaging. 2006;33:292-300.

16. Cohen RM, Podruchny TA, Bokde AL, Carson RE, Herscovitch P, Kiesewetter DO, et al.
Higher in vivo muscarinic-2 receptor distribution volumes in aging subjects with an
apolipoprotein E-epsilon4 allele. Synapse. 2003;49:150-6.

17. Podruchny TA, Connolly C, Bokde A, Herscovitch P, Eckelman WC, Kiesewetter DO,
et al. In vivo muscarinic 2 receptor imaging in cognitively normal young and older
volunteers. Synapse. 2003;48:39-44.

18. Knol RJ, Doornbos T, van den Bos JC, de Bruin K, Pfaffendorf M, Aanhaanen W, et al.
Synthesis and evaluation of iodinated TZTP-derivatives as potential radioligands for
imaging of muscarinic M2 receptors with SPET. Nucl Med Biol. 2004;31:111-23.

19. Nobuhara K, Halldin C, Hall H, Karlsson P, Farde L, Hiltunen J, et al. Z-IQNP: a
potential radioligand for SPECT imaging of muscarinic acetylcholine receptors in
Alzheimer’s disease. Psychopharmacology (Berl). 2000;149:45-55.

20. Pei XF, Gupta TH, Badio B, Padgett WL, Daly JW. 6β-Acetoxynortropane: a potent
muscarinic agonist with apparent selectivity toward M2-receptors. J Med Chem.
1998;41:2047-55.

21. Nedenskov P, Clauson-Kaas N. Simplified preparation of 6-Hydroxytropinone. Acta
Chem Scand. 1954;8:1295.

22. Robinson R. A synthesis of tropinone. J Chem Soc. 1917;111:762-68.

23. Boja JW, Kuhar MJ, Kopajtic T, Yang E, Abraham P, Lewin AH, et al. Secondary
amine analogues of 3β-(4’-substituted phenyl)tropane-2β-carboxylic acid esters
and N-norcocaine exhibit enhanced affinity for serotonin and norepinephrine trans-
porters. J Med Chem. 1994;37:1220-3.

24. Koreeda M, Luengo J. A new reagent for the selective, high-yield N-dealkylation of
tertiary amines: improved synthesis of Naltrexone and Nalbuphine. J Org Chem.
1984;49:2081-82.

25. Booij J, Andringa G, Rijks LJ, Vermeulen RJ, De Bruin K, Boer GJ, et al. [123I]FP-CIT
binds to the dopamine transporter as assessed by biodistribution studies in rats and
SPECT studies in MPTP-lesioned monkeys. Synapse. 1997;27:183-90. 10

26. Neumeyer JL, Wang S, Gao Y, Milius RA, Kula NS, Campbell A, et al. N-omega-fluo-
roalkyl analogs of (1R)-2β-carbomethoxy-3β-(4-iodophenyl)-tropane (β-CIT): radio-
tracers for positron emission tomography and single photon emission computed
tomography imaging of dopamine transporters. J Med Chem. 1994;37:1558-61.

27. Wang S, Gao Y, Laruelle M, Baldwin RM, Scanley BE, Innis RB, et al. Enantioselectivity of
cocaine recognition sites: binding of (1S)- and (1R)-2β-carbomethoxy-3 beta-(4-
iodophenyl)tropane (β-CIT) to monoamine transporters. J Med Chem. 1993;36:1914-7.

82

PART 3



83



84

PART 3, CHAPTER 4



PART 3

IN-VIVO NEURORECEPTOR STUDIES IN RATS

85

Storage phosphor imaging of short-living radioisotopes



86

PART 3, CHAPTER 4



CHAPTER 4

IN-VITRO AND EX-VIVO STORAGE PHOSPHOR IMAGING
OF SHORT-LIVING RADIOISOTOPES
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Jan Booija,b

J Neurosci Methods 2008;15:341-57
a Department of Nuclear Medicine, University of Amsterdam, Academic Medical Center,

Amsterdam, The Netherlands. b Graduate School of Neurosciences, Amsterdam,
The Netherlands

Abstract
Storage phosphor imaging may be of value for biodistribution studies of short-living
radiotracers in small animals. Efficiency, sensitivity and resolution of imaging plates for
short-living radioisotopes vary considerably but linear response to many radioisotopes
was shown previously. However, these properties have not been compared directly for
larger series of short-living radioisotopes, and only few studies have directly compared
data obtained from phosphor images of tissue slices with results from dissection biodis-
tribution studies. Therefore, we evaluated the properties of imaging plates for 11
short-living radioisotopes (18F, 32P, 67Ga, 89Sr, 99mTc, 90Y, 111In, 123I, 125I, 131I and 201Tl). We
also evaluated the biodistribution of [123I]FP-CIT in rat brain using both the phosphor tech-
nique and conventional dissection methods.

The imaging system showed a linear response for all tested radioisotopes over a wide
range of radioactive concentrations and the efficiency, sensitivity and resolution varied
greatly for the tested radioisotopes. Shielding experiments revealed the contribution of
the various emission products of radioisotopes to these properties. However, quantita-
tive biodistribution studies with radiotracers that are labeled with all tested radioisotopes,
even 123I, are feasible. The results from the ex-vivo biodistribution study, using [123I]FP-
CIT as a radiotracer were similar for the phosphor imaging technique as compared to the
dissection technique.

Advantages of phosphor imaging in radiotracer distribution studies in rat brain as com-
pared to dissection experiments may be more precise measurements, possibility to reanalyze
imaging data and 3D-reconstruction. In conclusion, phosphor imaging is an attractive alter-
native for biodistribution studies of short-living radiotracers in small animals.
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Introduction

Storage phosphor imaging, also known as radioluminography, is an imag-
ing technique that was introduced in the early 1980’s. It is based on the
absorption and storage of radioactive energy by phosphor crystals (e.g.
BaFBrI:Eu2+ or CaSO4:Dy3+) that are coated on a plastic plate 1. After
excitation with a laser beam, luminescence light is released from the
energy that is stored by these crystals, which is detected by a photomul-
tiplier tube. The latent image on the plate, which results from exposure
to the radioactive source, is scanned and the amplified signal is trans-
ferred to a computer for further analysis with appropriate software 2, 3.
The plates can then be erased and used again.
Although the major application of storage phosphor imaging is found in
the area of X-ray diagnostics, the technique has also been used for
research purposes such as analysis of electrophoresis gels, chromato-
grams 2, 3 and pharmacological studies 4. Storage phosphor imaging has
also been used extensively as a method for whole-body and brain imag-
ing studies of small laboratory animals 5-7 by exposing radioactive tissue
slices to imaging plates (IPs). In this respect the technique has proven to
be of value for the development and evaluation of newly synthesized
SPECT and PET radiotracers.
Unfortunately, the spatial resolution of storage phosphor imaging systems
is limited as compared to the resolution of conventional X-ray film
autoradiography. Using X-rays, the resolution of photographic film is
typically less than 20µm, while the resolution of an imaging plate (IP) is
up to 10 times lower 8, 9. The most important reason for this may be the
granular composition of the phosphor crystals and distortion of laser and
luminescence light in these crystals 1. Moreover, when X-ray films or IPs
are exposed to radioisotopes, the resolution seems to be even lower 10-13

and this may depend on the emission products of the radioisotope.
In spite of that, IPs are known to be much more sensitive than X-ray
films 8, 10, 14, 15. Due to the relatively poor sensitivity of conventional X-
ray films for radiation, exposure times for radioactive tissue slices are
generally long for autoradiography. By using IPs, exposure times can be
reduced to one-tenth of conventional X-ray film exposure times 10. This
allows imaging of a much wider spectrum of radioisotopes including
those with a short half-life time such as 123I, 99mTc or even 18F 5, 13, 16.
These radionuclides are used frequently in SPECT and PET studies in
neuropsychiatric disorders. Moreover, the amount of radioactive energy
that can be absorbed is high, providing a wide dynamic range which
does not lead often to overexposure of the plates.

88

PART 3, CHAPTER 4



For quantitative analysis, the detected density on imaging modalities
such as X-ray film or phosphor IPs should ideally have a linear relation-
ship with the amount of radiation from the sample that is being ana-
lyzed. X-ray film autoradiography is known to be hampered by a non-
linear relation between the detected density and the actual radioactive
concentrations in the sample, which necessitates comparison with cali-
bration standards or calibrated densitometry 17. For storage phosphor
imaging, previous studies showed a linear response of the IPs for many
radioisotopes over a wide range of radioactive concentrations 3, 5, 6, 11, 13-16, 18.
However, until now the linearity and efficiency of IPs for large series of
different short-living radioisotopes have not been compared directly.
Also, data on the influence of short-living radioisotopes and in particu-
lar their emission products, on sensitivity and resolution have been lack-
ing. Finally, storage phosphor imaging of tissue slices has only been
compared directly with results obtained from classical biodistribution
studies in a few studies 18, 19.
The aim of this study was therefore to evaluate the linearity, efficiency,
sensitivity and resolution of the storage phosphor imaging technique for
a number of short-living radioisotopes, most of which are frequently
used in routine clinical studies. We also performed additional experi-
ments to evaluate the response of the IPs to the various emission prod-
ucts of the radioisotopes that were used, such as γ- and β-radiation.
Additionally, we investigated the value of storage phosphor imaging in
ex-vivo studies of [123I]FP-CIT binding to dopamine transporters (DATs)
in rat brain slices as an alternative for conventional ex-vivo dissection
biodistribution and blocking studies. Furthermore, we made a 3-dimen-
sional reconstruction of FP-CIT binding to DATs in a rat brain in order
to improve visualization of radiotracer binding.

Methods
In-vitro experiments

Standard curves

Linearity and efficiency of the storage phosphor imaging technique were
evaluated for 11 radioisotopes (18F, 32P, 67Ga, 89Sr, 99mTc, 90Y, 111In, 123I,
125I, 131I and 201Tl). In this study we used a Fuji FLA-3000 Phosphor
imager (Fuji Medical Systems, Stamford, CT, USA) and Fuji BAS-MS IPs
(BaFBr0.85I0.15; Eu2+), which were scanned at a 50µm pixel size with a
16 bit pixel depth. The linearity between the amount of radioactivity
that was exposed to the IP and the detected photostimulated lumines-
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cence (PSL) by the phosphor imaging system was evaluated by a series of
standard curves.
Dilution samples of the γ-, β- and electron-emitting radioisotopes and the
positron emitting radioisotope (8-10 samples between approximately
6.3kBq and 10Bq, dilution factor 2 per sample, n=4-5) were spotted on a
silica gel coated TLC chromatography plate (Whatman International,
Maidston, England) in 20µL spots. For the 32P dilution samples, 20µL
samples (n=5) were spotted on ITLC-SG silica gel impregnated glass
fiber sheets (Pall Corporation, Ann Arbor, USA). As the source for the
radioisotopes, we used a variety of clinically used radiotracers and radio-
labeled laboratory compounds. All radiotracers were diluted using
saline. In our experiments, typical diameters of the spots were approxi-
mately 12mm. Although this diameter is large, one has to take into
account that only the total amount of radioactivity of each spot was
measured. The chromatography plates and sheets were covered with
Saran wrap (thickness 10µm, density 1.00g/cm3) before exposure to the
IPs, in order to protect these from radioactive contamination.
Calibration of the γ-emitting radioisotopes was done using a VIK-202
dose calibrator (software version VDC 405), whereas calibration of the
positron emitter 18F and the strong β-emitters 89Sr and 90Y was done
using another VIK-202 dose calibrator (software version IBC606;
Veenstra Instruments, Joure, The Netherlands). For all radioisotopes,
the calibration time was set to the start time of exposure to the IP.
Amounts of applied radioactivity of the pure β-emitter 32P were deter-
mined by counting of each spot in vials with 10mL of scintillation fluid
(Ultima Gold, Packard BioScience, Zellik, Belgium) in a liquid scintilla-
tion counter (Tri-Carb 2900 TR Liquid Scintillation Analyzer, Packard;
Software version: 3100) and the obtained counts were corrected for the
efficiency of the counter. This assay was done after exposure to the IP
and data were corrected for radioactive decay.
All IPs were erased within 2h before exposure to the TLC-plates and the
exposure time was precisely 24h. Then the images were scanned using the
phosphor imager, approximately 10 minutes after the radioactive sam-
ples were removed from the IPs. The densities on the acquired images
were read by the AIDA image analysis software (Version 3.20.007,
Raytest Isotopenmeßgeräte GmbH, Straubenhardt, Germany) and cor-
rected for background activity (including flare artifacts) by baseline
subtraction. Overexposed spots, which were automatically detected by
the software, were excluded from further analysis. Linearity was then
determined by log-weighted linear regression analysis by the same soft-
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ware package. Curve slopes were determined for all tested radioisotopes.
Two types of efficiency were distinguished. Efficiency-per-Bq was
defined as the detected amount of background corrected PSL per applied
Bq of radioisotope after exposure during precisely 24h, irrespective of
the half-life of the tested radioisotope. This type of efficiency was
obtained directly from the curve slopes that were calculated by linear
regression analysis of the standard curves, and is valid only for the lin-
ear range of the standard curve of each tested radioisotope (below the
concentrations that resulted in overexposure). The relative efficiency-
per-Bq of the phosphor imaging system for various radioisotopes as
compared to the efficiency-per-Bq of 125I was then calculated and
expressed as a ratio. 125I was chosen as a reference because of its frequent
use in conventional X-ray autoradiography and because of the interme-
diate efficiency of the phosphor imaging system for this isotope.
Efficiency-per-disintegration was defined as the amount of background
corrected PSL/occurred disintegration. This variant of efficiency of the
phosphor imaging system was calculated for each radioisotope. Finally,
the relative efficiency of the various isotopes as compared to the effi-
ciency-per-disintegration of 125I was calculated.

Sensitivity: limit of detection and limit of quantification

To assess the limit of detection (LOD) for all tested radioisotopes, 10
regions of interest (ROIs) of approximately 1cm2 were drawn on the
background of corresponding phosphor images. The images of the reso-
lution study (see Figure 4.5.) were used for these measurements. The
ROIs were drawn outside visually perceptible radioactive spill-over and
opposite to the direction where flare artifacts 6, 14 would be expected to
occur. For each radioisotope, the LOD was defined as the amount of
applied radioactivity per cm2 (Bq/cm2) that is necessary to produce a PSL
value of 3 times the standard deviation (SD) of the measured back-
ground PSL 14, 15. The PSL-to-Bq/cm2 conversion was based on the curve
slope that was obtained from the linear regression analysis of the stan-
dard curves for each radioisotope (LOD=(3SDBG) · curve slope) and is
valid only for exposure during precisely 24h.
Similarly, the limit of quantification (LOQ) was defined as Bq/cm2 of
applied radioisotope that corresponds with a PSL value of 9 times the SD
of the measured background activity 15, and was also calculated using
the obtained curve slopes (LOQ=(9SDBG) · curve slope).
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Shielding experiments

For 18F, 131I, 67Ga, 99mTc and 125I, shielding experiments were performed to
assess the contribution of positrons, β-radiation, electrons and γ-radia-
tion to the detected PSL. For 18F, 131I, 67Ga and 99mTc, series of radioactive
spots (n=11) of 1µL, each containing 100Bq of radioisotope were placed
on a silica gel coated TLC plate and shielded by an increasing number of
layers of plastic overhead transparencies (0-1.98mm in steps of 180µm).
125I only emits very low energy electrons. Therefore, this isotope was
shielded with thinner layers of transparency material (0-0.36mm in
steps of 90µm). Since 125I has a half-life of 59 days, we protected the
plates in order to prevent contamination by adding a 10µm layer of
Saran wrap between the samples and the IPs for these experiments. Also
for 125I, we spotted 100Bq (n=11) samples in 10µL on the plates.
The thickness of each separate transparency was 90µm as measured by a
micrometer device and the density (ρ) of the transparencies was 1.46g/cm3.
The IPs were exposed to the shielded spots during 24h. The PSL of each
spot was then measured by the AIDA image analysis software and cor-
rected for background PSL. The maximum range (R) in the shielding
material using the maximal energy (Emax) of the most important emitted
particle was calculated for each isotope using the appropriate equation
R=(0.412Emax1.265-0.0954lnE)/ρ, which provides a good estimation for
the range of electrons and positrons with energies between 0.02-2MeV,
and also Feather’s equation for the energy range of 0.6-20MeV (see below).
The contribution of the positrons, β-radiation spectrum and electrons to
the measured PSL was defined as the difference in detected PSL of un-
shielded spots versus spots that were adequately shielded by transparency
material with a thickness that exceeded the range of the most energetic
particle of each isotope and was expressed as a percentage. The remain-
ing PSL was attributed to γ-radiation. Bremsstrahlung was neglected
because of the low (mean) Z (atom number) of the shielding material.
In contrast to 99mTc and 67Ga, both 18F and 131I emit particles that are
able to cross multiple layers of shielding material. These isotopes were
therefore used as an internal control. The measured PSL of all spots were
corrected by the amount of PSL that was attributed to γ-radiation and
background activity. Transmission for each thickness of shielding mate-
rial was then calculated by dividing the PSL of all samples by the aver-
age PSL of the unshielded samples. Transmission for either the electrons
of 131I or the positrons of 18F was plotted against thickness of the trans-
parency material and curve estimation (exponential) was performed by
SPSS 11.5. Based on the results of the curve estimation by SPSS, half-
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thickness for both the electrons of 131I and the positrons of 18F was cal-
culated and compared to the theoretical half-thickness (using Feather’s
equation R=(0.542·Emax-0.133)/ρ, which applies for electrons within
the energy range of 0.6<Emax<20MeV).

Resolution

IP resolution for 10 of the tested radioisotopes (all but 90Y, due to un-
availability at the time of the resolution experiments) was measured by
the method of Strome and co-workers 13. For these experiments, a Hewlett
Packard 950C DeskJet printer was used and black inkjet cartridges were
emptied and refilled with 15ml of ink and a known amount of radioiso-
tope. The concentration of radioisotope in each cartridge was based on
the relative efficiency-per-Bq of the phosphor imaging system for the
radioisotope as assessed by the standard curves in order to produce com-
parable images (concentrations varied between 0.5MBq/15ml for 32P and
25.5MBq/15ml for 99mTc).
Using a printer resolution of 600 DPI, test patterns were printed on glossy
photo-paper. Exposure of the IPs by the radioactive test patterns was
performed during 24h and images were scanned as described above.
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Phosphor images of point sources of 0.1mm in diameter were transferred
to HERMES workstation (Hermes Medical Solutions, Stockholm,
Sweden) and corrected for background counts using Hermes’ Multi-
modality 4 software by subtraction of the average background counts.
FWHM (n=4-8) was then measured in Hermes’ Quality Control soft-
ware in rows of 2 pixels in horizontal and vertical direction. The FWHM
measurements were based on a pixel size of 50µm (scanning resolution).

Ex-vivo studies

[123I]FP-CIT (DaTSCAN), a commercial radiotracer for imaging of DATs,
was a generous gift of GE Healthcare, Eindhoven, The Netherlands. Its
radiosynthesis was described earlier 20. [123I]FP-CIT had a specific activity
of 185MBq/nmol and a radiochemical purity of >97%.

Biodistribution studies using phosphor imaging

In this study, a control group of 3 male Wistar rats (200-300g, obtained
from Harlan, Horst, The Netherlands) received 0.4ml sodium acetate
buffer (pH 4.75) prior to injection of [123I]FP-CIT. This radiotracer has a
high affinity to DATs, but also modest affinity to serotonin transporters
(SERTs) 21. In the blocking experiment, 3 rats received the potent DAT
blocker methylphenidate (5mg/kg body weight in 0.4ml buffer). After 5
min, both groups received approximately 50MBq [123I]FP-CIT in 0.4ml
buffer with 5% ethanol via a tail vein.
All rats were sacrificed by bleeding via heart puncture under ketamine/
xylazine (2:1) anesthesia at 2h after injection of the radiotracer 21. The
brains were excised, quickly frozen, and sliced into 25µm horizontal sec-
tions using a Jung CM3000 cryomicrotome (Leica Microsystems GmbH,
Wetzlar, Germany). Every one in five sections was mounted on a glass
plate using standard mounting tape (Scotch, 3M, Minnesota, USA), cov-
ered with Saran wrap. The brain sections were exposed to a Fuji BAS-
MS IP for approximately 24h. The images were scanned at a 50µm reso-
lution with a 16-bit pixel depth using the Fuji FLA-3000 phosphor
imager and analyzed using AIDA image analysis by ROI-analysis.
The striatum was defined as the area of specific binding to dopaminergic
neurons 21, because of its high levels of DATs. The cerebellum was cho-
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sen as the area of non-specific uptake, since in this brain structure the
DAT density is negligible 22. Equally sized circular ROIs were manually
placed on the cerebellum, the left and the right striatum in 7 adjacent
representative sections of each rat brain. Ratios of specific binding of the
left and right striatum to the cerebellum (striatum-cerebellum/cerebellum)
were calculated for the control and the methylphenidate-treated groups.
These ratios were calculated for each brain sections separately to elimi-
nate calculation errors due to slight variations in sections thickness.
The hypothalamus has a high expression of SERTs, but a low density of
DATs 23. Methylphenidate has no affinity for the SERT 24, and should
therefore not be able to block [123I]FP-CIT binding in this particular
brain area. To test this hypothesis, equally sized circular ROIs were also
placed on the hypothalamus and cerebellum in 6 adjacent representative
brain sections. Then the specific binding ratios of the hypothalamic bind-
ing to the cerebellar binding (hypothalamus-cerebellum/cerebellum)
were calculated in each brain sections separately, for the methylphenidate-
treated and the untreated group.
Aditionally, we performed a pilot experiment using another radiotracer,
[123I]Iododexetimide. This radiotracer binds non-selectively, but with
nanomolar affinity to all muscarinic receptor subtypes 25. The control
rat (n=1) received a placebo injection of 0.4ml saline at 10 minutes prior
to injection of 50MBq [123I]Iododexetimide (in 0.4ml acetate buffer)
under ketamine/xylazine anesthesia. Another rat was pre-injected with
5mg/kg of the potent muscarinic receptor antagonist scopolamine. Rats
were sacrificed at 2h after injection and the brains were sliced and
exposed to the IP as stated above.
Dissection biodistribution studies

The obtained data from the phosphor imaging study was compared with
data obtained from an earlier performed, yet unpublished, conventional
dissection biodistribution study. In short, rats (200-300g) were injected
intravenously with either saline (control group, n=5) or methylphenidate
(block group, 10mg/kg body weight, n=5) in 0.4ml buffer prior to injec-
tion of 3.7MBq [123I]FP-CIT in 0.4ml buffer. The rats were sacrificed at
2h after injection of the radiotracer, by bleeding via heart puncture
under ketamine/xylazine anesthesia. Brains were rapidly dissected and
striatum, hypothalamus, and cerebellum were separately weighted and
counted in a γ-counter (Minaxi γ A5530, Canberra-Packard). The data
were corrected for radioactive decay, counter efficiency, brain structure
weight and body weight and eventually expressed as the percentage of
the injected dose, multiplied by the body weight in grams, per gram tis-
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sue (%ID*g/g) 26. For comparison with the phosphor imaging study, we
used specific binding ratios of striatum-to-cerebellum and hypothala-
mus-to-cerebellum.

The performed experiments are in agreement with The Dutch Experi-
ments on Animals Act (1977) and were approved by the Animal Ethics
Committee (AMC, Amsterdam, The Netherlands).

3D-Mapping of the biodistribution of [123I]FP-CIT in the rat brain

The acquired images of brain sections of one rat were converted, trans-
ferred to a Hermes imaging workstation and corrected for rotational
errors by motion correction software. Three dimensional reconstruction
was subsequently performed by the Multi Modality 4 software package
(Hermes Medical Solutions, Stockholm, Sweden).

Statistical analysis

Log weighted linear regression analysis for the standard curves was per-
formed using the AIDA image analysis software. Curve estimation for
the transmission data of the shielding experiments was performed by
SPSS 11.5. Differences between the FWHM within samples of each
radioisotope and between the isotopes were analyzed by SPSS 11.5 using
ANOVA with Bonferroni correction for multiple comparisons in the lat-
ter. Differences between groups in the ex-vivo blocking experiments
were analyzed with the non-parametric Mann-Whitney U test using
SPSS 11.5. Probability values <0.05 were considered significant.

Results
Properties of the tested radioisotopes

For interpretation of the data, we summarized the properties of the test-
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ed radioisotopes in Table 4.1a. This table shows the various radiation
types that are emitted by the radioisotopes. To simplify interpretation
of the data, we categorized the emission products. For each radioisotope
the chance of emission for each radiation type is expressed as a cumula-
tive yield, which is a summation of the yield of the emitted products
within the energy range of the category. Electrons and β-radiation were
taken together because they are essentially the same. The individual
yields and energies were extracted from the computer program Radiation
Decay (version 3.6, 2001, Griffith University, Australia) which utilizes
ENSDF data from the National Nuclear Data Center (Brookhaven National
Laboratory, Upton, USA). The table also shows categorized γ-radiation.
The first category in the table shows the cumulative yield of electrons
with energies smaller than 50keV and these are considered to be non-
detectable due to the composition of the IP and the usage of protective
wrap. The plate itself is protected by a cellulose acetate layer (thickness
9µm, density 1.6g/cm3 according to Fuji’s specifications). To protect the
plates from contamination, we also used Saran wrap (thickness 10µm,
density 1.00g/cm3). The weighted average density of these two layers is
1.30g/cm3. In a medium with a density of 1.30g/cm3 an electron with an
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Emax of 50keV would have a range of 62µm (according to the equation
R=(0.412Emax1.265-0.0954lnE)/ρ, which is a good estimation for elec-
trons with an energy between 0.02-2MeV). The half-thickness for such
electrons in material of this density is therefore approximately 8.9µm
(R/7). This means that less than 25% of the initial 50keV electrons are
able to cross the protective layers. However, self-absorption 14, 27 of the
material on which the isotopes were spotted will also limit the trans-
mission of these low energy electrons. In our experiments we used silica
gel coated TLC plates (thickness of silica gel layer: 250µm). Since the
distribution of the tested radiotracers in the spots in the silica gel plate
is not homogeneous, it is impossible to estimate the amount of self-
absorption in this medium using our study design. However, self-absorp-
tion has a substantial additional effect on the amount of the 50keV elec-
trons that are able to reach the active layer of the IP, and thus we classi-
fied the electrons with energies smaller than 50keV as non-detectable.
Furthermore, we arbitrarily discriminated between low energy (50-
100keV), medium energy (100-200keV) and high energy (>200keV) elec-
trons. For γ-radiation, we discriminated between very low energy
Figure 4.1. Background corrected photostimulated luminescence as a function of
the quantity of radioactivity in standards of various isotopes on a double logarithmic
scale. The exposure times were precisely 24h for all radioisotopes. Overexposed spots
are marked with ‘*’ and were excluded in the linear regression analysis for 32P, 90Y,
89Sr and 131I (above 0.5, 0.75, 1.5 and 2.2kBq, respectively). The horizontal line indi-
cates the boundary above which overexposure is seen. The figure legend displays the
curve slope of each tested radioisotope, as well as the correlation coefficient.
Abbreviations: PSL; photostimulable luminescence. See color figure appendix for the
full color version of this figure.

(<50keV), low energy (50-200keV), medium energy (200-400keV) and
high energy (>400keV) photons.

In-vitro experiments

Standard curves

Figure 4.1. shows the linear relationship between the amount of applied
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radioactivity on the IP and the detected, background corrected PSL by the
system for the tested series of radioisotopes (18F, 32P, 90Y, 89Sr, 131I, 111In,
123I, 201Tl, 125I, 99mTc and 67Ga). A sample of a standard curve is displayed
in Figure 4.2a. All isotopes showed a strong linearity (0.990<r2<0.999,
Figure 4.2a. Sample of a standard curve of 123I, dilution factor 2 per step. The high-
est concentration in this standard curve is approximately 5.5kBq. Photostimulable
luminescence (PSL) was measured from these samples as total PSL per spot, and cor-
rected for background activity, including flare artifacts. The circular edge of each
spot is the result of the chromatographic properties of the plate on which the
radioisotope was spotted (a TLC plate). Spot diameters were approximately 12mm.
Figure 4.2b. Shielding of 18F samples (each containing 100Bq) by an increasing
amount of plastic layers (0-1.96mm, 0.18mm per step). The figure shows shielding
of positrons of 18F. There is no substantial contribution to the detected PSL of high
energy annihilation photons.

goodness-of-fit in log-weighted linear regression analysis) in the range
between 7Bq and 6.3kBq per 20µL spot. At the high end of this range,
overexposure was seen for 32P (above 0.5kBq per spot), 90Y (above 0.75kBq),
89Sr (above 1.5kBq) and 131I (above 2.2kBq). These measurements were
excluded from further evaluation, but are displayed in Figure 4.1.

Efficiency

The calculated slope of the curve of each tested radioisotope is depicted
in Figure 4.1. and represents the efficiency-per-Bq after 24h of exposure
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(Table 4.1b.). Figure 3a. shows the ratios of the efficiency-per-Bq of each
tested radioisotope to the efficiency of 125I. The figure shows that after
24h of exposure to the IPs by an initially equal amount of radioactivity
from different radioisotopes, the detected background corrected PSL
varies considerably. As compared to 125I, exposure to 32P results in more
than a tenfold higher PSL. In contrast, the detected PSL after exposure
to 99mTc and 18F is approximately 20% and 60% respectively, of the
detected PSL after exposure to 125I.
Table 4.1b. also shows the efficiency-per-disintegration of the phosphor
imaging system for the various radioisotopes (range 9.53·10-4 - 2.84·10-2

PSL/disintegration). The relative efficiency-per-disintegration as a ratio
to the efficiency of 125I is depicted in Figure 4.3b. The figure shows a very
high efficiency for 32P, as compared to 125I. A high efficiency-per-disinte-
gration for 18F was also revealed, while the efficiency for 123I, although
much lower than the efficiency for 32P or 18F, proved to be slightly higher
than the efficiency for 125I.
Table 4.1b. Summary of experimental results. Properties of the IP for each tested radioisotope

are displayed. Abbreviations: Eff/Dis; efficiency-per-disintegration, Eff/Bq; efficiency-per-

Bq, PSL; photostimulable luminescence, n; total amount of occurred disintegrations of a

radioactive sample in 24h, BG; background, LOD; limit of detection, LOD; limit of quantifi-

cation, FWHM; full width at half maximum, SD; standard deviation. Please note that the effi-

ciency-per-Bq is valid only for the linear range of the tested radioisotopes and applies only to

an exposure time of 24h. Also, the LOD and LOQ data are valid only for exposure times of 24h.

Resolution experiments for 90Y were not performed.

Efficiency Sensitivity Resolution

Isotope
Eff/Dis Eff/Bq BG LOD LOQ FWHM

(PSL/n) (PSL/Bq) (PSL±SD) (Bq/cm2) (Bq/cm2) (mm±SD)

32P 2.84·10-2 2395.65 3.863±0.090 0.01 0.04 0.57±0.08

90Y 1.85·10-2 1405.01 3.593±0.139 0.03 0.09 ·

89Sr 1.52·10-2 1302.98 2.939±0.084 0.03 0.08 0.47±0.06

18F 1.47·10-2 140.06 3.613±0.092 0.20 0.59 0.46±0.07

131I 1.01·10-2 837.06 3.500±0.109 0.04 0.12 0.42±0.04

111In 3.79·10-3 289.88 5.205±0.536 0.56 1.67 0.42±0.08

123I 3.42·10-3 167.79 5.349±0.706 1.26 3.79 0.32±0.02

201Tl 3.04·10-3 234.95 5.553±0.542 0.69 2.07 0.38±0.06
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125I 2.60·10-3 223.63 3.734±0.173 0.23 0.7 0.52±0.05

99mTc 1.68·10-3 49.27 4.321±0.420 2.56 7.67 0.35±0.06

67Ga 9.53·10-4 74.21 5.117±0.357 1.44 4.33 0.30±0.03

Sensitivity: limit of detection and limit of quantification

Measurements of background PSL were between 3.2 and 6.3 PSL/mm2 in
all samples. Relatively high SD’s (Table 4.1b.) were found on plates that
were exposed to the γ-emitters 111In, 201Tl, 123I, 67Ga and 99mTc. The low
energy γ- and low energy electron emitter 125I showed a low SD. Low
SD’s were also calculated for plates that were exposed to typical β-emit-
ters (32P, 90Y, 89Sr) and plates that were exposed to isotopes that emit
both β-radiation and high energy γ-radiation, i.e. 131I and 18F.
Estimations of the LOD and LOQ of IPs for each radioisotope after expo-
sure during 24h were expressed as Bq/cm2 and are summarized in Table
4.1. The LOD and LOQ showed higher values for typical γ-emitters
Figure 4.3a. Relative efficiency-per-Bq of the phosphor imaging system after
exposure to various radioisotopes during 24h, irrespective of half-life times. Data
are expressed as the ratio to the efficiency-per-Bq of the plates for 125I.
Figure 4.3b. Relative efficiency-per-disintegration of the tested radioisotopes,
expressed as the ratio to the efficiency-per-disintegration of 125I.

(99mTc, 67Ga, 123I, 201Tl and 111In) than for typical β-emitters such as 89Sr,
90Y and 32P. For the mixed β- and γ-emitter 131I, a relatively low LOD and
LOQ was calculated. The β+ (and annihilation photon) emitter 18F
showed an intermediate LOD and LOQ.
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Overall, the sensitivity proved to be high for all tested radioisotopes.

Shielding experiments

Figure 4.2b. shows an example of shielded 18F samples by various thicknes-
ses of shielding material (0-1.98mm). As would be expected from
Feather’s equation, adequate shielding of positrons was achieved by a
thickness of shielding material of 0.90mm, since no further decrease of
detected PSL was detected in the spots that were shielded with a thicker
layer. The difference between this ‘baseline’ PSL and the PSL of unshiel-
ded spots, is considered to be the result of positron emission (and possi-
bly to a very small extent to electron emission). The difference between
the ‘baseline’ PSL and the background PSL is considered to be the result
of the photons that are released by 18F.
For unshielded samples of 18F, we calculated that 93.3±0.7% (average±SD)
of the measured background corrected PSL is the result of interaction of
positrons with the IP whereas only 6.7% can be attributed to annihila-
tion photons. For unshielded samples of 131I, we calculated that
95.8±0.2% of the detected PSL is the result of β-radiation or other elec-
trons, while only 4.2% can be attributed to γ-radiation.
Figure 4.4. Curve fit of experimental data from shielding experiments on 18F and 131I
samples. The figure shows the transmission of the radioisotopes as a function of the
thickness of the shielding material. Please note that the data were corrected for
background activity and photostimulable luminescence that is attributed to γ-
radiation (for 131I). Error bars represent the standard deviations of the measure-
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ments. Curves represent the calculated curve fit by SPSS, for shielding of the sam-
ples (equations are shown in the insert). Abbreviations: T; transmission, dl; thick-
ness of shielding material in mm. See color figure appendix for the full color version
of this figure.

