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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.
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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.
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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.
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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.
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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
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[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

23

Introduction, aims and outline



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.

References
1. World Health Organization. ICD-10: international statistical classification of diseases

and related health problems-based on recommendations of the tenth revision con-
ference, 1989 and adopted by the forty-third World Health Assembly. World Health
Organization. Geneva; 10th edn: 1992.

2. Maurer K, Volk S, Gerbaldo H. Auguste D and Alzheimer’s disease. Lancet. 1997;
349:1546-9.

3. Cummings JL. Alzheimer’s disease. N Engl J Med. 2004;351:56-67.

4. McKhann G, Drachman D, Folstein M, Katzman R, Price D, Stadlan EM. Clinical
diagnosis of Alzheimer’s disease: report of the NINCDS-ADRDA Work Group under the
auspices of Department of Health and Human Services Task Force on Alzheimer’s
Disease. Neurology. 1984;34:939-44.

5. American Psychiatric Association. Diagnostic and statistical manual of mental dis-
orders (IV-TR), Washington DC, 4th edn - text revised: 2000.

6. Consensus recommendations for the postmortem diagnosis of Alzheimer’s dis-
ease. The National Institute on Aging, and Reagan Institute Working Group on
Diagnostic Criteria for the Neuropathological Assessment of Alzheimer’s Disease.
Neurobiol Aging. 1997;18:S1-2.

7. Tanzi RE, McClatchey AI, Lamperti ED, Villa-Komaroff L, Gusella JF, Neve RL. Protease
inhibitor domain encoded by an amyloid protein precursor mRNA associated with
Alzheimer’s disease. Nature. 1988;331:528-30.

24

PART 1,CHAPTER 1



8. Masters CL, Simms G, Weinman NA, Multhaup G, McDonald BL, Beyreuther K.
Amyloid plaque core protein in Alzheimer disease and Down syndrome. Proc Natl
Acad Sci U S A. 1985;82:4245-9.

9. Blennow K, de Leon MJ, Zetterberg H. Alzheimer’s disease. Lancet. 2006;368:387-403.

10. Jarrett JT, Berger EP, Lansbury PT, Jr. The C-terminus of the beta protein is critical in
amyloidogenesis. Ann N Y Acad Sci. 1993;695:144-8.

11. Annaert W, De Strooper B. A cell biological perspective on Alzheimer’s disease. Annu
Rev Cell Dev Biol. 2002;18:25-51.

12. Goate A, Chartier-Harlin MC, Mullan M, Brown J, Crawford F, Fidani L, et al. Segre-
gation of a missense mutation in the amyloid precursor protein gene with familial
Alzheimer’s disease. Nature. 1991;349:704-6.

13. Sherrington R, Rogaev EI, Liang Y, Rogaeva EA, Levesque G, Ikeda M, et al. Cloning
of a gene bearing missense mutations in early-onset familial Alzheimer’s disease.
Nature. 1995;375:754-60.

14. Levy-Lahad E, Wasco W, Poorkaj P, Romano DM, Oshima J, Pettingell WH, et al.
Candidate gene for the chromosome 1 familial Alzheimer’s disease locus. Science.
1995;269:973-7.

15. Raber J, Huang Y, Ashford JW. ApoE genotype accounts for the vast majority of AD
risk and AD pathology. Neurobiol Aging. 2004;25:641-50.

16. Farrer LA, Cupples LA, Haines JL, Hyman B, Kukull WA, Mayeux R, et al. Effects of age,
sex, and ethnicity on the association between apolipoprotein E genotype and
Alzheimer disease. A meta-analysis. APOE and Alzheimer Disease Meta Analysis
Consortium. JAMA. 1997;278:1349-56.

17. Holtzman DM, Bales KR, Tenkova T, Fagan AM, Parsadanian M, Sartorius LJ, et al.
Apolipoprotein E isoform-dependent amyloid deposition and neuritic degeneration
in a mouse model of Alzheimer’s disease. Proc Natl Acad Sci U S A. 2000;97:2892-7.

18. Blessed G, Tomlinson BE, Roth M. The association between quantitative measures of
dementia and of senile change in the cerebral grey matter of elderly subjects. Br J
Psychiatry. 1968;114:797-811.

