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Abstract 

Alzheimer’s disease (AD) is one of over 18 different disorders known as 

tauopathies, characterized by the pathological aggregation and accumulation of tau, 

a microtubule-associated protein. Tau aggregates are heterogeneous and can be 

divided into two major groups: large metastable neurofibrillary tangles (NFTs) and 

oligomers. Recently, it has been shown that tau oligomers are highly toxic in vitro 

and efficient seeds for the propagation of pathology as compared to NFTs. While 

the toxicity of recombinant tau oligomers has been studied extensively, within the 

same aggregation state, tau exhibits conformational differences, termed tau 

oligomeric strains. Due to the dynamic nature of these strains, little is currently 

known about the mechanisms underlying their formation and characteristics. 

Therefore, modulating their aggregation states and conformations through the use 

of small molecules could be a powerful therapeutic strategy that targets toxicity 

regardless of other factors involved in the formation of tau oligomeric strains. 

Herein, I used biochemical and biophysical in vitro techniques to characterize 

preformed tau oligomers and brain-derived tau oligomers (BDTOs) in the presence 

and absence of small molecules, including Azure C (AC) and newly synthesized 

curcumin derivatives. Interestingly, AC and curcumin analogs are able to bind and 

modulate tau oligomers aggregation pathways resulting in the formation of tau 

structures with decreased toxicity as assessed in human neuroblastoma SH-SY5Y 

cell line and primary cortical neuron cultures. 

These results provide novel insights into tau aggregation and may lead to the 

discovery of new compounds effective against one or more tau strains. 

Identification of such active compounds may lay the groundwork for developing 
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novel therapeutic agents as well as advancing the diagnostic field for the detection 

of toxic tau oligomers and differential diagnosis for tauopathies. 
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Introduction 

Age-related neurodegenerative disorders are one of the leading causes of death and 

disability in the elderly population. These diseases are characterized by synaptic 

dysfunction and progressive neuronal damage as well as cell death. The clinical 

manifestations depend on the afflicted brain region as well as number and type of 

cells damaged. This leads to motor, behavioural and cognitive dysfunctions, besides 

dementia and psychological disorders with severely debilitating outcomes 

including the disruption of daily activities. Millions of people worldwide are 

affected by dementia and it is estimated to reach more than 130 million people by 

2050 (http://www.alz.co.uk/research/world-report-2016). Alzheimer’s disease 

(AD) is the most common form of dementia and the sixth leading cause of death in 

the United States. Most AD cases are sporadic, with multiple risk factors, including 

aging, environmental stress, and diet, which are suggested to play critical 

pathogenic roles. The remaining AD cases, which account for 5-10% of total cases, 

are rare but inherited from one generation to the next and are referred to as familial 

AD (FAD)(4). Other age-related neurodegenerative diseases that present symptoms 

of cognitive decline and dementia are Frontotemporal dementia (FTD) and 

dementia with Lewy bodies (DLB) as well as diseases clinically classified as 

primary motor disorders such as progressive Supranuclear palsy (PSP) and 

Parkinson’s disease (PD)(5).  

 

http://www.alz.co.uk/research/world-report-2016
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1. Neurodegeneration and proteinopathies 

The study of the aetiology of neurodegenerative diseases has taken into account 

many pathological mechanisms involved in these disorders. A common feature of 

many neurodegenerative diseases is the pathological aggregation and accumulation 

of abnormal or misfolded proteins in the brain, which are believed to be the major 

cause of synaptic loss and neuronal death observed in these disorders (6). Under 

physiological conditions, common cellular proteins cannot fold correctly, therefore 

affecting their ability to carry out cellular and physiological functions. Although 

"chaperone" molecules recognize and fold abnormal proteins (7, 8), the presence of 

proteostasis maintenance mechanisms would take care of the proteins that undergo 

misfolding and adapt conformational changes. The two major systems involved in 

proteostasis maintenance are the lysosomal autophagy and the ubiquitin-

proteasome pathways. Lysosomes act to degrade protein aggregates, while the 

proteasome would degrade ubiquitin-tagged proteins recognized by heat shock 

proteins. Nevertheless, these mechanisms can be compromised in many 

neurodegenerative diseases therefore failing to maintain proteostasis, resulting in 

misfolding and aggregation of abnormal proteins and formation of insoluble and 

fibrillar amyloid inclusions. Many neurodegenerative diseases including AD, PD, 

PSP and several others are considered to be proteopathies with one or more different 

proteins involved in each disorder (6, 8).  
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1.1 Alzheimer’s disease and Tauopathies   

Alzheimer’s disease is the most prevalent progressive neurodegenerative disease 

associated with age and the most common form of dementia discovered in the early 

900s(9). AD is characterized clinically by progressive loss of memory, language 

problems, social withdrawal, deterioration of executive functions and eventually 

death (10). Histopathologically, as Alzheimer’s progresses, the brain shrinks 

dramatically and is characterized by a serious cortex damage, with progressive 

degeneration of limbic and cortical brain structures, mainly in the temporal lobe. 

This atrophy affects also the cortical association areas and the hippocampus, which 

is critical for the formation of new memories. Together with cortical degeneration, 

it is also possible to observe an enlargement of ventricles and a functional alteration 

of Wernicke’s and Broca’s areas. The major neuropathological features of AD are 

synaptic and neuronal degeneration and the presence of amyloid plaques and 

neurofibrillary tangles (NFTs). The major protein component of the plaques is the 

amyloid -peptide (A), which is a 39-42 amino acid peptide that originates from a 

much larger transmembrane protein, the amyloid precursor protein (APP) (11), 

whereas NFTs are composed of hyperphosphorylated forms of the microtubule-

binding protein, tau (Fig. 1).  

Fig. 1 Brain cross-sections of normal and AD brains and schematic 

showing amyloid plaques and neurofibrillary tangles. 
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These two insoluble protein aggregates are believed to play critical roles in the 

neurodegenerative process. However, the exact molecular mechanisms by which 

they cause neurodegeneration remain to be established. It is widely accepted that 

altered APP expression or proteolytic processing, or changes in A stability and 

aggregation are involved in AD. These in turn result in a chronic imbalance between 

A production and clearance. Therefore, A is released and can be accumulated 

extra- as well as intra-cellularly (12). Various therapeutic strategies have been 

proposed to reduce amyloid load in AD patients. It has been shown that a chronic 

reduction in A leads to a reduction in AD pathology as well as improvements in 

cognitive performance in animal models of the disease and, potentially, in AD 

patients (13). Despite a strong body of evidence supporting an important role of tau 

in AD (2, 14, 15), the amyloid hypothesis (9, 16) proposes that Aβ is the sole cause of 

AD and that tau aggregation is one of many downstream events triggered by Aβ 

aggregation and deposition. However, the disappointing outcome of amyloid-

reducing pharmacological agents, particularly clinical trials of anti-Aβ 

immunotherapy (17) , has revitalized research on the role of tau in AD. In addition, 

neurofibrillary tangles are not exclusive inclusions of AD, as these lesions are 

characteristic also of other pathologies (18). Hence, tau aggregation plays an 

important role in many other neurodegenerative diseases, collectively referred to as 

tauopathies including PSP, Pick’s disease, PD, FTD and several others (19, 20). 

Although, the neuropathological hallmark of this large group of diseases is the 

presence of deposits of the microtubule-associated protein tau in the brain, they are 

diversified.  
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2. Tau in neurodegeneration 

Neuropathological features of tauopathies include filamentous neuronal, or 

neuronal and glial tau inclusions found in association with focal neurodegeneration. 

2.1 Tau deposits and its causal role in AD and tauopathies 

Protein aggregation and deposition in AD and related neurodegenerative diseases 

have been studied extensively. Evidence from post-mortem brains showed that size, 

appearance and distribution pattern of amyloid deposits vary considerably between 

individual AD brains and correlate poorly with the disease severity. On the other 

hand, neurofibrillary pathology tends to develop at specific sites and follows a 

characteristic pattern depending on regions and cell types affected. NFTs in AD 

patients are highly correlated with disease progression and can be used to stage AD 

by post-mortem brain histopathology. Since amyloid pathology, in the absence of 

NFTs, is not necessarily associated with loss of cognitive function or appreciable 

neurodegeneration, tau pathology appears to be essential for AD (21-23). 

Furthermore, mutations in the tau gene, MAPT, cause familial Frontotemporal 

dementia with Parkinsonism linked to chromosome 17 (FTDP-17), implicating tau 

dysfunction in the neurodegenerative processes (20, 24, 25). Interestingly, amyloid 

plaques are not found in individuals with Frontotemporal lobar degeneration- tau, 

FTLD-Tau. This finding suggested that abnormal forms of tau are sufficient for 

neurodegeneration causing memory loss and other neurological deficits. In mouse 

models, aged mice expressing non-mutant human tau in the absence of mouse-tau 

(Htau mice) develop NFTs and extensive cell death (26). Mice that conditionally 

express a mutant human tau gene showed accumulation of NFTs in neurons as well 
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as learning deficits and neurodegeneration associated with tau expression; 

suppression of the mutant tau gene expression improved memory and halted 

neuronal loss (27). Hippocampal neurons from tau knockout mice are resistant to β-

amyloid-induced cell death, implicating tau’s role in Aβ-related neurodegeneration 

in AD (28). Reducing endogenous tau ameliorates Aβ-induced deficits in an AD 

mouse model; mice with normal tau levels showed age-related memory loss, 

behavioural abnormalities and deposition of amyloid plaques, while mice with 

reduced levels of tau showed a typical pattern of amyloid plaque accumulation with 

no memory loss or behavioural abnormalities (29, 30). Reducing Aβ burden alone by 

immunotherapy is inadequate to reverse cognitive deficits in mice (3xTg-AD) that 

contain both hallmarks of AD, plaques and NFTs (31).  

Taken together, these observations suggest that tau aggregation is a critical 

mediator of neurodegeneration and has a causal role in AD and other tauopathies. 

Due to the rise in life expectancy, finding an effective prevention and treatment 

strategy available for tauopathies, becomes increasingly important. Therefore, 

understanding the physiological and pathological functions and roles of tau is a 

challenge to identify new therapeutic targets and approaches (32).  

2.2 MAPT GENE 

Human tau is encoded by a single gene, MAPT, which is located on the long 

arm of chromosome 17 (17q21) (Fig. 2). This gene coding for tau protein is 

abundantly expressed in the central (CNS) and peripheral (PNS) nervous systems 

at the axonal level of mature and growing neurons and, in lower amount, in 
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oligodendrocytes and astrocytes. Tau has a ubiquitous expression in immature 

neurons, whereas in mature neurons it is found primarily in the axonal compartment 

(33). The correct location of tau in axons is important because its presence in the 

somatodentritic compartment has been seen to be attributable to one of the first 

signs of neurodegeneration (34). The MAPT gene is comprised of 16 exons with two 

non-coding, 0 and 14, and 14 coding or partially coding exons (35). In the human 

CNS, alternative mRNA splicing of exons 2, 3 and 10 gives rise to six tau isoforms 

ranging in size from 352 to 441 amino acids. Therefore, alternative splicing of exon 

10 determines the production of either three (3R) or four (4R) microtubule-binding 

Fig. 2 Schematic representation of the human tau gene, mRNA and protein isoforms
 (1)

. 

The human tau gene is located on chromosome 17q21 and contains 16 exons (B). White boxes 

represent constitutive exons and the grey or coloured boxes represent alternatively spliced 

exons. Identified mutations in exons 1–13, and intron 10, of the tau gene are shown using the 

numbering of the 441-amino acid isoform of tau (A). Exon -1 is part of the promoter and is 

transcribed but not translated, as is the case for exon 14 (C). Exons 4A, 6 and 8 are not 

transcribed in human. Exons 2, 3 and 10 are alternatively spliced, as demonstrated by the 

different lines linking these exons (C), generating a total of 6 different mRNAs which are 

translated into six different tau isoforms (D). These isoforms differ by the absence or presence 

of one or two N-terminal inserts encoded by exon 2 (orange box) and 3 (yellow box), as well 

as the presence of either three or four repeat regions coded by exons 9, 10, 11 and 12 (black 

boxes) in the C-terminus. The second repeat, encoded by exon 10, is highlighted in green.  
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repeats (36, 37). Each repeat comprises 30-31 amino acid sequences and each one is 

separated from the other by a 13-14 amino acids insert (38). The ratio between 3R 

and 4R tau isoforms is approximately 1 in the normal adult brain, thus equal 

amounts are present in the cerebral cortex of healthy brains (5, 39). Tau expression 

varies in different brain regions; cerebellum has less 0N3R tau isoform compared 

to other brain regions and globus pallidus show increased amount of 4R tau 

isoforms (40, 41). Alternative splicing of MAPT exons 2 and 3 result in three isoforms 

with zero (0N), one (1N) or two (2N) insert of 29 amino acids in the amino terminal 

region of tau, that are believed to be responsible for the interaction with the plasma 

membrane (42). Alternative splicing of tau is developmentally regulated; thus, all six 

tau isoforms are expressed in the CNS of the adult human brain while the isoform 

0N3R is the only one expressed in foetal brain. The tau molecule is comprised of 

four major regions: the acid amino-terminal domain (amino acids 1-150) projects 

away from microtubules but it is involved in regulating the microtubule dynamics 

(43), the central region (amino acids 151-243) is comprised of the proline-rich 

domain (PRD) followed by the microtubule-binding domain with three or four 

repeats. Tau binds and stabilizes microtubules through this domain and it has been 

suggested that isoforms with 4R microtubule-binding repeats promote microtubules 

assembly more efficiently compared to the ones with 3R microtubule-binding 

repeats (44, 45). The second and third microtubule binding repeats contain two 

hexapeptide motifs, VQIINK (known as PHF6*), and VQIVYK (known as PHF6), 

respectively. These two motifs display high β-sheet propensity and are able to self-

assemble without external stimuli (46). The fourth and last domain is the carboxyl-

terminus (amino acids 370-441) which is common to all six human CNS tau 

isoforms (43, 47). The function of this domain or of the proteins that bind to this 
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domain is not well established yet. Nevertheless, some studies have been suggesting 

that modifications in this domain may affect other tau regions thus influencing both 

the interaction with and phosphorylation by other proteins (48).  

2.2.1 Post-translational modifications 

During normal development, the microtubule-associated protein tau undergoes 

many post-translational modifications including hyperphosphorylation, 

glycosylation, acetylation, ubiquitination, glycation, nitration, and truncation. 

However, in pathological conditions these modifications may lead to tau self-

assembly and aggregation.  

2.2.1a Hyperphosphorylation  

The most important and disease relevant tau post-translational modification is the 

hyperphosphorylation, which is regulated during development and can alter tau's 

biological functions. Tau phosphorylation is high in foetal human brain and 

decreases with age because of the phosphatase activation. Phosphorylation can 

involve at least 85 different sites, including 45 serine, 35 threonine, and 5 tyrosine 

residues. Adult human brain contains 2-3 moles of phosphate per mole of tau. This 

seems to be the optimal condition for the interaction of tau with tubulin and the 

consequent microtubules assembly (49). However, under pathological conditions, 

tau phosphorylation is increased resulting in decreased tau affinity for microtubules 

following cytoskeleton destabilisation, particularly in neurons. It is still unknown 

which of the many identified tau phosphorylation sites are essential for disease 

pathogenesis and which ones may become phosphorylated only after the formation 

of tau pathology. However, tau phosphorylation in the proline-rich region disrupts 
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its microtubule assembly activity inducing a subtle increase in the propensity of tau 

to self-aggregate, while phosphorylation in the C-terminus region significantly 

promotes tau self-aggregation (50). Moreover, tau phosphorylation not only detaches 

tau from microtubules but can also induce tau missorting from axons into the 

somatodendritic compartment, compromising axonal microtubule integrity and 

inducing synaptic dysfunction (51). In addition, tau phosphorylation alters its 

association with interacting partners including the plasma membrane, DNA and 

Fyn, thus negatively affecting tau function in a range of signalling pathways. 

