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Friedrich Nietzsche 
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ABSTRACT  

Tauopathies, including Alzheimer's disease (AD), corticobasal degeneration (CBD), and 

progressive supranuclear palsy (PSP), are complex neurodegenerative disorders characterized by 

the pathological accumulation of tau proteins in the brain. These often overlapping disorders, with 

intricate pathologies and growing prevalence, lack definitive treatments, highlighting the necessity 

for advanced research. Positron emission tomography (PET) imaging aids in the diagnosis and 

monitoring of diseases, by providing in vivo insights into pathological features. This thesis focused 

on deciphering the binding properties and brain regional distribution of PET tracers for accurate 

disease differentiation. Spanning four studies, we aimed to bridge in vitro and in vivo PET data to 

investigate tau pathology and its association with dementia-related markers such as reactive 

astrogliosis, peripheral inflammation, and dopaminergic dysfunction. The 2nd generation tau PET 

tracers, 3H-MK6240 and 3H-PI2620, demonstrated high affinity and specificity in AD post-mortem 

brain tissues, especially in early-onset AD, compared to controls. 3H-PI2620, 3H-MK6240, and 3H-

RO948 displayed similar binding patterns in AD tissue, with multiple binding sites and equivalent 

high affinities (Papers I and II). 3H-PI2620 showed specificity in CBD and PSP tissues, in contrast 

to 3H-MK6240. However, differentiating CBD from PSP brains with 3H-PI2620 remained 

challenging in multiple brain regions, potentially due to complex tracer-target interactions (Papers 

II and III). Reactive astrogliosis PET tracers 3H-Deprenyl and 3H-BU99008 bound primarily to 

stable distinct high-affinity binding sites in AD, CBD and PSP, but also to transient binding sites, 

differing by brain region and condition. This pattern implied that these tracers may interact with 

similar or diverse subtypes or populations of astrocytes, expressing varying ratios of transient sites, 

which may vary depending on the brain location and the disease (Paper III). Using 3H-FEPE2I, 

we delineated a reduction in dopamine transporter (DAT) levels within the putamen across CBD, 

PSP and Parkinson's Disease (PD) brains. Concomitantly, elevated 3H-Raclopride binding reflected 

higher dopamine D2 receptor (D2R) levels in PSP and PD. Nonetheless, our observations 

underscored the heterogeneity inherent to these neurodegenerative pathologies, emphasizing the 

criticality of individual variability in neuropathological manifestations (Paper III). Lastly, we 

investigated late middle-aged cognitively unimpaired Hispanic individuals, in dichotomous groups 

of in vivo amyloid-β (Aβ) PET (18F-Florbetaben) and plasma neurofilament light (NfL) biomarkers. 

Our findings suggest that elevated plasma inflammation and tau burden as measured by 18F-

MK6240, can be detected at early preclinical stages of AD, offering potential for early diagnosis 

(Paper IV). This thesis underscored the importance of PET imaging in advancing our 

understanding of tauopathies. The innovative use of multiple PET tracers provided crucial insights 

into their potential use in clinics to distinguish pathological features of AD, CBD and PSP. The 

findings emphasized the need for more studies applying a multifaceted approach to studying and 

managing these complex neurodegenerative disorders, combining advanced imaging techniques 

with a broad spectrum of biological markers. 

 

 

 

 

 

 

 



  

POPULAR SCIENCE SUMMARY  

 

In the challenging landscape of brain disorders, tauopathies, including Alzheimer's disease (AD), 

corticobasal degeneration (CBD), and progressive supranuclear palsy (PSP), emerge as particularly 

complex conditions. The defining feature of these disorders is an accumulation of tau proteins in 

the brain, which presents with a range of cognitive and motor symptoms. Furthermore, the search 

for a much-needed cure has been unsuccessful so far. That is where advanced imaging technology, 

particularly positron emission tomography (PET) imaging, steps in to change the game. PET 

imaging is a state-of-the-art window into the brain's inner workings. It is not just about capturing 

snapshots of the brain; it is about deciphering the stories those images tell, especially how specific 

radioactive markers called PET tracers interact within brain regions affected by tauopathies. This 

thesis, a compilation of four pioneering studies, aimed to bridge the gap between laboratory 

research and real-world brain imaging. The objective was to gain deeper insights into the behaviour 

of PET tracers in these brain disorders and their connection with other dementia-related changes, 

like brain and peripheral inflammation, and other altered chemical processes. A key aspect of this 

research was examining new tau PET tracers, such as 3H-MK6240 and 3H-PI2620, which 

effectively highlighted tau accumulation in AD brains, especially in early-onset AD. However, 3H-

MK6240 displayed no specific binding in CBD and PSP cases, and the efficacy of 3H-PI2620 in 

these conditions is still debatable. The research extended to explore how PET tracers mirror 

inflammatory processes in the brain, such as astrocyte (the brain star-shaped cells) activation. We 

found that two of these tracers, 3H-Deprenyl and 3H-BU99008, mostly bind to their preferred, key 

binding sites in the brain, but they also briefly attach to other areas. This temporary binding varies 

depending on the type of brain disorder and the specific region of the brain. This might suggest that 

these tracers are interacting with similar or different types of astrocytic cells, which can express 

varying transient binding site profiles according to the location in the brain and the specific disease. 

Since parkinsonian disorders present with motor symptoms, we evaluated the levels of dopamine 

transporters (3H-FEPE2I) and dopamine receptors (3H-Raclopride) in CBD, and PSP but also in 

Parkinson’s disease (PD). In CBD, PSP and PD, we found lower levels of 3H-FEPE2I, and in PSP 

and PD, higher levels of  3H-Raclopride. But, more importantly, we also noticed that these levels 

can vary from person to person. This shows that even though these disorders fall under the same 

disease category, they can affect each individual in unique ways. Additionally, our investigation in 

late middle-aged individuals who appeared cognitively healthy, suggested that besides the usual 

AD markers (amyloid-β and tau proteins), blood markers of peripheral inflammation and of the 

rate of neuronal injury, could serve as early warning signals, potentially paving the way for early 

intervention. 

In summary, this thesis not only highlighted the immense potential of PET imaging in deciphering 

the complex nature of brain disorders but also laid the groundwork for its clinical application. PET 

imaging offers renewed hope for better diagnosis, treatment, and understanding of the progression 

of these challenging conditions. The path forward is marked by a call for more holistic research 

approaches, integrating advanced imaging techniques with a variety of biological markers, to 

unravel the complexities of these neurodegenerative disorders. 

 

 

 

 



  

RÉSUMÉ DE VULGARISATION SCIENTIFIQUE 

 

Dans le paysage complexe des troubles neurologiques, les tauopathies, telles que la maladie 

d'Alzheimer (MA), la dégénérescence corticobasale (CBD) et la paralysie supranucléaire 

progressive (PSP), se distinguent par leur grande complexité. Ces troubles se caractérisent par une 

accumulation de la protéine tau dans le cerveau, associée à une gamme de symptômes cognitifs et 

moteurs, et demeurent, à ce jour, sans cure définitive. C'est dans ce contexte que l'imagerie avancée, 

en particulier la Tomographie par émission de positrons (TEP), joue un rôle crucial. La TEP est 

une fenêtre de pointe sur les mécanismes internes du cerveau. Elle ne se contente pas de fournir 

des images cérébrales; elle permet de décrypter les histoires que ces images révèlent, notamment 

en analysant l'interaction de marqueurs radioactifs spécifiques appelés traceurs TEP dans les 

régions cérébrales affectées par les tauopathies. Cette thèse, une compilation de quatre études, visait 

à combler le fossé entre la recherche en laboratoire et l'imagerie cérébrale dans le monde réel. 

L'objectif était d'approfondir la compréhension du comportement des traceurs TEP dans ces 

troubles, et leur lien avec d'autres changements liées à la démence, comme l'inflammation cérébrale 

et d’autres processus chimiques altérés. Un aspect clé de cette recherche était l’étude de nouveaux 

traceurs TEP tau, tels que 3H-MK6240 et 3H-PI2620, qui ont effectivement mis en évidence 

l'accumulation de tau dans les cerveaux Alzheimer, en particulier chez les individus à 

développement précoce. Cependant, 3H-MK6240 n'a montré aucune spécificité dans les cas de 

CBD et PSP, et l'efficacité de 3H-PI2620 dans ces conditions est encore débattue. Notre recherche 

s'est étendue pour explorer comment les traceurs TEP reflètent les processus inflammatoires dans 

le cerveau, tels que l'activation des astrocytes (« les cellules étoiles »). Deux de ces traceurs, 3H-

Deprenyl et 3H-BU99008, se lient principalement à certains sites de liaison clés sur les astrocytes, 

mais ils s'attachent également brièvement à d'autres zones. Cette fixation temporaire peut varier en 

fonction du type de trouble cérébral et de la région du cerveau affectée. Cela suggère que ces 

traceurs interagissent avec des cellules astrocytaires similaires ou différents, qui peuvent exprimer 

des profils de sites de liaison transitoires distincts, en fonction de l'emplacement dans le cerveau et 

de la maladie. Étant donné que les troubles parkinsoniens sont accompagnés de symptômes 

moteurs, nous avons évalué les fluctuations dans les niveaux de transporteur (3H-FEPE2I) et 

récepteur (3H-Raclopride) de la dopamine dans la CBD, la PSP mais aussi dans la maladie de 

Parkinson (MP). Dans la CBD, la PSP et la MP, nous avons trouvé des niveaux bas de 3H-FEPE2I, 

et dans la PSP et la MP des niveaux élevés de 3H-Raclopride.  Cependant, ces niveaux peuvent 

varier d'une personne à l'autre. Cela montre que même si ces troubles relèvent de la même catégorie 

de maladies, ils peuvent affecter chaque individu de manière unique. De plus, notre enquête chez 

des individus d'âge moyen, cognitivement sains, a suggéré que, outre les marqueurs habituels de la 

MA (amyloid-β et tau), les marqueurs d'inflammation cérébrale et du taux de neurodégénérescence 

dans le sang, pourraient servir de signaux d'alerte précoces, ouvrant potentiellement la voie à une 

intervention thérapeutique. En résumé, cette thèse a non seulement mis en évidence l'immense 

potentiel de l'imagerie TEP pour décrypter la nature complexe des troubles cérébraux, mais a 

également jeté les bases de son application clinique. L'imagerie TEP offre un nouvel espoir pour 

un meilleur diagnostic, traitement et compréhension de la progression de ces conditions difficiles.  

L'avenir appelle à des approches de recherche plus holistiques, intégrant des techniques d'imagerie 

avancées avec une variété de marqueurs biologiques, pour démêler les complexités de ces troubles 

neurodégénératifs. 

 



  

LIST OF PUBLICATIONS  

This thesis is based on the following original articles:  

I. Malarte ML, Nordberg A, Lemoine L. Characterization of MK6240, a tau PET tracer, in 

autopsy brain tissue from AD cases. Eur J Nucl Med Mol Imaging. 2021 Apr;48(4):1093-

1102. doi: 10.1007/s00259-020-05035-y. Epub 2020 Sep 24. PMID: 32970217; PMCID: 

PMC8041708. 

 

II. Malarte ML, Gillberg PG, Kumar A, Bogdanovic N, Lemoine L, Nordberg A. 

Discriminative binding of tau PET tracers PI2620, MK6240 and RO948 in AD, 

corticobasal degeneration and progressive supranuclear palsy brains. Mol Psychiatry. 2023 

Mar;28(3):1272-1283. doi: 10.1038/s41380-022-01875-2. Epub 2022 Nov 29. Erratum in: 

Mol Psychiatry. 2023 Mar 8;: PMID: 36447011; PMCID: PMC10005967. 

 

III. Malarte ML, Rocha F and Kumar A, 2023. PET Tracers in 4R Tauopathies: A post-

mortem head-to-head study of tau, astroglial, and dopaminergic pathologies in corticobasal 

degeneration and progressive supranuclear palsy. Manuscript. 

 

IV. Malarte ML, Chiotis K, Ioannou K and Rodriguez-Vieitez E. 2023. In vivo 18F-MK6240 

tau PET imaging in relation to peripheral inflammation and episodic memory in late 

middle-aged adults. Manuscript. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

SELECTION OF RELATED PUBLICATIONS  

This section contains references to the author's related publications, offering additional evidence 

or updates to existing literature.  

Kumar A, Koistinen NA, Malarte ML, Nennesmo I, Ingelsson M, Ghetti B, Lemoine L, Nordberg 

A. Astroglial tracer BU99008 detects multiple binding sites in AD brain. Mol Psychiatry. 2021 

Oct;26(10):5833-5847. doi: 10.1038/s41380-021-01101-5. Epub 2021 Apr 23. PMID: 33888872; 

PMCID: PMC8758481. 

 

Fontana IC, Scarpa M, Malarte ML, Rocha FM, Ausellé-Bosch S, Bluma M, Bucci M, Chiotis K, 

Kumar A, Nordberg A. Astrocyte Signature in AD Continuum through a Multi-PET Tracer 

Imaging Perspective. Cells. 2023 May 24;12(11):1469. doi: 10.3390/cells12111469. PMID: 

37296589; PMCID: PMC10253101. 

 

Rodriguez-Vieitez E, Kumar A, Malarte ML, Ioannou K, Rocha FM, Chiotis K. Imaging 

neuroinflammation: Quantification of astrocytosis in a multitracer PET approach. Book chapter in: 

Biomarkers for Alzheimer’s Disease Drug Development, Methods in Molecular Biology, 2nd 

edition.  Robert Perneczky (editor), Springer Nature, 2024 (in press).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

TABLE OF CONTENTS 

1. INTRODUCTION ............................................................................................................................... 1 

1.1 From normal ageing to dementia .................................................................................................. 1 

1.2 Ageing: clinical aspects ................................................................................................................ 1 

1.3 From cognitive impairment to dementia ....................................................................................... 1 

1.4 Epidemiology of dementia disorders ............................................................................................ 2 

1.5 Clinical phenotypes of dementia disorders ................................................................................... 2 

2. TAUOPATHIES .................................................................................................................................. 2 

2.1 From normal to pathological tau ................................................................................................... 2 

2.1.1 The role of tau proteins in normal cellular functioning ............................................................ 2 

2.1.2 The role of tau proteins in tauopathies ..................................................................................... 3 

2.1.3 Heterogeneity of tau: different isoforms and their implications .............................................. 4 

2.1.4 Structural knowledge in the understanding of tauopathies ...................................................... 5 

2.2 Concept of primary and secondary tauopathies: aetiology and clinical significance ................... 6 

2.3 Alzheimer’s disease (AD)............................................................................................................. 6 

2.3.1 Epidemiology of AD ................................................................................................................ 6 

2.3.2 Clinical features of AD ............................................................................................................ 6 

2.3.3 Heterogeneity of AD ................................................................................................................ 7 

2.3.4 Neuropathology of AD ............................................................................................................. 7 

2.3.4.1 ATN classification .......................................................................................................... 7 

2.3.4.2 Amyloid cascade hypothesis ........................................................................................... 7 

2.3.4.3 Tau pathology in AD....................................................................................................... 8 

2.3.4.4 Neuroinflammation in AD ............................................................................................ 11 

2.3.4.5 Cholinergic hypothesis .................................................................................................. 12 

2.3.5 Risk factors ............................................................................................................................ 13 

2.3.6 Therapeutic strategies............................................................................................................. 13 

2.4 Corticobasal degeneration (CBD) ............................................................................................... 13 

2.4.1 Epidemiology of CBD............................................................................................................ 13 

2.4.2 Clinical features of CBD ........................................................................................................ 14 

2.4.3 Neuropathology of CBD ........................................................................................................ 14 

2.4.3.1 Tau and astroglial tau .................................................................................................... 14 

2.4.3.2 Neuroinflammation ....................................................................................................... 15 

2.4.4 Risk factors and therapeutic strategies ................................................................................... 15 

2.5 Progressive supranuclear palsy (PSP)......................................................................................... 16 

2.5.1 Epidemiology of PSP ............................................................................................................. 16 

2.5.2 Clinical features of PSP ......................................................................................................... 16 

2.5.3 Neuropathology of PSP .......................................................................................................... 16 

2.5.3.1 Tau pathology in PSP .................................................................................................... 18 

2.5.3.2 Neuroinflammation  in PSP .......................................................................................... 19 

2.5.4 Risk factors and therapeutic strategies ................................................................................... 19 

2.6 Positron emission tomography (PET) ......................................................................................... 19 

2.6.1 Amyloid-β PET tracers .......................................................................................................... 20 

2.6.2 Tau PET tracers ...................................................................................................................... 20 

2.6.2.1 First-generation tau PET tracers.................................................................................... 20 

2.6.2.2 Second-generation tau PET tracers ............................................................................... 20 

2.6.3 Astroglial PET tracers ............................................................................................................ 22 

2.6.4 Dopamine PET tracers ........................................................................................................... 22 



  

3 AIMS ................................................................................................................................................... 24 

4 METHODOLOGY ............................................................................................................................ 25 

4.1 Ethical considerations ................................................................................................................. 25 

4.2 Patients and participants ............................................................................................................. 25 

4.2.1 Post-mortem human brain tissue (papers I, II, III) ................................................................. 25 

4.2.2 Cognitively unimpaired participants (paper IV) .................................................................... 25 

4.3 In vitro binding studies (papers I, II and III) .............................................................................. 26 

4.3.1 Saturation binding assays (papers I, II and III) ...................................................................... 26 

4.3.2 Competition binding assays (papers I, II and III) ................................................................... 26 

4.3.3 Regional distribution assays (papers I, II and III) .................................................................. 26 

4.3.4 Immunohistochemistry (paper II)........................................................................................... 27 

4.3.5 In vitro autoradiography (papers I, II and III) ........................................................................ 27 

4.4 PET and data analysis (paper IV) ............................................................................................... 27 

4.4.1 Neuropsychological assessment (paper IV) ........................................................................... 27 

4.4.2 Blood biomarkers measurements (paper IV) ......................................................................... 27 

4.4.4 Magnetic resonance imaging (MRI) (paper IV) ..................................................................... 28 

4.5 Statistics ...................................................................................................................................... 28 

5 RESULTS AND REFLECTIONS .................................................................................................... 30 

5.1 Multiple binding sites of tau PET tracers in AD brains (papers I and II) ................................... 30 

5.1.1 Evaluating 3H-MK6240 and 3H-PI2620 PET tracers binding in AD brains .......................... 30 

5.1.2 Complexities of tau PET tracers binding in AD brain ........................................................... 31 

5.2 Tau PET tracers regional distribution binding in AD versus control brains ............................... 35 

5.2.1 3H-MK6240 and 3H-PI2620 regional distribution binding studies in AD and control brains 35 