19. Deng Y, Tarassishin L, Kallhoff V, Peethumnongsin E, Wu L, Li YM, et al. Deletion of
presenilin 1 hydrophilic loop sequence leads to impaired gamma-secretase activity
and exacerbated amyloid pathology. J Neurosci. 2006;26:3845-54.

20. Yin YI, Bassit B, Zhu L, Yang X, Wang C, Li YM. {gamma}-Secretase Substrate
Concentration Modulates the Abeta42/Abeta40 Ratio: Implications for Alzheimer’s
Disease. J Biol Chem. 2007;282:23639-44.

21. Hardy J. Amyloid, the presenil ins and Alzheimer’s disease. Trends Neurosci.
1997;20:154-9.

22. Selkoe DJ. Cell biology of the amyloid beta-protein precursor and the mechanism of
Alzheimer’s disease. Annu Rev Cell Biol. 1994;10:373-403.

25

Introduction, aims and outline



23. Walsh DM, Selkoe DJ. Deciphering the molecular basis of memory failure in
Alzheimer’s disease. Neuron. 2004;44:181-93.

24. Iqbal K, Alonso Adel C, Chen S, Chohan MO, El-Akkad E, Gong CX, et al. Tau pathol-
ogy in Alzheimer disease and other tauopathies. Biochim Biophys Acta.
2005;1739:198-210.

25. Perl DP. Neuropathology of Alzheimer’s disease and related disorders. Neurol Clin.
2000;18:847-64.

26. Ishii M, Kurachi Y. Muscarinic acetylcholine receptors. Curr Pharm Des. 2006;12:3573-81.

27. Hulme EC, Lu ZL, Saldanha JW, Bee MS. Structure and activation of muscarinic
acetylcholine receptors. Biochem Soc Trans. 2003;31:29-34.

28. 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.

29. Nathanson NM. Synthesis, trafficking, and localization of muscarinic acetylcholine
receptors. Pharmacol Ther. 2008;119:33-43.

30. Levey AI. Immunological localization of m1-m5 muscarinic acetylcholine receptors
in peripheral tissues and brain. Life Sci. 1993;52:441-8.

31. Levey AI, Kitt CA, Simonds WF, Price DL, Brann MR. Identification and localization of
muscarinic acetylcholine receptor proteins in brain with subtype-specific antibod-
ies. J Neurosci. 1991;11:3218-26.

32. Rodriguez-Puertas R, Pascual J, Vilaro T, Pazos A. Autoradiographic distribution of
M1, M2, M3, and M4 muscarinic receptor subtypes in Alzheimer’s disease. Synapse.
1997;26:341-50.

33. Mesulam MM, Mufson EJ, Levey AI, Wainer BH. Cholinergic innervation of cortex by
the basal forebrain: cytochemistry and cortical connections of the septal area,
diagonal band nuclei, nucleus basalis (substantia innominata), and hypothalamus in
the rhesus monkey. J Comp Neurol. 1983;214:170-97.

34. Mesulam MM, Mufson EJ, Wainer BH, Levey AI. Central cholinergic pathways in the
rat: an overview based on an alternative nomenclature (Ch1-Ch6). Neuroscience.
1983;10:1185-201.

35. Perry E, Walker M, Grace J, Perry R. Acetylcholine in mind: a neurotransmitter cor-
relate of consciousness? Trends Neurosci. 1999;22:273-80.

36. Everitt BJ, Robbins TW. Central cholinergic systems and cognition. Annu Rev Psychol.
1997;48:649-84.

37. Bartus RT. On neurodegenerative diseases, models, and treatment strategies:
lessons learned and lessons forgotten a generation following the cholinergic
hypothesis. Exp Neurol. 2000;163:495-529.

38. Bartus RT, Dean RL, 3rd, Beer B, Lippa AS. The cholinergic hypothesis of geriatric mem-
ory dysfunction. Science. 1982;217:408-14.

26

PART 1, CHAPTER 1



39. Gallagher M, Colombo PJ. Ageing: the cholinergic hypothesis of cognitive decline.
Curr Opin Neurobiol. 1995;5:161-8.

40. Terry AV, Jr., Buccafusco JJ. The cholinergic hypothesis of age and Alzheimer’s
disease-related cognitive deficits: recent challenges and their implications for nov-
el drug development. J Pharmacol Exp Ther. 2003;306:821-7.