Numerous tau kinases have been found such as Glycogen Synthase Kinase 3β 

(GSK3β), which is highly expressed in neurons and plays an important role both in 

physiological and pathological conditions (52). Other tau kinases include the 

microtubule-associated regulatory kinase (MARK) (53), cyclin-dependent kinase 2 

and 5 (cdk2, cdk5) (54).  

Among the phosphatases involved in tau dephosphorylation, protein phosphatase 

2A (PP2A) appears to be the principal tau phosphatase in vivo (55); PP1, PP2B and 

PP2C are also capable of dephosphorylating tau in vitro (56, 57). Inhibition of tau 

kinases, as well as activation of tau phosphatase PP2A (58), have shown to be 

beneficial. However, unintended consequences for other proteins and harmful side 

effects are important concerns for these potential therapeutic strategies (59-61). 

2.2.1b O-GlcNAcylation 

In addition to phosphorylation, tau is also altered by a number of other post-

translational modifications. Modulation of O-linked β-N-acetyl glucosamination 

(O-GlcNAcylation) may alter both tau phosphorylation status as well as its 

aggregation, thus making it a viable target (62-64). Glycated tau has been shown to be 
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elevated in AD (65) and associated with high toxicity (66, 67). Tau N-glycosylation 

occurs in the hyperphosphorylated form, while the unmodified form can be O-

glycosylated. O-GlcNAcylation implies the addition of a sugar to Serine/Threonine 

amino acid residues modifying both nuclear and cytoplasmic proteins with 

dynamics similar to phosphorylation. In tauopathies, due to impaired intracellular 

transport and/or glucose metabolism, tau O-GlcNAcylation involves abnormal 

hyperphosphorylation of the protein(68). In addition, O-GlcNAcylation can suppress 

tau aggregation, thus the reduction in tau O-Glc-NAcylation observed in AD brains 

might contribute to the increased phosphorylation and aggregation of tau protein(68).  

2.2.1c Acetylation 

Acetylation of tau is emerging as an important post-translational modification 

relevant to both its physiological and pathological functions. Tau acetylation is 

mediated by cAMP-response element binding protein (CREB)-binding protein 

(CBP). Similar to phosphorylation, acetylation is associated with site-specific 

effects on tau that may be either toxic or protective, making its targeting complex. 

Inhibition of histone deacetylase 6 (HDAC6), an acetylation modifier, have shown 

to be both beneficial and detrimental as a therapeutic approach against tau 

aggregation (69-73).  

2.2.1d Nitration 

AD patients have increased tau nitration at Tyrosines 18, 29, 197, and 394. Nitration 

of these residues have been shown to significantly decrease the binding to 

microtubules and, depending on the nitration sites, can either promote or inhibit tau 
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aggregation. This modification may depend on the accumulation of oxidants and 

represent cerebral oxidative damage (74).  

2.2.1e Truncation  

Aberrant fragmentation of tau is also associated with increased formation of tau 

aggregates (75-77), making it an important potential mechanism for toxicity in 

disease. Truncation, occurs at several site-specific tau cleavages, including Glu391 

or Asp421 and may facilitate tau aberrant aggregation (78).  

Further research is needed to better understand the upstream modulators of tau 

aggregation and the efficacy and potential risks of targeting them in disease. 
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2.3 Tau aggregation  

In its native functional state, tau is an unfolded monomeric protein which plays an 

important role in stabilizing microtubules as well as in axonal transport. However, 

in the diseased state, tau is hyperphosphorylated and detached from microtubules 

due to its decreased affinity, thus resulting in self-aggregation through the 

hexapeptide motifs in the repeat domain (2, 79). Unfolded proteins tend to be in highly 

disorganized states and would become stable through aggregation (Fig. 3). 

Fig. 3. Schematic representation of the different stages of the formation of pathological tau 

aggregates(2). A. Abnormal disengagement of tau from the MTs and a concomitant increase in the 

cytosolic concentration of tau are likely to be the key events that lead to tau-mediated neurodegeneration. 

Direct causes of abnormal disengagement of tau from the MTs include an imbalance of tau kinases 

and/or phosphatases, mutations of the tau gene, covalent modification of tau causing and/or promoting 

misfolding, and possibly other causes such as other post-translational modifications. B. Conformational 

change of the monomer, perhaps with several possible abnormal conformations, initiates the aggregation 

process. Aggregation begins as soon as there is an association of two or more abnormal proteins or parts 

of proteins(3).  

A B 
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2.3.1 Insoluble and intracellular tau aggregates  

Once tau detaches from the microtubule, it acquires highly ordered β-sheet 

structures as it assembles into insoluble, hyperphosphorylated PHF as well as less 

frequent straight filaments that constitute NFTs in AD and related tauopathies. 

Hence, tau hyperphosphorylation is thought to be an early event in the cascade 

leading from soluble to insoluble tau protein, but evidence demonstrating that 

hyperphosphorylation is sufficient for filament formation is lacking. 

Hyperphosphorylation may promote aggregation of tau protein into abnormal 

filaments due to the negative charge imparted by phosphorylation, which 

neutralizes the basic charges of tau, thus facilitating intermolecular interaction and 

aggregation (80). An alternative explanation is that hyperphosphorylation detaches 

tau from microtubules, thus increasing the pool of unbound tau. Moreover, unbound 

and hyperphosphorylated tau may compete with microtubules for binding to normal 

tau and other microtubule associated proteins, thereby sequestering them and 

enhancing disassembly of microtubules (80). As compared to microtubule-bound tau, 

unbound tau may be more degradation-resistant and more likely to aggregate. 

Reduced proteolysis of hyperphosphorylated tau may also increase the pool of 

soluble tau available for formation of PHF. Thus, abnormal phosphorylation of tau 

may result in an increase in the total cellular pool of tau, and may change its 

solubility, thus negatively regulating stability of microtubules (81-83). 

2.3.2 Soluble and extracellular tau aggregates  

A growing body of evidence suggests that large metastable tau aggregates, 

including NFTs, are not causally linked to AD symptoms. Cell death and synaptic 
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lesions occur independently of NFTs formation in animal models (26, 27, 84-90). 

Furthermore, NFTs-containing neurons can survive for years in both human and 

mouse brain (91, 92). Synaptic dysfunction and neuronal loss precede or are 

independent of NFTs formation (93-98), suggesting that other soluble tau oligomeric 

species exert effects during the early stage of AD and other tauopathies (99, 100). 

Hence, the correlation between NFTs in the brains of AD patients with the disease 

progression remains contentious (91, 101-109).  

 In the last half decade, data emerging from biochemical, cell-based and 

transgenic mouse studies suggest that pre-filament forms of tau may be the most 

toxic and pathologically significant form of tau aggregates (90, 110). Analogous to 

other amyloid oligomers, tau oligomers have been shown to be neurotoxic when 

applied extracellularly to cultured neuronal cells and provoke an increase in 

intracellular calcium levels (111-113). Innovative work using animal models suggests 

that tau oligomers play a key role in eliciting neurodegeneration and behavioural 

impairments. These phenotypes are concurrent with accumulation of soluble 

aggregated tau species and dissociated from the accumulation of intracellular 

insoluble tau aggregates (90). Cell death occurred independently of NFTs formation 

in aged Htau mice expressing non-mutant human tau (26);  

Furthermore, hippocampal synapse loss, impaired synaptic function and 

microgliosis precede the formation of NFTs in the P301S mutant human tau 

transgenic mouse model (P301S Tg) (88). Tau oligomers were biochemically 

characterized in the JNPL3 mice expressing human tau with the P301L mutation, 

and the conditional model (rTg4510) expressing the same P301L human tau mutant; 

Surprisingly, the accumulation of oligomeric tau species correlated better with 

neuronal loss and behavioural deficits in these models, whereas NFTs did not. 
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These findings suggest that the accumulation of tau oligomers, behavioural deficits, 

and neuronal loss precede the formation of NFTs (84, 114). Moreover, tau oligomers 

were biochemically characterized in post-mortem human brains, and a correlation 

between disease progression and the accumulation of granular tau oligomers in the 

brains of AD patients was reported. In addition, increased levels of tau oligomers 

were detected in the frontal cortex at very early stages of the disease (Braak stage 

I), when clinical symptoms of AD and NFTs are believed to be absent.  

 Taken together, all the above recent findings suggest that an increase in tau 

oligomer levels occurs before NFTs formation and before the clinical manifestation 

of AD symptoms (96, 115). Therefore, the small, hydrophobic, soluble and dynamic 

tau aggregates are believed to be highly toxic in vitro and the cause of synaptic and 

mitochondrial dysfunction in vivo. Moreover, they are present intra- and 

extracellularly and are elevated in disease brains, playing a crucial role in neuronal 

cytopathology (86, 97, 116, 117).  

2.3.3 Tau Strains  

The concept of prion-like induction and spreading of pathogenic proteins has been 

proposed for many neurodegenerative diseases (118-120). Recently, researchers started 

to consider tau as well as other amyloid proteins, including fibrils of Aβ(121, 122) and 

α-synuclein (α-syn) (123) as “prion-like” in their characteristics due to their ability to 

template the misfolding and aggregation of native protein leading to the formation 

of distinct conformations that are known as strains. Therefore, within the same 

aggregation state, tau exhibits conformational differences that could exert diverse 

downstream effects (124, 125). 
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2.3.4 Prion-like spread of tau  

One of the greatest challenge and point of interest in neurodegenerative tauopathies 

is determining the mechanism behind the propagation of misfolded tau and the 

stereotypic spread of pathology from initial brain regions throughout the brain in a 

trans-synaptic pattern as disease progresses. Understanding how tau strains seed 

pathological forms of the protein that propagates to different brain regions is critical 

to devising a solution to stop the disease. Numerous studies have shown that tau is 

capable of seeding the spread of pathology throughout the brain (126-128). Studies in 

vivo show that tau conditionally expressed in the entorhinal cortex and injected tau 

aggregates can spread to synaptically connected brain regions (Fig. 4) (127-129). 

 

2.3.5 Mechanism of tau internalization 

Currently, there are very few insights into how tau aggregates are internalized. In 

the specific case of AD, NFTs progressively spread throughout the brain in an 

anatomically stereotypical manner. The first regions affected by NFTs are the 

hippocampus, the basal nucleus of Meyer and the brain stem (21, 130). Based on these 

Fig. 4 Schematic describing the prion-like spread of 

protein aggregates (1). 
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and several others studies, it has been postulated that tau proteins spread in a prion-

like mechanisms in the tauopathies (124, 126, 131). Intracerebral injections of brain 

extract from mice with a filamentous tau pathology (P301S mutation) induces the 

formation and spreading of silver-positive aggregates made of hyperphosphorylated 

tau in transgenic mice for human wild type tau (ALZ17 mouse model), 15 months 

post injection (126). Even more, they also observed endogenous tau aggregates and 

spread of pathology to neighbouring brain regions 12 months post injection with 

brain extract in wild type mice. 

2.3.5.a Macropinocytosis 

Macropinocytosis is an internalization mechanism that involves actin 

polymerization, ruffling the membrane so that it folds back on itself to internalize 

lipids, extracellular fluid, and receptors (132, 133). Macropinocytosis has been 

implicated in the internalization of tau fibrils (134). Heparan sulfate proteoglycan is 

a receptor that triggers macropinocytosis and has been associated with tau fibrils 

and trimers uptake (134-136). Macropinocytosis has been the favored mechanism for 

aggregates internalization due to the size of the internalized vesicle, which is larger 

than other forms of internalization. Nevertheless, caveolae- and clathrin-mediated 

endocytosis may still play critical roles in the uptake of smaller oligomeric tau, 

which has not been previously characterized. 

2.3.5.b Caveolae-mediated endocytosis 

Caveolae are membrane invaginations resulting from the assembly of caveolins, 

cavins, and other proteins(137). Caveolae have been suggested to play a role in 

mechanical stress protection and sensing due to their ability to flatten under tension 
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(137, 138). In addition, caveolae-mediated endocytosis is suggested to be stimulated 

by receptors or proteins that interact with glycosylphosphatidylinositol and has 

been implicated in the regulation of lipid composition (137, 139). Prion proteins have 

been shown to be internalized by caveolae-mediated endocytosis(139). However, 

other amyloid proteins have not been investigated. The vesicles that result from 

caveolae-mediated endocytosis are 50-100 nm in diameter (140). Due to the smaller 

size of oligomers, caveolae may play a role in oligomer internalization.  

2.3.5.c Clathrin-mediated endocytosis 

Clathrin-mediated endocytosis refers to a mechanism of internalization whereby a 

ligand is endocytosed with its receptor through an interaction of the receptor with 

clathrin and adaptors (141, 142). Clathrin assembles into 200 nm vesicles (143). 

Different clathrin molecules interact to form pentagons and hexagons creating a 

basket around the vesicle. Dynamin is required to separate the vesicle from the 

membrane (141). There is evidence that the ligand binding to the receptor can initiate 

clathrin assembly, but this may be cargo dependent, as low density lipoprotein 

receptor overexpression increased clathrin-mediated endocytosis while transferrin 

did not (142). Polymorphisms in clathrin adaptor protein have been associated with 

the presence of PHF-tau and increased risk for developing AD (144). 
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3. Therapeutics targeting tau aggregates 

The strong body of evidence supports the important role of tau in neurodegenerative 

diseases (2, 14) as a potential target for the development of disease modifying 

therapeutics. The ability of aggregating proteins to spread and multiply makes 

treatment difficult and highlights the need to diagnose these disorders earlier and 

more effectively in order to begin treatment prior to the initiation of the massive 

spread of pathology(145, 146). While tau is an intracellularly expressed protein, the 

recent evidence for the presence of extracellular tau aggregates and their importance 

in the spread suggests that extracellular treatments may be equally important in 

disease prevention. Targeting extracellular tau aggregates in later disease stages 

may be of even greater importance to halt the extension of damage. Moreover, 

environmental conditions in the extracellular space may increase the aggregation 

potential of tau (147-150). Thus, strategies targeting the extracellular aggregates 

responsible for the spread of disease are one of the most promising techniques 

against tauopathies (Fig. 5).  

 

 

 

 

 

 

Therapeutic approaches targeting tau include: interference with the splicing 

machinery to decrease the four-repeat tau isoforms; activation of proteolytic or 

proteasomal degradation pathways; prevention/reduction of tau 

Fig. 5 Schematic representing therapeutic approach targeting tau. 
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hyperphosphorylation using inhibitors of tau kinases; pharmacological stabilization 

of microtubule networks; tau-directed immunotherapy and inhibition of tau 

aggregation by small molecules. 

3.1 Inhibition of tau hyperphosphorylation 

This therapeutic approach to treat AD was first introduced in 1998 (151). A kinase 

inhibitor was shown to reduce tau hyperphosphorylation as well as the formation of 

soluble aggregated tau and to prevent motor deficits in mice expressing mutant 

human tau (152). However, a major drawback of targeting kinases is the inhibition of 

the normal physiological functions of these common enzymes and the consequent 

side effects. 