Figure 4.4. shows the result of the curve estimation based on the experi-
mental data of both 18F and 131I in terms of transmission (T). Using the
coefficients of these curve estimations, the half-thickness (T=0.5) in
the shielding material was determined as 0.19 mm for the positrons (dis-
regarding the very low energy electrons) of 18F and 0.15mm for the β-
spectrum and other electrons of 131I.
99mTc only emits low energy electrons, which were completely shielded
by 0.18mm of shielding material. For unshielded samples of 99mTc,
39.1±3.1% of the obtained PSL by the phosphor imaging system was
Figure 4.5. Sample patterns of each tested radioisotope from the resolution exper-
iments. The image on the top left of the figure is a scan of an original print-out of
one of the test patterns printed with ink to which 123I was added. This test pattern
has a width of 2cm, line thickness is 0.1mm and the distances between the lines are
0.1 or 0.4mm. The image on the bottom left shows a microscopic photograph of an
original print-out of a triangular test pattern of point sources. The points are
approximately 0.1mm in diameter and the distance between the points is 0.4mm. The
total size of each triangular test pattern is 2mm on each side. Please note that the
individual points that were printed by the inkjet printer are not perfectly round.
The figure shows the difference in quality of the scan and hence the resolution
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between the radioisotopes. The best resolution was achieved with 67Ga and the
worst resolution was calculated for 32P.

attributed to the emission of these electrons while the remaining 60.9%
of the detected PSL was attributed to γ-radiation. The detected PSL after
exposure to unshielded samples of 67Ga, proved to be the result of β-radi-
ation for 63.2±1.6% while the remaining 36.8% is the result of γ-radiation.
Shielding of 125I did not result in a decrease of detected PSL by shielding
with increasing layers of transparency material, and the obtained PSL is
attributed entirely to γ-radiation.

Resolution

Samples of test patterns of all studied radioisotopes are displayed in
Figure 4.5., including a scan and microscopic photograph of an original
print-out of a line-source model and point-source triangle. Due to cali-
bration of the radioactive ink-cartridges, based on the calculated effi-
ciency-per-Bq for each tested radioisotope, the obtained images were
comparable in terms of PSL density. The line-source model shows hori-
zontal and vertical lines with a thickness of approximately 0.1mm, and
the distance between each line is either 0.4mm or 0.8mm. The actual
size of each line-source model was 2x2cm (Figure 4.5.). The triangularly
ordered point sources are approximately 0.1mm in diameter. The dis-
tance between the centers of the points in the sample pattern in Figure
4.5. is 0.4mm. The actual size of the triangles was 2mm on each side.

Figure 4.6a. Phosphor image showing a horizontal brain section of a control rat
at 2h after injection with [123I]FP-CIT, which shows high binding of the tracer to
dopamine transporters in the striatum.
Figure 4.6b. Brain section of a rat that was injected with methylphenidate prior to
injection of [123I]FP-CIT, which shows a decreased binding of the radiotracer to
dopamine transporters in the striatum.
See color figure appendix for the full color version of this figure.

The figure clearly shows the differences in line thickness or point dia-
meter of the actual print-out as compared to the phosphor images. The
point-sources, on which the FWHM measurements were performed, are
considered ideal point-sources and therefore, no correction for the size
of the original sources was done. In fact, correction for size and shape of
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the original sources is not easily done due to the geometric inconsisten-
cies of the printed points as is shown by the microscopic photograph of
the point-source triangle sample in Figure 4.5.
For each tested radioisotope, the FWHM is shown in Table 4.1b. No sta-
tistically significant differences were detected between the FWHM mea-
surements in vertical as compared to horizontal direction of the point
sources and the point spread function was symmetrical for most point
sources. FWHM is therefore presented as the average ± SD for measured
points. Resolution was also measured using horizontal and vertical line
sources, which consistently showed slightly higher FWHMs for each radio-
isotope due to more radioactive spill-over around the lines (data not
shown).
However, differences in resolution between the various isotopes were
shown. The highest resolution was shown for the typical γ-emitting
radioisotopes 67Ga, 123I, 99mTc, 201Tl, except for 111In. In general, the β-
emitters 18F, 89Sr, 32P and 131I showed higher values of the FWHM and
thus a lower resolution. 125I, which only emits low energy γ-radiation
and low energy electrons, also showed a high FWHM.

Ex-vivo studies

Biodistribution studies using phosphor imaging

Figure 4.6. shows an example of a phosphor image obtained from an un-
treated versus a methylphenidate-pretreated rat. In the brain sections of
the rats that were pretreated with methylphenidate, there was a less
pronounced [123I]FP-CIT binding in the striatum than in the control
group (Figure 4.6.).
The ROI analysis showed no significant differences in the specific left
striatum-to-cerebellum ratios (left striatum-cerebellum/cerebellum) as
compared to specific right striatum-to-cerebellum ratios in individual
rats, which indicates a good reproducibility of the ROI-analysis method
in phosphor images (data not shown). For comparison with the
methylphenidate-treated group, the average uptake as measured by the
left and right striatal ROI was used. The data from the ROI-analysis are
summarized in Figure 4.7a. for both groups. The specific striatum-to-
cerebellum ratios were 2.66±0.08 (average ± SD) in the unblocked
group, which matches the known high density of DATs in the striatum.
Injection of methylphenidate prior to injection of [123I]FP-CIT resulted
in an statistically significantly lower binding of the radiotracer in the
striatum, which resulted in specific striatum-to-cerebellum ratios of
1.59±0.21 (P=0.045; Figure 4.7a.).
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The specific hypothalamus-to-cerebellum ratios were 0.88±0.03, reflect-
ing the relatively low affinity of FP-CIT for SERTs, which are expressed
in this brain area. The hypothalamus-to-cerebellum ratios in the blocked
group were 0.87±0.09, which was not significantly different from the
unblocked group (Figure 4.6. and 4.7a.).

The pilot study using [123I]Iododexetimide, which was used to visualize
muscarinic receptors, resulted in a high uptake of the tracer in brain
areas that express a high density of muscarinic receptors such as
Figure 4.7a. Effects of pre-administration of methylphenidate on the specific
striatum-to-cerebellum ratios and specific hypothalamus-to-cerebellum ratios, as
measured by ROI-analysis on storage phosphor images.
Figure 4.7b. Effects of pre-administration of methylphenidate on these ratios as
measured by the conventional dissection technique. * P=0.045, ** P=0.009.
Abbreviations: Struct; brain structure, cer; cerebellum.

the cerebral cortex, the striatum and the hippocampus (Figure 4.8a.).
Blocking of these receptors with scopolamine prior to injection of the
tracer showed a striking decrease of [123I]Iododexetimide uptake in the
rat brain as shown in Figure 4.8b.

Dissection biodistribution studies

Figure 4.7b. shows the results of the dissection biodistribution study using
[123I]FP-CIT. Specific striatum-to-cerebellum ratios were 2.63±0.36 for
the unblocked group, while pre-injection with methylphenidate resulted
in significantly lower ratios of 1.33±0.43 (P=0.009). Specific hypothala-
mus-to-cerebellum ratios in the unblocked group were 0.68±0.07,
whereas after blocking these ratios were 0.76±0.30, which was not sig-
nificantly different.
Figure 4.7. shows similar specific striatum-to-cerebellum ratios for the
phosphor imaging study as compared to the dissection study and a sig-
nificant decrease of specific striatum-to-cerebellum ratios after blocking
with methylphenidate. The specific striatum-to-cerebellum ratios of the
phosphor imaging study showed smaller variations as compared to the
calculated ratios that were obtained from the dissection study.

Figure 4.8. Images of the pilot study using [123I]Iododexetimide binding to mus-
carinic receptors in the rat brain without (a) and with (b) pre-injection of the
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muscarinic receptor antagonist scopolamine. Please note the decrease of
[123I]Iododexetimide binding to in the cortex, striatum, and hippocampus after block-
ade of muscarinic receptors with scopolamine. See color figure appendix for the full
color version of this figure.

3D-Mapping of the biodistribution of [123I]FP-CIT in the rat brain

To provide better insight in the [123I]FP-CIT distribution in the rat brain,
a 3D-reconstruction was generated from the brain sections of a control
rat. Figure 4.9. shows two frames from an animation that was made by
3-dimensional reconstruction of the brain slices of a [123I]FP-CIT injected
rat (control rat). The animation (available for download at the publisher’s
website) was rendered from brain slices in a 512x512 matrix. For local-
ization purposes, the contrast enhanced [123I]FP-CIT biodistribution
data was superimposed in color on a grayscale low-contrast background
animation of the same rat brain. The figure shows binding of [123I]FP-
CIT in, amongst others, the striatum and the hypothalamus.
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Figure 4.9. Frames from an animation of a 3D-reconstructed rat brain, showing
[123I]FP-CIT binding in the rat brain. Please note that the intensity of the colors used in
the picture do not reflect the amount of [123I]FP-CIT binding. The animation is available
for download at the publishers website. Abbreviations: DORS; Dorsal view, LLAT=Left
lateral view. See color figure appendix for the full color version of this figure.

Discussion

In this study, we evaluated the linearity, efficiency, sensitivity and res-
olution of the storage phosphor imaging system for 11 short-living
radioisotopes. We also evaluated the value of the technique for ex-vivo
[123I]-labeled radiotracer distribution studies in the rat brain, as an alter-
native for conventional dissection studies.

Linearity of the IP for the tested radioisotopes

All tested radioisotopes (18F, 89Sr, 32P, 67Ga, 99mTc, 90Y, 111In, 123I, 125I, 131I
and 201Tl) showed a strong linearity between the amount of applied
radioactivity on the TLC plates and detected PSL between approximate-
ly 7Bq and 6.3kBq (per 12mm spot), except for the strong β-emitters 32P,
89Sr, 90Y and 131I, since these isotopes showed overexposure of the plate
in their highest concentrations. Below these concentrations, a strong
linearity was also shown for these radioisotopes. Such linear response
has been shown for many isotopes in previous studies 3, 6, 16. Our study
showed the linearity for commonly used radioisotopes in the clinical
practice of Nuclear Medicine (89Sr, 18F, 67Ga, 99mTc, 90Y, 111In, 123I, 125I, 131I
and 201Tl), and also 32P, which is frequently used in laboratory studies.
The half-life of the tested radioisotopes varies between 109 min (18F)
and 59 days (125I). Moreover, to our knowledge, this is the first study
that compares a large series of different radioisotopes in this respect.
Especially for very short-living radioisotopes, such as 18F, conventional
X-ray film autoradiography is not adequate. This is due to the relatively
insensitivity of the X-ray film for radioactive energy that is released
from many radioisotopes and this generally demands long exposure
times. Moreover, X-ray film shows poor linearity when the amounts of
radioactivity that are exposed to the film vary greatly 16.

Mechanisms of the IP

To be able to explain paradoxical findings in this study, it may be of val-
ue to discuss first the mechanisms that underlie the IP’s behavior. In the
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past decades these mechanisms have been largely clarified 28-31 although
these are still not completely understood.
The active layer of the Fuji-MS IP bears phosphor crystals that are coated
as a 115µm dispersion of 1-10µm grains on a polyester support layer. When
a roentgen beam or γ-radiation hits the atoms of the phosphor crystals,
ionization may occur and free electrons (or electron-hole pairs; excitons)
will be formed. By law, the energy that is transferred to a released electron
may be equal to or less than the energy of the photon that collided with
the electron. When less than the original photon energy is transferred to
the electron, the photon will continue to move in a slightly different
direction with an energy that is equal to the original energy minus the
energy that was transferred to the electron. The degraded photon may
then hit another electron and thereby ionize another atom if there is
enough energy left.
Some of the photons of the roentgen beam (or γ-emitter) will ionize
Eu2+, the most important compound of the phosphor screen. Normally,
in Fuji IPs Eu3+ is not present 29, 32. The majority of X-ray irradiation
however, will cause ionizations of other atoms in the IP. The resulting
excitons may either recombine directly with primarily ionized Eu2+ and
emit prompt luminescence 33 or be trapped in an impurity (defect) in the
lattice of the phosphor crystal. The crystal defects are the result of an
intentional contamination of the crystal by halogen ions (such as F, Br
or I). When an electron is trapped in such a crystal defect, the complex
is called a color center 28, 30. This produces the latent images on the IP
(storage). When the color centers are irradiated by a laser beam, the trapped
electron will be thermally released again to the conduction band. This
step is performed inside the phosphor imager when the plate is read.
The released electrons may then be trapped with electron holes at O-F-
sites near Eu2+ ions. Simultaneous collapse of these excitons induces
excitation of the Eu2+ ions, followed by luminescence 29. Currently there
are some conflicting theories about this process 31. The process is accom-
panied by the emission of visible light (luminescence) which is detected
by a photo multiplier tube in the phosphor imager as PSL.
Besides for detection of γ-radiation or roentgen beams, IPs can also be used
for the detection of β-/electron emitting radioisotopes. The emitted
electrons may also ionize the atoms of the IP. Part of the energy of the
emitted electron (of the radioisotope) will be transferred to the released
electron (or exciton) to which it collided, and the originally emitted
electron will continue its path by ionizing (or exciting) other atoms or be
trapped in a crystal impurity or recombine to form an excited Eu2+ ion.
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Efficiency of the IP for high energy β-emitters

Of all tested radioisotopes, the IP showed the highest efficiency for the
high energy β-emitters 32P, 90Y and 89Sr. While 32P and 90Y are pure β-
emitters, 89Sr also emits a small amount of high energy γ-radiation which
is being neglected due to the very low yield. Emission of high energy
electrons (β-particles in this case) provokes more ionizations in the
phosphor crystals because these particles are able to transfer their ener-
gy to more than one electron, which is less likely for low energy elec-
trons. This explains the higher efficiency of the IP for high energy elec-
trons or β-radiation, as compared to low energy electron or β-emitters.
Interestingly, the results of our study show a lower efficiency-per-disin-
tegration for 90Y as compared to 32P, although the emitted β-particles of
90Y have a higher energy. One possible explanation for this phenomenon
may be escape of trapped electrons from the color centers due to their
high energy, without prior thermal stimulation by a laser. The result
would be an increased amount of prompt luminescence and a decreased
amount of stored energy, which diminishes the efficiency-per-disinte-
gration of the IP for very high energy β-emitters.

LOD and LOQ on the IP for high energy β-emitters

Due to the limited range of (high energy) β-particles (or electrons) in the
IP, ionizations only occur near the source of radiation (i.e. the sample).
Therefore, macroscopically there isn’t much radioactive spill-over, and
hence, the amount of background PSL on a larger distance is low for these
radioisotopes. In our measurements, the standard deviations of the
background PSL on the plates of these high energy β-emitters proved to
be very low, and this is probably the result of the homogeneous charac-
ter of normal background radiation. The result is a low LOD and LOQ
for all high energy β-emitters. Because of the high efficiency of the IP for
these radioisotopes, only a small amount of radioactivity is necessary to
induce a higher PSL than the normal background PSL.

Resolution on the IP of high energy β-emitters

The range of high energy β-particles is also reflected in the FWHM. Al-
though there are no statistically significant differences between the
FWHM of the high energy β-emitters, there is a relation between the
Emax and the measured FWHM. A higher Emax leads to a worse resolu-
tion, which may be due to the larger range of high energy β-particles as
compared to low energy β-particles. Therefore, low energy β-emitters
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such as 3H should produce the best resolution possible 3, however the
low energy particles of 3H do not penetrate the protective layers of the
phosphor screens used in this study.
The limited resolution of the high energy β-emitters in our experiments
is not likely to be the result of a flare effect 14; a scanner artifact that
may occur perpendicular to the scan direction due to the granular com-
position of the active layer of the IP 1. There are three reasons for this.
First of all, we measured that PSL as a result of a flare artifact only con-
tributes to the total detected PSL for approximately 3-4% for intense
spots in our imaging system and even less for spots that resulted in a
medium intensity PSL (data not shown). Second, the concentrations of
radioactivity in the ink of the inkjet cartridges were chosen such that
one printed pixel (5-8pL of ink) would produce such a spot of medium
intensity on the scanned images. Moreover, cartridges were calibrated
to each other in terms of radioactive concentrations, by using the effi-
ciency-per-Bq unit, in order to produce comparable images of the test
patterns with respect to PSL density. Third, a flare effect would lead to
differences between measurements of FWHM in either horizontal or
vertical direction. On the scanned images of the radioactive point
sources, no statistically significant differences between the horizontal
and vertical FWHM were seen for any of the tested radioisotopes.
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Efficiency, LOD, LOQ and resolution of mixed high energy β/high energy γ

emitters

The shielding experiments on samples that contained 18F showed that 93%
of the detected PSL can be attributed to the emission of the 634keV posi-
tron (Emax), because this is the percentage of activity that can be shielded
by layers of plastic (Figure 4.2b.). From the curve estimation that was cal-
culated based on the results of the experimental data (Figure 4.4.), a half-
thickness of 0.19mm in shielding material was calculated. Theoretically,
according the equation of Feather for electrons within the energy range of
0.6-20MeV (R=(0.542·Emax-0.133)/ρ, with R as cm, Emax as MeV and ρ as
g/cm3) the range for the positrons of 18F should be 1.44mm. The half-thick-
ness is estimated by dividing the maximal range by 7 and is therefore
approximately 0.21mm, which is close to the experimental findings. The
small difference may be explained by experimental error or annihilation of
the positrons before the shielding material is crossed.
For 131I, 96% of the PSL on the phosphor screen can be attributed to sev-
eral high and medium energy β-particles and electrons (predominantly
the 606keV β-particle). The calculated half-thickness based on the curve
estimation (Figure 4.4.) was 0.15mm. Theoretically, the maximal range
in the shielding material for the most important β-particles that are
emitted by 131I (Emax=606keV, y=0.894), should be approximately
1.34mm and half-thickness should therefore be approximately 0.19mm.
The results of our shielding experiment show a slightly lower half-thick-
ness for 131I. This discrepancy is explained by the energy spectrum of
emitted particles of 131I, which also include lower energy electrons that
are shielded more efficiently by the shielding material.
For 18F and 131I respectively, the remaining 7% and 4% of the detected
PSL which is not the result of high energy β-particles, should be the
result of the emitted high energy γ-radiation. Although the yield for this
γ-radiation is high for both 18F and 131I, the contribution to the detected
PSL is very small. The emitted high energy γ-radiation also does not lead
to an increased amount of background-PSL. This may be explained by
the low mass attenuation coefficient of any material for high energetic
γ-radiation, which decreases the chance of interaction (photo-electric of
Compton-effect) as compared to low energy γ-radiation.
Although positrons will not be trapped by a color center of the phosphor
crystals, the efficiency-per-disintegration proved to be higher for 18F
than for 131I. The higher Emax and higher yield of the positron of 18F as
compared to the most important β-particle of 131I therefore explains the
higher efficiency-per-disintegration of 18F. As expected, the efficiency of
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18F proved to be less than the efficiency of the tested higher energy β-
emitters. Eventually, the positrons annihilate with an electron and
release two 511keV annihilation photons. Due to the high energy of
these photons (and therefore low mass attenuation coefficient in mate-
rial), the chance of interaction with the IP is low so these photons are
not likely to increase the absolute background PSL.
However, the efficiency-per-Bq is low for 18F, which is the result of the
short half-life of the radioisotope and the relatively long exposure time
(24h). To calculate the LOD and LOQ, the measured background PSL is
corrected by the efficiency-per-Bq (in order to express LOD and LOQ as
Bq/cm2). Therefore, de SD of the background measurements was rather
high and as a result, the LOD and LOQ were also high as compared to
the other high energy β-emitters. On the other hand, these LOD and
LOQ estimations are actually valid, because due to the long exposure
time the LOD and LOQ will be compromised. Long exposure (such as
24h) of 18F samples will lead to an unnecessary relatively high amount of
background PSL. To avoid this, one may choose for a shorter exposure
time. 3x half-life should be optimal 5 and exposure of the IP in a Perspex
and lead shielded cassette may also optimize the results 14.
The low resolution of 18F, which is reflected in the high FWHM, is most
probably the result of the high energy positrons which are able to induce
ionizations at relatively large distances from their source, due to their
high energy (as compared to low energy β-emitters). As expected, the
measured FWHM of 18F therefore follows the FWHM of the higher ener-
getic β-emitters 32P and 89Sr. The FWHM of 18F and 131I are not statisti-
cally significantly different, but visually and by average, the resolution
of 131I is slightly better. This may be due to the fact that 131I also emits
300-500keV electrons (cumulative yield approximately 10%, Table
4.1a.), which will travel less far from their source than higher energy
particles and therefore may result in a better resolution.
The 960keV positron emitter 11C is used frequently in experimental
PET-radiotracers 12, 34 but has not been evaluated in the present experi-
ments. The properties of the IP for this radioisotope should comparable
to the properties for 18F. Based on the data of the presently tested high
energy beta emitters, the efficiency-per-disintegration is expected to be
somewhat higher than that of 18F. Due to the very short half-life of 11C,
the efficiency-per-Bq is probably relatively low for this radioisotope
when the exposure duration is 24h. The short half-life should also have
effects on the LOD and LOQ, which will probably be slightly higher for
this high energy positron emitter as compared to 18F. The resolution of
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11C on the IP should be in the same range as the resolution of 89Sr and 18F.

Efficiency of the IP for mixed electron/γ-emitters

For isotopes that do not emit high energy, but medium energy electrons
and a variable amount of medium energy γ-radiation, interpretation of
our results is slightly more complicated. First, we consider the contribu-
tion to the calculated IP efficiency that is the result of γ-radiation. The
results of the shielding experiments by using layers of plastic between
the 18F or 131I samples and the IP indicate that high energy γ-radiation
hardly contributes to the amount of detected PSL. Similarly, high energy
γ-radiation also contributes to only a small extent to the efficiency of
IPs for radioisotopes that emit such products. This is shown by the
absolute background PSL which is not increased on plates that were
exposed to high energy γ-emitters such as 18F (annihilation photons,
511keV, yield 1.94) or 131I (multiple γ’s; cumulative yield 0.91; Table
4.1.). Again, this is in agreement with the fact that, in comparison with
lower energy γ-radiation, there is a smaller chance of interaction with
material due to a lower mass attenuation coefficient. Moreover, the effi-
ciency calculations are based on background corrected measurements.
This means that the PSL of each sample is corrected by the mean back-
ground PSL which also may be the result of interaction of photons on a
large distance from their source. However, in the area near to the
source, the photon flux is higher (inverse-square law), which increases
the chance of interactions. This may explain the 7% and 4% remaining
PSL after adequate shielding of the 18F and 131I, respectively.
In contrast, medium energy and low energy photons seem to be able to
interact with the IP at larger distances from their source, which is in
agreement with the higher mass attenuation coefficient for material for
lower energy photons. The result is an increase of absolute background
PSL at large distances from the original sources. The measurements were
performed on the plates that were used for the resolution measurements
and due to the inhomogeneous distribution of the test patterns, there is
a relatively high SD of the background measurements. This will also
occur when γ-emitting tissue slices are being exposed.
Medium and low energy photons only contribute to the calculated effi-
ciency of the IP to a small extent because, similar to the IPs of the high
energy photon emitters, the efficiency calculations are based on back-
ground corrected data. However, PSL as a result of the higher photon
flux close to the radioactive sample, to some extent, does contribute to
the calculated efficiency.
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In the shielding experiments of 125I, no decrease of detected PSL was shown
with increasing layers of transparency material. This means that all low
energy electrons are filtered out by the protection layers of the IP and by
self absorption in the silica gel layer of the TLC plate. Therefore, it is
assumed that the detected PSL from the IP is the result of very low energy
γ-radiation only.
Very low energy γ-radiation has a relatively high probability to interact
with material due to a relatively high mass attenuation coefficient, and is
therefore attenuated easily. Our experimental results show that such very
low energy photons do not lead to a higher amount of absolute back-
ground PSL. These photons therefore do contribute to the calculated effi-
ciency. The obtained PSL in 125I is caused exclusively by these photons.
To summarize, the contribution of low, medium and high energy pho-
tons to the efficiency of IPs is not nihil, but rather unimportant for
radioisotopes that also emit electrons that are able to cross the protec-
tive layer(s) of the IP in a sufficient quantity. In contrast, very low ener-
gy photons are a more important contributor to the IP efficiency, espe-
cially when there are few or no co-emitted electrons.

Of the very low and low energy γ-emitters, the efficiency proved to be
best for 111In, which is the only radioisotope of these γ-emitters that
emits a high energy electron. 123I performs slightly less. Although 123I
emits more medium energy electrons than 111In, the sum of yields of the
medium and high energy electrons of 111In equals the yield of the medi-
um energy electrons of 123I (Table 4.1a.). Since the IP is more efficient for
high energy electrons, and the amount of very low and low energy γ-
radiation for 123I and 111In is comparable and since medium and high
energy γ-radiation does not have large effects on plate efficiency, the
efficiency-per-disintegration for 111In is higher than for 123I. The efficiency-
per-Bq for 123I is lower than that for 201Tl due to the short half-life of 123I.
The efficiency-per-disintegration for 201Tl is lower than for 123I, due to
the lower amount of emitted medium energy electrons. 125I shows a
higher efficiency than both 99mTc and 67Ga due to its very high yield for
very low energy photons. Finally, 99mTc shows a higher efficiency-per-
disintegration than 67Ga due to the amount of medium energy that is
emitted from 99mTc, in spite of the higher yield for low energy electrons
and very low energy photons that are emitted by 67Ga. Again, the lower
efficiency-per-Bq for 99mTc as compared to 67Ga is the result of differ-
ences in half-life.
Theoretically, the results of the 99mTc experiments may be influenced by
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the strong β-radiation of its parent radioisotope 99Mo (most important
β: 1.2MeV, y=0.83), which inevitably is present in the sample (for clini-
cal practice less than 0,1% is accepted). However, in our experiments
the presence of 99Mo was not an issue. We proved this by comparing a
TLC of the radiotracer (tetrofosmin was used as the carrier for 99mTc)
that was scanned using a Minigitta flatbed scanner (energy range set to
15-200keV; Canberra, Zellik, Belgium) with a TLC strip that was
exposed to the IP. The fraction of radioactivity in the mobile phase
proved to be comparable. If present, 99Mo would have been found in this
mobile phase, and would not be detected by the Minigitta scanner in
contrast to the IP (data not shown).

LOD and LOQ of the IP for mixed electron/γ-emitters

As shown in Table 1b., all plates that were exposed to mixed medium and
low and medium energy γ-emitters showed an increased absolute back-
ground PSL (4.3-5.6 PSL/mm2) as compared to the pure β-emitters (2.9-
3.8 PSL/mm2). The SD of 10 background samples for each isotope proved
to be relatively more increased (about 3-7x the standard deviation of the
pure β-emitters) which is most likely due to the abovementioned inho-
mogeneous distribution of the radioactive sources on the plate. This
results in a larger LOD and LOQ for low and medium energy γ-emitters.
Moreover, by correction with the efficiency-per-Bq term, which is nec-
essary to express the LOD and LOQ as Bq/cm2, these increases in LOD
and LOQ are enhanced, especially for very short living radioisotopes. A
high LOD and LOQ is realistic for short-living radioisotopes such as
99mTc and 123I, because the relative contribution of background PSL to
the obtained images becomes larger when time passes. For such short-
living radioisotopes, a short exposure of no more than 3x the half-life of
the radioisotopes is advised (18h for 99mTc). The LOD and LOQ may also
be higher for IPs that are exposed to radioisotopes for which the plates
have a low efficiency-per-disintegration. Shielding of the IP cassettes
with lead during the exposure will enhance the sensitivity particularly
for these radioisotopes 14.
The γ-emitter 125I showed a low absolute background PSL and also a very
low standard deviation of the background measurements, comparable to
those of the high energy β-emitters. This is explained by the limited
‘range’ (or high attenuation) of the very low energy photons that are emit-
ted by this radioisotope, and is also reflected in the low LOD and LOQ.
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Resolution on the IP of mixed electron/γ-emitters

The resolution of the tested γ-emitters seems to be the resultant of the
co-emitted electrons but also, to a lesser extent, of the emission of very
low energy photons (which is actually due to ionization of IP atoms by
these photons). We conclude, from the resolution of 125I, that exposure
to very low energy γ-radiation results in a low resolution on IPs. The
achievable resolution of 125I on the protected IP is comparable to the res-
olution of high energy β-emitters.
111In, 123I, 201Tl, 99mTc and 67Ga all emit substantial amounts of very low
energy γ-radiation, however these radioisotopes show the best resolu-
tion. This seems to be due to the co-emitted low and (to a lesser extent)
medium energy electrons. Due to the high efficiency of the IP for these
electrons, the beneficial effects on the resolution of the electrons out-
weigh the negative effects of the very low and low energy γ-radiation.
This may be the reason why the resolution for 111In, which only emits a
small amount of medium energy electrons but a relatively large amount
of low and very low energy photons, is moderate (Table 4.1b., Figure 4.5.).
The resolution of 123I and 99mTc is comparable (Table 4.1b., Figure 4.5.). The
reason for this may be not only the higher cumulative yield, but also the
higher average energy of electrons within the medium energy category
of 123I as compared to 99mTc. This apparently outweighs the effect of the
higher quantity of very low energy photons that are emitted by 123I. The
favorable resolution of 99mTc is the result of medium energy electrons
which, as we showed in the shielding experiments, contribute to the
total PSL for approximately 40%, in combination with the low cumula-
tive yield for very low energy γ-radiation. The remaining 60% of the
detected PSL in 99mTc, resulting from low energy photons, do not have a
major adverse effect on the resolution for this radioisotope. The resolu-
tion of 201Tl is moderate, although the measurement is somewhat uncer-
tain (high SD). The moderate resolution may be due to low cumulative
yield of low energy electrons, so the effects of the very low energy pho-
tons are relatively important.
The good resolution (Table 4.1b., Figure 4.5.) of 67Ga is probably due to
the favorable characteristics of the electrons in the low energy category.
The vast majority of these electrons have an Emax between 82-93keV and
these are therefore theoretically capable of penetrating both protective
layers of the phosphor screen. From the shielding experiments, it has
become clear that the detected PSL can be attributed to these electrons
for 63%. This percentage was based on the difference between measure-
ments without saran wrap (unshielded samples), so in theory the differ-
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ence could also be the result of shielding of otherwise undetectable elec-
trons (that are normally shielded by the saran wrap). However, this is
not the case, since none of the otherwise undetected electrons (i.e.
when using saran wrap) is able to cross the intrinsic protective layer of
the phosphor screen (this also applies to the shielding experiment
results for 99mTc). The contribution of 63% of low energy electrons to
the PSL, explains the good resolution of 67Ga samples on the IPs, in spite
of its high cumulative yield for very low and low energy photons.

General remarks

In general, the efficiency of the IPs for high energy electron emitters is
high, but high electron energies compromise the resolution of the plates
for the radioisotope. Low energy electrons that are able to escape the sil-
ica gel and able to cross the protective layer(s) of the IP are beneficial to
the resolution, but the efficiency of the IP is less for low energy than for
high energy electron emitters. Electrons don’t have any effects on the
absolute background PSL, but they may have an effect on LOD and LOQ
(when expressed as Bq/cm2 per timeframe) because they are of impor-
tance for the efficiency. IPs are rather insensitive for high energy pho-
tons. These photons almost show no effects on absolute background
PSL, LOD, LOQ or resolution. Medium energy photons show a very
small positive effect on IP efficiency for the radioisotope, but also a neg-
ative effect on the absolute background PSL, LOD and LOQ. Low energy
photons have a small positive effect on plate efficiency. However, these
photons will also increase the absolute background activity and have
negative effects on the LOD and LOQ. Finally, very low energy photons
have a positive effect on IP efficiency but do not increase the absolute
background PSL. They, in analogy to electrons, have an effect on the
LOD and LOQ. The resolution however, seems to be negatively affected
by very low energy photons.

Clinical appliances of the tested short-living radioisotopes with respect
to neuroimaging

Many of the tested radioisotopes are currently used for clinical diagnos-
tic PET or SPECT imaging of neurological or neuro-endocrine diseases.
For SPECT-imaging of the human brain 99mTc (in e.g. [99mTc]HMPAO
brain diffusion studies or [99mTc]TRODAT for DAT-imaging) and 123I (in
e.g. [123I]FP-CIT or [123I]IBZM for DAT-imaging or D2-receptor imaging,
respectively) are used frequently. 123I in newly developed radiotracers is
commonly replaced by 125I during evaluation and characterization experi-
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ments, because the longer half-life of 125I is logistically more favorable.
201Tl is used frequently to diagnose and differentiate brain tumors. 111In
is being used for the detection of neuroendocrine tumors
([111In]Pentreotide). For PET imaging 18F is used widely as [18F]FDG,
which is a marker for enhanced metabolism in tumors or infection (also
in brain). Although not evaluated in the present experiments, the
positron emitter 11C is used often in PET-radiotracers that are used for
neuroimaging, for instance as [11C]Raclopride. Earlier studies have eval-
uated the storage phosphor imaging for this particular radioisotope 12

and the imaging technique was used successfully in several preclinical
studies using this isotope 34, 35. In the future 68Ga may also be used as the
positron emitting radioisotope in tracers for PET-studies. Such tracers
may be tested first using 67Ga as the radioisotope, since the half-life of
the latter is much longer and therefore also its availability.
131I is currently used therapeutically as [131I]MIBG, to irradiate neuro-
blastomas in children. 90Y is used clinically in some institutes as
[90Y]DOTATOC, for local irradiation of somatostatine receptor bearing
neuroendocrine tumors. We included 89Sr in our experiments to compen-
sate for 90Y, which was not available at the time of the resolution experi-
ments. 32P was included as a strong β-emitter, for interpretation purposes.
However, all radioisotopes that are used for diagnostic purposes are
short-living radioisotopes that emit (predominantly) γ-radiation. These
are chosen in order to lower the radioactive burden as much as possible
for the patient. Many more radiotracers are currently under develop-
ment, in particular positron emitting tracers for PET-imaging, but also
γ-emitting tracers for SPECT-imaging. In the past few years, the use of
phosphor imaging has become increasingly important in the develop-
ment of these new tracers.

