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Abstract   

The intracellular Tau aggregates are known to be associated with Alzheimer’s disease. The 

inhibition of Tau aggregation is an important strategy for screening of therapeutic molecules 

in Alzheimer's disease. Various compounds of natural and synthetic origins have been 

screened for the potency against Tau aggregation. The photo-excited dyes showed inhibitory 

effect on amyloid protein aggregation and toxicity. In the present work, we studied the effect 

of two acknowledged photosensitizers Toluidine Blue (TB) and Rose Bengal (RB) against Tau 

aggregation. The aim of this work was to study the protective role of these dyes against Tau 

aggregation and cytoskeleton modulations. The studies carried out with help of ThS 

fluorescence, circular dichroism, and electron microscopy suggested that TB and RB 

attenuated the in vitro Tau aggregation. Whereas, the PE-TB and PE-RB disaggregated the 

mature Tau fibrils. In our studies, we observed that PE-RB and PE-TB Bengal modulated the 

cytoskeleton network.  The Neuro2a cells exposed to PE-RB and PE-TB were having 

extended neurite, which indicated the modulation of tubulin network. Similarly, the treatment 

of photo-excited dyes modulated actin structures in cells. Neuro2a cells exposed to PE-RB 

and PE-TB had increased actin-rich filopodia and lamellipodia.  The behavioural studies on 

Drosophila transgenic models suggested that exposure to these dyes improved the longevity 

and egg laying capacity of flies. Similarly the negative geotaxis assay suggested that flies 

exposed to PE-RB and PE-TB were having improved locomorter function. The treatment of 

PE-RB and PE-TB improved memory and learning of UAS E-14 Tau mutant of Drosophila.  

Bacopa monnieri is a nootropic herb described in Ayurveda. In our work the ethanolic extract 

of Bacopa monnieri was studied for its potency to inhibit Tau aggregation and rescue of 

viability of Tau stressed cells. Bacopa monnieri was observed to inhibit the Tau aggregation 

invitro. The cells exposed to Bacopa monnieri were also observed to have low level of ROS 

and caspase-3 activity. The western blot and immunofluorescence analysis showed that the 

Bacopa monnieri elevated the Nrf2 levels and downregulated phospho-Tau level in cells. 

NUP358 are the key proteins involved in nuclear transport. It was observed that Bacopa 

monnieri treatment restored NUP358 arrangement in formaldehyde stressed cells.  

The overall results of our studies suggested that PE-TB and PE-RB have potency against Tau 

aggregation and Tau-mediated toxicity. Whereas, Bacopa monnieri showed potency against 

Tau phosphorylation and Tau aggregation. Hence these compounds could be considered for 

further studies in treatment of Alzheimer’s disease. 
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Chapter 1 

Introduction  

1.1 Alzheimer’s disease and protein aggregation 

Neurodegenerative disorders are characterized by progressive loss of neurons, memory 

deprivation, language dysfunction, impaired problem solving, thinking skills, and motor nerves 

dysfunction1. Parkinson’s disease, Huntington’s disease, Creutzfeldt - Jakob disease, Fronto-

temporal dementia, and Alzheimer’s disease are examples of neurodegenerative disorders2. 

Neurodegenerative diseases have been reported to be associated with misfolding, 

oligomerization, and accumulation of protein aggregates. The proteinaceous aggregates of α-

synuclein lead to the generation of Lewy bodies, which are considered a cause of the 

progression of Parkinson’s disease3. Several studies suggest that mutation in the  α-synuclein 

gene leads to the familial Parkinson’s disease4. Similarly, the misfolded prion protein leads to 

the generation of sporadic Prpsc, resulting in the Creutzfeldt-Jakob disease5. The tri nucleotide 

disorder such as Huntington’s disease involves the aggregation of Huntingtin protein6. 

Intracellular Tau aggregates and extracellular senile plaques are known to be the hallmarks 

of Alzheimer’s disease (AD). AD is the neurodegenerative disease characterized by 

progressive memory loss and behavioural impairments. The major causes of AD include 

genetic factors, acetyl choline imbalance and accumulation of protein aggregates. The genetic 

factors of AD involve the multifactorial genetic dysfunction (APP, PS1, PS2, and TAU), 

mutations in Presenilin 1 (PS1, and Presenilin 2 (PS2) genes considered to be primarily 

involved in onset of familial AD. Similarly, the mutation in APOE4 gene is also considered as 

a genetic cause of late-onset of AD7,8. Apart from genetic factors, the imbalance of the 

cholinergic system is considered to cause AD. Acetylcholine is one of the critical 

neurotransmitters of central nervous system. Several studies have indicated that the 

degeneration of cholinergic neurons leads to impairment in acetylcholine transport resulting in 

dementia. The treatment of choline esterase inhibitors restores the acetylcholine level in 

neurons, which is one of the therapeutic strategies for AD patients9. Among all these 

suggested causes for AD, the accumulation of protein aggregates is the main 

neuropathological feature of AD10. The extracellular senile plaques led to toxicity in neurons11. 

The action of gamma-secretase on amyloid precursor protein (APP) results in the formation 

of amyloid β-42 (Aβ-42) peptides, leading to accumulation of extracellular senile plaques. The 

impaired clearance of APP from cells leads to the generation of Aβ-42 peptides. The 

accumulation of  Aβ  results in the formation of heterogeneous population of oligomers and 

proto filaments, which ultimately accumulate, as extracellular Aβ fibrils12. The Aβ-42 

aggregates induce neurotoxicity in various manners viz; generation of oxidative stress, 

induction of caspase activity, loss of synaptic function and induction of several kinases13. 

Similarly, another protein involved in AD is Tau, which stabilizes the microtubules. In the 

pathological state, Tau detaches from the microtubules and leads to the formation of 

intracellular neurofibrillary tangle NFTs (Fig. 1)14.  

1.2 Tau protein  

Tau protein maintains the assemblies and stability of microtubules. The TAU gene is present 

at chromosome 17q21, which results in the generation of six isoforms by alternative splicing. 

This initial 120 amino acid residue long region of Tau has an acidic character. The microtubule-

binding region has basic charge on it. On the contrary 40 residues of carboxyl-terminal have 

a neutral charge overall Tau protein is basic charge protein. The 90 amino acid extended 
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region adjacent to the repeat region (150-240 AA) contains proline motifs which are known to 

be the target of various proline-directed Ser/Thr kinases15. 

 

Figure 1. The physiological role of Tau. Tau protein associates with microtubules which aids to maintain the stability 

of microtubules. Tau is known to be localized in the axonal cytoplasm, but the presence of Tau in the dendrites is 

reported. The role of nuclear Tau is still needs to be studied but preliminary studies have suggested the role of nuclear 

Tau in the maintenance of DNA stability and DNA repair.  

The four repeat region (244-368), which is mainly responsible for its aggregation. VQIINK in R2 

and VQIVYK of R3 are the sequences that initiates Tau aggregation. Under physiological 

conditions, Tau stabilizes the protein, but in diseased state Tau undergoes several post-

translational modifications such as phosphorylation, glycation, glycosylation, and ubiquitination, 

which lead to the pathological Tau species16. Among all PTMs of Tau phosphorylation is the 

principle cause, which leads to Tau aggregation. Studies addition of phosphate leads to charge 

compensation on Tau protein, which induces its aggregation (Fig. 2)17. Tau is a natively unfolded 

and dynamic protein, due to its hydrophilicity the Tau does not acquire any tertiary structure. The 

FTIR and CD spectroscopy evidenced that the Tau aggregates have β-sheet-rich structure18. Tau 

is predominantly an axonal protein, but the studies have also suggested the presence of dendritic 

Tau. Tau is considered as majorly localized in the cytoplasm, but presence of nuclear Tau is also 

being evidenced. Nuclear Tau is known to protect DNA from degradation by involving DNA 

damage response19. The nuclear Tau is associated with chromosome relaxation, although the 

mechanism is yet to be explained 20. 

Under pathological conditions, Tau detaches from microtubules and form heterogeneous 

oligomers. These oligomers further form proto-filaments, which ultimately result in paired helical 

filaments (PHFs)21. 
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Figure 2. The domain organization of natively unfolded Tau. The 441 amino acid long full-length Tau has two 

domains, the projection domain and microtubule-binding domain. Further, the microtubule-binding domain has 4 repeat 

region, which is considered to be responsible for Tau aggregation. The proline-rich region and repeat region have 

several site(s) prone for various post-translational modifications e.g. phosphorylation. The alternative splicing of the 

Tau gene led to the generation of six different Tau isomers. 

In addition to AD, several other diseases such as progressive supranuclear palsy, corticobasal 

syndrome, pick’s disease, and chronic traumatic encephalopathy are also known to be 

associated with Tau, which are cumulatively termed as Tauopathies22. The post-translational 

modifications e.g. phosphorylation are known to be associated with Tau pathology. Tau protein 

has several sites, which are phosphorylated by various Tau specific kinases. Some kinases have 

a serine/threonine kinase activity, while others target tyrosine23. GSK-3β and CDK5 are the key 

Ser/Thr kinases, while Src family kinases (SFKs), FYN, and the ABL family kinases 

phosphorylate tyrosine24. Tau aggregates are involved in generation of various neuronal 

dysfunctions. The presence of intracellular Tau aggregates lead to the generation of oxidative 

stress in cells leading to neurotoxicity25. The presence of Tau aggregates is known to initiate 

neuroinflammation26. Neurodegenerative disorders have been associated with impaired 

nucleocytoplasmic transport. The transport of transcription factors and Ran gradient across the 

nucleus and the arrangement of nucleoporins are known to be disturbed in case of 

neurodegenerative diseases. The recent studies have suggested that Tau protein disrupts the 

nucleocytoplasmic transport by interfering with Ran protein transport 27.Thus, Tau protein is 

involved in various neuronal impairment it is considered as a prime target for studying several 

therapeutic strategies against AD (Fig. 3).   

1.3 Tau aggregation inhibitors 

The pathology of AD is closely associated with Tau aggregation, various molecules have been 

screened for their potency to inhibit Tau aggregation. The Tau aggregation inhibitors include the 

molecules extracted from a natural sources as well as synthetic origin 28.  
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Figure 3. The pathological role of Tau. Under pathological conditions, Tau detaches from microtubules and self-

aggregates to form intracellular aggregates. These aggregates led to the generation of various neuronal impairments. 

The detachment of Tau from the microtubule result in the destabilization of microtubules which causes various 

cytoskeletal deformities. Ran and Nups play a crucial role in nucleocytoplasmic transport. The presence of Tau 

aggregates reduced the Ran level and disrupted the arrangement of Nups. Tau aggregates increase the oxidative 

stress in neuron and lead to dysfunction of the mitochondrial electron transport chain. 

The Curcumin is a polyphenol extracted from the roots of Curcuma Longa, the studies suggested 

that Curcumin disintegrates the Tau fibrils and oligomers formation. Curcumin is known to inhibit 

the β- sheet formation during the initial stages of Tau aggregation. Furthermore, the 

Cinnamaldehyde, isolated from Cinnamonium zeylanicum is known to inhibit Tau aggregation. 

The polyphenolic extract of grape seed disaggregated Tau fibres leading to reduction in 

neurotoxicity29. In recent studies in our lab, the limonoids nimbin and salannin extracted from 

Azadirachta indica inhibit in-vitro Tau aggregation30. Further the limonoids including gedunin, 

epoxyazadiradione, azadirone and azadiradione observed to have potency in inhibiting Tau 

aggregation. These limonoids affected the proteastasis by modulating the Hsp 70 level in cells31. 

The quinone derivatives such as the anthraquinones, daunorubicin and adriamycin isolated from 

the bacterium Streptomyces peucetius are also reported to dissolve the Tau fibrils32. The 

flavonoid Baicalein (5,6,7-trihydroxyflavone) isolated from the roots of Scutellaria baicalensis is 

known to inhibit the Tau fibrillization. The studies suggest that Baicalein sequesters the 

oligomers, ultimately leading to a reduction in Tau aggregation33. Epigallocatechin gallate 

(EGCG) is the polyphenol isolated from green tea is known to inhibit the formation of toxic 

oligomers of K18ΔK280 Tau. The biochemical, biophysical, and docking studies revealed that 

EGCG interact(s) with Tau leading to modulation of its aggregation potency34. The compounds 

of synthetic origins are also have potency against Tau aggregation 
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B4AD5 and B4A1 are the N-phenylamine-derived compounds that are known to inhibit Tau 

aggregation. The organometallic compounds such as porphyrins are known to inhibit Tau 

aggregation. The cobalt-based metal complexes are reported to inhibit Tau aggregation; studies 

have also suggested that these metal complexes reduce the okadiadic acid-induced 

phosphorylation of Tau in neuronal cells35. Mehtylene blue (MB) was observed to have potency 

to attenuate the Tau assembly. Along with MB, perhenazine, thionin and quinaxoline also 

reported to inhibit Tau aggregation36. Thiazole and hydrazine-containing structure BSC3094 has 

shown potency against Tau aggregation with a DC of 0.7 µM37 (Fig. 4).  

 

Figure 4. The screening of Tau aggregation inhibitors. Various studies have been carried out for screening of Tau 

aggregation inhibitors. Tau aggregation inhibitors contain compounds of natural origin, which have various alkaloids, 

phenols, polyphenols etc. The synthetic Tau inhibitors have peptidomimetics, dyes and metal-based compounds. 

Hormonal therapy is also found to be effective for the inhibition of Tau aggregation.  

1.4 The introduction to Photodynamic therapy 

1.4.1 The principle of Photodynamic therapy 

Photodynamic therapy (photo+dynamic therapy) (PDT), involves the application of photo-excited 

molecules to the target. The two step mechanism of PDT includes absorption of light by the 

photosensitizer as first step followed by the transfer of energy by the excited state of 

photosensitizer molecule to the molecular oxygen. In the first step the photosensitizer acquires 

the excited state by absorption of light energy. As this high energy state is short lived the singlet 

state gets converted to triplet state via a process known as “intersystem crossing”. This triplet 

state having more half-life participates in two types of reaction called as type I and type II reaction. 

In type I reaction, it reacts with a substrate and molecular oxygen to form free radicals. In type 2 

reaction, the triplet state transfers it’s energy to oxygen directly and converts it into a singlet state 

(Fig. 5)38,39. The application of light as therapy was used from ancient times. In the modern era, 

the process of PDT was first examined in 189840. Furthermore, in 1904 the significance of singlet 

oxygen in PDT was established and the term “photodynamic therapy” was introduced41. The first 

clinical approval for PDT was done in 1993, and since then, PDT has emerged as a promising 

therapy for the treatment of various disorders42. 
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Figure 5. The introduction to Photodynamic therapy (PDT). PDT involves the application of photo-excited dyes 

against target tissues. The main components of PDT involve light source, photo-sensitive molecules and dark chamber. 

The exposure of photo-excited dyes to Aβ fibrils results in disintegration of Aβ aggregates. The PDT has been observed 

to be effective in disintegrating the AD-related Aβ fibrils. 

1.4.2 The introduction to Photosensitizers 

The light-sensitive molecules used for PDT are termed photosensitizers (PS)43. Various light-

sensitive molecules have been reported in the literature but the ideal PSs should have properties 

such as- 

High quantum yield: The PSs should produce high singlet oxygen species, which lead 

administration of lower doses of PSs.   

Target specificity: The PS should target-specific, application of PSs must not have any adverse 

effect on surrounding healthy tissues. 

Minimum dark toxicity: The toxicity generated by non-photo-excited PS is known as dark 

toxicity. The PS should not have any adverse effect on cell viability in un-excited form. 

Rapid clearance from the body: One of the important aspects of the choice of PS is the 

retention time in the body. The PS should be excreted from the body without causing any side 

effect.  

Availability and cost effective: The molecules are chosen as PS should be easy to synthesize, 

and the cost of preparation should be low.  

The  first-generation PSs have several drawbacks such as low quantum yield, dark toxicity and 

less specify44. To resolve these issues, second and third-generation PSs were introduced. The 

second-generation PSs mainly include porphyrin-derived compounds such as benzoporphyrins, 

purpurins, texaphyrins, phthalocyanines, naphthalocyanines, and protoporphyrin IX (PpIX)45. The 
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porphyrin compounds such as meta-tetra(hydroxyphenyl) porphyrin, the meta isomer of 

5,10,15,20-tetra(hydroxyphenyl)porphyrin, and 5,10,15,20-tetrakis(4-sulfanatophenyl)-21H, 

23H-porphyrin (TPPS4) are the second-generation photosensitizers46,47. The second-generation 

PSs include some non-porphyrin compounds belonging to anthraquinones, phenothiazine, 

xanthene, cyanine, and curcuminoids48. Phenothiazine dyes including Methylene Blue and 

Toluidine Blue have λmax at 666 nm and 630 nm respectively. The cationic dye TB is known to 

have a high affinity for sulphates, carboxylates, and phosphate radicals of mammalian tissues, 

hence it’s being widely used for histological purpose49. TB has a phenothiazine structure, which 

imparts the property of photo-excitation. The potency of photo-excited TB has been reported 

against pathological microbes such as Candida albicans, Pseudomonas aeruginosa, 

Acinetobacter baumannii and Staphylococcus epidermidis50-52. Rose Bengal is another 

photosensitizer belonging to xanthene dye. Chemically Rose Bengal is widely used as 

fluorochrome and a histological dye.  The dye is readily soluble in water and have a molecular 

mass of 973.67 g/molecular mass. Rose Bengal is known to have the potency of photo-excitation 

at λmax of 546 nm. Rose Bengal has been known for the inhibitory properties against several 

carcinoma and microbial infections. Silica nanoparticles decorated with Rose Bengal is reported 

to inactivate the methicillin-resistant Staphylococcus aureus53. The gold nanorods conjugated 

with Rose Bengal have been proven to be effective against the oral carcinoma54. The treatment 

of photo-excited Rose Bengal was observed to inhibit the Pseudomonas aeruginosa keratitis 

isolates55.  Several compounds belonging to the chlorin family have been applied as 

photosensitizer. Meta-tetra (hydroxyphenyl)chlorin,  tin ethyl etiopurpurin, N-aspartyl chlorin e6 

are the examples of chlorin-based photosensitizer isolated from chlorophyll A56,57. Pheophorbides 

are another class of pyrrole-based photosensitizer, which is also derived from chlorophyll58. 

WST09 and WST11 are the bacterial origin pyrrole-based photosensitizer-derived from 

bacteriochlorophyll A59. The recent studies instructed the development of third-generation of 

photosensitizers, which include PSs immobilized on nanoparticles. Chlorin E6 

(Ce6)+nanoparticles, Gold-Nanoclustered Hyaluronan Nano-Assemblies, Ce6+tumor-targeting 

nanogel, Ce6+ChitoUDCA nanoparticles are the examples of some of the emerging third-

generation PSs, which showed appreciable potency against various cancerous cells60,61. The 

combinatorial therapy using PSs is emerging as a promising therapeutic strategy (Table 1). The 

platinum (IV) complex-based prodrug monomer (PPM) and 2-methacryloyloxy ethyl 

phosphorylcholine (MPC), improved the drug delivery and assisted in resolving the challenge of 

multidrug resistance in tumours62. Similarly, the doxorubicin and chlorin e6 Dox@MSNs-Ce6 

complex loaded on silica nanoparticles was found to have imposed potency of drug63. Hence, the 

application of PSs is emerging as potential strategy for treatment.   

1.4.3 Dyes in diagnosis and therapeutics against neurodegenerative disease  

The application of dyes for the diagnosis of Tau aggregation is considered to be a sensitive, 

reliable technique. Congo red and it’s derivative (trans,trans)-1-fluoro-2,5-bis(3-hydroxycarbonyl 

4-hydroxy) styrylbenzene (FSB) were used to detect the Tau aggregates in animal models such 

as P301S Tau transgenic mice. The curcumin derived near-infrared fluorescent probes (NIRF) 

(4-dimethylamino-2,6-dimethoxy)phenyl that alters its colour after conjugating with Tau64 
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    Table 1. 

S.No. Name of 
photosensitizer 

            Target Year of Clinical approval  

1. Photofrin Head and neck carcinoma and 
lung cancer  

1993 in Canada, 1995 in 
USA, 1998 in UK 

2.  Temoporfin Oesophageal cancer 2001 in China 

3. Talaporfin Lung cancer  2003 in Japan 

4.  Chlorin e6 Ladder cancer  2006 in Russia  

5.  ALA Brain tumour  2017 

6.  Padeliporfin  Prostate cancer  2018 in Mexico  
Table 1. The clinically approved photosensitizers and their application. (Adapted from Dubey, T and Chinnathambi, 

S; Small GTPase, 2021) 

Similarly, isobutyl-substituted difluoroboron β-ketonate with a π-conjugated 1,4-butadienyl 

linker is a Tau-specific NIRF used for diagnosis of Tau aggregates64. 1,7-Bis(4’-hydroxy-3’-

trifluoromethoxyphenyl)-4-methoxycarbonylethyl-1,6-heptadiene-3,5-dione(FMeC1), 

CARNAD -58, CARNAD-28, CARNAD-3, BMAOI-14 are examples of some curcumin-derived 

fluorescence probes, which are specific for Aβ aggregates65. One of the derivatives of BODIPY 

,”Quinoxaline”, is known to emit fluorescence after binding to Tau fibrils66.  Crystal violet, 

Hoffman’s violet, Methyl green, Toluidine blue are examples of dyes, which change colour 

upon binding to the protein aggregates66. The binding of Thioflavin S and Thioflavin T lead to 

restriction in their rotational freedom, which results in the generation of elevated fluorescence. 

Hence, these dyes are proved to be an essential tool in tracing the protein aggregation34,66. 

Coumarin-quinoline (CQ) has an affinity for Aβ and Tau aggregate, the CQ has the potency 

to cross blood-brain-barrier, which facilitates the in vivo diagnosis of Tau and Aβ aggregate34. 