5.2.2 Variability of tau PET tracers binding in AD brains .............................................................. 36 

5.2.3 Differential binding of tau PET tracers in a single sporadic AD case .................................... 38 

5.3 Evaluating tau PET tracers in CBD and PSP brains: challenges and insights   

             (papers II and III) ........................................................................................................................ 39 

5.3.1 Multi-tau PET tracers comparison in in vitro CBD and PSP brains ...................................... 39 

5.3.2 3H-PI2620 interaction at multi-binding sites in CBD and PSP brains ................................... 41 

5.4 Tau, reactive astrogliosis and dopaminergic PET tracers in CBD and PSP brains (paper III) ... 42 

5.4.1 Multi binding sites of astrocytic PET tracers in CBD and PSP brains ................................... 42 

5.4.2 Visualization of reactive astrogliosis in CBD and PSP brains with astrocytic tracers  

              (paper III) ............................................................................................................................... 44 

5.4.3 Dopaminergic impairment in PSP and CBD brains ............................................................... 45 

5.5 Exploring the interplay of AD biomarkers in cognitively unimpaired late middle-aged adults     

              (paper IV) ................................................................................................................................... 46 

5.5.1 AD pathology-specific pathway ............................................................................................. 47 

5.5.2 Comorbidity-driven pathway ................................................................................................. 48 

5.5.3 Parallel contribution pathway ................................................................................................ 48 

5.5.4 Cognitive implications and genetic influences ....................................................................... 48 

6 CONCLUDING REMARKS ............................................................................................................ 50 

7 FURTHER CONSIDERATIONS .................................................................................................... 51 

8 FUTURE OUTLOOK ....................................................................................................................... 52 

9 ACKNOWLEDGEMENTS .............................................................................................................. 54 

10 REFERENCES .................................................................................................................................. 58 



  

LIST OF ABBREVIATIONS  

AD Alzheimer’s disease 

AGD Argyrophilic grain disease 

AoS Apraxia of speech  

ARTAG   

Aβ 

Bmax 

BSA 

bvFTD 

CAU 

CBD 

CBS 

Cereb 

CNS 

Cryo-EM 

CTE 

D2R 

DAT 

FC 

FTD 

FTDP-17 

FTLD   

FTLDtau 

GFAP 

GGT 

GPAL 

HA 

HIPP 

IC50 

Kd 

LA 

LATE 

Ageing-related tau astrogliopathy  

Amyloid beta 

Maximum number of binding sites 

Bovine serum albumin 

Behavioral variant of frontotemporal dementia 

Caudate nucleus 

Corticobasal degeneration 

Corticobasal syndrome 

Cerebellum 

Central nervous system  

Cryo electron microscopy 

Chronic traumatic encephalopathy 

Dopamine D2 receptor 

Dopamine transporter 

Frontal cortex 

Frontotemporal dementia 

Frontemporal dementia with parkinsonism linked to chromosome 17 

Frontotemporal lobar degeneration 

Frontotemporal lobar degeneration with tau pathology 

Glial fibrillary acidic protein 

Globular glial tauopathy 

Globus pallidus 

High-Affinity 

Hippocampus 

Half maximal effective concentration 

Dissociation constant 

Low-Affinity 

Limbic-predominant Age-related TDP-43 Encephalopathy  



  

MAPT 

MOB 

NMDA 

NSP 

P 

PART 

PBS 

PC 

PCA 

PD 

PET 

PGF 

PiD 

PPA 

PSL 

PSP 

pTau 

PUT 

ROIs 

RS 

SHA 

TC 

THAL 

TOD 

TOT 

 

Microtubule-associated protein 

Medulla oblongata 

N-methyl-D-aspartate 

Non-specific binding 

Predominant parkinsonism 

Primary Age-Related Tauopathy 

Phosphate-buffered saline 

Parietal cortex 

Posterior cortical atrophy syndrome 

Parkinson’s disease 

Positron Emission Tomography 

Progressive gait freezing 

Pick's disease 

Non‐fluent agrammatical variant primary progressive aphasia 

Photostimulated luminescence 

Progressive supranuclear palsy 

Phosphorylated tau 

Putamen 

Regions of interest 

Richardson syndrome 

Super-High Affinity 

Temporal cortex 

Thalamus 

Tangle-only dementia 

Total binding 

                                                          

                               

                          

                         

                           

                             

                                 

                          

                            



  

                               

                            

                               

                             

                             

                              

                             

                              

                              

                            

                             

                           

                                

                            

                               

                          

                            

                             

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

1 

1. INTRODUCTION  

 

This thesis aimed to explore tau pathology in ageing and dementia, focusing on tauopathies 

including Alzheimer’s disease (AD), corticobasal degeneration (CBD) and progressive 

supranuclear palsy (PSP), by employing a translational approach spanning in vitro autoradiography 

to in vivo PET imaging. Tau pathology is central to ageing and several neurodegenerative diseases, 

and understanding its role is critical for developing preventive and therapeutic interventions. The 

evolution of tau pathology is complex and influenced by various factors, including age, genetic 

predisposition, and other biological and environmental factors[1]. 

1.1  From normal ageing to dementia   

Ageing is an inherent process characterized by gradual physiological and cognitive changes. While 

some cognitive decline is part of normal ageing, extensive impairment leading to interference with 

daily functioning is indicative of dementia. Age is the most substantial risk factor for dementia, 

and the ageing process involves various brain changes such as synaptic loss, diminished 

neurotransmitter levels, and augmented susceptibility to neuronal injury[2]. 

1.2  Ageing: clinical aspects 

Clinically, normal ageing is often characterized by a decline in certain cognitive functions, such as 

processing speed and memory retrieval, which does not significantly interfere with an individual’s 

ability to perform daily activities[3]. The structural and functional changes in the brain, such as a 

decrease in brain volume and changes in neurotransmitter systems, are considered to be 

physiological[4]. Distinguishing between the normal ageing process and pathological ageing is 

essential in clinical settings, as interventions and management differ significantly[5]. 

1.3  From cognitive impairment to dementia 

The progression from cognitive impairment to dementia encompasses a complex spectrum of age-

related pathological changes that impact cognitive trajectories. Mild cognitive impairment (MCI) 

represents an intermediary stage between the expected cognitive decline of normal ageing and the 

more severe decline of dementia, where individuals experience cognitive deficits that are noticeable 

but do not significantly interfere with daily activities [6]. It is often associated with the pathological 

accumulation of misfolded proteins in the brain, including amyloid-β (Aβ) and tau, as well as other 

neuropathological alterations, including limbic-predominant age-related TDP-43 encephalopathy 

(LATE) and primary age-related tauopathy (PART), both of which contribute to cognitive 

deterioration[7, 8]. LATE, for instance, involves the misfolding of TDP-43 proteins, a pathology 

distinct from the Aβ and tau pathologies seen in AD, which can lead to a clinical presentation 

similar to AD but with differing underlying mechanisms[9]. Similarly, PART is characterized by 

the accumulation of tau proteins in the absence of significant Aβ deposition, challenging the 

diagnostic clarity as it often coexists with other age-related pathologies[10]. Therefore, individuals 

with MCI have an increased risk of progressing to dementia, particularly AD[11], though the 

presence of factors such as LATE and PART adds complexity to the risk assessment. Moreover, 

not all individuals with MCI will develop dementia, and some may even revert to normal cognitive 

functioning, underscoring the importance of early detection and intervention[12]. 
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1.4  Epidemiology of dementia disorders 

Dementia is a significant global health concern, with an estimated 55 million people living with 

dementia worldwide in 2021, and expected to nearly triple to 139 million by 2050 (World Health 

Organization, 2021[13]). The prevalence of dementia increases with age, doubling every 5.5 years 

after the age of 65[14]. AD is the most common type of dementia, accounting for approximately 60-

80% of cases (Alzheimer’s Association 2021[15]). Other common types include vascular dementia, 

dementia with Lewy bodies, and frontotemporal dementia (FTD). Risk factors for dementia include 

age, genetics, cardiovascular health, and lifestyle choices. Additionally, a growing body of 

evidence suggests that modifiable risk factors such as hypertension, smoking, and lack of physical 

activity are associated with the development of dementia[16]. The global economic burden of 

dementia is substantial, with the total estimated worldwide cost being US$1.3 trillion in 2018 and 

projected to rise to US$2.8 trillion by 2030[17]. 

1.5  Clinical phenotypes of dementia disorders 

Dementia disorders present heterogeneous clinical features. AD typically begins with memory 

loss[18], whereas FTD may start with changes in personality and social behaviour[19]. Vascular 

dementia often involves executive dysfunction, and Lewy body dementia can present with visual 

hallucinations and parkinsonism[20]. The heterogeneity in clinical presentation of dementia 

disorders, particularly with overlapping symptoms, emphasizes the significance of accurate 

diagnosis and understanding of the underlying pathologies, among which tauopathies play a pivotal 

role. 

 

2. TAUOPATHIES 

 

Tauopathies encompass a spectrum of heterogeneous neurodegenerative diseases characterized by 

distinct patterns of tau protein deposition within the brain[21]. Although AD is the most widely 

known tauopathy, there are several other tauopathies, including some subtypes of frontotemporal 

lobar degeneration (FTLD) (also known as “Pick’s complex”, designating both the overlapping 

clinical and pathological syndrome[22]) such as CBD, PSP or PART, which manifest diverse clinical 

features ranging from cognitive impairment in various domains, to motor dysfunction and 

behavioural abnormalities[23]. The distribution and isoform composition of tau aggregates differ 

among tauopathies and contribute to their distinct clinical phenotypes[24]. Understanding the 

patterns of tau deposition and their relation to clinical manifestations is essential for developing 

targeted therapeutic interventions for different pathologies. 

2.1  From normal to pathological tau 

2.1.1 The role of tau proteins in normal cellular functioning 

Tau proteins, integral components of neurons in the central nervous system, play a crucial role in 

maintaining neuronal structure and enabling efficient intracellular transport[25]. Predominantly 

localized in axons, they bind to and stabilize microtubules, enhancing the assembly of tubulin 

subunits into these critical cellular structures[26]. Microtubules serve as essential highways for the 

transport of organelles, vesicles, and other cellular constituents along the axon[27]. The ability of 

tau to bind to microtubules is tightly regulated by its state of phosphorylation at various serine and 

threonine residues[24]. A balance between the activities of specific kinases and phosphatases ensures 
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optimal phosphorylation-dephosphorylation dynamics under normal physiological conditions[28]. 

By modulating the stability of microtubules, tau proteins facilitate efficient axonal transport and 

contribute to synaptic plasticity, underpinning healthy cognitive function[28].  

2.1.2 The role of tau proteins in tauopathies 

Tauopathies are characterized by the aberrant behaviour of tau proteins, which undergo drastic 

changes disrupting their typical functioning. Tau protein's transition, from its normal state to a 

pathological form, involves a cascade of molecular events. This process begins when the delicate 

balance between tau phosphorylation and dephosphorylation is compromised, likely due to the 

overactivity of kinases or the underactivity of phosphatases, leading to tau 

hyperphosphorylation[21]. However, there is no solid evidence for this activity change in 

tauopathies[29]. Hyperphosphorylated tau has a diminished capacity to bind microtubules, 

destabilizing the microtubular network and impairing axonal transport, critical for neuronal 

function[28, 30]. Further, these hyperphosphorylated tau proteins tend to self-assemble into 

oligomers, which can subsequently aggregate into insoluble fibrillar structures known as 

neurofibrillary tangles (NFTs), a defining pathological characteristic of tauopathies[31] (Table 1). 

Nevertheless, even if these events are linked, it remains to be determined whether phosphorylation 

has a causal effect on aggregation[29]. Furthermore, other post-translational modifications like 

truncation and conformational changes can exacerbate tau aggregation[32]. The accumulation of 

these aggregated tau forms is associated with synaptic loss, neuroinflammation, and 

neurodegeneration[33]. These molecular and cellular disruptions drive the pathogenesis of 

tauopathies, leading to the progressive cognitive and motor dysfunctions characteristic of these 

disorders[34].  

 

Table 1. Sequential stages of tau protein aggregation in neurodegenerative disorders[35] 
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2.1.3 Heterogeneity of tau: different isoforms and their implications 

 

Tau is a microtubule-associated protein (MAPT) that exists in various isoforms in the human brain. 

These isoforms result from the alternative splicing of the mRNA transcribed from the MAPT 

gene[36]. 

 

3R tau: isoforms with three microtubule-binding repeats (3R) are termed 3R tau. These isoforms 

are predominantly expressed during foetal brain development[37]. 

 

4R tau: isoforms containing four microtubule-binding repeats are known as 4R tau. These 

isoforms are more prevalent in the adult brain and are thought to have a role in maintaining 

microtubule stability[37]. 

 

In addition to microtubule-binding repeats, tau isoforms can be categorized based on the number 

of N-terminal inserts, with isoforms having zero (3R0N, 4R0N), one (3R1N, 4R1N), or two inserts 

(3R2N, 4R2N) (Figure 1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. ”Tau protein isoforms. Schematic representation of the main tau protein isoforms 

generated via alternative splicing. At the top, the longest tau isoform found in humans, containing 

all the alternatively spliced exons. Red boxes represent the microtubule-binding domain (MTBD), 

while the N-terminal projection domain is represented by exon 2 (orange) and exon 3 

(yellow).”Adapted with permission from Corsi et al; Int. J. Mol. Sci. 2022[38]. Copyright 2023. 

https://creativecommons.org/licenses/by/4.0/# 
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In AD, where hyperphosphorylation can affect all six tau isoforms, the pathology falls into the 

mixed 3R/4R tauopathies category[39]. This group also includes chronic traumatic encephalopathy 

(CTE), tangle-only dementia (TOD) and PART.  

The disorders predominantly involving 3R tau isoforms are Pick's disease (PiD)[40] and the 

behavioural variant of frontotemporal dementia (bvFTD). 

In the category of 4R tauopathies, where 4R tau isoforms are the primary form, disorders include 

globular glial tauopathy (GGT), ageing-related tau astrogliopathy (ARTAG), argyrophilic grain 

disease (AGD), CBD and PSP[41]. Additionally, FTD with parkinsonism linked to chromosome 17 

(FTDP-17) displays variable patterns, with the potential to exhibit 3R, 4R, or a combination of both 

3R/4R tau isoforms. This variability underscores the complexity and heterogeneity inherent in 

tauopathies[42]. Understanding the different tau isoforms and how their hyperphosphorylation and 

aggregation contribute to the pathology of tauopathies is crucial for the development of therapeutic 

strategies targeting tau. 

2.1.4 Structural knowledge in the understanding of tauopathies  

Tauopathies have traditionally been distinguished based on clinical features and confirmed through 

neuropathological examination. However, the advent of cryo-electron microscopy (cryo-EM) 

studies has added a new dimension to their classification by revealing the structures of tau filaments 

associated with each tauopathy[43]. This novel perspective facilitates a hierarchical classification of 

tauopathies grounded in their distinct tau filament folds (Figure 2).  

 

At the core, all tauopathies exhibit a shared ordered region, specifically comprising the R3 and R4 

regions, along with portions of the C-terminal domain. However, their differentiation lies in the N-

terminal extensions. 

 

 

 

Figure 2. Proposed classification of 

tauopathies by Shi, Zhang and colleagues 
[43](Shi, Zhang et al. Nature; 2021) with the 

corresponding tau filament folds. “Amino 

acid sequence of tau residues 272–387. 

Residues in R1–R4 and in the C-terminal 

domain are coloured purple, blue, green, gold 

and orange, respectively. Internal, non-

proteinaceous densities are shown in black”. 

Adapted with permission from Shi, Zhang et 

al. Nature; 2021. Copyright 2023. 
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3R+4R tauopathies like AD display limited amino acids from regions R1 and R2, contrasting with 

3R tauopathies such as Pick’s fold which prominently features R1. For the 4R tauopathies, further 

distinction arises: PSP exhibits three-layered core tau structures, while the CBD variants introduce 

a unique fourth layer. This molecular classification aligns well with the neuropathological 

diagnoses, reinforcing the unique disease identity of conditions that might appear clinically similar, 

such as PSP and CBD[43]. This research underscores the potential of cryo-EM in examining how 

small molecular compounds can interact with tau filaments [44]. 

2.2  Concept of primary and secondary tauopathies: aetiology and clinical significance 

Tauopathies are traditionally categorised into primary and secondary tauopathies based on their 

underlying aetiology and pathology [45]. 

 

Primary tauopathies are characterized by tau aggregation as the predominant pathological 

hallmark, with no significant Aβ deposition. These include PSP, CBD, PiD, and some other forms 

of FTLD with tau pathology (FTLD-tau)[45, 46]. Primary tauopathies are often associated with 

mutations in the MAPT gene or specific patterns of tau isoform aggregation, and they tend to have 

more distinct clinical phenotypes compared to secondary tauopathies[23].  

 

Secondary tauopathies exhibit tau aggregation as a secondary phenomenon alongside other 

characteristic protein aggregations or pathological features. The most well-known secondary 

tauopathy is AD, in which tau aggregation occurs alongside Aβ plaques[47]. Secondary tauopathies 

also include cases where tau pathology is associated with other conditions, such as traumatic brain 

injury, as seen in CTE, and various genetic, metabolic, and infectious diseases[45]. 

Understanding the distinction between primary and secondary tauopathies is crucial, as the 

underlying mechanisms and disease progression may differ significantly between the two 

categories. 

2.3  Alzheimer’s disease (AD)  

AD is a chronic neurodegenerative disorder that is characterized by progressive memory loss, 

cognitive decline, and changes in behaviour and personality. It is the most common cause of 

dementia among the elderly population[15]. 

2.3.1 Epidemiology of AD  

Globally, AD is a major public health issue. As of 2020, approximately 50 million people 

worldwide were living with dementia, with AD accounting for 60-70% of these cases[17]. The 

prevalence of AD increases exponentially with age, and it is estimated that the number of 

individuals with AD will triple by 2050 due to the ageing population[48]. 