41. Drachman DA, Leavitt J. Human memory and the cholinergic system. A relationship
to aging? Arch Neurol. 1974;30:113-21.

42. Davies P, Maloney AJ. Selective loss of central cholinergic neurons in Alzheimer’s dis-
ease. Lancet. 1976;2:1403.

43. Perry EK, Perry RH, Blessed G, Tomlinson BE. Necropsy evidence of central cholinergic
deficits in senile dementia. Lancet. 1977;1:189.

44. Perry RH, Blessed G, Perry EK, Tomlinson BE. Histochemical observations on
cholinesterase activities in the brains of elderly normal and demented (Alzheimer-
type) patients. Age Ageing. 1980;9:9-16.

45. McGeer PL, McGeer EG, Suzuki J, Dolman CE, Nagai T. Aging, Alzheimer’s disease,
and the cholinergic system of the basal forebrain. Neurology. 1984;34:741-5.

46. Whitehouse PJ, Price DL, Clark AW, Coyle JT, DeLong MR. Alzheimer disease: evidence
for selective loss of cholinergic neurons in the nucleus basalis. Ann Neurol.
1981;10:122-6.

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

48. Whitehouse PJ, Price DL, Struble RG, Clark AW, Coyle JT, Delon MR. Alzheimer’s dis-
ease and senile dementia: loss of neurons in the basal forebrain. Science.
1982;215:1237-9.

49. Conner JM, Culberson A, Packowski C, Chiba AA, Tuszynski MH. Lesions of the
Basal forebrain cholinergic system impair task acquisition and abolish cortical plas-
ticity associated with motor skill learning. Neuron. 2003;38:819-29.

50. Flynn DD, Ferrari-DiLeo G, Levey AI, Mash DC. Differential alterations in muscarinic
receptor subtypes in Alzheimer’s disease: implications for cholinergic-based ther-
apies. Life Sci. 1995;56:869-76.

51. Perry EK, Tomlinson BE, Blessed G, Bergmann K, Gibson PH, Perry RH. Correlation of
cholinergic abnormalities with senile plaques and mental test scores in senile
dementia. Br Med J. 1978;2:1457-9.

52. Araujo DM, Lapchak PA, Robitaille Y, Gauthier S, Quirion R. Differential alteration of
various cholinergic markers in cortical and subcortical regions of human brain in
Alzheimer’s disease. J Neurochem. 1988;50:1914-23.

27

Introduction, aims and outline



53. 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.

54. Caulfield MP, Straughan DW, Cross AJ, Crow T, Birdsall NJ. Cortical muscarinic
receptor subtypes and Alzheimer’s disease. Lancet. 1982;2:1277.

55. Nordberg A. Neuroreceptor changes in Alzheimer disease. Cerebrovasc Brain Metab
Rev. 1992;4:303-28.

56. Quirion R, Aubert I, Lapchak PA, Schaum RP, Teolis S, Gauthier S, et al. Muscarinic
receptor subtypes in human neurodegenerative disorders: focus on Alzheimer’s
disease. Trends Pharmacol Sci. 1989;Suppl:80-4.

57. Tsang SW, Lai MK, Kirvell S, Francis PT, Esiri MM, Hope T, et al. Impaired coupling of
muscarinic M1 receptors to G-proteins in the neocortex is associated with severity of
dementia in Alzheimer’s disease. Neurobiol Aging. 2006;27:1216-23.

58. 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.

59. Flicker C, Ferris SH, Serby M. Hypersensitivity to scopolamine in the elderly.
Psychopharmacology (Berl). 1992;107:437-41.

60. Longo VG. Behavioral and electroencephalographic effects of atropine and related
compounds. Pharmacol Rev. 1966;18:965-96.

61. Sunderland T, Tariot P, Murphy DL, Weingartner H, Mueller EA, Cohen RM.
Scopolamine challenges in Alzheimer’s disease. Psychopharmacology (Berl).
1985;87:247-9.

62. Davis KL, Mohs RC, Tinklenberg JR, Pfefferbaum A, Hollister LE, Kopell BS.
Physostigmine: improvement of long-term memory processes in normal humans.
Science. 1978;201:272-4.

