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Abstract 

 

Transglutaminase 2 (TG2) is a calcium-dependent protein crosslinking enzyme activated in 

misfolding diseases and it is implicated in multiple disorders linked to calcium dysregulation, 

including neurodegeneration. In vitro, TG2 has been involved in the generation of toxic 

amyloid-ʲ ό!ʲύ ƻƭƛƎƻƳŜǊǎ ōȅ Ǉƻǎǘ-translational modification (PTM), and literature data 

ǎǳƎƎŜǎǘ ǘƘŀǘ ¢Dн ƛǎ ŀŎǘƛǾŀǘŜŘ ƛƴ ŘƛǎŜŀǎŜΣ ŜΦƎΦ ǘƘŜ ŜŀǊƭȅ ǎǘŀƎŜǎ ƻŦ !ƭȊƘŜƛƳŜǊΩǎ ŘƛǎŜŀǎŜ ό!5ύΦ 

TG2 is also involved in cell-matrix dynamics and has been suggested to be a cargo of 

extracellular vesicles (EVs) in cancer and tissue fibrosis. EVs have been implicated in the 

ǎǇǊŜŀŘƛƴƎ ƻŦ ǇŀǘƘƻƎŜƴƛŎ ǇǊƻǘŜƛƴǎ ƛƴ ƴŜǳǊƻŘŜƎŜƴŜǊŀǘƛǾŜ ŘƛǎŜŀǎŜǎ όŜΦƎΦ !ʲ ŀƴŘ ǘŀǳύ ŀƴŘ 

represent a new field of research in dementia. The aims of this study are to: i. investigate 

the role of extracellular TG2 in neuron-glia cross-talk in the context of neurodegeneration; 

ii. explore substrates of TG2 PTM in a cell model simulating AD; iii. evaluate TG2 as a 

potential marker of dementia. To this purpose, both primary cells (embryonic rat brain cells) 

and biological samples from dementia patients were analysed. We found that when raised 

at levels compatible with inflammatory states, extracellular TG2 consistently increased 

basal calcium concentration ([Ca2+]i) in hippocampal neurons, affecting calcium 

homeostasis, which is at the basis of neuronal functions. This effect was mediated by TG2-

driven membrane depolarisation, which may be caused by the interaction of TG2 with 

plasma membrane ionic channels [i.e. Voltage Operated Calcium Channels (VOCCs) and 

Na+/Ca2+ exchanger (NCX)]. We confirmed previous evidence showing that astrocytes are a 

rich source of extracellular TG2 in brain and showed for the first time that TG2 is released 

as a cargo of astrocytic EVs. Simulation of AD pathology in primary hippocampal neurons 

ǎǘƛƳǳƭŀǘŜŘ ǿƛǘƘ !ʲ1-42 led to the identification of 11 TG2 substrates (TG2 transamidome) 

ǳǎƛƴƎ ŀ Ǝƭƻōŀƭ ǉǳŀƴǘƛǘŀǘƛǾŜ ǇǊƻǘŜƻƳƛŎ ŀǇǇǊƻŀŎƘ ό{²!¢Iϰ-MS/MS proteomics). These 

included proteins involved in ion transport [Plasma Membrane Ca2+ Transporting ATPase 2 

(AT2B2) and Transmembrane Channel-like Protein 5 (TMC)], which could be involved in 

TG2-mediated alteration of calcium homeostasis in pathology. We also found that a 

number of neurotrophic proteins involved in neuronal growth and apoptosis were 

significantly decreased upon TG2 inhibition, suggesting that TG2 might play a dual role in 

neuronal survival during neurodegeneration. Finally, analysis of plasma from 45 dementia 

patients and healthy controls by an optimised ELISA assay revealed no significant changes 

in TG2 between the study groups. Our preliminary data suggest that quantitation of TG2 

should be performed in plasma-derived EVs for a more accurate and sensitive evaluation. 
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1.1 Cells of the Central Nervous System 

The Central Nervous System (CNS) comprises the spinal cord and brain structures. The brain 

is the most complex organ of the human body, with functions that are based on the passage 

of electrochemical signals between its constituent cells. The main cell types that form the 

brain are neurons and glial cells, which together are organised in the gray matter (the outer 

layer mainly made of neuronal cell bodies and glia), and the white matter (internal area 

made of oligodendrocytes and nerve fibers) (Watson et al., 2010). This section will focus on 

these cell types and their main characteristics. 

 

1.1.1 Hippocampal neurons 

The hippocampus (or hippocampus proper) is located under the cerebral cortex in the 

temporal lobe and together with dentate gyrus (DG) and subiculum is part of the 

hippocampal formation (Witter and Amaral, 2004; Watson et al., 2010) (Fig. 1.1). 

 

 

 

CƛƎǳǊŜ мΦмΦ {ŎƘŜƳŀǘƛŎ ǊŜǇǊŜǎŜƴǘŀǘƛƻƴ ƻŦ ǘƘŜ ƳŀƳƳŀƭƛŀƴ ƘƛǇǇƻŎŀƳǇǳǎΦ ¢ƘŜ ƘƛǇǇƻŎŀƳǇǳǎ 

όƻǊ ƘƛǇǇƻŎŀƳǇǳǎ ǇǊƻǇŜǊύ ƛǎ ŘƛǾƛŘŜŘ ƛƴ о ŦƛŜƭŘǎΥ /!мΣ /!н ŀƴŘ /!оΦ Lǘ ǊŜǎƛŘŜǎ ŀōƻǾŜ ǘƘŜ 

ŘŜƴǘŀǘŜ ƎȅǊǳǎ ό5Dύ ŀƴŘ ǘƻƎŜǘƘŜǊ ǿƛǘƘ ǘƘŜ ǎǳōƛŎǳƭǳƳ ό{ύΣ ǘƘŜȅ ŎƻƴǎǘƛǘǳǘŜ ǘƘŜ ƘƛǇǇƻŎŀƳǇŀƭ 

ŦƻǊƳŀǘƛƻƴΦ ¢Ƙƛǎ ƛƳŀƎŜ ǿŀǎ ƎŜƴŜǊŀǘŜŘ ǿƛǘƘ ǘƘŜ ǎŎƛŜƴǘƛŦƛŎ ƛƭƭǳǎǘǊŀǘƛƻƴ ǘƻƻƭƪƛǘ aƻǘƛŦƻƭƛƻ 

όƘǘǘǇǎΥκκǿǿǿΦƳƻǘƛŦƻƭƛƻΦŎƻƳκύΦ 
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The most abundant neuronal cell type of the hippocampus are pyramidal neurons, which 

present a common basic morphology but differ in length and organisation according their 

localisation (Kandel et al., 2012). Pyramidal cells are multipolar neurons characterised by a 

conical cell body, a basal axon and dendritic tree and an apical dendritic tree, both very rich 

in dendritic spines (Fig. 1.2A). Other neuronal cells localised in the stratum pyramidale are 

basket neurons, which are a heterogeneous population characterised by dendritic trees 

less rich in spines compared to pyramidal cells (Witter and Amaral, 2004) (Fig. 1.2B). Basket 

neurons, together with other cell types present in the hippocampus like bistratified 

neurons and O-LM cells, are defined interneurons and form thick local circuits in constant 

communication. Neurons communicate through synaptic transmission and can either 

excite or inhibit their target cell. 

 

CƛƎǳǊŜ мΦнΦ {ŎƘŜƳŀǘƛŎ ǊŜǇǊŜǎŜƴǘŀǘƛƻƴ ƻŦ ƘƛǇǇƻŎŀƳǇŀƭ ƴŜǳǊƻƴǎΦ aǳƭǘƛǇƻƭŀǊ ƴŜǳǊƻƴǎ ŀǊŜ 

ŎƘŀǊŀŎǘŜǊƛǎŜŘ ōȅ ŀ ŎŜƭƭ ōƻŘȅ όǎƻƳŀύ ŦǊƻƳ ǿƘƛŎƘ ǘƘŜ ŀȄƻƴ ŀƴŘ ŀǇƛŎŀƭκōŀǎŀƭ ŘŜƴŘǊƛǘƛŎ 

ŀǊōƻǊƛǎŀǘƛƻƴǎ ŜȄǘŜƴŘΦ !ύ tȅǊŀƳƛŘŀƭ ƴŜǳǊƻƴ ό/!о ŦƛŜƭŘύΦ .ύ .ŀǎƪŜǘ ƴŜǳǊƻƴΦ ¢Ƙƛǎ ƛƳŀƎŜ ǿŀǎ 

ƎŜƴŜǊŀǘŜŘ ǿƛǘƘ aƻǘƛŦƻƭƛƻ όƘǘǘǇǎΥκκǿǿǿΦƳƻǘƛŦƻƭƛƻΦŎƻƳκύΦ 
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1.1.2 Glial cells 

Glia are non-neuronal cells which play a fundamental support role in the CNS and, unlike 

neurons, they cannot propagate action potentials. Their name comes from the Greek word 

ϥʴ˂ʾʰϥΣ ǿƘƛŎƘ ƳŜŀƴǎ άǎǘƛŎƪΣ ƎƭǳŜέΣ ǿƘƛŎƘ ƛǎ ƛƴŘƛŎŀǘƛǾŜ ƻǊ ǘƘŜƛǊ ǎǳǇǇƻǊǘƛǾŜ ŦǳƴŎǘƛƻƴΦ Dƭƛŀƭ ŎŜƭƭǎ 

can be classified as micro- and macroglia according to their structure and functions, i.e. 

microglia are immunocompetent cells with phagocytic activity (Kettenmann et al., 2013), 

while macroglia consist of oligodendrocytes (responsible for axon myelination), ependymal 

cells (which produce the cerebrospinal fluid) and astrocytes, the most abundant category 

in the CNS and characterised by a star shape. The focus of this section will be on astrocytes, 

the main kind of glial cells which were utilised in the course of this project. 

 

1.1.2.1 Astrocytes 

Astrocytes, also referred to as astroglia, are the most abundant cell type in the CNS and 

they are estimated to be about 1.5 to 5-fold more than neurons (Nedergaard et al., 2003; 

Hamby and Sofroniew, 2010). Their main function is to act as multifunctional housekeepers, 

providing a structural scaffold for neuronal growth, supporting neurotransmitters 

metabolism, maintenance of the blood-brain barrier (BBB), synaptogenesis and balance of 

extracellular ionic and pH conditions (Verkhratsky and Nedergaard, 2018). They can be 

classified in two main categories with distinct functions and morphology: protoplasmic and 

fibrous astrocytes (Oberheim et al., 2006; Barres et al., 2008). Protoplasmic astrocytes are 

present in the gray matter, where they wrap around synapses and blood vessels, promoting 

neuronal functions. Fibrous astrocytes are located in the white matter and are less 

branched, presenting a more elongated shape extending alongside myelinated fibers, for 

which they provide metabolic support (Oberheim et al., 2006; Barres et al., 2008). Two 

additional categories of astrocytes have been described in human brain: interlaminar and 

polarised (Oberheim et al., 2006). Atrocytes can be either quiescent or in a reactive state 

following brain injury, which has been shown to promote myelination (Nash et al., 2011). 

Reactive astroglia present enhanced production of extracellular matrix (ECM) proteins and 

immune system molecules, which together with prominent morphological changes lead to 

the formation of the glial scar, one of the most severe responses to CNS insults (Kindy et 

al., 1992; Zamanian et al., 2012). 

Especially in the hippocampus, each astrocyte can support thousands of synapses, and 

about 50% of synaptic sites are in proximity of an astrocyte (Ventura and Harris, 1999). 
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Astrocytes, together with the pre- and post-synaptic membranes, form structures called 

άǘǊƛǇŀǊǘƛǘŜ ǎȅƴŀǇǎŜǎέ ŎƘŀǊŀŎǘŜǊƛǎŜŘ ōȅ ōƛ-directional communication among all parts (Perea 

et al., 2009) (Fig. 1.3). In physiological conditions, one of their most important functions at 

synapses is the regulation of GABA and glutamate concentrations (Coco et al., 1997, Oliet 

et al., 2001). Indeed, glutamate needs to be rapidly removed from the extracellular space 

to avoid neurotoxicity and astrocytes are able to uptake it through the GLT-1 and GLAST1 

transporters (Rothstein et al., 1996). Glutamate is then converted into glutamine by 

astrocytic glutamine synthetase (Hallermayer et al., 1981), released and used by neurons 

to synthesise new glutamate (Verkhratsky and Nedergaard, 2018). Another means of 

communication between astrocytes and neurons is the release of gliotransmitters, that is 

neurotransmitters originating from astrocytes. These include ATP, glutamate and GABA 

(Verkhratsky and Nedergaard, 2018). Interestingly, astrocytes are characterised by both 

spontaneous and neurotransmitters-driven calcium oscillations, which participate to the 

modulation of gliotransmitters release (Nett et al., 2002; Fiacco and McCarthy, 2006). 

 

 

 

 

Figure 1.3. Schematic representation of a tripartite synapse (based on Perea et al., 2009). 

¢Ƙƛǎ ƛƳŀƎŜ ǿŀǎ ƎŜƴŜǊŀǘŜŘ ǿƛǘƘ aƻǘƛŦƻƭƛƻ όƘǘǘǇǎΥκκǿǿǿΦƳƻǘƛŦƻƭƛƻΦŎƻƳκύΦ 
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1.2 Calcium homeostasis in neurons 

Calcium is a critical player in most cellular functions, as it is the main second signalling 

messenger which mediates a variety of activities in all eukaryotic cells. The modulation of 

Ca2+ homeostasis is particularly fundamental in neurons, which synaptic activities are based 

on calcium fluctuations, including synaptic plasticity. Moreover, dysregulation of calcium 

homeostasis has been associated with neurodegeneration, having profound deleterious 

effects on neuronal survival (Marambaud et al., 2009). Indeed, the regulation of neuronal 

Ca2+ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƛǎ ŀƴ ƛƴǘǊƛŎŀǘŜ ǇǊƻŎŜǎǎ ŀƴŘ ǘƘŜ ǊŜǎǳƭǘ ƻŦ ŀ άǘŜŀƳ ŜŦŦƻǊǘέ ƛƴǾƻƭǾƛƴƎ ōƻǘƘ 

membrane and intracellular channels, pumps, receptors, sensors and buffering system 

(Brini et al., 2014). This section will be focused on the main effectors that are involved in 

this complicated mechanism. 

 

1.2.1 Voltage Operated Ca2+ Channels (VOCCs) 

Voltage Operated Ca2+ Channels (VOCCs) are the main channels responsible for the release 

of neurotransmitters and are also involved in the modulation of synaptic plasticity 

(Catterall and Few, 2008; Catterall, 2011; Brini et al., 2014). They can be classified according 

to the physiological properties of the currents they mediate (L, N, P/Q, R, and T-type) or by 

their subunit composition (Cav1, Cav2 and Cav3). They are composed of 5 subunits in total 

όʰм ŀƴŘ нΣ ʲΣ ʴΣ ʵύΣ ǿƘŜǊŜ ʰм ƛǎ ǘƘŜ ǇƻǊŜ ǎǳōǳƴƛǘ ǿƘƛŎƘ ŘŜǘŜǊƳƛƴŜǎ ǘƘŜƛǊ /ŀv nomenclature 

(Brini et al., 2014) (Fig. 1.4). 

 

 

Figure 1.4. Schematic representation of VOCCs (Brini et al., 2014). 
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L-type VOCCs (L-VOCCs) are mainly expressed at dendrites and in the cell soma, hence they 

are thought to be responsible for mediating secretion and affect gene expression (Catterall, 

2011; Brini et al., 2014). It is possible to identify 3 subtypes in brain (Cav1.2-1.4), which 

present different subcellular localisations and functions (Brini et al., 2014). The modulation 

of Long-Term potentiation (LTP) and Long-Term Depression (LTD) is one of their most 

prominent functions (Navakkode et al., 2018). L-VOCCs open in response to glutamate-

driven cell depolarisation and promote local increase of calcium concentration, which in 

turn induces the release of Ca2+ from the intracellular stores (endoplasmic reticulum, ER). 

Increase in [Ca2+]i leads to the activation of a series of proteins, including protein kinase C 

(PKC) and adenylate cyclase (AC), which downstream effect is the enhancement of AMPAR 

function and LTP. At the same time, modest and slow increases of Ca2+ follow LTD induction, 

with consequent activation of phosphatases like protein phosphatase 1 (PP1) and 

calcineurin (CN) (Navakkode et al., 2018). Dysregulation of L-VOCCs has been reported in 

various neurodegenerative diseases and also as a common process that accompanies aging. 

In fact, it has been shown that age-related neurodegeneration mostly affects the CA1 field 

of the hippocampus, which neurons present the highest expression of L-VOCCs (Wang and 

Mattson, 2014). 

N-, R- and P/Q-type VOCCs (Cav2) are mainly present at pre-synaptic terminals and are 

responsible for inducing exocytosis of neurotransmitters-containing synaptic vesicles. Their 

function is implemented by direct interaction and activation of SNAP-Receptor proteins 

(SNARE complex), composed of syntaxin, synaptosomal nerve-associated protein 25 (SNAP-

25) and synaptobrevin (VAMP) (Sudhof 2004). Additionally, they are regulated by 

interaction with G-protein pathways (Catterall, 2011). These VOCCs are also expressed 

along dendrites where they promote calcium transients (Catterall, 2011; Brini et al., 2014). 

T-type VOCCs (Cav3) are less widespread and are characterised by rapid voltage-dependent 

inactivation, hence they are particularly efficient at maintaining the repetitive firing of 

action potential typical of cardiac myocytes and thalamic neurons (Catterall, 2011; Brini et 

al., 2014). They are involved in the generation of rhythmic bursts of action potentials in 

thalamic circuits that are associated with sleep states (Lee et al., 2004; Catterall, 2011). 
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1.2.2 Receptor Operated Ca2+ Channels (ROCCs) 

Receptor Operated Ca2+ Channels (ROCCs) are channels that mediate the passage of 

calcium upon binding to a specific ligand, e.g. neurotransmitters. This is the case of 

glutamate receptors (GluRs) and purinergic receptors (Brini et al., 2014).  

GluRs are classified in 2 major groups: ionotropic (iGluRs) and metabotropic (mGluRs) 

(Kandel et al., 2012). Ionotropic glutamate receptors serve as ion channels and directly 

mediate the influx of positively charged ions in response to glutamate binding, always 

eliciting a depolarisation. These are the N-methyl-D-ŀǎǇŀǊǘŀǘŜ ǊŜŎŜǇǘƻǊǎ όba5!wǎύΣ ʰ-

amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid receptors (AMPARs) and Kainic acid 

receptors (KARs) (Kandel et al., 2012) (Fig. 1.5A). 

NMDARs are permeable to Ca2+, Na+ and K+, however, to allow the passage of ions the 

binding to glutamate is not sufficient; they also need the presence of extracellular glycine 

as cofactor and membrane depolarisation to remove a Mg2+ ion plugging the channel 

(Kandel et al., 2012). These receptors are selectively blocked by the drug 2-amino-5-

phosphonovaleric acid (AVP). Interestingly, also a type of non-neuronal cells called 

astrocytes or astroglia have been shown to express NMDARs (Fellin et al., 2004). Excessive 

activation of NMDAR by glutamate has been associated to neurotoxicity, which is thought 

to be caused by abnormal increase of cytoplasmic calcium levels (Budd and Nicholls, 1996).  

AMPA receptors are prevalently permeable to Na+ and K+ and, to a lesser extent, also Ca2+, 

which passage is regulated by the GluR-B subunit (Burnashev et al., 1992). One of the most 

used antagonists of AMPAR is 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), which can 

selectively block also kainic acid receptors (Kandel et al., 2012).  

KARs are very similar to AMPAR, in the sense that they present common structural features, 

conduct the same cations and are inhibited by the same drugs. However, they have been 

shown to have distinct functions and they are not as concentrated at the excitatory post-

synaptic terminals as NMDAR and AMPAR (Contractor et al., 2011). Indeed, KARs are 

expressed at the pre-synaptic membrane and play an important role in the modulation of 

neuronal excitability and synaptic transmission (Contractor et al., 2011). 

The glutamate metabotropic receptors are G-coupled receptors that trigger an intracellular 

cascade and modulate channels through second messengers (effectors), such as inositol 

1,4,5-trisphosphate (IP3) or adenylyl cyclase. As such they can mediate either EPSP or IPSP 

depending on the ionic currents that they regulate (Fig. 1.5B). mGluRs can be selectively 
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activated by ACPD (trans-(1S,3R)-1-amino-1, 3-cyclopentanedicarboxylic acid) (Kandel et al., 

2012). 

 

 

CƛƎǳǊŜ мΦрΦ {ŎƘŜƳŀǘƛŎ ǊŜǇǊŜǎŜƴǘŀǘƛƻƴ ƻŦ ƎƭǳǘŀƳŀǘŜ ǊŜŎŜǇǘƻǊǎΦ !ύ LƻƴƻǘǊƻǇƛŎ ƎƭǳǘŀƳŀǘŜ 

ǊŜŎŜǇǘƻǊǎ ƳŜŘƛŀǘŜ ǘƘŜ ŜƴǘǊŀƴŎŜ ƻŦ ǇƻǎƛǘƛǾŜƭȅ ŎƘŀǊƎŜŘ ƛƻƴǎ ƛƴ ǊŜǎǇƻƴǎŜ ǘƻ ƭƛƎŀƴŘπōƛƴŘƛƴƎΦ 

¢ƘŜȅ ŀǊŜ ǘƘŜ !at!Σ ƪŀƛƴƛŎ ŀŎƛŘ ŀƴŘ ba5! ǊŜŎŜǇǘƻǊǎΦ .ύ aŜǘŀōƻǘǊƻǇƛŎ ƎƭǳǘŀƳŀǘŜ ǊŜŎŜǇǘƻǊǎΦ 

¢Ƙƛǎ ƛƳŀƎŜ ǿŀǎ ƳƻŘƛŦƛŜŘ ŦǊƻƳ YŀƴŘŜƭ Ŝǘ ŀƭΦΣ нлмнΣ ǳǎƛƴƎ ǘƘŜ ǎŎƛŜƴǘƛŦƛŎ ƛƭƭǳǎǘǊŀǘƛƻƴ ǘƻƻƭƪƛǘ 

aƻǘƛŦƻƭƛƻ όƘǘǘǇǎΥκκǿǿǿΦƳƻǘƛŦƻƭƛƻΦŎƻƳκύΦ 

 

 

 

The purinergic ionotropic P2X receptors (P2XRs) bind extracellular ATP released by glial 

cells or damaged neurons and induce a calcium influx, which have been shown to modulate 

various processes, including synaptic plasticity (Pankratov et al., 2009). 
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1.2.3 Store operated Ca2+ channels (SOCCs) 

Store operated Ca2+ channels (SOCCs) are responsible for the influx of calcium in response 

to ER calcium depletion, in a process called Store Operated Calcium Entry (SOCE). SOCCs 

are constituted by ORAI protein subunits and interact with Stromal interaction molecule 

proteins (STIM), which are calcium sensors located in the ER membrane (Brini et al., 2014; 

Venkiteswaran and Hasan, 2009). When Ca2+ is released from the ER, STIM interacts with 

ORAI to induce calcium influx from the extracellular milieu and together with the sarco-

endoplasmic reticular Ca2+-ATPase pump (SERCA) promotes reconstitution of ER Ca2+ stores 

(Venkiteswaran and Hasan, 2009). 

 

1.2.4 Plasma Membrane Ca2+ ATPase (PMCA) and Na+/Ca2+ exchanger (NCX) 

The Plasma Membrane Ca2+ ATPase (PMCA) and the Na+/Ca2+ exchanger (NCX) are the main 

mediators of calcium extrusion and are thus responsible for maintaining cytosolic Ca2+ at 

physiological concentrations (Brini and Carafoli, 2011). The PMCA pump is characterised by 

high affinity but low capacity for Ca2+ and is ubiquitously expressed in most cell types. It is 

a P-type pump able to self-phosphorylate an aspartic residue (D) located within the enzyme 

and form an intermediate phospho-enzyme with hydrolysed ATP (Brini et al., 2014). PMCA 

is regulated by a variety of molecules (e.g. ATP and PKC) and interacts with cytoplasmic 

proteins such as calmodulin, which is able to activate the pump upon binding (Brini and 

Carafoli, 2011). Defects in PMCA have been associated with a variety of pathologies 

especially linked to oxidative stress such as brain ischemia and diabetes, or other conditions 

linked to alteration of neuronal calcium signalling (Brini et al., 2014). 

NCX is a low affinity but high capacity calcium channel, which mediates the influx of three 

Na+ ions in exchange for the efflux of one Ca2+, working against the calcium gradient 

(Blaustein and Lederer, 1999). Three main isoforms have been characterised (NCX1, 2 and 

3) and they are all co-expressed in neurons. Interestingly, NCX channels have been shown 

to work in reverse mode and allow Ca2+ entry (and Na+ exit) when [Ca2+]i increases in the 

low µM range, which is usually the case in neurons during the calcium spikes the 

accompany synaptic transmission (Blaustein and Lederer, 1999). NCX is hence regulated by 

both Ca2+ and Na+ concentrations, but also by other molecules, including ATP, PKC and 

redox agents (Brini and Carafoli, 2011). 
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These two proteins work in conjunction, as PMCA is able to mediate calcium efflux even 

following low increases of calcium, whereas NCX activates only upon large Ca2+ variations 

and is responsible for transporting higher amounts of Ca2+ ions.  

 

1.2.5 Ca2+ binding proteins 

The activation of calcium transport across the plasma membrane and cell organelles is 

often prompted by cytoplasmic sensors which detect alterations in cytoplasmic calcium 

levels and in response activate specific signals for either clearance or influx of Ca2+ to 

reconstitute physiological concentrations (Brini et al., 2014). One of the most well 

characterised sensors is calmodulin (CaM), which is involved in the modulation of PMCA 

and also VOCCs (James et al., 1998; Lee et al., 1999; Chin and Means, 2000; Catteral and 

Few, 2008). Upon binding to Ca2+, CaM undergoes prominent conformational changes and 

re-localisation, binding to other secondary effectors such as Ca/CaM-dependent kinases, 

AC and phosphatase calcineurin (Chin and Means, 2000; Brini et al., 2014). Other proteins, 

such as parvalbumin (PV), function as Ca2+ transporters or buffers which activate in 

response to Ca2+ rise and modulate its rapid sequestration (Schwaller et al., 2003; Brini et 

al., 2014). Finally, a family of Ca2+ binding proteins particularly expressed in the CNS is that 

of the Neuronal Ca2+ sensors (NCSs), among which NCS-1 is the most described, being 

involved in the regulation of synaptic plasticity and release of neurotransmitters (McFerran 

et al., 1998-1999; Tsujimoto et al., 2002; Sippy et al., 2003). 
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1.3  Neurodegeneration 

Neurodegenerative diseases (NDs) are a group of heterogeneous conditions that affect the 

CNS and are characterised by the progressive deterioration of brain activity and 

functionality. The pathophysiology and progression of these diseases is extremely complex, 

especially because they are rarely caused by single factors and indeed they are classified as 

multifactorial pathologies, where the convergence of several elements, both genetic and 

environmental, contributes to the disease insurgence and progression (Sheikh et al., 2013; 

Kovacs, 2016). Although the different diseases present specific characteristics, they share 

some common features, such as the chronic activation of the immune system leading to 

prominent neuroinflammation, bioenergetic defects deriving from oxidative stress and 

mitochondrial dysfunction, and the accumulation of abnormally modified and misfolded 

proteins, which is the reason why most NDs are also defined as proteinopathies (Sheikh et 

al., 2013; Kovacs 2016). Here are briefly introduced the most relevant NDs of this PhD 

project. 

 

1.3.1 Mild cognitive Impairment 

Mild cognitive impairment (MCI) is a condition characterised by minor decrease in memory, 

which on one hand is beyond the expected decline that comes with aging, but on the other 

hand is not severe enough to be defined as dementia (DeCarli, 2003). While most cognitive 

functions do not significantly differ from those of healthy controls (CTR), memory deficit is 

the discriminating factor which allows the distinction between MCI, CTR and subjects 

affected by mild AD (Petersen et al., 1999). Notably, longitudinal studies have shown that 

MCI patients are characterised by a more rapid cognitive decline compared to CTR, and a 

slower rate of decline compared to AD subjects, revealing that they could be considered as 

a possible phase of transition between normal aging and dementia (prodromal AD) 

(Petersen et al., 1999; DeCarli, 2003). However, although most MCI patients progress into 

AD pathology (up to 80% in 6 years from diagnosis), not all of them do and might stabilise 

as MCI without developing dementia (Petersen et al., 2001). 

There is a keen interest in the characterisation and stratification of MCI patients, especially 

to predict which ones are more likely to convert to AD. This is mainly because any disease 

modifying drug would be more effective at the early stages of disease as opposed to the 

treatment of the advanced stages, when it would be too late to positively affect a more 
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severe and widespread neurodegenerative state (Garcia-Allonza et al., 2009; Das et al., 

2001; Blennow et al., 2010). 

 

 

1.3.2 AlzhŜƛƳŜǊΩǎ 5ƛǎŜŀǎŜ 

1.3.2.1 General characteristics and aetiopathogenesis 

AD is the most common form of dementia in the elderly population and to date, no 

effective treatment to cure the disease has been developed. According to a report 

ǇǳōƭƛǎƘŜŘ ōȅ ǘƘŜ ¦Y !ƭȊƘŜƛƳŜǊΩǎ Society in 2014, about 850,000 people were affected with 

dementia in the UK at the time, and more than 44 million worldwide (Prince et al., 2014). 

This chronic disease is characterised by a progressive deterioration of cognitive functions, 

which results in impaired language skills, memory loss and a general deficit in basic skills 

ǘƘŀǘ ŀŦŦŜŎǘ ǘƘŜ ǇŜǊǎƻƴΩǎ ŀōƛƭƛǘȅ ǘƻ ǇŜǊŦƻǊƳ ǎǘŀƴŘŀǊŘ Řŀƛƭȅ ǘŀǎƪǎ όKovacs, 2016). The 

pathology initiates with neuronal degeneration and synapses loss in the hippocampus, 

which then spreads to other parts of the brain, leading to cerebral atrophy (Terry et al., 

1991). AD is generally classified in two categories: familial AD (fAD) and sporadic AD (sAD). 

fAD is driven by genetic mutations and is typically characterised by an early onset (before 

65 years). Only about 5% of AD cases are of genetic origin, and up to now more than 450 

causative mutations have been identified in 3 genes: amyloid precursor protein (APP), 

Presenilin-1 (PS1) and Presenilin2 (PS2) (https://www.alzforum.org/mutations; April 2018 

update). On the other hand, sAD is caused by multiple risk factors, of which Apolipoprotein 

E (APOE) ʁ 4 allele is the most established. Sporadic forms are characterised by a late onset 

and account for the large majority of all AD cases (Betram and Tanzi, 2005; Blennow et al., 

2015). The main hallmark of AD, either familial or sporadic, is the accumulation of two 

misfolded proteins, namely hyperphosphorylated tau (p-Tau) forming intracellular 

neurofibrillary taƴƎƭŜǎ όbC¢ύ όYƻǎƛƪ Ŝǘ ŀƭΦΣ мфусύ ŀƴŘ !ƳȅƭƻƛŘ ʲ ό!ʲύΣ ǿƘƛŎƘ ŀƎƎǊŜƎŀǘŜǎ 

extracellularly and forms amyloid plaques (Glenner and Wong, 1984). Decades of research 

on the aetiopathogenesis of AD gave rise to different theories trying to elucidate the 

mechanisms underlying the insurgence of the disease. One of the most accepted theories 

is the amyloid cascade hypothesis (Hardy and Selkoe, 2002; Blennow et al., 2015), which 

ǇƻǎǘǳƭŀǘŜǎ ǘƘŀǘ ǘƘŜ ŀƭǘŜǊŀǘƛƻƴ ƻŦ !ʲ ǇǊƻŘǳŎǘƛƻƴ ƛǎ ǘƘŜ ŘǊƛǾƛƴƎ ŦŀŎǘƻǊ ƻŦ !5 ǇǊƻƎǊŜǎǎƛƻƴ όFig. 

1.6). !ʲ ǇŜǇǘƛŘŜ ƛǎ ŦƻǊƳŜŘ ōȅ ŎƭŜŀǾŀƎŜ ƻŦ !tt ƛƴ ǘƘŜ b-ǘŜǊƳƛƴǳǎ ŘƻƳŀƛƴ ōȅ ǘƘŜ ʲ-site APP-

ŎƭŜŀǾƛƴƎ ŜƴȊȅƳŜ м ό.!/9м ƻǊ ʲ-secretase). This leads to the generation of a soluble N-
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ǘŜǊƳƛƴŀƭ ŦǊŀƎƳŜƴǘ όǎ!ttʲύ ŀƴŘ ŀ ƳŜƳōǊŀƴŜ ŜƳōŜŘŘŜŘ /-ǘŜǊƳƛƴŀƭ ŦǊŀƎƳŜƴǘ όʲ-CTF or C99). 

-̡CTF is then target of further cleavage by a multi-subunit complex comprising PS1, PS2, 

Nicastrin, presenilin enhancer (PEN2) and anterior pharynx-defective (APH1), collectively 

ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ʴ-secretase. This step generates the amyloid Intracellular Domain (AICD) and 

ŀ ǎŜǊƛŜǎ ƻŦ !ʲ ǇŜǇǘƛŘŜǎ ƻŦ ŘƛŦŦŜǊŜƴǘ ƭŜƴƎǘƘǎ ŀŎŎƻǊŘƛƴƎ ǘƻ ʴ-secretase processing, which are 

released in the extracellular milieu (Blennow et al., 2015). The most studied peptides are 

! 1̡-40, which is the most abundant among the releasŜŘ ŦǊŀƎƳŜƴǘǎΣ ŀƴŘ !ʲ1-42, less present 

but more prone to aggregation and therefore the main constituent of amyloid plaques 

(Wang et al., 1996). Overall, the amyloidogenic pathway leads to the formation of a 

ƘŜǘŜǊƻƎŜƴŜƻǳǎ ǇƻǇǳƭŀǘƛƻƴ ƻŦ !ʲ ǇŜǇǘƛŘŜǎ ŀƴŘ ǳƴŘŜǊ pathological conditions, abnormal 

ŀƳƻǳƴǘǎ ƻŦ !ʲ ŀǊŜ ǊŜƭŜŀǎŜŘΣ ƭŜŀŘƛƴƎ ǘƻ ǘƘŜƛǊ ŀŎŎǳƳǳƭŀǘƛƻƴ ŀƴŘ ŀƎƎǊŜƎŀǘƛƻƴ ƛƴ ŀƳȅƭƻƛŘ 

plaques, which differ in composition among patients (Di Fede et al., 2018). Cerebrospinal 

ŦƭǳƛŘ ό/{Cύ ŀƴŘ ǇƭŀǎƳŀ ƭŜǾŜƭǎ ƻŦ !ʲ ό!ʲ1-42κ!ʲ1-40 ratio specifically), together with total/p-

Tau and Neurofilament Light (NfL) correlate with AD and are used nowadays by clinicians 

ǘƻ ƘŜƭǇ ǿƛǘƘ ǇŀǘƛŜƴǘǎΩ ŘƛŀƎƴƻǎƛǎ όbŀƪŀƳǳǊŀ Ŝǘ ŀƭΦΣ нлмуΤ ½ŜǘǘŜǊōŜǊƎ Ŝǘ ŀƭΦΣ нлмфύΦ 
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Figure 1.6. The Amyloid cascade hypothesis (Blennow et al., 2015). 
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!ƭǘƘƻǳƎƘ ǘƘŜ ǊƻƭŜ ƻŦ !ʲ ƛƴ !5 ǇǊƻƎǊŜǎǎƛƻƴ ƛǎ ǿŜƭƭ ŘƻŎǳƳŜƴǘŜŘ ŀƴŘ ǘƘŜǊŜ ŀǊŜ Ƴŀƴȅ 

evidences of its neurotoxic effect on neuronal functionality (Wang et al., 1996; Lacor et al., 

2007), the topic is still widely debated, especially after the discovery that the oligomeric 

ŦƻǊƳǎ ƻŦ !ʲ ŀǊŜ ƳƻǊŜ ƴŜǳǊƻǘƻȄƛŎ ŎƻƳǇŀǊŜŘ ǘƻ ǘƘŜ ŦƛōǊƛƭƭŀǊȅ ŦƻǊƳǎ ό²ŀƭǎƘ Ŝǘ ŀƭΦΣ нллнΤ ²ŀƴƎ 

et al., 2002; Campioni et al., 2010). Moreover, no correlation has been found between the 

amount of plaques and the severity of cognitive impairment, as plaques appear several 

years before clinical symptoms become evident (Dickson et al., 1995; Perrin et al., 2009; 

Benilova et al., 2012). In this scenario, amyloid plaques could have a beneficial effect by 

reducing the amount of free oligomers, at least in the initial stages of the pathology, before 

the activation of an inflammatory response which ultimately would lead to neurotoxicity. 

An alternative to the ŀƳȅƭƻƛŘ ŎŀǎŎŀŘŜ ƘȅǇƻǘƘŜǎƛǎ ƛǎ ǘƘŜ άŎŀƭŎƛǳƳ ƘȅǇƻǘƘŜǎƛǎέΣ ǿƘƛŎƘ 

postulates that the major trigger of neurodegeneration is the dysregulation of Ca2+ 

homeostasis in the brain (Green and LaFerla, 2008; Berridge, 2010). Increased levels of Ca2+ 

have been observed in neurons of AD mouse models, and various groups have theorised 

that this effect could be mediated by !ʲ ǘƘǊƻǳƎƘ ŦƻǊƳŀǘƛƻƴ ƻŦ ƴŜǿ ƛƻƴƛŎ ǇƻǊŜǎΣ ƻǊ ōȅ 

interaction with calcium channels like ROCCs and VOCCs, or the promotion of ER stress and 

consequent leakage of calcium from the intracellular stores (Kawahara and Kuroda, 2000; 

Mattson et al., 1992; Price et al., 1998; Tu et al., 2006). The two theories are closely related 

and equally controversial, as the details of the mechanisms underlying the 

neurodegeneration process have not been completely elucidated. 

 

1.3.2.2 Diagnosis 

AD diagnosis in the memory clinics is based on the National Institute of Neurological 

Disorders and StrokeςAlzheimer Disease and Related Disorders (NINCDSςADRDA) criteria 

(McKhann et al., 1984; Dubois et al., 2007). These consist in a multidisciplinary approach 

which relies on cognitive assessments together with well-established biomarkers (Blennow 

et al., 2010). The main criteria are as follow: 

- Presence of a memory impairment lasting for at least 6 months, verified by objective 

tests, such as the widely used Mini-Mental State Examination (MMSE) (Folstein et al., 

1975) 

- Measurement of medial temporal lobe atrophy (in the hippocampus, entorhinal cortex 

or amygdala) by Magnetic resonance imaging (MRI) (Frisoni et al., 2009). 

- Positive CSF biomarkers (low A̡1ς42, high total/p-tau), generally assayed by ELISA 
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- Positron Emission Tomography (PET) measuring either an increased binding of A ̡

ligands (e.g. 11C-labeled Pittsburgh compound B, C-PiB) or a reduced glucose metabolism 

in bilateral temporal parietal regions 

- Presence AD-causing mutation (fAD) 

Although these criteria are commonly accepted, research has been focused on the 

identification of less invasive biomarkers, such as blood-derived biomarkers (Zetterberg 

and Burnham, 2019). Among these, plasma levels of NfL, as well as circulating microRNAs 

and extracellular vesicles (EVs) have been characterised. 

 

 

1.3.3 Frontotemporal Lobar Degeneration 

1.3.3.1 General characteristics and aetiopathogenesis 

Frontotemporal lobar degeneration (FTLD) is a term comprising a heterogeneous group of 

neurodegenerative disorders, which differ at the genetic, molecular and clinical level and 

develop a clinical condition defined as Frontotemporal dementia (FTD). FTD is the second 

most represented dementia after AD that affects subjects younger than 65 years of age 

(Ratnavalli et al., 2002). The pathology is characterized by focal atrophy of the frontal and 

temporal lobes of the cerebral cortex, leading to the progressive decline of functions 

associated with these areas (Ratnavalli et al., 2002; Ikeda et al., 2004; Seelaar et al., 2011). 