In-vivo experiments

Despite the lower efficiency of the IPs for short-living γ-emitting isotopes,
imaging of these isotopes in e.g. biodistribution studies is feasible. In this
study we performed a simple blocking experiment using [123I]FP-CIT, a
commercially available radiotracer with high affinity for the DAT, but
also some affinity for the SERT 21. Indeed, we were able to visualize the
high density of DATs in the rat striatum as compared to other brain
structures using [123I]FP-CIT and ROI-analysis on phosphor images of
rat brain sections (Figure 4.6.). The rat brains were sliced in the horizon-
tal orientation so striatum, hypothalamus and cerebellum were visible
on the same brain section. By calculation of the specific striatum-to-cere-
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bellum and hypothalamus-to-cerebellum ratio on a single brain section,
variations in total radioactivity in the brain sections due to slight varia-
tions in section thickness were eliminated. By using this approach, also
no correction was necessary for bodyweight of the rat and the amount
of injected tracer. The calculated specific striatum-to-cerebellum ratios
in multiple sections showed good agreement within individual rats (left
vs. right striatum-to-cerebellum) and between the rats within a group.
As expected, the specific hypothalamus-to-cerebellum ratios were low.
The results of the phosphor imaging study were compared with a con-
ventional dissection study (Figure 4.7.) and the specific striatum-to-cere-
bellum ratios were similar for both study protocols. The variation in the
ratios was smaller in the phosphor study in spite of the smaller groups
that were used. We suggest that the smaller variations in the measure-
ments, may allow the use of smaller groups of rats for this type of
biodistribution experiments. Other important advantages of the phos-
phor imaging technique as compared to dissection biodistribution stud-
ies of the rat brain include the higher sensitivity which allows detection
of minute amounts of radioactivity. Also, when using phosphor imaging
techniques, one has the possibility to reanalyze imaging data and the
possibility to study tracer distribution in smaller or partial brain struc-
tures (such as specific layers of the cortex) which are not easily dissect-
ed. Although resolution of the phosphor imaging may be poor as com-
pared to X-ray autoradiography, as compared to classical dissection
experiments, the measurements are more precise.
As expected, in the phosphor imaging study, intravenous pre-treatment
with methylphenidate resulted in blockage of binding to DAT in the
striatum (Figure 4.6., Figure 4.7.). In the dissection study, the protocol
was slightly different. In that experiment, 10mg/kg methylphenidate
was administered intravenously to the rats prior to injection of the
radiotracer, whereas in the phosphor imaging study 5mg/kg was given.
This may explain the lower ratios of the blocked group in the dissection
study as compared to the phosphor imaging study.
Pre-administration of methylphenidate did not affect the binding of
[123I]FP-CIT in the hypothalamus in both experiments, which indicates
the lack of specific binding to the DAT in this brain structure.
In the ex-vivo studies, ketamine/xylazine 2:1 was used as the anesthetic
agent. Although there may be effects of ketamine on the dopaminergic
system 36, we consider such possible effects as systematic, since the same
anesthesia was used for all study groups. Moreover, anesthetics were
used only from the moment of the first injection. Also, pretreated rats
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that were given methylphenidate did show the expected decline of FP-
CIT binding, which indicates the feasibility of both models to detect
changes in DAT availability.
To test the value of the phosphor imaging technique for biodistribution
studies using other 123I-radiotracers, we also performed a pilot experi-
ment in two rats that were injected with [123I]Iododexetimide, a radio-
tracer that binds to muscarinic receptors 25. Blocking of the muscarinic
receptors was achieved by pre-injection of the high-affinity muscarinic
antagonist scopolamine (Figure 4.8.). A striking effect of the blocking
medication was seen in this pilot experiment.
Although planar phosphor images alone improve insight in the biodistri-
bution of radiotracers in the rat brain as compared to dissection biodis-
tribution studies, an even better understanding of tracer distribution
can be obtained by viewing 3D-reconstructed images of the brain slices.
The distribution of [123I]FP-CIT in the rat brain that is depicted in Figure
4.9. is not only the result of binding to the DAT, but also to a lower
extent to SERT. 3D reconstruction of the rat brain slices provides a
rapid overview of the tracer distribution.

Conclusion

In conclusion, the storage phosphor imaging system shows a linear res-
ponse over a wide dynamic range for all tested short-living radioisotopes.
Although the efficiency, sensitivity and resolution of the phosphor
imaging technique varies greatly for different radioisotopes and emitted
particles and their radiation energies, we showed that this technique
allows quantitative imaging of distribution of radiotracers that are
labeled with all tested radioisotopes, even short-living γ-emitters such
as 99mTc or 123I. We also showed that 123I-labeled radiotracer-distribution
studies in the rat brain using the phosphor imaging technique are an
attractive alternative for conventional dissection studies. The main
advantages of the phosphor imaging technique in radiotracer distribu-
tion studies in the rat brain include smaller variations in the measure-
ments and the possibility to reanalyze radiotracer distribution retro-
spectively. Due to the high sensitivity of the IPs, minute amounts of
radioactivity should be detectable in tissue sections. Also, phosphor
imaging provides a more detailed insight in the distribution of radiotrac-
ers in the rat brain, which can be further improved by 3D-reconstruc-
tion of the rat brain sections.
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CHAPTER 5
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Abstract
Disturbances of activity of the glutamatergic neurotransmitter system in the brain are pre-
sent in many neuropsychiatric disorders. The N-methyl-D-aspartate (NMDA) receptor is
the most abundant receptor of the glutamatergic system. In the neurodegenerative
events of Alzheimer’s disease, excessive activation of NMDA receptors may contribute to
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Figure 5.1. Time course biodistribution of [123I]CNS-1261 in the rat brain. Data are
expressed as the radioactive uptake in the brain area as a ratio to the cerebellar
uptake and are plotted as the average of 3 rats. Error bars represent ± 1 standard
deviation. Grey blocks are drawn to emphasize each time point of measurement.
Lines represent the time course of the uptake ratios for 3 brain structures; frontal
cortex (high availabilty of PCP/MK801/ketamine NMDA receptor binding sites), hip-
pocampus (low availability of binding sites) and pons (relatively low availability of
binding sites). Please note that the time scale is not linear.
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Table 5.1. Time course biodistribution of [123I]CNS-1261 in the male Wistar rat. Data
are expressed as the percentage of the injected dose, multiplied by the body
weight in grams per gram tissue or blood (%ID x g/g). The table displays the aver-
age ± 1 standard deviation for measurements in 3 rats at each time point.

5 min 15 min 30 min

Blood 0.84 ± 0.12 0.44 ± 0.04 0.24 ± 0.02
Fat 0.24 ± 0.10 0.38 ± 0.10 0.25 ± 0.11
Muscle 1.27 ± 0.55 0.97 ± 0.39 0.53 ± 0.19
Liver 5.24 ± 4.24 2.62 ± 0.39 1.29 ± 0.53
Spleen 6.03 ± 5.16 5.26 ± 0.68 3.78 ± 1.25
Kidney 13.70 ± 4.29 15.62 ± 2.25 9.37 ± 3.38
Heart 5.66 ± 1.60 2.61 ± 0.16 1.42 ± 0.22
Lung 42.76 ± 11.03 21.41 ± 4.79 11.11 ± 2.09
Cerebellum 4.53 ± 2.47 2.42 ± 0.34 1.39 ± 0.46

1h 2h 3h

Blood 0.20 ± 0.02 0.09 ± 0.01 0.08 ± 0.01
Fat 0.64 ± 0.27 0.40 ± 0.07 0.33 ± 0.06
Muscle 0.44 ± 0.03 0.24 ± 0.03 0.17 ± 0.04
Liver 1.68 ± 0.45 1.31 ± 0.20 0.96 ± 0.16
Spleen 3.31 ± 0.42 1.50 ± 0.16 0.97 ± 0.19
Kidney 10.50 ± 3.99 5.18 ± 3.74 6.73 ± 1.28
Heart 0.83 ± 0.16 0.43 ± 0.04 0.28 ± 0.07
Lung 5.34 ± 1.12 2.56 ± 0.52 2.00 ± 0.36
Cerebellum 1.03 ± 0.08 0.47 ± 0.02 0.30 ± 0.07

4h 6h 24h

Blood 0.08 ± 0.02 0.04 ± 0.01 0.01 ± 0.00
Fat 0.31 ± 0.05 0.12 ± 0.02 0.01 ± 0.00
Muscle 0.15 ± 0.01 0.04 ± 0.01 0.00 ± 0.00
Liver 1.32 ± 0.18 0.70 ± 0.12 0.36 ± 0.02
Spleen 0.75 ± 0.11 0.17 ± 0.02 0.01 ± 0.00
Kidney 7.95 ± 1.73 4.62 ± 0.16 2.86 ± 0.49
Heart 0.23 ± 0.05 0.08 ± 0.03 0.01 ± 0.00
Lung 1.42 ± 0.24 0.40 ± 0.14 0.03 ± 0.00
Cerebellum 0.24 ± 0.03 0.07 ± 0.01 0.02 ± 0.00



neuronal death. Inhibition of NMDA receptor activation may have neuroprotective
effects and (semi)quantitative imaging of the activated system may help in the selection
of patients for such inhibition therapies.

In this study, we evaluated [123I]CNS-1261 binding in the rat brain. This radiotracer
binds in-vivo to the MK801 binding site of activated NMDA receptors. To determine the
optimal time point for ex-vivo assessments after bolus injection [123I]CNS-1261 binding
in rats, we performed a time course biodistribution study using dissection techniques.
[123I]CNS-1261 binding was also studied in the rat brain using autoradiography by
means of storage phosphor imaging, with prior facilitation of NMDA receptor activation
by injection of the potent co-agonist D-serine and after blocking of the NMDA receptor
binding site by MK801 injection in D-serine pre-treated rats.

Measurements of [123I]CNS-1261 uptake matched the distribution of similar tracers for the
MK801 binding site of the NMDA receptor and revealed an optimal time point of 2h post
injection for the assessment of tracer distribution in the rat brain. The blocking experiments
indicated specific binding of [123I]CNS-1261 to NMDA receptors but also a considerable
amount of non-specific binding. Facilitation of NMDA receptor activation by D-serine
did not result in an enhancement of binding of the radiotracer in the NMDA receptor-rich
rat hippocampus compared to the untreated group, as measured by autoradiography.
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Figure 5.2. Sample of a brain section of a D-serine pretreated rat, which displays
a relatively high uptake of [123I]CNS-1261 in the hippocampus. The ROI template of
the hippocampus (and dentate gyrus) for this level in the rat brain is superimposed
upon the image and circular cerebellar cortex ROIs are also displayed. Each mea-
surement was performed bilaterally. a: detail of a hippocampus of a control rat. b:
detail of a hippocampus of a D-serine treated rat. c: detail of a hippocampus of a
blocked (D-serine + MK801) rat.



In conclusion, our study has shown that [123I]CNS-1261 binding is influenced by NMDA
receptor availability. However, high non-specific binding limits quantification and small
changes in receptor availability are unlikely to be detected.

Introduction

The glutamatergic system is the principal excitatory neurotransmitter
system in the central nervous system. Physiologically, this system plays
a key role in the processing of information, synaptic plasticity and thus
learning processes and memory formation. Dysfunction of this system
has been shown in many neuropsychiatric disorders, such as schizophre-
nia or depression 1, 2. Also in the neurodegenerative events of Alzheimer’s
disease, an enhancement of this neurotransmitter system activity has
been shown to accompany and induce neuronal death 3.
The most important receptor of the glutamatergic neurotransmitter sys-
tem is the N-methyl-D-aspartate (NMDA) receptor. In humans, this recep-
tor acts as a gated ion channel and consists of heterogenic assemblies of
various subunits, predominantly the NR1 and NR2 subunits 4, 5. For activa-
tion of this receptor, not only binding of the neurotransmitter glutamate
(or NMDA agonists) on the NR2 subunit is required, but also binding of a
co-agonist on the NR1 subunit such as the neurotransmitter glycine 4.
Simultaneous binding of glutamate and glycine results in opening of the
ion channel, which induces a physiological influx of preferentially Ca2+

ions into the neuron. D-serine, a neuronal signaling molecule produced by
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astrocytes or neurons, also acts potently as a co-agonist in this system. A
voltage dependent Mg2+ block is present on the receptor and may close the
ion channel when a certain membrane potential is exceeded.
However, excessive and continuous stimulation of the glutamatergic
system may lead to an excessive neuronal influx of Ca2+ and excitotoxic
neuronal death. In neurodegenerative conditions such as Alzheimer’s
disease, this mechanism is believed to play an important role in the
pathogenesis of the disease. It has been shown that β-amyloid is able to
enhance NMDA receptor activity 3. Moreover, activation of the NMDA
receptor by agonists has been shown to induce β-amyloid production in
neuronal cultures 6, which suggests a vicious circle.
Pharmacologic inhibition of the NMDA receptor, for instance by meman-
tine, may therefore have neuroprotective effects 7. Indeed, preclinical
studies showed neuroprotective effects of this substance 8. After success-
ful clinical trials, demonstrating beneficial effects of memantine on the
symptoms of Alzheimer’s disease patients in all stages of the disease 7, 9,
this drug has been approved recently for use in Alzheimer’s disease.
In-vivo molecular imaging techniques such as single photon emission
computed tomography (SPECT) or positron emission tomography (PET)
may help to assess the integrity of the glutamatergic system. Semi-
quantitative or quantitative imaging studies of this neurotransmitter
system in the living human brain may therefore be an important tool in
the evaluation of newly developed inhibitory medication and may facili-
tate the selection of patients for such therapies.

For many years, attempts have been made to produce PET and SPECT
tracers for NMDA receptors 10, 11. Radioiodinated MK801 (dizocilpine)
has been evaluated as a tracer, but its use proved to be limited due to the
high lipophilicity which resulted in a high non-specific uptake in the
brain 12. N-(1-Naphthyl)-N’-(3-[125I]-iodophenyl)-N’-methyl-guanidine
([125I]CNS-1261, labeled in the present study as [123I]CNS-1261) was pro-
posed recently as a SPECT radiotracer for imaging of activated NMDA
receptors 13. Like MK801, this tracer binds in-vitro with nanomolar
affinity to a binding site inside the ion channel of the NMDA receptor
(intra-channel MK801 site). Binding sites are therefore only available if
NMDA receptors are activated. As compared to radioiodinated MK801,
radioiodinated CNS-1261 has proven to be less lipophilic 13.
Owens and co-workers demonstrated enhanced [123I]CNS-1261 uptake
in ischemic brain areas in rats, demonstrating increased binding due to
NMDA receptor activation 13. Moreover, the first [123I]CNS-1261 human
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SPECT studies have recently been reported 14, 15. Interestingly, Stone and
co-workers 15 evaluated the effects of ketamine (a specific competitor for
the intra-channel MK801 site) on [123I]CNS-1261 binding to NMDA
receptors in-vivo in healthy controls. They showed that ketamine
administration led to a significant decrease in [123I]CNS-1261 binding in
most of the brain regions examined, which is highly suggestive of specif-
ic binding of the tracer in the living human brain.
All in all, [123I]CNS-1261 has shown favorable binding characteristics in-
vitro, ex-vivo and initial [123I]CNS-1261 SPECT studies in humans also
showed promising results. In this study, we explored the feasibility of
the radiotracer to detect changes in the availability of NMDA receptor
MK801 binding sites. We evaluated the [123I]CNS-1261 distribution in
the rat brain with prior facilitation of NMDA receptor activation by
intravenous pre-injection of D-serine; the hypothesis being that increased
activation due to D-serine would be associated with an increase in CNS-
1261 binding. We also studied blocking effects of MK801 on the binding
of the radiotracer to the intra-channel binding site after co-activation of
the receptors by D-serine, the hypothesis being that a decreased radio-
tracer binding would occur. Tracer distribution was measured using
storage phosphor imaging. To define the optimal time point for the
evaluation of tracer distribution after its injection in rats, we first per-
formed a time course radiotracer distribution study.

Materials and Methods

The tri-butylstannyl precursor of CNS-1261 was synthesized at the NHS
Radiopharmacy in Glasgow, UK, as earlier described 13. Radio-iodination
was performed by GE Healthcare, Eindhoven, The Netherlands.
[123I]CNS-1261 had a specific activity of 185MBq/nmol and a radiochem-
ical purity of 96% in the time course biodistribution study and 86% in
the D-serine/MK801 storage phosphor imaging experiment.

Time course biodistribution studies

In order to assess the optimal time point for imaging of [123I]CNS-1261
after its intravenous injection in rats, a time course biodistribution
study was performed. Male Wistar rats (Harlan, Horst, The Netherlands)
received [123I]CNS-1261 by injection of about 3 MBq/0.5mL buffer (iso-
tonic acetate-buffer pH 4.8, with 6.8% ethanol) into a lateral tail vein.
The in-vivo biodistribution of the tracer was studied at eight time
points after injection. No anesthetics were used during injection.
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Groups of rats (n=3 per group, body weight 250-300g) were sacrificed at
5, 15 and 30 min, 1, 2, 4, 6 and 24h post injection (p.i.) of [123I]CNS-
1261. Rats were sacrificed by bleeding via heart puncture under sedation
induced by CO2 gas. Blood was collected and fat, muscle, organs and
various brain structures were rapidly excised and weighed separately at
each time point. The 123I radioactivity of each sample was assayed in a
gamma counter (Minaxi γ A5530, Packard). Data were corrected for
radioactive decay and the radioactivity was expressed as a percentage of
the injected dose, multiplied by the body weight in grams per gram tis-
sue or blood (% ID x g/g) 16. Ratios of radioactive uptake in multiple brain
areas to the radioactive uptake in the cerebellum were then calculated.

Autoradiography of activated and blocked NMDA receptors by storage
phosphor imaging

Visualization of [123I]CNS-1261 binding to NMDA receptors was per-
formed by autoradiography of brain sections by means of storage phos-
phor imaging. Validation of this technique using short-living radioiso-
topes such as 123I was described earlier by our group 17.
Three groups of male Wistar rats (n=4 per group, body weight 250-300g)
were used in this experiment and no anesthetics were used during the
injections. The control group was injected intravenously with 0.4ml
sodium acetate buffer at 10 min prior to injection of [123I]CNS-1261. In
the second group, the NMDA receptor was co-activated by intravenous
injection of D-serine (10mg/kg body weight in 0.4ml buffer) at 10 min-
utes prior to injection of the radiotracer. In the third group, the NMDA
receptor was co-activated by intravenous injection of D-serine (10mg/kg
body weight in 0.4ml buffer) at 10 min before injection of the radiotrac-
er. At 5 min before injection of the tracer, MK801 (3mg/kg body weight
in 0.4ml buffer) was also injected (i.p.) 10 in order to block the intra-
channel binding site that was exposed by co-activation using D-serine.
All animals were then injected with 50MBq of [123I]CNS-1261 in 0.4ml
buffer via a tail vein. The rats were sacrificed by bleeding via heart
puncture under sedation induced by CO2 gas at 2h after injection of the
radiotracer. This time point was based on the results of the time course
biodistribution studies that are described above.
The brains were excised, quickly frozen and sliced into 25µm horizontal
sections using a Jung CM3000 cryomicrotome (Leica Microsystems
GmbH, Wetzlar, Germany). Every one in five sections was mounted on a
glass plate using standard mounting tape (Scotch, 3M, Minnesota, USA)
and covered with 10µm Saran wrap. The brain sections were exposed to
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a Fuji BAS-MS imaging plate (Fuji Medical Systems, Stamford, CT,
USA) for approximately 24h, after erasure of the phosphor plates less
than 2h before the start of the exposure of the radioactive samples.
Approximately 10 min after the end of the exposure, the images were
scanned at a 5µm resolution with a 16-bit pixel depth using the Fuji
FLA-3000 phosphor imager and analyzed using the AIDA software pack-
age (Version 3.20.007, Raytest Isotopenmeßgeräte GmbH, Straubenhardt,
Germany) by region of interest (ROI)-analysis.
Because of its high availability of NMDA receptor binding sites, the hippo-
campus was chosen as a brain area with high specific binding of [123I]CNS-
1261 18, 19. A series of ROIs from a template were used to assess the
accumulation of the tracer in this particular brain area (CA1, CA2,
CA3 and dentate gyrus in 13 adjacent section samples). The sizes and
shapes of the used ROIs were identical on corresponding sections of all
rats in both experiments. ROIs were placed manually and rotated to
match the orientation of the brain section. The amount of radioactivity
in each brain area was expressed as background corrected phosphor sti-
mulated luminescence (PSL)/mm2.
The cerebellar cortex was chosen as an area representative of low specific
[123I]CNS-1261 uptake, since in this brain structure the availability of
NMDA receptor binding sites has been shown to be relatively low 18, 19.
Also, [123I]CNS-1261 binding was relatively low in this brain structure
in the biodistribution study (see results section). These hippocampus/
cerebellar cortex ratios were calculated for each brain section separately
to correct the measurements for slight variations in section thickness.

The performed experiments are in agreement with The Dutch Experiments
on Animals Act (1977) and were approved by the Animal Ethics Com-
mittee (AMC, Amsterdam, The Netherlands).

Statistical analysis

Differences in the binding of [123I]CNS-1261 to NMDA receptors between
the control and study groups in the storage phosphor imaging study were
analyzed using the mixed linear model analysis by SPSS 15.0. Probability
values <0.05 were considered significant.
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Results

Table 5.1. displays the results of the time course biodistribution experi-
ments. A high absolute uptake of the tracer was present in all organs,
and exceeded the amount of radioactivity in the blood until the time point
of 6h p.i. Up to 1h p.i., the highest uptake was seen in the lungs. Uptake
in the kidney was higher than uptake in the liver at all time-points. From
5 min p.i., a gradual decline of uptake was seen in all organs, except for
the kidneys.
Up to 1h p.i, muscle tissue showed more uptake than fat tissue. However,
until 30 min p.i., the uptake was slightly lower than the amount of radio-
activity in the blood. Fat tissue showed an increase of radioactivity after 30
min, with a peak at 1h p.i., and a subsequent gradual decline. During the
increase, the amount of radioactivity in fat was higher than in blood. At 24h
p.i. only kidneys and liver still showed a considerable amount of uptake.
The initial amount of radioactive uptake in the cerebellum was also higher
than radioactivity in the blood at all time points (Table 5.1.). At early
Figure 5.3. Hippocampus/cerebellar cortex uptake ratios, as measured by storage
phosphor imaging in two separate experiments. Data are expressed as the average
uptake ratio as measured on 12 adjacent brain sections of each rat and error bars
represent ± 1 standard deviation. The hippocampus/cerebellar cortex ratio is sig-
nificantly lower in the blocked group (D-serine + MK801) as compared to the con-
trol group (* P<0.01).

time points, the initial radioactive uptake in the frontal and occipital
cortex was higher than in other brain areas, including the hippocampus
(Figure 5.1.). Between 1 and 4h p.i., the lowest uptake of radioactivity
was seen in the cerebellum and hypothalamus. In analogy to the
radioactivity in peripheral tissue, the amount of radioactive uptake
throughout the brain showed a gradual decline over time (data for the
cerebellum are shown in Table 5.1.).
At 2h p.i., the ratio of uptake in the hippocampus versus uptake in the
cerebellum reached a maximum (Figure 5.1.). This ratio remained stable
over time until 4h p.i. Considering these data, the time point of 2h p.i.
was chosen as the optimal time point for the phosphor imaging study.
Figure 5.2. shows a single brain section of a D-serine pretreated rat with
ROIs positioned on the hippocampus and cerebellar cortex. Binding of
[123I]CNS1261 was higher in the hippocampus and cortical brain areas
than in other brain areas.
Figure 5.3. shows the individual ratios of radioactive uptake in hippo-
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campal structures (CA1, CA2, CA3 and dentate gyrus) to the cerebellar
cortex. Data were measured by ROI analysis on the obtained storage phos-
phor images and are presented for the control, D-serine pretreated, and
D-serine+MK801 pretreated group.
The rats of the control group and the D-serine pretreated group showed
similar hippocampus/cerebellar cortex uptake ratios of 1.68±0.10 (aver-
age ± SD) and 1.66±0.07, respectively. Linear mixed model analysis did
not show a statistically significant difference between these groups in
this experiment. However, the study group that was given MK801 after
activation with D-serine showed lower hippocampus/cerebellar cortex
ratios (1.40±0.04) as compared to the control group. Linear mixed mod-
el analysis revealed a statistically significant difference between the
control and the D-serine+MK801 groups (P<0.01).

Discussion

In this study, we investigated the biodistribution of [123I]CNS-1261 at
several time points p.i. in the male Wistar rat. In the brain, the hip-
pocampus/cerebellum uptake ratio showed a maximum at 2h and
remained stable up to 4h p.i. The time point of 2h p.i. was considered
optimal for exploration of the biodistribution of the tracer in the rat
brain and was therefore used in the phosphor imaging study. In the stor-
age phosphor imaging study, blocking of (activated) NMDA receptors
with the competitive MK801 resulted in a significantly lower tracer
binding, which is highly suggestive of specific in-vivo binding of
[123I]CNS-1261 to NMDA receptors. However, pre-injection with the
NMDA receptor co-agonist D-serine did not result in statistically signif-
icant higher hippocampus/cerebellar cortex uptake ratios as compared
to the control group.
In the present study, the cerebellum was chosen as the reference region
since in this brain area the lowest [123I]CNS-1261 was detected. Another
appropriate reference region would have been white matter, but tracer
uptake could not be accurately measured in this brain region in the
obtained brain sections. The hippocampus was chosen as the brain area
of interest, since all obtained brain sections demonstrated the highest
amount of radioactivity in this brain structure. The hippocam-
pus/cerebellum ratios from the time course study are slightly lower than
the hippocampus/cerebellar cortex ratios that were obtained from the
phosphor imaging study. Reasons for this include better accuracy of
measurements in the phosphor imaging method 17 and the difference
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between the two ratios (total cerebellum in the time course experiment
versus cerebellar cortex in the phosphor imaging study) . Also, the hip-
pocampus/cerebellar cortex ratios in the phosphor imaging study were
somewhat low, probably due to the availability of the NMDA receptor
binding site in cerebellum, which is approximately 25% 18 of the avail-
ability in the hippocampus. In humans, the presence of NMDA recep-
tors in the cerebellar cortex has also been shown clearly in a recent PET
and animal study 20, and in this particular study a very high tracer bind-
ing to cerebellar NMDA receptors as compared to cerebral NMDA recep-
tors was shown. In contrast to our study, Matsumoto and co-workers
used the radiotracer AcL703 which binds to the glycine binding site of
the NMDA receptor. This site is also available for tracer binding when
the NMDA receptor is not activated. As shown in Figure 5.2., we were
not able to reproduce such distribution using CNS-1261. However, the
tracer binding matched the distribution of other NMDA receptor tracers
that bind to the intra-channel MK801 binding site 18, 19 in rats and there-
fore suggests specific binding of the unmetabolized tracer. In line with
these earlier studies, relatively high uptake ratios were found in areas
that express a high availability of intra-channel NMDA receptor binding
sites such as hippocampus and cerebral cortex. Striatum and thalamus
also showed modest specific uptake. Relatively low uptake was seen in
hypothalamus, pons and cerebellum, which is consistent with the lower
availability of the NMDA receptor binding sites in these structures 18, 19.
Moreover, in peripheral organs, the very high initial uptake of radioac-
tivity in the lung may also be the result of specific binding to NMDA
receptors in the lung, which existence in this organ has been shown pre-
viously 21. The discrepancy in distribution of the radiotracer between
the present study and the study by Matsumoto may be attributed to dif-
ferences in the tracer binding mechanism, as binding to the glycine
binding site is independent of activation of NMDA receptors. Another
explanation may be species dependent differences in receptor subunits.
Species dependent differences may also explain the disagreement in the
distribution of [123I]CNS-1261 between the present data and earlier
human studies, as distribution of activated NMDA receptors in human
subjects proved to be different according to a recent SPECT study using
the same tracer 22.
Co-activation of the NMDA receptor by pre-injection of D-serine did not
increase [123I]CNS-1261binding, as expressed by hippocampus/cerebellar
cortex binding ratios, in this study. One explanation for this observa-
tion may be that binding of only D-serine to the glycine binding site of
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the NMDA receptor is not sufficient to expose the MK801-binding site.
Indeed, since D-serine acts as a co-agonist on this receptor, glutamate
binding is also necessary to open the receptor channel 4. Therefore it can be
argued that a lack of glutamate may prevent tracer binding to the receptor.
Another explanation may be proportional enhancement of tracer binding
to the cerebellar NMDA receptors which would result in unchanged bind-
ing ratios. Also, non-specific uptake of the tracer or its metabolites could
have hampered the detection of enhancement of tracer binding.
Nevertheless, competition at the MK801 binding site of (activated)
NMDA receptors by i.p. pre-injection of MK801 resulted in significantly
lower hippocampus/cerebellar cortex ratios as compared to the control
group, confirming specific in-vivo binding of the tracer to the MK801
binding site (Figure 5.3.). In line with the present results, competitive
effects of ketamine on [123I]CNS-1261 binding to NMDA receptors have
also been shown recently in a SPECT-study in humans 15.
Although the animals experienced marked pharmacological effects of the
MK801 injections in our experiment and although the statistics show
clear results, we were not able to block the binding of [123I]CNS-1261
completely since the hippocampus/cerebellar cortex ratio was higher than
1. Therefore, the exact amount of non-specific in-vivo binding of the trac-
er cannot be assessed from these experiments, but the data suggest a rela-
tively high amount of non-specific uptake, either by the original tracer,
lipophilic radioactive metabolites or impurities of the tracer.
The radiochemical purity of the tracer that was used in the phosphor
imaging study was 86% whereas the purity of the tracer in the time
course study was 96%. Thin layer chromatography showed that the
lower radiochemical purity in the imaging study was not due to free
iodine in the tracer solution. The most important contamination was a
compound which was more hydrophilic than free iodine, and conse-
quently could not pass the blood brain barrier. Two other minor con-
taminations were also detectable. One was more lipophilic while the
other was less lipophilic than [123I]CNS 1261 (data not shown).
Although we cannot exclude that these compounds may have caused a
higher degree of non-specific accumulation, this is not very likely
because they represent only minor contaminations and if they are able
to pass the blood brain barrier, it is not likely that their peak specific
uptake is at a similar time point as the parent radiotracer (i.e., 2h p.i.).
Also, effects of the lower radiochemical purity of the radiotracer were
not detected in the hippocampus/cerebellar ratios in the phosphor imag-
ing study, as the ratios were similar to those obtained from the time
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course biodistribution study.
Many potential radiotracers intended for in-vivo labeling of activated
NMDA receptors have been evaluated previously 11, 23 and fast
metabolism is a frequently faced problem in the evaluation of these new
tracers. Another challenge for such tracers is the lipophilicity of the
original compounds or its metabolites, which may hamper the efficacy
of the tracers due to the resulting high non-specific uptake in the brain.
In an earlier report by Owens and co-workers, the lipophilicity of unme-
tabolized radioiodinated CNS-1261 has proven to be lower than iodinat-
ed MK801 13. In the present time course biodistribution study, this may
be reflected by the low accumulation of radioactivity in fat tissue,
although rapid metabolism of the tracer into less lipophilic metabolites
may be an alternative explanation. The high uptake in the kidney as
compared to the liver suggests that the primary route of excretion of
metabolites of [123I]CNS-1261 is urinary and this implies that the
metabolites are indeed relatively polar, since the original tracer is most
probably excreted by the liver due to its lipophilicity. The high uptake
in kidney already at 5 min p.i. also suggests very fast metabolism and
excretion of the tracer.
In our time course biodistribution experiment, the initial uptake of the
[123I]CNS-1261 analogue in the brain was high, but radioactivity was
washed out rapidly. Earlier studies have demonstrated that the 125I-
labeled analogue of CNS-1261 is deiodinated rapidly (more than 85%
deiodination within 5 min p.i.), but that the amount of radioactive
metabolites in the rat brain is low. The remaining radioactive uptake in
the rat brain at 2h p.i. represents primarily the presence (>95%) of the
unmetabolized tracer 13. Moreover, Erlandsson showed that the 3 major
metabolites of [123I]CNS-1261 in human blood after injection of the
tracer, are more polar than the original compound 22. It is therefore
unlikely that the non-specific uptake in the rat brain is due to accumu-
lation of radioactive metabolites, but a high degree of non-specific
uptake of unmetabolized tracer cannot be excluded.
As the study was limited to four rats in each group and the between sub-
ject variation is quite large, future studies should focus on the sensitivity
of [123I]CNS-1261 to detect longitudinal changes of activated NMDA
receptors clinically as would be required in, for example, serial assessment
of therapy in individual Alzheimer’s disease patients. Meanwhile, our
study has shown that [123I]CNS-1261 binding is influenced by NMDA
receptor availability but high non-specific binding limits quantification
and small changes in receptor availability are unlikely to be detected.
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CHAPTER 6

NO SIGNIFICANT EFFECTS OF SINGLE INTRAVENOUS,
SINGLE ORAL AND SUB-CHRONIC ORAL

ADMINISTRATION OF ACETYLCHOLINESTERASE
INHIBITORS ON STRIATAL [123I]FP-CIT BINDING IN RATS

R.J.J. Knol a,b, C.M. de Bruin a, B.L.F. van Eck-Smit a, J. Booij a,b

Eur J Nucl Med Mol Imaging 2008; 35:598-604.
a Department of Nuclear Medicine, University of Amsterdam, Academic Medical Center,

Amsterdam, The Netherlands b Graduate School of Neurosciences, Amsterdam,
The Netherlands

Abstract
[123I]FP-CIT SPECT is a valuable diagnostic tool to discriminate Lewy body dementia
from Alzheimer’s dementia. To date, however, it’s uncertain whether the frequently used
acetylcholinesterase inhibitors (AChEIs) by demented patients, have an effect on [123I]FP-
CIT binding to dopamine transporters (DATs). Earlier animal studies showed a decline of
DAT-availability after acute intravenous injection of AChEIs. The aim of this study was to
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Figure 6.1a. Specific striatum-to-cerebellum ratios of [123I]FP-CIT in the rat brain
after intravenous administration of a single dose of either rivastigmine (2.5mg/kg),
donepezil (0.5mg/kg) or methylphenidate (10mg/kg) at 10 min prior to injection of
the radiotracer, as compared to controls (* p<0.05).
Figure 6.1b. Specific hypothalamus-to-cerebellum ratios of [123I]FP-CIT in the rat
brain after intravenous administration of the same substances.
Figure 6.1c. Specific striatum-to-cerebellum ratios of [123I]FP-CIT after administration
of a single oral dose of either rivastigmine (2.5mg/kg), donepezil (2.5mg/kg) or
methylphenidate (10mg/kg) at 2h, h and 40 min prior to injection of the radiotracer,
respectively, as compared to controls (* p<0.05).
Figure 6.1d. Specific hypothalamus-to-cerebellum ratios of [123I]FP-CIT in the rat
brain after single oral administration of the same substances.
Figure 6.1e. Specific striatum-to-cerebellum ratios after sub-chronic administration
of 1mg/kg rivastigmine, 1.5mg/kg donepezil or 2.5mg/kg methylphenidate during
14 consecutive days (before the day of the experiment), as compared to controls.
Figure 6.1f. Specific hypothalamus-to-cerebellum ratios of [123I]FP-CIT in the rat
brain after sub-chronic administration of the same substances. All data are
expressed as the mean ± 1 standard deviation. Abbreviations: Hyp; hypothalamus,
Cer; cerebellum.



investigate effects of single intravenous, single oral and sub-chronic oral administration
of AChEIs on DAT-availability in the rat brain, as measured by [123I]FP-CIT.

Biodistribution studies were performed in Wistar rats (n=5-16 per group). Prior to [123I]FP-
CIT injection, rats were injected intravenously with a single dose of the AChEI rivastigmine
(2.5mg/kg body weight) or donepezil (0.5mg/kg), the DAT-blocker methylphenidate
(10mg/kg) or saline. A second group was orally treated with a single dose of rivastigmine
or donepezil (2.5mg/kg), methylphenidate (10 mg/kg), or saline prior to injection of
[123I]FP-CIT. Studies were also performed in rats that were orally treated during 14 con-
secutive days with either rivastigmine (1mg/kg daily), donepezil (1.5mg/kg daily),
methylphenidate (2.5mg/kg) or saline. Brain parts were assayed in a gamma counter and
specific striatum/cerebellum ratios were calculated for the [123I]FP-CIT binding to DATs.

