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Chapter 1

Introduction
Worldwide approximately 35.6 million people suffer from progressive neurodegenerative 
dementia and this number is expected to rise to 115 million in 2050 (http:www.alz.co.uk). 
This places a tremendous burden on healthcare systems, especially in developed countries 
where life expectancy is high. Dementia is a general term that describes a syndrome 
characterized by problems with memory, judgement, language, orientation and executive 
functioning.1 Different neurodegenerative disorders may lead to dementia. 

Tauopathies comprise a group of neurodegenerative disorders that have in common the 
deposition of highly, or hyper, phosphorylated tau (p-tau) protein in the brain. Alzheimer’s 
disease (AD) is the most common cause of dementia and the most extensively studied 
tauopathy. Other tauopathies are Pick’s disease (PiD), progressive supranuclear palsy 
(PSP), corticobasal degeneration (CBD) and frontotemporal lobar degeneration with 
parkinsonism associated with chromosome-17 (FTDP-17). Together with AD they 
account for ~80% of all dementia cases (http:www.theaftd.org). At present there is no 
effective treatment for AD or any of the other tauopathies. It is widely accepted that the 
disease process in tauopathies starts decades before the clinical presentation. For future 
therapy it is important to identify events that occur early during neurodegeneration.

Our laboratory identified activation of the unfolded protein response (UPR) as an early 
event in AD.2 Markers of an active UPR were observed in hippocampal neurons and the 
number of neurons with an active UPR increased with disease severity. We observed a 
strong correlation between UPR activation and tau phosphorylation in AD hippocampus.3 
This led to the hypothesis that the UPR is involved in the pathogenesis of tauopathies. 
This thesis describes the investigation on the involvement of the UPR in tauopathies 
using in vitro and in vivo models and post-mortem human brain tissue. The aim of these 
studies is to elucidate the functional connection between the UPR and tau pathology. 
Increased understanding of the pathomechanism leading to tau pathology may create new 
possibilities for therapeutic intervention.

In this chapter we address neurodegenerative tauopathies, the tau protein, its 
phosphorylation under physiological and pathological conditions and the UPR. In 
Chapter 2 an extensive review addresses the role of cellular proteolysis in degrading 
insoluble aggregates and its involvement in neurodegenerative disorders, including 
tauopathies. 
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Neurodegenerative tauopathies
Neurodegenerative tauopathies are characterized by the intracellular accumulation of the 
microtubule associated protein tau.4 The accumulation and aggregation of tau in neurons 
is a crucial event in the neurodegenerative process leading to dementia. Here we briefly 
discuss the clinical features and pathological characteristics of AD, PiD, PSP and FTDP-
17, the most common tauopathies.

Alzheimer’s disease
Patients with AD develop progressive failure of memory, loss of acquired skills leading 
to apraxia, agnosia and aphasia, and, frequently, disturbances in emotion. With the 
progression of disease over many years, patients become immobile and emaciated. The 
average disease duration is 5 to 8 years after clinical diagnosis and patients typically die 
of malnutrition or pneumonia.5

The pathological hallmarks of AD are atrophy, neuronal loss, extracellular deposition of 
fibrils and widespread formation of intraneuronal fibrils. These changes most strikingly 
occur in areas of the brain that are involved in memory and acquired skills: respectively 
the limbic system and the frontal, parietal and temporal cortex. The extracellular 
deposits of fibrils mainly consist of amyloid β (Aβ) peptide. The major component of 
the intraneuronal fibrils, so-called neurofibrillary tangles (NFTs) and neuropil threads, is 
p-tau. The neuropathological hallmarks of AD are believed to occur two or perhaps three 
decades before the clinical symptoms are manifest.6 Most AD cases occur at a high age 
(>65 years) and are referred to as sporadic or late-onset AD. A small percentage of all AD 
cases is transmitted in an autosomal-dominant trait and is called familial AD.

The amyloid cascade hypothesis describes the concept that AD is a primarily amyloid-
driven process, with the formation of NFTs being an important secondary phenomenon. 
The formation of Aβ deposits depends on the balance between Aβ production and 
removal. Aβ is a proteolytic fragment of the amyloid precursor protein (APP), a large 
single spanning membrane molecule with a yet undefined cellular function. Cleavage 
of Aβ from APP is controlled by so-called secretases. A key argument for the amyloid 
cascade hypothesis is that mutations in the genes that encode for APP and presenillin 
(PS1 and PS2), an essential component of the secretase complex, are causally associated 
with autosomal-dominant early onset familial AD.7 In AD the accumulation of NFTs 
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follows a distinct pattern and this has resulted in a reliable pathological staging of AD 
progression, referred to as Braak staging.8 The accumulation of NFTs correlates well 
with the syndrome of dementia. Early Braak stages for tau pathology are characterized 
by the occurrence of NFTs almost exclusively in the transentorhinal region of the cortex. 
In later stages NFTs are found in the entorhinal region and in the hippocampus and their 
numbers increase in subsequent stages. Late stages of the disease are associated with the 
occurrence of NFTs in the isocortex.8

Pick´s disease
Patients with PiD typically develop dementia with progressive changes in behaviour, 
personality and language skills. PiD usually manifests before the age of 65 and disease 
duration ranges from 2 to 10 years. Most pronounced are the disturbances in emotional 
and social functioning, including mood changes, disinhibition and deterioration of social 
skills. Language disturbances in PiD start with decreased fluency and this is followed 
by echolalia and mutism.9 The pronounced changes in personality and behaviour in PiD 
allow for a distinction between PiD and AD. 

