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ABSTRACT 

Alzheimer’s disease (AD) is a progressive neurodegenerative disease accompanied by 

cognitive impairment and disturbances in several neurotransmitter systems, especially 

the cholinergic system. Studies have correlated the cognitive impairment observed in 

AD patients with a deficit in central cholinergic neurotransmission. The most 

successful therapeutic agents for symptomatic treatment of AD patients are 

cholinesterase inhibitors (ChEIs), e.g. donepezil, rivastigmine and galantamine, which 

are targeted towards enhancing cholinergic neurotransmission. One of the most 

valuable tools for evaluating cholinergic neurotransmission in AD patients is positron 

emission tomography (PET). PET with high spatial resolution, has successfully been 

used in the early diagnosis, differential diagnosis and evaluation of drug treatment in 

patients suffering from AD. 

The overall aim of this thesis was to utilize the multi-tracer PET technique to 

measure brain glucose metabolism, nicotinic acetylcholine receptor (nAChR) density, 

acetylcholinesterase (AChE) activity and amyloid load of patients with mild AD. These 

brain functional aspects were measured during the natural course of the disease or 

during treatment with ChEIs and/or anti-amyloid therapy in conjunction with 

assessment of changes in CSF biomarkers, ChE activity as well as with cognitive 

performance of the patients. 

In this thesis, it was demonstrated that cortical nAChRs as assessed by a dual 

tracer PET model with administration of 15O-water and (S)(-)11C-nicotine in mild AD 

patients (n = 27) are associated with the cognitive function of attention rather than with 

episodic memory. The effect of different ChEIs on cortical nAChRs was also evaluated 

in this thesis. Rivastigmine treated mild AD patients (n = 10) showed a significant 

increase of nAChRs in several cortical brain regions after 3 months compared with 

baseline, while the increase was not significant after 12 months of treatment. In a 

randomized double-blind placebo-controlled study, mild AD patients (n = 18) treated 

with galantamine demonstrated no change in cortical nAChRs after both short- (3 

months) and long-term (12 months) treatment. However, it should be noted that 

individual subjects with higher plasma galantamine levels also demonstrated an 

increase in cortical nAChR binding. Additionally, patients treated with galantamine for 

12 months demonstrated a 30–40% decrease in cortical AChE activity (as assessed by 
11C-PMP-PET) and a 30-36% decrease in CSF AChEsynaptic activity. 



 

 

In addition to rivastigmine and galantamine, the effects of (-)-phenserine, a new 

ChEI, were evaluated in mild AD patients (n = 20) in a randomized double-blind 

placebo-controlled study. Phenserine is a tentative AD drug that demonstrates an 

additional mechanism of action as an inhibitor of the formation of β-amyloid precursor 

protein (β-APP). Mild AD patients treated with (-)-phenserine demonstrated an increase 

in cerebral glucose metabolism as evaluated by 18F-FDG-PET after 3 months compared 

with baseline. We also observed that cortical amyloid load, measured by 11C-PIB-PET, 

inversely correlated with CSF β-amyloid (Aβ) levels, suggesting that (-)-phenserine 

treatment influenced both brain and CSF amyloid. 

After treatment with galantamine and (-)-phenserine we observed the highest 

level of improvement of cognitive performance up to 3 to 6 months, and maintenance 

of cognitive performance was observed after 12 months’ treatment, indicating 

stabilization of the disease. Attention was shown to be the main cognitive domain 

improved by the treatment. Positive correlations were also observed between the 

changes in number of cortical nicotinic receptors, AChE inhibition and changes in 

cognitive measures of attention. 

In conclusion, the present findings demonstrate that utilizing the multi-tracer 

PET method is important in the investigation of functional activity, neurotransmitters 

and pathology in the brains of patients with AD, in conjunction with measures of 

cognitive function, to evaluate the efficacy of the currently available ChEI treatments 

and future treatment strategies. 
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1 INTRODUCTION 
1.1 Dementia 
One of the most common medical conditions occurring in older age is dementia. Dementia 

is a clinical syndrome featuring multiple cognitive deficits that are severe enough to affect 

social and daily life, and occupational functioning. According to the Diagnostic and 

Statistical Manual of Mental Disorders, 4th edition (DSM-IV), the affected cognitive 

deficits include memory (problems with learning new information or recalling previously 

known information) and at least one of the other forms of cognitive impairment such as 

aphasia (loss of word comprehension ability), agnosia (loss of skills in recognizing and 

using familiar objects), apraxia (loss of capability to perform complex tasks involving 

muscle coordination) and executive deficits (impaired ability in planning, organizing, and 

executing normal activities). 

Several dementia disorders have been identified, including (i) degenerative 

diseases: Alzheimer’s disease (AD), frontotemporal dementia (FTD), dementia with Lewy 

bodies (DLB), (ii) vascular dementias (VDs): post-stroke dementia, multi-infarct 

dementia, and (iii) secondary dementias: dementia in Parkinson’s disease (PDD), 

depression. 

Because of the “graying of the world” and the increasing number of persons 

suffering from dementia, costs of care and nursing demented persons have an enormous 

economic impact on health care and social service systems. Worldwide, it is estimated that 

approximately 29.3 million persons are suffering from dementia and the costs were 

estimated to be US$ 314.4 billion in 20051. 

 

1.2 Alzheimer’s disease 
Alzheimer’s disease (AD) is a progressive neurodegenerative disorder with clinical 

symptoms such as progressive loss of memory and other cognitive functions. Today AD is 

the most common cause of dementia, representing 50–70% of all cases. The disease was 

named after Alois Alzheimer, who in 1907 reported the case of a 56-year-old patient with 

abnormal protein formations called presenile plaques and tangles in her brain. She 

exhibited an obvious form of presenile dementia, to which Alzheimer gave his name. This 

dementia is referred to as dementia of the Alzheimer type, or DAT. 

The clinical criteria for AD were outlined in 1984 by a work group established by 

the National Institute of Neurological and Communicative Disorders and Stroke 

(NINCDS) and the Alzheimer’s disease and related Disorders Association (ADRDA)2. 



 

2 

The NINCDS-ADRDA criteria outline three levels of certainty for the diagnosis of AD: 

(i) probable, (ii) possible, (iii) definite. The criteria for the clinical diagnosis of probable 

AD require that dementia is established by clinical examinations. Diagnosis of probable 

AD can be made with confidence if there is an insidious onset and a progressive 

worsening of memory and other cognitive functions in the absence of other systemic or 

brain diseases that could account for the cognitive deficits2. A diagnosis of definitive AD 

requires histopathological confirmation by autopsy2. 

Since publication of the NINCDS-ADRDA criteria in 1984, elucidation of the 

biological basis of AD has advanced greatly, allowing an unprecedented understanding of 

the disease process. The clinical phenotype of AD is no longer described in exclusionary 

terms, but can be characterized more definitively on a phenotypic basis. Distinctive 

markers of the disease are now recognized, including structural brain changes visible in 

magnetic resonance imaging (MRI), molecular neuroimaging changes seen in positron 

emission tomography (PET), and changes in cerebrospinal fluid (CSF) biomarkers. The 

growing body evidence concerning AD biomarkers allows us to incorporate these into 

new diagnostic research criteria for AD. 

For staging of AD in a clinical setting, there are several methods, the mini mental 

state examination (MMSE)3 and the clinical dementia rating (CDR) scale4 being 

commonly used. The MMSE is based on a set of 30 items dealing with orientation, 

calculation, memory function, language abilities, attention and visuospatial function. The 

MMSE itself does not indicate anything about the cause of the cognitive decline. A score 

of 23 points or less is typically seen as a cut-off for cognitive impairment, indicating that 

further diagnostic evaluation is recommended3. A score of 24–30 in the MMSE is 

considered as no dementia, 19–23 indicates mild dementia, and 13–18 indicates moderate 

dementia5,6. However, these limits are under discussion. The CDR scale is a global rating 

scale. It rates impairment in six functional categories on a five-point scale (i.e. memory, 

orientation, judgement and problem-solving, community affairs, home and hobbies, and 

personal care). The outcome is CDR 0 – no dementia, CDR 0.5 – questionable dementia, 

CDR 1 – mild dementia, CDR 2 – moderate dementia and CDR 3 – severe dementia7. 

A variable period of prodromal decline in cognition usually precedes the formal 

diagnosis of AD, this stage being known as mild cognitive impairment (MCI). This, which 

is etiologically not homogeneous, in many cases represents a transitional state between 

healthy aging and AD. Among persons with MCI, about 30% have amnestic MCI, 

characterized by abnormal memory for age but normal general cognitive functioning8. 
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Approximately 12% of amnestic MCI patients show progression to AD each year and the 

proportion is up to 80% after 6 years8. 

The major risk factor of AD is age. Most cases of AD appear to be sporadic, and 

there are a small number of cases that result from genetic mutations (familial AD [FAD]). 

Mutations in three genes considered to be connected with early-onset FAD have been 

identified: those for amyloid precursor protein (APP) on chromosome 21, presenilin 1 

(PS1) on chromosome 14 and presenilin 2 (PS2) on chromosome 1, all leading to an 

increase in beta-amyloid (Aβ) production (Aβ40 and Aβ42)9. 

Apolipoprotein E (APOE ε4 allele on chromosome 19) is associated with a dose-

related risk as regards typical AD, which begins after the age of 60 years10. The isoforms 

of APOE include APOE ε2, APOE ε3 and APOE ε4. Forty percent of sporadic, late-onset 

AD patients have the APOE ε4 allele, whereas APOE ε3 is the most common allele in the 

general population. The risk of developing AD increases 8 times if two copies of APOE 

ε4 are inherited compared with two copies of APOE ε3. The ε3 allele is believed to 

represent no increased risk or a decreased risk, while the ε2 allele may confer some 

protection11. 

 

1.3 Neuropathology in Alzheimer’s disease 
Definitive diagnosis of AD can be made by hisopathological examination of brain tissue at 

autopsy2. The principle hallmarks of AD include: β-amyloid (Aβ) deposition in 

extracellular plaques and vascular walls, the accumulation of intracellular neurofibrillary 

tangles (NFTs), synaptic reduction, neuronal loss and volume loss (atrophy)12,13. The 

appearance of these pathological features probably takes place many years prior to 

cognitive symptoms14. 

Neurofibrillary tangles are intraneuronal bundles of paired helical filaments. The 

main structural component of NFTs is a normal constituent of cellular microtubules but in 

AD brain it is present in an abnormally phosphorylated form known as Tau protein15,16. 

Neurofibrillary tangles are not specific to AD and are found in a variety of other 

neurodegenerative conditions such as Down's syndrome, subacute sclerosing 

panencephalitis, Hallervorden-Spatz disease, Parkinson’s dementia, and dementia 

pugilistica17. A number of studies carried out in vitro and in vivo have shown Aβ protein 

to be directly toxic to neurons, leading to the aggregation and secondary phosphorylation 

of the tau protein. 

Plaques are formed from insoluble Aβ peptides that originate through processing 

of amyloid precursor protein (APP)18, which is a transmembrane protein widely expressed 
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in cells throughout the body and which is produced in several different isoforms ranging 

in size from 695 to 770 amino acids19. The C-terminal domain of APP contains the β-

amyloid (Aβ) region, which is processed by α-, β-, and γ-secretase cleavage20. Fig. 1 

illustrates amyloid processing. The Aβ peptides (38–42 amino acids) are deposited 

extracellularly, where they induce cell death. 