No significant effects of either single intravenous, single oral or sub-chronic oral admin-
istration of AChEIs on striatal FP-CIT binding could be detected. Single pre-treatment with
methylphenidate resulted in an expected significantly lower striatal FP-CIT binding.

We conclude that in rats, single intravenous and single or sub-chronic oral administra-
tion of the tested AChEIs does not lead to an important alteration of [123I]FP-CIT binding
to striatal DATs. Therefore, it is unlikely that these drugs will induce large effects on the
interpretation of [123I]FP-CIT SPECT scans in routine clinical studies.

Introduction

[123I]FP-CIT (DaTSCAN) is used nowadays in clinical practice to detect
dopaminergic cell loss in e.g. Parkinson’s disease by means of brain SPECT 1.
This radiotracer binds primarily to the dopamine transporter (DAT),
which is located on the presynaptic terminal of dopaminergic neurons.
Dementia of the Lewy Body type (DLB) is also characterized by pro-
nounced dopaminergic cell loss, whereas in dementia of the Alzheimer
type (AD) no or only a very mild dopaminergic degeneration could be
detected 2. DLB is the second most common form of dementia after AD,
and is often clinically misinterpreted as AD. Although a definitive diag-
nosis of DLB can only be established post-mortem, [123I]FP-CIT SPECT
greatly improves the discrimination of DLB from AD during life 2.
It’s important to discriminate between DLB and AD. For example, in
contrast to AD patients, DLB patients are prone to develop serious
adverse effects to neuroleptics (i.e. acute parkinsonian crisis). The dis-
crimination between AD and DLB also facilitates the prediction of res-
ponse to AChEIs (acetylcholinesterase inhibitors) 3 and leads to more
accurate information to the patients and caregivers. Importantly,
[123I]FP-CIT was recently registered to differentiate between DLB and AD.

Apart from dopaminergic deficits there is also a cholinergic deficit in both
AD and DLB, and both forms of dementia show beneficial effects to ear-
ly AChEI therapy 3. Due to this, patients that are referred by clinicians
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for a FP-CIT SPECT to differentiate DLB from AD, will often be on
AChEIs. However, effects of cholinergic medication on the availability
of DATs in animals have been shown after acute intravenous injection 4, 5.
In contrast, a recent retrospective FP-CIT SPECT study in AD and DLB
patients showed no influences of AChEI-treatment on the ability of FP-
CIT to distinguish between AD and DLB 6. In these patients, AChEIs
were administered orally and chronically, whereas the conflicting results
from the animal studies were based on changes in DAT-availability after
intravenously injected AChEIs.
In this animal study, we therefore evaluated the effects of single intra-
venous, single oral and sub-chronic oral administration of AChEIs on
FP-CIT binding in the rat brain.

Material and Methods

To study the effects AChEIs on the binding of [123I]FP-CIT in the rat brain,
male Wistar rats (200-300g, obtained from Harlan, Horst, The Nether-
lands) were used. In three experiments the AChEIs were administered
prior to injection of the radiotracer. Pre-medication was administered
intravenously or orally as a single dose, or orally during 14 consecutive
days, respectively. All performed experiments are in agreement with
The Dutch Experiments on Animals Act (1977) and were approved by
the Animal Ethics Committee (AMC, Amsterdam, The Netherlands).

For pre-medication that was administered intravenously, active pharma-
ceutical ingredients (APIs) were extracted from the required mass of the
commercially available drug formulations by crushing the tablets and
dissolving the content in H2O or 5% aq. EtOH as indicated below.
Donepezil (API: 2,3-Dihydro-5,6-dimethoxy-2-[1-(phenylmethyl)-4-
piperidinyl]methyl-1H-inden-1-one, 5.25mg/3.75mg) was dissolved in
H2O (8.4mL/1.5mL). The insoluble solids were filtered off using a
0.22µm Millipore® filter. (TLC: EtOAc/MeOH 3:1, Rf=0.58).
Rivastigmine (API: Ethylmethylcarbamic acid 3-[(1S)-1-(dimethy-
lamino)ethylphenyl ester, 5.25mg/3.75mg) was dissolved in EtOH (99%,
5mL), the insoluble solid was filtered off using a 0.22µm Millipore® fil-
ter, and the solvent was evaporated under reduced pressure. The residue
was dissolved in 5% EtOH/H2O (8.4 mL/1.5mL) (TLC EtOAc/MeOH
2:1, Rf=0.37). Methylphenidate (API: α-Phenyl-2-piperidine-acetic acid
methyl ester, 21mg/15mg) was dissolved in H2O (8.4mL/1.5mL) and the
residue was filtered off using a 0.22µm Milli-pore® filter (TLC
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EtOAc/MeOH 4:1, Rf=0.32).
Immediately before the medication was administered intravenously, it
was dissolved in 0.4ml acetate-buffer (pH 4.7). The experiment was per-
formed on one single day. Injections were given via a lateral tail vein
under ketamine/xylazine (2:1, i.m.) anesthesia.

Pre-medication that was given orally was administered in approximate-
ly 1.2ml distilled water as a suspension. No anesthetics were used dur-
ing oral administration. Both the biodistribution experiment after a sin-
gle oral dose of pre-treatment medication and the experiment after
sub-chronic pre-treatment were performed on two separate days. Since
the methods were identical and the results of the results of the experi-
ments were not statistically significantly different between study days,
data were pooled and thus experiments are presented as one experiment.
In the first experiment, the effects of single intravenous injection of the
AChEIs rivastigmine and donepezil on the binding of FP-CIT in the rat
brain were studied. Five rats received a single dose of either rivastigmine
(2.5mg/kg) 7 or donepezil (0.5mg/kg) 8 at 10 min prior to [123I]FP-CIT
injection. A positive control group (n=5) received a single dose of the
potent DAT-blocker methylphenidate (10mg/kg) intravenously, at 10
min prior to injection of [123I]FP-CIT [9]. A negative control group (n=5)
received 0.4ml of saline at 10 min prior to injection of [123I]FP-CIT.

In the second experiment, rats received a single oral dose of either riva-
stigmine (2.5mg/kg, n=12) 10 or donepezil (2.5mg/kg, n=10) 7, at 2h pri-
or to [123I]FP-CIT injection. A positive control group (n=11) received a
single oral dose of methylphenidate (10mg/kg), at 40 min prior to injec-
tion of [123I]FP-CIT 9. A negative control group (n=16) received 1.2ml of
saline at 2h prior to injection of [123I]FP-CIT.

In the third experiment, groups of rats were pre-treated with either riva-
stigmine (1mg/kg, n=11) 11, 12, donepezil (1.5mg/kg, n=6) 12, methyl-
phenidate (2.5mg/kg, n=6) 13 or placebo (1.2ml saline, n=11), for 14
consecutive days. On the 15th day, rats were injected with [123I]FP-CIT.

[123I]FP-CIT (DaTSCAN; specific activity ≥185MBq/nmol; radiochemical
purity ≥98%) was a generous gift from GE Healthcare, Eindhoven, The
Netherlands. All rats received approximately 3.7MBq [123I]FP-CIT intra-
venously via a lateral tail vein, under ketamine/xylazine (2:1, i.m.) anes-
thesia, in order to evaluate the effects of pre-medication on the binding
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of the tracer in the rat brain. All rats were sacrificed at 2h after injection
of the tracer by bleeding via either heart or portal vein puncture under
anesthesia 14. Brains were rapidly dissected and striatum (representing
predominantly specific binding to DATs), hypothalamus (representing
predominantly binding to serotonin transporters) and cerebellum (rep-
resenting non-specific binding) were separately weighted and counted
for each rat in a gamma counter (Minaxi γ A5530, Canberra Packard,
Pangbourne, Berks, United Kingdom). Data were corrected for radioac-
tive decay, brain structure weight and body weight and were eventually
expressed as the percentage of the injected dose, multiplied by the body
weight in grams, per gram tissue (%ID*g/g). Specific striatum-to-cere-
bellum and hypothalamus-to-cerebellum ratios were then calculated
((striatum-cerebellum)/cerebellum and (hypothalamus-cerebellum)/
cerebellum, respectively).

Statistical analysis

Differences between specific striatum-to-cerebellum and hypothalamus-
to-cerebellum ratios in all tested groups after both single and sub-chronic
pre-medication were analyzed with the non-parametric Kruskal Wallis
test using SPSS 12.01. Mann-Whitney U tests were performed to ana-
lyze differences between control groups and their specific subgroups.
Probability values <0.05 were considered significant.

Results

In the first experiment, [123I]FP-CIT injection at 10 min after single intra-
venous administration of rivastigmine resulted in a specific striatum-to-
cerebellum ratio of 2.78±0.71 (SD; Figure 6.1a.). At 10 min after injec-
tion of donepezil, a specific striatum-to-cerebellum ratio of 2.53±0.32
was calculated (Figure 6.1a.). No statistically significant differences
were found as compared to the control group (2.63±0.36; Figure 6.1a).
In contrast, the group pretreated with methylphenidate did show a sta-
tistically significant decrease (1.33±0.43, P=0.009; Figure 6.1a.).
The specific hypothalamus-to-cerebellum ratios for the rivastigmine,
donepezil and methylphenidate group were 0.81±0.13, 0.69±0.13 and
0.76±0.30, respectively. No statistically significant differences were
found as compared to the control group, which showed a specific
hypothalamus-to-cerebellum ratio of 0.68±0.07 (Figure 6.1b.).
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In the second experiment, [123I]FP-CIT injection at 2h after single oral
administration of rivastigmine resulted in specific striatum-to-cerebel-
lum ratios of 2.67±0.71 (Figure 6.1c.). 2h after administration of
donepezil, the specific striatum-to-cerebellum ratio was 2.35±0.47
(Figure 1c). No statistically significant differences were found as com-
pared to the control group (2.68±0.40; Figure 6.1c.). However, [123I]FP-
CIT injection at 40 min after single oral administration of methylpheni-
date did show a statistically significant decrease (2.16±0.33, P=0.001;
Figure 6.1c.).
After single oral administration of pre-medication, the specific hypotha-
lamus-to-cerebellum ratios for the rivastigmine, donepezil and methyl-
phenidate group were 0.63±0.20, 0.67±0.23 and 0.74±0.12, respectively.
No statistically significant differences were shown for specific hypotha-
lamus-to-cerebellum ratios as compared to the control group, which
showed a ratio of 0.63±0.34 (Figure 6.1d.).

In the third experiment, injection of [123I]FP-CIT on the day after sub-
chronic oral administration during 14 consecutive days of either rivastig-
mine, donepezil or methylphenidate resulted in specific striatum-to-
cerebellum ratios of 2.88±0.88, 2.44±0.45 and 2.54±0.42, respectively
(Figure 6.1e.). No statistically significant differences were found as com-
pared to the control group, which showed specific ratios of 2.76±0.52
(Figure 6.1e.).
Also no statistically significant differences were found in the specific hypo-
thalamus-to-cerebellum ratios between the rivastigmine, donepezil,
methylphenidate and the control group (0.70±0.36, 0.65±0.18,
0.74±0.26 and 0.62±0.24 respectively; Figure 6.1f.).

Discussion

[123I]FP-CIT SPECT is a valuable diagnostic tool to discriminate DLB from
AD 3. To date, it’s uncertain whether the oral use of AChEIs by demented
patients has an effect on the binding of FP-CIT to DATs. In this study we
evaluated the influence of rivastigmine and donepezil, two commonly
prescribed AChEIs for demented patients, on the binding of FP-CIT in
the rat striatum and hypothalamus. These AChEIs were administered
intravenously as a single dose, orally as a single dose and sub-chronically
by oral administration.
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Intravenous injection of rivastigmine or donepezil at 10 min prior to in-
jection of [123I]FP-CIT did not result in a decrease of the tracer in the rat
striatum as compared to control rats. As a positive control, pre-injection
of methylphenidate, did show the expected decrease of [123I]FP-CIT
binding in the rat striatum. Oral pre-administration of either rivastig-
mine or donepezil, at 2h prior to injection of the tracer, also did not
result in a decrease of tracer binding in the striatum whereas pre-admin-
istration of methylphenidate did result in a decrease of tracer binding.
Finally, neither rivastigmine nor donepezil or methylphenidate showed
a decrease of tracer binding in the striatum after sub-chronic oral
administration of the substances.
FP-CIT has a high affinity for the DAT but also a modest affinity for the
serotonin transporter 15 (please note that in this particular paper FP-CIT
is named RTI-313). The rat striatum was chosen as an area of specific
uptake of [123I]FP-CIT due to its high density of DATs. In contrast, the
hypothalamus is known to express a high density of serotonin trans-
porters but not DATs. Binding of [123I]FP-CIT to this brain structure
therefore represents predominantly specific binding to serotonin trans-
porters. As expected, none of the tested substances (rivastigmine,
donepezil and methylphenidate) resulted in alterations of FP-CIT bind-
ing in the hypothalamus in any of the administration protocols.
In line with this study, a recent cross-sectional retrospective study in 99
patients performed by Taylor et al. 6 also did not show significant influ-
ences of chronic oral administration of AChEIs on the ability of FP-CIT
to distinguish DLB from AD. However, earlier studies in animals 4, 5

showed inhibitory effects on DAT-availability after injection with
AChEIs. After intravenous pre-treatment of rats with the AChEI
phenserine, Kilbourn reported a 24% decrease in d-threo-[3H]methyl-
phenidate binding in a preliminary, yet unpublished study 4. Moreover,
Tsukada 5 showed that intravenous administration of the AChEI
donepezil has a dose-depended inhibitory effect on DAT-availability in
the conscious monkey brain, as measured by [11C]β-CFT PET.
We were not able to reproduce such a decrease in DAT-availability in
our study, using FP-CIT after intravenous pre-injection of the AChEIs
rivastigmine or donepezil. This may be due to differences between the
administered type of AChEI, drug dose, pharmacological potency, phar-
macodynamics, or anesthesia-related effects. Another explanation may
be the difference in radiotracers.
In our study, we did not measure plasma or brain levels of the injected
AChEIs or cholinesterase activity in the rat brain. Intravenous doses
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were based on earlier reports 8, 16 and were well above the human doses
(which are 1.5mg twice daily for rivastigmine and 5-10mg once daily for
donepezil). Many studies showed that both donepezil and rivastigmine
are centrally selective AChEIs, and donepezil is known to have even
higher brain-to-plasma ratios in rats than rivastigmine 7. Therefore,
plasma levels of these centrally active AChEIs are not very indicative for
the concentrations of the AChEIs in the rat brain. Determination of
brain concentrations of the AChEIs was not considered useful due to the
lack of reference data.
In our study, at 10 minutes after injection of 0.5mg/kg donepezil, fasci-
culations were clearly seen instantly in all animals (n=5), which is due
to peripheral pharmacological actions of the drug 8. Also, rectal tempera-
ture showed a larger decline as compared to control rats, suggesting a
central pharmacological effect (maximum of -1.6°C in the first 15 min
after injection; data not shown) 17. Yawning, another central pharmaco-
logical effect 8 was not seen in any of the rats, probably due to the use of
anesthetics. After injection, fasciculations were not seen in the rivastig-
mine group (2.5mg/kg) and rectal temperature declined with a maxi-
mum of only -0.6°C in this study group, which can also be attributed to
immobilization due to the anesthesia. However, Kosasa et al. 7 showed
that even after an oral dose of 2.5mg/kg rivastigmine, there is a signifi-
cant reduction of cholinesterase inhibition (≈40%) in the rat brain.
Intravenous injection of this dose should therefore at least result in an
inhibition of this magnitude.
Tsukada and co-workers used dosages up to 0.1mg/kg donepezil in the
abovementioned [11C]β-CFT PET study in conscious monkeys 5. In our
study, we injected 0.5mg/kg donepezil in rats, however no effects on FP-
CIT binding to DATs were detected. An explanation for this discrepancy
may be the use of anesthetics in the present study. We used ketamine/
xylazine 2:1 as the anesthetic agent. Although there may be effects of
ketamine on the dopaminergic system, we consider such possible effects
as systematic, since the same anesthesia was used for all study groups.
As expected, injection of the potent DAT antagonist methylphenidate
at 10 min prior to injection of [123I]FP-CIT did show a statistically sig-
nificant decrease of tracer binding in the DAT-rich rat striatum but not
in the hypothalamus, which lacks the DAT. This indicates the feasibili-
ty of the model to detect changes in DAT-availability.
Although not supported by the results from the present study, Kilbourn
and co-workers hypothesized that acute intravenous administration of
cholinergic medication may induce rapid trafficking of DATs across the
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membrane of dopaminergic cells 4. Tsukada et al. suggested that modula-
tion of receptor subtypes on the presynaptic dopaminergic nerve termi-
nals or indirect modulation through transsynaptic effects may decrease
DAT-availability after acute injection of AChEIs 5. Taylor et al. postu-
lated that one explanation for the discrepancy between their retrospec-
tive study in patients and the monkey study performed by Tsukada,
may be the difference in the radiotracers 5. In contrast to [11C]β-CFT
PET, as mentioned by Taylor et al., [123I]FP-CIT binds not only to the
DAT, but also to a lesser extent to the serotonin transporter 15. One can
hypothesize that an inhibitory effect on DAT availability is counterbal-
anced by an increase in serotonin transporter availability, which would
compensate the decrease of [123I]FP-CIT binding in the striatum.
However in the present study, we did not find any statistically signifi-
cant changes in serotonin transporter density as measured by specific
binding of [123I]FP-CIT in the hypothalamus (Figure 6.1.), and thus no
indications for compensatory mechanisms in the serotonergic neuro-
transmitter system.
Furthermore, Taylor et al. also postulated that an explanation for the
discrepancy between the results of their patient study and Tsukada’s
monkey study may be the difference in species 6. Indeed, it cannot be
ruled out that the discrepancy between the present study and the mon-
key study are also based on species-specific differences.

In clinical practice however, AChEIs are administered orally and chroni-
cally. Orally treated animals may therefore provide a more suitable
model to simulate the human setting. Therefore, we also tested the
availability of DATs in rat brain with [123I]FP-CIT after single oral
administration of rivastigmine or donepezil. Additionally, we investi-
gated the effects of sub-chronic oral administration of rivastigmine,
which may be the most favorable model for the human situation.
The timeframe between single oral administration of the AChEIs and
the [123I]FP-CIT injection was based on previous studies. Matsui and co-
workers showed that up to 4-8h after oral administration of 1mg/kg
donepezil, there is a high concentration of the unmetabolized com-
pound in the rat brain 18. Kosasa reported a significant inhibition of
ChE-activity already at 1h after oral administration of 2.5mg/kg
donepezil 10. Enz and Gentsch 11 showed that, at 2h after oral administra-
tion of only 1.5 mg/kg rivastigmine, there is approximately 20% inhibi-
tion of AChE-activity in the brain of male Wistar rats. For the present
study, we therefore considered an oral dose of 2.5mg/kg for both the
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donepezil and the rivastigmine group, at 2h before the [123I]FP-CIT in-
jection as adequate.
The dose of orally administered methylphenidate was based on previous
work by Gerasimov et al. 9. At 40 min after oral administration of 10mg/kg
methylphenidate in rats there is a peak in extracellular dopamine con-
centration in the brain, which indicates maximal occupancy of DATs by
methylphenidate at this time point. Indeed, our present data show a sig-
nificant occupancy of the DAT by methylphenidate when administrated
at such a dose. In line with the results of the present study using intra-
venous pre-administration of AChEIs, no significant effects could be
detected on the striatal [123I]FP-CIT binding, and thus DAT availability,
in the rat brain after single oral administration of rivastigmine or
donepezil. Oral pre-administration of AChEIs is probably even less like-
ly to induce rapid trafficking of DATs across the membrane 4 or modula-
tion of DATs 5 because both proposed mechanisms may even be less pro-
nounced during a gradual increase of AChEI concentration in the brain
after oral administration as compared to bolus injection.
Effects of anesthesia are also less likely as compared to the present study
in which AChEIs were administered intravenously. In the oral pre-treat-
ment study, anesthetics were used only from the moment the radiotrac-
er was injected. Moreover, also orally-pretreated rats that were given
methylphenidate (10mg/kg) did show the expected decline of FP-CIT
binding, which again indicates the feasibility of the model to detect
changes in DAT availability.
Sub-chronic administration of either rivastigmine, donepezil or methyl-
phenidate on 14 consecutive days before, but not on the day of the
biodistribution experiment (to exclude acute pharmacological effects),
did not show any influences on the [123I]FP-CIT binding in the rat stria-
tum or hypothalamus. The doses of the medication were based on previ-
ous reports 12, 13. In the present study, also sub-chronic oral administra-
tion of methylphenidate did not result in a significant alteration of
FP-CIT binding in the rat brain. Based on the findings of previous stud-
ies, one may expect a lower DAT expression even after 1 week of methyl-
phenidate treatment 19. However, in their study, methylphenidate was
administrated continuously for one week, and DAT density was mea-
sured one day after the end of the experiment, which is at odds with
ours. Moreover, a recent study 20 showed that methylphenidate was
unable to down-regulate the DAT.
Although the results of this rat study which showed no significant effects
of sub-chronic oral administration of FP-CIT binding to DATs can not
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be simply extrapolated to the human setting, the results of this substudy
are in line with the previous report by Taylor et al. 6. It is therefore un-
likely that AChEIs will induce large effects on the interpretation of
[123I]FP-CIT SPECT scans in humans. However to prove this, random-
ized, placebo controlled studies in humans by means of [123I]FP-CIT
brain-SPECT after administration of AChEIs are necessary.

Conclusion

In this study, no significant differences in [123I]FP-CIT binding could be
shown in the rat striatum after a single intravenous or single oral dose
of either rivastigmine or donepezil. Also no effects were seen after sub-
chronic oral administration of these AChEIs.
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CHAPTER 7
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Abstract
In vivo muscarinic receptor imaging, such as [123I]Iododexetimide SPECT, may be of value
to select cognitively compromised patients that could benefit from acetylcholinesterase
inhibitors, for instance patients suffering from dementia or schizophrenia. Atypical neu-
roleptics are frequently used by these patients and may influence the binding of muscarinic
receptor tracers in the brain. In this study, we examined the effects of repeated adminis-
tration of neuroleptics on the biodistribution of [123I]Iododexetimide in the rat brain.

The atypical neuroleptics olanzapine (n=8 rats; 2.5mg/kg body weight) or risperidone
(n=9; 2.5 mg/kg) were administered orally once daily, during 14 consecutive days
before injection of [123I]Iododexetimide. Tracer uptake in muscarinic receptor-rich brain
areas (i.e. cortical areas and striatum) and in brain areas expressing relatively low levels
of muscarinic receptors (i.e. hypothalamus) was compared to data obtained from control
rats (n=13). The tracer was injected 24h after the last administration of the drugs to
exclude direct competitive effects on tracer binding.

A significant increase in tracer binding, expressed as a ratio to cerebellar binding, was
found only in the hypothalamus after risperidone treatment as compared to the control
group (P=0.004). Repeated administration of olanzapine did not result in any changes
in central muscarinic receptor availability.

Since in-vivo studies in humans can only accurately assess muscarinic binding in mus-
carinic-rich brains areas, our data suggest no large non-acute effects of olanzapine
and risperidone on muscarinic receptor imaging in humans using the non-subtype
selective radiotracer [123I]Iododexetimide.

Introduction

Imbalance of the cholinergic neurotransmitter system is present in several
neurologic and neuropsychiatric diseases. In the central nervous system,
this neurotransmitter system plays a key role in processes such as cogni-
tive processing, memory and attention. Particularly the muscarinic com-
ponent of the cholinergic system is known to be affected in various
forms of dementia. In Alzheimer’s Disease (AD), Dementia of the Lewy
Body type (DLB) and Parkinson’s Disease related Dementia (PDD), a
marked decrease of muscarinic receptor density has been shown 1,2.
Moreover, growing evidence suggests dysfunction of the muscarinic
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receptor system in schizophrenia 3.

Most current FDA-approved pharmacological treatments for dementia are
based on the enhancement of the cholinergic neurotransmitter acetyl-
choline (ACh) in the synaptic cleft in order to improve cognitive function.
These treatments are also tested in schizophrenic patients who show
cognitive decline. Improvement of cognition is pursued by inhibition of
acetylcholinesterase, which normally breaks down ACh. In patients
with dementia, modest improvement of cognition by acetyl-
cholinesterase inhibitors (AChEIs) has been demonstrated whereas the
effects on the cognition of schizophrenic patients are modest at best 3.
Besides AChEIs, cholinergic agonists may also improve cognition of
schizophrenic patients, particularly muscarinic M1 receptor subtype
selective agonists, which may also have direct antipsychotic effects 3.
Efficacy of cholinergic medication may be improved by better selection
of patients who could benefit from these drugs. This selection process
may be facilitated by imaging studies by means of PET or SPECT using
radiotracers for muscarinic receptors (M1-5). Although many of these
tracers have been evaluated in the past, none has proven to be fully
selective or otherwise suitable for imaging of single muscarinic receptor
subtypes in the living human brain to date. However, regional changes
of total muscarinic receptor density in the brain of demented or
schizophrenic patients have been shown using non- or partly selective
muscarinic receptor tracers, including iododexetimide 4,5.
[123I]Iododexetimide ((S)-(+)-3-phenyl-3-(4-piperidinyl)-2,6-piperidine-
dione((S)-nordexetimide) was previously developed and evaluated as a
non-subtype selective muscarinic receptor SPECT-tracer for imaging of
muscarinic receptors in the living human brain 6,7. Potential effects of
psychoactive drugs on the binding of this, or future subtype selective
muscarinic receptor tracers should be investigated since patients or
study subjects may already be medicated when a brain muscarinic SPECT
or PET study is performed.
Atypical or second generation neuroleptics, such as olanzapine and
risperidone, are the therapy of choice for schizophrenic patients but are
also prescribed frequently to demented patients to control psychotic
symptoms, although serious side-effects may occur particularly in DLB
patients. These types of neuroleptics have a complex pharmacologic
profile and while these drugs primarily target the serotonergic and
dopaminergic neurotransmitter system, actions on the muscarinic sys-
tem have been demonstrated. Earlier studies have indeed suggested a
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competitive effect of concurrently used neuroleptics on [123I]Iododex-
etimide and [123I]QNB SPECT studies 5,8. Chronic administration of these
types of medication, however, may also influence the binding of mus-
carinic receptor tracers in the brain due to changes in muscarinic recep-
tor density as a result of up- or downregulation. This may also compli-
cate the interpretation of imaging studies on muscarinic receptor densities,
even if the medication is discontinued shortly before the brain scan.
In this study, we therefore examined the effects of repeated administra-
tion, during 14 consecutive days, of the atypical neuroleptics olanzapine
and risperidone on [123I]Iododexetimide binding in the rat brain. The
radiotracer was injected 24h after the last administration of the drugs to
exclude direct competitive effects on tracer binding.

Materials and methods

To study the effects of repeated administration of the neuroleptics ris-
peridone and on the distribution of [123I]Iododexetimide in the rat brain,
male Wistar rats (270-325g, obtained from Harlan, Horst, The Nether-
lands) were used (8-13 per group). Pre-medication was administered to
awake rats during 14 consecutive days, but not on the day of the dissec-
tion experiment to prevent direct competitive effects of the adminis-
tered medication itself or acutely increased ACh levels in the brain in-
duced by the medication.
The medication was given orally once daily in 1mL saline. All medication
has been shown to be centrally active after oral administration to rats in
the used dosages. Groups of rats received placebo (saline only, n=13),
risperidone (2.5mg/kg bodyweight, n=9) 9 or olanzapine (2.5mg/kg
bodyweight, n=8) 10. No serious side-effects were observed after treat-
ment of the animals.

Injection of the radiotracer and the dissection experiment was performed
on the 15th day of the experiment, to exclude direct competitive effects
of medication on tracer binding. [123I]Iododexetimide (specific activity
185 MBq/nmol; radiochemical purity 98.0%) was a generous gift from
GE Healthcare, Eindhoven, The Netherlands. Its radiosynthesis was
described earlier 7.
On the day of the dissection experiment, all rats received approximately
3.7MBq [123I]Iododexetimide in 0.3mL phosphate buffer with 7.8% ethanol
(pH 5.9) intravenously via a lateral tail vein. All rats were sacrificed at
2h after injection of the radiotracer by bleeding via heart puncture. On
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this day, the procedures were performed under ketamine/ xylazine (2:1,
i.m.) anesthesia.
Blood, fat, muscle, organs and various brain structures (frontal cortex,
occipital cortex, striatum, hippocampus, amygdala, thalamus, hypotha-
lamus, pons) were rapidly excised and weighted separately. The 123I
radioactivity of each structure was assayed in a gamma counter (Minaxi
γ A5530, Canberra-Packard). Data were corrected for radioactive decay,
brain structure weight for each rat and were eventually expressed as the
percentage of the injected dose, multiplied by the body weight in grams,
per gram tissue or blood (%ID*g/g) 11. In the brain, the cerebellum was
chosen as the reference area, since it expresses a relatively low density
of muscarinic receptors 12-14. Tracer uptake in brain structures was
expressed as the ratio to the cerebellar uptake ([brain structure]/[cere-
bellum]) for each rat.

The performed experiment is in agreement with The Dutch Experiments
on Animals Act (1977) and was approved by the Animal Ethics Com-
mittee (AMC, Amsterdam, The Netherlands).

Statistical analysis

Differences in radioactive uptake of organs and brain structures between
groups, as well as differences in binding ratios of multiple brain struc-
tures to the cerebellum between groups were analyzed using SPSS 15.0
by analysis of variance (ANOVA) with Bonferroni correction for multi-
ple comparisons. Probability values <0.01 were considered significant.

Results

In all studied groups, a high uptake of radioactivity was measured in the
liver and the lungs at 2h after injection. Kidneys, fat tissue, spleen and
Figure 7.1. Absolute uptake of radioactivity in peripheral tissue in control animals
(n=13), olanzapine treated animals (n=8) and risperidone (n=9) treated ani-
mals. Data are expressed as the percentage of the injected dose, multiplied by the
body weight in grams, per gram tissue or blood (%ID*g/g). Data are expressed as
the average specific binding ratio ± 1 standard error of the mean (SEM).
† P=0.001, ‡ P=0.005, ΦP=0.006 (increase in uptake as compared to control group)

heart showed moderate radioactive concentrations. Muscle and blood
samples contained low concentrations of radioactivity.
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In contrast to the risperidone group, a significantly higher radioactive
uptake in liver (P=0.001) and kidney (P=0.005) was detected in the
olanzapine group. Also in fat tissue, a significantly higher uptake was
detected after treatment with olanzapine. Although not statistically
significant, the pre-treated groups showed slightly higher absolute
radioactive concentrations in all other peripheral structures, as com-
pared to the control group (Figure 7.1.).
In the brain, all study groups showed a high absolute uptake of radioac-
tivity in the cerebral (frontal and occipital) cortex, striatum, hippocam-
pus and amygdala. Thalamus, hypothalamus and pons displayed a lower
tracer accumulation. As expected, the lowest radioactive concentrations
were measured in the cerebellum (Figure 7.2.). A significant increase in
absolute radioactive uptake after repeated treatment with risperidone or
olanzapine was revealed only in the muscarinic receptor deprived
hypothalamus (P=0.001) of the risperidone treated animals as compared
to the control group. The calculated brain structure-to-cerebellum ratios
also showed a statistically significant higher hypothalamus-to-cerebel-
lum ratio in the risperidone treated group as compared to the control
Figure 7.2. Absolute uptake of radioactivity in brain structures in control ani-
mals (n=13), olanzapine treated animals (n=8) and risperidone (n=9) treated
animals. Data are expressed as the percentage of the injected dose, multiplied by
the body weight in grams, per gram tissue or blood (%ID*g/g). Data are expressed
as the average specific binding ratio ± 1 standard error of the mean (SEM).
* P=0.001 (increase in uptake as compared to control group)

Figure 7.3. Uptake of radioactivity in brain structures as a ratio to the uptake of the
tracer in the cerebellar cortex after sub-chronic oral treatment with saline (control),
risperidone and olanzapine. Data are expressed as the average specific binding ratio
± 1 standard error of the mean (SEM).
** (P=0.004) (increase in ratio as compared to control group)
group (P=0.004; Figure 7.3.). None of the other brain structure/cerebel-
lum ratios of the treated groups showed significant differences with the
corresponding ratios in the control groups.