63. Davis KL, Mohs RC. Enhancement of memory processes in Alzheimer’s disease with
multiple-dose intravenous physostigmine. Am J Psychiatry. 1982;139:1421-4.

64. Bartus RT. Physostigmine and recent memory: effects in young and aged nonhuman
primates. Science. 1979;206:1087-9.

65. Birks J. Cholinesterase inhibitors for Alzheimer’s disease. Cochrane Database Syst Rev.
2006:CD005593. 10.1002/14651858.CD005593 10.1002/14651858.CD005593.

66. Mohs RC, Rosen WG, Davis KL. The Alzheimer’s disease assessment scale: an instru-
ment for assessing treatment efficacy. Psychopharmacol Bull. 1983;19:448-50.

67. Winblad B, Kilander L, Eriksson S, Minthon L, Batsman S, Wetterholm AL, et al.
Donepezil in patients with severe Alzheimer’s disease: double-blind, parallel-group,
placebo-controlled study. Lancet. 2006;367:1057-65.

68. Pakaski M, Kalman J. Interactions between the amyloid and cholinergic mecha-
nisms in Alzheimer’s disease. Neurochem Int.

28

PART 1, CHAPTER 1



69. Roberson MR, Harrell LE. Cholinergic activity and amyloid precursor protein
metabolism. Brain Res Brain Res Rev. 1997;25:50-69.

70. Caccamo A, Oddo S, Billings LM, Green KN, Martinez-Coria H, Fisher A, et al. M1

receptors play a central role in modulating AD-like pathology in transgenic mice.
Neuron. 2006;49:671-82.

71. Muller DM, Mendla K, Farber SA, Nitsch RM. Muscarinic M1 receptor agonists
increase the secretion of the amyloid precursor protein ectodomain. Life Sci.
1997;60:985-91.

72. Giacobini E. Do cholinesterase inhibitors have disease-modifying effects in
Alzheimer’s disease? CNS Drugs. 2001;15:85-91.

73. Auld DS, Kar S, Quirion R. Beta-amyloid peptides as direct cholinergic neuromodu-
lators: a missing link? Trends Neurosci. 1998;21:43-9.

74. Bales KR, Tzavara ET, Wu S, Wade MR, Bymaster FP, Paul SM, et al. Cholinergic dys-
function in a mouse model of Alzheimer disease is reversed by an anti-A beta anti-
body. J Clin Invest. 2006;116:825-32.

75. Boncristiano S, Calhoun ME, Kelly PH, Pfeifer M, Bondolfi L, Stalder M, et al.
Cholinergic changes in the APP23 transgenic mouse model of cerebral amyloidosis.
J Neurosci. 2002;22:3234-43.

76. Mihailescu S, Drucker-Colin R. Nicotine, brain nicotinic receptors, and neuropsy-
chiatric disorders. Arch Med Res. 2000;31:131-44.

77. Nordberg A. Nicotinic receptor abnormalities of Alzheimer’s disease: therapeutic
implications. Biol Psychiatry. 2001;49:200-10.

78. Perry E, Martin-Ruiz C, Lee M, Griffiths M, Johnson M, Piggott M, et al. Nicotinic
receptor subtypes in human brain ageing, Alzheimer and Lewy body diseases. Eur J
Pharmacol. 2000;393:215-22.

79. Lindstrom J, Anand R, Peng X, Gerzanich V, Wang F, Li Y. Neuronal nicotinic recep-
tor subtypes. Ann N Y Acad Sci. 1995;757:100-16.

80. Martin-Ruiz CM, Court JA, Molnar E, Lee M, Gotti C, Mamalaki A, et al. Alpha4 but
not alpha3 and alpha7 nicotinic acetylcholine receptor subunits are lost from the
temporal cortex in Alzheimer’s disease. J Neurochem. 1999;73:1635-40.

81. Warpman U, Nordberg A. Epibatidine and ABT 418 reveal selective losses of alpha 4
beta 2 nicotinic receptors in Alzheimer brains. Neuroreport. 1995;6:2419-23.

82. Sabri O, Kendziorra K, Wolf H, Gertz HJ, Brust P. Acetylcholine receptors in demen-
tia and mild cognitive impairment. Eur J Nucl Med Mol Imaging. 2008;35 Suppl
1:S30-45.

