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PET imaging for the characterization of tauopathies: 
Alzheimer's Disease and Chronic Traumatic 

Encephalopathy 

Abstract  

Tauopathies are neurodegenerative diseases characterized by intracerebral 

aggregation of abnormal Tau proteins. These incurable diseases are really 

heterogeneous with the aggregation of different isoforms of Tau protein. Many fields 

of research are working on therapeutical targets. During this university thesis, we 

studied by Positon Emission Tomography (PET) imaging the Tau burden in 

Alzheimer’s Disease (AD) and Chronic Traumatic Encephalopathy (CTE), two 

different taupotahies with similar Tau isoforms. In this context, our first objective 

was to determine the ability of Tau PET imaging to improve the diagnosis of AD and 

to determine the viability of a new potential treatment. We have established that Tau 

PET imaging was able to detect the beneficial effect of a non-invasive brain 

stimulation, called transcranial alternating current stimulation (tACS) in people with 

AD. Our second objective was to determine the usefulness of Tau PET imaging in vivo 

in a population of American football players to help the early detection of CTE. We 

have demonstrated that in our population, Tau PET imaging was able to highlight the 

Tau pathology in early stages of CTE. In parallel, we have studied by autoradiography 

post-mortem from patients with neuro-pathological diagnosis of AD and CTE the 

binding pattern of three radiotracers widely used in research for Tau imaging. We 

directly compared the binding properties of [18F]-AV-1451 with [18F]-MK-6240 and 

[18F]-PI-2620 in the same specimens. These three tracers showed similar strong 

binding pattern to Tau protein in AD and a lack of binding in CTE brain slices. The 

off-target binding profiles were also similar between the three radiotracers, with 

uptake observed in neuromelanin-containing neurons and hemorrhage, validating 

our in vivo assessments. In total, these experiments allow to confirm the potential 

utility of Tau PET tracers for the reliable detection, quantification of Tau aggregates 

and disease-progression tracking in AD, while it remains questionable for CTE.  
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Imagerie TEP pour la caractérisation des tauopathies: 

maladie d'Alzheimer et encéphalopathie traumatique 

chronique 

Résumé 

Les tauopathies sont des maladies neurodégénératives caractérisées par une 

agrégation intracérébrale de protéines Tau anormales. Cependant, ces maladies 

incurables sont hétérogènes avec l'agrégation de différentes isoformes de la protéine 

Tau. De nombreux domaines de recherche travaillent sur des cibles thérapeutiques. 

Au cours de ce travail doctoral, nous avons étudié par tomographie par émission de 

positons (TEP) l'imagerie des agrégats Tau dans la maladie d'Alzheimer (MA) et 

l'encéphalopathie traumatique chronique (ETC). Dans ce contexte, notre premier 

objectif était de déterminer la capacité de l’imagerie Tau-TEP à améliorer le 

diagnostic de la MA et de déterminer la viabilité d’un nouveau traitement potentiel. 

Nous avons établi que l'imagerie Tau-TEP était capable de détecter l'effet bénéfique 

d'une stimulation cérébrale non invasive, appelée stimulation transcrânienne à 

courant alternatif (tACS) chez les personnes atteintes de MA. Notre deuxième objectif 

était de déterminer l'utilité de l'imagerie Tau in vivo dans une population de joueurs 

de football américains pour aider à la détection précoce de l’ETC. Nous avons 

démontré que, dans notre population, l’imagerie Tau était en mesure de mettre en 

évidence les premières étapes de la maladie. En outre, nous avons étudié par 

autoradiographie post-mortem chez des patients diagnostiqués MA et ETC, le schéma 

de liaison de trois radiotraceurs largement utilisés en recherche. Nous avons 

directement comparé les propriétés de liaison de [18F]-AV-1451 avec [18F]-MK-6240 

et [18F]-PI-2620 dans les mêmes échantillons. Ces trois traceurs ont montré un 

modèle similaire de forte liaison à la protéine Tau dans la MA et un manque de 

liaison dans le cas de l’ETC. Les profils de liaison hors cible étaient également 

similaires, avec une rétention observée dans les neurones contenant de la 

neuromélanine et une hémorragie, en accord avec nos évaluations in vivo. Au total, 

ces expériences ont permis de confirmer l'utilité potentielle de l’imagerie Tau-TEP 

pour la détection, quantification des agrégats de Tau avec le suivi de la progression de 

la maladie dans la MA, tout en restant incertain pour l’ETC. 
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Introduction 

Tauopathies are incurable diseases characterised by an abnormal intracellular 

amount of Tau protein hyperphosphorylated. These pathologies lead to 

neurodegeneration and dementia. Dementia is one of the biggest health problems 

facing our society. In the United States, the cost of caring for these patients is more 

than $200 billion per year. In PART 1, we will give a brief presentation of 

tauopathies and the implication of Tau protein in the disease. We will focus mainly 

on two tauopathies with similar Tau isoforms, Alzheimer’s Disease (AD) and Chronic 

Traumatic Encephalopathy (CTE).  

Positron Emission Tomography (PET) is a functional imaging modality that has 

become a useful method in clinic. As we will see in PART 1, PET enables the imaging 

of a radiotracer injected in patient’s body allowing the visualisation of physiological 

or pathological processes. In this work, we will look closer at the distribution of 

hyperphosphorylated Tau protein in the brain by PET imaging.  

The aim of this thesis is to demonstrate the role of PET imaging in accurately 

estimate the changes in hyperphosphorylated Tau protein deposition in the brain of 

subjects with tauopathies as AD and CTE. 

In order to have a correct interpretation of the PET images it is essential to validate 

the biological targets and to identify potential off-target binding of these imaging 

agents. That’s why in PART 2 we will investigate, by autoradiography on post-

mortem slices of brain from patients with diagnosed AD and CTE, the binding 

pattern of three radiotracers for Tau imaging. 

Then, we will study the ability of Tau PET imaging to improve the diagnosis of AD 

and to determine the viability of a new potential treatment in PART 3. In PART 4, 

we will scrutinize in a population of American football players the aptitude of Tau 

PET imaging in the early detection of CTE. 
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TAUOPATHIES 

  Tauopathies are a group of neurodegenerative diseases characterized by the 

presence in neurons and glial cells of intracellular aggregates of Tubulin associated 

unit (Tau) proteins hyperphosphorylated. The accumulation causes 

neurodegeneration in specific brain regions, leading to cognitive impairments and 

ultimately dementia. 

1. Tau protein 

  Human Tau protein is encoded by a single microtubule-associated protein tau 

(MAPT) gene localized on chromosome 17q21 (Neve et al., 1986). Six main isoforms 

of the protein are present in the adult brain, arising from the alternative splicing of 

exons 2, 3 and 10 (Goedert et al., 1988) (Figure 1). 

1.1. Structure 

      The Tau protein is a highly polarized protein, hydrophilic and heat-resistant (Lee 

et al., 1989; Weingarten et al., 1975). It is formed by four protein domains: the N-

terminal region, the proline-rich region, the microtubule binding region and the C-

terminal region. The proline-rich region is very basic and would allow spacing 

microtubules (MT) between themselves constituting the "projection domain" (Chen 

et al., 1992). The N-terminal part of the protein presents a predominantly acidic 

composition while the C-terminal part is neutral (Himmler et al., 1989). The different 

isoforms depend on the number of inserts localized in the N-terminal part of the 

protein (Goedert et al., 1989; Lee et al., 1989), encoded by exons 2 and 3, creating 

isoforms with either zero, one or two inserts (0N, 1N and 2N). In addition, alternative 

splicing of exon 10 leads to the production of isoforms 3R and 4R with 3 or 4 repeats 

in the C-terminal domain (Goedert et al., 1988, 1989). In the peripheral nervous 
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system, Tau is found in the larger isoform corresponding to the 2N4R form with the 

addition of exon 4a (Mandelkow and Mandelkow, 2011). 

Taken from Wang (2016) 

Figure 1: Isoforms of Tau protein. The alternative splicing of MAPT gene leads 

to the formation of isoforms 4R and 3R with respectively 4 and 3 repeats in the C-

terminal part of the protein and of isoforms with zero (0N), one (1N) or two (2N) N-

terminal repeats (Wang et al., 2016).  

Tau proteins are natively unfolded and disordered with no stable secondary or 

tertiary structure (Mylonas et al., 2008, Mukrasch et al., 2009). Few transient 

secondary structures (α-helix, β-strand, poly-proline II helix) are observed along the 

protein, conferring a very flexible conformation sensitive to variations of the 

environment (Dunker et al., 2008). 

Tau protein is the major constituent of neurofibrillary tangles (NFTs) corresponding 

to intracellular aggregation of abnormally hyperphosphorylated insoluble Tau 

proteins (Brion et al., 1985). These assemblies are classified as straight, twisted or 

paired helical filaments (PHFs) and are found in neurons, astrocytes, and 

oligodendrocytes (Arima et al., 2006). These pathological filaments PHF are excellent 
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ultrastructural markers of neurodegenerative processes present in tauopathies 

(Delacourte et al., 1994).  

   1.2. Functions 

   Tau proteins belong to the family of microtubule-associated proteins (MAP). A role 

of Tau in vitro is to induce microtubules polymerization from free tubulin (Cleveland 

et al., 1977; Weingarten et al., 1975). In the brain, Tau is abundantly expressed in 

neurons (Binder et al., 1985; Goedert et al., 1989; Kosik et al., 1989), in dendrites 

(Ittner et al., 2010), in the nucleus (Sultan et al., 2011) and highly at the axonal level 

(Binder et al., 1985; Dotti et al., 1987). Tau proteins are also observed in a minor 

amount in glial cells as oligodendrocytes and astrocytes (LoPresti et al., 1995). The 

pattern of isoforms expression may differ between neuronal populations. Indeed, 3R 

and 4R isoforms are present in pyramidal cells of the cortex, while the granular cells 

of the dentate gyrus express only 3R Tau isoforms (Goedert et al., 1989). This implies 

that all the isoforms have functional differences.  

a. Regulation of microtubule stability 

   Microtubules of the cytoskeleton are particularly abundant in neurons where they 

are involved in cytoplasmic transport, an essential function for neuronal activity. A 

major function of Tau proteins is to bind microtubules and regulate their 

polymerization (Weingartern et al., 1975, Drubin et al., 1986). 

The binding of Tau proteins to microtubules is possible by their phosphorylation and 

the presence of repeated microtubule binding domains (Himmler et al., 1989, 

Ennulat et al., 1989). These repeat domains can be 3 or 4 and the 4th binding domain 

increases the affinity of Tau 4R isoforms to microtubules, the polymerization and the 

stabilization (Butner et al., 1991, Goedert et al., 1990). 

Tau is normally phosphorylated but in tauopathies Tau is hyperphosphorylated on 

serine-threonine (Noble et al., 2013) and no longer able to bind to microtubules, 

increasing its intracellular cytosolic levels (Maas et al., 2000). 
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b. Axonal transport 

   Axonal transport is a two-way communication from the cell body of the neuron to 

the synaptic axonal endings by going through the cytoplasm of its axon. Axonal 

transport is essential for neuronal functions because it allows the movement and the 

recycling of synaptic vesicules, proteins, mitochondria, nutriments or other 

organelles. Microtubules are the main component of the cytoskeleton involved in this 

intracellular transport (Mandelkow et al., 2007). By regulating the stability of 

microtubules and participating in morphogenesis, Tau proteins intervene indirectly 

in axonal transport. 

Tau proteins also have the ability to act directly on axonal transport (Figure 2; 

Ballatore et al., 2007). Indeed, Kinesin motors, which are the proteins responsible for 

the transport of vesicles from the soma to the synapse, are inhibited by encountering 

microtubule bound Tau proteins (Dixit et al., 2008). Tau and Kinesin are in 

competition with each other for binding microtubules. Tau can also affect the 

association between Kinesin and cargoes (Wang et al., 2016). It has been shown in 

vitro and in vivo in transgenic mice, that overexpressing Tau proteins disturb the 

axonal transport (Ebneth et al., 1998; Stamer et al., 2002; Ishihara et al., 1999; Ittner 

et al., 2008). 

Taken from Ballatore (2007) 

Figure 2: Phosphorylation of Tau and regulation of axonal transport. 

(Ballatore et al., 2007). Tau phosphorylation allows the motor protein to go to the 

synapse and deliver the cargo.  
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c. Other functions of Tau  

   The brain accumulation of Tau protein has been seen correlated with synaptic loss 

(Ingelsson et al., 2004), but the mechanisms are still not well understood. The lack of 

mitochondrial transport at synapses could be involved in that process (Shahpasand et   

al., 2012). Small quantities of Tau protein are also observed in dendrites where they 

play an important role in the protein composition of the postsynaptic region (Ittner et 

al., 2010) which is implicated in long term potentiation and synaptic plasticity 

(Mondragón Rodriguez et al., 2012).  

Some Tau isoforms were found to be enriched in the nucleus (Liu et al., 2013) were 

they bind to DNA at adenosine-thymine dimers (Sultan et al., 2011; Sjöberg et al., 

2006) and RNA (Violet et al., 2014). This binding would play a protective role against 

stress-induced degradation (Sultan et al., 2011; Violet et al., 2014). 

2. Different types of tauopathies  

   The isoform composition of aggregated Tau proteins makes it possible to classify 

tauopathies in four classes (Sergeant et al., 2008). 

In class I, all six isoforms of Tau are present into the aggregates. This classical profile 

is characteristic of Alzheimer’s Disease (AD) (Sergeant et al., 1997), Chronic 

traumatic encephalopathy (CTE) (Hof et al., 1992; Schmidt et al,. 2001), Down’s 

syndrome-related dementia (Hof et al., 1995), Niemman-Pick disease type C (Love et 

al., 1995), and some frontotemporal dementia linked to chromosome 17 (FTDP-17) 

(Sergeant et al., 2005).  

In class II, it is mainly the 4R isoforms that are aggregated. This is the case for 

corticobasal degeneration (CBD), progressive supranuclear palsy (PSP), argyrophylic 

grain dementia (AGD) and most cases of FTDP-17 associated with mutations in the 

MAPT gene (Sergeant et al., 1999; Tolnay et al., 2002).  

Class III is characterized by the aggregation of 3R forms and corresponds to Pick's 

disease and some familial cases of FTDP-17 (Buée et al., 1996; Delacourte et al., 

1996). 
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Finally, a tauopathy called myotonic dystrophy can be observed in the brain of 

patients with type I and II. This disease is characterized by an aggregation of small 

size isoforms of insoluble Tau proteins (the foetal Tau isoform 0N3R) and a strong 

downregulation of isoforms containing N-terminal repeats (Vermersch et al., 1996). 

This constitutes class IV. 

In this PhD research work we focused mainly our interest on two tauopathies, AD and 

CTE. In following, we are going to talk in more details about these two pathologies.  

3. Alzheimer’s Disease    

   AD is an irreversible neurodegenerative disease and the most common cause of 

dementia, especially after 65 years old where it accounts for about 60-70% of 

dementia (Fratiglioni et al., 2000). Affecting over 5 million people in the United 

States alone, and over 30 million worldwide (Hebert et al., 2013), the prevalence of 

AD is expected to increase significantly in the future as the population ages. The 

therapeutic options are very limited, no treatments can avoid the progression of the 

disease.  

3.1. Clinical signs 

   The clinical symptoms are related to the topographic distribution of the lesions and 

suggest the involvement of specific brain structures. Commonly AD is characterized 

by lesions at the entorhinal cortex and the hippocampus, leading to memory 

disorders particularly for the episodic memory. The disease can reach other brain 

regions including the associative isocortex and cortical areas. Other cognitive 

functions are then affected as a progressive loss of speech, impairments in executive 

functions and orientation (time and space), praxies and gnosies. Some noncognitive 

symptoms can also be developed including anxiety, depression, psychotic symptoms, 

sleep disorders, incontinence and cerebrovascular symptoms. In the final stage of the 

disease, the patient can have his motor functions altered (Cacabelos et al., 1996). 
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3.2. Risks factors 

   Age is the most important risk factor for developing this tauopathy. There are many 

others factors of risk as genetic and environmental factors.  

Most genetic risk factors associated with the development of tauopathies seem to 

affect the regulation of Tau expression, leading to an increase in the production of the 

protein, inducing an increase in the 4R/3R isoforms ratio for AD (Myers et al. 2005; 

2007). Other variations rising the expression of Tau have been associated with AD as 

DNA hypomethylations (Barrachina and Ferrer, 2009; Iwata et al., 2014), a non-

causative mutation (Coppola et al., 2012) and duplications of MAPT gene (Hooli et 

al., 2014). 

Some rare autosomal dominant family forms of AD are related to amyloid beta (Aβ) 

as mutation in Amyloid Precursor Protein (APP), PSEN1 (Sherrington et al., 1995) or 

PSEN2 (Levy-Lahad et al., 1995) genes. The two genes PSEN encode the presenilin 

protein, a subunit of the gamma secretase complex, involve in the generation of Aβ 

from APP (Schellenberg et al., 1992). These familial forms of AD have a similar 

clinical and histological pattern and they begin earlier in life, around 50 years old 

(Ryman et al., 2014). In addition, many AD susceptibility genes with different levels 

of risk have been identified including the APOE e4 allele (Corder et al., 1993, 

Strittmatter et al., 1993). The polymorphism of the APOE e4 allele is common in the 

population and the risk of having AD is greater in people with one and two copies of 

the APOE e4 allele than in people without this allele (Farrer et al., 1997). 

Some environmental risks have also been identified as air quality, aluminium, 

pesticides and vitamin D deficiency (Killin et al., 2016). 

3.3. Physiopathology 

   AD is characterized by the presence of two major pathological characteristics : 

extra-neuronales plaques constituted of Aβ peptides, and NFTs composed of the 

aggregation of all Tau protein isoforms (Villain et al. 2012; Villemagne et al. 2013; 

Saint-Aubert et al., 2017) (Figure 3). A large number of Tau phosphorylation sites 

were found to reduce Tau-MT interaction (Cho and Johnson, 2003, 2004; Fischer et 
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al., 2009) promoting Tau aggregation and reducing the stabilisation of MT (Liu et al., 

2007). 

Taken from Saint-Aubert (2017) 

Figure 3: Tau pathology in Alzheimer’s disease. Unlike Aβ, Tau aggregates 

primarily in intracellular. Some tangles, called ghost tangles, can be seen outside of 

cells where the host neuron died.  

The evolution and the spreading of these Aβ and the NFTs are characterized and 

classified into different stages. The stages of Amyloid plaques deposition in AD are 

described by Thal (Thal et al., 2002). NFTs follow a well-defined sequential path of 

propagation classified into 10 stages according to the Delacourte classification 

(Delacourte et al., 1999) and 6 stages according to the Braak classification (Braak & 
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Braak, 1991; Braak et al., 2006 (Figure 4). It is this classification of Braak which is the 

most used in current practice. 

The most vulnerable brain structures and the first affected by NFTs are the locus 

coeruleus and the transentorhinal cortex (Braak stage I). Then the disease can reach 

the enthorinal cortex (Braak stage II). These two stages correspond to a long 

preclinical period asymptomatic and the presence of Tau in the entorhinal cortex 

after 75 years old is similar to normal brain aging. Braak stage III corresponds to 

early lesions of the hippocampus. In stage IV, NFTs are extended on the 

hippocampus and reach to the temporal cortex and limbic regions and then to all 

associative cortical regions. Stages III and IV correspond to the beginning of AD and 

are called mild cognitive impairment (MCI). Finally, stages V and VI correspond to a 

major impairment of the isocortex affecting the entire cortex. The primary, visual and 

motor cortical regions are among the last brain regions affected by the disease 

(Jucker et al., 2011).  

The spreading of Tau may occur via trans-synaptic propagation through anatomically 

connected synapses, glial cells as oligodendrocytes and microglia (Wang et al., 2017;  

Ferrer et al., 2019; Perez et al., 2019).  

 

       

                                                   Stages I and II                Stages III and IV               Stages V and VI  

Adapted from Jucker (2011) 

Figure 4: Spatio-temporal evolution of the Tau lesions according to 

Braak. Neurofibrillary tangles follow a progression in six stages characterized after 

anatomopathological examination of AD brains patients post-mortem.  
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In clinic, a lot of progress have been made to improve the pathological diagnosis. For 

example, biological markers of AD in the cerebrospinal fluid (CSF) are now used in 

practice routine but this technique stays really invasive (Ortega et al., 2019). Also, the 

spatial distribution of cerebral glucose metabolism illustrated by FDG-PET 

(Fludeoxyglucose-Positron Emission Tomography) can help in differentiating AD 

from other causes of dementia (Gilman et al., 2005; Minoshima et al., 2001; Foster et 

al., 2008) and to predict the conversion of MCI to dementia (Davison et al., 2014;  

Ishii et al., 2014; Mosconi et al., 2006; Hoffman et al., 2000). The mean cerebral 

glucose metabolism has been found to gradually decrease with age (Kuhl et al., 1982), 

and the specific glucose metabolism pattern in AD allows a better diagnostic. In 

clinic, it is important to differentiate patients with Lewis Body Dementia (DLB) or 

FTD from patients with AD because they can have adverse effects to symptomatic 

treatments given to AD patients as neuroleptic treatment or anticholinesterase 

inhibitors. However this technique presents some variability in diagnostic 

performance representing the main limitation in the use of FDG-PET in clinical 

practice (Smailagic et al., 2015). According to this statement, it is important to 

develop new biomarkers.  