Discussion

In this study, we examined the effects of repeated administration of the
atypical neuroleptics olanzapine and risperidone on the in-vivo binding
of [123I]Iododexetimide. The biodistribution of [123I]Iododexetimide in
the rat brain was consistent with the distribution of muscarinic recep-
tors 12-14. Compared to controls, repeated administration during 14 days
of the tested drugs did not induce major changes in pattern of radiotrac-
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er distribution in the rat brain at 24h after the last administration.
Surprisingly however, a statistically significant increase in tracer uptake
ratio to the cerebellar uptake was detected only in the hypothalamus of
risperidone treated rats.
The pharmacologic mechanisms of atypical neuroleptics such as risperi-
done and olanzapine, are complex and multiple neurotransmitter sys-
tems seem to be involved. Unlike typical neuroleptics such as haloperi-
dol, the primary target receptor of atypical neuroleptics is not the dopa-
mine D2 receptor, but the serotonin 5-HT2A receptor, although D2-
antagonism is also a property of all atypical neuroleptics 15. Olanzapine
also binds with high affinity to muscarinic receptors where it acts pre-
dominantly but not exclusively as a muscarinic antagonist 16,17. Risperi-
done has a very low affinity for muscarinic receptors 16. Indeed, previous
studies showed higher in-vivo occupancy of muscarinic receptors by
olanzapine than risperidone in schizophrenic patients on medication 5,8.
After repeated or chronic administration of olanzapine, an upregulation
of several central muscarinic receptor subtypes would be expected to
occur because of the antagonistic properties of the neuroleptic. While
not shown by the present results, Terry and co-workers recently report-
ed a modest increase of [3H]AFDX-384 binding, suggesting an increase in
muscarinic M2 receptor availability, in many rat brain structures includ-
ing the hippocampus after 90 but not 180 days of chronic oral treatment
with olanzapine. No alteration of muscarinic M1/M4 receptors was
detected with [3H]pirenzepine and after a drug washout period of 2
weeks 18. Interestingly, in the present study repeated administration of
olanzapine also did not induce significantly higher cortex-to-cerebellum
or hippocampus-to-cerebellum ratios of [123I]Iododexetimide binding in
the rat brain. Importantly, also absolute binding in the cerebellum, rep-
resenting non-specific binding, was not influenced by olanzapine.
However, one has to take into account the non-selective binding profile
of [123I]Iododexetimide for all muscarinic receptor subtypes. Since the
densities of the M2-5 receptor subtypes are less abundant in the (rat)
brain than the M1 subtype, in-vivo [123I]Iododexetimide mainly represents
binding to M1 receptors. Therefore, our present results are in agreement
with the abovementioned results obtained with [3H]pirenzepine, sug-
gesting that upregulation of muscarinic M1 receptors in the brain had
not occurred after repeated administration of olanzapine.
Animal studies suggest a reversible and subtype-specific upregulation of
muscarinic receptor availability after prolonged treatment with olanza-
pine 18.While the brain half-life of olanzapine in rats is not known, the
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results of the present study suggest that, if at all, only small concentra-
tions of olanzapine or relevant metabolites are present after 24h. We
cannot exclude, however, that an upregulation in muscarinic receptor
availability is counterbalanced at the time of study (>24h after last dos-
ing) by the residual effects of the muscarinic antagonist olanzapine.
Additionally, a potential limitation of our study design is that we are
able to calculate only absolute uptake values, therefore we cannot exclude
that an increase in Bmax is counterbalanced by an increase in Kd.
In a previous study we showed, as expected, that acute administration of
scopolamine was able to block [123I]Iododexetimide binding to muscarinic
receptors in rat brain 19. However, we additionally performed a pilot
study in which we orally administered 1mg/kg scopolamine, a potent
non-selective muscarinic receptor antagonist, repeatedly during 14 days
to four rats. Using exactly the same protocol as the present study
(including a 24h washout period to exclude direct competitive effects on
radiotracer binding), no statistically significant differences were detected
as compared to the control group in any of the brain structures or brain
structure-to-cerebellum ratios (unpublished results). Again, this is in line
with the abovementioned report by Terry et al. However, in the pilot
experiment a statistically significant increase of [123I]Iododexetimide
binding was detected in the heart as compared to the control group,
which may reflect peripheral upregulation of total muscarinic receptors
whereas in the present study, a significant upregulation could not be
shown in the rat heart after repeated administration of olanzapine.
Risperidone has a very low affinity for muscarinic receptors, and there-
fore upregulation of muscarinic receptors due to chronic antagonism
would not be expected to occur. Interestingly, in the present study a sig-
nificantly higher absolute tracer uptake in the hypothalamus, and as a
consequence a significantly higher hypothalamus-to-cerebellum ratio, in
risperidone treated animals was observed. In the other examined brain
structures that are known to express similar densities of muscarinic
receptors (i.e. amygdala and thalamus), a slight increase in brain struc-
ture-to-cerebellum ratio was revealed. In brain structures that express a
high density of muscarinic receptors, such differences in the ratios to
the cerebellar uptake were not shown. Although regional differences in
pharmacological actions of risperidone cannot be excluded, the reason
for this observation in the hypothalamus remains unclear.
Since the absolute uptake in the brains of risperidone treated rats was
slightly higher in muscarinic receptor-rich areas, as compared to both
the control and the olanzapine treated group, this suggests an increase
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in specific binding. One possible other explanation for these observa-
tions in the risperidone treated rats may be an enhancement of tracer
delivery due to an increase in brain perfusion, although such mechanism
has not been described. Another possibility may be an impairing effect
of risperidone to brain metabolism of drugs (such as [123I]Iododexetimide),
which may prolong the presence of unmetabolized tracer in the brain in
this study, although evidence from the literature that support this
hypothesis is lacking.
In rodents, acute administration of both olanzapine and risperidone in-
duces an increase of ACh-levels in many brain areas 20,21. Olanzapine has
been shown to induce a larger increase of ACh concentrations in the
brain than risperidone, although such enhancement of ACh efflux was
not detected in the striatum 20. An increase of the ACh concentration in
the synaptic cleft, which would be expected due to the antagonistic
properties of olanzapine, may prevent upregulation of muscarinic recep-
tors to occur and this may explain why [123I]Iododexetimide binding did
not show an important enhancement in the brain after treatment with
olanzapine. Given that olanzapine increases ACh efflux in the synaptic
cleft much more potently than risperidone 21, this prevention of an
upregulation probably has a larger impact on the data obtained from
olanzapine treated animals. An increase of ACh in peripheral structures
due to olanzapine or risperidone is unlikely, and the small increases in
[123I]Iododexetimide uptake in peripheral organs (such as the heart) may
therefore be the result of upregulation of muscarinic receptors.
Peripherally, high concentrations of the radiotracer were detected in the
excretory organs (liver>kidneys), confirming the lipophilicity and con-
sequently primarily hepatobiliary excretion route of [123I]Iododexetimide
and its metabolites. A slightly higher radiotracer accumulation was
detected in these organs in the drug treated groups (significantly higher
in the olanzapine group), which may reflect impairing effects of the repea-
tedly administered drugs to hepatic drug clearance which may decelerate
the excretion of the tracer or its metabolites. In this study we did not
measure plasma metabolites to support this hypothesis, but the higher
absolute levels in the organs may be also explained by such mechanism.
In particular, the significantly higher uptake in fat tissue after repeated
treatment with olanzapine suggests prolonged peripheral presence of
[123I]Iododexetimide (or lipophilic metabolites) of the tracer in rats.
Impaired hepatic metabolism of the tracer may therefore also partly
explain the apparent, slightly higher absolute tracer uptake in rat brain
structures of treated rats. Although severe hepatotoxic effects of olan-
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zapine are rare, an asymptomatic increase in liver enzymes has been
shown in humans for both olanzapine and risperidone 22. Also in rats, a
previous study by Patel and co-workers reported a significant increase of
serum glutamine pyruvate transaminase (SGPT or ALT) after treatment
with high oral doses (20mg/kg daily) of olanzapine, which may reflect
damage to hepatocytes, although the authors classified the drug as rela-
tively non-toxic 23. In the present study, the administered olanzapine
doses were substantially lower, which may render hepatotoxicity by
this drug less likely. For risperidone, direct hepatic damage was not
shown by Halici and co-workers at cellular level after chronic adminis-
tration of the drug during 6 weeks (daily, 1mg/kg intraperitoneally) 24.
All drugs that were used in the present study have been shown to be
centrally active in rats in earlier reports, using drug doses in the same
range 9,10. Drug doses were well above the normal human doses.
However, we did not attempt to simulate a human dosing scheme in
this study, since the short half-lives of the medication in rodents ideally
requires continuous infusion or multiple daily administrations of the
drugs 25. Metabolism of risperidone is faster than the metabolism of
olanzapine in rats (in plasma 1h and 2.5h, respectively) 25. However, a
difference in dissociation rate between the half-life of the drugs in the
brain and in plasma has been shown previously 26. In the study by
Tausher et al., half-life times in the human brain of olanzapine and
risperidone was approximately 3 and 6 times longer than in plasma.
Although it’s uncertain whether these data can be extrapolated to
rodents, this phenomenon could contribute to the occurrence of upregu-
lation of muscarinic receptors in olanzapine treated rats. Alternatively,
a prolonged presence of olanzapine and risperidone in the brain will also
induce prolonged ACh-release due to these drugs, which may prevent
upregulation of muscarinic receptors to occur. Moreover, if a slower dis-
sociation rate of neuroleptics is present in the rat brain, small direct com-
petitive effects of unmetabolized olanzapine may have occurred in the
present study. Since it was not the scope of the present study, we did
not perform brain or plasma-metabolites measurements. Nor did we per-
form a Scatchard-plot to determine the Bmax for the same reasons.
Further studies should be performed to elucidate the exact pharmacolo-
gy of olanzapine and risperidone in the rat brain.
Finally, effects of the administered anesthesia on the binding of [123I]Iodo-
dexetimide may have influenced the present study. However, the pat-
tern of iododexetimide binding matched the distribution of muscarinic
receptors in the rat brain. Moreover, we have reported earlier that
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ketamine/xylazine anesthesia does not influence the binding pattern of
a potential muscarinic M2-receptor tracer as compared to hypnorm/
midazolam 11. If effects of the anesthesia on the binding of the radiotrac-
er are present, these effects are considered systematic, since the same
anesthesia protocol was used for all rats.

Human studies have shown the feasibility of non-selective muscarinic
receptor tracers to detect changes in total muscarinic receptor densities
in patients suffering from schizophrenia 3 or dementia 1,2,4 in-vivo.
Although direct competitive effects of olanzapine on [123I]Iododexetimide
binding in the brain of schizophrenic patients may influence muscarinic
receptor SPECT imaging 5, the effects of chronic exposure to these drugs
on [123I]Iododexetimide binding in the human brain are yet unknown.
From the present study we conclude that in rats, repeated administra-
tion of olanzapine or risperidone does not substantially influence the
muscarinic receptor availability as measured by [123I]Iododexetimide in
brain areas expressing high densities of muscarinic receptors.

References
1 Colloby SJ, Pakrasi S, Firbank MJ, et al. In vivo SPECT imaging of muscarinic acetyl-

choline receptors using (R,R) 123I-QNB in dementia with Lewy bodies and Parkinson’s
disease dementia. Neuroimage 2006; 33:423-429

2 Piggott MA, Owens J, O’Brien J, et al. Muscarinic receptors in basal ganglia in
dementia with Lewy bodies, Parkinson’s disease and Alzheimer’s disease. J Chem
Neuroanat 2003; 25:161-173

3 Raedler TJ, Bymaster FP, Tandon R, et al. Towards a muscarinic hypothesis of
schizophrenia. Mol Psychiatry 2007; 12:232-246

4 Claus JJ, Dubois EA, Booij J, et al. Demonstration of a reduction in muscarinic
receptor binding in early Alzheimer’s disease using iodine-123 dexetimide single-pho-
ton emission tomography. Eur J Nucl Med 1997; 24:602-608

5 Lavalaye J, Booij J, Linszen DH, et al. Higher occupancy of muscarinic receptors by
olanzapine than risperidone in patients with schizophrenia. A [123I]-IDEX SPECT
study. Psychopharmacology (Berl) 2001; 156:53-57

6 Boundy KL, Barnden LR, Rowe CC, et al. Human dosimetry and biodistribution of
iodine-123-iododexetimide: a SPECT imaging agent for cholinergic muscarinic neu-
roreceptors. J Nucl Med 1995; 36:1332-1338

7 Wilson AA, Dannals RF, Ravert HT, et al. Synthesis and biological evaluation of
[125I]- and [123I]-4-iododexetimide, a potent muscarinic cholinergic receptor antag-

166

PART 3, CHAPTER 8



onist. J Med Chem 1989; 32:1057-1062

8 Raedler TJ, Knable MB, Jones DW, et al. In vivo olanzapine occupancy of mus-
carinic acetylcholine receptors in patients with schizophrenia. Neuropsychophar-
macology 2000; 23:56-68

9 Terry AV, Jr., Gearhart DA, Mahadik SP, et al. Chronic exposure to typical or atypical
antipsychotics in rodents: temporal effects on central alpha7 nicotinic acetyl-
choline receptors. Neuroscience 2005; 136:519-529

10 Aravagiri M, Teper Y, Marder SR. Pharmacokinetics and tissue distribution of olan-
zapine in rats. Biopharm Drug Dispos 1999; 20:369-377

11 Knol RJ, Doornbos T, van den Bos JC, et al. Synthesis and evaluation of iodinated
TZTP-derivatives as potential radioligands for imaging of muscarinic M2 receptors
with SPET. Nucl Med Biol 2004; 31:111-123

12 Kobayashi RM, Palkovits M, Hruska RE, et al. Regional distribution of muscarinic
cholinergic receptors in rat brain. Brain Res 1978; 154:13-23

13 Mash DC, Potter LT. Autoradiographic localization of M1 and M2 muscarine receptors
in the rat brain. Neuroscience 1986; 19:551-564

14 Nonaka R, Moroji T. Quantitative autoradiography of muscarinic cholinergic recep-
tors in the rat brain. Brain Res 1984; 296:295-303

15 Meltzer HY, Matsubara S, Lee JC. Classification of typical and atypical antipsychot-
ic drugs on the basis of dopamine D-1, D-2 and serotonin2 pKi values. J Pharmacol
Exp Ther 1989; 251:238-246

16 Bymaster FP, Felder CC, Tzavara E, et al. Muscarinic mechanisms of antipsychotic
atypicality. Prog Neuropsychopharmacol Biol Psychiatry 2003; 27:1125-1143

17 Schotte A, Janssen PF, Gommeren W, et al. Risperidone compared with new and ref-
erence antipsychotic drugs: in vitro and in vivo receptor binding. Psychopharmacol-
ogy (Berl) 1996; 124:57-73

18 Terry AV, Jr., Gearhart DA, Mahadik SP, et al. Chronic treatment with first or second
generation antipsychotics in rodents: effects on high affinity nicotinic and muscarinic
acetylcholine receptors in the brain. Neuroscience 2006; 140:1277-1287

19 Knol RJ, de Bruin K, de Jong J, et al. In vitro and ex vivo storage phosphor imaging
of short-living radioisotopes. J Neurosci Methods 2008; 168:341-357

20 Ichikawa J, Dai J, O’Laughlin IA, et al. Atypical, but not typical, antipsychotic drugs
increase cortical acetylcholine release without an effect in the nucleus accumbens
or striatum. Neuropsychopharmacology 2002; 26:325-339

21 Shirazi-Southall S, Rodriguez DE, Nomikos GG. Effects of typical and atypical
antipsychotics and receptor selective compounds on acetylcholine efflux in the
hippocampus of the rat. Neuropsychopharmacology 2002; 26:583-594

22 Atasoy N, Erdogan A, Yalug I, et al. A review of liver function tests during treatment
with atypical antipsychotic drugs: a chart review study. Prog Neuropsychopharmacol
Biol Psychiatry 2007; 31:1255-1260

167

[123I]Iododexetimide binding in the 6-OHDA lesioned rat brain



23 Patel M, Bapu C, Padh H, et al. Olanzapine induced thrombocythemia in Sprague-
Dawley rats. Drug Chem Toxicol 2004; 27:379-387

24 Halici Z, Keles ON, Unal D, et al. Chronically administered risperidone did not
change the number of hepatocytes in rats: A stereological and histopathological
study. Basic Clin Pharmacol Toxicol 2008; 102: 426-432

25 Kapur S, VanderSpek SC, Brownlee BA, et al. Antipsychotic dosing in preclinical mod-
els is often unrepresentative of the clinical condition: a suggested solution based on
in vivo occupancy. J Pharmacol Exp Ther 2003; 305:625-631

26 Tauscher J, Jones C, Remington G, et al. Significant dissociation of brain and plas-
ma kinetics with antipsychotics. Mol Psychiatry 2002; 7:317-321

168

PART 3, CHAPTER 8



169

[123I]Iododexetimide binding in the 6-OHDA lesioned rat brain



CHAPTER 8
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Abstract
Dysfunction of the cholinergic neurotransmitter system is present in Parkinson’s Disease
(PD), Parkinson’s Disease related Dementia (PDD) and Dementia with Lewy Bodies (DLB),
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Table 8.1. In-vivo imaging data of detected [123I]FP-CIT binding in the striatum and
[99mTc]Exametazine uptake of the striatum and total cerebral cortex on the lesioned vs.
the unlesioned side. Data are presented as the average of the normalized measurements
± 1 SD (standard deviation) of n=5 rats. Striatal measurements were obtained from
3-5 adjacent slices and cerebral measurements from 10 adjacent slices.

Relative radiotracer uptake Left Right

[123I]FP-CIT Striatum 100 ± 7.3 75.23 ± 7.64*
[99mTc]Exametazine Striatum 100 ± 5.25 88.95 ± 8.73**
[99mTc]Exametazine Cerebral Cortex 100 ± 8.75 98.59 ± 8.94

* P=0.0022, ** P=0.0266.



and is thought to contribute to cognitive deficits in these patients. In-vivo imaging of the
cholinergic system in these patients may be of value to monitor central cholinergic
disturbances and to select cases in which treatment with cholinesterase inhibitors
could be beneficial. The muscarinic receptor tracer [123I]Iododexetimide, which pre-
dominantly reflects M1 receptor binding, may be an appropriate tool for imaging of the
cholinergic system by means of SPECT. In the present study, we used this radiotracer to
study the effects of a 6-hydroxydopamine lesion (an animal model of PD) on the mus-
carinic receptor availability in the rat brain.

Rats (n=5) were injected in-vivo at 10-13 days after a confirmed unilateral 6-hydroxy-
dopamine lesion. The muscarinic receptor availability was measured bilaterally in multiple
brain areas on storage phosphor images by region of interest analysis. The data obtained
from the autoradiographic images revealed a consistent and statistically significant
lower [123I]Iododexetimide binding in all examined neocortical areas on the ipsilateral side
of the lesion as compared to the contralateral side. In the hippocampus and subcortical
areas, such asymmetry was not detected.

This study suggests that evaluation of the muscarinic receptor availability in the
dopamine depleted brain, using [123I]Iododexetimide is feasible. From the present results
we conclude that a 6-hydroxydopamine lesion induces a decrease of neocortical mus-
carinic receptor availability. We hypothesize that this arises from downregulation of mus-
carinic postsynaptic M1 receptors due to hyperactivation of the cortical cholinergic
system in response to the disruption of dopaminergic pathway.
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Introduction

Parkinson’s Disease (PD) is characterized clinically primarily by motor
dysfunction but cognitive impairment frequently accompanies this dis-
ease. In PD, the cognitive deficits are usually restricted to disturbances
in executive functioning and visuospatial tasks. In up to 60% of these
PD patients, the cognitive decline evolves into a dementia, called
Parkinson’s Disease related Dementia (PDD) 1. In dementia with Lewy
bodies (DLB), the timing of onset of dementia precedes the motor symp-
toms. “Lewy body disorders” is frequently used as the umbrella term for
PD, PDD and DLB 2. Importantly, all Lewy body disorders are character-
ized neuropathologically by degeneration of the dopaminergic as well as
the central cholinergic neurotransmission systems 2.
In PD, the dysexecutive syndrome is thought to arise from dopamine de-
pletion in the striatum or frontal cortex due to a disruption of dopamin-
ergic loops including the dorsolateral prefrontal or the mesocortical cir-
cuit 3, 4. Apart from dopamine, disturbances of the cholinergic system may
be a more important cause of progressive cognitive impairments in Lewy
body disorders. For example, the degree of cognitive impairment in PDD
correlates best with cholinergic disturbances 3, 5, 6. This may be due to
degeneration of the basal nucleus of Meynert (NBM) and its cholinergic
projection to the neocortex, which both have been shown to be affected
in Lewy body disorders 7-9. Moreover, anticholinergic medication is used
frequently in PD patients to alleviate motor symptoms presumably by
counteracting hyperactivity of striatal cholinergic interneurons, but
may have adverse effects on cognition 10, 11. Conversely, cognitive dys-
function is known to improve in PDD and DLB when these patients are
given acetylcholinesterase inhibitors (AChEIs), although mild adverse
effects on motor symptoms have been described 12, 13. Although the inter-
action between the dopaminergic and cholinergic system has been stud-
ied extensively, the exact mechanism remains controversial.
In-vivo single photon emission computed tomography (SPECT) or posi-
tron emission tomography (PET) using radioactive muscarinic receptor
tracers may provide further insight in the disturbances of the choliner-
gic neurotransmission system in Lewy body disorder patients and may
help to select patients who could benefit from cholinergic medication. A
human SPECT-study in which the binding of the muscarinic receptor
radiotracer [123I]Quinuclidinyl benzilate (QNB) in PDD and DLB patients
was evaluated, was published recently 14. In that study, significant
changes were demonstrated in the muscarinic receptor availability in
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both PDD and DLB as compared to a control group. In the past,
[123I]Iododexetimide has also been evaluated as a radiotracer for imaging
of the muscarinic system in cognitively compromised patients, such as
patients suffering from Alzheimer’s disease or schizophrenic patients 15,

16. Similar to [123I]QNB, [123I]Iododexetimide binds selectively to mus-
carinic receptors, however not subtype selective 17, 18, and therefore it
may also be suitable to explore the cholinergic system in Lewy body dis-
orders. Since the majority of central muscarinic receptors are postsynap-
tic M1 receptors, and [123I]Iododexetimide binds to all muscarinic recep-
tors with high affinity, [123I]Iododexetimide binding in-vivo predomi-
nantly reflects binding to postsynaptic M1 receptors.
Animal models of PD, such as the 6-hydroxydopamine (6-OHDA) mod-
el, have been used extensively in mice, rats and monkeys 19. Injection of
the neurotoxin 6-OHDA in the medial forebrain bundle (MFB) induces a
selective degeneration of dopaminergic neurons in the striatum. The
effects of such lesions on the function of the cholinergic system have
been scarcely studied using cholinergic radiotracers, but few previous
studies have demonstrated hyperactivity of the cholinergic system after
a 6-OHDA lesion 20, 21. These effects were studied using muscarinic
receptor tracers such as [3H]QNB or the presynaptic cholinergic marker
[3H]hemicholinium-3 (HC-3). However, the effects of 6-OHDA lesion
on the binding of [123I]Iododexetimide are unknown.
In this study, we investigated in rats the effects of a unilateral 6-OHDA
lesion in the MFB on the [123I]Iododexetimide measurements of mus-
carinic receptor availability in multiple brain areas by means of storage
phosphor imaging, the hypothesis being that the lesion would lead to a
decrease in [123I]Iododexetimide binding as a result of lower muscarinic
receptor availability due to hyperactivation of the cholinergic system.
All lesions were verified in-vivo by dedicated small animal SPECT using
[123I]FP-CIT, a radiotracer that binds to the dopamine transporter. Also,
the effects of the 6-OHDA lesion on brain perfusion were assessed in-vivo
by SPECT in all animals using the perfusion tracer [99mTc]Exametazine.

Materials and Methods

To study the effects of a dopaminergic lesion on the muscarinic receptor
availability in the brain, 5 male Wistar rats (270-325g, obtained from
Harlan, Horst, The Netherlands) were used. Under ketamine/xylazine
(2:1) anesthesia, unilateral lesions were induced by stereotactic injec-
tion of 6-OHDA (8µg in 3µl 0.9M NaCl containing 0.05% ascorbic acid,
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Sigma, St. Louis, MO) in the right MFB as described earlier 22.

Both the efficacy of the dopaminergic lesion and the effects of the lesion
on brain perfusion were assessed in-vivo in all rats using small animal
pinhole SPECT imaging 23. All radiotracers were injected intravenously via
a lateral tail vein under isoflurane anesthesia and the same anesthetic was
used during the scanning procedures and before the removal of the brain.
The efficacy of the unilateral lesion was evaluated at 4 or 7 days post-lesion
using the dopamine transporter tracer [123I]FP-CIT in order to detect
presynaptic dopaminergic cell loss 24, 25. [123I]FP-CIT (DaTSCAN™; specific
activity ≥185MBq/nmol; radiochemical purity 98%) was a generous gift
from GE Healthcare, Eindhoven, The Netherlands. All rats received
approximately 37MBq [123I]FP-CIT in 0.3ml saline and brain SPECTs
were acquired at 2h after injection of the tracer 24, 25. We used the acqui-
sition protocol as earlier described 26.
Eight or 11 days after the 6-OHDA lesion, potential influences of the 6-
OHDA lesions on brain perfusion were assessed using [99mTc]Exametazine
(Ceretec™, GE Healthcare, Eindhoven, The Netherlands). Rats received
approximately 50MBq [99mTc]Exametazine (radiochemical purity ≥90%)
in 0.3ml saline. After 15 minutes, brain perfusion SPECTs were per-
formed. We used the acquisition protocol as earlier described 26, with the
energy window adjusted for 99mTc.
Both obtained [123I]FP-CIT and [99mTc]Exametazine SPECT images were
co-registered with a MRI of an equally sized Wistar rat on a HERMES
workstation using the Multi Modality 4 software (Hermes Medical
Solutions, Stockholm, Sweden). Using the rat brain MRI as a reference,
a 3-dimensional VOI template of the cerebral cortex and striatum was
constructed. Radioactive uptake in these brain structures were then
measured as counts-per-voxel on the pinhole SPECT images. To assess
differences in tracer accumulation on the lesioned versus the unlesioned
side, all data were obtained bilaterally from 5 slices (striatum; interslice
distance 0.84mm) or 10 slices (cerebral cortex) and normalized to the
average of counts-per-voxel of the corresponding brain structure on the
unlesioned side.

Ten or 13 days after the 6-OHDA lesion, its effects on muscarinic recep-
tor availability in the rat brain were evaluated by means of storage
phosphor autoradiography using [123I]Iododexetimide as a radiotracer 28.
[123I]Iododexetimide (specific activity 185MBq/nmol; radiochemical
purity 98.0%) was a generous gift from GE Healthcare, Eindhoven, The
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Netherlands. The radiosynthesis of this (non-subtype selective) mus-
carinic receptor tracer was described earlier 18. Animals received approxi-
mately 37MBq of the tracer and were sacrificed by bleeding via portal
vein puncture at 4h after the injection of the tracer. Brains were excised,
quickly frozen and sliced into 25µm horizontal sections and every 1 in 5
sections was exposed to a Fuji BAS-MS imaging plate (Fuji Medical
Systems, Stamford, CT, USA) during 24h and scanned by an image plate
reader, as described earlier 28. The obtained images were analyzed using
the AIDA software package (Version 3.20.007, Raytest Isotopenmeß-
geräte GmbH, Straubenhardt, Germany) by region of interest (ROI)-
analysis. ROIs were based on a template that was built according to the
Paxinos rat brain atlas 27. ROIs from this template (prefrontal, frontal
association and motor cortex, sensory cortex, auditory cortex, ectorhi-
nal and temporal cortex) were matched manually to fit to the appropri-
ate phosphor images of 12 adjacent brain sections. Additionally, ROIs
were drawn manually on these slices for striatum, hippocampus, thala-
mus, midbrain, entorhinal cortex and cerebellum on the phosphor
images. Except for the cerebellum, all ROIs were placed bilaterally.
Absolute measurements were defined as the amount of detected phos-
phostimulated luminescence (PSL) per mm2 and all data were corrected
for background activity. For comparability reasons, data were expressed
as the ratio of the radioactive uptake in each specific structure to the
uptake in the cerebellar cortex in order to correct for slight differences
in section thickness 28.

The performed experiments are in agreement with The Dutch Experi-
ments on Animals Act (1977) and were approved by the Animal Ethics
Committee (AMC, Amsterdam, The Netherlands).

Statistical Analysis

For data obtained from the phosphor images, the difference in mean up-
take ratio of tracer accumulation between the brain regions of the
lesioned and the unlesioned side was tested using a mixed linear model
to account for the nested structure of the measurements within each
rat. A heterogeneous covariance structure allowed correlations between
measurements across the 12 adjacent brain sections of the same rat to
differ per rat. The normalized data obtained from the SPECT studies
were analyzed in a similar manner using the data from 5 adjacent striatal
slices or 10 adjacent cerebral cortex slices. SAS 9.1 was used to perform
the statistical analyses.
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Results

As expected, mixed linear model analysis of the data obtained from the
SPECT images revealed a statistically significant lower [123I]FP-CIT
binding (approximately 25%; P=0.0022) in the striatum on the lesioned
side as compared to the unlesioned side 4-7 days after the 6-OHDA
lesion. In all individual animals, the uptake was lower at the lesioned
compared to the non-lesioned side. This proves the efficacy of the lesion
in all animals (Table 8.1.).
Also, the [99mTc]Exametazine measurements on slices obtained from
pinhole-SPECT showed a statistically significant lower tracer accumula-
tion in the striatum on the lesioned side as compared to the unlesioned
side (approximately 11%; P=0.0266), indicating a lower perfusion of the
lesioned striatum. The [99mTc]Exametazine accumulation in the rat cere-
bral cortex was unchanged on the lesioned side as compared to the unle-
sioned side (P=0.6924; Table 8.1.).
In cortical areas, a small (on average approximately 4%) but consistent
lower absolute binding of the tracer was detected in the brain sections
of lesioned hemisphere of all rats (Figure 8.1.). In thalamus and hip-
pocampus, the tendency towards lower binding of the tracer was less
Figure 8.1. Phosphor image of a brain section of a [123I]Iododexetimide injected rat
after a 6-OHDA lesion of the right medial forebrain bundle at 10 days before the
imaging procedure. The lesioned (right) side is depicted on the right side of the
image. Note the slightly lower binding of the radiotracer in cortical areas but not
in the striatum on the right side as compared to the left side. See color figure
appendix for the full color version of this figure

clear whereas in the striatum and midbrain, a consistent asymmetry was
not seen. Typical binding ratios of brain areas that express a high densi-
ty of muscarinic receptors to the binding in cerebellar cortex ([brain
structure] (PSL/mm2)/[cerebellar cortex] (PSL/mm2) were between 6
and 7, with small variations amongst the individual rats. For areas that
express a low density of muscarinic receptors, such as the midbrain, typ-
ical binding ratios were between 2 and 3.
Data obtained from phosphor images revealed a statistically significant
lower binding ratio of the total cerebral cortex to cerebellar cortex bind-
ing of [123I]Iododexetimide on the lesioned side as compared to the unle-
sioned side (P=0.0009, Table 8.2., Figure 8.1.). All individual neocortical
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areas also showed lower [123I]Iododexetimide binding ratios to the cere-
Table 8.2. Results of the mixed linear model analysis. Data represent the esti-
mated absolute differences of [brain region]/[cerebellar cortex] ratios between
the lesioned vs. the unlesioned hemisphere. The analysis of the [total cerebral
cortex]/[cerebellar cortex] ratio was performed separately from the analysis of the
individual brain regions.

Brain region Estimated difference Standard Error P-value

Prefrontal Cortex R -0.1941 0.04138 0.0094*
Frontal Ctx R -0.3897 0.03229 0.0003*
Sensory Ctx R -0.3315 0.07210 0.0100*
Auditory Ctx R -0.3734 0.10190 0.0215*
Temporal/Ectorhinal Ctx R -0.3336 0.07552 0.0115*
Entorhinal Ctx R -0.1685 0.04960 0.0274*
Striatum R -0.0436 0.08952 0.6514
Thalamus R -0.1235 0.04561 0.0537
Hippocampus R -0.1186 0.04811 0.0693
Midbrain R +0.0122 0.04690 0.8074

Brain region Estimated difference Standard Error P-value

Total Cerebral Cortex R -0.3729 0.04157 0.0009*

* P<0.05. Abbreviations; Ctx=cortex, R=right hemisphere (lesioned side).

bellar cortex binding (P<0.05; Table 8.2.). No significant decrease of tracer
binding ratio was detected in the hippocampus and subcortical areas, i.e.
the striatum, thalamus and the midbrain area, although the thalamus and
hippocampus showed a tendency towards a lower uptake (P=0.0537 and
P=0.0693, respectively; Table 8.2.).

Discussion

In this study we focused on the effects of dopamine depletion due to a
6-OHDA lesion in the MFB on the muscarinic receptor availability as
measured by [123I]Iododexetimide in the rat brain. At 10-13 days after a
confirmed lesion, we demonstrated a decreased binding of the radiotrac-
er in cortical areas but not in the striatum ipsilateral to the lesion.
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The animal model that was used in our study is a well established model
for PD in rats. 6-OHDA lesions of the MFB induce a severe degeneration
of dopaminergic cells in the striatum which reaches its maximum at 2-3
days post-lesion 19, 29. In the present study, all imaging data were
acquired at time points greater than 4 days post-lesion. The lesions were
induced unilaterally in our study and the animals served as their own
control group. To verify each lesion, the effects on the striatal density
of the presynaptically localized dopamine transporters were assessed in-
vivo using the radiotracer [123I]FP-CIT. This radiotracer is used routinely
in clinical practice to detect dopaminergic cell loss in e.g. PD by means
of brain SPECT 24, 25. In a previous study we have successfully evaluated,
in-vivo and ex-vivo, 6-OHDA lesions in rats using this radiotracer and
our dedicated small animal SPECT-camera 26. In the present study, our
results confirm the successfulness of the lesion in all rats. We observed a
decrease in [123I]FP-CIT binding of approximately 25% using our SPECT
system, which is an underestimation of the absolute decrease of
dopamine transporters, as was shown in our previous work 26. Reasons
for the underestimation include a combination of partial volume effects
due to limited image resolution and scattering 26.
Since alterations in brain perfusion could potentially influence the trac-
er delivery and thereby change the biodistribution of radiotracers in the
brain, we also performed an in-vivo [99mTc]Exametazine brain-SPECT in
all animals. This radiotracer is also used routinely in clinical practice, in
order to evaluate brain perfusion disorders. On the acquired images, a
decrease in cerebral blood perfusion was detected in the striatum but not
in the cerebral cortex on the lesioned side at 6-9 days after the 6-OHDA
lesion. Influences of the blood perfusion on the delivery of [123I]Iodo-
dexetimide can therefore not be excluded in the lesioned striatum.
The autoradiographic measurements of the muscarinic receptor availabili-
ty were performed on horizontal brain slices using the storage phosphor
imaging technique, which is an appropriate tool to study the distribution
of short-living radiotracers in the brains of small animals, as we have
reported recently 28. The distribution of [123I]Iododexetimide in the rat
brain sections was similar to the previously published results and in line
with the distribution of muscarinic receptor density in the rat brain 30. For
the analysis, sections were analyzed on which the cerebellar cortex was
visible, since radioactive uptake in this area was used as a reference to cor-
rect for very small but inevitable variations in section thickness.
One limitation of the present study may be the use of anesthetics, but
in-vivo imaging by means of small animal SPECT is impossible in awake
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rats. One might argue that isoflurane could have interfered with the
results of the study. Since all animals served as their own control and all
animals were subjected to the same protocol, potential effects of the
anesthetic are considered systematic. Also the small number of rats may
be a limitation of the study. However, being their own control group, a
group size of n=5 should be adequate, but inclusion of a sham-operated
control group could have been of value to detect possible contralateral
effects of the unilateral 6-OHDA lesion 20.
In the present study, a significant decrease of [123I]Iododexetimide bind-
ing was revealed in cortical areas but not in hippocampus and subcorti-
cal brain areas at 10-13 days after a confirmed brain lesion. Several stud-
ies have shown an effect of dopaminergic lesions on the muscarinic
neurotransmitter system. Araki and co-workers demonstrated a decrease
of [3H]QNB binding in the parietal cortex on the ipsilateral side of uni-
laterally 6-OHDA lesioned rats at 2 and 8 weeks after a 6-OHDA lesion 20,
which is in line with the present study. Although that study showed a
tendency towards both a lower [3H]QNB binding in the ipsilateral stria-
tum and a higher binding in the contralateral striatum at 2-8 weeks
after the lesion, this was not statistically significant as compared to
sham-operated animals. In the present study, also no statistically signif-
icant differences between tracer binding in the ipsilateral vs. the con-
tralateral striatum were detected. On the other hand, Araki showed an
increase in [3H]HC-3 binding in the ipsilateral striatum but not in the
parietal cortex, indicating upregulation of the presynaptic high affinity
choline uptake sites, suggesting enhanced cholinergic activity in ipsilat-
eral striatum. Such enhanced cholinergic activity would result in either
direct competition of acetylcholine (ACh) 31 at muscarinic receptors or
downregulation of postsynaptic muscarinic M1 receptors in the striatum,
although several studies were unable to show enhancement of ACh lev-
els in this brain structure after a 6-OHDA lesion 19. Interestingly, we
detected a hypoperfusion in the striatum on the lesioned side using
[99mTc]Exametazine SPECT. In our study, we injected the radiotracer
intravenously, and assessed the [123I]Iododexetimide binding ex-vivo.
Since we observed a hypoperfusion, but normal [123I]Iododexetimide bind-
ing in the lesioned striatum, we may even underestimate the amount of
muscarinic receptors since diminished tracer delivery cannot be excluded.
Muma and co-workers demonstrated the effects of a 6-OHDA lesion of
the MFB on the [3H]HC-3 binding in the frontal and prefrontal cortex at
10-12 days after the lesion, but did not study the effects in the striatum.
[3H]HC-3 binding was shown to be twice as high in the frontal cortical
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areas as compared to unlesioned animals 21, which is suggestive of choliner-
gic hyperactivation. In addition, they found no indications of degenera-
tion of the cholinergic neurons in this brain area at this time point. The
present study is in line with these observations. The presently observed
decline of muscarinic receptor availability in the cortical areas is likely
the result of an increase in activity of the cholinergic system and result-
ing downregulation of postsynaptic M1 receptor subtypes. Upregulation
of presynaptic M2 receptor subtypes may also have occurred, but due to
the higher expression of postsynaptically localized M1 subtypes, this
effect is probably outweighed. However, since the radiotracer was
injected in-vivo, direct competition of ACh on the muscarinic receptors
cannot be excluded. Evidence on the influence of a 6-OHDA lesion on
the cortical release of ACh is sparse in the literature, but Day and co-
workers did not find significant influences on cortical ACh levels 32.
Supportive to the present observations, Liskowsky et al. did show a low-
er binding of [3H]Oxotremorine, a high affinity muscarinic receptor ago-
nist, in the frontal cortex of rats that were given a 6-OHDA lesion 33.
All in all, since secondary degeneration in the cholinergic neurotrans-
mitter system is not likely to occur as early as 10-13 days after a 6-
OHDA lesion, our data suggest cortical hyperactivation of cholinergic
neurons due to dopamine depletion. From the present results, we cannot
provide evidence for hyperactivation of the cholinergic neurons in the
striatum. We hypothesize that the hyperactivation of the cortical
cholinergic neurons are due to adaptations of the ganglia-thalamocorti-
cal circuitry in a response to the disruption of the dopaminergic path-
way or due to changes to the direct dopaminergic input of the basal
forebrain including the NBM.
In-vivo imaging of the brain in Lewy body disorders using [123I]Iododex-
etimide may be of value to monitor the disturbances in the central cho-
linergic system and may help to select patients that could benefit from
AChEI therapy. The present study suggests the feasibility of [123I]Iodo-
dexetimide to detect changes in the cholinergic neurotransmitter system
that occur in response to dopaminergic degeneration. In this study we
have demonstrated the effects of a unilateral dopaminergic lesion on the
muscarinic receptor binding by [123I]Iododexetimide in the rat brain. From
the present results, we conclude that there is a decrease in cortical cholin-
ergic receptor availability after a dopaminergic deficit has been induced,
which may arise from hyperactivation of cortical cholinergic neurons.
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Abstract
Cognitive impairment in Parkinson’s disease (PD) and Parkinson’s disease related dementia
(PDD) are associated with deficiencies in the cholinergic neurotransmitter system.
Moderate improvements on cognition due to acetylcholinesterase inhibitors (AChEIs) have
been reported in a subgroup of PDD patients. SPECT imaging of the cholinergic neuro-
transmitter system, for instance using the muscarinic receptor radiotracer [123I]Iododex-
etimide, may help to select patients that could benefit from AChEIs and may be useful to
monitor disease progression. The aim of the present study was to investigate the dif-
ferences in muscarinic receptor availability in the brain of PDD versus PD patients, as mea-
sured by in-vivo [123I]Iododexetimide SPECT.

