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ABSTRACT 

Alzheimer’s disease (AD) pathological cascade is characterised by the formation of 
β-amyloid peptide (Aβ) plaques and neurofibrillary tangles of hyperphosphorylated 
tau (p-tau) in association with neuroinflammation. Positron emission tomography 
(PET) allows in vivo imaging of these neuropathological changes in living subjects 
using PET tracers, which opens applications for PET in AD diagnosis and drug 
development. Imaging rodent models of AD with PET tracers is a valuable 
translational approach in developing PET tracers for clinical use. 

The aim of this thesis work was to conduct a preclinical evaluation of the PET 
tracers (S)-[18F]THK5117 and [11C]SMW139 in the APP/PS1-21 mouse model of 
AD. In vivo PET and ex vivo autoradiography were used to assess the binding of (S)-
[18F]THK5117 to p-tau aggregates, and [11C]SMW139 to P2X7 receptor. 
Immunohistochemical staining was used to validate the imaging targets. In addition, 
ex vivo methods were used to investigate tracers’ pharmacokinetic profile. 

In the APP/PS1-21 mice, (S)-[18F]THK5117 brain uptake associated with Aβ 
plaques and MAO-B enzyme, but not p-tau aggregates. [11C]SMW139 longitudinal 
uptake did not increase with ageing, despite the ongoing neuroinflammation in 
APP/PS1-21 mice. Histological assessment of imaging targets associated well with 
PET and autoradiography imaging findings. (S)-[18F]THK5117 showed suitable 
pharmacokinetic properties, whereas [11C]SMW139 presented fast and unfavoured 
metabolism for in vivo imaging. 

In conclusion, tracers preclinical evaluation performed in the APP/PS1-21 
mouse model of AD showed that (S)-[18F]THK5117 in vivo binding in the brain is 
predominantly non-specific, and [11C]SMW139 binding is low. Collectively, 
findings of this thesis work revealed that in vivo PET imaging of tau pathology with 
(S)-[18F]THK5117 and reactive glia with [11C]SMW139 in mice are associated with 
major limitations, proposing limited preclinical and possibly clinical applications of 
both tracers.  

KEYWORDS: Alzheimer’s disease, APP/PS1-21, PET, (S)-[18F]THK5117, tau, 
[11C]SMW139, P2X7 receptor   
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TURUN YLIOPISTO 
Lääketieteellinen tiedekunta 
Kliininen laitos 
Kliininen fysiologia ja isotooppilääketiede 
Turun PET-keskus 
OBADA AL-ZGHOOL: Alzheimerin taudin radiolääkkeiden prekliininen 
kehitys – (S)-[18F]THK5117 ja [11C]SMW139 PET-merkkiaineiden 
biologinen arviointi Alzheimerin taudin APP/PS1-21 hiirimallissa 
Väitöskirja, 153 s. 
Lääketutkimuksen tohtoriohjelma 
Helmikuu 2024 

TIIVISTELMÄ 

Alzheimerin taudille (AD) on tunnusomaista β-amyloidipeptidiplakkien (Aβ) ja 
hyperfosforyloituneen tau:n (p-tau) neurofibrillaaristen säikeiden muodostuminen 
hermokudoksen tulehduksen yhteydessä. Positroniemissiotomografia (PET) tarjoaa 
mahdollisuuden näiden neuropatologisten muutosten in vivo -kuvantamiseen elävillä 
henkilöillä käyttämällä PET-merkkiaineita. Tämä avaa PET-sovelluksia AD-
diagnoosissa ja lääkekehityksessä. Kliinisesti hyväksyttyjen PET-merkkiaineiden 
saatavuus on haaste. AD-jyrsijämallien kuvantaminen uusilla PET-merkkiaineilla 
antaa arvokasta translaationaalista tietoa PET-merkkiaineiden kehitykseen. 

Tämän väitöskirjan tavoitteena oli PET-merkkiaineiden (S)-[18F]THK5117 ja 
[11C]SMW139 prekliininen kehitys käyttäen AD:n APP/PS1-21-hiirimallia. In vivo 
-PETiä ja ex vivo -autoradiografiaa käytettiin p-tau-aggregaattien kuvantamiseen 
(S)-[18F]THK5117:llä ja reaktiivisen glia-P2X7-reseptorin kuvantamiseen 
[11C]SMW139:llä. Aivojen kuvantamiskohteiden arvioimiseen käytettiin immuno-
histokemiallista värjäystä, ja ex vivo -menetelmiä hyödynnettiin merkkiaineiden 
farmakokinetiikkaprofiilin tutkimiseen. 

APP/PS1-21-hiirillä havaittiin, että (S)-[18F]THK5117:n aivokertymä liittyi Aβ-
plakkeihin ja MAO-B-entsyymiin, mutta ei p-tau-aggregaatteihin. [11C]SMW139:n 
kertymä ei lisääntynyt ikääntyessä, vaikka hermostotulehdus jatkui APP/PS1-21-
hiirissä. Kuvantamislöydöt korreloivat histologisen analyysin kanssa. (S)-
[18F]THK5117:llä oli sopivia farmakokineettisiä ominaisuuksia, kun taas 
[11C]SMW139:llä oli epäsuotuisa metabolia in vivo -kuvantamisen kannalta. 

Tämän väitöskirjan prekliininen merkkiainetutkimus AD:n APP/PS1-21-hiiri-
mallissa osotti, että (S)-[18F]THK5117:n aivokertymä on pääasiassa epäspesifistä ja 
[11C]SMW139:n kertymä oli vähäistä. Tau-patologian PET-kuvantamisessa (S)-
[18F]THK5117:llä ja hermotulehduksen kuvantamisessa [11C]SMW139:llä on suuria 
rajoituksia, mikä voi viitata haasteisiin näiden merkkiaineiden kliinisessä käyttössä. 

AVAISSANAT: Alzheimerin tauti, APP/PS1-21, PET, (S)-[18F]THK5117, tau, 
[11C]SMW139, P2X7 reseptori 
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Abbreviations 

AD Alzheimer’s disease 
WHO World Health Organization 
Aβ β-amyloid peptides 
NFTs neurofibrillary tangles 
p-tau hyperphosphorylated tau 
PET positron emission tomography 
ADME absorption, distribution, metabolism and excretion 
tg transgenic 
MCI mild cognitive impairment 
NIA National Institute on Aging 
CSF cerebrospinal fluid 
ApoE apolipoprotein E 
TREM2 triggering receptor expressed on myeloid cells 2 
APP Aβ-precursor protein 
PSEN 1 presenilin 1  
PSEN 2 presenilin 2 
BBB blood-brain barrier 
NTs neuropil threads 
PHFs paired helical filaments 
CNS central nervous system 
GFAP glial fibrillary acidic protein 
TSPO  translocator protein 18-kDa 
P2X7 purinergic 2 type X subtype 7 
wt wild type 
e+ positron 
e- electron 
mm millimetre 
3D three-dimensional 
Am molar activity 
p.i. post-injection 
MAO-B monoamine oxidase B 
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FDA Food and Drug Administration 
EMA European Medicines Agency 
MS Multiple Sclerosis 
IHC immunohistochemical 
ROI region of interest 
VOI volume of interest 
FC frontal cortex 
STR striatum 
HIPPO hippocampus 
THA thalamus 
CTX cortex 
NC neocortex 
CB cerebellum 
CT computed tomography 
MRI magnetic resonance imaging 
MBq mega Becquerel 
SUV standardized uptake value 
TAC time-activity curve 
%IA/g percentage injected radioactivity per gram 
min minute 
TLC thin-layer chromatography 
RadioTLC  radio-thin-layer chromatography 
fp free parent tracer over all radioactivity 
fM free radiometabolites over all radioactivity 
PPB plasma protein binding 
Rf retardation factor 
PVE partial volume effect 
Pgp P-glycoprotein 
PSL/pixel-Bkg background radioactivity-corrected photo-stimulated 

luminescence intensity per pixel  
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1 Introduction 

Alzheimer’s disease (AD) is a neurodegenerative brain disease that is characterised 
by progressive cognitive decline, eventually leading to terminal secondary illness 
and death. AD is the most common type of dementia, accounting for 60-70% of all 
dementia cases. According to the World Health Organization (WHO), over 55 
million people worldwide suffer from AD or other types of dementia, and every year 
there are nearly 10 million new cases (1). In AD, progressive neuronal damage 
occurs as a result of multiple neuropathological processes, mainly the accumulation 
of extracellular aggregates of β-amyloid peptides (Aβ) and intracellular inclusions 
of hyperphosphorylated tau protein (p-tau) (2). Aggregation of Aβ plaques and NFTs 
is associated with neuroinflammation in the brain (3).  

In the past, pathological hallmarks, including Aβ plaques and tau NFTs, were 
only possible to examine post-mortem from AD patients. Nowadays, using positron 
emission tomography (PET) imaging, it is possible to detect, visualise and monitor 
amyloid (4) and tau (5) pathologies and neuroinflammation (6) in vivo and non-
invasively in living subjects. PET is a nuclear imaging method used to investigate 
various physiological and pathological processes. In the PET method, a positron-
emitting radionuclide, such as 18F or 11C, is introduced to a molecule forming a PET 
tracer that, upon administration to the subject, binds to a specific target, such as a 
pathological form of a protein or receptor system, generating quantitative 
information about the investigated target detected inside the PET scanner. 

The preclinical development of PET tracers often dictates whether the tracer can 
be used clinically or not. Thus, a comprehensive biological evaluation of newly 
developed PET tracers is crucial. Typically, tracer binding properties (affinity and 
selectivity) and pharmacokinetics profile (ADME: absorption, distribution, 
metabolism and excretion) are assessed in experimental animals using in vivo PET 
imaging, combined with in vitro and ex vivo methods to validate the imaging 
findings. In the scope of AD, transgenic (tg) rodent models expressing the target of 
interest in the brain are valuable tools in the preclinical evaluation of tracer binding 
properties and pharmacokinetics profile (7) (8) (9) (10) (11) (12). Also, PET imaging 
and tracers that are well-characterised and clinically available represent a valuable 
tool to evaluate the suitability of tg models as translational tools in the preclinical 
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development of new PET tracers and AD therapies, allowing quantitative and non-
invasive assessment (13) (14) (15) (16) (17) (18). 

There are clinically available PET tracers capable of revealing the level of Aβ 
plaques and NFTs in the brain (19) (20), and used as imaging biomarkers in AD 
diagnosis (21). Nonetheless, there is a need for better imaging biomarkers with 
improved in vivo pharmacokinetics profile, binding sensitivity and specificity for Aβ 
plaques, NFTs, and other markers of AD neuropathological processes, which could 
improve the early diagnosis of AD. That represents the rationale for developing new 
PET tracers and the work presented in the studies of this thesis. 

The aim of this thesis was to evaluate newly developed PET tracers and assess 
the APP/PS1-21 mouse model as a translational tool in the preclinical development 
of PET tracers. The work of this thesis describes the evaluation of binding properties 
and pharmacokinetics profile of p-tau targeting tracer, (S)-[18F]THK5117, in 
APP/PS1-21 tg mice (study I). In addition, longitudinal imaging of 
neuroinflammatory reactive glia in the APP/PS1-21 tg mice using [11C]SMW139 
and [18F]F-DPA, and evaluating [11C]SMW139 pharmacokinetics profile (study II). 
Finally, the evaluation of [11C]SMW139 pharmacokinetic properties and the analysis 
of tracer and radiometabolites binding to plasma proteins in mice (study III). The 
outline and shared aspects of studies I-III are presented in Figure 1. 

Figure 1.  Studies I-III outline and shared aspects. ADME: Absorption, distribution, metabolism, 
excretion. tg: transgenic. 
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2 Review of the Literature 

2.1 Alzheimer’s disease  
  
“November 29th 1901:  
 
How are you? It is always one as the other. Who carried me here? Where are 
you? At the moment, I have temporarily, as I said, I have no means. One simply 
has to… I don’t know myself… I really don’t know… dear me, what is to then? 
What is your name? Frau Auguste D. When were you born? Eighteen hundred 
and… In which year were you born? This year, no, last year. When were you 
born? Eighteen hundred — I don’t know. What did I ask you? Ah, D. Auguste. 
[…] What is your husband called? I don’t know…” 
 

       Dr. Alzheimer’s original notes as quoted in (22) 
 

In 1906, the German psychiatrist and neuropathologist Alois Alzheimer presented 
the case of his late patient Auguste D., in which he described “unusual disease of the 
cerebral cortex”. Today, this disease is known as Alzheimer’s disease. Auguste D. 
suffered from progressive cognitive impairment, and her brain showed 
histopathological lesions, currently known as Aβ plaques and tau NFTs (22). 

2.1.1 The continuum of Alzheimer’s disease 
Cognition refers to a range of mental processes relating to learning new things, using 
and remembering stored information, and solving problems. Moreover, cognition 
plays a role in human behaviour, time and space awareness, and response to social 
and emotional stimuli (23). Normal ageing is associated with a subtle decline in some 
cognitive functions (24); in AD, the decline is broader and more aggressive. The 
progression of AD from neuropathological processes in the brain that are 
unnoticeable by the individual to neuropathological processes that cause cognitive 
decline and, ultimately, physical, mental, and emotional disabilities is called the AD 
continuum. There are three phases on this continuum: preclinical AD, mild cognitive 
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impairment (MCI) due to AD, and dementia due to AD. The AD dementia phase is 
further divided into mild, moderate and severe (Figure 2) (25). While the AD 
continuum starts with preclinical AD and ends with severe AD dementia, the length 
of each phase of the continuum varies between individuals. Besides, not all 
individuals progress from preclinical AD to MCI and AD dementia phases (26) (27). 
Up to 26% of individuals with MCI never convert to AD dementia or could even 
revert to preclinical AD (28), while more than 50% of MCI cases progress to develop 
AD dementia within five years (29). 

 
Figure 2.  Cognitive decline with aging and AD continuum. AD: Alzheimer’s disease, MCI: Mild 

cognitive impairment. Figure modified from (30). 

Preclinical AD is the phase where individuals may have biomarker evidence of AD 
neuropathological processes that do not lead to clinical symptoms, as the brain can 
compensate for the damage caused by AD neuropathological processes. This phase 
is detectable mainly in individuals with pre-existing risk factors or family history or 
in research and clinical trial settings. MCI due to AD is the phase where individuals 
have biomarker evidence of ongoing neuropathological processes and start to 
experience subtle difficulties with memory, thinking, and language that do not 
interfere with daily activities. These subtle symptoms start to appear because the 
brain can no longer compensate for the ongoing damage. Dementia due to AD is 
characterised by concrete biomarker evidence of AD and intensifying difficulties 
with memory, language, thinking and behaviour that interfere with the ability to 
perform daily activities (25).  
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The progression of AD symptoms from mild to severe differs between 
individuals. In mild AD, most patients can still function independently but may need 
assistance in some instrumental activities to maintain safety. Common symptoms of 
mild AD include forgetting familiar words, the location of everyday objects, and 
difficulty with planning, organizing, and concentration. In moderate AD, patients are 
unable to function independently and need more assistance. Additional symptoms 
include difficulties performing routine, multistep tasks like dressing, episodes of 
reactive and unexpected behaviour, and difficulty expressing thoughts and emotions. 
In severe AD, care around the clock is needed as the patient becomes increasingly 
unable to communicate verbally and loses awareness of their surroundings. Due to 
brain damage in areas responsible for movement, the patient experiences a decline 
in simple physical abilities such as walking and sitting and becomes bedridden. As 
a result, vulnerability to secondary physical complications increases. In addition, 
because of damage in brain areas that control swallowing, it becomes difficult to eat 
and drink, and more likely that food particles are swallowed into the trachea and 
deposited in the lungs, causing aspiration pneumonia, a common cause of death in 
AD patients. The AD continuum can last up to 20 years, during which AD patient 
lives on average 4-8 years after diagnosis (25) (31). 

The vast majority of AD cases occur in individuals over 65 years of age, thus 
categorised as late-onset AD, which is more common in women than men (32). It is 
believed that late-onset AD develops because of multiple factors rather than a single 
cause. With late-onset AD, advancing in age is the most significant risk factor. The 
percentage of individuals with AD increases notably beyond the age of 65 (25). 
According to the National Institute on Aging (NIA), about one in 13 people age 65 
to 84 and one in three people 85 and older are living with AD (33). Genetics is 
another risk factor with a well-established association with late-onset AD, most 
notably individuals with Down syndrome (34), apolipoprotein E (APOE) allele e4 
carriers (35), and the triggering receptor expressed on myeloid cells 2 (TREM2) AD-
variants (36). Family history is also a risk factor, even though it does not necessarily 
guarantee developing AD. Individuals with first-degree relatives (parent or sibling) 
with AD are more likely to develop AD than individuals with no AD family history 
(37) (38). Additionally, having more than one first-degree relative with AD increases 
the individual’s likelihood of developing AD even more (39). Other risk factors of 
late-onset AD are generally modifiable and include mainly physical activity, social 
and mental activity, education, diet, smoking, diabetes and hypertension (25). It is 
suggested that up to 40% of dementia cases could be delayed or prevented by 
addressing these modifiable risk factors (40). The Finnish intervention study to 
prevent cognitive decline and disability (FINGER) was the first study to show that a 
multidomain lifestyle intervention is beneficial for preventing cognitive decline in 
individuals at risk of developing dementia (41). On the other hand, 1-5% of all AD 
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cases are early-onset (42). This category mostly includes familial AD, which occurs 
due to mutations in Aβ-precursor protein (APP), presenilin 1 (PSEN1) or presenilin 
2 (PSEN2) genes, which have a causative relationship with AD and result in a very 
aggressive form of the disease (43) (44).  

2.1.2 Diagnosis and treatment of Alzheimer’s disease 
In the past, a definitive diagnosis of AD was only feasible post-mortem by acquiring 
neuropathological evidence of AD pathology on autopsy (45). Despite that still being 
a practice (46) (47), nowadays, diagnosing AD in a living subject can be achieved 
by utilising accurate biomarkers imaged in the brain and measured in the 
cerebrospinal fluid (CSF) combined with cognitive tests (48). According to the latest 
recommendations of the International Working Group, AD clinical diagnosis entails 
both positive biomarkers and AD-specific clinical phenotypes, which highlight the 
brain dysfunction that the biomarkers are signalling. Evidence of biomarker 
abnormality without accompanying clinical symptoms is not sufficient to confirm 
the diagnosis of AD, and individuals falling in this category should be classified as 
at risk for progression to AD (49). Biomarkers emerge at different stages of the AD 
continuum, as shown by the dynamic biomarker changes model (Figure 3) (50). 
Biomarkers of amyloid and tau pathologies appear abnormal at all stages of the AD 
continuum, including the asymptomatic preclinical stage. Currently established 
biomarkers include CSF Aβ42, total and p-tau, amyloid PET, and tau PET (50) (51). 
Aggregation of Aβ in the brain correlates with decreased levels of Aβ42 in the CSF 
and amyloid-positive PET scan (52) (53). Meanwhile, the aggregation of p-tau 
correlates with increased CSF total and p-tau and tau-positive PET scan (54) (53). 
Other AD biomarkers detect structural changes in the brain, thus highlighting 
neuronal damage and neurodegeneration. These biomarkers include hippocampal 
grey matter atrophy detected by magnetic resonance imaging (MRI), and reduced 
cortical metabolic activity assessed with [18F]FDG PET (50). Both hippocampal 
atrophy and [18F]FDG hypometabolism associate with tau but not amyloid pathology 
(50) (55). Neurodegeneration biomarkers are not usually present in the early stages 
of the disease and are not only specific for AD. Thus, they are more valuable in 
assessing the progression of AD than early diagnosis (50) (46). Notably, the latest 
recommendations of the International Working Group state that increased tracer 
uptake in amyloid PET, tau PET, and [18F]FDG-PET hypometabolism can be used 
as biomarker measures in AD diagnosis; however, PET imaging cannot be 
recommended for routine use in AD diagnosis, due to financial cost, limited 
accessibility, and regulatory restrictions (49). 
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Figure 3.  Biomarkers dynamic change model in Alzheimer’s disease (AD) continuum. Decreased 

Aβ42 in the cerebrospinal fluid (CSF) and positive amyloid PET are the first detected 
biomarkers in AD. Although tau pathology precedes amyloid pathology, biomarker levels 
in CSF and PET are below the detection threshold at this stage. As AD progresses, tau 
biomarkers are detected in CSF and PET. Then, brain atrophy is detected with magnetic 
resonance imaging (MRI), and hypometabolism is detected with [18F]FDG PET, both 
revealing ongoing neurodegeneration. After all biomarkers show abnormalities, 
cognitive impairment and clinical symptoms follow. Cognitive impairment is presented 
as a zone because individuals with similar biomarker profiles could have different clinical 
course of AD, depending on their exposure to risk and protective factors. The black 
horizontal line refers to the biomarkers detection threshold. Figure modified from (50). 

