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Abstract  

 
Synapse loss is the strongest correlate of dementia in AD. Yet, the underlying causes of synaptic 
derangement remain largely unknown. Emerging evidence suggests that glial cells play a central role 
in synapse elimination and recent studies have shown that microglia internalize more synapses in 
demented than in control brains. Additionally, amyloid-β and tau oligomers are significantly higher in 
the synapses of demented brains. The present study included 60 human brains of demented and 
resilient individuals at intermediate stages of tau pathology (Braak III-IV) and cognitively unimpaired 
controls (Braak 0-II). The temporal cortex, a Braak III-IV region with incipient neurofibrillary tangles 
(NFTs), and the visual cortex, a Braak VI region without NFTs were evaluated. Glial cell phenotypic 
changes were quantified with immunohistochemistry and artificial intelligence-supported analyses, 
and synaptic elements with expansion microscopy and Imaris analyses, complemented with western 
blotting. Demented brains showed higher inflammatory and lower homeostatic but no change in 
total glial cell numbers compared with resilient and controls. Notably, these glial cell changes 
occurred irrespectively of amyloid-β and NFTs (temporal cortex) and ahead of NFT development 
(visual cortex). Moreover, a significant synapse loss was present in the NFT-free visual cortex of 
demented brains and showed a strong association with cognitive scores, especially with visual 
memory tasks. Synapses extracted from the visual cortex of demented brains contained more 
oligomeric and hyperphosphorylated tau compared with resilient but no change in tau truncation or 
detectable seeding activity. Importantly, microglia and astrocytes of demented brains harboured 
significantly more internalized synaptic elements and particularly high tau oligomer-positive 
synapses. A primary glial cell dysfunction may determine the early synapse loss driving AD dementia 
irrespectively of AD-typical lesions, and this may be promoted and perpetuated by oligomeric tau 
contained in synapses, leading to chronic synapse elimination and the development and progression 
of AD dementia.  
 

Impact statement  

 
The present work evaluated the role of early glial changes in AD, and how glial cells may relate to 
synapse loss and dementia development in a cohort of human brains with similar amyloid-β and tau 
burdens but opposite cognitive outcomes prior to death (demented vs. `resilient’). The novel 
technique of expansion microscopy was applied to allow an unprecedented in situ evaluation of the 
interactions between glia, synapses, and oligomers in these brains. The in-depth characterization of 
the studied brains showed that demented but not resilient subjects had early glial cell changes and 
loss of synapses despite both having equal amyloid-β and tau burdens. In addition, glial cells of 
demented brains engulfed a significantly higher number of synapses compared with resilient brains, 
and glia-internalized synapses of demented brains contained substantially more tau oligomers. 
Importantly, the present study shows, for the first time in early dementia AD brains, that astrocytes 
and not only microglia internalize higher amounts of synapses, and that accumulation of tau 
oligomers in synapses could be driving the dysfunctional glial cell responses on synapse engulfment. 
 
These findings are novel and suggest a primary role of microglia- and astrocyte-driven synapse 
elimination in the early phases of dementia and they propose a potential key contribution of tau 
oligomers in mediating these dysfunctional effects. This would support a novel pathogenic model of 
AD where an early dysfunction in glial cells together with oligomeric tau mislocalized to synapses, 
rather than the only presence of amyloid-β and tau deposits, would determine the fate of an 
individual to develop dementia or to remain cognitively unimpaired (`resilient’) in the presence of 
amyloid-β and tau pathologies. 
 
These results could have important implications with impact on clinical practice, public health, 
economy, and quality of life. First, these findings apply to the early phases of the clinical and 
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neuropathologic AD process, and this is important for the potential development of novel 
biomarkers and effective treatments targeting the most preventable phases of the disease. Future 
synapse-protecting therapies derived from the study of early dementia stages hold the greatest 
promise to be most effective in halting the inexorable progression of synapse loss and the 
development and progression of cognitive dysfunction. Secondly, potential future treatment 
avenues derived from the present study could possibly be applied to other neurodegenerative 
and/or neurodevelopmental disorders beyond AD, where synapse loss and inflammatory glial cell 
changes are common hallmarks and key neuropathologic features. Thirdly, our proposed alternative 
`AD model’ involving early synapse loss associated with glial cell changes and synaptic oligomeric tau 
could aid in the development of more precise and clinically relevant neuropathological definitions of 
AD using synaptic biomarkers in combination with glial cell phenotypic changes and soluble tau 
species as potential proximity markers, and this could help to better detect, classify, and study 
demented individuals, both in vivo and at post-mortem, in the future. Lastly, the development of 
effective future treatment targets for AD dementia could have a substantial impact on public health 
and the economic burden associated with dementia care, and most importantly, this could 
substantially improve the quality of life of affected patients and their families. 
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Aims 
 
This project aims to evaluate the involvement of glia as a potential driver of the excessive synapse 
elimination and a contributor to dementia development in the early stages of AD dementia and to 
assess the role of synaptotoxic oligomeric tau species in potentially driving the early elimination of 
synapses by glial cells in these brains.  
 
The unique study setup with a well-matched cohort of brains that harbour similar amyloid-β and tau 
deposits enables the assessment of other neuropathologic signatures, including glial cell changes 
and oligomeric tau species, that could instead be more meaningfully driving the development and 
severity of cognitive dysfunction. While other variables associated with amyloid-β and tau 
themselves (e.g., morphologic features of plaques and tangles, temporospatial associations with 
other co-pathologies) may be playing a role in anatomical and functional brain changes, the 
matching for burdens of these two proteins excludes an important proportion of possible variability 
and allows to interpret changes in other neuropathologic features largely excluding the effects of 
amyloid-β and tau deposits in these brains. Thus, in view of a virtually `negligible’ impact of amyloid-
β and tau deposits across the studied groups, the results derived from the study of these brains 
could unravel truly meaningful contributors to dementia development and severity, in the presence 
of classical AD neuropathologies. 
 
By studying a select cohort of human brains with intermediate (Braak III-IV) stages of tau pathology 
but differing antemortem cognitive statuses (resilient vs demented), the present study enables the 
unprecedented possibility to address early neuropathologic changes in human AD brains that could 
be meaningful to the presence or absence of cognitive dysfunction in an individual. The inclusion of 
a healthy control group (Braak stages 0-II) enables to distinguish neuropathologic features of normal 
healthy ageing from specific signatures of resilient brains intended to better cope with ADNC. The 
study of brain regions that lie ahead of NFT development in these brains (e.g., visual cortex) offers a 
unique temporal window to evaluate other early neuropathologic features and assess their clinical 
significance in the absence and ahead of NFTs. In addition, the inclusion of a subset of cases without 
cortical amyloid-β deposits (primary age-related tauopathy (PART) cases) enables to evaluate those 
early neuropathologic changes in the absence of both, amyloid-β and tau deposits in the visual 
cortices of these brains. The study results will ultimately enable to propose a primary role of other 
elements distinct from typical AD lesions in the pathogenesis of AD largely excluding their 
alternatively secondary or reactive role to the presence of amyloid-β/tau deposits in these brains. 
 
Most individuals included in the present study were in the early stages of dementia at the time of 
death and the study of prodromal (mild cognitive impairment or MCI) and mild dementia stages at 
post-mortem is rare and allows the unique possibility to address the earliest neuropathologic 
hallmarks that are associated with incipient clinical changes in AD. The brain cohort included here is 
quite unique since most individuals who die and donate their brains for research studies are at more 
advanced dementia stages. Thus, the findings and conclusions derived from the present work could 
be relevant to understanding the early neuropathologic mechanisms initiating and driving the 
consecutive decline in memory function and be relevant for the development of novel therapeutic 
interventions aimed at targeting those early and potentially still reversible phases of 
neuropathologic changes in AD. 
 
The present work assessed the following key points: 
 

- Are microglia and/or astrocytes phenotypically and morphologically distinct in the brains of 
ADNC-matched early demented and resilient cases? 
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- Is there a key glial cell signature (e.g., inflammatory, homeostatic) that allows to 
differentiate early demented from resilient brains? 

 
- Does that glial cell signature associate with early cognitive dysfunction and with neuronal 

damage in these brains, irrespectively and ahead of amyloid-β and/or tau deposits? 
 

- Is synapse loss, the strongest neuropathologic signature of memory dysfunction, already 
present in brain regions that lie ahead of tau tangle development? 

 
- Does synapse loss associate with cognition and with neuronal damage in these brains? 

 
- Are microglia and/or astrocytes possibly involved in the early synapse loss by engulfing 

higher amounts of synaptic elements in demented brains? 
 

- Do tau oligomers target and mislocalize to synapses in brains at early dementia stages and in 
the absence of NFTs? 

 
- Are the synapses that contain tau oligomers the ones that are preferentially internalized and 

eliminated by glia?  
 

- Lastly, is the presence or absence of this tissue injury response what determines whether an 
individual who harbours amyloid-β and tau deposits in the brain will manifest or not clinical 
symptoms of disease? 

 
 

Hypotheses 
 
1. Synaptic loss and cognitive impairment in early AD are due to a primary dysfunction in glia, and 
not to the effects of amyloid-β and tau deposits in these brains. 
 
2. The elimination of synapses by dysfunctional glia that results in synapse loss and cognitive 
impairment, is driven by a mis-localization of oligomeric tau to synapses. 

 

1. Introduction 
 

1.1 Resilience to AD neuropathologic change (ADNC) 
 

1.1.1 Histopathologic diagnosis of AD 
 
Alzheimer disease (AD) is a neuropathologic diagnosis defined by the presence of amyloid-β and tau 
in the brain, and not by the clinical syndrome of dementia. AD is viewed as a continuum that initiates 
with the appearance of brain pathologic changes in asymptomatic individuals and progresses to 
increasing pathologic burdens, eventually leading to the appearance of clinical symptoms. AD is 
diagnosed at post-mortem with the use of the NIA-AA Reagan guidelines revised in 2012 (1), and in 
vivo by abnormalities in core biomarkers following the ATN framework published in 2018 (currently 
under revision) (2).  
 



14 
 

AD neuropathologic diagnosis requires a histopathologic evaluation of multiple brain regions using 
staining methods that detect extracellular amyloid-β plaques and intracellular neurofibrillary tangles 
(NFTs). This detailed microscopic assessment ultimately allows to estimate the topographic 
distribution and burden of AD neuropathologic change (ADNC) (3) and to evaluate the likelihood of 
ADNC being the cause of antemortem dementia using a scoring system proposed in the NIA-AA 
Reagan criteria (1). The scores obtained from amyloid-β plaque (A), NFT stage (B), and neuritic 
plaque (C) assessments are combined into an `ABC’ score which is transformed into the likelihood of 
ADNC at an individual level into `not’, `low’, `intermediate’, or `high’ (1). 
 
Amyloid-β plaques are composed of the extracellular accumulation of predominantly Aβ40 and Aβ42 
amyloid peptides that result from the abnormal processing of amyloid precursor protein (APP) by β- 
and γ-secretases (3). They can be found in the form of senile plaques, that stain weakly for amyloid-β 
antibodies and show an absence of tau positive staining, and neuritic plaques, that are intensely 
positive for amyloid-β staining and additionally contain phospho-tau positive dystrophic neurites. 
Neuritic plaques are more closely associated with neuroinflammatory changes and with neuronal 
loss than senile plaques (4,5).  
 
The currently used staging scheme to assess the distribution of amyloid-β plaques in AD brains was 
proposed by Thal and Braak (6,7) and it comprises the use of highly sensitive amyloid-β antibodies to 
determine the topographic distribution and stereotypical progression pattern of these deposits in 
the brain. Importantly, these antibodies detect all amyloid-β plaque subtypes. Amyloid-β plaque 
deposits start to form in the neocortex, in particular in the temporal lobe (Thal phase 1), then 
progress to allocortex (Thal phase 2), subsequently affecting diencephalon, striatum, and basal 
forebrain (Thal stage 3), next involve the brainstem nuclei (Thal stage 4), and lastly affect the 
cerebellum (Thal stage 5) (6,7). In the neuropathologic evaluation of amyloid-β plaques following the 
Thal stages only the distribution but not the burden of amyloid-β plaque deposits is taken into 
account.  
 
To detect neuritic plaques, which are composed of amyloid-β deposits that contain phospho-tau 
positive dystrophic neurites, thioflavin S or Bielschowsky silver staining methods are used which 
detect axons, neurofibrils, and amyloid-β plaques. The staging scheme used for neuritic plaques 
comprises a semiquantitative assessment of neuritic plaque burden using the Consortium to 
Establish a Registry for Alzheimer disease (CERAD) standardized criteria (1,8). The CERAD score 
assesses the density of neuritic plaques in the most severely affected region of the isocortex (frontal, 
temporal, or parietal) and it takes into account the patient’s age at death to obtain an age-related 
plaque score (9). Neuritic plaques are staged into no (C0), sparse (C1), moderate (C2), and frequent 
(C3) neuritic plaque burden. Of note, amyloid-β peptides not only deposit in the form of amyloid-β 
plaques in the brain parenchyma but also in cerebral blood vessels in the form of cerebral amyloid, 
angiopathy (CAA). In fact, it is estimated that 85-95% of AD brains have at least some degree of CAA 
and the severity of CAA pathology in vessels is commonly assessed with the Vonsattel staging system 
(10), however and despite CAA being very common in AD brains, the CAA burden does not form part 
of the current neuropathologic criteria to diagnose ADNC.   
 
Tau in the form of neurofibrillary tangles (NFTs) is the second defining neuropathologic feature of 
AD. In the AD brain, tau proteins are hyperphosphorylated and abnormally folded, and they form tau 
aggregates such as NFTs. Detection of NFTs is usually assessed with tau-specific antibodies that label 
phospho-epitopes of tau protein, most commonly with the use of AT8 antibody. The currently used 
staging scheme for tau distribution was proposed by Braak&Braak and it follows a sequential 
deposition pattern in the human brain (11) with NFTs initially affecting the transentorhinal region 
(Braak stage I), entorhinal region (Braak stage II), fusiform/occipitotemporal gyrus (Braak stage III), 
medial temporal gyrus (Braak stage IV), occipital lobe/peristriate areas (Braak V), and lastly involving 
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the occipital lobe/striate regions (Braak VI) (11). The frontal, parietal, and occipital neocortices 
remain largely unaffected by NFTs up to a Braak stage IV, NFTs develop in the frontal and parietal 
neocortices in the stage V, and in the occipital and striate cortices at the very last stages V-VI (12). 
Similarly to the amyloid-β plaque scoring system, the Braak NFT staging only assesses the 
distribution but not the burden of NFT deposits in the brain. 
 
The three subscores A (Thal amyloid-β plaque score), B (Braak NFT stage), and C (CERAD neuritic 
plaque score) are ultimately combined into an ABC score that allows to estimate the degree of 
likelihood that AD was the cause of antemortem dementia in a particular brain (1,8). The `ABC’ 
scoring system is shown in Table 1. 
 
 

 
 
 
Table 1: Likelihood of ADNC as the cause of dementia using the `ABC’ scoring system 
Likelihood of ADNC as the cause of dementia (not, low, intermediate, high) as a combination of Thal phase 
score (A), Braak stage (B), neuritic plaque burden (C). Thal phase: No amyloid deposition (A0), amyloid in 
neocortex (A1), amyloid in allocortex/limbic region (A2), amyloid in diencephalon/basal ganglia (A3), amyloid 
in brainstem/midbrain (A4), amyloid in cerebellum (A5); Braak stage: NFTs in transentorhinal region (Braak 
stage I), entorhinal region (Braak stage II), fusiform/occipitotemporal gyrus (Braak stage III), medial temporal 
gyrus (Braak stage IV), occipital lobe/peristriate areas (Braak V), occipital lobe/striate region (Braak VI). CERAD 
score: No neuritic plaques (C0), sparse plaques (C1), moderate plaques (C2), frequent plaques (C3). ADNC: 
Alzheimer disease neuropathologic change. 

 
 

1.1.2 Definition and concept of human brain resilience to ADNC 
 
Alzheimer disease (AD) is defined histopathologically by the accumulation of amyloid-β plaques and 
neurofibrillary tangles (NFTs) in the brain. Yet, these two neuropathologic hallmarks are not 
sufficient to explain the full extent of synaptic and neuronal loss observed in a demented AD brain. 
Moreover, these two proteins do not inevitably lead to cognitive impairment when present (13,14), 
nor to an amelioration of dementia when removed from the brain (15). In fact, human brains of 
cognitively unimpaired subjects who harbour amyloid-β and NFT deposits at post-mortem have been 
found in up to 1/3 of unselected autopsies in longitudinal ageing studies (16–18), and recent post-
mortem evaluations of the first amyloid-β immunotherapy-treated individuals dating back to 2003, 
have shown that despite sustained removal of amyloid-β (and concomitant reduction of tau 
pathology) in some of these brains at autopsy after 14 years (15), a considerable subset of 
individuals still progressed to severe dementia stages prior to death (15). Growing evidence has 
suggested that NFTs are a better correlate of cognitive impairment (19,20) and neuronal loss (21,22) 
in AD, and this has recently shifted the drug discovery field in AD to tau. However, tau-
immunotherapies, which are in clinical trials since 2013 (23), have also been disappointing and have, 
so far, shown no clinical improvement in subjects treated in the prodromal and early stages of AD 
dementia despite evidence of target engagement and reduction of tau CSF levels in these subjects 
(24). In line with these observations, biomarker studies have found that up to 50% of healthy elderly 
display biomarker evidence of AD neuropathology but absence of dementia (25), and unselected 

A: Thal phase C: CERAD score  B: Braak stage (None or I/II) B: Braak stage (III/IV) B: Braak stage (V/VI)

A0 (0) C0 Not Not Not

C0 or C1  Low Low Low

C2 or C3 Low Intermediate Intermediate

A2 (3) Any C Low Intermediate Intermediate

C0 or C1  Low Intermediate Intermediate

C2 or C3  Low Intermediate High

A1 (1/2)

A3 (4/5)

Likelihood of ADNC as the cause of dementia 
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autopsies of `most’ healthy individuals aged >85 years show `some degree’ of ADNC, which by large 
exceeds the expected ante-mortem prevalence of dementia in individuals aged >85 years which is 
estimated at around 50% (26–28). This important disconnect between `presence of classic AD 
neuropathology at post-mortem’ but `absence of dementia during lifetime’ has been termed 
`resilience’ (28,29), and some research groups have also referred to this phenomenon with the 
terms of `cognitive reserve’, `brain reserve’, `brain maintenance’, and `compensation’ (30). Overall, 
human brain resilience to `high-pathology’ (Braak V-VI) stages is rare and is found in 5-7% of post-
mortem human brains, while resilience to `intermediate-pathology’ (Braak III-IV) stages is more 
common and is estimated at 45% of autopsies (9), overall suggesting an estimated prevalence of 
resilience to ADNC of around 1/3 in unselected autopsies from aged individuals (16,17). 
 
Resilience is an abstract concept with no consensus definition as of today (31). While the definition 
of resilience has historically been based on the combination of a detailed post-mortem 
neuropathologic examination, most commonly using the NIA-AA Reagan `ABC-scoring’ system (1), 
together with a detailed antemortem memory evaluation, several operational definitions have been 
developed (32–34) and various algorithms have been created to aid in the systematic definition of 
resilience (29,31). Importantly, recent advances in the measurement of in vivo pathologic changes 
using imaging (e.g., amyloid-/tau-PET) as well as brain-derived biofluids (cerebrospinal/plasma) have 
enabled the use of the term `resilience’ for living individuals, although this term was originally 
limited to a post-mortem definition only (35). 
 
In an effort to standardize the term of `resilience’, studies have used proxy variables of demographic 
and/or clinical features to define it, but many of these variables have shown high correlation with 
other measures known to be associated with AD risk, and they do not as such specifically define 
resilience. Several other groups have used in vivo proxy measures and their change over time to 
better define resilience (e.g., cerebrospinal fluid, MRI, and/or PET measures) but they have been 
criticized for their heavy reliability on parametric models that may underestimate the single effects 
of those measures, and for the fact that they are in discrepancy with the basic idea that resilience is 
a `post-mortem’ diagnosis and that these antemortem measures do not always correlate with the 
later post-mortem findings (31,36). Recently, a novel approach using models that evaluate variables 
accounting for cognitive resilience after adjusting for AD-related post-mortem pathology have been 
proposed, and they have generated an `AD cognitive resilience’ (AD-CR) score. This score represents 
the difference between the `observed’ and the `expected’ level of cognition, and it is based on a 
global measure of antemortem cognition (assessed with a battery of 19 cognitive tests obtaining 
global z-scores for the subdomains episodic memory, semantic memory, working memory, 
perceptual speed, and visuospatial ability) and a `gold standard’ post-mortem AD neuropathologic 
examination (using the NIA-AA Reagan criteria (1)). This score is fully non-parametric, and it allows 
to independently assess individual variables including clinical/demographic ones. AD-CR score has 
been recently validated using two longitudinal ageing studies for its potential future use in research 
settings (31). 
 
Nonetheless, and despite efforts aimed at creating a consensus definition of `resilience’, to date 
there is no such operational definition, which may be partly due to the ongoing and important lack 
of understanding of its underlying causes. 
 

1.1.3 First description of human brain resilience to ADNC and initial reports on contributing 
factors 
 
Human brain `resilience’ to AD neuropathology was first described in the late 1980s when two 
longitudinal ageing studies surprisingly found that a small subset of post-mortem human brains of 
healthy human elderly showed typical neuropathological changes that would essentially have met 
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the neuropathological criteria of `high-pathology AD’ (Braak V-VI), but were present in individuals 
who had not suffered from cognitive impairment during lifetime (37,38). However, the first 
descriptions of isolated cases of human brain autopsies where presence of NFTs and senile plaques 
were found in the brains of `cognitively well preserved elderly’, had already been described by the 
Swedish pathologist Gellerstedt in 1933 (39). The concept and interest in the phenomenon of 
`resilience’ was however not further explored until the later published studies in the 1980’s. 
Although the concept of resilience to AD neuropathology classically refers to a post-mortem brain 
feature of cognitively unimpaired elderly, a similar concept can be studied in vivo with the use of AD 
biomarkers. In this context, the findings of discrepancies between positive AD biomarkers and 
absence of dementia receive different names including `cognitively healthy with AD’, `clinically 
unimpaired elderly with AD’, and/or `preclinical AD’, among others (40,41). Thus, the concept of 
resilience is commonly reserved for the post-mortem findings of ADNC in cognitively unimpaired 
elderly, while the in vivo definition of this same concept exists but is termed differently from 
resilience. In the present study the term of resilience is used to refer to the neuropathologically 
confirmed presence of ADNC in subjects without antemortem evidence of dementia. 
 
The first of these two studies assessed 28 subjects who were followed up longitudinally with yearly 
clinical evaluations and who had been seen within <28 months prior to death. Their post-mortem 
exam showed presence of senile plaques and NFTs in the hippocampus and frontal cortices in the 
demented subjects using thioflavin S staining, but these ADNCs were also found in a subset of 5 
cases where formal clinical criteria for dementia had not been met at antemortem. Interestingly, 
while senile plaques did not distinguish well between demented and non-demented subjects, 
highest burdens of NFTs were found only in the demented but not in the non-demented brains (37). 
In the second study, 137 subjects were followed up longitudinally with annual clinical evaluations, 
and at post-mortem, 10 of the non-demented individuals showed amyloid-β plaque and NFT 
pathology in the hippocampus, frontal, parietal, and temporal cortices using thioflavin S staining. 
Interestingly, these non-demented subjects scored higher in memory tests compared with healthy 
controls, and they showed the highest brain weights of all studied individuals, as well as a higher 
counts of large neuronal cell bodies. These two studies thus suggested that a subset of `resilient’ 
individuals existed, and they proposed that resilient subjects may be able to escape the 
development of AD dementia through a better preservation of neuronal structures and/or by 
starting off with higher brain weights and neuronal numbers. 
 
Two subsequent key populations that have added substantial knowledge to the study of ageing and 
resilience are the Honolulu and the Nun studies, both large-scale longitudinal studies of healthy US-
Japanese men and US-born Caucasian sisters, respectively (28). These two studies included a total of 
852 and 605 subjects, of whom 392 and 355 subjects had had a clinical antemortem evaluation 
within 2 years prior to death and a neuropathologic examination at post-mortem, respectively. 
These two studies estimated, for the first time, an overall prevalence of resilience between 5% and 
7% for `high-pathology’ ADNC (Braak V-VI stages) using the NIA-AA Reagan criteria (1), and they 
began to unravel potential early lifestyle factors including social engagement, intellectual 
enrichment, as well as neuropathologic changes including the cumulative effect of >1 
neuropathologic change in the brain, as potential contributors to dementia development and/or 
absence of cognitive dysfunction in resilient subjects with similar ADNCs as demented individuals 
(42,43). 
 
These early descriptions of resilient human brains gave rise to two novel and interesting concepts 
named `brain reserve’ and `cognitive reserve’ (44). The brain reserve model proposes that some 
people have larger brains with more neurons and synapses at baseline (37,38), which may place 
them in a better position to sustain the potentially deleterious effects of amyloid-β and tau 
aggregates on brain function, and to be therefore better suited to not developing cognitive 
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impairment until a substantial burden of neuronal and synapse loss is surpassed in more advanced 
disease stages, which these individuals may never experience during lifetime (38). However, this 
idea has shown discrepancies in recent studies, with some resilient brain cohorts showing a 
comparable (or even mildly lower) average brain weight compared with age-matched healthy 
control brains (18). Some groups have also found that even in the face of multiple cumulative 
neuropathologic changes in resilient brains, they still do not show substantially higher brain weights 
compared with controls (45). In addition to the neuroanatomical model of `brain reserve’ which may 
partly explain resilience, there is also a more functional model of resilience called `cognitive reserve’ 
which proposes that sustained and enriched lifetime exposure to cognitively stimulating 
environments may confer the brain with increased and more robust cognitive networks that would 
allow an individual to better cope and compensate for brain dysfunction in the event of amyloid-β 
and tau pathologies. This model encompasses an `active’ potential of brain circuitry which can 
theoretically be altered throughout life and which could create resilience by enhancing the 
functional abilities of the brain to cope with the detrimental effects of neuropathologic changes (46). 
In line with this encouraging idea, some studies have observed that lower levels of education likely 
increase the risk for dementia development (47,48) and that resilient individuals show higher levels 
of education compared with demented subjects (49). 
 
Resilience to AD pathology is a neuropathological concept that characterizes a select subset of 
individuals with a favourable, but yet unknown, set of traits that enable them to sustain the 
detrimental effects of ADNC on cognition. The interest of studying resilience traits is nicely 
exemplified by other medical discoveries including the slower progression of HIV-1 in a subset of 
`resilient’ cases to HIV infection in which a mutation in CCR5delta32 was later found to underlie 
those interesting outliers. This discovery eventually led to the development of now widely used 
CCR5-inhibitors for treatment of HIV-1 (50). Similarly, but with less therapeutic significance, a subset 
of `resilient’ individuals against classical malaria caused by Plasmodium falciparum infection were 
described and these individuals were later found to harbour the trait of sickle cell anaemia, which 
leads to lower oxygen levels in the infected red blood cells triggering their rapid and more efficient 
elimination by macrophages, thus conveying those subjects with lower burdens of Plasmodium 
falciparum in blood. Since sickle cell anaemia can also have detrimental effects its potential use as a 
therapeutic avenue is not warranted (51). These two examples reflect the importance of studying 
outliers across diseases which could hold the potential to unravel protective pathways and aid in the 
discovery of treatment targets that could lessen the effects of a disease in the general population. 
Although the present work was focused on the study of resilience to AD, resilient cases to alpha-
synuclein and to TDP43 neuropathologies have also been described, and their combined study could 
be of great interest.  
 

1.1.4 Difference between `resilience’ and `resistance’ to ADNC 
 
As of today, resilience is defined as the brain’s ability to cope with neuropathologic changes to 
preserve brain integrity/function in the face of significant burdens of AD pathology, while another 
interesting concept, that of resistance, refers to the brain’s ability to avoid the accumulation of 
neuropathologic changes where those would have been expected to occur given the age of the 
individual and/or the presence of other risk factors (e.g., genetic predisposition) (52,53). While 
preserving function despite amyloid-β and tau pathologies would indicate resilience, remaining 
relatively free of these pathologies would refer to resistance, and both these concepts could 
ultimately be closely linked and enable normal cognitive functioning in healthy ageing. Although 
these two ideas may seem different in nature, they could share underlying mechanisms and act in 
combination. Both these concepts are highly intriguing and important to better understand the 
cognitive effects of neuropathological change(s) in AD brains, but it is the resilient individuals who 
could be key to better understand the elements and processes that, in addition to amyloid-β and 



19 
 

NFT deposits in a brain, would be needed for dementia to develop, and help determine which 
additional elements would be leading to dementia occurrence on top of the presence of amyloid-β 
and NFT pathologies. Ultimately, factors promoting resilience could, in a second step, be assessed in 
resistant brains, to evaluate whether the mechanisms involved in resilience are a hallmark of these 
brains irrespectively of ADNC, or whether they rather represent a specific feature present in close 
temporal association with AD neuropathology development to overcome the potentially deleterious 
effects of amyloid-β and NFT deposits in those brains. Ultimately, resiliency and resistance factors 
could both be assessed as a proof of concept in a subset of recently described human brains who 
show no apparent accumulation of neuropathologies (e.g., ADNC, Lewy body pathology, and/or 
vascular changes) but who had antemortem presence of dementia, a phenomenon that has been 
described to occur in around 5% of autopsies and has been called `frailty’ or `frail brains’ by some 
groups (54,55). This would allow to assess whether the absence of resiliency/resistance factors alone 
in these brains could potentially explain the presence of dementia in the absence of amyloid-β and 
tau deposits (and presumably other concomitant lesions) in these subjects and help find the 
common mechanisms between demented and frail brains that could be central to the development 
of dementia. 
 
Interestingly, recent longitudinal studies of resilient subjects have found that while resiliency is 
highly effective to avoid cognitive decline when an individual remains asymptomatic, if progression 
to dementia occurs in a resilient subject, the clinical course is much more aggressive than the one 
observed in a typical demented individual (56). This could suggest that the mechanisms linked to 
resilience are closely associated with amyloid-β and/or tau pathologies in these brains, and that if 
resilience mechanisms are overcome and `eliminated’ from these brains, the high level of pathologic 
changes that were present but functionally `suppressed’ before are now released and exert a full 
blown pathologic and clinical effect within a relatively short period of time. Thus, the importance of 
evaluating the intricate associations between amyloid-β, tau, and other determinants of cognitive 
function in combination could possibly unravel some of the protective mechanisms linked to brain 
resilience and/or expose the determinants of dementia development in a brain with ADNC and 
enable development of novel biomarkers and/or effective treatment targets. 
 

1.1.5 Neuropathologic, demographic, and genetic features of resilience to AD 
 
Resilient brains show robustly preserved neuronal numbers, synaptic markers, and axonal 
morphologies compared with demented brains (57). In addition, `high-pathology’ resilient brains 
harbour substantially less inflammatory glial cell responses, complement activation, and 
proinflammatory cytokines compared with demented brains (57,58). Resilient brains also display 
significantly lower amyloid-β and tau oligomers as well as hyperphosphorylated tau in the synapses, 
lower burdens of cortical tau deposits in some studies (27,57,58), and lower burdens of 
microvascular lesions. Evaluation of presynaptic and postsynaptic densities in resilient brains has 
shown preservation of synaptic elements when compared with demented, and similar synaptic 
densities between resilient and control brains (59,60). While `intermediate-pathology’ resilient and 
demented AD brains have not been widely evaluated, one recent study has suggested that early 
morphologic changes in glial cells already occur in these intermediate stages of tau neuropathologic 
changes and ahead of NFT development, although no significant changes in total numbers of glial 
cells between resilient and demented brains were observed in this study, which may be partly due to 
the small number of cases of N=8 demented and N=5 resilient brains included (61). Of note, brains of 
Parkinson’s disease patients in the early disease stages with Lewy body pathology restricted to the 
olfactory bulb (Braak stage I for Lewy body pathology), have shown significantly higher numbers of 
T-cell macrophages in the neocortex in the absence of evident Lewy body pathology (62), supporting 
that early inflammatory changes may be a common phenomenon of neurodegenerative conditions 
and involve not only brain-derived but also peripheral immune cell responses.  
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Clinical and demographic features of resilience include higher level of education, a younger age, a 
lower BMI, and female gender, while interestingly, the presence of ApoE4 allele and cardiovascular 
risk factors show no clear differences in resilient compared with demented individuals in some 
studies (35,49,63). Unexpectedly, recent smoking history and use of anticoagulant/antiplatelet 
agents (presumably indicated for concomitant cardiovascular/cerebrovascular disease), were 
recently shown to be more common in resilient compared with demented subjects (63). 
 
Genome-wide association studies of resilient individuals have identified a series of genetic variants 
and pathways that are associated with protection from the downstream consequences of AD 
neuropathology, including vascular, metabolic, and neuropsychiatric genetic risk factors while also 
providing novel resilience gene pathways such as the recent finding of a gene related to the bile acid 
metabolism (64,65) and the novel description of a rare variant in Reelin that protects against 
autosomal dominant (AD) AD presenilin 1 (PSEN1) mutations (66). Previously, the same group 
described another genetic variant called ApoE3 Christchurch mutation which was found to confer 
partial protection to the development of dementia in an individual carrying the PSEN1 mutation. This 
individual carried two copies of this rare ApoE3 variant, and the onset of MCI did not occur until he 
reached the age of 70. Autopsy showed high amyloid-β burden but only limited tau and 
neurodegenerative measures, suggesting that this mutation may alter the neuropathologic 
processes leading to dementia development in ADAD carriers, in spite of high burdens of amyloid-β 
pathology (67). Interestingly, the resilience-linked genes are distinct from the typical genetic risk 
factors characterizing AD and this thus suggests that distinct pathways unique to resilient individuals 
could exist and offer novel insights into alternative therapeutic targets that by enhancing resilience 
could treat dementia (68). 
 
A recent proteomic study on synaptic fractions derived from the parietal association cortex (angular 
gyrus) of late-stage AD demented, non-demented with high AD neuropathologic burden (resilient), 
non-demented with low or negligible neuropathologic burden (termed here `frail’), and healthy 
controls, identified significant changes in >100 protein categories between demented and resilient 
synapse proteins including reduced serotonin release, depletion of proteasome components, 
reduced glucose metabolism, and increased oxidative phosphorylation (55), and it identified three 
proteins that were significantly lower in resilient compared with demented, including LAP3, 
MACROD1, and SEMA7A. The first two proteins have been associated with the pathogenesis of 
various cancers, and SEMA7A plays a role in atherosclerosis-associated endothelial dysfunction. 
Importantly, resilient brains also showed significantly lower enrichment in adaptive and innate 
immunity proteins compared with demented and frail brains. Interestingly, there was a significant 
overlap between resilient and healthy control clusters suggesting common pathways associated with 
synaptic and cognitive preservation regardless of ADNC presence of absence. Although frail subjects 
showed overlap with some of the protein clusters of demented brains, they also showed some 
distinctive features such as enrichment in DNA repair and in translation machinery proteins, 
suggesting that the development of dementia in brains with high and with low/negligible ADNC may 
involve some common, but also a subset of unique and distinct pathways. 
 
Another recent study using single-cell transcriptomic analyses in demented and resilient brains 
assessing the prefrontal cortex identified a subset of inhibitory neurons comprised of RELN/LAMP5 
and somatostatin neurons that were significantly increased in resilient compared with demented 
brains at high burdens of ADNC suggesting a potential link between inhibitory neuron preservation 
and resilience to ADNC. Moreover, this study also evaluated several genes associated with 
phenotypic variability in cognitive performance and found a set of synaptic genes that were 
associated with increased global cognitive function (69). This suggests that resilience to AD may be 
due to a better preservation of inhibitory neurons, and it reinforces the idea that a selective 
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vulnerability of synaptic elements may be closely associated with the development of cognitive 
dysfunction in AD. 
 
From a neuropathologic perspective, resilient cases to ADNC show substantially lower comorbid 
alpha-synuclein and TDP-43 co-pathologies when compared with demented individuals (70). 
However, a recent case report has shown that, in some rare instances, an individual can develop 
resilience to high burdens of these three neuropathologies combined (71). Interestingly, a recent 
biomarker study in cognitively unimpaired elderly has found that CSF changes in alpha-synuclein 
occurred in around 8% of cases and that all Lewy body positive subjects progressed to dementia 
over a time span of 10 years, while this was not the case for the asymptomatic amyloid-β and/or tau 
positive individuals. While resilience to TDP43 and alpha-synuclein pathologies has been described in 
post-mortem studies with estimated prevalences of up to 24% for TDP-43 (72) and 21% for alpha-
synuclein (73,74), little is known about the resilience factors conveying protection against dementia 
development in the presence of these other neuropathologic changes, and this could be an 
interesting future study avenue to understand the individual and combined effects of different 
neuropathologic changes on cognitive function in individuals with and without cognitive impairment.  
 
Overall, these data suggest that inflammatory glial cell responses, vascular injury, oligomeric forms 
of amyloid-β and tau, and comorbid neuropathologies could be relevant to determining dementia 
development in the presence of concomitant AD neuropathology, and that some of these elements, 
such as inflammatory glial changes, may precede the respective neuropathology in a demented AD 
brain, and be intimately linked with incipient development of dementia in AD. 
 

1.1.6 Clinical relevance of neuropathologic changes observed in demented AD brains 
 
NFT deposits are a key hallmark in the brains of demented AD individuals, but they are also found in 
other conditions termed `tauopathies’ which include corticobasal syndrome, frontotemporal 
dementia, and chronic traumatic encephalopathy, among others (75). Tau deposits follow a 
sequential and highly predictive spatiotemporal deposition pattern in the human brain following the 
Braak stages (11) which begin with NFT deposits in the transentorhinal region (Braak stage I), 
entorhinal region (Braak stage II), fusiform/occipitotemporal gyrus (Braak stage III), medial temporal 
gyrus (Braak stage IV), occipital lobe/peristriate areas (Braak V), and lastly affect the occipital 
lobe/striate areas (Braak VI) (11). The frontal, parietal, and occipital neocortices remain largely 
unaffected by NFTs up to a Braak stage IV. While NFTs develop in the frontal and parietal neocortices 
in the stage V, they do so in the occipital and striate cortex only at the very last stages V-VI (12). 
Several studies have shown that dementia conversion and severity increases in parallel with 
increasing Braak stages, and that dementia severity goes in parallel with higher burdens of NFT 
deposits in the brain (76). However, in some instances which are described at around 5-7% for high-
pathology and 45% for intermediate-pathology stages, NFTs can be present in the brains of healthy 
elderly without causing dementia (9,57,58). 
 
Amyloid-β deposits are classically described as the pathognomonic signature of AD brains (77). 
Amyloid-β deposits spread in a stereotyped deposition pattern in the human brain following the Thal 
stages (6), which start in the neocortex, particularly in the temporal lobe (Thal phase 1), and 
progress to allocortex (Thal phase 2), diencephalon, striatum, and basal forebrain (Thal stage 3), 
brainstem nuclei (Thal stage 4), and cerebellum (Thal stage 5) (6,7). Despite their AD defining 
signature, amyloid-β deposits show little association with dementia presence and progression (78), 
and amyloid-β deposits do not predict or correlate well with brain atrophy measures (79), overall 
suggesting that amyloid-β deposits may be more `neutral’ with respect to clinically detectable 
cognitive and/or structural neuropathologic changes (80). In fact, between 25% and 40% of 
cognitively unimpaired elderly show evidence of amyloid-β neuropathology at autopsy (16,81–83). 
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Brain atrophy is a reliable proxy measure of synaptic and neuronal loss, and it relates to structural 
and functional changes in demented AD subjects. Brain atrophy can be reliably measured in vivo 
with brain MRI, and it has been recently proposed that brain atrophy follows a predictive 
spatiotemporal progression in AD, likewise to tau and amyloid-β deposits (84). Interestingly, a brain 
atrophy staging system has been recently proposed by combining longitudinal MRI atrophy 
measures of healthy controls and demented AD subjects, which were followed up from preclinical to 
advanced dementia stages. The results of these large-scale analyses showed that brain atrophy 
progresses similarly but not exactly in parallel to the tau progression patterns described by Braak, 
albeit differently to the deposition patterns of amyloid-β plaques (84). The newly proposed staging 
system for brain atrophy starts in hippocampus and amygdala (stage I), middle temporal gyrus (stage 
II), entorhinal cortex, parahippocampal cortex, and other temporal areas (stage III), striatum and 
thalamus (stage IV), lastly affecting middle frontal, cingular, parietal, insular cortices and pallidum 
(stage V). Although tau progression and brain atrophy show an overall close overlap, there is an 
inverse order in the atrophy observed in the entorhinal and mesiotemporal lobe structures 
compared with the tau accrual in these regions following the Braak staging system, which could 
indicate that the later atrophy observed in the entorhinal cortex may underlie a lower vulnerability 
of this brain region to the effects of NFT deposits, and/or that a particularly detrimental early tau-
driven damage to axonal tracts targeting the mesiotemporal cortex could be accounting for the 
earlier atrophy observed in this region instead. Importantly, the degree of atrophy has been closely 
associated with cognitive dysfunction and severity irrespectively of dementia etiology (85), and it is 
found to be a strong predictor of future cognitive change in asymptomatic ADAD mutation carriers 
(86). 
 
Advances in the development of PET radiotracers in recent years has enabled to image presynapses 
in the living human brain with the use of SV2A, a synaptic vesicle protein radioligand (87). Validation 
of SV2A-binding in post-mortem brain and in animal models has shown a good correlation between 
SV2A signal in PET imaging and synaptic density assessed with synaptophysin in western blot and in 
quantitative immunohistochemical analyses, making SV2A-PET a potentially useful tool for the 
assessment of synapse densities in the human brain. In the first SV2A-PET study in AD demented 
individuals published in 2018, a substantial loss of SV2A-PET signal of 41% was observed in the 
hippocampus of AD demented compared with healthy controls, which was larger than the volume 
loss of 21% measured by brain MRI in these same brains (88). In addition, the hippocampal signal of 
SV2A-PET tracer has been correlated with memory scores and with the severity of cognitive decline 
in subjects with MCI and AD dementia (88). When assessing the association of SV2A-PET with 
amyloid-PET and tau-PET signal, inverse associations between synapse densities and amyloid-β/tau 
burdens have been observed (89). While the use of this novel tracer needs further validation, in 
particular evaluating post-mortem human brain binding to assess specificity and off-target binding, 
the initial in vivo experiences suggest that SV2A-PET could be a promising and reliable measure of 
synaptic and cognitive change in early AD with the potential to accurately detect early changes in 
synapse densities and determine the onset and severity of cognitive decline. 
 
While novel PET radiotracers targeting TSPO to measure neuroinflammation in the brain have been 
recently developed, they are not widely used in clinical practice due to concerns of unspecific 
binding, concomitant expression of TSPO in endothelial cells and neurons, issues with passage of the 
radiotracer through the blood-brain barrier, and sensitivity of TSPO-binding patterns to some 
genetic polymorphisms that alter its signal and lead to higher variability, among others (90,91). A 
recent study assessing TSPO binding in post-mortem human brain tissue reported a predominant 
binding of TSPO to microglial cells with minimal binding to endothelial cells, supporting the 
specificity of this potential novel PET tracer (92), however further validation is needed for its 
potential application in research and/or clinical settings in the future. 
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Overall, the propagation and burden of tau pathology is more closely associated with brain atrophy, 
synapse dysfunction, and cognitive decline in AD, while amyloid-β pathology in the human brain 
remains less clear as to its pathogenic role and its direct cognitive effects. In contrast, the cognitive 
change observed in AD is more closely associated with atrophy and synapse loss, followed by tau 
deposits and, to a lower extent, amyloid-β pathology, proposing that the effect of ADNC on cognitive 
dysfunction may be overall limited and partly explain our currently still deficient understanding of 
AD pathogenesis. 
 

1.1.7 Biomarker definition of AD using the ATN classification system 
 
AD is diagnosed at post-mortem with the NIA-AA Reagan criteria (1), and during lifetime following 
the ATN classification, which includes biomarker evaluation of amyloid-β (A), tau (T), and 
neurodegeneration (N)(2). Recent advances in the field have led to an amendment of the present 
biomarker definition of AD with the addition of new CSF measures and novel plasma-biomarkers 
some of which have been clinically validated (NIA-AA revised clinical criteria 2023, AAIC). 
Oftentimes, imaging and fluid biomarker changes in AD are not equivalent, as they measure distinct 
states of one same protein target (93). While imaging techniques measure the aggregated and 
deposited forms of proteins and show patterns of accumulation in the brain enabling assessment of 
topographic distribution and change over time, biofluids detect dysregulation in the 
production/degradation of the same target proteins and may assess a broader range of protein 
species that are not detectable by imaging tracers, such as soluble proteins (94,95). Thus, biofluid 
biomarkers often become abnormal before imaging abnormalities do, and they show discordances 
mostly in the early-mid phases of the disease. However, the individual values of imaging and fluid 
biomarkers clearly complement each other, and they may offer important insights into the 
anatomical and biological changes along the disease spectrum when assessed together.  
 
The newly proposed biomarker definition of AD proposes that A and T are specific for AD while N is 
important to AD pathogenesis but may also be a common hallmark of other neurological conditions 
(NIA-AA revised clinical criteria, AAIC, 2023). Within A category, Aβ42/40 in CSF or plasma, and 
amyloid-PET have been validated for clinical use, and the recent addition of Aβ37 and Aβ38 and Aβ 
oligomers are being explored in research settings for their potential future clinical use. Within T 
category, ptau181 and ptau217 in CSF or plasma, and tau-PET are used in clinical settings, and 
ptau231, ptauT205, and MTBR-243 are proposed for research use. For the N category, NfL in CSF or 
plasma, and brain MRI or FDG-PET are validated for clinical use, and addition of presynaptic SNAP25 
and GAP43, of postsynaptic neurogranin, and pan-synaptic NPTX2 all in CSF together with diffusion 
MRI and SV2A-PET have been proposed for their use in research settings. Of note, total-tau has been 
eliminated from the N category, since this measure parallels increasing tau pathology making it more 
suitable for the T category, but it also dramatically increases in other neurological conditions, overall 
making it unclear where to best include this biomarker. In addition to ATN measures, current 
consensus definition of biologically defined AD has proposed addition of inflammatory biomarkers (I) 
including glial fibrillary acidic protein (GFAP) in CSF and plasma which is validated for clinical use, and 
the addition of YKL-40 for astrocytes and sTREM2 for microglia in CSF for research use, in addition to 
vascular injury (V) using brain MRI measures of white matter hyperintensities (WMH) and dilated 
perivascular spaces, and alpha-synuclein (S) measured in CSF with the use of seed amplification 
assays. The rationale behind the addition of alpha-synuclein as a very common co-neuropathologic 
proteinopathy observed in AD brains is to provide a better understanding of underlying contributors 
to cognitive decline at an individual level. If a patient presents with classical signs and symptoms of a 
common non-AD disease such as Parkinsonism, quantitative assessment of alpha-synuclein is 
warranted to realistically attribute some of the cognitive dysfunction to AD and/or LBD. Although 
TDP-43 also commonly co-occurs in brains with AD, there are currently no available biomarkers to 
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assess TDP-43 in vivo. Importantly, alternative underlying etiologies of dementia other than AD can 
be derived from certain combinations of ATN components, including limbic-predominant age-related 
TDP-43 encephalopathy (LATE) when N is present but T absent, and PART when N is present but A 
absent, both in individuals with cognitive decline.   
 
Novel fluid and imaging biomarkers in AD are rapidly advancing and they offer promising avenues to 
help better define the underlying pathological substrates of AD dementia and other dementing 
disorders during lifetime and propose novel treatment targets for better therapeutic interventions. 
 

1.1.8 Biomarker evidence of association between clinical scores and ADNC  
 
Clinical staging of AD dementia severity is usually assessed with the use of common cognitive testing 
scales (e.g., MMSE, MoCA, CDR) and studies have shown that the degree of cognitive decline closely 
correlates with brain atrophy measures in brain MRI and with the amount of synapse loss in post-
mortem histopathologic and biochemical analyses (96). However, the association between cognitive 
decline and biomarkers of amyloid-β and/or tau pathologies is not always close. In a recent study 
including 5500 subjects with dementia diagnosis and biomarker availability, the magnitude of 
association between MMSE score and CSF amyloid, and between MMSE score CSF p-tau in 
demented cases reached only weak to moderate associations (97). This is in line with previous 
studies where correlation analyses between CSF AD biomarkers and MCI or AD dementia stages 
showed only weak-moderate associations, overall proposing a limited reliability of CSF AD 
biomarkers for assessment of disease onset and progression (98). In line with data derived from fluid 
biomarkers, amyloid-PET and tau-PET studies have found that the association of amyloid-PET signal 
and cognitive decline is weak (and in some cases only present in female) (99), and that tau-PET signal 
shows an overall stronger association with cognitive scores when signal is assessed in entorhinal 
cortex, but that this correlation is again weak (100). In fact, even when assessing combined 
measures of amyloid-β and tau in CSF together with amyloid-PET imaging in demented AD 
individuals, the prevalence of consistently positive AD biomarkers was reported in only 1/3 of 
clinically diagnosed subjects with AD dementia (101).  
 