2.3.2 Clinical features of AD 

Typically, AD presents first with subtle memory impairment, especially for recent events. As the 

disease progresses, there is a decline in other cognitive domains including language, visuospatial 

skills, and executive function. Behavioural and psychological symptoms such as depression, 

anxiety, agitation, and hallucinations may also develop as the disease advances[49]. 
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2.3.3 Heterogeneity of AD 

In light of its various subtypes, AD has been recently understood as a multifaceted 

neurodegenerative disorder, challenging traditional perspectives on its pathology[50]. The distinct 

subtypes hypothesis suggests that AD pathology manifests differently across its subtypes rather 

than following a universal staging process[51-53]. A salient example of the diverse subtypes of AD 

is the rapidly progressive form of AD (rpAD)[54]. This subtype is marked by a swift cognitive 

decline, diverse neurological and psychiatric symptoms, and a shorter disease duration of 2-3 years, 

often resulting in patients facing mortality at a relatively younger median age of 60 years[55, 56]. 

While these findings shed light on the intricacies of AD subtypes, the broader landscape of 

neuropathologies in the ageing brain presents its challenges. Notably, AD rarely exists in isolation. 

As the brain ages, it becomes more susceptible to a plethora of co-pathologies, often resulting in 

mixed pathological scenarios that blur the lines of traditional diagnoses[57, 58]. These intertwined 

co-pathologies, ranging from cerebrovascular diseases to specific proteinopathies (such as TDP-43 

and 𝛼-synuclein), extend beyond the elderly, making their mark even in early-onset AD[59, 60]. 

2.3.4 Neuropathology of AD 

In distinguishing AD from other neurodegenerative disorders, reliance on post-mortem 

examination remains prevalent[61]. The brain of an individual with AD typically shows atrophy, 

with a reduction in the size of the gyri. Microscopic examination reveals extracellular Aβ plaques 

and intracellular NFTs, which are characteristic pathological features of AD. There is also a 

significant loss of synapses and neurons as well as white matter changes[47]. 

2.3.4.1 ATN classification 

The ATN system, a refined approach for diagnosing and prognosticating AD, evaluates Aβ (A) and 

tau (T) pathologies, but also includes general markers of neurodegeneration and neuronal damage 

(N)[62], not specific to AD. Recognizing that AD's biological complexity extends beyond the core 

Aβ and tau pathologies, the enhanced AT(X)N framework broadens to include a more diverse range 

of molecular, cellular, and neurological changes in AD pathophysiology[63]. The “X” in this updated 

model, stands for any newly validated biomarkers. Given the significant impact of inflammation in 

AD, the subsequent logical “X” biomarker has been recently proposed to be “I” for tracking 

inflammation[64]. 

2.3.4.2 Amyloid cascade hypothesis  

The amyloid cascade hypothesis has been a central theory in AD research for several decades. The 

hypothesis posits that the accumulation of Aβ peptides, particularly the Aβ42 isoform, in the brain 

is the primary event driving the pathogenesis of AD. This accumulation is believed to initiate a 

cascade of events that include the formation of NFTs, neuroinflammation, oxidative stress, and 

synaptic dysfunction, leading to neuronal loss and cognitive decline. Aβ peptides are generated 

from the amyloid precursor protein (APP) through sequential cleavages by enzymes called β-

secretase and -secretase. In AD, an imbalance between the production and clearance of Aβ 

peptides (particularly Aβ42), leads to their accumulation[65]. Soluble Aβ peptides can aggregate to 

form insoluble plaques. There is accumulating evidence that the soluble oligomeric forms of Aβ, 

rather than the plaques themselves, are highly neurotoxic and are involved in the synaptic 

dysfunction observed in AD[66, 67]. The accumulation of Aβ is thought to lead to the 
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hyperphosphorylation of tau protein, which results in the formation of NFTs. Thus, the deposition 

of tau NFTs is believed to be a downstream event in the cascade initiated by Aβ accumulation[68]. 

Moreover, the presence of Aβ aggregates activates microglia and astrocytes, resulting in an 

inflammatory response. Chronic inflammation and the release of reactive oxygen species contribute 

to neuronal damage[69]. Finally, the combination of Aβ-induced toxicity, tau pathology, 

inflammation, and oxidative stress leads to synaptic dysfunction and ultimately neuronal loss, 

which is correlated with the cognitive decline observed in AD patients[70]. 

The amyloid cascade hypothesis has been the basis for numerous therapeutic interventions targeting 

Aβ production, aggregation, and clearance. However, clinical trials based on this hypothesis have 

mostly been unsuccessful in delivering disease-modifying treatments[71, 72]. This has led to the 

reconsideration and refinement of the hypothesis, with a growing focus on the role of Aβ oligomers, 

the interplay between Aβ and tau, and the importance of targeting early stages of the disease[73, 74]. 

 

2.3.4.3 Tau pathology in AD  

Tau pathology is a defining hallmark of AD and plays a crucial role in its pathogenesis. NFTs are 

closely associated with neuronal loss and synaptic dysfunction and their morphology varies with 

their maturity stages, in relation to the severity of the disease[75] (Figure 3).  

 

Figure 3. “Neurofibrillary tangle (NFT) maturity spectrum: early to advanced with intermediary 

stages. Intermediary 1 has partial fibrillar tau accumulation; intermediary 2 shows intense NFT 

staining without a nucleus. Pretangles (predominantly 4R tau) and mature tangles are 

intracellular, while ghost tangles (predominantly 3R tau) are extracellular. Staining markers: 

Thio-S and thiazin red for mature/ghost tangles; CP13, AT8, Alz-50, MC-1 for early stages; PHF-

1, pS396, TauC3 for intermediate; Ab39, GT-38, MN423 for advanced. Scale bar: 25 μm.” Adapted 

with permission from Moloney et al., Alzheimer's Dement, 2021[75]. Copyright 2023. 
https://creativecommons.org/licenses/by-nc/4.0/ 

 

Before these changes become evident in the entorhinal cortex and hippocampus, tau pathology 

undergoes a preclinical phase, now referred to as pre-Braak stages[76] (Figure 4). These stages are 

characterized by the initial development of tau pathology in the lower brainstem and its subsequent 

spread to the medial temporal lobe[76, 77]. 
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Figure 4. Summary of pre-Braak tau pretangle stages a–c and 1a-1b in the development of 

Alzheimer’s disease. Adapted with permission from Kelly Del Tredici and Heiko Braak, 

ScienceDirect, 2020[77]. Copyright 2023.  

 

 

Following these early stages, tau pathology in AD typically follows a distinct spatiotemporal 

pattern. In 1991, Braak and Braak established a staging system for NFTs, which reflects the 

stereotypical progression of tau pathology[78] (Figure 5). 

Initially, NFTs are found in the medial temporal lobe (including the transentorhinal cortex, 

entorhinal cortex and hippocampus), areas crucial for memory. By age 50, over half of cognitively 

unimpaired individuals exhibit tau accumulation in the medial temporal lobe (Braak I and II)[79], 

becoming especially pronounced in those aged 60 and older [80]. A broader spread of tau to 

connected regions, including the neocortex, often corresponds with the onset of Aβ plaques as AD 

pathology advances. The spreading of tau pathology is thought to be due to the propagation of tau 

aggregates between synaptically connected neurons, a process termed “trans-synaptic spread”[81]. 

 

The Braak staging is a six-stage scheme that describes the progression of NFTs as follows[78, 82]: 
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Figure 5. Topographic illustration of histopathological Braak stages. Adapted with permission 

from Macedo et al., JNM; 2023 [83] detailing tau pathology progression and associated clinical 

symptoms across all six stages. https://creativecommons.org/licenses/by-nc/4.0/ 

  

The accumulation of Aβ is also thought to facilitate tau hyperphosphorylation and aggregation, 

while tau, in turn, may exacerbate Aβ toxicity. Additionally, tau pathology interacts with other 

cellular processes such as neuroinflammation, which may further contribute to 

neurodegeneration[84]. 
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2.3.4.4 Neuroinflammation in AD  

Neuroinflammation is increasingly recognized as a critical factor in the pathogenesis of AD. It 

involves the activation of microglia and astrocytes and the production of inflammatory mediators 

in the brain. 

 

Reactive astrogliosis: In AD, astrocytes exhibit morphological changes including hypertrophy at 

early stages, involving the enlargement of cell bodies and processes, which may be followed by 

atrophy and astrodegeneration at later disease stages[65] (Figure 6A). Astrocytes upregulate the 

expression of various intermediate filaments including glial fibrillary acidic protein (GFAP), and 

become hyper-reactive. These changes alter the astrocytes' functions, including their roles in 

neurotransmitter uptake, potassium buffering, and metabolic support to neurons[85]. Astrocytes are 

often found in close proximity to Aβ plaques and have been suggested to both contribute to, and 

limit Aβ aggregation. On the one hand, astrocytes can secrete chaperone proteins that inhibit Aβ 

aggregation. On the other hand, reactive astrocytes might also produce molecules that contribute 

to the aggregation of Aβ peptides[86]. Additionally, reactive astrocytes release various cytokines 

and chemokines, such as IL-6 and MCP-1, contributing to the inflammatory environment in AD. 

This pro-inflammatory milieu can exacerbate neuronal damage[87]. 

 

 
Figure 6. Schematic representation of the activation of astrocytes (A) and microglia (B), 

transitioning from healthy to disease states. CNS- Central nervous system. Adapted with 

permission from Kumar et al, JNC 2023[88]. https://creativecommons.org/licenses/by/4.0/ 

 

Microglia: Microglia are the primary resident immune cells in the central nervous system and play 

a pivotal role in AD pathology. In the healthy brain, microglia constantly monitor their environment 

and help maintain homeostasis. Once activated, microglia can adopt different phenotypes (Figure 

6B). In the context of AD, they often take on a pro-inflammatory phenotype, releasing cytokines 

such as TNF-α and IL-1β. This state is often referred to as M1-like activation. Additionally, 

microglia can also assume an anti-inflammatory or M2-like phenotype, promoting tissue repair and 

resolution of inflammation[89]. However, recent findings challenge this binary distinction, 

suggesting “a continuum of activation” with markers that can simultaneously span both M1 and 

M2 states[90]. Interestingly, genetic studies have shown that several AD risk genes, such as TREM2 

and CD33, are highly expressed in microglia and regulate their function. For example, TREM2 is 

implicated in the phagocytosis of Aβ by microglia[91]. Here also, chronic activation of microglia in 

AD can be detrimental. The sustained release of pro-inflammatory mediators can contribute to 

neuronal injury and death[92].   

 

B) A) 
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Glia and tau: Reactive astrocytes are also found in close proximity to tau aggregates in the AD 

brain. Their altered functions could influence tau pathology progression, either by exacerbating tau 

aggregation or, conversely, by attempting to mitigate its effects. For instance, reactive astrocytes 

might sequester tau aggregates, potentially limiting their spread, or they may release factors that 

inadvertently promote tau pathology. Similarly, microglia are actively engaged in responding to 

tau pathology. Their phagocytic activity is crucial in clearing tau aggregates, but chronic activation 

can lead to sustained inflammation, potentially exacerbating neuronal damage and tau 

pathology[93].  

Recent evidence highlights the role of glial cells in facilitating the trans-synaptic spread of tau in 

AD. This process, described as “prion-like” propagation, involves the accumulation and spread of 

oligomeric tau at synapses throughout the brain[94]. In response to this spread, glial cells actively 

eliminate affected synapses through ingestion. However, in the pathological context of AD, altered 

glial cell phenotypes may lead to excessive synaptic ingestion, potentially exacerbating 

neurodegeneration[93]. 

2.3.4.5 Cholinergic hypothesis 

The cholinergic hypothesis has historically been a central theory in understanding AD pathology. 

It proposes that a dysfunction in cholinergic neurotransmission, particularly a deficit in 

acetylcholine, is significantly associated with the cognitive decline observed in AD. This 

hypothesis emerged in the late 1970s, and has since been substantiated and expanded upon through 

extensive research. In recent years, studies have indicated that the degeneration of cholinergic 

neurons in the basal forebrain, which are a major source of acetylcholine in the brain, is associated 

with the severity of cognitive symptoms in AD patients[95]. While the cholinergic hypothesis has 

provided the foundation for developing treatments such as cholinesterase inhibitors (e.g., 

donepezil, rivastigmine), current research acknowledges that AD is multifactorial, involving not 

only cholinergic deficits but also tau and Aβ pathologies, neuroinflammation, and other 

neurotransmitter system alterations. Consequently, combination therapies targeting both 

cholinergic and other pathways are being investigated as a more comprehensive approach to 

treating AD[96].  

 

Cholinergic system: interplay with amyloid and tau in AD 

In early adulthood, Aβ builds-up within cholinergic neurons of the basal forebrain. With ageing 

and in AD, there is an increase in intermediate and larger Aβ oligomers. These patterns of Aβ 

accumulation and oligomerization are thought to be key factors in the degeneration of basal 

forebrain cholinergic neurons in AD[97]. The Ch4 region of the basal forebrain and the entorhinal 

cortex are both initial sites affected by AD pathology (NFTs and Aβ plaques) and are significantly 

impacted in both MCI and AD, leading to axon depletion and cell loss, thereby reducing their 

volume [98]. In older cognitively normal individuals, changes in the basal forebrain volume were 

predictive of the subsequent entorhinal cortex deterioration and cognitive impairment[95].  

 

Cholinergic system: interplay with astrogliosis  

Considering the presence of acetylcholine receptors, specifically α7 nicotinic acetylcholine 

receptors (α7nAChRs), in both neurons and astrocytes, it has been proposed that the interplay 

between these receptors and Aβ may initiate reactive astrogliosis and Aβ plaque formation in AD. 
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This process is thought to occur through a series of interconnected mechanisms but additional 

research is required to substantiate these hypotheses[99].  

2.3.5 Risk factors  

The multifactorial nature of AD indicates that an interplay of genetic, environmental, but also 

lifestyle factors contribute to its onset and progression. Age is the most significant risk factor, with 

a predominant occurrence in individuals over 65[50]. Genetics also plays a role. The APOE ε4 

(APOE4) allele is a well-known genetic risk factor for late-onset AD[100]. There are also rare genetic 

mutations that can cause early-onset familial AD, such as mutations in APP, PSEN1, and PSEN2 

genes [101]. Other risk factors include cardiovascular disease[102], metabolic syndromes, high body 

mass index (BMI)[103], diabetes mellitus (DM)[104], air pollution, changes in microbiome, a history 

of head trauma, and lifestyle factors such as physical inactivity and smoking[15, 105]. Late-life 

depression, chronic stress, and anxiety are also considered to be risk factors for AD[106] as well as 

gender, with women being more likely to develop AD than men[107]. 

2.3.6 Therapeutic strategies 

AD, with its diverse subtypes and interplay with other co-pathologies, underscores the intricate 

nature of neurodegenerative diseases in the ageing brain, demanding a more nuanced approach in 

its diagnosis and understanding[108, 109]. A range of treatment approaches, from symptom to disease-

modifying therapies, are currently progressing through various phases of clinical trials. The FDA-

approved drugs, aducanumab and lecanemab, delivered intravenously, aim at modifying AD 

biology by removing Aβ from the brain, potentially benefiting those with early stages of AD (MCI 

or mild dementia due to AD with evident Aβ PET or cerebrospinal fluid[15]. The FDA has only 

approved a few treatments for mild to moderate AD (NMDA receptor antagonists, cholinesterase 

inhibitors and immunotherapies), but these only offer short-term relief of symptoms [110]. 

2.4  Corticobasal degeneration (CBD)  

2.4.1 Epidemiology of CBD 

CBD is a rare neurodegenerative disorder with an estimated prevalence of approximately 4.9 to 7.3 

per 100,000 people in the population[111, 112]. According to accumulated evidence from 

epidemiological studies, CBD has shown considerable clinical variability. Additional studies that 

employ meticulous phenotyping and the latest diagnostic criteria to truly comprehend the full 

impact of this disorder are highly needed. The disease typically presents in individuals aged 60 

years and older, with yet unclear sex bias. The incidence of CBD remains uncertain due to its rarity 

and the difficulties in its diagnosis, which often results in it being underreported or misdiagnosed. 

CBD is frequently misdiagnosed as PD, AD, or PSP due to their overlapping clinical features, 

further complicating accurate epidemiological data collection[113, 114]. The disease usually 

progresses over 6-8 years from symptom onset to death, but individual durations vary extensively 

from 3 to 15 years[115]. Given the rarity of CBD and the lack of large-scale epidemiological studies, 

these numbers should be interpreted with caution.  
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2.4.2 Clinical features of CBD 

CBD  is a complex and also multifaceted neurodegenerative disorder. It is characterized by a variety 

of clinical features that may present asymmetrically, often leading to an initial misdiagnosis [111]. 

One of the hallmark features of CBD is the presence of motor symptoms. These can include rigidity, 

dystonia (often unilateral and painful) and akinesia (a reduction in or loss of voluntary muscle 

movement). Many patients also exhibit a phenomenon known as “alien limb”, where one limb 

appears to act independently of the will of the patient[115]. Alongside these motor symptoms, 

patients with CBD can also experience cortical signs such as multifocal myoclonus, progressive 

aphasia and apraxia, agnosia and agraphesthesia[116] but also cortical sensory loss, characterized by 

an inability to make judgments about the position of the body (proprioception) and the inability to 

recognize objects by touch (astereognosis)[117]. Cognitive impairment is also frequently observed, 

with executive function and language abilities particularly affected. These clinical features tend to 

progress over time, and the disease trajectory varies among individuals and phenotypes [111], as 

CBD can present with a very broad spectrum of clinical syndromes, including corticobasal 

syndrome (CBS), predominant parkinsonism (P), Richardson syndrome (RS), progressive gait 

freezing (PGF), apraxia of speech (AoS), non‐fluent agrammatical variant primary progressive 

aphasia (PPA), bvFTD or posterior cortical atrophy syndrome (PCA)[118]. It is important to note 

that due to the heterogeneous nature of CBD's clinical manifestations, a definitive diagnosis can be 

challenging and is very often only confirmed post-mortem[111].  

2.4.3 Neuropathology of CBD 

The initial clinical presentations of CBD are termed corticobasal syndrome (CBS), while the 

pathological manifestations are referred to as CBD[119]. Pathological criteria, independent of 

clinical presentations have been proposed[120]. CBD's pathology has some overlap with other 

tauopathies, such as PSP. Still, there are distinct features in both cellular morphology and 

distribution patterns that help differentiate CBD from these other conditions. The presence of tau 

aggregates in specific brain regions (astrocytic plaques, balloon neurons, and tau-positive threads) 

contributes to the clinical symptoms seen in CBD, such as motor dysfunctions, cognitive decline, 

and behavioural abnormalities.  

2.4.3.1 Tau and astroglial tau  

The distribution of tau pathology in CBD is highly complex since it manifests in different brain 

regions with distinct characteristics, and is not limited to neurons, but is also found in 

oligodendrocytes and astrocytes[121-123].   