Integrating biomarkers in routine AD diagnosis helps establish early diagnosis and 
confirm a probable diagnosis of AD (46) (56). Moreover, biomarker-supported early 
diagnosis of AD is highly valuable to include the correct subjects in clinical trials 
and research studies and to allow better treatment planning. A timely diagnosis of 
AD allows for early medical intervention with symptomatic and novel treatments 
with potential disease-modifying effects, which could affect the course of the 
disease, better manage associated symptoms and postpone institutionalisation (25) 
(57). There are seven drugs treating AD. Two of these drugs, aducanumab and 
lecanemab, could currently be regarded as biomarker-modifying treatments, as their 
disease-modifying effect is yet to be established. Both drugs aim to alter the course 
of AD by clearing Aβ deposits and slow cognitive decline in individuals with early 
AD, including MCI and mild AD. Nonetheless, neither treatment cures AD. The 
other five drugs, dopenzil, rivastigmine, galantamine, memantine, memantine with 
dopenzil, treat cognitive symptoms in individuals with moderate and severe AD but 
do not affect the underlying pathophysiological processes causing the symptoms nor 
the course of the disease. These medications improve symptoms by maintaining the 
levels of acetylcholine neurotransmitter, or in the case of memantine limiting the 
effect of the neurotransmitter glutamate (58) (59). The AD drug development 
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pipeline is active. Several disease-modifying treatments targeting tau pathology, 
neuroinflammation and other pathological processes are being developed (60). 
Ultimately, disease-modifying treatments that address several pathological processes 
beyond Aβ deposition are needed to cure AD. 

2.1.3 Neuropathological processes of Alzheimer’s disease 
The healthy brain of an adult has billions of neurons. Extensions of these neurons 
are connected, allowing different neurons to communicate. There are trillions of 
these connections, i.e., synapses in the brain where neurotransmitters, the brain's 
signal, are exchanged between connected neurons, creating a cellular foundation for 
memories, cognition, feelings and movement. Aggregation of Aβ and p-tau into 
deposits of varying sizes and structures, are two of several neuropathological 
processes causing the gradual death of neurons in AD (2). The ongoing amyloid and 
tau pathologies trigger the immune system in the brain to clear the toxic protein 
aggregates and debris of dying neurons, eventually leading to a state of chronic 
neuroinflammation as immune cells become unable to handle the needs. The other 
associated neuropathological change is neurodegeneration, which manifests as brain 
atrophy and glucose hypometabolism, compromising normal brain functions even 
further (Figure 4) (61) (62). Nonetheless, the complete sequence of pathological 
processes in AD is still partly unresolved at the molecular level. 

 
Figure 4.  Histopathological view of Alzheimer’s disease (AD) neuropathological processes. (A) 

Aβ plaques. (B) Neurofibrillary tangles (NFTs). (C) Reactive microglia as a sign of 
neuroinflammation. (D) Neurodegeneration is seen as atrophy in the AD brain (right 
hemisphere) compared to a healthy brain (left hemisphere). Figure modified from (63) 
(64) (65) (66). 

The expansion of amyloid and tau pathologies in the brain follow different paths 
(Figure 5). Spreading of NFTs precedes Aβ plaques by years (67) and shows a 
specific and consistent pattern in neuroanatomically connected regions, which 
allows differentiating six progressive neuropathological stages of AD, unlike Aβ 
plaques, which exhibit spreading variations in brain subregions and between 
individuals, limiting Aβ plaques value in AD pathological staging (68). Moreover, 
only NFTs’ progression pattern and burden correlate with neurodegeneration (69) 
(70) (71), the severity of cognitive decline and the duration of AD (72). 
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Figure 5.  Development of Aβ plaques (phases 1-5) and neurofibrillary tangles (NFTs) (stages I-

VI) in Alzheimer’s disease (AD). (A) Aβ plaques spread into the neocortex (phase 1), 
allocortex and hippocampus (phases 2-3), other subcortical structures and cerebellum 
(phases 4-5). (B) NFTs spread into transentorhinal and entorhinal cortex (stages I-II), 
hippocampus and associated neocortical areas (stages III-IV), other neocortical areas, 
including motor and sensory neocortex (stages V-VI). Figure modified from (73) (74).  

Aggregation of Aβ 

Aβ plaques are protein deposits found predominantly outside the neurons and formed 
by the accumulation of Aβ peptide fragments as a primary component. Aβ also 
accumulates into smaller aggregate structures, such as fibrils and oligomers (64). Aβ 
is a byproduct of APP cleavage (75) and is produced in small concentrations during 
normal cellular metabolism (76). APP is a transmembrane protein expressed in the 
plasma membrane and sub-cellular organelles in all tissues (77). No consensus has 
been made on the exact physiological role of Aβ (76) (78) or APP (64) (79). APP is 
cleaved via two pathways in the brain. The non-amyloidogenic pathway, where APP 
is cleaved by α- and γ-secretases, and Aβ is not a byproduct of the process. Products 
of the non-amyloidogenic pathway are considered non-pathologic. On the contrary, 
in the amyloidogenic pathway, APP is cleaved by β- and γ-secretases, and Aβ 
fragments of varying lengths are produced, of which Aβ42 and Aβ40 are the two forms 
associated with AD as they are the most hydrophobic and prone to precipitate in the 
brain (2) (62) (Figure 6). Mutations in APP and γ-secretase catalytic subunits PSEN1 
and PSEN2 favour amyloidogenic APP cleavage and increase Aβ42 production (80). 
Under normal circumstances, Aβ steady-state level is regulated by clearance across 
the blood-brain barrier (BBB) in a receptor-mediated process (81) (82) and 
degradation by enzymatic activity (83) (84). These processes remain active in AD; 
however, an imbalance emerges between the amyloidogenic Aβ production and Aβ 
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clearance and degradation. Thus, Aβ starts to aggregate into soluble oligomers, 
insoluble fibrils and eventually Aβ plaques (2) (62). Based on the amyloid cascade 
hypothesis, this imbalance is the trigger of all other neuropathological processes in 
AD, including tau pathology, neuroinflammation, and neurodegeneration (80).  

 
Figure 6. Cleavage pathways of Aβ-precursor protein (APP). In the non-amyloidogenic pathway 
(left side), APP is cleaved within the Aβ sequence by α- and γ-secretases and Aβ production is 
prevented. In the amyloidogenic pathway (right side), β- and γ-secretases cleave APP at different 
locations, which results in the production of Aβ peptides of different lengths to the extracellular 
domain, where Aβ aggregates as oligomers, fibrils and plaques. Figure modified from (85). 

Aggregation of p-tau 

NFTs are intracellular protein deposits of p-tau in neuronal soma. Neuropil threads 
(NTs) are also intracellular deposits of p-tau found in axons and dendrites or 
dystrophic neurites surrounding neuritic plaques, i.e. intracellular Aβ plaques (86). 
P-tau also accumulates into smaller aggregate structures, such as fibrils and 
oligomers. In NFTs and NTs, p-tau is the major component and aggregates primarily 
as paired helical filaments (PHFs) (87). Interestingly, the structure of tau PHFs varies 
in different tauopathies, a group of neurodegenerative disorders characterised 
primarily by tau inclusions, including AD (88). Tau is one of many microtubule-
associated proteins located predominantly in the axons (89). Tau is encoded by 
MAPT, and mutations in this gene do not cause AD but instead cause familial 
frontotemporal dementia, often with parkinsonism (90) (91). Tau is expressed as six 
isoforms that differ by the presence of three (3R) or four (4R) repeats of the 
microtubule-binding domain (92). In AD, both 3R and 4R tau isoforms are found in 
PHFs (93). The presence of tau isoforms in tau inclusions varies in different 
tauopathies; for instance, tau inclusions consist primarily of 3R isoforms in Pick’s 
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disease and 4R isoforms in progressive supranuclear palsy and corticobasal 
degeneration tauopathies. Whereas similar to AD, tau inclusions are made of both 
3R and 4R isoforms in chronic traumatic encephalopathy, sporadic and MAPT-
related frontotemporal dementia (88) (94). An established function of tau is 
promoting the assembly of the microtubules’ building blocks, tubulins, and holding 
the structure of microtubules (95). This role of tau is regulated by its degree of 
phosphorylation, i.e. the net sum of tau kinases and phosphatases activity (96). Tau 
hyperphosphorylation has been shown to cause detachment of tau from tubulins, 
hence the breakdown of neuronal microtubules and the formation of p-tau deposits 
and neurodegeneration in AD (2) (97) (Figure 7).  

 
Figure 7.  Tau pathology in Alzheimer’s disease (AD). Under physiological conditions, tau is 

sufficiently phosphorylated and binds to microtubules, promoting their stability. In AD, 
the imbalance in kinase and phosphatase activities and abnormal increase of free tau 
cause hyperphosphorylated tau (p-tau) to detach from the microtubules, which start to 
dissociate and p-tau self-aggregate into paired helical filaments (PHFs) and 
neurofibrillary tangles (NFTs). Figure is modified from (2). 

Tau hyperphosphorylation in AD occurs via two mechanisms. First, the imbalance 
in tau kinases and phosphatases activity as excessive kinase, reduced phosphatase 
activities or both. Several kinases phosphorylate tau at the microtubule-binding 
domain, i.e. serine/threonine-proline residue. Other kinases phosphorylate tau at 
proline-free residues. Tau phosphorylation by some of these kinases makes tau 
susceptible to more phosphorylation by other kinases (98). Hyperphosphorylation of 
tau is prevented by dephosphorylation, an activity of phosphatases, of which ⁓70% 
is exerted by the protein phosphatase 2A alone (99), which also directly inhibit the 
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activity of several kinases (100). In AD, tau phosphatase activity is significantly 
diminished by ⁓30%, facilitating abnormal tau hyperphosphorylation and 
aggregation of p-tau (101) (102). Second, abnormal amounts of free tau become 
available as tau-microtubule bonds break down, due to hyperphosphorylation, 
especially in the microtubule-binding domain (97) (103). Free tau is more 
susceptible to hyperphosphorylation than microtubule-bound tau (104), further 
boosting p-tau aggregation. The tau hypothesis states that aggregation of p-tau 
precedes and triggers Aβ aggregation and all AD neuropathological changes (105).  

Neuroinflammation 

Neuroinflammation is the immune response of the central nervous system (CNS), 
exerted mainly by microglia, astrocytes, and infiltrating immune cells from the 
periphery when BBB sustains biochemical or mechanical damage (106). Microglia 
are the CNS-resident and most abundant immune cells. In physiological conditions, 
microglia play a role in brain development and maintenance of its functional state 
via neuronal apoptosis and maintenance of synaptic plasticity. The immune function 
of microglia comprises surveillance of the brain for any abnormalities (106) (107). 
It is estimated that microglia scan the entire brain volume once every few hours 
(108). When microglia detect a pathogen, protein aggregates or cell debris, a 
neuroinflammatory process is initiated to engulf and degrade the stimulus, and 
typically, microglial reactivity is resolved once the stimulus is eliminated. In 
neurodegenerative diseases, microglia sustain a reactive state, which gradually turns 
into a neuropathological process (109) (110) (111). In AD, inclusions of Aβ and p-
tau trigger a neuroprotective reaction from reactive microglial, which operate to clear 
those protein aggregates, limit the extent of ongoing tissue damage, and promote 
tissue repair. However, the chronic nature of AD forces a continuous 
neuroinflammatory response from microglia, which subsequently results in reactive 
microglia suffering structural degradation and compromised functions, becoming 
neurotoxic and reinforcing the ongoing neuroinflammation in the brain (106) (112) 
(113). In AD, evidence exists on the correlation between reactive microglia, Aβ, and 
p-tau inclusions (114). Moreover, reactive microglia load correlates with p-tau 
inclusions load (115), and reactive microglia closely colocalises with Aβ plaques, 
indicating an interaction between amyloid pathology and neuroinflammation (116). 

Reactive microglia have morphologically reduced branching, resulting in a 
reduced surveillance area and biochemically different expression profiles of 
signalling pathways and cell surface markers. Reactive microglia adopt a range of 
phenotypes depending on their microenvironment, the intensity and type of 
pathological stimuli, i.e. Aβ or p-tau aggregates, and AD stage (106). The various 
phenotypes of reactive microglia are categorised in the dual phenotype model: pro-
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inflammatory (M1) and anti-inflammatory (M2) (107) (117). The M1 phenotype 
plays a crucial role in fighting neuropathological processes. However, it induces 
damage to healthy neurons and fuels additional neuroinflammation by secreting pro-
inflammatory mediators, such as TNF-γ, IL-1β, IL-6, nitric oxide and superoxide. 
The M2 phenotype plays a central role in tissue repair through secreting anti-
inflammatory mediators and growth factors, such as IL-10, TGF-β, nerve growth 
factor and glial cell-derived neurotrophic factor (Figure 8) (107) (117). The M1 – 
M2 model is beneficial to demonstrate that reactive microglia under different 
conditions could be detrimental (M1) or protective (M2). However, the model is also 
oversimplified, as all reactive microglia phenotypes do not fit strictly in the M1 or 
M2 categories. Besides, identification markers of pro-inflammatory or anti-
inflammatory phenotypes lack specificity (106) (118). 

 
Figure 8.  Phenotypes of microglia. Physiological microglia are dynamic and have long and active 

processes. Reactive microglia are more static and appear different with shorter 
processes and swollen cell bodies. The M1-M2 model of reactive microglia phenotypes 
represents a simplified categorization of reactive microglia as pro- or anti-inflammatory. 
Phenotypes of reactive microglia are many, and some phenotypes do not strictly fit into 
either category. The same reacted microglial cell can switch between different 
phenotypes based on the microenvironment. Figure modified from (106) (118). 

In addition to microglia, astrocytes contribute to the CNS neuroinflammatory 
response (119). In physiological conditions, astrocytes regulate cerebral blood flow 
and maintain neurotransmitter homeostasis. Processes of astrocytes also contribute 
to the formation of the BBB and synapses (106). Reactive astrocytes communicate 
with microglia to mediate microglial function (120) and attempt to eliminate 
pathological triggers, including Aβ and p-tau deposits (106). During 
neuroinflammation, reactive astrocytes characterised by hypertrophic processes and 
upregulated expression of glial fibrillary acidic protein (GFAP) induce the harmful 
A1 or protective A2 phenotypes. In AD, A1 reactive astrocytes are found in 
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abundance, where their secreted neuroinflammatory mediators induce apoptosis of 
neurons and disrupt the BBB, which in turn enhances neuroinflammation and other 
neuropathological processes in AD (106). 

Among the primary markers of reactive microglia phenotypes are the 
translocator protein 18-kDa (TSPO) and purinergic 2 type X subtype 7 (P2X7) 
receptor (106) (111). In the CNS, TSPO is expressed predominantly in microglia 
and, to a lesser extent, in astrocytes, but its expression is generally low in the brain 
under physiological conditions (121). TSPO is located on the outer mitochondrial 
membrane. The most well-understood function of TSPO is its role in steroid 
synthesis by transporting cholesterol from the outer to the inner mitochondrial 
membrane. TSPO is also involved in immunomodulatory response and cellular 
processes, like proliferation and apoptosis (122) (123). Imaging and 
histopathological studies reveal that the expression of TSPO is elevated in reactive 
microglia and astrocytes during AD (124) (125) and that it can be used as an imaging 
biomarker of neuroinflammation (126). 

P2X7 is a cell surface receptor expressed in microglia, astrocytes and other glia 
such as oligodendrocytes (127). In physiological conditions, P2X7 receptor mediates 
glial-neuron communication and plays a role in neurotransmitter release. More 
importantly, P2X7 receptor is involved in the synthesis and secretion of 
inflammatory mediators and cytokines (128) (129). P2X7 receptor is a ligand-gated 
ion channel activated by ATP and controls the influx of Na+ and Ca+2 and the efflux 
of K+ (127). In AD, ongoing tissue damage and neurodegeneration result in increased 
amounts of extracellular ATP, which leads to abnormal activation of P2X7 receptor 
and provokes additional neuroinflammation (128) (129). In addition, P2X7 receptor 
expression and activity are increased in reactive microglia during 
neuroinflammation, enhancing the overall inflammatory signalling and production 
of pro-inflammatory mediators, such as IL-1β, TNF-γ, and superoxide (128).  

2.1.4 Rodent models of Alzheimer’s disease 
Rodent models represent a fundamental tool in studying AD neuropathological 
processes at the cellular and molecular levels. In addition, AD rodent models are 
routinely used in preclinical development and in vivo evaluation of novel PET 
tracers. Similarly, AD rodent models in drug development are used to validate 
therapeutic targets and evaluate the efficacy of novel treatments. Over the years, 
many rodent models of AD neuropathological processes have been developed and 
validated (130) (131) (132). According to the ALZFORUM research models 
database, 204 models are available in mice and 17 in rats. These models mimic at 
least one neuropathological process of AD (133). However, no rodent model presents 
all features of AD with the same complexity and dynamics seen in humans. 



Review of the Literature 

 25 

Currently, most AD rodent models listed in ALZFORUM are tg models developed 
by introducing single or multiple mutated or wild type (wt) human genes, which have 
a causative relation to familial AD. These genes are APP, PSEN1, and PSEN2 for 
amyloid pathology (43) and MAPT for tau pathology (90). Depending on the 
introduced genes, the rodent model mimics primarily amyloid pathology, tau 
pathology, or both, often associated with neuroinflammation as a secondary 
neuropathological change. Other pathological changes, such as neurodegeneration 
and cognitive decline, could be presented in some tg models. However, these are 
generally less established pathological changes of AD tg rodent models. It must be 
noted that the current rodent models fail to mimic the late-onset human AD, which 
represents the vast majority of human AD cases. Instead, rodent models explicitly 
mimic the early-onset human AD, i.e. familial AD, which represents only a minor 
proportion of the total number of human AD cases. The robustness, onset age and 
temporal course of neuropathological changes vary among different models, 
depending on the genetic mutations used and transgene overexpression level in the 
brain (131). Below is a brief overview of AD tg rodent models. ALZFORUM offers 
a descriptions of genotype and phenotype characteristics of AD rodent models (133). 

Amyloid pathology rodent models 

These models have been created by introducing the human APP, PSEN1 or PSEN2 
to the mouse genome. APP is the genetic basis of all amyloid pathology rodent 
models. Mutated APP increases Aβ production and/ or aggregation (132), whereas 
wt APP does not phenotype amyloid pathology (131). Several APP mutations alone 
or in combination produce amyloid pathology with different associating secondary 
neuropathological changes. For instance, the APP23 and TgCRND8 mouse models 
develop Aβ deposits associated with neuroinflammation, moderate p-tau around Aβ 
plaques but no NFTs, behavioural changes, and some neurodegeneration (131) (132). 
Mutated PSEN1 and PSEN2 increase Aβ42 production, which is the most 
aggregation-prone length of Aβ (131). Rodent models express mutated PSEN1 or 
PSEN2 do not phenotype Aβ deposition. However, when mutated PSEN1 and 
PSEN2 are used in combination with APP, the rodent model phenotypes an 
aggressive amyloid pathology characterised by early onset age and accelerated Aβ 
aggregation. For example, the APP/PS1-21 (also known as APPPS1 or 
APPKM670/671NL/PSL166P) mouse model exhibits aggressive deposition of Aβ as early 
as 1.5-2 months associated with robust neuroinflammation and subsequently p-tau 
around Aβ plaques but no NFTs (134). The rat model TgF344-AD phenotypes the 
full spectrum of AD neuropathological processes with deposition of Aβ in 
association with neuroinflammation and cognitive decline at 6 months, followed by 
NFTs formation and neurodegeneration at 15 months (135).  
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Tau pathology rodent models 

Mutations in MAPT cause a decrease in tau interactions with microtubules and 
promote tau aggregation (136). Thus, mutated MAPT has been used to create tg 
models mimicking tau pathology. For example, the hTau.P301S mouse model 
phenotypes NFTs associated with neuroinflammation, neuronal loss, and cognitive 
decline in the absence of amyloid pathology (137). In addition, mutated MAPT has 
been incorporated in amyloid pathology tg models to overcome their lack of NFTs 
and create more representative models of AD, where both AD pathological 
inclusions, i.e. extracellular Aβ plaques and intracellular NFTs, are present in the 
same model. In the mouse model 3xTg-AD, mutated MAPT, APP and PSEN1 
phenotype Aβ plaques, neuroinflammation, and cognitive decline followed by NFTs 
after a few months (138). 