Alternatively, recent studies have proposed that oligomeric amyloid-β, phosphorylated tau, and 
other post-translational modifications of tau can be measured in biofluids and that they may be 
more closely associated with cognitive measures, and better distinguish subjects along the dementia 
spectrum spanning from MCI to advanced dementia stages (102). Some of these AD biomarkers can 
be assessed in plasma, which adds the potential of a less invasive assessment method with more 
accessible use. In fact, plasma measures of phospho-tau, including ptau181, ptau217, and more 
recently also ptau231, have shown strong correlation with their measurement in CSF, which is not 
the case for total tau that has shown poor correlation between its plasma and CSF values (103,104). 
In addition, amyloid-β oligomers have been recently proposed as a reliable early measure of 
cognitive change, and these oligomers can be obtained from CSF and also from plasma through 
amplification assays, serving as a better measure to discriminate demented from healthy control and 
SCD subjects (103). This is further reinforced by the recent discovery of the Osaka mutation which 
induces amyloid-β oligomerization with very little amyloid-β plaque formation and which is clinically 
characterized by typical AD dementia syndrome in the sole presence of amyloid-β oligomers (105). 
Similarly, another APP mutation found in families of Swedish ancestry known as the Arctic mutation 
induces the formation of amyloid-β oligomers and protofibrils over monomeric or fibrillar amyloid-β 
leading to early onset cognitive decline, further supporting the idea that the intermediate amyloid-β 
species exert the most neurotoxic effects in AD (106,107). In fact, plasma amyloid-β oligomers have 
shown moderate-strong correlations with measures of cognition, overperforming the association of 
monomeric and/or fibrillar amyloid-β forms with cognitive scores (108). Tau oligomers have also 
been recently measured in CSF and they have shown good discriminatory potential between control, 
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mildly demented, and moderate-severely demented individuals (102). Comparative analyses of the 
performance of tau oligomers and phospho-/total-tau in biofluids are however lacking. While the 
use of combined AD biomarkers in CSF shows an overall good diagnostic accuracy for the detection 
of AD vs other forms of dementia and a predictive value of around 80% to determine progression of 
MCI to AD dementia (109,110), the addition of oligomeric amyloid-β and/or other forms of tau to 
the current AD biomarker scheme could substantially improve diagnostic accuracy of AD dementia 
from the preclinical and prodromal stages of AD. 
 
Overall, amyloid-PET is somewhat less sensitive to cognitive dysfunction than tau-PET and it can be 
positive in cognitively unimpaired individuals in around 10-30% of cases (111), while tau-PET has 
shown lower rates of false positivity in cognitively unimpaired individuals of around 5-10% (112). 
Importantly, recent tau-PET validation studies across Braak stages have suggested that tau-PET 
accurately detects tau deposition at Braak stages IV and above, but that its detection threshold is 
low for tau burdens at or below Braak IV stages including PART cases (113). Of note, the first and 
only currently available tau-PET radiotracer flortaucipir was just recently approved in 2020 by the 
FDA for its use in clinical settings. Interestingly, studies comparing the performance of biochemical 
and imaging biomarkers assessing the more commonly used amyloid-PET have found a concordance 
of >80% between CSF AD biomarkers and amyloid-PET (114) and, in clinical practice, both can be 
used interchangeably to identify early stages of AD with similar diagnostic accuracy, and without an 
additional improvement when assessing them in combination (115). However, the more recently 
approved tau-PET radiotracer flortaucipir has not yet been widely used in clinical practice and may 
show lower accuracy in detecting early-stage AD compared with tau fluid biomarkers due to its low 
detection burden for tau Braak stages IV and below. When predicting progression, studies have 
shown that measures of neurodegeneration, including MRI measures of hippocampal atrophy, 
achieve the highest predictive value, and that for MCI to dementia conversion the best predictor is 
set by patterns of hypometabolism using FDG-PET followed by amyloid-PET and tau-PET measures 
(116,117).  
 
In vivo biomarker data suggest that, in general, tau overperforms amyloid serving as a better proxy 
measure of presence and progression of cognitive decline in AD, but that the association between 
AD biomarkers and dementia is by far insufficient to accurately predict the cognitive trajectory of an 
individual. Instead, to date the strongest determinant of dementia onset and progression is set by 
biomarker evidence of cellular and synaptic dysfunction.  

 

1.1.9 Rationale for the study of AD brains/regions at intermediate stages of tau pathology 
(Braak III-IV) 
 
The here called `intermediate stages’ of tau pathology (Braak III-IV stages) are brains that contain 
NFT deposits restricted to hippocampal, mesiolimbic, and neocortical temporal lobe structures, 
while most of the neocortex of these brains remains unaffected by NFTs. Importantly, the temporal 
pole (Brodmann area 38) represents a region of the anterior temporal lobe that becomes affected in 
the late Braak III stages, as such representing a region of transition between Braak III and Braak IV 
stages. In contrast, the primary and secondary visual cortices (Brodmann areas 17 and 18) belong to 
the neocortical regions that get affected at the very end of the tau deposition cascade (Braak V-VI 
stages). Although the hippocampus represents the clinically and pathologically most affected brain 
region in AD and it belongs to the so-called allocortex, it is phylogenetically distinct from the two 
neocortical structures studied here. Yet, recent work has suggested the presence of highly preserved 
anatomic and functional brain networks that allow to cluster some of these distinct brain structures, 
including mesiotemporal and neocortical structures, proposing that processes occurring in the 
hippocampus in early AD may be echoed in the associated neocortical brain regions in the disease 
process (118). From a neuropathologic standpoint, brains at intermediate Braak III/IV stages of tau 
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deposition allow the assessment of tau-containing and of tau-free brain regions in one same brain. 
The study of neuropathologic changes in NFT+ and NFT- areas enables to study the association of 
neuroinflammatory and other brain changes along the continuum of AD neuropathology 
development and it helps address the important question of whether neuroinflammation is a 
primary or a secondary/reactive phenomenon to AD neuropathology, by evaluating the presence of 
neuroinflammatory changes that occur ahead of amyloid-β plaques and/or NFT development, 
potentially suggesting a primary role of glia in early synapse and neuronal loss in these brains. 
 
The choice of the two studied brain regions was primarily motivated by their neuropathological 
relevance along the ADNC continuum. While some of the cognitive deficits observed in AD dementia 
may derive from dysfunctions in these neocortical structures, the earliest clinical symptoms of AD 
are typically mediated by other brain regions, such as the hippocampus, and the possibility of 
remote effects via synaptic projections to these and other (non-examined) areas should be 
considered. The temporal pole has been involved in several higher-order cognitive functions 
including mnestic (semantic, autobiographical memory, general knowledge), language (naming, 
reading, comprehension), visual (complex object recognition, face recognition, visual memory), and 
socio-emotional functions (emotion recognition/`theory of mind’, empathy) as demonstrated by 
lesion studies and functional imaging studies (119). The temporal pole is clinically impaired from the 
MCI stages of AD and recent neuroimaging studies in MCI subjects have found that atrophy in the 
temporal pole is associated with loss of autobiographical memory (120). The visual cortex is the 
integrating brain region for visual perception and processing, and it has been recently involved in 
working memory tasks (121,122). Visual acuity assessment in individuals with cognitive decline are 
not consistent and both, decreased and increased visual acuity have been reported in the early 
phases of AD dementia, making this parameter unreliable to track development or progression of 
cognitive decline (123,124). In contrast, visuo-spatial navigation difficulties, reduced visual learning, 
and altered occipital evoked potentials have been proposed as parameters with functional relevance 
in the early phases of AD dementia (125), supporting the involvement of occipital-frontal pathway 
dysfunctions in AD. Yet, in some instances, visual deficits represent the main and earliest clinical 
feature in what later becomes a typical AD dementia syndrome, and when visual features 
predominate over memory dysfunction early on, an AD variant called posterior cortical atrophy 
(PCA) or Benson’s syndrome is diagnosed. PCA is characterized by ADNC with predominance in the 
visual cortex and by an earlier age of symptom onset, typically between 50 and 65 years of age 
(126,127). Of note, none of the included demented subjects were diagnosed with PCA syndrome 
prior to death, which is important to ensure optimal comparability of the visual cortical 
neuropathologic changes assessed here. The temporal cortex which precedes the visual cortex in the 
acquisition of NFTs following the Braak continuum, shows anatomical and functional connections 
with the visual cortex through the inferior longitudinal fasciculus (ILF) (128). The ILF represents a 
bidirectional tract that connects the anterior portions of the temporal cortex with the occipital 
cortex, and its disruption has been associated with visual cognitive dysfunction signs, including visual 
agnosia, prosopagnosia, and alexia, as well as semantic memory difficulties (128). These 
observations are interesting since some of the early features of AD dementia overlap with the 
functional changes of lesions to the ILF, proposing that some of the early clinical signs and symptoms 
of AD may derive from changes to temporal and visual brain areas.  
 
From a clinical perspective, demented individuals with Braak III-IV stages at autopsy were mostly in 
the early stages of dementia prior to death, including MCI and mild AD dementia. Given that AD-
typical signs and symptoms usually start to manifest in the 70s and they progress over a period of 8-
10 years (129–131), the post-mortem study of MCI and mild AD dementia cases is for obvious 
reasons limited. However, the early clinical phases of AD are particularly informative as they could 
inform on other neuropathologic changes beyond amyloid-β and NFTs that could be driving the early 
dementia development in brains with relatively low burdens of amyloid-β and tau lesions, and 
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relatively preserved brain structure. These brains could also be key to address early neuropathologic 
changes in brain areas not yet impacted by NFTs and assess the association of those elements with 
cognitive decline in the absence of NFTs. Lastly, studying altered mechanisms and pathways that 
could contribute to dementia development in the early disease stages holds greatest potential to 
find promising treatment targets that would result in best clinical outcomes in the early and most 
preventable phases of dementia. 
 
In sum, the study of intermediate stage (Braak III-IV) AD brains could be key to understanding 
earliest neuropathologic hallmarks driving dementia development in AD and enable the study of 
early neuropathologic changes in brain areas with and without tau deposits in one same brain. 
 

1.1.10 Contribution of other neuropathologies to dementia 
 

The presence of a pure AD neuropathology at autopsy is rare and is found only in 21-24% of AD 
brains (132). In contrast, vascular co-pathology in the form of cortical or white matter (WM) lesions 
is very common in aged brains, presenting in up to 85% of unselected autopsies, and 75% of 
demented AD brains (133–135). Comorbid alpha-synuclein pathology presents in up to 60% of AD 
brains and in up to 90% of autosomal dominant PSEN1 gene mutation carriers (136,137), and TDP-43 
pathology is found in 50% of AD brains (138). In fact, when assessing the attributable risk of these 
additional pathologies to cognitive decline in post-mortem studies, TDP-43 accounts for around 15-
20% and alpha-synuclein for around 10-15% of premortem Alzheimer’s clinical syndrome suggesting 
an important contribution of these other neuropathologies to the cognitive dysfunction in AD (139). 
Interestingly, a recent study has described synergistic effects of TDP-43 pathology on tau with 
increased burdens of phospho-tau and higher tau seeding activity in human brains affected by both 
pathologies (140). Overall, combined neuropathologies are much more frequent in demented than 
in healthy elderly brains (overall 45% vs 12%) (141), and alpha-synuclein and vascular co-pathologies 
are the most common (142). Interestingly, studies have shown that the effects of harbouring one 
additional co-pathology increases the risk of MCI to AD conversion by up to 20x, and that it doubles 
the severity of cognitive impairment in readily demented subjects (143). This is in line with in vitro 
and in vivo evidence of a synergistic effect of TDP-43 and alpha-synuclein pathologies on amyloid-β 
and tau toxicity (144,145,136,146–149). Interestingly, combined oligomeric forms of amyloid-β, tau, 
and the synaptic protein alpha-synuclein have been observed in other tauopathies, and their 
interaction enhances toxicity and aggregation propensity in in vitro models (150). Of note, in the 
currently under-revision ATN biomarker criteria (NIA-AA, AAIC, 2023), the addition of alpha-
synuclein has been proposed to biologically mimic the likely close and very frequent association of 
ADNC with this proteinopathy at post-mortem. Although almost equally frequent, TDP-43 pathology 
is not presently included in this revised guideline since there are no currently available biomarkers 
for TDP-43 proteinopathy, and this could be an important future addition. 
 
Altogether, amyloid-β and tau deposits alone likely do not represent the full neurobiological 
spectrum of ADNC, and the contribution of other common co-pathologies, in particular alpha-
synuclein and TDP-43, may unravel additional neuropathologic processes which may more closely 
associate with cognitive outcomes in AD. This could help redefine the current biological signatures of 
AD and aid in the development of future treatments, which could target multiple co-pathologies at 
the same time and be individualized for each patient. 
 

1.1.11 Vascular pathology  
 
Vascular disease is a very common finding in the brains of healthy elderly (85%) and demented AD 
subjects (75%) (133–135). The main risk factors for the development and progression of vascular 
disease are age and vascular risk factors, especially hypertension in middle age (151–153). Vascular 
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disease in AD brains very commonly presents as subcortical vascular lesions in WM in around 2/3 of 
cases and as larger infarcts in more severely affected subjects in around 1/3 of cases (153). While 
some reports have suggested that small infarcts in the setting of full-blown AD neuropathology may 
not significantly impact cognitive decline given that the detrimental effects on cognition are 
overcome by ADNC, cerebrovascular lesions in the early dementia phases may very well be 
influencing and contributing to cognitive impairment (153). Although some of the prototypical 
vascular lesions of AD brains, such as CAA, show a close association with cortical amyloid-β deposits 
and typically start to form in neocortical vessels, vascular disease in AD typically affects small 
penetrating arteries that branch off of large cerebral arteries and course through the parenchyma 
regulating cerebral blood flow in capillary beds (154). Hence vascular disease in AD predominates in 
subcortical WM rather than the cortex, manifesting in brain MRI as WMH (155). WM is also 
particularly vulnerable to vascular injury in normal ageing, partly due to the tortuosity of vessels and 
to the lower tissue oxygen tension in this brain location (156,157). In fact, WM vascular pathology at 
autopsy is reported in around 85% of non-demented healthy elderly and in 75% of demented 
subjects (158). While this suggests that more commonly than not vascular lesions do not seem to 
cause detrimental cognitive effects when present in the human brain, it has been shown that in the 
setting of a similar burden of WM lesions in non-demented and early-stage demented individuals, 
subjects with dementia are more vulnerable to sustain more pronounced cognitive effects of WM 
injury (159). This suggests that the detrimental effects of vascular pathology may be intimately 
linked to early ADNC in demented brains and that they may possibly interact and promote structural 
and functional changes in these brains. Interestingly, WM vascular lesions can be caused by 
cerebrovascular disease (hypoperfusion) but also by AD pathology (retrograde degeneration) (160) 
and their detrimental effect on cognition can be influenced by the location of WM lesions, with 
reports suggesting that anatomical distribution of WM lesions may have differential effects on 
cognition (161). WM lesions in brain MRI show significant correlation with cortical and medial 
temporal lobe atrophy (162) and with functional network disruption and frontal dysfunction 
independently of their location, being commonly associated with the presence of episodic memory 
loss and executive dysfunction (163).  
 
Hence, microvascular lesions, especially in subcortical WM, are very common in AD brains and they 
may negatively impact cortical structure and function, particularly in the early dementia phases. 
While vascular and ADNC are commonly co-existent, the interactions and effects of one on another 
are not well understood, and they could influence each other to induce cognitive dysfunction. It 
remains possible that vascular disease and increased vascular leakage may enable the influx of 
peripheral substances into the brain microenvironment, which may induce or perpetuate the 
neurodegenerative process of AD. 
 

1.2 Clinical characterization of brains with intermediate stages of tau pathology 
 

1.2.1 Definition of major neurocognitive disorder (dementia) 
 
Dementia derives from Latin and means `without a mind/soul’ (`de-mentia’). Dementia was first 
used to describe people `with mental illness’ in the 13th century, although it was only adopted by the 
medical community in the 18th century to refer to subjects with `psychiatric and/or neurological 
conditions leading to psychosocial consequences’ (164). Despite the stigma associated with its name 
and meaning, the term `dementia’ has been and is still widely used. The term dementia was also still 
formally accepted by the medical community in the `Diagnostic and Statistical Manual of Mental 
Disorders’ (DSM) IV manual until 2013, when the updated DSM V manual eventually changed the 
name `dementia’ to `major neurocognitive disorder’. Still, most of the publications, medical books, 
and clinical assessments contain the word `dementia’. 
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The present definition of `major neurocognitive disorder’ (or former `dementia’) requires: 1) a 
substantial impairment in at least one of the six main cognitive domains, and 2) a loss of 
independence in basic and/or instrumental activities of daily life. In addition, exclusion of 3) other 
acute medical illnesses and/or 4) additional mental disorders that could explain the cognitive change 
is required. 
 
The six cognitive domains include: 1) Learning and memory, 2) Language, 3) Executive function, 4) 
Complex attention, 5) Perceptual-motor, and 6) Social cognition. While the prior DSM IV criteria 
required impairment in `memory’ and at least one other additional domain, the new DSM V criteria 
only require cognitive decline in one cognitive domain, not restricting the requirement to `memory’ 
only. This is due to the fact that cognitive dysfunction is a hallmark of various different dementia 
syndromes, in which memory loss is sometimes minimal or not present initially, such as in 
frontotemporal dementia, PCA variant of AD, and/or cerebrovascular disease (127,165). The 
diagnosis of cognitive decline additionally requires a subjective change in cognitive performance 
compared with previous level (informed by the patient, or an informant/clinician), and evidence of 
decline in a standardized and/or quantifiable clinical test. The cognitive test performance normally 
falls at least 2 standard deviations below the normative mean. The DSM V manual does not give 
specific recommendations as to which and how many tests should be applied to assess and diagnose 
major neurocognitive disorder. 
 
The second defining criterion of major neurocognitive disorder is the presence of functional decline. 
In the new DSM V guidelines, this is defined by a `loss of independence in daily living’, which refers 
to a series of daily activities needed to accomplish various tasks/requirements and get around in 
society, and they are commonly subdivided into basic and complex/instrumental activities of daily 
living. The requirement here is that, at minimum, there is a need of support in `some of the 
complex/instrumental activities’. This functional loss of independence can be assessed in the 
anamnesis and/or be complemented by formal testing scales given to the patient and/or the close 
family members. Again, there are no consensus requirements as to the type of scale or exact cut-off 
of points to be qualified as functionally impaired. 
 

1.2.2 Causes of dementia and epidemiology of AD dementia 
 

Within the dementia spectrum there are different underlying etiological conditions, and AD 
represents the most frequent cause of dementia (50-70%), followed by vascular dementia (20-30%), 
frontotemporal dementia (5-10%), and Lewy body dementia (5%) (166). It is also common for AD to 
co-occur with vascular dementia and estimates suggest that they coexist in around 30-40% of AD 
cases (132). Overall, AD is 1.9x more frequent in females than in males, while vascular dementia is 
1.8x more frequent in males than in females.  
 
AD has been classically divided into early-onset (EOAD) and late-onset AD (LOAD) based on the age 
of onset of clinical symptoms. The cut-off is typically set at 65 years of age, although this threshold is 
arbitrary and cut-offs of 60 years of age have also been used to distinguish EOAD from LOAD (167). 
Of all AD cases, around 5-10% fall into the EOAD category and 90-95% are classified as LOAD. 
Previous studies have proposed that EOAD is primarily driven by genetic mutations, but recent 
evidence has suggested that only a small proportion of EOAD is actually caused by known mutations 
and that both, EOAD and LOAD may have common neuropathologic substrates (168). Nonetheless, 
EOAD and LOAD show differences in clinical presentation, disease severity and progression, and in 
the degree of brain atrophy and hypometabolism with an overall higher severity of dementia 
syndrome in EOAD compared with LOAD (168).  
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Recent large scale meta-analyses of US-based study populations have estimated that around 2/3 of 
Americans experience some level of cognitive impairment at the age of 70, which represents the 
most commonly reported age of onset of MCI (169). For established dementia, the mean age of 
onset in the USA is estimated at 83.7 years of age (170). Women have an overall higher risk of 
developing dementia during lifetime compared with men, which is mainly attributed to the higher 
life expectancy of female and to age being one of the principal risk factors for sporadic dementia 
(171). In fact, the risk of developing dementia does not significantly differ between females and 
males until the age of 80, above which the risk of developing dementia is higher in females (172). In 
line with this, mean age of onset of dementia is by around 4 years higher in female than male (173).  
 
The prodromal stage of MCI has an estimated prevalence of 10-15% in individuals aged 65 years 
(174) and it increases to 60% in individuals aged 85 years and above (175). The risk of conversion 
from prodromal to dementia stage (MCI to AD dementia) is estimated at 10-15% per year (176). 
Factors that can influence the conversion from MCI to dementia are older age, female gender, lower 
level of education, ApoE4 status, and positive AD biomarkers in CSF, among others (177).  
 
The prevalence of AD dementia in the USA has been recently estimated at around 10% in individuals 
aged 65 years and above, and 33% in individuals aged 85 years and above, as shown in data derived 
from the Alzheimer Association. AD prevalence is known to increase with age and when 
substratifying for age groups, the estimated prevalence increases from around 4% in individuals 
aged 65-74 years, to 14% among those aged 75-84 years, and 33% among those aged ≥85 years 
(178). Previous estimates of AD prevalence in the USA have suggested even higher prevalences of 
around 50% in individuals aged ≥85 years (26,179). Overall, the prevalence of AD is higher in female 
(13.3%) compared with male (9.2%) (178). The large variabilities observed in the overall prevalence 
of AD across studies has been attributed to the substantial underdiagnosis of AD dementia, which is 
estimated at 39.5% in US-based populations (180) and at over 50% in a primary care setting of a 
Europe-based community cohort (181). Potential factors that may contribute to the striking 
underdiagnosis of AD in high income countries despite advanced universal healthcare systems in 
most of them, may be complex and involve lack of awareness, stigma associated with dementia, the 
belief that treatment and support may be unavailable, and/or denial from side of the patients and 
family (181).  
 
AD shows important racial and ethnic disparities with highest incidence of AD in Black and Hispanic 
populations (182,183). Black individuals have the highest prevalence of AD (14.7%), followed by 
Hispanics (12.9%), non-Hispanic Whites (11.3%), American-Indian and Alaska Natives (10.5%), and 
Asian and Pacific Islanders (10.1%) in age-corrected analyses (178). These differences have been 
attributed to potential medical decision-making bias, with higher diagnosis rates of dementia in 
Black or Hispanic participants due to conscious or unconscious bias of the clinician, and to overall 
worse cognitive test performances among non-White compared with White participants due to 
language barrier and/or lower educational attainment (183). In addition, discrepancies in other risk 
factors commonly associated with AD such as cardiovascular disease, level of education, and 
psychiatric comorbidity have been found more frequently in non-White compared with White 
individuals and may account for some of the differences observed in AD prevalence (184).  
 
Level of education has been suggested to be a protective factor for the development and severity of 
dementia. Higher education may promote cognitive reserve and improved compensatory 
mechanisms in the presence of ADNC in the brain. While significant effects between lesser years of 
education and increased risk of dementia have been reported in several studies, this association is 
not always present and it seems particularly strong in developed compared with developing 
countries (185). Interestingly, most `cognitively’ advantaged groups (e.g., highly educated White 
populations) show a delay and a compressed trajectory of cognitive impairment towards the very 
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end of life, while less advantaged subgroups show an earlier age of onset and more total years of life 
lived with cognitive impairment. For example, White women have an average duration of cognitive 
impairment of 6 years, while Black and Hispanic women have 12-13 years of cognitively-impaired life 
expectancy (173). Recent evidence has estimated that completing >10 years of education seems to 
be an important threshold to reduce dementia risk while lower duration of education does not 
substantially alter dementia risk (186). This could explain the overall low effect of education on 
dementia observed in developing countries. In line with the cognitive reserve model, duration of 
mental activities plays an important role in building brain networks that may lower dementia risk. 
Although increased childhood mental ability (e.g., higher grades) are associated with reduced 
dementia risk in later life, the number of acquired years of education and continuous mental 
stimulation throughout adulthood may additionally contribute to lowering dementia development 
(187).  
 

1.2.3 Definition of mild neurocognitive disorder or mild cognitive impairment (MCI) 
 

Recognition of a prodromal stage of neurocognitive decline such as `mild neurocognitive disorder’, 
also referred to as `mild cognitive impairment’ (MCI), was first described in 1988 (188). The addition 
of the MCI stage was incited by the recognition of the importance of an earlier diagnosis of AD 
dementia and by emerging evidence suggesting that the AD process may have started several years 
prior to the emergence of clinical symptoms. However, the formal addition of MCI as a clinical 
diagnosis to the DSM V criteria was also criticized for medicalizing `normality’ and for causing 
potential distress in individuals without a dementia diagnosis and who may never have experienced 
progression to formal dementia stages. On the other hand, the study of novel biomarkers and the 
performance of therapeutic trials have shifted to preferentially targeting the earlier dementia 
phases encompassing MCI, and the obliteration of this newly recognized and very informative 
disease stage may preclude from future advances in the field. 
 
In the new DSM V diagnostic criteria, MCI is defined as: 1) a `modest’ decline in cognitive function in 
at least one of the six abovementioned cognitive domains and 2) no interference with independence 
in everyday activities. Again, exclusion of 3) other acute medical illnesses and/or 4) additional 
mental disorders that could explain the cognitive change is required. 
 
Although no standardized test types or test numbers are specified to establish an MCI diagnosis, it is 
recommended that a formal broad neuropsychologic testing be performed using different subtests 
since MCI stages need to be accurately differentiated from both, normal cognitive ageing and major 
neurocognitive disorder. The performance in cognitive testing normally falls between 1 and 2 
standard deviations (SD) below the normative mean.  
 
The second defining criterion of MCI is the absence of functional decline, although greater effort, 
compensatory strategies, and accommodation may be required. Preserved independence in 
everyday activities represents the key distinction between mild and major neurocognitive disorder 
and it needs to be insightfully assessed through report of the patient and/or close family members. 
 
MCI is considered a prodromal transition stage between normal cognition and major neurocognitive 
disorder (174). MCI forms a continuum in which pathologic changes and clinical symptoms are 
already objectively present, suggesting a dysfunctional state that clearly differs from healthy 
cognitive ageing. Although MCI is a heterogeneous syndrome that may coexist with systemic and/or 
neuropsychiatric disorders, it commonly underlies an incipient neurodegenerative process (189). 
Overall, MCI affects 10-15% of the population over the age of 65 (174). There are two main subtypes 
of MCI, one called amnestic MCI, which is slightly more prevalent and presents with early memory 
loss and a higher risk of dementia conversion, and non-amnestic MCI which is slightly less prevalent 
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and primarily impairs domains other than memory, and it more commonly converts to other forms 
of dementia such as dementia with Lewy bodies (DLB) (190,191). MCI is not always a precursor of 
major neurocognitive disorder, and while the course of MCI can be that of a continuing 
neurodegenerative process in around 10-40% of individuals (192), it can also remain static and never 
progress beyond the mild stage of cognitive decline. On average, the yearly rate of conversion from 
mild to major neurocognitive disorder is estimated at 10-15% (193–195), which is much higher than 
the yearly incidence of dementia of 1-2% in the general population (196). Interestingly, an important 
subset of 20-30% of MCI cases have also been found to `revert to normal’ cognitive function at 1-
year follow up evaluations (197–199). This highlights the need to diagnose MCI stages better and 
more systematically at baseline to avoid potential under- and overdiagnoses that could lead to 
changes in cognitive status in subsequent clinical evaluations. 
 
Overall, the average duration of the MCI stage in otherwise healthy subjects is estimated at 7 years 
although there is high reported variability in literature. Depending on the age of onset of cognitive 
manifestations total life expectancy can significantly vary ranging from around 21 years for MCI 
cases with age of onset at age 60 to around 3 years with MCI age of onset at age 95 (200). The 
average duration of the mild dementia stage is estimated at 2 years, the intermediate or moderate 
dementia stage is the longest in duration and lasts for 2-4 years, and the late or severe stage is the 
shortest with an average disease duration of 1-2 years (Alzheimer’s society UK, Dementia life 
expectancy: Duration and stages (medicalnewstoday.com)). The most frequent cause of death in AD 
dementia is due to infection, where aspiration pneumonia is the most common (201).  
 

1.2.4 Definition of subjective cognitive decline (SCD) 
 
Subjective cognitive decline (SCD) refers to a self-reported decline in cognitive function which cannot 
be determined by neuropsychological testing scales (202,203). Increasing life expectancy and 
improved awareness of brain health are leading to growing concerns about cognitive function in 
ageing, and for elderly individuals to seek more and earlier medical advice. In fact, between 50-80% 
of cognitively normal older individuals report some decline in cognitive function when specifically 
asked (202). 
 
SCD was formally defined in 2014 to create a framework and consensus definition for the surge in 
individuals with subjective cognitive complaints but absence of observable deficits in memory 
testing (203,204). To date, the biological significance and clinical trajectory of SCD remains largely 
unknown, and SCD has been considered an unspecific symptom that may be part of normal ageing 
or be associated with other medical conditions, such as psychiatric disorders, sleep problems, and 
medication/substance abuse (205). Others have termed SCD an at-risk stage for the future 
development of MCI and dementia. Although most of SCD subjects (~90%) will not develop 
progressive cognitive decline, in some cases SCD may be the first sign of an underlying 
neurodegenerative process. A recent meta-analysis found that progression of SCD to MCI and 
dementia stages occurred in 6.6% and 2.3% of subjects at 1 year, respectively, suggesting that the 
majority of individuals with SCD (around 90%) remained cognitively stable (206). Factors negatively 
affecting the risk of progression in SCD were the presence of typical AD biomarkers in CSF and ApoE4 
allele status (207). Importantly, AD biomarker abnormalities in SCD are overall low and recent 
studies have estimated that AD biomarker positivity in CSF of SCD individuals is of 46% for amyloid-β, 
of 26% for total-tau, and of 40% for p-tau. Presence of typical AD biomarkers in CSF (abnormal CSF-
amyloid-β and CSF-p-tau values) in SCD subjects is low and presents in only 18% of cases (208). This 
is comparable to the prevalence of abnormal AD biomarkers in CSF in cognitively healthy subjects 
which is estimated at around 16% (209). In contrast, MCI subjects show AD typical biomarkers in CSF 
in around 54% of cases (210).  
 

https://www.medicalnewstoday.com/articles/how-long-does-dementia-last
https://www.medicalnewstoday.com/articles/how-long-does-dementia-last
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Overall, SCD biologically more closely resembles healthy controls than MCI, and it may represent a 
subform of healthy cognitive ageing which is essentially indistinguishable from cognitively healthy 
elderly. However, future studies may find biological cues that could better characterize SCD 
neuropathologically, and which could reveal distinct cognitive trajectories in SCD compared with 
control subjects, possibly including SCD into the preclinical stages of AD continuum in the future.  
 

1.2.5 Cognitive testing scales – MMSE, MoCA, CDR, WAIS scores 
 

Cognitive impairment is frequently missed by clinicians in the early disease stages, and the 
prevalence of missed diagnoses considering all stages of dementia is estimated at between 25-90% 
(211). Dementia is clinically defined as a loss of cognitive function together with functional decline. 
Cognitive tests are thus essential for the early detection and the quantitative and qualitative 
characterization of dementia, and >40 clinical testing tools are currently available (211). Yet, the 
currently used DSM-V guidelines for dementia diagnosis establish no standardized recommendation 
as to which cognitive test to use, nor do they suggest a minimum number and/or forms of cognitive 
battery testings required for an accurate diagnosis. 
 
Mini-mental state exam (MMSE) is the most widely used cognitive assessment tool (212). This test 
assesses six areas of cognitive function, it can be administered within 5-10 minutes, and it is scored 
up to 30 points (30 points being normal cognition) (213). Its overall sensitivity is moderate (80%) and 
its specificity slightly higher (87%) to discriminate demented from non-demented subjects using cut-
off scores of <26, while its sensitivity drops to 63% but specificity increases to 96% when using cut-
off scores of <24 points (211,214). The ability of MMSE to detect early stages of MCI is limited and 
drops to a sensitivity of 75% and specificity of 71% for cut-offs of <26, and to a sensitivity of 62% but 
specificity of 87% for cut-offs of <24, which makes this test overall less useful for the detection of 
early cognitive changes in an individual (211,215). In clinical settings the standard cut-off score of 
<24 is used, with scores between 24-30 points indicating normal cognition. However, recent efforts 
to increase the ability of MMSE to identify early cognitive decline stages have proposed using a more 
stringent cut-off score of 26 to define normal cognition (216). The reduced ability of the test to 
detect MCI stages has been attributed to the rather limited assessment of executive and visuospatial 
functions that typically affect the early disease phases and may also be due to the `ceiling effect’ of 
the test which enables more individuals to reach the maximum scores and, as such, limits the 
detection of mild dementia stages. 
 
Montreal Cognitive Assessment (MoCA) test is another very commonly used cognitive screening test 
for dementia. It assesses six cognitive domains, and it puts higher weight on executive and 
visuospatial functions compared with MMSE. MoCA is therefore particularly useful to detect mild 
cognitive changes, including individuals who score above the normal cut-off of MMSE, and for highly 
educated individuals who complain about memory loss (217). Like the MMSE, the MoCA test is 
administered in 5-10 minutes, and it is scored up to 30 points (30 points being normal cognition). 
The sensitivity of this test is 95% and specificity is 87% when using cut-offs of <26 to detect memory 
loss in MCI and AD subjects compared with healthy controls (218). In clinical settings, the standard 
cut-off score of 26 is used, with scores between 26-30 indicating normal cognition. Overall, the 
detection of MCI stages using MoCA test is superior to that of MMSE. In fact, community-based 
studies evaluating both testing tools in the same cohort showed a better performance of MoCA over 
MMSE for detection of early dementia, with prevalence of MCI estimated at 36% when using MoCA 
and at 29% when using MMSE (195). It is therefore recommended to use MoCA for the assessment 
of cognitive dysfunction in the early phases of dementia. 
 
MoCA has largely substituted MMSE testing due to its better sensitivity for detecting MCI and mild 
dementia stages, however MMSE scale was developed in 1975 and MoCA only 30 years later in 
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2005. Therefore, many studies evaluating the longitudinal trajectory of cognitive change may initially 
have used MMSE instead of MoCA, which potentially limits the comparability between cohorts and 
within one same individual when cognition was assessed with both scales (212,219). However, 
MMSE and MoCA can be converted into one another using conversion tables. While MMSE assesses 
orientation in greater detail (10/30 points), MoCA is more heavily comprised of visuospatial (4/30 
points) and executive tasks (6/30 points). MoCA scores are overall lower than MMSE scores at an 
individual level, because visuospatial and executive domains are more difficult than tests of 
orientation. Thus, the conversion between these two scales is not linear. Recent evaluations of the 
predictive value of MoCA to MMSE and of MMSE to MoCA conversion, concluded that MoCA to 
MMSE conversion is more accurate than MMSE to MoCA conversion. The use of these conversion 
tables can thus enable to standardize cognitive screening tools to evaluate and compare individuals 
or populations assessed with these two different cognitive scales at baseline (220). 
  
Clinical Dementia Rating scale (CDR) was developed in 1988 as a scoring system intended to rate 
dementia severity. It assesses cognition and daily functioning in six domains comprising memory, 
orientation, judgement/problem solving, community affairs, home/hobbies, and personal care on a 
scale that ranges from 0-3 (total of 18 points, indicating a higher burden of functional/cognitive 
impairment) (221). The score contains two measures, one representing the sum of each of these 
subdomains into a CDR-sum of boxes score (CDR-SoB) that ranges between 0-18 (18 indicating more 
severe cognitive changes) and another score generated by an algorithm called CDR-global score 
(CDR-G) which goes from 0-3 (3 indicating more severe cognitive changes) (221). Both scores are 
reliable for dementia staging, although CDR-SoB is superior to CDR-G for tracking changes in 
dementia severity over time (222). MCI stages are not detected well using CDR which may be due to 
its partial reliability on measures of functional change (that by definition are not present in MCI 
stages), however its ability to track dementia progression over time is high (223). 
 
Wechsler Adult Intelligence Scale (WAIS) was developed in 1955 and revised in the WAIS-R version in 
1981 (224). The most commonly used WAIS-IV scale assesses four cognitive subdomains including 
working memory, verbal memory, perceptual memory, and processing speed. The final score can be 
represented as a numeric value ranging from 0-140 or as a percentile (higher scores indicating better 
cognitive function). In the present study cohort, the Digit Symbol Substitution Test (DSST), a specific 
subscore of the WAIS-IV scale, was used (225,226). This subtest requires the subject to draw a series 
of symbols matched to specific numbers following a pregiven key code within a maximum time of 90 
seconds, and it measures visuospatial processing, visual memory, and attentional skills. Its score 
ranges from 0 to 93, and the DSST has been found to be particularly sensitive to age and level of 
education. There is another test version of the DSST which assesses the same task but in 120 
seconds, and its score ranges from 0 to 100 (227). The sensitivity of DSST to discern SCD and MCI 
subjects from AD dementia is estimated at 90-100% and its specificity at 70-80% when using cut-off 
scores between 24 and 34 (scores ranging from 0 to 100) with adaption for age and level of 
education (228). 
 
Although there are no standardized recommendations on the type or quantity of tests that should 
be administered to an individual with cognitive decline for optimal evaluation of dementia, MoCA is 
superior to MMSE for detection of early dementia stages, CDR can be used in the more advanced 
disease stages for measuring the trajectory of cognitive change, and WAIS-DSSN subscore is useful 
for early cognitive change and, in particular, for visual-perceptual memory assessment. 
 
To stage the severity of dementia, the scores of MMSE, MoCA, and/or CDR-global tests can be 
combined to characterize healthy controls, MCI, and mild, moderate, and severe dementia. Testing 
scale cut-offs are not standardized, and they may slightly differ across studies. Dementia stages can 
be staged using the following cut-off scores (215): 
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• Healthy control  MMSE ≥24/26, MoCA ≥26, CDR-G 0-0.5. 

• MCI    MMSE 24-26, MoCA 17-26, CDR-G 0.5. 

• Mild dementia   MMSE 19-23, MoCA 12-16, CDR-G 1. 

• Moderate dementia  MMSE 10-18, MoCA 4-15, CDR-G 2. 

• Severe dementia  MMSE <10, MoCA <4, CDR-G 3. 
 

1.2.6 Operational definition of control, resilient, and demented subjects 
 

In the present study, 60 human brains of healthy controls, resilient, and demented subjects were 
included. The resilient and demented brains were in the intermediate stages of tau pathology (Braak 
III-IV), and most of the demented subjects were mildly demented (MCI or mild AD dementia). Of the 
total of 29 demented cases, 2 cases fulfilled criteria of MCI, 25 cases fulfilled criteria of mild 
dementia, and 2 cases fulfilled criteria of moderate dementia. Of the total of 21 resilient cases, 1 
fulfilled criteria of SCD and 20 were classified as normal cognition. Of the total of 10 control cases, 2 
fulfilled criteria of SCD, and the remaining 8 were classified as healthy controls. 
 
To create uniformity in the categorization of the N=60 subjects into control, resilient, and demented 
groups, an operational definition assessing cognitive status, clinical impression, and functional status 
was created (see Table 2). Cognitive characterization was ultimately combined with the 
neuropathologic diagnosis to categorize the cases. Importantly, the last clinical assessments prior to 
death took place within 2 years for most of the included subjects (except for one control case) and 
this relatively short time interval is important to ensure that resilient and control subjects did not 
progress and convert to dementia just prior to death, as this could have led to a change in group 
category (57,49,58). The 2-year rule between the last clinical assessment and the time of death has 
been set arbitrarily and it is recommended to ensure the quality of clinical data when studying 
human brains with dementia. In addition, the shorter the time interval between last cognitive 
assessment and time of death, the stronger the association between premortem clinical and post-
mortem neuropathologic changes. In fact, proximal (1 year) as well as more distant (4.5 years) 
cognitive assessments in demented subjects both closely correlate with the extent and severity of 
neuropathologic burden, but more proximal clinical assessments prior to death (1 year) show 
stronger association with NFT burden, and a lack of difference with neuritic plaque burden (229).  
 

 
 
Table 2: Operational definition of control, resilient, and demented groups   
Cognitive scores, clinical impression, and functional status defining each of the categories (control, subjective 
cognitive decline, resilient, mild cognitive impairment, demented) and the respective group assigned in the 
present study (C, R, D). Of note, the subdivision of SCD into C or R is defined by the presence or absence of 
ADNC. C/CTRL: control; SCD: subjective cognitive decline; R/RES: resilient; MCI: mild cognitive impairment; 
D/DEM: demented. MMSE: Mini-Mental State Examination; CDR-G: Clinical Dementia Rating Scale Global 
score; CDR-SoB: Clinical Dementia Rating Scale Sum of Boxes. 

 
 

Category Clinical impression Functional status Group

CTRL MMSE ≥ 26 CDR-G 0-0.5 CDR-SoB ≤ 2.5 no decline from previous cognitive level no functional impairment C

SCD MMSE ≥ 26 CDR-G 0-0.5 CDR-SoB ≤ 2.5 no decline from previous cognitive level no functional impairment C or R

RES MMSE ≥ 26 CDR-G 0-0.5 CDR-SoB ≤ 2.5 no decline from previous cognitive level no functional impairment R

MCI MMSE 24-26 CDR-G 0.5-1 CDR-SoB 3-4 with decline from previous cognitive level no functional impairment D

DEM MMSE < 24 CDR-G ≥ 1 CDR-SoB ≥ 2.5 with decline from previous cognitive level with functional impairment D

OR OR

Cognitive scores

AND AND
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1.3 Synapse loss in AD 
 

1.3.1 Definition of a synapse 
 
Chemical synapses are the means of communication between neurons, and they enable a neuron to 
rapidly and effectively excite or inhibit the activity of a neighbouring neuron. The synapse is 
comprised of a presynaptic element (such as an axonal terminal), a synaptic cleft, and a postsynaptic 
element (such as a dendritic spine). The presynapse contains synaptic vesicles filled with 
neurotransmitters and they accumulate around a protein-rich area in the axonal terminal called the 
active zone. When presynaptic axonal depolarization occurs, calcium channels open and the influx of 
calcium allows the fusion of neurotransmitter-containing vesicles with the presynaptic membrane at 
the active zone. This induces the release of neurotransmitters to the synaptic cleft which is a small 
space of around 30-60 nm width that separates the presynapse from the postsynapse of another 
neuron. At the postsynaptic spine the neurotransmitters bind to neurotransmitter-specific channels, 
allowing selective ions to enter the postsynaptic terminal. Depending on whether the influx of ions is 
positive or negative, this creates a hyperpolarization or a depolarization, leading to an inhibitory or 
excitatory effect on neuronal activity (230). 
 
In the human brain there are two types of chemical synapses, inhibitory ones which represent 
around 10-20% of all synapses, and excitatory ones which comprise around 80-90% of all synapses 
(231,232). These two subtypes of synapses are determined either by the respective 
neurotransmitter that is released by the presynaptic neuron, e.g., glutamate for excitatory and GABA 
for inhibitory synapses, or by the receptors present at the postsynaptic spine. For example, the 
postsynaptic protein PSD95 is only expressed in glutamatergic synapses and is strongly associated 
with excitatory synapses, while the postsynaptic protein gephryn interacts with GABA and glycine 
receptors and is strongly associated with inhibitory neurons (233). Importantly, recent studies have 
shown that spines are highly dynamic and that they assemble and disassemble into functional 
synapses continuously with turnover rates estimated at 40% every 5 days, meaning that at any given 
time only a proportion of synapses are stably connected and functional in the human brain (234). 
Moreover, recent evidence has found that new spines can be formed upon task-specific stimulation, 
and that the extent of new spine formation is associated with the quality of the respective skill 
acquisition (235,236). Maintenance of new spines correlates with ongoing stimulation and 
persistence of the learned skill. The preservation of learning-induced spines as opposed to the 
maintenance of readily present spines, is particularly stable an can persist for several months and up 
to years after training, representing the anatomical basis of long-term memory (237). Spines in the 
hippocampus of mice tracked with in vivo imaging at different time points show an average lifetime 
of 1-2 weeks, resulting in a complete turnover of the entire synaptic population in 3x that time, that 
is in 4-6 weeks, which corresponds with the temporary nature of memory storage in the 
hippocampus (238). In addition, in the visual cortex of these mice around 75% of spines remain 
stable at 2 weeks suggesting a much lower turnover rate in this brain region that may be responsible 
for the long-term memory function ascribed to neocortical synapse circuitry (239). This is in line with 
other mouse model studies where around 30% of synapses are described as `silent’ synapses (240). 
It is important to note that these animal experiments were done without specific visual stimulation 
and under experimental conditions, and that the higher average neocortical turnover rates 
estimated in humans (around 40% every 5 days in humans, as opposed to 25% at 2 weeks in mice) 
(234) may be due to a more enriched environment and/or to the fact that there are intrinsic 
biological differences in a human and a mouse brain. 
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1.3.2 Limitations of synapse imaging 
 
The high density of synapses in the human neocortex (estimated at up to 1 trillion synapses/cm3) 
and the small size of synaptic elements (presynapses are estimated to measure 200-400 nm, the 
synaptic cleft 30-60 nm, and the postsynaptic densities 200-800 nm (241,242)), have posed major 
challenges in the study of synapses in the healthy and diseased human brain. 
 
Initial studies assessing synapse densities used electron microscopy (EM) to reconstruct synaptic 
elements in the 2-dimensions and estimate the density of synapses in the respective brain region. 
However, the limited tissue volume with very thin sectioning needed for EM imaging (around 60-100 
nm), the tissue preparation which largely eliminates the preservation of molecular entities, and the 
lack of possibility to assess different synapse subtypes (e.g., excitatory and inhibitory) limit the use 
of EM for optimal synapse assessment (233). Alternatively, array tomography (AT) can overcome 
some of these limitations (243). AT involves serial thin tissue sectioning (50-100nm) followed by 
resin-embedding to preserve tissue structure, and imaging of adjacent sections generating 3-
dimensional (3D) reconstructions. Imaging can be performed using fluorescence or EM, and it 
generates 3-D ultrastructures at high-resolution (244). However, AT is labour-/time-intensive and 
costly, and the immunolabeling efficiency can be significantly reduced by resin-embedding of the 
epitopes of interest limiting the optimal assessment of highly dense nanostructures such as synapses 
(243). On the other hand, optical microscopy is ideally suited to image large tissue samples, it can 
reveal different molecular entities of synapses, it allows to assess pre- and postsynapses individually, 
and it is compatible with multiplexed imaging and allows reconstruction of thicker tissue sections in 
the 3-dimensions (87). However, an important limitation is the low resolution of optical microscopy 
due to the limits of light diffraction (~200 nm), which make this technique less able to visualize 
synapses and their connections. Alternatively, super-resolution microscopy can break the diffraction 
limit of light, but it requires thin sample slicing and is limited by a reduced throughput which can 
substantially reduce data acquisition. Alternatively, to overcome the important setbacks of current 
imaging methods, the novel technique of expansion microscopy (ExM) was recently developed which 
physically magnifies tissue samples at the nanoscale by separating biomolecules isotropically to 
increase resolution above the threshold of currently used conventional imaging techniques 
(245,246). 
 

1.3.3 Benefits of added expansion microscopy for synapse evaluation 
 
ExM is a newly developed technique that allows a physical magnification of tissue specimens 
through embedding in a polymer gel and immersing the hydrophilic gel in water (245,246). ExM has 
advantages over EM and AT and it may be particularly well suited for synapse assessment. The time, 
labor, equipment, and skill demands for ExM are substantially lower when compared with EM and 
AT (244,247). ExM also allows conventional molecular immunolabelling and imaging in a multiplexed 
fashion with the use of optical microscopes, which enables the study of synapses in association with 
other elements. ExM is compatible with different tissue types, including FFPE and frozen tissue 
samples (248). Antibody staining in ExM can be performed before or after the ExM process. In the 
earlier versions of ExM fixed tissue was stained with antibodies before it was gelled and expanded, 
and some synaptic antibody markers seemed to be particularly well suited when using this approach 
(e.g., Bassoon and Homer1). However, the immunostaining of densely packed synaptic elements has 
low efficiency due to the limited accessibility of antibodies to densely packed areas with small inter-
protein distances that can be smaller than the size of the used antibodies (249). To overcome this 
potential limitation and improve optimal synapse assessment, methods were developed to allow 
antibody staining after the tissue digestion and homogenization steps of ExM. This was achieved by 



38 
 

using milder chemical digestions with detergent-containing buffers (instead of enzymatic digestions 
with proteinase-K) to preserve more antigens for immunostaining after tissue homogenization (250). 
 
Recent studies have shown that ExM increases the accessibility of antibodies to synaptic proteins 
which may be masked in the dense synaptic mesh prior to expansion, a phenomenon that has been 
called `decrowding’ (249). Molecular decrowding refers to the enhanced unfolding and exposing of 
epitope binding sites that occurs in the expansion process, and it significantly increases the 
efficiency of immunostaining compared with non-expanded immunolabelled tissue. This 
phenomenon poses a substantial benefit of ExM over other 3-D nanoscale imaging techniques such 
as AT, improving the accessibility of antibodies and immunolabelling efficiency of synaptic and other 
nanoscale structures. Synapses have been effectively visualized in expanded mouse and Drosophila 
brain using light-sheet microscopy (an imaging technique with faster image acquisition but lower 
resolution than confocal microscopy (248,251)), and confocal microscopy in mouse brain (252). 
While the combination of ExM with super-resolution techniques, such as STED, STORM, and SOFI, 
can substantially add to image resolution, to date only STED combined with ExM has been used to 
image synapses in the mouse brain (253).  
 
Studies have shown that ExM can be repeated by re-embedding the expanded tissue into a new gel 
matrix achieving an expansion factor of 16-22x after one round and 53x after two rounds of re-
expansion (254). This variant has been called iterative expansion microscopy (iExM) (254) and it has 
allowed to study synaptic elements and neurotransmitter receptors in the synaptic cleft, such as 
GLUR1 and GABA-A, providing relevant information on the distribution and interactions of synaptic 
channels. However, the use of iExM requires the application of nanoantibodies since the highly 
expanded proteins are not retained in their initial state anymore and they are not detected by 
commercially available antibodies. While the resolution of ExM with expansion factors between 4-5x 
is of at least at 70-80 nm in lateral resolution, depending on the resolution capacity of the imaging 
technique used (246), iExM allows an average resolution of around 25nm (233). 
 
