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ABSTRACT 

Alzheimer’s disease (AD) is a neurodegenerative disorder that is caused by the degeneration of 

areas in the brain such as the hippocampus and cortex. It is the most common type of dementia 

and the number of people affected is rising. AD is characterized by the presence of protein 

aggregates: amyloid-β (Aβ) plaques and neurofibrillary tangles (NFTs), which are composed by 

tau protein. Tau is a microtubule-associated binding protein that is found predominantly in 

neurons and its function is to keep axonal integrity. In AD, tau undergoes abnormal modifications 

such as truncation, that lead to the formation of NFTs. The accumulation and spread of these 

aggregates are defined as Braak stages and correlates with clinical severity of AD.  

Previous experiments in Dr. Boland's lab showed that a truncated form of tau of approximately 

36 kDa was produced in the brain at early stages of AD (Braak stage II). After a screening of 

compounds on rat cortical neuron models, it was observed that 36 kDa truncated tau was produced 

when cultures were treated with zinc and glutamate and decreased with kynurenic acid.  Truncated 

tau was being produced in neuron-glial cultures, while the production  in neuron-enriched cultures 

did not occur, suggesting that glial cells are linked to it.  Based on these evidences, the main aims 

of this project are to investigate the role neuron-glial interactions in the production of truncated 

tau and their relevance to AD. 

Two types of primary culture, neuron-enriched and neuron-glial cultures, were prepared from rat 

cortical neuron cells and treated with different compounds. Proteins were collected and an 

analysis of tau and other neuron-glial proteins was done by western blotting. Complementary, 

immunocytochemistry experiments and metabolic flux analysis were carried out to study other 

possible factors relevant for the production of truncated tau.  

Results revealed that an optimal production of 36 kDa was achieved when cultures were treated 

with full media change including zinc or glutamate. Glutamate stimulation of cultures induced 

the production of small fragments of truncated tau, possibly due to an excessive neuronal 

excitation which caused glutamate excitotoxicity. Microglial activation and metabolic changes 

did not seem to be relevant for the production of truncated tau. In any case, more replicates are 

needed to confirm results obtained and further experiments are needed to determine the specific 

mechanism by which truncated tau is being generated.  
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CHAPTER 1. INTRODUCTION AND AIMS 

1. ALZHEIMER'S DISEASE: DEFINITION AND NEUROPATHOLOGY 

Alzheimer’s disease (AD) is a neurodegenerative disorder and the most common type of 

dementia, since it accounts for 60% to 80% of all dementia cases. Dementia is the name for a 

range of conditions that involve a memory loss and a decline of other mental abilities, often caused 

by degeneration of the brain. In AD, brain areas specially affected are hippocampus and cortex. 

There are 2 types of AD. The most common is called sporadic or late-onset AD, and it accounts 

for 99% of all cases. In this case, the greatest risk factor is increasing aging, and affects mainly 

people who are 65 years and older. The less common type is called familial or early-onset AD, 

and it accounts for 1% of all cases. In this case, the main causes are mutations in risky genes(1).  

It is estimated that 50 million of people worldwide were living with dementia in 2018. The number 

of people suffering dementia is rising fast. It is estimated that number of people living with 

dementia will be more than triple by 2050(2).  

Neurodegenerative disorder is an overall term that includes other diseases such as Parkinson’s 

disease and Huntington’s disease. They are consequence of a selective loss of neurons in different 

areas of the brain. These disorders have many features in common: they are chronic, irreversible, 

slowly progressive and age-related. They are also called proteinopathies because they involve the 

accumulation and aggregation of misfolded proteins, both extracellularly and intracellularly. The 

aggregates have the ability of crossing cellular membranes contributing to the propagation of the 

neurodegenerative pathogenesis. Although neurodegenerative disorders have many features in 

common, each of them has a distinctive neuropathology(3).  

Histological alterations in AD were first observed by Alois Alzheimer. He detected two 

distinctive pathologies: plaques and tangles(4). In the mid-1980s, it was confirmed that plaques 

were composed by amyloid-β (Aβ) peptide fibrils(5) and tangles, later called neurofibrillary 

tangles (NFTs), were composed by tau protein(6). Aβ peptide fibrils derive from a much larger 

precursor called amyloid precursor protein. Most common Aβ peptides are 40 and 42 amino acids 

long, but Aβ 42 amino acids long is more prone to aggregate(7).  

Aβ peptide fibrils build up into plaques earlier than tau oligomers build up into NFTs. In fact, 

plaques are formed at preclinical AD, when symptoms have not appeared yet. Neuronal integrity 

loss does not occur until NFTs are formed (Figure 1)(8). 
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Figure 1.  AD neuropathology progression. Adapted from: Perrin, R. J et al.(8).Tau accumulation in NFTs 

correlates with loss of neuronal integrity. Amyloid plaques build up at preclinical stages of AD. NFTs are 

formed later and their accumulation correlates with the clinical severity.  

 

2. TAU PROTEIN: ALTERATIONS IN AD 

Tau is a protein encoded, in humans, by the microtubule associated protein tau (MAPT) gene, 

located on chromosome 17. Tau protein is very abundant in the axons of neurons and there are 6 

different isoforms expressed from MAPT gene through alternative splicing. The isoforms can be 

distinguished by the presence of zero, one or two N-terminal inserts and the presence of either 

three or four microtubule binding repeats in the C-terminal half of tau. Tau protein has two central 

domains: proline-rich domain (PRD) and microtubule binding domain (MBD) (Figure 2).   

 

Figure 2. Tau protein domains. The largest tau isoform is represented in this scheme. Adapted from: Guo, 

T. et al.(9). It contains two N-terminal inserts (N1, N2), a PRD and four repeated regions in the MBD (R1, 

R2, R3, R4).  

