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ABSTRACT 

Alzheimer’s disease (AD) is characterized by the accumulation of two 

pathological hallmarks in brain areas mediating cognitive function: 1) extracellular senile 

plaques consisting of aggregated amyloid-beta peptides and 2) intracellular 

neurofibrillary tangles (NFTs) composed of fibrillar aggregates of the protein tau. 

Although NFT pathology is strongly linked to neurodegeneration and cognitive decline in 

AD, several lines of evidence indicate that it is the soluble “pre-tangle” aggregates of 

tau formed prior to NFTs that are the neurotoxic species driving disease progression 

resulting in cognitive impairment. In this study, we aimed to quantify pre-tangle tau 

moieties in the cognitive brain regions that falter the earliest in AD to advance our 

understanding of disease mechanisms and test if pre-tangle tau pathology associates 

with cognitive decline. We examined postmortem tissue from three brain regions–frontal 

cortex (FC), posterior cingulate cortex (PCC), and precuneus (PreC)–that form 

functionally connected Default Mode Network (DMN), which shows altered functional 

connectivity in patients with subjective cognitive decline (SCD) as well as with mild 

cognitive impairment (MCI) who later convert to frank AD. Immunohistochemical and 

biochemical quantification of pre-tangle tau by epitope-specific antibodies (pS422, 

TOC1, TNT2, and TauC3) indicated that pathological tau was present in the low Braak 

stages in the DMN, and its level significantly increased between the transition from 

Braak stage IV to Braak stage V. The pre-tangle tau pathology also demonstrated a 

tight and inverse correlation with several antemortem cognitive test scores, including 

those related to global cognition, episodic and semantic memory, as well as with 

postmortem neuropathological diagnostic scores. We also found possible regional 



differences in pre-tangle tau load among those three brain regions, with PCC showing 

higher pathology compared to its neighboring region, PreC. To further investigate the 

tau protein interactome that may underlie the regional difference in pre-tangle tau 

pathology burden, we performed a co-immunoprecipitation of pathological tau and its 

protein binding partners for mass spectrometric analysis. The results revealed that tau 

interactions within PCC and PreC were associated with different stress response to AD 

pathology, while PCC demonstrated abnormally elevated lipid metabolism and immune 

activation. Collectively, our findings contribute to the timeline of pre-tangle tau 

accumulation in the DMN network in AD with a potential regional difference for the 

pathology load between the two posterior hubs. We also found a close and inverse 

correlation between the pre-tangle tau and cognitive decline, emphasizing the potential 

of the study to develop effective disease-mitigating strategies. 
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INTRODUCTION 

Dementia during human history: Has it always been in the picture, or is it a 

modern-day disease? 

Although the definition of “dementia” has evolved throughout history and found its 

recent description in the last two centuries, extreme forgetfulness and inability to learn 

new concepts is as old as human history. The first documented dementia case goes 

back to 3,000 BC in Ancient Egypt. An important figure, the chief consular of the king, 

Ptah-Hotep, was recorded as being unable to remember the day before and becoming 

more and more childish every night (Vatanabe, 2020; Garcia-Albea, 1999). The Ebers 

Papyrus, dated to 1,500 BC, is considered an important medical record of its time, and it 

briefly mentions depression and dementia (York, 2010). Later on, records show only a 

few references to dementia in Ancient Greece and more mentions in the medical texts 

from Ancient Rome (Finch, 2024; Assal, 2019). However, dementia was also considered 

melancholy or delirium, which makes it harder to extract more information from ancient 

texts. 

Often under-credited, between the 8th and 13th centuries (also known as the 

Islamic Golden Age), several researchers and philosophers in the East (Seifaddini, 

2015) contributed to the understanding of dementia. Avicenna categorized dementia 

into three categories, which largely overlaps with today’s definition of Alzheimer’s 

disease (AD), frontotemporal dementia, and dementia with Lewy bodies (Taheri-Targhi,  

2019; Rahimi, 2017; Jack, 2024) in his famous Al-Qanun fi al-Tibb  (The Canon of 

Medicine) book. Avicenna’s influence pervaded Western science until the 18th century, 

despite alternative opinions, such as Thomas Willis referring to dementia as “stupidity” 
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in the 17th century, suggesting it to be a combination of age and heritage (genetics by 

modern translation) (Vatanabe, 2020; Yang, 2016). From this point dementia research 

began to advance more rapidly, such that by the 19th century Otto Ludwig Binswanger, 

a Swiss psychiatrist and neurologist, recognized cerebrovascular lesions and 

neurosyphilis as potential causes of dementia (Yang, 2016; Mast, 1995; Roman, 1999).  

Discovery of Alzheimer’s disease 

Another dementia scientist who worked with Binswanger at the time was Alois 

Alzheimer. Alzheimer was the senior assistant at the Frankfurt Psychiatric Hospital 

when he first met with Auguste Deter, a fifty-year-old woman who was admitted to the 

clinic due to progressive sleep disturbances, aggression, memory problems, and 

confusion. Senile dementia was already known at the time; however, Auguste was too 

young for her severe symptoms. (She would stay in that clinic for five years until her 

death in 1906). During his first year of attending to Auguste, Alzheimer kept detailed 

notes of her condition and the interviews he conducted with her, asking basic questions 

regarding time, place, and names, which she unfortunately failed to answer. Instead, 

she repetitively said, “I have lost myself, so to say.” Even after he departed from the 

clinic to join Emil Kraepelin’s team at the Heidelberg Hospital in 1902, Alzheimer stayed 

informed about some peculiar cases, including Auguste’s (Yang, 2016; Hippius, 2003). 

When she died in 1906, some of her brain samples were sent to Alzheimer for 

pathological assessment. By using a Bielschowsky silver stain, Alzheimer was able to 

stain two distinct pathological features, “thickened miliary foci” and “peculiar fibrillary 

changes of the nerve cells” (which later would be known as amyloid plaques and 

neurofibrillary tangles [NFTs], respectively), and shared his detailed findings in the 
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South-West German Psychiatrists Meeting in Tubingen in 1906 (Hippius, 2003; 

Tagarelli, 2006). Unfortunately, the crowd did not show much interest in his case. 

Undeterred, Alzheimer’s kept seeing patients and doing pathology research.  

He met another patient in 1907 who showed similar symptoms to Auguste and 

died three years after his diagnosis. Interestingly, this patient had only plaques 

(Graeber, 1997; Moller, 1998). Later, histological sections from both cases were 

obtained from the archives and reexamined with modern techniques in 1998 by Möller 

and Graeber (Moller, 1998) to find similar results to Alzheimer’s initial report and further 

extrapolated that the second case might indicate an earlier time point in the progression 

of the disease. With the support and suggestion of Kraepelin in 1910, the disease went 

into the literature as Alzheimer’s disease (AD), ironically to be forgotten until the 1970s, 

with increasing appreciation into the 1980s and 90s as disease prevalence began to 

rise dramatically and researchers discovered that the APP and MAPT genes generated 

protein products comprising plaques (amyloid-, or A) and NFTs (tau), respectively 

(Brion, 1985 ;Grundke-Iqbal, 1986a; Grundke-Iqbal, 1986b; Glenner, 1984; Goldgaber, 

1987). The biology of these protein products is discussed below.   

AD: Disease Staging and Diagnostic Criteria 

Postmortem diagnosis of AD 

The postmortem diagnosis of AD has historically relied upon Dr. Alzheimer’s first 

observations and, even today, a definitive diagnosis of AD requires postmortem 

evidence of amyloid plaques and tangles, which can be visualized using silver and 

thioflavin S stains. These two pathological markers are critical for determining the 

presence and severity of AD. More recently, antibodies recognizing plaques and tangles 
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have been employed (Ward, 2013; Combs, 2016; Vana, 2011; Glenner, 1984). Several 

widely used scoring systems provide a standardized approach to diagnosing AD based 

on these markers: 

Consortium to Establish a Registry for Alzheimer's Disease (CERAD): This scoring 

system evaluates neuritic plaque density and the senile plaque score in five brain 

regions: medial frontal, medial temporal, inferior parietal, entorhinal cortex, and 

hippocampus. The assessment results in one of four possible designations ranging from 

1 to 4, corresponding to the severity of plaque accumulation (Mirra, 1991). 

• 1: Normal (no evidence of AD or other dementing processes) 

• 2: Possible AD 

• 3: Probable AD 

• 4: Definite AD 

Braak Stage: This system assesses the presence of NFTs in the same five brain regions 

as the CERAD system. The stages range from 1 to 6, with higher numbers indicating 

more advanced neurofibrillary pathology (Braak, 1991). Specific stage characteristics 

are discussed in Chapter 2. 

NIA-Reagan Diagnosis: The NIA-Reagan system integrates the global load of diffuse 

plaques, neuritic plaques, and NFTs in the aforementioned brain regions (Newell, 1999). 

The scoring system is inverse, with the following categories providing a different aspect 

of neuropathological assessment: 

• 1: High likelihood of AD 

• 2: Intermediate likelihood of AD 

• 3: Low likelihood of AD 
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• 4: No AD 

ABC Scoring System: Another comprehensive scoring system that combines plaque 

and tangle pathology measures is called the ABC scoring system. "A" stands for 

amyloid pathology based on the Thal phase (Thal, 2002), "B" represents the NFT score 

based on the Braak stage, and "C" incorporates the neuritic plaque quantification based 

on the CERAD score (Robinson, 2021). The scale goes from 1-4 for each category, with 

4 showing the most severe pathology. 

Clinical diagnosis of AD 

Cognitive deterioration brings patients to the clinic in the first place. To be able to 

diagnose the disease, physicians initially perform an extensive physical and 

neurological examination, assess global cognitive function using tools such as the Mini-

Mental State Exam (MMSE), Montral Cognitive Assessment (MoCA) exam, or Clinical 

Disease Rating (CDR) scale, and talk to the patient's family about the patient's cognitive 

history. Although it is not a required practice, physicians may request brain scans (MRI, 

fMRI, CT, or PET) and plasma or CSF for Aβ, tau, and other neurodegeneration markers 

such as neurofilament light. The three-marker disease staging has been suggested 

based on the presence of amyloid plaques (A), tau tangles (T), and neurodegeneration 

(N), resulting in three biological stages of AD: A+T-N-, A+T+N-, A+T+N+. (Jack, 2024). 

Fortunately, the arduous efforts of dedicated researchers in the field have started 

to pay off as new CSF and plasma biomarkers (Aβ42, Aβ40, p-tau217, p-tau181, and p-

tau231). In addition, the development of Aβ and tau PET tracers have revolutionized the 

field by allowing clinicians to view the development of plaque and tangle pathology in 

vivo. Other diagnostic imaging modalities include volumetric MRI to study brain atrophy 
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and vascular lesions that might contribute to dementia (Mungas, 2002; Zhang, 2017). 

With the increased incorporation of CSF, plasma, and imaging biomarkers as criteria for 

recruitment into clinical trials, the field has advanced more rapidly in the last 20 years, 

which has in turn created the need to update the criteria for disease diagnosis and 

biomarkers as well as staging. In June 2024, multiple study groups were formed by the 

National Institute on Aging and Alzheimer's Association (NIAAA), and they published an 

update on AD diagnosis criteria and biomarkers for each clinical stage (Jack, 2024). The 

revisions include the biological and clinical staging of the disease, which are 

summarized below.  

Biological: In addition to the A/T/N staging, the new guideline proposes a four-stage 

scheme considering the emergence of different biomarkers: Initiation stage, early stage, 

intermediate stage, and advanced stage.  

Clinical: Based on the cognitive deterioration, seven stages were proposed from 0 to 6 

to parallel the increased impairment. 

Clinical symptoms of AD based on integrated biological and clinical staging  

Initiation Phase 

This phase includes stage 1 in the clinical staging. In the initiation phase, also 

known as the “pre-clinical phase”, pathological hallmarks start to accumulate in the 

brain up to 10-15 years before the initial symptoms start to emerge. There are no 

distinguishable symptoms, and patients do not realize any changes in their cognitive 

abilities. Pathology accumulation continues at varying speeds, reflecting the 

genetic/epigenetic/environmental (e.g., exposures to pollutants and toxins) differences 

in cases. This temporal lag between the pathology building and cognitive deterioration 
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might be due to cognitive reserve (ability to compensate for dysfunctional networks by 

activating alternative networks), brain reserve or resilience (the brain’s capacity to 

endure the existing pathology and related biological imbalances), or existing co-

pathologies (alpha-synuclein, cerebral amyloid angiopathy [CAA]) (Santiago, 2021; 

Shim, 2022; Greenberg, 2020).  

Early Phase 

This phase includes the stages 2 & 3 in the clinical staging. It starts with basic 

forgetfulness, such as trouble with remembering a word or misplacing items and 

repeating themselves during a conversation. In AD, episodic memory typically shows 

the earliest changes (see Chapter 3 for a more detailed discussion). Initiation of these 

symptoms is difficult to differentiate from age-related cognitive decline. The patients 

classified as subjective cognitive impairment/dementia (SCI/SCD) are considered to be 

in the early part of this phase before transitioning into mild cognitive impairment (MCI) 

(Petersen, 2004) –particularly amnestic MCI–a prodromal AD syndrome marked by 

poorer performance on episodic memory tests but minimal impact in activities of daily 

living (Lanz, 1975).   

Intermediate Phase 

This phase includes the stages 4 & 5 in the clinical staging as people begin to 

present mild/moderate dementia. Memory failure in remembering certain events, 

names, and information becomes more frequent, and the person can struggle at work or 

social gatherings. Their time span to concentrate decreases, and it starts to take longer 

to complete a task. They may have poor judgment and bad decisions in daily activities. 

This is the stage in which patients start to fail on more than memory tasks, including 



 9 

language problems, inability to do basic calculations, and developing sleep 

disturbances. Sleep disturbances, in particular, may become a major problem since 

melatonin secretion and circadian rhythm are impacted (Wu, 2007; Zhang, 2025). Lack 

of sleep at night may contribute to agitation, aggression, and mood changes through 

impaired glymphatic function. The glymphatic system is known as the washing machine 

of the brain due to its function of clearing the waste material, including soluble amyloid 

and tau, from the CSF via mixing with interstitial fluid (ISF) to be drained from the 

subarachnoid space (Iliff, 2013). The clearance mostly happens during sleep. Multiple 

studies emphasized the role of the glymphatic system in AD pathology and claimed that 

disrupted sleep exacerbates the symptoms by preventing the brain from clearing the 

waste material  (Hablitz, 2020; Hablitz, 2021). As this stage progresses, the patient 

withdraws from social activities, loses track of time and place, and may wander 

mindlessly and get lost. Apathy, depression, and hallucinations may follow the previous 

symptoms. The patient becomes more and more dependent on a caregiver.  

Advanced Phase 

This phase includes stage 6 in the clinical staging. All cognitive abilities fail to 

some degree at this stage. Meaningful communication becomes very hard. The patient 

may not recognize their loved ones. Severe personality changes may occur, usually 

towards aggression and anxiety. Behavioral changes are not universal, so they may or 

may not be seen in every patient. Weight loss and loss of bowel control may happen. 

Increased hallucinations, delusions, and paranoia may be seen. Advanced patients 

need help with personal care, walking, sitting, and even swallowing. Thus, aspiration 
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pneumonia is the major cause of death among AD patients due to difficulty in 

swallowing. 

Challenges of staging AD in the clinic 

Compared to postmortem assessments, it is a lot more challenging to accurately 

diagnose AD in living patients due to multiple reasons. First, interpersonal differences in 

brain reserve and cognitive reserve create variability in disease trajectory for each 

patient. The temporal gap between the pathology accumulation and initial clinical 

symptoms of the disease may be up to 10-15 years (Figure 1.1).  

 

Figure 1. 1 The effect of cognitive reserve on the transition from pre-clinical to clinical 

stage (Jack et al., 2024) 

Exceptional cognitive reserve (dashed dark green line) may delay the clinical onset of 

the disease (dashed light green line) showed by the horizontal gray arrow. 

This temporal lag may be due to cognitive reserve (the ability to compensate for 

dysfunctional networks by activating alternative networks) and/or brain reserve or 

resilience (the brain’s capacity to endure the existing pathology and related biological 

imbalances). Second, it is very common to see plaque and tangle pathology in AD 
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patients accompanied by other pathologies such as TDP-43 in frontotemporal dementia, 

alpha-synuclein (α -syn) in Lewy body disease, small or large vascular infarcts, and 

CAA. Those cases are often called mixed dementia rather than AD. Co-pathologies 

exacerbate the plaque and tangle pathology and speed up the clinical manifestation of 

AD (Robinson, 2021). Additionally, biomarkers and imaging techniques for TDP-43 and 

α-syn are less developed compared to pathological Aβ and tau markers and detection 

techniques, which makes the information about those co-pathologies less available; 

therefore, an unequivocal differential clinical diagnosis of AD is more challenging.     

  Finally, there is technical difficulty in detecting or monitoring the building blocks 

of plaques and tangles in living patients, particularly small diffusible aggregates such as 

tau oligomers, whose toxicity will be discussed in detail in the upcoming chapters. The 

current PET tracers cannot differentiate between oligomers vs. filamentous plaques or 

tangles. The “unmasking” of disease trajectory by the development of more sensitive 

and specific fluid AD biomarkers (Islam, 2025) and next-gen PET tracers will eventually 

allow scientists to integrate pathological and clinical staging of AD progression improved 

clinical trial enrollment and earlier therapeutic interventions. 

AD Pathological Proteins: Biology and Function 

Amyloid beta (Aβ) 

Aβ is a 37-49 amino acid residue peptide that gets cleaved from the larger 

Amyloid Precursor Protein (APP), which is a transmembrane protein with a single-

membrane spanning domain with a long flanging extracellular N-terminal domain and 

shorter intracellular C-terminus. APP is synthesized in the endoplasmic reticulum and 

transferred to the Golgi for maturation and eventually to the cell membrane to play 
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multiple roles in cellular processes, including but not limited to nervous system 

development, synaptogenesis, axonal growth and guidance, dendritic arborization, and 

synaptic plasticity (Muller, 2017; Chen, 2017). APP is expressed by the excitatory 

neurons as well as the GABAergic interneurons in the neocortex and the hippocampus, 

and it interacts with extracellular matrix players (collagen and heparin), lipoprotein 

receptor proteins, and several mediators and adaptor proteins that regulate multiple 

molecular pathways (Muller, 2017). APP can be processed in two alternative pathways: 

nonamyloidogenic and amyloidogenic. Cleavage of APP via alpha-secretase creates the 

APP peptide, which has been shown to inhibit caspase-dependent apoptosis and 

upregulate neuroprotective molecules (Muller, 2017) and is therefore neuroprotective. 

The further cleavage of the remaining APP transmembrane fraction with gamma-

secretase results in a small peptide (P3) with a 3kDa molecular weight. There is no 

known function of P3. However, no indicator of P3-related toxicity was found. Neuronal 

activity and the activation of muscarinic acetylcholine receptors are shown to increase 

alpha-secretase activity (Muller, 1997). Another sequential cleavage of APP, on the 

other hand, via beta-secretase and gamma-secretase, which eventually creates a 40-42 

amino acid-long Aβ peptide that has shown to be toxic, especially when it forms 

oligomers. One of the pathways through which Aβ promotes cell death is binding 

p75NTR receptors to initiate the intracellular apoptotic signaling cascade (Sotthibundhu, 

2008). Aβ also activates caspase 3 and caspase 8, causing the creation of the reactive 

oxygen species (ROS), which disrupts a variety of mechanisms in the cell  (Kumar, 

2023; Stadelmann, 1999). 



 13 

The relation of Aβ to AD was not known until a 1984 study in which the 

researchers extracted Aβ from the senile plaques in AD brains and sequenced it 

(Glenner, 2012). With more groups working on it, Aβ became known as a 37-49 amino 

acid peptide with a 4kDa molecular weight and was associated with many functions in 

the cell, such as regulating synaptic plasticity via regulating synaptic transmission (Rice, 

2019; Hampel, 2021) and vesicle trafficking (Wilhelm, 2014), helping to protect the 

integrity of the blood-brain barrier (BBB), and suppressing microbial activity (Jeong, 

2022). Both Aβ40 and Aβ42 peptides are present in the AD plaques. However, the ratio 

is more skewed towards the Aβ42 form. Nuclear magnetic resonance (NMR) 

spectroscopy studies showed that Aβ42 has different biophysical properties and 

conformational states compared to Aβ40, making the 42 forms more prone to self-

aggregate (Hampel, 2021). Although an extensive review of the Aβ pathology in AD is 

beyond the scope of this thesis, a possible explanation for the increased ratio of Aβ42/ 

Aβ40 in familial AD patients might be due to mutations in the presenilin-1 and -2 genes 

(PSEN1, PSEN2) that were discovered in genomic linkage analysis studies in familial 

AD pedigrees (Bertram, 2009; Gerrish, 2012). Presenilins, along with the presenilin 

enhancer, nicastrin, and Aph-1 Homolog A, form the gamma-secretase enzyme (De 

Strooper, 2003). Some of the known presenilin mutations were shown to result in 

decreased efficacy of the enzyme and contribute to the increased Aβ42/ Aβ40 ratio 

(Chen, 2017). 

According to the still-followed amyloid cascade hypothesis (ACH) of AD, Aβ 

monomers start to self-aggregate due to an unknown etiology, which causes ionic 

imbalances and increased ROS formation that eventually disrupts tau homeostasis and 
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causes tau to self-aggregate as well (Hardy, 1992). Together, this results in synaptic 

and, eventually, cellular loss. Despite the ongoing debate on the matter, there are gaps 

that the hypothesis falls short to explain:  

-Non-overlapping tau and Aβ trajectories in the brain 

The ACH suggests that Aβ directly or indirectly initiates tau pathology by 

interacting with tau itself (Stancu, 2014; Blurton-Jones, 2006) or activating the tau 

phosphorylating kinases or by triggering an immune response by activated glial cells or 

inhibiting tau degradation by proteosomes, collectively resulting in aberrant 

posttranslational modifications (PTMs) that yield detachment of monomeric tau from the 

microtubules and making self-aggregates (Blurton-Jones, 2006) (see below for a 

discussion of tau biology and function). However, the trajectory of Aβ and tau pathology 

in the brain does not fully overlap. While Aβ forms fibrils and subsequent cross-beta 

pleated structures (Sunde, 1998) starting from the neocortex and spreading to all 

cortical regions and midbrain and later on to the cerebellum and brainstem (Hampel, 

2021), tau follows a different route. Tau starts to accumulate into NFTs in subcortical 

regions such as the locus coeruleus and limbic regions (e.g., the transentorhinal cortex) 

and spreads to to other limbic regions such as hippocampus, subsequently appearing in 

the neocortical regions (Braak, 1991). Therefore, although regional plaque load was 

found to be a strong predictor of the regional NFT pathology accumulation by multiple 

studies and computer models, the overall trajectory of plaque and tangles do not align 

until the later stages of the disease.  
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-Cognitive decline that does not parallel Aβ pathology 

Aβ might start to silently accumulate in the brain 20-30 years prior to the initial 

cognitive deterioration without any symptoms. According to Aβ-PET studies, Aβ plaques 

already reach their peak abundance before the clinical stage and remain fairly stable. 

Conversely, plaque removal by immunotherapy has only very modest effects on 

cognitive improvement in clinical trials (see below). By contrast, tau-bearing NFT-PET 

levels continue to rise as the cognitive decline deepens. The dissonance may suggest 

reconsidering the ACH as an accurate disease model.  

-Failed clinical trials to improve cognition by removing Aβ plaques 

AD clinical trials have been focused on removing Aβ plaques by expecting this 

would reverse the cognitive deterioration. Even the two FDA-approved amyloid-

targeting drugs (Aducanumab and Lecanemab), which have been administered despite 

their serious side effects, could not improve cognition or mood (Hunter, 2024). 

Therefore, unfortunately, amyloid-attacking drugs are far from showing a real impact on 

patient’s lives, which mitigates the credibility of the ACH hypothesis.  

Tau Tangles: From physiological monomers to NFT pathology 

The second hallmark of AD, and the focus of this dissertation, is the pathological 

form of a physiological protein called tau. In 1974, NFTs were isolated from an AD brain, 

and the following year, tau, as a newly defined protein, was extracted from a porcine 

brain without knowing it was the building block of the previously isolated NFTs 

(Kirschner, 2024). About a decade later, in 1986, Inge Grundke-Iqbal, under the 

supervision of Lester (Skip) Binder, showed the presence of abnormally 

hyperphosphorylated tau in the paired helical filaments isolated from an AD brain, also 
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paving the road for the discovery of other tauopathies (Grundke-Iqbal, 1986a, Iqbal, 

2006). 

Tau is a monomeric, intrinsically unfolded protein that is coded by the MAPT 

gene located on chromosome 17. Due to the alternative splicing of exons 2 & 3 (on the 

N terminal) and exon 10 (on the microtubule-binding domain), there are six isoforms of 

tau (0N3R, 1N3R, 2N3R, ON4R, 1N4R, 2N4R), which all are expressed in humans 

(Guo, 2017). The sequence of those isoforms varies between the 352-441 amino acid 

residues. Functionally, tau has four domains: the N-terminus (1-165), the proline-rich 

region (166-242), the microtubule-binding region (MTBR, 243-367), and the C-terminus 

(368-441) (Barbier, 2019) with different electrostatic properties. At physiological pH, 

proline-rich and MTBR regions are positively charged due to their predominant 

positively charged amino acids, while the N-terminus consists of mostly negatively 

charged amino acids, altogether contributing to tau's interaction with several ions and 

molecules, including microtubules (MTs) (Castro, 2019; Mietelska-Porowska, 2014).  

Tau is considered a hydrophilic molecule due to these charged regions and low 

abundance of the hydrophobic amino acids (i.e., alanine, valine, and methionine) (Avila, 

2016). As previously stated, the primary structure of tau is unfolded, however, the 

intramolecular structures may cause both N- and C-terminus fold over the MTBR 

domain creating a "paperclip" structure (Jeganathan, 2008) that is suggested to be 

protective against self-aggregation due to blocking the interaction of the folded terminals 

with other molecules (Avila, 2016; Oakley, 2020). It is also suggested that for tau to form 

the paperclip folding, it has to be bound to MTs, and once it detaches, the paperclip 
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unfolds (Di Primio, 2017). In this regard, the formation of paperclip structures might be 

impacted by MAPT mutations, e.g., P301L (Di Primio, 2017). 

Tau protein expression is primarily detected in the brain; however, it is also 

present in the peripheral nervous system as well as in the periphery, such as the 

submandibular gland, colon, and abdominal skin (Dugger, 2016). In the brain, tau is 

expressed by neurons, oligodendrocytes, and astrocytes across all the regions. 

Research has shown that tau can also be localized in synapses and dendrites, involving 

synaptic transmission, and can interact with the cell membrane regulating neurite 

development, or be transferred into the nucleus to play various roles (Grundke-Iqbal, 

1986a, Guo, 2017; Younas, 2023; Litman, 1993).  

Physiological Tau Has Multiple Functions 

Microtubule Binding and Cellular Trafficking 

Tau is most known for its role in binding to MTs for dynamic stabilization. MTs are 

composed of globular alpha- and beta-tubulin units bound to either GDP or GTP. MTs 

have two ends, plus and minus, both growing; however, the plus grows faster and 

includes a GTP-cap, which prevents a rapid shrinking through depolymerization of the 

units. Tau binds to both ends (Breuzard, 2013; Qiang, 2018), with a primary role in 

stabilizing the minus end by binding to GDP-bound tubulin while facilitating stable 

elongation at the plus end by interacting with GTP-bound tubulin. Thus, tau both 

stabilizes and promotes the elongation of MTs (Barbier, 2019).  

In addition to its structural role, tau regulates axonal transport, which is essential 

for the movement of cytoskeletal proteins, organelles, and vesicles within neurons, 

through slow and fast transport that differ in their movement pattern. The anterograde 
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transport occurs from the cell body to the synapses via kinesin molecules that can move 

along the MTs, whereas retrograde transport occurs from synapses to the cell body via 

dyneins. Tau can interact directly with kinesin and dynein or alter MT dynamics, thus 

influencing the efficiency and direction of axonal trafficking (Mietelska-Porowska, 2014; 

Dixit, 2008; Lacovich, 2017). PTMs or mutations of tau may change its electrostatic 

feature as well as the conformation, thus impacting axonal transport. Several animal 

and human studies demonstrated that axonal transport is disrupted in AD due to 

disassociations of cargos, reduced MT binding, or changing the direction of dynein 

(Morfini, 2002; Morfini, 2009; Dixit, 2008) due to the activities of multiple kinases, such 

as glycogen synthase kinase-3 beta (GSK3), presenilin-1 (PS1), c-Jun N-terminal 

kinase 3 (JNK3), and Casein kinase 2 (CK2) that was altered by the accumulation of 

pathological Aβ and tau (Kanaan, 2013).  