83. Schliebs R. Basal forebrain cholinergic dysfunction in Alzheimer’s disease-interre-
lationship with beta-amyloid, inflammation and neurotrophin signaling. Neurochem
Res. 2005;30:895-908.

29

Introduction, aims and outline



84. De Felice FG, Velasco PT, Lambert MP, Viola K, Fernandez SJ, Ferreira ST, et al.
Abeta oligomers induce neuronal oxidative stress through an N-methyl-D-aspartate
receptor-dependent mechanism that is blocked by the Alzheimer drug meman-
tine. J Biol Chem. 2007;282:11590-601.

85. Dingledine R, Borges K, Bowie D, Traynelis SF. The glutamate receptor ion channels.
Pharmacol Rev. 1999;51:7-61.

86. Lau CG, Zukin RS. NMDA receptor trafficking in synaptic plasticity and neuropsy-
chiatric disorders. Nat Rev Neurosci. 2007;8:413-26.

87. Lesne S, Ali C, Gabriel C, Croci N, MacKenzie ET, Glabe CG, et al. NMDA receptor acti-
vation inhibits alpha-secretase and promotes neuronal amyloid-beta production. J
Neurosci. 2005;25:9367-77.

88. Molinuevo JL, Llado A, Rami L. Memantine: targeting glutamate excitotoxicity in
Alzheimer’s disease and other dementias. Am J Alzheimers Dis Other Demen.
2005;20:77-85.

89. Danysz W, Parsons CG. The NMDA receptor antagonist memantine as a symptoma-
tological and neuroprotective treatment for Alzheimer’s disease: preclinical evidence.
Int J Geriatr Psychiatry. 2003;18:S23-32.

90. Standridge JB. Pharmacotherapeutic approaches to the treatment of Alzheimer’s dis-
ease. Clin Ther. 2004;26:615-30.

91. Lippa CF, Duda JE, Grossman M, Hurtig HI, Aarsland D, Boeve BF, et al. DLB and PDD
boundary issues: diagnosis, treatment, molecular pathology, and biomarkers.
Neurology. 2007;68:812-9.

92. Buter TC, van den Hout A, Matthews FE, Larsen JP, Brayne C, Aarsland D. Dementia
and survival in Parkinson disease: a 12-year population study. Neurology. 2008;
70:1017-22.

93. Richard IH, Papka M, Rubio A, Kurlan R. Parkinson’s disease and dementia with Lewy
bodies: one disease or two? Mov Disord. 2002;17:1161-5.

94. McKeith I, Mintzer J, Aarsland D, Burn D, Chiu H, Cohen-Mansfield J, et al. Dementia
with Lewy bodies. Lancet Neurol. 2004;3:19-28.

95. Walker Z, Costa DC, Walker RW, Shaw K, Gacinovic S, Stevens T, et al. Differentiation
of dementia with Lewy bodies from Alzheimer’s disease using a dopaminergic
presynaptic ligand. J Neurol Neurosurg Psychiatry. 2002;73:134-40.

96. McKeith I, Del Ser T, Spano P, Emre M, Wesnes K, Anand R, et al. Efficacy of rivastig-
mine in dementia with Lewy bodies: a randomised, double-blind, placebo-con-
trolled international study. Lancet. 2000;356:2031-6.

97. O’Brien JT. Role of imaging techniques in the diagnosis of dementia. Br J Radiol.
2007;80

98. McKeith IG, Dickson DW, Lowe J, Emre M, O’Brien JT, Feldman H, et al. Diagnosis and
management of dementia with Lewy bodies: third report of the DLB Consortium.
Neurology. 2005;65:1863-72.

30

PART 1, CHAPTER 1



99. McKhann GM, Albert MS, Grossman M, Miller B, Dickson D, Trojanowski JQ. Clinical
and pathological diagnosis of frontotemporal dementia: report of the Work Group
on Frontotemporal Dementia and Pick’s Disease. Arch Neurol. 2001;58:1803-9.

100. Neary D, Snowden JS, Gustafson L, Passant U, Stuss D, Black S, et al.
Frontotemporal lobar degeneration: a consensus on clinical diagnostic criteria.
Neurology. 1998;51:1546-54.