3.2 Activation of proteolytic or degradation pathway  

Tau was found to be sensitive to calpain proteolysis (153). Recently, puromycin-

sensitive aminopeptidase (PSA), which was identified by a genetic screen as a 

modifier of tau pathology (154), was  shown to be effective in degrading both 

recombinant and PHF tau purified from AD brain. 

3.3 Stabilization of microtubules  

Microtubule-binding drugs could be beneficial in treating tauopathies by 

functionally substituting the MT-binding protein tau (155). Paclitaxel, a drug known 

to bind and stabilize microtubules, was tested in transgenic mice and showed to be 

effective in restoring axonal transport and ameliorating motor impairments (155). 
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3.4 Tau clearance by immunotherapy 

Immunotherapy approaches designed to specifically eliminate the most toxic 

protein aggregate are a promising mode of treatment for neurodegenerative diseases 

(156, 157). Immunotherapy may be divided into active immunization in which the 

antigen of interest is isolated and administered to activate the immune system to 

create its own antibodies against the toxin, and passive immunization in which 

antibodies are developed and administered to patients to fight the antigen of 

interest(158, 159). While both strategies hold merit, initial active immunotherapy 

against Aβ caused encephalitis, forcing clinical trials to be halted, suggesting that 

similar strategies for tau protein should be approached with caution and careful 

evaluation of potential autoimmune effects (160-163). Indeed, pre-clinical studies have 

found that active tau immunization induces dangerous levels of inflammation (164, 

165). Therefore, passive immunotherapy may be an effective, safer alternative 

approach; thus, a number of researchers are involved in this rapidly advancing field 

(166-169).  

Passive immunotherapy against tau in the triple transgenic AD mouse 

model, expressing mutated APP and tau, led to cognitive benefits through lowering 

both total and hyperphosphorylated tau, even though it did not decrease levels of 

toxic Aβ (170). As promising as these results are, conflicting studies showing 

negative effects in AD models with the lowering of total tau have been seen (171).  

As tau oligomers are likely the toxic form of tau in disease and may be 

responsible for the spread of pathology from one brain region to another (84, 117, 172-

175), the efficacy of immunization has been evaluated, using a tau oligomer-specific 

antibody, in two different tau transgenic mouse models and it was found to 
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significantly reduce behavioural deficits without effects on levels of either tau 

monomer or NFTs (176).  

However, studies, that found massively detrimental effects with targeting 

total tau in an APP overexpressing mouse, highlighted the importance of testing tau 

immunotherapy in additional animal models, not only in tau transgenic mice (177). 

Moreover, even successful immunotherapeutic approaches against tau in AD mouse 

models were previously only able to reduce levels of tau, but were ineffective 

against Aβ (170, 178). Crucially, studies from our lab found that targeting tau 

oligomers in Tg2576 mice overexpressing mutated APP resulted in protection 

against memory deficits without evidence of side effects or inflammation (179). 

Treatment with tau oligomer-specific antibody not only lowered levels of tau 

oligomers, but also led to a decrease in the toxic aggregate, Aβ*56 (179) which has 

been shown to be present early in AD and correlates with tau toxicity and may play 

a role in synaptic dysfunction (180-182). The ability of a tau oligomer-specific 

antibody to mediate toxicity from Aβ as well suggests that passive immunotherapy 

against oligomeric tau may be able to reduce toxicity in mixed pathology diseases 

(183) more effectively than targeting proteins that aggregate upstream of tau alone, 

such as Aβ and α-syn(179, 184). We have previously shown that oligomers 

specifically, but not fibrils, are capable of cross-seeding between different 

amyloidogenic proteins and that tau and α-syn may co-aggregate in disease (116, 185-

187). Therefore, depleting tau oligomers may disrupt amyloid structures formed from 

multiple proteins (179, 188). 
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3.5 Inhibition of tau aggregation by small molecules 

An alternative and potential approach to the above therapeutic strategies is the use 

of small molecules that affect tau aggregation pathways and consequently, its 

toxicity (189-191). Small molecule compounds can easily cross the blood-brain barrier 

(BBB) due to their low molecular weight (192, 193). Furthermore, they can be 

modified chemically to increase their binding affinity as well as the solubility and 

bioavailability. In addition, small molecule inhibitors can be developed to target 

any molecules regardless of their cellular location since they can pass through the 

membrane targeting both extracellular and intracellular tau oligomeric species(192, 

194-196). 

Beneficial therapeutic effects of small molecules can include modulation of 

amyloidogenic protein production (197, 198), modulation of tau oligomeric species by 

reversing misfolding, binding intermediates, inhibition of the formation of toxic 

amyloid oligomers or stimulation of the formation of non-toxic oligomers (199-202) 

or stable non-toxic tau fibrils (183, 203), anti-inflammatory effects (204) and antioxidant 

properties (204-206), among others (207, 208). The last decade has witnessed a 

renaissance of interest in inhibitors of tau aggregation as potential disease-

modifying drugs. The search for non-toxic inhibitors of tau aggregation capable of 

crossing the BBB was performed using a high throughput screen, which resulted in 

the identification of more than 139 hits (209, 210).  

Several small molecules have been demonstrated to affect and interact with 

tau through the disruption of π-stacking such as polyphenols including natural 

occurring compounds such as Curcumin, (-) – Epigallocatechin Gallate (EGCG) 

and Resveratrol, which is extracted from grape seeds and showed attenuation of tau 
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pathology in AD animal models (189, 203, 209, 211-221). In addition, a number of synthetic 

small molecules have also been designed to inhibit tau aggregation and toxic 

outcomes (222, 223). Synthetic small molecules which have been found to inhibit tau 

aggregation include anthraquinones (e.g. Daunorubicin) and phenothiazines (e.g. 

Methylene Blue, MB) (209, 224-226). In vivo studies show that methylene blue 

decreases tau pathology and toxic effects in mice and C. Elegans (227, 228); However, 

some conflicting results have been seen (229), which  may be due to its pleiotropic 

nature(230). MB is also the first tau aggregation inhibitor (TAI) found, known also 

as methylthionium chloride. Phase III clinical trials of its reduced form, LMTX, 

show increased absorption compared to MB and is still ongoing (224, 231). Methylene 

blue has been shown also to inhibit the aggregation not only of tau but also of other 

amyloidogenic proteins including TDP-43, α-syn and Aβ (232). 

Therefore, small molecules may represent a viable treatment for a number 

of neurodegenerative disorders associated with aggregated tau and other amyloid 

proteins. However, further investigation is needed in order to confirm that 

approaches do not inhibit fibril formation at the cost of stabilizing the toxic 

oligomer, as in a number of cases (233). Alternative approaches that have been used 

in the Aβ field in which fibrillization is accelerated may also be effective (234). 

Additionally, combination approaches using both aggregation inhibitors and 

passive immunotherapy targeting toxic proteins for degradation may be more 

effective than either approach alone.  



 
 

 

28 
 

4. Specific aims 

The research project presented here is aimed at testing the hypothesis that small 

molecules can be used to target and modulate tau oligomeric strains aggregation 

pathways, neutralizing their toxicity and affecting their internalization to prevent or 

slow the progression of the pathology (Fig. 6).  

 

To address the central hypothesis, two specific aims were pursued utilizing novel, 

highly specialized reagents and assays 1) novel curcumin derived small molecules, 

2) methods developed to prepare homogeneous population of both wild type and 

mutated recombinant tau oligomers and brain-derived tau oligomers (BDTOs), 3) 

optimized biochemical assays adapted from the prion field to tau aggregation, 4) 

primary cortical neurons from human tau (Htau), and control mice to evaluate the 

toxicity and the uptake of tau oligomers, and 5) a panel of Tau Oligomer 

conformation specific Monoclonal Antibodies (TOMA). These innovations 

  

Fig. 6 Flowchart describing the hypothetical model for the formation of tau 

oligomers and the steps for developing curcumin derivative active compounds. 

Tau monomer misfolding leads to the formation of conformationally distinct 

misfolded monomers that aggregate into different oligomers. Toxic tau 

oligomers can be targeted and modulated by active compounds inhibiting 

oligomers toxicity and internalization thus preventing further aggregation of 

tau and progression of tau pathology. 
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enabled the testing of the central hypothesis that “tau forms conformationally 

distinct toxic oligomeric strains that can be specifically targeted and modulated by 

small molecules”.  

Therefore, in this study I followed an alternative approach to evaluate the 

potency of small molecules in targeting and modulating pathological tau 

aggregates. Using different preformed recombinant tau oligomer preparations, I 

screened a large group of commercially available compounds, known to inhibit the 

aggregation and alter the misfolding of other amyloidogenic proteins, as well as 

novel synthesized curcumin derivatives. I tested and evaluated the ability and 

potency of Azure C (AC) (6.1) and Curcumin derivatives (7.) to interact and alter 

tau aggregation pathways using different recombinant tau oligomer preparations.  

In addition, I tested the leading compounds using disease relevant brain-derived 

tau oligomeric strains from different tauopathies (7.3).  

Our lab has established the isolation of BDTOs (172, 235) to directly test 

whether tau oligomers form conformationally distinct strains that depend upon 

individual and/or disease difference. One of the most common determinants of 

strain differences in the prion field is the stability of the protein core following 

exposure to Proteinase K (PK) (236, 237). Recent studies demonstrated that aggregated 

tau exhibits variable protease stability similar to prions (125). Moreover, to better 

characterize tau oligomers and develop potential immunotherapies against them, 

we developed novel tau oligomer monoclonal antibodies, TOMA clones. Four 

clones that exhibit the best affinity and specificity against tau oligomers were 

sequenced and produced in large quantities using stable cell lines: clone H12C10-

IgG2a (H12)(99), clone B3H5-IgG1 (H5), clone B3E7-IgG1 (E7), and clone D9F1-

IgG1 (D9). We evaluated their binding preference for tau oligomers purified from 
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different tauopathies. Like the polyclonal antisera T22, novel TOMA clones and 

sequence specific tau antibodies, were used to characterize BDTOs by dot blot 

assay as well as direct ELISA (Fig. 7 A-B) (99, 238).  

Therefore, using methods from the prion field, we found that tau oligomers 

purified from different disorders exhibit different aggregate compositions under 

atomic force microscopy (AFM) (Fig. 7 C) and specific PK digestion patterns (Fig. 

7 D), indicating that tau oligomers purified from different disorders form structurally 

distinct strains.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7. Brain-derived tau oligomers from different tauopathies were 

assessed by TOMA clones in dot blot (A) and ELISA (B), showing each 

TOMA clone detects different level of tau oligomers based on the disease. 

(C) BDTOs were characterized by AFM showing different morphologies. 

(D) BDTOs treated with K and evaluated by Western blot probed with 

anti-tau antibody Tau13, revealing different patterns of fragmentation. 

(Gerson et al., under review) 
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5. Materials and methods  

Preparation of Tau Oligomers   

Recombinant tau protein (tau-441 (2N4R) MW 45.9 kDa) was expressed and 

purified as described (239, 240). The tau pellet was treated with 8M urea followed by 

overnight dialysis against 1X phosphate-buffered saline (PBS) pH 7.4. Tau 

concentration was measured using bicinchoninic acid protein assay (Micro BCA 

kit, Pierce) and normalized to 1 mg/ml by adding 1X PBS. Aliquots of tau monomer 

in PBS were stored at -20°C Each 300 µl of tau stock (0.3 mg) was added to 700 µl 

of 1X PBS and incubated for 1 hour on an orbital shaker at room temperature. After 

shaking, the resulting tau oligomers were purified by fast protein liquid 

chromatography (FPLC, Superdex 200HR 10/30 column, Amersham Biosciences). 

Preparation of Tau Oligomers in presence of Small Molecules 

100 μl of tau oligomers (1µg/μl) were incubated with Azure C (final concentrations 

0.05 — 10μM). AC (Sigma CAS 5321-57-7) and Resveratrol (Sigma CAS 501-36-

0) were dissolved in ETOH 75%/DMSO (5:1) at a final concentration of 50 mM 

and diluted in 1X PBS or ddH2O for incubation or toxicity assay. Tau oligomers 

and BDTOs were incubated with Curcumin (Sigma CAS 458-37-7) and Curcumin 

derivatives (1:5) and were dissolved in EtOH 75% at the final concentration of 5 

mM and diluted in 1X PBS or ddH2O either for incubation or toxicity assays. Tau 

oligomers in the presence of the small molecules and controls were incubated on an 

orbital shaker, without stirring, for 16 hours under oligomerization conditions. 
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Western Blotting  

3 µg of each sample were resolved on a pre-cast NuPAGE 4-12% Bis-Tris Gels for 

SDS-PAGE (Invitrogen) and transferred to nitrocellulose membranes. Then 

membranes were blocked with 10% nonfat milk in Tris-buffered saline with very 

low tween 0.01% (TBS-T) overnight at 4°C. Next day, membranes were probed 

with T22 (1:250) for tau oligomers and Tau 5 (1:10000) for total tau, diluted in 5% 

nonfat milk for 1 hour at RT. Membranes were then incubated with horseradish 

peroxidase-conjugated IgG anti-rabbit (1:10000) and anti-mouse (1:10000) 

secondary antibodies to detect, T22 and Tau 5, respectively. ECL plus (GE 

Healthcare) was used for signal detection.  

Reducing condition: Tau oligomers were reduced using 1mM DTT for 30 min at 

37°C 64. Densitometric analysis of each band was quantified using Image J and 

analyzed by Student’s T-test or two-way ANOVA. 

Direct ELISA  

ELISA assay was conducted as previously described(241). Briefly, 96 well plates 

(Nunc immobilizer, amino modules, Thermo Fisher Scientific Waltham, MA) were 

previously coated with 1.5 μl of tau oligomers in the presence or absence of Azure 

C using 50 μl of 1X PBS, pH 7.4, as coating buffer. After washing three times with 

TBS-T, plates were blocked for 1 hour at 37°C with 120 µl of 10% non-fat milk in 

TBS-T. Plates were then washed three times with TBS-T, and probed with 100 μl 

of primary antibodies for 1 hour at 37°C, T22 (diluted 1:250 in 5% non-fat milk in 

TBS-T) and Tau 5 (diluted 1:10000 in 5% non-fat milk in TBS-T). Plates were then 

washed three times with TBS-T, and incubated with 100 μl of horseradish 

peroxidase-conjugated anti-rabbit or anti-mouse IgG (Promega, Madison, WI), 
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diluted 1:10000 in 5% non-fat milk in TBS-T, for 1 hour at 37°C. Plates were 

washed three times with TBS-T and developed with 3, 3, 5, 5-tetramethylbenzidine 

(TMB-1component substrate, KPL, Gaithersburg, MD). The reaction was stopped 

using 100 μl of 1M HCl and absorbance was read at 450 nm using POLARstar 

OMEGA plate reader. All experiments were performed in triplicate. 

Bis ANS and Thioflavin T (ThT) Fluorescence   

Samples were prepared by adding 2 µl of protein (0.3-0.5 µg/µl) and 248 µl of 10 

µM bis-ANS (4,4’ dianilino- 1,1’ binaphthyl-5, 5’ disulfonic acid, dipotassium 

salt), prepared in 100 mM glycine-NaOH buffer (pH 7.4), in a clear bottom 96-well 

black plate. Each experiment was performed in triplicate. The bis-ANS 

fluorescence intensity was measured at an emission wavelength of 520 nm upon 

excitation at 380 nm. For the ThT assay, samples were prepared using 2 µl of 

protein (0.3-0.5 µg/µl) and 248 µl of 5 µM ThT, dissolved in 50 mM glycine-NaOH 

buffer (pH 8.5). Each experiment was performed in triplicate. ThT fluorescence 

intensity was recorded at an emission wavelength of 490 nm upon excitation at 440 

nm using a POLARstar OMEGA plate reader (BMG Labtechnologies). 