Altogether, conventional ExM enables an expansion of 4-5x and it also benefits from a decrowding 
phenomenon driven by the physical expansion of densely packed nanostructures. Validation studies 
of conventional ExM protocols (245,246) have demonstrated the preservation of isotropy and tissue 
structure across various tissue types, including human samples, without significant rearrangement of 
synapses and a relative preservation of position of synaptic proteins after expansion (248,249). This 
enables an unprecedented assessment of synaptic elements in brain tissue with the use of ExM 
combined with conventional optical microscopy.  
 

1.3.4 Synapse densities in normal ageing, preclinical, prodromal, and dementia stages 
 

Synapses are the biological substrate of cognitive function and synapse loss represents an early 
neuropathologic hallmark of neurodegenerative disorders and the strongest determinant of 
dementia severity in AD (255–259). Synapse densities are a better predictor of cognition than 
amyloid-β plaque burden, NFT deposition, neuronal loss, and brain atrophy (9,257). Healthy elderly 
display largely preserved synapse densities during normal ageing, exhibiting only minor synaptic 
losses of at most 15% (260,261) which do not cause a relevant functional cognitive change. 
However, demented individuals lose 15-25% of synapses in mild dementia stages and 20-50% in 
advanced dementia stages, and these changes correlate with the onset and progression of cognitive 
decline across various memory tasks (259,262–265). Although large-scale synaptosome mappings of 
healthy and demented human brains are currently lacking, synapse density loss in AD initiates in the 
hippocampus and temporal neocortex (266) and then progresses to parietal regions, overall 
affecting the cortical brain structures whose function is typically affected in AD dementia (267). 
Interestingly, some research groups have found that in the very early dementia stages and ahead of 
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any functional impairment, some synaptic proteins in the brain and in the CSF of demented 
individuals are increased, possibly in an effort to create novel synaptic connections through 
increased turnover rates that would compensate for the incipient synapse dysfunction and help 
maintain cognitive function (255,268,269). However, once these mechanisms subside or fail, total 
synapse loss surpasses the functionally relevant threshold leading to dementia development and its 
inexorable progression (270,271). Contrary to the presumed compensatory increase in synapses in 
the MCI stage, recent studies including MCI and mild dementia subjects have found that synapse 
density strongly correlates with cognition from the prodromal AD stages, reinforcing that cognitive 
change is closely paralleled by synapse loss along the full spectrum of AD (255,272,273). Of note, 
whilst synapse loss is a universal phenomenon present in every demented AD brain, not every 
synapse subpopulation is equally affected in the disease process. While studies have proposed that 
excitatory synapses are the main synaptic subtype that gets preferentially targeted in AD, recent 
evidence has also pointed to a loss of inhibitory synapses as a potential early and crucial step in AD 
pathogenesis, with findings of selective downregulation of GABA in the brains of demented 
individuals at post-mortem (274). This reinforces the need to better define biological and anatomical 
underpinnings of synapse loss in AD, and to evaluate changes in different synapse subpopulations 
along the AD continuum that could be relevant for future preventative treatments targeting specific 
synapse subtypes at the right time in AD and in other neurodegenerative disorders characterized by 
an early synapse loss.  
 

1.3.5 Neuropathological assessments of synapse densities in human AD brains 
  

The first study that reported a loss of synapses in the human AD brain was published in 1987 (275) 
after a previous attempt in 1983 (276) to quantify synapses in demented AD brains using EM had 
failed to detect any difference in demented compared with healthy control brains in frontal (average 
synapse density 1.2x10e8/mm3) and temporal cortices (average synapse density 1.4x10e8/mm3). This 
was likely due to not considering the brain volume loss caused by brain atrophy in demented 
individuals that led to an overestimation of synapse densities in those brains. Subsequently, the first 
study that detected a significant loss of synapses in demented compared with healthy control brains 
employed stereological morphometry analyses of synapses using EM together with neuronal counts 
using light microscopy, and created a synapse-neuron ratio to overcome the previous potential bias 
introduced by brain atrophy (275). By doing so, significant differences in synapse densities were 
reported in demented (1.7x10e8/mm3) compared with healthy control brains (7.3x10e8/mm3) in 
cortical layers II-III, and a decreased synapse-neuron ratio was reported in demented compared with 
healthy controls. Importantly, a significant reduction of synapses in layers II-III and layer V of the 
temporal cortex (25% and 36% respectively) was also present in a subset of 5 AD cases that were in 
the early stages of the disease (mean age 58.5 years and mean disease duration 2.3 years), and an 
excess of synapse loss compared with neuronal loss (of 38% in layers II-III of the temporal pole) was 
described in these subjects, suggesting, for the first time, that the AD disease process may target 
synapses in the early disease stages. 
 
Subsequent neuropathologic studies of synapses in human AD brains using western blotting 
replicated the above findings, and additionally found that not only the colocalized synapses but also 
specific components thereof were reduced in AD brains. Specifically, they showed that the 
presynaptic proteins synaptophysin, synaptotagmin, and GAP-43, as well as the postsynaptic protein 
neurogranin were significantly lower in the brains of AD demented compared with healthy controls 
(277). Moreover, synapse densities were found to be strongly associated with MMSE scores (R= -
0.83, p <0.0001) and with Blessed memory scores (R= -0.74, p < 0.001) (278). Importantly, while the 
association of memory loss and synapse densities showed a strong correlation, only weak 
associations were observed between amyloid-β plaque and/or NFT burden and cognitive loss (257), 
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proposing, for the first time, that synapses may be better and stronger correlates of the degree of 
cognitive dysfunction and that they may serve as an early measure of cognitive decline in AD. 
 
Among more recent studies on synapse densities in post-mortem human brains, EM remains the 
goldstandard method although immunofluorescent histological assessments have emerged as a 
comparable and more commonly used technique for synapse evaluation owe to its wide 
accessibility, ease of use, and lower cost. EM requires very thin sectioning (around 60-100 nm 
thickness) and images obtained with EM are only 2-dimensional, potentially underestimating the 
true densities of synapses in the brain (279,280). Alternatively, a more recently emerged EM 
technique called Focused Ion Beam Scanning Electron Microscopy (FIB-SEM) can automatically 
generate 3-D images with superior z-axis resolution (281). Using FIB-SEM a recent study estimated 
an average synapse density across the six layers of the entorhinal cortex in healthy human brains at 
around 6.7±0.21 x108 synapses/mm3 (270). A recent comparative study of 10 human brains by the 
same group showed that demented AD brains (N=5) had lower synapse densities compared with 
healthy controls (N=5) in the hippocampus, with estimated synapse densities of 9.9±0.18 x108 
synapses/mm3  in controls, and 6.4±0.35 x108 synapses/mm3 in demented brains (270). Another 
recent study assessing synapse densities in human temporal and visual cortices using optical 
microscopy combined with 100x oil objective estimated the average synapse density in temporal 
cortex at 3.6 x108 synapses/mm3 and in visual cortex at 3.4 x108 synapses/mm3 (232). In another 
recent study assessing excitatory synapses with synaptophysin and PSD95 antibodies in the inferior 
temporal cortex of controls (N=12) and demented individuals at tau Braak V-VI stages (N=20) using 
AT, synapse densities were estimated at 4.29 x108 ± 7.49 x107 in controls and 3.45 x108 ± 9.99 x107 in 
demented subjects (282). Comparative studies assessing different synapse densities across different 
brain regions in the same cases are however lacking, and they could be interesting to create synaptic 
maps and evaluate subtype specific synaptic density gradients and distributions in healthy and 
diseased human brains to better understand synaptic changes in normal ageing and in dementia. 
 

1.3.6 Biomarkers of synapse loss in AD 
 
Early synapse loss in AD can be measured in biofluids, brain imaging, and in electrophysiological 
studies. In fact, synaptic proteins have been first-ever measured in cerebrospinal fluid in 1996 (283) 
and in plasma in 2015 (284). Recent evidence has proposed that synapse dysfunction and loss is a 
fundamental process that underlies several neurodegenerative disorders from the preclinical stages, 
and that signatures of synapse derangement may be specific to each neurological condition 
(285,286). The diversity in synapse pathology across neurodegenerative diseases is further reflected 
by the presence (and/or absence) of associations between some synaptic proteins and markers of 
cellular damage (e.g., NfL) and cognitive status across different neurological conditions (285,286). 
 
Patients with AD dementia show increased synaptic proteins in cerebrospinal fluid (CSF) (287) and 
plasma (288–292), both reflecting the presumable extracellular release of whole synaptic elements 
from degenerating functional synapses (293–295). They also show reduced SV2A-PET signal (89), and 
altered resting-state electroencephalography, which reflects cortical electrical activity and serves as 
a proxy measure for synaptic activity (296–298). Interestingly, earliest changes in synaptic 
biomarkers start around 10 years prior to the clinical onset of dementia, they predict conversion 
from preclinical to prodromal (MCI) stages and dementia, and they closely parallel increasing 
dementia severity thereafter (288,299). 
 
Measurement of synaptic proteins in CSF has substantially improved with advances in mass 
spectrometry and immunoassays allowing accurate quantifications of synaptic proteins in biofluids. 
As of today, there are four main presynaptic proteins (GAP43, SNAP-25, synaptotagmin-1, and alpha-
synuclein), and one main postsynaptic protein (neurogranin) that can be reliably obtained and 
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measured in CSF (262), and they have been shown to be increased in (amnestic) MCI and AD 
subjects compared with healthy controls making them particularly valuable for the early detection of 
dementia of likely AD etiology (300). Moreover, recent proteomic studies in CSF of demented 
individuals have detected 97 additional proteins related to synaptic function that are associated with 
AD (262). Of note, the currently revised guidelines for the biomarker-based in vivo diagnosis of AD 
(NIA-AA, AAIC 2023) included, for the first time, synaptic biomarkers measured in CSF and SV2A-
imaging for the evaluation of AD in research settings, with their potential future use in clinical 
settings. Although quantitative synaptic protein changes have been widely reported in biofluids of 
demented compared with healthy controls (285,289,291,293,300–303), no synaptic biomarker has 
yet been validated for its clinical use which is partly due to variability in protein measurements and 
peripheral co-expression of some synaptic proteins. 
 
Evidence from studies assessing different synaptic markers in CSF longitudinally have found that in 
the preclinical disease stages there is already an increase in a subset of synaptic markers in CSF 
including GluR4, neurogranin, SNAP-25, GAP-43, and synaptotagmin-1 (288). Interestingly, this 
increase in synaptic markers persists into the prodromal (MCI) stages and MCI subjects show, on 
average, higher synapse proteins in CSF compared with healthy controls and demented individuals 
which may reflect the compensatory increase in synapse turnover of the prodromal disease phases. 
In addition, MCI subjects with higher CSF synaptic protein levels show higher rates of progression to 
dementia (269). The selective synaptic upregulation in the MCI stage could possibly serve to 
compensate for synapse loss and keep cognitive function maintained, and it could be used as a 
surrogate marker of imminent cognitive decline (17,302,304). In subsequent disease stages, synapse 
loss reflected in CSF continues to progress along with AD, with most synaptic markers, including 
GAP-43, synaptophysin, PSD95, and neurogranin, further increasing with increasing dementia 
severity (293,300,305,306), while a few synaptic markers, such as neuronal pentraxins (NPTX), 
paradoxically decrease with increasing dementia severity (299). This paradoxical effect has been 
attributed to the dysfunction of a very discrete and specific subpopulation of synaptic proteins 
assessed by NPTX in the brain that may get lost and eliminated prior to them reaching the CSF, in 
contrast to the broader loss of synapse populations measured by the other synaptic markers which 
may be reflected in the CSF by an overall increase of those synaptic proteins (307). The mechanisms 
of release of proteins from synapses remain unknown and while the disease-associated changes in 
CSF likely reflect synaptic dysfunction, it is unknown if they also reflect synapse degeneration and/or 
loss. This remains an area of important ongoing and future research. 
 
PET imaging radioligands that target the synaptic vesicle glycoprotein 2A (SV2A) and bind to 
presynaptic vesicle transmembrane proteins in the brain have been developed in 2013 as a novel 
imaging tool for the in vivo assessment of synaptic densities in the human brain (308). SV2A is 
virtually expressed in all synapses and it is located at the presynaptic terminal (309). Of note, SV2A is 
the binding site of the antiepileptic drug levetiracetam, whose mechanism of action involves the 
modulation of synaptic neurotransmitter release in the brain (310). Recent studies have found that 
significant synapse density loss measured with SV2A-PET is present in medial temporal lobe and 
frontal/parietal neocortical structures in individuals with mild AD dementia compared with healthy 
controls (89), and that SV2A signal closely correlates with memory dysfunction in early AD (273). 
Interestingly, the signal of SV2A-PET overlaps with measures of brain atrophy (MRI) and 
hypometabolism (FDG-PET), but it is more confined to hippocampal lobe structures in the early 
disease stages, which may more accurately reflect the early loss of synapses in entorhinal synaptic 
projections to the hippocampus. SV2A-PET is however not specific for AD-related synapse loss, as it 
has been found to show signal reductions in PD, progressive supranuclear palsy (PSP), corticobasal 
syndrome (CBS), and epilepsy as well (88). In addition, the tracer has not yet been validated for its 
use in clinical practice and studies are ongoing to increase the understanding of target engagement, 
off-target binding, and other biological influences on SV2A-PET signal in vivo and at post-mortem 
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(311). While fluid synaptic biomarkers are thought to represent synapse dysfunction in a demented 
individual, SV2A-PET may more accurately reflect the synapse density loss in the brain, although the 
reduced SV2A expression could also represent synapses that are still alive but dysfunctional. 
 
Plasma biomarkers for AD have recently emerged as a less invasive and more widely available tool 
for the early diagnosis and longitudinal assessment of AD, however the measurement of synaptic 
proteins in blood is limited by high variability, existence of peripheral expression of some synaptic 
proteins, and lack of formally validated plasma biomarkers for synapse pathology in AD (291). 
Recent studies have found that presynaptic neuregulin 1 (NRG1) plasma levels correlate with NRG1 
CSF levels and that plasma NRG1 is also independently correlated with memory loss (291). 
Interestingly, extracellular vesicles (EVs) including exosomes, are small membrane-bound circulating 
compartments secreted by virtually all brain cells (312), and they are increasingly recognized as 
central to communication between cells (313). EVs carry proteins that allow to identify from which 
cell they were secreted, and they can cross the blood-brain barrier bidirectionally into the circulation 
(314), providing a population of brain-derived molecules that can be measured in blood. Moreover, 
their cargo remains undiluted and largely protected from the peripheral influence of enzymes 
through their lipid bilayer (315). Recent studies comparing demented and healthy control-derived 
exosomes have found decreased synaptic proteins in neuron-derived exosomes (292,316) and 
increased complement proteins in astrocyte-derived exosomes (317,318). Moreover, astrocyte-
derived exosomes have been recently found to carry synaptic proteins in in vitro and in vivo 
neurodegenerative disease models (319,320) suggesting an key role of astrocytes in regulating 
neuronal homeostasis. Moreover, studies have found that the levels of postsynaptic neurogranin are 
increased in the plasma of demented compared with healthy controls, and that neurogranin levels in 
brain-derived exosomes in plasma are reduced in demented compared with healthy controls, likely 
reflecting the overall loss of this synaptic protein in neurons and in the brain (321). Likewise, a 
recent study evaluating brain-derived EVs in the plasma of demented individuals identified a 
significant reduction in NMDA-R2A in AD plasma-derived EVs compared with healthy control plasma-
derived EVs (322). NMDA-R2A is a receptor for the neurotransmitter glutamate, and it is involved in 
facilitating synapse transmission, serving as a proxy measure of synapse function. Changes in NMDA 
receptors occur early in the AD process and one of the currently used treatment strategies for 
treatment of dementia include blocking postsynaptic NMDA receptors with the drug memantine to 
prevent over-activation of the glutamatergic system. Still, this study identified reductions in NMDA 
receptor as a potential proxy measure of early synapse loss in AD subjects, which may reflect a 
reactive effect paralleling the over-activation of this system in the disease process. Other studies 
have proposed to measure the presynaptic protein alpha-synuclein in plasma which has previously 
shown increases in AD brains and in the CSF of MCI and AD demented individuals. Interestingly, 
alpha-synuclein levels in the blood were found to accurately identify cognitive impairment in 
patients with amnestic MCI but not in established AD dementia stages compared with healthy 
control subjects, suggesting that this marker may contribute to the dementia disorder in the early 
disease process (321). 
 
The only non-invasive tool to assess synaptic activity in vivo is with the use of 
electroencephalography (EEG), which measures the summated post-synaptic potentials generated 
by cortical pyramidal neurons. Resting state EEG is considered a proxy measure of cortical synaptic 
activity when assessed under task-absent resting state conditions. In MCI and AD dementia, EEG 
resting state patterns are altered, and they show generalized slowing and decreased measures of 
global synchronization. Interestingly, EEG alterations have shown association with cognitive 
measures, CSF biomarkers of AD neuropathology, CSF synaptic proteins (296,323), and FDG-PET 
measures of hypometabolism (324). However, the lack of large-scale studies assessing these 
associations and recent inconsistencies found between EEG changes and measures of ADNC using 
e.g. amyloid-PET imaging, have hindered the further validation and use of this unique technique in 
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clinical practice (324). Future studies may provide a better understanding of the underlying 
substrates of EEG measures and enable the use of this non-invasive tool in clinical settings. 
 
In sum, surrogate in vivo measures of synapse loss can be obtained from brain PET imaging, CSF and 
plasma measurements, and functional EEG, however, to date these measures have not been widely 
validated for in vivo synapse assessment and use in clinical practice. Recent inclusion of some 
synaptic biomarkers measured in CSF and SV2A-PET imaging for their use in research settings (NIA-
AA, AAIC, 2023), may enable the validation and formal use of synaptic biomarkers in clinical settings 
in the near future, to help more accurately diagnose and track progression of AD dementia.  
 

1.3.7 Effect of ADNC on synapse loss in AD 
 

Synapse loss is known to precede neuronal cell death in AD (325), however the ultimate cause(s) of 
synapse loss in AD remain largely unknown. Recent evidence has proposed that synapses are 
vulnerable to some forms of amyloid-β and to oligomeric and hyperphosphorylated species of tau 
(282,326) and that glial cells excessively engulf synapses in demented brains (272,327). Little is 
understood about the type of synapse that is preferentially targeted (excitatory vs inhibitory) (328), 
the initial site of synaptic dysfunction (pre- vs post-synaptic), and the ultimate pathways involved 
(329,330). Recent evidence has suggested that excitatory and inhibitory synapses may be equally 
affected, and that presynapses may precede the loss of postsynapses in the human AD brain 
(289,296,328,331,332). 
 
Synapse loss is most prominent in the immediate vicinity of amyloid-β plaques, within a distance of 
around 50 µm (333,334). Synaptic densities are especially low in the penumbra of amyloid-β plaques 
which are areas that contain high amounts of oligomeric amyloid-β (335), and they normalize with 
increasing distance from the plaque core (336). In fact, in vitro and in vivo studies have shown that 
amyloid-β oligomers, but not monomers or fibrils, disrupt synaptic structure and function (337), and 
that they preferentially target excitatory presynapses (338–340) before they diffuse trans-
synaptically to affect postsynaptic receptors in more advanced disease stages (341–344). The 
selective vulnerability of excitatory synapses in AD is thought to be due to a higher activity of 
excitatory neurons which induces amyloid-precursor protein (APP) processing (345–347) and 
enhances oligomeric amyloid-β production in the excitatory pre-synapses (348,349). Interestingly, 
recent studies have found that resilient brains harbour significantly lower amounts of oligomeric 
amyloid-β in synaptic terminals compared with demented brains despite both having similar 
amounts of aggregated amyloid-β in the brain, suggesting that amyloid-β oligomers but not plaques 
may be an important biological substrate for the development of dementia (350,351). Studies 
combining synaptic radiotracer SV2A-PET with amyloid-PET imaging have found that SV2A-signal 
inversely correlates with amyloid-PET signal in the MCI stages, but not in the subsequent AD 
dementia phases (352). This suggests that amyloid-β deposits may be contributing to synapse 
dysfunction in the early phases of likely still ongoing amyloid-β accumulation, but that the later more 
mature amyloid-β deposits may uncouple from the neurodegenerative process (352). It is likely that 
those more mature amyloid-β plaques would be sequestering higher amounts of amyloid-β 
oligomers which may hereby lose their synaptotoxic effects (353). This is in line with the classical 
`amyloid cascade’ hypothesis where (oligomeric) amyloid-β is most relevant in the early disease 
phases while it partly loses neuropathologic and clinical significance in the more advanced stages 
with deposited aggregates of amyloid-β. 
 
NFT deposits are overall better correlates of cognitive impairment than amyloid-β plaques (354). 
However, animal and human studies have shown that neurodegeneration and dementia can occur in 
the absence of NFT deposits (27,57,58,355), that presence of NFTs does not necessarily result in 
dementia (57,58), and that NFTs may even be protective, scavenging toxic tau moieties (356) and 
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repairing free-radical damage (357). Moreover, post-mortem human brain studies have found that 
the burden of neuronal loss largely exceeds the amount of NFTs and ghost tangles in a given brain 
region (326,358). Additionally, there is no evidence to suggest a loss of synapse densities in the 
vicinity of neurons affected by NFTs (13,282,359). This is thought to be due to the intracellular 
sequestration of fibrillar and (synaptotoxic) oligomeric tau within NFTs, which may hereby protect 
the surrounding synapses from the deleterious effects of oligomeric tau contained inside the 
neuronal cell body. Growing evidence proposes that oligomeric, rather than monomeric or fibrillar 
tau, is the most neurotoxic tau moiety (360). Oligomeric tau comprises dimers, trimers, small 
oligomers and granular oligomers, and it derives from hyperphosphorylated or truncated tau 
subunits (361). Tau oligomers are potent synaptotoxic proteins that alter synaptic vesicle release 
and synaptic receptor expression, and they can lead to neuronal death in cell culture (13,362–366). 
 
Tau is found under physiological conditions in its native form in the synapses of healthy neurons 
(367) and it translocates from pre- to postsynapses upon synaptic stimulation acting as a modulator 
of synaptic signal transmission (368,369). When tau suffers post-translational modifications such as 
hyperphosphorylation or conformational changes, it can detach from microtubules and excessively 
accumulate in synaptic terminals (329,370). This translocation and accumulation of non-native tau 
alters synapse activity and leads to synapse loss (371). Although the mechanisms of translocation of 
non-native tau to synapses remain unknown, transport through exosomes, lysosomal release, and 
passage from extracellular space through plasma membrane have been recently proposed (369). In 
line with this, hyperphosphorylated tau is higher in the pre- and post-synapses of demented 
compared with healthy control brains (57,282,372), and oligomeric tau is higher in the pre- and post-
synapses of demented compared with resilient and control brains (57,282,331,372). Importantly, tau 
oligomers are observed in synapses from prodromal stages of dementia and they show a closer 
association with neuronal loss than NFT burden (373). Conversely, resilient brains may escape the 
detrimental effects of these toxic tau species by harbouring protective mechanisms (57,58) to avoid 
oligomeric tau accumulation in synapses. 
 
Hyperphosphorylated tau binds to APP and induces the amyloidogenic processing of amyloid protein 
into oligomeric amyloid-β (374), and amyloid-β induces the hyperphosphorylation and mis-sorting of 
tau (375,376) promoting its conversion into toxic tau. When evaluating both proteins combined, the 
concomitant administration of low subtoxic doses of oligomeric amyloid-β and oligomeric tau leads 
to immediate disruption of synaptic plasticity and loss of cognitive function in animal models of AD 
(377). In addition, in vivo and in vitro studies have shown that in the presence of previously 
accumulated synaptic amyloid-β oligomers, tau oligomers are more toxic to synapses and overcome 
the toxic effects of amyloid-β oligomers (378). Overall, these findings support that synaptotoxicity in 
AD is driven by oligomeric and not by fibrillar forms of amyloid and tau proteins, and that an 
interaction between oligomeric proteins at the synapse may ultimately promote their individual 
toxicity and lead to synapse derangement and loss in AD. 
 

1.3.8 Synaptotoxic modifications of tau – hyperphosphorylation, truncation, seeding activity 
 
Tau protein can sustain different posttranslational modifications including hyperphosphorylation, 
truncation, and ubiquitination, which alter the physiological functions of tau and may lead to 
synapse and neuronal dysfunction (259). 
 
Hyperphosphorylation of tau can occur at over 85 phosphorylation sites represented by either 
serine, threonine, or tyrosine residues (379). Tau hyperphosphorylation is present during some 
physiological processes including brain development, hibernation, and hypothermia (380) where a 
temporary increase in tau phosphorylation is mediated by an increase in kinases or by decreased 
activity of phosphatases (381). In brains of demented individuals with AD, excessive tau 
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hyperphosphorylation is commonly observed, and studies have found that aggregated tau isolated 
from AD brains contains 3-4x higher phosphorylation levels (8 mol per protein) compared with tau 
derived from healthy control brains (2-3 mol per protein) (382). Hyperphosphorylation of tau occurs 
prior to its pathological assembly into NFTs (383,384) and it follows a sequential order along the tau 
hyperphosphorylation sites that are associated with different stages of tau tangle maturity and with 
disease stage (385). Earliest tau hyperphosphorylation sites in AD brains include AT8+ (pSer 202, 
pThr 205, pSer 208) and CP13+ (pSer 202) pretangles, followed by PHF1+ and TauC3+ mature 
tangles, and GT38+ and MN423+ ghost tangles, overall reaching a cumulative burden of 55 
hyperphosphorylated tau sites in advanced stages of the disease (386). The higher the burden of 
hyperphosphorylated `hotspots’, especially in mid- and C-terminal tau domains, the higher the 
neurotoxicity and propagation propensity of tau (387). While some tau phosphorylation sites such as 
Ser199, Ser202/Thr205, Thr231, Ser262, Ser396 and Ser422 closely parallel the increasing dementia 
severity, some of these sites (e.g., Ser199, Ser202, Ser262, Ser396) and other hyperphosphorylated 
tau epitopes (e.g., Thr181, Thr217) have also been found in healthy control brains (380). The overlap 
in tau hyperphosphorylation patterns between demented and control brains reinforces the still 
incompletely understood biological significance of tau post-translational modifications, which 
further underpins the incomplete association between NFTs and cognitive loss observed in AD (326). 
In fact, while the extent and burden of NFTs show correlation with increasing dementia severity 
(388), NFT-bearing neurons do not always show imminent cell death (389) and neuronal loss in an 
AD brain exceeds by around 7x the burden of NFT-bearing neurons and ghost tangles (358,390). In 
addition, ghost tangles which are the ultimate reflection of neuronal cell death of NFT-bearing 
neurons, are exceedingly rare in animal models of AD and in human AD brains, and they are 
estimated at only around 1% of the total NFT population (391) suggesting that NFTs most commonly 
do not lead to imminent neuronal cell death in the brain. 
 
Tau truncation is another posttranslational modification of tau that has been associated with 
synapse dysfunction (387,392–394) and that also confers tau with pathogenic properties including 
self-aggregation and propagation (392,393). In particular, C-terminal truncated tau has been 
associated with increased hyper-phosphorylation and seeding activity (392,395,396). Interestingly, 
recent in vitro studies have shown that C-terminal tau truncation is higher in the synapses of both, 
demented and age-matched control brains, but that upon axonal depolarization and subsequent 
presynaptic vesicle release, only tau derived from demented brains is substantially released when 
compared with tau derived from healthy controls (397) suggesting that the toxicity of truncated tau 
may be partly attributed to its pathogenic spread across the brain. Whether tau truncation precedes 
or follows hyperphosphorylation and NFT formation remains unknown (387). However, recent 
studies have suggested that tau truncation is independently and directly associated with 
neurotoxicity (398), and that it is correlated with dementia severity (387). Ultimately, the 
mechanisms driving the toxic effects of truncated tau proteins and/or cleaved fragments in the brain 
remain unclear, but truncated tau may be associated with the toxic property of tau to spread, 
contributing to the progression of neuropathologic and cognitive changes in AD. 
 
Tau pathology is known to spread in a predictive spatiotemporal pattern along the well-defined 
Braak stages following anatomical connections in the human brain (399) and the accumulation of tau 
pathology in subsequent brain regions has been associated with the progression of cognitive decline. 
Evidence suggests that the prion-like ability of tau to propagate is particularly enriched at the 
synapse where toxic forms of tau may accumulate (400–402). Tau seeding assays measure the ability 
of tau to induce tau conformational changes in native tau proteins serving as a proxy measure of 
toxic tau bioactivity. Tau seeding is measured with the use of fluorescence resonance energy 
transfer (FRET)-based biosensor cell lines (403,404). These cell lines are HEK293 cells that express 
aggregation-prone repeat domains of tau fused to either cyan fluorescent protein (CFP) or yellow 
fluorescent protein (YFP) at an approximately equal concentration level in each cell (405). Under 



46 
 

nascent conditions, diffuse fluorescence can be measured in cells expressing these proteins, 
however upon introduction of appropriate seeds the two fluorescent proteins aggregate bringing 
the fluorescent proteins into close proximity (<10nm) which allows FRET signal to occur. FRET signal 
is measured and quantified using flow cytometry (405,406). Although it remains unclear which forms 
of tau are more prone to seed, recent studies have proposed that seeding activity is closely linked to 
the presence of high molecular weight tau (>2,000 kDa), oligomeric and small fibrillar tau (>10 mer), 
and hyperphosphorylated AT8+ and AT100+ tau (407–410). In particular tau oligomers harbour 
increased propensity to propagate trans-cellularly (411) and to induce auto-aggregation of native tau 
in the invaded cells (412–414). Human studies have found that seed-competent tau is significantly 
higher in the synapses of demented compared with control brains (402) and that tau seeding activity 
is present from the early disease stages in brain regions that lie up to one Braak stage ahead of tau 
deposition (402). This has proposed that seeding activity is closely linked to the synaptic 
compartment, and that the spread of toxic tau may preferentially occur trans-synaptically, leading to 
the early synapse and cognitive dysfunction of AD. However, other studies have raised questions on 
the trans-synaptic spread of tau, highlighting that there is no evidence in support of an anterograde 
propagation of tau seeds when inoculated into mouse brains (415), and by recent post-mortem 
human evidence showing an inverse order in the dendritic tau acquisition in the temporal cortex 
compared with tau presence in the hippocampal formation (416). 
 
Overall, tau posttranslational modifications may be crucial for the development of early synapse 
derangement and cognitive loss in AD, and the role of oligomeric, hyperphosphorylated, and 
truncated tau at the synapse could harbour essential processes with biological significance 
contributing to the early synapse derangement and cognitive dysfunction in AD (401,404,417–419). 
 

1.4 Neuroinflammation in AD 
 

1.4.1 Neuroinflammatory changes in AD 
 
Neuroinflammation has recently gained considerable interest in AD (258) supported by genome-
wide association studies and by novel insights into glial-mediated synapse elimination (420). A 
crucial discovery in the field has been that complement, an element of the innate immune system, 
increases on synaptic membranes upon presence of oligomeric amyloid-β in synapses (421) and tags 
synapses for elimination by microglia (422). This has been further supported by in vitro and in vivo 
evidence of a complement-mediated engulfment of synapses by microglia and astrocytes, which is 
additionally stimulated by synaptic accumulation of amyloid-β and tau (421,423–428). Although 
several animal models have shown compelling evidence of an increased elimination of synapses by 
microglia and astrocytes in AD, human evidence on glial-mediated synapse elimination remains 
scarce (429). First human data showing an increased engulfment of synapses by microglia have been 
recently suggested by two studies where higher amounts of synapsin1+ presynapses were found 
colocalizing with CD68+ microglia in demented compared with healthy control brains in the first 
study (430), and an increase in synaptophysin+ presynapses were shown to colocalize with IBA1+ 
microglia in the brains of demented compared with neuropathology-matched resilient and healthy 
controls in the second study (327). These relevant findings strongly support that microglia ingest 
synapses in the adult human brain, and that higher synaptic uptake occurs in AD, proposing, for the 
first time, that altered innate immunity and associated neuroinflammatory pathways could be a 
pivotal contributor to early synapse loss in AD. Although astrocyte-driven engulfment of synapses 
has been shown in animal models of AD, the potential role of astrocytes in the excessive elimination 
of synapses in human brains remains unknown.  
 
Recent evidence from tauopathy mouse models has suggested that altered microglial cell responses 
and increased T-cells are present in close vicinity to tau deposits and that this association is less 
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common in amyloid-β mouse models (431). Moreover, the depletion of microglia or T-cells in these 
mice was found to ameliorate neurodegeneration suggesting that tauopathy and neurodegeneration 
may be linked through the effects of microglial and T-cell responses (431). Studies evaluating earliest 
neuropathologic changes in animal models of AD have found that increased inflammatory microglial 
and astrocytic cell responses occur early and that they precede the development of amyloid-β and 
tau pathologies in these brains (432). In addition, human studies have shown that in brain regions 
yet unaffected by AD pathology there are significant increases in microglial cell markers before any 
tau deposits develop (61), and that in brains of Parkinson’s disease patients there are increased T-
cell accumulations in brain regions not yet impacted by Lewy bodies comprised of alpha-synuclein 
pathology (62). Interestingly, when using TSPO-PET to assess neuroinflammatory changes in vivo, 
longitudinal PET-imaging studies in humans have found that an increase in TSPO-PET signal is 
independently associated with the severity and progression of dementia (433), and that TSPO-PET 
signal is predictive of longitudinal decline in memory tests (434). 
 
Overall, innate (e.g microglia) and adaptive immune responses (e.g., peripheral T-lymphocytes) may 
be altered in the early stages of neurodegenerative diseases and ahead of the respective 
histopathologic signature characterizing these disorders, and these early immune cell responses may 
be initiating and driving the early neuropathologic and clinical changes of AD dementia. 

 

1.4.2 Phenotypic, morphologic, and functional hallmarks of microglia 
 

Glial cells comprise macroglia (astrocytes and oligodendrocytes) and microglia. The most abundant 
glial cells in the human brain are oligodendrocytes (45-60%), followed by astrocytes (20-40%), and 
microglia (5-20%) (435,436). Microglia account for 5-20% of total glial cells in the brain, and their 
main role is to support and sustain neuronal functions (435). Microglia are considered long-lived 
cells with small renewal rates of around 0.5-2% and average lifespans of 4.2 years with some 
microglial cells even persisting for over two decades (437). Microglial cells are also involved in 
synaptic pruning and axonal guidance in postnatal development, and in phagocytosis of apoptotic 
debris. They are the key regulators of proinflammatory cytokine release and neuroinflammatory 
responses, and they can result in potential damage if excessively activated (438). Microglia also own 
the unique intrinsic ability to migrate (439). This function confers them with an important role in 
response to tissue injury and it has resulted in microglia being considered the primary phagocytic 
cell of the brain. The functions of microglia are thus broad and diverse, and their functional state is 
closely determined by the expression of specific receptor signatures and changes in glial cell 
morphology. While the number of antigenic receptors expressed by glia are large and novel antigens 
are still being discovered, the morphologic characterization of microglia is more succinct and 
currently includes five main subtypes, namely resting or `surveying’, activated, ameboid, and 
dystrophic microglia, and the more recently described rod-shaped subtype (440–442). Morphologic 
subtypes of microglia are shown in Figure 1. 
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Figure 1: Example of different microglial morphologies in the human visual cortex using pan-microglial 
antibody IBA1  
Microphotographs of microglial IBA1 staining of the visual cortex of two representative demented (D) and two 
resilient (R) cases showing morphological subtypes of microglia including ameboid (white), ramified (green), 
activated (orange), dystrophic (red), and rod-shaped (yellow). Each case is shown as two representative 
microphotographs taken from two distinct regions of the visual cortex. D: demented; R: resilient. Scale bar 50 
μm. 

 
 
Microglia-specific gene signature and antigenic targets include TMEM119, P2RY12, CD81, Sall1, and 

Hexb among others, and they are uniquely expressed by microglia and are absent in other infiltrating 

immune cells (e.g., macrophages and lymphocytes). P2RY12 is considered an excellent marker for 

homeostatic microglia, it is a marker of motility and chemotaxis, and it is rapidly lost in the 

pathological state. TMEM119 is also specific to microglia although its function remains largely 

unknown, and it becomes downregulated upon microglial activation in response to injury, but this 

process is often incomplete and slow (438). IBA1 is the most widely used pan-microglial marker that 

labels every microglial cell irrespectively of its functional state, binding to the calcium-ionised 

binding adapter molecule 1 in the cytoplasm. IBA1 is routinely assessed given the reliable 

visualization of the full microglial cell body and its processes due to its binding to a cytoplasmic 

target. However, this marker is not specific for microglia as it also labels perivascular and meningeal 

macrophages which are typically found near vessels and meninges, respectively. Immunoreactivity 

against the lysosomal marker macrosialin CD68 antibody reveals the degree of lysosomal activity of 

microglia and is a marker of pro-inflammatory phagocytic glia. Antibodies against human leukocyte 

antigen DR (HLA-DR) are also commonly used and serve as a marker of pro-inflammatory glia 

characterized by increased antigen presentation (438). 

 

Microglia are highly dynamic cells that can change their morphology within minutes in response to 

changes in the microenvironment (438). `Resting’ or `surveying’ microglia show a small cell body and 

very fine and highly ramified processes which allow the cell to screen the local microenvironment for 

signs of injury or pathogens. The change into an `activated’ form of microglia occurs in response to 

the release or secretion of molecules by injured cells or pathogens, which triggers a microglial 

morphologic change with process retraction and increase in cell soma size. When this activation is 
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sustained and at its fullest expression, microglia turns into an `ameboid’ morphology, where 

processes are completely retracted and soma is typically roundish and foamy in appearance (438). 

This morphologic signature of microglia is associated with highly phagocytic and motile microglia an 

it can occur under physiological conditions such as during prenatal brain development and normal 

ageing but also under pathological conditions (440,443). Importantly, the phagocytic efficiency of 

microglia is further enhanced by their ability to increase acidification of their lysosomes upon 

microglial activation and by their ability to rapidly migrate to the target object within minutes of 

sustained injury (444) at an average speed of ∼5 μm/min and peak speeds >10 μm/min in in vitro 

studies (445). Between the spectrum ranging from resting/`surveying’ to ameboid microglia there is 

a variety of morphological transition states which may reflect disease specific functional states, but 

their precise roles remain less well defined (442). With ageing, microglia become `dystrophic’ and 

this morphological signature is characterized by cytoplasmic fragmentation, reduction of fine 

ramifications, and spheroidal swellings. Dystrophic microglia have been suggested to contribute to 

neuronal impairment and synaptic dysfunction. Recent studies have described a fifth subtype of 

microglia called `rod-shaped’, which was already observed in 1899 by Franz Nissl but did not receive 

much attention due to the relatively infrequent observation of this morphologic subtype (446). Rod-

shaped microglia show narrowing of the cell soma and decreased number of secondary branches, 

and they have been associated with ageing and neurodegenerative diseases including AD and Lewy 

body dementia, although their role remains unknown (446). Several studies have shown that total 

numbers of microglial cells do not change in normal ageing or in a demented human AD brain (447), 

and that the distribution of microglia in the brain is fairly uniform under healthy conditions. Finding 

`spots’ with two or more microglial cells accumulating is rare and may be a sign of an underlying 

pathological process (438), such as microglia clustering around amyloid-β plaques or tau aggregates 

(448). This suggests that not only the morphologic signature of a microglial cell at an individual level, 

but also the morphologic distribution of microglial cells as a whole may be indicative of functional or 

dysfunctional properties of this glial cell subtype. Representative images highlighting examples of 

the five main morphological microglial subtypes are shown in Figure 1. 

 

While disentangling the antigenic vs. morphologic characteristics and order of acquisition of 

antigenic-morphologic signatures of microglia upon pro-phagocytic conversion in AD remains 

challenging, recent in vitro studies have suggested that both, pro-phagocytic receptor expression 

upregulation and morphologic changes occur, and that they are temporally proximate to one 

another. Recent studies have found that microglial cells rapidly change their morphology within 

minutes (438), while the expression of an antigenic signature occurs somewhat slower and can be 

detected within hours, further increasing over a period of days to weeks (449). In fact, in vivo studies 

have found that the acquisition of an inflammatory microglial antigen signature occurs after around 

6 hours of brain injury and that it further increases at 24-48 hours continuing to do so at 7 days for 

some of the inflammatory markers such as CD68 (450). This suggests that morphological phenotypes 

may precede the antigenic expression of microglia and be among the first glial cell changes that 

occur in response to a change in the microglial microenvironment, and that both may ultimately be 

reflective and contribute to the particular functional state of the microglial cell. While the 

phenotypic characteristics of glial cells at a given timepoint may reflect their functional effects, it is 

likely that this process is dynamic and that glial cells continuously adapt their phenotype and adopt 

varying functions along the spectrum of glial phenotypic signatures. 

 

Overall, microglia are highly dynamic and multifunctional, and they are responsible for the 

maintenance of brain homeostasis. They act as the principal surveyors of tissue injury in the brain 

and rapidly elicit inflammatory responses and prophagocytic behaviour upon respective stimulation. 

Microglia can be defined by the expression of various microglial antigens which are indicative of 
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different functional states. In addition, more recent evidence has suggested that morphologic 

changes of microglia may convey the cell with specific functional properties inherent to the adoption 

of a range of morphological signatures. Morphologic hallmarks of microglia may be of particular 

interest as they temporally precede the respective change in molecular signatures, and they may 

therefore represent the first microglial adaption to tissue damage signals (440). Ultimately, a 

combined antigenic-morphologic approach may be the best way to characterize microglia and to 

help understand the biological effects of each microglial sub-phenotype in health and disease.  

 

1.4.3 Phenotypic, morphologic, and functional hallmarks of astrocytes 
 

Astrocytes account for 20-40% of total glial cells in the human brain (436) and their functions 
comprise providing structural support, maintaining cerebral homeostasis, controlling the blood-
brain-barrier, and supplying energy to neurons (451). Importantly, astrocytes are the only central 
nervous system (CNS) cell with glycogen storages and this makes astrocytes essential for energy 
supply (452). Given that the brain is the organ that proportionally consumes most energy, using 
around 20% of total body energy despite its proportionally relatively small size which accounts for 
only ~2% of total body weight, the function of astrocytes is crucial for brain function. Astrocytes are 
also key for adequate synapse activity as they closely interact with synaptic elements in a functional 
entity called `tripartite synapse’ composed of an astrocytic end-foot and two neurons (a presynaptic 
and a postsynaptic, respectively) (453), or the more recently proposed `tetrapartite synapse’ which 
additionally involves presence of microglial cell processes in the above interaction (454). One 
astrocyte can interact with up to 100’000 synapses in the mouse brain and with up to 2’000’000 
synapses in the human brain (455), suggesting that the close and continuous interaction between 
astrocytes and synapses may be crucial for healthy synapse function but may also be associated with 
earliest synapse dysfunction in disease. Astrocytes establish close interactions with CNS vasculature, 
and they are an essential element of the newly described `glymphatic system’ which is involved in 
the elimination of toxic soluble proteins from the brain into the blood vessels and peripheral 
lymphatic system. This function of astrocytes is essential since the brain has no primary lymphatic 
system as lymphatic vessels are essentially absent in brain parenchyma. The elimination of waste 
products from the brain is thus highly dependent on the adequate functioning of astrocyte-vascular 
interactions. Intriguingly, the glymphatic system functions mainly during sleep and is disengaged 
during the waking hours, serving as a possible biological substrate of the need and benefits 
associated with sleep across species (456). Recent evidence from animal models has suggested that 
astrocytes can be pro-phagocytic in the adult brain, and that they can engulf amyloid-β, alpha-
synuclein, and tau, and also synapses and cell debris (457,458). Interestingly, astrocytes have also 
been involved in the potential spread of tau pathology across the brain, contributing to the 
propagation of toxic tau and disease progression (457). Astrocytes are viewed as the second main 
phagocytic cell of the brain after microglia and, interestingly, the phagocytic targets of astrocytes 
and microglia are very similar suggesting that these glial cells either compete for the same targets or 
that they may act in combination cooperating to effectively remove debris from the brain (458). Of 
note, although astrocytes are considered non-migratory cells under physiological conditions, they 
can acquire migratory ability under pathological activation (459). 
 
Astrocyte-specific antigenic signatures comprise the ubiquitous and pan-astrocytic markers 
ALDH1L1, glutamine-synthetase, and aldolase-C which label cytosolic targets and enable to visualize 
the cell body and proximal processes with a slightly lower binding affinity to distal astrocytic 
processes. Moreover, astrocytes upregulate and rearrange their intermediate filaments composed of 
GFAP, vimentin, nestin, and synemin upon tissue injury responses including trauma, ischemia, or 
neurodegeneration. The most commonly used marker to label reactive astrocytes is GFAP which 
binds to astrocytic intermediate filaments and is implicated in cell migration and motility (460). Its 
upregulation occurs in early response to injury and it increases in parallel to the severity of injury in 
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mouse models (461). However, this marker is not specific for astrocytes as it can be expressed by 
ependymal cells and neural stem cells and be increased in degenerating neurons (462). Moreover, 
GFAP can be lost in quiescent astrocytes (463). GFAP upregulation goes along with changes in 
astrocyte morphology, mostly comprising an hypertrophy and extension of astrocytic processes 
towards the injury site (464) and a migration of the astrocytic cell body. Astrocytes in the adult brain 
are, in contrast to microglial cells, considered non-migratory cells under physiological conditions, 
however under pathological conditions such as tissue injury or neurodegeneration astrocytes can 
become motile and migrate (465). Studies have found that reactive but not resting astrocytes show 
ability to migrate through upregulation of proteins that participate in motility such as integrins and 
pannexin-1 (466). Moreover, in vivo and in vitro studies have found that cultured astrocytes 
transplanted into the mouse brain migrate to multiple brain regions for redistribution under normal 
physiologic conditions, and that a subset of astrocytes migrates to sites of cortical injury in mouse 
models (467). The average speed of astrocyte migration has been estimated at 10 µm/hour in in 
vitro studies (468), which is substantially lower than the migration speed of microglial cells, which is 
estimated at 5-10 µm/min (445). However, some studies have also reported a lack of migration of 
astrocytes after stab wounds and after traumatic brain injury in in vivo imaging studies (469) 
suggesting that not all but only a subpopulation of reactive astrocytes may migrate upon tissue 
injury. 
 
Astrocytes can acquire different morphological signatures. The main morphologic subtypes of 
astrocytes are protoplasmic, fibrous, layer-I astrocytes (specific to mouse brain), interlaminar 
astrocytes (unique to human brains), and varicose-projection astrocytes (unique to human brains). 
Protoplasmic astrocytes are predominantly found in the grey matter, and they are highly branched 
with end-feet enwrapping blood vessels, creating the outer wall of the blood-brain barrier. They are 
involved in regulating synapse homeostasis due to their close association with a large number of 
synapses. One single astrocyte can interact with around 100’000 synapses in the mouse brain and 
with up to 2’000’000 synapses in the human brain (470). On the other hand, fibrous astrocytes are 
mainly found in the WM, and they are characterized by straight and long processes. The expression 
of GFAP is overall higher in fibrous astrocytes than in protoplasmic astrocytes, where expression of 
GFAP is oftentimes limited to the end-feet. While the function of protoplasmic astrocytes remains 
less clear, they have been associated with vasculature and are likely involved in maintaining blood- 
brain barrier function. Interestingly, the morphologic changes observed in these two astrocytic 
subtypes upon injury responses differ in that protoplasmic astrocytes exhibit an increase in length 
and complexity of processes while fibrous astrocytes show condensation and retraction of processes 
(463). Layer I astrocytes (specific to mouse brain) show similar morphological hallmarks to 
protoplasmic astrocytes, but they strongly express GFAP, like fibrous astrocytes do (470). The 
counterpart of this astrocytic subtype in human brains are the interlaminar astrocytes which are 
similar to layer-I astrocytes and show preference for upper cortical layers and are composed of 
astrocytes with short processes, and the varicose-projection astrocytes which are commonly found 
in deeper layers V-VI, are frequently GFAP+, and often show very long processes that can extend for 
up to 1 mm and typically terminate in the neuropil or vasculature. 
 

1.4.4 Microglia and astrocyte receptors involved in synapse phagocytosis 
 
Microglia, and to a lesser extent also astrocytes, are the two main cells involved in phagocytosis in 
the human brain. Both can engulf a broad range of target elements upon expression of specific 
antigen receptors. For example, synapses are eliminated by C1q, C3, and phosphatidyl-serine (PS) 
(also called osteopontin) receptor upregulation on synaptic membranes which are detected by 
MEGF10, CD11b, CD18, C1q-R and CR3 on glial cell surface, apoptotic cell debris is detected through 
MERTK, AXL, and BAI1 receptors on glial cell membrane, and dystrophic axons and myelin sheets are 
associated with LRP1 and CR3 on glial cell membrane (458,471–473). One of the most recently 
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described receptors involved in phagocytosis in AD is TREM2, and this receptor is uniquely expressed 
by microglia but not astrocytes. TREM2 is found on microglial membranes and it has been shown to 
be a phagocytic receptor for amyloid-β oligomers (474) and apoptotic cell debris (475). Its pathologic 
mutation with hypoactivation is associated with increased dementia risk (476). Microglia as opposed 
to astrocytes also specifically express CR3, CD11b, and CD18, which are phagocytic receptors that 
specifically detect opsonized synapses (458). A key receptor expressed only by astrocytes but not 
microglia and which is involved in apoptotic cell debris and synapse elimination is MEGF10. This 
receptor has been associated with the engulfment of excitatory synapses by astrocytes (477) which 
responds to presence of PS and C1q opsonized synapses. Microglia do not express MEGF10 but they 
express Mertk, which is one of the main phagocytic receptors of microglia for synapse engulfment, 
and this receptor is also expressed by astrocytes. 
 