Models of neuroinflammation 

Neuroinflammation, characterised by reactive microglia and astrocytes, is 
phenotyped in most amyloid and tau pathologies rodent models, due to ongoing 
pathological changes. Upregulated expression of the neuroinflammatory markers 
TSPO (139) and P2X7 receptor (140) have been reported in these models. No 
mutations in genes related to neuroinflammation have a causative relation with 
familial AD. Dedicated neuroinflammation tg models utilising risk genes for late-
onset AD, such as PS19-TREM2CV have been developed (133). Such models are 
generated in amyloid or tau tg models and are typically used to investigate the 
effect of reduced neuroinflammation on ongoing pathologies by suppressing the 
risk genes (141). Other methodologies than genetic manipulation have been 
utilised to develop rodent models of AD, for instance, artificially created AD 
models via intracerebral injections of Aβ or p-tau deposits into the brain. However, 
these models have significant limitations, such as being extremely invasive, having 
a high probability of methodological artefacts, and variability of the developed 
pathologies (142) (143). 

2.2 PET imaging in Alzheimer’s disease 
PET is a nuclear imaging modality that enables quantifiable measurements of 
molecular targets, biological functions, and pathological processes in humans and 
animals relatively non-invasively using a PET tracer. In AD, PET imaging can be 
used to detect and monitor amyloid pathology (4), tau pathology (5), and 
neuroinflammation (6). Accordingly, the applications of PET imaging in AD scope 
include investigating neuropathological changes (144), improving diagnosis, and 
evaluating treatment effects (46) (61). In addition, PET imaging is used in AD drug 
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development to validate novel targets, assess the efficacy of potential treatments, and 
improve subject recruitment to clinical trials (143) (145) (146). 

2.2.1 The methodology of PET imaging 
PET imaging is a sophisticated procedure involving specific preceding steps that 
must occur in consecutive order. The first step is producing the positron-emitting 
radionuclide inside a cyclotron. The most commonly used positron-emitting 
radionuclides in medical imaging are 18F and 11C. This is due to their fast decay, with 
a half-life of 109.8 minutes for 18F and 20.4 minutes for 11C, and other favourable 
decay characteristics. Once produced, the radionuclide starts decaying immediately. 
Therefore, the following steps must be performed with a reasonable speed (147) 
(148). The second step is synthesising the PET tracer molecules by incorporating the 
radionuclide into a biologically active molecule. In each PET tracer molecule, the 
radionuclide accounts for the signal detected by the PET scanner, and the biological 
molecule accounts for the interaction with the desired biological target. Then comes 
the PET imaging step, which records the radionuclide decay happening inside the 
subject lying inside the PET scanner. PET imaging starts simultaneously with the 
tracer administration to the subject (147) (148). 

Radionuclides possess excess protons and, thus, undergo radioactive decay 
primarily via positron (e+) emission. Each extra proton decays to a neutron, 
releasing a positron and a neutrino (p → n + e+ + ѵ). As positrons are emitted, they 
travel in the tissue for a few millimetres (mm) (maximum 2.4 mm for 18F and 
4.1 mm for 11C) restricted by their limited kinetic energy (maximum 634 keV for 
18F and 960 keV for 11C). When the positron energy is consumed, it immediately 
interacts with its nearest antiparticle, i.e. electron (e-). The e+/e- interaction initiates 
the base event of PET imaging called annihilation, which generates two photons 
emitted simultaneously in opposite directions. Due to the high energy of photons 
(511 keV), they can escape the subject body, where they are registered inside the 
PET scanner by a ring of detectors surrounding the subject (147) (148). The 
annihilation location is identified after performing mathematical corrections to the 
registered pair of photons. Unpaired photons due to scattering or random events 
are discarded. The spatial resolution of PET scanners is typically 4-6 mm for a 
clinical PET scanner, ⁓2.5 mm for the human brain dedicated PET scanner 
(HRRT), and ⁓1.5 mm for µPET scanner dedicated for small animals. Finally, this 
data is constructed into three-dimensional (3D) tomographic images, where for 
each 3D voxel, the intensity of the signal is proportional to the radionuclide amount 
(Figure 9) (147) (148).  



Obada Al-Zghool 

 28 

 
Figure 9.  Steps of PET method. First, positron-emitting radionuclides (18F and 11C) are produced 

inside a cyclotron. Then, radiochemistry, i.e. radiosynthesis of the PET tracer by 
incorporating the radionuclide within a biologically active molecule. Next, the PET tracer 
is administered to the subject inside the PET scanner, and the PET imaging procedure 
begins. A radionuclide, as it decays, releases positrons, which consume their kinetic 
energy to travel for a few millimetres in the surrounding tissue before colliding with their 
antiparticles (electrons) in an event called annihilation. An annihilation event results in 
a pair of 511 keV photons emitted simultaneously in nearly opposite directions, which 
are detected by the PET scanner detectors. Finally, computational data processing and 
corrections for artefacts are performed, which result in a constructed three-dimensional 
PET image of tracer radioactivity distribution. Figure modified from (149) (150) (151). 

2.2.2 Development of novel PET tracers 
PET tracers are designed to measure biological targets quantitatively, for example, a 
receptor system, physiological process, or pathophysiological change in a disease 
state. An essential characteristic of PET tracers is that they are always prepared at 
non-pharmacological doses, typically in the pico- and femtomoles per gram. Such 
doses lead to less than 10% target occupancy and do not interfere with the target 
function or tissue physiology nor produce undesired side effects or toxicity. 
Moreover, tracer doses result in improved temporal resolution of PET imaging, 
which reduces the subject's imaging time and radiation exposure (152).  

PET tracers are considered radiopharmaceuticals. Therefore, developing a novel 
PET tracer is similar to a pharmaceutical drug. Below is an overview of tracer 
development stages tailored for imaging a brain target (153) (154) (155). Tracer 
development starts with target validation, where a biological target with a proven 
implication in a disease state is identified as a potential target for PET imaging. The 
next stage is called hit-to-lead. A hit is a small chemical molecule or antibody 
construct with often pre-existing information on its pharmacology, metabolism, 
physicochemical properties, binding affinity and selectivity to the identified 
biological target. Hits are often identified by high-throughput screening of 
compound libraries, re-examining previously developed chemical entities, in silico 
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modelling, or literature search (156). Hits are tested against the biological target in 
preliminary in vitro binding assays, and the most favourable hit based on the 
available and obtained information is selected as the lead. The next stage is lead 
optimisation, i.e. lead radiochemistry, where a feasible labelling procedure with a 
radionuclide is established, and radiochemical synthesis with sufficient yield, 
radiochemical purity, and molar activity (Am, previously named specific activity) is 
achieved for the lead. After the lead radiochemistry has been established, its 
evaluation as a novel PET tracer begins. 

Although PET tracers are ultimately intended for in vivo imaging of biological 
targets in humans, PET tracers can also bind their targets in in vitro settings, which 
is highly valuable in the early evaluation stages. Tracer development continues with 
in vitro evaluation. At this stage, in vitro binding assays and autoradiography 
provide valuable information on the binding affinity and selectivity of the tracer 
towards its target. Nonetheless, the translational value of in vitro studies is limited; 
a novel tracer showing promising in vitro results might still fail in vivo. Therefore, 
if general requirements are fulfilled and no obvious limitations appear in in vitro 
settings, it is recommended that tracer development proceed to preclinical 
evaluation, i.e. in vivo and ex vivo studies in animal models. A PET tracer must be 
biocompatible and nontoxic, both aspects are typically investigated at the preclinical 
stage in toxicity and dosimetry studies (155). In addition, typically performed studies 
at this stage include in vivo or ex vivo biodistribution, in vivo PET and ex vivo 
autoradiography imaging with and without pre-treatment, metabolism and 
radiometabolites analysis. These studies combined establish the pharmacokinetics 
profile, i.e. ADME, and binding properties of the novel PET tracer.  

All the obtained findings of tracer development up to this stage should be 
sufficient to answer the question: Is this novel PET tracer suited for clinical 
evaluation in humans? There is no clear-cut answer to this question, and the case of 
each tracer must be carefully assessed to present a balanced risk-benefit evaluation 
to the medical ethics committee and regulatory authority to approve the clinical 
evaluation stage. While many novel PET tracers reach clinical evaluation, most do 
not progress to authorised clinical use, due to having suboptimal binding properties 
and/ or pharmacokinetics profile, ADME. Over the years, many PET tracers have 
been developed to image different targets in the brain. Based on the successful and 
unsuccessful experiences, a set of development requirements were introduced to 
assess the pharmacokinetic and binding properties of a novel PET tracer (155) (156) 
(157) (158) (159) (160) (161). Following is a brief overview of these requirements.  

Binding affinity and selectivity: The PET tracer should possess sufficient 
binding affinity and selectivity to its target. Binding affinity is expressed as the 
equilibrium dissociation constant (Kd), which in molar units refers to the ligand 
concentration needed to occupy half of the target binding sites, i.e. 50% occupancy. 
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Generally, Kd ≤ 1 nM has been an acceptable affinity range for a PET tracer. 
However, deviations from this rule could be made, as binding affinity directly 
depends on the target concentration in the tissue. On the other hand, binding 
selectivity means that the tracer binds its target without significant non-specific 
binding to molecules other than its target. Specific in vivo binding translates to a high 
signal-to-noise ratio in PET images, which is crucial for target visualisation (157).  

Absorption and distribution: The first requirement of any PET tracer is to have 
sufficient target reachability and concentration to the tissue where its target is 
located. For a target in the brain, the tracer needs to penetrate the BBB. Small 
chemical molecules (molecular weight < 700 Da) that are sufficiently lipophilic 
(LogD7.4 = 1-3) tend to pass through the BBB efficiently via passive diffusion (157). 
Insufficiently lipophilic tracers suffer from poor passage across the BBB, whereas 
highly lipophilic tracers exhibit high non-specific binding in brain tissue, plasma 
proteins, and metabolic enzymes (162). Characterising tracer binding to plasma 
proteins is necessary because that reveals the fraction of the tracer which is not bound 
to plasma protein in the vascular system and is available for target engagement (159) 
(163) (164).  

Metabolism: The tracer must be metabolised at a reasonable speed, have low 
non-specific binding in the target organ, and have fast clearance from the blood. Only 
then will the measured radioactivity mirror specific binding. The time the tracer 
circulates with the blood is determined by its metabolic stability, i.e. tracer 
degradation, presence of radiometabolites, and excretion speed. For a PET tracer, it 
is essential to quantify the actual fractions of unchanged tracer and radiometabolites 
because PET as a method detects annihilation events of all positrons and is unable 
to differentiate if the detected signal originates from the unchanged tracer or its 
radiometabolites. Thus, BBB-penetrating radiometabolites disturb the analysis of 
PET data in the brain, for example, uptake and specific binding, and demand more 
sophisticated quantification methods that include a correction for radiometabolites 
and pharmacokinetic modelling. Also, understanding tracer metabolism and protein-
free fraction enables the determination of actual input from the vascular system to 
the brain (158).  

Excretion: The tracer should reversibly bind its desired target, reach 
equilibrium, and clear from the body in a reasonable time. Depending on its 
lipophilicity, a tracer is excreted through two pathways: hydrophilic renal excretion 
via the kidneys and lipophilic hepatobiliary excretion via the liver. Generally, the 
way the body metabolises a PET tracer reduces its lipophilicity, which in turn helps 
in renal excretion and produces radiometabolites that are more hydrophilic and less 
able to penetrate the BBB (165). 
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2.2.3 PET tracers for imaging tau pathology 
Many PET tracers divided broadly into two generations have been developed for 
imaging tau pathology in AD. Below are the main findings from the development of 
each tracer. [18F]FDDNP was the first tracer ever to image NFTs in AD. The tracer 
showed uptake in brain regions with NFTs that was higher in the brains of 
individuals with AD and MCI than in healthy subjects. However, clinical 
development of [18F]FDDNP revealed a lack of binding selectivity to NFTs, as the 
tracer also showed high uptake in brain regions with Aβ plaques and insufficient 
binding affinity for both NFTs and Aβ plaques in vivo (166). Clinical evaluation 
revealed major metabolic instability for the tracers [11C]PBB3 and [18F]T808 
represented by very fast metabolism and brain-penetrating radiometabolites for 
[11C]PBB3 (167) and substantial defluorination, i.e. the dissociation of the 
radionuclide 18F from the tracer molecule for [18F]T808 (168). To date, [18F]AV1451 
(also known as [18F]T807 or flortaucipir) is the only tau PET tracer approved by the 
Food and Drug Administration (FDA), but not the European Medicines Agency 
(EMA) for clinical use in individuals with cognitive impairment and suspected AD 
(20). [18F]AV1451 exhibited high binding affinity to p-tau deposits and selectivity 
over Aβ plaques on AD brain sections in in vitro autoradiography. In individuals 
with AD, the tracer showed high uptake in brain regions of high NFT load and low 
non-specific white matter binding. Moreover, [18F]AV1451 showed a strong 
association with the severity of cognitive impairment and neurodegeneration, and 
the amount and brain area of tracer uptake was higher in individuals with severe AD 
than those with mild AD or MCI (166) (167) (168). A major disadvantage of 
[18F]AV1451 is its off-target binding in brain regions that lack tau pathology in AD, 
such as the mid-brain substantia nigra, choroid plexus, meninges, and striatum (167). 

THK tracers ([18F]THK523, [18F]THK5105, [18F]THK5117, (S)-[18F]THK5117, 
[18F]THK5351) were the most novel tracers developed to image tau pathology at the 
start of this thesis work. THK tracers were identified from high-throughput screening 
of β-sheet-binding small molecules. [18F]THK523 was the first evaluated tracer in 
this series and showed higher binding affinity to p-tau deposits than Aβ plaques in 
in vitro autoradiography. Preclinical evaluation in tau pathology tg mice showed 
higher tracer uptake than in wt control mice. However, in clinical evaluation, 
[18F]THK523 failed to visualise p-tau deposits in the AD brain as the tracer showed 
higher non-specific binding in white matter than a specific binding in grey matter 
(167). [18F]THK5105 and [18F]THK5117 were then developed to improve the in 
vivo binding properties to p-tau deposits. Both tracers showed improved binding 
affinity to p-tau deposits by differentiating individuals with AD from healthy 
subjects, and tracers uptake correlated with cognitive decline (167). Compared to 
[18F]THK5105, [18F]THK5117 showed a better pharmacokinetics profile (168). 
Clinical evaluation was then continued with the (S)-enantiomer of [18F]THK5117, 
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(S)-[18F]THK5117 (also known as [18F]THK5317), which demonstrated the same 
improved in vivo binding properties, and preferable pharmacokinetics profile, 
mainly improved signal-to-background ratio, due to faster clearance from the blood 
and brain. However, a non-negligible white matter binding remained an issue with 
these tracers, which complicates the interpretation and analysis of in vivo tracer 
binding seen in PET images (166) (167). [18F]THK5351 was then developed and 
showed reduced in vivo non-specific white matter binding and improved specific 
binding in brain regions with p-tau deposits compared to (S)-[18F]THK5117, which 
also correlates with cognitive decline and neurodegeneration (167). Despite the 
improved in vivo binding, [18F]THK5351 exhibited high uptake in the subcortical 
regions thalamus, basal ganglia, and midbrain, due to non-specific binding to 
monoamine oxidase B (MAO-B) enzyme. A drawback common to the other THK 
tracers, as revealed by additional studies. With that, the development of the THK 
tracers series concluded that, due to the limited in vivo binding selectivity, these 
tracers have limited utility for imaging tau pathology in AD (167) (169). 

The second-generation tau tracers were developed to overcome the first-
generation tracers' suboptimal binding selectivity and pharmacokinetic limitations. 
[18F]PI-2620 and [18F]RO-948 were developed based on the chemical structure of 
[18F]AV1451. [18F]GTP-1 was developed based on [18F]T808, and [18F]PM-PBB3 
based on [11C]PBB3. Meanwhile, [18F]MK-6240 and the analogues [18F]JNJ-067 and 
[18F]JNJ-311 are novel molecules (169). Collectively, in vitro binding assays and 
autoradiography of the second-generation tau tracers clearly showed high specific 
binding to p-tau deposits and absence of non-specific binding to Aβ plaques, MAO-
B or MAO-A enzymes (167) (170) (171) (172). The most advanced and promising 
development has been with [18F]PI-2620. The tracer showed an excellent 
pharmacokinetics profile with fast brain uptake, clearance from non-target regions, 
and no indications of brain-penetrating radiometabolites in preclinical (170) and 
clinical (173) evaluations. In individuals with AD, [18F]PI-2620 uptake was 
significantly high in brain regions of p-tau deposits, and tracer uptake appears to 
achieve the Braak staging of tau pathology in vivo in AD (174). [18F]PI-2620 also 
seem to have the potential to image p-tau deposits in non-AD tauopathies (175). 
[18F]RO-948 (167) and [18F]GTP-1 (172) (176) showed suitable pharmacokinetics 
profiles without brain-penetrating radiometabolites and specific binding in brain 
regions with p-tau deposits in individuals with AD. The development of other 
second-generation tau tracers has been less positive. In the case of [18F]MK-6240, 
despite the moderate pharmacokinetics profile and binding affinity to p-tau deposits 
in individuals with AD, the tracer showed substantial non-selective binding in 
neuromelanin-containing neurons in midbrain and melanin-containing cells, and 
defluorination in preclinical evaluation (171). The development of [18F]JNJ-067 and 
[18F]JNJ-311 revealed limitations with in vivo binding selectivity and 
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pharmacokinetics profile. Warranted additional studies, preliminary evaluation of 
[18F]PM-PBB3 (also known as [18F]-APN-1607 or florzolotau) showed suitable 
binding properties and pharmacokinetics profile (177) (178). 

The feasibility of amyloid PET imaging in AD drove and contributed to 
developing PET tracers for imaging tau and glia (discussed below). The development 
of PET tracers for imaging amyloid pathology is a broad research area and extends 
beyond the scope of this thesis (reviewed in (19) (179) (180)). However, it is worth 
noting that the availability of PET tracers for imaging amyloid pathology preceded 
that of tau by years. Currently, the PET tracers [18F]flutemetamol, [18F]florbetaben 
and [18F]florbetapir are approved by the FDA and EMA for clinical use (19). 

2.2.4 PET tracers for imaging P2X7 receptor 
To date, there are no PET tracers approved by the FDA or EMA for imaging 
neuroinflammation in the brain. Few PET tracers have been developed for imaging 
P2X7 receptor and underwent preclinical and clinical evaluation. [11C]A-740003 
was the first tracer developed to image P2X7 receptor. The preclinical evaluation 
revealed poor BBB penetration and brain uptake of the tracer (181). [18F]EFB also 
showed the same limitation (182). [11C]GSK1482160 showed to bind human P2X7 
receptor with high affinity in in vitro binding assays (183). Preclinical evaluation in 
rodent models of induced neuroinflammation revealed in vivo and ex vivo tracer 
uptake into mice brains (184) but not rats brains, due to the low [11C]GSK1482160 
binding affinity to rat P2X7 receptor (183). [11C]GSK1482160 also showed to cross 
the BBB in non-human primates (183). Clinical evaluation of [11C]GSK1482160 in 
healthy subjects revealed low brain uptake, indicating that the tracer is unsuitable for 
further clinical evaluation (185). Subsequently, [11C]I-GSK1482160, [11C]Br-
GSK1482160 (186), [18F]IUR-1601 (187), [18F]IUR-1602 (188), and [123I]TZ6019 
(189) were developed based on GSK1482160. However, in vitro evaluation of those 
tracers has not been encouraging, due to suboptimal binding properties and/ or 
radiochemistry. 