Fluorescence spectra of the following solutions were measured as negative controls 

for both dyes (bis-ANS and ThT): dye alone, dye + vehicle. In addition, 

fluorescence spectra of dye + AC, and dye + RS were measured to avoid any false 

positive readings due to the intrinsic fluorescent properties of AC and RS. Each 

reading was corrected for the corresponding background fluorescence. 

Atomic Force Microscopy  

Tau oligomers were characterized by AFM as previously described(241). Briefly, 
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samples were prepared by adding 10 µl tau oligomers in the absence or presence of 

AC on freshly-cleaved mica and were allowed to adsorb to the surface. Mica were 

then washed three times with distilled water to remove unbound protein and 

impurities followed by air-drying. Samples were then imaged with Multimode 8 

AFM machine (Veeco, CA) using a non-contact tapping method (ScanAsyst-Air). 

Dot Blot 

Dot blot assay to detect tau oligomers in the absence or presence of small molecules 

was performed as previously described (241), to detect tau oligomers in the absence 

and presence of small molecules. Briefly, 1.5 l of each end-product reaction was 

applied onto nitrocellulose membranes and then blocked with 10% nonfat milk in 

TBS-T overnight at 4°C. Next day, membranes were probed with T22 (1:250) for 

immunoreactivity with tau oligomers and Tau 5 (1:10000) for total tau, diluted in 

5% nonfat milk for 1 hour at RT. Membranes were then washed three time with 

TBS-T and incubated with horseradish peroxidase-conjugated IgG anti-rabbit 

(1:10000) and anti-mouse (1:10000) secondary antibodies to detect, T22 and Tau 

5, respectively. Blots were then washed three times in TBS-T and ECL plus (GE 

Healthcare) was used for signal detection.  

Densitometric analysis of each band was quantified using Image J and analyzed by 

two-way ANOVA followed by Dunnett’s multiple comparisons test, performed 

using GraphPad Prism 6.01. 

Filter Trap Assay  

Filter Trap assay was performed using Bio-Dot® SF Microfiltration Apparatus 

(Bio-Rad), following established protocols (242-244). Briefly, 1 g of each end-
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product reaction was applied onto nitrocellulose membranes, previously pre-wetted 

with TBS-T, through the use of a vacuum based bio-slot apparatus. Membranes 

were then blocked with 10% nonfat milk in TBS-T overnight at 4°C. Next day, 

membranes were probed with the oligomer-specific tau antibody, T22 (1:250) and 

total tau antibody, Tau 5 (1:10000) diluted in 5% nonfat milk for 1 hour at RT. 

Membranes were then washed three time with TBS-T and incubated with 

horseradish peroxidase-conjugated IgG anti-rabbit (1:10000) and anti-mouse 

(1:10000) secondary antibodies to detect, T22 and Tau 5, respectively. Membranes 

were washed three time in TBS-T and ECL plus (GE Healthcare) was used for 

signal detection.  

Densitometric analysis of each band was quantified using Image J and analyzed by 

two-way ANOVA followed by Dunnett’s multiple comparisons test, performed 

using GraphPad Prism 6.01. 

MTT  

Human neuroblastoma SH-SY5Y cells were maintained in Dulbecco`s modified 

Eagle’s medium (DMEM) and grown to confluence in 96-well plates. Cells 

(≈10,000 cells /well) were treated both with 2.0 µM tau oligomers and 2.0 µM tau 

oligomers pre-incubated with 5µM of Azure C (AC). Cells viability was corrected 

by the vehicle background. All measurements were performed in triplicate. The 

cytotoxic effect was determined using 3-(4, 5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) assay for assessing cell viability following 

manufacturer’s instructions. Optical density (OD) was measured at 490 nm with 

POLARstar OMEGA plate reader (BMG Labtechnologies). Cell viability was 

calculated as the percentage of the OD value of treated cells compared with 

http://en.wikipedia.org/wiki/Di-
http://en.wikipedia.org/wiki/Di-
http://en.wikipedia.org/wiki/Thiazole
http://en.wikipedia.org/wiki/Phenyl
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untreated controls, according to the following equation: Viability= (OD 

SAMPLE/OD CONTROL) x 100. Statistical analysis was based on one-way 

analysis of variance (ANOVA), performed using GraphPad Prism 6.01. 

Immunofluorescence 

Human neuroblastoma SH-SY5Y cells were maintained in Dulbecco`s modified 

Eagle’s medium (DMEM) and grown to confluence using poli-L-lysine coated 

coverslip in 24-well plates. Cells (≈20,000 cells /well) were treated for 1 hour with 

0.5 µM tau oligomers and 0.5 µM tau oligomers incubated with 5µM of Azure C 

(AC). Cells were fixed in chilled methanol followed by permeabilization in 0.5% 

Triton-X 100 diluted in 1X PBS for 10 min. After washing in 1X PBS for 10 min, 

cells were blocked in goat serum for 1 hour and incubated in Tau 5 (1:500) 

overnight. The next day, cells were washed three times with 1X PBS and then 

incubated with goat anti-mouse IgM Alexa-568 (1:700, Invitrogen) for 1 hour. After 

washing three times with PBS (10 min each), cells were then stained with DAPI 

(Vector Laboratories) and mounted using Vectashield mounting medium 

(Fluoromount-4',6-diamidino-2-phenylindole). Cells were imaged with an 

epifluorescence microscope (Nikon Eclipse 800) using standard Nikon FITC and 

DAPI filters. Images were analyzed with ImageJ and analyzed by Student’s T test, 

performed using GraphPad Prism 6.01. 

Isolation of BDTOs 

Oligomeric tau strains were isolated from brain extract by immunoprecipitation (172, 

245). Tosyl-activated magnetic Dynabeads (Dynal Biotech) were coated with 20μg 

of anti-tau oligomer-specific polyclonal antibody T22, diluted in 0.1 M of borate, 
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pH 9.5 overnight at 37°C. Next, the beads were washed in 0.1% Bovine serum 

albumin in 0.2 M Tris-HCl, pH 8.5 and then incubated with brain homogenates with 

rotation at room temperature for 1 hour. Then beads are washed three time in 1X 

PBS, pH 7.4and eluted using 0.1 M glycine, pH 2.8. Next, pH was adjusted using 1 

M Tris-HCl, pH 8.0 and fractions were then centrifuged in a microcon centrifugal 

filter device, 25 kDa molecular weight cut-off (Millipore) at 14,000 xg for 25min 

at 4°C. Tau concentration was measured using bicinchoninic acid protein assay 

(Micro BCA kit, Pierce) 

Characterization of brain-derived oligomers  

Immunoprecipitated tau oligomers were characterized using various biochemical 

methods as previously described (172, 245). AFM was performed to visualize the 

morphologies of oligomeric assemblies of isolated proteins. Isolated oligomers 

(5μL) were injected into an LC-6AD Shimadzu HPLC system fitted with a TSK-

GEL G3000 SWXL (30 cm × 7.8 mm) column, Supelco-808541 to determine the 

size of the isolated oligomers. PBS (pH 7.4) was used as the mobile phase with a 

flow rate of 0.5 mL/min. A gel filtration standard (Bio-Rad 51-1901) was used for 

calibrations. Samples (0.8-1 µg) were also tested for their comparative bis-ANS and 

ThT binding. 

Proteinase K digestion 

In an Eppendorf tube, molecular grade water, Tris HCl and sodium chloride were 

added so that the final concentrations for these two buffers became 100 mM and 5 

mM, respectively in the entire solution volume. Next tau oligomeric species were 

added and mixed. Lastly, the PK enzyme was added (final concentration 1µg/ml). 
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Then, the sample tubes were incubated at 37°C for 1 h. The enzymatic reaction was 

stopped by adding 1 X sample buffer. Samples were then ready to be loaded in the 

SDS-PAGE gel for electrophoresis or stored at -80°C. 

Primary Cortical Neurons: 

Primary cortical neurons from transgenic mice expressing human full-length tau 

were isolated from embryos at embryonic day 16-18. Neuronal cells were then 

cultured in Neurobasal medium supplemented with 2% B27 and l-glutamine at 5 × 

106 cells/ml. Neurons for toxicity and viability assays were plated at 30 × 104 

cells/well in 96-well plates. Cells were grown for 10-12 days in vitro before 

experiments and media changes were performed every 3 days. On day 10, neuronal 

cultures were treated with 0.5μM BDTOs alone and in the presence of Curcumin 

derivative (at final concentration 2.5μM) for two hours. The viability assay was 

performed as previously mentioned (MTT). 

Statistical Analysis:  

All densitometry results are quantified using ImageJ and presented as the mean and 

standard deviations of all the determinations performed. T22 signal was normalized 

to the generic tau antibody, Tau 5. Data were analyzed by Student’s T test and two-

way analysis of variance (ANOVA) followed by Dunnett’s multiple comparison 

test. The criterion for statistical significance was P < 0.05 using GraphPad Prism 

software 6.01. Each experiment was performed in triplicate (n=3). 
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6. Screening commercially available compounds 

6.1 Azure C Binds and Modulates Toxic Tau Oligomer  

Synthetic small molecules have been found to inhibit tau aggregation including 

phenothiazines (e.g. Methylene Blue, MB) (209, 224-226). MB is the first tau 

aggregation inhibitor (TAI) found and is also known as methylthionium chloride. 

Phase III clinical trials of its reduced form, LMTX, that shows increased absorption 

compared to MB, are still ongoing (224, 231). It has been previously shown that MB 

and its mono- and di-N-demethylated derivatives, Azure A and Azure B, 

respectively, inhibit tau aggregation directly through a reduction/oxidation 

mechanism of tau cysteine residues(246, 247). MB has also been shown to affect tau 

aggregation through inhibiting the molecular chaperone hsp70 (248). In vivo studies 

show that MB decreases tau pathology and toxic effects in mice and C. Elegans(227, 

228). However, there has been some conflicting results, may be due to tau’s 

pleiotropic nature (229, 230). MB has been shown to inhibit the aggregation not only 

of tau but also of other amyloidogenic proteins including TDP-43, alpha-synuclein 

and Aβ (232). Another dye, belonging to the family of the phenothiazine as well as 

methylene blue, is Azure C (AC).  

AC has previously been found to modulate hsp70 ATPase activity, consequently 

leading to the clearance of tau (249). AC has also been shown to interact with and 

inhibit Aβ42 oligomerization without inhibiting Aβ42 fibrilization (250).  

I investigated and evaluated the ability of AC to target and modulate oligomeric tau 

aggregation pathways  
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6.2 Results and discussion 

Highly purified tau oligomers (TauO) were incubated with AC at substoichiometric 

concentrations (final concentrations 0.05-10 µM). Reactions were conducted at 

room temperature on an orbital shaker, without stirring, for 16 hours under 

oligomerization conditions as described in the schematic (Fig. 8 A) Tau oligomers 

in the absence of AC were used as control. 

Each reaction was assessed using the oligomer-specific antibody, T22, that reacts 

specifically with tau oligomers and not monomeric or fibrillar tau. T22 

immunoreactivity was evaluated by direct enzyme linked immunosorbent assay 

(ELISA) and dot blot (Fig. 8 B-D). The half-maximal activity concentration AC50 

was determined from dose-response curves (Fig. 8 B-F). Incubation of TauO with 

5 μM AC resulted in a significant decrease in TauO levels (Fig. 8 B-D), confirmed 

also by filter trap analysis (Fig. 8 E-F).  

Based on these results, tau oligomers were incubated in the absence or presence of 

5 μM AC under oligomerization conditions for the further experiments. To confirm 

the effect of AC incubation on TauO, western blot analysis was performed using 

the anti-oligomeric specific tau antibody, T22, and the total tau antibody, Tau 5 

(Fig. 9 A-C). The data showed significant reduction of T22 immunoreactivity in 

the presence of AC compared to the untreated control. Direct ELISA confirmed the  
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significant effects of 5 µM AC on TauO levels at micromolar concentrations (Fig. 

9 D). MB and its derivatives, Azure A and B, have been shown to act through a 

reduction/oxidation mechanism (246). Western blot analysis of tau oligomers treated 

with AC under reducing conditions revealed that they were identical to the ones 

Fig. 8 Biochemical analyses of oligomeric tau after incubation substoichiometric 

concentrations of AC. (A) Schematic describing the general approach used to treat preformed 

tau oligomers with AC. The reactions were conducted at room temperature on an orbital shaker 

under oligomerization conditions. (B) Direct ELISA shows that tau oligomer levels decrease 

in the presence of micromolar concentration of AC. Tau oligomers decrease significantly in the 

presence of 5 μM AC. (C-D) Dot blot analysis of TauO in the presence of increasing 

substoichiometric concentrations (0.05-10 μM) of AC probed with T22, Tau 5, or secondary 

antibodies alone. Data show that incubation with AC decreases tau oligomer levels in a 

concentration-dependent manner as seen by the reduced T22 immunoreactivity compared to 

control. Statistics are based on three independent assays. (E-F) Filter trap analysis of TauO in 

the presence of increasing substoichiometric concentrations (0.05-10 μM) of AC probed with 

T22, Tau 5, or secondary antibodies alone. Tau oligomer levels are significantly decreased with 

AC (2.5-10 μM) compared to the untreated tau oligomers, while there is no differences in total 

tau levels. Statistics are based on three independent assays, where each sample was loaded in 

duplicate. Bars and error bars represent means and standard deviations, respectively (*p<0.05; 

**p<0.01; ***p<0.001; ****p<0.0001).  
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probed using non-reducing conditions (Fig. 9 F), which indicate that AC does not 

act through this mechanism. Dialysis was performed for 1, 6 , and 24 hours using 

spectrum dialysis devices with 1000 Da MW cut off, to remove AC. Western blot 

analysis of dialyzed samples show no changes as compared to the undialyzed 

samples (Fig. 9 G).  

 

 

Fig. 9 Biochemical analyses of oligomeric tau incubated with 5 μM 

AC. (A-C) Western blot analysis: lanes 1 and 2 tau oligomers (TauO); 

lanes 3 and 4 tau oligomers incubated with 5 µM AC (TauO+AC) probed 

with oligomeric and total tau antibodies, T22 and Tau 5, respectively. 

(B) Results show decreased levels of tau oligomers (75-250 kDa) in the 

presence of AC, compared to TauO alone control. (C) T22 signal 

normalized using the generic Tau 5 antibody. (D-E) ELISA analysis of 

oligomeric tau using T22 and Tau 5 antibodies. In the presence of 5 µM 

AC, tau oligomers levels decreased significantly. (F) Western blot 

analysis of samples under reducing conditions show no differences 

suggesting that AC effects are independent of tau oxidation/ reduction. 

(G) Western blot analysis show no changes in the samples after 24 hours 

of dialysis to remove AC. Bars and error bars represent means and 

standard deviations, respectively (*p<0.05; **p<0.01; ***p<0.001).  
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Atomic force microscopy (AFM) was performed to characterize the aggregation 

state of the end product of each reaction and assess their nature. Tau oligomeric 

structures images displayed a homogeneous spherical morphology in absence of 

AC (Fig. 10 A-B) while in the presence of AC (Fig. 10 C-D), I observed the 

tendency of tau oligomers to form and assemble into clusters of aggregates.  