Indocyanine green and IR-780 are cyanine-based dyes, which have the potency to bind the 

extracellular Aβ plaques67.  

Various classes of dyes have been known to be effective against Tau/Aβ aggregation and 

their pathology. In recent years, the tricyclic phenothiazine dye Methylene Blue (MB) has been 

studied extensively for its potency against Tau aggregation and Tau-mediated neurotoxicity68. 

The treatment of MB downregulated the activity of MARK4/PAR1, which ultimately results in 

the reduction of Tau phosphorylation and Tau toxicity69. The N-demethylated derivatives of 

MB azure A and azure B are known to be effective against Tau aggregation. The azure A and 

azure B crosslink C291 and C322, which attenuated the Tau aggregation70. However, it was 

observed that MB inhibited the formation of long fibrils of Tau, whereas Tau oligomers were 

not affected by MB71. The in vivo studies supported the potency of MB against Tauopathy. 

The administration of MB to Transgenic mice expressing full-length human Tau (2N4R Tau-

ΔK280, termed TauΔK) improves their cognitive behaviours72,73. Furthermore, the in vivo 

studies indicated that cyanine dye 3,3′-diethyl-9-methyl-thiacarbocyanine iodide (C11) 

modulated the Tau aggregation in transgenic mice model 74. The xanthene dye Erythrosine B 

(ER) treatment attenuated the in vitro aggregation of Aβ, ER reduced the Aβ-mediated 

cytotoxicity of neuroblastoma cells SH-SY5Y cells75. The natural dye Haematoxylin which 

extracted from Caesalpinia sappan, potentially inhibited Aβ fibrillization76. The inhibition of Aβ 

fibrillization was resulted from the interaction of dye with Aβ at N-terminal region, S8GY10 

region, turn region, and C-terminal region via hydrogen bonding. Curcumin is reported to 

attenuate the aggregation of Aβ  and Tau77. Curcumin downregulates the Tau-mediated 

toxicity in various aspects, studies suggested that treatment of curcumin inhibited the 
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oligomerization of Tau protein and modulated the phosphorylation of Tau that ultimately 

resulted in reduction of Tau-mediated neurotoxicity78. Hence the recent studies suggested that 

dyes could be considered as a potent therapeutic molecules against Tau aggregation.   

1.4.4 Photo-excited dyes: novel approach against AD  

The advancements in field of PDT are widening the probability of application photo-excited 

dyes. The studies have indicated the potency of photo-excited dyes against the AD-related 

protein aggregates. The Aβ aggregates are neurotoxic, recent results have supported the 

concept of disintegration of Aβ fibrils via photo-excited dyes79. The photo-excited xanthene 

dye Rose Bengal attenuated the in vitro aggregation of monomeric Aβ and conformational 

transition in Aβ secondary structures. The exposure of PE-RB reduced the degree of toxicity 

in the Aβ stressed PC-12 cells80. Similarly, the micelle prepared by coating with Chlorin e6 

and Tanshinone irradiated with 655 nm light disintegrated the mature Aβ fibrils and reduced 

the Aβ-mediated toxicity 81. The treatment of photo-excited ThT attenuated aggregation of Aβ 

by oxidizing Y10, H13, H14, and M35 amino acids of Aβ which resulting in the reduction of 

aggregation rate82. The photo-excited MB disintegrated the Aβ fibrils in-vitro; in vivo studies 

indicated that PE-MB modulated the neuromuscular junction in Drosophila82. The preliminary 

studies suggested that photo-excited dyes could have potency against AD- related pathology. 

1.5 Ayurveda and its role in neuroprotection  

1.5.1 Introduction to Ayruveda  

Ayurveda is considered to be one of the ancient science for therapeutic practices. The 

philosophy of Ayurveda deals with the improvement of human health by the application of 

natural resources.  “Ayur ” is a word representing life, and veda represents science or 

knowledge, hence the word Ayurveda has meaning the science for the improvement of life. 

The three principle braches of Ayurveda are “Roga Vigyan” (the science of diseases), “Vikriti 

vigyan” (the science of disease process), Chikitsa vigyan (science of therapeutics). The 

Ayurveda is divided in eight divisions viz, Kayacikitsa (medicine), Salakya (dealing with 

diseases of the supra-clavicular region), Salyapahartrka (dealing with extraction of foreign 

bodies), Visagara Vairodhika-Prasamana (dealing with alleviation of poisons, artificial poisons 

and toxic symptoms due to intake of antagonistic substances), Bhutavidya (dealing with spirits 

or organisms),Kaumarabhrtya (Pediatrics), Rasayana (dealing with promotive measures) and 

Vajikarana (dealing with aphrodisiacs)83. Ayurvedic medicines mainly involves polyherbal 

formulations. The collection of medicinal herbs is a very important event in the preparation of 

medicines. The various formulations include “Asava”, which is synthesized by fermentation of 

fresh herbal extracts,” Kwath “, synthesized by boiling the herbs and collecting the decoction. 

“Vati”, is polyherbal the formulation in form of tablet and churna means powdered form of 

herbs, “Bhasma” is the fine power subjected to high temperature. In recent years modern 

analytical techniques such as TLC, HPLC, HPLC-MS, GC-MS, NMR etc., have been used for 

the chemical profiling of Ayurvedic formulations. The Ayurvedic formulations are characterized 

on the basis of the mechanism of action. The naimittika rasayana is the formulation for 

improvement of general weakness, vajikarana rasayana is for the improvement of vitality and 

vigour, pranakamya rasayana improves the vitality and longevity, shrirasayana is prepared for 

skin disorders, while “medhya rasayana” is for the improvement of neuronal health of a person. 

(Fig. 6).  
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Figure 6. Introduction to Ayurveda. The Ayurveda is a traditional medicinal system which includes therapeutic 

application of natural resources. The imbalance of three components (Dosha) of body viz, vata, pitta and kapha led 

to generation of diseased condition. The mental health and neurological disorders are believed to be related to 

imbalance of “Vata” component. Various herbal formulations have been prescribed in Ayurveda which are known to 

have neuroprotective properties. These formulations include Asav, kwath, vati and chruna which are administered 

based on the disease symptoms.  

1.5.2 Neuroprotective herbs in Ayruveda 

 Various herbs have been suggested in Ayurveda for the treatment of memory and cognitive 

disorders. Convolvulus pluricaulis is a perineal creeping plant belonging to the family 

Convolvulaceae.  Traditionally C. pluricaulis has been given in various formulation for treatment 

of anxiety, memory loss and cognitive disorders. Recent studies have supported the 

neuroprotective property of C. pluricaulis. The methanolic extract of C. pluricaulis leaves 

showed neuroprotective property in 3-Nitropropionic acid (3-NP) stressed rat model84. The 

treatment of methanolic extract of C. pluricaulis, reduced the malondialdehyde, nitrite levels and 

restored the activity of antioxidant enzymes e.g. superoxide dismutase, which indicated the 

antioxidant property of C. pluricaulis85.  The active components of C. pluricaulis such as 

scopoletin, ayapanin and scopolin were observed to ameliorate the scopolamine-induced 

amnesia in mice86. The administration of C. pluricaulis extract modulated the synaptic plasticity 

in hippocampus, which resulted in improving the memory of mice87. Thus, the studies indicated 

C. pluricaulis has a neuroprotective property. 

Withania somnifera, commonly known as “Ashwagandha” or Indian Ginseng is the evergreen 

shrub belonging to solanaceae family. Traditionally, W. somnifera is widely prescribed for the 

treatment of mental stress, general weakness, diarrhoea, anxiety and depression. The studies 

have demonstrated the various aspects of the neuroprotective property of W. somnifera. The 

ethanolic extract of W. somnifera showed the inhibition of pro-inflammatory enzymes 

lipoxygenase and cyclooxygenases88. The oral dose of “Withanone”, a bioactive component of 

W. somnifera, improved memory and cognition in old wistar rats by inhibiting the Aβ 
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aggregation. Similarly, the extract of W. somnifera showed neuroprotective activity in 6-

Hydroxydopamine (6-OHDA) stressed rats. 6-OHDA elevated the oxidative stress resulting in 

generation of Parkinson’s disease-like symptoms. The oral administration of W. somnifera to 6-

OHDA stressed rats, restored the glutathione peroxidase, superoxide dismutase and catalase 

activity and attenuated the lipid peroxidation in rat brain89.  Thus, the recent studies clearly 

advocated the neuroprotective property of W. somnifera.  

Centella asiatica (CA) is another essential herb that is considered to be neurotonic. C. asiatica 

is commonly known as  ”Gotu kola”,  “mandukparni” and jalbrahmi. It has been used from 

ancient times for the treatment of neuronal disorders, skin diseases, diarrhoea, fever, 

genitourinary disorders. C. asiatica is a creeping plant belongs to Umbellifere family, which is 

found  in marshy areas throughout India90. The administration of C. asiatica extract rescues the 

wistar rats from colchicine-mediated memory impairment and oxidative stress91. The PSAPP 

mice bearing M146L presenilin 1 mutations, results in spontaneous aggregation of Aβ in brain. 

The administration of C. asiatica extract modulated the Aβ aggregation and ROS generation in 

mice brain92. Moreover, C. asiatica extract reduced Aβ-mediated toxicity in PC-12 cells 93. 

Curcuma longa, has a significance in diet as well as in medicines,  The Curcuma longa is known 

for its anti-bacterial, analgesic, antipyretic and neuroprotective property94. Curcumin is the 

participle bioactive component of Curcuma longa, the bright yellow coloured compound 

curcumin is chemically a diarylheptanoid95. The neuroprotective role of curcumin has been 

extensively studied in recent years. Curcumin was observed to inhibit the aggregation of Aβ in 

vitro and in vivo. Additionally the administration of curcumin reduced the senile plaques 

formation in Tg2576 mice brain96.  

Nardostachys jatamansi or “Jatamansi”, is a plant found on higher altitudes in India. The plant 

belongs to Caprifoliaceae family and the rhizome is considered to have the medicinal property. 

Jatamansinol is an active component of N.jatamansi, the treatment of jatamansinol inhibited the 

GSK-3β activity and acetylecholine esterase activity, which are known to be involved in AD- 

related pathogenesis97. Similarly, the administration of extract of N.jatamansi rescued the rats 

from the cognitive impaired in streptozotocin (STZ) and selenium stressed rats98. The 

antioxidant enzymes such as glutathione peroxidase, glutathione-S-transferase and catalase 

were also observed to be elevated after treatment of N.jatmansi extract. The extract of 

N.jatamansi was also found to rescue the memory impairments in Parkinson’s disease model 

of rats stressed with Haloperidol and 6-hydroxydopamine99.  

1.5.3 Bacopa monnieri: Nootropic herb in Ayurveda  

Bacopa monnieri or “Brahmi” is the well-known neuroprotective herb in Ayurveda. B.monnieri is 

a creeper plant mainly found in marshy and damp area. B.monnieri has been recognized as 

“medhya rasayana” in Ayurveda, which means the medicine for improvement of neuronal 

health100. An illustrative characterization of the chemical constituents of B.monnieri has been 

carried out in various studies. The main constituents of B.monnieri include alkaloids such as 

“Brahmine”, Nicotine and Herpestine. The dammarane type titrerpanoids saponins such as 

Bacoside A [3-(α-L-arabinopyronsyl)-O-β-D-glucopyronaside, 20-dihydraoxy-16-keto-dammar-

24-ene] is considered as a major bioactive component of Bacopa monnieri. The glycoside 

component of Brahmi extract contain chemicals such as pseudojujubogenin, which is 

chemically identified as 3-O-[α-1-arabinofuranosyl (1-2) β-d-glucopyranosyl]. A, phenylethanoid 

glycoside, 3,4-dihydroxyphenylethyl alcohol (2-O-ferulolyl)-β-D-glucopyronoside and 

phenylethyl alcohol [5-O-p-hyroxy-benzoyl-β-D-apifuranosyl-(1-2)-β-D-glucopyranoside. The 
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principle bioactive compounds “Bacoside A” and ‘Bacoside B” have been studied extensively 

for their neuroprotective property.  

1.5.4 The neuroprotective property of Bacopa monnieri 

The reactive oxygen species are the oxygen radicles having short life span and high reactivity. 

Accumulation of ROS in cells led to generation of oxidative stress, which ultimately results in 

several cellular dysfunctions. B. monnieri is known to have antioxidant property, which is 

evidenced by several studies. The administration of B. monnieri is known to increase the level 

of antioxidant enzymes as SOD in the rat brain101. The colchicine is known to induced dementia 

via increasing the oxidative stress in brain, the treatment of B. monnieri extract reduced the 

ROS and NO levels in the rat brain102. The methanolic extract of B. monnieri protected the 

neuroblastoma cells against H2O2-mediated oxidative stress103. The oral administration of 

B.monnieri reduced the ROS load in streptozotocin-induced diabetic mouse by modulating the 

activity of SOD, glutathione peroxidase104. It was observed the treatment of B.monnieri elevated 

the levels of Nrf2 in okadaic acid treated wistar rats, which assist in reducing the ROS105. The 

reactive nitrogen species also result in generation of neurotoxicity. Thus all the studies clearly 

supported the fact the B.monnieri could be considered as antioxidant herb.  

The earlier studies have supported the protective role of B.monnieri again various aspects of 

neurodegeneration. Although the potency of B.monnieri has not been studies against Tau- 

mediated toxicity. Thus, we aimed to study the effect of B.monnieri extract against Tau 

aggregation, Tau phosphorylation and Tau mediated toxicity (Fig. 7). 

 

Figure 7. The nootropic property of Bacopa monnieri. Bacopa monnieri is considered to be a neuroprotective herbs 

science ancient times. In recent years, studies have proved the neuroprotective property of Bacopa monnieri. The 

treatment of Bacopa monnieri reduced the oxidative stress in cells and upregulated the antioxidant machinery of cells. 

The inflammatory cytokines were also downregulated after the treatment of Bacopa monnieri. The Aβ aggregates led 

to the generation of AD pathology, Bacopa monnieri treatment disintegrated the Aβ aggregates. 
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The PD model of flies expressing α-synuclein were fed with various concentrations of 

B.monnieri extract. It was observed the administration of B. monnieri improved the locomotor 

and behavioural deformities in flies106. Similarly, the treatment of B. monnieri extract improved 

the tyrosine hydroxylase activity in MPTP-induced Swiss albino mice107. Similarly, the treatment 

of B.monnieri extract reduced the aggregation of α-synuclein in 6-hydroxy dopamine stressed 

C.elegans; a transgenic model expressing “human” alpha synuclein108. The neuroprotective 

action of B.monnieri was also studied in context of potency to attenuate the aggregation of Aβ. 

The studies suggested that B.monnieri extract rescued the primary cortical neurons from Aβ 

mediated neurotoxicity. Ethylcholine aziridinium ion (AF64A) has high affinity for choline 

receptors and induces AD like symptoms. The oral administration of B.monnieri extract to AF64 

stress wistar rats reduced the loss of cholinergic neurons and improved the cognitive function109. 

The active component of B.monnieri also inhibited the aggregation of Aβ, Bacoside A inhibited 

the Aβ fibril formation and reduced the cytotoxicity110.  
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Aims of the Study 

AD is a progressive type of dementia, the aggregates of microtubule-associated protein Tau 

are one of the AD’s hallmarks. The presence of Tau aggregates led to the generation of 

various cellular dysfunctions such as ROS production, reduced cell viability, cytoskeletal 

deformities, impaired nucleocytoplasmic transport etc. Phosphorylation is one of the main 

PTM which is reported to be closely associated with Tau pathology. The kinase such as GSK-

3β phosphorylated Tau at various positions leading to generation Tau pathology. In our work, 

we focussed on studying the potency of photo-excited dyes (Rose Bengal/Toluidine Blue) 

against various aspects of Tau aggregation. Another aspect of our study was to check the 

effect of ethanolic extract of Bacopa monnieri against Tau aggregation, Tau phosphorylation, 

Tau-mediated toxicity and oxidative stress. Our work aims to study the role of photo-excited 

dyes and Ayurvedic extracts against Tau aggregation. The specific aims are,  

1. To study the role of Toluidine blue and photo-excited Toluidine blue against Tau aggregation 

and preformed fibrils. 

2. Studying the role of Rose Bengal and photo-excited Rose Bengal against Tau aggregation. 

3. Studying the effect of Bacopa monnieri against invitro Tau aggregation and mature Tau 

aggregates. Understanding the role of Bacopa monnieri in the modulation of nuclear 

transport and Tau phosphorylation. 
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Chapter 2 

Materials and methods 

2.1.1 List of chemicals and cell growth media 

Sr. No Chemical/Reagent/Media Company 

1.  3-(4, 5-dimethylthiazol-2-yl)-2,  
5-diphenyltetrazolium bromide (MTT reagent) 

Sigma 

2. 4′,6-diamidino-2-phenylindole (DAPI reagent) ThemoFisher Scientific 

3.  8-Anilinonaphthalene-1-sulfonic acid (ANS 
dye) 

Sigma 

4. Acrylamide Invitrogen 

5. Advanced DMEM F12 Invitrogen 

6. Agarose Invitrogen 

7.  Ammonium acetate MP Biomedicals 

8. Ammonium persulphate (APS) MP Biomedicals 

9. Ampicillin MP Biomedicals 

10. BES Sigma 

11. Bicinchoninic acid  Sigma  

12. Bis-acrylamide  Invitrogen  

13. Bovine Serum Albumin (BSA std) Sigma  

14. Bradford Reagent  Bio-Rad  

15. Bromophenol blue  MP Biomedicals  

16. Calcium chloride dihydrate  Sigma  

17. Clarity™ Western ECL Substrate  Bio-Rad  

18. Coomassie brilliant blue R-250  MP Biomedicals  

19. Copper sulfate (II)  Sigma  

20. Dimethyl sulfoxide (DMSO) Life Tech /MP biomedicals 

21. Dithiothretol  Calbiochem  

22. Dulbecco's Modified Eagle Medium (DMEM) Invitrogen 

23. EnzChek™ Caspase-3 Assay Kit  Thermo Scientific  

24. Ethanol  MP Biomedicals  

25. Ethylene glycol tetraacetate (EGTA) MP Biomedicals  

26. Fetal Bovine Serum  Thermo Fisher  

27. Formaldehyde MP Biomedicals 

28. Gel Loading Dye (6X) (For DNA) New England Biolabs  

29. Glacial acetic acid MP Biomedicals 

30. Glycerol  MP Biomedicals  

31. Glycine  Invitrogen  

32. Heparin (MW~17500 Da)  MP Biomedicals  

33. Horse serum Invitrogen 

34. IPTG  MP Biomedicals  

35. Isopropanol  MP Biomedicals  

36. Lactate dehydrogenase release assay kit  Thermo Scientific  

37. L-glutamine Invitrogen 

38. LB Broth  Invitrogen/HiMedia  

39. LB Agar  Invitrogen  

40. Magnesium chloride hexahydrate  MP Biomedicals  

41. MES hydrate  Sigma  

42. Methanol  MP Biomedicals  

43. Penicillin-Streptomycin  Invitrogen 

44. Polysorbate 20  MP Biomedicals  
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45.  Polyvinylidene fluoride membrane  Merck Milipore 

46. Potassium acetate  MP Biomedicals  

47. Potassium chloride  MP Biomedicals  

48. Potassium phosphate dibasic trihydrate  MP Biomedicals  

49. Potassium phosphate dibasic trihydrate  MP Biomedicals  

50. Potassium phosphate monobasic anhydrous  MP Biomedicals  

51. Protease inhibitor Cocktail  Roche  

52. Precision Plus ProteinTM Dual Color 
Standards  

Bio-Rad  

53. RIPA buffer  Thermo Scientific  

54. Rose bengal Sigma 

55. Sodium acetate trihydrate  MP Biomedicals  

56. Sodium azide  MP Biomedicals  

57. Sodium bicarbonate  MP Biomedicals  

58. Sodium carbonate anhydrous  MP Biomedicals  

59. Sodium chloride  MP Biomedicals  

60. Sodium dodecyl sulfate  Sigma  

61. Sodium hydroxide  MP Biomedicals  

62. Sodium phosphate dibasic anhydrous  MP Biomedicals  

63. Sodium phosphate monobasic mono hydrate  Sigma  

64. Sodium thiosulfate pentahydrate  MP Biomedicals  

65. Tetramethylethylenediamine  Invitrogen  

66. Thioflavin S  Sigma  

67. Toluidine Blue Sigma 

68. Tris base  Biorad  

69. Tris HCl  Invitrogen  

70. Triton X 100  Sigma  

71. Trypan blue  Invitrogen  

72. Trypsin-EDTA Invitrogen  

 
2.1.2 List of antibodies 
 

Sr. 
No 

Antibodies Company 

1. GSK3β monoclonal antibody (MA5-15109 ThermoFisher Scientific 

2. Phospho-GSK3B (Ser9) monoclonal antibody 
(MA5—14873) 

ThermoFisher Scientific 

3. Nrf2 poly clonal antibody (PA5-68817) ThermoFisher Scientific 

4. EB1Monoclonal Antibody (KT51) ThermoFisher Scientific  

5. Pan Tau (K9JA) (A0024) Dako 

6. Phospho-Tau (Thr212, Ser214) (MN1060) ThermoFisher Scientific 

7. Beta-actin loading control (MA515739) ThermoFisher Scientific 

8. Goat anti-mouse - alexa fluor 555 (A28180) ThermoFisher Scientific 

9. Goat anti-mouse IgG HRP (32430) ThermoFisher Scientific 

10. Goat anti-rabbit - alexa fluor 488 (A-11008) Dako  

11.  Goat anti-rabbit IgG HRP (31460) ThermoFisher Scientific 

 
2.1.3 Laboratory Instruments and Equipment 
 

Sr. 
No 

Instrument/Equipment Suppliers 

1. AKTA Pure FPLC system  GE Healthcare  

2. AKTA Start FPLC system  GE Healthcare  



        Materials and Methods  
 

 
 