Specifically, the disease can be classified in two subcategories according to the brain 

regions that are mostly affected by atrophy and the predominant clinical symptoms: 

behavioural variant (bvFTD) and primary progressive aphasia (PPA). bvFTD, where the 

frontal lobe is mainly affected, is characterised by changes in behaviour and personality, 

while PPA, distinguished by the impairment of language and comprehension skills, presents 

greater atrophy in the temporal lobes. PPA can be further divided in progressive non-fluent 

aphasia (PNFA) and semantic dementia (SD) according to the specific atrophied lobar 

region and language impairment (Neary et al., 1998; Gorno-Tempini et al., 2011; Rascovsky 

et al., 2011). Another classification of FTD is based on neuropathological features, 

specifically on the composition of the aggregates that characterise protein deposition. 

Indeed, similarly to other proteinopathies, also FTD is associated with the aggregation of 

abnormally modified proteins and specifically four different kind of inclusions have been 

described: Tau, transactivator regulatory DNA binding protein (TDP-43), Fused in sarcoma 

(FUS) and ubiquitin proteasome system (UPS)-positive inclusions, which refer to unknown 
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ubiquitinaded proteins. In the case of no detectable inclusions, the terminology FTLD-ni 

have been used (Mackenzie et al., 2010). 

Up to 50% of FTD cases have been associated with a family history of disease, suggestive 

of a strong genetic background (Rademakers and Rovelet-Lecrux, 2009) and to date three 

main causative genes have been identified for familial FTD (fFTD): MAPT, progranulin (GRN) 

and chromosome 9 open reading frame 72 (C9orf72). Additionally, genes variants 

associated with an increased risk of developing FTD have been identified, including TDP-43 

(TARDP), Ubiquilin 2 (UBQLN2), triggering receptor expressed on myeloid cells 2 (TREM2), 

FUS and Sequestosome 1 (SQSTM1) (Goldman et al., 2007; Rademakers et al., 2012; Rubino 

et al., 2012; Borroni et al., 2014). However, the majority of cases is still sporadic (sFTD), 

without a clear genetic cause (Rademakers and Rovelet-Lecrux, 2009). 

 

1.3.3.2 Diagnosis 

The diagnosis of FTD is particularly challenging because of the wide heterogeneity of the 

diseases which, although characterised by some specific features, often present 

overlapping phenotypes (Mackenzie and Neumann, 2016). Diagnosis is generally 

performed by a multidisciplinary team according to international guidelines (Neary et al., 

1998; Gorno-Tempini et al., 2011; Rascovsky et al., 2011) relying on neuropsychological 

tests, imaging studies and circulating biomarkers. In general, the identification of clear 

blood or CSF biomarkers specific for FTD subtype has not been achieved (Carecchio et al., 

2011; Oeckl et al., 2016). Notably, for FTD patients carrying specific mutations in GRN, 

which account for the majority of fFTD, CSF and plasma levels of progranulin (PGRN) were 

able to predict the disease with a specificity and sensitivity of 100% (Ghidoni et al., 2008). 
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1.4 Transglutaminases: a multi-faceted family of enzymes 

 

1.4.1  Transglutaminases family: background information 

Transglutaminases (TGs) (EC 2.3.2.13) are a family of Ca2+-dependent enzymes that catalyse 

the post-translational modification (PTM) of target proteins through the transamidation of 

available glutamine residues (Greenberg et al., 1991). This reaction mainly results in the 

formation of inter- and intramolecular bόʁ-ɹglutamyl)-lysine (EGGL) isopeptide bonds or 

crosslinks, which are covalent, stable and resistant to proteolysis (Folk and Finlayson, 1977). 

{ǇŜŎƛŦƛŎŀƭƭȅΣ ŀ ŎȅǎǘŜƛƴŜ ǊŜǎƛŘǳŜ ό/ȅǎύ ƭƻŎŀǘŜŘ ƛƴ ǘƘŜ ŜƴȊȅƳŜ ŎŀǘŀƭȅǘƛŎ ŎƻǊŜ ōƛƴŘǎ ǘƘŜ ʴ-

carboxamide group of a peptide-bound glutamine residue (Gln) (acyl donor) through the 

nucleophilic active thiolate group (SH). This generates a thioester intermediate formed by 

TG and the acyl donor substrate, with release of ammonia. The first reaction is followed by 

TGs-mediated ǘǊŀƴǎŦŜǊ ƻŦ ǘƘŜ ŀŎȅƭ ƛƴǘŜǊƳŜŘƛŀǘŜ ǘƻ ŀƴ ŀŎȅƭ ŀŎŎŜǇǘƻǊΣ ǎǳŎƘ ŀǎ ǘƘŜ ʶ-amino 

group of a peptide-bound lysine residue (Lys), which results in the restoration of the TGs 

thiol group and the formation of a EGGL isopeptide bond or crosslink (Fig. 1.7A). TGs 

catalytic activity may also mediate the incorporation of primary amines (monoamines and 

ǇƻƭȅŀƳƛƴŜǎύ ƛƴǘƻ ǘƘŜ ʴ-carboxamide group of peptide-bound Gln (Fig. 1.7B,C) (Folk et al., 

1969; Greenberg et al., 1991, Lorand and Graham, 2003). These reactions lead to changes 

in protein conformation and induce the formation of rigid and insoluble supramolecular 

structures (Aeschliman, 1994, Folk and Finlayson, 1977). TGs catalytic activity is a finely 

regulated process that involves multiple factors, i.e. calcium, redox conditions and purine 

nucleotide binding (Demeny et al., 2015). 

The TGs family consists of nine members, eight of which are catalytically active in humans: 

TG1 (cheratinocyte TG), TG2 (tissue or type-2 TG), TG3 (epidermal TG), TG4 (prostatic TG), 

TG5 (or TGX), TG6 (or TGY), TG7 (or TGZ), coagulation Factor XIIIa subunit (plasma TG) and 

the inactive band 4.2 protein (Grenard et al., 2001, Sárvári et al., 2002). TGs activity has 

been implicated in several phenomena of cell biology, including cell proliferation, 

differentiation and death, extracellular matrix assembly, and also complex physiological 

processes like blood coagulation, sperm immunosuppression and keratinocyte barrier 

function (summarised in Table 1.1) (Aeschliman, 1994, Chen and Mehta, 1999, Martin et 

al., 2013, Nemes and Steinert, 1999, Sárvári et al., 2002). 
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Figure 1.7. Transamidation reactions catalysed by transglutaminases. A) Transamidation 

leading to the formation of a crosslink. B) Transamidation leading to incorporation of a 

monoamine and C) polyamine into a peptide-bound glutamine residue. This image was 

modified from Savoca et al., 2018. 
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Table 1.1. General features of TGs (Mehta and Eckert, 2005; Furutani and Kojima, 2015; 

Lorand and Iismaa, 2019) 

Protein Main functions Localisation (organ) Disease 

TG1 Formation of the cornified 

envelop (keratinocytes) 

PM, cytosol (brain, 

epidermis) 

Lamellar Ichthyosis (TG1 deficiency) 

TG2 ECM stabilisation, cell 

adhesion, apoptosis and 

autophagy regulation, cell 

survival signalling  

PM, cytosol, ER, nucleus, 

autophagosome, 

endosome, mitochondria, 

ECM (ubiquitous) 

Celiac disease (TG2 autoantigen), 

tissue fibrosis (TG2 overexpression-

hyperactivity) 

TG3 Formation of the cornified 

envelop (keratinocytes) 

PM (epidermis, hair 

follicles, brain) 

Uncombable hair syndrome (TG3 

deficiency), dermatitis herpetiformis 

and celiac disease (TG3 autoantigen) 

TG4 Plug formation in rodents ECM, seminal vesicle fluid 

(prostate gland) 

Reduced fertility (TG4 deficiency), 

Autoimmune polyglandular 

syndrome type 1 (TG4 autoantigen), 

prostate cancer progression 

TG5 Formation of the cornified 

envelop (keratinocytes) 

PM, cytosol (skeletal 

muscle, epidermis) 

Acral peeling skin syndrome (TG5 

deficiency) 

TG6 Neurogenesis Unknown (brain and 

epidermis) 

Gluten ataxia and gluten axonal 

neuropathy (TG6 autoantigen), 

Spinocerebellar ataxia-35 (TG6 

mutation) 

TG7 Unknown Unknown (Testis and lung) Unknown 

FXIIIa Blood clotting, bone matrix 

stabilisation, would healing 

ECM, PM, cytosol (blood) Bleeding disorders (FXIII deficiency 

and autoantigen) 

Band 

4.2 

Structural role in 

erythrocytes cytoskeleton 

PM, cytosol (erythrocytes) Hereditary spherocytosis type 5 

(band 4.2 deficiency) 

PM: Plasma membrane; ER: Endoplasmic reticulum; ECM: Extracellular matrix. 

 

 

1.4.1.1  Transglutaminase 1 (TG1) 

TG1 is involved in the differentiation and cornified envelope formation of keratinocytes and 

it is mainly expressed in the granular layer of the epidermis and upper digestive tract. TG1-

mediated crosslinking of envelope proteins is in fact responsible for the keratinization 

process (Steinert and Marekov, 1995). TG1 is localised in the cytoplasm but also at the 

plasma membrane, and it is released as 10, 33, 66 kDa fragments (Kim et al., 1995). 

Mutations of the TG1 gene (TGM1) resulting in TG1 decrease cause Lamellar Ichthyosis, an 
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autosomal recessive skin disorder characterised by the aberrant cornification of the 

epidermis (Candi et al., 1998; Huber et al., 1995; Cserhalmi-Friedman et al., 2001). 

 

1.4.1.2  Transglutaminase 3 (TG3) 

TG3 is mainly expressed in the epidermis, brain and hair follicles, where it plays a central 

role in hair fiber morphogenesis by catalysing the crosslinking of keratin intermediate 

filaments and trichohyalin, which hardens the inner root sheath of hair follicles (Hitomi et 

al., 2003; Hitomi et al., 1999; Hitomi et al., 2001). In the late stages of keratinocytes 

differentiation, TG3 participates to the formation of the cornified envelope (John et al., 

2012). Mutations in this gene (TGM3) are associated with a reduction in skin barrier 

function and impairment in hair development (Bognar et al., 2014; John et al., 2012). 

 

1.4.1.3  Transglutaminase 4 (TG4) 

TG4 is mainly found in the prostate gland, seminal plasma, prostatic fluids and prostate 

cancer cells (Grenard et al., 2001; Williams-Ashman et al., 1977). Decreased expression of 

TG4 is associated with prostate cancer, and the presence of variants generated by 

alternative splicing have been described in prostate cancer tissues (Cho et al., 2010). TG4 

is involved in epithelialςmesenchymal transition (EMT) in prostate cancer cells and has 

been shown to interact with ECM proteins (Jiang and Ablin, 2011; Cho et al., 2010). 

 

1.4.1.4  Transglutaminase 5 (TG5) 

TG5 is mostly present in skeletal muscle cells, foreskin keratinocytes and the lining of 

epithelial barrier (Cassidy et al., 2005). Mutations in TG5 (TGM5) lead to skin peeling 

syndrome. Similarly to TG1 and TG3, TG5 participate to the crosslinking of envelope 

proteins in the epidermis (Candi et al., 2002; Candi et al., 2001). 

 

1.4.1.5  Transglutaminase 6 (TG6) 

Although TG6 localisation was initially thought to be mainly found in skin, testis and lung, 

more recently its presence and activity have been prevalently associated with the CNS, 

where it is involved in neurogenesis (Thomas et al., 2013; Schulze-Krebs et al., 2016). 

Mutations in the TG6 gene (TGM6) are associated with a rare autosomal-dominant form of 

familial ataxia, i.e. Spinocerebellar ataxia type 35 (SCA35) (Tripathy et al., 2017). Moreover, 

autoantibodies to TG6 has been identified in patients affected by gluten ataxia 
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(Hadjivassiliou et al., 2008; Hadjivassiliou et al., 2013). This is suggestive of a vital role for 

TG6 in cortical and cerebellar neurons (Thomas et al., 2013).  

 

1.4.1.6  Transglutaminase 7 (TG7) 

TG7 is the less known member of the TGs family. It is ubiquitously expressed, with a 

predominance to testis and lung (Mehta and Eckert, 2005). Elevated mRNA levels of TG7, 

together with TG2 and TG3, have been associated with poor prognosis in breast cancer 

patients (Jiang et al., 2003). 

 

1.4.1.7  Factor XIII (FXIII) 

Factor XIII, also called plasma TG, is a component of the blood coagulation cascade (Lorand 

et al., 1993; Lorand and Graham, 2003). It is mainly present in platelets, macrophages and 

blood, but has also been reported in other compartments, such as brain (astrocytes), 

placenta, eyes, heart and osteoblasts (Eckert et al., 2014). FXIII is a heterotetramer 

consisting of two A and two B subunits (A2B2), where the A dimer contains the catalytic 

core, while the B dimer functions as a carrier for A. The enzyme is activated by thrombin-

mediated cleavage, which removes the N-terminal activation peptides and leads to the 

dissociation of the A and B dimers, and consequent activation of A (FXIIIa) (Muszbek et al., 

2011). Fibrin, which is a substrate of FXIIIa transamidation in the clotting system, as well as 

a target of other TGs, has been reported to be involved in FXIIIa activation process 

(Hethershaw et al., 2018). Inherited FXIII deficiency is an autosomal recessive disorder 

characterised by reduced FXIIIa, which leads to defective wound healing and excessive 

bleeding (Anwar et al., 1995). 

 

1.4.1.8  Erythrocyte membrane protein band 4.2 (Band 4.2) 

Band 4.2 is the only member of the TGs family without a catalytic activity. This is because 

the Cys catalytic residue which is conserved in the other TGs and is responsible for the 

catalytic activity (as shown in Fig. 1.7), in Band 4.2 is substituted by an alanine residue (Ala) 

(Sung et al., 1990). Band 4.2 is mainly expressed in erythrocytes, fetal liver, bone marrow 

and spleen and primarily localises at the plasma membrane, where it is involved in the 

maintenance of the membrane integrity and regulation of cell stability (Mehta and Eckert, 

2005). In red blood cells, Band 4.2 has been shown to bind to the N-terminal domain of 
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band 3 (B3, also known as red-cells anion exchanger) and also interact with ankyrin 

(Bennett and Stenbuck 1980; Korsgren and Cohen, 1986). 

 

1.4.1.9  Transglutaminase 2 (TG2) 

Transglutaminase 2, also called tissue or type-2 transglutaminase, is the most extensively 

studied member of the TGs family. With a molecular weight (MW) of approximately 78 kDa, 

this enzyme is ubiquitously expressed and it is mainly defined by its Ca2+-dependent 

transamidating activity (Mycek et al., 1959). Moreover, TG2 is known for its ability to 

catalyse the hydrolysis of target glutamine residues (deamidation) (Mycek et al., 1960), e.g. 

gluten peptides, which has been linked to the development of the gluten-induced 

enteropathy called celiac disease (CD) (Dieterich et al., 1997; Molberg et al., 1998). Other 

targets of TG2 hydrolysis are guanosine triphosphate (GTP) and adenosine triphosphate 

(ATP) (GTPase and ATPase activity). Less characterised functions of TG2 are disulphide 

isomerase activity and protein kinase activity (Savoca et al., 2018). 

At the transcriptional level, TG2 gene (TGM2) is modulated by multiple regulatory factors 

which directly interact with its promotor, such as interleukin-6 (IL6), retinoic acid response, 

tǊŀƴǎŦƻǊƳƛƴƎ ƎǊƻǿǘƘ ŦŀŎǘƻǊ ʲм ǊŜǎǇƻƴǎŜ ŜƭŜƳŜƴǘ ό¢DC-ʲмύ ŀƴŘ ǘǿƻ !tн-like response 

elements (Eckert et al., 2014). Furthermore, a number of additional factors have been 

reported to affect TG2 levels, including tumour necrosis factor (TNF), chemokines, 

cytokines, epidermal growth factor (EGF) and nuclear factor kappa-light-chain-enhancer of 

activated B cells (NF-ˁ.ύ ό9ŎƪŜǊǘ Ŝǘ ŀƭΦΣ нлмпΤ bǳǊƳƛƴǎƪŀȅŀ ŀƴŘ .ŜƭƪƛƴΣ нлмнύΦ 

 

1.4.1.9.1 TG2 isoforms 

Four different isoforms of TG2, generated by alternative splicing, have been identified to 

date: TGM2_V1 (canonical full length), TGM2_V2 (short), TGM2_V3 (very short) and 

TGM2_V4 (a and b, deleted forms) (Phatak, et al. 2013). TGM2_V2 and TGM2_V3 derive 

from an intron retention which results in an altered and truncated C-terminus. Specifically, 

TGM2_V2 is a 548 amino acids long protein with MW of ~62 kDa, whereas TGM2_V3 is a 

349 amino acids long protein with a predicted MW of ~38 kDa (Fraij, et al. 1992, Fraij and 

Gonzales 1996, Antonyak, et al. 2006). TGM2_V4 (a and b) derive by atypical splicing which 

results in a variation of the C-terminal without affecting the protein MW (Lai, et al. 2007). 

These alterative isoforms lose the GTP-binding domain located at the C-terminal, and for 

this reason they are predicted to constitutively active (Begg, et al. 2006). Even though they 
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have been detected in a variety of cells, either at the transcript or protein level (e.g. 

astrocytes, neurons, endothelial and vascular smooth muscle cells (Nurminskaya and Belkin, 

2012), not much is known yet about their functions. Notably, some works have reported a 

possible role in cancer progression (Phatak, et al. 2013) and kidney fibrosis (Burhan, et al. 

2016). 

 

1.4.1.9.2 TG2 protein 

TG2 secondary structure consists of four globular domains (Fig. 1.8) (Mehta et al., 2010). 

The N-ǘŜǊƳƛƴŀƭ ʲ-sandwich domain (aa 1-139), which contains the fibronectin (FN) binding 

site. The core domain (aa 140-460), which is responsible for TG2 transamidation activity, 

includes the catalytic triad, cysteine-histidine-aspartic acid [Cys(277)-His(335)-Asp(358)] 

and two tryptophan residues [Trp(241) and Trp(332)], which participate to the stabilisation 

of the intermediate thioester. The two C-ǘŜǊƳƛƴŀƭ ʲ-barrel domains (aa 461-586 and 587-

687) are involved with ATP/GTP binding (Nurminskaya and Belkin, 2012). 

 

 

 

Figure 1.8. Structural representation of TG2 (Mehta et al., 2010). 

 

 

1.4.1.9.3 Regulation of TG2 catalytic activity 

TG2 activity is regulated by three main factors: Ca2+, GTP binding and redox environment. 

Ca2+ promotes the allosteric activation of TG2 by binding to specific bindings sites, which 

acts in a cooperative manner and promote an open conformation of the enzyme (Bergamini 

et al., 1988; Casadio et al., 1999; Kiraly et al., 2009). Equally important for the modulation 

of TG2 activity is the binding to GTP, which has an inhibitory effect and promotes a closed 

conformation (Achyuthan et al., 1987; Bergamini et al., 1987). Intracellularly, where under 
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physiological conditions Ca2+ concentration is low (100-200 nM) and GTP concentration is 

high (100-мрл ˃aύΣ ¢Dн ƛǎ Ƴƻǎǘƭȅ ƛƴƘƛōƛǘŜŘΦ 9ȄǘǊŀŎŜƭƭǳƭŀǊƭȅΣ ǿƘŜǊŜ ŎŀƭŎƛǳƳ ƭŜǾŜƭǎ ŀǊŜ ƛƴ ǘƘŜ 

mM range, GTP binding is inhibited and TG2 can be activated (Achyuthan et al., 1987; 

Bergamini et al., 1987; Casadio et al., 1999). However, if the Cys thiol group in TG2 catalytic 

core is oxidised, TG2 is catalytically inactive even at high Ca2+ concentrations (Stamnaes et 

al., 2010). It is now believed that TG2 continuously shifts between three distinct 

conformations: closed and GTP-bound (inactive), open and Ca2+-bound but oxidised 

(inactive) and open, Ca2+-bound and reduced (active) (Jin et al., 2011) (Fig. 1.9). 

 

 

Figure 1.9. Effect of calcium, GTP and redox conditions on TG2 conformation and activity. 

This image was modified from Savoca et al., 2018. 

 

1.4.1.9.4 TG2 localisation 

Cytoplasm: TG2 has been identified in the cytoplasm of numerous cell lines, where it is 

believed to be mostly inactive due to low Ca2+ and high GTP levels (Nurminskaya and Belkin, 

2012). However, under pathological conditions such as oxidative stress, Ca2+ dysregulation 

and excitotoxicity, TG2 could be activated and crosslink endogenous intracellular 

substrates (Nurminskaya and Belkin, 2012; Walther et al., 2011). Cytoplasmic TG2 has been 

shown to interact with small GTPases, such as RhoA and Rac, modulating their activity by 

serotonylation (Walther et al., 2003; Walther et al., 2011) and also in an activity-
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independent manner (Kim et al., 2010). Notably, overexpression of TG2 GTP-binding 

defective forms in fibroblasts was shown to promote apoptosis independently from TG2 

activity (Datta et al., 2007), thus revealing that TG2 could have multiple additional functions 

independently from its activation state.  

 

Mitochondria: TG2 expression has been detected in mitochondria especially in response to 

apoptotic signals (Piacentini et al., 2002). The analysis of neuroblastoma cells has revealed 

that almost 50% of the total cellular TG2 was located in mitochondria (Rodolfo et al., 2004; 

Piacentini et al., 2002), specifically interacting with both outer and inner membrane (Park 

et al., 2010). Notably, TG2 has been shown to be involved in BAX translocation to 

mitochondria and indirectly modulate the release of cytochrome c, thus inducing the 

apoptotic pathway (Yoo et al., 2012; Rodolfo et al., 2004). Moreover, mitochondrial 

substrates of TG2 transamidation have been identified in situ under apoptotic stimuli (Park 

et al., 2010; Sarang et al., 2009). In physiological conditions, TG2 was shown to contribute 

to the correct assembly of respiratory complexes at the mitochondrial level in vivo, by its 

disulphide isomerase activity, and lack of TG2 in TG2 KO mice caused energy impairment 

(Mastroberardino et al., 2006; Malorni et al., 2009).  

 

Nuclear TG2: Nuclear TG2 accounts for about ~5-7% of total intracellular TG2 (Nurminskaya 

and Belkin, 2012). Translocation of TG2 to nucleus is usually driven by a variety of stress 

stimuli, including [Ca2+]i increase, retinoic acid, VEGF and hypoxia (Dardik and Inbal, 2006; 

Balajthy et al., 2006; Filiano et al., 2008). The mechanism regulating this localisation change 

is not yet clear, although the interaction with a nuclear transporter (Importin-ʰоύ Ƙŀǎ ōŜŜƴ 

proposed (Peng et al., 1999). One of the most commonly known effects of nuclear TG2 is 

the regulation of transcription factor SP1. TG2-mediated crosslinking of SP1 was shown to 

inhibit SP1 and consequently affect the expression of c-Met, which resulted in the 

activation of caspase-mediated apoptosis (Tatsukawa et al., 2009; Tatsukawa and Kojima, 

2010). Another possible effect of nuclear TG2 is the PTM of histone proteins. Indeed, 

several histones (e.g. H2A, H2B, H3 and H4) have been described as substrates of TG2 

transamidation both in vitro and in vivo, suggesting a possible role in apoptosis-induced 

condensation of chromatin (Ballestar et al., 2001; Ballestar et al., 1996). 

Extracellular TG2: Extracellular TG2 has been mostly associated with the PTM of ECM 

proteins, such as FN, osteonectin, osteopontin, laminin, vitronectin, fibrinogen and 
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collagen (Savoca et al., 2018). The most prominent effect of TG2-mediated crosslinking is a 

general stabilisation and stiffening of the ECM structure (Folk and Finlayson, 1977; Johnson 

et al., 1999; Chau et al., 2005; Jones et al., 2006), which however can degenerate to 

excessive levels in conditions like tissue fibrosis. Indeed, several disorders have been 

described where the increase of extracellular TG2 was involved in aberrant ECM 

transamidation and fibrosis progression, such as in kidney (Johnson et al., 1999; Johnson 

et al., 1997; Johnson et al., 2003; Burhan et al, 2016), lung (Griffin et al., 1979; Richards et 

al., 1991; Oh et al., 2011; Olsen et al., 2011), liver (Mirza et al., 1997; Grenard et al., 2001; 

Tatsukawa et al., 2017) and heart (Small et al., 1997; Shinde et al., 2017; Wang et al, 2018). 

Among all TG2 substrates, FN is one of the most well characterised, and it is known to also 

directly interact with TG2 thanks to a FN binding site present in TG2 N-terminal domain 

(Jeong et al., 1995; Hang et al., 2005). Via this interaction, TG2 has been shown to form 

adhesive complexes and promote cell adhesion by acting as a bridge between FN and 

syndecan-4, a cell surface heparan sulfate proteoglycan (HSPG) (Verderio et al., 2003; Telci 

et al., 2008). Furthermore, by functioning as an integrin co-receptor, TG2 was shown to 

support integrin-dependent cell adhesion, thus revealing an important function as a 

structural adhesive protein in the ECM (Lortat-Jacob et al., 2012; Wang et al., 2012; Teesalu 

et al., 2012). 

 

1.4.2  TGs role in the CNS: physiological functions in the brain 

TGs activity was first detected in the giant cholinergic neurons of Aplysia californica 

(Ambron and Kremzner, 1982), then in other neuronal cells such as rat cerebellar granule 

neurons (Perry et al., 1995) and rat cultured astrocytes (Monsonego et al., 1997) and 

generally in various areas of mammalian CNS and peripheral nerves, human brain included 

(Hand et al., 1993, Kim et al., 1999). 

A substantial amount of evidence suggests that TGs may have a role in numerous and 

diverse processes in neurons. TG2 was and still is the most well characterized TGs in the 

nervous system; in 1986, Maccioni and Seeds reported a prominent role for TG2 in 

microtubule assembly, showing its involvement in neurite outgrowth during morphological 

differentiation of neuroblastoma cells (Maccioni and Seeds, 1986), which was confirmed in 

primary samples, consolidating the hypothesis that TG2 may be involved in brain 

development (Bailey and Johnson, 2004). Different studies also propose a possible 

involvement of TG2 in processes that are crucial for dendrite and axon formation, such as 
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the stabilization of focal adhesions (Perry et al., 1995) and cytoskeletal stabilization 

(Maccioni and Seeds, 1986). Furthermore, TG2 ability to crosslink proteins involved in 

cytoskeletal motility and shape, such as neurofilaments, actin and vimentin, suggest its 

potential effect on cell functions and survival (Clement et al., 1998, Nemes et al., 1997, 

Selkoe et al., 1982). As confirmation of this hypothesis, TG2 is activated in apoptotic cells 

(Fesus, 1993, Melino and Piacentini, 1998) and its overactivation in neurons leads to 

impaired mitochondrial respiration and oxidative stress and may be thus instrumental for 

the induction and/or execution of apoptosis (Piacentini et al., 2002, Piacentini et al., 2005). 

Moreover, the co-immunoprecipitation of histone 2B with tissue-TG in apoptotic SK-N-BE 

neuroblastoma cells, together with the evidence that some core histones react with TG2, 

infers that TG2 may be involved in chromatin condensation during apoptotic cell death 

(Ballestar et al., 1996, Piredda et al., 1999). 

Kim and colleagues did not limit their analysis to TG2 and demonstrated the presence of 

multiple functional TGs in human brain tissues, with TG2 as the most abundant enzyme, 

followed by TG1 and lesser amounts of TG3 (Kim et al., 1999). Interestingly, they gave 

evidence of differential expression of these TGs enzymes in different regions of the brain, 

giving rise to a more complex view of TGs action in the brain (Kim et al., 1999). 

Wilhelmus and colleagues have published many papers about TGs role in the brain, 

especially their possible involvement in neurodegeneration, as shown in their most recent 

review (Wilhelmus et al., 2014). They demonstrated that TG1 is localised in the cytoplasm 

ƻŦ ƎǊŜȅ ƳŀǘǘŜǊΩǎ ƴŜǳǊƻƴǎΣ ƛƴ ŀǎǘǊƻŎȅǘŜǎ ŀƴŘ ƳƛŎǊƻƎƭƛŀƭ ŎŜƭƭǎ ƻŦ ǘƘŜ ƴŜƻŎƻǊǘŜȄΩǎ ǿƘƛǘŜ ƳŀǘǘŜǊΣ 

while TG2 was observed in both cytoplasm and nucleus of neurons in the neocortex, in 

ǿƘƛǘŜ ƳŀǘǘŜǊΩǎ ŀǎǘǊƻŎȅǘŜǎΣ ƛƴ ŎŀǇƛƭƭŀǊƛŜǎ ŀƴŘ ƻǘƘŜǊ ǇŀǊŜƴŎƘȅƳŀƭ ǾŜǎǎŜƭǎ ό²ƛƭƘŜƭƳǳǎ Ŝǘ ŀƭΦΣ 

2009). 

 

1.4.3  TGs involvement in neurodegeneration 

The first studies implicating a possible role of TGs in neurodegeneration date back to 1982, 

when Selkoe and colleagues demonstrated that both neuronal (NF) and glial filaments 

(GFA) isolated from normal and AD brains were substrates of TGs crosslinking activity 

(Selkoe et al., 1982). Several experimental data have been published since then, suggesting 

the involvement of TGs in the deposition of protein aggregates in NDs; however, they do 

ƴƻǘ ƛƴŘƛŎŀǘŜ ǿƘŜǘƘŜǊ ŀōŜǊǊŀƴǘ ¢D ŀŎǘƛǾƛǘȅ ƛǎ ŘƛǊŜŎǘƭȅ ǊŜǎǇƻƴǎƛōƭŜ ŦƻǊ ǘƘŜ ŘƛǎŜŀǎŜΩǎ 
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progression (Iannaccone et al., 2012, Martin et al., 2013) (Fig. 1.10). The strongest 

supporting evidence for this hypothesis comes from studies on AD, PD and HD. 

 

 

Figure 1.10: Possible mechanisms responsible for protein aggregate formation catalysed 

by TGs (Martin et al., 2013). 

 

 

1.4.3.1 TGs in AD 

AD is characterized by the formation and deposition of stable insoluble protein complexes, 

in particular amyloid-ʲ ŀƴŘ ǘŀǳ ǇǊƻǘŜƛƴΣ ǿƘƛŎƘ ƭŜŀŘ ǘƻ ƳƛŎǊƻƎƭƛŀ ŀŎǘƛǾŀǘƛƻƴΣ 

neuroinflammation and neurodegeneration. The catalytic activity of TGs clearly represents 

one of the possible factors that come into play during the disease pathological progression. 

¢ƘŜ ŘŜƳƻƴǎǘǊŀǘƛƻƴ ǘƘŀǘ ¢Dн ƛǎ ƛƳǇƭƛŎŀǘŜŘ ƛƴ !ʲ ƻƭƛƎƻƳŜǊǎ ƎŜƴŜǊŀǘƛƻƴκƳƻŘǳƭŀǘƛƻƴ ƛƴ ǾƛǘǊƻ 

is only one part of the substantial evidence that support this hypothesis (Benilova et al., 

2012, Hartley et al., 2008). Starting from Selkoe work in 1982 (Selkoe et al., 1982) and going 

forward with later reports, many papers have been published on this topic, all 

demonstrating that TGs RNA expression, activity and protein levels are significantly 
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elevated in AD patients compared to controls, e.g. in the prefrontal cortex (Citron et al., 

2001, Johnson et al., 1997, Kim et al., 1999) and CSF (Bonelli et al., 2002, Nemes et al., 

2001) (Table 1.2). TG2 was found to be co-localised with tau in neurofibrillary tangles 

όbC¢ǎύ ό/ƛǘǊƻƴ Ŝǘ ŀƭΦΣ нллмύ ŀƴŘ ǿƛǘƘ !ʲ ƛƴ ŀƳȅƭƻƛŘ ǇƭŀǉǳŜǎ ό½ƘŀƴƎ Ŝǘ ŀƭΦΣ мффуōύ ŀǎ ǎƘƻǿƴ 

in Fig. 1.11A-B. Interestingly, Wilhelmus and colleagues demonstrated that also TG1 is 

expressed in both NFTs and senile plaques (SPs), while TG2 can be additionally found in 

cerebral amyloid angiopathy (CAA) (de Jager et al., 2015, Wilhelmus et al., 2009). Notably, 

Citron and colleagues also detected the presence of TG2 short isoform transcript (i.e. 

TG2_V2) in AD brains, whereas this was absent in healthy normal controls (Citron et al., 

2001; Citron et al., 2002). 

As mentioned previously, a relevant pathophysiological mechanism of AD is the 

inflammatory response mediated by microglial cells and astrocytes and their subsequent 

proliferation (Sárvári et al., 2002). Oxidative damage inflicted to cells by activated microglia 

causes elevation of intracellular calcium, resulting in the activation of TGs and cell death 

signalling (Basso and Ratan, 2013, Caccamo et al., 2012). Moreover, TG2 expression is 

ǳǇǊŜƎǳƭŀǘŜŘ ōȅ ƛƴŦƭŀƳƳŀǘƻǊȅ ŎȅǘƻƪƛƴŜǎ ǎǳŎƘ ŀǎ ¢bCʰΣ L[-с ŀƴŘ ¢DCʲΣ ǿƘƛŎƘ ŀǊŜ ŀƭǎƻ 

dramatically upregulated in AD (Ikura et al., 1994, McGeer and McGeer, 1998). 

 

Table 1.2. Detection of TG2 protein and activity in CSF reported in the literature. 

/ŜǊŜōǊƻǎǇƛƴŀƭ CƭǳƛŘ ό/{Cύ 

±ŀǊƛŀōƭŜ ǉǳŀƴǘƛŦƛŜŘ aŜǘƘƻŘ 5ƛǎŜŀǎŜ wŜŦŜǊŜƴŎŜǎ 

¢Dн ǇǊƻǘŜƛƴ ƭŜǾŜƭǎ ELISA 
AD, VaD,  

PD 
Bonelli et al., 2002 
Vermes et al., 2004 

9DD[ όbʶόʴ-
glutamyl)- lysine 

isodipeptide) levels 

- Internal standard tracer 
- Precolumn 

phenylisothiocyanate 
derivatization 

- HPLC separation 

AD,  
VaD 

bŜƳŜǎ Ŝǘ ŀƭΦΣ нллм 

-ɹGlutamylamines 
levels 

- Reversed phase HPLC 
- Electrochemical 

detection (EC) 
HD 

Jeitner et al., 2001 
Jeitner et al., 2008 

Enzymatic activity 
Incorporation of 3H-

putrescine into dimethyl 
casein (radioactivity) 

ASL Fujita et al, 1998 

!ōōǊŜǾƛŀǘƛƻƴǎΥ !ƭȊƘŜƛƳŜǊΩǎ 5ƛǎŜŀǎŜΣ !5Τ ±ŀǎŎǳƭŀǊ ŘŜƳŜƴǘƛŀΣ ±ŀ5Τ tŀǊƪƛƴǎƻƴ 5ƛǎŜŀǎŜΣ t5Τ 

IǳƴǘƛƴƎǘƻƴΩǎ 5ƛǎŜŀǎŜΣ I5Τ !ƳȅƻǘǊƻǇƘƛŎ [ŀǘŜǊŀƭ {ŎƭŜǊƻǎƛǎΣ ![{Φ 
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Figure 1.11: Visualisation of TG2 in AD Neurofibrillary tangles (NTF) and amyloid plaques 

by immunohistochemistry.  A) Co-localisation of TG2 and tau in the NTFs of AD patients. 

Panels a) and b) show sections of the frontal cortex, while c) and d) show sections of the 

hippocampus, both isolated from a patient at an advanced stage of AD (modified from 

Citron et al., 2001). B) Immunohistochemical staining of TG2 in amyloid plaques isolated 

from the brain of an AD patient. Plaques were treated with a) normal goat serum; b) TG2 

ŀƴǘƛōƻŘȅ ƻǊ Ŏύ !ʲ ŀƴǘƛōƻŘȅ όƳƻŘƛŦƛŜŘ ŦǊƻƳ ½ƘŀƴƎ Ŝǘ ŀƭΦΣ мффуύΦ 
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Overall, these data demonstrate above all that TGs can be considered a good molecular 

marker for AD and that inhibitors of their crosslinking activity may represent a new 

therapeutic approach for AD. It is in fact known that TGs, especially TG2, is activated in AD 

early stages and that its inhibition reduces the formation of protein aggregates in vitro 

(Wilhelmus et al., 2009, Wilhelmus et al., 2014). Moreover it has recently been 

demonstrated that isoform non-selective inhibitors have a neuroprotective effect in rat 

cortical neurons subjected to oxidative stress (Basso et al., 2012). Hence, the inhibition of 

TGs activity could potentially stop the TGs-contribution to disease progression and 

ŦƻǊƳŀǘƛƻƴ ƻŦ !ʲ ŀƴŘ ǘŀǳ ǘƻȄƛŎ ƻƭƛƎƻƳŜǊǎΦ 

Among all this strong evidence, Wolf and colleagues are the only contrary voice; in one of 

their reports they stated that TG2 is not a molecular marker of AD, because neither TG2 

concentration nor transamidation activity were significantly increased in AD brain 

ƘƻƳƻƎŜƴŀǘŜǎ ό²ƻƭŦ Ŝǘ ŀƭΦΣ нлмоύΦ CǳǊǘƘŜǊƳƻǊŜΣ ǘƘŜȅ ŘƛŘƴΩǘ ƻōǎŜǊǾŜ ŀƴȅ Ŏƻ-localisation of 

¢Dн ƛƴ ƴŜƻŎƻǊǘŜȄ ǎŜŎǘƛƻƴǎ ǿƛǘƘ ǘŀǳ ƻǊ !ʲ ŘŜǇƻǎƛǘǎ ό²ƻƭŦ Ŝǘ ŀƭΦΣ нлмоύΦ ¢ƘŜ ŘƛǎŎǊŜǇŀƴŎȅ 

between their results and what is reported in the vast majority of published data is 

probably due to a main limitation in the brain tissue fixation method utilised by Wolf et al., 

which was not ideal for TG2 detection, as is clearly stated by Wilhelmus in a letter to editor 

published in the same journal (Wilhelmus and Drukarch, 2014). Taking all of this into 

account, it is fair to state that TGs may be considered a promising biochemical marker of 

AD. 

 

1.4.3.2 TGs in PD 

tŀǊƪƛƴǎƻƴΩǎ 5ƛǎŜŀǎŜ όt5ύ ƛǎ ŎƘŀǊŀŎǘŜǊƛȊŜŘ ōȅ ŀŎŎǳƳǳƭŀǘƛƻƴ ƻŦ ʰ-synuclein and other proteins 

into insoluble cytoplasmic inclusions called Lewy bodies, which leads to the degeneration 

of melanised, catecholaminergic neurons of the substantia nigra compacta (Watson et al., 

нлмлύΦ ±ŀǊƛƻǳǎ ǇŀǇŜǊǎ ǊŜǇƻǊǘ ǘƘŀǘ ʰ-synuclein is a known target of TGs transamidating 

activity in vitro and in vivo (Andringa et al., 2004, Grosso et al., 2014, Junn et al., 2003) and 

that TG2 protein levels are increased in PD CSF (Vermes et al., 2004) (Table 1.2). Moreover, 

in the substantia nigra of PD brain, TG2 mRNA, protein levels and activity are significantly 

elevated (Andringa et al., 2004, Citron et al., 2002). In addition, TG2 co-immunoprecipitates 

ǿƛǘƘ ʰ-synuclein and they co-localise in Lewy bodies (Citron et al., 2002, Junn et al., 2003). 