These data are consistent with the 4,4’ dianilino- 1,1’ binaphthyl-5, 5’ disulfonic 

acid, dipotassium salt (bis-ANS) and Thioflavin T (ThT) fluorescence assays that 

Fig. 10 Biophysical analyses of oligomeric tau in absence or presence of AC. (A-

D) Atomic Force Microscopy images of TauO (A-B) and TauO incubated with 5 

μM AC (C-D). AFM images show the ability of AC to form clusters of non-toxic 

tau aggregates. Scale bars = 100 nm. (E-F) Tau oligomers alone or in the presence 

of 5 μM AC were assessed by bis-ANS and Thioflavin T spectroscopy. Hydrophobic 

oligomers showed reduced binding with bis-ANS (E) in the presence of AC as 

compared to oligomers alone. Thioflavin T spectroscopy analysis (F) show no 

presence of fibrils formation after incubation with AC. (G-H) Time course analyses 

of bis-ANS (G) and Thioflavin T (H). No significant changes were observed after 

16 hours of incubation, therefore all experiments were performed at 16 hours 

incubation. Bars and error bars represent means and standard deviations, 

respectively (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001). 
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showed decreased binding of hydrophobic oligomers with bis-ANS as well as the 

absence of fibril formation with AC incubation, respectively (Fig. 10 E-F).  

Initially, both assays were carried out for 48 hours with measurements being 

recorded at 4, 8, 16, 24, 36 and 48 hours (Fig. 10 G-H). Since no significant changes 

were observed after 16 hours of incubation, all further experiments were ended at 

16 hours. Moreover, to account for any intrinsic AC fluorescence in the bis-ANS 

and ThT measurements, negative as well as positive controls were used and 

readings were corrected for the background fluorescence.  

Taken together, these results suggest that AC decreases the levels of tau oligomers 

promoting the formation of clusters of tau aggregates.  

To evaluate the toxicity of these tau aggregated species resulting from co-

incubation of TauO with AC, I used the human neuroblastoma cell line SH-SY5Y. 

My lab has been extensively shown the toxicity of recombinant tau oligomers as 

well as brain-derived tau oligomers from different tauopathies on cultured SH-

SY5Y cells compared to fibrillar and monomeric tau (97, 116, 238, 245, 251).  

Cells were exposed to tau oligomers alone and in the presence of AC (Fig 11). SH-

SY5Y cell viability significant decreased after treatment with TauO alone, while 

the presence of AC (final concentration 5 μM) reduced their toxicity as shown by 

the higher level of cell viability using MTT assay (Fig. 11 A).  
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Cells were also evaluated for morphological differences (Fig. 11 B-D), showing 

cell shrinkage and loss of their processes after treatment with tau oligomers alone, 

compared to either the untreated control or to cells exposed to tau oligomers in the 

presence of AC. 

 

Epifluorescence images of human SH-SY5Y neuroblastoma cells, after treatment 

with sub-lethal concentration (0.5µM) of tau oligomers in the absence and presence 

of AC (Fig. 12 A), showed a significant reduction of percentage of Tau 5-

immunoreactivity as compared to the cells given TauO alone, revealing a 

consequent reduction of tau oligomers uptake (Fig. 12 B). Furthermore, the analysis 

of integrated density showed a significant increase in cells treated with TauO+AC 

(white arrows) as compared to the ones given TauO, demonstrating that the  

Fig. 11 SH-SY5Y neuroblastoma cells viability.  
(A) SH-SY5Y human neuroblastoma cells viability after exposure to 2 µM tau 

oligomers, or 2 µM tau oligomers with 5 µM AC. Untreated cells were used as 

control (Ctrl). Treatment of SH-SY5Y cells with TauO+AC had significantly 

higher cell viability compared to TauO alone. Cell viability was calculated as a 

percentage of the untreated control. Each treatment was performed in triplicate (n 

= 3). Bars and error bars represent means and standard deviations, respectively 

(****p<0.0001). (B-D) Untreated SH-SY5Y cells (B) were compared to cells 

treated for 24 hours with TauO alone (C) or TauO in the presence of AC (D) and 
evaluated for morphological changes. Scale bar =20 µm  
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incubation with AC promote the formation of larger tau aggregates (Fig. 12 C). 

These results suggest that AC-induced aggregates are less prone to be uptaken by 

cells compared to tau oligomers. 

Next, I investigated the selectivity and specificity of AC compared to a naturally 

occurring polyphenol found in grapes and red wine, resveratrol (RS) (212) (Fig. 13). 

It has been shown that RS selectively remodels soluble Aβ oligomers as well as 

fibrillar intermediates and amyloid fibrils converting them into non-toxic 

aggregates  

Interestingly, I found that AC selectively interacts with toxic tau oligomers 

compared to RS, which shows to have no effect in modulating toxic tau oligomeric 

Fig. 12 Representative epifluorescence images of human SH-SY5Y neuroblastoma cells after 

treatment with TauO or TauO+AC.  
(A) SH-SY5Y after 1 hour of treatment with sub-lethal concentration (0.5µM) of tau oligomers in 

the absence and presence of AC. TauO or TauO+AC are labelled with Tau 5 and DAPI, shown in 

grey and blue respectively. (B-C) Analyses of the percentage of area positive to Tau 5 (B) and 

integrated density (C) for each condition (TauO and TauO+AC) are conducted in three different 

selected regions of interest (1,2 and 3) characterized by same size and comparable number of cells. 

SH-SY5Y cells treated with tau oligomers in the presence of AC show a significant reduction of 

percentage of Tau 5-immunoreactivity. Integrated density analysis shows a significant increase in 

cells treated with TauO +AC (white arrows) as compared to the ones given TauO alone. Bars and 

error bars represent means and standard deviations, respectively (**p<0.01; ****p<0.0001). Scale 

bar = 20 µm.  
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Fig. 13 Biochemical and biophysical analyses of oligomeric tu alone, pre-

incubated with 5 μM AC, or 5 μM of RS. (A-B) ELISA analysis of oligomeric tau 

using T22 and Tau 5 antibodies. In the presence of AC but not RS, tau oligomers show 

a significant decrease in T22 immunoreactivity and no changes in Tau 5 

immunoreactivity. (C-D) Filter Trap assay and dot blot of TauO without and with AC 

or RS. Tau oligomer levels are decreased in the presence of AC but not RS. (E-F) 

Western blot analysis using total tau antibody, Tau 5, showed reduction of oligomers 

in samples incubated with AC. Bar graph shows decreased levels of oligomers in the 

presence of AC, and no differences in the presence of RS compared to the untreated 

TauO. Statistics are based on three independent assays. (G) bis-ANS fluorescence 

binding assay; only AC treated oligomers have reduced binding to bis-ANS. 

Collectively, these results suggest that AC but not RS significantly reduced toxic 

oligomers. (H-J) AC and RS were tested using crude oligomeric preparations 

(containing oligomers and monomers), only AC reduced oligomers similar to what is 

observed using purified oligomers. Bars and error bars represent means and standard 

deviations, respectively (*p<0.05; **p<0.01; ***p<0.001). 
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species. Therefore, I evaluated T22 immunoreactivity with TauO alone and after 16 

hours incubation with AC or RS by direct ELISA (Fig 13 A-B). Results showed 

that, unlike AC, RS is not capable of modulating TauO aggregation. This result was 

confirmed by filter trap and dot blot analyses (Fig. 13 C-D), as well as western blot 

analysis using Tau 5 antibody, which showed reduced tau oligomeric specie levels 

after AC treatment, but not RS treatment (Fig. 13 5 E-F). Moreover, bis-ANS 

fluorescence assay revealed that oligomers treated with AC have very low binding 

with bis-ANS compared to oligomers treated with RS, which were similar to 

untreated oligomers (Fig. 13 G). To confirm AC effects on tau oligomers, I tested 

AC and RS using crude oligomeric preparations containing oligomers, monomers 

and protofibrils. Western blot and bis-ANS analyses (Fig. 13 H-J) were similar to 

those obtained using purified oligomers and confirmed that AC does not 

disassemble oligomers into monomeric tau. 

Taken together, these results suggest that AC selectively interacts and modulates 

toxic tau oligomers as compared to RS that shows no effects on preformed toxic tau 

oligomeric species. 
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7. Newly synthesized small molecules 

7.1 Curcumin and curcumin derivatives 

Curcumin, a polyphenol extracted from the plant Curcuma longa, has several broad 

biological activities such as antioxidant and anti-inflammatory effects with low-

toxicity profile. Indeed, it plays an important role in the prevention and treatment 

of many diseases including neurodegenerative disorders (252, 253). Curcumin is a high 

lipophilic molecule with low molecular weight which can easily cross the BBB. 

Moreover, it is capable of binding and inhibiting the aggregation and deposition of 

insoluble amyloid aggregates (254). Therefore, it has been shown to alter the 

misfolding of many amyloid proteins through the disruption of π-stacking due to 

the presence of conjugated phenol residues. Curcumin significantly reduces β-

amyloid and tau pathology in transgenic AD mouse models (254, 255). Studies have 

shown that curcumin is capable of labelling amyloid deposits both ex vivo and in 

vivo, disrupting existing plaques and partially restoring distorted neurites in 

transgenic AD mice (256). In addition, curcumin can decrease levels of tau 

hyperphosphorylation in cells and mice and can also bind to fibrillar tau. Recently, 

curcumin was also found to be able to selectively suppress soluble tau dimers in 

aged Htau mice (255).  

However, curcumin displays poor solubility in aqueous buffers and low brain 

bioavailability following oral administration. Indeed, it is metabolized very rapidly 

via glucuronidation, primarily in the liver and intestine, before reaching the 

systemic circulation and the BBB (253, 257). Therefore, its use as a potential 

therapeutic for AD and other neurodegenerative diseases has been a challenge. 
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Curcumin analogs were created to overcome its well-established shortcomings (194-

196). 
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7.2 Results and discussion  

Highly purified oligomeric tau species were incubated with curcumin (5X and 10X) 

at room temperature on an orbital shaker, without stirring, for 16 hours under 

oligomerization conditions. Tau oligomers in the absence of curcumin were used as 

a control. Reactions were assessed using the oligomer-specific antibody T22 and 

assayed by dot blot and direct ELISA (Fig. 14 A-B). Results showed a significant 

decrease in oligomers, detected by T22 antibody, revealing the capability of 

curcumin to interact and alter the aggregation state of preformed tau oligomers.  

Fig. 14. Biochemical and cytotoxicity analysis of oligomeric Tau 4R treated with 

curcumin and untreated control.  
(A) ELISA analysis of oligomeric tau, treated with increased concentration of curcumin, 

shows a significant decrease in the immunoreactivity of the oligomeric-specific antibody 

T22 as compared to tau oligomers alone. (B) Dot blot analysis show decreased levels of 

oligomeric tau in the presence of curcumin compared to the untreated tau oligomers. (C) 

Western blot analysis of TauO probed with oligomeric and total tau antibodies, respectively 

T22 and Tau 5. Curcumin interacts and alters the aggregation states of preformed tau 

oligomers as compared to the untreated control. (D)Viability percentage of cultured SH-

SY5Y human neuroblastoma cells exposed to 2µM of tau oligomers, 2µM of tau oligomers 

pre-incubated with curcumin and controls. SH-SY5Y cells given TauO pre-treated with 

curcumin had significantly higher cells viability when compared to TauO alone and control 

(*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001). Bars and errors represent the mean and 

standard deviation. 
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Western blot analysis of TauO alone or TauO in the presence of the naturally 

occurring small molecule, using T22 and Tau 5, showed reduction in tau oligomers 

as compared to the untreated control (Fig. 14C). I evaluated the toxicity of these 

tau aggregated species, resulting from the co-incubation of TauO with curcumin, to 

assess its ability in preventing and reducing tau oligomer-induced toxicity in the 

human neuroblastoma cell line SH-SY5Y. Cells were exposed to tau oligomers 

alone (2μM) or in the presence of curcumin (final concentration 10 μM). SH-SY5Y 

viability significant decreased after treatment with TauO, while the presence of 

curcumin rescued the cells from TauO-induced toxicity as seen by the higher cell 

viability compared to the untreated control (Ctrl) (Fig. 14 D). 

These exciting results led to a collaboration with medicinal chemistry experts to 

synthesize novel curcumin derivatives in an effort to overcome curcumin’s poor 

solubility in aqueous buffers and low bioavailability (Fig. 15).  

 

These novel compounds were synthesized to easily cross the BBB to target 

and modulate tau oligomers aggregation state, neutralizing their toxicity and 

b. Hemi-Curcuminoids 
 (HemiC 1-10) 

c. Heterocyclic Curcumin 
(CH 1-11) 

a. Curcumin-like 
(CL 1-12) 

Fig. 15 Structure of curcumin and curcumin related compounds.  
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internalization in an effort to prevent or slow the spread of the pathology. The 

library of our curcumin derivatives consists of three different classes, as shown in 

Fig 15: curcumin-like (CL 1-12), hemi-curcuminoids (HemiC 1-10) and 

heterocyclic curcumin-like (CH 1-11). The latest have been synthesized by 

following Lipinski’s rule of five to obtain active molecules that easily pass through 

the BBB. All these derivative compounds were tested to evaluate their ability to 

interact and alter tau aggregation using different recombinant tau oligomer 

preparations according to materials and methods (5). 
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7.2.1 Curcumin–like derivatives 

The first group of curcumin analogs (CL1-12) displays the same structure of 

curcumin with different substitutions and functionalizations. 

Highly purified tau oligomers were incubated alone or in the presence of curcumin 

and curcumin-like analogs (5X) on an orbital shaker for 16 hours, under 

oligomerization conditions. Reactions were biochemically assayed by western blot 

using T22 as well as the total tau antibody, Tau 5. Fig. 16 A shows the capability 

of each curcumin-like derivate to interact with preformed tau oligomers and 

modulate their aggregation states resulting in either the reduction of tau oligomer 

levels or the formation of larger and higher molecular weight non-toxic aggregates.  

Direct ELISA assay of the untreated tau oligomers showed strong immunoreactivity 

with T22 while, in the presence of the curcumin related compounds, there was a 

reduced immunoreactivity suggesting their capability to interact and alter 

preformed tau oligomers aggregation (Fig. 16 B).  

Fig. 16 Biochemical analysis of oligomeric Tau 4R treated with CL derivatives and untreated 

control.  
Western blot analysis of 3 µg/µl of tau oligomers alone or incubated with curcumin and Cl analogs probed 

with T22, shows that the compounds are able to alter the aggregation states of preformed tau oligomers. 

(B) ELISA analysis of oligomeric tau shows a significant decrease in the tau oligomer levels in the 

presence of the Cl compounds as compared to the untreated control. (C) Western blot analysis probed 

with Tau 5, before and after Proteinase K digestion, shows the ability of the compounds to affect the 

protein core stability. (****p<0.0001) Bars and errors represent the mean and standard deviation. 
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Tau oligomers alone or in the presence of curcumin compounds were also exposed 

to PK digestion and evaluated by Western blot using Tau 5 (Fig. 16 C). Western 

blot analysis showed the capability of some of the compounds to alter the protein 

core stability. 

7.2.2 Hemi-curcuminoids derivatives 

The second group of curcumin analogs are the hemi-curcuminoids (HemiC1-10). 