 

 
Figure 1: Schematic illustration of proteolytic processing of APP. Non-amyloidogenic 
processing of APP prevents the formation of Aβ, while amyloidogenic processing of APP 
generates Aβ. sAPPα: α-secretase-cleaved amyloid precursor protein; sAPPβ: β-secretase-
cleaved amyloid precursor protein; AICD: APP intracellular domain. 
 

Plaques can be divided into two types in the brains of AD patients: neuritic 

plaques and diffuse plaques. Neuritic plaques are mature and contain dense bundles of 

amyloid fibrils surrounded by areas of dystrophic neuritis, astrocytes and microglia21. 

Diffuse plaques are premature, contain non-structured amyloid, and are not surrounded by 

areas of dystrophic neuritis. Neuritic plaque may develop from diffuse plaque. 

The spatial pattern of Aβ plaques and NFT distribution in the neocortex depend on 

the severity of the disease. Braak and Braak13 proposed six stages of disease progression 

on the basis of the spatial pattern of NFT distribution in the brain. In the initial stages 

(‘‘transentorhinal’’ stages I and II), NFTs are observed in limited regions of the entorhinal 

cortex, in the ‘‘limbic’’ stages (III and IV) dense deposits of NFTs can be observed 

throughout the entire entorhinal cortex as well as in the hippocampal area with associated 

areas of the temporal lobe, cingulate gyrus, and orbitofrontal cortex having some deposits. 

In more advanced ‘‘cortical’’ stages (V and VI), NFTs finally spread throughout the 

neocortex, leaving only the sensory motor cortex relatively spared. 

The deposition of Aβ plaques also follows distinctive spatial and temporal 

patterns, for which Braak and Braak13 proposed three stages. In stage A, neocortical areas 

of the temporal lobe and orbitofrontal cortex first develop deposits of Aβ plaques, which 
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in stage B become denser in the same regions and also spread into the rest of the frontal 

lobe and into the parietal lobe. Finally, in stage C, Aβ plaques can be found throughout the 

entire neocortex. 

The above indicates that both pathologies (Aβ plaques and NFTs) affect specific 

regions of the brain. The patterns of distribution in the brain are important factors to 

consider in diagnostic work with in vivo imaging techniques targeting these pathologies. 

In advanced stages of the disease, when a diagnosis of probable AD can be made, the 

death toll of central nervous system (CNS) neurons is already heavy and has spreaded to 

regions beyond the hippocampus, one of the critical sites of neuronal damage13,22. These 

neuronal losses seem strongly correlated with the presence of abundant intraneuronal 

NFTs in the same areas but they are not well correlated with amyloid deposition23. 

 

1.4 The cholinergic nervous system 

Cholinergic neurons are widely distributed within the mammalian brain; the vast 

majority of the cholinergic innervations of the cerebral cortex originate in the basal 

forebrain. The hippocampus receives most of its cholinergic input from the medial septal 

nucleus and the vertical limb of the diagonal band of Broca, whereas the rest of the 

cerebral cortex and the amygdala receive their cholinergic input from the Nucleus 

basalis of Maynert24. 

The basic principles of cholinergic transmission are summarized in Fig. 2. 

Choline acetyltransferase (ChAT) catalyzes the synthesis of acetylcholine (ACh) from 

choline and acetyl Co A in the presynaptic site. Acetylcholine is the neurotransmitter 

that best correlates to cognitive function in the brain. To mediate neurotransmission, 

ACh binds with high affinity to nicotinic acetylcholine receptors (nAChRs) and 

muscarinic acetylcholine receptors (mAChRs). It is quickly inactivated by 

acetylcholinesterase (AChE), which hydrolyzes ACh to acetate and choline, thereby 

preventing the neurotransmitter from binding to and activating nAChRs and mAChRs. 
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Figure 2: The basic principles of cholinergic neurotransmission. 

Several types of neuron show degeneration in advanced AD, including 

glutamatergic- and serotonergic-mediated neurons. However, evidence suggests that the 

marked cognitive impairment seen in AD results from impaired cholinergic 

neurotransmission due to selective damage of specific neuronal circuits in the 

neurocortex, hippocampus and basal forebrain cholinergic system18. While some 

cholinergic fibers (e.g. striatal interneurons) remain healthy, severe degeneration is 

observed in the long cholinergic projection neurons that originate in the basal forebrain 

and innervate the cortex and hippocampus. Indeed, the cholinergic fibers that deteriorate 

in AD are known to be required for processing of attention, learning and memory (i.e. 

those higher cognitive functions that are lost in dementia). Those cholinergic neurons 

that originate in the Nucleus basalis of Maynert and innervate the cortex evidently 

control attention states and link motion and motivational pathways with cortical 

activation25. Septohippocampal cholinergic fibers can induce a specific rhythm and a 

cholinergic type of long-term potentiation in the hippocampus, and are required for 

formation of new memories24. 

 

1.4.1 Nicotinic acetylcholine receptors (nAChRs) 
The nAChRs are ligand-gated ion channels comprising five subunits, variously consisting 

of α2 to α10 and β2 to β4. Each subunit has the ability to combine with different subunits 

and form heterogeneous and homomeric receptors, giving rise to various subtypes with 
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individual pharmacological and physiological profiles and distinct anatomical 

distributions in the brain26,27. The most abundant nAChR subtype in the brain, accounting 

for most of the high affinity nicotine-binding sites, is made up of α4 and β2 subunits and 

has high affinity for cytisine, epibatidine and nicotine, and low affinity for α-

bungarotoxin28,29. The other main nAChR subtype, accounting for most of the high 

affinity binding of α-bungarotoxin, is made up of α7 subunits and has low affinity for 

nicotine, ACh and cytisine30. 

The nAChRs are widely distributed in the human brain. They are located pre- and 

post-synaptically and there are also peri- and extra-synaptic sites where they may 

modulate neuronal function by way of a variety of actions31. The distribution of nAChRs 

in vitro in the human brain has been mapped by radioligand binding and autoradiography 

studies with nicotinic ligands. Levels of the α4β2 nAChR subtype, measured by means of 

[3H]-nicotine and [3H]-epibatidine binding in human postmortem brain tissue, are high in 

the thalamus, caudate nucleus, substantia nigra, moderate in some regions of the cerebral 

cortex and cerebellum, and low in the hippocampus, amygdala and pons32,33. Levels of the 

α7 nAChR subtype, measured by means of [125I]-α-bungarotoxin in human postmortem 

brain tissue, are high in the hippocampus and substantia nigra and low in the cerebral 

cortex34,35. 

Patients suffering from AD experience a marked reduction in cortical nAChR 

binding36,37. Selective loss of the α4β2 nAChR subtype has been observed in vitro in post-

mortem brain tissue from patients suffering from AD38. Although reduction of α7 nAChR 

subtype levels has been observed in the frontal cortex39, no significant loss has been 

detected in the temporal cortex of patients with AD40. Significant increases in the total 

numbers of astrocytes and in astrocytes expressing the α7 nAChR subunit, along with 

significant decreases in the levels of α7 and α4  nAChR subunits on neurons have been 

observed in the hippocampus and temporal cortex in vitro in AD brain tissue41. 

Conversely, an increase in α7 nAChR sites in the temporal cortex has been measured in 

vitro in brain tissue from patients diagnosed with PD42, while a decrease was detected in 

α4 nAChR binding sites in the temporal cortex and caudate nucleus42. 

Neuronal nAChRs are involved in cognitive processes in the brain, where both α4 

and α7 subunits have been suggested to play an important role in cognitive function43. 

When nicotinic receptors were blocked with antagonist drugs in healthy human, the most 

prominent effect on cognition was concerned with attention rather than memory44,45. 

Attention may thus be associated with nAChRs, which represent one of the main targets in 

cholinergic replacement therapy46. 
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1.4.2 Muscarinic acetylcholine receptors (mAChRs)  
Muscarinic acetylcholine receptors belong to the metabotrophic G-protein-coupled 

receptor family. So far, five subtypes of mAChR (M1–M5) have been characterized. The 

M1 and M3 subtypes are localized to the somatodendritic cell surfaces of large pyramidal 

neurons throughout the cortex and hippocampus, as well as to the small cholinergic 

interneurons in the striatum47,48. In contrast, M2 and M4 mAChRs are predominantly 

present on axons of the large basal forebrain projection neurons that innervate cholinergic 

target cells throughout the cortex and the hippocampus49. 

Muscarinic neurotransmission is involved in several aspects of neuronal plasticity 

and functions including attention, learning, memory and cognition. The muscarinic 

binding sites are unchanged or increased in different forms of dementia associated with 

cortical cholinergic deficits, including AD, PD, DLB and Down’s syndrome49. 

 

1.4.3 Cholinesterase 
The enzyme cholinesterase (ChE) exists in two different forms in human, AChE and 

butyrylcholinesterase (BuChE), and they are generally considered to be independently 

regulated50. The former is more prominent and is the main ChE in the CNS. It is present in 

nervous tissue, muscles51, plasma and blood cells52. Butyrylcholinesterase, which mostly 

originates from the glial cells, is more common in serum53. However, the results of a study 

involving AChE knockout mice suggested that BuChE could substitute for AChE in 

hydrolyzing the neurotransmitter in the CNS54. The activity of AChE in the brain is 

highest in the basal ganglia and the basal forebrain nucleus, intermediate in the cerebellum 

and lowest in the cortex55. 

There are different molecular forms of AChE: i) asymmetric forms, generally 

localized at the neuromuscular junction, and ii) globular forms (G) that exist as monomers 

(G1), dimers (G2) and tetramers (G4). The globular forms may be either soluble or 

membrane-associated and are devoid of any detectable collagen-like compounds56,57. 

Three different natural splicing variants of AChE have been demonstrated in 

human58 (Fig. 3). Splicing takes place at the 3’ end of the original transcript and forms 

three alternative mRNA transcripts: i) membrane-associated synaptic AChE (AChE-S), 

which is the principal AChE in the brain and in muscle. AChE-S is encoded by mRNA 

carrying the common core exons (exons 2, 3 and 4) plus exon 6 (Fig. 3). ii) Erythrocyte 

AChE (AChE-E), located in the red blood cells, is derived from mRNA carrying exon 5 

instead of exon 6. In vertebrates, the type E and S splice variants are the most important59. 
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iii) A third mRNA carries intron 4 directly into exon 5, hence the name “readthrough” 

(AChE-R). In mammals, R transcripts are relatively abundant in embryonic liver and 

muscle and they seem to be specifically induced by stress and anti-cholinergic drugs in 

mouse brain60. 

 

 
Figure 3: Schematic figure of the AChE gene and the alternative splicing variants. Filled 
boxes represent exons that are linked together with the introns. 
 

The major forms of AChE in the CNS of mammals are monomers, dimers and 

tetramers of AChE-S subunits. In adult human brain, AChE activity is mainly present as 

the membrane-bound G4 form, and the more soluble G1 form, with minor contributions of 

G2 and other forms. With the decline in cholinergic function in the progression of AD, 

there is concurrent loss of brain AChE activity, especially that of the membrane-bound G4 

form61. On the other hand, BuChE activity remains unchanged or even increased by 40–

90%62,63 in the brains of patients with AD, probably as a result of glial cell proliferation or 

due to its inclusion within the Aβ plaques64. In contrast, both AChE and BuChE activities 

are reduced in the CSF of patients with clinical or histopathological diagnosis of AD, 

compared with age-matched controls65-67 and the reduction seems to correlate with the 

severity of dementia66,67. 