The increased levels of TGs-induced crosslinking observed in Parkinson's disease brains 

ƛƳǇƭƛŜǎ ŀ ǇƻǎǎƛōƭŜ ƛƴǾƻƭǾŜƳŜƴǘ ƻŦ ǘƛǎǎǳŜ ¢D ƛƴ ŀƎƎǊŜƎŀǘƛƻƴ ƻŦ ʰ-synuclein into Lewy bodies. 
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Hence, targeting TGs activity might prevent the development of Lewy bodies and Lewy 

neurites, and thus the development of PD (Tarazi et al., 2014, Wilhelmus et al., 2008). 

 

1.4.3.3 TGs in HD 

IǳƴǘƛƴƎǘƻƴΩǎ 5ƛǎŜŀǎŜ όI5ύ ƛǎ ƴŜǳǊƻǇŀǘƘƻƭƻƎƛŎŀƭƭȅ ŎƘŀǊŀŎǘŜǊƛȊŜŘ ōȅ ŜȄǘŜƴǎƛǾŜ ƴŜǳǊƻƴŀƭ ƭƻǎǎ 

in the striatum and cerebral cortex, caused by polyglutamine expansion within the 

huntingtin protein as a result from the elongation of a specific trinucleotide repeat in the 

coding region of the gene, HTT. Mutated huntingtin is cleaved into smaller, toxic fragments 

that bind together and accumulate in neurons, leading to their eventual death. Huntingtin 

is another target of TGs; they were in fact found to be co-localised in intranuclear inclusion 

(Zainelli et al., 2003, Zainelli et al., 2005). TG2 activity is increased in HD brain (Lesort et al., 

1999) and both protein and activity are elevated in HD CSF respect to controls (Jeitner et 

al., 2001, Jeitner et al., 2008) (Table 1.2). In a mouse model of HD (BACHD mice), TG6 

inhibition was shown to increase the levels of insoluble huntingtin aggregates while 

decreasing the more toxic soluble forms, suggesting a possible neuroprotective role 

(Dedeoglu et al., 2002, Karpuj et al., 2002, Mastroberardino et al., 2002). 

 

1.4.3.4 TGs in other NDs 

Even if the majority of data about TGs involvement in neurodegeneration is mainly referred 

to AD, PD and HD, some reports have been published about other form of dementia, albeit 

in a limited amount, e.g. for Progressive Supranuclear Palsy (PSP) and Amyotrophic Lateral 

Sclerosis (ALS). 

PSP is the second most common form of parkinsonian movement disorder after Parkinson 

disease and is characterized neuronal loss, gliosis, tau immunoreactive astrocytes, and 

neurofibrillary tangle (NFT) formation. Elevated levels of TG1 and TG2 protein (especially 

the short isoform), crosslinking activity and mRNA has been observed in PSP brain, while 

TG3 was not detectable (Zemaitaitis et al., 2000, Zemaitaitis et al., 2003).  

The main pathological feature of ALS is the selective degenerative loss of motor neurons in 

the ventral horn, and scarring of lateral fasciculi of the spinal cord. Data about TGs possible 

role in ALS progression is scarce; Fujita et al. showed that TGs ŀŎǘƛǾƛǘȅ ǾŀƭǳŜǎ ƛƴ ǇŀǘƛŜƴǘǎΩ 

serum are higher at the initial stage of the disease, whereas they became extremely low at 

the late stage of ALS (Fujita et al., 1998). Their data suggest that a leakage of TGs from the 

spinal cord into the CSF and then to the blood-stream tissue may happen during the 
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progression of ALS, and that TGs activity results depleted at the terminal stages of the 

disease when most of the spinal motor neuronal perikaryon have been destroyed (Fujita et 

al., 1998). Moreover, recent data show that in a mouse model of ALS, TG2 is involved in the 

aberrant assembly of misfolded superoxide dismutase (SOD1) proteins, hence contributing 

to neuroinflammation and disease progression (Oono et al., 2014). Interestingly, another 

study states that in some cases, the neurologic presentation of a gluten-related disorder 

mimicking ALS might occur in some patients that are seropositive to T6 (Gadoth et al., 2015). 

The concept that antibodies against TG6 may serve as an additional to identify patients 

with gluten sensitivity who may also be at risk for developing a neurological disease, gives 

rise to a completely new perspective to be considered for TGs involvement in 

neurodegeneration (Hadjivassiliou et al., 2008). 
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1.5 Extracellular Vesicles 

Extracellular vesicles (EVs) are a newly emerged mechanism of intercellular communication, 

which has been identified in most organisms, from prokaryotes to plants and higher 

eukaryotes (Yanez-Mo et al., 2015; Gyorgy et al., 2011; Cocucci and Meldolesi, 2015; 

Raposo and Stoorvogel, 2013). EVs consist of a phospholipid bilayer membrane which 

includes a variety of bioactive molecules, such as nucleic acids, lipids and proteins (Fig. 

1.12) (Raposo and Stoorvogel, 2013; Thery et al., 2018). These include membrane proteins 

like tetraspanins (CD63, CD81, CD82, CD53 and CD37) and protein associated with lipid rafts 

(membrane lipid microdomains rich in cholesterol, sphingomyelin and ceramide), such as 

flotillin and glycosylphosphatidylinositol-anchored proteins. Conversely, proteins derived 

from intracellular compartments (e.g. mitochondria, ER and nucleus) should be absent 

(Raposo and Stoorvogel, 2013). 

 

 

CƛƎǳǊŜ мΦмнΥ {ŎƘŜƳŀǘƛŎ ǊŜǇǊŜǎŜƴǘŀǘƛƻƴ ƻŦ ŀƴ 9±Σ ŎŀǊǊȅƛƴƎ ŀ ǾŀǊƛŜǘȅ ƻŦ ƳƻƭŜŎǳƭŜǎΥ ƴǳŎƭŜƛŎ 

ŀŎƛŘǎ ό5b!Σ wb! ŀƴŘ Ƴƛwb!ύΣ ƭƛǇƛŘǎΣ ƭǳƳƛƴŀƭ ǇǊƻǘŜƛƴǎ ό9{/w¢ ŎƻƳǇƭŜȄ ǇǊƻǘŜƛƴǎ ǎǳŎƘ ŀǎ !ƭƛȄ 

ŀƴŘ ¢{DмлмΤ ŜƴȊȅƳŜǎύ ŀƴŘ ǘǊŀƴǎƳŜƳōǊŀƴŜ ǇǊƻǘŜƛƴǎ όǘŜǘǊŀǎǇŀƴƛƴǎΣ aI/ Ŏƭŀǎǎ LΣ I{tD ƭƛƪŜ 

ǎȅƴŘŜŎŀƴǎΣ CƭƻǘƛƭƭƛƴύΦ ¢Ƙƛǎ ƛƳŀƎŜ ǿŀǎ ƎŜƴŜǊŀǘŜŘ ǿƛǘƘ aƻǘƛŦƻƭƛƻ 

όƘǘǘǇǎΥκκǿǿǿΦƳƻǘƛŦƻƭƛƻΦŎƻƳκύΦ 
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EVs cargo molecules are carried from donor to recipient cells, which may be in proximity or 

distant from the source. Indeed, EVs lipid structure is able to protect their contents from 

degradation, allowing the delivery of intact molecules to distant targets (Yanez-Mo et al., 

2015; Cocucci and Meldolesi, 2015). EVs have been detected in the conditioned media of 

many cultured cells, including neurons and glial cells (Fauré et al., 2006; Bianco et al., 2005) 

as well as in vivo, in a variety of body fluids, including CSF, blood, saliva, urines, bile, 

amniotic fluid, seminal fluid and breast milk (Verderio et al., 2012; Raposo and Stoorvogel, 

2013; Yanez-Mo et al, 2015). Given their heterogeneous content and ability to travel 

throughout the body, it is not surprising that EVs would be able to affect biological 

functions both at the physiological and pathological level (Yanez-Mo et al., 2015).  

 

 

1.5.1 Biogenesis 

EVs can be divided in two categories according to their cellular origin: microvesicles (MVs) 

and exosomes. MVs derive from direct shedding of the plasma membrane and present a 

ōǊƻŀŘ ǎƛȊŜ ǊŀƴƎŜΣ ǿƛǘƘ ŘƛŀƳŜǘŜǊǎ ǘƘŀǘ ǊŀƴƎŜ ŦǊƻƳ млл ƴƳ ǳǇ ǘƻ м ˃Ƴ ό/ƻŎǳŎŎƛ ŀƴŘ aŜƭŘƻƭŜǎƛΣ 

2011; Mause and Weber, 2010; Raposo and Stoorvogel, 2013). Exosomes derive from the 

endosomal pathway, and specifically generate within the multivesicular bodies (MBVs), 

which then fuse with the plasma membrane, thus releasing the exosomes in the 

extracellular space. They are smaller than MVs, ranging from 40 to 150 nm in diameter 

(Mause and Weber, 2010; Raposo and Stoorvogel, 2013; Andaloussi et al., 2013).  

Exosomes biogenesis is regulated by a variety of proteins, among which the endosomal 

sorting complex responsible for transport (ESCRT) complex plays a central role (Raposo and 

Stoorvogel, 2013; Andaloussi et al., 2013) (Fig. 1.14). Specifically, they are formed by the 

inward budding of the MVB membrane, where the interaction with the ESCRT complex and 

other associated protein, e.g. programmed cell death 6 interacting protein (PDCD6IP or 

ALIX) and tumour susceptibility gene 101 protein (TSG101) regulates their cargo loading 

(Andaloussi et al., 2013). In some cell types, other molecules are also involved in this 

process independently from ESCRT proteins, such as ceramide, neutral sphingomyelinase 

and small GTPases like RAB27a and RAB27a (Trajkovic et al., 2008; Ostrowski et al., 2010). 

Additionally, the soluble N-ethylmaleimide-sensitive factor attachment protein receptor 

(SNARE) protein Synaptobrevin homolog (YKT6) was also shown to participate in exosomes 

release, mediating the loading of Wnt signalling proteins (Gross et al., 2012) (Fig. 1.13A). 
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On the other hand, the release of MVs is mediated by outward budding and fission of the 

plasma membrane, which has been shown to be facilitated by regulatory proteins like ADP-

ribosylation factor 6 (ARF6), as well as by lipid rafts (Muralidharan-Chiari et al. 2009; 

Cocucci and Meldolesi, 2015) (Fig. 1.13B).  

 

 

Figure 1.13: Biogenesis of EVs and their interactions with target cells (modified from 

Andaloussi et al., 2013). 

 

 

The budding and release of EVs requires the remodelling of the cytoskeleton, involving a 

series of elements such as actin, microtubules, myosins and kinesins (Raposo and 

Stoorvogel, 2013). This process is triggered by multiple factors, among which is the increase 

of [Ca2+]i, as has been shown in mast cells (Raposo et al., 1997) and human erythroleukemia 

cell line (Savina et al., 2005). Literature data report that in some cell types (i.e. microglia, 

macrophages and dendritic cells) MVs release can be induced by ATP-dependent activation 

of the P2X7 purine receptor (Bianco et al., 2005; Cocucci and Meldolesi, 2015), although 

the specific mechanism has not been completely elucidated (Raposo and Stoorvogel, 2013). 

Similarly, even though some of the molecules involved in EVs cargo loading have been 
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identified, the specific mechanisms regulating the sorting process have not yet been wholly 

defined (Raposo and Stoorvogel, 2013; Cocucci and Meldolesi, 2015).  

 

 

1.5.2 Biological functions 

A number of reports have described a role of EVs as mediators of various biological 

processes, including inflammation, neuromodulation, angiogenesis, coagulation and 

tumour progression, where EVs content and consequent effects are dependent on the state 

and nature of the parental cells (Antonucci et al, 2012; Nakano et al, 2015; Rajendran et al, 

2014; Smith et al, 2015). Moreover, EVs have been proposed as molecular markers for 

multiple diseases, including inflammation (Colombo et al., 2012; Verderio et al., 2012), 

neurodegeneration (Goetzl et al., 2015-2019), renal fibrosis (Merchant et al., 2017) and 

cancer (D'Souza-Schorey and Clancy, 2012), and also as possible therapeutic agents or drug 

delivery systems (Ratajczak et al., 2006; Thery et al, 2009; Verderio et al, 2012). Although 

united by some common characteristics, MVs and exosomes are believed to exert distinct 

functions (Cocucci and Meldolesi, 2015; Keerthikumar et al., 2015). 

EVs can deliver their bioactive contents by releasing soluble molecules in the extracellular 

space or by direct contact with the recipient cells (Montecalvo et al., 2012). This would 

likely involve the interaction with adhesion molecules (e.g. integrins, ICAM-1, MHC class II), 

which are expressed of the EVs surface (Andaloussi et al., 2013). After binding, EVs can fuse 

with the cell membrane and transfer their cargo molecules into the recipient cell or 

alternatively be internalised by clathrin-dependent endocytosis, phagocytosis or 

micropinocytosis (Cocucci and Meldolesi, 2015). 

Within the CNS, different cell types have been shown to release EVs, including neurons, 

oligodendrocytes, astrocytes and microglial cells (Bianco et al., 2005; Fauré et al, 2006; 

Doeuvre et al, 2009). EVs have been reported to participate to basic processes such as 

myelin formation, neurite outgrowth and neuronal survival (Raposo and Stoorvogel, 2013) 

and to have a central role in both intra-neuron and glia-neuron communication (Chivet et 

al., 2012; Luarte et al., 2017). For example, the mRNA of Arc, a gene involved in the 

modulation of synaptic plasticity, has been recently shown to be released by neuronal EVs 

and be transferred to recipient neurons (Pastuzyn et al., 2018). MVs derived from microglial 

cells have been shown to affect neurotransmission in vivo by increasing EPSPs currents, 

when injected in a rat visual cortex (Antonucci et al, 2012). Moreover, they were shown to 
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mediate the transfer of pro-inflammatory miRNAs from activated microglia to neurons, 

thus mediating the spreading of inflammatory stimuli and loss of excitatory synapses (Prada 

et al., 2018).  

Furthermore, various proteins involved in the pathogenesis of NDs have been detected in 

9±ǎΣ ǎǳŎƘ ŀǎ !ʲ όwŀƧŜƴŘǊŀƴ Ŝǘ ŀƭΦΣ нллсΤ DƘƛŘƻƴƛ Ŝǘ ŀƭΦΣ нлммύΣ ʰ-synuclein (Emmanouilidou 

et al., 2010), tau/p-tau (Saman et al., 2012; Wang et al., 2017) and prion protein (Fevrier et 

al., 2004). Microglial MVs were shown to mediate the formation and spreading of soluble 

!ʲ ƻƭƛƎƻƳŜǊǎ ǎǘŀǊǘƛƴƎ ŦǊƻƳ ƭŜǎǎ ǘƻȄƛŎ ŦƛōǊƛƭƭŀǊ !ʲ ŦƻǊƳǎ ŀƴŘ ǘƻ ōŜ ƛƴŎǊŜŀǎŜŘ ǘƘŜ /{C ƻŦ 

patients affected by AD (Joshi et al, 2014). On the other hand, neuroblastoma cells-derived 

exosomes were shown to have a neuroprotective effect in vivo ōȅ ǎŜǉǳŜǎǘǊŀǘƛƴƎ ǘƻȄƛŎ !ʲ 

assemblies and thus decreasing the amount of free amyloid neurotoxic species (An et al., 

2013).  

These findings highlight a central role for EVs in both normal and diseased states, revealing 

a new perspective in cell-to-cell communication in the CNS. 

 

 

1.5.3 Nomenclature 

Although EVs are commonly referred to as microvesicles (or ectosomes) and exosomes, a 

recent publication from the International Society of Extracellular Vesicles (ISEV) highlights 

that to date there are not clear markers which can distinguish between the two populations, 

as both dimension and markers quite often partially overlap (Thery et al., 2018). Moreover, 

the technical limitations of EVs isolation techniques do not allow the separation of 

completely pure EVs preparations, hence defining isolated EVs as either MVs or exosomes 

would be incorrect. Therefore, the guideline from the EVs research community is to refer 

ǘƻ ƛǎƻƭŀǘŜŘ ǾŜǎƛŎƭŜǎ ŀǎ άƭŀǊƎŜέ ƻǊ άǎƳŀƭƭέ 9±ǎ ŘŜǇŜƴŘƛƴƎ ƻƴ ǘƘŜƛǊ ǎƛȊŜκŘŜƴǎƛǘȅ ό¢ƘŜǊȅ Ŝǘ ŀƭΦΣ 

2018). In this thesis, the MISEV 2018 guidelines were taken into account, hence vesicles 

ǿŜǊŜ ŘŜŦƛƴŜŘ ŀǎ ŜƛǘƘŜǊ άƭŀǊƎŜ 9±ǎέ ƻǊ άǎƳŀƭƭ 9±ǎέ ŀŎŎƻǊdingly. 
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1.6 General aims 

The aims of this study are to:  

i. investigate the role of extracellular TG2 in neuron-glia cross-talk in the context of 

neurodegeneration, particularly in relation to EVs;  

ii. explore the substrates of TG2 post-translational modification in neurons incubated 

ǿƛǘƘ !ʲ1-42 peptide, a cell model simulating AD pathology;  

iii. evaluate TG2 as a potential marker of dementia in biological samples (plasma and 

primary fibroblasts) from healthy subjects and dementia patients. 
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2.1 Materials 

2.1.1 Cell culture 

2.1.1.1 Reagents 

 

Table 2.1. List of cell culture reagents 

Cell culture reagents Product code Company 
Neurobasal medium 21103049 Fisher Scientific 

B27 supplement 17504044 Fisher Scientific 

EMEM (with glutamine) BE-12-125 Lonza 

RPM1 1640 (with glutamine) BE-12-115 Lonza 

Fetal Bovine Serum (FBS) S1900-500 Biosera 

Penicillin-Streptomycin (10,000units/ml 
penicillin and 10mg/ml streptomycin) 

DE17-602E Lonza 

Trypsin solution (2.5% (v/w) trypsin - 10X) 59427C Sigma 

L-Glutamine solution (200mM - 100X) G7513 Sigma 

EDTA solution 0.5M pH 8.0 3690 Sigma 

G418 Sulphate (potency=800 µg/ml) 345810 Merck 

MEM Non-essential amino acid solution (100X) 13-114E Lonza 

Bovine Serum Albumin (BSA) A8022 Sigma 

Fibronectin F2006 Sigma 

 

2.1.1.2 Plastic wares 

Sterile tissue culture plastic (TCP) wares were supplied by either Sarstedt or Nest.  

Glass coverslips (24 mm Ø) were supplied by ThermoScientific Nunc. 
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2.1.2 Laboratory reagents 

2.1.2.1 Antibodies 

Table 2.2. List of Primary and secondary antibodies used in this study.  

Primary antibody Company Dilutions 

Monoclonal mouse anti TG2 (CUB7402) Thermofisher Scientific 
1:1000 (WB & 

ELISA) 
1:200 (IF) 

Monoclonal mouse anti TG2 (IA12) Sheffield University 
1:1000 (WB) 

1:400 (IF) 

Polyclonal rabbit anti TG2 (ab421) Abcam 1:1000 (WB) 

Monoclonal mouse anti fluorescein Roche 2.5 µg/µl (IP) 

tƻƭȅŎƭƻƴŀƭ Ǌŀōōƛǘ ŀƴǘƛ ʲ-tubulin Abcam 1:10000 (WB) 

Whole serum rabbit anti actin Sigma 1:500 (WB) 

Monoclonal mouse anti flotillin-2 BD Transduction lab 1:5000 (WB) 

Monoclonal mouse anti TSG-101 Abcam 1:1000 (WB) 

Polyclonal rabbit anti Alix Covalab 1:1000 (WB) 

Monoclonal rabbit anti SV2B Synaptic systems 1:1000 (WB) 

Monoclonal mouse anti Syt-1 Synaptic systems 1:1000 (WB) 

Monoclonal mouse anti PSD-95 Neuromab 1:5000 (WB) 

Polyclonal rabbit anti NR2B Alomone 1:1000 (WB) 

Monoclonal rabbit anti VGAT Synaptic systems 1:1000 (WB) 

Monoclonal rabbit anti VGLUT1 Synaptic systems 1:5000 (WB) 

Monoclonal guinea pig anti VGLUT1 Synaptic systems 1:500 (IF) 

Monoclonal rabbit anti SHANK2 Neuromab 1:500 (IF) 

Monoclonal rabbit anti GFAP Dako 1:500 (IF) 

Polyclonal rabbit anti GFAP GeneTex 1:10000 (WB) 

Polyclonal rabbit anti FN (F3648) Sigma 
1:500 (WB) 
1:200 (IF) 

Monoclonal rabbit anti EGFP LifeSpan BioSciences 1:250 (IF) 

Monoclonal mouse anti EGGL Covalab 1:500 (WB) 

Secondary antibody Company Dilution 
Polyclonal Goat anti mouse IgG Horseradish 
Peroxidase (HRP)-conjugated 

Dako 1:2500 (WB) 

Polyclonal Goat anti rabbit IgG HRP-conjugated Dako 1:2500 (WB) 

Sheep anti mouse IgG Alexa-488-conjugated Invitrogen 1:200 (IF) 

Sheep anti rabbit IgG Alexa-555-conjugated Invitrogen 1:250 (IF) 

Sheep anti guinea pig IgG Alexa-633-conjugated Invitrogen 1:250 (IF) 

 

 

2.1.2.2 Chemicals and enzymes 

2.1.2.2.1 Enzymes 

Guinea pig liver Transglutaminase 2 (gplTG2) was from Sigma-Aldrich (T5398, 80% purity) 

or Zedira (T006, 85% purity). 1 mg/ml stock solution in dH2O was aliquoted and stored at -

20oC. Unit of an enzyme activity is 1.5 U/mg. Inactive human TG2, carrying the Cys(277)Ser 
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mutation in the catalytic core, was from Zedira (T018, 95% purity). Apyrase was from Sigma 

(500 U/ml) and used at 30 U/ml. 

 

2.1.2.2.2 Chemicals 

Table 2.3. List of chemicals and reagents used in this study. 

Chemicals Company Catalogue no 
1,4-Dithiothreitol (DTT) Melford MB1015 

3,3,5,5-tetramethylbenzidine (TMB) Sigma T9281 

Agarose (powder) Web Scientific AGR100 

!ƳŀȄŀ bǳŎƭŜƻŦŜŎǘƻǊϰ Lonza VCA1003 

Ammonium persulphate Sigma A0502 

Ampicillin Sigma-Aldrich A9518 

APV Tocris 0106/1 

Apyrase Sigma A6535 

!ʲ м-42 Anaspec ANA20276 

Bicuculline Tocris 0130/50 

Biotin Cadaverine Sigma A5348 

BOCDON Zedira B003 

Bovine Serum Albumin (BSA) Sigma A4503 

Bradford reagent Sigma B6916 

Bromophenol blue Sigma B5525 

Cadmium Sigma 202908 

Calcium chloride Sigma C3881 

CNQX Tocris 0190/10 

Dimethly sulfoxide(DMSO) Sigma D2438 

DNA ladder (100bp) Promega G2101 

dNTPs mix Promega U1511 

Ethanol (Nuclease-free) Sigma D7023 

Ethidium Bromide Sigma 1510 

Ethylenediaminetetraacetic acid (EDTA) Sigma EDS 

9ȄǘǊ!ǾƛŘƛƴϯҍtŜǊƻȄƛŘŀǎŜ Sigma E2886 

EZ-Chemiluminescence HRP-Detection Kit Geneflow K1-0170 

Fibronectin from human plasma Sigma F1056 

First strand buffer, 5X Invitrogen 18064-014 

Fluorescein isothiocyanate (FITC) Cadaverine Invitrogen A10466 

Glacial Acetic Acid Fisher A360OB17 

Glycerol Sigma G5516 

Glycine Melford G0709 

Hydrogen peroxide H2O2 Sigma H1009 

ƛvϰ {¸.wϯ DǊŜŜƴ {ǳǇŜǊƳƛȄ Biorad 170-8880 

Isopropanol Fisher P749017 

LB Broth Lennox Fisher Scientific BP1427 

Loading Dye (Blue/Orange)     
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Chemicals Company Catalogue no 
Methanol Fisher M40017 

bΣbΣbΣb-Tetramethylethylenediamine 
(TEMED) 

Sigma T9281 

Nickel Sigma 339350 

Nifedipine Sigma N7634 

Nitrocellulose membrane Biorad 1620115 

Phosphatase Inhibitor Cocktail 2 Sigma P5726 

Phosphate-Citrate Buffer with Urea Hydrogen 
Peroxide 

Sigma P4560 

Ponceau S Sigma P3504 

Potassium Chloride (KCl) Sigma P9541 

Potassium dihydrogen phosphate Sigma P5504 

Prestained Prism Ultra Protein Ladder (10-
245kDa) 

Abcam ab116028 

Protease inhibitor cocktail Sigma P8340 

Protogel - 30% Acrylamide/ 
Bisacrylamidesolution (37.5:1 ratio) 

Geneflow A2-0072 

QIAGEN Plasmid Midi Kit Qiagen 12143 

Random primers Promega C1181 

Sodium Chloride (NaCl) Sigma S7653 

Sodium Deoxycholate Sigma D6750 

Sodium Dodecyl Sulphate (SDS) Melford B2008 

Sodium Hydroxide (NaOH) Fisher 10010650 

Sodium Phosphate Dibasic Heptahydrate 
(Na2HPO4) 

Melford S2317 

Sulphuric acid (H2SO4) Fisher 59160PB 

SuperScript® (II) Reverse Transcriptase Invitrogen 18064-014 

Tetrodotoxin (TTX) Tocris 1078/1 

Triton-X100 Sigma X100 

Trizma Base / TRIS (Tris (hydroxymethyl) 
aminomethane) 

Melford B2005 

Tween® -20 Sigma P1379 

VECTASHIELD® Mounting Medium Vectorlab H-1000 

VECTASHIELD® Mounting Medium with DAPI Vectorlab H-1200 

YM-244769  Tocris 4544/10 

ZDON Zedira Z006 

-̡Mercaptoethanol or 2-ME Sigma M3148 
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2.1.3 Laboratory equipment 

Table 2.4. List of laboratory equipment. 

Instrument Company 
ALC 4227 R Centrifuge (ALC 5690 rotor) ALC 

!ƳŀȄŀ bǳŎƭŜƻŦŜŎǘƻǊϰ 5ŜǾƛŎŜ Lonza 

Avanti J-301 high performance centrifuge Beckman Coulter 

Axopatch 200 B amplifier Axon Instrument 

Brown-Flaming P-97 puller Sutter Instrument 

CCD Imago-QE camera  TILL Photonics 

Corbett Rotor-DŜƴŜϰ сллл Qiagen 

Eppendorf refrigerated centrifuge 5417R Eppendorf 

GeneGenius system with UV transilluminator Syngene 

GyroStir 280H Magnetic Hotplate Stirrer  Sciquip 

Harrier 18/80 Centrifuge Sanyo 

iMark microplate reader Biorad 

Heating Block QBT4 Heating block 

Inverted microscopr Axiovert 100, Zeiss 

LAS4000 imaging system GE Healthcare 

Leica SP5 confocal microscope Leica 

Mini PROTEAN® Gel casting system  Bio-Rad 

Mini PROTEAN® Tetra Cell  Bio-Rad 

NanoDrop® 8000 Thermoscientific 

bŜǿ .ǊǳƴǎǿƛŎƪϰ 9ȄŎŜƭƭŀϯ 9нрw ƛƴŎǳōŀǘƻǊ ǎƘŀƪŜǊ Eppndorf 

Polarstar Optima Luminometer  BMG Labtech 

Powerpack Bio-Rad 

Soniprep 150 sonicator MSE 

Stuart shaking incubator Geneflow 

TC 3000X Thermocycler Techne 

Triple TOF 5600+  Sciex 

Ultra Turrax T25 homoginiser Merck 

Water bath SUB14 Grant 

Zetaview PMX 120 Particle Metrix 
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2.2 Methods 

 

2.2.1 Cell cultures and culture growth conditions 

2.2.1.1 Hippocampal neurons primary culture (standard) 

Primary hippocampal neurons were obtained from the hippocampi of 18-days-old fetal 

Sprague Dawley Rats (Charles River Italia) as described by Banker and Cowan et al., 1977. 

Briefly, after animal sacrifice and brains extraction, cerebral hemispheres were dissected, 

the meninges were removed, and the isolated hippocampi were maintained at 4°C in sterile 

conditions. Hippocampi were then subjected to enzymatic digestion with 0.25% trypsin for 

15 minutes at 37°C. After mechanical dissociation and counting, cells were plated on poly-

L-lysine-treated (PLL, 1mg/ml, Sigma Aldrich) glass coverslips (24 mm Ø) at 38,000-40,000 

cells/cm2 density and maintained in Neurobasal Medium (Invitrogen) supplemented with 

2% B27 (Invitrogen), L-DƭǳǘŀƳƛƴŜ лΦр Ƴa όDƛōŎƻύΣ ƎƭǳǘŀƳŀǘŜ мн ˃a ό{ƛƎƳŀ!ƭŘǊƛŎƘύΣ 

Penicillin/Streptomycin 1% (Gibco) at 37°C in a humidified incubator with 5% CO2. Culture 

medium was partially replaced (50%) with glutamate-free medium at 3 days-in-vitro (3 DIV). 

These preparations have been used for immunofluorescence and TG activity in situ assays 

(Chapter 3), all calcium imaging and electrophysiology experiments (chapter 4) and mass 

spectrometry (chapter 5). 

 

2.2.1.2 Astrocytes and microglia primary culture (standard) 

Primary mixed glial cultures, containing both astrocytes and microglia, were obtained from 

embryonic rats (18-days-old embryos) as described by Calegari et al., 1999. Cortices 

underwent a double enzymatic digestion with 0.25% trypsin and DNAse 1.25% (10 mg/ml) 

for 15 minutes at 37oC. In order to remove not dissociated tissue, the supernatant obtained 

after digestion was filtered through an 80 µm nytex membrane (Millipore) and then 

centrifuged at 800 rpm for 10 minutes. The supernatant was discarded, and the pelleted 

cells were resuspended, counted and plated on PLL-treated (10 µg/ml, Sigma-Aldrich) T75 

flasks at 1x106 cells/flask density, grown in MEM (Invitrogen Life Technologies) 

supplemented with 20% FBS (Fetal Bovine Serum, Gibco), Glucose 5.5 g/L (Sigma-Aldrich), 

Penicillin/Streptomycin 1% (Gibco) and maintained at 37oC and 5% CO2.  

Purified microglial cultures were harvested by shaking for 30 minutes 10-14-days-old glial 

cultures and re-plated onto poly-D,L-ornithine-coated (Sigma-Aldrich) 60mm or 100mm 

tissue culture dishes (at a final concentration of 50 µg/ml) and maintained in the same 
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medium. After shaking glial cells at 200-210 rpm, the medium was collected and 

centrifuged at 300xg for 10 minutes. The pellet was resuspended and used within 2 days. 

After orbital shaking, the 10-14-days-old glial cultures contained a pure astrocyte 

monolayer. 

These preparations have been used for astrocytes characterisation (Chapter 3) and calcium 

imaging experiments with astrocytic EVs (Chapter 4). 

 

2.2.1.3 Hippocampal neurons and astrocytes primary culture ς BrainBits protocol 

Embryonic rat tissues purchased from BrainBits were processed according to their 

recommended protocol, with some modifications. Specifically, hippocampi (E18 Rat 

Hippocampus kit) and cortices (E18 Rat cortex kit) shipped in Hibernate EB media (HEB) 

were transferred in a cell dissociation solution containing 2mg/ml papain in HE media 

without calcium. Tissues were gently mixed, placed in a 30oC water bath for 10 minutes 

and then returned to the vial containing HEB media for mechanical dispersion using a glass 

pasteur pipette. After letting undispersed pieces settle for 1 min, the supernatant 

containing dispersed cells was transferred to a sterile tube and centrifuged at 200 x g for 1 

min at room temperature. The supernatant was discarded and pelleted cells were 

resuspended in either Neurobasal or EMEM complete media as described in sections 

нΦнΦмΦм ŀƴŘ нΦнΦмΦнΦ /Ŝƭƭǎ ǿŜǊŜ ŘƛƭǳǘŜŘ мΥн ǿƛǘƘ ǘǊȅǇŀƴ ōƭǳŜΣ ŎƻǳƴǘŜŘ ǳǎƛƴƎ ŀ ¢/нлϰ 

Automated Cell Counter (BioRad), plated on PLL coated surfaces and maintained at 37oC in 

a humidified incubator with 5% CO2. At 3 DIV, 50% of the hippocampal neurons medium 

was changed with fresh complete Neurobasal medium without glutamate. 

These preparations have been used for cell surface activity assays and EVs isolation from 

astrocytes (Chapter 3). 

 

 

2.2.1.4 Primary human fibroblasts and plasma 

2.2.1.4.1 Ethical approval 

Biological samples were collected after obtaining informed consensus from all subjects, 

according to IRCCS-Fatebenefratelli ethical committee. Ethical approval for the shipment 

and analysis of human samples for this project was obtained on 10 November 2015 from 

the IRCCS-Fatebenefratelli ethical committee and on 15 March 2016 from the College of 

Science and Technology Ethical committee (human) at Nottingham Trent University. 
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Shipment of frozen primary fibroblasts and plasma was carried out in dry ice and samples 

were stored in a -80oC freezer until use. 

 

2.2.1.4.2 Power calculations 

Supported by literature data on CSF and brain tissues of patients with AD and other 

neurodegenerative diseases (PD, HD, progressive supranuclear palsy) (Citron et al., 2001; 

Kim et al., 1999), we determined that TG2 concentration, activity and expression levels are 

increased of about 2-3-fold (200-300%) in pathological conditions compared to healthy 

subjects. Specifically, TG activity and mRNA were shown to be 1.5-8-fold higher in AD brain 

samples compared to normal (Citron et al., 2001) and isopeptide concentration was 4.7-

fold higher in CSF of AD patients compared to healthy subjects (Nemes et al., 2001). 

Therefore, we calculated the sample size necessary to perform a statistically significant 

measure using a 2-fold variation with respect to the control condition. Specifically, the 

calculation was made by considering that the mean average value and standard deviation 

(SD) of TG2 activity in a control group were equal to about 22±11 µU/mg (the reference 

values are referred to serum samples and were deduced from Ahn et al., 2015), and 

defining as significant a variation (increase) equal to 200%, together with the precautionary 

hypothesis that the SD of the experimental group would be equal to that of the control 

group (i.e. with a SD / average coefficient of variation = 0.5). A two-tailed test for 

independent samples (with alpha 0.05 and power 80%) was applied, which indicated that 

a minimum sample size of 10 subjects would be necessary to observe a significant variation. 

Therefore, a sample size of 10 and 15 subjects per group, for fibroblasts and plasma 

respectively, was considered sufficient to measure a statistically significant variation for the 

selected variables. 

 

2.2.1.4.3 Primary fibroblasts culture 

Skin fibroblasts primary cultures were selected from the tissue repository of the IRCCS-

Fatebenefratelli, National Centre for Alzheimer's and Mental Diseases (Brescia, Italy). Cells 

were established from skin biopsies as previously described (Govoni et al., 1993), grown on 

TCP and maintained in EMEM supplemented with 10% FBS, 2 mM L-Glutamine, 1% 

Penicillin/Streptomycin and 1% MEM Non-essential amino acid solution. 
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2.2.1.4.4 Plasma samples 

Blood samples were collected according to standard procedures in tubes containing 3.2% 

sodium citrate anticoagulant. Tubes were centrifuged 5 minutes at 1000xg within 30 

minutes from collection and plasma was removed (upper phase), supplemented with 

serine-proteases (4-(2-aminoethyl)benzenesulfonyl fluoride hydrochloride, AEBSF) and 

split in 250 µl to be stored at -80oC. 

 

2.2.1.5 Cell passaging and counting 

Confluent cell monolayers were first washed once with sterile PBS pH 7.4 (137mM NaCl, 

2.7 mM KCl, 10 mM Na2HPO4 and 1.8mM KH2PO4, pH 7.4) and incubated for 5 minutes at 

37°C with a trypsin-EDTA solution [0.25% (w/v) trypsin, 2 mM EDTA in PBS, pH 7.4]. Cells 

were then detached by gentle tapping and at least two volumes of complete medium were 

added to inactivate trypsin. Cell suspensions were centrifuged at 300xg for 5 minutes and 

pelleted cells were re-suspended in complete medium (volume variable according to the 

pellet size) and plated in new flasks containing fresh culture medium at the desired dilution. 

When a specific number of cells was necessary for performing an experiment, cell 

suspensions were counted either manually with an Improved Neubauer Chamber 

haemocytometer of 0.1 mm thickness (HAE2112, Scientific Laboratory Supplies) or with a 

¢/нлϰ !ǳǘƻƳŀǘŜŘ /Ŝƭƭ /ƻǳƴǘŜǊ ό.ƛƻwŀŘύΦ CƻǊ Ƴŀƴǳŀƭ ŎƻǳƴǘƛƴƎΣ мл˃ƭ ƻŦ ŎŜƭƭ ǎǳǎǇŜƴǎƛƻƴ 

were loaded into the chamber and cells were counted under the microscope at 10x 

magnification. The values from at least three 4x4 quadrants were averaged and the number 

of cells per ml was calculated by multiplying the average value by 104. For primary neurons, 

cell suspension was diluted 1:2 in trypan blue before loading in the automated cell counter. 

 

2.2.1.6 Mycoplasma detection and treatment 

Detection of mycoplasma was performed for primary human fibroblasts one week after the 

first plating and then routinely every 2-3 months. Each newly thawed cell aliquot was kept 

in an apposite incubator and only moved together with other primary human cells lines 

after testing negative for mycoplasma contamination. One ml of conditioned media was 

taken from cells at least 48 hours after the last media change and centrifuged briefly at 

200xg to pellet cells and debris in suspension. Supernatants were transferred in fresh tubes 

and centrifuged at 20,000xg 10 minutes. Pellets were then resuspended in 25 µl of sample 

buffer from the EZ-PCR Mycoplasma Test Kit (Biological Industries), boiled for 3 minutes at 
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97oC in a heating block and either stored at -20oC or analysed immediately by PCR following 

ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛnstructions. Briefly, 2.5 µl of test sample were mixed with 5 µl of reaction 

buffer and 17.5 µl of dH2O, placed in a conventional thermocycler (Techne, TC3000X) with 

the following program: 

Initial Denaturation 94°C   30 secs 

Denaturation 94°C   30 secs 

Annealing 60°C 120 secs  35 cycles   

Extension 72°C   60 secs 

Denaturation 94°C   30 secs 

Annealing 60°C 120 secs  last cycle 

Final extension 72°C     5  min.  

A positive and negative control were always included. Amplified products were then 

analysed by agarose gel electrophoresis: samples were loaded in a 2% (w/v in TAE) agarose 

gel containing 1X SYBR Safe (Invitrogen) and run at constant voltage (120V) for 20 minutes. 

Gels were then placed in a UV transilluminator (Syngene) to visualised amplified bands. 

Samples positive to mycoplasma contamination presented a 270bp band. Contaminated 

cells were treated with BIOMYC-1 and 2 antibiotic solutions (Biological Industries) for 3 

cycles following instructions. Cells were monitored once every week during treatment with 

the EZ-PCR Mycoplasma Test Kit, and treatment was stopped after the cells tested negative 

for contamination. 