Synaptic Function 

Tau may play a role in regulating synaptic vesicular release from the presynaptic 

compartment by activating kinases and phosphatases (i.e., GSK3 and PP1, 

respectively) (Mietelska-Porowska, 2014). It also acts as a postsynaptic scaffolding 

protein and modulates the activity of c-Src and Fyn kinases (Mietelska-Porowska, 

2014). Additionally, tau facilitates the formation of the Fyn & PSD95/ NMDA complex, 

and in the absence of physiological tau, Fyn cannot be trafficked to the postsynaptic 

dendrites (Ittner, 2010). Therefore, physiological tau is considered essential for LTP 

(Kimura, 2014). Tau gets released to the synaptic compartment in an activity-dependent 

manner (Frandemiche, 2014). Although the exact mechanism(s) is yet to be explored, 

numerous animal model studies, as well as data from AD patients, indicate that several 
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tau PTMs, mutations, and oligomers may impair LTP (Lasagna-Reeves, 2012; Robbins, 

2021; Fa, 2016) through reversal of LTP toward LDP or reducing synaptic transmission 

through reducing the vesicular activity (Zhou, 2017).  

Nuclear Function 

Data have shown that tau can be present in the nucleus, primarily around the 

dense fibrillar component (DFC), which is localized in the nucleolus (Brady, 1995; 

Loomis, 1990), specifically where pre-ribosomal RNA is processed (Bukar Maina, 2016), 

modulating gene expression (Siano, 2019). Studies have also shown that tau binds to 

DNA and increases its stability by increasing its melting temperature (Guo, 2017) and 

protecting it from free reactive oxygen species (ROS) acting like a heat shock protein 

(HSP) (Guo, 2017). Tau is also involved in DNA repair mechanisms (Violet, 2014). 

Interestingly, similar to MT binding, the DNA binding ability of tau gets reduced upon 

phosphorylation (Guo, 2017). Therefore, phosphorylation also impacts the behavior of 

nuclear tau.  

Regulating Glucose Metabolism 

Another function of tau is regulating brain glucose metabolism through its 

bidirectional interaction with insulin. Insulin is known to influence hippocampal plasticity 

and memory function, though the precise mechanisms have remained unclear 

(Fernandez, 2012; Grillo, 2015; Jo, 2025). Multiple studies have highlighted glucose 

insensitivity and insulin resistance in AD patients, with some researchers even 

proposing AD as a potential Type III diabetes mellitus (Sotiropoulos, 2017; Talbot, 2012; 

Gonzalez, 2022). Marciniak and Leboucher demonstrated that deleting tau in mice 

impaired hippocampal responses to insulin and caused insulin resistance, which 
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resulted in increased food intake independent of leptin and metabolic disturbance. 

Additionally, tau knockout mice showed lower long-term depression (LTD) on 

hippocampal slides, indicating disrupted memory and learning (Marciniak, 2017).  

Intriguingly, human studies have revealed that insulin influences the activity of 

GSK3, a key enzyme involved in tau phosphorylation (Hobday, 2021). Interestingly, 

antidiabetic drugs, such as metformin, can slow down cognitive decline in AD (Tran, 

2024). Furthermore, elevated insulin levels have been observed in hippocampal 

neurons with hyperphosphorylated tau (Rodriguez-Rodriguez, 2017). A recent study 

also suggests that tau may directly suppress insulin secretion in the pancreatic B-islet 

cells by regulating MT assembly (Mangiafico, 2023). Our own research further supports 

a correlation between impaired insulin mechanism and clinical diagnosis of AD (Beck, 

2022). 

Oligodendrocyte Function 

Finally, due to its presence in glial cells such as astrocytes, tau may have similar 

regulatory mechanisms as in neurons. However, with respect to oligodendrocytes, tau 

plays a unique role in the complex maturation and myelination process of these cells by 

regulating Fyn kinases (Guo, 2017; Mueller, 2021). A study found that knocking down 

tau in oligodendrocytes in vitro impaired the outgrowth and differentiation mechanisms, 

therefore resulting in reduced neuron-glia contact formation when the oligodendrocytes 

were cocultured with the dorsal root ganglion neurons (Seiberlich, 2015). Another study 

found that silencing the Fyn expression in mouse oligodendrocytes in vitro reduces their 

ability to apoptosis (Luo, 2020). Therefore, Fyn is a key kinase in oligodendritic function, 

and so is tau as a direct regulator of Fyn. 
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Post Translational Mutations (PTMs) That May Contribute to Tau Aggregation 

Despite the disease history that goes back more than a century, the etiology of 

AD is still not fully understood. The presence of pathological Aβ folded into beta-sheet 

structures and pathological tau self-aggregated in the NFTs are well established. 

However, what triggers the self-aggregation of these two molecules, which both have 

important physiological functions in the brain as monomers, is yet to be elucidated. 

Some pathogenic mechanisms are suggested for making normal Aβ and tau monomers 

more prone to aggregation, such as free radicals, which attack proteins, lipids, and 

DNA, or PTMs that may change the charge distribution, physiological function, as well 

as the physiological properties of Aβ and tau, or maybe both collectively making them 

pathological entities. Some of the known PTMs that tau receives are listed below:  

Phosphorylation 

The central focus of tau PTMs has long been phosphorylation. Phosphorylation is 

adding a phosphate group to serine (Ser), threonine (Thr), or tyrosine (Tyr) residues of a 

protein via kinases. The longest tau isoform has around 85 phosphorylation sites 

(Basheer, 2023), and the number of phosphorylated sites is increased in AD brains 

several fold compared to the controls (Grundke-Iqbal, 1986a, Alonso, 1994; Kopke, 

1993). There are some phosphorylation sites unique to pathological tau (Thr69, Ser210, 

Ser214, Thr403, Ser409, Ser422) and some sites that are observed both in normal tau 

as well as the pathological tau (Ser202, Ser205, Tyr217, Thr231, Ser396, Ser404, 

Ser412) (Basheer, 2023). The major identified kinases that phosphorylate tau are 

GSK3β, cyclin-dependent kinase-5 (Cdk5), mitogen-activated protein kinases (MAPKs), 
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and Src family kinases (Fyn, Src, and c-Abl) (Guo, 2017; Basheer, 2023; Hernandez, 

2013; Kimura, 2014; Lebouvier, 2009).  

Abnormal phosphorylation has been associated with the self-aggregation 

process of tau by reducing its affinity to bind MTs (Mandelkow, 1995). Detached tau 

starts to form dimers and oligomers and the subsequent higher-order paired-helical 

filaments (PHFs) and NFTs. Phosphorylation also impacts tau binding to its binding 

partners, such as Fyn, resulting in diminishing its aforementioned nuclear and synaptic 

functions. Another facet of the increased phosphorylation tau is due to the reduced 

phosphatase activity, which is the removal of a phosphate group. PP1, PP2A, PP5, and 

PTEN are some of the major phosphatases that remove phosphate groups from tau 

molecules. In tauopathies, including AD, their activity was shown to often decrease 

yielding hyperphosphorylation (Basheer, 2023; Martin, 2013; Kerr, 2006), therefore 

contributing to tau pathology.  

S199/Ser202/Thr205 phosphorylation is detected by the AT8 antibody (Biernat, 

1992; Goedert, 1995) and used for the Braak staging to label NFTs in AD pathological 

diagnosis (Kelley, 2022). Another commonly used tau antibody (PHF-1) binds to 

pS396/pS404 tau residues and is used to label extracellular NFTs (Otvos, 1994). pT153, 

pS262, pS422, and TG3 antibodies, on the other hand, detect various abnormal 

phosphorylation, which are suggested to detect earlier forms of pathological tau 

(Augustinack, 2002).  

Acetylation 

This process is defined by adding an acetyl group to the N terminus or lysine 

residues of a protein by acetyltransferases (histone acetyltransferase (HAT) or lysine 
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acetyltransferase) cAMP-response element binding protein (CREB)-binding protein 

(CBP); and can be reversed by deacetylases (histone deacetylase (HDAC) or lysine 

deacetylase; mostly sirtuin 1 (SIRT1) and HDAC6), therefore is considered as a 

reversible modification, similar to phosphorylation. Acetylation is related to both the 

physiological and pathological state of tau. Acetylation on 259, 290, 321, and 353 lysine 

residues has been detected in the control cases (Cook, 2014), whereas acetylation on 

lysine 174, 274, 280, and 281 has been shown in several tauopathies (Guo, 2017; 

Tracy, 2016; Trzeciakiewicz, 2017).  

 Acetylation and phosphorylation both change the electrical charge of tau, 

conferring a greater negative charge (Castro, 2023). In physiological conditions, the 

negatively charged C terminus of microtubules greatly interacts with positively charged 

molecules, including the MTBR and C-terminal domain of tau. However, both acetylation 

and phosphorylation lead to a relatively negative charge in these domains and thus 

decrease tau’s affinity to bind MTs (Trzeciakiewicz, 2017). In an in-silico study, the 

researchers modeled tau’s behavior under several phosphorylation and acetylation 

PTMs and concluded that, compared to the structural changes, electrostatic changes 

impact tau binding to MTs more (Castro, 2023). Another study also found that 

acetylation exacerbates tau pathology by decreasing its degradation (Min, 2010).  

Truncation 

Physiologic tau has a fixed life span in cells due to its regulated turnover. 

However, due to its presence in non-dividing neurons and providing structural support to 

other large cell assemblies for months to years, it is considered a long-lived protein 

(LLP). Truncation by proteolysis is a natural process for LLPs to maintain normal protein 
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function, which may be compromised due to the accumulated PTMs over time. Studies 

have shown that physiological tau gets proteolytically cleaved by caspases and calpains 

in neurologically normal human brains (Friedrich, 2021; Yang, 1995). Additional 

pathology-associated truncation sites were found in AD brains (Chu, 2024) and non-AD 

tauopathies (Guillozet-Bongaarts, 2007). An in vitro study looked at the impact of the 

truncation of tau from different domains on site-specific phosphorylation and self-

aggregation of tau. They found that the truncation of the first 150 and the last 50 amino 

acids greatly enhanced tau hyperphosphorylation, aggregation, and binding to human 

brain-derived oligomer seeds, while truncation of the last 20 amino acids did not have a 

similar impact (Gu, 2020). They also found that the Tau151–391 truncated fragment 

showed the highest pathological activities. 

                      

Figure 1. 2 The sequential cleavage of tau suggested by Basurto-Islas et al., 2008 

The most studied truncation sites are Glu391 and Asp421, shown to be present 

in vitro (Gamblin, 2003) as well as in the PHFs and late-stage NFTs in AD brains (Zhou, 

2018; Arezoumandan, 2022; Basurto-Islas, 2008). Basurto-Islas and colleagues found 

that the tau labeling with Mn423 and Tauc3 antibodies (detects Glu391 and Asp421 
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truncated tau, respectively) correlates with the Cambridge Examination for Mental 

Disorder of the Elderly (CAMDEX) and Braak staging (Basurto-Islas, 2008). They also 

found that tau sequentially gets cleaved from the C terminus towards the MTBR (their 

suggested model is shown in Figure 1.2) throughout NFT maturation, and that Glu391 

and Asp42 truncations are mutually exclusive; therefore, co-labeling with Mn423 and 

Tauc3 did not overlap (Basurto-Islas, 2008). Another study found that caspase-cleaved 

Asp-421 tau was associated with increased calcium-dependent phosphatase calcineurin 

activity and subsequent mitochondrial fragmentation and dysfunction (Quintanilla, 

2009). 

Ubiquitination 

Ubiquitination is the first step of a major protein degradation system that works in 

the cytoplasm and nucleus by attaching ubiquitin tags to damaged, malfunctional or 

mutant proteins via various ligases to initiate the recognition and degradation of them by 

proteosomes (Hallengren, 2013). The turnover of full-length monomeric tau is thought to 

be through the ubiquitin-proteosome system (UPS). However, the conformation and 

aggregation state of tau was suggested to determine whether it would go through the 

ubiquitin-dependent or independent clearance systems (Lee, 2013). Truncated tau, 

oligomeric tau, and PHFs are inaccessible to proteosomes. Therefore, they need to be 

degraded by autophagosomes (Lee, 2013). Interestingly, highly ubiquitinylated tau in 

the PHFs and CSF from AD patients was reported (Iqbal, 1991; Iqbal, 1998). 

Additionally, several detected lysosomal abnormalities in AD may contribute to the 

failure of the UPS in pathologic tau clearance (Ihara, 2012).  
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Glycosylation and Glycation 

Tau also can receive a carbohydrate molecule to a lysine residue enzymatically 

(glycosylation) or to asparagine or serine/threonine residues non-enzymatically 

(glycation). Glycosylation is well-controlled and contributes to various cellular functions 

(Ohtsubo, 2006; Uceda, 2024). O-glycosylation, in particular, may decrease tau 

phosphorylation by GSK3 (Liu, 2004). Contrarily, glycation is observed in disease and 

aging, preventing protein degradation or release from the cell, therefore greatly 

promoting aggregation (Martin, 2011). Glycation also makes proteins more sensitive to 

oxidation, promotes ROS production, and blocks tau degradation (Uceda, 2024; Martin, 

2011).    

Besides the aforementioned PTMs, tau can get methylated, SUMOylated, 

nitrated, polyaminated, and oligomerized (Alhadidy, 2024). All of these modifications 

play a role either in the direction of pathology development or against self-aggregation. 

However, none of them, including phosphorylation as the most suspected modification 

for aggregation, by itself has been proven to initiate tau aggregation in AD (Wegmann, 

2021; Necula, 2004).  

PTMs may also compete with each other; for instance, acetylation may compete 

with phosphorylation, and ubiquitination may compete with acetylation. Or they 

bidirectionally impact each other. Oligomerization has been shown to be associated with 

the dysfunctional UPS (Tai, 2012). Impaired glucose metabolism causes overactivation 

of GSK3, which then suppresses O-glycosylation on the Ser/Thr residues (Liu, 2009). 

To summarize, all the PTMs that a tau molecule receives play a collective and possibly 

synergistic role in determining its biophysical and chemical state, which eventually 
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defines its fate on either to stay attached to MTs and maintain its numerous functions or 

to detach from MTs, self-aggregate, and trigger so many molecular and metabolic 

abnormalities in the cell.   

Are We Targeting the Wrong Target: Tangles vs oligomers and pre-tangle tau 

The discovery of tau in NFTs in AD in 1974 opened up new possibilities to 

establish functional associations with cognitive decline, which did not correlate with A 

and plaque load. The advent of large cohort clinical pathological studies revealed that 

NFT pathology, on the other hand, was tightly correlated with MMSE scores and other 

global cognitive measures (Nelson, 2012). This discovery put the NFTs in the spotlight. 

They were considered as the source of toxicity that entails dysfunction of various 

cellular mechanisms as well as the subsequent inevitable neuronal death as the 

disease progresses. However, as time progresses, more research on the matter has 

been conducted only to find that NFTs might not be as toxic as originally thought. Tau 

PET studies revealed that NFTs can start building up in the brain for a decade prior to 

the symptomatic stage (Bateman, 2012). Not only can NFT-bearing neurons stay alive, 

but they also remain functional. An animal study found that, despite the presence of 

NFTs, neurons can remain integrated in the neuronal circuits (Kuchibhotla, 2014). 

Another recent study went a little further and said NFTs are dynamic structures, not just 

tombstones, contributing to the equilibrium for soluble tau (Croft, 2021). In animal 

studies, NFTs, along with monomers, were shown to be incapable of seeding pathology 

in mice, while oligomers succeeded (Ghag, 2018). Another study showed that 

intraneuronal NFTs in P301L mutation-carrying mice did not halt the integration of 
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synaptic inputs (Rudinskiy, 2014). Altogether, these accumulating data increasingly 

suggest that NFTs are not the real culprit in neurodegeneration in AD.  

Oligomers: Without a consensus in terminology, oligomeric tau can be defined as small 

tau clusters that are made of two (i.e., dimers) or more monomeric tau proteins. 

Electron microscopy and atomic force microscopy studies demonstrated that 

recombinant oligomeric tau has a spherical form with around 12-14nm diameter (Flach, 

2012; Cehlar, 2024). As a typical amyloidogenic protein, tau oligomers are enriched with 

beta sheets but not necessarily cross-beta structures, which are seen more in NFTs. 

Intriguingly, a recent cryo-EM study showed that the folding of tau filaments may vary 

from disease to disease (Shi, 2021) increasing the complexity of the disease etiology 

and providing evidence that different oligomeric tau moieties might exist in different 

tauopathies with different dynamics in the synapses, or even among patients with the 

same disease, depending on the PTM profiles and the genetic background of the 

patient.  

                  

Figure 1. 3  Illustration of tau detachment and oligomer formation   
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Oligomers are considered intermediate pre-tangle species between the 

physiological monomers and NFTs (Shafiei, 2017) and have remarkable toxicity (Figure 

1.3). Recombinant tau oligomers were shown to impair membrane integrity by causing 

phospholipid vesicle leakage and reduce cell viability (Flach, 2012), inhibit fast axonal 

transport (FAT) (Ward, 2012), induce mitochondrial dysfunction and fission (Shafiei, 

2017), and cause memory impairment and synaptic dysfunction (Lasagna-Reeves, 

2011).  

More intriguingly, research indicates that AD brain-derived oligomers are even 

more toxic than recombinant oligomers and have the ability to propagate pathology with 

endogenous murine tau once they are injected in mice (Lasagna-Reeves, 2012). 

Collectively, findings indicate that tau oligomers are a lot more toxic than fibrillar tau and 

NFTs. It might be speculated that it is due to the spherical structure of the oligomers, 

which leaves the pathologic epitopes exposed, or the organization of the β -sheet 

structures in the oligomers, which are not stacked into the cross-beta sheet forms as 

they are in NFTs. An alternative explanation might be the ability of oligomeric tau to be 

taken up by neuronal and non-neuronal cells via phagocytosis and pinocytosis for 

degradation. The fate of internalized oligomeric tau is relatively a new research 

question. Although there are studies that demonstrated the internalization of full-length 

monomeric human tau and oligomeric tau and the degradation of the monomers in cell 

models, how effective the degradation of the oligomers remains elusive. It is possible 

that impaired endosomal-lysosomal pathway in diseases might cause an ineffective 

digestion, which entails the release of the still toxic oligomers into the synaptic cleft 

further in the brain only to be taken up by another cell and spread the pathology. There 
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are also additional “pre-tangle tau” PTMs and formations that confer toxicity such as 

pS422 and TNT2 (Combs, 2016; Tiernan, 2016; Sayas, 2021) and likely contribute to 

oligomer formation. These species will be discussed in Chapter 2. 

Tau Pathology Spread in the Brain 

There are multiple hypotheses for pathological tau propagation in the brain. Tau 

can spread trans-synaptically due to its activity-dependent release in the presynaptic 

terminal (Frandemiche, 2014; Colom-Cadena, 2023). Post-mortem immunolabeling of 

pathological tau indicated the presence of tau in both pre-and post-synaptic terminals 

(Puangmalai, 2020). Therefore, pathological tau might propagate long distances in the 

brain via a series of reuptakes and releases between anatomically connected brain 

regions,. Supporting this idea, tau-PET images confirm the presence of tau NFTs in 

anatomically and functionally connected brain regions (Franzmeier, 2022; Colom-

Cadena, 2023). 

Another hypothesis supports a prion-like propagation of tau. Once tau starts to 

accumulate in the locus coeruleus and the transentorhinal cortex, it might spread in a 

prion-like manner, seeding pathology in normal tau wherever it encounters. “Seeding” 

terminology comes from the prion field and is used for the process of a normal protein 

becoming a pathological disease-causing form due to conformational changes once it 

interacts with another disease-causing form (Telling, 1996).    

A third hypothesis is based on a potential regional deposition of tau pathology 

based on a possible regional or cell-type specific susceptibility. The brain regions with 

high metabolic rates and energy demand, e.g., limbic areas and neocortex, are found to 

be hubs for tau accumulation (Adams, 2019). It might be due to both a possible 
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selective vulnerability or to the spread between the functionally connected regions, e.g., 

resting state large-scale brain networks. These theories are not mutually exclusive; they 

might happen in different regions simultaneously, collectively spreading the tau 

pathology in the brain.  

Default Mode Network (DMN) as a model connectome for tau pathological spread  

 Neuronal cells communicate through their trillions of synaptic connections 

between each other as well as the non-neuronal cells in the brain. Hence, the brain can 

be considered a huge communication center comprised of countless connectomes. 

Communication via electrical or chemical signals is essential for neurons not only to 

function properly but also simply to survive. This communication is not limited to the 

proximity between neurons. Centuries of neuroanatomical studies have shown that long 

synaptic projections enable neurons to communicate with their partners even from a 

long distance in the brain through white matter tracks and thinly myelinated fiber 

bundles that facilitate coupled neuronal activity between non-neighboring regions.  

Aside from postmortem neuroanatomical studies, in vivo visualization of the 

structural connectivity of these communication networks is mostly achieved by structural 

magnetic resonance imaging (sMRI) or diffusion tension imaging (DTI) 

(Babaeeghazvini, 2021). By contrast, visualizing the functional connectivity (fc) of these 

communication networks is based more on their statistical connectivity, or the probability 

of coactivation between the regions during functionally demanding tasks. Functional 

magnetic resonance imaging (fMRI) provides measures for fc, and once it is combined 

with structural measures, it provides highly accurate models to assess the precise 
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connectomes in the brain mediating cognitive function (Babaeeghazvini, 2021; 

Litwinczuk, 2022).  

 With the increased research on the brain’s glucose metabolism via PET imaging 

in the late 90’s, an interesting discovery happened. Several groups were trying to 

measure brain glucose levels, which would increase due to neuronal activity-dependent 

oxygen consumption. Their approach was subtracting the basal brain activation from the 

task-related activation. To their surprise, while most tasks resulted in oxygen 

consumption in discrete anatomically connected regions suggesting that activation of 

those networks mediated those tasks, oxygen levels of other discrete brain areas were 

decreased during the tasks. The same phenomenon was repeatedly detected in 

multiple studies and was further tested with the incorporation of fMRI, which also 

assesses the visualization of blood oxygenation and flow to these regions. The brain 

regions involved in this phenomenon were collectively named the Default Mode Network 

(DMN) (Raichle, 2015), the brain network that is active by default. 

DMN regions: The widely accepted DMN regions, also referred to as hubs, minimally 

include the medial prefrontal/frontal cortex (FC, e.g., Brodmann areas 9/10), posterior 

cingulate cortex (PCC, Brodmann areas 23/31), and precuneus (PreC, Brodmann area 

7) (Hafkemeijer, 2012; Utevsky, 2014). Other regions are suggested to be involved, 

such as the angular gyrus, hippocampus, and inferior temporal cortex, but in the context 

of this dissertation, FC, PCC, and PreC are referred to as the main DMN hubs. 
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Figure 1. 4 Illustration of the main default mode network (DMN) hubs, adopted from 

Sultan Tarlaci, Journal of Neurophilosophy (2023) 

Medial Prefrontal Cortex 

This region, referred to as FC in this thesis, is located in the front of the frontal 

lobe, bordering the frontopolar cortex, sensory-motor areas, and the anterior cingulate 

cortex. Based on the cytoarchitectural differences, it has four subregions with distinct 

roles in cognitive function. FC is the association cortex of the frontal lobe that receives 

motor and sensory input from associated cortical areas as well as higher-order 

information from the hippocampus, subiculum, posterior cingulate cortex, amygdala, 

and thalamus (Xu, 2019) to perform complex cognitive functions such as decision-

making, inhibitory control, emotions and perception, and language processing (Euston, 

2012). FC is also involved in learning and memory consolidation (Euston, 2012; Jobson, 

2021).   

 Abnormal FC activity is associated with several psychiatric disorders, such as 

bipolar disorder, schizophrenia, depression, and anxiety, as well as neuropathological 

diseases, such as Alzheimer’s and Parkinson’s diseases (Jobson, 2021). Although 



 34 

without a consensus, in Aβ -positive but cognitively intact prodromal AD patients, 

abnormal fc changes between the FC and hippocampus were reported (Hedden, 2009; 

Sheline, 2010). The discrepancy might be due to the difference in the analysis methods 

or possible subregional differences in the FC and hippocampus used for those studies. 

In amnestic MCI patients (aMCI), a more consistent trend starts to emerge, which is a 

decrease in fc between FC and hippocampus (Cai, 2017; Yue, 2015).  

In the context of DMN, however, an increased fc of FC from the posterior DMN 

hubs (PCC/PreC) was found in aMCI patients (Gardini, 2015; Jin, 2012), which is often 

interpreted as a maladaptive response (Penalba-Sanchez, 2022). Once the disease 

advances, the trend becomes clearer, and FC becomes more functionally detached 

from PCC/PreC in AD cases (Scherr, 2021; Vipin, 2018). This might be partially due to 

the vascular dysfunction and atrophy that often accompany primary AD pathology. The 

decrease in fc of the FC was also found to correlate with episodic memory decline 

(Ranasinghe, 2014; Vipin, 2018).   

Posterior Cingulate Cortex 

PCC is a region that is part of the posteromedial cortex and is 

cytoarchitectonically characterized as the paralimbic cortex. PCC has many connections 

with other brain regions, including the retrosplenial cortex, PreC, hippocampus, and 

medial temporal lobes. The area itself is big and can be considered as two distinct 

dorsal and ventral parts, which might be involved in different tasks in different directions 

(Leech, 2011). Ventral PCC (Brodmann area 23) has been thought to be largely 

involved in the internal deep focus requiring tasks such as episodic and semantic 

memory retrieval, autobiographical thoughts, future planning, etc. The dorsal part of the 
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PCC (Brodmann area 31) involves broader communication in the brain, controlling the 

internal and external attention shifts and the co-activation/deactivations in synchrony 

with other brain networks, including the dorsal attention network and fronto-parietal 

cortical network (Leech, 2014). The activity of the dorsal PCC might increase during 

‘external attention demanding’ tasks (Leech, 2011).  

Possibly due to its high metabolism (~40% greater than the adjacent PreC) 

(Raichle, 2001; Pfefferbaum, 2011; Leech, 2014), this a susceptible region to 

metabolism changes in aging and diseases such as AD, ADHD, schizophrenia, focal 

lesions, autism, and depression (Leech, 2014). Although the level of the functional 

connectivity changes might be heterogeneous between the dorsal and ventral parts, in 

early AD patients, PCC activation decreases (Bai, 2009). The rapid 

activation/deactivation between the DMN and task-positive tasks is also impacted, 

possibly due to the diminished interconnectivity between the PCC and other related 

regions. Therefore, to make an accurate conclusion on the activity changes of PCC in 

different diseases as well as healthy aging, we need to better understand the complex 

activation pattern of the region during different tasks, which are seemingly external but 

require unexpected reasoning and rapid attention switch. 

Precuneus 

Another DMN hub is PreC, which is located in the posteromedial cortex, right 

above the PCC. This rectangular-shaped region is also neighbor to the cuneus and the 

somatosensory cortex. Cytoarchitecturally, the PreC has three subregions: dorsal 

anterior, dorsal posterior, and ventral (Cunningham, 2017). Those subregions are 

selectively involved in episodic memory, self-awareness, visuospatial control, and 
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consciousness (Yamaguchi, 2024). Possibly due to its connections to the sensorimotor 

cortex and the supplementary motor area (SMA), the dorsal anterior and posterior 

precuneus show activation during spatially guided behavior (Zhang, 2012). Anterior and 

posterior precuneus are also shown to be involved in motor imagery, such as a finger-

tapping task (Zhang, 2012). Ventral precuneus, on the other hand, shows strong 

connections with PCC and is involved in episodic memory retrieval, recalling past 

experiences, interoception, and daydreaming (Stillesjo, 2019), which highly overlaps the 

activation pattern of the DMN on a larger scale. 

 Similar to the previously mentioned DMN regions, PreC shows aberrant fc in AD 

patients. Importantly, those changes occur starting from the early course of the disease. 

One study looked at the precuneus fc in a risk group that had a family member with AD 

and found an increased fc of precuneus without structural changes (Green, 2023). 

Interestingly, this connectivity was diminished in aMCI and AD patients. Another study 

showed parallel results that in AD patients, the fc between the hippocampus and 

precuneus, as well as the fc between the precuneus and post-central gyrus, was 

reduced, claiming the aberrant fc might proceed the effect size of the structural atrophy 

(Kim, 2013).  