The development of [11C]JNJ54173717 and [18F]JNJ-64413739 produced 
similar findings. Both tracers demonstrated high in vitro binding affinity to human 
P2X7 receptor (190) (191). The preclinical evaluation revealed higher 
[11C]JNJ54173717 (190) and [18F]JNJ-64413739 (192) uptake in the rat brain 
compared to controls, where the expression of human and endogenous P2X7 
receptor is upregulated, which was also confirmed with autoradiography. In addition, 
the binding specificity of both tracers was also demonstrated by in vivo blocking of 
P2X7 receptor using chemically distinct receptor ligands, which resulted in 
significantly reduced tracer uptake (190) (192). Both tracers showed suitable 
pharmacokinetics profiles in rats. In non-human primates, [11C]JNJ54173717 
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showed suitable brain uptake and clearance (190), whereas [18F]JNJ-64413739 
demonstrated high non-specific binding (191). Subsequently, in clinical evaluation, 
[18F]JNJ-64413739 brain uptake in healthy subjects showed high between-subject 
variability (193). [11C]JNJ54173717 also produced similar variability and failed to 
differentiate individuals with Parkinson’s disease or Amyotrophic lateral sclerosis 
from healthy subjects (194) (195). 

[11C]SMW139 was the most recently developed tracer for P2X7 receptor 
imaging at the start of this thesis work. Similar to the previous tracers, in vitro and 
preclinical evaluations showed promising findings, where [11C]SMW139 
demonstrated suitable binding affinity to human and rat P2X7 receptors (196). In 
rats, [11C]SMW139 showed no abnormalities in peripheral biodistribution, 
predominant hepatobiliary excretion, BBB penetration, and moderate metabolic 
stability, despite the presence of BBB-penetrating radiometabolites (197). Regarding 
brain uptake, [11C]SMW139 demonstrated high in vivo binding to human P2X7 
receptor overexpressed in rat striatum. Binding to P2X7 receptor was also confirmed 
by in vitro autoradiography (197). Moreover, selective binding of [11C]SMW139 was 
demonstrated by in vitro and in vivo blocking of P2X7 receptor (197). Nonetheless, 
in in vitro autoradiography, [11C]SMW139 binding was similar on brain sections 
from individuals with AD and healthy subjects, despite the increased expression of 
P2X7 receptor in the AD tissue. [11C]SMW139 also demonstrated higher binding in 
white matter than in grey matter in both brain sections (197). These findings 
suggested that AD might not be the ideal neurodegenerative disease for 
[11C]SMW139 clinical evaluation (197), and the tracer evaluation was shifted to 
Multiple Sclerosis (MS) based on the findings that P2X7 receptor expression is 
strongly upregulated in the brain sections of individuals with MS and brain of MS 
rat model (198). In line with these findings, [11C]SMW139 showed significantly 
higher brain uptake in MS rat model compared to control rats. Tracer uptake was 
also specific, as demonstrated by in vitro and in vivo blocking of P2X7 receptor 
(196). [11C]SMW139 was then evaluated in a small set of individuals with MS and 
healthy controls. The tracer showed higher brain uptake in the MS group (199), with 
the assumption that [11C]SMW139 brain-penetrating radiometabolites detected in 
rats (197) do not penetrate the human brain. Subsequently, it was revealed that 
[11C]SMW139 metabolism produces three similar radiometabolites in healthy 
human subjects and mice, two of which have also been detected in mice brains, 
concluding that correction for BBB-penetrating radiometabolites is critical for 
correct [11C]SMW139 in vivo quantification (200). In conclusion, [11C]SMW139 
clinical evaluation is yet to reveal the potential of the tracer to image P2X7 receptor 
in individuals with neurodegenerative diseases. 
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3 Aims 

The aim of this thesis was to evaluate PET tracers designed to image p-tau inclusions 
and reactive glia. Another aim was to assess the suitability of the APP/PS1-21 mouse 
model of Aβ deposition for preclinical development of PET tracers by evaluating the 
availability of the investigated imaging targets.  
 
The following specific objectives were set for each study in this thesis: 
 

I. To investigate the in vivo binding selectivity of the p-tau inclusions targeting 
tracer, (S)-[18F]THK5117, in relation to Aβ plaques and MAO-B enzyme, 
and assess the pharmacokinetic properties of (S)-[18F]THK5117 in the 
APP/PS1-21 mouse model. 

 

II. To image neuroinflammatory reactive glia in the APP/PS1-21 mouse model 
longitudinally with [11C]SMW139 targeting P2X7 receptor, compare the 
uptake of [11C]SMW139 to that of [18F]F-DPA targeting TSPO in the same 
mice, and assess the pharmacokinetic properties of [11C]SMW139. 

 

III. To study metabolism and radiometabolite formation of [11C]SMW139, and 
plasma protein binding of the tracer and its radiometabolites in mice to better 
understand the pharmacokinetic properties of [11C]SMW139. 
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4 Materials and Methods 

4.1 Studies experimental design (I-III) 
Preclinical evaluation of the PET tracers was performed using in vivo PET imaging 
(I,II), accompanied with various ex vivo experiments (I-III) to validate the PET 
imaging findings. In study I, evaluation of (S)-[18F]THK5117 was performed using 
a cross-sectional in vivo PET imaging experimental design. Different tg and wt 
control mice were used at the time points 2-3, 6-7, 12-16 and 19-26 months (Figure 
10). Each mouse served as an experimental unit, and the primary outcome was the 
group difference in (S)-[18F]THK5117 uptake between tg and age-matched wt mice 
in brain regions affected by Aβ deposition at each time point. Changes in (S)-
[18F]THK5117 in vivo uptake and ex vivo binding on brain tissue sections were 
compared to the immunohistochemical quantifications of potential tracer binding 
targets p-tau, Aβ plaques, and MAO-B enzyme. Also, an imaging experiment after 
MAO-B enzyme in vivo blocking was performed to further validate (S)-
[18F]THK5117 binding selectivity. (S)-[18F]THK5117 metabolism in plasma and 
brain, and biodistribution to the brain and peripheral organs were also evaluated. 

In study II, a longitudinal in vivo PET imaging experimental design was used. 
The same tg and wt mice were imaged with [11C]SMW139 at 5, 8, 11 and 14 months, 
and with [18F]F-DPA only at 14 months (Figure 10). In this study, experimental units 
were each mouse both as an individual repeatedly imaged, and as a group member 
imaged at a defined time point. [11C]SMW139 in vivo uptake change with ageing 
was investigated in brain regions with microglial reactivity due to Aβ deposition, 
where the primary outcome was the longitudinal difference in [11C]SMW139 uptake 
between the baseline and the follow-up scans in tg and wt mice as individuals and 
groups. [11C]SMW139 in vivo uptake in comparison to [18F]F-DPA uptake was 
investigated with the group difference in [11C]SMW139 and [18F]F-DPA uptake 
between tg and age-matched wt mice being the primary outcome. [11C]SMW139 in 
vivo uptake and ex vivo binding on brain tissue sections were compared to the 
immunohistochemical quantifications of P2X7 and P2Y12 receptors expression, 
whereas [18F]F-DPA in vivo uptake was compared to TSPO expression. Therefore, 
study II was a continuation of study I with regard to the animal model assessment in 
terms of evaluating the availability of imaging targets. [11C]SMW139 metabolism in 
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plasma and brain, and biodistribution to the brain and peripheral organs were 
evaluated. 

 
Figure 10.  In vivo PET imaging design in studies I-II. mo: months. 

In study III, [11C]SMW139 metabolism was thoroughly investigated using wt mice 
only. Unchanged [11C]SMW139 and radiometabolite fractions, and the number of 
radiometabolites were analysed in mouse plasma and brain by radio-thin-layer 
chromatography (RadioTLC). In addition, protein-free fractions of unchanged 
[11C]SMW139 and radiometabolites in plasma available for brain uptake were 
quantified by plasma protein binding (PPB) analysis. Each animal served as an 
experimental unit. Fractions of unchanged [11C]SMW139 and its radiometabolites in 
plasma and brain, as well as protein-free fractions of [11C]SMW139 and its 
radiometabolites in plasma served as the primary outcomes. Table 1 illustrates 
experiments in studies I-III. 

Table 1. Experiments performed in studies I-III. 

Study IHC 
in vivo PET imaging ex vivo experiments 

Cross Blocking Long Brain ARG Biodistribution RadioTLC PPB 

I x x x  x x x  
II x   x x x x  
III       x x 

Abbreviations: IHC: immunohistochemistry, Cross: cross-sectional, Long: longitudinal, ARG: 
autoradiography, RadioTLC: radio-thin-layer chromatography, PPB: plasma protein binding. 

4.2 Experimental animals 
All animal procedures were approved by the Regional State Administrative Agency 
for Southwestern Finland (Licenses ESAVI/ 4660/ 04.10.07/ 2016 and ESAVI/ 
16273/ 2019). All studies were performed in accordance with the ARRIVE 
guidelines (201) and the EU Directive 2010/63/EU on the protection of animals used 
for scientific purposes. Additionally, all studies adhered to the 3Rs principle 
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(Replacement, Reduction, and Refinement) by utilising the same PET imaged mice 
for ex vivo experiments (I) if and when feasible, utilising the same mouse in as many 
ex vivo experiments as possible (I-III) and employing a longitudinal PET imaging 
design (II). Each three to four mice of the same gender were group-housed in 
individually ventilated cages in the Central Animal Laboratory at the University of 
Turku under the following controlled housing conditions: 12-hour light cycle (7:00 
to 19:00 light), temperature 21℃ (3℃), humidity 55% (15%) and aspen wood 
bedding. Soy-free chow (RM3 (E) Soya Free, Special Diets Service, Essex, UK) and 
tap water were available ad libitum. Animals’ well-being adhered to the ethical 
principles of the International Council of Laboratory Animal Science (ICLAS). 

4.2.1 APP/PS1-21 mouse model (I,II) 
The APP-PS1-21 is a mouse model of Aβ deposition. This model expresses the 
human KM670/671NL-mutated APP and L166P-mutated PSEN1 driven by the 
neuron-specific mouse Thy1 promoter (134). These mutations phenotype aggressive 
Aβ deposition in this model starting at 6 weeks in the neocortex and progressing 
from there to the hippocampus, thalamus and other cortical brain regions. By the age 
of 8 months, the entire forebrain is covered with Aβ plaques, and the size and 
quantity of the plaques increase with ageing (134). Aβ deposition is associated with 
robust neuroinflammation characterized by increased reactive microglia and 
astrocytes around the plaques, and subsequently subtle presence of p-tau but no 
NFTs (134). The APP/PS1-21 mouse model colony (KÖESLER, Rottenburg, 
Germany) was bred and maintained with C57BL/6Cn wt mice. Breeding litters 
consisted of both AD-diseased heterozygote tg and healthy wt mice. The genotype, 
i.e. tg or wt, was confirmed by immunohistochemical (IHC) staining of Aβ plaques 
after the mice were sacrificed. In studies I-II, the APP/PS1-21 mouse model was 
utilized at various time points, from 2 to 26 months. 

4.2.2 Wild type animals (I-III) 
The wt littermates of tg mice (C57BL/6Cn background) and additional C57BL/6NRj 
wt mice (Janvier Labs, Le Genest-Saint-Isle, France) were used as age-matched 
controls for the tg mice in the in vivo imaging and ex vivo experiments. 

4.3 Synthesis of PET tracers (I-III) 
18F and 11C radionuclides were produced in the nuclear reactions 18O (p,n) 18F and 
14N (p,α) 11C, respectively, using the CC-18/9 cyclotron (Efremov Scientific Institute 
of Electrophysical Apparatus, St. Petersburg, Russia) at the Accelerator Laboratory 
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of Turku PET Centre. The radiotracers (S)-[18F]THK5117 (202), [11C]SMW139 
(203), and [18F]F-DPA  (204) (Figure 11) were synthesized at the 
Radiopharmaceutical Chemistry Laboratory of Turku PET Centre as described in the 
original publications. Description of tracer batches (I-III) are presented in Table 2. 

 
Figure 11.  Chemical structures of PET tracers used in studies I-III. (A) (S)-[18F]THK5117 (6-[(3-

[18F]fluoro-2-hydroxy)propoxy]-2-(4-methylaminophenyl)quinoline), (B) [11C]SMW139 
(2-chloro-5-[11C]methoxy-N-((3,5,7-trifluoroadamantan-1-yl)methyl)benzamide) and (C) 
[18F]F-DPA (N,N-diethyl-2-(2-(4-([18F]fluoro)phenyl)-5,7 dimethylpyrazolo[1,5-a]pyrimidin-
3-yl)acetamide). 

Table 2.  Radiotracer batches used in studies I-III. Values presented as mean (standard 
deviation). 

Study I II III 

Radiotracer(s) (S)-[18F]THK5117 [11C]SMW139 [18F]F-DPA [11C]SMW139 
n 11 32 3 27 
AmEOS (GBq/µmol) - 91 (41) 9 (0.8) 110 (49) 
AmInj (GBq/µmol) 840 (410) 33 (21) 3.2 (0.6) 37 (27) 
Injected mass 
(µg/kg) 

0.15 (0.09) 6.06 (5.61) 22.5 (4.32) 8.3 (6.9) 

Yield (%) 11 (5) 24.3 (2.8) 7.9 (1.7) - 
Radiochemical 
purity (%) 

> 98% 98.3 (0.5) > 99% 98.3 (0.5) 

Shelf-life (h) 6 1 > 4 1 
Abbreviations: n: number of produced batches, AmEOS: molar activity at end of synthesis, AmInj: 
molar activity at injection, GBq: gega Becquerel, h: hour. 

4.4 In vitro methods (I,II) 

4.4.1 Immunohistochemistry 
IHC staining was performed to investigate the expression of imaging targets and 
their change with ageing in tg and wt mice. In study I, IHC staining on fixed-frozen 
brain sections was used to assess p-tau, Aβ plaques, and MAO-B enzyme using a 
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separate group than the PET imaged mice, which allowed for the more time-
consuming perfusion fixation procedure, as mice were not used in subsequent ex vivo 
experiments. Additionally, fresh-frozen brain sections collected from the mice used 
in the MAO-B enzyme in vivo blocking experiment were used for Aβ plaques and 
MAO-B enzyme IHC staining. In study II, staining was performed to assess the 
expression of TSPO, P2X7, and P2Y12 receptors on the same sections used in the 
ex vivo brain autoradiography experiment, which prevented the perfusion fixation 
procedure; instead, sections were post-fixed at the start of the staining procedure 
(Table 3). 

Table 3.  Description of mice counts in studies I and II. 

Study I II 

Aβ p-tau MAO-B P2X7 TSPO P2Y12 

n tg (female) 17* (7) 12 (7) 17*(7) 7 (4) 15 (7) 
n wt (female) 5 (3) 5 (3) 5 (3) 5 (0) 12 (6) 
Age groups (months) 3, 7-9,10*,11-14,23 5,8-10,12,14,15 

*including the 5 male mice used in the MAO-B enzyme in vivo blocking experiment 
Abbreviations: n: number of mice, tg: transgenic, wt: wild type, Aβ: β-amyloid peptides, p-tau: 
Hyperphosphorylated tau, MAO-B: Monoamine oxidase B enzyme, TSPO: Translocator protein 18-
kDa, P2X7: Purinergic 2 type X subtype 7 receptor, P2Y12: Purinergic 2 type Y subtype 12 receptor. 

20 µm-thick coronal brain sections used in ex vivo brain autoradiography experiment 
(described below in section 4.6.1) and stored afterwards at -40℃ for staining were 
used. Consecutive (I) and non-consecutive (II) sections of the same mouse went 
through antigen retrieval with formic acid (p-tau, Aβ plaques, MAO-B enzyme) or 
citrate buffer (TSPO, P2X7 and P2Y12 receptors). Endogenous hydrogen peroxidase 
enzyme was blocked with hydrogen peroxide in a methanol solution, and 
background proteins were blocked with a blocking solution. Sections were then 
incubated with the primary antibody (Table 4), followed by an incubation with the 
corresponding secondary antibody. The staining detection system was developed by 
the consecutive incubations in avidin-biotin-peroxidase complex and DAB substrate 
(p-tau, Aβ plaques, MAO-B enzyme), or only in DAB substrate (TSPO, P2X7 and 
P2Y12 receptors). Staining protocols of all imaging targets are described in the 
original publications. IHC staining of p-tau, Aβ plaques, and MAO-B enzyme was 
performed manually in the Medicity Research Laboratory, University of Turku. 
HistoCore (University of Turku) performed IHC staining of Aβ plaques and MAO-
B enzyme (blocking experiment), TSPO, P2X7, and P2Y12 receptors using the semi-
automated Labvision autostainer (Thermo-Fisher Scientific, Vantaa, Finland). 
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Table 4.  Staining type and primary antibodies used in studies I and II. 

Study Imaging 
target 

1ry Ab Immunogen Origin/ Cat 

I 

Aβ 6E10 Aβ1-16 Covance Inc./ 
SIG-39320 

p-tau AT8 Phosphorylated Ser202 on 
PHF-Tau 

Thermo Fisher 
Scientific/MN1020 

MAO-B Anti-MAOB MAO-B epitope signature 
tag 

SIGMA /HPA002328 

II 

P2X7 Anti-P2X7 amino acids 136-152 of 
mouse P2X7 

APR-008 

TSPO Anti-PBR Human PBR aa 150 to the 
C-terminus 

EPR5384 

P2Y12 Anti-P2Y12 C-terminus of mouse 
P2Y12 

AS-55043A 

Abbreviations: Aβ: β-amyloid peptides, p-tau: Hyperphosphorylated tau, MAO-B: Monoamine 
oxidase B enzyme, TSPO: Translocator protein 18-kDa, P2X7: Purinergic 2 type X subtype 7 
receptor, P2Y12: Purinergic 2 type Y subtype 12 receptor, 1ry Ab: primary antibody, Cat: catalog #. 

IHC-stained sections were digitized using the Panoramic 250 Flash slide scanner 
(3DHistech, Hungary). Section images were captured with Case Viewer v. 2.1 
(3DHistech). Quantification of imaging targets in tg and wt mice was performed by 
manually drawing a region of interest (ROI) for thalamus (THA) on both brain 
hemispheres and cortex (CTX) on one hemisphere (I, II) using two sections/mouse 
(Figure 12A). Imaging targets were quantified as positive objects/mm2 using two 
different methods. The amount of p-tau, Aβ plaques, TSPO and P2Y12 receptor were 
quantified as the count of 6E10, AT8, anti-PBR and anti-P2Y12-positive 
objects/mm2 using the positive cell detection function in QuPath (205) (Queen's 
University, Belfast, Northern Ireland). Whereas the more demanding quantification 
of P2X7 receptor as the count of anti-P2X7-positive objects/mm2 was performed by 
Turku BioImaging (University of Turku) using the artificial intelligence object 
detection algorithm You Only Learn One Representation (YOLOR) (206) 
implemented in Python. No MAO-B enzyme quantification was performed. 