 

1.5 Tools for diagnosis  
Clinical diagnosis in AD is largely dependent on symptoms severe enough to interfere 

with daily living activities. It is well established that the neuropathology of AD begins 

several years before the onset of clinically evident AD symptoms. Alzheimer’s disease is 

therefore diagnosed late with respect to the biological onset and progression of the 

disease. By means of clinical, laboratory and imaging evidence, a provisional diagnosis of 
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either possible or probable AD can be made in living subjects. For the routine evaluation 

of dementia, several diagnostic tools are available in an academic hospital setting, as 

shown in Fig. 4. 

 

 
Figure 4: Schematic presentation for the assessment of Alzheimer’s disease in an 

academic hospital setting. 

 

1.5.1 Neuropsychological investigation 
The results of several studies have suggested that detailed neuropsychological assessments 

can accurately identify individuals experiencing mild or even unrecognized cognitive 

impairment and who are at greater risk of developing dementia.  

Human memory consists of multiple systems. A basic division is short-term or 

working memory, and long-term memory (LTM). In addition, LTM can be subdivided 

into multiple systems and a basic subdivision is declarative and non-declarative memory68. 

The declarative LTM system can be separated into episodic and semantic memory. 

Episodic memory refers to the encoding and retrieval of information about personally 

experienced past events. It deals with the acquisition and retrieval of information that is 

acquired in a particular place at a particular time. Episodic memory is typically assessed 

by asking a subject to recall or recognize some information learned in an experimental 

setting69 e.g. sentences, stories, words, pictures. It is believed that these measures of 

memory are related to medial temporal brain activity in particular70. 

Semantic memory concerns a network of associations and a concept of basic 

knowledge about the world, and an organized body of knowledge regarding words and 

concepts, and their meanings and associations. It can be measured by means of verbal 
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fluency tests, picture-naming, category-listing and identification of semantically related 

pairs. 

Attention is multidimensional and involves focusing, selecting, dividing, 

sustaining and inhibiting71. According to Parasuraman and Greenwood72 there are three 

primary components: selection, vigilance and control. It has been suggested that 

attentional decline is a primary reason for age-related differences in memory tasks73. Most 

studies have involved investigation of selective attention and the typical findings are 

activation of the prefrontal, mid-frontal, posterior parietal and anterior cingulate cortices 

and the thalamus74. 

Visuospatial ability comprises analyzing spatial information associated with visual 

perception, a complex process that depends on information from multiple brain areas in 

the parietal, temporal, and occipital lobes, mainly in the right hemisphere75. There is 

evidence to support the view that there are two main streams of visual information 

processing in the brain. An occipito-temporal stream (ventral system) subserving object 

identification, and an occipito-parietal stream (dorsal system) that is responsible for 

perceiving spatial relations between objects76. Assessment tools for visuospatial function 

are, for instance, block design77, clock drawing and reading78. 

In AD, particularly in mild and moderate stages of the disease, not all areas of 

cognition are equally impaired. Even with regard to memory, which is the main domain of 

impairment in AD, different memory functions are differentially degraded79. The first 

obvious cognitive symptoms appear in AD in episodic memory. This change can be 

detected in preclinical stages many years before clinical diagnosis80 and the memory 

deficits remain relatively stable until dementia diagnosis81. It seems that the episodic 

memory deficits are present as regards both verbal82 and non-verbal83,84 materials, as well 

as across different retrieval conditions such as free recall85, cued recall86 and recognition84. 

Impairment in semantic memory tasks is seen in AD even though the problems are less 

pronounced than those seen in episodic memory5. Language deficits are common in AD, 

and in some cases they are the most prominent early symptoms of the disease. A common 

language problem is word-finding difficulties. While memory is often impaired in FTD, 

behavioral difficulties are the most prominent feature. Patients with PDD, DLB and VD 

exhibit memory deficits associated with Parkinsonism in PDD and hallucinations in DLB. 

Attention deficits are prominent symptoms in AD and many attention operations 

are clearly impaired in early AD. The major functions affected are disengagement, shifting 

and dividing of attention. Other functions are less prominently affected or are affected 

only in later stages of the disease87. These attentional dysfunctions may represent the first 
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cognitive indicator of neocortical dysfunction in early stages of AD. Intact focusing and 

impaired disengagement of visuospatial attention may be linked to dysfunction in early 

AD of cortico-cortical networks linking the posterior parietal and frontal lobes88. 

Visuospatial ability generally tends to be impaired in AD and in some patients it is 

the most prominent symptom. It is involved in several cognitive areas, particularly visual 

perception, and constructional praxis. Highly significant correlations between clock 

drawing and global rating scale results89 indicate the usefulness of the clock drawing test 

in early diagnosis. 

Neuropsychological tests seem to be useful in the early identification of AD. 

Using tests that cover episodic memory, semantic memory, visuospatial ability, verbal 

ability and attention makes it possible to differentiate between normal aging and very mild 

AD, and they are useful in follow-up studies and evaluation of treatment effects. However, 

there is concern about the utility of neuropsychological assessments, since they are time-

consuming and because the subject’s performance may be influenced by their sensory 

deficits, premorbid intelligence, educational level, occupation and practice effects after 

repeated testing, and they may be biased by inter-examiner variance. For differential 

diagnosis, neuropsychological tests might be less useful, since differences in cognitive 

functions are difficult to detect in the early phase of AD90. 

 

1.5.2 Cerebrospinal fluid biomarkers 
Several forms of Aβ can be measured in CSF, using sensitive assays such as ELISAs. 

Levels of Aβ38 and Aβ40 in CSF do not differ in AD patients relative to controls91, but 

Aβ42 is selectively decreased in AD92,93. Levels of Aβ42 decrease in a dose-dependent 

manner according to the number of APOE ε4 alleles94,95. Low levels of CSF Aβ42 in AD 

may occur because deposits of Aβ42 may act as a sink and bind normally soluble Aβ42, 

impairing its diffusion in CSF or decreased clearance of Aβ42 from the brain to CSF. 

Postmortem CSF levels of Aβ42 correlate with the severity of plaque counts, supporting 

the sink hypothesis96. Levels of Aβ42 are decreased slightly in moderate to severe AD 

compared with mild AD. Studies of serial CSF samples have shown that levels of CSF 

Aβ42 remain stably decreased for at least 12 months in AD95. 

In CSF, levels of total tau (T-tau) are consistently increased in patients with AD 

compared with controls93,96. In AD patients, CSF T-tau remains stably increased over 3 to 

24 months94. This suggests that CSF tau levels reflect active or ongoing neuronal and 

axonal degeneration. Levels of CSF T-tau are elevated in many conditions beside AD, 

limiting its utility in differential diagnosis. Increased levels occur in non-dementia 
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disorders such as traumatic head injury, acute stroke, encephalitis, ALS and Guillain-

Barre syndrome97. This suggests that tau is non-specifically released in CSF when axons 

and neurons are damaged and destroyed. 

Increased levels of phosphorylated tau (P-tau) have been found in the CSF in AD 

patients98. However, this finding has been suggested not to reflect cerebral degeneration 

but to represent hyperphosphorylation and formation of NFT99. 

 

1.5.3 Neuroimaging  
1.5.3.1 Structural neuroimaging 

Structural neuroimaging, either computed tomography (CT) or magnetic resonance 

imaging (MRI), is already recommended for the initial evaluation of patients with 

dementia100. Such images are recommended and used to rule out other possible common 

causes of dementia, such as tumor, hydrocephalus and vascular lesions100. 

Neuropathological changes underlying AD first occur in the medial temporal 

lobe13. Therefore, structural neuroimaging in AD is focused on detection of Medial 

Temporal lobe Atrophy (MTA), particularly of the hippocampus, parahippocampal gyrus 

(including the entorhinal cortex) and amygdala, as well as ventricular enlargement. MRI 

and CT are indeed sensitive as regards MTA in AD101-103, the data correlating to AD 

pathology in postmortem104,105. Jack et al.106 found a yearly decline in hippocampal 

volume approximately 2.5 times greater in patients with AD than in normal aged-matched 

subjects, and a relationship exists between memory loss and hippocampal damage across 

the spectrum from normal aging to dementia107. Hippocampal atrophy is also a prominent 

characteristic of MCI patients and a qualitatively determined frequency of hippocampal 

atrophy in MCI is increased in comparison with controls108. On the other hand, 

hippocampal and parahippocampal volume loss has been reported to be significantly 

greater in patients with AD than in patients with DLB109, consistent with the relative 

preservation of memory that is seen in DLB. 

 

1.5.3.2 Functional neuroimaging 

1.5.3.2.1 Single photon emission computed tomography (SPECT) 

Evaluation of regional cerebral blood flow (rCBF) by SPECT, using the tracers 99mTC-

HMPAO or 99MTC-exametazime have shown reduction of the rCBF in the temporoparietal 

regions of AD patients110. The sensitivity of SPECT as regards clinical diagnosis of 

probable AD has been estimated to be 80%111 compared with 92–94% with PET112,113. 

Investigations involving SPECT might allow differentiation between AD and vascular 
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dementia114. SPECT studies have shown bilateral hypofrontal perfusion in patients with 

FTD115. SPECT has also been used for investigation of several other miscellaneous 

dementia disorders such as normal pressure hydrocephalus, Huntington’s disease, 

Parkinson’s disease, Creutzfeldt-Jacob disease and motor neuron disease116. 

 
1.5.3.2.2 Positron emission tomography (PET) 

Quantitative imaging of functional and pathological processes in the living human brain 

has recently become feasible through the development of PET imaging techniques. PET is 

a non-invasive tomographic method for imaging the regional distribution of radioactive 

tracers. It utilizes tracers labeled with positron-emitting radionuclides with short half-lives, 

such as 11carbon (~ 20 min), 13nitrogen (~ 10 min), 15oxygen (~ 2 min) and 18fluorine (~ 

110 min). For the PET procedure, the positron-emitting compound synthesized in a 

cyclotron is administered systemically and taken up by the brain, where it release 

positrons (positively charged electrons) which collide with electrons and are annihilated, 

releasing two gamma rays at 180° to each other. A ring of radiation detectors surrounding 

the head is used to measure the location of radioactivity within the brain. 

The multi-tracer PET concept has successfully been used to map cerebral 

metabolic function and blood flow, as well as a number of receptors, enzyme activity, 

amyloid and tangles in the living human brain. PET has proven to be a suitable method for 

evaluation of functional changes in brain aging and dementia117. It might facilitate early 

diagnosis, differential diagnosis and evaluation of drug treatment in patients suffering 

from AD. The PET tracers used in AD research are presented in Table 1. 
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Table 1: PET ligands used in molecular imaging for AD research 

 PET radioligands Assessment  

Functional  activity   
 11C-Butanol Cerebral blood flow 
 15O-H2O Cerebral blood flow 
 

18F-FDG Glucose utilization 

Neurotransmitters   
 11C-PMP AChE activity 
 11C-MP4A AChE activity 
 11C-BMP BuChE activity 
 11C-Nicotine Nicotinic receptors 
 18F fluoro-A-85380 Nicotinic receptors 
 11C-Benztropine Muscarinic receptors 
 11C-NMP Muscarinic receptors 
 18F-6-L-Dopa Dopamine receptors 
 18F-Setoperone 5-HT2 receptors 
 11C-β-CFT Dopamine reuptake site 
Neuropathology    
 11C-PIB Amyloid plaque 
 18F-FDDNP Amyloid and tau 
 11C-SB-13 Amyloid plaque 
 11C-BF-227 Amyloid plaque 
 11C (R)-PK11195 Microglia 

1.5.3.2.2.1 Functional activity 

1.5.3.2.2.1.1 Glucose metabolism 
The cerebral metabolic rate of glucose (CMRglc) in human is studied by means of 2-

(18F)fluoro-2deoxy-D-glucose (18F-FDG) and may reflect synaptic activity in different 

areas of the brain118. Since glucose is the main source of energy in the non-starvation state 

of the brain, a PET scan shows how well the brain cells are using glucose and how the 

neurons are firing. 