At the histopathological level PiD is characterized by focal atrophy, neuron loss and 
gliosis in the frontal and temporal lobes. In addition, swollen neurons, so called Pick 
cells, and intraneuronal fibrillar deposits composed of p-tau, so called Pick bodies 
(PBs), are present.10,9 PBs are predominantly observed in the non-pyramidal neurons 
of the dentate gyrus and pyramidal neurons of the cornu amonis (CA) 1 region of the 
hippocampus and in pyramidal neurons of the frontal and temporal lobes.11,12 In addition, 
p-tau immunoreactive inclusions are present in oligodendroglia and astrocytes.10 The 
spatial localisation of the pathology in PiD differs from that in AD as it mainly involves 
the anterior part of the brain and leaves the posterior part largely unaffected.13

Progressive supranuclear palsy
PSP is a progressive brain disorder characterized by atypical parkinsonism with 
supranuclear gaze palsy and postural instability.10 Problems with reading, spilling of food 
while eating and tripping while walking are commonly observed due to the inability to 
veer the gaze downwards. In addition to disturbances in motor function patients present 
with cognitive and behavioural disturbances including forgetfulness, impaired decision 
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making, disinhibition and apathy. PSP typically manifests before 65 years and average 
disease duration after diagnosis is 7 years.14

Core regions associated with atrophy, neuron loss and tau pathology in PSP are the basal 
ganglia, subthalamus and brainstem, regions that are involved in movement control. 
Involvement of the frontal and temporal lobes also occurs and is usually most pronounced 
in the motor and premotor cortices. Intraneuronal fibrillar accumulation of p-tau in NFTs 
similar to those observed in AD are found in affected brain areas in remaining neurons 
and extensive tau pathology is also found in astrocytes and oligodendrocytes.4

Frontotemporal dementia and parkinsonism associated with  
chromosome 17 
FTDP-17 is an autosomal dominant hereditary progressive neurodegenerative disorder 
linked to mutations on chromosome 17. These mutations primarily occur in the gene 
encoding tau, MAPT, located on chromosome 17, but can also occur in the gene encoding 
progranulin, PGRN, located on chromosome 17 near MAPT. FTDP-17 cases with PGRN 
mutations do not show tau pathology but TDP-43 positive inclusions.15 Genetic studies 
have identified 40 different mutations in MAPT that may lead to FTDP-17. Clinical 
features of FTDP-17 are progressive behavioural, cognitive and motor disturbances 
and these occur in various combinations and degrees. Clinical presentation depends on 
the MAPT mutation present, but also within families heterogeneity in presentation is 
observed.10 Changes in personality and behaviour are often early signs of FTDP-17 and 
include a loss of inhibition, inappropriate emotional responses, neglect and a general 
loss of interest in daily activities. Cognitive disruptions include problems with language, 
judgement, planning and concentration but also delusions and hallucinations. FTDP-17 is 
also characterized by progressive problems with movement. Parkinsonism is a common 
feature, including tremors, rigidity and unusually slow movements. Disease onset occurs 
between the 3rd and 5th decade and the average survival rate is 5 to 10 years. Various 
degrees of atrophy may be present in the frontal and temporal lobes, basal ganglia, 
amygdala and hippocampus in combination with fibrillar deposits composed of p-tau in 
remaining neurons and in oligodendrocytes and astrocytes.15

The accumulation of inclusions composed of p-tau in affected brain areas in tauopathies 
indicates the tau protein is associated with neurodegeneration. This is further emphasized 
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by the finding of mutations in MAPT as the causative factor in FTDP-17. In the next 
section we discuss the tau protein and its physiological role in the central nervous system 
(CNS).