 

Neocortex and neostriatum: widespread deposition of tau is observed in both neurons and glia.  

o Ballooned neurons are common in CBD, especially in the middle and deeper layers of affected 

neocortices. These ballooned neurons display diffuse phosphorylated-tau (pTau) 

immunoreactivity[121].  

o Glial inclusions, encompassing tau proteins, can be seen in both oligodendroglia and 

astrocytes[122]. 

o Astrocytic lesions in CBD often exhibit a distinct pTau-positive plaque-like morphology 

known as “astrocytic plaques”[123].   
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Basal ganglia and related structures:  

o Tau inclusions in CBD often appear as thread-like cell processes in affected grey and white 

matter regions[124]. 

o pTau positive neurons in the subthalamic nucleus (often less severe than in PSP) [121] 

Substantia nigra [120],[124]:  

o Tau-positive globose NFTs, also referred to as corticobasal bodies 

 

Cortical regions: 

o Cortical neurons in atrophic regions of the brain display pleomorphic tau-immunoreactive 

lesions. These can range from densely packed small irregular inclusion bodies to more 

diffuse inclusions, known as pre-tangles, or astrocytic plaques. They are most prominent in 

the frontal and parietal cortices. 

White matter[111]: 

o Tau-positive threads, less dense than in grey matter. 

2.4.3.2 Neuroinflammation  

Much of the literature has emphasized the distinctive presence of tau-positive astrocytic inclusions, 

which are a hallmark of the disease. However, research around reactive astrogliosis or microglial 

activation specifically in relation to CBD are not as prevalent in the literature as they are for other 

neurodegenerative diseases, such as AD.  

However, like many neurodegenerative disorders, it is understood that gliosis likely plays a key 

role in the progression of CBD. In the cortical areas, astrogliosis contributes to the thinning of the 

cortical ribbon. This astrogliosis is especially noticeable in the superficial cortical layers, and at the 

grey-white matter junction. In regions like the globus pallidus and inner putamen, gliosis 

accompanies variable nerve cell depletion, with the red nucleus and subthalamic nucleus also 

exhibiting neuronal loss and gliosis. Further, the cerebellar dentate nucleus displays variable 

neuronal depletion and gliosis[120].  

2.4.4 Risk factors and therapeutic strategies 

Research is ongoing to better understand the origins and progression of CBD and to uncover more 

specific risk factors. Currently, there are no proven treatments. Recent advances in 4R tauopathy 

treatments, such as immunotherapies and gene expression, show potential. Multidisciplinary care 

involving neurologists, speech-, physio-, occupational therapists, and palliative care services is 

crucial. While parkinsonism symptoms often don't respond well to levodopa, patients frequently 

test it. Other dopaminergic treatments generally offer limited efficacy. However, certain treatments, 

such as botulinum toxin injections, may alleviate some symptoms like dystonia. Therapists play 

vital roles in managing speech and physical impairments, and although there are no established 

treatments for cognitive deficits, cholinesterase inhibitors might be considered[115, 125]. 

 

 



 

 

 

16 

2.5  Progressive supranuclear palsy (PSP)  

2.5.1 Epidemiology of PSP 

Epidemiological studies on PSP, although somewhat limited, have been crucial in helping us 

understand the prevalence and incidence of this disease. The estimated prevalence of PSP ranges 

from 1.39 to 6.4 cases per 100,000 individuals globally, according to a population-based study[126]. 

Age at symptom onset is around 65 years and disease duration is on average 6-9 years[127]. No 

significant gender predilection has yet been observed in PSP. It is worth noting that as for CBD, 

these estimates could be underreported due to the diagnostic challenges posed by the heterogeneity 

of PSP symptoms. More rigorous phenotyping and usage of the most recent diagnostic criteria are 

needed for a better understanding of the true burden of this condition. 

2.5.2 Clinical features of PSP 

PSP is a neurodegenerative disorder that manifests a complex array of clinical symptoms. The most 

characteristic clinical feature of PSP is the presence of supranuclear ophthalmoplegia. This 

manifests as an impaired voluntary vertical gaze, particularly a downward gaze, while involuntary 

eye movements, such as the blink reflex, are typically preserved[128, 129]. In addition to eye 

movement abnormalities, patients with PSP often exhibit extrapyramidal signs. This can include 

bradykinesia, rigidity, and postural instability leading to frequent falls, particularly backward falls. 

These falls, typically unprovoked and in the early stages of the disease, are another classic symptom 

of PSP[130]. PSP patients also commonly experience pseudobulbar palsy, resulting in dysarthria and 

dysphagia. Moreover, cognitive impairment is prevalent in PSP, often manifesting as slowed 

thought process (bradyphrenia), personality changes, and apathy[131]. Finally, the clinical 

manifestation of PSP can also be highly heterogeneous. For instance, the PSP-Richardson 

syndrome (PSP-RS) subtype is characterized by early falls and cognitive impairment, while PSP-

parkinsonism (PSP-P) subtype presents with unilateral onset, tremor, and a beneficial response to 

levodopa. PSP can also manifests as corticobasal syndrome (PSP-CBS), similar to CBD[118]; 

consequently, clinical variability can often lead to initial misdiagnosis[132]. 

2.5.3 Neuropathology of PSP 

PSP is a neurodegenerative disorder marked by distinctive neuropathological features. The 

disease’s main hallmarks are the abnormal accumulations of tau protein, leading to characteristic 

NFTs, tufted astrocytes, and coiled bodies in specific brain regions. 

 

A recently introduced six-stage quantitative system has been proposed to categorize the severity of 

PSP pathology[133](Figure 7). It emphasizes the importance of examining cell-specific tau 

inclusions while avoiding areas commonly affected by overlapping pathologies. This method, 

credited to Kovacs and colleagues, would facilitate the identification of PSP at its “early stages 

without or with only mild degree of clinical symptoms”. It posits that although the origin of 

neuronal damage and tau aggregation may be uniform across different clinical variants of PSP, it 

is the distinctive patterns of progression and spread that differentiate them. 

 

 

 

 



 

 

 

17 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Further validation of this system was conducted on 35 individuals diagnosed with various PSP 

phenotypes[134](Figure 8). They acknowledged the use of Kovacs et al.'s staging system in 

neuropathological evaluation, finding it applicable to over 90% of cases and suggesting that the 

distribution of tau pathology correlates with the progression of clinical severity in PSP, but not age 

or duration of the disease.  

Figure 7. “Proposed staging schema for the neuropathological practice.”  

According to Kovacs et al, 2020.  

“(a) The brain schema is a conceptual summary of the tabularized schema in the right panel; thus the colour 

coding of different brain regions reflects the variability in scores (or - or) required for a stage. 

(b) −/ + Indicates single cell involvement; + indicates mild; + + / + + + indicates moderate/severe involvement. 

GP globus pallidus, STN subthalamic nucleus, STR striatum, FR frontal, DE/CB dentate nucleus and cerebellar 

white matter, OC occipital. This can be applied to all clinical subtypes.  

The evaluator should focus on different cell types in different brain regions:  

- in GP and DE/CB neuronal (N) or oligodendroglial (O);  

- in the STN neuronal;  

- in the STR and FR and OC cortices astroglial (A).” 

Adapted with permission from Kovacs et al. Acta Neuropathologica (2020); Copyright 2023. 
https://creativecommons.org/licenses/by/4.0/ 

 

a) b) 
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2.5.3.1 Tau pathology in PSP 

As for CBD, PSP tau pathology is highly complex since it involves not only the specific type of 

tau (4R tau) but also distinctive cellular inclusions[135]:  

• tufted astrocytes (grey matter, appear tufted or bushy) 

• coiled bodies (white matter, associated with oligodendrocytes)  

• NFTs (intracellular accumulations of tau proteins present in neurons) 

 

These inclusions are present in various brain regions, each contributing to the clinical 

manifestations of the disease[136]. 

Brainstem: 

o Substantia nigra: predominantly affected by NFTs, leading to the loss of dopamine-

producing neurons.   

o Superior colliculi: tau pathology here contributes to a signature clinical feature of PSP: 

vertical gaze palsy[130]. 

Basal ganglia: 

o Especially prominent in the globus pallidus and subthalamic nucleus, these areas have a 

considerable accumulation of tau aggregates. Tufted astrocytes and NFTs are evident[137]. 

 

Figure 8. “Validation of pathology staging system for PSP”. Cases with subcortical phenotypes; PSP-P and PSP-

PGF; showed minimal pathology. Red lines show individual profiles of regional pathology and orange fill the 

average group profiles. Striped lines show concentric hexagons representing no to severe (0–3) pathology. PSP- 

progressive supranuclear palsy; prob- probable; poss- possible; s.o-suggestive of. RS Richardson’s syndrome; CBS 

corticobasal syndrome; SL speech/language variant; F- frontal; PGF- progressive gait freezing; P- parkinsonism; 

GP- globus pallidus; OC- occipital cortex; FR- frontal cortex; CB- cerebellum; STR- striatum; STN- subthalamic 

nucleus. Adapted with permission from Briggs et al. Acta Neuropathologica (2021); Copyright 2023. 
https://creativecommons.org/licenses/by/4.0/ 
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Frontal cortex:  

o There is less tau deposition compared to some other tauopathies, but tufted astrocytes and 

NFTs can still be found. These pathologies are associated with the cognitive and 

behavioural symptoms seen in PSP[138]. 

 

Dentate nucleus of the cerebellum:  

o This area contains tau inclusions, predominantly NFTs, although it is not exclusive to 

PSP and can be seen in other tauopathies as well[139]. 

White matter:  

o Coiled bodies, particularly in the subcortical regions and brainstem[137]. 

2.5.3.2 Neuroinflammation  in PSP 

Emerging research highlights an apparent link between early neuroinflammation in PSP patients 

and an increase in tau accumulation, which further corresponds with declining cognitive 

performance[140]. Microglial activation, in particular, has been identified as a potential marker for 

tracking the progression of the typical PSP with Richardson’s syndrome[141]. This activation 

appears to align with the observed spread of neuropathological changes characteristic of PSP[142, 

143]. Notably, heightened expression of inflammatory cytokines, specifically IL-1β, has been 

documented in regions such as the subthalamic nucleus and substantia nigra in PSP patients[144], 

Yet, intriguingly, anti-inflammatory medications do not seem to offer any protective benefits[145]. 

Reactive astrogliosis was associated with regional susceptibilities to neuronal degeneration and 

loss[146]. Interestingly, its presence aligns more with NFTs and neuronal deficits than with tufted 

astrocytes, suggesting that NFTs, neuronal loss, and gliosis may be region-specific and play 

significant roles in the clinical manifestations of PSP[147]. Nevertheless, our understanding remains 

incomplete, especially concerning reactive astrogliosis specific to PSP. The vast heterogeneity in 

astrocyte types, their varying functions, and divergent gene expression profiles across different PSP 

subtypes and brain regions pose formidable research challenges. 

2.5.4 Risk factors and therapeutic strategies 

As for CBD, there are no established risk factors yet. There is no definitive cure, but there are 

symptomatic treatments which can improve the quality of life. Multidisciplinary care, involving a 

team of specialists and therapists, is crucial in managing the diverse range of symptoms and 

offering support to patients and their families[125]. 

2.6  Positron emission tomography (PET) 

Positron emission tomography (PET) has become a critical tool for the visualization of molecular 

changes in neurodegenerative diseases, allowing for the study of these changes in living patients. 

With numerous PET tracers available, each designed for their specific targets, PET imaging plays 

a significant role in shedding light on the dynamics of the various hallmarks characteristic of 

different pathologies. It allows us to visualise and quantify the distinct deposition patterns of these 

hallmarks, enabling the mapping of their spatial distribution and the monitoring of their progression 

over time. Such detailed insights are invaluable, not only for differential diagnosis but also as a 

foundation for devising potential targeted therapeutic interventions.  
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However, a persistent challenge is the inconsistencies in how tracers bind to brain structures among 

different individuals, which can complicate interpretations of the scans. It is essential to emphasize 

the need for thorough characterization of these tracers to ascertain their specificity and selectivity 

towards their intended targets, ensuring a clear understanding of what these tracers are genuinely 

binding to within the brain. 

2.6.1 Amyloid-β PET tracers  

Three Aβ PET tracers have been approved for use in clinics, by the Food and Drug Administration 

(FDA) and the European Medicines Agency (EMA): 18F-florbetaben, 18F-florbetapir and 18F-

flutemetamol. The use of Aβ PET in clinical settings has been examined in a plethora of studies 

and proved to be instrumental in AD diagnosis setting and treatment strategies[148]. 

2.6.2 Tau PET tracers  

2.6.2.1 First-generation tau PET tracers 

1st generation tau PET tracers include 18F-THK5317, 18F-THK5351, 18F-AV-1451 (or 18F-

flortaucipir), and 18F-PBB3. 18F-flortaucipir was the first tau PET tracer to receive FDA approval 

for clinical use in May 2020[149]. Although 18F-flortaucipir was validated as a marker for tau NFT 

in AD, it showed off-target binding to meningiomas, chronic infarcts, cavernous malformations[150], 

as well as pigment containing structures - neuromelanin in the substantia nigra, lipofuscin-

containing neurons in the lateral geniculate nucleus- but also in the choroid plexus[151, 152]. 

Additionally, its off-target binding in parts of the cerebellum could potentially skew standardized 

uptake value ratio (SUVR)[153], and to monoamine oxidase (MAO) A/B could bias the interpretation 

in brain regions rich in these proteins[154].  However, in non-AD tauopathies its use has been limited. 

In vitro studies showed only little or mild-to-moderate binding[152, 155, 156] even if its specificity for 

tau aggregates remains adequate. Furthermore, studies in PSP patients have shown the limitations 

of the tracer in binding to non-AD tau deposits, even in brain regions autopsied with tau 

pathology[157]. In the same way, the other tracers displayed off-target binding: 18F-PBB3 to dense 

core Aβ plaques, diffuse Aβ deposits, astrocytic plaques and  18F-THK5351 to MAO-B[158, 159].  
18F-PBB3 also showed some uptake in CBS and PSP patients[160] and to specific PSP-tau 

filaments[161].   

2.6.2.2 Second-generation tau PET tracers 

A number of potential 2nd generation of tau PET tracers have been designed and investigated, 

including 18F-MK6240, 18F-PI2620, 18F-RO948, 18F-PM-PBB3 (also known as 18F-APN-1607)  

and 18F-GTP1. These new tracers have been developed with the goal of minimizing the off-target 

binding observed during the validation of the 1st generation of tau PET tracers[162].  

 

o 18F-MK6240 

From its original design, 18F-MK6240 was validated in preclinical studies on AD human post-

mortem tissue as a specific PET tracer for NFTs[163, 164]. In silico studies suggested that MK6240 

had four potential binding sites on AD tau fibrils with good binding affinity[165]. Further in vivo 

confirmations showed that MK6240 bound in rich-NFTs brain regions[166]. Another group 

highlighted the tracer's potential for diagnosing AD and assessing therapeutic interventions[167]. A 

subsequent study demonstrated that 18F-MK6240 could differentiate between different stages of 
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AD and also distinguish AD from normal cognitive function and FTD[168]. Moreover, tau 

distribution patterns, measured with 18F-MK6240 were visually identifiable in vivo and different 

patterns were associated with varying levels of cognitive impairment[169]. Accumulating evidence 

on the tracers suggested that 18F-MK6240 might be particularly useful for detecting early tau 

accumulation and could be well suited for use in preclinical trials[170]. 18F-MK6240 also presented 

off-target signal contamination in the meninges[171], but it was demonstrated that this noise did not 

obscure the tau signal in key regions of interest[172, 173]. Regarding non-AD tauopathies, a study 

reported uptake in genetic FTD[174], however in conditions with parkinsonism, 18F-MK6240 has not 

yet been shown to play a determinant role.  

 

o 18F-PI2620  

The PET tracer 18F-PI2620 has emerged as a versatile tau tracer in the field of neurodegenerative 

diseases, offering specific advantages in various contexts. The tracer has shown robust binding 

characteristics to tau pathologies across different Braak stages in AD, and favourable kinetic 

properties have been observed in rhesus monkey models[175]. In silico studies showed that at the 

molecular level, PI2620 has several theoretical binding sites on AD tau fibrils with distinct 

affinities: a higher affinity for the internal and entry sites of tau fibrils compared to surface sites, 

with the entry site offering the highest binding affinity due to its more favourable 

microenvironment[176]. It has also been found useful in differentiating AD from cognitively normal 

individuals and those with MCI[177]. However, PI2620 is not limited to AD; it has been effective in 

diagnosing and differentiating PSP[178] and has shown its utility as a biomarker in CBS [179]. 

However, its efficacy seems time-sensitive, with specific imaging windows varying among 

tauopathies, as observed in PSP versus AD tau pathologies[180]. Despite its promise, the tracer may 

have limited utility in detecting 4R tauopathies not related to AD [181], calling for a more nuanced 

approach to its application depending on the specific tau fibrils involved in the disease [182]. Overall, 
18F-PI2620 stands as a promising candidate for enhancing the diagnosis and understanding of a 

range of tau-related diseases but more characterisation is needed.  

 

o 18F-RO948  

The tau PET tracer 18F-RO948 shows significant promise in both the diagnosis and tracking of AD. 

Initially developed to improve the monitoring of tau distribution in AD over time[183], this tracer 

has demonstrated favourable characteristics. It not only exhibited strong retention in neocortical 

regions but also showed less off-target binding in areas like the choroid plexus, which enhances its 

diagnostic accuracy[184]. 18F-RO948 has even outperformed other diagnostic tools like MRI and 

cerebrospinal fluid markers, specifically displaying high specificity for AD-related tau pathology, 

in regions outside the medial temporal lobe[185]. Moreover, the tracer has prognostic utility, proving 

to be a strong predictor of longitudinal cognitive changes, particularly in the prodromal and 

preclinical stages of AD[186]. However, it is important to note that the tracer's retention can vary 

based on gender, particularly in off-target areas like the meninges and skull[171]. Overall, 18F-RO948 

presents as a potent tool for enhancing the accuracy of AD diagnosis and the tracking of disease 

progression. Its use in non-AD tauopathies remains to be determined.  
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o 18F-PM-PBB3 (18F-APN-1607) 

While PM-PBB3 was initially explored for its relevance to AD[44], in vitro studies revealed off-

target binding to Aβ pathology[187, 188]. Numerous studies have shown that 18F-PM-PBB3 uptake 

was of interest in CBD and PSP. 18F-PM-PBB3 showed promise in the early diagnosis and 

monitoring of tauopathies. 18F-PM-PBB3 has been found to be particularly useful in antemortem 

evaluations of PSP-CBS and may offer an important diagnostic tool for atypical PSP cases[189]. 