28 

3. Amersham Imager 600  GE Healthcare  

4. Amersham Semi Dry blotting apparatus  GE Healthcare  

5. Analytical weighing balances Mettler Toledo 

6. Autoclave Spire 

7. Avanti JXN26 High speed Centrifuge  Beckman Coulter  

8. BioSafety cabinet/Clean bench Thermo Fisher Scientific 

9. CO2 incubator Thermo Fisher Scientific 

10. Dry bath  Genei  

11. Far-UV CD spectrometer J-815  Jasco  

12. Forma 900 series -80°C  Thermo Scientific  

13. Gel rocker  Benchmark  

14. Heratherm Hot Air Oven  Thermo Scientific  

15. Heraeus Incubator  Thermo Scientific  

16. High Speed Centrifuge 5804R  Eppendorf  

17. Homogenizer  Constant Systems Ltd.  

18. Laminar Air Flow  Microfilt 

19. Magnetic Stirrer  Genei  

20. Microcentrifuge 5418 R  Eppendorf  

21. MiliQ Unit Direct 16  Millipore  

22. Microplate reader Infinite 200 PRO  Tecan  

23. Miniprotean Tetra vertical electrophoresis system  Bio-Rad  

24. MiniSpin Plus Table top centrifuge  Eppendorf  

25. Molecular Imager Gel Docᵀᴹ XR+  Bio-Rad  

26. Optima XPN10 Ultracentrifuge  Beckman Coulter  

27. Optima MAX-XP Ultracentrifuge Beckman Coulter 

28. Avanti JXN-26 centrifuge Beckman Coulter 

29. pH meter Five Easyplus  Mettler Toledo  

30. Shaker Incubator (H1010-MR)  Benchmark Scientific  

31. Shaker Incubator Multitron Standard  Infors HT  

32. SimpliNano (Nanodrop) GE Healthcare 

33. T20 Transmission Electron Microscope  Tecnai  

34. UV-Visible spectrophotometer V-530  Jasco  

35. Vacuum Pump  Millipore  

36. Vortexer mixer  Genei  

37. Water bath  Genei  

38. Zeiss Axio observer 7 microscope with Apotome 2.0  Zeiss  

 

2.2 Sodium dodecyl sulphate–polyacrylamide gel electrophoresis 

The SDS-PAGE is a technique of separating proteins on the basis of molecular mass. The 

SDS used in this method acts and denaturant and masks the protein with a uniform negative 

charge hence the proteins are separated on basis of molecular weight31. The loading dye used 

in this technique contains bromophenol blue, glycerol, DTT, Tris and SDS. DTT acts as a 

reducing agent, which helps in denaturing the protein; bromophenol blue is used to trace the 

mobility of protein.  The glycerol helps to impart density to the solution, which facilitates the 

loading of protein onto the gel. The solutions of 39% acrylamide + 1% bisacrylamide, 

ammonium persulfate, 10% SDS and TEMED were mixed to prepare the SDS-PAGE of 

desired percentage. Bisacrylamide cross links to acrylamide, ammonium persulphate 

generates the free radicle which accelerates the polymerization, while TEMED helps to 

stabilize the free radicles. Various percentages of SDS-PAGE are prepared based on the 

alternation of acrylamide proportion, the higher percentage of gels are used of proteins of low 
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molecular weight and vice versa. The SDS-PAGE has two portions one resolving (pH 8.8) and 

stacking (pH 6.8 and 5% gel). The stacking portion of PAGE helps to align the protein, while 

the resolving gel helps to resolve the protein based on molecular weight. The gel running 

buffer is composed of glycine, Tris and SDS. SDS imparts the denaturing condition for protein, 

tris maintains the buffer conditions while glycine helps in stacking of proteins. As the SDS 

imparts a negative charge to protein, protein migrates from negative pole to positive pole under 

the influence of electric field. After the resolution of protein, the gel was stained with the 

solution containing coomassie brilliant blue R-250, methanol, and glacial acetic acid.  

2.3 Protein purification 

2.3.1 Expression of protein in bacteria  

The bacteria (BL 21* strain) from glycerol stock was inoculated in Luria Bertani Broth (LB) 

supplemented with ampicillin. The primary culture was incubated at 37°C for overnight in a 

rotatory shaker incubator. The secondary culture supplemented with ampicillin was inoculated 

from a primary culture and incubated at 37°C in a rotary shaker. Once the culture reaches to 

exponential phase (OD600= 0.5), the culture was induced using 0.5 mM IPTG and further 

incubated at 37°C. After the incubation, the culture was pelleted by centrifugation at 4,500 rpm 

for 10 minutes. The bacterial pellets were suspended in lysis buffer and proceeded for protein 

purification. The bacterial cells were lysed using the mechanical lysis method. Bacterial cells 

were lysed under high pressure using the constant cell disruption homogenizer pellet was 

resuspended in the lysis buffer composed of 50 mM MES (pH 6.8), 5 mM DTT, 1 mM EGTA, 

1 mM PMSF and protease inhibitor cocktail. The suspension was subjected to 

homogenization, while passing through the narrow orifice, high-pressure (15,000 psi) was 

applied on cells, which results in cell lysis. The lysis cycle was repeated 2-3 times and the 

lysis was collected and kept on ice.  

2.3.2 Purification of protein by cation-exchange chromatography  

The purification of Tau protein was carried out as per well established procedure  in the lab30. 

The cell lysate was supplemented with 5 mM DTT and 0.5 M NaCl; the lysate was heated for 

20 minutes at 90°C. The lysate was centrifuged at 40,000 rpm for 45 minutes at 4°C and kept 

overnight for dialysis in a buffer composed of 20 mM MES (pH 6.8), 1 mM EGTA, 50 mM NaCl, 

2 mM DTT, 1 mM MgCl2, and 0.1 mM PMSF. The lysate was centrifuged at 40,000 for 45 

minutes and with the help of a super-loop loaded on the Sepharose fast-flow column (GE17-

0729-01) pre-equilibrated with buffer A. Tau has pI of 8.24, hence cation-exchange 

chromatography was used for purification of Tau. The cation-exchange column was washed 

trice with buffer A for removing the unbound protein. The Tau protein was eluted by a linear 

gradient of NaCl. In first step 6 column wash of 0-60% gradient of 1 M NaCl and in the second 

step 3 column volume of 60-100% gradient of 1 M NaCl was given for elution. The elution 

fractions were collected and the quality of protein was checked by SDS-PAGE. The protein 

fractions were concentrated using vivaspin concentrator 3 kDa (GE healthcare). 

2.3.3 Purification of protein by size-exclusion chromatography  

Size-exclusion chromatography (SEC) works on the principle of separating the proteins based 

on their size111. The column is packed with matrix whose pore-size is selected based on the 

size of the proteins needs to be separated. The buffer used in the SEC serves as mobile phase 

whereas, the matrix acts as the stationary phase. The molecules of higher size elute out first, 

whereas the smaller molecules enter in the void space of the matrix; hence they have more 



        Materials and Methods  
 

 
 

30 

retention than large molecules. For the Tau protein purification, Superdex 75pg HiLoad 16/600 

was used. The concentrated protein was loaded onto the column with the help of a capillary 

loop. The protein was eluted by giving the isocratic floe of 1X PBS (pH 7.4). The protein 

fractions were collected and concentrated using vivaspin concentrator 3 kDa (GE healthcare). 

2.3.4 Estimation of protein concentration  

The Bicinchoninic Acid assay (BCA) is a reliable method for the estimation of protein 

concentration112. The BCA works on the principle of reduction of Cu2+ to Cu1+ by protein in an 

alkaline medium. The first step of assay involves the chelation of Cu by a protein which forms 

a light pale blue colour complex in an alkaline environment.  In the second step of the BCA 

reacts with this complex which forms a purple complex having absorbance at 562 nm. The 

intensity of the purple complex increases with respect to the concentration of protein, which is 

measured at 562 nm in a spectrophotometer. The protein concentration is estimated by 

plotting the standard graph of known protein concentration. The BCA assay solution was 

prepared by mixing 1 part of CuSO4 and 49 parts of BCA.  

2.3.5 Tau aggregation 

Tau is a positively charged protein; the pI of full-length Tau is 8.24. In the presence of DTT 

the intra chain disulphide bonds are not formed properly, which delays the process of 

aggregation. In our work, polyanionic molecule heparin was used for inducing the aggregation. 

One molecule of heparin (17,500) was incubated with four molecules of Tau, heparin is 

considered to interact with the repeat region and insert region of Tau. The charge 

compensation and conformational changes resulted from initiation of Tau assembly33. The 

aggregation of Tau is carried in 20 mM BES buffer supplemented with 25 mM NaCl, 2 mM 

DTT, 5 μM heparin, 0.01% NaN3 and protease inhibitor cocktail. The NaCl maintained the ionic 

strength, NaN3 was added for avoiding bacterial growth and a protease inhibitor cocktail was 

added to reduce the degradation of Tau protein. The assembly was kept at 37°C for 72 hours 

and the aggregation was monitored by SDS-PAGE and ThS assay.  

2.3.6 ThS fluorescence assay 

The natively unfolded soluble Tau has a random coil structure while the aggregated Tau has 

a prominent β-sheet structure. The conformational changes in the repeat region, proline-rich 

region and N-terminal region results in generation of β-sheet in Tau. Thioflavin S is a 

fluorophore which has excitation at 440 nm and emission at 520 nm. ThS binds to β-sheet-

rich region of Tau and generates fluorescence. Hence, the aggregation of Tau could be 

tracked by monitoring the changes in ThS fluorescence113.  In our work ThS was mixed with 

Tau in stoichiometric proportion of 4:1 (4 parts ThS and 1 part Tau). 8 µM ThS was prepared 

from 200 µM sub stock, which was dissolved in 50 mM ammonium acetates (pH 5.5). 8 µM 

ThS was mixed with 2 µM Tau the mixture was incubated in dark for 10 minutes at room 

temperature. The fluorescence was measured at excitation of 440 nm and emission 

wavelength of 521 nm.  

 

 

2.3.7 Transmission electron microscopy 
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Electron microscopy uses high-energy electrons for the visualization of the specimen. The 

high-energy electron are focused on the specimen; in transmission electron microscopy, the 

electrons are passed through the sample. The absorbance and diffraction of electron is based 

on the chemical nature of sample114. The samples are generally stained with the elements 

having high electron density, which facilitates producing contrast to images. In our 

experiments, 2% Uranyl acetate was used for the negative staining. The carbon-coated copper 

grids were first incubated with protein samples for 60 seconds, after the incubation, the grids 

were washed twice with Mili Q water (30 seconds each wash). The grids were incubated with 

2% Uranyl acetate solution for 5 minutes; the grids were allowed to air dry at room 

temperature. The imaging was done using Tecnai T20 at 200 kV.  

2.3.8 Sedimentation assay 

Tau protein aggregates to form heterogeneous population aggregates, oligomer and soluble 

Tau monomer protein (60-150 kDa). The higher molecular weight Tau aggregates can be 

separated from the soluble Tau protein with the help of ultracentrifuge. The pellet fraction 

obtains after ultracentrifuge contains the higher-order Tau aggregates and the supernatant 

contain the soluble monomer fraction of Tau. The extent of aggregation can be observed by 

running the supernatant and pellet fractions on SDS-PAGE. Tau aggregates were centrifuged 

at 60,000 rpm for 60 minutes at 4°C. The supernatant was collected gently and the pellet 

fraction was suspended in BES buffer. The pellet fraction, supernatant and total aggregates 

fractions were mixed with gel loading dye and loaded on 10% SDS-PAGE; the samples were 

allowed to resolve at 90 kV in Bio-Rad.  

2.3.9 CD spectroscopy 

The secondary structure of the Tau protein is determined by CD spectroscopy. The polarized 

molecules differentially absorb the left and right circularly polarized light which makes the basis 

of CD spectroscopy. The natively unfolded Tau has a random coil structure whereas β- sheet 

structure are observed in aggregated Tau18. Nitrogen gas was purged in Jasco J-815 CD 

spectrometer for creating the inert environment. The CD spectra of 50 mM phosphate buffer 

were acquired and used for further baseline corrections. The samples of soluble Tau and 

aggregated Tau and Tau treated with various compounds were diluted (1-3 µM) using 

phosphate buffer. The CD spectra was acquired in quartz cuvette of 1 mm path length 1 nm 

band width at 100 nm/min scanning speed. The average of 5-10 acquisitions were recorded 

by scanning at wavelength 250-190 nm. 

 

Scheme 1. The schematic diagram of photo irradiation apparatus 
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2.4 Photodynamic treatment assay 

For analyzing the effect of photo-excited TB/RB on Tau aggregates, aggregates were 

incubated for one hour in the dark with varying concentrations of TB/RB (2, 5, 10, 20, 40 µM). 

200 µL of the reaction mixture was added in 96 black well plate (Eppendorf) and was irradiated 

in dark using red/green LED. For PDT, three controls were considered; dark control (DC) 

containing TB/RB treated Tau aggregates, which are not irradiated. The light control (LC) 

containing light irradiated aggregates, which are not incubated with TB. The untreated, 

aggregated control (C). The samples were irradiated for different time intervals ranging from 

30 to 300 minutes. 

2.5 Cytotoxicity assay ,  

The cytotoxicity assay was carried out as per standardized protocol in lab.  For cell viability 

assay MTT (Methylthiazolyldiphenyl-tetrazolium bromide) assay was used. 1*104 N2a cells 

were cultured in advanced DMEM-F12 (Dulbecco’s modified Eagle’s Media) media 

supplemented with 10% fetal bovine serum and glutamine. After 24 hours of incubation, the 

cells were treated with various concentration of compounds dissolved in cultured media. 

Following 24 hours of compound treatment, MTT (Methylthiazolyldiphenyl-tetrazolium 

bromide) was added to cells at concentration of 0.5 mg/mL and incubated at 37°C for 4 hours. 

Subsequent to incubation, the media was removed from the wells and the formazan crystals 

were dissolved in 100 µL of 100% DMSO (Dimethyl sulfoxide). Cell viability was evaluated by 

measuring the absorbance at 570 nm. 

2.6 ROS Production  

The effect on various compounds on ROS production was estimated in N2a cells using 

DCFDA assay. ROS oxidizes 2,7dichlorofluorescindiacetate (DCFDA) to 2’,7’–

dichlorofluorescein (DCF), leading to the generation of fluorescence. For the assay 10,000 

cells/well were seeded in 96 well plate and incubated for 24 hours. The cells were treated with 

various concentrations of compounds. After treatment, the cells were washed subsequently 

twice with 1X PBS (pH 7.4). The cells were supplemented with 10 µM DCFDA and incubated 

for 20 minutes. After incubation, the cells were again washed twice with 1X PBS. In the final 

step the PBS was replaced with phenol red-free DMEM media and the fluorescence was 

measured at 535 nm upon exciting at 485 nm.  

2.7 Western Blotting  

2.7.1   Protein extraction form cells 

 Neuro2a cells seeded in density of 3*106 /well were studied for the effect of formaldehyde 

stress on various signalling protein and the protective action of BME. The experiment 

composed of four treatment groups viz, untreated cell control, 0.5 mM FA treatment, 5µg/mL 

BME treatment, FA+BME treatment. The cells were exposed to specific treatment for 4 hours, 

the cells were harvested and pelleted down. The cells were lysed with RIPA buffer and lysate 

was centrifuged at 12,000 rpm for 20 minute at 4°C.  

 

 

2.7.2   The western Blotting  
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The protein concentration was estimated by Bradford assay and 75 µg protein was loaded on 

SDS-PAGE. After resolution on SDS-PAGE the protein was transferred on activated PVDF 

membrane. The blot was incubated with 10% skimmed milk for blocking the nonspecific 

interaction sites. The blot was incubated with the 1° antibody for overnight at 4°C. After three 

wash of PBST, HRP-tagged secondary antibody was added to blot. After 60 minutes of 

incubation at room temperature the blot was washed subsequently trice by PBST. The 

chemilumnisence was developed using Bio-Rad Clarity Western ECL blotting substrates 

solution and the blots were imaged by Amersham AI600 chemiluminescent imager. 

2.7.3 Stripping procedure  

The blot was washed with stripping buffer having SDS, twin 20 and pH 2.8. After two 

consecutive washes of stripping buffer (10 minutes each) the blot was washed twice with PBS 

(pH 7.4), and blocked with 10% skimmed milk. The probing of next set of antibody and 

development blot was performed similarly as explained previously.  

2.8 Immunofluorescence microscopy  

Immunofluorescence microscopy is a technique to study the localization and endogenous 

expression of protein of interest. The technique involve the fluorescently tagged antibodies 

against target protein115. In our experiments, 2.5*104 cells were seeded on the 12 mm 

coverslip. After the specific treatment, cells were treated with chilled methanol for 20 minute 

at -20°C. The permeabilization step involves the treatment of non-ionic detergents such as 

triton X 100. The permeabilization is followed by step of blocking, blocking involves treatment 

of cells with solution of 1-5% horse serum. The permeabilization and blocking was performed 

simultaneously by treating cells with PBS supplemented with 2% horse serum and 0.2% Triton 

X-100. After 60 minutes of incubation the cells were washed trice with PBS (10 minutes of 

each wash). The 1° antibody was prepared in PBS supplemented with 2% horse serum, the 

cells were incubated over night with 1° antibody. After incubation the coverslips were washed 

trice with PBS. The alexa flour tagged 2° antibody were added on the cells and incubated for 

60 minutes at room temperature. After the incubation the coverslips were washed trice with 

PBS. 4′,6-diamidino-2-phenylindole  (DAPI) is a fluorescence dye which have strong affinity 

for adenine- thymine rich region of DNA. The cells were incubated with 300 nM of DAPI for 5 

minute. The coverslips were mounted using prolonged diamond anti fade mounting media. 

The coverslips were scanned by Zeiss Axio Observer 7 with Apotome 2 using 63X oil 

immersion. The fluorescence images were processed by Zen blue 2.3 software.  

2.9 Drosophila experiments  

 

2.9.1 Fly Stocks and Genetics 

The transgenic Drosophila strain used in this study was UAS-Tau E14. ELAV-Gal4 driver lines 

were obtained from the National Drosophila Stock Centre at the University of Mysore, Mysore, 

and Karnataka, India. Drosophila strains raised on standard medium were crossed at 25°C.  

 

 

 

2.9.2 Fly husbandry 

Flies were maintained on standard banana-jaggery medium (SM) under standard laboratory 

conditions of 24±1°C temperature, 75±5% relative humidity, and 12:12 L:D cycle (SLC). Flies 

were maintained in a 2-week discrete generation cycle for 10 generations before being used 
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in this study. The adult density was regulated at about 100 flies per half-pint bottle with 25 mL 

of SM. There was total of 10 bottles. Flies from 10 bottles were combined into a single breeding 

cage, hereafter referred to as parental cage (PC). 

 

2.9.3 Preparation of TB/RB-supplemented diet 

A total of 2.5 L of SM was prepared following the procedure and split into 5 batches of 500 mL 

each. For the control group, SM was poured into the bottles. For the TB/RB-supplemented 

media, 2.5, 5.0, 10 or 25 μM of TB/RB was added and mixed thoroughly just before pouring 

into the bottles. All bottles were plugged with non-adsorbent cotton and the media was allowed 

to set under room temperature. All other laboratory reagents used in this study were 

purchased from Merck, unless otherwise mentioned. 

 

2.9.4 Larval feeding behaviour assay 

The eggs obtained were transferred at a density of 50 eggs/6 mL of SM and allowed to develop 

till early third instar. The early third instar larvae were removed from the SM vials and used in 

the feeding behaviour assay. The larvae were individually transferred to an assay petri plate 

of 5 cm diameter containing 10 mL of either liquid SM (SM without agar) or liquid SM 

supplemented with different concentrations of TB/RB and allowed for 5 seconds for 

acclimation. The feeding rate was measured as the mean number of sclerite retractions in 2 

consecutive 30-second intervals. The feeding rate of larvae was considered by taking average 

of the 2 rates. Each treatment group has 20 larvae and the assay was replicated 4 times. 

Thus, a total of 160 larvae were assayed for feeding rate.  

 

2.9.5 Fecundity assay 

Flies from the holding vials were sexed under light CO2 anaesthesia and single-pair (one male 

+ one female) were transferred to the vial with ∼3 mL SM. For each treatment group in a 

population 20 vials were set up.  The conscious flies were transferred to fresh SM vials every 

24 hours, and the eggs laid during the previous 24 hours were counted under a microscope 

and recorded. The daily egg counts were carried out till the death of the female fly in each test 

vial. 

 

2.9.6 Negative geotaxis assay 

The physical fitness of flies could be monitored by their ability to climb on the wall of vessels. 

The vertical climbing ability of male flies that emerged from different treatment bottles was 

assessed. Twenty male flies per treatment group were collected and transferred to the empty, 

0-15 cm graduated vial. The vial was gently tapped and placed in the vertical position. The 

number of flies that crossed the 15 cm mark in 30 seconds were counted. Three trials were 

conducted on each set of 20 flies. The data are expressed as the percentage of flies crossed 

the 15 cm mark. 

 

2.9.7 Viability of fly from egg to adult 

The eggs from the media plate were collected and dispensed into a different treatment groups 

of bottles at a density of ∼100 eggs/bottle with 45 mL media. Ten bottles were prepared for 

the five treatment groups of SM, SM+ 2, 5, 10 and 25 μM TB/RB. Bottles were maintained at 

standard laboratory conditions. The flies emerge from different treatments; SM and SM+2, 5, 

10 and 25 μM of TB/RB were designated collected and counted. All the assays were carried 

out on SM using mated flies. The total number of flies that emerged from each bottle were 

used to calculate the viability of flies emerging from each treatment group. 
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2.9.8 Larval olfactory behaviour  

The olfactory test was carried out by employing previous method with minor modifications. 30 

larvae were briefly dried on a filter paper before being placed in the centre of petri dish. The 

petri dish containing 20 µL of Quinine sulphate dispensed on each of the two 0.5 cm radius 

filter discs were placed in the diametrically opposite to Quinine zones. After 2 minutes of 

placing the larvae and covering the petri dish, the numbers of larvae in different zones were 

counted to calculate the percentage of larvae having ability to avoid the bad odour.  