Tau is a protein subjected to a wide range of post-translational modifications, such as 

phosphorylation. Tau main function is to stabilize axons in neurons by binding to microtubules 

through their MBD. This function is regulated post-translationally by phosphorylation. Tau is a 

protein natively unfolded and thus, it can interact with other proteins and carry out other different 

functions(9).  
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In AD, tau undergoes aberrant modifications. The most well-characterised modification affecting 

tau is hyperphosphorylation. There is a long-established link between abnormal phosphorylation 

and self-aggregation of tau. Hyperphosphorylation decreases tau binding to microtubules. On the 

one hand, tau detaches from microtubules, losing its function of microtubule stabilization. On the 

other hand, tau accumulates in soma and dendrites. Tau gains aberrant functions and a process of 

pathological aggregation is triggered. Free tau protein hyperphosphorylated is more likely to 

misfold and small aggregations called pretangles are formed easily. The structures grow larger 

and β-sheet containing structures, called paired helical filaments (PHFs), are formed. Eventually, 

the aggregates become bigger and NFTs are formed (Figure 3). Tau aggregates are physical 

obstacles for vesicle transport through axons, and therefore, vesicles release and synapses are 

affected. There are different causes related to tau build up, such as impairments in 

phosphorylation balance and mutations in tau gene. However, the primary molecular events and 

their sequence are not completely known (10). 

Proteolytic cleavage of disease-modifying proteins is found in a wide variety of human 

neurodegenerative disease. Different fragments of truncated tau have been discovered to be 

relevant to the development of AD(9). Truncated fragments of tau protein have been found inside 

the core of the aggregates, suggesting that truncation may be the mechanism that becomes tau 

prone to misfolding. Consequently, tau acquires an abnormal conformation and self-assembles 

into filaments more readily than full-length tau does(11). There are evidences that suggest that there 

is a complex relationship between phosphorylated and truncated tau species in the process of 

pathological aggregation(12).   

 

Figure 3. Deleterious consequences caused by tau alterations in AD. Tau alterations, such as 

hyperphosphorylation and truncation, have deleterious consequences: tau detaches from microtubules, 

resulting in an axonal disintegration and a loss of neuronal integrity; increased amounts of unbound tau 

trigger the process of pathological aggregation (PHFs: Paired helical filaments; NFTs: neurofibrillary tangles). 

Tau deposition in NFTs follows a stereotypical pattern of spread along neuronal connections. As 

it has been mentioned before, neuronal loss does not occur until NFTs are formed. The degree 

and spread of NFTs through the brain correlates with the clinical severity of AD. Based on this, 

AD progression was differentiated into six different phases called Braak stages(13).  
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3. GLIAL CELLS: RELEVANCE TO AD 

Glial cells are non-neuronal cells which constitute a large fraction of the mammalian brain. The 

main glial cell types are astrocytes, oligodendrocytes and microglia. Glial cell alterations have a 

great importance in the progression and outcome of AD. On the one hand, they fail in fulfilling 

their homeostatic function. On the other hand, their alterations result in deleterious effects such 

as neuroinflammation and oxidative stress (14). 

Microglia are the immune cells of the brain. They have several functions such as prevent 

infections by screening the environment, removing waste products and regulating neuronal 

synapses(15). Microglial cells are in the brain since early in development and they are characterised 

by a highly ramified morphology. These ramifications are very motile and are essential for 

microglial function(16). 

Astrocytes are star-like shaped whose main functions are protecting neurons from excitotoxicity 

and providing them structural and nutritional support. They regulate synapses and release 

signalling factors, necessary for neurons development and function(15).  

 

4. LABORATORY BACKGROUNDS 

Before conducting this project, post-mortem human brain tissue samples from AD patients were 

analysed by western blotting. One of primary antibodies used was Tau Clone 5E2, which 

recognises a middle region in tau protein (Figure 4) and thus, it can bind to full-length tau and 

truncated fragments containing this region.  

 

Figure 4. Localisation of Tau Clone 5E2 epitope. Antibody Tau Clone 5E2 recognises a middle region 

in tau protein within PRD domain, between amino acids 214 to 233. Tau largest isoform is represented in 

this scheme.  
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Results showed that truncated forms of tau appear at early stages of AD, specifically, at Braak 

stage 2. There was one distinctive fragment of truncated tau above 36 kDa that was consistently 

produced (Figure 5, Truncated tau).  

In this project, this form of truncated tau will be referred as 36 kDa truncated tau (text) or truncated 

tau (>36 kDa) (figures). In addition, phosphorylated tau, recognised by antibody PHF-1, increases 

dramatically at Braak stage 4. Therefore, truncated tau appears before the dramatic increase in 

phosphorylated species of tau. 

 

Figure 5. Analysis through western blotting of tau protein in brain of AD patients at different Braak 

stages. From: Boland B et al., unpublished data. Tau isoforms of full-length appear above 50 kDa. 

Truncated forms of tau are observed below full-length tau (below 50 kDa). One distinctive fragment above 

36 kDa can be observed. PHF-1 recognises Ser396/Ser404 phosphorylated. Phosphorylated species of tau 

appears later (Braak stage 4) than truncated tau (>36 kDa) (Braak stage 2). βIII tubulin is a neuronal protein 

used as loading control.                                             

In order to determine possible causes that lead to the production of 36 kDa truncated tau, a 

screening of compounds was carried out on rat cortical neuron culture models. Rat brain contains 

six tau isoforms like humans, which have a molecular weight ranging between 45 and 65 kDa 

approximately. This evidence support the use of models based on rats in human pathologies in 

which tau is altered(17). Neuron-glial cultures (NG), which had both neurons and glial cells, were 

used for the screening in a stage of development of days-in-vitro (DIV) 14.  

Results revealed that zinc and glutamate increased the production of 36 kDa truncated tau, while 

kynurenic acid decreased it. Moreover, results revealed that zinc and glutamate produced more 

36 kDa truncated tau at 6 hours than at 1 hour, and kynurenic acid decreased it (Figure 6.A).  
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In addition, the comparison between two different types of culture systems, neuron-enriched (NE) 

and NG, showed that 36 kDa truncated tau production was higher in NG cultures and very low in 

NE cultures (Figure 6.B).  