These compounds were synthesized using ferulic acid as a reference, since it 

structurally correlates to a half portion of curcumin. Therefore, the hemi-

curcuminoids, that have been obtained, are variously substituted and functionalized 

styrene derivatives with a very low molecular weight (MW from 160 to 260 Da).  

Tau oligomers were incubated alone or in the presence of curcumin and hemi-

curcuminoids derivatives (5X) for 16 hours under oligomerization conditions and 

reactions were assessed using T22 antibody. Western blot analysis in Fig. 17 A 

showed the altered aggregation of preformed tau oligomers after incubation with 

hemi-curcuminoids. Co-incubation with these small molecules derivatives showed 

the capability of some hemi-curcuminoids to reduce tau oligomer levels and others 

to induce the formation of higher molecular weight non-toxic aggregates. Dot blots 

analysis of tau oligomers alone or in the presence of the HemiC compounds showed 

reduction in TauO after incubation with some hemi-curcuminoids, as seen by the 

decreased T22 immunoreactivity (Fig. 17 B). The potency of these analogs was also 

confirmed by direct ELISA showing a significant decrease in oligomers detection 

by T22 antibody with no differences using total tau antibody, Tau 5 (Fig. 17 C).  
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Taken together, these results suggest that hemi-curcuminoids are able to interact 

and modulate the aggregation of preformed oligomeric tau species promoting the 

formation of larger non-toxic tau aggregates or decreasing tau oligomers levels.  

 

Fig. 17 Biochemical analysis of oligomeric Tau 4R treated with compound HemiC 

derivatives and untreated control.  
(A) Western blot analysis of 3 μg/μl of tau oligomers alone or incubated with curcumin and 

HemiC derivatives probed with T22, shows that some of the compounds are able to alter the 

aggregation states of preformed tau oligomers.  (B) Dot Blot analysis of oligomeric tau alone or 

in the presence of HemiC, probed with T22 and Tau 5, shows that some compounds are able to 

decrease tau oligomer levels as compared to the untreated control. (C) ELISA analysis of 

oligomeric tau with and without HemiC compounds shows that some HemiC compounds are 

able to affect tau aggregation reducing tau oligomer levels as compared to the untreated control 

while there is no change in total tau protein assayed by Tau 5. (**p<0.01) Bars and error bars 

represent the mean and standard deviation. 
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7.2.3 Heterocyclic curcumin derivatives 

The third group are heterocyclic curcumin derivatives displaying the same structure 

of the lead compound curcumin with the introduction of a heterocyclic moiety e.g. 

imidazole, pyridine and pyrazole among others. These compounds have been 

synthesized following Lipinski’s rule of five to obtain active molecules that can 

easily pass through the BBB. Highly purified tau oligomers were incubated alone 

or in the presence of curcumin and heterocyclic curcumin analogs (5X) on an orbital 

shaker for 16 hours, under oligomerization conditions. Reaction were assessed by 

dot blot and filter trap assays using T22 as well as TOMA clones and Tau 5 

antibodies. Heterocyclic curcumin derivatives interact with preformed tau 

oligomers and are able to alter their aggregation states as shown by both dot blot 

and filter trap analyses (Fig. 18A) showing decreased T22 immunoreactivity after 

co-incubation with the compounds as compared to the untreated tau oligomers. 

Moreover, some derivatives were also able to reduce TOMA1 immunoreactivity. 

TOMA1 is a conformational monoclonal antibody that recognizes conformational 

Fig. 18 Biochemical analysis of oligomeric Tau 4R with and without compound Heterocyclic 

Curcumin (CH) derivatives treatment.  
A) Dot blot and Filter Trap analyses of tau oligomers alone or incubated with curcumin and CH 

analogs probed with T22 and Tau 5. Some of the compounds are able to alter the aggregation 

states of preformed tau oligomers resulting in decreased tau oligomer levels as compared to tau 

oligomers alone. Some CH analogs are able to reduce TOMA1 immunoreactivity. (B) ELISA 

analysis of oligomeric tau with and without CH derivatives show no changes in total tau protein 

after incubation with the compounds.  (**p<0.01) Bars and errors represent the mean and 

standard deviation. 



 
 

 

58 
 

epitopes that do not depend on linear amino acid sequences and displays distinct 

preferences for different subsets of tau oligomer, suggesting that the treatment with 

the heterocyclic analogs led to a conformational changes in the preformed oligomeric 

tau species. Dot blot and filter trap assays probed with Tau 5 showed no changes in 

total tau protein, confirmed also by direct ELISA (Fig.18B).  

Taken together these results show the ability of heterocyclic curcumin analogs to 

modulate toxic tau oligomers resulting in the formation of non-toxic aggregates.  
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7.3 Curcumin-like analogs and brains derived tau oligomeric 

strains from different tauopathies 

In addition, according to the materials and methods previously described in (5), I 

tested the leading compounds, showing high activity with recombinant tau 

oligomers, using disease relevant BDTOs. To characterize tau oligomeric strains, 

BDTOs were isolated by immunoprecipitation with the oligomeric tau antibody, 

T22, using brain homogenates from different neurodegenerative tauopathies. 

BDTOs were then purified by FPLC and characterized, alone and in the presence 

of small molecules, biophysically and biochemically to assess the ability of each 

compound to affect BDTOs strains aggregation state and toxicity (Fig. 19). 

 

Brain homogenates from DLB, AD and PSP were isolated and characterized by 

AFM. Images from each BDTO displayed a different morphology (Fig. 20A). One 

of the most common determinants of strain differences in the prion field is the 

stability of the protein core following exposure to PK. Therefore, BDTOs were 

exposed at 1μg/μl of PK and evaluated by western blot using the sequence specific 

Fig. 19 Schematic describing the steps by through BDTOs strains are 

isolated. 

Characterization 
Binding 

Specificity Toxicity 
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anti-tau antibody, Tau 5. Western blot analysis revealed that each BDTO strain has 

a different patterns of fragmentation (Fig. 20B). Tau strains toxicity was evaluated 

using primary cortical neurons, isolated from Htau mice, to mimic the physiology 

of cells in vivo. Indeed, gene as well protein expression profiles in primary neurons 

better resembles those of the differentiated cell in vivo and are also more appropriate 

for drug targeting validation. Primary neurons were exposed to 0.5μM BDTOs for 

2 hours and as seen in Fig. 20 C, resulting in a significant decrease cell viability 

after treatment with BDTOs compared to untreated cells (Ctrl). 

  

Fig. 20 (A) Brain-derived tau oligomers from different tauopathies were 

characterized by AFM showing different morphologies. Scale bars=100nm (B) 

BDTOs treated with 1μg/μl of PK and evaluated by Western blot probed with anti-

tau antibody Tau5, revealing different patterns of fragmentation. (C) Viability 

percentage of cultured Htau primary neurons exposed to 0 5µM of BDTOs. Primary 

neurons given BDTOs reduced significantly cells viability when compared to the 

untreated control (**p<0.01; ***p<0.001.) Bars and errors represent the mean and 

standard deviation. 
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7.3.1 Results and discussion  

BDTOs, isolated from PSP brain homogenates, were treated with three of the 

derived small molecules, CL1-3, showing high activity with recombinant tau 

oligomers. 

BDTOs were incubated alone or in the presence of curcumin analogs (5X) for 16 

hours, under oligomerization conditions. Reaction were assessed by western blot 

using T22 and Tau 5 antibodies (Fig. 21A-B), revealing that the aggregation state 

of BDTOs was modulated by incubation with the curcumin-like derivatives. 

Western blot analysis showed a significant decrease in T22 immunoreactivity when 

PSP derived oligomers were incubated with CL1-3 compared to the untreated 

BDTOs (Fig. 21 C).  

Fig. 21 Biochemical and cytotoxicity analyses of BDTOs from PSP brain homogenates treated with 

curcumin-like derivatives and untreated control.  
(A-B) Western blots of BDTOs probed with total (Tau 5) and oligomeric (T22) tau antibodies showing 

decreased tau aggregates after treatment with CL analogs. (C) Western blot analysis, using T22, revealed a 

significant decrease in tau oligomer aggregates in the presence of the derived small molecules as compared 

to BDTOs alone. (D) BDTOs, alone and in the presence of CL, exposed to PK and evaluated by Western 

blot using anti-tau antibody Tau 5, revealing the ability of the analogs to affect the protein core stability as 

compared to BDTOs alone. (E) Direct ELISA analysis of BDTOs alone and in the presence of CL analogs 

confirmed the CL’s ability to modulate toxic BDTOs. (F) Viability percentage of cultured primary Htau 

neurons exposed to 0.5 µM of TauO, 0.5 µM of TauO pre-incubated with CL (final concentration 2.5 µM), 

and controls. (
#
p<0.05; *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.) Bars and errors represent the mean 

and standard deviation. 
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Exposure of BDTOs, alone or in the presence of the curcumin-like analogs, to PK 

and evaluation by Western blot using the generic tau antibody, Tau 5, showed that 

curcumin derived small molecules were able to affect the protein core stability (Fig. 

21 D). Direct ELISA analysis confirmed the previously results, revealing a 

decreased T22 immunoreactivity when BDTOs were incubated with CL1-3 as 

compared to the untreated control. The toxicity of tau aggregated species, resulting 

from the co-incubation of BDTOs with CL3, was investigated to assess the ability 

of the newly synthesized small molecules to prevent and reduce tau oligomer-

induced toxicity in Htau primary cortical neurons. Cells were exposed to 0.5μM of 

untreated BDTOs from PSP and AD and incubated with CL3 (final concentration 

2.5μM) and controls. Viability significant decreased when cells were treated with 

BDTOs alone, while the treatment with CL3 reduced PSP derived tau oligomers 

toxicity as seen by the higher cell viability (Fig. 21 F).  

Moreover, CL3 showed to be able to rescue PSP BDTOs- induced toxicity and to 

do not be able to modulate and neutralize AD BDTOs- induced toxicity in primary 

cortical neurons.  

Taken together, these results shown the potency of curcumin-like compounds to 

interact with BDTOs isolated from PSP homogenates, modulating their aggregation 

states and promoting the formation of non-toxic tau aggregates. 
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Conclusions  
 

Millions of people worldwide are affected by age-related tauopathies which are 

characterized by the pathological accumulation of tau aggregates. Due to the rise in 

life expectancy, finding an effective prevention and treatment strategy becomes 

increasingly important.  

Tau-related disease-modifying strategies are considered highly promising for 

the near future, perhaps in combination with the more well-investigated anti-

amyloid approaches. While upstream targets of tau modifications may be useful in 

combination with other therapeutics, they likely will be unable to entirely control 

tau aggregation as there are a number of factors involved in the process.  

The most advanced strategies for targeting toxic tau aggregates are 

immunotherapeutic approaches, using antibodies for the clearance of extracellular 

tau aggregates seed, as well as the use of small molecules, which can pass through 

the BBB more effectively than antibodies, thus targeting and neutralizing toxic tau 

aggregates.  

The focus should be on finding molecules that are able to convert toxic 

aggregates to less toxic structures or ones that can be more easily degraded by active 

cellular mechanisms. Herein, I found that: 

1. AC is able to interact and modulate the aggregation pathway of preformed tau 

oligomers resulting in the formation of clusters of aggregates, conformation 

that is non-toxic. In the near future, I will further evaluate the ability of AC to 

rescue from tau oligomers-induced toxicity in primary cortical neurons from 

Htau and controls mice that better will recapitulate the properties of neuronal 
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cells in vivo and give more reliable insights in the potential of AC in 

neutralizing tau oligomers toxicity.  

2. I screened three different group of curcumin derivatives against pure 

populations of preformed oligomeric tau species and discovered novel 

curcumin derivatives that bind and are capable of altering tau aggregation 

pathways, reshaping the conformation of toxic tau species and resulting in the 

formation of tau structures with decreased toxicity.  

3. I investigated the efficacy of the most promising compounds against disease 

relevant BDTOs from different neurodegenerative tauopathies. I found that 

Curcumin-like derivatives (CL1-3) were able to modulate and alter the 

aggregation state of toxic tau oligomeric strains from PSP brain, resulting in 

decreased tau oligomers levels when BDTOs were in the presence of the 

compounds as compared to the untreated control. In addition, CL3 was found 

to be able to rescue from PSP BDTOs-induced toxicity and not from AD 

BDTOs in primary cortical neurons, suggesting that this promising compound 

may specifically bind to PSP tau strain. 

4. I am investigating other promising molecules for their efficacy and specificity 

for tau oligomers in AD and DLB. CL3 and other promising compounds could 

aid both in the development of novel therapeutic approaches for AD and other 

tauopathies as well as as in diagnostic field as PET imaging agents for the 

early detection of tau oligomers and differential diagnosis for each different 

tauopathies. 
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Future directions 

The successful completion of this research project laid the foundation for 

future experiments to test the efficacy and beneficial effects of promising active 

compounds in vivo in animal model of tauopathies, thus to offer conclusive insights 

in their potential to target tau oligomers  

Therefore, three of the derived small molecules, showing high activity in vitro with 

recombinant tau oligomers as well as diseases relevant BDTOs, will be tested in 

Htau mice model and controls. 

In addition, tau oligomeric strains with and without compounds will be 

analyzed by CryoEM, an effective method for evaluating the structure of 

amyloidogenic proteins. This study will allow to determine specific amino acid-

binding sites of the active compounds to tau oligomeric strains. Thus critically 

revealing new structural information that may open up the possibility of a protective 

tau species.  

Furthermore, we are planning to synthesize new derived small molecules, 

based on the structure of active compounds, thus to increase the binding affinity 

and screening additional compounds able to modulate tau oligomeric strain 

formation and/or toxicity to develop them as tau PET imaging agents to detect toxic 

tau oligomeric strains at the very early stages of the diseases when the clinical 

symptoms of AD and related diseases are not yet observed.  

This research and future studies, suggested here, will advance the tau field 

as well will contribute to further clinical development of novel disease-specific and 

personalized therapeutics. 



 
 

 

66 
 

References 
 
1. Costanzo, M., and Zurzolo, C. (2013) The cell biology of prion-like spread of 

protein aggregates: mechanisms and implication in neurodegeneration, The 
Biochemical journal 452, 1-17. 

2. Ballatore, C., Lee, V. M., and Trojanowski, J. Q. (2007) Tau-mediated 
neurodegeneration in Alzheimer's disease and related disorders, Nature reviews. 
Neuroscience 8, 663-672. 

3. Ross, C. A., and Poirier, M. A. (2005) Opinion: What is the role of protein 
aggregation in neurodegeneration?, Nat Rev Mol Cell Biol 6, 891-898. 

4. Ringman, J. M., and Coppola, G. New Genes and New Insights from Old Genes: 
Update on Alzheimer Disease, Continuum (Minneap Minn). 2013 Apr;19(2 
Dementia):358-71. doi:10.1212/01.CON.0000429179.21977.a1. 

5. Guo, T., Noble, W., and Hanger, D. P. (2017) Roles of tau protein in health and 
disease, Acta Neuropathol 133, 665-704. 

6. Taylor, J. P., Hardy, J., and Fischbeck, K. H. (2002) Toxic proteins in 
neurodegenerative disease, Science 296, 1991-1995. 

7. Ellis, R. J. (2007) Protein misassembly: macromolecular crowding and molecular 
chaperones, Adv Exp Med Biol 594, 1-13. 

8. Maiti, P., Manna, J., Veleri, S., and Frautschy, S. (2014) Molecular chaperone 
dysfunction in neurodegenerative diseases and effects of curcumin, Biomed Res 
Int 495091, 19. 

