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Chapter 1
General introduction

Partly based on:
Wilhelmus MMM, de Jager M, Drukarch B, 2012.
Tissue Transglutaminase: A Novel Therapeutic Target in Cerebral Amloid Angiopathy.
Neurodegener. Dis 10(1-4):317-9.
Wilhelmus MMM, de Jager M, Bakker ENTP, Drukarch B 2014.
Tissue Transglutaminase in Alzheimer’s Disease: Involvement in Pathogenesis and its
Potential as a Therapeutic Target.
J Alzheimers Dis 42 Suppl 3:S289-303

1. Alzheimer’s disease

ritic plaques are composed of a core of fibrillar Aβ (β-pleated sheet conformation) and

Over 100 years ago, in 1907, the German psychiatrist and neuropathologist Alois Alzheim-

dystrophic neurites within or surrounding the Aβ, which can contain hyperphosporylated

er described for the first time a patient with memory problems and typical brain changes

tau. In addition, synaptic and neuronal loss as well as recruitment of activated microglia

that would later become known as Alzheimer’s disease (AD) [1]. AD is the most common

and astrocytes are associated with these plaques [12]. Another type of plaques, diffuse

form of age-related dementia characterised by progressive memory loss, cognitive decline

SPs, appear as more fine structures and lack the fibrillar Aβ core and dystrophic neurites

as well as behavioural changes eventually leading to loss of body functions and death [2].

as in classic plaques. It is thought that diffuse plaques are an early stage of plaque forma-

AD affects 11% of all people above the age of 65, and 32% of all people above the age

tion developing into classic plaques [5].

of 85 [3].
Diagnosis of AD during life is based on clinical and neurological investigations such as

Cerebral amyloid angiopathy

neuropsychological tests, cerebrospinal fluid analysis and neuroimaging [4]; however, the

Aβ also deposits in the cerebral blood vessel walls as cerebral amyloid angiopathy (CAA).

definite diagnosis can still only be made post-mortem by the histological detection of differ-

The vessel wall consists of an intimal layer with endothelial cells, a medial layer with

ent protein aggregates, i.e. intraneuronal neurofibrillary tangles consisting of accumulation

smooth muscle cells important in contraction and relaxation of the blood vessels and the

of the hyperphosphorylated tau protein as well as senile plaques and cerebral amyloid

outer adventitia layer with fibroblasts [13]. CAA development starts with Aβ deposition in

angiopathy both consisting of the accumulated amyloid-β protein in the brain parenchyma

the medial layer and progresses into all layers of the vessel wall. CAA is present most

and blood vessel walls, respectively. In addition, other neuropathological characteristics

prominently in occipital and parietal areas of the brain, whereas veins as well as vessels

such as brain atrophy, neuronal and synapse loss and inflammation are present [5–7].

in the white matter are hardly involved [12, 14]. Two types of CAA have been described;

Unfortunately, drugs currently on the market for AD can only relieve symptoms but can-

type 1 CAA exhibits Aβ deposition in capillary cerebral vessels (capCAA) as well as larger

not cure or prevent the disease. The most common drugs available are acetylcholine

parenchymal and leptomeningeal vessels and is most strongly associated with cognitive

esterase (AChE) inhibitors [8] that temporarily increase acetylcholine concentrations in

decline [14, 15]. Type 2 CAA however, is defined as Aβ deposition in larger vessels only

brain regions that have AD-related cholinergic neuron loss. In addition, N-methyl-D-aspar-

without involvement of capillaries.

tate (NMDA) antagonists are also broadly prescribed which block the glutamate-mediated

CAA is present in about 30% of non-demented elderly, but occurs in 80% to 100% of AD

over-stimulation of NMDA receptors that is observed in AD [8]. Unfortunately, these drugs

patients and contributes to the cognitive decline of these patients [14, 16–19]. CAA leads

do not modify disease progression.

to smooth muscle cell (SMC) death and vascular remodelling, characterised by altered
expression and distribution of extracellular matrix (ECM) proteins. These changes lead

2. Histopathological hallmarks of Alzheimer’s disease

to degeneration and weakening of the vessel wall. This may result in blood brain barrier permeability, eventually leading to haemorrhages [20–24]. Furthermore, CAA leads

Neurofibrillary tangles

to impaired vascular autoregulation and hypoperfusion [14], as well as an inflammatory

In AD and tau-associated dementias, known as tauopathies, the intracellular microtu-

reaction [25, 26].

bule-associated protein tau is hyperphosphorylated and accumulates in the brain [9, 10].