4. Chronic traumatic encephalopathy in traumatic brain injuries 

   Traumatic brain injuries (TBIs) are a major public health problem with an 

incidence of 10 million people worldwide (Hyder et al, 2007) and over 1.7 million in 

the United States (Namjoshi et al., 2013).    

Repetitive traumatic brain injuries can cause a neurodegenerative disorder called 

Chronic traumatic encephalopathy (CTE) characterized by the deposition of 

hyperphosphorylated Tau aggregates in the brain (Critchley, 1957). This condition 

has been among others described in players of contact sport (Gavett et al., 2011) as 

with professional American football athletes.  
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4.1. Clinical signs 

   A multitude of neurological and psychiatric symptoms are related to this pathology, 

including irritability, aggression, depression, memory loss (Mckee et al. 2009), 

altered neuromuscular function, delayed reaction time, diminished postural control, 

altered gait and impulse control (Covassin et al., 2013; Howell et al., 2013; Reynolds 

et al., 2016; 2017). This disease can eventually progress to dementia (Gavett et al., 

2010). 

4.2. Risks factors 

   TBIs are clinically grouped by severity: mild, moderate and severe. Mild TBIs, also 

called concussion, is the most common form of TBI (~80-90% of cases (McCrory et 

al., 2013)). Recent studies have revealed that extensive brain injury does not 

necessarily involve a single severe event but can be sustained through repeated sub-

concussive injuries (sport contact such as American football) and causing CTE. 

Indeed, a recent study on rodents has demonstrated that repetitive mild TBIs led to 

more severe behavioral injuries than a single severe TBI and the effects of 

accumulation may be associated with increased inflammation in the brain (Gao et al, 

2017).  

Studies involving American football players revealed that the absorbed head impacts 

rises in an exponential fashion with age: around 80 hits (ages 7-8); >240 hits (ages 

9-12); >1000 hits (high school); and 420-492 (college) (McKee et al, 2009; Center for 

disease control and prevention, 1997; Sports legacy institute, 2012). The National 

Football League (NFL) reported an average concussion incidence of 131.2 ± 26.8 

concussions per year, a rate of 0.41 concussions per game (Pellman et al, 2004). This 

suggests that an individual sport player suffers multiple damaging head blows and/or 

concussions that may produce accumulative damage over the years. 
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4.3. Physiopathology 

   The pathophysiology of the TBI is complex and remains poorly understood. While 

the pathology typically begins with a mechanical focal trauma to the brain, it is 

rapidly followed by the activation of multiple molecular and neurochemical pathways 

that can lead to diffuse axonal injury (Sharp et al., 2014; Smith et al., 2013). 

Enhanced Tau protein phosphorylation occurs following severe neuronal injures 

(Yang et al, 2017) and this hyperphosphorylation leads to the destabilization of 

microtubules, interrupting axonal transport and provoking synaptic dysfunction. The 

axonal injury may provide the initial perturbation of Tau, by promoting its 

dissociation from microtubules, facilitating its phosphorylation and aggregation. 

Altered Tau dynamics may then be exacerbated by the chronic persistent 

inflammatory response that has been shown to persist for decades following the 

initial impact (Collins-Praino et al, 2017). 

Repetitive concussive events, like with the athletes engaged in high impact sports, 

increase the risk of CTE. CTE is characterized by accumulation in neurons, astrocytes 

and cell around blood vessels of varying amounts of Aβ and neurofibrillary tangles 

composed of the six isoforms of Tau hyperphosphorylated including both forms with 

3 and 4 repeats of the microtubule binding domain (Smith et al., 2013; Mckee et al., 

2013; 2016; Schmidt et al., 2001). Four progressive stages of CTE have been 

described following the abundance and distribution of Tau lesions (Mckee et al., 

2013). 

Tau Pathology in CTE follows a prion-like propagation. It appears along anatomical 

connections suggesting cell-to-cell transfer of toxic Tau through neuronal cell 

contacts (Goedert et al., 2017; Dujardin et al., 2014; Zanier et al., 2018). 

Consequently, Tau plays a critical role in AD and CTE pathogenesis. Many advances 

are still needed for the therapeutic management of patients with these diseases. A 

first step is to detect these pathologies earlier and for this we need to have good in 

vivo tools for the detection of biomarkers, less invasive and sufficiently sensitive and 

specific, as in Positron Emission Tomography.   
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POSITRON EMISSION TOMOGRAPHY   

  

  Positron emission tomography (PET) is a functional imaging technique that tracks 

physiological processes at the molecular level by injecting a molecule labeled with a 

positron-emitting radioactive isotope or radionuclide. PET provides access to 

quantitative and dynamic measurements of biochemical parameters in vivo and 

enables a fast and easy assessment of various conditions. It has been reported as the 

most specific and sensitive technique for in vivo imaging of molecular interactions 

(Jones et al., 1996) as its performance exceeds the Single Photon Emission Computed 

Tomography (SPECT) (Bailey et al., 1994). Oncology is the main field of application 

of PET imaging, but it is also a technique of great interest for neuroimaging. PET is a 

non-invasive technique that has the advantage of being a translational technique that 

can be used from rodent to human and that allows to follow physiopathological 

processes or the effect of chronic treatment during longitudinal studies (Lancelot and 

Zimmer, 2010; Zimmer and Luxen, 2012). Coregistration of MRI and PET data 

enables the interpretation of functional data with localizing high-resolution structural 

information, leading to the prevalence of PET imaging in clinical applications (Anand 

et al., 2009). 

1. Principles of PET imaging  

   A PET study begins by the injection of a radioactive tracer. After injection, the 

subject is placed within the field of view of the scanner where detectors can register 

incident gamma rays. The radionuclide decays and emits positrons, which then 

annihilate with an electron to produce two photons travelling in opposite directions. 

The gamma rays emitted can be detected by the scanner’s detectors. The emitted 

positrons rapidly lose their energy in tissue, so the annihilation event is usually very 

close to the site of positron emission. Detection of the two coincident gamma rays 

defines a line, which intersects the position of the annihilation event. These 

"coincidence events" can be stored in arrays corresponding to projections through the 

patient, generating a map of the distribution of the radiotracer, creating a PET image. 
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The raw data collected by the PET scanner is then mathematically reconstructed to 

produce tomographic images of in vivo concentration of radiotracer (Bailey et al., 

2006; Cherry et al., 2012). 

    1.1. Radiotracers 

   The synthesis of the radiotracer requires a precursor and a radionuclide. A 

precursor is a molecule with a structure close to the tracer with a group that can be 

substituted by the radioactive element. This design has to allow the radiotracer to 

behave the same way as the original molecule and not interfere with the physiologic 

process that is being imaged. The radionuclide of interest is produced by a particle 

accelerator, a cyclotron, which operates by the combined action of an electric field 

and a magnetic field.  

From the radionuclide and the precursor, the radiosynthesis allows to obtain the 

radiotracer. At the end of the radiosynthesis, the product is purified and a quality 

control is assured essentially by High Performance Liquid Chromatography (HPLC). 

The specific activity (radioactive activity per quantity of molecules) must be high 

enough to avoid the dilution with non-radiolabeled molecules (Passchier et al., 

2002). 

The most commonly used labelling radionuclide in PET imaging is fluorine 18 (18F). 

Its half-life of 109 minutes is long enough to perform an imaging study and short 

enough to limit the radiation exposure.  

The radiotracer undergoes radioactive decay inside the body leading to a cascade of 

physical interactions.  

   1.2. Physical interactions 

   The radionuclide has a nucleus rich in protons. With this excess of positive charges 

it is unstable and decays spontaneously to a stable state by the transformation of a 

proton into a neutron. This results in the emission of a positron (e +) and a neutrino 

and is called β + disintegration (Figure 5). The main radionuclides β + used in PET 

are carbon 11 (11C), fluorine 18 (18F), nitrogen 13 (13N) and oxygen 15 (15O). 
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Figure 5: Nuclear reaction of β + type disintegration. 

When incorporated into an organic material, the positron emitted by radioactive 

decay travels a distance of about one-two millimeters and annihilates itself by 

interacting with an electron to emit two gamma photons of 511 KeV at 180°. These 

photons are detected simultaneously by two opposite detectors of the PET camera 

(Figure 6). A PET scanner contains blocs of photons detectors arranged in concentric 

rings around the object to be imaged. They absorb the incident photon and convert it 

into visible light photons. A photomultiplier tube detects these photons and produces 

a proportional electric signal that contains information about the time when the 

incident photon was detected, its energy, and its position. Only a pair of colinear 

photons each at 511 keV arriving to the detectors at the same time constitute a 

counted event. The recording of these pairs of photons from the same annihilation on 

a line connecting two detectors constitutes the raw signal of the PET, stored in list-

order mode of arrival. The two detectors, and the 3D tube between them, are 

commonly called the Line of Response (LOR). The constitution of the 3D quantitative 

image of the distribution of the radioactivity in the organism is carried out by 

tomographic reconstruction. The PET data collected by the scanner is a matrix 

indexing every possible LOR and saves its assigned count reflecting the distribution 

of the radiotracer along that LOR. Image reconstruction algorithms transform this 

matrix into a 3D image and some correction techniques can be applied to yield a 

quantitative image. 

 

` 
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Taken from Vaquero (2015) 

Figure 6: Principles of PET imaging. (a) The radionuclide fluorine-18 (18F) 

spontaneously decays to the stable radionuclide oxygen-18 (18O) by converting a 

proton to a neutron, leading to the emission of a positron. Via random scattering on a 

short distance the positron encounters its antiparticle, the electron. The resulting 

annihilation of both particles generates two anticollinear 511 keV annihilation 

photons. (b) The patient is surrounded by a ring of detectors. When two annihilation 

photons are detected the two points of interaction define a line of response 

schematically representing the ensemble of coincidences that fall inside the tube of 

response (Vaquero et al., 2015). 

PET imaging provides information at the molecular level but is not accurate for the 

anatomical identification of areas highly concentrated in radioactivity. For this 

reason, PET cameras can be coupled with imaging techniques that provide 

anatomical information, such as X-ray CT (Computed Tomography) and MRI 

(magnetic resonance imaging). 

The multitude of radiotracers and their different abilities explains how PET imaging 

is prevalent in clinical applications due to its ability of quantifying the imaged 

function. For example, in oncology PET imaging is valuable for diagnostics and for 

patient follow-up post-treatment (Jones et al., 2017) by localizing tumors (Dechow et 

al., 2010) and exploring the presence of cancer metastasis (Rajendran et al., 2003). 
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PET imaging is also useful in cardiology where it enables the measurements of 

myocardial perfusion (Driessen et al., 2017, Grüner et al., 2011) monitoring patients’ 

response to therapy, lifestyle changes or the comprehensive evaluation of coronary 

artery disease (CAD) allowing subjects to access to preventive therapy (Schindler et 

al., 2010). PET imaging has also a high diagnostic value in assessing the myocardial 

viability of subjects with known CAD (Slart et al., 2006). 

Since the early 1980s, the development of hundreds of brain radiotracers has greatly 

contributed to the understanding of the brain and psychiatric or neurological 

pathologies. As it is the topic of this dissertation, we are going to look into these  

clinical applications in neurology in more details. 

2. Clinical applications in neurology 

   In standard medical care, [18F]-FDG, an analogue of glucose, is employed to explore 

the regional glucose uptake testifying increased glucose entry and its intracellular 

accumulation. In the most common neurological studies, PET imaging has been used 

to indirectly evaluate neuronal activity by measuring glucose consumption through 

the fluorinated analogue [18F]-FDG during neurodegenerative pathologies (Zimmer 

et al., 2012). [18F]-FDG PET is a biomarker for neuronal degeneration in dementia 

(McKhann et al., 2011), its spatial distribution enables clinicians to make early 

diagnosis and to distinguish between different subtypes of dementia (Shivamurthy, et 

al. 2015).   

Among the use of PET for neurodegenerative diseases, [18F]-DOPA is very useful in 

the diagnostic of Parkinson Disease which is clinically challenging (Ibrahim et al., 

2016).  

In AD, in vivo imaging of amyloid deposits with [18F]-labeled radiopharmaceuticals 

(18F-florbetapir, 18F-florbetaben and 18F-flutemetamol) has been shown accurate 

for discriminating AD from healthy controls and some other forms of dementia. 

However, the correct place of the PET amyloid imaging in the diagnostic workflow of 

dementia is still a debated issue (Filippi et al., 2018). 
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In epilepsy, [18F]-FDG PET permits the localization of the seizure foci (Hwang et al., 

2001) needed in case of surgical therapy (Chassoux et al., 2010; Lee et al., 2009). 

Also, [11C]-flumazenil PET is able to detect epileptic foci due to reduced binding of the 

GABA receptor inhibitory ligand (Hammers et al., 2002). 

PET imaging can also be used in the diagnostic and management of brain cancers in 

addition with other imaging techniques as MRI. An increased [18F]-FDG uptake is 

indicative of cancer in the brain, and in the case of gliomas, it allows to assess the 

tumor grade and the survival rates (Padma et al., 2003). Nowadays, non-FDG 

radiotracers are widely tested and among them [11C]-MET (methionine) and [18F]-

FET (fluoroethyl-l-tyrosine) appear to be the most useful dedicated glioma 

radiotracers (Herholz et al., 2017; Gulyas et al., 2012).  

During cerebral hypoxia-ischemia, dynamic changes in glucose metabolism occurring 

during and after injury, may be detectable in PET (Ouyang, et al., 2015, Heiss et al., 

2000). PET is not systematically included in the diagnostic assessment of 

neurovascular disease such as Stroke (vasculo-cerebral accident), however it can help 

to determine the potentially recoverable tissues and identify affected regions in 

ischemic stroke (Heiss et al., 2000). 

PET imaging of the brain covers many other areas as most of the brain radiotracers 

are specific ligands of proteins including enzymes, transporters and neurotransmitter 

receptors (Zimmer et al., 2012). Much effort has recently been put into the 

development of PET radiotracers for in vivo quantification of Tau protein, not FDA 

(Food and Drug Administration)-approved yet. 

3. Tau protein in PET imaging 

    PET has proved to be an important tool for the detection of Aβ aggregates in the 

brain allowing a better diagnosis and clinical management of AD (Ariza et al., 2015; 

Rabinovici et al., 2019). However, neurological deficits and clinical signs of AD do not 

correlate well with amyloid pathology in contrast to Tau pathology. In AD, the 
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cognitive decline level is correlated to the spreading of Tau neurofibrillary tangles 

across the brain (Pontecorvo et al., 2017). Phosho-Tau (p-Tau) may be a relevant 

target of therapies for AD. This aggregation of Tau protein is common in tauopathies 

(Buée et al., 2000) supporting the need for the development of Tau-targeting 

treatments. 

Several PET tracers targeting Tau deposits with a high binding affinity and selectivity 

have been developed (Okamura et al, 2016) and tested in humans. They are still not 

used in clinic but they are widely used in research. They contributed to improve 

diagnostic accuracy and understanding of the pathophysiology of AD (Villemagne et 

al, 2015; 2016). [18F]-AV-1451 (previously known as flortaucipir and T807) was 

recently developed for PET imaging of paired helical f i laments of 

hyperphosphorylated Tau. Patients clinically diagnosed with dementia of AD type 

and MCI exhibit brain areas with a higher [18F]-AV-1451 signal than cognitively 

normal individuals. These regions are known to contain an elevated burden of Tau 

lesions in AD (Brier et al., 2016; Cho et al., 2016; Johnson et al., 2016; , Pontecorvo et 

al., 2017, Scholl et al., 2016; Wang et al., 2016).  

For individuals at high risk of CTE, as with American football players occurring mild 

repetitive TBIs, Tau PET has the potential to advance our understanding of disease 

mechanisms and provide early stage diagnostic and prognostic biomarkers. 
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GOALS 

   Until very recently, it was only possible to see Tau aggregates in post-mortem by 

immunohistochemistry, because Tau deposits are mainly intracellular and it may be 

more difficult to access in vivo. Many neurological diseases are related to abnormal 

Tau. It becomes critical to be able to visualise this protein in vivo. 

In that context it is necessary to develop new biomarkers to detect tauopathies 

earlier. Once this is done, interventions that decrease the intracerebral Tau burden 

could potentially be an important clinical advance. This could allow to treat these 

pathologies more quickly in order to limit the importance of neurological deficits.  

The work carried out during this thesis aims to promote the use of non-invasive 

imaging techniques to explore the distribution of the Tau protein in vivo in the 

context of two taupopathies, AD and CTE.  

The first experimental part is to study in phosphor screen autoradiography post-

mortem the pattern binding of the most common used Tau radioligand in PET 

research, [18F]-AV-1451 in slices from AD and CTE brains. We compared the 

behaviour of this radiotracer with two novel second generation tracers, [18F]-

MK-6240 and [18F]-PI-2620. 

The second experimental part is the evaluation of the usefulness in vivo of [18F]-

AV-1451 in the diagnostic and follow-up of patients with AD ensuing a potential 

treatment decreasing the intracerebral Tau burden.  

The third experimental part is the use of the Tau PET imaging in vivo in a population 

of American football players to help the early detection of CTE and to have a better 

understanding of this pathology.  
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PART 2: Autoradiographic characterization of 
p-Tau PET tracers [18F]-AV-1451, [18F]-
MK-6240, [18F]-PI-2620 in AD and CTE 
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PROBLEM STATEMENT 

   Tau aggregates are a pathological hallmark in such tauopathies as AD and CTE. 

Recently, several radiotracers were reported to show potential for imaging p-Tau by 

PET imaging in vivo. This gave the opportunity of utilizing them to improve 

diagnostic in tauopathies and to quantify Tau pathology burden in the human brain 

in vivo, allowing a following up of patients after potential treatments. 

[18F]-AV-1451 has been described as the first promising ligand for detection of 3R/4R 

Tau isoform accumulation in the brain (Xia et al., 2013). Indeed, in AD patients 

compared to controls, an increased uptake of [18F]-AV-1451 has been observed in 

cortical regions containing NFTs (Brier et al., 2016; Cho et al., 2016; Johnson et al., 

2016; Pontecorvo et al., 2017; Scholl et al., 2016; Wang et al., 2016). The same 

distinction has been discerned in regions where Tau lesions are expected between 

controls group and patients with tauopathies non-AD (Brier et al., 2016; Cho et al., 

2016).  

As a Tau PET radiotracer of first generation, [18F]-AV-1451 showed high affinity to 

the 3R/4R Tau isoform (Villemagne et al. 2015; 2018; Lois et al. 2019) with however 

some limitations as off-target binding as well as ante-mortem versus post-mortem 

inconsistencies (Villemagne et al. 2015; 2018; Harada et al., 2018; Lois et al., 2019). 

Second generation selective Tau PET radiotracers, such as [18F]-PI-2620 and [18F]-

MK-6240 have been preclinically evaluated and demonstrated high affinity, 

selectivity and specificity so far (Lois et al. 2019). 

The aim of our study was to investigate [18F]-AV-1451 binding patterns in 

pathologically confirmed AD and CTE post-mortem tissue using phosphor screen 

autoradiography. Also, we compared the binding patterns of [18F]-AV-1451 with [18F]-

MK-6240 and [18F]-PI-2620, to verify if this new generation of Tau PET tracer could 

be more useful as biomarkers in AD and CTE than first generation tracers.  
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MATERIALS AND METHODS  

1. Autoradiography principles  

   In vitro Autoradiography is a semi-quantitative histochemical technique aims to 

detect the anatomical distribution of a molecule of interest coupled to a radioactive 

isotope on tissue sections. The method is based on the specific binding of a 

radioligand to its target. The frozen tissue sections are incubated with the radioligand 

solution and brought into contact with a phosphor screen, which allows the 

visualization of the binding sites of the molecule of interest. Phosphor screens are 

ideal for imaging short-lived radionuclides, where expose time are limited, such as 

[11C] and [18F] used to label radioligands for PET. 

2. Tissue samples  

   In these studies are included postmortem brain, retina tissue samples from the 

Massachusetts and the Boston University (BU) Alzheimer’s Disease Research Center 

(ADRC) Brain Bank.  

Blocks of frozen tissue from AD, CTE and age-matched controls free of 

neurodegenerative disease subjects were embedded in optimal cutting temperature 

compound and cut into 10µm thick slices in a cryostat (Thermo-Shan- don SME 

Cryostat). Then they were mounted on Histobond adhesion glass slides (StatLab, TX) 

and stored at -80°C.  
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3. Radiotracers  

   [18F]-AV-1451, [18F]-MK-6240 and [18F]-PI-2620 (Figure 7) have been used for 

phosphor screen autoradiography. It has been demonstrated that they all target the 

3R/4R Tau isoform (Tiepolt et al., 2019).  

[18F]-AV-1451 and [18F]-MK-6240 were synthesized as previously described by our 

Center (Shoup et al., 2013; Collier et al., 2017) and experiments were performed 

using aliquots from material prepared for in vivo imaging on the same day. [18F]-

PI-2620 was produced onsite in our Center specifically for this experiment the same 

day.  

 

Figure 7: Chemical structure of the Tau PET radioligands [18F]-AV-1451, 

[18F]-MK-6240 and [18F]-PI-2620 (Tiepolt et al., 2019). 