101. Roman GC, Tatemichi TK, Erkinjuntti T, Cummings JL, Masdeu JC, Garcia JH, et
al. Vascular dementia: diagnostic criteria for research studies. Report of the NINDS-
AIREN International Workshop. Neurology. 1993;43:250-60.

102. Borroni B, Premi E, Di Luca M, Padovani A. Combined biomarkers for early
Alzheimer disease diagnosis. Curr Med Chem. 2007;14:1171-8.

103. Pakrasi S, O’Brien JT. Emission tomography in dementia. Nucl Med Commun.
2005;26:189-96.

104. Dougall NJ, Bruggink S, Ebmeier KP. Systematic review of the diagnostic accu-
racy of 99mTc-HMPAO-SPECT in dementia. Am J Geriatr Psychiatry. 2004;12:554-
70.

105. Silverman DH, Small GW, Chang CY, Lu CS, Kung De Aburto MA, Chen W, et al.
Positron emission tomography in evaluation of dementia: Regional brain
metabolism and long-term outcome. JAMA. 2001;286:2120-7.

106. McNeill R, Sare GM, Manoharan M, Testa HJ, Mann DM, Neary D, et al. Accuracy
of single-photon emission computed tomography in differentiating frontotemporal
dementia from Alzheimer’s disease. J Neurol Neurosurg Psychiatry. 2007;78:350-5.

107. McKeith I, O’Brien J, Walker Z, Tatsch K, Booij J, Darcourt J, et al. Sensitivity and
specificity of dopamine transporter imaging with 123I-FP-CIT SPECT in dementia
with Lewy bodies: a phase III, multicentre study. Lancet Neurol. 2007;6:305-13.

108. Hu XS, Okamura N, Arai H, Higuchi M, Matsui T, Tashiro M, et al. 18F-fluo-
rodopa PET study of striatal dopamine uptake in the diagnosis of dementia with
Lewy bodies. Neurology. 2000;55:1575-7.

109. Eckelman WC. Imaging of muscarinic receptors in the central nervous system.
Curr Pharm Des. 2006;12:3901-13.

110. Kuhl DE, Koeppe RA, Minoshima S, Snyder SE, Ficaro EP, Foster NL, et al. In vivo
mapping of cerebral acetylcholinesterase activity in aging and Alzheimer’s
disease. Neurology. 1999;52:691-9.

111. Shinotoh H, Fukushi K, Nagatsuka S, Tanaka N, Aotsuka A, Ota T, et al. The
amygdala and Alzheimer’s disease: positron emission tomographic study of the
cholinergic system. Ann N Y Acad Sci. 2003;985:411-9.

112. Mash DC, Flynn DD, Potter LT. Loss of M2 muscarine receptors in the cerebral
cortex in Alzheimer’s disease and experimental cholinergic denervation. Science.
1985;228:1115-7.

31

Introduction, aims and outline



113.Eckelman WC, Reba RC, Rzeszotarski WJ, Gibson RE, Hill T, Holman BL, et al. External
imaging of cerebral muscarinic acetylcholine receptors. Science. 1984;223:291-3.

114. Holman BL, Gibson RE, Hill TC, Eckelman WC, Albert M, Reba RC. Muscarinic
acetylcholine receptors in Alzheimer’s disease. In vivo imaging with iodine
123-labeled 3-quinuclidinyl-4-iodobenzilate and emission tomography. JAMA.
1985;254:3063-6.

115. Weinberger DR, Gibson R, Coppola R, Jones DW, Molchan S, Sunderland T, et al.
The distribution of cerebral muscarinic acetylcholine receptors in vivo in
patients with dementia. A controlled study with 123IQNB and single photon emis-
sion computed tomography. Arch Neurol. 1991;48:169-76.

116. Weinberger DR, Jones D, Reba RC, Mann U, Coppola R, Gibson R, et al. A com-
parison of FDG PET and IQNB SPECT in normal subjects and in patients with
dementia. J Neuropsychiatry Clin Neurosci. 1992;4:239-48.

117. Weinberger DR, Mann U, Gibson RE, Coppola R, Jones DW, Braun AR, et al.
Cerebral muscarinic receptors in primary degenerative dementia as evaluated by
SPECT with iodine-123-labeled QNB. Adv Neurol. 1990;51:147-50.