2.10 Preparation of ethanolic extract of Bacopa monnieri   

Bacopa monnieri whole dried plant was collected from Indore, Madhya Pradesh, India and 

authenticated by a botanist. The plant material was powdered with the help of a grinder. 70 

grams of plant powder was extracted using rectified spirit (300 mL × 4) at room temperature 

with constant stirring for 24 hours. The crude ethanol extract was filtered and combined 

together. Further, it was concentrated under reduced pressure using a rotary evaporator at 

40° C. The dark green viscous crude extract was obtained after subjecting to high vacuum, 

stored at 4° C and used for further investigation. 

2.10.1 The preparation of Bacopa monnieri extract 

 

Scheme 2. The schematic representation of Bacopa monnieri extract formation 

2.10.2 HPLC and TLC Conditions 

A thin layer chromatogram (TLC) was developed twice on silica gel G pre-coated plates 

(Merck, 0.25 mm) with 50% ethyl acetate in hexane as the mobile phase. Spots were 

visualized by dipping the TLC plate in a solution of 3.0% anisaldehyde, 2.8% H2SO4, 2% acetic 

acid in ethanol with subsequent heating. The dried plant extract was dissolved in HPLC-grade 

methanol and proceeded for HPLC analysis. After filtration, 20 µL sample was manually 

injected. The samples were eluted through an X Bridge C-18 reverse phase column of 

dimension 250×4.6 mm and 5 µm particle size and monitored by a Diode-Array Detection 

(DAD) detector at 254 nm. The mobile phase used was milli-Q water containing 0.1% formic 

acid (solvent A) and methanol (solvent B). The flow rate was 1 mL/min. Gradient elution was 

employed, commencing at 10% B, increased to 90% B over 8 minutes, and then decreased 

to 60% B for the next 4 minutes and after the next 7 minutes, it decreased to 10% B, where it 
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was held for two minutes. The solvent blank readings were considered as reference for 

subtracting background noise from experimental readings. Data were analyzed through 

Agilent’s Open lab CAD software. 

2.10.3 UPLC–ESI (+)-MS condition 

Samples were dissolved in LC-MS grade methanol, filtered and 5 µL of it was injected. The 

separation was performed with the X bridge C18 column (4.6 mm × 250 mm, particle-size 

5µm) using a similar solvent program used for HPLC as described above. The flow rate was 

set as 0.6 mL/min. MS runs were carried out using the tuning method as follows: sheath gas 

(nitrogen) flow rate 45 units, auxiliary gas (nitrogen) flow rate 10 units, sweep gas (nitrogen) 

flow rate 2 units, spray voltage 3.60 kV, spray current 3.70 A, capillary temperature 320 °C, s-

lens RF level 50, heater temperature 350 °C. In positive ion mode, ESI-MS data were recorded 

within the mass range m/z 100–1500. Data were analyzed through Thermo X calibur software. 

2.11 Statistical data analysis  

The statistical data for the fluorescence measurement or viability assay was plotted using 

either duplicate or triplicate reading. We have used student’s t-test for finding significance of 

the values in the aggregation inhibition assay, disaggregation assay, immunofluorescence 

quantification, MTT assay, DCFDA assay, and caspase-3 assay. *p<0.05, **p<0.001, 

***p<0.0001, correspond to the statistical difference between control and treated groups Raw 

data were analysed and plotted by Sigma Plot software.  
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Chapter 3 

Photo-excited Toluidine Blue Inhibits Tau Aggregation in Alzheimer’s disease 

3.1 Background 

The application of dyes were restricted to staining and diagnostic purposes, but in recent years 

research has expanded the application of dyes as therapeutic molecules. After discovery of 

photodynamic therapy, various dyes ofclasses such as xanthene, phenothiazine, and 

porphyrin have gained enormous attention116. The photosensitizers are the dyes or 

compounds which upon irradiation of specific wavelength of light leads to the generation of 

singlet oxygen species117. The photosensitive dyes are majorly applied to treat carcinomas 

such as lung, bladder, skin etc. The clinical approval of photosensitive dyes e.g. Photofrin, 

Temoporin, Talaporin, Cholin6, 5-ALA has facilitated the non-invasive treatment of numerous 

diseases118. These dyes are also emerging as promising treatment molecules in AD; different 

classes of dyes target various aspects of AD-related pathologies79.  Methylene blue (MB) is a 

phenothiazine dye that has been studied extensively for its potency in AD. MB inhibited the 

Tau aggregation, which is the hallmark of AD pathology. The MB treatment improved 

mitochondrial respiration by elevating cytochrome C levels in mitochondria119. The derivatives 

of MB, including Azure A, Azure B and natural red are also observed to be effective against 

oxidative stress in AD120. The photo-excited dyes are recently reported for their therapeutic 

efficiency in AD. The photo irradiated MB inhibited the aggregation of Aβ-42 and reduced their 

toxicity to cells82. Apart from MB, several other photo-excited compounds have also showed 

efficiency against AD. The photosensitizers such as RB/UCNP@ROS and 

βNaYF4:Yb/Er@SiO2@RB are the compounds that have excitation wavelength in the infrared 

region; these compounds have inhibited the Aβ fibril formation. Polyoxometalate, Thioflavin T, 

Tetra (4-sulfonatophenyl) porphyrin (TPPS) were also observed to have potency in inhibiting 

the Aβ aggregation and Aβ-mediated cytotoxicity121. Similarly xanthene dye Rose Bengal 

disaggregated the Aβ aggregates and improved the longevity of the Drosophila model of AD80. 

The effect of photo-excited dyes on Tau aggregation has not yet been reported. Toluidine blue 

(TB) is an acidophilic phenothiazine dye, which has been widely used in histology122. TB is 

known to have photo-excitation properties like its parent compound MB. The exposure of 630 

nm red light leads to the photo-excitation of TB123. Although, the therapeutic potency of TB 

has been reported for the treatment of cancer and bacterial biofilms, but its effect in AD is still 

unexplored124. The four repeat region of Tau plays a crucial role in the aggregation; VQIINK 

and VQIVYK hexapeptides present in the second and third repeat has majorly contributed to 

the aggregation propensity in Tau. The repeat region (244Q- 369K) has a basic charge with a 

pI of 9.6112. The amino acid residues in the repeat region are the targets of several post-

translational modifications e.g. phosphorylation. Since the repeat region of Tau is necessary 

for the assembly of Tau and microtubules, various conformational studies have been carried 

out to study the role of various mutations in repeat Tau residues. The repeat region of Tau 

forms the core of PHFs; hence the repeat is targeted for studying various aspects of Tau 

aggregation. The structural analog inhibitors targeting VQIINK and VQIVYK have potency 

against the Tau aggregation111. The anthraquinone such as Daunorubicin, Andriamycin, and 

Emodin are known to inhibit the aggregation of repeat Tau in vitro and in vivo32. Another class 

of compounds based on Rhodanines are found to reduce the Tau oligomer-mediated toxicity 

in Neuro2a cells125. The Tau inhibitors belonging to the phenylthiazolylhydrazide class, interact 

with the repeat Tau region via hydrophobic bonding which is formed by the involvement of 

nitroaromatic and imidazole amines126. Similarly, N-phenylamine-based Tau aggregation 
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inhibitors such as Meclofenamic acid reduces the toxicity and aggregation of repeat Tau in 

Neuro2a cells bearing K18ΔK280 mutation28. In recent screening, Aminothienopyridazines 

were observed to be potent in inhibiting the aggregation of P301L K18 Tau. Among all these 

phenothiazine dyes that have been studied extensively against Tau aggregation inhibition, 

Methylene blue (MB) was reported to inhibit the aggregation of the repeat Tau via modulation 

of cysteine residues. Methylene blue oxidizes the cysteine residue, which restricts the 

formation of disulphide bonds28,68. MB treatment restores the cognitive defect in the transgenic 

mice bearing Tau-ΔK280 mutation72. The phenothiazine dyes also have the potency of photo-

excitation; the effect of photo-excited MB has been illustrated against Aβ aggregation and Aβ-

mediated neurotoxicity82. But the role of photo-excited dyes against Tau aggregation is yet to 

be explored. Toluidine blue (TB) is the derivative of MB, which is a well-known photosensitizer. 

Although the potency of PE-TB has been reported in the treatment of various diseases e.g. 

cancer, its role in the neurodegenerative disease is still not addressed. We aim to study the 

aggregation study of TB against in vitro Tau aggregation. We have studied the role of PE-TB 

against mature Tau fibrils. Actin and tubulin are the major cytoskeletal proteins that are  

involved in various functions such as maintaining cell integrity, formation of synaptic 

connections, etc127. Similarly, cell End-binding protein 1 (EB 1) is plus-end-binding protein, 

which localizes on the growing end of microtubule. Thus to study cytoskeleton modulation, the 

role of TB and PE-TB was observed on actin, tubulin and EB 1 protein. The overall aim of this 

work was to study the potency of TB and PE-TB in various aspects of Tau aggregation.  

3.2 Results  

3.2.1 Toluidine Blue inhibited the aggregation of full-length Tau in vitro 

The potency of TB was studied against various aspects of Tau aggregation (Fig. 8A).  The in 

vitro aggregation kinetics of Tau was tracked by ThS fluorescence assay. 40 µM of heparin-

induced Tau was incubated with various concentrations of TB (2, 5,10,20,40 µM) for 72 hours 

at 37°C. The ThS readings were taken at periodic intervals and the kinetics were plotted. The 

fluorescence assay suggested that TB potentially inhibited the in vitro aggregation of Tau (Fig. 

8B). Tau incubated with 40 µM of TB were observed to have ≥80% inhibition of aggregation 

(Fig. 8C). The aggregation of Tau results in generation of conformational changes in it’s 

secondary structure. Under native conditions, Tau has random coil structure, whereas the 

aggregated Tau has prominent β-sheet structure, where we studied the conformational 

changes in Tau aggregates upon TB treatment. The CD spectroscopy indicates that untreated 

Tau aggregates has a partial β-sheet structure while the TB treated Tau showed a slight shift 

towards the random coil (Fig. 8D). The morphological studies of Tau aggregates were 

performed with the help of electron microscopy. We observed that the untreated aggregates 

had long thick morphology, whereas TB treated samples had small broken pieces of Tau, 

which indicated potent disaggregation (Fig. 8E). We carried out UV-visible spectroscopy to 

calculate the affinity of TB for Tau. Our results showed that Tau has a very weak affinity for 

TB (Fig. 8F). 
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Figure 8. The in vitro Tau aggregation inhibition by TB. A) The schematic diagram explains the strategy that is 

followed in carrying out the experiments. B) ThS fluorescence kinetics shows the effect of various concentrations 

of TB on heparin-induced Tau aggregation. The kinetics showed that TB potentially inhibited the in vitro Tau 

aggregation. C) The graph shows the percentage of aggregation inhibition at the end of 72 hours. 40 µM of TB 

showed 80% aggregation inhibition of Tau. D) The changes in the secondary structure of Tau aggregate after TB 

treatment were monitored by CD spectroscopy. Untreated Tau aggregates showed partial β-sheet structure while 

TB treated samples that had shifted towards the random coil. E) Electron microscopic images shows the changes 

in the morphology of TB treated and untreated aggregates. F) UV-visible spectroscopy for studying the interaction 

between Tau and TB.  

3.2.2 Photo-excited Toluidine Blue disaggregates full-length Tau aggregates in vitro 

TB is a well-known photosensitizer, the exposure of 630 nm red light photo-excites TB. Thus 

we aimed to study the potency Photo-excited Toluidine Blue (PE-TB) on pre-formed Tau 

aggregates (Fig. 9A). 40 µM of Tau aggregates were incubated with various concentrations of 

TB (2, 5, 10, 20, and 40 µM), the samples were irradiated for 180 minutes under 630 nm red 

light in a dark chamber. After irradiation, the samples were run on 10% SDS-PAGE. We 

observed that untreated control, dark control and light control had characteristics of higher-

order bands, whereas PE-TB treated samples, were lacking the higher order bands, which 

indicated the potential disaggregation (Fig. 9B). The disaggregation potency of PE-TB was 

also studied by ThS fluorescence assay. We observed a decrease in fluorescence PE-TB 

treated samples in concentration-dependent manner; 40 µM PE-TB showed maximum 

disaggregation in comparison to the untreated samples (Fig. 9C).  The changes in Tau 

aggregate’s morphology upon PE-TB treatment were studied by electron microscopy. The 

untreated aggregates were observed to have long thick fibrils while the PE-TB treated samples 

had small broken filaments that indicated potential disaggregation (Fig. 9D).  
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Figure 9. Disaggregation of Pre-formed Tau aggregates by PE-TB. A) The schematic diagram explains the 

hypothesis designed to carry out the experiments. B) SDS-PAGE shows the effect of PE-TB on Tau aggregates. 

The untreated control had bands at higher molecular weight, while the PE-TB treated aggregates were not having 

the higher-order bands. C) The disaggregation of PE-TB treated Tau aggregates was monitored by ThS 

fluorescence. The ThS assay indicated that PE-TB treated samples lack the aggregates as compared to the 

untreated samples.  D) The electron microscopic images of the untreated aggregates showed long thick fibres, 

while the PE-TB treated samples had small broken filaments. 

3.2.3 TB inhibited the aggregation of repeat Tau in vitro 

The repeat region of Tau is known to have a high drift of aggregation. As the repeat region is 

considered to be involved in the generation of Tau pathology, several molecules have been 

studied for their potency to inhibit repeat Tau aggregation (Fig.10A). The molecules of various 

origins e.g. EGCG, limonoids etc. metal-based complexes etc., reported to be potent in 

inhibiting the aggregation of repeat Tau. In our work, we aim to study the aggregation inhibition 

potency of TB against repeat Tau. The uniform concentration of repeat Tau (40 µM) was 

incubated with TB of various concentrations (2- 40 µM). The assay was performed at 37°C 

and the aggregation kinetics was observed by monitoring the ThS fluorescence periodically. 

The graph of aggregation kinetics indicated that untreated repeat Tau sample aggregated 

rapidly than the TB treated repeat Tau. The untreated sample extortionate ThS fluorescence 

compared to the TB treated samples, which indicated that TB treatment inhibited the repeat 

Tau aggregation (Fig.10B). The endpoint analysis of assay suggested that 40 µM of TB 

inhibited ≥80% aggregation of repeat Tau. In lower concentration of TB (10 µM) ≥50% 

decrease in aggregation was observed after 60 hours of treatment (Fig.10C). Thus from this 

set of experiments we observed that TB potentially inhibited the aggregation repeat Tau in 

vitro.  
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Figure 10. TB inhibited the aggregation of repeat Tau in vitro.  A) The four repeat region of Tau is prone to 

aggregation. The mutation and PTMs in the repeat region modulates the aggregation propensity of Tau. B) ThS 
kinetics shows the effect of TB on repeat Tau aggregation. TB treated aggregates had low fluorescence than the 
untreated aggregates. C) The graph shows the percentage inhibition at the endpoint of assay. ≥80% of aggregation 
inhibition was observed in the presence of TB.  

3.2.4 Photo-excited TB potentially disaggregated the pre-formed repeat Tau aggregates  

TB belongs to the phenothiazine class of dyes, which is a well-known class of photosensitive 

dyes. Phenothiazine dyes are known for their application against cancerous cells, drug-

resistant microbial infections, skin lesions etc128.  The role of photo-excited dyes is emerging 

in the treatment of AD82. We studied the effect of photo-excited TB on mature repeat Tau 

aggregates (Fig.11A). Repeat Tau aggregates (40 µM) were incubated TB (2-40 µM), the 

reaction mixture was exposed to 630 nm red light for 180 minutes. Soluble repeat Tau protein 

observes as 18 kDa band on SDS-PAGE, but the aggregates of repeat Tau have 

characteristics of heterogeneous higher-order protein bands. Thus, to study the effect of PE-

TB on repeat Tau aggregates, the PE-TB treated samples were run on SDS-PAGE. The 

untreated repeat Tau aggregates had heterogeneous higher-order protein bands, whereas the 

PE-TB treated samples were lacking the higher order protein bands, which were an indication 

of disaggregation (Fig.11B). ThS dye binds to the Tau aggregates and emits the fluorescence 

thus by quantifying the ThS fluorescence the disaggregation potency of PE-TB could be 

monitored. The untreated aggregates were having elevated fluorescence than PE-TB treated 

aggregates. The distinct decrease of fluorescence in concentration-dependent manner of PE-

TB suggested that PE-TB potentially disaggregated the mature repeat Tau aggregates (Fig. 

11C). The structural changes in Tau aggregates after treatment of PE-TB were studied by 

electron microscopy. The untreated repeated Tau aggregates were observed to have long 

thick filamentous morphology, while small broken pieces of Tau filaments were observed in 

samples exposed to PE-TB (Fig.11D-E). Thus, the cumulative result of these experiments 

suggested that repeat Tau efficiently disaggregated the pre-formed Tau aggregates.  

 

 

 

3.2.5 The biocompatibility of Toluidine Blue in neuronal cells  
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The effect of molecules on cell viability is one of the crucial aspects for studying its therapeutic 

potency. The response of molecule in the context of the viability of host cells, determines its 

compatibility to be applied in biological system. 

 

Figure 11. PE-TB disaggregated pre-formed repeat Tau aggregates. A) The schematic diagram shows the 

hypothesis followed to study the effect of PE-TB on repeat Tau aggregates. B) The effect of PE-TB on repeat Tau 

aggregates was studied by SDS-PAGE. The untreated control had heterogeneous bands of higher-order 

aggregates, while PE-TB treated samples lacked the higher-order bands. C) The graph shows the difference in 

ThS fluorescence reading. The untreated samples had higher fluorescence than the PE-TB treated samples. D) 

Electron microscopic images of untreated aggregates. E) The electron microscopy images show the morphology 

of PE-TB treated samples. 

The minimal degree of cytotoxicity is one of the major concern to determine the optimal dose 

of therapeutic molecule. The higher concentrations of organic dyes are known to generate cell 

toxicity. Thus the effect of various concentrations of TB and PE-TB in neuronal cells was 

studied by MTT assay. The cytotoxicity studies for TB were performed in Neuro2a cells. The 

cells were incubated at various concentrations of TB for 24 hours. The viability and metabolic 

activity of cells was monitored by methylthiazolyldiphenyl-tetrazolium bromide (MTT) assay. 

The result of the MTT assay suggested that lower concentrations of TB has no adverse effect 

on cell viability (Fig.12A). Further, the neuro2a cells were incubated with higher concentrations 

of TB and PE-TB (1-120 µM) and the percentage viability of cells were calculated in 

comparison to untreated cells. Neuro2a cells incubated with various concentrations of higher 

TB concentrations were observed to have reduced cell viability. The cells incubated with TB 

at a concentration of 20-120 µM had viability ≤40% (Fig.12B). Similarly, the cells exposed to 

PE-TB also showed reduced viability. At the same time, PE-TB was observed to induce 

pronounced toxicity at  concentration ranging from 10-120 µM (Fig.12C). The phase-contrast 

imaging for studying the morphological changes in TB and PE-TB treated cells indicated that 

at concentrations ≥20 µM TB internalized to cells. The cells incubated with a higher 

concentration of TB (≥80 µM) had prominent internalization of TB (Fig.12D). The studies 

suggested that the higher concentrations of TB induce an adverse effect on the viability of 

Neuo2a cells. The irradiation of TB generates singlet oxygen species. Thus, we aim to observe 
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the effect of PE-TB on ROS production in cells. The intracellular ROS was tracked by 

fluorescence DCFDA assay. The cells were treated with various concentrations of TB (0.025 

to 2.5 µM). The DCFDA results indicated that TB-treated cells produced more ROS as 

compared to untreated cells. However, the cells observed low level of oxidative stress in lower 

concentration of TB treatment (Fig. 12E). Thus we stated that in lower concentrations, TB 

could be considered as a biocompatible molecule.  

 

Figure 12. The biocompatibility of TB. A) The effect of various concentrations of TB on neuro2a cells was studied 

by MTT. The lower concentration of TB did not show any adverse effects on cell viability. B) The graph of MTT 

assay, shows the effect of a higher concentration of TB on cell viability. The concentration above 10 µM and above 

was found to be toxic to cells. C) The graph of the MTT assay indicates the effect of higher concentrations of PE-

TB on cells. D) The phase-contrast images of TB and PE-TB treated cells. At higher concentrations, TB gets 

accumulated in cells leading to the generation of toxicity. E) The effect of TB on intracellular ROS production was 

studied by DCFDA assay. TB was observed to produce a low level of oxidative stress in cells.  

3.2.6 Toluidine Blue and photo-excited Toluidine Blue modulate the cytoskeleton of 

neuronal cells  

The neurodegenerative diseases result in generation of various cytoskeleton deformities 130. 

Earlier studies have suggested that several potent PSs such as 3,3′-dihexyloxacarbocyanine 

iodide, Tetra-cationic platinum (II) porphyrins, 5‐aminolevulinic acid target the cytoskeleton79. 

The role of PSs on neuronal cytoskeleton needs to explored extensively.  Thus we are focused 

on studying the effect of TB and PE-TB on cytoskeleton modulation. Tubulin protein 

polymerizes and forms microtubules that play an essential role in maintaining the integrity of 

neurons, formation of synaptic connection, cell division, and early neuronal development131. 

The photosensitizers like meta-tetrahydroxyphenyl chlorin (mTHPC), TMPyP–Porphyrine etc 

causes, disassembly of microtubules132. We studied the effect of TB and PE-TB on tubulin 

expression was observed by immunofluorescence. The results showed that the cells exposed 

to 0.5 µM TB and PE-TB had increased tubulin intensity and neuritic extension as compared 
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to unexposed cells. The increase in tubulin intensity after the exposure of TB supported the 

modulation of tubulin network (Fig.13). 