A possible underlying mechanism for CAA formation is thought to be impaired clearance

In AD, it aggregates in neurons to form neurofibrillary tangles (NFTs) in neurons in several

of Aβ via the interstitial fluid (ISF) drainage. This is the so-called lymphatic drainage of the

brain regions [5]. The progression and severity of NFTs in the brain have been classified

brain where solutes and molecules drain alongside the blood vessels to the lymph nodes

into six stages according to Braak and Braak [7]. At the start of the pathology, NFTs are

at the base of the skull and are thereby removed from the brain [27–29]. The ISF depends

present in the transentorhinal region and hippocampus, which spreads via the limbic areas

on the pulsations of the blood flow and flows in the opposite direction of the blood flow [30].

throughout the cortex leading to cortical destruction and neuronal loss [7]. The presence of

Several animal and human studies suggested that Aβ can be transported via this route as

NFTs correlates with the cognitive decline observed in AD patients [11, 12].

well [31]. With age, Aβ clearance becomes more dependent on the ISF [32]. The reason
behind this will be explained later on in paragraph 4. However, as vessels stiffen with age

Senile plaques

[33, 34], the ISF drainage of Aβ will be less and may result in increased Aβ deposition in

The amyloid-beta protein (Aβ) is cleaved from the amyloid precursor protein (APP, Fig-

the brain [29]. This is thought to be important for CAA development where Aβ will get en-

ure 1) and deposits as senile plaques (SPs) in the brain parenchyma. SPs are present

trapped in the vessel wall and forms aggregates [32, 35].

in different areas of the brain such as cortex, hippocampus and thalamus. Classic neu-

In addition to CAA associated with AD, familial forms of CAA have also been described
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such as Hereditary Cerebral Haemorrhages with Amyloidosis of the Dutch type (HCH-

Aβ-interacting proteins and post-translational modifications

WA-D). These patients bear the E693Q mutation (glutamate to glutamine substitution) in

Importantly, several Aβ-interacting proteins, so-called Aβ chaperones, interact with Aβ and

the APP gene (Figure 1), which was reported in Dutch families [36]. The mutation enhanc-

influence the Aβ cascade. Examples of such chaperones are the extracellular matrix pro-

es the oligomerisation and fibril formation of Aβ and increases fibril stability and Aβ toxicity.

teins heparan sulphate proteoglycans (HSPGs) as well as heat shock proteins (Hsps)

This leads to severe CAA, clinically diagnosed by stroke due to haemorrhages at a young

and apolipoprotein E (ApoE, see below). These chaperones are found in the Aβ deposits

age (mean 50 years) and cognitive decline in most of the patients. Eventually, patients die

in the brain and influence Aβ aggregation and clearance [44]. In addition to chaperones,

at a mean age of 60 years [36].

post-translational modifications of Aβ, such as metal-oxidation of Aβ and the formation of
pyroglutamate-modified Aβ, also influence the Aβ cascade and enhance Aβ aggregation

3. Aβ production and aggregation

and/or protect Aβ against degradation [45, 46]. Another post-translational modification is

According to the amyloid-cascade hypothesis, Aβ production and deposition starts a cas-

cross-linking of Aβ by the enzyme tissue transglutaminase that results in the formation of

cade of events leading to neuronal loss and cognitive decline (Figure 2). Aβ is a 4 kDa

stable Aβ dimers and trimers and might play an important role in Aβ aggregation and/or

protein cleaved from the amyloid precursor protein (APP) (Figure 1). APP is a transmem-

the persistence of intermediate forms of Aβ [47]. Taken together, Aβ chaperones as well

brane protein that is present in most cells and tissues as well as in the brain. Its function

as post-translational modifications of Aβ are crucial in the onset or progression of both the

is not completely clear, although it may have neuroprotective effects and be involved in

Aβ cascade and Aβ deposition in AD.

cell-cell interactions [5]. APP is proteolytically cleaved by α-, β- and γ-secretase. Cleavage
by α-secretase results in a non-amyloidogenic product [5, 37, 38] whereas consecutive

Differences between SPs and CAA in Aβ and Aβ-associated proteins

cleavage by the β- and γ-secretase results in release of Aβ. Aβ can vary in length between

The Aβ cascade results in the formation of both SPs and CAA. However, clear differences