Microtubule associated protein tau
The microtubule associated protein tau (MAPT), or tau , is a microtubule associated protein 
(MAP) that is highly expressed in the neurons of the human CNS and peripheral nervous 
system (PNS) where it localizes predominantly to the axons.16 Moderate expression 
of tau is reported in oligodendrocytes 17-19 and astrocytes.20 Alternative splicing of the 
human tau gene, MAPT, gives rise to six tau isoforms in the adult human brain.21,22 All tau 
isoforms contain an N-terminal domain, a Pro rich region, a microtubule binding domain 
(MBD) and a C-terminal domain. Exons 2 and 3 of the tau mRNA encode inserts in the 
N-terminal region, of which the mature tau protein may contain none (0N), exon 2 (1N) or 
exon 2 and 3 (2N). Splicing of exon 10 results in a tau isoform that contains 3 or 4 repeat 
(R) sequences in the MBD, referred to as 3R or 4R tau. The shortest human tau isoform 
contains no N-terminal inserts and 3 repeat sequences in the MBD (0N3R), whereas the 
longest contains 2 N-terminal inserts and 4 repeat sequences (2N4R). Expression of tau 
is developmentally regulated, in foetal brain the shortest (0N3R) isoform is expressed, 
whereas in the adult brain all six isoforms are expressed. In adult brain the ratio of 3R:4R 
is ~1, but the 0N, 1N and 2N isoforms comprise 37%, 54% and 9%, respectively, of total 
tau.23,24

Early work from Weingarten et al. demonstrated that tau facilitates in vitro tubulin 
assembly into microtubules.25 Tau binding to the microtubules is thought to occur via 
interaction of the positively charged tau MBD with the negatively charged C-termini 
of the tubulin molecules.26,27 Structure – function studies demonstrated that each of the 
tau repeat domains in the MBD serve as independent tubulin binding domains.28-30 In 
this manner tau can bind up to 4 tubulin molecules and link them together. Binding of 
tau to the microtubules leaves the N- and C-terminal regions of the tau protein free and 
projecting outwards, capable of interacting with other proteins.31-34 Furthermore, tau 
functions in enhancing microtubule stability and in facilitating transport of cargo across 
the microtubule network.35-39 In an elegant study the behaviour of the microtubule motor 
proteins dynein and kinesin was followed along tau stabilized microtubules. When 
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encountering patches of tau on the microtubules, the dynein motor tended to reverse 
direction and the kinesin motor detached from the microtubules.40 Thus, it appears 
that the presence of tau on microtubules can modulate or interfere with the association 
of motor proteins with the microtubules. Furthermore, 3R and 4R tau were shown to 
differ in microtubule binding and in facilitating microtubule transport. In vitro, 4R tau 
is capable of binding and regulating microtubule dynamics more efficiently and forms 
microtubules that are more stable compared to 3R tau.41,42 However, kinesin transport 
occurs faster over 3R stabilized microtubules compared to 4R stabilized microtubules.43 
In general, microtubules formed and supported by 4R tau appear to be more rigid, whereas 
microtubules formed and supported by 3R tau appear to be more dynamic. Increased 
microtubule dynamics, facilitated by 3R tau, may be important during development 
of the nervous system when synaptic connections are being formed, whereas 4R tau 
may be necessary to maintain these connections in adulthood. In vivo, tau appears to 
be functionally redundant with other MAPs. Knock-out of tau did not impair longevity 
or critical brain functions in a mouse model, but did significantly worsen the MAP1B 
knock-out phenotype, which is characterized by disruptions in axonal development and 
neuronal layer formation.44

Tau phosphorylation
The function of tau is regulated by posttranslational modifications, including 
ubiquitination, glycation, and phosphorylation.45 Phosphorylation is the most extensively 
studied tau posttranslational modification as deposits of p-tau are found in disease.46,47,4 
Interestingly, increased tau phosphorylation occurs during several physiological events. 
Phosphorylation of the foetal 0N3R isoform in developing rat brain is increased compared 
to levels of p-tau in adulthood.48 In addition, tau becomes reversibly phosphorylated 
during hibernation in ground squirrels and other hibernating mammals.49

Tau phosphorylation regulates the binding affinity of tau to the microtubules.50 In 
general it is assumed that tau binding and release from the microtubules, mediated by 
phosphorylation and dephosphorylation, is a highly dynamic process that can be locally 
regulated.51 Interestingly, tau phosphorylation appears to be differentially regulated in 
neuronal compartments. A gradient of p-tau along the axon was found in developing 
primary hippocampal neurons. Levels of p-tau were high in the proximal axon and 
decreased towards the distal end.52 In this manner tau might regulate the transport of 
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cargo into the axon and mediate release of cargo at the presynaptic terminal by steric 
hindrance of motor proteins. 