Similarly, initial findings indicate that 18F-PM-PBB3 could serve in diagnosing, differentiating, 

and assessing the severity of PSP, although further studies are needed to corroborate these 

results[190]. The tracer has also shown potential in diagnosing early-stage CBD which often presents 

diagnostic challenges due to diverse clinical symptoms[191]. Moreover, 18F-PM-PBB3 has 

demonstrated capability in detecting tau accumulation in MAPT mutation carriers associated with 

4R tauopathies, and may be of potential use for monitoring the progression of FTLD-tau[192].  

2.6.3 Astroglial PET tracers  

11C-deuterium-L-deprenyl (11C-DED)  

Among various tracers, 11C-DED is valuable for its specificity to MAO-B and its utility in studying 

reactive astrogliosis as a marker of neuroinflammation[88, 193, 194]. The levels of the MAO-B protein, 

prominently expressed in reactive astrocytes[195], were found to be elevated from early stages in 

neurodegenerative and neuropsychiatric disorders such as AD and PD[193, 196]. Its abnormal 

upregulation contributes to neurotransmitter breakdown (such as dopamine), initiating a cascade of 

neurotoxic mechanisms that contribute to neurodegeneration[197]. 11C-DED showed increased 

binding in Aβ-positive MCI patients versus controls[198] and has helped clarify the relationship 

between astrogliosis, Aβ, and tau in neurodegeneration[199-202]. Despite its utility, MAO-B is not 

exclusive to astrocytes. This is why more astrocyte-leaning PET tracers, such as BU99008 have 

been designed[203].  

 

o 11C-BU99008 
11C-BU99008 was initially developed to track changes in imidazoline2 receptor (I2R) density, by 

targeting a specific class of binding sites called imidazoline2 (I2Bs) found in astrocytes[204-207], in 

conditions presenting with gliosis[208, 209]. I2R is not a singular entity but a collection of diverse 

proteins, some of which are associated with MAO-B[204]. BU99088 was validated for its specificity, 

safety, and effective brain uptake, as confirmed by both post-mortem[210] and in vivo studies[211] in 

AD patients. In the context of PD, it has been useful for early diagnosis and monitoring disease 

progression[212]. Overall, BU99008 has great potential not just for improving our understanding of 

reactive astrocytes in neurodegenerative diseases, but also in ageing[213] and as a crucial biomarker 

for future studies. 

2.6.4 Dopamine PET tracers  

o 11C-Raclopride 

This PET tracer was specifically designed to target dopamine D2/D3 receptors[214], offering a 

critical tool for investigating dopaminergic systems[215]. It has been widely used in clinical and 

research settings to study neuropsychiatric disorders such as schizophrenia[216], depression[217] as 

well as neurodegenerative diseases like PD[218]. In research, 11C-Raclopride has provided invaluable 

insights into dopamine signalling, including synaptic transmission and receptor density[219, 220]. 
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However, its applicability in tauopathies remains unclear. One of the tracer's primary strengths is 

its rapid kinetics, enabling shorter scanning sessions[221]. However, it also exhibits an important 

limitation: sensitivity to endogenous dopamine levels[222]. With its moderate binding affinity,  
11C-Raclopride is effective for investigating areas with high receptor concentrations, such as the 

human striatum, and its reversible binding characteristics make it a valuable tool for exploring 

changes in native dopamine levels[219]. However, these features might introduce variability and 

complicate data interpretation. 

 

o 18F-FEPE2I 

The radioligand 18F-FEPE2I, originally developed at Karolinska Institutet[223], has been evaluated 

as a robust PET tracer for quantifying dopamine transporter (DAT) availability in both healthy and 

diseased states. Particularly investigated in PD, 18F-FEPE2I has demonstrated high reliability in 

capturing DAT densities, even in anatomically challenging areas like the substantia nigra[224, 225]. 

Kinetic analysis revealed that this radioligand was suitable and validated for non-invasive DAT 

quantification[226, 227]. Importantly, high-resolution PET imaging with 18F-FEPE2I offers 

unprecedented views of DAT along the entire nigro-striatal pathway, including axons, making it a 

potential predictor of PD progression and a marker for evaluating the efficacy of therapeutic 

interventions[228]. Although dopaminergic dysfunction is key element in the development of 

parkinsonian disorders, existing research remains insufficient. 18F-FEPE2I could serve as a 

significant resource for improving diagnostic precision and shaping therapeutic strategies for these 

syndromes[224, 228]. 
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3 AIMS 

 

The overarching aim of this thesis was to provide new insights into tau pathology in ageing and 

dementia, focusing on primary and secondary tauopathies including AD, CBD and PSP, by 

employing a translational approach spanning in vitro autoradiography to in vivo PET imaging. In 

addition, this thesis aimed to investigate the associations between tau pathology and other 

dementia-related markers including reactive astrogliosis and peripheral inflammation, as well as 

dopaminergic dysfunction, using a multi-modal PET approach. 

 

 

Paper I:  

Characterizing the binding properties of 3H-MK6240, a newly designed 2nd generation tau PET 

tracer in post-mortem brain tissue of AD and control cases. 

 

Paper II:  

Evaluating the binding patterns of the 2nd generation tau PET tracers 3H-MK6240, 3H-PI2620 and 
3H-RO948 in post-mortem brain tissue of AD versus two primary tauopathies, CBD and PSP. 

 

Paper III:  

Exploring the intricate relation between tau deposition, reactive astrogliosis, and dopaminergic 

impairment in CBD, PSP, PD and control brains through an in vitro multi-tracer approach, with tau 

(3H-PI2620), astrocytic (3H-Deprenyl and 3H-BU99008), and dopaminergic (3H-Raclopride and 
3H-FEPE2I) PET tracers, and assessing their diagnostic discriminatory power. 

 

Paper IV:  

Investigating in vivo tau PET and plasma inflammatory biomarkers in cognitively unimpaired late 

middle-aged adults, specifically: (i) characterizing the pattern of 18F-MK6240 tau PET burden at 

different stages of Aβ pathology and neuronal injury; (ii) investigating the pattern of plasma 

inflammatory biomarkers across the same stages; and (iii) exploring the potential associations 

between tau PET, plasma inflammation, and episodic memory performance. 
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4 METHODOLOGY  

4.1  Ethical considerations  

Papers I, II and III: The study was conducted according to the principles of the Declaration of 

Helsinki and subsequent revisions. All experiments on autopsied human brain tissue were carried 

out in accordance with ethical permission obtained from the regional human ethics committee in 

Stockholm (permission number 2011/962/31-1), and the medical ethics committee of the VU 

Medical Centre for the Netherlands Brain Bank tissue (permission number 1998-06/5). The 

anonymized autopsy brain tissue from Indiana university, provided by Professor Bernardino Ghetti 

(Neuropathology of Dementia Laboratory, Indiana University School of Medicine) did not require 

ethical permit according to laws in the USA.  

 

Paper IV: Publicly available data were requested via the AD Knowledge Portal, managed by the 

US National Institute of Ageing’s AD Translational Research Program, 

https://adknowledgeportal.synapse.org. The data acquisition had been approved by the required 

ethical permits at the institution where the data were collected (Columbia University, New York, 

USA). Informed consents were collected from the participants. The use of the data at Karolinska 

Institutet was granted under a signed Controlled-Access Data Use Certificate to comply with ethical 

guidelines for protection of human subjects. 

4.2  Patients and participants 

4.2.1 Post-mortem human brain tissue (papers I, II, III) 

Brain tissue obtained at autopsy from patients clinically diagnosed and confirmed as having 

sporadic AD by pathological examination, and from healthy controls, was provided by the 

Netherlands Brain Bank, the Netherlands, and the Brain Bank at Karolinska Institutet, Stockholm, 

Sweden (papers I and II). Brain tissue obtained at autopsy from patients diagnosed as having CBD 

or PSP by post-mortem pathological examination was provided by the Netherlands Brain Bank, the 

Netherlands and by Professor Bernardino Ghetti, Neuropathology of Dementia Laboratory, Indiana 

University School of Medicine, USA (papers II and III). 

4.2.2 Cognitively unimpaired participants (paper IV) 

The study cohort comprised 200 cognitively unimpaired individuals from Northern Manhattan, 

New York, who participated in the Interdisciplinary Research to Understand the Interplay of 

Diabetes and Alzheimer’s Disease (DiCAD) study at Columbia University (USA), a research 

initiative established to decipher the interconnections between type 2 diabetes, cerebrovascular 

disease, and AD. For our investigation in paper IV, a focused dataset of 132 cognitively 

unimpaired individuals (64.5 ± 3.4 years old, 69.7% female, 10.7 ± 4.0 years of education, 34.1% 

APOE4 carriers) from the DiCAD cohort was analyzed. All had undergone brain Aβ PET (18F-

florbetaben) and tau PET (18F-MK6240) scans and had available cross-sectional data within a year 

difference between plasma measurements and tau PET scans. Participants, cognitively unimpaired 

Hispanic individuals, were assessed based on a combination of general health questionnaires, 

neuropsychological tests, and various brain imaging techniques and plasma biomarkers. Clinical 

data, inclusive of sociodemographics and health indicators, were meticulously gathered via in-

person interviews, underpinned by a thorough neuropsychological battery. 
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4.3  In vitro binding studies (papers I, II and III)  

4.3.1 Saturation binding assays (papers I, II and III) 

Saturation binding assays were carried out on brain homogenates from AD, CBD and PSP cases. 

In paper I, 3H-MK6240 (0.05–2 nM) was used in AD brain homogenates (0.2 mg/mL) in a 

phosphate-buffered saline (PBS) + 0.1% bovine serum albumin (BSA) buffer, pH 7.4, incubated 

for 90 min at 37°C. In paper II, 3H-PI2620 (0.05-10 nM) in AD, PSP, and CBD brain homogenates 

(0.5 mg tissue) was incubated in PBS and 0.1% BSA at room temperature for 2 hours. In paper 

III, either 3H-Deprenyl or 3H-BU99008 (0.05-40 nM) in CBD and PSP brain homogenates (0.5mg 

tissue) using either Na-K Phosphate or Tris HCl 50 mM buffers respectively, was incubated at 

37°C for 1 hour. Non-specific binding (NSP) in all studies was determined using 1 μM of the 

respective unlabelled tracers. Binding quantification was performed using a scintillation counter 

(paper I: Beckman Coulter LS6500; papers II and III: PerkinElmer Tri-Carb 2910TR). The 

dissociation constant (Kd) and maximum number of binding sites (Bmax) were analysed using 

GraphPad Prism (versions 8 to 10) software and a non-linear regression model. The Scatchard plots 

were generated using GraphPad Prism software 

4.3.2 Competition binding assays (papers I, II and III) 

Competition binding assays were carried out on brain homogenates from AD, CBD and PSP cases. 

In paper I, 3H-MK6240 (0.5 nM) was used on AD brain homogenates, incubated for 90 min at 

37°C in PBS + 0.1% BSA (pH 7.4). Increasing concentrations of unlabelled MK6240, unlabelled 

THK5117, or unlabelled AV-1451 (1.10−14 to 1.10−5 M) were introduced for competition. 

Additionally, 3H-THK5351 (1.5 nM) was used on AD brain homogenates, incubated for 2 hours at 

room temperature in PBS + 0.1% BSA with increasing concentrations of unlabelled MK6240 

(1.10−14 to 1.10−5 M). In paper II, 3H-PI2620 (0.6 nM for AD and PSP; 1 nM for CBD) was used 

in AD, PSP, and CBD brain homogenates (0.5 mg tissue). They were incubated for 2 hours at room 

temperature in PBS and 0.1% BSA, using increasing concentrations of unlabelled PI2620, 

unlabelled MK6240, or unlabelled RO948 (1.10−18 M to 1.10−6 M). In paper III, either 3H-

Deprenyl (3 nM) or 3H-BU99008 (1 nM) was used in CBD and PSP brain homogenates (0.5 mg 

tissue). The assays were incubated for 1 hour at 37°C with increasing concentrations (1.10-14 M to 

1.10-6 M) of unlabelled Deprenyl or unlabelled BU99008 respectively. For all the studies, the half-

maximal inhibitory concentration (IC50) values were determined by fitting 1-site or 2-sites 

competition model in GraphPad Prism software. 

4.3.3 Regional distribution assays (papers I, II and III) 

Regional distributions were performed on brain homogenates from AD, CBD, PSP and control 

cases. The regional distributions of 3H-MK6240 (0.5 nM) (paper I) and 3H-PI2620 (0.6 nM) paper 

II) were investigated in AD patients [with early-onset AD (EOAD, <65 years old) and with late-

onset AD (LOAD, > 65 years old)] and age-matched controls. In paper III, regional distribution 

studies with 3H-PI2620 were carried out in CBD (1 nM) and PSP (0.6 nM) brain homogenates. The 

NSP was determined using 1μM of unlabelled MK6240 or unlabelled PI2620 respectively. Data 

were analysed using a using a 2-way ANOVA on GraphPad Prism software (versions 8 to 10). 
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4.3.4 Immunohistochemistry (paper II) 

In paper II, post-mortem human adjacent frozen CBD and PSP brain sections were immunostained 

with primary antibodies raised in mouse to target 3R + 4R tau (AT8; 1:1000; Cat.#MN1020, 

Invitrogen) and exposed to secondary antibody envision mouse HRP (Cat.#K4001 DAKO, Agilent 

Technologies). All sections were treated simultaneously under the same conditions. Sections were 

imaged at x40 magnification under light microscopy (Leica, Germany) with an image capture 

analysis system (ProgRes Capture Pro 2.8.8 software, JenOptik AG, Germany).  

4.3.5 In vitro autoradiography (papers I, II and III)  

In paper I, large frozen adjacent left hemispherical coronal brain sections (100 μm thick) 

underwent a pre-incubation with PBS + 0.1% BSA before a 1-hour incubation at room temperature 

with 3H-MK6240. In paper II, both large frozen adjacent hemispherical coronal brain sections 

from a sporadic AD case and small frozen sections from the frontal cortex of CBD and PSP cases 

were exposed to three 2nd generation tau PET tracers: 3H-MK6240, 3H-PI2620, and 3H-RO948. In 

paper III, large frozen adjacent hemispherical coronal brain sections from both a CBD and a PSP 

case to the tau PET tracer 3H-PI2620, and the reactive astrogliosis PET tracers 3H-Deprenyl and 
3H-BU99008 were exposed to the tau PET tracer 3H-PI2620, and reactive astrogliosis PET tracers 
3H-Deprenyl and 3H-BU99008.  Additionally, small frozen autoradiography from frontal cortex, 

putamen, caudate nucleus, globus pallidus and medulla oblongata, from CBD, PSP and control 

cases were exposed to the tau PET tracer 3H-PI2620, the reactive astrogliosis PET tracers 3H-

Deprenyl and 3H-BU99008 as well as the dopaminergic PET tracers, 3H-Raclopride and 3H-

FEPE2I. NSP binding for tau tracers was determined using unlabelled PI2620, MK6240, or RO948. 

For reactive astrogliosis tracers, unlabelled Deprenyl or BU99008 were used. The NSP of 3H-

Raclopride and 3H-FEPE2I used unlabelled Raclopride and Vanoxerine dihydrochloride 

(GBR12909) respectively. For each small section autoradiography case study, averages were 

derived from two or three replicates. For every case study involving small frozen section 

autoradiography, average results were calculated based on either two or three replicates. 

In all the described methodologies, plates were consistently scanned using a BAS-2500 phospho-

imager. The obtained images underwent analysis via the multigauge software. For the semi-

quantitative analyses, the regions of interest (ROIs) were drawn manually using multigauge 

software. Finally, photostimulated luminescence (PSL)/mm2 data were converted into fmol/mg, 

with adjustments based on the specific activity of each tracer. 

4.4  PET and data analysis (paper IV)  

4.4.1 Neuropsychological assessment (paper IV)  

For assessing episodic memory with precision, we used two verbal learning tests. These were 

evaluated through both immediate and delayed recall versions of the Buschke Selective Reminding 

Test (SRT). 

4.4.2 Blood biomarkers measurements (paper IV)  

Plasma neuronal injury biomarkers 

NfL and total-tau, biomarkers for neuronal injury, were assessed using Quanterix's Simoa assays. 

The NfL assay's lower limit of detection was 0.97 pg/mL with a 4.3% coefficient of variation (CV). 
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The total-tau assay identified all tau isoforms with a 0.02 pg/mL lower limit of detection, a 

reproducibility CV of 8.5% and repeatability CV of 7.7%. 

 

Plasma inflammatory proteomics 

Inflammatory proteins in plasma were quantified using the Olink® inflammation panel, examining 

92 markers using the Proximity Extension Assay (PEA). The final data (quality controlled and 

normalized) represented as Normalized Protein eXpression (NPX) on a log2-scale, reflects protein 

expression levels. Assay validation details are at www.olink.com; 18 proteins were excluded with 

values below the detection limit, in over 15% of participants, resulting in a final set of 74 proteins 

included in this study. 

 

4.4.3 18F-florbetaben and 18F-MK6240 PET (paper IV) 

PET scans underwent processing and quality control (QC) at Columbia University Medical Center's 

imaging lab, focusing on visual inspection, motion assessment, protocol adherence, and data 

comparison. PET methodologies derive from the Alzheimer’s Disease Neuroimaging Initiative 

(ADNI). 

Aβ PET: 18F-florbetaben ligand was used. Dynamic frames were aligned and averaged to form a 

static image, co-registered with CT scans. FreeSurfer-derived regional masks were used to calculate 

the standardized uptake value ratio (SUVR), using cerebellar grey matter as a reference. This 

approach provided a global measure of Aβ burden as previously described[229].  

Tau PET: 18F-MK6240 ligand was used, with images acquired 80-100 minutes post-injection. 

Dynamic frames were aligned and averaged to get a static tau PET image, co-registered with the 

static Aβ PET image and the same FreeSurfer-derived ROIs as before were applied.18F-MK6240 

SUVRs were calculated using a modified cerebellar grey matter reference consisting of posterior 

cerebellum and ventral temporal/occipital cortex[230]. Individual tau burden was extracted from the 

bilateral entorhinal and middle/inferior temporal cortices. Entorhinal tau was used as a proxy for 

ageing and early tau deposition in preclinical AD, while middle/inferior temporal tau was used as 

a proxy for AD-related neocortical tau[231]. 