FDG-PET imaging shows that in AD, metabolic deficits are present in the 

neocortical association areas, with sparing of the basal ganglia, thalamus, cerebellum, 

primary sensory motor cortex and visual cortex119. PET determinations of glucose 
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metabolism in AD show a consistent pattern of reduced glucose metabolism, with the 

most prominent CMRglc reductions within the precuneus, posterior cingulate cortex120, 

and parietotemporal regions121, extending to the frontal cortex122 along with advancing 

disease. Given the excellent reproducibility of these findings, metabolic reductions within 

the parietotemporal and posterior cingulate areas are now considered to represent a 

reliable marker of early AD. This data has also been corroborated by several reports of a 

close relationship between hypometabolism, as measured by PET, and the degree of 

cognitive deficits and severity of dementia123, as well as with the postmortem diagnosis of 

AD124. In MCI patients, two brain regions, the anterior parahippocampal gyrus and the 

hippocampus, have shown significantly lower CMRglc compared with those in healthy 

controls125. In addition, CMRglc in the anterior parahippocampal gyrus correctly classified 

85% of healthy controls and MCI patients125. In another study, posterior cingulate and 

temperoparietal hypometabolism was observed in MCI patients when compared with 

controls. Progression of some of these patients to probable AD showed additional bilateral 

hypometabolism in prefrontal areas, with further reduction in the posterior cingulate and 

parietal cortex, with no such changes in those patients in the MCI group that remained 

stable126. 

The APOE ε4 allele is generally overrepresented in patients with AD. 

Significantly lower glucose metabolism (temporal, parietal and posterior cingulate) has 

been reported in cognitively normal ε4 carriers at risk of developing AD compared with 

non-ε4 allele carriers127,128. Furthermore, studies of asymptomatic members of families 

that have a history of AD also show significant parietal and temporal hypometabolsim 

compared with relatively normal control subjects129. 

Characteristic FDG-PET metabolic patterns are observed in patients with Lewy 

body dementia (temporal, parietal, occipital and cerebral deficits130); patients with 

frontotemporal dementia (frontal, anterior temporal lobe deficits131); Parkinson’s dementia 

(parietal, frontal, lateral temporal and visual deficits132), vascular dementia (focal 

subcortical and cortical hypometabolisn133) and depression (frontal hypometabolism134). 

1.5.3.2.2.2 Neurotransmitter system 

1.5.3.2.2.2.1 Acetylcholinesterase activity 
Cholinergic deficits, as evidenced by reduced ChAT and AChE activity levels in 

postmortem brain tissues and in CSF have been reported as the most severe and consistent 

neurochemical changes in AD135. 
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PET studies of AD are currently becoming more neurochemically specific with the 

development and application of tracers for the cholinergic system. In vivo brain AChE 

activity in patients with AD has been evaluated by means of the PET tracers N-[11C]-

methylpiperidine-4-yl propionate (11C-PMP) and N-[11C]-methylpiperidyl-4-yl acetate 

(11C-MP4A). 11C-PMP is an ACh analogue that serves as a selective substrate for AChE, 

with a specificity of 97% for AChE as determined in mouse brain homogenate136. The rate 

constant calculated is called k3 and it expresses hydrolysis of the tracer by AChE, 

remaining trapped in the tissues following AChE biodistribution, reflecting cholinergic 

innervation and function137,138. 

Acetylcholinesterase has been recognized as a reliable marker of brain cholinergic 

pathways, including those in the human brain139,140. It is localized predominantly in 

cholinergic cell bodies and axons. In the cortex, AChE is present in axons innervating it 

from the basal forebrain139. Kuhl et al.137 have demonstrated that cortical AChE activity as 

assessed by 11C-PMP PET does not change as a result of changes in blood flow and that 

cerebral atrophy had little influence on the measures of cortical AChE activity. By using 

this PET method, cortical AChE activity in AD patients has been reported to decline by 

16–45% compared with that in healthy controls138,141-143. On the other hand, patients with 

PDD had lower AChE activity compared with AD patients144, indicating more severe 

cholinergic pathway deficits than in AD patients. 

In addition to AD patients, Rinne et al.142 studied patients with MCI and observed 

8–17% reduction in cortical AChE activity compared with healthy controls. Reductions in 

AChE activity have been observed in MCI patients that converted to AD145, suggesting 

that AChE changes might precede the development of clinical AD and might even be used 

as a predictive factor. 

Eggers et al.146 used 11C-MP4A scans of AD patients to examine the effect of the 

APOE ε4 allele and found that AChE activity was lower in AD patients that did not have 

the APOE ε4 allele compared with those with the allele. These results indicate that cortical 

AChE activity is relatively well preserved in ApoE4 carriers, either by preservation of its 

cellular expression or as AChE activity in amyloid plaques. 

1.5.3.2.2.2.2 Nicotinic receptors 
Nicotinic acetylcholine receptors (nAChRs) have been implicated in a variety of central 

processes, such as attention, memory and cognition. Abnormally low densities of nAChRs 

have been measured in vitro in autopsy brain tissue of AD patients. There is a great 

interest in developing radiotracers to image nAChRs non-invasively in order to evaluate 

receptor impairment even at the presymptomatic stage of AD as well as to monitor drug 
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treatment outcomes147-150. There are three general classes of compounds developed as 

radiotracers for nAChRs: nicotine and its derivatives, epibatidine or azetidine and their 

derivatives, and 3-pyridyl ether derivatives, including A-85380148. 

(S)(-)[11C]-methyl nicotine (11C-nicotine) was the first PET ligand applied in 

monkeys and human for visualizing nAChRs in the brain. An earlier PET study has shown 

lower binding of 11C-nicotine in the brains of AD patients compared with control subjects, 

probably as a result of loss of high- and low-affinity nicotinic receptor sites151. In addition, 

reduction of cortical 11C-nicotine binding correlates with cognitive impairment in AD 

patients152. 

The major drawbacks of 11C-nicotine as a PET tracer are that nicotine is a non-

selective agonist of nAChR subtypes, it has short-term receptor interaction and its 

distribution strongly depends on cerebral blood flow153. The latter, however, can be 

overcome by applying dual tracer methodology154. Therefore, in several studies, kinetic 

models have been used to account for cerebral blood flow152,155,156. In this model, 11C-

nicotine binding is expressed as a rate constant (k2*) which is independent of cerebral 

blood flow, as confirmed in a study on monkeys154. In this paradigm, a low k2* rate 

constant corresponds to a high 11C-nicotine binding level in the brain. A significant 

increase in k2* values (loss of nicotinic receptors) has been observed in the temporal and 

frontal cortex and hippocampus of patients with AD compared with age-matched healthy 

controls152,155, which is in accordance with loss of cortical nAChRs in vitro in postmortem 

brain tissue from AD patients37. 

Although α4 nAChRs dominate in human brain, 11C-nicotine also has high affinity 

to other nAChR subtypes. Several different compounds have therefore been developed 

and tested in human in order to label the α4 nAChRs specifically in the brain by PET, e.g. 

2- and 6-[18F]-fluoro-A-85380157-159. In vitro binding studies with these ligands indicate 

very high affinity for α4β2 nAChR subunits160, although affinity for the α6β2 nAChR 

subtype could not be excluded161. Nevertheless, the major drawback with the 2- and 6-

[18F]-fluoro-A-85380 tracers is the considerably longer scanning time (7–8 hours) than 

with 11C-nicotine (one hour or less). It would be an interesting approach to see whether 

PET tracers for α7 nAChRs could be developed, since these receptor subtypes may have 

broad interaction with several neurotransmitter systems and pathological processes such as 

the development of Aβ plaque in AD162. 
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1.5.3.2.2.3 Pathology  

1.5.3.2.2.3.1 Amyloid  
Since Aβ plaque is at the center of pathogenesis of AD, many efforts are now focused in 

developing a radiotracer that allows imaging of Aβ plaques in vivo. To date, different 

compounds emanating from Congo red and thioflavine as amyloid dies have been used in 

amyloid imaging. Four amyloid PET ligands, 2-(1-(6-[(2-[18F]-fluoroethyl) (methyl) 

amino]-2-naphthyl) ethylidene) malononitrile (18F-FDDNP), N-methyl-[11C]-2-(4´-

methylaminophenyl)-6-hydroxy-benzothiazole (11C-PIB), 4-N-methylamino-4´ 

hydroxystilbene (11C SB13) and 2-(2-[2-dimethylaminothiazol-5yl]-6-(2-[fluorol] 

ethoxy)-benzoxazole or (11C-BF-227), have been applied in clinical studies. 
18F-FDDNP-PET tracer has been used in vivo as a chemical marker of cerebral 

amyloid and tau proteins. An initial study showed significantly higher FDDNP binding in 

the temporal, parietal and frontal regions of the brain in the patients with AD compared 

with older control subjects without cognitive impairment163. FDDNP binding in MCI 

patients has been reported to be intermediate between controls and AD patients164. In 

addition to this, FDDNP has also been shown to bind to protease-resistant prion protein 

(PrP) in an amyloid form in postmortem tissues in Creutzfeldt-Jacob disease (CJD)165 and 

in vivo in a patient with prion disease166. 

“Pittsburgh Compound B” (11C-PIB), a derivative of thioflavin-T amyloid dye, 

binds with high affinity and high specificity to neuritic Aβ plaques167,168. It does not show 

significant binding to diffuse plaque and NFT169. Human PIB-PET studies have shown 

robust cortical binding in AD patients170,171 and correlation with the rate of cerebral 

atrophy in subjects with AD172. Studies on PIB in MCI patients suggest that the amount of 

PIB binding is bi-modally distributed, with one subset of patients showing abundant 

neocortical PIB binding (PIB-positive) and the other showing only low, nonspecific 

binding (PIB-negative), which indicates a lack of fibrillar amyloid deposition. These 

initial findings indicate that 50% to 60% of MCI patients are PIB-positive173-175. 

Additionally, MCI patients who later converted to AD during the initial follow-up period 

showed significantly higher PIB retention than non-converters, suggesting the possibility 

of identifying MCI converters by using PIB173. Furthermore, PIB binding in other forms 

of dementia, for instance DLB, was lower than in patients with AD175, not significantly 

increase in early stage PD176 and it was absent in FTD175,177. 

The ability to visualize amyloid plaque in vivo by using PIB, and both plaque and 

tangles by using FDDNP offers an opportunity to follow the neuropathological progress of 

AD in living individuals. 
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1.5.3.2.2.3.2 Microglia 
The process of neurodegeneration in AD is associated with a local glial response 

within the brain parenchyma that involves activation of microglia. Activated microglia has 

a key role in the brain’s immune response to neuronal degeneration. Quantitave in-vivo 

measurements of glial activation were obtained with PET and 11C (R)-PK11195, a specific 

ligand for the peripheral benzodiazepine binding site and showed a significantly increased 

regional 11C (R)-PK11195 binding in the entorhinal, temporoparietal and cingulate cortex 

in patients with mild AD178. Further research is required to invent the new PET ligands to 

visualize the activated microglia. 