4. Phosphor screen autoradiography  

   Frozen brain sections were fixed in 100% methanol at room temperature for 20 min 

and then transferred to a bath containing high specific activity of the radiotracer in 

10mM PBS with a radioactivity concentration of approximately 20 µCi/ml (0,74 

MBq/ml) for [18F]-AV-1451 and 10 µCi/ml (0,37 MBq/ml) for [18F]-MK-6240 and 

[18F]-PI-2620.  

Adjacent brain slices were set in a blocking condition bath with the tracer unlabeled.  

An appropriate cold dose of each tracer was added to saturate all available specific 

binding sites of Tau, 500 nM of MK-6240 and 1 µM of AV-1451 or PI-2620 (Xia et al., 

2013).  
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After incubation for 60 minutes, sections were washed to remove unbound 

radiotracer as following : 10 mM PBS for 1 min, 70% ethanol/30% PBS for 2 min, 

30% ethanol/70% PBS for 1min, and 100% 10 mM PBS for 1 min.  

Sections were then air dried before transferring to a storage phosphor screen 

(MultiSensitive Phosphor Screen, PerkinElmer Life and Analytic Sciences, Shelton, 

CT) that had been photobleached by being exposed to a white light for at least 15 

minutes. The slides and phosphor screen were enclosed in an aluminum film cassette 

and set in a dark area overnight.  

Under red lighting conditions, the slides were removed from the exposed screen, 

which was mounted to the carousel of the digital imaging system (Cyclone Plus 

Storage Phophor Scanner, PerkinElmer Life and Analytic Sciences). Scanning of 

screens was controlled by the manufacturer’s OptiQuant software package using the 

highest available resolution of 600 dpi (approximately 50 µm sampling interval). 

Images from adjacent brain slices incubated in the unblocked and blocking 

conditions were compared to determine total and non-specific binding of the 

radiotracer in the tissue. All experiments were ran in triplicates.  

To eliminate the possibility that the ethanol washing steps may have removed some 

weaker tracer binding, parallel experiments with a radioactivity concentration of 

approximately 1 µCi/ml (0,037 MBq/ml), an incubation of 90 minutes and only 100% 

10 mM PBS in the washing conditions were also performed.  
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RESULTS 

1.Autoradiography of AD cases  

   In AD cases, phosphor screens autoradiography experiments confirmed strong 

binding of AV-1451 to brain slices containing neurofibrillary tangles (Figure 8). This 

binding was blocked after incubating the slides with 1 µM unlabeled AV-1451, 

demonstrating the selectivity of the signal. No AV-1451 signal has been noticed in 

slices from control cases with the exception of binding to layer II entorhinal cortex 

showing age-related tangles, the substantia nigra and the choroid plexus 

demonstrating off-target binding. AV-1451 binding was absent in the cerebellum, a 

region free of tangles in AD.  
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Figure 8: [18F]-AV-1451 phosphor screen images of brain slices from AD 

and control cases. Strong [18F]-AV-1451 binding was observed in cortical regions 

containing NFTs from AD brains. The signal was blocked by adding 1 µM unlabeled 

AV-1451. No [18F]-AV-1451 signal was detected in the cerebellum (A). Slices from a 

control case free of pathology did not show detectable [18F]-AV-1451 binding. [18F]-

AV-1451 binding was confined to incidental age-related PHF-tangle pathology in 

superficial layers of entorhinal cortex, substantia nigra and choroid plexus in control 

serving as internal positive control for the experiments (B). Scale bar=1 cm. 

According to phosphor screen autoradiography experiments, the binding patterns of 

[18F]-MK-6240 (Figure 9) and [18F]-PI-2620 (Figure 10) were similar to those 

reported for [18F]-AV-1451 with a strong binding to neurofibrillary tangles in AD.  

 

46



Figure 9: [18F]-MK-6240 phosphor screen images of brain slices from AD 

and control cases. From AD brains, strong [18F]-MK-6240 signal was detected in 

cortical regions containing tangles. No signal was observed in basal ganglia, a region 

free of tangles. Unlabeled MK-6240 permitted to block the signal (A). Slices from a 

control case free of pathology did not show detectable binding (B). 
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Figure 10: [18F]-PI-2620 phosphor screen images of brain slices from AD 

and control cases. Strong [18F]-PI-2620 binding was detected in cortical regions 

containing NFTs from AD brains. The signal was blocked by adding 1 µM unlabeled 

PI-2620. No [18F]-PI-2620 signal was perceived in the cerebellum, area free from 

tangles (A). Slices from a control case free of pathology did not show detectable [18F]-

PI-2620 binding. [18F]-PI-2620 binding was remarked in the hippocampus (age-

related PHF-tangle pathology) serving as internal positive control for the 

experiments (B). Scale bar=1 cm. 

2. Autoradiography of CTE cases 

   In the CTE cases, no autoradiographic signal could be detected with AV-1451 across 

multiple cortical regions known to contain Tau aggregates (Figure 11). 
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Figure 11: [18F]-AV-1451 phosphor screen images of brain slices from CTE 

cases. No [18F]-AV-1451 binding was detected in CTE slices. Scale bar = 1cm. 

Like AV-1451, PI-2620 (Figure 12, A) and MK-6240 (Figure 12, B) seem to have a 

relatively low affinity for Tau aggregates in non-AD tauopathies as CTE. Indeed, no 

detectable binding with these two tracers have been identified in brain slices 

containing non-PHF Tau aggregates from CTE cases. 
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Figure 12: [18F]-PI-2620 and [18F]-MK-6240 phosphor screen images of 

brain slices from CTE cases. No [18F]-PI-2620 (A) and [18F]-MK-6240 (B) 

binding were detected in CTE slices. Scale bar = 1cm. 

Parallel autoradiographic experiments performed with adjacent tissue slices and 

eliminating ethanol from the washing conditions yielded identical results, avoiding 

the possibility that the ethanol washing steps may have removed some weaker tracer 

binding (Figure 13).  
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Figure 13: Representative images of phosphor screen autoradiography 

experiments with and without ethanol washing steps. The results of the 

protocol using ethanol in the washing steps are displayed on A, the ones from the 

protocol avoiding the use of ethanol in the washing steps are shown on B. Identical 

results were observed in comparison of both protocols using adjacent brain tissue 

slices. A strong [18F]-AV-1451 binding signal was observed in cortical regions 

containing tangles in AD but no [18F]-AV-1451 binding was detected in CTE slices 

with the exception of the off-target to leptomeningeal melanocytes. Scale bar = 1cm. 

3. Autoradiography of off-target binding 

   MK-6240 and PI-2620 exhibit similar off-target binding patterns than described by 

[18F]-AV-1451 (Marquié et al., 2015). Indeed, a strong off-target binding was present 

in midbrain slices containing substantia nigra, retinal pigment epithelium, brain 

metastatic melanoma, brain slices containing parenchymal hemorrhages and 

extracutaneous meningeal melanocytes (Figure 14). 
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Figure 14: [18F]-PI-2620 and [18F]-MK-6240 phosphor screen images off-

target binding. Strong [18F]-PI-2620 and [18F]-MK-6240 signal were discerned in 

neuromelanin-containing neurons of substantia nigra (A), melanin containing 

granules in the retinal pigment epithelium (B), malignant melanocytes in metastatic 

melanoma (C), parenchyme hemorrhage (D) and extracutaneous leptomeningeal 

melanocytes (E). [18F]-PI-2620 phosphor screen autoradiography images are 

displayed in (A-E) left panels. [18F]-MK-6240 phosphor screen autoradiography 

images are displayed in (A-E) right panels. Scale bar=1 cm. 
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DISCUSSION  

   Recently multiple novel PET tracers have been reported allowing the detection of 

Tau pathology in vivo for human. However, for the correct interpretation of the PET 

images it is essential to validate the biological targets and to identify potential off-

target binding of these imaging agents. 

Tau tracers in AD 

Using autoradiography approaches in postmortem brain tissue samples we have seen 

that [18F]-AV-1451 has a high binding affinity for Tau aggregates in the form of NFTs 

in AD. 

We have also carefully characterized the autoradiographic binding patterns of novel 

Tau tracers [18F]-MK-6240 and [18F]-PI-2620. Some early studies point to a higher in 

vivo retention of these radioligands in neocortical and medial temporal brain regions 

of AD patients compared to elderly cognitively normal individuals (Lohith et al., 

2018;  Kroth et al., 2019). Because these ligands are already being incorporated into 

clinical trial research, validation studies are crucial to evaluate the potential 

usefulness of these ligands as a reliable marker of human brain Tau lesions. In an 

attempt to advance towards that goal, we applied [18F]-MK-6240 and [18F]-PI-2620 

phosphor screen to the study of a series of autopsy samples from individuals with a 

definitive diagnosis of AD and control brains free of neurodegenerative pathology. 

Overall, [18F]-MK-6240 and [18F]-PI-2620 autoradiographic binding patterns in AD 

were really similar to those of [18F]-AV-1451.  

In our research groups some additional studies have been carried out, as 

autoradiography using a fine grain nuclear emulsion and immunohistochemistry. 

Regional and laminar autoradiographic patterns of distribution of [18F]-MK-6240  

(Aguero et al., 2019) (Annexe 1) and [18F]-PI-2620 closely matched those of classic 

PHF-tangles in AD brains (Arnold et al., 1991; Lewis et al., 1987), confirming that 

[18F]-MK-6240 and [18F]-PI-2620 labeled lesions were NFTs. Also, PHF-tau load was 
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determined by immunohistochemistry, showing concomitant signal with the 

autoradiographic pattern (Aguero et al., 2019) (Annexe 1). This suggests that these 

lesions are the main pathological substrate of [18F]-MK-6240 and [18F]-PI-2620 

binding.  

To accurately interpret Tau neuroimaging of these radioligands, the correlation 

between in vivo retention and postmortem in vitro binding is the gold standard. We 

are running in our group this comparison of  in vivo  measures of [18F]-AV-1451 

relative standardized uptake values (SUVR) as measured by PET in multiple region of 

interests (ROIs) with autoradiographic signal  in matching ROIs at postmortem. 

Those results are also going to be correlated to quantitative Tau measurements as 

burden of Tau aggregates in immunostained tissue and measurements of different 

soluble Tau species in whole tissue homogenates and synaptic/cytosolic enriched 

fractions as detected by Western Blot and ELISA.  

It has been demonstrated than [18F]-AV-1451 has a significantly higher affinity for 

Tau aggregates in the form of NFTs in AD compared to Tau aggregates in other 

tauopathies non-AD (Lowe et al., 2016; Marquie et al., 2015; 2017; Sander et al., 

2016). This justifies the closer look by autoradiography of CTE cases to have a better 

understanding of the usefulness of these radioligands for the detection of Tau burden 

in this pathology.  

Tau tracers in CTE 

The development of novel neuroimaging biomarkers potentially capable of improving 

the diagnosis of CTE and monitoring the progression of the disease would be hightly 

beneficial (Sundman et al., 2015; Zetterberg et al., 2016). While Tau PET tracer [18F]-

AV-1451 has recently shown great potential in AD with binding to NFTs with PHF 

conformation, the utility of this ligand in assessing the Tau burden in CTE remains 

uncertain.  

We have examined the postmortem binding patterns with phosphor screens 

autoradiography of [18F]-AV-1541 in multiple ROIs from autopsy-confirmed CTE 

cases. Our results showed negligible binding of [18F]-AV-1451 in brain regions with a 

high burden of Tau lesions. In contrast, AD brains included here as positive control, 
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exhibited strong [18F]-AV-1451 binding signal as previously reported (Xia et al., 2013; 

Lowe et al., 2016; Marquie et al., 2015; 2017; Sander et al., 2016;).  

In addition with these findings, our research groups have performed some high 

resolution nuclear emulsion autoradiography experiments showing no detectable 

silver grain accumulation overlapping with CTE Tau aggregates seeing in 

immunohistochemistry. Also, they have demonstrated that the pathological Tau 

burden in these CTE cases, quantified by immunostaining, significantly correlated 

with the levels of soluble Tau phosphorylated (Western blotting), and with Tau 

seeding activity in the same ROIs (Marique et al., 2019) (Annexe 2). 

These observations suggest that in vivo neuroimaging [18F]-AV-1451 may not have 

sufficient sensitivity for detecting and quantifying Tau pathology in CTE.  

We also studied by phosphor screen autoradiography, the binding patterns of the two 

novel PET tracers [18F]-MK-6240 and [18F]-PI-2620 for CTE in post-mortem. Our 

results confirmed that [18F]-MK-6240 and [18F]-PI-2620 avidly bound with 

significantly stronger affinity and selectivity to Tau aggregates containing all six 

isoforms of Tau (3R and 4R) with PHF ultrastructure in AD slices, they did not bind 

to Tau aggregates containing all six isoforms of Tau (3R and 4R) in CTE slices. These 

findings strongly suggest that Tau in tangles of AD has a unique conformation that is 

recognized by these radioligands which are behaving similarly than AV-1451.  

The overall utility of these tracers as an in vivo biomarker in CTE can seem very 

limited from these in vitro results. Despite Tau aggregates in CTE and AD are both 

containing 3 and 4 repeat isoforms of Tau, our results suggest that [18F]-AV-1451 

differs in its affinity for Tau burden from these two diseases. In accordance with this 

hypothesis, recent studies demonstrated that Tau filament structures in CTE are 

distinct from those of AD (Falcon et al., 2018; 2019) with a conformation of the β-

helix region creating a hydrophobic cavity that is absent in AD Tau filaments. 

Nonetheless, it has been also demonstrated that the filaments structures in vivo are 

distinct from those formed in vitro (Falcon et al., 2019). Another limitation in this 

study is that in vitro autoradiography of human brain tissue is a reliable method to 

assess the binding selectivity of radioligands however, the non physiological assay 

conditions could affect the results by changing the native conformation of target and 

non-target proteins. In order to conclude on the usefulness of p-Tau PET imaging 
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with those tracers in CTE, further investigations are required. Now that the 

conformation of the p-Tau protein in CTE has been well defined, a new generation of 

p-Tau PET tracer specifically made to recognise this conformation could be helpful.  

Tau tracers and off-target binding  

[18F]-AV-1451 have shown a strong affinity to PHF-tau aggregates in AD brains, and 

those that form as a function of age. However this compound show limited affinity for 

some isoforms of Tau and also suffers from off-target binding that can lead to a 

misinterpretation of imaging data. 

[18F]-AV-1451 exhibits in vivo strong off-target binding to neuromelanin (in 

pigmented brainstem regions), melanin (in leptomeninges), calcifications in choroid 

plexus, iron-associated regions as basal ganglia and to intraparenchymal hemorrhage 

(Okamura et al., 2018; Lowe et al., 2016; Ikonomovic et al., 2016). The former of 

these affinities explains the nearly universal elevated in vivo retention observed in 

the substantia nigra of elderly individuals regardless of their pathological diagnosis 

(Marquie et al., 2015). In post-mortem our research groups previsously identified 

AV-1451 off-target binding to neuromelanin- and melanin-containing cells, to choroid 

plexus and to brain hemorrhagic lesions (Marquie et al., 2015). These observations 

justify the investigation of the off-target binding patterns of newly developed Tau 

PET radio tracers.  

With phosphor screen autoradiography experiments we have noticed a strong 

binding of [18F]-MK-6240 and [18F]-PI-2620 to neuromelanin- and melanin-

containing cells including pigmented neurons in the substantia nigra (regardless of 

the presence or absence of nigral Tau pathology), leptomeningeal melanocytes, 

metastatic melanoma and retinal pigment epithelium. We have seen some weaker 

off-target binding to brain hemorrhages as well. This is relevant for the correct 

interpretation of in vivo imaging as for example on the relative abundance and 

distribution of leptomeningeal melanocytes across different individuals (Goldgeier et 

al., 1984) or the presence of brain hemorrhagic lesions in parallel with the lesions of 

the pathology. In vivo it has been demonstrated by others that [18F]-MK-6240 

doesn’t follow the same behaviour than [18F]-AV-1451 (Choi et al., 2018) for the off-
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target on the basal ganglia and choroid plexus (Betthauser et al., 2019). We observed 

the same post-mortem binding pattern with a lack of signal in the basal ganglia for 

[18F]-MK-6240 and [18F]-PI-2620. We still need to have a closer look at the choroid 

plexus with those tracers to complete this off-target binding characterization.  

In addition, one of the first generation Tau PET tracers, THK-5351, has been recently 

found to demonstrate high binding affinity to MAO-B (Monoamine Oxydase B) 

(Harada et al., 2016; Ng et al., 2017), seriously compromising its value as a Tau-

specific tracer and increasing the need for alternative Tau-specific imaging agents. To 

date, our own observations and some of other groups about a potential non-specific 

binding of AV-1451 to MAO enzymes have demonstrated conflicting results (Aguero 

et al., 2019, Annexe 1; Hansen et al., 2018; Vermeiren et al., 2018). We are going to 

run tritium autoradiography with [3H]deprenyl (imaging MAOB) and [3H]clorgyline 

(imaging MAOA) to figure out if some signal is due to an off-target binding of those 

agents to Tau.  

The two novel Tau PET tracers of second generation showed some slight 

improvement about the off-targets, but there are still many others off-target too close 

to the pathologic lesions, making the interpretation of the images difficult. We need a 

new generation of Tau PET tracers free from these gaps of selectivity to improve the 

imaging of the protein Tau in vivo.  

In conclusion this autoradiographic characterization allowed to confirm the potential 

utility of Tau PET tracers for the reliable detection/quantification of Tau aggregates 

and disease-progression tracking in AD. 

In the next part of this work, we will see in vivo if that selective p-Tau imaging could 

be used as a follow-up tool for monitoring the efficacy of a treatment. 
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PART 3: Tau PET imaging in AD : Effect of 
modulating gamma oscillations by 

transcranial alternating current stimulation 
on brain structure in humans 
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PROBLEM STATEMENT  

  AD is the leading cause of dementia and the sixth leading cause of death in the 

United States in 2013 (James et al., 2014). The therapeutic options are very limited, 

with some pharmacologic interventions that transiently improve cognitive functions 

but with no treatments that avoid the progression of the disease.  

AD is characterized by diffuse Aβ and p-Tau aggregates as well as widespread 

neurodegeneration (Villain et al. 2012, Villemagne et al. 2013). Apart from protein 

deposition, a consistent finding in patients with AD is a relative attenuation of brain 

fast oscillatory activity in the 30-80 Hz range, known as “gamma” activity (Babiloni 

et al., 2015). More recently, it has been demonstrated that exogenously-induced 40 

Hz gamma oscillations reduce Aβ levels via microglia activation, and may also reduce 

p-Tau levels in a mouse model of AD (Iaccarino et al., 2016). The same authors have 

also determined that in presymptomatic AD mice, induction of gamma activity 

prevents subsequent neurodegeneration and behavioral impairments, suggesting that 

gamma induction may represent a novel and powerful therapeutic approach for AD.  

Recent studies in the field of non-invasive brain stimulation suggest the feasibility of 

interacting with brain oscillations by transcranial alternating current stimulation 

(tACS), where low intensity (max 2mA) alternating sinusoidal currents are applied 

via scalp electrodes. Due to the safety of the procedure (Rossini et al., 2015), the 

stimulation frequency and the controllability of the target stimulated, tACS have been 

promoted as one of the most promising techniques to modulate the healthy and 

pathological brain (Tatti et al., 2016). In humans, the effects have been documented 

at the behavioral level for sensorimotor (Santarnecchi et al., 2017; Feurra et al., 2011; 

2013), visual (Kanai et al., 2008), somatosensory (Feurra et al., 2011) and higher-

order cognitive domains (Santarnecchi et al., 2013; 2016), with effects lasting for up 

to 70 minutes after stimulation (Kasten et al., 2016).  

In our study each participant underwent 4 weeks (20 sessions of one hour) of tACS in 

bi-temporal brain areas. tACS uses low amplitude alternating currents via externally 

applied electrodes to modulate brain activity and cortical rhythmic activity gamma 

oscillations.  
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In AD patient with amyloid-positive PET scores we look at the p-Tau distribution 

after tACS stimulation sessions. The present study, done in collaboration with the 

Berenson-Allen Center for Non-Invasive Brain Stimulation (CNBS) at Beth Israel 

Deaconess Medical Center (BIDMC), will investigate the impact of a novel 

transcranial electrical stimulation therapeutic intervention on PET markers of AD as 

hyperphosphorylated Tau protein distribution. 

The purpose of this study is to determine the ability of Tau PET imaging to establish 

the viability of a new potential treatment. Aβ and Tau will be measured using [11C]-

PiB and [18F]-AV-1451 in PET imaging. These scans have been done before the 20 

tACS treatments and then done again after the tACS treatment to access the 

difference in the cerebral Tau burden occurring after the treatment. 
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MATERIALS AND METHODS 

1. Subject selection 

   We recruited 5 subjects for a pilot study. The patients must had a diagnosis of mild 

to moderate AD and be over 65 years old.  

All subjects underwent at least one comprehensive medical and neurological 

evaluation using tests such as the Mini-Mental State Examination (MMSE) and/or 

the Clinical Dementia Rating (CDR) scale.  

The study has been approved by the institutional review board at Massachusetts 

General Hospital (MGH), and all subjects signed an informed consent form.  

2. Data acquisition  

   All enrolled subjects underwent separate PET and MRI procedures. The [11C]-PiB 

and [18F]-AV-1451 tracers were synthesized and administered onsite.  

