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Neurodegenerative disorders, particularly 

Alzheimer’s disease (AD), are characterized by 

progressive neuronal loss and cognitive decline, with tau 

protein aggregation serving as one of the central 

pathological hallmarks. This review paper explores the 

molecular mechanisms underlying neurodegeneration with 

a specific focus on tau protein hyperphosphorylation, 

misfolding, and aggregation into neurofibrillary tangles. It 

further highlights how experimental techniques such as 

Western blotting and immunohistochemistry (IHC) are 

used to investigate tau pathology in both clinical and 

preclinical models. Western blot analysis enables 

quantitative assessment of tau isoforms, phosphorylation 

states, and aggregation profiles, while 

immunohistochemistry provides spatial localization of tau 

deposits within brain tissues, revealing region-specific 

vulnerability such as the hippocampus and cortex. The 

study synthesizes current literature on tau-associated 

signaling pathways, including kinase and phosphatase dysregulation, protein clearance 

impairment, and neuroinflammatory contributions. Additionally, it discusses how 

combined application of Western blot and IHC enhances diagnostic accuracy and 

improves understanding of disease progression. Despite advances, challenges remain 

in standardization of detection methods, interpretation of tau species heterogeneity, and 

correlation with clinical severity. Overall, this review emphasizes that integrating 

biochemical and histopathological approaches provides a more comprehensive 

understanding of tau-driven neurodegeneration in Alzheimer’s disease. 

 

1. Introduction 

The complex landscape of Alzheimer’s disease (AD) is defined by a 

multifaceted pathophysiology that has, for decades, been interpreted through the lens 

of the amyloid cascade hypothesis. However, the persistent failure of amyloid-targeted 

therapies to significantly arrest cognitive decline has catalyzed a profound shift in focus 

toward the microtubule-associated protein tau (MAPT) (Garbuz et al., 2021). While the 

accumulation of amyloid-beta (Aβ) peptides remains a central hallmark of the disease, 

it is increasingly viewed as a secondary driver or an early trigger rather than the primary 

cause of neuronal death. The transition from physiological tau to pathological, 
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hyperphosphorylated aggregates is now recognized as a critical threshold in the 

neurodegenerative process, correlating much more robustly with synaptic loss, 

neuronal dysfunction, and the progression of clinical dementia (Ellis et al., 2024). 

Understanding the molecular mechanisms underlying tau protein aggregation requires 

a sophisticated integration of biochemical and morphological techniques, specifically 

Western blot (WB) and immunohistochemistry (IHC), which allow for the detection of 

tau’s diverse proteoforms and their spatiotemporal evolution within the brain 

(Montalbano et al., 2023). 

2. Pathophysiological Foundations and the Evolution of the Tau Hypothesis 

The modern understanding of Alzheimer’s disease began with the seminal work 

of Alois Alzheimer in 1907, who identified "senile plaques" and "neurofibrillary 

tangles" (NFTs) as the defining features of the disease (Hong et al., 2025). For nearly 

thirty years, the scientific community focused on the amyloid hypothesis, which posits 

that the imbalance between the production and clearance of amyloid-beta (Aβ)—driven 

by the cleavage of the amyloid precursor protein (APP) by enzymes such as gamma-

secretase—leads to the formation of toxic extracellular plaques (Uddin et al., 2020). 

This cascade is thought to subsequently trigger neuroinflammation, oxidative stress, 

and tau pathology, eventually culminating in neuronal death. However, the spatial 

mismatch between amyloid-beta (Aβ) plaques, which are widespread across the cortex, 

and tau pathology, which follows a stereotypical and hierarchical progression, suggests 

a more nuanced relationship (Tzekaki et al., 2025). 

The "Tau Hypothesis" has emerged as a compelling alternative, suggesting that 

the hyperphosphorylation and aggregation of tau into NFTs is the primary cause of 

neurodegeneration. Unlike amyloid-beta (Aβ) plaques, which can occur in individuals 

with no cognitive impairment, the density and distribution of NFTs are closely aligned 

with the severity of memory loss and cortical atrophy (Raha et al., 2022). 