 

2.2.2 Immunofluorescence staining (IF) 

2.2.2.1 IF of primary neurons and astrocytes 

Primary neurons and astrocytes plated on PLL-treated glass coverslips were fixed in 4% 

paraformaldehyde - 4 % sucrose (w/v) for 10 and 20 minutes respectively, washed 3 times 

with PBS, followed by 3 washes with a low salts solution (LS: 150 mM NaCl, 10 mM NaH2PO4, 

10 mM Na2HPO4) and high salts solution (HS: 500 mM NaCl, 20 mM NaH2PO4, 20 mM 

Na2HPO4), 5 minutes each. Coverslips were then blocked 20 minutes with Goat Serum 

Dilution Buffer (GSDB: 3% goat serum, 0.9 M NaCl, 40 mM NaH2PO4, 40 mM Na2HPO4) 

containing Triton-X100 (0.6% v/v) for permeabilisation, or without Triton-X100 for non-

permeabilised cell staining. Primary antibodies were diluted in GSDB and incubated 1 h at 

room temperature or overnight (15 hours) at 4oC. After 3 washes with HS solution, 

secondary antibodies were diluted in GSDB and incubated 1 hour at room temperature. 
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Coverslips were then washed 3 times with HS solution, 3 times with LS solution, of which 

one containing either DAPI or Hoechst for nuclear staining and mounted on microscope 

slides using mounting medium (DAKO). Cells were visualised by laser scanning Leica SP5 

confocal microscope using 63X oil immersion objective. Successive serial optical sections 

(0.5 µm) were recorded over 5 µm planes and either the middle z-stack or maximum 

projection were selected for quantification. Fluorescence intensity and co-localisation were 

estimated using the Leica LAS AF Lite software or ImageJ software. For the study of TG2 

localisation at neuronal synapses, TG2 and VGLUT1 (or SHANK2) double-positive puncta 

were revealed by generating a TG2/VGLUT1 (or TG2/SHANK2) double-positive image. A 

fixed threshold was then set in the double-positive image and the number of TG2-positive 

puncta was measured and normalized to total number of VGLUT1 puncta or SHANK2 

puncta to obtain the fraction of TG2 positive presynaptic or postsynaptic sites (Pravettoni 

et al., 2000). 

 

2.2.2.2 IF of primary fibroblasts 

Primary fibroblasts were plated in 8-well chamber slide (0.05 x 106 cells/well), washed with 

PBS pH 7.4 and fixed in 3% paraformaldehyde (w/v in PBS) for 8 minutes at room 

temperature. Cells were then washed 3 times with PBS, followed by permeabilisation with 

Triton-X100 (0.1% v/v in PBS) for 15 minutes and blocking in 3% BSA (w/v in PBS) 30 minutes 

at 37oC. Primary antibodies were diluted in blocking buffer and incubated overnight (15 

hours) at 4oC. After 3 washes with PBS, secondary antibodies were diluted in blocking buffer 

and incubated 1 hour at room temperature. Cells were finally washed 3 times with PBS and 

mounted using Vectashield mounting medium containing DAPI for nuclear staining 

(Scarpellini et al., 2009). Cells were visualised by laser scanning Leica SP5 confocal 

microscope using 63X oil immersion objective as described above. 

 

2.2.3 Western blotting 

2.2.3.1 Sample preparation 

Neurons plated on two PLL-coated glass coverslips for each condition were lysed in hot lysis 

buffer (1% w/v SDS, 2 mM EDTA, 10 mM Tris-HCl pH 7.4, proteases inhibitors 1X), diluted 

in 5x-Laemmli buffer in reducing conditions, incubated in a boiling water bath for 5 minutes 

and stored at -80oC. No quantification of the lysate was performed in this case before 

loading on acrylamide gels. 
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Primary fibroblasts (80-90% confluent) and astrocytes were washed with PBS pH 7.4 and 

harvested by cell scraping or trypsinisation. Cell pellet was collected by centrifugation at 

300xg for 5 min and re-suspended in 100-рлл ˃ƭ ƻŦ wLt! ōǳŦŦŜǊ όнр Ƴa ¢Ǌƛǎ-HCl pH 7.2, 150 

mM NaCl, 1 mM EDTA, 0.5% Na-deoxycholate, 1% NP-40/IGEPAL, 0.1% SDS, proteases 

inhibitors 1X). Cells were incubated 15 minutes at 4oC and sonicated on ice (3 repetitions 

for 5 seconds, 1 minute hold in between) using a probe sonicator. Lysates were incubated 

for 20 minutes on ice, then centrifuged at 1000xg for 5 minutes at 4oC to remove un-lysed 

material. The pellet was discarded and supernatants (cell total lysates) were immediately 

quantified and then diluted in 6X Laemmli buffer (250mM Tris-HCl pH 6.8, 40% (v/v) 

glycerol, 8% (v/v) Sodium Dodecyl Sulphate (SDS), 20% (w/Ǿύ ʲ-mercaptoethanol, 0.008% 

(w/v) bromophenol blue), boiled 10 minutes at 97oC in a heating block and either stored at 

-80oC or loaded on gel. 

 

2.2.3.2 Protein quantification 

2.2.3.2.1 Preparation of bovine serum albumin (BSA) standard curve 

A standard curve of known protein concentrations was prepared by serial dilution of bovine 

serum albumin (BSA) to 1, 0.75, 0.5, 0.25, 0.125 and 0 mg/ml (blank) in respective sample 

buffer. 

 

2.2.3.2.2 Bicinchoninic acid (BCA) protein quantification assay 

BCA quantification assay was performed using a commercially available BCA quantification 

assay reagent kit (Sigma). BCA working solution was prepared immediately before use by 

combining Reagent A [1% (w/v) BCA, 2% (w/v) Na2CO3, 0.16% (w/v) NaK tartrate, 0.4% (w/v) 

NaOH, 0.95% (w/v) NaHCO3] and Reagent B [4% (w/v) CuSO4ϐ ƛƴ рлΥм ǇǊƻǇƻǊǘƛƻƴΦ нр ˃ƭ ƻŦ 

samples (in triplicates) or BSA standards (0-1 mg/ml) (in duplicates) were incubated with 

нлл ˃ƭ ƻŦ ./! ǿƻǊƪƛƴƎ ǎƻƭǳǘƛƻƴ ƛƴ ŀ фс-well plate. The plate was incubated 30 minutes at 

37oC in the dark and the absorbance was measured at 595 nm using a plate reader 

(spectrophotometer). The unknown sample concentration was obtained by plotting the 

absorbance values on the BSA standard curve of known protein concentration. 

 

2.2.3.2.3 Bradford protein quantification assay 

Bradford quantification assay was performed using the commercially available Bradford 

ǊŜŀƎŜƴǘ ό{ƛƎƳŀύΦ р ˃ƭ ƻŦ ǎŀƳǇƭŜǎ όƛƴ ǘǊƛǇƭƛŎŀǘŜǎύ ƻǊ .{! ǎǘŀƴŘŀǊŘǎ όл-1 mg/ml) (in duplicates) 
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ǿŜǊŜ ƛƴŎǳōŀǘŜŘ ǿƛǘƘ нрл ˃ƭ ƻŦ .ǊŀŘŦƻǊŘ ǊŜŀƎŜƴǘ ƛƴ ŀ фс-well plate. The plate was incubated 

20 min at room temperature in the dark and the absorbance is measured at 595 nm using 

a 96-well plate reader (spectrophotometer). The unknown sample concentration was 

obtained bas explained above.  

 

2.2.3.3 SDS - polyacrylamide gel electrophoresis (SDS-PAGE) 

SDS- PAGE gels 1.5mm thick were prepared manually using the Mini PROTEAN® gel casting 

system (Bio-Rad, UK). A 10-12% gel solution (prepared as described in Table 2.5) was 

poured into Mini PROTEAN III glass plates closely stacked together, with the addition of 1 

ml of 100% (v/v) isopropanol on top, then allowed to polymerise. Isopropanol was 

ŘƛǎŎŀǊŘŜŘ ŀƴŘ ǘƘŜ ƎŜƭΩǎ ǘƻǇ ǊƛƴǎŜŘ ǿƛǘƘ ŘI2O. Then 4% (w/v) acrylamide/bis-acrylamide 

stacking gel was prepared as described in Table 2.6 and added unto the polymerised 

resolving gel, with the addition of a 10-well comb. The gel was left 15-20 minutes to 

polymerise and then moved in an electrophoresis chamber.  

 

Table 2.5. Composition of SDS-PAGE resolving gel with different percentage of acrylamide 

(2 gels). 

 
±ƻƭǳƳŜ όƳƭύ 

{ǘƻŎƪ ǎƻƭǳǘƛƻƴ мл҈ мн҈ 

ол҈ tǊƻǘƻƎŜƭ όол҈ ŀŎȅƭŀƳƛŘŜκōƛǎŀŎǊȅƭŀƳƛŘŜ ǎƻƭǳǘƛƻƴ π отΦрΦм 
Ǌŀǘƛƻύ 

6.7 ml 8.0 ml 

п· tǊƻǘƻƎŜƭ ǊŜǎƻƭǾƛƴƎ ōǳŦŦŜǊ όмΦрƳa ¢ǊƛǎπI/ƭΣ лΦп҈ {5{Σ ǇI уΦуύ 5.0 ml 5.0 ml 

5ƛǎǘƛƭƭŜŘ ǿŀǘŜǊ 8.3 ml 6.8 ml 

мл҈ όǿκǾύ ŀƳƳƻƴƛǳƳ ǇŜǊǎǳƭǇƘŀǘŜ ό!t{ύ 200 µl 200 µl 

bΣbΣbΣbπ¢ŜǘǊŀƳŜǘƘȅƭŜǘƘȅƭŜƴŜŘƛŀƳƛƴŜ ό¢9a95ύ 30 µl 30 µl 
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Table 2.6.Composition of SDS-PAGE stacking gel (2 gels) 

 ±ƻƭǳƳŜ όƳƭύ 

{ǘƻŎƪ ǎƻƭǳǘƛƻƴ р҈ 

ол҈ tǊƻǘƻƎŜƭ όол҈ ŀŎȅƭŀƳƛŘŜκōƛǎŀŎǊȅƭŀƳƛŘŜ ǎƻƭǳǘƛƻƴ ŀǘ Ǌŀǘƛƻ ƻŦ отΦрΦмύ 1.5 ml 

п· tǊƻǘƻƎŜƭ ǎǘŀŎƪƛƴƎ ōǳŦŦŜǊ όмΦрƳa ¢ǊƛǎπI/ƭΣ лΦп҈ {5{Σ ǇI уΦуύ 2.3 ml 

5ƛǎǘƛƭƭŜŘ ǿŀǘŜǊ 5.1 ml 

мл҈ όǿκǾύ !ƳƳƻƴƛǳƳ ǇŜǊǎǳƭǇƘŀǘŜ ό!t{ύ 90 µl 

bΣbΣbΣbπ¢ŜǘǊŀƳŜǘƘȅƭŜǘƘȅƭŜƴŜŘƛŀƳƛƴŜ ό¢9a95ύ ό{ƛƎƳŀύ 13 µl 

 

Samples, prepared as described in section 2.2.3.1, and 2.5ul of pre-stained protein ladder 

(prism ultra-protein ladder - Abcam) with known molecular weights (MW) were loaded into 

the gel placed in the appropriate buffer tank filled with electrophoresis buffer (25mM Tris-

HCl, 192mM glycine, 0.1% (w/v) SDS). Protein separation via electrophoresis was 

performed by applying constant voltage of 110 V until the samples reached below the 

stacking gel, then of 150 V until the dye front reached the bottom of the gel. Gels were 

removed from the chamber and either prepared for transfer or stained with InstantBlue 

(Blue Coomassie stain) for 1 hour at RT and decolouration with water. 

 

2.2.3.4 Transfer 

Following separation of protein by SDS-PAGE, proteins were transferred from gel to a 

nitrocellulose membrane (0.45um pore size, GE Healthcare, UK) using the Mini Trans-Blot® 

western blotting system (Bio-Rad). A sandwich was assembled starting from the negative 

electrode side as follows: fibre pad, 2 Whatman® cellulose chromatography paper squares, 

polyacrylamide gel, nitrocellulose membrane, 2 filter papers and final fibre pad touching 

the positive electrode side. All parts were soaked in Transfer buffer before assembling 

(48mM Tris, 39mM Glycine, 0.0375% (w/v) SDS, 20% (v/v) Methanol). The sandwich, closed 

in the appropriate chamber, was then immersed into a tank filled with cold transfer buffer, 

together with an ice pack, and run at constant current (180 mA) for 70 minutes. 

 

2.2.3.5 Ponceau red staining 

In order to visualise proteins on the nitrocellulose membranes, a red Ponceau S staining 

was used (0.1% w/v Ponceau S, 5% v/v glacial acetic acid). Membranes were immersed in 

the ponceau red solution for 5-10 minutes, washed with water to remove excess staining 
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and photographed for record. The protein staining was completely removed before 

blocking by washes with TBS-T (25mM Tris-HCl, 150mM NaCl, 2mM KCl, 0.1% (v/v) Tween-

20). 

 

2.2.3.6 Blocking and Immunoprobing 

The membranes were then blocked to prevent non-specific binding of the antibodies in 

following steps. Blocking was performed by 1 hour shaking at room temperature with 

blocking buffer (5% (w/v) fat-free milk powder dissolved in TBS-T). Membranes were then 

incubated with appropriate primary antibody diluted in blocking buffer (as described in 

Table 2.2), and kept at 4°C shaking for 15 hours. On the next day, primary antibody was 

removed, followed by 3 washes with TBS-T (about 10 minutes each) and corresponding 

secondary antibody HRP-conjugated diluted in blocking buffer (as described in Table 2.2) 

was added, shaking at room temperature for 2 hours. The membranes were washed again 

with TBS-T as before and viewed using enhanced chemiluminescence. 

 

2.2.3.7 Enhanced Chemiluminescence (ECL) 

Detection of immunoreactive band was performed by using the ECL detection systems: EZ-

ECL substrate (Geneflow) or SuperSignal West Femto Maximum Sensitivity Substrate 

(Thermo Scientific). Both systems require for reagent A and B to be mixed in equal volumes, 

left in the dark for 5 minutes and then applied on the membranes (facing upwards) for at 

least 1 minute, already placed on a tray in the LAS4000 imaging system. Images were 

acquired using the LAS software, with a range of exposure time from 10 seconds to a 

maximum of 16 minutes (increment feature). 

 

2.2.3.8 Stripping and re-probing 

In order to re-probe and investigate the expression levels of different proteins on the same 

membrane, nitrocellulose membranes were stripped with 0.5 M NaOH shaking for 8 

minutes at room temperature and rinsed with TBS-T three times (5 minutes each). For re-

probing, membranes were processed as described in section 2.2.3.6 starting from the 

blocking step.  
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2.2.3.9 Densitometry analysis  

The quantification of the immuno-reactive bands intensities was carried out with the AIDA  

2-D Densitometry (Advanced Image Data Analyzer) software, version 3.44. The formula 

used to calculate the intensity of bands against loading control was as follows: 

Normalised protein expression = Intensity/Area-bkg [a.u. / mm2] of protein of interest 

                                                            Intensity/Area-bkg [a.u. / mm2] of loading control 

With bkg = background. 

Normalised protein expressions were then further normalised to one control in each blot, 

to allow the comparison of blots performed at different times. 

 

2.2.3.10 Dot blot 

The dot blot technique was used to analyse EGGL crosslinks, as the dimension of protein 

aggregates was not conducive of using electrophoresis separation. Samples, either EGGL 

crosslinks generated in vitro or plasma diluted as indicated in relative figure legends, were 

ǎǇƻǘǘŜŘ ŘƛǊŜŎǘƭȅ ƻƴ ŀ ƴƛǘǊƻŎŜƭƭǳƭƻǎŜ ƳŜƳōǊŀƴŜ όр ˃ƭ ǇŜǊ ǎǇƻǘύΣ ŀƭƭƻǿŜŘ ǘƻ ŘǊȅ ŀǘ w¢ ŦƻǊ ŦŜǿ 

minutes and then processed as per classic western blotting (as described from section 

2.2.3.4). 

 

2.2.4 Crude synaptosomes preparation 

Two adult mouse cortexes (kindly provided by Nottingham Trent University animal unit) 

were homogenised in 10 mL of cold SHE buffer (4 mM HEPES pH 7.3, 320 mM sucrose, 1 

mM EGTA, protease inhibitors), using a glass-Teflon homogenizer on ice. Brain 

homogenates were then centrifuged at 1,000xg for 10 minutes at 4oC to obtain the Low 

speed supernatant (LSS). The pellet was discarded, while a part of LSS was saved for analysis 

(about 500 µl), while the rest was transferred to a new tube and centrifuged at 12,500xg 

for 20 minutes at 4oC to obtain the crude synaptosomes (pellet). Pelleted synaptosomes 

were washed once in SHE (10 mL/brain) and centrifuged again at 12,500xg for 20 minutes 

at 4oC. The final pellet (crude synaptosomal fraction) was resuspended in 1 ml SHE buffer, 

quantified by BCA and analysed by western blotting as described in section 2.2.3. 
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2.2.5 Transglutaminases activity assays 

2.2.5.1 In situ TGs activity assay 

In situ activity levels of TGs were visualised through incorporation of amine substrate 

fluorescein cadaverine (FITC-cad) as previously described (Verderio et al., 1998), with minor 

modifications. Briefly, cells plated on either coverslips (for primary rat neurons) or chamber 

slides (for primary human fibroblasts) were incubated with 0.4 mM FITC-cad in medium for 

8 or 16 hours at 37oC in a humidified incubator with 5% CO2. Additional treatments are 

stated for each specific experiment in the respective descriptions and figure legends. 

Coverslips were then gently washed 3 times with PBS pH 7.4, fixed in methanol 90% (v/v in 

PBS, for release of unbound FITC-cad) at -20oC for 10 minutes and then washed four times 

for 8 minutes in PBS. For neurons, DAPI was added during the second to last washing step, 

before mounting (DAKO mounting medium). For fibroblasts, microscope slides were 

mounted using VECTASHIELD® Mounting Medium with DAPI (Vectorlabs). Image 

acquisition and quantification of FITC signal were performed as described in section 2.2.2. 

This assay was also employed for the identification of TG2 crosslinking substrates by a 

quantitative proteomic approach (as described in section 2.2.14.1). For this set of 

experiments, hippocampal neurons were incubated for 8 hours at 37oC with FITC-Cad (0.4 

Ƴaύ ǿƛǘƘ ƻǊ ǿƛǘƘƻǳǘ !ʲ ǇŜǇǘƛŘŜ όп ҡaύ ŀƴŘ ¢Dн ƛƴƘƛōƛǘƻǊ ½5hb όмлл ҡaύ ŀƴŘ ƭȅǎŜŘ ǇǊƛƻǊ 

to processing for Mass Spectrometry analysis. 

 

2.2.5.2 Cell-surface TGs activity assay 

TGs activity levels on the extracellular surface were assayed in live cells by measuring the 

incorporation of the TGs amine substrate biotinylated cadaverine (BTC) into fibronectin 

(FN), as described in Jones et al., 1997. Briefly, cell monolayers were either trypsinised or 

detached using 5 mM EDTA in PBS pH 7.4, collected by centrifugation at 300xg for 10 

minutes and counted. Cells were then plated in 96-well plates (about 0.02x106 cells/well) 

pre-coated with human plasma FN in serum-free medium (which contains an activating 

concentration of Ca2+, i.e. 1.8 mM), in the presence of 0.1 mM BTC. Cells were left to adhere 

2 hours at 37oC, then washed with PBS pH 7.4, and incubated with 0.1% sodium 

deoxycholate (v/v in PBS) to induce cell lysis. The BTC incorporated into the deoxycholate-

insoluble FN matrix was revealed by incubation with ExtrAvidin peroxidase (1 hour at 37oC), 

ŦƻƭƭƻǿŜŘ ōȅ ŀŘŘƛǘƛƻƴ ƻŦ оΣоΩΣрΣрΩ-tetramethylbenzidine (TMB) and stopped by 2.5 N H2SO4 

after 6-10 minutes development. Spectrophotometric absorbances were measured at 450 
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nm. For the detection of TG2 specific activity, cells were incubated in presence of TG2 

inhibitor ZDON (100 µM). In the case of primary neurons, which cannot be trypsinised once 

adherent to PLL-coated surfaces, the assay was either carried out on the day of tissue 

dissociation (0 DIV) or cells were plated directly on FN and left to grow for a week before 

addition of BTC for 2 hours. 

 

2.2.5.3 Total TGs activity assay 

The total TGs activity in cell lysates was measured through incorporation of BTC into FN as 

previously described (Jones et al., 1997). Cells lysates were obtained as described in section 

2.2.3.1, however sucrose lysis buffer (5 mM Tris-HCl pH 7.4, 0.25 M sucrose, 2 mM EDTA) 

was used instead of RIPA. About 60ug of total cell lysates or total volume of extracellular 

vesicles, were incubated 2 hours at 37°C with reaction buffer containing 50 mM Tris-HCl pH 

7.4, 10 mM Dithiothreitol (DTT), 0.1 mM BTC and either 5 mM CaCl2 or 5 mM EDTA. Samples 

were loaded in duplicates or triplicates, to a final volume of 100 µl. A standard curve with 

known quantities of gplTG2 (from 0 to 75 ng/well) in reaction buffer was also included. The 

reaction was stopped by addition of 10 mM EDTA in PBS, followed by 3 washes with 50 mM 

Tris-HCl pH 7.4. The plate was pre-incubated with 50 mM phosphate citrate buffer and the 

amount of BTC crosslinked by TGs activity was revealed as described in section 2.2.4.2 

(addition of ExtrAvidin peroxidase, followed by TMB and H2SO4). Spectrophotometric 

absorbances were measured at 450 nm. TGs activity was calculated by removing the mean 

background values obtained for each sample in the presence of EDTA from the mean 

background value in the presence of calcium. Specific TG2 activity was expressed as 

µU/well or µU/µg of protein. 

 

2.2.6 Total RNA isolation 

Total RNA was isolated from frozen dry astrocytes and microglia pellets using the 

DŜƴ9ƭǳǘŜϰ aŀƳƳŀƭƛŀƴ ǘƻǘŀƭ wb! ƳƛƴƛǇǊŜǇ ƪƛǘ ό{ƛƎƳŀ !ƭŘǊƛŎƘΣ ¦Yύ ŀŎŎƻǊŘƛƴƎ ǘƻ 

ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ {ŀƳǇƭŜǎ ǿŜǊŜ ŜƭǳǘŜŘ ƛƴ рл ҡƭ ƻŦ ƪƛǘ Ŝƭǳǘƛƻƴ ōǳŦŦŜǊ ŀƴŘ 

immediately retrotranscribed. NanoDrop8000® (Thermo Scientific) was used to assess the 

purity and concentration of isolated RNA samples. An a260/a280 ratio between 1.8 and 2.1 

was considered acceptable, indicating low protein contamination. Residual RNA samples 

were stored at -80oC. 
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2.2.7 Retrotranscription (RT-PCR) 

Two µg of total RNA were retrotranscribed using Superscript® II Reverse Transcriptase 

όLƴǾƛǘǊƻƎŜƴΣ ¦Yύ όнлл¦ όмлл¦κҡƎ wb!ύ ŦƻƭƭƻǿƛƴƎ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ .ǊƛŜŦƭȅΣ ǘƘŜ 

reaction was prepared by mixing Oligo (dT)15 or random primers (25 µg/ml), 1.25 mM 

Řb¢tΩǎΣ н ҡƎ ǘƻǘŀƭ wb! ŀƴŘ ƴǳŎƭŜŀǎŜ ŦǊŜŜ ǿŀǘŜǊ ǘƻ ŀ Ŧƛƴŀƭ ǾƻƭǳƳŜ ƻŦ мо ҡƭΦ ¢ƘŜ ƳƛȄǘǳǊŜ ǿŀǎ 

heated for 5 minutes at 65°C using a conventional thermocycler (Techne, TC3000X), briefly 

chilled on ice, then supplemented with First strand buffer and 10 mM DTT. If using Oligo 

(dT)15 primers, the mixture was incubated at 42oC for 2 minutes, then supplemented with 

200 units of Superscript® II Reverse Transcriptase and incubated at 42oC for 50 minutes, 

followed by inactivation by heating at 70oC for 15 minutes. If using random primers, the 

mixture was incubated at 25oC for 2 minutes, supplemented with 200 units of reverse 

transcriptase, then incubated for 10 minutes at 25oC, followed by 42oC for 50 minutes and 

70oC for 15 minutes. Resulting cDNA (20 µl) was stored at -20oC. 

 

2.2.8 Real-time PCR (qPCR) 

Reaction mix was prepared as described in Table 2.7, and qPCR was carried out in a Corbett 

Rotor-Gene 6000 rotary analyser, each sample in duplicate, using the protocol described in 

table 2.8. GAPDH was utilized as the housekeeping gene. Primers are listed in table 2.9. 

Relative expression of each TG2 isoform was calculated according to Livak and Schmittgen, 

2001. 

 

 

Table 2.7. Composition of qPCR reaction 

Components Cƛƴŀƭ ŎƻƴŎŜƴǘǊŀǘƛƻƴ κ ±ƻƭǳƳŜ 

CƻǊǿŀǊŘ ǇǊƛƳŜǊ 400 nM 

wŜǾŜǊǎŜ ǇǊƛƳŜǊ 400 nM 

ƛ¢ŀǉ {¸.w DǊŜŜƴ {ǳǇŜǊƳƛȄ 1X 

Ŏ5b! 1 µl 

bǳŎƭŜŀǎŜ ŦǊŜŜ ǿŀǘŜǊ To final volume 

¢ƻǘŀƭ 12.5 µl 
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Table 2.8. qPCR reaction protocol 

Cycle /ȅŎƭŜ Ǉƻƛƴǘ 

IƻƭŘ 95oC, 5 min 

/ȅŎƭƛƴƎ όпл ǊŜǇŜŀǘǎύ 
95oC, 30 sec 
60oC, 30 sec 
72oC, 10 sec 

aŜƭǘ 

Ramp from 60oC to 95oC 
95oC, 90 sec 
60oC, 5 sec 
72oC, 5 sec 

 

Table 2.10. Primers used in this study. 

Primer name ¢ŀǊƎŜǘ {ŜǉǳŜƴŎŜ ¢Ƴ 

р¢D όC²ύ TG2_V1/V4 рΩ-ACTTTGACGTGTTTGCCCAC-оΩ 64.9 

о¢Dπ[ όw±ύ TG2_V1 рΩ-CAATATCAGTCGGGAACAGGTC-оΩ 67.4 

3TG-S (RV) TG2_V4 рΩ-GCTGAGTCTGGGTGAAGACACAG-оΩ 67.4 

TG2 (New) Rn F Sh (FW) TG2_V2 рΩ-ATGGGTCTGTGCTCAAATCC-оΩ 63.9 

TG2 (New) Rn R Sh (RV) TG2_V2 рΩ-AAGAAAGAACATTTGGCCCTG-оΩ 64 

TG2 Rn F Vs (FW) TG2_V3 рΩ-GGAACTTTGGGCAGTTTGAG-оΩ 63.5 

TG2 Rn R Vs (RV) TG2_V3 рΩ-TTCAGGGTATGGAACTCATGG-оΩ 63.6 

5' GDP (FW) GAPDH рΩ-GGCTGCCTTCTCTTGTGAC-оΩ 58 

3' GDP (RV) GAPDH рΩ-GGCCGCCTGCTTCACCAC-оΩ 72 

 

2.2.9 Extracellular Vesicles (EVs) isolation 

EVs were isolated from biological fluids by serial centrifugations, using different protocols 

according to the sample type. 

 

2.2.9.1 EVs isolation from primary astrocytes 

EVs were isolated from conditioned medium (CM) of astrocytes by differential 

centrifugation as previously described (Prada et al., 2017; Furini et al., 2018) (Fig. 2.1). 

Specifically, 80% confluent monolayers were washed twice with PBS or KrebsςwƛƴƎŜǊΩǎ 

HEPES solution (KRH) (125 mM NaCl, 5 mM KCl, 1.2 mM MgSO4, 1.2 mM KH2PO4, 2 mM 

CaCl2, 6 mM d-glucose, and 25 mM HEPES/NaOH pH 7.4) and incubated in serum-free 

media in the presence or absence of Lipopolysaccharide (LPS, 0.1 or 1 µg/ml), for 24 hours. 
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Conditioned media was then collected and supplemented with protease inhibitors, while 

cells were treated as described below for ECM preparation. Briefly, CM was first 

centrifuged 3 times at 300xg for 10 minutes each, in order to remove cells in suspension. 

This was followed by centrifugation at 1,200xg for 20 minutes to remove apoptotic bodies 

and then 30 minutes at 10,000xg to pellet large EVs. Finally, the supernatant was 

ultracentrifuged at 110,000xg to pellet small EVs. EVs were resuspended in particle-free 

t.{ ƻǊ ƭȅǎŜŘ ƛƴ ŜƛǘƘŜǊ пл ˃ƭ ƻŦ wLt! ōǳŦŦŜǊ όŦƻǊ ². ŀƴŀƭȅǎƛǎύ ƻǊ {ǳŎǊƻǎŜ [. όŦƻǊ ¢D ŀŎǘƛǾƛǘȅ 

assay). Residual proteins contained in the vesicle-free supernatants (EV-free) were 

precipitated using trichloroacetic acid (TCA) as follows: TCA was added to the medium (10% 

v/v), mixed and incubated one hour on ice. The mixture was then centrifuged for 5 minutes 

at 15,000xg at 4oC. The supernatant was discarded and pellet was washed once in cold 

acetone and collected by centrifuging for 5 min at 15,000xg. The obtained pellet was air-

dried and resuspended in either PBS or lysis buffer.  

ECM preparations were obtained as described in Verderio et al., 1999. Briefly, after removal 

of the CM, cells were washed once with PBS pH 7.4 and incubated 5 minutes with 1% 

sodium-deoxicholate (2 ml/flask). Lysed cells were removed and remaining ECM was 

scraped with Laemmli 2X diluted 1:2 in RIPA buffer (0.7 ml/flask), collected in a 1.5 ml vial 

and boiled. When large particulates were visible, the samples were briefly centrifuged at 

1000xg prior to gel loading for WB analysis. 

 

 

Figure 2.1. Schematic representation of EVs isolation protocol from cell culture media 
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2.2.9.2 EVs isolation from primary fibroblasts 

Confluent monolayers were washed with PBS, trypsinised, counted and plated in equal 

number (about 0.5x106 cells/flask) in T75 flasks. After 24 hours, when cells were about 60-

80% confluent, fibroblasts were washed twice with PBS and incubated with serum-free 

media for 72 hours. Previous data showed that primary fibroblasts can be maintained in 

serum starvation up to 72 hours without affecting their proliferation and viability (Benussi 

et al., 2016). Conditioned media was collected, supplemented with protease inhibitors and 

serially centrifuged to separate EVs as described in section 2.1.5.1. (Fig. 2.1). 

 

2.2.9.3 EVs isolation from plasma 

9±ǎ ǿŜǊŜ ƛǎƻƭŀǘŜŘ ŦǊƻƳ млл ˃ƭ ƻŦ ǇƭŀǎƳŀ όǇƻƻƭ ƻŦ ƘŜŀƭǘƘȅ ǎǳōƧŜŎǘǎ ǎǳǇǇƭƛŜŘ by TebuBio or 

plasma from healthy and dementia patients) as described in Gagni et al., 2016 with minor 

modifications. Plasma was first diluted in 10.5 ml of particle-free PBS (1:100 dilution) and 

centrifuged at 29,500xg for 20 minutes at 4oC. The pellet was discarded and the 

supernatant (SN1) was filtered with a syringe filter (0.22 µm), then ultracentrifuged at 

110,000xg for 120 minutes at 4o/Φ ¢ƘŜ ƻōǘŀƛƴŜŘ 9±ǎ ǇŜƭƭŜǘ όtмллΩύ ǿŀǎ ŜƛǘƘŜǊ ŘƛǊŜŎǘƭȅ 

resuspended for analysis or washed once in PBS and ultracentrifuged again at 110,000xg 

for 120 minutes at 4o/ ǘƻ ƻōǘŀƛƴ ǘƘŜ 9±ǎ ǇŜƭƭŜǘ tмллΩΩ όFig. 2.2). 

 

 

Figure 2.2. Schematic representation of EVs isolation protocol from plasma. 
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2.2.10 Nanoparticle tracking analysis 

Nanoparticle tracking analysis (NTA) was performed using ZetaView PMX 120 (Particle 

Metrix, Meerbusch, Germany) and its corresponding software (ZetaView 8.04.02) to 

examine EVs size distribution and concentration. The instrument captures the Brownian 

motion of each particle in a video and calculates the hydrodynamic diameter of the 

particles based on the different diffusion movements that characterise large and small 

particles in suspension. Specifically, the Stokes-Einstein relationship determines that the 

particle diameter (d) can be calculated as a function of the diffusion coefficient (D) at a 

ǎǇŜŎƛŦƛŎ ǘŜƳǇŜǊŀǘǳǊŜ ό¢ύ ŀƴŘ ǾƛǎŎƻǎƛǘȅ όʹύ ƻŦ ǘƘŜ ƭƛǉǳƛŘ όYB .ƻƭǘȊƳŀƴƴΩǎ ŎƻƴǎǘŀƴǘύΥ 

Ὀ
τὯὝ

σ“–Ὠ
 

Because the recording is in two dimensions, the Stokes-Einstein relationship is combined 

with the two dimensional mean square displacement, thus obtaining: 

Ὠ  
ρφὯὝ

σ“–ὼȟώ
 

At the same time, the particles concentration is determined by counting all objects in the 

field of view and is automatically normalised to the measurement volume. 

EVs samples, resuspended in particle-free PBS, were diluted to reach a number of 50-200 

particles/frame and analysed with a flow cell sensitivity of 80% across two cycles of 11 

positions/cycle. 

 

2.2.11 Cytoplasmic calcium imaging 

Intracellular calcium levels were assessed as previously described (Joshi et al., 2014). Briefly, 

neurons were incubated with 2 µM Fura-2/AM (Invitrogen, Life Technologies Ltd.) in 

neuronal conditioned medium for 40 min at 37oC. Fura-2/AM is a ratiometric calcium 

indicator that reaches absorption maxima at two different excitation wavelengths 

depending on its conjugation state. When bound to Ca2+ ions, Fura-2 is excited at 340 nm, 

while when unbound, it is excited at 380 nm. Fura-2-loaded neurons were then washed in 

KRH pH 7.4 supplemented with 1 µM TTX (except stated otherwise) and transferred to the 

recording chamber of an inverted microscope (Axiovert 100, Zeiss) equipped with a calcium 

imaging unit. In some experiments, sodium/potassium-free KRH was used instead, where 

both NaCl and KCl were isosmotically substituted for choline chloride. Polychrome V (TILL 

Photonics GmbH) was used as the light source with excitation at 340 and 380 nm 

wavelengths. Images were collected with a CCD Imago-QE camera (TILL Photonics GmbH) 
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and analysed with TILLvisION 4.5.66 software. Calcium concentration was expressed as 

F340/380 fluorescence ratio of selected regions of interest (ROI) corresponding to neuronal 

somata, calculated from sequences of images to obtain temporal analysis. Variations were 

calculated as difference between calcium concentration before (basal) and after 

treatments, or as Area Under the Curve (AUC) calculated by OriginLab 8 (AUC from T0 of 

stimulus up to 30 seconds after).  

 

2.2.12 Patch clamp 

Patch clamp experiments were performed in current clamp and voltage clamp 

configurations. The patch electrodes (BB150F-8P with filament, Science Products) with a 

diameter of 1.5 mm, were pulled from hard borosilicate glass on a Brown-Flaming P-97 

puller (Sutter Instrument, Novato, CA) and fire-polished to a tip diameter of 1-мΦр ˃Ƴ ŀƴŘ 

an electrical resistance of 4-с aʍΦ bŜǳǊƻƴǎ ǿŜǊŜ ǾƻƭǘŀƎŜ-clamped using an Axopatch 200 

B amplifier (Axon Instrument) in the whole-cell configuration. Ionic currents were digitized 

at 5 kHz and filtered at 1 kHz. Clampex 9 was used as the interface acquisition program. 

The external solution was constituted of 140 mM NaCl, 5 mM TEA-Cl, 10 mM Hepes, 1 mM 

MgCl2, 2 mM CaCl2, 5 mM Glucose (314 mOsm). The internal solution was made of 127 mM 

Cs-Gluconate, 4 mM NaCl, 10 mM Hepes, 2 mM MgCl2, 0.1 mM CaCl2, 10 mM Glucose and 

1 mM EGTA. 4 mM Mg-ATP and 0.3 mM Na-GTP were added fresh to the solution (295 

mOsm). For current clamp experiments, the effect of TG2 on both neuron resting potential 

and currents was examined. Voltage clamp experiments were performed to observe the 

involvement of Voltage Operated Calcium Channels (VOCCs) in the phenomenon. 

Specifically, L-type VOCCs were isolated with a pre-ǇǳƭǎŜ ƻŦ пл Ƴ± ŀƴŘ ŀ ɲмл Ƴ± ǎǘŜǇ 

protocol from -30 to 0 mV. 

 

2.2.13 Transient transfection of neurons 

Neurons at 8 DIV were transfected with 1.5 µg of pEGFP-N1 vector (Clontech) or pEGFP-

N1-TG2 vector (Furini et al., 2018) using 6 µl of Lipofectamine2000 (ThermoFisher 

Scientific). After 45 minutes incubation, transfected neurons were washed with Neurobasal 

and incubated in filtered conditioned neuronal medium for 48 hours before analysis. 
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2.2.14 Mass spectrometry (MS) 

2.2.14.1 Sample preparation for MS analysis of FITC-immunoprecipitates (TG2 

ά¢ǊŀƴǎŀƳƛŘƻƳŜέύ 

Neurons were obtained from the hippocampi of E18 fetal rats (13 embryos) as explained in 

section 2.1.1 (standard). Neurons at 9 DIV were incubated 8 hours at 37oC with FITC-Cad 

όлΦп Ƴaύ ǿƛǘƘ ƻǊ ǿƛǘƘƻǳǘ !ʲ ǇŜǇǘƛŘŜ όп ҡaύ ŀƴŘ ½5hb όмлл ҡaύ ŀƴŘ ƭȅǎŜŘ ƛƴ ƭȅǎƛǎ ōǳŦŦŜǊ 

(25 mM Tris pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% NP40, 5% glycerol, protease inhibitors). 