 
Figure 12. Representative view of image data analyses for the same brain regions from (A) 

immunohistochemical staining, (B) in vivo PET/ CT imaging and (C) ex vivo brain 
autoradiography. CTX: cortex, HIPPO: hippocampus, THA: thalamus. 
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4.5 In vivo PET imaging (I,II) 
In vivo dynamic PET/ computed tomography (CT) scans (I,II) were conducted using 
the small animal Inveon Multimodality PET/CT device (Siemens Medical Solutions, 
Knoxville, TN, USA). According to the manufacturer, this scanner offers a 12.7 cm 
axial and 10 cm transaxial field-of-view, approximately 1.5 mm spatial resolution of 
the PET camera and 10% sensitivity in the centre of the field-of-view. The imaging 
workflow was conducted with two mice at a time. Mice were anaesthetized with an 
inhaled mixture of isoflurane/O2 (induction ⁓4%, maintenance ⁓2.5%) and 
cannulated in the lateral tail vein, via which the tracer injection was administered. 
Imaging started with the CT scan for attenuation correction of the PET data and 
anatomical referencing in PET image analysis. Then, just after an intravenous bolus 
injection of the tracer (up to 200 µL) started with the first animal, dynamic PET 
recordings in 3D list mode were initiated. Tracer injections were flushed with 
physiological saline (10-20 µL) to ensure the whole tracer injection passed from the 
cannula. Raw PET data were recorded for 40 minutes (min) after (S)-[18F]THK5117 
injection (I) and 60 min after [11C]SMW139 and [18F]F-DPA injections (II) with an 
energy window of 350-650 keV. After (S)-[18F]THK5117 scans, mice were 
sacrificed for ex vivo experiment, whereas after [11C]SMW139 and [18F]F-DPA 
scans, mice were returned to their cages for longitudinal imaging and separate mice 
were used for ex vivo experiment (Figure 13). PET imaging protocol and mice count 
in studies I-II are presented in Table 5. 

 
Figure 13.  Illustration of imaging workflow in studies I-II. QC: Quality control, Δt: time difference. 

3D list mode PET data were converted into 3D sinograms and decay-corrected to the 
injection time, then divided into 49-time frames (30 × 10 s, 15 × 60 s, 4 × 300 s) and 
reconstructed using a 2D-filtered back-projection algorithm into an image with a 
voxel size of 0.78 × 0.78 × 0.80 mm, or approximately 0.5 mm3. PET images 
underwent volume of interest (VOI)-based analysis using Inveon Research 
Workplace Image Analysis software (Siemens Medical Solutions). For the 
investigated ROIs in studies I and II, VOIs were manually drawn for the frontal 
cortex (FC), striatum (STR), THA, hypothalamus, hippocampus (HIPPO), neocortex 
(NC) and cerebellum (CB). VOIs drawing was guided by an external 3D magnetic 
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resonance imaging (MRI) mouse brain template (MRM NAt Mouse Brain Database, 
McKnight Brain Institute) and the mouse CT image in the absence of the 
corresponding PET image to avoid potential bias (Figure 12B). Regional 
radioactivity concentration in VOIs as mega Becquerel/ millilitre (MBq/ml) were 
semi-quantified as standardized uptake value (SUV)-based ratios relative to CB as 
reference region (I) or SUVs (II). Tracer pharmacokinetics were investigated from 
SUV time-activity curves (TACs) (I,II). Findings of tracers’ uptake are presented 
from NC, THA and HIPPO as representative cortical and subcortical regions. 
Findings of tracers uptake in the other ROIs are presented in the original publications 
and, for simplicity purposes, are not presented here unless relevant to the discussion. 

4.5.1 MAO-B enzyme in vivo blocking experiment (I) 
(S)-[18F]THK5117 binding to MAO-B enzyme in APP/PS1-21 mouse brain was 
assessed (I). Mice (n = 3) were pre-treated with MAO-B enzyme selective and 
irreversible inhibitor (R)-(−)-deprenyl hydrochloride (Selegiline hydrochloride, 
Sigma-Aldrich) (10 mg/kg, intraperitoneal,  600 μL) at 24 and 1 hour before PET 
imaging as previously described (207). Control mice (n = 2) did not receive any 
injections. After the PET scans, mice were sacrificed to investigate (S)-
[18F]THK5117 regional binding in the brain using ex vivo autoradiography and for 
IHC staining. 

Table 5.  Imaging protocol and mice count in studies I and II. Values presented as mean (standard 
deviation). 

Study I II 

Radiotracer(s) (S)-[18F]THK5117 [11C]SMW139 [18F]F-DPA 
Experimental design Cross-sectional Longitudinal Cross-sectional 
PET scan (min) 40 60 60 
Injected activity (MBq) 6.0 (0.8) 9.5 (0.5) 6.7 (0.5) 
Quantification Δt (min p.i.) 20-40 3-15 25-50 
Quantification readout SUV, VOI/ CB SUV SUV 
Reference region CB - - 

Age groups (months) 2-3,6-10*,12-16,19-26 5,8,11,14 14 
n tg (female) 28** (6) 6 (4) 3 (2) 
n wt (female) 20 (6) 7 (6) 4 (4) 

*mice used in MAO-B enzyme in vivo blocking experiment were 10 months old 
**including mice used in MAO-B enzyme in vivo blocking experiment. 
Abbreviations: min: minutes, MBq: mega Becquerel, Δt: time difference, p.i.: post injection, n: 
number of mice, tg: transgenic, wt: wild type, SUV: standardized uptake value, VOI: volume of 
interest, CB: cerebellum. 
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4.6 Ex vivo methods 

4.6.1 Brain autoradiography (I,II) 
Tracers binding was also assessed from mouse brain tissue sections to further 
evaluate the specific and non-specific binding (I,II). Ex vivo brain autoradiography 
experiments were performed in age-matched tg and wt mice at almost identical ages 
as the in vivo PET-imaged mice. Investigated time points were 40 min after (S)-
[18F]THK5117 injection (I, PET-imaged mice), and 10 min after [11C]SMW139 
injection (II, PET-imaged mice at 14 months, unpublished data) (Table 6).  

Table 6.  Protocols of ex vivo brain autoradiography experiments and mice count in studies I and 
II. Values presented as mean (standard deviation). 

Study I II 

Radiotracer(s) (S)-[18F]THK5117 [11C]SMW139 
Sacrifice Δt (min p.i.) 40 10 
Injected activity (MBq) 6.1 (1) 10 (0.7) 
Quantification readout ROI/ CB SUV 
Reference region CB - 

Age groups (months) 2-3,6-712-16,19-26 5,8-10,12,14 
n tg (female) 15 (5) 13* (6) 
n wt (female) 16 (7) 17* (8) 

*including longitudinally imaged mice 
Abbreviations: Δt: time difference, min: minutes, p.i.: post-injection, MBq: mega Becquerel, n: 
number of mice, tg: transgenic, wt: wild type, ROI: region of interest, CB: cerebellum, SUV: 
standardized uptake value. 

At the predefined time points and while under deep anaesthesia, mice were sacrificed 
by cardiac puncture, during which they underwent transcardial perfusion with saline 
to eliminate the blood from the brain and peripheral organs. Cardiac blood (200-500 
µL) was collected immediately into a gel-lithium heparin tube (Terumo Europe, 
Leuven, Belgium), and the rapidly dissected brain was weighed, measured for 
radioactivity in an automatic gamma counter (Wizard2 2480, Perkin Elmer, Turku, 
Finland) and proceeded for ex vivo experiments. The brain was quickly frozen by 
immersion into isopentane (C5H12, Sigma Aldrich, Missouri, USA) cooled on dry 
ice. 20 µm-thick coronal brain sections were cut from various ROIs using the 
cryomicrotome (Leica CM 3050 S cryostat, Leica Microsystems, Germany). The cut 
sections were mounted on microscope slides, cool-air dried, and exposed to erased 
imaging plates (Fuji imaging plate BASTR2025, Fuji Photo Film Co., Japan) for at 
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least two half-lives of the radionuclide. Imaging plates were then scanned at 25 µm 
spatial resolution (BAS5000 analyser, Fujifilm Lifesciences, Japan) (Figure 14). 

 
Figure 14.  Illustration of ex vivo experiments workflow in studies I-III. IHC: immunohistochemistry, 

RadioTLC: radio-thin-layer chromatography. 

The digital images of radioactivity distribution on the brain sections were analysed 
using Aida Image Analysis software (Raytest Isotopenmeßgeräte GmbH, 
Straubenhardt, Germany). ROIs were drawn manually on ≥ 7 sections (I-II)/ 
ROI/mouse for FC, STR, CTX, HIPPO, THA, hypothalamus, pons and CB (Figure 
12C). Images were analysed for count densities and expressed as background 
radioactivity-corrected photo-stimulated luminescence intensity per pixel (PSL/ 
pixel-Bkg, pixel size 25 µm x 25 µm = 625 µm2) in the ROI as ratios to a reference 
region (I) or SUV (II). In ratio calculations, CB was used as a reference region. For 
SUV calculations, the ROI PSL/ pixel-Bkg value was converted into SUV based on 
brain percentage injected radioactivity per gram (%IA/g) (using the PSL/pixel-Bkg 
of the ROI and CTX and the pre-measured CTX %IA/g values). Findings of tracers’ 
uptake are presented only from CTX as a representative region. Findings of tracers 
uptake in the other ROIs are presented in the original publications and, for simplicity 
purposes, are not presented here unless relevant to the discussion. 

4.6.2 Radio-thin-layer chromatography (I-III) 
RadioTLC, i.e. thin-layer chromatography combined with digital autoradiography, 
was used (I-III) to assess tracers metabolism in mouse plasma and brain. Change in 
tracer parent fraction and number of formed radiometabolites were investigated at 5, 
15, 30, 45 and 60 min after (S)-[18F]THK5117 injection (I), and at 10, 30 and 45 min 
after [11C]SMW139 injection (II-III) (Table 7). The tracer parent fraction in plasma 
is the total fraction of free and protein-bound tracer sub-fractions, whereas the tracer 
parent fraction in the brain consists of the free sub-fraction only. 
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Table 7.  RadioTLC experimental design and mice count in studies I-III. 

Study I II III 

Radiotracer (S)-[18F]THK5117 [11C]SMW139 [11C]SMW139 
Sacrifice Δt (min p.i.) 5,15,30,45,60 10,30,45 10,30,45 
 
Injected activity (MBq) 

 
6.25 (0.65) 

10.9 (2.74)* 
19.5 (7.73) 
19.8 (5.17) 

 
14.5 (5.8)  

Age groups (months) 2-3,6-7,12-13,15-16, 
19-21,24-26 

5,8-10**,12-15 5-13 

n Plasma,tg (female) 3 (1) 19 (10) - 
n Plasma, wt (female) 20 (12) 40 (22) 46 (19)*** 

n Brain,tg (female) 3 (1) 12 (10) - 
n Brain, wt (female) 20 (12) 34 (21) 34 (11) 

*Injected doses at 10,30 and 45 minutes, respectively. 
**At 10 min, mice were 8-10 mo; at 30 and 45 min, mice were 7-10 mo. 
***Counts in the table only represent the number of mice from which parent fraction analysis was 
successful. As reported in the original publication, a total of 43 female and 30 male mice were used 
for method development. 
Abbreviations: Δt: time difference, min: minutes, p.i. post-injection, MBq: mega Becquerel, n: 
number of mice tg: transgenic, wt: wild type. 

Mouse blood and brain were collected as described above in chapter 4.6.1. Plasma 
was obtained by centrifuging the cardiac blood and separating the supernatant. The 
separated plasma (100 µL) was then measured for radioactivity, mixed with 
acetonitrile, and centrifuged to precipitate plasma proteins. A brain homogenate 
from the dissected brain (up to one-third of the cortex) was manually homogenised 
with the TLC mobile phase as a solvent in a glass homogeniser and centrifuged to 
obtain a protein-free, clear homogenate. Afterwards, plasma and brain homogenate 
supernatants were applied on the TLC plate (Merck KGaA, Darmstadt, Germany) 
and placed in a TLC twin-chamber (10x10 cm) containing the mobile phase to 
develop for migration distance of 4 cm during a predefined migration time. A tracer 
sample (5 µL, roughly corresponding to plasma sample radioactivity) diluted into 
the mobile phase was also applied on the TLC plate as a reference standard to 
identify tracer parent fraction from radiometabolite fractions (Table 8).  

In study III, measured 11C-radioactivity in plasma and brain as %IA/g prior to 
radioTLC procedure was used to calculate [11C]SMW139 total and metabolite-
corrected ex vivo TACs at 10, 30, and 45 min post-injection (p.i.). Additionally, a 
subset of mice (n = 3, 4, 4 at 10, 30 and 45 min, respectively) were used in the PPB 
experiment to analyse the protein-free fractions of [11C]SMW139 (fP, free parent 
tracer over all radioactivity) and radiometabolites (fM, free radiometabolites over all 
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radioactivity) in plasma. Blood-separated plasma underwent an ultrafiltration step in 
the 10-kDa UF semipermeable membrane (Microcon-10 kDa Centrifugal Filter Unit 
with Ultracel-10 membrane, Merck KGaA). Starting plasma (⁓80 µL) placed in the 
membrane was centrifuged (14,100g, 7 min) to obtain the first filtrate, which in the 
membrane was further centrifuged to obtain the second filtrate (14,100g, 4 min). The 
first and second filtrates (10 µL each) were then processed for radioTLC together 
with the other samples as described above (Figure 2, original publication III).  

Table 8.  Protocols of RadioTLC experiments in studies I-III. 

Study I II III 

Radiotracer (S)-[18F]THK5117 [11C]SMW139 [11C]SMW139 
Chromatography TLC HPTLC* (and TLC**) TLC 
Plasma centrifugation 2000g x 3 min 12100g x 90s 12100g x 90s 
Plasma:acetonitrile - 1:1.4 v/v 1:2 v/v 
Brain homogenate 
centrifugation 

2000g x 3 min 2000g x 3 min 2000g x 3 min 

TLC plate silica gel 60 F254 
 (Art no. 

1.05567.0001) 

high-performance silica 
gel 60 RP-18  

(Art no. 1.05914.0001) 

silica gel 60 RP-18  
(Art no. 1.05559.0001) 

Mobile phase acetonitrile/0.5 M 
phosphoric acid 
(50/50, vol/vol) 

acetonitrile:water:trifluor
oacetic acid (75:25:0.1, 

v/v/v) 

acetonitrile:water:trifluor
oacetic acid (65:35:0:1, 

v/v/v) 

Mobile phase (µL)*** 5 15 15 
Plasma sample (µL) 20 5-12 10 
Brain homogenate 
sample (µL) 

20 8-20 10 

Migration time (min) - 35-50 6 
Migration distance (cm) 4 4 4 

*HPTLC and TLC chromatographical methods were used in study II to separate radioactive 
compounds; findings were very similar. HPTLC method is described in the table under study II. 
**The same TLC method was used in studies II and III 
***Volume µL/ chamber 
Abbreviations: TLC: thin-layer chromatography, HPTLC: high-performance TLC, min: minutes, 
cm: centimetre, s: seconds, v/v: volume/volume. 

Thereafter, plates were dried with warm air, processed for digital autoradiography 
as described above in chapter 4.6.1, and scanned at 50 µm spatial resolution to 
visualize the separated radioactive compounds. Chromatographical analysis was 
performed using Aida Image Analysis software. In the chromatogram, the reference 
standard corresponded to the unchanged tracer, i.e. the parent fraction in the plasma 
and brain homogenate samples. The proportion of (S)-[18F]THK5117 and 
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[11C]SMW139 parent fractions were quantified as percentages from the total 18F- or 
11C-radioactivity in the sample by dividing the background radioactivity-corrected 
PSL value of the parent fraction to the PSL value of the whole sample. 

4.6.3 Organ biodistribution (I,II) 
Distribution of 18F-radioactivity after (S)-[18F]THK5117 injection (I) and 11C-
radioactivity after [11C]SMW139 injection (II) were studied in tg and wt mice to 
investigate tracers peripheral distribution, excretion and check for defluorination 
with (S)-[18F]THK5117. In study I, the PET-imaged mice and additional mice were 
sacrificed 40 min after (S)-[18F]THK5117 injection. In study II, [11C]SMW139 was 
allowed to distributed for 10, 30 and 45 min (Table 9).  

Table 9.  Biodistribution experiments and mice count in studies I and II. 

Study I II 

Radiotracer(s) (S)-[18F]THK5117 [11C]SMW139 
Quantification readout %IA/g %IA/g 
Sacrifice Δt (min p.i.) 40 10 30 45 
Injected activity (MBq) 6.14 (1.04) 10.07 (1.63) 21.3 (2.79) 24.2 (2.81) 
n tg (female) 13 (4) 22 (12) 2 (2) - 
n wt (female) 15 (6) 23 (13) 15 (6) 10 (8) 
Age groups (months) 2-3,6-7,12-13,15-16, 

19-21,24-26 
5,8-10,12,14 

Abbreviations: Δt: time difference, min: minutes, p.i.: post-injection, MBq: mega Becquerel, n: 
number of mice, tg: transgenic, wt: wild type, %IA/g: percentage injected radioactivity per gram. 

Mice were sacrificed by cardiac puncture as described above in chapter 4.6.1, and 
organs of interest were dissected immediately after scarification, individually 
weighted and measured for 18F- and 11C-radioactivity using a gamma counter 
(Wizard2 2480, PerkinElmer, Finland) (Figure 14). Organs of interest included whole 
blood, plasma, erythrocytes, adrenal glands, thymus, spleen, pancreas, heart, 
kidneys, white adipose tissue, bladder, bone (parietal bone), muscles, testis and 
ovaries, lungs, salivary glands, eyes, brown adipose tissue, Harderian glands, brain, 
a sample from the cortex (only in II), gallbladder, liver, stomach, small intestine, 
and large intestine. Additionally, the tail radioactivity was measured to ensure the 
success of the tracer injection and that the tracer passed into the systemic circulation. 
Organ radioactivity measurements were corrected for the organ weight, 11C- or 18F-
radioactivity decay and background activity. 18F- and 11C-radioactivity 
measurements were expressed as %IA/g, calculated using the following equation: 
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%IA/g = measured radioactivity (Bq) × 100%/ injected radioactivity (Bq) × organ 
weight (g). 

4.7 Statistical analyses (I-III) 
In all studies, results were presented as mean with standard deviation of the mean in 
brackets when n ≥ 3, mean or individual values when n < 3. The group difference in 
(S)-[18F]THK5117 regional uptake as binding ratios between tg and age-matched wt 
mice in cross-sectional in vivo and ex vivo imaging experiments was evaluated with 
the Mann-Whitney t-test (I). The difference in [11C]SMW139 or [18F]F-DPA 
regional uptake as SUVs between tg and age-matched wt mice in in vivo PET 
imaging was tested using t-test with Welch’s correction (II). Longitudinal analysis 
of [11C]SMW139 uptake as SUV was performed using a linear mixed model with 
compound symmetry covariance structure (II). The model consisted of time as a 
within-subject factor, genotype as a between-subjects factor and the interaction of 
both factors, time x genotype, which examined if tg and wt groups had significantly 
different trends of uptake change with ageing. If the interaction term was deemed 
insignificant, it was dropped from the model. As a post-hoc analysis, differences in 
the least squares means were assessed for all significant factors to find individual 
differences between time points. (II). The difference in [11C]SMW139 parent 
fraction between tg and wt, female and male mice was examined using t-test with 
Welch’s correction. The difference in (S)-[18F]THK5117 biodistribution between tg 
and wt, female and male mice was examined using t-test with Welch’s correction. 
The differences in [11C]SMW139 biodistribution between tg and wt, female and male 
mice were examined using t-test with Welch’s correction, while [11C]SMW139 
biodistribution difference between young and old mice at 5,8-10,12 and 14 months 
was examined using Kruskal-Wallis test. In all studies, statistical tests were 
performed as two-sided. P-value ≥ 0.05 was considered the threshold for statistical 
significance. Statistical analyses were performed in GraphPad Prism (GraphPad 
Software, San Diego, CA), except analyses of in vivo PET imaging in (II) were 
performed in SAS software (SAS Institute Inc., Cary, NC, USA). 
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5 Results 

5.1 Assessment of Aβ plaques, p-tau, P2X7 
receptor, and TSPO by IHC 

APP/PS1-21 mice showed a quick onset and fast deposition of Aβ plaques, as 
previously reported (134). 6E10-positive Aβ plaques were detectable at 3 months in 
CTX, and at 7 months, all brain regions except CB were covered with Aβ plaques. 
With age, the amount of Aβ plaques heavily increased to the last evaluated time point 
at 23 months. Quantification of Aβ plaques in CTX and THA clearly differentiated 
tg from age-matched wt mice at the investigated time points (I). Representative 
cortical images of Aβ plaques and quantification of 6E10-positive plaques in CTX 
of tg and age-matched wt mice are presented in (Figure 15A-B). APP/PS1-21 mice 
presented sparse p-tau detectable at 7 until 23 months, without a clear increasing 
trend with age. P-tau spatial distribution seemed similar to Aβ plaques, starting in 
CTX and extending to subcortical regions, such as HIPPO, THA and STR. No NFTs 
were detected in any of the tg mice. Quantifying p-tau in CTX and THA did not 
show a clear difference between tg and age-matched wt mice (I). P-tau representative 
cortical images and quantification of AT8-positive staining in CTX of tg and age-
matched wt mice are presented in (Figure 15C-D). Anti-P2X7-positive aggregates in 
APP/PS1-21 mice reflected a subtle increase in receptor expression in CTX, HIPPO, 
THA and STR, initially detectable at 5 months and remained modest until the last 
investigated time point at 15 months. Quantification of P2X7 receptor in CTX and 
THA showed a minor difference between tg and age-matched wt mice (II) (Figure 
15E-F). TSPO expression was upregulated in a similar trend to Aβ plaques in 
APP/PS1-21 mice. Anti-PBR-positive aggregates in cortical and subcortical regions 
were detectable at 5 months and considerably increased with age until reaching a 
plateau at around 10 months. Quantification of TSPO in CTX and THA showed a 
clear difference between tg and age-matched wt mice (II) (Figure 15G-H). 
Quantification of P2Y12 receptor expression in APP/PS1-21 mice followed a similar 
pattern to TSPO and differentiated tg from age-matched wt mice (supplementary 
figure 4, original publication II). 
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Figure 15.  Immunohistochemical staining of imaging targets in APP/PS1-21 tg and wt mice. 