Table 1: Comparison of Primary Pathological Hypotheses in Alzheimer’s 

Disease 

Attribute Amyloid Cascade 

Hypothesis 

Tau Aggregation 

Hypothesis 

Primary 

Initiator 

Amyloid-beta 

(Aβ) peptides 

Hyperphosphorylated 

tau protein 

Genetic Basis Mutations in APP, 

PSEN1, PSEN2 

MAPT gene mutations 

and splicing 

Key Lesion Extracellular 

senile plaques 

Intracellular 

neurofibrillary tangles 

Anatomical 

Progress 

Broadly 

cortical/neocortical early 

involvement 

Hierarchical 

progression (Braak staging) 

Cognitive 

Correlation 

Moderate; often 

plateaus 

Strong; closely tracks 

symptom onset 

Therapeutic 

Target 

Secretase 

inhibitors; anti-amyloid 

monoclonal antibodies 

Kinase inhibitors; tau 

immunotherapies 

3. Molecular Biology and Structural Dynamics of Tau Protein 

Tau is a highly soluble, "natively unfolded" protein that belongs to the 

microtubule-associated protein family. In the central nervous system, it is primarily 

localized in the distal axons of neurons, where it binds to tubulin through its 

microtubule-binding domain (MBD) (Zheng et al., 2025). The primary physiological 

role of tau is to maintain the stability and function of the axon by promoting tubulin 

assembly and regulating the dynamic instability of microtubules, a process essential for 

the structural integrity of neurons and the efficiency of axonal transport (Li et al., 2022). 

The human tau protein is encoded by the mapt gene on chromosome 17. 
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Through alternative splicing of exons 2, 3, and 10, six major isoforms are generated in 

the adult human brain. These isoforms vary based on the number of N-terminal inserts 

(0N, 1N, or 2N) and the number of highly conserved repeat regions in the MBD (3R or 

4R) (An et al., 2022). The 4R tau isoforms, which include the residues encoded by exon 

10, exhibit a higher affinity for microtubules and are more efficient at promoting their 

assembly compared to 3R isoforms. Under normal physiological conditions, the ratio 

of 3R to 4R tau is approximately equal, but an imbalance in this ratio is often associated 

with the development of tauopathies, including specific forms of frontotemporal 

dementia and Alzheimer’s disease (Chen et al., 2025). 

4. Molecular Mechanisms of Tau Aggregation: The Role of Post-Translational 

Modifications 

In Alzheimer’s disease, tau undergoes a pathological transformation 

characterized by its dissociation from microtubules and its subsequent self-assembly 

into insoluble filaments. This process is driven by an array of post-translational 

modifications (PTMs) that alter tau’s charge, conformation, and stability (Wang et al., 

2023). 

Figure 1. Cellular and molecular pathways of neuroinflammation, protein 

aggregation, and blood-brain barrier dysfunction in the central nervous system. 

 

4.1 Hyperphosphorylation: The Primary Driver of Tau Dysfunction 

Phosphorylation is the most extensively studied PTM of tau, occurring 

primarily at serine (S), threonine (T), and tyrosine (Y) residues. Under normal 

conditions, only 2-3 phosphate groups are present per molecule, whereas in the AD 

brain, tau levels reach up to 8 phosphate groups per molecule (Basurto‐Islas et al., 

2025). Hyperphosphorylation at critical sites—such as Ser262, Ser293, Ser324, and 

Ser356 within the MBD—markedly reduces tau’s affinity for microtubules, leading to 

their destabilization and the failure of axonal transport (Yan et al., 2023). 
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The dephosphorylation of tau is mediated by the protein phosphatase (PP) 

family, where PP2A accounts for approximately 70% of activity in the human brain. In 

Alzheimer’s patients, PP2A activity is reduced by 20-40%, leaving kinases unchecked 

and promoting paired helical filaments (PHFs) (Islam et al., 2025). 