 Notably, there is a growing interest in transcranial magnetic stimulation (rTMS) in 

various regions of the brain, including PreC, to halt AD progression. Although the 

sample sizes are modest and most studies primarily targeted early AD cases, overall 

results demonstrate a promising pattern, such as a positive effect on cognitive function 

and a delay in cognitive decline (Millet, 2023). There was even a Phase 2 clinical trial 

that targeted precuneus with rTMS in AD patients, which reported a stable CDR and 
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MMSE score in the rTMS-received AD group compared to the sham AD controls (Koch, 

2022). Additionally, they observed local gamma oscillations in the rTMS-received AD 

group, which normally shows an irregular pattern in AD patients (Moussavi, 2022). 

Besides their individual roles in autobiographical memory and interoception, 

episodic and semantic memory formation and storage, decision-making making, and 

executive function, in the context of DMN, the activity of FC, PCC, and PreC 

synchronizes when an attention-demanding external task is absent. This functional 

connectivity may change due to race, sex, normal aging, or diseases, including AD 

(Hafkemeijer, 2012; Misiura, 2020; Ficek-Tani, 2023). The intriguing point is that fc 

changes start to take place very early in the disease without any structural atrophy. 

Although those changes might be bidirectional depending on the disease stage, 

detecting DMN fc changes in people who are at risk of developing AD, or even for 

people with sporadic AD, may provide an incredibly useful platform to accurately predict 

the disease timeline and determine the patient group who might be better candidates for 

clinical trials.  

AD plaques and tangles coincide in the DMN  

Antemortem amyloid and tau PET imaging results reveal the presence of amyloid 

plaques and NFTs within the DMN hubs (Hojjati, 2021; Li, 2019; Yokoi, 2018). However, 

there are some contradictions in the literature regarding the relationship between these 

pathologies and functional connectivity (fc) changes, especially during the early stages 

of the disease, which will be discussed later. One of the most intriguing aspects is the 

overlapping trajectories of amyloid and tau in the DMN. 
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In typical AD, the origin and propagation patterns of amyloid plaques and NFTs 

differ. Amyloid plaques initially accumulate in the neocortex, particularly in association 

areas, and then gradually spread to other regions. In contrast, NFTs begin in the 

entorhinal cortex and hippocampus, extending to the limbic system and, eventually, to 

the neocortex. Although, in advanced stages of the disease, both amyloid plaques and 

NFTs spread throughout the brain, individuals with MCI may show positivity for both Aβ 

and tau within the DMN. When combined with fc data from fMRI, these findings help 

bridge the gap in understanding how these pathologies contribute to cognitive changes. 

As discussed in more detail in subsequent chapters, Aβ-carrying patients have been 

shown to demonstrate hyperaction and hyperconnectivity. However, the first study to 

combined tau and amyloid PET found that the fc changed direction and turned into 

hypoconnectivity once NFTs appeared (Schultz, 2017). Hence, the field is still trying to 

decode the fc changes due to amyloid and tau pathology. Yet, a more important 

question remains unanswered: Where is the more toxic pre-tangle tau in this picture?  

DISSERTATION OBJECTIVES 

Oligomeric tau toxicity has now been widely reported and shown to spread in the 

brain via multiple possible mechanisms. However, oligomeric tau in the context of AD is 

still an underexplored area, with more and more details continuing to emerge regarding 

the mechanisms underlying oligomer activity and behavior, as well as the binding 

partners and molecular pathways through which it causes dysfunction. Another largely 

unexplored facet of oligomeric tau is how it impacts cognition. Animal studies 

demonstrated that tau oligomers at the synapses disrupt LTP and impair learning and 

memory (Robbins, 2021; Fa, 2016). Since NFTs were shown to correlate inversely with 
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cognitive function and reflect its decline throughout the AD progression in living patients, 

oligomeric tau is expected to be highly detrimental to cognitive health. However, the 

absence of oligomeric tau-specific PET tracers prevents us from assessing the 

phenomenon in living patients. Therefore, the question of when tau pathology meets 

with cognitive decline remains unanswered. Hence, the goal of this dissertation project 

is to quantify early pathological tau within the DMN and to determine the extent to which 

this tau pathology is associated with cognitive decline. Due to all its previously 

mentioned features, the DMN should provide an excellent model connectome to study 

tau pathology-related cognitive changes throughout the AD progression. 

We hypothesized that pre-tangle pathological tau accumulates early in the DMN 

in correlation to cognitive decline and with a possible regional difference among the 

DMN hubs. This overarching hypothesis was tested through three aims: 

Aim1: Investigate pre-tangle tau pathology in the DMN hubs during the progression of 

AD. We hypothesize that pathological pre-tangle tau epitopes accumulate in the DMN in 

early NFT pathological stages. 

Aim2: Determine the relationship between pre-tangle tau in DMN and related 

antemortem cognitive scores. We hypothesize that pathological pre-tangle tau load 

correlates with antemortem cognitive performance (e.g., episodic memory, working 

memory, perceptual speed) and neuropathological scores (e.g., NIA-Reagan, Braak, 

CERAD). 

Aim3: Proteomics investigation of differential tau protein binding partners between PreC 

and PCC. We hypothesize that tau pathology preferentially accumulates in PCC 
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compared to PreC and that this is due to the presence of novel tau protein binding 

partners in PCC that mechanistically drive pre-tangle and NFT formation. 

Impact Of The Proposed Work 

Identifying the earliest pathological factors driving functional brain changes in AD 

will be crucial for modifying disease progression. In the absence of pre-tangle Tau-PET 

tracers, our study will pioneer efforts to investigate the accumulation and distribution of 

pre-tangle tau within DMN hubs during AD. If successful, this project may also identify 

novel tau-regulating targets for precision AD therapy.  
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INTRODUCTION 

Alzheimer’s disease (AD) is a progressive neurodegenerative dementing disorder 

and the fifth leading cause of death among those 65 and older (Alzheimer's disease 

facts and figures, 2024). Pathological diagnosis of AD depends on the postmortem 

presence of amyloid beta (Aβ) peptide-containing amyloid plaques and neurofibrillary 

tangles (NFTs) composed of hyperphosphorylated and misfolded tau protein. Tau plays 

various roles in cellular function when in its physiological state. Although the exact 

mechanism (s) are still unknown, as aberrant post-translational modifications 

accumulate, tau begins to self-aggregate and fibrillize, ultimately coalescing as NFTs in 

AD and other tauopathies. NFTs first accumulate in the transentorhinal cortex and 

hippocampus before spreading to limbic cortical regions and the neocortex, as detailed 

in the Braak staging system (Braak, 1991). Historically, research on tau pathology in AD 

has focused on NFTs as the primary source of toxicity and neuronal death. However, 

recent studies have demonstrated that injections of NFTs or monomeric tau do not seed 

tau pathology (Lasagna-Reeves, 2011; Ghag, 2018). Additionally, neurons containing 

NFTs have been shown to remain responsive to sensory inputs and remain integrated 

within local circuits in mice, suggesting NFTs might not hinder neuronal function 

(Kuchibhotla, 2014). Notably, a transgenic tau mouse study revealed that turning off tau 

expression could rescue memory and prevent neuronal loss, even as NFTs continued to 

form (Santacruz, 2005). As a result, research has increasingly shifted towards 

investigating “pre-tangle” tau, particularly events such as protein misfolding that 

promote oligomer formation.  
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In contrast to NFTs, soluble pre-tangle tau species such as tau oligomers have 

been shown to disrupt mitochondrial homeostasis through impaired energy metabolism, 

increased reactive oxygen species, and calcium imbalances (Lasagna-Reeves, 2011; 

Fisar, 2022; Reddy, 2011; Zheng, 2020; Kravenska, 2024; Crossley, 2024), interfere 

with bidirectional axonal trafficking and microtubule assembly (Tiernan, 2016; 

Niewiadomska, 2021; Reddy, 2011; Mueller, 2023), and diminish synaptic vesicular 

signaling and long-term potentiation (LTP) (Fa, 2016; Niewiadomska, 2021; Reddy, 

2011; Scaduto, 2024); presumably, these insults culminate in a toxic cellular 

environment promoting neurodegeneration, synaptic loss, and cognitive impairment.  

Clinically, a decline in episodic and semantic memory performance is an early 

phenomenon in AD progression (Baudic, 2006; Desgranges, 2002; Sugarman, 2012). 

However, the relationship between pathological tau accrual and memory dysfunction is 

not fully understood and, in some cases, might not be linear due to individual 

differences in cognitive reserve (Bocancea, 2023). The advent of tau-PET imaging to 

visualize NFT accumulation in living patients, combined with structural and functional 

MRI (fMRI), has shown that NFTs correlate with reduced resting-state network 

functional connectivity, which in turn correlates with cognitive deterioration (Biel, 2022; 

Jann, 2023; Hoenig, 2018; Green, 2019; Berron, 2021; Luan, 2024; Nabizadeh, 2024; 

Roemer, 2024; Ziontz, 2024). In this regard, although most tau pathology studies have 

focused on the medial temporal lobe due to its crucial role in episodic memory coding 

and retrieval (Spens, 2024; Migliaccio, 2022; Kitamura, 2017), the cortical Default Mode 

Network (DMN), a resting-state network that is active by default in the absence of an 

attention-demanding task, may represent an additional key substrate for understanding 
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the role of tau pathological propagation in mediating the earliest cognitive changes in 

mild cognitive impairment (MCI) and AD (Flanagin, 2023).  

The DMN consists minimally of three main hubs: medial frontal cortex (FC), 

posterior cingulate cortex (PCC), and precuneus (PreC) (Raichle, 2015; Raichle, 2001). 

Research suggests that AD pathology disrupts the excitation-inhibition balance within 

these hubs, leading to hyperexcitability (Giorgio, 2024) and hyperconnectivity when 

patients are positive for Aβ (Schultz, 2017; Hahn, 2019; Guzman-Velez, 2022). By 

contrast, as tau pathology becomes detectable by PET imaging, the DMN's functional 

connectivity shifts towards hypoconnectivity (Schultz, 2017). For instance, high Clinical 

Dementia Rating (CDR  1) MCI patients and mild AD patients displayed delayed 

disengagement during transitional tasks that deactivate the DMN while activating other 

networks, compared to the low CDR MCI patients and controls (Daly, 2000; Celone, 

2006). Notably, these reductions in DMN connectivity were also observed in individuals 

experiencing subjective cognitive decline (SCD) (Hahn, 2019) or newly diagnosed with 

MCI, highlighting the need to understand the extent to which toxic pretangle tau 

moieties  (e.g., oligomers) accumulate within the DMN and their potential mechanistic 

role in the progression of AD. However, a key challenge is the inability to track toxic, 

prefibrillar tau accumulation in living patients due to the absence of pre-tangle-specific 

PET ligands. This study aimed to quantify pre-tangle tau in postmortem DMN regions 

(FC, PCC, and PreC) obtained from subjects who died with a clinical diagnosis of no 

cognitive impairment (NCI), MCI, or AD, using epitope-specific tau antibodies that 

recognize early post-translational modifications related to soluble tau aggregation and 

toxicity. These antibodies allowed us to quantify the accrual of pre-tangle pathology by 
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immunohistochemistry and morphological analysis, as well as by custom ELISA 

analysis of soluble brain fractions.  

MATERIALS AND METHODS 

Subjects and Clinical Pathologic Assessments 

Case-matched fixed and frozen FC, PCC, and PreC tissue samples were 

obtained from the Rush Religious Orders Study (RROS), a longitudinal clinical 

pathological study of aging and dementia in elderly Catholic clergy (Table 2.1) (Kelley, 

2022). Subjects were classified antemortem as no cognitive impairment (NCI, n = 47), 

mild cognitive impairment (MCI, n = 36), or mild/moderate AD (n = 36). Details of RROS 

clinical and neuropathologic evaluations and diagnostic criteria have been published 

extensively (Counts, 2006 ; Bennett, 2002; Kelley, 2022; Schneider, 2009). Briefly, 

RROS participants undergo an annual neurological examination and cognitive 

performance testing using the Mini-Mental State Exam (MMSE) and 19 additional 

neuropsychological tests referable to five cognitive domains: orientation, attention, 

memory, language, and perception (Bennett, 2002). Composite scores of episodic 

memories, semantic memory, working memory, perceptual speed, and visuospatial 

ability, as well as a composite global cognitive z-score (GCS), were derived from this 

test battery for each subject; NCI subjects did not reveal impairment in any of these 

domains within a year of death (Bennett, 2002; Bennett, 2018). Exclusion criteria 

included a history of major depressive disorder, chronic alcoholism, and/or 

neuropathological evidence of Parkinson’s disease, Lewy body disease, TDP-43 

proteinopathy, hippocampal sclerosis, or large strokes. Apolipoprotein E (APOE) 

genotyping was performed as reported (Kelley, 2022). 
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For neuropathological diagnostic analysis, brain slabs were immersion fixed in 

4% paraformaldehyde, cryoprotected, cut at 40 µm and sections were immunostained 

with antibodies against Aβ (6E10, 1:400 dilution) and phosphorylated tau (AT8, 1:250 

dilution) (Kelley, 2022). A board-certified neuropathologist evaluated all cases while 

blinded to clinical diagnosis (Schneider, 2009). Designations of “normal” (with respect to 

AD or other dementing processes), “possible AD”, “probable AD”, or “definite AD” were 

based on semi-quantitative estimation of neuritic plaque density, an age-related senile 

plaque score, and the presence or absence of dementia as established by the 

Consortium to Establish a Registry for Alzheimer’s Disease (CERAD) (Mirra, 1991). 

Braak scores based on the staging of NFT pathology were established for each case 

(Braak, 1991). Cases also received an NIA-Reagan Likelihood-of-AD diagnosis based 

on neuritic plaque and tangle pathology (Hyman, 1997). The “ABC” algorithm for the 

diagnosis of AD (Montine, 2012) is currently being applied to all RROS cases.  

 For validation studies, frozen FC, PCC, and PreC tissue blocks from low-

Braak/controls (Braak stages I-II), mid-Braak (Braak stages III-IV), and hig-Braak (Braak 

stages V-VI)  subjects (n = 12/group, n=36 total) were obtained postmortem from 

Michigan AD Center (MADC) clinical cohort subjects (Table 2.2) (McKay, 2019). These 

subjects underwent routine neuropathological diagnostic analysis (McKay, 2019). 

MMSE scores were utilized to calculate correlations between pre-tangle tau pathology 

and global cognition. 

Immunohistochemistry 

Forty micron-thick free-floating fixed tissue sections from the DMN regions were 

washed in 0.1%Triton X-100 in TBS (TBS-T) buffer, quenched with peroxidase (3% in 
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methanol), blocked using 10% normal goat serum /2% bovine serum albumin in 1xTBS-

T, and incubated with the following primary antibodies, alone (for brightfield microscopy) 

or in combination (for confocal microscopy): 1) pS422 rabbit monoclonal antibody 

(Millipore AB79415, 1:2,500), which recognizes soluble tau phosphorylation at the 

serine 422 residue, an early event in NFT evolution (Guillozet-Bongaarts, 2006; Vana, 

2011) that facilitates stable tau dimerization by delaying filament formation (Tiernan, 

2016a); 2) TOC1 mouse monoclonal IgM antibody (1:20,000), which recognizes tau 

oligomers by binding to a continuous epitope within the proline-rich region (amino acids 

209-224) formed by tau dimer antigen (Patterson, 2011; Ward, 2013); or 3) TNT2 

mouse monoclonal IgG antibody (1:200,000), which recognizes the exposed 

phosphatase-activating domain (PAD) in the N-terminus as an early conformational 

change during tangle maturation (Combs, 2016). Neither TOC1 nor TNT2 epitopes 

colocalize with thiazine red (Combs, 2016; Patterson, 2011). In addition, sections were 

also immunostained using TauC3 mouse monoclonal antibody (1:6,000), which 

recognizes a truncation neoepitope at D421 in the C-terminus and serves as a marker 

for mid-stage NFT development (Guillozet-Bongaarts, 2005). Finally, the PHF-1 mouse 

monoclonal antibody (1:20,000), which detects phosphorylated serine residues at 

positions 396 and 404, was used to detect filamentous tau and NFTs (Greenberg, 

1992). In parallel experiments, we also used the MOAB-2 mouse monoclonal antibody 

(1:5,000), which detects oligomeric Aβ and plaque pathology via binding residues 1-4 

within the N terminus, formed by an Aβ dimer antigen (Youmans, 2012). TOC1, TNT2, 

TauC3, MOAB-2, and PHF-1 antibodies were kindly provided by Dr. Nicholas Kanaan 
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(Michigan State University) and their experimental applications are summarized in Table 

2.1. 

  

Table 2. 1 Selected pre-tangle tau markers and working concentrations 

For brightfield microscopy, sections underwent three 10-minute TBS-T washes 

before the secondary incubation with either mouse or rabbit biotinylated secondary 

antibodies (1:500) for one hour at room temperature. After applying the ABC kit (Vector 

Laboratories PK-6100) for one hour and three more 10-minute TBS-T washes, DAB 

(Vector Laboratories SK-4105) was used to develop brown reaction products. The 

sections were then washed again, mounted on slides, Nissl-counterstained, and 

coverslipped for digital scanning.  

For confocal microscopy, sections were first exposed to LED light for 16 hours to 

quench autofluorescence. On Day 1, the sections were blocked and incubated overnight 

with the TNT2 primary antibody (1:20,000). The following day, sections were washed, 



 70 

protein blocked and incubated with Alexa568 anti-mouse IgG secondary antibody 

(1:500, Invitrogen A21124) for one hour. Before adding the other two primary antibodies 

(TOC1 (1:20,000) and pS422 (1:2,500)), the sections were treated with mouse Fab 

fragments (1:20, Jackson Laboratories, AB-2338476) for one hour to prevent non-

specific binding between the two mouse antibodies. On Day 3, sections were washed 

again and incubated with Alexa-488 anti-mouse IgM (Invitrogen, A21042) and Alexa-405 

anti-rabbit IgG (Invitrogen, A31556) secondaries for one hour before mounting and 

coverslipping. Sections were imaged using a Nikon A1 laser scanning confocal 

microscope with a 40x oil immersion objective. 

Whole Slide Digital Imaging and Quantitative Analysis 

Tissue sections were digitally scanned using a Zeiss AxioScan7 with a TL LED 

lamp and a 20x/0.8 M27 plan-apochromatic objective. The images were then stitched 

into a single composite using Zen Blue software (version 3.7.97.07000) with a pixel 

resolution of 0.173 µm x 0.173 µm. Five sections per case per region and per antibody 

were used for quantification. The entire gray matter was analyzed as the region of 

interest. After annotations were drawn, thresholds were adjusted for each antibody, and 

HALO (Area Quantification v2.1.11, Indica Labs) machine learning software was used to 

quantify the signal intensity and tissue area associated with the signal. For 

normalization purposes, % tissue area was used as the outcome measure.  

Soluble Tau Extraction  

For both the RROS and MADC frozen DMN tissue blocks, 150 mg tissue was cut 

and placed in a 10X volume of brain homogenization buffer (50mM Tris, 275mM NaCl, 

5mM KCl) supplemented with protease inhibitors (10ug/ml of Pepstatin A, Leupeptin, 
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Bestatin, Aprotinin, and 1mM PMSF). The tissue was homogenized on ice using a 

Tissue Tearor rotor-stator probe (Biospec) and then centrifuged at 27,000 x g for 20 

minutes at 4 °C to obtain the soluble pre-tangle tau-enriched S1 fraction for ELISAs. 

The pellet was resuspended in 5 volumes of brain pellet homogenization buffer 

(10mMTris, 0.8M NaCl, 10% sucrose,1mM EGTA, 1mM PMSF), and the 

homogenization and centrifugation steps were repeated. The resulting S2 supernatant 

was incubated with 1% Sarkozy for 1-hour at 37C and then centrifuged at 200,000 x g 

for 1 hour at 4°C. The supernatant was saved as S3, and the pellet was resuspended 

(P3) in 50ul of 1X Brain Pellet Homogenization Buffer for future analyses. S1 protein 

concentrations were determined using the BCA method (Thermo Fisher Scientific, 

A53226), and all samples were stored at -80 °C. 

Custom Sandwich ELISAs 

Custom sandwich ELISAs were prepared using TOC1 (2 μg/ml), TNT2 (1 μg/ml), 

TauC3 (2 μg/ml), and Tau5 (total tau, 1 μg/ml) antibodies as capture antibodies, 

combined with R1(1:10,000), a pan-tau antibody, for detection. The Tau5 and R1 

antibodies were kindly provided by Dr. Nicholas Kanaan. Briefly, 96-well plates were 

coated with the capture antibodies in borate buffer (100 mM borate acid, 25 mM sodium 

borate, 75 mM NaCl, 0.25 mM thimerosal) and incubated for one hour at room 

temperature on a shaker. After two quick washes with wash buffer (100 mM borate acid, 

25 mM sodium borate, 75 mM NaCl, 0.25 mM thimerosal, 0.4% (w/v) bovine serum 

albumin, 0.05% (v/v) Tween-20), the wells were blocked with 5% non-fat dry milk for 

one hour. Samples and monomeric or aggregated recombinant hTau40 standards 

(provided by Dr. Kanaan) were then added to the wells and incubated on the shaker for 
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90 minutes using predetermined concentrations from previous titration experiments. 

Following four additional washes, the R1 detection antibody was added for a 90-minute 

incubation, followed by a one-hour incubation with anti-rabbit horseradish peroxidase 

(HRP)-conjugated secondary antibody (1:5,000). TMB solution (Sigma, T0440) was 

then added for color development, allowing the reaction to proceed for 4-8 minutes 

before terminating with the stop buffer (3.5% sulfuric acid). Finally, the plates were read 

with a plate reader at 450 nm. The readout was transformed into the % light absorbed 

with the Y=100-(100*10^(-Y)) formula, Y showing optical density. 

Statistical Analysis 

All datasets were subjected to the Shapiro-Wilk test for normality. Demographic, 

clinical, and pathological variables were compared by either one-way ANOVA or the 

Kruskal-Wallis test with post hoc corrections for multiple comparisons. Chi-square 

testing was used to compare sex and APOE 4 allele distribution across the groups. As 

a non-parametric alternative to paired one-way ANOVA, Friedman test combined with 

Dunn multiple corrections were applied for interregional comparisons. Significance 

levels were indicated as follows: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. 

RESULTS 

RROS Cohort Demographics and Clinical Neuropathologic Characteristics 

Detailed demographic, clinical, and neuropathological data for the RROS 

participants (n=119) are listed in Table 2.2. No significant differences were observed in 

sex, years of education, or postmortem interval (PMI) among the NCI, MCI, and AD 

clinical groups. Although the APOE 4 allele was present in 21.8% of the subjects, its 

prevalence did not differ across the groups. Age was significantly lower in the NCI 
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subjects compared to the MCI and AD subjects (p=0.0002). However, age was not 

correlated with select tau marker levels across the DMN regions in the diagnostic 

groups, with two exceptions in the ELISA analyses (Supplementary Table 2.1).  

Global cognitive performance on both the MMSE and GCS was significantly 

lower in the MCI group compared to NCI (p<0.0001); these scores were also 

significantly lower in the AD group compared to MCI (p<0.0001). Braak, CERAD, and 

NIA-Reagan neuropathological diagnostic scores were significantly more severe in the 

MCI and AD groups compared to NCI subjects (Table 2.2).  
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 Clinical diagnosis  
Comparison by 
diagnosis group 

  
NCI MCI AD Total (P value) 

(n=47) (n=36) (n=36) (n=119)   

Age at death 
(years) 

     

      Mean ± SD 88.1± 5.1 92.2±5.9 92.3±4.5 90.6± 5.5 0.0003a*** 

      (Range) 
(70.5 , 
98.1) 

(80.7 
,103.7) 

(80.7 , 
102.1) 

(70.5 , 
103.7) 

 

No. (%) Males 18 (37.5%) 13 (36.1%) 7 (19.4%) 38 (31.7%) 0.1535‡ 

Years of 
Education 

     

      Mean ± SD 18.6±3.3 18.0±2.8 17.6±3.3 18.1±3.2 0.2943 

      (Range) (10 , 27) (12 , 24) (8 , 27) (8 , 27)  

Postmortem Interval (hours)     

      Mean ± SD 11.5 ± 6.5 9.8± 6.7 9.2 ± 7.1 10.3 ± 6.8 0.1062 

      (Range) (3.2 , 27.3) (0.9 , 24.0) (2.7 , 34.3) (0.9 , 34.3)  

No. (%) Apo4   
       (≥1 allele) 

11 (23.4%) 7 (19.4%) 8 (22.2%) 26 (21.8%) 0.9023‡ 

MMSE      

      Mean ± SD 28.0±1.8 24.2±3.2 16.3±6.6 23.4±6.4 <0.0001b**** 

      (Range) (21 , 30) (19 , 30) (0 , 26) (0, 30)  

Global Cognitive Score     

      Mean ± SD 0.2 ± 0.4 -0.6± 0.4 -2.1 ± 0.9 -0.7 ± 1.1 <0.0001d**** 

      (Range) (-0.7 , 1.1) (-1.6 , 0.2) (-4.1 , -0.4) (-4.1 , 1.1)   

Braak Scores      

      I-II 14 5 2 21 <0.0001c**** 

      III-IV 31 25 11 67  

      V-VI 2 6 23 31   

NIA Reagan Diagnosis (likelihood of AD)    

      No AD 0 0 0 0 <0.0001c**** 

      Low 30 16 5 51  

      Intermediate 16 15 15 46  

      High 1 5 16 22   

CERAD Diagnosis      

      No AD 18 11 3 32 0.0003c*** 

      Low 4 3 1 8  

      Intermediate 18 12 14 44  

      High 7 10 18 35   

 
Table 2. 2 Demographic, clinical, and pathological profile of the RROS cohort 

 



 75 

Table 2. 2 (cont’d) 

‡ Chi-Square test,  a Pairwise comparisons with Kruskal-Wallis and Dunn’s correction 

showed age in NCI was lower than MCI and AD. b Pairwise comparisons with Kruskal-

Wallis and Dunn’s correction showed a significant decrease from NCI to MCI to AD, or c 

no difference between NCI & MCI but a decrease in AD. d Pairwise comparisons with 

One-way ANOVA and Tukey’s correction showed a significant decrease from NCI to MCI 

to AD. AD: Alzheimer’s disease, MCI: Mild cognitive impairment, MMSE: Mini-Mental 

State Examination, NCI: No cognitive impairment; SD: Standard deviation 

p<0.05*. p<0,01**, p<0,001***, p<0.0001**** 

Early Appearance of Pathological Tau in the DMN In the RROS Cohort 

Fixed free-floating FC, PCC, and PreC tissue sections (NCI=19, MCI=16, AD=16, 

n=51 total) were labeled separately with the select site-specific tau antibodies (pS422, 

TOC1, TNT2, and TauC3) for IHC quantification. PHF-1 was used in the PCC samples 

for comparisons between the accrual of these markers and that of a canonical NFT 

marker (Supplementary Figure 2.1). As shown in Figure 2.1, tau pathology was 

observed only sparsely as neuropil threads (NTs) in Braak stages III/IV, with an 

appreciable accumulation of NTs and the appearance of NFTs within cortical layers 2/3 

and 5/6 by Braak stage V. Qualitatively, pS422+ NTs appeared to accumulate prior to 

the TOC1+ and TNT2+ NTs, whereas TauC3 appeared more confined to NFTs in later 

Braak stages (Figure 2.1).   
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Figure 2. 1 Immunolabeling of early pathological tau in the PCC 

Representative photomicrographs showing pS422, TOC1, TNT2, TauC3, and MOAB-2-

immunoreactive profiles in layer V from a (Column A) Braak stage III/IV and (Column C)  



 77 

Figure 2. 1 (cont’d) 

Braak stage V/VI case. (Columns B and D) High magnification micrographs showing 

labeling for each marker within the square boxes outlined in (Columns A and C). Similar 

qualitative immunolabeling patterns were observed in FC and PreC. Scale bars: Blue= 

200 µm, Black = 50 µm. 