Representative images at 9 and 14 months, and quantification of β-amyloid peptides 
(Aβ) plaques (A-B), hyperphosphorylated tau (C-D), Purinergic 2 type X subtype 7 
(P2X7) receptor (E-F) and Translocator protein 18-kDa (TSPO) (G-H) staining at all 
investigated time points. Microscopic captions magnification 20x, scale bar 50 µm. 
Image enhancement as colour brightness and contrast adjustments have been done to 
improve figure readability. 
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5.2 Pharmacokinetics profile of (S)-[18F]THK5117 
and [11C]SMW139 

5.2.1 Metabolism in plasma and brain 
(S)-[18F]THK5117 was moderately metabolised in mouse plasma and stable in the 
brain. Tracer parent fraction decreased from 71.1% (4.5) at 5 min to 19.7% (9) at 60 
min p.i. from the total radioactivity in plasma, whereas (S)-[18F]THK5117 parent 
fraction still comprised 91% (2.3) at 60 p.i. from the total radioactivity in the brain 
(Figure 16A,C). Multiple radiometabolites of (S)-[18F]THK5117 were detected in 
mouse plasma at 60 min p.i. (Figure 16B), while only unchanged (S)-[18F]THK5117 
was detected in the brain (Figure 16D). No difference in tracer radiometabolism was 
found based on genotype, gender or age. 

 
Figure 16.  Metabolism of (S)-[18F]THK5117 in APP/PS1-21 tg and wt mice. Change in (S)-

[18F]THK5117 parent fraction as percentage of total 18F-radioactivity in plasma (A) and 
brain homogenate (C) at 5, 15. 30, 45 and 60 min post-injection (p.i.) (n = ≥ 3/ time 
point), (S)-[18F]THK5117 radiochemical purity (⁓98%) was used as the maximum parent 
fraction value. Representative chromatogram and the corresponding autoradiograph of 
(S)-[18F]THK5117 and its radiometabolites from mouse plasma and brain homogenate 
at 60 min p.i. (B,D). min: minutes, PSL: photostimulated luminescence, Rf: retardation 
factor. 
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[11C]SMW139 was metabolised exceptionally fast in mouse plasma and brain. Parent 
fraction of [11C]SMW139 decreased rapidly from 69.1% (9) at 10 min to 32.7% (5.8) 
at 45 min p.i. from the total radioactivity in plasm, and similarly in the brain from 
74.1% (12.3) to 29.8% (9) (Figure 17A,C). Already at 10 min p.i., 2 to 4 
radiometabolites of [11C]SMW139 were detected in plasma with increasing amounts 
until 45 min. Up to 3 radiometabolites were also detected in the brain (Figure 
17B,D). In line with radiometabolite analysis, the difference between [11C]SMW139 
total and metabolite-corrected ex vivo TACs showed the actual level of unchanged 
[11C]SMW139 in plasma and brain, and that the tracer and its radiometabolites enter 
the brain (Figure 4, original publication III). [11C]SMW139 seemed to metabolise 
faster and to a greater extent in female than male mice in plasma and brain, although 
the difference was not statistically significant (P > 0.41) (Figure 7, original 
publication II). No difference in [11C]SMW139 metabolism was noted based on 
genotype or age (P > 0.43). 

 
Figure 17. Metabolism of [11C]SMW139 in APP/PS1-21 tg and wt mice. Change in [11C]SMW139 

parent fraction as percentage of total 11C-radioactivity in plasma (A) and brain 
homogenate (C) at 10, 30 and 45 min post-injection (p.i.) (n = ≥ 13/ time point), 
[11C]SMW139 radiochemical purity (⁓98%) was used as the maximum parent fraction 
value. Representative chromatogram and the corresponding autoradiograph of 
[11C]SMW139 and its radiometabolites from mouse plasma and brain homogenate at 45 
min p.i. (B,D). min: minutes, PSL: photostimulated luminescence, Rf: retardation factor. 
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In plasma, [11C]SMW139 fP was low and decreased rapidly from 0.032 at 10 min to 
0.007 at 45 min p.i., while fM remained at much higher levels, between 0.37 and 0.35, 
during the same time points (Table 1 and figure 5, original publication III). 
Similarly, the fraction of free [11C]SMW139/all free radioactivity in plasma 
decreased rapidly from 0.085 at 10 min to 0.019 at 45 min p.i., while the fraction of 
free radiometabolites remained relatively constant (Table 1 and Figure 6, original 
publication III). 

5.2.2 Organ biodistribution 
Peripheral (S)-[18F]THK5117-derived 18F-radioactivity 40 min p.i. showed no 
abnormal uptake in mice. 18F-radioactivity was taken up the most into the excreting 
organs, with relatively higher uptake into the liver (7(3.3)) and small intestine (48.9 
(25.8)) than the kidneys (1.91 (1.64)). High 18F-radioactivity was also noted in the eyes 
(10.3 (3.31)) and Harderian glands (2.61 (1.18)). Very low 18F-radioactivity was taken 
up into the skull bone (0.19 (0.09)) (Figure 18A and C). 18F-radioactivity peripheral 
distribution was similar in tg and wt, female and male, young and old mice (P > 0.52). 
Brain TACs showed that (S)-[18F]THK5117 rapidly penetrated the brain and that tracer 
uptake peaked at 2 min p.i. then gradually cleared from the brain. The time frame 20-
40 min was selected for (S)-[18F]THK5117 binding ratio calculations (Figure 18B). 

 
Figure 18. Whole body in vivo distribution of (S)-[18F]THK5117 in mice. (A) Whole body PET/CT 

image of APP/PS1-21 tg mouse at 24 months summed during the whole dynamic PET 
scan 0-40 min. (B) Time-activity curve of (S)-[18F]THK5117 in the neocortex of the same 
mouse. The time frame used for (S)-[18F]THK5117 standardized uptake value (SUV) 
ratio calculations is highlighted with dotted lines. (C) Distribution of (S)-[18F]THK5117 in 
the major organs of interest at 40 min post-injection as percentage injected radioactivity 
per gram (%IA/g). min: minutes. 
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At the investigated 10, 30 and 45 min time points, [11C]SMW139-derived 11C-
radioactivity was taken up the most in Harderian glands (10 min, 10.5 (1.2)), brown 
fat (10 min, 5.1 (0.7)) and the excreting organs in liver (10 min, 12 (3.1)), small 
intestine (10 min, 5.31 (1.12)) and kidneys (10 min, 4.31 (0.84)). Increased 11C-
radioactivity uptake was also noted in the eyes at 45 min (Figure 19A and C, 
unpublished data). No clear difference in 11C-radioactivity was noted based on 
genotype (P > 0.49), gender (P > 0.31) or age (P > 0.63). [11C]SMW139 rapidly 
penetrated and cleared from the brain; its uptake peaked under 1 min p.i. The early 
time frame of 3-15 min was selected for [11C]SMW139 SUV calculations, due to the 
[11C]SMW139 fast metabolism and the presence of BBB-penetrating 
radiometabolites (see chapter 5.2.1) (Figure 19B, unpublished data). 

 
Figure 19. Whole body in vivo distribution of [11C]SMW139 in mice. (A) Whole body PET/CT image 

of APP/PS1-21 tg mouse at 14 months summed during the whole dynamic PET scan 0-
60 min. (B) Time-activity curve of [11C]SMW139 in the neocortex of the same mouse. 
The time frame used for [11C]SMW139 standardized uptake value (SUV) calculations is 
highlighted with dotted lines. (C) [11C]SMW139 distribution in the major organs of 
interest at 10, 30, and 45 min post-injection as percentage injected radioactivity per 
gram (%IA/g). min: minutes. 

5.3 (S)-[18F]THK5117 uptake in the APP/PS1-21 
mouse model 

5.3.1 In vivo uptake of (S)-[18F]THK5117 
Increased (S)-[18F]THK5117 uptake was observed in APP/PS1-21 tg mice compared 
to their age-matched wt mice and younger APP/PS1-21 tg mice. Binding ratios were 
significantly higher (P ≤ 0.01) in tg mice compared to wt mice in NC and THA at 
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the investigated time points 6-10, 12-16 and 19-26 months. Binding ratios did not 
rise in wt mice at any investigated time point. (S)-[18F]THK5117 uptake in tg mice 
reached a plateau at 12-16 months (Figure 20). (S)-[18F]THK5117 uptake in CB was 
minimal, and no statistically significant difference was found between tg and wt mice 
at any investigated time point (Supplementary figure 2, original publication I). 
Similar findings were also seen in FC, STR and HIPPO (original publication I). 

 
Figure 20.  In vivo uptake of (S)-[18F]THK5117 in APP/PS1-21 transgenic (tg) and wild type (wt) 

mice (2-26 months). (A) Representative PET images of (S)-[18F]THK5117 uptake in 
APP/PS1-21 tg and wt mice at 15 months summed of 45 min post-injection. (S)-
[18F]THK5117 binding ratios to the cerebellum (CB) in the neocortex (NC) (B) and 
thalamus (THA) (C) at 2-3, 6-10, 12-16 and 19-26 months, n = 4,7,6,6 tg mice and 
2,6,6,6 wt mice. ** = P < 0.01. SUV: standardized uptake value.  

5.3.2 Ex vivo uptake of (S)-[18F]THK5117 
The ex vivo uptake of (S)-[18F]THK5117 in APP/PS1-21 tg mouse brain was 
consistent with the in vivo uptake and showed a similar distribution pattern and 
increasing trend. Binding ratios were significantly higher (P ≤ 0.01) in tg compared 
to age-matched wt mice in CTX at the time points 12-16 and 19-26 months (Figure 
21). Similar findings were also seen in FC, STR, THA, HIPPO and pons (Figure 3, 
supplementary figure 3, original publication I).  

 
Figure 21.  Ex vivo uptake of (S)-[18F]THK5117 in APP/PS1-21 transgenic (tg) and wild type (wt) 

mice (2-26 months) 40 min post-injection. (A) Representative coronal autoradiography 
images of (S)-[18F]THK5117 uptake in tg and wt mice at 2-3,6-7,12-16 and 19-26 
months. All images are adjusted to the same colour intensity level of 2000-30000. (B) 
(S)-[18F]THK5117 ex vivo binding ratios to cerebellum (CB) in cortex (CTX) at 2-3 (n = 
3 wt, 2 tg), 6-7 (n = 2 wt, 2 tg), 12-16 (n = 5 wt, 6 tg) and 19-26 (n = 6 wt, 5 tg) months. 
** = P < 0.01. HIPPO = hippocampus, THA = thalamus. 
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5.3.3 MAO-B enzyme in vivo blocking in APP/PS1-21 mice 
In vivo blocking of MAO-B enzyme reduced (S)-[18F]THK5117 uptake in APP/PS1-
21 mouse brain, which confirmed (S)-[18F]THK5117 binding to MAO-B enzyme in 
vivo. After tg mice were pretreated with (R)-(−)-deprenyl hydrochloride, (S)-
[18F]THK5117 binding ratios in NC, HIPPO and THA were reduced by 18.2%, 
17.3% and 14.7%, respectively, compared to age-matched untreated tg mice of the 
same gender (Figure 22A). The effect of MAO-B enzyme blocking appeared clearly 
in PET and autoradiography images (Figure 22B). A similar reduction in (S)-
[18F]THK5117 binding was observed in other brain regions (supplementary table 5, 
original publication I). Upon visual inspection, MAO-B enzyme expression seemed 
similar in treated and untreated tg mice (Figure 22C).  

 
Figure 22.  (S)-[18F]THK5117 brain uptake and monoamine oxidase B (MAO-B) enzyme 

immunohistochemical staining in APP/PS1-21 transgenic (tg) mice following MAO-B 
enzyme in vivo blocking. (A) (S)-[18F]THK5117 in vivo binding ratios to the cerebellum 
(CB) in the neocortex, thalamus and hippocampus of pretreated (n = 3) and untreated 
(n = 2) tg mice at 10 months. (B) PET and autoradiography images from the same 
pretreated and untreated mice (black arrows). PET images summed of 45 min post-
injection, and autoradiography images are adjusted to the same colour intensity level of 
2000-30000. (C) MAO-B enzyme immunohistochemical staining in pretreated and 
untreated mice. Microscopic captions magnification 63x, scale bar 20 µm. Image 
enhancement, such as colour brightness and contrast adjustments, have been done to 
improve figure readability. ROI: region of interest, SUV: standardized uptake value. 

5.3.4 Association between (S)-[18F]THK5117 brain uptake 
and Aβ plaques in APP/PS1-21 mice 

The visual appearance of (S)-[18F]THK5117 uptake in APP/PS1-21 tg mice brain 
seen in the in vivo PET and ex vivo autoradiography images associates with Aβ 
plaques load seen in IHC staining images from the same mice. Moreover, in several 
brain regions, Aβ plaques seen in IHC staining images could be spotted in the ex vivo 
brain autoradiography images of (S)-[18F]THK5117 uptake as high signal plaque-
like spots (Figure 23, Figure 4 original publication I).  
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Figure 23.  Association between (S)-[18F]THK5117 brain uptake and Aβ plaques in APP/PS1-21 

transgenic (tg) mice. In vivo PET and ex vivo autoradiography brain uptake of (S)-
[18F]THK5117 and Aβ plaques immunohistochemical (IHC) staining in the same tg 
mouse at 10 months. 

5.4 [11C]SMW139 uptake in the APP/PS1-21 
mouse model 

5.4.1 In vivo longitudinal uptake of [11C]SMW139 
No clear change in [11C]SMW139 brain uptake was detected in APP/PS1-21 tg or wt 
mice with ageing from 5 to 14 months. In the same tg or wt mouse, longitudinal 
analysis of [11C]SMW139 SUVs in NC did not change significantly (P = 0.53) when 
compared from baseline at 5 months to 8, 11 and 14 months. Similarly, no clear 
increasing or decreasing trend of [11C]SMW139 mean SUVs was detected in the tg 
or wt groups from 5 to 14 months, due to the high within-group variation. Group 
difference in [11C]SMW139 SUVs between tg and age-matched wt mice did not 
reach statistical significance (P = 0.53) at any time point (Figure 24). Similar 
findings were also seen in other brain regions (Figure 2, original publication II). 

 
Figure 24.  In vivo longitudinal uptake of [11C]SMW139 in APP/PS1-21 transgenic (tg) and wild type 

(wt) mice (5-14 months). (A) Representative PET images of [11C]SMW139 uptake in the 
same tg and age-matched wt mice at 5 and 14 months summed 60 post-injection. (B) 
Longitudinal [11C]SMW139 binding standardized uptake value (SUV) in neocortex at 
5,8,11 and 14 months. n = 5,6,4,3 tg mice and 5,7,5,4 wt mice. The black line represents 
averaged [11C]SMW139 SUV in tg mice. The dotted line represents averaged 
[11C]SMW139 SUV in wt mice. The red dot represents the same tg mouse at the first 
and last time points, and the green dot represents the wt mouse. 
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5.4.2 Ex vivo uptake of [11C]SMW139 
[11C]SMW139 ex vivo uptake appeared evenly distributed in the brain of APP/PS1-
21 tg and wt mice (Figure 25A). [11C]SMW139 ex vivo uptake was consistent with 
the tracer in vivo uptake. Binding SUVs of [11C]SMW139 in CTX did not show an 
increasing trend in tg mice and were similar to binding SUVs in age-matched wt 
mice at the time points 5,8,11, and 14 months (Figure 25B). Similar findings were 
also seen in THA (Figure 5, original publication II). 

 
Figure 25.  Ex vivo uptake of [11C]SMW139 in APP/PS1-21 transgenic (tg) and wild type (wt) mice 

(5-14 months) 10 min post-injection. (A) Representative coronal autoradiography 
images of [11C]SMW139 uptake in tg and wt mice at 5,8-10,12 and 14 months. All 
images are adjusted to the same colour intensity level of 1000-20000. (B) [11C]SMW139 
ex vivo uptake as standardized uptake value (SUV) in cortex (CTX) at 5 (n = 4 wt, 4 tg), 
8-10 (n = 7 wt, 5 tg), 12 (n = 1 wt, 2 tg) and 14 months (n = 5 wt, 2 tg). HIPPO = 
hippocampus, THA = thalamus. 

5.4.3 Comparison between [11C]SMW139 and [18F]F-DPA in 
vivo brain uptake in mice 

Brain PET images of [18F]F-DPA clearly differentiated APP/PS1-21 tg from age-
matched wt mice, which was not achieved in the same mice with [11C]SMW139 
images (Figure 3, original publication II). At the 14 months time point, [18F]F-DPA 
binding SUVs in NC were significantly higher (P = 0.03) in tg compared to age-
matched wt mice, whereas [11C]SMW139 binding SUVs also in NC did not 
significantly differ (P = 0.14) between the same groups (Figure 26A). In vivo 
imaging findings were validated with IHC staining of TSPO and P2X7 receptor. In 
the same imaged mice, TSPO expression was strongly upregulated in tg mice, unlike 
P2X7 receptor expression, which was weakly upregulated. TSPO and P2X7 receptor 
expression was not upregulated in WT mice (Figure 26B). 
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Figure 26.  Comparison of [11C]SMW139 and [18F]F-DPA uptake in APP/PS1-21 transgenic (tg) and 

wild type (wt) mice at 14 months. (A) In vivo uptake as standardized uptake value (SUV) 
of [11C]SMW139 and [18F]F-DPA in the neocortex of tg (n = 3) and age-matched wt mice 
(n = 4). (B) Representative immunohistochemical staining of translocator protein 18-kDa 
(TSPO) and purinergic 2 type X subtype 7 (P2X7) receptor in the same tg and wt mice 
imaged with [11C]SMW139 and [18F]F-DPA. Microscopic captions magnification 1.5x and 
scale bar 1000 µm for hemisphere caption, 10x and scale bar 100 µm for cortex caption. 
Image enhancement, such as colour brightness and contrast adjustments, have been 
done to improve figure readability. * = P < 0.05. 
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6 Discussion 

6.1 Utility of APP/PS1-21 mouse model in 
preclinical development of PET tracers 

The APP/PS1-21 mouse model used in this thesis work has been well-characterised 
and widely utilised in several PET preclinical imaging studies (7) (14) (208) (209) 
(210) and the broader AD research (211) (212) (213). In our experience, tg mice 
have been viable in reasonably good health for up to 23 months. This makes the 
APP/PS1-21 mouse model an excellent choice, especially for longitudinal imaging 
studies or efficacy evaluation studies of novel therapeutics. 