 

1.6 Treatment strategies in Alzheimer’s disease 
Various treatment strategies have been explored in order to prevent or slow down the 

progression of AD (Fig. 5). Although a large amount of primary basic and clinical 

research has been performed already, it appears very difficult to identify appropriate 

targets that would assure fast, effective and safe strategies to combat disease onset and 

progression. 

 

 
Figure 5: Present and possible future treatment strategies in AD. 
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1.6.1 Symptomatic/Neurotransmitter treatment  
So far, symptomatic cholinergic transmitter therapy with acetylcholinesterase inhibitors 

(AChEIs) and the NMDA (N-methyl-D-asparate) antagonist, memantine, are the only 

pharmacological treatment strategies in clinical use. The AChEIs increase the synaptic 

concentration of ACh, thereby enhancing and prolonging the action of ACh on the 

cholinergic system179,180. The three AChEIs currently used for mild to moderate AD 

(donepezil, rivastigmine and galantamine) have different pharmacological properties with 

diverse selectivity, inhibition and bioavailability180,181. 

A meta-analysis of 16 studies (>5,100 patients with mild to moderate AD) showed 

that AChEIs produced a modest but statistically significant difference compared with 

placebo on measures of global cognitive function182. Cholinesterase inhibitors have been 

shown to delay the rate of cognitive and functional decline for up to 1 year183-185 or 2 

years186. However, given the progressive course of the disease, long-term outcomes in AD 

are widely considered and more meaningful than short-term symptomatic improvement. 

Regarding cognitive decline, untreated AD patients have been reported to show average 

losses in the MMSE score of 3.4 points after 1 year, 6.5 points after 2 years and 9.1 points 

after 3 years187. As regards long-term effects of ChEIs, delayed nursing home admission 

over a 3-year period was demonstrated in one study184 but not in another186. Both failed to 

show a decline in the rate of cognitive or functional disability over the 3-year period. In 

another study, 5 years’ treatment with rivastigmine in AD patients showed improvement 

compared with projected mean scores in model-based untreated patients188. 

Evidence to date suggests that the effects of AChEIs extend beyond symptomatic 

benefits. The exact impact of these agents, and indeed of each particular agent, is still 

under investigation, but a number of studies have shown effects that are suggestive of 

disease modification. Patients who respond positively to donepezil or rivastigmine 

treatment have been reported to show increases in cerebral blood perfusion in areas of the 

brain concerned with attention and in the limbic network189,190. Positive effects on 

CMRglc have also been observed in AD patients treated with various ChEIs156,191-195. A 

study documenting a reduced rate of hippocampal atrophy in AD patients treated with 

ChEIs196 is also among several lines of evidence suggesting that these agents may exert 

more than just symptomatic effects in AD. Larger, long-term studies are needed to 

determine if ChEIs are indeed associated with a disease-modifying effect. 

The N-methyl-D-asparate (NMDA) antagonist memantine, currently representing 

the symptomatic treatment approved for moderate to severe AD, protects against the 

neurodegenerative effects of the excitatory neurotransmitter glutamate197. Memantine has 
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been used in combination with ChEIs. The durability of clinical improvement associated 

with memantine treatment is not known. 

 

1.6.2 Anti-amyloid disease-modifying treatment 
The neurotoxic peptide Aβ is a major component of the extraneuronal plaques that 

pathologically characterize AD. Retarding, halting, or even reversing the process that 

leads to the formation of Aβ in the brain is a major focus in the design and development of 

effective therapies for AD198. 

1.6.2.1 Amyloid precursor protein processing 

There are several attempts at new treatment strategies in AD. (-)-Phenserine is a 

recently developed ChEI, currently in clinical trials for mild to moderate AD. It has been 

found to inhibit AChE in human erythrocytes, with an IC50 value of 25–45 nM199,200. The 

IC50 value for inhibition of BuChE has been reported to be 1.56 µM for (-)-phenserine, 

which, therefore, displays 65-fold selectivity for AChE over BuChE201. It has been 

reported that besides its ChEI activity, (-)-phenserine also lowers APP and Aβ levels in 

neuronal cells in culture, and in rodents by translational regulation of APP protein 

synthesis202. Phenserine interferes with the 5´ untranslated region of human APP mRNA, 

decreasing the amount of translation into the actual protein. This property appears to be 

independent of its cholinergic action and provides (-)-phenserine with the potential to act 

beyond symptomatic treatment and to play a role in disease modification by down-

regulating all of the APP metabolites. In a recent clinical study, it has been demonstrated 

that (-)-phenserine (30 mg/day) treatment confers significant benefits as regards cognitive, 

functional and behavioral symptoms in patients with mild to moderate AD, compared with 

placebo203, which is in agreement with the results of numerous clinical trials with 

currently used ChEIs204. 

Typically, ChEIs have dose limitations because of undesirable side effects due to 

excessive amounts of ACh produced following treatment. Therefore, (+)-phenserine 

(posiphen), a chiral isomer largely devoid of anti-ChE activity205, which has entered phase 

1 clinical assessment, can be administered in higher amounts to achieve greater reductions 

in β-APP and Aβ206, thereby representing an interesting AD drug candidate in future. In a 

recent experimental study it has been shown that (+)-phenserine reduces APP protein in 

vivo and increases neuronal differentiation of human neural stem cells (HNSCs)207. 

1.6.2.2 Beta-amyloid clearance by immunization 

Another approach to prevent formation and enhance clearance of Aβ in the brain in AD 

patients is active and passive immunotherapy. Active immunization with Aβ in APP 
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transgenic mice resulted in a decrease in Aβ-containing plaques in the brain208. The 

mechanism by which active immunization increased amyloid clearance is not fully 

understood, but it may involve antibody-mediated phagocytosis and/or increased efflux of 

Aβ from the brain (i.e. the “peripheral sink” hypothesis)209. This strategy was applied in 

AD patients, but the clinical trial was terminated because some patients developed 

meningoencephalitis210. Neuropathological investigation of postmortem brain tissue from 

AD patients who had participated in the study showed a decreased number of Aβ plaques 

compared with controls, but an increase in the number of NFTs was also evident211,212. 

Passive immunization trials with humanized monoclonal antibody AAB-001, m266, and 

intravenous immunoglobulin are ongoing. 

1.6.2.3 Decreased beta-amyloid production 

One strategy for the development of anti-amyloid drugs is to block the production of Aβ. 

This effect might be obtained by inhibiting β-amyloid cleaving enzyme-1 (BACE-1) or γ-

secretase activities or by stimulating α-secretase activity213,214. A recent report shows that 

naphthyl and coumarinyl biarylpiperazine derivatives may act as potent inhibitors of 

human BACE-1215. γ-Secretase inhibitors (MK-0752, LY450139 and MPC7869) are 

currently in different phases of clinical trials. However, safety and pharmacokinetic 

problems hinder progress with this class of compounds209. 

1.6.2.4 Decreased beta- amyloid aggregation 

Blocking the assembly of Aβ into oligomers and fibrils, thereby preventing the toxic 

effect, is another strategy. Clioquinol216 glucosaminoglycan217, and ovine colostrinin (O-

CLN), a polypeptide complex derived from sheep colostrum218, have all been suggested as 

possible therapies. 

 

1.6.3 Inhibition of tau formation  
Hyperphosphorylation of tau is involved in the tau pathology seen in AD. Therefore, 

intervention in tau hyperphosphorylation by inhibition of the responsible kinase, such as 

cyclin-dependent kinase 5 (CDK5) and glucogen-synthase kinase-3β (GSK3β), might also 

be a possible therapeutic target214. 

 

1.6.4 Other treatment approaches  
1.6.4.1 Nerve growth factor 

Nerve growth factor (NGF) stimulates growth of cholinergic neurons and has been studied 

as a neuroprotective agent in spinal cord injury and different neurodegenerative disorders. 

Design of an effective delivery system is complicated, as NGF does not cross the blood-
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brain barrier219. Direct ventricular infusion of NGF was toxic in a small clinical trial220,221. 

In a recent study, implantation of genetically modified neurotrophin-producing autologous 

fibroblasts into the nucleus basalis of Meynert in six patients with mild AD was carried 

out. The results suggested that the treatment was well tolerated and after 18–24 months of 

follow-up the rates of cognitive decline appeared to improve222. 

 

1.6.5 Preventive therapies  
1.6.5.1 Epidemiological observations 

Epidemiological studies have shown that the prevalence of AD is decreased in patients 

that have received long-term treatment with non-steroidal anti-inflammatory drugs 

(NSAIDs)223, cholesterol-lowering drugs224, and estrogen225. 

1.6.5.2 Life-style 

The results of epidemiological studies, and studies carried out in animals, suggest that 

keeping both mentally and physically active when young and middle-aged decreases the 

risk of developing AD226. Life-style alterations that are thought to promote improved brain 

health include physical and mental stimulation, stress reduction and prevention of vascular 

insults. 
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2 THE AIM OF THE THESIS  
The overall aim of this thesis was to use the multi-tracer PET technique to study the 

functional and neurochemical changes in the brains of patients with mild AD during the 

natural course of the disease and during treatment with cholinesterase inhibitors (ChEIs) 

and/or anti-amyloid therapy in conjunction with investigation of CSF biomarkers, ChE 

activity and cognitive performance. 

 

 
 

Figure 6: Overall aim of this thesis 

 

The specific aims were: 

To investigate the relationship between measures of cognitive function and 11C-

nicotine binding for nicotinic receptors in vivo in the brains of patients with mild AD, as 

assessed by PET. 

To evaluate the short- and long-term changes in cortical nicotinic receptor binding 

as assessed by 11C-nicotine-PET following treatment with the pseudoirreversible ChEI 

rivastigmine and the reversible inhibitor galantamine. 

To evaluate the changes in cortical AChE activity as assessed by 11C-PMP-PET in 

patients with mild AD treated with galantamine in association with levels of AChE in 

CSF. 
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To investigate the effects of a new treatment strategy in AD, (-)-phenserine, on 

amyloid load by 11C-PIB-PET, and glucose metabolism by 18F-FDG-PET in the brain. 

To investigate changes in cognitive performance in AD patients treated with 

galantamine and (-)-phenserine. 

To investigate whether AD patients’ performance in cognitive tests such as 

attention and memory tests correlates with brain functional activities following treatment 

with ChEIs. 
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3 MATERIALS AND METHODS  
3.1 Designs of studies, and patients 
 

3.1.1 General information 
Patients diagnosed with probable AD were invited to participate in the treatment studies, 

with rivastigmine (Papers I, II), galantamine (Papers I, III, IV) and (-)-phenserine (Paper 

V). 

All patients and their responsible care-givers provided written informed consent to 

participate in the study and it was conducted according to the declaration of Helsinki and 

subsequent revisions and was approved by the Ethics Committee of Karolinska University 

Hospital Huddinge and the Faculty of Medicine and Radiation Hazard Ethics Committee 

of Uppsala University Hospital, Sweden. Information regarding the papers (I–V) is 

presented in Table 2. 