Structural MRI was performed for anatomical reference. A 3-dimensional structural 

T1-weighted BRAVO sequence was acquired using a 3 T GE MRI. The 3D acquisitions 

used the following parameters: repetition time = 8240 ms; echo time = 3.24 ms; 

inversion time = 450 ms; flip angle = 12°; voxel size = 0.94 × 0.94 × 1 mm3 and 

matrix size = 256 × 256. MRI data were used to define regions of interest for image 

analysis.  

Five participants (S1-S5) were scanned on a Discovery MI (GE Healthcare) PET/CT 

scanner. The full width at half maximum (FWHM) spatial resolutions measured at 

the center of the axial field of view (radial position = 1 cm) were 4.3 mm and 5.1 mm 

in transverse and axial direction respectively. 50 min after the injection of a 15mCi 

(555MBq) intravenous bolus of [11C]-PiB, static data were acquired during 20 min 

(McNamee et al., 2009). Following a 10mCi (370 MBq) bolus injection of [18F]-

AV-1451, static data were measured 75 min after injection, for a duration of 30 min 
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(Baker et al., 2017). An X-ray CT scan was performed right before each PET segment 

for attenuation correction and was obtained using standard acquisition parameters 

with the GE MI Discovery PET/CT scanner. 

All 2 PET/CT scans were completed within 3 weeks following the final tACS study 

visit. 

3. Image reconstruction and processing 

   PET data acquired on the Discovery MI (GE Healthcare) PET/CT scanner were 

reconstructed using a validated fully 3D time-of-flight iterative reconstruction 

algorithm using five iterations and 16 subsets while applying corrections for scatter, 

attenuation, deadtime, random coincident events and scanner normalization. Final 

reconstructed images had voxel dimensions of 256 × 256 × 89 and voxel sizes of 1.17 

× 1.17 × 2.8 mm3.  

PET images were motion corrected frame-by-frame through rigid body registration of 

adjacent frames using a least-squares algorithm with Levenberg–Marquardt 

optimization (Alpert et al., 1996). All MR and PET images were registered into the 

standard Montreal Neurological Institute (MNI) space following the procedure 

described in Wooten et al. (2017). The first 10 min of the PET images were summed 

and rigidly co-registered to the structural MRI image, itself transformed into the MNI 

space using a 12-parameter affine transformation followed by nonlinear warping 

(FMRIB’s Linear Image Registration Tool [FLIRT] and FMRIB’s Non-Linear Image 

Registration Tool [FNIRT] in the FMRIB Software Library [FSL] (Jenkinson et al., 

2012)). The transformation matrices were combined and applied inversely on MNI 

and Harvard–Oxford atlases (available in FSL) in order to warp the atlas based 

regions of interest into the native PET images for extraction of radioactivity time–

activity curves. The regions of interest surveyed in this work included the frontal 

cortex, parietal cortex, occipital cortex, temporal cortex, mesial temporal cortex 

(MTC), precuneus, cerebellum gray no vermis, cingulate gyrus posterior, gray matter, 

white matter, amygdala, caudate, hippocampus, pallidum, putamen and thalamus. 
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4. Biostatistical Analysis 

   PET Aβ and p-Tau levels across brain regions were quantified using relative SUVR 

(Lopresti et al., 2005). Reference region based analyses of [11C]-PiB uptake were 

performed using the cerebellum (excluding the vermis) as a reference tissue 

(McNamee et al., 2009) and for [18F]-AV-1451 we used the white matter (Hanseeuw 

et al., 2019; Baker et al., 2019) providing more stable estimates for longitudinal 

studies. Subjects were defined as amyloid positive if the global (across frontal, 

occipital, parietal and temporal regions) cortical to cerebellar SUV ratio is greater 

than or equal to 1.4 (Bullich et al., 2017).  

Studies have suggested that the test-retest reliability of amyloid-PET measurement is 

high, with an intraclass correlation of 0.99, and a relative measurement error of 3%  

for PiB and AV-1451 PET imaging. Test-retest analyses demonstrated low variability 

in [11C]-PiB and [18F]-AV-1451 SUVR (C. R. Jack et al., 2013; Devous et al., 2017). The 

annual rate of change in the global and regional Aβ and p-Tau ratio is generally either 

nonsignificant or positive, typically on the order of 0.05 units/year, and asymptotes 

in patients with cognitive deficits and high Aβ and p-Tau levels (C. R. Jack et al., 

2013; 2019; Villain et al., 2012; Villemagne et al., 2013). This suggests that major 

changes are unlikely over the short time period between baseline and post-tACS 

testing. Furthermore, significant decreases in Aβ or p-Tau (> 0.05 units/year) are 

rare, particularly in patients with AD (C. R. Jack et al., 2013), suggesting that 

decreases above this magnitude would represent a reliable measure of tACS effect. 
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RESULTS 

  Longitudinal changes in Aβ and p-Tau deposition are measured by [11C]-PiB-PET 

and [18F]-AV-1451-PET in patients with mild to moderate AD, after 20 daily sessions 

of tACS.  

1. Aβ imaging 

   15 mCi (555 MBq) of the radiotracer [11C]-PiB, an agent that binds specifically to Aβ, 

was infused as a slow bolus over 60 seconds via intravenous line placed prior to the 

scan. PET data were acquired in static mode at 50-70 minutes post-injection.  

All the subjects are amyloid positive (Table 1).   

Table 1: Aβ scores for each subject. This score has been calculated from the 

SUVR values in the frontal, occipital, parietal and temporal cortex. The subjects are 

considered amyloid positive if the ratio is superior or equal to 1.4.  

SUVR (50-70 min) maps, before and after tACS treatment, generated using the 

cerebellum no vermis as a reference region are shown in Figure 15 for the 5 subjects. 

Also displayed is the subjects BRAVO image in standardised space of the same slice 

for localisation. From these parametric images we can see that the Aβ distribution is 

very spread out in the brain of each subject.  

Subjects Mean SUVR
S1 2.12
S2 2.07
S3 2.49
S4 1.87
S5 1.41
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Figure 15: SUVR parametric images of [11C]-PiB for all subjects using the 

cerebellum no vermis as reference region. First row shows the corresponding 

individual BRAVO images for anatomical reference, the second row the PET images 

before the tACS treatment and the last row the PET images after the tACS treatment.  

We looked closer at the temporal lobe, the region of the brain targeted and stimulated 

by tACS for each subject. We calculated the dSUVR between the two scans as follow : 

(SUVRpost-tACS / SUVRpre-tCAS)*100-100.  

[11C]-PiB binding generally decreased after the tACS treatment in that population 

(Figure 16). However, PET analysis studies have suggested that the relative 

measurement error of the test-retest of amyloid-PET can reach 3%. The decrease of 

[11C]-PiB binding observed in that study is not significant because it doesn’t reach 

that threshold. To conclude about the findings and see if the declining trend of Aβ   

deposition represented by the decrease of [11C]-PiB binding after a tCAS treatment is 

significant we need to study a larger population with a longer TACs treatment.  
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Figure 16: Change in [11C]-PiB binding across the 5 subjects in the 

temporal lobe. The mean dSUVR obtained from the scans pre and post tCAS 

doesn’t show any significant effect of the treatment on the [11C]-PiB binding at the 

temporal lobe.  

2. Hyperphosphorylated Tau imaging 

   [18F]-AV-1451 binds with high affinity and selectivity to aggregated Tau pathology in 

ex-vivo human brain sections. 10 mCi (370 MBq) of [18F]-AV-1451 were infused as a 

slow bolus over 60 seconds via intravenous line placed prior to the scan. PET data 

were acquired in static mode at 75-105 minutes post-injection. 

SUVR (75-105 min) maps, before and after tACS treatment, generated using the 

white matter as a reference region are shown in Figure 17 for the 5 subjects. Also 

displayed is the subjects BRAVO image in standardised space of the same slice for 

localisation. From these parametric images we can see that all the subjects showed p-

Tau depositions in the brain. The temporal lobe of these subjects is reached by p-Tau, 

that means they are all at least in Braak stage IV (MCI). Also they all have p-Tau 

present in other region of interest related to AD as frontal cortex (S2, S4), parietal 
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cortex (S1-S4), occipital cortex (S1-S5), MTC (S2-S5), precuneus (S1-S4), cingulate 

gyrus posterior (S1-S4), amygdala (S1-S5), caudate (S5), hippocampus (S3-S5), 

pallidum (S1-S5), putamen (S1-S5) and thalamus (S1-S5). Our results demonstrate 

that Tau-PET imaging is helpful to improve the AD diagnosis of these patients.  

 

Figure 17: SUVR parametric images of [18F]-AV-1451 for all subjects using 

the white matter as reference region. SUVR (75-105min) maps before after 

tACS treatment are shown for all subjects studied in this work, as well the 

corresponding MRI slices for anatomical reference. 

We looked closer at the temporal lobe (Figure 18), the targeted region of the brain by 

tACS for each subject and in other regions of interest related to AD (Figure 19). [18F]-

AV-1451 binding generally decreased after the tACS treatment in that population.  
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Figure 18: Change in [18F]-AV-1451 binding across the 5 subjects in the 

Temporal Lobe. PET analysis studies have suggested that the relative 

measurement error of the test-retest of Tau-PET can reach 3%. Three subjects (S2, S4 

and S5) show a decrease of [18F]-AV-1451 binding (over 3%) after the tCAS treatment 

at the temporal lobe. 
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Figure 19: Change in [18F]-AV-1451 binding across the 5 subjects in 

regions of interest. A global decrease in [18F]-AV-1451 binding is observed after 

the tACS treatment. To confirm these results and avoid high variabilities, an 

investigation on a larger population is necessary.  
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DISCUSSION  

   The neurotracers [18F]-AV-1451 and [11C]-PIB allow to image by PET the tissue 

concentration of the p-Tau protein (Mishra et al., 2017) and Aβ (Klunk et al., 2004) 

respectively. 

We observed on 5 subjects a general decrease of the intracerebral Tau burden 

following the tACS. These 5 subjects are amyloid positive as demonstrated with the 

[11C]-PIB scan but the amount of Aβ didn’t seem to be influenced by tACS. The p-Tau  

PET scan was useful to determine the viability of this novel treatment and allowed a 

more accurate diagnosis of AD (Braak stage) by accessing the pattern of distribution 

of Tau protein.  

Our hypothesis is that a tACS treatment entraining gamma oscillations on humans 

with diagnosed AD would decrease cerebral p-Tau aggregates by microglial 

activation. It is evident that neuroinflammation plays a critical role in the 

pathophysiology of AD (Cagnin et al., 2001; Edison et al., 2008; Nuzzo et al., 2014). 

Under physiological conditions, microglia, immune cells of the brain, is 

neuroprotective (Nimmerjahn et al., 2005). In AD, microglia plays a dual role. Acute 

migroglial activation increases clearance mechanisms against misfolded proteins as 

p-Tau and in contrast, chronic activation of microglia contributes to neurotoxicity 

with prolonged inflammation and liberation of proteolytic enzymes damaging the 

extracellular matrix (Liddelow et al., 2017).  

Changes in gamma oscillations have been observed in neurodegenerative diseases. In 

vivo studies on mice have demonstrated that gamma oscillations can polarize 

microglia toward a beneficial activation state by increasing clearance mechanisms 

without activating the pro-inflammatory response (Iaccarino et al., 2017).  

In order to verify the mechanism in our human study, PET imaging of inflammation 

biomarkers could be necessary. A potent TSPO antagonist, PBR28, has been [11C]-

labelled and demonstrated a good correlation between activated microglia and AD 

pathology (Kreisl et al., 2013). Our group tried to image some of these subjects for 

TSPO at the same time point used for PiB and AV-1451 scans. However, we couldn’t 

see any binding of the tracer and there was no significant change showing the 
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microglial activation after the tACS treatment. This scan has been cancelled for the 

rest of the study. Nevertheless, the lack of signal could have be explained by a wrong 

time-point of observation for the inflammation. Indeed, the time-course and 

progression of neuroinflammation is a really important parameter (Hamelin et al., 

2016) suggesting that the microglial activation may have an earlier role and could be 

observed upstream of the effects on the Tau burden.  

This study has a limitation with the relative measurement error of the test-retest in 

PET imaging avoiding the detection of small effect inferior to 3%. In addition, we 

have some limitations because of the off-target binding of this p-Tau tracer at the 

choroid plexus, leading to some difficulties to interpret the signal around the 

hippocampus area (important region of interest in AD).  

We need to have a larger population in order to conclude on the effect of the 

treatment about the progression of AD. Also, all these subjects underwent cognitive 

tests before and after treatments to see if they got some cognitive improvements. 

These results will be correlated with the PET imaging findings when the number of 

subjects will be higher. The future work following this preliminary study will include 

a TACs treatment of three months instead of one. That could maybe allow us to see a 

bigger impact of the TACs treatment on the Aβ and p-Tau aggregates. Also we will 

look at the effect of this treatment on a control group with subjects free from 

neurodegenerative diseases. 

In conclusion, p-Tau PET imaging with [18F]-AV-1451 was useful in the diagnostic 

and follow-up of patients with AD ensuing a tCAS treatment. Those results suggest 

that [18F]-AV-1451 could be used to examine changes in Tau burden over time. In the 

next part of this work, we are going to evaluate the value of in vivo p-Tau PET 

imaging in a tauopathie with similar Tau aggregates : CTE.  
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PART 4: Tau PET Imaging in CTE in athletes: 
a sequela of TBI 
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PROBLEM STATEMENT 

   Several studies have suggested an association between TBI and the risk of 

developing dementia later in life. For instance, a meta-analysis of 15 case–control 

studies reported an association between head injury and the risk of Alzheimer disease 

(Fleminger et al, 2003). Another study has shown an association with CTE (Mckee et 

al, 2013). TBIs appear to trigger and exacerbate some of the pathological processes 

involved in these diseases such as the formation and accumulation of misfolded Tau 

protein aggregates (Edwards et al, 2016). Preliminary research indicates that iron 

deposits due to haemorrhaging, following TBIs, may increase Tau pathology 

(Yoshiyama et al., 2005). 

CTE is a neurodegenerative disease that has been associated with a history of 

repetitive head impacts, including those that may associated with concussion 

symptoms in American football players. At this time, CTE can only be diagnosed after 

death by a neuropathological examination. Like AD, CTE has been suggested to be 

associated with a progressive loss of brain cells. In contrast to AD, the diagnosis of 

CTE is based in part on the pattern of Tau deposition and a relative lack of amyloid 

plaques. 

In our protocol each participant underwent Aβ and p-Tau PET imaging measured by 

[11C]-PiB and [18F]-AV-1451.  

The aim of this football players study is to determine the ability of p-Tau PET 

imaging to detect early stages of CTE in a population at risk of developing this 

disease. Also, this study could advance our understanding in the complex mechanism 

that underlies the development of player-related illnesses and disability. 
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MATERIALS AND METHODS 

1. Subject selection 

   In total, we plan to recruit and enroll up to 150 study participants. We recruited 10 

subjects so far between 34 to 56 years old. To be included in the cohort, a participant 

must be a former professional football player who played in the American or National 

Football League from 1960 to present. This includes former players of all races, ages 

and geographic locations nationally. Women are not included in this group, as the 

National Football League is historically and currently a male-only entity.  

 

Prior to arrival all participants are pre-screened over the phone for cognitive 

impairment using the Telephone Montreal Cognitive Assessment (T-MoCA). If 

impairment is suspected, additional tools are employed to further assess the potential 

participant’s functioning as the Alzheimer’s Disease Cooperative Study (ADCS-ADL), 

and the Neuropsychiatric Inventory–Questionnaire (NPI-Q). This assessments are 

conducted by study staff members who have been specifically trained by a licensed 

neurologist or neuropsychologist. The purpose of this assessment is to provide a 

mechanism to identify if the potential participant should be excluded from the study 

due to severity of cognitive impairment and to identify the need to have a study 

partner accompany the participant to Boston for the study. This is necessary to assure 

that a participant with cognitive impairment has someone to participate in the 

informed consent process if needed.  

At the first in-person visit, the participant performs the MMSE. The purpose of 

administering the MMSE is to serve as an additional measure of cognitive functioning 

and when combined with known medical history, medications and T-MoCA score 

from the screening, is used to determine the participant’s ability to provide consent.  

All subjects signed an informed consent form, and the study was approved by the 

institutional review board at MGH. 
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2. Data acquisition  

   All enrolled subjects underwent separate PET and MRI procedures.  

Structural MRI was performed for anatomical reference. A 3-dimensional structural 

T1-weighted magnetization-prepared rapid gradient-echo (MPRAGE) was acquired 

using a 3 T Tim Trio (Siemens Medical Systems). The MPRAGE acquisitions 

parameters were as follows: repetition time/echo time/inversion time, 

2530/1.69/1100 ms; 7° flip angle; 1 mm slice thickness and matrix size 256 × 256. 

MRI data were used to define regions of interest for image analysis. 

Ten participants (S1-S10) were scanned on a Discovery MI (GE Healthcare) PET/CT 

scanner. The FWHM spatial resolutions measured at the center of the axial field of 

view (radial position = 1 cm) were 4.3 mm and 5.1 mm in transverse and axial 

direction respectively. 40 min after the injection of a 15mCi (555 MBq) intravenous 

bolus of [11C]-PiB, static data were acquired during 20 min (McNamee et al., 2009). 

Following a 10mCi (370 MBq) bolus injection of [18F]-AV-1451, static data were 

measured 75 min after injection, for a duration of 30 min (Baker et al., 2017). An X-

ray CT scan was performed at the start of each emission scan for the purpose of 

attenuation correction and was obtained using standard acquisition parameters with 

the GE MI Discovery PET/CT scanner. 

3. Image reconstruction and processing 

   PET data acquired on the Discovery MI (GE Healthcare) PET/CT scanner were 

reconstructed using a validated fully 3D time-of-flight iterative reconstruction 

algorithm using five iterations and 16 subsets while applying corrections for 

attenuation, scatter, random coincidences, normalization, and deadtime. Final 

reconstructed images had matrix sizes of 256 × 256 × 89 and voxel sizes of 1.17 × 1.17 

× 2.8 mm3.  

PET images were motion corrected frame-by-frame through rigid body registration of 

adjacent frames using a least-squares algorithm with Levenberg–Marquardt 

optimization (Alpert et al., 1996). All MR and PET images were registered into the 
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standard Montreal Neurological Institute (MNI) space following the procedure 

described in Wooten et al. (2017). The first 10 min of the PET images were summed 

and rigidly co-registered to the structural MRI image, itself transformed into the MNI 

space using a 12-parameter affine transformation followed by nonlinear warping 

(FMRIB’s Linear Image Registration Tool [FLIRT] and FMRIB’s Non-Linear Image 

Registration Tool [FNIRT] in the FMRIB Software Library [FSL] (Jenkinson et al., 

2012)). The transformation matrices were combined and applied inversely on MNI 

and Harvard–Oxford atlases (available in FSL) in order to warp the atlas based 

regions of interest into the native PET images for extraction of radioactivity time–

activity curves. The regions of interest surveyed in this work included the frontal 

cortex, parietal cortex, occipital cortex, temporal cortex, MTC, precuneus, cerebellum 

gray no vermis, cingulate gyrus posterior, gray matter, white matter, amygdala, 

caudate, hippocampus, pallidum, putamen and thalamus. 

4. Biostatistical Analysis 

   PET Aβ and p-Tau levels across brain regions were quantified using relative SUVR 

(Lopresti et al., 2005). Reference region based analyses of [11C]-PiB and [18F]-

AV-1451 uptake were performed using the cerebellum (excluding the vermis) as a 

reference tissue (McNamee et al., 2009; Wooten et al., 2017) providing more stable 

estimates for transversal studies. Subjects were defined as amyloid positive if the 

global (across frontal, occipital, parietal and temporal regions) cortical to cerebellar 

SUV ratio is greater than or equal to 1.4 (Bullich et al., 2017).  
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RESULTS 

   Aβ and p-Tau deposition are measured by [11C]-PiB-PET and [18F]-AV-1451-PET in 

a population of American Football players.  

SUVR maps for [11C]-PiB and [18F]-AV-1451, generated using the cerebellum no 

vermis as a reference region, are shown in Figure 20 for the 10 subjects. Also 

displayed is the subjects MPRAGE image in standardised space of the same slice for 

localisation. From these parametric images we can see that all the subjects show 

[11C]-PiB binding in their brain, mostly around the central gray nucleus. About [18F]-

AV-1451, the pallidum seems de be an area with high affinity (S1-S10). Other areas 

have a high signal as the hippocampus (S2, S6-S10), amygdala (S2-S5, S7, S9), 

putamen (S2-S4, S6-S9) and thalamus (S2-S10). Also we can see some off-target 

binding of [18F]-AV-1451 as the substantia nigra (S1-S10) and the choroid plexus (S1, 

S2, S4, S6, S7, S8, S9, S10).  

Figure 20: SUVR parametric images of [11C]-PiB and [18F]-AV-1451 for all 

subjects. First row shows the corresponding individual MPRAGE images for 

anatomical reference, the second row the PET images with [11C]-PiB and the last row 

the [18F]-AV-1451 PET images. The Subjects seem to all have some Aβ aggregates 

represented by the binding of [11C]-PiB. The tracer [18F]-AV-1451 shows mainly some 
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binding in pallidum, hippocampus, amygdala, putamen, thalamus, substantia nigra 

and choroid plexus.  