Multiplexed fluorescence microscopy of the pS422, TOC1, and TNT2 pre-tangle 

markers in higher Braak cases revealed co-labeling in the cell bodies of both pre-tangle 

and NFT-bearing neurons, as well as within NTs (Figure 2.2) and neuritic plaques 

(Figure 2.3A). However, there were also prominent differential spatial patterns of these 

markers within the NTs (Figure 2.2, Figure 2.3A). Compared to these earlier pre-tangle 

markers, the mid-stage NFT marker TauC3 (Vana, 2011; Kanaan, 2016) did not overlap 

appreciably with the pre-tangle markers within cell bodies and typically displayed 

overlap with the pre-tangle markers in limited NTs (Figure 2.3B).  
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Figure 2. 2 Representative fluorescence micrograph of tau pre-tangle marker-

immunoreactive profiles in the PCC layer III of an AD case (Braak stage V) 

pS422 signal was collected from the blue (405 nm) channel, TOC1 from the green (488 

nm) channel, and TNT2 from the red (568 nm) channel. The image was captured using 

a confocal microscope with a 40X oil objective. Scale bar:  25 µm. Note the differential 

spatial resolution among the markers within neuropil threads, whereas marker overlap 

was more prominent in the neuronal soma. 
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A                                                                   B  

  

Figure 2. 3 Co-labeling with pS422, TOC1, and TNT2/TauC3 in an AD case  

A: Immunofluorescence co-labeling in a late-stage AD case, with pS422 signal collected 

from the blue (405 nm) channel, TOC1 from the green (488 nm) channel, and TNT2 

from the red (568 nm) channel. B: Co-labeling with the same markers but substituting 

TNT2 with TauC3. While pS422, TOC1, and TNT2 displayed significant overlap, 

particularly in the cell body, TauC3 showed minimal overlap with the other markers. The 

image was captured using a confocal microscope with a 40X oil objective. Scale bar:  

25 µm. 

Quantitative morphological analysis revealed that pS422+ profile levels were 

significantly elevated from Braak stage III/IV to V in all three regions (FC, p = 0.0245; 

PCC, p = 0.0214; PreC, p = 0.0111), and this elevation persisted in Braak stage VI 

(Figure 2.4A, B, C). The TOC1 levels also began to rise between Braak stages IV and V 

in all three DMN regions but reached statistical significance only at Braak stage VI. The 

TNT2 marker exhibited a similar pattern of a significant increase by Braak stage V in FC 
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and PCC (p=0,0351, p=0.0003, respectively) (Figure 2.4A). The TauC3 marker, which 

typically displayed a lower abundance than the other pre-tangle markers, was 

significantly increased in Braak V in the FC and Braak VI in PCC (p=0.0176, p=0.0477, 

respectively). By contrast, MOAB-2 immunoreactivity revealed increases in amyloid 

pathology as early as Braak stages II-III, although none of the measured changes was 

significant across the DMN hubs except the increase in PreC by Braak stage 6 (p= 

0.0144).   

 

 

Figure 2. 4 Early pathological tau accumulations in the fixed DMN samples  

A. 

B. 
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Figure 2. 4 (cont’d) 

 

Quantitative analysis of selected pre-tangle markers was performed on fixed samples 

from the frontal cortex (FC), posterior cingulate cortex (PCC), and precuneus (PreC) 

The data represent % area of tissue region of interest for normalized comparisons for 

each marker according to the Braak stages. Data were log-transformed to reduce 

skewness. Bar graphs were used to display the mean values and the percentage 

coefficient of variation (%CV) for each marker. Statistical analyses were conducted 

using the Kruskal-Wallis test, followed by Dunn’s multiple comparisons for pairwise 

analysis.  

When compared among the clinical diagnostic groups, all four markers were 

significantly increased in the AD cases in all the regions, except TOC1 in the PreC 

(p=0.1311). There was also a significant increase in the levels of pS422 and TOC1 in 

the FC (p=0.0386, p=0.0186, respectively) and PCC (p=0.0245, p=0.0357, respectively) 

from MCI to AD. In only FC, TNT2 level significantly increased in the MCI group 

compared to the controls (0.0025). Interestingly, in PreC, the MOAB-2 signal was lower 

C. 
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in the NCI and MCI groups and significantly increased in the AD cases (p=0.0412) 

(Figure 2.5). 

 

Figure 2. 5 Early pathological tau accumulations in the fixed DMN samples based on 

the clinical groups  
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Figure 2. 5 (cont’d) 

 

Quantitative analysis of selected pre-tangle markers was performed on fixed samples 

based on the clinical groups. The data represent % area of tissue region of interest for 

normalized comparisons for each marker according to the Braak stages. Data were log-

transformed to reduce skewness. Bar graphs were used to display the mean values and 

the percentage coefficient of variation (%CV) for each marker. Statistical analyses were 

conducted using the Kruskal-Wallis test, followed by Dunn’s multiple comparisons for 

pairwise analysis.  

Soluble Pre-Tangle Tau Markers in DMN Hubs 

To complement the quantitative immunohistochemistry studies, which detected 

the presence of the tau epitopes regardless of their pre-fibrillar or fibrillar status, we 

used custom ELISAs to measure TOC1, TNT2, and TauC3 in soluble fractions to isolate 

diffusible, presumably toxic tau moieties. We could not achieve reliable measurements 

using the pS422 antibody (data not shown), so this pre-tangle marker was not analyzed.   

We found that TOC1 oligomeric tau levels were significantly increased during the 

transition from Braak stage IV to V in all three regions (FC, p=0.0139; PCC, p=0.003; 
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PreC, p=0.0006). Likewise, TNT2 levels were elevated significantly in Braak V cases in 

FC (p=0.0223) and PCC (p=0.0001) and in Braak VI cases in the PreC (p=0.0462). 

TauC3 levels were also increased in DMN hubs in Braak stage V in the FC and PCC (p= 

0.0545, p=0.0128, respectively) and in Braak stage VI in PreC (p=0.0138). By contrast, 

Tau 5 total tau levels were only elevated in the Braak VI cases (Figure 2.6). 

 

 

Figure 2. 6 Sandwich ELISA quantification of the pathological tau in the soluble fraction 

of the case-matched frozen DMN samples 

 

A. 

B. 
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Figure 2. 6 (cont’d) 

 

The same selected pre-tangle markers were used as capture antibodies combined with 

the R1 total tau antibody measure tau levels. The data for each marker were 

categorized according to the Braak stages. Bar graphs were used to display the mean 

values and the percentage coefficient of variation (%CV) for each marker. Statistical 

analyses were conducted using the Kruskal-Wallis test, followed by Dunn’s multiple 

comparisons for pairwise analysis.  

When comparing these markers across the clinical groups, TOC1 level increased 

in all three regions from MCI to AD (FC, p=0.0223, PCC, p=0.0228, PreC, p=0.0280), 

and TNT2 level increased in the FC (p=0.0293) and PCC (p=0.0146), did not reach 

statistical significance in PreC. Similarly, TauC3 showed a significant increase only in 

the PCC samples of the AD group compared to the controls (p=0.0096). Total tau levels, 

as indicated by Tau5, did not differ significantly between clinical groups (Figure 2.7). 

C. 
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Figure 2. 7 Soluble pathological tau quantification in the frozen DMN samples based on 

the clinical groups 

Quantification of selected pre-tangle markers was performed using sandwich ELISA on 

the soluble fraction of frozen, case-matched DMN samples, grouped according to 

clinical classification. Statistical analyses were conducted using the Kruskal-Wallis test, 

followed by Dunn’s multiple comparisons for pairwise analysis.  
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Regional Differences for the Pathology Distribution 

Interestingly, when the results from both total and soluble pre-tangle tau 

comparisons were paired across three regions for each case, regardless of their Braak 

status, and compared the ranks within each group, some of the markers showed 

regional differences in their abundance, favoring either PCC or FC. The most abundant 

marker in the study, pS422, was significantly higher in the PCC (p=0.0029 compared to 

FC and p<0.0001 compared to the PreC). Similarly, both total TOC1 and soluble TOC1 

were higher in the PCC. Total TNT2 was also higher in the PCC, but the significance 

was only reached when compared to the FC. Soluble TauC3 was slightly higher in the 

FC compared to the PreC. Although there was no difference in the total tau between the 

posterior hubs, intriguingly, the total tau was higher in the FC. Finally, MOAB-2 was 

significantly higher in the PCC and FC compared to PreC. The overall pattern indicates 

divergence in the posterior DMN, with a higher pre-tangle tau load in the PCC possible 

resistance to tau pathology in neighboring PreC. This potential mechanisms for this 

differential pattern of tau pathology is ripe for future exploration and explored further in 

Specific Aim 3 experiments (Chapter 4). 
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Figure 2. 8 Regional comparisons of soluble and total tau markers  

Nonparametric Friedman test with a Dunn’s multiple comparisons were used to analyze 

regional differences for each case. s = soluble  
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Validation Studies 

DMN samples from MADC clinical cohort subjects were used to validate the 

findings from our soluble tau ELISA studies using the RROS cohort (Table 2.3). The 

subjects did not differ in age, sex, education, or PMI across the low-Braak/control, mid-

Braak, and high-Braak groups (Table 2.3). However, MMSE scores were significantly 

lower in the high-Braak group (Table 2.3). Interestingly, the tau pathological load was 

notably higher for all markers in successive Braak stages in this cohort (Figure 2.9 A, B, 

C) compared to the RROS (Figure 2.6) and elevated by Braak stage IV. However, the 

increase reached statistical significance in Braak stage V and onwards with the 

exception of TOC1, was significantly increased in Braak stage IV in PCC (p=0.0404), 

followed by even more significant elevation by Braak stages V (p=0.0130) and VI 

(p=0.0060). TNT2 mimicked the TOC1 pattern in Braak stage IV and showing a 

significant increase in Braak stage V (PCC, p=0.0127, PreC, p=0.0368) and VI (FC, 

p=0.0172). TauC3 load was relatively minimal and showed significance in Braak stage 

VI. (FC, p=0.0107, PCC, p=0.0456) (Fig. 2.9A, B). There were no differences in Tau5 

levels across the Braak stages, with a slight drop in Braak stage V in the PreC. The 

comparisons of the markers among the low-, mid-, and high-Braak groups showed a 

significant increase only in the high-Braak group (Supplementary Figure 2.2). 
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Table 2. 3 Demographic, clinical, and pathological profile of the MADC cohort   

‡ Chi-Square test, a Pairwise comparisons with One-way ANOVA showed no difference 

between the groups; Tukey’s correction found the age in mid-Braak was slightly higher 

than low-Braak. b Pairwise comparisons with Kruskal-Wallis and Dunn’s correction 

showed a significant difference between low- and high-Braak, and c significant 

decrease from low- to mid- to high. MMSE: Mini-Mental State Examination SD: 

Standard deviation p<0.05*. p<0,01**, p<0,001***, p<0.0001**** 
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Figure 2. 9 Soluble pathological tau quantification in the MADC validation cohort 
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Figure 2 .9 (cont’d) 

 

Tau extraction from the MADC validation cohort was similarly performed and S1 

fractions were used to the perform sandwich ELISAs. The same selected pre-tangle 

markers were used as capture antibodies combined with the R1 total tau antibody 

measure tau levels in the MADC cohort. The data for each marker were categorized 

according to the Braak stages. Bar graphs were used to display the mean values and 

the percentage coefficient of variation (%CV) for each marker. Statistical analyses were 

conducted using the Kruskal-Wallis test, followed by Dunn’s multiple comparisons for 

pairwise analysis for each tau marker in each DMN region.  

DISCUSSION 

Pre-tangle tau impairs cellular trafficking, causes ionic imbalances by disrupting 

ion-gated calcium channels, and negatively impacts mitochondrial and lysosomal 

functions; physiologically, these and likely other cellular disturbances result in synaptic 

impairments, such as disrupted LTP, and may ultimately result in neuronal cell death, 

synaptic disconnection, and cognitive dysfunction in AD and related tauopathies (Fa, 

C. 
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2016; Princen, 2024; Reiss, 2024; Niewiadomska, 2021). However, broader questions 

remain regarding the extent to which these toxic tau species accumulate during AD 

progression and the threshold of toxic pre-tangle pathology accumulation needed in 

higher-order brain regions to precipitate cognitive deterioration. In this dissertation 

project, we aimed to address this question by focusing specifically on the FC, PCC, and 

PreC hubs of the DMN, a vulnerable higher-order association cortical connectome that 

mediates memory and attentional function and falters early in the preclinical and 

prodromal stages of AD (He, 2007; Wu, 2011; Grieder, 2018). In this chapter, we 

focused on our results quantifying the accrual of several tau pathological pre-tangle 

species (pS422, TOC1, TNT2, and TauC3) within the DMN hubs and demonstrate that, 

in general, the abundance of pre-tangle tau bearing profiles significantly increased 

during the transition from Braak stage IV to V. When analyzed based on antemortem 

clinical diagnosis, we showed significant increases in the tau markers in mild/moderate 

AD cases compared to NCI, with intermediate levels in MCI cases. We also detected a 

higher pathology load in the PCC compared to the other two hubs, and evidence for 

possible resistance in PreC, which may represent important differential mechanisms of 

tau biology underlying a regional vulnerability within the DMN. Significantly, tau marker 

levels were not appreciably associated with subject variables such as age, education, 

and APOE4 genotype status, or with postmortem interval (Supplementary Table 2.1). 

The extent to which pre-tangle tau marker expression correlated with antemortem 

neuropsychological test scores and global cognitive status, as well as postmortem 

neuropathologic diagnostic variables, will be the focus of Chapter 3.   
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Early Pathological Tau Quantification in the Postmortem DMN 

Research on the role of tau in AD has predominantly focused on the medial 

temporal lobe due to the initiation of NFT deposition in the trans/entorhinal cortex and 

hippocampus; hence, the limbic and neocortical hubs of the DMN, especially posterior 

PCC and PreC, have remained relatively underexplored. When quantifying early 

pathological pre-tangle tau phosphorylation and conformational epitopes in fixed DMN 

tissue samples, pS422 (Serine 422 phosphorylation) was the earliest and the most 

abundant marker among the four selected, emerging primarily as NTs and then 

gradually as somal deposits (Figure 2.1). Early pS422 positive tau accrual has been 

noted in cholinergic nucleus basalis neurons (Vana, 2011; Mufson, 2014), as well as 

pyramidal neurons within the entorhinal cortex (Patterson, 2011) and frontal cortex 

(Tiernan, 2016a), in addition to synaptosomes isolated from the angular gyrus (Henkins, 

2012). Additionally, pS422 positive tau colocalized with TOC1 in the temporal cortex of 

chronic traumatic encephalopathy patients (Kanaan, 2016). Phosphorylation at the tau 

S422 residue is associated with several kinases, including GSK3, JNK3, and p38 

(Guillozet-Bongaarts, 2006; Tiernan, 2016; Tiernan, 2016b; Yoshida, 2004), all of which 

have been found associated with tau toxicity through various molecular mechanisms 

(Sayas, 2021; Rankin, 2007; Solas, 2023; Ardanaz, 2023). S422 phosphorylation 

inhibits anterograde and retrograde fast axonal transport (Tiernan, 2016a), disrupts 

protein homeostasis (Tiernan, 2016b), and is linked to neurotransmitter abnormalities 

(Tiernan, 2018a). Recently, Stefanoska and colleagues systematically explored the 

Serine/Threonine phosphorylation sites of tau in vitro, identifying S422 phosphorylation 

as a master site in the proline-rich region and C-terminus of tau, where its 
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phosphorylation modulates the phosphorylation of the other epitopes interdependently 

(Stefanoska, 2022).   

The other two pre-tangle markers used in this study were conformation-specific 

TOC1 (tau oligomers) (Ward, 2013) and TNT2 (N-terminal misfolding) (Combs, 2017). 

Both are present in the entorhinal cortex and medial temporal lobe (Combs, 2016; 

Mahady, 2023; Koss, 2018; Sarkar, 2020) as well as the frontal cortex in several 

tauopathies (Kanaan, 2016; Combs, 2017), and are associated with cellular toxicity (Fa, 

2016; Niewiadomska, 2021; Mufson, 2014; Combs, 2017). Previously, TOC1-positive 

tau levels were found to be increased in synaptosome-enriched fractions from layer II of 

the visual cortex in the Braak stage III/IV cases (Taddei, 2023). Also, increased TOC1 

levels in the temporal cortex correlated with the Braak stage in an AD cohort (Braak IV-

VI) (Koss, 2016). Similar to pS422, we detected TOC1+ and TNT2+ profiles in early 

Braak stages, largely confined to NTs coursing throughout the DMN cortical laminae 

(Figures 2.1, 2.2 & 2.3), with the gradual appearance of neuronal labeling enriched in 

layers II/III and V/VI by Braak stage V (Figure 2.1). In terms of abundance, TOC1 and 

TNT2 followed a similar pattern; however, their localization differed slightly. 

While TNT2 staining was more pronounced in neurites, TOC1+ neurites were less 

abundant and concentrated early in the cell soma, where it overlapped with TNT2 

(Figures 2.1 & 2.3).  

With respect to the appearance of pre-tangle markers in neurons, their 

emergence during Braak stage V aligns with canonical Braak staging for the initial 

appearance of frank NFT deposition in neocortical regions (Braak, 1991). However, pre-

tangle+ NTs were the predominant pathology observed in the DMN hubs in earlier Braak 
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stages. The origin of these neurites remains unclear, but it is tempting to speculate that 

reciprocal DMN hub efferents/afferents comprise a distinct population, particularly in 

more superficial layers (Felleman, 1991). Moreover, the DMN hubs receive prominent 

innervation from subcortical structures modulating memory and attention, such as the 

cholinergic nucleus basalis (Mesulam, 1983). As discussed above, we have shown that 

TOC1 and pS422 colocalize in these cholinergic neurons very early during AD 

progression and that their abundance correlates with decreased MMSE and GCS 

(Tiernan, 2018b). We observed a similar colocalization in threads and neurons in this 

study (Figures 2.2 & 2.3) as well. 

The final marker used, TauC3, detects truncation of aspartic acid at residue 421 

and labels more advanced tau pathology and has recently been referred to as a gain of 

function post-translational modification due to the role in inhibiting axonal transport 

(Conze, 2022; Guillozet-Bongaarts, 2005). We have previously shown that TauC3 

pathology is associated with cholinergic nucleus basalis neuronal dysfunction, including 

differential regulation of various subunits of nicotinic acetylcholine receptors (Tiernan, 

2018a). In the current study, the appearance of TauC3-labeled profiles was more similar 

to TOC1, with relatively less prominent immunopositive NTs and more neuronal 

enrichment within the DMN hubs (Figure 2.1). TauC3 pathology was also relatively less 

abundant compared to the other markers in the early Braak stages.  

Regarding regional differences observed among the DMN hubs, our findings go 

parallel with the previous reports that PCC is susceptible to amyloid and tau pathology, 

possibly due to increased high base metabolism, which starts to decline early in AD 

(Putcha, 2022). Insel et al. examined the Aβ initiation and accumulation rate in multiple 
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brain regions and found PCC showing the highest initial rates of Aβ uptake while 

precunus being one of the slowest regions (Insel, 2020). They also found slow tau 

uptake in the precuneus compared to the MTL regions. The proposed resilience of 

precuneus might be due to different factors, such as preserved neurotrophic signaling 

pathways despite the present Aβ pathology (Perez, 2015) or molecular signatures of 

cortical neurons (Dharshini, 2024). 

Oligomeric Amyloid Pathology in the DMN  

The bidirectional interaction between amyloid beta and tau has long been 

recognized, with each exacerbating the other's pathology and dysfunction (Castillo-

Carranza, 2015; Oddo, 2003; Zhang, 2021). In the DMN, amyloid beta plaques and tau 

tangles coalesce despite their separate propagation trajectories in the brain. 

Previous PET and fMRI studies have shown that amyloid plaque positivity in the DMN is 

associated with hyperconnectivity (Schultz, 2017). However, once NFTs are detectable 

by PET, the functional connectivity shifts toward a state of hypoconnectivity. More 

recently, combined PET/fMRI studies in two separate cohorts showed that Aβ-

associated hyperconnectivity mediates tau pathological spread across connected brain 

regions, providing a potential key link between Aβ deposition and NFT-associated 

resting state network failure (Roemer-Cassiano, 2025). Although amyloid pathology was 

not the primary focus of this study, we immunolabeled oligomeric Aβ using the MOAB-2 

antibody and examined the correlation between oligomeric Aβ and tau pathology, as 

well as cognitive scores. Interestingly, MOAB-2 levels were strongly associated 

with pS422, TOC1, and TNT2 in all three DMN regions but amyloid oligomer burden 

generally did not associate with cognitive deterioration except in PCC. Together, these 
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findings support the prevailing concept that tau pathology more strongly impacts 

cognitive decline than amyloid pathology, with new insights from a key resting state 

network. Further studies are needed to validate these results and explore the complex 

interplay between these co-pathologies.  

Soluble Tau Pathology within the DMN 

 To complement the quantitative histological assessments, ELISA assessments of 

S1 fractions provided additional insights into pre-tangle tau accumulation in the DMN. 

For instance, whereas tau molecules bearing pre-tangle pathological epitopes are 

associated with NFTs, soluble tau bearing TOC1, TNT2, and TauC3 epitopes may 

represent an enriched pool of toxic tau associated with the cellular perturbations 

described above. Although the distribution of tau pathology across Braak stages in the 

S1 fractions was similar to histologically defined pathology in the RROS cohort, with a 

significant increase from Braak IV to V, statistical significance for these changes was 

greater using the S1 fractions, particularly for the oligomeric marker TOC1, in line with a 

previous study showing that soluble TOC1 in the temporal cortex correlated with Braak 

stage, MMSE, and clinical dementia rating (CDR) scores (Koss, 2016). 

 Interestingly, our validation cohort using postmortem DMN S1 fractions from 

MADC subjects revealed a similar abrupt increase in pre-tangle tau pathology with 

increasing Braak stage, but this increase occurred between Braak stages IV and V 

instead of V and VI, as seen in the RROS sample.  A possible explanation for this may 

relate to differences between the cohort subjects and lifestyle factors. The RROS 

cohort, consisting of retired Catholic clergy, benefited from more years of formal 

education (Tables 2.2 & 2.3) and a relatively healthy lifestyle, including a more regulated 



 99 

diet, structured sleep patterns, and religious activities that may provide cognitive 

benefits, such as stress reduction (Bennett, 2018). Additionally, the strong sense of 

community and continuing education fostered by cloistered living both promotes the 

beneficial effects of lifelong learning and prevents the influence of social isolation as 

modifiable risk factors for dementia (Clarke, 2025; Guarnera, 2023). In contrast, 

the Michigan cohort represents a community-dwelling population more reflective of 

typical human experience, with average educational attainment and more potential 

exposures to metabolic, vascular, and related insults affecting epigenetic modulation 

and transciptional regulation of the genome (Agapitova, 1989; Lahiri, 2024; Counts, 

2025). Moreover, this earlier accrual of tau pathology occurred despite the MADC 

subjects having a younger average age (74.1 ± 7.6) at death. Hence, it is tempting to 

speculate that the RROS cohort was enriched for pathologically resistant and 

cognitively resilient subjects (2365). Alternatively, another potential factor contributing to 

the observed differences could have been due to minor differences in Braak staging 

upon neuropathological examination between the two autopsy cohorts.  

Study Limitations 

The present study has several limitations. First, the outcome measures used to 

quantify the immunolabeled images were based on the percentage of labeled tissue, 

which allowed us to normalize the signal relative to the area of the region of interest. 

Hence, despite the advanced utility of leveraging machine-learning software for 

quantitative measurements, this may have resulted in an underestimation of total tau 

pre-tangle marker pathology. For instance, the predominance of NTs observed to 

appear first in the DMN hubs, while striking on a microscopic scale, did not necessarily 



 100 

generate a high densitometric signal per region of interest. Hence, it is possible that the 

extent of NT pathology could be more accurately measured using stereological 

techniques in future studies (Kneynsberg, 2016). Secondly, PET and fMRI sequences 

are not typically collected during MRI sessions during annual clinical evaluations of 

RROS cohort participants, thus precluding a comparison between the presence of tau 

pathology within the DMN hubs early during disease progression and DMN tau-PET and 

functional analysis antemortem. On the other hand, detailed records of NFT and plaque 

pathology were available, including plaque density, plaque number, and NFT counts in 

key regions like the entorhinal cortex and hippocampus. These data were incorporated 

into the correlation matrices, providing valuable insights into the relationship between 

these pathologies (see Chapter 3). 

CONCLUSION 

The DMN, which displays hallmark AD pathology early in the progression of AD, 

is a promising candidate for studying the pathology-cognition paradigm in AD. PET-

detected NFTs show strong correlations with inter- and intra-functional connectivity 

across DMN hubs. However, pre-tangle tau propagation within the DMN remains largely 

overlooked. The lack of pre-tangle tau-specific PET tracers limits the ability to monitor 

early-stage pathology in the brain. In this postmortem study, we observed that pre-

tangle tau was present at low Braak stages and elevated as early as Braak stages IV to 

V in MADC and RROS cohorts, respectively. These findings might help to set the stage 

for further studies to understand the spatiotemporal distribution of the pre-tangle 

pathology in the DMN and its relation to changes in the cognitive domains that are 

regulated by the DMN function. Chapter 3 begins to explore these relationships. 
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Supplementary Table 2. 1 Pre-tangle tau pathology and demographics correlation p-
values 

n=51 
(Fixed) FC  

 pS422 TOC1 TNT2 TauC3 Moab2  
Age 0.955619 0.405783 0.088574 0.483902 0.450787  
Education 0.764769 0.386129 0.228674 0.652373 0.283839  
PMI 0.928517 0.279275 0.917175 0.054719 0.939538  
APOE4 0.831483 0.382653 0.918538 0.618332 0.120827  

 PCC 

 pS422 TOC1 TNT2 TauC3 Moab2 PHF-1 

Age 0.123134 0.120477 0.476169 0.70105 0.124441 0.842183 

Education 0.46049 0.673953 0.618838 0.709984 0.227631 0.728747 

PMI 0.171827 0.516474 0.855802 0.034544 0.657741 0.713772 

APOE4 0.687042 0.767758 0.43009 0.872078 0.120827 0.226034 

 PreC    

 pS422 TOC1 TNT2 TauC3 Moab2  
Age 0.908519 0.14199 0.506023 0.643356 0.202283  
Education 0.976585 0.41677 0.240158 0.919871 0.676173  
PMI 0.795002 0.09386 0.045877 0.005446 0.397348  
APOE4 0.589818 0.396424 0.89421 0.955873 1  

n=98 
(Frozen) FC 

 TOC1 TNT2 TauC3 Tau5 
Age 0.014383 0.994729 0.9118 0.774224 
Education 0.571064 0.289705 0.216564 0.440481 

PMI 0.120123 0.058075 0.169792 0.000672 
APOE4 0.038004 0.698746 0.855112 0.07096 

 PCC 

 TOC1 TNT2 TauC3 Tau5 
Age 0.865105 0.788364 0.236629 0.644436 

Education 0.150107 0.172019 0.076112 0.136712 
PMI 0.101374 0.172701 0.128705 0.004093 

APOE4 0.102584 0.031417 0.144345 0.078209 

 PreC 

 TOC1 TNT2 TauC3 Tau5 

Age 0.794712 0.022953 0.188164 0.774224 
Education 0.73938 0.364305 0.104025 0.440481 

PMI 0.500547 0.475541 0.171512 0.000672 
APOE4 0.10141 0.01462 0.052229 0.07096 
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Supplementary Figure 2. 1 PHF-1 quantification in the PCC based on the Braak stage 

and clinical groups  

For Braak stage-based group comparisons, One-Way ANOVA with Tukey test and for 

clinical group-based caparisons, Kruskal-Wallis with Dunn’s multiple comparisons were 

applied for pairwise analysis.  



 114 

 

Supplementary Figure 2. 2 Soluble Pathological Tau Quantification in the MADC cases 

Quantification of selected pre-tangle markers was performed using sandwich ELISA on 

the soluble fraction of frozen MADC samples. The results were grouped according to 

Braak stage groupings of the cohort. Statistical analyses were conducted using the 

Kruskal-Wallis test, followed by Dunn’s multiple comparisons for pairwise analysis.  
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CHAPTER 3: DMN PRE-TANGLE PATHOLOGY IN RELATION TO THE 
ANTEMORTEM COGNITIVE TEST SCORES AND POSTMORTEM PATHOLOGY 

ASSESSMENTS 
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INTRODUCTION 

 
Cognitive Domains Impacted in Alzheimer’s Disease 
 

 The clinical representation of Alzheimer’s disease (AD) is often presented as 

severe memory decline. However, multiple different subdomains of memory function are 

affected during disease progression. Centuries-long psychological research, fortunately, 

offers a deeper understanding of memory classification and which subdomains are 

affected the most in AD patients. With the aid of functional neuroanatomical studies and 

the advent of advanced imaging techniques (Cassel, 2013), current memory 

classification has evolved since the 19th century into three broad domains, as shown 

below (Cowan, 2008). 