 

 

Figure 6. Production of 36 kDa truncated tau on 

neuronal cell models. From: Boland B et al, 

unpublished data. A: Zinc (ZnAc/Z, 50 μM) and 

glutamate (Glut/G, 100 μM) induce the production of 

truncated tau on NG cultures, with the highest increase 

observed at 6 hours, while kynurenic acid (KynA/K) 

decrease it. B: Production of truncated tau is higher in 

neuron-glial cultures, in comparison to neuron-

enriched cultures. Both cultures are DIV14.                            

 

5. HYPOTHESIS  

Based on the previous experimental evidences, the base of the project is that the production of 

truncated tau is an early molecular alteration in the pathogenesis of AD.  

The following hypothesis were evaluated: 

1) Glial cells, such as astrocytes and/or microglia, are involved in the production of 36 kDa 

truncated tau.  

2) Alterations on neurotransmission and/or signalling between neurons and glial cells are 

related to the production of 36 kDa truncated tau. 

 

B 
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The second hypothesis was proposed based on the experimental evidence that glutamate 

(excitatory neurotransmitter)(18) and zinc (modulator of neurotransmission)(19) increased truncated 

tau production, and kynurenic acid (metabolite secreted by glial cells)(20) decreased it. 

6. PROJECT CONTRIBUTION 

Currently, AD does not have a definitive cure. Although there are treatments available that 

temporarily improve symptoms, there is no treatment that stop disease progression(1). It is widely 

known that Aβ and tau are heavily involved in AD. However, AD is a complex disorder and the 

relationship between Aβ and tau, as well as the causes that lead them to build up, or other 

alterations and proteins involved, are not completely known(2).  

This project is proposed to help to have a better understanding in the production of truncated tau, 

as an early molecular alteration in the pathogenesis of AD. Truncated tau is a potential biomarker 

for AD. However, it is found in the cerebrospinal fluid. Consequently, it is less ideal than other 

biomarkers or techniques that allow a less invasive early diagnostic of AD(21,22).  

Nonetheless, understanding completely the molecular alterations that occur in the early 

pathogenesis of AD, could have applications such as the design of drugs that stop the 

neurodegeneration before damage is high.  

7. AIMS 

The general aim of this project is to study the role of neuron-glial interactions in the production 

of truncated tau. The project was focused on the production of 36 kDa truncated tau, but other 

alterations are also evaluated. In order to do it, the following specific aims were proposed: 

1.- To determine the optimal conditions for the production of 36 kDa truncated tau on 

primary cell culture models. 

2.- To do a literature review about the possible causes related to the production of 

truncated tau, considering the role of glial cells and alterations linked to its production.   

3.- To investigate other alterations occurring on tau and other neuron-glial proteins that 

could give information about how truncated tau is being generated.  

4.- To evaluate the role of microglial cells in the production of truncated tau.  

5.- To evaluate the relevance of metabolic alterations in the production of truncated tau. 
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CHAPTER 2. MATERIALS AND METHODS 

1. PRIMARY TISSUE CULTURE 

1.1.  Ethical considerations 

The project was conducted in accordance with the UCC Code of Research Conduct, in alignment 

with the European Code of Conduct for Research Integrity. All animals were handled according 

to the recommendations of the Animal Experimentation Ethics Committee. 

1.2.  Materials 

Unless otherwise stated, chemicals and reagents were purchased from Sigma-Aldrich (Dublin, 

Ireland). 

1.3.  Cell suspension preparation and platting 

Cell cultures were prepared from Sprague-Dawley rat foetuses of embryonic day 18 (E18). 

Pregnant rats were sacrificed under anaesthetic conditions (using isoflurane, general gas 

anaesthetic) by cervical dislocation.  

E18 rat embryos were removed in sterile conditions and placed in dissection solution [Hanks 

Balanced Salt Solution without Ca2+ and Mg2+ (Invitrogen), 100 mM Sodium Pyruvate 

(Invitrogen), 1 M HEPES pH 7.4]. The cortices and hippocampi were micro-dissected, and 

meninges were pulled away. While dissection was being carried out, solutions, tools and embryos 

were kept on ice to keep inflammation down.  

The cortical tissue was cross chopped with a sterile scalpel and placed in papain solution 

[NeurobasalTM Medium (Gibco) without supplements, 15 U/mL papain (EC 3.4.22.2) 

(Worthington Biochemical Inc, UK)] to dissociate tissue for 30 minutes at 37°C. Tissue slices 

were transferred into a papain inhibitor solution [10% Fetal Bovine Serum (FBS) (Invitrogen),   

10 mg/mL DNase]. After tissue slices settle, solution was replaced with fresh one and tissue was 

triturated with a sterile plastic Pasteur pipette. Once cell suspension settled, supernatant was 

transferred to another tube and cells were precipitated by centrifugation [3 minutes, 200 x g, room 

temperature]. Supernatant was removed and cells were resuspended in platting media 

[NeurobasalTM Medium (Gibco), 10,000 units Penicillin/Streptomycin (Pen/Strep) (Invitrogen), 

200 mM glutamax (Invitrogen), 2% B27 (Invitrogen)]. Concentration of the resulting cell 

suspension was determined using the haemocytometer. 
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Cultures for western blotting analysis were platted in 6-well plates at a density of                                

500,000 cells/mL. 

Cell cultures for immunocytochemistry and fluorescence microscopy studies were prepared on 

coverslips placed in 24-well plates at a density of 250,000 cells/mL. Previously plating cells, 

coverslips were bathed in a solution of 50 μg/mL poly-D-lysine solution to facilitate cells 

adhesion. This artificial lysine homopolymer is a scaffold essential for neurons adhesion. 

Cell cultures for metabolic flux analysis were prepared in special 96-well plates which allow to 

perform a live cell metabolic assay by Seahorse XF96 Analyzer (Agilent). 