38 and 43 amino acids, of which the 40 and 42 amino acid lengths are most common. Aβ

are observed between these lesions. In SPs, the 42 amino acid form of Aβ (Aβ1-42) is the

self-aggregates from monomers and dimers to larger oligomers ultimately forming large

major form, whereas CAA consists mainly of Aβ1-40 [14]. In addition, N-terminal post trans-

mature fibrils with β-pleated sheet conformation [39]. Of these, the dimer and oligomeric

lational modifications such as pyroglutamylation and racemisation of Aβ are found both

Aβ are thought to be the most toxic and related to AD [40–42].

in SPs and in CAA, however the detection of modified Aβ species in CAA is variable and
minimal compared to SPs [48, 49]. Furthermore, in both SPs and CAA, Aβ-chaperones are
found, such as ApoE, HSPGs, and members of the complement system. However, several inflammatory proteins such as α1-antichymotrypsin, α2-macroglobulin and intercellular
adhesion molecule-1 (ICAM-1) are only present in SPs indicating that other processes
underlie the inflammatory reaction in both lesions [50]. Taken together, the differences in
Aβ type and modifications as well as Aβ-chaperones present in SPs and CAA suggests
differences in the pathogenesis of both lesions.
4. Aβ clearance
Aβ is cleared from the brain via several routes. An important way is by enzymatic degradation where insulin degrading enzyme (IDE) and neprilysin (NEP) are the most important
Aβ-degrading enzymes [27]. In addition, uptake and degradation of Aβ by glial cells is another clearance mechanism [51, 52]. Furthermore, Aβ may be cleared via receptor-mediated transport over the blood brain barrier (BBB) into the blood by Low density lipoprotein
receptor-related protein 1 (LRP-1). LRP-1 transports Aβ via direct binding of Aβ or in a
complex with the Aβ chaperone ApoE [53]. However, in AD, lower endothelial LRP-1 levels

Figure 1 The amyloid precursor protein (APP) is cleaved by either α-secretase resulting in a non-am-

are found, as well as a damaged oxidised LRP-1 [54, 55]. A fourth clearance pathway is

yloidogenic product, or by β-secretase and γ-secretase, resulting in Aβ. Figure modified from “Kumar

via the ISF drainage that transports Aβ alongside the vessel walls to the peripheral lymph

J et al., 2011. Aging 3:803-812.” [43].

nodes [56]. With age, the first described clearance mechanisms fail, increasing the pres-
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sure on the ISF drainage, which might lead the development of CAA and late-onset AD

6. Vascular and life-style factors in AD

[32]. However, other factors can contribute to AD development as well, including genetic

For long, the amyloid-cascade hypothesis explained the neurodegeneration and cognitive

mutations and vascular diseases.

decline in AD as a consequence of Aβ deposition. However, environmental and life-style
factors such as smoking and diet (trans-unsaturated and saturated fatty acids), traumatic

5. Risk factors for AD

brain injury, diabetes mellitus type II and low or high bodyweight may also increase the

Over 90% of AD cases are sporadic, non-familial, late-onset cases, where the strongest

risk of developing AD [57, 77–79]. In addition, vascular dysfunction that occurs in normal

risk factor is age. However, several genetic risk factors are described that can increase

ageing, is more pronounced in AD, and may worsen or even precede neurodegeneration

the risk of sporadic AD or are causative for familial AD. Rare mutations accounting for ~5%

[80–82] (Figure 2). This vascular dysfunction can be caused by (neuro) vascular diseases

of early-onset (familial) AD are found in three genes: APP, PSEN1, PSEN2. Mutations in

such as stroke, cerebral haemorrhage, white matter changes, CAA, atherosclerosis and

the APP gene influence APP proteolytic processing and/or aggregation and thereby Aβ

hypertension and are associated with AD and dementia in general [5, 14, 57, 78, 83]. In

production. Mutations in PSEN1 and PSEN2, coding for the presinillin 1 and 2, compo-

addition, changes in the microvasculature are observed in AD and ageing. To illustrate

nents of the γ-secretase, alter the γ-secretase-mediated cleavage of APP, which results in

this, variations in capillary diameter, fragmented and irregular shaped capillaries and in-

increased levels of Aβ1-42 and its aggregation and earlier onset of the disease [5, 57, 58].

creased vessel tortuosity are all found in AD brains [84–87]. Furthermore, alterations in
vascular membrane components and extracellular matrix (ECM) proteins are observed in

ApoE

AD and CAA [23, 24]. The observed changes may be due to the toxic effects of Aβ and

The strongest common genetic variant that is associated with sporadic, late-onset AD is

its deposition but are also found to be independent of Aβ deposition [80]. Taken together,

the ApoE gene coding for the plasma protein apolipoprotein E (ApoE). The ApoE gene

these vessel wall changes may lead to hypoperfusion, ischemia, BBB breakdown and in-

can be present in three alleles, ε2, ε3 and ε4 that differ in one or two amino acids [5, 57,

creased Aβ production and can thereby initiate or contribute to AD pathology [82, 88–90].