4.2 Acetylation and Truncation as Catalysts for Aggregation 

Acetylation of lysine residues at sites like Lys280 and Lys281 has been 

specifically detected in AD brain tissue. This modification prevents ubiquitin-mediated 

degradation of tau, leading to its accumulation and pathological spreading. Truncation 

of the tau protein by proteases such as caspases and calpains also plays a major role; 

fragments truncated at Glu391 or Asp421 are highly aggregate-prone and often serve 

as the core for PHF assembly (Wen et al., 2025). 

Table 2: Impact of Significant Post-Translational Modifications on Tau in 

Alzheimer's Disease 

PTM Type Mechanism/Sites Impact on Tau in 

AD 

Methylation Mono- and 

dimethylation at 11 sites 

Potentially 

protective; can attenuate 

nucleation. 

SUMOylation Conjugation of 

SUMO1 at Lys340 

Suppresses 

degradation and promotes 

phosphorylation. 

Ubiquitination Covalent 

modification for degradation 

Disrupted by 

acetylation; leads to 

aggregate build-up. 

Glycation Interaction with 

sugars 

Promotes cross-

linking and insolubility. 

5. The Prion-Like Spreading and Seed-Dependent Aggregation 

Recent evidence has established that tau pathology spreads through the brain in 

a "prion-like" manner. Pathogenic, misfolded tau proteins—often in the form of soluble 

oligomers—can be released from one neuron and internalized by another via heparin 

sulfate proteoglycans (HSPGs) and specific receptors such as muscarinic or AMPA 

receptors. Once inside the recipient cell, these "seeds" recruit soluble endogenous tau 

into larger, aberrant conformations, a process known as seed-dependent aggregation 

(Di Spiezio et al., 2021). 

6. Biochemical Analysis of Tau Protein Using Western Blot 

Western blot (WB) is indispensable for characterizing tau's molecular weight, 

isoform distribution, and solubility profiles. In AD research, the differentiation between 

soluble, physiological tau and insoluble aggregates is critical (Liu et al., 2026). 

6.1 Methodology: Sarkosyl-Insoluble Fractions and Diagnostic Banding 

Biochemical analysis typically involves extracting the sarkosyl-insoluble 

fraction from brain tissue. In Alzheimer’s disease, immunoblot analysis reveals a 

characteristic triplet of bands at approximately 60, 64, and 68 kDa, representing the 

hyperphosphorylated forms of all six isoforms. This pattern is diagnostic; for instance, 

Pick's Disease primarily displays 3R tau at 60 and 64 kDa, while PSP and CBD display 

4R tau at 64 and 68 kDa (Henríquez et al., 2020). 

6.2 Antibody Specificity and Validation Challenges 

The accuracy of WB is contingent upon antibody specificity. Validation of over 

50 commercial antibodies has revealed that some "total" tau antibodies, like the Tau-5 

clone, are partially inhibited by phosphorylation, potentially missing pathologically 

relevant species. Furthermore, the "oligomer-specific" antibody T22 has been found to 

react with monomeric tau on WB, raising questions about previous quantification data 

(Yang et al., 2025) 

Figure 1 Comprehensive Strategies and Methodological Frameworks for 
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Validating Antibody Specificity 

 

 

7. Morphological Analysis of Tau Pathology Using Immunohistochemistry 
Immunohistochemistry (IHC) offers spatial resolution, allowing visualization 

of the cellular and regional distribution of aggregates. It is the standard tool for 

determining Braak stages, which describe the topographical expansion of the disease 

(Suloh et al., 2025). 

7.1 The Braak Staging System and the AT8 Antibody 

The staging of neurofibrillary pathology is based on the progressive 

involvement of brain regions using the AT8 antibody, which targets the pS202/T205 

phospho-epitope (Joseph et al., 2020). 

Table 3: The Braak Staging System for Neurofibrillary Pathology 

Braak 

Stage 

Anatomical Region 

Involved 

Clinical Significance 

Stage I Transentorhinal region 

(first cortical site) 

Preclinical; often 

asymptomatic. 