1.4.  Culture types and maintenance 

Two culture systems were used in this project: NE and NG cultures. For the first 5 days, cells 

were cultured in the previously called plating media, which contains antibiotics Pen/Strep to 

minimise the chance of contamination. 

As antibiotics can interfere with cell growth and development, after 5 days, platting media was 

replaced with replenishing media, which contains the same components as plating media except 

antibiotics. Both NE and NG were carried out in the same media, however, for NG cultures, a 

supplement of 10% Fetal Bovine Serum (FBS) (Gibco) was added. Half media was replaced with 

fresh one every 2 or 3 days until cells reached the desired DIV. Cultures were maintained in a 

humidified atmosphere of 5% CO2/95% air at 37°C. 

 

2. WESTERN BLOTTING 

2.1.  Treatments 

Both NE and NG cultures were used for western blotting analysis and were treated with 

compounds which are shown in Table 1. Treatments were applied under sterile conditions in the 

flow hood. Cultures were treated for 6 hours, before collecting total proteins. Treatments were 

applied either on DIV7 or DIV14 cultures, depending on the experiment.  
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Table 1. List of treatments applied to cell cultures for western blot analysis. 

Treatment (concentration) Abbreviation 

Control Control 

Kynurenic acid (1 mM) KynA 

Zinc Acetate (50 μM) ZnAc 

Zinc (50 μM) + Kynurenic acid (1 mM) Z/K 

Glutamate (100 μM) Glut 

Glutamate (100 μM) + Kynurenic acid (1 mM) G/K 

Different ways of treating cultures were used in this project: 

- Half Media Change (HMC): half of the culture media was removed from the well and 

replaced with fresh one containing the treatment. Controls consisted in removing half of 

the media from the well and adding fresh one without treatment.  

- No Media Change (NMC): treatment was directly added into the well without replacing 

culture media. Controls remained untreated. 

- Full Media Change (FMC): all media was completely removed from the well and replaced 

with fresh one containing drug studied. Controls consisted in removing completely the 

media from the well and adding fresh one without treatment.  

On the one hand, the effects of HMC treatments were studied in DIV7 and DIV14 cultures. On 

the other hand, the differences that could exist between HMC, NMC and FMC treatments were 

studied in DIV14 cultures.  

2.2.  Protein harvesting and quantification assay 

Proteins were harvested removing the media, washing with PBS, scratching cultures and 

collecting cell lysate in 200 μL of cold radioimmunoprecipitation (RIPA) buffer [50mM tris-HCl, 

150mM NaCl, 1% (v/v) IGEPAL-CA630, 0.5% (w/v) deoxycholate, 1% (w/v) sodium dodecyl 

sulfate (SDS), pH 8] with protease inhibitors [5 mM ethylenediaminetetraacetic acid (EDTA), 1 

mM ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid (EGTA), 2 mM 1,10-

phenanthroline, 2 μg/ml pepstatin, 1.2 μg/ml pefabloc]. Samples were centrifuged (10,000 x g, 10 

minutes, 4°C) and supernatants, which contained purified proteins, were collected. 

To determine protein concentration, PierceTM bicinchoninic acid (BCA) Reagent Kit 

(ThermoFisher) was used, following manufacturer's instructions. BCA assay allows protein 

quantification due to a colorimetric reaction(23). Absorbance was measured using Sunrise Tecan 

spectrophotometer, at 562 nm as indicated in BCA Kit. 
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2.3. Protein separation 

Prior to protein separation, samples total protein concentration were equalized by diluting in RIPA 

buffer. Laemmli Sample Buffer [1 M Tris-HCl, 10% (v/v) glycerol, 2% (w/v) sodium dodecyl 

sulfate (SDS), 0.01% (w/v) bromophenol blue, pH 6.8] was added to prepare samples for 

electrophoresis. Finally, samples were boiled at 95°C for 5 minutes, as protein separation was 

carried out in denaturing conditions. 

Equal amount of proteins were separated in SDS-polyacrylamide gel electrophoresis (PAGE). 

Separating gels prepared had a polyacrylamide concentration ranging from 10 to 14%, while 

stacking gels used were always 5% polyacrylamide. SeeBlue Plus 2 pre-stained protein marker 

(ThermoFisher Scientific) was the molecular marker used as separation reference.  

2.4. Western blot procedure: transfer, antibody incubations and detection 

Proteins were transferred to nitrocellulose membranes of 0.2 μm pore size in a transfer buffer 

(25mM Tris, 192 mM Glycine, 20% methanol). Membranes were stained with Ponceau (0.1% 

Ponceau-S, 1% acetic acid) to check that proteins were correctly transferred and equal loaded 

(data not shown). De-staining was carried out washing with tris-buffered saline-Tween 20 (TBS-

T) (0.1% (v/v) Tween-20). 

Membranes were blocked with 5% milk in tris TBS-T (0.1% (v/v) Tween-20) for 1 hour at room 

temperature. Then, membranes were washed 3 times with TBS-T (0.1% (v/v) Tween-20) for 5 

minutes. 

Membranes were incubated with primary antibody, which were diluted in 1% BSA in TBS-T / 

0.5% Azide to preserve them. After that, membranes were washed 3 times with TBS-T (0.1% 

(v/v) Tween-20) for 10 minutes. Detection of the primary antibody was carried out with a 

secondary antibody anti-mouse or anti-rabbit IgG (depending on the clonality of the primary 

antibody) conjugated to the enzyme horseradish peroxidase and diluted in 2.5% milk in TBS-T 

(0.1% (v/v) Tween-20). The list of primary antibodies and secondary antibodies used in each case 

is provided below in Table 2. 
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Table 2. List of primary and secondary antibodies used in western blot experiments.  