1. Aβ imaging 

   15 mCi (555 MBq) of the radiotracer [11C]-PiB, an agent that binds specifically to Aβ, 

was infused as a slow bolus over 60 seconds via intravenous line placed prior to the 

scan. PET data were acquired in static mode at 40-60 minutes post-injection.  

All the subjects show some Aβ in their brain but they are not considered amyloid 

positive, except for subject 5 (Table 2).   

Table 2: Aβ scores for each subject. This score has been calculated from the 

SUVR values in the frontal, occipital, parietal and temporal cortex. The subjects are 

considered amyloid positive if the ratio is superior or equal to 1.4.  

Subjects Mean SUVR
S1 1.13
S2 1.37
S3 1.16
S4 1.11
S5 1.41
S6 1.03
S7 1.10
S8 1.02
S9 1.18

S10 1.06

78



We looked closer at the [11C]-PiB binding pattern in other regions of interest (Figure 

21) across all the subjects. [11C]-PiB seems to show a higher affinity in areas as the 

pallidum and the thalamus in that population.  

Figure 21: Mean SUVR values for [11C]-PiB across 10 subjects in the 

regions of interest. In the central gray nucleus and the thalamus, [11C]-PiB has a 

stronger binding in that population of American football players.  
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2. Hyperphosphorylated Tau imaging 

   10 mCi (370 MBq) of [18F]-AV-1451 were infused as a slow bolus over 60 seconds 

via intravenous line placed prior to the scan. PET data were acquired in static mode 

at 75-105 minutes post-injection. 

We compared the SUVR results of the temporal lobe (Figure 22) of this TBI 

population with 4 gender and age-matched control subjects, without known history 

of mild TBI, scanned in our Center. We used the temporal lobe for this comparison 

because it is an area commonly affected in focal TBI (Werner et al., 2007). We also 

looked at the pallidum to confirm if the signal observed represent a non specific 

binding of the tracer. These two populations showed significant differences in the 

binding of the tracer in the temporal lobe (TBI subjects SUVR : 1,13±0,09; control 

group SUVR : 0,95±0,05) and in the pallidum (TBI subjects SUVR : 1,3±0,13; control 

group SUVR : 0,95±0,09).  

 

A 

                                                       TBI                 CTL 
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B 

                                                      TBI                 CTL 

Figure 22: [18F]AV-1451 binding in temporal lobe and pallidum of TBI and 

control subjects. This figure shows the mean ± SD SUVR of [18F]AV-1451 in the 

temporal lobe and the pallidum for TBI subjects (n=10) and controls (n=4) which 

were grouped together only for this comparison. Statistically significant difference 

was observed between the two groups for the temporal lobe (panel A) and for the 

pallidum (panel B) (Test T Student, bilateral value <0,01 and <0,001 respectively).  

We looked closer at the [18F]-AV-1451 binding pattern in other regions of interest 

(Figure 23) across all the subjects. In that population, [18F]-AV-1451 seems to present 

a high affinity in MTC, amygdala, hippocampus, putamen, thalamus, occipital lobe, 

temporal lobe, white matter and a positive tracer uptake (SUVR>1.3; Ossenkoppele et 

al., 2018) in the pallidum. 
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Figure 23: Mean SUVR values for [18F]-AV-1451 across the 10 subjects in 

the regions of interest. [18F]-AV-1451 has a high affinity in MTC, amygdala, 

hippocampus, putamen, thalamus, occipital lobe, temporal lobe, white matter and a 

higher affinity in the pallidum.  
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DISCUSSION  

   Several tau PET tracers with a high binding affinity and selectivity have been 

developed (Okamura et al, 2016). Tau PET is currently being evaluated in AD and has 

shown promise in monitoring the development of Tau pathology and improving the 

understanding of the pathophysiology (Villemagne et al, 2015). However, no clinical 

studies using Tau PET in patients with TBIs or clinically suspected CTE have been 

performed on a large population. There is a great interest in developing novel 

biomarkers for CTE to estimate the prevalence of this disorder, improve diagnostic 

accuracy, allow the tracking of the disease progression and evaluate the effect of a 

potential treatment. Indeed, for now the diagnostic of CTE is possible only in post-

mortem.  

In a population of American football player mostly amyloid negative of 34 to 56 years 

old, we investigated the binding pattern of [18F]-AV-1451. We observed a high binding 

of this p-Tau PET tracer in MTC, amygdala, hippocampus, putamen, thalamus, 

occipital lobe, temporal lobe, substantia nigra, choroid plexus, white matter and a 

higher affinity in the pallidum. Also, the subjects have a stronger binding of [11C]-PiB 

in the area of central gray nucleus, showing significant concomitant amyloid 

deposition with the [18F]-AV-1451 binding in the pallidum, putamen and thalamus. 

The relationship between axonal injury and Aβ accumulation has already been 

demonstrated, suggesting a direct relationship between [11C]PiB binding and white 

matter damage in connected tracts (Scott et al., 2016).  

We compared the binding of [18F]-AV-1451 in the temporal lobe and the pallidum of 

our TBI group with the binding of the same tracer in a group of control subjects, 

showing significative differences. The signal observed in the substantia nigra and the 

choroid plexus seem to correspond to an off-target binding of this tracer (Okamura et 

al., 2018; Lowe et al., 2016; Ikonomovic et al., 2016)  

This p-Tau pattern have been reported in few other studies as a 71-year old retired 

NFL football player who had experienced multiple concussions and presented 

progressive cognitive impairment (Mitsis et al., 2014). Another 39-year old retired 

NFL football player with a history of multiple concussions who experienced cognitive 

decline, irritability and emotional lability (Dickstein et al, 2016) has been studied. 
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[18F]-AV-1451 showed increased retention in midbrain, globus pallidus and 

hippocampus, and also at gray-white matter junctions in multiple cortical areas. This 

distribution is similar to the postmortem distribution of CTE Tau lesions. These 

results show similarities with the atrophy of pallidum, putamen and thalamus 

observed by MRI in a population of TBI patients (Gooijers et al., 2016). Very recently, 

another study has reported a significantly higher [18F]-AV-1451 in vivo retention in 

three brains regions (bilateral superior frontal, bilateral medial temporal, and left 

parietal) in a cohort of 26 former NFL players with cognitive and neuropsychiatric 

symptoms compared to 31 control subjects (Stern et al., 2019). This last study showed 

a binding pattern in frontal and parietal lobes not seen in our population. This 

difference could be explained by our smaller group and probably by a different CTE 

stage of our subjects compared to theirs. This part will be clarified when we will have  

a larger group and access to the cognitive assessments of our population allowing us 

to assume the stage of the disease.  

The limitation of this study is the off-target and non specific binding of the tracer 

[18F]-AV-1451. The non specific binding in basal ganglia seems to be concomitant 

with the areas reached by CTE, as the pallidum and may complicate image 

interpretation. Iron load (quantified using MRI R2*) has been revealed to correlate 

with [18F]-AV-1451 binding in the basal ganglia (Choi et al., 2018). A solution to have 

a better understanding of this binding in the pallidum for these TBI subjects could be 

to scan the same subjects with [18F]-MK-6240 to verify that the binding in the 

pallidum is due to p-Tau protein and not from a non specific binding of [18F]-

AV-1451. The [18F]-MK-6240 doesn’t show this non specific binding in the basal 

ganglia (Betthauser et al., 2019). Also, the off-target signal in choroid plexus make 

quantification of hippocampus SUVR challenging.  

Each subject of our study will undergo anatomic and functional MRI data in order to 

access to high level structural sensitivity and changes in functional connectivity. 

There is growing interest in the potential of combined PET and MRI to shed light on 

the underlying cellular and molecular processes involved in TBIs. The two modalities 

are complementary. PET offers uneven sensitivity at a molecular level, while MRI 

offers excellent soft tissue contrast as well as a number of additional information 

such as areas of cerebral activation in functional MRI and a mapping of the structural 
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changes following brain injury. DTI is the most widely used MRI technique for the 

detection of axonal injury (Niogi et al, 2010). Functional MRI (fMRI) can also reveal 

functional alterations to the brain after TBIs, such as areas of either reduced or 

increased activation and altered connectivity (Irimia et al, 2015). We plan to make 

these correlations between PET and MRI data, and we expect that the deposition rate 

of the p-Tau protein seen with PET will be correlated to degenerative markers on DTI 

and synchronization changes in functional connectivity measured with resting-state 

fMRI, as well as behavioral and psychiatric assessments. These correlations have 

already been observed in a previous work in our Center on TBIs (Wooten et al, 2019). 

These findings have demonstrated that synergistic neurobiological information may 

be gained by interpreting the neuroimaging modalities together instead of separately. 

Given that TBIs affects 1.5 million people in the United States each year, our 

multimodal approach will help our comprehension of the full spectrum of TBIs to at 

last customize diagnostic and therapeutic efforts.  

Also, all these subjects of this population at risk of developing this disease underwent 

cognitive tests. These results will be correlated with the PET imaging findings when 

the number of subjects will be higher. In the future of this project we will have 

subjects with different stages of cognitive impairments. This will allows us to observe 

the different stages of CTE among that TBI population.   

In conclusion, p-Tau PET imaging with [18F]-AV-1451 seem useful in the diagnostic of 

TBI patients for possible early stages of CTE but still need further investigations. In 

fact, the non specific binding and off-target of this tracer are overlapping with the 

areas reached by the pathology. The study on a larger population is required as the 

noise in the [18F]-AV-1451 measurement could pose challenges when studying early 

Tau accumulation.  
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CONCLUSION AND PERSPECTIVES 

   In general conclusion of this work, we have demonstrated the potential utility of 

Tau PET tracers as [18F]-AV-1451 for the reliable detection/quantification of p-Tau 

aggregates and disease-progression tracking in AD, while we showed it was still a 

work in progress for CTE.  

We have established that p-Tau PET imaging with [18F]-AV-1451 was useful in the 

diagnostic and able to detect the beneficial effect of a non-invasive brain stimulation, 

called transcranial alternating current stimulation in people with AD. We confirmed 

our in vivo assessments of the binding of this tracer in AD by autoradiography post 

mortem. The perspective of this work is to study a larger population with cognitive 

assessments and longer TACs treatments. Also, we will make the comparison of the 

binding pattern of this PET tracer between images acquired in vivo and in post 

mortem from the same subject. To go further in the characterization of p-Tau PET 

tracers we will evaluate the pharmacokinetic modeling strategies in vivo of PI-2620 

as we have already achieved in our Center for AV-1451 (Wooten et al., 2017 ) and 

MK-6240 (Guehl et al., 2019).  

In addition, in a population of American football players we observed some promise 

that [18F]-AV-1451 can detect early stages of CTE but with some lack of efficiency 

because of the non specific and off target binding of this tracer. These findings don’t 

seem to match the [18F]-AV-1451 post mortem binding pattern we demonstrated in 

CTE for this tracer. In perspective of this work, we will study a larger population with 

different stages of cognitive impairments and we will compare the PET data with 

cognitive and MRI data from the same subjects to assess a better understanding of 

this condition. Also it could be useful to perform the same work than with the AD 

subjects, as the comparison of in vivo retention with post mortem binding signal 

from the same subjects.  
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Abstract

[F-18]-MK-6240, a novel tau positron emission tomography (PET) tracer recently discovered for the in vivo detection
of neurofibrillary tangles, has the potential to improve diagnostic accuracy in the detection of Alzheimer disease.
We have examined regional and substrate-specific binding patterns as well as possible off-target binding of this
tracer on human brain tissue to advance towards its validation. We applied [F-18]-MK-6240 phosphor screen and
high resolution autoradiography to postmortem samples from patients with a definite pathological diagnosis of
Alzheimer disease, frontotemporal lobar degeneration-tau (Pick’s disease, progressive supranuclear palsy and
corticobasal degeneration), chronic traumatic encephalopathy, frontotemporal lobar degeneration-Tar DNA-binding
protein 43 (TDP-43), dementia with Lewy bodies, cerebral amyloid angiopathy and elderly controls free of
pathologic changes of neurodegenerative disease. We also directly compared the binding properties of [F-18]-MK-
6240 and [F-18]-AV-1451 in human tissue, and examined potential nonspecific binding of both tau tracers to
monoamine oxidases (MAO) by using autoradiography in the presence of selective monoamine oxidase A (MAO-A)
and monoamine oxidase B (MAO-B) inhibitors. Our data indicate that MK-6240 strongly binds to neurofibrillary
tangles in Alzheimer disease but does not seem to bind to a significant extent to tau aggregates in non-Alzheimer
tauopathies, suggesting that it may have a limited utility for the in vivo detection of these pathologies. There is no
evidence of binding to lesions containing β-amyloid, α-synuclein or TDP-43. In addition, we identified MK-6240 strong
off-target binding to neuromelanin and melanin-containing cells, and some weaker binding to areas of hemorrhage.
These binding patterns are nearly identical to those previously reported by our group and others for [F-18]-AV-1451. Of
note, [F-18]-MK-6240 and [F-18]-AV-1451 autoradiographic binding signals were only weakly displaced by competing
concentrations of selective MAO-B inhibitor deprenyl but not by MAO-A inhibitor clorgyline, suggesting that MAO
enzymes do not appear to be a significant binding target of any of these two tracers. Together these novel findings
provide relevant insights for the correct interpretation of in vivo [F-18]-MK-6240 PET imaging.

Introduction
The recent development of several novel positron emis-
sion tomography (PET) tracers tailored to detect tau in
the brain has opened the opportunity of using them to im-
prove diagnostic accuracy in Alzheimer disease (AD) and
related tauopathies, and to allow reliable quantification of

brain tau burden and tracking of disease progression by in
vivo neuroimaging [15, 35].
Emerging data from early studies -including our own-

on postmortem material with the most validated thus
far, [F-18]-AV-1451 (T807, Flortaucipir), have shown
that this ligand binds with strong affinity to paired hel-
ical filament (PHF)-tau aggregates in AD brains and
those that form as a function of age [20–22, 27, 35],
closely matching the stereotypical spatiotemporal pro-
gression of neurofibrillary tangles (NFT) as described by
Braak [3]. In agreement with these observations, patients
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clinically diagnosed with dementia of AD type and mild
cognitive impairment (MCI) exhibit significantly higher
in vivo [F-18]-AV-1451 retention than cognitively nor-
mal individuals in regions that are known to contain an
elevated burden of tau lesions in AD [4, 6, 7, 11, 16, 25,
28, 33]. The overall utility of this tracer for in vivo se-
lective and reliable detection of tau aggregates in
non-AD tauopathies, however, seems very limited with
the exception of certain tau mutations causing fronto-
temporal lobar degeneration (FTLD) characterized by
tau aggregates [26] that contain all six isoforms of tau
(three-repeat (3R) and four-repeat (4R)) [14] with PHF
ultrastructure resembling NFT found in AD. We and
others have shown that [F-18]-AV-1451 has low affinity
for tau aggregates that contain primarily 4R tau with
straight filament ultrastructure that predominate in
tauopathies such as progressive supranuclear palsy
(PSP), corticobasal degeneration (CBD), and most cases
of FTLD. We also demonstrated the existence of robust
[F-18]-AV-1451 off-target binding to melanin- and
neuromelanin-containing cells and some weaker binding
to blood components [21, 22]. Controversy exists as to
whether AV-1451 may also exhibit significant nonspe-
cific binding to MAO enzymes [12, 15, 17, 30], as it has
been recently demonstrated for other tau PET tracers
like THK-5351 [13, 24].
Several second-generation tau tracers have more re-

cently been reported. The one that has garnered most
attention and is largely considered to have most promise
is [F-18]-MK-6240 from the Merck Translational Bio-
markers team [15, 32]. To date, very limited information
is available about the binding properties of this tracer.
Merck’s researchers performed in vitro binding screens
against a wide panel of known receptor, transporter, and
enzyme targets but conducted only limited autoradiog-
raphy studies on AD and control brain specimens [15].
Yet, this ligand is quickly making its way into observa-
tional studies and clinical trials. Thus, a comprehensive
postmortem validation of MK-6240 is critical for deter-
mining its usefulness for antemortem diagnosis and sta-
ging of AD and other tauopathies, and to understand
exactly what [F-18]-MK-6240 PET positivity means in
terms of neuropathological substrate. Because MK-6240
was initially screened in vitro for NFT binding affinity
using AD brain homogenates rich in NFT and an amyl-
oid plaque tracer for counterscreening [15], and seemed
to bind to the same site as AV-1451 in that tissue mater-
ial, we predicted that, just like AV-1451, MK-6240 would
exhibit high binding affinity and selectivity for PHF-tau
lesions relative to non-PHF-tau lesions, Aβ deposits and
α-synuclein and transactive response DNA binding
protein-43 (TDP-43) aggregates.
To validate the site/s of MK-6240 binding and deter-

mine whether there is off-target binding, we examined

the regional and substrate-selective autoradiograhic pat-
terns of [F-18]-MK-6240 in postmortem brain, retina
and skin tissue samples. Cases with a definite patho-
logical diagnosis of AD, FTLD-tau (PiD, PSP, CBD),
chronic traumatic encephalopathy (CTE), FTLD-
TDP-43, dementia with Lewy bodies (DLB), cerebral
amyloid angiopathy (CAA), metastatic melanoma, brain
hemorrhages, and elderly controls free of neurodegener-
ative diseases were studied. Most of these cases had also
been included in our previous validation studies of
[F-18]-AV-1451 [21, 22], giving us the opportunity to
directly compare the autoradiographic binding patterns
of both tracers in comparable tissue samples.

Materials and methods
Tissue samples
Postmortem brain, retina and skin tissue samples from
the Massachusetts and the Boston University Alzhei-
mer’s Disease Research Centers Neuropathology cores
were included in this study. Autopsies were performed
according to standardized protocol [31] and tissue col-
lection and use was approved by the local Institutional
Review Boards. A summary of the demographic charac-
teristics of the cases studied is shown in Table 1.
Histological evaluation of each case was routinely per-

formed on a specific set of 19 blocked regions represen-
tative for a spectrum of neurodegenerative diseases. All
paraffin-embedded blocks were stained with Luxol fast
blue and hematoxylin and eosin (LH&E), while selected
blocks were routinely stained for Bielschowsky silver
stain and Aβ, α-synuclein, ubiquitin, TDP-43 and
phospho-tau immunoreactivity. Blocks of frozen brain
tissue containing hippocampal formation, entorhinal
cortex (EC), frontal, parietal, temporal and occipital cor-
tices, cerebellum, basal ganglia and midbrain were cut
into sections 10 μm-thick in a cryostat (Thermo-Shan-
don SME Cryostat), mounted on Histobond adhesion
slides (StatLab, TX) and used for [F-18]-MK-6240 phos-
phor screen and nuclear emulsion high resolution auto-
radiography, followed by immunohistochemistry using
appropriate antibodies in each case.