Nine coverslips were used for each condition and 3 coverslips were pooled together to 

obtain a single lysate (triplicates). The total cell lysates were centrifuged at 13,000xg at 4°C 

for 10 minutes and the supernatant stored at -80oC before processing. Protein 

concentrations were determined using the bicinchoninic acid (BCA) assay. In order to 

ƛŘŜƴǘƛŦȅ ǘƘŜ ǇǊƻǘŜƛƴ ǎǳōǎǘǊŀǘŜǎ ƻŦ ¢Dн ŎǊƻǎǎƭƛƴƪƛƴƎ ŀŎǘƛǾƛǘȅ όά¢Dн ¢ǊŀƴǎŀƳƛŘƻƳŜέύΣ 

immunoprecipitation of FITC-Cad associated proteins was performed with an anti-

ŦƭǳƻǊŜǎŎŜƛƴ ƳƻƴƻŎƭƻƴŀƭ ŀƴǘƛōƻŘȅ όwƻŎƘŜύ ƻƴ ǘƻǘŀƭ ŎŜƭƭ ƭȅǎŀǘŜǎΣ ǳǎƛƴƎ ǘƘŜ tƛŜǊŎŜϰ /Ǌƻǎǎƭƛƴƪ 

Magnetic IP/Co-Lt Yƛǘ ό¢ƘŜǊƳƻ {ŎƛŜƴǘƛŦƛŎΣ ¦Yύ ŀƴŘ ŦƻƭƭƻǿƛƴƎ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ 

Briefly, 20 ˃ ƭ ƻŦ tƛŜǊŎŜ tǊƻǘŜƛƴ !κD aŀƎƴŜǘƛŎ .ŜŀŘǎ όмΦс ˃aύ ǿŜǊŜ ƛƴŎǳōŀǘŜŘ ǿƛǘƘ нΦр ˃Ǝ ƻŦ 

anti-fluorescein antibody for 1 hour at room temperature in constant rotation. Antibody 

was then covalently bound to the beads by crosslinking with disuccinimidyl suberate (DSS, 

мс ˃aύ ŦƻǊ о ƘƻǳǊǎ ŀǘ ǊƻƻƳ ǘŜƳǇŜǊŀǘǳǊŜ ƛƴ Ŏƻƴǎǘŀƴǘ ǊƻǘŀǘƛƻƴΦ 9ǉǳŀƭ ŀƳƻǳƴǘǎ ƻŦ ƴŜǳǊƻƴŀƭ 

lysates (14 µg) were then applied on the antibody-coated beads and incubated overnight 

(16 hours) at 4°C in constant rotation to allow antigen binding. Finally, proteins were not 

eluted in the provided elution buffer, but subjected to the trypsin digestion required for 

MS directly on the beads: magnetic beads ς associated protein complexes were washed 3 

times with 50 mM ammonium acetate and trypsin digested overnight (14 hours) at 37oC in 

a water bath using a final concentration of 0.02 mg/ml MS grade trypsin (Thermo Scientific, 

ŘƛǎǎƻƭǾŜŘ ƛƴ рл Ƴa ŀŎŜǘƛŎ ŀŎƛŘύ ŀƴŘ лΦлм҈ όǿκǾύ tǊƻǘŜŀǎŜa!·ϰ {ǳǊŦŀŎǘŀƴǘ (Sigma) in 50 

mM ammonium acetate. The next day, magnetic beads were removed using a magnetic 

stand, trypsin was inactivated by addition of 0.5% TFA and samples were vacuum 

concentrated to dryness and resuspended in 20 µl of 5% (v/v) acetonitrile/0.1% (v/v) formic 

acid for IDA shotgun and SWATH-MS analysis. 
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2.2.14.2 Samples preparation for MS analysis of total cell lysates (Proteome) 

Proteins of total cell lysates (all remaining volume) were prepared as described above. First, 

proteins were precipitated using cold acetone (8 volumes of acetone, -80oC for 20 minutes, 

followed by centrifugation at 16,000×g for 10 min at 4°C and washing with cold acetone) 

then the pellets were solubilised in 50 mM tri-ethyl ammonium bicarbonate (TEAB) 

ŎƻƴǘŀƛƴƛƴƎ ŀ Ŧƛƴŀƭ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ лΦлн҈ όǿκǾύ tǊƻǘŜŀǎŜa!·ϰ {ǳǊŦŀŎǘŀƴǘΦ ¢ƘŜ ǇǊƻǘŜƛƴ 

concentrations were determined using the bicinchoninic acid (BCA) assay and used later 

for dry sample resuspension. Proteins were then subjected to reduction (5 mM DTT, 56oC 

for 20 minutes) and alkylation (15 mM iodoacetamide at room temperature in the dark for 

15 minutes), then tryptically digested overnight at 37oC in a water bath using 0.02 mg/mL 

MS grade trypsin (ThermoScientific, dissolved in 50 mM acetic acid) and 0.01% (w/v) 

tǊƻǘŜŀǎŜa!·ϰ {ǳǊŦŀŎǘŀƴǘΦ ¢ǊȅǇǎƛƴ ǿŀǎ ƛƴŀŎǘƛǾŀǘŜŘ ōȅ ŀŘŘƛǘƛƻƴ ƻŦ лΦр҈ ¢C! ǘƘŜƴ ǎŀƳǇƭŜǎ 

vacuum concentrated to dryness and resuspended in appropriate volumes of 5% (v/v) 

acetonitrile/0.1% (v/v) formic acid to reach the same concentration for IDA shotgun and 

SWATH-MS analysis. 

 

2.2.14.3 MS analysis: shotgun data dependent acquisition (DDA) and SWATH data 

independent acquisition (DIA) 

Both total lysates and FITC-immunoprecipitates (FITC-IP) were analysed by reverse-phase 

high-performance liquid chromatography electrospray ionisation tandem mass 

spectrometry (RP-HPLC-ESI-MS/MS). A TripleTOF 5600+ mass spectrometer from SCIEX 

(Canada) was used, which is available at NTU proteomic facility (John van Geest Cancer 

Research Centre). MS runs were performed by Dr David Boocock and Dr Clare Coveney, 

while sample processing and data analysis were carried out by this tƘŜǎƛǎΩ ŀǳǘƘƻǊΦ 

The mass spectrometer was used in two different modalities depending on the stage of the 

experiment: data dependent acquisition (DDA) was employed for spectral library 

construction, while SWATH data independent acquisition (DIA) was used for the acquisition 

of quantitative data (as described in Gillet et al., 2012). 

Regarding the liquid chromatography, HPLC mobile phases were: A [0.1% (v/v) formic acid 

in LC/MS grade water] and B [LC/MS grade acetonitrile containing 0.1% (v/v) formic acid]. 

SŀƳǇƭŜǎ ǿŜǊŜ ƛƴƧŜŎǘŜŘ όǘǊŀǇκŜƭǳǘŜ Ǿƛŀ р Ȅ лΦо˃Ƴ ¸a/ ¢ǊƛŀǊǘ /18 trap column) onto a YMC 

Triart-C18 ŎƻƭǳƳƴ όмр ŎƳΣ о˃ƳΣ олл ǳƳ ƛΦŘύ ŀǘ р ˃[κƳƛƴ ǳǎƛƴƎ ŀ ƳƛŎǊƻŦƭƻǿ [/ ǎȅǎǘŜƳ 

(Eksigent ekspert nano LC 425) with an increasing linear gradient of B going from 3% to 30% 
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in 68 min; to 40% at 73 min then washing to 80% for 3 minutes before re-equilibration in a 

total time of 87 min (spectral library production by DDA), or 3% to 30% over 38 min; to 40% 

at 43 min followed by wash to 80% for 3 min and re-equilibrate for a total run time of 57 

min (SWATH-DIA). Re-equilibration of the column were performed by loading 90% solvent 

B for 10 min followed by 5% solvent B for 10 min. Mass calibration (TOF-MS and Product 

ion) was performed by the MS every 4 samples using an injection of a standard of 40 fmol 

tŜǇ/ŀƭ ƳƛȄ ό{ŎƛŜȄΣ /ŀƴŀŘŀύ ŘƛƎŜǎǘΦ Lƻƴƛǎŀǘƛƻƴ ǿŀǎ Ǿƛŀ ǘƘŜ {ŎƛŜȄ 5ǳƻ{ǇǊŀȅϰ ǎƻǳǊŎŜΣ ǳǎƛƴƎ ŀ 

рл ˃Ƴ ŜƭŜŎǘǊƻŘŜ ŀǘ Ҍррлл ±Φ 

 

2.2.14.3.1 Data/Information dependent acquisition (DDA/IDA) 

First, a spectral library was produced in IDA mode on all samples singularly and a pool of all 

samples together, with the mass spectrometer set in high sensitivity mode. IDA MS files 

were searched using ProteinPilot 5 (SCIEX, Canada): the analysis was conducted by the 

software with an exhaustive identification strategy, searching the UniProt Swissprot 

database for rat species (January 2016 release), with addition of four TG2 isoforms (TG2_V1, 

TG2_V2, TG2_V3 and TG2_V4). The generated file was imported into PeakView 2.0 

software (SCIEX, Canada) as an ion library and spiked in iRT retention time standards 

(Biognosys, Switzerland), after filtering for false discovery rate (FDR) of 1% and excluding 

shared peptides. 

 

2.2.14.3.2 SWATH/Data independent acquisition (DIA), targeted data extraction and fold 

change analysis 

SWATH DIA was then performed on all samples using 100 variable SWATH windows 

optimised for the samples. Unlike the DDA method in which during each cycle, an initial 

survey scan (TOF-MS) is performed followed by a MS/MS experiment on the highest 

precursors, in SWATH for each cycle the totality of the precursors are fragmented in 

discrete fixed or variable width m/z άǿƛƴŘƻǿǎέ ǘƘŜƴ ƳŜŀǎǳǊŜŘ όDƛƭƭŜǘΣ Ŝǘ ŀƭΦ нлмнύΦ 9ŀŎƘ 

SWATH window was acquired with an accumulation time of 25 ms between 400-1250 m/z 

along with a single TOF-MS survey scan for 50 ms between 400-1250 m/z, for a cycle time 

of 2.6 seconds. Spectral alignment and targeted data extraction from the SWATH data were 

performed in PeakView 2.0 SWATH microapp (SCIEX, Canada) using the above mentioned 

reference spectral library generated by DDA. SWATH data was processed using an 

extraction window of 5 min and applying the following parameters: maximum 6 
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peptides/protein, maximum 6 transitions/peptide, exclude shared peptides, and XIC width 

set at 75 ppm. 

Quantitation and fold change (FC) analysis between the different conditions were carried 

out using the OneOmics cloud processing software from SCIEX, employing weighted 

average of proteins spectral results among the different biological replica to calculate FC 

and relative significance. The outcome of the experiment is a list of protein identification 

names (IDs), with log2 of FC (log2FC) values, confidence level of FC [C(FC)] and p-values of 

FC, all calculated by the software. Fold change values (FC) were calculated manually as 

2log2FC. 

 

 

 

Under suggestion of Dr David Boocock and the SCIEX technical assistance for the software, 

the OneOmics confidence score was advised to be a better measure of the significance of 

the FC, over p-value. This is because the algorithms within OneOmics platform take into 

account the variance among all of the values for the peptides and the peptide fragments 

(transitions), to generate the confidence score, whereas, a p-value of FC calculated  from 

the protein peak areas, does not. Fold changes with a confidence higher than the 0.80 (80%) 

were regarded as highly significant. Values with confidence between 0.80 (80%) and 0.5 

(50%) were acceptable but less significant, and values with C(FC) lower than 0.5 should not 

be considered as significant. In the analyses performed in this thesis, data were regarded 

as significant if C(FC) was above 60% for the transamidome and 70% for the proteome. 

 

2.2.14.3.3 Bioinformatic analysis 

Once we obtained the proteome data, a functional analysis of the listed proteins was 

performed using PANTHER (Protein ANalysis Through Evolutionary Relationships) database 

(http://www.pantherdb.org), an open source bioinformatics resource (Mi et al., 2013). 

tǊƻǘŜƛƴǎ ǿŜǊŜ ŎƭŀǎǎƛŦƛŜŘ ŀŎŎƻǊŘƛƴƎ ǘƻ t!b¢I9w DŜƴŜ hƴǘƻƭƻƎȅ όDhύ ǘŜǊƳǎ ŦƻǊ άtǊƻǘŜƛƴ 

/ƭŀǎǎέΣ άaƻƭŜŎǳƭŀǊ CǳƴŎǘƛƻƴέΣ ά.ƛƻƭƻƎƛŎŀƭ tǊƻŎŜǎǎέ ŀƴŘ ά/ŜƭƭǳƭŀǊ /ƻƳǇƻƴŜƴǘέ όDh-Slim 

feature). Gene Ontology is in essence a project that aims to generate a common scientific 

vocabulary unifying the different properties and characteristics of genes in a standardised 

manner. Each term is matched to a specific and unique code, so that each gene would be 



Chapter 2 ς Materials and Methods  
  

71 

associated with a list of annotations that define its functions and characteristics, which in 

turn can be grouped in larger categories. The GO terms for the abovementioned ontologies 

were organised in tables, and in the case of molecular function were visualised in pie chart 

as percentage of representation of the specific GO annotation term (number of proteins 

belonging in that specific annotation term, or class) over the total number of class hits (for 

all the annotation terms individuated in the list of proteins).  

 

2.2.15 TG2 enzyme-linked immune sorbent assay (ELISA) - Covalab 

This assay is based on the double antibody sandwich technology for the detection of TG2 

(human and guinea pig). Briefly, samples and TG2 standard curve were diluted in sample 

buffer (0-1 µg/ml), added to a 96-well plate pre-coated with a monoclonal antibody anti-

TG2, and incubated at 37oC for 2 hours. After 3 washes with appropriate wash buffer, a 

second (different) monoclonal anti-TG2 detection antibody was added and incubated for 1 

hour at 37oC, followed by washes and addition of HRP-conjugated secondary antibody. 

After 30 minutes at 37oC, the plate was washed and developed by addition of TMB 

substrate and H2SO4, then absorbance was detected by a spectrophotometer at 450 nm. 

 

2.2.16 TG2 ELISA ς optimised in the course of this project 

This assay was optimised starting from an already published protocol developed by our 

research group (Verderio et al., 2003; Scarpellini et al., 2009). The principle is represented 

in Fig. 2.3 (also Fig. 6.9). A 96-ǿŜƭƭ ǇƭŀǘŜ ǿŀǎ ŎƻŀǘŜŘ ǿƛǘƘ р ˃ƎκƳƭ Cb in Tris-HCl 50 mM pH 

7.4 (assay buffer), for which TG2 has high affinity, and incubated 15 hours at 4oC. After 2 

washes with assay buffer, the plate was blocked with 3% BSA (w/v in assay buffer) for 1 

hour at 37o/Φ ! ǎǘŀƴŘŀǊŘ ŎǳǊǾŜ ƻŦ ƎǇƭ¢Dн ŦǊƻƳ лΦллту ǘƻ лΦр ˃ƎκƳƭ ǿŀǎ ǇǊŜǇŀǊŜŘ ƛƴ ōƭƻŎƪƛƴƎ 

buffer, with addition of 1.22 mM CaCl2 and 2 mM EDTA. A blank with blocking buffer alone 

was included. The chelating agent EDTA was added to avoid possible interference in the 

TG2-FN binding due to active TG2 and crosslinking. After blocking, the plate was washed 

ǘǿƛŎŜ ƛƴ ŀǎǎŀȅ ōǳŦŦŜǊΣ ǘƘŜƴ ǘƘŜ ǎŀƳǇƭŜǎ ǿŜǊŜ ŀǇǇƭƛŜŘ ƛƴ ŘǳǇƭƛŎŀǘŜ όрл ˃ƭκǿŜƭl) and incubated 

3 hours at 37oC. This was followed by 3 washes and addition of primary detection antibody 

against TG2 (CUB7402) diluted 1:1000 in blocking buffer, incubated 15 hours at 4oC. The 

plate was then washed 3 times with assay buffer supplemented with 0.05% Tween20 and 

incubated for 2 hours at room temperature with secondary antibody goat anti-mouse-HRP-

conjugated (1:2000 dilution in blocking buffer). The plate was washed again 3 times (assay 
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buffer + 0.05% tween20) and incubated with a developing solution containing 7.5% TMB 

and 0.014% H2O2 in phosphate-citrate buffer 0.05 M, until a blue colour was detected 

(about 6-10 minutes incubation in the dark). Reaction was stopped by addition of H2SO4 

and absorbance was read with a spectrophotometer at 450 nm. 

 

 

 

Figure 2.3. Principle of an ELISA-based assay for detection of TG2 in plasma. 
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2.2.17 Generation of crosslinking products (EGGL) in vitro 

In order to have a positive control for the detection of crosslinking products in plasma, 

EGGL were generated in vitro by incubating 200 ng of gplTG2 with its substrate FN (either 

full length or the 30 kDa fragment, 500 ng) in activating conditions (Tris-HCl 50 mM pH 7.4, 

5 mM CaCl2 and 10 mM DTT). Different temperatures and time steps were tested, as 

indicated in the relative figure legends. Crosslinking products were either loaded in a 10% 

acrylamide gels in reducing conditions for SDS-page, or directly spotted on a nitrocellulose 

membrane for dot blot analysis, as described in section 2.2.3. Chelating agent EDTA (5 mM) 

was added to the mix prior to TG2 as negative control, to block TG2 catalytic activity and 

hence inhibit crosslinks generation.  

 

2.2.18 Statistical analysis 

Data are presented as mean ± S.E. for the indicated number of experiments. In order to 

test for normality of the distribution, all datasets were analysed with the Kolmogorovς

Smirnov (K-S) test. Because all analysed data presented a normal distribution (K-S p>0.05), 

ǎǘŀǘƛǎǘƛŎŀƭ ŀƴŀƭȅǎƛǎ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ǳǎƛƴƎ {ǘǳŘŜƴǘΩǎ ǘ-test or one-way ANOVA and differences 

ǿŜǊŜ ŎƻƴǎƛŘŜǊŜŘ ǘƻ ōŜ ǎƛƎƴƛŦƛŎŀƴǘ ōȅ ǇҖлΦлрΦ 
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CHAPTER 3:  

Characterisation of TG2 in primary neuronal cells 

and astrocytes 
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3.1 Introduction 

TG2 has been shown to be present in rat brain, as well as the in human CNS, specifically 

both in neurons and glial cells (Gilad and Varon, 1985; Campisi et al., 1992), mainly showing 

a cytoplasmic localisation (Kim et al. 1999; Maggio et al. 2001). Appelt and colleagues were 

the first to demonstrate the presence of TG2 specifically in hippocampal neurons by 

immunocytochemistry, however by using a non-specific antibody against FXIII, another 

member of the transglutaminase family (Appelt et al., 1996). To date, a detailed 

characterisation of TG2 localisation in hippocampal neurons has not been published yet. 

Increased amounts of TG2 protein and activity in different brain regions or cells have been 

implicated in various neurodegenerative diseases, especially relating the enhanced 

crosslinking activity with the progressive accumulation of protein aggregates, a common 

hallmark of brain proteinopathies (Lorand, 1996; Johnson et al., 1997, Martin et al., 2011). 

However, a TG2 specific role in physiological conditions and disease progression is still 

unclear, and the available data support both a protective and a neurotoxic role. For 

example, early work on TG2-deficent mice showed that the enzyme absence did not cause 

developmental abnormalities, and no evident changes were found in the major organs 

ƛƴǎǇŜŎǘŜŘ ŀǘ ǘƘŜ ƘƛǎǘƻƭƻƎƛŎŀƭ ƭŜǾŜƭ ό5Ŝ [ŀǳǊŜƴȊƛ ŀƴŘ aŜƭƛƴƻΣ нллмύΦ ¢ƘŜ ŀǳǘƘƻǊǎΩ ŜȄǇƭŀƴŀǘƛƻƴ 

was that the presence of other members of the transglutaminase family, like TG1, could 

possibly compensate for TG2 absence. On the other hand, more recent studies have shown 

that in a mouse model overexpressing human TG2 in brain, increased levels of TG2 led to 

higher sensitivity to kainic acid-induced seizures and hippocampal damage (Tucholski et al., 

2006). Conversely, the same group also showed that TG2 could play a protective role in the 

same mouse model, by attenuating ischemic-induced cell death (Filiano et al., 2008; Filiano 

et al., 2010). More recently, TG2 depletion in normal cortical neurons was shown to affect 

cell viability, by regulating genes involved in neurite growth and maintenance (Yunes-

Medina et al., 2018). Specifically, Gale Johnson group performed TG2 knock down in 

primary neurons by a shRNA lentivirus and observed a consequent decrease in cell survival, 

and upregulation of genes involved in extracellular matrix (ECM) function, cytoskeleton 

integrity pathways and cell signalling, indicating a neurotrophic role for TG2 in physiological 

conditions (Yunes-Medina et al., 2018). At the same time, increased expression of both TG2 

and TG1 following oxidative stress in rat cortical neurons was shown to induce cell death, 

whereas pharmacological inhibition of both enzymes had a neuroprotective effect (Basso 

et al., 2012). 
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Interestingly, TG2 and TG6 have been shown to increase in the hippocampus following 

incubation of the organotypic cultures with the gliadin peptide 31-43, which was tested in 

an epilepsy mouse model in the context of gluten-related diseases (Gerace et al., 2017). 

The deamidating activity of transglutaminases (TGs) was shown to exacerbate the kainic 

acid-mediated neurotoxic effect of p31-43, thus linking TGs to gluten-related epilepsy 

(Gerace et al., 2017). 

Several studies have shown an increase of TG2 mRNA, protein and activity in models of 

forebrain ischemia, especially in the hippocampus (Ientile et al., 2004, Tolentino et al., 

2004). TG2 was found to increase in blood vessels, microglia and the CA1 hippocampal field 

following ischemia, and its inhibition by cystamine had a protective effect, delaying 

neuronal death (Hwang et al., 2009). Downregulation of TG2 activity and protein levels by 

мтʲ-Estradiol treatment also protected against hippocampal neuron cell death induced by 

transient ischemia (Fujita et al., 2006), in apparent contradiction with some of the 

aforementioned work (Filiano et al., 2008; Filiano et al., 2010; Yunes-Medina et al., 2018). 

Other than in neurons, TG2 has also been studied in glial cells, especially in relation to 

neuroinflammation. Stimuli such as oxidative stress, calcium dysregulation and the 

production of inflammatory cytokines have been shown to increase TG2 expression and 

activity in a variety of glial cells models (as reviewed in Ientile et al., 2015). For example, 

glutamate induced increase of TG2 in primary astrocytes and this was shown to mediate 

the activation of transcription factor nuclear factor kappa-light (NF- Bˁ), one of the main 

inducers of immune response and inflammation, by promoting its dimerization and 

translocation to the nucleus (Caccamo et al., 2005). In turn, NF- Bˁ activation could sustain 

TG2 expression, in a positive feedback loop (Caccamo et al., 2005). A similar connection 

had been previously shown in microglial BV2 cells, strengthening the evidence of TG2 

involvement in the neuroinflammatory process (Lee et al., 2004). 

DŀƭŜ WƻƘƴǎƻƴΩǎ ǊŜǎŜŀǊŎƘ ƎǊƻǳǇ ŦǊƻƳ wƻŎƘŜǎǘŜǊ ¦ƴƛǾŜǊǎƛǘȅ όbŜǿ ¸ƻǊƪΣ ¦{!ύ Ƙŀǎ ǇǳōƭƛǎƘŜŘ in 

the last decade multiple papers focused on the role of TG2 in both cortical neurons and 

astrocytes. They illustrated that TG2 ablation is protective in astrocytes, as it promotes 

their survival under oxygen/glucose deprivation in an ischemic brain mice model, and thus 

improves their ability to protect neurons (Colak and Johnson, 2012; Feola et al., 2017). 

However, TG2 inhibition is also a negative factor in repair processes as it affects astrocytes 

migration, consequently reducing their ability to form a glial scar after brain injury 

(Monteagudo et al., 2017). This could have both a positive and negative effect, by reducing 
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inflammation but also impeding neuronal growth (Okada et al., 2006; Renault-Mihara et al., 

2008). A similar observation was made in a spinal cord injury mice model, where TG2 KO 

was shown to attenuate scar formation and increase astrocytes ability to protect neurons 

from injury, confirming a possible deleterious role of TG2 in astrocytes (Monteagudo et al., 

2018). 

Pinzón and colleagues have recently demonstrated that astrocytes externalise TG2 under 

neuroinflammatory conditions that mimic Multiple Sclerosis pathology, both in vitro and in 

a de/re-myelination mice model, affecting ECM deposition and astroglial scarring (Pinzón 

et al., 2017a,b). 

Interestingly, work from Kawabe et al. (2017) has shown that astrocyte-derived TG2 

ǇǊŜǎŜƴǘ ƛƴ ǘƘŜ ŀǎǘǊƻƎƭƛŀƭ ŎƻƴŘƛǘƛƻƴŜŘ ƳŜŘƛŀ ό!/aύ ǿŀǎ ŀōƭŜ ǘƻ ŀŎŎŜƭŜǊŀǘŜ ŀƎƎǊŜƎŀǘƛƻƴ ƻŦ !ʲ 

in vitro when the freshly prepared peptide was diluted in ACM, and this effect was blocked 

ƛƴ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ¢Dн ƛƴƘƛōƛǘƻǊ ŎȅǎǘŀƳƛƴŜΦ Lƴ ǘǳǊƴΣ !ʲ aggregates added to cultured 

astrocytes stimulated TG2 expression both intracellularly and in the ACM, highlighting a 

role for astrocytic TG2 in AD pathology (Kawabe et al., 2017). 

 

In summary, literature data suggest that TG2 could have opposite effects in brain, 

depending on the type of injury, brain region and cell type considered (Quinn et al., 2018). 

Although intensive research has been done on this topic, further studies are necessary to 

understand TG2 role in neurons and astrocytes. Additionally, there is still very limited 

knowledge on how TG2 is externalised by either cell type, thus promoting any kind of effect 

on recipient cells. 

 

3.1.1 Aims of this chapter 

The general aim of this chapter was to characterise the expression and localisation of TG2 

in primary cells isolated from embryonic rat brains, specifically hippocampal neurons and 

astrocytes. Moreover, the possibility that TG2 could be externalised through astrocytes-

derived extracellular vesicles (EVs) was investigated. 
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3.2 Results 

3.2.1 TG2 is localised at neuronal synapses 

The presence of TG2 in the brain at tissue and cell level has already been reported, 

especially in relation to its role in neuroinflammation and brain injury (Martin et al., 2013; 

Ientile et al., 2015; Quinn et al, 2018). However, most published data about TG2 in neuronal 

cells is focused to cortical neurons or tissue sections, and specific information about TG2 

localisation in hippocampal neurons is sparse.  

For this reason, TG2 was first characterised in the cultures of primary rat embryonic 

hippocampal neurons, with particular focus on its localisation respect to neuronal synapses. 

For these experiments, neurons were either isolated from hippocampi freshly dissected 

from rat fetal brains (at embryonic day 18) or dissociated from brain tissues purchased from 

BrainBits (E18 Rat Hippocampus kit) and maintained according to standard procedures (as 

described in Methods chapter 2.2.1). Neurons were plated on surfaces coated with poly-L-

Lysine (PLL) (either tissue culture plates or glass coverslips) and grown up to 22 days-in-

vitro (DIV). Images shown in Fig. 3.1 are an example of neurons growing in a standard 2-

dimentional (2D) culture up to 11 DIV, characterised by progressive differentiation and 

outgrowth of axons and dendrites, and formation of an intricate network of synaptic 

connections. 
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Figure 3.1. Culture of primary rat embryonic hippocampal neurons. Primary rat embryonic 

hippocampal neurons were disassociated according to BrainBits protocol and plated on PLL-

coated 6-well plates. Cells were maintained in Neurobasal-B27 medium and visualised by 

Ts100 Eclipse Optical Microscope (Nikon) using 10X and 40X objectives. Scale bars 20 µm.  
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The expression of TG2 was initially investigated using immunofluorescence and confocal 

microscopy. Neurons were differentiated in vitro for 22 days (22 DIV), fixed, permeabilised 

and TG2 was identified by a previously characterised mouse monoclonal antibody (IA12) 

specific for rat/mouse TG2 (Scarpellini et al., 2014). TG2 (green) showed a punctate pattern 

widely spread in the perikaryon, dendritic and axonal processes, while no nuclear staining 

was observed (Fig. 3.2A). In order to understand if TG2 was also present at synaptic sites 

specifically, a co-staining for pre-synaptic marker VGLUT1 (blue) and post-synaptic marker 

SHANK2 (red) was performed (Fig. 3.2A). By quantification of the number of TG2-positive 

green puncta that were co-localised with either VGLUT1 or SHANK2, it was found that the 

overall percentage of synaptic TG2 was about 21.2% of the total TG2 signal. Synapses were 

identified by co-localisation of red and blue signals, as the proximity of a pre- and post-

synaptic marker characterises synaptic sites. Moreover, TG2 showed higher localisation at 

pre-synapses (calculated as number of IA12-VGLUT1 positive puncta normalised on total 

VGLUT1 puncta) compared to post-synapses (calculated as number of IA12-SHANK2 

positive puncta normalised on total SHANK2 puncta), however the difference was not 

significant (Fig. 3.2A, co-localisation indicated by arrows). To confirm TG2 presence at 

neuronal synapses, crude synaptosomes were isolated from adult mouse brain 

homogenates and both low speed supernatants (LSS) and synaptosomes (SYN) were 

analysed by western blotting. TG2 signal, which ǿŀǎ ƴƻǊƳŀƭƛǎŜŘ ǘƻ ʲ-tubulin loading control, 

was 2.4-fold higher at synaptic contacts compared to LSS (Fig. 3.2B), confirming TG2 

localisation at synapses. In these experiments, crude synaptosomes preparations were 

validated by probing with synaptic markers glutamate NMDA receptor subtype 2B (NR2B), 

postsynaptic density protein 95 (PSD-95), vesicular GABA transporter (VGAT) and vesicular 

glutamate transporter 1 (VGLUT1), which were enriched in SYN samples compared to LSS.  
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Figure 3.2. TG2 localisation in primary hippocampal neurons and synaptosomes. 



Chapter 3 ς Results  
  

82 

Figure 3.2. TG2 localisation in primary hippocampal neurons and synaptosomes. !ύ 

LƳƳǳƴƻŦƭǳƻǊŜǎŎŜƴŎŜ ǎǘŀƛƴƛƴƎ ƻŦ ǇǊƛƳŀǊȅ ƘƛǇǇƻŎŀƳǇŀƭ ƴŜǳǊƻƴǎ ŀǘ нн 5L± όǎǘŀƴŘŀǊŘύΦ /Ŝƭƭǎ 

ǿŜǊŜ ŦƛȄŜŘ ƛƴ п҈ ǇŀǊŀŦƻǊƳŀƭŘŜƘȅŘŜ π п ҈ ǎǳŎǊƻǎŜ όǿκǾύΣ ǇŜǊƳŜŀōƛƭƛǎŜŘ ŀƴŘ ǎǘŀƛƴŜŘ ǿƛǘƘ 

ŀƴǘƛπ¢Dн L!мн όƎǊŜŜƴύΣ ŀƴǘƛπ{I!bYн όǊŜŘύΣ ŀƴǘƛπ±D[¦¢м όōƭǳŜύ ŀƴǘƛōƻŘƛŜǎ ŀƴŘ 5!tLΦ 

/ƻǾŜǊǎƭƛǇǎ ǿŜǊŜ ǾƛǎǳŀƭƛǎŜŘ ōȅ ƭŀǎŜǊ ǎŎŀƴƴƛƴƎ [ŜƛŎŀ {tр ŎƻƴŦƻŎŀƭ ƳƛŎǊƻǎŎƻǇŜ ǳǎƛƴƎ со· ƻƛƭ 

ƛƳƳŜǊǎƛƻƴ ƻōƧŜŎǘƛǾŜΦ {ǳŎŎŜǎǎƛǾŜ ǎŜǊƛŀƭ ƻǇǘƛŎŀƭ ǎŜŎǘƛƻƴǎ όлΦр ҡƳύ ǿŜǊŜ ǊŜŎƻǊŘŜŘ ƻǾŜǊ р ҡƳ 

ǇƭŀƴŜǎΦ /ƻπƭƻŎŀƭƛǎŀǘƛƻƴ ǇǳƴŎǘŀ ǿŜǊŜ ŎŀƭŎǳƭŀǘŜŘ ŀǎ ŘŜǎŎǊƛōŜŘ ƛƴ aŜǘƘƻŘǎ ŎƘŀǇǘŜǊ нΦнΦнΦ ¢Dнπ

±D[¦¢м ǇƻǎƛǘƛǾŜ ǇǳƴŎǘŀΥ лΦтрҕлΦмфΤ ¢Dнπ{I!bYн ǇƻǎƛǘƛǾŜ ǇǳƴŎǘŀΥ лΦонҕлΦлт όǾŀƭǳŜǎ ŀǊŜ 

ŜȄǇǊŜǎǎŜŘ ŀǎ ƳŜŀƴ ƴǳƳōŜǊ ƻŦ ¢Dнπ{I!bYн όƻǊ ¢Dнπ±D[¦¢мύ ǇƻǎƛǘƛǾŜ ǇǳƴŎǘŀ ƴƻǊƳŀƭƛǎŜŘ ǘƻ 

ǘƻǘŀƭ ƴǳƳōŜǊ ƻŦ {Ƙŀƴƪн όƻǊ ±Dƭǳ¢мύ ǇǳƴŎǘŀ ҕ {9ύ όbҐо ŦƛŜƭŘǎΣ ǇҐb{ύΦ {ŎŀƭŜ ōŀǊ нл ҡƳ όƭƻǿ 

ƳŀƎƴƛŦƛŎŀǘƛƻƴύ ŀƴŘ р ҡƳ όƘƛƎƘ ƳŀƎƴƛŦƛŎŀǘƛƻƴύΦ ²ƘƛǘŜ ŀǊǊƻǿ ƘŜŀŘǎ ƘƛƎƘƭƛƎƘǘ Ǉƻƛƴǘǎ ƻŦ Ŏƻπ

ƭƻŎŀƭƛǎŀǘƛƻƴΦ .ύ ²ŜǎǘŜǊƴ ōƭƻǘǘƛƴƎ ƻŦ ŎǊǳŘŜ ǎȅƴŀǇǘƻǎƻƳŜǎ ƛǎƻƭŀǘŜŘ ŦǊƻƳ ŀŘǳƭǘ ƳƻǳǎŜ ōǊŀƛƴ 

ŀƴŘ ǇǊƻōŜŘ ǿƛǘƘ ǎȅƴŀǇǘƛŎ ƳŀǊƪŜǊǎ ŀƴŘ ǇƻƭȅŎƭƻƴŀƭ Ǌŀōōƛǘ ŀƴǘƛ ¢Dн ŀƴǘƛōƻŘȅΦ 5ŜƴǎƛǘƻƳŜǘǊȅ 

ŀƴŀƭȅǎƛǎ ǎƘƻǿǎ ƛƴǘŜƴǎƛǘȅ ƻŦ ¢Dн ƛƳƳǳƴŜπǊŜŀŎǘƛǾŜ ōŀƴŘǎ ƴƻǊƳŀƭƛǎŜŘ ǘƻ ̡πǘǳōǳƭƛƴΦ wŀǘƛƻ ¢Dн 

{¸bκ[{{Υ нΦпҕлΦоΣ ϝǇҖлΦлрΦ 5ŀǘŀ ƛǎ ŜȄǇǊŜǎǎŜŘ ŀǎ ƳŜŀƴ ҕ {9 όbҐпύΦ 

 

 

 

To investigate whether TG2 was present and active on the cell surface, primary 

hippocampal neurons were analysed using a previously developed plate-assay which 

involves growing cells in the presence of a biotinylated TG substrate (Scarpellini et al., 2009; 

as described in Methods chapter 2.2.5.2). Briefly, freshly isolated neurons (0 DIV) were 

incubated for 2 hours on a fibronectin-coated surface in Neurobasal complete medium and 

biotin-cadaverine. A specific inhibitor of TG2 transamidating activity (ZDON) was used to 

distinguish TG2-specific activity from background noise originated by aspecific binding of 

biotin-cadaverine or by crosslinking from other transglutaminases. As ZDON vehicle is 100% 

DMSO, a control condition including DMSO (0.1%) was added. TG2 activity was detectable 

ƻƴ ƴŜǳǊƻƴǎΩ ǎǳǊŦŀŎŜΣ ƘƻǿŜǾŜǊ ŎŜƭƭǎ ŀǇǇŜŀǊŜŘ ǘƻ ōŜ ǾŜǊȅ ǎŜƴǎƛǘƛǾŜ ǘƻ 5a{hΣ ŀǎ ǎƘƻǿƴ ŦǊƻƳ 

the drop in activity in the CTR+DMSO condition (Fig. 3.3A). ZDON treatment reduced TG2 

activity, even if not at a significant level (compared to both CTR and CTR+DMSO) (Fig. 3.3A). 

Considering these results, it was possible that analysing neurons on the day of dissection 

could be too early to detect surface activity, as cells would have undergone digestion 

treatment, which could affect the presence of surface molecules, as opposed to neurons 
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left to grow in culture for multiple days. As described in Methods chapter 2.2.5.2, this assay 

requires the incubation of cells on FN-coated plates for 2 hours and generally cells 

monolayers are either trypsinised or detached with EDTA 5 mM in PBS pH 7.4 before 

addition to the plate. Because it is not possible to trypsinise neurons grown in culture on 

PLL-coated surfaces, TG2 cell surface activity was evaluated in neurons left to grow on FN 

for 7 days, followed by 2 hours incubation with biotin-cadaverine. As shown in Fig. 3.3B, no 

significant differences were observed among the tested conditions. Further attempts were 

made to confirm the results shown in Fig. 3.3A, but because of issues with the transport of 

tissues from the supplier (BrainBits US), the following delivered tissues were not suitable 

for analysis. 

 

 

Figure 3.3. TG2 cell surface activity in neurons. A) Cell surface TG2 activity was quantified 

in primary hippocampal neurons ό.Ǌŀƛƴ.ƛǘǎύ on the day of tissue dissociation (0 DIV) by a 

cell surface activity assay (as described in Methods chapter 2.2.5.2), using TG2 inhibitor 

ZDON (100 µM) to validate TG2 specific activity. Data is shown as mean ± SE, normalised to 

CTR (N=1, each condition in triplicate). p=NS. Raw absorbance values minus background: 

CTR: 0.140±0.049; CTR+DMSO: 0.055±0.008; ZDON: 0.031±0.007. B) Neurons were grown 

7 days in FN-coated plated prior to addition of biotin-cadaverine for 2 hours. Data is shown 

as mean ± SE, normalised to CTR (N=1, each condition in triplicate). p=NS. Raw absorbance 

values minus background: CTR+DMSO: 0.053±0.003; ZDON: 0.048±0.002. 

 

 



Chapter 3 ς Results  
  

84 

In conclusion, TG2 was detectable on neurons surface, but due to the limitation that 

neurons cannot be trypsinised after being plated and that analysing cells on the day of 

tissue dissociation is not ideal, the next step was the investigation of TG2 activity in neurons 

using a different approach. 

 

 

 

 

3.2.2 In situ TG2 activity in neurons is not affected by synaptic transmission 

In the previous section it was shown that TG2 localises at neuronal synapses and attempts 

to assess its activity levels on the cell surface were performed with limited success. For this 

reason a different approach was used based on incubating neurons with a FITC-labelled 

substrate of TG2, FITC-cadaverine (FITC-cad), as described in Methods chapter 2.2.5.1. 

Moreover, considering TG2 localisation at synapses, it was interesting to investigate 

whether TG2 activity was influenced by synaptic activity.  

Neurons at 15 DIV were incubated with FITC-cad and treated 16 hours with either ZDON, 

to inhibit TG2 specific activity, or tetrodotoxin (TTX), an inhibitor of synaptic activity, or 

bicuculline (BIC), a blocker of GABA inhibitory action which enhances excitatory synaptic 

transmission. The initial hypothesis was that TG2 activity might decrease in the presence 

of TTX, a neurotoxin that blocks sodium channels, consequently stopping the calcium 

oscillations that characterise neural activity. On the other hand, it was speculated that 

treatment with BIC might increase TG2 activity, as the block of GABA receptors leads to 

epileptic-like seizures and increase of intracellular calcium concentration ([Ca2+]i). 