Antibody  

(supplier) 

Host Species/ 

Clonality 
Epitope Dilution 

Secondary Antibody/ 

Dilution 

Tau 5E2  

(Merck Millipore) 

Mouse 

Monoclonal 

Amino acids 

214-233 
1:2,000 

Anti-Mouse/  

1:2,000 

β-III tubulin 

(Abcam) 

Rabbit 

Monoclonal 
´β-III tubulin 1:5,000 

Anti-Rabbit/  

1:10,000 

Synaptophysin 

(Enzo Life Sciences) 

Mouse 

Monoclonal 
Not available 1:1,000 

Anti-Mouse/ 

1:2,000 

Iba1  

(Abcam) 

Rabbit 

Monoclonal 

Amino acids    

1-100 
1:4,000 

Anti-Rabbit/  

1:10,000 

GFAP  

(Sigma) 

Rabbit 

Polyclonal 

Amino acids 

21-432 
1:2,000 

Anti-Rabbit/  

1:1,000 

 

Developing was carried out with the chemiluminescent detection reagent kit PierceTM ECL 

(ThermoFisher Scientific) on an X-ray film (Fujitsu). 

2.5.Scanning and data processing 

Developed blots were scanned with a resolution of 600 dpi. Bright and contrast were adjusted 

with Adobe Photoshop CS5. Densitometry on selected bands was carried out with the software 

Image Studio Lite version 5.2. Graphs were done with the software GraphPad Prism version 8.1.2. 

 

3. IMMUNOCYTOCHEMISTRY AND FLUORESCENCE MICROSCOPY 

NG cultures  at DIV14 were used for this experiment. Treatments, which are shown in Table 3, 

were applied with a HMC in the cultures and lasted for 6 hours, when cultures were fixed. 

Table 3. List of treatments used for immunocytochemistry and fluorescence microscopy experiments. 

Treatment (concentration) Abbreviation 

Control Control 

Zinc Acetate (50 μM) ZnAc 

Zinc (50 μM) + Kynurenic acid (1 mM) Z/K 

Glutamate (100 μM) Glut 

Glutamate (100 μM) + Kynurenic acid (1 mM) G/K 
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Culture media was removed, and cells were washed once with phosphate-buffered saline (PBS). 

To fix cells, cultures were incubated in a solution of 4% paraformaldehyde (PFA) for 15 minutes 

at room temperature in the dark. Then, the solution was removed, and cells were washed 3 times 

with PBS for 5 minutes. Finally, fixed cultures were kept in PBS at 4°C until they were 

immunostained. 

Fixed cultures were blocked and permeabilised simultaneously, incubating cells with a blocking-

permeabilization buffer [10% (v/v) Heat Inactivated Horse Serum, 1% (w/v) Bovine Serum 

Albumin, 2% (v/v) Goat Serum, 0.1% (v/v) Triton, 0.05% (w/v) Sodium Azide] for 1 hour. After 

that, blocking-permeabilization buffer was removed, and cells were incubated with the primary 

antibody, which was diluted in the same blocking buffer, for 1 hour at room temperature. Then, 

cells were washed 3 times for 5 minutes each with PBS. Primary antibody used was Iba1 (Abcam) 

(previously described in Table 2), diluted 1:250 in the blocking permeabilization buffer described 

previously. Detection of the primary antibody was done using a secondary antibody also diluted 

in the same blocking permeabilization buffer. Secondary antibody used was Alexa Fluor 555 

Conjugated Anti-Rabbit Ig1, diluted 1:500 in the same blocking permeabilization buffer. After 

washing cells 3 times for 5 minutes each with PBS, nuclei were stained with Hoechst DNA 

(ThermoFisher Scientific), diluted 1:10,000 in PBS. 

Finally, cells were washed for 3 times for 5 minutes each with PBS before mounting coverslips. 

A drop of gelmount anti-fade medium (Gel MountTM Aqueous Mounting Medium G0918) was 

deposited on the glass, and coverslips were placed face down onto it. Once gel was solidified, 

samples were kept at 4°C in dark until observed with the Olympus BX53 fluorescence 

microscope. Images were taken using Olympus cellSens Dimension software. 

Four random fields of view (n = 4) were imaged per treatment group. Cell count was done 

manually. Statistical analysis was done with GraphPad Prism version 8.1.2. Test applied was one-

factor ANOVA, including a Tukey's multiple comparison test between groups.  

4. METABOLIC FLUX ASSAY  

Metabolic flux analysis of  NG cultures at DIV14 in response to treatments applied (same as the 

ones applied in western blot analysis, Table 1) were performed with the Seahorse XF96 Flux 

Analyser (Agilent), following manufacturer's instructions. Culture media (replenishing media, 

described previously) was changed 1 hour before assay to Dulbecco's Modified Eagle Medium 

(Agilent). Drugs were loaded into ports for injection. Seahorse flux analyser injected 

automatically drugs into cultures and measured their response.   
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CHAPTER 3. RESULTS 

1. WESTERN BLOTTING 

1.1.  HMC treatments: DIV7 and DIV14 cultures 

In this experiment, proteins studied were tau, βIII tubulin, synaptophysin, ionized calcium binding 

adaptor molecule 1 (Iba1) and glial fibrillary acidic protein (GFAP). Results of HMC treatments 

applied on DIV7 cultures are shown in Figure 7.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Western blot results of HMC treatments applied on DIV7 cultures. A: Western blots of tau 

(Tau Clone 5E2), βIII tubulin, synaptophysin, Iba1 and GFAP in DIV7 - NE and NG cultures in response  

HMC treatments (n = 1). B: Histograms of 36 kDa truncated tau relative to control.   
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Western blotting results are semiquantitative. Based on the values that were obtained by 

densitometry analysis, groups were considered as considerable different if the difference between 

them was more than one point in their fold increase respect to control.  

Regarding the production of 36 kDa truncated tau (Figure 7.B) there were not considerable 

differences between control and treatment groups or within treatment groups in NE cultures. 

However, in NG cultures, an approximate 5.85-fold increase was observed in response to zinc  

and 6.5-fold increase in glutamate-mediated 36 kDa truncated tau production. Kynurenic acid 

decreased the production of 36 kDa truncated tau zinc-dependent considerably from a 6-fold 

increase until a 2.5-fold increase. The presence of smaller fragments of tau was observed both in 

NE and NG cultures when treated with glutamate. It was observed that the presence of small 

fragments of truncated tau was higher in NE than in NG cultures.   