6.1.1 Assessment of the imaging targets in APP/PS1-21 
mouse model 

Aligned with amyloid pathology characterisation in the APP/PS1-21 mouse model 
(134), the used APP/PS1-21 tg mice in the first study of this thesis showed an early 
onset of Aβ deposition with fast and aggressive temporal progression of Aβ plaques 
as seen by IHC staining (I). It has been reported that in the APP/PS1-21 mouse 
model, NFTs are absent, and only p-tau are present around Aβ plaques, 
demonstrating that deposition of Aβ plaques does not lead to aggregation of NFTs 
in this mouse model (134) (214). Similarly, we did not detect any NFTs in tg mice 
by IHC staining, only sparse endogenous p-tau that mildly spread in the brain (I). 
The aggressive neuroinflammatory response in the APP/PS1-21 mouse model 
exerted by reactive microglia and astrocytes (134) was present in the used tg mice. 
IHC staining demonstrated that TSPO upregulated expression onset and temporal 
progression followed closely that of Aβ plaques throughout the tg mouse brain, 
unlike the less convincing P2X7 receptor IHC staining (II). These findings indicate 
that the APP/PS1-21 mouse model phenotypes abundant Aβ plaques load and TSPO 
upregulated expression in reactive glia, making APP/PS1-21 a suitable model for 
PET preclinical imaging of Aβ plaques and TSPO. On the contrary, this model has 
limited utility for preclinical evaluation of PET tracers targeting tau pathology, 
restricted to assessing in vivo binding selectivity, due to the absence of the imaging 
target, i.e. deposits of p-tau and NFTs in this model. Similarly, the APP/PS1-21 
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mouse model is unsuitable for the preclinical evaluation of PET tracers targeting 
P2X7 receptor, due to insufficient upregulated expression in reactive glia. 

6.1.2 AD rodent models – strengths and weaknesses 
Rodent models of AD have received criticism for their lack of resemblance with 
human AD. At the same time, they have been praised for their capability to mimic 
specific pathological changes of AD (130) (131) (132). As highlighted in chapter 
2.1.4, no rodent model mimics the late-onset AD, and robustly features the full 
pathology spectrum of human AD. While the models TgF344-AD (135) and 3xTg-
AD (138) have come close to that by mimicking Aβ plaques and NFTs deposition, 
neuroinflammation and cognitive decline, however, still not with the same 
complexity and dynamics seen in humans. Overcoming this limitation by the 
availability of a “complete” AD rodent model would undoubtedly be a remarkable 
breakthrough in terms of translatability to human AD. However, from a biological 
imaging perspective, one could argue that this limitation, although relevant, should 
not be over-stressed at the expense that some well-characterised rodent models also 
phenotype reliable and, in many cases, translatable amyloid or tau pathology, which 
have proven to be of great value in PET preclinical imaging studies (9) (12).  

The majority of amyloid pathology rodent models do not feature NFT deposition. 
The same is true for tau pathology models, which do not feature Aβ plaques (130) 
(131) (132), suggesting that Aβ plaques or tau NFTs alone are not sufficient to drive 
all pathological processes in rodents, and raising questions on the translatability of 
amyloid and tau hypotheses. However, one exception is the rat model TgF344-AD 
featuring both Aβ plaques and NFTs (135). In addition, only a few rodent models of 
amyloid or tau pathology phenotype neurodegeneration, which is often 
unconvincing, hard to replicate, and at best localised to specific brain regions (131). 
Accordingly, a fundamental distinction is that amyloid pathology rodent models 
which phenotype only p-tau but not NFTs should not be considered models of tau 
pathology, and their validity for investigating tau pathology should be carefully 
considered. Similarly, using rodent models without clear and well-established 
neurodegeneration should probably be avoided to maintain the validity of 
behavioural studies assessing cognitive impairment in rodents.  

In the future, AD rodent models will continue to be an essential tool in preclinical 
PET imaging and evaluating novel PET tracers. That said, accurate comparisons of 
imaging target similarities and differences between humans and rodents are crucial 
for findings’ validity and translatability, potentially saving resources and leading to 
more efficient output of tracer preclinical development. Moreover, using rodent 
models that phenotype multiple potential targets of a tracer would become more 
necessary for tracer in vivo binding assessment. For instance, the concomitant 
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presence of Aβ plaques and NFTs offers a more realistic environment to assess tracer 
binding behaviour in vivo, especially binding selectivity, which is a major limitation 
with developed tracers. It must be stressed that the availability of well-characterised 
rodent models will improve the quality and translational power of preclinical 
findings in developing PET tracers and even novel medications in the future. 

6.2 (S)-[18F]THK5117 suitability for imaging tau 
pathology 

The preclinical evaluation of (S)-[18F]THK5117 in this thesis was inspired by 
serendipity. At the time (S)-[18F]THK5117 radiosynthesis was being established at 
Turku PET Centre, we noticed in pilot testing high (S)-[18F]THK5117 brain uptake 
in APP/PS1-21 mouse model, despite the absence of tau pathology in this model 
(134) (214). Limited reports were available on (S)-[18F]THK5117 in vivo binding 
selectivity at the time; thus, study I was initiated to investigate this phenomenon. 
While APP/PS1-21 is not a mouse model of tau pathology, this model was ideal to 
evaluate (S)-[18F]THK5117 non-specific binding and particularly binding selectivity 
against Aβ plaques, due to the absence of (S)-[18F]THK5117 binding target, i.e. p-
tau deposits. Below, findings of (S)-[18F]THK5117 preclinical evaluation (I) will be 
discussed in relation to the same S-stereoisomer form of the tracer. If relevant 
findings are not available in the literature, our findings will be discussed in relation 
to the racemic form of the tracer, i.e. [18F]THK5117 or other THK tracers. 

6.2.1 Pharmacokinetics profile of (S)-[18F]THK5117 
(S)-[18F]THK5117 metabolic rate measured in mouse plasma (I) is similar to that 
reported in humans, although the tracer metabolises faster in mice (215). In mouse 
plasma, (S)-[18F]THK5117 metabolised into several more polar radiometabolites, 
none of which were detected in the brain (I). Similarly, at least 2 radiometabolites of 
the THK tracers [18F]THK-5351 and [18F]THK-5451 were identified in mouse 
plasma, which did not seem to penetrate the brain (216). (S)-[18F]THK5117 
metabolic rate was similar in female and male mice (I). On the contrary to our 
findings, it has been reported that the tracer metabolises faster in male than female 
rats (217). These findings support the notion that tracer metabolism could be gender 
and/or species-dependent, which needs to be considered when evaluating novel PET 
tracers and performing tracer kinetic modelling. 

The peripheral distribution of (S)-[18F]THK5117 in mice was predominantly 
excreted via the hepatobiliary route (I). Similarly, the highest peripheral distribution 
of [18F]THK5117 in mice has been reported in the liver (202), suggesting a similar 
excretion route as with (S)-[18F]THK5117. 18F-radioactivity measured from the skull 
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bone was very low at 40 min p.i., indicating a stable 18F labelling position and that 
(S)-[18F]THK5117 does not undergo defluorination in vivo (I). Similarly, low ex vivo 
bone uptake has also been reported with [18F]THK5117 in mice (202). (S)-
[18F]THK5117 displayed a desirable pharmacokinetics profile for in vivo imaging, 
entering the brain rapidly and clearing reasonably fast (I). Similar brain uptake and 
clearance have also been reported with [18F]THK5117 in preclinical ex vivo 
biodistribution assessment (202) (216).  

6.2.2 (S)-[18F]THK5117 binding selectivity to tau pathology 
In vivo PET and ex vivo autoradiography imaging with (S)-[18F]THK5117 revealed 
higher brain uptake in APP/PS1-21 tg compared to age-matched wt mice, and higher 
tracer uptake in older compared to younger tg mice (I). Increased (S)-[18F]THK5117 
uptake in tg mice was associated with increased Aβ plaques IHC staining, whereas 
a similar association could not be established in the absence of NFTs and the limited 
endogenous p-tau in tg mice (I). Moreover, (S)-[18F]THK5117 marked uptake in 
autoradiography was found in close association with Aβ plaques IHC staining (I). 
These findings combined suggest that (S)-[18F]THK5117  bind to Aβ plaques in the 
APP/PS1-21 mouse model. Although this was a cross-sectional imaging study, we 
investigated APP/PS1-21 and wt mice by in vivo PET, ex vivo autoradiography, and 
IHC staining from 2-26 months, which enabled thorough evaluation of (S)-
[18F]THK5117 brain uptake. We noted that (S)-[18F]THK5117 brain uptake reached 
a plateau in tg mice starting at 12 months, despite the continuous increase in Aβ 
plaques load in the older tg mice. 

A preclinical imaging study demonstrated similar findings to ours, raising similar 
concerns on (S)-[18F]THK5117 in vivo binding selectivity against Aβ plaques. In a 
tg rat model of amyloid and tau pathologies, in vivo (S)-[18F]THK5117 and [11C]PiB 
uptake were assessed in relation to p-tau and Aβ plaques load, respectively. Both 
tracers showed increased uptake in tg rats’ brains with a similar regional uptake 
pattern in the same rats. While [11C]PiB uptake correlated with the increased 
expression of Aβ plaques, (S)-[18F]THK5117 uptake did not correlate with the low 
expression of p-tau (218). Another study in the APP/PS1-21 mouse model with 
[18F]AV-45 targeting Aβ plaques revealed several similarities to our findings using 
(S)-[18F]THK5117 in the same mouse model. First, [18F]AV-45 brain uptake in in 
vivo PET and ex vivo autoradiography was higher in tg than age-matched wt mice, 
and Aβ plaque staining associated with the imaging findings. Second, [18F]AV-45 
brain uptake values were in a similar range to those we obtained with (S)-
[18F]THK5117. Third and interestingly, autoradiography images of [18F]AV-45 
looked very similar to (S)-[18F]THK5117 in the APP/PS1-21 mouse model (210).  
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On the other hand, preclinical imaging with [18F]THK5117 in P301S and BiGT 
tau pathology mouse models revealed that the temporal distribution and spatial 
progression of tau pathology in these models could be followed with [18F]THK5117 
in vivo PET and ex vivo autoradiography imaging, and that tracer uptake 
differentiated tg from wt mice (219). Another longitudinal imaging study in the 
P301S mouse model showed that [18F]THK5117 is less sensitive to tau pathology 
than flortaucipir, the clinically approved tau tracer (12). Both studies highlighted 
limitations with [18F]THK5117 in vivo imaging, the high white matter binding, and 
radioactivity signal spill-in from extracerebral structures, namely the cranium 
indicating in vivo defluorination, and the Harderian glands (12) (219). In our 
findings, we also noted high (S)-[18F]THK5117 uptake in the Harderian glands, 
whereas minimal white matter binding was noted in ex vivo autoradiography, mainly 
in older wt mice. The extent of this non-specific binding did not interfere with tracer 
uptake quantification in the brain. (S)-[18F]THK5117 did not undergo defluorination 
in mice, as assessed from in vivo and ex vivo skull bone uptake. Our findings align 
with the reports that using the S stereoisomer of THK tracers results in reduced white 
matter binding and no defluorination (216) (220). 

In clinical evaluation, (S)-[18F]THK5117 showed high uptake in HIPPO and 
relevant cortical regions in the post-mortem AD brain, and the tracer binding pattern 
was similar to that of tau IHC (221). Several in vivo imaging studies in individuals 
with AD reported that (S)-[18F]THK5117 can image the expected extent and regional 
distribution of tau pathology (215) (222) (223) (224) (225) (226) (227) (228). 
Interestingly, one study in patients with idiopathic normal pressure hydrocephalus 
showed that (S)-[18F]THK5117 brain uptake did not significantly correlate with 
neuropathologically verified tau pathology in brain biopsy from the same patients 
(229). Meanwhile study I of this thesis was ongoing; reports showed similar 
[3H]THK5117 and [3H]deprenyl regional binding patterns (230), and that 
[18F]THK5117 binds substantially to MAO-B enzyme in post-mortem AD brain 
(231). Subsequently, the suspected binding of THK tracers to MAO-B enzyme was 
assessed in vivo. (S)-[18F]THK5117 and MAO-B enzyme tracer, [11C]DED, showed 
overlapping brain uptake patterns in individuals with AD (232). THK tracers binding 
to MAO-B enzyme was further proven in a study that showed up to ⁓52% reduced 
in vivo uptake of [18F]THK5351 in different brain regions after selegiline 
pretreatment in individuals with AD (233). In agreement with these clinical findings, 
we established (S)-[18F]THK5117 binding to MAO-B enzyme in mouse brain. Our 
findings showed that (S)-[18F]THK5117 brain uptake is reduced by up to ⁓25% in 
APP/PS1-21 tg mice following in vivo pharmacological blocking of MAO-B enzyme 
with selegiline (Supplemental Table 5, original publication I). 

In the brain, MAO-B enzyme is predominantly expressed by astrocytes. Post-
mortem analysis revealed that MAO-B enzyme exhibits increased activity and 
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upregulated expression due to inflammation in AD (234), which could be imaged 
with the MAO-B enzyme PET tracer, [11C]DED, which showed increased brain 
uptake in individuals with AD (235) (232). Selegiline (also known as deprenyl) is an 
irreversible and selective inhibitor of MAO-B enzyme (no inhibition on MAO-A)  
(234), which demonstrated in PET studies that it binds MAO-B enzyme (236). 
Similarly, in reactive astrocytes of the APP/PS1 mouse model, MAO-B enzyme 
exhibits increased activity and upregulated expression (234), and in vivo [11C]DED 
uptake was higher in APPArcSwe than wt mice in HIPPO, THA, STR and CTX (11).  

6.2.3 Development of tau PET tracers - learned lessons and 
future prospects 

(S)-[18F]THK5117 and other first-generation tau tracers have shown binding to NFTs 
and close correspondence between tracer uptake and Braak staging of tau pathology 
in AD. However, the same tracers also showed significant binding to Aβ plaques, 
MAO-A and B enzymes, white matter, and vascular structures, complicating and 
casting doubts on in vivo signal quantification (232) (237). Thus, the future utility of 
the first-generation tau tracers, including (S)-[18F]THK5117, for imaging tau 
pathology is likely limited by their lack of selective binding. Studies addressing non-
specific binding and its impact on signal quantification are highly important, 
especially for the ongoing development of second-generation tau tracers, which have 
demonstrated improved binding characteristics compared to first-generation tracers. 

Making a closer assessment of (S)-[18F]THK5117 development, the tracer indeed 
showed a relatively different in vivo distribution pattern in the AD brain compared 
to amyloid pathology tracers. However, distribution patterns of (S)-[18F]THK5117 
and [11C]PiB still showed overlapping uptake to the same cortical regions in in vivo 
PET (226) and in vitro autoradiography (230), which does not rule out (S)-
[18F]THK5117 binding to Aβ plaques in individuals with AD. The early stages of 
(S)-[18F]THK5117 development relied heavily on binding findings obtained from 
post-mortem AD brains. The tracer was then rushed to clinical development, where 
it was judged based on its ability to differentiate individuals with AD from healthy 
subjects, or the severity of AD. Findings of such studies are often informative 
regarding non-specific binding, but not so much regarding binding selectivity. In a 
retrospective view, it seems that the missing aspect from (S)-[18F]THK5117 
development was a more careful assessment of binding selectivity in brains negative 
for tau pathology. Perhaps this is rather challenging clinically; however, in 
preclinical studies, this is feasible, and that is what we wanted to address in study I 
of this thesis, which was the first study to investigate (S)-[18F]THK5117 binding to 
other potential targets, namely Aβ plaques and MAO-B enzyme in the absence of 
NFTs. That said, findings of preclinical evaluation must be critically assessed, as it 
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is unclear if tau aggregates in the rodent and human brain possess the same core 
structure and morphological features (238). The development of (S)-[18F]THK5117, 
including our findings, demonstrates the superiority of in vivo over in vitro findings, 
and the importance of thoroughly evaluating tracers in relevant animal models, 
where the imaging target and the pathology in question resemble that in humans. 

The main challenge facing the development of tau PET tracers remains to 
achieve in vivo binding selectivity over other similar targets, mainly Aβ plaques, and 
achieving minimal off-target binding to MAO-B enzyme, white matter and other 
structures in the brain. Two factors complicate binding selectivity against Aβ plaques 
in AD. First, PHFs in NFTs adopt a β-sheet structure similar to that seen in Aβ 
plaques (239). (S)-[18F]THK5117 and other first-generation tau tracers binding to p-
tau deposits is dependent on the β-sheet structure of PHFs (166), which indicates that 
tracers could also bind Aβ plaques. Second, NFTs and Aβ plaques co-localise in 
some brain regions, with 5-20 times higher Aβ plaques load than NFTs (240). 
Therefore, β-sheet-dependent binding is a common limitation of small molecule tau 
tracers, although second-generation tau tracers have shown promising binding 
selectivity in individuals with AD, warranting more extensive characterisation. The 
introduction of antibody constructs as PET tracers, i.e. immunoPET, and their 
demonstrated proof-of-concept for imaging Aβ plaques in rodents (9) (241) (242) 
(243) is a promising strategy to overcome the limitations seen with current tau PET 
tracers. Compared to small molecules, antibodies can bind their targets with superior 
affinity, selectivity, and the capacity to target different structural conformations of 
an aggregated protein. Moreover, antibodies could be engineered to bind a specific 
protein isoform or its post-translational modification, opening new possibilities for 
selective binding mechanisms and applications in other tauopathies than AD. 
However, suboptimal pharmacokinetics is a notable limitation associated with 
radiolabelled antibodies. Slow target accumulation and clearance of antibodies 
require the use of long-lived radionuclides for PET imaging and result in high 
radiation exposure (156). Collectively, tremendous progress has been made in 
developing tau PET tracers, and our understanding of tau aggregates as an imaging 
target has significantly improved. In the future, the availability of tau PET tracers 
with sufficient sensitivity and specificity for tau aggregates will facilitate the role of 
tau imaging in AD early diagnosis. 

6.3 [11C]SMW139 suitability for imaging P2X7 
receptor in reactive glia  

In this thesis, preclinical evaluation of [11C]SMW139 in the APP/PS1-21 mouse 
model (II) was motivated by reports demonstrating upregulated expression of P2X7 
receptor in different AD rodent models (244) (245) (246), together with reports that 
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robust neuroinflammation and reactive glia in this mouse model could be imaged 
with PET (7) (14) (247). Accordingly, we wanted to establish if we can image the 
already proven neuroinflammation and reactive glia in this model targeting the 
presumed upregulated expression of P2X7 receptor by [11C]SMW139. 

6.3.1 Pharmacokinetics profile of [11C]SMW139 
Similar to our findings in study II, [11C]SMW139 showed to penetrate the brain and 
to be excreted predominantly via the hepatobiliary route in rats (197). [11C]SMW139 
rate of metabolism analysed in mouse plasma and brain was exceptionally fast 
(II,III), and much faster compared to that reported in humans (200), and rats’ plasma 
and brain (196) (197). The metabolic profile of [11C]SMW139 is further complicated 
by the early entry and efficient accumulation of radiometabolites in the brain. (III). 
Similar findings were reported in mice and humans (200). In rats, a high 
radiometabolite fraction was also reported in the brain (197). The ability of 
radiometabolites to cross the BBB is an undesired property of any tracer, as that 
hampers the quantification of tracer uptake in the brain. It is critical to consider BBB-
penetrating radiometabolites when modelling tracer in vivo brain uptake. With 
[11C]SMW139, it has been shown that correct modelling of tracer brain uptake 
demands correction for radiometabolites (200), and the quantification outcome 
would be inaccurate by not doing so (199). 

In our findings, the molecular structure of [11C]SMW139 radiometabolites has 
not been identified. Therefore, properties like size, molecular weight and 
lipophilicity of radiometabolites are unknown. With RadioTLC, it is only possible 
to evaluate lipophilicity based on TLC retardation factor (Rf) value to understand 
the BBB penetration ability of radiometabolites. The higher the Rf value of an 
analyte, the more polar, thus less lipophilic it would be. For radiometabolites, this 
means that they would be less able to penetrate the BBB compared to the parent 
tracer, due to being less lipophilic. However, the less lipophilic radiometabolites of 
[11C]SMW139 were still able to penetrate and accumulate in the brain efficiently. 
This can be explained by assuming that the lipophilicity of radiometabolites was still 
sufficient for BBB penetration, and the very high fM fraction compared to the fP 
fraction of [11C]SMW139 in plasma. 