In the absence of treatment, neurons displayed FITC-ŎŀŘŀǾŜǊƛƴŜ ƛƴŎƻǊǇƻǊŀǘƛƻƴ ƛƴ ǘƘŜ ŎŜƭƭǎΩ 

soma and processes, similar to TG2 protein distribution showed in Fig. 3.1A, and a signal 

was also detected at nuclear level (Fig. 3.4A). Stronger green puncta were observed along 

dendritic filaments and extracellularly compared to a more diffuse and lower signal in the 

cell body. A reduction in TG2 activity was visible in the presence of TG2 inhibitor ZDON, 

however image analysis did not show a significant difference (Fig. 3.4B). It was 

hypothesised that the remaining activity observed in the presence of ZDON may be due to 

other members of the TG family. TTX treatment quenched the level of TG2 activity visible 

in situ, but quantification of FITC-cad intensity did not show this difference to be significant 

(Fig. 3.4B). Contrary to the initial expectations, neurons incubated with BIC did not show 
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increased TG2 activity but actually displayed lower intensity compared to untreated 

neurons, although not at significant level (Fig. 3.4B). Western blotting analysis of similarly 

treated neurons did not show changes in TG2 protein levels (Fig. 3.4C). In conclusion, in 

situ TG2 activity was diffused in untreated hippocampal neurons over 16 hours culture, but 

more intense along neural dendrites and in the extracellular space. Pharmacological 

alteration of synaptic activity did not result in significant alterations of TG2 activity. 
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CƛƎǳǊŜ оΦпΦ ¢Dн ŀŎǘƛǾƛǘȅ ƛƴ ǎƛǘǳ ƛǎ ƴƻǘ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ŀŦŦŜŎǘŜŘ ōȅ ǾŀǊƛŀǘƛƻƴǎ ƛƴ ƘƛǇǇƻŎŀƳǇŀƭ 

ƴŜǳǊƻƴ ǎȅƴŀǇǘƛŎ ŀŎǘƛǾƛǘȅΦ bŜǳǊƻƴǎ ŀǘ мр 5L± όǎǘŀƴŘŀǊŘύ ǿŜǊŜ ƛƴŎǳōŀǘŜŘ мс ƘƻǳǊǎ ŀǘ отƻ/ 

ǿƛǘƘ лΦп Ƴa CL¢/π/ŀŘ ŀƴŘ ½5hb όмлл ҡaύΣ ŀ ǎǇŜŎƛŦƛŎ ƛƴƘƛōƛǘƻǊ ƻŦ ¢Dн ŀŎǘƛǾƛǘȅΣ ƻǊ ǎȅƴŀǇǘƛŎ 

ŀŎǘƛǾƛǘȅ ƛƴŘǳŎŜǊ .ƛŎǳŎǳƭƭƛƴŜ ό.L/Σ рл ҡaύΣ ŀƴ ŀƴǘŀƎƻƴƛǎǘ ƻŦ ƛƴƘƛōƛǘƻǊȅ D!.! ǊŜŎŜǇǘƻǊǎΣ ƻǊ 

ǎȅƴŀǇǘƛŎ ŀŎǘƛǾƛǘȅ ƛƴƘƛōƛǘƻǊ ¢ŜǘǊƻŘƻǘƻȄƛƴ ό¢¢·Σ м ҡaύΣ ŀ ōƭƻŎƪŜǊ ƻŦ ǾƻƭǘŀƎŜπƎŀǘŜŘ ǎƻŘƛǳƳ 

ŎƘŀƴƴŜƭǎΣ ŀƴŘ ŀƴŀƭȅǎŜŘ ōȅ ŀŎǘƛǾƛǘȅ ƛƴ ǎƛǘǳ ŀǎǎŀȅ ƻǊ ǿŜǎǘŜǊƴ ōƭƻǘǘƛƴƎΦ !ύ !ŦǘŜǊ мс ƘƻǳǊǎ 

ƛƴŎǳōŀǘƛƻƴΣ ŎŜƭƭǎ ǿŜǊŜ ŦƛȄŜŘ ƛƴ фл҈ ƳŜǘƘŀƴƻƭ όǾκǾ ƛƴ t.{ύΣ ǎǘŀƛƴŜŘ ǿƛǘƘ 5!tL ŀƴŘ ƳƻǳƴǘŜŘΦ 

/ƻǾŜǊǎƭƛǇǎ ǿŜǊŜ ǾƛǎǳŀƭƛǎŜŘ ōȅ ƭŀǎŜǊ ǎŎŀƴƴƛƴƎ [ŜƛŎŀ {tр ŎƻƴŦƻŎŀƭ ƳƛŎǊƻǎŎƻǇŜ ǳǎƛƴƎ со· ƻƛƭ 

ƛƳƳŜǊǎƛƻƴ ƻōƧŜŎǘƛǾŜΦ {ǳŎŎŜǎǎƛǾŜ ǎŜǊƛŀƭ ƻǇǘƛŎŀƭ ǎŜŎǘƛƻƴǎ όлΦр ҡƳύ ǿŜǊŜ ǊŜŎƻǊŘŜŘ ƻǾŜǊ р ҡƳ 

ǇƭŀƴŜǎΦ {ŎŀƭŜ ōŀǊ нл ҡƳΦ .ύ CL¢/ ǎƛƎƴŀƭ ǿŀǎ ǉǳŀƴǘƛŦƛŜŘ ŦǊƻƳ ƳŀȄƛƳǳƳ ǇǊƻƧŜŎǘƛƻƴ ƻŦ ȊπǎǘŀŎƪ 

ƛƳŀƎŜ ǎŜǊƛŜǎ ŀƴŘ ƴƻǊƳŀƭƛǎŜŘ ōȅ ǘƘŜ ƴǳƳōŜǊ ƻŦ ƴǳŎƭŜƛ όҔрлύΦ 5ŀǘŀ ƛǎ ŜȄǇǊŜǎǎŜŘ ŀǎ ƳŜŀƴ ƻŦ 

CL¢/πŎŀŘ ƛƴǘŜƴǎƛǘȅ ҕ {9 όbҐоύΦ tҐb{Φ wŀǿ ƛƴǘŜƴǎƛǘȅ ǾŀƭǳŜǎΥ /¢wΥ ппΦлҕрΦмΤ ½5hbΥ опΦфҕнΦоΤ 
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.L/Υ ноΦсрҕнΦлΤ ¢¢·Υ отΦоҕпΦтΦ /ύ !ŦǘŜǊ мс ƘƻǳǊǎ ƛƴŎǳōŀǘƛƻƴΣ ŎŜƭƭǎ ǿŜǊŜ ƭȅǎŜŘ ŀƴŘ ŀƴŀƭȅǎŜŘ 

ōȅ ǿŜǎǘŜǊƴ ōƭƻǘǘƛƴƎ ŦƻǊ ŘŜǘŜŎǘƛƻƴ ƻŦ ¢DнΦ 5ŜƴǎƛǘƻƳŜǘǊȅ ŀƴŀƭȅǎƛǎ ǎƘƻǿǎ ƛƴǘŜƴǎƛǘȅ ƻŦ ¢Dн 

ƛƳƳǳƴŜπǊŜŀŎǘƛǾŜ ōŀƴŘǎ ƴƻǊƳŀƭƛǎŜŘ ƻƴ π̡ǘǳōǳƭƛƴ όbҐпΣ ǇҐb{ύΦ 

 

 

 

 

3.2.3 TG2 is present and active in primary astrocytes 

Up to this point of the investigation, data have shown the presence of TG2 particularly 

located at neuronal synapses. However, TG2 is known to be also present in other brain cell 

types, among which glial cells. This is particularly relevant because the role of TG2 in the 

diseased brain has been linked to neuroinflammation and in the CNS the cell types which 

are mostly involved in the inflammatory process are in fact astrocytes and microglia, the so 

ŎŀƭƭŜŘ άƛƳƳǳƴŜ ǎȅǎǘŜƳέ ƻŦ ǘƘŜ ōǊŀƛƴ όLŜƴǘƛƭŜ Ŝt al., 2015). As astrocytes have a role in 

extracellular support and repair, functions that are also attributed to TG2 at the molecular 

level, it was envisaged that astrocytes could be a main source of TG2 in brain. Indeed, 

recent evidence has shown externalisation of TG2 by astrocytes under neuroinflammatory 

conditions (Pinzón et al., 2017b), while TG2 presence in astrocytes has also been shown to 

have a neurotoxic role after ischemic injury (Colak and Johnson, 2012; Feola et al, 2017; 

Monteagudo et al., 2018). 

TG2 was initially analysed in a variety of primary cells isolated from rat brain, namely 

hippocampal neurons, astrocytes, microglia and total brain homogenates. Western blotting 

analysis showed that TG2 protein was detectable in all cell types considered, with lower 

intensity in microglial cells (Fig. 3.5A). The expression levels of TG2 full length mRNA 

(TG2_V1) and the other spliced isoforms (TG2_V2, TG2_V3 and TG2_V4) were quantified 

by real-time PCR (qPCR) in primary rat microglia and astrocytes. Both TG2_V1 and TG2_V4 

were more expressed in astrocytes compared to microglia (Fig. 3.5B). TG2_V2 and TG2_V3 

were not included as relative quantifications were not consistent, and the Ct values of the 

selected housekeeping gene (GAPDH) were statistically different between the two cell 

ǘȅǇŜǎ όϝǇҖлΦлр), hence they could not be compared. Indeed, to be able to compare two 

groups by qPCR, a necessary condition is that the respective reference gene quantifications 

are not statistically different. 
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CƛƎǳǊŜ оΦрΦ /ƘŀǊŀŎǘŜǊƛǎŀǘƛƻƴ ƻŦ ¢Dн ƛƴ ƴŜǳǊŀƭ ŎŜƭƭǎΦ !ύ ¢Dн ǇǊƻǘŜƛƴ ƭŜǾŜƭǎ ǿŜǊŜ ŀƴŀƭȅǎŜŘ ƛƴ 

ǘƘŜ ǘƻǘŀƭ ƭȅǎŀǘŜǎ ƻŦ ǇǊƛƳŀǊȅ Ǌŀǘ ƘƛǇǇƻŎŀƳǇŀƭ ƴŜǳǊƻƴǎ όIbύΣ ƳƛŎǊƻƎƭƛŀΣ ŀǎǘǊƻŎȅǘŜǎ ŀƴŘ ǘƻǘŀƭ 

ōǊŀƛƴ ƘƻƳƻƎŜƴŀǘŜ (standard)Φ .ƭƻǘǎ ǿŜǊŜ ǇǊƻōŜŘ ǿƛǘƘ Ǌŀōōƛǘ ǇƻƭȅŎƭƻƴŀƭ ŀƴǘƛπ¢Dн ό!ōпнмύ 

ŀƴŘ ŀƴǘƛπD!t5I όbҐнύΦ L ǘƘŀƴƪ 5Ǌ LƭŀǊƛŀ tǊŀŘŀ ŦǊƻƳ ǘƘŜ /bw LƴǎǘƛǘǳǘŜ ƻŦ ƴŜǳǊƻǎŎƛŜƴŎŜ 

όaƛƭŀƴΣ Lǘŀƭȅύ ŦƻǊ ǇǊƻǾƛŘƛƴƎ ǘƘŜǎŜ ōƭƻǘǎΦ .ύ wŜƭŀǘƛǾŜ Ƴwb! ŜȄǇǊŜǎǎƛƻƴ ƻŦ ¢Dн ǳǎƛƴƎ 

ǉǳŀƴǘƛǘŀǘƛǾŜ ǉw¢πt/w ƛƴ ǇǊƛƳŀǊȅ ŀǎǘǊƻŎȅǘŜǎ ŀƴŘ ƳƛŎǊƻƎƭƛŀΦ wŜƭŀǘƛǾŜ ǉǳŀƴǘƛŦƛŎŀǘƛƻƴǎ ǿŜǊŜ 

ŀŎŎƻǊŘƛƴƎ ǘƻ [ƛǾŀƪ ŀƴŘ {ŎƘƳƛǘǘƎŜƴ нллмΦ D!t5I ǿŀǎ ǳǎŜŘ ŀǎ ƘƻǳǎŜπƪŜŜǇƛƴƎ ƎŜƴŜ όbҐоΣ 

aŀƴƴπ²ƘƛǘƴŜȅ ǘŜǎǘΣ ǇҐb{ύΦ 
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Seeing that TG2 was confirmed to be more present in astrocytes compared to microglia, as 

already shown by Pinzón et al., it was decided to focus the next experiments solely on 

astrocytes (Pinzón et al., 2017b). 

Primary astrocytes were either isolated from freshly dissected cortices from rat fetal brains 

(at embryonic day 21-22) or dissociated from brain tissues purchased from BrainBits (E18 

Rat cortex kit) and maintained according to standard procedures (as described in Methods 

chapter 2.2.1). Dissociated cells were plated on PLL-coated tissue culture plates or flasks 

and grown up to 60 DIV. Images shown in Fig. 3.6 are an example of astrocytes growing in 

a standard 2-dimentional (2D) culture up to 40 DIV. 
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Figure 3.6. Culture of primary rat embryonic astrocytes. Primary rat embryonic cortical 

astrocytes were disassociated according to BrainBits protocol and plated on PLL-coated T75 

flasks. Cells were maintained in EMEM complete glial medium and visualised by Ts100 

Eclipse Optical Microscope (Nikon) using 10X and 40X objectives. Cells were imaged after 

initial plating (p1) or following consecutive passages by trypsinisation (p4). Scale bars 20 

µm. 
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TG2 was then characterised by immunofluorescence. Astrocytes grown in vitro for 18 days 

(trypsinised on day 9, plated on PLL-coated coverslip and left to grow until day 18), were 

fixed, permeabilised and probed for TG2 (IA12 antibody, green) and astrocytic marker Glial 

fibrillary acidic protein (GFAP, red) (Fig. 3.7A). TG2 signal showed a vesicular-like dotted 

staining, which was mainly localised in the cytoplasm and partially co-localised with GFAP 

(Fig. 3.7B, co-localisation indicated by the white arrow). Analysis of similarly stained cells, 

but without permeabilisation, showed a similar vesicle-like distribution of TG2, suggesting 

that the protein is also localised extracellularly (Fig. 3.7C). 
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CƛƎǳǊŜ оΦтΦ ¢Dн ƭƻŎŀƭƛǎŀǘƛƻƴ ƛƴ ǇǊƛƳŀǊȅ ŀǎǘǊƻŎȅǘŜǎΦ  
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CƛƎǳǊŜ оΦтΦ ¢Dн ƭƻŎŀƭƛǎŀǘƛƻƴ ƛƴ ǇǊƛƳŀǊȅ ŀǎǘǊƻŎȅǘŜǎΦ !ύ LƳƳǳƴƻŦƭǳƻǊŜǎŎŜƴŎŜ ǎǘŀƛƴƛƴƎ ƻŦ 

ŀǎǘǊƻŎȅǘŜǎ ŀǘ му 5L± (standard)Φ /Ŝƭƭǎ ǿŜǊŜ ŦƛȄŜŘ ƛƴ п҈ ǇŀǊŀŦƻǊƳŀƭŘŜƘȅŘŜ π п ҈ ǎǳŎǊƻǎŜ όǿκǾύΣ 

ǇŜǊƳŜŀōƛƭƛǎŜŘ ŀƴŘ ǎǘŀƛƴŜŘ ǿƛǘƘ ŀƴǘƛπ¢Dн L!мн όƎǊŜŜƴύΣ IƻŜŎƘǎǘ όōƭǳŜύ ŀƴŘ ŀǎǘǊƻŎȅǘƛŎ ƳŀǊƪŜǊ 

ŀƴǘƛπDC!t όǊŜŘύΦ /ƻǾŜǊǎƭƛǇǎ ǿŜǊŜ ǾƛǎǳŀƭƛǎŜŘ ōȅ ƭŀǎŜǊ ǎŎŀƴƴƛƴƎ [ŜƛŎŀ {tр ŎƻƴŦƻŎŀƭ ƳƛŎǊƻǎŎƻǇŜ 

ǳǎƛƴƎ со· ƻƛƭ ƛƳƳŜǊǎƛƻƴ ƻōƧŜŎǘƛǾŜΦ {ǳŎŎŜǎǎƛǾŜ ǎŜǊƛŀƭ ƻǇǘƛŎŀƭ ǎŜŎǘƛƻƴǎ όлΦр ҡƳύ ǿŜǊŜ ǊŜŎƻǊŘŜŘ 

ƻǾŜǊ р ҡƳ ǇƭŀƴŜǎΦ {ŎŀƭŜ ōŀǊ нл ҡƳΦ .ύ ½ƻƻƳπƛƴ ƻŦ ǘƘŜ ǿƘƛǘŜ ŘƻǘǘŜŘ ƭƛƴŜπŜƴŎƭƻǎŜŘ ǎŜŎǘƛƻƴ 

ǎƘƻǿƛƴƎ ŘŜǘŀƛƭǎ ƻŦ ŎƻπƭƻŎŀƭƛǎŀǘƛƻƴ ōŜǘǿŜŜƴ ¢Dн ŀƴŘ DC!t όƘƛƎƘƭƛƎƘǘŜŘ ōȅ ǘƘŜ ǿƘƛǘŜ ŀǊǊƻǿ 

ƘŜŀŘǎύΦ {ŎŀƭŜ ōŀǊ мл ҡƳΦ /ύ ½ƻƻƳπƛƴ ƻŦ ŀǎǘǊƻŎȅǘŜǎ ǘǊŜŀǘŜŘ ŀǎ ŜȄǇƭŀƛƴŜŘ ƛƴ !Σ ōǳǘ ǿƛǘƘƻǳǘ 

ǇŜǊƳŜŀōƛƭƛǎŀǘƛƻƴΦ {ŎŀƭŜ ōŀǊ мл ҡƳΦ 

 

 

 

 

TG2 often co-localises with Fibronectin (FN), an important substrate and binding partner in 

the ECM (Akimov et al., 2000; Akimov and Belkin, 2001). To explore this, dual staining was 

performed with TG2 and ECM marker FN (red) (Fig. 3.8). TG2 showed a partial co-

localisation with FN, but the cytoplasmic signal was more prominent in comparison to the 

extracellular signal, suggesting that under control condition (absence of any treatment), 

TG2 is not highly externalised (Fig. 3.8, co-localisation indicated by white arrow heads). This 

is in line with already published data, where it was shown that astrocytic TG2 accumulates 

in the ECM in response to pro-inflammatory stimuli, while very low signal was observed in 

the absence of treatment (Pinzón et al., 2017b). 
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CƛƎǳǊŜ оΦуΦ ¢Dн ƭƻŎŀƭƛǎŀǘƛƻƴ ƛƴ ǘƘŜ ŜȄǘǊŀŎŜƭƭǳƭŀǊ ƳŀǘǊƛȄΦ !ύ LƳƳǳƴƻŦƭǳƻǊŜǎŎŜƴŎŜ ǎǘŀƛƴƛƴƎ ƻŦ 

ŀǎǘǊƻŎȅǘŜǎ ŀǘ му 5L± (standard)Φ /Ŝƭƭǎ ǿŜǊŜ ŦƛȄŜŘ ƛƴ п҈ ǇŀǊŀŦƻǊƳŀƭŘŜƘȅŘŜ π п҈ ǎǳŎǊƻǎŜ όǿκǾύΣ 

ǇŜǊƳŜŀōƛƭƛǎŜŘ ŀƴŘ ǎǘŀƛƴŜŘ ǿƛǘƘ ŀƴǘƛπ¢Dн L!мн όƎǊŜŜƴύΣ IƻŜŎƘǎǘ όōƭǳŜύ ŀƴŘ ŜȄǘǊŀŎŜƭƭǳƭŀǊ 

ƳŀǘǊƛȄ ƳŀǊƪŜǊ CƛōǊƻƴŜŎǘƛƴ όCbΣ ǊŜŘύΦ /ƻǾŜǊǎƭƛǇǎ ǿŜǊŜ ǾƛǎǳŀƭƛǎŜŘ ŀǎ ŜȄǇƭŀƛƴŜŘ ƛƴ CƛƎΦ оΦтΦ {ŎŀƭŜ 

ōŀǊ нл ҡƳΦ .ύ ½ƻƻƳπƛƴ ƻŦ ǘƘŜ ǿƘƛǘŜ ŘƻǘǘŜŘ ǎŜŎǘƛƻƴ ǎƘƻǿƛƴƎ ŘŜǘŀƛƭǎ ƻŦ ŎƻπƭƻŎŀƭƛǎŀǘƛƻƴ 

ōŜǘǿŜŜƴ ¢Dн ŀƴŘ Cb όƘƛƎƘƭƛƎƘǘŜŘ ōȅ ǘƘŜ ǿƘƛǘŜ ŀǊǊƻǿǎύΦ {ŎŀƭŜ ōŀǊ мл ҡƳΦ 
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To investigate whether TG2 was present and active on the surface of astrocytes, the cell 

surface activity assay already presented in section 3.2.1 was used. Astrocytes from 14 DIV 

up to 44 DIV were trypsinised, resuspended in serum-free media and incubated for 2 hours 

on a fibronectin-coated plate in the presence of calcium, biotin-cadaverine and ZDON (100 

ҡaύ. Control condition included DMSO (0.1% v/v). Using this assay, TG2 specific activity 

was detectable on the surface of astrocytes and was significantly reduced of about 42% by 

treatment with ZDON (Fig. 3.9). 

 

 

Figure 3.9. TG2 cell surface activity in primary astrocytes. Cell surface TG2 activity was 

quantified in primary astrocytes (BrainBits) up to 44 DIV by a cell surface activity assay (as 

described in Methods chapter 2.2.5.2), using TG2 inhibitor ZDON (100 µM) to validate TG2 

specific activity. Cells were resuspended in complete Neurobasal medium and plated on a 

FN-coated 96-well plate for 2 hours in the presence of biotin-cadaverine. Data is shown as 

mean ± SE, normalised to CTR in the presence of 0.1% DMSO (N=3, ****p<0.00001). Raw 

absorbance values minus background: CTR+DMSO: 0.120±0.009; ZDON: 0.067±0.007. 
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¢ƻ ǎǳƳƳŀǊƛǎŜ ǘƘŜǎŜ ŦƛƴŘƛƴƎǎΣ ¢Dн ǿŀǎ ŦƻǳƴŘ ǘƻ ōŜ ŜȄǇǊŜǎǎŜŘ ƛƴ ǇǊƛƳŀǊȅ ŀǎǘǊƻŎȅǘŜǎ ŀƴŘ ǘƻ 

ōŜ ŀŎǘƛǾŜ ŀǘ ǘƘŜ ŎŜƭƭ ǎǳǊŦŀŎŜ ƭŜǾŜƭΦ aƻǊŜƻǾŜǊΣ ¢Dн ǿŀǎ ǎƘƻǿƴ ǘƻ ōŜ ǇŀǊǘƛŀƭƭȅ ŜȄǘŜǊƴŀƭƛǎŜŘ ŀƴŘ 

ǘƻ ŎƻπƭƻŎŀƭƛǎŜ ǿƛǘƘ Cb ƛƴ ǘƘŜ 9/aΦ .ŜŎŀǳǎŜ ǘƘŜ ƳŜŎƘŀƴƛǎƳ ǳƴŘŜǊƭȅƛƴƎ ¢Dн ǊŜƭŜŀǎŜ ōȅ 

ŀǎǘǊƻŎȅǘŜǎ ƛǎ ǎǘƛƭƭ ǳƴŎƭŜŀǊΣ ǘƘŜ ƴŜȄǘ ƻōƧŜŎǘƛǾŜ ǿŀǎ ǘƻ ƛƴǾŜǎǘƛƎŀǘŜ ǘƘƛǎ ǇǊƻŎŜǎǎΦ  

 

 

 

3.2.4 TG2 is released by astrocyte-derived exosomes upon pro-inflammatory stimuli 

As already mentioned, previous work has suggested that TG2 is released by astrocytes and 

accumulates in the surrounding ECM (Pinzón et al., 2017b). However, the hypothesis that 

TG2 could be externalised via extracellular vesicles (EVs), as recently reported in other cell 

systems (Furini et al., 2018), was not explored. EVs are important mediators of neuron-glia 

communication under physiological conditions and stress responses (Proia et al., 2008; 

Luarte et al., 2017), and thus represent a likely vehicle for TG2 transport. Given this scenario, 

it was explored whether TG2 may be released in the extracellular environment by 

astrocytes in association with EVs. 

EVs were isolated from primary astrocytes after 24 h incubation in media without serum. 

To simulate inflammatory stress conditions, cells were also incubated with 

Lipopolysaccharide (LPS) as previously shown (Bianco et al., 2005; He et al., 2018; Pena-

Altamira et al., 2018). Two concentrations were initially tested (0.1 µg/ml and 1 µg/ml) and 

then, seeing that the higher concentration had major effect, LPS 1 µg/ml was used in the 

following experiments. Large and small EVs were isolated using serial centrifugations (as 

described in Methods chapter 2.2.9.1) and characterised by Nanoparticle Tracking Analysis 

(NTA) (Fig. 3.10). Large EVs showed a diameter of about 177 nm and a concentration of 

5.7x108 particles/ml, while small EVs were about 140 nm with a concentration of 3.8x109 

particles/ml, which are within the expected range. LPS treatment did not affect particle size 

or concentration (Fig. 3.10). 
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CƛƎǳǊŜ оΦмлΦ 9±ǎ ŎƘŀǊŀŎǘŜǊƛǎŀǘƛƻƴ ōȅ bŀƴƻǇŀǊǘƛŎƭŜ ¢ǊŀŎƪƛƴƎ ŀƴŀƭȅǎƛǎΦ {ƛȊŜ ŀƴŘ 

ŎƻƴŎŜƴǘǊŀǘƛƻƴ ŘƛǎǘǊƛōǳǘƛƻƴ ƻŦ ƭŀǊƎŜ ŀƴŘ ǎƳŀƭƭ 9±ǎ ōȅ ƴŀƴƻǇŀǊǘƛŎƭŜ ǘǊŀŎƪƛƴƎ ŀƴŀƭȅǎƛǎ 

ό½Ŝǘŀ±ƛŜǿΣ tŀǊǘƛŎƭŜ aŜǘǊƛȄύΦ 9±ǎ ƛǎƻƭŀǘŜŘ ŦǊƻƳ ōƻǘƘ ǳƴǘǊŜŀǘŜŘ ŀƴŘ [t{πǘǊŜŀǘŜŘ ŀǎǘǊƻŎȅǘŜǎ 

ό.Ǌŀƛƴ.ƛǘǎύ ǿŜǊŜ ƛǎƻƭŀǘŜŘΣ ǊŜǎǳǎǇŜƴŘŜŘ ƛƴ ǇŀǊǘƛŎƭŜπŦǊŜŜ t.{ ŀƴŘ ƛƳƳŜŘƛŀǘŜƭȅ ŀƴŀƭȅǎŜŘ όbҐоύΦ 

 

 

 

Western blotting analysis of total cell lysates revealed that TG2 expression increased upon 

pro-inflammatory stimuli induced by LPS administration to astrocytes, with consequent 

deposition of TG2 in the extracellular matrix, which became evident upon LPS stimulation 

(Fig. 3.11A). The EV-free supernatants, following protein precipitation by trichloroacetic 

acid (TCA), did not show any TG2, regardless of LPS treatment (Fig. 3.11A). Western blotting 

analysis of large and small EVs lysates revealed TG2 enrichment in small EVs, but not in 

large EVs, isolated from LPS-treated astrocytes conditioned medium (Fig. 3.11B). EVs were 

characterised by expression of specific markers FLOT-2 and ALIX and absence of 

cytoplasmic astrocytic protein GFAP, other than by NTA, as showed in Fig. 3.10. 
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CƛƎǳǊŜ оΦммΦ !ƴŀƭȅǎƛǎ ƻŦ ¢Dн ƛƴ [t{πǘǊŜŀǘŜŘ ǇǊƛƳŀǊȅ ŀǎǘǊƻŎȅǘŜǎ ŀƴŘ 9±ǎΦ /Ŝƭƭǎ (BrainBits) 

ǿŜǊŜ ǇǊƛƳŜŘ ǿƛǘƘ [t{ όлΦм ҡƎκƳƭ ƻǊ м ҡƎκƳƭύ ŦƻǊ нп ƘƻǳǊǎ ƛƴ ǎŜǊǳƳπŦǊŜŜ ƳŜŘƛǳƳ ōŜŦƻǊŜ 9±ǎ 

ƛǎƻƭŀǘƛƻƴΦ !ύ ²ŜǎǘŜǊƴ .ƭƻǘǘƛƴƎ ŀƴŀƭȅǎƛǎ ƻŦ ŀǎǘǊƻŎȅǘŜǎ ǘƻǘŀƭ ƭȅǎŀǘŜǎ ό¢[ύΣ ǇǊƻǘŜƛƴǎ ¢/!π

ǇǊŜŎƛǇƛǘŀǘŜŘ ŦǊƻƳ 9±πŦǊŜŜ ǎǳǇŜǊƴŀǘŀƴǘǎ ό9±πŦǊŜŜύ ŀƴŘ ŜȄǘǊŀŎŜƭƭǳƭŀǊ ƳŀǘǊƛȄ ό9/aύΦ π̡ǘǳōǳƭƛƴ 

ǿŀǎ ǳǎŜŘ ŀǎ ƭƻŀŘƛƴƎ ŎƻƴǘǊƻƭΦ 5ŜƴǎƛǘƻƳŜǘǊȅ ŀƴŀƭȅǎƛǎ ōŜƭƻǿ ǘƘŜ ōƭƻǘ ǎƘƻǿǎ ƳŜŀƴ ƛƴǘŜƴǎƛǘȅ ƻŦ 

¢Dн ƛƳƳǳƴŜπǊŜŀŎǘƛǾŜ ōŀƴŘǎ όbҐмύΦ .ύ 5ŜƴǎƛǘƻƳŜǘǊȅ ŀƴŀƭȅǎƛǎ ǎƘƻǿƛƴƎ ƳŜŀƴ ƛƴǘŜƴǎƛǘȅ ҕ {9 

ƻŦ ¢Dн ƛƳƳǳƴŜπǊŜŀŎǘƛǾŜ ōŀƴŘǎ ƴƻǊƳŀƭƛǎŜŘ ƻƴ C[h¢πн ŀƴŘ ǘƘŜƴ ǘƻ ¢[ ŎƻƴǘǊƻƭ ǾŀƭǳŜǎ όbҐпΣ 

ϝǇҖлΦлрύΦ wŀǿ ƛƴǘŜƴǎƛǘȅ ǾŀƭǳŜǎ ¢DнκC[h¢нΥ ¢[ /¢wΥ лΦупҕлΦррΤ ¢[ [t{Υ нΦноҕмΦсмΦ /ύ ²ŜǎǘŜǊƴ 

ōƭƻǘǘƛƴƎ ŀƴŀƭȅǎƛǎ ƻŦ ƭȅǎŜŘ 9±ǎ όƭŀǊƎŜ ŀƴŘ ǎƳŀƭƭ 9±ǎύ ŀƴŘ ŘŜǘŜŎǘƛƻƴ ƻŦ 9±ǎ ƳŀǊƪŜǊǎ ![L· ŀƴŘ 
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C[h¢L[[LbπнΣ Ǝƭƛŀƭ ƳŀǊƪŜǊ DC!t ŀƴŘ ƻŦ ¢DнΦ 5ŜƴǎƛǘƻƳŜǘǊȅ ŀƴŀƭȅǎƛǎ ǎƘƻǿǎ ƳŜŀƴ ƛƴǘŜƴǎƛǘȅ ҕ 

{9 ƻŦ ¢Dн ƛƳƳǳƴŜπǊŜŀŎǘƛǾŜ ōŀƴŘǎ ƴƻǊƳŀƭƛǎŜŘ ǘƻ C[h¢πн ŀƴŘ ǘƘŜƴ ǘƻ ¢[ ŎƻƴǘǊƻƭ ǾŀƭǳŜǎ όbҐоΣ 

ϝǇҖлΦлрΣ ϝϝǇҖлΦлмύΦ wŀǿ ƛƴǘŜƴǎƛǘȅ ǾŀƭǳŜǎ ¢DнκC[h¢нΥ ¢[ /¢wΥ лΦрлҕлΦмрΤ ¢[ [t{Υ лΦсфҕлΦнлΤ 

[ŀǊƎŜ 9±ǎ /¢wΥ лΦотҕлΦнсΤ [ŀǊƎŜ 9±ǎ [t{Υ лΦомҕлΦмрΤ {Ƴŀƭƭ 9±ǎ /¢wΥ лΦпсҕлΦмрΤ {Ƴŀƭƭ 9±ǎ 

[t{Υ мΦусҕлΦтсΤ 9±πŦǊŜŜ /¢w ϧ [t{Υ лΦлҕлΦлΦ 

 

 

 

 

At present it is not yet known if TG2 is carried in the lumen of astrocytic EVs, as opposed to 

being exposed on the surface and thus able to directly interact with molecules in the 

extracellular milieu and cell plasma membrane. In our recent work we were able to 

demonstrate that vesicular TG2 originating from NRK52E cells (rat renal tubular epithelial 

cells) was enriched on the surface of small EVs (Furini et al., 2018). Therefore, it would be 

interesting to investigate if this was also the case for astrocyte-associated vesicular TG2. 

 

 

 

In conclusion, these findings suggest that TG2 can be released by astrocytes as a cargo of 

small EVs under neuroinflammatory conditions, a novel mechanism that has never been 

described before (Fig. 3.12). 
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Figure 3.12. Schematic representation of TG2 externalisation by EVs trafficking. A) 

Astrocytes activated by Lipopolysaccharides (LPS), an endotoxin which causes inflammatory 

response, show increased levels of TG2. B) Astrocytes release large and small EVs, which 

are loaded with nucleic acids (DNA, RNA, miRNAs), proteins and lipids. Among these, small 

EVs were positive for specific protein markers FLOT-2 (transmembrane) and ALIX (luminal). 

C) Small EVs isolated from LPS-treated astrocytes contain TG2, either in the vesicle lumen 

or as a membrane-associated protein. This image was generated with Motifolio 

(https://www.motifolio.com/). 
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3.3 Discussion 

The main findings described in this chapter are that in rat primary cell cultures TG2 is 

present at neuronal synapses and in astrocytes, from which it can be externalised through 

small EVs under neuroinflammatory conditions. 

TG2 has already been described in hippocampal neurons, but neither in detail, nor by using 

a specific antibody such as mouse monoclonal anti-TG2 IA12 used in this work, which is 

known to be highly specific for detection of mouse and rat TG2 (Scarpellini et al., 2014). For 

example, Appelt and colleagues performed TG2 immunostaining of rat hippocampal 

neurons using an antibody against FXIII, another member of the TG family, and observed a 

widespread distribution in the cell soma and dendritic processes (Appelt et al., 1996). They 

also analysed human hippocampal tissue sections and confirmed TG2 presence in the 

perikaryon and neurites, especially in AD brain compared to controls (Appelt et al., 1996). 

Other groups have characterised TG2 at the histological level, by western blotting analysis, 

in vitro activity assay or RT-PCR of homogenates from different brain regions (e.g. 

prefrontal cortex, cerebellum and hippocampus) (Gilad and Varon, 1985; Johnson et al., 

1997; Kim et al., 1999), or by immunostaining of tissue sections of either TG2 protein or 

TG2 transamidation by-product EGGL peptide (Perry and Haynes, 1993; Perry et al., 1995; 

Kim et al., 1999; Andringa et al., 2004). Some groups also analysed isolated primary 

cerebellar granule or cortical neurons, confirming TG2 presence in these cell types 

(Mahoney et al., 2000; Filiano et al., 2010). These studies highlighted the presence of TG2 

in different brain tissues and cells, including neurons and brain vasculature, but did not 

investigate its cellular localisation in detail. Other works aimed at understanding TG2 role 

in neural development revealed that TG2 localisation in immortalised neuroblastoma cell 

lines was predominantly cytoplasmic, present both in the cell perikaryon and neurites, and 

that only about 7% was nuclear (Lesort et al., 1998; Zhang et al., 1998a; Tucholski et al., 

2001). 

It was shown here for the first time that about 21% of the total TG2 present in hippocampal 

neurons co-localises with either post- or pre-synaptic markers (Fig. 3.2A). Even though TG 

activity has been detected in synaptosomal preparations (Gilad and Varon, 1985), no one 

has ever shown that TG2 protein localises specifically at synaptic sites (Fig. 3.2A-B).  

Because the most commonly studied TG2 function in both physiology and pathology is the 

transamidation of protein substrates, and this is Ca2+-activated, an attempt to assess 

ǿƘŜǘƘŜǊ ¢Dн ŀŎǘƛǾƛǘȅ ǿŀǎ ǇǊŜǎŜƴǘ ƻƴ ƴŜǳǊƻƴǎΩ ǎǳǊŦŀŎŜ ǿŀǎ ƳŀŘŜΣ ǿƘŜǊŜ ŀŎǘƛǾŀǘƛƴƎ 
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concentrations of calcium are likely in the mM range (interstitial fluid [Ca2+]:  1.2 mM) 

(Jones and Keep, 1988; Carafoli, 1987). The data employing a live cell assay (Jones et al., 

1997) suggest that there is active extracellular TG2 in hippocampal neurons. This 

observation was corroborated by the reduction in TG2 activity in the presence of the widely 

used TG2 inhibitor ZDON (Fig. 3.3A-B). ZDON is a side chain-modified peptide, carrying an 

ŜƭŜŎǘǊƻǇƘƛƭƛŎ ά5hbέ ƎǊƻǳǇ όс-diazo-5-oxo-L-norleucine) which undergoes nucleophilic 

attack by TG2 residue Cys(277) and is consequently irreversibly bound to TG2 active site in 

a stable thioether adduct, thus blocking TG2 activity (McConoughey et al., 2010). Among 

technical limitations, the TG cell surface activity assay used for this experiment, which was 

developed to analyse cells allowed to attach for 2 hours on FN (Methods chapter 2.2.5.2, 

Jones et al., 1997), was applied in neurons growing directly on FN for a week prior to 

performing the assay, as neurons cannot survive proteolytic detachment. Alternatively, 

freshly disassociated cells (0 DIV) were employed, however high sensitivity to DMSO (0.1%) 

used as vehicle for the inhibitor (ZDON) was another limitation.   

TG2 activity was also measured in situ in adherent neurons, grown in the presence of a 

FITC-labelled TG2 substrate. It was hypothesised that, being located at synaptic sites, TG2 

activity could be affected by synaptic transmission. In fact, it is known that TG2 activity is 

affected by [Ca2+]i and that in many neurodegenerative diseases, characterised by calcium 

dysregulation, TG2 activity is enhanced (Smethurst and Griffin, 1996). Contrary to the initial 

expectations, TG2 did not show changes in response to variations in synaptic activity, at 

neither the protein nor the activity level (Fig. 3.4A-C). It was reasoned that more than the 

neuronal endogenous TG2, which does not seem to be highly active, it might be the 

extracellularly localised enzyme which could have a more relevant role in neurons function.  

Literature data suggest that glial cells, specifically astrocytes, might be a source of 

extracellular TG2 in brain (Pinzón et al., 2017a,b). Campisi and colleagues were the first 

group to demonstrate the presence of TG2 activity in primary rat glial cell homogenates 

(Campisi et al., 1992), while other groups showed that astrocytes express TG2 mRNA 

(Monsonego et al., 1997), and that TG2 protein, mainly located in the cytosol, present 

variable levels between cells (van Strien et al., 2011). Therefore, it was shown here that 

TG2 is expressed in primary glial cells, and that it is present at higher levels in astrocytes 

compared to microglia (Fig. 3.5A-B). TG2 localisation was mainly cytoplasmic, showing a 

vesicle-like distribution (Fig. 3.7-3.8). Interestingly, the same was observed in not 

permeabilised cells, suggesting that part of the enzyme could be localised at the cell surface, 
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in vesicular structures (Fig. 3.7C). A similar distribution was shown by van DamΩǎ research 

group, which highlighted the presence of cell-surface TG2 in astrocytes, especially in 

response to inflammatory stimuli (van Strien et al., 2011). TG2 showed partial co-

localisation with ECM marker FN (Fig. 3.8), as previously observed in fibroblasts and other 

cell systems (Verderio et al., 1999; Gaudry et al. 1999; Akimov and Belkin 2001), including 

astrocytes, where a direct interaction between FN and TG2 has been described (van Strien 

et al., 2011; Pinzón et al., 2017a,b). In this study, the presence of active enzyme on the 

astrocȅǘŜǎΩ ǎǳǊŦŀŎŜ was confirmed by using a cell surface activity assay (Fig. 3.9), which 

strengthened the hypothesis of a surface localisation. Pinzón and colleagues have also 

shown TG2 expression in astrocytes, however it was very low in control conditions, whereas 

it significantly increased upon neuroinflammatory stimuli (i.e. TNF-ʰ Ҍ L[-мʲ ǘǊŜŀǘƳŜƴǘύΣ 

consequently accumulating in the ECM (Pinzón et al, 2017b). In contrast, here abundant 

TG2 seemed to be detected in astrocytes in comparison. It is possible that mouse anti-TG2 

ŀōм ŀƴǘƛōƻŘȅ όŎƭƻƴŜ /¦.тплнύ ǳǎŜŘ ƛƴ tƛƴȊƽƴΩǎ ǊŜǇƻǊǘΣ ǿƘƛŎƘ ƛǎ ƪƴƻǿƴ ǘƻ ŘŜǘŜŎǘ ƘǳƳŀƴ 

TG2, but less mouse or rat TG2, may have limited experimental data, as in the experiments 

described here untreated astrocytes displayed a clear TG2 signal observed using the 

monoclonal mouse anti-TG2 (IA12) antibody (Scarpellini et al., 2014; Burhan et al., 2017). 

On the other hand, only low TG2 ECM signal was observed in the absence of treatment, 

confirming that externalisation of TG2 is regulated by stress stimuli, such as inflammation. 

{ŜŜƛƴƎ ǘƘŀǘ ƴƻ ǇƻǎǎƛōƭŜ ƳŜŎƘŀƴƛǎƳ ŦƻǊ ¢Dн ŜȄǘŜǊƴŀƭƛǎŀǘƛƻƴ ǿŀǎ ǇǊƻǇƻǎŜŘ ƛƴ tƛƴȊƽƴΩǎ ǊŜǇƻǊǘΣ 

this was an extremely interesting question to investigate. 