 

Table 2: Information regarding the papers (I–V) 

Paper  No. of 
patients 

Drug Mean 
age 

Mean 
MMSE 

Neuropsy
-chology 

PET CSF 

Paper I 27 X 70 27 Yes  11C-nicotine 
15O-water 

X 

Paper II 10 Rivastigmine  70 25 Yes  11C-nicotine 
15O-water 

AChE, 
BuChE 

Paper III 18 Galantamine  69 26 Yes  11C-nicotine 
15O-water 
11C-PMP 

AChE, 
BuChE 

Paper IV 18 Galantamine 69 26 Yes  11C-PMP AChE, 
BuChE 

Paper V 20 Phenserine and 
Donepezil  

68 24 Yes  18F-FDG,  
11C-PIB 

Aβ, tau,  
p-tau 

 
3.1.2 Inclusion and exclusion criteria 
3.1.2.1 Inclusion Criteria 

Patients who met all of the following criteria were eligible for enrollment into the studies: 

Subjects with a diagnosis of probable AD according to NINCDS-ADRDA criteria as 

modified below: 

• Dementia established by clinical examination and documented by the MMSE score, and 

confirmed by neuropsychological testing. 

• Deficits in 2 or more areas of cognition. 
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• Cognitive decline in memory and other cognitive function that had been progressive over 

a period of at least 6 months. 

• Evidence of sustained memory deterioration in an otherwise alert patient, plus additional 

impairment in at least one of the following five areas: orientation, judgment and problem 

solving, functioning in community affairs, functioning at home and in hobbies, or 

functioning in personal care. 

• No disturbance of consciousness. 

• No evidence of systemic disorders or other brain diseases that could account for the 

dementia. 

• CT/MRI scan during the previous 12 months. 

• PET evaluation (18F-FDG) with AD glucose metabolism deficit characteristics during 

the previous 3 months. 

• Subjects had mild dementia as determined by a MMSE score of ≥20. 

• Subjects had the opportunity to perform certain activities of daily living. 

• Subjects lived with or had regular visits from a responsible care-giver (preferably daily 

but at least 5 days/week).  

• Disease onset between the ages of 40 and 90 years. 

3.1.2.2 Exclusion Criteria 

Subjects meeting one or more of the following criteria could not be enrolled in the study: 

• Neurodegenerative disorders, such as Parkinson’s disease, Pick’s disease or 

Huntington’s chorea, Down’s syndrome, or Creutzfeldt-Jacob disease. 

• Cognitive impairment resulting from the following: acute post-traumatic brain injury or 

injuries secondary to chronic trauma (such as boxing).  

• Hypoxic cerebral damage due to diseases/conditions other than cerebrovascular disease 

or cardiac causes of cerebral ischemia. 

• Stroke following an episode of cardiac arrest and/or a current acute stroke (within the 

last 6 weeks). 

• Vitamin deficiency states, such as folate, vitamin B12, and other B complex deficiencies. 

• Infection, such as cerebral abscess, neurosyphilis, meningitis, encephalitis, or 

autoimmune deficiency syndrome (AIDS). 

• Primary or metastatic cerebral neoplasia. 

• Significant endocrine or metabolic disease. 

• Mental retardation or oligophrenia. 

• Any history of epilepsy or convulsions, except for febrile convulsions during childhood. 
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• Current clinically significant psychiatric disease (as judged by Diagnostic and Statistical 

Manual of Mental Disorders, 4th edition [DSM-IV] criteria), in particular current major 

depression or schizophrenia. 

• Active peptic ulcer, i.e., treatment began <3 months previously, or if treated symptoms 

were still present. 

• Clinically significant hepatic, pulmonary, renal, metabolic, or endocrine disturbance. 

• Clinically significant urinary outflow obstruction. 

• Current, clinically significant cardiovascular disease that would be expected to limit the 

subject’s ability to complete the 12-month study.  

• Any agent used for the treatment of dementia (approved or experimental, including over-

the-counter agents). 

• Smoker or ex-smoker who has been smoking during the previous 3 months. 

• History of severe drug allergy or hypersensitivity, including recorded hypersensitivity to 

cholinesterase inhibitors, choline agonists, or similar agents or bromide. 

• Previous enrollment in another ChEI study. 

• Treatment with investigational medication within the previous 30 days. 

 

3.1.3 Paper I 
Twenty-seven patients (11 women and 16 men) with mild AD (age: 70 ± 8 years, MMSE 

score: 27 ± 3; mean ± SD) were recruited from the Department of Geriatric Medicine, 

Karolinska University Hospital Huddinge, Stockholm, Sweden. In this study, no subjects 

were taking any anticholinesterase drugs. The patients later participated in a PET study 

involving treatment with rivastigmine and galantamine. 

In this study, we also used neuropsychological data from 36 healthy controls (age: 

69 ± 8, MMSE score: 29 ± 1; mean ± SD). These subjects had no history of neurological, 

psychiatric or major medical disease and had normal neurological examination results at 

the time of the study.  

3.1.4 Paper II 
This was an open-label, 12-month study undertaken at the Department of Geriatric 

Medicine, Karolinska University Hospital Huddinge, Stockholm, Sweden and at the PET 

Center, Uppsala Academical Hospital, Uppsala University, Uppsala, Sweden. Ten 

subjects (3 women and 7 men) with a diagnosis of mild AD (age: 70 ± 2 years, MMSE 

score: 25 ± 1; mean ± SE) were included in the study and were treated with rivastigmine 

for 12 months. All patients received rivastigmine (Exelon®, Novartis) twice daily together 

with food. The dose of rivastigmine was started at 1.5 mg b.i.d. and was increased every 2 
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weeks in increments of 1.5 mg b.i.d. The maximum dose was 12 mg/day, but patients 

finding the potency of the drug difficult to tolerate were maintained on a lower dose.  

3.1.5 Papers III and IV 
The patients were recruited from the geriatric clinics at Karolinska University Hospital 

Huddinge and the Danderyd Hospital, Stockholm, Sweden, for memory impairment. 

Eighteen patients with mild AD (8 women and 10 men) (age: 69 ± 2 years, MMSE score: 

26 ± 1; mean ± SE) were included in the study. The first three months of the study was 

double-blind placebo-controlled, where six AD patients were randomly assigned to 

receive placebo and twelve patients received galantamine (flexible dose; 16–24 mg daily). 

After 3 months, the placebo group switched to galantamine treatment for 9 months while 

the galantamine group continued on galantamine. 

3.1.6 Paper V 
This was a 12-month study involving 20 subjects (15 women and 5 men) with mild AD 

(age: 68 ± 2 years; MMSE score: 24 ± 1; mean ± SE) recruited from the Department of 

Geriatric Medicine, Karolinska University Hospital Huddinge, Stockholm, Sweden. The 

first 3-month period was a double blind, placebo-controlled, randomized period. The 

subjects were grouped according to the treatment they received; placebo group (n=10) and 

phenserine (30 mg/day) group (n=10). The second 3-month period (3 to 6 months) was an 

open-label extension phase, during which subjects in the placebo group received donepezil 

(5 mg/day) and subjects in the phenserine group remained on phenserine. After 6 months, 

all subjects received phenserine treatment from 6 to 12 months and were clinically 

followed-up with neuropsychological tests. 

 

3.2 Neuropsychological assessment  
In order to evaluate the effects of long-term ChEI treatment on the cognitive abilities of 

patients with mild AD and to investigate whether the changes in cognitive functions 

correlated with the changes in brain functional activities, the patients underwent a battery 

of neuropsychological assessments at baseline (pre-drug treatment) and after 3, 6, 9 and 

12 months of treatment. Global cognition function was estimated by means of the MMSE3 

(Papers I –V), and the Alzheimer’s Disease Assessment Scale-cognitive subscale (ADAS-

cog)227 (Papers III & IV).  

Episodic memory was evaluated (Papers I –V) by using two measures from the 

Stockholm Gerontology Research Center test228 of memory for words: 1) the number of 

correct responses in free recall of words (word recall); and 2) the d-prime value (an 
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integration of correct responses and false alarms following decision theory) in recognition 

of words (word recognition-d). 

Attention was assessed (Papers I –V) by using two measures: 1) the number of 

correct responses in the Digit Symbol response (Attention-DS) test from the revised 

Wechsler Adult Intelligence Scale229; and 2) the time needed to complete Trail Making 

Test A (TMT-A)230. 

Visuospatial ability was judged (Papers I –V) on the basis of the number of correct 

responses in drawing and recognition of clock time78. 

 

3.3 Positron emission tomography assessments  
PET studies were performed (Papers I –V) at the PET-Center, Uppsala Academical 

Hospital, Uppsala University. 

We applied the multi-tracer PET concept to evaluate functional and neurochemical 

changes in the brains of patients with mild AD. The following tracers were used in this 

project: [15O]-water-for regional cerebral blood flow, (S)(-)[11C]-methyl nicotine (11C-

nicotine) for nicotinic receptor, [11C]-methylpiperidine-4-yl-propionate (11C-PMP) for 

AChE activity , [18F]-2-deoxy-d-glucose (18F-FDG) for glucose metabolism and N-methyl 

[11C] 2-(4´-methylaminophenyl)-6-hydroxy-benzothiazole (11C-PIB) for amyloid binding. 

The tracers were synthesized according to a standard manufacturing procedure for each 

tracer, following the guidelines in Radio-pharmaceutical preparations (D125) and local 

QC procedures, and the method of synthesizing PIB is described in detail elsewhere171,231. 

PET was performed using either of two Siemens ECAT HR+ cameras with an 

axial field of view of 155 mm, providing 63 contiguous 2.46 mm slices with 5.6 mm 

transaxial and 5.4 mm axial resolution. The orbitomeatal line was used to center the 

subjects so that the first slice corresponded to the lowest level of the cerebellum. 

3.3.1 Analysis of PET data 
Regions of interest (ROIs) were drawn on a PET image where the brain anatomy was seen 

most clearly. Most of the ROIs were delineated in several consecutive slices and were 

linked, i.e. summed up to a volume of interest (VOI). The defined regions were checked to 

ensure that they were inside the realigned volume for every PET scan. 

The regions delineated were putamen, thalamus, parietotemporal cortex and the 

whole brain at the level of basal ganglia in one slice per region; pons, sensorimotor cortex, 

primary visual cortex, cerebellum and frontal association cortex were drawn in two 

consecutive slices; frontal cortex and anterior cingulate cortex in four consecutive slices; 

and the parietal cortex in 6 consecutive slices. The regions for the temporal cortex were 
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drawn in 6 consecutive coronal slices, and the medial temporal lobe in 2 coronal slices, 

with a slice thickness of 8 mm. 

 

3.4 Statistical analysis  
Data are expressed as mean ± SD (Paper I) and mean ± SE (Papers II–V). The two-tailed 

paired t-test was applied to compare baseline versus other time points in analysis of 

treatment effect (Paper II). The effects of treatment (Papers III & IV) were also analyzed 

by means of two-way repeated measures ANOVA of the raw data. In Paper V, between-

group comparisons at specific time points were carried out by means of analysis of 

covariance (ANCOVA). In this model, absolute or percentage changes from baseline were 

used as dependent variables, with baseline value as a covariate. Two-tailed Pearson’s 

correlation coefficients or Spearman’s Rank correlations, as appropriate, were used in 

correlation analysis, which was then visualized graphically using simple regression plots. 

All statistical tests were two-tailed and at the 0.05 level of significance. 