Regarding βIII tubulin and synaptophysin, equal levels of these proteins were detected for all 

cultures and no changes were reported as consequence of treatments. Regarding Iba1, there were 

no detectable levels in NE cultures and clear similar bands were observed in NG cultures. 

Regarding GFAP, clear similar bands were observed in NE cultures and clear but higher levels of 

the protein were detected in NG cultures.  

 

Results of HMC treatments applied on DIV14 cultures are shown in Figure 8.  

Regarding the production of 36 kDa truncated tau, there were not considerable differences neither 

in NE nor NG cultures. Smaller fragments of truncated tau were observed in both NE and NG 

cultures. The presence of these fragments was higher in NE than in NG cultures.  

Regarding βIII tubulin, Iba1 and GFAP, results observed were the same than for HMC treatments 

applied on DIV7 cultures. Nonetheless, one difference was noticed on synaptophysin. The 

presence of truncated fragments of synaptophysin was observed in NE cultures, but not in NG 

cultures. 
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Figure 8. Western blot results of HMC treatments applied on DIV14 cultures. A: Western blots of tau 

(Tau Clone 5E2), βIII tubulin, synaptophysin, Iba1 and GFAP in DIV14 - NE and NG cultures in response 

HMC treatments (n = 1). B: Histograms of 36 kDa truncated tau relative to control.   
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1.2. DIV14 cultures: NMC, HMC and FMC treatments 

In this experiment, studied proteins were tau, βIII tubulin and synaptophysin. Results of NMC 

treatments applied on DIV14 cultures are shown in Figure 9.  

 

  
Figure 9. Western blot results of NMC treatments applied on DIV14 cultures. A: Western blots of tau 

(Tau Clone 5E2), βIII tubulin and synaptophysin in DIV14 - NE and NG cultures in response to NMC 

treatments (n). B: Histograms of 36 kDa truncated tau relative to control.   

Regarding the production of 36 kDa truncated tau, there were not considerable changes neither in 

NE nor NG cultures. Smaller fragments of truncated tau were observed in response to glutamate 

in NE cultures and less in NG cultures. βIII tubulin levels observed were practically the same for 
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both NE and NG cultures and no changes were reported. Synaptophysin levels were the same and 

truncated fragments were being produced in NE cultures when treated with glutamate 

Results of HMC treatments applied on DIV14 cultures are shown in Figure 10.  

 

  

Figure 10. Western blot results of HMC treatments applied on DIV14 cultures. A: Western blots of tau 

(Tau Clone 5E2), βIII tubulin and synaptophysin in DIV14 - NE and NG cultures in response to HMC 

treatments (n = 1). B: Histograms of 36 kDa truncated tau relative to control.   

Regarding the production of 36 kDa truncated tau, there were not considerable differences in NE 

cultures. However, in NG cultures, zinc treatment caused a 4.6-fold increase in the production of 
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truncated tau, reduced until control levels with kynurenic acid,  and glutamate caused a 2.6-fold 

increase which in this case was not reduced with kynurenic acid. Smaller fragments of truncated 

tau were observed specially when cultures were treated with glutamate. The presence of these 

fragments was higher in NE than in NG cultures.  

Levels of βIII tubulin and synaptophysin were approximately the same.  

Results of FMC treatments applied on DIV14 cultures are shown in Figure 11.  

 

 

Figure 11. Western blot results of FMC treatments applied on DIV14 cultures. A: Western blots of 

tau (Tau Clone 5E2), βIII tubulin and synaptophysin in DIV14 - NE and NG cultures in response to FMC 

treatments (n = 1). B: Histograms of 36 kDa truncated tau relative to control.   
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Regarding the production of 36 kDa truncated tau, there were not considerable changes observed 

in NE cultures. However, in NG cultures, a 5.8-fold increase was observed when cultures were 

treated with zinc and a 2.6-fold increase was observed in response to glutamate. Kynurenic acid 

decreased partially truncated tau production to a 4.6 and a 1.7-fold increase respectively. No 

changes were reported neither in βIII tubulin nor synaptophysin. 

2. MICROGLIA ACTIVATION STUDY 

Results of microglia activation study are shown in Figure 12.  

 

 

Figure 12. Microglial activation study. A: Representative images of  NG cultures labelled with Iba1 (microglial 

cells, orange) and Hoechst (nuclei, blue). Cultures were fixed with a 4% (w/v) PFA. (n=4, four random fields of 

view were imaged per coverslip/n number; mean +/- SD) (Magnification 60X, scale bar 20 μm). B: Percentage 

of microglia with respect to total number of cells (nuclei). C: Percentage of microglia activated with respect of 

total number of microglia. Criteria used: less than 2 ramifications to considered it activated. 

B 

A 
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There were not significant differences between control and treatment groups or within treatment 

groups, neither in the percentage of microglia nor in the percentage of activated microglia.  

 

3. METABOLIC FLUX ASSAY 

Metabolic flux assay results are shown in Figure 13. There were not significant changes observed 

in the oxygen consumption rate (OCR) in response to treatments. Extracellular acidification 

(ECAR) dropped significantly when kynurenic acid was injected (the black arrow indicates the 

moment of injection). Overtime, ECAR measurements reached values closer to control group.  

  

  

Figure 13. Metabolic flux assay results on NG cultures. A: OCR in response to treatments (n = 2). B: 

ECAR in response to treatments (n = 2). The arrow indicates the moment when the injection of the treatment 

(Control/ZnAc, Z/K, Glut, G/K, KynA) takes place.  
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CHAPTER 4. DISCUSSION AND CONCLUSIONS 

1. PRODUCTION OF 36 kDa TRUNCATED TAU 

1.1. Optimal conditions for the production of 36 kDa truncated tau on neuronal cell culture models 

The variability existing between the results obtained for HMC treatments applied on DIV14 

cultures (see Figure 8.B) and previous experiments in the laboratory (see Figure 6) could be 

explained by the use of primary cell cultures and the differences existing between biological 

replicates. Cultures can be slightly different regarding final cell density and cell type 

proportion(24), and this could be affecting somehow to cultures response to treatments in the 

production of 36 kDa truncated tau.  