 

Figure 13. TB modulated tubulin cytoskeleton of neurons. Tubulin plays a crucial role in maintaining the 

integrity of cells. Immunofluorescence images of TB and PE-TB treated cells were observed to have elevated 

tubulin intensity compared to untreated cells.  

Similarly, actin is another important protein of the cytoskeleton. The F-actin are formed by 

polymerization of globular G-actin133. These F-actin crosslinks and forms actin-rich structures 

e.g. filopodia and lamellipodia. The filopodia are thin hair-like structures mainly involved in 

making cell- to-cell contact and synapse formation, while lamellipodia are fan-like structures 

involving cell adhesion (Fig.14A)134. Various photosensitizers target the actin cytoskeleton. 

Sinoporphyrin, 5-ALA, hypericin are examples of photosensitizers, which inhibit the 

polymerization of F-actin135.  We observed that exposure to TB and PE-TB increases the actin-

rich filopodia and lamellipodia structure in the neuron as compared to untreated cells. These 

results indicate that TB and PE-TB have the potency to modulate actin cytoskeleton (Fig.14B, 

C). 

3.2.7 TB modulates the EB1 levels in neuronal cells  

Microtubules have a critical role in regulating of cell dynamics and maintaining of cell integrity. 

The polymerization of tubulin on growing end of microtubule is facilitated by EB1.Thus, by 

tracking the levels of EB1 and Tau, the rate of microtubule polymerization could be 

understood136. We studied the effect of TB and PE-TB on the EB1 and Tau level in neuronal 

cells. The result of IF studies suggested that the cells exposed to TB have an increased 

intensity of EB1 as compared to untreated cells. Whereas, no differential changes were 

observed for PE-TB treated cells. The observation of these studies supported that the TB 

treatment modulated the EB1 level in cells, which ultimately indicated the polymerization of 

microtubules. However, no difference in total Tau intensity was observed after treatment of 

TB and PE-TB (Fig.15 A, B). The result of the experiment indicated that TB could have potency 

to modulate microtubule polymerization. 
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Figure 14. Modulation of the actin cytoskeleton by TB and PE-TB. Actin is another essential cytoskeleton 

protein in cells. A) The schematic diagram shows the actin modulation hypothesis by PE-TB treatment. B) 

Immunofluorescence images of PE-TB and TB treated neurons showing increase in the number of filopodia and 

lamellipodia. C) The quantification of IF images suggested that TB and PE-TB modulated the actin cytoskeleton.  

 

Figure 15. TB and PE-TB modulated EB1 levels in cells. A) Immunofluorescence images showing the effect of 

TB and PE-TB on EB1 level in Neuro2a cells. The intensity of EB1 was higher in TB treated cells than in untreated 

cells.  B) The quantification of IF images indicated the difference in EB1 intensity in TB treated and untreated cells. 

The increased intensity of EB1 supported the modulation of the cytoskeleton. 

3.2.8 Toluidine Blue and photo-excited Toluidine Blue modulate the longevity and 

learning in UAS E-14 Tau mutant of Drosophila 

Drosophila is one of the model system for studying neurodegenerative diseases, as it has 

advantages such as annotated genome, short life cycle and flexible culturing conditions. 

Several molecules have been tested for their neuroprotective potency in Drosophila system137. 

We studied the effect of TB and PE-TB on the viability and learning of Drosophila (Fig. 16A). 

The Tau mutant of Drosophila was fed on food supplemented with various concentrations of 

TB (2-25 µM). The results suggested that the treatment of TB and PE-TB improved the life 
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span of Drosophila. We observed a bell-shaped pattern in our results that suggested that 5 

µM of TB was the optimum concentration of TB (Fig.16B). The exposure to PE-TB and TB 

improved the egg-laying in flies, which indicated the improved longevity of flies (Fig.16C). 

Similarly, we carried out the assay for avoidance of bad odour of quinine to study the learning 

behaviour. The result showed that the TB and PE-TB-fed flies were able to avoid the bad 

odour more efficiently than the untreated flies (Fig.16D). The negative geotaxis assay 

suggested that the exposure of TB and PE-TB improved the locomotor activity of flies as the 

number of flies escaped were more in the TB and PE-TB treated flies than untreated flies (Fig. 

16E). Thus the results of in vivo studies supported the potency of TB and PE-TB against Tau-

mediated deformities.  

 
Figure 16. TB and PE-TB improved the longevity and learning behaviour of the UAS E-14 Tau mutant of 

Drosophila. A) The schematic diagram explains the strategy followed to study the effect of TB and PE-TB on 

Drosophila. B) Graph showing the effect of TB and PE-TB on survival rate of flies. The result clearly indicates that 

TB and PE-TB treatment improved the survival rate of flies. C) The egg laying assay was performed to observe the 

longevity of flies. The treatment of TB and PE-TB improved the egg laying of female flies. D) The learning behaviour 

of flies was monitored by their ability to avoid quinine. PE-TB and TB-treated flies efficiently avoided the bad odour 

of quinine as compared to untreated flies. E) The result of negative geotaxis assay indicating the improved 

locomotor behaviour of flies after treatment of TB and PE-TB.   

 

3.3 Summary  

The intracellular neurofibrillary tangles composed of Tau are one of the major hallmarks of 

Alzheimer’s disease. In recent years, the potency of photo-excited molecules against AD-

related amyloid protein has been reported in recent studies. Our study is focused on observing 

the efficiency of photo-excited Toluidine Blue on Tau aggregation. TB potentially inhibited the 

aggregation and disaggregated pre-formed matured Tau fibrils. The cell-based studies 

suggested that TB and PE-TB generate low level of cytotoxicity and ROS production in 

neuronal cells. TB and PE-TB treated cells had increased neuritic extension and increased 

lamellipodia and filopodia in cells. The immunofluorescence images showed that TB treated 

cells were having elevated level of EB1 protein. The invivo studies carried on UAS Tau E14 

transgenic Drosophila model suggested that photo-excited Toluidine Blue was potent enough 

to improve the longevity and learning behaviour of Drosophila. Thus, this part of work, 

suggests that Toluidine Blue is a potent molecule in inhibiting the Tau aggregation.
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Chapter 4 

Photodynamic exposure of Rose-Bengal inhibits Tau aggregation and modulates 

cytoskeletal network in neuronal cells 

4.1 Background  

The involvement of intracellular aggregates of Tau protein in the generation of AD pathology 

has gained the interest to target these aggregates for treatment of AD pathology138. The novel 

strategies involving the various chemical formulations of natural and synthetic origin have 

been studied for inhibition of Tau aggregation139. Photodynamic therapy (PDT) is a strategy 

involving application of photo-excited molecules as therapeutic agents140. Methylene blue, 

cyanine dyes, Rose Bengal are examples of photosensitizers showed promising results 

against protein aggregates73,82,121. Rose Bengal (RB) is a xanthene dyes.  The photo-excited 

RB has been studied for the  treatment of cancers like colon cancer, melanoma and microbial 

infections141. RB attenuated the formation of Aβ aggregates, the PE-RB disaggregated the 

mature Aβ aggregates in vitro and reduced the brain vacuole formation 121. In our study we 

aim to check the potency of RB and PE-RB for aggregation inhibition of Tau and 

disaggregation of mature Tau aggregates. We studied the effect of RB and PE-RB on neuronal 

cytoskeleton modulation. We have carried out assays on UAS E-14 Tau mutant of Drosophila 

for studying the effect of RB and PE-RB on learning, memory and locomotor behaviour. The 

overall objective of our study was to observe the neuroprotective potency of RB and PE-RB 

in various aspects of Tau aggregation.  

4.2 Results  

4.2.1 Attenuation of in vitro Tau aggregation by RB 

The potency of xanthene dye Rose Bengal was studied against in vitro Tau aggregation. (Fig. 

17A). In our experiments Tau protein (40 µM) was incubated with RB (2-40 µM) and the 

aggregation of Tau was traced using ThS fluorescence assay. The ThS kinetics showed that 

RB has potency to inhibit the aggregation of Tau (Fig.17B). We observed a significant 

decrease in ThS fluorescence for RB treated samples as compared to untreated samples. The 

endpoint analysis of the assay suggested a ≥85% aggregation inhibition for the RB treated 

samples (Fig.17C). The secondary structure of Tau aggregates has a prominent β-sheet-rich 

structure thus we studied the changes in Tau protein’s secondary structure upon treatment of 

RB. The CD spectroscopy indicated that untreated Tau aggregates had a partial β-sheet 

structure, whereas RB treated sample showed a shift towards random coil structure (Fig.17D). 

Tau aggregates have characteristic long thick entangle fibrillar morphology. We observe that 

the untreated samples had long thick filamentous Tau aggregates, while the RB treated 

samples had small broken pieces of Tau. This morphological differences supported the 

aggregation inhibition potency of RB (Fig.17E). The overall results suggested that RB 

efficiently attenuated the Tau aggregation.  

4.2.2 Photo-excited RB disaggregates the pre-formed Tau aggregates   

The disaggregation of mature Tau aggregates is another strategy for the treatment of AD. RB 

is a recognized photo-sensitizer, the exposure of 480 nm green light leads to excitation of RB. 

PE-RB has been used as a therapeutic agent in various carcinomas and other diseases142. 

Earlier studies have reported,  the inhibitory effect of RB and PE-RB on Aβ aggregation, in the 

context of Tau aggregation, the studies have not yet been reported121. 



          Chapter 4 
 

 
 

48 

  

Figure 17. RB inhibits the aggregation of Tau in vitro. A-B) The inhibitory potency of RB against heparin-induced 

Tau aggregation was monitored under in vitro conditions. C) ThS fluorescence monitored the aggregation of Tau. 

ThS fluorescence kinetics showed RB potentially inhibited Tau aggregation. D) The endpoint analysis showed the 

presence of RB ≥85% of aggregation inhibition. E) The changes in the secondary structure of Tau after RB 

treatment was monitored by CD spectroscopy. The untreated sample had absorbance in β-sheet region, while RB 

treated sample had a shift towards random coil. F) The untreated aggregates had characteristic long tangled 

morphology, while RB treatment generated small broken pieces of Tau.  

We studied the effect of photo-excited RB (PE-RB) on pre-formed Tau aggregates in vitro 

(Fig.18A). To avoid the exposure of PSs from surrounding light, the reaction was carried out 

in a dark chamber.  Heparin-induced mature Tau aggregates (40 µM) were incubated with 

various concentrations of RB (2-40 µM). After 180 minutes of irradiation, the samples were 

run on SDS-PAGE. The untreated control was observed to have band of higher-order 

aggregates, whereas the higher order bands were absent in PE-RB treated samples indicating 

the disaggregation potency of PE-RB (Fig.18B). The disaggregation potency of PE-RB was 

monitored by ThS assay. The untreated aggregates were observed to have high ThS 

fluorescence, while in PE-RB treated samples had reduced fluorescence in a concentration-

dependent suggesting the disaggregation of Tau (Fig.18C). The untreated aggregates and 

PE-RB treated samples were scanned under the electron microscope for studying the 

morphological changes. The untreated aggregates had long thick fibres of Tau; on the contrary 

the exposure of PE-RB disaggregated the fibrils into small broken pieces (Fig.18D). Thus, the 

overall results suggested that PE-RB potentially disaggregates the pre-formed Tau 

aggregates. 

4.2.3 RB induces no adverse effect of neuronal viability  

The effect of the therapeutic molecules on the viability of cells is a crucial point of 

consideration. To carry out various assays on the cellular systems, preliminary the effect of 

various concentrations of molecules on cell viability has to be studied. 
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Figure 18. PE-RB disaggregates mature Tau fibrils. A) Schematic diagram showing the hypothesis of work. The 

effect of PE-RB was studied on pre-formed Tau aggregates. B) The SDS-PAGE for the aggregates after PE-RB 

treatment. Untreated samples had protein bands at higher order, while PE-RB treated samples lacked higher-order 

bands. C) The ThS reading shows the difference in PE-RB treated samples and untreated control. The PE-RB 

treated samples showed a decrease in ThS fluorescence in a concentration-dependent manner. D) The electron 

microscopic images show the morphological difference between PE-RB treated and untreated samples. The 

untreated sample had fibrils of elongated morphology, while PE-RB treated sample had broken filaments. 

RB is a synthetic xanthene dye; upon photo-excitation, it generates the singlet oxygen species, 

and thus we studied the effect of RB and PE-RB on cell viability. The cell viability and metabolic 

activity were monitored by classical MTT assay. Neuro2a cells were incubated with various 

concentrations of RB (25-500 nM), the cells were exposed to 10 minutes of irradiation. The 

results of MTT showed that RB and PE-RB-induced had no adverse effect on cell viability (Fig. 

19A, B).  

4.2.4 RB and PE-RB modulate the tubulin cytoskeleton  

The cytoskeleton plays a crucial roles in neuron which includes transport, axon elongation, 

maintenance of cellular integrity etc. Several studies have targeted the microtubule 

cytoskeleton for understanding the pathology outcome of AD. We aim to study the effect of 

RB and PE-RB on the tubulin network of neurons Neuro2a cells incubated 100 nM RB and 

PE-RB were observed for cytoskeleton modulation (Fig. 20A). The results of IF microscopy 

suggested that the neuron exposed to PE-RB had distinctively extended neurites, whereas 

the untreated cells had comparatively shorter neurites (Fig. 20B, C). However, no difference 

in total intracellular Tau intensity was observed. This observation of IF microscopy supported 

that RB and PE-RB could have the potency to modulate tubulin cytoskeleton.  
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Figure 19. RB and PE-RB have no adverse effect on cell viability. A) The MTT graph showing the effect of 

various RB concentrations on Neuro2a cell viability. B) MTT graph shows the effect of PE-RB on Neuro2a cells 

viability. PE-RB has no adverse effect on the Neuro2a cell viability.  

  

Figure 20. RB and PE-RB modulate the Tubulin cytoskeleton. A) The schematic diagram shows the effect RB 

and PE-RB on tubulin cytoskeleton. B) The immunofluorescence images show the effect of RB and PE-RB on 

tubulin network. PE-RB treated cells showed elongated neurites. C) The graph shows the quantification of neurite 

length. The PE-RB treated cells have elongated neurites as compared to untreated cells.  

4.2.5 RB and PE-RB modulate actin cytoskeleton  

The actin cytoskeleton plays an important role in structural modification of adult neurons and 

neuronal development. The actin cytoskeleton is a crucial aspect to be considered while 

studying neurodegeneration. Several studies suggested that PDT efficiently targets the actin 

cytoskeleton. 5-ALA-mediated PDT caused the alteration of cellular morphology indicting, the 

modulation of actin cytoskeleton143. D54Mg glioma cells exposed to 5-ALA PDT showed 

reduced growth cone and surface blabbing. The SW480 cells treated with photo excited Ce6 

cause the downregulation of F-actin formation144. We aim to study the effect of RB and PE-

RB on the actin cytoskeleton (Fig.21A). The modulation of actin cytoskeleton was studied after 

incubating cells with 100 nM RB and PE-RB. We observed an increased number of hair-like 

structure filopodia in RB and PE-RB treated cells (Fig.21B-D). Podosomes are three-

dimensional actin-rich structures. We observed that exposure to RB increased the number of 

podosome-like structures in neurons. The RB and PE-RB treated cells had more podosome-

like structures than the untreated cells (Fig.22 A,B). These results indicated that the treatment 
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of RB and PE-RB could have the potency to modulate the actin cytoskeleton and to for the 

maintenance of cell synapse and integrity.  

 

Figure 21. RB and PE-RB modulate the actin cytoskeleton. A) The schematic diagram shows the hypothesis 

that RB and PE-RB' modulate cytoskeleton. B) The immunofluorescence images show RB and PE-RB’s effect on 

actin cytoskeleton. The RB and PE-RB treatment showed modulation of actin-rich filopoida and lamellipodia. C) 

The graph showing percentage of cells bearing lamellipodia. The number of cells bearing lamellipodia were 

increased after RB and PE-RB treated. D) The graph showing percentage of cells bearing filopodia. The percentage 

of cells bearing filopodia was more in RB and PE-RB treatment group.  

 

Figure 22. RB and PE-RB induces Podosome-like structures. A) The immunofluorescence images showed the 

modulation of the actin cytoskeleton. The cells exposed to RB and PE-RB showed an increased number of actin-

rich podosome-like structures. B) The graph showing quantification of membrane-bound actin intensity.  

4.2.6 RB and PE-RB ameliorate the longevity and memory in UAS E-14 Tau mutant of 

Drosophila  

The neuroprotective effect of molecule is evaluated based on efficiency in improving the 

memory, learning and longevity. Drosophila model is considered as one of the reliable model 

systems for studying neurodegeneration. Several molecules e.g. curcumin have been studied 

for their neuroprotective efficiency145. We have studied the neuroprotective property of RB and 

PE-RB the experiments were carried on UAS E-14 Tau mutant of Drosophila. The potency of 

RB and PE-RB on learning and viability was assessed by larvae crawling assay, survival 
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assay, negative geotaxis assay (Fig. 23A).  The negative geotaxis assay suggested that flies 

treated with RB and PE-RB efficiently climbed over in comparison on to untreated mutant flies 

(Fig. 23B). The learning behaviour of flies were studied by their ability to avoid bad odour of 

quinine (Fig. 23C). Similarly, the larvae fed on food supplemented with RB were able to cross 

more grids in comparison to untreated larvae (Fig. 23D). Our assay suggested   that RB and 

PE-RB treated flies were more potent to avoid the bad odour than the untreated flies. We 

observed a bell-shaped pattern, which indicated that 20 µM RB was the optimum 

concentration for Drosophila. The overall result of in vivo studies indicated that RB and PE-

RB showed neuroprotective properties against Tau-mediated toxicity, memory dysfunction 

and locomotor impairment.  

 

Figure 23. RB and PE-RB show neuroprotection in the UAS E-14 Tau mutant of Drosophila. A) The schematic 

diagram shows the strategy followed to study the effect of RB and PE-RB in vivo. B) The graph showing negative 

geotaxis assay. PE-RB and RB treated flies efficiently climb over as compared to untreated mutants. C) The graph 

shows flies learning behavior after RB and PE-RB treatment. RB and PE-RB treated flies were more potent in 

avoiding the bad order of quinine. D) The larvae crawling assay was performed for studying the locomotor 

behaviour. The graph showed RB and PE-RB treated larvae crossed more grids than untreated larvae.  

4.3 Summary  

The accumulation of Tau aggregates results in generation of AD pathology. RB is a known 

photosensitizer, which was observed to be effective in inhibiting Aβ aggregation and improving 

the longevity of Aβ model of Drosophila. We have shown the inhibitory effect of RB against 

Tau aggregation. The results suggests that RB potentially attenuated the aggregation of Tau. 

The photo-excited RB potentially disaggregated the mature Tau fibrils. The viability assay 

suggested that RB and PE-RB have no adverse effect on cell viability. AD leads to the 

generation of cytoskeleton deformities, the Neu2a cells exposed to RB and PE-RB were had 

extended neurites and increased number of actin-rich structures. The in vivo studies on UAS 

E-14 Tau mutant of Drosophila indicated that RB and PE-RB improve flies longevity, memory 

and locomotor function of flies. Thus, based these results, we stated that RB and PE-RB could 

be considered a potential molecule against AD.
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Chapter 4 

Photodynamic exposure of Rose-Bengal inhibits Tau aggregation and modulates 

cytoskeletal network in neuronal cells 

4.1 Background  

The involvement of intracellular aggregates of Tau protein in the generation of AD pathology 

has gained the interest to target these aggregates for treatment of AD pathology138. The novel 

strategies involving the various chemical formulations of natural and synthetic origin have 

been studied for inhibition of Tau aggregation139. Photodynamic therapy (PDT) is a strategy 

involving application of photo-excited molecules as therapeutic agents140. Methylene blue, 

cyanine dyes, Rose Bengal are examples of photosensitizers showed promising results 

against protein aggregates73,82,121. Rose Bengal (RB) is a xanthene dyes.  The photo-excited 

RB has been studied for the  treatment of cancers like colon cancer, melanoma and microbial 

infections141. RB attenuated the formation of Aβ aggregates, the PE-RB disaggregated the 

mature Aβ aggregates in vitro and reduced the brain vacuole formation 121. In our study we 

aim to check the potency of RB and PE-RB for aggregation inhibition of Tau and 

disaggregation of mature Tau aggregates. We studied the effect of RB and PE-RB on neuronal 

cytoskeleton modulation. We have carried out assays on UAS E-14 Tau mutant of Drosophila 

for studying the effect of RB and PE-RB on learning, memory and locomotor behaviour. The 

overall objective of our study was to observe the neuroprotective potency of RB and PE-RB 

in various aspects of Tau aggregation.  

4.2 Results  

4.2.1 Attenuation of in vitro Tau aggregation by RB 

The potency of xanthene dye Rose Bengal was studied against in vitro Tau aggregation. (Fig. 

17A). In our experiments Tau protein (40 µM) was incubated with RB (2-40 µM) and the 

aggregation of Tau was traced using ThS fluorescence assay. The ThS kinetics showed that 

RB has potency to inhibit the aggregation of Tau (Fig.17B). We observed a significant 

decrease in ThS fluorescence for RB treated samples as compared to untreated samples. The 

endpoint analysis of the assay suggested a ≥85% aggregation inhibition for the RB treated 

samples (Fig.17C). The secondary structure of Tau aggregates has a prominent β-sheet-rich 

structure thus we studied the changes in Tau protein’s secondary structure upon treatment of 

RB. The CD spectroscopy indicated that untreated Tau aggregates had a partial β-sheet 

structure, whereas RB treated sample showed a shift towards random coil structure (Fig.17D). 

Tau aggregates have characteristic long thick entangle fibrillar morphology. We observe that 

the untreated samples had long thick filamentous Tau aggregates, while the RB treated 

samples had small broken pieces of Tau. This morphological differences supported the 

aggregation inhibition potency of RB (Fig.17E). The overall results suggested that RB 

efficiently attenuated the Tau aggregation.  