118. Wyper DJ, Brown D, Patterson J, Owens J, Hunter R, Teasdale E, et al. Deficits in
iodine-labelled 3-quinuclidinyl benzilate binding in relation to cerebral blood
flow in patients with Alzheimer’s disease. Eur J Nucl Med. 1993;20:379-86.

119. Raedler TJ, Knable MB, Jones DW, Urbina RA, Gorey JG, Lee KS, et al. In vivo
determination of muscarinic acetylcholine receptor availability in schizophre-
nia. Am J Psychiatry. 2003;160:118-27.

120. McRee RC, Boulay SF, Sood VK, Cohen EI, Cohen VI, Gitler MS, et al.
Autoradiographic evidence that QNB displays in vivo selectivity for the m2
subtype. Neuroimage. 1995;2:55-62.

121. Xie G, Gunn RN, Dagher A, Daloze T, Plourde G, Backman SB, et al. PET quan-
tification of muscarinic cholinergic receptors with [N-11C-methyl]-benztropine
and application to studies of propofol-induced unconsciousness in healthy
human volunteers. Synapse. 2004;51:91-101.

122. Kakiuchi T, Ohba H, Nishiyama S, Sato K, Harada N, Nakanishi S, et al. Age-relat-
ed changes in muscarinic cholinergic receptors in the living brain: a PET study
using N-[11C]methyl-4-piperidyl benzilate combined with cerebral blood flow
measurement in conscious monkeys. Brain Res. 2001;916:22-31.

123. Lee KS, Frey KA, Koeppe RA, Buck A, Mulholland GK, Kuhl DE. In vivo quantifi-
cation of cerebral muscarinic receptors in normal human aging using positron
emission tomography and [11C]tropanyl benzilate. J Cereb Blood Flow Metab.
1996;16:303-10.

124. Tsukada H, Kakiuchi T, Nishiyama S, Ohba H, Sato K, Harada N, et al. Age dif-
ferences in muscarinic cholinergic receptors assayed with (+)N-[11C]methyl-3-
piperidyl benzilate in the brains of conscious monkeys. Synapse. 2001;41:248-
57.

32

PART 1, CHAPTER 1



33

Introduction, aims and outline



125. Yoshida T, Kuwabara Y, Ichiya Y, Sasaki M, Fukumura T, Ichimiya A, et al.
Cerebral muscarinic acetylcholinergic receptor measurement in Alzheimer’s
disease patients on 11C-N-methyl-4-piperidyl benzilate-comparison with cerebral
blood flow and cerebral glucose metabolism. Ann Nucl Med. 1998;12:35-42.

126. Yoshida T, Kuwabara Y, Sasaki M, Fukumura T, Ichimiya A, Takita M, et al.
Sex-related differences in the muscarinic acetylcholinergic receptor in the
healthy human brain-a positron emission tomography study. Ann Nucl Med.
2000;14:97-101.

127. Frey KA, Koeppe RA, Mulholland GK, Jewett D, Hichwa R, Ehrenkaufer RL, et al.
In vivo muscarinic cholinergic receptor imaging in human brain with
[11C]scopolamine and positron emission tomography. J Cereb Blood Flow
Metab. 1992;12:147-54.

128. Claus JJ, Dubois EA, Booij J, Habraken J, de Munck JC, van Herk M, et al.
Demonstration of a reduction in muscarinic receptor binding in early Alzheimer’s
disease using iodine-123 dexetimide single-photon emission tomography. Eur
J Nucl Med. 1997;24:602-8.

129. Lavalaye J, Booij J, Linszen DH, Reneman L, van Royen EA. Higher occupancy of
muscarinic receptors by olanzapine than risperidone in patients with schizophre-
nia. A[123I]-IDEX SPECT study. Psychopharmacology (Berl). 2001;156:53-7.

130. Muller-Gartner HW, Mayberg HS, Fisher RS, Lesser RP, Wilson AA, Ravert HT, et
al. Decreased hippocampal muscarinic cholinergic receptor binding measured by 123I-
iododexetimide and single-photon emission computed tomography in epilepsy.
Ann Neurol. 1993;34:235-8.

131. 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.

132. Jagoda EM, Kiesewetter DO, Shimoji K, Ravasi L, Yamada M, Gomeza J, et al.
Regional brain uptake of the muscarinic ligand, [18F]FP-TZTP, is greatly decreased
in M2 receptor knockout mice but not in M1, M3 and M4 receptor knockout mice.
Neuropharmacology. 2003;44:653-61.