The longest tau isoform contains 80 Ser or Thr residues that can be phosphorylated by 
Ser/Thr protein kinases and an additional 5 Tyr residues that can be phosphorylated by 
Tyr kinases. Thus, a large fraction of the tau protein, ~20%, can be phosphorylated.53 
Figure 1 gives an overview of the tau protein and the location of Ser, Thr and Tyr residues 
in the different subdomains. Little is known about physiological tau phosphorylation, 
which kinases are involved or the effects of phosphorylation of certain residues on the 
tau protein. One study reported that neither low level nor high level p-tau co-isolated 
with microtubule fractions isolated from bovine brain.54 This implicates that a certain 
level of phosphorylation is necessary for tau to function properly. Phosphorylation at 
different sub-domains of the tau protein may have a differential effect on its biological 
activity. Pseudo-phosphorylation studies, in which Ser or Thr residues are mutated to 
Glu, have begun to elucidate site specific effects of tau phosphorylation on its activity. 
In one study, pseudo-phosphorylation of Thr231, Ser262, Ser396 and Ser404 reduced 
in vitro tau mediated microtubule assembly.55 However, double pseudo-phosphorylation, 
e.g. Ser262/Ser396 and Thr231/Ser262 restored in vitro microtubule polymerization.55 A 
similar observation was made for tau in vitro phosphorylated in the C-terminal domain 
at Ser396 and Ser404. Microtubule polymerization by these tau isoforms was increased 
compared to unphosphorylated tau.56 In addition, tau phosphorylated in the Pro rich or 
MBD region showed strongly decreased microtubule polymerization efficiency.57,56 Thus, 

Figure 1: Schematic overview of the largest (2N4R) tau isoform. The largest tau isoform contains 2 
N-terminal inserts (N1,N2) and 4 repeat (R1-R4) sequences. Tau can be extensively phosphorylated 
on Ser (S), Thr (T) and Tyr (Y) residues, and their locations are depicted below the cartoon. Known 
missense mutations are depicted above the cartoon. Adapted from Hanger and Noble, 2011.53
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it appears the regulation of tau biological activity by phosphorylation is complex and the 
outcome depends on combinations of site-specific phosphorylation.

In AD brain, tau phosphorylation is markedly increased; 45 residues were identified to 
be phosphorylated in tau isolated from AD brain, compared to 17 residues in control 
brain (Table 1). Several kinases are capable of phosphorylating tau in vitro, but only few 
have been shown to be involved with in vivo tau phosphorylation.58 In the next section 
we discuss the major tau kinases and phosphatases and their involvement in tauopathies.

Tau kinases and phosphatases
In 1993 it was found that glycogen synthase kinase (GSK) 3β is identical to tau protein 
kinase I (TPKI), a kinase isolated from the microtubule fraction of bovine brain.59 The 
association of predominantly GSK-3β with microtubules and tau was confirmed in a 
subsequent study using biochemical methods.60 GSK-3β is a Pro directed Ser/Thr protein 
kinase that is found in all mammalian tissues and is highly expressed in the brain.61 
It plays a role in a wide variety of pathways including glycogen metabolism, protein 
synthesis, mitosis, apoptosis and microtubule dynamics.62 GSK-3β is highly homologous 
with GSK-3α and these kinases share many substrates.62 Because GSK-3α and GSK-
3β are so similar a clear distinction cannot always be made and these kinases are then 
together referred to as GSK-3.

GSK-3β prefers to phosphorylate substrates that are primed by phosphorylation at a 
nearby residue by another kinase.63,64 Phosphorylation by GSK-3β occurs at the fourth or 
fifth Ser or Thr residue N-terminal to the primed Ser or Thr site.65,64 Amongst others, the 
protein kinases cyclin dependent kinase-5 (CDK-5) 66, casein kinase-1 (CK-1) 67, CK-2 68 
and protein kinase A (PKA) 69 can act as priming kinases for GSK-3β. GSK-3β is capable 
of phosphorylating tau in vitro and in cell culture assays at numerous residues (Table 
1).53,70-72 GSK-3β phosphorylates tau at primed and non-primed epitopes, however, the 
primed epitopes, e.g. Thr231, appear to have most impact on tau microtubule binding.73 
GSK-3β kinase activity is regulated by phosphorylation, the most important thought to 
be inhibitory phosphorylation of the Ser9 residue. Phosphorylated Ser9 acts as a pseudo-
substrate and competes with primed substrates for binding to the GSK-3β active domain. 
In addition, phosphorylation of GSK-3β at Tyr279 is associated with increased GSK-3β 
activity 63 and its dephosphorylation, or mutation into Phe, decreased kinase activity.74 A 
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role for GSK-3β in tau phosphorylation in vivo is supported by the findings that expression 
of GSK-3β in animal models consistently leads to increased tau phosphorylation, as will 
be discussed in a later section.75-80 Increased activity of GSK-3β was reported in the AD 
brain 81,82 and several studies found GSK-3β to be associated with deposits of p-tau in 
the AD brain as well.83,81 This implicates a role for GSK-3β in the pathogenesis of tau 
pathology in tauopathies.