 

Figure 3. 1 A modern model of memory classification (Camina et al., 2017) based on the 

duration, capacity, and source of information 
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As a part of explicit long-term memory, episodic memory is the ability to 

remember past events in detail regarding time, place, and people, and is often the 

earliest to decline as a clinical hallmark of AD patients (Ahn, 2021). The entorhinal 

cortex, hippocampus, and the other regions in the medial temporal lobe, highly 

overlapping with the tau pathology trajectory in the brain, are shown to be involved in 

episodic memory coding, storage, and retrieval (Moscovitch, 2016). Other studies also 

found additional regions that are involved in episodic memory retrieval. Krause et al. 

observed an increased cerebral blood flow in the precuneus (PreC) during episodic 

memory retrieval, concluding that PreC as a multimodal association area has a specific 

role in episodic memory retrieval (Krause, 1999). In parallel, a more recent study found 

PreC activation in remembering the contextually rich memory (Foudil, 2024). As 

mentioned in the introductory chapter, transcranial magnetic stimulation therapies in the 

PreC may help slow down the cognitive decline in AD (Moussavi, 2022). 

Another key region of episodic memory consolidation is the posterior cingulate 

cortex (PCC) (Bird, 2015). PCC synchronizes with the hippocampus during episodic 

memory formation by integrating contextualized information and modulating internally 

mediated attention (Lega, 2017). There are, however, some contradictory studies that 

found a strong deactivation of PCC during episodic memory retrieval (Daselaar, 2009; 

Natu, 2019), making it more complicated to interpret the activation/deactivation pattern 

in PCC. Regardless, these data indicate that the DMN PreC and PCC are actively 

involved in episodic memory consolidation and retrieval.  

In the context of AD, episodic memory has been considered a clinical marker due 

to its decline in SCD and MCI patients (Backman, 2001; Tromp, 2015). A study that 
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evaluated the visual and verbal aspects of episodic memory found that the test 

performance was discernable between the early amnestic MCI (aMCI), late aMCI, and 

mild AD groups (Chatzikostopoulos, 2022). A longitudinal population-based study 

compared episodic memory performance 3 years and 6 years prior to AD converters 

versus non-converters and found that episodic memory was present in both 3- and 6-

year assessments in the converters without an accelerated decline by the time of the 

diagnosis, suggesting that episodic memory starts to decline long before the clinical 

diagnosis (Backman, 2001). This once again underlines the temporal gap between 

pathology accumulation and diagnosable cognitive deterioration.  

To understand this temporal gap, PET imaging studies might be useful to monitor 

the type of pathology and their spatiotemporal distribution in the brain. In a recent study, 

Bucci et al. collected tau- and Aβ-PET images and CSF pTau markers from an 

Alzheimer’s Disease Neuroimaging Initiative (ADNI) cohort to find tau PET retention in 

the entorhinal cortex, amygdala, well as inferior and middle temporal cortices were 

better predictors of episodic memory performance of the AD group compared to the 

PET Aβ or CSF pTau results (Bucci, 2021). In another elegant ADNI study, researchers 

first determined the cognitive-domain-specific brain activation with fMRI, including 

episodic memory, and used those regions as the region of interest to measure tau-PET 

signal to test whether cognitive-domain-specific tau-PET would better predict the 

cognitive function compared to the conventional tau-PET (i.e., global/temporal-lobe tau-

PET). The results favored the cognitive-domain-specific tau-PET and also improved 

patient-centered prediction of AD in Aβ positive participants (Biel, 2022).  



 119 

Despite the diagnostic potential of episodic memory, there is one caveat in 

referring to episodic memory as a hallmark of AD. Although it is moderate, episodic 

memory declines with normal aging, which makes it harder to dissociate the initial 

decline in pre-clinical cases from normal agers (Scholl, 2016; Nyberg, 2017). Semantic 

memory, on the other hand, as another explicit long-term memory type, not only does 

not decline with age but accumulates over time as the person gets older (Kave, 2009; 

Haitas, 2021). It is also important to consider that episodic memory tests are often 

harder, and patients either with a predisposition to AD or prodromal AD may make an 

extra effort to conduct the test, which may translate into a greater blood-oxygen-level-

dependent (BOLD) signal in fMRI studies that may skew the results. Therefore, a 

greater BOLD signal might be associated with a greater risk of the disease. Contrarily, 

because the semantic memory tests are easier in general, they may provide a sensitive 

measure to aid in the diagnosis of AD (Hantke, 2013). 

Semantic memory refers to general knowledge about facts, concepts, objects, 

abstract words, and numbers (Noroozian, 2016). It is not stored in a single region in the 

brain, but rather, the storage is spread across the limbic and neocortex including the 

medial temporal areas and posterior parietal cortex (Noroozian, 2016; Krieger-

Redwood, 2016). Most DMN regions, especially posterior hubs (i.e., PCC and PreC), 

have been shown to be involved in semantic memory function (Krieger-Redwood, 2016; 

Vatansever, 2021; Binder, 2011).  

Decline in semantic memory may be present long before the AD diagnosis 

(Hodges, 1995; Tchakoute, 2017; Rogers, 2008). A large longitudinal study with 3,777 

initial subjects demonstrated that semantic memory deficits may predict the conversion 
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to AD, and they may be present 12 years prior to the diagnosis, highlighting the 

prolonged preclinical stage of the disease (Amieva, 2008). Parallel results were shown 

in an earlier study that found semantic memory decline accompanied episodic memory 

failure in mild/moderate AD groups (Hodges, 1995). Additionally, semantic memory 

score was shown to be correlated with global cognitive scores in a women's cohort with 

mild/moderate AD (Tchakoute, 2017). One final note is that there are contradicting 

studies emerging on the distinct functions of episodic versus semantic memory. Due to 

sharing the same anatomical brain regions (i.e., medial temporal areas) as well as 

contextualized information, these two memory functions may often crosstalk, and hence 

their function might be intertwined (Lalla, 2022; Renoult, 2019), which is worth 

considering while interpreting the episodic and semantic battery scores. 

Another memory type that shows impairment in AD is working memory. In 

contrast to the previous two, working memory is short-term memory and is described as 

the ability to hold a small amount of information for a short time during a task (Eriksson, 

2015), such as dialing a newly-learned phone number. The prefrontal cortex (PFC) and 

parietal cortex are strongly involved in working memory. Noninvasive therapies such as 

repetitive transcranial magnetic stimulation (rTMS) on the dorsal prefrontal cortex 

(DPFC) were shown to improve working memory (Brunoni, 2014). The basal ganglia, 

specifically the striatum, is also involved in working memory. Due to the reduced 

dopamine levels in the striatum in Parkinson’s patients, PFC dysfunction and related 

working memory impairment have been reported (McNab, 2008; Ekman, 2012). 

Similarly, in AD patients, working memory impairment is a common feature, possibly due 

to frontal lobe degeneration (Kirova, 2015) or possibly involvement of posterior 
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hemispheres as well (Stopford, 2012). Working memory is suggested to be used as a 

predictor of the MCI to AD transition (Saunders, 2011; Brandt, 2009; Carretti, 2013). It is 

important to acknowledge that working memory may vary from person to person greatly 

because it is a complex function and requires multiple cognitive domains to be engaged, 

such as visual reasoning, language comprehension, and problem-solving (Kirova, 

2015).  

Although memory impairments are the most focused, and possibly the most 

detrimental aspects of cognitive changes, other cognitive domains are impacted in AD 

patients, such as visuospatial abilities and perceptual speed, which can be assessed by 

specific neuropsychological tests (Bennett, 2002). Both domains decline early in AD and 

several clinical studies show that they may improve AD diagnostic accuracy (Borkowski, 

2021; Salimi, 2019; Salimi, 2018). 

Temporal Discordance Between Pathology Accumulation and Clinical Presentation 

 The brain is an extremely fragile yet fascinating organ with extremely high 

adaptability and compensation ability, referred to as plasticity (Burke, 2006; Walker, 

2006). In case of an insult, which might be chemical (environmental toxins), biological 

(viruses, pathogens), or physical (concussion, leakage of blood-brain barrier), the brain 

heals in part by reorganizing into compensatory functional pathways. In the case of the 

amyloid and NFT proteinopathy insults that define AD, it has been thought that once 

plaques and NFTs reach a threshold of abundance, these compensatory mechanisms 

succumb to the cumulative neuronal damage associated with these pathologies, thus 

resulting in initial changes in cognitive function. In this regard, the discovery of plaques 

and tangles in the brain with the development of PET tracers demonstrated that 
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pathology accumulation might last decades before clinical symptoms (Bateman, 2012). 

With the emergence of more research on the soluble oligomeric forms of plaques and 

tangles, showing that oligomers are associated with severe cellular toxicity and high 

potential in pathology propagation, AD pathogenic processes likely occur even earlier 

than that suggested by PET imaging (and fluid biomarker studies), insidiously disrupting 

cellular homeostasis, causing axonal degradation, and interfering the energy 

metabolism. Unfortunately, we cannot track or detect these toxic species in patients due 

to the lack of a PET ligand that can differentially bind the early pathological forms of 

amyloid and tau. For example, while NFTs correlate with cognitive decline, 

understanding how pre-tangle tau relates to cognitive changes is a potentially very 

promising yet underexplored area, and we posit that the DMN is an ideal brain network 

in which to explore these phenomena.  

There are several reasons why the DMN is a suitable substrate to study 

pathology & cognitive dynamics in the context of AD, including: 1) Functional 

connectivity (fc) of DMN hubs bidirectionally changes depending on the disease stage 

and those changes may start as early as the SCD pre-clinical phase, and 2) 

pathological Aβ and tau trajectories in the brain do not fully overlap until later stages of 

the disease. However, they both spread to the DMN regions and coexist in the majority 

of aMCI patients (Li, 2019; Hojjati, 2021). These concepts were supported by our 

studies described in Chapter 2, which showed a significant increase in pre-tangle tau 

markers, pS422 and TNT2, by Braak stage V in fixed DMN samples and TOC1 and 

TNT2 in frozen DMN samples, which further increased in Braak VI. Therefore, for the 

present study, we aimed to investigate the relationship between the expression levels of 
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these soluble pre-tangle tau forms, as well as oligomeric amyloid, in the DMN with 

measures of antemortem cognitive function taken within a year of death in the subjects 

comprising our clinical neuropathologic cohort. To complement this analysis, we also 

tested for correlations between these markers and postmortem neuropathological 

diagnostic variables.  We hope to contribute to the effort to understand the dynamics of 

the aforementioned temporal gap between pathology and cognition and how to leverage 

it by developing preventive therapies in the future.  

MATERIALS AND METHODS 

 
Subjects and clinical pathologic assessments 

Subjects, clinical pathological assessments, and tau marker quantitative methodologies 

are described in detail in Chapter 2. With respect to antemortem cognitive assessments, 

RROS participants undergo an annual neurological examination and cognitive 

performance testing using the Mini-Mental State Exam (MMSE) and 19 additional 

neuropsychological tests referable to five cognitive domains: orientation, attention, 

memory, language, and perception (see Chapter 2) (Bennett, 2002). Specifically, these 

tests were referable to episodic memory (e.g., Word List Memory, Recall and 

Recognition), semantic memory (e.g., Verbal Fluency and Boston Naming), working 

memory (e.g., Digit Span Forward and Backward), perceptual speed (e.g., Symbol Digit 

Modalities Test), and visuospatial ability (e.g., Standard Progressive Matrices) (Counts, 

2006) (Supplemental Table 3.1). Composite scores of episodic memory, semantic 

memory, working memory, perceptual speed, and visuospatial ability, as well as a 

composite global cognitive z-score (GCS), were derived from this test battery for each 

subject; NCI subjects did not reveal impairment in any of these domains within a year of 
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death, when adjusted for age and education, whereas MCI subjects scored  2 standard 

deviations worse on one or more domains when compared to NCI (Bennett, 2002; 

Bennett, 2018). MADC donors only received an MMSE score, which was utilized to 

calculate correlations between pathology and global cognition in this study.  

Neuropathological assessments in addition to CERAD, Braak, and NIA-Reagan staging 

described in Chapter 2 included: 1) diffuse and neuritic plaque and NFTs counts using 

silver-stained sections from midfrontal cortex, midtemporal cortex, inferior parietal 

cortex, entorhinal cortex, and hippocampus, where the count of each region is scaled by 

dividing by the corresponding standard deviation and then averaged across the 5 

regions to obtain a summary measure; and 2) amyloid and NFT density, which is the 

mean of the square root transformation diffuse + neuritic plaque counts and NFT counts 

in angular gyrus, anterior cingulate cortex, calcarine cortex, entorhinal cortex, 

hippocampus, inferior temporal cortex, midfrontal gyrus, and superior frontal cortex 

(Bennett, 2018). 

Statistical Analyses 
 

Statistical analysis of demographic, clinical, and pathological variables including 

tau and amyloid measurements in the DMN hubs are described in detail in Chapter 2. 

Spearman rank correlations were used to test for associations between tau and amyloid 

marker levels, antemortem cognitive test scores, and postmortem neuropathological 

variables due to the nonnormal distribution of the pre-tangle tau markers in both fixed 

and frozen tissue samples (GraphPad Prism v10.4.0) (527). The statistical software also 

generated correlation matrices for data visualization. The Cocor analysis, an R 
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package, was used to compare correlation coefficients (2192). Significance levels were 

indicated as follows: *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. 

RESULTS 

Correlations between DMN pre-tangle tau markers and antemortem cognitive test 

scores 

With respect to pre-tangle tau pathological epitopes measured by quantitative 

immunohistochemistry, increasing pS422 and TNT2 levels in each DMN cortical hub 

correlated the most strongly with poorer performance on episodic and semantic 

memory, as well as perceptual speed and visuospatial ability (Figure 3.2, Table 3.1). 

Levels of these two pre-tangle markers also displayed the strongest inverse correlations 

with global cognitive performance, as measured by the MMSE and GCS, in all regions 

examined. By contrast, increasing TOC1+ oligomer levels were significantly but more 

weakly associated with poorer episodic and semantic memory scores and global 

cognitive scores across the regions and associated with perceptual speed and 

visuospatial ability only in the FC. Levels of TauC3, representing more advanced stages 

of tangle evolution, were significantly correlated with these cognitive measures, most 

strongly in the FC. By contrast, none of the tau markers were correlated with 

antemortem working memory performance. Finally, MOAB2+ amyloid pathology 

correlated tightly with pS422, TOC1, and TNT2 in all regions and also correlated with 

semantic and episodic memory, as well as the global cognitive score in the PCC (Figure 

3.2). 

PHF-1 quantification in the PCC was included as a canonical NFT marker to 

provide a refence point for possible NFT load. Although it was correlated with all the 
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markers, its strongest correlation was with pS422 (r=0.96, p<0.0001), followed by TNT2 

(r=0.90, p<0.0001). Sharing the pattern with pS422, it tightly correlated with all the 

cognitive measures except for working memory.  

 

Figure 3. 2 Correlation matrices for IHC-measured pre-tangle DMN tau levels and 

cognitive scores in the RROS cohort 
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Figure 3. 2 (cont’d)  
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Figure 3. 2 (cont’d)  

 

Spearman coefficients between the pre-tangle tau levels and cognitive variables in the 

fontal cortex, posterior cingulate cortex, and precuneus are shown. Heat map reflects 

the strength of correlation. 
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Table 3. 1 p-values for Spearman rank correlations with cognitive variables in the fixed 

tissue samples  

Significant p-values are bolded. 

The correlations between pre-tangle tau in the soluble fraction of frozen DMN 

tissue blocks and cognitive measures were similar to those observed with 

immunohistochemistry (IHC), though not as strong. TOC1 was the most significantly 

FC

MMSE GCS EpisodicSemanticWorking Perceptual speedVisuospatial abilityBraak pS422 TOC1 TNT2 TauC3 Moab2

MMSE 1E-13 4E-13 3E-10 9E-05 5E-09 1E-05 2E-06 3E-05 0.0096 4E-06 1E-05 0.1101

GCS 1E-13 2E-28 1E-21 2E-06 3E-09 9E-11 2E-06 1E-06 0.0016 5E-08 8E-06 0.1493

Episodic 4E-13 2E-28 3E-19 2E-05 3E-07 3E-07 4E-05 1E-06 0.001 3E-08 5E-05 0.1082

Semantic 3E-10 1E-21 3E-19 0.0007 4E-06 1E-08 6E-05 5E-05 0.005 3E-08 3E-05 0.1297

Working 9E-05 2E-06 2E-05 0.0007 0.0024 5E-06 0.0123 0.088 0.1632 0.0358 0.0312 0.934

Perceptual speed 5E-09 3E-09 3E-07 4E-06 0.0024 1E-06 0.0002 0.0008 0.0662 1E-04 0.0007 0.5497

Visuospatial ability 1E-05 9E-11 3E-07 1E-08 5E-06 1E-06 0.001 0.0233 0.0382 0.0004 0.011 0.2974

Braak 2E-06 2E-06 4E-05 6E-05 0.0123 0.0002 0.001 8E-07 0.0031 2E-05 1E-05 0.2195

pS422 3E-05 1E-06 1E-06 5E-05 0.088 0.0008 0.0233 8E-07 0.0006 1E-05 4E-06 0.0063

TOC1 0.0096 0.0016 0.001 0.005 0.1632 0.0662 0.0382 0.0031 0.0006 3E-05 0.0121 0.0002

TNT2 4E-06 5E-08 3E-08 3E-08 0.0358 1E-04 0.0004 2E-05 1E-05 3E-05 0.0043 0.039

TauC3 1E-05 8E-06 5E-05 3E-05 0.0312 0.0007 0.011 1E-05 4E-06 0.0121 0.0043 0.0621

Moab2 0.1101 0.1493 0.1082 0.1297 0.934 0.5497 0.2974 0.2195 0.0063 0.0002 0.039 0.0621

PCC

MMSE GCS EpisodicSemanticWorking Perceptual speedVisuospatial abilityReagan pS422 TOC1 TNT2 TauC3 Moab2 PHF-1

MMSE 1E-13 4E-13 3E-10 9E-05 5E-09 1E-05 4E-06 1E-06 0.0113 3E-06 0.0008 0.0163 9E-06

GCS 1E-13 2E-28 1E-21 2E-06 3E-09 9E-11 2E-07 2E-06 0.0031 5E-07 5E-05 0.0166 1E-05

Episodic 4E-13 2E-28 3E-19 2E-05 3E-07 3E-07 4E-06 7E-06 0.0035 3E-06 0.0007 0.0073 9E-05

Semantic 3E-10 1E-21 3E-19 0.0007 4E-06 1E-08 2E-06 4E-07 0.0047 2E-06 0.0004 0.0112 0.0001

Working 9E-05 2E-06 2E-05 0.0007 0.0024 5E-06 0.0314 0.1065 0.2365 0.1499 0.1158 0.8638 0.1772

Perceptual speed 5E-09 3E-09 3E-07 4E-06 0.0024 1E-06 0.0001 0.0012 0.0516 0.0002 0.0005 0.1424 0.0003

Visuospatial ability 1E-05 9E-11 3E-07 1E-08 5E-06 1E-06 0.001 0.0067 0.0801 0.0031 0.0013 0.4393 0.0027

Reagan 4E-06 2E-07 4E-06 2E-06 0.0314 0.0001 0.001 2E-13 0.0002 6E-13 5E-05 0.0073 7E-09

pS422 1E-06 2E-06 7E-06 4E-07 0.1065 0.0012 0.0067 2E-13 5E-06 7E-13 0.0002 0.0004 3E-16

TOC1 0.0113 0.0031 0.0035 0.0047 0.2365 0.0516 0.0801 0.0002 5E-06 4E-06 0.0198 0.0001 6E-05

TNT2 3E-06 5E-07 3E-06 2E-06 0.1499 0.0002 0.0031 6E-13 7E-13 4E-06 1E-05 0.0111 7E-11

TauC3 0.0008 5E-05 0.0007 0.0004 0.1158 0.0005 0.0013 5E-05 0.0002 0.0198 1E-05 0.0075 2E-05

Moab2 0.0163 0.0166 0.0073 0.0112 0.8638 0.1424 0.4393 0.0073 0.0004 0.0001 0.0111 0.0075 0.0047

PHF-1 9E-06 1E-05 9E-05 0.0001 0.1772 0.0003 0.0027 7E-09 3E-16 6E-05 7E-11 2E-05 0.0047

PreC

MMSE GCS EpisodicSemanticWorking Perceptual speedVisuospatial abilityBraak pS422 TOC1 TNT2 TauC3 Moab2

MMSE 1E-13 4E-13 3E-10 9E-05 5E-09 1E-05 2E-06 3E-06 0.0183 0.0002 0.0009 0.0821

GCS 1E-13 2E-28 1E-21 2E-06 3E-09 9E-11 2E-06 4E-07 0.0432 8E-07 1E-04 0.064

Episodic 4E-13 2E-28 3E-19 2E-05 3E-07 3E-07 4E-05 4E-08 0.0106 1E-07 5E-05 0.1022

Semantic 3E-10 1E-21 3E-19 0.0007 4E-06 1E-08 6E-05 1E-07 0.0207 6E-06 0.001 0.089

Working 9E-05 2E-06 2E-05 0.0007 0.0024 5E-06 0.0123 0.0587 0.2593 0.0267 0.0387 0.6228

Perceptual speed 5E-09 3E-09 3E-07 4E-06 0.0024 1E-06 0.0002 0.0009 0.3561 0.0012 0.0027 0.1873

Visuospatial ability 1E-05 9E-11 3E-07 1E-08 5E-06 1E-06 0.001 0.0048 0.9573 0.0059 0.0005 0.4286

Braak 2E-06 2E-06 4E-05 6E-05 0.0123 0.0002 0.001 0.0002 0.0442 4E-05 0.0008 0.0047

pS422 3E-06 4E-07 4E-08 1E-07 0.0587 0.0009 0.0048 0.0002 1E-05 2E-09 0.002 0.0266

TOC1 0.0183 0.0432 0.0106 0.0207 0.2593 0.3561 0.9573 0.0442 1E-05 0.0097 0.1661 0.0002

TNT2 0.0002 8E-07 1E-07 6E-06 0.0267 0.0012 0.0059 4E-05 2E-09 0.0097 1E-08 0.0127

TauC3 0.0009 1E-04 5E-05 0.001 0.0387 0.0027 0.0005 0.0008 0.002 0.1661 1E-08 0.0616

Moab2 0.0821 0.064 0.1022 0.089 0.6228 0.1873 0.4286 0.0047 0.0266 0.0002 0.0127 0.0616
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correlated patholarker with semantic memory scores across all regions, with the 

strongest associations seen in the posterior DMN hubs (Figure 3.3, Table 3.2). Showing 

its strongest correlations in the PCC, TNT2 also tightly correlated with the cognitive 

scores, especially with the MMSE and semantic memory. Notably, neither pre-tangle 

marker (TOC1 nor TNT2) showed any correlation with antemortem working memory 

performance. These findings are particularly insightful because they focus on soluble, 

tau species by utilizing ultracentrifugation during tissue fractionation. Total tau measured 

by Tau5 did not reveal any correlations, suggesting that total tau itself is probably not 

the primary driver of pathology or cognitive decline.  

 

Figure 3. 3 Correlation matrices for the ELISA-measured soluble pre-tangle DMN tau 

levels and cognitive scores in the RROS cohort  
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Figure 3. 3 (cont’d)  
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Figure 3. 3 (cont’d)  

 

Spearman coefficients between the pre-tangle tau levels and cognitive variables in the 

fontal cortex, posterior cingulate cortex, and precuneus are shown. Heat map reflects 

the strength of correlation. 
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Table 3. 2 p-values for Spearman rank correlations with cognitive scores in the soluble 

fractions  

Significant p-values are bolded. 

Correlations Between DMN Pre-Tangle Tau Markers and Postmortem Neuropathology 

Quantitative IHC and ELISA measurements of pre-tangle tau markers and 

oligomeric amyloid within each region of the DMN (Chapter 2) were correlated with 

FC

MMSE GCS Episodic SemanticWorking Perceptual speedVisuospatial abilityBraak TOC1 TNT2 TauC3 Tau5

MMSE 3E-25 3E-27 2E-15 4E-07 8E-15 9E-09 8E-06 0.1338 0.0527 0.0301 0.4612

GCS 3E-25 3E-46 1E-28 4E-13 1E-16 3E-17 2E-07 0.0223 0.031 0.0219 0.3918

Episodic 3E-27 3E-46 2E-21 6E-08 1E-11 2E-13 9E-07 0.0779 0.0466 0.0838 0.3168

Semantic 2E-15 1E-28 2E-21 5E-07 7E-14 1E-13 2E-05 0.0092 0.0599 0.1835 0.5377

Working 4E-07 4E-13 6E-08 5E-07 9E-07 8E-07 0.0616 0.1464 0.1038 0.3873 0.6462

Perceptual speed 8E-15 1E-16 1E-11 7E-14 9E-07 1E-11 1E-04 0.0225 0.082 0.0244 0.8455

Visuospatial ability 9E-09 3E-17 2E-13 1E-13 8E-07 1E-11 2E-05 0.0508 0.1359 0.0514 0.6941

Braak 8E-06 2E-07 9E-07 2E-05 0.0616 1E-04 2E-05 0.0003 7E-05 3E-05 0.327

TOC1 0.1338 0.0223 0.0779 0.0092 0.1464 0.0225 0.0508 0.0003 3E-06 3E-07 0.0163

TNT2 0.0527 0.031 0.0466 0.0599 0.1038 0.082 0.1359 7E-05 3E-06 2E-06 0.0776

TauC3 0.0301 0.0219 0.0838 0.1835 0.3873 0.0244 0.0514 3E-05 3E-07 2E-06 0.0111

Tau5 0.4612 0.3918 0.3168 0.5377 0.6462 0.8455 0.6941 0.327 0.0163 0.0776 0.0111

PCC

MMSE GCS Episodic SemanticWorking Perceptual speedVisuospatial abilityBraak TOC1 TNT2 TauC3 Tau5

MMSE 3E-25 3E-27 2E-15 4E-07 8E-15 9E-09 8E-06 0.0002 0.0008 0.0008 0.87

GCS 3E-25 3E-46 1E-28 4E-13 1E-16 3E-17 2E-07 6E-05 0.0024 0.0011 0.7819

Episodic 3E-27 3E-46 2E-21 6E-08 1E-11 2E-13 9E-07 6E-05 0.0012 0.0009 0.5979

Semantic 2E-15 1E-28 2E-21 5E-07 7E-14 1E-13 2E-05 0.0002 0.0083 0.006 0.8959

Working 4E-07 4E-13 6E-08 5E-07 9E-07 8E-07 0.0616 0.1715 0.1986 0.0357 0.5212

Perceptual speed 8E-15 1E-16 1E-11 7E-14 9E-07 1E-11 1E-04 0.0005 0.0046 0.012 0.6917

Visuospatial ability 9E-09 3E-17 2E-13 1E-13 8E-07 1E-11 2E-05 0.0212 0.0105 0.0306 0.3802

Braak 8E-06 2E-07 9E-07 2E-05 0.0616 1E-04 2E-05 1E-08 1E-09 2E-07 0.2162

TOC1 0.0002 6E-05 6E-05 0.0002 0.1715 0.0005 0.0212 1E-08 8E-08 0.0007 0.0317

TNT2 0.0008 0.0024 0.0012 0.0083 0.1986 0.0046 0.0105 1E-09 8E-08 6E-12 7E-05

TauC3 0.0008 0.0011 0.0009 0.006 0.0357 0.012 0.0306 2E-07 0.0007 6E-12 3E-07

Tau5 0.87 0.7819 0.5979 0.8959 0.5212 0.6917 0.3802 0.2162 0.0317 7E-05 3E-07

PreC

MMSE GCS EpisodicSemantic WorkingPerceptual speedVisuospatial abilityBraak TOC1 TNT2 TauC3 Tau5

MMSE 3E-25 3E-27 2E-15 4E-07 8E-15 9E-09 8E-06 2E-06 0.0527 0.0424 0.5175

GCS 3E-25 3E-46 1E-28 4E-13 1E-16 3E-17 2E-07 3E-06 0.0934 0.0084 0.1699

Episodic 3E-27 3E-46 2E-21 6E-08 1E-11 2E-13 9E-07 1E-07 0.077 0.0396 0.256

Semantic 2E-15 1E-28 2E-21 5E-07 7E-14 1E-13 2E-05 2E-05 0.012 0.0116 0.2588

Working 4E-07 4E-13 6E-08 5E-07 9E-07 8E-07 0.0616 0.0743 0.6918 0.0197 0.8026

Perceptual speed 8E-15 1E-16 1E-11 7E-14 9E-07 1E-11 1E-04 0.0007 0.0384 0.1019 0.4038

Visuospatial ability 9E-09 3E-17 2E-13 1E-13 8E-07 1E-11 2E-05 0.001 0.1155 0.0726 0.352

Braak 8E-06 2E-07 9E-07 2E-05 0.0616 1E-04 2E-05 1E-09 0.0033 0.0025 0.1846

TOC1 2E-06 3E-06 1E-07 2E-05 0.0743 0.0007 0.001 1E-09 0.0003 0.0118 0.5564

TNT2 0.0527 0.0934 0.077 0.012 0.6918 0.0384 0.1155 0.0033 0.0003 7E-09 0.0265

TauC3 0.0424 0.0084 0.0396 0.0116 0.0197 0.1019 0.0726 0.0025 0.0118 7E-09 0.0077

Tau5 0.5175 0.1699 0.256 0.2588 0.8026 0.4038 0.352 0.1846 0.5564 0.0265 0.0077
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postmortem neuropathological assessments of neuritic plaque density and number, 

diffuse plaque density and number, NFT density and number, cerebral amyloid 

angiopathy (CAA), and TDP-43, as well as diagnostic scores based on CERAD, Braak, 

and NIA-Reagan criteria. Pre-tangle tau marker levels derived from DMN IHC 

demonstrated that all the tau markers, in addition to the MOAB-2, the oligomeric Aβ 

marker, strongly correlated with the neuritic plaque density and number in all three hubs 

(Figure 3.4, Table 3.3). Interestingly, only pS422 levels were correlated with diffuse 

plaque density. On the other hand, increasing levels of all four pre-tangle markers were 

positively associated with increasing NFT density, number, and Braak stage. Strong 

correlations of tau marker levels with CAA and TDP-43 scores were also noted, 

especially in the PCC.  