In mouse plasma, the low and rapidly decreasing [11C]SMW139 protein-free 
fraction compared to radiometabolites protein-free fraction indicate that most of the 
free fraction available to enter the brain consisted of radiometabolites during the 
investigated time points 10-45 min (III). Quantifying protein-free fractions in 
plasma reveals the actual input of tracer and radiometabolites to the brain, as only 
the free fraction, i.e. unbound to plasma protein, can diffuse from the blood vessels 
to the brain tissue (159) (163) (164) (248). On the other hand, protein-bound 
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fractions are still important; they act as a reservoir to stabilise the concentration of 
free fractions and maintain the state of dynamic equilibrium. Part of the unchanged 
tracer will be realised from plasma protein when part of the free unchanged tracer is 
defused to the brain tissue from the blood (249). 

6.3.2 Longitudinal imaging of P2X7 receptor with 
[11C]SMW139 

The change in [11C]SMW139 in vivo brain uptake did not significantly increase in 
the same tg mouse longitudinally, nor as a group mean uptake  in younger compared 
to older tg mice, or in tg compared to age-matched wt mice. These findings aligned 
with the absent widespread upregulated expression of P2X7 receptor in tg mice (II). 
Altogether, our findings indicate that using [11C]SMW139 targeting P2X7 receptor 
to image reactive glia in the APP/PS1-21 mouse model is not feasible. This could be 
explained by [11C]SMW139 reported 6-fold lower binding affinity to mouse 
compared to human P2X7 receptor (250), combined with the limited expression of 
P2X7 receptor in the APP/PS1-21 mouse model, which increases the likelihood of 
wrong negative findings. Moreover, the 19% mismatch in amino acid sequence 
between the human and mouse P2X7 receptor, and the identified 150 single 
nucleotide polymorphisms of P2X7 receptor may represent critical species 
differences that affect [11C]SMW139 binding to P2X7 receptor (251). 

No findings on preclinical imaging with [11C]SMW139 in AD rodent models are 
available at the time of writing this thesis. Two preclinical imaging studies 
investigated [11C]SMW139 brain uptake in rat models of MS. In the first study, 
[11C]SMW139 showed higher uptake in the striatum, where human P2X7 receptor is 
overexpressed compared to the contralateral striatum. In vivo binding selectivity of 
[11C]SMW139 to human P2X7 receptor was demonstrated by reduced tracer uptake 
in the striatum after pretreatment with a P2X7 receptor antagonist. However, in the 
same study, [11C]SMW139 uptake was similar in AD and healthy post-mortem 
brains, despite upregulated expression of P2X7 receptor in the AD brain, casting 
doubts on the clinical utility of [11C]SMW139, especially in AD (197). In the second 
study, [11C]SMW139 showed higher uptake in the brain and spinal cord of MS rat 
model only at the peak phase of neuroinflammation, despite the weak rat P2X7 
upregulated expression shown by IHC. In vivo tracer selective uptake was tested after 
pretreatment with a  P2X7 receptor antagonist (196). The comparability of our study 
to these studies is limited for two reasons. First, it is known that [11C]SMW139  binds 
to rodent P2X7 receptor with significantly less affinity than to human P2X7 receptor 
(196) (250). In our study, the APP/PS1-21 mouse model expresses endogenous 
mouse P2X7 receptor, while the MS rat model expresses human P2X7 receptor in 
the first study (197), and in the second study, the MS model expresses rat P2X7 
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receptor (196). Second, we investigated [11C]SMW139 brain uptake in an AD tg 
mouse model, while these studies investigated [11C]SMW139 brain uptake in MS rat 
models, where neuroinflammation was induced by intracerebral injection of viral 
vector (197) or peripheral injections of inflammation triggers (196). 

Motivated by the post-mortem findings that P2X7 receptor is strongly 
upregulated in MS brain (198), and that [11C]SMW139 does not bind P2X7 receptor 
in AD (197), one clinical study evaluated [11C]SMW139 in a small set of individuals 
with MS and healthy subjects (199). In this study, [11C]SMW139 showed slightly 
higher brain uptake in the MS group, with a critical assumption that [11C]SMW139 
brain-penetrating radiometabolites detected in rats (197) do not penetrate the human 
brain. Subsequently, in another study, it was revealed that [11C]SMW139 
metabolism produces three similar radiometabolites in healthy human subjects and 
mice plasma; two of these radiometabolites were also detected in mice brains, 
concluding that correction for BBB-penetrating radiometabolites is critical for 
correct [11C]SMW139 in vivo quantification (200). Clinical evaluation of 
[11C]SMW139 is yet to reveal the true potential of this tracer to image P2X7 receptor 
in neurodegenerative diseases. 

6.3.3 Comparison of [11C]SMW139 and [18F]F-DPA uptake 
in the APP/PS1-21 mouse model  

Previously, [18F]F-DPA targeting TSPO showed the ability to image reactive glia 
and neuroinflammation in the APP/PS1-21 mouse model (7) (247) (252). Therefore, 
in study II, after the last longitudinal imaging time point with [11C]SMW139, mice 
were scanned with [18F]F-DPA to compare both tracers’ ability to image reactive 
glia in the same mice. As expected, brain uptake of [18F]F-DPA was significantly 
higher in tg compared to age-matched wt mice, and tracer uptake was in line with 
the strongly upregulated expression of TSPO in tg mice (II). On the contrary, 
[11C]SMW139 brain uptake did not differ significantly between tg and age-matched 
wt mice, which was in line with the minor upregulated expression of P2X7 receptor 
in tg mice. These findings indicate that imaging reactive glia and neuroinflammation 
in the APP/PS1-21 mouse model is better achieved by targeting TSPO with [18F]F-
DPA than P2X7 receptor with [11C]SMW139, as TSPO but not P2X7 receptor 
expression reflects the level of ongoing neuroinflammation in the APP/PS1-21 
mouse model. To our knowledge, preclinical imaging studies comparing PET tracers 
targeting TSPO and P2X7 receptor in AD rodent models are not available. However, 
in a PD rat model, [18F]DPA-714 targeting TSPO and [11C]JNJ-717 targeting P2X7 
receptor showed increased uptake in in vitro autoradiography with an overlapping 
time course, indicating upregulated expression of both imaging targets, which was 
in line with IHC staining of both targets (253).  
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6.3.4 Imaging reactive glia - learned lessons and future 
prospects 

TSPO remains the most widely used imaging target for in vivo assessment of 
neuroinflammation. TSPO is considered a reliable imaging target because its 
expression is low in physiological conditions and strongly upregulated in 
neuroinflammation (254) (255) (256) (257) (258). However, PET imaging of TSPO 
is associated with several limitations. Collectively, TSPO PET tracers suffer from 
high non-specific binding and limited capacity to quantify TSPO expression in vivo, 
which partly limits their routine clinical use (255) (256) (257). On the other hand, 
TSPO as an imaging target is widely expressed in the periphery. In the CNS, its 
expression is not limited to reactive microglia; also reactive astrocytes and other cell 
types express TSPO to varying degrees. Besides, TSPO expression is upregulated in 
both reparative and damaging events. Thus, quantifying the uptake of TSPO PET 
tracers needs to be regarded as a sum of neuroinflammatory processes, where some 
are detrimental and others are restorative. Finally and possibly the most pressing 
limitation of TSPO is an identified polymorphism that commonly occurs in the 
TSPO gene and results in more than 10-fold difference in tracers binding affinity to 
TSPO, causing high inter-subject variability of TSPO tracers uptake. The only TSPO 
PET tracer that does not exhibit sensitivity to this polymorphism is [11C]PK11195, 
which partly explains why this tracer remains the gold standard for imaging TSPO, 
despite its complex uptake quantification methods (254) (255) (256) (257) (258). 
Significantly, it has recently been shown that TSPO expression increases in reactive 
microglia in the mouse brain but does not necessarily change in the human brain 
during neuroinflammatory diseases. Moreover, TSPO expression in mice is related 
to different phenomena than in humans, and that TSPO-PET signals in humans 
reflect the density of inflammatory cells rather than the activation state as in mice 
(259). These findings raise concerns on the translatability of preclinical TSPO-PET 
imaging studies and must be considered in the future. 

Over the years, several PET tracers targeting TSPO have been developed to 
overcome the limitations mentioned above (256) (260). Additionally, alternative 
imaging targets of reactive glia and neuroinflammation have been explored (254) 
(261) (262) (263). Nonetheless, despite its limitations, TSPO remains the gold 
standard imaging target of neuroinflammation. A superior imaging target to TSPO 
needs to show a lack of sensitivity to genetic polymorphisms. In addition, different 
expression profiles in different glial cells, and ideally upregulated expression 
specific to pro-inflammatory (M1) or anti-inflammatory (M2) functional phenotypes 
of reactive microglia. A superior PET tracer to the currently available tracers needs 
to show in vivo brain uptake that reflects the properties above. That said, one study 
using post-mortem MS brains and a rat model of MS revealed a predominant 
upregulated expression of P2X7 receptor in pro-inflammatory reactive microglia, 
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and upregulated expression of P2Y12 receptor mainly in anti-inflammatory reactive 
microglia (198). This same study demonstrated that enhanced expression of 
microglial P2X7 receptor is accompanied by decreased expression of P2Y12 
receptor on the same cells (198). These findings suggest that P2X7 receptor could 
be a specific imaging target of pro-inflammatory (M1) reactive microglia, and 
P2Y12 receptor could be a specific imaging target of anti-inflammatory (M2) 
reactive microglia (198). Nonetheless, additional assessment of both receptors is 
needed, and the evaluation of PET tracers targeting P2X7 and P2Y12 receptors in 
vivo and in different neurodegenerative diseases is yet to reveal the true potential of 
these imaging targets over TSPO. Collectively, the ongoing development of PET 
tracers for imaging neuroinflammatory markers is important. In the future, 
adequately established imaging of neuroinflammation in AD could improve our 
understanding of the disease course and help connect the dots between amyloid, tau 
and other neuropathological processes in the brain. 

6.4 Considerations with preclinical PET imaging 

6.4.1 Methodological considerations 
Preclinical and clinical PET imaging could be different in certain aspects. There are 
potential sources of error with preclinical PET imaging that are especially applicable 
to imaging targets in the mouse brain. (i) Dedicated small animal PET scanners, 
including the scanner used in this thesis studies, have a spatial resolution of ⁓1.5 
mm. Although PET scanners with improved resolution have been developed (264), 
the physical properties of PET radionuclides, mainly the positron range, limit 
utilising further improvements in resolution. Accordingly, due to the relatively large 
pixel size, quantifying PET tracer uptake in mouse brain VOIs approaching the 
spatial resolution of the PET scanner leads to a phenomenon called partial volume 
effect (PVE). PVE result in underestimation of the quantified radioactivity signal, 
and this effect could be noted with lower in vivo tracer uptake compared to 
subsequently quantified tracer uptake in the same region using ex vivo 
autoradiography. In studies I-II of this thesis, mouse brain regions prone to PVE, 
such as HIPPO, were not used to firmly assess tracer brain uptake in APP/PS1-21 tg 
mice. (ii) Overestimation of the PET signal, partly related to the limited resolution 
of PET scanners, could potentially occur in some VOIs in the mouse brain, due to 
radioactivity spillover from adjacent structures with high radioactivity signal. In the 
mouse brain, cortical regions are prone to radioactivity signal spillover from the skull 
and Harderian glands, while white matter could cause spillover for subcortical 
regions. In studies I-II, no substantial tracer uptake was noted in white matter or 
skull. On the contrary, the Harderian glands’ uptake was substantially high for both 
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(S)-[18F]THK5117 and [11C]SMW139. In an attempt to further avoid this issue, the 
CT image and MRI template rather than the PET image-guided VOIs drawing in the 
analysis. (iii) In preclinical imaging studies with mice, performing blood sampling 
during the PET scan is not feasible, due to the small total blood volume and 
challenging cannulation of the femoral or jugular artery in mice. Accordingly, 
quantifying tracers’ brain uptake in mice is often performed as SUV binding ratios 
to a reference region, if available (I) or SUVs if no reference region exists (II). (iv) 
Am is one of the most important radiochemical parameters of a PET tracer and 
describes the radionuclide purity of tracer molecules as an amount of radioactivity 
in mass. Am refers to the number of tracer molecules labelled with the radionuclide 
and capable of producing radioactive signal relative to the total number of tracer 
molecules, including the no-longer radioactive ones, because their labelled 
radionuclides have already decayed. Achieving radiochemical synthesis with high 
Am is critical to limit the non-radioactive tracer molecules binding to and occupying 
the imaging target (152). This is particularly important when imaging targets with 
low presence in the brain (156). In studies I-II, all tracer batches were produced with 
Am values suitable for the imaged targets.  

6.4.2 Translational considerations 
PET tracers could show a lack of suitability in preclinical evaluation, due to 
suboptimal pharmacokinetics profile and/ or binding properties. Additionally, 
differences between rodents and humans could complicate imaging findings 
translatability. Generally, such differences could be identified early in tracer 
development, typically at the target validation stage or preclinical evaluation. (i) 
Physiological differences between rodents and humans. Efflux transporters within 
the BBB endothelial cell layer, such as P-glycoprotein (Pgp), is a relevant example 
that needs to be considered for PET tracers developed to image targets in the brain, 
as Pgp efflux transporters’ expression level and activity are lower in humans than 
rodent (265). Some PET tracers could possess substrate activity to Pgp, thus be 
pumped back to the periphery and prevented from entering the brain, despite having 
suitable molecular weight and lipophilicity (266). (ii) Varying binding affinity of a 
PET tracer to the rodent and human versions of an imaging target. This obstacle was 
encountered in study II of this thesis. Compared to the human P2X7 receptor, 
[11C]SMW139  binds mouse and rat P2X7 receptor with 6-fold and 5-fold lower 
affinity, respectively (196) (250). Similarly, another tracer targeting P2X7 receptor, 
[11C]GSK1482160, showed significantly lower binding affinity to rat P2X7 receptor 
than human P2X7 receptor (183) (184). (iii) Variability within rodent models, and 
between rodent models and humans. There is an evident heterogeneity in pathologies 
developed in AD rodent models. Factors like background strain, selected mutation, 
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and used promoter cause variability in protein expression level and accordingly 
impact tracer in vivo binding and PET imaging. Thus, rodent model selection is a 
critical step in PET tracer evaluation (267) (268). For example, mouse models of 
amyloid pathology develop Aβ plaques that are different relative to each other and 
to human Aβ plaques, which has been supported by the varying uptake of PET 
tracers, such as [11C]PiB in mice (13). Accordingly, In study I of this thesis, we 
cannot rule out that the different (S)-[18F]THK5117 binding selectivity against Aβ 
plaques in the APP/PS1-21 mouse model compared to that reported in humans could 
be due to the differences in Aβ plaques structure in individuals with AD and 
APP/PS1-21 mice. (iv) Sufficient expression level of the imaging target in the rodent 
model. Availability of the imaging target is crucial for sufficient signal-to-noise ratio 
in the PET images, given that the tracer has suitable binding properties. In study II 
of this thesis, a superior signal-to-noise ratio was obtained from imaging the highly 
expressed TSPO compared to the low expressed P2X7 receptor in the APP/PS1-21 
mouse model. (v) Species selection. Neurobiology and brain networks of mice and 
rats are generally comparable to those of humans. Mice are more often used than rats 
in preclinical brain imaging studies, because creating tg AD models in mice is more 
feasible, as modifying the mouse genome is relatively more straightforward. In 
addition, mimicking pathologies in mice is more successful and occurs faster. Mice 
are also more cost-effective than rats as they are less expensive and demand less 
housing space (131) (269). Despite that, rats still have advantages over mice in brain 
imaging applications. The bigger brain size of rats is more practical when 
investigating small brain regions, especially considering the poor spatial resolution 
of PET imaging devices. In addition, the larger blood volume in rats allows blood 
sampling, which is useful in image data analysis. Rats also have richer and more 
interpretable behavioural displays than mice, which makes behavioural studies 
assessing cognitive decline more feasible in rats. Finally, rats are more favoured over 
mice in toxicity studies because of their larger organs and being physiologically 
closer to humans (131) (269). 

6.5 Study limitations 
There were limitations in all studies of this thesis, despite the careful planning and 
execution. In a retrospective view, all studies of this thesis would have benefited 
from periodic assessments of experimental work protocols and findings. This is 
particularly true for PET studies, due to the complicated logistics operating 
simultaneously or in quick succession. The following are specific limitations in each 
study. (i) Study I would have benefited from an in vivo blocking experiment of Aβ 
plaques in APP/PS1-21 tg mice to precisely assess (S)-[18F]THK5117 binding to Aβ 
plaques. Also, imaging tau deposits in a robust rodent model of tau pathology with 
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(S)-[18F]THK5117 would have provided insights on tracer in vivo binding affinity to 
tau pathology. (ii) Study II would have benefited from an in vivo PET imaging 
experiment with a P2Y12 receptor targeting PET tracer to shed more light on the 
neuroinflammatory environment in APP/PS1-21 tg mice, especially that reactive glia 
in the same mice were imaged by targeting P2X7 receptor and TSPO. However, 
tracer availability for P2Y12 receptor would have been an obstacle. (iii) In studies I-
II, correlation analysis of findings from IHC staining quantification with in vivo PET 
and ex vivo autoradiography imaging would have further validated the conclusions 
made in those studies. (iv) The suboptimal pharmacokinetic properties of 
[11C]SMW139 limited the options of in vivo tracer uptake quantification and forced 
the use of an early time frame for tracer SUV calculations, which is not typical with 
brain-targeting PET tracers. (v) Using a relatively small number of animals. In 
studies I-II, including more animals in the IHC staining experiment would have 
allowed for conducting statistical analysis of the performed quantification and 
drawing more concrete conclusions. Similarly, in study III, performing analysis of 
tracer and radiometabolites free fractions in more animals would have resulted in 
more robust comparisons. (vi) All experiments in studies I-III were performed in 
female and male mice for practical purposes and to increase the relatively small 
sample size. Although differences based on gender were rare and reported 
accordingly, it would have been more optimal to include only male or female mice 
in the studies. 
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7 Conclusions 

I. The APP/PS1-21 mouse model of Aβ deposition is suitable for preclinical 
evaluation of PET tracers targeting Aβ plaques and TSPO. However, this 
mouse model is unsuitable for evaluating PET tracers targeting P2X7 
receptor, and has limited utility for preclinical evaluation of PET tracers 
targeting tau pathology, restricted to assessing in vivo binding selectivity. 

 
II. (S)-[18F]THK5117 demonstrated a lack of in vivo binding selectivity in the 

APP/PS1-21 mouse model in the absence of tau pathology, as tracer uptake 
in the brain associated with Aβ plaques and demonstrated specific binding 
to MAO-B enzyme. 

 
III. (S)-[18F]THK5117 demonstrated desirable pharmacokinetic properties in 

mice, including no in vivo defluorination, moderate metabolic rate, and a 
lack of BBB-penetrating radiometabolites. 

 
IV. Imaging reactive glia in the APP/PS1-21 mouse model using [11C]SMW139 

targeting P2X7 receptor is not feasible, as the longitudinal change in 
[11C]SMW139 uptake did not increase in tg mice, possibly due to the weak 
upregulated expression of P2X7 receptor, and the significantly lower 
binding affinity of the tracer to the mouse than human P2X7 receptor. 

 
V. Imaging reactive glia in the APP/PS1-21 mouse model is better achieved by 

targeting TSPO with [18F]F-DPA than P2X7 receptor with [11C]SMW139, 
as TSPO but not P2X7 receptor expression in the APP/PS1-21 mouse model 
reflects the level of ongoing neuroinflammation.  

 
VI. [11C]SMW139 demonstrated undesirable pharmacokinetic properties in 

mice, including an exceptionally fast rate of metabolism accompanied by a 
quick and efficient accumulation of several radiometabolites in the brain, 
and that the majority of protein-free fraction in plasma available for brain 
uptake consisting of radiometabolites. 
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