58]. The ε4 allele is considered the high risk allele for development of AD and type 1 CAA,

Moreover, the impaired Aβ clearance from the brain resulting in Aβ deposition will even

whereas ε2 is protective for AD, but associated with type 2 CAA and increases the risk on

more impair the brain’s function [89, 90]. Therefore, vascular dysfunction, including CAA,

CAA-associated haemorrhages [59]. The ε3 allele is neutral and the most common form

is now considered as an important initiator/contributor to the development of AD pathology,

as well [20, 57].

highlighting the importance of studying therapeutical targets for AD that improve vascular

The function of ApoE is to transports cholesterol and other lipids throughout the body [53,

functioning.

60]. In addition, it has a role in Aβ binding, aggregation and transport. In the CNS, the
major source of ApoE are astrocytes and microglia [61], although cerebrovascular cells
are also known to produce ApoE [62]. ApoE has been immunohistochemically detected
in SPs, CAA and NFTs [63, 64] suggesting an interaction with Aβ. In vitro, the binding of
Aβ to ApoE is isoform dependent (ε2>ε3>>ε4) and also depends on the lipidation status
of ApoE [65, 66]. ApoE-Aβ complex formation leads to internalisation and degradation of
Aβ by cells such as astrocytes [67] or an isoform dependent (ε4<ε3<ε2) BBB-mediated
clearance via LRP-1 [53].
Not only results the ApoE4 genotype in impaired Aβ binding and clearance from the brain,
ApoE4 also accelerates the fibrillation and deposition of Aβ leading to more SPs and
CAA [53, 68–71]. Interestingly, in APP transgenic mice deficient of ApoE, β-pleated sheet
amyloid deposition was decreased compared to APP mice with ApoE [72], whereas overexpression of ApoE4 resulted in more Aβ deposition than ApoE3 [73]. In addition, in vitro,
ApoE protected cells from Aβ-induced toxicity, whereas ApoE4 resulted in less protection
[74–76]. Taken together, although the exact role of ApoE in AD is still unclear, increasing

Figure 2 The amyloid and vascular hypothesis leading to the development of AD. Modified from “De

evidence points towards an important role of ApoE in AD pathogenesis.

la Torre J, 2004. Lancet Neurol 3(3):184-90.” [91].
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7. Transglutaminases

es [99], whereas intramolecular cross-links change the conformation of proteins. In
addition to cross-linking, tTG can also deamidate proteins and have isopeptidase

Overview
Transglutaminases (TGs, EC 2.3.2.13) are a group of Ca -dependent enzymes that

activity (Figure 4). To block tTG activity, several types of inhibitors have been devel-

catalyse post-translational modifications of proteins including amine incorporation into

oped and can be divided into three classes: competitive amine inhibitors, reversible

proteins, deamidation and the formation of stable protein complexes by cross-linking of

inhibitors, and irreversible inhibitors, respectively. Amine inhibitors function by com-

glutamine and lysine residues [92]. Nine mammal TGs have been described, TG1-TG7,

peting with other natural amine substrates for tTG in the transamidation reaction.

Factor XIIIa (FXIIIa) and the inactive Band 4.2 [92]. TG1, also known as the keratinocyte

tTG is therefore still active yet the isodipeptide cross-link is now formed between

TG, TG3 and TG5 are expressed in the skin and important in terminal differentiation of

the natural glutamine substrate and the competitive amine inhibitor rather than be-

keratinocytes and formation of the cornified cell envelope, a highly cross-linked layer of

tween the natural glutamine substrate and natural amine substrates. Well-known

proteins in the skin that provides a physical and water barrier function [93–95]. TG4 is

competitive amine inhibitors are putrescine, cystamine, spermidine, histamine and

expressed in the prostate and involved in semen coagulation in rodents [92, 94]. The

cadaverine analogues like monodansylcadaverine [98]. Reversible tTG inhibitors

function of TG6 and TG7 is still largely unknown [92]. Band 4.2, or the ATP-binding

inhibit substrate access to the active site of tTG, such as GTP that prevents the

erythrocyte membrane protein band 4.2, lacks enzymatic activity but is present

binding of calcium to its binding site on tTG. Irreversible tTG inhibitors act via block-

among others in erythrocytes and important in cytoskeleton integrity [95]. The two

ade of enzyme activity by covalently modifying the catalytic site of the enzyme and

remaining TGs, tissue transglutaminase or TG2 and the blood-derived Factor XIIIa,

thereby prevent substrate binding.