Increasing pS422, TNT2, and TauC3 levels were all significantly associated with 

CERAD and NIA-Reagan scores in the DMN hubs, although these associations were 

generally weaker for TauC3. TOC1 levels followed a similar pattern in PCC and FC but 

did not correlate with these diagnostic scores in PreC. Levels of the more advanced 

NFT marker PHF1 were highly significantly associated with postmortem diagnosis in 

PCC, the hub where it was measured. Interestingly, MOAB-2 levels were significantly 

associated with CERAD and NIA-Reagan scores in the DMN hubs but not with Braak 

stage in FC and PreC.   
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Figure 3. 4 Correlation matrices show relationships between IHC-measured pre-tangle 

DMN tau levels and neuropathological diagnostic scores in the RROS cohort 
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Figure 3. 4 (cont’d)  
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Figure 3. 4 (cont’d)  

 

Spearman coefficients between the pre-tangle tau levels and pathological scores in the 

fontal cortex, posterior cingulate cortex, and precuneus are shown. Heat map reflects 

the strength of correlation. 
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Table 3. 3  p-values from the Spearman rank correlations for postmortem variables in 

the fixed tissue samples  

Significant p-values are bolded. 

 In line with these results, pre-tangle tau in the soluble tissue fraction also revealed 

strong correlations with pathology. Notably, TOC1+ oligomer levels were significantly 

correlated with plaque and NFT variables as well as Braak stage, CERAD, and NIA-

Reagan scores in all regions and with TDP-43 only in the PCC (Figure 3.5, Table 3.4). 

TNT2 also correlated with majority of the pathology scores except for the diffuse plaque 

FC

Neuritic plaque densityTotal Neuritic PlaqueDiffuse plaque densityTotal Diffuse PlaqueCAA TDP-43 NFT densityTotal NFT Braak CERAD Reagan pS422 TOC1 TNT2 TauC3 Moab2

Neuritic plaque density 9.7E-27 0.00099 0.00011 1.5E-06 0.00281 4.4E-05 0.07283 0.00045 6.7E-12 1.3E-07 7.8E-07 0.01543 0.00022 0.00037 0.0013

Total Neuritic Plaque9.7E-27 0.00053 1.6E-05 3.5E-06 0.00031 2.3E-05 2.3E-05 4.5E-07 1.8E-20 6.9E-13 4.5E-07 0.00209 0.00029 7.2E-05 0.00203

Diffuse plaque density0.00099 0.00053 3E-16 0.00498 0.40209 0.14878 0.40846 0.09343 0.00062 0.00458 0.16504 0.62879 0.12309 0.45918 0.23442

Total Diffuse Plaque0.00011 1.6E-05 3E-16 0.00901 0.09017 0.07954 0.05642 0.04046 6.2E-05 0.00088 0.04839 0.09375 0.0827 0.21326 0.09814

CAA 1.5E-06 3.5E-06 0.00498 0.00901 0.00507 0.01233 0.02404 0.00653 1E-06 0.00019 0.00309 0.27397 0.03283 0.0074 0.07265

TDP-43 0.00281 0.00031 0.40209 0.09017 0.00507 0.01597 0.05218 0.00857 0.00093 0.00046 8.6E-06 0.00456 0.00061 3.8E-05 0.02059

NFT density 4.4E-05 2.3E-05 0.14878 0.07954 0.01233 0.01597 6.4E-10 5.7E-12 2.2E-05 2.7E-09 4.6E-05 0.00053 2E-05 1.8E-05 0.04419

Total NFT 0.07283 2.3E-05 0.40846 0.05642 0.02404 0.05218 6.4E-10 1.2E-15 5.5E-05 4.2E-10 0.0103 0.00302 0.10653 1.2E-05 0.06152

Braak 0.00045 4.5E-07 0.09343 0.04046 0.00653 0.00857 5.7E-12 1.2E-15 3.6E-07 3.3E-16 7.8E-07 0.0031 1.8E-05 1E-05 0.21948

CERAD 6.7E-12 1.8E-20 0.00062 6.2E-05 1E-06 0.00093 2.2E-05 5.5E-05 3.6E-07 6.2E-17 1.1E-05 0.00066 3.2E-05 0.00119 0.00285

Reagan 1.3E-07 6.9E-13 0.00458 0.00088 0.00019 0.00046 2.7E-09 4.2E-10 3.3E-16 6.2E-17 3.3E-08 0.00055 4.4E-08 1.4E-05 0.01716

pS422 7.8E-07 4.5E-07 0.16504 0.04839 0.00309 8.6E-06 4.6E-05 0.0103 7.8E-07 1.1E-05 3.3E-08 0.00063 1.4E-05 4.3E-06 0.00629

TOC1 0.01543 0.00209 0.62879 0.09375 0.27397 0.00456 0.00053 0.00302 0.0031 0.00066 0.00055 0.00063 2.6E-05 0.01213 0.00023

TNT2 0.00022 0.00029 0.12309 0.0827 0.03283 0.00061 2E-05 0.10653 1.8E-05 3.2E-05 4.4E-08 1.4E-05 2.6E-05 0.00431 0.03896

TauC3 0.00037 7.2E-05 0.45918 0.21326 0.0074 3.8E-05 1.8E-05 1.2E-05 1E-05 0.00119 1.4E-05 4.3E-06 0.01213 0.00431 0.06212

Moab2 0.0013 0.00203 0.23442 0.09814 0.07265 0.02059 0.04419 0.06152 0.21948 0.00285 0.01716 0.00629 0.00023 0.03896 0.06212

PCC

Neuritic plaque densityTotal Neuritic PlaqueDiffuse plaque densityTotal Diffuse PlaqueCAA TDP-43 NFT densityTotal NFT Braak CERAD Reagan pS422 TOC1 TNT2 TauC3 Moab2 PHF-1

Neuritic plaque density 9.7E-27 0.00099 0.00011 1.5E-06 0.00281 4.4E-05 0.07283 0.00045 6.7E-12 1.3E-07 9.2E-09 0.00087 3.2E-06 0.00017 0.00071 3E-06

Total Neuritic Plaque9.7E-27 0.00053 1.6E-05 3.5E-06 0.00031 2.3E-05 2.3E-05 4.5E-07 1.8E-20 6.9E-13 2.5E-09 0.00086 3.8E-06 0.00017 0.00113 2.5E-06

Diffuse plaque density0.00099 0.00053 3E-16 0.00498 0.40209 0.14878 0.40846 0.09343 0.00062 0.00458 0.02529 0.17305 0.10643 0.23062 0.0759 0.07143

Total Diffuse Plaque0.00011 1.6E-05 3E-16 0.00901 0.09017 0.07954 0.05642 0.04046 6.2E-05 0.00088 0.03298 0.17611 0.04307 0.05877 0.05704 0.03483

CAA 1.5E-06 3.5E-06 0.00498 0.00901 0.00507 0.01233 0.02404 0.00653 1E-06 0.00019 0.00274 0.08788 0.00969 0.00345 0.00198 0.00377

TDP-43 0.00281 0.00031 0.40209 0.09017 0.00507 0.01597 0.05218 0.00857 0.00093 0.00046 9.3E-07 0.01243 0.00056 0.00048 2.6E-05 0.00018

NFT density 4.4E-05 2.3E-05 0.14878 0.07954 0.01233 0.01597 6.4E-10 5.7E-12 2.2E-05 2.7E-09 1.6E-07 3.7E-05 1.7E-09 7E-05 0.01656 5E-07

Total NFT 0.07283 2.3E-05 0.40846 0.05642 0.02404 0.05218 6.4E-10 1.2E-15 5.5E-05 4.2E-10 0.00024 0.01162 1.4E-05 0.01094 0.05142 0.02291

Braak 0.00045 4.5E-07 0.09343 0.04046 0.00653 0.00857 5.7E-12 1.2E-15 3.6E-07 3.3E-16 1.3E-08 0.00032 1E-10 0.00016 0.0523 4E-06

CERAD 6.7E-12 1.8E-20 0.00062 6.2E-05 1E-06 0.00093 2.2E-05 5.5E-05 3.6E-07 6.2E-17 1.3E-09 0.00039 7.1E-07 0.00049 0.0022 8.2E-07

Reagan 1.3E-07 6.9E-13 0.00458 0.00088 0.00019 0.00046 2.7E-09 4.2E-10 3.3E-16 6.2E-17 2.3E-13 0.00019 6.2E-13 4.6E-05 0.00727 6.5E-09

pS422 9.2E-09 2.5E-09 0.02529 0.03298 0.00274 9.3E-07 1.6E-07 0.00024 1.3E-08 1.3E-09 2.3E-13 5.1E-06 6.8E-13 0.00021 0.00044 3.3E-16

TOC1 0.00087 0.00086 0.17305 0.17611 0.08788 0.01243 3.7E-05 0.01162 0.00032 0.00039 0.00019 5.1E-06 3.5E-06 0.01978 0.00012 5.7E-05

TNT2 3.2E-06 3.8E-06 0.10643 0.04307 0.00969 0.00056 1.7E-09 1.4E-05 1E-10 7.1E-07 6.2E-13 6.8E-13 3.5E-06 1.2E-05 0.01109 7.3E-11

TauC3 0.00017 0.00017 0.23062 0.05877 0.00345 0.00048 7E-05 0.01094 0.00016 0.00049 4.6E-05 0.00021 0.01978 1.2E-05 0.00754 2.3E-05

Moab2 0.00071 0.00113 0.0759 0.05704 0.00198 2.6E-05 0.01656 0.05142 0.0523 0.0022 0.00727 0.00044 0.00012 0.01109 0.00754 0.00472

PHF-1 3E-06 2.5E-06 0.07143 0.03483 0.00377 0.00018 5E-07 0.02291 4E-06 8.2E-07 6.5E-09 3.3E-16 5.7E-05 7.3E-11 2.3E-05 0.00472

PreC

Neuritic plaque densityTotal Neuritic PlaqueDiffuse plaque densityTotal Diffuse PlaqueCAA TDP-43 NFT densityTotal NFT Braak CERAD Reagan pS422 TOC1 TNT2 TauC3 Moab2

Neuritic plaque density 9.7E-27 0.00099 0.00011 1.5E-06 0.00281 4.4E-05 0.07283 0.00045 6.7E-12 1.3E-07 5.8E-07 0.00306 5.6E-06 0.00581 0.01224

Total Neuritic Plaque9.7E-27 0.00053 1.6E-05 3.5E-06 0.00031 2.3E-05 2.3E-05 4.5E-07 1.8E-20 6.9E-13 3.5E-09 0.02403 1.4E-07 0.00249 0.00802

Diffuse plaque density0.00099 0.00053 3E-16 0.00498 0.40209 0.14878 0.40846 0.09343 0.00062 0.00458 0.02237 0.30832 0.08722 0.76039 0.41754

Total Diffuse Plaque0.00011 1.6E-05 3E-16 0.00901 0.09017 0.07954 0.05642 0.04046 6.2E-05 0.00088 0.02212 0.37317 0.00645 0.20576 0.37377

CAA 1.5E-06 3.5E-06 0.00498 0.00901 0.00507 0.01233 0.02404 0.00653 1E-06 0.00019 0.01466 0.46402 0.01149 0.16995 0.14109

TDP-43 0.00281 0.00031 0.40209 0.09017 0.00507 0.01597 0.05218 0.00857 0.00093 0.00046 2.2E-06 0.00341 0.00011 0.00019 0.002

NFT density 4.4E-05 2.3E-05 0.14878 0.07954 0.01233 0.01597 6.4E-10 5.7E-12 2.2E-05 2.7E-09 0.00047 0.00201 4.9E-06 8.2E-05 0.00357

Total NFT 0.07283 2.3E-05 0.40846 0.05642 0.02404 0.05218 6.4E-10 1.2E-15 5.5E-05 4.2E-10 0.02589 0.61354 0.00749 0.04786 0.04748

Braak 0.00045 4.5E-07 0.09343 0.04046 0.00653 0.00857 5.7E-12 1.2E-15 3.6E-07 3.3E-16 0.00021 0.04421 4.5E-05 0.00073 0.00475

CERAD 6.7E-12 1.8E-20 0.00062 6.2E-05 1E-06 0.00093 2.2E-05 5.5E-05 3.6E-07 6.2E-17 7.1E-08 0.06477 2E-07 0.0305 0.0038

Reagan 1.3E-07 6.9E-13 0.00458 0.00088 0.00019 0.00046 2.7E-09 4.2E-10 3.3E-16 6.2E-17 2.4E-07 0.02517 5.8E-08 0.00325 0.00454

pS422 5.8E-07 3.5E-09 0.02237 0.02212 0.01466 2.2E-06 0.00047 0.02589 0.00021 7.1E-08 2.4E-07 1.4E-05 1.7E-09 0.00203 0.02658

TOC1 0.00306 0.02403 0.30832 0.37317 0.46402 0.00341 0.00201 0.61354 0.04421 0.06477 0.02517 1.4E-05 0.00974 0.16554 0.00025

TNT2 5.6E-06 1.4E-07 0.08722 0.00645 0.01149 0.00011 4.9E-06 0.00749 4.5E-05 2E-07 5.8E-08 1.7E-09 0.00974 1.2E-08 0.01272

TauC3 0.00581 0.00249 0.76039 0.20576 0.16995 0.00019 8.2E-05 0.04786 0.00073 0.0305 0.00325 0.00203 0.16554 1.2E-08 0.05885

Moab2 0.01224 0.00802 0.41754 0.37377 0.14109 0.002 0.00357 0.04748 0.00475 0.0038 0.00454 0.02658 0.00025 0.01272 0.05885
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measure and the TDP-43 in the FC and PreC. Showing its highest correlations in the 

FC, TauC3 correlated with all the scores except for the diffuse plaque measures.  In 

contrast, levels of Tau5, the total tau marker, were only correlated with NFT density and 

TDP-43, highlighting the distinction between pathological vs physiological tau.   

 

Figure 3. 5 Correlation matrices for the soluble pre-tangle DMN tau and 

neuropathological diagnostic scores in the RROS cohort 
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Figure 3. 5 (cont’d)  
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Figure 3. 5 (cont’d)  

 

Spearman coefficients between the pre-tangle tau levels and pathological scores in the 

fontal cortex, posterior cingulate cortex, and precuneus are shown. Heat map reflects 

the strength of correlation. 
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Table 3. 4 p-values from the Spearman rank correlations for postmortem variables in the 

soluble tissue samples 

Significant p-values are bolded. 

Possible regional differences in pre-tangle tau pathology burden in DMN hubs: 

relationships with Braak stage and global cognition 

In the previous chapter, regional differences for each marker were shown 

(Chapter 2, Figure 2.8), with PCC bearing greater levels of pre-tangle pathology (higher 
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pS422, TOC1, and TNT2) in successive Braak stages and PreC lagging in the extent of 

tau marker accrual. This was a thought-provoking observation that two adjacent brain 

regions that synchronize in their activity by default showed different pathological tau 

loads, which raised the question of whether there would be any differences in the 

correlations between the pre-tangle DMN tau and postmortem NFT pathology scores as 

well as global cognitive measures in PCC vs PreC. To address this question, we 

conducted comparisons between the correlation coefficients of each marker for NFT 

density, Total NFT, Braak score, MMSE, and GCS in PCC vs PreC (Diedenhofen, 2015).   

 

Table 3. 5 Comparing correlation coefficients between the markers and postmortem 

NFT scores as well as antemortem global cognitive measures in PCC vs PreC 

Cocor analysis, an R package, was used to compare correlation coefficients 

(Diedenhofen, 2015). 

TNT2 was the only marker better correlated with NFT density (p=0.0052) and 

Braak stage (TNT2 p=0.358, sTNT2 p=00185) in PCC when compared to PreC. 

However, there were no differences in strength of correlation between TNT2 levels and 

MMSE (p=0.311) or GCS (p=0.333) in PCC vs. PreC.  

 

 

PCC vs PreC 

(p value)
NFT density Total NFT Braak MMSE GCS

pS422 0.1507 0.3779 0.1761 0.8727 0.5986

TOC1 0.4171 0.1392 0.2222 0.8527 0.46

sTOC1 0.8142 N/A 0.7656 0.4802 0.6297

TNT2 0.1973 0.1425 0.0358 0.3688 0.8339

sTNT2 0.0052 N/A 0.0185 0.3111 0.333

TauC3 0.9764 0.8389 0.9466 0.3452 0.6571

sTauc3 0.0026 N/A 0.1154 0.8366 0.8848
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Validation studies 

To validate the correlations between the DMN soluble pre-tangle tau and MMSE 

scores, we utilized the related data from the Michigan Alzheimer’s Disease Center 

(MADC) cohort (Chapter 2- Table 2.3) from our previous studies. Pearson correlation 

analyses revealed strong and statistically significant inverse correlations between 

soluble TOC1 and TNT2 levels and antemortem MMSE scores across all three DMN 

regions (Figure 3.6). In contrast, TauC3 levels correlated with the MMSE scores only in 

PreC (Table 3.6). 

 

Figure 3. 6 Correlation matrices for the soluble pre-tangle DMN tau and MMSE scores 

in the MADC cohort  
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Figure 3. 6 (cont’d)  

 

 

Spearman coefficients between the pre-tangle tau levels and pathological scores in the 

fontal cortex, posterior cingulate cortex, and precuneus are shown. Heat map reflects 

the strength of correlation. 
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Table 3. 6  p-values for Spearman rank correlations with MADC pathology and MMSE in 

soluble fractions  

Significant p-values are bolded. 

Distribution of the Cognitive Scores Based on the Braak Stage  

 Finally, as an indicator of the overall cognitive status of the RROS cohort, the 

MMSE and GCS scores were distributed based on the Braak stage (Figure 3.7). Very 

interestingly, the graphs mimicked the DMN pre-tangle tau marker graphs and pair-wise 

comparisons as a significant decline by Braak stage 5 with an exacerbating decline in 

Braak 6 (Figures 2.4 & 2.6). When the data reorganized based on the clinical groups 
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(Figures 2.5 & 2.7), there was no significant changes between the NCI and MCI in this 

cohort versus a significant drop in both MMSE and GCS scores in the AD cases. 

Altogether, these findings emphasize the close relationship between the presence of 

significant pre-tangle tau and the initiation of the cognitive deterioration.  

 

Figure 3. 7 The distribution of the global cognitive measures based on the Braak score  
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Figure 3. 7 (cont’d)  

 

Statistical analyses were conducted using the Kruskal-Wallis test, followed by Dunn’s 

multiple comparisons for pairwise analysis for (A) MMSE scores and the One-Way 

ANOVA combined with the Tukey’s multiple comparison test for the (B) GCS. 

Significance levels were indicated as follows: *p < 0.05, **p < 0.01, ***p < 0.001, and 

****p < 0.0001. 

DISCUSSION 

Both antemortem Tau-PET imaging and postmortem analysis have shown that 

NFT burden correlates tightly with cognitive decline in AD. However, the impact of more 

toxic pre-tangle tau on human cognition is a recently growing field. In Chapter 2, we 
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showed that pre-tangle tau begins to accumulate within the DMN hubs as early as 

Braak stage IV-V. In the present study, we built upon these observations to demonstrate 

that this accrual of DMN pre-tangle tau is associated with poorer performance on 

cognitive measures targeting memory, visuospatial abilities, and perceptual speed.    

DMN Tau Correlates with Episodic and Semantic Memory and Other Cognitive Markers 

Correlations between pS422 in cholinergic basal forebrain neurons and GCS & 

MMSE scores have been reported before (Vana, 2011). Consistent with these findings, 

data from both our IHC and ELISA studies showed strong inverse correlations between 

increasing pS422 (IHC only), TOC1, TNT2 and even TauC3 levels in all three DMN 

hubs and worsening antemortem GCS and MMSE scores (Figures 3.2, 3.3; Tables 3.1, 

3.2). Additionally, these markers correlated with individual memory components 

included in the study, especially episodic and semantic memory (see Introduction for 

descriptions of these domains). Remarkably, data from both our IHC and ELISA studies 

showed strong inverse correlations between increasing pS422 (IHC only), TOC1, TNT2 

and even TauC3 levels in all three DMN hubs and poorer performance on composite 

test scores for both episodic and semantic memory domains (Figures 3.2, 3.3; Tables 

3.1, 3.2). In general, our ELISA results of S1 fractions showed that the strengths of 

correlation for soluble levels of these tau markers with MMSE, GCS, episodic memory, 

and semantic memory were weaker, and there were a few instances of nonsignificant 

associations (e.g., FC levels of TOC1 and MMSE, PreC levels of TNT2 and GCS). Such 

a finding is reminiscent of studies showing that cognitive deterioration begins to 

accelerate once appreciable NFTs appear in higher association cortical regions (Nelson, 

2007), suggesting that soluble toxic tau has accumulated to a critical threshold to drive 
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neurodegeneration and frank NFT deposition. Since DMN function plays a role in both 

episodic and semantic memory function (Menon, 2023), these data suggest a potential 

relationship between tangle evolution in the DMN and cognitive deterioration. Hence, 

soluble tau pathology initiates degenerative processes in these regions, which is driven 

by the accumulating development of soluble and insoluble tau aggregates, as detected 

by IHC. In support of this hypothesis, with a few exceptions, tau pre-tangle markers 

levels in the DMN hubs were not associated with measures of working memory, a 

cognitive domain that is not associated with DMN function.   

Two additional key cognitive domains that were tested were visuospatial ability 

and perceptual speed. Visuospatial ability refers to the skills to relate visual sensory 

information to the space, such as conceptualizing distances, volumes, or navigation 

(Kimchi, 2016). Although the damage to the occipital lobe occurs later in typical AD 

(Braak, 1989), visuospatial abilities include not only visual cues but spatial awareness 

as well. Therefore, impaired visual abilities, such as difficulty parking a car, misplacing 

items, or simply getting lost were reported in early AD (Bublak, 2011; Hamilton, 2009). 

On the other hand, perceptual speed is a measure of how quickly and accurately 

information can be processed. Perceptual speed may decline with aging, diabetes, 

depression, higher BMI, or alcohol consumption (Jaarsma, 2024). It has been shown 

that in MCI cases, the perceptual speed baseline was 40% lower compared to the 

cognitively normal controls (Bennett, 2002). Another study reported that perceptual 

speed can improve the accuracy of the clinical diagnosis of AD (Martorelli, 2020). 

Overall, our combined IHC and ELISA data revealed significant inverse correlations 

between increasing pS422 (IHC only), TOC1, TNT2 and TauC3 levels in all three DMN 
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hubs and poorer performance on composite test scores for both visuospatial ability and 

perceptual speed (Figures 3.2, 3.3; Tables 3.1, 3.2). There were a few notable 

exceptions, such as no significant associations between these cognitive measures and 

TOC1 and TauC3 levels in PCC and PreC. Moreover, performance on composite test 

scores for both visuospatial ability and perceptual speed generally correlated 

significantly with those of episodic and semantic memory in the RROS subjects (Figures 

3.2, 3.3; Tables 3.1, 3.2). Given the additional roles of the DMN in mediating 

visuospatial ability (Gonzalez Alam, 2025) and perceptual speed (Staffaroni, 2018), our 

data suggest a relationship between the accumulation of tau pre-tangle markers in the 

DMN and deteriorating function in multiple cognitive domains. These data highlight the 

potential of the DMN as a model paradigm for studying mechanistic clinical pathology 

relationships in the context of a vulnerable connectome in AD.   

Oligomeric Aβ Correlations with Cognitive Scores 

Interestingly, MOAB-2 levels were strongly associated with pS422, TOC1, being 

the most correlated, and TNT2 levels in all three DMN regions, but they did not correlate 

with any of the cognitive scores or MMSE in FC or PreC (Figures 3.2, 3.3; Tables 3.1, 

3.2). In contrast, MOAB-2 levels in PCC were significantly associated 

with episodic and semantic memory scores and performance on the MMSE. Together, 

these findings support the prevailing concept that tau pathology more strongly impacts 

cognitive decline than amyloid pathology, with new insights from a key resting state 

network. Further studies are needed to validate these results and explore the complex 

interplay between these co-pathologies. 
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Correlations between DMN pre-tangle tau markers and pathological scores 

All three postmortem pathological scores (Braak, CERAD, and NIA-Reagan), 

which are used for diagnostic purposes to confirm or modify clinical diagnosis, highly 

correlated with the pS422, TNT2, and soluble TOC1 levels in the DMN hubs (Figures 

3.4, 3.5, Tables 3.3, 3.4). All marker levels were correlated strongly with NFT burden 

especially in the IHC datasets, which is unsurprising. On the other hand, the tau 

markers correlated significantly with neuritic plaques (which have dense Aβ cores 

accompanied by dystrophic NFT+ neurites and surrounding NTs) but generally did not 

correlate with diffuse plaques (comprised of loosely accumulated fibrillar Aβ).  It is worth 

mentioning that these pathological measures were taken from five different brain 

regions: Entorhinal cortex, hippocampus, angular gyrus, temporal and mid-frontal 

cortices. Although there is evidence for DMN connectivity with entorhinal cortex and 

hippocampus (Menon, 2023), only the mid-frontal cortex overlaps with the DMN regions 

examined in this study. However, our results suggest that DMN tau levels track well with 

global NFT and neuritic plaque burden and underscore the potential role of this brain 

connectome in driving tau-associated pathological progression in vulnerable cognitive 

brain regions. 

CONCLUSION 

In this postmortem study, we observed that pre-tangle tau was present at low 

Braak stages and significantly elevated as early as Braak stages IV to V in MADC and 

RROS cohorts, respectively (see Chapter 2), and closely correlated with cognitive 

decline, particularly in episodic and semantic memory. These findings are mirrored by 

the distribution of the global cognitive and neuropathological measures. Considering the 
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trend for higher pathology in the PCC in general compared to the PreC, in addition to 

the significantly higher correlation with the NFT measure and Braak stage with TNT2 

positive tau, the possibility of differential vulnerability to pathological tau between the 

posterior DMN hubs will be explored in the next chapter using TNT2 pathology as our 

focal point. 
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APPENDIX 

 

Supplementary Table 3. 1 Cognitive tests that were used to evaluade the five memory 

components in the RROS cohort participants 
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INTRODUCTION 

Proteins do not function as a single entity but as interacting players (protein-

protein interactions) or as members of a whole team (protein complexes). Hence, to 

elucidate the etiology of diseases, we need to understand how disease-associated 

proteins mechanistically work in concert with their binding partners both in health and 

disease. As mentioned in the first chapter, tau is an intrinsically disordered/unfolded 

protein (IDP). In contrast to folded proteins, which have well-defined structures and 

need to fold into a certain conformation to function, IDPs or IDP regions do not need to 

be folded to bind to their partners (Uversky, 2018; Uversky, 2013). Instead, they can 

simultaneously fold while binding or fold afterward, which gives them an incredible 

amount of flexibility to interact with so many partners without requiring conformational 

pockets to bind, which makes them advantageous for interaction and for regulating a 

diverse array of cellular pathways (Dyson, 2016; Mueller, 2021). They are even referred 

to as “interaction specialists” due to their ability to adapt and change functional 

conformations upon binding (Uversky, 2018).  