[F-18]-MK-6240 phosphor screen autoradiography
[F-18]-MK-6240 was synthesized as previously described
[8]. Autoradiography experiments were performed using
[F-18]-MK-6240 aliquots from material prepared from
in vivo imaging on the same day, and following our pre-
viously published protocol [22]. In brief, 10 μm-thick
frozen brain sections were fixed in 100% methanol at
room temperature for 20 min and then transferred to a
bath containing high specific activity [F-18]-MK-6240 in
10mM PBS with a radioactivity concentration of ap-
proximately 10 μCi/ml. Adjacent brain slices were placed
in a bath that was identical in all aspects except that
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Table 1 Participants’ characteristics

ID# Clinical diagnosis Pathological diagnosis Age at
death (yrs)

Gender PMI
(hrs)

Braak &
Braak (NFT)

CERAD score
(neuritic plaques)

NIA-Reagan
Institute criteria

#1 CTL Normal adult brain 86 M 10 I none LP

#2 CTL Normal adult brain 73 F 20 I none LP

#3 CTL Normal adult brain 101 F 22 II A LP

#4 AD AD 96 F 20 V C HP

#5 AD AD 78 F 18 VI C HP

#6 AD AD 97 F 12 VI A HP

#7 AD AD 87 F 12 IV B IP

#8 AD AD 60 M 24 VI C HP

#9 AD AD 82 F 6 V B HP

#10 AD AD 69 F 4 VI C HP

#11 AD AD 70 M 6 V C HP

#12 AD AD 66 F 2 VI C HP

#13 AD AD 66 F 10 VI C HP

#14 AD AD 97 F 24 V C HP

#15 AD AD 81 M 7 IV C IP

#16 FTLD AD/CAA 66 M 16 V B HP

#17 Memory, speech and gait
difficulties, hand tremor

Diffuse CAA (D23N Iowa
APP mutation)

45 M N/A I none LP

#18 AD AD/Metastatic melanoma 75 M 35 V B IP

#19 FTLD PiD, type A 61 M 19 N/A N/A N/A

#20 FTLD PiD 62 M 19 I A LP

#21 FTLD (P301L Mutation) FTLD 71 F 4 I none LP

#22 FTLD DLDH 65 M 24 I none LP

#23 CBD CBD 80 M 6 I none LP

#24 PSP PSP 69 M 45 II none LP

#25 PSP PSP 68 M 48 II none LP

#26 PSP PSP 78 M 11 II none LP

#27 PSP PSP 73 M 12 II none LP

#28 PSP PSP 63 F 12 II none LP

#29 CTE CTE (CTE stage II-III) [23] 25 M 27 0 none LP

#30 CTE CTE (CTE stage III) 56 M N/A II none LP

#31 CTE CTE (CTE stage III) 46 M 72 III none LP

#32 CTE CTE (CTE stage IV) 65 M N/A II A LP

#33 CTE CTE (CTE stage III) 58 M N/A III none LP

#34 DLB LBD 62 M 24 N/A none N/A

#35 DLB LBD, brainstem
predominant

76 M 17 II none LP

#36 PDD LBD (Braak stage 4/6) 83 M 9 III none LP

#37 MSA MSA, cerebellar type
(MSA-C)

60 F 32 II none LP

#38 FTLD FTLD-TDP-43, type A 69 F 16 I none LP

#39 FTLD FTLD-TDP-43 55 M 14 I none LP

#40 FTLD FTLD-TDP-43 68 M 49 I none LP

#41 FTLD FTLD-TDP-43 64 M 12 I none LP
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unlabeled MK-6240 was added to yield 500 nM chemical
concentration, a blocking condition sufficient to saturate
essentially all available specific binding sites of tau [35].
Additional adjacent slices were also incubated in separ-
ate baths containing either [F-18]-MK-6240 or
[F-18]-AV-1451 with a radioactivity concentration of ap-
proximately 10 μCi/ml and 20 μCi/ml respectively, and
selective MAO-A (clorgyline) and MAO-B (deprenyl) in-
hibitors (Sigma-Aldrich) were added at a competing
concentration of 1 μM to evaluate potential displace-
ment of [F-18]-MK-6240 and [F-18]-AV-1451 binding
signals. After incubation for 60 min, racks of slides were
removed from the respective radioactive solutions and
briefly incubated in a series of wash baths to remove un-
bound radiotracer. Wash solutions and incubation times
were: 10 mM PBS for 1 min, 70% ethanol/30% PBS for 2
min, 30% ethanol/70% PBS for 1 min, and lastly 100%
10mM PBS for 1min. Racks were removed from the
final wash solution and slices were allowed to air dry be-
fore transfer of the slides to a storage phosphor screen
(MultiSensitive Phosphor Screen, PerkinElmer Life and
Analytic Sciences, Shelton, CT) that had been photo-
bleached immediately prior by exposure on a white light
box for a minimum of 15min. The slides and phosphor
screen were enclosed in an aluminum film cassette and
set in a dark area away from sources of radioactivity for
the duration of the overnight exposure period. Under
dim lighting conditions, the cassette was opened and the
slides removed from the exposed screen, which was
mounted to the carousel of the digital imaging system
(Cyclone Plus Storage Phophor Scanner, PerkinElmer
Life and Analytic Sciences). Scanning of screens was
controlled by the manufacturer’s OptiQuant software
package using the highest available resolution of 600 dpi
(approximately 42 μm sampling interval). Digital images
were saved in uncompressed form at full resolution and
pixel depth. Images from adjacent brain slices incubated
in the unblocked (high specific activity [F-18]-MK-6240
only) and blocking ([F-18]-MK-6240 plus 500 nM un-
labeled MK-6240) conditions were compared to deter-
mine total and non-specific binding of [F-18]-MK-6240
in the tissue.

[F-18]-MK-6240 high resolution nuclear emulsion
autoradiography and immunohistochemistry
To obtain autoradiographic information at the cellular
resolution level, frozen cryostat sections, adjacent to
those used for phosphor screen autoradiography, were
coated with a liquid photographic emulsion following
our previously published protocol [5, 9, 22, 34]. Immu-
nohistochemistry was then performed on the nuclear
emulsion-dipped sections. First the sections were
washed for 5 min with PBS, then incubated with 2.5%
normal horse blocking serum for 20min, followed by
the appropriate primary antibody - anti-tau PHF-1
(1:100, mouse, kind gift of Dr. Peter Davies), anti-Aβ
(1:500, mouse, clone 6F/3D, Dako), anti α-synuclein
(1:100, mouse, Zymed) or anti-phospho TDP-43 (pS409/
410) (1:3000, mouse, Cosmo Bio CO) - for 40 min at 37 °
C, washed with PBS twice for 2 min, and then incubated
with the secondary antibody (ImmPRESS™ anti-mouse
IgG (Vector Laboratories product MP-2400, Burlingame,
CA) or ImmPRESS™ anti-rabbit Ig (Vector Laboratories
product MP-7401, Burlingame, CA)) for 40 min at 37 °C.
The sections were washed again with PBS twice for 2
min, and developed with DAB solution (Vector Labora-
tories product SK-4100). H&E was used for counter-
staining. Photomicrographs were obtained on an upright
Olympus BX51 (Olympus, Denmark) microscope using
visible light.

Results
[F-18]-MK-6240 phosphor screen autoradiography
Phosphor screen autoradiography experiments revealed
strong binding of [F-18]-MK-6240 in the hippocampal
formation/EC and frontal, temporal, parietal and occipi-
tal cortices from brain slices containing NFT in AD
cases (Fig. 1a). This binding was blocked after incubating
the slides with 500 nM unlabeled MK-6240, demonstrat-
ing the selectivity of the signal. No binding was detected
in non-tangle containing cortical regions or in the white
matter in AD and control cases (Fig. 1b). MK-6240 bind-
ing was also absent in the cerebellum - typically used in
neuroimaging studies as a reference region and lacking
tangles in AD – and in the basal ganglia (Fig. 1a-f ) of all

Table 1 Participants’ characteristics (Continued)

ID# Clinical diagnosis Pathological diagnosis Age at
death (yrs)

Gender PMI
(hrs)

Braak &
Braak (NFT)

CERAD score
(neuritic plaques)

NIA-Reagan
Institute criteria

#42 Headache Subarachnoid
hemorrhage

92 F N/A IV A IP

#43 N/A Parenchymal
hemorrhage

75 M N/A I none LP

Abbreviations: AD Alzheimer’s disease, APP amyloid precursor protein, CAA Cerebral amyloid angiopathy, CBD Corticobasal degeneration, CERAD Consortium to
establish a registry for Alzheimer’s disease, CTL Control subject, DLB Dementia with lewy bodies, DLDH Dementia lacking distinctive histopathology, F Female, FTLD
Frontotemporal lobar degeneration, HP High probability, IP Intermediate probability, LP Low probability, M Male, MSA Multiple systemic atrophy, NFT
Neurofibrillary tangles, NIA National Institute of Aging, N/A Non available, PiD Pick’s disease, PMI Postmortem interval, PSP Progressive supranuclear palsy, TDP-43
TAR DNA binding protein 43
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the cases studied in this series. Of note, no detectable
MK-6240 binding could be observed in brain slices con-
taining non-PHF tau aggregates from PiD, PSP, CBD and
CTE cases (Fig. 1c, e-f ) or in a MAPTTP301L mutation
carrier (Fig. 1d). This favors the idea that MK-6240
binds with significantly stronger affinity and selectivity
to tau aggregates containing all six isoforms of tau (3R
and 4R) with paired helical filament (PHF) ultrastructure

than to tau lesions primarily made of either 3R or 4R
isoforms with straight filament ultrastructure. Brain
slices from a D23N Iowa APP mutation carrier [29] dis-
playing very severe CAA but no tau aggregates com-
pletely lacked [F-18]-MK-6240 autoradiographic signal
(Fig. 2a) and were indistinguishable from control brain
slices. Brain slices containing TDP-43 inclusions in
FTLD-TDP-43 cases (Fig. 2b) and α-synuclein lesions in

Fig. 1 [F-18]-MK-6240 phosphor screen images of brain slices from AD (#5, #7, #9, #16) (a), control (#1, #2) (b), CTE (#32, #33) (c), P301L mutation
carrier (#21) (d), PSP (#25) (e), and PiD (#20) (f) cases. A strong [F-18]-MK-6240 binding was observed in cortical regions containing tangles from
AD brains. No signal was detected in basal ganglia, a region free of tangles. The signal was blocked by adding unlabeled MK-6240. Slices from a
control case free of pathology did not show detectable [F-18]-MK-6240 binding (b). [F-18]-MK-6240 binding was not detectable either in non-PHF
tau-containing slices from CTE (c), P301L mutation carrier (d), PSP (e) and PiD (f) cases. Abbreviations: AD = Alzheimer’s disease; CTE = chronic
traumatic encephalopathy; PSP = progressive supranuclear palsy; PiD = Pick’s disease. Scale bar = 1 cm
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DLB (Fig. 2c) and MSA (Fig. 2d) cases also lacked detect-
able [F-18]-MK-6240 binding. A strong off-target binding
of [F-18]-MK-6240 was present in midbrain slices con-
taining substantia nigra in all samples examined, regard-
less of the presence or absence of tau aggregates; this
signal was blocked almost completely when incubating
the slides with 500 nM unlabeled MK-6240 (Fig. 3a). In
addition, [F-18]-MK-6240 off-target binding was also no-
ticed in retinal pigment epithelium, brain metastatic mel-
anoma, brain slices containing parenchymal hemorrhages
and extracutaneous meningeal melanocytes (Fig. 3b-f).
Overall, the [F-18]-MK-6240 autoradiographic specific

and off-target binding patterns described above are com-
parable to those exhibited by [F-18]-AV-1451 that we
and others have previously described in detail elsewhere
[22]. Of note, [F-18]-MK-6240 binding was blocked after
incubating the slides with 500 nM unlabeled AV-1451
and vice versa (Fig. 4).
Importantly, when a competing concentration of 1 μM

clorgyline (a selective MAO-A inhibitor) was added to
the blocking solution, neither [F-18]-MK-6240 nor
[F-18]-AV-1451 autoradiographic signal displacement
could be detected (Fig. 5). [F-18]-MK-6240 and
[F-18]-AV-1451 binding signals were only very weakly
displaced (by about 20%) with 1 μM deprenyl (a selective
MAO-B inhibitor) (Fig. 5), pointing to MAO-B as a low
binding affinity site of these two tracers.

[F-18]-MK-6240 high resolution nuclear emulsion
autoradiography and immunohistochemistry
With the purpose of obtaining enough resolution at the
cellular level, we dipped adjacent brain slices to those
used in phosphor screen autoradiography in a photo-
graphic nuclear emulsion. Once the slides are developed,
the visualization of silver grains struck by positrons
emitted during [F-18] nuclear decay enables precise
identification of [F-18]-MK-6240 labeled lesions by op-
tical microscopy.
Using this method, we confirmed the presence of a

strong and selective concentration of silver grains in tis-
sue sections from AD cases, reflecting underlying
[F-18]-MK-6240 binding in the NFT-containing grey
matter with negligible presence of silver grains in the
white matter and following a very similar pattern to that
observed with [F-18]-AV-1451 (Fig. 6a-b). The silver
grain distribution in the hippocampal formation/EC, and
frontal, parietal, temporal and occipital cortices in AD
brains closely matched the laminar distribution of tan-
gles on adjacent slices as revealed by PHF-1 immuno-
staining rather than the more scattered plaque
distribution pattern revealed by Aβ immunostaining
(Fig. 6a-b). Silver grains were particularly abundant in
layers III and V of association cortex (Fig. 6a-b) and
layers II and IV in the entorhinal cortex (Fig. 6c), match-
ing the well known laminar pattern of NFT in AD [1,

Fig. 2 [F-18]-MK-6240 phosphor screen images of brain slices from a CAA carrier of the D23N Iowa APP mutation (#17) (a), FTLD TDP-43 (#40,
#41) (b), LBD (#36) (c), and MSA (#37) (d) cases. No [F-18]-MK-6240 binding was detected in slices containing CAA lesions (a), TDP-43 inclusions
(b), Lewy bodies (c) and glial α-synuclein inclusions (d). Strong [F-18]-MK-6240 signal was observed in the region corresponding to the substantia
nigra (off-target) in all cases studied regardless of their pathological diagnosis (c). Abbreviations: APP = amyloid precursor protein; CAA = cerebral
amyloid angiopathy; TDP-43 = TAR DNA binding protein 43; DLB = dementia with Lewy bodies; MSA =multiple system atrophy. Scale bar = 1 cm
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Fig. 3 (See legend on next page.)
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18]. [F-18]-MK-6240 high resolution autoradiography
followed by immunostaining with PHF-1 or Aβ anti-
bodies on the same brain slices further confirmed that
the lesions labeled by the nuclear emulsion were
PHF-tau aggregates, including classic NFT and PHF-tau

containing dystrophic neurites around plaques
(Fig. 7a-b), but not Aβ plaques themselves (Fig. 7c) or
vessels with amyloid deposits (Fig. 7d). NFT-containing
slices from AD brains dipped in the nuclear photo-
graphic emulsion omitting the incubation with

(See figure on previous page.)
Fig. 3 [F-18]-MK-6240 phosphor screen and high-resolution autoradiography images of slices containing substantia nigra in a control case (#2)
(a), retinal pigment epithelium (b) in an AD case (#11), metastatic melanoma (#18) (c), parenchymal hemorrhagic lesions (#43) (d) and
extracutaneous meningeal melanocytes in the cerebellum of an AD case (#8) (e). [F-18]-MK-6240 phosphor screen autoradiography images are
displayed in (a-e), left and middle panels. [F-18]-MK-6240 high resolution autoradiography images are displayed in (a-e), right panel. Strong [F-18]-
MK-6240 binding was observed in neuromelanin-containing neurons of the substantia nigra (a), melanin containing granules in the retinal
pigment epithelium (b), malignant melanocytes from a metastatic melanoma (c), and extracutaneous meningeal melanocytes (e). [F-18]-MK-6240
binding was noticed in association with intraparenchymal hemorrhagic lesions (d). Scale bars = 1 cm (a-e left and middle panels: phosphor screen
autoradiography) and 50 μm (a-e right panels; high resolution nuclear emulsion autoradiography)

Fig. 4 Head-to-head comparison of [F-18]-MK-6240 and [F-18]-AV-1451 phosphor screen autoradiographic binding patterns in adjacent section
obtained from the same tissue material containing entorhinal cortex (#13) (a) and superior temporal sulcus (#13) (b) from AD cases. Both tracers
exhibited comparable strong binding in regions containing tangles; MK-6240 signal was blocked by adding 500 nM unlabeled AV-1451 and
AV-1451 signal was almost completely blocked by adding 500 nM unlabeled MK-6240. Scale bar = 1 cm
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[F-18]-MK-6240 showed no silver grain accumulation
and served as negative control (not shown).
Brain slices from control brains free of tau aggregates

did not show accumulation of silver grains in any of re-
gions examined (data not shown). Negligible numbers of
silver grains were observed colocalizing with tau aggre-
gates in CTE, CBD, PSP and PiD cases (Fig. 7e-h). No
silver grains were observed either colocalizing with
α-synuclein or TDP-43 containing inclusions (Fig. 7i-j).
Of note, neuromelanin-containing neurons in the sub-

stantia nigra pars compacta (Fig. 3a), retinal pigment
epithelium (RPE) cells (Fig. 3b), tumor cells of metastatic
melanoma (Fig. 3c) and leptomeningeal melanocytes
(Fig. 3e), consistently demonstrated a robust concentra-
tion of silver grains confirming off-target binding of
MK-6240 to neuromelanin- and melanin-containing
cells. Weaker concentrations of silver grains were also
observed colocalizing with parenchymal hemorrhages

(Fig. 3d), pointing to some additional [F-18]-MK-6240
off-target binding to blood components.

Discussion
Recently multiple novel PET tracers have been reported,
tailored to allow detection of tau pathology in the hu-
man living brain. The status quo is largely to use PET li-
gands in patients carrying a particular clinical diagnosis
and then simply accept, in a somewhat circular fashion,
that what the scan shows is representative of the under-
lying disease process. However, the correct identification
of biological targets of imaging agents is an essential re-
quirement for considering them as disease-specific and
progression-specific biomarkers. Validating the under-
lying neuropathological binding substrate/s and identify-
ing potential off-target binding of these novel tau ligands
is critical for the accurate interpretation of their in vivo
PET imaging behavior. We have carefully characterized

Fig. 5 Phosphor screen autoradiography experiments in slices containing entorhinal and temporal cortices from AD cases using competing
concentrations of 1 μM clorgyline (a selective MAO-A inhibitor) and deprenyl (MAO-B inhibitor). [F-18]-MK-6240 and [F-18]-AV-1451 binding
signals are only weakly displaced (by about 20%) with 1 μM deprenyl (a selective MAO-B inhibitor). When a competing concentration of 1 μM
clorgyline (a selective MAO-A inhibitor) was added to the blocking solution, neither [F-18]-MK-6240 nor [F-18]-AV-1451 autoradiographic signal
displacement could be detected. Scale bar = 1 cm
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the autoradiographic binding patterns of novel tau tracer
[F-18]-MK-6240 in a collection of postmortem tissue
samples representing a broad spectrum of neurodegener-
ative disorders. Our observations derived from combined
[F-18]-MK-6240 sensitive autoradiography and immuno-
histochemistry, using this compound at similar concen-
trations used in vivo for PET studies, indicate that

MK-6240 has high binding affinity for tau aggregates in
AD brain tissue, but does not seem to bind to a signifi-
cant extent to neuronal and glial tau aggregates in
non-AD tauopathies such as PiD, PSP, CBD or CTE, or
to Aβ, α-synuclein or TDP-43-containing lesions. These
findings strongly suggest that tau in tangles of AD has a
unique conformation that is recognized by this tracer (in

Fig. 6 [F-18]-AV-1451 and [F-18]-MK-6240 phosphor screen and high resolution autoradiography photomicrographs of brain slices containing
occipital (#13) (a), temporal (#9) (b) and entorhinal (#14) (c) cortices from AD cases (left panels). Middle and right panels (a and b) show
immunostaining of adjacent sections with PHF-1 antibody (kind gift of Dr. Peter Davies) and anti-Aβ antibody (1:500, mouse, clone 6F/3D, Dako),
respectively. [F-18]-AV-1451 (left panels a and c) and [F-18]-MK-6240 (left panel b and right panel c) high resolution nuclear emulsion
autoradiography showed a strong cortical accumulation of silver grains in temporal cortical layers III and V (a and b), and in layers II and IV of the
entorhinal cortex (c) in AD brains mirroring the laminar pattern of tangles on adjacent slices as revealed by PHF-1 immunostaining (middle
panels) rather than the more scattered plaque distribution pattern revealed by Aβ immunostaining (right panels). Abbreviations: AD = Alzheimer’s
disease; IHC = immunohistochemistry. Scale bars = 200 μm (a and b) 50 μm (c)
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Fig. 7 (See legend on next page.)
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keeping with the selection process for development of
this compound as a lead imaging agent). Strong binding
of [F-18]-MK-6240 to neuromelanin- and
melanin-containing cells and some weaker binding to
brain hemorrhagic lesions was also identified, pointing
to these substrates as off-target binding sites of
MK-6240. Overall, [F-18]-MK-6240 autoradiographic
binding patterns closely resembled those of tau PET
tracer [F-18]-AV-1451. Importantly, [F-18]-MK-6240
and [F-18]-AV-1451 binding signals were only very
weakly displaced using autoradiography competition
with unlabeled selective MAO-B inhibitor deprenyl, sug-
gesting that these two tracers have low binding affinity
for MAO enzymes in the human brain.
MK-6240 was identified as a potential imaging agent

by screening using cortical homogenates from AD tissue
rich in NFT as the binding target and an amyloid plaque
tracer for counter-screen [15]. Based on this, we antici-
pated that MK-6240 would preferentially bind to tau le-
sions in the form of NFT in AD over other tau
aggregates in non-AD tauopathies or lesions primarily
made of Aβ, α-synuclein or TDP-43. To date, only very
limited data from human in vivo [F-18]-MK-6240 PET
imaging studies have been published [2, 19]. Results
from these early studies point to a promising 2- to
3-fold higher in vivo [F-18]-MK-6240 retention in neo-
cortical and medial temporal brain regions of AD pa-
tients compared to elderly cognitively normal individuals
[19]. Because this ligand is already being incorporated
into clinical trial research, validation studies such as this
paper are absolutely critical to evaluate the potential
usefulness of this ligand as a reliable marker of human
brain tau lesions. In an attempt to advance towards that
goal, we applied [F-18]-MK-6240 phosphor screen and
high resolution autoradiography to the study of a series
of autopsy samples from individuals with a definitive
diagnosis of AD, PiD, PSP, CBD, CTE, CAA,
FTLD-TDP-43, DLB, and control brains free of neurode-
generative pathology. Our results confirmed that while
[F-18]-MK-6240 avidly bound to PHF-tangle containing
slices from AD brains, it did not bind to a significant ex-
tent to tau-containing lesions in slices from non-AD
tauopathy brains, suggesting that this tracer has higher
affinity and selectivity for PHF-tau over tau aggregates

with a primarily straight filament ultrastructure, and
thus raising reasonable doubts about the potential value
of this ligand as a biomarker of tau pathology in
non-AD tauopathies. The regional and laminar auto-
radiographic patterns of distribution of [F-18]-MK-6240,
as revealed by the combination of autoradiography using
a fine grain nuclear emulsion and immunohistochemis-
try, closely matched those of classic PHF-tangles in AD
brains [1, 18]. Using this method, we confirmed that
[F-18]-MK-6240-labeled lesions were NFT, suggesting
that these lesions are the main pathological substrate of
[F-18]-MK-6240 binding. The microscopic examination
of diffuse plaques, CAA, α-synuclein and TDP-43 aggre-
gates confirmed the absence of detectable
[F-18]-MK-6240 binding to these lesions, favoring the
relative selectivity of [F-18]-MK-6240 for NFT over
β-amyloid plaques and other abnormal protein aggre-
gates with a β-pleated sheet conformation.
Our data also establish that MK-6240 is not fully se-

lective for PHF-tau deposits. Similarly to AV-1451,
MK-6240 exhibits strong off-target binding to neurome-
lanin- and melanin-containing cells including pigmented
neurons in the substantia nigra (regardless of the pres-
ence or absence of nigral tau pathology), leptomeningeal
melanocytes, metastatic melanoma and retinal pigment
epithelium, with some weaker off-target binding to brain
hemorrhages as well. This is something relevant for the
correct interpretation of [F-18]-MK-6240 in vivo im-
aging depending for example on the relative abundance
and distribution of leptomeningeal melanocytes across
different individuals [10], the possibility of focal
artifactual increases in the density of these cells due to
regional cortical atrophy, or the presence of concomitant
brain hemorrhagic lesions.
One of the first generation tau PET tracers,