4.2.2 Photo-excited RB disaggregates the pre-formed Tau aggregates   

The disaggregation of mature Tau aggregates is another strategy for the treatment of AD. RB 

is a recognized photo-sensitizer, the exposure of 480 nm green light leads to excitation of RB. 

PE-RB has been used as a therapeutic agent in various carcinomas and other diseases142. 

Earlier studies have reported,  the inhibitory effect of RB and PE-RB on Aβ aggregation, in the 

context of Tau aggregation, the studies have not yet been reported121. 
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Figure 17. RB inhibits the aggregation of Tau in vitro. A-B) The inhibitory potency of RB against heparin-induced 

Tau aggregation was monitored under in vitro conditions. C) ThS fluorescence monitored the aggregation of Tau. 

ThS fluorescence kinetics showed RB potentially inhibited Tau aggregation. D) The endpoint analysis showed the 

presence of RB ≥85% of aggregation inhibition. E) The changes in the secondary structure of Tau after RB 

treatment was monitored by CD spectroscopy. The untreated sample had absorbance in β-sheet region, while RB 

treated sample had a shift towards random coil. F) The untreated aggregates had characteristic long tangled 

morphology, while RB treatment generated small broken pieces of Tau.  

We studied the effect of photo-excited RB (PE-RB) on pre-formed Tau aggregates in vitro 

(Fig.18A). To avoid the exposure of PSs from surrounding light, the reaction was carried out 

in a dark chamber.  Heparin-induced mature Tau aggregates (40 µM) were incubated with 

various concentrations of RB (2-40 µM). After 180 minutes of irradiation, the samples were 

run on SDS-PAGE. The untreated control was observed to have band of higher-order 

aggregates, whereas the higher order bands were absent in PE-RB treated samples indicating 

the disaggregation potency of PE-RB (Fig.18B). The disaggregation potency of PE-RB was 

monitored by ThS assay. The untreated aggregates were observed to have high ThS 

fluorescence, while in PE-RB treated samples had reduced fluorescence in a concentration-

dependent suggesting the disaggregation of Tau (Fig.18C). The untreated aggregates and 

PE-RB treated samples were scanned under the electron microscope for studying the 

morphological changes. The untreated aggregates had long thick fibres of Tau; on the contrary 

the exposure of PE-RB disaggregated the fibrils into small broken pieces (Fig.18D). Thus, the 

overall results suggested that PE-RB potentially disaggregates the pre-formed Tau 

aggregates. 

4.2.3 RB induces no adverse effect of neuronal viability  

The effect of the therapeutic molecules on the viability of cells is a crucial point of 

consideration. To carry out various assays on the cellular systems, preliminary the effect of 

various concentrations of molecules on cell viability has to be studied. 
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Figure 18. PE-RB disaggregates mature Tau fibrils. A) Schematic diagram showing the hypothesis of work. The 

effect of PE-RB was studied on pre-formed Tau aggregates. B) The SDS-PAGE for the aggregates after PE-RB 

treatment. Untreated samples had protein bands at higher order, while PE-RB treated samples lacked higher-order 

bands. C) The ThS reading shows the difference in PE-RB treated samples and untreated control. The PE-RB 

treated samples showed a decrease in ThS fluorescence in a concentration-dependent manner. D) The electron 

microscopic images show the morphological difference between PE-RB treated and untreated samples. The 

untreated sample had fibrils of elongated morphology, while PE-RB treated sample had broken filaments. 

RB is a synthetic xanthene dye; upon photo-excitation, it generates the singlet oxygen species, 

and thus we studied the effect of RB and PE-RB on cell viability. The cell viability and metabolic 

activity were monitored by classical MTT assay. Neuro2a cells were incubated with various 

concentrations of RB (25-500 nM), the cells were exposed to 10 minutes of irradiation. The 

results of MTT showed that RB and PE-RB-induced had no adverse effect on cell viability (Fig. 

19A, B).  

4.2.4 RB and PE-RB modulate the tubulin cytoskeleton  

The cytoskeleton plays a crucial roles in neuron which includes transport, axon elongation, 

maintenance of cellular integrity etc. Several studies have targeted the microtubule 

cytoskeleton for understanding the pathology outcome of AD. We aim to study the effect of 

RB and PE-RB on the tubulin network of neurons Neuro2a cells incubated 100 nM RB and 

PE-RB were observed for cytoskeleton modulation (Fig. 20A). The results of IF microscopy 

suggested that the neuron exposed to PE-RB had distinctively extended neurites, whereas 

the untreated cells had comparatively shorter neurites (Fig. 20B, C). However, no difference 

in total intracellular Tau intensity was observed. This observation of IF microscopy supported 

that RB and PE-RB could have the potency to modulate tubulin cytoskeleton.  
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Figure 19. RB and PE-RB have no adverse effect on cell viability. A) The MTT graph showing the effect of 

various RB concentrations on Neuro2a cell viability. B) MTT graph shows the effect of PE-RB on Neuro2a cells 

viability. PE-RB has no adverse effect on the Neuro2a cell viability.  

  

Figure 20. RB and PE-RB modulate the Tubulin cytoskeleton. A) The schematic diagram shows the effect RB 

and PE-RB on tubulin cytoskeleton. B) The immunofluorescence images show the effect of RB and PE-RB on 

tubulin network. PE-RB treated cells showed elongated neurites. C) The graph shows the quantification of neurite 

length. The PE-RB treated cells have elongated neurites as compared to untreated cells.  

4.2.5 RB and PE-RB modulate actin cytoskeleton  

The actin cytoskeleton plays an important role in structural modification of adult neurons and 

neuronal development. The actin cytoskeleton is a crucial aspect to be considered while 

studying neurodegeneration. Several studies suggested that PDT efficiently targets the actin 

cytoskeleton. 5-ALA-mediated PDT caused the alteration of cellular morphology indicting, the 

modulation of actin cytoskeleton143. D54Mg glioma cells exposed to 5-ALA PDT showed 

reduced growth cone and surface blabbing. The SW480 cells treated with photo excited Ce6 

cause the downregulation of F-actin formation144. We aim to study the effect of RB and PE-

RB on the actin cytoskeleton (Fig.21A). The modulation of actin cytoskeleton was studied after 

incubating cells with 100 nM RB and PE-RB. We observed an increased number of hair-like 

structure filopodia in RB and PE-RB treated cells (Fig.21B-D). Podosomes are three-

dimensional actin-rich structures. We observed that exposure to RB increased the number of 

podosome-like structures in neurons. The RB and PE-RB treated cells had more podosome-

like structures than the untreated cells (Fig.22 A,B). These results indicated that the treatment 
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of RB and PE-RB could have the potency to modulate the actin cytoskeleton and to for the 

maintenance of cell synapse and integrity.  

 

Figure 21. RB and PE-RB modulate the actin cytoskeleton. A) The schematic diagram shows the hypothesis 

that RB and PE-RB' modulate cytoskeleton. B) The immunofluorescence images show RB and PE-RB’s effect on 

actin cytoskeleton. The RB and PE-RB treatment showed modulation of actin-rich filopoida and lamellipodia. C) 

The graph showing percentage of cells bearing lamellipodia. The number of cells bearing lamellipodia were 

increased after RB and PE-RB treated. D) The graph showing percentage of cells bearing filopodia. The percentage 

of cells bearing filopodia was more in RB and PE-RB treatment group.  

 

Figure 22. RB and PE-RB induces Podosome-like structures. A) The immunofluorescence images showed the 

modulation of the actin cytoskeleton. The cells exposed to RB and PE-RB showed an increased number of actin-

rich podosome-like structures. B) The graph showing quantification of membrane-bound actin intensity.  

4.2.6 RB and PE-RB ameliorate the longevity and memory in UAS E-14 Tau mutant of 

Drosophila  

The neuroprotective effect of molecule is evaluated based on efficiency in improving the 

memory, learning and longevity. Drosophila model is considered as one of the reliable model 

systems for studying neurodegeneration. Several molecules e.g. curcumin have been studied 

for their neuroprotective efficiency145. We have studied the neuroprotective property of RB and 

PE-RB the experiments were carried on UAS E-14 Tau mutant of Drosophila. The potency of 

RB and PE-RB on learning and viability was assessed by larvae crawling assay, survival 
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assay, negative geotaxis assay (Fig. 23A).  The negative geotaxis assay suggested that flies 

treated with RB and PE-RB efficiently climbed over in comparison on to untreated mutant flies 

(Fig. 23B). The learning behaviour of flies were studied by their ability to avoid bad odour of 

quinine (Fig. 23C). Similarly, the larvae fed on food supplemented with RB were able to cross 

more grids in comparison to untreated larvae (Fig. 23D). Our assay suggested   that RB and 

PE-RB treated flies were more potent to avoid the bad odour than the untreated flies. We 

observed a bell-shaped pattern, which indicated that 20 µM RB was the optimum 

concentration for Drosophila. The overall result of in vivo studies indicated that RB and PE-

RB showed neuroprotective properties against Tau-mediated toxicity, memory dysfunction 

and locomotor impairment.  

 

Figure 23. RB and PE-RB show neuroprotection in the UAS E-14 Tau mutant of Drosophila. A) The schematic 

diagram shows the strategy followed to study the effect of RB and PE-RB in vivo. B) The graph showing negative 

geotaxis assay. PE-RB and RB treated flies efficiently climb over as compared to untreated mutants. C) The graph 

shows flies learning behavior after RB and PE-RB treatment. RB and PE-RB treated flies were more potent in 

avoiding the bad order of quinine. D) The larvae crawling assay was performed for studying the locomotor 

behaviour. The graph showed RB and PE-RB treated larvae crossed more grids than untreated larvae.  

4.3 Summary  

The accumulation of Tau aggregates results in generation of AD pathology. RB is a known 

photosensitizer, which was observed to be effective in inhibiting Aβ aggregation and improving 

the longevity of Aβ model of Drosophila. We have shown the inhibitory effect of RB against 

Tau aggregation. The results suggests that RB potentially attenuated the aggregation of Tau. 

The photo-excited RB potentially disaggregated the mature Tau fibrils. The viability assay 

suggested that RB and PE-RB have no adverse effect on cell viability. AD leads to the 

generation of cytoskeleton deformities, the Neu2a cells exposed to RB and PE-RB were had 

extended neurites and increased number of actin-rich structures. The in vivo studies on UAS 

E-14 Tau mutant of Drosophila indicated that RB and PE-RB improve flies longevity, memory 

and locomotor function of flies. Thus, based these results, we stated that RB and PE-RB could 

be considered a potential molecule against AD.
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Chapter 5 

Ethanolic extract of Bacopa monnieri attenuates the in-vitro Tau aggregation, Tau 

phosphorylation, and Tau-mediated toxicity 

5.1 Background  

Ayurveda is the science of studying human health, which is based on treating diseases by 

either applying herbal formulations, diet modulation or basic yoga exercises146. Alzheimer’s 

disease (AD) is the most severe and prevalent type of dementia characterized by accelerative 

loss in memory and locomotory functions147. The phosphorylation of Tau is one of the main 

PTMs-related to AD pathology. GSK-3β is the proline-directed Ser/Thr kinase, which is 

considered to be involved in AD. The hyperactivity of GSK-3β has been observed in various 

models of AD. GSK-3β phosphorylates Tau at different sites leading to the generation of Tau-

mediated toxicity148. The hyper-phosphorylated Tau impairs diverse signalling cascades in 

neurons149. Hence GSK-3β and phospho-Tau are emerging as important targets for studying 

the potency of molecules in AD150. Several GSK-3β inhibitors e.g. lithium, valproate, tideglusib 

etc. were studied for the treatment of AD151. Tau mediated intracellular oxidative stress is 

another factor, widely studied in the context of AD. Tau is reported to induce oxidative stress 

in neurons via modulating various trafficking and signalling cascades152. Thus, the chelators 

of ROS e.g. melatonin, serotonin (5-hydroxytryptamine), tacrine, lipoic acid, Carotene, 

lycopene, retinol etc. showed protective action against Tau mediated stress in AD. Bacopa 

Monnieri has been known reported as herb having memory-enhancing, anti-inflammatory, 

analgesic, antipyretic, sedative, anti-depressant, anti-anxiety, anti-oxidant and anti-epileptic 

properties153. Bacoside A is considered the major chemical moiety known to be responsible 

for neuropharmacological effects and the nootropic action of Bacopa Monnieri154. Bacopa 

Monnieri is also known to upregulate the expression of antioxidant enzymes SOD and 

catalase100. The treatment of BME has improved the conative function in AD models. The 

treatment of BME rescued primary neuronal cells from Aβ-mediated oxidative stress and 

toxicity. Although the role of BME in the context of Tau phosphorylation and Tau toxicity is still 

yet to be addressed. In our work we aim to study the role of BME in downregulation the Tau 

phosphorylation, reducing the oxidative stress in neuroblastoma cells and improving the 

nuclear transport. The objective of the present study was to analyze the therapeutic potency 

of BME against Tau toxicity and AD.  

5.2 Results  

5.2.1 Phytochemical extraction and characterization of Bacopa monnieri  

Bacopa monnieri (BM) is known for its neuroprotective property; in traditional therapy, various 

herbal formulations of BM have been prescribed for treatment of neurological disorders (Fig. 

24A). We aim to study the effect of ethanolic extract of BM (BME) on various aspects of Tau 

aggregation. The crude extract of BM was prepared by extracting powdered dried BM with 

rectified spirit. The crude extract was characterized by subjecting to Thin-layer 

chromatography (TLC), High-pressure liquid chromatography (HPLC) and Liquid 

chromatography high-resolution mass spectrometry (LC-HRMS) analysis. The TLC analysis 

indicated the presence of various compounds in the BME, which HPLC and LC-HRMS were 

further identified. The 21 peaks in the HPLC chromatogram suggested the presence of a 

mixture of compounds in the extract (Fig. 24B-D). The phytochemical present in the crude 
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extract were identified  on the basis of molecular weight and molecular formulae, comparing 

ESI (+)-MS data with the earlier reports the probable compounds were identified (Table 2). 

 

Figure 24. The phytochemical extraction of Bacopa Monnieri. A) Bacopa Monnieri is a herb found in marshy 

areas and considered to have a neuroprotective effect.  Various formulations of Bacopa Monnieri such as kwath, 

asav, churna, vati have been prescribed to patients of neurological disorders. B) HPLC chromatogram of BME 

showing the presence of a mixture of compounds in the extract. C) The LC-MS analysis of BME indicted the 

presence of 21 peaks, corresponding to various compounds in the extract. D) The dried powder of Bacopa Monnieri 

was extracted rectified spirit, and the crude extract was subjected to TLC.   

5.2.2 BME potentially modulated the aggregation of full-length Tau  

The role of BM in the aspect of Tau aggregation was still unexplored, the effect of BME on in 

vitro Tau aggregation was studied (Fig. 25A). In the present study, heparin-induced Tau was 

incubated with various contractions of BME (10, 25, 50, and 100 µg/ml), the aggregation 

kinetics was studied by the ThS fluorescence assay. At a concentration of 25 µg/ml and above, 

an explicit reduction in ThS fluoresce was observed, which attested to the aggregation 

inhibition (Fig 25B). We studied the untreated Tau aggregates that were observed to have a 

partial β-sheet structure, at the same time BME treated Tau aggregates had shifted towards 

the random coil, which suggested the aggregation inhibition (Fig. 25C). Tau aggregates have 

long filamentous morphology, the electron microscopic images of untreated samples showed 

extended inter tangled thick Tau fibrils. While the BME treated samples had broken filaments, 

thus the morphological differences in Tau fibrils suggested that BME inhibited aggregation of 

Tau (Fig. 25D). The overall results supported that BME could be considered as a potent 

compound against Tau aggregation.  

5.2.3 The disaggregation of pre-formed Tau fibrils by BME  

The efficiency of a compound to disaggregate the mature Tau fibrils aids to its therapeutic 

potency. We studied the disaggregating potency of BME against mature Tau aggregates. 
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Figure 25. BME attenuated the aggregation of soluble Tau in vitro. A) The schematic diagram shows the 

hypothesis that BME attenuates the aggregation of in vitro Tau aggregation. B)  The ThS kinetics show the potency 

of BME against Tau aggregation. The untreated sample had higher fluorescence than the BME treated samples 

indicating the inhibition of aggregation. C) CD spectroscopy graph indicating the changes in the secondary structure 

of Tau after the treatment of BME. The untreated Tau aggregates had a partial β-sheet-rich structure, whereas 

BME treated samples showed a shift towards the random coil. D)  The electron microscopic images of BME treated 

and untreated aggregates. The untreated aggregates had long thick filamentous morphology; the BME treated 

aggregates had small broken pieces.  

The ThS assay suggested that at higher concentrations of BME (100 µg/ml), moderately 

disaggregated Tau fibrils (Fig. 26A). Subsequently, the assay samples were subjected to 

sedimentation assay. In the untreated sample, prominent bands of the higher molecular weight 

were visible on SDS-PAGE, whereas in samples treated with a higher concentration of BME, 

the higher-order bands were absent indicating the disaggregation potency of BME (Fig. 26B). 

The electron microscopic images revealed that the untreated aggregates were having 

fibrillary, long morphology (Fig. 26C). Whereas the BME treated aggregated were observed 

to have small broken pieces which indicated potent disaggregation (Fig. 26D). The overall 

results suggests that BME could have a potency of disaggregation at higher concentrations.  

5.2.4 The rejuvenating property of BME in neuronal cells  

The compounds which improves the viability of neuronal cells are considered as 

neuroprotective.  Crude extract of the herb contains a mixture of compounds belonging to 

different classes. Hence, the effect of crude extract on cell viability has to be considered for 

addressing its neuroprotective effect (Fig. 27A). Caspase-3 are important executional 

caspases that could be traced for monitoring  apoptosis156. In the present study, effect of BME 

on cell viability and metabolism were studied by MTT assay. Tau aggregate exposed cells 

were observed to have reduced cell viability; on contrary, the BME treatment improved the 

viability of cells (Fig. 27B). 
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Figure 26. BME disaggregated the mature pre-formed aggregates. A) The graph for the ThS fluorescence 

kinetics of BME treated aggregates. At higher concentration, BME showed moderate disaggregation potency. At 

the lower concentration no significant disaggregation was observed.  B) The SDS-PAGE for the sedimentation 

assay. BME treated and untreated aggregates were differentiated for supernatant and pellet fractions. The higher 

order bands were absent in the pellet fraction after BME treatment. C)  The electron microscopic images of mature 

Tau aggregates. The untreated Tau aggregates were observed to have a long thick fibrils. D) The electron 

microscopic images of BME treated aggregates. The BME treated aggregates had broken morphology indicating 

the potent disaggregation.   

Tau aggregates are known to initiate the process of apoptosis in neurons. In this study, 

Neuro2a exposed to Tau aggregates had elevated Caspase-3 activity than the cells exposed 

to BME, which indicated that BME potentially reduced the apoptosis (Fig 27C). The presence 

of Tau aggregates induces oxidative stress in cells. The result of the 2',7'-Dichlorofluorescein 

(DCFDA) assay suggested that BME potentially quenched the intracellular ROS in Tau 

stressed cells. A significant reduction (≥40%) of intracellular ROS was observed in cells 

treated with 100 µg/ml BME (Fig. 27D). Hence the results of these assays supported the 

rejuvenating and antioxidant potency of BME.  

5.2.5 BME modulated the Nrf2 levels in neurons 

The Nrf2 signalling cascade is involved in the cellular antioxidant machinery (Fig. 28A). We 

aim to study the antioxidant property of BME by modulation of Nrf2 levels. The formaldehyde-

stressed Neuro2a cells (0.5 mM formaldehyde) were treated with BME (5 µg/ml BME). The 

western blot suggested that FA downregulated the Nrf2 levels, while BME treated cells were 

having elevated levels of Nrf2 (Fig. 28B-C). Additionally, in immunofluorescence studies, the 

BME-treated cells were observed to have an elevated intensity of Nrf2, than FA-treated cells. 

The modulation of Nrf2 level in cells after BME treatment indicated that BME supported the 

cells in overcoming the FA-mediated oxidative stress (Fig. 28D-E). Hence, from results of this 

experiment supported the antioxidant property of BME. 
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Figure 27.  BME rescues the neuron from Tau-mediated toxicity.  A)  Tau induces toxicity in neurons by the 

generation of oxidative stress. The neurons undergo apoptosis in the presence of Tau aggregates. BME treatment 

rescue the Tau mediated toxicity in neurons. B)  The graph showing the result of MTT assay stressed cells had 

reduced viability, BME treatment improved the viability of Tau stressed cells. C) Tau treated neurons had elevated 

Caspase-3 activity. BME treated downregulated the Caspase-3 activity. D) BME act as an antioxidant, The DCFDA 

assay showed the potency of BME to quench the intracellular ROS levels in Tai stressed neurons.  

5.2.6 BME restores the nuclear transport in neuronal cells  

Nucleoporins (Nups) are the nuclear pore complex (NPC) forming proteins, which act as a 

passage through the nuclear membrane which facilitates the nucleocytoplasmic transport of 

macromolecules (Fig. 29A)157. Neurodegenerative diseases are associated with dysfunction 

in nucleocytoplasmic transport and distorted morphology of nuclear envelop158. AD has been 

reported to be associated with disorganization  of  Nup98159. The most significant protein of 

the Nup complex is Nup358 which localizes on the cytoplasmic side of NPC and acts as a 

clamp of NPC. In our study, the effect of BME on Nup358 arrangement in FA-stressed 

Neuro2a cells were observed. The FA stressed cells had a distorted arrangement of Nup358 

around the nucleus; on contrary, the BME treatment restored the arrangement of Nup358 

suggesting the constructive role of BME on Nups358 (Fig. 29B-C). These indicated that BME 

potentially rescues the nucleocytoplasmic transport from FA-mediated stress. 