1.4.5 Phagocytic ability of microglia and astrocytes and mechanisms involved 
 
In the human brain, microglia are the primary phagocytic cell responsible for the elimination of 
cellular debris and apoptotic cells, however in a breakthrough discovery in 2013 it was found that 
astrocytes are also able to phagocytose synapses in the developing brain (425), which was followed 
by evidence of astrocytic ability to engulf cellular debris (425,478,479). It is known that the rapid and 
efficient removal of apoptotic cells and cellular debris is needed for unimpaired brain function, and 
that defective clearance of dying cells can lead to neurodevelopmental, autoimmune, 
neuroinflammatory, and neurodegenerative conditions (480). There are several receptors expressed 
by brain phagocytes that are essential for effective removal of apoptotic cells, including Axl and 
Mertk, and many of them are commonly expressed by both, microglia and astrocytes (458,481). 
Interestingly, recent evidence has suggested that microglia and astrocytes closely interact to engulf 
specific components of apoptotic cells, rather than acting independently or outcompeting each 
other for the target object (482). Upon injury signal, microglia and astrocytes are simultaneously 
polarized to the lesion site. Subsequently, microglia effectively target and remove dendrites, cell 
bodies, and nuclei, which is further facilitated by their ability to migrate to the injury site (482), while 
astrocytes engulf dendritic and synaptic elements through extension of their distal processes which 
requires less cell body migration. Importantly, there is a territorial difference in the phagocytosis 
accomplished by glial cells, in that microglia show predilection for engulfment of ischemic core while 
astrocytes predominate in the penumbra of ischemic lesions, respectively (482). This territorial 
polarization is also maintained microenvironmentally where microglia preferentially engulf cell 
bodies and astrocytes engulf neurites. Overall, cultured microglia engulf and digest significantly 
more cellular debris than astrocytes, and the size of engulfed material by microglia is much larger 
than the one engulfed by astrocytes, overall proposing that microglial efficiency to engulf target 
objects is superior than that of astrocytes (426,458). However, in vivo studies have recently shown 
that under certain circumstances astrocytes can take over the principal role of engulfment of dying 
or dead cells (458). In fact, upon reducing the number of microglial cells in vitro, astrocytes are able 
to compensate for functions typically accomplished by microglia such as cell body engulfment, 
though in a less efficient manner. Moreover, animal models have shown that upon ablation of 
microglia or induction of highly dysfunctional microglia, cell debris are engulfed by astrocytes and 
not by non-microglial mononuclear phagocytes such as CNS-associated or peripheral circulating 
macrophages suggesting that even in the event of a primary microglial cell dysfunction, peripheral 
immune system does not take over the phagocytic function of CNS-specific glial cells (483), and that 
this is rather accomplished by astrocytes. Interestingly, recent evidence has shown that the 
depletion of astrocytic expression of ApoE4, which is the main genetic risk factor known to date for 
sporadic AD that is predominantly produced and expressed by astrocytes and conveys them with 
increased phagocytic ability (484), leads to an alteration of synapse phagocytosis by microglia, 
proposing that a close interaction between microglia and astrocytes may be necessary for the 
effective removal of target objects (485). However, the effects of astrocyte depletion on microglial 
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phagocytic efficiency have so far not been explored and this could be interesting to understand the 
biological significance of glial cell interactions and evaluate pathways that may differ in the 
physiological vs. pathological elimination of target elements by glia.  
 
Astrocytes are in a privileged anatomical location when it comes to interactions with synaptic 
elements, which may also enable them to cause deleterious effects including synapse elimination 
and loss under pathological conditions. However, not all synapses are covered by astrocytic 
processes and the majority of interactions with astrocytes are physiological. Astrocytes establish 
contacts with synapses in an activity dependent manner, with preference for excitatory synapses. 
While microglia are the main cell type involved in synaptic pruning, some synapse subtypes including 
a subset of excitatory synapses in the hippocampus are exclusively targeted and eliminated by 
astrocytes and not by microglia (477). In contrast to astrocytes which are continuously interacting 
with synapses, microglial cells extend their processes to touch synapses and survey the synaptic 
state, and these contacts occur in an activity dependent manner. Studies have shown that the 
intermittent interactions of microglia with synapses are physiological but that, when prolonged in 
time, some synapses disappear (486) suggesting that the continuous recruitment of microglia to 
synapses may lead to synapse elimination. Astrocytes and microglia crosstalk to effectively 
accomplish phagocytosis of target elements, and astrocytes release chemo-attractants such as ATP 
and IL33 to enhance microglial recruitment to sites of phagocytosis (487). In contrast, microglial 
secretion of proinflammatory molecules such as IL1α and C1q can suppress phagocytic activity of 
astrocytes for synapses, myelin, and cells debris (488) and recent in vitro studies have proposed that 
co-incubation of astrocytes with microglia-conditioned media inhibits the uptake of synaptosomes 
by astrocytes (458). This suggests that, collectively, microglia may have advantages over astrocytic 
phagocytic ability of synapses and other elements, and that microglia may protect from an 
uncontrolled and excessive phagocytic activity through inhibition of a subset of astrocytes. It is likely 
that the phagocytic targets of microglia and astrocytes and the crosstalk between glial cells in 
healthy brains may differ from the ones found in demented individuals, and that microglia may not 
only become excessively pro-phagocytic and mis-target physiologic elements, but also potentially 
lose inhibitory capacity over astrocytic phagocytosis leading to an overall excessive elimination of 
healthy synapses and other physiologic elements.  
 
Phagocytosed elements undergo different degradation fates once they are engulfed by microglia or 
astrocytes. Recent studies have shown that the degradation capacity of microglia is substantially 
higher than the one of astrocytes, and that it takes microglia approximately 20 hours to eliminate a 
single apoptotic neuron, while astrocytes would need more than 50 hours to effectively degrade a 
similar apoptotic cell (482). In line with this, studies using cultures of macrophages and primary 
astrocytes co-incubated with cell debris, have shown that macrophages remove cell debris in 3 days, 
while it takes astrocytes up to 12 days to do so (489). In trying to understand the less efficient 
degradation ability of astrocytes in contrast to macrophages and microglia, studies have found that 
lysosomal pH significantly differs between macrophages and astrocytes. Changes in lysosomal pH 
measured after the addition of cellular debris to cultures of macrophages and astrocytes have found 
that while macrophages acidify their lysosomes within 5 hours, the lysosomal acidification of 
astrocytes is hardly observed even after 12 days, suggesting that the slower degradation of engulfed 
material by astrocytes may partly be due to their overall higher lysosomal pH (490). Interestingly, in 
AD brains an early lysosomal dysfunction in microglia and astrocytes has been proposed, which may 
contribute to the defective elimination of toxic cellular and protein debris by glial cells in these 
brains (491,492) leading to a toxic accumulation of those elements. In addition, recent studies have 
shown that one potential mechanism of lysosomal dysfunction in microglial and astrocytic cells may 
involve the internalization of oligomeric amyloid-β and tau proteins by glia (493–496), which could 
prime those glial cells into an inflammatory state and lead to their dysfunctional mis-targeting of 
synapses alongside an impaired degradation of toxic proteins (497).  
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Overall, dysfunctional glial cells may mistarget and excessively eliminate synapses while also show 
impaired elimination of toxic products in AD brains, and this effect could be further perpetuated by 
soluble oligomeric amyloid-β and tau. Whether the primary pathogenic process initiates at the 
synapse with increased oligomeric protein species, or it involves a primary dysfunction in glial cells, 
and what triggers these effects remains largely unclear. Future studies evaluating the temporal 
association between these pathogenic elements could unravel the underlying mechanisms involved 
in the vicious cycle that may ultimately lead to the slowly progressive synapse loss in AD. Also, the 
potential effect on microglia and astrocytes of oligodendrocytes, the most frequent glial cell subtype 
in the brain, and the possible influence of peripheral immune system components that may infiltrate 
the brain through the leaky blood-brain-barrier of demented AD brains, remain to be explored. 
 

1.4.6 Glia in the interaction with amyloid-β pathology 
 
Microglia accumulate around amyloid-β plaques and they become reactive when associated with 
amyloid-β (498). In fact, the number of peri-plaque microglia increases with increasing amyloid-β 
plaque size (498) and peri-plaque microglia show higher expression of inflammatory markers such as 
CD68 (499). Studies have proposed that microglia contribute to amyloid-β plaque growth through 
amyloid-β phagocytosis which induces microglial cell dysfunction and subsequent amyloid-β release 
(500). Interestingly, animal models have proposed that microglia take up and convert amyloid-β into 
toxic forms of the protein which they subsequently spread to brain regions not yet impacted by 
amyloid-β deposits (498,501). Reactive astrocytes are also found in close proximity to amyloid-β 
plaques (496) where they show higher expression of inflammatory markers including GFAP (499). 
Peri-plaque astrocytes engulf large amounts of amyloid-β, convert it into toxic amyloid-β species, 
and release it to neighbouring cells via microvesicles causing neuronal apoptosis in cell culture (494). 
In vivo studies have recently proposed that soluble forms of amyloid-β induce calcium dysregulation 
in astrocytes (428) and lysosomal dysfunction (494), leading to astrocytic dysfunction. 
 
Reactive astrocytes can be induced by activated microglia through the release of inflammatory 
cytokines including IL1, IL6, and C1q. These cytokines also increase β- and γ-secretase activity in 
astrocytes stimulating APP processing into pathogenic forms of amyloid-β in astrocytes (451). 
Although APP is also highly expressed in microglia, only astrocytes have been found to be able to 
process APP to generate amyloid-β (502). This is possibly due to the higher expression levels of 
BACE1 by astrocytes, which is a key enzyme involved in the pathogenic processing of APP (503). 
Microglia have not been found to produce amyloid-β through cleavage of APP although microglia 
theoretically possess the needed machinery to do so. Interestingly, mouse models of AD show that 
inhibition of BACE1 in microglia reduces amyloid-β load through its more efficient uptake and 
degradation of amyloid-β, rather than through a reduced production of amyloid-β (504). It has been 
postulated that the levels of BACE1 in microglia may not suffice for amyloid-β generation, and that 
the acidic cytoplasm of microglia may hinder generation of amyloid-β species. Importantly, recent 
evidence has suggested that amyloid-β in astrocytes induces an NFKB-mediated enhanced 
production and release of C3 by astrocytes, and that astrocytic C3 interacts with C3R on microglial 
cells altering phagocytosis of amyloid-β by microglia and leading to cognitive dysfunction in animal 
models which can be effectively treated with C3R-inhibitors (505). 
 
Overall, amyloid-β and glial cells show intricate associations and potential common mechanisms that 
could elicit a primary glial cell dysfunction together with toxic conversion of amyloid-β species, 
which could lead to the propagation of neuropathologic changes across the brain. 
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1.4.7 Glia in the interaction with tau pathology 
 
Studies have shown that reactive microgliosis and astrogliosis linearly increase along with dementia 
severity and that glial cell responses positively correlate with NFT burden while this association is 
less consistent with amyloid-β plaques, suggesting that astroglial responses and tau deposits may be 
more closely linked (506). Microglia are in physical proximity with NFTs in AD brains and they show 
inflammatory immunophenotypes when associated with tau deposits (507). Microglia engulf tau to 
eliminate potentially neurotoxic tau species and protect the brain from its pathogenic effects (508). 
However, as the disease progresses, microglia containing tau become dysfunctional (509) and they 
release tau to extracellular space hereby likely contributing to the progressive accumulation of NFTs 
that increase in parallel with dementia severity. Studies have suggested that the switch of microglia 
from retaining and sequestering potentially toxic tau to later becoming unable to remove toxic tau 
releasing it to extracellular space, may set the turning point for the initiation of neurodegeneration 
and cognitive dysfunction in AD (508). Interestingly, despite the fact that microglial cells have not 
been found to produce tau, and the main primary source of tau in the brain is neuronal, microglia 
have been involved in the toxic conversion of tau by generating and releasing seed-competent tau 
after engulfment of live neurons containing tau aggregates (509), and microglia can induce 
propagation of toxic tau through release of tau oligomers inside exosomes (259). 
 
Astrocytes express very low levels of endogenous tau under normal conditions (457), however 
substantially higher burdens of tau have been observed inside astrocytes of AD brains (510). 
Astrocytes engulf tau in vitro and in vivo and they can engulf tau monomers, oligomers, or fibrils 
from extracellular space. In fact, they have been found to potentially invade ghost tangles and take 
up tau from those dead neuronal cell remnants (400). Importantly, not only tau released by neurons 
but also tau contained in synapses can be taken up by astrocytes, and this is particularly relevant 
given their intimate association with synapses (457). Astrocyte-internalized tau alters astrocytic 
function and viability in in vitro studies (511) and oligomeric tau can induce calcium dyshomeostasis 
in astrocytes (512) promoting their dysfunction upon tau ingestion. Cultured human astrocytes have 
also been shown to convert tau into seed-competent species and release it in exosomes even 
without stimulation (513,514). While astrocytes can internalize tau from different external sources 
and spread it across brain regions, evidence of an increased primary production of tau by astrocytes 
in AD has so far not been found (512).  
 
Overall, in vitro and in vivo models support that toxic tau ingestion, conversion and propagation in 
AD may be intimately linked with the interactions between tau and glial cells, and that these bi-
directional effects may contribute to tau-driven neurodegeneration in AD. 
 

1.4.8 Intersection of amyloid-β, tau, and glia in AD 
 
The most widely accepted neuropathologic explanation of AD is described by the amyloid cascade 
hypothesis, which begins with amyloid-β plaque pathology accumulating around 15-20 years prior to 
cognitive change, followed by tau deposits that increase around 5-7 years prior to clinical symptoms, 
and synapse loss which occurs in the prodromal disease stages and shows close temporal association 
with neuroinflammatory changes (299). While astrocytic dysfunction has been identified in the 
presymptomatic/preclinical disease phases, microglial activation typically occurs in the 
prodromal/MCI stages and shows close temporal association with hypometabolism and brain 
atrophy (515). The sequential change in these neuropathologic substrates along the AD continuum 
has been replicated in animal models of AD (343) and in human biomarker studies giving rise to the 
Jack hypothesis of biomarker progression (516–518). Despite the primarily sequential nature of the 
neuropathologic events described by this disease model, it is likely that the ultimately truly 
significant neurodegenerative determinants may arise once several or all the above elements are 
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present and interacting in the brain. This would ultimately set off the inexorable neurodegenerative 
process alongside the cognitive changes of AD. 
 
Recent evidence has shown that amyloid-β and tau oligomers are synaptotoxic by themselves but 
that their toxic effects are enhanced upon the presence of both (378). In fact, human AD brains 
show higher frequency of multiple oligomeric species in their synapses compared with 
neuropathology-matched resilient and healthy control brains (519–521), and amyloid-β and tau 
oligomers are closely associated with the onset of dementia (343). Recent evaluation of the 
microenvironment of NFTs in demented brains using transcriptomic and in situ proteomic analyses 
have found that demented brains show more abundant interactions involving NFT, APP, and synaptic 
proteins compared with neuropathology-matched resilient brains (522,523). This suggests that 
amyloid-β, tau, and synaptic integrity are likely spatially and mechanistically linked. Indeed, recent in 
vivo studies have found that oligomeric amyloid-β alters physiological functions of tau on synaptic 
transmission (368,369), and that amyloid-β can induce hyperphosphorylation and propagation of tau 
(372,524). In turn, hyperphosphorylated tau increases APP processing and enhances amyloid-β 
production (525). Interestingly, the removal of amyloid-β or tau from the brain with the use of 
immunotherapies has been shown to reduce the levels of the other protein, respectively, suggesting 
that amyloid-β and tau pathologies may be intimately linked (15,526,527). Importantly, amyloid-β 
and tau oligomers in synapses can induce the release of cytokines and induce aberrant astroglial 
activation. It is known that microglia and astrocytes take up tau via endocytosis and secrete it 
contributing to tau spread (514). Similarly, astrocytes are a major contributor to amyloid-β plaque 
formation (503) and recent evidence has suggested that microglia are able to carry and release 
amyloid-β from affected to unaffected brain regions in in vivo studies (498), pointing to the likely 
pivotal effects of glia on amyloid-β and tau conversion to toxic and seed-competent species. 
 
These data suggest that oligomeric amyloid-β, tau, and glia likely interact at the synapse of AD brains 
resulting in synaptotoxic effects (519,528). This interaction is likely bidirectional, with glia 
contributing to amyloid-β and tau toxicity, and AD pathology leading to chronic glial dysfunction and 
enhanced synapse elimination, which may overall explain the slowly progressive neuropathologic 
and clinical disorder characterizing AD (259,427). 

 

1.4.9 Neuroinflammatory changes in white matter in AD 

 
WM abnormalities are very commonly found in healthy elderly and in AD brains when assessed with 
neuroimaging, and the burden of WM hyperintensities has been associated with incidence of AD and 
rate of cognitive decline (83). Interestingly, in autosomal dominant gene mutation carriers, WM 
abnormalities are observed around 20 years prior to the onset of symptoms, and they show close 
temporal association with changes in amyloid-β and tau measured in CSF. While the underlying 
etiology of WM abnormalities remains unclear, a primary vascular etiology given most prominent 
WM lesions in areas of low perfusion, and/or a secondary etiology caused by the retrograde effects 
of AD neuropathology on WM vasculature have been proposed. Interestingly, many of the WM 
changes are observed in association with the presence and burden of overlying cortical ADNC.  
 
WM imaging abnormalities are neuropathologically defined by a loss of axons and reduced myelin 
densities, and they have been described as one of the earliest neuropathologic changes of AD brains 
(83,529) that can present even before amyloid-β and NFT deposition and ahead of neuronal cell loss 
(530,531). However, WM abnormalities are also exceedingly frequent in normal ageing (~85%) 
without causing any change in brain function, and they may therefore represent a concomitant 
phenomenon of normal ageing with little effect on cognitive function. WM lesions at autopsy (532) 
have been associated with the burden of overlying neocortical AD neuropathology (356), and they 
have shown independent and significant correlation with incipient memory loss and subsequent 
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dementia severity (533,534). WM is known to harbour particularly high densities of glial cells 
compared with neocortical brain regions, while the proportions of glial cell subtypes in WM and 
neocortex remain largely preserved. Oligodendrocytes are the most frequent glial cell subtype (45-
60% of total glial cells), followed by astrocytes (20-40%) and microglia (5-20%). In addition, there is a 
small percentage of interstitial neurons in the WM which comprise around 3-5% of total neurons of 
the brain (535) and whose function remains largely unknown. The glia-neuron ratio in the human 
neocortex has been estimated at 1.5, while this ratio increases to 3 when including cortex and WM 
(536), overall suggesting that the vascular changes in WM could be associated and affect the densely 
packed population of glial cells in this brain location.  
 
Oligodendrocytes are the most common glial cell subtype of the WM, and they are involved in 
producing myelin, stabilizing neuronal connectivity, and secreting neurotrophic factors (83). 
Oligodendrocytes are closely associated with neurons and with postsynaptic elements, and they 
show early morphologic changes in the brains of demented individuals, including changes in their 
nuclear diameter and morphology (537). Studies have found that soluble amyloid-β species, which 
are increased in the WM of demented AD brains, are toxic to oligodendrocytes (538). In addition, 
oligodendrocytes together with astrocytes are the two main non-neuronal cell subtypes that can 
express tau protein (539). Tau inclusions in AD are mostly neuronal, but in some primary tauopathies 
tau accumulates inside glial cells, likely involving glial cells in the disease process. Interestingly, 
recent in vivo studies have shown that inoculation of tau into the WM of wild-type mice induces an 
uptake of tau by oligodendrocytes and a subsequent release and spread of seed-competent tau to 
adjacent brain regions (539). Thus, it is possible that oligodendrocytes may be involved in the 
pathogenic processing of AD, and that some of these detrimental effects may be closely associated 
with WM, where glia is most dense, vascular damage is most prominent, and the potential influx of 
peripheral elements through damaged vessels in AD brains may be driving some of these 
dysfunctional effects. The close anatomical interaction of oligodendrocytes with postsynaptic 
elements is intriguing, and the effects of oligodendroglia on synapse health in AD remain largely 
unexplored. 
 
In sum, subcortical WM is an understudied brain region in AD that could harbour key 
neuropathologic processes that may be associated with the early development and progression of 
AD dementia. The study of glial cell changes in this anatomical location, where close interactions 
with vulnerable blood vessels are highest, could enable to understand the potential effect of 
peripheral-central crosstalks that may be contributing to the primary glial cell dysfunction in AD.  
 
Based on previous literature, the present work aims to address a series of important and not yet 
studied questions in the field of AD research. First, it aims to address whether phenotypic glial cell 
changes occur as a primary vs secondary effect to AD neuropathologic brain changes, and if they are 
associated with the presence or absence of dementia in an individual. To this end, a select cohort of 
human brains from subjects who died at intermediate stages of ADNC (defined as Braak III-IV stages 
of tau pathology) will be used. Within this group, a subset of cases will have mild dementia and a 
subset will be cognitively unimpaired ('resilient'). This will enable to explore the relevance of glial cell 
changes as the potential determinant of cognitive function/dysfunction in two groups of individuals 
who display comparable ADNC in the brain but differing cognitive statuses (demented vs. resilient). 
To consider the potential effects of ageing on glial cell signatures, a third group of cognitively healthy 
age-matched controls will be included. Two brain regions, one affected by NFTs (temporal pole) and 
one unaffected by NFTs (visual cortex) will be assessed. Glial cells will be evaluated with 
immunohistochemistry to label ADNC and different glial cell markers in these two brain regions. This 
will offer the unprecedented possibility to study glial cell changes before (visual cortex) and after 
(temporal pole) the development of NFTs in one same brain, and evaluate the temporality between 
the acquisition of selective glial cell signatures and NFT development, to address the primary vs 
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secondary role of glial cell changes in AD. Secondly, this work aims to evaluate if synapse loss is 
associated with the presence of early glial cell changes, and whether oligomeric tau may be 
interacting and/or associated with the early elimination of synapses by glial cells. To this end, ExM 
will be used to resolve synaptic structures and oligomeric tau species in the visual cortex of the 
studied brains, and quantitative analyses of synapse densities and of the interactions between 
synapses, tau oligomers, and microglia/astrocytes will be performed. The use of a brain region with 
particularly low ADNC and absence of NFTs (visual cortex) will be crucial to address the possibility of 
an early involvement and pivotal role of glial cells in the early synapse loss of AD dementia. In 
addition, this work intends to evaluate the early tau modifications that may be particularly enriched 
in the synapses of early-stage demented individuals and which could be relevant to the early 
synapse loss in these individuals. This will be addressed with biochemical analyses of synaptosome-
enriched fractions extracted from the visual cortex of these subjects and assessed using western blot 
analyses and tau seeding assays. Overall, the results of this work will enable to provide a better 
understanding of the role of glial cells in the early AD neuropathologic process, and propose 
potential mechanisms associated with the early synapse loss in demented AD, and/or synapse 
preservation in resilient AD brains. This will provide a solid ground for the development of synapse-
protective therapies targeting the early and most preventable phases of the disease. 
 

2. Methods 
 

2.1 Human brain cohort 
 
A total of 60 human brains from the Massachusetts General Hospital Brain Bank were included in the 
present work. Cases were scored by Thal phase for amyloid-β deposition (0-5) (540), Braak stage for 
NFTs (0–VI) (11), and the Consortium to Establish a Registry for Alzheimer’s Disease (CERAD) scale 
for neuritic plaques (A-C) (541), and divided into three groups: 1) non-demented individuals whose 
post-mortem examination demonstrated a Braak stage 0-II (controls); 2) non-demented individuals 
whose post-mortem examination demonstrated a Braak stage III-IV (resilient); and 3) demented 
individuals whose post-mortem examination demonstrated a Braak stage III-IV (demented) (11). All 
autopsies were performed according to standardized protocols (542). Cases with evidence of cortical 
Lewy body pathology, phospho-TDP-43 aggregates, or other lesions different to classic AD pathology 
were excluded. Braak III/IV stages were pooled into `intermediate stages’ of NFT pathology, and the 
temporal pole (Brodmann area 38) was chosen as a representative brain region affected by NFT 
deposits. To ensure that all brains were at least in the late Braak III stages and contained NFT 
deposits in this region, the temporal poles of all cases were stained with AT8 antibody and only 
cases with presence of NFT deposits in this region were included (Figure 2). In addition, and to study 
an NFT-free brain region in these brains, the primary and secondary visual cortices (Brodmann areas 
17 and 18) were selected, where NFTs are known to reach the neocortex only at the very last stages 
of NFT deposition (Braak V-VI) following the Braak deposition pathways. All visual cortices were 
stained for AT8 to ensure that there were no NFTs in this region, however a minimal amount of AT8+ 
neuropil threads were present across brains, and the burden of AT8+ neuropil was similar in resilient 
and demented brains (Figure 2 and Figure 3). NTs are presumably dendritic and axonal elements 
(`neurites’) containing filamentous tau and they are thought to originate from tau derived from 
NFTs. Given the abundance of tau pathology in the neuritic compartment, NTs may show a higher 
cumulative tau burden than NFTs and they could exert an important influence on cognition (3,543). 
Importantly, recent evaluation of NT progression in the human brain has shown that NTs follow a 
similar 6-stage deposition scheme as the NFT deposition pattern suggested by Braak&Braak, and 
that there is a subset of brains, estimated at around 6%, that can harbour NTs at post-mortem 
without displaying cognitive dysfunction at antemortem (543). 
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Figure 2: 4G8+ amyloid-β plaque and AT8+ tau neurofibrillary tangle burden in the temporal pole and visual 
cortices of the N=60 studied cases 
Regional 4G8+ amyloid-β plaque burden in the temporal and visual cortices (a) and AT8+ neurofibrillary tangle 
counts in the temporal cortex (b) did not significantly differ in demented compared with resilient cases. AT8+ 
neurofibrillary tangles were absent in the visual cortex of the studied cases (c). Representative images (a-c) 
and semiquantitative analyses of 4G8+ amyloid-β plaque burden and AT8+ neurofibrillary (a-c) in the temporal 
and visual cortices of demented, resilient, and control brains. C: Control (Braak 0-II); R: Resilient (Braak III/IV); 
D: Demented (Braak III/IV). *p < 0.05; **p < 0.01. Scale bars 50 μm and 100 μm. Data is presented as mean ± 
standard deviation. 

 

 
 
Figure 3: 4G8+ amyloid-β plaque burden, AT8+ tau neuropil burden, and cellular damage marker (γH2AX) in 
the visual cortex of a subset of N=40 of the studied cases 
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Regional 4G8+ amyloid-β plaque burden (a, b) and AT8+ neuropil thread burden (b, c) did not significantly 
differ in demented compared with resilient cases. Early cellular damage marker (γH2AX) was significantly 
higher in demented compared with resilient and controls (d). Representative photomicrographs of amyloid-β 
plaques, neuropil threads, and γH2AX (a) in the visual cortex of control, resilient and demented 
cases. C Control (Braak 0-II); R Resilient (Braak III/IV); D Demented (Braak III/IV); *p < 0.05; **p < 0.01. Scale 
bars 50 μm. Data is presented as mean ± standard deviation. 
 

 
Amyloid-β neuropathologic changes begin to accumulate in the neocortex according to the Thal 
stages and they form around 15-20 years prior to cognitive symptoms and about 10 years ahead of 
tau tangle development (544). Thus, most of the studied AD brains had amyloid-β plaques in the 
temporal pole and visual cortex. In fact, the majority of demented and resilient brains harboured 
intermediate loads of neuritic plaques (moderate CERAD scores) and Thal stages 2 or 3 of amyloid-β 
deposition, meeting criteria of an `intermediate probability of AD’ at autopsy according to NIA-AA 
guidelines (545). However, and to evaluate the possible changes in inflammatory glial responses in 
the presence, but also in the absence of amyloid-β deposits, a subset of AD cases without amyloid-β 
in the neocortex was selected (5/21 or 23.8% of the resilient cohort, and 7/29 or 24.1% of the 
demented cohort), fulfilling neuropathologic criteria of PART. PART is an independent tauopathy 
observed in the elderly, that is distinct from AD pathology and lacks the presence of amyloid-β 
deposits or neuritic plaques. NFT pathology in PART is indistinguishable from that of AD as it is 
composed of 3R and 4R tau, it evolves in a similar fashion from pretangles to ghost tangles, and it 
propagates along the same pathways described by Braak for classical AD neuropathology, albeit only 
up to a Braak stage IV (3). In the higher-stage PART cases (Braak III-IV), cognitive complaints are 
commonly observed and they do not differ in their clinical presentation and/or prevalence of around 
50% from those presenting in individuals with classical AD neuropathology and dementia (546). Of 
all PART cases, 6 demented and 1 resilient case fulfilled criteria for `definite’ PART (CERAD score of 0 
and Thal stage of 0), and the remaining demented and 4 resilient PART cases were categorized as 
`possible’ PART (CERAD score of 0 and 1, and Thal stage of 1 and 0, respectively) (547).   
 
Of all cases, 26 (including 4 controls, 6 resilient and 16 demented) had undergone formal cognitive 
evaluation and they had been last seen within 2 years of death (except for one control case who had 
been seen 4.2 years prior to death) (548). The rest were individuals with either no reported 
dementia or dementia according to their clinical records and death certificates. Cognitive tests 
performed in the detailed cognitive assessments included measures of attention, executive function, 
episodic memory, visuospatial processing, and language using MMSE, CDR-global and CDR-SoB, 
WAIS-R subscore (digit symbol substitution test), Boston naming test, Trail-making-Test A, and two 
tests of verbal fluency. 
 
The three groups were matched for age, gender, apoE allele status, brain weight, and post-mortem 
interval (PMI). Resilient and demented groups were also matched for Thal phase, Braak stage, and 
CERAD neuritic plaque scores. A composite vascular score was calculated using sub-scores for 
hypertensive cerebrovascular, atherosclerosis, cerebral atherosclerosis, occlusive atherosclerosis, 
and cerebral amyloid angiopathy assessed with the Vonsattel scoring system (10), as evaluated by 
neuropathologists on a rating scale from 0-3 (none, mild, moderate, severe) in tissue blocks derived 
from the cortex, WM, and basal ganglia. Cases were not matched for composite vascular score, 
where the demented showed a significantly higher total vascular lesion burden compared with 
resilient and controls. All the subjects included came from highly educated backgrounds with, on 
average, >14 years of education, however the demented group showed a significantly higher 
number of years of education compared with the resilient subjects. The average disease duration in 
the demented cohort was of 14.7 years (mean age of onset 73.3 years), which is above the average 
disease duration of AD dementia that is estimated at 8-10 years (130). The particularly high cognitive 
reserve of the highly educated cohort of demented individuals may explain the relatively mild 
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dementia syndrome despite an overalll relatively long disease duration. Lastly, the race of the 
subjects included in the study was biased towards an overrepresentation of White individuals, while 
only one demented subject was Asian, and one control subject was African-American. 
 
The inclusion and exclusion criteria for the N=60 cases and subselection criteria for individual 
analyses are shown below: 
 
Inclusion criteria: Braak stage III-IV for R/D and Braak 0-II stage for C; amyloid-β plaque score 0-5 (a 
subset of PART cases was included in the R/D group); neuritic plaque CERAD score 0-3 for R/D and 0 
for C; cognitive status assessed with chart review or detailed neurologic examination; D/R/C cases 
were matched for age, gender, and PMI; vascular score (microvascular lesion burden) was 
unrestricted; tissue availability either as FFPE and/or frozen tissue. 
 
Exclusion criteria: Braak stages >IV; presence of cortical TDP43 and/or alpha-synuclein inclusions; 
unavailability of cognitive status; evidence of macrovascular lesions (ischemic or hemorrhagic 
stroke) except for acute brain hemorrhage as the imminent cause of death; unavailable tissue (some 
tissue blocks became depleted/unavailable).  
 
Of the N=60 cases, N=55 cases were available for FFPE quantitative assessments of glial phenotypes 
at the time of the study. Of the N=60 cases, N=40 cases were selected for detailed synaptic 
evaluations. Criteria for the subselection of the N=40 cases were tissue availability for FFPE (thick 
sections for ExM) and/or frozen tissue (synaptosome extractions and WB analyses); where possible 
cases with detailed neurocognitive assessments were included (N=26) and the remaining N=14 cases 
showed chart review verification of respective cognitive status. Of the N=60 cases, N=10 cases were 
used for oligomeric tau in synapses and TOC1-glial cell interactions; these N=10 cases were selected 
based on matched vascular scores excluding any PART cases and on availability of FFPE tissue for 
ExM. All the set of groups were matched for ADNC burden, age, gender, and PMI. The demographics 
and neuropathological data of the N=60 cases are summarized in Table 3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Cognitive status Control Resilient Demented

Number of subjects, total N=60 10 21 29

Cognitive scores

MMSE (mean, SD) 29 (0.5) 29.5 (1.2) 24 (5.8)*

CDR-global (mean, SD) 0.3 (0.3) 0.1 (0.2) 1.5 (0.9)****

CDR-SoB (mean, SD) 0.8 (0.9) 0.1 (0.2) 8.6 (5.6)****

WAIS-R subscore (mean, SD) 41.3 (5.3) 47.5 (7) 30.3 (9.1)**

Boston naming test (mean, SD) 29 (0.8) 26.8 (1.2) 22.4 (5.6)
**

Trail making Test A (mean, SD) 35 (3.5) 31.7 (6.9) 57 (27.8)*

Verbal fluency (animals) (mean, SD) 19.5 (4.8) 18.3 (3) 11.2 (5.5)*

Verbal fluency (vegetables) (mean, SD) 15.8 (5.4) 15 (2.9) 6.9 (3.3)
**

Age (years)

Mean (SD) 84.8 (9.3) 87.9 (9.5) 88 (6)

Gender

Female N (%) 4 (44%) 12 (55%) 15 (52%)

Male N (%) 5 (56%) 10 (45%) 14 (48%)

Years of education

Mean (SD) 17.5 (1.7) 14.4 (1.7) 17.4 (1.9)*

ApoE allele status

ApoE2 allele (%) 1 (8%) 1 (7%) 3 (14%)

ApoE3 allele (%) 11 (92%) 12 (86%) 18 (82%)

ApoE4 allele (%) 0 (0%) 1 (7%) 1 (4%)

Neuropathology ('ABC' score)

A-Thal phase, range (mean) A0-4 (0.7) A0-4 (2.2) A0-5 (2.1)

B-Braak stage, range (mean) B0-II (1.2) BIII-IV (3.4) BIII-IV (3.5)

C-CERAD score, range (mean) C0-1 (0.2) C0-2 (1.4) C0-3 (1.1)

Brain weight (grams)

Mean (SD) 1289 (204) 1222 (153) 1197 (146)

Vascular score

Composite score, mean (SD) 3.7 (2.1) 2.9 (1.9) 5.3 (2.7)**

PMI (hours)

Mean (SD) 24.1 (12.5) 18.2 (12.2) 18 (9.3)

Last clincial visit prior to death (years)

Mean (SD) 1.5 (2.2) 0.6 (0.4) 0.5 (0.4)

Disease duration (years)

Mean (SD) NA NA 14.7 (6.5)
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Table 3: Demographic, clinical, and neuropathologic features of the N=60 studied cases 
Demographic, clinical, and neuropathologic features of the N=60 subjects. All antemortem cognitive measures 
were significantly worse in demented compared with resilient. Cognitive measures in resilient were not 
significantly different than in controls. Years of education were significantly higher in demented compared 
with resilient. Vascular composite score was significantly higher in demented compared with resilient. Thal 
phase: No amyloid-β deposition (A0), amyloid-β in neocortex (A1), amyloid-β in allocortex/limbic regions (A2), 
amyloid-β in diencephalon/basal ganglia (A3), amyloid-β in brainstem/midbrain (A4), amyloid-β in cerebellum 
(A5); CERAD score: No neuritic plaques (C0), sparse plaques (C1), moderate plaques (C2), frequent plaques 
(C3); Cerebrovascular composite score includes subscores for: hypertensive cerebrovascular, atherosclerosis, 
cerebral atherosclerosis, occlusive atherosclerosis, and cerebral amyloid angiopathy score; MMSE: Mini-
Mental State Examination score; CDR-global: Clinical Dementia Rating global score; CDR-SoB: Clinical Dementia 
Rating Sum of Boxes score; PMI: Post-mortem interval; SD: Standard deviation. Pie chart showing the 
distribution of subjects by race (96.2% White, 1.9% Asian, 1.9% African-American). Significance levels (*) 
indicate differences between demented and resilient brains with their respective p-value. *p < 0.05; 
**p < 0.01; ****p < 0.0001. 

 

2.2 Immunohistochemistry for amyloid-β, tau, and glial cell characterization 
 

Quantitative neuropathological assessments were performed in brain tissue sections containing the 

temporal pole (Brodmann area 38) and visual cortex (Brodmann areas 17/18), representative of 

brain regions known to be affected by NFT pathology at Braak III-IV and at Braak V-VI stages, 

respectively. For immunohistochemical assessments, brain tissue derived from formalin-fixed 

paraffin-embedded tissue blocks were cut at a thickness of 7 µm. Immunohistochemical staining was 

conducted using a Bond RX autostainer from Leica Biosystems. Briefly, slides were `baked’ (30 min at 

60° C) and dewaxed using Bond Dewax Solution (Leica Biosystems, 72° C). For the epitope retrieval, a 

heat-induced epitope retrieval step (citrate-based solution, pH 6.0, 30 min at 100 °C for AT8, 

ALDH1L1, γH2AX, CD68, HLA-DR, and TMEM119, or EDTA-based solution, pH 9.0, 30 min at 100 °C 

for 4G8, IBA1, P2RY12, and Olig2) was used. GFAP was applied with heat-induced epitope retrieval 

only. Of note, although the use of formic acid (pH 2-3) for amyloid-β immunostaining is commonly 

used to unfold the densely packed and highly pleated amyloid-β sheets, studies comparing the 

labelling patterns and efficiency of extracellular amyloid-β plaques with heat-induced vs FA (549) 

and/or with FA vs no FA pre-treatments, have shown identical results (550). Of note, the Leica 

autostainer does not permit the use of FA, and the staining protocol used for 4G8 immunostaining 

was performed without FA pre-treatment. Primary antibodies to label amyloid-β deposits (4G8, Bio 

Legend, 1:8000), phospho-tau (AT8, Thermo Fisher, 1:500), phospho-TDP43 (Fisher Scientific, 

1:3000), alpha-synuclein (Fisher Scientific, 1:200), cellular DNA damage (γH2AX, Abcam, 1:1000), 

constitutive and inflammatory astrocytic markers (ALDH1L1, Abcam, 1:200; GFAP, Sigma Aldrich, 

1:20,000), constitutive oligodendrocyte markers (Olig2, Abcam, 1:100), and constitutive, 

inflammatory and homeostatic microglial markers (IBA1, Abcam, 1:500; CD68, Dako, 1:500; HLA-DR, 

Abcam, 1:50; TMEM119, Sigma Aldrich, 1:50; P2RY12, Fisher Scientific, 1:100) were used, followed 

by secondary anti-mouse and anti-rabbit horseradish peroxidase (HRP) antibody conjugation (BOND 

Polymer Refine Detection, catalogue number DS9800, Leica Biosystems Newcastle, UK) following the 

Leica autostainer protocol. Immunolabeling was visualized using 3,3'-diaminobenzidine (DAB) and 

slides were counterstained with the nuclear marker haematoxylin using the Leica Biosystems 

autostainer protocol. Slides were manually dehydrated, cover-slipped using Permount mounting 

medium and scanned with a Nanozoomer XR (NDP.scan 3.3.3, Hamamatsu Photonics, Hertfordhsire, 

UK) using a 20X objective. 

 

Amyloid-β plaque burden (defined as the percentage of cortex occupied by amyloid-β plaques), AT8+ 

NFT counts, density of AT8+ neuropil threads/mm2, and number of different glial cell markers and 

ɣH2AX+ cells were calculated. To quantify lesion burdens, a semiautomated deep-learning algorithm 
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was created using the software provided by the company Aiforia. For quantification of AT8+ tau 

neuropil burden slides were analysed using the QuPath software (551) with the use of the pixel 

classifier module. 

 

2.3 Quantitative 2D analyses for immunohistochemical cell counts and lesion burdens 
(Aiforia) 

 

Artificial intelligence (AI) with deep-learning algorithm was used for semiautomated quantification 

of positively labelled cells and lesions (Aiforia version 5.2, Aiforia Inc, Cambridge, MA). 2-D AI models 

were trained for each of the 11 antibodies of interest (4G8, AT8, γH2AX, IBA1, Olig2, ALDH1L1, CD68, 

HLA-DR, P2RY12, TMEM119, GFAP), human-based validation(s) were performed, and individual AI 

models were applied to quantify cell and lesion burden(s) in predetermined regions of interest (ROI). 

To this end, scanned slides were uploaded to the Aiforia cloud-based platform and stored in folders. 

Each deep-learning model was trained based on annotations of positive `objects’ and negative 

`background’, on a subset of sections that comprised around 10% of the total amount of sections 

used for each model. Training sections were chosen based on representative cases considering the 

variability of image and staining quality in the dataset. The models consisted of different `layers’ 

where the first layer comprised detection of the tissue (including grey and WM), and the second 

layer only detected pixels within the previous `tissue’ layer and was trained to detect objects specific 

to the immunostaining used. The two layers were combined to generate one single model for the 

accurate detection of objects of interest for each of the staining protocols. Models were trained 

using an increasing number of annotations and iterations (training rounds) until the model 

performed satisfactorily and the rates of false positive and false negative object detection was below 

5%. Validation of the trained AI models was performed on an independent set of images comprising 

around 10% of the total dataset by marking five validation regions per section. Within these 

validation regions, three independent human validators were asked to annotate the respective 

objects of interest. The percentage of false positive, false negative, and sensitivities were calculated 

for each validator and AI model, and the model passed the validation test when the human 

validators individually and combined were outperformed by the annotations generated by the AI 

model.  

 

For the quantitative analyses of the studied brains, two ROIs were selected for each brain slide in 

cortical and adjacent subcortical areas, respectively. Cortical ROIs were determined based on well-

preserved and representative brain regions containing the six cortical layers and measuring a total of 

6 mm in length along the pial surface (Figure 4). Importantly, the average brain weight and cortical 

thicknesses of the temporal and visual cortices of the studied cases were similar, enabling a reliable 

comparison of cell counts and/or cell and lesion densities contained in the ROIs between groups, and 

eliminating the potential error in cell count or density assessment potentially introduced by the 

tissue contraction in more advanced dementia stages (Figure 5). Subcortical ROIs were selected in 

the juxtacortical WM immediately adjacent to the cortical ROI and were drawn as circular or oval 

sections, avoiding inclusion of major vessels or gross artifacts. Two ROIs were selected for each case 

in cortical and adjacent subcortical brain regions, respectively. Total number of cells and lesions, 

average density (cells or lesions/mm2), and lesion burdens (% of cortex and WM occupied by lesions) 

were quantified within the two cortical and subcortical ROIs and averaged for each case. 
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Figure 4: Example of two (P2RY12 and IBA1) of the eleven artificial intelligence-based deep-learning 
algorithm models created for the semiquantitative analyses of IHC stained temporal and visual cortices  
Example temporal cortex section showing the selection of cortical and subcortical white matter (WM) regions 
of interest (a, b). Tissue layer is shown in green (b, c, f), P2RY12 count detector is shown in purple (c, d), IBA1 
area detector is shown in blue (f, g), and unannotated slides stained with P2RY12 (e) and IBA1 (h). Scale bars 
2mm (a, b) and 50 μm (c-h). 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
Figure 5: Brain weight and cortical thicknesses of the N=60 studied cases in the temporal and visual cortices 
Brain weight (grams) and cortical thicknesses of the temporal and visual cortices of control, resilient, and 
demented brains showed no significant differences across groups. Cortical thicknesses were calculated by 
averaging two representative tissue thicknesses obtained for each section. The regions were chosen in similar 
regions to the ones used for selection of previously used ROIs. cm: centimetre; C: Control; R: Resilient; D: 
Demented. Data are presented as mean ± standard deviation. 
 

Aiforia-based AI models and quantifications were performed in the cortex for the antibodies 4G8, 

AT8, γH2AX, ALDH1L1, IBA1, CD68, HLA-DR, P2RY12, TMEM119, and GFAP, and in subcortical WM 

for Olig2, IBA1, CD68, HLA-DR, P2RY12, and TMEM119. Models were created to quantify `objects’ 

(positively labelled cells) for AT8, γH2AX, ALDH1L1, CD68, HLA-DR, GFAP, P2RY12, and TMEM119 

antibodies, and `burdens’ (% of cortex/juxtacortical WM labelled by the antibody of interest) for 4G8 
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and IBA1. No AI model for the formal quantification of alpha-synuclein or TDP43 was performed 

since absence of those comorbidities was a prerequisite when selecting the brains included in the 

present study, and accordingly, the stainings with these two antibodies showed no signal. 

 

To better assess colocalization of γH2AX with glial markers (IBA1 and GFAP) at increased resolution,  

brain sections were expanded following the previously published ExM protocol (245,246). Primary 

antibodies to label IBA1 (Synaptic Systems, 1:100), GFAP (G3893, 1:100) and γH2AX (Abcam, 1:100), 

followed by the appropriate secondary antibodies (Alexa Fluor 488, 555, 647, 1:100) were applied. 

 

2.4 Quantitative 2-D analyses for immunohistochemical signal intensity assessment (Q-path) 
 

To quantify tau neuropil burden, brain slides stained with AT8 antibody were analysed using the 
QuPath software (551) with the pixel classifier module. A control brain and an AD brain were used to 
train the classifier to distinguish AT8-positive from AT8-negative signal. The classifier was applied to 
two representative and well-preserved ROIs in the cortex of each case and the results were averaged 
and represented as density of neuropil burden (per µm2 given the very low burden of neuropil in the 
studied cases). 
 

2.5 Expansion microscopy 
 

Physical magnification of tissue specimens by separating biomolecules at the nanoscale level 
overcomes the diffraction limit of optical microscopes to visualize nanostructures in tissue (248). The 
first physical expansion of a mouse brain was reported in 2011 in a study where a novel clearing 
protocol was developed to reduce light scattering and improve subcellular imaging of neurons, and 
the unintentional effect of brain tissue expansion was reported (552). However, tissue expansion 
was not identified as a means to potentially improve spatial resolution of tissue imaging until 
Boyden’s laboratory introduced the concept of ExM in 2015 (245). 
 
ExM is a technique that was developed by Boyden’s laboratory and which enables the physical 
expansion of tissue specimens isotropically in three dimensions to around 4-5x their original size 
(245,246). ExM combines the physical property of swellable hydrophilic polyelectrolyte gels that 
increase in size when immersed in water or low salt buffers (233,553), with the biochemical 
discovery of embedding tissue specimens into polyelectrolyte gels. The spacings within the densely 
cross-linked polymer gels are between 1-2 nm (554) which largely preserve the spatial resolution to 
a high level of detail introducing minimal errors in the expansion process (245). The protocol of ExM 
involves a series of steps which can be accomplished within 3-4 days. Most of the previously 
published protocols have used mouse brain sections of 30-100 μm thickness (245,246,555).  
 
The first step of ExM requires treatment of the sample with the reagent Acryolyl-X (AcX) which 
reacts will all amines (556) and modifies amino acid side chains by covalently attaching a chemical 
anchor to them that later participates in the radical polymerization and allows the AcX-tagged 
proteins to be mechanically coupled to a dense polymer mesh. Of note, aldehyde-fixed samples 
result in fewer free amines available to react with AcX and may require higher concentrations of AcX 
(555). Secondly, a hydrogel matrix is formed in situ surrounding the AcX-labelled proteins with the 
addition of a gelling solution composed of a monomer solution (acrylamide, sodium acrylate, and N-
N- methylenebisacrylamide) and the sequential addition of tetramethyl-ethylenediamine (TEMED), 
4-Hydroxy-TEMPO (4-HT), and ammonium persulfate (APS). The accelerator TEMED and initiator APS 
induce the crosslinking of N-N-Mb to form a dense polyelectrolyte hydrogel. TEMED accelerates 
radical generation by APS, and APS generates free radicals to initiate polymerization. The inhibitor 4-
HT inhibits premature gel polymerization allowing a complete tissue embedding in the gelling matrix. 
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The sodium acrylate increases permeability of the polyelectrolyte gel, and the presence of both, 
acrylamide and sodium acrylate increase the expansion of the gel (249,555). Thirdly, a digestion step 
is performed enzymatically or with a milder heat-detergent treatment which has been shown to 
better preserve epitopes in post-expanded tissue specimens (233). 
 
The expansion factor of ExM can be further optimized to the target object of interest by adjusting 
the crosslinker (e.g., Acryloyl-X) and/or monomer concentrations. Recently, a X10 ExM protocol was 
developed, where the use of a modified monomer solution enabled an expansion factor of 10-11x 
(557). Higher expansion factors can be achieved by decreasing the cross-linker (AcX, N-N-Mb) 
concentration and by reducing the monomer density, and/or by increasing acrylamide and/or 
sodium acrylate concentrations. However, the higher gel expansion factors also increase the linkage 
error (= the distortion between target protein and fluorophore when fluorophores are added pre-
expansion due to the larger physical separation in the expansion process) and lead to greater gel 
instability. Moreover, it is possible to expand tissue samples in series in the so-called iterative 
expansion microscopy (iExM) variation of the protocol (254), enabling expansion factors of up to 53x 
when repeating the ExM protocol twice on a readily expanded gel. Here, the staining and imaging of 
such enlarged samples is further complicated by the dilution of labelling intensity and by the linkage 
error introduced by the pre-expansion labelling of proteins and the physical separation between 
fluorophore and target proteins (254,558). 
 