The comparison between using different ways used to treat cultures, no media change (NMC), 

half media change (HMC) and full media change (FMC) seem to indicate how to produce 36 kDa 

truncated tau on neuronal cell culture models. In previous experiment truncated tau was not 

observed in DIV14 cultures. However, for media change experiments when treating the cultures, 

DIV14 cultures were used. The rationale for using cultures at this developmental stage was 

because in previous experiments (Chapter 1, Laboratory backgrounds) truncated tau was 

produced at DIV14.   

NMC treatments did not produce consistently 36 kDa truncated tau neither in response to zinc nor 

glutamate (see Figure 9.B). HMC treatments were effective as they produced 36 kDa truncated tau 

on NG cultures in response to both zinc and glutamate (see Figure 10.B). FMC treatments were 

more effective in producing truncated tau on NG cultures in response to zinc  and caused a similar 

effect to HMC glutamate treatment (see Figure 11.B). As it can be seen, FMC treatments seem to 

be more effective in order to cultures produce 36 kDa truncated tau, especially for zinc-mediated 

truncated tau production, as glutamate response is similar to HMC treatments in this case.  

One possible reason is that cells release substances that accumulate in the media and inhibit the 

production of 36 kDa truncated tau in response to treatments. For example, these experiments 

have shown that kynurenic acid decreases the production of 36 kDa truncated tau. Kynurenic acid 

is a metabolite from kynurenine pathway, a central route in tryptophan metabolism in most 

mammalian tissues. In the brain, is produced by astrocytes(25). In NG cultures, kynurenic acid (and 

possibly other compounds secreted by glial cells) would be secreted by astrocytes and would 

accumulate in culture media. Therefore, a FMC would remove all kynurenic acid accumulated, 

cells would be in a more sensible state and 36 kDa truncated tau would be produced in response 

to treatments applied more consistently than in response to a HMC.  
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This explanation is supported on the results observed with HMC treatments applied in NG 

cultures at DIV7, which showed that 36 kDa truncated tau was being produced in response to zinc 

and glutamate, despite the same was not observed in NG cultures at DIV14 (see Figure 7.B). A 

shorter development stage would result in a lower cell density, and consequently, in a lower 

accumulation of substances such as kynurenic acid that are secreted by glial cells and inhibit the 

production of 36 kDa truncated tau.    

In any case, more replicates have to be done in order to confirm this result. Future experiments 

could include a comparison of different ways to treat cultures applied at DIV7 cultures. Results 

would give information about which development stage is more optimal to study the production 

of 36 kDa truncated tau in combination with FMC treatments.  

 

1.2. Possible explanations for the production of 36 kDa truncated tau 

As it has been seen so far, compounds that cause the production of truncated tau, are zinc and 

glutamate. Glutamate is an excitatory neurotransmitter(18) and zinc modulates glutamatergic 

neurotransmission(19). It is possible that 36 kDa truncated tau is being produced as consequence 

of alterations in common pathways for glutamate and zinc related to neurotransmission. 

Kynurenic acid would block the production of 36 kDa truncated tau thanks to its neuroprotective 

properties, as it decreases neuronal stimulation and deleterious effects associated such as 

oxidative stress(26,27).  

The comparison between different ways of treating cultures showed that 36 kDa truncated tau 

was produced stronger in response to zinc than in response to glutamate. Although zinc is a 

modulator of glutamatergic neurotransmission, it is possible that 36 kDa truncated tau is being 

generated by zinc through a more specific way. Alterations in zinc homeostasis and transporters 

have been described in AD(28) and they could be linked to the production of truncated tau. 

Nevertheless, more replicates have to be obtained as treatments on DIV7 showed a similar 

response for both zinc and glutamate, so it is not clear if zinc is more linked to the production of 

36 kDa truncated tau than glutamate.  

The comparison between NE and NG cultures have shown that truncated tau is not produced 

unless glial cells are present in cultures. In neuronal cell culture systems, glial cells growth is 

dependent on additional growth factors added to culture media. In our case, these factors are 

provided by FBS which allows glial cells growth/29).  
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It is not clear how glial cells, in combination with alterations in zinc and glutamate, can produce 

truncated tau. No changes were reported in glial markers studied (Iba1 and GFAP), neither at 

DIV7 (positive for 36 kDa truncated tau) nor DIV14. However, alterations on glial cells that are 

not reflected by the overall level or changes in these two proteins, could be happening.  In AD, 

microglia is overactivated and results in triggering inflammatory response(30). It is possible that 

stressors, such as zinc and glutamate, are activating microglia(31) and this activation is related to 

the production of truncated tau. Regarding astrocytes, they have an essential role in keeping brain 

homeostasis. It is possible that astrocytes in cultures uptake zinc and/or glutamate triggering 

deleterious consequences such as inflammatory response and oxidative stress, alterations which 

have been described in AD(32), and this would be involved somehow in the production of truncated 

tau. 

Neuron-glial interactions are complex and dynamic. Glial cells regulate synapses and affect 

neurons by secreting signalling molecules that can change neuronal surface receptors(33). In case 

that truncated tau is generated as consequence of alterations in neurotransmission, zinc and 

glutamate could modulate glial cell signalling. A different pattern of signalling molecules secreted 

by glial cells could alter surface neuronal transporters. Neurons would response to compounds in 

the media in a different way and this could result in the generation of 36 kDa truncated tau. 

To sum up, the molecular mechanism by which truncated tau is generated is unknown. Future  

experiments can be focused on determining the effect of treatments when certain receptors 

involved in neurotransmission are blocked, and the role of glial cells in their regulation. 