9. Hardy, J., and Allsop, D. (1991) Amyloid deposition as the central event in the 
aetiology of Alzheimer's disease, Trends Pharmacol Sci 12, 383-388. 

10. Citron, M. (2002) Alzheimer's disease: treatments in discovery and development, 
Nat Neurosci 5 Suppl, 1055-1057. 

11. Selkoe, D. J. (1994) Alzheimer's disease: a central role for amyloid, J Neuropathol 
Exp Neurol 53, 438-447. 

12. Dickson, D. W. (2004) Apoptotic mechanisms in Alzheimer neurofibrillary 
degeneration: cause or effect?, J Clin Invest 114, 23-27. 

13. Hock, C., Konietzko, U., Streffer, J. R., Tracy, J., Signorell, A., Muller-Tillmanns, B., 
Lemke, U., Henke, K., Moritz, E., Garcia, E., Wollmer, M. A., Umbricht, D., de 
Quervain, D. J., Hofmann, M., Maddalena, A., Papassotiropoulos, A., and Nitsch, 
R. M. (2003) Antibodies against beta-amyloid slow cognitive decline in 
Alzheimer's disease, Neuron 38, 547-554. 

14. Haroutunian, V., Davies, P., Vianna, C., Buxbaum, J. D., and Purohit, D. P. (2007) 
Tau protein abnormalities associated with the progression of alzheimer disease 
type dementia, Neurobiol Aging 28, 1-7. 

15. Iqbal, K., Liu, F., Gong, C. X., Alonso, A. D., and Grundke-Iqbal, I. (2009) 
Mechanisms of tau-induced neurodegeneration, Acta Neuropathol. 

16. Hardy, J., and Selkoe, D. J. (2002) The amyloid hypothesis of Alzheimer's disease: 
progress and problems on the road to therapeutics, Science 297, 353-356. 

17. Carlsson, C. M. (2008) Lessons learned from failed and discontinued clinical trials 
for the treatment of Alzheimer's disease: future directions, J Alzheimers Dis 15, 
327-338. 

18. Querfurth, H. W., and LaFerla, F. M. (2010) Alzheimer's disease, N Engl J Med 362, 
329-344. 

19. Irwin, D. J. Tauopathies as Clinicopathological Entities, Parkinsonism Relat Disord. 
2016 Jan;22(0 1):S29-33. Epub 2015 Sep 8 doi:10.1016/j.parkreldis.2015.09.020. 



 
 

 

67 
 

20. Hutton, M., Lendon, C. L., Rizzu, P., Baker, M., Froelich, S., Houlden, H., Pickering-
Brown, S., Chakraverty, S., Isaacs, A., Grover, A., Hackett, J., Adamson, J., Lincoln, 
S., Dickson, D., Davies, P., Petersen, R. C., Stevens, M., de Graaff, E., Wauters, E., 
van Baren, J., Hillebrand, M., Joosse, M., Kwon, J. M., Nowotny, P., Che, L. K., 
Norton, J., Morris, J. C., Reed, L. A., Trojanowski, J., Basun, H., Lannfelt, L., Neystat, 
M., Fahn, S., Dark, F., Tannenberg, T., Dodd, P. R., Hayward, N., Kwok, J. B., 
Schofield, P. R., Andreadis, A., Snowden, J., Craufurd, D., Neary, D., Owen, F., 
Oostra, B. A., Hardy, J., Goate, A., van Swieten, J., Mann, D., Lynch, T., and Heutink, 
P. (1998) Association of missense and 5'-splice-site mutations in tau with the 
inherited dementia FTDP-17, Nature 393, 702-705. 

21. Braak, H., and Braak, E. (1991) Demonstration of amyloid deposits and 
neurofibrillary changes in whole brain sections, Brain Pathol 1, 213-216. 

22. Braak, H., and Braak, E. (1996) Evolution of the neuropathology of Alzheimer's 
disease, Acta Neurol Scand Suppl 165, 3-12. 

23. Alafuzoff, I., Arzberger, T., Al-Sarraj, S., Bodi, I., Bogdanovic, N., Braak, H., Bugiani, 
O., Del-Tredici, K., Ferrer, I., Gelpi, E., Giaccone, G., Graeber, M. B., Ince, P., 
Kamphorst, W., King, A., Korkolopoulou, P., Kovacs, G. G., Larionov, S., Meyronet, 
D., Monoranu, C., Parchi, P., Patsouris, E., Roggendorf, W., Seilhean, D., Tagliavini, 
F., Stadelmann, C., Streichenberger, N., Thal, D. R., Wharton, S. B., and 
Kretzschmar, H. (2008) Staging of neurofibrillary pathology in Alzheimer's disease: 
a study of the BrainNet Europe Consortium, Brain Pathol 18, 484-496. 

24. Clark, L. N., Poorkaj, P., Wszolek, Z., Geschwind, D. H., Nasreddine, Z. S., Miller, B., 
Li, D., Payami, H., Awert, F., Markopoulou, K., Andreadis, A., D'Souza, I., Lee, V. 
M., Reed, L., Trojanowski, J. Q., Zhukareva, V., Bird, T., Schellenberg, G., and 
Wilhelmsen, K. C. (1998) Pathogenic implications of mutations in the tau gene in 
pallido-ponto-nigral degeneration and related neurodegenerative disorders 
linked to chromosome 17, Proc Natl Acad Sci U S A 95, 13103-13107. 

25. Pittman, A. M., Fung, H. C., and de Silva, R. (2006) Untangling the tau gene 
association with neurodegenerative disorders, Hum Mol Genet 15 Spec No 2, 
R188-195. 

26. Andorfer, C., Acker, C. M., Kress, Y., Hof, P. R., Duff, K., and Davies, P. (2005) Cell-
cycle reentry and cell death in transgenic mice expressing nonmutant human tau 
isoforms, J Neurosci 25, 5446-5454. 

27. Santacruz, K., Lewis, J., Spires, T., Paulson, J., Kotilinek, L., Ingelsson, M., 
Guimaraes, A., DeTure, M., Ramsden, M., McGowan, E., Forster, C., Yue, M., Orne, 
J., Janus, C., Mariash, A., Kuskowski, M., Hyman, B., Hutton, M., and Ashe, K. H. 
(2005) Tau suppression in a neurodegenerative mouse model improves memory 
function, Science 309, 477-481. 

28. Rapoport, M., Dawson, H. N., Binder, L. I., Vitek, M. P., and Ferreira, A. (2002) Tau 
is essential to beta -amyloid-induced neurotoxicity, Proc Natl Acad Sci U S A 99, 
6364-6369. 

29. Roberson, E. D., Scearce-Levie, K., Palop, J. J., Yan, F., Cheng, I. H., Wu, T., Gerstein, 
H., Yu, G. Q., and Mucke, L. (2007) Reducing endogenous tau ameliorates amyloid 
beta-induced deficits in an Alzheimer's disease mouse model, Science 316, 750-
754. 

30. Ashe, K. H. (2007) A tale about tau, N Engl J Med 357, 933-935. 
31. Oddo, S., Vasilevko, V., Caccamo, A., Kitazawa, M., Cribbs, D. H., and LaFerla, F. 

M. (2006) Reduction of soluble Abeta and tau, but not soluble Abeta alone, 
ameliorates cognitive decline in transgenic mice with plaques and tangles, J Biol 
Chem 281, 39413-39423. 



 
 

 

68 
 

32. Wang, Y., and Mandelkow, E. (2016) Tau in physiology and pathology, Nature 
reviews. Neuroscience 17, 5-21. 

33. Hirokawa, N., Funakoshi, T., Sato-Harada, R., and Kanai, Y. (1996) Selective 
stabilization of tau in axons and microtubule-associated protein 2C in cell bodies 
and dendrites contributes to polarized localization of cytoskeletal proteins in 
mature neurons, The Journal of cell biology 132, 667-679. 

34. Braak, H., Alafuzoff, I., Arzberger, T., Kretzschmar, H., and Del Tredici, K. (2006) 
Staging of Alzheimer disease-associated neurofibrillary pathology using paraffin 
sections and immunocytochemistry, Acta Neuropathol 112, 389-404. 

35. Andreadis, A., Brown, W. M., and Kosik, K. S. (1992) Structure and novel exons of 
the human tau gene, Biochemistry 31, 10626-10633. 

36. Goedert, M., Spillantini, M. G., Jakes, R., Rutherford, D., and Crowther, R. A. 
(1989) Multiple isoforms of human microtubule-associated protein tau: 
sequences and localization in neurofibrillary tangles of Alzheimer's disease, 
Neuron 3, 519-526. 

37. Spillantini, M. G., and Goedert, M. (2013) Tau pathology and neurodegeneration, 
Lancet Neurol 12, 609-622. 

38. Lee, G., Cowan, N., and Kirschner, M. (1988) The primary structure and 
heterogeneity of tau protein from mouse brain, Science 239, 285-288. 

39. Hong, M., Zhukareva, V., Vogelsberg-Ragaglia, V., Wszolek, Z., Reed, L., Miller, B. 
I., Geschwind, D. H., Bird, T. D., McKeel, D., Goate, A., Morris, J. C., Wilhelmsen, 
K. C., Schellenberg, G. D., Trojanowski, J. Q., and Lee, V. M. (1998) Mutation-
specific functional impairments in distinct tau isoforms of hereditary FTDP-17, 
Science 282, 1914-1917. 

40. Majounie, E., Cross, W., Newsway, V., Dillman, A., Vandrovcova, J., Morris, C. M., 
Nalls, M. A., Ferrucci, L., Owen, M. J., Donovan, M., Cookson, M. R., Singleton, A. 
B., de Silva, R., and Morris, H. R. Tau expression varies in different brain regions 
and disease state, Neurobiol Aging. 2013 Jul;34(7):1922.e7-1922.e12. Epub 2013 
Feb 19 doi:10.1016/j.neurobiolaging.2013.01.017. 

41. McMillan, P., Korvatska, E., Poorkaj, P., Evstafjeva, Z., Robinson, L., Greenup, L., 
Leverenz, J., Schellenberg, G. D., and D'Souza, I. (2008) Tau isoform regulation is 
region- and cell-specific in mouse brain, J Comp Neurol 511, 788-803. 

42. Rademakers, R., Cruts, M., and van Broeckhoven, C. (2004) The role of tau (MAPT) 
in frontotemporal dementia and related tauopathies, Hum Mutat 24, 277-295. 

43. Chen, J., Kanai, Y., Cowan, N. J., and Hirokawa, N. (1992) Projection domains of 
MAP2 and tau determine spacings between microtubules in dendrites and axons, 
Nature 360, 674-677. 

44. Goedert, M., and Jakes, R. (1990) Expression of separate isoforms of human tau 
protein: correlation with the tau pattern in brain and effects on tubulin 
polymerization, Embo J 9, 4225-4230. 

45. Trinczek, B., Biernat, J., Baumann, K., Mandelkow, E. M., and Mandelkow, E. 
(1995) Domains of tau protein, differential phosphorylation, and dynamic 
instability of microtubules, Molecular Biology of the Cell 6, 1887-1902. 

46. von Bergen, M., Friedhoff, P., Biernat, J., Heberle, J., Mandelkow, E. M., and 
Mandelkow, E. (2000) Assembly of tau protein into Alzheimer paired helical 
filaments depends on a local sequence motif ((306)VQIVYK(311)) forming beta 
structure, Proc Natl Acad Sci U S A 97, 5129-5134. 

47. Gendron, T. F., and Petrucelli, L. (2009) The role of tau in neurodegeneration, Mol 
Neurodegener 4, 1750-1326. 



 
 

 

69 
 

48. Reynolds, C. H., Garwood, C. J., Wray, S., Price, C., Kellie, S., Perera, T., Zvelebil, 
M., Yang, A., Sheppard, P. W., Varndell, I. M., Hanger, D. P., and Anderton, B. H. 
(2008) Phosphorylation regulates tau interactions with Src homology 3 domains 
of phosphatidylinositol 3-kinase, phospholipase Cgamma1, Grb2, and Src family 
kinases, J Biol Chem 283, 18177-18186. 

49. Lindwall, G., and Cole, R. D. (1984) Phosphorylation affects the ability of tau 
protein to promote microtubule assembly, J Biol Chem 259, 5301-5305. 

50. Liu, F., Li, B., Tung, E. J., Grundke-Iqbal, I., Iqbal, K., and Gong, C. X. (2007) Site-
specific effects of tau phosphorylation on its microtubule assembly activity and 
self-aggregation, Eur J Neurosci 26, 3429-3436. 

51. Hoover, B. R., Reed, M. N., Su, J., Penrod, R. D., Kotilinek, L. A., Grant, M. K., 
Pitstick, R., Carlson, G. A., Lanier, L. M., Yuan, L. L., Ashe, K. H., and Liao, D. (2010) 
Tau mislocalization to dendritic spines mediates synaptic dysfunction 
independently of neurodegeneration, Neuron 68, 1067-1081. 

52. Hanger, D. P., Hughes, K., Woodgett, J. R., Brion, J. P., and Anderton, B. H. (1992) 
Glycogen synthase kinase-3 induces Alzheimer's disease-like phosphorylation of 
tau: generation of paired helical filament epitopes and neuronal localisation of 
the kinase, Neurosci Lett 147, 58-62. 

53. Drewes, G., Trinczek, B., Illenberger, S., Biernat, J., Schmitt-Ulms, G., Meyer, H. E., 
Mandelkow, E. M., and Mandelkow, E. (1995) Microtubule-associated 
protein/microtubule affinity-regulating kinase (p110mark). A novel protein kinase 
that regulates tau-microtubule interactions and dynamic instability by 
phosphorylation at the Alzheimer-specific site serine 262, J Biol Chem 270, 7679-
7688. 

54. Baumann, K., Mandelkow, E. M., Biernat, J., Piwnica-Worms, H., and Mandelkow, 
E. (1993) Abnormal Alzheimer-like phosphorylation of tau-protein by cyclin-
dependent kinases cdk2 and cdk5, FEBS Lett 336, 417-424. 

55. Goedert, M., Jakes, R., Qi, Z., Wang, J. H., and Cohen, P. (1995) Protein 
phosphatase 2A is the major enzyme in brain that dephosphorylates tau protein 
phosphorylated by proline-directed protein kinases or cyclic AMP-dependent 
protein kinase, J Neurochem 65, 2804-2807. 

56. Buee, L., Bussiere, T., Buee-Scherrer, V., Delacourte, A., and Hof, P. R. (2000) Tau 
protein isoforms, phosphorylation and role in neurodegenerative disorders, Brain 
Res Brain Res Rev 33, 95-130. 

57. Johnson, G. V., and Stoothoff, W. H. (2004) Tau phosphorylation in neuronal cell 
function and dysfunction, J Cell Sci 117, 5721-5729. 

58. Wang, J.-Z., Grundke-Iqbal, I., and Iqbal, K. (2007) Kinases and phosphatases and 
tau sites involved in Alzheimer neurofibrillary degeneration, European Journal of 
Neuroscience 25, 59-68. 

59. Mennenga, S. E., Gerson, J. E., Dunckley, T., and Bimonte-Nelson, H. A. (2015) 
Harmine treatment enhances short-term memory in old rats: Dissociation of 
cognition and the ability to perform the procedural requirements of maze testing, 
Physiology & Behavior 138, 260-265. 