Staining of expanded tissue with immunofluorescent-labelled antibodies can be done before or after 
the expansion process. The pre-expansion staining comes with some relevant potential drawbacks: 
The step of tissue homogenization through either protease digestion or heat-detergent protein 
denaturation is crucial for isotropic expansion without structural distortion. However, this step also 
washes out incompletely anchored primary and secondary antibodies in the tissue sample. In 
addition, the gel polymerization step produces free radicals that destroy some of the fluorophores. 
Altogether, these two factors combined lead to a >50% loss of target fluorophore molecules when 
labelled pre-expansion (246,558). Moreover, the higher the aimed expansion factor, the higher the 
need of using stronger digestion reagents, and the more labelled antibodies are lost. Some of the 
dyes are particularly vulnerable to ExM, such as Alexa Fluor 647 or Cy5, which suffer >90% washout 
after the digestion and polymerization steps (246). Moreover, the bulky labels of primary and 
secondary antibodies can introduce a localization displacement when applied pre-expansion (250). 
Alternatively, post-expansion immunolabeling can be performed to overcome some of these 
drawbacks. Using labels post-expansion can avoid dye loss during digestion and polymerization steps 
and improve labelling efficiency with reduced linkage error. However, it can also be problematic for 
certain protein targets because proteins can be altered by the denaturation step and may not be 
recognizable by some antibodies after the expansion process anymore, thus leading to under-
labelling (250). The alternative use of smaller antibodies or antibody fragments such as Fab fragment 
antibodies to label selected regions of the post-expanded epitopes has been found to increase 
antibody binding and signal intensity in ExM sections (559). However, the use of these 
nanoantibodies is limited by their recent discovery and reduced overall availability, and their use has 
been limited to ExM protocols with higher magnification factors such as X10. Recent studies have 
shown that ExM improves accessibility of antibodies to epitopes on the tissue samples which may be 
masked prior to expansion, a phenomenon that has been called `decrowding’ (249). Molecular 
decrowding thus enables to significantly enhance efficiency of immunostaining when performed 
post-expansion, and it may allow to more accurately reflect the true number of synaptic and/or 
oligomeric elements in an expanded brain section. 
 
In the present study, ExM protocol was applied following the previously published protocols of Chen 
2015 (245), Asano 2018 (560), Klimas 2019 (555), and Sarkar 2020 (249) with minor modifications. 
Briefly, the monomer solution containing 2.5% acrylamide, 8.6% sodium acrylate, and 0.1% N-N-
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methylenebisacrylamide (N-N-Mb) was used, as these proportions have been shown in previous 
publications to attain a linear expansion factor in the range of 4-5x (555). In addition, a heat-
detergent digestion and homogenization step was applied to eliminate biomolecules other than 
proteins, and to allow optimal staining of target epitopes in the post-expanded tissue. Of note, 
because polymerization and gelling steps are temperature-dependent, the preparation and 
application of the gelling solution was performed on ice and the solution was applied while it was 
cold to avoid premature gelation and possibility of incomplete retention of target molecules (555). 
For the digestion step, and given that human samples are heavily formalin-fixed which can lead to an 
uneven tissue expansion, a higher concentration of 25 mM ethylenediaminetetraacetic acid (EDTA) 
(instead of 1 mM as used in the original ExM protocol) was used following previously published 
validation studies using human tissue samples with the so-called ExPath protocol (248). Antibody 
staining was applied at post-expansion to obtain optimal signal intensity and to additionally benefit 
from the decrowding principle of this technique.  
 
ExM has been previously validated in several publications for its use across various tissue types 
(FFPE, frozen) and tissue specimens (mouse, human) and it has been shown to have low tissue 
distortion rates (in the scale of a few percent over length scales of tens to hundreds of microns, or 1-
2 nm on average) in a variety of species and tissue types (88,245,246,248,248). Moreover, recent 
validation of ExM in human derived tissue specimens using the ExPath protocol in differently fixed 
tissue samples including FFPE sections, has shown that the distortion introduced by expansion is 
minimal when comparing pre-expansion superresolution microscopy images with post-expansion 
confocal images using various human tissue samples (248).  
 
Of note, discontinuous and punctate appearance of cytoplasmic IBA1+ microglial staining has been 
previously described in microglia of demented and age-matched control brains (447) and punctate 
microglial staining patterns have also been observed when using other microglial antibodies, 
including microglia-specific ones such as TMEM119 in post-mortem brain tissue (561). When using 
ExM, post-expansion immunolabeling of some cytoplasmic protein targets show increased punctate 
appearance, suggesting that the physical magnification of tissue may separate target molecules 
rendering them less continuous in post-expanded tissue material (562). In line with this, the 
presently used IBA1 immunostaining in post-expanded tissue showed a punctate appearance. This 
could be due to previously described increased punctate staining patterns of IBA1 in aged human 
brains, and to the effects of ExM on microglial staining, which could partially reduce IBA1 epitope 
binding sites in the homogenization step and separate target elements in the expansion process 
(562). 
 
The presently used ExM comprised the following steps: 
 
Preparation of glass-slide mounted FFPE sections: 25 μm thick formalin-fixed paraffin embedded 
human brain sections from the visual cortex (Brodmann area 17 and 18) were deparaffinized in 
Xylene (2x 5 mins) and rehydrated in decreasing ethanol concentrations 100%-95%-90%-80%-50%-
ddH2O (2x 5 mins each). Slides were dried at room temperature. A 0.5 mm thick silicon isolator 
(Grace Bio Labs, catalogue number NC1652199) was cut into a round shape and placed on top of the 
slide to fully surround the tissue for subsequent anchoring and gelling steps. 
 
Anchoring step: AcX solution was prepared diluting the AcX stock to 1:100 in Triton-PBS (0.5%). 500 
μl of freshly prepared AcX solution was placed on top of the slide covering the full tissue until 
reaching the borders of the silicon isolator. The anchoring solution was left incubating overnight in a 
humidified environment at room temperature. The next day the slide was washed in PBS (3x 5 mins) 
and left to dry at room temperature before the gelling step. 
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Gelling step: Gelling solution was freshly prepared on the same day. For 500 μl gelling solution 467.5 
μl of monomer solution (2.5% acrylamide, 8.6% sodium acrylate, and 0.1% N-N-
methylenebisacrylamide, diluted in distilled water), 10 μl of 4HT, 10 μl of TEMED, and 12.5 μl of APS 
were added in this sequential order to an Eppendorf tube on ice. The gelling solution was 
immediately placed on top of the slide and a gel chamber was created by placing a glass coverslip 
(24x40mm, Thermo Fisher, catalogue number 102440) on the tissue resting on the silicon isolator. 
This ensured a homogenous distribution and thickness of the gelling solution on every slide and 
allowed to create an enclosed space on top of the tissue, necessary for the optimal gelling process. 
The gelling solution was left incubating overnight in a humidified environment at room temperature. 
 
Digestion step: The glass coverslip and silicon isolator were carefully detached and removed. The 
now well-formed gel was trimmed with a razor blade up to the edges of the tissue. Gel not covering 
the tissue was removed. The trimmed gels, still mounted on the glass slide, were placed in 50ml 
Falcon tubes. Digestion buffer was prepared adding beta-mercaptoethanol (0.7%) to the digestion 
stock solution stock (5% 1M Tris, 5% 500mM EDTA, 0.5% Triton-X, 20% SDS, diluted in distilled 
water). The buffer was added to the Falcon tubes until it covered the full tissue/gel. A heat-
detergent digestion was performed placing the Falcon tubes in an autoclave and running it at 121°C 
for 60 mins. The samples were left to cool down inside the autoclave for at least 6 hs. 
 
Gel processing: Falcon tubes were taken out of the autoclave. Gels now detached from the glass 
slides were carefully removed from the Falcon tubes and washed in PBS (3x 5 mins). Gels were 
measured to obtain the `expansion factor 1’ (Figure 6). The now still transparent gels were 
incubated in Trueblack Plus (Biotium, catalogue number 23014) diluted in PBS (1:140) for 48 hs in a 
humidified environment at room temperature; this step was performed to quench auto-fluorescent 
background signal and to visualize grey and WM boundaries. Gels with visually evident cortical/WM 
structures were cut into ~0.5x0.5 cm small sections labelled as `cortex’ and/or `WM’ and placed into 
wells in a 24-well plate (Greiner BioOne, Fisher Scientific, catalogue number 07000680). Gel sections 
were numbered and placed in an ordered manner with adjacent cortical and WM sections placed 
sequentially and labelled as such. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6: Example of the expansion microscopy (ExM) protocol method 
Slides and steps of the ExM protocol exemplified using a brain section derived from the visual cortex (a, b). 
ExM steps including anchoring, gelling, digestion, and Trueblack incubation are shown in images a. The average 
expansion factor obtained after steps 1-3 (`expansion factor 1’) and after 24 h incubation in double distilled 
H2O prior to imaging (`expansion factor 2’) is shown in images b. AcX: Acryloyl-X; BA: Brodmann Area. 
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Staining: Primary and secondary antibody stainings were performed inside the wells. Briefly, gel 
sections were blocked (MaxBlock, Active Motif) overnight at room temperature and washed in 
washing buffer (MaxWash, Active Motif) 3x 10 mins the next day. Primary antibodies were diluted at 
1:100 in staining solution (MaxStain, Active Motif) and incubated at room temperature for 24 hs (all 
antibodies except for IBA1) or 48 hs (IBA1 antibody) (Table 4). Gel sections were washed in washing 
buffer (MaxWash, Active Motif) 3x 10 mins, incubated with secondary antibodies (Alexa 405, Alexa 
488, Alexa 555, Alexa 647) diluted at 1:100 in staining solution (MaxStain, Active Motif), and 
incubated overnight at room temperature. Of note, the dilutions used for the primary (1:100) and 
secondary (1:100) antibodies corresponded to the optimal dilutions published in previous work using 
ExM in human brain tissue (248). Stainings were done sequentially to limit the possibility of 
unspecific co-labelling of primary and/or secondary antibodies to other targets. Gel sections were 
washed in washing buffer (MaxWash, Active Motif) 3x 10 mins and incubated in ddH20 for 24hs to 
allow for maximal expansion of the tissue section(s) prior to imaging. Gel pieces were measured to 
obtain the `expansion factor 2’ shown in Figure 6. After imaging and for long-term storage, gels were 
placed in PBS and stored at 4°C.  
 

 
 
 
 

Antibody Host, clonality ExM WB IHC/IF Distributor Cat. Number

4G8 Mouse, monoclonal 1:100 1:8000 Bio Legend 800709

ALDH1L1 Rabbit, monoclonal 1:200 Abcam ab177463

ALDH1L1 Mouse, monoclonal 1:100 EMD MABN495

AT180 Mouse, monoclonal 1:200 Thermo Fisher MN1040

AT270 Mouse, monoclonal 1:200 Thermo Fisher MN1050

AT8 Mouse, monoclonal 1:100 1:1000 1:500 Thermo Fisher  MN1020

Bassoon Mouse, monoclonal 1:100 Abcam ab82958

CD68 Mouse, monoclonal 1:500 Dako M0814

GAPDH Rabbit, monoclonal 1:1000 Cell Signaling 14C10

GFAP Mouse, monoclonal 1:100 1:20000 Sigma Aldrich  SAB4300647

GFAP Rat, monoclonal 1:100 Abcam ab279291

HLA-DR Mouse, monoclonal 1:50 Abcam ab7856

IBA1 Chicken, monoclonal 1:100 Synaptic Systems 140009

IBA1 Rabbit, monoclonal 1:500 Abcam ab178847

LAMP2 Rabbit, monoclonal 1:100 Abcam ab199946

MAP2 Chicken, polyclonal 1:100 Abcam  ab5392

Olig2 Rabbit, monoclonal 1:100 Abcam ab109186

P2RY12 Rabbit, polyclonal 1:100 Thermo Fisher Scientific NBP2 33870

PSD95 Rabbit, monoclonal 1:100 1:1000 Cell Signaling D74D3-3409S

PSD95 Mouse, monoclonal 1:100 Abcam ab192757

Synaptophysin Mouse, monoclonal 1:1000 Abcam  ab8049

Synapsin1 Rabbit, monoclonal 1:100 Abcam ab254349

Tau p217 Rabbit, polyclonal 1:500 Thermo Fisher 44-744

Tau12 biotin Mouse, monoclonal 1:500 BioLegend 806505

Tau46 biotin Mouse, monoclonal 1:1000 Cell Signaling 96767

Tau5 Mouse, monoclonal 1:500 Abcam ab80579

TMEM119 Rabbit, polyclonal 1:50 Sigma Aldrich HPA051870

TOC1 Rabbit, monoclonal 1:100 1:500 Absolute Antibodies Ab02650-23.0

Trueblack Plus NA 1:140 Biotium 23014

yH2AX Mouse, monoclonal 1:1000 Abcam ab26350

Alexa Fluor 405 Donkey/Goat 1:100 1:5000 Invitrogen A5760

Alexa Fluor 488 Donkey/Goat 1:100 1:5000 Invitrogen A10436

Alexa Fluor 555 Donkey/Goat 1:100 1:5000 Invitrogen A30677

Alexa Fluor 647 Donkey/Goat 1:100 1:5000 Invitrogen A30107

HRP Streptavidin NA 1:5000 Thermo Fisher 31030
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Table 4: Detailed list of antibodies used 
List of antibodies, host, clonality, distributor, catalogue number, and their respective dilutions used for ExM, 
western blot (WB), and immunohistochemistry or immunofluorescence stainings (IHC/IF). 

 
 
Expansion factor: Total expansion factor was calculated by multiplying the `expansion factor 1’ 
obtained after the digestion step times the `expansion factor 2’ obtained after 24h incubation of gels 
in ddH2O. With the presently used ExM protocol an average expansion factor across all brains 
(N=28) of 4.6x was obtained, which is in line with previous publications (245,249,560). 
 
Validation of ExM protocol: To ensure that the presently used ExM protocol was aligned with 
previously published validation studies in human samples and did not introduce a distortion of 
targets of interest, a validation using pre-expanded frozen tissue sections and post-expanded FFPE 
tissue sections on a subset of cases was performed and it showed that target objects (astrocytes and 
synapses) did not show significant distortions and displayed similar quantitative analyses when 
considering the additional decrowding phenomenon of ExM technique (Figure 7 and 8). A subset of 
astrocytes was co-stained for two distinct targets within the same glial cell, using GFAP 
(intermediate filament) and ALDH1L1 (cytoplasm) to assess overlap of GFAP signal with ALDH1L1. 
This assessment showed an accurate overlap of GFAP with ALDH1L1 which as such indicated that the 
boundaries labelled by GFAP did not exceed the ALDH1L1 staining signal, suggesting that the GFAP 
labelling was specific to astrocytic intermediate filament processes and that the expansion process 
did not lead to a significant distortion of target proteins (Figure 8). Moreover, assessment of 
internalized material by glial cells with the use of lysosomal marker LAMP2 showed colocalization of 
synaptic elements with lysosomes inside the glial cell body of microglia and astrocytes (Figure 9). 
 
A table of the primary and secondary antibodies used for ExM are shown in Table 4. 
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Figure 7: Validation of expansion microscopy (ExM) technique – synaptic elements  
Validation of ExM technique using nonexpanded frozen tissue sections imaged with superresolution 
microscopy (a) and expanded FFPE tissue sections imaged with confocal microscopy (b) showing synapsin1+ 
presynapses in magenta and PSD95+ postsynapses in green. Reconstructed 3-D Imaris images showing 
synapsin1+ presynapses in magenta (a1, b1), PSD95+ postsynapses in green (a2, b2), synapsin1+ and PSD95+ 
synapses in magenta and green (a3, b3) and colocalized synapsin1-PSD95+ synapses in yellow (a4, b4). ExM: 
expansion microscopy; FFPE: formalin-fixed paraffin-embedded. Scale bars 5 μm. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8: Validation of expansion microscopy (ExM) technique – synaptic elements and glial cells 
Validation of ExM technique showing similar proportions of engulfed synaptic elements by glial cells when 
assessing internalized synapsin1+ presynapses by GFAP+ astrocytes in non-expanded frozen tissue sample (10 
μm thickness) imaged with superresolution microscopy (a1) compared with expanded FFPE tissue sample (25 
μm thickness) imaged with confocal microscopy (a2). Similar results were obtained when assessing 
internalized PSD95+ postsynapses by GFAP+ astrocytes in non-expanded frozen tissue sample (10 μm 
thickness) imaged with superresolution microscopy (b1) compared with expanded FFPE tissue sample (25 μm 
thickness) imaged with confocal microscopy (b2). Representative images showing colocalization of astrocytic 
intermediate-filament antibody GFAP (magenta) with cytoplasmic astrocytic antibody ALDH1L1 (green) in 
expanded tissue sections (c), as a proof of the maintenance of isotropy after the expansion process. GFAP 
antibody labels astrocyte-specific cell body and processes and GFAP+ intermediate filament marker does not 
exceed the limits of ALDH1L1+ cytoplasmic marker in expanded tissue material (c). Arrows indicate 
GFAP+/ALDH1L1+ astrocytes and arrowheads indicate GFAP-/ALDH1L1+ astrocytes. ExM: expansion 
microscopy. FFPE: formalin-fixed paraffin-embedded. Scale bars 10 μm (a, b) and 20 μm (c). 
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Figure 9: Validation of expansion microscopy (ExM) technique – glia-mediated synapse internalization  
GFAP+ astrocyte (a1) and IBA1+ microglia (b1) in blue colabelled with PSD95+ postsynapses in green (a1/a2, 
b1/b2) and LAMP2+ lysosomes in red (a1/3, b1/3) showing glia-internalized PSD95+ elements colocalized with 
LAMP2+ lysosomes inside the astrocyte and microglial cell, respectively. ExM: expansion microscopy. Scale 
bars 5 μm and 10 μm. 

 

2.6 Imaging 
 

2.6.1 Imaging of expanded tissue sections using confocal microscopy 
 
Gel sections were imaged using an Olympus FV3000 confocal microscope equipped with lasers of 
405nm, 488nm, 561nm, and 640nm emissions. A 63x (NA 1.3) oil objective was used and images 
were sampled at a resolution of 1024 x 1024 pixels. A z-stack of 0.46 μm was selected, which was 
optimized to the size of the target objects with a post-expansion diameter of 1.4 μm on average 
(range 0.8-1.8 μm); the z-stack size was set at <50% of the target object size to discriminate true 
signal (puncta that would be present in a minimum of two consecutive z-stack images) from 
unspecific background and/or artifacts (563). A 2x software zoom was used for synaptic and 
oligomeric imaging to capture a representative visual field and optimally assess synaptic/oligomeric 
densities without including major artifacts. For glial cell imaging, a 2x software zoom was used for 
astrocytes, and a 2.5x software zoom for microglia. 
 
ROI selection for synapse quantification and glial cell sampling: For synapse density measurements, 
3-4 ROIs were randomly selected in layer II of the visual cortex in two non-adjacent gel sections in 
each brain tissue sample (generating 6-8 ROIs per case). The layers were identified using the 
neuronal marker MAP2 and identifying the cortical layer II through orientation and size of neuronal 
cell bodies, and distance from the tissue edge and/or underlying WM. Layer II is part of the 
`supergranular’ layers together with layer III, and it contains abundant excitatory projection neurons 
that send axons to nearby cortical areas such as V3-V5 and is thereby involved in higher-order visual 
integration and processing (564). In contrast, layer I is the `molecular layer’ which contains very few 
neuronal cell bodies but a high abundance of axons and dendrites of which around 80% transmit the 
inhibitory neurotransmitter GABA. Layer IV is the `granular’ layer and the main receptor layer of the 
neocortex that receives information from the lateral geniculate nucleus, and layers V and VI are 
called the `infragranular layers’ and they send axonal projections back to the lateral geniculate 
nucleus to provide feedback to this output nucleus (564). Glial cells were randomly sampled within 
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the six cortical layers. For GFAP+ astrocytes, interlaminar astrocytes of layer I were excluded, and 
GFAP+ cells with well-preserved full cell bodies and representative astrocytic processes were 
selected. For microglial cells, IBA1+ microglial cells were randomly sampled in the six cortical layers, 
and ameboid-shaped microglial cells were included. A total of 3-4 GFAP+ astrocytes and 2-3 IBA1+ 
ameboid microglial cells were imaged for each brain section. 
 

2.6.2 Imaging of nonexpanded frozen tissue sections using superresolution microscopy 
 
For super-resolution imaging, 10 μm thick cryosections were prepared from fresh frozen blocks and 
fixed in 4% paraformaldehyde for 10 mins. The slides were stained with primary antibodies for 
presynapses (synapsin1, Abcam, 1:100), postsynapses (PSD95, Abcam, 1:100), and astrocytes (GFAP, 
Abcam, 1:100) and with immunofluorescent secondary antibodies using Alexa Fluor 488 (1:500), 
Alexa Fluor 555 (1:500), and Alexa Fluor 647 (1:500). Imaging was performed using an Elyra Zeiss 7 
superresolution microscope with Lattice SIM² and setting the z-stack size at 0.126 µm. To improve 
resolution, SIM² reconstruction using ZenBlack software were performed. 
 

2.7 Quantitative 3-D image analyses for synaptic densities and colocalizations (Imaris) 
 

Quantitative synapse/oligomer density and synapse/oligomer-glia colocalization analyses were done 
with Imaris software (BitPlane, South Windsor, CT, USA). Individual `layers’ were created for each 
synaptic element selecting a `diameter of largest sphere’ of 0.8 μm and a `seed point diameter’ of 
0.5 μm which yielded the best results. In the settings of `filter surfaces’ the option `area’ was 
selected, and the minimum and maximum values were adapted to include as many spots as possible 
excluding artifacts. These steps were repeated for pre- and postsynaptic elements. To assess 
colocalizing pre-/postsynaptic puncta, pre- and postsynaptic layers were `masked’ and the setting 
`voxels outside the surface’ distance was set to 0 μm. A third layer was created selecting a `diameter 
of largest sphere’ of 0.8 μm and a `seed point diameter’ of 0.5 μm, that only detected colocalized 
spots of the two previously masked layers. The option `filter surfaces’ was selected and the `shortest 
distance to surfaces=surfaces 2’ was set to a maximum distance of 1 μm. These steps were repeated 
for oligomeric puncta using a `diameter of largest sphere’ of 0.8 μm and a `seed point diameter’ of 1 
μm. A third layer was created selecting a `diameter of largest sphere’ of 0.8 μm and `seed point 
diameter’ of 0.8 μm, that only detected colocalized spots of the two previously masked layers. The 
option `filter surfaces’ was selected and the `shortest distance to surfaces=surfaces 2’ was set to a 
maximum distance at 1 μm. 
 
For colocalization analyses between glial cells, and synapses and/or oligomeric puncta, `create 
surface’ was selected to generate a layer for the glial cells. For GFAP+ astrocytes, the `smoothing 
tool’ was disabled due to a very good noise-background ratio and a full reconstruction of the cell 
body and its processes. For IBA1+ microglia, the `smoothing tool’ was activated and adapted to a 
maximum of 0.3. This enabled to fully reconstruct the microglial cell body and to close cell 
boundaries in areas of low staining intensity. Each of the previously created object layers (for 
synaptic and oligomeric puncta, respectively) were analysed as to their `distance to surface’ to the 
astrocyte and/or microglial cell. The data on the distance between each individual 
synaptic/oligomeric spot and the glial cell were calculated and exported, and only negative values 
were included as synapses/oligomers contained `inside a glial cell’. Values of 0 or higher were not 
considered as `internalized’ to avoid including physiologic contacts between synapses and 
astrocytes. The total amount of puncta internalized by each glial cell was divided by the total 
number of puncta in the image and a proportion (`% of internalized elements’) was calculated. Data 
were normalized for glial cell volume. 
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2.8 Synaptosome and cytosolic preparations 
 
Synaptosome (SYN) and cytosolic (CYT) fractions were prepared following the DeVos 2018 (404), 
Perez-Nievas 2013 (57), and Tai 2012 (363) protocols with minor modifications: 300 mg of frozen 
human brain tissue from the visual association cortex (Brodmann area 18) was gently homogenized 
with 25 strokes in a 2 ml Potter-Elvehjem tissue grinder in chilled 750 μL of Buffer A1 (25 mM HEPES 
pH 7.5, 120 mM NaCl, 5 mM KCl, 1 mM MgCl2, 2 mM CaCl2 in distilled water (dH2O), supplemented 
with 1 mM DTT and 1:100 phosphatase-/protease-inhibitor). Of note, the synaptosome extraction 
protocol used here involved a series of centrifugation and filtration steps to ultimately obtain a 
synaptic fraction enriched in presynaptic and postsynaptic proteins as validated by western blotting. 
Given conflicting and not standardized terminologies referring to different synaptic protein isolation 
methods (454), in the present study the term `synaptosome’ is used to describe the 
abovementioned synaptic components isolated from total brain homogenates.  
 
The homogenate plus 900 μL of Buffer A2 (25 mM HEPES pH 7.5, 120 mM NaCl, 5 mM KCl, 1 mM 
MgCl2, 2 mM CaCl2 in dH2O) was passed through 2 layers of Nylon 80 μm filters using 25 mm Filter 
Holders to remove tissue debris. The crude filtered homogenate was passed through 5 μm Supor 
membrane filters, along with 450 μL of Buffer A2 to filter out large organelles and nuclei. The filtered 
homogenate was centrifuged at 1,000 × g for 10min at 4°C. The supernatant was transferred into 
pre-CYT tubes, and the pellet was chilled in ice in pre-SYN tubes. 
 
The pre-CYT tubes were centrifuged at 10,000 × g for 15min at 4°C to remove any remaining debris. 
The supernatant was transferred to CYT tubes to obtain the final CYT samples. The pre-SYN tubes 
were washed with 500 μL of Buffer A2, then equally divided into two tubes (pre-SYN-DTT and pre-
SYN-PBS) and centrifuged at 1,000 × g for 10min at 4°C to remove any remaining debris. The pre-SYN 
pellets were resuspended in either 100 μL of Buffer B1 (PBS, 1.5% SDS, 2 mM DTT, 1:100 
phosphatase-/protease-inhibitor) to obtain the final SYN-DTT samples, or in 100 μL of Buffer B2 (PBS, 
1.5% SDS, 1:100 protease-inhibitor) to obtain the final SYN-PBS samples. 
 
A bicinchoninic acid (BCA) assay (Thermo Scientific Pierce) was performed to determine total protein 
concentration. SYN-DTT samples were used for conventional reducing/denaturing western blot 
analyses, and SYN-PBS samples for tau seeding assays and non-reducing/non-denaturing native 
western blot analyses. 
 

2.9 Western blot analyses 
 
Reducing and denaturing WBs: Twenty to fifty micrograms of total protein were loaded per well on 
4–12% Bis-Tris SDS-PAGE gels (Invitrogen) and run in MOPS buffer (Invitrogen) at 160 V for 1 hour. 
Samples were prepared diluted in PBS together with loading and reducing agents and heated at 95°C 
for 5 mins. Proteins were transferred to nitrocellulose membrane (Invitrogen) with an iBlot2 transfer 
device using a protocol of 25 V for 7 min. Membranes were incubated in blocking solution (Intercept 
Blocking buffer) for 1 hour at room temperature. Primary antibodies were diluted in antibody 
diluent (Intercept Antibody diluent) and incubated overnight at 4°C on a rotating plate. Blots were 
washed in Tris buffered saline + 0.25% Tween (TBS-T) 3x 10min and incubated with infrared and/or 
horseradish peroxidase (HRP) secondary antibodies at 1:5000 dilution in antibody diluent (Intercept 
Antibody diluent) for 1 h at room temperature. Blots were washed in TBS-T 3x 10 min and imaged on 
an Odyssey CLx Infrared Imaging System for infrared secondary antibodies and/or on a 
chemiluminescent BioRad ChemiDoc Imaging System for HRP secondary antibodies, respectively. 
Blots were converted to grayscale and densitometric analysis was performed with ImageJ (64-bit 
Java 8). 
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Native WBs: Samples were prepared diluted in PBS with NativePage loading buffer and NativePAGE™ 
5% G-250 Sample additive without reducing agent and/or sample heating. Sixty micrograms of total 
protein were loaded per well on NativePage 3–12% Bis-Tris gels (Invitrogen). Gels were run in 
NativePage anode and cathode running buffers at 150 V for 20 mins followed by 170 V for 50 mins 
after changing the cathode buffer. Proteins were transferred to PVDF membrane (Invitrogen) with 
an iBlot2 transfer device and a protocol of 20 V for 7 min. Membranes were quickly washed with 
methanol to remove the excess of blue and placed in acetic acid (8%) for 5 mins followed by double-
distilled water (ddH20) for 5 mins. Membranes were air-dried at room temperature. Blocking was 
performed with 5% non-fat dried milk diluted in TBS-T for 1 hour. Primary antibodies were diluted in 
5% non-fat dried milk and incubated overnight at 4°C on a rotating plate. Blots were washed in TBS-T 
3x 10 min and incubated with HRP secondary antibody at 1:5000 dilution in 5% non-fat dried milk for 
1h at room temperature. Blots were washed in TBS-T 3x 10 min and imaged with high-sensitivity 
streptavidin-HRP (Thermo Fisher, catalog number 21134) on a chemiluminescent BioRad ChemiDoc 
Imaging System. Blots were converted to grayscale and densitometric analysis was performed using 
ImageJ (64-bit Java 8). 
 
A table of the primary and secondary antibodies and dilutions used for WB can be found in Table 4. 
 

2.10 Tau seeding assays 
 
In vitro tau seeding activity was assessed as previously described (404,405,565) with minor 
modifications. HEK293 cells stably expressing the repeat domain of tau with the P301S mutation 
(Tau-RDP301S) fused with CFP and YFP were plated in poly-D-lysine treated 96-well clear bottom 
plates (Corning) at 20’000 cells/well. The next day cells were transduced with 4 μg/well total protein 
plus 1% lipofectamine 2000 (Invitrogen) diluted in OptiMEM (Thermo Fisher). Each lysate was 
applied in triplicate. Cells were exposed to lysate for 24 hs. At the time of collection, cells were 
trypsinized and transferred to 96-well U-bottom plates (Corning) using DMEM + 10% fetal bovine 
serum (FBS) to inhibit the activity of the trypsin. Cells were pelleted at 1000 x g, resuspended in 
freshly made 2% paraformaldehyde (PFA) (Electron Microscopy Services) for 10 min at room 
temperature in the dark, and pelleted at 1500 rpm. Cells were resuspended in PBS 1X and run on the 
MACSQuant VYB (Miltenyi) flow cytometer. 
 
FRET was measured by exciting the cells using the 405 nm laser and reading fluorescence emission at 
the 530/30 nm filter. To quantify the FRET signal, a bivariate plot of FRET vs the CFP donor was 
generated and cells that received lipofectamine alone were used to identify the FRET-negative 
population. Using this gate, the `tau seeding’ value was calculated by multiplying the percent of 
FRET-positive cells times the median fluorescence intensity of that FRET-positive population. 
Immediately prior to collection, representative images of HEK293 cells with aggregates were taken 
with the ZOE Fluorescent Cell Imager (BioRad) using the green fluorescent protein (GFP) channel. 
 

2.11 Statistical analyses 
 
D’Agostino-Pearson normality test was applied to test for Gaussian distribution. Multiple group 
analyses were performed using one-way ANOVA for parametric variables, and Kruskall-Wallis for 
non-parametric variables. Posthoc analyses to assess between group differences were evaluated 
with Holm-Šídák’s test. Correlation analyses were performed with Pearson test when both variables 
were normally distributed, and with Spearman test when at least one variable was not normally 
distributed. Significance level was set at p < 0.05. All statistical analyses and graphs were generated 
using Graphpad Prism version 9.4.1 (Graphpad Software Inc, La Jolla, CA). Data are presented as 
mean ± standard deviation (SD), unless otherwise indicated. 
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3. Results 

 

3.1 Regional amyloid-β plaque burden and number of neurofibrillary tangles is similar in 
resilient and demented brains at Braak III-IV stages 
 
Recent studies have stressed that the regional burden of amyloid-β plaques and NFTs may better 
predict cognition than the only presence or absence of these lesions (27). It is well known that the 
amyloid-β burden increases in a linear fashion over a period of up to 15-20 years in advance of 
clinical symptoms and before reaching a plateau (544). NFTs, however, continue to accumulate 
linearly as tau pathology progresses along the well-defined tau stages (from Braak I-II stages 
affecting the transentorhinal/entorhinal cortex, to Braak VI stage involving the primary visual cortex) 
and they correlate with the severity of cognitive decline and the amount of neuronal loss in 
symptomatic individuals (544,566–568). To assess the potential involvement of AD neuropathologic 
lesion burdens on cognitive statuses in demented and resilient brains, a detailed quantitative 
assessment of ADNC lesion burden was performed. 
 
Demented and resilient brains were well matched for Thal phases, Braak stages, and CERAD scores. 
Using the Aiforia-based quantification method, the burden of amyloid-β plaques and NFTs was 
evaluated. The amyloid-β plaque burden (defined as the percentage of cortex in the ROIs occupied 
by deposits immunolabeled with 4G8 antibody) did not show significant differences between 
resilient and demented brains in the temporal pole or visual cortex, suggesting that neither the 
amyloid-β plaque scores nor the regional amyloid-β plaque loads are predictive of the different 
cognitive statuses of these individuals. The total burden of amyloid-β plaque deposits was higher in 
the temporal compared with the visual cortex in each case (Figure 10). Quantification of the number 
of NFTs (as visualized by immunolabeling with AT8 antibody) in the temporal pole did not show 
significant differences between resilient and demented brains (p=0.33), although a trend towards 
higher NFT counts was observed in the demented group. As expected at tangle Braak III-IV stages, no 
NFTs were detected in the visual cortex of demented or resilient brains (see Figure 2 and Figure 3). 
 
 
 
 

 
 
 
Figure 10: Amyloid-β burden in the temporal and visual cortex  
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4G8+ amyloid-β burden was significantly higher in the temporal pole (TP) compared with the visual cortex 
(OCC) of the studied brains (a); there was a strong correlation between temporal and occipital 4G8+ amyloid-β 
burdens across the studied cases (b). Data are presented as mean ± standard deviation. 
 

3.2 Total number of astrocytes, microglial cells, and oligodendrocytes in cortical and 
subcortical brain regions does not differ between control, resilient, and demented brains at 
Braak III-IV stages 
 
The quantitative immunohistochemical analyses of baseline glial cell markers (ALDH1L1, IBA1, Olig2) 
in the cortex and subcortical WM showed comparable total numbers and densities of astrocytes 
(ALDH1L1), microglial cells (IBA1), and oligodendrocytes (Olig2) in control, resilient, and demented 
brains in the two studied brain regions (temporal pole, visual cortex) (Figure 11) 
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Figure 11: Baseline glial cell markers for microglia, astrocytes, and oligodendrocytes in the studied brains 
Quantifications of IBA1 burden (percentage of cortex or white matter covered by IBA1+ microglia), total 
number of astrocytes (ALDH1L1), and number of oligodendrocytes (Olig2) in temporal and visual cortices 
(microglia and astrocytes) and white matter (microglia and oligodendrocytes) (b) did not show significant 
differences between demented, resilient, and control brains. Representative photomicrographs of 
IBA1+ microglia, ALDH1L1+ astrocytes and OLIG2+ oligodendrocytes on sections from control, resilient, and 
demented cases derived from the temporal cortex (a). C Control (Braak 0-II); R Resilient (Braak 
III/IV); D Demented (Braak III/IV). Scale bar 50 μm. Data are presented as mean ± standard deviation. 
 

 
These data are in agreement with previous reports (569) and suggest that the total amount of glial 
cells remain unchanged in a healthy compared with a diseased AD brain, and that glial cell 
phenotypic changes rather than glial cell proliferation or death may underlie the glial cell signatures 
observed in AD brains. 
 

3.3 Phenotypic glial cell changes distinguish demented from resilient/control brains, and 
they precede tau tangle pathology in brains at Braak III-IV stages 
 
The quantitative immunohistochemical analyses of inflammatory (CD68, HLA-DR, GFAP) and 
homeostatic (P2RY12, TMEM119) glial cell markers showed phenotypic glial cell changes with higher 
expression of inflammatory microglial (CD68, HLA-DR) (Figure 12) and astrocytic (GFAP) markers 
(Figure 13) and reduced expression of homeostatic microglial markers (P2RY12, HLA-DR) in the 
temporal pole and visual cortex of demented compared with resilient and control brains (Figure 14). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12: Inflammatory microglial changes (CD68 and HLA-DR) in the temporal and visual cortices  
Number of CD68+ microglia was significantly higher in the temporal pole and visual cortex of demented 
compared with resilient and controls (a). A similar trend that did not reach statistical significance was observed 
in the number of HLA-DR+ microglia (a). Representative photomicrographs of CD68+ and HLD-DR+ microglia in 
sections from control, resilient, and demented cases derived from the temporal pole (b). C Control (Braak 0-
II); R Resilient (Braak III/IV); D Demented (Braak III/IV); *p < 0.05; **p < 0.01; ****p < 0.0001. Scale bars 50 μm. 
Data are presented as mean ± standard deviation. 
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Figure 13: Inflammatory astrocytic changes (GFAP) in the temporal and visual cortices 
Number of GFAP+ astrocytes were significantly higher in the temporal pole and visual cortex of demented 
compared with resilient and controls (a). Representative photomicrographs of GFAP + astrocytes in sections 
from control, resilient, and demented cases derived from the temporal pole (b). C Control (Braak 0-
II); R Resilient (Braak III/IV); D Demented (Braak III/IV); **p < 0.01; ****p < 0.0001. Scale bar 50 μm. Data are 
presented as mean ± standard deviation. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14: Homeostatic microglial changes (TMEM119 and P2RY12) in the temporal and visual cortices 
Homeostatic microglia stained with TMEM119 and P2RY12 antibodies was significantly decreased in the 
temporal pole and visual cortex of demented compared with resilient and controls (a). Representative 
photomicrographs of TMEM119+ and P2RY12+ microglia in sections from control, resilient, and demented 
cases derived from the visual cortex (b). C Control (Braak 0-II); R Resilient (Braak III/IV); D Demented (Braak 
III/IV); *p < 0.05; **p < 0.01; ****p < 0.0001. Scale bars 50 μm. Data are presented as mean ± standard 
deviation. 

 
 
Interestingly, these glial cell signatures were observed in both, the temporal pole and the visual 
cortex of demented individuals, suggesting that glial cell phenotypic changes not only increase in 
parallel to NFTs in regions already affected by tau aggregates (temporal pole) but that they also 
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occur in advance of tau deposition in brain regions that are not yet impacted by tau pathology 
(visual cortex). 
 
These data suggest that early glial phenotypic changes occur ahead of tau deposition in demented 
AD brains and that the absence of these aberrant glial cell responses in resilient brains may be 
contributing to the maintenance of neuronal cell and synaptic integrity and cognitive function in 
these individuals. 
 

3.4 An early marker of cellular DNA damage (ɣH2AX) precedes tau tangle pathology and 
correlates with phenotypic glial cell changes of demented individuals at Braak III-IV stages 
 
Gamma H2AX (ɣH2AX) is a well-established marker of early cellular damage. Previous studies have  
found that DNA damage resulting in double stranded DNA breakages initiates the phosphorylation of 
histone variant H2A at the Serine 139 site to generate ɣH2AX (570). Importantly, ɣH2AX is a marker 
of cellular dysfunction and cell cycle impairment that is fully reversible upon elimination of the 
damage inducing factor(s) (571). Using quantitative immunohistochemical analyses, the number of 
ɣH2AX-positive cells in the neocortex of the studied cases showed significantly higher ɣH2AX-
positive cells in demented compared with resilient and control brains in the temporal pole and visual 
cortex (Figure 15). Interestingly, a significant correlation between ɣH2AX and cortical inflammatory 
glia (CD68, HLA-DR, GFAP) was observed (correlation analyses between cortical GFAP, CD68, HLA-DR, 
and ɣH2AX in temporal/visual regions, respectively: GFAP: R=0.57/0.45 and p=0.0006/<0.0001; 
CD68: R=0.44/0.46 and p=0.0009/0.0005; HLA-DR: R=0.32/0.07 and p=0.02/0.6). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 15: Early cellular damage marker (γH2AX) and cell-type positivity of γH2AX in the temporal and visual 
cortices 
Number of γH2AX + cells was significantly higher in temporal pole and visual cortex of demented compared 
with resilient and controls (a). Representative photomicrographs of γH2AX+ cells in sections from control, 
resilient, and demented cases derived from the visual cortex (b). Representative immunofluorescence images 
showing colocalization of γH2AX+ cells (DAB, brown) with neurons (red) (c1-3, showing a progressively 
zoomed-in brain region), GFAP+ astrocytes (green) (c4-6, showing GFAP alone in c4, γH2AX alone in c5, both 
GFAP-γH2AX in c6), and IBA1 + microglia (green) (c7-9, showing IBA1 alone in c7, γH2AX alone in c8, both IBA1-
γH2AX in c9). C Control (Braak 0-II); R Resilient (Braak III/IV); D Demented (Braak III/IV); **p < 0.01; 
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***p < 0.001. Scale bars 1 mm, 50 μm, and 20 μm. White arrows indicate colocalization between γH2AX+ cells 
and neurons, astrocytes, and microglia, respectively. Data are presented as mean ± standard deviation. 

 
 
The differences in the number of ɣH2AX+ cells between demented and resilient brains were more 
pronounced in the visual cortex than in the temporal pole, suggesting that cellular damage 
responses precede NFT deposits, and indicating that the readily observed aberrant glial cell changes 
in the visual cortex of demented subjects could be pivotal to the early cellular vulnerability and brain 
dysfunction in these individuals. Using double immunohistochemical stainings for ɣH2AX and 
neurons (hematoxylin-eosin) and glial cell markers (IBA1, GFAP), ɣH2AX was observed predominantly 
in neurons, but also in a subset of glial cells in demented brains (Figure 15) suggesting that both, 
neuronal and glial cell damage may be part of the early brain injury responses in AD that ultimately 
result in functional changes and impaired cognition. 
 
Importantly, no significant correlations were found between the number of ɣH2AX+ cells and 4G8+ 
amyloid-β burden in temporal and visual cortex (for temporal cortex: R=0.2, p=0.3; for visual cortex: 
R=0.23, p=0.26) and between ɣH2AX+ cells and AT8+ burden NFT or neuropil burden in temporal and 
visual cortex respectively (for temporal pole: R=0.1,  p=0.43; for visual cortex: R=0.3, p=0.13). 
Importantly, the number of ɣH2AX+ cells showed no association with PMI (p=0.26 and p=0.09 in 
temporal pole and visual cortex respectively).  
 

3.5. Glial cell changes in subcortical white matter precede tau tangle pathology and they 
correlate with early cortical cellular damage (ɣH2AX) in demented brains at Braak III-IV 
stages 
 
The quantitative immunohistochemical analyses of glial cell phenotypes in juxtacortical WM 
immediately adjacent to the studied cortical regions showed significantly higher inflammatory 
(CD68, HLA-DR) (Figure 16) and lower homeostatic microglia (P2RY12, TMEM119) in demented 
compared with resilient and control brains (Figure 17). These WM changes were not only present in 
brain regions with cortical NFTs (temporal pole), but also in brain areas without detectable tau 
burden (visual cortex) suggesting that glial cell changes in WM occur early and that they precede tau 
deposition in the overlying brain cortices. In line with the previous results from the cortex of these 
brains, the total number of oligodendrocytes (Olig2) and total burden of microglial cells (IBA1) in 
WM were unchanged across groups irrespectively of presence or absence of NFT deposits in the 
overlying cortex, further reinforcing that qualitative rather than quantitative glial cell changes are 
the early glial cell signature of demented AD brains. 
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Figure 16: Inflammatory microglial changes (CD68 and HLA-DR) in the subcortical white matter of the 
temporal and visual cortices 
Density of inflammatory microglia (CD68+, HLA-DR+) in the temporal and occipital white matter (WM) was 
significantly higher in demented compared with resilient and controls (a). Representative photomicrographs of 
CD68+ and HLA-DR+ microglia in sections from control, resilient, and demented cases derived from the 
temporal WM (b). C Control (Braak 0-II); R Resilient (Braak III/IV); D Demented (Braak 
III/IV); **p < 0.01; ****p < 0.0001. Scale bars 50 μm. Data are presented as mean ± standard deviation. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 17: Homeostatic microglial changes (TMEM119 and P2RY12) in the subcortical white matter of the 
temporal and visual cortices 
Density of homeostatic microglia (TMEM119+, P2RY12+) in the temporal and occipital white matter (WM) was 
significantly decreased in demented compared with resilient and controls (a). Representative 
photomicrographs of TMEM119+ and P2RY12+ microglia in sections from control, resilient, and demented 
cases derived from the temporal WM (b). C Control (Braak 0-II); R Resilient (Braak III/IV); D Demented (Braak 
III/IV); *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Scale bars 50 μm. Data are presented as mean ± 
standard deviation. 

 
 
Interestingly, correlation analyses between subcortical WM glial cell changes and overlying 4G8+ 
amyloid-β burden were significant for inflammatory glia in occipital WM (for CD68 R=0.32, p=0.02; 
for HLA-DR R=0.29, R= 0.03) and for homeostatic glia in temporal WM (for TMEM119 R=-0.27, 
p=0.05, for P2RY12 R=-0.28, p=0.04) while only inflammatory glial cell changes in temporal WM 
showed significant association with overlying AT8+ NFTs (for CD68 R=0.36, p=0.007, for HLA-DR 
R=0.34, p=0.01). This suggests that subcortical WM glial cell changes involving higher inflammatory 
and lower homeostatic glial cell markers may be associated with amyloid-β and NFT burden in 
overlying cortices, and that WM glia could represent an early site of interaction and response to 
peripheral stimuli entering the brain through WM vasculature and hold relevance to the 
accumulation of ADNC in the overlying cortex.  
 
Because the clinical symptoms characterizing the dementing disorder of AD are predominantly 
cortical rather than subcortical in nature, the correlation between WM glial cell changes and 
overlying cortical cellular vulnerability (ɣH2AX) were evaluated. The results showed significant 
associations between all inflammatory and homeostatic glial markers in temporal WM and cortical 
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ɣH2AX (for CD68 R=0.34, p=0.01, for HLA-DR R=0.27, p=0.05, for TMEM119 R=-0.36, p=0.007, for 
P2RY12 R=-0.31, p=0.02) and visual WM (for CD68 R=0.43, p=0.001, for TMEM119 R=-0.29, p=0.03, 
for P2RY12 R=-0.28, p=0.04) except for the inflammatory glial marker HLA-DR in occipital WM 
(R=0.19, p=0.17). Although the association between cortical glial cell changes and cortical γH2AX was 
also observed for some of the inflammatory and homeostatic glial cell markers in temporal cortex 
(for CD68 R=0.44, p=0.0009, for HLA-DR R=0.32, p=0.02, for P2RY12 R=-0.31, p=0.02) and visual 
cortex (for CD68 R=0.32, p=0.009, for P2RY12 R=-0.31, p=0.01), some of the glial cell signatures of 
the WM such as TMEM119 showed stronger association with overlying cellular damage than the 
same glial cell marker in the cortex suggesting that an early loss of homeostatic glial cell phenotype 
may be present in subcortical brain areas and may be contributing to the cellular damage observed 
in adjacent cortical structures. Of note, identical changes in cortical and subcortical/WM glial 
phenotypes were observed when analyses were limited to the subset of individuals with PART (not 
shown). 
 
This suggests that loss of homeostatic microglia in the WM is an early brain change that may 
potentially contribute to cortical cell damage and loss of brain function in demented brains, which 
could potentially be targeted in the early dementia stages. It cannot be excluded that the higher 
burden of cerebrovascular disease present in cortical and subcortical regions of demented brains 
(see Table 3) might be contributing to some of the glial cell derangements observed in the WM of 
these individuals. However, vascular scores did not show significant associations with synapse 
densities or with MMSE score (correlation analyses between vascular score and synapse density in 
visual cortex: R=-0.18, p=0.38; MMSE: R=0.25, p=0.36; WAIS: R=-0.35, p=0.14), but a significant 
association with ɣH2AX+ cells in visual cortex (R=0.56, p=0.004), CDR-global (R=0.56, p=0.008) and 
CDR-SoB (R=0.54, p=0.01). This suggests that vascular damage could be partly contributing to some 
of the structural and functional changes observed in the early phases of AD dementia. 
 

3.6. Synapse densities are significantly reduced in the visual cortex of demented compared 
with resilient brains at Braak III-IV stages 
 
Recent evidence has suggested that synapse plasticity changes and synapse density loss are among 
the earliest and strongest determinants of cognitive dysfunction in AD (572). Biomarker studies have 
shown that the association between the loss of synaptic markers and the severity of cognitive 
dysfunction is stronger than the one of amyloid-β and tau biomarkers combined (292). This suggests 
that synapse loss may be the best neuropathologic correlate of dementia, surpassing the strength of 
association with amyloid-β/tau deposits, and serve as a reliable measure of earliest neuropathologic 
changes in a demented AD brain. Recent studies have proposed that inflammatory glial cells may be 
contributing to the engulfment and subsequent loss of synapses in the brains of AD mouse models 
and in two recent post-mortem human brain studies (61,422,430). Yet, the potential contribution of 
glia to enhanced synapse elimination in human brains at early disease stages of AD has so far not 
been studied. To assess whether synapse densities would be altered in demented brains in the early 
phases of ADNC and evaluate the contribution of (inflammatory) glial cells to synapse loss ahead of 
NFT deposits, synapses were quantified in the visual cortices of N=28 brains using ExM. 
 