Stage II Entorhinal region and 

CA1 of hippocampus 

Subtle memory 

deficits may emerge. 

Stage 

III 

Severe involvement of 

hippocampus and amygdala 

Intermediate stage; 

early clinical dementia. 

Stage 

IV 

Medial and superior 

temporal gyri 

Significant cognitive 

impairment. 

Stage V Neocortical association 

areas 

Advanced dementia. 

Stage 

VI 

Primary sensory and 

motor areas (striate area) 

End-stage AD. 

7.2 Morphology of Tangles and Threads in IHC 

IHC identifies several tau-positive structures: 

 Pretangles: Diffuse granular staining in the neuronal soma. 

 Neurofibrillary Tangles (NFTs): Large, compact intracellular aggregates. 

 Neuropil Threads (NTs): Filaments found in axons and dendrites. 

 Extracellular (Ghost) Tangles: Remnants of dead neurons consisting of the 

PHF core (Hassan et al., 2022). 

8. Synergy Between Biochemical and Morphological Techniques 

The most comprehensive understanding comes from integrating WB and IHC. 

While WB quantifies total protein and truncation, IHC provides anatomical context. 

Integrated studies have revealed a significant spatiotemporal mismatch: amyloid-beta 
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42 (Aβ42) aggregation is widespread early on, while tau pathology progresses 

hierarchically, suggesting that APP dysfunction facilitates the neuron-to-neuron 

propagation of tau (Zhang et al., 2022). 

9. Future Directions: Spatial Omics and Artificial Intelligence 

As the field moves toward 2026, focus is shifting toward higher-resolution 

techniques and automated diagnostics (Liu et al., 2024). 

9.1 Spatial Single-Cell Proteomics 

By combining laser microdissection with mass spectrometry, researchers have 

analyzed individual tangle-positive neurons. This has shown that the transition to NFT 

is a continuum of proteomic changes rather than a discrete jump, involving early 

remodeling of proteostasis networks followed by disruption of synaptic pathways 

(Singh et al., 2025). 

9.2 AI-Assisted Automated Staging 

Artificial intelligence is revolutionizing digital neuropathology. CNN-based 

models evaluated in 2025 can automatically stage tau pathology in AT8-stained 

micrographs by capturing multi-scale spatial representations and texture patterns 

overlooked by human observers (Sun et al., 2025). 

10. Therapeutic Strategies and Tau-Targeting Trials 

Current research focuses on: 

1. Kinase Inhibition: Targeting glycogen synthase kinase 3 beta (GSK3β) or 

cyclin-dependent kinase 5 (CDK5). 

2. Aggregation Inhibition: Small molecules designed to reduce the 

thermodynamic stability of tau fibers. 

3. Tau Immunotherapies: Monoclonal antibodies like BMS-986446, which 

target the microtubule-binding region (R1-R3) to prevent spread, received FDA 

Fast Track designation in 2025 (van der Gaag et al., 2024). 

 

Conclusion 

In conclusion, tau protein aggregation plays a fundamental role in the molecular 

pathology of Alzheimer’s disease and represents a key driver of neurodegeneration. 

Abnormal phosphorylation and misfolding of tau disrupt neuronal stability and lead to 

the formation of neurofibrillary tangles, which correlate strongly with disease 

progression and cognitive decline. Techniques such as Western blotting and 

immunohistochemistry are essential for elucidating these pathological changes, as they 

provide complementary biochemical and structural insights into tau expression, 

modification, and distribution in brain tissues. While Western blot offers quantitative 

evaluation of tau species and post-translational modifications, immunohistochemistry 

enables precise localization of pathological aggregates within affected brain regions. 

However, variability in experimental protocols and limitations in detecting early-stage 

tau changes remain significant challenges. Future research should focus on improving 

detection sensitivity, developing standardized analytical frameworks, and integrating 

multi-modal approaches to better understand tau pathology. Such advancements will be 

crucial for developing targeted therapeutic strategies aimed at slowing or preventing 

Alzheimer’s disease progression. 
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