There are multiple techniques that can be leveraged to study protein-protein 

interactions such as co-immunoprecipitation, pull-down assays, proximity-based tagging 

systems, yeast-two hybrid systems, mass spectrometry, affinity chromatography, X-ray 

crystallography, NMR spectroscopy, as well as in silico tools (Hayes, 2016; Slater, 2020; 

Elhabashy, 2022; Soleymani, 2022). Although each method has strengths and 

weaknesses (Miura, 2018), co-immunoprecipitation coupled with mass spectrometry is 

preferred by many due to the high specificity provided by specific antibodies precisely 

targeting the protein of interests. 
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The tau interactome has been studied in the context of health and disease 

(Davies, 2024; Gunawardana, 2015; Betters, 2023; Tracy, 2022), emphasizing axonal, 

synaptic and mitochondrial interactions (Tracy, 2022) in addition to its RNA binding 

partners, among others (Kavanagh, 2022). In the context of AD, the tau interactome has 

been investigated mostly through co-immunoprecipitation in the frontal or temporal 

cortices using total tau antibodies (mostly Tau5 and Tau13) (Younas, 2024; Maziuk, 

2018) and found several binding partners that are involved in such diverse processes as 

trafficking, mitochondrial function, apoptosis, ubiquitination, microglia activation, 

aberrant stress granules, and endoplasmic reticulum function, all of which have been 

implicated in neurodegeneration (Younas, 2024; Younas, 2023; Wei, 2022; Zhang, 

2024; Meier, 2015; Abreha, 2021).    

As previously mentioned in Chapter 1, AD-related tau has been investigated 

predominantly in the temporal and frontal lobes of the brain due to either tau trajectory 

or the vulnerability of those higher-order brain areas that control memory and critical 

thinking & executive function, respectively (Friedman, 2022; Simons, 2003). With the 

discovery of the large-scale brain networks and the formation of the Network 

Degeneration Hypothesis (NDH), which proposes that AD pathology and the 

consequent neurodegeneration proceed along with functionally connected brain regions 

(Tahmasian, 2016), we need a more comprehensive approach to study how 

pathological tau behaves in those regions at the cellular and connectome level. 

Consistent with the overarching hypothesis of this thesis work, we posit that the default 

mode network (DMN) is an excellent candidate for investigating this paradigm. From a 

technical perspective, it is expected that DMN functional connectivity (fc) would be the 
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subject of imaging-based studies in the clinic. However, there is now an urgent need to 

conduct more basic research on the mechanistic players mediating putative links 

between tau pre-tangle pathology and cognitive decline.  

Most human tissue-based AD mechanistic studies have been focused on gene 

expression changes during AD progression by conducting bulk microarray or RNA 

sequencing in regions vulnerable to tau pathology, including the dorsolateral prefrontal 

cortex (DLPFC) and posterior cingulate cortex (PCC) of the DMN (Guennewig, 2021; 

O'Neill, 2024; Sobue, 2021). There are also groups that use laser capture 

microdissection to target distinct cell types or perform single-cell RNA seq from bulk 

tissue to investigate cell type-specific and regional-specific vulnerability (Wang, 2016). A 

major cellular mechanism shown to be impacted in the DMN during AD is related to 

inflammation. Sekar et al. detected mitochondrial DEGs in PCC astrocytes, possibly 

contributing to the energy metabolism failure in AD (Sekar, 2015). They also found 

associations between those DEGs and amyloid clearance. Winfree et al. did a bulk RNA 

seq in the DLFPC and PCC to investigate expression profiles of TREM2, an AD risk 

gene, in a large RROS cohort (which is described and used in Chapters 2 & 3). Similar 

TREM2 levels in the NCI and MCI cases while the expression was significantly elevated 

in the AD cases (2249). Another study found a decrease in the homeostatic microglial 

genes in the precuneus (PreC) (Sobue, 2021). 

The second commonly altered cellular pathway in DMN samples during AD is 

cytoskeleton rearrangements related to structural integrity. RNA seq in the laser-

captured neurons (Liang, 2008) and microarray analysis (Ray, 2010) from PCC in AD 

samples from two studies commonly found expression changes in the genes that are 
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involved in actin cytoskeleton changes. Similar results were shown later in a larger 

study by Wang et al. They performed a comprehensive assessment of selective 

vulnerability to AD by looking at DEGs in 19 brain regions (including the medial frontal 

cortex (mFC), PCC, and PreC) from a large spectrum of AD samples (Wang, 2016). 

Their results showed that two cytoskeleton-related pathways were among the top-

ranked gene set modules associated with the DEGs, although temporal regions 

demonstrated the most significant gene changes, possibly due to more advanced 

pathology in these regions. 

Interestingly, posterior DMN regions, PCC and PreC, have gained attention due 

to their potential role in resilience and/or resistance to AD pathology. We and others 

previously have shown differential micro-RNA profiles in the PCC in resilient cases 

(Kelley, 2024; Kelley, 2022; Perez, 2015). PreC has also been shown to preserve 

neurotrophic signaling despite the presence of amyloid plaques in prodromal AD cases 

(Perez, 2015). 

These gene expression data are extremely important to exploring mechanistic 

changes at the transcriptomic level within the DMN, some of which may be related to 

tau pathology. However, they lack the aspect of possible functional interactions and 

communication at the proteomics level. This study is the first in this regard to 

investigate early pathological tau interactome in the posterior DMN. Our first goal was 

to define the binding partners of the pre-tangle marker TNT2 in the posterior DMN hubs 

from MCI and AD cases. Our second goal is to investigate potential regional 

differences between the PCC and PreC, as PCC demonstrated higher pre-tangle tau 

pathology levels in these hubs, whereas PreC pathology lagged suggesting potential 
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resistance. PCC and PreC also differed in their strength of correlation with Brak stage 

(Chapter 3, Table 3.5). Hence, we hypothesized that differential protein-protein 

interaction profiles of pre-tangle tau in PCC and PreC may differentiate tau pathways 

related to regional vulnerability. To test this hypothesis, we performed co-

immunoprecipitation (IP) experiments in soluble PCC and PreC fractions using the 

TNT2 antibody followed by a mass spec analysis.  

Our rationale for selecting TNT2 as our representative pre-tangle marker for IP was 

three-fold:  

- Among the pre-tangle tau markers, pS422 and TNT2 showed the highest 

correlations with the MMSE and GCS scores with immunohistochemical 

quantification (Chapter 3, Figure 3.3). Although TOC1 better correlated with the 

cognitive scores in the soluble fraction, its correlations were considerably weaker in 

the immunohistochemical quantification. 

- TNT2 more significantly correlated with Braak stage and neuritic plaque density in 

the PCC than the other markers (Chapter 3, Table 3.2).   

- Technical/practical issues: The concentration of the commercial pS422 antibody 

was too dilute for IP. TOC1 as another alternative was also challenging due to the 

pentameric structures of IgM antibodies that do not bind Protein A or Protein G 

beads well. Therefore, TNT2 was the best candidate to further investigate protein 

binding partners of early pathological DMN tau and, importantly, our pilot studies 

demonstrated the feasibility of using this antibody (see below).  
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MATERIALS AND METHODS 

Case Selection 

Frozen PCC and PreC tissue blocks from the low-Braak/control (Braak stages I-II, 

n=6), mid-Braak (Braak stages III-IV, n=7), and high-Braak (Braak stages V-VI, n=5) 

MADC clinical cohort subjects (McKay, 2019) as described in Chapters 2 and 3. The 

subjects underwent routine antemortem Mini-Mental State Examination (MMSE) 

evaluations and postmortem neuropathological diagnostic analysis, including Braak 

staging (McKay, 2019). 

Tissue homogenization and Immunoprecipitation (IP) with TNT2 

300ug frozen tissue from each region and each case was collected into buffer A 

(20mM Tris base, 150mM NaCI, 1mM EDTA, 1mM EGTA, 5mM sodium pyrophosphate, 

1x protein inhibitor cocktail (Thermo Fisher Scientific, #1861281)) and homogenized with 

a Tissue Tearor rotor-stator on ice. The homogenate was then centrifuged at 18,000 x g 

for 10 minutes to obtain the post-nuclear supernatant (PNS). For pre-clearing, PNS was 

transferred to a clean tube to be incubated with prewashed magnetic beads (Thermo 

Fisher Scientific, #88803) on a rotator at 4C for 3h followed by BCA (Thermo Fisher 

Scientific, A53226) protein quantification. 2mg of PNS from each sample was then 

incubated with either 2ug of TNT2 antibody (provided by Dr. Nicholas Kanaan, Michigan 

State University) or buffer A as the beads-only controls overnight on the rotator at 4C. The 

following day 40ul beads were added to the samples to pull down TNT2 bound tau and 

its binding partners. The remaining PNS flowthrough was saved for western blot 

validations for IP. 10ul of the immunoprecipitated material was also used for western blot 
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analysis, and the remaining 30ul was saved for enzyme digestion and subsequent mass 

spectrometry analysis.  

Western blotting 

Pre-cleared samples, IP beads with tau, and post-IP flowthrough samples were 

added into Laemmli sample buffer and boiled for 10min for protein reduction and elution 

of beads- bound tau. The samples were run on a 4–20% Criterion TGX Precast Midi 

Protein Gel (#5671095) and transferred to a nitrocellulose membrane. After total proteins 

were visualized with Ponceau stain, the membrane was blocked with 2%milk in TBS for 

one hour prior to the overnight primary incubation with a total tau antibody (R1, 1:200,000, 

provided by the Kanaan Laboratory, Michigan State University). The next day, IRDye 

680LT conjugated anti-rabbit IgG secondary (1:5,000, LI-COR, #926-68021) was added 

to the membrane for one hour on the shaker, and the membrane was imaged with a LI-

COR imager. 

Enzyme Digestion and Mass Spec Analysis 

The beads were washed three times in 25 mM ammonium bicarbonate (pH 8) 

(AMBIC) and then resuspended in 100μl of 25 mM AMBIC/50% acetonitrile (ACN). On-

bead protein digestion was performed by adding 500 ng of rLys-C (Promega, #V1671) 

and incubating for 90 minutes at 37°C, then adding 1 μg trypsin (Promega, #V5280) and 

incubating for 16-18 hours at 37°C. The tubes were placed on a magnetic separation 

stand, and the supernatant was collected. Samples were dried to completion in a speed 

vacuum centrifuge at 30 °C before resuspending in 50 μl of 2% ACN, 0.1% formic acid 

(FA). 
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NanoLC-MS/MS separations were performed with a Thermo Scientific Ultimate 

3000 RSLCnano System. Peptides were desalted in-line using a 3 μm diameter bead C18 

column (75 μm × 20 mm) with 2% ACN, 0.1% FA for 8.75 min with a flow rate of 2 μl/min 

at 40°C. The trap column was then brought in-line with a 2 μm diameter bead, C18 EASY-

Spray column (75 μm × 250 mm) for analytical separation over 127.5 min with a flow rate 

of 350 nl/min at 40°C. The mobile phase consisted of 0.1% FA (buffer A) and 0.1% FA in 

ACN (buffer B). The separation gradient was as follows: 8.75 min desalting, 98.75 min 4–

40% B, 2 min 40–65% B, 3 min 65–95% B, 11 min 95% B, 1 min 95–4% B, 3 min 4% B. 

5 µl of each sample were injected. 

Top 20 data-dependent mass spectrometric analysis was performed with a Q 

Exactive HF-X Hybrid Quadrupole-Orbitrap Mass Spectrometer. MS1 resolution was 60K 

at 200 m/z with a maximum injection time of 45 ms, AGC target of 3e6, and scan range 

of 300–1500 m/z. MS2 resolution was 30K at 200 m/z, with a maximum injection time of 

54 ms, AGC target of 1e5, and isolation range of 1.3 m/z. HCD normalized collision energy 

was 28. Only ions with charge states from +2 to +6 were selected for fragmentation, and 

dynamic exclusion was set to 30 s. The electrospray voltage was 1.9 kV at a 2.0 mm tip 

to inlet distance. The ion capillary temperature was 280°C and the RF level was 55.0. All 

other parameters were set as default. 

Protein identification was conducted by Proteome Discoverer Software version 

2.5.0.400. Spectra were searched with Sequest against the combined reviewed Homo 

sapiens Uniprot protein database (UP000005460), including contaminant sequences, 

trypsin (Acc: P00761), and LysC (Acc:Q02SZ7). Enzyme specificity was set to trypsin, 

allowing up to 2 missed cleavages with an MS1 tolerance of 10 ppm and a fragment 
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tolerance of 0.02 Da. Oxidation (M), biotinylation (K), acetylation (protein N-term), 

methionine loss (protein N-term) as dynamic modifications. Peptide and protein false 

discovery rates (FDR) were 1% with threshold determined via the Percolator node. At 

least two peptide identifications were required per protein identification. Peptide 

confidence was set to “High”.  Label free quantitative values were determined using the 

Precursor Ion Quantifier node with normalization via Total Peptide Amount. The protein 

abundance ratio was calculated using pairwise ratios (excluding modified peptides). All 

other parameters were set as default. 

Data curation was performed based on the criteria below: 

- Proteins detected in each clinical group was compared to a respective beads-only 

control; and anything having Abundance ratio [sample/beads only] <1 was 

excluded from further analysis. 

- Proteins identified in less than half of the experimental replicates of one clinical 

group were excluded from further analysis, as were all keratins, digestion 

enzymes, and common contaminants. 

-  Proteins from mid-Braak (n=7) and high-Braak (n=5) samples were compared to 

the low-Braak samples (=6) to calculate abundance ratios and adjusted p-values, 

which were set to 0.05. For differential binding partner between the regions, PCC 

and PreC protein lists were compared each other within each clinical group. 

RESULTS 

MADC Cohort Demographics 

Demographics for this subset of cases from the main MADC cohort (Chapter 2&3) 

are summarized in Table 4.1. The subjects did not differ in age, sex, or PMI across the 
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low-Braak, mid-Braak, and high-Braak groups. Although there was a trend for lower 

MMSE in the high-Braak group, it did not reach significance (p=0.0676) (Table 4.1).  

 

Table 4. 1 Demographic, Clinical, and Pathological Profile of the MADC cohort   

Pairwise comparisons showed no difference between the groups for age, sex, PMI, or 

MMSE. Braak scores were decreased across the groups.  MMSE: Mini-Mental State 

Examination, SD: Standard deviation; ‡ Chi-Square test;  p<0.0001**** 

Pilot TNT2 Immunoprecipitation  

TNT2+ positive tau and associated proteins were pulled down with magnetic 

beads as described in the methods section, with one low-Braak and one high-Braak 

pilot study from frontal cortex (FC) samples. Beads-precleared input, 

 Clinical diagnosis  
Comparison 
by diagnosis 

group 

  
Low-Braak Mid-Braak High-Braak Total (P value) 

(n=6) (n=7) (n=5) (n=18)   

Age at death 
(years) 

     

      Mean ± SD 75.8 ± 7.7 83 ±8.7 76.4 ± 5.8 
78.8 ± 

8.0 
0.2105 

      (Range) (65-87) (68-95) (69-83) (65-95)   

No. (%) Males 4 (66.7%) 3 (57.1%) 2 (40%) 9 (50%) 0.6036‡ 
Postmortem 
Interval (hours) 

    
 

      Mean ± SD 11.3 ± 8.5 8.6 ± 5.3 9.6 ± 5.5 
10.5 ± 

6.4 
0.7495 

      (Range) (4-26) (4-17) (7-21) (4-26)   

MMSE     

      Mean ± SD 27 ± 2 17.3 ±11.2 8.1 ± 6.9 
12.4 ± 

6.2 0.0676 
      (Range) (24-28) (4-29) (3-18) (3-29)   

Braak Scores 
     

      I-II 6 0 0 6 <0.0001**** 

      III-IV 0 7 0 7  

      V-VI 0 0 5 5   
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immunoprecipitated proteins beads pellet that was resuspended in AMBIC and post IP 

flowthrough were boiled with Laemmli sample buffer and ran on an SDS gel and probed 

with R1, a total tau antibody. As shown in Figure 4.1A, some TNT2 tau around 75kDa 

was pulled down in the control cases, and the green bands were in the second well from 

the left. In high-Braak cases, higher molecular bands appeared in the IP well, third well 

from the right. Since this was a TNT2-specific immunoprecipitation, the total tau bands 

in the PostIP wells were expected. The red signal shows the TNT2 antibody (mouse 

IgG1) itself, which was digested into its heavy and light chains through reduction with 

boiling in Laemmli buffer. The final well contains just TNT2 antibody in the buffer and 

was included as a control. After the successful IP was shown, another pilot experiment 

was set for another low- and high-Braak pair in the PCC samples (Figure 4.1B). The 

same steps were repeated, and similar blots were generated. 
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Figure 4. 1 Pilot IPs in the FC and PCC  

TNT2 positive tau was pulled down and probed for a total tau antibody (R1, 1:200,000). 

Green channel shows IRDye 680LT conjugated anti-rabbit secondary (1:20,000) that  

 

A. 

B. 
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Figure 4. 1 (cont’d)  

recognizes R1, and red channel shows IRDye800CW conjugated anti mouse secondary 

(1:20,000).  

Validation of TNT2 Immunoprecipitation Prior to Mass Spec 

           After confirming a successful pull-down of TNT2 positive tau in the FC and PCC, 

the actual samples were processed, used for IP, and subsequent western blotting on two 

membranes in the same way described before (Figure 4.2A, 4.2B). Similar to the pilot 

studies, higher molecular tau bands started to appear gradually in low to high-Braak 

cases.  

 

Figure 4. 2 Western blot validation of the IP in (A) sampel set1 and (B) sample set2 

before proceeding to the mass spec analysis 

A. 
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Figure 4. 2 (cont’d)  

 

The samples were run on an SDS-gel and developed on a nitrocellulose membrane to 

be probed with R1 antibody and an IRDye 680LT conjugated anti-rabbit secondary. The 

signal was then visualized as black & white for better visibility. 

Mass Spec Analysis 

Based on the inclusion/exclusion criteria described in the Methods section, 569 

total proteins (28 significant) in PCC and 511 total proteins (17 significant) in PreC were 

detected in the mid-Braak samples (Table 4.2). The proteins in red font indicate the 

detection only in the mid-Braak samples, as opposed to no detection in the low-

Braak/control samples. The nuance is that, as mentioned in detail in the Introduction, 

B. 
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tau is an intrinsically disordered protein and potentially has various physiological binding 

partners (Brandt, 2020). Some of those interactions are expected to be seen in various 

stages of pathological tau formation. Since TNT2 recognizes an aberrant post-

translational modification (PTM, PAD domain exposure, Chapters 1 & 2), this epitope is 

likely in low abundance in the DMN of control cases. Hence, the proteins detected only 

in the mid- and high-Braak groups may potentially be pathological binding partners. 

However, this requires further functional investigation.  

Also, three MAPT isoforms were detected in the mid-Braak samples and four 

were in the high-Braak samples in both regions. Notably, the 2N4R isoform (P10636-8), 

which is often used to refer to mutations in tau according to the UniPort Consortium 

(UniProt, 2025), was not detected in any of the control cases except for one PCC 

sample. 
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Table 4. 2 Significantly pulled-down proteins in mid-Braak stage cases compared to the 

controls in posterior DMN regions  

The proteins in red font were not detected in control samples. 

 To investigate the possible interactions between the significantly detected 

proteins based on the previously known interaction patterns from numerous databases 

(KEGG, Gene Ontology, Reactome Pathway, etc.), we utilized the STRING database to 

create the interaction map shown in Figure 4.3. 
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Figure 4. 3 STRING interaction map of TNT2 binding partners detected in mid-Braak 

stages  

A. Proteins detected in PCC. B. Proteins detected in PreC. The line thickness of the 

edges indicates the strength of data support. The minimum required interaction score 

was set to medium confidence (0.400). 

A. 

B. 
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In high-Braak cases, 422 total proteins (31 significant) in PCC and 578 total 

proteins (15 significant) in PreC were detected (Table 4.3). Similar to the previous table, 

proteins that were detected only in the high-Braak cases are shown in red font. There 

were a few overlapping proteins detected in both regions, such as RPS27A, SPATS2L, 

NAP1L5, and H2BC18, compared to the two overlapping proteins, RPS27A and 

SERPINB3, between the PCC and PreC samples in the mid-Braak cases. Interestingly, 

RPS27A, a multifunctional ribosomal protein, (Luo, 2023) was the only protein detected 

in both regions in both groups. It also appeared to be a hub protein in the interaction 

maps (Figure 4.3 & 4.4).  
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Table 4. 3 Significantly pulled-down proteins in high-Braak stage cases compared to the 

controls in posterior DMN regions 

The proteins written with red ink indicate detection only in the high-Braak cases within 

the inclusion criteria used for data curation. 
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Figure 4. 4 STRING interaction map of TNT2 binding partners detected in high-Braak 

stages 

 A. Proteins detected in PCC. B. Proteins detected in PreC. The line thickness of the 

edges indicates the strength of data support. The minimum required interaction score 

was set to medium confidence (0.400). 

A. 

B. 



 183 

As an overall pattern, more protein showing increased TNT2 binding were 

detected in the PCC with a differential expression compared to the PreC in both groups 

compared to controls, which may form a basis for regional differences, as PCC profiling 

more deviant protein levels or protein-protein interactions compared to the controls. Due 

to the low number of significant proteins, the STRING database could define biological 

pathways that those proteins collectively involve. 

Early vs Late Changes in the Reactome Pathways  

 Besides studying PCC vs PreC protein partners of tau, we were also interested 

in understanding the functional pathways associated with activities of TNT2 tau-binding 

partners as the disease progresses. Therefore, we combined the protein lists from both 

regions in either mid-Braak or high-Braak case to perform a pathway enrichment 

analysis in STRING website to investigate the biological pathways that may be 

impacted from mid-stage of AD to the advanced stages.   
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Figure 4. 5 Reactome Pathway Enrichment of the Binding Partners of TNT2+tau in 

Braak stages III-IV  

False discovery rate (FDR) was set to 0.05. The minimum count in the network was 2. 

Group similarity was 0.8. Number of terms shown was 10. 

We see most of the tau related changes in the metabolism in mid-Braak stage 

cases (Figure 4.5). There were multiple proteins detected that involve energy 

metabolism, especially ribosomal proteins (RPs), such as RPS27A, RPS4X, RPS3, as 

well as SLC2A1 (glucose transporter), AGPS (fatty acid metabolism), and COXB5 

(mitochondrial electron transport). Stress response (with the involvement of the similar 

RPs in addition to MINK1, DYNC1I1, and NUP93) was another pathway that was 

highlighted (Figure 4.5) followed by axonal guidance (RPs, PLXNA4, SRGAP3) and 

RNA metabolism (RPs and NUP93).  
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Intriguingly, as the disease progressed in higher Braak stage cases, when we 

see significant increases in TNT2 and other pre-tangle markers in the posterior DN 

hubs, other pathways emerged such as activation of the immune system (SERPINB3, 

F13A1, TUBB6, GFAP), membrane trafficking (SNX5, COPB1, RAB41), autophagy 

(RPS27A, UBB, TUBB6), and apoptosis (PSMC3), in addition to the persisted metabolic 

alterations and cellular stress response (Figure 4.6). Some of the other pathways that 

were not shown were amyloid fiber formation (Reactome ID: HSA-977225), cell cycle-

related pathways (HSA-69206, HSA-69481), and ER-Phagosome pathway (HSA-

1236974). 

 

 

 

 

 

 

 

 

Figure 4. 6 Reactome Pathway Enrichment of the Binding Partners of TNT2+tau in 

Braak stages V-VI 

False discovery rate (FDR) was set to 0.05. The minimum count in the network was 2. 

Group similarity was 0.8. Number of terms shown was 10. 
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DISCUSSION 

Mechanisms of soluble pre-tangle tau toxicity has been a growing interest in the 

AD field, as multiple In vitro and in vivo studies have shown that recombinant pre-tangle 

tau can cause ionic imbalances, mitochondrial abnormalities, disrupted axonal transport 

and axonal degeneration, and diminished LTP and consequent memory impairment 

(Younas, 2024). Soluble AD brain-derived tau has been found to be even more toxic. 

When it was either added to neuronal cultures or injected into mice, AD brain-derived tau 

caused greater toxicity and showed higher seeding activity (Lasagna-Reeves, 2012 

#2353). The basis for this greater toxicity is unclear, but it might be due to the different 

binding partners of tau in humans contributing to shaping its conformation or electrical 

charge distribution, together impacting tau function and self-aggregation. In this study, we 

investigated the protein interaction network of pre-tangle pathological tau by co-

immunoprecipitation followed by a mass spec analysis in posterior DMN hubs.  

Our findings indicated that PCC and PreC differ in their protein interaction network. 

In mid-Braak stages, the most predominant protein group was ribosomal proteins (RPs). 

The six significantly different proteins out of 28 were RP (RPS27A, RPS5, RPS16, RPL11, 

RPS3, RPS4X). Increased ribosomal activity, in general, indicates a high demand for the 

production of proteins. However, protein synthesis is a well-controlled mechanism and 

requires multiple layers of regulation. In tumor cells, due to the increased energy demand 

and need for more proteins for cellular growth, RP expression was reported to be 

increased (Zhou, 2015; Ebright, 2020). Similarly, in AD, ribosomal dysfunction and 

disrupted homeostasis were reported as an early change in MCI (Ding, 2005). A recent 

study named four RPs as an AD blood biomarker, two overlapping with our findings 
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(RPS27A, RPS4X) (Wang, 2023). Interestingly, they found a decreased level of those 

RPs in the blood. We, on the other hand, found RPS27A and RPS4X levels elevated. 

Especially for RPS27A, elevated levels were consistent between the regions. 

Another set of proteins detected in the PCC in mid-Braak stage cases was lipid 

biosynthesis (NAPEPLD, CYB5R1, PITPNC1, AGPS). While CYB5R1 expression tripled 

compared to the controls, the other three protein levels decreased 3-4-fold (Table 4.2). In 

PreC, there were a few proteins related to energy production, such as elevated GFUS 

(mannose metabolism, (Feichtinger, 2021) and CD5L (lipid metabolism and immune 

response, (Wang, 2015) and decreased COX5B (a subunit of the mitochondrial 

respiratory chain, (Chu, 2020). CD63 (regulates cholesterol and endosomal vesicle, 

(Palmulli, 2024) levels were also elevated in the PreC. Dysregulation of lipid metabolism 

has been repeatedly reported in AD (Yin, 2023). Besides the indirect effects of abnormal 

lipids on brain vasculature and insulin resistance (Tong, 2024) on pathology development 

in AD, tau has been shown to interact with lipids in intracellular liquid-phase droplets with 

a functional impact on neuron-astrocyte crosstalk (Oliveras, 2023). Increased tau levels 

were also found to correlate with increased production of lipid droplets in microglia 

(Olesova, 2024).  

The bridging integrator 1 (BIN1) and Misshapen Like Kinase 1 (MINK1) were also 

among the TNT2-binding proteins detected in PCC in mid-Braak cases; both have been 

shown to confer AD risk in GWAS studies (Voskobiynyk, 2020; Lawingco, 2021). BIN1 

plays a role in regulating membrane remodeling, cellular trafficking, and inflammation 

(Sudwarts, 2022; Giraud, 2024). In AD, BIN1 was found to be increased (Chapuis, 2013). 

We also detected a 2.7-fold increase in BIN1 in PCC. Compared to BIN1, the role of 
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MINK1 in AD pathology is relatively new, but it is reported to be involved in APP 

catabolism or tau binding (Lawingco, 2021). In a proteomics study, increased 

phosphorylation at Ser82 on HSP27, a heat shock protein that interacts with tau to 

alleviate abnormal tau aggregation (Zhang, 2022), was strongly correlated with MINK1 

level (Dammer, 2015). In parallel, we found decreased MINK1 levels in the PCC.  