[123I]Iododexetimide SPECT was performed in 13 subjects (6 PD, 7 PDD). The obtained images
were fitted to a standard brain template, normalized to non-specific tracer uptake in
white matter and analyzed using statistical parametric mapping (SPM99).

No increases in tracer binding were detected in the brain of PDD versus PD patients.
However, significant decreases in tracer binding (puncorrected <0.005) in the PDD group as
compared to the PD group were detected in both the left and right temporal cortex, left
hippocampus, and the posterior cingulate cortex.

In conclusion, the present study demonstrates decreased muscarinic receptor binding by
[123I]Iododexetimide in PDD versus PD in brain areas that are involved in memory function.
The findings suggest that reduced muscarinic receptor binding in these brain areas
could be used as a marker PDD and might be of value for the selection of PDD patients
that are likely to respond to AChEIs.
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Introduction

Parkinson’s disease (PD) and Parkinson’s disease related dementia (PDD)
are characterized primarily by dopaminergic degeneration, but are also
associated with deficiencies in the cholinergic neurotransmitter system 1, 2.
In up to 60% of PD patients, cognitive deficits that frequently accompany
this disease, progress to PDD 3. In PDD, cognitive impairment correlates
with disturbances of cortical cholinergic activity, which arise from degen-
eration of the nucleus basalis of Meynert (NBM) 1. Moderate improve-
ments on cognition due to acetylcholinesterase inhibitors (AChEIs) have
been reported in PDD 4. Importantly, not all of these patients respond
equally well on AChEIs. SPECT or PET imaging of the cholinergic neuro-
transmitter system may help to select patients that could benefit from
AChEIs and may be useful to monitor disease progression. The muscarinic
receptor radiotracer [123I]Iododexetimide has been evaluated previously for
imaging of the muscarinic system in Alzheimer’s dementia 5.
In this study, we investigated the differences in muscarinic receptor
availability in the brain of PDD versus PD patients, by means of
[123I]Iododexetimide SPECT, the hypothesis being that a decrease in
muscarinic receptor availability would be present in cortical areas of
PDD patients due to the degenerative changes in the NMB.

Materials and Methods
Subjects

A total of 13 patients, diagnosed clinically according to the clinical diag-
nostic criteria of the UK Parkinson’s Disease Society Brain Bank, were
recruited from the outpatient clinic of movement disorders. PD was
staged according to the Hoehn and Yahr scale (H&Y; range 0-5 with
higher scores indicating more advanced disease stage). PDD patients
additionally fulfilled DSM-IV-criteria (American Psychiatric Association,
1994) for dementia and had a Mini Mental State Examination (MMSE)
score of 24 or lower out of a maximum of 30 points, with lower scores
indicating worse cognition. PDpatients did not experience difficulties
with cognitive functioning in daily life and on clinical examination, did
not display any signs of dementia. The study population included six PD
patients (one woman and five men; mean age 65yr; range 53-76yr) and
seven PDD patients (three women and four men; mean age 74yr; range
64-82yr). Exclusion criteria included a diagnosis of other neurodegenera-
tive disease, severe depression or psychotic symptoms, alcohol or drug
abuse, cholinergic drugs or the use of neuroleptics.
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All subjects gave informed written consent and the study was approved
by the local medical ethical committee.

Image acquisition and analysis

Thyroid gland uptake of free radioactive iodine was prevented by admini-
stration of potassium iodide. [123I]Iododexetimide (specific activity
185MBq/nmol; radiochemical purity 98.0%) was a generous gift from
GE Healthcare, Eindhoven, The Netherlands. The radiosynthesis of this
radiotracer was described earlier 6.
All subjects received approximately 185MBq [123I]Iododexetimide intra-
venously, 8 hours before the SPECT acquisition 5. Images were acquired
using a brain-dedicated SPECT camera (Strichman Medical Equipment
inc, Medfield, Mass, USA), equipped with 12 individual crystals with
focusing collimators. The energy window was set at 135-190keV and
5mm slices were acquired during 150 sec as a 64x64 matrix parallel to
the orbitomeatal line. Image reconstruction and Gaussian smoothing
was performed by the Neurofocus software (NeuroPhysics Corporation,
Shirley, USA). After software based matching of the scans to the T1
Montreal Neurological Institute (MNI) template and after conversion to
Analyze format, images were imported in Matlab 6 (MathWorks, Inc.).
Radioactive uptake within a white matter VOI-template was considered
non-specific uptake and used to normalize each SPECT data set. Then
voxel-by-voxel analysis was performed by statistical parametric map-
ping (SPM99; Wellcome Department of Cognitive Neurology, Institute
of Neurology, University College London).

Statistical Analysis

Differences were analyzed by SPSS 15.0 using a student T-test for age,
disease duration and MMSE-scores, whereas H&Y-scores were analyzed
using a Mann-Whitney U test. P-values <0.05 were considered signifi-
cant . Between-group analysis of the SPM data was performed by
Matlab 6 and SPM99 using a 2-sample T-test with correction for multi-
ple comparisons, using an extend threshold of k=50 voxels and puncor-

rected values <0.005 (T=3.11) were considered significant.

Results

The characteristics of participants are summarized in Table 9.1. The age
of the PD group was not significantly different from the PDD group
(P=0.110). MMSE scores were significantly lower in the PDD group
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Table 9.1. Study group characteristics. Abbreviations: H&Y score (Hoehn and
Yahr score), MMSE Score (Mini-Mental State Examination score). Data represent
the mean ± 1 standard deviation.

Parkinson’s disease Parkinson’s disease
(n=6) related dementia (n=7)

Age (years) 66.2 ± 7.9 72.9±6.0
Sex (men/women) 5/1 4/3
Disease duration 10.5 ± 4.1 12.4 ± 5.3
H&Y score 2.6 ± 0.4 2.9 ± 0.2
MMSE score 29.3 ± 1.0 21.3 ± 2.3*

* statistically significant difference P<0.05.

than in the PD group (P<0.001). A selection of the SPM data is present-
ed as maximum intensity projections in Figure 9.1. No areas with a sig-
nificant increase in [123I]Iododexetimide binding were detected within
the brains of PDD patients as compared to PD patients. However, a sig-
nificant decrease in tracer binding in the PDD group as compared to the

Figure 9.1. Selection of the SPM analysis results. Left panel: Maximum intensity pro-
jections in three orthogonal planes (puncorrected ≤ 0.005 and k ≥ 50 voxels). Right
panel: Statistically significant decrease of [123I]Iododexetimide binding in temporal
cortex (superimposed upon the summed obtained SPECT scans). a Left inferior tem-
poral cortex puncorrected <0.001; b Left inferior temporal cortex puncorrected <0.001;
c Left superior temporal cortex puncorrected <0.001; d Right Left superior temporal
cortex puncorrected=0.002. See color figure appendix.
PD group was detected in several cortical areas. Decreases were detected
in both the left temporal lobe (inferior temporal cortex area puncorrected
<0.001, hippocampus area puncorrected <0.001) and the right temporal cor-
tex (inferior temporal cortex puncorrected <0.001, superior temporal cor-
tex puncorrected <0.001). Additionally, a decrease of [123I]Iododexetimide
binding was revealed in the posterior cingulate area in the left (puncorrect-

ed <0.001) and the right (puncorrected=0.001) cerebrum.

Discussion

The present study demonstrates a significant decrease of in-vivo [123I]Iodo-
dexetimide binding, likely reflecting decreased muscarinic receptor

189



availability, in both superior and inferior temporal cortical areas, the
left hippocampal area and posterior cingulate area in PDD as compared
to PD patients.

Colloby et al. recently reported on muscarinic receptor availability in
patients suffering from Lewy body dementia, PDD, and controls using
the muscarinic M1/4 radiotracer [123I]QNB and SPECT 8. In that study, a
significantly lower binding was detected in the medial temporal lobe of
PDD patients as compared to controls. The results of our study are in
line with those observations, since we showed decreases in the temporal
cortex areas bilaterally in PDD versus PD patients. Moreover, in a previ-
ous study we also showed loss of [123I]Iododexetimide binding in the left
temporal cortex of early AD patients 5. In agreement with our present
findings, a postmortem study by Perry et al., demonstrated loss of choline
acetyltransferase (marker for cholinergic activity) in the temporal cor-
tex of PD(D) patients which correlated with the severity of dementia 7.
Unfortunately, the size of the present study group did not permit regres-
sion analysis to evaluate a potential correlation between [123I]Iododex-
etimide binding in the temporal cortical areas and MMSE scores.
Although the superior and inferior temporal cortex and the hippocam-
pus are well recognized brain areas involved in memory function, the
posterior cingulate gyrus may also play a critical role in memory. For
example, and in line with our finding, a recent spectroscopy study
showed lower N-acetylaspartate/creatine (NAA/Cr) in the posterior cin-
gulate gyrus of PDD patients compared with controls and compared
with non-demented PD patients 8.
In the abovementioned study 9, an increase of muscarinic receptor binding
was detected in the occipital cortex of both the DLB and PDD patients as
compared to controls. Presently, we did not observe such an increase of
binding in PDD versus PD patients. It is possible, however, that the in-
crease of binding is also present in PD patients. Since we compared PDD
patients directly to PD patients, we may be unable to reproduce increased
tracer binding in the occipital cortex in PDD and/or PD patients.
To reduce the duration of the SPECT acquisition to 40 min (which was
considered a maximum for patients with dementia), we have chosen to
obtain partial brain scans, neglecting data from the upper part of the
parietal and frontal cortices and the cerebellum. Differences in tracer
uptake could therefore not be determined in these brain areas which is a
limitation of the present study. Additionally, the small diameter of the
head port of our dedicated brain SPECT camera complicated positioning
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of the head in the gantry, and caused deviation from the orbitomeatal
line in some patients, although this was corrected by matching of the
data sets to the T1 MNI template.
The present data were not corrected to account for possible differences
in regional cortical atrophy and perfusion between the two study
groups. Regional atrophy in cortical areas including the temporal cortex
in both PD and PDD as compared to controls has been reported previously
in some studies, but the exact location of atrophy varies among these
reports. According to the study by Burton and co-workers 10, regional atro-
phy in PDD relative to PD is present predominantly in the occipital cortex
but not in the temporal cortex, hippocampus or the posterior cingulate
area. Relative to this study, it seems unlikely that our results can be fully
attributed to regional atrophy, since we detected differences in tracer
binding in areas outside the occipital cortex. On the other hand, some
effects of global or regional cortical atrophy due to ageing or as a charac-
teristic of the disease, on the results of our study cannot be excluded.
In conclusion, the present study demonstrates decreased muscarinic recep-
tor binding in the temporal cortical and the posterior cingulate areas in
PDD versus PD. The findings suggest that reduced muscarinic receptor
binding in these brain areas could be used as a marker for PDD. Additio-
nally, in-vivo [123I]Iododexetimide SPECT-imaging might be of value for
the selection of PDD patients that are likely to respond to AChEIs.
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CHAPTER 10

SUMMARY

The aims of the present thesis were to explore novel candidate radiotrac-
ers intended for imaging of dementia by means of molecular imaging
techniques, and to evaluate the value of existing radiotracers that are
currently being used, or could potentially be used for imaging of demen-
tia. In this chapter, the studies that were performed to accomplish these
aims, are summarized.

Chapter 2 describes the synthesis of a series of iodinated TZTP-deriva-
tives as potential radiotracers for imaging of muscarinic M2 receptors.
Such tracers would allow visualization and quantification of the presy-
naptic muscarinic receptor system by means of SPECT or PET and may
be of value to monitor disease progression and effectiveness of experi-
mental therapeutic interventions in neuropsychiatric diseases character-
ized by a central cholinergic deficit, e.g., Alzheimer’s disease (AD). In
the reported study, derivatives of 5-[(4-alkylthio)-1,2,5-thiadiazol-3-yl]-
1,2,3,6-tetrahydro-1-methylpyridines (TZTPs), originally described by
Sauerberg 1 and proposed as potential tracers for muscarinic receptors 2, 3,
were synthesized and tested for affinity to cloned human muscarinic
receptor subtypes by in-vitro competitive binding assays. Several of
these compounds showed a high affinity for these receptors, within the
nanomolar range. The most promising of the novel potential tracers, the
iodinated 5-(E)-iodopentenylthio-TZTP, showed a high affinity to M2
receptors (4.9nM) and favorable selectivity ratios over M1 and M3 recep-
tors, was radioiodinated and subsequently subjected to in-vivo biodistri-
bution and blocking experiments in rats. Also, the metabolism of this
derivative was studied by TLC. Distribution of the potential tracer in the
rat brain occurred in a M2-like pattern but blocking effects of the potent
muscarinic antagonist scopolamine were only detected until 15 min
after injection of the potential tracer, and thus specific in-vivo binding
could not be demonstrated after that time point. The value of the new
tracer proved to be limited by high non-specific uptake of the original
tracer due to high lipophilicity and rapid metabolism of the compound.
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Chapter 3 discusses another series of in-vitro competition studies, using
newly synthesized compounds based on 6β-acetoxynortropane, a tropane
alkaloid that was reported earlier to have high affinity and selectivity
for the muscarinic M2 receptor subtype as compared to the other mus-
carinic receptor subtypes 4. Due to the nature of the molecular tropane
skeleton, many derivatives, such as [123I]/[18F]FP-CIT or [123I]β-CIT,
have proven to be useful as radiotracers for receptor imaging in the liv-
ing human brain. The challenge of this experiment was to create a
derivative of 6β-acetoxynortropane suitable for radioiodination, while
preserving the affinity for the M2 receptor. Moreover, we also attempt-
ed to optimize lipophilicity as compared to the TZTP-derivatives that
are described in chapter 2, and to improve metabolic stability while
maintaining the size of the molecule as small as possible. Four analogues
of the molecule were synthesized, each containing an iodophenyl or
phenyl moiety that could potentially be radioiodinated for use as radio-
tracers for imaging of the muscarinic M2 receptor subtype in neurode-
generative or neuropsychiatric diseases. As in chapter 2, the affinity of
these derivates for muscarinic receptor subtypes was assessed in-vitro
by competitive binding assays on muscarinic receptors. Unfortunately,
substitution of an iodophenyl or phenyl moiety on the original com-
pound, severely reduced both the affinity and selectivity of the deriva-
tives for the muscarinic M2 receptor subtype and therefore it was con-
cluded that the synthesized analogues were not suitable for use in
human SPECT imaging.

In chapter 4, an alternative method for biodistribution experiments in
small animals, which is used in chapters 5 and 8 of this thesis, is validat-
ed. The conventional dissection technique that is described in chapter 2
may not be adequate to study the biodistribution of radiotracers in
small or complex brain structures in small laboratory animals such as
rats or mice. Autoradiography using X-ray film allows much more pre-
cise measurements, but does not show a linear response to the amount
of radioactivity that is exposed to the film 5. Moreover, X-ray film
autoradiography requires long exposure times and therefore it is not
suitable for imaging of short-living radioisotopes such as 123I 6. Storage
phosphor imaging plates are used extensively in digital X-ray diagnos-
tics and also increasingly for autoradiography in radiotracer biodistribu-
tion studies, although the response of these plates to short-living
radioisotopes is unknown. In chapter 4, the properties of the imaging
plates are compared directly for 11 short-living radioisotopes (18F, 32P,
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67Ga, 89Sr, 99mTc, 90Y, 111In, 123I, 125I, 131I and 201Tl). Linearity, sensitivity,
efficiency and resolution were measured for all isotopes. A linear
response over a wide range of applied radioactivity was demonstrated
for all tested isotopes. The plates showed the highest efficiency and sen-
sitivity for strong β−-emitters and the β+-emitter 18F, whereas lower effi-
ciency and sensitivity was detected for γ-emitters. For the γ-emitters,
only low energy γ-radiation seemed to interact substantially with the
plate. The resolution of the images that could be obtained proved to be
worse for high energy β-emitters whereas the best resolutions were
obtained with low energy γ-emitters such as 123I (0.32mm full width at
half maximum; FWHM). Also an ex-vivo study is presented in chapter 4,
in which the biodistribution of the dopamine transporter tracer [123I]FP-
CIT was studied in the rat brain, with and without blocking of the
receptor by pre-administration of methylphenidate, using either the
conventional dissection technique or the storage phosphor imaging
technique. The results of both studies proved to be comparable but the
results that were obtained from the imaging plates showed less variability.
It is concluded from chapter 4 that, although the properties of the imaging
plates vary considerably for various radioisotopes, the storage phosphor
imaging technique is a very attractive alternative to conventional dissec-
tion studies when using short-living radioisotopes such as 123I.

Chapter 5 describes the appliance of storage phosphor imaging in an ex-
periment that assessed the ex-vivo binding in the rat brain of a recently
proposed radioiodinated tracer for SPECT imaging of activated NMDA
receptors, [123I]CNS-1261 7. Excessive activation of NMDA receptors, the
most abundant receptor of the glutamatergic neurotransmitter system,
is believed to contribute to neuronal death in neurodegenerative dis-
eases such as AD or Lewy body disorders 8. Inhibition of NMDA receptor
activation by substances such as memantine 9, may have neuroprotec-
tive effects and (semi)quantitative imaging of the activated system may
be useful to select patients for such inhibition therapies. Chapter 5 first
reports on a time course dissection biodistribution experiment in rats,
which determined the time point at 2h after injection as optimal for
studying of the tracer distribution in the brain. Second, an experiment
is described in which the distribution in the rat brain was studied using
storage phosphor imaging in control animals versus animals that were
pretreated with either D-serine alone or D-Serine+MK801. D-serine is a
substance that co-activates the NMDA receptor and pre-administration
should therefore hypothetically lead to a higher binding of [123I]CNS-
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1261, but this could not be demonstrated. Vice versa, MK801 blocks the
binding of the radiotracer to its binding site and proved to decrease the
uptake of the radiotracer in brain areas that express relatively high den-
sities of NMDA receptors. Although this decrease was significant as
compared to control rats, strongly suggesting specific binding of the
tracer, the observed reduction of binding was small and this is also very
suggestive of a high degree of non-specific uptake of the tracer. Thus, our
study has shown that [123I]CNS-1261 binding is influenced by NMDA
receptor availability. However, high non-specific uptake may limit quan-
tification and small changes in receptor availability are unlikely to be
detected and therefore its use in human SPECT imaging of activated
NMDA receptors may be limited.

Another radiotracer that has proven to be of value for SPECT imaging in
dementia is [123I]FP-CIT. This dopaminergic transporter tracer, original-
ly developed for the detection of degeneration of the nigrostriatal pro-
jection in Parkinson’s disease (PD), was registered recently to differenti-
ate AD from dementia with Lewy bodies (DLB) by means of brain
SPECT imaging. DLB is the second most common form of dementia after
AD, and is often clinically misinterpreted as AD. In contrast with AD,
DLB is characterized by pronounced dopaminergic cell loss 10, and can
thus be differentiated from AD by [123I]FP-CIT SPECT. In chapter 6, the
effects of AChEIs on the binding of [123I]FP-CIT to dopamine trans-
porters are reported. Apart from dopaminergic deficits, there is also a
cholinergic deficit in DLB and cognition of such patients is improved by
early AChEI therapy 11. Since many patients that are referred for [123I]FP-
CIT brain SPECTs already use medication of this type, and since cholin-
ergic medication may influence the dopamine transporter availability, it
is of considerable interest to know the influences of AChEIs on the
[123I]FP-CIT binding in the brain.
In chapter 6, data is presented from a dissection experiment in which
rats were treated with the AChEIs rivastigmine or donepezil or the
potent dopamine transporter antagonist methylphenidate. The animals
were treated either once intravenously or once orally shortly before
injection of the tracer, or during 14 consecutive days (subchronic group)
before injection of the tracer. As expected, the methylphenidate group
showed a significant decrease in [123I]FP-CIT binding in the rat brain at
2h after injection of the tracer, after both intravenous and oral pre-
administration shortly before injection of the tracer, but not after sub-
chronic administration of the tracer. Neither acute nor subchronic pre-

199



administration of both AChEIs influenced the binding of the tracer in the
rat brain. It is concluded that in rats, administration of the tested AChEIs
does not lead to an important alteration of the dopamine transporter
availability in the brain. Therefore, it is unlikely that AChEIs will induce
large effects on the interpretation of [123I]FP-CIT SPECT scans in humans.

Chapter 7 also deals with the effects of psychopharmaceuticals on the
binding of a neuroreceptor radiotracer. Similar to the experiment that is
discussed in chapter 6, the experiment that is described in this chapter
addresses the influences of repeated administration of neuroleptics on
the binding of [123I]Iododexetimide in the rat brain. [123I]Iododexetimide
was previously developed and evaluated as a non-subtype selective mus-
carinic receptor SPECT tracer 12, 13, and would therefore perform less well
as compared to muscarinic receptor subtype selective radiotracers, if
these would be available. However, since a marked overall decrease of
muscarinic receptor density has been shown in AD, DLB and PDD 14, 15,
this tracer may be of interest to study the integrity of the total mus-
carinic system in such patients (see chapter 9 for a human study using
this tracer). Unfortunately, many of these patients use neuroleptics,
which primarily target the dopaminergic system but which may
(in)directly influence the cholinergic system, and therefore it is impor-
tant to know the effects of these types of medication on the binding of
[123I]Iododexetimide in the brain. In chapter 7, an animal experiment is
presented that evaluates potential influences of repeated administration
during 14 consecutive days of the atypical neuroleptics olanzapine and
risperidone on the binding of [123I]Iododexetimide in the rat brain.
Tracer uptake in muscarinic receptor-rich brain areas (i.e. cortical areas
and striatum) and in brain areas expressing relatively low levels of mus-
carinic receptors (i.e. hypothalamus) was compared to data obtained
from control rats. Since we were particularly interested in subchronic
effects, radiotracer uptake was evaluated after one day of washout of
the neuroleptics. No influences on tracer binding were detected after
treatment with olanzapine. In the risperidone group, only an unexpect-
ed increase in tracer binding was found in the hypothalamus as com-
pared to the control group. Since in-vivo studies in humans can only
accurately assess muscarinic binding in muscarinic-rich brains areas, the
data suggest no large non-acute effects of olanzapine and risperidone on
muscarinic receptor imaging in humans, when using [123I]Iododexetimide.
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Chapter 8 further reports on the association between the dopaminergic
and the cholinergic system. In this chapter, data are presented from an
animal experiment in which rats were given a unilateral selective
dopaminergic brain lesion, and the effects of this lesion on the distribu-
tion of [123I]Iododexetimide in the rat brain are revealed. The dysfunc-
tional cholinergic neurotransmitter system in PD, PDD and DLB is
thought to contribute to the cognitive deficits in these diseases 16.
Besides degeneration of the cholinergic system, dopaminergic disruption
which also occurs in these diseases, may directly influence the function
of the cholinergic system. In-vivo imaging of the cholinergic system in
such patients may be of value to monitor central cholinergic distur-
bances and to select cases in which treatment with cholinesterase
inhibitors could be beneficial. To study the effects of a selective
dopaminergic lesion on the [123I]Iododexetimide binding, a group of rats
was given a unilateral 6-hydroxydopamine lesion, and the damage to the
dopaminergic system was confirmed by small animal SPECT imaging
using [123I]FP-CIT. Also, the effects of the lesion on the brain perfusion
were measured using SPECT imaging and a significantly lower perfusion
was detected in the striatum on the side of the lesion but not in the ipsi-
lateral cerebral cortex. Then, the effects of the lesion on the binding of
[123I]Iododexetimide in a series of brain structures was measured using
the storage phosphor imaging technique that is described in detail in
chapter 4. The phosphor imaging data revealed a consistent and statisti-
cally significant lower tracer binding in all examined neocortical areas
on the ipsilateral side of the lesion as compared to the contralateral side.
In the hippocampus and subcortical areas such as the striatum, such
asymmetry was not detected. The data that are presented in this chap-
ter suggest that evaluation of the muscarinic receptor availability in the
dopamine depleted brain, using [123I]Iododexetimide is feasible, and also
that a 6-hydroxydopamine lesion induces a decrease of neocortical mus-
carinic receptor availability. This may be due to downregulation of post-
synaptic muscarinic M1 receptors, or direct competition of acetylcholine
as a result of hyperactivation of the cortical cholinergic system in
response to the disruption of the dopaminergic pathway.

Chapter 9 presents a human [123I]Iododexetimide 12, 13 SPECT study that
was performed in PD and PDD patients. Since [123I]Iododexetimide
SPECT may help to select cognitively compromised patients that could
benefit from AChEIs or to monitor disease progression, this study was
conducted to investigate the differences in muscarinic receptor avail-
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ability in the brain of PDD versus PD patients, which was measured in-
vivo. The SPECT studies were performed in 13 subjects (6 PD, 7 PDD)
and the obtained brain SPECTs were fitted to a standard brain template,
normalized to non-specific tracer uptake in white matter and analyzed
using statistical parametric mapping (SPM99). No increases in tracer
binding were detected in the brain of PDD versus PD patients. However,
significant decreases in tracer binding in the PDD group as compared to
the PD group were detected in both the left and right temporal cortex,
left hippocampus, and the posterior cingulate cortex. The data that are
presented in chapter 9 demonstrate decreased muscarinic receptor bind-
ing by [123I]Iododexetimide in PDD versus PD in brain areas that are
involved in memory function. The findings suggest that reduced mus-
carinic receptor binding in these brain areas could be used as a marker
for PDD. Additionally, in-vivo [123I]Iododexetimide SPECT-imaging
might be of value for the selection of PDD patients that are likely to
respond to AChEIs.
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CHAPTER 11

GENERAL DISCUSSION AND CONCLUSIONS

Due to demographic ageing of the population, a substantial increase in the
incidence of dementia is expected in the near future. The progressive
course of the disease increasingly interferes with daily tasks in such
patients, which puts a serious burden on caregivers and public health-
care. Dementia is therefore prone to develop into a major medical, social
and economic problem 1. In the past decades, the etiology of dementia
has increasingly gained attention in the scientific literature, and this
has led to a better understanding of the neuropathological mechanisms
that are involved in the various types of dementia.
Today, dementia is still a clinical diagnosis, but the available diagnostic
criteria for the various types of dementia are frequently limited in terms
of sensitivity and specificity. Complementary use of biomarkers may
assist in the diagnostic process. A biomarker is being defined as a mea-
surable indicator of disease activity 2, is based on a relevant pathophysi-
ological aspect of the disease, is ideally measurable in all patients and is
able to measure the effects of treatment 3. Data obtained from medical
imaging studies are often suitable for use as a biomarker, and might be
of interest for either clinical or scientific purposes. In this respect,
biomarkers may contribute to the early diagnosis of dementia, the dif-
ferentiation between the various types of dementia or the prediction of
treatment response. Moreover, biomarkers may also be used to monitor
disease activity or to evaluate the effectiveness of experimental treat-
ments in clinical trials. At present, the main purpose of medical imaging
studies in patients suffering from dementia, is to exclude potentially
treatable causes of the condition. Additionally, in-vivo anatomical mea-
surements of brain structure volumes are performed routinely and imag-
ing studies that evaluate brain metabolism or perfusion are also carried
out. Such imaging studies contribute to the clinical diagnostic process
to some extent. Molecular imaging has the potential to selectively tar-
get a particular aspect of the pathophysiological mechanism of the dis-
ease that underlies the dementia. Therefore, data obtained from molecu-
lar imaging studies may be very suitable for use as biomarkers. In the past
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decades, much effort has been put in the development of in-vivo imag-
ing procedures that could differentiate between the various types of
dementia, or reflect specific neuropathological mechanisms of the
underlying disease, using nuclear medicine techniques. Although many
(candidate) radiotracers have been developed and evaluated for this pur-
pose, only few of these tracers are currently being used in the daily clini-
cal care. Apart from compounds that image brain metabolism or brain
perfusion, the only radiotracers that are used routinely to differentiate
between types of dementia are dopamine transporter tracers. There are
two reasons for this. The first reason is that most candidate tracers that
have been developed, have proven to be unsuitable for use as radiotrac-
ers in patient care, usually due to low signal-to-noise ratios or other
unfavorable in-vivo characteristics. However, tracers have been devel-
oped that would be, after decent evaluation in clinical trials, appropri-
ate for use in patients that suffer from dementia. This applies to, for
instance, recently developed tracers that target nicotinic receptors,
muscarinic receptors, or β-amyloid containing plaques, although the
exact value of such tracers as biomarkers for each of these categories is
still under debate. The second reason seems to be at least of equal
importance. Although every patient benefits from an accurate diagnosis,
which is essential for optimizing all aspects of care, no effective therapy
for dementia is available to date, and this may be a reason for the appar-
ent lack of interest of clinicians for these new imaging strategies. As
mentioned above, one exception is the SPECT or PET evaluation of the
dopaminergic transporter status in patients that suffer from dementia
with Lewy bodies (DLB), which is being performed to differentiate this
type of dementia from Alzheimer’s disease (AD) 4. In the case of DLB, an
accurate diagnosis is important, since these patients may have very seri-
ous adverse effects, i.e. acute Parkinsonian crisis, when treated with
neuroleptics. It is conceivable that this consideration stimulates clini-
cians to request a dopamine transporter scan.
However, due to the present scientific interest for dementia and the in-
creasing knowledge of its pathophysiological determinants, it is very
likely that better therapies will be developed for the disease in the
future. Many pharmaceuticals that may alter the course of dementia,
are under investigation at present. In this respect, drugs are being devel-
oped that prevent the fibrillisation of β-amyloid or the formation of
plaques, such as anti-β-amyloid vaccines. Other drugs that target the
same pathophysiological mechanisms include β- and γ-secretase inhibitors,
statines and selective muscarinic M1 receptor agonists. Another promising
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group of drugs are the neuroprotective agents, such as anti-oxidants,
actrocyte modulating substances, NMDA receptor antagonists, anti-
inflammatory drugs, AMPA receptor modulators, nicotinic receptor ago-
nists and drugs that target the synthesis of the tau protein 5.
Prevention of dementia may become a very important issue once effec-
tive therapies have been developed. When pharmaceuticals are available
that are able to slow down the progression of dementia, or can reverse
specific pathophysiologic events of the disease (e.g. anti-Aβ-vaccine), or
even medication that simply decrease the symptoms of the disease (such
as more effective cholinergic medication), early detection of the disease
becomes much more important. This will inevitably increase the clinical
need for proper biomarkers, and these could be provided by molecular
imaging. Therefore, it is of crucial importance to expand the molecular
imaging toolbox with novel, well characterized radiotracers that are
potentially suitable for imaging of specific neuropathological aspects of
dementia. However, in scientific research, suitable radiotracers that
could act as biomarkers or even surrogate markers (biomarkers that can
be used as endpoint in clinical trials 2) for dementia are already highly
requested. Thus, the synthesis of novel candidate radiotracers and in-vit-
ro and in-vivo characterization of such compounds, and even the evalua-
tion of new methods for neuropharmacologic research, with respect to
imaging procedures for dementia, is important.
Most of the experiments that are reported in this thesis implicate the
cholinergic neurotransmitter system. Disturbances of this system,
which are present in dementia, are thought to be an important contribu-
tor to the cognitive dysfunction in these patients 6, 7 and this neuro-
transmitter system is therefore a potential target for novel radiotracers
intended for imaging of dementia. Ever since the formulation of the
cholinergic hypothesis for AD 8, 9, much effort has been put in the devel-
opment of tracers that selectively target a part of this system. The holy
grail of such radiotracers could be a selective radiotracer for the mus-
carinic M2 receptor subtype 10, since multiple previous studies have
shown that the density of this particular receptor is decreased in
patients that suffer from AD. The most promising radiotracer that is
being developed in this field is [18F]FP-TZTP 11, which at least displays
selectivity for the M2 receptor in-vivo 12. To date, this PET tracer has not
been introduced in clinical medicine, but it has been evaluated in normal
elderly controls and subjects that genetically predisposed for AD. In this
thesis, a study is reported in which we synthesized analogues of this
tracer as potential SPECT tracers, and one of these candidate tracers
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showed favorable in-vitro characteristics, although the selectivity for
the M2 receptor was somewhat limited. Unfortunately, the candidate
tracer proved to be metabolized very rapidly in-vivo and showed a high
non-specific uptake in the brain, probably due to its high lipophilicity
and thus, the tracer was considered unsuitable for use in humans. From
the literature it can be told that such adverse in-vivo characteristics are
observed frequently in the development of new radiotracers that are
intended for use in brain imaging. Other attempts to synthesize a M2
selective radiotracer, were based on the earlier described, very M2 recep-
tor selective compound 6β-acetoxynortropane 13, but our newly synthe-
sized analogues failed in the in-vitro experiments, not only due to
severely decreased affinity for muscarinic receptors as compared to the
lead compound, but also due to a loss in selectivity for the M2 receptor.
Both iodinated analogues of TZTP and 6β-acetoxynortropane, or similar
analogues that could potentially be iodinated, resulted in compounds
with inferior in-vitro or in-vivo binding characteristics than the original
molecules. The synthesis of a potent, iodinated, selective and metaboli-
cally stable tracer for the M2 receptor proved to be difficult. Based on
the knowledge of molecules that bind selectively to M2 receptors, it
seems conceivable that the first appropriate tracer that will be devel-
oped for the M2 receptor, will be a 18F or 11C labeled PET-tracer. Reasons
for this include the more favorable in-vivo characteristics of such tracers
after radiolabeling, since no iodine atom is necessary in the molecule,
but also because the imaging technique is gaining popularity rapidly and
becomes increasingly available.
Whether a selective M2 receptor tracer has to be pursued is also debatable.
Although a decline in M2 receptors is characteristic for AD, there is also
proof for a decline of receptors of the nicotinergic neurotransmitter sys-
tem, and these may precede the decline of M2 receptors, so targeting the
nicotinic system may be more appropriate with respect to the early
diagnosis of AD. Recent advances in the development of nicotinic recep-
tor radiotracers 14, 15 implicate that targeting of this neurotransmitter
system may be an attractive alternative for the exploration of distur-
bances of the cholinergic system in AD. However, receptor selective
muscarinic radiotracers may gain new attention due to the role of the
muscarinic M1 receptor in the APP cleavage process 16 and tracers for the
M1 receptor may therefore be useful for the prediction of response to M1
agonists. Imaging of the M1 receptor may also be of value for the evalua-
tion of other neuropsychiatric diseases. A subgroup of patients that suf-
fer from schizophrenia that shows a vast decline of cortical muscarinic
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M1 receptor density 17, has recently been identified and this offers
opportunities for both treatment and molecular imaging.
All in-vivo experiments that are reported in this thesis use 123I labeled
radiotracers. Experiments in rats in which the biodistribution was
investigated in small or complex brain structures, necessitated a more
sensitive experimental method than the classical dissection technique,
in which brain structures are dissected and counted for radioactivity
separately. Conventional autoradiography is a very precise method, but
could not be used due to the short half-life of 123I 18. A similar method,
storage phosphor imaging 19, proved to perform very good in this
respect. Although this technique is used frequently in biodistribution
experiments, the characteristics of the phosphor plates for short-living
radioisotopes had never been evaluated systematically for a larger series
of isotopes. The study that is reported in this thesis shows that the
phosphor imaging technique is suitable for use with tracers that are
labeled with short-living radioisotopes, such as 123I, and that this
method is valuable for pharmacologic experiments in the brains of small
animals using radioactive tracers. Although the maximal resolution is
much lower than that of conventional autoradiography, the storage
phosphor imaging technique has some important advantages.
Advantages are e.g. the short exposure periods that are necessary to
obtain images and the high capacity of the plates which prevents over-
exposure. For imaging of microscopic structures, the conventional
autoradiography films remain to be the method of choice. As compared
to dissection techniques, the storage phosphor imaging technique is
more precise in measuring radioactivity in small and complex brain
structures such as the hippocampus. However, the method is rather
labor-intensive and when a fast screening in a large group of animals is
to be performed, the dissection technique is more attractive. As com-
pared to small animal SPECT procedures, the resolution of the phosphor
imaging technique is superior, but whether this is also the case when
compared with micro-PET, has to be established.
In this thesis, the phosphor imaging technique was used for an experi-
ment in which the in-vivo characteristics of [123I]CNS-1261, a candidate
radiotracer that targets activated NMDA receptor 20, 21, were explored.
Activation of these receptors is a non-specific characteristic of neurode-
generative diseases and this mechanism is therefore potentially of inter-
est for imaging and quantification of disease activity in patients with
dementia 22. In this study, we showed that the binding of the tracer
could partially be influenced, indicating specific binding of the tracer to
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the NMDA receptor, but also that a high nonspecific uptake occurred in
the brain, which may be the result of fast in-vivo metabolism of this
tracer. Indeed, this has also been reported by another group 21, and this
renders the value of this tracer for use in humans as limited.
The value of dopamine transporter tracers, such as [123I]FP-CIT has been
emphasized above, and this particular tracer is now used clinically for
the differentiation between AD and DLB. Similar to patients that suffer
from Parkinson’s disease (PD), DLB patients show a marked decrease of
dopamine transporter density in the brain 23, which discriminates this
type of dementia from AD. Knowledge about the effects of drugs on the
outcomes of neuroimaging procedures is crucial, since patients may
need to discontinue the medication before such scans are being per-
formed. In this thesis, an animal experiment is presented in which the
effects of AChEIs, which are used frequently by both AD and DLB
patients, on the binding of [123I]FP-CIT are evaluated. Although interac-
tions between the dopaminergic and the cholinergic are well known, no
effects of administration of the AChEIs donepezil and rivastigmine, on
the binding of the tracer to the presynaptic dopaminergic nerve termi-
nals were revealed. Effects of other AChEIs such as galantamine are also
expected to have no effects on the [123I]FP-CIT binding in the brain.
These results are in line with a recently performed retrospective study 24,
in which data from human studies were evaluated, and which also
showed no effects of concurrent use of AChEIs on obtained images that
reflect the dopamine transporter status in DLB patients. However, the
retrospective character of this particular study does not provide the ulti-
mate proof, and a randomized trial should ideally be performed to prove
that AChEIs do not interfere with [123I[FP-CIT imaging. Until then,
there is no need for discontinuation of AChEIs before a [123I]FP-CIT scan
is being performed.
Potentially interfering effects of medication on the binding of [123I[Iodo-
dexetimide were also evaluated. This tracer binds non-selectively to all
muscarinic receptor subtypes and has favorable in-vivo characteristics 25,