An important limitation of our studies is that relatively large numbers of statistical 

analyses were performed on PET parameters in relation to the cognitive function data and 

CSF and plasma biomarkers, which were not corrected for multiple comparisons, and this 

may render some of the results liable to be obtained by chance. For this reason, we 

emphasize the result patterns rather than isolated findings. On the other hand, our studies 

were designed primarily as a PET investigation and therefore included a small group of 

patients with mild AD. These features make it necessary to be cautious when interpreting 

the data, since small sample size may result in a lack of statistical power, although this 

might make the significant results even more interesting. 
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4 RESULTS AND DISCUSSION 
 

4.1 Correlation between cortical nicotinic receptors and cognition in 
patients with mild Alzheimer disease 

Neuronal nAChRs are involved in cognitive processes in the brain, where both α4 and α7 

subunits have been suggested to play an important role in cognitive function43. When 

nAChRs were blocked with antagonist drugs in healthy human, the most prominent effect 

on cognition was concerned with attention rather than memory44,45. In clinical studies, 

Newhouse et al.232 showed evidence of improvement in cognitive function following 

intravenous injection of nicotine in AD subjects. Nicotine administration by subcutaneous 

injection has been shown to improve attention-related task performance in AD233. 

In Paper I, we used PET and a five-parameter dual tracer model with 15O-water 

and 11C-nicotine to determine nicotine binding sites (k2*) in the brain. In this paradigm, a 

low k2* rate constant corresponds to a high 11C-nicotine binding level in the brain. We 

found that cortical nicotine binding was correlated with the results of attention tests (Digit 

Symbol and TMT A, Fig. 7) but not with those of an episodic memory test. 

 

 
Figure 7: Correlation between mean cortical 11C-nicotine binding (k2*) and attention test 
results (Digit Symbol test); higher scores indicate better cognitive function in patients with 
mild AD. Lower (k2*) values indicate more 11C-nicotine binding. All values are absolute. 
 

Regional analysis showed that 11C-nicotine binding in the frontal and parietal 

cortices, which are the main areas as regards attention, correlated significantly with the 
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Digit Symbol and TMT-A results. These findings are in accordance with the results of a 

study on AD patients showing that another cholinergic marker, i.e. cortical AChE activity 

measured by 11C-PMP PET, was more robustly associated with the cognitive functions of 

attention and working memory compared with performance in primary memory234. 

 

4.2 Changes in cortical 11C-nicotine binding following treatment with 
cholinesterase inhibitors 

Cholinesterase inhibitors such as tacrine155,156,192 and NXX-066235 have been shown to 

increase 11C-nicotine binding after short-term treatment in the brains of patients with AD. 

In an in vitro study, it has also been shown that galantamine, tacrine and donepezil up-

regulate nAChRs in M10 cell cultures expressing α4 nAChR236. 

In this thesis, we demonstrated the effects of rivastigmine and galantamine 

treatment on cortical 11C-nicotine binding in patients with mild AD. In Paper II, 

following rivastigmine treatment, 11C-nicotine binding sites were significantly increased 

(12–19%) in several cortical brain regions after 3 months compared with baseline, while 

the increase was not significant after 12 months of treatment. In contrast, in the 

galantamine-treated AD patients (Paper III), we found that galantamine leads to the 

maintenance of cortical 11C-nicotine binding after both short-term (3 weeks–3 months) 

and long-term (12 months) treatment. This observation is consistent with the findings in 

another galantamine study, in which no significant changes in cortical nicotinic binding 

sites were observed using a selective α4β2 nAChR PET tracer, [18F]-fluoro-A-85380, in 

patients with mild AD following eight weeks of galantamine treatment237. Fig. 8 illustrates 
11C-nicotine binding in the right parietotemporal cortex following rivastigmine and 

galantamine treatment in patients with mild AD. 

The restoration of cortical nicotinic receptors following use of the ChEIs tacrine 

and rivastigmine, may be due to the secondary stimulation of nicotinic receptors caused by 

AChE inhibition and hence increased amounts of ACh in the synaptic cleft, which in turn 

may lead to desensitization and finally up-regulation of nicotinic receptors to maintain 

adequate signaling. 
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Figure 8: Absolute 11C-nicotine binding (1/k2*) in the right parietotemporal cortex 
following rivastigmine (a) and galantamine (b) treatment in patients with mild AD. Higher 
1/k2* values indicate more 11C-nicotine binding. The values are given as mean ± SE. *p ≤ 
0.05 indicates significantly increased binding compared with baseline at the specified 
treatment intervals. 

 

A plausible mechanistic explanation of the lack of significant increase in cortical 
11C-nicotine binding following galantamine treatment in AD patients may be inferred 

from allosteric interaction of galantamine with nAChRs. The results of experimental 

studies suggest that galantamine may directly bind to nAChRs and act as an allosterically 

potentiating ligand (APL)238, which may both sensitize nAChRs and slow down receptor 

desensitization238-240. Considering this possible APL activity of galantamine on nAChRs, 

together with its inhibitory action on AChE, leading to persistence of ACh at the synapses, 

we might intuitively expect a small decrease or maintenance of the in vivo nicotine 

binding sites, as observed in the present study. We assumed that the effect of galantamine 

on nAChRs might be dose-dependent and an increase in 11C-nicotine binding might be 

observed at higher galantamine concentrations, as we observed positive correlations 

between cortical 11C-nicotine binding and plasma galantamine concentrations following 

both short- and long-term treatment (Fig. 9). From this finding, we speculated that there 

would be an effect of galantamine on cortical nicotinic receptors in AD patients with 

higher drug concentrations, similar to the effects of other ChEIs (rivastigmine, tacrine). 

Since, we observed positive correlation between cortical nicotinic receptors and cognitive 

function, after galantamine treatment (see Fig. 16b).  
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Figure 9: Positive correlations between mean cortical 11C-nicotine binding (k2*) and 
plasma galantamine concentration. The k2* values are expressed as percentage changes 
from individual baseline values. A positive k2* values indicate more 11C-nicotine binding. 
 

4.3 Effects of cholinesterase inhibitors on cortical acetylcholinesterase 
activity 

By using 11C-PMP-PET we found 30–40% cortical AChE inhibition following 3 weeks to 

12 months of galantamine treatment (Paper III) (Fig. 10). It is known that galantamine is 

a moderate inhibitor of AChE241. However, the level of cortical AChE inhibition achieved 

by means of galantamine in our study seems to be larger than the 19–27% level of cortical 

AChE inhibition reported by others in AD patients following 8–12 weeks of donepezil 

treatment at 10 mg/day, using the same PET tracer (11C-PMP)234,242. However, the results 

are in line with the 29–39% cortical AChE inhibition observed after donepezil at 3–5 

mg/day243,244, or rivastigmine at 9 mg/day243, using a different PET tracer (11C-MP4A). 

 

 
Figure 10: Mean cortical AChE activity measured by 11C-PMP in patients with mild AD 
following placebo or galantamine treatment. Data are expressed as mean ± SE. Post-
treatment k3 expressed as percentage decrease from baseline value. ***p<0.0001 indicates 
significant differences compared with baseline. 
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The most reasonable explanation for the 30–40% cortical inhibition following 

galantamine treatment may be deduced from the observation in our study (Paper III) that 

the galantamine concentration was comparable in plasma and CSF (Fig. 11). This 

indicates good penetration of the drug into the brain, whereas it has been shown that 

donepezil concentrations in CSF are about one-tenth of plasma levels245. 

 

 
Figure 11: Positive correlation between plasma and CSF galantamine concentrations after 
3 months. 
 

4.4 Interrelationship of acetylcholinesterase activity in the brain and 
cerebrospinal fluid after treatment with cholinesterase inhibitor 

Increased CSF AChE activity has been observed in several studies on AD patients treated 

with reversible ChEIs such as tacrine (approx. 50% increase)246, donepezil (a four-fold 

increase)247 and galantamine (a two-fold increase)247. PET studies, in contrast, have shown 

AChE inhibition in vivo in cortical brain regions among AD patients treated with 

donepezil or galantamine (see section 4.3). A clinically relevant question, therefore, is 

whether the increased CSF AChE activity in response to reversible ChEIs reflects the 

development of tolerance to the treatment or is a consequence of at least partial 

stimulation of the cholinergic and related neuronal networks. 

A significant dose-dependent reduction of AChE activity has been observed in the 

CSF of AD patients treated with the pseudoirreversible ChEI rivastigmine, as assessed by 

Ellmam’s colorimetric assay248. In contrast, measurement of AChE activity by means of 

this assay (Paper IV) showed increased AChE activities in the CSF of AD patients treated 

with the reversible ChEI galantamine (Fig. 12), which is compatible with the effects of 
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another reversible ChEI, donepezil, in AD patients245. CSF AChE activity was increased 

by about 25% after galantamine treatment compared with baseline, which was highly 

disproportional to the strong increases (50–80%) in the protein level of the enzyme in CSF 

(AChE-S and AChE-R protein level), assessed by the ELISA-like method (see Fig. 12). 

 

 
Figure 12: The elevated level of CSF AChE activity is highly disproportional to the 
increased protein of the CSF AChE variants in the AD patients treated with galantamine. 
The data are given as mean ± SE. *p<0.05, **p<0.01 and ***p<0.001 compared with the 
baseline at the specified treatment intervals. 

 

By normalizing AChE activity to its protein level in CSF, a significant reduction 

was observed in CSF AChE activity compared with the baseline level in galantamine-

treated AD patients (Paper IV). In response to galantamine treatment, the activities of the 

CSF AChE-S and AChE-R variants were inhibited by 30–36% and by 24–32%, 

respectively (Paper IV). By using 11C-PMP-PET, we observed 30–40% in vivo AChE 

inhibition in the cortical brain regions of the same AD patients treated with galantamine 

(Paper III), which is consistent with the 30–36% inhibition of the synaptic AChE variant 

in the CSF of the patients. In addition, we showed that AChE-S inhibition in the CSF 

strongly correlated with the similar reduction in brain AChE activity as assessed by PET 

(Fig. 13). Thus, the elevated CSF AChE activity and protein levels observed following 

treatment with the reversible ChEI galantamine reflects in vivo AChE inhibition in the 

brain rather than tolerance to the ChEI. 
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Figure 13: Positive correlation between the averaged in vivo AChE inhibition in overall 
brain regions and the inhibition of the synaptic AChE variant in CSF after 3 months’ 
follow-up. 
 
4.5 Effect of cholinesterase inhibitors treatment on regional cerebral 

glucose metabolism 
By using 18F-FDG PET, we observed a generalized increase (7 ± 3%, mean ± SE) (range: 

4–10%) in rCMRglc in cortical regions after 3 months and maintenance after 6 months’ 

treatment with phenserine in AD patients, compared with their baseline levels (Paper V) 

(Fig. 14). In addition, we showed positive correlations between rCMRglc in different 

cortical brain regions versus neuropsychological test results. We speculate that this finding 

is most likely related to the ChEI effect of phenserine treatment.  

Several other ChEIs, such as donepezil, have shown significant treatment 

differences in rCMRglc compared with placebo after 24 weeks, in several cortical brain 

regions195. In a pilot study with rivastigmine-treated AD patients, improvement or relative 

stabilization of rCMRglc in rivastigmine-treated patients compared with placebo-treated 

ones has been reported193. In addition, a study of patients with mild AD over the course of 

a year has shown a dose-related increase in rCMRglc in the right frontal association region 

with rivastigmine treatment. Positive correlations have been observed between changes in 

rCMRglc and the results of several cognitive tests in patients receiving relatively high 

doses (10.5–12 mg/day) of rivastigmine194. In another study, cognitive and behavioral 

responders among galantamine-treated AD patients have shown clinically related 

improvements in prefrontal network metabolism along with thalamic activation191. A 

positive effect on rCMRglc has also been shown in AD patients treated with tacrine156,192. 
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In our study (Paper V), we did not observe any significant effect on rCMRglc 

when the placebo group switched to donepezil treatment (Fig. 14). The lack of effect on 

rCMRglc might be a result of the low dose of donepezil (5 mg), but it is more plausible 

that the discrepancy between the effects of phenserine and donepezil on rCMRglc might 

reflect the 3-month lag-time before initiation of active treatment in the placebo/donepezil 

group. 