133. 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.

134. 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.

135. 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 comput-
ed tomography. J Med Chem. 1993;36:848-54.

136. Doods H, Entzeroth M, Ziegler H, Schiavi G, Engel W, Mihm G, et al.

34

PART 1, CHAPTER 1



Characterization of BIBN 99: a lipophilic and selective muscarinic M2 receptor antagonist.
Eur J Pharmacol. 1993;242:23-30.

137. Nyback H, Halldin C, Ahlin A, Curvall M, Eriksson L. PET studies of the uptake of
(S)- and (R)-[11C]nicotine in the human brain: difficulties in visualizing specific
receptor binding in vivo. Psychopharmacology (Berl). 1994;115:31-6.

138. Sullivan JP, Donnelly-Roberts D, Briggs CA, Anderson DJ, Gopalakrishnan M,
Piattoni-Kaplan M, et al. A-85380 [3-(2(S)-azetidinylmethoxy) pyridine]: in vit-
ro pharmacological properties of a novel, high affinity alpha 4 beta 2 nicotinic
acetylcholine receptor ligand. Neuropharmacology. 1996;35:725-34.

139. Kimes AS, Horti AG, London ED, Chefer SI, Contoreggi C, Ernst M, et al. 2-[18F]F-
A-85380: PET imaging of brain nicotinic acetylcholine receptors and whole
body distribution in humans. FASEB J. 2003;17:1331-3.

140. O’Brien JT, Colloby SJ, Pakrasi S, Perry EK, Pimlott SL, Wyper DJ, et al.
Alpha4beta2 nicotinic receptor status in Alzheimer’s disease using 123I-5IA-
85380 single-photon-emission computed tomography. J Neurol Neurosurg
Psychiatry. 2007;78:356-62.

141. Dolci L, Dolle F, Valette H, Vaufrey F, Fuseau C, Bottlaender M, et al. Synthesis
of a fluorine-18 labeled derivative of epibatidine for in vivo nicotinic acetyl-
choline receptor PET imaging. Bioorg Med Chem. 1999;7:467-79.

142. Patt JT, Spang JE, Buck A, Cristina H, Arras M, Schubiger PA, et al. Synthesis and
in vivo studies of the stereoisomers of N-[11C]methyl-homoepibatidine. Nucl Med
Biol. 2001;28:645-55.

143. Erlandsson K, Bressan RA, Mulligan RS, Gunn RN, Cunningham VJ, Owens J, et
al. Kinetic modelling of [123I]CNS 1261-a potential SPET tracer for the NMDA recep-
tor. Nucl Med Biol. 2003;30:441-54.

144. Waterhouse RN. Imaging the PCP site of the NMDA ion channel. Nucl Med
Biol. 2003;30:869-78.

145. Klunk WE, Engler H, Nordberg A, Wang Y, Blomqvist G, Holt DP, et al. Imaging
brain amyloid in Alzheimer’s disease with Pittsburgh Compound-B. Ann Neurol.
2004;55:306-19.

146. Small GW, Kepe V, Ercoli LM, Siddarth P, Bookheimer SY, Miller KJ, et al. PET of
brain amyloid and tau in mild cognitive impairment. N Engl J Med.
2006;355:2652-63.

147. Kemppainen NM, Aalto S, Wilson IA, Nagren K, Helin S, Bruck A, et al. PET amy-
loid ligand [11C]PIB uptake is increased in mild cognitive impairment. Neurology.
2007;68:1603-6.

148. Rowe CC, Ng S, Ackermann U, Gong SJ, Pike K, Savage G, et al. Imaging beta-
amyloid burden in aging and dementia. Neurology. 2007;68:1718-25.

149. Seneca N, Cai L, Liow JS, Zoghbi SS, Gladding RL, Hong J, et al. Brain and
whole-body imaging in nonhuman primates with [11C]MeS-IMPY, a candidate radi-
oligand for beta-amyloid plaques. Nucl Med Biol. 2007;34:681-9.

35

Introduction, aims and outline



150. Nordberg A. Amyloid imaging in Alzheimer’s disease. Neuropsychologia.
2008;46:1636-41.

36