The results showed that synapsin1 (presynapses), PSD95 (excitatory postsynapses), and colocalized 
`mature’ synapsin1-PSD95 puncta were significantly reduced in the visual cortex of demented 
compared with resilient and control brains (mean density of synapsin1+ puncta in demented 5.1x107 
±0.25x107 vs. 10.2x107±0.54x107 in resilient vs. 8.9x107±0.61x107 in controls, p=0.0001; mean 
density of PSD95+ puncta in demented 5.4x107±0.21 x107vs. 9.5x107±0.54 x107 in resilient vs. 
8.1x107±0.47 x107 in controls, p=0.0001; mean density of double-labelled synapsin1+/PSD95+ puncta 
in demented 3.4 x107±0.15 x107 vs. 5.8 x107±0.28 x107 in resilient vs.5.5 x107±0.31 x107 in controls, 
p=0.0001) (Figure 18). Importantly, resilient brains did not show a difference in densities in any of 
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the three synaptic measures compared with control brains, suggesting that the mechanism by which 
resilient subjects may remain cognitively unimpaired is likely due to a better preservation of healthy 
and functioning synapses, rather than to a higher synaptic reserve at baseline. The percentage of 
colocalized mature synapsin1-PSD95 synapses observed across brains was of 65.2% (SEM 4.4%) 
which is in line with previous studies suggesting that at any given time only around 2/3 of synapses 
are properly arranged and functional (234,573). Interestingly, there was a strong association 
between loss of synapse densities and severity of memory impairment measured with CDR-SoB (R= -
0.62 [p=0.003]), MMSE (R=-0.76 [p=0.001]), WAIS-R scores (R=-0.85, [p=0.0001]), and between 
synapse densities and early cellular damage measured with ɣH2AX-positive cells (R=-0.5 [p=0.009]) 
in the cortices of these brains Figure 18). Of note, the strong association observed between synapse 
densities and WAIS-R subscore assessing the digit symbol test (which specifically assesses visual 
memory tasks) reinforces the relevance of clinical-functional correlates of synapse changes observed 
here.  
 

 
 
Figure 18: Synapse densities and correlation analyses between synapse densities and cognitive and 
neuropathological measures in the visual cortex 
Synapse densities assessed using expansion microscopy (ExM) and confocal imaging were significantly reduced 
in the visual cortex of demented compared with resilient and controls when assessing synapsin1+ presynapses, 
PSD95+ postsynapses, and colocalized mature synapsin1+/PSD95+ synapses (a); representative images 
showing synapsin1+ presynapses in magenta, PSD95+ postsynapses in green, and colocalized `mature’ 
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synapsin1+/PSD95+ synapses (a, first three columns) and Imaris 3D reconstructed images (a, fourth column); 
loss of mature synapses was significantly correlated with antemortem CDR-SoB (b), MMSE score (c), WAIS-R 
subscore (`digit symbol substitution test’) (d), and with early cellular damage marker (γH2AX) (e). Analyses 
were performed on N=28 of the studied cases (6-8 FOV per case). Synapse densities represented in the graphs 
correspond to the values obtained from expanded tissue and must be multiplied by a factor of ~100 (=4.63) to 
account for the 4.6x volume expansion to extrapolate these results to pre-expanded tissue material. Light-grey 
circles = controls, medium-grey triangles = resilient, dark-grey squares = demented. C Control, N=6; R Resilient, 
N=8; D Demented, N=14; FOV: field of view. *p < 0.05; **p < 0.01. Scale bar 5 μm. Data are presented as mean 
± standard deviation. 

 
Importantly, correlation analyses between cognitive scores and 4G8+ amyloid-β burden and 
between cognitive scores and AT8+ neuropil thread in the visual cortex did not show significant 
associations (correlation analyses for 4G8: MMSE (R=-0.2, p=0.49), CDR-SoB (R=0.05, p=0.8), CDR-G 
(R=0.1, p=0.67), CDR-SoB subscores (including memory (R=0.06, p=0.8), orientation (R=0.05, p=0.8), 
judgement/executive function (R=-0.03, p=0.9), community affairs (R=0.03, p=0.9), home and 
hobbies (R=0.2, p=0.43), and personal care (R=0, p=0.99)), and the WAIS-R score (R=0, p=0.99); 
correlation analyses for AT8+ neuropil thread: MMSE (R=-0.11, p=0.6), CDR-SoB (R=0, p=0.98), CDR-
G (R=0.03, p=0.88), CDR-SoB subscores (including memory (R=0.01, p=0.95), orientation (R=0.01, 
p=0.97), judgement/executive function (R=-0.03, p=0.9), community affairs (R=0, p=0.99), home and 
hobbies (R=0.2, p=0.4), and personal care (R=-0.03, p=0.89)), and the WAIS-R score (R=-0.03, p=0.9)). 
 
These findings reinforce the presence of a close association between synapse density loss and 
memory dysfunction, which more reliably predicts cognitive decline than amyloid-β and tau 
deposits, suggesting that earliest neuropathogenic changes in AD may initiate at the synapse. 
Importantly, the changes observed here were present from the prodromal stages of dementia (MCI 
and mild AD dementia stages) indicating that interventions as early as at the MCI stage would be 
most effective to halt the readily substantial and progressive synapse loss leading to functional 
memory decline and development of formal dementia. 
 

3.7. Astrocytes and microglial cells engulf higher amounts of synapses in the visual cortex of 
demented compared with resilient brains at Braak III-IV stages 
 
Several in vitro and in vivo studies have found evidence of an increased internalization of synaptic 
elements by glial cells (422), and two recent human brain studies have shown that demented AD 
brains harbour higher amounts of microglia-internalized (pre-)synapses compared with control 
brains (96, 120). The excessive internalization of synapses by microglial cells has also been found in 
other neurological conditions, and it has been suggested to be a common mechanism underlying 
different neurodegenerative disorders (427,574,575). To evaluate the potential contribution of 
phenotypically changed glial cells in the visual cortex to the early synapse loss observed in this brain 
region, the internalization of synaptic elements by both, GFAP+ astrocytes and IBA1+ microglia, was 
quantified. 
 
For the microglial cells, and as IBA1 labels all the phenotypes of this glial cell, a morphology-based 
ameboid microglial subtype was selected, which has been shown to harbour increased neurotoxic 
proprieties including release of neuroinflammatory cytokines and phagocytic behaviour (507). The 
results showed that IBA1+ ameboid-shaped microglial cells and interestingly also GFAP+ astrocytes 
contained a significantly higher proportion of presynapses, postsynapses, and colocalized synaptic 
puncta inside the cell body in demented compared with resilient and control brains (Figure 19). 
Importantly, the engulfment of synapses did not only affect presynapses and postsynapses 
individually, but also colocalized synaptic puncta which are considered mature and functional. The 
significant proportion of internalized mature synapses by IBA1+ cells (% of mature synapses 
internalized by IBA1+ microglia in demented vs resilient vs control brains: 13.3%±1% vs. 2.6%±0.7% 
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vs. 0.9%±0.2%) and by GFAP+ cells (% of mature synapses internalized by GFAP+ astrocytes in 
demented vs resilient vs control brains: 17.2%±2.9% vs. 3.7%±1.4% vs. 2.7%±0.7%) indicates that a 
substantial amount of still potentially functional synapses could be actively eliminated by glia. 
Alternatively, the higher number of synapses within these glial cells could be the reflection of a 
primary dysfunction of astrocytic and microglial lysosomal/degradation pathways leading to an 
increased accumulation of engulfed elements. 
 

 
 
Figure 19: Quantitative analyses of internalized synaptic elements by microglia and astrocytes in the visual 
cortex 
Analyses of internalized synaptic elements by glial cells were assessed using expansion microscopy (ExM) and 
confocal imaging. Microglia and astrocytes engulfed significantly more synapsin1+ presynapses, PSD95+ 
postsynapses and synapsin1+/PSD95+ colocalized synapses in demented compared with resilient and controls. 
Example of post-ExM with confocal imaging (a) and Imaris 3D image reconstructions (b) showing internalized 
synaptic elements inside an IBA1+ ameboid microglial cell and inside a GFAP+ astrocyte, and quantifications of 
engulfed synaptic elements inside IBA1+ microglia and GFAP+ astrocytes, respectively (c). Post-ExM with 
confocal imaging (a) of an IBA1+ ameboid microglia (a1) and a GFAP+ astrocyte (a2) in blue co-labelled with 
synapsin1 in magenta and PSD95 in green showing each channel individually and the merged image. 
Reconstructed 3D Imaris images (b) showing glial cells in blue, synapsin1+ presynapses in magenta (b1, b5), 
PSD95+ postsynapses in green (b1, b5), and colocalized synapsin1+/PSD95+ puncta in yellow (b2-b4, b6-b8), 
displaying colocalized synapses inside and outside of a microglial cell (b3) and an astrocyte (b7), and 
colocalized synapses only inside the microglia (b4) and astrocyte (b8). C: Control (Braak 0-II); R: Resilient (Braak 
III/IV); D: Demented (Braak III/IV); **p < 0.01; ***p < 0.001. Scale bars 10 μm (a1, a2) and 5 μm (b1-b8). Data 
are presented as mean ± standard deviation. 

 
 
These results are novel and indicate that not only microglia but also astrocytes are capable of 
engulfing synapses in the human brain, and that glia-mediated excessive internalization of synapses 
precedes overt NFT deposition likely contributing to early synaptic loss and loss of brain function in 
individuals with clinically manifest AD. Importantly, these findings propose a potentially primary role 
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of glia in early synapse loss but they also imply that there need to be additional determinants at play 
to explain the difference in internalized synapses in demented compared with resilient brains 
despite both presumably displaying phenotypically similar glial cells and synaptic receptors.  
 

3.8 TOC1+ tau oligomers are higher in visual cortex-derived synaptosomes of demented 
compared with resilient brains at Braak III-IV stages 
 
Oligomers of tau are viewed as the most neurotoxic species of tau protein, and recent evidence has 
suggested that tau oligomers are increased in the synapses of demented compared with resilient 
and control brains (272,520). Although several studies have shown that tau oligomers are 
synaptotoxic in cell culture and in in vivo models of AD (13,341,342,344,362–366) their potential role 
in the early dementia stages and their potential contribution to an enhanced synapse engulfment by 
glia has not been so far explored. 
 
To evaluate oligomeric species of tau, tau oligomeric complex 1 (TOC1) antibody, a well-established 
marker of oligomeric conformational tau was used (576). The validation of this antibody with native 
western blotting showed its specificity for oligomeric over monomeric forms of tau (Figure 20) and 
its conformation-dependent binding epitope as this antibody was not detectable under non-native 
western blot conditions. TOC1 was assessed in the whole brain homogenates and in synaptosome-
enriched fractions derived from the visual cortex of demented, resilient, and control brains. The 
results showed that while the total amount of TOC1+ tau oligomers in the PBS soluble fractions of 
total brain tissue homogenates did not significantly differ across groups, demented brains contained 
significantly higher amounts of TOC1+ tau oligomers in their synaptosomes compared with resilient 
and control brains (Figure 20). Importantly, the total amount of tau (measured with Tau5) did not 
differ across groups. Interestingly, correlation analyses between TOC1 and cellular damage (γH2AX) 
and between TOC1 and cognitive dysfunction (MMSE) showed significant associations (R=0.73, 
p=0.003 for TOC1-H2AX and R=-0.58, p=0.03 for γH2AX-MMSE) while this correlation was not 
significant when assessing AT8+ neuropil thread burden and structural damage (γH2AX, p=0.1) or 
functional memory loss (MMSE, p=0.6), supporting that oligomeric tau may be a better correlate of 
structural and functional damage in AD than fibrillar tau in the form of NFTs. 
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Figure 20: Assessment of oligomeric, hyperphosphorylated, and truncated tau species in total brain 
homogenates and synaptosomes extracted from the visual cortex 
Western blot (WB) analyses of total brain homogenates showed no difference in TOC1 signal in demented 
compared with resilient and controls (a); synaptosome extractions and WB validation of three representative 
cytosolic (CYT) and synaptosome (SYN) samples (1-3) using the presynaptic marker synaptophysin (red) and 
the postsynaptic marker PSD95 (green) (b); WB analyses of synaptosome fractions (c-g) showed a significantly 
higher TOC1 signal in demented compared with resilient and controls (c) and significantly higher 
hyperphosphorylated AT270 (pThr 181)+ tau in demented compared with resilient and controls (d), while 
there was no difference in Tau217 (pThr 217) and/or AT180 (pThr 231)+ tau (not shown). Tau truncation, as 
measured with mid-domain total tau antibody (Tau5) (e), N-terminal tau (Tau12) (f), and C-terminal tau 
(Tau46) (g), did not differ across demented, resilient, and controls (e-g). Analyses were performed on N=31 
total homogenates (6 controls, 10 resilient, 15 demented) and N=21 synaptosome extractions (4 controls, 5 
resilient, 12 demented), respectively. Arrowheads indicate the quantified bands for each WB; C/Ctrl Control 
(Braak 0-II); R/Res Resilient (Braak III/IV); D/Dem Demented (Braak III/IV); WB: Western blot. *p < 0.05; **p < 
0.01. Data are presented as mean ± standard deviation. 

 
In line with previous studies (272), these data suggest that an early aberrant mistargeting and 
accumulation of tau oligomers in synaptic compartments may play a key role in the development of 
early dementia and that tau oligomers may be a better predictor of structural and functional change 
than burden of AT8+ fibrillar tau deposits. The underlying mechanisms of such translocation could 
involve an increased production or a reduced degradation of oligomers in the synapses of demented 
subjects or be the result of dysfunctional glia which could be contributing to the transport and/or 
translocation of extracellular tau oligomers into synapses. 
 

3.9. Hyperphosphorylated pTau181 is higher in visual cortex-derived synaptosomes of 
demented compared with resilient and control brains at Braak III-IV stages 
 
Hyperphosphorylation of tau is one of the most prevalent post-translational tau modifications that 
has been associated with the propensity of tau to aggregate and propagate (383,577). Different sites 
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of tau get hyperphosphorylated at different stages of AD development (380) and overall the brains 
of demented individuals show significantly higher amounts of phospho-tau compared with healthy 
controls. Three novel tau phospho-epitopes (pTau217, AT270 (pTau181), and AT180 (pTau231)) have 
been recently found to show close association with early dementia development and progression, 
and to be measurable in CSF and plasma (578).  
 
The present brain cohort had no AT8+ NFT deposits in the visual cortex when assessed with 
immunohistochemical and/or western blotting. AT8 (pSer 202, pThr 205, pSer 208) is one of the 
earliest phospho-epitopes that becomes hyperphosphorylated at the pretangle stage of NFT 
development (385). The absence of NFTs thus enabled the unprecedented possibility to evaluate 
other early and possibly pathogenic modifications of tau protein that could be associated with 
incipient dementia stages and occur prior to NFT development. The commercially available 
antibodies against pTau217, AT270 (pTau181), and AT180 (pTau231) were used to measure earliest 
hyperphosphorylation signatures of demented and resilient brains using western blotting. The 
results showed that the synaptosomes of demented brains had a significantly higher AT270 (pThr 
181) burden compared with resilient and controls (Figure 20), and absence of Tau217 (pThr 217) 
and/or no difference of AT180 (pThr 231) across groups (not shown). These findings suggest that 
specific tau hyperphosphorylation may occur early in the synapses of demented brains which could 
be potentially relevant to early synaptotoxicity and memory dysfunction. 
 
Studies have shown that another prominent modification of tau is its truncation by proteases 
(387,392,393) which confers tau with pathogenic properties including self-aggregation and 
propagation (392,393). In particular, truncation of its C-terminus has been associated with increased 
hyper-phosphorylation and seeding activity (392,395,396). Controversy remains on the toxicity of 
the truncated proteins and/or the cleaved fragments, and on whether truncation precedes or 
follows hyperphosphorylation and NFT formation (387). Recent studies have found an independent 
association between pathologic tau truncation and neurotoxicity (398) and dementia severity (387). 
 
In the present study N-/C-terminal fragments were assessed in the synaptosomes of demented, 
resilient, and control brains using western blotting. Antibodies against mid-domain `total’ Tau 
(Tau5), N-terminal Tau (Tau12) and C-terminal Tau (Tau46) were used. Tau12 binds to the N-
terminus and detects fragments that have been cleaved at the C-terminus, and Tau46 binds the C-
terminus and detects fragments that have been cleaved at the N-terminus (579) with tau fragments 
<65kDA recognized by Tau12 corresponding to C-terminal cleaved tau and tau fragments <65kDA 
recognized by Tau46 corresponding to N-terminal cleaved tau (579). The results showed that neither 
the total amount of tau measured with Tau5, nor the quantity of N-/C-terminal cleaved tau 
fragments differed across groups, although a trend towards higher Tau12+ C-terminal cleaved tau 
was observed in the demented compared with resilient and control-derived synaptosomes (Figure 
20). 
 
Overall, these results suggest that not only tau oligomeric/conformational changes (TOC1) but also 
site-specific tau hyper-phosphorylation (pThr 181) may be among the earliest post-translational 
modifications of tau which occur in synapses of demented but not resilient AD brains prior to NFT 
development and could confer tau with potential pathogenicity. In contrast, tau truncation seems to 
be a later phenomenon or one that does not preferentially occur at the synapse in the early disease 
stages. 
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3.10 Tau seeding activity is not detectable in visual cortex synaptosomes of demented, 
resilient, or control brains at Braak III-IV stages 
 
Pathologic propensity of tau to seed trans-synaptically may be among the earliest and main 
hallmarks of toxic tau conversion, which could determine incipient clinical change and severity of 
disease progression (580). Recent studies have found that tau seeding activity in synaptosomes of 
demented brains precedes NFT deposition by at least one Braak stage (404). 
 
To evaluate presence of toxic tau seeds and evaluate the trans-synaptic spread of toxic tau seeds in 
the early phases of dementia and ahead of NFT deposition, tau seeding activity was assessed in the 
total brain homogenates and in synaptosome-enriched fractions derived from the visual cortex of 
demented, resilient, and control brains using the Diamond laboratory biosensor cell assay (405). The 
results showed absence of any detectable tau seeding activity across groups, in both the total brain 
homogenates of the cortex and WM, and the synaptosome-enriched fractions (Figure 21). 
 
 

 
 
Figure 21: Tau seeding assays in cortical and WM derived brain homogenates and in synaptosomes extracted 
from the visual cortex 
Tau seeding assays using total brain homogenates (cortex and WM) in N=31 cases showed minimal to no 
detectable seeding activity across groups; tau seeding assays performed using synaptosomes of N=15 cases 
showed minimal to no detectable seeding activity. Each assay was done in triplicate and tau seeding 
experiments were repeated three times and averaged for each case. C: Control (Braak 0-II); R: Resilient (Braak 
III/IV); D: Demented (Braak III/IV). Scale bar 100 μm. Data are presented as mean ± standard deviation. 
 

The presently studied brain region lies one to two Braak stages ahead of tau deposition, thus these 
results suggest that toxic tau seeds may form during a temporally and spatially restrained period 
which may not exceed more than one Braak stage and thus be closely associated with presence of 
NFTs (404). Moreover, tau seeds may not be needed for synapse loss to occur and their effect on 
early synapse derangement may be negligible. In addition, the readily present increases in TOC1+ 
tau and pTau181+ tau in the synaptosomes of demented brains suggests that those early pathogenic 

100 µm 
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tau changes may primarily initiate locally at the synapse, and not depend on a pathogenic tau 
conversion derived from tau seeds. Recent studies have suggested that C-terminal truncated tau is 
more prone to seed (395), and the demented brains did not show higher C-truncated tau in the 
synaptosomes which may be a later phenomenon possibly yielding tau with additional toxic 
properties including seeding activity. While it remains possible that toxic tau conversion and seeding 
activity was not yet present in the early disease phases studied here, it cannot be excluded that 
seeding of early seed-competent tau moieties may not be adequately detected by the conventional 
Diamond laboratory biosensor cell constructs used here. Of note, the samples were also tested on a 
second and newly developed biosensor cell construct (581) but, once again, no tau seeding activity 
was detected (not shown). 
 

3.11 TOC1+ tau oligomers are higher in the pre- and postsynapses of demented compared 
with resilient and control brains at Braak III-IV stages 
 
To assess the in situ association of TOC1+ tau oligomers with synaptic elements, and evaluate the 
predilection of TOC1+ tau for presynaptic and postsynaptic elements individually, the association of 
TOC1+ puncta with Bassoon+ presynapses and PSD95+ postsynapses was assessed. Importantly, a 
subset of N=10 cases (4 demented, 4 resilient, and 2 controls) that were matched for age, gender, 
amyloid-β burden, neuropil thread, and composite vascular score, excluding any PART cases, were 
selected for this analysis (Table 5). The results showed significantly higher TOC1+ tau colocalized to 
presynapses and postsynapses in demented compared with resilient and controls (colocalized TOC1-
Bassoon 49.9%±5.5% for demented, 28.2%±6.6% for resilient, and 18.7%± 2.3% for control brains; 
colocalized TOC1-PSD95 32.5%±6.7% for demented, 17.3±2.8% for resilient, and 14.5%±3.1% for 
control brains) (Figure 22) with a higher proportion of TOC1+ oligomers contained in presynapses 
when compared with postsynapses. These findings are in line with the previous western blot 
evaluation of TOC1 in synaptosomes of these same cases (Figure 20). 
 
 

 
 
 
Table 5: Baseline demographic and neuropathologic characteristics of the subset of N=10 cases used for 
assessments of oligomeric tau-driven synapse elimination by glia 

Cognitive status Control Resilient Demented

Number of subjects, total N=10 2 4 4

Cognitive scores

MMSE (mean, SD) 30 (0) 29.5 (0.6) 26 (1.6)
*

Age (years)

Mean (SD) 83 (9.9) 80.8 (3.6) 85.2 (8.8)

Sex

Female N (%) 1 (50%) 3 (75%) 3 (75%)

Male N (%) 1 (50%) 1 (25%) 1 (25%)

Neuropathology ('ABC' score)

A-Thal phase, median (range) 0 (0) 2.5 (2) 4 (3)

B-Braak stage, median (range) 1.5 (1) 3 (1) 3.5 (1)

C-CERAD score, median (range) 0 (0) 1.5 (2) 1 (1)

Vascular score

Composite score, mean (SD) 5 (1.4) 2.8 (3) 2.7 (1.3)

PMI (hours)

Mean (SD) 24 (0) 25.5 (21.4) 22.7 (8.5)



92 
 

Demographic and neuropathologic features of the total N=10 subjects included in the analyses of TOC1+ pre- 
and postsynapses, and microglial and astrocytic engulfment of TOC1-containing synapses (data are shown in 
Figure 22). Thal phase: No amyloid-β deposition (A0), amyloid-β in neocortex (A1), amyloid-β in 
allocortex/limbic regions (A2), amyloid-β in diencephalon/basal ganglia (A3), amyloid-β in brainstem/midbrain 
(A4), amyloid-β in cerebellum (A5); CERAD score: No neuritic plaques (C0), sparse plaques (C1), moderate 
plaques (C2), frequent plaques (C3); Cerebrovascular composite score includes subscores for: hypertensive 
cerebrovascular, atherosclerosis, cerebral atherosclerosis, occlusive atherosclerosis and cerebral amyloid 
angiopathy score; MMSE: Mini-Mental State Examination score; PMI: Post-mortem interval; N: number; SD: 
Standard deviation. C: Control (Braak 0-II); R: Resilient (Braak III/IV); D: Demented (Braak III/IV). Significance 
levels (*) indicate differences between demented and resilient brains with their respective p-value. *p < 0.05. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 22: Quantitative assessments of TOC1-positive pre-/postsynapses and TOC1-driven synapse 
elimination by microglia and astrocytes  
Analyses of TOC1-positive synaptic elements and TOC1-driven internalization of synaptic elements by glial cells 
were assessed using expansion microscopy (ExM) and confocal imaging. TOC1+ tau oligomers were higher in 
Bassoon+ presynapses and PSD95+ postsynapses of demented compared with resilient and controls (a, b); 
TOC1+ pre-/postsynapses were higher inside IBA1+ ameboid microglia and GFAP+ astrocytes in demented 
compared with resilient and controls (c, d). Representative images showing colocalized Bassoon+/TOC1+ 
puncta (white circles) in control, resilient, and demented brains (a); representative images showing TOC1+ 
puncta colocalized with Bassoon+ presynapses and PSD95+ postsynapses in demented, resilient, and control 
brains (b); representative Imaris 3D reconstructed images with white arrowheads indicating engulfed, and 
white arrows indicating non-engulfed PSD95+/TOC1+ synapses inside an IBA1+ ameboid microglia before (c1) 
and after (c2) making the cell body transparent, and Bassoon+/TOC1+ synapses inside an GFAP+ astrocyte 
before (c3) and after (c4) making the cell body transparent; quantitative assessments of the proportion of 
internalized TOC1+ presynapses and TOC1+ postsynapses inside IBA1+ ameboid microglia and GFAP+ 
astrocytes, respectively (d). Analyses were performed on N=20 IBA1+ and N=30 GFAP+ cells from N=10 brains 
(2 controls, 4 resilient, 4 demented); C Control (Braak 0-II); R Resilient (Braak III/IV); D Demented (Braak III/IV). 
*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Scale bar 5 μm. Data are presented as mean ± standard 
deviation. 

 
 
These results reinforce that an enhanced mistargeting and accumulation of tau oligomers in 
synapses is an early hallmark of demented compared with resilient brains, and that tau oligomers 
may selectively target both, presynapses and postsynapses in the early disease stages, potentially 
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involving different pathways in the process. Importantly, the increase in oligomeric tau in synapses 
occurred despite matched total tau (Tau5) and phospho-tau (AT8) burdens in the same brain region. 
This suggests that the mechanisms involved in the (pathologic) increase of oligomeric tau in 
synapses of demented brains may underlie a locally We developed tau FRET probes based on a 
single DNA construct using the T2A self-cleaving peptide - Lathuliere, 2023enhanced generation 
and/or an inefficient removal of tau oligomers from synapses, rather than a secondary effect derived 
from an increased total amount of tau in these brains.  
 

3.12 TOC1+ synaptic elements are higher inside GFAP+ astrocytes and IBA1+ microglia in 
demented compared with resilient and control brains at Braak III-IV stages 
 
Tau oligomers are known to be directly synaptotoxic, however the toxic effects of tau oligomers 
occur within hours, and they do not as such plausibly explain the slowly progressive dementia 
disorder characterizing AD. To evaluate the alternative possibility that accumulation of TOC1+ tau 
oligomers in synapses of demented brains could serve as a signal for glial cells to increase the 
engulfment of synapses, the proportion of internalized TOC1-tagged presynapses (Bassoon+) and 
TOC1-tagged postsynapses (PSD95+) by IBA1+ microglia and GFAP+ astrocytes were evaluated. For 
these analyses, the same subset of N=10 cases (4 demented, 4 resilient, and 2 controls) used 
previously and matched for age, gender, amyloid-β burden, neuropil thread, and composite vascular 
score, excluding any PART cases, was used (Table 5). The results showed that IBA1+ ameboid-shaped 
microglia and also GFAP+ astrocytes contained higher proportions of TOC1-labelled pre- and 
postsynapses in demented compared with resilient and control brains (demented vs. resilient vs. 
controls, TOC1+ synapses in microglia: 7.4%±0.6% vs. 5.1%±0.7% vs. 3.7%±0.4% internalized 
TOC1+/Bassoon+ puncta [p=0.006]; 11.6%±1.3% vs. 6.8%±0.5% vs. 7.4%±1.3% internalized 
TOC1+/PSD95+ puncta [p=0.001]); TOC1+ synapses in astrocytes: 7%±0.6% vs. 4.3%±0.7% vs. 
4%±0.3% internalized TOC1+/Bassoon+ puncta [p=0.001]; 7.9%±0.6% vs. 5.3%±0.5% vs. 3%±0.6% 
internalized TOC1+/PSD95+ puncta [p=0.0006]) (Figure 22). Importantly, the internalized tau 
oligomer-containing synaptic puncta represented a large proportion of the total puncta engulfed by 
microglia and astrocytes in demented brains (91% of presynaptic and 93% of postsynaptic puncta in 
IBA1+ ameboid microglia, and 63% of presynaptic and 60% of postsynaptic puncta in GFAP+ 
astrocytes, respectively) suggesting that the mechanisms involved in the engulfment of tau 
oligomer-containing synaptic elements may be key in the early phases of dementia. Of note, if taking 
into account the previously shown total increase in inflammatory glial cells in demented brains 
(Figure 12 and Figure 13), the total burden of internalized synapses by these glial cells would be of 
even higher magnitude, and account for an important proportion of synapse loss in these brains. 
 
These findings suggest that an alternative and novel explanation of the early and increased 
elimination of synapses by glia in a demented human brain may be the presence of tau oligomers 
mistargeted to synapses. These findings however also suggest that additional determinants may be 
involved to explain the different internalization propensities of presumably phenotypically 
indistinguishable glial cells in a demented and a resilient/control brain in the presence of synaptic 
tau oligomers. It cannot be excluded that tau oligomer-tagged synapses were dysfunctional prior to 
their glial cell engulfment, and that glial cells were internalizing them to try to effectively remove 
them. However, and as previously shown in in vivo studies, the temporal disconnect between the 
relatively acute synaptotoxic effects of tau oligomers (in the range of hours) in contrast to the very 
slowly progressing dementia disorder characterizing AD (over the course of years), would argue 
against a primarily direct synaptotoxic role of tau oligomers on synapses. Of note, cases selected for 
this analysis were matched for vascular score burden which largely eliminates the potential 
involvement of vascular injury signals and/or the peripheral influx of elements that may alter the 
intimate interaction sites between oligomeric tau in synapses and inflammatory glial cell responses. 
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Importantly, no significant associations were found between PMI and synapse densities (R=0.19 
(95% CI -0.23-0.55) [p=0.36]), 4G8 burden (R=0.1 (95% CI -0.32-0.5) [p=0.63]), AT8+ neuropil (R=0.04 
(95% CI -0.37-0.44) [p=0.84]), p-tau181 (R=0.32 (95% CI -0.3-0.75) [p=0.28]), TOC1 (R=-0.1 (95% CI -
0.64-0.47) [p=0.69]), and GFAP (R=-0.16 (95%CI -0.55-0.3) [p=0.48]), largely excluding the possibility 
that changes in the expression levels of these proteins would be due to PMI.  
 

4. Discussion  
 

4.1 Summary  
 
The present work proposes that early glial cell changes involving an increase in pro-inflammatory 
and a decrease in homeostatic glial responses are present in the neocortex and WM of demented 
but not resilient and control brains in advance of NFT formation, and that glial cell changes show a 
close association with cortical cell damage and cognitive decline. Moreover, synapse loss is present 
in NFT-free brain regions of demented brains, and this neuropathologic change is an earlier and 
stronger determinant of dementia presence and severity than amyloid-β and/or tau deposits. In 
addition, presynapses, postsynapses, and mature colocalized synapses are excessively internalized 
by pro-inflammatory microglia and astrocytes in demented compared with resilient and control 
brains, and an early increase of tau oligomers in the synapses of demented brains is associated with 
a significant enhancement of synapse elimination by glial cells in these brains. These results are 
novel and indicate that early glial phenotypic changes precede tau tangle pathology in the brains of 
mildly demented individuals, that early synapse loss in these brains could be primarily driven by 
microglia and astrocytes, and that tau oligomers mistargeted to synapses could be driving and 
perpetuating the aberrant glial cell responses observed in demented brains in the early phases of AD 
dementia. This is the first study to report evidence of astrocyte and microglia engulfment of 
synapses in early AD dementia, and to suggest that tau oligomers in synapses may be detrimental 
through increasing the glia-mediated synapse elimination in demented brains. 

 

4.2 General discussion 

 
Even though the distribution and abundance of amyloid-β plaques and NFTs at post-mortem is a 
good predictor of the likelihood of cognitive impairment prior to death, in some instances there is a 
mismatch between lesions and symptoms, and these cases are referred to as `resilient’ brains to 
ADNC (1,57,582–584). Cognitively normal individuals who harbor a high burden of ADNC (Braak V-VI 
stages) at autopsy are rare and represent a very small subset of outliers estimated at around 5-7%, 
but cognitively normal individuals with intermediate stages of ADNC (Braak III-IV stages) at post-
mortem seem to represent a substantial proportion of around 45% of all elderly individuals whose 
brains show ADNC at autopsy (9). Previous studies of resilient brains at advanced Braak V-VI stages 
have found that inflammatory glial cell responses and accumulation of oligomeric tau in synapses 
are higher in demented but remain low in resilient brains (57,58,272,520,585). Although the study of 
these advanced AD stages allows to assess brain changes that would confer resilience to the effects 
of full-blown and ubiquitous amyloid-β plaque and NFT pathologies, these brains are less well suited 
to address the significance of other neuropathologic features including neuroinflammatory changes 
that could be developing at or even before classical AD neuropathologic lesions and be relevant for 
early dementia development. In the present study a cohort of 60 human brains with intermediate 
stages of tau pathology (Braak III-IV) was selected, which included a group of demented (N=29) and 
a group of non-demented `resilient’ (N=21) age-matched subjects. To assess whether resilient 
subjects would harbour brain signatures unique to them and distinct from healthy cognitive ageing 
that would be key to overcome the effects of ADNC and enable an advantageous cognitive trajectory 
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in these individuals, a group of age-matched controls (N=10) was included. The control group 
comprised brains of non-demented subjects with negligible neocortical tau (Braak stage 0-II), 
absence of neuritic plaque burden (CERAD 0), and lack of other major neuropathologic lesions. 
Importantly, the age of the resilient and demented subjects was matched (mean age of 87.9 years 
for resilient and mean age of 88 years for demented subjects) suggesting that age, which is one of 
the strongest risk factors for dementia, did not have a major impact on the presence or absence of 
dementia in this brain cohort. Equally, the apoE4 allele status, one of the strongest genetic risk 
factors for AD dementia, was matched between groups. 
 
Amyloid-β and tau deposits in early-stage AD brains 
 
NFTs are known to start to form in the transentorhinal/entorhinal cortex (Braak stage I-II), they then 
affect the mesiolimbic and neocortical lobe structures (Braak stages III-IV), and ultimately culminate 
in the visual cortex (Braak stages V-VI), resulting in overt tau pathology along the same pathways (2). 
Importantly, in the Braak III stages NFTs are restricted to the medial temporal lobe and in Braak IV 
stages NFTs reach the temporal neocortex, but most neocortical regions still remain unaffected 
(586). Thus, brains at Braak III-IV stages provide a unique temporal window of opportunity to assess 
early changes occurring in neocortical regions in advance of the accumulation of NFTs. In the present 
study, human brains of demented and resilient subjects at Braak III-IV stages were included, and the 
temporal pole (a late Braak III region) and visual cortex (a Braak V-VI region) were assessed. The 
temporal pole (Brodmann area 38) is located at the most rostral part of the temporal lobe and it has 
been associated with a wide range of cognitive functions (119). Importantly, amyloid-β pathology 
typically accumulates in this brain region in the early Thal 2 stage, while NFTs reach this brain region 
in the late Braak III stage (545). This makes this brain area of particular interest since it represents an 
early interaction site between readily present amyloid-β plaques and newly developed tau tangles. 
In the present study, brains in the Braak III and/or IV stages were pooled together for further 
analyses. To ensure that none of the brains were ahead of NFT development in this brain region 
(e.g., at an early Braak III stage), all temporal poles were stained with AT8 antibody, and cases were 
included only when NFTs were present in this brain region (Figure 2). The visual cortex (Brodmann 
areas 17 and 18) is located at the most posterior part of the occipital lobe and it receives and 
integrates visual stimuli and is involved in visual and working memory tasks (121,122). The visual 
cortex typically gets affected by amyloid-β pathology in the late Thal 2 stage, and by NFTs in the late 
Braak V-VI stage (545), making this brain region ideally suited to evaluate how glial cells (and other 
potential neuropathologic changes) would behave ahead of NFT development in a brain region with 
relatively low amyloid-β burden. In line with this, quantitative analyses of the burden of 4G8 in 
temporal and visual cortex showed a significantly lower amount of 4G8 deposits in the visual cortex 
(mean area covered by 4G8 deposits: 1.8%) compared with the temporal pole (mean area covered 
by 4G8 deposits: 2.6%) (Figure 10). All visual cortices were stained for AT8 antibody and showed 
absence of NFT deposits, however minimal amounts of AT8+ neuropil threads were observed and 
quantitative analyses of the total burden of AT8+ neuropil threads did not significantly differ 
between resilient and demented brains (Figure 3). This suggests that neither the presence of fibrillar 
tau in the form of NFTs nor phospho-tau accumulation in the neuropil (dendrites and neurites) seem 
to distinguish demented from resilient subjects, and/or to have a major impact on functional and 
cognitive changes in an individual. Nonetheless, the overall very low burden of AT8+ neuropil 
threads with an average density of 0.0035/µm2 across groups could be a potential explanation for 
the lack of effect of those tau deposits on cognitive function at these very low levels of tau 
accumulation. Maybe a higher burden of AT8+ tau in the neuropil would have had deleterious 
effects on structural and cognitive measures. Of note, the basic anatomic characteristics of temporal 
and visual cortices are similar and they display the typical six-layered structure characteristic of the 
human neocortex (587,588), allowing an optimal comparative analysis of neuropathologic changes 
across these two brain regions. 
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Clinicopathologic discrepancies in AD  
 
Initial clinical symptoms in AD typically develop at Braak III-IV stages of tau pathology manifesting as 
prodromal MCI or mild dementia syndrome (20,586). Understanding the brain changes that beyond 
amyloid-β plaques and NFTs may result in the early clinical manifestations of the disease may be 
relevant for early preventative interventions to effectively halt neurodegeneration and clinical 
expression of ADNC and/or other neuropathologic changes that may be contributing to the memory 
loss in AD. In the present study, the demented subjects had an antemortem diagnosis of MCI or mild 
AD dementia in most except for two cases who had moderate dementia prior to death (mean MMSE 
of 24/30 points), and the age-matched resilient and control subjects showed no antemortem 
dementia (mean MMSE of 29.5/30 points for the resilient, mean MMSE of 29/30 for the control 
subjects) (Table 3). Of note, last clinical assessments prior to death took place within < 2 years 
(except for one control case). Demented and resilient brains showed similar burdens of 4G8+ 
amyloid-β plaques and AT8+ NFTs in the temporal cortex, and similar burdens of 4G8+ amyloid-β 
plaques and absence of NFTs in the visual cortex, as shown in the quantitative histopathologic 
assessments of these brains (Figure 2). Previous studies have suggested that cellular damage in a 
demented AD brain does not closely associate with the presence of amyloid-β plaques or NFTs (390). 
Although NFTs correlate better with the burden of neuronal loss and with the severity and duration 
of clinical symptoms than amyloid-β plaques (358,589), some neuronal populations in demented 
brains seem particularly vulnerable to cell loss even in the absence of NFT formation (390), and a 
substantial proportion of neurons containing NFTs can remain functional over several decades (21). 
In fact, the amount of neuronal loss in demented brains, even in areas with abundant NFTs, cannot 
be explained by the number of NFTs present at autopsy, and the burden of neuronal death in a 
demented brain exceeds by at least 7x the number of NFTs measured in the same brain region 
(19,358,590). Moreover, the majority of dead neurons in a demented brain are free of NFTs, with 
estimates suggesting that 9 out of 10 neurons that die do not contain a NFT (390). In addition, ghost 
tangles, which are the ultimate reflection of cellular death of tangle-bearing neurons, are 
exceedingly rare in demented brains, and are estimated at only around 1% of total neurons 
containing NFTs (391). Previous studies of resilient and demented human brains have reinforced the 
lack of association between the burden of AD neuropathologic lesions and symptoms (57) however, 
in some studies of resilient brains at advanced Braak V/VI stages of tau deposition, lower burdens of 
NFTs were present in select cortical brain regions of resilient when compared with demented 
subjects, and NFT burden was proposed to partly account for the lack of cognitive symptoms 
observed in these subjects (27,591). Contrary to this idea but in line with other previous studies of 
resilient brains, in the present study the detailed quantitative neuropathologic assessments of the 
burden of 4G8+ amyloid-β plaques and AT8+ NFTs and AT8+ neuropil threads showed no difference 
between resilient and demented brains (Figure 2 and Figure 3). This suggests that neither the 
deposition stage of ADNC nor the burden of amyloid-β plaques and number of NFTs in these 
intermediate stages of AD neuropathology plausibly explains the opposite cognitive outcomes 
observed in these individuals. It remains possible that the previously reported effects of NFTs and 
neuropil thread burden on cognition may arise in more advanced stages of AD, in which the overall 
burden of NFTs and neuropil thread is higher. Importantly, the matching for amyloid-β and NFT 
burdens at baseline between resilient and demented set an important prerequisite for the 
subsequent assessment of other additional neuropathologic variables such as neuroinflammatory 
changes in these brains, ensuring a comparable AD neuropathologic burden at baseline and thus 
eliminating the need to correct for the potential effects that varying burdens of ADNC may possibly 
have. 
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Demographic and epidemiologic features of resilient and demented individuals with ADNC 
 
Dementia incidence and prevalence notably increases with age and recent studies have estimated 
that the prevalence of dementia is of around 10% in individuals aged 65 years and it increases to up 
to 50% in individuals aged 85 years and above. Dementia is also higher in female compared with 
male and it is influenced by racial and ethnic differences. Highest incidence and prevalence of MCI 
and AD dementia is reported in Black and Hispanic populations (182,183). Disease severity and 
concomitant neuropsychiatric comorbidity are also significantly more common in Black and Hispanic 
subpopulations when compared with White individuals (592,593), overall contributing to a more 
deleterious trajectory of the dementia syndrome in these subpopulations. Several risk factors, 
including cardiovascular comorbidity and years of education, have been regarded as potentially 
modifiable contributors to the development and trajectory of dementia in these individuals and they 
are also viewed as important risk factors in the general population. Emerging studies have proposed 
that specific genetic risk loci of Hispanic and/or Black subpopulations may differ and possibly 
contribute to the increased dementia risk observed, although the AD etiology is ultimately 
considered to be the same across different ethnic and racial groups (594). The present brain cohort 
included a high proportion of White individuals (representing 96% of the cohort) and significantly 
underrepresented other ethnic and racial subpopulations including African-American (2%) and Asian 
(2%) subjects (Table 3). While the heavy bias towards an exclusively single-race population ensures 
consistency and comparability of results and removes potential differences in genetic and 
mechanistic hallmarks that may be associated with different racial entities, it also limits the 
generalizability of the obtained results to a subpopulation of White individuals only. The number of 
years of education have been proposed to represent an important protective factor against 
dementia development (595) and high educational attainment is viewed as a hallmark of resilience. 
Estimates have proposed that only sustained exposure to continuous education and cognitive 
stimulation for >10 years leads to a significant risk reduction in dementia development and to a 
milder disease trajectory (186). This has been attributed to the formation of higher cognitive reserve 
in individuals with higher cognitive attainment during lifetime, which promotes a higher ability of 
those brains to maintain cognitive function in the face of AD and/or other neuropathologic lesions 
(185,186). In line with this, higher years of education are considered a hallmark of resilient 
compared with demented individuals. In the present work, average years of education were >10 
years for all included groups however, and contrary to previous reports, the mean years of 
education significantly differed between resilient and demented subjects with resilient showing 
significantly lower total years of education compared with demented (mean years of education of 
14.4 (0.7) years for resilient and mean years of education of 17.4 (0.5) years for demented) (Table 3). 
These findings are interesting and propose that in a highly educated cohort such as the one assessed 
here (average of >14 years of education across groups), the relationship between cognitive 
attainment and functional decline may lose significance, maybe due to both demented and resilient 
equally reaching the top of the cognitive reserve potential where the effects of additional years of 
education would not substantially influence the cognitive functional compensation anymore, and 
instead other factors associated with demographic and/or neuropathologic features would become 
essential in determining the risk to ultimately develop or not develop AD dementia. Importantly, no 
significant differences in years of education were observed between control and resilient subjects 
(mean years of education of 17.5 (0.9) years for controls and mean years of education of 14.4 (0.7) 
years for resilient), indicating that the preservation of cognitive function in resilient brains, where 
amyloid-β and tau pathologies are significantly higher than in healthy control brains, does not 
necessitate of a significantly higher amount of cognitive reserve to counteract the detrimental 
effects of ADNC. On the other hand, it also denotes that an equal number of years of education does 
not seem to neuropathologically alter the trajectory of an individual and that some individuals will 
still develop ADNC in the brain while others with similar years of education will not. The positive 
effects of education on cognition are most evident in the early disease phases and they decrease 
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with increasing dementia severity, however the role of education attainment on ADNC burden is 
overall small and has shown great variability within different dementia stages (596). This reinforces 
that while the positive effects of cognitive attainment may directly alter dementia development and 
severity, its effect on ADNC is less straightforward and may not be directly mediated through 
changes in ADNC burdens in these brains. Interestingly, recent studies on bilingualism/ 
multilingualism have shown that people who habitually use two languages, which serves as a proxy 
measure of repeated activation of neural network connections, show a delay of dementia symptom 
onset by up to 5 years compared with monolingual subjects (597), suggesting that not only remote 
years of education in childhood/adulthood but also sustained cognitive stimulation in later 
adulthood/ageing may be beneficial to maintain a better brain reserve in an individual (598). Despite 
evidence of brain structural and functional benefits of multilingualism, the potential association 
between multilingualism and ADNC burden remains largely unknown (597). Ultimately, it is possible 
that the higher years of education of the presently studied demented cohort may have positively 
influenced the onset and trajectory of cognitive decline in these subjects as this group showed an 
overall average age of disease onset (mean 73.3 years) but a rather mild disease trajectory with a 
relatively long disease duration of 14.7 years, in which most of the subjects, except for three, had 
only progressed to a mild stage of AD dementia (mean MMSE 24/30 points). The overall duration of 
the MCI stage has been previously estimated at around 7 years and that of mild dementia at around 
1-2 years, and as such the present population showed a particularly mild and slow overall 
progression of cognitive decline over a relatively long period of time compared with the general 
trajectory of AD dementia. It therefore remains possible that the overall high educational and 
cognitive attainment of the presently studied subjects may have enabled them to maintain a 
substantial amount of cognitive function over a relatively long period of time, maybe mediated 
through developing an overall lower burden of ADNC and/or additional mechanisms to better cope 
with ADNC in the brain.  
 
It is well-known that the association between cognition and amyloid-β plaques or NFT deposits in AD 
is largely imperfect and that an important amount of cognitive decline is not explained by the 
presence of positive AD biomarkers and/or post-mortem ADNC alone (99). For the assessment of AD 
associated brain changes in living individuals, PET-imaging is the only biomarker that allows an 
estimate of the topographic distribution and the quantitative burden of amyloid-β and tau 
pathologies in the brain of subjects with AD dementia. In line with neuropathologic assessments 
obtained from brain autopsies, the association between amyloid-PET and tau-PET with cognition is 
not always present. In fact, between 12-31% of subjects diagnosed with AD dementia show amyloid-
PET negativity (599,600) and around 28-34% of individuals show tau-PET negativity (600,601). The 
high variability observed in the false negative PET-imaging rates is dependent on the clinical stage at 
which the PET scans were performed. Of note, currently used tau-PET tracers are particularly 
insensitive to detect tau deposits at and below Braak IV stages of tau deposition, and as such tau-
PET has a limited use for early stages of AD dementia. Interestingly, individuals without cognitive 
impairment show amyloid-PET positivity in around 10-30% of cases (111), and tau-PET positivity in 
around 5-10% of cases (112). This suggests that a subset of subjects diagnosed with AD dementia 
may not show AD biomarker positivity, and that a subset of healthy individuals may show AD 
biomarker positivity despite absence of symptoms. This is in line with post-mortem assessments of 
resilient human brains and reinforces the idea that neither amyloid-β nor tau deposits in the brain 
accurately predict the cognitive status and/or disease severity in an individual. The presently studied 
brains showed amyloid-β and tau pathologies deposited in a similar distribution and in a comparable 
burden in the brains of demented and resilient individuals, not allowing to accurately distinguish 
between these two groups when using amyloid-β and tau deposits as the only neuropathologic 
measure (Figure 2). In addition, the severity of cognitive dysfunction assessed with MMSE, CDR-
global, CDR-SoB, CDR-SoB subscores (including orientation, executive function, community affairs, 
home and hobbies, and personal care), and WAIS-R score did not show significant association with 
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amyloid-β plaque burden and/or with AT8+ neuropil threads in these subjects (see data in the 
results section). This suggests that the presence of amyloid-β and tau deposits in the brain does not 
invariably impact cognitive function, and that the detrimental cognitive effects present in the 
demented cohort may rather derive from other neuropathologic changes distinct from ADNC.  
 