2+

are described in more detail below as they are the main focus of this thesis.
tTG-activity independent functions
Tissue transglutaminase (tTG) – structure and function

tTG has also cross-link activity independent functions. By binding to GTP, tTG can

tTG or TG2 is a 78 kDa protein composed of four domains (Figure 3): an N-termi-

function as a G protein in signal transduction for receptors such as the α1 adrener-

nal β-sandwich (for fibronectin and integrin binding), the catalytic core important in

gic receptor and the oxytocin receptor. However, the physiological function of tTG

cross-linking activity present in a α-helical structure and two β-barrels at the C-ter-

as a G-protein is not completely clear yet [97]. In vitro kinase activity of tTG has

minal [96]. The transamidating activity of the enzyme is regulated by the catalytic

been described as well, but in vivo relevance is not yet known [97]. In addition, tTG

site in which Cys277, His335 and Asp358 play an essential role [97]. Upon calci-

can be translocated to the cell membrane through a yet largely unknown mecha-

um binding, a conformational change in the protein is induced (Figure 3), creating

nism, and mediate the interaction of β-integrins with fibronectin via tTG’s fibronectin

an open access to the active site, and thus inducing the transamidating activity.

and integrin binding domain independent of the cross-link activity [96].

The calcium-induced transamidating activity is counteracted by binding of guanosine-5-triphosphate (GTP) to the enzyme [94]. tTG can also be regulated by the

Roles of tTG in health and disease

interaction of tTG with phospholipids as well as nitrosylation of the cysteine residue

tTG is ubiquitously expressed and mainly localised in the cytosol, but can also be present

involved in activation and inhibition respectively [94]. After calcium activation, the

at the plasma membrane as well as in the nucleus. Some cell types e.g. endothelial cells

active site cysteine Cys277 binds a protein-bound glutamine residue, resulting in

and smooth muscle cells constitutively express tTG at high levels, however, in general,

the liberation of ammonia and the formation of a thioester intermediate between

tTG inside the cell is inactive due to low calcium concentrations. tTG can be upregulated

tTG and the glutamine bearing protein substrate. Accordingly, the thioester inter-

by specific signalling pathways involved in cellular stress or tissue damage. An important

mediate is attacked by a nucleophilic primary amine, either a small molecule amine

process when tTG is upregulated is during apoptosis where tTG cross-links intracellu-

such as putrescine or the ε-amino group of a protein-bound lysine residues [98].

lar proteins before the cell will be cleared by phagocytosis, thereby limiting the release

This results in the formation of a relatively stable isopeptide bond. This reaction can

of harmful cell components into the extracellular space [96, 97]. Inflammatory mediators

induce a bridge, cross-link, between a lysine donor residue of one protein with an

such as cytokines, can also increase the expression of tTG which in turn activates NF-κB,

acceptor glutamine residue of another protein, creating a cross-link between two

thus leading to more inflammation [95].

proteins (Figure 4). In contrast, if both a lysine donor and a glutamine acceptor are
present within a protein, this cross-link induces an intramolecular bridge. tTG-catalysed intermolecular cross-links induce stable, rigid, and insoluble protein complex14

15

blood vessel wall remodelling, despite the many roles of tTG described. However, other
TGs such as FXIIIa may compensate for the absence of tTG [108, 109].
Factor XIIIa – structure and function
The blood-derived clotting factor XIII (FXIII) is a tetramer that circulates in the blood and
consists of two A subunits (FXIIIA) and two carrier B subunits (FXIIIB) and has a crucial
role in the blood clotting cascade. The A subunits are derived from bone-marrow cells,
whereas the B-subunits are produced in the liver. The B subunits protect the A subunits
by formation of a FXIIIA2B2 tetramer in the blood plasma [110]. In cells, mainly from
bone-marrow origin such as platelets, FXIIIA subunits can also be present without the B
subunit, called cellular FXIIIA (cFXIIIA). FXIIIA has also been detected in megakaryotes,
monocytes and macrophages, chondrocytes, osteoblasts and osteocytes [110]. Similar
Figure 4 Inter- and intramolecular cross-linking of peptides induced by tissue transglutaminase (tTG)