Decreased MINK1 and increased RPS27A persisted in the PCC in the high-Braak 

cases. In addition, Asparaginase-like protein 1 (ASRGL1) was also detected as a TNT2 

binding partner in the PCC in both mid and high-Braak stages. This is an enzyme that 

catalyzes the production of aspartic acid and ammonia (Wang, 2023). Interestingly, a 

whole genome sequencing study among Caribbean Hispanic families demonstrated a 

missense mutation in ASRGL1 that segregated with late onset AD (Vardarajan, 2018). 

The same study also reported rare variants in BIN1. Notably, ASRGL was not detected in 

the PreC regardless of Braak stage in our study. 

Another protein that showed a clear regional difference in abundance was Serpin 

Family B Member 3 (SERPINB3). The serpin family is a large protein family and is mostly 

known for their roles as serine protease inhibitors (Bouton, 2023). Some serpins were 

shown to be involved in AD (Zattoni, 2022). In our previous microarray study, we found 

increased expression of SERPINI1 in the frontal cortex of AD cases (Beck, 2022). In the 

present study, we observed an interesting directionality in the SERPINB3 abundance; in 

both the mid- and high-Braak stage groups, it was highly elevated in the PreC yet 

decreased in the PCC (Tables 4.3 & 4.4).  

Finally, a few more proteins with regional differences in TNT2 binding are worth 

mentioning. Ras-Related Protein Rab-41 (RAB41) was found only in the PreC. Rab 
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proteins regulate membrane and vesicular transport, such as vesicle formation and 

docking in concert with SNAREs (Zerial, 2001), and they have been shown to alter in 

postmortem tissue from AD patients (Zhang, 2019). A colleague of ours performed laser 

capture microdissection of vulnerable layer III cathepsin-D positive pyramidal neurons in 

PreC combined with microarray and found an increased expression of RAB11A in AD 

cases (He, 2020). Similarly, our data showed an increased level of RAB41 in the mid and 

high-Braak cases, but only in PreC, without revealing much about whether it functions in 

favor of the pathology development or not. However, two proteins indicated microtubule 

breakdown in the PreC. Katanin Catalytic Subunit A1 Like (KATNAL1) is a subunit of the 

catalytic enzyme Katanin that severs microtubules (Lynn, 2021). Tau was suggested to 

be protective of microtubule degradation, and in the absence of tau, microtubules become 

more prone to katanin degradation, and KATNAL1 expression increases (Lynn, 2021). 

KATNAL1 was also increased in our PreC samples, which may be due to the increased 

detachment of tau from the microtubules as a consequence of the tangle formation 

process. Tubulin Beta-6 Chain (TUBB6) which is a beta tubulin isotype level was also 

decreased in the PreC.  

Regarding APP processing, there were two proteins known to regulate APP 

cleavage through the BACE1 enzyme were detected: Nucleosome Assembly Protein 1 

Like 5 (NAP1L5) and Heterogeneous Nuclear Ribonucleoprotein U (HNRNPU). A profiling 

study found decreased NAP1L5 expression in the temporal cortex of AD cases (Tan, 

2010). However, we found an increase in PCC and PreC samples in high-Braak cases 

(Table 4.4). HNRNPU was also reported to regulate APP metabolism by stabilizing and 
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promoting BACE-1 activity (Qu, 2021). We found increased HNRNPU levels in the PCC 

of high-Braak cases. 

Finally, the inflammation-related proteins were detected in the high-Braak cases 

such as Serpin Family B Member 3 (SERPINB3), Glial Fibrillary Acidic Protein (GFAP), 

Lactotransferrin (LTP), and Major Histocompatibility Complex, Class II, DR Beta 4 (HLA-

DRB4). Immune activation as an enriched pathway was also demonstrated in the 

Reactome Pathway enrichment that we performed as well (Figure 4.6). 

Future Directions 

We have started working on the protein validation of mass spec analysis within 

select MADC and RROS cases (Chapter 2). We are planning on using TNT2 co-

IP/western blot analysis and fluorescence immunohistochemistry/confocal microscopy 

analysis to demonstrate the interaction and colocalization of TNT2+ tau and the validation 

candidates. 

CONCLUSION 

In the present study, we showed different protein interaction partners of TNT2+ 

pre-tangle tau in the PCC and PreC regions of the DMN, with potential mechanistic 

involvement in functional pathways including (lipid metabolism, membrane remodeling, 

abnormal ribosomal activity, and inflammation). We also detected more TNT2 binding 

partners in the PCC compared to PreC in the Braak III-VI cases compared to control 

Braak I-II cases. Future exploration of these differential TNT2 interactome proteins and 

their functional interactions may provide novel insights into the potential differential 

vulnerability of these regions and the role of DMN pre-tangle tau accrual in cognitive 

decline during the progression of AD.   
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“I have lost myself” -Auguste Deter, the first patient diagnosed with Alzheimer’s disease 

Sooner or later, things go back to where they started. She was not the first 

human to get Alzheimer’s disease (AD), but clearly the one who was mentioned the 

most. I started my thesis with her story and would like to bring everything back to her 

and other patients who suffer the most. Because without understanding what AD means 

to them, the facts would sound just like numbers.  

 AD is the fifth-leading cause of death nationwide among those age 65 and older 

(Alzheimer's disease facts and figures, 2024) and cost about $360 billion dollars for 

health care only in 2024. Besides the financial burden, AD is physically and 

psychologically devastating for both the patients and the caregivers. Current clinically 

approved drugs mostly address the symptoms, such as cholinesterase inhibitors, which 

help to maintain the physiological level of acetylcholine or Memantine, which helps 

prevent toxicity by blocking the extrasynaptic NMDA receptors (Matsunaga, 2014), 

rather than the overall cognitive impairment, partially due to not knowing the exact 

properties of pathological amyloid beta and tau and their spatiotemporal distribution in 

the brain throughout the disease as well as the other protein partners that may facilitate 

the propagation. This study aimed first to help quantify early toxic tau in the frontal 

cortex (FC), posterior cingulate cortex (PCC), and precuneus (PreC), which are 

functionally connected regions and together comprise a resting-state brain network 

called default mode network (DMN), by using postmortem control, mild cognitive 

impairment (MCI), and AD samples. 
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Brain Regions that Project to the DMN 

We showed that selected pathological pre-tangle markers, especially pS422 and 

TNT2, significantly increased in the DMN by Braak stage V onwards (Chapter 2). 

Confirmatory measures of the same markers with ELISA in the soluble fractions from 

the same cases revealed similar results, however, emphasizing more significant TOC1 

levels compared to TNT2 and TauC3 (Chapter 2). Regarding the location of the 

markers, pre-tangle tau was both in the cell soma and the neuropil threads (NTs), which 

are neuronal processes, many without a marker-positive cell body in close proximity. 

Although it is quite challenging to determine the origin of those NTs, if transsynaptic or 

prion-like tau propagation hypotheses are accurate (Chapter 1), we can speculate that 

distal projections from other brain regions may facilitate the tau spread. From that 

perspective, it is important to consider the major brain regions that project into the DMN. 

That would also help to interpret our results for the temporal establishment of pre-tangle 

pathology in the DMN. 

First and foremost, it is the hippocampus that projections to the posterior DMN 

hubs through the entorhinal cortex (Rolls, 2019; Cavanna, 2006; Ghaem, 1997). 

Precuneus communicates with the hippocampus back as well as the medial prefrontal 

cortex during visuospatial imagery, episodic memory retrieval, and self-relevant 

information processing (Cavanna, 2006; Cunningham, 2017). The hippocampus also 

sends direct projections to the frontal cortex from the CA1 regions and the subiculum 

(Godsil, 2013). Therefore, all three DMN hubs receive projections from the 

hippocampus and send information to it in addition to the strong structural and 

functional connectivity among each other (Alves, 2019). 
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In typical AD, NFT pathology initiates from the transentorhinal cortex, entorhinal cortex, 

and the CA1 subregion of the hippocampus (Hyman, 1984). While the large pyramidal 

neurons of layer II of the transentorhinal cortex get largely present NFT accumulation, 

layers III and V are mostly unaffected initially. While the spread progresses (Braak stage 

I-II), the entorhinal cortex and the other layers of CA1 start accumulating NFTs. By the 

Braak stage III-IV, NFT pathology in the CA1 and the subiculum is established (Figure 

5.1) (Mrdjen, 2019). The primary projection sites of the hippocampus to the posterior 

cingulate and retrosplenial cortex are parasubiculum and postsubiculum (Bubb, 2017), 

which postsubiculum was reported not to show aberrant cellular architecture with Nissl 

staining, unlike adjacent pyramidal CA1 neurons (Hyman, 1984). In light of those 

anatomical findings, it would not be surprising to see NFT accumulation in later stages 

(Braak stage V-VI) for the DMN hubs. While it is tempting to expect the pre-tangle tau 

moieties in the DMN earlier, 1) there might be a certain threshold to be surpassed for 

the pre-tangle tau to be biologically detected with the techniques that were used in this 

study 2) simply more samples might be needed for statistical significance for the pre-

tangle tau presence to be detected in this study.    

 

Figure 5.  1 NFT accumulation in the transentorhinal and entorhinal cortex and 

hippocampal regions during AD progression (Mrdjen et al., 2019) 
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 To better interpret our data, it is worth mentioning another two important brain 

regions, noradrenergic locus coeruleus (LC) and cholinergic basal forebrain (CBF), that 

project not only to all three DMN hubs but also the transentorhinal cortex. LC is a 

noradrenergic nucleus located on the pons, and it releases the majority of the 

norepinephrine (NE) in the brain, innervating the entire neocortex, including the 

prefrontal cortex and the posterior DMN hubs (Sara, 2012; Kelly, 2019; Chandler, 2014). 

NE is a strong neuromodulator, and DMN regions are shown to have NE receptors (van 

den Brink, 2019), highlighting LC’s role in DMN activity. As shown by Oyarzabal et al., 

chemogenetic stimulation of LC strengthened the DMN fc, especially the connectivity of 

the frontal hubs by reducing the posterior input from the retrosplenial cortex (RSC) and 

the hippocampus (Oyarzabal, 2022). 

Regarding the tau pathology trajectory in AD, LC is one of the earliest regions 

that show tau tangles (Braak, 2011a; Andres-Benito, 2017). Braak et al. have shown 

subcortical AT8 (an early pathological marker that recognizes phosphorylation on the 

epitope serine 199 & 202 and threonine 205, (Biernat, 1992; Goedert, 1995) positive tau 

predominantly in the LC while showing no abnormal cortical tau, including the 

transethornial cortex (Braak, 2011b). The same group also examined brains from ages 

under 30 for AT8 positivity and found that 19 of 22 cases were indeed positive for AT8 in 

the subcortical LC (Braak, 2011). In another relevant study, Andres-Benito et al. 

analyzed the LC and its projections to the hippocampus in the asymptomatic Braak I-IV 

cases with AT8, pS422, PHF-1, TauC3, and a few other markers (Andres-Benito, 2017). 

The results indicated that the percentage of AT8 positive LC neurons was significantly 

increased by the Braak stage III and IV. Dual labeling indicated a largely overlapping 
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AT8 signal with pS422 and PHF-1. However, only a minority of AT8 positive neurons 

were stained with TauC3, parallel to the staining pattern that we observed in the DMN 

regions in this dissertation study. They also found that p-tau markers colocalized with 

several kinases, decreased mitochondrial protein, and increased oxidative stress 

markers were detected in TauC3-bearing LC neurons (Andres-Benito, 2017). Finally, 

assessments of several glial markers revealed that there was only a moderate increase 

in the microglial Iba-1 and no increase in the astrocytic GFAP markers, which also 

aligns with our proteomics assessments in Chapter 4 that we found significant GFAP 

increase only in the AD group (mostly Braak stage V-VI). 

The second subcortical nuclei that project to DMN and hippocampus is the 

cholinergic basal forebrain (CBF). Similar to the LC, CBF innervates and provides 

acetylcholine to the entire neocortex as well as the hippocampus and amygdala 

(Mesulam, 1983). Those neurons often have an extremely large axonal arbor (total axon 

length might reach ~100 meters), which its maintenance would naturally require higher 

energy and sustained axonal trafficking (Wu, 2014), possibly making the CBF neurons 

more susceptible to tau pathology. In particular, our group and others have shown that 

CBF neurons within the nucleus basalis Mynert (NBM) began to display a rapid 

accumulation of pathological oligomeric tau in the initiation phase of the disease from no 

cognitive impairment (NCI) to mild cognitive impairment (MCI). The cholinergic neuron 

number also correlates with the worsening global cognitive function and increasing 

Braak stage (Tiernan, 2018). 

Recently, the role of CBF in DMN modulation has started to be explored. In a 

rodent study, Nair et al. found that CBF showed a modulatory effect on gamma 
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oscillations of a DMN hub (Nair, 2018). However, it is important to be mindful of the fact 

that although it is similar, rodent DMN would not fully represent the human DMN (Lu, 

2012). fMRI studies supported those findings showing that NBM can modulate switching 

between the brain networks, including the DMN (Aguilar, 2022). Serotonergic the raphe 

nuclei and dopaminergic the substantia nigra pars compacta (SNpc) and the ventral 

tegmental area (VTA) are also the subcortical nuclei that have DMN projections (van 

den Brink, 2019). Those regions are also known to be vulnerable to tau pathology and 

are shown to contribute to AD pathophysiology (Martorana, 2014; Kandimalla, 2017).  

Since our DMN pre-tangle tau assessment indicated a significant increase in pre-

tangle tau markers from Braak stage IV to V, it is tempting to speculate our results 

would temporally follow the significant tau accumulation in the LC, CBF, and 

hippocampus by lagging one or two Braak stages depending on the hub. This might be 

explained by a couple of reasons: 

- Synaptic tau propagation: As was introduced in the first chapter, there are 

multiple theories for tau propagation in the brain. Synaptic tau spread claims that tau 

gets released in the synaptic cleft from the presynaptic neuron to be picked up by the 

post-synaptic dendrites, which would cause the pathological tau to propagate further in 

the brain in an activity-dependent manner (Ismael, 2021). If this applies to the tau 

propagation in the DMN or afferently to the DMN hubs from the projection sites, one 

expects a delayed tau accumulation in the DMN. Yet, as reported in Andres-Benito’s 

study, even in the LC neurons, the AT8 level reached significance in Braak stage III 

(Andres-Benito, 2017), which might support our findings temporally.  
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- Our quantification method for immunolabeling: Our semiautomated HALO 

quantification method was less sensitive compared to stereology or a similar total 

number quantification method due to using % tissue area as the outcome measure, 

which may cause underestimation of the pre-tangle tau. 

- Biological variability and resistant cases: RROS participants, consisting of priests 

and nuns, were largely cognitively healthy despite their elevated Braak stage (III-IV). 

This might be due to their profession, lifestyle, diet, or sleep patterns. More and more 

studies are coming from indigenous cohorts, such as South American Tsimane or 

Tibetan monks, regarding lower incidence of dementia. A recent NIH study found that 

Tsimane tribe has a lifestyle similar to the preindustrial times that they practice farming, 

hunting, gathering, fishing, having high physically activity in general. They also have a 

diet rich in fiber and omega fatty acids and low in saturated fat. Despite having higher 

inflammation markers due to various infectious diseases, they have the lowest 

prevalence of coronary atherosclerosis of any studied population and a significantly 

slower decrease in brain volume for both sexes compared to the United States and 

Europe (Irimia, 2021). Another study emphasized the lifestyle factor in dementia in 

Tibetan monks. The prevalence of dementia among the religious groups was reported to 

be lower (Prince, 2013). A cross-sectional study with over 4,000 participants over the 

age of 60 demonstrated that the prevalence of AD among the participants was 1.33% 

(Huang, 2016) compared to 10.9% for Americans over the age of 65 (Alzheimer's 

disease facts and figures, 2024). This might be due to their regular body-mind 

awareness practice or simply living at higher altitudes. Those examples might provide 
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an alternative explanation for our findings in pre-tangle DMN significant elevation not 

until later Braak stages in the RROS cohort.  

Regional Differences in Pre-tangle Tau Load in Individual DMN Hubs 

Unique contributions of the DMN hubs to particular cognitive tasks, also known 

as functional parcellation, have been shown before (Wang, 2020). Wang et al. looked at 

the coactivation patterns of FC, PCC, and temporal parietal junction (TPJ), they did not 

include PreC during several tasks, and they found that besides the general coactivation 

of those regions, they demonstrated different connectivity strengths among each other 

(Kobayashi, 2003). For instance, the PCC and TPJ activity was better coupled with the 

hippocampal activation compared to the FC, and FC activity was better coupled with the 

amygdala and the ventral striatum for emotional processing and decision making 

(Wang, 2020). Another study found that by changing the vividness of a future 

imagination task, it is possible to modulate dorsal and ventral DMN separately (Lee, 

2021). Even within the individual hubs, subregions were shown to have distinct 

functional connectivity with the rest of the brain (Margulies, 2009). To explain those 

differences in fc, a very recent study combined postmortem immunolabeling (65-year-

old male, n=1) with resting fMRI data from young healthy adults (n=1,000) to create a 

cytoarchitectural map for different DMN regions, including the PFC and PreC, as 

overlapping regions with our study (Paquola, 2025). Their study revealed 

cytoarchitectural heterogeneity among the hubs measured by the proportion of the 

cortical types, cell-body intensity over intercortical depth, and topographical maps. They 

also found subregional differences in the fc, for instance, the anterior precuneus 
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showing more efficient connectivity with the rest of the cortex, claiming it might be due 

to the cytoarchitectural heterogeneity (Paquola, 2025). 

In the context of tau deposition, three DMN hubs may vary as well. Yokoi et al. 

looked at the distribution of NFT with 18F-THK5351 tau PET in the resting state 

networks in amyloid-positive early AD patients. Their principal component analysis 

revealed that PCC and PreC were by far the most prominent areas in the analysis to 

differentiate AD from the controls, followed by the dorsolateral prefrontal cortex 

(DLPFC), in correlation with cognitive scores (Yokoi, 2018). Additionally, they did 

confirmatory immunolabeling in the PCC in Braak stage II and V patients with AT8 

(Figure 5.2) to find a similar labeling pattern to ours for pre-tangle tau markers from 

Chapter 2 (Figure 2.2). They also found astrocytic activation in those regions. As a side 

note, the 18F-THK5351 ligand has been shown off target-binding to monoamine 

oxidase (MAO) enzyme expressed in neuronal and non-neuronal cells (Ng, 2017), so 

the interpretation requires caution. However, they also showed that the astrocytic GFAP 

marker was increased in that Braak stage V case. This study might support the anterior 

vs posterior DMN differential role (Rami, 2012) in the overall connectivity as well as tau 

deposition. 
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Figure 5.  2 AT8 positive tau quantification in PPP/PreC by Yokoi et al. mirrors our pre-

tangle tau labeling in DMN (Yokoi et al., 2018) 

 A second study relevant to our findings was conducted by Maarouf and 

colleagues. They investigated how proteins are involved in neurodegeneration change 

in the PCC and PreC by healthy aging (Maarouf, 2014). Although most of the markers 

did not change between the young adults, middle-agers, and super-agers, there were 

two markers that changed: BACE1 and GFAP, both relevant to our proteomics results. 

As mentioned in Chapter 1, BACE1 is an enzyme that cleaves APP. Maarouf et al. 

reported a higher expression in the PCC compared to PreC; the level among the groups 

did not change. The HNRNPU protein, an RNA binding protein that regulates the mRNA 

stability of BACE-1 (Qu, 2021), was co-immunoprecipitated with TNT2 in our study 

(Chapter 4). While the HNRNPU level was higher in the PreC in NCI, the expression 

increased as the disease progressed, especially in the PCC, making the PCC>PreC 

abundance (2.395) significantly higher in AD (p=0.0421) (Chapter 4). The other marker 

they reported to increase expression with age was GAFP. Similarly, in our proteomics 
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study, we also found GFAP was elevated in the AD in both regions but reached 

significance only in the PCC (0.0383) despite the moderate increase in the abundance 

ratio PCC>PreC (1.617). 

Potential Mechanisms that May Underlie the Regional Differences 

As previously mentioned, literature consensually suggests that there might be 

regional differences among the DMN hubs functionally, cytoarchitecturally, or 

metabolically. For instance, PCC is metabolically very active (Leech, 2014), and during 

healthy aging, protein expression of tau, APP, or several inflammation markers in the 

PCC do not change (Maarouf, 2014). However, in early AD, its metabolic activity 

decreases (Leech, 2014). Similarly, the functional connectivity between the PCC and 

the dorsal DMN hubs also decreases as an indicator of tau accumulation in AD (Luo, 

2019; Strom, 2022), which suggests that PCC is a key hub in the DMN with high 

susceptibility to tau pathology. Hence, the exact mechanisms underlie its vulnerability 

are still vastly unexplored. Our proteomics sub study was aiming for that gap.  

Our co-immunoprecipitation of early pathological tau that was combined with 

mass spec analysis revealed that pathological tau shared numerous binding partners 

with the low-Braak stages. However, the abundances were mostly increased (up to 45-

fold). Although they were not the same proteins standout between the mid-Braak vs 

high-Braak cases within each region, they showed a similar activation pattern for certain 

biological pathways, such as immune response, ribosomal activation, and lipid 

biosynthesis in the PCC. PreC, however, showed fewer proteins changing their 

abundance when they interacted with pathological tau. Interestingly, ribosomal activity 

was unanimously increased, possibly as a sign of neurons trying to tolerate the 
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pathology insult potentially differently in PCC vs PreC. Hence, we speculate that this 

may explain the higher pathology that we observed in the PCC. Due to the ongoing 

validation process, risky extrapolation will be avoided for those findings.   

Pathology Relates to the Cognitive Changes 

Our first research question in this study was how the pre-tangle tau distributes in 

the DMN temporally. So far, we have discussed how our findings parallel the numerous 

imaging and postmortem tissue analyses. Then, our second question was whether this 

pathology manifests clinically as cognitive decline. Although correlation does not mean 

causation, our results indicated a strong correlation between the GCS & MMSE and the 

sP422, TNT2, and soluble TOC1 measures (Chapter 3). We also found strong inverse 

correlations between the early markers and episodic and semantic memory scores. 

Those memory types were shown extensively before to get impacted in AD (Tromp, 

2015; Hodges, 1995), however to our knowledge, their relation to the pre-tangle tau in 

the DMN had not been explored before.  

Recently, Pezzoli and collogues investigated the interplay between the structural 

atrophy of the brain and AD pathology in the context of healthy cognitive aging (Pezzoli, 

2025). They assessed cognitively intact adults who were 70+ years old with sMRI, tau, 

and amyloid PET, as well as the cognitive tests. They concluded that cognitive aging, 

measured as the cognitive age gap, was related to the midcingulate cortex (MCC) 

atrophy, episodic memory decline, and multi-domain cognition. They also found that 

lower entorhinal cortex tau was associated with a slower decline in episodic memory. 

The same group did another study, which they longitudinally collected tau and amyloid 

PET images as well as cognitive test scores from cognitively intact older individuals 
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(Chen, 2025). They concluded that Aβ pathology in the frontal/ parietal regions was 

associated with decreased executive function, whereas tau pathology, especially in left 

entorhinal/parahippocampal regions, was associated with faster memory decline, not 

the vice versa, emphasizing the domain-specific decline to track the disease 

progression. The findings go well with our correlation assessments; however we did find 

significant correlations between the pre-tangle tau in the FC with memory decline, which 

may be due to the difference between the tau species that were quantified, NFT with 

PET in their study vs pre-tangle tau with histological and biochemical analyses in our 

study. 

Finally, regarding the timeline of the significant pathology accumulation and the 

start of cognitive deterioration we found that once pre-tangle tau significantly elevated in 

the DMN, in Braak stage V in the RROS, it inversely and tightly correlated with the 

global cognitive measures, as well as the episodic and semantic memory scores. The 

phenomenon was shown in Chapter 3 where the GCS and MMSE scores were graphed 

based on either regular (6 stages) or minimal (combined into 3 stages) Braak stages. 

Similar to our results, another group used tissue samples from the Rush Religious 

Order Study (RROS) to investigate the TREM2 gene expression in the PCC samples 

and showed that the expression in the MCI cases was similar to the NCI cases 

(Winfree, 2023). However, the expression was significantly increased in the AD 

samples, triggering an immune response which supports our findings once again that 

elevated pathological tau in the DMN closely correlates with cognitive decline and 

possible biological processes that results the cognitive impairment, such as immune 

activation. 
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Study limitations 

- There are a few limitations in this study in addition to 1) Using % tissue area as 

the outcome measure that may overlook some of the low NTs pathology 2) Absence of 

fMRI, sMRI, or amyloid/tau-PET images that would give more information about the 

disease progression rather than the postmortem snapshot assessments of the 

samples: 

- Comorbidities along with tau and Aβ: RROS cohort is very well characterized for 

postmortem assessments, including TDP-43, CAA, stroke, and arteriolosclerosis in 

addition to the detailed plaque and tangle quantification in five brain regions. We have 

included the TDP-43 and CAA scores in our correlation assessments in Chapter 3. 

TDP-43 correlated with histological quantification of the select markers in all regions 

(Chapter 3, Table 3.3) and with soluble markers only in the PCC. Interestingly, TDP-43 

correlated with the total tau (Tau-5) in all DMN regions (Chapter 3, Table 3.4). Although 

the exact mechanism is yet to be discovered, TDP-43 has been shown to interact with 

tau and facilitate pathology seeding (Tome, 2023). Therefore, it requires careful 

interpretation of the findings. CAA also correlated with the select tau markers and 

MOAB-2, though not as strong as TDP-43. CAA and tau interplay is suggested to 

promote AD pathology progression (Schoemaker, 2021; Rabin, 2022). TDP-43 and 

CAA also correlated with the cognitive scores (data not shown here). 

- Sample collection may have caused heterogeneous subregional distribution: As 

mentioned in the arguments about the regional differences, all DMN hubs have 

functionally and structurally different subregions (i.e., FC vs DLPFC, or dorsal vs 

ventral PreC) with distinct cellular architectures and projections patterns (Kobayashi, 
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2003; Paquola, 2025). Unfortunately, our samples are lacking that level of detailed 

information regarding the sampling. That may introduce variability in the results on top 

of the biological differences among the cases. 

Future Directions 

- The validation process for the mass spec analysis of the TNT2 

coimmunoprecipitated proteins is in progress. We tested five binding partners (RAB41, 

VAPA, DCKL2, HNRNPU, GFAP) so far with dual immunofluorescent labeling. The 

next steps will be repeating the TNT2 immunoprecipitation in 6 samples from the 

RROS cohort (2NCI/2MCI/2AD) and running the pulled down on an SDS gel for 

western blot quantification of those five proteins.  

- We may reanalyze the histological slides for tau markers with stereology for a 

more sensitive quantification.  

- We may further investigate the cohort differences in overall tau pathology. MADC 

Braak IV cases showed elevated pathology, although it lacked significance. By 

including more Braak stage III and IV cases and more demographical information, 

such as diabetes and years of education for that cohort, we may further investigate the 

matter. We have already received fixed samples from a partially overlapping cohort, 

which will be cut and analyzed with histology.  

- To investigate the role of subcortical nuclei, particularly LC and CBF, we will 

perform colocalization studies with DBH (norepinephrine) and ChAT (acetylcholine) 

with tau markers, which may give us insight into the origin of the NT formations. 

Highlights of the Study 

- Pre-tangle tau significantly increases from Braak stage IV to V in the DMN.  
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- Total and soluble DMN pre-tangle measures correlated with all the cognitive measures 

except for the working memory.  

- Postmortem pathology scores were collected from different brain regions, except for 

the FC, yet still tightly correlated with the DMN pre-tangle tau in all three regions.  

- Although it is correlated with pS422, TOC1, and TNT2 in all three hubs, MOAB2 did 

not correlate with the cognitive measures in the FC or PreC. It also showed correlation 

in with the MMSE, GCS, episodic, and semantic memory in the PCC.  

- TNT2-pulled down tau revealed differential protein-protein interactions in the PCC vs 

PreC.  

Final Remarks  

Despite the limitations in our study, we believed that we offered important new 

insights into the spatiotemporal distribution of pre-tangle tau, with several markers 

targeting different PTMs, in the DMN across all six Braak stages in a considerably large 

cohort. The results may inform the development of more effective treatment strategies 

for each patient in the absence of pre-tangle tau PET ligands. Once we understand the 

pathophysiology of AD, and which tau species accumulate when and where in the brain, 

we may be able to create better therapeutic interventions to slow down the disease to 

prevent excessive neuronal loss and subsequent cognitive deterioration.  
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