5.2.7 BME modulates GSK-3β phosphorylation in neurons  

GSK-3β plays a central role in Tau phosphorylation and generation of AD pathology. Several 

studies have targeted GSK-3β for evaluating the potency of therapeutic molecules in AD. In 

our study, the effect of BME was observed in formaldehyde stressed cells. The western blot 

showed that FA treatment elevated the GSK-3β phosphorylation. The FA-treated cells and 

cells treated with BME had distinguished difference in pGSK-3β band intensity. 
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Figure 28. BME modulated the Nrf2 level in cells. A) Nrf2 signalling acts as the antioxidant machinery in cells. 

The oxidative stress activates the Nrf2, which binds to ARE in cells leading to the expression of antioxidant 

enzymes. B) The western blot showed the effect of BME in FA stressed cells. BME was observed to elevate the 

expression of Nrf2. C) The quantification of Nrf2 blot indicates a clear difference in expression of Nrf2 in FA stressed 

cells and BME treated cells. D) Immunofluorescence images showing the effect of BME in FA-stressed cells. The 

BME-treated cells were having high intensity of NRf2 than the FA stressed cells. E) The quantification of IF images, 

indicates the difference in Nrf2 intensity in various treatment groups.  

Similarly, in the cells treated with both BME and FA a low level of pGSK-3β was observed. 

Interestingly, no significant difference was observed in the GSK-3β levels for all four groups 

(Fig. 30A-C). The immunofluorescence studies indicated that FA-treated cells were having 

elevated levels of pGSK-3β as compared to cell control and BME-treated cells. Which 

supported that FA led to phosphorylation of GSK-3β. Whereas BME attenuated the FA-

mediated phosphorylation of GSK-3β (Fig. 30D-F).  

5.2.8 BME reduced the formaldehyde-mediated Tau phosphorylation 

Tau phosphorylation is one of the crucial events related to Tau aggregation generation (Fig. 

31A).  The studies have targeted the phosphorylated Tau for analysing the therapeutic potency 

of molecules. In our study, the effect of BME was observed on FA-mediated Tau 

phosphorylation. The dot blot assay indicated that FA treatment induced the Tau 

phosphorylation in cells. Whereas, BME-treated cells had a reduced level of phospo-Tau 

(Thr212/Ser 214) as compared to FA treated cells (Fig 31B). The immunofluorescence studies 

suggested that FA stressed cells had increased intensity of phospho-Tau, while BME treated 

cells had significantly reduced intensity of phospho-Tau (Fig. 31C,D). The overall results of 

these experiments suggested that BME has a protective role against Tau phosphorylation, 

which aids in its therapeutic potency in AD. 
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Figure 29. BME restored the Nup358 arrangement. A) The Nup proteins from the nuclear pore complex (NPC), 

which facilitates the nuclear transport of macromolecules. Nup358 acts as the clamp of NPC. B-C) The FA 

treatment distrusted the arrangement of Nup 358 around the nucleus. BME treatment restored the Nup358 

arrangement assisting in proper nuclear transport.  

 

Figure 30. BME modulated the GSK-3β phosphorylation. A) The western blot designated for the effect of BME 

on GSK-3β phosphorylation in FA stressed cells. The FA-induced phosphorylation of GSK-3β, whereas BME 

treatment downregulated the GSK-3β phosphorylation. B) The quantification of western blot indicating the 

difference in band intensity of pGSK-3β in various treatment groups. C) The quantification graph of western blot 

for GSK-3β. There was no difference in GSK-3β were observed in various treatment groups. D) The 

immunofluorescence images of various treatment groups having difference in intensity of pGSK-3β and GSK-3β 

levels. D-F) The quantification of IF images, the difference in pGSK-3β levels in FA treated cells and BME treated 

cells, suggested the modulation of GSK-3β phosphorylation. There were no significant changes in GSK-3β level 

was observed. 
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Figure 31. BME reduced the Tau phosphorylation. A) Formaldehyde (FA) treatment led to phosphorylation of 

Tau. B) The dot blot showing difference in phospho-Tau (Thr212/Ser214) levels between FA treated and BME 

treated cells. C) The immunofluorescence images indicating the significant difference between phospho-Tau 

intensity in BME treated and FA treated cells. D) The quantification of IF images, the graph suggested a significant 

reduction in phospho-Tau intensity after BME treatment in FA stressed cells.  

Table .2 

S. 
No. 

Retention  
Time 

*Chemical 
formula 

M+H M+Na 
error 
(ppm) 

Frag
ments 

Name of probable 
phytochemicals 

1. 7.95 C24H28O11 
493.169

3 
 -2.3462  Monnieraside II 

2. 8.38 C27H30O15 
595.166

3 
617.1484 0.7598  Luteolin-7-rutinoside 

3. 8.52 C23H26O11 
479.154

7 
 -0.197  Plantioside B 

4. 8.77 C33H40O20 
757.218

3 
779.1994 -0.3263  Luteolin-7-rutinoside-3'-

glucoside 

5. 8.80 C33H40O20 
757.218

3 
779.1994 -0.3263  Luteolin-7-rutinoside-4'-

glucoside 

6. 9.14 C21H24O10 437.143  -2.856  Monnieraside III 

7. 9.78 C40H64O17  839.4 -4.2256  Deprenyl-ara-glc-ara 

8. 9.85 C54H80O24  1135.493 -0.1163 579 Bacobitacin C 

9. 9.98 C21H19O12 
463.087

2 
485.0693 0.2542  Luteolin-7-glucuronide 

10. 10.18 C21H20O11 
449.108

1 
471.09 0.5008  Luteolin-7-glucuoside 

11. 10.39 C21H19O12 
463.087

2 
485.0693 0.2542  Luteolin-7-glucuronide 

12. 10.62 C46H74O18  937.4777 0.9865  Oxy-p-glc-ara 

13. 10.64 C35H56O8 
605.403

8 
 -1.6295 

473,4
55 

Bacopasaponin H 

14. 10.69 C32H46O8 
559.328

5 
 3.4799  Cucurbitacin B 

15. 10.77 C47H76O18 
951.493

1 
 -1.7747 

617, 
455 

Bacoside A3 isomer 

16. 10.84 C46H74O17  921.4828 1.0487 
477, 
455 

Bacoside A2 

17. 10.94 C42H66O15 
811.447

4 
 -0.0738 487 Methyl-p-2glc 

18. 11.21 C42H68O14 
797.468

0 
 -0.2075 

779, 
635 

Bacopasaponin N1 / 
Bacopasaponin N2 

19. 11.36 C46H74O17  921.4828 1.0487 
587, 
455 

Bacopaside X 
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20. 11.42 C15H10O6 
287.052

2 
   Luteolin 

21. 11.43 C42H68O14 
797.467

3 
 -1.1260 779 

Bacopasaponin N1 

/Bacopasaponin N2 

22. 11.54 C15H10O5 
271.060

0 
   Apigenin 

23. 11.69 C47H76O19  967.488 0.7609  Oxy-p-2glc-ara 

24. 11.76 C41H66O13 
767.457

1 
 -0.6855  Bacoside V /Bacoside IV/ 

Bacopasaponin D 

25. 11.83 C40H64O12 
737.444

2 
 -4.8442 

605, 
437 

Bacoside A1/ 
Bacopasaponi A/ 
Bacopasaponi G/ 
Bacopasaponin B 

26. 11.89 C40H64O12 
737.447

2 
 -3.5199  

Bacoside A1/ 
Bacopasaponin A/ 
Bacopasaponin  G/ 
Bacopasaponin B 

27. 11.92 C41H66O13 
767.458

8 
 1.5413 473 

Bacoside V /Bacoside IV/ 
Bacopasaponin D 

28. 12.2 C32H46O9 
575.320

5 
 -1.6752  Cucurbitacin A 

29. 12.35 
C16H35NO

3 
290.269  0.1446  Imino diethanol 

30. 12.79 C40H64O12 
737.449

3 
 3.0186  

Bacoside A1/ 
Bacopasaponin A/ 
Bacopasaponin G/ 
Bacopasaponin B 

31. 13.19 C41H66O13 
767.459

3 
 2.1775 605 

Bacoside V /Bacoside IV/ 
Bacopasaponin D 

32. 13.38 C40H64O12 
737.446

5 
 -0.7886  

Bacoside A1/ 
Bacopasaponin A/ 
Bacopasaponin G/ 
Bacopasaponin B 

33. 17.29 C58H86O24 
1167.55

91 
 0.7729  Deoxy-p-2glc-ara-

phenylglucoside 

Table 2. LC-HRMS analysis shows the molecular formula list, retention time and the respective phytochemicals 

identified based on protonated, Na adduct and m/z fragments. 

5.3 Summary  

In our study, the potency of ethanolic extract of Bacopa monnieri was studied against Tau 

aggregation, Tau-mediated oxidative stress, cytotoxicity, and Tau phosphorylation. The BME 

potentially inhibited the invitro aggregation of Tau. The treatment of BME improved the vitality 

of Tau stressed cells, and downregulated the apoptosis via modulating the Caspas-3 activity. 

The BME was also found to have efficiency of quenching intracellular ROS. Additionally BME 

upregulated the Nrf2 level in cells, which indicated the antioxidant property of BME. The 

Neuro2a cells incubated with BME had low level of phospho-Tau and phospho-GSK-3β, which 

indicated the potency of BME against Tau phosphorylation. It was observed that BME restored 

the Nup358 arrangement in FA-stressed cells, which facilitated the nucleocytoplasmic 

transport. These results advocated that BME could be considered as a potent herb in 

attenuation of Tau aggregation and Tau toxicity.
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Chapter 6 

Discussion 

6.1 The diverse role of Tau in neuron  

 Alzheimer’s disease (AD) is a neurodegenerative disease characterized by progressive loss 

of memory, cognitive function and behavioural impairments. The accumulation of extracellular 

Aβ plaques and intracellular Tau aggregates are causes of AD160. The Tau protein is known 

to be closely involved with the AD-related pathology. Physiologically, Tau is a microtubule-

binding protein, which provides stability to microtubules138. Under pathological conditions such 

as AD, the dissociation of Tau from microtubules led to microtubule disintegration, while Tau 

monomers self-aggregates resulting in neurotoxic Tau aggregates161. The aggregates of Tau 

are known to interfere with various vital signalling cascades of neurons. The accumulation of 

Tau is reported to impair the protein quality check machinery in the endoplasmic reticulum162. 

Similarly Tau aggregates and oligomers are reported to induce mitochondrial dysfunction163. 

Tau protein is localized in the cytosol, but the studies evidenced the presence of nuclear Tau. 

Tau found to be associated with dysfunction of nucleocytoplasmic transport20. The missorted 

Nup98 interacts with Tau protein resulting in impairment of nucleocytoplasmic transport164. 

Since Tau is associated to the microtubule, the presence of Tau aggregates modulates the 

cytoskeleton of the neuron. The neuron having Tau aggregates stress had reduced neuritic 

extensions, similarly Tau aggregates led to modulation of actin cytoskeleton network165. 

Additionally, the generation of oxidative stress and autophagy are the common symptoms 

generated in presence of Tau aggregates. The molecules having potency against Tau 

aggregates were targeted to evaluate the neuroprotective potency in AD. The compounds of 

natural origin e.g. curcumin, cinnamaldehyde, anthraquinones, daunorubicin, baicalein, 

epigallocatechin-3-gallate (EGCG), limonoids etc; have shown a remarkable potency against 

Tau aggregation146. At the same time, the synthetic Tau aggregation inhibitors such as 

Methylene blue and Tideglusib successfully cleared the phase II clinical trial but failed in the 

subsequent clinical trials36. Henceforth, it could be stated that the presence of Tau aggregates 

imparts the toxicity to neurons by interfering with cellular components of neuron.  

6.2 Tau phosphorylation and Neurotoxicity 

Several post-translational modifications viz, glycation, glycosylation, ubiquitination, nitration, 

phosphorylation have been associated with Tau aggregation and pathology16. Tau 

phosphorylation is one of the extensively studied PTM, in vitro and in vivo studies have 

evidenced the neurotoxicity of hyper-phosphorylated Tau 166. Tau is a phospho protein, one 

mole of Tau is known to have two-three moles of phosphate. A total of 85 phosphorylation-

prone sites, including serine (S), threonine (T), and tyrosine (Y) are present on Tau167,168. 

These sites are phosphorylated by various kinase e.g. proline-directed glycogen synthase 

kinase-3 (GSK-3, cyclin-dependent kinase 5 (cdk5), and 5′ adenosine monophosphate-

activated protein kinase (AMPK), non- proline-directed kinase kinases (MARKs), cyclic AMP-

dependent protein kinase A (PKA)169,170.  The hyper-phosphorylated Tau detaches from the 

microtubule and aggregates at an accelerated rate171. The accumulation of Aβ accelerated the 

phosphorylation of Tau caused toxicity in Tg2576 mice172. Chronic oxidative stress increased 

the phosphorylation of Tau, which generated toxicity in neuroblastoma cells173. Similarly, the 

presence of hyper-phosphorylated Tau imparts adverse effects on nucleocytoplasmic 

transport174. Additionally, the deficiency  of vitamin B upregulated the Tau phosphorylation via 

modulating GSK-3β175. Hence, several molecules and compounds have been screened for 
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their efficiency to downregulate Tau phosphorylation. Methylene blue was observed to reduce 

MARK4/PAR1-mediated Tau phosphorylation resulting in attenuation of synaptic toxicity69. 

The treatment of Harmine, a β-carboline alkaloid, inhibited the Tau phosphorylation at multiple 

sites176. Lithium is a well-known GSK-3β inhibitor; treatment of lithium reduced the Tau 

phosphorylation via downregulation of GSK-3β in aged 3xTg-AD mice177. Caffeic acid is a 

plant-derived neuroprotective phenolic compound. The treatment of caffeic acid reduced the 

Tau phosphorylation in Aβ stressed PC12 cells178. The mice exposed to high doses of iron 

were observed to have elevated level of phospho-Tau in the brain. The treatment of iron 

chelators e.g. Deferoxamine, reduced the Tau phosphorylation179. The natural compounds 

e.g. curcumin, ginsenoside Rd, Peloruside A etc; are also reported to downregulate the Tau 

phosphorylation in neuronal cells180,181. The treatment of chemical stress e.g. 0.5 mM 

formaldehyde, led to phosphorylation of Tau at multiple sights. The formaldehyde treatment 

also elevated the activity of Tau specific kinase GSK-3β in neuro2a cells182. In the presence 

of resveratrol the level of phospho-Tau were reduced to an appreciable extent183. Hence the 

previous studies conclude that downregulation of Tau phosphorylation is a reliable therapeutic 

strategy against AD.  

6.3 The effect of photo-excited molecules on protein aggregates  

Photodynamic therapy is a non-conventional therapeutic strategy that implies photo-excited 

dyes against the target tissues. In recent years, PDT has evolved as a therapy for the 

treatment of neuronal tissues184,185. Various photosensitizers have potency to effect the brain 

tissues. The application of PDT for treatment of neuronal tissues has always been a 

challenging approach in treatment of neurological disorders, PDT has several challenges to 

be answered (Table 3). Although, the recent advancement and research in field of PDT have 

indicated potency of photosensitizers for the treatment of neuronal disorders. The 5-

aminolevulinic acid (5-ALA) is a well-researched and reviewed photosensitizer for treatment 

of neuronal tissues including brain tumours186. In recent years numerous photosensitizers (PS) 

have been reported for their potency to disaggregate the Aβ fibrils. Polyoxometalates (POMs) 

are fullerene-like inorganic molecules; in recent studies, it was observed that photo-excited 

POMs efficiently inhibited the aggregation of Aβ and disaggregated the mature Aβ aggregates 

in vitro187. Similarly, another photo-catalytic compound, Bismuth vanadate (BiVO4) was also 

observed to photo-oxidize the Aβ aggregates resulting in irreversible degradation of Aβ 

aggregates188. The photo-sensitive porphyrin–peptide (KLVFF) hybrid molecules were studied 

to attenuate the Aβ189. meso-tetra(4-sulfonatophenyl)porphyrin (TPPS) is the photosensitizer 

which has excitation in blue light; in vitro studies showed that photo-excited TPPS inhibited 

the aggregation of Aβ. In another study, Aβ has treated riboflavin in the presence of white light 

irradiation. The result of these studies showed that riboflavin treated Aβ peptides had lower 

potency for aggregation and cytotoxicity190. In a study, the photo-sensitive ruthenium (II) 

{[Ru(bpy)3]2+} complex was tested against Aβ aggregates. The in vitro studies such as CD 

spectroscopy, ThT fluorescence assay, Fourier transform infrared spectroscopy suggested 

that treatment of white light irradiated ruthenium (II) complex inhibited the aggregation of in 

vitro aggregation of Aβ and cytotoxicity in PC12 cells191.   

Rose Bengal (RB) belongs to xanthene dyes, RB is known to have photosensitivity when 

irradiated with green light. In recent studies, the role of photo-excited RB has been reported 

against Aβ aggregation. The photo-excited RB attenuated the aggregation of Aβ under in-vitro 

conditions. Moreover, the treatment of photo-excited RB also observed to rescue the PC12 

cells from Aβ mediated toxicity80. Similarly, the phenothiazine dye Methylene blue inhibited 
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the Aβ aggregation and toxicity.  The treatment of photo-excited Methylene blue (MB) 

disaggregated the mature Aβ fibrils. Whereas, under in vivo studies, the photo-excited MB 

improved the crawling behaviour of UAS-Aβ42 Drosophila larvae and reduced the brain 

vacuole formation in adult flies82. βNaYF4:Yb/Er@SiO2@RB and RB/UCNP@ROS are 

examples of photo-sensitive compounds which have excitation at 980 nm. The preliminary 

studies have demonstrated the effectiveness of these compounds in attenuation of Aβ 

aggregation121. Although the effect of photo-excited dyes against Tau fibrilization and Tau-

mediated toxicity was not studied exclusively. Our work, observed that the treatment of 

phenothiazine dye Toluidine blue (TB) appreciably inhibited the aggregation of heparin- 

induced Tau. Additionally, treatment of photo-excited TB resulted in potent disaggregation of 

pre-mature Tau aggregates. Similarly, the xanthene dye Rose Bengal (RB) was also studied 

for its potency against Tau aggregation. The in vitro studies clearly suggested that the 

treatment of RB attenuated the aggregation of heparin-treated Tau. The photo-excited RB 

treatment led to disaggregation of mature Tau filaments, which was confirmed by biochemical 

and biophysical techniques such as ThS assay, SDS-PAGE and electron microscopy. The 

behavioral studies were performed in Drosophila model suggested that the treatment of both 

the dyes viz; photo-excited RB and photo-excited TB improved the memory, longevity, and 

locomotor function of UAS-A14 Tau Drosophila. Hence, the photo-excited dyes RB and TB 

were observed to have potency against against Tau aggregation and Tau toxicity (Fig. 32).  

 

Figure 32. The photo-excited dyes disaggregate the protein aggregates. Amyloid-β aggregates are formed by 

the activity of y-secretase on APP. The mature aggregates of amyloid-β are neurotoxic. . The treatment of photo-

excited dyes e.g Rose Bengal, methylene blue etc., inhibits the aggregation of amyloid-β, which reduces the 

amyloid-β-mediated toxicity. Tau aggregates are toxic to neurons, which modulate several cellular signalling 

ultimately resulting in toxicity. The treatment of photo-excited dyes e.g. Rose Bengal and Toluidine blue, 

disaggregates the Tau aggregates. 

6.4 Cytoskeleton deformities and PDT 
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The cytoskeleton plays a crucial role in the maintenance of the neuronal integrity, neurite 

extension, synapse formation, axonal elongation etc. The modulation in the microtubule 

network led to various changes in neurons. The studies showed that cholesterol treatment 

attenuated the dendritic outgrowth by the microtubule network192. Similarly, overexpression of 

microtubule destabilizing factor SCG 10 resulted in reduced neuronal outgrowth193. The 

treatment of lysophosphatidic acid (LPA) led to tubulin modulation and Tau hyper 

phosphorylation. The neurons exposed to LPA treatment were observed to have retracted 

neurite outgrowth194. Lipid peroxidation results in formation of various stress molecules such 

as 4‐hydroxy‐2(E)‐nonenal (HNE). HNE interfered with the microtubule stability which caused 

the reduction in neurites length195. Similarly, the modulation of another cytoskeleton protein 

actin also results in various neuronal defects. The recent studies suggest that accumulation 

and bundling of F-actin result in Tau-mediated neurodegeneration in Drosophila196. 

Huntington’s disease is another neurodegenerative disease known to be caused from 

Huntingtin protein.  It was observed that mutation in the huntingtin protein led to modulation in 

actin cytoskeleton197. The accumulation of actin/cofilin rods are among the common processes 

observed in several neurodegenerative diseases such as AD, PD, HD198. The localization of 

Aβ causes the oxidation of F-actin, while the treatment of Glutaredoxin1 inhibited the F-actin 

oxidation resulting in restoration of cognitive function199.  

 

Figure 33. Cytoskeleton modulation by photo-excited dyes. The cytoskeleton plays various crucial roles in 

neurons. The processes such as synaptic connection formation, neuronal development, and axonal guidance have 

the role in the cytoskeleton. Neurodegenerative diseases are known to be associated with cytoskeleton deformities 

the treatment of photo-exited Rose Bengal and Toluidine blue up regulated the polymerization of tubulin resulting 

in neurite extension. The actin cytoskeleton is also modulated by photo-excited dyes. The filopodia are hair-like 

actin-rich structures, whereas the lamellipodia are the fan-like structures involved in cell addition and cell-cell 

communication. The cells exposed to photo-excited Rose Bengal and Toluidine blue had increased actin rich 

structures in membrane indicating the modulation of actin cytoskeleton.   