Expansion microscopy for the study of synapses in human AD brains  
 
Synapse loss is viewed as the closest and most reliable neuropathologic signature of cognitive 
decline in dementia of various etiologies including AD and, in contrast to amyloid-β and tau 
pathologies, synapse loss shows a strong association with the onset and progression of cognitive 
dysfunction (255). Moreover, synapses are lost before neurons become dysfunctional and die, and 
synaptic markers may serve as an earlier and more reliable measure of incipient cognitive change 
and subsequent dementia conversion and progression. There are around 10’000 synapses per 
neuron (602) and a total amount of around 60 trillion synapses in the adult human brain (603). 
Importantly, synaptic transmission is the major energy consuming process in the adult human brain, 
accounting for an estimated 43% of the total energy demands of the grey matter (604). Synapses are 
closely associated with glial cells and they form a tripartite functional unit together with astrocytic 
end-feet (605), or a tetrapartite functional unit when microglia are added to this intricate association 
(454). Synapses are also closely associated with oligodendrocytes which are predominantly found at 
the postsynapse (529). This places synaptic elements in a particularly central position when it comes 
to understanding early structural and functional/cognitive changes associated with AD, but it also 
challenges the study of this subcellular compartment in view of the high abundance of densely 
packed synaptic elements and the intimate crosstalks between synapses and glial cells in the brain. 
Synaptic sizes are in the nanoscale range and this poses a limiting factor for their adequate individual 
and global assessment, which is reinforced by major challenges in the evaluation of synapse 
densities in past histopathological studies (275,276). To overcome the important limitations set by 
the small size of synapses and by the optical resolution limits of conventional imaging techniques, in 
the present study, synapses were assessed with the novel technique of ExM, which allows 
overcoming the optical limitations of conventional microscopes in visualizing synaptic elements by 
physically magnifying the size of the tissue and the synapses contained within it, increasing 
nanoscale structures to the micrometre range (245,246,555). With the use of a slightly modified ExM 
protocol (245,249,560) an average expansion factor of 4.6x was obtained which enabled an effective 
resolution of 25-30 nm, optimal for the assessment of synapses and other structures such as 
oligomers (Figure 6). This also enabled an unprecedented in situ spatial assessment of synapses and 
oligomers with glial cells with the use of conventional confocal microscope imaging. Recent studies 
have suggested that ExM with postexpansion antibody labelling benefits from a `decrowding’ 
phenomenon, in which the physical expansion process exposes additional epitope binding sites that 
can be better and more effectively targeted by conventional antibodies (249). This added benefit of 
ExM may allow a more accurate estimate of the true numbers of small nanoscale structures in the 
human brain such as synapses and oligomers. In addition, ExM protocol involves a partial tissue 
clearing in the homogenization step, in which elements other than proteins that are covalently 
bound to the gel matrix are removed through a heat-detergent treatment (555). This enables an 
improved resolution of small structures, and a better visualization of single synaptic or oligomeric 
structures, when compared with non-cleared tissue imaged with high-resolution microscopes. 
Several protocol amendments of the basic ExM protocol have been developed, among which one of 
the most interesting ones has been the possibility of re-expanding the readily expanded tissue with 
the use of an iterative ExM (iExM) protocol to achieve an expansion factor of 16-22x after one round, 
and 53x after two rounds of re-expansion (254). Although this approach seems ideally suited to 
study small structures such as synapses, and it has been shown to enable the visualization of 
receptors within the synaptic cleft at high resolution (606), the significantly higher expansion factor 
achieved by iExM causes an important distortion of the epitopes that makes them undetectable by 
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conventional antibodies, making the use of nanoantibodies necessary, which may substantially limit 
the possible targets that can be assessed and visualized. In the present brain cohort, the 
conventional ExM protocol was used together with postexpansion antibody labelling in order to 
benefit from a moderate expansion factor (4-5x) sufficient to visualize synaptic elements, a 
concomitant tissue clearing, and a decrowding of structures at the nanoscale. Conventional ExM has 
been previously applied to various human tissue specimens and it has been validated for its isotropic 
expansion in the 3-dimensions, and its lack of significant distortion of target elements which is 
estimated at the range of at most 1-2 nm (248,606,607). The rapidness of image acquisition and 3-D 
reconstruction of ExM tissue volumes using optical microscopes also provides more quantitative 
data compared with alternative high-resolution imaging methods such as EM (608).  
 
The conventional ExM protocol was used with minor modifications (see methods section) and a 
validation of the ExM technique was performed. The validation showed that the density of 
presynapses and postsynapses and the percentage of colocalized mature synapses was comparable 
between expanded and non-expanded tissue albeit by a magnitude of ~10x higher in the expanded 
compared with the non-expanded samples (which may be due to the thicker sectioning of tissue for 
ExM, the decrowding phenomenon, and the increased resolution achieved by the tissue clearing 
process). The colocalization between synapses and glial cells and the proportion of internalized 
elements were comparable between the expanded and the non-expanded tissue of the same case 
(Figure 7 and Figure 8). Moreover, double immunolabeling of glial cells with different epitope 
targets showed an overlap of labelling signal, indicating specific binding and absence of evident glial 
cell distortion in the expansion process (Figure 8). Co-staining of lysososmal marker LAMP2 with glial 
cells showed colocalization of LAMP2 with synapses inside the glial cell body supporting a biological 
underpinning rather than an artefactual effect in the finding of engulfed synaptic elements inside 
glial cells (Figure 9). In line with previous studies, the conventional ExM protocol used here allows an 
isotropic expansion of tissue specimens introducing at most minimal distortions that do not 
significantly alter the nanoscale arrangements of synapses and/or the spatial association of synapses 
with glial cells and other elements. 
 
Synapse densities in early-stage AD brains 
 
Previous studies have suggested that synapse loss occurs closely associated with the early stages of 
dementia and that it increases in parallel with increasing dementia severity (255). Estimates of 
synapse densities in the brains of healthy elderly and demented subjects vary widely and no study 
has so far performed a systematic and large-scale histopathologic assessment of synapse densities 
across brain regions in a single brain. Moreover, the use of different methods for synapse 
quantification (e.g., EM, superresolution microscopy, conventional microscopy with high 
magnification objectives) further limits the estimation of the values and ranges of normal vs. altered 
synapse densities in the human brain. Among some of the most recent and methodologically robust 
studies, synapse densities in the temporal human cortex have been estimated at around 1x109/mm3 

(609) with ranges between 5x108/mm3 to 1.3x109/mm3 indicating that the variability of synapse 
densities obtained within one same study may be of around 3x. When considering synapse densities 
published by other groups in human neocortex, synapse densities have been estimated at 
7.3x10e8/mm3 (275) and 1.4x10e8/mm3 (276) among others, increasing the overall variability of 
published synapse densities to up to 16x. In the present work, synapse densities were assessed with 
the use of ExM and confocal imaging in layer II of the visual cortex (V1 and V2). In the entorhinal 
cortex, the cortical layer II represents the most vulnerable layer to early neuronal loss in AD 
(19,610), which could also be a site of early vulnerability in other neocortical structures including the 
visual cortex, although this has not been systematically explored. Layer II was chosen based on its 
close association with cognitively relevant higher order functions including complex visual 
information processing, and due to its close anatomical and functional association with other cortical 
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brain regions (e.g., temporal lobe) through connections provided by the ILF, which is a WM tract that 
shows early vulnerability in AD. Synapses were labelled using synapsin1, a protein that is 
ubiquitously present on the surface of pre-synaptic vesicles (611), and PSD95 a protein that is found 
in the postsynaptic density of excitatory neurons and is involved in regulating the coordinated 
interaction between synaptic proteins (612). The use of this excitatory synapse combination allowed 
to visualize 80-90% of total synapses of the human brain (231,232). Inhibitory synapses have 
recently shown similar vulnerability to early dysfunction and loss in AD brains as excitatory synapses, 
and although this evidence derives from studies limited to transenthorinal/enthorinal regions (264), 
it remains possible that selective vulnerability of excitatory and inhibitory synapses is present in 
other brain regions, including the visual cortex, as well. Interestingly, despite previous evidence of an 
early loss of both, excitatory and inhibitory synapses in demented brains at post-mortem using the 
markers PSD95 (excitatory) and gephryn (inhibitory), there is a reported excitatory-inhibitory 
imbalance in AD with an overall increase in electrophysiological excitatory-inhibitory ratio that is 
suggested to contribute to increased activation of default mode networks which are directly 
associated with reduced performance in cognitive tasks (274). This suggests that despite a 
presumably equal vulnerability and quantitative change in excitatory and inhibitory synapse loss in 
demented brains, the functionality of synapses may be differentially affected in these subjects. 
Interestingly, glial cells have been involved in the excitatory-inhibitory synapse imbalance, in that 
microglial cells have been shown to selectively engulf excitatory (but so far no inhibitory) synapses in 
AD mouse models, and in that astrocytes have been found to produce and secrete the inhibitory 
neurotransmitter GABA whose levels are altered in early AD (258). In the present work, excitatory 
synapses were assessed with the combined use of synapsin1-PSD95 which enabled to evaluate a 
substantial proportion of the total synapse population (80-90%) of the visual cortex and to study 
subtle differences in synapse densities in the early disease stages. Moreover, excitatory synapse 
assessment also allowed a better understanding of the role of microglia and astrocytes on early 
synapse elimination, given previous evidence of an early interaction between excitatory synapses 
and (micro-)glia in animal models and in two human AD studies (258,327,430). The results of the 
quantitative synapse assessments in the studied brains showed that, in line with previous 
histopathologic and biomarker evidence, demented brains had a significant loss of synapses in the 
early dementia phases, and that synapse loss preceded NFT development in the visual cortex of 
these subjects (Figure 18). Importantly, after correcting for the absolute synapse densities taking 
into account the tissue expansion factor in 3-D by multiplying the synapse densities obtained from 
expanded tissue by a factor of ~100 (= times the obtained linear expansion factor3 or x 4.63), the 
synapse densities obtained in healthy controls showed an average density of 5.4x109 synapses/mm3 
which is largely consistent with the ranges of previously published work (232,270,613,614), although 
trending towards the upper limits of previously estimated synapse densities in human neocortex. 
The overall slightly higher synapse density in the order of magnitude of around 5x when compared 
with synapse densities obtained using EM (609) is likely due to the increased accessibility of 
antibodies to the post-expanded `decrowded’ brain sections, and may also be due to an enhanced 
resolution of individual synapses obtained in the tissue clearing process of ExM. Importantly, the 
overall % of colocalized synapses of around 65% and the overall burden of synapse density loss of 
around 30-40% in the demented subjects is in line with previous studies comparing demented and 
healthy control brains at post-mortem (615) and with recent biomarker evidence of synapse marker 
reductions in CSF of subjects in the early dementia stages (89,297). Of note, a minimum of 6 ROIs 
were sampled in each brain to account for interindividual variability and to control for the possibility 
of increased synapse loss in the vicinity of amyloid-β plaques in these brains (334). Interestingly, 
when synapse densities were assessed in a subset of PART subjects (3 resilient and 5 demented) who 
showed no amyloid-β plaque deposits in the visual cortex, the results were not different in the 
average density of synapses when compared with amyloid-β plaque containing brains. This 
reinforces the idea that amyloid-β plaques and tau deposits are not the primary cause of the 
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synapse loss leading to dementia development in AD, and that synapse densities may be a robust 
and closer predictor of cognitive change in an individual. 
 
Neuroinflammatory changes in early-stage AD brains 
 
Neuroinflammatory changes are common in the brains of demented individuals with AD (616) and 
evidence from previous studies has shown that pro-inflammatory glial cell changes are higher in 
demented but remain low in resilient brains despite both harbouring comparable burdens of 
amyloid-β and tau pathologies (57,58). This suggests that neuroinflammatory changes in AD may 
represent an additional neuropathologic signature of demented brains with potential 
neurobiological significance, rather than a reactive or secondary response to the presence of AD 
neuropathology. Alternatively, the possibility exists that the important burden of cellular damage 
accompanying the neurodegenerative process of AD could be leading to this neuroinflammatory 
response. Several studies have shown that the burden of inflammatory glia and the number of 
synapses are closely associated, and recent evidence has found that microglia and astrocytes engulf 
synapses in animal models of AD and in in vitro assays (422,425,426,482,617), overall proposing that 
neuroinflammatory changes may be an independent phenomenon with neurobiological significance 
in driving the early synapse loss of AD. This is in line with the results obtained in the present work, 
where pro-inflammatory glial cell markers showed an association with cellular damage, synapse loss, 
and memory scores (Figures 12 and Figure 13), and glial cells in demented brains showed an 
increase in engulfed synaptic elements inside their cellular boundaries (Figure 19).  
 
Microglia and astrocytes are the two principal glial cell subtypes of the brain and they show close 
interactions with amyloid-β and tau pathologies (267). A series of genetic signatures and 
morphologic hallmarks of astrocytes and microglia allow to distinguish different glial cell subtypes, 
both under physiologic and pathologic conditions. While a series of antigenic markers, such as CD68, 
HLA-DR, and GFAP, are associated with an activated pro-inflammatory phenotype of glia, some 
makers, such as TMEM119 and P2RY12, have been linked to a homeostatic or surveying subtype of 
microglia. In addition, recent studies have proposed that the acquisition of a particular morphologic 
phenotype of glia is more commonly associated with a particular function of that cell (examples of 
morphologic microglial subtypes are shown in Figure 1). Interestingly, the morphologic hallmarks 
seem to temporally precede the respective antigenic expression profile of a particular glial cell state, 
and to confer them with different neurobiological behaviours ahead of the respective antigenic 
marker expression (507). However, with the emergence of large datasets using whole-genome 
transcriptomic and proteomic analyses, the phenotypic characterization of glial cells has been 
recently challenged (618,619). In fact, the categorization of glia into `pro-inflammatory’ (termed M1 
phenotype or disease associated microglia `DAM’ for microglia and A1 phenotype for astrocytes, 
respectively) and `anti-inflammatory’ or `homeostatic’ (termed M2 phenotype for microglia and A2 
phenotype for astrocytes, respectively) with the use of classical phenotypic markers has been 
claimed insufficient to understand the true pathophysiological significance of glia, and distinct glial 
cell subtypes may co-exist within these broadly defined phenotypes. Although the rapid change in 
phenotypic features of glia occurs within minutes and may provide a more accurate reflection of the 
functional state of a glial cell in a particular moment (438), this may also reflect a response to acute 
changes in the brain microenvironment and hence hinder the evaluation of chronic changes 
occurring in these brains. The phenotypic and morphologic glial cell signatures that are currently 
used to characterize glial cells may be overall poor and insufficient to understand the biological 
significance of glial cell subtypes. In the present brain cohort, a combined phenotypic and 
morphologic approach was used. Glial cells were primarily characterized from an antigenic point of 
view, and morphologic characteristics were added to identify a microglial subtype characterized by a 
pro-inflammatory and pro-phagocytic behaviour, also called ameboid-shaped microglia (620,621). 
The analyses of engulfed synapses by GFAP+ astrocytes and IBA1+ ameboid-shaped microglia 
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showed that demented brains contained significantly higher amounts of synaptic elements inside 
glial cells compared with resilient and controls (Figure 19). Interestingly, preliminary analyses 
unrestricted to microglial cell morphology including ramified and ameboid-shaped IBA1+ microglia 
combined did not show significant differences in glial-mediated synapse engulfment by demented 
and resilient brains, however this interaction reached significance when ameboid-shaped IBA1+ 
microglia were assessed alone. This reinforces the idea that despite similar phenotypic and 
morphologic glial hallmarks, glial cells may display different neurobiological behaviours including 
their propensity to engulf synapses in demented compared with resilient brains, and that additional 
molecular signatures, that are currently poorly defined, may likely account for this variability 
observed in the glial cell responses to synapse elimination. As recently suggested (469), 
disentangling the glial cell signatures that may have pathobiological relevance may require a more 
detailed molecular and functional characterization of these cells, and this could be key to better 
understanding their functional and dysfunctional effects in a demented AD brain. 
 
Total glial cell changes in early-stage AD brains 
 
Previous studies have suggested that the total amount of glial cells does not change in a healthy 
compared with a demented AD brain (569), however this does not preclude from the known 
temporospatial rearrangement of glial cells, local clustering of glia, acquisition of a dystrophic 
appearance, and selective increase in a subset of inflammatory glial markers observed in demented 
AD brains (61,622). In line with this, the quantitative analyses of total amount of microglia measured 
with IBA1, total amount of astrocytes measured with ALDH1L1, and total amount of 
oligodendrocytes assessed with Olig2 showed no significant differences in the temporal and/or 
visual cortex or WM of demented, resilient, or control brains (Figure 11). In addition, the average 
brain weights and cortical thicknesses of temporal and visual cortices of these brains showed no 
significant differences across groups (Figure 5), indicating that in the early AD dementia stages there 
is a relative preservation of macroscopic brain structure despite readily present functional cognitive 
changes, and that overt neuronal loss, which is the main contributor to brain atrophy (623), likely 
occurs in the more advanced stages of the condition. In contrast to neuronal cells, which are 
particularly vulnerable to cellular insults in AD, glial cells may be capable of remaining relatively 
functional and sustaining an important burden of potentially toxic neuropathologic changes 
including the ones driven by amyloid-β and tau pathologies in AD (624). Glial cell proliferation 
remains ongoing in an adult human brain in a subset of select locations which are called germinal 
zones and include the subependymal zone of the lateral ventricles and the dentate gyrus of the 
hippocampus (625). Proliferative capacity of glial cells is known to be restrained in adulthood and is 
estimated at 1-2% for astrocytes (626) and 0.5-2% for microglia (627). Despite the presence of 
machinery for glial cell proliferation in the adult human brain, an excessive glial cell proliferation 
does not seem to occur as part of the neuropathologic process in AD even in the presence of 
sustained brain injury and described dysfunction of glial cells in the disease process (628). It cannot 
be excluded that a dysfunction of a subset of glial cells may go along with their death and be 
compensated for by a mild increase in glial cell proliferation that is not evident in histopathological 
assessments unless performed within specific topographic niches and/or with more sensitive 
measures than immunohistochemical approaches (629). In fact, some studies have pointed to a local 
proliferation of microglia in the hippocampal zone of AD brains that later accumulate around 
amyloid-β plaques and retain a marker of proliferation in this location (630). This could suggest that 
microglia, which may be particularly closely associated with ADNC, may more quickly become 
dysfunctional and possibly die upon the AD pathogenic process, and therefore show higher 
regenerative and proliferative propensity in demented AD brains. In contrast, no evidence of an 
increased compensatory astrocytic or neuronal proliferation has been observed in AD brains 
(629,630). In line with previous evidence, the glial cell population studied here did not show a 
significantly higher or lower number of total glia in demented compared with resilient and control 
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brains (Figure 11). Although a marker of cellular proliferation was not used, the similar amount of 
total glial cell numbers across groups could be interpreted as a lack of substantial turnover of glial 
cells in demented brains. Interestingly, when using the marker of cellular senescence yH2AX, not 
only neuronal cells but also a subset of microglia and astrocytes showed positivity for this marker of 
cellular dysfunction in demented brains (Figure 15), which could point to the involvement and 
functional disruption of a subset of glial cells in the early AD disease phases irrespectively and ahead 
of amyloid-β and tau deposits. However, this marker is indicative of a dysfunctional state of the cell 
which is potentially reversible, and it can as such retain positivity for other cellular and glial cell 
markers such as GFAP and IBA1.  
 
Phenotypic glial cell changes in early-stage AD brains 
 
In contrast to the largely preserved total number of glial cells in demented AD brains, previous 
studies have observed qualitative changes in phenotypic glial markers in demented brains, and pro-
inflammatory glial cell markers are regarded as a robust neuropathologic hallmark of demented 
brains, which remain much lower in neuropathology-matched resilient brains at advanced disease 
stages (57,58). In addition to the higher burden of pro-inflammatory markers, also a loss of 
homeostatic glial markers have been observed in demented AD brains (345,631). Yet, it remains 
unclear whether these glial cell signatures are a truly primary phenomenon of demented brains that 
could be associated with structural and functional brain changes, or whether those glial cell changes 
are just a reactive response to the presence of ADNC and neuronal damage in those brains. To 
overcome the limitations posed by the study of advanced disease stages of ADNC where amyloid-β, 
tau, and neurodegenerative changes are ubiquitous and advanced, the present study included a 
cohort of brains at early stages of ADNC and in the mild phases of dementia. By assessing this 
informative subset of brains, neuroinflammation could be studied ahead of ADNC development in a 
particularly relevant phase of the clinical disease where cognitive changes are just emerging and 
developing and where interventional therapies could be most effective. In line with prior studies, the 
results showed that demented brains had significantly higher pro-inflammatory microglial and 
astrocytic markers and lower homeostatic microglial numbers (Figures 12-14, Figure 16, and Figure 
17). These changes were observed in the temporal pole proposing that despite equal burdens of 
amyloid-β and tau pathologies in this brain region glial cells already display a primary dysfunction 
that occurs independently of these two neuropathologic hallmarks, and that this phenotypic glial cell 
hallmark may be closely associated with the presence or absence of dementia in an individual. 
Interestingly, similar changes in astrocytic and microglial phenotypic changes were observed in the 
visual cortex of demented brains, further suggesting that the glial cell changes in demented 
individuals at Braak III-IV stages occur not only in the presence of amyloid-β plaques and NFTs but 
also ahead of NFT deposition. Importantly, a subset of cases who showed no amyloid-β plaque 
deposits in neither of the two neocortical brain regions, a neuropathologic feature termed PART, 
were also evaluated and, the analyses of glial cell changes in the subset of PART brains did not differ 
from the ones observed in amyloid-β plaque containing brains. This suggests that, similarly to the 
lack of effect observed for NFT deposits, the presence or absence of amyloid-β plaques seems to 
have minimal effect on the early glial cell changes observed in demented brains, which may possibly 
derive from an intrinsic and primary dysfunction of these glial cells instead. Alternatively, the 
relatively low number of PART cases included in the present study could account for the lack of 
difference observed. Although these findings are in line with previous evidence of altered glial cell 
responses in demented AD brains at advanced disease stages (632), they expand on these findings 
and propose that glial phenotypic changes are also present in the earlier disease phases, and 
importantly, ahead of amyloid-β plaque and/or NFT deposition. Glial changes may hence be a key 
phenomenon of demented AD brains that occur ahead of AD neuropathology development, and 
they may possibly contribute to the structural and functional changes observed in these brains, 
potentially facilitating the later development of fibrillar amyloid-β and/or tau conversion, deposition, 
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and spread. Alternatively, the observed glial cell responses could also be reactive to the presence of 
other proteins in these brains that are not fibrillar in their structure, such as soluble tau oligomers 
that may be present in the brain prior to overt NFT pathology; this has been recently suggested by 
studies indicating that tau seeds are measurable in brain regions that lie up to one Braak stage 
ahead of NFT formation (402). It is also possible that the glial cell changes of demented brains 
represent a response to a sustained and relevant burden of cellular damage in these brains, which is 
likely occurring from the early disease stages and ahead of evident brain atrophy, as shown by the 
presence of higher burdens of early cellular damage (γH2AX+ cells) in demented brains (Figure 15). 
Ultimately, the absence of aberrant glial cell responses in resilient brains may be contributing to the 
maintenance of a homeostatic regulation of neuroinflammation and account for the preservation of 
neuronal integrity and brain function in these individuals. Importantly, to rule out the possibility of 
artefactual inflammatory glial changes due to varying post-mortem intervals associated with 
different metabolic and/or homeostatic alterations of glia during the perimortem period, 
associations between PMI and glial cell phenotypes were conducted but no significant associations 
were found (see data in the results section). This makes the potential contribution of PMI to the 
observed glial cell changes rather unlikely. 
 
Markers of incipient cellular damage in early-stage AD brains  
 
The early clinical (MCI and mild dementia) and neuropathological AD stages (intermediate 
ADNC/Braak III-IV stages) of the subjects included in this work allowed the study of brains that were 
relatively free of altered brain structure, advanced burden of neuropathologies, or overt cortical 
atrophy, despite readily present functional loss in the demented subjects. To evaluate an early 
neuropathologic indicator of cellular dysfunction that could serve as a proxy measure of the 
functional loss of demented individuals, the antibody γH2AX was used. γH2AX labels the 
hyperphosphorylated histone variant H2A in the cellular nucleus which gets hyperphosphorylated at 
Ser139 upon presence of double-stranded DNA breakages (570). The mechanism of cellular damage 
associated with γH2AX is closely related to pathways of cellular apoptosis and, notably, other 
neuronal cell injury mechanisms, including necroptosis, autophagy, and pyroptosis, have been 
described in AD brains, and these were not assessed with the use of γH2AX (633). Importantly, 
γH2AX is rapidly induced upon cellular injury, and it is a reversible marker of cellular 
senescence/damage. Upon removal of the pathogenic stimulus, a previously γH2AX+ cell can revert 
to a γH2AX- cell and continue to function normally (634). The reversibility of γH2AX positivity 
reinforces its potential to immunohistochemically detect brain regions with incipient functional 
impairment ahead of evident anatomic disruption of tissue structure. Notably, the direct association 
of this marker with DNA damage allows to infer on one potential early mechanism of cellular 
damage in these brains, associated with specific gene expression profiles, chromatin stability, and 
cellular dysfunction (570). Previous studies in AD have identified an early and increased expression 
of γH2AX in neurons (570) and astrocytes (635), while the expression of γH2AX in dystrophic 
microglia has been detected in some reports but has not been widely assessed (628). In the present 
study, brain weights and cortical thicknesses were similar across the three groups, suggesting that 
macrostructural brain changes were not yet present in the early disease stages (Figure 5). ɣH2AX 
was used to assess if in the absence of evident neuronal loss in these brains, incipient changes of the 
neurodegenerative process would already be occurring and be reflected by the presence of early 
cellular damage relevant enough to disrupt cellular function without yet causing overt cellular death. 
A significantly higher number of ɣH2AX-positive cells was detected in the temporal pole and visual 
cortex of demented brains, which was much lower in resilient and was almost absent in controls. 
Interestingly, there was a more marked increase in γH2AX+ cells in the visual compared with the 
temporal cortex of the same demented brains (Figure 15), suggesting that cellular senescence occurs 
independently of NFT presence, and that possibly, the readily observed aberrant glial responses 
could be the ones contributing to the early cellular damage and brain dysfunction present in these 
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brains. In fact, the presence of amyloid-β and/or tau deposits in these brains insufficiently explained 
cognitive dysfunction in these individuals, and it also showed no association with cellular damage, 
suggested by higher γH2AX signal in brain regions without AD-typical deposits (visual cortex) 
compared with areas with typical ADNC (temporal pole). This reinforces the idea that amyloid-β and 
tau deposits are likely non-toxic and that NFTs may even be protective and isolate toxic tau species 
preventing them from causing further damage to the brain (150). Likewise, amyloid-β aggregates 
may be the protective response to cellular toxicity caused by amyloid-β oligomers and protofibrils 
(636). In fact, the burden of γH2AX+ cells showed significant association with synapse density, 
inflammatory glial cell markers, including GFAP and CD68, and cognitive scores, including MMSE, 
CDR-global, CDR-SoB, and WAIS scores, in the visual cortex, but the association between γH2AX and 
amyloid-β plaques and/or AT8+ neuropil threads was not significant (see data in the results section). 
This suggests that early cellular damage involving DNA disruption is happening in demented brains 
ahead of overt neuronal loss and brain atrophy, and that it closely associates with incipient synaptic 
and cognitive dysfunction in the early dementia stages, irrespectively of the presence or absence of 
amyloid-β and tau deposits. This marker was also found in similar amounts in the subset of PART 
cases, indicating that the contribution of amyloid-β plaques to cellular damage may be minimal. 
ɣH2AX can label every cellular subtype that has DNA damage to its nucleus and, as such, it does not 
allow to conclude on the specific cellular subtype when assessed alone. Thus, a co-labelling of ɣH2AX 
with GFAP, IBA1, or hematoxylin-eosin was performed to phenotypically and morphologically 
distinguish glial subtypes and neurons labelled with this marker (Figure 15). While the majority of 
cells that were positive for ɣH2AX+ were neuronal, also a subset of glial cells showed positive 
immunolabelling for this marker. This suggests that, although the early tissue injury responses in AD 
preferentially and primarily target neurons, also a subpopulation of glial cells suffers from early 
cellular damage in these brains, and a better characterization of this glial cell subpopulation could be 
particularly relevant to understanding the changes occurring in the early AD disease process. Given 
that demented brains showed a lower expression of homeostatic glial markers compared with 
resilient brains, one possibility may be that homeostatic glial cells could be particularly vulnerable to 
the early AD disease process and become dysfunctional and thus γH2AX-positive in the early AD 
stages leading to subsequent loss of brain function. While the possibility of yH2AX-positive nuclei 
observed inside glial cells could alternatively be interpreted as engulfed nuclei of other cells such as 
neurons, γH2AX is a marker of vulnerability that largely disappears in dead cells, and as such this 
possibility seems less likely. Importantly, and to rule out the possibility of perimortem agonal state 
causing differences in γH2AX positivity, associations between PMI and γH2AX were evaluated and no 
significant associations were found (see data in the results section), making it unlikely that 
premortem agonal state may have influenced the presence and burden of early cellular damage in 
these brains. 
 
Cortical and subcortical damage in AD brains 
 
The clinical and neuropathologic process of AD is reflective of a primary dysfunction of cerebral 
cortex, with hippocampal formation being altered first and temporoparietal neocortical structures 
becoming affected later in the disease course. The disruption of these anatomical structures also 
shows close functional association with the clinical syndrome characterizing AD dementia. Recent 
evidence has found that the subcortical WM of AD brains shows early structural changes, and that 
the early disease process may also affect subcortical tracts and connected pathways in the early 
dementia phases (159). Yet, the clinical syndrome characterizing AD is thought to originate from 
cortical damage, which is reflected by the presence of typical signs and symptoms related to specific 
cortical brain structures such as episodic memory dysfunction (hippocampus), aphasia (temporal 
cortex), and agnosia/apraxia (parietal cortex) (164). In some instances, cortical dysfunction in AD 
typical locations leads to the development of specific clinical syndromes such as the Gerstman tetrad 
(637,638). In contrast, subcortical cognitive dysfunction is more typically encountered in disease 
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processes affecting myelin, such as infectious diseases (HIV encephalopathy), autoimmune disorders 
(multiple sclerosis), or vascular damage (vascular dementia) (639). The characteristic clinical 
phenotype of subcortical damage is reflected by an overall slowing of mental processing, apathy, 
and other concomitant neuropsychiatric features. With the use of cognitive testing scales, the 
cortical vs subcortical dysfunction profile can be accurately distinguished. While late-stage AD 
dementia can clinically show combined clinical syndromes with high phenotypic variability which 
may not resemble the initial predominant symptoms anymore, the early disease stages are more 
succinct and restrained to a better-defined cognitive dysfunction profile, which also best allows to 
infer on the most likely origin and etiology of the underlying dementia syndrome. The present brain 
cohort was assessed clinically at antemortem, and the dysfunction profile was recorded as `AD 
etiology’ suggesting the presence of typical clinical signs of hippocampal and/or parietotemporal 
dysfunction and largely absent atypical features of alternative dementia syndromes. Importantly, 
macrovascular injury was an exclusion criterion for the selection of subjects, although vascular 
comorbidity in the form of post-mortem histopathologic evidence of microvascular lesions were 
permitted, and they showed an overall higher burden of vascular injury in the demented compared 
with resilient and control brains.  
 
Vascular damage in AD brains 
 
Vascular pathology is very commonly observed in the brains of healthy elderly and in demented 
subjects at post-mortem, and is overall estimated at around 80% (133–135). The presence of 
vascular pathology in demented subjects can be detrimental to cognitive function, in particular in 
the early disease stages where AD neuropathology is not yet full-blown and may not account for a 
significant impact on cortical damage and cognitive dysfunction yet (153). Due to anatomical 
characteristics of blood vessels with increased tortuosity and lower tissue oxygen tension in WM, 
subcortical regions are particularly vulnerable to the effects of vascular disease (156,157). WM 
vascular lesions can be caused by primary cerebrovascular disease (hypoperfusion) and/or be 
secondary to AD neuropathology (retrograde degeneration) (160) potentially linking the cortical 
ADNC with the subcortical WM abnormalities. The present cohort was assessed for a composite 
vascular score composed of five microvascular subscores obtained from evaluations of tissue blocks 
derived from neocortex, WM, and basal ganglia. This enabled an informative and reliable measure of 
vascular damage in these brains on an individual basis, although the pooled score did not allow to 
infer on subregional differences that may have been relevant to the earliest vascular changes in 
these brains. The brains of demented subjects showed a significantly higher burden of microvascular 
lesions compared with resilient and healthy controls (Table 3), which is in line with previous reports 
and suggests that AD neuropathology, vascular lesion burden, and cognitive dysfunction are 
intimately linked. Moreover, it suggests that resilience may be partly attributed to fewer comorbid 
neuropathologic abnormalities including microvascular lesions in the brain, as previously proposed 
(640). In fact, recent large scale studies of resilient and demented brains have shown that lower 
microvascular burden is a hallmark of resilient brains, and that the effects of one additional 
comorbid neuropathology in demented AD brains has an exponential rather than additive effect on 
cognitive dysfunction and severity (640). Although the brains studied here were well matched for 
neuropathologic comorbidities including amyloid-β and tau deposits, and the absence of TDP43 and 
alpha-synuclein in the cortices was a prerequisite for case inclusion, the composite vascular score 
burden could not be matched across groups. The overall significantly higher burden of microvascular 
damage in demented brains must thus be considered when interpreting some of the results 
obtained here. While the primary vs secondary role of vascular disease and the interaction with glial 
cell phenotypic changes remains largely unknown, the clinical syndrome characterizing AD favours a 
cortical dysfunction profile, which would expectedly derive from lesions to the cortex rather than 
the subcortical WM. Microvascular lesions are predominantly found in the subcortical WM but they 
can also present in the cortex in the form of lacunar infarcts (641). Importantly, composite cortical 
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and subcortical vascular scores showed a significant association with the cellular damage marker 
γH2AX in the cortex and with some of the memory scores, but vascular scores did not reach 
significance with synapse densities and with two of the main cognitive scores, including MMSE and 
WAIS-R (see data in the results section). This suggests that vascular damage may have some 
pathobiological significance in AD, but that its effect alone may not be sufficient to explain the 
memory decline in an individual. Microvascular damage could alternatively mediate and enhance 
the toxic effects of glia, and/or amyloid-β and tau pathologies, but remain clinically less expressive 
when assessed in isolation, at least in the early disease stages studied here. The overall rather 
neutral effect of vascular disease on cognitive function is further supported by its very frequent 
occurrence of around 85% in the brains of healthy elderly without dementia. While WM 
abnormalities were an early description that date back to the first observational seminal paper of 
Alois Alzheimer of 1906, the understanding of the mechanisms linking WM changes, AD 
neuropathology and brain damage remain largely unknown. Vascular damage, glial cell changes, and 
associated neuropathological effects remain a particularly complex system to study at post-mortem 
and future studies aimed at creating models and/or improving imaging techniques that would allow 
to evaluate earliest vascular dysfunctional signatures and their temporal association with AD 
neuropathology, brain injury, and cognition in living individuals, would be highly informative. 
Although a more in-depth assessment of vascular co-pathology markers and/or endothelial cell 
phenotypes would have been interesting to address the potential derangement of vascular system in 
the early demented brains studied here, this assessment remained out of the scope of the present 
work and could be an important future avenue.  
 
Glial cell changes in the subcortical WM of early-stage AD brains 
 
Early vascular damage in demented AD brains may facilitate the crosstalk between the otherwise 
well isolated brain microenvironment and peripheral signals, facilitating the detrimental influx and 
effects of e.g., peripheral inflammatory or infectious responses on brain tissue injury. In fact, AD 
brains show an increase in blood-brain barrier leakage (642), which has been associated with 
infiltration of neurotoxic peripheral pathogens, immune cells, and toxic substances that would not 
normally be present in brain tissue and could negatively impact the brain microenvironment 
contributing to initiating and perpetuating neurodegenerative pathways in AD (642). To evaluate the 
possibility that early glial changes may occur in WM of demented AD brains as a possible first 
response to peripheral stimuli on WM, where cerebral vessels are known to be particularly 
vulnerable and leaky, phenotypic glial cell markers were assessed in the juxtacortical WM of the 
studied brains. The results showed that WM glial cells of demented brains displayed a significant 
increase in activated pro-inflammatory microglia (CD68, HLA-DR) accompanied by a loss of 
homeostatic microglia (TMEM119, P2RY12) compared with resilient and controls, and that these 
WM changes were not only present in brain regions with cortical NFTs (temporal pole), but also in 
areas without detectable NFT burden (occipital cortex) in the overlying cortices (Figure 16 and Figure 
17). This suggests that primary dysfunctional glial cell changes in the WM are present early and 
ahead of NFT deposition in the overlying brain cortex, and that these changes may be relevant to the 
incipient dementia stages. While the glial cell changes in WM showed significant associations with 
burden of overlying amyloid-β deposits in temporal and occipital cortices and with NFT deposits in 
temporal pole, the association of subcortical WM glial cell changes and overlying early cellular 
damage marker γH2AX were even higher in magnitude, indicating that subcortical glial cell changes 
may, to some extent, independently affect cellular and brain function in AD (see data in the results 
section). Interestingly, some of the subcortical homeostatic glial cell signatures, such as TMEM119, 
showed higher association with cortical cellular damage than the same homeostatic glial cell marker 
in the cortex, suggesting that glial cell changes in WM may be an early signature of demented brains 
that may be contributing to earliest cortical neuropathologic and functional changes in these 
individuals (see data in the results section). The overall lower magnitude of association observed 
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between homeostatic glial cell signatures in the cortex and γH2AX in the same brain region could 
reflect a secondary response of those glial cell signatures to an adverse brain microenvironment 
(e.g., amyloid-β and/or tau deposits) but not be a major contributor to the early cellular damage in 
these brains. Of note, identical changes in cortical and WM glial cell phenotypes and their 
correlation with γH2AX were present when analyses were limited to the subset of PART cases, 
suggesting that the possible effects of amyloid-β pathology on early glial cell responses may be 
minimal and that the association between glial cell changes and cellular damage may be 
independent of the presence or absence of amyloid-β deposits. In agreement with previous studies 
and with previous assessments of these brains, the total number of oligodendrocytes (Olig2) and 
microglia (IBA1) in WM was similar across groups (Figure 11) reinforcing the idea that qualitative 
rather than quantitative glial cell changes characterize the glial cell signature of demented AD brains. 
These results propose that a subset of glial cells in the WM could be contributing to vascular damage 
and/or be the first ones to respond to the detrimental effects of a peripheral influx of signals 
through diseased vessels in the WM of demented brains, and that they may be involved in the early 
anatomical and functional disruption of demented brains. Likewise, it remains unknown what 
potential effect(s) the influx of peripheral elements through damaged vessels in demented brains 
could have, and whether they could possibly contribute to the primary glial cell dysfunction 
observed in these brains. 
 
Synapse densities in early-stage AD brains 
 
Synapse loss is the strongest predictor of cognitive decline and dementia severity (255,258,259) and 
several studies have shown that synapse loss is a robust phenomenon in the brains of AD demented 
individuals. This has led to the recent idea that AD should be termed a `synaptopathy’, rather than a 
disease characterized by amyloid-β and tau deposits in the brain (13,264,643). Contrary to the wide 
discrepancies found when evaluating classical amyloid-β and tau lesions in demented brains at post-
mortem, synapse loss is to date a universal histopathologic finding present in every demented 
human brain (643). This suggests that synapse loss may be the best neuropathological signature of 
AD dementia. In line with this, synapse densities correlate better with cognitive dysfunction than any 
other neuropathological substrate present in an AD brain (255,644) setting a strong precedent for 
the turn in the focus of AD research towards understanding processes occurring at and around 
synapses, rather than phenomena occurring along the spectrum of amyloid-β and/or tau deposition 
alone. Synapse loss is known to precede neuronal loss, and therefore synapses may already be 
suffering from neuropathologic effects long time before demented brains display an evident loss of 
neurons and brain atrophy. The fact that synaptic elements are in the nanoscale range and hence 
difficult to visualize in the human brain contributes to the relatively late and still widely unexplored 
field of synapse pathology in dementia, and in fact, initial studies measuring synapse densities in 
human AD brains even failed to detect differences in synapse densities in demented compared with 
control brains, which was later attributed to inadequate technical measurements (276). In the 
present work, synapse densities were assessed in the visual cortex, a brain region with very early 
ADNC, and a significant loss of presynapses, postsynapses, and colocalized synapses was observed in 
demented compared with resilient and controls (Figure 18). Importantly, resilient and control brains 
showed largely similar synapse densities, suggesting that a higher `brain reserve’ may not be the 
main cause of the better maintenance of synaptic health in resilient brains. It remains possible that a 
higher density of synapses was present in resilient brains many years prior to the present 
histopathologic assessment and that a higher brain reserve may have partly contributed to resilient 
subjects sustaining cognitive function over time. Importantly, a relevant proportion of around 65% 
of synapses were properly arranged forming colocalized `mature’ synapses across the three groups. 
This is in line with previous studies that have proposed that at any given time not all but only around 
2/3 of synaptic elements are forming active and functional synapses (645). Importantly, the present 
study shows that the loss of synaptic elements in demented AD brains equally affects single pre- and 
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postsynapses (whose functional and biological significance remains incompletely understood), as 
well as the presumably still functional colocalized synapses. These findings are important since they 
suggest that there is a loss in the burden of all synaptic elements in demented brains, and that there 
is no accumulation of single synaptic proteins (e.g., presynapses or postsynapses) in demented 
brains that may suggest a primary dysfunction in synapse elimination by glia, as previously proposed 
by some groups (646,647). Rather, an excessive loss of all synaptic proteins is likely occurring in 
these brains. It remains possible that a defective removal and an increased accumulation of synaptic 
elements by glia would become evident in more advanced disease stages where the chronic effects 
on glial dysfunction would become manifest, similar to the ones previously described for the 
dysfunctional processing of amyloid-β proteins by glia at advanced disease stages (648). Importantly, 
the present study also shows that presynapses are equally affected as postsynapses in the early 
stages of dementia, and this could be relevant to address potential underlying mechanisms and 
pathways involved in the disease process which may be distinct for elimination of presynapses and 
postsynapses. Of note, the synapse densities obtained in the present study were derived from 
expanded tissue material, and to correct for the tissue expansion factor in 3D, the synapse densities 
obtained from expanded material need to be multiplied by a factor of ~100 (= times the linear 
expansion factor3 or x4.63) to be comparable with non-expanded synapse densities. After correcting 
for the expansion factor, average synapse densities observed here were similar to previously 
published work (282), albeit by a factor of ~5x higher when compared with the results obtained in 
previous EM studies (249) which is likely due to the decrowding phenomenon of ExM and to the 
improved resolution of cleared tissue, enabling a more accurate estimate of the true number of 
synapses in the human brain. 
 
Synapse elimination by microglia and astrocytes in early-stage AD brains  
 
Excessive elimination of synapses by glia has been suggested to underlie several neurodegenerative 
diseases including AD (422,649,650) and recent human studies have supported a key role of 
microglia in the excessive elimination of synapses in AD brains (327,430). These studies were, 
however, limited to the assessment of presynaptic elements (synaptophysin and synapsin1) and 
microglial cells only, and they evaluated a cohort of late-stage AD cases. Astrocytes are known to 
participate in synapse elimination during brain development (425,617) and they are also involved in 
synapse homeostasis throughout adulthood (651). Astrocytes have also been recently shown to 
eliminate synapses in adulthood and they have been involved in synapse loss in neurodegenerative 
conditions (650,651). Mouse models of AD have found evidence of astrocytic phagocytosis of 
excitatory pre- and postsynapses and plaque-associated reactive astrocytes have shown increased 
elimination of presynapses, overall proposing that synapse engulfment by astrocytes may be 
another potential contributor to synapse loss in AD (652). Yet, the potential excessive elimination of 
synapses by astrocytes in the human brain has so far not been explored. Given that many synapses 
are in close contact with astrocytes forming a `tripartite system’, astrocytes may be the first ones to 
respond to synaptic changes and, given their privileged anatomic location in close association with 
synaptic proteins, they could be among the first to engulf and lead to the loss of synapses in 
demented AD brains (617). Astrocytes are significantly more abundant than microglial cells in the 
human cerebral cortex, accounting for 20-40% compared with around 10% of total glial cells 
respectively, and their potential cumulative effect on synapse elimination could be of important 
magnitude (536,653). Two previous papers showed first-ever evidence of a higher microglial-driven 
engulfment of pre-synapses in demented AD brains when assessing microglial cells in combination 
with the presynaptic markers synapsin1 and synaptophysin respectively (327,430). While the 
functional significance of non-colocalizing `single’ presynapses and postsynapses remains unclear, 
growing evidence suggests that neuronal signal transmission in the CNS requires the presence of 
`functional synapses’ with properly arranged pre- and postsynaptic elements (262). Thus, although 
the reported increase in engulfed presynaptic elements by microglial cells may be informative to 
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understand potentially deleterious behaviours of glia in the brains of demented compared with 
control subjects, the significance of these findings and their structural and functional relevance 
remains unclear. Importantly, the synapse arrangement into `mature’ colocalized synapses is an 
active process that requires bidirectional signalling of cell-adhesion molecules that enable the 
presynapse to interact with the postsynapse and form a functional unit (654). Thus, the active 
process that this synaptic arrangement involves, theoretically eliminates the possibility that the 
readily engulfed synaptic elements would rearrange and form synaptic contacts by simple apposition 
of presynapses to postsynapses once inside the respective glial cell. In the present study, engulfment 
of presynapses, postsynapses, and colocalized synapses inside microglia and astrocytes were 
assessed separately, and presynaptic marker synapsin1 and postsynaptic excitatory marker PSD95 
were evaluated in association with GFAP+ astrocytes and IBA1+ ameboid-shaped microglia (Figure 
19). In line with previous studies, the results showed that microglia and astrocytes of demented 
subjects at early disease stages contained significantly higher amounts of synapses inside their cell 
boundaries compared with resilient and control brains, including the functionally most relevant 
colocalized synaptic elements. This is in line with previous work (327,430) but it adds novel evidence 
of an enhanced astrocyte-mediated engulfment of synapses in early AD, and a higher internalization 
of, not only pre- and postsynapses alone, but also colocalized `mature’ synaptic elements. This 
suggests that early glial changes may be driving the primary loss of synapses in demented brains 
ahead of NFT deposition, and lead to the excessive elimination of mature and, presumably still 
functioning, synaptic elements. Interestingly, no significant difference in the proportion or type of 
engulfed material was observed in the subset of demented and resilient PART cases. This suggests 
that synapse elimination by glia occurs independently of amyloid-β and NFTs, and ahead of NFT 
development. Hence, glial cell propensity to eliminate synapses may be a primary dysfunction, and 
not the response to AD neuropathology in these brains. Alternatively, it remains possible that other 
non-fibrillar soluble forms of amyloid-β and/or tau (e.g., oligomers) are present in these brains and 
that they may be driving some of the dysfunctional glial-synapse interactions observed. Of note, the 
dysfunctional effect of glial cells on synapse loss was not associated with ApoE status in these 
subjects where glial engulfment of synapses did not differ in ApoE4+ compared with ApoE2+ or 
ApoE3+ carriers. This is interesting since ApoE4 allele is considered the strongest genetic risk factor 
for sporadic AD (655,656) and its presence has been associated with increased synapse elimination 
by glia (485,617). Although ApoE is preferentially expressed in astrocytes, also neurons and microglia 
express this protein albeit in lower amounts. Recent studies have found an association between 
apoE4+ astrocytes and synapse loss, however the exact mechanisms linking astrocytes and synapse 
loss remain to date unknown (617). The presence of ApoE4 in astrocytes has been associated with 
extensive morphological changes of astrocytes and with early loss of physiologic functions (657), and 
the detrimental effects of ApoE4+ astrocytes on synapse loss have been proposed to occur directly 
through dysfunctional synapse pruning, and indirectly through interactions with amyloid-β and tau 
pathologies in these brains (617). Importantly, internalized synapses were assessed for each GFAP+ 
glial cell and its surrounding processes individually, but only fully internalized synaptic elements 
were considered as engulfed synapses to exclude the possibility of including the physiologic contacts 
between astrocytes and synapses as engulfed elements. Astrocytic fine processes show the closest 
association with synapses, and they are highly dynamic sensing synapse homeostasis on a 
continuous basis, and responding to changes in the synapse microenvironment within minutes 
(653,658). Therefore, the main phagocytic ability of astrocytes may be localized to astrocytic 
processes. In contrast, microglia are highly motile cells that typically migrate to the respective target 
for its engulfment and, thus, phagocytosed elements are predominantly observed inside the 
microglial cell body. To account for interindividual and intraindividual variability in ramification 
density of astrocytes and in size of microglial cell body, the proportion of engulfed material was 
corrected for the respective volume of the glial cell. Although the higher number of synaptic 
elements inside astrocytes and microglia could be interpreted as the result of a primary dysfunction 
of these glial cells in AD (617,646,647), the present results did not show an overall higher density of 
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presynapses and postsynapses in demented compared with resilient or control brains, but rather a 
loss of all synaptic elements, supporting that the primary role of glia in the early disease phases of 
dementia may involve an active and excessive elimination of all synaptic elements leading to the 
subsequent loss of synapses.  
 