Our research group has recently published a work in the area of kidney fibrosis, showing 

that TG2 is secreted by EVs during fibrosis progression (Furini et al., 2018). This gave rise to 

the hypothesis that the same mechanism could be present in astrocytes under 

inflammatory conditions. 

In order to investigate this process, astrocytes were treated with lipopolysaccharide (LPS), 

a well-known pro-inflammatory molecule, which has been previously shown to increase 

TG2 expression and activity levels in a variety of cell, among which macrophages and BV2 

mouse microglia (Harris et al., 1984; Park et al., 2004; Kawabe et al., 2015; Ding et al., 2017). 

As expected, LPS treatment increased TG2 protein levels in the total lysates (Fig. 3.11A-B) 

and also induced an increase of TG2 externalisation and accumulation in the ECM (Fig. 

3.11A). This was consistent with what was initially expected, as also Pinzón and colleagues 

had observed higher co-localisation of TG2 and ECM marker FN in response to 
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inflammation (Pinzón et al., 2017). EVs recovered from serum-free conditioned medium of 

untreated and LPS-treated astrocytes were then analysed, and it was observed that TG2 

was enriched in small EVs only upon LPS stimuli (Fig. 3.11C). This study demonstrated for 

the first time that TG2 is released in association with EVs in primary astrocytes. Previous 

work had detected TG2 in EVs of kidney epithelial cells, mouse embryonic fibroblasts (MEF) 

and cancer cells (Furini et al., 2018; Diaz-Hidalgo et al., 2016; Antonyak et al., 2011).  

Recent literature suggests a significant role for EVs in cell-cell communication. In brain, EVs 

have a largely unexplored role in cross-talk among neurons, astrocytes and microglia, the 

ƛƳƳǳƴŜ ŎŜƭƭǎ ƻŦ ǘƘŜ /b{ ό/ƘŀǳŘƘǳǊƛ Ŝǘ ŀƭΦΣ нлмуύΦ ¢bCʰ ŀƴŘ L[-мʲΣ ǇǊƻ-inflammatory 

cytokines known to activate glial cells, have been shown to affect astrocytic EVs cargo with 

an impact on neurotrophic signalling, which resulted in decreased neuronal survival and 

synaptogenesis (Chaudhuri et al., 2018). Astrocyte-derived EVs isolated from plasma of AD 

patients were shown to carry high levels of complement effector proteins compared to 

healthy controls, suggesting that they could promote the spreading of inflammatory signals 

(Goetzl et al., 2018). In a mouse model of inflammatory brain injury, EVs shed from 

astrocytes following acute cytokine response (mediated by IL-мʲύ ǇǊƻƳƻǘŜŘ ƭŜǳŎƻŎȅǘŜ 

transmigration to the brain and consequent production of cytokines in liver, corroborating 

evidence of a role for astrocytic EVs as mediators of the communication between 

astrocytes and neurons, but also between the brain and the peripheral immune system 

(Dickens et al., 2017). The presence of TG2 in astrocytes-derived EVs could have multiple 

effects, apart for the most direct externalisation of the enzyme. To date there is no 

published information on this topic, especially what effect vesicular TG2 could have on 

neighbouring cells, such as neurons. 

In conclusion, it was shown here for the first time that TG2 is released by astrocytes in 

association with small EVs under inflammatory conditions, and consequently that it 

accumulates in the ECM above physiological levels during the inflammation process. 

Because it has been reported that overexpression of TG2 in mice brain potentiates calcium-

induced hippocampal damage, suggesting a possible role of TG2 in excitotoxicity-induced 

neuronal cell death (Tucholski et al., 2006), the next step was to investigate whether the 

increase of extracellular TG2 could affect synaptic activity and calcium homeostasis in 

neurons.
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CHAPTER 4:  

Extracellular TG2 modulates calcium homeostasis in 

hippocampal neurons 
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4.1 Introduction 

Rise in intracellular calcium concentrations ([Ca2+]i) in neurons is the major trigger of 

neurotransmitter release from nerve endings, hence it is at the core of neuronal 

communication (aŀǊŀƳōŀǳŘ Ŝǘ ŀƭΦΣ нллф). Basal calcium levels are tightly regulated within 

a narrow physiological range, below 100-200 nM, while extracellularly the concentration is 

about 1-2 mM (Jones and Keep, 1988, Carafoli, 1987). Calcium influx through permeable 

channels at the plasma membrane is buffered by a large set of proteins able to bind calcium 

and by the action of calcium membrane transporters. In particular, the Plasma Membrane 

Ca2+ ATPase (PMCA) and the Na+/Ca2+ exchanger (NCX) are the two main system involved 

in calcium efflux through the plasma membrane. Perturbations in calcium homeostasis 

ƘŀǾŜ ōŜŜƴ ǊŜǇƻǊǘŜŘ ƛƴ ǎŜǾŜǊŀƭ ƴŜǳǊƻŘŜƎŜƴŜǊŀǘƛǾŜ ŘƛǎŜŀǎŜǎΣ ƛƴŎƭǳŘƛƴƎ !ƭȊƘŜƛƳŜǊΩǎ ŘƛǎŜŀǎŜ 

(AD), the most common form of human dementia in the elderly (Marambaud et al., 2009). 

Alterations in [Ca2+]i have deleterious consequences for neurons, leading to neuron cell 

death by necrosis or apoptosis. In particular, a large body of evidence documents a 

connection between disruption of calcium homeostasis and AD. Cortical neurons 

established from AD transgenic mice have been shown to exhibit abnormally elevated 

[Ca2+]i and quantitative calcium imaging in vivo indicated a significant increase in the 

fraction of spines and dendrites of cortical neurons characterized by calcium overload 

(Kuchibhotla et al., 2008). Similarly, neurons from HD mouse models (e.g. YAC128) have 

shown increased NMDA toxicity, due to the huntingtin (htt)-mediated disruption of 

mitochondrial function and consequent impairment of calcium buffering system, which led 

to the elevation of [Ca2+]i (Fernandes et al., 2007). Interestingly, TG2 inhibition in the 

YAC128 model was shown to protect striatal neurons from NMDA-mediated toxicity both 

in the presence and absence of mutant htt (McConoughey et al., 2010). Elevated levels of 

TG2 in HD led to the decrease of mitochondrial proteins such as peroxisome proliferator-

activated receptor-ʴ ŎƻŀŎǘƛǾŀǘƻǊ-м h (PGC-м)h and cytochrome c levels, causing 

mitochondrial disfunction. Inhibition of TG2 activity by specific inhibitor ZDON was able to 

de-repress their expression, thus positively affecting neurons survival under toxic stress 

(McConoughey et al., 2010). 

Overexpression of human TG2 in mice brain was shown to potentiate calcium-induced 

hippocampal damage, suggesting a possible role of TG2 in excitotoxicity-induced neuronal 

cell death (Tucholski et al., 2006). The authors hypothesised that this process could be 

mediated by the TG2-dependent modification of dual leucine zipper-bearing kinase (DLK) 



Chapter 4 ς Results  
  

109 

and consequent potentiation of cell death through the c-Jun amino terminal kinase (JNK) 

pathway. Moreover, they postulated that TG2 could also increase [Ca2+]i, and thus enhance 

neurons excitability, however they did not provide any detail of a possible mechanism 

(Tucholski et al., 2006). 

Given the key role of calcium in neuronal pathophysiology, the question whether 

extracellular TG2, either soluble or carried by EVs (including astrocytic EVs, as shown in 

chapter 3), could be involved in calcium homeostasis was investigated. TG2 itself is calcium 

activated, therefore it is not unreasonable to think that it could perturbate calcium 

concentrations, thus affecting its intracellular role as well as neuronal function, via a 

positive feedback loop. Notably, it has been shown that EVs derived from stimulated 

microglial cells are in fact able to affect basal [Ca2+]i in primary astrocytes and neurons, 

likely by spreading inflammatory signals from the source to the recipient cells (Verderio et 

al., 2012; Joshi et al., 2014).  

 

4.1.1 Aims of the chapter 

The general aim of this chapter was to clarify whether extracellular TG2 could influence 

calcium homeostasis in neurons, thus affecting their ability to communicate. Firstly, the 

effect of the enzyme on [Ca2+]i in rat embryonic hippocampal neurons was investigated,  by 

addition of TG2 in soluble form to the neuronal medium. Moreover, the role of TG2 

overexpression in neurons by transient transfection was also examined. Finally, initial 

experiments with EVs isolated from primary glial cells were centred at looking at the role 

of EVs and vesicular TG2 on calcium homeostasis in neurons. For this chapter, only neurons 

and astrocytes prepared according to the standard protocol were used. 
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4.2 Results 

4.2.1 Exogenous TG2 increases cytoplasmic calcium concentration in neurons 

In order to understand if extracellular TG2 may directly affect calcium homeostasis in 

neurons, calcium concentration was detected by analysing the F340/380 fluorescence ratio 

in fura-2-loaded neurons (as described in Methods chapter 2.2.11). Differentiated neuronal 

cultures often exhibit synchronous calcium oscillations, with reflecting burst of neuronal 

firing. Addition of soluble TG2 (10-ол ˃ƎκƳƭύ ǘƻ ƴŜǳǊƻƴǎ ƳŀƛƴǘŀƛƴŜŘ ƛƴ YǊŜōǎςwƛƴƎŜǊΩǎ 

HEPES solution (KRH) (Fig. 4.1), characterized by low frequency spontaneous oscillations, 

promoted the onset of a synchronous calcium spike and increased the interspike 

intracellular calcium concentration ([Ca2+]iύΣ ŜȄǇǊŜǎǎŜŘ ŀǎ ɲCоплκоул όɲCоплκоул Ґ 

0.126±0.014). This led to blockage of oscillatory activity (Fig. 4.1, first red arrow from the 

left). Upon TG2 removal (Fig. 4.1, wash), interspike [Ca2+]i decreased to pre-treatment 

values and spontaneous calcium oscillations re-started, indicating that the action of 

exogenous TG2 was reversible (Fig. 4.1, right). These findings suggested that exogenous 

TG2 alters interspike [Ca2+]i thereby influencing synchronous calcium oscillations. 

 

 

Figure 4.1. Exogenous TG2 blocks spontaneous calcium oscillations and increases basal 

calcium concentration in neurons. Temporal analysis of synchronous calcium oscillations, 
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spontaneously occurring in 14 DIV hippocampal neurons in KRH (without TTX), were 

ƳŜŀǎǳǊŜŘ ŀǎ ǾŀǊƛŀǘƛƻƴ ƛƴ ǘƘŜ Cоплκоул ŦƭǳƻǊŜǎŎŜƴŎŜ Ǌŀǘƛƻ όŜȄǇǊŜǎǎŜŘ ŀǎ ɲCоплκоулύΦ 

!ŘŘƛǘƛƻƴ ƻŦ ŜȄƻƎŜƴƻǳǎ ¢Dн όмл ˃ƎκƳƭύ ǇǊƻƳƻǘŜŘ ŀ ŎŀƭŎƛǳƳ ǎǇƛƪŜ ŦƻƭƭƻǿŜŘ ōȅ ŀ ǎǳǎǘŀƛƴŜŘ 

plateau, with a block of spontaneous calcium oscillations and a significant increase in 

intracellular calcium concentration ([Ca2+]i). Data is expressed as mean ± standard error 

(Basal [Ca2+]i: 0.53±0.01; [Ca2+]i ŀŦǘŜǊ ¢Dн ŀŘŘƛǘƛƻƴΥ лΦсрҕлΦлнΤ bҐноΣ {ǘǳŘŜƴǘΩǎ ǘ-test: 

****p<0.00001). Upon TG2 removal (wash with KRH) synchronous calcium oscillations re-

started. Three representative traces of neuronal [Ca2+]i are shown in three different colours.  

 

 

 

To further examine the action of TG2 on calcium homeostasis, neurons were exposed to 

exogenous TG2 in the presence of TTX (1 µM), which prevents synaptic and synchronous 

network calcium activity. In virtually all neurons tested, addition of TG2 led to a significant 

increase in [Ca2+]i όɲCоплκоул Ґ лΦлруҕлΦллрύ όFig. 4.2A, first red arrow from the left). 

Interestingly, upon removal of the protein from the extracellular medium, neurons 

recovered basal [Ca2+]i, suggesting that the action of TG2 is reversible (Fig. 4.2A, wash). This 

finding is intriguing, as it would imply that the observed process might not be due to 

transamidation, which leads to a covalent irreversible modification of protein substrates 

and should not disappear once TG2 is removed. To explore this further, an enzymatically 

inactive mutant form of TG2 (recombinant human TG2 carrying the active site Cys(277)Ser 

mutation) was tested (Fig. 4.2B). No changes in resting [Ca2+]i were induced by the inactive 

TG2 enzyme used in the same concentration as the gplTG2 (Fig. 4.2B), suggesting that TG2 

activity might be necessary to induce calcium changes.  
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Figure 4.2. Exogenous active TG2 increases cytoplasmic calcium levels in 14-20 DIV 

hippocampal neurons exposed to TTX. Temporal analysis of [Ca2+]i changes in presence of 

¢¢·Σ ŜȄǇǊŜǎǎŜŘ ŀǎ ɲCоплκоулΦ A) !ŘŘƛǘƛƻƴ ƻŦ ŜȄƻƎŜƴƻǳǎ ¢Dн όмл ˃ƎκƳƭύ ƛƴ ǇǊŜǎŜƴŎŜ ƻŦ ¢¢· 

(1 µM) showed a similar effect as described in Fig. 4.1. Three representative traces of 

neuronal [Ca2+]i are shown. Data is expressed as mean ± standard error (Basal [Ca2+]i: 

0.52±0.01; [Ca2+]i ŀŦǘŜǊ ¢Dн ŀŘŘƛǘƛƻƴΥ лΦруҕлΦлмΤ bҐооΣ {ǘǳŘŜƴǘΩǎ ǘ-test: ****p<0.00001). B) 

LƴŀŎǘƛǾŜ ¢DнΣ ǳǇ ǘƻ ол ˃ƎκƳƭΣ ŘƛŘ ƴƻǘ ŀŦŦŜŎǘ ŎŀƭŎƛǳƳ ŎƻƴŎŜƴǘǊŀǘƛƻƴ όbҐмфύΦ 

 

 

4.2.2 Exogenous TG2 causes an influx of calcium from the extracellular environment 

Calcium influx through the plasma membrane is a major determinant of basal [Ca2+]i in cells. 

Therefore, it was investigated whether TG2, and in particular the extracellular protein, may 

control basal calcium levels by enhancing calcium influx into neurons. To test this possibility 

neurons were exposed to soluble TG2 in calcium-free medium. Under this condition no rise 

in basal [Ca2+]i occurred (Fig. 4.3A, red arrow), while TG2-dependent calcium rises were 

clearly recorded from the same neurons after addition of 2 mM Ca2+ as CaCl2 to the 

extracellular medium (Fig. 4.3B). These findings revealed that calcium influx through the 

plasma membrane mediates the [Ca2+]i rise evoked by exogenous TG2.  
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Figure 4.3. Exogenous TG2 does not affect [Ca2+] i in the absence of extracellular calcium. 

Temporal analysis of [Ca2+]i changes in 14-20 DIV neurons exposed to exogenous TG2 (10 

˃ƎκƳƭύ ƛƴ ǘƘŜ ŀōǎŜƴŎŜ (A) or in the presence (B) of extracellular calcium. TG2 was first added 

to neurons in calcium-free KRH, then washed and finally added again after supplementation 

of KRH with 2 mM CaCl2. Addition of TG2 in absence of extracellular calcium did not lead to 

changes in cytoplasmic calcium (N=31). 

 

 

4.2.3 Is soluble TG2 catalytically active?  

To investigate whether soluble TG2 was catalytically active, the activity levels of gplTG2 in 

KRH buffer were tested in vitro, mimicking the conditions of the calcium imaging 

experiments described in section 4.2.1. Using a plate-based assay (as described in Methods 

chapter 2.2.5.3), TG2 was active when KRH was supplemented with the reducing agent 

dithiothreitol (DTT, 10 mM) (Fig. 4.4A). However, the absence of DTT resulted in a 

significant decrease in TG2 activity which dropped to low background levels (Fig. 4.4A). As 

the neuronal medium in the experiments described in section 4.2.1 was KRH without DTT, 

this experiment suggests that exogenous TG2 added to hippocampal neurons during 

calcium imaging recordings was in fact prevalently inactive. This is not surprising, as 

Verderio et al. had already suggested that soluble extracellular TG2 needs to be in a 

reduced state to be able to crosslink protein substrates (Verderio et al., 2003). Moreover, 

this is consistent with current thinking about TG2 activity being tightly regulated by the 

redox conditions of the extracellular environment (Stamnaes et al., 2010).  

It was next hypothesised that TG2 protein conformation could be responsible for the effect 

of extracellular TG2 on neuronal calcium oscillations. This hypothesis was tested by using 
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the TG2 inhibitor NC9, which was kindly donated by its developer, Dr. Jeffrey Keillor 

(University of Ottawa, Canada). NC9 is cell permeable and it is known to block not only TG2 

transamidating activity but also GTP-binding and to lock TG2 in the open conformation 

(Akbar et al, 2017). This is the conformation that TG2 is expected to assume outside the 

cell where calcium concentration is higher compared to the intracellular levels, although 

TG2 would most likely fluctuate between open and close conformations, depending also 

on the redox state (as illustrated in Fig. 1.9 in Chapter 1). As shown in Fig. 4.4B, 

approximately ол ҡa b/ф ǿŀǎ ǎǳŦŦƛŎƛŜƴǘ ǘƻ ƛƴƘƛōƛǘ рл҈ ƻŦ ǇǳǊƛŦƛŜŘ ŜƴȊȅƳŜ ǿƘŜƴ мнΦс ƴa 

ƻŦ ¢Dн ƛƴ ¢ǊƛǎπI/ƭ ōǳŦŦŜǊ ǇI тΦп ǿŀǎ ǳǎŜŘΦ ²ƘŜƴ ǘƘŜ ŜƴȊȅƳŜ ǿŀǎ ǇǊŜπƛƴŎǳōŀǘŜŘ ǿƛǘƘ b/ф 

ƛƴ YwI ōǳŦŦŜǊ ǇI тΦп ŀƴŘ мл Ƴa 5¢¢ ŀǘ ǘƘŜ ǎŀƳŜ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ǳǎŜŘ ƛƴ ǘƘŜ ŎŀƭŎƛǳƳ ƛƳŀƎƛƴƎ 

ŜȄǇŜǊƛƳŜƴǘǎΣ ǳǇ ǘƻ рлл ҡa b/ф ǿŀǎ ŀōƭŜ ǘƻ ƛƴƘƛōƛǘ ƻƴƭȅ ŀōƻǳǘ рл҈ ƻŦ ¢Dн όFig. 4.4C, round 

marker). However, when the assay was repeated in the absence of DTT, 200 ҡa b/ф 

ŎƻƳǇƭŜǘŜƭȅ ōƭƻŎƪŜŘ ¢Dн ŀŎǘƛǾƛǘȅ όFig. 4.4C, triangular marker), hence this concentration of 

NC9 was chosen to modulate extracellular TG2 in calcium imaging recordings, where DTT 

would not be present. 

 

 

CƛƎǳǊŜ пΦпΦ ¢Dн ƛǎ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ƭŜǎǎ ŀŎǘƛǾŜ ƛƴ ǘƘŜ ŀōǎŜƴŎŜ ƻŦ ǊŜŘǳŎƛƴƎ ŀƎŜƴǘ ό5¢¢ύΦ  
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CƛƎǳǊŜ пΦпΦ ¢Dн ƛǎ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ƭŜǎǎ ŀŎǘƛǾŜ ƛƴ ǘƘŜ ŀōǎŜƴŎŜ ƻŦ ǊŜŘǳŎƛƴƎ ŀƎŜƴǘ ό5¢¢ύΦ ¢ƻǘŀƭ ¢D 

ŀŎǘƛǾƛǘȅ ŀǎǎŀȅ ŀǎǎŜǎǎƛƴƎ ¢Dн ŀŎǘƛǾƛǘȅ ƭŜǾŜƭǎ ƛƴ ǾƛǘǊƻ ŜȄǇǊŜǎǎŜŘ ŀǎ ҡ¦κҡƎ ƻŦ ǇǊƻǘŜƛƴΦ !ύ ƎǇƭ¢Dн 

ǿŀǎ ƛƴŎǳōŀǘŜŘ ƛƴ YwI ōǳŦŦŜǊ ǇI тΦп όǿƘƛŎƘ Ŏƻƴǘŀƛƴǎ н Ƴa ŎŀƭŎƛǳƳύ ƛƴ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻǊ 

ŀōǎŜƴŎŜ ƻŦ 5¢¢ мл ƳaΦ 5ŀǘŀ ƛǎ ŜȄǇǊŜǎǎŜŘ ŀǎ ƳŜŀƴ ҕ ǎǘŀƴŘŀǊŘ ŜǊǊƻǊ ό¢DнҌ5¢¢Υ мллпΦфҕртΦуΤ 

¢Dнπ5¢¢Υ омΦрҕопΦфΦ bҐмΣ ŜŀŎƘ ŎƻƴŘƛǘƛƻƴ ƛƴ ŘǳǇƭƛŎŀǘŜΦ {ǘǳŘŜƴǘΩǎ ǘπǘŜǎǘΥ ϝǇғлΦлмύΦ .ύ 5ƻǎŜπ

ŘŜǇŜƴŘŜƴǘ ƛƴƘƛōƛǘƛƻƴ ƻŦ ¢Dн ŀŎǘƛǾƛǘȅ ōȅ ¢D ƛƴƘƛōƛǘƻǊ b/фΦ ¢ƘŜ ŀǎǎŀȅ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ǿƛǘƘ мнΦс 

ƴa ƻŦ ƎǇƭ¢Dн ƛƴ ¢ǊƛǎπI/ƭ ōǳŦŦŜǊ ǇI тΦп ŀƴŘ ƛƴ ǎǘŀƴŘŀǊŘ ǊŜŀŎǘƛƻƴ ōǳŦŦŜǊ ŎƻƴǘŀƛƴƛƴƎ мл Ƴa 

5¢¢ ŀƴŘ р Ƴa ŎŀƭŎƛǳƳΦ ¢ƘŜ ŜƴȊȅƳŜ ǿŀǎ ǇǊŜπƛƴŎǳōŀǘŜŘ ол ƳƛƴǳǘŜǎ ǿƛǘƘ b/ф ŀǘ ǊƻƻƳ 

ǘŜƳǇŜǊŀǘǳǊŜ ǇǊƛƻǊ ǘƻ ŀŘŘƛǘƛƻƴ ǘƻ ǘƘŜ ǿŜƭƭǎΦ /ύ 5ƻǎŜπŘŜǇŜƴŘŜƴǘ ƛƴƘƛōƛǘƛƻƴ ƻŦ ¢Dн ŀŎǘƛǾƛǘȅ ōȅ 

b/ф ƛƴ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻǊ ŀōǎŜƴŎŜ ƻŦ 5¢¢Φ ¢ƘŜ ŀǎǎŀȅ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ǿƛǘƘ сл ҡƎκƳƭ όŜǉǳŀƭ ǘƻ 

трф ƴaύ ƻŦ ¢Dн ƛƴ YwI ōǳŦŦŜǊ ǇI тΦп ŀƴŘ ǊŜŀŎǘƛƻƴ ōǳŦŦŜǊ ŎƻƴǘŀƛƴƛƴƎ р Ƴa ŎŀƭŎƛǳƳ ŀƴŘ ǿƛǘƘ 

ƻǊ ǿƛǘƘƻǳǘ мл Ƴa 5¢¢Φ !ŦǘŜǊ ол ƳƛƴǳǘŜǎ ǇǊŜπƛƴŎǳōŀǘƛƻƴ ŀǘ ǊƻƻƳ ǘŜƳǇŜǊŀǘǳǊŜΣ ǎŀƳǇƭŜǎ ǿŜǊŜ 

ŘƛƭǳǘŜŘ ƛƴ YwI ǘƻ Ŧŀƭƭ ǿƛǘƘƛƴ ǘƘŜ ŀǎǎŀȅ ŘŜǘŜŎǘƛƻƴ ǊŀƴƎŜ όнп ƴƎκǿŜƭƭύ ǇǊƛƻǊ ǘƻ ŀŘŘƛǘƛƻƴ ǘƻ ǘƘŜ 

ǿŜƭƭǎ ŀƴŘ ŎƻƴǎŜǉǳŜƴǘ ŀŘŘƛǘƛƻƴ ƻŦ ǊŜŀŎǘƛƻƴ ōǳŦŦŜǊΦ ¢DнҌ5¢¢ ŎǳǊǾŜ όǊƻǳƴŘ ƳŀǊƪŜǊǎύΣ 

ǳƴǘǊŜŀǘŜŘΥ мллпΦфҕртΦуΤ b/ф нлл ҡaΥ умсΦоҕфΦуΤ b/ф олл ҡaΥ тмсΦсҕосΦрΤ b/ф рлл ҡaΥ 

ппнΦпҕтоΦлΦ ¢Dнπ5¢¢ ŎǳǊǾŜ όǘǊƛŀƴƎǳƭŀǊ ƳŀǊƪŜǊǎύΣ ǳƴǘǊŜŀǘŜŘΥ омΦрҕопΦфΤ b/ф нлл ҡaΥ π

осΦсҕлΦрΤ b/ф олл ҡaΥ πуΦуҕмΦмΤ b/ф рлл ҡaΥ πнмΦфҕуΦтΦ 

 

 

Pre-incubation of TG2 with the TG inhibitor NC9 (200 ҡaύ ƛƴ YwI ōŜŦƻǊŜ ŀŘŘƛǘƛƻƴ ǘƻ ǘƘŜ 

ƴŜǳǊƻƴǎ ƭŜŘ ǘƻ ŀ мΦсπŦƻƭŘ ƛƴŎǊŜŀǎŜ ƛƴ ŎŀƭŎƛǳƳ ƛƴŦƭǳȄ ŎƻƳǇŀǊŜŘ ǘƻ ¢Dн ǇǊŜπǘǊŜŀǘŜŘ ǿƛǘƘ 5a{h 

όǾŜƘƛŎƭŜύ ŀƭƻƴŜ όFig. 4.5A). Calcium influx was expressed as Area Under the Curve (AUC) 

calculated for 30 seconds after addition of any stimulus (as described in Methods chapter 

2.2.11). When NC9 was added directly to neurons in the absence of TG2 to investigate the 

role of endogenous TG2, an increase in [Ca2+]i was also detected, whereas addition of 

DMSO alone (vehicle) did not show any effect όFig. 4.5B).  

These data seem to suggest that the conformation of TG2 is important for neuronal calcium 

changes induced upon supplementation of extracellular soluble TG2 enzyme. They also 

support a role for endogenous TG2 when in the open conformation. 
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Figure 4.5. Calcium rise is enhanced by TG2 in open conformation. Temporal analysis of 

[Ca2+]i changes in the presence of TTX, expressed as Area Under the Curve (AUC). A) Neurons 

ǿŜǊŜ ŦƛǊǎǘ ŜȄǇƻǎŜŘ ǘƻ ŜȄƻƎŜƴƻǳǎ ¢Dн όол ˃ƎκƳƭύ ǇǊŜ-treated with DMSO (vehicle, 0.4% v/v), 

then washed and finally exposed to TG2 pre-treated with NC9 200 µM. Soluble TG2 was pre-

ǘǊŜŀǘŜŘ ŀǘ ŀ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ сл ˃ƎκƳƭΣ ǘƘŜƴ ŀŘŘŜŘ ǘƻ ƴŜǳǊƻƴǎ ƛƴ YwI ǘƻ ǊŜŀŎƘ ŀ Ŧƛƴŀƭ 

ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ ол ˃ƎκƳƭΦ 5ŀǘŀ ƛǎ ŜȄǇǊŜǎǎŜŘ ŀǎ ƳŜŀƴ !¦/ ҕ ǎǘŀƴŘŀǊŘ ŜǊǊƻǊ ƴƻrmalised to 

¢DнҌ5a{h ό!¦/ ¢DнҌ5a{hΥ лΦпоҕлΦлрΤ ¢DнҌb/фΥ лΦсоҕлΦлрΤ bҐмсΣ {ǘǳŘŜƴǘΩǎ ǘ-test: 

**p<0.001). B) Neurons were exposed to DMSO (vehicle, 0.4% v/v) or NC9 alone (200 µM). 

Data is expressed as mean AUC ± standard error (AUC NC9 alone: 1.61±0.21, N=25; AUC 

DMSO alone: null; N=25). 
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4.2.4 Overexpression of TG2 increases calcium concentration in neurons 

Since NC9 was able to induce a calcium influx by modulating endogenous TG2, it became 

necessary to understand whether the effect of TG2 on neuronal [Ca2+]i was exclusively 

promoted by extracellular TG2 released by non-neuronal sources (such as astrocytes), or 

whether neuronal TG2 itself could mediate [Ca2+]i rise, as suggested by changes produced 

by NC9 (Fig. 4.5B). To this aim, EGFP-tagged TG2 or EGFP alone were overexpressed in 

neurons at 8 DIV. EGFP-TG2 was expressed ubiquitously in the cell body and processes, as 

shown by the widely spread green fluorescence (Fig. 4.6A). Some of the expressed TG2 was 

externalised, as revealed by confocal fluorescence microscopy of fixed and not 

permeabilised neurons incubated with anti-EGFP antibody, which was detected by a 

secondary Alexa-555-conjugated antibody (red fluorescent dye) (Fig. 4.6A). The staining of 

EGFP-tagged TG2 resembled that of endogenous TG2 (Fig. 3.2A in Chapter 3), showing 

similar cellular localisation, however this was stronger and did not show a punctuate 

pattern, suggesting a more widespread diffusion due to overexpression. When analysed by 

calcium imaging, neurons transfected with pEGFP-N1-TG2 showed a significant increase in 

resting [Ca2+]i compared to neurons transfected with pEGFP-N1 vector, with a mean 

ɲCоплκоул ƻŦ лΦмн όFig. 4.6B). The difference in [Ca2+]i was abolished when EGFP-TG2 

neurons were incubated with the TG2 inhibitor ZDON (mean ɲCоплκоул Ґ лΦлурύ (Fig. 4.6C), 

which similarly to NC9 is cell permeable and able to trap TG2 in open conformation (Pinkas 

et al., 2007; Lindeman, 2011). Interestingly, ZDON decreased resting [Ca2+]i also in EGFP-

ǘǊŀƴǎŦŜŎǘŜŘ ŎƻƴǘǊƻƭ ƴŜǳǊƻƴǎ όƳŜŀƴ ɲCоплκоу0 = 0.058). These data suggest a role for 

endogenous TG2 in the control of basal [Ca2+]i (Fig. 4.6C). They also reinforce the notion 

that TG2 conformation (also affected by ZDON) or alternatively TG2 activity, could be 

critical in this process. 
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Figure 4.6. Overexpression of TG2 increases calcium concentration in neurons. A) Neurons 

at 8 DIV were transfected with pEGFP-N1-TG2 or pEGFP-N1 vector, fixed without 

permeabilisation 48 hrs after transfection and stained with anti-EGFP (red) to visualise 

extracellular EGFP-TG2 and Hoechst (blue) to visualise the nuclei. Coverslips were visualised 

by laser scanning Leica SP5 confocal microscope using 63X oil immersion objective. Scale 

bar 10 µm. B) Temporal analysis of [Ca2+]i ŎƘŀƴƎŜǎ ƛƴ ǘǊŀƴǎŦŜŎǘŜŘ ƴŜǳǊƻƴǎΦ ɲCопл/380 was 

calculated between the mean F340/380 of EGFP-TG2 neurons and EGFP neurons. Three 

representative traces of EGFP and EGFP-TG2 neuronal [Ca2+]i are shown. Data is expressed 

as mean ± standard error normalised to EGFP (EGFP: 0.548±0.008, N=103; EGFP-TG2: 
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0.604±0.006, N=158. ****p<0.00001). C) A subgroup of transfected neurons was treated 

ǿƛǘƘ ¢Dн ƛƴƘƛōƛǘƻǊ ½5hb όмлл ˃aύΣ ǿƘƛŎƘ ƭŜŘ ǘƻ ŀ ǎƛƎƴƛŦƛŎŀƴǘ reduction of [Ca2+]i in both 

EGFP and EGFP-TG2 transfected neurons. Data is expressed as mean ± standard error (EGFP 

basal: 0.61±0.01, N=36; EGFP+ZDON: 0.55±0.01, N=30; EGFP-TG2 basal: 0.69±0.01, N=39; 

EGFP-TG2+ZDON: 0.60±0.01. **p<0.001; ****p<0.00001). 

 

 

To further explore the capability of endogenous TG2 to influence neuronal calcium 

homeostasis, 21-22 DIV neurons exhibiting intense oscillatory activity and increased [Ca2+]i 

in response to bicuculline (50 µM), were incubated with ZDON. This setup was chosen, as 

it would mimic a condition of increased [Ca2+]i and possibly consequent activation of 

endogenous TG2. Addition of the TG2 inhibitor about 4 minutes after bicuculline stimulus 

led to a significant decrease in the frequency of calcium oscillations, calculated as number 

of peaks/second (Hz), from 0.14 Hz to 0.06 Hz (Fig. 4.7, second red arrow from the left). 

Moreover, ZDON significantly decreased the interspike basal [Ca2+]i όƳŜŀƴ ɲCоплκоул Ґ 

0.304) (Fig. 4.7), which is consistent with what was observed in transfected neurons, as 

shown in Fig. 4.6C. 

 

 

Figure 4.7. Endogenous TG2 inhibition decreases basal intracellular calcium 

concentrations and oscillation rates evoked by Bicuculline. Temporal analysis of [Ca2+]i 

changes in 21-22 DIV neurons in KRH (without TTX) stimulated with Bicuculline (50 M˃), an 

antagonist of GABA receptors, which induced an intense oscillatory activity. Calcium 

minimum values in presence of Bicuculline were significantly reduced to basal levels after 

TG2 inhibition with 100 ˃M ZDON (minimum [Ca2+]i with bicuculline: 0.93±0.04; minimum 

[Ca2+]i ŀŦǘŜǊ ½5hb ŀŘŘƛǘƛƻƴΥ лΦсоҕлΦлнΤ bҐмсΣ {ǘǳŘŜƴǘΩǎ ǘ-test: ****p<0.00001). 
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Taken together these findings suggest that also neurons produce and release TG2, which 

contributes to set [Ca2+]i at higher levels as observed for exogenous TG2. It is still unclear if 

this effect is mediated by TG2 conformation or activity, as the inhibitors NC9 and ZDON, 

which both locks the enzyme in open conformation and blocks its transamidating activity, 

have shown to trigger opposite responses in neurons. 

 

 

 

 

 

4.2.5 Involvement of L-type VOCCs in TG2-dependent [Ca2+] i changes 

To clarify the mechanisms underlying TG2-dependent calcium influx through the plasma 

membrane, neurons were stimulated with soluble TG2 in the presence of blockers of the 

main Ca2+ entry pathways in neurons, namely glutamate receptors (NMDARs, AMPARs and 

KARs), voltage-operated calcium channels (VOCCs) and the sodium-calcium exchanger 

(NCX). Firstly, NMDARs and AMPARs/KARs were blocked by supplementing the neuronal 

medium (KRH with TTX) with the antagonists APV and CNQX respectively. In the absence of 

these blockers, extracellular TG2 led to increased [Ca2+]i as previously observed (Fig. 4.8A), 

however in the presence of the antagonists, TG2 addition was still able to elicit calcium 

increase (Fig. 4.8BύΦ ¢ƘŜ ŎŀƭŎǳƭŀǘŜŘ ɲCоплκоул ƛƴ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻǊ ŀōǎŜƴŎŜ ƻŦ !t± ŀƴŘ /bv· 

ǿŜǊŜ ƴƻǘ ǎǘŀǘƛǎǘƛŎŀƭƭȅ ŘƛŦŦŜǊŜƴǘ όƳŜŀƴ ɲCоплκоул ŎƻƴǘǊƻƭΥ лΦлруҕлΦллоΤ ƳŜŀƴ ɲCоплκоул 

with blockers: 0.062±0.006), ruling out the involvement of these ligand-gated calcium 

permeable receptors in mediating TG2-induced [Ca2+]i changes. 
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Figure 4.8. Exogenous TG2 increases [Ca2+] i in the presence of NMDAR and AMPAR/KARs 

antagonists. Temporal analysis of [Ca2+]i changes in 14-20 DIV neurons exposed to 

ŜȄƻƎŜƴƻǳǎ ¢Dн όмл ˃ƎκƳƭύ ƛƴ ǘƘŜ ŀōǎŜƴŎŜ (A) or in the presence (B) of APV (NMDARs 

antagonist) and CNQX (AMPARs/KARs antagonist). TG2-dependent calcium rise was not 

affected by either blocker (mean ɲCоплκоул ŎƻƴǘǊƻƭΥ лΦлруҕлΦллоΣ bҐпсΤ ƳŜŀƴ ɲCоплκоул 

ƛƴ ǇǊŜǎŜƴŎŜ ƻŦ ōƭƻŎƪŜǊǎΥ лΦлснҕлΦллсΣ bҐфΦ {ǘǳŘŜƴǘΩǎ ǘ-test: p=NS). 