A second kinase isolated from the microtubule fraction of bovine brain, TPKII, was 
identified to be identical to CDK-5. Like GSK-3β, CDK-5 is a Pro directed Ser/Thr 
protein kinase. Activity of CDK-5 localizes predominantly to the brain; where it is 
regulated by the non-cyclin activator molecules p35 and p39.84,85 Both p35 and p39 can 
be cleaved by calpain, resulting in p25 and p29, respectively, which are more stable and 
can mediate prolonged CDK-5 activity.86,87 CDK-5 functions in numerous CNS specific 
molecular mechanisms regulating neuronal migration during development, synaptic 
function and axonal growth. In vitro phosphorylation assays and mass spectrometry 
analysis demonstrated that CDK-5 can phosphorylate tau at a large number of residues 
that mostly coincide with those phosphorylated by GSK-3β (Table 1).88,89 Overexpression 
of tau, CDK-5 and p25, but not of p35, in cell models led to increased tau phosphorylation 
that was most abundant at the AT8 epitope (recognizes p-tau Ser202/Thr205, visualized 
in Table 1).90,87 In agreement with these in vitro studies increased tau phosphorylation 
was observed in transgenic mice (over) expressing p25.91,88 Accumulation of the activator 
molecule p25 92,87,93 and increased CDK-5 activity 92,87 was reported in AD brain. Like 
GSK-3β, CDK-5 was also found to be associated with deposits of p-tau.94

Protein phosphatases are thought to be equally important to kinases in regulating levels 
of p-tau and tau microtubule binding affinity. The Ser/Thr protein phosphatases (PPs) 
PP1, PP2A, PP2B and PP5 can dephosphorylate tau in vitro at several residues with 
varying efficiencies.95 In addition, PP2A was identified as the major tau phosphatase in 
human brain that regulates tau phosphorylation at multiple sites.95 Inhibition of PP2A by 
okadaic acid (OA) in cell culture led to increased tau phosphorylation at epitopes also 
phosphorylated in AD brain.96-98 Injection of OA into mouse hippocampus induced tau 
hyperphosphorylation and deficiency in learning and memory.99 Furthermore, increased 
tau phosphorylation was observed in transgenic mice with reduced PP2A activity.100 In 
addition, increased activity of tau kinases may inhibit protein phosphatases. CDK-5 was 
shown to phosphorylate an inhibitory molecule of PP1, referred to as inhibitor 1 (I-1). 
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Table 1: Tau residues phosphorylated by GSK-3β and CDK-5 in vitro and in diseased and healthy 
brain.

Residue nummers GSK-3β CDK-5 AD PSP Healthy brain
Ser46 * A * *
Thr50 *
Thr69 * *
Thr149 *
Thr153 * * A
Thr175 * *
Thr181 * * * * *
Ser184 * *
Ser195 * *
Ser198 * * *
Ser199 * * * *
Ser202 * * * * *
Thr205 * * A A *
Ser210 * *
Thr212 * * * A *
Ser214 * * * A
Thr217 * * * *
Thr220 *
Thr231 * * * * *
Ser235 * * * * *
Ser237 * *
Ser241 *
Thr245 *
Ser258 * *
Ser262 * * A
Ser285 *
Ser289 * *
Ser305 *
Ser324 *
Ser352 *
Ser356 * *
Thr373 *
Ser396 * * * ** *
Ser400 * * ** *
Ser404 * * * ** *
Ser409 * * A
Ser413 * * A *

A, sites identified using phospho specific antibodies; *, sites indentified by direct means; **, 
phosphorylated on two or three closely spaced sites. AT8 epitope (Ser202/Thr205) depicted in gray. 
AD, Alzheimer´s disease; PSP, progressive supranuclear palsy. Adapted from: http://cnr.iop.kcl.
ac.uk/hangerlab/tautable. 
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Phosphorylation of I-1 by CDK-5 led to its activation and subsequent inhibition of PP1.101 
In this manner increased activity of CDK-5 might also indirectly lead to an increase in 
levels of p-tau. Activity of PP1, PP2A and PP5 was found to be decreased in the AD brain 
102-105, implicating that in the tauopathy brain disruptions in both kinase and phosphatase 
activity may lead to increased levels of p-tau.

Tau oligomerization and aggregation
Inclusion bodies of varying morphology are observed in tauopathies. As described, in AD 
p-tau in neurons aggregates into NFTs. At the microscopic level NFTs are composed of 
large fibers of approximately 300 – 600 nm in length.106 In PiD p-tau aggregates into round 
or oval inclusions referred to as PBs 107 whereas inclusions in PSP resemble NFTs but with 
a more rounded shape.108-110 In FTDP-17, depending on the tau mutation, NFT or PB-like 
inclusions may be observed. It remains unknown why inclusions of varying morphology 
arise in these disorders, often also in the same brain region, e.g. the hippocampus. In 
AD, both 3R and 4R tau aggregates into NFTs, whereas in PiD PBs are predominantly 
composed of 3R tau and inclusions in PSP of 4R tau. In FTDP-17 either 3R or 4R tau is 
deposited, depending on the location of the MAPT mutation.15