THK-5351, has been recently found to demonstrate high
binding affinity to MAO-B [13, 24], seriously comprom-
ising its value as a tau-specific tracer and increasing the
need for alternative tau-specific imaging agents. To date,
studies on potential non-specific binding of AV-1451 to
MAO enzymes are scarce and have yielded conflicting
results. A recent study by Vermeiren and colleagues sug-
gested that H3-AV-1451 binds with similar nanomolar
affinity to tau fibrils and MAO-A and B enzymes in

(See figure on previous page.)
Fig. 7 Photomicrographs showing combined [F-18]-MK-6240 high-resolution nuclear emulsion autoradiography followed by immunostaining
with appropriate antibodies of brain slices containing frontal and temporal cortices from AD (#10, #16) (a-c), CAA (#17) (d) CTE (#33) (e), CBD
(#23) (f), PSP (#26) (g), PiD (#20) (h), LBD (#34) (i) and FTLD TDP-43 (#39) (j). Accumulation of silver grains from the nuclear emulsion colocalized
with PHF-1 stained tangles and PHF-tau containing dystrophic neurites around plaques in AD. No detectable accumulations of silver grains were
observed in association with Aβ plaques themselves or amyloid-containing vessels in CAA, tau aggregates in CTE, coiled bodies and
globose tangles in CBD, astrocytic plaques in PSP, Pick bodies in PiD, Lewy bodies in LBD or TDP-43 inclusions in FTLD TDP-43.
Abbreviations: AD = Alzheimer’s disease; CAA = cerebral amyloid angiopathy; CTE = chronic traumatic encephalopathy; CBD = corticobasal
degeneration PSP = progressive supranuclear palsy; PiD = Pick’s disease; LBD = Lewy body disease; FTLD TDP-43 = frontotemporal lobar
degeneration with TDP-43 inclusions. Scale bar = 50 μm
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brain homogenates isolated from AD or PSP patients as
well as those devoid of tau pathology [30]. Merck’s re-
searchers also reported high affinity displacement of
3H-AV-1451 binding, but not of 3H-MK-6240, in some
non-AD brain homogenates in the presence of selective
MAO-A inhibitor clorgyline. By contrary, Hansen and
colleagues found that MAO-B inhibitors did not block
in vivo [F-18]-AV-1451 binding in a series of 16 of 27
PD patients receiving MAO-B inhibitors at the time of
scan [12]. In agreement with these results, Lemoine et
al. reported that AV-1451 shows ten times lower affinity
to MAO-B when compared to THK-5351 in in vitro as-
says [17]. Consistent with these observations, our data
derived from [F-18]-MK-6240 and [F-18]-AV-1451 auto-
radiography experiments in the presence of selective
MAO-A and MAO-B inhibitors point to a low binding
affinity of both tracers for MAO enzymes. Studies using
the specific enzymatic inhibitors do not exclude inter-
action of MK-6240 with MAO isoforms at regions re-
moved from the active site. The discrepancies among
the different studies could stem from the different tech-
niques and isotope labeling used in each case e.g. in
vitro binding assays in brain homogenates vs. autoradi-
ography assays in tissue slices, and labeling of the tau
tracer with H-3 vs. F-18. Our previous experience with
H-3-AV-1451 in vitro binding assays in brain homoge-
nates suggested that the signal-to background noise ratio
when using this method was relatively low compared to
[F-18]-AV-1451 autoradiographic techniques; something
that could be due, at least in part, to off-target binding
to sample components such as blood.

Conclusions
In conclusion, all together our results show that MK-6240
exhibits a nearly identical binding profile to AV-1451 hold-
ing promise as a potential surrogate marker for the in vivo
detection of neurofibrillary tangles in AD, while still having
various forms of off-target binding that need to be consid-
ered when interpreting in vivo imaging findings. The utility
of MK-6240 for the reliable in vivo detection of tau aggre-
gates in non-AD tauopathies, however, seems very limited.
Both, MK-6240 and AV-1451, as opposed to other tracers
like THK-5351, seem to exhibit relatively low binding affin-
ity for MAO enzymes. Future imaging-pathological correl-
ation studies on postmortem material from patients
scanned while alive will provide additional information on
the utility of these two tracers for the reliable quantification
of NFT burden in AD and disease progression tracking by
in vivo neuroimaging, as well as their potential usefulness
when testing therapeutic approaches aimed at decreasing
or halting the progression of tau aggregation in AD.
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Abstract

Introduction: Chronic traumatic encephalopathy (CTE) is a tauopathy associated to repetitive head trauma. There are no
validated in vivo biomarkers of CTE and a definite diagnosis can only be made at autopsy. Recent studies have shown
that positron emission tomography (PET) tracer AV-1451 (Flortaucipir) exhibits high binding affinity for paired helical
filament (PHF)-tau aggregates in Alzheimer (AD) brains but relatively low affinity for tau lesions in other tauopathies like
temporal lobal degeneration (FTLD)-tau, progressive supranuclear palsy (PSP) or corticobasal degeneration (CBD). Little is
known, however, about the binding profile of this ligand to the tau-containing lesions of CTE.

Objective: To study the binding properties of [18F]-AV-1451 on pathologically confirmed CTE postmortem brain tissue
samples.

Methods: We performed [18F]-AV-1451 phosphor screen and high resolution autoradiography, quantitative tau
measurements by immunohistochemistry and Western blot and tau seeding activity assays in brain blocks containing
hippocampus, superior temporal cortex, superior frontal cortex, inferior parietal cortex and occipital cortex from 5 cases of
CTE, across the stages of disease: stage II-III (n = 1), stage III (n= 3), and stage IV (n = 1). Importantly, low or no concomitant
classic AD pathology was present in these brains.

Results: Despite the presence of abundant tau aggregates in multiple regions in all CTE brains, only faint or no [18F]-AV-
1451 binding signal could be detected by autoradiography. The only exception was the presence of a strong signal
confined to the region of the choroid plexus and the meninges in two of the five cases. Tau immunostaining and
Thioflavin-S staining ruled out the presence of tau aggregates in those regions. High resolution nuclear emulsion
autoradiography revealed the presence of leptomeningeal melanocytes as the histologic source of this off-target binding.
Levels of abnormally hyperphosphorylated tau species, as detected by Western Blotting, and tau seeding activity were
both found to be lower in extracts from cases CTE when compared to AD.

Conclusion: AV-1451 may have limited utility for in vivo selective and reliable detection of tau aggregates in CTE. The
existence of disease-specific tau conformations may likely explain the differential binding affinity of this tracer for tau
lesions in different tauopathies.

Keywords: Chronic traumatic encephalopathy, [18F]-AV-1451, Flortaucipir, Tau, PET, Autoradiography
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Introduction
Chronic traumatic encephalopathy (CTE) is a neurode-
generative disorder associated with repetitive traumatic
head injuries and characterized by the deposition of
hyperphosphorylated tau aggregates in the brain [5, 6].
This condition, originally observed in boxers “punch
drunk” [23], “dementia pugilistica” [28], has since been
described in players of contact sports [13] and military
personnel exposed to blast injuries [30]. The clinical pic-
ture of CTE includes progressive behavioral and cogni-
tive changes, including irritability, aggression, depression
and memory loss, with onset years or decades after brain
injury [25], that can eventually progress to dementia [11,
12].
The current clinical criteria of CTE lack specificity and

the definitive diagnosis of this condition can only be
established by neuropathologic examination. A set of
consensus neuropathological criteria for CTE were de-
fined in 2016, which emphasize that tau-containing le-
sions in CTE differ from those of other tauopathies such
as Alzheimer disease (AD), progressive supranuclear
palsy (PSP) or corticobasal degeneration (CBD) [24].
The pathognomonic lesions for CTE consist of tau ag-
gregates in neurons, astrocytes and cell processes around
small vessels in an irregular pattern in the depths of the
cortical sulci [24]. The presence of other neurodegenera-
tive lesions such as TAR DNA binding protein 43 (TDP-
43) inclusions and β-amyloid pathology (including pla-
ques and amyloid angiopathy) is also a frequent con-
comitant finding in CTE [24, 26]. Four progressive
stages of CTE have been described according to the
abundance and distribution of tau lesions [26]. Tau ag-
gregates in CTE contain all six isoforms with presence
of both 3 (3R) and 4 (4R) repeats of the microtubule
binding domain, similar to AD but distinct from most
other tauopathies [34]. Despite this similarity, it has re-
cently been demonstrated by electron cryomicroscopy
(cryo-EM) that tau filament conformation in CTE differs
from that of tau filaments present in classic neurofibril-
lary tangles (NFTs) of AD [9, 10].
There is great interest in developing novel biomarkers

for CTE to estimate the prevalence of this disorder in
at-risk populations, improve diagnostic accuracy, allow
disease progression tracking, and assess treatment re-
sponse. Several positron emission tomography (PET)
tracers designed for detection of tau aggregates in the
human living brain have been developed in the past few
years. After a number of early failures, [18F]-AV-1451
(alternatively called flortaucipir and previously [18F]-
T807) was reported [41] as the first promising ligand for
imaging tau in AD. Increased in vivo [18F]-AV-1451 up-
take has been observed in AD patients compared to cog-
nitively normal controls (CTL) in cortical regions known
to contain NFTs [1, 3, 4, 14, 17, 32, 35, 39]. The

usefulness of [18F]-AV-1451 as a biomarker in other
tauopathies such as frontotemporal lobar degeneration
(FTLD)-tau including Pick’s disease (PiD), PSP, and
CBD, however, is more controversial. Some authors re-
ported increased in vivo [18F]-AV-1451 retention in pa-
tients clinically diagnosed with non-Alzheimer (non-AD)
tauopathies in regions that are expected to contain tau
lesions while others noticed in vivo binding patterns
nearly indistinguishable from those in normal controls
[1, 3, 4]. Several groups, including our own have demon-
strated, using autoradiography approaches in postmor-
tem brain tissue samples, that [18F]-AV-1451 has a
significantly higher affinity for tau aggregates in the form
of NFTs in AD compared to tau aggregates in non-AD
tauopathies [19–21, 33]. Importantly, [18F]-AV-1451 also
exhibits strong off-target binding to neuromelanin (in
pigmented brainstem regions) and melanin (in lepto-
meninges). The former of these affinities explains the
nearly universal elevated in vivo retention observed in
the substantia nigra of elderly individuals regardless of
their pathological diagnosis [21]. There is additional off-
target binding in areas of intraparenchymal hemorrhage,
although to a lesser degree [21]. The underlying path-
ology of this tracer’s in vivo uptake frequently detected
in other brain regions that do not typically contain tau
aggregates in AD, such as basal ganglia, is still not yet
well understood.
Only a few studies using [18F]-AV-1451 PET in clinic-

ally diagnosed CTE subjects have been published to date
[8, 29, 36]. Results from those early reports have sug-
gested that this tau tracer may serve as an in vivo surro-
gate marker for tau-containing aggregates in this
condition. To date, no [18F]-AV-1451 imaging-
postmortem correlation studies in pathologically con-
firmed CTE cases have been published. The aim of our
study was to investigate [18F]-AV-1451 binding patterns
in pathologically confirmed CTE tissue using phosphor
screen and high-resolution autoradiography and correl-
ate those findings with quantitative tau measurements as
reported by immunohistochemistry, Western blotting,
and tau seeding activity in the same samples. Our results
show that [18F]-AV-1451 exhibits relatively low binding
affinity for tau aggregates in CTE suggesting that this
tracer may have limited utility for the in vivo selective
and reliable detection of tau aggregates which serve as
the neuropathologic hallmark of this condition.

Material and methods
Brain tissue samples
Five cases from the Boston University (BU) Alzheimer’s
Disease Research Center (ADRC) Brain Bank with a
neuropathological diagnosis of CTE were selected for
this study. Tissue collection and use were approved by
the local Institutional Board. The neuropathological

Marquié et al. Acta Neuropathologica Communications           (2019) 7:164 Page 2 of 12



processing followed the procedures previously estab-
lished by the BU ADRC Brain Bank [38]. Paraffin-
embedded sections were stained with Luxol fast blue,
hematoxylin and eosin, Bielschowsky silver, AT8,
amyloid-β (Aβ), α-synuclein, ubiquitin, TDP-43, SMI-31
and SMI-34 using methods described previously [25].
Diagnostic evaluation was performed in accordance with
published guidelines for neurodegenerative diseases [2,
16, 27]. Neuropathological diagnoses were made by a
BU ADRC Brain Bank neuropathologist without any
knowledge of the subject’s clinical histories and was con-
firmed by two other neuropathologists.
Frozen brain tissue blocks containing hippocampus

(HPC), superior temporal cortex (TC), superior frontal
cortex (FC), inferior parietal cortex (PC) and occipital
cortex including calcarine cortex (OC) were analyzed.
Demographical and neuropathological information for
each case is shown in Table 1. Cases were classified ac-
cording to the recently described CTE staging [26] into
stages I-IV. The tissue blocks were sectioned in a freez-
ing cryostat (Thermo-Shandon SME Cryostat) into 10-
μm-thick slices and used for immunohistochemistry
(IHC) and phosphor screen and nuclear emulsion auto-
radiography. Fresh frozen homogenates prepared from

the same tissue blocks were used to quantify tau con-
tents by Western Blot and to measure tau seeding activ-
ity by sensitive in vitro seeding assays. Fresh frozen
homogenates containing the same regions of interest
(ROIs) from 15 additional cases (including 9
pathologically-confirmed AD cases and 6 control cases
free of pathology) from the Massachusetts ADRC where
also included in the Western Blot and tau seeding assays
for comparison.

[18F]-AV-1451 phosphor screen and high resolution
autoradiography
10-μm-thick frozen tissue sections containing the ROIs
were used to perform [18F]-AV-1451 phosphor screen
and high resolution autoradiography experiments follow-
ing our previously published protocols [21]. In brief, sec-
tions were fixed in 100% methanol at room temperature
(RT) for 20 min and transferred to a bath containing
high specific activity [18F]-AV-1451 in 10mM PBS with
a radioactivity concentration of approximately 20 μCi/
ml. Adjacent sections were placed in an identical bath
except that unlabeled AV-1451 was added to yield 1 μM
chemical concentration, a blocking condition sufficient
to saturate essentially all specific binding sites of tau

Table 1 Demographic and neuropathologic characteristics

Case N° Pathological diagnosis Age at death
(years)

Gender Braak & Braak
(NFTs)

CERAD score
(neuritic plaques)

NIA-Reagan
Institute criteria

1 CTE (CTE stage III) 46 M III none LP

2 CTE (CTE stage IV) 65 M II A LP

3 CTE (CTE stage III) 56 M II none LP

4 CTE (CTE stage II-III) 25 M 0 none LP

5 CTE (CTE stage III) 58 M III none LP

6 AD 87 F V Frequent IP

7 AD 71 M V Moderate IP

8 AD 96 F V Frequent HP

9 AD 82 F V Moderate HP

10 AD 79 M V Frequent HP

11 AD 66 M V Moderate HP

12 AD 69 F VI Frequent HP

13 AD 66 F VI Frequent HP

14 AD 66 F VI Frequent HP

15 CTL 76 F I Sparse LP

16 CTL 97 F I Sparse LP

17 CTL 81 M I none LP

18 CTL 59 F I-II Moderate LP

19 CTL 91 M II none LP

20 CTL 101 F II Moderate LP

Abbreviations: CTE Chronic traumatic encephalopahty, AD Alzheimer’s disease, CERAD Consortium to Establish a Registry for Alzheimer´s Disease, CTL Control, F
Female, HP High probability of AD, IP Intermediate probability of AD, LP Low probability of AD, M Male, NFT Neurofibrillary tangles, NIA National Institute
of Ageing
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[21]. After incubation for 60 min, sections were removed
from radioactivity solutions and washed to remove un-
bound radiotracer. Wash solutions and incubation times
were: 10 mM PBS for 1 min, 70% ethanol/30% PBS for 2
min, 30% ethanol/70% PBS for 1 min, and lastly 100%
10mM PBS for 1 min. Sections were then air dried be-
fore transferring to a storage phosphor screen (Multi-
Sensitive Phosphor Screen, PerkinElmer Life and
Analytic Sciences, Shelton, CT) that had been photo-
bleached immediately prior by exposure on a white light
box for a minimum of 15min. Sections and phosphor
screen were enclosed in aluminum film cassette and set
in a dark area. Under dim lighting conditions, the cas-
sette was opened and the slides removed from the ex-
posed screen, which was mounted to the carousel of
imaging system (Cyclone Plus Storage Phophor Scanner,
PerkinElmer Life and Analytic Sciences). Scanning of
screens was controlled by the manufacturer’s OptiQuant
software package using the highest available resolution
of 600 dpi (approximately 42 μm sampling interval).
Digital images were saved in uncompressed form at full
resolution and pixel depth. Images from adjacent brain
slices incubated in the unblocked (high specific activity
[18F]-AV-1451 only) and blocking [18F]-AV-1451 plus
1 μM unlabeled AV-1451) conditions were compared to
determine total and non-specific binding of [18F]-AV-
1451 in the tissue. All experiments were run in triplicate
on adjacent tissue sections.
To rule out the possibility that the ethanol washing

steps used in the above autoradiography protocol may
have removed some weaker tracer binding, parallel ex-
periments in comparable tissue samples incubated with
[18F]-AV-1451 with a radioactivity concentration of ap-
proximately 1 μCi/ml and avoiding the use of ethanol in
the washing conditions were also conducted. All assays
were done in triplicate on adjacent tissue sections.
To obtain autoradiographic information at cellular reso-

lution level, frozen cryostat sections, adjacent to those
used for phosphor screen autoradiography, were coated
with liquid photographic emulsion, then immunostained
using appropriate primary antibodies - anti-tau PHF1 (1:
100, mouse, kind gift of Dr. Peter Davies), anti Aβ (1:50,
rabbit, IgG Affinify Purify, IBL) or anti TDP-43 (1:100,
rabbit, Protein Tech) – and counterstained with H&E fol-
lowing our previously published protocol [20].

Tau burden quantification by immunohistochemistry
10-μm-thick frozen tissue sections containing the five
ROIs and adjacent to those used in autoradiography ex-
periments were stained with PHF-1 antibody (1:100,
mouse, kind gift of Dr. Peter Davies) and analyzed with
an upright Olympus BX51 microscope (Olympus,
Denmark) using the CAST software (Visiopharm, 2004,
Denmark). Each ROI was drawn in the corresponding

slide at 1.25x magnification, and then a systematic ran-
dom sampling was applied using the software’s optical
disector probe at 10x magnification (meander sampling
20%). A threshold of optical density was obtained in
each microphotograph using ImageJ (National Institute
of Health). Manual editing in each field eliminated arti-
facts. Tau pathology burden, defined as total percentage
(%) of area covered by PHF-1 immunostaining, was cal-
culated in each ROI.