4.4.4 Magnetic resonance imaging (MRI) (paper IV) 

Brain MRI scans were performed using a 3T scanner. T1-weighted MPRAGE images underwent 

processing with FreeSurfer for cortical thickness (CTh) measurements, based on the Desikan-

Killiany atlas[232]. The study focused on a global CTh measure known as the AD-signature CTh 

measure[233], which is indicative of neurodegenerative changes associated with AD. Additionally, 

T2-weighted FLAIR MRI was used to quantify the total volume of white matter hyperintensity 

(WMH), serving as an indicator of cerebrovascular injury[234]. 

4.5  Statistics 

Data from paper I were analysed using GraphPad Prism software (version 8) with a 2-way 

ANOVA test. Paper II utilized two-way ANOVA with Sidak's multiple comparison test in 

GraphPad Prism 9. In paper III, analysis was performed using GraphPad Prism 10 with a two-way 

ANOVA multiple comparison test. For all, ANOVA p < 0.05 was considered significant. All 

statistical analyses and illustrations from paper IV were performed using RStudio (version 

2023.03.386) and R (version 4.2.3). We tested cross-sectional associations among neuroimaging 

http://www.olink.com/
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and plasma biomarkers, demographics, clinical data, and neuropsychological tests. Before 

statistical analysis, continuous variables underwent z-transformation using mean centring and unit 

variance scaling. All statistical models involving cognition were performed adjusted for age, sex 

and education. Two-sided p-values below 0.05 were considered significant. Corrections for 

multiple inflammatory markers were performed using a false discovery rate (q<0.05) approach, 

two-sided tests.  
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5 RESULTS AND REFLECTIONS  

 

5.1  Multiple binding sites of tau PET tracers in AD brains (papers I and II) 

5.1.1 Evaluating 3H-MK6240 and 3H-PI2620 PET tracers binding in AD brains 

 

In paper I we investigated the binding properties of 3H-MK6240 in post-mortem brain tissues from 

AD patients and control subjects. Saturation studies revealed distinct 3H-MK6240 binding patterns 

in AD brain tissues, varying across cortical regions and disease stages. In the temporal cortex (TC) 

of LOAD patients, we observed a high binding affinity (Kd = 0.32 nM) and moderate number of 

binding sites (Bmax = 59.2 fmol/mg). In EOAD, the  parietal cortex (PC) showed a more 

pronounced binding capacity (Bmax = 154.7 fmol/mg), and an even higher affinity (Kd = 0.15 nM) 

(Table 2). This divergence suggested a potential variability in tau load across brains regions and/or 

disease subtype (here EOAD or LOAD), especially since EOAD typically manifests more 

aggressively[52, 235], with a faster tau accumulation[236] and cognitive decline[237, 238].  

 

In paper II, the focus shifted to 3H-PI2620, a potential 4R tau tracer, with particular attention to 

its binding characteristics in the frontal cortex (FC), a region integral to cognitive and executive 

functions and commonly affected in tauopathies. Saturation findings in FC of both EOAD/LOAD 

patients indicated two high-affinity (HA) sites (Kd1 = 0.2 nM, Bmax1 = 30 fmol/mg and Kd2 = 0.7 

nM,  Bmax2 = 69.0 fmol/mg) (Table 2), similar to 3H-MK6240 binding parameters in TC, FC and 

entorhinal cortex[164, 239]. The similar constant HA site and lower Bmax observed with both 3H-

MK6240 and 3H-PI2620 suggest that in cortical regions, 2nd generation tracers might target similar 

binding sites, as compared to 1st generation tracers (Table 2). The degree of tau aggregates 

accumulation across different AD-affected brain regions[52] likely influences tracer binding 

properties. Given the vast heterogeneity of AD pathology, the specific types of tau species (fold or 

isoform) constituting these aggregates/fibrils[240] could vary[241] depending not only on the onset of 

symptoms, but also on the brain region and the stage of the disease. 

 

The observed disparities in number of binding sites and affinity across brain tissues accentuated 

the need of deciphering the mechanisms behind the complex interactions between PET tracers and 

AD tau aggregates/fibrils. These variations in binding affinity and selectivity could have direct 

clinical significance, as they can impact the precision and reliability of tau PET diagnostics. A 

deeper understanding of how and to which extent these tracers bind, could enable more 

personalized and precise diagnoses, aligning with the specific cognitive functions and symptoms 

associated with different brain regions 
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Table 2. Comparative binding characteristics of 1st and 2nd generation tau PET tracers in AD    

               cortical brain regions.  

 
 

 

 

 

 

 

 

 

 

 

 

                                        

                          *Lemoine et al, 2017 [242]; **Hostetler et al, 2016[164]; #Malarte et al, 2021[239]; ##Malarte et al, 2023[243] 

 

 

 

 

 

5.1.2 Complexities of tau PET tracers binding in AD brain 

In paper I, the competitive binding assays exploring the properties of MK6240 elucidated complex 

multi-site binding dynamics, extending our understanding beyond the single binding site previously 

indicated by saturation studies. Different tau tracers appeared to target overlapping but not identical 

sets of binding sites, possibly reflecting differing molecular interactions in AD pathology. In TC, 
3H-MK6240 had two binding sites: a super-high affinity (SHA) site where unlabelled MK6240 

competed for 58% of the binding (IC50(1) = 1 pM), and a HA site for the remaining 42% (IC50(2) = 

12 nM) (Figure 9A; Table 3).  

1st generation tracers like AV-1451 and THK5117 competed for the same sites but with different 

levels of affinity, suggesting that different tracers may have varied efficacies in targeting tau 

pathology. The observed higher competitive binding affinity of AV-1451 against 3H-MK6240, 

exceeding that of MK6240 itself, added layers of complexity to our understanding of the 

heterogeneous nature of the interactions between the tracers and AD tau filaments. Indeed, this 

observation implies that the mechanistic interactions between the tracers and/or their targets can 

not be overlooked.  

             Tracer  
Brain 

Region 

      Kd  

     (nM) 

   Bmax 

(fmol/mg)  

1st  

Generation 

3H-THK5117* TC 
Kd1 = 2.2 Bmax1 = 250 

Kd2 = 23.6 Bmax2 = 1416 

3H-AV1451** 

(Flortaucipir/ T-807) 

FC Kd = 0.6-1.7 N/A 

EC Kd = 1.4-3.7 N/A 

2nd  

Generation 

3H-MK6240# 
TC Kd = 0.32 Bmax = 59.2 

PC Kd = 0.15 Bmax = 154.7 

3H-PI2620## FC 
Kd1 = 0.2 Bmax1 = 30 

Kd2 = 0.7 Bmax2 = 69 

Presented data are derived from saturation studies on brain homogenates of various 

cortical regions in AD patients, analysed using both 1st generation (3H-THK5117 and 3H-

AV1451) and 2nd  generation (3H-MK6240 and 3H-PI2620) tau PET tracers. Bmax- 

maximum number of binding sites ; EC- entorhinal cortex; FC- frontal cortex; Kd- 

dissociation constant; N/A- not available; PC- parietal cortex; TC- temporal cortex.  
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Interestingly, in competition studies with 3H-THK5351, this 1st generation PET tracers targeted a 

broader range of common binding sites, while the 2nd generation MK6240 and PI2620 tracers 

seemed to interact with other sites (Figure 9B; Table 3). These sites appeared potentially more 

specific (Cf. Kd values) and less present (as shown by Bmax) than 1st generation targeted sites. 

This heterogeneity in binding across tracers further emphasizes that the interpretation of tau tracers 

binding/uptake in AD brains may be far more nuanced than initially thought. It suggests a scenario 

not only characterized by a wide range of tau filaments but also by a variety of binding sites on 

these filaments, along with intricate mechanistic dynamics. 

 

In paper II, we analysed the binding behaviour of 3H-PI2620 in presence of unlabelled PI2620 and 

two other (3R/4R) 2nd generation tau tracers: MK6240 and RO948. All three compounds competed 

for two similar SHA and HA sites (Table 3), with a consistent ratio of SHA to HA sites. 

Specifically, more than 70% of these binding sites were of the HA type. This consistency reflects 

their similar interaction patterns within AD brains. 

 

 

 

 

 

 

 

 

Figure 9. Competitive binding assays in Alzheimer's disease brain homogenates.  

A. using 3H-MK6240 (0.5 nM) and increasing concentrations of unlabelled MK6240, AV-1451 and 

THK5117 (1.10−14–1.10−6 M) in temporal cortex of two patients. B. Competitive binding assay in 

hippocampus tissue from three patients using 3H-THK5351 (1.5 nM) and increasing concentrations of 

MK6240 or PI2620 (1.10−14–1.10−6 M). Error bars represent the SEM from three experiments, each in 

triplicate, for each unlabelled compound. C = concentration. 
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Table 3. Comparative binding affinities in competitive assays of tau PET tracers across    

                 different ligand combinations in Alzheimer’s disease. 

         *Lemoine et al, 2017[242] 

 

 

 

 

 

 

 

 

While similarities exist, they should not be mistaken for identical properties. For instance, 3H-

MK6240 demonstrated an affinity comparable to that of 3H-PI2620. Yet, in silico models indicated 

that although the binding sites of these tracers are similar in terms of affinity and prevalence, the 

mechanisms of binding could differ between tracers: 

 

1. Each tracer has several potential theoretical binding sites on AD tau fibril, with a particular 

higher binding affinity for some of the sites: out of four potential binding sites, MK6240 

preferentially binds to one core site of AD tau fibril[165], while among its twelve potential 

binding sites, PI2620 would preferentially bind to one entry site[176]. These subtle 

differences could influence the binding of the tracers when exposed to brain tissue.  

 

2. Competition assays involving different unlabelled tau tracers can yield varying 

distributions of binding site subpopulations, depending on the radioligand used. 

Consequently, using identical versus different labelled and unlabelled compounds leads to 

different binding characteristics (Figure 10).  

 

3. Although multiple factors contribute to the efficacy of a tracer, the determinant of its 

functional potency lies in the strength of its interaction with the target fibrils. Consequently, 

even if a molecule meets all the criteria for an effective PET tracer, it must maintain 

Tracer  
Brain 

Region 

Unlabelled 

competitor  

IC50(1)  

(SHA)            

IC50(2) 

(HA),(LAa)                   

Proportions  

SHA site (%) 

3H-MK6240 

TC MK6240  1 pM               12 nM                    58 

TC THK5117  2 pM                 304 nMa                   37 

TC AV1451  0.1 pM                2 nM                  74 

3H-PI2620 

FC PI2620  8.1 pM   4.9 nM 23 

FC MK6240  2.7 pM   4.5 nM 24 

FC RO948  5.8 pM 6.8 nM 21 

3H-THK5351 

HIP PI2620 N/A N/A 0 

HIP MK6240 N/A N/A 0 

HIP THK5117* 0.3 pM* 20 nM* 46* 

HIP THK5351* 0.1 pM* 16 nM* 62* 

HIP AV1451* 0.2 pM* 78 nM* 35* 

IC50 values and proportions (in percentage) of super-high affinity (SHA), high affinity (HA) and low-

affinity (LA)a binding sites for 3H-MK6240, 3H-PI2620 and 3H-THK5351, against various competing 

tracers of 1st generation (THK5351, THK5117, AV-1451/Flortaucipir/T-807) and 2nd generation 

(MK6240, PI2620, RO948). The affinity ranges for these sites are defined as follows: SHA (10-13 to 

10-11 M), HA (10-10 to 10-9 M), and LA (10-7 to 10-6 M). Data are derived from competition studies on 

brain homogenates of various brain regions from AD patients. FC- frontal cortex; HIP- 

hippocampus; IC50- half-maximal effective concentration; N/A- Not applicable; TC- temporal cortex.  
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stability within the binding pocket of the tau fibril to be truly effective [244]. In regard to this 

factor, in silico analyses have demonstrated that the binding stability of MK6240, PI2620, 

and RO948 within the same initial binding pocket of the AD protofibril was different 

(variance in the binding sites ranking) and more importantly, the binding of the molecule 

could trigger conformational changes in the protofibrils[245], which could potentially affect 

the binding characteristics of compounds within the same brain tissue.  

 

4. Cryo-EM studies revealed that variations in tau protofibril shape/structure as well as post-

translational modifications lead to different tau folding patterns, potentially affecting tracer 

accessibility to binding sites[246].  

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. Illustrative overview of affinity distributions for tritiated tau PET 

tracers in competitive binding scenarios. 

The colour gradient represents the distribution of binding affinities derived from 

competitive studies in Alzheimer’s disease brain homogenates, as detailed in 

Table 2. Red indicates super-high affinity (SHA) sites, orange for high-affinity 

(HA) sites, and green/blue for low-affinity (LA) site. White for no competition. 
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5.2  Tau PET tracers regional distribution binding in AD versus control brains 

 

Given the complex nature of tau protein folding and its impact on tracer binding, it is crucial to 

also determine the regional distribution of 2nd generation tau PET tracers in AD brains. This 

understanding is essential for evaluating their diagnostic utility and potential limitations. 

 

5.2.1 3H-MK6240 and 3H-PI2620 regional distribution binding studies in AD and 

control brains   

The regional distribution of 3H-MK6240 (paper I) and 3H-PI2620 (paper II) in AD and control 

brain homogenates provided robust evidence of their efficacy in differentiating between AD and 

control brains, particularly in cortical and hippocampal regions (Figure 11). These findings 

corroborated in vivo research showing the discriminative power of 18F-PI2620[247] and 18F-

MK6240[167] in AD patients compared to healthy controls. Our studies showed higher tracers 

binding in EOAD compared to LOAD in FC, TC, PC and in the hippocampus. In vivo research 

showed that in Aβ-positive individuals diagnosed with probable AD (early stages), 18F-PI2620 

accumulates in ROIs consistent with tau deposits[247]. Other findings confirmed that 18F-PI2620 

effectively identifies early tau deposits aligning with the anticipated brain patterns of NFT 

accumulation[248]. Similarly, in vivo studies underscored 18F-MK6240 as a reliable indicator of tau 

build-up and disease severity, by showing a strong association of Braak stages (measured by 18F-

MK6240) with AD markers, such as Aβ levels, neurodegenerative changes, and cognitive 

decline[168].  

 

Both 3H-MK6240 and 3H-PI2620 showed distinct binding patterns in EOAD and LOAD, with a 

significantly higher cortical binding and a trend to a higher binding in the hippocampus of EOAD 

(Figure 11). Generally, both tracers displayed lower hippocampal binding than cortical binding 

(except in the case of LOAD with 3H-MK6240). This pattern may arise from these tracers’ selective 

ability to target or access all types of tau tangles morphology/conformation and maturity stages 

(ranging from pretangles to ghost tangles[249]). The reduced binding in the hippocampus could also 

relate to the prevalence of ghost tangles in the most severe stages. The ghost tangles are particularly 

challenging to detect due to proteolytic degradation of the key epitopes by proteases, and hence 

could be less accessible to the tracers, leading to reduced visibility of binding[75].  

 

The load and type of tau filaments might vary with the severity/stage of AD pathology, the brain 

region and the rate of disease progression, which might affect the binding. Faster disease 

progression, for instance, is associated with a higher prevalence of misfolded 4R-rich isomers [250]. 

Despite these complexities and individual variabilities (likely due to AD tau heterogeneity in terms 

of folds, strains and isoforms), both 3H-MK6240 and 3H-PI2620 bound with sufficient specificity 

to be significantly different from controls. Importantly, the absence of off-target binding in 

subcortical regions and cerebellum for both 3H-MK6240 and 3H-PI2620, confirmed their 

specificity for AD tau pathology, reducing the risk of false positives in diagnostic applications.  
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Figure 11. Comparative regional distribution of 3H-MK6240 and 3H-PI2620 in brain homogenates                               

               from early and late-onset Alzheimer’s disease cases versus controls 

 

5.2.2 Variability of tau PET tracers binding in AD brains 

 

Two sporadic LOAD cases showed varying 3H-MK6240 binding intensities across different brain 

regions (paper I). Case A displayed lower binding levels in TC, hippocampus, entorhinal cortex 

and insula, but higher binding in the FC compared to case B (Figure 12).  In prior 3H-THK5117 

studies, case A displayed lower binding in FC[251]. This adds to the growing body of evidence that 

tau tracers exhibit different binding properties towards tau pathology in AD brains.  

However, correlation with AT8 immunostaining on the same cases suggests that 3H-MK6240 

binding may align more closely with the specific AD tau pathology than 3H-THK5117. 

 

 

 

 

 

 

 

Binding assays for 3H-MK6240 and 3H-PI2620 were conducted on EOAD, LOAD, and control brain 

homogenates, using 1 μM unlabelled MK6240 or PI2620 for NSP binding. A.ROIs for 3H-MK6240 included FC, 

PC, TC, Hipp, Thal, CN, and Cereb across 3 EOAD (light grey), 3 LOAD (dark grey), and 7 controls (white). 

B. For 3H-PI2620, ROIs and sample sizes were FC (4 EOAD, 4 LOAD, 8 controls), TC (5 EOAD, 4 LOAD, 8 

controls), PC (3 EOAD, 3 LOAD, 8 controls), Hipp (3 EOAD, 4 LOAD, 8 controls), and Cereb (3 EOAD, 3 LOAD, 

7 controls), with EOAD (dark shaded), LOAD (light shaded), and controls (unshaded). Data, show means ± SEM 

from three experiments in triplicate, analyzed using 2-way ANOVA for multiple comparisons (****p < 0.0001, 

***p < 0.001, **p < 0.01, *p = 0.02). AD– Alzheimer’s disease; Cereb– cerebellum, EOAD– early-onset AD; 

FC– frontal cortex; Hipp– hippocampus; LOAD– late-onset AD, PC– parietal cortex, TC– temporal cortex, NSP– 

non-specific binding, ROI– region of interest. 
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 Figure 12. Autoradiographic regional distribution of 3H-MK6240 in post-mortem brain tissues     

                 of two sporadic AD cases and one control. 

 

 

 

 

 

 

 

The increased binding of 3H-MK6240 in the entorhinal cortex and the fusiform gyrus of both 

sporadic AD cases implies this tracer’s ability in detecting tau filaments in areas predominantly 

and early affected by tau deposition. However, the lower binding in the hippocampus confirms that 

the binding properties of a tracer can vary even within regions similarly impacted by tau pathology 

in terms of load and chronology. This variation might be attributed to the specific types of tau 

filaments present, or it could also be associated with brain atrophy, leading to a reduction in tissue 

thickness, which could affect the binding measurements. 