The molecular mechanisms of tau aggregation have been most extensively studied in 
relation to AD pathology and will be discussed in the subsequent section. At the molecular 
level the first step in tau aggregation is tau oligomerization. Important regions that facilitate 
tau oligomerization in vitro are located within the repeat1-2 (sequence VQIINK280) and 
repeat 2-3 (sequence VQIYNK311) interrepeat regions of the MBD.111 These regions can 
facilitate tau interaction and self-assembly and have been shown to be involved in the 
formation of β-sheets, which are important for further aggregation. The N- and C-terminal 
flanking regions of the MBD are thought to function in inhibiting tau aggregation. In 
solution, tau is thought to have a predominant ‘paperclip’ like conformation, with the 
N- and C-terminal ends shielding the MBD.112 Pseudo-phosphorylation of tau at sites also 
found in the AD brain tightened this conformation and induced a conformational change 
that enhanced tau self-assembly.112 Pseudo-phosphorylation of tau on 7 or 8 residues 
that are also phosphorylated in AD brain strongly enhanced tau aggregation potential, 
demonstrating that increased tau phosphorylation, outside the window of normal 
physiological control, is indeed an early and determining step in aggregate formation.113 
If tau that accumulates in the cytoplasm is not dephosphorylated, and phosphorylation at 
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additional residues progresses, it may form oligomers that act as nucleation or aggregation 
centers and develop into paired helical filaments (PHFs) or straight filaments (SF), the 
main constituents of inclusion bodies. PHF are twisted structures of 10 - 20 nm width and 
a half periodicity of 80 nm, SF are similar but do not adopt a helical structure. Figure 2 
gives an overview of the tau oligomerization and aggregation process in general.

Mutations in tau that are causative of FTDP-17 are capable of inducing disease pathology 
in in vitro and in vivo models. Mutant tau may facilitate tau pathology in several ways, 
depending on the site of the mutation. Some pathogenic tau mutations lie within introns 
and affect the ratio of tau splicing, disturbing the balance between 3R and 4R tau. As 4R 
tau contains two β-sheet regions it is thought to have an increased aggregation capacity 
over 3R tau.41 However, tauopathies may contain inclusions composed almost exclusively 
of 3R or 4R tau or a mixture of both. Missense mutations located in exons are the most 
prominent type of mutation that occurs in FTDP-17 families. These sites are mostly, 
but not exclusively, found in the C-terminal half of the tau protein where the MBD is 
located. Known missense mutations in tau are visualized in Figure 1. Tau mutations 
may compromise the in vitro microtubule binding and polymerization potential of tau. 

Figure 2: Schematic overview of the steps involved in tau oligomerization and aggregation. 
Under normal physiological circumstances, binding and release of tau from the microtubules 
(MT) is regulated by kinases and phosphatases. Under pathological circumstances, increased tau 
phosphorylation leads to a change in the conformation and aggregation potential of tau which leads 
to oligomerization, the formation of β-sheet structures and inclusion bodies. Tau phosphorylation is 
a dynamic and reversible process. Studies indicate that diffuse deposits of p-tau can be cleared from 
the cellular environment, but it remains unknown whether this also is the case for fully aggregated 
inclusion bodies.
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For example, tau containing the G272V, ΔK280 and P301L mutations showed reduced 
capability of regulating microtubule polymerization and microtubule dynamics.114 In 
addition, these mutations also enhanced the aggregation potential of tau.115 It is expected 
that decreased microtubule binding capacity of mutant tau increases its presence in 
the cytoplasm where it is subjected to phosphorylation that renders it more prone to 
aggregation.

Modelling tau oligomerization and aggregation 
Modelling tau pathology in in vitro and in vivo models has proven difficult. Overexpression 
of tau or mutant tau does not readily lead to aggregate formation in cell models.116 Several 
mouse models have been designed to model pathological tau accumulation. The first tau 
models expressed wild type (WT) human MAPT under the control of a neuron specific 
promoter, at levels slightly higher than mouse MAPT. Even though these early models 
showed increased tau phosphorylation and sometimes homogeneous accumulation of tau 
in neurons, they did not develop NFTs or other types of inclusions. The first report of 
filamentous, NFT-like, tau inclusions in combination with extensive neuron loss came 
from mouse models that overexpressed human tau with the P301L FTDP-17 associated 
mutation.117,118 Since this early model many more transgenic mouse strains have been 
developed carrying FTDP-17 associated mutations (reviewed in Gőtz and Ittner).118