Measurements of soluble tau in synaptoneurosomal
fractions by Western blot
Synaptoneurosomal fractions from the five ROIs were
obtained from the same tissue blocks used in immuno-
histochemistry and autoradiography experiments to
measure soluble tau content by Western blot, following
our previously published protocol [20]. Human tau
(Dako, A0024) and PHF-1 (kind gift of Dr. Peter Davies)
antibodies were used to assess levels of total tau and
hyperphosphorilated-tau, respectively. Briefly, tissue
samples were homogenized in Buffer A (25 mM HEPES
7.5, 120 mM NaCl, 5 mM KCL, 1 mM MgCl2, 2 mM
CaCl2, 1 mM DTT) supplemented with Phosphatase In-
hibitor Cocktail tablets (Roche, 04906845001) and Prote-
ase Inhibitor Cocktail tablets (Roche, 11,697,498,001).
The homogenate was filtered through 2 Millipore Nylon
80 μm filters after the addition of 0.6 mL Buffer A and
200 μL of homogenate was separated. Two hundred
microliter of distilled H2O and 70 μL of 10% SDS were
added to the homogenate and passed through a 27½G
needle 3 times. The remaining homogenate was filtered
again through PALL Acrodisc Syringe 5 μm Filters after
the addition of 1mL Buffer A, and centrifuged at 1000 g
for 10min at 4 °C. The supernatant was then separated
and ultracentrifuged at 100,000 g for 45min, and the pel-
let was resuspended in 200 μL Buffer B (50mM Tris, 1.5%
SDS, 1mM DTT). The resuspended pellet and the sepa-
rated homogenate were then boiled for 5 min, centrifuged
for 15min, and the supernatants were collected as synap-
toneurosome (SNS) and total fractions, respectively.
SNS fractions from each ROI were electrophoresed in

MES SDS Running Buffer (Novex, NP0002) using 4–
12% Bis-Tris Novex gels (Invitrogen, #MAN0003679).
Protein was then transferred onto nitrocellulose mem-
branes and blocked for an hour at room temperature
using Odyssey Blocking Buffer (LiCor, 927–40,000).
Membranes were probed with human tau (Dako, A0024)
and PHF-1 (kind gift of Dr. Peter Davies) antibodies to
detect content of total tau and phospho-tau, respectively.
GAPDH (Millipore, AB2302) was used as loading con-
trol for protein normalization. LiCor secondary anti-
bodies (IR Dye 680RD Donkey anti-chicken 926–68,075,
IR Dye 800 CW Donkey anti-rabbit 926–32,213, IR Dye
800CW Donkey anti-mouse 926–32,212) were then used
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to visualize bands with the Odyssey Infrared Imaging
System (V3.0). ImageStudio was used to quantify the
bands of interest by drawing equal size rectangles
around individual bands of interest. Background subtrac-
tion was applied by taking the median of the area three
pixels to the left and right of each band of interest and
subtracting that value from the measured signal.

Tau seeding assays
PBS fractions obtained from fresh frozen total homoge-
nates from the five ROIs were used to perform tau seeding
activity assays. Equivalent samples from AD (n = 9) and
control cases free of tau pathology (n = 6) were also ana-
lyzed for comparison. In vitro tau seeding activity was
measured as previously described elsewhere [15]. In short,
HEK293 cells stably expressing TauRDP301S fused with
cyan fluorescent protein (CFP) and TauRDP301S-yellow
fluorescent protein (YFP) (Tau RD P301S FRET Biosensor
(ATCC CRLR-3275™)) were plated at 40,000 cells per well
in poly-D-lysine coated black clear-bottom 96-well plates
(Corning). The following day, cells were transduced with a
total of 50 μl of 2 μg/well PBS-soluble frozen brain lysate
(3,000 g) plus 7% lipofectamine 2000 transfection reagent
(#11668–019, Invitrogen) in Opti-MEM (#11058–021, Life
technologies), after the lysate and lipofectamine complex
had incubated at room temperature for 20min. The cells
were left to incubate at 37 °C with the lysate-lipofectamine
complex for 41 h. Cells were then removed from the plate
using Trypsin-EDTA and transferred to a 96-well U-
bottom plate (Corning) with chilled DMEM 10% FBS
media. Cells were pelleted at 1,800 g using a plate spinner,
fixed with 2% paraformaldehyde (PFA, #15714-S, Electron
Microscopy Sciences) in the dark for 10min at 4 °C, and
pelleted again. Cells were resuspended in cold PBS and
immediately run on the MACSQuant VYB flow cytometer
(Miltenyi). CFP and FRET were measured on the flow cyt-
ometer by exciting the HEK293 cells with a 405 nm laser
and then reading fluorescence at 405/50 nm and 525/50
nm filters, respectively. Using the MACSQuantify flow cy-
tometry software (Miltenyi), the integrated FRET density
(IFD) was calculated by multiplying the % number of
FRET-positive tau aggregates by the mean fluorescence in-
tensity of FRET-positive tau aggregates. This value was
then normalized by the value for the cells that were
treated only with the lipofectamine (without brain lysate),
serving as a non-treated FRET-negative population. Each
sample was run in triplicate. Representative images of the
tau aggregates were captured using the ZOE Fluorescent
Cell Imager (BioRad) in the GFP excitation and emission
filters.

Statistical analysis
Correlation analyses between PHF-tau burden quantifi-
cation by immunohistochemistry, measurements of

soluble tau contents as reported by Western blot, and
IFD as reported by tau seeding assays were conducted
using a Spearman correlation test. For non-parametric
analyses, Kruskal-Wallis test was used to compare IFD
in control, CTE and AD samples. Significance was set at
p < 0.05. All statistical analysis and graphs were gener-
ated using GraphPad Prism v6.0 software (GraphPad
Software Inc., La Jolla, CA).

Results
[18F]-AV-1451 phosphor screen autoradiography
As expected, strong tracer binding was detected in
tangle-containing regions from AD tissue used as posi-
tive control. However, no autoradiographic signal could
be detected across multiple cortical regions known to
contain tau aggregates in the 5 CTE cases (Fig. 1). The
exception was the presence of strong tracer binding ob-
served in a few isolated areas in 2 cases (case #1 HPC
and TC, and case #3 HCP and TC) (Fig. 1). Adjacent
sections stained with PHF-1 antibody and Thio-S
showed that the autoradiography signal corresponded to
off-target binding to leptomeningeal melanocytes and
not to tau aggregates. Weaker binding was also noticed
in the hippocampus from case #2 (the oldest individual
in the CTE group, age 65) where some classic AD NFTs
were present along with abundant CTE tau aggregates
(Fig. 1).
Parallel autoradiographic experiments performed on

adjacent tissue slices and eliminating ethanol from the
washing conditions yielded identical results (Fig. 2), rul-
ing out the possibility that the ethanol washing steps
may have removed some weaker tracer binding in these
cases. A slightly higher non-specific background signal
in the white matter was observed across cases when
avoiding the use of ethanol in the washing steps.

[18F]-AV-1451 high resolution nuclear emulsion
autoradiography
To confirm the above observations and obtain cellular
resolution, we performed autoradiography with photo-
graphic nuclear emulsion on histologic sections, followed
by immunohistochemistry with appropriate tau anti-
bodies. As expected, tangle-containing sections from cases
of AD exhibited a strong concentration of silver grains
colocalizing with NFTs. In tissue from cases of CTE, how-
ever, there was negligible accumulation of silver grains
despite the presence of robust amounts of tau aggregates
in the pathognomonic pattern of the disease (Fig. 1). Of
note, abundant silver grains labeled the concomitant clas-
sic NFTs present in low amounts in the hippocampus of
case #2, serving as an internal positive control for our
autoradiographic experiments, but not the abundant CTE
tau aggregates present in the same tissue material. In
agreement with the above results from phosphor screen
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autoradiography experiments and our previously pub-
lished observations [20, 21], silver grains strongly labeled
leptomeningeal melanocytes (off target) found in two of
the five CTE cases (case#1 and case #3) (Fig. 1).

Total tau content by Western blot
Analysis of SNS fractions by Western blot revealed the
presence of tau in the form of low molecular weight
(monomeric) and high molecular weight (oligomeric) as-
semblies in CTE brains. Representative images of total
tau and hyperphophorylated tau in ROIs from CTE cases
as reported by Western Blot are shown in Fig. 3a and c.
Levels of hyperphosphorylated tau were significantly
lower in CTE cases compared to AD cases (hippocam-
pus CTE vs. AD: pTau monomers 0.62 ± 0.70 vs. 2.56 ±
1.95, p = 0.04; pTau oligomers 0.46 ± 0.50 vs. 2.74 ± 3.41,

p = 0.02; temporal cortex CTE vs. AD: pTau monomers
0.82 ± 0.69 vs. 5.32 ± 3.74, p = 0.03; pTau oligomers
0.77 ± 0.76 vs. 3.38 ± 2.82, p = 0.04; occipital cortex CTE
vs. AD: pTau monomers 0.02 ± 0.006 vs. 5.46 ± 5.13, p =
0.03; pTau oligomers 0.01 ± 0.01 vs. 7.03 ± 7.22, p = 0.01)
(Fig. 3c). A significant correlation was detected be-
tween burden of tau aggregates, measured in PHF-1
immunostained ROIs, and synaptic content of total
tau oligomers (r = 0.47, p = 0.02, Fig. 3b) and
phospho-tau monomers and oligomers in CTE cases
(r = 0.82, p < 0.0001 and r = 0.78, p < 0.0001, respect-
ively, Fig. 3d).

Tau seeding assays
Tau seeding activity across the ROIs in CTE brains
was significantly higher than in control brains free

Fig. 1 Representative images of immunohistochemistry with PHF-1 antibody (panel a), [18F]-AV-1451 phosphor screen autoradiography (panel b),
self-block (panel c), and [18F]-AV-1451 nuclear emulsion autoradiography followed by PHF-1 immunostaining in AD (positive control) and CTE
brains (panels d and e). A strong [18F]-AV-1451 binding signal was observed in cortical regions containing tangles in AD (panels a and b arrows).
No [18F]-AV-1451 binding was detected in CTE slices containing abundant tau aggregates (panel a arrowheads) with the exception of strong
binding to the choroid plexus in case#1 and to leptomeninges in cases #1 and #3 (panel b red stars) corresponding to off-target to
leptomeningeal melanocytes. A weaker signal was present in hippocampus of case #2 (panel b arrow) where scarce classic AD NFTs (panel a
arrow) were present along with abundant CTE tau aggregates (panel a arrowhead). The signal was blocked by adding unlabeled AV-1451 (panel
c). [18F]-AV-1451 nuclear emulsion autoradiography confirmed a strong accumulation of silver grains colocalizing with classic NFTs in AD (panel
d), and with incidental classic NFTs in the hippocampus of CTE case #2 (panel e). No detectable accumulations of silver grains were observed in
association with CTE tau aggregates (panel d). Strong accumulation of silver grains also colocalized with leptomeningeal melanocytes in CTE
cases #1 and #3 (off-target binding) (panel e). Scale bars = 1 cm (panels a, b, c) and 20 μm (panels d and e)

Marquié et al. Acta Neuropathologica Communications           (2019) 7:164 Page 6 of 12



of tau-containing lesions but significantly lower than
in AD brains (p = 0.0009) (Fig. 4a-b). Representative
images of tau seeding activity assays are depicted in
Fig. 4a. Of note, a substantial patient to patient vari-
ability was noted in both groups, CTE and AD (Fig.
4b). Tau seeding activity in CTE cases closely corre-
lated with the total burden of tau aggregates (%)
measured in PHF-1 immunoreactivity (r = 0.65, p =
0.0004, Fig. 4c), as well as with the levels total tau
oligomers (r = 0.74, p < 0.0001, Fig. 4e) but not total
tau monomers (r = 0.005, n.s, Fig. 4d), and with
levels of soluble phospho-tau monomers and

oligomers (r = 0.89, p < 0.0001 and r = 0.85, p =
0.0001, respectively, Figs. 4f-g), as measured by
Western blot.

Discussion
We have examined the postmortem regional- and
substrate-specific binding patterns of tau PET tracer [18F]-
AV-1541 in multiple ROIs from five autopsy-confirmed
CTE cases. Our observations are derived from [18F]-AV-
1451 sensitive autoradiography, quantification of tau bur-
den on immunostained sections, biochemical analysis of
soluble tau content by Western blot and in vitro tau

Fig. 2 Representative images of phosphor screen autoradiography experiments with and without ethanol washing steps. Identical results were
observed in the head to head comparison of both protocols using adjacent brain tissue slices. A strong [18F]-AV-1451 binding signal was
observed in cortical regions containing tangles in AD but no [18F]-AV-1451 binding was detected in CTE slices with the exception of the off-target
to leptomeningeal melanocytes. Scale bar = 1 cm
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seeding activity assays. In agreement with our previous
observations, high resolution autoradiography experi-
ments revealed strong binding of [18F]-AV-1451 to NFTs
in AD [20, 21], but negligible binding to tau aggregates in
CTE brains. A strong [18F]-AV-1451 binding to incidental
leptomeningeal melanocytes present in two of the five
CTE cases further confirmed tracer off-target binding to
this biological substrate [20, 21]. These observations, along
with the lack of correlation between [18F]-AV-1541 auto-
radiographic regional binding at postmortem and the
topographical distribution of tau aggregates or multiple
other tau measures in these cases of CTE, suggest that
[18F]-AV-1451 may not have sufficient sensitivity to reli-
able detect and quantify tau pathology in CTE by in vivo
neuroimaging particularly when confounding AD lesions
are present in the context of aging.
As in other neurodegenerative conditions, the develop-

ment of novel fluid and neuroimaging biomarkers poten-
tially capable of facilitating an accurate diagnosis of CTE
and of monitoring disease progression has become a pri-
ority in this research field [37, 42]. While tau PET tracer
[18F]-AV-1451 has recently shown great promise as a sur-
rogate biomarker for tau-containing lesions in AD
through its binding to NFTs with PHF conformation, the
potential utility of this ligand in assessing the burden of
the distinct tau-containing lesions of CTE remains

uncertain. To date, only very limited data from human
in vivo [18F]-AV-1451 PET imaging studies in patients
with clinically suspected CTE have been published and
they all, unfortunately, lack neuropathological confirm-
ation of the diagnosis. Mitsis et al. reported a 71-year old
retired NFL football player who had experienced multiple
concussions and presented with progressive cognitive im-
pairment in his 60s. [18F]-Florbetapir PET was negative,
excluding significant concomitant amyloid deposition,
while [18F]-AV-1451 PET showed increased uptake local-
ized in globus pallidus, putamen, hippocampus and the
substantia nigra [29]. However, we and others have de-
scribed a nearly identical pattern of in vivo retention in
elderly controls [17], that seems heavily influenced by the
non-specific retention of this tracer in basal ganglia and
its off-target to neuromelanin-containing neurons in the
substantia nigra [21]. Dickstein et al. reported another 39-
year old retired NFL football player with a history of mul-
tiple concussions who experienced cognitive decline, irrit-
ability and emotional lability in his 30s. [18F]-Florbetapir
PET was negative and [18F]-AV-1451 showed increased
retention in midbrain, globus pallidus and hippocampus,
and also at gray-white matter junctions in multiple cor-
tical areas, mirroring the described postmortem distribu-
tion of CTE tau lesions [7]. It should be noted though
that, in the absence of a validated threshold for defining

Fig. 3 Representative images of Western Blot membranes probed with total tau (a) and PHF-1 (c) antibodies showing lower amounts of p-tau
monomers and oligomers in CTE compared to AD brain samples. Significant correlations were found between total tau burden quantified on
immunostained sections and levels of tau oligomers (b) and p-tau monomers and oligomers in CTE cases (d). Spearman r and p values are
displayed on the graphs. Abbreviations: HPC: hipoccampus; FC: frontal cortex; TC: temporal cortex; PC: parietal cortex; OC: occipital cortex
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signal with [18F]-AV-1451, the authors relied on the value
commonly used for the amyloid PET tracer florbetapir
and thus, these results must be interpreted with caution
[18]. Very recently, another study by Stern et al. has re-
ported a significantly higher [18F]-AV-1451 in vivo reten-
tion at the group level in three brains regions (bilateral
superior frontal, bilateral medial temporal, and left par-
ietal) in a cohort of 26 former National Football League
(NFL) players with cognitive and neuropsychiatric symp-
toms compared to 31 asymptomatic men with no history
of traumatic brain injury [36]. It remains unclear whether
such differences were also present at individual level. Of
note, the average in vivo retention values observed in the
group of NFL players in that study were quite modest
(SUVR values 1.09–1.12), with the exception of the medial
temporal lobe (1.23); most fell within the range of in vivo
retention values reported in normal elderly controls in
multiple other studies [31]. Intriguingly, no association be-
tween [18F]-AV-1451 in vivo retention and scores on

cognitive and neuropsychiatric tests could be demon-
strated. The potential presence of age-related tau-
containing lesions in the medial temporal lobe and tracer
off-target binding to old hemorrhages, which are quite
common after brain trauma, are potential confounders
when interpreting these results.
All of the 5 CTE cases studied here demonstrated

immunohistochemically confirmed abundant tau aggre-
gates in a distribution consistent with the consensus
diagnostic criteria. Importantly, we carefully selected the
CTE cases included in this study ruling out the presence
of substantial concomitant AD pathology as a con-
founder in our autoradiography experiments given the
known strong affinity of [18F]-AV-1451 to classic AD tau
tangles. Our phosphor-screen autoradiography experi-
ments, showed negligible binding of [18F]-AV-1451 in
brain regions with a high burden of tau lesions apart
from off-target binding to leptomeningeal melanocytes
present in two of the five cases. In contrast, tangle-

Fig. 4 Representative confocal microscopy images showing tau aggregates in cells exposed to AD and CTE temporal cortex brain lysates (white
arrow heads). No aggregates where detected in cells exposed to temporal cortex brain lysates from controls free of tau pathology (a).
Quantification of IFD in ROIs from controls (n = 6), CTE (n = 5) and AD (n = 9) brain samples. IFD was significantly higher in AD than in CTE and
control samples (p = 0.0009) (b). IFD values showed a significant correlation with total tau burden quantified by IHC (c) and with total levels tau
oligomers (e), p-tau monomers (f) and p-tau monomers (g) but not with total tau monomers (d). Spearman r and p values are displayed on the
graphs. Abbreviations: HPC: hipoccampus; FC: frontal cortex; TC: temporal cortex; PC: parietal cortex; OC: occipital cortex; IFD: integrated FRET
density; IHC: immunohistochemistry. Scale bar = 100 μm
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containing sections from AD brains, included here as
positive control, exhibited strong [18F]-AV-1451 binding
signal as previously reported by us and others [19–22,
33, 41]. In agreement with these findings, high reso-
lution nuclear emulsion autoradiography experiments
showed high concentrations of silver grains colocalizing
with NFTs in AD brains and incidental extracutaneous
leptomeningeal melanocytes but no detectable silver
grain accumulation colocalizing with CTE tau
aggregates.
The possibility that the use of ethanol in the washing

steps included in our traditional autoradiography proto-
col may have removed some weaker tracer binding was
carefully ruled out by performing experiments which
avoided the use of ethanol or other solvents in the wash-
ing conditions. Those parallel autoradiography studies
yielded identical results.
The pathological tau burden in the CTE cases, quanti-

fied on immunostained sections containing multiple
ROIs, significantly correlated with the levels of soluble
p-tau monomers and oligomers, as assessed by Western
blotting, and with tau seeding activity in the same ROIs.
These measures of pathologic tau aggregates, however,
were substantially lower than those found in a series of
9 AD cases that were used here for comparison. Intri-
guingly, a previous study by Woerman et al. reported in-
creased tau seeding activity in CTE when compared to
AD brains [40]. We believe that the discrepancies be-
tween that and the present study may be related to dif-
ferences in sampling, given the highly focal nature of
CTE [40], and/or the potential presence of concomitant
AD pathology, a common finding in this condition [26],
in older individuals with CTE. As noted above, our stud-
ies specifically excluded coincident neuropathologic pro-
cesses, including the presence of substantial AD
pathology, as a potential confounder through careful
case selection.
Our results suggest that [18F]-AV-1451 differs in its af-

finity for the tau aggregate-containing lesions of CTE
and AD, despite both being comprised of 3 and 4 repeat
isoforms of tau. Importantly, recent studies based on
cryo-EM have elegantly demonstrated the existence of
distinct conformers of assembled tau in different tauopa-
thies [9, 10]. That work has demonstrated that, despite
the presence of both 3 and 4 repeat isoforms, the tau
filament structures in CTE are distinct from those of
AD, as well as from the 3 repeat isoform containing tau
aggregates of Pick disease. Even though similarly to AD,
all six tau isoforms assemble into filaments in CTE, a
conformation of the β-helix region creates a hydropho-
bic cavity that is absent in tau filaments in AD. More-
over, filaments in CTE have distinct protofilament
interfaces to those of AD [10] The distinct conforma-
tions of tau filaments in different tauopathies may not

only explain the phenotypic and neuropathologic diver-
sity of these disorders but also underlie the differential
affinity of PET ligands, like [18F]-AV-1451, for tau aggre-
gates in AD and non-AD tauopathies. This may, in part,
reflect the process by which this compound was identi-
fied as potential tau imaging agents screening using cor-
tical homogenates from AD brain tissue rich in NFT as
the binding target. A potential limitation of the current
study is the lack of females in the CTE group.

Conclusions
In conclusion, the results from this study further favor
the idea that tau tracer [18F]-AV-1451 binds with high
affinity to tau aggregates in AD brains and that now
established off-target binding must be carefully taken
into account when interpreting its behavior in vivo. Our
data also indicate that [18F]-AV-1451 exhibits relatively
low binding affinity to tau inclusions in CTE and suggest
that this ligand may have a limited utility for the reliable
detection and quantification of tau lesions in this non-
AD tauopathy. The combination of the lower patho-
logical tau load in CTE brains when compared to AD
and the apparent differential affinity of this imaging
agent for disease-specific molecular conformations of
tau filaments suggest that [18F]-AV-1451 may not be an
optimal agent to use for assessment of CTE, particularly
in older individuals where the presence of concomitant
AD pathology is a frequent finding. Further neuro
imaging-pathologic correlation studies are needed to ac-
curately interpret what in vivo [18F] AV-1451 PET posi-
tivity means. Although we cannot rule out with absolute
certainty that [18F] AV-1451 may exhibit some weak
binding affinity for tau aggregates in CTE, we believe
that selective screening using different tau conforma-
tions as binding targets may result in better and more
reliable PET tracers for CTE and other non-AD
tauopathies.
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