to tTG, the FXIIIA subunit consists of four domains, the β-sandwich domain, the catalytic

cross-linking activity. The main activity of tTG is to catalyse a calcium-dependent acyl transfer reac-

core and two β-barrels plus a NH2-terminal activation peptide. In the catalytic core, the

tion between the γ-carboxamide group of a polypeptide-bound glutamine and the ε-amino group of

amino acid residues Cys314, His373 and Asp396 are of importance in the cross-linking of

a polypeptide bound lysine residue to form an ε-(γ-glutamyl)lysine isopeptide bond, also known as

glutamine and lysine residues. Upon vascular trauma, the coagulation cascade is activat-

a cross-link. This reaction can occur either through the formation of an intermolecular cross-link be-

ed. In the last step, the inactive FXIII is activated by thrombin-mediated cleavage of the

tween two proteins, or as an intramolecular cross-link within a protein. Figure from “Wilhelmus MMM

activation peptide together with a calcium-induced conformational change resulting in re-

et al., 2014. J Alzheimers Dis 42 Suppl 3:S289-303” [100].

lease of the B subunits and the formation of the active transglutaminase FXIIIa. Under high
calcium concentrations, however, thrombin-mediated cleavage is not necessary for FXIII

An important mediator of tTG expression and inflammation is transforming growth factor

activation [110]. The active FXIIIa (83kDa) has a crucial role in catalysing the final step in

beta (TGF-β) that can be activated by tTG and in turn induces tTG expression [94]. At

the blood coagulation cascade by cross-linking fibrin molecules together into a tight blood

the cell surface, binding of tTG to β-integrin and fibronectin facilitates cell adhesion and

clot that is difficult to degrade. FXIIIa also cross-links α2-plasmin inhibitor into the clot,

migration independent of the cross-link activity leading to downstream signalling pathways

thereby delaying clot degradation by plasmin. In addition FXIIIa has other substrates such

important in cell survival [97]. In addition, tTG can be transported out of the cell where it

as adhesive/matrix proteins (e.g. fibronectin) and cytoskeletal proteins (e.g. actin) and has

can cross-link extracellular matrix (ECM) proteins such as fibronectin and collagens. This

also been implicated in wound healing by cross-linking ECM, migration and proliferation of

process is important in matrix stabilisation and thereby wound healing and angiogenesis

monocytes/macrophages and angiogenesis. Furthermore, FXIIIa is important in maintain-

[95]. Furthermore, tTG-mediated ECM cross-linking is important in remodelling of blood

ing pregnancy, reducing vascular permeability and bone development [110]. Pathophysio-

vessel walls in response to changes in blood flow [101]. Of importance in vascular biology

logically, FXIIIa has been linked to several vascular pathologies such as hypertension and

is the ability of nitric oxide (NO) species to inhibit tTG activity; however, as vascular NO

atherosclerosis as well as ageing [57, 83, 111, 112]. For instance, increased levels of the

diminishes with age, this can lead to increased tTG activity and ECM cross-linking leading

FXIIIA-subunit are associated with age [113], and the expression of the FXIIIA-subunit is

to vascular stiffness and decreased vascular compliance [102]. In addition, it has been de-

increased in both monocytes of hypertensive patients [114] and in plasma cells of patients

scribed that with age tTG and its activity are increased [102–104]. Also in other patholog-

with atherosclerosis in the coronary arteries [115].

ical conditions, such as rheumatoid arthritis, tissue fibrosis and scarring, increased levels
of tTG are observed [92]. In kidney and lung fibrosis for example, increased levels of tTG

8. TGs in the brain and in Alzheimer’s disease

lead to ECM cross-linking resulting in renal or lung failure due to fibrotic scar formation

Thus far in the human brain, expression of TG1, tTG, TG3 and FXIIIa has been observed.