Inducible expression in the mouse brain of a ‘pro-aggregation’ form of human tau 
carrying the ΔK280 mutation led to tau mislocalization and increased phosphorylation.119 
Biochemical analysis revealed both exogenous and endogenous tau to be present in the 
sarkosyl insoluble fraction, suggesting that human and mouse tau can co-aggregate.119 
Interestingly, the pathological changes were reversible when the expression of ΔK280 
tau was switched off. However, in this study NFT like inclusion bodies were not (yet) 
observed and whether a reduction in tau levels also reduces already formed inclusion 
bodies could not be assessed. Introduction of 2 Pro residues surrounding the ΔK280 
mutation prevented tau aggregation by inhibiting β-sheet formation, underscoring the 
importance of β-sheet formation in aggregation.119 Other inducible tau ΔK280 models 
only used the MBD/repeat domain (RD) containing the pro- or anti-aggregation 
mutations, in order to distinguish it from endogenous mouse tau. Tau pathology, including 
hyperphosphorylation, co-aggregation of human and mouse tau into NFTs, synaptic loss 
and neurodegeneration was only observed upon expression of the pro-aggregant ΔK280 
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mutant tau.120 In this study NFTs persisted for long periods of time after the tau transgene 
was switched off and changed their composition from human/mouse tau to mouse tau 
only.120 Behavioural and electrophysiological analyses of these animals demonstrated that 
the pro-aggregant RD tau mice had impaired learning and memory and a loss of long 
term potentiation (LTP) which recovered after suppressing transgene expression.121,120 In 
concordance with these observations, suppression of P301L tau expression in rTG4510 
transgenic mice also reversed behavioural impairments, without affecting the levels of 
NFTs.122

Treatment of transgenic mice overexpressing mutant P301L human tau with the aspecific 
GSK-3 inhibitor lithium strongly reduced levels of p-tau and signs of neurodegeneration. 
This study implicated activity of GSK-3 in mediating tau phosphorylation and 
neurodegeneration.123 Overexpression of the WT or constitutively active human GSK-3β 
in mouse brain increased levels of mouse Ser202/Thr205 p-tau.75 This model did not form 
NFT-like inclusions but it does point out that increased activity of a tau kinase can lead to 
increased levels of p-tau. In another study inducible overexpression of GSK-3β in adult 
mice forebrain led to increased phosphorylation of mouse tau in hippocampal neurons, 
visible as pre-tangle like somatodendritic accumulations.79 This model also displayed 
astrocytosis, microgliosis and cognitive dysfunction. Strikingly, when GSK-3β transgene 
expression was switched off levels of p-tau returned to normal.124 In an additional model, 
overexpression of GSK-3β in transgenic mice expressing human tau with three FTDP-17 
mutations led to a severe increase in tau phosphorylation in hippocampal neurons and 
the formation of filaments similar to NFTs observed in AD.125 Lithium in this transgenic 
model reduced levels of p-tau and was able to prevent the progression of tau pathology. 
However, in accordance with other studies, NFT-like structures were not abolished once 
they were formed.125

In vitro, in vivo and post-mortem observations suggest increased tau phosphorylation, 
mediated by increased activity of GSK-3β and other kinases, is important in the formation 
of tau aggregates. However, how this process is (mis) regulated remains unknown. 
Next we discuss the unfolded protein response (UPR), a cellular stress reaction that we 
demonstrated to be associated with tau pathology in AD.2,3
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The unfolded protein response, a stress reaction in the 
endoplasmic reticulum 
The endoplasmic reticulum (ER) is the site of folding and post-translational modification 
of proteins destined to be secreted or be displayed on the outer cell membrane. Quality 
control mechanisms ensure that only properly folded proteins exit the ER and also the 
status of the ER protein folding capacity is continually monitored.126 A disruption in the 
capacity to properly fold and modify these proteins leads to ER stress and subsequent 
activation of the UPR. The UPR is a protective response aimed at restoring homeostasis 
by attenuating general translation and enhancing expression of factors involved in ER 
protein folding and degradation (reviewed in 126). Accumulation and retention of mutant 
proteins in the ER as well as disruptions in ER Ca2+ homeostasis, glucose metabolism and 
altered expression levels of molecular chaperones may lead to UPR activation. Failure to 
restore homeostasis eventually leads to UPR induced apoptosis.127,128

Sensing stress in the ER
In higher eukaryotes, three ER transmembrane proteins act as ER stress sensors and 
monitor protein folding conditions in the ER: inositol requiring enzyme 1 (IRE1), PKR 
like ER kinase (PERK) and activating transcription factor (ATF) 6. These proteins have ER 
luminal domains that sense the ER protein-folding environment and cytoplasmic effector 
domains that signal downstream UPR responses. The IRE1 signalling route is the most 
extensively studied UPR route; it comprises the sole UPR branch in lower eukaryotes 
like yeast.129 The IRE1 cytoplasmic region contains a kinase and endoribonuclease 
domain.130 Oligomerization of IRE1 leads to autophosphorylation and activation of the 
endoribonuclease activity, which subsequently excises an intron from x-box binding 
protein 1 (XBP-1) mRNA.131,132 This leads to the formation of XBP-1 spliced, a potent 
transcription factor which enhances transcription of genes involved in lipid biosynthesis 
and ER associated degradation.133 PERK contains a cytoplasmic kinase domain and 
PERK oligomerization leads to autophosphorylation and subsequent activation of 
the kinase domain.134,135 Activated PERK phosphorylates eukaryotic initiation factor 
2α (eIF2α) and in this manner attenuates general translation, reducing the amount of 
de novo polypeptides entering the ER.136 Strikingly, some mRNAs which contain short 
inhibitory open reading frames within their 5’ UTRs are preferentially translated when 
eIF2α is inhibited. One of these mRNAs encodes the transcription factor ATF4 whose 
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translation is thus increased following UPR activation.137 ATF4 targets expression of the 
transcription factor C/EBP homologous protein (CHOP) and growth arrest and DNA 
damage-inducible 34 (GADD-34).138 CHOP is a transcription factor that targets genes 
involved in apoptosis 139 whereas GADD-34 counteracts the UPR by dephosphorylating 
eIF2α.140 ATF6 differs from IRE1 and PERK as it is a transcription factor that is initially 
synthesized as an ER transmembrane protein. Upon accumulation of unfolded proteins 
in the ER ATF6 translocates to the Golgi apparatus and is sequentially cleaved by site 1 
protease (S1P) and S2P.141 This event releases an N-terminal cytosolic fragment which 
moves to the nucleus and activates transcription of UPR target genes including XBP-1 
and the ER molecular chaperone glucose regulated protein 78/binding immunoglobulin 
protein (GRP-78/BiP).133 A schematic overview of the main features of the UPR is given 
in Figure 3.