 

 

Next, to analyse the possible contribution of VOCCs, a selection of pharmacological 

inhibitors of these channels was used. Pre-treatment with cadmium, a general blocker of 

VOCCs, reduced TG2-dependent Ca2+ responses by about 82.4% (Fig. 4.9A) and caused an 

almost complete recovery (88.3%) of [Ca2+]i towards basal levels when applied during the 

plateau phase of calcium response induced by exogenous TG2 (Fig. 4.9B). Similarly, pre-

treatment with nickel, a more specific inhibitor of T-type VOCCs, decreased TG2-dependent 

Ca2+ rises by 66.2% (Fig. 4.9A), and it caused a drop of [Ca2+]i below basal level (about 151% 

inhibition) when applied during the plateau phase induced by TG2 (Fig. 4.9B). The 

involvement of VOCCs was corroborated by the observation that calcium transients evoked 

by 15 mM KCl, a stimulus known to depolarise neurons and cause VOCCs opening (Bading 

et al., 1993), rose faster and reached higher peak in the presence of TG2, with a significant 

2-fold increase in average calcium influx (Fig. 4.9C). 
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CƛƎǳǊŜ пΦфΦ 9ȄǘǊŀŎŜƭƭǳƭŀǊ ¢Dн ƳŜŘƛŀǘŜǎ ŎŀƭŎƛǳƳ ƛƴŦƭǳȄ ƛƴ ƴŜǳǊƻƴǎ ǘƘǊƻǳƎƘ [πǘȅǇŜ ±h//ǎΦ 

¢ŜƳǇƻǊŀƭ ŀƴŀƭȅǎƛǎ ƻŦ ώ/ŀнҌϐƛ ŎƘŀƴƎŜǎ ƛƴ мпπнл 5L± ƴŜǳǊƻƴǎ ŜȄǇƻǎŜŘ ǘƻ ŜȄƻƎŜƴƻǳǎ ¢Dн όмл 

Ǝ˃κƳƭύ ŀƴŘ ±h//ǎ ōƭƻŎƪŜǊǎΦ !ύ tǊŜπǘǊŜŀǘƳŜƴǘ ǿƛǘƘ ŎŀŘƳƛǳƳΣ ŀ ƎŜƴŜǊŀƭ ōƭƻŎƪŜǊ ƻŦ ŎŀƭŎƛǳƳ 

ŎƘŀƴƴŜƭǎΣ ŀƴŘ ƴƛŎƪŜƭΣ ŀ ōƭƻŎƪŜǊ ƻŦ ¢πǘȅǇŜ ±h//ǎΣ ǊŜŘǳŎŜŘ ¢DнπŘŜǇŜƴŘŜƴǘ /ŀнҌ ǊŜǎǇƻƴǎŜǎ ƻŦ 

ŀōƻǳǘ унΦп҈ ŀƴŘ ссΦн҈ ǊŜǎǇŜŎǘƛǾŜƭȅΦ 5ŀǘŀ ƛǎ ŜȄǇǊŜǎǎŜŘ ŀǎ ƳŜŀƴ ŀǊŜŀ ǳƴŘŜǊ ǘƘŜ ŎǳǊǾŜ ό!¦/ύ 

ƴƻǊƳŀƭƛǎŜŘ ǘƻ ¢Dн ŀƭƻƴŜ ǘǊŜŀǘƳŜƴǘ όǊŀǘƛƻ !¦/ ŎŀŘƳƛǳƳҌ¢Dнκ¢Dн Ґ лΦмуҕлΦлоΣ bҐтΤ Ǌŀǘƛƻ 

!¦/ ƴƛŎƪŜƭҌ¢Dнκ¢Dн Ґ лΦопҕлΦлоΣ bҐмрΦ ϝϝϝϝtғлΦллллмύΦ .ύ !ŘŘƛǘƛƻƴ ƻŦ ŎŀŘƳƛǳƳ ŀƴŘ 

ƴƛŎƪŜƭ ŘǳǊƛƴƎ ǘƘŜ ǇƭŀǘŜŀǳ ǇƘŀǎŜ ƻŦ ŎŀƭŎƛǳƳ ǊŜǎǇƻƴǎŜ ƛƴŘǳŎŜŘ ōȅ ŜȄƻƎŜƴƻǳǎ ¢Dн ƭŜŘ ǘƻ ŀ 

ǊŜŎƻǾŜǊȅ ƻŦ ώ/ŀнҌϐƛ ǘƻǿŀǊŘǎ ōŀǎŀƭ ƭŜǾŜƭǎΣ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ǘƻ ŀōƻǳǘ ууΦо҈ ŀƴŘ мрм҈ ƛƴƘƛōƛǘƛƻƴ 

ǊŜǎǇŜŎǘƛǾŜƭȅΦ 5ŀǘŀ ƛǎ ŜȄǇǊŜǎǎŜŘ ŀǎ ŘƛŦŦŜǊŜƴŎŜ ōŜǘǿŜŜƴ ώ/ŀнҌϐƛ ŀŦǘŜǊ ŜŀŎƘ ǘǊŜŀǘƳŜƴǘ ŀƴŘ ōŀǎŀƭ 

ώ/ŀнҌϐƛΣ ƴƻǊƳŀƭƛǎŜŘ ǘƻ ¢Dн ŀƭƻƴŜ ǘǊŜŀǘƳŜƴǘ όƳŜŀƴ ɲCоплκоул ¢DнҌŎŀŘƳƛǳƳκ¢Dн Ґ 

лΦмнҕлΦлтΣ bҐмуΤ ƳŜŀƴ ɲCоплκоул ¢DнҌƴƛŎƪŜƭκ¢Dн Ґ πлΦрмҕлΦлуΣ bҐнрΦ ϝϝϝϝtғлΦллллмύΦ 

/ύ /ŀƭŎƛǳƳ ǘǊŀƴǎƛŜƴǘǎ ƛƴŘǳŎŜŘ ōȅ мр Ƴa Y/ƭ ƛƴ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ba5!w ŀƴŘ !at!wκY!w 

ōƭƻŎƪŜǊǎ !t± ŀƴŘ /bv·Σ ǊŜǾŜŀƭŜŘ ǘƘŀǘ ώ/ŀнҌϐƛ ǊƻǎŜ ŦŀǎǘŜǊ ŀƴŘ ǊŜŀŎƘŜŘ ƘƛƎƘŜǊ ǇŜŀƪ ƛƴ ǘƘŜ 

ǇǊŜǎŜƴŎŜ ƻŦ ¢DнΣ ǿƛǘƘ ŀ нπŦƻƭŘ ƛƴŎǊŜŀǎŜ ƛƴ ŀǾŜǊŀƎŜ ŎŀƭŎƛǳƳ ƛƴŦƭǳȄΦ 5ŀǘŀ ƛǎ ŜȄǇǊŜǎǎŜŘ ŀǎ ƳŜŀƴ 

!¦/ ƴƻǊƳŀƭƛǎŜŘ ǘƻ Y/ƭ ŀƭƻƴŜ ǘǊŜŀǘƳŜƴǘ ό!¦/ Y/ƭ Ґ рΦуҕлΦсΤ !¦/ Y/ƭҌ¢DнΥ уΦсҕлΦрΤ bҐннΣ 

ϝϝtғлΦлмύΦ 

 

 

 

 

Among the VOCCs controlling calcium transport through the plasma membrane, L-type 

VOCCs are highly abundant in the somatodendritic region of hippocampal neurons 

(Pravettoni et al., 2000; Condliffe et al., 2010; Leitch et al., 2009). Therefore, the possible 

contribution of these channels to calcium influx in the neuronal soma evoked by exogenous 

TG2 was explored. Calcium responses to TG2 were reduced by about 36% in neurons pre-

treated with the selective of VOCCs L-type blocker nifedipine (NF) (Fig. 4.10A). In addition, 

the drug caused a partial recovery of [Ca2+]i towards resting levels when applied during the 

plateau phase of calcium response induced by TG2 (Fig. 4.10B), suggesting that TG2 

dependent calcium influx partially occurs through L-type VOCCs.  
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Figure 4.10. Nifedipine reduces TG2-dependent calcium influx. Temporal analysis of [Ca2+]i 

changes in 14-20 DIV neurons exposed to exogenous TG2 (10-ол ˃ƎκƳƭύ ŀƴŘ [-type VOCCs 

blocker Nifedipine (NF). A) Calcium responses to TG2 were reduced of about 36% in neurons 

pre-treated with NF (AUC TG2: 0.57±0.06; AUC NF+TG2: 0.36±0.03; N=21; ****P<0.00001). 

B) NF caused a partial recovery of about 63% of calcium concentration towards resting 

levels when applied during the plateau phase of calcium response induced by exogenous 

TG2 (mean ɲF340/380 TG2: 0.077±0.006; mean ɲF340/380 TG2+NF: 0.030±0.004; N=25; 

****P<0.00001). 
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Collectively, data obtained with NF suggest that TG2-induced calcium influx partially occurs 

through L-type VOCCs channels. This could be caused either by a direct interaction of TG2 

with the channels, or as a secondary effect following a membrane depolarisation, which is 

the signal leading to voltage-gated channels opening. 

 

 

 

 

4.2.6 Exogenous TG2 induces membrane depolarisation and the generation of ionic 

inward currents  

It was hypothesised that extracellular TG2 could lead to [Ca2+]i via stimulation of membrane 

depolarisation in neurons. To test this possibility, whole cell patch clamp was performed in 

the absence and presence of soluble TG2 in 9-15 DIV neurons. These experiments were 

carried out in the laboratory of Prof. Mazzanti (Department of Biosciences, Laboratory of 

Cellular and Molecular Physiology, University of Milan, Italy). Neurons were analysed either 

in voltage or current clamp mode, to study the effect of TG2 addition on both membrane 

potential and currents. In current clamp (I=0), TG2 addition induced a slow membrane 

depolarization (of about 20 mV) (Fig. 4.11A). In the same configuration, TG2 promoted 

excitatory postsynaptic currents (EPSCs), consistent with the activation of an inward 

calcium current (Fig. 4.11B). In this set of experiments, TG2 was added directly to the 

neuronal medium during the recordings (manual mode). Afterwards, a perfusion system 

was installed in Prof. Mazzanti laboratory, hence in the following experiments TG2 was 

added in perfusion mode. Voltage clamp experiments, expressed as current/voltage 

relationship (I/V curves) before and after addition of soluble TG2 are shown in Fig. 4.11C. 

To understand which VOCCs were involved in this process, a protocol for isolation of L-type 

VOOCs was used (pre-ǇǳƭǎŜ ƻŦ пл Ƴ± ŀƴŘ ŀ ɲмл Ƴ± ǎǘŜǇ ŦǊƻƳ -30 to 0 mV, as described in 

Methods chapter 2.2.12). Perfusion of TG2 (Fig. 4.11C left panel, red I/V curve) led to an 

increased inward current compared to control (black I/V curve). 
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CƛƎǳǊŜ пΦммΦ ²ƘƻƭŜπŎŜƭƭ ǇŀǘŎƘπŎƭŀƳǇ ǊŜŎƻǊŘƛƴƎǎ ƻŦ фπмр 5L± ƴŜǳǊƻƴǎ ŜȄǇƻǎŜŘ ǘƻ ¢DнΦ ¢ƘŜǎŜ 

ŜȄǇŜǊƛƳŜƴǘǎ ǿŜǊŜ ǇŜǊŦƻǊƳŜŘ ōȅ LǾŀƴ ±ŜǊŘǳŎƛ ό¦ƴƛǾŜǊǎƛǘȅ ƻŦ aƛƭŀƴΣ LǘŀƭȅύΦ !ύ ²ƘƻƭŜ ŎŜƭƭ 

ŎǳǊǊŜƴǘ ŎƭŀƳǇΦ !ŘŘƛǘƛƻƴ ƻŦ ¢Dн όƳŀƴǳŀƭ ƳƻŘŜύ ƛƴŘǳŎŜŘ ŀ ǎƭƻǿ ƳŜƳōǊŀƴŜ ŘŜǇƻƭŀǊƛȊŀǘƛƻƴ ƻŦ 

ŀōƻǳǘ нл Ƴ± όbҐоύΦ .ύ ²ƘƻƭŜ ŎŜƭƭ ŎǳǊǊŜƴǘ ŎƭŀƳǇΦ !ŘŘƛǘƛƻƴ ƻŦ ¢Dн όƳŀƴǳŀƭ ƳƻŘŜύ ǇǊƻƳƻǘŜŘ 

ŜȄŎƛǘŀǘƻǊȅ ǇƻǎǘǎȅƴŀǇǘƛŎ ŎǳǊǊŜƴǘǎ ό9t{/ǎύ ŎƻƴǎƛǎǘŜƴǘ ǿƛǘƘ ǘƘŜ ŀŎǘƛǾŀǘƛƻƴ ƻŦ ŀƴ ƛƴǿŀǊŘ /ŀнҌ 

ŎǳǊǊŜƴǘ όbҐоύΦ /ύ ²ƘƻƭŜ ŎŜƭƭ ǾƻƭǘŀƎŜ ŎƭŀƳǇ ǊŜǎǳƭǘǎ ŜȄǇǊŜǎǎŜŘ ŀǎ ŎǳǊǊŜƴǘκǾƻƭǘŀƎŜ όLκ±ύ ŎǳǊǾŜǎΦ 

tŜǊŦǳǎƛƻƴ ƻŦ ¢Dн όǊŜŘ Lκ± ŎǳǊǾŜΣ ƭŜŦǘ ǇŀƴŜƭύ ƭŜŘ ǘƻ ŀƴ ƛƴŎǊŜŀǎŜŘ ƛƴǿŀǊŘ ŎǳǊǊŜƴǘ ŎƻƳǇŀǊŜŘ ǘƻ 

ŎƻƴǘǊƻƭ όōƭŀŎƪ Lκ± ŎǳǊǾŜύΦ wƛƎƘǘ ǇŀƴŜƭ ǎƘƻǿǎ ǘƘŜ ŎǳǊǊŜƴǘ ǊŜŎƻǊŘƛƴƎǎ ƻŦ ǘƘŜ ǎŀƳŜ ŜȄǇŜǊƛƳŜƴǘ 

ŀǘ πнл Ƴ±Φ ¢ƘŜ ǇǊƻǘƻŎƻƭ ŦƻǊ ƛǎƻƭŀǘƛƻƴ ƻŦ [πǘȅǇŜ ±h//ǎ ǿŀǎ ŀǇǇƭƛŜŘ ŀǎ ŘŜǎŎǊƛōŜŘ ƛƴ aŜǘƘƻŘǎ 

ŎƘŀǇǘŜǊ нΦнΦмнΦ 
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¢ƻ ŎƻƴŦƛǊƳ ǘƘŜ ƛƴǾƻƭǾŜƳŜƴǘ ƻŦ ±h//ǎ ƛƴ ǘƘƛǎ ǇǊƻŎŜǎǎΣ ƴƛŎƪŜƭ ŀōƛƭƛǘȅ ǘƻ ōƭƻŎƪ ¢DнπŘŜǇŜƴŘŜŘ 

ŘŜǇƻƭŀǊƛǎŀǘƛƻƴ ǿŀǎ ǘŜǎǘŜŘΦ ²ƘƻƭŜ ŎŜƭƭ ŎǳǊǊŜƴǘ ŎƭŀƳǇ ǊŜŎƻǊŘƛƴƎǎ όLҐлύ ŎƻƴŦƛǊƳŜŘ ǘƘŀǘ ƴƛŎƪŜƭ 

ǊŜǾŜǊǘŜŘ ǘƘŜ ǎƭƻǿ ƳŜƳōǊŀƴŜ ŘŜǇƻƭŀǊƛǎŀǘƛƻƴ ŜǾƻƪŜŘ ōȅ ¢Dн όCƛƎΦ пΦмн!ύΦ aƻǊŜƻǾŜǊΣ 

bƛŦŜŘƛǇƛƴŜ όbCύ ǿŀǎ ǳǎŜŘ ǘƻ ōƭƻŎƪ [πǘȅǇŜ ±h//ǎ ǎǇŜŎƛŦƛŎŀƭƭȅ ŘǳǊƛƴƎ ǾƻƭǘŀƎŜ ŎƭŀƳǇ ǊŜŎƻǊŘƛƴƎǎ 

ǇŜǊŦƻǊƳŜŘ ŀǎ ƛƴ CƛƎΦ пΦмм/Φ ¢ƘŜ ¢DнπŘŜǇŜƴŘŜƴǘ ƛƴǿŀǊŘ ŎǳǊǊŜƴǘ ǿŀǎ ŎƻƳǇƭŜǘŜƭȅ ǇǊŜǾŜƴǘŜŘ 

ōȅ bC όCƛƎΦ пΦмнΣ ǊŜŘ Lκ± ŎǳǊǾŜύΦ  

 

 

CƛƎǳǊŜ пΦмнΥ 9ŦŦŜŎǘ ƻŦ ¢Dн ƻƴ ƳŜƳōǊŀƴŜ ǇƻǘŜƴǘƛŀƭ ŀƴŘ ŎǳǊǊŜƴǘǎ ƛƴ ǇǊŜǎŜƴŎŜ ƻŦ ±h//ǎ 

ōƭƻŎƪŜǊǎΦ bŜǳǊƻƴǎ ŀǘ уπмс 5L± ǿŜǊŜ ŀƴŀƭȅǎŜŘ ōȅ ǿƘƻƭŜ ŎŜƭƭ ǇŀǘŎƘ ŎƭŀƳǇΦ !ύ ²ƘƻƭŜ ŎŜƭƭ 

ŎǳǊǊŜƴǘ ŎƭŀƳǇΦ !ŘŘƛǘƛƻƴ ƻŦ bƛŎƪŜƭ ŀŦǘŜǊ ¢Dн όƳŀƴǳŀƭ ƳƻŘŜύ ǊŜǇǊƛǎǘƛƴŀǘŜŘ ǊŜǎǘƛƴƎ ƳŜƳōǊŀƴŜ 

ǇƻǘŜƴǘƛŀƭΦ .ύ ²ƘƻƭŜ ŎŜƭƭ ǾƻƭǘŀƎŜ ŎƭŀƳǇ ǊŜǎǳƭǘǎ ŜȄǇǊŜǎǎŜŘ ŀǎ ŎǳǊǊŜƴǘκǾƻƭǘŀƎŜ όLκ±ύ ŎǳǊǾŜǎΦ 

tŜǊŦǳǎƛƻƴ ƻŦ ¢Dн ƛƴ ǇǊŜǎŜƴŎŜ ƻŦ bC όǊŜŘ Lκ± ŎǳǊǾŜΣ ƭŜŦǘ ǇŀƴŜƭύ ŘƛŘ ƴƻǘ ƭŜŀŘ ǘƻ ƛƴŎǊŜŀǎŜŘ ƛƴǿŀǊŘ 

ŎǳǊǊŜƴǘ ŎƻƳǇŀǊŜŘ ǘƻ ŎƻƴǘǊƻƭ όōƭŀŎƪ Lκ± ŎǳǊǾŜύΦ wƛƎƘǘ ǇŀƴŜƭ ǎƘƻǿǎ ǘƘŜ ŎǳǊǊŜƴǘ ǊŜŎƻǊŘƛƴƎǎ ƻŦ 

ǘƘŜ ǎŀƳŜ ŜȄǇŜǊƛƳŜƴǘ ŀǘ πнл Ƴ± όbҐоύΦ ¢ƘŜ ǇǊƻǘƻŎƻƭ ŦƻǊ ƛǎƻƭŀǘƛƻƴ ƻŦ [πǘȅǇŜ ±h//ǎ ǿŀǎ 

ŀǇǇƭƛŜŘ ŀǎ ŘŜǎŎǊƛōŜŘ ƛƴ aŜǘƘƻŘǎ ŎƘŀǇǘŜǊ нΦнΦмнΦ 
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/ƻƭƭŜŎǘƛǾŜƭȅ ǘƘŜǎŜ Řŀǘŀ ǎǳƎƎŜǎǘ ŦƻǊ ǘƘŜ ŦƛǊǎǘ ǘƛƳŜ ŀ ǊƻƭŜ ŦƻǊ ¢Dн ƛƴ ƳŜƳōǊŀƴŜ ŘŜǇƻƭŀǊƛǎŀǘƛƻƴ 

ŀƴŘ ƛŘŜƴǘƛŦȅ [πǘȅǇŜ ±h//ǎ ŀǎ ƻƴŜ ƻŦ ǘƘŜ ǇƻǎǎƛōƭŜ ǘŀǊƎŜǘǎ ƻŦ ¢Dн ǊŜǎǇƻƴǎƛōƭŜ ŦƻǊ 

ŘȅǎǊŜƎǳƭŀǘƛƻƴ ƻŦ ōŀǎŀƭ ŎŀƭŎƛǳƳ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƛƴ ƴŜǳǊƻƴǎΦ 

 

 

 

 

4.2.7 TG2-dependent calcium response is also mediated through the sodium/calcium 

exchanger (NCX) 

Despite electrophysiological recordings indicating complete inhibition of inward calcium 

current evoked by TG2 under block of L-type VOCCs (Fig. 4.12), a residual Ca2+ response 

was observed in calcium imaging experiments, largely sensitive to both cadmium and nickel 

(Fig. 4.10B). In addition to VOCCs, both cadmium and nickel inhibit the activity of the NCX, 

a key regulator of calcium transport through the plasma membrane (Blaustein and Lederer, 

1999). Therefore, a possible involvement of the exchanger in Ca2+ dysregulation caused by 

the enzyme was hypothesised. NCX normally removes Ca2+ from neurons in exchange for 

Na+, which enters the neuron down its gradient across the plasma membrane (Blaustein 

and Lederer, 1999). However, perturbation of the Na+ gradient leads to operation of the 

exchanger in the reverse mode, causing Ca2+ influx into the neurons (Blaustein and Lederer, 

1999). To promote NCX reverse mode, extracellular Na+ and K+ were removed from the 

neuronal medium (Na+/K+-free KRH). In these conditions, the response to exogenous TG2 

was strikingly increased (about 8-fold increase) (CƛƎΦ пΦмо!), suggesting that NCX may 

amplify TG2-dependent Ca2+ entry. Addition of the NCX inhibitor YM-244769 significantly 

decreased TG2-dependent Ca2+ influx in both normal and Na+/K+-free medium, of about 

48.4% and 37.3% respectively (CƛƎΦ пΦмо.). These data indicate that not only VOCCs, but 

also NCX contributes to elevate [Ca2+]i in neurons exposed to extracellular TG2. 
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CƛƎǳǊŜ пΦмоΦ /ƻƴǘǊƛōǳǘƛƻƴ ƻŦ b/· ǘƻ ¢DнπŘŜǇŜƴŘŜƴǘ ŎŀƭŎƛǳƳ ǊƛǎŜΦ ¢ŜƳǇƻǊŀƭ ŀƴŀƭȅǎƛǎ ƻŦ 

ώ/ŀнҌϐƛ ŎƘŀƴƎŜǎ ƛƴ мпπнл 5L± ƴŜǳǊƻƴǎ ŜȄǇƻǎŜŘ ǘƻ ŜȄƻƎŜƴƻǳǎ ¢DнΦ !ύ !ŘŘƛǘƛƻƴ ƻŦ ¢Dн ƛƴ 

bŀҌκYҌπŦǊŜŜ YwI ƭŜŘ ǘƻ ŀ уπŦƻƭŘ ƛƴŎǊŜŀǎŜ ƛƴ ŀǾŜǊŀƎŜ ŎŀƭŎƛǳƳ ƛƴŦƭǳȄ ŎƻƳǇŀǊŜŘ ǘƻ ƴƻǊƳŀƭ YwI 

ό!¦/ ¢DнΥ лΦунҕлΦмпΣ bҐнлΤ !¦/ ¢Dн ƛƴ bŀҌκYҌπŦǊŜŜ YwIΥ сΦнтҕмΦлпΣ bҐнлΤ ϝϝϝϝtғлΦллллмύΦ 

5ŀǘŀ ƛǎ ŜȄǇǊŜǎǎŜŘ ŀǎ ƳŜŀƴ ҕ ǎǘŀƴŘŀǊŘ ŜǊǊƻǊ ƴƻǊƳŀƭƛǎŜŘ ǘƻ ¢Dн !¦/ ǾŀƭǳŜǎΦ .ύ LƴŎǳōŀǘƛƻƴ 

ǿƛǘƘ b/· ƛƴƘƛōƛǘƻǊ ¸aπнпптсф όмл ƳƛƴǳǘŜǎύ ƭŜŘ ǘƻ ŀ ǎƛƎƴƛŦƛŎŀƴǘ ŘŜŎǊŜŀǎŜ ƛƴ ŎŀƭŎƛǳƳ ƛƴŦƭǳȄΣ 

ōƻǘƘ ƛƴ bŀҌκYҌπŦǊŜŜ YwI ό!¦/ ¢Dн ƛƴ bŀҌκYҌπŦǊŜŜ YwIΥ тΦрсҕмΦлуΣ bҐнмΤ !¦/ 

¢DнҌ¸aнпптсф ƛƴ bŀҌκYҌπŦǊŜŜ YwIΥ оΦунҕлΦпуΣ bҐнмΦ ϝϝϝϝtғлΦллллмύ ŀƴŘ ƴƻǊƳŀƭ YwI 

ό!¦/ ¢DнΥ лΦррҕлΦлпΣ bҐнрΤ !¦/ ¢DнҌ¸aнпптсфΥ лΦлнуҕлΦлнΣ bҐнрΤ ϝϝϝϝtғлΦллллмύΦ 

5ŀǘŀ ƛǎ ŜȄǇǊŜǎǎŜŘ ŀǎ ƳŜŀƴ ҕ ǎǘŀƴŘŀǊŘ ŜǊǊƻǊ ƴƻǊƳŀƭƛǎŜŘ ǘƻ ¢Dн !¦/ ǾŀƭǳŜǎΦ 
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4.2.8 TG2-rich glial EVs increase [Ca2+] i in neurons 

¢ŀƪƛƴƎ ƛƴǘƻ ŎƻƴǎƛŘŜǊŀǘƛƻƴ ǘƘŜ ǊŜǎǳƭǘǎ ƻōǘŀƛƴŜŘ ǎƻ ŦŀǊΣ ǘƘŜ ƴŜȄǘ ǎǘŜǇ ǿŀǎ ǘƻ ƛƴǾŜǎǘƛƎŀǘŜ ƛŦ ǘƘŜ 

ŀŘŘƛǘƛƻƴ ƻŦ ŜȄǘǊŀŎŜƭƭǳƭŀǊ 9±ǎπŀǎǎƻŎƛŀǘŜŘ ¢Dн ǿƻǳƭŘ ŀŦŦŜŎǘ ώ/ŀнҌϐƛ ǎƛƳƛƭŀǊƭȅ ǘƻ ǘƘŜ ǎƻƭǳōƭŜ ŦƻǊƳ 

ǘƘŀǘ ƘŀŘ ōŜŜƴ ǳǎŜŘ ƛƴ ǘƘŜ ǇǊŜǾƛƻǳǎ ǎŜŎǘƛƻƴǎΦ !ǎ ŘŜǎŎǊƛōŜŘ ƛƴ /ƘŀǇǘŜǊ оΣ ƛǘ ƘŀŘ ōŜŜƴ 

ǇǊŜǾƛƻǳǎƭȅ ŘŜƳƻƴǎǘǊŀǘŜŘ ǘƘŀǘ 9±ǎ ƛǎƻƭŀǘŜŘ ŦǊƻƳ [t{πǘǊŜŀǘŜŘ ŀǎǘǊƻŎȅǘŜǎ ŎŀǊǊƛŜŘ ¢Dн ŀƴŘ 

ŎƻǳƭŘ ǘƘŜǊŜŦƻǊŜ ōŜ ŀ ǎƻǳǊŎŜ ƻŦ ŜȄǘǊŀŎŜƭƭǳƭŀǊ ¢Dн ƛƴ ōǊŀƛƴ ǳƴŘŜǊ ƴŜǳǊƻƛƴŦƭŀƳƳŀǘƻǊȅ 

ŎƻƴŘƛǘƛƻƴǎ όCƛƎΦ оΦмм/ύΦ  

9±ǎ ǿŜǊŜ ƛǎƻƭŀǘŜŘ ŦǊƻƳ ǇǊƛƳŀǊȅ ƳƛȄŜŘ Ǝƭƛŀƭ ŎƻŎǳƭǘǳǊŜǎ όǇǊƛƳŀǊȅ ŀǎǘǊƻŎȅǘŜǎ ŀƴŘ ƳƛŎǊƻƎƭƛŀ 

ƛǎƻƭŀǘŜŘ ŦǊƻƳ 9му ŜƳōǊȅƻƴƛŎ Ǌŀǘ ŎƻǊǘƛŎŜǎΣ ŀǎ ŘŜǎŎǊƛōŜŘ ƛƴ aŜǘƘƻŘǎ ŎƘŀǇǘŜǊ нΦнΦмΦнύ ǳƴŘŜǊ 

ǘƘŜ ǎŀƳŜ ŎƻƴŘƛǘƛƻƴǎ ŀǎ ǎƘƻǿƴ ƛƴ /ƘŀǇǘŜǊ о όǎŜŎǘƛƻƴ оΦнΦпύΦ {ǇŜŎƛŦƛŎŀƭƭȅΣ Ǝƭƛŀƭ ŎŜƭƭǎ ǿŜǊŜ 

ǿŀǎƘŜŘ ǿƛǘƘ YwI ǇI тΦп ŀƴŘ ƛƴŎǳōŀǘŜŘ ƛƴ ǎŜǊǳƳπŦǊŜŜ ƳŜŘƛŀ ǎǳǇǇƭŜƳŜƴǘŜŘ ǿƛǘƘ м ҡƎκƳƭ 

[t{ ŦƻǊ нп ƘƻǳǊǎ ǇǊƛƻǊ ǘƻ 9±ǎ ƛǎƻƭŀǘƛƻƴΦ ¢ƻ ǇŜƭƭŜǘ ōƻǘƘ ƭŀǊƎŜ ŀƴŘ ǎƳŀƭƭ 9±ǎ ƛƴ ŀ ǎƛƴƎƭŜ ǇŜƭƭŜǘΣ 

ǘƘŜ млΣлллȄƎ ŎŜƴǘǊƛŦǳƎŀǘƛƻƴ ǿŀǎ ƻƳƛǘǘŜŘΦ .ŜŎŀǳǎŜ !¢t Ƙŀǎ ōŜŜƴ ǎƘƻǿƴ ǘƻ ōŜ ǇǊŜǎŜƴǘ ƛƴ 

ƎƭƛŀƭπŘŜǊƛǾŜŘ 9±ǎ ŀƴŘ ǘƻ ƛƴŘǳŎŜ ŎŀƭŎƛǳƳ ǊŜǎǇƻƴǎŜǎ ƛƴ Ǝƭƛŀƭ ŎŜƭƭǎ ό±ŜǊŘŜǊƛƻ ŀƴŘ aŀǘǘŜƻƭƛΣ нллмΤ 

/ƻŎƻ Ŝǘ ŀƭΦΣ нллоύΣ ǘƘŜ ǾŜǎƛŎƭŜ ǇŜƭƭŜǘ ǿŀǎ ǊŜǎǳǎǇŜƴŘŜŘ ƛƴ YwI ŎƻƴǘŀƛƴƛƴƎ ол ¦κƳƭ ŀǇȅǊŀǎŜΣ 

ŀƴ ŜƴȊȅƳŜ ǘƘŀǘ ƘȅŘǊƻƭȅǎŜǎ !¢t ǘƻ !at ό±ŜǊŘŜǊƛƻ ŀƴŘ aŀǘǘŜƻƭƛΣ нллмύΦ 9±ǎ ƛǎƻƭŀǘŜŘ ŦǊƻƳ 

ǘǿƻ ŎƻƴŦƭǳŜƴǘ ¢тр Ŧƭŀǎƪǎ όŀōƻǳǘ нлȄмлс ŎŜƭƭǎύ ǿŜǊŜ ŀŘŘŜŘ ǘƻ ŦǳǊŀπнπƭƻŀŘŜŘ ƘƛǇǇƻŎŀƳǇŀƭ 

ƴŜǳǊƻƴǎ ƛƴ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻǊ ŀōǎŜƴŎŜ ƻŦ ƳƻƴƻŎƭƻƴŀƭ ŀƴǘƛπ¢Dн ŀƴǘƛōƻŘȅ όL!мнύ όCƛƎΦ пΦмпύΣ ŀƴŘ 

ƴŜǳǊƻƴŀƭ ώ/ŀнҌϐƛ ǿŜǊŜ ǊŜŎƻǊŘŜŘ ƛƴ ǎŜǾŜǊŀƭ ŦƛŜƭŘǎ ƻŦ ǘƘŜ ǎŀƳŜ ǎƭƛŘŜ ǇǊƛƻǊ ǘƻ 9±ǎ ŀŘŘƛǘƛƻƴ όōŀǎŀƭ 

ŎŀƭŎƛǳƳύ ŀƴŘ нл ƳƛƴǳǘŜǎ ŀŦǘŜǊΣ ƛƴ ƻǊŘŜǊ ǘƻ ŀƭƭƻǿ 9±ǎ ǘƻ ŘŜǇƻǎƛǘ ŀƴŘ ƛƴǘŜǊŀŎǘ ǿƛǘƘ ǘƘŜ ƴŜǳǊƻƴǎΦ 

¢DнπǊƛŎƘ 9±ǎ ǿŜǊŜ ŀōƭŜ ǘƻ ƛƴŘǳŎŜ ŀ ǎƛƎƴƛŦƛŎŀƴǘ ƛƴŎǊŜŀǎŜ ƛƴ ώ/ŀнҌϐƛ ŎƻƳǇŀǊŜŘ ǘƻ ōŀǎŀƭ 

όɲCоплκоул Ґ лΦлмнΣ bҔулΣ ǘŜǎǘŜŘ ƻƴ о ǎƭƛŘŜǎύ όCƛƎΦ пΦмпύΦ LƴƘƛōƛǘƛƻƴ ƻŦ ǾŜǎƛŎǳƭŀǊ ¢Dн ōȅ ǇǊŜπ

ǘǊŜŀǘƳŜƴǘ ƻŦ 9±ǎ ǿƛǘƘ ǘƘŜ ŀƴǘƛōƻŘȅ L!мн ŜƴƘŀƴŎŜŘ ǘƘƛǎ ŜŦŦŜŎǘΣ ƭŜŀŘƛƴƎ ǘƻ ŀ нΦрπŦƻƭŘ ƘƛƎƘŜǊ 

ɲCоплκоул ŎƻƳǇŀǊŜŘ ǘƻ ǳƴǘǊŜŀǘŜŘ 9±ǎ όɲCоплκоул Ґ лΦломΣ bҔолΣ ǘŜǎǘŜŘ ƻƴ м ǎƭƛŘŜύ όCƛƎΦ 

пΦмпύΦ 
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Figure 4.14. Glial EVs increase [Ca2+] i in neurons. Temporal analysis of [Ca2+]i changes in 15 

DIV neurons stimulated with EVs isolated from glial cells treated with LPS (about 20x106 

cells), measured as variation in the F340/380 fluorescence ratio. EVs were isolated after 

incubation with LPS (1 ˃g/ml) for 24 hours in serum-free media and resuspended in KRH 

supplemented with 30 U/ml of apyrase and with or without monoclonal anti-TG2 antibody 

(IA12, 1:100). The 10,000xg centrifugation was omitted, so large and small EVs were 

isolated together and used for this set of experiments. Three representative traces of 

neuronal [Ca2+]i are shown. Data is expressed as mean ± standard error (Basal [Ca2+]i: 

0.470±0.003, N=130; [Ca2+]i EVs: 0.483±0.004, N=88; [Ca2+]i EVs+IA12: 0.501±0.007, N=31. 

*p<0.05; ***p<0.0001). 
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¢ƘŜǎŜ ǊŜǎǳƭǘǎ ƛƴŘƛŎŀǘŜ ǘƘŀǘ ǾŜǎƛŎǳƭŀǊ ¢DнΣ ŀǎ ŀ ŎŀǊƎƻ ƻŦ ƎƭƛŀƭπŘŜǊƛǾŜŘ 9±ǎΣ ŎƻƴǘǊƛōǳǘŜǎ ǘƻ ŀƭǘŜǊ 

ŎŀƭŎƛǳƳ ƘƻƳŜƻǎǘŀǎƛǎ ƛƴ ƴŜǳǊƻƴǎ ǳƴŘŜǊ ƴŜǳǊƻƛƴŦƭŀƳƳŀǘƻǊȅ ŎƻƴŘƛǘƛƻƴǎΦ 

 

Lƴ ŎƻƴŎƭǳǎƛƻƴΣ ƛǘ ǿŀǎ ŘŜƳƻƴǎǘǊŀǘŜŘ ƘŜǊŜ ŦƻǊ ǘƘŜ ŦƛǊǎǘ ǘƛƳŜ ǘƘŀǘ ŜȄǘǊŀŎŜƭƭǳƭŀǊ ¢DнΣ ŜƛǘƘŜǊ 

ŀŘŘŜŘ ƛƴ ǎƻƭǳōƭŜ ŦƻǊƳΣ ŎŀǊǊƛŜŘ ōȅ ƎƭƛŀƭπŘŜǊƛǾŜŘ 9±ǎ ƻǊ ŜȄǘŜǊƴŀƭƛǎŜŘ ōȅ ƴŜǳǊƻƴǎΣ ǿŀǎ ŀōƭŜ ǘƻ 

ƛƴŎǊŜŀǎŜ ώ/ŀнҌϐƛ ƛƴ ǇǊƛƳŀǊȅ ƘƛǇǇƻŎŀƳǇŀƭ ƴŜǳǊƻƴǎ όCƛƎΦ пΦмр!π.ύΦ /ŀƭŎƛǳƳ ƛƴŦƭǳȄ ŎƻǳƭŘ ōŜ ŀ 

ŎƻƴǎŜǉǳŜƴŎŜ ƻŦ ƳŜƳōǊŀƴŜ ŘŜǇƻƭŀǊƛǎŀǘƛƻƴ ƛƴŘǳŎŜŘ ōȅ ¢Dн όCƛƎΦ пΦмр/ύΣ ǘƘǊƻǳƎƘ ǘƘŜ 

ŀŎǘƛǾŀǘƛƻƴ ƻŦ [πǘȅǇŜ ±h//ǎ όCƛƎΦ пΦмр5ύΦ !ƭǘŜǊƴŀǘƛǾŜƭȅΣ ¢Dн ƳƛƎƘǘ ƛƴǘŜǊŀŎǘ ǿƛǘƘ ƻǘƘŜǊ 

ƳƻƭŜŎǳƭŜǎ ŀƴŘ ƳŜŘƛŀǘŜ ŎŀƭŎƛǳƳ ƛƴŦƭǳȄ Ǿƛŀ ±h//ǎ ŀƴŘ b/· όCƛƎΦ пΦмр5π9ύΦ /ŀƭŎƛǳƳ ƻǾŜǊƭƻŀŘ 

ƛǎ ŀ ƘŀƭƭƳŀǊƪ ƻŦ ǾŀǊƛƻǳǎ ƴŜǳǊƻŘŜƎŜƴŜǊŀǘƛǾŜ ŘƛǎŜŀǎŜǎ ŀƴŘ ŀŎǘƛǾŀǘŜǎ ŀ ǾŀǊƛŜǘȅ ƻŦ ƳŜŎƘŀƴƛǎƳǎ 

ƭŜŀŘƛƴƎ ǘƻ ŎŜƭƭ ŘŜŀǘƘ όaŀǊŀƳōŀǳŘ Ŝǘ ŀƭΣ нллфύΦ !ǘ ǘƘŜ ǎŀƳŜ ǘƛƳŜΣ ƛƴŎǊŜŀǎŜ ƛƴ ώ/ŀнҌϐƛ ŎƻǳƭŘ 

ǇƻǘŜƴǘƛŀƭƭȅ ŀŎǘƛǾŀǘŜ ƛƴǘǊŀŎŜƭƭǳƭŀǊ ¢DнΣ ŜƴƘŀƴŎƛƴƎ ǘƘŜ ǘǊŀƴǎŀƳƛŘŀǘƛƻƴ ƻŦ ŜƴŘƻƎŜƴƻǳǎ ǘŀǊƎŜǘǎ 

ŀƴŘ ŦƻǊƳŀǘƛƻƴ ƻŦ ƴŜǳǊƻǘƻȄƛŎ ǇǊƻǘŜƛƴ ŀƎƎǊŜƎŀǘŜǎΣ ǿƘƛŎƘ ŎƻǳƭŘ ŎƻƴǘǊƛōǳǘŜ ǘƻ ƴŜǳǊƻƴŀƭ ŘŜŀǘƘ 

όCƛƎΦ мрCύΦ 
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CƛƎǳǊŜ пΦмрΦ {ŎƘŜƳŀǘƛŎ ǊŜǇǊŜǎŜƴǘŀǘƛƻƴ ƻŦ /ƘŀǇǘŜǊ п ǊŜǎǳƭǘǎΦ !ύ !ǎǘǊƻŎȅǘŜǎ ŀŎǘƛǾŀǘŜŘ ōȅ 

[ƛǇƻǇƻƭȅǎŀŎŎƘŀǊƛŘŜǎ ό[t{ύΣ ŀƴ ŜƴŘƻǘƻȄƛƴ ǿƘƛŎƘ ŎŀǳǎŜǎ ƛƴŦƭŀƳƳŀǘƻǊȅ ǊŜǎǇƻƴǎŜΣ ǊŜƭŜŀǎŜ 9±ǎ 

ŎŀǊǊȅƛƴƎ ¢DнΦ .ύ 9ȄǘǊŀŎŜƭƭǳƭŀǊ ¢Dн όƛƴ ǎƻƭǳōƭŜ ŦƻǊƳ ƻǊ ǾŜǎƛŎƭŜπōƻǳƴŘύ ƛƴǘŜǊŀŎǘǎ ǿƛǘƘ ƴŜǳǊƻƴǎΣ 

ƛƴŘǳŎƛƴƎ ŀ ŎŀƭŎƛǳƳ ƛƴŦƭǳȄ ǘƘŀǘ ƛƴŎǊŜŀǎŜǎ ƛƴǘǊŀŎŜƭƭǳƭŀǊ ŎŀƭŎƛǳƳ ƭŜǾŜƭǎ όώ/ŀнҌϐƛύΦ /ύ 9ȄǘǊŀŎŜƭƭǳƭŀǊ 

¢Dн ŎŀǳǎŜǎ ŀ ƳŜƳōǊŀƴŜ ŘŜǇƻƭŀǊƛǎŀǘƛƻƴ όƻŦ ŀōƻǳǘ нл Ƴ±ύ ŀƴŘ ŀŎǘƛǾŀǘŜǎ ŀƴ ƛƴǿŀǊŘ ŎŀƭŎƛǳƳ 






























































































































































































