 

Regions of 

interest  

AD case A  

(fmol/mg) 

AD case B  

(fmol/mg) 

Hippocampus 42.4 81 

Entorhinal cortex 90.2 128.4 

Fusiform gyrus 119 115.5 

Temporal cortex 49.6 216.6 

Insula 24 32.8 

Frontal cortex 109.2 45.6 

Cingulate gyrus 99.9 64.9 

A. Specific binding of 3H-MK6240 (fmol/mg tissue) on large frozen hemispherical autoradiography of two 

late onset of Alzheimer’s disease (AD)  cases, using 3H-MK6240 (1nM), and 1μM of unlabelled MK6240 for 

the NSP binding. B. Autoradiography images from the above AD cases and control case. Enlarged views are 

provided to show the cortical laminar patterns within the frontal and temporal lobes. AT8 immunostaining 

from a small section of the right hemisphere’s frontal cortex (FC) and hippocampus (Hip) are included as 

pathology reference, aiding in the interpretation of tau protein distribution. Red = highest binding; blue = 

lowest binding. 
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5.2.3 Differential binding of tau PET tracers in a single sporadic AD case  

Paper II expanded the scope by highlighting similarities and subtle differences of 3H-MK6240 

with other 2nd generation tau tracers, 3H-PI2620 and 3H-RO948, in sporadic AD case A (Figure 

13). All tracers showed a laminar binding pattern in the frontal and temporal lobes, though their 

binding intensity and distribution varied: 

• Intense binding in the deeper cortical layers, excluding layer IV for the three tracers. 

• In the cingulate gyrus, which lacks the fourth cortical layer, they exhibited uniform binding 

across all layers. 

• In the entorhinal cortex and hippocampal CA1 region, 3H-PI2620 showed less intense and 

more diffuse binding, compared to 3H-MK6240 and 3H-RO948. This could signify that 3H-

MK6240 and 3H-RO948 may offer superior resolution in identifying tau pathology which 

dominates in these regions, by binding to the very advanced tau tangles.  

 

The less intense, diffuse binding of 3H-PI2620 raises questions about whether it reflects a limitation 

or perhaps captures a different aspect of tau pathology that is not apparent with the other tracers. 

Nevertheless, this potential specificity might not extend to all tau tangle morphologies. Such 

variability in tracer binding characteristics presents both challenges and opportunities. On one 

hand, heterogeneity may introduce noise into diagnostic evaluations, making it harder to generalize 

findings. On the other hand, this variability might allow for a more nuanced, stratified diagnosis of 

tau pathology, where the choice of tracer and interpretive algorithms would be tailored according 

to the type and severity of symptoms within the AD continuum.  

 

 

Figure 13. Comparative analysis of 2nd generation tau tracers binding in Alzheimer’s disease.  

 

 

 

 

 

 

 

In conclusion, these studies contributed to the evolving understanding of tau PET in AD, by 

providing critical insight into unexplored tracer binding mechanisms, opening avenues for targeted 

diagnostics and therapeutics. Yet, they also stressed the complexity and heterogeneity of AD, 

indicating that a “unique” approach alone may not be effective in addressing this challenging 

disease.  

Autoradiography studies on adjacent hemispherical brain sections of a sporadic AD patient. A.frozen brain block 

showing the cortical regions and the border between the grey and white matter. B.3H-PI2620 (0.3 nM); C.3H-

MK6240 (1 nM); D.3H-RO948 (1 nM) binding, with 1 μM of unlabelled PI2620, MK6240, and RO948 

respectively, to visualize the NSP binding. As the concentration used for each tracer was different, 

autoradiography images were not set on the same colour/brightness threshold levels. AD Alzheimer’s disease; 

EC entorhinal cortex; FC frontal cortex; FG fusiform gyrus/lateral occipitotemporal gyrus; HIPP hippocampus; 

IFG inferior frontal gyrus; Ins insula; MFG middle frontal gyrus; NSP non-specific binding [red (+) = highest 

binding; blue (‒) = lowest binding]; STG superior temporal gyrus; TC temporal cortex. 
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Upcoming research should focus more deeply into understanding the specificities and subtleties of 

these tau tracers, not just as diagnostic tools but as in vivo windows into the intricate biology of 

AD. Nonetheless, AD represents a portion of the broader tauopathy spectrum, and by expanding 

upon our foundational understanding from AD studies, we explored the intricacies of tau PET 

tracers in other tauopathies such as CBD and PSP.  

 

5.3  Evaluating tau PET tracers in CBD and PSP brains: challenges and insights  

(papers II and III) 

 

Understanding the specific binding pattern of 2nd generation tau PET tracers in different tauopathies 

such as CBD and PSP is fundamental for early and accurate diagnosis. Conflicting results from in 

vivo / in vitro studies[178, 182, 252] and unresolved questions still persist in the understanding of tau 

tracers mechanistic interaction with the structural complexity of tau proteins in these diseases (as 

also clearly demonstrated by above findings). Our studies aimed to address these questions by 

rigorously examining the binding profiles of these tracers in AD, CBD, and PSP brains.  

5.3.1 Multi-tau PET tracers comparison in in vitro CBD and PSP brains 

 

Examining the FC of CBD and PSP brains, distinct binding patterns emerged for 3H-PI2620, 3H-

MK6240 and 3H-RO948 (Figure 14);(paper II). 

 

• 3H-PI2620: overall robust specific binding. In CBD: diffuse binding, without clear 

demarcation between grey and white matter, reflecting the widespread glial pathology in 

CBD. In PSP, higher binding in the grey matter compared to the white matter and no 

apparent layer-specific pattern despite the prevalent glial pathology.   

• 3H-MK6240: minimal specific binding in both CBD and PSP. 

• 3H-RO948: subtle distinctions between total and NSP binding indicating a lack of 

specificity and discriminative power in both CBD and PSP.  

 

 

To validate these autoradiography findings we performed AT8 immunostaining on adjacent 

sections which confirmed disease-specific glial tau morphologies. 

- CBD: AT8+ astrocytic plaques, more prominent in the superficial cortical layers.  

- PSP: AT8+ tufted astrocytes, more prevalent in the deeper cortical layers. 
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        Figure 14. Comparative study of tau PET tracers in CBD and PSP frontal cortex 

 

 

 

 

 

 

 

Given the above structural diversity of tau aggregates across tauopathies, disparities in binding 

properties among tracers are to be expected. Computational modelling and molecular dynamics 

simulations further support this notion, showing that the structural disparities of tau aggregates 

influence the accessibility of binding sites for PET ligands, and that a single tracer could interact 

differently with the surface sites of the tau fibrils in CBD and PSP compared to AD [165]. This 

divergence in interactions can be attributed to the different tau folding patterns between CBD/PSP 

and AD, which could explain why MK6240 and RO948 did not bind to CBD/PSP tau fibrils[245]. 

Nonetheless, in light of 3H-PI2620 particular binding in the FC of both CBD and PSP, we chose to 

further investigate its binding properties. 

Comparative autoradiography in small adjacent frozen frontal cortex sections from three CBD 

and two PSP patients, alongside AT8 staining as a pathology reference. A.3H-PI2620 (1nM), B. 
3H-MK6240 (1nM), C.3H-RO948 (1nM) with equal threshold levels for all tracers. Each tracer's 

upper row displays total binding, while the lower row shows NSP binding using 1uM of unlabelled 

PI2620, MK6240 and RO948 respectively. Adjacent sections stained with AT8 (pS202/pT205) are 

provided for pathological comparison (40× magnification). Scale bars represent 40μm for CBD 

and 20μm for PSP samples. 
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5.3.2 3H-PI2620 interaction at multi-binding sites in CBD and PSP brains 

In saturation and competition studies, the FC was selected as it is a region affected in all three 

pathologies, although manifestations differ to varying degrees (paper II).  

Saturation studies showed that 3H-PI2620 bound at two sites in CBD and one site in PSP (Table 

4). Competition studies in CBD identified a SHA site (IC50(1) = 5.6 pM) and a HA site (IC50(2) = 7.7 

nM), similar to AD. In PSP, PI2620 competed for a single HA site (IC50(1) = 2.5 nM), which fell 

within the nanomolar range of the HA sites of CBD and AD. The distribution of SHA and HA sites 

in CBD was more balanced (46% SHA and 54% HA) compared to AD.  

 

The primary differentiator among the conditions was the Bmax values, indicating variations in site 

density (Tables 2 and 4). CBD brain tissue exhibited half the Bmax value of AD, while PSP 

exhibited a nearly 6-fold reduction compared to AD and a 2.6-fold lower Bmax than CBD. This 

variation might reflect the differences in tau pathology distribution: CBD has elevated tau levels in 

glial cells and neurons across the FC, basal ganglia, and brainstem, while PSP predominantly shows 

NFTs in the basal ganglia, diencephalon, and brainstem[253]. 

 

Notwithstanding these variations in the density of binding sites,  3H-PI2620 binding affinities across 

these conditions were remarkably similar (Tables 2 to 4). This observation leads to two 

possibilities: identical tau-binding sites present to a different extent in the three pathologies, or 

alternatively, multiple tau-binding sites, completely different but with similar affinities. 

 

Table 4. Comparative analysis of 3H-PI2620 binding affinities in CBD and PSP brain homogenates 

 

    CBD PSP 

    Saturations 

Tracer  
Brain  

Region 
Kd (nM) Bmax (fmol/mg)  Kd (nM) Bmax (fmol/mg)  

3H-PI2620 FC 

Kd1 = 0.1 Bmax1 = 8.0 
Kd = 0.4 Bmax = 12 

Kd2 = 1.2 Bmax2 = 32.0 

Competitions 

Unlabelled 

competitor  

IC50(1) 

(SHA)            

IC50(2) 

(HA)                 

Proportions  

SHA site  

Unlabelled 

competitor  

IC50(1) 

(SHA)            

IC50(2) 

(HA)                   

Proportions  

SHA site  

PI2620 5.6 pM 7.7 nM 46% PI2620 N/A 2.5nM 100% 

 

 

 

 

 

 

 

 

 

 

3H-PI2620 saturation and competition binding studies in frontal cortex (FC) brain homogenates of CBD and PSP 

patients. Saturation studies: increasing concentrations of 3H-PI2620 (0.05 to 10 nM) in two CBD and two PSP brains. 

1uM of unlabelled PI2620 was used to determine the NSP binding. Competition studies: single concentration of 
3HPI2620 (CBD: 1 nM and PSP: 0.6 nM) and increasing concentrations of unlabelled PI2620 (1.10−14 M to 1.10−5 

M) in three CBD and three PSP patients. Bmax- Maximum number of binding sites; CBD- corticobasal degeneration; 

HA- high affinity; IC50- half maximum concentration; Kd- dissociation constant; N/A- not applicable; PSP- 

progressive supranuclear palsy; SHA- super-high affinity. 
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Extending our study beyond the FC (paper III), we found that 3H-PI2620 specific binding was 

rather low, varied among cases and did not distinctly differentiate between CBD and PSP, both in 

brain homogenates (including FC, TC, putamen and caudate nucleus) and in autoradiography (FC, 

medulla oblongata, caudate nucleus, putamen and globus pallidus).   

However, in silico studies showed that PSP tau protofibrils possessed more binding residues than 

those in CBD and AD, and molecular dynamics simulations with 3H-PI2620, indicated an increased 

binding site flexibility in PSP and CBD protofibrils. This flexibility was attributed to repulsive 

interactions among specific residues, demonstrating the dynamic interactions between the tracer 

and the protofibrils. Essentially, these findings suggest that 3H-PI2620 may initially bind to its 

preferred HA sites, followed by a transient interaction with lower-affinity sites, reflecting the 

complex and fluid nature of these molecular interactions[245]. Yet, 3H-PI2620 did not show 

significantly higher binding in PSP or in CBD, in all examined brain regions, despite the presence 

of multiple HA sites (as detailed in the above findings). Moreover, autoradiography results 

correlated more closely with neuropathologically diagnosed neuronal tau burden rather than with 

glial tau load. Altogether, these findings raise concerns about 3H-PI2620 capability in fully 

capturing the complexity of tau pathology in 4R tauopathies. 

 

This analysis aligns with a recent investigation, questioning whether the lower signal intensity of 
18F-PI2620 observed in individuals within the FTLD spectrum, as opposed to the consistently high 

uptake seen in AD patients, might be due to a reduced tau burden, or other concurrent processes 

that overlap with tau and hinder the detection of the 18F-PI2620 signal[181]. These findings signal 

the pressing need to develop and understand tracers that can accurately target glial pathology, a 

central component in the pathology of CBD and PSP. 

 

5.4  Tau, reactive astrogliosis and dopaminergic PET tracers in CBD and PSP brains  

(paper III)  

5.4.1 Multi binding sites of astrocytic PET tracers in CBD and PSP brains  

This study addressed the longstanding challenge of distinguishing between CBD and PSP 

pathologies [116], focusing on the complex interplay between tau and astroglial pathologies [135]. 

Given the presence of both reactive astrogliosis and tau inclusions in astrocytes, suggesting an 

important role of astrocytes in propagating tau pathology[254], we explored the astrocytic tracers 3H-

Deprenyl and 3H-BU99008, in putamen brain homogenates.  

The putamen, crucial for motor control and vulnerable to astrogliosis, tau pathology, and 

dopaminergic dysfunction, was selected for its relevance in comparative studies of 4R tauopathies 

like CBD and PSP. 
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Table 5. Comparative binding analysis of 3H-Deprenyl and 3H-BU99008 in CBD and PSP brains 

 

    CBD PSP 

Tracer  
Brain 

Region 
Kd (nM) 

Bmax 

(fmol/mg)  
Kd (nM) Bmax (fmol/mg)  

3H-Deprenyl PUT Kd = 3.5 Bmax = 624 Kd = 8.0 Bmax = 350.4 

3H-BU99008 PUT 
Kd1 = 1.1 Bmax1 = 98.9 Kd1 = 1.0 Bmax1 = 56.6 

Kd2 = 10.7 Bmax2 = 51.9   Kd2 = 302.6 Bmax2 = 236.5 

 

 

 

 

 

 

In saturation studies, 3H-Deprenyl demonstrated greater specific binding than 3H-BU99008 in both 

CBD and PSP, revealing a single HA site, with twice as many binding sites (as indicated by Bmax 

values) in CBD compared to PSP (Table 5). Competition studies further identified a secondary, 

albeit negligible, SHA site for 3H-Deprenyl, in both CBD and PSP, consistent with control brains 

(Figure 15). 3H-BU99008 exhibited three distinct binding sites ranging from SHA to LA 

(saturation and competition studies combined), aligning with our published observations in AD and 

control brains[210] 

     Figure 15. Competitive binding analysis of 3H-Deprenyl and 3H-BU99008 in controls, CBD  

                     and PSP brains 

 

 

 

 

 

 

 

3H-Deprenyl and 3H-BU99008 (0.05 to 40 nM) saturation binding assays were carried out in putamen brain 

tissue homogenates from three CBD patients and three PSP patients. NSP binding was determined using 1 μM 

of unlabelled deprenyl or unlabelled BU99008. Error bars represent the means +/-SEM for two experiments 

in duplicate for each case. Bmax = maximum number of binding sites; CBD- corticobasal degeneration;  Kd- 

dissociation constant; PSP- progressive supranuclear palsy; SEM = standard error of the mean. 

 

3H-Deprenyl (3 nM)  and 3H-BU99008 (1 nM)  competitive binding assays in putamen brain homogenates from 

(A) two controls, (B) three CBD patients and (C) three PSP patients, using increasing concentrations of 

unlabelled deprenyl or unlabelled BU99008 respectively (1.10-14 M to 1.10-6 M). The fraction of high affinity 

sites is expressed as a percentage for each unlabelled compound. Error bars represent the means +/- SEM from 

two experiments in duplicate for each unlabelled compound. CBD = cortical basal degeneration; IC50 = half-

maximal inhibitory concentration; PSP = progressive supranuclear palsy; R2 = regression coefficient; SEM = 

standard error of the mean. 
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In conclusion, these analyses indicate for both tracers a consistent HA binding site across CBD, 

PSP, and AD, pointing to a primary, stable molecular target in these disorders. This primary HA 

site seems to maintain its characteristics across conditions and brain areas. Additionally, the other 

transient binding sites may reflect the dynamic nature of diverse astrocytic subtypes or populations 

which are involved in these tauopathies with the ratio of transient sites varying, within and across 

different astrocytic cell types. For 3H-BU99008, the main binding site is likely to be the I2BS, 

associated with general reactive astrogliosis responses. In contrast, 3H-Deprenyl consistently binds 

to a site presumably linked with MAO-B, indicating its relevance in neurodegenerative diseases.  

However, the potential connection between astrogliosis and tau burden remains uncertain and 

requires further investigation.  

 

5.4.2 Visualization of reactive astrogliosis in CBD and PSP brains with astrocytic 

tracers (paper III) 

 

Large frozen hemispherical autoradiography on CBD and PSP cases showed that 3H-Deprenyl has 

a more intense binding than 3H-BU99008 in both cortical and subcortical regions (Figure 16). The 

observed strong binding of 3H-Deprenyl in the superficial cortical layers correlates with the 

reported higher amount of MAO-B density in these areas[255]. 3H-BU99008 exhibited a diffuse 

binding pattern and non-displaceable binding in white matter, differing from 3H-Deprenyl. These 

differences in binding profiles between the two tracers may reflect the distinct distribution of their 

molecular targets and further complement the complex dynamics of reactive astrogliosis in brain 

pathologies. 

 

In detailed autoradiography of key brain regions affected by PSP and CBD (FC, medulla oblongata, 

caudate nucleus, putamen, globus pallidus), both tracers showed strong binding in the medulla 

oblongata (prone to early tau pathology [133] [256]), especially in PSP. However, neither tracer could 

distinguish between PSP and CBD at a group level, with individual binding patterns varying. The 

binding of 3H-Deprenyl correlated with gliosis, particularly in the basal ganglia, indicating MAO-

B’s relevance in these dopamine-rich motor control areas. 
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Figure 16. Tracer-specific brain mapping: comparative autoradiography in CBD and PSP cases   

                   with 3H-PI2620, 3H-Deprenyl, and 3H-BU99008 PET tracers 

 

 

 

 

 

 

 

 

 

 

5.4.3 Dopaminergic impairment in PSP and CBD brains  

In conditions such as PD, the upregulation of MAO-B, known for catalysing monoamines like 

dopamine[194] (and reflected here by increased 3H-Deprenyl binding), might intensify dopamine 

deficiencies, potentially aggravating the disease’s progression. DAT regulates dopamine 

availability and signalling, by facilitating its reuptake from the synapse back into neurons[257] and 

D2R are critical for mediating dopamine’s effects[258]. However, understanding the specific levels 

of expression/imbalances and interactions of DAT and D2R in PSP and CBD remains a challenging 

and active area of exploration. 