The precise manner in which IRE1, PERK and ATF6 sense the accumulation of un- and 
misfolded proteins remains elusive. The ER resident molecular chaperone GRP-78/BiP 

Figure 3: Schematic overview of the UPR. Under normal physiological circumstances GRP-78/
BiP (depicted here as BiP) is bound to the UPR sensors PERK, ATF6 and IRE1. A disruption 
in protein folding homeostasis in the ER (stress) leads to titration of BiP from the sensors and 
subsequent activation of PERK, eIF2α and ATF6 either by phosphorylation (p) or cleavage. This 
results in several downstream responses, including a general block in translation, mediated by the 
PERK-eIF2α route, splicing of XBP-1 (u, unspliced; s, spliced) and transcription and translation of 
UPR specific genes (e.g. BiP, CHOP, GADD34) mediated by the transcription factors ATF4, ATF6 
cleaved and XBP-1s. These responses are aimed at restoring homeostasis to the organelle. Adapted 
from Scheper and Hoozemans, 2009.142
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can bind the ER luminal domain of PERK, IRE1 and ATF6 and is thought to keep them in 
an inactive state.143 Titration of GRP-78/BiP from the stress sensors by the accumulation 
of un- and misfolded proteins is thought to facilitate their subsequent activation.143 
Alternatively, un- and misfolded proteins may directly interact with the ER luminal 
domain of the stress sensors and promote activation. In support of the latter hypothesis, 
an IRE1 mutant incapable of binding GRP-78/BiP was still able to efficiently activate the 
UPR.144 Furthermore, it was recently shown that IRE1 can bind unfolded proteins and 
this triggered IRE1 oligomerization.145 It is feasible that both loss of GRP-78/BiP and 
association with unfolded proteins is necessary for IRE1 activation and that GRP-78/
BiP acts as a modulator in this process.146 Whether PERK and ATF6 also associate with 
un- and misfolded proteins has not yet been demonstrated. Little is known about the 
temporal regulation of the UPR signalling routes or whether distinct forms of ER stress or 
physiological alterations in the extracellular environment lead to specific UPR responses. 
In one study differential responses were observed when cells were treated with chemical 
inducers of ER stress but it is unsure how this relates to more ‘physiological’ types of 
stress.147 However, this raises the possibility that the UPR might be tailored to specific 
disturbances in ER protein folding homeostasis.148

Involvement of the UPR has been described in several diseases including cancer, diabetes, 
infectious and auto-immunity disorders and neurodegeneration.149 However, in most 
disorders UPR activation is thought to occur as a secondary event to disease progression, 
for example upon the disruption of ER to Golgi trafficking caused by α-synuclein 
accumulation in Parkinson’s disease.150 Our group demonstrated that the UPR is activated 
early in AD.2,3 GRP-78/BiP protein levels were increased in AD brain lysate compared 
to age matched controls and this increased with disease severity.2 Markers of an active 
UPR, phosphorylated (p) PERK, p-IRE1 and p-eIF2α, were observed in neurons in the 
AD brain that contained diffusely distributed p-tau that had not (yet) formed an inclusion 
body.3 These data indicate that UPR activation is an early event in AD that is closely 
associated with pathological tau phosphorylation. Results from our laboratory indicate 
that administration of oligomeric, but not fibrillar, Aβ to cultured neuronal cells induces 
mild UPR activation.151 In addition, intracellular production of Aβ1-42 sensitizes neuronal 
cells for subsequent ER stress toxicity.152 Thus, in AD there appears to be a connection 
between Aβ, the UPR and increased tau phosphorylation. The precise connection between 
these players remains unknown. In this thesis we focus on elucidating the connection 
between the UPR and p-tau. 