26. Since the density of muscarinic M1 receptors in the human brain is
much higher than the density of M2 receptors, this tracers reflects pre-
dominantly the muscarinic M1 receptor status, when used in imaging
studies. The tracer may therefore be of clinical value for the SPECT
imaging of the postsynaptic muscarinic neurotransmitter system, and
may be useful for the prediction of therapy response to AChEIs in DLB,
although an earlier report using a similar radiotracer, R,R [123I]QNB,
failed to distinguish responders from non-responders within a group of
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AD patients 27. Non-subtype selective muscarinic receptor tracers may
also prove to be useful for the group of schizophrenia patients, which
exhibited a profound loss of cortical M1 receptors, according to the
study by Scarr et al. 17. Patients with either dementia or schizophrenia
frequently use neuroleptics, and this has been the motivation to study
the effects of subchronic administration of neuroleptics (olanzapine and
risperidone) on the binding of [123I]Iododexetimide in the rat brain. The
experiment revealed no effects of neuroleptics on the binding of the
tracer in brain areas that are known to express a high density of M1
receptors. Thus, there seems to be no necessity to discontinue the use of
neuroleptics before a [123I]Iododexetimide scan is being performed.
Human data on potential influences of neuroleptics on the binding of
[123I]Iododexetimide are not available yet, and this issue should be fur-
ther studied before this tracer is used in patient groups that use this
type of medication.
However in this thesis, alteration of the dopaminergic system has been
shown to influence the binding of [123I]Iododexetimide in the brains of
rats. To detect these small influences, we used the sensitive storage
phosphor imaging technique. Unilateral damage to the dopaminergic
neurotransmitter system due to an induced brain lesion, revealed a
decrease of tracer binding in ipsilateral neocortical brain areas of
lesioned rats. This is presumably the result of hyperactivation of the
muscarinic neurotransmitter system 28, 29, which is thought to occur due
to the release from the inhibitory actions of dopaminergic system that
had been damaged. It is hypothesized that the decreased binding of
[123I]Iododexetimide is the result from either a downregulation of post-
synaptic M1 receptors, or competition of acetylcholine on the binding of
the tracer to the receptor. One potential limitation of this study is the
fact that the animals served as their own control group, since binding of
[123I]Iododexetimide was compared for the lesioned versus the unle-
sioned hemisphere. There are indications for minor effects of the unilat-
erally performed dopaminergic lesion on the contralateral dopaminergic
system 28, and this can not be excluded in this study. In further studies
using this animal model, a sham operated control group should there-
fore be included.
The effects of a decreased dopaminergic inhibition on the binding of
[123I]Iododexetimide are likely to be small and presumably not
detectable with SPECT, which is a less sensitive imaging technique as
compared to phosphor imaging. For imaging of neurodegenerative dis-
eases that are accompanied by a marked decrease in muscarinic receptor
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density, hyperactivity of the cholinergic system will not be an impor-
tant issue.
In the human SPECT study, in which [123I]Iododexetimide was used to
detect differences in tracer binding between PDD and PD patients,
potential effects of the release of the muscarinic system from the inhibi-
tion by the dopaminergic system were most likely non-existent. The
Hoehn and Yahr scores of the patients of both groups were similar and
showed no significant difference. The demonstrated decline of
[123I]Iododexetimide binding in brain areas that are important in memo-
ry function, in PDD versus PD patients, may therefore be the result of
degenerative changes in the muscarinic neurotransmitter system, as
would be expected in PDD. This study suggests that non-subtype selec-
tive muscarinic receptor tracers may be of value for the detection of
deficiencies in the cholinergic system, although it can not be excluded
that differences in perfusion or regional atrophy account for the
observed decreased tracer binding 30. In future studies, measurements on
atrophy by MRI or CT techniques, or measurements on cerebral perfu-
sion would be a valuable addition, although the acquisition of multiple
scans may be difficult in this particular population. From a scientific
point of view, it would be interesting to determine whether prediction
of treatment response is feasible by performing [123I]Iododexetimide
brain SPECTs in PDD patients. However, it has become clear that the
observed small decreases in tracer binding do not allow prediction of
treatment response in individual patients, although this verdict would
be strengthened after data is also obtained from an age-matched control
group. The homogenous distribution of muscarinic receptor subtypes in
the human brain will complicate the visual interpretation of
[123I]Iododexetimide SPECTs in diseases that only show small alter-
ations of muscarinic receptor densities. In the subgroup of schizophre-
nia patients from the postmortem study by Scarr et al. 17, a 74% decrease
of [3H]pirenzipine binding to muscarinic M1 receptors was detected, and
in such patients, [123I]Iododexetimide SPECT should be perfectly ade-
quate for the visual determination of the muscarinic receptor status in
individual patients.

The aims of this thesis were to explore novel candidate radiotracers in-
tended for imaging of dementia by means of molecular imaging techniques,
and to evaluate the value of existing radiotracers that are currently
being used, or could potentially be used for imaging of dementia.
In conclusion, it can be stated that attempts to synthesize a selective
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muscarinic M2 receptor radiotracer have led to disappointing results. All
candidate radiotracers have failed either in-vitro or in-vivo. The experi-
mental radiotracer intended for imaging of activated NMDA receptors
also proved to be unsuitable for use in human imaging, due to unfavor-
able in-vivo characteristics of the compound. Existing neuroreceptor
tracers seem to have more potential for use in clinical diagnostics. A
good example is the dopamine transporter tracer [123I]FP-CIT, which is
now used clinically for the differentiation between DLB and AD. In rats,
we did not find evidence for interfering effects on the binding of this
tracer to its target by AChEIs. Since similar results have been reported
in humans, there is no reason to discontinue this type of medication
before an [123I]FP-CIT SPECT is being performed. Also no effects of sub-
chronic administration of neuroleptics were detected on the binding of
[123I]Iododexetimide in the rat brain, and therefore there seems to be no
reason for discontinuation of these pharmaceuticals before perfoming a
[123I]Iododexetimide SPECT. However, this should be verified in humans
before this tracer is being used clinically. Small effects of dopaminergic
deficiency have been shown in rats, but are not likely to influence the
interpretation [123I]Iododexetimide SPECTs in patients. A decrease of
[123I]Iododexetimide binding in the brains of PDD patients has been
shown as compared to PD patients, but is of a small magnitude and prob-
ably not visually detectable in individual patients. A non-subtype selec-
tive muscarinic receptor radiotracer such as [123I]Iododexetimide is likely
to be of value for the evaluation of diseases of the central nervous system,
that are accompanied by a larger decrease in muscarinic receptor density.
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CHAPTER 12

SAMENVATTING

Het doel van de in dit proefschrift beschreven studies was om het in-vitro
en in-vivo gedrag van nieuw gesynthetiseerde kandidaat liganden ten
behoeve van nucleair geneeskundige diagnostiek van dementie, te karak-
teriseren. Tevens was het doel om de waarde van enkele reeds bestaande
radioliganden met betrekking tot dementie te evalueren. Dit hoofdstuk
geeft een samenvatting van de in dit proefschrift beschreven studies,
welke hiertoe zijn uitgevoerd.

Hoofdstuk 2 beschrijft de synthese van een serie gejodeerde TZTP-ana-
loga als kandidaat liganden voor beeldvorming van muscarine M2 recep-
toren. Dergelijke tracers zijn in potentie geschikt voor de visualisatie en
kwantificatie van het presynaptische muscarine systeem met behulp
van SPECT of PET, en kunnen van waarde zijn voor het vervolgen van
het ziektebeloop of de evaluatie van experimentele therapieën in neuro-
psychiatrische ziekten die gekenmerkt worden door een centraal choli-
nerg defect, zoals bijvoorbeeld Alzheimer’s dementie (AD). In de gerap-
porteerde studie werden analoga gesynthetiseerd op basis van
5-[(4-alkylthio)-1,2,5-thiadiazol-3-yl]-1,2,3,6-tetrahydro-1-methylpy-
ridines (TZTPs), welke eerder werden beschreven door Sauerberg 1 als
potentiële radioliganden voor muscarine receptoren 2, 3. De bindingsaf-
finiteit van de analoga werd in-vitro onderzocht middels competitieve
bindingsexperimenten. Sommige van de geteste analoga toonden een
hoge affiniteit voor de muscarine M2 receptor, namelijk binnen het
nanomolaire gebied. Het meest geschikte kandidaat ligand, 5-(E)-iodo-
pentenylthio-TZTP, toonde een affiniteit van 4.9nM voor de muscarine
M2 receptor en relatief goede selectiviteitsratio’s ten opzichte van de M1
en M3 receptoren en werd daarom gelabeld met 123I voor verdere in-vivo
biodistributie en competitie experimenten. Ook werd de in-vivo afbraak
van het ligand bestudeerd door middel van metabolietbepalingen mid-
dels TLC. De biodistributie van het radioligand in het rattenbrein reflec-
teerde de distributie van M2 receptoren in het brein, maar competitie
met een sterke muscarine receptor antagonist kon alleen worden

216

PART 5, CHAPTER 12



bewerkstelligd tot aan het tijdstip van 15 min na injectie van de tracer
en derhalve was er na dit tijdstip geen bewijs meer voor specifieke bin-
ding van de tracer. Daarmee bleek de nieuwe tracer van weinig waarde
te zijn. Geconcludeerd werd dat de non-specifieke aanwezigheid van
radioactiviteit in het rattenbrein het gevolg was van de te hoge lipofili-
citeit van de tracer of van radioactieve metabolieten door een snelle in-
vivo afbraak van het kandidaat ligand.

Hoofdstuk 3 handelt over een tweede serie van in-vitro competitieve
bindingsexperimenten met nieuw gesynthetiseerde liganden, gebaseerd
op 6β-acetoxynortropaan. Dit molecuul werd eerder beschreven als een
tropaan met een zeer hoge affiniteit voor de muscarine M2 receptor, en
een lagere affiniteit voor muscarine receptoren van andere subtypes 4. De
gunstige moleculaire eigenschappen van de tropaanring hebben in het
verleden ten grondslag gelegen aan meerdere succesvolle verwante
tracers voor beeldvorming van neuroreceptoren in levende patiënten,
zoals bijvoorbeeld [123I]/[18F]FP-CIT of [123I]β-CIT. Het doel van de in
hoofdstuk 3 beschreven chemische synthese, was om een derivaat van
6β-acetoxynortropaan te vervaardigen dat geschikt is voor het labelen
met 123I, zonder de affiniteit van het nieuwe molecuul voor de muscarine
M2 receptor nadelig te beïnvloeden. Daarnaast werd getracht de lipofili-
citeit van het molecuul te optimaliseren, in vergelijking met de in hoofd-
stuk 2 beschreven TZTP’s, voor gebruik als radioligand voor beeldvor-
ming van hersenen. Daarnaast werd geprobeerd om metabole stabiliteit
te waarborgen en het molecuul zo klein mogelijk te houden. Vier analo-
ga van het originele 6β-acetoxynortropaan werden hiertoe gesyntheti-
seerd, welke alle ofwel een fenyl-, of reeds een iodofenyl-groep bevatten,
zodat al deze liganden in potentie geschikt waren voor labeling met 123I,
en derhalve gebruikt zouden kunnen worden als beeldvormende tracer
voor het M2 receptor subtype bij neurodegeneratieve aandoeningen.
Conform de experimenten van hoofdstuk 2, werden de bindingskarakte-
ristieken in-vitro onderzocht in competitieve bindingsexperimenten op
gekloonde muscarine receptoren. Hieruit bleek dat substitutie van een
iodofenyl- of een fenyl-groep op het originele molecuul, een zeer nadelig
effect had op zowel de affiniteit als de selectiviteit van de liganden voor
binding aan de muscarine M2 receptor. Er werd geconcludeerd dat ook
deze gesynthetiseerde analoga niet geschikt waren voor gebruik als
tracer in humaan SPECT onderzoek.

217

Samenvatting



In hoofdstuk 4 wordt een alternatieve methode gevalideerd voor biodis-
tributie studies in kleine proefdieren, en deze methode wordt gebruikt
voor de experimenten van hoofdstuk 5 en 8 van dit proefschrift. De con-
ventionele dissectie techniek, zoals wordt beschreven in hoofdstuk 2, is
niet altijd geschikt voor het onderzoek van de biodistributie van radio-
actieve tracers in kleine of complex gevormde hersenstructuren in proef-
dieren zoals ratten en muizen. Autoradiografie met röntgenfilm biedt
betere mogelijkheden voor precieze metingen, maar toont geen lineaire
respons op de hoeveelheid radioactiviteit waaraan de film wordt bloot-
gesteld 5. Daarnaast behoeven röntgenfilms een langdurige exposie,
waarmee de methode ongeschikt is voor kortlevende radio-isotopen
zoals 123I 6. Tegenwoordig wordt in de digitale radiologie veel gebruik
gemaakt van fosforplaten als alternatief voor röntgenfilm en ook voor
biodistributie onderzoek van radioliganden wordt in toenemende mate
deze ‘storage phosphor imaging’ techniek gebruikt, hoewel de precieze
respons van de platen op exposie door radio-isotopen grotendeels onbe-
kend is. In hoofdstuk 4 wordt deze respons van fosforplaten op 11 rela-
tief kortlevende radio-isotopen (18F, 32P, 67Ga, 89Sr, 99mTc, 90Y, 111In, 123I,
125I, 131I and 201Tl) met elkaar vergeleken. Lineariteit, sensitiviteit, effi-
ciëntie en maximaal haalbare resolutie werden gemeten na bestraling
door de genoemde isotopen. De platen toonden een lineaire respons over
een grote radioactieve concentratiereeks van alle geteste radio-isotopen.
De efficiëntie en gevoeligheid van de fosforplaten bleek het hoogst voor
sterke β−-stralers en de geteste β+-straler 18F, terwijl de efficiëntie en
gevoeligheid van de platen voor γ-stralers lager bleek. Bij de γ-stralers
bleek alleen laag energetische γ-straling een substantiële interactie te
vertonen met de plaat. De resolutie die kon worden behaald bleek slech-
ter naarmate de energie van uitgezonden β-deeltjes hoger was, terwijl de
beste resolutie werd bereikt met laag energetische γ-stralers zoals 123I
(0.32mm full width at half maximum; FWHM). In hoofdstuk 4 wordt
ook een ex-vivo studie gepresenteerd waarin de biodistributie werd
onderzocht van het dopamine transporter ligand [123I]FP-CIT, met en
zonder voorafgaande blokkade van de transporter door methylfenidaat.
In de studie werden de resultaten vergeleken van experimenten waarin
gebruik was gemaakt van ofwel de fosforplaat techniek, of de conventio-
nele dissectie techniek. De resultaten bleken zeer goed vergelijkbaar te
zijn, en de gemeten data toonden minder variabiliteit in de fosforplaat
studie. De conclusie van hoofdstuk 4 is dan ook dat de eigenschappen
van fosforplaten weliswaar fors variëren voor verschillende radio-isoto-
pen, maar dat de techniek een zeer aantrekkelijk alternatief is op con-

218

PART 5, CHAPTER 12



ventionele dissectie studies, wanneer er gebruik wordt gemaakt van kort-
levende radio-isotopen zoals 123I.

Hoofdstuk 5 beschrijft de toepassing van de fosforplaat techniek in een
ex-vivo experiment waarin het recent beschreven experimentele radioli-
gand [123I]CNS-1261, bedoeld voor beeldvorming van geactiveerde
NMDA receptoren, onderzocht wordt in het rattenbrein. Excessieve
activatie van NMDA receptoren, de meest voorkomende soort receptor
van het glutamaterge neurotransmitter systeem, levert een belangrijke
bijdrage aan neuronale schade die optreedt in neurodegeneratieve ziek-
ten zoals Alheimer’s dementie (AD) of Lewy body stoornissen 8.
Remming van de activatie van NMDA receptoren door medicamenten
zoals memantine 9, blijkt een neuroprotectieve werking te hebben en
(semi)kwantitatieve beeldvorming van het geactiveerde systeem kan
van nut zijn voor de selectie van patiënten voor dergelijke therapieën. In
hoofdstuk 5 wordt eerst een experiment beschreven waarin de biodistri-
butie van [123I]CNS-1261 over de tijd wordt bestudeerd in rattenherse-
nen middels conventionele dissectie technieken. Hieruit bleek dat het
tijdstip van 2h na injectie het meest geschikt is voor evaluatie van de
tracer in de hersenen. Daarna werd een experiment verricht waarin de
biodistributie van de tracer werd onderzocht middels de fosforplaat
techniek. Dit werd gedaan in controle dieren en ratten die waren voor-
behandeld met alleen D-serine of D-serine+MK801. D-serine is een
molecuul dat als co-activator werkt op de NMDA receptor en voorbe-
handeling hiermee zou theoretisch moeten leiden tot een hogere binding
van het radioligand, maar dit kon niet worden aangetoond. Omgekeerd
zou de stof MK801 de receptor moeten blokkeren, hetgeen inderdaad het
geval bleek, omdat de binding van [123I]CNS-1261 in hersengebieden met
een hoge expressie van NMDA receptoren een afname toonde na voorbe-
handeling met MK801. Hoewel er een significante afname werd geme-
ten, hetgeen zeer suggestief is voor specifieke binding van het radioli-
gand aan NMDA receptoren, was de afname in binding gering. Dit past
bij een hoge non-specifieke opname van het radioligand. In de besproken
studie werd dus aangetoond dat de binding van [123I]CNS-1261 kon wor-
den beïnvloed door de beschikbaarheid van NMDA receptoren. Helaas is
er ook bij deze tracer sprake van een hoge non-specifieke opname in de
hersenen, zodat geringe veranderingen in de beschikbaarheid van geacti-
veerde NMDA receptoren waarschijnlijk niet zullen worden gedetec-
teerd en om deze reden is deze tracer voor humaan gebruik waarschijn-
lijk minder geschikt.
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Een radioactieve tracer met bewezen nut voor beeldvorming bij demente
patiënten middels SPECT is [123I]FP-CIT. Dit dopamine transporter
radioligand, van oorsprong ontwikkeld voor de detectie van schade aan
de nigrostriatale projectie in de ziekte van Parkinson (PD), werd recent
geregistreerd voor de differentiatie van AD en dementie van het Lewy
body type (DLB) middels SPECT beeldvorming. DLB is na AD de meest
voorkomende vorm van dementie en beide vormen zijn klinisch regelma-
tig moeilijk van elkaar te onderscheiden. DLB wordt, in tegenstelling tot
AD, gekarakteriseerd door een uitgesproken verlies aan dopaminerge
neuronen 10 waardoor het onderscheid tussen de beide vormen van
dementie gemaakt kan worden met [123I]FP-CIT SPECT. In hoofdstuk 6
worden de effecten van acetylcholinesterase remmers op de binding van
[123I]FP-CIT aan dopamine transporters besproken. Naast de dopaminer-
ge deficiëntie is er in DLB patiënten ook sprake van een cholinerge defi-
ciëntie en vroege behandeling met acetylcholinesterase remmers heeft
bij deze patiënten een gunstig effect op de cognitie 11. Omdat veel
patiënten deze medicatie al gebruiken wanneer ze worden verwezen
voor een [123I]FP-CIT SPECT, en omdat er effecten van acetylcholineste-
rase remmers beschreven zijn op de beschikbaarheid van dopamine
transporters, is het van belang om te weten of chronisch gebruik van
deze medicijnen effect heeft op de [123I]FP-CIT binding in de hersenen.
In hoofdstuk 6 wordt een conventioneel dissectie experiment beschre-
ven in ratten die werden voorbehandeld met de acetylcholinesterase
remmers rivastigmine of donepezil, of de sterke dopamine transporter
antagonist methylfenidaat. Een eerste groep dieren werd eenmalig per
intraveneuze injectie of via orale toediening voorbehandeld met deze
medicijnen, kort voor de injectie van [123I]FP-CIT. Een andere groep die-
ren kreeg gedurende twee weken dagelijks de medicijnen toegediend,
alvorens de injectie met [123I]FP-CIT plaatsvond. Zoals verwacht had
behandeling met methylfenidaat (per os en intraveneus) op korte tijd
voor injectie van [123I]FP-CIT tot gevolg dat er vermindering van binding
werd gevonden in de rattenhersenen op 2 uur na injectie van het radioli-
gand. Effecten van de eenmalige of subchronische toediening van beide
geteste acetylcholinesterase remmers werden in het geheel niet gezien.
Daarom wordt geconcludeerd dat er in ratten geen effect is van toedie-
ning van acetylcholinesterase remmers op de beschikbaarheid van dopa-
mine transporters. Om deze reden is het dan ook onwaarschijnlijk dat
gebruik van deze medicamenten in mensen grote effecten zal hebben op
de interpretatie van [123I]FP-CIT hersen-SPECTs.
Hoofdstuk 7 handelt ook over de effecten van psychofarmaca op de bin-
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ding van neuroreceptor radioliganden. Analoog aan het experiment dat
is beschreven in hoofdstuk 6, worden in dit hoofdstuk de effecten van
antipsychotica op de binding van [123I]Iododexetimide in het rattenbrein
onderzocht. [123I]Iododexetimide werd eerder ontwikkeld en geëvalueerd
als niet-subtype selectieve SPECT tracer voor muscarine receptoren 12, 13,
en is in essentie inferieur aan een eventueel subtype-selectief radioli-
gand voor muscarine receptoren, als deze beschikbaar zou zijn. Omdat
er een algehele afname plaatsvindt van muscarine receptoren in de her-
senen van patiënten met AD, DLB en dementie bij de ziekte van
Parkinson (PDD) 14, 15, kan de tracer toch van nut zijn voor het bestude-
ren van de algehele integriteit van het muscarinerge receptor systeem
(zie hoofdstuk 9 voor een humane studie met gebruikmaking van dit
radioligand). Gebruik van antipsychotica, die voornamelijk een effect
hebben op het dopaminerge neurotransmitter systeem, komt bij patiën-
ten met dementie vaak voor, en daarom is het van belang om te weten of
deze vorm van medicatie een effect heeft op de binding van
[123I]Iododexetimide in de hersenen. In hoofdstuk 7 wordt een proefdier
experiment beschreven waarin de potentiële effecten worden onder-
zocht van de subchronisch (gedurende 14 dagen) toegediende antipsy-
chotica olanzapine en risperidon, op de binding van [123I]Iododexetimide
in de hersenen. De binding van het radioligand in hersengebieden met
een hoge expressie van muscarine receptoren (bijvoorbeeld neocortex of
striatum) en een relatief lage expressie van deze receptoren (zoals bij-
voorbeeld hypothalamus), werd vergeleken met de binding van het
radioligand in een controle groep. Omdat de interesse met name uitging
naar subchronische effecten van de medicatie, werd de binding van het
radioligand bestudeerd op de dag na de laatste toediening van de anti-
psychotica, opdat er geen acute effecten van de antipsychotica konden
plaatsvinden. Er werden in het experiment geen effecten geconstateerd
op de binding van [123I]Iododexetimide na behandeling met olanzapine.
In de met risperidon behandelde groep, werd er een onverwachte toena-
me van binding van de tracer in de hypothalamus gevonden in vergelij-
king met de controle groep. Omdat in-vivo studies in mensen alleen de
muscarine receptor binding van het radioligand betrouwbaar kan wor-
den bepaald in gebieden met een hoge densiteit aan muscarine recepto-
ren, suggereren de uitkomsten van deze studie dat er geen grote niet-
acute effecten van olanzapine of risperidon op beeldvorming van
muscarine receptoren in mensen zullen optreden, wanneer er gebruik
wordt gemaakt van [123I]Iododexetimide.
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Hoofdstuk 8 belicht nogmaals de interactie tussen het dopaminerge en
het cholinerge systeem. In dit hoofdstuk wordt een studie gepresenteerd
waarin bij ratten een unilaterale selectief dopaminerge hersenlaesie
werd aangebracht, waarna de effecten van deze laesie op de distributie
van [123I]Iododexetimide werden onderzocht. Dysfunctie van het choli-
nerge neurotransmitter systeem in PD, PDD en DLB levert een bijdrage
aan de cognitieve stoornissen bij deze ziekten 16. Naast de degeneratie
van het cholinerge systeem kan de bij deze ziekten tevens aanwezige
ontwrichting van het dopaminerge systeem op een directe wijze de
functie van het cholinerge systeem beïnvloeden. In-vivo beeldvorming
van het cholinerge neurotransmitter systeem kan ook bij deze patiënten
waardevol zijn om centrale cholinerge stoornissen te detecteren en voor
de selectie van patiënten die mogelijk baat hebben bij behandeling met
acetylcholinesterase remmers. Om de effecten van een selectieve dopa-
minerge hersenlaesie op de [123I]Iododexetimide binding te bestuderen,
werd een 6-hydroxydopamine laesie unilateraal aangebracht in de herse-
nen van een groep ratten. De effectiviteit van de laesie werd bevestigd
middels [123I]FP-CIT SPECT in de levende dieren. Ook werden middels
SPECT de effecten van de laesies op de hersenperfusie onderzocht, waar-
uit bleek dat er een significante vermindering van perfusie had plaatsge-
vonden in het striatum aan ipsilaterale zijde van de laesie, maar niet in
de perfusie van de ipsilaterale cortex. Daarna werden de effecten van de
laesie op de binding van [123I]Iododexetimide onderzocht in multipele
hersenstructuren middels de storage phosphor imaging techniek, welke
in detail werd beschreven in hoofdstuk 4. De resultaten van de metingen
op de fosforplaat toonden een consistente en significant lagere binding
van het radioligand aan in alle onderzochte neocorticale hersengebieden
in de ipsilaterale zijde van de laesie ten opzichte van de contralaterale
zijde. In de hippocampus en in subcorticale gebieden werd deze asym-
metrie niet gevonden. De bevindingen die worden gepresenteerd in dit
hoofdstuk suggereren dat met [123I]Iododexetimide en een gevoelige
beeldvormende techniek, evaluatie van de biologische beschikbaarheid
van muscarine receptoren in hersenen met dopaminerge schade in prin-
cipe mogelijk is. Tevens toont het experiment aan dat een 6-hydroxydo-
pamine laesie leidt tot een afname van beschikbaarheid van neocorticale
muscarine receptoren. Mogelijk is dit het gevolg van downregulatie van
postsynaptische muscarine M1 receptoren of competitie door acetylcho-
line als gevolg van hyperactivatie van het corticale cholinerge systeem
dat optreedt na beschadiging van de dopaminerge projectie.
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In hoofdstuk 9 wordt een humane [123I]Iododexetimide SPECT studie be-
schreven die is uitgevoerd in PD en PDD patiënten. Omdat [123I]Iododex-
etimide SPECT van nut kan zijn voor de selectie van patiënten waarbij
toediening van acetylcholinesterase remmers een positief effect kan heb-
ben op de cognitie, of voor het vervolgen van de ziekte middels beeldvor-
ming, werd deze studie uitgevoerd teneinde de verschillen in beschik-
baarheid van muscarine receptoren tussen PDD en PD op te helderen. De
SPECT studie werd uitgevoerd in 13 proefpersonen (6 PD, 7 PDD) en de
vervaardigde hersenscans werden aangepast naar een standaard brein
template, genormaliseerd op hoeveelheid non-specifieke opname van het
radioligand in de witte stof en geanalyseerd middels ‘statistical parame-
tric mapping’ (SPM99). Er werd geen verhoging van [123I]Iododexetimide
binding gevonden in de hersenen van PDD patiënten versus PD patiën-
ten. Wel werd er een significante vermindering van binding van het
radioligand gevonden in zowel de linker als de rechter temporale cortex,
de linker hippocampus en posterior gyrus cinguli. De resultaten laten
dus een vermindering zien van [123I]Iododexetimide binding in PDD
patiënten versus PD patiënten in hersengebieden die betrokken zijn bij
het geheugen. De bevindingen suggereren dat verminderde muscarine
receptor binding in deze hersengebieden gebuikt kunnen worden als
marker voor PDD. Daarnaast kan in-vivo beeldvorming middels SPECT
van waarde zijn voor de selectie van PDD patiënten die baat hebben bij
het gebruik van acetylcholinesterase remmers.
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CHAPTER 13