[105, 106]. In addition, tTG is also associated with cancer metastasis and celiac disease

TG1 and TG3 are present in neurons in different brain areas [116] and additional TG1

[97, 107] as well as neurodegenerative disorders such as AD (see below). To study the

is found in astrocytes and microglia [117]. In AD brains, TG1 levels are increased [116]

role of tTG in more detail, tTG knock-out mice are generated; however, these mice are

and TG1 colocalised with neurofibrillary tangles [117] suggesting a role for TG1 in NFT

viable and only display a mild phenotype including impaired wound healing and delayed

formation.
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Immunohistochemical detection of FXIIIa was observed in the vasculature of both control

threshold for self aggregation, suggesting that tTG is capable of driving the aggregation

and AD brains as well as in microglia in AD [118]. Interestingly, a Val34Leu polymorphism

process of Aβ at physiological Aβ levels. Furthermore, these tTG-mediated Aβ oligomers

in the FXIIIA gene was associated with an increased risk on cerebral haemorrhages and

and protofibrils are toxic in that they inhibit long term potentiation in the CA1 region of the

AD [119, 120]. Furthermore, FXIIIa’s main substrate fibrin(ogen) has been observed in AD

hippocampus [47]. Earlier work on the effects of tTG-catalysed cross-linking of Aβ showed

and CAA [121]. However, whether FXIIIa is present in the AD hallmarks and plays a role in

that when tTG activity is blocked in cultured neuroblastoma cells, Aβ-induced cell death

AD pathogenesis has not been investigated.

is reduced, whereas induction of tTG enhances Aβ-driven neurotoxicity [131]. Moreover,

The role of tTG in AD has been studied most extensively, and evidence is mounting that

Aβ1-42 treatment of monocytes induces tTG expression in vitro [132]. Together, these data

tTG plays an important role in AD pathogenesis.

indicate that tTG is a likely candidate responsible for initiating the Aβ cascade in AD brains
by the formation of stable Aβ dimers, oligomers, and protofibrils.

tTG in control and AD brains

Also indirectly, tTG may influence the Aβ cascade i.e. via interaction with Aβ-chaperones.

tTG is present in neurons in many brain regions [116], in the vessel walls and in astrocytes

Interestingly, family members of the Aβ-chaperone ApoE, ApoA-I, ApoA-II, ApoB and

[117]. In AD, both tTG levels and TG activity are elevated in the cortex compared to control

ApoC-I are known substrates for tTG-catalysed cross-linking leading to multimerisation of

patients [122]. Significantly elevated tTG levels have been reported in the cerebrospinal

the apolipoproteins [133, 134]. As both tTG and ApoE are observed in the Aβ depositions

fluid of AD patients compared to controls [123]. Moreover, the level of ε-(γ-glutamyl)lysine

in AD, it would be worthwhile to study whether ApoE itself is a tTG substrate and whether

isopeptides was significantly elevated in the cerebrospinal fluid of AD patients [124] and

this may influence the Aβ chaperone function of ApoE.

a correlation between these cross-links in grey matter and cognitive impairment in AD
patients was observed [125]. In addition, immunohistochemical studies on postmortem

tTG in vascular alterations in CAA

tissue sections have shown that tTG is present in difuse and classic SPs [117, 126], as

In CAA, tTG did not colocalise with the Aβ deposition but was present in two halos sur-

well as in NFTs [117]. More interestingly, our group reported the presence of TG-catalysed

rounding the Aβ deposition [117]. In addition, resembling tTG staining, the distribution and

cross-links in both diffuse and classic SPs [117], indicating that tTG is not only present

expression of several ECM proteins, tTG substrates, are altered [23, 24]. Thus, as tTG is

but also catalytically active within these lesions. Together these data point towards a role

important in ECM remodelling in the vessel wall [101], it may play a role in ECM changes

for tTG in SPs formation and/or stabilisation [117]. In CAA, tTG and its cross-links did not

and remodelling in CAA. This could in turn affect the composition and function of the ves-

colocalise with the Aβ deposition itself, but were present in the luminal and abluminal layer

sel wall as well as the Aβ clearance via the ISF drainage alongside the vessel wall.

of the vessel wall surrounding the Aβ deposition [117], thus hinting towards different roles
of tTG in SPs and CAA. Together, the association of tTG with the pathological hallmarks of

9. Aims and outline of the thesis

AD suggests an important role of tTG in AD pathogenesis possibly by the cross-linking of

CAA, one of the key hallmarks of AD, results in progressive disruption of the cerebral ves-

Aβ and tau and/or other pathology-associated proteins.

sel wall and plays an important role in the disease progression during AD. Unfortunately,
mechanisms underlying CAA remain largely unknown. Previous work of our group provid-

tTG-catalysed cross-linking of Aβ and Aβ-associated proteins

ed first evidence of a role for tTG in the pathogenesis of CAA.