Thus, the deformities in the neuronal cytoskeleton are closely associated with 

neurodegenerative diseases. Photodynamic therapy is known to target the cytoskeleton. The 

PDT using aminolevulinic acid showed the alternation of glioma cell morphology via actin 
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cytoskeleton200. The Photofrin-mediated PDT resulted in microtubule depolymerisation201. 

Similarly, the application of photo-excited 3,3′-dihexyloxacarbocyanine iodide and TMPyP–

Porphyrine resulted in depolymerisation of microtubules79,202. Thus, we studied the effect of 

photo excited dyes Rose Bengal and Toluidine blue on neuronal cytoskeleton modulation. We 

observed that the exposure of photo-excited RB, and TB potentially modulated the actin 

cytoskeleton. Elevated number of actin-rich hair like structures filopoida and fan-like 

lamellipodia were observed in cells exposed to photo-excited RB and TB. The photo-excited 

RB treated cells were having podosome-like structures actin rich structures, which suggested 

the modulation of actin cytoskeleton. Tubulin are another important cytoskeleton protein. In 

our studies we observed that treatment of photo-excited RB and TB resulted in modulation of 

tubulin network which was evidenced by presence of long neurite extensions having elevated 

intensity of tubulin. Hence, the overall result of these studies suggested that treatment of 

photo-excited dyes may have potency to modulate neuronal cytoskeleton (Fig. 33).  

6.5 Ayurveda and neurodegeneration  

Ayurveda includes the approach that deals with prevention, diagnosis, and therapeutic 

strategies for diseases. Ayurveda counsels about the diet and nutrition for an individual based 

on analysis of body components or ”Prakriti”. Charaka Samhita and Sushruta Samhita (400 

BC–200 AD) are ancient literature, which include various formulations of Ayurveda203. 

According to Ayruveda, the neuronal system of the human body is dominated by the Vata 

component (dosha). There are medicinal plants that are believed to have potency against 

Alzheimer’s disease204. The application of various formulations of these herbs were found to 

improve the memory deficits (Table 4). Withania somnifera, Convolvulus prostrates, 

Nardostachys jatamans and Bacopa monnieri are acknowledged to have nootropic potency205.  

Table. 4 

S.No. Name of Herb Medicinal 

part of plant 

Bioactive 

component 

Function Reference 

1. Ashwagandha 

(Withania somnifera) 

Roots withanine, 

withananine, 

somniferine, 

sominone,  

somnine 

Reduction of 

neuroinflammation, 

Depression,  

Memory deficit 

Kaur et al., 

2001 

2. Jatamansi 

(Nardostachys 

jatamansi) 

Roots sesquiterpenoids

, valeriananoids 

Memory  deficit, Insomnia Rather A et 

al., 2012 

3. Sarpagandha 

(Rauvolfia sepentina) 

Roots Reserpine Hypertension, Insomnia, 

Depression 

Lobay et al., 

2015 

4. Turmeric (Curcuma 

longa) 

Roots Curcumin Reduction of 

Neuroinflammation, 

neurodegeneration , 

memory deficit 

Monroy et 

al., 2013 

5. Shankhpushpi 

(Convolvulus 

pluricaulis) 

Leaves Shankhapushpin

e, convolamine, 

convoline,  

improvement of memory 

and learning ability 

Agarwa et 

al., 2013 

6. Brahmi (Bacopa 

monnieri) 

Leaves  Bacoside A, 

Betulininc acid, 

Bacoposide 

Imporovement in memory 

and cognitive function  

Augiar et al., 

2013 

7. Gotu kola (Centella 

asiatica) 

Leaves Asiaticoside A, 

Asiaticoside B, 

Asiatic acid 

Improvement of memory 

and learning  

Dey et al., 

2015 
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Xu Y et al., 

2008 

8. Jyotishmati 

(Celastrus 

paniculatus) 

Seed/Seed 

oil 

Pristimerin Antioxidant 

Memory enhancer  

Summers et 

al., 2004 

9.  Giloy (Tinospora 

cordifolia) 

Leaves Tinocordioside 

Cordiosides 

Anti-depressant  Saha et al., 

2012 

10. Tulsi (Ocimum 

santum) 

Leaves Eugenol Acetyl choline booster Pattanayak 

et al ., 2010 

11. Neem ( Azadirchta 

indica) 

Leaves Limonoids  Improvement of cognition  Raghvendra 

et al ., 2013 

12. Bringraj (Eclipta alba) Leaves Wedelolactone Antioxidant  

Improves learning 

Vidhya shree 

et al., 2018 

13. Vacha (Acorus 

calamus) 

Rizome Asarone, 

Asareldehyde 

Improves the learning  Kumar A 

2013 

14. Shatavar (Asparagus 

racemosus) 

Rizome Shatavarin IV Antioxidant 

Anti-Parkinson’s herb 

Smita S et al; 

2017 

15. VIdari Kanda 

(Pueraria tuberosa) 

Rizome Tuberosin Antioxidant 

Nootropic 

Rao et 

al;2008 

16. Kesar (Crocus 

sativus) 

Stigma, styl 

of flower 

Crocins Antioxidant  Shaterzadeh 

H et al; 2018 

17. Almond (Prunus 

amygdalus) 

Seed Morin Destabilises the Amyloid-

β Firbils 

Lamkul JA et 

al; 2010 

18. Garlic (Allium 

sativum) 

Cloves Crude exract Downregulation of 

Amyloid-β induced 

apoptosis in PC12 cells. 

Guo JP et al; 

2010 

19 Ginger (Zingier 

officials) 

Rizome Crude extract Inhibition of Amyloid-β 

aggregation 

Guo JP et 

al;2010 

Table 3. The Ayurveda applies various formulations of herbs for the treatment of neurodegenerative diseases. The 

table showing list of plant considered to have neuroprotective property.  

The protein aggregates is considered as one of the reason for AD. Numerous plants contain 

mildly toxic non-mutagenic flavone “Apigenin”. The apigenin treatment reduces the copper-

mediated Aβ aggregation and oxidative stress in neurons. The apigenin treatment reduced 

the Aβ burden in the APP/PS1 mice model of AD206. It was also observed that oligomers of 

Aβ -induced toxicity to the astrocyte and neurons obtained from the cortex of newborn and 

embryonic wistar rats, whereas apigenin rescued the neuronal and astrocyte from Aβ 

mediated toxicity207. Baicalein is another naturally occurring flavone isolated from the roots of 

Scutellaria baicalensis. The recent studies suggested the neuroprotective property of 

Baicalein against Aβ and Tau-mediated toxicity. Baicalein (10–50 mg/kg, i.p.) reduced the Aβ 

mediated amentia in mice208. The treatment of Baicalein reduced the Aβ-mediated toxicity, cell 

apoptosis and oxidative stress in PC12 cells209. Curcuma longa is an acknowledged herb in 

Ayurveda; curcumin is the polyphenolic bioactive component isolated from blubs of Curcuma 

longa210. The injection of curcumin in aged Tg2576 mice reduced the formation of senile 

plaques96. The inhibition of Tau aggregation is another important therapeutic strategy against 

AD. Curcumin treatment inhibited the β-sheet formation and aggregation of Tau in vitro211. The 

conjugate of Ruthenium(II) and curcumin efficiently inhibited the aggregation of peptide 

corresponding to R3 repeat of Tau212. Another derivative of curcumin PE859 was observed to 

inhibit the aggregation of both Aβ and Tau in vitro furthermore, the treatment of PE859 reduced 

the load of Tau aggregates and improved the cognitive behavior in senescence-accelerated 
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mouse prone 8 (SAMP8)213. Withania somnifera is another nootropic herb in Ayurveda, 

withanamide is one of the active components of Withania somnifera, the treatment of 

withanamide rescued the viability of Aβ stressed PC12 cells214. The crude root extract of 

Withania somnifera reduced the H2O2 and Aβ mediated toxicity in differentiated PC12 cells215. 

Crocus sativus or saffron is known for it’s antihypertensive, anticonvulsant, antitussive, 

antigenotoxic and cytotoxic effects216. In recent studies Crocus sativus was observed to have 

neuroprotective efficiency against AD, the extract prepared from the stigma of Crocus sativus 

inhibited the fibrillogenesis of Aβ217. Crocin is a carotenoid isolated from stigma of Crocus 

sativus, the treatment of crocin efficiently inhibited the aggregation of Aβ peptides in vitro218. 

The administration of crocin improved the Aβ mediated memory deficits and long-term 

potentiation in rats219. The aggregates of α-Synuclein are considered to be associated with 

Parkinson’s disease220. Epigallocatechin gallate (EGCG) is an active component of green tea, 

which is known to have potency in inhibiting the aggregation of Aβ and Aβ mediated toxicity. 

EGCG was found to be effective in attenuation of Tau aggregation34,221. Bacopa monnieri is a 

nootropic herb that has been studied in various aspects of neurodegeneration. The extract of 

Bacopa monnieri protected the primary cortical neurons from Aβ-mediated toxicity and 

oxidative stress. Extract of Bacopa monnieri also showed the improvement of cognitive 

behavior and memory dysfunction in AD model109. Bacoside-A is an active compound isolated 

from Bacopa monnieri, was found have significant inhibitory effect on Aβ aggregation155. In 

our studies we have also observed that the crude extract of Bacopa monnieri inhibited (BME) 

the aggregation of Tau in vitro. The results of ThS assay, electron microscopic analysis, CD 

spectroscopy supported the aggregation inhibition potency of BME.  

6.6 The rejuvenating effect of BME 

Accumulation of Tau aggregates results in impairments of various signalling cascades that 

direct the cells for apoptosis or necrosis222. Several key Tau aggregation modulators have 

been observed to improve the vitality of cells. Heptelidic acid is one of the Tau aggregation 

inhibitors, the treatment of heptelidic acid improved the viability of cells223. The Caspase-3 

activity was also reduced by heptelidic acid treatment indicating the reduction in cell death.  

Azadirachta indica is known for its exceptional medicinal property, nimbin and salanine are 

two limonoids isolated from Azadirachta indica fruits. Nimbin and Salanine were found to 

inhibit the aggregation of Tau in vitro. Additionally, these limonoids demonstrated a protective 

effect in cells and rescued them from Tau-mediated toxicity30. Baicalein is another naturally 

occurring flavonoid that can attenuate Tau aggregation and Tau-mediated toxicity 33,111. Our 

study also observed that BME rescues the cells from Tau-mediated toxicity. Additionally, we 

observed that the cells had improved viability after BME treatment. The BME was also found 

to downregulate the apoptosis by modulating the activity of Caspase-3. Thus, we stated that 

BME has a rejuvenating effect in Tau stressed cells. 

6.7 The antioxidant property of BME 

The oxidative stress is one of the principle reason for generation of neurodegeneration. The 

Ayurvedic herbs and their active components are known to have antioxidant properties. 

Withania somnifera reduced the Bisphenol A (BPA) induced oxidative stress in mice model224. 

Similarly, the root extract of Withania somnifera demonstrated neuroprotective action by 

reducing the oxidative stress in maneb (MB) and paraquat (PQ) mice models225. The treatment 

of curcumin defended the neurons from Aβ induced oxidative stress. Rotenone treatment 

induces Parkinson’s disease like pathology via generation of oxidative stress. The 
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administration of resveratrol reduced the 1-methyl-4-phenylpyridinium ion (MPP+) mediated 

oxidative stress in neurons226. Bacopa monnieri is widely acknowledged for its antioxidant 

properties. The treatment of BME upregulated the Nrf2 level, which protected the rat against 

oxidative stress105. Similarly, the administration of BME upregulated the expression of 

antioxidant enzymes e.g. superoxide dismutase (SOD), catalase (CAT), and glutathione 

peroxidase (GPx) in brain of wistar rats101. Similarly, in primary cortical cultured neurons BME 

treatment reduced the Aβ-mediated oxidative stress and glutamate-induced toxicity227. In our 

experiments, the cells treated with BME were having low level of intracellular ROS and 

elevated levels of Nrf2 which suggested the antioxidant property of BME.  

6.8 BME recued Tau phosphorylation  

The hyper-phosphorylation of Tau is considered to be one of the crucial factors in the 

generation of Tau aggregation and Tau pathology228. Proline-directed kinase e.g. GSK-3β, 

CDK5, JNK and non proline-directed kinase e.g. PKA, PKC, CaMKII, MARK or CKII etc229. 

The accumulation of hyper-phosphorylated Tau induces oxidative stress, neurotoxicity and 

impairment in signalling cascades230,231. The compounds of natural origin have potency to 

downregulate Tau phosphorylation. The natural plant derivative “Isobavachalcon”, was  

 

Figure 34. The Bacopa monnieri extract (BME) have neuroprotective property against Tau toxicity. The Tau 

aggregation is one of the hallmarks of AD; under in vitro conditions, the Tau aggregation is mimicked by incubation 

with polyanionic compounds such as heparin. The BME potentially attenuated the aggregation of Tau in vitro. In 

the presence of BME the viability of neurons improved, which aids to its neuroprotective property. The 

phosphorylation of Tau led to the generation of its pathology. Formaldehyde treatment results in Tau 

phosphorylation and neurotoxicity. The treatment of FA increased the intracellular ROS and disrupted the nuclear 

envelope. BME treatment reduced the intracellular ROS and upregulated the Nrf2 pathways, which supports its 

antioxidant property. The BME treatment assists in the reorganization of Nup358 around the nucleus, which aids 

in its neuroprotective property.  
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studied to have a neuroprotective effect as it reduced the Tau phosphorylation by modulating 

the activity of GSK-3β and PP2A149. Similarly the natural compound “wogonin”, tested to be 

effective in reducing the Tau phosphorylation via inhibiting the GSk-3β activity232. The naturally 

occurring polyphenol “curcumin”, was observed to have neuroprotective potency via 

modulating the level of phospho-Tau. Curcumin treatment effect the GSK-3β activity in SH-

SY5Y cells, and thus, it reduces the level of phospho-Tau233. Epigallocatechin-3-gallate 

(EGCG) s another polyphenol found in green tea, recent studies suggested that EGCG 

reduced the formaldehyde-mediated phosphorylation of Tau in neuro2a cells34. Trans-Crocin 

4 and trans-Crocetin are the bioactive components of Crocus sativus, which are known to 

have neuroprotective potency. In the presence of trans-Crocin 4 and trans-Crocetin the activity 

of GSK-3β and ERK1/2 were downregulated resulting in rediced phospho-Tau levels in SH-

SY5Y cells234. The plant-derived stilbenoid resveratrol reduced the formaldehyde-mediated 

Tau phosphorylation 183. In our work, we observed that the formaldehyde treated Neuro2a 

cells had a significantly elevated level of phospho-Tau, whereas BME treatment reduced the 

phospho-Tau. Interestingly the BME was also observed to modulate the phosphorylation of 

GSK-3β. We observed that in formaldehyde treated cells, pGSK-3β level were more as 

compared to untreated cells. On the contrary the BME treatment decreased the level of pGSK-

3β. Thus, we stated that BME has the potency to modulate the Tau phosphorylation in neurons 

(Fig. 34). 
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Abstract   

The intracellular Tau aggregates are known to be associated with Alzheimer’s disease. The 

inhibition of Tau aggregation is an important strategy for screening of therapeutic molecules 

in Alzheimer's disease. Various compounds of natural and synthetic origins have been 

screened for the potency against Tau aggregation. The photo-excited dyes showed inhibitory 

effect on amyloid protein aggregation and toxicity. In the present work, we studied the effect 

of two acknowledged photosensitizers Toluidine Blue (TB) and Rose Bengal (RB) against Tau 

aggregation. The aim of this work was to study the protective role of these dyes against Tau 

aggregation and cytoskeleton modulations. The studies carried out with help of ThS 

fluorescence, circular dichroism, and electron microscopy suggested that TB and RB 

attenuated the in vitro Tau aggregation. Whereas, the PE-TB and PE-RB disaggregated the 

mature Tau fibrils. In our studies, we observed that PE-RB and PE-TB Bengal modulated the 

cytoskeleton network.  The Neuro2a cells exposed to PE-RB and PE-TB were having 

extended neurite, which indicated the modulation of tubulin network. Similarly, the treatment 

of photo-excited dyes modulated actin structures in cells. Neuro2a cells exposed to PE-RB 

and PE-TB had increased actin-rich filopodia and lamellipodia.  The behavioural studies on 

Drosophila transgenic models suggested that exposure to these dyes improved the longevity 

and egg laying capacity of flies. Similarly the negative geotaxis assay suggested that flies 

exposed to PE-RB and PE-TB were having improved locomorter function. The treatment of 

PE-RB and PE-TB improved memory and learning of UAS E-14 Tau mutant of Drosophila.  

Bacopa monnieri is a nootropic herb described in Ayurveda. In our work the ethanolic extract 

of Bacopa monnieri was studied for its potency to inhibit Tau aggregation and rescue of 

viability of Tau stressed cells. Bacopa monnieri was observed to inhibit the Tau aggregation 

invitro. The cells exposed to Bacopa monnieri were also observed to have low level of ROS 

and caspase-3 activity. The western blot and immunofluorescence analysis showed that the 

Bacopa monnieri elevated the Nrf2 levels and downregulated phospho-Tau level in cells. 

NUP358 are the key proteins involved in nuclear transport. It was observed that Bacopa 

monnieri treatment restored NUP358 arrangement in formaldehyde stressed cells.  

The overall results of our studies suggested that PE-TB and PE-RB have potency against Tau 

aggregation and Tau-mediated toxicity. Whereas, Bacopa monnieri showed potency against 

Tau phosphorylation and Tau aggregation. Hence these compounds could be considered for 

further studies in treatment of Alzheimer’s disease. 
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Abstract  

Alzheimer’s disease (AD) is the dominant type of dementia emerging worldwide as a 

leading health concern. Tau under pathological conditions leads to formation of 

neurotoxic aggregates, which leads to AD. Thus considering Tau as hallmark of AD, 

various molecules have been studied for their potency against Tau aggregation. 

“Ayurveda”, is an ancient science, which implies the application of natural compounds 

for restoring the disease related symptoms. Ayurveda include several neuroprotective 

herbs, and brahmi is the commanding herb among them. The objective of present 

study was to reveal the effect of ethanolic extract of brahmi in various aspect of Tau-

mediated neurotoxicity. The biochemical, cell biology and microscopic studies 

suggested that brahmi owns rejuvenating properties against Tau stressed neuronal 

cells. Brahmi reduces ROS, Tau hypephosphorylation and accelerates cell viability, 

nuclear transport and cell proliferation. The overall study indicated that brahmi is a 

potent herb against Tau pathology in Alzheimer’s disease. 

 

2. Tushar Dubey, and Subashchandrabose Chinnathambi*. Understanding Role of 

Tau in Nuclear Transport, 2017-XXXV Annual Conference of Indian Academy of 

Neuroscience. 

Abstract  

Alzheimer’s disease is a neurodegenerative disorder characterized by progressive 

decline in cognitive functions and memory. The two hallmarks of Alzheimer’s disease 

are the extracellular senile plaques and intracellular neurofibrillary tangles. 

Neurofibrillary tangles are formed by aggregation of microtubule-associated protein 

Tau. Its main function is to stabilize the microtubule, thus maintaining the axonal 

integrity in neurons. In our current work the studies are being carried out to understand 

the novel role of Tau in nuclear transport. Objective of our work is to identify the novel 

interaction of Tau and the hydrotrope (GTP/ATP) in nuclear transport system. 

Following our hypothesis we are targeting the RAN GTPase which is the key protein 

in nuclear transport. The preliminary experiments evidenced the cysteine directed 

GTPase activity of human Tau. Additionally, Pull-down assays signifies role of Tau in 

nuclear transport. 

  

3. Tushar Dubey and Subashchandrabose Chinnathambi*. Photodynamic exposure 

of Rose-Bengal inhibits Tau aggregation and modulates cytoskeletal network, 2021-

National Science day, CSIR-National Chemical Laboratory. 

Abstract 

The intracellular Tau aggregates are known to be associated with Alzheimer’s disease. 

The inhibition of Tau aggregation is an important strategy for screening of 

therapeutic molecules in Alzheimer's disease. Rose Bengal is a Xanthene dye, which 

has been widely used as a photosensitizer in photodynamic therapy. The aim of this 

work was to study the protective role of Rose Bengal against Tau aggregation and 

cytoskeleton modulations in neuronal cells. The aggregation inhibition and 

disaggregation potency of Rose Bengal and photo-excited Rose Bengal were 
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observed by in vitro fluorescence, circular dichroism, and electron microscopy. In our 

studies, we observed that Rose Bengal and photo-excited Rose Bengal modulate the 

cytoskeleton network of actin and tubulin. The immunofluorescence studies showed 

the increased filopodia structures after photo-excited Rose Bengal treatment. 

Furthermore, Rose Bengal treatment increases the connections between the cells and 

actin-rich podosome-like structures. Thus, the overall results suggest that Rose Bengal 

could have a therapeutic potency against Tau aggregation. 

 

4. Tushar Dubey, Abhishek Ankur Balmik, and Subashchandrabose Chinnathambi*. 

Signalling Cascades and Post-translational modifications of Tau, 2015-EMBO-

Meeting, Indo-French Conference. 

Abstract  

Tauopathy is one of the most widely accepted pathological symptom of Alzheimer's 

disease. Tauopathy or generation of neurofibrillary tangles are associated with 

aggregation of Tau protein. Posttranslational modifications (PTMs) and deregulation 

of Tau Signaling cascade are the main culprits for pathological condition of Tau. Many 

kinases are involved in signaling cascades, among all those molecules CDK is drawing 

attention of researchers because it is known to be involved in early neuronal 

development. In normal condition, activity of CDK5 is regulated by p35 protein, but 

under stress condition the calpain-mediated proteolytic cleavage of p35 leads to 

generation of p25 and p10. The CDK5/p25 complex hyperphosphorylates Tau and 

facilitates its aggregation whereas, p10 is known to provide survival signals to cells. In 

our lab we will emphasize on demonstrating the effect of p10 peptide on Tau 

hyperphosphorylation. 
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