ALGEMENE DISCUSSIE EN CONCLUSIES

Door vergrijzing wordt in de komende jaren een belangrijke stijging van
het aantal patiënten met dementie verwacht. Het meestal progressieve
karakter van het ziektebeeld leidt tot een afname van zelfredzaamheid
van patiënten, waarmee de druk op de mantel- of gezondheidszorg toe-
neemt. Dementie dreigt daarmee in toenemende mate een medisch, soci-
aal en economisch probleem te worden 1. In de wetenschappelijke litera-
tuur heeft dementie daarom in de afgelopen decennia veel aandacht
gekregen, en dit heeft geleid tot een beter begrip van de neuropathologi-
sche mechanismen van de verschillende vormen van dementie.
Dementie is vooralsnog een klinische diagnose, maar de criteria die voor
de verschillende vormen van dementie bestaan hebben in de meeste
gevallen een beperkte selectiviteit en specificiteit. Het betrekken van
biomarkers in de diagnostiek van dementie kan de doeltreffendheid van
het diagnostisch proces positief beïnvloeden. Een biomarker kan worden
gedefinieerd als een meetbare indicator van ziekteactiviteit 2 op basis
van een relevant pathofysiologisch onderdeel van de ziekte, idealiter bij
iedereen meetbaar en in staat om behandelingseffecten te meten 3.
Bevindingen op basis van medische beeldvorming zijn soms geschikt als
biomarker en kunnen zowel voor kliniek als voor wetenschappelijke
doeleinden van nut zijn. Zo kunnen biomarkers bijdragen aan vroegtijdi-
ge diagnostiek en differentiaal diagnostiek van dementie, het voorspel-
len van therapierespons, maar ook voor het vervolgen van het ziekte-
beeld of de evaluatie van effecten van experimentele therapieën in
klinische trials. Momenteel wordt medische beeldvorming in dementie
nog voornamelijk ingezet ter uitsluiting van behandelbare oorzaken van
dementie en voor bepalingen van volume van specifieke hersenstructu-
ren, doorbloeding of metabolisme van hersengebieden waarbij de bevin-
dingen kunnen meewegen in de differentiaal diagnostiek. Moleculaire
beeldvorming heeft daarnaast de potentie om selectief een pathofysiolo-
gisch onderdeel van de onderliggende ziekte van dementie meetbaar te
maken, zodat deze techniek bij uitstek geschikt zou kunnen zijn voor
gebruik als biomarker in dementie. In de afgelopen decennia zijn er dan ook
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veel mogelijkheden onderzocht om verschillende onderliggende ziekten
van dementie, of neuropathologische mechanismen daarvan, in-vivo af
te afbeelden middels nucleair geneeskundige technieken. Hoewel er veel
potentiële radioliganden ontwikkeld en geëvalueerd zijn voor (differen-
tiaal) diagnostiek van dementie, zijn er maar weinig die de weg naar de
kliniek hebben gevonden. Naast perfusie en metabolisme tracers, wor-
den momenteel alleen dopamine transporter liganden gebruikt voor kli-
nische differentiatie van dementie. De reden hiervoor lijkt tweeledig. In
de eerste plaats zijn de meeste ontwikkelde kandidaat liganden onge-
schikt gebleken voor klinische toepasbaarheid, meestal als gevolg van
een te lage signaal-ruis verhouding of andere slechte in-vivo eigenschap-
pen. Er zijn echter radioliganden die wellicht, na bevestiging middels
klinische trials, van waarde zouden kunnen zijn voor gebruik in patiën-
ten. Hierbij kan worden gedacht aan de recent ontwikkelde nicotine
receptor tracers, muscarine receptor tracers en de veelbelovende amyloid
tracers, hoewel de waarde hiervan als biomarker nog ter discussie staat.
De tweede reden lijkt van minstens even groot belang. Hoewel iedere
patiënt baat heeft bij een correcte diagnose, welke bijdraagt aan de kwa-
liteit van zorg op elk gebied, is er op dit moment voor dementie geen
voldoende effectieve therapie voorhanden en dit kan een oorzaak zijn
voor de beperkte behoefte vanuit de kliniek aan de ontwikkelde beeld-
vormende technieken. Een uitzondering is de beeldvorming van de dopa-
mine transporter status bij dementie van het Lewy body type (DLB) ter
differentiatie van de ziekte van Alzheimer (AD) 4. Zekerheid over deze
diagnose is voor clinici van essentieel belang door de gevoeligheid van
DLB patiënten voor antipsychotica, waarvan bekend is dat deze zeer
ernstige bijwerkingen kunnen hebben zoals een acute Parkinson crisis.
Het ligt dan ook voor de hand dat dit het klinisch gebruik van dopamine
transporter scans bij deze patiëntengroep stimuleert.
Echter, gezien de huidige belangstelling voor dementie en de zich snel
uitbreidende kennis over de pathofysiologische mechanismen hiervan,
valt te verwachten dat er in de toekomst betere therapieën beschikbaar
zullen komen. Zo wordt er veel onderzoek gedaan naar farmaca die het
beloop van dementie, en vooral AD, kunnen beïnvloeden. In dit opzicht
wordt ondermeer gewerkt aan medicamenten die de fibrillisatie van β-
amyloid of plaque vorming voorkomen, zoals vaccinatie voor β-amyloid,
β- en γ-secretase remmers, medicamenten die fibrillisatie direct tegen-
werken, statines en muscarine M1 receptor agonisten. Andere veelbelo-
vende medicamenten zijn de neuroprotectiva zoals anti-oxidanten, ast-
rocyt modulerende farmaca, NMDA receptor antagonisten,
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ontstekingsremmers, AMPA receptor modulatoren, nicotine receptor
agonisten en farmaca die ingrijpen op de synthese van het tau-eiwit 5.
Over het algemeen geldt in de geneeskunde dat het beter is om ziekten
te voorkomen dan te genezen. Indien er effectieve medicamenten
beschikbaar komen voor behandeling van dementie, ofwel door het
afremmen van progressie ofwel door omkering van pathofysiologische
processen van het ziektebeeld (bijvoorbeeld als gevolg van toediening
van een amyloid vaccin), dan wel adequate symptoombestrijding (zoals
bij acetylcholinesterase remmers; AChEIs), wordt vroegdiagnostiek dus
zeer belangrijk. Dit zal onvermijdelijk leiden tot een toename van de
behoefte aan geschikte beeldvormende diagnostiek. Alleen al om deze
reden is het van cruciaal belang om het nucleair geneeskundig arsenaal
uit te breiden met nieuwe, goed gekarakteriseerde radioliganden die in
potentie geschikt zijn voor het afbeelden van neuropathologische aspec-
ten van dementie. Een andere reden is de wetenschappelijke toepasbaar-
heid van zulke tracers als biomarker of zelfs als surrogaat marker (bio-
marker die kan worden gebruikt als eindpunt van klinische trials 2). De
behoefte hieraan is op dit moment al groot. Het synthetiseren van nieu-
we kandidaat liganden en in-vivo karakterisatie van nieuwe en reeds
bestaande radioliganden, en zelfs van de evaluatie van nieuwe methoden
voor neurofarmacologisch onderzoek, ten behoeve van beeldvorming
van dementie is dus belangrijk.

De meeste in dit proefschrift beschreven experimenten hebben betrekking
op het cholinerge neurotransmitter systeem. De stoornissen in dit sys-
teem, die aanwezig zijn bij dementiële ziektebeelden, worden
beschouwd als een belangrijke oorzaak van de cognitieve stoornissen 6, 7

en vormen derhalve een potentieel aanknopingspunt voor de ontwikke-
ling van radioliganden voor de beeldvorming van door dementiële ziek-
tebeelden. Sinds het formuleren van de cholinerge hypothese van de
ziekte van Alzheimer 8, 9 wordt er gezocht naar geschikte radioliganden
die de mogelijkheid bieden om selectief een deel van het cholinerge sys-
teem af te beelden. De heilige graal van dergelijke radioliganden zou een
selectieve tracer voor de muscarine receptor van het subtype M2 zijn 10,
omdat het in multipele studies is aangetoond dat juist dit subtype qua
densiteit is afgenomen in de hersenen van patiënten met AD. Het meest
geschikte van de in ontwikkeling zijnde potentiële M2 radioliganden is
[18F]FP-TZTP 11, dat tenminste in-vivo over muscarine M2 selectiviteit
beschikt 12. Tot klinische toepasbaarheid heeft het onderzoek naar dit
radioligand echter nog niet geleid, maar de tracer is wel gekarakteriseerd
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in gezonde controle personen en mensen die een genetische predispositie
hebben voor AD. De in dit proefschrift beschreven studie waarin chemi-
sche analoga van TZTP werden geëvalueerd als potentiële SPECT tracer,
leverde in-vitro een derivaat op dat mogelijk geschikt zou kunnen zijn
voor beeldvorming van de M2 receptor, hoewel de selectiviteit voor de
M2 receptor beperkt was. In-vivo experimenten in proefdieren duidden
echter op een te snelle afbraak van het ligand in-vivo en een te hoge non-
specifieke opname in de hersenen, meest waarschijnlijk door een te hoge
lipofiliciteit, zodat het ongeschikt bleek voor humane toediening. De
literatuur beschouwend, is dit een veelvuldig voorkomend fenomeen bij
de ontwikkeling van radioliganden voor beeldvorming van hersenen.
De daarna gesynthetiseerde nieuwe potentiële SPECT liganden op basis
van het zeer M2 receptor selectieve 6β-acetoxynortropaan 13, faalden tij-
dens de in-vitro experimenten door duidelijke afname van de affiniteit
voor de M2 receptor ten opzichte van het moederligand en verlies van
selectiviteit voor de receptor. Aanpassing van de originele TZTP en nor-
tropaan moleculen, al dan niet gejodeerd, leidde in alle gevallen tot
slechtere bindingskarakteristieken van de derivaten voor de M2 receptor
of tot suboptimale in-vivo eigenschappen. Het vervaardigen van een
gejodeerde selectieve, metabool stabiele M2 tracer met behoud van een
hoge affiniteit voor de receptor bleek derhalve niet eenvoudig. Op basis
van de huidige kennis van mogelijk geschikte moleculen voor gebruik als
tracer voor de muscarine M2 receptor, lijkt het waarschijnlijker dat het
eerste radioligand dat ontwikkeld zal worden voor humane in-vivo
beeldvorming van de muscarine M2 receptor, een 18F of 11C gelabeld PET
ligand zal zijn. Redenen hiervoor zijn de gunstiger in-vivo eigenschap-
pen van dergelijke tracers na radiolabeling doordat er geen jodium
atoom in het molecuul nodig is, en tevens de sterk toenemende populari-
teit en beschikbaarheid van deze beeldvormende techniek.
Tevens is het discutabel of juist een ligand met een hoge selectiviteit voor
de M2 receptor moet worden nagestreefd. Hoewel vermindering van de
densiteit van M2 receptoren een kenmerk is bij AD, zijn er aanwijzingen
dat afname van receptoren in het nicotine neurotransmitter systeem ruim-
schoots optreedt voordat er stoornissen zijn in het muscarinerge neuro-
transmitter systeem, hetgeen van belang kan zijn voor vroegdiagnostiek
van dementie. Recente ontwikkelingen op het gebied van nicotine recep-
tor radioliganden 14, 15, maken dat de exploratie van dit neurotransmitter
systeem een goed alternatief is voor evaluatie van het cholinerge systeem
middels beeldvorming. Ook het nastreven van muscarine receptor ligan-
den met selectiviteit voor andere receptor subtypen kan van grote beteke-
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nis zijn. De muscarine M1 receptor heeft een rol in de amyloid synthese 16

en selectieve beeldvorming van dit receptor type kan dus van nut zijn
voor het voorspellen van therapie respons alvorens te behandelen met M1
agonisten. Voor neuropsychiatrische ziekten anders dan dementie kan een
M1 tracer ook van betekenis zijn. Zo werd in patiënten met schizofrenie
recentelijk een subgroep gekarakteriseerd met een forse afname van de M1
receptor in de cerebrale cortex 17, hetgeen naast mogelijkheden voor thera-
pie, ook kansen biedt voor moleculaire beeldvorming.
Alle in dit proefschrift beschreven in-vivo experimenten, maakten
gebruik van 123I-gelabelde tracers. De experimenten in ratten waarin de
biodistributie van deze radioliganden in kleine en complex gevormde
hersenstructuren werd onderzocht, noodzaakten een meer sensitieve
onderzoeksmethode dan de klassieke dissectie techniek, waarin hersen-
structuren los geprepareerd en afzonderlijk gemeten worden op hoeveel-
heid aanwezige radioactiviteit. Standaard autoradiografie was gezien de
gevoeligheid van de fotografische platen en de korte halveringstijd van
123I geen optie 18, maar een soortgelijke methode, storage phosphor ima-
ging 19, bleek meer geschikt. Hoewel de methode weliswaar vaak wordt
gebruikt voor dierexperimentele studies, waren de karakteristieken van
het systeem ten opzichte van kortlevende radio-isotopen niet eerder sys-
tematisch voor een grotere groep isotopen geëvalueerd. De in dit proef-
schrift beschreven studie toont aan dat de fysische karakteristieken van
de fosforplaten zeer geschikt zijn voor afbeelding en meting van alle
geteste kortlevende radio-isotopen, waaronder 123I, en dat de methode
zeer geschikt is voor farmacologische experimenten met radioactieve
tracers in hersenen van proefdieren. De maximaal haalbare resolutie is
echter aanzienlijk slechter dan bij standaard autoradiografie, maar er
zijn ook vele voordelen te noemen. Zo kan volstaan worden met een kor-
te exposie tijd en treedt overexposie van de platen niet snel op. Voor
afbeeldingen van microscopische structuren blijft de röntgenfilm auto-
radiografie met langlevende isotopen echter de methode van keuze. Voor
complex gevormde hersenstructuren zoals de hippocampus heeft de sto-
rage phosphor imaging qua precisie zeker voordelen ten opzichte van de
conventionele dissectie techniek. Echter, de methode is arbeidsintensief
en indien er een snelle screening nodig is in een groot aantal proefdieren,
dan is de conventionele techniek aantrekkelijker. In vergelijking met
proefdier SPECT beeldvorming is de resolutie van de fosforplaat tech-
niek superieur, maar of dit ook het geval is ten opzichte van micro-PET,
zal nader moeten worden onderzocht.
In dit proefschrift is de storage phosphor imaging techniek ingezet voor
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een studie waarin de in-vivo karakteristieken van [123I]CNS-1261, een
potentieel radioligand voor de beeldvorming van geactiveerde NMDA
receptoren 20, 21, werden bestudeerd. Activatie van dergelijke receptoren
is een niet-specifiek kenmerk van neurodegeneratieve ziekten en dit
biedt een alternatieve mogelijkheid voor de beeldvorming en kwantifica-
tie van het ziekteproces in dementie 22. In het uitgevoerde proefdier
experiment toonden we aan dat de binding van de tracer weliswaar
gedeeltelijk beïnvloedbaar was, passend bij specifieke binding aan
NMDA receptoren, maar dat ook dit kandidaat ligand een hoge non-spe-
cifieke opname toonde, of onderhevig is aan snel in-vivo metabolisme.
Ook in eerdere studies werd aangetoond dat de tracer zeer snel in-vivo
wordt gemetaboliseerd 21, wat doet vermoeden dat de bruikbaarheid van
dit ligand in een humane setting beperkt is.
Zoals eerder opgemerkt, wordt de dopamine transporter tracer [123I]FP-
CIT succesvol klinisch toegepast voor de differentiatie tussen DLB en
AD, waarbij patiënten met DLB degeneratie van het presynsaptische
dopaminerge neurotransmitter tonen 23. Zoals bij elk radioligand dat
wordt gebruikt voor beeldvorming van hersenen, is het van belang om
eventuele effecten van neurofarmaca op de resultaten van de scan te
kennen, zodat de medicatie eventueel kan worden gestaakt alvorens het
onderzoek plaatsvindt. De in dit proefschrift beschreven proefdier stu-
die toonde geen effecten aan van AChEIs op de binding van [123I]FP-CIT
aan dopamine transporters, ondanks de bekende samenhang tussen het
cholinerge en het dopaminerge neurotransmitter systeem. In de proef-
dierstudie zijn alleen rivastigmine en donepezil getest. Over andere
AChEIs zoals galantamine valt daarom geen zekere uitspraak te doen,
hoewel ook daarvan geen effecten worden verwacht. De bevindingen
komen overeen met een eerdere humane studie met een cross-section
design 24. Door retrospectieve karakter van deze humane studie is er ech-
ter nog geen sluitend bewijs en idealiter zou een gerandomiseerde trial
moeten worden uitgevoerd, maar totdat dit heeft plaatsgevonden is er
geen zwaarwegende reden tot het staken van AChEIs alvorens een
[123I]FP-CIT SPECT uit te voeren.
Ook medicamenteuze effecten op de binding van [123I]Iododexetimide
werden onderzocht. Deze tracer bindt zonder subtype-selectiviteit aan
alle muscarine receptoren en beschikt over gunstige in-vivo eigenschap-
pen 25, 26. Omdat de densiteit van muscarine M1 receptoren in de humane
hersenen aanzienlijk hoger is dan de densiteit van M2 receptoren, geeft
deze tracer voornamelijk een indruk van M1 receptor status. Voor toe-
passing in de kliniek kan een dergelijke tracer dan ook interessant zijn voor
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SPECT evaluatie van het postsynaptische muscarinerge systeem, bij-
voorbeeld voor het voorspellen van therapie respons op AChEIs in DLB,
hoewel een eerder gerapporteerde studie met R,R [123I]QNB op voorhand
geen onderscheid kon maken tussen responders en non-responders op
deze therapie in patiënten met AD 27. Ook door de subgroep van patiën-
ten met schizofrenie, welke volgens de studie van Scarr et al. 17 een forse
afname van M1 receptoren toonden, kan beeldvorming met niet-subtype
selectieve muscarinerge radioliganden op hernieuwde interesse rekenen.
Zowel door deze patiënten met schizofrenie als door patiënten met
dementie, worden frequent antipsychotica gebruikt en daarom werden
de chronische effecten van deze farmaca op de binding van [123I]Iododex-
etimide middels een dierexperimentele studie onderzocht. Het experi-
ment toonde voor antipsychotica (olanzapine en risperidon) geen effec-
ten aan op de binding van [123I]Iododexetimide in hersengebieden met
een hoge densiteit aan muscarine M1 receptoren, zodat voor het staken
van deze medicijnen voor eventuele klinische toepassing van de tracer
op basis van de beschreven studie geen aantoonbare reden bestaat. Data
over de effecten van antipsychotica op de binding van [123I]Iododexeti-
mide in mensen is echter nog niet voorhanden, en deze effecten zullen
moeten worden onderzocht voordat de tracer toegepast gaat worden in
patiënten die deze medicamenten chronisch gebruiken.
Dat er wel degelijk een klein effect is van veranderingen in het dopami-
nerge systeem op de binding van [123I]Iododexetimide in de hersenen,
wordt in dit proefschrift aangetoond middels een storage phosphor ima-
ging studie, waarin bij ratten selectief unilateraal het dopaminerge sys-
teem werd uitgeschakeld door een operatief aangebrachte laesie. De sen-
sitieve imaging techniek toonde een afname van binding van de tracer
aan in de ipsilaterale neocorticale hersengebieden, hetgeen vermoedelijk
het gevolg is van hyperactivatie van het muscarinerge systeem, dat een
downregulatie van de postsynaptische M1 receptor kan bewerkstelligen,
of tot competitie van actetylcholine voor binding van de tracer aan de
M1 receptor kan leiden. Dit is waarschijnlijk het gevolg van de afname
van inhibitie van het cholinerge systeem door het dopaminerge systeem
hetgeen een in de literatuur bekend fenomeen is 28, 29. Als kanttekening
moet wel worden opgemerkt dat in deze studie de dieren door de unila-
terale laesie de eigen controle groep vormde. De binding van
[123I]Iododexetimide van de gelaedeerde kant werd dus met de niet-gela-
edeerde vergeleken. Er bestaan echter aanwijzingen voor effecten van de
laesie op het dopaminerge systeem van de contralaterale hemisfeer 28,
welke op grond van de huidige studie niet kunnen worden uitgesloten. In
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vervolgstudies zou het dan ook van nut zijn om een sham-geopereerde
controle groep te includeren. Vermoedelijk zijn de effecten van afname
van de dopaminerge inhibitie op de binding van [123I]Iododexetimide
beperkt en het is onwaarschijnlijk dat deze effecten worden gedetec-
teerd bij beeldvorming middels SPECT omdat deze techniek minder sen-
sitief is. Voor beeldvorming middels niet-selectieve muscarine receptor
tracers in neurodegeneratieve ziekten waarin er een belangrijke aantas-
ting is van het dopaminerge neurotransmitter systeem, is hyperactivatie
van het cholinerge neurotransmitter systeem dan ook waarschijnlijk
geen belangrijk issue.
In de patiënten van de humane studie waarin [123I]Iododexetimide werd
gebruikt om verschillen te detecteren tussen de muscarine receptor bin-
ding van de tracer in de hersenen van patiënten met PDD versus patiën-
ten met de ziekte van Parkinson (PD), spelen eventuele effecten van een
afname van dopaminerge inhibitie vrijwel zeker geen rol. De Hoehn en
Yahr scores van de patiënten verschilden immers weinig en niet signifi-
cant. De aangetoonde afname van [123I]Iododexetimide binding in her-
sengebieden die belangrijk zijn voor de geheugenfunctie, in PDD versus
patiënten met PD, kunnen dan ook het gevolg zijn van degeneratieve
veranderingen in het cholinerge systeem, zoals wordt verwacht in PDD
patiënten. De studie suggereert dat een niet-subtype selectieve muscari-
ne receptor tracer van nut kan zijn voor het aantonen van deficiënties in
het cholinerge neurotransmitter systeem, hoewel niet geheel kan wor-
den uitgesloten dat veranderingen in de perfusie van deze hersengebie-
den of regionale hersenatrofie tot de beschreven resultaten hebben
geleid 30. In toekomstige studies zouden atrofiebepalingen middels CT of
MRI of cerebrale perfusie metingen dan ook een waardevolle aanvulling
zijn, hoewel het uitvoeren van meerdere scans voor deze patiëntengroep
erg belastend is. In wetenschappelijk opzicht zou het interessant zijn
om te onderzoeken of het in deze groep patiënten mogelijk is om een
therapie respons op AChEIs te voorspellen, maar op grond van de kleine
verschillen die werden gemeten is duidelijk dat het met [123I]Iododex-
etimide onmogelijk zal zijn om dit op individueel niveau te doen, hoe-
wel dit met meer zekerheid is te stellen wanneer er een [123I]Iododexeti-
mide SPECT is uitgevoerd in een leeftijds gematchde controle groep. De
diffuse expressie van muscarine receptor subtypes in de humane herse-
nen zal een visuele beoordeling van [123I]Iododexetimide SPECTs
bemoeilijken in ziekten waarin er slechts kleine verschillen optreden in
de densiteit van muscarine receptoren. In de eerder genoemde subgroep
van patiënten met schizofrenie 17 was er post-mortem echter sprake van
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een afname van 74% van de binding van [3H]pirenzepine, waarmee de
densiteit van muscarine receptoren waarschijnlijk visueel en ook op
individueel niveau zeer goed te beoordelen is met een radioligand als
[123I]Iododexetimide.

Het doel van de in dit proefschrift beschreven studies was om het in-vitro
en in-vivo gedrag van nieuw gesynthetiseerde kandidaat liganden ten
behoeve van nucleair geneeskundige diagnostiek van dementie, te karak-
teriseren. Tevens was het doel om de waarde van enkele reeds bestaande
radioliganden met betrekking tot dementie te evalueren. Concluderend
kan worden gesteld dat de pogingen tot het vervaardigen van een selec-
tieve SPECT tracer voor de muscarine receptor van het subtype M2 tot
teleurstellende resultaten hebben geleid. De meeste onderzochte kandi-
daat liganden faalden al in-vitro of vervolgens in-vivo. De experimentele
tracer voor geactiveerde NMDA receptoren lijkt eveneens over onvol-
doende geschikte in-vivo eigenschappen te beschikken voor humaan
gebruik. Meer potentie bieden bestaande neuroreceptor tracers, zoals
het dopamine transporter ligand [123I]FP-CIT dat thans klinisch gebruikt
wordt ter differentiatie van DLB versus AD. In ratten vonden wij geen
bewijs voor medicamenteuze effecten van acetylcholinesterase remmers
op de binding van deze tracer, conform een recente retrospectieve huma-
ne studie, zodat er vooralsnog geen reden is om deze, door dementie
patiënten frequent gebruikte medicatie te staken alvorens een [123I]FP-
CIT hersen-SPECT te verrichten. Tevens is er in proefdieren geen bewijs
voor significante effecten van chronisch toegediende antipsychotica op
de binding van [123I]Iododexetimide, zodat er nog geen reden is om deze
medicijnen te staken alvorens [123I]Iododexetimide SPECT te verrichten,
hoewel dit in humane studies zal moeten worden geverifieerd, voordat
de tracer in de kliniek wordt ingezet. Kleine effecten van dopaminerge
deficiëntie op de binding van [123I]Iododexetimide aan muscarine recep-
toren zijn wel aangetoond in proefdieren, maar zijn waarschijnlijk van
een dusdanig lage magnitude dat deze niet van invloed zullen zijn op de
beoordeling van [123I]Iododexetimide middels SPECT. Een afname van
[123I]Iododexetimide binding in hersenen van patiënten met PDD kon
worden aangetoond ten opzichte van patiënten met PD, maar is gering
en visueel op individueel niveau waarschijnlijk niet detecteerbaar. Een
niet-subtype selectief muscarine receptor radioligand als [123I]Iododex-
etimide is waarschijnlijk wel geschikt voor de evaluatie van hersenziek-
ten met grotere afname van muscarine receptoren.
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Hoewel op de cover van een proefschrift doorgaans slechts een enkele
auteur staat vermeld, is zo’n boekwerk vaak het product van de in-
spanningen van veel mensen die zich belangeloos hebben ingezet voor
het onderzoek. In het geval van dit proefschrift is dat niet anders.
Zonder de medewerking van co-auteurs, collegae en patiënten, maar
ook de steun van familie en vrienden was dit proefschrift niet tot
stand gekomen. Voor ieders bijdrage ben ik buitengewoon dankbaar,
en enkelen wil ik in het bijzonder noemen.
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voor mijn project. Daarnaast wil ik je ook bedanken voor alle input en
het scheppen van de mogelijkheden om dit promotie onderzoek tot
een goed einde te brengen. Ook bijzonder dankbaar ben ik mijn co-
promotor Dr. J. Booij. Beste Jan, zonder jouw wetenschappelijke input, je
geduld en je vertrouwen had ik dit proefschrift werkelijk nooit van de
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waarop je mij, en nog vele andere promovendi, hebt bijgestaan en nog
steeds dagelijks bijstaat, heb ik echt enorm veel bewondering. Dank-
jewel voor de enorm prettige samenwerking al die jaren! Een essentië-
le factor bij de experimenten die voor dit proefschrift zijn verricht,
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praktische en morele ondersteuning tijdens en tussen de proeven zijn
heel belangrijk geweest in dit onderzoek. Ik heb heel veel plezier
beleefd aan de jaren waarin wij onze kamer hebben gedeeld.
Alle medewerkers van het hotlab van de Nucleaire Geneeskunde, in
het bijzonder Formijn van Hemert en de pipetteer-koning Jan de Jong
verdienen in dit kader ook een eervolle vermelding. Dit geldt ook voor
de apothekers die zich hebben ingespannen voor mijn zaak (Rob Kuiper,
Kirsten Schimmel) en onze chemicus Vic Pinas. Voor (stra-
lings)technische ondersteuning dank ik Jan Habraken, Arjen van der
Ree en Joop Deeterink. Verder wil ik de overige stafleden van het
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AMC bedanken (Hein, Roel, Judit, Gerrit), de (destijds) collegae arts-
assistenten (Simone, Lenka, Veena, Jin), zeker ook de MNW-ers, Sil,
en ook al het ondersteunend personeel van de afdeling Nucleaire
Geneeskunde van het AMC. Naast het feit dat jullie enorm prettige
collega’s waren, hebben veel van jullie op een manier wel een steentje
bijgedragen aan dit proefschrift.
Met name wil ik ook de chemici uit Eindhoven bedanken. Jan van den
Bos, wijlen Tamme Doornbos, en Joseph Vekemans wil ik enorm be-
danken voor de synthese van de kandidaat tracers en hun bijdrage aan
de artikelen. Ton Janssen verdient helemaal een podiumplaats. Beste
Ton, voor iemand die verkondigt geen volbloed chemicus te zijn, weet
jij wel verdomd veel van die materie af. Enorm bedankt voor alle nut-
tige discussies en je bemiddeling met betrekking tot de tracers.
De collega’s (en de voorraadkast) van het Endocrinologie- lab en het
centrale B-lab, met name Henk Westenbrink, hebben herhaaldelijk
hun medewerking verleend aan de in dit proefschrift beschreven stu-
dies. Daarom staan ook zij hier vereeuwigd. Het Neurozintuigenlab
wordt enorm bedankt voor het beschikbaar stellen van de phosphor
imager. Belangrijk voor dit promotie onderzoek was ook de afdeling
Farmacologie van het AMC en in het bijzonder Martin Pfaffendorf,
wie ik graag wil bedanken voor de hulp bij het op touw zetten van de
competitieve bindingsexperimenten. De medewerkers van het GDIA,
de DEC en vooral Wouter Florijn wil ik hartelijk danken voor alle hulp
en de adviezen. Ook erkentelijk ben ik mijn student Wim Aanhaanen,
voor de hulp bij de in-vitro experimenten en Brent Opmeer voor zijn
statistische advies.
De collega’s uit de VU, Pieter Voorn en Allert Jonker, wil ik graag be-
danken voor hun bijdrage aan de experimenten met de gelaedeerde rat-
ten en de wetenschappelijke input. Prof. dr. E. Ch. Wolters en vooral
ook Hans Bosboom ben ik veel dank verschuldigd voor hun zeer
belangrijke aandeel in de humane studie. Beste Hans, ik ben oprecht
blij dat we uiteindelijk de data hebben kunnen omzetten in een arti-
kel, enorm bedankt voor je hulp. Ook ben ik dank verschuldigd aan
Evelien Lemstra en mijn studievriend Erik Hoff, die me geholpen heb-
ben met deelprojecten waarvan de experimenten helaas door tegenval-
lende resultaten zowel de wetenschappelijke pers als dit proefschrift
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Reigman, en Geert Gommans en de overige medewerkers van de afde-

239



ling Nucleaire Geneeskunde van het Medisch Centrum Alkmaar (en tevens
de NUGES partners), dienen te worden genoemd. Hartelijk dank voor
alle ruimte die jullie me in het afgelopen jaar hebben geboden om dit
project af te ronden.
Veel dank ook aan Rob Kreuger van de Medisch Illustratieve Dienst-
verlening van het AMC. Rob, onze geschiedenis gaat terug tot aan 1993,
het jaar waarin Emphasis, het studenten tijdschrift van de MFAS, het
licht zag. Hoewel je me in mijn studentenjaren uitvoerig hebt geleerd
hoe je een publicatie drukklaar maakt, ben ik toch blij dat je de lay-
out van dit proefschrift voor me hebt willen doen. Het was geweldig
om weer eens met je samen te werken.
Natuurlijk ook veel dank aan mijn paranimfen en zeer goede vrienden
Koen en Henry. Heren, eindelijk is het dan zover. Ik kan mij geen ge-
schiktere personen voorstellen die mij op een dag als 6 november gees-
telijk kunnen bijstaan. Mocht het zo zijn dat jullie daarna inhoudelijk
toch nog vragen hebben over het proefschrift, dat er gewoon dingen
niet helemaal duidelijk zijn, dan ben ik gaarne bereid om jullie dat
nader toe te lichten. Maar dat doen we dan wel onder het genot van
een stevige pot bier, okay?
Een dankwoord voor alle steun en interesse is ook op zijn plaats voor
mijn vader. En zeker ook voor mijn moeder, die helaas de voltooiing
van het project en de promotie niet meer mee kon maken. Aan haar
draag ik dit proefschrift op.
En weliswaar als laatste, maar bepaald niet als onbelangrijkste, ben ik
bijzonder veel dank verschuldigd aan mijn vriendin Manon. Lieve, lie-
ve Manon, er zijn met name in het afgelopen jaar waarschijnlijk wel
momenten geweest waarop je je afvroeg waar die man nou bleef die op
zondag altijd het vlees behoorde te komen snijden. Ik besef me dat
ook jij veel offers hebt moeten brengen voor de totstandkoming van
dit boekje. En zonder jouw onvoorwaardelijke steun was dit proef-
schrift er dan ook echt nooit gekomen. Voor je liefde, geduld en sup-
port ben ik je heel dankbaar en ik hoop dat je een beetje trots op me
bent (al ben je doorgaans niet erg onder de indruk van dit soort dik-
doenerij). Vanaf 6 november betekent mijn promotie niet meer dat ik
avonden achtereen zit te ploeteren achter een beeldscherm, maar is
het gewoon een blauw boekje in de kast. En kom ik weer het vlees
snijden. Ook op maandag.
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Figure 4.1. Background corrected photostimulated luminescence as a function of
the quantity of radioactivity in standards of various isotopes on a double logarithmic
scale. The exposure times were precisely 24h for all radioisotopes. Overexposed spots
are marked with ‘*’ and were excluded in the linear regression analysis for 32P, 90Y,
89Sr and 131I (above 0.5, 0.75, 1.5 and 2.2kBq, respectively). The horizontal line indi-
cates the boundary above which overexposure is seen. The figure legend displays the
curve slope of each tested radioisotope, as well as the correlation coefficient.
Abbreviations: PSL; photostimulable luminescence.
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Figure 4.4. Curve fit of experimental data from shielding experiments on 18F and 131I
samples. The figure shows the transmission of the radioisotopes as a function of the
thickness of the shielding material. Please note that the data were corrected for
background activity and photostimulable luminescence that is attributed to γ-
radiation (for 131I). Error bars represent the standard deviations of the measure-
ments. Curves represent the calculated curve fit by SPSS, for shielding of the sam-
ples (equations are shown in the insert). Abbreviations: T; transmission, dl;
thickness of shielding material in mm.
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Figure 4.6a. Phosphor image showing a horizontal brain section of a control rat at
2h after injection with [123I]FP-CIT, which shows high binding of the tracer to
dopamine transporters in the striatum.
Figure 4.6b. Brain section of a rat that was injected with methylphenidate prior to
injection of [123I]FP-CIT, which shows a decreased binding of the radiotracer to
dopamine transporters in the striatum.



Figure 4.8. Images of the pilot study using [123I]Iododexetimide binding to mus-
carinic receptors in the rat brain without (a) and with (b) pre-injection of the
muscarinic receptor antagonist scopolamine. Please note the decrease of
[123I]Iododexetimide binding to in the cortex, striatum, and hippocampus after block-
ade of muscarinic receptors with scopolamine.
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Figure 4.9. Frames from an animation of a 3D-recontructed rat brain, showing
[123I]FP-CIT binding in the rat brain. Please note that the intensity of the colors used in
the picture do not reflect the amount of [123I]FP-CIT binding. The animation is available
for download at the publishers website. Abbreviations: DORS; Dorsal view, LLAT=Left
lateral view.



Figure 8.1. Phosphor image of a brain section of a [123I]Iododexetimide injected rat
after a 6-OHDA lesion of the right medial forebrain bundle at 10 days before the
imaging procedure. The lesioned (right) side is depicted on the right side of the
image. Note the slightly lower binding of the radiotracer in cortical areas but not
in the striatum on the right side as compared to the left side.
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Figure 9.1. Selection of the SPM analysis results. Left panel: Maximum intensity pro-
jections in three orthogonal planes (puncorrected ≤ 0.005 and k ≥ 50 voxels). Right
panel: Statistically significant decrease of [123I]Iododexetimide binding in temporal
cortex (superimposed upon the summed obtained SPECT scans). a Left inferior tem-
poral cortex puncorrected <0.001; b Left inferior temporal cortex puncorrected <0.001;
c Left superior temporal cortex puncorrected <0.001; d Right Left superior temporal
cortex puncorrected=0.002.