The above-described immunohistochemical findings suggest that tTG may be key in the
development of AD perhaps by the direct interaction with and/or modification of Aβ and

As a follow up to these initial results, the aims of the studies described in this thesis were:

tau. Indeed, in vitro data provide proof that tTG is able to affect both tau [127] and Aβ ag-

1. To gain more insight into the distribution pattern of both tTG and its activity, as well as

gregation. In early studies, both wild-type Aβ1-40 and Aβ1-40 with the Dutch mutation (Glu22

its cellular source in CAA. In addition, to investigate possible colocalisation of tTG and

to Gln) were found to be good substrates for tTG cross-linking [128]. Moreover, tTG-cat-

its in situ activity with ECM proteins in CAA (Chapter 2)

alysed cross-linking resulted in the formation of Aβ oligomers [128]. In addition, APP is

2. To investigate the distribution pattern of FXIIIa and its in situ activity in CAA, and study

a substrate for tTG-catalysed cross-linking resulting in APP dimers and multimers [129],

both the interaction of FXIIIa with Aβ and whether Aβ is a substrate for FXIIIa-catalysed

and tTG also induces intramolecular cross-links in Aβ itself [130]. Intriguingly, tTG-cata-

cross-linking in vitro (Chapter 3)

lysed intermolecular cross-linking of Aβ induces the formation of stable Aβ oligomers that

3. To study the interaction of tTG with ApoE and to investigate the consequences of

are resistant towards Aβ degrading enzymes, in particular insulin degrading enzyme and

tTG-catalysed cross-linking on ApoE’s protective role in Aβ-mediated cytotoxicity to-

neprilysin [47]. In addition, tTG-catalysed cross-linking of Aβ lowers its oligomerisation

wards cerebrovascular cells (Chapter 4)
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4. To investigate the suitability of AD mouse models to study the role of tTG in CAA
(Chapter 5)
Outline thesis
In Chapter 2 we determined the distribution pattern of tTG and tTG activity in post-mortem
brain tissue of both AD and HCHWA-D cases. In addition, we identified the cellular source
of tTG as well as the colocalisation of tTG with ECM proteins in CAA. Surprisingly, however, we found that, in contrast to SPs, tTG protein and its cross-linked products did not
colocalise with the actual Aβ deposition in CAA, whereas in situ activation of endogenous
(t)TG in the post-mortem tissue demonstrated clear colocalisation with the deposited Aβ in
CAA. These findings hinted towards the presence of another TG family member in the Aβ
part of CAA. As CAA is associated with blood-brain barrier disruption, blood-derived proteins could leak into the vessel wall. The TG family member FXIIIa is present in the blood
and plays a crucial role in the blood-clotting cascade by cross-linking fibrin molecules.
In fact, as association of fibrin with CAA has been reported, we hypothesised that FXIIIa
leaks into the blood vessel wall in CAA. Therefore in Chapter 3 we studied the distribution
and in situ activity of FXIIIa, together with its activator thrombin in AD, especially in CAA. In
addition we investigated in vitro if FXIIIa binds Aβ and whether Aβ could act as a substrate
for FXIIIa-catalysed cross-linking.
The above-described chapters indicate that in CAA tTG activity might not only be involved
in the cross-linking of Aβ, but also with other Aβ-associated proteins, known as Aβ chaperones. One of the major Aβ chaperones known to be involved in the pathogenesis of
CAA is the AD risk factor ApoE. Interestingly, other apolipoproteins are already known to
be substrates of TGs. Therefore, in Chapter 4 we questioned whether ApoE is an in vitro
substrate for tTG-catalysed cross-linking. In addition, given the protective role of ApoE
in Aβ-mediated cytotoxicity towards smooth muscle cell in CAA, we studied the effect of
ApoE cross-linking on its protective activity to counteract Aβ-mediated toxicity in primary
human cerebral smooth muscle cells.
Finally, we set out to identify a suitable animal model that mimics tTG’s association with
human CAA and to obtain more insight into the role of tTG in the pathogenesis of CAA. In
Chapter 5 therefore, we investigated the distribution pattern of both tTG and its activity in
two well-known AD mouse models. For this purpose, we used the APPswe/PS1ΔE9 (APP/
PS1) mice that show early onset and fast progressing Aβ pathology and the APP23 mouse
model that displays a later onset in age and slower progression of pathology.
In Chapter 6 the results of this thesis are summarised and discussed, and possible directions for future research are given.
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