Oligomeric tau in synapses of early-stage AD brains 
 
Growing evidence suggests that NFTs are likely non-toxic forms of tau that may even play a 
neuroprotective role by sequestering toxic tau species in the brain. NFTs could therefore reflect a 
bystander phenomenon to the presence of toxic tau in the brain and have little or no detrimental 
effect on brain function by themselves (659). In line with this, animal models of AD have shown that 
selectively turning off tau expression after NFT formation ameliorates neurodegeneration and 
reverses memory deficits, despite still ongoing NFT formation in these brains. Moreover, NFT-
bearing neurons do not show functional impairment in in vivo models of AD (389), and ghost tangles 
which are the ultimate reflection of neuronal cell death of NFT-bearing neurons, are exceedingly rare 
in the human AD brain representing only around 1% of total NFT population (391) suggesting that 
the majority of neurons with NFTs do not die. Despite NFTs being composed of toxic tau (150) they 
are thus likely not directly pathogenic in AD. In line with this, resilient and demented subjects in the 
present study showed similar burdens of AT8+ NFTs and of AT8+ neuropil threads in the temporal 
and visual cortices (Figure 2 and Figure 3), suggesting that the presence and/or burden of tau 
deposits may not be the primary cause of the neuronal and functional derangement in these 
individuals. Of note, AT8 labels the phospho-epitopes pSer 202, pThr 205, and pSer 208 which are 
hyperphosphorylated in the early stages of tangle development, and previous studies have proposed 
that the higher the cumulative burden of hyperphosphorylated tau sites, the higher the toxicity 
associated with NFTs (387). Thus, it cannot be excluded that more advanced stages of tau 
hyperphosphorylation may confer those more mature NFTs with toxic properties and potentially 
lead to significant differences in the total burden of NFTs in resilient and demented brains. In 
contrast to fibrillar forms of tau, evidence has proposed that soluble oligomeric species of tau are 
most neurotoxic (150,361,370,660) and recent studies have found that tau oligomers are increased 
in the synapses of demented but remain low in resilient brains with similar burdens of ADNC 
(57,272,282). Tau oligomers are small and soluble proteins that are thought to mislocalize to 
synaptodendritic compartments to cause toxic effects (661). In fact, tau oligomers cause direct 
synaptic derangement and neuronal death when injected into the brains of AD mouse models 
(660,662), and they are closer and better predictors of memory decline than NFTs (663). 
Importantly, tau oligomers form from the early stages of neurodegeneration and they are increased 
before the formation of NFTs (660). The present study cohort was matched for AT8+ NFT deposits in 
the temporal cortex and showed absence of NFTs in the visual cortex (Figure 2). This enabled the 
unprecedented possibility to evaluate tau oligomers in a region not yet impacted by NFTs (visual 
cortex). With the use of tau oligomeric complex 1 (TOC1) antibody, a selective antibody for 
oligomeric over monomeric and fibrillar tau that binds to a conformation-dependent epitope of 
oligomeric tau (576), synaptosome fractions were extracted and assessed with western blotting. The 
results showed that demented brains had a significantly higher burden of TOC1+ oligomers in 
synapses compared with resilient and controls (Figure 20), proposing that tau oligomers could be 
better predictors of cognitive status than fibrillar tau deposits, and that tau oligomers could be 
associated with structural and functional changes in the early dementia phases. In line with this, 
correlation analyses between TOC1 and cellular damage (γH2AX) and cognitive dysfunction (MMSE) 
were significant, while the association between fibrillar AT8+ tau and structural damage (γH2AX) or 
memory loss (MMSE) did not reach significance (see data in the results section). This reinforces the 
idea that synaptic oligomeric tau may be a key contributor to the early synaptic and cognitive 
changes in AD and be a better predictor of structural and functional changes than NFTs. 
Interestingly, TOC1 burden measured in total brain homogenates did not show significant 
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differences across groups (Figure 20), suggesting that the presence of oligomers in extracellular 
space may be less relevant to disease status, and that the truly pathogenic significance associated 
with tau oligomers may be their selective mistargeting to synaptic compartments in demented 
brains. The mechanisms involved in the mistargeting and accumulation of TOC1 in synapses remain 
largely unknown, and they could involve an increased local production of toxic tau oligomers 
through dysfunctional enzymes in synapses, and/or be the result of a pathogenic translocation of tau 
oligomers to synapses from extracellular space or other intracellular compartments. Both these 
mechanisms could be facilitated by glial cells through microvesicular transport of oligomeric tau 
species and/or enzymes involved in tau conformational changes across the brain (664). Uncovering 
the underlying pathways involved in the translocation and accumulation of tau oligomers in 
synapses would be key to developing novel targets for early therapeutic interventions. These 
assessments were beyond the scope of the present work, and they could be a promising avenue for 
future studies.  
 
Tau hyperphosphorylation and tau truncation in the synapses of early-stage AD brains 
 
To assess other early posttranslational modifications of tau protein that could be relevant to the 
early development of dementia, tau hyperphosphorylation and tau truncation were evaluated. Tau 
hyperphosphorylation follows a sequential pattern of phospho-epitopes that progresses along with 
increasing tau tangle maturity until around 55 hyperphosphorylation sites are reached in advanced 
AD stages (385,577). Interestingly, tau hyperphosphorylation can occur in normal ageing and under 
physiological conditions such as hibernation, where phospho-tau shows no apparent association 
with neuronal damage. Still, some of the hyperphosphorylation sites found in hibernating animals 
are the same as the ones observed in seed-competent tau fractions isolated from demented AD 
brains (386,665). Thus, even in the presence of presumably pathogenic tau hyperphosphorylation, 
the potential toxicity of tau may be determined by other additional factors. Inversely, primarily non-
pathogenic phospho-tau could, under certain pathological influences, have toxic effects on 
surrounding neurons. There is widespread overlap in the phospho-epitopes of tau under 
physiological and pathological conditions, which hinders the identification of a unique signature(s) of 
phospho-tau that could be reliably associated with dementia (577). Supported by recent biomarker 
studies in the CSF and plasma of early demented individuals, significant increases in 
hyperphosphorylated tau181, tau217, and tau231 have been shown (578,666,667). However, these 
three hyperphosphorylation sites can also be found in normal ageing, although at lower levels (577). 
To evaluate the potential accumulation of these newly described phospho-epitopes in synapses and 
assess their potential association with early synapse loss and cognitive dysfunction, synaptosomes 
were isolated and evaluated for presence of ptau181, ptau217, and ptau231. The results showed 
that levels of ptau181 were significantly higher in the synapses of demented compared with resilient 
brains, but that ptau217 and ptau231 remained unchanged and/or undetectable across groups 
(Figure 20). This is in contrast to recent biomarker studies where these two tau epitopes show 
significant increases in the early stages of dementia (578). These results suggest that ptau181 may 
be a relevant and early change of demented brains, that may directly affect synapse health and/or 
contribute to the detrimental interactions of glial cells with synapses. Importantly, low but not 
undetectable levels of ptau181 were also present in the synapses of control and resilient subjects, 
suggesting that synapses may remain functional below a certain threshold of synaptic ptau181 
accumulation and that a certain level of ptau181 may even be beneficial for synapse homeostasis. In 
line with previous studies of ptau181 in CSF (668), demented brains showed a ~1-2x increase in 
ptau181 compared with controls and a ~2-3x increase in ptau181 levels compared with resilient 
brains. While the absolute amount of change in ptau181 is of relatively modest magnitude, it is likely 
that this phospho-epitope may interact with other pathogenic tau species or other elements in these 
brains and contribute to synapse and functional changes. Interestingly, there was no detectable 
ptau217 in the studied brains, despite previous evidence proposing an even higher relative increase 
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of ptau217 by around 6x in CSF of demented compared with healthy controls (104). Almost 
undetectable signal was also observed for ptau231 antibody. It is interesting to note that none of 
these two phospho-epitopes were elevated in any of the studied groups despite them representing 
phosphorylation sites that can be present in healthy brains (577). It is possible that a specific 
mistargeting of these two phospho-epitopes to synapses would be a truly synaptotoxic phenomenon 
unique to demented brains, and that this effect may occur in the later stages of the neuropathologic 
process once AD neuropathology and/or glial cell changes are more advanced. The absence of an 
increase in hyperphosphorylation of tau217 and tau231 in demented brains could therefore suggest 
that these epitopes may be downstream of other tau post-translational modifications and may be 
contributing to disease in the later stages of dementia. Alternatively, these two phospho-epitopes 
may already be present in demented brains but accumulate in other compartments different than 
synapses (e.g., in neuronal cell bodies or glial cells) that were not evaluated in the present study. In 
line with this, the discrepancies observed between the absence of synaptosome-enriched ptau217 
and ptau231 fractions in this study and the previously suggested increase in ptau217 and ptau231 in 
CSF of early-stage demented individuals (306,668) could be due to a different anatomical location of 
these phospho-epitopes other than the synapse, or be due to technical artifacts given that, at least 
for ptau217, this antibody has just been commercialized and may not be of high 
specificity/sensitivity for its detection in brain-derived homogenates yet. Of note, recent evaluation 
of concordance of premortem CSF AD biomarkers and post-mortem brain findings in the same case 
have shown 100% accuracy in confirming CSF+ AD markers at autopsy, suggesting that AD biomarker 
positivity in CSF virtually always correlates with brain histopathologic findings (669). Interestingly, 
the main kinase involved in the hyperphosphorylation of tau181, tau217, and tau231 is presumably 
the same and is mediated by GSK3 (670,671), and the present results therefore suggest that 
alterations in GSK3 alone may not be the main reason for the different hyperphosphorylation seen in 
these three epitopes. Another important posttranslational modification of tau involves tau 
truncation which depends on the activity of proteases and caspases that generate tau fragments 
cleaved at the N- or C-terminal domain of tau (392). Tau truncation can occur under physiological 
conditions in the brains of young and elderly individuals, but C-terminal cleaved tau species are 
predominantly increased in demented AD brains and in vitro studies have shown that C-terminal 
cleaved tau has toxic properties contributing to mitochondrial dysfunction, synapse loss, and seeding 
activity (579,672). In the present study, tau truncation was assessed in the synaptosomes using a 
mid-domain total tau (Tau5), N-terminal tau (Tau 12), and a C-terminal tau (Tau46) antibody (Figure 
20). No differences were observed in the total amount of tau protein (Tau5) nor in the amounts of 
N-terminal cleaved tau (Tau46+) or C-terminal cleaved tau (Tau12+), although a non-significant trend 
towards higher amounts of C-terminal cleaved tau in demented compared to resilient and controls 
was noted. This non-significant trend could be partly due to the relatively low number of samples 
included. These results align with previous reports and indicate that an early enzymatic activity 
increasing the production of C-terminal cleaved tau may be associated with some of the toxic 
properties of tau protein (397). Yet, the presence of readily significant changes in synapse densities 
in these brains despite the absence of a substantial accumulation of C-terminal cleaved tau in the 
synapses, indicates that the early synapse loss may rather underlie other causes than pathologic tau 
truncation alone, at least in the early dementia stages. Nonetheless, the potential contribution of C-
terminal cleaved tau to other neuropathologic tau changes or to the detrimental interactions 
between synapses and glial cells in the demented brains may still be of potential relevance.  
 
Tau seeding activity in the synapses of early-stage AD brains 
 
Tau seeding activity is regarded as a biological/functional property of tau that confers it with a prion-
like nature. Tau seeding is characterized by the ability of some tau species to propagate from one 
cell to another (673), and induce conformational changes and aggregation of monomeric tau in the 
invaded cell (674). Specific hallmarks of tau post-translational modifications have been associated 
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with seed-competent tau strains, but the underlying signatures of seed-competent tau are not yet 
fully understood (675,676). In particular, oligomeric forms of tau and high-molecular weight tau 
have shown high seeding activity and propagation propensity (410,677). Seeding activity has been 
found ahead of NFT development in the brains of demented individuals, and tau seeds are 
particularly enriched at the synapses, where tau seeds are thought to propagate between neurons 
(404). Recent evidence has shown that astrocytes and microglia engulf tau-containing neurons in AD, 
and that they become dysfunctional upon internalizing tau (509,512). Interestingly, astrocytes and 
microglia secrete seed-competent tau and induce tau pathology in healthy neurons in in vitro assays 
(512) and the tau proteoforms secreted by glial cells have shown exceptional seeding capacity when 
compared with the engulfed original tau species (509,678). Oligodendrocytes are the most abundant 
glial cell subtype in the neocortex and WM, and they have been shown to take up and seed tau 
pathology in the WM in several tauopathy models, including AD (539), proposing that tau seeding in 
AD may not be limited to the neocortex and that tau spread across brain regions may be driven by 
oligodendrocytes. This suggests that tau toxicity may not only derive from a primary property of tau, 
but also be substantially enhanced by glial cell processing and spreading of tau. Among the potential 
mechanisms involved in the transsynaptic spread of seed-competent tau, synaptic vesicles, secreted 
exosomes, and tunnelling nanotubes have been proposed (417,679), and various uptake 
mechanisms through various endocytosis pathways have been suggested (259). To evaluate whether 
seed-competent, and hence biologically active and `toxic’ tau, could be increased in the synapses of 
demented brains, seeding activity was measured in the synaptosomes of the visual cortex, a brain 
region without evidence of NFT deposits. The results showed that tau seeding activity was not 
detectable across groups in this subcellular location. Moreover, seeding activity in total brain tissue 
homogenates derived from the cortex and WM of the same cases was also absent across groups 
(Figure 21). These findings suggest that, contrary to previous reports (404), there is no detectable 
seeding activity in brain regions that lie one to two Braak stages ahead of tau tangle pathology. 
Interestingly, the absence of tau seeding activity in the synaptosomes was observed despite the 
readily present loss of synapses in demented brains. Although likely toxic in nature, the presence of 
tau seeds in synapses may hence not be necessary for the early synapse loss to occur in a demented 
brain. Moreover, other tau modifications observed in the synaptosomes of these brains (e.g., 
oligomeric TOC1+ tau and hyperphosphorylated tau181) may not be primarily due to a priming of 
tau induced by toxic tau seeds from extracellular space and/or connected brain regions, but rather 
represent a local pathogenic process occurring at or around the synapses. Hence, seed-competent 
tau may be linked to other posttranslational modifications than tau conformational changes and/or 
ptau181, and it may arise in the later stages of the disease. Conversely, the toxic tau modifications 
readily present in these synapses may not be directly associated with seeding activity, and this could 
represent a promising window of opportunity for early interventions targeting tau to prevent its 
potential development into seed-competent tau in the later stages. It cannot be excluded that the 
lack of seeding activity observed here may underlie a low detection sensitivity of the biosensor cell 
constructs used, which may be useful for the detection of tau seeds in brain regions with presence of 
NFTs and/or more mature species of tau but may not be suitable for the detection of tau seeds at 
earlier stages of tau maturity. Altogether, selective tau pathogenic processes occur at the synapse of 
demented brains before the onset of tau tangle deposits, and this select and cumulative acquisition 
of tau changes may play different roles in the increasing disease stages. The likely later development 
of seed-competent tau in synapses, suggests that the other tau posttranslational modifications could 
be most effectively targeted in the early disease phases, and ahead of their conversion into seed-
competent tau.  
 
In situ visualization of synaptic oligomeric tau in early-stage AD brains 
 
To visually assess the in situ interaction of TOC1+ tau oligomers with synaptic elements and evaluate 
the potential association of tau oligomers with different synaptic locations, TOC1 was evaluated in 
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expanded tissue sections of the visual cortex (Figure 22). In line with the previous biochemical 
analyses of TOC1, the in situ assessments showed a higher number of TOC1 in Bassoon+ presynapses 
and in PSD95+ postsynapses of demented compared with resilient and control brains, with a slightly 
higher burden of synaptic TOC1 colocalized with the presynapses (Figure 22). This is aligned with 
recent studies suggesting that tau oligomers preferentially accumulate in the presynapses when 
compared with the postsynapses of demented brains. This pre- to postsynaptic tau gradient has 
been proposed to reflect the likely transsynaptic spread of tau (282). Interestingly, recent evidence 
has proposed that the presynaptic scaffolding protein Bassoon may harbour neurobiological 
significance in itself by acting as a target for toxic tau species enhancing tau seeding and propagation 
propensity (680). Thus, it cannot be excluded that, in the early dementia phases studied here, a 
particularly prone interaction between oligomeric tau and Bassoon may be due to its potential 
pathobiological significance in AD, and that the assessment of other presynaptic proteins may have 
shown a lower burden of association between presynapses and oligomeric tau species (680). On the 
other hand, the present observation of a particularly prominent and early interaction site between 
oligomeric tau and Bassoon may suggest novel pathways and treatment avenues with potential 
relevance in the early stages of dementia.  Alternatively, it remains possible that the exclusively 
excitatory postsynaptic marker (PSD95) used here may be underestimating a possibly additional 
burden of oligomeric tau accumulation in inhibitory postsynapses, that are emerging as a particularly 
vulnerable synaptic subpopulation in AD (681), and which may have lead to an overall more 
balanced pre- to postsynaptic ratio. Interestingly, the burden of synapse loss was higher for 
presynaptic elements compared with postsynaptic elements in the studied brains, and this could 
point to a primary role of TOC1+ oligomeric tau in inducing synapse toxicity and loss. This is in line 
with previous reports showing a direct synaptotoxic effect of tau oligomers (57,272). For technical 
reasons with antibody host incompatibility, colocalized synapses and TOC1 oligomers could not be 
assessed together, and only single synaptic elements in combination with TOC1 could be evaluated 
at the time. Hence, the assessment of single synaptic elements in combination with TOC1 may not 
allow to determine the functionality of those synaptic elements, thus limiting the biological and 
functional relevance of TOC1 accumulating in those synapses. It could be argued that TOC1 would 
preferentially target the silent and non-functional synapses and not affect the mature and functional 
ones. However, knowing that around 65% of total synaptic elements were forming `mature’ 
colocalized synapses in the studied brains, a significant proportion of single synaptic targets would 
still be expected to form part of mature and functional synapses, suggesting that the increased 
accumulation of TOC1 in the synapses of demented brains may possibly play an important and 
primary role in the early synapse derangement in the demented brains. Future in vitro and in vivo 
studies aimed at evaluating the association and mechanisms of early synapse dysfunction driven by 
tau oligomers will be needed. TOC1 could also be evaluated as a potential early biomarker of AD 
dementia to more accurately detect tau neuropathologic substrates indicative of early cognitive 
change, and this could be important for the development of better tau targets for diagnostic 
purposes and for therapeutic use. 
 
Tau oligomer-driven synapse elimination by glial cells in early-stage AD brains 
 
Glial cells have been recently found to contribute to synapse loss in AD by excessively engulfing 
synapses in demented brains (327,430). Studies have found that glia erroneously target and 
excessively eliminate synapses in animal models of AD (682) and two human brain studies have 
found evidence of an excessive synapse elimination by microglial cells in post-mortem AD brains 
(327,430). While the underlying drivers of the excessive synapse elimination by glial cells remain 
largely unknown, recent evidence has proposed an involvement of inflammatory signalling pathways 
including complement C1q and C3 and phosphatidylserine/osteopontin (421,422,475,683). Tau 
oligomers accumulate in the synapses of demented subjects from the early phases of dementia and 
their toxicity has been attributed to direct synaptotoxic effects (282). Moreover, tau oligomers and 
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glial cells are intimately linked, in that tau oligomers induce inflammatory responses in microglia and 
astrocytes (514,678) which in turn engulf, process, and release seed-competent tau that is further 
propagated across the brain (259,509,512,678). In the present study, TOC1 antibody was used to 
label tau oligomers and, in line with a recent study using oligomeric tau antibody T22 (282), a 
mistargeting and increase of tau oligomers in synapses was found in demented compared with 
resilient and control brains (Figures 20 and Figure 22). Tau oligomers have shown toxicity in vivo and 
in vitro and they have been involved in synapse dysfunction and neuronal loss (360,413). In fact, 
synapse dysfunction has been detected as early as <60 mins after incubation of neurons with 
oligomeric tau (684) and recent evidence from chronic traumatic encephalopathy (CTE), a tauopathy 
characterized by similar 3R and 4R tau than the one observed in AD (685), has shown that oligomeric 
tau is detectable after 4 hs of traumatic brain injury (TBI) and that neuronal loss in these animal 
models initiates at a similar timepoint of around 4 hs after TBI (686), overall suggesting a temporally 
close association between oligomeric tau burden and neuronal dysfunction. However, the relatively 
slowly progressive dementing disorder characterizing AD with a clinical disease progression that 
spans over a timeframe of several years, would argue against a major involvement of direct 
oligomer-driven synaptotoxicity, if the synapse and neuronal loss induced by tau oligomers is so 
immediate as suggested by these models. Alternatively, synaptotoxicity of tau oligomers could be 
driven indirectly, through dysfunctional interactions between tau oligomers and glial cells that would 
induce glial cells to eliminate tau oligomer-containing synapses, hereby leading to the slowly 
progressive loss of synapses and the typical dementia syndrome of AD. It is possible that the acute 
effects of toxic tau oligomers in the AD brain may be partly attenuated by the presence of other 
concomitant factors that would limit tau oligomers from being the primary mechanism driving 
synaptotoxicity and dementia in AD. To evaluate the alternative possibility that toxic tau oligomers 
accumulating in the synapses could be a driver for surrounding glia to target and eliminate those 
synapses, TOC1+ presynapses and TOC1+ postsynapses were assessed together with IBA1+ ameboid-
shaped microglia and GFAP+ astrocytes. The results showed that tau oligomer-tagged presynapses 
and postsynapses were excessively internalized by microglia and astrocytes in demented compared 
with resilient and control brains (Figure 22), suggesting that the mistargeting of tau oligomers to 
synapses could lead to a selective and excessive elimination of synapses by glia. Despite the 
technical limitations of only assessing one synaptic marker together with TOC1 at the time, a 
significant proportion of TOC1-tagged synapses would still be expected to be colocalized with 
another synaptic element forming an active synapse, suggesting that a substantial proportion of 
internalized TOC1+ synapses were likely functional prior to their engulfment. The internalization of 
TOC1-tagged synapses by glia may temporally better resemble the slowly progressive dementia 
syndrome of AD and may serve as a more plausible biological explanation of the underlying 
pathogenic processes occurring at the synapses in AD dementia. Given that tau oligomers are per se 
synaptotoxic (57,272) it remains possible that a proportion of the internalized oligomer-tagged 
synapses by glial cells were already dysfunctional prior to their engulfment, and that glial cells were 
trying to effectively remove them. However, given the rather acute toxic effects of tau oligomers on 
synapses, this explanation may only account for a small proportion of tau oligomer-driven toxicity in 
AD dementia, which could instead be studied as a potential underlying mechanism in more rapidly 
progressive forms of dementia, such as prion disease, and autoimmune/paraneoplastic dementia 
syndromes. Additionally, dysfunctional synaptic elements disrupted by oligomeric tau would likely 
lose their synaptic antibody positivity and not be visualizable with conventional antibodies anymore. 
Thus, the present observation of synaptic proteins and oligomeric tau contained inside glial cells 
with relatively preserved anatomical structure, likely reflects an early stage of structural and 
functional damage ahead of a later and more profound structural change in those target elements, 
which would render them dysfunctional and undetectable by conventional antibodies. It is likely that 
the preservation of synaptic antibody signal inside glial cells may be due to their still early 
association within phagosomes that would later fuse with lysosomes where degradation of 
internalized synaptic elements would commence (687). This is further reinforced by the observation 



118 
 

of LAMP2+ phagolysosomes in a subset of the internalized synaptic elements by glial cells (Figure 9). 
It is possible that the observed synaptic elements inside glial cells may represent only a small 
proportion of the total amount of synaptic elements contained inside these cells, and that those 
undetectable synaptic elements may have lost the antibody positivity due to a more advanced 
digestion stage with significant distortion of epitope binding sites. Future mechanistic studies will be 
key to evaluating the underlying pathways of the dysfunctional interactions between synaptic 
oligomers and glial cells in demented brains, which could help discover the mechanisms and develop 
novel and effective treatment targets to halt the elimination of synapses by glia in the early phases 
of AD dementia. 
 

4.3 Conclusions 
 
In sum, this work suggests that a subset of glial cells show early phenotypic changes in the cortex 
and WM of demented compared with resilient and control subjects, and that these glial cell 
signatures occur independently of ADNC and ahead of NFT deposits. Moreover, it shows that 
synapse loss is a key signature of demented brains in the early phases of cognitive dysfunction and a 
strong determinant of dementia severity. It also provides novel evidence of a subset of microglia and 
astrocytes that excessively internalize synaptic elements in demented brains, and it suggests a 
potential novel mechanism of oligomeric tau-driven synapse elimination by glia in demented brains. 
Notably, the neuropathologic changes shown here occurred irrespectively of amyloid-β and tau 
deposits, and ahead of NFT development, reinforcing that ADNC alone may not be the main driver of 
dementia development in AD. Importantly, the present study included a select subset of human 
subjects who were in the early stages of dementia, and the novel mechanistic insights gained from 
this work may enable the discovery of better diagnostic biomarkers and effective therapeutic targets 
to prevent synapse loss in the early and most preventable phases of the disease. 
 
Overall, this work proposes a novel model of AD in which a primary dysfunction in a subset of glial 
cells could drive the early and excessive loss of synapses through an increased internalization of 
synaptic elements, which could determine clinical expression of dementia. This neuropathologic 
effect could be substantially induced and self-perpetuated by the presence of tau oligomers in 
synapses. These novel insights could lead to the discovery of much needed `proximity markers’ to 
detect early synapse loss and glial cell dysfunction, defined by glia with the propensity to excessively 
eliminate oligomer-containing synapses, which could serve as robust biomarkers in the era of 
disease modifying therapies to detect imminent dementia onset and track dementia progression. 
Future studies aimed at exploring the pathways involved in the interaction between glia and tau 
oligomer-tagged synapses in early AD dementia could unravel novel and targetable pathways to 
effectively halt dementia development and progression in its earliest phases. 
 
The present results can be interpreted in various ways. In my personal view, the obtained findings 
indicate that glial cells play a key role in early AD pathogenesis that could indicate a primary glial cell 
dysfunction, but also reflect the effects on glial cells of other local (e.g. oligomeric proteins) and/or 
distant contributors (e.g. the peripheral influx of pathogens/substances facilitated by vascular 
damage). The novel findings of pathogenic tau (e.g. oligomeric, hyperphosphorylated) mislocalized 
to synapses in the early dementia stages, could be one such driver of glial dysfunction, and the key 
to eliciting and perpetuating the chronic synapse loss driven by glial cells in AD. Although direct 
toxicity of tau oligomers on synapses has been shown in vivo and in vitro, the acute effects of such 
mechanisms do not associate closely with the clinical disease course of AD, and the presence of 
largely preserved synapse proteins containing tau oligomers observed in this work would rather 
suggest that the oligomeric proteins attached to the engulfed synapse proteins by glial cells had low 
direct pathogenic effects on those glia-engulfed synapses. While the mechanisms underlying the 
translocation and accumulation of oligomeric proteins in synapses and their direct effects on 
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synapse function in demented brains remain a matter of ongoing study, this work raises the novel 
possibility that the presence of oligomers in synapses may drive the chronic elimination of healthy 
synapses in AD. The signals elicited by the tau oligomer-containing synapses, that may signal to glia 
to target and engulf those synapses, remain unexplored and will be an important future direction. 
Equally, additional studies addressing the degradation efficiency of synaptic elements by glial cells in 
the presence and/or absence of oligomeric proteins, will be key to assess the possibility of a 
dysfunctional degradation of engulfed synapses, and hence, a secondary accumulation of these 
proteins inside glial cells. Yet, recent evidence has proposed that the glia-driven internalization of 
tau remains efficacious until the glial cell is overburdened and unable to adequately degrade tau 
protein (514); the present study addressed a brain region with exquisitely low burdens of pathologic 
tau and absence of NFTs, thus likely supporting a still efficient degradation ability of glia and a likely 
accumulation of synapses inside glia due to an active mistargeting and an excessive elimination of 
healthy and still functional synapses. Overall, this work raises many new and unanswered questions 
for future studies, and it allows to propose and alternative disease model of AD, where the early 
synapse loss in demented AD brains would be due to the combined effects of increased oligomeric 
tau in synapses and phenotypically altered microglia and astrocytes, that would elicit the 
mistargeting of oligomeric-tau tagged synapses by glial cells, leading to an excessive elimination of 
still functional synapses, and the development of AD dementia. 
 

4.4 Limitations  
 
A caveat of the present study is that the cross-sectional nature of post-mortem assessment of 
human brains only offers a snapshot of the neuropathological processes occurring in these brains at 
the time of death of an individual and therefore the conclusions derived from the present work do 
not allow to infer on the possible mechanisms involved. Although the in situ visualization of 
synapses, oligomers, and glia are novel and can substantially aid in the understanding of the set of 
processes occurring in these brains, the ultimate evaluation of dynamic processes underlying 
synapse loss using in vivo and in vitro evaluations will be needed to complement the observational 
approaches used here.  
 
Secondly, the lack of consensus definition of human brain resilience can pose difficulties in the study 
design and interpretation of results when evaluating resilient brains with the aim to better 
characterize human traits of resilience. In the present study, an operational definition of resilience 
was created based on histopathological hallmarks and cognitive scores obtained from detailed 
antemortem clinical and post-mortem histopathologic evaluations to ensure consistency in case 
selection and standardized categorization of subjects into the respective cognitive categories, 
including not only the differentiation between demented and resilient, but also between resilient 
and controls. However, the operational definition used here is not formally validated or used in large 
scale settings, and the conclusions derived from this work may be limited to the predefined case 
selection used here.   
 
Another potential drawback in the study of resilient human brains is that close clinical evaluations 
prior to death may be particularly important to ensure that the cognitive status of a subject did not 
change and convert into the demented category just prior to death. While previous studies have 
suggested that a close interval of <2 years is desired and sufficient to ensure adequate clinical 
categorization, this time interval has been defined by consensus and formal studies comparing the 
reliability of such time measure is limited. In the present cohort, a particularly short time interval (<1 
year) was present between the last clinical assessment and the time of death, and this adds 
robustness and validity to the correct clinical categorization of cases into their respective groups and 
to the results derived from their assessments. Although rather unlikely, it cannot be fully excluded 
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that some subjects may have suffered from a change in cognitive status within the short time period 
between last clinical assessment and time of death.  
 
Detailed neurocognitive testing was performed in a subset of cases and the testing scores were 
correlated with local synapse densities and with various immunohistochemical quantitative 
measures. Although significant correlations were observed and some of the cognitive testing scores 
(e.g. DSST included in the WAIS-R score) were functionally closely related to the anatomical brain 
region studied here (visual cortex), most of the cognitive scales evaluated broad functional 
networks, and they did not allow to sensitively associate local brain anatomical changes with a 
similarly sensitive clinical measure of cognitive dysfunction. The development of more sensitive 
cognitive testing measures to detect select and anatomically restrained brain changes will be key to 
assessing the clinical relevance of locoregional brain changes. Moreover, the possibility should be 
considered that some of the locoregional anatomic changes (e.g. synapse density loss) may have 
anatomical and functional effects in connected and remote brain areas, and that some of the 
cognitive dysfunction profiles observed here may derive from disruptions in those distant anatomic 
brain regions.  
 
The present study included subjects of relatively old age at death (>85 years) and previous studies 
have highlighted differences in clinicopathological hallmarks and in potential mechanisms of 
resilience to AD in resilient so-called `super-agers’ (>85 years old) compared with younger resilient 
individuals (<85 years old) (688,689). Thus, it cannot be excluded that the potential mechanisms 
proposed here may be linked to the particularly favourable cognitive trajectory observed in the 
cohort of super-agers and that the results derived from this study may have relevance to 
mechanisms linked to not only to sustaining effects of ADNC in the brain (`resilience’), but also to 
maintaining cognitive function over a longer time span (`super-ageing’). It remains possible that both 
phenomena may be ultimately linked and that the benefits derived from them together would 
account for the most favourable cognitive trajectory of individuals across different lifespans. 
 
While the subjects included in the present work were matched for concomitant neuropathologies 
including amyloid-β, tau, alpha-synuclein, and TDP-43 deposits, the demented brains showed a 
higher vascular composite score compared with the resilient and control subjects, and it cannot be 
excluded that some of the observed effects of vascular pathology on synapse function and/or glial-
driven synapse elimination may be partly due to vascular comorbidity. While vascular pathology in 
the form of WM lesions is a common finding of healthy elderly brains, presenting in up to 85% of 
unselected autopsies, it is also very commonly found in AD brains, presenting in around 75% of 
demented brains (133–135). Yet, despite the presence of vascular lesions in most of the brains, the 
burden of those changes significantly differed between demented and resilient/controls, and it could 
theoretically be possible that this could have contributed to some of the other neuropathologic 
changes observed (e.g., synapse loss, glial dysfunction). However, the association between vascular 
burden and some of the used memory scales and synapse densities was not significant, supporting a 
rather low direct effect of vascular burden on the main neuropathologic outcomes studied here. 
However, the calculated vascular score burden derived from tissue blocks of the neocortex, WM, 
and basal ganglia, and it did not specifically address the burden of vascular lesions in the studied 
brain areas, nor the potential locoregional effects of CAA on glial cell phenotypic changes. A more 
detailed in situ evaluation of vascular changes and their interactions with glial cells could have 
rendered significant associations that were not observed with the global score used here. Of note, 
the study of synaptic TOC1 in association with glial cells was performed on a select subset of N=10 
brains that were matched for vascular score burden to eliminate the potential effects of vascular 
comorbidity on this intricate interaction(s). The total of N=60 brains included did not allow to match 
them for vascular score burden unless eliminating an important number of cases.  
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The assessment of synaptic elements was limited to excitatory (post)synapses (PSD95) only. While 
this provides an understanding of a relevant proportion of the total synapses of the human brain 
(80-90% of synapses are excitatory), there is a small proportion of inhibitory synapses (10-20%) that 
was not assessed in this study. Recent evidence has proposed that excitatory and inhibitory synapses 
may be equally affected in the early stages of AD dementia and therefore, it cannot be excluded that 
some of the changes observed in the present study, such as the presynaptic over postsynaptic 
predominance of oligomeric tau accumulation and/or the increased presynaptic over postsynaptic 
elimination by glial cells, could be due to a lack of assessment of an inhibitory (post)synapse 
subpopulation. 
 
ExM is a highly innovative technique that offers the unprecedented possibility of separating densely 
packed biomolecules in tissue sections to study their locoregional interactions. Several groups have 
previously validated ExM in different tissue types (FFPE, frozen) and origins (human, mouse) showing 
the isotropic expansion with minimal tissue distortion of expansion. The validation performed in the 
present study comparing unexpanded frozen with expanded FFPE sections and using various epitope 
targets for one same biological substrate, showed overlap of signal, and the assessment of 
internalized synaptic elements using lyososmal co-labeling showed co-localization of engulfed 
synapses with lysosomes, undepinning their biological relevance. Despite robust validation of ExM in 
the past and present study, it cannot be fully excluded that minimal tissue distortions and under-
/overestimations of engulfed material occurred. 
 
Long PMIs can alter protein expression at post-mortem and although recent studies have suggested 
that most proteins retain stable expression levels even with PMIs of >24hs (690), the present study 
included subjects who had relatively long PMIs (mean 21.9±15.8 hours). Although the three groups 
were matched for PMIs, we cannot exclude that PMI could have influenced the expression levels of 
some of the proteins measured here. Nonetheless, there were no significant associations between 
PMI and synapse densities, glial cell changes, and AD neuropathologic measures suggesting that, at 
an individual level, the PMI did not directly alter the neuropathologic expression of the proteins 
assessed here, and that it would be rather unlikely that the differences observed in the present 
study would be attributable to PMI.  
 

4.5 Future directions 
  
The present study assessed resilient brains at intermediate stages of ADNC (Braak III-IV stages) that 
harboured low burdens of cortical amyloid-β plaques and had brain areas with (temporal cortex) and 
without (visual cortex) NFT deposits. While the potential determinants of resilience to these 
intermediate ADNC stages could be relevant to address mechanisms that may help sustain cognitive 
function in the face of ADNC, a future avenue to assess the larger-scale implications of resilience 
factors in preventing dementia could involve the study of resilience factors in brains with even lower 
or absent ADNC burdens comparing cognitively normal with so-called frail brains (demented subjects 
with low/negligible ADNC at post-mortem) (55). This could help determine whether the absence of 
resilience in these subjects would be sufficient to explain cognitive decline, or alternatively, if 
resilience hallmarks would only be beneficial to preserve memory in subjects with ADNC. The 
implications of such findings could be relevant for guidance of future preventative treatments aimed 
at preserving cognition in a subset of ADNC+ and maybe also of ADNC- human subjects ahead of the 
development of cognitive decline. Ultimately, the study of these interesting frail brains with virtually 
absent ADNC at post-mortem but presence of dementia prior to death, which has been described in 
around 5% of autopsies of demented individuals, would further help understand the true 
significance of ADNC in the brain and the relevance of other factors for the development of 
dementia in an individual. 
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The amyloid cascade hypothesis is the most widely accepted explanation of AD pathogenesis, and it 
posits that the deposition of amyloid-β is the causative agent of AD, and that NFTs, neuronal loss, 
vascular damage, and dementia development follow as a direct result of this deposition (691). Based 
on recent evidence of tau being a better and closer predictor of synaptic and cognitive dysfunction in 
AD than amyloid, the present study was centered on the study of tau protein, and it largely 
obliterated the assessment of the role of amyloid-β deposits. Given that oligomeric forms of 
amyloid-β have shown direct synaptotoxic and neuroinflammatory effects, it is likely that the 
presence and interaction between amyloid-β and tau oligomers may additionally contribute to the 
toxic effects on synapses observed here. Understanding the effects of the single and combined 
oligomeric proteins on synapse dysfunction in AD, including amyloid, tau, and also alpha-synuclein, 
will be an interesting future direction that may aid in the more accurate definition and development 
of synapse-protective strategies for AD dementia.  
 
Resilience to ADNC is not exclusive or unique to the presence of AD lesions in the brain. In fact, 
recent evidence has shown that resilience to other neuropathologies, including TDP-43 and alpha-
synuclein, exists. In fact, cognitively unimpaired elderly with TDP43 aggregates in the brain have 
been observed in 24%, and with alpha-synuclein aggregates in 21% of autopsies (72,73). While 
studies on resilience to ADNC are rapidly evolving, the study of resilience to these other two key 
neuropathologic signatures remain largely unexplored. Future work addressing these interesting 
subsets of outliers could help understand the protective mechanisms associated with these 
individuals, and unravel individual and combined mechanisms of resilience, which could ultimately 
efficaciously address the pathways most relevant to maintaining cognitive function in dementia of 
various etiologies.  
 
The comorbid presence of ADNC with other neuropathologies, including TDP43 and alpha-synuclein, 
is a very common finding in the brains of demented individuals, and in vitro and in vivo studies have 
shown an exponential rather than additive effect of these combined proteins on synapse and 
cognitive dysfunction. Some of these proteins are particularly increased in the synapses, where they 
likely exert detrimental effects on synapse function. Yet, the interactions between amyloid-β, tau, 
TDP43 and alpha-synuclein oligomers at the synapse remain largely unexplored, and future studies 
addressing the single and combined effects of these proteins on synapse and cognitive function may 
be crucial to understanding the mechanisms and developing potential synapto-protective 
treatments for AD and other neurodegenerative dementia syndromes.  
 
Synapse subpopulations are highly diverse, and they include not only excitatory and inhibitory 
synapses, but also specific receptors in the presynapse and postsynapse. As part of the 
`synaptopathy’ characterizing AD very little is known about the specific synapse subpopulations and 
receptors that get affected at different disease stages and in the emerging clinical subtypes of AD 
and other dementia syndromes, and the study of those subpopulations could be relevant to 
understanding the underlying pathways and mechanisms involved. Given that synapse 
subpopulations and clinical presentations are widely heterogenous, it is likely that mechanisms 
affecting each synaptic subpopulation will be distinct for each dementia subtype, and that targeting 
the adequate pathway at the right time for each specific dementia syndrome will lead to most 
effective preservation of synaptic health and cognitive outcome in an individual. Limited means to 
assess synapses in living individuals with biomarkers and/or at post-mortem with staining and 
imaging techniques currently hinder the detailed evaluation of synaptic changes in the spectrum of 
AD and other dementias. Future work aimed at improving clinico-biomarker associations with the 
use of high-sensitivity proteomic analyses in biofluids and brain tissue combined with improved 
high-resolution nanoscale in situ assessments of synapses in the brain, may help reliably determine 
the vulnerability of specific synapse subpopulations in different dementing disorders and study their 
interactome to discover the initiating and driving pathways of synapse derangement and dementia 
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development. This could enable the discovery and development of novel biomarkers and treatment 
targets aimed at preserving specific synapse subpopulations in AD dementia subtypes and other 
dementia syndromes.  
 
Vascular pathology is highly prevalent in the brains of healthy and demented individuals, and it may 
interact and affect other neuropathologic elements in the brain. Given the limitations of the study of 
vascular changes in post-mortem brains, future studies aimed at creating in vivo or in vitro models 
and improved imaging techniques to evaluate the effect(s) of early vascular changes on the 
development and progression of ADNC and other neuropathologic signatures (e.g., synapse loss, glial 
dysfunction) would be highly informative. This could enable addressing the possibility of detrimental 
peripheral effects on the AD brain through an influx of peripheral elements which could be inducing 
or perpetuating glial dysfunction and subsequent synapse loss. This would allow to identify potential 
pathways driving the interaction between vascular/peripheral elements and glial cells in AD brains, 
with the potential to develop treatments to help reduce the primary glial dysfunction and preserve 
cognition ahead of cognitive decline in at-risk populations with known vascular comorbidity.    
 
While the present work proposes that the presence of oligomers in synapses and increased 
engulfment of oligomer-tagged synapses by glia is due to an oligomer-driven synapse elimination in 
demented brains, alternative explanations exist such as a physiological elimination of readily 
dysfunctional synapses containing tau oligomers by glia, and an increased accumulation of synaptic 
elements inside dysfunctional glial cells. To address these important alternative possibilities and 
identify potential underlying mechanisms, in vivo and in vitro models are needed to show the 
engulfment of synapses by glia in cell culture, and to address the potential effects of oligomeric 
proteins on the degradation efficiency of internalized debris by glia. Moreover, it will be interesting 
to assess the effects of cellular co-culture models including astrocytes, microglia, and potentially 
oligodendroglia, in eliminating synapses derived from demented and resilient brains, and to assess 
potential changes on synapse elimination when associating glial cell subtypes, and when adding 
oligomeric proteins beyond tau (e.g., amyloid and alpha-synuclein) to those co-cultures. This could 
help understand the intricate processes leading to synapse loss in AD and help identify mechanisms 
and pathways that may be targetable to prevent the progression of synapse loss in these brains.  
 
The drivers of increased oligomeric tau production and pathologic tau spread across the brain 
remain widely unknown. Future studies addressing the potential mechanisms involved in the 
pathologic tethering of tau to synaptic membranes of demented brains, the transsynaptic spread of 
tau, and the recently suggested glia-induced pathologic tau conversion and seeding propensity may 
help find pathways that could be effectively targeted to halt synapse loss in the early dementia 
stages. With the presently proposed novel data of an astrocytic (in addition to microglial) 
involvement in early synapse elimination of oligomer-containing synapses in AD, future studies 
aimed at addressing the interactions between oligomeric proteins and synaptic membranes, as well 
as between synapses (with and without oligomers) and glial cells may be key to identify the 
underlying altered pathways that may lead to the excessive synapse elimination in demented brains.  
 
Recent studies have identified a subset of receptors involved in excessive synaptic pruning in mouse 
models of AD, including C1q and C3 complement, and phosphatidylserine/osteopontin. In the 
present study the involvement of underlying pathways in excessive synapse elimination by glia was 
not addressed partly due to technical difficulties with complement protein staining in expanded 
brain tissue. Future studies directed at evaluating the interactome between synapses and glial cells 
would help identify potentially druggable treatment targets that could be tested in vitro and in vivo 
and which may effectively interfere with the excessive synapse elimination by glia in those brains. 
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Although presently available AD biomarkers show high sensitivity to diagnose AD, they are not 
always closely associated with the presence of dementia in an individual. The here presented 
findings of higher burdens of tau oligomers and hyperphosphorylated tau in synapses of demented 
brains in the early disease stages could help in the development of better biomarkers to track the 
development and progression of dementia, and help guide earliest interventions and therapeutic 
trials in AD. Moreover, oligomeric tau and/or other tau species could be incorporated into future 
neuropathologic frameworks and ultimately replace fibrillar forms of tau to more accurately define 
AD histopathologically. 
 
Newly revised biomarker definition of AD using the ATN framework has recently proposed 
incorporation of inflammatory (I), vascular (V), and alpha-synuclein (S) measures to the presently 
used biomarker definition of AD creating an updated ATN-IVS framework. Moreover, some of the A, 
T, and N measures have been amended with the addition of oligomeric species of amyloid-β (A), 
other posttranslational modifications of tau (T), and the inclusion of synaptic biomarkers to measure 
neurodegeneration (N) into the present definition. Although the present work addressed one 
potential pathologic mechanism leading to early synapse loss by studying the association of glia with 
oligomeric tau, future studies expanding on this and most importantly assessing the combined 
effects of various oligomeric proteins on synapse loss including oligomeric amyloid-β and alpha-
synuclein may help better understand the mechanisms of early synapse derangement and help 
discover better biomarkers and more effective treatment targets for AD and other dementia 
syndromes. 
 
The challenges posed by clinico-pathologic discrepancies in the diagnosis of AD could be addressed 
in the future by combining better clinical definitions of AD subtypes (e.g., frontal, language, PCA 
subtypes of AD) with more detailed neuropathologic characterizations of each of those clinical 
subtypes. The more accurate definition of clinical syndromes of AD in association with characteristic 
neuropathologic signatures may enable to improve diagnostic accuracy and reduce the gap between 
the pre-mortem and post-mortem discrepancies currently observed in AD, which may ultimately 
shift the at present only neuropathologic definition of AD to a combined clinico-pathologic entity. It 
is likely that the presently combined assessment of distinct clinical AD phenotypes as one single 
entity termed `AD dementia’ may underestimate individual neurobiological and pathological 
differences of those clinically distinct presentations, and that this may be hindering the development 
of effective treatments for AD. An individualized approach based on clinical AD subtype 
presentations combined with corresponding underlying AD biomarker statuses may ultimately 
define distinct AD entities and help develop effective and individualized treatment strategies for 
each AD subtype. The better clinical and neuropathologic definition of AD may enable overcoming 
the important limitations in the clinico-pathologic discrepancies and the lack of disease-modifying 
treatments available to date and allow targeting the adequate pathways at the right time for each 
AD dementia subtype to prevent the development and progression of the disease at an individual 
level.  
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6.2 Glossary of terms 
 
2D  2-dimensional 
3D  3-dimensional 
4-HT  4-Hydroxy-TEMPO 
AcX  Acryloyl-X 
AD  Alzheimer disease 
AD  Autosomal dominant 
ADAD  Autosomal dominant Alzheimer disease 
ADNC   Alzheimer disease neuropathologic changes 
ALDH1L1 Aldehyde dehydrogenase 1 family member L1 
APP  Amyloid precursor protein 
APS  Ammonium persulfate  
AT  Array tomography 
AT100  Anti-Phospho-Tau 100 
AT8  Anti-Phospho-Tau 8 
ATP  Adenosine triphosphate (ATP) 
AUC  Area under the ROC Curve 
BACE1  Beta-site amyloid precursor protein cleaving enzyme-1 
C  Control 
C1q  Complement component 1q 
C3  Complement component 3 
C3R  Complement component 3 receptor 
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CAA  Cerebral amyloid angiopathy 
CBS  Corticobasal syndrome 
CD18  Cluster of differentiation 18 
CD68  Cluster of differentiation 68 
CD81  Cluster of differentiation 81 
CDR  Clinical dementia rating scale 
CDR-G  Clinical dementia rating - global 
CDR-SoB Clinical dementia rating - sum of boxes 
CERAD  Consortium to Establish a Registry for Alzheimer's Disease 
CFP  Cyan fluorescent protein 
CNS  Central nervous system 
CP13  Tau antibody 
CSF  Cerebrospinal fluid 
CTE  Chronic traumatic encephalopathy 
D  Demented 
DLB  Dementia with Lewy bodies 
DNA  Deoxyribonucleic acid 
DSM  Diagnostic and Statistical Manual of Mental Disorders 
DSST  Digit Symbol Substitution Test 
EDTA  Ethylenediaminetetraacetic Acid 
EEG  Electroencephalogram 
e.g.  exempli gratia 
EM  Electron microscopy 
EOAD  Early-Onset Alzheimer Disease 
ExM  Expansion microscopy 
FA  Formic acid 
FDG  Fluorodeoxyglucose 
FFPE  Formalin-Fixed Paraffin-Embedded 
FIB-SEM Focused ion beam-scanning electron microscope 
FOV  Field of view 
FRET  Fluorescence resonance energy transfer 
GABA  Gamma-aminobutyric acid 
GAP-43  Growth-associated Protein 43 
GFAP  Glial fibrillary acidic protein 
GT38  Tau antibody 
HEK293  Human embryonic kidney 293 cells 
HEXB  Hexosaminidase subunit beta 
HLA-DR  Human Leukocyte Antigen - DR isotype 
IBA1  Ionized calcium-binding adaptor molecule 1 
IL1  Interleukin-1 
IL33  Interleukin-33 
IL6  Interleukin-6 
LAMP2  Lysosome-associated membrane protein 2 
LATE  Limbic-predominant age-related TDP-43 encephalopathy 
LOAD  Late-Onset Alzheimer Disease 
MCI  Mild cognitive impairment 
mm  millimeter 
MMSE  Mini-Mental State Examination 
MN423  Tau antibody 
MOCA  Montreal cognitive assessment scale 
MRI  Magnetic resonance imaging 
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N  Number 
NFT   Neurofibrillary tangle 
NIA-AA  National Institute on Aging and Alzheimer's Association 
nm  nanometer 
N-N-Mb N-N-Methylenebisacrylamide 
NPTX  Neuronal pentraxin 
NRG1  Neuregulin-1 
OCC  Occipital cortex 
p  Probability 
P2RY12  Purinergic receptor P2Y G protein-coupled 12 
PART  Primary age-related tauopathy 
PBS  Phosphate buffered saline 
PCA  Posterior cortical atrophy 
PD  Parkinson’s disease 
PET  Positron emission tomography 
PHF1  Paired Helical Filaments 
PMI  Postmortem interval 
PS  Phosphatidylserine 
PSD95  Postsynaptic density protein 95 
PSEN1  Presenilin 1  
PSP  Progressive supranuclear palsy 
p-tau  Phosphorylated tau 
pTDP-43  phosphorylated TAR DNA Binding Protein 43 kDa 
R  Correlation coefficient 
R  Resilient 
ROI  Region of interest 
SALL1  Sal-like 1 
SCD   Subjective cognitive decline 
SD  Standard deviation 
SDS  Sodium dodecyl-sulfate 
SIM  Structured Illumination Microscopy 
SNAP-1  Alpha-Soluble NSF 
SOB  Sum of boxes 
SOFI  Super-resolution optical fluctuation imaging 
STED  Stimulated emission depletion 
STORM  Stochastic Optical Reconstruction Microscopy 
SV2A  Synaptic vesicle glycoprotein 2A 
TBI  Traumatic brain injury 
TBS-T  Tris-buffered saline with 0.25% Tween 
TDP43  TAR DNA Binding Protein 43 kDa 
TEMED  Tetramethyl-ethylenediamine 
TMEM119 Transmembrane protein 119 
TOC1  Tau oligomeric complex 1 
TP  Temporal pole 
TSPO  Translocator protein 
UK  United Kingdom 
US  United States 
USA  United States of America 
WAIS  Wechsler adult intelligence scale 
WB  Western blot 
WM  White matter 
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WMH  White matter hyperintensity 
YFP  Yellow fluorescent protein  
γH2AX  H2A histone family member X 
μm  micrometer 