 

2. SMALLER FRAGMENTS OF TRUNCATED TAU ARE BEING GENERATED IN 

RESPONSE TO GLUTAMATE 

Although the project was focused in the study of 36 kDa truncated tau, the presence of smaller 

fragments of tau was also detected through western blotting analysis. Small fragments of 

truncated have been observed to be relevant for AD pathology. Fragments of truncated tau of 9.5 

and 12 kDa have been found within the core of PHFs(34,35).  

Despite 36 kDa truncated tau was produced in NG cultures, the generation of these fragments is 

higher in NE than in NG cultures. Therefore, this evidence suggests that small fragments of 

truncated tau are being produced through a different mechanism.  

The production of small fragments of truncated tau occurred especially when cultures were treated 

with glutamate (see truncated tau (smaller fragments) in Figures 7.A to 11.A). Glutamate is an 
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excitatory neurotransmitter which stimulates neurotransmission by activating N-methyl-D-

aspartate (NMDA) and α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) 

receptors(36,37). In addition, it also increases excitatory neurotransmission by decreasing inhibitory 

neurotransmission, because glutamate blocks γ-amino butyric (GABA) release, which is an 

inhibitory neurotransmitter(38). The generation of small fragments of truncated tau in NE cultures 

would be due to neurons alone are more susceptible to an excessive increase in glutamate 

concentration. In this case, glial cells would play a protective role by regulating neurotransmitter 

homeostasis, e. g. glutamate, and synaptic transmission(39). Glutamate excitotoxicity is a final 

common pathway for neuronal death and is observed in AD. Glutamate accumulates in the 

extracellular compartment as consequence of an excessive excitation and this leads to glutamate 

excitotoxicity, which causes several deleterious consequences such as the generation of free 

radicals and oxidative stress(40). It is very likely that these molecular alterations cause the 

generation of small fragments of truncated tau.  

In some cases, the presence of small fragments of truncated tau has gone together with the 

presence of fragments of synaptophysin. The presence of truncated synaptophysin has taken place 

in some cases specifically in NE cultures when stimulated with glutamate (see truncated 

synaptophysin in  Figures 9.A and 10.A).  

One possible common mechanism for the generation of small fragments of truncated tau and 

truncated synaptophysin is proposed according to the literature. A glutamate increase in the media 

would stimulate neuronal excitation resulting an increase of intracellular calcium. Calcium-

dependent proteases, such as calpain, would be activated and cleave both tau(41) and 

synaptophysin. Calpain-dependent proteolysis of other synaptic proteins have been previously 

described(42).  

3. MICROGLIA ACTIVATION DOES NOT SEEM TO BE INVOLVED IN TAU 

TRUNCATION 

Microglia activation is a key factor in the defence of neurons and other glial cells against 

pathologic events occurring in the brain such as infection, inflammation or neurodegeneration. 

Activated microglia are mainly scavenger cells and perform functions in tissue repair and 

neuronal regeneration(16). However, studies about the implication of microglia in AD have shown 

that an overactivation of microglia is involved in an excessive neuroinflammation and a synapse 

loss and dysfunction, which have deleterious consequences in the pathology(43). 
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The aim of this experiment was to determine if the agents studied that are relevant for the 

production of truncated tau, such as zinc, glutamate and kynurenic acid, were affecting somehow 

microglial cells in neuron-glial cultures and thus, were linked to the production of truncated tau.  

Microglia activation can be studied by looking at their morphology. In health, microglia have a 

highly ramified morphology. However, under stress or pathological conditions, they acquire an 

ameboid morphology, to migrate easily through the neuronal networks and carrying out their 

functions(30).  

Results showed that there were not significant differences for neither the percentage of microglia 

or the percentage of activated microglia between control and treatment groups or within the 

treatment groups. However, there are evidences suggesting that zinc, which is related to the 

production of truncated tau, it is an agent that can activate microglia(31). One possible reason for 

this result is the great variability that was observed in the cultures. The number of nuclei and 

microglia cells observed per field of view was very variable.  

Further experiments are needed, and these could consider the homogeneity of cultures, because it 

could be affecting somehow cell response. In addition, as microglia motility is an important factor 

when these cells are activated, future experiments can include the use of confocal microscopy to 

determine if microglia are migrating to different layers of cultures as a response to the treatments 

applied.    

 

4. METABOLIC ALTERATIONS DO NOT SEEM TO BE INVOLVED IN TAU 

TRUNCATION 

The purpose of measuring the OCR and ECAR of cultures in response to treatments was to 

determine if metabolic changes were occurring in response to treatments relevant for the 

production of 36 kDa truncated tau. OCR and ECAR parameters are parameters that give 

information about the oxidative respiration and glycolysis respectively(44).  

OCR was not significantly affected by any treatment, while ECAR  dropped when cultures were 

treated with kynurenic acid, either alone or combined with zinc/glutamate. However, as the drop 

in pH occurs when kynurenic acid is injected, media gets more acid because kynurenic acid is an 

acid itself. In any case, extracellular acidification reached values close to the basal ones. This 

could indicate that kynurenic acid is being uptaken by cells. Future experiments may be focused 

in determined on cells uptake of kynurenic acid, as that would give more information about how 

it may be blocking the production of truncated tau. 
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5. CONCLUSIONS 

 
1.-  Low accumulation of factors secreted by cells in culture media, when treating cultures with 

zinc and glutamate, induces consistently the production 36 kDa truncated tau on neuron-glial 

cultures. This can be achieved with a full media change while treating cultures. 

2.- Small fragments of truncated tau are being produced as consequence of glutamate 

excitotoxicity. Neurons alone are more susceptible to glutamate excitotoxicity, which is caused 

by an excessive neuronal excitation, and glial cells play a protective role against it.  

3.- Microglia activation does not seem to be related with the production of truncated tau. 

However, studying how other factors can affect the production of truncated tau, such as microglia 

migration to different layers of cultures, would be interesting for future experiments. 

4.- Metabolic alterations affecting glycolysis or oxidative respiration do not seem to be related 

with the production of truncated tau.  
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