60. Smith, B., Medda, F., Gokhale, V., Dunckley, T., and Hulme, C. (2012) Recent 
Advances in the Design, Synthesis, and Biological Evaluation of Selective DYRK1A 
Inhibitors: A New Avenue for a Disease Modifying Treatment of Alzheimer’s?, ACS 
Chemical Neuroscience 3, 857-872. 

61. Frost, D., Meechoovet, B., Wang, T., Gately, S., Giorgetti, M., Shcherbakova, I., 
and Dunckley, T. (2011) β-Carboline Compounds, Including Harmine, Inhibit 



 
 

 

70 
 

DYRK1A and Tau Phosphorylation at Multiple Alzheimer's Disease-Related Sites, 
PLoS ONE 6, e19264. 

62. Yuzwa, S. A., Cheung, A. H., Okon, M., McIntosh, L. P., and Vocadlo, D. J. (2014) O-
GlcNAc Modification of tau Directly Inhibits Its Aggregation without Perturbing 
the Conformational Properties of tau Monomers, Journal of Molecular Biology 
426, 1736-1752. 

63. Diwu, Y., Tian, J, Shi, J. (2013) Effect of Xixin decoction on O-linked N-
acetylglucosamine Glycosylation of tau proteins in rat brain with sporadic 
Alzheimer disease, Journal of Traditional Chinese Medicine 33, 367-372. 

64. Fischer, P. (2008) Turning down tau phosphorylation., Nat Chem Biol 4, 448-449. 
65. Ko, L.-w., Ko, E. C., Nacharaju, P., Liu, W.-K., Chang, E., Kenessey, A., and Yen, S.-

H. C. (1999) An immunochemical study on tau glycation in paired helical filaments, 
Brain Research 830, 301-313. 

66. Yan SD, Y. S., Chen X, Fu J, Chen M, Kuppusamy P, Smith MA, Perry G, Godman 
GC, Nawroth P, Zweier, JL, Stern, D. (1995) Non-enzymatically glycated tau in 
Alzheimer's disease induces neuronal oxidant stress resulting in cytokine gene 
expression and release of amyloid beta-peptide., Nat Med 1, 693-699. 

67. Chen, L., Wei, Y., Wang, X., and He, R. (2009) d-Ribosylated Tau forms globular 
aggregates with high cytotoxicity, Cell. Mol. Life Sci. 66, 2559-2571. 

68. Liu, F., Iqbal, K., Grundke-Iqbal, I., Hart, G. W., and Gong, C. X. (2004) O-
GlcNAcylation regulates phosphorylation of tau: a mechanism involved in 
Alzheimer's disease, Proc Natl Acad Sci U S A 101, 10804-10809. 

69. Cook, C., Carlomagno, Y., Gendron, T. F., Dunmore, J., Scheffel, K., Stetler, C., 
Davis, M., Dickson, D., Jarpe, M., DeTure, M., and Petrucelli, L. (2014) Acetylation 
of the KXGS motifs in tau is a critical determinant in modulation of tau aggregation 
and clearance, Human Molecular Genetics 23, 104-116. 

70. Xiong, Y., Zhao, K., Wu, J., Xu, Z., Jin, S., and Zhang, Y. Q. (2013) HDAC6 mutations 
rescue human tau-induced microtubule defects in Drosophila, Proceedings of the 
National Academy of Sciences 110, 4604-4609. 

71. Fass, D. M., Reis, S. A., Ghosh, B., Hennig, K. M., Joseph, N. F., Zhao, W.-N., 
Nieland, T. J. F., Guan, J.-S., Groves Kuhnle, C. E., Tang, W., Barker, D. D., 
Mazitschek, R., Schreiber, S. L., Tsai, L.-H., and Haggarty, S. J. (2013) Crebinostat: 
A novel cognitive enhancer that inhibits histone deacetylase activity and 
modulates chromatin-mediated neuroplasticity, Neuropharmacology 64, 81-96. 

72. Ricobaraza A, C.-T. M., Pérez-Mediavilla A, Frechilla D, Del Río J, García-Osta A. 
(2009) Phenylbutyrate ameliorates cognitive deficit and reduces tau pathology in 
an Alzheimer's disease mouse model., Neuropsychopharmacology 34, 1721-1732. 

73. Noack, M., Leyk, J., and Richter-Landsberg, C. (2014) HDAC6 inhibition results in 
tau acetylation and modulates tau phosphorylation and degradation in 
oligodendrocytes, Glia 62, 535-547. 

74. Wang, J. Z., and Liu, F. (2008) Microtubule-associated protein tau in development, 
degeneration and protection of neurons, Prog Neurobiol 85, 148-175. 

75. Khlistunova, I., Biernat, J., Wang, Y., Pickhardt, M., von Bergen, M., Gazova, Z., 
Mandelkow, E., and Mandelkow, E.-M. (2006) Inducible Expression of Tau Repeat 
Domain in Cell Models of Tauopathy: AGGREGATION IS TOXIC TO CELLS BUT CAN 
BE REVERSED BY INHIBITOR DRUGS, Journal of Biological Chemistry 281, 1205-
1214. 

76. Pickhardt, M., Larbig, G., Khlistunova, I., Coksezen, A., Meyer, B., Mandelkow, E.-
M., Schmidt, B., and Mandelkow, E. (2007) Phenylthiazolyl-Hydrazide and Its 



 
 

 

71 
 

Derivatives Are Potent Inhibitors of τ Aggregation and Toxicity in Vitro and in 
Cells†, Biochemistry 46, 10016-10023. 

77. Pickhardt M, B. J., Khlistunova I, Wang YP, Gazova Z, Mandelkow EM, Mandelkow 
E. (2007) N-phenylamine derivatives as aggregation inhibitors in cell models of 
tauopathy., Curr Alzheimer Res 4, 397-402. 

78. Avila, J., Lucas, J. J., Perez, M., and Hernandez, F. (2004) Role of tau protein in 
both physiological and pathological conditions, Physiol Rev 84, 361-384. 

79. Wang, J. Z., Xia, Y. Y., Grundke-Iqbal, I., and Iqbal, K. (2013) Abnormal 
hyperphosphorylation of tau: sites, regulation, and molecular mechanism of 
neurofibrillary degeneration, J Alzheimers Dis 33 Suppl 1, S123-139. 

80. Alonso, A. D., Zaidi, T., Novak, M., Barra, H. S., Grundke-Iqbal, I., and Iqbal, K. 
(2001) Interaction of tau isoforms with Alzheimer's disease abnormally 
hyperphosphorylated tau and in vitro phosphorylation into the disease-like 
protein, J Biol Chem 276, 37967-37973. 

81. Litersky, J. M., and Johnson, G. V. (1992) Phosphorylation by cAMP-dependent 
protein kinase inhibits the degradation of tau by calpain, J Biol Chem 267, 1563-
1568. 

82. Litersky, J. M., Scott, C. W., and Johnson, G. V. (1993) Phosphorylation, calpain 
proteolysis and tubulin binding of recombinant human tau isoforms, Brain Res 
604, 32-40. 

83. Litersky, J. M., and Johnson, G. V. (1995) Phosphorylation of tau in situ: inhibition 
of calcium-dependent proteolysis, J Neurochem 65, 903-911. 

84. Berger, Z., Roder, H., Hanna, A., Carlson, A., Rangachari, V., Yue, M., Wszolek, Z., 
Ashe, K., Knight, J., Dickson, D., Andorfer, C., Rosenberry, T. L., Lewis, J., Hutton, 
M., and Janus, C. (2007) Accumulation of pathological tau species and memory 
loss in a conditional model of tauopathy, The Journal of neuroscience : the official 
journal of the Society for Neuroscience 27, 3650-3662. 

85. Polydoro, M., Acker, C. M., Duff, K., Castillo, P. E., and Davies, P. (2009) Age-
dependent impairment of cognitive and synaptic function in the htau mouse 
model of tau pathology, J Neurosci 29, 10741-10749. 

86. Lasagna-Reeves, C. A., Castillo-Carranza, D. L., Jackson, G. R., and Kayed, R. (2011) 
Tau oligomers as potential targets for immunotherapy for Alzheimer's disease and 
tauopathies, Current Alzheimer research 8, 659-665. 

87. Spires-Jones, T. L., Kopeikina, K. J., Koffie, R. M., de Calignon, A., and Hyman, B. T. 
(2011) Are Tangles as Toxic as They Look?, J Mol Neurosci. 

88. Yoshiyama, Y., Higuchi, M., Zhang, B., Huang, S. M., Iwata, N., Saido, T. C., Maeda, 
J., Suhara, T., Trojanowski, J. Q., and Lee, V. M. (2007) Synapse loss and microglial 
activation precede tangles in a P301S tauopathy mouse model, Neuron 53, 337-
351. 

89. Cowan, C. M., Quraishe, S., and Mudher, A. (2012) What is the pathological 
significance of tau oligomers?, Biochemical Society transactions 40, 693-697. 

90. Brunden, K. R., Trojanowski, J. Q., and Lee, V. M. (2008) Evidence that non-fibrillar 
tau causes pathology linked to neurodegeneration and behavioral impairments, 
Journal of Alzheimer's disease : JAD 14, 393-399. 

91. Morsch, R., Simon, W., and Coleman, P. D. (1999) Neurons may live for decades 
with neurofibrillary tangles, J Neuropathol Exp Neurol 58, 188-197. 

92. de Calignon, A., Fox, L. M., Pitstick, R., Carlson, G. A., Bacskai, B. J., Spires-Jones, 
T. L., and Hyman, B. T. (2010) Caspase activation precedes and leads to tangles, 
Nature 464, 1201-1204. 



 
 

 

72 
 

93. Gomez-Isla, T., Hollister, R., West, H., Mui, S., Growdon, J. H., Petersen, R. C., 
Parisi, J. E., and Hyman, B. T. (1997) Neuronal loss correlates with but exceeds 
neurofibrillary tangles in Alzheimer's disease, Annals of neurology 41, 17-24. 

94. Terry, R. D. (2000) Do neuronal inclusions kill the cell?, J Neural Transm Suppl 59, 
91-93. 

95. van de Nes, J. A., Nafe, R., and Schlote, W. (2008) Non-tau based neuronal 
degeneration in Alzheimer's disease -- an immunocytochemical and quantitative 
study in the supragranular layers of the middle temporal neocortex, Brain Res 
1213, 152-165. 

96. Maeda, S., Sahara, N., Saito, Y., Murayama, S., Ikai, A., and Takashima, A. (2006) 
Increased levels of granular tau oligomers: an early sign of brain aging and 
Alzheimer's disease, Neurosci Res 54, 197-201. 

97. Lasagna-Reeves, C. A., Castillo-Carranza, D. L., Sengupta, U., Sarmiento, J., 
Troncoso, J., Jackson, G. R., and Kayed, R. (2012) Identification of oligomers at 
early stages of tau aggregation in Alzheimer's disease, FASEB J. 

98. Patterson, K. R., Remmers, C., Fu, Y., Brooker, S., Kanaan, N. M., Vana, L., Ward, 
S., Reyes, J. F., Philibert, K., Glucksman, M. J., and Binder, L. I. (2011) 
Characterization of prefibrillar Tau oligomers in vitro and in Alzheimer disease, J 
Biol Chem 286, 23063-23076. 

99. Gerson, J. E., Castillo-Carranza, D. L., and Kayed, R. (2014) Advances in 
therapeutics for neurodegenerative tauopathies: moving toward the specific 
targeting of the most toxic tau species, ACS Chem Neurosci 5, 752-769. 

100. Gerson, J. E., and Kayed, R. (2013) Formation and propagation of tau oligomeric 
seeds, Frontiers in neurology 4, 93. 

101. Braak, H., and Braak, E. (1991) Neuropathological stageing of Alzheimer-related 
changes, Acta Neuropathol 82, 239-259. 

102. Delacourte, A., and Buee, L. (2000) Tau pathology: a marker of neurodegenerative 
disorders, Curr Opin Neurol 13, 371-376. 

103. Bretteville, A., and Planel, E. (2008) Tau aggregates: toxic, inert, or protective 
species?, J Alzheimers Dis 14, 431-436. 

104. Congdon, E. E., and Duff, K. E. (2008) Is tau aggregation toxic or protective?, J 
Alzheimers Dis 14, 453-457. 

105. Arriagada, P. V., Growdon, J. H., Hedley-Whyte, E. T., and Hyman, B. T. (1992) 
Neurofibrillary tangles but not senile plaques parallel duration and severity of 
Alzheimer's disease, Neurology 42, 631-639. 

106. Bird, T. D., Nochlin, D., Poorkaj, P., Cherrier, M., Kaye, J., Payami, H., Peskind, E., 
Lampe, T. H., Nemens, E., Boyer, P. J., and Schellenberg, G. D. (1999) A clinical 
pathological comparison of three families with frontotemporal dementia and 
identical mutations in the tau gene (P301L), Brain 122 ( Pt 4), 741-756. 

107. Hernandez, F., and Avila, J. (2008) Tau aggregates and tau pathology, J Alzheimers 
Dis 14, 449-452. 

108. Cash, A. D., Aliev, G., Siedlak, S. L., Nunomura, A., Fujioka, H., Zhu, X., Raina, A. K., 
Vinters, H. V., Tabaton, M., Johnson, A. B., Paula-Barbosa, M., Avila, J., Jones, P. 
K., Castellani, R. J., Smith, M. A., and Perry, G. (2003) Microtubule reduction in 
Alzheimer's disease and aging is independent of tau filament formation, Am J 
Pathol 162, 1623-1627. 

109. Tabaton, M., Cammarata, S., Manetto, V., Perry, G., and Mancardi, G. (1989) Tau-
reactive neurofibrillary tangles in cerebellar cortex from patients with Alzheimer's 
disease, Neurosci Lett 103, 259-262. 

110. Marx, J. (2007) Alzheimer's disease. A new take on tau, Science 316, 1416-1417. 



 
 

 

73 
 

111. Demuro, A., Mina, E., Kayed, R., Milton, S. C., Parker, I., and Glabe, C. G. (2005) 
Calcium dysregulation and membrane disruption as a ubiquitous neurotoxic 
mechanism of soluble amyloid oligomers, J Biol Chem 280, 17294-17300. 

112. Gomez-Ramos, A., Diaz-Hernandez, M., Cuadros, R., Hernandez, F., and Avila, J. 
(2006) Extracellular tau is toxic to neuronal cells, FEBS Lett 580, 4842-4850. 

113. Gomez-Ramos, A., Diaz-Hernandez, M., Rubio, A., Miras-Portugal, M. T., and Avila, 
J. (2008) Extracellular tau promotes intracellular calcium increase through M1 and 
M3 muscarinic receptors in neuronal cells, Mol Cell Neurosci 37, 673-681. 

114. Spires, T. L., Orne, J. D., SantaCruz, K., Pitstick, R., Carlson, G. A., Ashe, K. H., and 
Hyman, B. T. (2006) Region-specific dissociation of neuronal loss and 
neurofibrillary pathology in a mouse model of tauopathy, Am J Pathol 168, 1598-
1607. 

115. Maeda, S., Sahara, N., Saito, Y., Murayama, M., Yoshiike, Y., Kim, H., Miyasaka, T., 
Murayama, S., Ikai, A., and Takashima, A. (2007) Granular tau oligomers as 
intermediates of tau filaments, Biochemistry 46, 3856-3861. 

116. Lasagna-Reeves, C., Castillo-Carranza, D. L., Guerrero-Muñoz, M. J., Jackson, G. R., 
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