 

 
Figure 14: Mean cortical glucose metabolism (rCMRglc, normalized to the pons). Data 
are expressed as mean ± SE. Post-treatment rCMRglc values were expressed as 
percentage changes from baseline. Positive rCMRglc values indicate increased rCMRglc. 
 

The generalized increase in rCMRglc in cortical regions after short-term treatment 

with phenserine and other ChEIs could cause excitation in the brain, and thus increase 

neuronal usage of glucose. Alternatively, after 3 months’ treatment, the increase in cortical 

glucose metabolism after phenserine (Paper V), and 11C-nicotine binding after 

rivastigmine treatment (Paper II) in AD patients, might indicate an acute phase of 

neuronal and/or synaptic plasticity in response to stimulation by short-term ChEI therapy. 

This synaptic plasticity in turn could lead to remodeling of the cholinergic and related 

neuronal networks in the brain, clinically manifested by a reduction in the progression of 

the disease in ChEI-treated patients following long-term treatment. 

 

4.6 Effect of phenserine on beta-amyloid in the brain and cerebrospinal 
fluid 

Reduction of the levels of Aβ plaque in the brain is a major focus in the design and 

development of effective therapies for AD198. Studies with monoclonal antibodies and 
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vaccines directed against Aβ have shown reduction of plaques in transgenic mice 249,250 

and non-human primates 251, and therefore have been used in the study of patients with 

AD 252. In an experimental study both (-) and (+)-phenserine have been shown to decrease 

Aβ levels in cell cultures and mouse brain206. 

In the phenserine-treated AD patients (Paper V), at the mean cortical level, we did 

not observe any significant changes in PIB retention after 3 and 6 months’ treatment. 

However, at the individual level the changes in mean cortical PIB retention 

significantly correlated with changes in CSF Aβ40 levels after 6 months’ treatment 

(Paper V), this analysis indicating that patients with lower PIB retention in the brain had 

increased CSF Aβ40 levels. A plausible explanation for the lack of a significant decrease 

in PIB retention in vivo in AD patients might be related to the dual mode of action of 

phenserine (i.e. AChE inhibition and APP reduction); AChE inhibitors are by nature dose-

limiting, which may prevent achievement of the necessary concentration for optimally 

inhibiting Aβ production in human. The results of experimental studies suggest that 

phenserine reduces the production and secretion of β-APP and Aβ in human 

neuroblastoma cells (SK-N-SH cells) in a concentration- and time-dependent manner205. 

 

4.7 Effect of Cholinesterase inhibitors on cognition 
Clinical trial data have shown that ChEIs such as donepezil, galantamine and rivastigmine 

provide AD patients with cognitive, behavioral and functional benefits compared with 

placebo204. In our studies, patients with mild AD treated with galantamine (Paper III) and 

phenserine (Paper V), showed the highest level of cognitive improvement within 3 to 6 

months. After 12 months, the performance of the patients in the neuropsychological tests 

was comparable to the baseline levels (Fig. 15), which might indicate stabilization of the 

disease. 
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Figure 15: Neuropsychological test performances summarized by z-transformation of the 
raw scores achieved by AD patients treated with galantamine. The values are expressed as 
mean ± SE. **p = 0.01 indicates a significant change compared with baseline at the 
specified treatment intervals. 
 

It should be noted that AD patients who received placebo during the double-blind 

phase, then started active therapy and who were then followed through the open-label 

extensions, failed to attain the same level of benefit as patients who started on active 

therapy at the start of the study (Fig. 15). This potentially disadvantageous consequence of 

delaying active treatment has been colloquially termed the “delayed-start penalty”. 

Furthermore, larger clinical trials with a “Randomized Start Design”, have also 

demonstrated that patients who initially received placebo lost cognitive function that was 

not regained after starting active treatment in the extension phase183,253,254. Since the 

delayed-start penalty has not been studied prospectively it cannot be taken as incontestable 

evidence of a disease-modifying effect of AChEIs, but it indicates that it is better to 

initiate early treatment of AD patients. 

 

4.8 Association between cholinergic activity (nicotinic receptors and 
acetylcholinesterase) and cognition after treatment with 
cholinesterase inhibitors 

Evaluation of the patients’ cognitive performances in different neuropsychological subsets 

indicated that the cognitive target domain for positive treatment effects was attention 

rather than episodic memory. 
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In the rivastigmine-treated AD patients (Paper II), the changes in cortical 11C-

nicotine binding correlated positively with the scores in neuropsychological tests 

associated with attention, such as the Digit-Symbol test and TMT-A (Fig. 16a). A similar 

positive pattern of correlation was observed between changes in cortical 11C-nicotine 

binding and the attention domain of cognition in the galantamine study (Paper III) (Fig. 

16b). 

 

 
Figure 16: Positive correlations between changes in cortical 11C-nicotine binding (k2*) in 
the right parietal and left frontal-association cortices and changes in Digit-Symbol test 
performance after 12 months’ rivastigmine treatment (a) and galantamine treatment (b). 
All values are changes from individual baseline values. Positive k2* values indicate more 
11C-nicotine binding. In Fig. 16a open circles = low-dose group, filled squares = high-
dose group in the rivastigmine treatment study. 
 

Interestingly, in the galantamine-treated AD patients (Paper III), cortical AChE 

inhibition was positively associated with the results of the attention sub-test (Fig. 17). 

Attention may reflect the function of the frontal and parietal cortices in the brain 70, and 

this is supported by the present findings (Papers II & III), as the changes in 11C-nicotine 

binding and AChE activity in the above areas correlated with the attention test scores. 

Thus, the relationship between the cholinergic system and test performance was shown to 

be more striking in the attention domain of cognition. These observations are consistent 

with the putative role of the activity of projectory neurons of the basal forebrain 

cholinergic system255. Moreover, experimental lesions in the basal forebrain of monkeys 

disrupts attention rather than memory256, which supports the findings in several studies 

that activation of the central cholinergic system by different ChEIs improves the attention 

domain of cognition234,248,257-261. 
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Figure 17: Positive correlation between changes in cortical AChE activity (k3) in the left 
anterior cingulate cortex and changes in the results of the Digit-Symbol test of attention 
after 12 months of galantamine treatment. All values are changes from individual baseline 
values. 
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5 CONCLUSIONS 
In this thesis, we used the multi-tracer PET concept to investigate various brain biological 

factors such as glucose metabolism, receptors, enzyme activities and amyloid load and 

attempted to find interrelationships with CSF and plasma ChE activity, biomarkers, and 

cognitive functions of patients with mild AD treated with different ChEIs and investigated 

at regular follow-up intervals. 

The symptomatic benefits of AChEIs in the treatment of AD are well established. 

However, there are reasons to doubt that the effects of AChEIs in AD are limited to 

symptomatic palliation or that their sole mechanism of action is via acute augmentation of 

cholinergic neurotransmission. By using the multi-tracer PET approach, as in this work, it 

was shown that AChEIs increased cerebral metabolism of glucose, increased the number 

of nicotinic ACh receptors and inhibited cortical AChE activity. It was also shown that 

these effects were specific to areas of the brain that mediate attention, conscious memory 

and learning as well as brain areas initially and most affected in AD. 

The above observations indicate that the effect of ChEIs may not be solely 

symptomatic, but that treatment induces some acute changes in the brain that may halt or 

gradually affect the pathomechanism of the disease. The studies presented in this thesis 

provided neurophysiological evidence, indicating an acute phase of neuronal and/or 

synaptic plasticity in response to stimulation by short-term ChEI therapy. This synaptic 

plasticity in turn could lead to remodeling of the cholinergic and related neuronal 

networks in the brain, which is clinically manifested by a reduction in the progression of 

the disease in ChEI-treated patients following long-term treatment.  

The increases in regional cerebral blood flow189,190, reduction in the rate of 

hippocampal atrophy262 as well as the increase in levels of N-acetylaspartate262, a marker 

of the functional and structural integrity of neurons in AD patients treated with ChEIs, 

may support the above concept. On the other hand, the general increased amounts of 

AChE variant in CSF in AD patients treated with ChEIs, indeed indicating a general 

cholinergic plasticity or synaptic remodeling in response to the AChEIs stimulation245, as 

most of the brain AChE is produced in cholinergic and related cholinoceptive neurons. 

These clinical findings are further supported by preclinical evidence that ChEIs can 

protect cells in vitro from oxidative damage and glucose deprivation263, glutamate 

exposure264 and damage by exposure to Aβ-induced toxicity264. These biological actions 

that have been documented with ChEIs suggest that they have the capacity to exert 

disease-modifying and neuroprotective effects. 
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In this work we also demonstrated that the timing of the increase in cholinergic 

and synaptic activity in cortical regions coincides well with manifestation of the highest 

level of cognitive improvement (within 3–6 months) in AD patients treated with ChEIs, 

and there is stabilization of cognition following long-term treatment. The relationship 

between the cholinergic system and cognitive performance was most striking in the 

attention domain of cognition, consistent with the putative role of basal forebrain 

cholinergic neurotransmission255,256. 

Reduced brain functional activity can precede the onset of cognitive impairment in 

persons at risk of AD. The observed impact of ChEIs on measures of functional activity, 

as shown in this thesis, suggest that patients may derive benefit from early treatment. 

Therefore, this is also an important factor to consider, i.e. the clinical benefit of AChEI 

therapy may be enhanced by initiating the treatment at an early stage of the disease, 

probably because the brain neuronal circuitry at early stages of AD is still not grossly 

impaired or disconnected265. In this regard, greater benefit of ChEIs may be obtained 

through early initiation in the course of AD and continuous treatment throughout its 

course, without interruption for as long as possible. 

Detection of AD at early stages is being pursued by using a variety of approaches. 

The PET technique, with a theoretical spatial resolution of 3–4 mm, which in practice 

translates to 5–6 mm, and exquisite sensitivity (detecting concentrations in the picomolar 

range), may permit detection of disease processes at asymptomatic stages. The FDG-PET 

technique has been shown to have the highest prognostic value as regards providing a 

diagnosis of presymptomatic AD two or more years before the full dementia picture is 

manifested124,266. The development of new reliable PET tracers (PIB and FDDNP) for 

assessing the beta-amyloid burden in the brain may permit early diagnosis at 

presymptomatic stages, more accurate differential diagnosis, as well as follow-up during 

use of current and new disease-modifying therapeutics. In the present work, by using 11C-

PIB we showed the effect of (-)-phenserine treatment on cortical Aβ plaques and we also 

observed an association between cortical Aβ plaques and Aβ levels in CSF. Given the 

growing evidence, PET is likely to be at the forefront as regards neuroimaging tools in AD 

as a diagnostic, prognostic and new drug evaluation tool, providing new insights into the 

spatial and temporal pattern of disease progression. 

The findings in this work demonstrate that multi-tracer PET study is important in 

the investigation of functional activity, neurotransmitters and pathology in the brains of 

patients with AD, in conjunction with clinical responses, to evaluate the efficacy of the 

currently available ChEI treatments and future treatment strategies.  
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