Small autoradiography on frozen adjacent sections of PSP, CBD, and PD cases showed decreased 
3H-FEPE2I binding in the caudate and putamen, suggesting reduced DAT levels, which could lead 

to impaired dopamine reuptake and dopamine dysregulation, contributing to motor and cognitive 

symptoms in these disorders[259]. This aligns with previous studies indicating lower DAT 

availability in PSP[260, 261].  

Autoradiography was performed on large frozen adjacent hemispherical brain sections from one CBD (upper 

row) and one PSP case (lower row), using (A) 3H-PI2620 (1nM), (B) 3H-Deprenyl (5 nM) or (C) 3H-BU99008 

(1nM). 1 𝜇M of unlabelled PI2620, Deprenyl or BU99008 respectively was used to visualize the NSP binding. 

As the concentration and the specific activity of each tracer was different, autoradiography images were set on 

different colour threshold levels. For each tracer the mean of highest and lowest tritium standards values for 

CBD and PSP brain sections are as follow: 3H-PI2620  (standards: + = ~1266.4 fmol/mg, ‒ = ~2.8 fmol/mg), 
3H-Deprenyl (standards: + =  ~1463.5 fmol/mg, ‒ = ~ 2.6 fmol/mg), 3H-BU99008 (standards: + = ~1378.8 

fmol/mg, ‒ = ~2.0 fmol/mg). The same scale was used for the CBD and PSP samples (100𝜇m). CAU = caudate 

nucleus; CG = cingulate gyrus; CBD = Corticobasal Degeneration; FC = frontal cortex; FG = fusiform gyrus/ 

lateral occipitotemporal gyrus; GPAL = globus pallidus; Ins = insula; NSP = non-specific binding [red (+) = 

highest binding; blue (‒) = lowest binding]; PSP = Progressive supranuclear palsy; PUT = putamen; TC = 

temporal cortex. 
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On the other hand, the increased 3H-Raclopride binding in the putamen of PSP and PD cases (also 

reported in past post-mortem and autoradiography studies[262-264]), hints at receptor hypersensitivity 

or loss of dopamine innervation. Indeed it was demonstrated that a loss of over 70% of dopamine 

innervation to the putamen is needed to observe an increase in D2R
[264]. This phenomenon may 

indicate dopamine receptor hypersensitivity, despite the reported inconsistencies in D2R levels in 

PSP in different studies[265]. CBD cases exhibited 3H-Raclopride binding comparable to controls, 

suggesting preserved D2R levels in the striatum, aligning with previous reports[266-268]. This hints at 

the potential of 3H-Raclopride as an indicator for distinguishing CBD from PSP pathology. 

However, it is important to consider the impact of individual variability and clinical presentations 

in these assessments, especially given the variability in pathology across brain regions and the 

limitations of our sample size. 

 

5.5 Exploring the interplay of AD biomarkers in cognitively unimpaired late middle-aged 

adults (paper IV) 

 

The increasing prevalence of AD in an ageing population necessitates early detection and 

understanding of its complex pathophysiology[269]. AD’s pathological onset often precedes clinical 

symptoms by decades[270], with diagnostic challenges compounded by age-related cognitive decline 

and overlapping pathologies[103, 104, 271]. Recent research focuses on identifying preclinical 

biomarkers, recognizing AD as a systemic disease affecting both the central nervous system and 

peripheral mechanisms[272]. The expanded AT(X)N framework emphasized the importance of a 

large set of biomarkers, including Aβ, tau, inflammation and neuronal injury (including 

neurofilament light; NfL), to diagnose and predict AD[63].  Therefore, in this study of 132 late 

middle-aged cognitively unimpaired Hispanic individuals, we examined 18F-MK6240 tau PET and 

plasma inflammatory biomarkers at dichotomous stages of Aβ pathology (18F-Florbetaben) and 

plasma NfL.  

 

Considering that inflammatory markers can be altered in cognitively unimpaired individuals who 

might eventually progress to AD dementia, our study investigated various potential mechanisms 

underlying disease progression, contributing new insights to the existing body of research in this 

area [273-276]. We hypothesized three potential inflammatory pathways in AD progression, 

integrating our results with the current scientific understanding of the disease. 

 

1) AD pathology-specific, where abnormal Aβ and tau lead to inflammation and neuronal 

injury 

 

2) Comorbidity-driven, with chronic inflammation leading to neuronal injury and enhancing 

the risk of developing AD clinically 

 

3) A parallel contribution pathway, where inflammation and AD pathology coexist and may 

independently contribute to the risk of developing AD clinically  
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5.5.1 AD pathology-specific pathway  

This pathway was evidenced by the detection of early neocortical tau pathology in individuals with 

increased Aβ, without (Group 1) or with (Group 2) apparent neuronal injury (as measured by NfL) 

(Table 6). Group 1 showed an early accumulation of tau in the middle/inferior temporal region 

without significant inflammation or NfL, suggesting that increased Aβ can potentially lead to tau 

pathology before abnormal inflammation or NfL markers can be detected. 18F-MK6240 showed its 

sensitivity in detecting early tau accumulation, independently of evident neuronal damage. Group 

2, with increased Aβ and higher NfL levels (indicating that neuronal damage is already occurring) 

showed detectable tau burden in the entorhinal cortex and middle/inferior temporal region, linking 

higher Aβ and NfL levels to a more advanced stage of tau pathology. Moreover, the fact that Aβ 

could predict tau pathology aligns with the concept that Aβ and tau deposition are key drivers in 

the typical AD pathway. In addition, elevated peripheral inflammation was also detected in Group 

2. Previous studies have shown that both Aβ and tau may lead to inflammation [277-280] and neuronal 

injury [281-283]. Indeed, in early AD stages, a mild inflammatory response may reduce tau pathology 

by clearing tau seeds. As AD advances, persistent inflammation in neurons and glial cells worsens 

tau pathology, exacerbating the disease by increasing inflammation[284]. 

 

Table 6.  Group stratification by plasma NfL and 18F-Florbetaben levels with associated AD risk   

              markers in late middle-aged cognitively unimpaired individuals 

 

Groups  
Plasma 

NfL 
 18F-Florbetaben  18F-MK6240 

Plasma  

inflammation 

AD-signature  

CTh  
WMH SRT 

Group 0 low  low  - - - - - 

Group 1 low  high   
high in middle/inferior  

temporal cortex* 
- - - - 

Group 2  high  high  

high in middle/inferior 

temporal cortex* and 

entorhinal cortex  

high - - - 

Group 3 high  low  - high  low high* low 

 

High/low plasma NfL is defined by the median split (10.85 pg/mL); high/low 18F-Florbetaben is 

defined by the median split (SUVR = 1.125); significant results for 18F-MK6240, plasma 

inflammation (VEGFA, GDNF, CXCL9, SLAMF1, TGF-alpha, FGF-5, IL-15RA, IL-10RB, PD-L1, 

MMP-10, CCL25, CX3CL1, CSF-1), AD-signature cortical thickness (AD-CTh), white matter 

hyperintensities (WMH) and Selective Reminding Test (SRT) measures of episodic memory are 

reported when significantly different in Group 1, 2 or 3 with respect to Group 0. * These significant 

findings were reported at trend level (p < 0.1). 
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5.5.2 Comorbidity-driven pathway 

This route describes a different aspect of neurodegeneration, wherein external factors such as high 

body mass index (BMI) and diabetes mellitus (DM) initiate chronic inflammation that leads to 

neuronal injury, independently of Aβ and tau. 

Group 3, characterized by low Aβ and high NfL levels, did not show elevated tau burden but 

exhibited high plasma inflammatory markers, alongside severe cortical thinning and signs of 

cerebrovascular injury. These findings suggest that comorbidities can create a state of chronic 

inflammation (here measured with peripheral plasma inflammatory markers), leading to neuronal 

injury, which in turn, may exacerbate the risk of developing AD clinically.  

Importantly, this route underscores the influence of systemic health conditions on brain health, 

indicating that neuronal damage and cognitive decline may partly originate from processes outside 

the traditional scope of AD core pathology. It posits that addressing comorbidities might potentially 

help in slowing down neurodegenerative processes independently of classical AD core biomarkers. 

5.5.3 Parallel contribution pathway 

In this pathway, inflammation and AD pathology are seen as coexisting entities, each independently 

contributing to the risk of developing AD clinically. Both high Aβ (Group 2) and low Aβ (Group 

3) groups with elevated plasma NfL levels, showed elevated concentrations of plasma 

inflammatory markers. This perspective acknowledges the complexity and multifactorial nature of 

AD, where both core AD biomarkers (Aβ and tau) and inflammatory processes may play distinct, 

yet simultaneous, roles in the development of AD. Our data showed that high peripheral 

inflammation does not require the presence of Aβ pathology, and that peripheral inflammation was 

strongly linked to neuronal injury, whether in the presence of Aβ pathology (Group 2) or in its 

absence (Group 3). Furthermore, previous longitudinal studies showed that higher levels of plasma 

GFAP and NfL at baseline were associated with faster rates of cognitive decline[285]. Elevated 

plasma NfL levels were observed in individuals years before the onset of dementia symptoms [286]. 

This hypothesis underscores the importance of a holistic approach in understanding and treating 

AD, recognizing that interventions targeting only one aspect of the disease (such as Aβ and/or tau 

accumulation) might not be sufficient in managing or slowing its progression. 

5.5.4 Cognitive implications and genetic influences 

Groups 2 and 3 offered contrasting yet enlightening perspectives on the progression of AD in 

relation to biomarkers and cognitive impairment. Group 2, characterized by elevated Aβ and NfL, 

as well as detectable tau pathology, intriguingly showed no overt cognitive impairment. This 

suggests a potential preclinical stage of AD where biomarker accumulation has not yet crossed the 

symptomatic threshold, possibly due to compensatory brain mechanisms or limitations in current 

memory testing.  

In contrast, Group 3, marked by low Aβ and high NfL levels, exhibited cognitive impairment, 

indicating a more advanced stage of neurodegeneration, possibly representing a different or more 

aggressive disease pathway.  

This divergence in cognitive outcomes between the groups may also be influenced by genetic 

factors. While the APOE4 allele and being female were strongly associated with an increased 

accumulation of both Aβ and tau, their impact appeared more limited on other critical markers like 

NfL and peripheral inflammation. This suggests a complex genetic landscape where certain 
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predispositions heighten the risk for classical AD pathologies, yet do not uniformly dictate the 

broader spectrum of neurodegenerative changes. In the context of Groups 2 and 3, this means that 

while genetic factors may accelerate the typical hallmarks of AD, they do not necessarily correlate 

with the entire range of neuronal damage or inflammation observed. These findings mark the 

importance of considering alternative biological mechanisms besides Aβ and tau in the ageing 

process and preclinical AD stages, particularly regarding subtle memory changes. They also 

highlight the heterogeneity within the ATN groups, suggesting the need for more research into the 

varying resilience and risk factors in AD progression. 
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6 CONCLUDING REMARKS  

 

• The 2nd generation of tau PET tracers 3H-MK6240 and 3H-PI2620 demonstrated high 

affinity and specific binding in AD brains, distinguishing them from control brains. The 

tracers could effectively differentiate between EOAD and LOAD. 3H-PI2620, 3H-MK6240, 

and 3H-RO948 displayed similar binding pattern in AD tissue, with multiple binding sites 

and equivalent affinities (papers I and II). 

 

• In tissues from CBD and PSP patients, 3H-PI2620 showed good specificity in contrast to 
3H-MK6240. However in multiple brain regions, 3H-PI2620 binding remained low, 

unlikely reflecting the actual tau burden in these areas. We disclosed the puzzling aspects 

of tracer-target interactions in regards to tau pathology in tauopathies, as evidenced by the 

limitations of PI2620 in differentiating between CBD and PSP within our sample cohort 

(papers II and III). 

 

• 3H-Deprenyl had greater binding and  higher number of binding sites compared to 3H-

BU99008 in both CBD and PSP. Both tracers identified one primary HA site (nanomolar 

range), reflecting a constant molecular target across AD, CBD and PSP. We also observed 

transient binding sites, indicating the complex dynamics of reactive astrogliosis across 

these conditions (paper III). 

 

• Our pioneering exploration revealed decreased 3H-FEPE2I binding in the caudate and 

putamen of CBD, PSP and PD cases, indicating reduced DAT levels. We also found 

increased 3H-Raclopride binding in the putamen of PSP and PD cases, while CBD and 

control cases showed similar binding levels, suggesting preserved D2R levels in CBD's 

striatum. However, we emphasized the importance of considering individual variability and 

clinical presentations in understanding neurodegenerative diseases (paper III). 

 

• Our in vivo multi-modal study screened a landscape of AD-related biomarker dynamics in 

late middle-aged, cognitively unimpaired individuals, marked by 18F-MK6240 PET, 

plasma inflammatory and NfL markers. We added evidence to the concept that beyond 

traditional AD markers of Aβ and tau, a spectrum of biological indicators, including 

inflammation and neuronal injury, must be considered for early identification and 

intervention strategies in AD (paper IV). 
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7 FURTHER CONSIDERATIONS 

 

In PET imaging, while we can observe the binding of PET tracers, their exact targets often remain 

unclear. Off-target uptake in various brain regions is observable, but it is challenging to definitively 

ascertain whether this uptake is specific. The in vivo variability observed across different 

pathologies could be attributed to varying clinical presentations. Yet, this might also be due to 

unique molecular interactions specific to each PET tracer and its potential multiple targets, a level 

of detail not discernible through in vivo imaging. Therefore, thorough analysis of tracer binding 

characteristics is crucial, providing essential insights and aiding in the accurate interpretation of 

PET scans. This deeper understanding is vital for unravelling the complex interplay of molecular 

interactions in neuroimaging.  

 

The evolution and integration of advanced technologies like computational modelling and cryo-

EM are likely to revolutionize the development of PET tracers, particularly in light of overlapping 

symptomatology and disease progression in tauopathies. Considering the intricate nature of 

molecular targets in tauopathies, which involve diverse isoforms, aggregate compositions, 

conformational changes, and stages of maturity across various brain regions and disease severities, 

a detailed characterization and understanding of PET tracer binding/uptake become indispensable. 

This complexity is further compounded by different disease subtypes, cellular heterogeneity, the 

interplay of multiple disease hallmarks, and potentially unique compensatory mechanisms in 

individuals. 

 

In this multidisciplinary era of PET tracer research, it is essential to conduct characterizations 

across various brain regions, age groups, and disease subtypes, acknowledging that binding 

interpretations may differ from one pathology to another. Insights into the molecular dynamics of 

tracer-target interactions and the stratification of binding sites on a single target, reveal the dynamic 

and adaptable nature of tracer binding. Integrating these findings with in vivo data, and considering 

variable time windows for tracer scanning suggests that optimal imaging time frames might differ 

for the same tracer, depending on the specific disease being investigated. This approach is crucial 

for advancing our understanding and application of PET tracers in neuroimaging. 
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8 FUTURE OUTLOOK 

 

While the contributions of these studies on tau PET imaging have significantly enriched our 

understanding of PET tracers binding in the exploration of tauopathies, they are not without 

inherent limitations. Recognizing these gaps does more than lend nuance to our current 

understanding, it also sets the stage for future research. Proactively addressing these limitations 

will deepen our understanding of tauopathies and enhance the reliability and utility of tau PET 

imaging in clinical settings. 

 

The sample sizes in our post-mortem studies were chosen to focus on depth over breadth of data, 

although expanding these sizes could offer additional perspectives on tau tracers binding 

variability. Our work has focused on a concentrated set of autoradiography comparisons to establish 

key foundational understandings of distinct PET tracers binding. Extending this approach to a 

diverse range of tracers and a greater number of cases would offer additional layers of validation. 

Incorporating age-matched control groups (our samples predominantly consisted of older 

individuals) would also help corroborating the findings, especially given the subtler tau pathologies 

that may develop during normal ageing. In terms of demographic diversity within the CBD and 

PSP samples, our study has set the stage for follow-up research that could further test the 

applicability of our findings across varied demographic groups.  

 

Our use of post-mortem brain tissue offered the unique advantage of focusing on well-characterized 

end-stage disease pathology. To capture the dynamic progression of tauopathies, future work 

should contemplate longitudinal studies in living patients. Although our studies amassed 

comprehensive clinical data, further refinement in categorizing specific disease subtypes could add 

depth to our understanding.  

 

We deliberately chose specific brain regions for the binding assays. Exploring additional regions 

in future studies would provide a more holistic understanding of the underlying pathologies. Paper 

II’s focused approach has provided deep insights into tau PET tracers properties within the FC of 

AD, CBD and PSP subjects. However, tauopathies are known to exhibit region-specific 

characteristics. Future studies could further explore this regional diversity, potentially identifying 

new binding sites, thereby complementing our robust findings. While we utilized AT8 

immunostaining for validation, future studies might include additional/specific antibodies, to 

correlate the diverse tau morphologies with tau PET tracers.  

 

The last study on AD biomarkers in cognitively unimpaired adults is of significant importance, 

aligning with the objective of identifying accurate preclinical markers as early as possible. It 

emphasizes the necessity of continued research into both AD-specific (Aβ and tau) and non-specific 

pathologies (inflammation, neuronal injury) within the cognitively unimpaired population. This 

approach is essential for developing early detection strategies, as identifying these biomarkers prior 

to the onset of cognitive symptoms could be key in initiating preventive measures and therapeutic 

interventions. While the study focused on an underserved population in AD research, there is a call 

for future research to include larger and more diverse demographic groups, stressing the need for 

broad and inclusive research to deepen our understanding of AD. Additionally, we point out the 
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necessity for longitudinal research to more accurately characterize the progression of these 

biomarkers in preclinical stages, thereby enhancing our comprehension of the interplay among 

these biomarkers in AD. 

 

Finally, further molecular investigations are imperative to decode the unique pathological 

signatures of each condition to enhance diagnostic tools and therapeutic interventions. As we move 

forward, these considerations should not be viewed as shortcomings, but rather as opportunities for 

future work to deepen our understanding of tauopathies. These opportunities, if embraced, will 

bring us closer to unlocking the full diagnostic and therapeutic potential of tau PET imaging in 

proteinopathies. 
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